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Abstract 

 

Nuclear Magnetic Resonance (NMR) is one of the most powerful techniques exploited in 

structural biology. While the NMR strategies for the study of folded proteins are well 

established, Intrinsically Disordered Proteins (IDPs) pose new challenges to the technique. 

Special precautions must be taken due to the lack of 3D structure and to the high flexibility 

provided by these macromolecules. In this frame 13C direct detection represents one of the 

best options to deal with the structural and dynamic features of IDPs. However, many steps 

forward have still to be taken to expand the NMR toolbox for the study of this class of 

biologically relevant proteins.  

In this doctoral thesis, my contribution to the advancement of NMR spectroscopy for the 

study of IDPs is described. Mainly, I’ve focused on the development and application of 

new NMR methods. The new strategies enable the characterization of dynamic processes, 

facilitate the acquisition of spectra with high content of information in a reduced time and 

allow the identification of new key motifs in IDPs. Moreover, the outcomes from the study 

of two biologically relevant viral proteins are presented. 

Through the proposed advances new motifs are identified in different IDPs, providing 

information of general interest and demonstrating the general applicability of these 

methods.  
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Aim of the project 

 

My Ph.D. project aimed at developing new NMR strategies tailored for IDPs to obtain 

spectra with high content of information (dynamical and/or structural) and in a vast range 

of conditions (T, pH, during chemical reactions etc...). 

To accomplish this task, I have focused on the development of methods to investigate the 

interaction between IDPs and small molecules as well as metal ions, the exchange process 

between amide protons and water protons and the occurrence of some post-translational 

modifications in real-time. 

Some of the well-known characteristics of IDPs were investigated with α-synuclein, a 

paradigmatic IDP. This protein was studied in its interaction with calcium ions to properly 

characterize the importance of side chains in the interaction between IDPs and metal ions 

as well as to better understand the exchange process between amide protons and water 

protons. The same protein was used to test novel experiments implementing the so-called 

“multiple receivers”, which enable the acquisition of more than one FID for each repetition, 

in a tailored way for IDPs to follow the phosphorylation of serine 129 by Fyn kinase. I also 

took part in the study of the interaction of α-synuclein with a putative drug: 

nordihydroguaiaretic acid (NDGA). 

IDPs possess a peculiar aminoacidic composition, very different from the one of globular 

proteins, responsible of their unique features such as the presence of the so-called “compact 

states”. Nowadays, the driving forces of the compaction are still unclear. To better 

characterize this behaviour, I have worked, with the intrinsically disordered protein 

Osteopontin (qOPN) which revealed an interesting amino acid pattern that could be at the 

basis of the observed compact state present in qOPN. 

Finally, the assignment and the study of different IDPs was carried out to investigate their 

peculiar features and to better understand the way they act. In particular, the study of NiV 

PNT, a 506 residue long intrinsically disordered protein, was exploited through NMR; 

SAXS was also used for the ensemble description of this protein. SARS-CoV2 

nucleocapsid protein was also studied through NMR and its assignment was performed 

exploiting the 13C direct detection strategy. This represents a first step in its biochemical 

characterization and opens the possibility for further studies to understand the role of 

flexible linkers for the function of the protein. 
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1. Introduction 

 

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most used techniques in structural 

biology thanks to its ability of providing key information to characterize biological macromolecules 

(proteins or nucleic acids).  

Through a series of well-established NMR experiments it is indeed possible to achieve the complete 

characterization of a protein and to determine structural constraints (distances between atoms, angles 

between bonds) with a resolution in the order of the Å as well as dynamic features[1–3]. The atomic 

resolution provided by this technique also enables the study of kinetic and thermodynamic processes 

involving proteins (e.g. folding/unfolding) as well as the interactions between macromolecules or  

other compounds as in the case of drug discovery[4–6]. 

It took almost 40 years since the discovery of NMR principle (1946[7]) before the first de-novo 

structure of a small globular protein obtained via NMR spectroscopy was published (bull seminal 

protease inhibitor, 1984[8]). The possibility to obtain structural information in protein NMR got an 

extra push in 1990[9], when the first triple resonance experiments were developed.  

For structure determination, X-Ray crystallography still outplays NMR spectroscopy with thousands 

of structures published every year (Figure 1 red) because of the ease in solving protein structures once 

suitable crystals are obtained. 
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Figure 1.1: PDB statistics as obtained by https://www.rcsb.org/stats/all-released-structures. The orange line represents 

the number of protein structures deposited per year obtained by NMR data. The red line represents the number of protein 

structures deposited per year obtained by X-Ray data. The vertical scale is logarithmic. 

 

However, NMR spectroscopy provides more information with respect to X-Ray crystallography. 

Some examples of the opportunities offered by NMR spectroscopy include the characterization of  

highly dynamic systems, the observation of the interaction between macromolecule and a small 

compound or between macromolecules or the investigation of biologically relevant reactions while 

they occur. Moreover, the possibility to exploit such experiments in solution and 

approaching/mimicking the physiological environment represents a unique feature of this technique 

with respect to X-Ray crystallography. 

Indeed, X-Ray crystallography requires protein crystals that diffract an incident X-Ray beam in 

specific directions. The absence of these protein crystals renders this technique inefficient. One of the 

main sources that can inhibit crystallization is the high flexibility exhibited by several proteins or 

protein regions. An entire class of flexible, biologically relevant proteins whose atomic information 

can, thus, be grasped only by NMR is represented by intrinsically disordered proteins (IDPs). As 

described below, these proteins possess peculiar characteristics that must be considered when NMR 

spectroscopy is applied for their study. The development and application of optimal NMR strategies 

tailored for IDPs is the matter of study of this doctoral thesis. 
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1.1) Intrinsically Disordered Proteins 

 

In 1999 Romero and co-workers predicted that about 15000 proteins in the Swiss Protein database 

contain intrinsically disordered regions[10]. In 2012 more accurate screening of the data reported in 

the PDB demonstrate that about 68% of the crystal structures deposited contain unstructured 

regions[11]. Nowadays, is also known that IDPs and IDRs are much more abundant in eukaryotic 

proteins than in prokaryotic ones with 38% vs. 12-16% respectively and that this percentage is higher 

the more complex the organism is[12]. 

 

 

 

Figure 1.2 Three panels reporting different proteins’ characteristics: average length (A) and the predicted content of 

intrinsic disorder from two different disorder predictors: IUpred long (B) and TOP-IDP (C). Proteins from Eukaryota, 

Bacteria and Archea (green, magenta, and blue respectively) were divided in: “shared proteins” consisting of protein 

containing at least one Pfam domain that exists in all the three kingdoms, “specific proteins” consisting of protein that 

contain Pfam domains that are exclusive of that kingdom, and “No domain proteins” which contains proteins without any 

annotated Pfam domain. “All protein” considers the sum of all the previously mentioned classes of proteins with a total 

of 26 million proteins. Figure from [13]. 

 

IDPs and IDRs are indeed a class of proteins/protein regions that lack a stable 3D structure in their 

native condition but rather sample a range of conformations with very low energy barriers that divide 

one conformational state from the other. What represented a breakthrough in structural biology was 

the observation that, despite the absence of a well-folded structure, these proteins were perfectly 

active in many different biological processes[11,14–21]. 

From the biological point of view, structural flexibility represents an advantage in several 

mechanisms exploited by living organisms. IDRs could function as flexible linkers between domains, 

such as the case of FG Nups (a nuclear pore complex with Phenylalanine-Glycine repetitions), which 

acts as a size-dependent filtering device of the nuclear pore[22]. The high flexibility of these 

proteins/protein regions leaves the backbone exposed to the environment facilitating the occurrence 

of important reactions such as post-translational modifications (PTMs). One case is represented by 

phosphorylation of Threonine 112 in synaptotagmin IDR1[23]. This event results in the formation of 

salt bridges which inhibit the disorder-to-order transition. Phosphorylation is used as a key 



4 
 

mechanism to prevent the structural transition of the IDR and consequently regulating neuronal 

exocytosis, the main function carried out by synaptotagmin. The “Disorder-to-Order” transition is 

indeed one more feature of IDPs/IDRs that can occur, for example, in the so-called fold upon binding 

process. The latter case is represented, for example, by α-helical molecular recognition element (α-

MoRE) of the intrinsically disordered C-terminal domain of the measles virus nucleoprotein (NTAIL) 

when it interacts with the X Domain (XD) of the measles virus phosphoprotein complex[24]. 

In the vast range of interactions that IDPs can undertake, they could also experience “order-to-

disorder” transition or be employed into “fuzzy complexes” to perform various functions[25–29].  

If the binding affects the partner’s activity, the protein is called “effector”. This is the case of p21cip1 

that inhibits the cyclin-dependent kinase 2 (Cdk2) binding to CyclinA-Cdk2 complex which is the 

inhibitor of an important transcription factor in bacteria[30]. IDPs can also bind metal ions as in the 

well documented case of α-synuclein[31–34], or small molecules as in the case of the oncogenic 

transcription factor c-Myc (Myc)[35].  

Intrinsically disordered proteins are also involved in several human diseases ranging from cancer to 

neurodegenerative and cardiovascular diseases. Their involvement arises from misfunction that 

affects, for example, tumour suppressors, many of which contain IDRs. This is the case of human 

Osteopontin (OPN) whose role is crucial in regulating cellular functions[36]. Its anomalous expression 

and/or splicing causes undesirable alterations in cancer, being implicated in promoting the 

progression of several carcinomas. One more example of medically relevant IDP is the protein Tau, 

one of the main players in Alzheimer’s disease, as well as the previously mentioned α-synuclein, 

involved in Parkinson’s disease[17,37]. A novel, chronologically speaking, emerging topic in the field 

of IDPs is their capability of phase-separate as it is for FUS protein that forms liquid compartments. 

Aberrant liquid-like compartments formation seems to be associated with ALS and other age-related 

diseases[38]. 

The extraordinary conformational plasticity exhibited by IDPs allows expanding the functional 

repertoire of these proteins, enabling them to achieve several biological tasks. 
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Figure 1.3: Schematic representation of examples of possible roles exerted by IDPs. 

 

From the chemical point of view, IDP/IDRs are characterized by a peculiar amino-acid composition. 

Indeed, in contrast to folded proteins, these macromolecules usually deplete aromatics residues 

(tryptophane, phenylalanine and tyrosine) and hydrophobic residues (mainly isoleucine, leucine, 

methionine, cysteine) while they are usually rich in charged residues (aspartate, glutamate, arginine 

and lysine), polar residues (mainly glutamine and serine) as well as in glycine and proline 

residues[39,40]. IDPs are frequently characterized by several repetition motifs (for example, 

AAAKAAKAA motifs are found in the “KA-domain” of Tropoeleastic proteins). Stretches composed 

by the same amino acid are frequent as well. These are the so-called “poly-X motifs”, one case is 

represented by the biologically relevant Poly-Glutamine case which is associated with “PolyQ 

diseases”[41]. Thanks to their amino acidic composition, flexibility, and presence of low-complexity 

regions, IDPs bind to partners both with high specificity and high affinity or with high specificity but 

moderate affinity, extending the interactions landscape and posing new challenges in the field of drug 

design[42–45]. 

 



6 
 

 

 

Figure1.4: Panel A reports the relative percentage of the twenty natural amino acids in a dataset composed of folded 

proteins (FOP dataset, blue) and in a dataset composed of disordered proteins (IDP dataset, magenta). Panel B reports the 

relative percentage of twenty amino acids in the specific case of IDRs. Both panels provide the same qualitative picture 

dividing the amino acids in “disorder promoting” or “order promoting” residues. Figure from [40]. 

 

Thanks to the common features of IDPs’ primary sequence numerous algorithms and informatic tools 

were developed to predict the content of dis/order of a given protein and to identify the presence of 

peculiar linear motifs, binding regions, cleavage sites etc[46–49]. Among all these predictors only a few 

databases exist nowadays for the collection of IDPs[50,51].  
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1.2) Solution NMR in (un)structural biology 

 

The lack of a well-folded structure renders the traditional NMR strategies for globular protein 

underperforming for disordered proteins/regions and NMR methods should be optimized for their 

investigation[42,52–56]. 

One of the most challenging features of IDPs when solution NMR is applied is the very low chemical 

shift dispersion of the signals provided by these proteins with respect to globular ones. Comparing 

the 1D 1H NMR spectrum of a well-folded small protein such as Ubiquitin with that of an IDP, α-

synuclein (Figure 1.15), we can observe that the proton amide chemical shift distribution of the former 

protein is larger than that of the latter. The presence of sizeable ring currents, dipolar interactions, or 

H-bonds arising from the presence of defined structures, provides a significant contribution to the 

chemical shift of the various spins, resulting in well-resolved NMR spectra[57]. On the contrary, the 

absence of a structure and the high flexibility average outs the previously mentioned effect, with the 

covalent structure that becomes the only source of contribution to the chemical shift. In this way an 

almost homogeneous environment is sensed by all the spins of IDPs’ atoms that possess overall the 

same resonance frequencies. The result is spectra, even of high dimensionality, with several peaks 

falling in a very narrow spectral region. Resolution becomes one of the most limiting factors in 

studying IDPs. 
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Figure 1.5: Two 1H detected mono-dimensional spectra are reported. Blue spectrum reports Ubiquitin while α-synuclein 

is reported in green. As it can be seen from the comparison of the two spectra, the HN region of ubiquitin (9.7 – 6.7 ppm) 

is much dispersed than the one of α-synuclein (8.5 – 7.9 ppm). The methyl signals present in the Ubiquitin spectrum 

(around 0 ppm) are absent in α-synuclein proving the absence of structure in this latter protein. Ubiquitin sample was 1.0 

mM in 25 mM HEPES and 50 mM chloride phosphate. α-synuclein sample was 600 μM in 200 mM NaCl, 25 mM sodium 

phosphate. The spectra were acquired on a 1H 1200 MHz spectrometer equipped with a 3 mm triple-resonance 

cryogenically cooled probehead (TCI). 

 

A second problem that arises due to the lack of a 3D structure is that the backbone of the protein as 

well as the side chains are in close contact with the solvent (usually water) and thus the exchange 

process between the amide protons (and labile protons in general) and the solvent’s protons is 

extremely fast. The exchange process renders amide proton detection inefficient in several conditions 

of temperature, pH and salt[58]. 

One of the most common acquired 2D experiment in solution NMR is the HN-HSQC experiment. In 

this spectrum the connectivity between the amide proton (acquired directly) to its nitrogen (encoded 

in the indirect dimension) is provided and it dispalys a protein fingerprint. 

Figure 1.6 reports, on the left, an HN-HSQC of α-synuclein performed at two different temperatures. 

High temperatures promote the exchange process and the exchange rate, kex, increases with it and 

thus with the increase of the temperature from 288 K (blue in figure 1.6) to 310 K (red in Figure 1.6) 

almost every signal is lost.  
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Figure 1.6: The effect of temperature becomes striking when comparing two 2D HN spectra acquired at two different 

temperatures on a model IDP as α-synuclein (A). Most of the peaks disappear when increasing the temperature from 288 

K (blue spectrum) to 310 K (red spectrum). An even more striking effect is visible when the pH is increased (B). Most of 

the peaks, in the 2D HN spectra of α-synuclein are broad beyond detection when the pH is increased from 6.5 (blue 

spectrum) to 7.4 (red spectrum). α-synuclein sample was 600 μM in 100 mM NaCl, 25 mM sodium phosphate. The spectra 

were acquired on a 1H 700 MHz spectrometer equipped with a 5 mm triple resonance cryogenically cooled probehead 

optimized for 13C- detection (TXO). 

 

A very similar effect could be observed when the pH is increased. The higher is the pH the more H+ 

atoms are present in solution and the exchange rate is raised[59]. 

A similar, but less drastic effect is reported when the ionic strength in solution is increased and the 

anions that cause the enhancement follows the Hoffmeister series[60]. For α-synuclein it was 

demonstrated that the increased ionic strength modulates the exchange process of amide protons with 

the solvent[61]. 

The overall result is that the higher is the exchange rate values, the higher is the line broadening effect 

on amide proton signals. Studying IDPs through proton direct detection in conditions approaching 

the physiological ones in terms of temperature, pH and ionic strength (i.e. 310 K, 7.2 and 150 mM 

NaCl) might result in spectra with poor content of information. 
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Some strategies were carried out to try to overcome the intrinsic problem of the exchange process 

that affect HN atoms in IDPs without renouncing to all the nice features provided by proton NMR 

spectra. Indeed, even if it’s not possible to suppress the chemical exchange in-toto, it is possible to 

solve some of the problems related to it. The exchange process significantly affects the recovery of 

longitudinal magnetization for amide protons. Effective longitudinal recovery can be accelerated by 

perturbing the amide protons in a selective way with respect to those of the water. One of the most 

well-known ways to avoid any perturbation of water spins is to use the Band-selective Excitation 

Short-Transient (BEST) approach[62]. Band selective pulses on a particular 1H spectral region ensure 

minimal perturbation of the proton spins resonating outside the excited spectral region. In this way, 

the longitudinal recovery is enhanced for the excited protons because of the dipolar interaction 

between the selective perturbated amide protons and the unpertuded ones ensuring efficient spin-

lattice relaxation. As a result, the inter-scan delay from one repetition to the other in the experiment 

can be dramatically reduced and several scans can be achieved in the same amount of time resulting 

in an overall increased content of information. A similar approach is represented by band-Selective 

Optimized Flip-Angle Short-Transient heteronuclear multiple quantum coherence (SOFAST-

HMQC) experiment[63]. HMQC-type pulse sequences use fewer RF pulses with respect to HSQC-

based ones. Fewer pulses reduce signal loss due to B1-field inhomogeneities and pulse imperfections. 

In addition, as for the BEST-type experiments, band selective pulses are used to perturb only the 

desired subset of spins without perturbing water. This experiment has been demonstrated to be very 

sensitive even with few scans (even one) per increment in particular if compared to other HN-HSQC-

based experiments. However, as previously mentioned, the exchange process is not suppressed and 

the loss of information at high temperature/pH still broad signals, usually upon detection. 

Thus, a common approach coupled to the BEST one, is the Transverse Relaxation Optimized 

SpectroscopY (TROSY)[64,65]. The TROSY approach was firstly designed for the study of large 

proteins. These macromolecules possess long correlation times, resulting in very large transverse 

relaxation rates R2 (peaks with broad line width). The TROSY idea relies on the possibility to select 

the narrowest component of the four relaxation components that are present in the case of two coupled 

spins. When applied to highly flexible IDPs the reduction in line broadening is modest due to the 

effective correlation time. However, as previously mentioned, one of the effects of the exchange 

process is to broad line widths. Thus, the exploitation of TROSY is also recommended in IDPs 

because, as described above, resolution matters and having this slight boost of resolution becomes 

fundamental if systems with several cross-peaks are studied. Moreover, RF decoupling during 
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acquisition of the signals is not applied and thus no limits for the detection of the FIDs are imposed 

by sample heating or decoupling RF power.  

Another approach to avoid the loss of signals due to the exchange process consists in the detection of 

non-exchangeable nuclear spins. To avoid loss of the favourable properties offered by the 1H nucleus 

such as its high gyromagnetic ratio, 1Hα direct detection has been used in the study of IDPs. 1Hα-based 

NMR experiments are also applicable in a range of temperature and pH due to the non-exchangeable 

nature of this nucleus. In contrast to 1HN, 1Hα also provides information on proline residues, quite 

abundant in IDPs[66–69]. A set of 1Hα-detected experiments has been proposed and provides the 

sequential connectivity in IDPs by correlating solely 15Ni or 15Ni+1 chemical shifts with 13C′i and 1Hα
i 

spins in 3D H(CA)NCO and H(CA)CON spectra. Moreover, this set of experiments can be coupled 

with 3D (HCA)CON(CA)H and (HCA)NCO(CA)H which help in case of 15N degeneracy. In these 

latter experiments the intensity of the sequential peaks can be maximized while the auto-correlated 

peaks can be minimized with minimal adjustments. 1Hα detection was also used, in a 

SemiConstantTime-HMSQC-HA experiment to measure 3JNHHα, both in structured and disordered 

protein, as source of structural information[70]. 

On the other hand, also the impact of homonuclear scalar coupling should be considered, in particular 

when studying IDP in which resolution matters. Furthermore, 1Hα direct detection still suffers from 

the non-optimal chemical shift dispersion typical of IDPs. As it can be noted in Figure 1.7 that reports 

the Hα-Cα region of a 2D 1H-13C HSQC acquired on α-synuclein, the chemical shift dispersion is less 

than 2 ppm and the spectrum presents several crowded regions. In addition the presence of the water 

signal around 4.7 ppm might complicate the acquisition in case of imperfect water suppression.  
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Figure 1.7: The spectrum reports the Hα-Cα region of a 2D 1H-13C HSQC acquired on α-synuclein. As for every IDP, the 

peaks tend to cluster in few areas of the spectrum depending exclusively on the residue type, resulting in a spectrum with 

several crowded regions. Here the glycine region is highlighted, and 18 peaks are expected to be found here. The spectrum 

was collected on a 600 μM α-synuclein sample in 100 mM NaCl 25 mM NaPi. The spectra were acquired on a 1H 1200 

MHz spectrometer equipped with a TXO probe. 

 

In conclusion, the absence of a 3D structure in IDPs, always seen as a drawback, also has some 

advantages when highly flexible IDPs are considered. In this case the effective short correlation time 

implies long transverse relaxation times[71]. This represents a very favourable characteristic because 

it enables long magnetization transfer pathways with only minimal loss of magnetization resulting 

also in the possibility to exploit long acquisition times (in any dimensions) as well as 

multidimensional experiments (≥ 4D) up to 5 dimensions[72,73]. 

 

1.3) Heteronuclear direct detection 

 

As it can be observed in Figure 1.8, comparing 1HN, 1Hα, 13C′ and 15NH 1D spectra, amide nitrogen 

provides the widest chemical shift dispersion followed by carbonyl carbon, α-proton and amide 

proton. However, despite the optimal chemical shift dispersion, 15N also possesses the lower 

gyromagnetic ratio among the listed nuclear spins. Indeed, 15N γ (−27.116 106 rad⋅s−1⋅T−1) is indeed 

almost −
1

10
 of 1H γ (267.522 106 rad⋅s−1⋅T−1). For comparison, 13C nucleus has about 

1

4
 of the 

gyromagnetic ratio of 1H (67.283 106 rad⋅s−1⋅T−1). Thanks to the extremely rapid technological 

advantages, carried out in recent years, both on the magnetic field strength (ultra-high field 

spectrometers are on field and operating) as well as on the probe design (13C optimized probes exists) 
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the low gyromagnetic ratio and thus the lower intrinsic sensitivity doesn’t represent an 

insurmountable problem anymore and 13C direct detection NMR experiments represent one of the 

best options for the study of IDPs. 

 

 
 

Figure 1.8: Chemical shift dispersion provided by different nuclei for α-synuclein. 15N provides the highest chemical 

shift dispersion followed by carbonyl carbon, alpha protons and then amide protons. Gyromagnetic ratio increases in the 

opposite order of chemical shift dispersion. The spectra were collected on a 600 μM α-synuclein sample in 100 mM NaCl 

25 mM NaPi. The spectra were acquired on a 1H 1200 MHz spectrometer equipped with a TCI probe. 

 

While 15N direct detection has only recently been proposed due to the extremely low gyromagnetic 

ratio of this nucleus[74–77], 13C direct detection has been applied widely in biological NMR both for 

the study of IDPs as well as for the study of paramagnetic systems[54,73,78–83]. 

Different types of carbon atoms are present in a polypeptide; Cα and C′ are present on the backbone 

while aliphatic carbons nuclei, carboxylate carbons nuclei, aromatic carbons nuclei etc… compose 

the side chains of different amino acids. In IDPs, Cαs and carbon nuclei composing the side chains, 

always tend to cluster in narrow spectral regions depending, almost exclusively, on the localization 

of the atom on the side chain and the residue type. An example is provided in figure 1.7 where the Cα 

chemical shift dispersion of glycine residues is less than 0.5 ppm. On the contrary, carbonyl carbon 

possesses higher chemical shift dispersion. As shown in Figure 1.8, the chemical shift dispersion 

1HN 1Hα 

13C′ 

15NH   

CS γ 
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provided by this nucleus is indeed superior to that of amide protons and its acquisition is thus 

preferred when sensitivity is not the limiting factor in the NMR experiment. 

Additionally, carbon atoms are non-exchangeable nuclei and thus the exchange process does not 

affect the detectability of these nuclei. For this reason, it is possible to work in conditions of 

temperature and pH approaching the physiological ones[54]. Furthermore, NMR samples of IDPs are 

often prepared in buffers with a high ionic strength to increase the sample quality (improved stability, 

reduced aggregation). High salt concentration usually hampers proton direct detection; ionic strength 

increases the overall sample conductivity introducing a “shielding effect” on the protein. This reduces 

the overall efficiency of the radio frequency pulses and introduces the necessity for increased power 

pulses that also increase the radiation damping effect, as well as the sample heating. Due to the lower 

gyromagnetic ratio of 13C, the necessity to lengthen the pulses is much lower preventing all the above-

mentioned problems. 

One more advantage that is directly connected to the intrinsic low gyromagnetic ratio of heteronuclei, 

is that their transverse relaxation time generally quite favourable, provides narrow linewidths when 

direct detection of these nuclei is applied (Figure 1.8), resulting in a boost of resolution. The same 

relaxation properties enable the possibility to encode their frequency in indirect dimensions of NMR 

spectra for very long time without loss of signals due to transverse relaxation. 

Regarding the carbonyl carbon, this atom is involved in the peptide bond which connects the carbonyl 

carbon of one residue (i) with the nitrogen of the following one (i+1). This connectivity is at the base 

of the 2D CON experiment[84]. 2D CON, in its “exclusively heteronuclear” fashion, starts with direct 

perturbation of 13C′ magnetization which is then transferred to the 15N whose frequency is labelled in 

the indirect dimensions of the spectra and the magnetization is then transferred back to carbonyl 

carbon where the direct acquisition is exploited. As shown in Figure 1.9, this experiment provides 

superior chemical shift dispersion with respect to any 2D HN experiment. Finally, the 2D CON 

experiment provides also additional cross-peaks with respect to 2D HN. These peaks, which fall 

around 135 ppm (15N dimension), arise from proline residues nuclei. These amino acids are usually 

very abundant in IDPs and the peculiar 15N chemical shift of these residues is due to the pyrrolidine 

group composing the side chain that also prevents the detection of these residues with HN direct 

detection.  
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Figure 1.9: An HN-HSQC spectrum (left, green) is reported and compared with a CON (right, red). This latter experiment 

provides improved chemical shift dispersion in the direct dimension as already shown in Figure 1.8. The 2D HN-HSQC 

spectrum provides all the expected peaks for α-synuclein. However, these peaks are fairly broad due to the exchange 

process. In addition several resonances are found in crowded regions and are not well-resolved. On the contrary, the 2D 

CON spectrum provides well dispersed and narrow peaks. With the 2D CON experiment proline residues are also 

detected. The spectra were collected on a 600 μM α-synuclein sample in 100 mM NaCl, 25 mM sodium phosphate. The 

spectra were acquired on a 1H 700 MHz spectrometer equipped with a TXO probe. 

 

The low intrinsic γ of 13C could still represent a limitation and to improve experimental sensitivity 

different variants of the 2D CON experiment were developed exploiting the 1H as a starting 

magnetization source. When HN is used as a starting polarization source, the magnetization is then 

transferred to 15N, its frequency is encoded in the indirect dimension, and the magnetization is 

transferred to the carbonyl where heteronuclear direct detection is exploited. HN provides the 

possibility to enhance the overall recovery delay when the BEST approach is applied and to shorten 

the overall pulse sequence duration thanks to the shorter delays used in this variant with respect to 

the out-and-back approach of the exclusively heteronuclear fashion. However, exploiting HN as initial 

magnetization pool reintroduces the dependence from the solvent exchange process and proline 

residues are not detected anymore. Hα nuclei do not suffer from solvent exchange and the possibility 

to exploit Hα-flip[72,85], diminishes the magnetization recovery delay. This reduction becomes 
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particularly effective in case of slow rotational tumbling, for IDPs it can be useful when working at 

low temperature. 

An additional feature that has to be taken into account when approaching carbon direct detection is 

the intrinsic strong homonuclear coupling between carbonyl carbons and alpha carbons. These two 

nuclear spins are connected by a strong 1J coupling of 55 Hz and this coupling evolves during the 

acquisition. Getting rid of this homonuclear coupling with standard composite pulse decoupling 

sequences is not so trivial because of giving radio frequency pulses at very similar frequencies to the 

one to be sampled while keeping the receiver open for acquisition. An approach is to rapidly switch 

between the “decoupling-mode” and the “acquisition-mode”, with a loss in sensitivity and the 

possible occurrence of sidebands that diminish the quality of the spectra. 

Alternative strategies are the so-called “virtual decoupling approaches”[78,86–88], one of them, 

summarized in Figure 1.10, consists in letting the coupling evolve, acquiring two different 

components of the signal, the in-phase (IP) and the anti-phase (AP) one. Once the two components 

are acquired, they are combined linearly and shifted to the centre of the doublet. This is the so-called 

IPAP approach. 

  



17 
 

 

 

Figure 1.10. The in-phase (IP, top) and anti-phase (AP, bottom) components of the CON experiment are reported on the 

left for a subset of peaks. Linear combination of the IP and AP components of carbonyl signals allow us to separate the 

two FIDs multiplet components. These are then shifted for ½ 1J CA-CO to obtain the final result, consisting in a single 

peak with almost twice the intensity of the single components. 

 

Deconvolution of the coupled spectrum is also possible[89]. In recent years, an approach based on deep 

neural networks has been proposed. The previously described methods rely on the necessity of 

recording two different components of the same doublet, with the requirement of doubling the 

effective phase cycle and with additional delays and pulses to create the desired coherence. This fairly 

new method is instead based on a deep neural network (DNN), FID-Net, that could be trained to 

decouple directly detected spectra using a single coupled spectrum. This method is particularly 

efficient when spectra with at least 2:1 signal to noise ratio can be acquired. In these conditions the 

acquisition can be performed in half of the time with respect to the virtual decoupling approach with 

a good time-saving. 
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1.4) Non-Uniform Sampling 

 

Highly disordered, flexible proteins are characterized by long transverse relaxation time which 

enables the possibility to exploit experiments constituted by long delays and the possibility to acquire 

several indirect dimensions. Thanks to the nice features that 2D CON possesses, this is one of the 

most used experiments to obtain a fingerprint of an IDP and it has been used as a base for several 3D 

and multidimensional (≥4D) experiments[72,73,84,90]. Such experiments are used to fully characterise 

IDPs providing spectra with many indirect dimensions, useful to overcome the intrinsic low 

resolution usually characteristic of IDPs’ spectra. One of the main problems that arise in acquiring 

spectra with several indirect dimensions is the NMR time required. Indeed, the time needed to conduct 

multidimensional experiments is directly proportional to the number of indirect evolution times 

sampled and according to the requirements of phase-sensitive quadrature detection and scans. Several 

days could be required in the case of a 4D when the full Nyquist grid is sampled, however, acquiring 

a single spectrum for such a long time is not always feasible. More than the cost of NMR time and 

disk usage needed to require and store such spectra, IDPs and proteins in general, might undergo 

degradation, cleavage, aggregation in a relatively short amount of time (from hours to few days). For 

this reason, a series of Non-Uniform Sampling (NUS) approaches have been developed[82,91–96]. The 

ratio of the collected signals compared to the number of real points in the fully sampled grid is termed 

“sparsity”. 

Many NUS schemes have been proposed with different algorithms developed for reconstruction of 

the spectra for different applications (presence of several crowded regions, low signal to noise, several 

dimensions needed)[97]. The very first idea was to uniformly sample random points in the time grid 

of the NMR multidimensional experiment. This approach is particularly feasible when the FIDs have 

none, or very little, decay in the desired time frame. Though, NMR signal decays accordingly to the 

transverse relaxation rates; thus, more elegant and powerful NUS schemes use schedules with 

exponentially weighted fashion[96]. In this way, more points are collected where signals are stronger 

and the signal to noise ratio is enhanced. A different alternative is the Poisson-gap sampling method 

in which the gaps are at the centre of the schedule (sine-weighted sampling) or at the end (cosine-

weighted), facilitating the reconstruction. 
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Figure 1.11: Few of the available NUS strategies are shown. From left to right: random, exponentially weighted, Poisson 

gap and radial sampling of a hypothetical Nyquist grid existing in a 3D experiment. Picture adapted from [97]. 

An alternative sample strategy is constituted by acquiring projections of multiD spectra. The APSY 

approach combines projection NMR spectroscopy with the automated analysis of projections 

achieved through the GAPRO (Geometric Analysis of PROjections) algorithm and with automated 

peak picking[90,98–100]. With the APSY strategy a series of 2D NMR spectra are acquired. These 

spectra possess always the same direct dimension, while the second dimension is determined by a 

linear combination of the frequencies composing the indirect dimensions of the multidimentional 

experiment. The GAPRO algorithm, through iterative steps, interpolates the different peak positions, 

obtained in each projection, to create an N-dimensional peak list which is the final result together 

with the acquired 2D spectra. 

An example of application of the APSY approach is reported in Figure 1.12. Exploiting the 5D-

APSY-hcaCONCACON experiment, a peak list providing the correlations C′i-1, Ni, C
α

i, C′i, Ni+1 is 

obtained. With this strategy, loading the peak-list on a 2D 13C-15N CON spectrum. It is possible to 

perform the sequence specific walk through the backbone just by moving from one cross peak (C′i, 

Ni+1) to the neighboring one (C′i-1, Ni), as shown schematically in Figure 1.12 for a few residues. 
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Fig. 1.12: A possible strategy used to assign a-synuclein through a 5D APSY-(HCA)CONCACON that uses the peak 

lists resulting from the GAPRO algorithm is here shown for residues 65–67 of α-synuclein. Four five-dimensional 

correlations (C′i−1, Ni, Cα
i, C′i, Ni+1) are reported in the table. Each five-dimensional peak contains two CON connectivity 

(i.e. C′i−1, Ni and C′i, Ni+1) that can be retrieved and then connected in the 2D-CON spectrum providing sequential 

assignment. The Cα chemical shift helps with the identification of the correct residue providing residue specific sequential 

assignment. 
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2. Carbon-13 direct detection as a tool for IDPs 

 

In the previous section an overview of the usefulness of 13C direct detection for the study of IDPs was 

shown. Here I will summarize how I used 13C direct detection to overcome some previously 

mentioned limiting factors in the study of IDPs. 

Mainly, this strategy was exploited for the measurement of amide proton exchange with water proton, 

to increase the resolution and achieve more information from pre-existing NMR experiments, to 

identify new key motifs in IDPs and to monitor the interaction with small molecules. Carbon-13 direct 

detection was also employed in a new strategy that enables the acquisition of two experiments in the 

time needed for one of them and it was used for the characterization of two different challenging 

proteins making use of multidimensional NMR experiments. 

 

2.1) Amide proton exchange process: DeCON to 

investigate the invisible 
 

Amide proton exchange is that process in which the hydrogen atom bound to the amide nitrogen atom 

chemically exchanges with the hydrogens of the surrounding solvent molecules (usually water). The 

study of this event might help in obtaining site-resolved structural and dynamic features of a given 

protein. 

The following chemical equation describes the overall exchange[101,102]:  

𝑁𝐻𝑝
𝑐𝑙 ⇌ 𝑁𝐻𝑝

𝑜𝑝 → 𝑁𝐻𝑤
𝑜𝑝  

The process is described for a folded protein; the amide proton (𝑁𝐻𝑖
𝑗
) of a protein (p) could exist in 

two different states, a closed one (cl), where the exchange cannot occur because the amide hydrogen 

is buried inside the protein, and an open one (op), where the exchange process occurs with a rate k3. 

The process that unburies the proton from the closed state to the open one is characterized by the 

kinetic constant k1 while the opposite process is governed by k2.  

Despite the two processes can be clearly identified, the close to open (and vice versa) transition, and 

the exchange of the amide proton, NMR can study the overall effect. Through several different 

experiments the kex value can be measured, where 

k1 

k2 

k3 
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𝑘𝑒𝑥 =  
𝑘1𝑘3

𝑘1 + 𝑘2 + 𝑘3
 

This process is usually considered for globular proteins in native state where then k2 >> k1. 

Trying to disentangle as much as possible the different events, two limiting mechanisms were 

proposed based on the relative magnitude of k3 and k2, establishing which is the fastest process once 

the open state has been reached: the intrinsic exchange of the amide proton (k3>>k2; EX1 limit) or 

the ratio in going back to the closed state (k2 >> k3; EX2 limit). In the former case, kex ≈ k1, thus the 

exchange is limited by the conformational modifications that expose the amide proton to the solvent. 

In the latter case kex ≈ k3/P where P is defined as the “protection factor”, a value that describes how 

much a residue is hindered in the protein. 

The protection factor assumes a slightly different meaning when talking about intrinsically disordered 

residues. In this frame, IDPs can always be considered in an open state, the EX1 limit is then always 

verified. However, as widely demonstrated and discussed, an intrinsically disordered protein is very 

different from a completely unfolded protein as well as from a random coil chain. In these two latter 

cases indeed, the amide proton exchange process have been demonstrated to be more efficient than 

in the case of several IDPs. In 1995 Zhang and coworkers developed an algorithm (SPHERE), based 

on the studies by Englander, that computes the kex for a given primary sequence as if this is found in 

a completely random coil conformation (𝑘𝑒𝑥
𝑟𝑐)[103,104]. The ratio between the measured 𝑘𝑒𝑥 and the 

predicted 𝑘𝑒𝑥
𝑟𝑐is the protection factor (P) in IDPs. 

Several experiments were proposed to monitor and quantify this ratio. CLEANEX-PM, in its 2D 

version, is the most used experiment for this scope in folded proteins[105,106]. This experiment relies 

on the idea of selectively perturbing the water’s spins and observing the magnetization transferred to 

the amide proton’s spins of the protein. The main “step forward” of this method, with respect to the 

previously proposed ones based on the same idea, is to suppress unwanted contributions from 

exchange-relayed NOEs/ROEs, enabling an accurate quantification. To efficiently suppress cross-

relaxation and TOCSY effects the CLEANEX-PM spin-lock module (135°(x) 120°(−x) 110°(x) 

110°(−x) 120°(x) 135°(−x)) is applied and implemented in a 2D FHSQC experiment, which is used 

as the read-out scheme. 

The kex values can be obtained by exploiting experiments with different CLEANEX mixing times and 

then reporting these values against V/V0, where V is the peak volume at the different mixing time 

values and V0 is the peak volume measured from the FHSQC spectrum (without spin-lock). The 

values are fitted as reported in [106] and/or through the initial slope analysis the kex values are 

obtained. 
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Figure 2.1 The standard HN-FHSQC spectrum is reported on the left for 1.5 mM SN protein acquired at 310 K, pH 6.8. 

On the right, the CLEANEX-PM spin-lock was applied with a γB1 field of 5.1 kHz for a total duration of 40 ms. As it 

can be noted, several peaks disappear due to the fast chemical exchange with water. Peak marked with an asterisk is from 

tryptophan side chain. Picture from [106].  

 

A second experiment, relies on the idea of observing the effect of chemical exchange on neighbouring 

spins that have a J-coupling to the exchanging nucleus. In this experiment, the decay of an Sx spin is 

observed under the application of a Carr-Purcell-Meiboom-Gill (CPMG) pulse train with and without 

proton decoupling[107,108]. 

 The CPMG train is used to suppress the long-range coupling without affecting the short-range 

coupling that works as a source of scalar relaxation. Thus, during the CPMG train, the Sx spin can 

relax due to the scalar coupling with the neighbouring I spin. If I, is an exchangeable proton, then 

measuring the S intensity in absence of decoupling and comparing to S in presence of decoupling will 

provide information about the exchange ratio of the I nucleus. This approach was used, for example, 

to measure kex values for Hδ1 and Hε2 protons of the imidazole ring and of the NH3
+ protons in 

histidine in different temperature and pH conditions[108].  

An even more elegant approach to measure chemical exchange was proposed in 1999 by Skrynnykov 

and Ernst, and it was named “decorrelation” spectroscopy (DeCOR)[109]. This strategy is based on the 

idea of creating a double spin order operator in which one of the two involved spins undergoes 

chemical exchange (decorrelates). If one of the two spins, is an amide proton that decorrelates only 

due to the exchange process, the DeCOR scheme can be used to measure this event. In this 

experiment, the 2NzHz spin operator is created and then let free to evolve (decays due to chemical 

exchange) under variable τdecor. The intensity of the peaks is measured, reported against the different 

τdecor values and monoexponentially fitted to extract the kex rates. For precise quantification of the 

exchange ratio, a correction for the T1 of 2NzHz, which is active when the double spin order operator 

is created, has to be considered. 
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The main drawback of all the above-mentioned methods is that they are usually based on 1H detection 

that poses several limitations to their applicability when dealing with IDPs. 

For such reason we decided to implement a new method to “spy” chemical exchange of IDPs with 

water, based on 13C direct detection, DeCON[110]. Our proposed method follows the Skrynnikov and 

Ernst’s idea and the pulse sequence is reported in Figure 2.3. Starting from C′z (a), the C′y (b) 

coherence is built and then evolves in 2C′xNz. Through a 90° pulse on carbonyl carbon spins along y 

the coherence is converted in 2C′zNz (d) and after creating 2C′zNy this is then evolved in 4C′zNxHz 

(e) through the J coupling between N and HN using a 180° band selective pulse on the amide region 

to avoid water perturbation. This coherence is converted in 4C′zNzHz (f) and its decay is monitored 

under a variable decay τdecor. At the end of this period, the remaining coherence is converted in 

4C′zNyHz, back to 2C′zNx through INEPT and a pair of 90° pulses restore the 2C′yNz picked up at the 

end of the pulse sequence. From now on the second part of a standard CON scheme is used as a read 

out for the magnetization. With this strategy, a dependence from the water exchange has been 

reintroduced with negligible perturbation on water magnetization avoiding undesired radiation 

damping effects. The cross peaks can now be integrated, and their intensities can be fit to a mono-

exponential decay to obtain the kex ratio, namely kzzz (𝐼𝑧𝑧𝑧(𝜏𝑑𝑒𝑐𝑜𝑟) =  𝐼0𝑒−𝑘𝑧𝑧𝑧𝜏𝑑𝑒𝑐𝑜𝑟). 
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Figure 2.3: A) The proposed DeCON pulse sequence is reported in this panel. 180° selective pulses on amide region 

were used to selectively excite these nuclei exploiting the 1J evolution. The selectivity also avoids water perturbation 

preserving from radiation damping effects. For more details refer to Section 9. A subset of peaks from the DeCON 

experiment is reported on the left with its assignment. Spectra recorded with different τdecor are shown on the right. C) 

The intensities for two of the previously shown peaks are reported as a function of τdecor. Picture from [110]. 

 

We compared the results obtained with our method with those deriving from the initially proposed 

1H detected variant, the HN-Décor experiment, on a sample of α-synuclein. As shown in Figure 2.4, 

the agreement between the exchange values obtained with the two methods is quite good for the 

residues detectable in both experiments. 
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Figure 2.4: Comparison between the exchange values obtained with DeCON and DeCOR approaches. The two 

experiments agree for those residues that are detectable in both the experiments. These values were obtained at 298 K to 

enhance the number of cross-peaks visible in the HN-based experiment[110]. Picture from [110].  

 

Thanks to the superior chemical shift dispersion of 13C′ with respect to 1HN, the DeCON experiment 

provides information for a larger number of residues. To further enhance the resolution, we have also 

implemented the 3D version of this experiment encoding Cαs’ chemical shift in a third dimension 

(Figure 2.5). 

 

 

 

Figure 2.5: Pulse sequence used to acquire the 3D version of DeCON spectra. A screenshot of the acquired 3D spectrum 

is also shown. Picture from [110]. 
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Furthermore, in the DeCON approach, the magnetization of the amide proton is transverse for a 

shorter time with respect to the DeCOR one, this minimizes the perturbation of HN spins expanding 

the kex limit that can be monitored. 

As in the DeCOR approach, an additional contribution to the overall magnetization decrease during 

the τdecor is due to the longitudinal relaxation mechanism whose minor influence was evaluated by 

measuring the 2C′zNz coherence (Figure 2.6). 

 

 

 

Figure 2.6: Panel A reports the pulse sequence used to measure 2C′zNz decay (referred as kzz). For more details refer to 

Section 9. Panel B reports the superimposition between the measured kzzz and kzz values. The influence of the latter is very 

modest with respect to kzzz. Panel C reports kzz values for α-synuclein in the presence (yellow triangles) and without 

(purple circles) calcium ions. Picture from [110]. 

 

This experiment has been used to reveal important dynamic changes on α-synuclein in the context of 

its interaction with calcium ions. α-synuclein is a fully disordered protein in its monomeric state 

composed by 140 amino acids. It is subdivided in three different regions: the N-terminal domain (1-

60) the NAC (61-94) and the C-terminal domain (95-140). This protein adopts helical conformation 

when interacts with membranes through the N-terminal region while in the amyloid fibrils state it is 

found to be in an elongated conformation. The C-terminal region is instead rich in negatively charged 

residues, encompasses all the proline and 3 of the 4 aromatic residues present in α-synuclein.  

This protein displayed higher, and much more scattered kex in the N terminal and NAC regions with 

respect to the C terminal one. The values from the former regions are almost completely dependent 
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from the residue type while in the latter region the kex values seem to be influenced by the highly 

negatively charged residues that create a local electrostatic potential which reduce the kex values. 

 

 

 

Figure 2.7: The kzzz values measured with the DeCON approach are here reported on the vertical axis against the residue 

number. Blue circles represent the values for the protein alone in absence of calcium ions, yellow triangles represent the 

values upon addition of Ca2+. Picture from [110]. 

 

Upon the addition of calcium ions, the overall kex values were enhanced. However, the increase was 

not uniform throughout the whole primary sequence. As shown in figure 2.8 residues from the N and 

C terminal region displayed an enhancement of their kex. In particular, Ala 18, Ala 30, Glu 115, Asp 

119, Asp 121, Asn 122, Glu 123, Ala 124, Tyr 125, Ser 129, Tyr 133, Gln 134, Asp 135 and Tyr 136 

experienced an over 1.9 times boost respect to the unbound form. This very localized and strong 

effect on these two regions could be ascribed to different reasons, a reduction in the electrostatic 

potential in the C-terminal region as well as in the disruption of interactions between the N-terminal 

and C-terminal segments. 
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Figure 2.8: Ratio of the kzzz values between the values obtained after and before the addition of calcium ions. The three 

colors refer to the three different regions of a-synuclein: N-terminal (1-59, red), NAC (60-95, yellow) and C-terminal 

(96-140, blue). The NAC region displays homogeneous enhancement while the C-terminal one shows major boost. Few 

scattered values are present in N-terminal domain. Picture from [110]. 

 

For a complete discussion refer to section 9 and to [110]. 

 

2.2) The CON-centric idea: acquire two 

experiments in the time of one 
 

While 13C′ nuclear spins provide a superior chemical shift dispersion and narrower line widths with 

respect to 1HN nuclear spins, they are also influenced by much longer longitudinal relaxation times. 

Thus, longer recovery delays are needed in 13C excited-13C detected NMR experiments which are 

usually in the order of seconds. This means that the time “wasted” in waiting for the 13C magnetization 

to be recovered is usually much longer than the experiment itself (tens/hundreds of milli-seconds). 

Aliphatic proton spins and carbonyl carbon spins possess very different relaxation properties with the 

former relaxing longitudinally faster than the latter. 

1H-start, longitudinal relaxation enhancement (LRE) experiments were developed trying to overcome 

this intrinsic property of carbon nuclear spins[72]. As an example, 1H-start (1HN or 1Hα-start) 

experiments can be used as a valuable alternative to the 13C-start exclusively heteronuclear approach 
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when a boost in sensitivity is required and shorter relaxation delays are needed (for example due to 

protein degradation). A version that provides even faster recycle delays is the 1H-flip one in which 

the proton spins that are not involved in the transfer (any proton spin but 1HN or 1Hα in the example) 

can be flipped back to +z axis with a 90° or 180° pulse depending on the actual position of the spins 

leading to a longitudinal relaxation enhancement. 

Another way to profitably use the time needed to restore the magnetization along the z axis would be 

to record other experiments during this delay. Thanks to technological advantages, this is now doable 

by exploiting the multiple receivers hardware (MR)[111,112,121,113–120]. 

With this tool it is possible to acquire different FIDs on different receivers at the same moment, 

opening to the possibility of performing more than one experiment at the same time. Three different 

strategies exist for the exploitation of multiple receivers: sequential, parallel, and interleaved. 

The sequential approach consists in acquiring more than one FID making use of a single initial 

magnetization pool. A biomolecular NMR experiment based on this approach is the “Afterglow” 

experiment whose spectra are reported in Figure 2.9[122]. In the experiment, an haCACO 2D 

experiment is combined with a 3D haCAcoNH in a single pulse sequence. Here, the 2D CACO 

spectrum is recorded during the evolution of the 1JC′N. The idea is that the 3D experiment shares, in 

one of the two indirect dimensions, the same indirect dimension of the CACO and thus Cα resonance 

can be encoded in the indirect dimensions at the early stages of the overall pulse sequence. 

Furthermore, the time used to directly detect C′ magnetization in the 2D experiment is used as first 

step in the transfer of the magnetization from C′ to N in the 3D experiment. Unfortunately, this latter 

idea also requires a compromise between resolution of the direct dimension in the 2D experiment and 

the overall sensitivity of the 3D experiment. The longer is the acquisition time in the bidimensional 

experiment, the higher is the resolution of C′ dimension in the CACO spectrum. This also means a 

loss in magnetization for the following steps of the magnetization transfer pathway and thus a loss of 

sensitivity in the 3D haCAcoNH spectrum.  
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Figure 2.9: 2D haCACO spectrum is reported in panel A. This spectrum was acquired in a sequential fashion together 

with the 3D haCAcoNH spectrum whose CACO plane is reported in panel B[123]. 

In the parallel approach, instead, the FIDs of different nuclei are acquired at the same moment. This 

strategy found applications both in biomolecular NMR as well as in the determination of the structure 

of small molecules. 

Regarding biomolecular applications, a possible experiment is represented by the 2D H,C′-N HSQC 

(Figure 2.10) where the H-N and C-N spectra are acquired in parallel[113]. This experiment uses HN 

as starting magnetization pool. The magnetization is then transferred through INEPT creating the 

2HzNz coherence. At this time point, nitrogen magnetization is evolved, with respect to the 1JHN and 

1JNC′, creating two different components proportional to Nz and 2NzC′z respectively. The two elements 

now follow two distinct transfer pathways with Nz that, in the end, will be converted for the detection 

of 2D HN spectrum. On the other hand, 2NzC′z evolves for the detection of 2D CON spectrum. The 

main drawback of this approach is the relative sensitivity of the two resulting spectra. Indeed, one of 

the two magnetizations (Nz in this case) is stored along the z axis until the other (2NzC′z) has 

accomplished all the needed transfer steps. In this way the desired magnetizations are created, and 

both the nuclear spins are ready for detection. Furthermore, splitting the initial magnetization in 

different sets requires adjustments for the relative distribution depending on the sensitivity of the 

detected nuclei. Moreover, 1HN is used as the common starting polarization source for the two 

experiments and results in the loss of proline resonances in the CON spectrum and of amide protons 

in fast exchange with the solvent. 
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Figure 2.10: Panel A reports the 2D HN HSQC spectrum acquired in a parallel fashion together with the 2D CN HSQC 

whose spectrum is reported in panel B[113]. 

 

Somewhere in the middle between the two mentioned approaches lies the “Unified Time-OPtimized 

Interleaved Acquisition” (UTOPIA) strategy[117]. This approach takes advantage of the detection of 

one (or more) FID(s) during the relaxation period of another experiment. The two experiments are 

thus identified as “parent” and “child”, with the child acquired during the parent’s relaxation delay. 

In the UTOPIA approach, the child is then acquired “for free” since the time needed for parent’s 

relaxation delay would be unused anyway. 

As discussed previously, the 2D CON experiment represents one of the best solutions to obtain a 

fingerprint of an IDP. Thus, the UTOPIA strategy was exploited to obtain additional information 

during the 13C′ recovery delay in a sort of “Russian-Doll” approach[120,121]. 

Together with the 2D CON experiment, the 2D HN experiment is usually acquired as one of the first 

experiments to investigate IDPs. We thus decided to combine these two experiments in the multiple 

receivers variant named CON//HN. The spectra obtained on α-synuclein at 298 K and pH 6.5 are 

reported in Figure 2.11. The main precaution taken to implement the 2D HN in the recovery delay of 

the 2D CON was to decouple 13C′ from 15N during the evolution of this latter spin chemical shift in 

the 2D HN-HSQC. This was achieved with a pair of appropriately positioned 180° pulses, instead of 

a single one, to restore the 13C′ magnetization along the z axis and provide the starting polarization 

source for the subsequent CON experiment. The overall intensity of the two spectra is almost 

unchanged in the MR variants with respect to the standard ones. The CON experiment has only a 5% 

reduction in the S/N ratio while the HN one is a bit less sensitive with a reduction of 15%, not a big 

deal given the higher intrinsic sensitivity provided by the HN nucleus. 
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Figure 2.11: Panel A reports the schematic description of the CON//HN experiment. The relative spectra are reported in 

panel B (HN) and C (CON). These spectra were acquired on a 13C-15N labeled α-synuclein sample at 285 K pH 6.5. Panels 

D and E report the projections of the HN and CON spectra respectively. Red solid traces refer to the multiple receiver 

experiments while blue dotted traces refer to the experiments acquired independently. Picture from [120]. 

 

If one wants to analyze samples with limited lifetime, the possibility to obtain two spectra in the time 

needed to acquire one of them becomes very useful as in the case of in-cell samples. Spectra acquired 

on a purified sample of α-synuclein at 310 K and pH 7.4 are reported in Figure 2.12.  

In-cell samples are indeed affected by the presence of a high concentration of macromolecules 

surrounding the observed protein (leading to crowding). Thus, specific or un-specific interactions 

might occur between protein and other components of the cellular environment. These interactions 

slow down the tumbling rate of the molecule. As a consequence, the relaxation rate of the spins is 

increased, and an overall signal broadening is observed[124]. Cross-peaks expected in our sample 

conditions are all present. When comparing the in-cell spectra with those acquired on the purified 

sample, as well with those acquired on cell lysates, it can be noted that 1H signals are much more 

affected by line broadening with respect to 13C ones confirming that this is a real property of the in-

cell spectra and not due to changes in the sample. 
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Figure 2.12: Comparison of the 2D spectra (HN left; CON right) acquired through the CON//HN experiment on 13C, 15N-

labeled a-synuclein at 310 K. Panel A reports the spectra obtained on a purified sample. Panel B reports the spectra 

obtained on cells lysate resuspended in the same buffer of A. Panel C reports the spectra obtained for an in-cell sample. 

Picture from [120]. 

 

One more case that might require the acquisition of more than one spectrum at once is when a 

chemical reaction occurs, and it has to be monitored via NMR. The CON//HN experiment was used 

to follow the phosphorylation of α-synuclein with Fyn Kinase. Fyn Kinase is a non-receptor tyrosine 

kinase of the Src family which was found to highly phosphorylate tyrosine 125 in α-synuclein. 

Phosphorylation of Y125 represents a priming event in the efficient modification of serine 129 by 

CK1 kinase. This latter phosphorylation is involved in the modulation of Lewy bodies formation 

where S129 is selectively and widely phosphorylated, promoting fibrillation in vitro. In figure 2.13 

the spectra for α-synuclein before and after phosphorylation are superimposed. Several changes are 

observed in both spectra acquired with multiple receivers. However, thanks to the superior resolution 

achieved with the CON experiment, additional details can be examined. In particular, peaks that in 

the HN spectrum fall in crowded regions, are instead well resolved in the CON spectrum such as 

Y125 itself. 
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Figure 2.13: The HN (left) and CON (right) spectra of wild type a-synuclein (red) and Y125p a-synuclein (blue) acquired 

in the CON//HN experiment are reported and superimposed. One region of the CON is enlarged to highlight a subset of 

peaks that are influenced by phosphorylation. Picture from [120].  

 

CON//HN is only one of the many possible combinations of experiments that can be implemented 

with the UTOPIA approach. Other possibilities that were implemented maintaining the CON as the 

parent experiment (CON-centric approach) are the CON//NH-BEST-TROSY[76,125] and the 

CON//hCAN[75]. Both these experiments are 15N detected. 15N detection, when not limited by 

sensitivity represents one of the best options for the study of IDPs thanks to the very large chemical 

shift dispersion and the narrow line width provided by this nucleus. 

CON//NH-BEST-TROSY (Figure 2.14) exploits band selective pulses to selectively perturb amide 

protons and enhance longitudinal relaxation, shortening the overall time needed for the recovery delay 

of HN atoms. In addition, the TROSY strategy avoids the necessity to decouple 1H nuclear spins 

during 15N direct detection. Thus, the combination of the BEST approach, the TROSY one and the 

15N direct detection, enables the acquisition of 4 transients of the NH experiment during the CON 

relaxation time which helps in compensating for the intrinsic low sensitivity of 15N. Here, the most 

important adjustment that was implemented in the BEST-TROSY part of the overall pulse sequence, 

was the introduction of the IPAP scheme. In this way the decoupling of 15N from 13C′ and 13Cα during 

the acquisition is achieved without using standard decoupling. In this way, 13C′ magnetization is 

preserved for the following CON experiment. Indeed, as it can be observed in Figure 2.12, panel D 

and E, the loss in S/N ratio is only minimal between the multiple receivers version of the experiment 

and the ones that do not make use of this approach. 2D NH-BEST-TROSY still relies on amide proton 

both during the initial transfer and the evolution of the indirect detection. Thus, even if detection 



36 
 

relies on a non-exchangeable nucleus, 15N, increasing temperature, still broadens several peaks upon 

detection in the NH experiment while the quality of the CON is essentially maintained. 

 

 

 

Figure 2.14: Panel A reports the schematic description of the CON//NH-BEST-TROSY experiment. The relative spectra 

are reported in panel B. These spectra were acquired on a 13C-15N labeled α-synuclein sample at 285 K pH 6.5. Panels C 

report the same spectra but acquired on a 13C-15N labeled α-synuclein sample at 310 K pH 7.2. Panel  and E reports the 

projections of the NH-BEST-TROSY and CON spectra respectively. Red solid traces refer to the multiple receiver 

experiments while blue dotted traces refer to the experiments acquired independently. Picture from [120]. 

 

On the contrary, the CON//hCAN experiment relies only on non-exchangeable nuclei providing 

spectra with a high content of information even at high temperature (Figure 2.15). Regarding the 

hCAN child-sequence, the magnetization starts from the 1Hα nuclear spin, enhancing the sensitivity 

of the experiment, and then is transferred to the 13Cα whose frequency is encoded in the indirect 

dimension. The polarization can now be transferred to two different nitrogen spins. The 1J constant 

connects the Cα with the nitrogen of the same amino acid, while the 2J constant connects it with the 

nitrogen of the following residue. The value of the two J constants is very similar (-11 Hz for 1J and 

7 Hz for 2J). In our case the 1J one was prioritized to enhance the intra-residue connectivity. Starting 

from Hα atoms, more than one repetition of the haCAN experiment can be achieved. In this way the 

overall sensitivity of this experiment was enhanced. In the end, the hCAN spectrum revealed all the 
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intra-residue correlations and the 81% of the inter-residue ones even if considerable overlap occurs 

in the Cα dimension. 

 

 

 

Figure 2.15: Panel A reports the schematic description of the CON//haCAN experiment. The relative spectra are reported 

in panel B. These spectra were acquired on a 13C-15N labeled α-synuclein sample at at 310 K pH 7.2. Panel D and E 

reports the projections of the haCAN and CON spectra respectively. Red solid traces refer to the multiple receiver 

experiments while blue dotted traces refer to the experiments acquired independently. Picture from [120]. 

 

For the complete description of the work refer to section 6 and [120].  
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2.3) First steps in IDPs’ drug design: the 

identification of key motifs  
 

Most of the targets for drug discovery efforts are represented by proteins and most of them are 

proteins with well-defined 3D structure. However, the role played by IDPs in human illnesses requires 

an extension in the landscape of drug discovery strategies[4,5,42,44,45,126–128]. New challenges are thus 

emerging to identify novel strategies to interfere with the function (or malfunction) of IDPs (IDP’s 

“druggability”). One of the main novelties is given by the nature of the interactions that IDPs employ 

for their function (fuzzy, folding-upon binding, unfolding upon binding, etc.). Indeed, IDPs’ 

flexibility seems to provide an adaptable and specific interaction surface for binding[45,128,129]. NMR 

represents a very powerful technique in this context thanks to the possibility to achieve atomic 

resolution information even in the case of highly flexible systems. Through this technique it is also 

possible to identify unexpected and new patterns, different from those of globular proteins but 

potentially fundamental and of general interest  vfor IDPs. 

In a work in collaboration with Prof. Ischiropoulos from the University of Pennsylvania we have 

investigated, through NMR, the effect of derivates of nordihydroguaiaretic acid (NDGA) in 

preventing the formation of α-synuclein aggregates together with other biochemical and biophysical 

techniques[130]. 

The role of α-synuclein in the insurgence of several neurodegenerative diseases, such as Parkinson’s 

disease (PD) has been extensively studied[131–136]. α-synuclein aggregation was found to be involved 

in the pathogenesis of these disorders. Possible drugs that might prevent α-synuclein aggregation have 

been investigated over the years. 

The first molecules that were found to prevent aggregation were Dopamine, related catechols, 

different phenols, flavonoids and epigallocatechin gallate (EGCG)[137].  

Here the impact of nordihydroguaiaretic acid (NDGA) has been studied, a phenolic dibenzenediol 

lignan, in inhibiting α-synuclein aggregation to evaluate its potential as a chemical platform for the 

development of novel aggregation inhibitors. 

NDGA was incubated for 24 hours with 1:1 α-synuclein and NMR was used to identify structural 

modifications within the protein’s primary sequence. Only small changes were observed for Val 3, 

Phe 4, Met 5 and His 50 as reported in Figure 2.16. Besides NDGA, other similar molecules were 

investigated, i.e. cNDGA, the cyclized form of NDGA, and NDGA-1, a non-cyclized form containing 

only one pair of vicinal hydroxyl groups, whose effect were very similar to NDGA (See section 5 and 

[130] for a complete description). 
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The incubated samples were followed for several days through NMR with gradual changes of the 

previously reported peaks shifts. Moreover, additional changes were also found for several other 

peaks that might constitute a second set of α-synuclein population with a different conformation for 

these residues.  

 

 

 

Figure 2.16: Superimposition of HN spectra of a-synuclein before (blue) and after (red) incubation 1:1 with NDGA for 

24 hours. Picture from [130].  

 

A second interaction study performed on α-synuclein regarded its interaction with calcium ions, 

which represent a potential trigger for the insurgence of synucleopaties, such as PD. α-synuclein is 

present in the presynaptic terminals and it is in close contact with microdomains, associated with 

neurotransmitter release, where Ca2+ ions are present in high concentration[33,34,138–140]. The possibility 

to provide new structural and dynamic insights in the interplay between α-synuclein and calcium ions 

near-physiological conditions is very relevant. 

For such reason, the interaction was followed by NMR, and carbon-13 detected experiments were 

exploited[110]. The standard 2D-CON experiment, which provides information on the backbone’s 

signals (i.e C′i-Ni+1 correlations), was used together with a series of other 2D experiments, informative 

also on the side chains, usually seldom assigned in IDPs. In particular, the constant time version for 

the 2D CACO, 2D CBCACO and 2D CCCO experiments were developed and used for this 

purpose[78,141]. The developed pulse sequences, together with a complete description of the work is 

provided in section 9 and in [110]. 
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Thanks to this set of experiments, it was possible to detect and resolve cross-peaks from the side 

chains atoms. As shown in figure 2.17 for Asp2, side chains’ resonances were assigned through 

exclusively 2D experiments. Starting from the carbonyl frequency in the CON spectrum the 

resonances of Cα
i and Cβ

i can be identified in the CACO and CBCACO respectively. Two more cross-

peaks connect these resonances to the carboxylate carbon resonance (Cγ). In this way the Cβ-Cγ 

aspartate’s cross-peaks were identified, and sequence-specifically assigned. Similarly, asparagine’s 

side-chains resonances were assigned. Differently, to assign glutamate and glutamine’s side chains 

the presence of one more cross-peak, the one involving Cδ, is required to achieve the completeness 

of information. Thus, the cross-peaks assignment of the carboxylate/carbonyl functional groups (Cβ
i-

Cγ
i for Asp and Asn, Cγ

i-C
δ
i for Glu and Gln) of α-synuclein amino acids was achieved.  

 

 

 

Figure 2.17: A description of the strategy used to assign in a sequence-specific manner the resonances of 13C′ ASP2 

residue through exclusively heteronuclear 2D NMR experiments. Grey dotted lines show the procedure followed to assign 

side-chain resonances. Starting from the carbonyl carbon resonance in the CON spectrum (orange), Cα
i and Cβ

i are 

connected in CACO (red) and CBCACO (blu) spectra, superimposed in the figure. Finally, Cγ
i is correlated through Cβ

i-

Cγ
i and Cα

i-Cγ
i cross-peaks. Picture from [110]. 

 

Negatively charged residues are the first candidates for the binding of α-synuclein with positively 

charged calcium ions. Thanks to the obtained side chain’s cross-peaks assignment, it is now possible 

to zoom-in on the putative interaction site. Following the interplay between α-synuclein and calcium 
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ions through CON and CACO, information were obtained both for the backbone and sidechains’ 

atoms. 

Inspecting the chemical shift perturbation effect on side chains’ resonances, upon addition of Ca2+ 

ions, a clear localization on the primary sequence was found. The negatively charged residues present 

in the C-terminal region of the protein were much more perturbed than the ones present in the N-

terminal and NAC regions (Figure 2.18). 

 

 

 

Figure 2.18: Top panel reports the chemical shift perturbation (absolute values) of aspartate and glutamate side-chain 13C 

resonances upon interaction with Ca2+. Over the graph is shown the distribution of proline (stars), tyrosine (pentagons), 

lysine (red triangles) and negatively charged (aspartate and glutamate, blue triangles) residues. Lower panel reports two 

regions of the CACO spectrum where the resonances of side chains are found. Picture from [110]. 

 

The same effect on the chemical shift values was also present on the backbone’s resonances. This 

result still displays a localization on the C-terminal region that is rich in negatively charged residues, 

aromatic residues and proline residues (5 prolines in the C-terminal region). Interestingly, as shown 

in figure 2.19, two of these residues (P120, P138) were among the most perturbed in the sequence, 

which might sound unusual given the absence of binding properties for these residues. However, 

these amino acids are both flanked, in the primary sequence, by two negatively charged residues 

(D119-P120-D121 & E137-P138-E139). 
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Figure 2.19: Top panel reports the chemical shift perturbation (absolute values) observed in the CON spectrum upon 

interaction with Ca2+. The lower panels report the shift for two proline residues (P120 and P138) and for tyrosine 125, 

the most affected residues during the titration. The titration follows the pattern from blu (α-syn:Ca2+, 1:0) to purple (α-

syn:Ca2+ , 1:16). Picture from [110]. 

 

As previously mentioned, the flexible and disordered nature of α-synuclein would suggest a 

completely unspecific interaction with all the negatively charged groups interacting with positively 

charged ions in the same way. However, very different effects were detected for differently localized 

negatively charged residues, with the ones comprised in the C-terminal region much more perturbed 

than the others. In this frame, the primary sequence context has an impact in modulating the 

interaction of negatively charged residues with calcium ions. A closer inspection of the primary 

sequence revealed that two distinct tracts of the C-terminal region, quite far one from the other (D119-

E126 & D135-E139), are the most perturbed and are very similar in amino acid composition. In 

particular, i) negatively charged residues are close but not consecutive in the primary sequence, ii) 

two glutamate residues are both preceded by a tyrosine residue and iii) two proline amino acids are 

found in the middle of negatively charged residues. Specific motifs are thus identified: tyrosine-

glutamate pairs (Y125-E126 & Y136-E137) and negatively charged amino acids (E or D) separated 

by proline residues (D119-P120-D121 & E137-P138-E139). While the proline residues themselves 

do not possess any binding properties for positively charged ions, the presence of this amino acid in 
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the middle of two negatively charged amino acids could preform the sidechains of these latter amino 

acids and favour the proper orientation for calcium ion binding (Figure 2.20).  

 

 

 

Figure 2.20: Structural models for the DPD and EPE motifs in α-synuclein. The conformers were calculated through 

Flexible Meccano without imposing any constraints and superimposed in MolMol. Picture from [110]. 

 

While for globular proteins the identification of binding sites is well established this is not trivial for 

IDPs which still represent a challenge from this point of view. To shed light on the wide versatility 

in which IDPs carry out their functions, the use of 13C detected experiments was fundamental. The, 

newly identified, motifs seem thus to play a role in modulating structural and functional features of 

α-synuclein extending the knowledge on functional motifs enabled by disordered, flexible 

polypeptide tracts. 

Other important motifs, and their role in modulating the compact state of an IDP, were investigated 

in a project in collaboration with the group of prof. R. Konrat from the university of Wien[142].  

Osteopontin (OPN), the IDP under investigation, exploits its function binding to different components 

of the extracellular matrix (ECM), including integrins and CD44, two membrane receptors. 

Osteopontin’s action is regulated by several mechanisms such as post-translational modifications 

(phosphorylation, glycosylation, and cleavage) and splicing of OPN and CD44. Mis-regulation of 

OPN has been related to metastatic and aberrant cell function[143–146]. 

From the structural point of view, previous studies identified the presence of regions characterized 

by a compact state, in the context of a fully disordered protein, fundamental for the correct exposure 

of OPN’s interacting binding motifs like the deputed binding motif for integrin (RGD binding motif). 

Among the twenty natural amino acids, proline residues are very abundant in IDPs and are among 

those amino acids classified as “disorder promoting” residues. The presence of a pyrrolidine ring in 

the side chain provides peculiar structural characteristics. The steric hindrance given by the cyclic 

structure lowers the energy barrier present between the cis- and the trans- forms for this residue. 
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Indeed, while the occurrence of the cis conformation for any other amino acid is usually around 0.5%, 

for proline residues this is generally about 5-10% of the total[147]. The specific role of proline residues 

in IDPs, as previously shown in the case of the interaction of α-synuclein with calcium ions, 

represents an interesting subject considering their important role in a number of different biological 

processes. 

Carbon-13 detection represents one of the best tools to investigate these amino acids in IDPs. The 

chemical shift dispersion provided by the pyrrolidine ring ensures that these peaks are found in a very 

clean and precise position of the CON spectra. In IDPs, proline’s nitrogen resonates between 134 

ppm and 140 ppm and the carbonyl of the preceding amino acid falls between 175 ppm and 170 ppm. 

Moreover, due to the lack of 3D structure, the cross-peaks involving prolines’ nitrogen tend to cluster 

in smaller regions depending on the nature of the preceding residue, resulting in “proline-fingerprint” 

as it can be seen in the case of one of the intrinsically disordered regions of CBP (CBP-ID4) reported 

in Figure 2.21[148].  

 

 

 

Figure 2.21: 2D CONpro spectrum showing proline residues fingerprint of ID4 is reported. C′-N connections involving 

the same residue-type pairs are highlighted. Picture from [148]. 

 

Inspecting the CON spectrum of quail Osteopontin (qOPN, the protein variant investigated), several 

minor forms of the major peaks were found (Figure 2.22). To better characterize these minor forms 
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and given the low population from which these peaks arise, a sequence-specific assignment was 

performed making use of 1H-strat 13C-detected 3D experiments. 3D hCBCACON, 3D hCBCANCO 

and 3D hCCCON experiments were indeed acquired and used for the sequence-specific 

assignment[78,85,149]. These experiments were used to identify and connect the residues through 13C 

aliphatic chemical shifts (backbone and side chains). In conjunction, a 3D hacaCOCON was also used 

to achieve additional information involving 13C carbonyl chemical shifts[84,150,151]. This latter 

experiment exploits the sensitivity improvement using proton as a starting magnetization pool and 

relies on isotropic mixing for the transfer of magnetization via 3JC′C′. The 3J value ranges between 0.3 

Hz and 3 Hz depending on geometrical constraints that might limit the detection of cross-peaks. 

In the case of qOPN’s major peaks, three residues were always connected through this experiment, 

from residue i to i+2. In the case of minor peaks, all of them presented the connection with the 

preceding residue while only a few of them presented all the expected connectivities. This effect is 

not only related to the low sensitivity given by the low population of the minor forms. Rather, it 

depends on specific backbone’s geometrical conformations suggesting small 3Jc′c′ values. 

 

 

 

Figure 2.22: Panel A reports the 2D CON spectrum of qOPN highlighting the proline region. Panel B shows both the 

major (left) and the minor (right) forms of proline’s peaks with their respective assignment. In the inset, the relative 

intensity between the major and minor forms are sketched. Panel C reports the primary sequence of qOPN construct used 

with proline residues highlighted in red, the integrin binding site (RGD motif) in blue. The green box highlights the 

residues encompassed in the compact sate. The Quail OPN was preferred to the Human one due to a superior stability 

once the first 44 residues are removed. Picture from 
[142]. 

 

Thanks to the previously mentioned experiments all the resonances from the proline minor forms in 

the 2D CON experiments were successfully assigned in a sequence specific manner and are reported 

in Figure 2.22. 
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Measuring the volume ratio between the cis- and trans- forms of the cross-peaks in the 2D CON 

experiment, a quantification of the relative population of the two isomers of the peptide bond 

involving proline nitrogens has been achieved (Figure 2.23). P88, P91, P122 and P126 possess a 

higher cis population (> 10%) which correlates with the presence of an aromatic residue in position 

either i±1. 

 

 

 

Figure 2.23: Quantification, in percentage, of cis population obtained by measuring the volume ratio between the cis- 

and the trans- forms for proline signals in the CON spectrum. The proline residues that present an aromatic amino acid 

in position i±1 are reported in orange. Picture from 
[142].  

 

To further understand the role of proline residues in modulating protein dynamics, R2(
15N) 

measurements were conducted and revealed a reduction in the mobility for the cis- form with respect 

to the trans- one (Figure 2.24). 

 

 

 

Figure 2.24: R2(15N) relaxation rates for trans-prolines are reported in orange and cis values are reported in cyan. 

Increased R2 values are found for cis-prolines, especially for those residues in regions with higher differences in PPII 

content (Refer to Figure S5 in section 8) between the cis and the trans conformers. Picture from 
[142]. 

 

Using the two different sets of chemical shifts (major and minor forms), an analysis was conducted 

using the δ2D software to reveal partially populated secondary structural elements[152]. A lower 

propensity for the cis- form to sample a PPII conformation was computed. The hypothesis is that 

these minor forms sample higher PPI conformation providing a reduction in the flexibility of the 
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protein. Indeed, while PPII is an elongated left-handed helix with a helical pitch of 9.4 Å, PPI is a 

compacted right-handed helix with a helical pitch of 5.6 Å. These results agree with the presence of 

a more compact state sampled by the protein. A compact state can be defined as states characterized 

by reduced local mobility and with a character in between collapsed and random coil conformations. 

However, these states do not (or not necessary) present any secondary structure. 

Further studies that comprise also Paramagnetic Relaxation Enhancement (PRE) experiments 

revealed that only local dynamic differences are present between the trans- and the cis- form without 

any relevant modification in the overall compact state of the protein. 

 

 

 

Figure 2.25:  Panel A reports secondary structure population obtained by the δ2D software using the chemical shift values 

of the major forms as input. Panel B reports secondary structure population obtained by the δ2D software using the 

chemical shift values of the minor forms as input. Panel C reports the differences in secondary structure populations 

between the cis- and trans- form. Minor forms are characterized by lower PPII populations but higher β-strand 

conformation. Picture from 
[142]. 

 

On the contrary, to corroborate the idea that local dynamic changes are related to different side chain’s 

conformation, 15N-{1H} heteronuclear NOE and 15N 3D NOESY-HSQC were acquired. The analysis 

of side chain signals of tryptophan residues in the stretch W183-W184-P185 revealed differences 

between W183 and W184 as well as different dynamic conformation between the minor and major 

forms of W184. W184 minor form displays indeed a reduced mobility associated to changes in the 

orientation of the side chain. Steric repulsion, modulated by π∙CH interaction led to reduced local 

mobility in the cis- form as illustrated in figure 2.26. 

That π∙CH interactions can stabilize specific conformations in Aro-Pro motifs was already described 

in the case of small molecules and peptides[153–155]. The tunable effect is usually limited to prolines 

in position i and aromatics in positions i±1 and i-2. 
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Figure 2.26: Panel A reports the heteronuclear NOE experiments (left reference, right 1H-saturation) and the ratio 

between the saturated spectrum and the reference one (Isat/Iref) is reported in panel B for the minor and major form of 

W183 and W184. Panel C reports the amide 1HN to side-chain 1H NOE for minor and major forms of W183 and W184, 

obtained in a 15N 3D NOESY-HSQC experiment. Panel D reports a schematic 3D structural model of the sequence 

motif—WWP—in cis-Pro and trans-Pro forms. In the cis-Pro, distinct CH-aromatic interactions lead to restricted local 

mobility. Picture from 
[142]. 

 

The identification of patterns of amino acids in IDPs able to tune different protein characteristics 

might become of general interest to better understand the way they act and to test these proteins as 

targets for drug discovery. The examples reported here include the case of α-synuclein (DPD, EPE 

motifs involved in calcium binding) and that of Osteopontin (aromatic-proline pairs involved in the 

formation of compact states). A common feature is already emerging from these two unrelated IDPs: 

the key role played by prolines and aromatic residues. The possibility to characterize as many motifs 

as possible in IDPs could open new avenues for drug design to face the onset of diseases related to 

IDPs. 
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2.4) Viral proteins challenge carbon detection 

(and lose) 
 

During my Ph.D. I also had the opportunity to work with two viral proteins with a high content of 

disorder. These two viral proteins were both challenging from the NMR point of view. The PNT 

protein from Nipah Virus (NiV-PNT) is a large protein composed by 506 residues[156]. The 

Nucleocapsid protein from SARS-CoV-2 is structurally heterogeneous due to the presence of three 

disordered regions and two folded domains[157].  

The Nipah virus (NiV), is a zoonotic paramyxovirus responsible for severe encephalitis in humans, 

classified as biosecurity level 4 (BSL-4) pathogens and considered as potential bio-terrorism 

agent[158]. Exclusively heteronuclear NMR experiments, combined with 1H detected ones, were used 

to obtain sequence-specific assignment of the N-terminal domain of the Nipah virus P/V protein, a 

protein constituted by 506 residues whose HN and CON spectra are reported in Figure 2.27. 

Three dimensional 13C detected experiments were acquired in their 1H-start version. hCBCACON, 

hCBCANCO and hCCCON were exploited to identify the residue type and eventually connect them 

in a sequence-specific manner using the information provided by the carbon atoms composing the 

side chains[78,85,149]. 
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Figure 2.27: 2D 1H15N-BEST-TROSY spectrum is reported in panel A and 13C-detected CON spectrum is reported in 

panel B. Both the the spectra were acquired on the full-length (506 residue long) NiV-PNT. The 2D CON enables also 

the direct detection of the correlations involving the 26 prolines in a clean region of the spectrum. As an example of the 

importance of those residues, the cross peaks of the residues in a SLiM are reported. Picture from 
[156]. 

 

3D hCBCACON connects the Cβ
i and Cα

i to C′i, directly acquired, and Ni+1, providing information 

on the nature of the residue i using the resonance values of Cα and Cβ. The coupled experiment, 3D 

hCBCANCO exploits the 1J and 2J from Cα to N. Thus, two sets of resonances are obtained for each 

C′i nucleus, directly acquired: one comprising Cβ
i, C

αi, and Ni+1, the second one comprising Cβ
i+1, 

Cα
i+1, C′i and Ni+1. 3D hCCCON becomes indispensable in the case of ambiguous pairs of Cβ/Cα 

resonances that could be referred to more than one kind of residue. This experiment provides, when 

existing, the resonances of Cγ, Cδ and Cε resolving the ambiguities that could arise from the 

availability of only Cα/Cβ chemical shift values. In conjunction, the previously described 3D 

haCOCON was acquired as well to obtain connections between C′i and C′i±1
[84,150,151]. 

Moreover, a 5D experiment, the 5D hacaCONCACON, was exploited in its APSY version[90]. With 

this strategy, an automated peak peaking is performed, and a 5D peak list is also provided. Making 

use of the strategy reported in the introduction section for the very same experiment, connections 

between different 2D CON peaks can be performed and used as a starting point for the sequence-

specific assignment. 

Three-dimensional 1H-detected experiments were acquired as well to complete the information 

provided by 13C detected experiments. 3D HNCO and 3D HNcaCO were used to transfer the 

assignment from the 13C-detected experiments to the 1H-detected ones[9]. Moreover, 3D HNCACB 
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and 3D HNcoCACB were used to confirm the previously obtained Cα and Cβ assignment. Finally, 3D 

hNcocaNNH and 3D hNcaNNH were also acquired[159,160]. The hNcocaNNH experiment provides 

connectivity between Hi, Ni and Ni+1 while the hNcaNNH experiment provide connectivity between 

Hi, Ni and Ni±1. These experiments rely on 1H detection that do not provides the best chemical shift 

dispersion in the direct dimension. However, nitrogen frequencies are encoded in both the indirect 

dimensions providing a wide chemical shift dispersion that enable the connectivity of up to three 

amino acids (from Ni-1 to Ni+1). 

Once the 91% of the sequence-specific assignment was achieved (BMRB 50370), secondary structure 

propensity values were calculated making use of the online available tool ncSSP[161]. This tool 

estimates the content of α-helix or β-strand for each residue based on the available chemical shift 

values for that residue. These values are then compared with the random coil ones[162]. In this version 

of the algorithm the random coil chemical shift resonances are averaged considering neighboring 

amino acids in the primary sequence. To investigate backbone dynamics of NiV PNT, heteronuclear 

1H–15N NOE, R2(
15N), and R1(

15N) values were measured together with CLEANEX experiment. The 

overall description that was obtained through these data (Figure 2.28) demonstrates the high 

flexibility and the disordered nature of this protein. However, looking in more detail at the data, and 

considered the primary sequence composition, segments with reduced dynamic and residues with 

possible crosstalk to each other were identified. These data, together with the ones obtained through 

SAXS experiment, demonstrate that this intrinsically disordered protein could be well described by 

an ensemble of protein with conformational heterogeneity. This heterogeneity is not unexpected given 

the many Short Linear Motifs (SLiMs) encompassed by this protein and predicted by the ELM 

website[49]. The structural flexibility and the disordered nature of the protein represent a powerful tool 

to adapt the structure to possible binding partners or to perform the desired function. 
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Figure 2.28: The neighbour-corrected secondary structure propensity (ncSSP) values obtained using the chemical shift 

values reported in the BMRB deposition 50370 are reported in panel A. The light cyan box represents the ± 0.05 value. 

Most of the protein is found in a disordered conformation with just a few regions displaying a moderate α-helix propensity 

(SSP > 0.2). R2(15N) values are reported as a function of residue number in panel B. The light cyan box indicates the 

modal value. Picture from [156]. 

 

These results, extensively discussed in section 10 and in [156] represent a starting point for obtaining 

atomistic information in future interaction studies involving NiV PNT. The obtained chemical shifts 

values on the full-length protein are indispensable to map any binding process in the context of either 

the isolated PNT domain or considering the complete biological context. 

The SARS-CoV-2 virus is responsible for COVID-19 disease. This virus belongs to the β-class of 

coronavirus that can infect animals and humans. Other β-coronavirus are the severe acute respiratory 

syndrome virus (SARS-CoV), and the Middle East respiratory syndrome virus (MERS-CoV)[163,164]. 

All these viruses attack the lower respiratory system causing viral pneumonia, while they may also 

affect the gastrointestinal system, heart, kidney, liver, and central nervous system leading to multiple 

organ diseases[165,166]. 

While nowadays different vaccines have been developed and accepted by many international 

agencies, efficient drugs that can stop the disease are still lacking. 

SARS-CoV-2 virus encodes 20 proteins, 4 of them are structural proteins: Spike (S), Envelope (E), 

Membrane (M) and Nucleocapsid (N). 
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Figure 2.29: A sketch of the SARS-COV-2 is reported highlighting the structural proteins and the single strand RNA 

(ssRNA) 

 

The SARS-CoV-2 Nucleocapsid protein, is known to bind and stabilize the genomic RNA forming 

ribonucleoprotein complexes (RNP)[167–170]. SARS-CoV-2 Nucleoprotein is composed by 419 

residues subdivided in five domains. Bioinformatic tools were used to predict the content of disorder 

in this protein. Three regions were predicted to be disordered and count for about the 30% of the 

primary sequence[171]. The N-terminal ordered domain (NTD) is the one deputed to the binding with 

RNA while the C-terminal ordered domain (CTD) is known to be the homodimerization domain and 

their structures were solved[172–174]. 

 

 

 

Figure 2.30: Bioinformatics analysis of the intrinsic disorder content of the SARS-CoV-2 nucleocapsid N protein 

obtained using IUPred short (golden line), IUPred long (purple line), PONDR® VLXT (red line), PONDR® VL3 (green 

line), PONDR® VSL2B (blue line), PONDR® FIT (black line). Protein segments with a disordered score much larger 

than 0.5 are considered disordered, while regions with disorder scores between 0.2 and 0.5 are considered as flexible. 

Over the plot, the domain organization used in the text is reported. Picture from [157]. 
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The homology between this protein and the N protein from SARS-CoV is larger than 90%[175]. In the 

protein from this latter virus, the importance of the disordered regions was proven by low resolution 

techniques. In these previous studies, IDRs were found to be responsible for mechanisms that regulate 

the formation of the RNP complex. However, structural and dynamic atomic information regarding 

the IDRs of SARS-CoV-2 Nucleocapsid protein still lack. 

A protein construct comprising the NTD domain, and the two flanking disordered regions was thus 

conceived, expressed and purified (1IDR147-NTD-176IDR2248 construct, referred as NTR). 

2D HN experiment demonstrated the structural heterogeneity of this protein. 

 

 

 

Figure 2.31: The 2D HN BEST-TROSY of NTR construct is reported. The figure displays the overlay of two different 

processing of the same spectrum: the black one is optimized for the resolution and the red one is optimized for the signal 

to noise ratio. Picture from [157]. 

 

In this spectrum two sets of signals can be identified, one with well-resolved peaks that can be 

associated to the folded NTD domain. The second set, characterized by lower dispersion but higher 

intensity, comprises the resonances of the intrinsically disordered residues. 

Given the structural complexity of this protein a set of 13C direct detected experiments was used to 

exclusively monitor the intrinsically disordered regions. Indeed, as reported in the CON spectrum of 

figure 2.32, only the resonances of the disordered regions are detected. 
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The peaks involving the 15N of 7 proline residues encompassed by the two IDRs are countable, out 

of the 17 expected for this construct indeed they are found in a very clean region of the spectrum 

(132< δ15N<140 ppm). The same idea can be applied to the 17 glycine residues (109<δ15N<112 ppm). 

 

 

 

Figure 2.32: The 2D-CON of NTR construct is reported. In the upper squared region is reported the usually very crowded 

Gly-region while in the lower squared region are highltied the resonances of the peaks involving proline residues. In the 

expansion shown in the center of the spectrum, the resolution of several repeating fragments comprising asparagine 

residues can be appreciated (the assignment reported is referred to the amide nitrogen of the mentioned amino acid). 

Picture from [157]. 

 

To obtain the sequence-specifc assignment of the IDRs, an exclusively 13C detected strategy was 

exploited. 2D (CON, hcaCON, hCACO, hCBCACO, hCCCO) and 3D experiments (hCBCACON 

and hCBCANCO) were acquired. 

As previously described, the classification of X-Pro pairs was possible through the CON experiment. 

Moreover, Gly-X pairs could be identified as well through the hcaCON[81]. With this particular pulse 

sequence, which still provides the C′i−Ni+1 connectivity, the peaks that include the C′ of a glycine 

residue are of the opposite sign with respect to all the other peaks. 

Thus, from simple 2D spectra several pairs of residues can be already identified, and the 3D spectra 

are used to connect the different residues, as illustrated for the proline region in Figure 2.33, as well 
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as to resolve signals of low complexity regions such as the polyQ (238-242) or different repeats like 

the Asn-Arg reported in the middle panel of figure 2.32. 

 

 

 

Figure 2.33: Strips derived from the 3D hCBCACON experiment extracted at the 15N chemical shift of proline residues 

(i) are reported in the top panel. The C′, Cα and Cß frequencies belong to the i-1 amino acid providing the X-Pro 

assignment. The lower part of the figure reports the NTR primary sequence and X-Pro pairs are highlighted. Five proline 

residues are found in the IDR1 and two in IDR2 domain. The primary sequence of NTD domain is reported in grey. 

Picture from [157]. 

 

To complete, and verify the assignment, 3D HNCO and 3D HNcaCO were acquired as well. Through 

this strategy the 98% of the sequence specific assignment was obtained for IDR1 (1-47, BMRB 

50619) and 91% was obtained for IDR2 (176-248, BMRB 50618). To determine the structural feature 

of the two IDRs, HN, Cα, Cβ, C′ and N chemical shift values were used to calculate secondary structure 

propensity. The calculation confirmed the disordered behavior of the two studied regions. A moderate 

propensity of α-helix conformation is sampled in one of the most hydrophobic regions of the 

construct, the leucine rich region (218-232) where few residues escaped detection probably due to 

the conformational exchange that broaden the signals. These data are in agreement with the 

bioinformatic analysis that predicts the presence of some structure in the region 215 – 232 while the 

rest of the linkers are predicted to be disordered[171,176]. 
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Figure 2.34: Secondary Structure Propensity (SSP) plot is reported for the assigned residues[161]. Chemical shift values 

for HN, N, C′, Cα, and Cβ nuclei were used. The two regions result to be highly disordered with a slight tendency to be 

in an α-helix conformation for the residues 216–220. Picture from [157]. 

 

As for NiV PNT, the sequence specific assignment of the disordered regions of nucleoprotein 

represents a first step for further studies. The interactions with RNAs, with viral proteins as well as 

with potential drugs are just few of the possible landscapes that can now be investigated with atomic 

resolution, with potential consequences in unexplored approaches in drug discovery. 

 

3. Conclusion and perspective 

 

Solution NMR, among all the possible biophysical and biochemical techniques, has always been one 

of the key methods in structural biology.  The possibility to obtain structural and dynamic information 

at atomic level represents one of the main advantages provided by NMR in protein studies.  

In the last decades, IDPs emerged as an important class of proteins. These macromolecules are 

involved in several cellular processes, in the insurgence of many neurodegenerative diseases and 

exploit important functions also in different viruses.  

Therefore, the study of structural disorder becomes fundamental for a complete understanding of the 

behaviour of these proteins. 

However, the structural disorder itself poses many limitations in the study of IDPs through 

conventional NMR strategies. For such reasons, novel approaches that fit with the inherent properties 

of these proteins must be designed and applied. 
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My doctoral project had indeed the aim of improving the available NMR methods to study IDPs. 

One of the main problems that arises when studying IDPs through NMR is the efficiency of the amide 

proton exchange with the solvent. This effect becomes more efficient with increasing temperature, 

salt concentration of the sample and pH approaching physiological conditions. The overall result is 

that exploiting HN detection, peaks can be severely broadened even beyond detection. Amide proton 

exchange is however an important source of dynamic information and only few methods to study this 

process exist in the case of IDPs. 

During my Ph.D. period I focused on the development and application of a method to study this event. 

Carbon-13 nuclei do not suffer from the exchange process. Thus, a method that relies on 13C direct 

detection was exploited. In this experiment, named DeCON, the main idea is to observe the decay of 

a triple spin order operator (4HzCzNz). The main contribution to this decay is indeed given by the 

exchange process. In this way it was possible to quantify the kex rate of α-synuclein in presence and 

absence of calcium ions at near physiological conditions revealing important dynamic changes in 

specific portions of the primary sequence. 

The continuous increase in magnetic field strength, improvements in probe designs and renovation 

of the consoles allow us to think of complex NMR experiments providing different ways to collect 

more than one FID at the same time. 

On this line the implementation of the UTOPIA approach for the collection of interleaved 

experiments exploiting the multiple receivers (MR) hardware was one of the main topics of my Ph.D. 

period. With this approach one experiment (child) is acquired during the relaxation delay of a second 

experiment (parent). 

In all the developed MR experiments, the parent was represented by the CON experiment that relies 

on a quite long relaxation delay (about 2 seconds). The CON experiment was combined with HN in 

the CON//HN experiment. This experiment was first tested on α-synuclein and then used to monitor 

the same protein in E. Coli cells. With the same experiment the phosphorylation of Y125 was 

followed providing important information on the phosphorylation reaction. 

CON was also combined with two different 15N detected experiments. CON//NH-BEST-TROSY was 

used to monitor α-synuclein at two different temperatures and it was shown that a few more residues 

were detected at high temperature with respect to the 1H detected counterpart. Exploiting the BEST 

and TROSY approach, four repetitions of the NH experiment can be acquired during the CON 

recovery delay. 

CON//hCAN experiment was tested at high temperature as well and displayed all the intra-residue 

peaks expected and almost the 85% of the inter-residue coherences. Exploiting Hα protons as the 
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starting magnetization source, three repetitions of the hCAN experiment can be acquired during the 

CON recovery delay. 

IDPs are far from random coil conformations both from a structural and dynamic point of view. 

However, the driving forces that establish the physical features of IDPs are not clear at all and are not 

easy to be determined. Moreover, IDPs are usually characterized by unspecific binding patterns, fuzzy 

interactions, and low affinity for the partners. These elements hamper an easy characterization of the 

binding properties of these macromolecules. The identification of key motifs that modulate IDPs’ 

features becomes thus an important topic. 

Studying the interaction between α-synuclein and calcium ions, important patterns were identified. A 

series of exclusively heteronuclear 2D experiments were implemented to monitor the side chains of 

negatively charged residues and the interaction was found to be very localized in the C-terminal 

region of α-synuclein. Moreover, through the 2D CON, the most perturbed residues were found to be 

two prolines and a tyrosine. Inspecting α-synuclein’s primary sequence, it was found that the two 

most perturbed prolines were flanked by negatively charged residues and that one more tyrosine-

negatively charged amino acid pair was perturbed. In this way we identified two patterns involved in 

the interaction with calcium ions (DPD, EPE and YE). 

Investigating Osteopontin, another key motif was identified. Indeed, the presence of an aromatic 

amino acid in position ±1 respect to a proline residue seems to favour the presence of a more compact 

state. Indeed, measuring the population of the cis-form of proline residues it was found that the 

presence of close aromatic residues enhances the minor (cis-) form population. The effects were 

attributed to the presence of the aromatic side chains that establish π∙CH interaction stabilizing the 

cis- conformation. These minor forms were found to possess a reduced mobility respect to the major 

(trans-) ones. The higher population, provided by the presence of aromatic residues, and the reduced 

mobility of the cis-Pro contribute to the presence of a compact state. 

IDPs play an important role also in viruses. In the context of my doctoral project, I had the opportunity 

to study two different disordered viral proteins. Carbon detected NMR experiments were exploited 

to obtain the almost complete assignment of NiV-PNT and of the first two disordered regions from 

the Nucleocapsid protein of SARS-CoV-2. 

In conclusion, the methods and the discoveries presented in this thesis while representing only a small 

step forward in the development of methods to target IDPs could be of general application and interest 

in this fascinating field of structural biology. 
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5. Chemical shift assignments 
 

The following NMR chemical shift assignments have been deposited in the BMRB. 

 

BMRB 

entry 

Protein Experimental conditions 

27348 α-synuclein 
20.0 mM NaPi, 200.0 mM NaCl, 0.5 mM 

EDTA, pH 6.5, 315.0 K 

50370 NiV PNT 
10.0 mM NaPi, 5 mM EDTA, 5 mM DTT,  

pH 6.5, 288.0 K 

50618 NTR (176-248) 25.0 mM TRIS, 450.0 mM NaCl, 0.02% 

NaN3 pH 6.5, 298.0 K 

50619 NTR (1-47) 25.0 mM TRIS, 450.0 mM NaCl, 0.02% 

NaN3 pH 6.5, 298.0 K 
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6. Cyclized NDGA modifies dynamic α-synuclein 

monomers preventing aggregation and toxicity 
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Cyclized NDGA modifies dynamic 
α-synuclein monomers preventing 
aggregation and toxicity
Malcolm J. Daniels1, J. Brucker Nourse Jr.2, Hanna Kim2, Valerio Sainati3, Marco Schiavina3, 
Maria Grazia Murrali3, Buyan Pan4, John J. Ferrie4, Conor M. Haney4, Rani Moons5, 
Neal S. Gould6, Antonino Natalello  7, Rita Grandori7, Frank Sobott8,9,10, E. James petersson4, 
Elizabeth Rhoades4, Roberta Pierattelli  3, Isabella Felli  3, Vladimir N. Uversky  11,12, 
Kim A. Caldwell2, Guy A. Caldwell2, Edward S. Krol13 & Harry Ischiropoulos1,6,14

Growing evidence implicates α-synuclein aggregation as a key driver of neurodegeneration in 
Parkinson’s disease (PD) and other neurodegenerative disorders. Herein, the molecular and structural 
mechanisms of inhibiting α-synuclein aggregation by novel analogs of nordihydroguaiaretic acid 
(NDGA), a phenolic dibenzenediol lignan, were explored using an array of biochemical and biophysical 
methodologies. NDGA analogs induced modest, progressive compaction of monomeric α-synuclein, 
preventing aggregation into amyloid-like fibrils. This conformational remodeling preserved the 
dynamic adoption of α-helical conformations, which are essential for physiological membrane 
interactions. Oxidation-dependent NDGA cyclization was required for the interaction with monomeric 
α-synuclein. NDGA analog-pretreated α-synuclein did not aggregate even without NDGA-analogs 
in the aggregation mixture. Strikingly, NDGA-pretreated α-synuclein suppressed aggregation of 
naïve untreated aggregation-competent monomeric α-synuclein. Further, cyclized NDGA reduced 
α-synuclein-driven neurodegeneration in Caenorhabditis elegans. The cyclized NDGA analogs may 
serve as a platform for the development of small molecules that stabilize aggregation-resistant 
α-synuclein monomers without interfering with functional conformations yielding potential therapies 
for PD and related disorders.

Parkinson’s disease (PD) is an age-related neurodegenerative disorder characterized by a progressive motor 
phenotype including tremors, rigidity, and bradykinesia. These symptoms are driven primarily by loss of 
dopamine-producing neurons in the substantia nigra pars compacta. Lewy bodies, intracellular proteinaceous inclu-
sions, are the histopathological hallmark of PD. Immunohistochemical analysis of Lewy bodies revealed aggregated 
forms of α-synuclein, a 140 amino acid protein, as a major component1,2. Mutations, duplications, and triplications 
of the gene encoding α-synuclein cause dominantly-inherited familial forms of PD3–6. Furthermore, aggregation of 
wild type α-synuclein is involved in the pathogenesis of a diverse group of neurodegenerative diseases1,7–14.
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The pathological and genetic evidence implicating α-synuclein in neurodegeneration has sparked numerous 
studies of the normal function of α-synuclein and its role in disease pathogenesis. α-Synuclein has been impli-
cated in synaptic function15. It preferentially binds lipid membranes with high curvature16 and may modulate 
neurotransmitter release and synaptic function by affecting vesicular dynamics17–21.

Repeated studies across various animal models have shown that expression of mutant α-synuclein with altered 
aggregation kinetics causes neurodegeneration22,23. Likewise, induction of α-synuclein aggregation in wildtype 
animals by seeding with α-synuclein aggregates—isolated from PD Lewy bodies24 or generated in vitro25–28—
induces progressive neurodegeneration. Indeed, this propagation of α-synuclein aggregation is not only observed 
in animal models, but in dopaminergic tissue grafted into PD patients29. α-Synuclein aggregation also occurs in 
animal models of dopamine neuron degeneration induced by oxidative chemical insult30,31.

The implication of α-synuclein in PD pathogenesis stimulated several screens for small molecules that alter its 
aggregation. Dopamine and related catecholamines were among the first molecules found to prevent α-synuclein 
fibril formation32. Oxidation of vicinal hydroxyls in dopamine, and related phenols, induces formation of sol-
uble α-synuclein oligomers that do not incorporate into fibrils33–35. Recently, dopamine-induced α-synuclein 
oligomers were shown to contribute to neurodegeneration in mice36, but the precise mechanism of oligomer 
toxicity remains a subject of debate37. Dopamine oxidation may also contribute to neurodegeneration through 
modification of glucocerebrosidase and consequential lysosomal dysregulation38.

Ongoing research has identified many other inhibitors of α-synuclein aggregation. Many of these inhibitors 
stabilize multimers or oligomers through direct interaction with α-synuclein (e.g. various phenols, catechols, 
and flavonoids35,39–45, Anle138b46,47, rifampicin48). A well-studied member of this groups is epigallocatechin gal-
late (EGCG), a polyphenol sharing the vicinal hydroxyls implicated in dopamine’s interaction with α-synuclein. 
Despite their chemical similarities, dopamine and EGCG have divergent effects on the structure of α-synuclein49. 
In fact, while dopamine may induce toxic oligomers, adding EGCG during cell-free α-synuclein aggregation pro-
duces species less toxic to cells39. Other aggregation inhibitors alter α-synuclein-protein or -lipid interactions to 
prevent aggregation (e.g. NPT100-18A50, squalamine51, PcTS52,53, Hsp7054). Recent studies have examined small 
molecules that directly stabilize α-synuclein monomers (e.g. BIOD30355, nortriptyline56, CLR0157,58). However, 
it remains unknown whether these small molecules perturb α-synuclein’s lipid interactions, which are directly 
implicated in its role in neurotransmitter release59–61.

In this study we employed nordihydroguaiaretic acid (NDGA), a phenolic dibenzenediol lignan that inhib-
its α-synuclein aggregation, to examine the mechanisms of α-synuclein aggregation inhibitors and evaluate its 
potential utility as a chemical platform for the development of novel aggregation inhibitors40,62. Recent work 
has exhaustively characterized the products and kinetics of NDGA oxidation as well as several novel analogs 
NDGA and several novel analogs63. We provide evidence that cyclized NDGA, formed during oxidation, interacts 
with α-synuclein to produce modified monomers. We demonstrate that these aggregation-resistant monomers 
retain their capacity to interact with phospholipid membranes and that they inhibit aggregation of untreated 
α-synuclein. Further, we demonstrate for the first time that cyclized NDGA reduces α-synuclein-driven neuro-
degeneration in a relevant animal model. Generating α-synuclein species that retain native structural dynamics 
while exerting a dominant-negative effect on α-synuclein aggregation and neurotoxicity represents a new para-
digm for intervening in PD and related disorders.

Results
NDGA inhibits both primary and secondary nucleation-mediated α-synuclein aggrega-
tion. Two established assays, measurement of insoluble protein and Thioflavin-T binding, quantified the effect 
of NDGA on the aggregation of monomeric α-synuclein. NDGA caused concentration-dependent inhibition of 
insoluble α-synuclein accumulation and amyloid-like aggregate formation (Figs 1A,B and S1). Maximal inhibi-
tion was achieved at stoichiometric, equimolar concentrations of NDGA to monomeric α-synuclein. To con-
firm the Thioflavin-T findings, the secondary structure of aggregates was quantified by circular dichroism (CD). 
NDGA caused a dose-dependent decrease in the β-sheet content of the α-synuclein aggregates, as indicated by 
molar ellipticity decreases at 200 nm and increases at 220 nm (Fig. 1C). Finally, transmission electron microscopy 
was used to image the α-synuclein aggregates produced in the presence or absence of NDGA. Typical α-synuclein 
fibrils were observed in the absence of NDGA, but not after aggregation with equimolar NDGA (Fig. 1D). These 
data demonstrate that stoichiometric concentrations of NDGA inhibit the formation of amyloid-like α-synuclein 
fibrils.

The preceding experiments examined the effect of NDGA on a typical α-synuclein aggregation assay, in which 
primary nucleation is the rate-limiting step for the formation of fibrils. Aggregation of α-synuclein can also 
proceed by a secondary nucleation surface-catalyzed formation of fibrils. To test the effect of NDGA on second-
ary nucleation-dependent aggregation, α-synuclein fibrils (representing 5% of total α-synuclein) were added 
with monomeric α-synuclein. Equimolar NDGA (molecule to monomeric α-synuclein) inhibited the formation 
of insoluble α-synuclein aggregates in the presence of fibril seeds (Fig. 1E). Together, these findings demon-
strate that stoichiometric NDGA prevents both primary and secondary nucleation dependent aggregation of 
α-synuclein.

Interaction with α-synuclein requires oxidation and cyclization of NDGA. We used 
N-acetylcysteine (NAC), an electron donor, to inhibit NDGA oxidation in the presence of α-synuclein. NAC was 
included in a typical α-synuclein aggregation mixture at 20:1 molar excess to NDGA. After aggregation for 3 days, 
levels of α-synuclein aggregation were measured by the established solubility assay. mNDGA, a NDGA analog 
incapable of oxidation and cyclization was included as a negative control (Supplementary Fig. S2). The addi-
tion of NAC allowed α-synuclein to aggregate in the presence of NDGA, suggesting that oxidation is necessary 
for NDGA to inhibit aggregation (Fig. 2A,B). The inclusion of NAC also reduced levels of quinone-containing 
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NDGA oxidation products detected by near-infrared fluorescence (nIRF), a technique developed to study the 
oxidation-dependent interaction between α-synuclein and dopamine64 (Fig. 2C). The correlation of increased 
aggregation and decreased quinone nIRF suggests a relationship between NDGA oxidation and inhibition of 
α-synuclein aggregation. Separately, catalase, which rapidly converts H2O2 to water and hydrogen gas, was 
included in the aggregation assay to determine whether H2O2 that might be produced during NDGA oxida-
tion mediated the effects on aggregation. Inclusion of catalase had no effect on α-synuclein aggregation in the 
presence of NDGA nor on quinone nIRF, indicating that the effect is not H2O2-dependent (Figs 2A and S3). 
These data indicate that inhibition of α-synuclein aggregation by NDGA and formation of quinone-modified 
α-synuclein is oxidation-dependent but not mediated by peroxide chemistry.

Previous work has identified the majority product of NDGA oxidation as a cyclized form63. During that study, 
novel NDGA analogs with defined oxidation pathways were generated. Here, these analogs were used to examine 
of the role of cyclization in NDGA’s oxidation-dependent inhibition of α-synuclein aggregation. We employed 
NDGA and two such analogs: NDGA-1, which oxidizes with comparable kinetics but does not cyclize due to 
unilateral hydroxyl substitution, and NDGA-5, which cyclizes more readily than NDGA due to reduced steric 

Control EGCG NDGA
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D E Aggregation with 5% fibrils
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Figure 1. NDGA inhibits recombinant human α-synuclein aggregation. (A) Insoluble α-synuclein present 
after 7 days aggregation was reduced by NDGA and EGCG in a dose-dependent fashion as compared to solvent 
control. Recombinant human wildtype α-synuclein (138 µM) was aggregated for 7 days in the presence of 
EGCG or NDGA at the indicated molar ratios. After aggregation, PBS-insoluble α-synuclein was separated by 
centrifugation (21k g for 10 min). Soluble and insoluble fractions were boiled in SDS, run by SDS-PAGE, and 
colloidal stained. α-Synuclein in each fraction was quantified by in-gel densitometry (n = 3–5, ***p < 0.001). 
(B) Formation of amyloid α-synuclein fibrils quantified by Thioflavin-T was reduced by NDGA and EGCG  
in a dose-dependent fashion as compared to control after 7 days aggregation (n = 3–5, ***p < 0.001).  
(C) α-Synuclein beta-sheet secondary structure was reduced by EGCG and NDGA in a dose dependent 
fashion. Recombinant human wildtype α-synuclein (138 µM) was aggregated for 7 days in the presence of 
EGCG or NDGA at the indicated molar ratios. Secondary structure was quantified by circular dichroism. 
(D) Transmission electron microscopy images of α-synuclein aggregates after 3 days aggregation with small 
molecules at 1:1 molar ratio. (E) Insoluble α-synuclein present after 7 days aggregation in the presence of a 
5% fibril seed was reduced by EGCG and NDGA. EGCG or NDGA were present at a 1:1 molar ratio. After 
aggregation, PBS-insoluble α-synuclein was separated by centrifugation (21k g for 10 min). Soluble and 
insoluble fractions were boiled in SDS, run by SDS-PAGE, and colloidal stained. α-Synuclein in each fraction 
was quantified by in-gel densitometry (n = 3, ***p < 0.001).



4Scientific RepoRts |          (2019) 9:2937  | https://doi.org/10.1038/s41598-019-39480-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

A

D E

B C
191

97

64

51

39

28

14

kDa

191

97

64

51

39

28

14

kDa

191

97

64

51

39

28

14

kDa

191

97

64

51

39

28

14

kDa

Colloidal nIRF

Supernatant

Pellet

EGCG
NDGA

mNDGA
NAC

+
+

+
+ + ++

+
+

+

EGCG
NDGA

mNDGA
NAC

+
+

+
+ + ++

+
+

+

ns ns

***

***

***

ns

******

Figure 2. Interaction between NDGA and α-synuclein requires NDGA oxidation and cyclization. (A) NDGA 
treatment did not affect α-synuclein aggregation in the presence of N-acetylcysteine (NAC). α-Synuclein was 
aggregated for 3 days in the presence of 1:1 small molecules. After aggregation, PBS-insoluble α-synuclein 
was separated by centrifugation (21k g for 10 min). Soluble and insoluble fractions were boiled in SDS, run by 
SDS-PAGE, and colloidal stained. α-Synuclein in each fraction was quantified by in-gel densitometry. NAC was 
added at 20x molar excess to small molecule and catalase was added equal to 5% of protein, providing excess 
hydrogen peroxide decomposition capacity (n = 3–5, ***p < 0.001). (B) Colloidal staining of representative 
gels showed the formation of insoluble α-synuclein aggregates in the presence of NDGA and NAC. (C) 
Near-infrared fluorescent imaging of the same gels before colloidal staining showed a reduction of quinone-
dependent fluorescence in the presence of NAC. (D) α-Synuclein did not aggregate in the presence of cyclizable 
analogs, NDGA and NDGA-5, but did with non-cyclizable NDGA-1 (n = 3, ***p < 0.001). (E) α-synuclein 
did not aggregate in the presence of cyclized cNDGA and cNDGA-5 (n = 3). α-Synuclein was aggregated for 
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hindrance in the crosslinking region (Supplementary Fig. S2). α-Synuclein was aggregated for 3 days in the pres-
ence of equimolar NDGA analogs, and aggregation was quantified by the solubility assay. Both cyclizing analogs, 
NDGA and NDGA-5, inhibited α-synuclein aggregation, while non-cyclizing NDGA-1 did not (Fig. 2D). The 
products of the above experiment where also analyzed by nIRF. NDGA and NDGA-5-treated α-synuclein exhib-
ited quinone nIRF signals, while NDGA-1-treated α-synuclein did not (Supplementary Fig. S4). These results 
indicate that cyclized forms of NDGA, or the process of cyclization, are required for inhibition of α-synuclein 
aggregation and formation of quinone-modified α-synuclein. To address this uncertainty, α-synuclein was aggre-
gated in the presence of cNDGA and cNDGA-5, the purified cyclized forms of NDGA and NDGA-5, respectively 
(Supplementary Fig. S2). Using the solubility assay, both cNDGA and cNDGA-5 inhibited α-synuclein aggrega-
tion as potently as NDGA (Figs 2E and S5). This indicates that NDGA’s inhibition of α-synuclein aggregation is 
mediated by interaction of the protein with cyclized oxidation products.

NDGA induces modest, progressive α-synuclein compaction without preventing dynamic 
adoption of α-helical conformation. During analysis of the interaction between NDGA and α-synuclein, 
equimolar incubation consistently produced nIRF-positive quinone-modified α-synuclein (Supplementary 
Fig. S6). Based on this observation, NDGA-treated α-synuclein was further analyzed to determine any struc-
tural effects of the interaction. Native nano-electrospray ionization mass spectra (ESI-MS), collected following 
10 minute incubations of the protein-ligand mixtures, detected α-synuclein-NDGA complexes with masses 
matching the theoretical values of the unmodified protein and ligand65. This result indicates that the initial inter-
action between α-synuclein and NDGA does not require, nor produce, covalent modifications. Complexes were 
observed with higher relative intensities at low protein charge states, suggesting a preferential binding to the more 
compact α-synuclein conformations as previously observed with EGCG. However, levels of α-synuclein binding 
were much lower for NDGA than previously observed with EGCG49 (Supplementary Fig. S7).

Ion-mobility mass spectrometry (IM-MS) allows for highly sensitive detection of changes in ion compactness, 
mass, and charge. Of note, this allows subtle changes in protein conformation e.g. caused by ligand binding to 
alternative sites, to be distinguished by compactness even at the same mass and charge of the ion. Further, native 
IM-MS can resolve multiple different binding events by their conformational effects without averaging across 
the species distribution. This capability has previously been employed to show the differential effects of EGCG 
and dopamine on α-synuclein compaction49. IM-MS revealed that α-synuclein compaction was unchanged by 
incubation with either NDGA or mNDGA (Figs 3A and S7). However, incubation with cyclized NDGA analogs 
cNDGA and cNDGA-5 led to α-synuclein assuming more compact conformations (Fig. 3B). α-Synuclein did 
non-covalently bind cyclized analogs up to 3 times, as seen by the corresponding mass shifts, and further, inter-
action with greater numbers of cyclized analogs correlated with increased compaction. This finding recapitulates 
similar results after α-synuclein incubation with EGCG49 and indicates that interaction with cyclized NDGA 
causes structural compaction of α-synuclein.

NMR allowed for localization of NDGA’s structural effects within the sequence of α-synuclein. After 24 hours 
incubation with 1:1 NDGA small variations in peak positions were observed in the N-terminus – Val 3, Phe 
4, Met 5 – as well as His 50 (Fig. 3C). cNGDA and NDGA-1-treatment caused similar changes in the spec-
tra (data not shown). Incubation with 3:1 NDGA resulted in more pronounced shifts in the same set of peaks 
(Supplementary Fig. S8).

These samples were followed for several days through NMR revealing a progressive variation of the peak 
shifts. After several days, additional changes occurred in the signals of several peaks. These peaks constitute a sec-
ond set of signals, indicative of a subset of the α-synuclein population with altered conformation at these residues.

Förster resonance energy transfer (FRET) analysis of α-synuclein provided further insight into the regions 
altered by NDGA treatment. This examination employed several synthetic α-synuclein proteins with varying flu-
orescent label pairs spread throughout the amino acid sequence. Based on this methodology, FRET signal from an 
individual label pair can be converted to an intramolecular distance within α-synuclein and, when taken together, 
the multiple label pairs provided eight partially overlapped measurements covering the amino acid sequence from 
residue 9 to 13666. FRET revealed progressive changes in α-synuclein conformation when treated with EGCG, 
while NDGA, cNDGA, and mNDGA did not induce changes, even after 24 hours (Fig. 3D,E). As with IM-MS 
and NMR, NDGA-treatment was found to induce minimal changes in α-synuclein conformation, while EGCG 
showed more marked effects.

NDGA-treated and dialyzed α-synuclein examined by CD showed no changes in secondary structure further 
confirming the IM-MS and NMR analyses (Fig. 3F). Despite observing limited effects of NDGA on α-synuclein 
structure in aqueous solution, we also examined whether NDGA treatment alters the capacity of α-synuclein to 
interact with hydrophobic membranes. Membrane interaction induces the N-terminus of α-synuclein to assume 
an α-helical secondary structure67–69. Capacity for membrane interaction is necessary for α-synuclein’s putative 
biological functions in the synapse15,18,19. Neither NDGA nor mNDGA treatment prevented α-synuclein from 
assuming α-helical conformations in the presence of SDS, just as occurred under control conditions (Fig. 3G). 
This indicates that the structural changes induced by NDGA do not restrict α-synuclein dynamic flexibility.

The ability of NDGA-treated α-synuclein to interact with membranes was further examined by fluorescence 
correlation spectroscopy (FCS), which has been used extensively to study the interaction of α-synuclein with lipid 
vesicles16,70. The binding of fluorescently labelled recombinant human α-synuclein to various concentrations of 

3 days in the presence of 1:1 small molecules. After aggregation, PBS-insoluble α-synuclein was separated by 
centrifugation (21k g for 10 min). Soluble and insoluble fractions were boiled in SDS, run by SDS-PAGE, and 
colloidal stained. α-Synuclein in each fraction was quantified by in-gel densitometry.



6Scientific RepoRts |          (2019) 9:2937  | https://doi.org/10.1038/s41598-019-39480-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 3. NDGA induces compaction of α-synuclein without preventing structural remodeling. (A) NDGA 
and mNDGA treatment did not alter α-synuclein collisional cross section measured by IM-MS. (B) cNDGA 
and cNDGA-5 induced α-synuclein compaction as measured by IM-MS. α-Synuclein was incubated with each 
molecule at 5:1 molar excess for 10 minutes before measurement. (C) NDGA treatment of α-synuclein did not 
induce extensive shifts in 2D NMR spectra. α-Synuclein was incubated 1:1 with NDGA for 24 hours before 
spectra were collected. NDGA-treated α-synuclein spectra (blue) was overlaid on solvent-treated α-synuclein 
(red). Fluorescein-maleimide (Fam) and tetramethylrhodamide azide (Raz) residue FRET measurement of (D) 
0 hour and (E) 24 hour small molecule treatments showed progressive alteration of α-synuclein intramolecular 
distances by EGCG, but not NDGA, cNDGA, or mNDGA. The dashed line depicts 1 µM α-synuclein treated 
with buffer (1x PBS). Treatments were 5 µM NDGA (green square), EGCG (red triangle), cNDGA (purple 
inverted triangle), and mNDGA (blue diamond) (n = 3). (F) α-Synuclein secondary structure was not altered 
by pretreatment with NDGA. (G) NDGA pretreatment did not prevent α-synuclein assuming α-helical 
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phospholipid vesicles (1:1, POPS:POPC) was compared following α-synuclein incubation for 24 hours with equi-
molar NDGA analogs or solvent alone. NDGA, cNDGA, and mNDGA did not alter phospholipid affinity as indi-
cated by similar protein binding affinity at each vesicle concentration, regardless of treatment condition (Fig. 3H). 
FCS was also used to determine whether the addition of NDGA would displace α-synuclein already bound to 
phospholipid vesicles. The fraction of α-synuclein bound to vesicles was not altered by the addition of NDGA as 
compared to the addition of solvent alone (Fig. 3I). These data further indicate that NDGA treatment does not 
perturb α-synuclein interaction with hydrophobic membranes. Similarly, EGCG did not disrupt phospholipid or 
vesicle binding (Supplementary Fig. S9). Collectively, these results show that NDGA causes α-synuclein compac-
tion across the sequence, without altering secondary structure or preventing structural remodeling involved in 
physiological function.

NGDA pretreated α-synuclein stably resists seeded aggregation. Based on the progressive remod-
eling of α-synuclein treated with NDGA, we analyzed the capacity of NDGA-pretreated α-synuclein to aggregate 
into fibrils. α-Synuclein was incubated with equimolar NDGA (as well as mNDGA and EGCG controls) for 
24 hours before dialysis against excess PBS for 24 hours. This pretreated, dialyzed α-synuclein was then aggre-
gated for 3 days before undergoing the solubility assay (as depicted in Supplementary Fig. S10). NDGA, but not 
mNDGA, pretreatment prevented α-synuclein aggregation (Fig. 4A). Further, pretreated, dialyzed α-synuclein 
was aggregated for 14 days to test the duration of the effect. Again, NDGA but not mNDGA pretreatment pre-
vented α-synuclein aggregation (Supplementary Fig. S11). Consistent with previous data, we found that pretreat-
ment with cyclizing (NDGA and NDGA-5) and cyclized (cNDGA and cNDGA-5) analogs prevented α-synuclein 
aggregation, while non-cyclizing analogs (NDGA-1 and SECO-1) did not (Supplementary Figs S12 and S13). 
We also examined the soluble species that remained following aggregation of pretreated, dialyzed α-synuclein 
using native state SEC and found that monomeric species are the majority product (Supplementary Fig. S14). 
Collectively, these findings demonstrate the NDGA pretreatment renders α-synuclein monomers resistant to 
aggregation. This effect was not observed with non-oxidizable and non-cyclizing analogs of NDGA.

Native-state size exclusion chromatographic (SEC) fractionation found that pretreatment with either NDGA 
or EGCG produces both monomeric and oligomeric α-synuclein species (Supplementary Fig. S6). We compared 
the aggregation of these two pools of α-synuclein species. α-Synuclein was incubated with equimolar concentra-
tions of small molecules for 24 hours before oligomeric (≥51 Å) and monomeric (<51 Å) species were separated 
using native state SEC. The resulting fractions were then aggregated for 3 days before analysis by the solubil-
ity assay. Both monomers and oligomers produced upon NDGA and EGCG pretreatment resisted aggregation, 
while the majority of mNDGA treatment products formed insoluble aggregates (Fig. 4b). This indicates that 
while aggregation-resistant α-synuclein oligomers do form after NDGA treatment, resulting monomers are also 
aggregation-resistant, even in the absence of oligomers.

Next, we explored whether NDGA can prevent surface-catalyzed, secondary nucleation-dependent, aggre-
gation of α-synuclein. Pretreated, dialyzed α-synuclein was aggregated for 3 days in the presence of α-synuclein 
fibril seeds (equal to 5% of total α-synuclein in solution) before aggregation was quantified by the solubility assay. 
Again, NDGA but not mNDGA pretreatment reduced α-synuclein aggregation (Fig. 4c). This demonstrates that 
NDGA-pretreated, dialyzed α-synuclein does not readily undergo secondary nucleation to form species capable 
of incorporating into existing fibrils.

Based on the observation that NDGA treatment prevents α-synuclein aggregation, we conducted a 
novel analysis to determine whether aggregation of untreated α-synuclein is altered by the presence of 
NDGA-pretreated α-synuclein. Pretreated, dialyzed α-synuclein was generated as before, then mixed with 
untreated α-synuclein at varying ratios and the resulting mixtures were aggregated for 3 days before undergoing 
the solubility assay (as depicted in Supplementary Fig. S15). The addition of pretreated, dialyzed α-synuclein 
caused a super-stoichiometric reduction in insoluble α-synuclein, demonstrating that aggregation of untreated 
α-synuclein was reduced (Fig. 4d). This effect is demonstrated in the 20% condition wherein NDGA pretreated, 
dialyzed α-synuclein represents only 20% of total α-synuclein, but insoluble α-synuclein is reduced from 88% 
in control conditions to 37%. These data, taken in totality, indicate that pretreatment with NDGA produces 
α-synuclein monomers that are not only resistant to aggregation, but reduce aggregation of α-synuclein never 
exposed to NDGA.

cNDGA reduces α-synuclein-driven dopamine neurodegeneration in animals. We examined the 
effect of NDGA and cNDGA treatment on α-synuclein-driven neurodegeneration (Fig. 5A,B). We employed a 
widely used, Caenorhabditis elegans (C. elegans) model in which expression of human wildtype α-synuclein in 
dopaminergic neurons leads to progressive neurodegeneration71. Animals were treated with varying doses of 
NDGA, or cNDGA from hatching until the day before scoring on either day 6 or day 8. Animals were consid-
ered to be undergoing neurodegeneration if any dopamine neurons were absent or dendritic processes showed 
signs of dysfunction such as blebbing72. Representative images of animals scored during this experiment show 

secondary structure in the presence of SDS micelles. α-Synuclein was incubated 1:1 with NDGA, mNDGA, 
or solvent alone for 24 hours and then dialyzed against PBS for 24 hours. 40 mM SDS micelles were added 
5 minutes before analysis. Secondary structure was quantified by circular dichroism. (H) NDGA treatment did 
not alter α-synuclein phospholipid binding. α-Synuclein was incubated 1:1 with NDGA analogs or solvent 
alone for 24 hours before fluorescence correlation spectroscopy in the presence of POPS:POPC vesicles at the 
indicated concentrations (n = 3). (I) Addition of NDGA did not displace fluorescently labeled α-synuclein from 
POPS:POPC vesicles (n = 3).
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the loss of fluorescent dopamine neuron processes and bodies in solvent and NDGA-treated animals (Fig. 5B). 
No differences were observed in NDGA or cNDGA treated animal after day 6 (data not shown). cNDGA at all 
concentrations (10, 50 and 100 µM) significantly reduced the number of animals undergoing dopamine neu-
ron degeneration at day 8 (Fig. 5A). Similarly, EGCG (50 µM) protected against neuron loss (Supplementary 
Fig. S16). In this model, expression of α-synuclein was limited to just six neurons with each animal. As such, total 
α-synuclein levels were so low as to preclude biochemical analysis of the interaction between α-synuclein and 
NDGA or cNDGA. Likewise, we were unable to conduct pharmacokinetic analysis of our target neurons. Despite 
these limited reservations, these results demonstrate, for the first time, that cNDGA can reduce neurodegenera-
tion caused by α-synuclein.

Discussion
Because of the engagement in several neurodegenerative diseases, α-synuclein aggregation remains a promising 
target for therapeutic development. Using NDGA and novel analogs, we uncovered that NDGA oxidation and 
cyclization was required for formation of quinone-modified monomeric α-synuclein. This interaction caused 
slight compaction of the α-synuclein molecule but did not induce any noticeable changes in its intrinsically 

Figure 4. NDGA pretreatment prevents α-synuclein aggregation. (a) α-Synuclein did not aggregate 
after pretreatment with NDGA. α-Synuclein was incubated 1:1 with small molecules for 24 hours then 
dialyzed against PBS for 24 hours. After aggregation for 3 days, PBS-insoluble α-synuclein was separated by 
centrifugation (21k g for 10 min). Soluble and insoluble fractions were boiled in SDS, run by SDS-PAGE, and 
colloidal stained. α-Synuclein in each fraction was quantified by in-gel densitometry (n = 3, ***p < 0.001). 
(b) Both oligomeric and monomeric α-synuclein species induced by NDGA treatment resist aggregation. 
α-Synuclein was incubated 1:1 with small molecules for 24 hours then subjected to native state size exclusion 
chromatography. Oligomeric (≥51 Å) and Monomeric (<51 Å) α-synuclein fractions were collected and 
aggregated separately for 3 days. Soluble and insoluble species were separated and quantified as above (n = 3). 
(c) NDGA-treated α-synuclein resisted fibrillization in the presence of 5% fibril seed. α-Synuclein was 
incubated 1:1 with small molecules for 24 hours then dialyzed against excess PBS for 24 hours. Untreated 
α-synuclein fibrils equal to 5% total protein was added immediately before mixtures were aggregated for 
3 days. Soluble and insoluble species were separated and quantified as above (n = 3, ***p < 0.001). (d) 
NDGA pretreated, dialyzed α-synuclein inhibited aggregation of untreated α-synuclein. α-Synuclein was 
incubated 1:1 with small molecules for 24 hours then dialyzed against excess PBS for 24 hours. Pretreated, 
dialyzed α-synuclein was then mixed with untreated monomeric α-synuclein at the indicated ratios. Mixtures 
were aggregated for 3 days. Soluble and insoluble species were separated and quantified as above (n = 3, 
***p < 0.001).
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disordered state. Furthermore, NDGA-treated α-synuclein retained its ability to undergo conformational changes 
required for interaction with the membranes, and NDGA did not dissociate protein-membrane complexes. 
However, interaction of α-synuclein with NDGA and its cyclizing and cyclized analogues efficiently prevented 
α-synuclein aggregation into fibrils. Conversely, non-cyclizing NDGA analogs had no effect on fibril formation, 
ensuring the aggregation resistant effects of NDGA and its analogs is not an artifact of reduced contact between 
α-synuclein molecules. Indeed, NDGA-treated monomers not only resisted aggregation, but prevented aggrega-
tion of naïve untreated α-synuclein. Treatment with cNDGA reduced neurodegeneration in an animal model of 
α-synuclein neurotoxicity. Taken together, these findings suggest that NDGA and related molecules that prevent 
α-synuclein aggregation without perturbing its native intrinsic disorder, or associations, may be promising tar-
gets for PD and related disorders characterized by α-synuclein aggregation.

Attempts to develop therapeutic strategies targeting α-synuclein have included decreasing levels by altering 
expression73 and clearance74,75, immunological targeting76,77, and altering aggregation. Many aggregation inhib-
itors were identified through chemical library screens before being subjected to mechanistic analysis32,40,41. The 
neurotransmitter dopamine, and molecules that share structural and chemical similarities, were the first inhibi-
tors identified and are among the most potent inhibitors of α-synuclein aggregation32.

Identification of dopamine and related phenols as inhibitors of α-synuclein aggregation has led to many stud-
ies of phenolic compounds as potentially neuroprotective inhibitors. The most studied of these is EGCG, which 
is currently undergoing clinical trials in multiple system atrophy, a synucleinopathy characterized by microglial 
inclusions78. EGCG was found to be neuroprotective in animals treated with MPTP (1-methyl-4-phenyl-1,2,3,6
-tetrahydropyridine), which is a prodrug to the neurotoxin MPP+ (1-methyl-4-phenylpyridinium) that induces 
α-synuclein-dependent dopaminergic neurodegeneration79–81. Adding EGCG during in vitro α-synuclein aggre-
gation results in generation of less toxic aggregated products39. Given the structural differences between EGCG 
and NDGA, as well as the existing knowledge about NDGA oxidation and the availability of analogs, we hope 

Figure 5. cNDGA reduces α-synuclein-driven neurodegeneration (A) cNDGA, but not NDGA reduces 
dopaminergic neurodegeneration in C. elegans expressing wildtype α-synuclein. Animals were exposed to each 
concentration of the drugs on days 0–3, 5, and 7 post-hatching. Animals were scored on day 8 post-hatching 
for dopaminergic neurodegeneration. The data are represented as mean ± SEM; one-way ANOVA with Tukey’s 
post hoc test for multiple comparisons (n = 3; 30 animals per replicate; *p < 0.05; ns, not significant). (B) 
Representative images from day 8 post-hatching. Arrowheads indicate intact neurons while arrows indicate 
degenerating or missing neurons. Scale bar represents 10 µm.
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that studying NDGA as an α-synuclein aggregation inhibitor will provide new insight into the neuroprotective 
potential of inhibiting α-synuclein aggregation.

Our analysis revealed some substantial departures between the effects of NDGA and EGCG on α-synuclein. 
Konijnenberg et al. found, using IM-MS, that EGCG induces α-synuclein compaction49, while analysis conducted 
by the same group for this study showed that cNDGA and cNDGA-5 induce α-synuclein compaction (Fig. 3A,B). 
NDGA, however, did not induce α-synuclein structural change. Interestingly, FRET found that EGCG causes 
substantial α-synuclein remodeling, while NDGA and cNDGA have no measurable effect on intramolecular 
distances (Fig. 3C). We also observed consistent differences in the patterns of SDS-stable multimers present after 
α-synuclein was treated with EGCG and NDGA (Figs 2B and S3, S6, S14). This trend of subtle, but measurable, 
differences between the effect of the two molecules leaves open the possibility of different mechanisms of their 
interaction with α-synuclein and differing biophysical properties of the resulting species.

Previous studies of EGCG have focused on the oligomers formed when α-synuclein is aggregated in the pres-
ence of EGCG39,82,83. In this study, we found that α-synuclein aggregation in the presence of EGCG and NDGA 
does produce oligomers, but that monomers are the predominant product, representing more than 75% of sol-
uble protein (Supplementary Fig. S14). Further, we found that α-synuclein monomers and oligomers induced 
by pretreatment with EGCG and NDGA both resisted aggregation (Fig. 4b). The corresponding aggregation 
experiments were conducted after applying size-exclusion chromatography, which removed from solution any 
EGCG or NDGA not interacting with α-synuclein, suggesting a stable interaction or modification of α-synuclein 
itself. Most strikingly, NDGA-pretreated species inhibited aggregation of untreated α-synuclein, suggesting a 
dominant-negative effect on aggregation. This effect, not previously described for EGCG or any other exogenous 
phenolic inhibitors, may contribute to their neuroprotective effects.

There are two proposed models of amyloid-like fibril formation and elongation, although the precise mech-
anism remains unclear. In the first model monomers form oligomers and oligomers then stack together to form 
fibrils. In the second model of fibril formation, oligomers are elongated to fibrils with the addition of monomers. 
Under either paradigm, the data indicate that NDGA or EGCG modified oligomers do not progress to insol-
uble species. Possibly due to the increased compaction, monomeric α-synuclein treated with NDGA analogs, 
when incorporated into oligomers or fibrils may prevent further elongation. Essentially, the addition of a NDGA 
analog-modified α-synuclein monomer will “cap” the aggregation intermediate preventing the further addition 
of either monomer or oligomer. The stoichiometry would indicate that under either model the incorporation of 
aggregation resistant NDGA or EGCG modified monomer into oligomers or fibrils is sufficient to prevent further 
aggregation. The combination of a durable modification of α-synuclein and a dominant negative effect on aggre-
gation are very desirable, given concerns over polyphenol bioavailability in the brain84 and the hepatotoxic side 
effects seen with EGCG or NDGA78,85.

Lipid-bound α-synuclein is resistant to aggregation86, and appropriate membrane interactions are implicated 
in its physiological function87. As such, an ideal therapeutic targeting α-synuclein aggregation would allow nor-
mal lipid interaction. Interestingly, both CD and FCS showed that the membrane interactions of α-synuclein were 
not perturbed by NDGA-treatment (Fig. 3G–I). Preservation of α-synuclein membrane interaction may help 
explain the divergent effects of NDGA and dopamine on neuron viability. Indeed, α-synuclein oligomers induce 
membrane destabilization and dopamine-induced oligomers may contribute to neurodegeneration in synuclein-
opathies36,37. Further, the ability of α-synuclein to undergo native structural dynamics is necessary for formation 
of multimers implicated in physiological function59,60 and aggregation resistance88,89. Future studies aimed at 
identifying neuroprotective α-synuclein aggregation inhibitors would be well served by incorporating methods 
to determine whether membrane interactions and structural dynamics are maintained, as is the case with NDGA.

NDGA pretreatment induced an NMR peak shift at His 50 (Fig. 3C). His 50 is located within the second 
region that assumes an α-helix during α-synuclein interaction with curved lipid membranes, falling in sequence 
just after the fourth lysine-rich repeat67,69. His 50 also mediates an oligomer-stabilizing interaction between 
α-synuclein and divalent metal ions, particularly Cu(II)90,91. Additionally, His 50 to Gln mutation causes auto-
somal dominant familial PD and accelerates α-synuclein aggregation in vitro92–94. This suggests that interaction 
with His 50 could alter α-synuclein aggregation kinetics. Further investigation of the interaction between NDGA 
and His 50 might provide insight into NDGA’s inhibition of α-synuclein aggregation. Curiously, three other 
residues whose positions were perturbed by NDGA binding (Val 3, Phe 4, and Met 5) are located in the close 
proximity to the Asp 2, which is also engaged in Cu(II) binding95.

The chemistry underpinning dopamine and related small molecule modulators of α-synuclein aggregation 
includes the capacity for auto-oxidation and the presence of vicinal hydroxyl (catechol) moieties33,35. In this study, 
we have expanded the previous observations and documented many new mechanistic insights for the biochem-
istry of catechol structures to inhibit the aggregation of α-synuclein. We found that NDGA-analogs require two 
pairs of vicinal hydroxyls to interact with α-synuclein. NDGA-1, which contains only one pair of vicinal hydroxyl 
groups, did not modify α-synuclein or inhibit aggregation. This indicates that NDGA cyclization, which is ena-
bled by its two pairs of vicinal hydroxyls, is required for inhibition of α-synuclein aggregation63. Indeed, cNDGA 
and cNDGA-5, two cyclized analogs of NDGA, were found to inhibit α-synuclein aggregation. The finding that 
NDGA’s cyclized oxidation products are responsible for its effects on α-synuclein aggregation presents the dual 
opportunities to study NDGA as a prodrug, with potential for conversion by oxidation-dependent cyclization to 
active cNDGA, and to examine novel molecules based on the cNDGA structure in hopes of identifying inhibitors 
of α-synuclein aggregation.

The importance of NDGA cyclization is reinforced by the finding that cNDGA, but not NDGA, treatment 
reduces neurodegeneration caused by expression of human α-synuclein in dopamine neurons in C. elegans 
(Fig. 5). There are many potential explanations for the divergent effects of the two molecules, including differ-
ences in stability, uptake, metabolism, and excretion. One possibility is that NDGA does not form cNDGA under 
these conditions. Oxidation of NDGA likely occurs less frequently in the reducing environment of the cell96, 
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and yield of cNDGA may be lower than previously observed. While the cyclization of NDGA has been precisely 
described under controlled conditions in buffer63, it has never been examined in a complex milieu or within a 
living cell, where other chemistry may occur.

It could be of interest to compare the molecular mechanism of action of NDGA on α-synuclein with the 
effects of different small molecules on functionality of other intrinsically disordered proteins. One of the best 
studied examples of such systems is given by small molecule-driven inhibition of heterodimerization of the tran-
scription factor c-Myc with its partner, Max, via a basic-helix-loop-helix-leucine zipper (bHLHZip) domain 
present in both proteins. Importantly, both proteins in their unbound forms are disordered, but undergo mutual 
coupled binding and folding when their zipper domains interact to form a helical coiled coil97–99. High through-
put screening uncovered several specific inhibitors that were able to bind to one of three discrete sites (resi-
dues 366–375, 375–385, and 402–409) within the 85-residue bHLHZip domain of the monomeric c-Myc100,101. 
Solution NMR analysis revealed that interaction of said small molecules with c-Myc resulted in its local misfold-
ing, thereby generating conformations incompatible with the heterodimerization of this protein with Max97–99. 
Clearly, the mechanism of NDGA action, where a small molecule stabilizes specific conformations of intrinsically 
disordered α-synuclein, is principally different from the inhibitory activity of small molecules inducing c-Myc 
misfolding. Therefore, further study is warranted to determine whether the interaction between NDGA and 
α-synuclein represents a new mode of modulatory action of small molecules on intrinsically disordered proteins. 
Moreover, in-cell NMR data indicated that molecular crowding agents present in the cytosol induce compaction 
of α-synuclein and shielding of the aggregation prone region (hydrophobic core between residues 61–95) pre-
venting oligomerization and aggregation102. Although ensemble-based techniques (FRET or NMR) are not able 
to visualize and inform on the structures of these compact states, we speculate that the compact states observed 
by NDGA analogs and EGCG are similar to those observed with in-cell NMR.

Collectively, these findings change our understanding of the mechanisms of phenolic α-synuclein aggrega-
tion inhibitors. We demonstrate, for the first time, that inhibition of α-synuclein aggregation by NDGA requires 
oxidation-dependent cyclization, reframing NDGA as a prodrug. Additionally, we show that both NDGA and 
EGCG stably modify α-synuclein monomers, rendering them aggregation incompetent. In the case of NDGA, 
this is achieved without alteration of α-synuclein secondary structure in solution, nor perturbing membrane 
interactions. This combination of attributes has not been previously observed in other inhibitors of α-synuclein 
aggregation. Further examination is certainly warranted, including a full characterization of efficacy and critically 
toxicity, to determine whether NDGA analogs might provide the basis for novel neuroprotective therapies for PD 
and related synucleinopathies.

Methods
In vitro α-synuclein aggregation analyses. Recombinant human wild type α-synuclein was expressed 
and purified from E. coli as previously described103. Purified α-synuclein was used at 2 mg/ml (138 µM) with or 
without small molecules at various molar ratios in PBS with 1% DMSO. Mixtures were aggregated for 3 or 7 days 
at 37 °C shaking at 1400 rpm. The longer 7 day incubation was performed to ensure the treatment effects remained 
consistent even under prolonged aggregation. Alternatively, purified α-synuclein was incubated for 24 hours with 
or with equimolar small molecules in PBS with 1% DMSO. Resulting mixtures were then dialyzed against excess 
PBS for 24 hours at 4 °C (using mini-dialysis tubes, Thermo Fisher 69572). Mixtures were aggregated for 3 or 
14 days shaking at 1400 rpm. Amyloid fibril formation was monitored by thioflavin T. Briefly, 4 µM protein was 
incubated with 25 µM ThT (Sigma Aldrich) dissolved in PBS and read at Ex of 450 and Em 482 using a fluorescent 
plate reader (Molecular Devices).

α-Synuclein solubility analysis and densitometric quantification. Sedimentation was performed by 
centrifugation at 21,000 g for 15 minutes. Supernatants were removed, and pellets were resuspended in an equal 
volume. Pellets and supernatants were boiled in SDS sample buffer for 3 minutes at 95 °C. α-Synuclein species 
were resolved by SDS-PAGE in 12% Bis/Tris gels and stained in-gel with colloidal blue (Invitrogen LC6025). 
Stained gels were imaged at 700 nm using LI-COR Odyssey Infrared Imaging System and densitometric quantifi-
cation was conducted using LI-COR Odyssey software suite 3.0.

Near infrared fluorescence. SDS-PAGE gels were imaged as previously described64. Briefly, gels were 
imaged immediately after electrophoresis at 700 nm with intensity 10 on LI-COR Odyssey Infrared Imaging 
System.

Size-exclusion chromatography. For size exclusion chromatography 200 µL recombinant α-synuclein 
(2 mg/mL) was injected onto a Superdex 200 10/300 GL (GE Healthcare) connected to an Agilent 1100 series 
HPLC system and fraction collector controlled by ChemStation software version 1.04 (Agilent). Mobile phase 
consisted of 25 mM HEPES and 150 mM NaCl, pH 7.25 with a 0.3 mL/min flow rate. Fractions corresponding to 
140-100, 100-85, 85-75, 75-68, 68-61.5, 61.5-56, 56-51, 51-47, 47-43, 43-39, 39, 39-36, 36-32, 32-29, 29-26 Å were 
combined and concentrated using 3 kDa NMWL ultracel microcon filters (Millipore UFC5003). SEC column 
elution time was calibrated to Å size using globular protein standards (GE Healthcare).

Circular dichroism. Circular dichroism spectra were obtained on a Jasco-810 spectropolarimeter maintained 
in the Children’s Hospital of Philadelphia Protein Core facility. Protein in PBS was diluted to 20 μM in 0.05 M 
KH2PO4 pH 7.8. Spectra were corrected for baseline measurement of an equivalent volume of PBS diluted in 
KH2PO4 buffer. Spectra were collected with a scanning width of 1 nm, at 5 nm/min with 2 accumulations per run.
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Transmission electron microscopy. Transmission electron microscopy was conducted on a JEOL1010 
maintained in the University of Pennsylvania Electron Microscopy Resource Laboratory. Protein solutions were 
diluted to 0.5 mg/mL (34.5 µM) before mounting to carbon-coated 300 grids and negative staining with 2% 
uranium acetate. Images were collected with HV = 80.0 kV, Magnification 50,000x. Contrast was automatically 
adjusted during capture for each image, and not altered after capture. 1 µm scale bars were included for each 
image presented.

Nuclear magnetic resonance spectroscopy. To provide atomic resolution information on α-synuclein, 
2D 1H-15N NMR spectra were acquired through a series of band-selective excitation short-transient transverse 
relaxation optimized spectroscopy heteronuclear single quantum coherence (BEST-TROSY HSQC) runs104, a 
fast and common experiment used to evaluate if there is an effect of the different molecules on some amino acids, 
each of them represented by a HN-N correlation (a cross-peak in the 2D spectrum).

All the NMR experiments were recorded on a Bruker Avance III spectrometer operating at 900 MHz 1H fre-
quency (21.14 T) equipped with a cryogenically cooled probehead for triple resonance experiments (TCI). The 
pulses involved in this pulse sequence were the standard ones used to investigate bio-molecules105. The 15N hard 
pulses were applied at the center of the region (117.02 ppm) and the 1H band selective pulses were applied at the 
center of the amide proton region at 8.70 ppm. A spectral width of 10822.511 Hz in the direct 1H dimension and 
3647.991 Hz in the indirect 15N dimension was used. All the spectra were recorded with 8 scans per increment, 
4096 and 2048 points in the direct dimension and in the indirect dimension respectively and a recycle delay of 
500 ms.

The experiments were recorded at 288.0 K on a 165 μM uniformly 15N labeled α-synuclein sample, prepared 
as previously described106, in buffer (10 mM KPi, 140 mM NaCl, 0.25 mM EDTA + Roche protease inhibitors, pH 
7.5). 5% D2O was added for the lock signal. The different drugs (described above) were added as DMSO solutions 
at 1:1 stoichiometric ratio and left at room temperature 24 hours to incubate before NMR measurements. The 
same experiments were acquired on a sample containing 3 equivalents of NDGA. Care was taken to minimize the 
volume of the DMSO solution added and to keep it constant for all the samples investigated. All the samples were 
analyzed again in the following days to evaluate thermodynamic and kinetic effects.

Native nano-electrospray ionization mass spectrometry. ESI-MS experiments were conducted as 
previously described49. The only methodological departure was the inclusion of DMSO to solubilize the ligands. 
Briefly, MS spectra were collected after 10 minute incubation of protein-ligand mixtures in pH 7.4 10 mM ammo-
nium acetate. Spectra were collected using a hybrid quadrupole-time-of-flight mass spectrometer (QSTAR-Elite, 
Biosystems, Foster City, CA) equipped with a nano-ESI sample source.

Native Ion mobility mass spectrometry. Native Ion mobility-mass spectrometry (IM-MS) experiments 
were conducted as previously described49. The only methodological departure was the inclusion of DMSO to 
solubilize the ligands. Briefly, MS spectra were collected after 10 minute incubation of protein-ligand mixtures in 
pH 7.4 10 mM ammonium acetate. α-Synuclein was present in the mixtures at 20 µM, ligand at 100 µM. IM-MS 
was performed on a Synapt G2 HDMS (Waters, Manchester, U.K.) using nano-ESI with homemade gold-coated 
borosilicate capillaries.

Fluorescence correlation spectroscopy. Expression of fluorescently-labeled α-synuclein. α-Synuclein 
protein labeled at residue S9C with Alexa Fluor 488 was produced via recombinant protein production. Plasmid 
containing α-synuclein S9C fused to a polyhistidine-tagged GyrA intein from Mycobacterium xenopi (Mxe) 
was transformed into BL21 DE3 competent cells by heat shocking at 42 °C. Single colonies grown on Ampicillin 
(Amp) plates were picked to inoculate primary cultures in LB supplemented with 1 μg/mL Amp. Primary cultures 
were combined into secondary cultures, which were grown at 37 °C in a shaker-incubator until optical density 
(OD) reached ~0.6. Expression of the gene of interest was induced with Isopropyl β-D-1-thiogalactopyranoside 
(IPTG). Cells were then grown in the shaker-incubator at 18 °C overnight. After centrifugation (5000 rpm, 
20 min, 4 °C), cell pellets were re-suspended in re-suspension buffer (20 mM Tris, 1 mM PMSF, 1 Roche protease 
inhibitor tablet, pH 8.3) and sonicated in a cup in an ice bath (5 min, 1 s ON, 1 s OFF). The resulting lysate was 
centrifuged (14,000 rpm, 25 min, 4 °C), and supernatant containing the protein of interest (POI) was purified 
over Ni-NTA affinity column. Intein cleavage was carried out by incubation with 200 mM β-mercaptoethanol 
(βME) on a rotisserie over night at room temperature. Cleaved POI was dialyzed into 20 mM Tris pH 8 before 
purification over a second Ni-NTA column to remove the free intein from the sample. Flow-through containing 
the POI was kept, dialyzed into 20 mM Tris pH 8, and spin concentrated. Labeling with Alexa Fluor 488 (AF488) 
maleimide was done by adding 4 equivalents (eq.) of fluorophore dissolved in DMSO. The reaction tube was 
wrapped in aluminum foil and incubated at 37 °C for ~6 hrs. Formation of the product α-synuclein C9-AF488 
was checked by matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) and polyacrylamide 
gel electrophoresis (SDS-PAGE). Labeled protein was purified by fast-protein liquid chromatography (FPLC) 
using a Hi-Trap Q 5 mL column and by reverse-phase high-performance liquid chromatography (RP-HPLC) 
using a C18 preparatory column. Purified protein was spin concentrated into buffer (20 mM Tris, 100 mM NaCl), 
and aliquots were stored at −80 °C.

Treating α-synuclein with drug molecules. The concentration of α-synuclein aliquots was determined by UV-Vis 
at 488 nm. The drug molecules NDGA, mNDGA, and cNDGA were dissolved in DMSO and diluted 10-fold into 
buffer (20 mM Tris, 100 mM NaCl). A control of 10% DMSO in buffer was also made. Each aliquot of α-synuclein 
was respectively treated with 1eq. of NDGA, mNDGA, and cNDGA, and DMSO-buffer. Treatment samples were 
incubated at room temperature for 8 hours, then dialyzed against 10 mM Tris, 100 mM NaCl overnight.
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Preparation of lipid vesicles. Synthetic lipid vesicles were prepared for use in binding experiments. A mix-
ture in 50:50 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) and 1-palmitoyl-2
-oleoyl-sn-glycero-3-phosphocholine (POPC) were drawn from chloroform stock and dried under nitrogen gas 
to form a film inside a glass vial. Films were desiccated under vacuum and re-hydrated in 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer. 10 Freeze-thaw cycles consisting of cooling in liquid nitrogen for 40 s and 
warming in a 60 °C water bath for 2 min were performed to aid the formation of uniformly sized vesicles. Using 
syringes fitted onto an extruder, vesicles were pushed 31 times through 50 nm pore membranes. Vesicles were 
determined by Dynamic Light Scattering to be monodisperse and distributed uniformly around 80 nm in diame-
ter, consistent across different concentrations of all samples. All lipid vesicles were prepared fresh and used within 
48 hours of extrusion.

Fluorescence correlation spectroscopy. Eight-well chambered coverglasses (Nunc, Rochester, NY) were prepared 
by plasma cleaning followed by incubation over night with polylysine-conjugated polyethylene glycol (PEG-PLL), 
prepared using a modified Pierce PEGylation protocol (Pierce, Rockford, IL). PEG-PLL coated Chambers were 
rinsed with and stored in Milli-Q water until use. FCS measurements were done on a lab-built instrument based 
on an Olympus IX71 microscope with a continuous emission 488 nm DPSS 50 mW laser (Spectra-Physics, Santa 
Clara, CA). All measurements were done at 20 °C. The laser power entering the microscope was adjusted to 4.5 
μW. Fluorescence emission collected through the objective was separated from the excitation signal through a 
Z488rdc long pass dichroic and an HQ600/200 m bandpass filter (Chroma, Bellows Falls, VT). Emission signal 
was focused through a 50 μm optical fiber. Signal was amplified by an avalanche photodiode (Perkin Elmer, 
Waltham, MA) coupled to the fiber. A digital autocorrelator (Flex03Q-12, correlator.com, Bridgewater, NJ) was 
used to collect 30 autocorrelation curves of 30 seconds for each measurement. Fitting was done using MATLAB 
(The MathWorks, Natick, MA).

Binding assay of drug-treated α-synuclein to lipid vesicles. FCS was used to examine the binding affinity of 
drug-treated α-synuclein to lipid vesicles. Each drug-treated α-synuclein labeled with AF488 was examined in 
the presence of varying concentrations of lipid vesicles, and each autocorrelation curve was fit to a 2-component 
equation to extract the fraction of bound α-syn at each concentration. From these data, a binding curve was 
generated and fit to an exponential to determine the dissociation constant Kd, i.e. the concentration at which 
half of the protein is bound. In fitting the autocorrelation curves for α-syn in the presence of lipid vesicles, the 
diffusion time (τ) of bound and unbound α-syn were respectively fixed to experimentally determined values. The 
diffusion time of unbound protein, ταS, was determined by measurements of the protein in buffer without lipids. 
Since bound protein diffuses with the vesicles to which they are bound, the diffusion time of the vesicles, τvesicle, 
was determined by measurements of BODIPY-labeled 50:50 POPS/POPC. The diffusion time of our unlabeled 
vesicles were also deduced from a calibration curve generated from the diffusion times of commercial fluorescent 
bead standards of 50 nm and 100 nm in diameter.

To generate a vesicle-binding curve, FCS was performed on α-syn C9-AF488 in the presence of varying con-
centrations (0.005 mM to 1 mM lipid) of 50:50 POPS/POPC. The accessible surface lipid concentration was cal-
culated based on the characteristic bilayer thickness of POPS and POPC. The fraction of bound protein was 
extracted from the fit to each autocorrelation curve by fixing ταS and globally fitting τvesicle to the same value 
across all concentrations.
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Assay for effect of NDGA on lipid-bound α-synuclein. Untreated α-synuclein C9-AF488 (final concentration 
20 μM) was added to 250 μL of 0.05 mM POPS/PC in a microscope chamber well. The sample was incubated for 
15 minutes to ensure maximum binding interactions. NDGA stock was made by dissolving the drug in ethanol 
and diluting 10-fold into buffer (20 mM Tris, 100 mM NaCl). NDGA was added at 20 μM final concentration to 
the vesicle-bound α-synuclein sample, and fraction of protein bound was determined using the fitting described 
above. A control treatment was made of 10% ethanol in buffer, and fraction of protein bound was determined in 
the same manner.

Förster resonance energy transfer anaylsis. Small molecule stock solutions containing either NDGA, 
EGCG, cNDGA or mNDGA were prepared in DMSO. Labeled proteins constructs, including new constructs 
not previously described, were prepared using methods previously described66. Labeled positions not previ-
ously reported were confirmed by mass spectrometry of both the full-length protein and fragments from trypsin 
digestion using MALDI. The concentration of each protein stock was assessed by UV-Vis absorbance of the 
attached fluorescein-maleimide (Fam) (ε494 = 68,000 M−1 cm−1) and/or tetramethylrhodamide azide (Raz) 
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(ε555 = 87,000 M−1 cm−1) dyes. Fluorescence assays were performed in a black, clear bottom half-diameter Greiner 
96-well plate and measurements were taken on a Tecan M1000 plate reader. Each well of the plate contained a 
single protein sample, containing either one or both fluorescent labels, and one of the small molecules of interest. 
Protein samples were also measured in the absence of small molecules as a control. Each sample was prepared in 
1X PBS with a final concentration of 1 μM protein. Samples containing NDGA, EGCG, cNDGA and mNDGA 
were prepared with a 5-fold excess of small molecules relative to the protein concentration. Small molecule stocks 
were prepared just prior to performing the assay. Each assay was performed by diluting the protein in buffer in 
each well and adding the small molecule solution, using a multichannel pipette, just prior to measuring the flu-
orescence. Each sample was excited at 494 nm and the emission spectrum was measured from 502–700 nm with 
a 1 nm step size. Each step consisted of 50 flashes at a frequency of 400 Hz with a 20 μs integration time and the 
gain was set to 135. The Z-position of the plate was optimized prior to the first measurement and was maintained 
at 21728 μm for all measurements. All measurements were performed at room temperature. After measuring the 
emission spectrum from each well immediately after the introduction of small molecule, the plates were sealed 
with parafilm and covered in aluminum foil and left at room temperature for 24 hrs. After 24 hrs the fluorescence 
of each sample was measured again as detailed above. The FRET between Fam and Raz probes attached to a single 
protein was assessed by computing the fluorescence quenching of the donor Fam fluorophore induced by the 
presence of the Raz acceptor as previously described66. FRET efficiencies were converted to average interresidue 
distances using the Förster equation and a gaussian chain polymer model.

Analysis of dopaminergic neurodegeneration in C. elegans. Generation of transgenic nema-
todes. Transgenic C. elegans lines were generated by microinjection using previously described methods107. The 
strain UA294 (baEx175 a,b,c [Pdat-1::WT a-syn, Punc-54::tdTomato]; vtIs7[Pdat-1::GFP]) was generated by injecting 
with a solution of 50 ng/μL plasmid with either Pdat-1::WT a-syn with a phenotypic marker (Punc-54::tdTomato, 
50 ng/μL, for body wall muscle expression). Three distinct stable lines (a, b, c) were generated.

Analysis of dopaminergic neurodegeneration and NDGA analog treatments in C. elegans. NDGA and cNDGA 
were used at final concentrations of 10 µM, 50 µM, or 100 µM in ethyl acetate (EtAc). NDGA, cNDGA, or solvent 
(EtAc) was added to the surface of bacterial lawn on the nematode growth medium (NGM) Petri plates (60 mm 
diameter) at the corresponding final concentration and allowed to dry under the hood. For EGCG, 50 µM was 
added into the NGM agar plates. Three resulting independent transgenic lines (a, b, c) were synchronized, and 
exposed to corresponding concentration of NDGA, cNDGA, or solvent (EtAc) from hatching to day 3, then 
were transferred and maintained on NGM plates until the day of analysis. Animals on NGM plates were treated 
with additional NDGA, cNDGA, or solvent on days 5 and 7. For EGCG treatment, worms were transferred to 
fresh NGM plates daily and transferred onto fresh EGCG containing plates on days 0–3 and 5 post-hatching. 
For dopaminergic neurodegeneration analyses, the transgenic animals were scored as described previously72. 
Briefly, on the day of analysis, the six anterior dopaminergic neurons (four CEP (cephalic) and two ADE (anterior 
deirid)) were examined in 30 randomly selected nematodes with the marker transgene (tdTomato) in the body 
wall muscle cells. Worms were considered normal when all six anterior neurons were present without any signs of 
degeneration, such as broken dendritic process, cell body loss, dendritic blebbing, or a missing neuron. In total, 
at least 90 adult worms were analyzed for each treatment condition, at least 30 from each independent transgenic 
line. An average of total percentage of worms with normal neurons was reported in the study.

Reagents. Nordihydroguaiaretic acid, NDGA 74540 Aldrich; (−)- Epigallocatechin gallate, EGCG E4143 
Sigma or 4524 Tocris; Terameprocol/mNDGA, T3455 Sigma; Catalase, C9322 Sigma; NDGA analogs NDGA-1, 
SECO-1, NDGA-5, cNDGA, and cNDGA-5 were generated, purified, and validated by Krol et al. at the University 
of Saskatchewan as previously described63.

Statistical analysis. Statistical analysis was conducted using Prism 5 software (GraphPad). Unpaired stu-
dents t test was used for comparisons between two groups. Comparisons involving multiple groups, such as 
molecule and dose comparisons, used two-way ANOVA with Tukey’s post hoc test for multiple comparisons. In 
all cases p < 0.05 was considered statically significant.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).
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Supplementary Figure S1. Dose effect of EGCG or NDGA on α-synuclein aggregation. 

Representative images of recombinant human wildtype α-synuclein (138 µM) aggregated for 7 

days in the presence of EGCG or NDGA at the indicated molar ratios. After aggregation, PBS-

insoluble α-synuclein was separated by centrifugation (21k g for 10 min). Soluble (supernatant) 

and insoluble (pellet) fractions were boiled in SDS, run by SDS-PAGE, and colloidal stained. α-

Synuclein in each fraction was quantified by in-gel densitometry. (n = 3-5). 

 



Supplementary Figure S2. Structures of EGCG, NDGA, and NDGA analogs employed in this 

study. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S3. Colloidal and nIRF images of α-synuclein aggregation in the presence 

of 5% catalase. (a) Colloidal stained gel (b) nIRF image of the same gel before colloidal 

staining, n=3. 
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Supplementary Figure S4. Colloidal and nIRF images of α-synuclein aggregation in the presence 

of NDGA analogs. (a) Colloidal images of gels after separation by centrifugation. (b) Near-

infrared images of the same gels before colloidal staining, n=3.  
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Supplementary Figure S5. Colloidal and nIRF images of α-synuclein aggregation in the presence 

of cyclized NDGA analogs. (a) Colloidal images of gels after separation by centrifugation. (b) 

Near-infrared images of the same gels before colloidal staining, n=3. 
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Supplementary Figure S6. NDGA pretreatment produces nIRF positive α-synuclein monomers. 

(a) Workflow for CD analysis and aggregation. (b) Near-infrared fluorescence images of NDGA 

and EGCG pretreated, dialyzed α-synuclein separated by native-state size-exclusion 

chromatography. (c) Colloidal staining of the same gels shown in panel b. 
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Supplementary Figure S7. Electrospray mass spectrometry characterization of α-synuclein-

NDGA interaction. (a) Nano-ESI-MS spectra in positive-ion mode of 30 μM α-synuclein in the 

absence and presence of NDGA at 90 μM and 140 μM. (b) Magnification of the spectra in the 

Upper panel. The number of NDGA molecules bound to α-synuclein monomers is indicated by 

red numbers. Dimer-specific peaks of α-synuclein are labeled as “D”. Charge states are indicated 

by black numbers. Nano-ESI-MS spectra were collected as described in Konijnenberg et al.49   
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Supplementary Figure S8. 2D NMR spectra comparing α-synuclein treated with 1:1 NDGA for 

24 hours (red), with (a) α-synuclein treated with 3:1 NDGA for 24 hours (blue), and (b) α-

synuclein treated with 1:1 NDGA for 10 days (blue).  

  



 

 

Supplementary Figure S9. EGCG does not disrupt lipid binding. (A) α-Synuclein was incubated 

1:1 with EGCG or solvent alone for 24 hours before fluorescence correlation spectroscopy in the 

presence of POPS:POPC vesicles at the indicated concentrations. (n = 3). (B) Addition of NDGA 

did not displace fluorescently labeled α-synuclein from POPS:POPC vesicles. (n = 3). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S10. Workflow for analysis of pretreated, dialyzed α-synuclein  

  



 

 

 

 

 

 

 

 

 

 

Supplementary Figure S11. NDGA pretreatment inhibits α-synuclein aggregation despite 14 days 

under aggregation conditions. α-Synuclein was incubated 1:1 with small molecules for 24 hours 

then dialyzed against PBS for 24 hours. After aggregation for 14 days, PBS-insoluble α-

synuclein was separated by centrifugation (21k g for 10 min). Soluble and insoluble fractions 

were boiled in SDS, run by SDS-PAGE, and colloidal stained. α-Synuclein in each fraction was 

quantified by in-gel densitometry. (n = 3) 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S12. Colloidal and nIRF images of NDGA analog pretreated, dialyzed α-

synuclein aggregation (a) Colloidal images of gels after separation by centrifugation. (b) Near-

infrared images of the same gels before colloidal staining, n=3. 
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Supplementary Figure S13. Colloidal and nIRF images of cyclized NDGA analog pretreated, 

dialyzed α-synuclein aggregation (a) Colloidal images of gels after separation by centrifugation. 

(b) Near-infrared images of the same gels before colloidal staining, n=3. 
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Supplementary Figure S14. nIRF positive monomers are the predominant product of α-synuclein 

aggregation in the presence of EGCG and NDGA. (a) Workflow (b) Colloidal (c) Densitometry 

(d) nIRF (n=3). 
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Supplementary Figure S15. Workflow for aggregation of combined mixtures of pretreated, 

dialyzed α-synuclein and untreated α-synuclein. 

 

  



 

 

 

Supplementary Figure S16. EGCG reduces α-synuclein-driven neurodegeneration. C. elegans 

were treated with vehicle (dH2O) or 50µM EGCG in NGM agar on days 0-3, 5, and 7. Dopamine 

neurons were scored on day 8. Worms were scored as normal if no degenerative phenotypes 

(broken dendritic process, cell body loss, dendritic blebbing, or a missing neuron) were 

observed. Data represented as mean + SEM.; n=3 replicates with 30 worms per replicate; t-test; 
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ABSTRACT Intrinsically disordered proteins (IDPs) as well as intrinsically disordered regions (IDRs) of complex protein ma-
chineries have recently been recognized as key players in many cellular functions. NMR represents a unique tool to access
atomic resolution structural and dynamic information on highly flexible IDPs/IDRs. Improvements in instrumental sensitivity
made heteronuclear direct detection possible for biomolecular NMR applications. The CON experiment has become one of
the most useful NMR experiments to get a snapshot of an IDP/IDR in conditions approaching physiological ones. The availability
of NMR spectrometers equipped with multiple receivers now enables the acquisition of several experiments simultaneously
instead of one after the other. Here, we propose several variants of the CON experiment in which, during the recovery delay,
a second two-dimensional experiment is acquired, either based on 1H detection (CON//HN) or on 15N detection (CON//btNH,
CON//(H)CAN). The possibility to collect simultaneous snapshots of an IDP/IDR through different two-dimensional spectra
provides a novel tool to follow chemical reactions, such as the occurrence of posttranslational modifications, as well as to study
samples of limited lifetime such as cell lysates or whole cells.

INTRODUCTION

Proteins or protein regions that lack a well-defined three-
dimensional (3D) structure and that are characterized by
high flexibility and disorder are widespread in living organ-
isms and essential for protein function (1–3). Their contribu-
tions to biological processes are highly complementary to
those typical of folded proteins. Indeed, intrinsically disor-
dered proteins (IDPs) or intrinsically disordered protein re-
gions (IDRs) are often involved in key regulatory processes
for which the adaptability of the protein structure and
dynamics represents a clear functional advantage (4). Their
important functional role also becomes evident from the
strong link that has been found between misfunction in
IDPs/IDRs and many diseases such as cancer and neurode-
generative diseases. The atomic-level characterization of
IDPs/IDRs has thus become a topic of central importance

also in light of the development of new drugs capable of
interfering with them, a completely novel area for which
the traditional approach of drug design based on the identi-
fication of well-defined binding pockets in folded proteins is
obviously bound to fail (5–8).

NMR plays a central role in this area of research being the
only method able to provide atomic resolution information
on the structural and dynamic properties of highly flexible
macromolecules (9–13). NMR observables are, however,
strongly influenced by the peculiar properties of IDPs, and
thus the NMR approaches should be optimized to overcome
critical points (14). For example, it is well known that 1H-
detected experiments, usually the first choice on the grounds
of instrumental sensitivity, do have some drawbacks for the
study of IDPs, in particular when approaching physiological
pH and temperature conditions. In fact, the largely solvent-
exposed backbones typical of highly flexible IDPs leave
amide protons accessible to the solvent and are responsible
for efficient chemical exchange processes that may lead to
extreme broadening of HN resonances, reducing the sensi-
tivity of 1H-detected experiments. In addition, 1H nuclear
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spins are characterized by a moderate chemical shift disper-
sion. These are two features that have stimulated the devel-
opment of exclusively heteronuclear NMR experiments
based on 13C direct detection for the study of IDPs. The
two-dimensional (2D) CON experiment (15,16) is now
widely used to characterize highly flexible IDPs, thanks to
the excellent chemical shift dispersion of the crosspeaks
observed in this experiment and the possibility to reveal
atomic resolution information on IDPs also in experimental
conditions in which HN resonances are not observable (17–
28). The wide use of exclusively heteronuclear NMR exper-
iments for protein investigations has been stimulated by im-
provements in instrumental sensitivity (29). Technological
advances provided a jump of a factor of more than 10 in
13C instrumental sensitivity, and lately, similar efforts
have even enabled direct detection of 15N (30–33), a nucleus
characterized by a lower gyromagnetic ratio with respect to
13C and thus by a very low intrinsic sensitivity.

In parallel to significant increase in instrumental sensi-
tivity, new technologies have also become easily accessible
such as the possibility to exploit NMR spectrometers with
multiple receivers, enabling the design of multinuclear pulse
sequences for the acquisition of more than one free induction
decay (FID) for each repetition. Several different strategies
exploiting multiple receivers have been proposed in the liter-
ature (34–39) to acquire more experiments in the time
needed for a single one. Applications of multiple receivers
for biomolecular NMR experiments were also proposed
either in solution or in the solid state (36–41). One strategy
consists of the acquisition of different FIDs within one
main coherence transfer pathway to recover signals that
would otherwise be lost or suppressed (36,37). The other
strategy consists in exploiting polarization that remains un-
used at the end of one experiment to collect more than one
spectrum in the time needed for the longest one of them (38).

The development of more sensitive instruments and the
possibility to use multiple receivers stimulates the design
of novel experimental strategies to investigate IDPs, and
we will show some examples of the useful information
that can be gathered combining the CON with other exper-
imental schemes.

MATERIALS AND METHODS

Samples preparation

The 13C, 15N-labeled a-synuclein sample was prepared as previously

described in the literature (42), with a final concentration of 1.0 mM in

100 mM NaCl, 50 mM ethylenediaminetetraacetic acid (EDTA), and

20 mM phosphate buffer at different pH between 6.5 and 7.4 with the addi-

tion of 2–10%D2O for the lock. Each figure reports the details about sample

conditions. The 13C, 15N-labeled a-synuclein samples used for in-cell ex-

periments and for experiments on cell lysate were prepared as previously

described (43) with an estimated protein concentration of 250 mM, using

the same buffer as for the purified samples at pH 7.4.

For the phosphorylation reaction, 700 U of tyrosine kinase Fyn (Sigma

Aldrich, St. Louis, MO) were added to a 200 mM sample of 13C, 15N-labeled

a-synuclein in 20 mM phosphate buffer, 100 mM NaCl, 50 mM EDTA,

2 mM dithiothreitol, 6 mM MgCl2, and 3 mM ATP buffer at pH 7.0 for a

final volume of 300 mL, with 5% D2O added for the lock.

NMR experiments

The NMR experiments were acquired at different temperatures on a Bruker

AVANCE NEO spectrometer (Billerica, MA) operating at 700.06 MHz 1H,

176.05MHz 13C, and 70.97MHz 15N frequencies equipped with a cryogen-

ically cooled probehead optimized for 13C-direct detection (TXO). Stan-

dard radio frequency pulses and carrier frequencies for triple resonance

experiments were used and are summarized hereafter. Q5- and Q3-shaped

pulses (44) of durations of 300 and 231 ms, respectively, were used for
13C band-selective p/2 and p flip angle pulses except for the p pulses

that should be band selective on the Ca region (Q3, 1200 ms) and for the

adiabatic p pulse to invert both C0 and Ca (smoothed chirp 500 ms, 20%

smoothing, 80 kHz sweep width, 11.3 kHz radio frequency field strength)

(45). An Eburp2 shape of duration of 1.768 ms and a Reburp shape of dura-

tion of 2.076 ms were used, respectively, for 1H band-selective p/2 and

p flip angle pulses. In the CON//HN experiment, solvent suppression was

achieved through the 3:9:19 pulse scheme (46).

The 13C band-selective pulses on Ca and C0 were applied at the center of
each region, respectively, and the 1H-band-selective pulses were applied at

the center of the HN region at 8.13 ppm. Decoupling of 13Ca and 15N was

achieved with p5m4sp180 (Q3, 900 ms) and Waltz65 (100 ms) decoupling

sequences, respectively (44,47). All gradients employed had a smoothed

square shape.

All the spectra were acquired, processed, and analyzed by using Bruker

TopSpin 4.0.1 software. Calibration of the spectra was achieved using

4,4-dimethyl-4-silapentane-1-sulfonic acid as a standard for 1H and 13C;
15N shifts were calibrated indirectly (48).

The CON//HN was acquired with a CON interscan delay of 1.7 s; the HN

was acquired within this delay. For each increment of the CON experiment,

the in-phase (IP) and antiphase (AP) components were acquired and prop-

erly combined to achieve IPAP virtual decoupling (49) as described in

Fig. S1. The CON spectrum was acquired with two scans, with sweep

widths of 5555 Hz (13C) � 2500 Hz (15N) and 1024 � 512 real points in

the two dimensions, respectively. The HN spectrum was acquired with

4 scans (2 scans as used for the CON � 2 additional scans because

no IPAP decoupling is necessary for the HN), with sweep widths of

10,869 Hz (1H) � 2000 Hz (15N) and 1536 � 512 real points in the two di-

mensions, respectively. The total duration of the experiment was 1 h and

7 min. For comparison purposes, the two independent experiments with

the same parameters were also acquired.

Similar parameters were used also for CON//HN experiments acquired

for cell lysates and for in-cell samples as well as to follow the phosphory-

lation reaction, with the main difference being the use of four scans in the

latter case because of lower sample concentration.

The CON//btNHwas acquired with a CON interscan delay of 2.5 s; during

this time, the btNH was repeated four times (recovery delay of 400 ms). For

each increment of each experiment, the IP and AP components were ac-

quired and properly combined to achieve IPAP virtual decoupling (49) as

described in Fig. S2. The CON spectrum was acquired with 4 scans, with

sweep widths of 5263 Hz (13C0) � 2403 Hz (15N) and 1024 � 1024 real

points in the 2 dimensions, respectively. The btNH spectrum was acquired

with 128 scans (4 scans as used for the CON � 4 repetitions of the btNH

experiment � 8 because of the different number of increments needed in

the indirect dimension), with sweep widths of 5263 Hz (15N) � 2403 Hz

(1H) and 1024� 128 real points in the two dimensions, respectively. The to-

tal duration of the experiment was 6 h and 19 min. For comparison purposes,

the two independent experiments with the same parameters were also

acquired.

The CON//(H)CAN was acquired with a CON interscan delay of 2.3 s;

during this time, the (H)CAN was repeated three times (recovery delay

of 700 ms). For each increment of each experiment, the IP and AP

Simultaneous Snapshots of IDPs
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components were acquired and properly combined to achieve IPAP virtual

decoupling (49) as described in Fig. S3. The CON spectrum was acquired

with 8 scans, with sweep widths of 5555 (13C0) � 2554 Hz (15N) and

1024 � 2048 real points in the two dimensions, respectively. The (H)

CAN spectrum was acquired with 192 scans (8 scans as used for the

CON � 3 repetitions of the (H)CAN experiment � 8 because of the

different number of increments needed in the indirect dimension), with

sweep widths of 5555 Hz (15N)� 4000 Hz (13C) and 1024� 256 real points

in the 2 dimensions, respectively. The total duration of the experiment was

60 h and 10 min. For comparison purposes, the two independent experi-

ments with the same parameters were also acquired.

RESULTS AND DISCUSSION

The 2D CON has by now become one of the key experi-
ments to characterize IDPs. Many experimental variants of
the basic CON pulse sequence have been developed
(43,50). Important features include the nuclear spins used
as starting polarization source as well as the approach em-
ployed for homonuclear decoupling. When working with
sample conditions approaching the ‘‘physiological’’ ones,
like in the presence of high ionic strength, pH above 7,
and relatively high temperature, the most preferred scheme
is the simplest one, which starts on 13C and actively exploits
heteronuclear spins only. However, it requires a relaxation
delay of �2 s to allow the C0 magnetization to relax back
to equilibrium. Can we profitably use this delay to collect
additional experiments?

The CON//HN experiment

The first two spectra generally collected on an IDP are the
2D HN and 2D CON. The experimental variant designed
to acquire them simultaneously is here referred to as the
CON//HN, and the spectra obtained on a-synuclein are
shown in Fig. 1. The pulse sequence is reported in Fig. S1
and sketched in Fig. 1 A. In brief, a very simple logic was
followed in the design of the pulse sequence. The CON
experiment essentially exploits only two backbone nuclear
spins (C0 and N). During the relaxation delay, an additional
experiment can be acquired provided that different nuclear
spins are perturbed and that it does not interfere with the
CON itself. The 1H-15N heteronuclear single-quantum
coherence (HSQC) exploits the amide proton as a starting
polarization source as well as for acquisition of the FID;
15N chemical shifts are sampled in the indirect dimension,
just like in the CON experiment, and this does not cause
any interference. Thus, it can be profitably acquired during
the 2-s recycle delay of the CON. The only compromise to
combine the two experiments derives from the need to
decouple 15N from 1H and 13C during the chemical shift
evolution period. For the CON experiment, it is very impor-
tant to use composite pulse decoupling of 1H throughout the
whole pulse sequence to minimize possible influence of ex-
change processes of amide protons with the solvent protons,
which reduce signal intensities in particular when approach-

ing physiological conditions. This does not constitute a
problem because the 1H-15N HSQC pulse sequence pre-
cedes the CON one. Decoupling of 15N from 13C during
the 15N evolution period of the 1H-15N HSQC could be
achieved by a combination of two 180� pulses in appropriate
positions to restore C0 magnetization to equilibrium as a
starting polarization source for the CON experiment.
Thanks to this solution, the two spectra can be acquired
simultaneously in the optimal conditions required for each
of them as one can see by inspecting the quality of the
spectra reported in Fig. 1. These were acquired on a-synu-
clein at 285 K and pH 6.5, which are conditions useful to
evaluate whether all the expected resonances could be
observed through the CON//HN experiment. Indeed, more
than 99% of the backbone correlations could be detected
in both experiments (133 out of 134 in the HN and 138
out of 139 in the CON, respectively).

Comparison of the intensities of the spectra collected
through the CON//HN experiment with those acquired with
exactly the same parameters but in an independent fashion

A

B C

D E

FIGURE 1 (A) Scheme of the CON//HN experiment. (B) HN and (C)

CON 2D spectra acquired through the CON//HN experiment on 13C,
15N-labeled a-synuclein 1 mM at 285 K in 100 mM NaCl, 50 mM EDTA,

and 20 mM phosphate buffer (pH 6.5) are shown. (D) A projection of the

HN and the (E) CON spectra acquired with the CON//HN experiment (red

solid traces) and with the corresponding experiments acquired indepen-

dently (blue dotted traces) is shown. To see this figure in color, go online.
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shows that reduction in signal to noise ratio (S/N) resulting
from the combination of the two experiments is minimal
for the CON (5%) and more significant for the HN (15%)
which, however, has an intrinsically higher sensitivity and
provides the same number of peaks as the independent spec-
trum (Fig. 1, D and E).

When going to more demanding samples of limited life-
time, the advantages of recording the CON//HN are even
more striking. The spectra acquired on a-synuclein in cell
are shown in Fig. 2 C and are compared with those acquired
on a-synuclein on cell lysates (Fig. 2 B) as well as on puri-
fied a-synuclein (Fig. 2 A) in conditions approaching phys-
iological ones (310 K; pH 7.4). First of all, it is interesting to
observe the spectra acquired on purified a-synuclein in
these conditions and compare them with the analogous
one acquired at lower pH and temperature (Fig. 1). The
CON results are particularly useful to access complete
information (138 detected backbone correlations; 99.3%
of the expected ones); the quality of the HSQC is instead
reduced because of increased solvent exchange broadening
at higher pH and temperature (108 detected backbone corre-
lations, 80.6% of the expected ones). Still, the two spectra
provide interesting complementary information, including
qualitative information about exchange processes.

The same spectra acquired on cell lysate show that most of
the signals detected on the purified sample can be observed
also in cell lysates. The possibility to acquire the two spectra
simultaneously is very important, in particular for cell
lysates, which have limited lifetimes. It is worth noting that
the linewidths of the observed crosspeaks in the two spectra
are very similar to those observed for purified a-synuclein, a
nontrivial observation considering the complexity of cell
lysate composition. When moving to in-cell experiments,
the two spectra still show that a vast majority of the expected
signals can be detected, providing atomic resolution informa-
tion to characterize IDPs inside whole cells. However, the in-
crease in linewidth when going to in-cell spectra is much
more pronounced for the 1H signals with respect to 13C sig-
nals. Simultaneous acquisition of the two spectra is important
to confirm that it is a real property of in-cell spectra and that it
does not depend on possible changes in the experimental con-
ditions or in-cell sample quality. Therefore, the CON//HN
provides at the same time information derived from the
exclusively heteronuclear spectra, characterized by narrow
linewidths, as well as from proton-detected spectra, charac-
terized by higher sensitivity but more influenced by line
broadening deriving from both the inhomogeneous environ-
ment as well as from exchange processes.

The CON//15N-detected experiments

15N detection has interesting features for the study of IDPs
because of the narrow linewidths and large dispersion of
chemical shifts, provided one is in the appropriate sensi-
tivity regime, which nowadays still requires highly

A

B

C

FIGURE 2 Comparison of the 2D spectra (HN left; CON right)

acquired through the CON//HN experiment on 13C, 15N-labeled

a-synuclein at 310 K in different experimental conditions: (A)

purified sample in 100 mM NaCl, 50 mM EDTA, and 20 mM phosphate

buffer at pH 7.4 is shown; (B) in Escherichia coli cells lysate

resuspended in the same buffer as in (A) and (C) in-cell. The traces of

a representative signal extracted from the HN (red; left) and the CON

(blue; right) spectra are also reported. To see this figure in color,

go online.
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concentrated samples (30–33). The CON experiment was
first combined with the 15N-detected experiment to collect
2D HN spectra (CON//btNH) (51). The BEST-TROSY
variant (52), which uses band-selective pulses for the amide
protons, was selected to exploit the very efficient longitudi-
nal relaxation enhancement of amide protons in IDPs
(53–55) as well as to avoid 1H decoupling during acquisition
of the 15N FID, two features that enable the acquisition of
3–4 15N FIDs during the CON relaxation delay to overcome
the very low sensitivity of 15N. Decoupling of 1H during the
15N evolution delay of the CON was achieved by pairs of
180� HN band-selective pulses to restore the starting polar-
ization source for the BEST-TROSY experiments. In addi-
tion, there is no proton decoupling during the acquisition
of the CON. These two features reintroduce some depen-
dence on solvent exchange processes as well as C0-HN cou-
plings in the direct acquisition dimension. The major
modification included in the BEST-TROSY part of the
experiment was to avoid composite pulse decoupling of
carbonyl carbon nuclear spins during the acquisition of
the 15N FID to preserve C0 polarization for the following
CON experiment. To this end, virtual decoupling of C0 dur-
ing the acquisition of the 15N FID was implemented through
the IPAP approach (56) in combination with band-selective
decoupling of the Ca spins. The pulse sequence is reported
in Fig. S2 and schematically illustrated in Fig. 3 A. The re-
sults of the CON//btNH experiments recorded on a-synu-
clein at different temperatures are reported in Fig. 3,
B and C. The good performance of the experiment is shown
by the well-resolved spectra that can be acquired; essentially
all expected correlations can be detected at 285 K and
pH 6.5 (138 detected backbone correlations for the CON
and 133 for the btNH; 99.3% of the expected ones for
each spectrum). The modifications introduced to acquire
the two spectra simultaneously slightly reduce the sensi-
tivity of the CON spectrum, which is, however, the more
sensitive of the two and thus only has a minor impact on
the final outcome (Fig. 3, D and E). The 15N-detected
BEST-TROSY HN spectrum, although less influenced by
exchange broadening of amide protons than its 1H-detected
counterpart, still relies on amide protons in the initial coher-
ence transfer step as well as in the 1H chemical shift
evolution achieved in the indirect dimension. As expected,
with increasing temperature, the quality of the CON is
essentially maintained, whereas the intensity of crosspeaks
in the 15N-detected BEST-TROSY spectrum is reduced.
Still, it can be observed that even at higher temperature
than physiological one (315 K), a few additional crosspeaks
can be observed in the 15N-detected BEST-TROSY HN
spectrum that were not identified in these conditions through
1H-detected experiments (Biological Magnetic Resonance
Bank [BMRB]: 27348) (57). In particular, in the 1H-de-
tected experiment, 93/134 peaks were visible, whereas
when performing the 15N-detected variant, seven additional
peaks are visible (thus 100/134), mostly due to polar resi-

dues (Thr-22, -64, -44, -33, Ser-9, Lys-43, Ala-76). Even
if the signal intensity is lower in the 15N-detected experi-
ment because of the lower gyromagnetic ratio of 15N, it is
possible to collect a few more signals because the proton
magnetization is transverse for a shorter amount of time,

A

B

C

D E

FIGURE 3 (A) Scheme of the CON//btNH experiment. The 2D spectra

(btNH top; CON bottom) acquired with the CON//btNH experiment on
13C,15N-labeled a-synuclein 1 mM at (B) 285 K and (C) 315 K at

pH 6.5 in the same buffer reported in Fig. 1 are shown. (D) and (E)

report the comparison of the S/N of the projection of the spectra ac-

quired with the CON//btNH experiment (red solid traces) with the anal-

ogous spectra acquired independently (blue dotted traces). To see this

figure in color, go online.
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reducing losses. This shows that the method has some po-
tential, in particular using optimized hardware (high fields
and optimized probes). Another experiment based on 15N
detection that was combined with the CON is the (H)CAN
(58). The CON//(H)CAN acquired at 310 K and pH 7.4 is
shown in Fig. 4. The pulse sequence is reported in Fig. S3
and schematically illustrated in Fig. 4 A. As for the previous
experiment, this magnetization transfer pathway starts from
a proton, the Ha, and is then transferred to the Ca. The Ca

dimension evolves as the indirect one. The magnetization
can now be transferred to N of the same amino acid, through
the 1J constant, and to the previous one, through the 2J con-
stant. The two constants are similar and it is thus difficult to
distinguish one pathway from the other. However, we
decided to prioritize the intraresidue correlations, which
are more sensitive and provide complementary information,
with respect to the one available through the CON experi-

ment. When exploiting Ha as starting polarization source,
the results are optimal at any temperature because of the
nonexchangeable property of this atom. Longitudinal relax-
ation enhancements are expected to be modest for Ha in
IDPs (55), and thus nonselective 1H pulses can be used.
More than one repetition of this experiment during the
CON relaxation delay can be collected thanks to the rela-
tively short time needed for Ha to recover to the steady state
(hundreds of milliseconds). Technical compromises needed
in this case are very similar to those discussed for the previ-
ous experiment. They are responsible for a small reduction
in the sensitivity of the CON (Fig. 4, D and E), which, how-
ever, is the more sensitive between the two. Decoupling of
1H and 13C was achieved by pairs of 180� pulses to restore
the magnetization to equilibrium for subsequent experi-
ments. For the same reason, a virtual CO decoupling scheme
is required for the acquisition of 15N FIDs. To this end, we
implemented the IPAP scheme, in combination with band-
selective decoupling of the Ca spins.

In this spectrum, all the correlations of the intraresidue
crosspeaks are observed as well as part of the interresidue
ones (113/139; 81.0%). However, significant overlap still
occurs, and only a fraction of them are resolved. It is worth
noting however that with increasing magnetic fields and
with tailored probes, the CON//(H)CAN becomes a prom-
ising tool for the study of IDPs. Finally, should long exper-
imental times be necessary to compensate for a lower 15N
sensitivity, the CON//(H)CAN experiment can reveal weak
crosspeaks present in the CON such as those deriving
from the cis-trans proline isomerization, which has not
been extensively studied for IDPs and has been found to
be important in many regulatory processes.

Comparison with other methods

Here, we have chosen to opt for the most straightforward
approach to combine two experiments: instead of simply
waiting for the magnetization to recover before the next
transient, we use the recovery delay of one particularly use-
ful experiment, which would be acquired anyway, to collect
an additional one providing complementary information for
free. This method follows the idea of activating unexploited
magnetization (UTOPIA) (34) but shifts the central interest
to the 13C-detected experiment, as schematically indicated
in Fig. 1. The simplest variant of the CON experiment
was selected because it represents the most robust one to
ensure detection of all signals of an IDP near physiological
conditions, including those that are invisible in HN spectra
(residues experiencing fast solvent exchange and proline
residues). This was combined either with 1H-detected or
with 15N-detected 2D experiments.

In principle, a 3D HNCO (or a 3D HNCA), which can
nowadays be collected in a very quick time thanks to projec-
tion spectroscopy (59) or nonuniform acquisition and pro-
cessing strategies (60,61), could provide very similar

A

B

C

D E

FIGURE 4 (A) Scheme of the CON//(H)CAN experiment. (B) (H)CAN

and (C) CON spectra recorded on 13C, 15N-labeled a-synuclein at 310 K

(pH 7.4) are shown. (D) and (E) report the comparison of the S/N of the

projection of the spectra acquired with the CON//(H)CAN experiment

(red solid traces) with the analogous spectra acquired independently

(blue dotted traces). To see this figure in color, go online.
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information. However, the results of these 3D spectra
depend on the observability of amide protons. Therefore,
the approach presented here is more suitable to study
IDPs approaching physiological conditions (310 K; pH
7.4; ionic strength value around 0.25 M; in-cell environ-
ment) because the CON is not affected by fast solvent ex-
change processes.

Similar arguments hold when comparing the current
approach with an elegant experimental variant of the
HNCO proposed for parallel acquisition of the HN and
(HN)CON experiments (33). In this case, the two spectra
(HN and (HN)CON) are obtained by recovering magnetiza-
tion from two different pathways that however both origi-
nate from HN polarization. As a result, the two spectra are
influenced by solvent exchange broadening, and the (HN)
CON does not reveal proline signals.

The relative sensitivity of the two experiments to be com-
bined is an important issue to be considered. There is no
doubt that the intrinsic sensitivity of 13C is lower than that
of 1H because of the lower gyromagnetic ratio. However,
thanks to instrumental improvements, the sensitivity of the
CON experiments acquired on highly flexible IDPs is suffi-
cient to collect the experiment with just a few scans per
increment. Therefore, it is worth combining it with the other
experiment that is generally collected on an IDP, the HN
correlation spectrum. The relative sensitivity of the two
experiments is inverted when combining the CON with
15N-detected experiments. This difference can be partly
compensated by exploiting 1H as a starting polarization
source, exploiting longitudinal relaxation enhancement
(when possible) (49,51,52,55), or accumulating more
15N FIDs. A leap in instrumental sensitivity exploiting dedi-
cated probe heads will provide the necessary push to make
this combination of experiments really amenable for every
application.

From this analysis, it is clear that more than for time sav-
ings, which are generally moderate when considering com-
binations of simple 2D experiments, the simultaneous
acquisition of two spectra is important for accessing a snap-
shot of an IDP in cases in which the sample either has
limited stability in time or it changes because of chemical
reactions as it happens when studying posttranslational
modifications (PTMs). In these cases, to investigate the
IDP of interest, in addition to the CON one can access com-
plementary information through the multiple receiver CON
variants proposed here.

A case study for PTMs

PTMs represent the most efficient way to modulate the bio-
logical activity of proteins after their biosynthesis through
chemical reactions, catalyzed by enzymes. Indeed, it is
possible to modulate the chemo-physical properties of a pro-
tein and thus its function by adding or removing specific
chemical groups or through the cleavage of chemical bonds.

The diversity of PTMs found in proteins arises from the very
different processes that they can modulate in a cell such as
protein folding, signaling, molecular recognition, interac-
tions, and degradation. In this way, the same protein can
be handled for different aims, ranging from cell fate control
to regulation of metabolism (62).

IDPs are frequently involved in regulatory and signaling
functions, which can be modulated by PTMs (63–65).
PTMs can trigger both local and long-range changes as
well as intermolecular interactions. It has been supposed
that structural flexibility could also be a biological strategy
to overcome the classical problem of the ‘‘one lock/one
key’’ model. The lack of a stable 3D structure guarantees
adaptability for the enzymatic site and allows high speci-
ficity of the process, maintaining, however, low affinity
(64,66).

Among a variety of possible modifications, one of the
most common is phosphorylation. It was estimated that at
least 2% of the human genome is constituted by kinases
and more than 30% of the eukaryotic proteins are
involved in phosphorylation, with 700,000 sites that can
potentially act as substrates (67). Investigating this mecha-
nism is fundamental to understand functions of these
important enzymes. PTMs usually involve only a few res-
idues, and NMR provides a unique tool to study these pro-
cesses, giving access to residue-specific atomic resolution
information.

It is well known that the role of some IDPs or IDRs and
their link to the onset of several diseases is strictly depen-
dent on PTMs, as phosphorylation (64–66,68). A clear
example is the supposed key role of phosphorylation of spe-
cific a-synuclein residues in the modulation of Lewy bodies
formation. In this widely studied process, serine 129 is
selectively and extensively phosphorylated, promoting
fibrillation in vitro (69–71). It has emerged that this process
occurs together with phosphorylation of tyrosine 125, a
priming event in the efficient modification of serine 129
by CK1 kinase, both in vitro under physiological conditions
and in vivo (72–74).

To provide an example of the utility of the CON//HN
experiment, we show here the phosphorylation reaction of
tyrosine residues by Fyn near physiological conditions.
Fyn is a nonreceptor tyrosine kinase of the Src family that
has been shown to react with all the four tyrosine residues
present in a-synuclein (Y39, Y125, Y133, Y136) with
high-percentage levels but preferentially targeting Y125.
The spectra acquired with the CON//HN experiment during
the phosphorylation reaction are shown in Fig. 5. It can be
observed that the changes in HN crosspeaks agree with pre-
vious observations (73) and that additional details are moni-
tored through the CON spectrum acquired simultaneously
(Fig. 5). In particular, the CON spectrum, which exploits
the 13C in the direct dimension, has a higher resolution
with respect to the HN spectrum. Thus, we can also monitor
the shift of those peaks, which, in the HN spectrum, are
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found in crowded regions such as those of Tyr125, which is
well resolved in the CON (Fig. 5).

A final comment is necessary on the specific conditions
needed to follow PTMs. Most enzymes indeed fulfill their
roles at physiological conditions. Therefore, the CON//HN
experiment offers a particularly useful tool because in
addition to the HN, often used to study PTMs, it exploits
the CON, which is not influenced by exchange broadening
because of the chemical properties of the nuclei participating
in the magnetization transfer pathway. The fairly low sub-
strate concentration generally required for these reactions is
still sufficient to acquire good quality 13C-detected spectra,
demonstrating the general applicability of this approach.

CONCLUSION

Research in the area of IDPs is continuously expanding.
Partly or completely disordered proteins of increasing size
and complexity and with high biomedical relevance are
being discovered at fast pace, adding a novel layer to struc-
tural biology. In this frame, NMR spectroscopy has a central
role, enabling the investigation of systems of increasing
complexity in an environment that resembles more and
more the physiological one. Heteronuclear direct detection
has contributed to establishing the importance of NMR in
this area of research. The possibility to collect two spectra
simultaneously is very attractive to study IDPs. Several
experimental variants are presented here in which during
the recovery delay needed to acquire the CON, an additional
2D spectrum is collected either based on 1H detection
(CON//HN) or on 15N detection (CON//btNH, CON//(H)
CAN). This, to our knowledge, novel approach is particu-
larly useful to study samples of limited lifetime, such as
IDPs inside whole cells or cell lysates, as well as to follow
chemical reactions such as PTMs of IDPs in conditions

approaching physiological ones (pH, temperature, ionic
strength, inhomogeneous in-cell environment). The avail-
ability of cryogenically cooled probeheads optimized for
heteronuclear direct detection is important to alleviate
the problem of the intrinsic lower sensitivity of hetero-
nuclei. The usefulness of these experiments is bound to in-
crease with increasing magnetic fields to take maximal
advantage of the narrow linewidths of C0 and N of highly
flexible IDPs, enabling the study of IDPs of increasing
complexity.
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Figure S1. CON//HN pulse sequence scheme. 

Narrow and wide black rectangles represent /2 and non-selective pulses; narrow and wide black 

symbols represent /2 and band-selective pulses (Q5 and Q3 shapes of 300 and 231 μs respec-
tively), hatched pulses are adiabatic inversion pulse on C′

 

and Cα

 

(smoothed Chirp 500 μs 80 kHz 
sweep and 20% smooting).  

The following phase cycling was employed for the CON//HN: 1 = x, -x ; 2 = 2(x), 2(-x); 3 = 4(x), 4(-

x), IP = x ; AP = -y and rec
CON= x, -x, x, -x, -x, x, -x, x for the 2D-CON and 4 = x, –x,  5 = 2(x), 2(-x) 6 

= 4(x) 4(-x) and rec
HN = x, -x, x, -x, -x, x, -x, x for the 2D-HN. Quadrature detection in the indirect 

dimension was achieved through the STATES-TPPI approach incrementing phase 1 (CON) and 4 
(HN).  

The length of the delays was: d1= 1.7 s; Δ= 16.6 ms; Δ1 = 4.5 ms; Δ2= 2.7 ms;  = ½ duration of adia-

batic pulse (250 μs); ´= t1(0) + duration of adiabatic pulse (500 μs). 

Virtual decoupling of the C′-Cα coupling in the 2D-CON was achieved by acquiring for each increment 
both the IP and AP component of the signals and combining them.  
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Figure S2. CON//btNH pulse sequence scheme. 

Narrow and wide black rectangles represent /2 and non-selective pulses; narrow and wide black 

symbols represent /2 and band-selective pulses (Q5 and Q3 shapes of 300 and 231 μs respec-
tively), hatched pulses are adiabatic inversion pulse on C′

 

and Cα

 

(smoothed Chirp 500 μs 80 kHz 
sweep and 20% smooting), the shaded shapes are Bip pulses.  

The following phase cycling was employed for the CON//btNH: 1 = x, -x; 2 = 2(x), 2(-x); 3 = 4(x), 

4(-x) and rec
CON= x, -x, x, -x, -x, x, -x, x for the 2D-CON and 4 =y, -y, x, -x; 5 = y 6 = x and rec

btNH = x, 
-x, -y, y for the 2D-btNH. Quadrature detection in the indirect dimension was achieved through the 

STATES-TPPI approach incrementing phase 1 for the CON and through the Echo/Antiecho approach 

by incrementing phase 4 and 5.  

The length of the delays was: d1= 2.35 s; Δ= 16.6 ms; Δ1 = 4.5 ms; Δ2= 2.7 ms; = t1(0) + duration of 
adiabatic pulse (500 μs).  

Virtual decoupling of the C'-Cα coupling in the 2D-CON was achieved by acquiring for each increment 
both the IP and AP component of the signals. The same approach was also employed to achieve 
heteronuclear decoupling (C'-N) during acquisition of the 15N FIDs in order to preserve the C' polar-
ization for the subsequent CON experiment. Band selective Cα decoupling was achieved using a Q3 
pulse in a P5M4 supercycle. 
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Figure S3. CON//(H)CAN pulse sequence scheme. 

Narrow and wide black rectangles represent /2 and non-selective pulses; narrow and wide black 

symbols represent /2 and band-selective pulses (Q5 and Q3 shapes of 300 and 231 μs respec-
tively), hatched pulses are adiabatic inversion pulse on C′

 

and Cα

 

(smoothed Chirp 500 μs 80 kHz 
sweep and 20% smooting).  

The following phase cycling was employed for the CON//(H)CAN: 1 = x, -x; 2 = 2(x), 2(-x); 3 = 4(x), 

4(-x) ; IP = x ; AP = -y and rec
CON= x, -x, x, -x, -x, x, -x, x for the 2D-CON and 4 = x, –x,  5 = 4(x), 4(-x) 

6 = 8(x) 8(-x) ; ’IP = 2(x), 2(-x) ; ’AP = 2(y), 2(-y) and rec
(H)CAN = x, -x, -x, x, -x, x, x, -x for the 2D-

(H)CAN. Quadrature detection in the indirect dimension was achieved through STATES-TPPI ap-

proach incrementing phase 1 (CON) and 4 ((H)CAN).  

The length of the delays was: d1= 2.5 s; Δ= 12.4 ms; Δ1 = 4.5 ms; Δ2= 1.7 ms; Δ3= 1.9 ms; Δ4= 1.4 ms; 
Δ5= 4.2 ms; Δ6= 16.6 ms.  ta, tb and tc were used to achieve the constant time mode for the 13Cα 
indirect dimension.  

Virtual decoupling of the C′-Cα coupling in the CON was achieved by acquiring for each increment 
both the IP and AP component of the signals. The same approach was also employed to achieve 
heteronuclear decoupling (C'-N) during acquisition of the 15N FIDs in order to preserve the C' polar-
ization for the subsequent CON experiment. Band selective Cα decoupling was achieved using a Q3 
pulse in a P5M4 supercycle. 
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Pulse sequence CON//HN 

;ut_con_fhsqchn 

;avance-version  

 

;Dataset 1 (F1) 

;fhsqcf3gpph 

;avance-version (12/01/11) 

;2D H-1/X correlation via double inept transfer 

; 

;      F1(HN) -> F3(N,t1) -> F1(HN,t2) 

; 

;phase sensitive 

;with decoupling during acquisition 

; 

;(S. Mori, C. Abeygunawardana, M. O'Neil-Johnson & P.C.M. van Zijl, 

;   J. Magn. Reson. B 108, 94-98 (1995) ) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

;Dataset 2 (F2) 

;CON 

;2D sequence with 

;   13C detected correlation for triple resonance using  

;      inept transfer steps 

; 

;      F1(C=O) -> F3(N,t1) -> F1(C=O,t2) 

; 

;on/off resonance 13C pulses using shaped pulses 

;phase sensitive (t1) 

;using IPAP scheme for virtual decoupling 

;(use parameterset C_CON_IASQ) 

; 

;W. Bermel, I. Bertini,L. Duma, I.C. Felli, L. Emsley,  R. Pierattelli, 

;   P.R. Vasos, Angew. Chem. Int. Ed. 44, 3089-3092 (2005) 

;(L. Duma, S. Hediger, A. Lesage & L. Emsley, 

;   J. Magn. Reson. 164, 187-195 (2003) ) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

#include <Grad.incl> 

 

 

"p2=p1*2" 

"p22=p21*2" 

"d11=30m" 

"d12=20u" 

"d26=1s/(cnst4*4)" 

 

"d22=4.5m" 

"d23=16.6m" 

 

"in31=inf1/2" 

"in32=in2/2" 
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"d31=3u" 

"d32=3u" 

 

 

"DELTA=d19-p22/2" 

"DELTA1=d26-p16-d16-p27*3-d19*5-p1*2/PI" 

"DELTA2=d26-p16-d16-p27*2-p0-d19*5-de-8u" 

"DELTA3=d31+larger(p2,p8)/2" 

"DELTA4=p21*2/PI" 

"DELTA5=d32*2+p8" 

"DELTA6=d23/2-p14/2" 

"DELTA7=d23-d22-p14" 

 

"TAU=d26-p16-d16-4u" 

 

 

"l0=1" 

 

"l3=td1/2" 

 

 

"spoff2=0" 

"spoff3=0" 

"spoff5=bf2*((cnst22-cnst21)/1000000)" 

"spoff8=0" 

"spoff13=bf2*((cnst26-cnst21)/1000000)" 

 

 

1 4u ze1  

  4u ze2  

     

2 d11 do:f1 do:f3 

  3m 

3 12m 

4 6m 

5 d1 

 

; fhsqc 

 

  20u fq=cnst47(bf ppm):f3 

  d12 pl1:f1 pl3:f3 

  50u UNBLKGRAD 

 

  (p1 ph11) 

  4u 

  p16:gp1 

  d16 

  TAU pl3:f3 

  (center (p2 ph11) (p22 ph16):f3 ) 

  4u 

  TAU 

  p16:gp1 

  d16 

  (p1 ph12)  

 

  4u 

  p16:gp2 

  d16 

  (p8:sp13 ph17):f2 

  4u 

 

  (p21 ph13):f3 

  DELTA3 

  (p22 ph13):f3 

  DELTA4 

  d31 

 

  (center (p2 ph15) (p8:sp13 ph11):f2 ) 
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  d31 

  DELTA4 

  (p22 ph14):f3 

  DELTA3 

  (p21 ph14):f3 

 

  4u 

  p16:gp2 

  d16 

 

  (p1 ph17)  

  p16:gp3 

  d16 pl18:f1 

  DELTA1 

  p27*0.231 ph18 

  d19*2 

  p27*0.692 ph18 

  d19*2 

  p27*1.462 ph18 

  DELTA 

  (p22 ph11):f3 

  DELTA 

  p27*1.462 ph19 

  d19*2 

  p27*0.692 ph19 

  d19*2 

  p0*0.231 ph19 

  4u 

  p16:gp3 

  d16 

  4u BLKGRAD 

  DELTA2 pl16:f3 

 

  goscnp1 ph31 cpd3:f3 

 

; con 

 

  4u do:f3 

  50u UNBLKGRAD 

 

  p16:gp5 

  d16 

 

  20u pl19:f1 pl3:f3 

  20u fq=cnst21(bf ppm):f2 

  20u fq=cnst57(bf ppm):f3 

  d12 cpds1:f1 

 

  (p13:sp2 ph1):f2 

  d23 

  (center (p14:sp3 ph1):f2 (p22 ph1):f3 ) 

  d23 

  (p13:sp8 ph2):f2 

 

  p16:gp4 

  d16 

 

  (p21 ph3):f3 

  d32 

  (p8:sp13 ph5):f2 

  d32 

  (p22 ph1):f3 

  DELTA5 

  (p21 ph4):f3 

 

  if "l0 %2 == 1" 

     { 

     (p13:sp2 ph1):f2 

     DELTA6 

     (p14:sp5 ph1):f2 
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     DELTA6 

     (center (p14:sp3 ph1):f2 (p22 ph1):f3 ) 

     DELTA6 

     (p14:sp5 ph1):f2 

     DELTA6 pl16:f3 

     } 

  else 

     { 

     (p13:sp2 ph6):f2 

     d22 

     (p14:sp5 ph1):f2 

     DELTA7 

     (center (p14:sp3 ph1):f2 (p22 ph1):f3 ) 

     DELTA6 

     DELTA6 pl16:f3 

     (p14:sp5 ph1):f2 

     } 

 

  4u BLKGRAD 

  go2=2 ph30 cpd3:f3 

 

  d11 do:f1 do:f3 wr2 #1 if2 #1 zd2 

 

;exp_f2 ipap 

  3m iu0 

  lo to 3 times 2 

 

  3m wr1 #0 if1 #0 zd1 

 

;exp_f1 phase 

  3m ip13 

  3m ip16 

 

;exp_f2 phase 

  3m ip3 

  lo to 4 times 2 

 

;exp_f1 delay 

  3m id31 

 

;exp_f2 delay 

  3m id32 

  lo to 5 times l3 

 

exit  

   

 

ph1=0  

ph2=1  

ph3=0 2 

ph4=0 0 0 0 2 2 2 2  

ph5=0 0 2 2  

ph6=3 

 

ph11=0 

ph12=1 

ph13=0 2 

ph14=0 0 0 0 2 2 2 2 

ph15=0 0 2 2 

ph16=0 

ph17=2 

ph18=1 

ph19=3 

 

ph30=0 2 0 2 2 0 2 0 

ph31=0 2 0 2 2 0 2 0 

 

;pl1 : f1 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 
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;pl18: f1 channel - power level for 3-9-19-pulse (watergate) 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp2 : f1 channel - shaped pulse  90 degree  (on resonance) 

;sp3 : f1 channel - shaped pulse 180 degree  (on resonance) 

;sp5 : f1 channel - shaped pulse 180 degree  (Ca off resonance) 

;sp8 : f1 channel - shaped pulse  90 degree  (on resonance) 

;                   for time reversed pulse 

;sp13: f1 channel - shaped pulse 180 degree  (adiabatic) 

;p0 : f1 channel -  90 degree pulse at pl18 for fine adjustment 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p8 : f1 channel - 180 degree shaped pulse for inversion (adiabatic) 

;p13: f1 channel -  90 degree shaped pulse 

;p14: f1 channel - 180 degree shaped pulse 

;p16: homospoil/gradient pulse                         [1 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;p27: f1 channel -  90 degree pulse at pl18 

;d1 : relaxation delay; 1-5 * T1 

;d11: delay for disk I/O                               [30 msec] 

;d12: delay for power switching                        [20 usec] 

;d16: delay for homospoil/gradient recovery 

;d19: delay for binomial water suppression 

;d22: 1/(4J(COCa))                                     [4.5 msec] 

;d23: 1/(4J(NCO))                                      [16.6 msec] 

;d26: 1/(4J(NH)) 

;d31: incremented delay (2D, exp 1)                    [3 usec] 

;d32: incremented delay (2D, exp 2)                    [3 usec] 

;cnst4: = J(NH) 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;cnst26: Call chemical shift (offset, in ppm)          [101 ppm] 

;cnst47: N(H) chemical shift (offset, in ppm) 

;cnst57: N chemical shift (offset, in ppm) 

;o1p: CO chemical shift (cnst21) 

;l0: flag to switch between inphase and antiphase 

;l3 : loop for 2D experiment = td1/2 

;inf1: 1/SW(N) = 2 * DW(N) 

;in2 : 1/SW(N) = 2 * DW(N) (inf1 of exp 2, N all) 

;in31: 1/(2 * SW(N)) =  DW(N) 

;nd31: 2 

;in32: 1/(2 * SW(N)) =  DW(N) 

;nd32: 2 

;ns: 8 * n 

;ds: >= 32 

;td1: number of experiments in F1 

;       (number of experiments after IPAP processing) 

;FnMODE: States-TPPI (or TPPI) in F1 

;cpds1: decoupling according to sequence defined by cpdprg1 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

;for z-only gradients: 

;gpz1: 50% 

;gpz2: 80% 

;gpz3: 31% 

;gpz4: 19% 

;gpz5: 60% 

 

;use gradient files: 

;gpnam1: SMSQ10.100 

;gpnam2: SMSQ10.100 

;gpnam3: SMSQ10.100 

;gpnam4: SMSQ10.100 

;gpnam5: SMSQ10.100 

 

;use AU-program splitcomb [ipap 2] to process data 

 

;$Id: $ 
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Pulse sequence CON//btNH 

;ut_con_n_btnh 

;avance-version  

 

;Dataset 1 (F1) 

;c_con_iasq 

;avance-version  

;CON 

;2D sequence with 

;   13C detected correlation for triple resonance using  

;      inept transfer steps 

; 

;      F1(C=O) -> F3(N,t1) -> F1(C=O,t2) 

; 

;on/off resonance 13C pulses using shaped pulses 

;phase sensitive (t1) 

;using IPAP scheme for virtual decoupling 

;(use parameterset C_CON_IASQ) 

; 

;W. Bermel, I. Bertini,L. Duma, I.C. Felli, L. Emsley,  R. Pierattelli, 

;   P.R. Vasos, Angew. Chem. Int. Ed. 44, 3089-3092 (2005) 

;(L. Duma, S. Hediger, A. Lesage & L. Emsley, 

;   J. Magn. Reson. 164, 187-195 (2003) ) 

; 

; 

;Dataset 2 (F2) 

;dummy dataset 

; 

; 

;Dataset 3 (F3) 

;nb_hntrosy_f2ig 

;avance-version (17/02/10) 

;2D 15N shift correlation 

; 

;      F2(HN,t1) -> F3(N,t2) 

; 

;with refocussing of chemical shifts 

;phase sensitive 

;using semi-constant time in t1 

;(use parameterset ) 

; 

;(R. Schnieders, C. Richter, S. Warhaut, V. de Jesus, S. Keyhani,  

;   E. Duchardt-Ferner, H. Keller, J. WÃ¶hnert, L.T. Kuhn, A.L. Breeze, 

;   W. Bermel, H. Schwalbe & B. FÃ¼rtig, ;   J. Biomol. NMR 69, 31â€“44 (2017) ) 

;(K. Takeuchi, H. Arthanari, I. Shimada & G. Wagner, J. Biomol. NMR 63, 1â€“9 (2015) ) 

;(K. Takeuchi, H. Arthanari, M. Imai & G. Wagner, J. Biomol. NMR 64, 143â€“151 (2016) ) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

prosol relations=<triple_c> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

#include <Grad.incl> 

 

 

"p22=p21*2" 

"d11=30m" 

"d12=20u" 

"d26=1s/(cnst4*4)" 

 

"d22=4.5m" 
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"d23=16.6m" 

 

 

"p42=(bwfac42/(cnst55*cnst52*bf2))*1000000" 

"spw42=plw2/((p42*90.0)/(p3*totrot42))*((p42*90.0)/(p3*totrot42))*(integfac42*integ-

fac42)" 

"spoal42=0.5" 

"spoff42=bf2*(cnst54/1000000)-o2" 

 

"p43=(bwfac43/(cnst55*cnst53*bf2))*1000000" 

"spw43=plw2/((p43*90.0)/(p3*totrot43))*((p43*90.0)/(p3*totrot43))*(integfac43*integ-

fac43)" 

"spw44=plw2/((p43*90.0)/(p3*totrot44))*((p43*90.0)/(p3*totrot44))*(integfac44*integ-

fac44)" 

"spoal43=0" 

"spoal44=1" 

"spoff43=bf2*(cnst54/1000000)-o2" 

"spoff44=bf2*(cnst54/1000000)-o2" 

 

 

"in31=inf1/2" 

"in32=in2/2" 

 

"d31=3u" 

"d32=in32/2-p39/2" 

 

 

"d60=d1-(d61+d59)*4-d58" 

 

 

"DELTA=d31" 

"DELTA1=d23/2-p12/2" 

"DELTA2=d23-d22-p12" 

"DELTA11=d26-larger(p22,p42)/2-p16-d16" 

"DELTA12=d26-larger(p22,p42)/2-p16-d16-p21*2/PI" 

"DELTA13=d26-larger(p22,p42)/2-p16-d16-de" 

"DELTA14=d23/2-p12/2" 

 

 

"l0=0" 

"l3=l22/2" 

"l10=1" 

"l13=td1/(8*l22)" 

"l30=0" 

 

 

"spoff4=bf1*((cnst26-cnst22)/1000000)" 

"spoff13=bf1*((cnst26-cnst21)/1000000)" 

"spoff23=0" 

"spoff24=0" 

"spoff25=0" 

"spoff26=bf1*((cnst22-cnst21)/1000000)" 

"spoff27=bf1*((cnst21-cnst22)/1000000)" 

 

 

1 4u ze1 

  4u ze3  

2 d11 do:f3 

  3m 

3 3m 

4 3m 

5 6m 

6 9m 

7 12.02m 

8 3m 

 

  d60  

  50u UNBLKGRAD 

 

goscnp2 ph31 



 

12 

 

  p16:gp2 

  d16  

 

;n_trhn 

 

  d12 pl19:f1 pl3:f3 

  20u fq=cnst22(bf ppm):f1 

 

  "cnst31=(l30%2)*90" 

 

  3m ip18+cnst31 

 

11 d61 

 

  (p39:sp4 ph17):f1 

 

  if "l0 %2 == 1" 

     { 

     (p43:sp44 ph13+ph18):f2 

     } 

  else 

     { 

     (p43:sp44 ph14+ph18):f2 

     } 

  d32 

  (p39:sp4 ph1+ph18):f1 

  d32 

 

  (p21 ph15+ph18):f3 

  DELTA11 

  p16:gp3 

  d16 

  4u 

  (center (p42:sp42 ph1+ph18):f2 (p22 ph1+ph18):f3 ) 

  4u 

  p16:gp3 

  d16 

  DELTA11 

  (p21 ph1+ph18):f3 

 

  (p43:sp43 ph2+ph18):f2 

  DELTA12 

  p16:gp4 

  d16 

  4u 

  (center (p42:sp42 ph1+ph18):f2 (p22 ph1+ph18):f3 ) 

  4u 

  p16:gp4 

  d16 

  DELTA13 

  4u BLKGRAD 

  (p43:sp44 ph16+ph18):f2 

 

  if "l30 %2 == 0" 

     { 

     DELTA14 

     (p12:sp27 ph1):f1 

     DELTA14 

     (p22 ph1):f3 

     DELTA14 

     (p12:sp27 ph17):f1 

     DELTA14 pl19:f1 

     } 

  else 

     { 

     (p12:sp27 ph1):f1 

     DELTA14 

     DELTA14 

     (p22 ph1):f3 
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     (p12:sp27 ph17):f1 

     DELTA14 

     DELTA14 pl19:f1 

     } 

 

  goscnp3 ph30 cpd1:f1 

 

  4u do:f1 

  lo to 11 times 4 

 

  50u UNBLKGRAD 

 

  p16:gp5 

  d16  

 

;con 

 

  20u pl3:f3 

  20u fq=cnst21(bf ppm):f1 

 

  (p11:sp23 ph1) 

  d23 

  (center (p12:sp24 ph1) (p22 ph1):f3 ) 

  d23 

  (p11:sp25 ph2) 

 

  p16:gp1 

  d16 

 

  (p21 ph3):f3 

  d31 

  (center (p8:sp13 ph5):f1 (p44:sp3 ph1):f2 ) 

  d31 

  (p22 ph1):f3 

  DELTA 

  (center (p8:sp13 ph1):f1 (p44:sp3 ph7):f2 ) 

  DELTA 

  (p21 ph4):f3 

 

  if "l10 %2 == 1" 

     { 

     (p11:sp23 ph1) 

     DELTA1 

     (p12:sp26 ph1) 

     DELTA1 

     (center (p12:sp24 ph1) (p22 ph1):f3 ) 

     DELTA1 

     (p12:sp26 ph1) 

     DELTA1 pl16:f3 

     } 

  else 

     { 

     (p11:sp23 ph6) 

     d22 

     (p12:sp26 ph1) 

     DELTA2 

     (center (p12:sp24 ph1) (p22 ph1):f3 ) 

     DELTA1 

     DELTA1 pl16:f3 

     (p12:sp26 ph1) 

     } 

 

  4u BLKGRAD 

 

  go1=2 ph31 cpd3:f3 

 

  d11 do:f3 wr1 #0 if1 #0 zd1 

  3m wr2 #1 if2 #1 zd2 

 

;exp_f1 ipap 
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  3m iu10 

  lo to 3 times 2 

 

;exp_f1 phase 

  3m ip3 

  lo to 4 times 2 

 

;exp_f1 delay 

  3m id31 

  lo to 5 times l13 

 

  3m wr3 #2 if3 #2 zd3 

 

  3m iu30 

  lo to 6 times 2 

 

;exp_f2 phase 

  3m ip15*2 

  3m ip16*2 

  3m iu0 

  lo to 7 times 2 

 

;exp_f2 delay 

  3m id32 

  3m 

  20u 

  3m 

  3m 

  lo to 8 times l3 

 

 

exit  

   

 

ph1=0  

ph2=1  

ph3=0 2 

ph4=0 0 0 0 2 2 2 2  

ph5=0 0 2 2  

ph6=3 

ph7=2 

ph13=1 3 0 2 

ph14=3 1 0 2 

ph15=1 

ph16=0 

ph17=2 

ph18=0 

ph30=0 2 3 1 

ph31=0 2 0 2 2 0 2 0 

 

   

;pl1 : f1 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;sp3 : f2 channel - shaped pulse 180 degree (Bip720,50,20.1) 

;sp4 : f1 channel - shaped pulse 180 degree (Bip720,100,10.1) 

;sp13: f1 channel - shaped pulse 180 degree  (adiabatic) 

;sp23: f1 channel - shaped pulse  90 degree  (on resonance) 

;sp24: f1 channel - shaped pulse 180 degree  (on resonance) 

;sp25: f1 channel - shaped pulse  90 degree  (on resonance) 

;                   for time reversed pulse 

;sp26: f1 channel - shaped pulse 180 degree  (Ca off resonance) 

;sp27: f1 channel - shaped pulse 180 degree  (C=O off resonance) 

;sp42: f2 channel - shaped pulse 180 degree (Reburp.1000) 

;sp43: f2 channel - shaped pulse  90 degree (Eburp2.1000) 

;sp44: f2 channel - shaped pulse  90 degree (Eburp2tr.1000) 

;p8 : f1 channel - 180 degree shaped pulse for inversion (adiabatic) 

;p11: f1 channel -  90 degree shaped pulse 

;p12: f1 channel - 180 degree shaped pulse 
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;p16: homospoil/gradient pulse                         [1 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;p39: f1 channel - 180 degree shaped pulse for refocussing 

;                      Bip720,100,10.1 (160us at 600.13 MHz) 

;p42: f2 channel - 180 degree shaped pulse for refocussing 

;                      Reburp.1000               (1.4ms at 600.13 MHz) 

;p43: f2 channel -  90 degree shaped pulse for excitation 

;                      Eburp2.1000/Eburp2tr.1000 (1.7ms at 600.13 MHz) 

;p44: f2 channel - 180 degree shaped pulse for refocussing 

;                      Bip720,50,20.1            (200us at 600.13 MHz) 

;d1 : relaxation delay; 1-5 * T1 

;d11: delay for disk I/O                               [30 msec] 

;d12: delay for power switching                        [20 usec] 

;d16: delay for homospoil/gradient recovery 

;d22: 1/(4J(COCa))                                     [4.5 msec] 

;d23: 1/(4J(NCO))                                      [16.6 msec] 

;d26: 1/(4J)NH 

;d31: incremented delay (2D, exp 1))                   [3 usec] 

;d32: incremented delay (2D, exp 3)): in32/2-p39/2 

;d58: = AQ of exp 2 (1H) 

;d59: = AQ of exp 3 (15N) 

;d60: relaxation delay as executed 

;d61: relaxation delay of exp 3 

;cnst4: = J(NH) 

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;cnst26: Call chemical shift (offset, in ppm)          [101 ppm] 

;cnst43: compensation of chemical shift evolution during p43 

;           Eburp2.1000: 0.69 

;cnst52: scaling factor for p42 to compensate for transition region 

;           Reburp.1000: 1.426 

;cnst53: scaling factor for p43 to compensate for transition region 

;           Eburp2.1000: 1.000 

;cnst54: H(N) chemical shift (offset, in ppm) 

;cnst55: H(N) bandwidth (in ppm) 

;o1p: CO chemical shift (cnst21) 

;l0 : flag to switch between odd and even increments (exp 3) 

;l3 : loop for 2D exp 1 = l22/2 

;l13: loop for 2D exp 3 = td1/(8*l22) 

;l10: flag to switch between inphase and antiphase (exp 1) 

;l22: number of experiments in F1 for exp 3 (after IPAP processing) 

;l30: flag to switch between inphase and antiphase (exp 3) 

;inf1: 1/SW(N) = 2 * DW(N) 

;in2 : 1/SW(H) = 2 * DW(H) (inf1 of exp 3) 

;in31: 1/(2 * SW(N)) =  DW(N) 

;nd31: 2 

;in32: 1/(2 * SW(H)) = DW(H) 

;nd32: 2 

;ns: 8 * n 

;ds: >= 32 

;td1: number of experiments in F1 

;       (number of experiments after IPAP processing) 

;FnMODE: States-TPPI (or TPPI) in F1 

;cpd1: decoupling according to sequence defined by cpdprg1: p5m4sp180 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 180 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

;cpdprg1: p5m4sp180 

 

 

;for z-only gradients: 

;gpz1: 50% 

;gpz2: 70% 

;gpz3: 31% 

;gpz4: 19% 

;gpz5: 45% 

 

;use gradient files: 

;gpnam1: SMSQ10.100 
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;gpnam2: SMSQ10.100 

;gpnam3: SMSQ10.100 

;gpnam4: SMSQ10.100 

;gpnam5: SMSQ10.100 

 

 

;use AU-program splitcomb [ipap 2] to process data 

 

;Processing (exp 3) 

 

;PHC0(F1): 90 

;PHC1(F1): -180 

;FCOR(F1): 1 

 

 

;$Id: $ 
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Pulse sequence CON//(H)CAN 

;ut_con_n_(h)can 

;avance-version 

 

;Dataset 1 (F1) 

;n_hcan.2 

;avance-version  

;2D sequence with 

;   15N detected correlation for triple resonance using 

;      inept transfer steps 

; 

;      F3(Ha) -> F2(Ca,t1) -> F1(N,t2) 

; 

;on/off resonance 13C pulses using shaped pulses 

;phase sensitive (t1) 

;using constant time in t1 

;(use parameterset ) 

; 

;M. Gal, K. A. Edmonds, A. G. Milbradt, K. Takeuchi & G. Wagner, 

;   J Biomol NMR 51, 497-504 (2011) 

;(K. Takeuchi, G. Heffron, Z.-Y. J. Sun, D. P. Frueh & G. Wagner, 

;   J Biomol NMR 47, 271-282 (2010)) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

;Dataset 2 (F2) 

;c_con_iasq 

;avance-version  

;CON 

;2D sequence with 

;   13C detected correlation for triple resonance using  

;      inept transfer steps 

; 

;      F2(C=O) -> F1(N,t1) -> F2(C=O,t2) 

; 

;on/off resonance 13C pulses using shaped pulses 

;phase sensitive (t1) 

;using IPAP scheme for virtual decoupling 

;(use parameterset ) 

; 

;W. Bermel, I. Bertini,L. Duma, I.C. Felli, L. Emsley,  R. Pierattelli, 

;   P.R. Vasos, Angew. Chem. Int. Ed. 44, 3089-3092 (2005) 

;(L. Duma, S. Hediger, A. Lesage & L. Emsley, 

;   J. Magn. Reson. 164, 187-195 (2003) ) 

; 

;$CLASS=HighRes 

;$DIM=2D 

;$TYPE= 

;$SUBTYPE= 

;$COMMENT= 

 

 

prosol relations=<triple> 

 

 

#include <Avance.incl> 

#include <Delay.incl> 

#include <Grad.incl> 

 

 

"p2=p1*2" 

"p22=p21*2" 

"d3=1s/(cnst2*cnst12)" 
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"d4=1s/(cnst2*4)" 

"d11=30m" 

"d12=20u" 

 

"d22=4.5m" 

"d23=12.4m" 

"d25=16.6m" 

"d27=14.3m" 

 

 

"d32=3u" 

"d31=d27/2-d3-p22/2" 

"d41=d27/2-larger(p14,p22)/2" 

"d51=d23-d27/2-p14/2-p2/2" 

 

 

"in31=inf1/4" 

"in32=in2/2" 

 

"in41=in31" 

"in51=in31" 

 

"td1=tdmax(td1,d41*2,in41)" 

 

 

"d1=(d60+d58)*3 +d59+50m" 

 

 

"DELTA1=d27-d23-p2/2" 

"DELTA2=d3-p14/2-p22/2" 

"DELTA3=d25/2" 

"DELTA4=d23-d25/2-p14" 

"DELTA5=d25-d23" 

"DELTA6=d25/2-d12+p1*2/PI-de-4u" 

"DELTA7=d32*2+p8" 

"DELTA8=d23/2-p14/2" 

"DELTA9=d23-d22-p14" 

 

 

"spoff2=0" 

"spoff3=0" 

"spoff5=bf2*((cnst21-cnst22)/1000000)" 

"spoff7=bf2*((cnst22-cnst21)/1000000)" 

"spoff8=0" 

"spoff13=bf2*((cnst26-cnst21)/1000000)" 

"spoff23=bf2*((cnst23-cnst22)/1000000)" 

 

"l0=0" 

"l10=0" 

 

"l3=td1/4" 

 

 

"acqt0=0" 

baseopt_echo 

 

 

1 4u ze1 

  4u ze2 

  d1 

 

2 d11 do:f1 do:f3 

  3m 

3 3m 

4 9m 

5 3m 

6 9m 

7 3m 

 

;n_hcan 
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8 d11 do:f2 do:f3 

  d60 

 

  50u UNBLKGRAD 

  4u pl1:f1 pl3:f3 

 

  (p1 ph1):f1 

  p16:gp1 

  d16 fq=cnst22(bf ppm):f2 

 

  (p21 ph1):f3 

  d4 

  (center (p14:sp3 ph1):f2 (p22 ph1):f3 ) 

  d4 

  (p21 ph2):f3 

 

  (p13:sp2 ph3):f2 

  d41 

  (center (p14:sp5 ph1):f2 (p22 ph1):f3 ) 

  d41 

  (p14:sp23 ph1):f2 

  DELTA1 

  (p2 ph1):f1 

  d51 

  (p14:sp5 ph10):f2 

  DELTA2 

  (p22 ph1):f3 

  d31 

  (p13:sp8 ph4):f2 

 

  4u 

  p16:gp2 

  d16 pl16:f3 

  20u cpd3:f3 

 

  if "l0 %2 == 0" 

     { 

     (p1 ph5):f1 

     DELTA3 

     (p14:sp5 ph1):f2 

     DELTA4 

     (p14:sp3 ph1):f2 

     DELTA5 

     (p2 ph6):f1 

     DELTA3 

     (p14:sp5 ph10):f2 

     } 

  else 

     { 

     (p1 ph7):f1 

     (p14:sp5 ph1):f2 

     DELTA3 

     DELTA4 

     (p14:sp3 ph1):f2 

     DELTA5 

     (p2 ph6):f1 

     (p14:sp5 ph10):f2 

     DELTA3 

     } 

 

  DELTA6 

  d12 pl28:f2 

  4u BLKGRAD 

 

  goscnp1 ph31 cpd2:f2 

  lo to 8 times 3 

   

    

;c_con 
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  4u do:f2 do:f3 

  50m 

  50u UNBLKGRAD 

 

  p16:gp3 

  d16 fq=cnst21(bf ppm):f2 

 

  4u pl1:f1 pl16:f3 

  4u cpd3:f3 

 

  (p13:sp2 ph1):f2 

  d23 

  (center (p2 ph1):f1 (p14:sp3 ph1):f2 ) 

  d23  

  (p13:sp8 ph2):f2 

 

  p16:gp4 

  d16 

 

  (p1 ph13):f1 

  d32 

  (p8:sp13 ph15):f2 

  d32 

  (p2 ph1):f1 

  DELTA7 

  (p1 ph14):f1 

 

  if "l10 %2 == 0" 

     { 

     (p13:sp2 ph1):f2 

     DELTA8 

     (p14:sp7 ph1):f2 

     DELTA8 

     (center (p2 ph1):f1 (p14:sp3 ph1):f2 ) 

     DELTA8 

     (p14:sp7 ph1):f2 

     DELTA8 pl19:f1 

     } 

  else 

     { 

     (p13:sp2 ph16):f2 

     d22 

     (p14:sp7 ph1):f2 

     DELTA9 

     (center (p2 ph1):f1 (p14:sp3 ph1):f2 ) 

     DELTA8 

     DELTA8 pl19:f1 

     (p14:sp7 ph1):f2 

     } 

 

  4u BLKGRAD 

 

  go2=2 ph30 cpd1:f1 

 

  d11 do:f1 do:f3 wr2 #1 if2 #1 zd2   

 

;exp_f2 ipap 

  3m iu10 

  lo to 3 times 2 

 

;exp_f2 phase 

  3m dp13 

  lo to 4 times 2 

  

  3m wr1 #0 if1 #0 zd1 

 

;exp_f1 ipap 

  3m iu0 
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;exp_f2 delay 

  3m id32 

  lo to 5 times 2 

 

;exp_f1 phase 

  3m ip3 

  lo to 6 times 2 

 

;exp_f1 delay 

  3m id31 

  3m dd41 

  3m id51 

 

  lo to 7 times l3 

 

exit 

 

 

ph1=0 

ph2=1 

ph3=0 2 

ph4=0 0 0 0 2 2 2 2  

ph5=0 0 2 2  

ph6=0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2  

ph7=1 1 3 3  

ph10=2 

 

ph13=0 2 

ph14=0 0 0 0 2 2 2 2 

ph15=0 0 2 2 

ph16=3 

 

ph29=0 

ph30=0 2 0 2 2 0 2 0 

ph31=0 2 2 0 2 0 0 2  

 

 

;pl1 : f1 channel - power level for pulse (default) 

;pl2 : f2 channel - power level for pulse (default) 

;pl3 : f3 channel - power level for pulse (default) 

;pl16: f3 channel - power level for CPD/BB decoupling 

;pl19: f1 channel - power level for CPD/BB decoupling 

;pl28: f2 channel - power level for CPD/BB decoupling 

;sp2: f2 channel - shaped pulse  90 degree  (on resonance) 

;sp3: f2 channel - shaped pulse 180 degree  (on resonance) 

;sp5: f2 channel - shaped pulse 180 degree  (C=O off resonance) 

;sp7: f2 channel - shaped pulse 180 degree  (Ca off resonance) 

;sp8: f2 channel - shaped pulse  90 degree  (on resonance) 

;                   for time reversed pulse 

;sp13: f2 channel - shaped pulse 180 degree  (adiabatic) 

;sp23: f2 channel - shaped pulse 180 degree  (Cali off resonance) 

;p1 : f1 channel -  90 degree high power pulse 

;p2 : f1 channel - 180 degree high power pulse 

;p8 : f2 channel - 180 degree shaped pulse for inversion (adiabatic) 

;p13: f2 channel -  90 degree shaped pulse 

;p14: f2 channel - 180 degree shaped pulse 

;p16: homospoil/gradient pulse                         [1 msec] 

;p21: f3 channel -  90 degree high power pulse 

;p22: f3 channel - 180 degree high power pulse 

;d1 : relaxation delay as executed; 1-5 * T1 

;d3 : 1/(n*J(CH)), n = cnst12 

;d4 : 1/(4J(CH)) 

;d11: delay for disk I/O                               [30 msec] 

;d12: delay for power switching                        [20 usec] 

;d16: delay for homospoil/gradient recovery 

;d22: 1/(4J(COCa))                                     [4.5 msec] 

;d23: 1/(4J(NCO))                                      [12.4 msec] 

;d25: 1/(4J'(NCO))                                     [16.6 msec] 

;d27: 1/(2J(CaCb))                                     [14.3 msec] 

;d31 : incremented delay (2D, exp 1) = d27/2-d3-p22/2 
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;d32 : incremented delay (2D, exp 2)             [3 usec] 

;d41: decremented delay (2D, exp 1) = d27/2-larger(p14,p22)/2 

;d51: incremented delay (2D) = d23-d27/2-p14/2-p2/2 

;d58: = AQ of exp 1 (15N) 

;d59: = AQ of exp 2 (13C) 

;d60: relaxation delay for exp 1 

;cnst2: = J(CH)                                        [145 Hz]  

;cnst12: for multiplicity selection = 4 for all but Gly, 5 including Gly  

;cnst21: CO chemical shift (offset, in ppm) 

;cnst22: Calpha chemical shift (offset, in ppm) 

;cnst23: Caliphatic chemical shift (offset, in ppm) 

;cnst26: Call chemical shift (offset, in ppm)          [101 ppm] 

;o1p: CO chemical shift (cnst21) 

;l0 : flag to switch between inphase and antiphase (exp 1) 

;l3 : loop for 2D experiment = td1/4 

;l10: flag to switch between inphase and antiphase (exp 2) 

;inf1: 1/SW(Ca) = 2 * DW(Ca) 

;in2 : 1/SW(N) = 2 * DW(N) (inf1 of exp 2) 

;in31: 1/(4 * SW(Ca)) = (1/2) DW(Ca) 

;nd31: 4 

;in32: 1/(2 * SW(N)) = DW(N) 

;nd32: 2 

;in42: = in32  

;in52: = in32  

;ns: 4 * n 

;ds: >= 32 

;td1: number of experiments in F1 

;       (number of experiments after IPAP processing) 

;FnMODE: States-TPPI (or TPPI) in F1 

;cpd1: decoupling according to sequence defined by cpdprg1 

;cpd2: decoupling according to sequence defined by cpdprg2: p5m4sp180 

;cpd3: decoupling according to sequence defined by cpdprg3 

;pcpd1: f1 channel - 90 degree pulse for decoupling sequence 

;pcpd2: f2 channel - 180 degree pulse for decoupling sequence 

;pcpd3: f3 channel - 90 degree pulse for decoupling sequence 

 

;for z-only gradients: 

;gpz1: 50%  

;gpz2: 40% 

;gpz3: 60% 

;gpz4: 30% 

 

;use gradient files: 

;gpnam1: SMSQ10.100 

;gpnam2: SMSQ10.100 

;gpnam3: SMSQ10.100 

;gpnam4: SMSQ10.100 

 

;use AU-program splitcomb [ipap 2] to process data 

 

;$Id: $ 
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Abstract

Intrinsically disordered proteins (IDPs) carry out many biological functions. They lack a stable three-
dimensional structure, but rather adopt many different conformations in dynamic equilibrium. The interplay
between local dynamics and global rearrangements is key for their function. In IDPs, proline residues are
significantly enriched. Given their unique physicochemical and structural properties, a more detailed
understanding of their potential role in stabilizing partially folded states in IDPs is highly desirable. Nuclear
magnetic resonance (NMR) spectroscopy, and in particular 13C-detected NMR, is especially suitable to
address these questions. We applied a 13C-detected strategy to study Osteopontin, a largely disordered IDP
with a central compact region. By using the exquisite sensitivity and spectral resolution of these novel
techniques, we gained unprecedented insight into cis-Pro populations, their local structural dynamics, and
their role in mediating long-range contacts. Our findings clearly call for a reassessment of the structural and
functional role of proline residues in IDPs. The emerging picture shows that proline residues have ambivalent
structural roles. They are not simply disorder promoters but rather can, depending on the primary sequence
context, act as nucleation sites for structural compaction in IDPs. These unexpected features provide a
versatile mechanistic toolbox to enrich the conformational ensembles of IDPs with specific features for
adapting to changing molecular and cellular environments.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Intrinsically disordered proteins (IDPs) exist as
ensembles of rapidly interconverting conformers,
therefore cannot be described by a single three-
dimensional structure [1e3]. Their unique physico-
chemical properties derive from the polymer-like
properties [4] of polypeptide chains in combination
with the specific characteristics of the interaction
pattern resulting from the primary sequence. Among
the naturally occurring amino acids, proline has
peculiar properties due to its cyclic structure, which
links the backbone nitrogen with its side chain
generating a pyrrolidine ring that constrains its
available conformational space. These steric

restraints reduce the energy difference between
cis/trans conformers involving peptide bonds
between proline residues and the amino acids
preceding them (Xaa-Pro peptide bonds). Although
for noncyclic amino acids the occurrence of the cis
conformation is less than a 0.5%, the cyclic nature of
prolines slightly disfavors the trans conformation,
leading to increased cis populations, typically ran-
ging from 5 to 10% [5,6]. The energetic barrier in cis
and trans interconversion is estimated to be around
84 kJ/mol�1, high enough to have distinct separate
species with a significant lifetime (i.e., interconver-
sion rates of 10�3 s�1), existing in “slow” exchange.
Peptide bonds involving prolines differ substantially
from those involving other amino acids and among
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other factors [7,8] play an important role in protein
folding processes [9].
The role of proline residues in highly flexible

disordered polypeptide chains has been a long
discussed topic and has involved many hypotheses
[9e13]. The peculiarities of this amino acid have
been a focus of study due to its pivotal role in
proteineprotein interactions [14], backbone rearran-
gements [8,15], posttranslational modifications
[16,17], and secondary structure formation
[18e21]. Experimental data, however, were sparse
mainly because of methodological limitations.
Nuclear magnetic resonance (NMR) is a unique

tool to characterize the structure and dynamics of
proteins at atomic resolution. Most methods used in
the study of biomolecules rely on the detection of 1H,
which offers better inherent sensitivity because of its
higher gyromagnetic ratio compared with 13C and
15N. The general approach for a well-structured
protein consists in exploiting the amide proton (1HN)
in combination with the backbone nitrogen (15N) as
readout because of its ease of detection and the
resulting favorable overall cross-peak dispersion
that allows to observe the “fingerprint” of a protein
of interest by simple 2D spectra. However, this
method has limitations when dealing with IDPs, in
particular when approaching physiological condi-
tions. On one side, 1HN is highly sensitive to its
environment, in particular to pH and temperature,
which may compromise its use for studies under
such conditions due to rapid exchange with the
solvent. In addition, it does not provide information
about proline residues, which lack the amide proton.
This also complicates their sequence-specific
assignment, although approaches have been devel-
oped to partially “by-pass” this limitation [22,23].
Alternative detection schemes for prolines involve
aliphatic protonecarbon (1H-13Cali) correlation
spectroscopy [12,16,24]. Despite many observable
correlations (1Ha-13Ca and 1Hali-13Cali), these
experiments have very poor chemical shift disper-
sion characteristics and are largely insensitive to
their backbone environment. Moreover, the large
number of proline residues in IDPs leads to
extensive cross-peak overlap that hampers their
investigation at atomic resolution.
An attractive option to obtain NMR spectroscopy

information on proline residues is the use of direct
13C observation [25]. To our knowledge, the first
reference making use of direct 13C-detection for the
study of prolines dates back to 1973 and was
proposed by the Bovey group [26] and few years
later, in 1976, by the Wüthrich group [27]. However,
this approach was abandoned because of the low
sensitivity of these experiments. The advances in
obtaining 13C-/15N-enriched recombinant proteins
and the development of cryogenically cooled NMR
probeheads for the direct detection of heteronuclei
[28], which have boosted sensitivity, allowed the

viability of direct 13C and 15N detection to study
macromolecules [29e33]. More interestingly, as the
chemical shifts of an NMR cross-peak depend on the
two nuclei involved in the peptide bond, the 2D
correlation of carbonyl carbon and amide nitrogen
nuclear spins across the peptide bond (13C0

i-
15Niþ1)

result in exquisite signal dispersion in the so-called
CON spectrum (Fig. 1A) [34,35]. This is largely
independent of tertiary structure and provides well-
resolved information about all amino acids including
proline, even in IDPs. In other words, CON spectra
provide the most complete two-dimensional finger-
print of an IDP, and they are a key tool for their
complete characterization [36,37].
Here we make use of direct 13C-detection tools

[38e42] to fully characterize the cis/trans equili-
brium of proline residues in Coturnix japonica
Osteopontin (OPN), an extracellular IDP that exerts
its function by binding to numerous components of
the extracellular matrix (ECM), including two types
of membrane receptors: integrins and CD44. Its
activity is highly regulated by posttranslational
modifications (phosphorylation, glycosylation, and
protein cleavage), splicing of OPN and CD44, and
several binding events with different extracellular
ligands. The correct interpretation of the extracel-
lular stimuli is key for cell behavior, and a dereg-
ulation of OPN has been related to metastatic and
abnormal cell function [43e47]. OPN contains
regions with significant compaction that enable the
correct exposure of many of the interacting motifs,
like the RGD motif (Fig. 1C) [48], indicating a
potential role of these compact states for its
function. Thus, OPN is an ideal case to study the
role of proline residues in IDPs and the relevance of
cis/trans conformers for stabilizing local conforma-
tion and long-range contacts.

Results

Observation and signal assignment of cis iso-
mers of proline residues by 13C-detection

13C0
i-1-

15Ni cross-peaks, where i is a proline, due
to their peculiar nitrogen chemical shifts, appear in a
well-separated region of CON spectra (Fig. 1A). A
careful inspection of the spectra reveals the exis-
tence of peaks due to minor species (Fig. 1B).
Given the low population of the minor species,

special emphasis was put into optimizing the
sensitivity of the standard assignment experiments
exploiting 13C detection (3D (H)CBCACON and 3D
(H)CBCANCO) [29,35,49] (see Method). Signal
assignment cannot be achieved simply by compar-
ison with the major form chemical shifts because
cross-peak displacements of the minor form relative
to the main peaks are substantial and do not follow a
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simple regular pattern. Standard assignment strate-
gies based on the correlation of Ca, Cb, and C0 of
consecutive residues (Fig. 2A) allow the assignment
of most of the residues when spectral overlap is not
pronounced. The 3D (H)CCCON [34] provides
additional information about side chain shifts of
aliphatic carbons (Cali), a key aspect to distinguish
residues that have similar Ca and Cb chemical shifts.
However, this strategy fails when dealing with similar
sequence repeats. In particular, proline side chain
carbons share very similar chemical shifts, and
several ambiguities might remain during the
sequence-specific assignment procedure. The 3D
COCON experiment [38,39] is an excellent comple-
mentary experiment because it correlates carbonyl
signals of three or more consecutive residues by
transferring the magnetization across the 3JC0C0

couplings (0.5e3.0 Hz) via isotropic mixing. To
detect cross-peaks involving the minor species,
characterized by low signal-to-noise ratio, a sensi-
tivity improvement was introduced into the original
3D COCON experiment. By taking advantage of the
higher 1H polarization, initial magnetization was

transferred from 1Ha to 13Ca and then to 13C0 before
the beginning of the COCON experiment. This
resulted in an approximate increase of the S/N
ratio per unit time by a factor of 1.65 (Fig. S1AeB).
The detection of sequential connectivities in the 3D
(HCA)COCON (Fig. 2B) in combination with those
observed in the 3D (H)CBCACON, 3D (H)
CBCANCO and 3D (H)CCCON allowed the assign-
ment of both major and minor forms in OPN. Under
the present experimental conditions, the (HCA)
COCON spectra gave the most complete informa-
tion by correlating at least three (from d(15N) i to iþ2)
residues in all cases and, in some cases even five
residues (from d(15N) i-1 to iþ3). The signal intensity
of the off-diagonal signals is directly dependent on
the value(s) of the intervening 3JC0C0 coupling
constants. In the subspectra associated with the
minor forms, some of the cross-peaks connecting
proline residues to their following residues show low
to vanishing intensity (Fig. S1C). As the connections
to the preceding residues are usually still present,
this is not simply an issue of reduced spectral
sensitivity reflecting the low effective concentration

Fig. 1. Observation of prolines by 13C-detection NMR. (A) 13C-detected 2D CON spectrum recorded on Coturnix
japonicaOsteopontin. Note the good dispersion of cross-peaks and the presence of prolines signals around 134e140 ppm
d(15N). (B) Proline region in the 2D CON spectrum. The main forms of prolines are observed (left) and minor forms appear
(right) when the contour levels are lowered. In the inset, the level of the 2D slice and the relative intensity of major and
minor forms are reported. Tentative assignments lacking further connectivities are indicated with an asterisk. (C) Primary
sequence of the C. japonica Osteopontin construct used in this work. Proline residues are indicated in red, the RGD motif
(integrin binding site) is in blue. Underlined residues indicate amino acid spacing of ten residues (note that the sequence
starts at residue M45). Residues located in the green box are part of the compact region in OPN. This compact state has
extensively been characterized by paramagnetic relaxation enhancement (PRE) and interference (PRI) data, displaying
cooperative unfolding under denaturing conditions [48].
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of the minor species, but rather suggests a con-
sistently small value for the 3JC0 iC0iþ1 indicative of a
specific backbone geometry. This is consistent with
the cyclic nature of the Pro side chain limiting the j4j

angles of the Pro residue (in position i) to values
around [�60�, �90�], thus corresponding to low
values of the 3JC0C0 coupling based on the Karplus
equation [50,51] (Fig. 2B and Fig. S1DeF).

Fig. 2. Assignment of cis forms in prolines. Assignment strips for both trans and cis forms of Coturnix japonica
Osteopontin OPN. (A) Strip plots of the regions 233e238 of the 3D (H)CBCACON allowing the connectivity of dipeptides
by Cb and Ca carbons. The corresponding patterns of major and minor forms are very similar because they involve the
same amino acid type in both trans-Pro and cis-Pro forms. (B) 3D (HCA)COCON strip plots of region 233e238 showing the
connectivity between at least three consecutive C0 signals for both trans and cis forms. As the amplitude of 3JC0C0

determines the intensity of the off-diagonal signals, the connectivity between a cis-proline (i-1) and its C-terminal neighbor
(i) can have vanishingly low sensitivity because of a preferred 4 angle of [�60�, �90�] (see pair P236-A237).
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The chemical shifts of side chain carbon atoms of
proline residues obtained through the analysis of the
3D (H)CCCON were very useful to confirm that the
minor form observed derives from cis/trans isomers
of Xaa-Pro peptide bonds. Indeed, as initially
proposed by Schubert and others [52,53], cis
conformations can be identified by the difference
between Cb and Cg chemical shifts, which is larger
in the case of cis-Pro relative to trans-Pro. As shown
in Fig. 3A, the minor forms observed in the proline
region follow this pattern and are mostly in the cis
conformation (Fig. S2).
Cis/trans isomerization at positions of proline

residue also affects the neighboring residues,
similarly to 1HN shift differences observed between
cis-/trans-induced forms in a-synuclein [11]. Speci-
fically, we observed that (i) the percentage of cis-Pro
conformers is conserved along the signals of minor
forms of consecutive residues surrounding the pro-
line (Fig. S3A) and (ii) the difference in chemical
shifts between major and minor forms is large for
residues i±1 and gradually decreases until position
i±3, where it coincides with the position of the major
form (Fig. S3BeC), indicating that proline isomeriza-
tion has a drastic effect at the local level in a range
spanning residues i±3.
Another observation that can be easily depicted is

the position of Ca and Cb shifts of residues
preceding a proline (BMRB ID: 27443 and
Table S4), which reflects the fact that residues
preceding a Pro are biased toward an extended
conformation. A typical indication of a proline in the
following position is the upfield shift of Ca. This is
easily recognized for all residues (see examples of
V81, V90, F121, A125, A128, Q178, L196, R207
present in OPN). More interestingly, for some of
these residues (V81, V90, F121, and R207), the Cb

carbons experience a comparable downfield shift,
thus indicating specific conformational changes at
these sites.
To conclude, given the substantially improved

sensitivity of the new pulse sequences, the CON
cross-peaks of both trans and cis forms, including
their side chains, of the 12 proline residues present
in OPN could be assigned. In addition, the minor
forms of several proline neighbors were assigned
(11 out of 12 in the i-1 positions; 6 out of 12 in the iþ1
positions; and some in i±2 and i±3 positions). The
assignment of the minor forms can be found in Table
S4. This also further extends the assignment already
achieved for OPN (deposited with BMRB as ID
27443) comprising 99.1% of N, C0, Ca, and Cb

(major form).

Quantification of the cis populations

Relative populations of trans and cis species were
determined by taking peak volumes from the 13C-
detected 2D CON spectra (Fig. 1B). It is well known

that prolines display high cis population, ranging
from 5 to 10% in proteins, whereas even higher
percentages have been observed for small peptides
[54e56]. In addition, this equilibrium can be modu-
lated by the chemical environment (for example, by
the occurrence of phosphorylation [17] and/or by
secondary structure propensities). In the case of
OPN, experimental data clearly indicate that all
proline residues sample both the trans and the cis
conformation, with populations for cis conformers
that significantly deviate from percentages reported
for other IDPs (around 5e10%) like a-synuclein [11]
or tau [12]. P88, P91, P122, and P126 also show an
additional minor form with a trans signature (Figs. 1B
and 3B) likely coupled with the cis conformation of
neighboring proline residues.
It is worth noting that for P88, P122, P129, and

P185, the population of the cis forms is greater than
10% (Fig. 3B), and this higher cis population
correlate with the presence of aromatic residues
(Phe or Trp) in either i±1 position (Fig. 1C and
Fig. S4A). Indeed, as an example, the mutation to
alanine of phenylalanine 121 (preceding proline
122) induces a lower cis population of the peptide
bond linking the two amino acids compared with the
wild-type protein (from 13% to 7%, Fig. S5) confirm-
ing the importance of the direct interaction between
aromatic and proline residues to stabilize the cis
conformer.

The structural dynamics of cis forms

To further characterize the role of proline cis/trans
isomerism and its impact on the structural dynamics
of OPN, we measured 15N relaxation parameters
[57] (Figs. 4A and 5). A comparison of 15N-R2
relaxation parameters in the major and minor forms
for residues other than proline showed comparable
local dynamics in both states, although some
specific changes occur (Fig. 4B). Interestingly,
increased 15N transverse relaxation rates were
consistently found for residues within the region of
residues 140e175. This region is known to be the
most compact segment of OPN comprising most of
the binding regions of this protein and housing both
hydrophobic and charged residues to exploit for its
stabilization [48]. In addition, residues in the regions
120e132 and 175e190 and flanking the core region
of OPN also show reduced conformational dynamics
resulting in higher 15N transverse relaxation rates.
Notably, the mutation of F121A reduces the 15N-R2
rates of these flanking regions accompanied by a
moderate decompaction of the regions 140e175
(Fig. S5B). This dynamic pattern is largely con-
served in the minor forms and thus suggests that
there are no substantial global differences in
dynamics between signals stemming from proline
cis/trans isomerization. However, 15N-R2 and het-
eronuclear 15N-{1H} NOEs (Fig. 4B) provide some
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Fig. 3. Characterization of cis-Pro in Osteopontin. (A) Side chain Cg shifts of valines (upper) and Ca, Cb, Cd, and Cg

shifts of prolines (lower) of Val-Pro pairs in OPN. Characteristic Ca, Cb, and Cd of cis/trans isoforms are indicated with
dashed lines. (B) Percentage of cis population obtained by measuring the ratio of peak volumes between cis and trans
forms for proline signals inCoturnix japonicaOsteopontin. Orange bars correspond to proline residues i with an aromatic in
position i±1.
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evidence for reduced local mobility in the cis forms
presumably because of the tilt of the polypeptide
chain. This is consistent with the observed increased
15N-R2 rates for the 15N of cis-Pro (Fig. 5). Owing to
the pronounced flexibility in IDPs, 15N spin relaxa-
tion is typically dominated by local fluctuations on
different timescales rather than the global tumbling
of the protein [58e62]. In a fully extended conforma-
tion, 15N transverse relaxation is dominated by fast
timescale motions around the Ca-Ca direction
[58,59,63e65], as described by the Gaussian axial
fluctuation model [66]. Bending of the polypeptide
chain due to formation of the cis form may restrict
this dynamic mode and increase the effective local
correlation time which would be accompanied by
faster 15N-R2 relaxation. Several mechanisms could
explain these differences in relaxation, i.e., interac-
tions that generate local compaction. A plausible
explanation could be the increase of conformations
resembling those found in PPI helices in contrast to
the conventional PPII form often sampled by proline-
rich segments [67]. Although the changes in back-
bone dihedral angles are rather small, the switch
from PPII to PPI results in a significant compaction of
the polypeptide chain. Whereas PPII is an elongated
left-handed helix, PPI is a compacted right-handed
helix. The average helical pitch per residue in PPI is
around 5.6 Å and thus very similar to the value found

in a typical a-helix. In contrast, the more extended
PPII motif has a helical pitch of 9.4 Å. To test the
hypothesis of a potential PPII-to-PPI switch, we
performed a quantitative analysis of secondary
structure propensities by the program d2D [68]
separately using the shifts of major and minor
forms, which shows that the cis-Pro leads to lower
PPII populations compensated by either coil or b-
strand conformations (Fig. 6). Interestingly, the
largest changes in 15N-R2 rates were observed for
P82, P85, P88, P122, P126, and P236. Strikingly,
most of them (all except P236) belong to stretches
containing consecutive P-X-X-P motifs and is thus
more likely to form a continuous PPI helix. However,
PPIePPII transitions are challenging to pick up
solely from chemical shift data and a causeeeffect
direct connection could not be obtained from these
results alone.

On the role of proline isomerization in modulat-
ing global rearrangements

To probe putative changes in long-range contacts
resulting from cis/trans isomerization of proline
residues, we carried out a series of paramagnetic
relaxation enhancement (PRE) experiments. We
exploit 13C-detected PRE by observing intensities
of the paramagnetic and diamagnetic forms [69].

Fig. 4. 15N relaxation of both major and minor forms. (A) 800 MHz 15N-R1,
15N-R2, and

15N-{1H} NOE relaxation
parameters of Osteopontin measured at 310 K for both major (red) and minor (black) forms of non-Pro residues. Error bars
indicate the fitting errors (15N-R1 and 15N-R2) and the error propagation of intensity ratios based to the noise level
(hetNOE). (B) Differences in 15N relaxation parameters between minor and major forms. Statistically meaningless values
are depicted in gray. Proline positions are indicated as yellow circles.
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1Ha-start experiments are more sensitive to para-
magnetic effects because protons, with their high
gyromagnetic ratio compared with carbon, are
reintroduced in the coherence transfer pathway to
transfer coherence from protons to heteronuclei (13C
or 15N). Thus, we used 1Ha-start experiments to
measure 13C-detected PRE to observe prolines and

get higher data set completeness. Overall, the PRE
profiles of both major and minor forms obtained for
the various spin label positions showed a very
similar behavior (Fig. 7). Notable exceptions only
occurred for residues located in the regions
120e132 (i.e., D120, F121, T123, and E124) which
showed slightly larger PRE effects when the spin

Fig. 5. 15N-R2 relaxation rates for trans prolines (orange) and cis prolines (cyan) in Coturnix japonica OPN
measured with a 13C-detection scheme. Note the increased R2 values in cis prolines, especially for the residues in
regions with an accentuated difference in PPII content between cis and trans conformers, as shown in Fig. S5.

Fig. 6. Secondary structure populations from NMR shifts. (A) Secondary structure populations extracted using the
d2D software [68] of the major forms arising from trans-Pro (left) or the minor forms arising from cis-Pro (right). (B)
Secondary structure population differences. The secondary structure populations calculated with the minor forms shifts,
arising from nearby cis prolines, were subtracted from the corresponding major forms arising from trans prolines. The
minor forms are characterized by lower PPII populations compensated by either coil or b-strand conformations.

3100 Disorder Promoters to Compaction Facilitators



label is located in position 188, as well as the regions
80e90 (paralleled by an increased 15N R2 rate) with
the spin label at position 108.
In addition, putative changes in long-range corre-

lations were also probed by measuring 1HN-R2 rates
using standard 1HN-detected experiments. In the
interpretation of these rates, care has to be taken as
1HN-R2 rates may also contain slight contributions
from intermolecular exchange with bulk water. We
find the largest differences between major (stem-
ming from trans-Pro) and minor (stemming from
cis-Pro) forms in the proline-rich regions located at

the termini (120e130 and 180e190) of the central
region of OPN characterized by largest compaction
(100e190) (Fig. S6AeB). Summing up, PRE rates
were largely comparable in both Pro forms suggest-
ing that the overall (tertiary) compaction is main-
tained and only local dynamics are different between
trans-Pro and cis-Pro forms.
Finally, to obtain more specific information about

differential side chain structural dynamics, we
performed 15N-{1H} heteronuclear NOE and 15N
3D NOESY-HSQC experiments. We use the side
chain signals of tryptophan residues in the stretch

Fig. 7. 13C-detected PRE experiments. (A) 13C0-detected PRE profiles (Ha-CON) of Cys mutants 54, 108, 188, and
247 (orange circles) at 310 K. Gray bars correspond to major forms and green bars to the minor ones. Error bars represent
the quantification uncertainty based on the noise level. (B) Differences in 13C0-detected PREs between minor (stemming
from cis-Pro) and major (stemming from trans-Pro) forms are plotted as a function of residue position. Negative values
(red) indicate more effective PRE effects in the minor form (lower signal intensity due to larger paramagnetic effect),
whereas positive differences are indicative of smaller paramagnetic relaxation. Statistically insignificant changes are
depicted in gray. Proline positions are indicated as yellow circles. The position of the spin label is indicated by large orange
circles.
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(W183-W184-P185) as proxies for the dynamic mea-
surements (Fig. S9). We were particularly interested
in the impact of proline cis/trans isomerization on the
side chain dynamics of W183 and W184 as this
would provide prototypical information about the
consequences of Pro-aromatic side chain packing
on local conformational dynamics. It can be clearly
seen that minor (stemming from cis-Pro) and major
(stemming from trans-Pro) forms of W183 and
W184, which are directly adjacent to P185, display
distinctly different conformational dynamics
(Fig. S9). Whereas the two forms of W183 show
nearly similar 15N-{1H} NOEs, the minor form of
W184 is evidently different and shows significantly
restricted motions in the (fast) ps timescale
(Fig. 8AeB) and increased water exchange proper-
ties (Fig. S9C) while keeping similar 15N-T1 and

15N-
T2 relaxation (Fig. S9AeB). In addition, different
indole 1HN NOEs to protons of the side chains
further corroborate the finding of changes in side
chain orientations in the minor form of W184
(Fig. 8C). It can thus be concluded that steric
repulsion due to distinct p$CH-aromatic interactions
lead to restricted local mobility in the cis-Pro form, as
illustrated in Fig. 8D.

Discussion

Proline residues are highly abundant in IDPs,
although their role is still elusive. A unique property
of prolines in proteins is their significantly higher than
other residues' tendency to from cis peptide bond
isomers. The percentage of cis-Pro population is
known to vary between 5 and 10% and has been
reported for previously studied IDPs like a-synuclein
[11] and tau [12]. In addition, this population can be
drastically affected by phosphorylation [17] and
specific proteineprotein interactions [70]. In the
present manuscript, we used 13C-detection NMR
experiments to unambiguously access information
about Xaa-Pro isomerization in OPN and to char-
acterize the local and global effects of this con-
formational equilibrium.
The tunable stabilization of cis conformers by

p$CH interaction between the aromatic side chain
and the proline ring has been described mainly for
small molecules and peptides [55,56,71] and
recently for the TAD domain of BMAL1 [72]. This
stabilization is limited to prolines (at position i) and
aromatics in positions i±1 and i-2. Our study
provides, to our knowledge, the first experimental
evidence that these weak interactions remain
relevant in the context of a large IDP. We found
that OPN shows particularly high cis-Pro popula-
tions, reaching cis-Pro percentages around 20% in
some cases. Most importantly, the highest popula-
tions of cis-Pro conformers were found for prolines in
close proximity to aromatic residues. The mutation of

an aromatic residue to alanine leads to a drastic
reduction in cis-Pro population. We thus conclude
that p$CH interactions between aromatic side
chains and proline rings are highly relevant for the
stabilization of local structural segments in IDPs.
Aromatic amino acids, leucines, and proline residues
are well conserved in IDPs [5], but hydrophobic and
proline residues have an opposite behavior with
respect to their relative abundance when comparing
ordered and disordered proteins [73]. Prolines are
highly abundant in IDPs and are usually considered
as disorder-promoting residues [5,74]. We thus
performed a statistical analysis of the discussed
motifs in globular proteins and IDPs. In our data sets
(PDB for globular proteins (https://www.wwpdb.org)
and DISPROT for disordered segments (http://www.
disprot.org)) (Fig. S4BeC), we found Pro residues to
be more abundant in IDPs (7.3%) than in globular
proteins (4.4%), whereas for aromatics the opposite
was found (IDPs: 5.1%, globular proteins: 9.5%), in
line with values previously reported [75]. The
comparison between globular proteins vs IDPs with
respect to the prevalence of aromatic proline pairs
revealed that in IDPs 14% of prolines have aromatic
residues in positions i±1 and i-2 and thus in positions
where the p$CH stacking interaction can take place,
whereas, in globular proteins this number is 27%.
Thus, our experimental findings that these sequence
motifs are found in regions of significant structural
compaction and that their mutations reduce, to a
certain degree, this state are suggesting that these
motifs might serve as nucleation sites for facilitating
the formation of compact states in IDPs. In addition,
it points out to the relevance of aromatic-proline
interactions for the stabilization of underlying struc-
ture in IDPs. Although systematic studies on the
biological significance of aromatic proline amino
acid pairs in disordered segments are currently
lacking, a first hint was provided with the Pro-Trp pair
in BMAL1 [72] which is strongly conserved and key
for the regulation of circadian rhythms. Another
example is given by the unique domain of Src-family
kinases which contains an unusual number of
hydrophobic residues for an IDR and which are
intercalated with prolines. Arbesú et al. [76] have
shown that phenylalanine residues in this IDR
promote the compaction of this protein, they
hypothesize that proline residues may compensate
the entropic cost of this effect by retaining correlated
local flexibility, as proposed elsewhere [77]. Further
evidence for the relevance of this sequence motif is
provided by the fact that aromatic residues are found
in prestructured molecular recognition motifs (also
called MoRFs and PreSMos [78]). Our findings that
p$CH interactions significantly reduce the conforma-
tional dynamics of the minor cis-Pro form in W184
can thus be regarded as a prototypical case for a
general mechanism to modulate backbone as well
as side chain dynamics in IDPs. The compaction
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Fig. 8. Differential Trp side chain structural dynamics of minor (stemming from cis-Pro) and major (stemming from trans-Pro) forms. (A) 15N-{1H} NOE
experiments (left: reference; right: 1H-saturation), (B) 15N-{1H} intensity ratios (Isat/Iref) for minor and major forms of W183 and W184. (C) Amide 1HN to side-chain 1H
NOEs for minor and major forms of W183 and W184, obtained in a 15N 3D NOESY-HSQC experiment. Differences in NOESY patterns are indicated by circles, and
shifted resonances are marked with arrows. (D) Schematic 3D structural model of the sequence motifdWWPdin cis-Pro and trans-Pro forms. In the cis-Pro, distinct
CH-aromatic interactions lead to restricted local mobility.
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modulation provided by p$CH stacking interactions
could reshape the conformational space sampled by
OPN and in consequence, affects the binding
events, such as the one with heparin. Previous
work [48] showed an unfolding-upon-binding
mechanism upon heparin interaction. This binding
mechanism is possible if a certain degree of residual
structure is retained in the apo-form to gain flexibility
in other regions upon binding [79].
More in general, there is growing evidence that

IDPs are far from being natively unfolded or
disordered but rather exist as heterogeneous con-
formational ensembles. The distinct heterogeneities
of these conformational ensembles and correlated
conformational fluctuations within them can be
quantitatively visualized by the Pearson correlation
maps derived from PRE (and PRI) rates [80]. This is
illustrated with two divergent OPNs (Homo sapiens
vs. C. japonica PRE rates in Fig. S6A and C,
respectively) (Fig. 9). C. japonica OPN contains
three regions of correlated fluctuations indicating
considerable structural compaction and the exis-
tence of dat leastd one compact state in OPN
(Fig. 9 upper). Most importantly, extremely high
concentrations of urea and high-salt concentrations
are needed to completely denature (unfold) the
protein [48], thus indicating that both backbone
structural elements and electrostatic interactions
are involved in generating these compact states.
Interestingly, human OPN showed a different pattern
of correlated segments, where oppositely charged
regions are less correlated than its evolutionary far
homolog (Fig. 9 lower). To assess the potential
influence of different charge distributions, we fol-
lowed a strategy proposed by Pappu et al. [81], who
have demonstrated the intimate relation between
sequence distributions and ensemble conformations
of polyampholytes with simulations and introduced
the parameter k, which takes into account not only
the overall charge of the polymer but additionally
also the distribution of these charges along the
primary sequence. The k value for C. japonica OPN
(or quail OPN) is 0.262, corresponding to a typical
value of a premolten globule in the interface between
a weak and strong polyampholyte [79]. Interestingly,
despite the low interspecies protein sequence
similarity (Fig. S7), the parameter k (Table S5) is
largely similar for the individual OPN family members
(Fig. S7). The observed differences in correlated
fluctuations (Fig. 9) can therefore not be explained

by charge pattern but result from context-dependent
interactions along OPN primary sequence. Regard-
ing the number of prolines and their location in OPN
(Fig. S8 colored circles), human OPN is significantly
divergent from the quail form. In particular, the
human N-terminal segment is enriched in prolines,
and the quail form is depleted. On the other side, aro-
Pro motifs are conserved next to the positive
charged patch at the central region of the protein
(Fig. S8 red circles), suggesting a relevant role of
those in the central compact state.
Based on our findings, we thus conclude that in

addition to the specific distribution of charges along
the primary sequence (quantified by the parameter
k), the specific location of proline-aromatic sequence
motifs (relative to electrostatic patches) plays a
decisive role in determining the conformational
space sampled by IDPs.
It is also instructive to compare our findings with a

recent sequence analysis deciphering the evolution-
ary constraints acting on IDPs to disable a negative
function (aggregation) [82]. In this study, it was shown
that representative ensembles of folded proteins and
IDPs respond differently to randomization (while
maintaining the overall amino acid distribution) of
primary sequences. Most importantly, this study
unveiled that in contrast to the widespread belief that
protein disorder triggers aggregation-induced dis-
eases, IDP sequences evolved during evolution to
exactly avoid amyloidogenesis and increasesolubility.
In other words, the finding that amyloids are some-
times associated to IDPs obscures the fact that the
vast majority of IDPs emerged under the evolutionary
constraint to avoid aggregation. Thus, the significance
of thisproteinproperty (aggregationpropensity) and its
relevance for disease results from its scarcity in IDPs.
Based on our finding that aro-Pro sequencemotifs are
significantly less abundant in IDPs, we postulate an
analogous negative evolutionary constraint for IDP
sequences. Because aro-Pro sequence motifs are
depleted in IDPs, their occurrence points to their
significance. Our study of OPN showed that the aro-
Pro sequence motifs show significant local rigidifica-
tion of the backbone chain and is thus in stark contrast
to the conventional notion that proline residues are the
origin of flexibility in IDPs. These structurally con-
strained sites can on the contrary act as nucleation
sites for the formation of compact states in IDPs as
their restricted motion reduces the entropic penalty for
the formation of collapsed states. Most interestingly,

Fig. 9. Pearson correlation map calculated from the 1HN-T2 PRE rates of 10 cysteine mutants (Coturnix
japonica) or 9 cysteine mutants (Homo sapiens). All measurements were carried out at 800 MHz and 298 K. Plots on
top of the Pearson correlation map represent the charge and proline distributions. Red and purple dots correspond to
context-dependent peculiar proline residues (i.e., aro-Pro and pSer-Pro sites, respectively). Green circles within the
correlation map indicate the positions of proline residues along the protein sequence. Dashed squares represent regions
of distinct structural compaction. Residues within one of these regions undergo correlated structural fluctuations. Coupling
to other regions can be correlated (orange to red), anticorrelated (light blue to dark blue), or uncorrelated (light yellow to
light blue).
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the compact state(s) of OPN is (are) characterized by
substantial long-range order [83]. Because there is
typically a low sequence homology in related IDPs,we
postulate that the conservation of (aro-Pro) sequence
patterns indicates the existence of relevant and
specific aro-Pro interactions and therefore suggests
the existence of compact segments. It will be interest-
ing to see whether this information can be used as a
primary sequencesearch criterion to identify IDPswith
distinct structural properties, as proposed elsewhere
[84].
We thereforesuggest reassessing thestructural and

functional roles of prolines in IDPs. It is generally
accepted that prolines are highly abundant in IDPs,
and on this basis are described as disorder promoting
amino acids [73,74]. Based on our findings, we
suggest amore subtle and ambivalent role for prolines
in IDPs. Proline residues are often found in specific
local secondary structural elements called PPII
helices. The unique structural arrangement of resi-
dues in PPII helices does not allow for tight packing
interactions, and residues in PPII helices have there-
fore a smaller number of direct neighbors and
consequently lower structural stabilization (or disorder
for that matter). However, the data obtained in our
study clearly show that the structural dynamics of
proline residues depends significantly on the amino
acid sequence context (i.e., neighboring amino acids
next to prolines in the primary sequence). Sequence
patches including proline and aromatic amino acids
display significant reduction of conformational flex-
ibility, higherpopulationsofcis-Proconfigurations, and
different p$CH stacking interactions between the
proline and the aromatic ring systems.
To conclude, the observed novel proline features

provide a versatile mechanism to modulate and tune
the conformational ensembles of IDPs. For example,
cis/trans isomerization will modulate the relative
orientation of locally folded protein segments (i.e.,
regions displaying correlated structural fluctuations).
The example of OPN provides a first glimpse on how
the modulation of conformational ensembles in IDPs
can be realized. Aro-Pro sequence motifs act as
nucleation sites for the structural compaction remi-
niscent of diffusionecollision type of processes. The
motional restriction (as evidenced by 15N relaxation
data) of these segments reduce the entropic penalty
inherent to structure formation in IDPs. Moreover,
our finding that these Pro-aromatic patches are
located in hinge regions linking the three observed
structural segments in OPN may point towards a
general building principle. Because cis-trans iso-
merization is not only abundant in Pro-rich segments
but can also be modulated by external factors (i.e.,
presence of prolyl-peptidyl isomerases, posttransla-
tional modifications such as phosphorylation of
neighboring Tyr or Ser/Thr, etc.), it can be antici-
pated that these modulation possibilities are realized
by nature to endow IDPs with the stunning structural

plasticity and malleability necessary to adapt to the
continuously changing molecular environment, cel-
lular context, and thereby fulfilling their diverse
biological functions.

Materials and Methods

Expression and purification of theC. japonica andH.
Sapiens OPN forms. C. japonica OPN sequence was
cloned in pET11d plasmid. Several cysteine mutants and a
phenylalanine-to-alanine mutation (F121A) were intro-
duced by site-directed mutagenesis (Thermo Fisher®)
and produced as the wild-type form. A total of 10 cysteine
mutants of the C. japonica OPN (S54C, E77C, S108C,
R132C, A161C, D174C, S188C, S206C, S228C, and
S247C) were used. The plasmid was transformed into the
Escherichia coli strain BL21(DE3) phage resistant via heat
shock method. Protein expression was induced at OD600
of ca. 0.8 by adding 0.4 mM IPTG (isopropyl-b-D-
thiogalactopyranoside). For expression of isotopically
labeled protein for NMR studies, before induction, the
cells were harvested and pellets from 4 L LB resuspended
in 1 L M9-Minimal Media (containing 1 g/L 15NH4Cl and 3
g/L 13C-glucose for 15N and 13C labeling, respectively).
The expression was carried out at 27 �C and 140 rpm
overnight. The cells were harvested and resuspended in
40 mL of cold PBS (2 mM KH2PO4, 8 mM Na2HPO4, 2.5
mM KCl, 140 mM NaCl, 5 mM EDTA, pH 7.3); freshly
prepared 1 mM DTT solution was added in the case of
cysteine-mutated proteins preparations. The suspension
was sonicated and warmed at 95 �C for 10 min. The lysate
was centrifuged at 18000 rpm, and ammonium sulfate
precipitation (saturation of 50%) carried out with the
supernatant. The pellet was resuspended in PBS, diluted
1:2 with water to lower the salt concentration, and an
anion-exchange chromatography (HiTrap Q, GE Health-
care) performed. The column was equilibrated with PBS
and a gradient of 30% high-salt buffer (PBS containing 1 M
NaCl) run in 20 min at 2 mL/min.
ApETM11plasmidencoding for theH.sapiensOPNwitha

histidine tag was transformed in E. coli BL21(DE3) Rosetta
phage resistant strain. The steps were the same as its
homolog described above. Nine cysteine mutants of the H.
sapiens OPN (G25C, Q50C, D90C, D130C, T185C, D210,
S239C, S267C, and S311C) were produced. Regarding the
purification, the harvested cell suspension was sonicated
andcookedat95 �C for 10min. The lysatewascentrifugedat
18,000 rpm, and the supernatant loaded onto a HisTrap®
(GEHealthcare) affinity column. The protein was eluted with
high-imidazole buffer (140 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, 500 mM imidazole, pH 8). The
protein was concentrated in TEV cleavage buffer (140 mM
NaCl, 2.7mMKCl, 10mMNa2HPO4, 1.8mMKH2PO4, 1mM
DTT, 1 mM EDTA, pH 8.0), TEV protease was added in a
ratio of 1:50 and incubated overnight at 4 �C under agitation
toget rid of theaffinity tag.Furtherpurificationwascarriedout
with ion-exchange chromatography (HiTrapQ®, GE Health-
care). The column was equilibrated with PBS and a gradient
of 50% high-salt buffer (PBS containing 1 M NaCl) run in
30 min at 1 mL/min. Protein purity was confirmed via SDS-
PAGE.
The protein was concentrated using a centrifugal filter

and the final concentration measured by absorbance at
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280 nm. The sample concentration for the assignment by
13C-detection and 15N relaxation rates was 2 mM. 13C-
detected PRE experiments were measured with protein
samples about 1 mM, whereas 1HN-detected PRE
experiments were measured with protein samples about
0.5 mM (C. japonica) and 0.3 mM (H. sapiens) in PBS
buffer at pH 6.5.
MTSL-tagged cysteine mutants for PRE. For the

MTSL-tagging, the protein was incubated with an excess
of DTT (10 mM) for 15 min at room temperature. A PD-10
Desalting-Column was equilibrated with 100 mM sodium
phosphate, 1 mM EDTA, and pH 8.0 buffer, the protein
loaded to a total volume of 2.5 mL and eluted with 3.4 mL of
buffer. The free thiol concentration was measured using a
300 mM DTNB (5,50-dithiobis-(2-nitrobenzoic acid)) solu-
tion at 412 nm. A threefold excess of MTSL was added and
the sample was incubated for 3 h at 37 �C during agitation.
The free thiol concentration was measured again to
confirm complete tagging of the protein. Protein purity
was confirmed via SDS-PAGE electrophoresis.

13C-detection assignment and 1Ha-start CON PRE.
NMR experiments were recorded at 310 K with a 16.4 T
Bruker Avance NEO spectrometer operating at 700 MHz
1H frequency and equipped with a cryogenically cooled
probehead optimized for 13C direct detection. It has to be
noted that the presence of D2O (lock solvent) in the sample
gives rise to cross peaks resulting from isotopic shifts in
the CON spectra due to H/D exchange. Although these
signals are easy to identify because of their regular pattern
of displacement, they can lead to unwanted signal overlap
and complicate spectral analysis. Therefore, the lowest
possible concentration of D2O (typically 1e2%) has been
used during the measurements to reduce the intensity of
this set of additional cross-peaks below detection level.
In the 13C-detected experiments for sequence-specific

assignment of N, C0, Ca, Cß resonances at 310 K (2D
CON, 3D (H)CBCACON, 3D (H)CBCANCO, 3D (HCA)
COCON, and 3D (H)CCCON)) [34,38,85], the 13C carrier
was placed at 174.5 ppm, the 15N carrier at 123 ppm, and
the 1H carrier at 4.7 ppm (H2O). Band-selective 13C pulses
were applied at 174.5 and 39 ppm to excite or invert 13C0
and 13Cali spins, respectively. The following band-selec-
tive pulses were used: 300 ms with Q5 and time reversed
Q5 shapes for C0 and Cali excitation, 220 ms Q3 shapes for
C0/Cali inversion/refocusing. Homonuclear virtual decou-
pling in the direct dimension was achieved through the
IPAP approach. Detailed information about the acquisition
parameters is provided (Tables S1 and S2). NMR data
were processed using Bruker TopSpin 4.0. The programs
CARA [86] and Sparky [87] were used to analyze and
annotate the spectra. All the statistical analysis and fittings
were carried out with RStudio.

1HN-T2 PRE acquisition parameters. NMR experi-
ments were recorded in on an 18.8 T Bruker Avance III
HDþ spectrometer operating at 800 MHz. For the 1HN-T2
PRE measurements, the measurements were carried out
at 298 K, and paramagnetic samples were reduced using a
threefold excess of ascorbic acid for the diamagnetic
control. The 1HN-T2 relaxation delays were 0.001, 0.005,
0.01, 0.02, 0.05, and 0.1 s. The paramagnetic effects were
quantified as

DG2 ¼HN � R2;para � HN � R2;dia ð1Þ

For 15N-T1,
15N-T2, CLEANEX, and

15N-{1H} hetero-
nuclear NOE, the measurements were carried out at
310 K, and 10% D2O was added as the lock solvent. See
Table S3 for further details. Analysis and plotting was
carried out with RStudio. For the difference plots showed in
Fig. 4, Fig. 7, Figs. S5 and S6, the error associated (dQ)
was calculated by propagating the fitting errors of the
experimental data (da and db) as:

dQ ¼ ðda2 þ db2Þ1=2 ð2Þ
15N-relaxation acquisition parameters. NMR experi-

ments were recorded in on an 18.8 T Bruker Avance III
HDþ spectrometer operating at 800 MHz. The 15N-T1
relaxation delays were 0.01, 0.02, 0.04, 0.08, 0.16, 0.32,
0.64, and 1.28 s. The 15N-T2 relaxation delays were 0,
0.017, 0.034, 0.068, 0.136, 0.271, 0.407, and 0.543 s. 15N-
{1H} heteronuclear NOE was measured with an interscan
delay of 10 s to avoid systematic errors in the measure-
ment of steady-state NOE as a consequence of incom-
plete equilibration of the magnetization in the reference
spectrum [88].
For the 2D (HaCa)CONPro experiments to determine the

15N R2, the delay used were 0.080, 0.160, 0.240, 0.320,
0.400, 0.480, 0.560, 0.640, and 0.800 s. The RF field
strength used for the CPMG block was 3.1 kHz.
Trp side chain dynamics. We measured relaxation

rates of the 1He1-
15Ne1 major and minor forms (Fig. S9D).

Minor forms were also observed for 1He3-
13Ce3 and

1Hh-13Ch pairs selectively labeled (Fig. S9E).
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Table S1. Acquisition parameters for 13C detected experiments at 310 K. 

Experiments used for OPN 

sequence specific assignment 

Dimensions of acquired data Spectral width (ppm) nsa d1b 

           t1                      t2                    t3 F1                 F2                F3   

 13C detected       

 CON 1024 (15N ) 1024 (13C )  45 30  2 2 

 (H)CBCACON 144 (13C) 128 (15N) 1024 (13C) 60 35 30 2 0.9 

 (H)CBCANCO 144 (13C) 128 (15N) 1024 (13C) 60 35 30 4 0.9 

 (HCA)COCON 128 (13C) 148 (15N) 1024 (13C) 12 35 30 4 1.6 

 (H)CCCON 196 (13C) 128 (15N) 1024 (13C) 64 35 30 4 0.9 

a Number of acquired scans.  

b Relaxation delay in seconds. 

 

 

 

Table S2. Acquisition parameters for 13C detected PRE and 15N-T2 experiments 
at 310K. 
 

Experiments used to  

measure PREs* 

Dimensions of acquired data Spectral width (ppm) nsa d1b 

           t1                      t2                    t3 F1                 F2                F3   

 13C detected       

 C’-CON 512 (15N ) 1024 (13C )  36 31  4c 6 

 Hα-CON 512 (15N ) 1024 (13C )  36 31  8c 4 

 HN-CON 384 (15N ) 1024 (13C )  31 24  4 4 

 (HαCα)CONPro 220 (15N ) 1024 (13C)  30 7.5  16 1.4 

*Experiments were measured at 310 K. For one of the single cysteine-mutated proteins experiments, the one harbouring the 

paramagnetic tag at position 188, experiments were also acquired at 293 K. 

a Number of acquired scans.  

b Relaxation delay in seconds. In order to avoid unwanted effects, long inter-scan delays were used to ensure complete recovery 

of the magnetization to equilibrium before acquisition of the following transient. 

c Two repeats of the experiments were acquired back-to-back and added afterwards. 
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Table S3. Acquisition parameters for 1H detected experiments. 

Experiments used for  

PRE, relaxation rates and Trp 

dynamics of OPN 

Dimensions of acquired data Spectral width (ppm) nsa d1b 

           t1                      t2                    t3 F1                 F2                F3   

 1H detected       

PRE HN-T2 (Coturnix japonica OPN) 768 (15N ) 2048 (1H )  32 14  4 1.5 

PRE HN-T2 (Homo sapiens OPN) 512 (15N ) 2048 (1H )  32 14  8 1.5 

15N-T1
 640 (15N ) 2048 (1H )  32 16  8 1.4 

15N-T2 640 (15N ) 2048 (1H )  32 16  4 1.4 

15N-{1H} hetNOE 256 (15N ) 2048 (1H )  34 16  8 10 

NOESY-HSQC 128 (15N ) 128 (1H ) 2048 (1H ) 36 14 14 4 0.9 

1H-13C HSQC aromatics (o1p=120ppm) 512 (13C ) 2048 (1H )  35 16  4 1.5 

a Number of acquired scans.  

b Relaxation delay in seconds. 
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Table S4. Chemical shifts of Coturnix japonica OPN minor forms at T 310K. 
 
 HN (ppm)* C´ (ppm) N (ppm) C (ppm) C (ppm) C (ppm) C (ppm) 

N78  174.546 
 

53.096 39.139 
  

A79 8.049 
 

124.405 52.299 19.436 
  

D80  174.925 
 

54.296 41.223 
  

V81 7.689 174.619 118.915 58.942 34.495 
 

21.189 / 20.522 

P82 - 
 

138.067 62.732 34.495 49.837 24.714 

E83  175.58 
 

56.462 30.243 
  

Q84 8.01 174.249 119.888 53.096 29.844 
  

P85 - 
 

135.165 62.486 34.318 49.73 24.574 

D86  174.809 
 

53.982 41.176 
  

F87 7.919 174.125 120.735 55.665 41.049 
  

P88 - 
 

138.308 62.723 33.922 49.692 24.332 

D89  175.553 
 

54.296 40.949 
  

V90  174.563  58.864 34.208  21.352 / 20.031 

P91 - 
 

137.631 62.474 34.210 48.880 24.701 

F118  175.747 
 

57.191 39.579 
  

T119 8.06 173.668 115.784 61.777 70.015 
  

D120 8.115 174.482 122.529 53.888 41.102 
  

F121 7.935 173.972 120.534 55.703 41.338 
  

P122 - 176.965 138.343 62.764 32.904 49.800 24.435 

T123 8.126 174.363 114.103 61.876 69.665 
  

E124 8.197 175.527 122.883 55.958 30.465 
  

A125  175.342 126.298 50.24 18.228 
  

P126 - 176.33 134.880 62.471 34.030 49.847 24.720 

V127 7.976 174.745 118.66 60.736 33.671 
  

A128 8.093 175.842 126.741 50.439 17.824 
  

P129 - 175.831 134.232 62.395 33.772 49.754 24.229 

F130 8.461 175.348 122.52 57.689 38.705 
  

N131 8.346 
 

119.248 52.742 
   

S177  173.481 
 

58.208 63.797 
  

Q178 8.033 174.271 120.842 52.908 29.799 
 

33.503 

P179 - 175.988 135.775 62.505 34.277 49.963 24.649 

A180 8.407 
 

125.12 52.619 19.264 
  

G181  173.876 
 

45.154 
   

L182 7.867 176.783 121.1 55.217 42.08 
  

W183 7.881 174.596 120.184 56.444 29.515 
  

W184 7.781 174.499 122.377 55.163 31.082 
 

24.563 

P185 - 
 

138.11 62.555 33.582 49.768 24.560 

L196  175.460  52.400 42.101   

P197 -  134.330 62.160 34.651 50.011 24.512 

S206  173.539 
 

58.348 63.814 
  

R207 8.043 174.287 121.928 53.628 31.66 
 

27.251 

P208 - 
 

135.367 62.232 34.253 50.034 24.561 

K209  174.121 
 

56.046 31.566 
  

F210  175.171 122.508 55.43 29.585 
  

D211  
 

122.219 
    

Q232  176.364 
 

55.958 29.365 
  

G233  173.913 109.672 45.14 
   

S234 8.114 173.28 115.852 58.145 63.903 
  

V235 7.918 174.594 120.842 58.942 34.309 
 

21.214 / 20.38 

P236 - 175.727 138.447 62.486 34.229 49.96 24.811 

A237 8.523 177.862 124.75 52.388 19.002 
  

V238 8.102 
 

119.172 61.954 33.255 
  

*Those shifts were measured at 310 K using a Bruker Avance III 800 MHz spectrometer equipped with a 
standard PA-TXI probehead. HN shifts were connected to C and N shifts via the HNCO experiment. 
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Table S5. CIDER calculated parameters of OPN protein sequences from 
different species. 
 N f- f+ FCR NCPR  
Homo sapiens 314 0.23885 0.09236 0.33121 -0.14650 0.27505 

Cholorocebus sabaebus 314 0.23567 0.09873 0.33439 -0.13694 0.27756 

Mus musculus 294 0.23129 0.08163 0.31293 -0.14966 0.25526 

Rattus norvegicus 317 0.23659 0.08833 0.32492 -0.14826 0.24346 

Oryctolagus cuniculus 311 0.24437 0.08682 0.33119 -0.15756 0.24260 

Sus scrofa 303 0.24422 0.09901 0.34323 -0.14521 0.23465 

Bos taurus 278 0.22302 0.10432 0.32734 -0.11871 0.26739 

Ovis aries 278 0.24101 0.10432 0.34532 -0.13669 0.26658 

Equus caballus 313 0.24920 0.09585 0.34505 -0.15335 0.23792 

Gallus gallus 264 0.20833 0.10227 0.31061 -0.10606 0.25812 

Coturnix japonica 264 0.21212 0.10227 0.31439 -0.10985 0.26179 

N = number of residues 
f- = fraction of negatively charged residues 
f+ = fraction of positively charged residues 

FCR = fraction of charged residues 
NCPR = net charge per residue 

 = charge patterning parameter 
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Fig. S1. (HCA)COCON experiment used to complete the unambiguous 

assignment of 99,5% of N, C, C and C major forms of Coturnix japonica OPN 

and 100% of cis-Pro signals. (A) Pulse sequence scheme. The following phase 

cycling was employed: 0 = x, -x; 1 = 4(x), 4(-x); 2 = 2(x), 2(-x); 3 = 8(x), 8(-x); 

rec= x, 2(-x), x, -x, 2(x), -x; IPAP-IP= x; IPAP-AP= -y (the IP and AP block with the Cα 

π pulses shifted is depicted as green and red dashed pulses, respectively). The 

quadrature detection was achieved through the States-TPPI method by 

incrementing the phase of the π/2 pulse prior to the evolution period; Cα 

homonuclear decoupling for C acquisition was achieved using the IPAP scheme. 

The band-selective hatched pulse is an adiabatic pulse that inverts both C and 

C nuclei. The length of the delays were set as  = 1/4JH

C

, ’ = 1/6JH

C

,  = 

1/2JC

C, 1 = 1/2JCN. (B) Signal improvement of the (HCA)COCON experiment 

(starting from the polarization of the 1H) over the conventional COCON [1]. (C) 
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Selected traces of a typical (HCA)COCON pattern of a preceding (upper) or 

following (lower) residue from a proline (middle). (D) Calculated conformations 

from an average of dihedral angles of a trans or cis proline. (E) Karplus curve of 

3JC’C’ with the most common values of the  angle in a proline (upper) or following 

residue (lower). Green and orange boxes indicate the distribution of Ci-Ci+1 

dihedral angle in PDB for trans or cis prolines (upper) and residues following trans 

or cis prolines (lower), respectively. Green and orange lines indicate the most 

common value. (F) Peak volumes of the off-diagonal signals in the (HCA)COCON 

spectrum normalized by the diagonal peak volume. 

 

  

 

 

 

 

  



 

8 

 

 

Fig. S2. Characterization of cis conformation by measuring the difference in 

proline sidechain chemical shifts of the major (salmon) and minor (cyan) forms. 

For some proline residues there is an additional minor form with corresponding 

side-chain shifts of a trans conformer (see Fig. 1B). Possible explanations are 

reported in the main text. 
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Fig. S3. (A) Cis population for proline residues (green) and their assigned 

neighboring residues (gray) as measured from relative peak volumes. The 

percentage of minor forms is determined by the percentage of cis conformer of 

the closest Pro. (B) Chemical shift difference (13C’ and 15N combination) between 

major and minor forms of proline residues (green circle) and assigned 

neighboring signals. (C) cis-Pro (dashed circle) of P236 and the minor forms 

generated by cis conformation in this proline. Note the gradual decease of the 

chemical shifts difference between the major and the minor form further away 

from the proline. 
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Fig. S4. (A) Schematic representation of cis/trans equilibrium for those proline 

residues in OPN with an aromatic residue in position i1. ·CH interactions 

between aromatic and proline ring can stabilize the cis conformation (B) Search 

in PDB database (folded proteins) [2] the occurrence of proline-aromatic motifs. 

(C) Search in DisProt database (unfolded proteins) [3] the occurrence of proline-

aromatic motifs. The search of aromatic motifs were limited to position i1 and i-

2 since are the position were the ·CH cis stabilization was described for small 

peptides [4,5]. 
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Fig. S5. Effect of mutating an aromatic residue next to a proline (Phe-Pro) with 

an alanine residue (Ala-Pro) in Coturnix japonica Osteopontin. (A) Percentage of 

cis population obtained by measuring the ratio of peak height between cis and 

trans forms for proline signals in CON spectra. Wt data are represented in black 

while data on the mutant F121A are shown in red; the green arrow indicates the 

neighboring proline (P122). (B) Difference (mutant – wt) in 15N-R2 relaxation rates 

measured at 800 MHz, 310K.  Error bars are determined as described in the 

Materials and Methods section. Significant negative values are colored in red 

while positive are in blue. Insignificant changes are colored in gray. Note the 

reduction in 15N-R2 relaxation rates of the mutant in the region of the mutation as 

well as in a neighboring region of the compact state. The region of the mutation 

gains flexibility and the central region is moderately less compact. 
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Fig. S6. 800 MHz 1HN-2 PREs measured at T 298K for Coturnix japonica OPN 

(A) and Homo sapiens OPN (C). Major forms (red) and minor ones (black) with 

corresponding fitting error bars are reported. Vertical green lines indicate the 

proline residue positions. Orange vertical lines indicates the position of the spin-

label. (B) Differences in 1HN-2 PRE between minor (cis-Pro) and major (trans-

Pro) form. Statistically meaningless changes are depicted in gray.  
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Fig. S7. Multiple Sequence Alignment (MSA) of OPN generated from different 

sequences collected from UniProt (P10451, A0A0D9QWB5, P10923, P08721, 

P31097, F7AYC1, P14287, P31096, Q9XSY9, P23498, Q9I832) using MAFFT 

[80]. Conserved residues with weakly and strongly similar properties are 

indicated by a ”.” and ”:” respectively, identical residues by an asterisk. Proline 

residues are coloured in green, positively charged residues in blue and negatively 

charged in red. 

 

Supplementary Material

Figure S1. Multiple Sequence Alignment (MSA) of OPN generated from di↵ erent sequences

col lected from UniProt [87] (P10451, A0A0D9QWB5, P10923, P08721, P31097,

F7AYC1, P14287, P31096, Q9XSY9, P23498, Q9I832) using MAFFT [80]. Con-

served residues with weakly and strongly similar properties are indicated by a

” .” and ” :” respectively, identical residues by an asterisk. Prol ines are coloured in

green, positively charged residues in blue and negatively charged in red.
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Fig. S8. Charge and hydrophobicity plots of the OPN sequences used for the 

MSA. The tree is based on the MSA shown in Fig. S7. The residue number is 

plotted on the x-axis with the corresponding hydropathy/charge values on the y-

axis. Hydropathy was calculated according to the scale of Kyte & Doolittle [6] and 

charge by setting charged residues to +1 or -1 respectively (for histidine a value 

of +0.5 was assumed). The range of the hydropathy plot is -3.0 to 3.0, with high 

values corresponding to hydrophobic regions. For each residue an average value 

from a window of size 15 was calculated. The dotted line indicates a value of 

zero. Total number of prolines in the primary sequence are indicated on the right 

side. 

 



 

15 

 

 

Fig. S9. Tryptophan sidechain dynamics of the Trp183-Trp184-Pro185 stretch. (A) 

15N-R1 rates, (B) 15N-R2 rates and (C) HN/H2O exchange rates. Major and minor 

forms of W183 and W184 arising from the isomerization state of P185. (D) H1-

N1 major and minor forms observed in a 1H-15N-HSQC. (E) H3-C3 and H-C 

major and minor forms observed in a 1H-13C-HSQC 
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Introduction

Intrinsically disordered proteins (IDPs) and protein
regions (IDRs), which challenge the canonic structure-
function paradigm, represent an emerging field of research
in modern protein chemistry.[1–4] Highly flexible proteins and
flexible linkers of complex proteins are present in any living
organism and play key roles in a variety of different cellular
pathways. They lack a stable three-dimensional structure in
their native conditions while retaining biological activity.
Initially described using creative epithets such as “dancing
proteins”, “protein clouds”, “protein chameleons”[1] they are
now widely investigated revealing novel ways through which
extensive disorder and flexibility modulate protein function.

The structural and dynamic properties of IDPs/IDRs are
even more influenced by the environment with respect to
those of globular proteins.[5, 6] Therefore experimental tools to
study them in physiologically relevant conditions, all the way
to in-cell, are very useful to understand the physicochemical
properties relevant for their function and misfunction. In this
framework, NMR spectroscopy provides a unique investiga-
tion tool to access high resolution information.[7, 8]

Human a-synuclein is one of the most widely studied
IDPs because of its involvement in several human neuro-
degenerative pathologies called synucleinopathies, such as
ParkinsonQs disease (PD). Constituted by 140 amino acids,
a-synuclein is intrinsically disordered in native conditions.

The primary sequence is generally subdivided into three
different regions: the N-terminus (1–60), with several
KTKXGV recognition motifs responsible for a net positive
charge, the central, more hydrophobic, non-amyloid-b com-
ponent NAC (61–94) and the C-terminal tail (95–140),
a characteristic domain that is dense of negatively charged
residues. Largely disordered in the monomeric state,[9]

stabilized by long range interactions between the N-terminal
region and the C-terminal region,[10, 11] it adopts helical
conformations when interacting with membranes through
the N-terminal region[12–15] and elongated conformations in
amyloid fibrils,[16] just to name a few snapshots on the most
studied, heterogeneous structural properties of a-synuclein in
different conditions.[17] In recent years many in vitro and in
vivo studies were carried out to clarify the events that lead to
the insurgence of different pathologies but the structural and
dynamical versatility to different local conditions encoun-
tered in neuronal cells makes it difficult to identify those
factors that trigger the pathological action of the protein as
the formation of toxic aggregates. Full comprehension of the
pathological and physiological roles of this biomolecule is still
lacking in part because of the incredible range of environ-
ment-dependent conformational plasticity, a true “chameleon
protein”,[18] that renders its investigation very challenging.

Here we would like to present a novel set of 2D NMR
experiments to follow how the properties of IDPs/IDRs
change in different, physiologically relevant, experimental
conditions. Based on carbonyl carbon direct detection,[19–25]

these experiments provide information on backbone and side-
chain chemical shifts as well as on the impact of solvent
exchange at the residue level, even for those residues whose
amide proton is not directly detectable. This set of 2D
exclusively heteronuclear NMR experiments is tested on
a-synuclein and then used to focus on its interaction with
Ca2+, a potential trigger for the onset of ParkinsonQs disease.
Mainly localized in presynaptic terminals, a-synuclein is
exposed to microdomains of high Ca2+ concentration asso-
ciated with neurotransmitter release[26,27] and could be
exposed to high extracellular Ca2+ concentration in cell-to-
cell secretion mechanisms.[28] New insights on how a structur-
ally and dynamically heterogeneous protein linked to the
onset of ParkinsonQs disease senses these Ca2+ concentration
jumps become thus very relevant to describe a-synuclein
function.

Results and Discussion

Fingerprint of an IDP at physiological pH and temperature

The side chains of amino acids are seldom studied for
IDPs/IDRs, even if they are expected to play important roles
for their function because the extensive resonance overlap
typical of their NMR spectra becomes even more pronounced
when moving away from the backbone. 2D 1H-13C correlation
spectra, even if highly sensitive, only show a small fraction of
resolved cross-peaks, drastically reducing their high resolu-
tion information content. Carbon-13 detected 2D NMR
experiments provide a valuable source of information. A
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Abstract: Many properties of intrinsically disordered proteins
(IDPs), or protein regions (IDRs), are modulated by the nature
of amino acid side chains as well as by local solvent exposure.
We propose a set of exclusively heteronuclear NMR experi-
ments to investigate these features in different experimental
conditions that are relevant for physiological function. The
proposed approach is generally applicable to many IDPs/IDRs
whose assignment is available in the Biological Magnetic
Resonance Bank (BMRB) to investigate how their properties
are modulated by different, physiologically relevant conditions.
The experiments, tested on a-synuclein, are then used to
investigate how a-synuclein senses Ca2+ concentration jumps
associated with the transmission of nerve signals. Novel
modules in the primary sequence of a-synuclein optimized
for calcium sensing in highly flexible, disordered protein
segments are identified.
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fingerprint of an IDP/IDR at physiological pH and temper-
ature can be obtained through the set of 2D exclusively
heteronuclear NMR experiments based on carbonyl carbon
direct detection (CON, CACO, CBCACO, and CCCO).[29,30]

However, extremely high resolution is needed to resolve
resonances of side chains which cluster in very narrow
spectral regions. To this end CACO, CBCACO, and CCCO
pulse sequences were modified to achieve the necessary
resolution to study IDPs/IDRs (Supporting Information,
Figure S1); experimental variants exploiting 1H polarization
as a starting source (1H-start) were also implemented to
increase the sensitivity of the experiments (Figure S2).

Carbon-13 detected 2D NMR experiments reveal atomic
resolution information for aliphatic as well as for carbonyl/
carboxylate resonances of amino acid side chains (-COO@ ,
-CONH2). As an example of the quality of the spectra that can
be obtained, the assignment of the resonances of the six
aspartate residues present in a-synuclein is shown in Figure 1.
As illustrated for Asp 2, starting from the backbone carbonyl
(C’i) identified through the CON (C’i-Ni+1), the resonances of
Ca

i and Cb
i can be easily identified through inspection of the

CACO and CBCACO. These are also correlated to the side-
chain carboxylate carbon resonance (Cg

i) through two addi-
tional cross-peaks in a close but well isolated spectral region.
Therefore, the Cb

i-C
g

i cross-peaks of the six aspartate residues
can be easily assigned in a sequence-specific manner.
Analogously, also asparagine side-chain resonances can be
assigned. For glutamate and glutamine residues inspection of
CCCO is also needed to unambiguously correlate the back-
bone carbonyl resonance to the Ca

i, Cb
i, Cg

i aliphatic side-
chain resonances and finally to the Cd

i carbonyl/carboxylate
resonances. The cross-peaks assignment of the carboxylate/
carbonyl functional groups for a-synuclein (Cb

i-C
g

i for Asp
and Asn, Cg

i-C
d

i for Glu and Gln), which fall in a very clean
spectral region, is reported in Table S2 (Supporting Informa-
tion).

It is worth noting that carbonyl/carboxylate side-chain
resonances are seldom assigned, in particular for IDPs/IDRs.
They can be detected through triple resonance experiments
based on amide proton detection.[31–33] However this approach
is bound to fail in conditions in which amide protons are not
detectable, such as for solvent-exposed protein backbones at
physiological pH and temperature. 2D exclusively heteronu-
clear NMR experiments enable us to easily assign side-chain
resonances, starting from the backbone assignment, adjusting
chemical shifts to the conditions under investigation through
inspection of a CON spectrum, followed by the analysis of the
CACO/CBCACO/CCCO spectra. This constitutes a general
approach to access additional key information for any IDP/
IDR whose assignment is available in the Biological Magnetic
Resonance Bank (BMRB, http://www.bmrb.wisc.edu/). This
set of spectra thus provides a unique tool to achieve a finger-
print of an IDP near physiological conditions not only for
backbone resonances but also for side chains.

Negatively charged side chains of aspartate and glutamate
residues are the first candidates to establish interactions with
oppositely charged polypeptide chains[34] as well as to interact
with metal ions.[35–39] Particularly relevant for a-synuclein
function is the interaction with Ca2+ involved in the trans-

mission of nervous signals.[39–41] While intracellular Ca2+

concentrations are generally very low, microdomains of high
Ca2+ concentrations are linked to the release of neurotrans-
mitter from presynaptic terminals in all neurons.[26] Having
the assignment in hand, it is now possible to “zoom in” on the
metal ion coordination sphere and access additional comple-
mentary information to that available through HN HSQC
experiments.[39]

Figure 1. An illustration of the strategy used to obtain the sequence-
specific assignment of the 13C’ resonances of aspartate residues
through 2D exclusively heteronuclear NMR experiments. As an exam-
ple, gray dotted lines indicate the steps followed to assign side-chain
resonances of Asp 2. Starting from the carbonyl resonance identified
in the CON spectrum (orange), Ca

i and Cb
i are identified in CACO

(red) and CBCACO (blue) spectra, superimposed in the Figure, and
correlated to Cg

i through the respective Cb
i-C

g
i and Ca

i-C
g
i cross-peaks

in a sequence-specific manner.
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The set of 2D exclusively heteronuclear NMR experi-
ments, in particular the CON and the CACO, was used to
monitor the changes in a-synuclein induced by the presence
of Ca2+. The chemical shift changes of Asp/Glu residues
signals upon addition of Ca2+, reported in Figure 2, show that
not all of them are affected to the same extent: major changes
are observed in the C-terminal region of the protein (110–
140), the second part of the so-called acidic region (95–140).
As expected, chemical shift changes of side-chain carbox-
ylates are larger with respect to those observed for backbone
carbonyl (C’) resonances (Figure S3), reflecting a more direct
effect experienced by side-chain nuclear spins upon inter-
action with calcium ions. No major changes in secondary
structural propensity of the backbone were identified upon
interaction with calcium ions (Figure S4).

To assess the general applicability of this set of 13C
detection experiments, the interaction studies with calcium
ions were repeated using a sample with an order of magnitude
lower concentration of a-synuclein (50 mm). Despite the
relatively low sensitivity of 13C, the experiments allowed the
obtainment of a clear interaction profile (Figure S5); thanks
to the inclusion of 1H as starting polarization source the
(H)CACO could be acquired in a few hours (Figures S2 and
S5).

Shifting our attention to backbone nuclear spins by
inspection of the combined chemical shift changes of C’ and
N chemical shifts,[42] not only direct but also indirect changes
derived from the interaction with Ca2+ can be monitored
(Figure 3). Major perturbations are observed in the final part
of the primary sequence (Leu 113, Pro 120, Tyr 125, Met 127,
Ser 129, Tyr 136 and Pro 138).

The final part of the polypeptide chain is rich in proline
residues with four of the five proline residues of the protein
located between residues 117 and 138 (4 out of 22 amino acids
in this region). Chemical shift changes of proline residuesQ
signals, that could be monitored through CON spectra
(Figure 3), clearly show that two of them, Pro 120 and Pro
138, are significantly perturbed upon addition of Ca2+,
indicating that they are involved in the interaction of
a-synuclein with calcium ions. This may appear surprising
since proline does not have metal binding properties. How-
ever, these two proline residues are both flanked by two
negatively charged amino acids, which all experience signifi-
cant chemical shift changes for carboxylate resonances.
Further inspection of the most pronounced backbone chem-
ical shift changes reveals that two tyrosine residues, which are
not so common in IDPs, are also significantly perturbed by
Ca2+ addition. These observations prompted us to inspect the

Figure 2. Chemical shift perturbation (difference in absolute value) of
aspartate and glutamate side-chain 13C resonances upon addition of
Ca2+. The symbols over the graph depict the distribution of charged,
tyrosine and proline residues to evidence the particular composition
along the primary sequence: Asp and Glu (blue triangles), Lys (red
triangles), Pro (stars) and Tyr (pentagons). The lower panels show two
regions of the CACO spectrum with cross-peaks of Asp and Glu side
chains and their shifts during the titration. The different extent of the
perturbation of Asp and Glu side-chain resonances is evident. Major
changes are observed in the C-tail, which is rich in negative charges.

Figure 3. Chemical shift perturbation[42]
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:15dð15NiÞ2 þ 0:34dð13CiÞ2

p
of CON signals upon addition of Ca2+. The lower panels show the shift
for the two proline residues (Pro 120 and Pro 138 (right)) and for
tyrosine 125 (left), the most affected residues during the titration.
While the C-terminus is still the most perturbed part, the plot high-
lights a more indirect effect for the backbone resonances and also
reveals an impact on many residues in the N-terminal domain. The
titration follows the pattern from blue (a-syn :Ca2+, 1:0) to purple
(a-syn:Ca2+, 1:16).
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positions of proline and tyrosine residues along the primary
sequence (schematically depicted in the top of Figures 2 and
3). The results show that the region of the primary sequence
of a-synuclein experiencing the most pronounced changes
upon Ca2+ interaction, that is the final part of the C-terminal
region which is very rich in negatively charged amino acids
while being depleted of positively charged residues, has also
a peculiar abundance of proline and tyrosine residues. The
NAC region instead is the one characterized by the smallest
chemical shift changes while the N-terminal part of the
protein experiences significant variations of backbone chem-
ical shifts. These are less pronounced with respect to those
observed for the C-terminal region and are likely to arise in
part from an indirect effect of calcium binding, resulting from
reduced long range electrostatic interactions between the
initial and final part of the protein as observed in other
studies.[43, 44] It is thus interesting to investigate whether the
interaction with Ca2+ promotes compaction or decompaction
along the primary sequence.

“Spying” chemical exchange of IDPs with water: the DeCON
experiment

Exchange of amide protons with the solvent, responsible
in our experimental conditions for broadening beyond
detection more than half of the signals of amide protons
(Figure S6),[45] has been one of the first NMR observables
used in the past to identify amide protons protected from
solvent exchange by globular protein folds.[46] On the other
hand, only a little information is available so far on how
solvent exchange is modulated by the properties of IDPs/
IDRs. It is thus interesting to investigate this aspect in more
detail. A modified variant of the CON was thus designed to
reintroduce a dependence on chemical exchange processes
with the solvent without perturbing the solvent resonance,
still retaining the excellent resolution of CON spectra. The
modified pulse sequence (Figure 4A) enables us to create
three spin order operator (4C’zNzHz) and to monitor its
decorrelation due to chemical exchange, along the lines of
a method initially proposed by Skrynnikov and Ernst.[47]

The novel experiment (DeCON) can thus provide in-
formation about exchange processes of labile amide protons
with the solvent also for residues that escape detection in
1H-15N-based experiments. Starting from C’z magnetization
(a), transverse C’y coherence is created (b) and converted into
antiphase coherence 2C’xNz (c). This is then converted into
2C’zNy (d) and allowed to evolve under the effect of the 1JHN

coupling to generate 4C’zNxHz (e). In order to generate this
latter operator a band-selective 18088 pulse on the amide
proton region is used to avoid perturbation of the water
resonance. This operator is then converted to the three spin
order 4C’zNzHz (f) and its decay is monitored by introducing
a free evolution delay (tdecor). At the end of this delay the
three spin order 4C’zNzHz is converted to 4C’zNyHz (g) which
is picked up by the second part of the CON after conversion
into 2C’zNy (h). It is worth noting that through this approach
a dependence on solvent exchange is reintroduced with
minimal perturbation of the water resonance avoiding

radiation damping effects. As an example, a region of the
spectrum obtained with this novel DeCON experiment is
shown in Figure 4 B as a function of tdecor, the time interval in
which the three spin order 4C’zNzHz is allowed to evolve:
while the signal of Val 77 is still observable with tdecor =

52.2 ms, one of the Lys 12 signals disappears with tdecor =

22.2 ms. The intensities of cross-peaks can be integrated in
the series of spectra acquired with a different tdecor and can be
fit to a mono-exponential decay (Izzz(tdecor) = I0 e@ðkzzztdecorÞ,
Figure 4C).

It is interesting to compare the results obtained through
the DeCON experiment proposed here with the ones
obtained through the initially proposed 1H detected variant[47]

(HN-Decor experiment). The agreement between the data
measured through the two different experiments is quite good
for the residues that could be detected in both experiments

Figure 4. A) DeCON pulse sequence. The following phase cycling was
employed: f1 = 2(y), 2(@y); f2 = x, @x ; f3 =4(x), 4(@x), fIP = x ;
fAP =@y and frec = x, @x, @x, x, @x, x, x, @x. The length of the delays
were: D =4.5 ms D1 = 16.6 ms; D2 =2.7 ms; e = t1(0) +p180 (500 ms).
The striped pulse in the middle of the 15N evolution period is an
adiabatic chirp pulse that covers the whole 13C spectral region. Virtual
decoupling of the C’-Ca coupling was achieved by acquiring both the IP
and AP component of the signals for each increment. The strength of
the smoothed square shape gradients are: 50%, 19%, 19%, 25%,
25%, 70%; the strength of the weak bipolar gradient is 1%. Quad-
rature detection in the indirect dimension was obtained with the
STATES-TPPI approach incrementing phase f2. B) A portion of the 2D
DeCON spectrum is shown on the left with the assignment of the
cross-peaks; several spectra acquired as a function of tdecor are shown
on the right. C) The intensities (arbitrary units) of two of these cross-
peaks are reported as a function of tdecor.
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(Figure S7). The DeCON however provides information
about a larger number of residues with respect to the 1H
detected variant. This is in part due to the improved
resolution derived from the superior chemical shift dispersion
of the C’i@1-Ni correlations with respect to the Hi-Ni correla-
tions, and in part to the different magnetization transfer
pathway minimizing perturbation of 1H magnetization (in the
HN coherence transfer pathway the proton magnetization is
transverse both during the two INEPT steps and the
acquisition, in the DeCON the proton magnetization is
maintained along the z-axis). These properties of the DeCON
experiment allow us to monitor a larger number of residues
and to extend the range of kzzz values that can be measured
with respect to the 1H detected variant. The minor contribu-
tion of longitudinal relaxation to the observed decay was
evaluated investigating the decay of the 2C’zNz operator
(Figure S8). Finally, a three-dimensional variant of the
DeCON experiment was designed to further increase the
resolution of the experiment in a third dimension exploiting
Ca chemical shifts, opening the possibility of studying IDPs of
increasing size (Figure S9).

The kzzz values determined through the DeCON experi-
ment are reported as a function of the residue number in
Figure S10. The residues in the initial part of the polypeptide
chain show significantly high values which are however quite
scattered along the primary sequence, an effect largely due to
the type of amino acid as indicated in Figure S10. The
C-terminal region (110–140) shows significantly reduced
exchange processes, in agreement with previous observations
attributed to the effect of the high local negative potential.[9]

With increasing temperature or pH (or both) the kzzz values
increase while the trend along the protein primary sequence is
maintained (data not shown).

Upon addition of Ca2+ to the a-synuclein sample the kzzz

values determined through the DeCON experiment show
a global enhancement along the primary sequence, while
maintaining the general trend as shown in Figure S11. The
effect appears more relevant for the residues in the terminal
parts; the ratio between kzzz of the bound and the unbound
forms is shown in Figure 5. In the central zone (residues 40–
100), the average value of kzzz(a-synCa)/kzzz(a-syn) = 1.10,
while several residues in the terminal parts (1–39 and 101–
140) present a higher ratio. The residues that experience the
higher boost (over X 1.9 times respect to the unbound form)
are Ala 18, Ala 30, Glu 115, Asp 119, Asp 121, Asn 122, Glu
123, Ala 124, Tyr 125, Ser 129, Tyr 133, Gln 134, Asp 135 and
Tyr 136. The global increase observed in the exchange rates
could be due in part to an increase in ionic strength during the
titration with CaCl2. In contrast, the very strong and localized
effect in the terminal domains should be related to different
reasons, such as reduction of the electrostatic potential in the
C-terminal region and disruption of the electrostatic inter-
actions between the N-terminal and C-terminal parts of the
polypeptide chain. On the other hand the present data show
no evidence of formation of a more compact state in which
solvent exchange is precluded upon interaction with calcium
ions.

Ca2+ sensing by a-synuclein: new insights

The high number of negatively charged amino acids in the
final part of the primary sequence of a-synuclein, in
combination with the disordered nature of this protein that
leaves this part of the backbone largely solvent-exposed and
easily accessible, provides a strong electrostatic negative
potential that is likely to have an important role for its
function, in particular in mediating interactions with pos-
itively charged entities (ions, small molecules, proteins, etc.).
This is likely to create the initial driving force, sensed at quite
long distance, for the interaction with Ca2+.[35] The negatively
charged functional groups of amino acid side chains, such as
carboxylate groups of aspartate and glutamate residues
(COO@), in principle all have the potential to interact with
positively charged metal ions. The disordered nature of the
polypeptide that leaves COO@ groups largely exposed to the
solvent would suggest an unspecific effect, with all COO@

sharing similar interaction properties. Instead, we find very
specific differential effects for the COO@ groups in the
different parts of the polypeptide chain. The sequence context
thus has an important role in mediating interactions with Ca2+

even in the case of IDPs. The possibility to directly observe
perturbations sensed by COO@ groups through 13C detection
experiments allows us to zoom in on the interaction site and
identify the amino acids that are the most perturbed by
calcium addition. Interestingly the largest perturbations are
found in the C-terminal tract for the following residues: Asp
119, Asp 121, Glu 123, Glu 126, Asp 135, Glu 137 and Glu 139.
These residues belong to an extended region of the polypep-
tide chain (119–139, 21 amino acids long) showing that Ca2+

already has a strong preference for a subset of the COO@

groups in the C-terminal region in which a-synuclein is
usually subdivided (95–140). Looking in more detail, two

Figure 5. Ratio of the kzzz values obtained from the DeCON experi-
ments before and after addition of Ca2+. The plot evidences the
different effects in the increment for the three a-synuclein regions:
while NAC (yellow) maintains a homogeneous trend, C-terminus
(blue) shows the major boost, in line with the defined binding region.
However, it is possible to see an increment also for some scattered
residues in the N-terminal part (red).
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regions, which are quite far from each other, can be identified:
Asp 119–Glu 126 and Asp 135–Glu 139. These two distinct
regions share very similar patterns: 1) negatively charged
amino acids are close in the primary sequence but not
contiguous, 2) in two cases amino acids in between negatively
charged amino acids are prolines, and 3) in two cases
glutamate is preceded by tyrosine. Therefore the signature
in terms of amino acidic composition of these regions strongly
perturbed by the addition of calcium ions is very character-
istic. Specific patterns can thus be identified that are likely to
play an important role in modulating calcium ion interactions:
a pair of negatively charged amino acids (Asp or Glu)
separated by a proline (Asp 119–Pro 120–Asp 121 and Glu
137–Pro 138–Glu 139), tyrosine-glutamate motifs (Tyr 125–
Glu 126 and Tyr 136–Glu 137).

The role of a proline in between two negatively charged
amino acids could thus be important to reduce local mobility
and favor the proper relative orientation of negatively
charged side chains for calcium binding (Figure 6). Tyrosine
residues are very bulky amino acids with aromatic side chains
rich in p electron density, two properties that could play
a relevant role in reducing local motions and favoring
interactions of highly flexible protein regions with Ca2+, in
particular if followed by an acidic residue providing a COO@

group. These could be key elements of specific motifs to
modulate Ca2+ sensing in highly flexible protein tracts. The
question of whether a stable complex is formed or an
equilibrium between different local binding sites with similar
affinities is established remains. On one hand the flexibility of
the polypeptide chain provides to the system the necessary
degrees of freedom to fold around a unique metal binding
site, on the other hand the entropic penalty associated to
folding a tract of 20 amino acids is expected to be much higher
than that of multiple sites with comparable affinity in
equilibrium, each of them comprising 6–8 amino acids.

It is thus interesting to zoom out and inspect chemical
shift changes observed for backbone nuclear spins in this
region. The major changes are observed for residues 119–129
and for residues 134–139. Interestingly the two proline
residues in the new motif identified from side-chain chemical
shifts (Pro 120 and Pro 138, both flanked by negatively
charged amino acids) are the ones that show the largest

chemical shifts changes (Figure 3), confirming their important
role in the interaction with Ca2+. Tyrosine 125 also shows
pronounced changes upon interaction (Figure 3) as well as
Tyr 136 (data not shown). Chemical shift changes, although
significant, do not indicate the formation of a defined folded
state. The overall properties of this tract are still in line with
a highly flexible state. Exchange properties of amide protons
with the solvent, as monitored through the novel DeCON
experiment, show an increase in the decorrelation upon
addition of Ca2+ which shows that the backbone is still largely
accessible to solvent exchange, definitely far from forming
a protected pocket in which solvent exchange is precluded.
Therefore the interaction of a-synuclein with Ca2+ appears
more in line with a fuzzy interaction in which flexibility and
disorder is maintained also upon interaction. The strong
electrostatic potential of the C-terminal tail could play the
initial important driving force, sensed also at long range, for
the interaction with calcium ions; the identified motifs in the
primary sequence could act as nucleation sites for the
interaction. A number of conformations would then be easily
accessible to engage other Asp/Glu residues in the interaction
with calcium ions.

The interaction of a-synuclein with Ca2+ is likely to
disrupt the interaction of the C-terminal region with the
N-terminal region, rich of lysine residues. This region adopts
a helical conformation when bound to membranes[12–14] and
was proposed to form long range interactions at the origin of
a compact state of a-synuclein populated in solution.[10, 11, 48,50]

Our data confirm that chemical shift changes are observed for
residues in the N-terminal region which could be explained, at
least in part, by disruption of long range interactions. Indeed,
most of the COO@ groups of aspartate and glutamate side
chains in the N-terminal region only show modest chemical
shift changes, much less than those observed in the C-terminal
region. In addition, changes in solvent exchange properties
are observed through DeCON for the initial part of the
polypeptide chain. These could result in part by an increased
solvent accessibility resulting from loss of the compact
conformation. However, we cannot rule out the possibility
of the occurrence of other intermolecular effects. A detailed
investigation of the long range effects of Ca2+ addition would
require additional experiments, for example exploiting para-
magnetic relaxation enhancements induced by the presence
of a paramagnetic tag, which might take advantage of
13C NMR detection experiments.[51]

Metal binding sites of globular, folded proteins have been
extensively investigated revealing their key role in structure
function relationships. The interactions of metal ions with
highly flexible protein regions instead are only beginning to
be investigated in detail to understand their structural and
dynamic properties and their impact on protein function. The
experiments proposed here provide a useful tool to inves-
tigate the interactions of flexible protein tracts with metal
ions at high resolution. The example of the interaction of
a-synuclein with Ca2+ reveals specific motifs in the protein
primary sequence providing a glimpse on the wide versatility
through which proteins modulate interactions with calcium
ions also through high flexibility and disorder. Very few of
these disordered motifs have been investigated at high

Figure 6. Structural models of the DPD and EPE motifs identified in
a-synuclein as strongly perturbed as a result of Ca2+ concentration
jumps. The structural conformers are calculated through Flexible
Meccano[48] without imposing any constraints. The Figure was obtained
using MOLMOL.[49]
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resolution and many more could be studied in detail with the
tools proposed here. The characteristic features identified in
a-synuclein might also be useful as input for bioinformatics
tools to search for similar Ca2+ binding patterns in disordered
proteins.

a-synuclein has also been shown to interact with other
metal ions.[36–38,52] Among them CuII, FeII, CoII, NiII, MnII, and
several lanthanide metal ions[38, 53, 54] many of which are
paramagnetic. The set of experiments proposed here might
be useful to provide additional insights on the mode of
interaction. As an example we tested MnII, which provides
very strong paramagnetic effects deriving from the high
number of unpaired electrons combined with a relatively long
electronic relaxation time.[55] Previous NMR investigations
revealed that MnII interacts with residues in the C-terminal
region of a-synuclein, in a very similar way to what observed
for Ca2+.[38] A sub-stoichiometric concentration of MnII (1/100
respect to the protein concentration) indeed shows that first
carboxylate groups to be perturbed by the interaction are the
same ones identified in the interaction with Ca2+ (Figure 7).
Further additions of MnII allow to progressively zoom out and
identify the first backbone resonances to be perturbed as well
as the region mainly affected.

Conclusion

The improved set of 2D exclusively heteronuclear NMR
experiments based on carbonyl direct detection enabled us to
resolve the signals of COO- groups of a-synuclein amino acid
side chains and to monitor local solvent exposure. These
experiments allowed us to zoom in on the metal ion
coordination sphere, revealing novel motifs involved in the
interaction with calcium ions. This represents just one
example of the key role played by solvent-exposed side
chains in modulating the biological function of highly flexible
protein tracts. Post-translational modifications, which often
involve solvent-exposed amino acid side chains, introduce
another layer of complexity in modulating protein function
that can be studied through the approach presented herein.
The proposed experiments can thus become a tool of general
interest to characterize the properties of IDPs/IDRs in
physiologically relevant conditions that have not been studied

so far, thereby significantly expanding our knowledge on how
protein function is modulated by disorder and flexibility.
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Experimental Procedures 

Samples preparation. Three 13C, 15N labelled α-synuclein samples were prepared as previously described in the literature[1], 

lyophilized in water and stocked at -20°C. Experiments were acquired using a first sample in a 5 mm NMR tube containing 500 μL of 

α-synuclein with a concentration of 600 μM in 20 mM Tris-Cl buffer, pH=7.4. 2% D2O was added for the lock. For the titration 

experiments, a batch of CaCl2 solution was prepared with a final concentration of 100 mM in milliQ water. Seven additions of the 

CaCl2 stock were performed in order to reach the following ratios, in equivalents, of -synuclein to calcium ions: 1:0 – 1:1 – 1:2 – 1:4 

– 1:6 – 1:8 – 1:10 – 1:16.  

A second -synuclein sample was used to perform the Mn2+ titration. Experiments were acquired in a 5 mm NMR tube containing 500 

μL of α-synuclein with a concentration of 600 μM in 20 mM Tris-Cl buffer, pH=7.4. 2% D2O was added for the lock. For the titration 

experiments, two batches of MnCl2 solution were prepared with a final concentration of 2.5 mM and 25 mM in milliQ water. Three 

additions of the MnCl2 stocks were performed in order to reach the following ratios, in equivalents, of -synuclein to manganese ions: 

1:0 – 1:0.01 – 1:0.02 – 1:0.1. 

A third more diluted -synuclein sample was prepared to perform Ca2+ titration. Experiments were acquired using a sample in a 5 mm 

NMR tube containing 500 μL of α-synuclein with a concentration of 50 μM in 20 mM Tris-Cl buffer, pH=7.4. 2% D2O was added for 

the lock. For the titration experiments, three batches of CaCl2 solution were prepared with a final concentration of 10 mM, 100 mM, 

and 1 M in buffer. Eight additions of the CaCl2 stocks were performed in order to reach the following ratios, in equivalents, of -

synuclein to calcium ions: 1:0 – 1:1 – 1:2 – 1:4 – 1:8 – 1:16 – 1:32 – 1:64 - 1:256.  

 

NMR Spectroscopy. The NMR experiments were acquired at 310 K on a Bruker AVANCE NEO spectrometer operating at 

700.06 MHz 1H, 176.05 MHz 13C, and 70.97 MHz 15N frequencies, equipped with a cryogenically cooled probehead optimized for 13C-

direct detection (TXO). 

Experimental parameters used for the acquisition of NMR spectra are reported in Table S1 (sample concentration, type of 

experiment, spectral width, acquired data points, number of scans, inter-scan delays, experimental duration). Pulse lengths and 

carrier frequencies generally used for triple resonance experiments were used and are summarized hereafter. The 1H carrier was 

placed at 4.7 ppm for non-selective hard pulses or at 8.5 ppm for band-selective pulses on the amide proton region. 13C pulses were 

given at 176.1 ppm, 55.6 ppm and 42.6 ppm for C’, Cα and Cali regions. 15N pulses were given at 125.0 ppm (for CON experiments) or 

118.0 ppm (for HN experiments). Q5 and Q3 shapes[2] of durations of 300 and 231 μs, respectively, were used for 13C band-selective 

π/2 and π flip angle pulses except for the π pulses that should be band-selective on the Cα region (Q3, 900 μs), and for the adiabatic 

π pulse[3] to invert both C´ and Cα (smoothed Chirp 500 μs, 20 % smoothing, 80 kHz sweep width, 11.3 kHz RF field strength). 

Composite pulse decoupling was applied on 1H (Waltz-16)[4] and 15N (Garp-4)[5] with an RF field strength of 3kHz and 1kHz 

respectively. 13C homonuclear decoupling was achieved through the IPAP virtual decoupling approach[6]. For DeCON experiments, 

both for the 2D and 3D version, a Reburp shape[7] of duration of 2076 μs was used for 1H band-selective π flip angle pulses. These 

are used to generate the triple spin order 4CzNzHz operator without perturbing the water magnetization. All gradients employed had a 

smoothed square shape. 

All the spectra were acquired, processed and analyzed by using Bruker TopSpin 4.0.5 software. Calibration of the spectra was 

achieved using DSS as a standard for 1H and 13C; 15N shifts were calibrated indirectly. 
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Supplementary Figures 

Figure S1. Pulse sequences used to acquire CACO, CBCACO, CCCO spectra. Narrow and wide black bars represent π/2 and π 

non-selective pulses; narrow and wide rounded black bars represent π/2 and π band-selective pulses. The pulse sequence elements 

reported in the boxes represent the two variants to acquire the in-phase (IP) and antiphase (AP) components of carbonyl signals 

needed to achieve 13C homonuclear decoupling through the IPAP approach. 

For CACO the following phase cycling was employed: 1 = x, -x ; 2 = 4(x), 4(y), IP = 2(x), 2(-x); AP = 2(-y), 2(y) and rec = x, -x, -x, x, 
-x, x, x, -x. The length of the delays was: Δ = 4.5 ms; Δ1= 14.2 ms. The strength of the smoothed square shape gradient was 50%. 

Quadrature detection in the indirect dimension was achieved through the STATES-TPPI approach incrementing phase 1. 
 

For CBCACO, the following phase cycling was employed: 1 = x, -x; 2 = 8(x), 8(-x), 3 = 2(y), 2(-y), IP = 4(x), 4(-x); AP = 4(-y), 4(y) 

and rec = x, -x, -x, x, -x, x, x, -x. The length of the delays was: Δ = 4.5 ms; Δ1= 11.7 ms; Δ2 = 4.0 ms. The strength of the smoothed 
square shape gradient was 30%. Quadrature detection in the indirect dimension was achieved through the STATES-TPPI approach 

incrementing phase 1. 
 

For CCCO, the following phase cycling was employed: 1 = x, -x; 2 = 2(x), 2(-x); IP= 4(x), 4(-x); AP = 4(-y), 4(y) and rec = x, -x, -x, x, 
-x, x, x, -x. The length of the delays was: Δ = 4.5 ms; Δ1= 15.5 ms. The strengths of the smoothed square shape gradients were 30%, 
50% and 11%. Quadrature detection in the indirect dimension was achieved through the STATES-TPPI approach incrementing 

phase 1. The 13C spinlock was applied with an RF field strength of 10kHz (1/4*p90) with a FLOPSY sequence[8]. The grey pulse is a 
band-selective pulse on the Cα region. 
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Figure S2. Pulse sequences used to acquire (H)CACO, (H)CBCACO, (H)CCCO spectra. Narrow and wide black bars represent π/2 
and π non-selective pulses; narrow and wide rounded black bars represent π/2 and π band-selective pulses. The pulse sequence 
elements reported in the boxes represent the two variants to acquire the in-phase (IP) and antiphase (AP) components of carbonyl 
signals needed to achieve 13C homonuclear decoupling through the IPAP approach. 

For (H)CACO the following phase cycling was employed: 1 = 2(x), 2(-x); 2 = x, -x; 3 = 8(x), 8(y); IP = 4(x), 4(-x); AP = 4(-y), 4(y) 

and rec = x, -x, -x, x, -x, x, x, -x, -x, x, x, -x, x, -x, -x, x. The length of the delays was: Δ = 4.5 ms; Δ1 = 14.2 ms; Δ3 = 1.8 ms Δ4 = 1.1 
ms. The strength of the smoothed square shape gradient is 30% 50%. Quadrature detection in the indirect dimension was achieved 

through the STATES-TPPI approach incrementing phase 2. 

For (H)CBCACO, the following phase cycling was employed: 1 = x, -x; 2 = 8(x), 8(-x), 3 = 2(x), 2(-x); IP = 4(x), 4(-x); AP = 4(-y), 

4(y) and rec = x, -x, -x, x, -x, x, x, -x. The length of the delays was: Δ = 4.5 ms; Δ1 = 11.7 ms; Δ2 = 4.0 ms Δ3 = 1.8 ms Δ4 = 1.1 ms. 
The strength of the smoothed square shape gradient is 30% and 50%. Quadrature detection in the indirect dimension was achieved 

through the STATES-TPPI approach incrementing phase 3. 

For (H)CCCO, the following phase cycling was employed: 1 = x, -x; 2 = 2(x), 2(-x); 3 = 4(x),4(-x); IP = x; AP = -y and rec = x, -x, -x, 
x, -x, x, x, -x. The length of the delays was: Δ =4.5 ms; Δ1 = 15.5 ms Δ3 = 1.8 ms Δ4 = 1.1 ms. The strengths of the smoothed square 
shape gradients are 30%, 50% and 11%. Quadrature detection in the indirect dimension was achieved through the STATES-TPPI 

approach incrementing phase 2. The 13C spin lock was applied with an RF field strength of 10 kHz (1/4*p90) with a FLOPSY 
sequence [8]. The grey pulse is a band-selective pulse on the Cα region. 
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Figure S3. Comparison of chemical shift perturbations (CSP) of side chain carboxylate/carbonyl carbon chemical shifts (blue) with 

backbone carbonyl carbon chemical shifts (red) determined through from 2D-CACO and 2D-CON spectra (CSP = |(13C)|). 

Backbone CSP values are smaller in magnitude with respect to those of side chains and not necessarily maximal for 

Asp/Glu/Asn/Gln amino acids, reflecting a more indirect effect experienced by backbone nuclear spins upon interaction with calcium 

ions.  
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Figure S4. Secondary Structure Propensity (SSP) score obtained exploiting the Tamiola-Mulder approach[9] (https://st-

protein02.chem.au.dk/ncIDP/) for -synuclein only (panel A) and -synuclein in the presence of calcium ions (panel B). Panel C 

reports the differences between the SSP values obtained with and without Ca2+. Chemical shifts of 15N, 13Cα, 13C and 13C′ were used 
as input. 
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Figure S5. Superimposition of (H)CACO spectra recorded on a 50 M α-synuclein sample in absence (black) and presence (red) of 
Ca2+. The lower panels show two regions of the (H)CACO spectrum with cross peaks of Asp and Glu side chains and their downfield 
shifts upon addiction of Ca2+. The perturbation of Asp and Glu side chain resonances is analogous to the one observed with the more 

concentrated -synuclein sample. The titration follows the pattern from black (-syn:Ca2+, 1:0) to red (-syn:Ca2+,1:256). 
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Figure S6. The figure reports in a schematic way the residues whose amide proton could be detected (0.5 indicates cross peaks 

close to the noise level). Backbone carbonyl carbon resonances could be detected for all peptide bonds.  
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Figure S7. Comparison of DeCON and Decor performances. In both experiments the most pronounced effect leading to 

decorrelation of the longitudinal spin-order operators (4C'zNxHz and 2NxHz respectively) is the exchange of amide protons with the 

solvent. The agreement between the data measured through the two different experiments is good for the residues that could be 

detected in both experiments. In order to sample a consistent number of cross-peaks in both experiments the comparison was 

performed at 298 K.  
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Figure S8. (A) Pulse sequence of CONzz used to determine the decay of the two spin-order operator (2C'zNz). In the CONzz 

experiment the following phase cycling was employed: 1 = 2(y), 2(-y); 2 = x, -x;  3 = 4(x), 4(-x),  IP = x;  AP = -y and  rec= x, -x, -x, 

x, -x, x, x, -x. The length of the delays were: Δ1= 16.6 ms; Δ = 4.5 ms; ε =t1(0) + p180 (500 μs). The striped pulse is an adiabatic 

Chirp pulse to invert 13C signals. Virtual decoupling of the C′-Cα coupling was achieved by acquiring for each increment both the IP 

and AP components of the signals. The strengths of the smoothed square shape gradient were 50% and 70%. Quadrature detection 

in the indirect dimension was achieved through STATES-TPPI approach incrementing phase 2.  

Intensities of cross-peaks determined in spectra acquired with the CONzz and DeCON pulse sequences as a function of decor were 

fitted to a single exponential decay function. Panel (B) reports the values obtained for the decay of the two spin order (2C'zNz) 

measured through CONzz (kzz) and for the decay of the three spin order (4C'zNxHz) as measured through the DeCON (kzzz) as a 

function of the residue number. Their comparison shows that the contributions of longitudinal relaxation are much smaller compared 

to those deriving from decorrelations due to exchange processes with the solvent. Panel (C) shows the comparison between the 

decay of the two-spin order measured for -synuclein before and after addition for Ca2+. 
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Figure S9. Pulse sequence used to acquire the 3D version of DeCON spectra. A screenshot of the acquired 3D spectrum is also 
shown. Narrow and wide black bars represent π/2 and π non-selective pulses; narrow and wide rounded black bars represent π/2 
and π band-selective pulses. The pulse sequence elements reported in the boxes represent the two variants to acquire the in-phase 
(IP) and antiphase (AP) components of carbonyl signals needed to achieve 13C homonuclear decoupling throught the IPAP approach. 

The following phase cycling was employed: 1 = 8(x), 8(-x); 2 = x, -x; 3 = 4(y), 4(-y); 4 = 2(x), 2(-x) ; IP = x AP = y and rec = x, -x, -x, 
x, -x, x, x, -x, -x, x, x, -x, x, -x, -x, x. The length of the delays was: δ = 3.6 ms; δ1 = 2.2 ms; Δ = 9.0 ms; Δ1 = 33.2 ms; Δ2 = 28.4 ms  Δ3 

= 5.2 ms; ε =t1(0)+p180 (500 μs). The strength of the smoothed square shape gradients are 30%, 50%, 19%, 19%, 80%, 25%, 25%, 
70% 13%; the strength of the weak bipolar gradient is 1%. Quadrature detection in the indirect dimension was achieved through the 

STATES-TPPI approach incrementing phase 1 for the 13C dimension and 4 for the 15N dimension. 

The 3D experiment was acquired on the 600 M sample of α-synuclein using 8 scans per increment, a recovery delay of 0.9 s. 1024 
points were acquired in the 13C′ direct dimension using a sweep width of 5556 Hz (31.55 ppm),  96 points were used in both the 

indirect dimensions using a sweep width of 1785 Hz (25.17 ppm) for the 15N dimension and 2127 Hz (12.08 ppm) in the 13C 

dimension. The 13C dimension was folded in order to achieve a better resolution. The total duration of the experiment was 47h 29 
min. Non-uniform sampling approaches can be implemented to reduce the experimental time still keeping the excellent resolution. 

A series of 13C-15N planes of the 3D DeCON were acquired with different decor delays in order to monitor the decay of the signals. 
These experiments were performed with 8 scans per increment, a recovery delay of 0.9 s. 1024 points were acquired in the direct 
13C′ dimension using a sweep width of 5556 Hz (31.55 ppm) and 64 points in the 15N indirect dimension were used using a sweep 

width of 1785 Hz (25.17 ppm) . The total duration of the experiment for the first décor used was 20 min. 

The used delays (décor) were: 20 us - 600s – 1.5 ms – 2.5 ms– 5 ms – 10 ms – 50 ms – 100 ms. 
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Figure S10. Values of kzzz obtained from DeCON experiments on α-synuclein. The figure is color coded by residue type (upper panel). 

The lower panels report the data separately for four selected amino acid types (Ala, Glu, Lys, Val). The residues in the C-terminal 

region, however, display a different behaviour from all the others. 
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Figure S11. Values of kzzz obtained from DeCON experiments on α-synuclein with (triangles) and without (circles) calcium ions.  
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SUPPLEMENTARY TABLES 

Table S1. Experimental parameters used for the NMR experiments described in the main text. 

Experiment 

Dimension of acquired data 
(data points) 

Spectral width 
Number of 

scans 
Inter scan 
delay (s) 

Experimental 

F1 F2 F1 F2 
  

duration 

-synuclein sample 600M 

2D-CON 800 (15N) 1024 (13C) 
2273 Hz 5556 Hz 

2 2 
2 hours 

(32.03 ppm) (31.55 ppm) 2 mins 6 s 

2D-CACO 330 (13C) 1024 (13C) 
5988 Hz 5263 Hz 

2 2 48 mins 4 s 
(34.01 ppm) (34.01 ppm) 

2D-CBCACO 476 (13C) 1024 (13C) 
10417 Hz 5263 Hz 

2 2 
1 hour 

(59.16 ppm) (34.01 ppm) 9 mins 16 s 

2D-CCCO 640 (13C) 1024 (13C) 
10417 Hz 5263 Hz 

2 2 
1 hour 

(59.16 ppm) (34.01 ppm) 24 min 9 s 

2D-DeCON 200 (15N) 1024 (13C) 
1786 Hz 5555 Hz 

4 4 
2 hours 

(25.17ppm) (31.55 ppm) 5 min 11 s 

2D-CONzz 200 (15N) 1024 (13C) 
1786 Hz 5555 Hz 

4 4 
2 hours 

(25.17ppm) (31.55 ppm) 5 min 11 s 

2D-Dècor 192  (15N) 2048 (1H) 

1852 Hz 1364 Hz 

4 3.4 46 min 14 s 
(26.10 ppm) (16.23 ppm) 

-synuclein sample 50M 

2D-CON 200 (15N) 1024 (13C) 
2273 Hz 5556 Hz 

64 1.5 
12 hours 

(32.03 ppm) (31.55 ppm) 11 mins 35 s 

2D-(H)CACO 330 (13C) 1024 (13C) 
5988 Hz 5263 Hz 

16 0.9 3 hours 9 mins 4 s 
(34.01 ppm) (34.01 ppm) 

2D-
(H)CBCACO 

476 (13C) 1024 (13C) 

10417 Hz 5263 Hz 

16 0.9 

4 hours 

(59.16 ppm) (34.01 ppm) 33 mins 37 s 
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Table S2. 13C chemical shifts of Asp, Asn, Glu and Gln residues of α-synuclein in 20 mM TRIS (tris-hydroxymethil-aminomethane) buffer, 310 K, pH 7.4. 

Type Number C' Cα Cβ Cγ Cδ 

ASP 2 176.09 54.26 41.61 179.83  

GLU 13 176.91 56.85 30.29 36.19 183.81 

GLU 20 176.84 56.80 30.27 36.25 183.79 

GLN 24 176.43 56.11 29.51 33.80 180.41 

GLU 28 176.49 56.86 31.45 36.29 183.86 

GLU 35 176.86 56.88 30.22 36.26 183.80 

GLU 46 176.84 56.49 30.32 36.24 183.81 

GLU 57 176.62 56.73 30.40 36.26 183.75 

GLU 61 176.33 56.80 30.21 36.26 183.67 

GLN 62 175.86 55.78 29.51 33.81 180.42 

ASN 65 175.10 53.15 38.95 177.12  

GLN 79 175.90 55.86 29.38 33.82 180.48 

GLU 83 176.93 56.80 30.35 36.20 183.85 

ASP 98 176.15 54.46 41.10 179.87  

GLN 99 175.81 55.75 29.61 33.88 180.54 

ASN 103 175.18 53.36 38.85 177.12  

GLU 104 176.37 56.53 30.43 36.24 183.90 

GLU 105 176.92 56.73 30.33 36.29 183.88 

GLN 109 175.88 55.84 29.61 33.78 180.44 

GLU 110 176.73 56.65 30.53 36.27 183.82 

GLU 114 175.76 56.48 30.64 36.30 183.80 

ASP 115 175.62 54.20 41.24 179.94  

ASP 119 174.63 52.13 41.19 179.94  

ASP 121 176.13 54.51 41.00 180.14  

ASN 122 175.22 53.50 39.36 177.02  

GLU 123 175.91 56.79 30.19 36.21 183.77 

GLU 126 175.48 55.82 30.75 36.05 183.85 

GLU 130 176.44 56.75 30.28 36.28 183.87 

GLU 131 176.82 56.85 30.34 36.28 183.78 

GLN 134 174.83 55.48 29.83 33.61 180.56 

ASP 135 175.39 54.21 41.25 180.06  

GLU 137 173.78 53.67 30.28 35.82 183.94 

GLU 139 175.25 56.62 30.36 36.30 184.40 

 

  



SUPPORTING INFORMATION          

19 

 

References 

[1] C. Huang, G. Ren, H. Zhou, C. Wang, Protein Expr. Purif. 2005, 42, 173–177. 
[2] L. Emsley, G. Bodenhausen, Chem. Phys. Lett. 1990, 165, 469–476. 
[3] J. M. Böhlen, G. Bodenhausen, J. Magn. Reson. - Ser. A 1993, 102, 293–301. 
[4] A. J. Shaka, J. Keeler, R. Freeman, J. Magn. Reson. 1983, 53, 313–340. 
[5] R. Shaka, A. J.; Barker, P. B.; Freeman, J. Magn. Reson. 1985, 64, 552. 
[6] I. C. Felli, R. Pierattelli, Prog. Nucl. Magn. Reson. Spectrosc. 2015, 84–85, 1–13. 
[7] H. Geen, R. Freeman, J. Magn. Reson. 1991, 93, 93–141. 
[8] M. Kadkhodaie, O. Rivas, M. Tan, A. Mohebbi, A. J. Shaka, J. Magn. Reson. 1991, 91, 437–443. 
[9] K. Tamiola, F. A. A. Mulder, Biochem. Soc. Trans. 2012, 40, 1014–1020. 

 

Author Contributions 

ICF and RP conceived the project. ICF and RP designed the experiments. MGM and LP produced the samples. LP and MS acquired and analyzed the data 
together with ICF and RP. ICF and RP wrote the manuscript with contribution from all the other authors. 



206 
 

10. Ensemble description of the intrinsically disordered N-

terminal domain of the Nipah virus P/V protein from 

combined NMR and SAXS

  



1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19574  | https://doi.org/10.1038/s41598-020-76522-3

www.nature.com/scientificreports

Ensemble description 
of the intrinsically disordered 
N‑terminal domain of the Nipah 
virus P/V protein from combined 
NMR and SAXS
Marco Schiavina1,2,5, Edoardo Salladini4,5, Maria Grazia Murrali1,2,5, Giancarlo Tria2,3, 
Isabella C. Felli1,2*, Roberta Pierattelli1,2* & Sonia Longhi4*

Using SAXS and NMR spectroscopy, we herein provide a high‑resolution description of the intrinsically 
disordered N‑terminal domain (PNT, aa 1–406) shared by the Nipah virus (NiV) phosphoprotein (P) 
and V protein, two key players in viral genome replication and in evasion of the host innate immune 
response, respectively. The use of multidimensional NMR spectroscopy allowed us to assign as much 
as 91% of the residues of this intrinsically disordered domain whose size constitutes a technical 
challenge for NMR studies. Chemical shifts and nuclear relaxation measurements provide the picture 
of a highly flexible protein. The combination of SAXS and NMR information enabled the description 
of the conformational ensemble of the protein in solution. The present results, beyond providing 
an overall description of the conformational behavior of this intrinsically disordered region, also 
constitute an asset for obtaining atomistic information in future interaction studies with viral and/or 
cellular partners. The present study can thus be regarded as the starting point towards the design of 
inhibitors that by targeting crucial protein–protein interactions involving PNT might be instrumental 
to combat this deadly virus.

The Nipah virus (NiV), together with its close relative Hendra virus (HeV), is a zoonotic paramyxovirus respon-
sible for severe encephalitis in humans. The NiV and HeV have been classified in the Henipavirus  genus1 that 
also comprises the later on discovered Cedar virus (CedV)2. Because of their high pathogenic power, broad host 
range, high interspecies transmission and lack of therapeutics and vaccines, henipaviruses are classified as bio-
security level 4 (BSL-4) pathogens and are considered as potential bio-terrorism agents.

The genome of henipaviruses is made of a non-segmented, single-stranded RNA molecule of negative polar-
ity that is encapsidated by a regular array of nucleoprotein (N) monomers to form a helical nucleocapsid. This 
N:RNA complex, and not naked RNA, is the substrate used by the viral polymerase for both transcription and 
replication. The viral polymerase is a complex consisting of the large (L) protein, which bears all the enzymatic 
activities, and the phosphoprotein (P). Through its interaction with both L and the nucleocapsid, the P protein 
acts as a tether and recruits L onto the N:RNA template. In addition, P also serves as a chaperon for both  L3 and 
N in that it is required for proper folding/maturation of L and maintains N in a monomeric, RNA-free  form4. 
Therefore P is a pivotal protein endowed with multiple functions critical for both transcription and replication.

The repertoire of P functions is further expanded by the peculiar coding capacity of the P gene. Indeed, 
beyond the P protein, the P gene also codes for the V and W proteins that are generated through the addition 
of either one (protein V) or two (protein W) non-templated guanosines at the editing site of the P messenger. 
The addition of these guanosines triggers a downstream frame-shift. The P, V, and W proteins therefore share a 
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common N-terminal region (referred to as PNT) that constitutes a bona fide domain (i.e. a genuine functional 
unit) as inferred from the genetic organization of the P gene (Fig. 1A). The Henipavirus V and W proteins are key 
players in the evasion of the interferon (IFN)-mediated response via an antagonist activity of IFN  signaling5,6. V 
and W bind to STAT1, a key signal transducer in the IFN-mediated antiviral response, through their common 
PNT  region7. Binding of STAT1 by V leads to inhibition of STAT1 translocation into the nucleus, whereas bind-
ing to W leads to sequestration of STAT1 in the  nucleus7. The NiV P protein is endowed with anti-IFN function 
as well, indicating that the PNT domain common to P, V, and W is responsible for the IFN antagonist activity.

We previously showed that PNT from both NiV and HeV is intrinsically  disordered14. The P C-terminal 
region (PCT) consists of an alternation of disordered regions and ordered regions (Fig. 1A). In fact, PCT com-
prises a disordered region (aa 407–469), referred to as « spacer » and overlapping with the reading frame of 
the C-terminal domain of V and W, a structured region responsible for the oligomerization of P (PMD, aa 
470–578)8,15, a disordered linker and a structured region (X domain, XD, aa 660–709) with a triple α-helical 
bundle fold (Fig. 1A)9. We characterized the NiV and HeV V proteins and showed that PNT conserves its dis-
order also within the V protein, while the zinc-finger domain (ZnFD) has a predominant β  conformation10 in 
agreement with  predictions16,17. In that study, we also experimentally showed that the NiV and HeV V proteins 
interact with DDB1—a cellular protein whose binding to V promotes STAT1 degradation—and concluded that 
the ZnFD plays a crucial role in strengthening this  interaction10.

Although our previous study on the V proteins from both NiV and  HeV10 has contributed to illuminating the 
conformational behavior of these proteins and has provided a conceptual asset to design new antiviral strategies 
to combat the ability of these viruses to escape the innate immune response, a site-resolved description of these 

Figure 1.  Modular organization of P and V, and amino acid sequence of NiV PNT. (A) Domain organization 
of P and V showing that P consists of two moieties, PNT and PCT, while V consists of PNT and of a zinc-finger 
domain (ZnFD). The P editing site is shown. Structured and disordered regions are represented as large and 
narrow boxes respectively. PNT: N-terminal region of P; PCT: C-terminal region of P. PMD: P multimerization 
domain; XD: X domain consisting of a triple α-helical bundle. The α-MoRE at the N-terminal region of P 
 (PNTD), which is partly preconfigured in solution and shown to adopt a stable α-helical conformation upon 
binding to the monomeric form of  N4, is shown as a green helix. The crystal structures of NiV PMD (PDB code 
4N5B)8 and of the NiV N°-PNTD complex (PDB code 4CO6)4 are shown. The homology-derived models of 
NiV  XD9 and of the ZnFD of V are also  shown10. All structures were drawn using Pymol 2.0.1 (https ://pymol 
.org/2/)11. (B) Amino acid sequence of NiV PNT (Uniprot code Q9IK91). Basic and acidic residues are shown 
in blue and red, respectively. Aromatic residues are shown in green, prolines in pink and glycines in black on 
a pink background. The soyuz1 and soyuz2 motifs conserved in Paramyxoviridae members are shown. The 
low sequence complexity region (as obtained using  SEG12 with a window size of 25 residues, trigger segment 
complexity of 3.0 and extension segment complexity of 3.3) is underlined. Fluctuating α-helices, as observed in 
NMR studies of NiV P sub-constructs13 are shown in yellow.
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proteins is still lacking. A major hurdle in this respect arises from the presence of their intrinsically disordered 
PNT region, which prevents crystallization and whose size constitutes a challenge for NMR studies.

To fill this gap in knowledge, and as a first step towards an atomic description of the NiV V protein, we 
decided to investigate NiV PNT by combining small-angle X-ray scattering (SAXS) and NMR spectroscopy. 
When we started this project, high-resolution data were already available for the first 35 residues of NiV PNT. 
Yabukarski and co-workers indeed solved the X-ray structure of a complex (herein referred to as  N0–P1–50) 
made of a truncated form of NiV N unable to self-assemble (aa 32–383) and of the first 50 residues of NiV  P4 
(Fig. 1A). Only the first 35 residues of P were defined in the electron density. This Molecular Recognition Ele-
ment (MoRE) forms two α-helices (αP1a, residues 1–19; αP1b; aa 21–28) separated by a kink (Fig. 1A). In that 
study, the P region encompassing the first 100 residues  (P1–100) was also investigated by NMR spectroscopy on a 
small construct. Although the HN correlation NMR spectrum is typical of a disordered protein, the secondary-
structure propensities (SSPs) calculated from Cα and Cβ secondary chemical shifts indicate the presence of five 
fluctuating α-helices. Upon addition of the N protein, only residues 50–100 remain detectable indicating that 
they remain flexible in the complex and that the  N0-binding region of P encompasses residues 1 to  504. This 
latter region contains two conserved motifs in Paramyxoviridae members (i.e. soyuz1 ad soyuz2)18 (see Fig. 1B).

When we were about to complete our NMR and SAXS characterization of NiV PNT, a study was published 
reporting the structural description of the NiV P  protein13. In that study, the authors combined NMR spectros-
copy, SAXS, and X-ray crystallography and obtained an ensemble description of this large protein. Notably, they 
decided to use a “divide et impera” approach to disentangle the NMR spectral complexity of the large disordered 
N-terminal region (residues 1–474). They thus generated several overlapping constructs that altogether cover 
the entire P protein and then assigned the HSQC spectrum of each construct corresponding to the P disordered 
regions and to XD. The chemical shift-derived SSPs of the fragments revealed that the long N-terminal intrin-
sically disordered region and the linker connecting PMD to XD dynamically sample multiple conformations 
while possessing short regions of residual secondary structure. The comparison between the HSQC spectrum 
of the full-length NiV P protein with the HSQC spectra of the individual P sub-constructs unveiled an overall 
good superimposition supporting a scenario where the N-terminal moiety remains highly flexible and retains a 
conformational behavior in the tetramer similar to that observed in the isolated sub-constructs, with negligible 
inter-chain  contacts13.

Herein, we report the results we obtained using cutting-edge, multidimensional NMR spectroscopy 
approaches applied to the entire PNT domain. In spite of the challenging nature of such an assignment, we suc-
ceeded in assigning as much as 91% of the peaks of this long intrinsically disordered domain. The combination 
of SAXS and NMR information allowed us to obtain an ensemble description of the conformational behavior 
of the protein in solution.

Results and discussion
NMR residue‑specific structural and dynamic characterization of NiV PNT. NiV PNT is a very 
large intrinsically disordered protein (412 residues including the C-terminal His tag and the initial methionine), 
as can be inferred by inspection of the two 2D spectra, the 1H–15N HSQC (Fig. 2A) and the 13C′–15N CON 
(Fig. 2B). The latter reveals also signals of proline residues and is characterized by improved chemical shift dis-
persion, two features that are very useful for the study of intrinsically disordered proteins (IDPs). An assignment 
strategy that combines 13C detected with 1H detected NMR is thus very helpful to provide sufficient information 
to enable sequence-specific assignment of the resonances of the full-length protein. A series of triple-resonance 
3/5D NMR experiments, specifically designed for IDPs based either on 1HN or 13C detection, were  acquired19,20 
(Supplementary Table S1). The projection reconstruction spectroscopy (APSY) approach was exploited in most 
of the multidimensional experiments to reduce the experimental time while preserving high spectral resolution 
in the indirect  dimensions21,22.

The 13C′–15N CON spectrum of NiV PNT, shown in Fig. 2B, can be considered the reference spectrum for 
a series of multidimensional CON-based experiments in which correlations to additional nuclear spins in the 
indirect dimensions of the experiments provide the needed information to achieve the sequence-specific assign-
ment. These multidimensional spectra include the 13C-detected 3D (H)CBCACON23, (H)CBCANCO24, (H)
COCON25,26, and 5D (HCA)CONCACON27 spectra. Inspection of the spectra constituted the starting point for 
the sequence-specific  assignment22,27.

This information was complemented with that available through 1HN detected multidimensional NMR experi-
ments. The 3D BEST-TROSY (BT) triple-resonance  experiments28 HN(CO)CACB, HNCACB, HNCANNH, 
HNCO, HN(CO)CACB, HNCACB, and HNCOCANNH were acquired to obtain the complementary informa-
tion needed to complete the assignment, augmented by a 5D BT-HN(COCAN)CONH  experiment29 used to 
resolve a few ambiguities and to confirm the chemical shift assignment obtained with the 3D spectra.

We could successfully assign the resonances of  HN, N, C′,  Cα, and  Cβ nuclei of as many as 369 residues, includ-
ing all proline residues (Fig. 2B), thus leading to a percentage of 91% of assigned residues for the entire protein. 
The chemical shifts of the previously mentioned nuclei are reported in Supplementary Table S2. The assignment 
is less complete in the N- and C-terminal moieties of the protein and in particular in the stretches encompassing 
residues 14–27, 41–49 and 342–346 either because of increased transverse relaxation or of residual signal overlap 
or both. The availability of heteronuclear chemical shifts enables the presence of residual secondary structure 
to be  inferred30. The neighbor-corrected structural propensities (ncSSPs) were computed by comparing the 
experimentally measured chemical shifts of N, C′,  Cα, and  Cβ nuclei to the values expected for corresponding 
random  coils31 using the tool available online at https ://st-prote in02.chem.au.dk/ncSPC 32. The propensities to 
adopt α-helical and β-extended conformations, as obtained using the method of  Mulder32, are shown in Fig. 3A 
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Figure 2.  (A) 2D-1H15N-BEST-TROSY and (B) 13C-detected CON spectra  acquired on the full-length NiV 
PNT. The 2D CON spectrum is much more resolved and enables also the direct detection of the correlations 
involving the 26 prolines in a clean region of the spectrum. As an example of the importance of those residues, 
the cross peaks of the residues in a SLiM are reported. The complete assignment, including the 13C nuclei, is 
reported in Supplementary Table S2.

Figure 3.  (A) Neighbor-corrected secondary structure propensity (ncSSP) values obtained through the 
online ncSSP tool (https ://st-prote in02.chem.au.dk/ncSPC /)32 using the chemical shift values reported in 
Supplementary Table S2. Positive and negative values correspond to α-helical and β-strand propensities, 
respectively. The light cyan box represents the ± 0.05 value. Few regions display a moderate α-helix propensity 
(SSP > 0.2) while most of the protein is largely disordered. (B) 15N  R2 values reported as a function of residue 
number. The light cyan box indicates the modal value.
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and confirm that the protein is intrinsically disordered, with SSP values in the + /− 0.2 range for the majority of 
the primary sequence except for the regions encompassing residues 69–73, 237–240, 341–349, and 400–403.

Segments with SSP values between 0.05 and 0.2 indicate very modest deviations from random coil behavior. 
Moreover, the detection of local structural propensity in a polypeptide crucially depends on the choice of the 
reference chemical shifts for the random coil state and on possible bias induced by experimental conditions (e.g. 
buffer, pH, experimental temperature, etc.). Additional information is thus required to characterize the structural 
and dynamic properties of the protein in addition to nuclear chemical shifts.

To investigate backbone dynamics of NiV PNT, we measured heteronuclear 1H–15N NOE, 15N  R2, and 15N  R1 
values. We could successfully determine relaxation rates for most of the assigned cross-peaks observed in the 2D 
1H–15N HSQC spectrum and discarded those whose overlap would have rendered the analysis ambiguous. The 
relaxation rates show an overall trend consistent with the considerably disordered conformation of PNT. 1H–15N 
NOE values are all well below 0.5, indicating high flexibility of the backbone (Supplementary Figure S1A). Con-
trary to the 15N  R1 values that are rather uniform along the polypeptide chain (Supplementary Figure S1B), higher 
than modal 15N  R2 values were observed in several regions of the primary sequence, i.e. 9–52, 110–141, 207–220, 
226–256, 261–269 and 308–406 (Fig. 3B). The segments encompassing residues 9–52 and the C-terminal part of 
the polypeptide chain (340–406) are regions that are partially unassigned in our experimental conditions. This 
observation, as well as the absence of correlations in the multidimensional spectra, confirms that these regions 
are affected by dynamical phenomena leading to high  R2 values, such as the presence of transiently populated 
secondary structural elements or chemical exchange broadening. The positive SSP values for the residues that 
can be observed in the regions 339–357 and 367–373 suggest the presence of transiently formed α-helices in 
these regions. The following stretch of about 30 amino acids, from residue 376 to the end of the protein primary 
sequence, is particularly rich in positively charged amino acids (22%), which suggests the possibility that the 
high nuclear relaxation rates observed in the absence of pronounced local secondary structural elements are due 
to the occurrence of transient electrostatic interactions (Fig. 1B and Supplementary Figure S2). Interestingly, 
the region encompassing residues 226–256 and 261–269, which overall shows higher than modal 15N  R2, is rich 
in negatively charged residues (33%) and could indeed be engaged in transient interaction with the C-terminal, 
positively charged stretch (376–406).

It is also interesting to note that this latter region (i.e. 376–406) is rich in positively charged amino acids 
(with 7 of such residues), and also contains 4 prolines (Fig. 1B and Supplementary Figure S2). This particular 
amino acidic composition of alternating proline residues with amino acids sharing the same charge (positive in 
this case) could thus have a role in promoting conformations with a local net charge even in the absence of well-
defined secondary structural elements. The same pattern of regions rich in amino acids sharing the same charge 
and proline residues is found in other regions, such as 267PEDEEP272, although in this case the amino acids are 
negatively charged. (Fig. 1B and Supplementary Figure S2). The NMR data thus suggest a possible cross-talk 
between regions enriched in residues with opposite charge. The 238–256 region is negatively charged and can 
establish interactions with positively charged regions, such as the C-terminal one encompassing residues 376–406 
(Fig. 1B and Supplementary Figure S2).

Additional amino acid stretches showing higher than modal 15N  R2 values are 110–141 and 207–220. These 
do not show evidence of transiently populated secondary structural elements nor highly charged segments. 
However, looking at the amino acid composition, in particular at amino acid types that are quite rare in  IDPs33, 
one can observe a number of aromatic residues in these regions. These account for 22% of the residues in region 
110–141 and 23% in region 207–220, indicating that these regions feature a higher amount of aromatic residues 
with respect to what is observed for the whole protein (6%) (Fig. 1B and Supplementary Figure S2). Aromatic 
residues are bulky amino acids and might be involved in local transient interactions without inducing specific 
secondary structural elements explaining the higher 15N transverse relaxation rates observed, as also observed 
for other  IDPs34 in which aromatic residues have been shown to promote compact states.

Additional information that can be obtained by NMR derives from the investigation of exchange processes 
of amide protons with the solvent. Several CLEANEX experiments were acquired with different mixing times 
to measure the exchange rate  constants35. Intensities of cross peaks are measured to obtain an estimation of the 
 kex  (s−1) (Supplementary Figure S1C). Thus,  kex reports on solvent exchange processes of amide protons with the 
solvent on a per-residue basis. While this observable has been used extensively to characterize globular proteins 
and identify amide protons that are buried in hydrophobic cores and/or involved in hydrogen bonds through 
the determination of “protection factors”, in the case of IDPs it is not straightforward to interpret hydrogen 
exchange data in terms of structural effects as these are not easy to disentangle in a clear way from other effects 
such as local electrostatic potential, nature of the amino acid, and possible effects of neighboring amino acids in 
the primary  sequence36,37. On the other hand, there is no doubt that this observable is rich in  information36–38 
and that, as we make progress in understanding the different contributions and in predicting exchange values 
for random coil  conformations39, it might become a useful tool to achieve information about the structural and 
dynamic properties of IDPs.

Inspecting the observed  kex for NiV PNT as a function of the primary sequence reveals that some regions 
present a  kex that is higher than the modal value of 1.58 Hz, while some others are well below this value. Higher 
values are observed for residues 27–30, between two regions with large, positive SSP values at the edges of two 
transiently populated helices. Another region with high  kex is the one encompassing residues 119–147, rich in 
aromatic residues (17%; Fig. 1B and Supplementary Figure S2), where slightly higher 15N  R2 values were identi-
fied, in agreement with the presence of a solvent exposed region. Another region with significantly high rates is 
the one spanning residues 182–194, a region that is very rich in serine and threonine residues (38% in this seg-
ment versus 16% in the whole protein), two amino acids that are often solvent exposed and are characterized by 
high exchange rates with the solvent in  general39 (Fig. 1B and Supplementary Figure S2). The region presenting 
lower  kex values (slow chemical exchange) are the regions encompassing residues 97–122 and 239–263, which are 
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rich in negatively charged residues (31% in the first segment, 40% in the second one) (Fig. 1B and Supplementary 
Figure S2), a feature that is known to cause reduced exchange  processes37,40.

The NMR data clearly suggest that NiV PNT is disordered and very flexible with few short and transient 
secondary structure elements. The N-terminus shows moderate positive secondary structure propensity for 
residues 68–81, while some hints of the occurrence of other transiently populated α-helices can be obtained from 
the combination of 15N  R2, SSP and  kex values in the region encompassing residues 10–30. This region contains 
a segment (1–29) that adopts a helix-kink-helix conformation in the crystal structure of the  N0–P  complex4. 
Subsequent NMR studies confirmed the presence of two transiently populated α-helices at the N-terminus of 
NiV PNT also in solution and in the absence of the binding  partner4,13. The presence of these helical elements 
mildly populated in our experimental conditions might be responsible for the conformational exchange processes 
likely causing the broadening of the signals in the full construct used here. Nevertheless, a few amino acids are 
detectable in this region and do show SSP values that indicate α-helical propensity (Fig. 3A). The more efficient 
transverse relaxation in these regions, as compared to the studies performed on shorter constructs, could be due 
to subtle differences arising from intramolecular interactions.

The overall behavior of PNT in solution might also be influenced by the experimental conditions. Indeed, 
the buffer used  in13 includes compounds that mitigate protein self-association and aggregation (150 mM NaCl, 
50 mM arginine, 50 mM glutamate)41. It should be pointed out however that in other cases the same buffer was 
reported to induce protein compaction by minimizing the effect of intramolecular long-range electrostatic 
 interactions42. The causes of these conflicting effects are not well  understood42.

Similar considerations also hold for the 340–355 region that was shown by Jensen and co-workers to partly 
sample an α-helical  conformation13. Although we could not map the core region of the transient α-helix we 
mapped the flanking residues that, also in this case, confirm the presence of a transient α-helix in this region. This 
transiently populated α-helix may correspond to a binding site for one or multiple partners whose identification 
will require future studies. A possible partner could be the unassembled form of the N protein, by analogy with 
measles virus. Indeed, the counterpart of this region in measles virus P corresponds to a transiently populated 
α–helix (α4, aa 190–198) that binds weakly  N043.

The transiently populated α-helices are in good agreement with predictions as obtained with both FESS (the 
fast secondary structure predictor implemented in  FELLS44 (Supplementary Figure S2) and  PSIPRED45 (Sup-
plementary Figure S3A). In terms of predicted MoREs (see Supplementary Figure S3A), a quite good agreement 
was found with the experimental data, as well as with already mapped binding sites, including the STAT1 (aa 
110–140)13 and STAT2 (aa 110–140 and 230–237) binding  sites46. The 110–140 region shown to constitute a 
weak binding site to  STAT113 does not exhibit significant SSP values (all the values are below 0.2), a finding 
that suggests that this region might correspond to an I-MoRE (Irregular-MoRE), i.e. a region that may remain 
at least partially disordered after binding to the partner. This latter hypothesis is further corroborated by the 
fact that addition of STAT1 only triggers a decrease in the resonance intensities of the 110–140 region with no 
concomitant peak  shift13.

An analysis performed on the ELM database (https ://elm.eu.org/)47 highlighted the presence of numerous 
Short Linear Motifs (SLiMs) along the sequence. SLiMs, also known as linear motifs (LMs), are short stretches 
of adjacent amino acids mediating protein–protein interactions and occurring within  IDRs48. SLiMs play crucial 
roles in cell regulation and SLiM mimicry is often used by viruses to hijack their host cellular  machinery49. A nice 
correlation was found between the presence of SLiMs and the dynamic behavior of NiV PNT. Indeed, 22 SLiMs 
were identified (Supplementary Table S3) and most of them (18) are located within the regions displaying high  R2 
values (Supplementary Figure S3B). As an example, the previously mentioned C-terminal region (aa 376–406), 
enriched in proline residues and in positively charged residues, features several (i.e. 7) SLiMs. These SLiMs are 
mainly involved in interactions with kinases, phosphatases, SH3 and WW regulatory domains, consistent with 
a role in hijacking key cell regulatory processes. These interactions can now be investigated at atomic resolution 
through 13C-detected experiments tailored for proline residues that allow acquiring quick snapshots in a clean 
spectral  region50,51.

SAXS ensemble characterization of NiV PNT. Synchrotron SAXS in solution measurements were 
performed to gain insight into overall NiV PNT conformation and motion. Linearity in the Guinier region at 
low angles (sRg < 1.0) revealed good data quality, with no indication of protein aggregation (Fig. 4A, inset). The 
molecular mass determined from the forward scattering intensity at zero angle I(0) was ~ 47 kDa indicating a 
monomer in solution and in agreement with the value (45.3 kDa) computed from the amino acid sequence using 
the expasy server (https ://web.expas y.org/protp aram/). Although not significantly different, the Rg extracted 
from P(r) is slightly larger (~ 63 Å) than the one extracted from Guinier analysis (~ 61 Å). The theoretical Rg 
value expected for an IDP of the same length (412 amino acids) calculated using Flory’s power law RIDP

g = R0N
v , 

where  R0 is 2.54 ± 0.01, N is number of amino acid and v is 0.522 ± 0.00152, is ~ 59 Å. The experimentally deter-
mined  Rg is therefore very close to the value expected for an IDP (for comparison the  Rg expected for a random 
coil conformation would be ~ 7253).

P(r) yields a maximal dimension,  Dmax, of ~ 230 Å (Fig. 4B) with a long tail in the P(r) function, suggesting 
that the protein tends to assume an overall non-compact  conformation54. The overall SAXS parameters for NiV 
PNT are listed in Supplementary Table S4.

The flexible nature of NiV PNT was qualitatively assessed by using the normalized Kratky plot, where the 
absence of a well-defined bell shape indicates a protein with intrinsically disordered regions (Fig. 4C). To achieve 
further insights into the conformational behavior of NiV PNT, data obtained from NMR and SAXS experiments 
were combined in search of an ensemble that quantitatively describes the conformational behavior of NiV PNT in 
solution. In a first step, a pool of 50,000 structures was generated based on the NMR data. To this end, the ncSSP 
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values larger than ± 0.05 were provided as inputs to Flexible-Meccano55. Subsequently, from the NMR-based 
pool, we used Ensemble Optimization Method (EOM) 2.0 to generate a conformational sub-ensemble that best 
fits the experimental SAXS data. In order to minimize over-fitting, EOM attempts at minimizing the number of 
conformers able to fit the experimental data and usually generates ensembles consisting of 5 to 40 conformers. 
Based on the high flexibility expected, no repetition of conformations in the ensemble was allowed. The scattering 
curve back-calculated from the selected ensemble (Fig. 4A, cyan curve) fits well the experimental SAXS data as 
judged from both χ2 and  CorMap56 (χ2 = 0.744, P = 0.101). The resulting final Rg distribution, broader than the 
one generated from the NMR-based pool, indicates that NiV PNT exists in solution as a randomly distributed 
ensemble of non-compact and highly flexible conformations. Note that successive and independent selections 
by EOM 2.0 consistently yielded similar  Rg distributions thus attesting the reproducibility of the results (data 
not shown). The flexibility of the ensemble was quantified as  EnsembleRflex =  ~ 91% (NMR-PoolRflex =  ~ 83%).

The average  Rg value of the ensemble (66 Å) slightly exceeds the theoretical value expected from Flory’s power 
law (59 Å). This discrepancy may reflect sequence specificities, i.e. specific sequence attributes such as proline 
content and charge decoration (i.e. net charge per residue, fraction of charged residues and linear distribution 
of opposite charges) that were shown to be major determinants of IDP conformational  properties57–62. For an 
additional discussion of the observed discrepancy see Supplementary text.

A similar investigation was conducted by using a random pool generated by EOM 2.0 without NMR-
based restraints (χ2 = 0.745, P = 0.192) (Fig. 4A, red curve). EOM 2.0 yielded similar results with randomness 
quantified as EnsembleRflex =  ~ 92% (Random-PoolRflex =  ~ 83%) such that no significant differences was observed 
when using different pools (Fig. 5).

Although SAXS is poorly sensitive to secondary structure and although the presence of secondary structure 
elements has been reported to have a limited impact on protein  compaction57,63, we sought at investigating 
the impact of the occurrence of the N-terminal transiently populated α-helix on chain compaction. To this 
end, using Flexible-Meccano, we generated an initial pool in which an α-helical conformation was imposed to 
residues 1–30, with the experimental ncSSPs. Furthermore, we also investigated the final Rg distribution while 
imposing a kink centered at residue 20 (as observed in the crystal structure of the  N0–P1–50 complex) providing 
NMR restraints. All the resulting sub-ensembles fit equally well the scattering data as judged from the obtained 
χ2 values and even for these two cases, no differences were observed in terms of the resulting Rg distributions 
(Supplementary Figure S4). This probably reflects the fact that SAXS is a low-resolution technique that provides 

Figure 4.  SAXS studies of NiV PNT. (A) SAXS scattering curve of NiV PNT and ensemble EOM 2.0 fits 
extracted from two distinct initial pools: (blue) generated by Flexible-Meccano considering ncSSP and (red) 
generated by EOM 2.0 including random Cα-only conformers. Inset: Guinier plot of the experimental scattering 
curve. (B) Pair distance distribution function, P(r). (C) Normalized Kratky plot representation of the scattering 
data. The normalized scattering plots of a globular (BSA, SASDA32) and denatured (Nup153, SASDEY2) 
protein are shown for comparative purposes to illustrate that NiV PNT has an overall conformation in between 
these two extreme examples.
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relevant information in terms of chain compactness but fails to capture secondary structure propensities. In 
addition, previous findings from others and us have highlighted that regular secondary structure does not overly 
contribute to protein compaction (i.e. more compact forms do not necessarily exhibit an increased content in 
regular secondary structure)57,63. As such, it is not surprising that the presence of transiently populated α-helices 
in the initial ensemble does not have a significant impact on the final SAXS-derived sub-ensembles. Nevertheless, 
comparing SAXS-only ensembles to ensembles generated by the combined use of NMR and SAXS restraints 
is of interest given the growing interest towards ensemble descriptions of IDPs. In addition, combining NMR 
and SAXS data enables at least partly overcoming over-fitting as already discussed by Mertens and  Svergun64.

Conclusions
Albeit IDPs/IDRs are notoriously prone to undergo proteolytic degradation, we managed in generating a full-
length NiV PNT sample stable enough to allow acquiring all the NMR spectra required for the assignment. 
Although the length of this intrinsically disordered domain is very challenging for NMR studies, the use of 
multidimensional NMR spectroscopy and of 13C-detected experiments allowed us to assign as much as 91% of 
the residues including prolines. The combination of SAXS and NMR data led to ensemble models of NiV PNT 
showing its conformational heterogeneity.

The presence of such a large disordered region shared by both the V and P proteins is likely related to 
their promiscuity. Structural disorder is known to serve as a determinant of protein  interactivity65–67. Indeed V 
interacts with various cellular partners, such as  DDB110, STAT  proteins13,46,68,  CRM146,69,  PLK170 and, possibly, 
nuclear factors such as IRF3. All these interactions play a crucial role in the ability of the virus to counteract the 
antiviral innate immune response of the host. The P protein binds to multiple partners as well, including N and 
the L protein (for a review  see71). Therefore, intrinsic disorder represents an ergonomic solution for the virus 
to encode fewer proteins with more functions while keeping the genome size as small as possible. It is therefore 
not surprising to find large IDRs in proteins having a broad molecular partnership, such as the Henipavirus V 
and P proteins, and, more generally, in viral  proteins72,73.

Intrinsic disorder also represents a strategy to alleviate constraints imposed by evolution on overlapping 
reading frames (such in the case of PNT that overlaps with the C protein) and to buffer the deleterious effect 
of mutations (i.e. IDRs/IDPs are more tolerant of substitutions compared to globular proteins) (for reviews 
 see71,73). It is also well established that intrinsic disorder allows affinity and specificity to be uncoupled (i.e. it 
enables interactions with low affinity and decent specificity)  (see33,74,75 and references therein cited). However, 
the occurrence of residual disorder in complexes involving IDPs (in the form of fuzzy appendages) and partial 
preconfiguration of binding motifs before binding afford a way to attenuate the entropic penalty associated to 
the disorder-to-order transition thereby, ultimately, modulating the binding affinity. The involvement of IDRs in 
protein–protein interactions that need to be finely tuned offers an exquisite means to modulate the strength of 
those interactions: by tuning the extent of preconfiguration of the binding motifs and/or the length of flanking 
fuzzy appendages, the virus can reach an optimal binding strength. It is therefore conceivable that the presence 
within NiV PNT of long disordered regions flanking binding motifs, including SLiMs, as well as binding sites 

Figure 5.  Modeling NiV PNT as a conformational ensemble. Rg distributions of the initial pools generated 
by (blue dot) Flexible-Meccano (with NMR secondary structure restraints, Rg  =  ~ 62 Å) and (red dot) EOM 
2.0 (without restraints, Rg  =  ~ 62 Å) respectively, and of the corresponding selected ensembles (solid lines) 
as obtained using EOM 2.0 (both Rg  =  ~ 66 Å, see also Fig. 4A). Final best ensembles contain 19 unique 
conformers in the case of ncSSP NMR-based ensemble and 13 unique conformers in the case of EOM 2.0 
random ensemble, respectively. A cartoon representation of three conformers present in the ensembles is also 
displayed. The structures were drawn using Pymol 2.0.1 (https ://pymol .org/2/)11.
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to  N0 or STAT proteins, may exert a role in regulating these critical interactions. The flexibility of these flanking 
regions would enable regulating both the exposure of binding sites specifically recognized by multiple viral and 
cellular partners, and the affinity of these interactions. Ultimately, this would result in their ability to orchestrate 
virus replication, through hijacking of cellular pathways and evasion of the IFN response.

The present results constitute an asset for obtaining atomistic information in future interaction studies involv-
ing NiV PNT. Indeed, the availability of the chemical shifts of full-length NiV PNT will be instrumental to map 
the residues involved in binding to partners such as DDB1 and/or STAT1 in the context of either the isolated 
PNT domain or the V protein. Once detailed information is available from interaction studies, inhibitors can 
be rationally conceived. Therefore the present study can be regarded as a starting point towards the design of 
inhibitors abrogating the ability of this virus to escape the innate immune response. Given the high similarity 
between NiV and HeV PNT (56%), it is conceivable that the results of these studies could be extrapolated to 
some extent to the HeV as well.

Methods
Protein expression and purification. The NiV PNT construct, encoding residues 1–406 of the NiV P 
protein with a C-terminal hexahistidine tag, has been already  described14. Expression of unlabeled NiV PNT 
was carried out as previously  described14.

Isotopically labeled (either 15N–13C or 15N) NiV PNT samples were prepared by growing at 37 °C transformed 
E. coli T7 cells (New England Biolabs, Ipswich, MA, USA) bearing the pRARE plasmid (Novagen, Madison, WI, 
USA) in LB medium supplemented with 100 μg mL−1 ampicillin and 34 μg mL−1 choramphenicol. When the 
 OD600 reached 0.6, the culture was centrifuged at 4000 rpm for 10 min and the pellet was resuspended in ¼ of the 
initial volume of M9 medium (6 g L−1 of  Na2HPO4, 3 g L−1 of  KH2PO4, 0.5 g L−1 of NaCl, 0.246 g L−1 of  MgSO4) 
supplemented with 1 g L−1 of 15NH4Cl and 2 g L−1 of either glucose or 13C-glucose. After one hour at 37 °C, IPTG 
was added to a final concentration of 0.5 mM, and the cells were subsequently grown at 37 °C for 3.5 h.

NiV PNT was purified as described  in14, except that 6 M GuHCl was added after the lysis step to both denature 
bacterial proteases and recover the recombinant protein also from inclusion bodies with the aim of improving 
protein stability and yield. After 1 h incubation at 4 °C, the sample was clarified and the supernatant was purified 
through immobilized metal affinity chromatography (IMAC). The fractions containing the recombinant protein 
were combined, and then loaded onto a Superdex 75 h 16/60 column (GE, Healthcare). The elution buffer was 
10 mM sodium phosphate pH 6.5, supplemented with 5 mM EDTA and 5 mM DTT. The fractions containing 
the protein were collected and conserved at − 20 °C.

NMR spectroscopy experiments. Immediately before NMR studies, the NiV PNT sample was thawed, 
centrifuged at 12,000 rpm to remove any possible protein aggregate and then concentrated using 30 kDa Ami-
con Ultra Centrifugal Filters (Merk Milllipore, Darmstadt, Germany). All NMR spectra for assignment were 
acquired on 13C–15N-isotopically enriched NiV PNT at a concentration of about 200 µM.

The 1H-detected spectra were acquired at 288 K with a 22.3 T Bruker Avance III 950 NMR spectrometer; the 
13C-detected spectra were acquired at 288 K with a 16.4 T Bruker Avance NEO 700 NMR spectrometer equipped 
with a cryogenically cooled probehead optimized for 13C-direct detection. Experimental details are reported in 
Supplementary Table S1.

All the heteronuclear relaxation experiments  (R1,  R2 and 1H–15N NOEs) were acquired using 15N labeled 
NiV PNT at about 100 µM. The spectra were recorded at 288 K on a 16.4 T Bruker Avance NEO 700 NMR spec-
trometer equipped with a cryogenically cooled triple resonance probehead. The 15N  R1 and  R2 experiments were 
acquired with 8 scans (2048 × 256 points) and a relaxation delay of 3.0 s. To determine the 15N  R1 the following 
delays were used: 20 ms, 60 ms, 120 ms, 180 ms, 250 ms, 400 ms, 500 ms, 600 ms, 750 ms, and 900 ms. To deter-
mine the 15N  R2 the following delays were used: 32 ms, 64 ms, 96 ms, 128 ms, 160 ms, 190 ms, 260 ms, 320 ms, 
380 ms, 440 ms, and 500 ms. The 1H–15N NOEs experiments were acquired with 64 scans (2048 × 288 points) 
and a relaxation delay of 6.0 s.

The CLEANEX experiments were acquired on a 100 µM sample, with 16 scans (2048 × 248 points) and a 
relaxation delay of 3.0 s. The following delays were used: 5 ms, 10 ms, 20 ms, and 30 ms.

NMR data processing and analysis. NMR data sets were processed using the Bruker TopSpin 4.0.6 soft-
ware. CARA 76 and its tool  XEASY77 were used to analyze and annotate the spectra.

The 15N relaxation rates  (R1 and  R2) were determined by fitting the cross-peak intensity measured as a function 
of variable delay, to single-exponential decay using the Bruker Dynamic Center 2.4, available as a stand-alone 
ancillary software of TopSpin by Bruker. 1H–15N NOE values were obtained as the ratio between peak intensity 
in spectra recorded with and without 1H saturation.

The secondary structure propensity (SSP) from heteronuclear chemical shifts was determined by using the 
neighbor corrected structural propensity calculator (ncSPC)  tool32 available online at https ://st-prote in02.chem.
au.dk/ncSPC . The Mulder random coil chemical shift  library31 was chosen for the analysis, and the average 
window size was left to the standard value of 5.

SAXS experiments and analysis. Samples were concentrated using 30 kDa Amicon Ultra Centrifugal 
Filters (Merk Milllipore, Darmstadt, Germany) and loaded onto a Superdex 75 h 16/60 column using 20 mM 
Tris/HCl pH 8.0, 0.3 M NaCl, 5 mM DTT as elution buffer. Synchrotron X-ray scattering data were collected 
at ESRF BM29 beamline (Grenoble) using a PILATUS 1 M pixel detector (DECTRIS, Baden, Switzerland) at 
a sample-detector distance of 2.87 m and a wavelength of 0.0992 nm. This setup covers a range of momentum 
transfer of 0.028 < s < 4.525 nm–1 (s = 4π sin(θ)/λ, where 2θ is the scattering angle). Samples were loaded using a 



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19574  | https://doi.org/10.1038/s41598-020-76522-3

www.nature.com/scientificreports/

robotic sample  changer78 and measured at 20 °C at concentrations ranging from 0.5 to 1.2 mg/mL. 10 independ-
ent frames of 1 s each were collected for each sample and data were automatically reduced using an in-house 
pipeline. Further analysis was done using ATSAS 3.0.179. As no concentration dependence was observed (Sup-
plementary Figure S5), the curve with less noise (at 1.2 mg/mL) was used for the SAXS analysis. The forward 
scattering I(0) as well as the Rg were calculated using the Guinier approximation assuming that, at very small 
angles (s < 1.3/Rg), the intensity is represented as I(s) = I(0) · exp(− (sRg)2/3)80,81. The forward scattering intensities 
were calibrated using water as reference. Linearity in the Guinier region was used to exclude sample aggregation, 
and the pair-distance distribution function, P(r), from which the Dmax and the Rg were estimated, was computed 
using  GNOM82. Qualitative assessment of compactness versus structural disorder was made by transforming the 
scattering profiles in the so-called normalised Kratky representation [(sRg)2 * I(s)/I(0) vs. sRg]83. The MM was 
derived by placing the scattered intensity on an absolute scale using liquid water as calibrant.

Protein flexibility was quantified using EOM 2.084 that assumes coexistence of a range of Cα-only conforma-
tions in solution for which an average scattering intensity fits the experimental data. A genetic algorithm (GA) 
is used to select ensembles with varying numbers of conformers. The GA is repeated n independent times, and 
the ensemble with the lowest discrepancy considered as the best solution out of n final ensembles. Furthermore, 
repetition of GA allows the computation of Rg distributions so that structural information about the flexibility 
could be extracted. The width of the distribution is used to derive the flexibility of the particles, whereby a nar-
row distribution indicates a rather rigid particle and broader distributions are associated with higher flexibility. 
Using EOM 2.0, systematic quantification of the flexibility was made by using the metric Rflex—which computes 
the Shannon information entropy of the  distributions84. Experimental error-independent goodness-of-fit was 
also confirmed by using the software CorMap that estimates the differences between one-dimensional spectra 
independently of explicit error estimates, using only data point  correlations56. All the softwares used for the SAXS 
data analysis are part of the ATSAS 3.0  package79.

Accession numbers. The chemical shifts have been deposited in the Biological Magnetic Resonance Data 
Bank (BMRB) under the code 50370. SAXS data have been deposited in the Small Angle Scattering Biological 
Data Bank (SASBDB)85 under code SASDJB5. The ensemble derived using SAXS constraints only and the one 
derived from the combined use of SAXS and NMR constraints have been deposited within the Protein Ensem-
ble Database (PED-DB, https ://prote inens emble .org/)86 under accession numbers PED00176 and PED00177, 
respectively. All-atoms pdb files, required for deposition in the PED-DB, were generated from EOM Cα-only 
pdb files using the PD2ca2main server (http://www.sbg.bio.ic.ac.uk/~phyre 2/PD2_ca2ma in/)87.
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Supplementary text 
 

Discrepancy between experimentally observed Rg and Rg expected from Flory's power 
law 

 Flory’s power law attempts at generalizing the IDP behavior while taking into account 
only sequence length and thus neglecting sequence specificities. Although Flory’s power law 
remains a useful tool, the extent to which it can be generalized to all IDPs is a matter of 
debate, with several instances of deviations having been experimentally observed. Systematic 
collections of SAXS data on IDPs, such as the work of Cordeiro et al. [1], show a large scatter 
that indicates a lot of variation in scaling behavior. A similar study carried out Sosnick and 
co-workers [2] showed that several IDPs obeyed a scaling law with an exponent close to 0.6. 
Further, Sosnick and co-workers explained that the scaling law exponent reflects the quality 
of the solvent (aqueous buffer, sometimes also with denaturant) for a particular IDP and that 
solvent quality (and scaling exponent) can vary with the amino acid sequence. Consequently, 
it is not surprising to observe deviations from Flory’s power law such as those we observed 
for NiV PNT. 

 
  



Supplementary Figures 
 

 
 

Supplementary Figure S1. (A) 1H-15N-NOE measurements, (B) 15N R1 relaxation rates and 
(C) kex, as derived from CLEANEX-PM experiment using the approach reported in [3], of 
NiV PNT, carried out at 700 MHz and 288 K on a 100 µM 15N-labeled sample. The light cyan 

box represents the modal value of 1.38 s-1.  

 

  



 

 

Supplementary Figure S2. Excerpt of the output generated by FELLS [4].  

  



 
Supplementary Figure S3. (A) Hydrophobic cluster analysis (HCA) plot [5] of NiV PNT as 
obtained using MeDor [6]. Molecular Recognitions Elements (MoREs), as predicted by 
MoRFPred [7] are shown in yellow. The α-helices, as predicted by PSIPRED [8], are shown 
as pink horizontal bars above the sequence. Four of them fall within the region encompassing 
the first 50 residues while the fifth one encompasses residues 340-348. (B) 15N R2 relaxation 
rates and putative Short Linear Motifs (SLiMs) as identified by the ELM database 
(http://elm.eu.org/) (see also Supplementary Table S3). The SLiMs are identified as follows 
according to the ELM classification: §, CLV (cleavage site); #, DOC (docking site); ^; LIG 
(ligand binding site); *, MOD (post-translational modification site), ¤, TRG (targeting site). 
The color code is representative of the conservation score (red < 0.95; blue 0.95-1; green 1).  
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Supplementary Figure S4. Modeling NiV PNT as a conformational ensemble. (A) 
Experimental scattering curve of NiV PNT and EOM 2.0 ensemble fits obtained using 
different initial pools as explained in (B). (B) Rg distributions of the initial pools generated by: 
(red dot) EOM 2.0 (without restraints), (blue dot) Flexible-Meccano (with NMR secondary 
structure restraints), (orange dot) Flexible-Meccano (while imposing a kink centered at 
residue 20 providing NMR restraints), and (green dot) Flexible-Meccano (with α-helices 
imposed to residues 1-30). Rg distributions of the corresponding selected ensembles obtained 
using EOM 2.0 are shown as solid lines. 
 
  



 

 
 
Supplementary Figure S5. Superimposition of the experimental scattering curves of NiV 
PNT collected at 0.5 mg/mL (light blue) and 1.2 mg/mL (orange). Inset: zoom on the 
superimposition at very low angle.  
 
 
 
  



Supplementary Table S1. Acquisition parameters.  
 
 

Experiments 
Dimension of acquired data Spectral width (ppm) NSa d1 (s)b 

t1 t2 t3 F1 F2 F3     
1H detected          

1H-15N BEST-TROSY 1024 (15N) 8192 (1H)   35 15   2 0.05 
BT HNCO 224 (13C) 112 (15N) 4096(1H) 6 24 12 4 0.13 

BT HN(CA)CO 224 (13C) 112 (15N) 4096(1H) 6 24 12 8 0.13 
BT HNCACB 148 (13C) 128 (15N) 4096(1H) 34 25 12 4 0.20 

BT HN(CO)CACB 220 (13C) 128 (15N) 4096(1H) 65 25 12 16 0.20 
BT (H)N(COCA)NNH 134 (15N) 134 (15N) 4096(1H) 25 25 12 8 0.20 

BT (H)N(CA)NNH 148 (15N) 128 (15N) 4096(1H) 25 25 12 16 0.20 
13C detected          

CON 1264 (15N) 1024 (13C)   40 30   8 2.00 
(H)CBCACON 164 (13C) 128 (15N) 1024 (13C) 69 34 30 4 0.80 
(H)CBCANCO 164 (13C) 128(15N) 1024 (13C) 69 34 30 8 0.80 
(HCA)COCON 108 (13C) 128 (15N) 1024 (13C) 12 35 30 8 1.6 

a number of acquired scans 
b relaxation delay in seconds 

 
  



Supplementary Table S2. Chemical shift (ppm) values for assigned residues of NiV PNT (aa 
1-406) in 10 mM sodium phosphate buffer, pH 6.5, supplemented with 5 mM EDTA and 5 
mM DTT at 288 K. 1H resonances were calibrated with respect to the signal of 2,2-
dimethylsilapentane-5-sulfonic acid (DSS). 13C chemical shifts were referred to external DSS. 
15N chemical shifts were referred indirectly to the 13C standard using the conversion factor 
derived from the ratio of NMR frequencies [9]. 

Number Type HN N Cα	 Cβ	 Cʹ	
2 ASP   54.28 41.361 175.708 
3 LYS 8.442 122.574 56.413 32.901 176.375 
4 LEU 8.364 124.439 55.136 42.051 177.295 
5 GLU 8.389 122.708 56.187 30.119 176.175 
6 LEU 8.389 123.935 54.96 42.217 177.281 
7 VAL 8.147 121.906 62.253 32.653 175.97 
8 ASN 8.566 123.424 52.81 38.905 174.984 
9 ASP 8.354 121.881 54.531 40.954 176.829 

10 GLY 8.351 109.211 45.541 // 174.413 
11 LEU 8.024 121.695 55.304 42.398 177.189 
12 ASN 8.523 120.187 53.115 38.681 175.206 
13 ILE 8.116 122.14 61.464 37.802 176.434 
28 TYR   57.809 38.751 176.383 
29 GLY 8.33 110.865 45.188 // 174.11 
30 ARG 8.189 121.072 55.965 30.725 176.561 
31 SER 8.447 117.458 58.295 63.755 174.65 
32 SER 8.365 118.503 58.114 63.675 174.439 
33 ILE 8.075 122.448 61.065 38.431 176.188 
34 GLN 8.381 124.958 55.45 29.448 175.584 
35 GLN 8.441 123.814 53.63 28.727 173.924 
36 PRO // 137.762 63.004 31.969 176.799 
37 SER 8.512 116.99 58.12 63.879 174.891 
38 ILE 8.25 123.527 61.297 38.488 176.108 
39 LYS 8.233 125.953 55.974 32.744 175.928 
40 ASP 8.19 124.36 53.578 41.887 174.951 
50 GLN   55.797 28.988 176.216 
51 CYS 8.251 120.433 58.71 28.988 175.145 
52 THR 8.243 116.528 61.724 69.66 174.744 
53 SER 8.322 118.652 58.433 63.755 175.115 
54 GLY 8.434 111.549 45.136 // 174.328 
55 GLU 8.301 121.182 56.599 30.209 176.802 
56 SER 8.388 117.207 58.48 63.82 174.581 
57 GLU 8.442 123.256 56.548 30.092 176.422 
58 GLN 8.396 122.26 55.494 29.182 175.944 
59 VAL 8.244 122.538 62.016 32.775 176.366 
60 GLU 8.612 125.912 56.769 29.974 177.126 
61 GLY 8.559 111.586 45.352 // 174.837 
62 GLY 8.304 109.203 45.208 // 174.204 



63 MET 8.262 120.25 55.294 32.929 176.391 
64 SER 8.467 118.256 58.236 63.705 174.638 
65 LYS 8.489 124.246 56.245 33.084 182.359 
66 ASP  122.234 54.163 41.216 176.104 
67 ASP 8.299 122.051 54.539 40.991 177.092 
68 GLY 8.433 109.548 45.52 // 174.322 
69 ASP 8.233 121.339 54.441 40.969 176.87 
70 VAL 8.012 120.993 63.215 32.26 176.789 
71 GLU 8.385 123.271 57.19 29.627 177.111 
72 ARG 8.184 122.315 56.583 30.127 182.756 
73 ARG  122.199 56.473 30.554 176.481 
74 ASN 8.468 119.99 53.402 38.337 175.743 
75 LEU 8.209 122.931 55.915 41.952 177.977 
76 GLU 8.298 121.069 56.82 30.046 176.498 
77 ASP 8.241 121.499 54.525 41.028 176.729 
78 LEU 8.254 123.868 55.469 41.971 178.059 
79 SER 8.317 116.578 59.127 63.656 174.955 
80 SER 8.211 117.849 58.34 63.375 174.85 
81 THR 8.111 115.844 61.47 69.597 174.487 
82 SER 8.332 120.306 56.297 63.398 172.887 
83 PRO // 138.777 63.239 32.057 177.483 
84 THR 8.273 113.976 61.61 69.423 174.658 
85 ASP 8.226 123.041 54.233 41.078 176.925 
86 GLY 8.425 110.271 45.575 // 174.758 
87 THR 8.162 114.355 62.251 69.569 175.008 
88 ILE 8.102 123.563 61.341 38.479 176.862 
89 GLY 8.465 113.381 45.229 // 173.91 
90 LYS 8.093 121.528 55.885 33.148 176.506 
91 ARG 8.413 123.779 55.903 30.882 176.346 
92 VAL 8.312 122.73 62.031 32.444 176.147 
93 SER 8.425 120.081 57.842 63.784 174.248 
94 ASN 8.562 121.952 53.026 38.694 175.427 
95 THR 8.141 114.825 61.859 69.497 174.541 
96 ARG 8.297 123.397 55.901 30.52 175.879 
97 ASP 8.276 122.047 54.167 40.873 176.008 
98 TRP 7.982 122.191 57.283 29.406 175.815 
99 ALA 7.981 126.156 52.146 19.395 177.258 

100 GLU 8.132 120.87 56.836 30.019 177.123 
101 GLY 8.441 111.21 45.364 // 174.334 
102 SER 8.133 115.975 58.149 63.729 174.402 
103 ASP  122.637 54.237 41.132 175.987 
104 ASP  121.228 54.21 40.965 176.102 
105 ILE 7.986 121.751 61.046 38.75 176.063 
106 GLN 8.446 125.596 55.073 29.221 181.626 
107 LEU  125.209 54.615 42.472 176.888 
108 ASP 8.358 123.461 52.441 40.517 174.337 



109 PRO // 136.753 62.929 31.973 176.774 
110 VAL 8.235 121.564 62.47 32.349 176.515 
111 VAL 8.291 125.514 62.194 32.596 176.31 
112 THR 8.219 118.719 61.523 69.76 174.079 
113 ASP 8.291 123.727 54.184 41.058 175.988 
114 VAL 8.063 121.424 62.286 32.505 175.825 
115 VAL 8.093 124.952 61.953 32.665 175.534 
116 TYR 8.332 125.489 57.716 38.686 175.382 
117 HIS 8.18 122.235 54.912 29.933 173.766 
118 ASP  122.463 54.197 40.977 176.189 
119 HIS  120.293 55.715 29.092 175.43 
120 GLY  110.422 45.644 // 174.805 
121 GLY 8.337 109.628 45.128 // 174.298 
122 GLU 8.378 121.141 56.562 30.035 176.717 
123 CYS 8.495 120.86 58.416 27.696 174.899 
124 THR 8.195 116.622 61.906 69.593 174.995 
125 GLY 8.323 111.484 45.006 // 173.84 
126 TYR 8.107 120.694 58.131 38.632 176.408 
127 GLY 8.298 111.183 45.086 // 173.776 
128 PHE 8.004 120.424 57.757 39.569 176.018 
129 THR 8.134 116.324 61.441 69.839 174.074 
130 SER 8.271 118.775 57.984 63.801 174.043 
131 SER 8.321 119.125 57.208 63.365 172.969 
132 PRO // 138.58 63.552 31.971 177.151 
133 GLU  121.107 56.692 29.715 176.739 
134 ARG  121.976 56.188 30.518 176.75 
135 GLY 8.345 110.23 45.062 // 173.987 
136 TRP 8.044 121.536 57.453 29.54 176.496 
137 SER 8.047 117.617 58.185 63.917 173.765 
138 ASP 8.092 122.307 54.197 40.889 176.225 
139 TYR 8.118 121.266 58.319 38.378 176.408 
140 THR 8.029 115.609 61.747 69.603 174.747 
141 SER 8.205 118.459 58.505 63.51 175.212 
142 GLY 8.32 111.424 45.369 // 174.075 
143 ALA 8.091 124.024 52.638 19.115 177.698 
144 ASN 8.421 117.972 53.21 38.677 175.158 
145 ASN 8.329 119.571 53.112 38.572 175.775 
146 GLY 8.371 109.267 45.449 // 174.003 
147 ASN 8.237 119.241 53.204 38.857 175.255 
148 VAL 8.081 120.933 62.161 32.721 175.884 
149 CYS 8.468 124.257 58.321 27.867 174.393 
150 LEU 8.423 126.314 55.016 42.172 177.312 
151 VAL 8.158 121.967 62.078 32.816 176.156 
152 SER 8.361 120.016 58.232 63.87 174.325 
153 ASP 8.281 123.517 54.108 41.092 176.307 
154 ALA 8.244 125.15 53.019 18.777 178.278 



155 LYS 8.258 120.081 56.431 32.591 176.994 
156 MET  120.976 55.322 32.37 176.359 
157 LEU 8.138 123.547 55.142 42.129 177.225 
158 SER 8.1 116.395 58.113 63.737 173.799 
159 TYR 8.076 122.731 57.409 38.85 174.841 
160 ALA 8.129 128.213 49.979 18.424 174.8 
161 PRO // 135.873 62.732 32.018 176.89 
162 GLU 8.544 121.5 56.592 30.003 176.534 
163 ILE 8.147 123.078 60.825 38.609 175.797 
164 ALA 8.368 129.433 52.284 19.142 177.495 
165 VAL 8.157 120.831 61.982 32.787 176.286 
166 SER 8.52 121.029 57.819 63.919 174.625 
167 LYS 8.541 124.676 56.553 32.953 182.756 
168 GLU  122.028 56.938 29.824 176.417 
169 ASP 8.333 122.327 54.431 40.982 176.362 
170 ARG 8.246 121.621 56.839 30.41 176.738 
171 GLU 8.484 122.042 56.968 29.889 177.057 
172 THR 8.073 114.959 62.256 69.552 174.429 
173 ASP 8.304 123.177 54.472 40.945 176.351 
174 LEU 8.116 122.536 55.469 42.151 177.748 
175 VAL 7.939 120.558 62.556 32.457 182.359 
176 HIS  122.481 56.173 30.088 176.182 
177 LEU 8.227 123.961 55.406 42.204 177.409 
178 GLU 8.499 134.621 56.554 29.971 176.395 
179 ASN 8.405 120.443 53.228 38.705 175.348 
180 LYS 8.294 122.531 56.413 32.76 176.739 
181 LEU 8.253 123.128 55.14 42.102 177.676 
182 SER 8.3 116.992 58.095 63.522 175.206 
183 THR 8.252 116.02 61.556 69.29 175.067 
184 THR 8.101 116.057 62.007 69.558 175.195 
185 GLY 8.38 111.739 45.067 // 173.865 
186 LEU 8.057 121.71 54.623 42.355 176.968 
187 ASN 8.527 121.172 51.204 38.689 173.492 
188 PRO // 137.262 63.39 32.134 177.22 
189 THR 8.162 114.097 61.619 69.427 174.239 
190 ALA 8.145 127.195 52.154 19.266 177.361 
191 VAL 8.139 122.043 59.75 32.395 174.666 
192 PRO // 139.927 62.868 32.052  
193 PHE   58.154 39.197 175.924 
194 THR 7.947 116.593 61.534 69.813 173.907 
195 LEU 8.123 124.993 55 42.132 177.167 
196 ARG  122.315 55.824 30.569 175.788 
197 ASN 8.483 120.498 52.924 38.577 175.346 
198 LEU 8.306 123.645 55.305 41.896 177.464 
199 SER 8.203 116.281 58.297 63.768 173.83 
200 ASP 8.227 123.903 52.066 41.146 174.637 



201 PRO // 138.145 63.541 32.057 177.106 
202 ALA 8.36 123.379 52.362 18.723 178.252 
203 LYS 8.041 120.228 56.301 32.941 176.411 
204 ASP 8.206 121.126 54.148 41.014 175.918 
205 SER 8.128 117.61 56.399 63.239 172.63 
206 PRO // 138.517 62.91 31.969 176.778 
207 VAL  121.35 62.453 32.429 176.308 
208 ILE 8.242 126.511 60.554 38.278 175.849 
209 ALA 8.36 129.238 52.332 19.222 177.484 
210 GLU 8.321 120.645 56.528 30.149 176.248 
211 HIS  119.796 55.277 29.83 174.076 
212 TYR 8.12 122.285 57.706 38.72 175.408 
213 TYR 8.227 123.021 57.803 38.661 176.068 
214 GLY 7.733 109.975 45.072 // 173.918 
215 LEU 8.105 121.831 55.214 42.176 178.114 
216 GLY 8.497 110.534 45.13 // 174.137 
217 VAL 7.925 120.037 62.28 32.502 176.389 
218 LYS 8.42 125.601 56.192 32.93 176.609 
219 GLU 8.42 122.815 56.832 30.151 176.342 
220 GLN 8.384 121.653 55.771 29.441 175.633 
221 ASN 8.539 120.656 53.27 38.805 174.975 
222 VAL 8.118 120.234 62.007 32.77 176.279 
223 GLY 8.337 112.992 44.404 // 171.87 
224 PRO // 134.827 63.163 31.958 177.368 
225 GLN 8.643 121.26 55.782 29.262 176.419 
226 THR 8.19 115.827 61.866 69.78 174.662 
227 SER 8.355 118.693 58.325 63.645 174.438 
228 ARG 8.366 123.369 55.907 30.727 175.904 
229 ASN 8.481 120.856 53.055 38.566 175.292 
230 VAL 8.11 120.821 62.247 32.704 175.725 
231 ASN 8.485 122.351 53.13 38.61 175.54 
232 LEU 8.284 123.655 55.533 42.087 177.467 
233 ASP  120.594 54.73 40.903 176.556 
234 SER 8.039 115.772 58.502 63.843 174.554 
235 ILE 7.957 122.749 61.256 38.502 176.443 
236 LYS  125.929 56.171 32.783 175.947 
237 LEU  124.132 54.907 42.494 176.799 
238 TYR 8.189 121.293 57.449 38.949 175.831 
239 THR 8.178 116.371 61.064 70.108 174.297 
240 SER 8.372 118.267 58.283 63.864 174.407 
241 ASP 8.446 122.59 54.318 41.053 175.912 
242 ASP 8.216 120.929 54.193 40.898 176.093 
243 GLU  115.527 56.736 30.163 176.859 
244 GLU 8.362 121.914 56.55 29.963 176.555 
245 ALA 8.194 125.165 52.662 19.224 177.8 
246 ASP 8.295 119.971 54.435 40.834 176.377 



247 GLN 8.237 120.773 55.638 29.159 175.973 
248 LEU 8.219 123.532 55.381 42.183 175.98 
249 GLU  121.615 56.592 30.067 176.245 
250 PHE 8.12 120.831 57.649 39.701 176.345 
251 GLU  123.087 56.241 30.433 175.879 
252 ASP 8.36 122.361 54.18 41.256 176.558 
253 GLU 8.494 122.68 57.046 29.876 176.421 
254 PHE 8.299 120.735 57.481 38.972 175.876 
255 ALA 8.049 126.075 52.907 19.009 178.168 
256 GLY 8.013 108.329 45.283 // 174.31 
257 SER 8.199 116.132 58.444 64.075 174.836 
258 SER 8.469 118.473 58.391 63.839 174.702 
259 SER 8.359 118.399 58.316 63.747 174.362 
260 GLU 8.345 123.4 56.413 30.456 176.191 
261 VAL 8.19 122.998 62.454 32.674 175.871 
262 ILE 8.361 127.308 60.648 38.301 176.184 
263 VAL 8.348 126.627 62.079 32.587 176.428 
264 GLY 8.466 113.609 45.007 // 173.625 
265 ILE 8.038 120.671 60.661 39.021 176.301 
266 SER 8.644 122.987 56.287 63.387 172.987 
267 PRO // 138.655 63.565 31.962 177.398 
268 GLU 8.536 120.422 56.898 29.787 176.473 
269 ASP 8.185 121.131 54.48 41.265 176.1 
270 GLU 8.103 121.375 56.026 30.788 176.267 
271 GLU 8.46 124.449 54.247 29.68 174.751 
272 PRO // 138.513 63.119 31.871 177.237 
273 SER 8.505 116.413 58.255 63.576 174.978 
274 SER 8.367 118.604 58.161 63.639 174.779 
275 VAL 8.135 121.976 62.438 32.359 176.93 
276 GLY 8.5 113.043 45.147 // 174.69 
277 GLY 8.219 109.11 45.031 // 173.825 
278 LYS 8.305 122.451 53.918 32.54 174.397 
279 PRO // 137.988 63.078 31.978 176.878 
280 ASN 8.6 119.42 53.381 38.541 175.537 
281 GLU 8.404 122.217 56.565 30.215 176.547 
282 SER 8.383 117.274 58.352 63.567 174.74 
283 ILE 8.062 123.031 61.51 38.573 176.892 
284 GLY 8.49 113.129 45.253 // 174.012 
285 ARG 8.123 121.187 55.895 31.165 176.542 
286 THR 8.325 117.044 61.922 69.972 174.632 
287 ILE 8.352 124.31 61.107 38.227 176.442 
288 GLU 8.567 125.934 56.889 29.936 177.205 
289 GLY 8.497 110.783 45.439 // 174.398 
290 GLN 8.173 120.418 55.934 29.487 176.185 
291 SER 8.456 117.814 58.628 63.564 174.811 
292 ILE 8.183 123.425 61.611 38.451 176.599 



293 ARG 8.296 124.815 56.477 30.804 176.301 
294 ASP 8.266 121.597 54.505 40.947 176.235 
295 ASN 8.324 119.432 53.37 38.471 175.657 
296 LEU 8.222 122.403 55.598 41.725 177.737 
297 GLN 8.221 120.662 55.717 29.142 175.956 
298 ALA 8.209 125.683 52.578 19.025 177.973 
299 LYS 8.268 120.942 56.287 32.899 176.389 
300 ASP 8.279 121.454 53.914 41.073 175.989 
301 ASN 8.332 120.182 53.089 38.627 175.386 
302 LYS 8.347 122.053 56.266 32.864 176.951 
303 SER 8.374 117.573 58.363 63.514 174.965 
304 THR 8.181 115.721 61.521 69.42 174.268 
305 ASP 8.275 123.777 54.133 40.935 175.82 
306 VAL 8.145 122.636 59.954 32.581 174.563 
307 PRO // 140.658 63.311 31.913 177.724 
308 GLY 8.545 110.626 45.027 // 173.927 
309 ALA 8.13 124.251 52.218 19.635 178.011 
310 GLY 8.341 109.241 44.396 // 171.878 
311 PRO // 135.131 62.888 32.075 177.451 
312 LYS 8.53 122.165 56.075 32.816 176.624 
313 ASP 8.329 122.028 54.255 41.265 176.374 
314 SER 8.249 117.02 58.483 63.601 174.31 
315 ALA 8.307 126.509 52.637 19.096 177.747 
316 VAL 8.048 120.444 62.144 32.318 176.096 
317 LYS 8.424 126.83 55.866 33.026 176.178 
318 GLU  123.828 55.971 30.518 176.086 
319 GLU  125.158 54.116 29.75 174.056 
320 PRO // 139.197 61.246 30.654 174.812 
321 PRO // 135.805 62.852 32.126 176.885 
322 GLN  121.633 55.777 29.431 176.061 
323 LYS  123.688 56.06 33.064 176.194 
324 ARG  123.635 55.638 30.928 175.959 
325 LEU  126.166 55.409 41.284 174.872 
326 PRO // 138.636 63.001 31.817 176.668 
327 MET 8.395 120.954 55.478 33.111 176.129 
328 LEU 8.299 124.244 54.885 42.33 177.107 
329 ALA 8.338 125.304 52.773 19.083 177.961 
330 GLU 8.427 120.055 56.837 30.035 176.641 
331 GLU 8.293 121.607 57.258 29.999 176.252 
332 PHE 8.293 120.807 57.511 39.718 175.732 
333 GLU 8.318 122.971 56.416 30.171 176.216 
334 CYS 8.418 121.018 58.283 27.958 174.819 
335 SER 8.575 119.309 58.65 63.71 175.203 
336 GLY 8.526 111.966 45.252 // 174.29 
337 SER 8.183 115.84 58.538 63.919 174.546 
338 GLU 8.51 123.099 56.333 30.239 175.924 



339 ASP 8.329 124.294 52.309 41.455 174.957 
340 PRO // 137.86 63.873 32.145 177.714 
341 ILE  120.437 62.092 32.785  
347 LYS   57.066 32.344 177.426 
348 GLU  121.531 57.156 29.793 176.922 
349 ASN 8.381 119.576 53.578 38.587 175.692 
350 SER 8.201 116.632 59.077 63.517 174.87 
351 LEU 8.15 123.758 55.57 41.94 177.8 
352 ILE 8.15 120.115 61.369 38.281 176.266 
353 ASN 8.375 122.042 53.274 38.504 175.416 
354 CYS 8.247 119.98 58.757 27.778 174.831 
355 GLN 8.463 122.809 56.061 29.038 176.025 
356 GLN  121.704 56.073 29.413 176.554 
357 GLY  110.906 45.12 // 176.553 
358 LYS  121.369 56.494 32.831 176.598 
359 ASP  121.099 54.189 40.889 175.785 
360 ALA  124.36 52.205 19.143 177.426 
361 GLN  121.178 53.258 28.868 173.577 
362 PRO // 139.123 61.159 30.659 174.715 
363 PRO // 135.238 61.311 30.542  
367 SER   58.121 63.607 174.359 
368 ILE 8.16 122.844 60.766 38.684 176.047 
369 GLU 8.394 121.674 56.045 29.129  
371 SER   61.897 70.026 174.335 
372 ILE  122.611 60.71 38.706 176.069 
373 SER  121.749 55.827 62.993 173.044 
374 PRO // 138.261 63.266 31.913 176.633 
375 ASP  120.308 54.029 40.826 176.37 
376 LYS 8.26 122.211 56.16 32.668 176.704 
377 THR 8.18 116.072 62.234 69.633 174.497 
378 GLU 8.417 124.137 56.251 30.283 176.112 
379 ILE 8.244 123.608 60.887 38.202 176.38 
380 VAL 8.32 126.034 62.061 32.675 175.995 
381 ASN 8.664 123.963 53.346 38.59 175.767 
382 GLY 8.402 109.942 45.222 // 173.745 
383 ALA 8.064 124.1 52.191 19.337 177.781 
384 VAL  120.325 62.272 32.571 176.375 
385 GLN 8.578 125.355 55.493 29.494 176.174 
386 THR 8.238 116.61 61.775 69.659 174.576 
387 ALA 8.407 126.586 52.64 19.048 177.603 
388 ASP 8.304 119.877 54.336 40.89 176.435 
389 ARG 8.171 121.551 56.063 30.367 176.272 
390 GLN 8.344 121.252 55.626 29.136 175.817 
391 ARG 8.359 124.111 53.946 29.925 174.248 
392 PRO // 138.018 63.215 32.101 177.458 
393 GLY 8.561 110.186 44.986 // 174.042 



 
 

 

Supplementary Table S3. Predicted Short Linear Motifs (SLiMs) with a conservation score  
≥ 0.88 as provided by the ELM database (see also Supplementary Figure S3B). The full 
report is available at:  

http://elm.eu.org/cgimodel.py?fun=smartResult&userId=QiKRrpLlDz&EXPECT_CUTOFF=
100&r=1&bg=on 

 

SLiM Code Type Residues Conservation 
Score 

LIG_WD40_WDRS_VDV_2 DKEL 2-6 1.00 
MOD_GSK3_1 IQKTYGRS 24-31 1.00 
MOD_CK2_1 GFTSSPE 127-133 1.00 

MOD_SUMO_rev_2 SDAKML 152-157 1.00 
LIG_WD40_WDRS_VDV_2 TTGLNPTA 183-190 0.97 

DOC_WW_Pin1_4 AKDSPY 202-207 1.00 
MOD_Pro_Dkin_1 AKDSPVI 202-208 1.00 

DOC_USP7_MATH_1 AGDSSS 255-259 1.00 
DOC_PP2A_B56_1 LPMLAEE 325-331 1.00 

CLV_PCSK_SKI1_1 RELLK 343-347 0.90 
TRG_Pf_PMV_PEXEL_1 RELLKE 343-348 0.90 

MOD_GSK3_1 YHWSIERS 364-371 0.88 
MOD_PIK_1 IERSISP 368-374 0.97 

DOC_WW_Pin1_4 RSISPD 370-375 1.00 
MOD_Pro_Dkin_1 RSISPDK 370-376 1.00 

LIG_FHA_1 DKTEIVN 375-381 0.88 
LIG_SH3_3 RQRPGTP 389-395 1.00 

DOC_WW_Pin1_4 RPGTPM 391-395 1.00 
MOD_DYRK1A_RPXSP_1 RPGTP 391-395 1.00 

MOD_Pro_Dkin_1 RPGTPMP 391-397 1.00 
MOD_CDK_CPxxK_3 RPGTPMPK 391-398 1.00 

DOC_CKS1_1 PGTPMP 392-397 1.00 

394 THR 8.033 117.341 59.909 69.96 172.713 
395 PRO // 139.659 62.975 32.109 176.659 
396 MET 8.315 121.560 54.025 32.318 174.806 
397 PRO // 137.716 63.258 32.026  
398 LYS   56.289 32.818 176.829 
399 SER 8.355 117.483 58.222 63.698 174.563 
400 ARG 8.487 123.745 56.05 30.658 176.627 
401 GLY 8.393 110.215 44.887 //  
402 ILE   52.868 41.367 175.221 
403 PRO // 136.107 62.932 31.897  



Supplementary Table S4. SAXS data-collection and scattering-derived parameters. 
 
__________________________________________________________________ 

Data-collection parameters  

 Data source and instrument (beamline) ESRF (BM29) 

 Instrument (detector) PILATUS 1M 

 Beam geometry (mm2) 0.7 x 0.7 

 Wavelength (Å) 0.992 

 Detector distance (m) 2.847 

 s range (nm-1) 0.028-4.525 

 Exposure time (sec) 10 (10 frames x 
1.00sec) 

 Concentration (mg ml-1) 1.2 

 Temperature (K) 293 

Structural parameters 

 I(0) (cm-1) [from P(r)] 69.53±0.1 

 Rg (nm) [from P(r)] 6.36±0.2 

 I(0) (cm-1) [from Guinier approximation] 69.62±0.7 

 Rg (nm) [from Guinier approximation] 6.17±0.12 

 Dmax (nm) 23±1 

Molecular-mass determination 

 Molecular mass Mr (kDa) [from water calibration] ~47 

 Calculated monomeric Mr (kDa) [from sequence]* ~45 

Software employed 

 Primary data reduction PIPELINE 

 Data processing ATSAS 3.0.1 

 Flexibility assessment EOM 2.0 

 
* as obtained using the ProtParam tool of the expasy server (https://web.expasy.org/protparam/) 
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Abstract
The nucleocapsid protein N from SARS-CoV-2 is one of the most highly expressed proteins by the virus and plays a number 
of important roles in the transcription and assembly of the virion within the infected host cell. It is expected to be charac-
terized by a highly dynamic and heterogeneous structure as can be inferred by bioinformatics analyses as well as from the 
data available for the homologous protein from SARS-CoV. The two globular domains of the protein (NTD and CTD) have 
been investigated while no high-resolution information is available yet for the flexible regions of the protein. We focus here 
on the 1–248 construct which comprises two disordered fragments (IDR1 and IDR2) in addition to the N-terminal globular 
domain (NTD) and report the sequence-specific assignment of the two disordered regions, a step forward towards the com-
plete characterization of the whole protein.

Keywords SARS-CoV-2 · Covid-19 · Nucleocapsid protein · NMR spectroscopy · 13C detection · IDPs

Biological context

Coronaviruses (CoVs) are relatively large viruses containing 
a single-stranded positive-sense RNA genome encapsulated 
within a membrane envelope (Cui et al. 2019). There are 
four classes of CoVs, called α, β, γ, and δ, with the class 
β-coronavirus including CoVs that can infect humans, such 
as the severe acute respiratory syndrome virus (SARS-CoV), 

the Middle East respiratory syndrome virus (MERS-CoV), 
and the COVID-19 causative agent SARS-CoV-2 (Mas-
ters 2006; Surjit and Lal 2008). Similar to SARS-CoV 
and MERS-CoV, SARS-CoV-2 attacks the lower respira-
tory system causing viral pneumonia, but it may also affect 
the gastrointestinal system, heart, kidney, liver, and central 
nervous system leading to multiple organ failure (Huang 
et al. 2020; Wang et al. 2020). The severe rate of this virus 
spread, based on its unexpectedly high infectivity, demands 
rapid action towards both the development of a vaccine and 
potent viral inhibitors to weaken or eliminate major life-
threat symptoms.

The SARS-CoV-2 nucleocapsid protein N is a structur-
ally heterogeneous, 419 amino-acid-long, multidomain 
RNA-binding protein that is found inside the viral enve-
lope (Fig. 1). This protein, as already established for its 
SARS-CoV homologue, stabilizes viral RNA by forming 
a ribonucleoprotein complex (RNP) and plays a funda-
mental role in the transcription and assembly of the virion 
once the host cell is infected (Chang et al. 2009, 2014). 
The self-association of the N protein is also responsible 
for the formation of a shell, the capsid, which protects 
the genetic material from external agents. The N protein 
includes two functional domains known as N- and C-ter-
minal domains, or NTD and CTD respectively, that are 
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responsible for RNA binding (NTD) and homo-dimeriza-
tion (CTD) (Chang et al. 2006). Bioinformatics analysis 
predicts the presence of three long intrinsically disordered 
regions in the polypeptide chain as reported in Fig. 1 (Giri 
et al. 2020). These regions are believed to be responsible 
for an intricate mechanism that leads to the regulation of 
the formation of the RNP complex. They are also engaged 
in many interactions with other viral proteins or host pro-
teins, as was already demonstrated for the homologous 
nucleocapsid protein of the CoV that causes SARS (Chang 
et al. 2014; Giri et al. 2020). To date there is no struc-
tural and dynamic information with atomic resolution for 
the entire N protein due to its highly disordered nature. 
The structures of the globular NTD and CTD domains 
have been determined (Kang et al. 2020; Peng et al. 2020; 
Dinesh et al. 2020). However, there is no atomic resolution 
information on the disordered parts of this protein. On the 
other hand, the role of disorder is not accidental and is 
very relevant for the modulation of the mechanisms lead-
ing to the infection (Goh et al. 2012, 2013). In addition, 
the N proteins of the different variants of CoVs seem to 
be genetically stable (Giri et al. 2020), which makes them 
excellent candidates for developing antiviral therapies that 
have not been explored to date.

In this frame, we provide here the backbone assignment 
of the two disordered regions flanking the NTD, the N-ter-
minal IDR1 and the serine-rich disordered region IDR2, 
in the 1–248 residue construct (IDR1-NTD-IDR2). These 
data will contribute to the efforts of the research consortium 
covid19-nmr (www.covid 19-nmr.de) enabling follow-up 

applications, such as residue-resolved drug screening and 
interaction mapping.

Methods and experiments

Construct design

This study uses the SARS-CoV-2 NCBI reference 
genome entry NC_045512.2, identical to GenBank entry 
MN908947.3. The definition of domain boundaries for 
the IDR1-NTD-IDR2 fragment (1–248) was guided by the 
SARS-CoV homologue (Chang et al. 2014).

A codon-optimized expression construct of SARS-CoV-2 
IDR1-NTD-IDR2 inserted into the pET29b(+) plasmid was 
obtained from Twist Bioscience.

Sample preparation

Uniformly 13C, 15N-labelled IDR1-NTD-IDR2 protein was 
expressed in E. coli strain BL21 (DE3). The culture was 
grown in 1 L LB medium at 37 °C until  OD600 reached 0.8, 
then transferred in 250 mL of labelled minimal medium (4x) 
containing 0.25 g/L 15NH4Cl (Cambridge Isotope Laborato-
ries), 0.75 g/L  [U]13C6-d-glucose (Eurisotop). After 1 h of 
metabolite clearance, the culture was induced with 0.2 mM 
isopropyl-beta-thiogalactopyranoside (IPTG) at 18 °C for 
16/18 h.

The cell pellet was resuspended in 25 mM 2-Amino-
2-(hydroxymethyl)-1,3-propanediol (TRIS), 1.0 M sodium 

Fig. 1  Bioinformatics analysis of the intrinsic disorder predisposi-
tion of the SARS-CoV-2 nucleocapsid N protein obtained using 
IUPred short (golden line), IUPred long (purple line), PONDR® 
VLXT (red line), PONDR® VL3 (green line), PONDR® VSL2B 
(blue line), PONDR® FIT (black line). The gray shadow region sig-
nifies the error distribution σ(MDP) around the mean disorder profile 

calculated by averaging of the disorder profiles of individual predic-
tors. Protein regions with a disordered score consistently larger than 
0.5 are considered disordered, whereas regions with disorder scores 
between 0.2 and 0.5 are considered as flexible. Over the plot, the 
domain organization used in the text is reported
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chloride, 5% glycerol, DNAse, RNAse and 500  µL of 
100 × stock of protease inhibitor cocktail (SIGMA) at pH 8.

Cells were disrupted by sonication. The supernatant was 
cleared by centrifugation (50′, 30,000×g, 4 °C), then the 
cleared supernatant was dialyzed overnight at 4 °C into 
25 mM TRIS pH 7.2 (binding buffer).

The protein was purified with ion-exchange chromatogra-
phy using an HiTrap SP FF 5 mL column and a 70% gradient 
of 25 mM TRIS, 1 M NaCl pH 7.2. Fractions containing 
pure protein were pooled and concentrated using 15 mL 
and 0.5 mL Centricon centrifugal concentrators (MW cut-
off 10 kDa).

Final NMR samples were 280 µM IDR1-NTD-IDR2, 
25 mM TRIS pH 6.5, 450 mM sodium chloride, 0.02% 
 NaN3, 5% (v/v)  D2O in water.

NMR experiments

All the NMR experiments were acquired at 298 K. Car-
bon-13 direct detected NMR experiments were acquired 
on a 16.4 T Bruker AVANCE NEO spectrometer operating 
at 700.06 MHz 1H, 176.05 MHz 13C, and 70.97 MHz 15N 
frequencies, equipped with a 5 mm cryogenically cooled 
probehead optimized for 13C direct detection (TXO). Pro-
ton direct detected NMR experiments were acquired on a 
28.3 T Bruker AVANCE NEO spectrometer operating at 
1200.85 MHz 1H, 301.97 MHz 13C, and 121.70 MHz 15N 
equipped with a 3 mm cryogenically cooled triple-resonance 
probehead (TCI).

Backbone assignment was performed by analyzing 2D 
and 3D 1H and 13C direct detected experiments. In particu-
lar, 2D-[1H, 15N]-HSQC, 2D-[1H, 15N]-BEST-TROSY (BT), 
2D-CON, 2D-(H)CACO and 2D-(H)CBCACO experiments 
were performed. Moreover, a series of 3D experiments were 
acquired: 3D-(H)CBCACON, 3D-(H)CBCANCO, 3D-BT-
HNCACB, and 3D-BT-HN(CO)CACB. To compare the 
resonance values obtained through the carbon detected spec-
tra with the ones obtained with the proton detected ones, 
3D-HNCO and 3D-HN(CA)CO were also collected.

All the 2D-13C detected experiments were acquired in 
a version optimized for the detection of the highly flexible 
regions of the protein (Felli and Pierattelli 2012). Carbon-13 
homonuclear decoupling was achieved through the IPAP 
virtual decoupling approach (Bermel et al. 2006a). 2D-(H)
CACO and 2D-(H)CBCACO exploit constant-time evolu-
tion in the indirect dimension (Pontoriero et al. 2020). The 
2D-CON was acquired both with the 13C start variant (Ber-
mel et al. 2006b) as well as with the 2D-(HCA)CON variant 
(Bermel et al. 2009) to ensure direct detection of proline 
15N resonances. 3D-(H)CBCACON and 3D-(H)CBCANCO 
(Bermel et al. 2009) were acquired with high resolution in 
all detected dimensions. Most relevant acquisition param-
eters are reported in Table 1.

Pulse lengths and carrier frequencies generally used 
for triple resonance experiments were used for the 13C 
detected experiments and are summarized hereafter. The 
1H carrier was placed at 4.7 ppm for non-selective hard 
pulses. 13C pulses were given at 176.7 ppm, 55.9 ppm, 
and 45.7 ppm for C′,  Cα and  Cali regions, respectively. 

Table 1  Experimental parameters used to collect the NMR experiments

a Number of acquired scans
b Relaxation delay (acquisition time plus recovery delay d1)

Experiments Dimension of acquired data Spectral width (ppm) NSa d1 + aq (s)b Spectrometer 
frequency (1H) 
(MHz)t1 t2 t3 F1 F2 F3

1H detected
 1H-15N BEST-TROSY 512 (15N) 9676 (1H) 41 15 16 0.5 1200
 BT-HNCACB 96 (13C) 90 (15N) 6144 (1H) 75 41 14 96 0.2 1200
 BT-HN(CO)CACB 96 (13C) 80 (15N) 6144 (1H) 75 41 14 96 0.2 1200
 HN(CA)CO 128 (13C) 128 (15N) 4096 (1H) 7 28 18 8 1.0 1200
 HNCO 128 (13C) 220 (15N) 4096 (1H) 7 28 18 4 1.0 1200

13C detected
 CON 512 (15N) 1024 (13C) 34 31 32 1.6 700
 (HCA)CON 220 (15N) 1024 (13C) 40 31 16 0.9 700
 (H)CACO 330 (13C) 1024 (13C) 34 30 32 1.0 700
 (H)CBCACO 476 (13C) 1024 (13C) 59 30 32 1.0 700
 (H)CBCACON 128 (13C) 96 (15N) 1024 (13C) 58 34 30 4 1.0 700
 (H)CBCANCO 96 (13C) 96 (15N) 1024 (13C) 58 34 30 16 1.0 700
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15N pulses were given at 124.0 ppm. Q5 and Q3 shapes 
(Emsley and Bodenhausen 1990) of durations of 300 and 
231 μs, respectively, were used for 13C band-selective 
π/2 and π flip angle pulses except for the π pulses that 
should be band-selective on the  Cα region (Q3, 900 μs), 
and for the adiabatic π pulse (Böhlen and Bodenhausen 
1993) to invert both C′ and  Cα (smoothed Chirp 500 μs, 
20% smoothing, 80 kHz sweep width, 11.3 kHz RF field 
strength). Composite pulse decoupling was applied on 1H 
(Waltz-16) (Shaka et al. 1983) and 15N (Garp-4) (Shaka 
et al. 1985) with an RF field strength of 3 kHz and 1 kHz 
respectively.

1H detected experiments, acquired at 1.2  GHz, 
exploited the BEST-TROSY approach (3D-BT-HNCACB 
and 3D-BT-HN(CO)CACB) or the sensitivity enhanced 
approach (3D-HNCO and 3D-HN(CA)CO) for the 3D 
experiments. The 2D-[1H, 15N]-BEST-TROSY used 
sensitivity-enhanced gradient echo/antiecho coherence 
selection (Czisch and Boelens 1998; Schulte-Herbrüggen 
and Sørensen 2000) and Band-Selective Excitation Short-
Transient (BEST) (Schanda et al. 2006; Lescop et al. 2007; 
Solyom et al. 2013) approach using exclusively shaped 
proton pulses. The inter-scan delay was set to 0.2 s. A 
2D-[1H, 15N]-HSQC was also acquired in its fast version 
which exploits Watergate 3-9-19 pulses for water suppres-
sion (Mori et al. 1995). 3D-BT-HNCACB, and 3D-BT-
HN(CO)CACB used echo/antiecho gradient selection 
and semi-constant time in the 15N dimension (Schulte-
Herbrüggen and Sørensen 2000; Solyom et  al. 2013). 
3D-HNCO and 3D-HN(CA)CO used sensitivity enhanced 
approach and selective pulse on the solvent for the water 
suppression (Kay et al. 1994). C′ and  Cα/Cß selective exci-
tation was exploited through band selective pulses.

Carrier frequencies used for triple resonance experiments 
in 1H detected experiments were the same as for 13C detected 
experiments except for the 15N carrier placed at 118.0 ppm. 
Pulse shapes and lengths for 13C band-selective pulses were 
G4 (Emsley and Bodenhausen 1992) and Q3 (Emsley and 
Bodenhausen 1990) shapes of durations of 205 and 128 μs, 
respectively, used for 13C band-selective π/2 and π flip angle 
pulses except for the π pulses that should be band-selective 
on the  Cα region (Q3, 525 μs). The 1H band-selective pulses 
on the amide region were Pc9 (Kupce and Freeman 1994) 
or Eburp2 (Geen and Freeman 1991) for the π/2 and Reburp 
(Geen and Freeman 1991) or Bip (Smith et al. 2001) for π 
pulses.

All the spectra were acquired, processed, and analysed by 
using Bruker TopSpin 4.0.8 software. Chemical shifts were 
referenced using the 1H and 13C shifts of DSS. Nitrogen 
chemical shifts were referenced indirectly using the con-
version factor derived from the ratio of NMR frequencies 
(Markley et al. 1998).

The sequence-specific assignment was performed with 
the aid of CARA (Keller 2004) and its tool NEASY (Bartels 
et al. 1995).

Bioinformatics tools

Several commonly utilized bioinformatics tools were used to 
predict or evaluate some of the protein features. Peculiarities 
of the distribution of intrinsic disorder predisposition along 
the amino acid sequence of the SARS-CoV-2 nucleocapsid 
protein N were evaluated by several members of the PONDR 
family (PONDR® VLXT (Romero et al. 2001), PONDR® 
VL3 (Obradovic et al. 2003), PONDR® VSL2 (Obradovic 
et al. 2005), and PONDR® FIT (Xue et al. 2010), together 
with the two versions of IUPred2A designed to predict short 
and long disordered regions (Mészáros et al. 2018).

The online tool ncSPC available at https ://st-prote in02.
chem.au.dk/ncSPC / was used to calculate the secondary 
structure propensity with the obtained assignment (Tamiola 
and Mulder 2012).

Assignments and data deposition

The 2D HN spectrum recorded on the IDR1-NTD-IDR2 
(1–248) construct of the SARS-CoV-2 nucleocapsid protein 
N is shown in Fig. 2. The 2D HN spectrum clearly shows a 
set of well-resolved NMR signals deriving from the globular 
NTD domain, as one can verify by superimposing the avail-
able sequence-specific assignment (BMRB 34511, Dinesh 
et al. 2020). In addition, a set of signals, with smaller disper-
sion and higher intensity, are observed. These are expected 
to originate from the flexible and disordered fragments of 
the protein (black contours in Fig. 2).

The 2D CON spectrum (Fig. 3) provides information 
regarding the highly flexible and disordered protein regions. 
Due to the very different structural and dynamic properties 
of the globular NTD domain, with the chosen set-up the 
NMR signals of this region are very weak or absent in the 2D 
CON. This is exploited to selectively detect the resonances 
deriving from the two disordered protein regions. Proline 
residues can be directly monitored through the observation 
of the C′i-1-Ni correlations that fall in a very clean region of 
the CON spectrum (132 < δ(15N) < 140 ppm). The observa-
tion of only 7 well-resolved cross-peaks in this region (out of 
17 expected for this construct) indeed confirms that C′ direct 
detection selectively picks up the signals of the disordered 
regions (5 proline residues present in the IDR1 region and 2 
in the IDR2 one, Fig. 3 bottom squared region).

Sequence-specific assignment of the resonances can be 
performed by combining the information available in the 2D 
13C-detected spectra with that provided by two 3D experi-
ments, the (H)CBCACON and the (H)CBCANCO (Bermel 
et al. 2009).
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It is worth noting that proline resonances provide a useful 
starting point for sequence-specific assignment. The particu-
lar 15N chemical shift range expected for proline nitrogen 
signals  (Ni) and the fact that this is correlated to resonances 
of the preceding amino acid (C′i-1,  Cα

i-1,  Cβ
i-1) through the 

2D CON and 3D (H)CBCACON spectra constitute two fea-
tures that allow us to unambiguously identify the type of 
dipeptide  (Xi-1-Proi pair) that gives rise to specific signals 
as highlighted in Fig. 4. Indeed, the characteristic chemi-
cal shifts of  Cα and  Cβ resonances enable us to recognize 
glycine, alanine, serine, and threonine residues; the remain-
ing X-Pro pairs can then be easily identified as deriving 
from leucine and arginine residues by comparison with the 

primary sequence of the protein. Therefore, already at this 
very early stage of the sequence-specific assignment pro-
cess, most of the observed resonances in this region could 
be assigned to specific amino acids uniquely considering the 
type of X-Pro pairs present in the intrinsically disordered 
regions (all resonances could be unambiguously assigned 
except for the two Gly-Pro pairs). Similarly, inspecting the 
opposite region of the CON spectrum at low 15N chemical 
shifts (Fig. 3, top squared region) allows us to identify cor-
relations involving 15N nuclear spins of glycine residues; 
correlation to the carbonyl carbon of the previous amino 
acid (C′i-1-Ni) contributes to an excellent resolution allow-
ing us to count 16 resolved cross peaks in this region in the 
simple 2D mode. This is in line with the number of glycine 
residues present in the flexible disordered fragments. The 
classification of these resonances in  Xi-1-Glyi pairs achieved 
through inspection of the (H)CBCACON provides further 
input for their identification, as described above for the case 
of  Xi-1-Proi pairs. Complete comparative analysis of the 3D 
(H)CBCACON and 3D (H)CBCANCO spectra enables the 
identification of the vast majority of the expected resonances 
of disordered regions. The excellent resolution obtained in 
the 2D reference spectra, the CON as well as the (H)CACO 
and (H)CBCACO, provides valuable support for the analysis 
of crowded regions of the spectra and to the discrimination 
between different residue types (Pontoriero et al. 2020).

The information retrieved for the intrinsically disordered 
regions of the spectra can then be used as a starting point 
to identify the spin systems also in 1HN detected 3D spec-
tra. The latter are much more crowded due to more exten-
sive cross-peak overlap, as well as because the signals of 
the globular region are also observed. In addition, cross 
peak intensities are highly heterogeneous due to the differ-
ent structural and dynamic properties of the globular and 
disordered domains as well as due to the effects of solvent 
exchange processes. Therefore, the combined analysis of the 
two datasets greatly simplifies the identification of the sig-
nals deriving from the intrinsically disordered regions. As a 
further aid to discriminate the different sets of signals, spec-
tra can be processed to enhance resolution, at the expense 
of signal-to-noise, taking advantage of the long-lived 15N 
coherences of highly flexible regions of the protein as well 
as exploiting the long FID acquisition times that are possible 
through the BEST-TROSY approach (Schanda et al. 2006; 
Lescop et al. 2007; Solyom et al. 2013).

As a result, 98% of the disordered fragment IDR1 (only 
the first methionine is missing) (BMRB 50619) and 91% of 
the fragment IDR2 (BMRB 50618) could be assigned in a 
sequence-specific manner (C′,  Cα,  Cβ, N,  HN) (vide infra). It 
is interesting to note how the combined use of these comple-
mentary datasets (13C′- and 1HN-detected 3D experiments) 
provides information that is particularly useful to achieve 
sequence-specific assignment of intrinsically disordered 

Fig. 2  The 2D HN BEST-TROSY of IDR1-NTD-IDR2 construct of 
the SARS-CoV-2 nucleocapsid protein. The figure shows the super-
imposition of two different processing of the same spectrum: the 
black one is optimized for the resolution and the red one is optimized 
for the signal to noise ratio. The spectrum was collected on a 28.3 T 
Bruker AVANCE NEO spectrometer operating at 1200.85 MHz 1H, 
301.97 MHz 13C, and 121.70 MHz 15N equipped with a 3 mm cryo-
genically cooled triple-resonance probehead (TCI)
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Fig. 3  The 2D-CON of IDR1-
NTD-IDR2 construct of the 
SARS-CoV-2 nucleocapsid 
protein. The high resolution 
provided by this experiment 
allows us to easily resolve 
resonances in the usually very 
crowded Gly-region (upper 
squared region) and to directly 
observe correlations involving 
proline residues (lower squared 
region). In the expansion shown 
in the center of the map the 
resolution of several repeating 
fragments comprising aspara-
gine residues can be appreciated 
(the assignment reported is 
referred to the amide nitrogen 
of the mentioned amino acid). 
The spectrum was acquired 
on a 16.4 T Bruker AVANCE 
NEO spectrometer operating at 
700.06 MHz 1H, 176.05 MHz 
13C, and 70.97 MHz 15N fre-
quencies, equipped with a 5 mm 
cryogenically cooled probehead 
optimized for 13C direct detec-
tion (TXO)
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regions also within highly heterogeneous proteins. The set of 
2D spectra (HN, CON, (H)CACO, (H)CBCACO), provided 
they are acquired with high resolution, then becomes a very 
useful tool to achieve atomic resolution for the vast majority 
of the amino acids in the highly flexible disordered regions 
of complex, heterogeneous proteins.

The first two disordered regions of the N protein from 
SARS-CoV-2 (IDR1 and IDR2) can now be investigated 
at atomic resolution providing experimental information 
regarding the many interaction sites that can be predicted 
through different approaches (Kumar et  al. 2008; Giri 
et al. 2020). The resonances of characteristic amino acids 
involved in interactions with RNA, such as arginine, ser-
ine, glutamine, and glycine residues, which are very abun-
dant in the IDR1 and IDR2 disordered domains, can be 
detected and most of them can be resolved already in the 
2D mode also at physiological pH and temperature condi-
tions. Several signals in low complexity regions, such as 
the polyQ (238–242) or some repeats located in different 
positions in the primary sequence (for example the Asn-
Arg region reported in the expanded panel in the middle 
of Fig. 3) can be resolved allowing their high-resolution 
investigation.

Chemical shifts were then used to determine secondary 
structural propensities as shown in Fig. 5. The data con-
firm the disordered nature of these fragments, with a mod-
erate propensity to sample a helical conformation in the 
leucine-rich region (218–232), where few residues (Leu 
221, Leu 222, Leu 223, Leu 224, Asp 225, Arg 226, and 
Leu 230) escaped detection likely because of the signal 
broadening due to conformational exchange. These experi-
mental results are in agreement with the bioinformatics 
analysis reported in Fig. 1, which predicts a high extent of 
disorder for the two IDR regions as well as the presence 
of some structure in the region 215–232.

The NMR resonance assignments of the IDR1 and 
IDR2 domains of the N protein from SARS-CoV-2 open 
the way to understanding the role of these flexible parts of 
the nucleocapsid protein in modulating its function. The 
suite of 13C detected 2D experiments (CON, (H)CACO, 
(H)CBCACO) in conjunction with 2D HN correlation 
experiments provide an excellent tool to monitor at atomic 
resolution their role in the interactions with RNA, with 
viral proteins or with proteins of the host, as well as with 
small molecules as potential drugs, opening the way to 
radically novel, unexplored approaches in drug discovery.

Fig. 4  Seven strips derived from the 3D-(H)CBCACON experi-
ment extracted at the 15N chemical shift of proline residues. The C′, 
 Cα and  Cß frequencies belong to the preceding amino acid leading to 
the X-Pro assignment. The lower part of the figure reports the IDR1-
NTD-IDR2 primary sequence in which X-Pro pairs are highlighted. 
Five proline residues are found in the IDR1 and two in IDR2 domain. 
The primary sequence of NTD domain is reported in grey. The 3D 
spectrum was acquired on a 16.4 T Bruker AVANCE NEO spectrom-
eter operating at 700.06 MHz 1H, 176.05 MHz 13C, and 70.97 MHz 
15N frequencies, equipped with a 5 mm cryogenically cooled probe-
head optimized for 13C direct detection (TXO)
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The highly infectious disease COVID-19 caused by the Betacoronavirus SARS-CoV-2
poses a severe threat to humanity and demands the redirection of scientific efforts and
criteria to organized research projects. The internationalCOVID19-NMR consortium seeks
to provide such new approaches by gathering scientific expertise worldwide. In particular,
making available viral proteins and RNAs will pave the way to understanding the SARS-
CoV-2 molecular components in detail. The research in COVID19-NMR and the resources
provided through the consortium are fully disclosed to accelerate access and exploitation.
NMR investigations of the viral molecular components are designated to provide the
essential basis for further work, including macromolecular interaction studies and high-
throughput drug screening. Here, we present the extensive catalog of a holistic SARS-
CoV-2 protein preparation approach based on the consortium’s collective efforts. We
provide protocols for the large-scale production of more than 80% of all SARS-CoV-2
proteins or essential parts of them. Several of the proteins were produced in more than one
laboratory, demonstrating the high interoperability between NMR groups worldwide. For
the majority of proteins, we can produce isotope-labeled samples of HSQC-grade.
Together with several NMR chemical shift assignments made publicly available on
covid19-nmr.com, we here provide highly valuable resources for the production of
SARS-CoV-2 proteins in isotope-labeled form.

Keywords: COVID-19, SARS-CoV-2, nonstructural proteins, structural proteins, accessory proteins, intrinsically
disordered region, cell-free protein synthesis, NMR spectroscopy

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
SCoV2) is the cause of the early 2020 pandemic coronavirus lung
disease 2019 (COVID-19) and belongs to Betacoronaviruses, a
genus of the Coronaviridae family covering the α−δ genera (Leao
et al., 2020). The large RNA genome of SCoV2 has an intricate,
highly condensed arrangement of coding sequences (Wu et al.,
2020). Sequences starting with the main start codon contain an
open reading frame 1 (ORF1), which codes for two distinct, large
polypeptides (pp), whose relative abundance is governed by the
action of an RNA pseudoknot structure element. Upon RNA
folding, this element causes a −1 frameshift to allow the
continuation of translation, resulting in the generation of a
7,096-amino acid 794 kDa polypeptide. If the pseudoknot is
not formed, expression of the first ORF generates a 4,405-
amino acid 490 kDa polypeptide. Both the short and long
polypeptides translated from this ORF (pp1a and pp1ab,
respectively) are posttranslationally cleaved by virus-encoded

proteases into functional, nonstructural proteins (nsps). ORF1a
encodes eleven nsps, and ORF1ab additionally encodes the nsps
12–16. The downstream ORFs encode structural proteins (S, E,
M, and N) that are essential components for the synthesis of new
virus particles. In between those, additional proteins (accessory/
auxiliary factors) are encoded, for which sequences partially
overlap (Finkel et al., 2020) and whose identification and
classification are a matter of ongoing research (Nelson et al.,
2020; Pavesi, 2020). In total, the number of identified peptides or
proteins generated from the viral genome is at least 28 on the
evidence level, with an additional set of smaller proteins or
peptides being predicted with high likelihood.

High-resolution studies of SCoV and SCoV2 proteins have
been conducted using all canonical structural biology approaches,
such as X-ray crystallography on proteases (Zhang et al., 2020)
and methyltransferases (MTase) (Krafcikova et al., 2020), cryo-
EM of the RNA polymerase (Gao et al., 2020; Yin et al., 2020), and
liquid-state (Almeida et al., 2007; Serrano et al., 2009; Cantini
et al., 2020; Gallo et al., 2020; Korn et al., 2020a; Korn et al., 2020b;
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TABLE 1 | SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

nsp1 Leader 180 19.8 84
266–805

Full-length 180 1–180 19.8 83
Globular domain (GD) 116 13–127 12.7 85 2GDT 7K7P

nsp2 638 70.5 68
806–2,719

C-terminal IDR (CtDR) 45 557–601 4.9 55
nsp3 1,945 217.3 76
2,720–8,554
a Ub-like (Ubl) domain 111 1–111 12.4 79 2IDY 7KAG
a Ub-like (Ubl) domain + IDR 206 1–206 23.2 58
b Macrodomain 170 207–376 18.3 74 6VXS 6VXS
c SUD-N 140 409–548 15.5 69 2W2G
c SUD-NM 267 409–675 29.6 74 2W2G
c SUD-M 125 551–675 14.2 82 2W2G
c SUD-MC 195 551–743 21.9 79 2KQV
c SUD-C 64 680–743 7.4 73 2KAF
d Papain-like protease PLpro 318 743–1,060 36 83 6W9C 6W9C
e NAB 116 1,088–1,203 13.4 87 2K87
Y CoV-Y 308 1,638–1,945 34 89

nsp5 Main protease (Mpro) 306 33.7 96
10,055–10,972

Full-lengthe 306 1–306 33.7 96 6Y84 6Y84
nsp7 83 9.2 99
11,843–12,091

Full-length 83 1–83 9.2 99 6WIQ 6WIQ
nsp8 198 21.9 98
12,092–12,685

Full-length 198 1–198 21.9 97 6WIQ 6WIQ
nsp9 113 12.4 97
12,686–13,024

Full-length 113 1–113 12.4 97 6W4B 6W4B
nsp10 139 14.8 97
13,025–13,441

Full-length 139 1–139 14.8 97 6W4H 6W4H
nsp13 Helicase 601 66.9 100
16,237–18,039

Full-length 601 1–601 66.9 100 6ZSL 6ZSL
nsp14 Exonuclease/

methyltransferase
527 59.8 95

18,040–19,620
Full-length 527 1–527 59.8 95 5NFY
MTase domain 240 288–527 27.5 95

nsp15 Endonuclease 346 38.8 89
19,621–20,658

Full-length 346 1–346 38.8 89 6W01 6W01
nsp16 Methyltransferase 298 33.3 93
20,659–21,552

Full-length 298 1–298 33.3 93 6W4H 6W4H
ORF3a 275 31.3 72
25,393–26,220

Full-length 275 1–275 31.3 72 6XDC 6XDC
ORF4 Envelope (E) protein 75 8.4 95
26,245–26,472

Full-length 75 1–75 8.4 95 5X29 7K3G
ORF5 Membrane

glycoprotein (M)
222 25.1 91

26,523–27,387
Full-length 222 1–222 25.1 91

ORF6 61 7.3 69
27,202–27,387

Full-length 61 1–61 7.3 69
(Continued on following page)
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Kubatova et al., 2020; Tonelli et al., 2020) and solid-state NMR
spectroscopy of transmembrane (TM) proteins (Mandala et al.,
2020). These studies have significantly improved our
understanding on the functions of molecular components, and
they all rely on the recombinant production of viral proteins in
high amount and purity.

Apart from structures, purified SCoV2 proteins are required
for experimental and preclinical approaches designed to
understand the basic principles of the viral life cycle and
processes underlying viral infection and transmission.
Approaches range from studies on immune responses
(Esposito et al., 2020), antibody identification (Jiang et al.,
2020), and interactions with other proteins or components of
the host cell (Bojkova et al., 2020; Gordon et al., 2020). These
examples highlight the importance of broad approaches for the
recombinant production of viral proteins.

The research consortium COVID19-NMR founded in 2020
seeks to support the search for antiviral drugs using an NMR-
based screening approach. This requires the large-scale
production of all druggable proteins and RNAs and their
NMR resonance assignments. The latter will enable solution
structure determination of viral proteins and RNAs for
rational drug design and the fast mapping of compound
binding sites. We have recently produced and determined
secondary structures of SCoV2 RNA cis-regulatory elements in
near completeness by NMR spectroscopy, validated by DMS-

MaPseq (Wacker et al., 2020), to provide a basis for RNA-
oriented fragment screens with NMR.

We here compile a compendium of more than 50 protocols
(see Supplementary Tables SI1–SI23) for the production and
purification of 23 of the 30 SCoV2 proteins or fragments thereof
(summarized in Tables 1, 2). We defined those 30 proteins as
existing or putative ones to our current knowledge (see later
discussion). This compendium has been generated in a
coordinated and concerted effort between >30 labs worldwide
(Supplementary Table S1), with the aim of providing pure mg
amounts of SCoV2 proteins. Our protocols include the rational
strategy for construct design (if applicable, guided by available
homolog structures), optimization of expression, solubility, yield,
purity, and suitability for follow-up work, with a focus on
uniform stable isotope-labeling.

We also present protocols for a number of accessory and
structural E and M proteins that could only be produced using
wheat-germ cell-free protein synthesis (WG-CFPS). In SCoV2,
accessory proteins represent a class of mostly small and
relatively poorly characterized proteins, mainly due to their
difficult behavior in classical expression systems. They are
often found in inclusion bodies and difficult to purify in
quantities adequate for structural studies. We thus here
exploit cell-free synthesis, mainly based on previous reports
on production and purification of viral membrane proteins in
general (Fogeron et al., 2015b; Fogeron et al., 2017; Jirasko

TABLE 1 | (Continued) SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

ORF7a 121 13.7 85
27,394–27,759

Ectodomain (ED) 66 16–81 7.4 85 1XAK 6W37
ORF7b 43 5.2 85
27,756–27,887

Full-length 43 1–43 5.2 85
ORF8 121 13.8 32
27,894–28,259
ORF8 Full-length 121 1–121 13.8 32
ΔORF8 w/o signal peptide 106 16–121 12 41 7JTL 7JTL

ORF9a Nucleocapsid (N) 419 45.6 91
28,274–29,533

IDR1-NTD-IDR2 248 1–248 26.5 90
NTD-SR 169 44–212 18.1 92
NTD 136 44–180 14.9 93 6YI3 6YI3
CTD 118 247–364 13.3 96 2JW8 7C22

ORF9b 97 10.8 72
28,284–28,574

Full-length 97 1–97 10.8 72 6Z4U 6Z4U
ORF14 73 8 n.a
28,734–28,952

Full-length 73 1–73 8 n.a
ORF10 38 4.4 29
29,558–29,674

Full-length 38 1–38 4.4 29

aGenome position in nt corresponding to SCoV2 NCBI reference genome entry NC_045512.2, identical to GenBank entry MN908947.3.
bSequence identities to SCoV are calculated from an alignment with corresponding protein sequences based on the genome sequence of NCBI Reference NC_004718.3.
cRepresentative PDB that was available at the beginning of construct design, either SCoV or SCoV2.
dRepresentative PDB available for SCoV2 (as of December 2020).
eAdditional point mutations in fl-construct have been expressed.
n.a.: not applicable.
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TABLE 2 | Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

nsp1 SI1
fl 5 NMR

assigned
Expression only at >20°C; after 7 days at 25°C partial proteolysis 50620d

GD >0.5 HSQC High expression; mainly insoluble; higher salt increases stability
(>250 mM)

nsp2 SI2
CtDR 0.7–1.5 NMR

assigned
Assignment with His-tag shown in (Mompean et al., 2020) 50687c

nsp3 SI3
UBl 0.7 HSQC Highly stable over weeks; spectrum overlays with Ubl + IDR
UBl + IDR 2–3 NMR

assigned
Highly stable for >2 weeks at 25°C 50446d

Macrodomain 9 NMR
assigned

Highly stable for >1 week at 25°C and > 2 weeks at 4°C 50387d

50388d

SUD-N 14 NMR
assigned

Highly stable for >10 days at 25°C 50448d

SUD-NM 17 HSQC Stable for >1 week at 25°C
SUD-M 8.5 NMR

assigned
Significant precipitation during measurement; tendency to dimerize 50516d

SUD-MC 12 HSQC Stable for >1 week at 25°C
SUD-C 4.7 NMR

assigned
Stable for >10 days at 25°C 50517d

PLpro 12 HSQC Solubility-tag essential for expression; tendency to aggregate
NAB 3.5 NMR

assigned
Highly stable for >1 week at 25°C; stable for >5 weeks at 4°C 50334d

CoV-Y 12 HSQC Low temperature (<25°C) and low concentrations (<0.2 mM) favor
stability; gradual degradation at 25°C; lithium bromide in final buffer
supports solubility

nsp5 SI4
fl 55 HSQC Impaired dimerization induced by artificial N-terminal residues

nsp7 SI5
fl 17 NMR

assigned
Stable for several days at 35°C; stable for >1 month at 4°C 50337d

nsp8 SI6
fl 17 HSQC Concentration dependent aggregation; low concentrations favor

stability
nsp9 SI7

fl 4.5 NMR
assigned

Stable dimer for >4 months at 4°C and >2 weeks at 25°C 50621d

50622d

50513
nsp10 SI8

fl 15 NMR
assigned

Zn2+ addition during expression and purification increases protein
stability; stable for >1 week at 25°C

50392

nsp13 SI9
fl 0.5 HSQC Low expression; protein unstable; concentration above 20 µM not

possible
nsp14 SI10

fl 6 Pure
protein

Not above 50 µM; best storage: with 50% (v/v) glycerol; addition of
reducing agents

MTase 10 Pure
protein

As fl nsp14; high salt (>0.4 M) for increased stability; addition of
reducing agents

nsp15 SI11
fl 5 HSQC Tendency to aggregate at 25°C

nsp16 SI12
fl 10 Pure

protein
Addition of reducing agents; 5% (v/v) glycerol favorable; highly
unstable

ORF3a SI13
fl 0.6 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

E protein SI14
fl 0.45 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

(Continued on following page)
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et al., 2020b). Besides yields compatible with structural studies,
ribosomes in WG extracts further possess an increased folding
capacity (Netzer and Hartl, 1997), favorable for those more
complicated proteins.

We exemplify in more detail the optimization of protein
production, isotope-labeling, and purification for proteins with
different individual challenges: the nucleic acid–binding (NAB)
domain of nsp3e, the main protease nsp5, and several auxiliary
proteins. For the majority of produced and purified proteins, we
achieve >95% purity and provide 15N-HSQC spectra as the
ultimate quality measure. We also provide additional suggestions
for challenging proteins, where our protocols represent a unique
resource and starting point exploitable by other labs.

MATERIALS AND METHODS

Strains, Plasmids, and Cloning
The rationale of construct design for all proteins can be found
within the respective protocols in Supplementary Tables
SI1–SI23. For bacterial production, E. coli strains and
expression plasmids are given; for WG-CFPS, template

vectors are listed. Protein coding sequences of interest
have been obtained as either commercial, codon-optimized
genes or, for shorter ORFs and additional sequences,
annealed from oligonucleotides prior to insertion into the
relevant vector. Subcloning of inserts, adjustment of
boundaries, and mutations of genes have been carried out
by standard molecular biology techniques. All expression
plasmids can be obtained upon request from the
COVID19-NMR consortium (https://covid19-nmr.com/),
including information about coding sequences, restriction
sites, fusion tags, and vector backbones.

Protein Production and Purification
For SCoV2 proteins, we primarily used heterologous
production in E. coli. Detailed protocols of individual full-
length (fl) proteins, separate domains, combinations, or
particular expression constructs as listed in Table 1 can be
found in the (Supplementary Tables SI1–SI23).

The ORF3a, ORF6, ORF7b, ORF8, ORF9b, and ORF14
accessory proteins and the structural proteins M and E were
produced by WG-CFPS as described in the Supplementary
Material. In brief, transcription and translation steps have

TABLE 2 | (Continued) Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

M Protein SI15
fl 0.33 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

ORF6 SI16
fl 0.27 HSQC Soluble expression without detergent; stable protein; no expression

with STREP-tag at N-terminus
ORF7a SI17

ED 0.4 HSQC Unpurified protein tends to precipitate during refolding, purified
protein stable for 4 days at 25°C

ORF7b SI18
fl 0.6 HSQC Tendency to oligomerize; solubilizing agents needed
fl 0.27 HSQC Addition of detergent during expression (0.1% MNG-3); stable

protein
ORF8 SI19

fl 0.62 HSQC Tendency to oligomerize
ΔORF8 0.5 Pure

protein
N protein SI20

IDR1-NTD-
IDR2

12 NMR
assigned

High salt (>0.4 M) for increased stability 50618, 50619,
50558, 50557d

NTD-SR 3 HSQC
NTD 3 HSQC 34511
CTD 2 NMR

assigned
Stable dimer for >4 months at 4°C and >3 weeks at 30°C 50518d

ORF9b SI21
fl 0.64 HSQC Expression without detergent, protein is stable

ORF14 SI22
fl 0.43 HSQC Addition of detergent during expression (0.05% Brij-58); stable in

detergent but unstable on lipid reconstitution
ORF10 SI23

fl 2 HSQC Tendency to oligomerize; unstable upon tag cleavage

aYields from bacterial expression represent the minimal protein amount in mg/L independent of the cultivation medium. Italic values indicate yields from CFPS.
bYields from CFPS represent the minimal protein amount in mg/ml of wheat-germ extract.
cCOVID19-nmr BMRB depositions yet to be released.
dCOVID19-nmr BMRB depositions.
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been performed separately, and detergent has been added for
the synthesis of membrane proteins as described previously
(Takai et al., 2010; Fogeron et al., 2017).

NMR Spectroscopy
All amide correlation spectra, either HSQC- or TROSY-based, are
representative examples. Details on their acquisition parameters
and the raw data are freely accessible through https://covid19-
nmr.de or upon request.

RESULTS

In the following, we provide protocols for the purification of
SCoV2 proteins sorted into 1) nonstructural proteins and 2)
structural proteins together with accessory ORFs. Table 1
shows an overview of expression constructs. We use a
consequent terminology of those constructs, which is guided
by domains, intrinsically disordered regions (IDRs) or other
particularly relevant sequence features within them. This study
uses the SCoV2 NCBI reference genome entry NC_045512.2,
identical to GenBank entry MN908947.3 (Wu et al., 2020),
unless denoted differently in the respective protocols. Any
relevant definition of boundaries can also be found in the SI
protocols.

As applicable for a major part of our proteins, we further
define a standard procedure for the purification of soluble
His-tagged proteins that are obtained through the sequence
of IMAC, TEV/Ulp1 Protease cleavage, Reverse IMAC, and
Size-exclusion chromatography, eventually with individual
alterations, modifications, or additional steps. For convenient
reading, we will thus use the abbreviation IPRS to avoid
redundant protocol description. Details for every protein,

including detailed expression conditions, buffers, incubation
times, supplements, storage conditions, yields, and stability,
can be found in the respective Supplementary Tables
SI1–SI23 (see also Supplementary Tables S1, S2) and
Tables 1, 2.

Nonstructural Proteins
We have approached and challenged the recombinant
production of a large part of the SCoV2 nsps (Figure 1),
with great success (Table 2). We excluded nsp4 and nsp6
(TM proteins), which are little characterized and do not reveal
soluble, folded domains by prediction (Oostra et al., 2007;
Oostra et al., 2008). The function of the very short (13 aa)
nsp11 is unknown, and it seems to be a mere copy of the
nsp12 amino-terminal residues, remaining as a protease
cleavage product of ORF1a. Further, we left out the RNA-
dependent RNA polymerase nsp12 in our initial approach
because of its size (>100 kDa) and known unsuitability for
heterologous recombinant production in bacteria. Work on
NMR-suitable nsp12 bacterial production is ongoing, while
other expert labs have succeeded in purifying nsp12 for cryo-
EM applications in different systems (Gao et al., 2020; Hillen
et al., 2020). For the remainder of nsps, we here provide
protocols for fl-proteins or relevant fragments of them.

nsp1
nsp1 is the very N-terminus of the polyproteins pp1a and pp1ab
and one of the most enigmatic viral proteins, expressed only in α-
and β-CoVs (Narayanan et al., 2015). Interestingly, nsp1 displays
the highest divergence in sequence and size among different
CoVs, justifying it as a genus-specificmarker (Snijder et al., 2003).
It functions as a host shutoff factor by suppressing innate
immune functions and host gene expression (Kamitani et al.,

FIGURE 1 | Genomic organization of proteins and current state of analysis or purification. Boxes represent the domain boundaries as outlined in the text and in
Table 1. Their position corresponds with the genomic loci. Colors indicate whether the pure proteins were purified (yellow), analyzed by NMR using only HSQC (lime), or
characterized in detail, including NMR resonance assignments (green).
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2006; Narayanan et al., 2008; Schubert et al., 2020). This
suppression is achieved by an interaction of the
nsp1 C-terminus with the mRNA entry tunnel within the 40 S
subunit of the ribosome (Schubert et al., 2020; Thoms et al.,
2020).

As summarized in Table 1, fl-domain boundaries of nsp1
were chosen to contain the first 180 amino acids, in analogy to
its closest homolog from SCoV (Snijder et al., 2003). In
addition, a shorter construct was designed, encoding only
the globular core domain (GD, aa 13–127) suggested by the
published SCoV nsp1 NMR structure (Almeida et al., 2007).
His-tagged fl nsp1 was purified using the IPRS approach.
Protein quality was confirmed by the available HSQC
spectrum (Figure 2). Despite the flexible C-terminus, we
were able to accomplish a near-complete backbone
assignment (Wang et al., 2021).

Interestingly, the nsp1 GD was found to be problematic in
our hands despite good expression. We observed
insolubility, although buffers were used according to the

homolog SCoV nsp1 GD (Almeida et al., 2007).
Nevertheless, using a protocol comparable to the one for
fl nsp1, we were able to record an HSQC spectrum proving a
folded protein (Figure 2).

nsp2
nsp2 has been suggested to interact with host factors involved
in intracellular signaling (Cornillez-Ty et al., 2009; Davies
et al., 2020). The precise function, however, is insufficiently
understood. Despite its potential dispensability for viral
replication in general, it might be a valuable model to gain
insights into virulence due to its possible involvement in the
regulation of global RNA synthesis (Graham et al., 2005). We
provide here a protocol for the purification of the C-terminal
IDR (CtDR) of nsp2 from residues 557 to 601, based on
disorder predictions [PrDOS (Ishida and Kinoshita, 2007)].
The His-Trx-tagged peptide was purified by IPRS. Upon
dialysis, two IEC steps were performed: first anionic and
then cationic, with good final yields (Table 1). Stability and

FIGURE 2 | 1H, 15N-correlation spectra of investigated nonstructural proteins. Construct names according to Table 1 are indicated unless fl-proteins are shown. A
representative SDS-PAGE lane with final samples is included as inset. Spectra for nsp3 constructs are collectively shown in Figure 3.
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purity were confirmed by an HSQC spectrum (Figure 2) and a
complete backbone assignment (Mompean et al., 2020;
Table 2).

nsp3
nsp3, the largest nsp (Snijder et al., 2003), is composed of a
plethora of functionally related, yet independent, subunits.
After cleavage of nsp3 from the fl ORF1-encoded
polypeptide chain, it displays a 1945-residue multidomain
protein, with individual functional entities that are
subclassified from nsp3a to nsp3e followed by the
ectodomain embedded in two TM regions and the very
C-terminal CoV-Y domain. The soluble nsp3a-3e domains
are linked by various types of linkers with crucial roles in the
viral life cycle and are located in the so-called viral
cytoplasm, which is separated from the host cell after
budding off the endoplasmic reticulum and contains the
viral RNA (Wolff et al., 2020). Remarkably, the nsp3c
substructure comprises three subdomains, making nsp3

the most complex SCoV2 protein. The precise function
and eventual RNA-binding specificities of nsp3 domains
are not yet understood. We here focus on the nsp3 domains
a–e and provide elaborated protocols for additional constructs
carrying relevant linkers or combinations of domains (Table 1).
Moreover, we additionally present a convenient protocol for the
purification of the C-terminal CoV-Y domain.

nsp3a
The N-terminal portion of nsp3 is comprised of a ubiquitin-
like (Ubl) structured domain and a subsequent acidic IDR.
Besides its ability to bind ssRNA (Serrano et al., 2007), nsp3a
has been reported to interact with the nucleocapsid (Hurst
et al., 2013; Khan et al., 2020), playing a potential role in
virus replication. We here provide protocols for the
purification of both the Ubl (aa 1–111) and fl nsp3a (aa
1–206), including the acidic IDR (Ubl + IDR Table 1).
Domain boundaries were defined similar to the published
NMR structure of SCoV nsp3a (Serrano et al., 2007). His-

FIGURE 3 | 1H, 15N-correlation spectra of investigated constructs from nonstructural protein 3. Construct names of subdomains according to Table 1
are indicated unless fl-domains are shown. A representative SDS-PAGE lane with final samples is included as inset. Red boxes indicate protein bands of
interest.
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tagged nsp3a Ubl + IDR and GST-tagged nsp3a Ubl were
each purified via the IPRS approach. nsp3a Ubl yielded mM
sample concentrations and displayed a well-dispersed HSQC
spectrum (Figure 3). Notably, the herein described protocol
also enables purification of fl nsp3a (Ubl + IDR) (Tables 1,
2). Despite the unstructured IDR overhang, the excellent
protein quality and stability allowed for near-complete
backbone assignment [Figure 3, (Salvi et al., 2021)].

nsp3b
nsp3b is an ADP-ribose phosphatase macrodomain and
potentially plays a key role in viral replication. Moreover,
the de-ADP ribosylation function of nsp3b protects SCoV2
from antiviral host immune response, making nsp3b a
promising drug target (Frick et al., 2020). As summarized
in Table 1, the domain boundaries of the herein investigated
nsp3b are residues 207–376 of the nsp3 primary sequence and
were identical to available crystal structures with PDB entries
6YWM and 6YWL (unpublished). For purification, we used
the IPRS approach, which yielded pure fl nsp3b (Table 2). Fl
nsp3b displays well-dispersed HSQC spectra, making this
protein an amenable target for NMR structural studies. In
fact, we recently reported near-to-complete backbone
assignments for nsp3b in its apo and ADP-ribose–bound
form (Cantini et al., 2020).

nsp3c
The SARS unique domain (SUD) of nsp3c has been described
as a distinguishing feature of SCoVs (Snijder et al., 2003).
However, similar domains in more distant CoVs, such as
MHV or MERS, have been reported recently (Chen et al.,
2015; Kusov et al., 2015). nsp3c comprises three distinct
globular domains, termed SUD-N, SUD-M, and SUD-C,
according to their sequential arrangement: N-terminal
(N), middle (M), and C-terminal (C). SUD-N and SUD-M
develop a macrodomain fold similar to nsp3b and are
described to bind G-quadruplexes (Tan et al., 2009), while
SUD-C preferentially binds to purine-containing RNA
(Johnson et al., 2010). Domain boundaries for SUD-N and
SUD-M and for the tandem-domain SUD-NM were defined
in analogy to the SCoV homolog crystal structure (Tan et al.,
2009). Those for SUD-C and the tandem SUD-MC were
based on NMR solution structures of corresponding SCoV
homologs (Table 1) (Johnson et al., 2010). SUD-N, SUD-C,
and SUD-NM were purified using GST affinity
chromatography, whereas SUD-M and SUD-MC were
purified using His affinity chromatography. Removal of
the tag was achieved by thrombin cleavage and final
samples of all domains were prepared subsequent to size-
exclusion chromatography (SEC). Except for SUD-M, all
constructs were highly stable (Table 2). Overall protein
quality allowed for the assignment of backbone chemical
shifts for the three single domains (Gallo et al., 2020) amd
good resolved HSQC spectra also for the tandem domains
(Figure 3).

nsp3d
nsp3d comprises the papain-like protease (PLpro) domain of
nsp3 and, hence, is one of the two SCoV2 proteases that are
responsible for processing the viral polypeptide chain and
generating functional proteins (Shin et al., 2020). The
domain boundaries of PLpro within nsp3 are set by residues
743 and 1,060 (Table 1). The protein is particularly
challenging, as it is prone to misfolding and rapid
precipitation. We prepared His-tagged and His-SUMO-
tagged PLpro. The His-tagged version mainly remained in
the insoluble fraction. Still, mg quantities could be purified
from the soluble fraction, however, greatly misfolded. Fusion
to SUMO significantly enhanced protein yield of soluble PLpro.
The His-SUMO-tag allowed simple IMAC purification,
followed by cleavage with Ulp1 and isolation of cleaved
PLpro via a second IMAC. A final purification step using gel
filtration led to pure PLpro of both unlabeled and 15N-labeled
species (Table 2). The latter has allowed for the acquisition of a
promising amide correlation spectrum (Figure 3).

nsp3e
nsp3e is unique to Betacoronaviruses and consists of a nucleic
acid–binding domain (NAB) and the so-called group 2-specific
marker (G2M) (Neuman et al., 2008). Structural information is
rare; while the G2M is predicted to be intrinsically disordered (Lei
et al., 2018); the only available experimental structure of the nsp3e
NAB was solved from SCoV by the Wüthrich lab using solution
NMR (Serrano et al., 2009). We here used this structure for a
sequence-based alignment to derive reasonable domain
boundaries for the SCoV2 nsp3e NAB (Figures 4A,B). The
high sequence similarity suggested using nsp3 residues
1,088–1,203 (Table 1). This polypeptide chain was encoded in
expression vectors comprising His- and His-GST tags, both
cleavable by TEV protease. Both constructs showed excellent
expression, suitable for the IPRS protocol (Figure 4C). Finally, a
homogenous NAB species, as supported by the final gel of pooled
samples (Figure 4D), was obtained. The excellent protein quality
and stability are supported by the available HSQC (Figure 3) and
a published backbone assignment (Korn et al., 2020a).

nsp3Y
nsp3Y is the most C-terminal domain of nsp3 and exists in all
coronaviruses (Neuman et al., 2008; Neuman, 2016). Together,
though, with its preceding regions G2M, TM 1, the ectodomain,
TM2, and the Y1-domain, it has evaded structural investigations
so far. The precise function of the CoV-Y domain remains
unclear, but, together with the Y1-domain, it might affect
binding to nsp4 (Hagemeijer et al., 2014). We were able to
produce and purify nsp3Y (CoV-Y) comprising amino acids
1,638–1,945 (Table 1), yielding 12 mg/L with an optimized
protocol that keeps the protein in a final NMR buffer
containing HEPES and lithium bromide. Although the protein
still shows some tendency to aggregate and degrade (Table 2),
and despite its relatively large size, the spectral quality is excellent
(Figure 3). nsp3 CoV-Y appears suitable for an NMR backbone
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assignment carried out at lower concentrations in a deuterated
background (ongoing).

nsp5
The functional main protease nsp5 (Mpro) is a dimeric cysteine
protease (Ullrich and Nitsche, 2020). Amino acid sequence and
3D structure of SCoV [PDB 1P9U (Anand et al., 2003)] and
SCoV2 (PDB 6Y2E [Zhang et al., 2020)] homologs are highly
conserved (Figures 5A,B). The dimer interface involves the
N-termini of both monomers, which puts considerable
constraints on the choice of protein sequence for construct
design regarding the N-terminus.

We thus designed different constructs differing in the
N-terminus: the native N-terminus (wt), a GS mutant with the
additional N-terminal residues glycine and serine as His-SUMO

fusion, and a GHM mutant with the amino acids glycine,
histidine, and methionine located at the N-terminus with His-
tag and TEV cleavage site (Figure 5C). Purification of all proteins
via the IPRS approach (Figures 5D,E) yielded homogenous and
highly pure protein, analyzed by PAGE (Figure 5G), mass
spectrometry, and 2D [15N, 1H]-BEST TROSY spectra
(Figure 5H). Final yields are summarized in Table 2.

nsp7 and nsp8
Both nsp7 and nsp8 are auxiliary factors of the polymerase
complex together with the RNA-dependent RNA polymerase
nsp12 and have high sequence homology with SCoV (100% and
99%, respectively) (Gordon et al., 2020). For nsp7 in complex
with nsp8 or for nsp8 alone, additional functions in RNA
synthesis priming have been proposed (Tvarogova et al., 2019;

FIGURE 4 | Rationale of construct design, expression, and IPRS purification of the nsp3e nucleic acid–binding domain (NAB). (A) NMR structural ensemble of the
homologous SCoV nsp3e (Serrano et al., 2009). The domain boundaries as displayed are given. (B) Sequence alignment of SCoV and SCoV2 regions representing the
nsp3e locus. Arrows indicate the sequence stretch as used for the structure in panel (A). The analogous region was used for the design of the two protein expression
constructs shown (C). Left, SDS-PAGE showing the expression of nsp3e constructs from panel (B) over 4 h at two different temperatures. Middle, SDS-PAGE
showing the subsequent steps of IMAC. Right, SDS-PAGE showing steps and fractions obtained before and after TEV/dialysis and reverse IMAC. Boxes highlight the
respective sample species of interest for further usage (D) SEC profile of nsp3e following steps in panel (C) performed with a Superdex 75 16/600 (GE Healthcare)
column in the buffer as denoted in Supplementary Table SI3. The arrow indicates the protein peak of interest containing monomeric and homogenous nsp3e NAB
devoid of significant contaminations of nucleic acids as revealed by the excellent 280/260 ratio. Right, SDS-PAGE shows 0.5 µL of the final NMR sample used for the
spectrum in Figure 3 after concentrating relevant SEC fractions.
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Konkolova et al., 2020). In a recent study including an RNA-
substrate-bound structure (Hillen et al., 2020), both proteins
(with two molecules of nsp8 and one molecule of nsp7 for
each nsp12 RNA polymerase) were found to be essential for
polymerase activity in SCoV2. For both fl-proteins, a previously
established expression and IPRS purification strategy for the
SCoV proteins (Kirchdoerfer and Ward, 2019) was
successfully transferred, which resulted in decent yields of

reasonably stable proteins (Table 2). Driven by its intrinsically
oligomeric state, nsp8 showed some tendency toward
aggregation, limiting the available sample concentration. The
higher apparent molecular weight and limited solubility are
also reflected in the success of NMR experiments. While we
succeeded in a complete NMR backbone assignment of nsp7
(Tonelli et al., 2020), the quality of the spectra obtained for nsp8 is
currently limited to the HSQC presented in Figure 2.

FIGURE 5 | Rationale of construct design, expression, and purification of different nsp5 constructs. (A) Sequence alignment of SCoV and SCoV2 fl nsp5. (B) X-ray
structural overlay of the homologous SCoV (PDB 1P9U, light blue) and SCoV2 nsp5 (PDB 6Y2E, green) in cartoon representation. The catalytic dyad (H41 and C145) is
shown in stick representation (magenta). (C) Schematics of nsp5 expression constructs involving purification and solubilization tags (blue), different N-termini and
additional aa after cleavage (green), and nsp5 (magenta). Cleavage sites are indicated by an arrow. (D, E) An exemplary purification is shown for wtnsp5. IMAC (D)
and SEC (E) chromatograms (upper panels) and the corresponding SDS PAGE (lower panels). Black bars in the chromatograms indicate pooled fractions. Gel samples
are as follows: M: MW standard; pellet/load: pellet/supernatant after cell lysis; FT: IMAC flow-through; imidazole: eluted fractions with linear imidazole gradient; eluate:
eluted SEC fractions from input (load). (F) SEC-MALS analysis with ∼0.5 µg of wtnsp5 without additional aa (wtnsp5, black) with GS (GS-nsp5, blue) and with GHM
(GHM-nsp5, red)) in NMR buffer on a Superdex 75, 10/300 GL (GE Healthcare) column. Horizontal lines indicate fractions of monodisperse nsp5 used for MW
determination. (G) A SDS-PAGE showing all purified nsp5 constructs. The arrow indicates nsp5. (H) Exemplary [15N, 1H]-BEST-TROSY spectra measured at 298 K for
the dimeric wtnsp5 (upper spectrum) and monomeric GS-nsp5 (lower spectrum). See Supplementary Table SI4 for technical details regarding this figure.
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nsp9
The 12.4 kDa ssRNA-binding nsp9 is highly conserved among
Betacoronaviruses. It is a crucial part of the viral replication
machinery (Miknis et al., 2009), possibly targeting the 3’-end
stem-loop II (s2m) of the genome (Robertson et al., 2005). nsp9
adopts a fold similar to oligonucleotide/oligosaccharide-binding
proteins (Egloff et al., 2004), and structural data consistently
uncovered nsp9 to be dimeric in solution (Egloff et al., 2004;
Sutton et al., 2004; Miknis et al., 2009; Littler et al., 2020). Dimer
formation seems to be a prerequisite for viral replication (Miknis
et al., 2009) and influences RNA-binding (Sutton et al., 2004),
despite a moderate affinity for RNA in vitro (Littler et al., 2020).

Based on the early available crystal structure of SCoV2 nsp9
(PDB 6W4B, unpublished), we used the 113 aa fl sequence of
nsp9 for our expression construct (Table 1). Production of either
His- or His-GST-tagged fl nsp9 yielded high amounts of soluble
protein in both natural abundance and 13C- and 15N-labeled
form. Purification via the IPRS approach enabled us to separate fl
nsp9 in different oligomer states. The earliest eluted fraction
represented higher oligomers, was contaminated with nucleic
acids and was not possible to concentrate above 2 mg/ml. This
was different for the subsequently eluting dimeric fl nsp9 fraction,
which had a A260/280 ratio of below 0.7 and could be
concentrated to >5 mg/ml (Table 2). The excellent protein
quality and stability are supported by the available HSQC
(Figure 2), and a near-complete backbone assignment (Dudas
et al., 2021).

nsp10
The last functional protein encoded by ORF1a, nsp10, is an
auxiliary factor for both the methyltransferase/exonuclease
nsp14 and the 2′-O-methyltransferase (MTase) nsp16.
However, it is required for the MTase activity of nsp16
(Krafcikova et al., 2020), it confers exonuclease activity to
nsp14 in the RNA polymerase complex in SCoV (Ma et al.,
2015). It contains two unusual zinc finger motifs (Joseph et al.,
2006) and was initially proposed to comprise RNA-binding
properties. We generated a construct (Table 1) containing an
expression and affinity purification tag on the N-terminus as
reported for the SCoV variant (Joseph et al., 2006). Importantly,
additional Zn2+ ions present during expression and purification
stabilize the protein significantly (Kubatova et al., 2020). The
yield during isotope-labeling was high (Table 2), and tests in
unlabeled rich medium showed the potential for yields exceeding
100 mg/L. These characteristics facilitated in-depth NMR
analysis and a backbone assignment (Kubatova et al., 2020).

nsp13
nsp13 is a conserved ATP-dependent helicase that has been
characterized as part of the RNA synthesis machinery by
binding to nsp12 (Chen et al., 2020b). It represents an
interesting drug target, for which the available structure (PDB
6ZSL) serves as an excellent basis (Table 1). The precise
molecular function, however, has remained enigmatic since it
is not clear whether the RNA unwinding function is required for
making ssRNA accessible for RNA synthesis (Jia et al., 2019) or
whether it is required for proofreading and backtracking (Chen

et al., 2020b). We obtained pure protein using a standard
expression vector, generating a His-SUMO-tagged protein.
Following Ulp1 cleavage, the protein showed limited protein
stability in the solution (Table 2).

nsp14
nsp14 contains two domains: an N-terminal exonuclease
domain and a C-terminal MTase domain (Ma et al., 2015).
The exonuclease domain interacts with nsp10 and provides
part of the proofreading function that supports the high
fidelity of the RNA polymerase complex (Robson et al.,
2020). Several unusual features, such as the unusual zinc
finger motifs, set it apart from other DEDD-type
exonucleases (Chen et al., 2007), which are related to both
nsp10 binding and catalytic activity. The MTase domain
modifies the N7 of the guanosine cap of genomic and
subgenomic viral RNAs, which is essential for the
translation of viral proteins (Thoms et al., 2020). The
location of this enzymatic activity within the RNA synthesis
machinery ensures that newly synthesized RNA is rapidly
capped and thus stabilized. As a strategy, we used
constructs, which allow coexpression of both nsp14 and
nsp10 (pRSFDuet and pETDuet, respectively). Production of
isolated fl nsp14 was successful, however, with limited yield
and stability (Table 2). Expression of the isolated MTase
domain resulted in soluble protein with 27.5 kDa mass that
was amenable to NMR characterization (Figure 2), although
only under reducing conditions and in the presence of high
(0.4 M) salt concentration.

nsp15
The poly-U-specific endoribonuclease nsp15 was one of the very
first SCoV2 structures deposited in the PDB [6VWW, (Kim et al.,
2020)]. Its function has been suggested to be related to the
removal of U-rich RNA elements, preventing recognition by
the innate immune system (Deng et al., 2017), even though
the precise mechanism remains to be established. The exact
role of the three domains (N-terminal, middle, and C-terminal
catalytic domain) also remains to be characterized in more detail
(Kim et al., 2020). Here, the sufficient yield of fl nsp15 during
expression supported purification of pure protein, which,
however, showed limited stability in solution (Table 2).

nsp16
The MTase reaction catalyzed by nsp16 is dependent on nsp10 as
a cofactor (Krafcikova et al., 2020). In this reaction, the 2’-OH
group of nucleotide +1 in genomic and subgenomic viral RNA is
methylated, preventing recognition by the innate immune
system. Since both nsp14 and nsp16 are in principle
susceptible to inhibition by MTase inhibitors, a drug targeting
both enzymes would be highly desirable (Bouvet et al., 2010).
nsp16 is the last protein being encoded by ORF1ab, and only its
N-terminus is formed by cleavage by the Mpro nsp5. Employing a
similar strategy to that for nsp14, nsp16 constructs were designed
with the possibility of nsp10 coexpression. Expression of fl nsp16
resulted in good yields, when expressed both isolated and
together with nsp10. The protein, however, is in either case
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unstable in solution and highly dependent on reducing buffer
conditions (Table 2). The purification procedures of nsp16 were
adapted with minor modifications from a previous X-ray
crystallography study (Rosas-Lemus et al., 2020).

Structural Proteins and Accessory ORFs
Besides establishing expression and purification protocols for
the nsps, we also developed protocols and obtained pure mg
quantities of the SCoV2 structural proteins E, M, and N, as well
as literally all accessory proteins. With the exception of the
relatively well-behaved nucleocapsid (N) protein, SCoV2 E, M,

and the remaining accessory proteins represent a class of
mostly small and relatively poorly characterized proteins,
mainly due to their difficult behavior in classical expression
systems.

We used wheat-germ cell-free protein synthesis (WG-
CFPS) for the successful production, solubilization,
purification, and, in part, initial NMR spectroscopic
investigation of ORF3a, ORF6, ORF7b, ORF8, ORF9b, and
ORF14 accessory proteins, as well as E and M in mg quantities
using the highly efficient translation machinery extracted
from wheat-germs (Figures 6A–D).

FIGURE 6 |Cell-free protein synthesis of accessory ORFs and structural proteins E andM. (A) Screening for expression and solubility of different ORFs using small-
scale reactions. The total cell-free reaction (CFS), the pellet after centrifugation, and the supernatant (SN) captured on magnetic beads coated with Strep-Tactin were
analyzed. All tested proteins were synthesized, with the exception of ORF3b. MW, MW standard. (B) Detergent solubilization tests using three different detergents, here
at the example of the M protein, shown by SDS-PAGE andWestern Blot. (C) Proteins are purified in a single step using a Strep-Tactin column. For ORF3a (and also
for M), a small heat-shock protein of the HSP20 family is copurified, as identified by mass spectrometry (see also * in PanelD). (D) SDS-PAGE of the 2H, 13C, 15N-labeled
proteins used as NMR samples. Yields were between 0.2 and 1 mg protein per mL wheat-germ extract used. (E) SEC profiles for two ORFs. Left, ORF9b migrates as
expected for a dimer. Right, OFR14 shows large assemblies corresponding to approximately 9 protein units and the DDM detergent micelle. (F) 2D [15N, 1H]-BEST-
TROSY spectrum of ORF9b, recorded at 900 MHz in 1 h at 298 K, on less than 1 mg of protein. See Supplementary Tables SI13–SI19 and Supplementary Tables
SI19, SI20 for technical and experimental details regarding this figure.
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ORF3a
The protein from ORF3a in SCoV2 corresponds to the accessory
protein 3a in SCoV, with homology of more than 70% (Table 1).
It has 275 amino acids, and its structure has recently been
determined (Kern et al., 2020). The structure of SCoV2 3a
displays a dimer, but it can also form higher oligomers. Each
monomer has three TM helices and a cytosolic β-strand rich
domain. SCoV2 ORF3a is a cation channel, and its structure has
been solved by electron microscopy in nanodiscs. In SCoV, 3a is a
structural component and was found in recombinant virus-like
particles (Liu et al., 2014), but is not explicitly needed for their
formation. The major challenge for NMR studies of this largest
accessory protein is its size, independent of its employment in
solid state or solution NMR spectroscopy.

As most other accessory proteins described in the
following, ORF3a has been produced using WG-CFPS and
was expressed in soluble form in the presence of Brij-58
(Figure 6C). It is copurified with a small heat-shock protein
of the HSP20 family from the wheat-germ extract. The
protocol described here is highly similar to that of the
other cell-free synthesized accessory proteins. Where
NMR spectra have been reported, the protein has been
produced in a 2H, 13C, 15N uniformly labeled form;
otherwise, natural abundance amino acids were added to
the reaction. The proteins were further affinity-purified in
one step using Strep-Tactin resin, through the Strep-tag II
fused to their N- or C-terminus. For membrane proteins,
protein synthesis and also purification were done in the
presence of detergent.

About half a milligram of pure protein was generally obtained
per mL of extract, and up to 3 ml wheat-germ extract have been
used to prepare NMR samples.

ORF3b
The ORF3b protein is a putative protein stemming from a
short ORF (57 aa) with no homology to existing SCoV proteins
(Chan et al., 2020). Indeed, ORF3b gene products of SCoV2
and SCoV are considerably different, with one of the
distinguishing features being the presence of premature stop
codons, resulting in the expression of a drastically shortened
ORF3b protein (Konno et al., 2020). However, the SCoV2
nucleotide sequence after the stop codon shows a high
similarity to the SCoV ORF3b. Different C-terminal
truncations seem to play a role in the interferon-
antagonistic activity of ORF3b (Konno et al., 2020). ORF3b
is the only protein that, using WG-CFPS, was not synthesized
at all; i.e., it was neither observed in the total cell-free reaction
nor in supernatant or pellet. This might be due to the
premature stop codon, which was not considered.
Constructs of ORF3b thus need to be redesigned.

ORF4 (Envelope Protein, E)
The SCoV2 envelope (E) protein is a small (75 amino acids),
integral membrane protein involved in several aspects of the
virus’ life cycle, such as assembly, budding, envelope formation,
and pathogenicity, as recently reviewed in (Schoeman and
Fielding, 2020). Structural models for SCoV (Surya et al.,

2018) and the TM helix of SCoV2 (Mandala et al., 2020) E
have been established. The structural models show a pentamer
with a TM helix. The C-terminal part is polar, with charged
residues interleaved, and is positioned on the membrane surface
in SCoV. E was produced in a similar manner to ORF3a, using the
addition of detergent to the cell-free reaction.

ORF5 (Membrane Glycoprotein, M)
The M protein is the most abundant protein in the viral
envelope and is believed to be responsible for maintaining
the virion in its characteristic shape (Huang et al., 2004). M is a
glycoprotein and sequence analyses predict three domains: A
C-terminal endodomain, a TM domain with three predicted
helices, and a short N-terminal ectodomain. M is essential for
viral particle assembly. Intermolecular interactions with the
other structural proteins, N and S to a lesser extent, but most
importantly E (Vennema et al., 1996), seem to be central for
virion envelope formation in coronaviruses, as M alone is not
sufficient. Evidence has been presented that M could adopt two
conformations, elongated and compact, and that the two forms
fulfill different functions (Neuman et al., 2011). The lack of
more detailed structural information is in part due to its small
size, close association with the viral envelope, and a tendency
to form insoluble aggregates when perturbed (Neuman et al.,
2011). The M protein is readily produced using cell-free
synthesis in the presence of detergent; as ORF3a, it is
copurified with a small heat-shock protein of the HSP20
family (Figure 6B). Membrane-reconstitution will likely be
necessary to study this protein.

ORF6
The ORF6 protein is incorporated into viral particles and is
also released from cells (Huang et al., 2004). It is a small
protein (61 aa), which has been found to concentrate at the
endoplasmic reticulum and Golgi apparatus. In a murine
coronavirus model, it was shown that expressing ORF6
increased virulence in mice (Zhao et al., 2009), and results
indicate that ORF6 may serve an important role in the
pathogenesis during SCoV infection (Liu et al., 2014). Also,
it showed to inhibit the expression of certain STAT1-genes
critical for the host immune response and could contribute to
the immune evasion. ORF6 is expressed very well in WG-
CFPS; the protein was fully soluble with detergents and
partially soluble without them and was easily purified in the
presence of detergent, but less efficiently in the absence
thereof. Solution NMR spectra in the presence of detergent
display narrow but few resonances, which correspond, in
addition to the C-terminal STREP-tag, to the very
C-terminal ORF6 protein residues.

ORF7a
SCoV2 protein 7a (121 aa) shows over 85% homology with
the SCoV protein 7a. While the SCoV2 7a protein is produced
and retained intracellularly, SCoV protein 7a has also been
shown to be a structural protein incorporated into mature
virions (Liu et al., 2014). 7a is one of the accessory proteins, of
which a (partial) structure has been determined at high
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resolution for SCoV2 (PDB 6W37). However, the very
N-terminal signal peptide and the C-terminal membrane
anchor, both highly hydrophobic, have not been
determined experimentally yet.

Expression of the ORF7a ectodomain (ED) with a GB1 tag
(Bogomolovas et al., 2009) was expected to produce reasonable
yields. The IPRS purification resulted in a highly stable protein, as
evidenced by the NMR data obtained (Figure 7).

ORF7b
Protein ORF7b is associated with viral particles in a SARS context
(Liu et al., 2014). Protein 7b is one of the shortest ORFs with 43
residues. It shows a long hydrophobic stretch, which might
correspond to a TM segment. It shows over 93% sequence
homology with a bat coronavirus 7b protein (Liu et al., 2014).
There, the cysteine residue in the C-terminal part is not
conserved, which might facilitate structural studies. ORF7b has
been synthesized successfully both from bacteria and by WG-
CFPS in the presence of detergent and could be purified using a
STREP-tag (Table 2). Due to the necessity of solubilizing agent

and its obvious tendency to oligomerize, structure determination,
fragment screening, and interaction studies are challenging.
However, we were able to record the first promising HSQC, as
shown in Figure 7.

ORF8
ORF 8 is believed to be responsible for the evolution of
Betacoronaviruses and their species jumps (Wu et al.,
2016) and to have a role in repressing the host response
(Tan et al., 2020). ORF 8 (121 aa) from SCoV2 does not
apparently exist in SCoV on the protein level, despite the
existence of a putative ORF. The sequences of the two
homologs only show limited identity, with the exception of
a small 7 aa segment, where, in SCoV, the glutamate is
replaced with an aspartate. It, however, aligns very well
with several coronaviruses endemic to animals, including
Paguma and Bat (Chan et al., 2020). The protein
comprises a hydrophobic peptide at its very N-terminus,
likely corresponding to a signal peptide; the remaining
part does not show any specific sequence features. Its

FIGURE 7 | 1H, 15N-correlation spectra of investigated structural and accessory proteins. Construct names according to Table 1 are indicated unless fl-proteins
are shown. A representative SDS-PAGE lane with final samples is included as inset.
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structure has been determined (PDB 7JTL) and shows a
similar fold to ORF7a (Flower et al., 2020). In this study,
ORF8 has been used both with (fl) and without signal peptide
(ΔORF8). We first tested the production of ORF8 in E. coli,
but yields were low because of insolubility. Both ORF8
versions have then been synthesized in the cell-free system
and were soluble in the presence of detergent. Solution NMR
spectra, however, indicate that the protein is forming either
oligomers or aggregates.

ORF9a (Nucleocapsid Protein, N)
The nucleocapsid protein (N) is important for viral genome
packaging (Luo et al., 2006). The multifunctional RNA-
binding protein plays a crucial role in the viral life cycle
(Chang et al., 2014) and its domain architecture is highly
conserved among coronaviruses. It comprises the N-terminal
intrinsically disordered region (IDR1), the N-terminal RNA-
binding globular domain (NTD), a central serine/arginine-
(SR-) rich intrinsically disordered linker region (IDR2), the
C-terminal dimerization domain (CTD), and a C-terminal
intrinsically disordered region (IDR3) (Kang et al., 2020).

N represents a highly promising drug target. We thus focused
our efforts not exclusively on the NTD and CTD alone, but, in
addition, also provide protocols for IDR-containing constructs
within the N-terminal part.

N-Terminal Domain
The NTD is the RNA-binding domain of the nucleocapsid (Kang
et al., 2020). It is embedded within IDRs, functions of which have
not yet been deciphered. Recent experimental and bioinformatic
data indicate involvement in liquid-liquid phase separation
(Chen et al., 2020a).

For the NTD, several constructs were designed, also
considering the flanking IDRs (Table 1). In analogy to the
available NMR [PDB 6YI3, (Dinesh et al., 2020)] and crystal
[PDB 6M3M, (Kang et al., 2020)] structures of the SCoV2
NTD, boundaries for the NTD and the NTD-SR domains
were designed to span residues 44–180 and 44–212,
respectively. In addition, an extended IDR1-NTD-IDR2
(residues 1–248) construct was designed, including the
N-terminal disordered region (IDR1), the NTD domain,
and the central disordered linker (IDR2) that comprises
the SR region. His-tagged NTD and NTD-SR were purified
using IPRS and yielded approx. 3 mg/L in 15N-labeled
minimal medium. High protein quality and stability are
supported by the available HSQC spectra (Figure 7).

The untagged IDR1-NTD-IDR2 was purified by IEC and
yielded high amounts of 13C, 15N-labeled samples of 12 mg/L
for further NMR investigations. The quality of our
purification is confirmed by the available HSQC
(Figure 7), and a near-complete backbone assignment of
the two IDRs was achieved (Guseva et al., 2021; Schiavina
et al., 2021). Notably, despite the structurally and
dynamically heterogeneous nature of the N protein, the
mentioned N constructs revealed a very good long-term
stability, as shown in Table 2.

C-Terminal Domain
Multiple studies on the SCoV2 CTD, including recent crystal
structures (Ye et al., 2020; Zhou et al., 2020), confirm the domain
as dimeric. Its ability to self-associate seems to be necessary for
viral replication and transcription (Luo et al., 2006). In addition,
the CTD was shown to, presumably nonspecifically, bind ssRNA
(Zhou et al., 2020).

Domain boundaries for the CTD were defined to comprise
amino acids 247–364 (Table 1), in analogy to the NMR structure
of the CTD from SCoV (PDB 2JW8, [Takeda et al., 2008)]. Gene
expression of His- or His-GST-tagged CTD yielded high amounts
of soluble protein. Purification was achieved via IPRS. The CTD
eluted as a dimer judged by its retention volume on the size-
exclusion column and yielded good amounts (Table 2). The
excellent protein quality and stability are supported by the
available HSQC spectrum (Figure 7) and a near-complete
backbone assignment (Korn et al., 2020b).

ORF9b
Protein 9b (97 aa) shows 73% sequence homology to the SCoV
and also to bat virus (bat-SL-CoVZXC21) 9b protein (Chan et al.,
2020). The structure of SCoV2 ORF9b has been determined at
high resolution (PDB 6Z4U). Still, a significant portion of the
structure was not found to be well ordered. The protein shows a
β-sheet-rich structure and a hydrophobic tunnel, in which bound
lipid was identified. How this might relate to membrane binding
is not fully understood at this point. The differences in sequence
between SCoV and SCoV2 are mainly located in the very
N-terminus, which was not resolved in the structure (PDB
6Z4U). Another spot of deviating sequence not resolved in the
structure is a solvent-exposed loop, which presents a potential
interacting segment. ORF9b has been synthesized as a dimer
(Figure 6E) using WG-CFPS in its soluble form. Spectra show a
well-folded protein, and assignments are underway (Figure 6F).

ORF14 (ORF9c)
ORF14 (73 aa) remains, at this point in time, hypothetical. It
shows 89% homology with a bat virus protein (bat-SL-
CoVZXC21). It shows a highly hydrophobic part in its
C-terminal region, comprising two negatively charged residues
and a charged/polar N-terminus. The C-terminus is likely
mediating membrane interaction. While ORF14 has been
synthesized in the wheat-germ cell-free system in the presence
of detergent and solution NMR spectra have been recorded, they
hint at an aggregated protein (Figure 6E). Membrane-
reconstitution of ORF14 revealed an unstable protein, which
had been degraded during detergent removal.

ORF10
The ORF10 protein is comprised of 38 aa and is a hypothetical
protein with unknown function (Yoshimoto, 2020). SCoV2
ORF10 displays 52.4% homology to SCoV ORF9b. The protein
sequence is rich in hydrophobic residues, rendering expression
and purification challenging. Expression of ORF10 as His-Trx-
tagged or His-SUMO tagged fusion protein was possible;
however, the ORF10 protein is poorly soluble and shows
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partial unfolding, even as an uncleaved fusion protein. Analytical
SEC hints at oligomerization under the current conditions.

DISCUSSION

The ongoing SCoV2 pandemic and its manifestation as the
COVID-19 disease call for an urgent provision of therapeutics
that will specifically target viral proteins and their interactions
with each other and RNAs, which are crucial for viral
propagation. Two “classical” viral targets have been addressed
in comprehensive approaches soon after the outbreak in
December 2019: the viral protease nsp5 and the RNA-
dependent RNA polymerase (RdRp) nsp12. While the latter
turned out to be a suitable target using the repurposed
compound Remdesivir (Hillen et al., 2020), nsp5 is undergoing
a broad structure-based screen against a battery of inhibitors in
multiple places (Jin et al., 2020; Zhang et al., 2020), but with, as of
yet, the limited outcome for effective medication. Hence, a
comprehensive, reliable treatment of COVID-19 at any stage
after the infection has remained unsuccessful.

Further viral protein targets will have to be taken into
account in order to provide inhibitors with increased
specificity and efficacy and preparative starting points for
following potential generations of (SARS-)CoVs. Availability
of those proteins in a recombinant, pure, homogenous, and
stable form in milligrams is, therefore, a prerequisite for
follow-up applications like vaccination, high-throughput
screening campaigns, structure determination, and mapping
of viral protein interaction networks. We here present, for the
first time, a near-complete compendium of SCoV2 protein
purification protocols that enable the production of large
amounts of pure proteins.

The COVID19-NMR consortium was launched with the
motivation of providing NMR assignments of all SCoV2
proteins and RNA elements, and enormous progress has
been made since the outbreak of COVID-19 for both
components [see Table 2 and (Wacker et al., 2020)].
Consequently, we have put our focus on producing proteins
in stable isotope-labeled forms for NMR-based applications,
e.g., the site-resolved mapping of interactions with compounds
(Li and Kang, 2020). Relevant to a broad scientific community,
we here report our protocols to suite perfectly any downstream
biochemical or biomedical application.

Overall Success and Protein Coverage
As summarized in Table 2, we have successfully purified 80%
of the SCoV2 proteins either in fl or providing relevant
fragments of the parent protein. Those include most of the
nsps, where all of the known/predicted soluble domains have
been addressed (Figure 1). For a very large part, we were able
to obtain protein samples of high purity, homogeneity, and
fold for NMR-based applications. We would like to point out
a number of CoV proteins that, evidenced by their HSQCs,
for the first time, provide access to structural information,
e.g., the PLpro nsp3d and nsp3Y. Particularly for the nsp3
multidomain protein, we here present soluble samples of

almost the complete cytosolic region with more than
120 kDa in the form of excellent 2D NMR spectra
(Figure 3), a major part of which fully backbone-assigned.
We thus enable the exploitation of the largest and most
enigmatic multifunctional SCoV2 protein through
individual domains in solution, allowing us to study their
concerted behavior with single residue resolution. Similarly,
for nsp2, we provide a promising starting point for studying
the so far neglected, often uncharacterized, and apparently
unstructured proteins.

Driven by the fast-spreading COVID-19, we initially left out
proteins that require advanced purification procedures (e.g.,
nsp12 and S) or where a priori information was limited (nsp4
and nsp6). This procedure seems justified with the time-saving
approach of our effort in favor of the less attended proteins.
However, we are in the process of collecting protocols for the
missing proteins.

Different Complexities and Challenges
The compilation of protein production protocols, initially guided
by information from CoV homologs (Table 1), has confronted us
with very different levels of complexity. With some prior
expectation toward this, we have shared forces to quickly
“work off” the highly conserved soluble and small proteins
and soon put focus into the processing of the challenging
ones. The difficulties in studying this second class of proteins
are due to their limited sequence conservation, no prior
information, large molecular weights, insolubility, and so forth.

The nsp3e NAB represents one example where the available
NMR structure of the SCoV homolog provided a bona fide
template for selecting initial domain boundaries (Figure 4).
The transfer of information derived from SCoV was
straightforward; the transferability included the available
protocol for the production of comparable protein amounts
and quality, given the high sequence identity. In such cases,
we found ourselves merely to adapt protocols and optimize yields
based on slightly different expression vectors and E. coli strains.

However, in some cases, such transfer was unexpectedly not
successful, e.g., for the short nsp1 GD. Despite intuitive domain
boundaries with complete local sequence identity seen from the
SCoV nsp1 NMR structure, it took considerable efforts to purify
an analogous nsp1 construct, which is likely related to the
impaired stability and solubility caused by a number of
impacting amino acid exchanges within the domain’s flexible
loops. In line with that, currently available structures of SCoV2
nsp1 have been obtained by crystallography or cryo-EM and
include different buffers. As such, our initial design was
insufficient in terms of taking into account the parameters
mentioned above. However, one needs to consider those
particular differences between the nsp1 homologs as one of
the most promising target sites for potential drugs as they
appear to be hotspots in the CoV evolution and will have
essential effects for the molecular networks, both in the virus
and with the host (Zust et al., 2007; Narayanan et al., 2015; Shen
et al., 2019; Thoms et al., 2020).

A special focus was put on the production of the SCoV2 main
protease nsp5, for which NMR-based screenings are ongoing. The

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 65314818

Altincekic et al. Large-Scale Production of SARS-CoV-2 Proteome



main protease is critical in terms of inhibitor design as it appears
under constant selection, and novel mutants remarkably
influence the structure and biochemistry of the protein (Cross
et al., 2020). In the present study, the expression of the different
constructs allowed us to characterize the protein in both its
monomeric and dimeric forms. Comparison of NMR spectra
reveals that the constructs with additional amino acids (GS and
GHM mutant) display marked structural differences to the wild-
type protein while being structurally similar among themselves
(Figure 5H). The addition of two residues (GS) interferes with the
dimerization interface, despite being similar to its native
N-terminal amino acids (SGFR). We also introduced an active
site mutation that replaces cysteine 145 with alanine (Hsu et al.,
2005). Intriguingly, this active site mutation C145A, known to
stabilize the dimerization of the main protease (Chang et al.,
2007), supports dimer formation of the GS added construct (GS-
nsp5 C145A) shown by its 2DNMR spectrum overlaying with the
one of wild-type nsp5 (Supplementary Table SI4). The NMR
results are in line with SEC-MALS analyses (Figure 5F). Indeed,
the additional amino acids at the N-terminus shift the
dimerization equilibrium toward the monomer, whereas the
mutation shifts it toward the dimer despite the N-terminal aa
additions. This example underlines the need for a thorough and
precise construct design and the detailed biochemical and NMR-
based characterization of the final sample state. The presence of
monomers vs. dimers will play an essential role in the inhibitor
search against SCoV2 proteins, as exemplified by the particularly
attractive nsp5 main protease target.

Exploiting Nonbacterial Expression
As a particular effort within this consortium, we included the so
far neglected accessory proteins using a structural genomics
procedure supported by wheat-germ cell-free protein synthesis.
This approach allowed us previously to express a variety of
difficult viral proteins in our hands (Fogeron et al., 2015a;
Fogeron et al., 2015b; Fogeron et al., 2016; Fogeron et al.,
2017; Wang et al., 2019; Jirasko et al., 2020a). Within the
workflow, we especially highlight the straightforward
solubilization of the membrane proteins through the addition
of detergent to the cell-free reaction, which allowed the
production of soluble protein in milligram amounts
compatible with NMR studies. While home-made extracts
were used here, very similar extracts are available
commercially (Cell-Free Sciences, Japan) and can thus be
implemented by any lab without prior experience. Also, a
major benefit of the WG-CFPS system for NMR studies lies in
the high efficiency and selectivity of isotopic labeling. In contrast
to cell-based expression systems, only the protein of interest is
produced (Morita et al., 2003), which allows bypassing extensive
purification steps. In fact, one-step affinity purification is in most
cases sufficient, as shown for the different ORFs in this study.
Samples could be produced for virtually all proteins, with the
exception of the ORF3b construct used. With new recent insight
into the stop codons present in this ORF, constructs will be
adapted, which shall overcome the problems of ORF3b
production (Konno et al., 2020).

For two ORFs, 7b and 8, we exploited a paralleled production
strategy, i.e., both in bacteria and via cell-free synthesis. For those
challenging proteins, we were, in principle, able to obtain pure
samples from either expression system. However, for ORF7b, we
found a strict dependency on detergents for follow-up work from
both approaches. ORF8 showed significantly better solubility
when produced in WG extracts compared to bacteria. This
shows the necessity of parallel routes to take, in particular, for
the understudied, biochemically nontrivial ORFs that might
represent yet unexplored but highly specific targets to consider
in the treatment of COVID-19.

Downstream structural analysis of ORFs produced with CFPS
remains challenging but promising progress is being made in the
light of SCoV2. Some solution NMR spectra show the expected
number of signals with good resolution (e.g., ORF9b). As expected,
however, most proteins cannot be straightforwardly analyzed by
solution NMR in their current form, as they exhibit too large objects
after insertion intomicelles and/or by inherent oligomerization. Cell-
free synthesized proteins can be inserted into membranes through
reconstitution (Fogeron et al., 2015a; Fogeron et al., 2015b; Fogeron
et al., 2016; Jirasko et al., 2020a; Jirasko et al., 2020b). Reconstitution
will thus be the next step for many accessory proteins, but also forM
and E, which were well produced byWG-CFPS.We will also exploit
the straightforward deuteration in WG-CFPS (David et al., 2018;
Wang et al., 2019; Jirasko et al., 2020a) that circumvents proton
back-exchange, rendering denaturation and refolding steps obsolete
(Tonelli et al., 2011). Nevertheless, the herein presented protocols for
the production of non-nsps by WG-CFPS instantly enable their
employment in binding studies and screening campaigns and thus
provide a significant contribution to soon-to-come studies on
SCoV2 proteins beyond the classical and convenient drug targets.

Altogether and judged by the ultimate need of exploiting
recombinant SCoV2 proteins in vaccination and highly
paralleled screening campaigns, we optimized sample amount,
homogeneity, and long-term stability of samples. Our freely
accessible protocols and accompanying NMR spectra now
offer a great resource to be exploited for the unambiguous and
reproducible production of SCoV2 proteins for the intended
applications.
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GLOSSARY

aa Amino acid

BEST Band-selective excitation short-transient

BMRB Biomagnetic resonance databank

CFPS Cell-free protein synthesis

CoV Coronavirus

CTD C-terminal domain

DEDD Asp-Glu-Glu-Asp

DMS Dimethylsulfate

E Envelope protein

ED Ectodomain

fl Full-length

GB1 Protein G B1 domain

GD Globular domain

GF Gel filtration

GST Glutathione-S-transferase

His Hisx-tag

HSP Heat-shock protein

HSQC Heteronuclear single quantum coherence

IDP Intrinsically disordered protein

IDR Intrinsically disordered region

IEC Ion exchange chromatography

IMAC Immobilized metal ion affinity chromatography

IPRS IMAC-protease cleavage-reverse IMAC-SEC;

M Membrane protein

MERS Middle East Respiratory Syndrome

MHV Murine hepatitis virus

Mpro
Main protease

MTase Methyltransferase

N Nucleocapsid protein

NAB Nucleic acid–binding domain

nsp Nonstructural protein

NTD N-terminal domain

PLpro Papain-like protease

RdRP RNA-dependent RNA polymerase

S Spike protein

SARS Severe Acute Respiratory Syndrome

SEC Size-exclusion chromatography

SUD SARS unique domain

SUMO Small ubiquitin-related modifier

TEV Tobacco etch virus

TM Transmembrane

TROSY Transverse relaxation-optimized spectroscopy

Trx Thioredoxin

Ubl Ubiquitin-like domain

Ulp1 Ubiquitin-like specific protease 1

WG Wheat-germ.
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Table S1: Overview of labs as assigned to protocols 
 

Protein  System Main protocol from group(s) Protocol as „additional 

information“ from group(s) 

nsp1 Bacterial Carlomagno (fl), Schlundt (GD) Schlundt (fl) 

nsp2 Bacterial Laurents (CtDR) - 

nsp3a Bacterial Blackledge (UBl+IDR),  

Schlundt (UBl) 

- 

nsp3b Bacterial Schwalbe (Macrodomain) Alfano (Macrodomain) 

nsp3c Bacterial Spyroulias (SUD-N, SUD-NM, 

SUD-M, SUD-MC, SUD-C) 

- 

nsp3d Bacterial Schwalbe (PLpro) Schwalbe (PLpro) 

nsp3e Bacterial Schlundt (NAB) Schlundt (NAB) 

nsp3Y Bacterial Hoch (CoV-Y) - 

nsp5 Bacterial Schwalbe (fl) Schwalbe (fl, A-D), Orts (fl, E), 

Varga (fl, F), Bax ((fl, G-H), Martin 

((fl, I) 

nsp7 Bacterial Henzler-Wildman/Kirchdoerfer (fl) - 

nsp8 Bacterial Henzler-Wildman/Kirchdoerfer (fl) - 

nsp9 Bacterial Schlundt (fl) Schlundt (fl, A), Alfano (fl, B) 

nsp10 Bacterial Schwalbe (fl) Jaudzems (fl) 

nsp13 Bacterial Schwalbe (fl) Schwalbe (fl) 

nsp14 Bacterial Jaudzems (fl, MTase) Schwalbe (fl) 

nsp15 Bacterial Schwalbe (fl) - 

nsp16 Bacterial Jaudzems (fl) Jaudzems (fl) 

ORF3a Cell-free Böckmann (fl) - 

Envelope 

(ORF4) 

Cell-free Böckmann/Meier (fl) - 

Membrane 

(ORF5) 

Cell-free Böckmann/Meier (fl) Böckmann/Meier (fl) 

ORF6 Cell-free Böckmann (fl) Böckmann (fl) 

ORF7a Bacterial Muhle-Goll (ED) - 

ORF7b Bacterial Schwalbe (fl) Schwalbe (fl, A-E) 

Cell-free Böckmann (fl) - 



ORF8 Bacterial Wiedemann/Ohlenschläger (fl-

L84S) Alfano (w/o signal peptide 

(Δ)) 

Wiedemann/Ohlenschläger (fl) 

Cell-free Böckmann (fl, Δ) - 

Nucleo-

capsid 

(ORF9a) 

Bacterial Pierattelli/Felli (IDR1-NTD-IDR2), 

Almeida (NTD-SR, NTD), Schlundt 

(CTD) 

- 

ORF9b Cell-free Böckmann (fl) Böckmann (fl, A-B) 

ORF14 Cell-free Böckmann/Meier (fl) - 

ORF10 Bacterial Schwalbe (fl) Schwalbe (fl, A-D) 

 

  



Table S2: Abbreviations used throughout the SI 
 

Abbreviation Full name 

aa Amino acid 

AC Affinity chromatography 

BEST Band-selective Excitation Short-Transient 

BisTris 2,2-Bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol 

bME 2-mercaptoethanol 

BMRB Biomagnetic Resonance Databank 

Brij 58 Polyethylene glycol hexadecyl ether, Polyoxyethylene (20) cetyl ether 

CFPS Cell-free protein synthesis 

CFS Cell-free sample 

CoV Coronavirus 

CTD C-terminal domain 

DDM n-dodecyl β-D-maltoside 

E. coli Escherichia coli cells 

ED Ectodomain 

fl Full-length 

GB1 Protein G B1 domain 

GD Globular domain 

GST Glutathione-S-transferase 

His6 (analog His7) Hexahistidine tag 

HSQC Heteronuclear single quantum coherence 

IDR Intrinsically disordered region 

IEC Ion exchange chromatography 

IMAC Immobilized metal ion affinity chromatography 

Inv. Inverse 

IPTG Isopropyl-β-d-thiogalactopyranoside 

LB medium Lysogeny broth medium 

M9 medium M9 minimal medium 

MOPS 3-(N-morpholino)propanesulfonic acid, 4-morpholinepropanesulfonic acid 

Mpro Main protease 



MTase Methyltransferase 

MWCO Molecular weight cut-off 

NAB Nucleic acid-binding domain 

NaPi/KPi Sodium/potassium phosphate 

NA Not available 

n.d. Not defined/no information available 

nsp Non-structural protein 

NTA Nitrilotriacetic acid 

NTD N-terminal domain 

o.n. Overnight 

OD600 Optical density at 600 nm 

ORF Open reading frame 

PDB Protein Data Bank 

PLpro Papain-like protease 

rt Room temperature 

S, SARS Severe acute respiratory syndrome 

SD Superdex 

SEC Size exclusion chromatography 

SN Soluble fraction, supernatant 

SUD SARS unique domain 

SUMO Small ubiquitin-like modifier 

TCEP Tris-(2-carboxyethyl)-phosphin 

TEV Tobacco etch virus 

Triton X-100 4-(1,1,3,3-Tetramethylbutyl)-phenyl-polyethylenglykol 

TROSY Transverse relaxation-optimized spectroscopy 

Trx Thioredoxin 

Ubl ubiquitin-like domain 

Ulp1 ubiquitin-like specific protease 1 

WB Western blot 

WG(E) Wheat germ (extract) 

YT medium Yeast extract-tryptone medium 

  



SI1: nsp1 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp1 

2 Region/Name/Further Specification 

 nsp1 / Leader protein 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

MESLVPGFNEKTHVQLSLPVLQVRDVLVRGFGDSVEEVLSEARQHLKDGTCGLVEVEKGVLPQ

LEQPYVFIKRSDARTAPHGHVMVELVAELEGIQYGRSGETLGVLVPHVGEIPVAYRKVLLRKNG

NKGAGGHSYGADLKSFDLGDELGTDPYEDFQENWNTKHSSGVTRELMRELNGG 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

fl aa 1-180 (fl nsp1)  

GD aa 13-127 of fl nsp1 

5 Ratio for construct design 

fl fl sequence according to NCBI Reference Sequence YP_009725297.1 

GD In analogy to the available NMR structure (PDB 2GDT) of nsp1 SCoV 13-127 

6 Sequence homology (to SCoV)  

fl Identity: 83%; similarity: 89% 

GD Identity: 85%; similarity: 90% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PBD 2GDT, 2HSX  

SCoV2: PBD 7K3N, 7K7P, 6ZN5, 7JQC, 7K5I 

8 (Published) assignment (SCoV2 or homologue variants) 

 
SCoV: BMRB 7014 

SCoV2: BMRB 50620 

 

 

Table 2: Protein Expression 

1 Expression vector 

fl pETM11 (Gunter Stier, EMBL Heidelberg) 

GD pKM263 (GenScript) 

2 Purification-/Solubility-Tag 

fl N-terminal His6 

GD N-terminal His6 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 



fl 19.90 kDa / 12,950 M-1 cm-1 / 5.37 

GD 12.93 kDa / 4,470 M-1 cm-1 / 6.22  

5 Comments on sequence of expressed construct 

fl N-terminal „GA" two artificial residues due to TEV-cleavage and construct design 

GD N-terminal „GAMA" four artificial residues due to TEV-cleavage and construct design 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

fl 0.6 mM IPTG at OD600 0.7 

GD 1 mM IPTG 

10 Cultivation temperature and time 

fl 16°C for 18-20 h 

GD 16°C for 18-20 h 

 

 

Table 3a: Protein Purification (fl nsp1) 

1 Buffer List 

A 
50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 100 mM Na2SO4, 5% (v/v) glycerol, 5 mM imidazole, 1 mM 

TCEP-HCl (cell disruption / immobilized metal affinity chromatography (IMAC) / TEV-cleavage). 

B 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 100 mM Na2SO4, 1 mM EDTA, 1 mM TCEP-HCl (SEC). 

C 50 mM NaPi (pH 6.5), 200 mM NaCl, 2 mM DTT, 2 mM EDTA (final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Roche), 100 µg of 

lysozyme (Carl Roth), and 50 µg of deoxyribonuclease (DNAse) (New England Biolabs)) by sonication. 

B 
IMAC (gravity flow Ni2+-NTA (Cytiva)), washed first with buffer 1A and then with buffer 1A 

containing additional 2 M LiCl, before eluting with 300 mM imidazole in buffer 1A. 

C Desalting and TEV-cleavage (0.5 mg TEV protease per 1 L culture) o.n. in buffer 1A. 

D SEC on HiLoad 16/600 SD 75 (GE Healthcare) in buffer 1B. 

E NMR sample preparation in buffer 1C. 

 

 

 

 

 

 



Table 3b: Protein Purification (GD nsp1) 

1 Buffer List 

A 
50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole, 4 mM DTT (cell disruption / IMAC/ 

dialysis after IMAC / TEV-cleavage). 

B 25 mM NaPi (pH 7.0), 250 mM NaCl, 2 mM TCEP-HCl, 0.02% (w/v) NaN3 (SEC / final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A (plus 100 µL protease inhibitor (Serva)) by sonication. 

B IMAC (gravity flow Ni2+-NTA), Elution with 150-500 mM imidazole in buffer 1A. 

C Dialysis o.n. in in buffer 1A. 

D TEV-cleavage (0.5 mg TEV protease per 1 L culture) in buffer 1A. 

E SEC on HiLoad SD 75 16/600 (GE Healthcare) in buffer 1B. 

F NMR sample preparation in buffer 1B. 

 

 

Table 4: Final samples  

1 Yield 

fl 5 mg/L 13C,15N-M9 medium 

GD < 0.5 mg/L 15N-M9 medium 

2 Stability 

fl 
No significant precipitation or degradation observed after storage at 4°C for 3 weeks. Relatively stable 

during NMR measurements at 25°C for ~7 days, despite some proteolysis of disordered C-terminal tail. 

GD Stable during several weeks storage at 4°C. 

3 Comment on applicability 

fl Suitable for NMR structure determination, fragment screening, interaction studies. 

GD purification needs optimization to obtain more soluble protein 

 

 

Additional information 

Constructs Conditions Comments 

aa 1-180 (fl nsp1); His7 (pET-TEV-

Nco (GenScript)), TEV-cleavage 

site, N-terminal 2 artificial residues 

“GA“. 

As above for GD nsp1. 

Yields 2.4 mg/L 15N,13C-M9 

medium. 

Obvious degradation during 

measurement. Storage at 4°C not 

advisable. Higher salt concentration 

seems to slightly improve stability. 

 

  



SI2: nsp2  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp2 

2 Region/Name/Further Specification 

 C-terminal IDR (CtDR) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

AYTRYVDNNFCGPDGYPLECIKDLLARAGKASCTLSEQLDFIDTKRGVYCCREHEHEIAWYTE

RSEKSYELQTPFEIKLAKKFDTFNGECPNFVFPLNSIIKTIQPRVEKKKLDGFMGRIRSVYPVASP

NECNQMCLSTLMKCDHCGETSWQTGDFVKATCEFCGTENLTKEGATTCGYLPQNAVVKIYCP

ACHNSEVGPEHSLAEYHNESGLKTILRKGGRTIAFGGCVFSYVGCHNKCAYWVPRASANIGCN

HTGVVGEGSEGLNDNLLEILQKEKVNINIVGDFKLNEEIAIILASFSASTSAFVETVKGLDYKAFK

QIVESCGNFKVTKGKAKKGAWNIGEQKSILSPLYAFASEAARVVRSIFSRTLETAQNSVRVLQK

AAITILDGISQYSLRLIDAMMFTSDLATNNLVVMAYITGGVVQLTSQWLTNIFGTVYEKLKPVL

DWLEEKFKEGVEFLRDGWEIVKFISTCACEIVGGQIVTCAKEIKESVQTFFKLVNKFLALCADSII

IGGAKLKALNLGETFVTHSKGLYRKCVKSREETGLLMPLKAPKEIIFLEGETLPTEVLTEEVVLK

TGDLQPLEQPTSEAVEAPLVGTPVCINGLMLLEIKDTEKYCALAPNMMVTNNTFTLKGG 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 557-601 of complete nsp2 (Ct-DR) 

5 Ratio for construct design 

 Based on disorder predictions (PrDOS (Ishida and Kinoshita, 2007)) 

6 Sequence homology (to SCoV)  

 Identity: 55%; similarity: 68% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV: 50687 

 

 

Table 2: Protein Expression 

1 Expression vector 

 
Home made plasmid derived from pET28b(+) (EMD Biosciences) containing the codifying sequence for 

thioredoxin A from E. coli and TEV protease cleavage site instead of thrombin. 

2 Purification-/Solubility-Tag 

 N-terminal His6-Trx 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 



 4.92 kDa / - / 3.9  

5 Comments on sequence of expressed construct 

 N-terminal „G“, one artificial residue due to TEV-cleavage. 

6 Used expression strain 

 E. coli BL21 star (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.5 mM IPTG at OD600 0.6 

10 Cultivation temperature and time 

 37ºC until induction. Following induction, incubation at 25ºC for 17 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole (cell lysis, IMAC1 and 2). 

B 5 mM Tris-HCl (pH 8.0), 20 mM NaCl (dialysis after IMAC1/TEV cleavage). 

C 5 mM histidine (pH 5.4), 5 mM NaCl (dialysis after IMAC2 and anionic IEC). 

D 10 mM acetic acid (pH 4.3), 5 mM NaCl (dialysis after cationic IEC). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell lysis in 1A (plus 5 µL Halt protease inhibitor (Thermo) and lysozyme 20 µg/mL). 

B IMAC1 (HisTrap crude 5 mL, Cytiva). Elution 10-500 mM imidazole in buffer 1A. 

C Dialysis in buffer 1B and TEV cleavage (4ºC, 17 h). 

D 
IMAC2 (after TEV cleavage) (HisTrap crude 5 mL, Cytiva). Elution 10-500 mM imidazole in buffer 1A 

(protein expected in flow-through). 

E Dialysis in buffer 1C (4ºC, 17 h). 

F Anionic IEC, elution 10-1,000 mM NaCl in buffer 1C. 

G Dialysis in buffer 1C (4ºC, 48 h). 

H Cationic IEC. Elution 10-1,000 mM NaCl in buffer 1D (protein expected in flow-through).  

 

 

 

 

 



Table 4: Final sample  

1 Yield 

 1.5 mg/L LB medium, 0.7-1.5 mg/L 13C, 15N-M9 medium 

2 Stability 

 No visible precipitation after two weeks at 4ºC.  

3 Comment on applicability 

 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

 

 

 

 

 

 

  



SI3: nsp3a  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

 nsp3a Ubiquitin-like domain (Ubl) + IDR 

3 
Sequence of “fl” protein (aa 1-206 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 

APTKVTFGDDTVIEVQGYKSVNITFELDERIDKVLNEKCSAYTVELGTEVNEFACVVADAVIKT

LQPVSELLTPLGIDLDEWSMATYYLFDESGEFKLASHMYCSFYPPDEDEEEGDCEEEEFEPSTQY

EYGTEDDYQGKPLEFGATSAALQPEEEQEEDWLDDDSQQTVGQQDGSEDNQTTTIQTIVEVQP

QLEMELTPVVQTIE 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

Ubl+ 

IDR 

aa 1-206 of complete nsp3 

Ubl aa 1-111 of complete nsp3 

5 Ratio for construct design  

Ubl+ 

IDR 

Based on homologous structure from SCoV. 

Ubl Based on disorder prediction, folded domain and SCoV Ubl1. 

6 Sequence homology (to SCoV)  

Ubl+ 

IDR 

Identity: 58%; Similarity: 75% 

Ubl Identity: 79%; Similarity: 89% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV: PDB 2GRI; 2IDY 

8 (Published) assignment (SCoV2 or homologue variants) 

 
SCoV: BMRB 7019  

SCoV2: BMRB 50446 

 

 

Table 2: Protein Expression 

1 Expression vector 

Ubl+ 

IDR 
pET-TEV-Nco (GenScript) 

Ubl pKM263 (GenScript) 

2 Purification-/Solubility-Tag 

Ubl+ 

IDR 
N-terminal His6 



Ubl N-terminal His6-GST 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

Ubl+ 

IDR 
23.50 kDa / 24,410 M-1 cm-1 / 3.62  

Ubl 12.72 kDa / 14,440 M-1 cm-1 / 4.08 

5 Comments on sequence of expressed construct 

Ubl+ 

IDR 
N-terminal “GAM” three artificial residues due to TEV-cleavage and construct design. 

Ubl N-terminal “GAMG” four artificial residues due to TEV-cleavage and construct design. 

6 Used expression strain 

 E. coli BL21 (DE3)  

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 1 mM IPTG at OD600 0.6-0.8 

10 Cultivation temperature and time 

Ubl+ 

IDR 
37ºC for 5 h 

Ubl 18°C for 18 h 

 

 

Table 3a: Protein Purification (Ubl + IDR) 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 150 mM NaCl and complete EDTA-free tablet (cell disruption). 

B 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl (wash buffer). 

C 50 mM Tris-HCl (pH 8.0), 150 mM NaCl and 500 mM imidazole (elution buffer). 

D 50 mM Tris-HCl (pH 8.0), 150 mM NaCl and 5 mM bME (TEV cleavage). 

E 50 mM NaPi (pH 6.5), 250 mM NaCl (final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Resuspension of cell pellet in 50 mL per liter of culture of 1A at 4°C. 

B Cell disruption by sonication on ice. 



C Clarification of lysate by centrifugation at 16,000 g for 30 min at 4°C. 

D 
Loading of lysate on Ni2+-loaded IMAC resin (ThermoFisher scientific) pre-equilibrated with 1B at 

22°C. 

E Wash IMAC resin with 50 bed volumes of 1B. 

F Elute protein from IMAC resin with 5 bed volumes of 1C. 

G TEV cleavage with 1 mg TEV per 50 mg protein by dialysis against 1D for 18 h at 4°C. 

H 
Removal of uncleaved protein and tag by elution through Ni2+-loaded IMAC resin pre-equilibrated with 

1B at 22°C. 

I Wash with 5 bed volumes of 1B. 

J SEC with HiLoad SD 75 pg column (GE Healthcare) pre-equilibrated with 1E at 4°C. 

 

 

Table 3b: Protein Purification (Ubl) 

1 Buffer List 

A 50 mM NaPi (pH 6.5), 300 mM NaCl, 10 mM imidazole, 2 mM TCEP-HCl (Cell disruption / IMAC) 

B 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM DTT, 0.02% NaN3 (dialysis after IMAC / TEV-cleavage) 

C 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl, 0.02% NaN3, pH7 (SEC / final NMR buffer) 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A (plus 100 µL protease inhibitor (Serva)) by sonication. 

B IMAC (gravity flow Ni2+-NTA), Elution with 150-500 mM imidazole in buffer 1A 

C Dialysis o.n. in in buffer 1B 

D TEV-cleavage (0.5 mg TEV protease per 1 L culture) in buffer 1B 

E SEC on HiLoad 16/600 SD 75 (GE Healthcare) in buffer 1C 

F NMR sample preparation in buffer 1C 

 

 

Table 4: Final sample  

1 Yield 

Ubl+ 

IDR 
0.7 mg/L 15N-M9 medium 

Ubl 2-3 mg/L 15N-M9 medium 

1b A260/280 ratio 

Ubl+ 

IDR 
0.57 

Ubl 0.6 

2 Stability 

Ubl+ 2 weeks at 25°C. 



IDR 

Ubl Very stable over weeks. 

3 Comment on applicability 

Ubl+ 

IDR 
Stable for NMR assignments and screening 

Ubl 
Stable for NMR assignments and screening (spectra overlay with folded part of nsp3a Ubl + IDR 

above.) 

 

 

  



SI3: nsp3b 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

 nsp3b / Macrodomain 

3 
Sequence of “fl” protein (aa 207-376 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 

VNSFSGYLKLTDNVYIKNADIVEEAKKVKPTVVVNAANVYLKHGGGVAGALNKATNNAMQV

ESDDYIATNGPLKVGGSCVLSGHNLAKHCLHVVGPNVNKGEDIQLLKSAYENFNQHEVLLAPL

LSAGIFGADPIHSLRVCVDTVRTNVYLAVFDKNLYDKLVSSFLEMK 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 207-376 of complete nsp3 

5 Ratio for construct design   

 Based on homologous structure from SCoV (PDB 6VXS). 

6 Sequence homology (to SCoV)  

 Identity: 74%; similarity: 84% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV2: PDB 6W6Y, 6YWM, 6YWL, 6YWK, 6WEY, 7KG3, 6W02, 6WOJ, 6WEN, 6WCF, 6VXS, 

7JME 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV2: BMRB 50387 (apo), 50388 (holo) 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET28a(+) (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6  

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 18.65 kDa / 10,430 M-1 cm-1 / 7.20 

5 Comments on sequence of expressed construct 

 N-terminal “GHM” three artificial residues due to TEV-cleavage and construct design. 



6 Used expression strain 

 E. coli T7 Express 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7  

10 Cultivation temperature and time 

 18-20°C for 16-18 h  

 

 

Table 3: Protein Purification 

1 Buffer List 

A 25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 10 mM bME (cell disruption / IMAC). 

B 25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM bME (dialysis after IMAC / TEV-cleavage). 

C 25 mM BisTris (pH 6.5), 150 mM NaCl, 3 mM TCEP-HCl (SEC / final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck)) by 

microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C TEV-cleavage (1 mg TEV protease per 50 mL protein solution) o.n. in buffer 1B. 

D 
Inv. IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with 500 mM 

imidazole in buffer 1A.  

E 
SEC (HiLoad 26/600 SD 200 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1C (elution 

volume 245-290 mL).  

F NMR sample preparation in buffer 1C. 

 

 

Table 4: Final sample  

1 Yield 

 94 mg/L 15N-M9 medium, 9 mg/L 13C,15N-M9 medium 

2 Stability 

 
Stable throughout measurement (7 days, 298 K). No significant precipitation or degradation observed 

after storage at 4°C for 2 weeks. 

3 Comment on applicability 



 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

Additional information 

Constructs Conditions Comments 

aa 206-374 of complete nsp3; His6-

GST (mod pET9d), TEV-cleavage 

site, N-terminal “GAM“ three 

artificial residues. Based on 

boundaries from crystal structure 

(PDB 6W6Y). 

IMAC buffer: 50 mM Tris-HCl 

(pH 8.0), 500 mM NaCl, 5% (v/v) 

glycerol, 50 mM imidazole, 1 mM 

DTT. 

Cleavage buffer: 50 mM Tris-HCl 

(pH 8.0), 500 mM NaCl, 1 mM 

DTT. 

SEC/final buffer: 20 mM NaPi (pH 

7.4), 150 mM NaCl, 3 mM TCEP-

HCl. 

Yields 30 mg/L LB medium. No 

significant precipitation or 

degradation observed after storage at 

4°C for 10 days. Suitable for NMR 

studies, fragment-based screening, 

interaction studies. 

 

 

 

 

 

  



SI3: nsp3c 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

SUD-N nsp3c / SARS Unique Domain (SUD) -N 

SUD-

NM 
nsp3c / SUD-NM 

SUD-

M 
nsp3c / SUD-M 

SUD-

MC 
nsp3c / SUD-MC 

SUD-C nsp3c / SUD-C 

3 
Sequence of “fl” protein (aa 409-743 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 

QDDKKIKACVEEVTTTLEETKFLTENLLLYIDINGNLHPDSATLVSDIDITFLKKDAPYIVGDVV

QEGVLTAVVIPTKKAGGTTEMLAKALRKVPTDNYITTYPGQGLNGYTVEEAKTVLKKCKSAFY

ILPSIISNEKQEILGTVSWNLREMLAHAEETRKLMPVCVETKAIVSTIQRKYKGIKIQEGVVDYG

ARFYFYTSKTTVASLINTLNDLNETLVTMPLGYVTHGLNLEEAARYMRSLKVPATVSVSSPDA

VTAYNGYLTSSSKTPEEHFIETISLAGSYKDWSYSGQSTQLGIEFLKRGDKSVYYTSNPTTFHLD

GEVITFDNLKTLLS 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

SUD-N aa 409-548 of complete nsp3 

SUD-

NM 
aa 409-675 of complete nsp3 

SUD-

M 
aa 551-675 of complete nsp3 

SUD-

MC 
aa 551-743 of complete nsp3 

SUD-C aa 680-743 of complete nsp3 

5 Ratio for construct design   

SUD-N Based on X-ray structure of homologue nsp3c from SCoV (PDB 2W2G). 

SUD-

NM 
Based on X-ray structure of homologue nsp3c from SCoV (PDB 2W2G). 

SUD-

M 
Based on X-ray structure of homologue nsp3c from SCoV (PDB 2W2G). 

SUD-

MC 
Based on NMR structure of homologue nsp3c from SCoV (PDB 2KQV, 2KQW). 

SUD-C Based on NMR structure of homologue nsp3c from SCoV (PDB 2KAF). 

6 Sequence homology (to SCoV)  



SUD-N Identity: 69%, similarity: 81.6% 

SUD-

NM 
Identity: 74%, similarity: 85.4% 

SUD-

M 
Identity: 82%, similarity: 89.6% 

SUD-

MC 
Identity: 79%, similarity: 88.7% 

SUD-C Identity: 73%, similarity: 87.7% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

SUD-N SCoV2: BMRB 50448 

SUD-

NM 
Ongoing 

SUD-

M 
SCoV2: BMRB 50516 SUD-M 

SUD-

MC 
Ongoing 

SUD-C SCoV2: BMRB 50517 SUD-C 

 

 

Table 2: Protein Expression 

1 Expression vector 

SUD-N pGEX4T1 (Addgene) 

SUD-

NM 
pGEX4T1 (Addgene) 

SUD-

M 
pET28a(+) (Addgene) 

SUD-

MC 
pET28a(+) (Addgene) 

SUD-C pGEX4T1 (Addgene) 

2 Purification-/Solubility-Tag 

SUD-N N-terminal GST 

SUD-

NM 
N-terminal GST 

SUD-

M 
N-terminal His6 

SUD-

MC 
N-terminal His6 

SUD-C N-terminal GST 



3 Cleavage Site 

 Thrombin 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

SUD-N 15.54 kDa / 8,940 M-1 cm-1 / 5.04 

SUD-

NM 
29.60 kDa / 26,360 M-1 cm-1 / 6.03 

SUD-

M 
14.27 kDa / 17,420 M-1 cm-1 / 8.71 

SUD-

MC 
21.94 kDa / 28,880 M-1 cm-1 / 6.58 

SUD-C 7.42 kDa / 11,460 M-1 cm-1 / 4.82 

5 Comments on sequence of expressed construct 

SUD-N N-terminal „GS" two artificial residues due to thrombin-cleavage  

SUD-

NM 
N-terminal „GS" two artificial residues due to thrombin-cleavage  

SUD-

M 
N-terminal „GSHM" four artificial residues due to thrombin-cleavage and cloning 

SUD-

MC 
N-terminal „GSHM" four artificial residues due to thrombin-cleavage and cloning 

SUD-C N-terminal „GS" two artificial residues due to thrombin-cleavage  

6 Used expression strain 

 E. coli BL21 (DE3)  

7 Cultivation medium 

 M9 (uniformly 15N or 13C,15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 1 mM IPTG at OD600 0.6-0.8  

10 Cultivation temperature and time 

 18˚C for 18-20 h 

 

 

Table 3a: Protein Purification (SUD-N and SUD-NM) 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 300 mM NaCl (cell disruption / affinity chromatography (AC)). 

B 50 mM NaPi (pH 7.2), 50 mM NaCl, 2 mM EDTA, 2 mM DTT (SEC / NMR buffer). 



C 50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione (elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus 25 μL protease inhibitor cocktail (Sigma Aldrich P8849) and 2 mM 

DTT) by sonication, after sonication incubation with 25 µL DNase (1 mg/mL) for 10 min on ice. 

B AC - GSTrap (GE Healthcare) (wash buffer 1A). 

C Cleavage on column (100 µL thrombin (10 mg/mL) per 0.5 L culture) at 4˚C for 16 h. 

D 

Elution of SUD-N, SUD-NM after cleavage with buffer 1A, elution of GST with buffer 1C and buffer 

exchange with Amicon Ultra 15 mL centrifugal filter membrane (10,000 MWCO) (Merck Millipore) to 

buffer 1B. 

E SEC - SD Increase 75 10/300 GL (GE Healthcare) in buffer 1B. 

F NMR sample preparation in buffer 1B. 

 

 

Table 3b: Protein Purification (SUD-M and SUD-MC) 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 500 mM NaCl (Cell disruption / IMAC). 

B 

SUD-

M 

50 mM NaPi (pH 7.2), 50 mM NaCl, 2 mM EDTA, 2 mM DTT (SEC / NMR buffer). 

B 

SUD-

MC 

50 mM NaPi (pH 7.6), 50 mM NaCl, 2 mM EDTA, 2 mM DTT (SEC / NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 

Cell disruption in buffer 1A (plus 10 mM imidazole and 25 μL protease inhibitor cocktail (Sigma 

Aldrich P8849) and 2 mM DTT) by sonication, before and after sonication incubation with 50 µL 

DNase (1 mg/mL) for 15 min on ice. 

B 

IMAC - HisTrap (Ni2+) (GE Healthcare), a step gradient elution of imidazole in buffer 1A (10, 20, 40, 

100, 200, 400 mM). SUD-M eluted mostly in 100 mM imidazole in buffer 1A and a small amount in 

fraction 200 mM imidazole in buffer 1A. SUD-MC eluted mostly in 100 mM imidazole in buffer 1A 

and a small amount in 40 mM imidazole in buffer 1A. 

C 
Buffer exchange with Amicon Ultra 15 mL centrifugal filter membrane (10,000 MWCO) (Merck 

Millipore) in buffer 1B SUD-M and SUD-MC respectively. 

D 
Cleavage in solution (100 µL thrombin (10 mg/mL) per 0.5 L culture) for SUD-M: 1 h at 4˚C and then 

1 h at rt; SUD-MC: 16 h at 4˚C. 

E SEC - Superdex Increase 75 10/300 GL (GE Healthcare) in buffer 1C-SUD-M, 1C-SUD-MC. 

F NMR sample preparation in buffer 1C-SUD-M, 1C-SUD-MC. 

 

 

Table 3c: Protein Purification (SUD-C) 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10% (v/v) glycerol (cell disruption / AC). 

B 50 mM Tris-HCl (pH 8.0), 300 mM NaCl (AC). 



C 50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione (elution buffer). 

D 50 mM NaPi (pH 7.2), 50 mM NaCl, 2 mM EDTA, 2 mM DTT (SEC / NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus 25 μL protease inhibitor cocktail (Sigma Aldrich P8849) and 2 mM 

DTT) by sonication, after sonication incubation with 25 µL DNase (1 mg/mL) for 10 min on ice. 

B AC with GSTrap (GE Healthcare) (wash buffer 1A and then wash with buffer 1B). 

C 
Elution with buffer 1C, buffer exchange with Amicon Ultra 15 mL centrifugal filter membrane (10,000 

MWCO) (Merck Millipore) to buffer 1D. 

D Cleavage in solution (350 µL thrombin (10 mg/mL) per 0.5 L culture) at 37˚C for 5 h. 

E SEC on SD Increase 75 10/300 GL (GE Healthcare) in buffer 1D. 

F NMR sample preparation in buffer 1D. 

 

 

Table 4: Final sample  

1 Yield 

SUD-N 13.92 mg/L 15N or 13C,15N-M9 medium 

SUD-

NM 
17.25 mg/L 15N or 13C,15N-M9 medium 

SUD-

M 
8.47 mg/L 15N or 13C,15N-M9 medium 

SUD-

MC 
12.06 mg/L 15N or 13C,15N-M9 medium 

SUD-C 4.70 mg/L 15N or 13C,15N-M9 medium 

1b A260/280 ratio 

SUD-N 0.55 

SUD-

NM 
0.50 

SUD-

M 
0.81 

SUD-

MC 
0.62 

SUD-C 0.71 

2 Stability 

SUD-N 
Stable throughout NMR spectra acquisition (10 days, 298 K). No significant precipitation or degradation 

observed after thawing from -80˚C. Very stable construct. 

SUD-

NM 

Stable throughout measurement (7 days, 298 K). No significant precipitation or degradation observed 

after defrosting from -80˚C. 

SUD-

M 

Not very stable throughout spectra acquisition, 10 days 298 K. Significant precipitation observed after 

thawing from storage at -80˚C. Forms dimers without reducing agent observable even by SDS-page. 



SUD-

MC 

Stable throughout measurement (7 days, 298 K). No significant precipitation or degradation observed 

after thawing from -80˚C. 

SUD-C 
Stable throughout measurement (10 days, 298 K). No significant precipitation or degradation observed 

after thawing from -80˚C. Stable construct. 

3 Comment on applicability 

 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

 

 

 

 

 

  



SI3: nsp3d 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

 nsp3d / papain-like protease / PLpro 

3 
Sequence of “fl” protein (aa 743-1060 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 

SLREVRTIKVFTTVDNINLHTQVVDMSMTYGQQFGPTYLDGADVTKIKPHNSHEGKTFYVLPN

DDTLRVEAFEYYHTTDPSFLGRYMSALNHTKKWKYPQVNGLTSIKWADNNCYLATALLTLQQ

IELKFNPPALQDAYYRARAGEAANFCALILAYCNKTVGELGDVRETMSYLFQHANLDSCKRVL

NVVCKTCGQQQTTLKGVEAVMYMGTLSYEQFKKGVQIPCTCGKQATKYLVQQESPFVMMSA

PPAQYELKHGTFTCASEYTGNYQCGHYKHITSKETLYCIDGALLTKSSEYKGPITDVFYKENSY

TTTIK 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 743-1060 of complete nsp3 

5 Ratio for construct design   

 Based on homologous structure from SCoV (PDB 4M0W) 

6 Sequence homology (to SCoV)  

 Identity: 83%; similarity: 91% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 4M0W, 2FE8 

SCoV2: PDB 6W9C 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pE-SUMO (LifeSensors) 

2 Purification-/Solubility-Tag 

 N-terminal His6-SUMO 

3 Cleavage Site 

 Ulp1 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 35.99 kDa / 45,270 M-1 cm-1 / 8.17 

5 Comments on sequence of expressed construct 



 No artificial residues due to Ulp1-cleavage and construct design. 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7 (addition of 50 µM ZnCl2) 

10 Cultivation temperature and time 

 18-20°C for 16-18 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole, 50 µM ZnCl2, 10 mM bME (cell 

disruption / IMAC). 

B 
10 mM HEPES (pH 7.4), 100 mM NaCl, 50 µM ZnCl2, 10 mM bME (dialysis after IMAC / TEV-

cleavage). 

C 10 mM HEPES (pH 7.4), 100 mM NaCl, 50 µM ZnCl2, 5 mM DTT (SEC). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A (addition of 50 µM ZnCl2) by microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C Ulp1-cleavage (1 mg TEV protease per 50 mL protein solution) o.n. in buffer 1B. 

D 
Inv. IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with 500 mM 

imidazole in buffer 1A.  

E 
SEC (HiLoad 26/600 SD 75 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1C (elution 

volume 180-220 mL).  

 

 

Table 4: Final sample  

1 Yield 

 12 mg/L 15N-M9 medium 

2 Stability 

 Tendency to aggregate. 

3 Comment on applicability 



 Suitable for fragment screening, interaction studies. 

 

 

Additional information 

Constructs Conditions Comments 

aa 743-1060 of complete nsp3; His6 

(pET28a(+) (GenScript)), TEV-

cleavage site, N-terminal “GHM“ 

three artificial residues. 

Native (as above) Weak expression, less protein. 

 

 

 

 

 

  



SI3: nsp3e 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

 nsp3e / NAB globular domain 

3 
Sequence of “fl” protein (aa 1080-1203 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 
YFTEQPIDLVPNQPYPNASFDNFKFVCDNIKFADDLNQLTGYKKPASRELKVTFFPDLNGDVVA

IDYKHYTPSFKKGAKLLHKPIVWHVNNATNKATYKPNTWCIRCLWSTKPVET 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1088-1203 of complete nsp3 

5 Ratio for construct design 

 Based on boundaries from NMR structure of homologue nsp3e from SARS-CoV (2K87). 

6 Sequence homology (to SCoV) 

 Identity: 82%; similarity: 89% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV: PDB 2K87 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV: BMRB 15723; SCoV2: BMRB 50334 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pKM263 (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6-GST 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 13.75 kDa / 25,565 M-1 cm-1 / 8.9 

5 Comments on sequence of expressed construct 

 N-terminal „GAMG" four artificial residues due to TEV-cleavage and construct design. 

6 Used expression strain 



 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 1 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

 20-22°C for 18-20 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 50 mM NaPi (pH 6.5), 300mM NaCl, 10 mM imidazole, 2 mM TCEP-HCl (cell disruption / IMAC). 

B 
25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM DTT, 0.02% (w/v) NaN3 (dialysis after IMAC / TEV-

cleavage). 

C 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl, 0.02% (w/v) NaN3 (SEC / final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A (plus 100 µL protease inhibitor (Serva)) by sonication. 

B 
IMAC (gravity flow Ni2+-NTA) (Carl Roth, Germany), elution with 150-500 mM imidazole in buffer 

1A. 

C Dialysis o.n. in buffer 1B. 

D TEV-cleavage (0.5 mg TEV protease per 1 L culture) in buffer 1B. 

E SEC on HiLoad 16/600 SD 75 (GE Healthcare) in buffer 1C. 

F NMR sample preparation in buffer 1C. 

 

 

Table 4: Final sample  

1 Yield 

 3.5 mg/L 13C, 15N-M9 medium 

2 A260/280 ratio 

 0.74 

3 Stability 

 
Stable throughout measurement (7 days, 298 K). No significant precipitation or degradation observed 

after storage at 4°C for 5 weeks. 

4 Comment on applicability 



 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

Additional information 

Constructs Conditions Comments 

NAB (aa 1088-1203) of complete 

nsp3; His7 (pET-TEV-Nco 

(GenScript)), TEV-cleavage site, N-

terminal “GAMG“ four artificial 

residues. 

As above. Works as well, but slightly less 

expression and yield. 

 

 

 

 

 

  



SI3: nsp3Y 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp3 

2 Region/Name/Further Specification 

 nsp3-Y / Cov-Y 

3 
Sequence of “fl” protein (aa 1638-1945 of complete nsp3, according to NCBI Reference Sequence 

NC_045512.2) 

 

DTFCAGSTFISDEVARDLSLQFKRPINPTDQSSYIVDSVTVKNGSIHLYFDKAGQKTYERHSLSHF

VNLDNLRANNTKGSLPINVIVFDGKSKCEESSAKSASVYYSQLMCQPILLLDQALVSDVGDSAE

VAVKMFDAYVNTFSSTFNVPMEKLKTLVATAEAELAKNVSLDNVLSTFISAARQGFVDSDVET

KDVVECLKLSHQSDIEVTGDSCNNYMLTYNKVENMTPRDLGACIDCSARHINAQVAKSHNIAL

IWNVKDFMSLSEQLRKQIRSAAKKNNLPFKLTCATTRQVVNVVTTKIALKGG 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1638-1945 of complete nsp3 

5 Ratio for construct design (detailed and comprehensible)  

 
We took the C-terminal part of nsp3 after predicted transmembrane region and Y1 domain that consists 

of two sequential zinc finger motifs. 

6 Sequence homology (to SCoV)  

 Identity: 89%; similarity: 96% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET28b(+) (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 34 kDa / 17,420 M-1 cm-1 / 6.66 

5 Comments on sequence of expressed construct 



 N-terminal „G" one artificial residue due to TEV-cleavage. 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labeling) 

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.5 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

 18°C for 15-16 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole, 0.1 mM PMSF, 5 mM bME, 0.1 mg/mL 

lysozyme, cOmplete EDTA-free inhibitor (Cell disruption). 

B 20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole (IMAC). 

C 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 2 mM DTT (TEV-cleavage). 

D 50 mM HEPES (pH 6.9), 200 mM LiBr, 5 mM DTT. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A by sonication. 

B 
IMAC (gravity flow Ni2+-NTA) (Thermo Scientific), wash with buffer 1B and elution with 250 mM 

imidazole in buffer 1B. 

C TEV-cleavage (5% (w/w) TEV protease per approximate amount of the protein) in buffer 1C o.n. at rt. 

D Inv. IMAC (gravity flow Ni2+-NTA) in buffer 1C. 

E SEC on 10/300 GL SD 200 (GE Healthcare) in buffer 1D. 

 

 

Table 4: Final sample  

1 Yield 

 12 mg/L 13C,15N-M9 medium 

2 Stability 

 
Stable at 25°C at protein concentration below 0.4 mM for 3 to 5 days or at 30°C o.n.. The protein 

gradually degrades at rt. After one week, we observe an additional band on SDS gel at ~27 kDa. 

3 Comment on applicability 



 
The protein is suitable for NMR assignment and protein interaction studies at low temperature (20-25°C) 

and reasonably low concentration (< 0.2 mM). 

 

 

  



SI4: nsp5 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp5 

2 Region/Name/Further Specification 

 3C-like protease (3CLpro) / main protease (Mpro) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDVVYCPRHVICTSEDMLNPNYEDLLIRKSN

HNFLVQAGNVQLRVIGHSMQNCVLKLKVDTANPKTPKYKFVRIQPGQTFSVLACYNGSPSGVY

QCAMRPNFTIKGSFLNGSCGSVGFNIDYDCVSFCYMHHMELPTGVHAGTDLEGNFYGPFVDRQ

TAQAAGTDTTITVNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDILG

PLSAQTGIAVLDMCASLKELLQNGMNGRTILGSALLEDEFTPFDVVRQCSGVTFQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-306 (fl nsp5) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 96%; similarity: 99.7% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 1P9U, 6LU7 

SCoV2: PDB 6Y2E, 5R7Y, 6Y84, 7K3T 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV: BMRB 17251 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pE-SUMO (LifeSensors) 

2 Purification-/Solubility-Tag 

 N-terminal His6-SUMO 

3 Cleavage Site 

 Ulp1 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 33.80 kDa / 32,890 M-1 cm-1 / 5.95 

5 Comments on sequence of expressed construct 

 No artificial residues due to TEV-cleavage and construct design. 



6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7  

10 Cultivation temperature and time 

 18-20°C for 16-18 h  

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
50 mM NaPi (pH 7.5), 300 mM NaCl, 5 mM imidazole, 5% (v/v) glycerol, 10 mM bME (cell disruption 

/ IMAC). 

B 
50 mM NaPi (pH 7.0), 300 mM NaCl, 10 mM bME, 5% (v/v) glycerol (dialysis after IMAC / Ulp1-

cleavage). 

C 25 mM NaPi (pH 7.5), 150 mM NaCl, 2 mM TCEP-HCl (SEC buffer). 

D 10 mM NaPi (pH 7.0), 0.5 mM TCEP-HCl (final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck)) by 

microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C Ulp1-cleavage (1 mg TEV protease per 50 mL protein solution) o.n. in buffer 1B. 

D 
Inv. IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with 500 mM 

imidazole in buffer 1A.  

E 
SEC (HiLoad 26/600 SD 75 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1C (elution 

volume 170-210 mL).  

F NMR sample preparation in buffer 1D. 

 

 

Table 4: Final sample  

1 Yield 

 55 mg/L 15N-M9 medium 

2 Stability 

 No significant precipitation or degradation observed after storage at -80°C for a month. 



3 Comment on applicability 

 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

Additional information 

 Constructs Conditions Comments 

A 

aa 1-306 (fl nsp5) C145A mutation; 

His6-SUMO (pE-SUMO 

(LifeSensors)), Ulp1-cleavage site, 

no N-terminal artificial residues. 

Native (as above) Comparable to fl nsp5 expression 

and purification, similar yield (80 

mg/L 15N-M9 medium). 

B 

aa 1-306 (fl nsp5); His6-SUMO (pE-

SUMO (LifeSensors)), Ulp1-

cleavage site, N-terminal “GS“ two 

artificial residues. 

Native (as above) Comparable to fl nsp5 expression 

and purification, similar yield (55 

mg/L 15N-M9 medium, 36 mg/L 
13C,15N-M9 medium, 20 mg/L 
2H,13C,15N E. coli-OD2 CDN 

medium (Silantes)). 

C 

aa 1-306 (fl nsp5) C145A mutation; 

His6-SUMO (pE-SUMO 

(LifeSensors)), Ulp1-cleavage site, 

N-terminal “GS“ two artificial 

residues. 

Native (as above) Comparable to fl nsp5 expression 

and purification, similar yield (55 

mg/L 15N-M9 medium). 

D 

aa 1-306 (fl nsp5); His6 (pet28a(+) 

(GenScript)), TEV-cleavage site; N-

terminal “GHM“ three artificial 

residues. 

Native (as above) 

IMAC buffer (1A): 25 mM Tris-

HCl (pH 8.0), 300 mM NaCl, 5 

mM imidazole, 5% (v/v) glycerol, 

10 mM bME 

Comparable to fl nsp5 purification, 

however, less expression/yield (35 

mg/L 15N-M9 medium, 10 mg/L 
13C,15N-M9 medium). 

E 

aa 1-306 (fl nsp5); GST and His6-tag 

(pET-28a(+) (GenScript)), TEV and 

auto cleavage site for Mpro, N-

terminal „GS“ and C-terminal 

“GPHHHHHH“ ten artificial 

residues. 

IMAC buffer: 50 mM Tris-HCl 

(pH 8.0), 200 mM NaCl, 20 mM 

imidazole. 

SEC-buffer: 50 mM NaPi (pH 

7.6), 50 mM NaCl, 0.02% (w/v) 

NaN3. 

NMR-buffer: 50 mM NaPi (pH 

7.6), 50 mM NaCl, 0.02% (w/v) 

NaN3, 5 mM bME. 

Yields 20 mg/L 15N-M9 medium. 

The protein is stable up to 350 µM 

in NMR buffer at 25°C for at least 

7 days.  

At 50 µM and at 4°C, the protein is 

stable for ~15 days.  

The protein is not suitable for 

freeze/thaw and results in 

precipitation. 

F 

aa 1-306 (fl nsp5); C-terminal His6-

tag (pET21b(+) (GenScript)), human 

rhinovirus 3-C protease cleavage 

site, N-terminal “M” additional aa, 

however our mass spectrum results 

suggest that M1 was removed by E. 

coli methionine aminopeptidase. 

IMAC buffer: 20 mM Tris-HCl 

(pH 7.33), 150 mM NaCl, 20 mM 

imidazole. 

Storage buffer: 20 mM Tris-HCl 

(pH 7.33), 150 mM NaCl. 

Yields 5 mg/L 15N-M9 medium. 

Stable for 2-3 weeks at 4°C at low 

micromolar concentration. 

G 

aa 1-306 (fl nsp5) C145A mutation; 

His6-GB1 (pET24a(+) (GenScript)), 

TEV-cleavage site, no artificial 

residues. 

IMAC buffer: 20 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 20 mM 

imidazole, 0.5 mM TCEP-HCl. 

SEC/NMR buffer: 10 mM NaPi 

(pH 7.0), 0.5 mM TCEP-HCl. 

Yields 70 mg/L 15N, 2H,15N-M9, 

and 2H,13C,15N-M9 medium. 1-

2 mM sample stable for several 

weeks at 25°C. Negligible preci-

pitation on freeze-thaw. Samples 

stable for  3 months at 80°C. 

Sample precipitation in buffer: 

10 mM NaPi (pH 7.0), 0.4 M 

GdnHCl. 



H 

aa 1-306 (fl nsp5); His6-GB1 

(pET24a(+) (GenScript)), TEV-

cleavage site, no artificial residues. 

As above (G). Negligible expression when 

induced in 15N-M9 medium at 

25˚C, 30˚C, and 37˚C, with 0.5-

1 mM IPTG. 

I 

aa 1-306 (fl nsp5); His6-GST 

(pGEX-6p-1 (Genewiz)), autolytic 

and HRV 3C cleavage site, no 

artificial residues. 

IMAC buffer: 25 mM Tris-HCl 

(pH 7.8), 150 mM NaCl, 5 mM 

imidazole, 1 mM bME. 

Cleavage buffer: 25 mM Tris-HCl 

(pH 7.8), 150 mM NaCl, 1 mM 

DTT. 

SEC buffer: 25 mM Tris-HCl (pH 

7.8), 150 mM NaCl, 1 mM DTT, 1 

mM EDTA. 

40-60 mg/mL autoinduction Media 

ZYM-5052. Stored at 1 mg/mL at -

20°C with 30% v/v) glycerol in 

SEC buffer.  

Also stored at 25 mg/mL at -80˚C 

in SEC buffer. Flash frozen.  

Neither show loss of activity 

compared to non-frozen samples.   

 

 

Overlays of [15N, 1H]-BEST TROSY spectra of wtnsp5 (red) with the other constructs (black). From left to 

right: N-terminally GS added nsp5 (GS-nsp5), GHM added (GHM-nsp5), the active site mutants C145A with 

native N-terminus (wtnsp5 C145A), and GS added mutant (GS-nsp5 C145A). 

 

 

  



SI5: nsp7  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp7 

2 Region/Name/Further Specification 

 nsp7 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 
SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTEAFEKMVSLLSVLLSMQ

GAVDINKLCEEMLDNRATLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-83 (fl nsp7) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 98.8%; similarity: 100% 

7 Published structures (SCoV2 or homologue variants) 

 

SCoV: PDB 2KYS, 1YSY, 6NUS, 6NUR, 2AHM,  

SCoV2: PDB 7BV2, 7BV1, 6YYT, 7BTF, 6WQD, 6WTC, 6WIQ, 6M71, 6YHU, 6XEZ, 6M5I, 7CTT, 

7C2K, 7BW4, 7BZF, 7JLT, 7AAP, 6XIP, 6XQB 

8 (Published) assignment (SCoV2 or homologue variants) 

 
SCoV: PDB 1YSY, BMRB 6513, PDB 2KYS, BMRB 16981 

SCoV2: BMRB 50337 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET46   

2 Purification-/Solubility-Tag 

 N-terminal His6, enterokinase 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 9.24 kDa / 5500 cm-1 M-1 / 5.2 

5 Comments on sequence of expressed construct 

 N-terminal “G” an artificial residue due to TEV-cleavage. 



6 Used expression strain 

 E. coli Rosetta2 pLysS 

7 Cultivation medium 

 M9 (uniformly 15N, 13C-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.5 mM IPTG at OD600 0.8 

10 Cultivation temperature and time 

 16˚C for 14-16 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 10 mM HEPES (pH 7.4), 300 mM NaCl, 30 mM imidazole, 2 mM DTT. 

B 10 mM HEPES (pH 7.4), 300 mM NaCl, 300 mM imidazole, 2 mM DTT. 

C 10 mM MOPS (pH 7.0), 150 mM NaCl, 2 mM DTT. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 

Cell lysis in buffer 1A by microfluidizer operating at 20,000 psi. Lysates were cleared by centrifugation 

at 25,000 g for 30 min and then filtered through a 0.45 µm filter. 

Ni-NTA Agarose beads (Qiagen) were added to cleared lysates and incubated for 30 min. Beads were 

collected by centrifugation and then loaded onto a gravity column. Beads were washed twice with 10 

column volumes of buffer 1A. Protein was eluted with 5 column volumes of buffer 1B. 

B 
Eluted protein was cleaved with 1% (w/w) TEV protease o.n. at rt while dialyzing the protein into 1 L 

buffer 1C. Uncleaved protein was removed by inv. Ni-NTA binding. 

C 

Protein was concentrated using a 10 kDa MWCO (Amicon) concentrator and purified on an SD 200 

Increase 10/300 (GE Life Sciences) size exclusion column, AKTApure (GE Life Sciences) using buffer 

1C. 

 

 

Table 4: Final sample  

1 Yield 

 17 mg/L 13C,15N-M9 medium 

1b A260/280 ratio 

 0.5 

2 Stability 

 NMR sample stable at 4°C for a month, at 35°C for several days before degradation occurs. 

3 Comment on applicability 



 Suitable for NMR-based screening applications. 

 

 

 

  



SI6: nsp8  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp8 

2 Region/Name/Further Specification 

 nsp8 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

AIASEFSSLPSYAAFATAQEAYEQAVANGDSEVVLKKLKKSLNVAKSEFDRDAAMQRKLEKM

ADQAMTQMYKQARSEDKRAKVTSAMQTMLFTMLRKLDNDALNNIINNARDGCVPLNIIPLTT

AAKLMVVIPDYNTYKNTCDGTTFTYASALWEIQQVVDADSKIVQLSEISMDNSPNLAWPLIVT

ALRANSAVKLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-198 (fl nsp8) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 97%; similarity: 98% 

7 Published structures (SCoV2 or homologue variants) 

 

SCoV: PDB 6NUS, 6NUR, 2AHM,  

SCoV2: PDB 7C2K, 7BV2, 7BV1, 7CTT, 6M5I, 7BW4, 6XEZ, 7BZF, 6XQB, 6M71, 6YYT, 7BTF, 

7JLT, 7AAP, 6WIQ, 6XIP, 6WQD, 6WTC, 6YHU 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET46   

2 Purification-/Solubility-Tag 

 N-terminal His6, enterokinase 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 21.94 kDa / 19,940 cm-1M-1 / 6.5 

5 Comments on sequence of expressed construct 

 N-terminal “G” an artificial residue due to TEV-cleavage. 



6 Used expression strain 

 E. coli Rosetta2 pLysS 

7 Cultivation medium 

 M9 (uniformly 15N-, 13C-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.5 mM IPTG at OD600 0.8 

10 Cultivation temperature and time 

 16˚C for 16-18 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 10 mM HEPES (pH 7.4), 300 mM NaCl, 30 mM imidazole, 2 mM DTT. 

B 10 mM HEPES (pH 7.4), 300 mM NaCl, 300 mM imidazole, 2 mM DTT. 

C 10 mM MOPS (pH 7.0), 300 mM NaCl, 2 mM DTT. 

D 10 mM MOPS (pH 7.0), 150 mM NaCl, 2 mM DTT. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 

Cell lysis in buffer 1A by microfluidizer operating at 20,000 psi. Lysates were cleared by centrifugation 

at 25,000 g for 30 min and then filtered through a 0.45 µm filter. 

Ni-NTA Agarose beads (Qiagen) were added to cleared lysates and incubated for 30 min. Beads were 

collected by centrifugation and then loaded onto a gravity column. Beads were washed twice with 10 

column volumes of buffer 1A. Protein was eluted with 5 column volumes of buffer 1B. 

B 
Eluted protein was cleaved with 1% (w/w) TEV protease o.n. at rt while dialyzing the protein into 1 L 

buffer 1C. Uncleaved protein was removed by inverse Ni-NTA binding. 

C 

Protein was concentrated using a 10 kDa MWCO (Amicon) concentrator and purified on an SD 200 

Increase 10/300 (GE Life Sciences) size exclusion column, AKTApure (GE Life Sciences) using buffer 

1D. 

 

 

Table 4: Final sample  

1 Yield 

 17 mg/L 13C,15N-M9 medium 

1b A260/280 ratio 

 0.5 

2 Stability 

 Concentration dependent aggregation of nsp8 observed in the range of 0.1-1.1 mM by NMR. 



3 Comment on applicability 

 Suitable for NMR-based screening approach. 

 

 

  



SI7: nsp9 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp9 

2 Region/Name/Further Specification 

 nsp9 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 
NNELSPVALRQMSCAAGTTQTACTDDNALAYYNTTKGGRFVLALLSDLQDLKWARFPKSDGT

GTIYTELEPPCRFVTDTPKGPKVKYLYFIKGLNNLNRGMVLGSLAATVRLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-113 (fl nsp9) 

5 Ratio for construct design (detailed and comprehensible)  

 In analogy to the available crystal structure (PDB 1QZ8) of nsp9 SCoV, fl sequence. 

6 Sequence homology (to SCoV)  

 Identity: 97%; similarity: 97% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 3EE7 (G104E), 1UW7, 1QZ8 

SCoV2: PDB 6WXD, 6W4B, 6W9Q 

8 (Published) assignment (SCoV2 or homologue variants) 

 
SCoV: BMRB 6501 

SCoV2: BMRB 50621, 50622 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pKM263 (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6-GST 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 12,7 kDa / 13,075 M-1 cm-1 / 9.1 

5 Comments on sequence of expressed construct 

 N-terminal „GAMG" four artificial residues due to TEV-cleavage and construct design 

6 Used expression strain 



 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 1 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

 20-22°C for 18-20 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole, 4 mM DTT (cell disruption / IMAC/ 

dialysis after IMAC / TEV-cleavage). 

B 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl, 0.02% (w/v) NaN3 (SEC / final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A (plus 100 µL protease inhibitor (Serva)) by sonication. 

B IMAC (gravity flow Ni2+-NTA (Carl Roth)), Elution with 150-500 mM imidazole in buffer 1A. 

C Dialysis o.n. in in buffer 1A. 

D TEV-cleavage (0.5 mg TEV protease per 1 L culture) in buffer 1A. 

E SEC on HiLoad 16/600 SD 75 (GE Healthcare) in buffer 1B. See relevant peak in attached SEC profile. 

F NMR sample preparation in buffer 1B. 

 

 

Table 4: Final sample  

1 Yield 

 4.5 mg/L 13C, 15N-M9 medium 

1b A260/280 ratio 

 0.7 

2 Stability 

 Stable dimer. Storage at 4°C possible. 

3 Comment on applicability 

 
Conditions for NMR structure determination may need to be optimized (concerning line width due to 

dimeric state). Backbone assignment and screening successful. 

 



 

Additional information 

 Constructs Conditions Comments 

A 

aa 1-113 (fl nsp9); His7 (pET-TEV-

Nco (GenScript)), TEV-cleavage 

site, N-terminal “GAMG“ four 

artificial residues. 

As above. Expression and purification as for 

GST-tagged fl nsp9, but lower 

expression and yield. 

B 

IMAC buffer: 25 mM NaPi (pH 

7.4), 300 mM NaCl, 20 mM 

imidazole, 1 mM DTT. 

Cleavage buffer: 25 mM NaPi 

(pH 7.4), 150 mM NaCl, 1 mM 

DTT. 

SEC/NMR buffer A: 25 mM 

NaPi (pH 7.0), 150 mM NaCl, 

1 mM DTT, 150 mM NaCl, 2 mM 

TCEP-HCl. 

SEC/NMR buffer B: 25 mM 

NaAc (pH 5.0), 150 mM NaCl, 

2 mM TCEP-HCl. 

3 mg/L 13C,15N-M9 medium. 

Sample in Buffer A looked 

degraded (from the 15N HSQC) 

after 5 days of 13C 3D NMR 

experiments at 298 K. Less 

degradation was observed for 

sample in Buffer B after same 

period. Suitable for NMR studies, 

fragment-based screening, 

interaction studies. 

 

 

 

 

 
 

 
SEC profile of TEV-cleaved His6-GST-fl_nsp9 (HiLoad 16/600 SD 75, GE Healthcare) and SDS gel of 

corresponding fractions. (Ladder: PageRuler™ prestained, Thermo Fischer) 

Main peak (fraction 2 - corresponding to SEC fractions A 61 to A73) was subsequently used for NMR. 

  

Fraction 
1 

Fraction 
2 

Fraction 
3 



SI8: nsp10  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1a and ORF1ab; nsp10 

2 Region/Name/Further Specification 

 nsp10 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

AGNATEVPANSTVLSFCAFAVDAAKAYKDYLASGGQPITNCVKMLCTHTGTGQAITVTPEAN

MDQESFGGASCCLYCRCHIDHPNPKGFCDLKGKYVQIPTTCANDPVGFTLKNTVCTVCGMWK

GYGCSCDQLREPMLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-139 (fl nsp10) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 97%; similarity: 99% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 5C8S, 5NFY, 2FYG, 2XYQ, 2XYV, 2XYV 

SCoV2: PDB 6W4H, 6W61, 7JYY, 7C2I, 7BQ7, 2G9T 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV2: BMRB 50392 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET21b(+) (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 16.24 kDa / 12,950 M-1 cm-1 / 6.72 

5 Comments on sequence of expressed construct 

 N-terminal “MGSDKIHHHHHH” twelve artificial residues due to construct design 

6 Used expression strain 



 E. coli T7 Express 

7 Cultivation medium 

 LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.5 mM IPTG at OD600 0.6-0.7  (addition of 50 µM ZnCl2) 

10 Cultivation temperature and time 

 18-20°C for 16-18 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 10 mM bME (cell disruption / IMAC) 

B 50 mM NaPi (pH 7.5), 50 mM NaCl, 5 mM DTT (SEC / final NMR buffer) 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck) and 

addition of 50 µM ZnCl2) by microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C 
SEC (HiLoad 26/600 SD 75 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1B (elution 

volume 175-225 mL).  

D NMR sample preparation in buffer 1B.  

 

 

Table 4: Final sample  

1 Yield 

 25 mg/L 15N-M9 medium, 15 mg/L 13C,15N-M9 medium 

2 Stability 

 
Stable throughout measurement (6 days, 298 K). No significant precipitation or degradation observed 

after storage at -80°C for 2 months. 

3 Comment on applicability 

 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

Additional information 

Constructs Conditions Comments 

aa 1-139 (fl nsp10); His6 

(pMCSG53 (BEI Resources, cat. 

IMAC-buffer: 50 mM Tris-HCl 

(pH 9.0), 0.5 M NaCl, 10 mM bME, 

Yields 30-40 mg/L 2xTY medium. 

Can be flash-frozen in liquid 



NR-52425)), TEV cleavage site, N-

terminal “SNM” three artificial 

residues. 

2 mM MgCl2, 0.1% (v/v) Triton X-

100, 5-10% (v/v) glycerol, 50 mM 

imidazole. 

SEC-buffer: 20 mM HEPES (pH 

8.5), 0.5 M NaCl, 10 mM bME, 2 

mM MgCl2, 5% (v/v) glycerol, 20 

mM imidazole. 

nitrogen and stored at 20°C, used for 

nsp14 and nsp16 stabilization at 1:1 

molar ratios. 

 

 

 

 

 

 

 

  



SI9: nsp13 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1ab; nsp13 

2 Region/Name/Further Specification 

 NTPase / helicase domain / RNA 5'-triphosphatase 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

AVGACVLCNSQTSLRCGACIRRPFLCCKCCYDHVISTSHKLVLSVNPYVCNAPGCDVTDVTQL

YLGGMSYYCKSHKPPISFPLCANGQVFGLYKNTCVGSDNVTDFNAIATCDWTNAGDYILANTC

TERLKLFAAETLKATEETFKLSYGIATVREVLSDRELHLSWEVGKPRPPLNRNYVFTGYRVTKN

SKVQIGEYTFEKGDYGDAVVYRGTTTYKLNVGDYFVLTSHTVMPLSAPTLVPQEHYVRITGLY

PTLNISDEFSSNVANYQKVGMQKYSTLQGPPGTGKSHFAIGLALYYPSARIVYTACSHAAVDAL

CEKALKYLPIDKCSRIIPARARVECFDKFKVNSTLEQYVFCTVNALPETTADIVVFDEISMATNY

DLSVVNARLRAKHYVYIGDPAQLPAPRTLLTKGTLEPEYFNSVCRLMKTIGPDMFLGTCRRCPA

EIVDTVSALVYDNKLKAHKDKSAQCFKMFYKGVITHDVSSAINRPQIGVVREFLTRNPAWRKA

VFISPYNSQNAVASKILGLPTQTVDSSQGSEYDYVIFTQTTETAHSCNVNRFNVAITRAKVGILCI

MSDRDLYDKLQFTSLEIPRRNVATLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 1-601 aa (fl nsp13) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 99.8%; similarity: 100% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV2: PDB 6ZSL, 6JYT, 6XEZ 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pE-SUMO (LifeSensors) 

2 Purification-/Solubility-Tag 

 N-terminal His6-SUMO 

3 Cleavage Site 

 Ulp1 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 



 66.85 kDa / 67,160 M-1 cm-1 / 8.66 

5 Comments on sequence of expressed construct 

 No artificial residues due to Ulp1-cleavage and construct design. 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7 (addition of 50 µM ZnCl2) 

10 Cultivation temperature and time 

 18-20°C for 16-18 h  

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
25 mM Tris (pH 8.0), 300 mM NaCl, 5 mM imidazole, 5% (v/v) glycerol, 10 mM bME (cell disruption / 

IMAC). 

B 20 mM BisTris (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl (SEC/ final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck) and 

addition of 50 µM ZnCl2) by microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C 
SEC (HiLoad 26/600 SD 200 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1B (elution 

volume 210-240 mL).  

D NMR sample preparation in buffer 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.5 mg/L 15N-M9 medium 

2 Stability 

 Aggregation at > 20 µM under these conditions. 

3 Comment on applicability 

 Not suitable for NMR experiments. 



 

 

Additional information 

Constructs Conditions Comments 

aa 1-601 (fl nsp13); His6 (pET28a(+) 

(GenScript)), TEV-cleavage site, N-

terminal “GHM“ three artificial 

residues. 

Native (as above) Weak expression, instable protein. 

 

 

 

 

 

 

 



SI10: nsp14 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1ab; nsp14 

2 Region/Name/Further Specification 

 nsp14 / 3'-to-5' exonuclease / guanine N7-methyltransferae (MTase) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

AENVTGLFKDCSKVITGLHPTQAPTHLSVDTKFKTEGLCVDIPGIPKDMTYRRLISMMGFKMNY

QVNGYPNMFITREEAIRHVRAWIGFDVEGCHATREAVGTNLPLQLGFSTGVNLVAVPTGYVDT

PNNTDFSRVSAKPPPG 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

fl aa 1-527 (fl nsp14) 

MTase aa 288-527 (MTase domain) 

5 Ratio for construct design   

fl fl protein 

MTase In analogy to SCoV structure (PDB 5C8U) 

6 Sequence homology (to SCoV)  

fl Identity: 95%; similarity: 99% 

MTase Identity: 95%, similarity: 97% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV: PDB 5C8U, 5C8S, 5C8T, 5NFY 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

fl pRSF-Duet1 (Novagen) 

MTase pET28a (Novagen) 

2 Purification-/Solubility-Tag 

fl N-terminal His6 

MTase N-terminal His6 

3 Cleavage Site 

fl TEV 



MTase Thrombin 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

fl 60.01 kDa / 91,660 M-1 cm-1
 / 7.79 

MTase 27.82 kDa / 48,970 M-1 cm-1
 / 7.19 

5 Comments on sequence of expressed construct 

fl N-terminal “GSM” three artificial residues due to construct design. 

MTase N-terminal “GSHM” four artificial residues due to construct design. 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 2xTY for protein production, LB for transformation and maintenance 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 1 mM IPTG at OD540 0.5-0.6  

10 Cultivation temperature and time 

 20°C for 18-20 h  

 

 

Table 3: Protein Purification (fl nsp14 and nsp14 MTase) 

1 Buffer List 

A 
50 mM Tris-HCl (pH 9.0), 0.5 M NaCl, 10 mM bME, 2 mM MgCl2, 0.1% (v/v) Triton X-100, 10% 

(v/v) glycerol, 50 mM imidazole (cell disruption). 

B 
50 mM Tris-HCl (pH 9.0), 0.5 M NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 50 mM 

imidazole (IMAC). 

C 
50 mM Tris-HCl (pH 9.0), 0.5 M NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 1 M imidazole 

(IMAC). 

D 
20 mM HEPES (pH 8.5), 0.5 M NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 20 mM imidazole 

(SEC). 

E 20 mM potassium phosphate (pH 8.0), 0.25 M KCl (Screening). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A by sonication in pulse mode (0.5 s on /0.5 s off) for 10 min. 

B IMAC (gravity flow or batch Ni2+-NTA) (GE Healthcare), washing with buffer 1B, elution with 1C. 

C-fl 
[Optional] Overnight incubation with TEV protease at 4°C. The ratio was 1 mg of TEV protease per 20-

40 mg of nsp14 protein. 



C-

MTase 

[Optional] Overnight incubation with thrombin protease at 4°C. The ratio was 1-2 U of thrombin 

protease per 3-4 mg of MTase nsp14 protein. 

D SEC on SD 200 16/600 column (GE Healthcare) in buffer 1D (elution volume 75-95 mL). 

E-fl 
[Optional] Separation of TEV protease and uncleaved nsp14 material with IMAC, collection of flow 

through in buffer 1D. 

E-

MTase 

[Optional] Separation of thrombin protease and uncleaved MTase nsp14 material with IMAC, collection 

of flow through in buffer 1D. 

F For fragment screening the buffer is exchanged to 1E. 

G 
[Optional] If higher concentrations or increased stability of fl nsp14 is desired, nsp10 should be added at 

1:1 molar ratio. 

 

 

Table 4: Final sample  

1 Yield 

fl 6 mg/L 2xTY medium 

MTase ~ 10 mg/L 2xTY medium 

1b A260/280 ratio 

fl 0.6 

MTase 0.6 

2 Stability 

fl 

The fl nsp14 construct tends to be unstable at concentrations above 3 mg/mL without reducing agent 

(TCEP-HCl or bME). Unstable at 4°C longer than one week. Freezing is not advisable; storage in 50% 

(v/v) glycerol at -20°C is preferable. 

MTase 
The MTase construct is even more unstable, and requires the presence of reducing agent (TCEP-HCl or 

bME) and NaCl at least in 400 mM concentration. 

3 Comment on applicability 

 Suitable for fragment screening and enzymatic activity assays. 

 

 

Additional information 

Constructs Conditions Comments 

Fl nsp14; His6 (pETDuet 

(GenScript)), no cleavage site, N-

terminal “MGSSHHHHHHSQDP” 

14 artificial residues. 

IMAC-buffer: 25 mM Tris/HCl 

(pH 8.5), 300 mM NaCl, 5 mM 

imidazole, 10 mM bME, 5% (v/v) 

glycerol. 

SEC-buffer: 25 mM Tris/HCl (pH 

8.5), 300 mM NaCl, 5 mM DTT, 

5% (v/v) glycerol 

Yields 14 mg/L 15N-M9 medium. 

Tendency to aggregate. 

 

 

 

  



SI11: nsp15  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1ab; nsp15 

2 Region/Name/Further Specification 

 nsp15 / NendoU / Endonucleasee 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

SLENVAFNVVNKGHFDGQQGEVPVSIINNTVYTKVDGVDVELFENKTTLPVNVAFELWAKRNI

KPVPEVKILNNLGVDIAANTVIWDYKRDAPAHISTIGVCSMTDIAKKPTETICAPLTVFFDGRVD

GQVDLFRNARNGVLITEGSVKGLQPSVGPKQASLNGVTLIGEAVKTQFNYYKKVDGVVQQLPE

TYFTQSRNLQEFKPRSQMEIDFLELAMDEFIERYKLEGYAFEHIVYGDFSHSQLGGLHLLIGLAK

RFKESPFELEDFIPMDSTVKNYFITDAQTGSSKCVCSVIDLLLDDFVEIIKSQDLSVVSKVVKVTI

DYTEISFMLWCKDGHVETFYPKLQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-346 (fl nsp15) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 89%; similarity: 98% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 2H85 

SCoV2: PDB 6W01 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET28a(+) (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6  

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 39.14 kDa / 32,890 M-1 cm-1 / 5.12 

5 Comments on sequence of expressed construct 



 N-terminal “GHM” three artificial residues due to TEV-cleavage and construct design 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled) 

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7  

10 Cultivation temperature and time 

 18-20°C for 16-18 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 5% (v/v) glycerol, 10 mM bME (cell 

disruption / IMAC). 

B 25 mM NaPi (pH 7.5), 300 mM NaCl, 2 mM TCEP-HCl (SEC/ final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck)) by 

microfluidization.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1A. 

C 
SEC (HiLoad 26/600 SD 200 pg (GE Healthcare), ÄKTApurifier (GE Healthcare)) in buffer 1B (elution 

volume 200-260 mL).  

D NMR sample preparation in buffer 1B. 

 

 

Table 4: Final sample  

1 Yield 

 5 mg/L 15N-M9 medium 

2 Stability 

 Tendency to aggregate at rt. 

3 Comment on applicability 

 Suitable for fragment screening and interaction studies. 

 

 

 



  
Analytical SEC of nsp15. Protein was eluted from 200-260 mL (left panel) with corresponding SDS-PAGE 

of SEC with fractions analyzed from 190-260 mL (right panel). 

 

 

  



SI12: nsp16 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF1ab; nsp16 

2 Region/Name/Further Specification 

 nsp16 / 2'-O-ribose methyltransferase (2’-O-MTase) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

SSQAWQPGVAMPNLYKMQRMLLEKCDLQNYGDSATLPKGIMMNVAKYTQLCQYLNTLTLAV

PYNMRVIHFGAGSDKGVAPGTAVLRQWLPTGTLLVDSDLNDFVSDADSTLIGDCATVHTANK

WDLIISDMYDPKTKNVTKENDSKEGFFTYICGFIQQKLALGGSVAIKITEHSWNADLYKLMGHF

AWWTAFVTNVNASSSEAFLIGCNYLGKPREQIDGYVMHANYIFWRNTNPIQLSSYSLFDMSKFP

LKLRGTAVMSLKEGQINDMILSLLSKGRLIIRENNRVVISSDVLVNN 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-298 (fl nsp16) 

5 Ratio for construct design   

 Based on fl annotation boundaries of YP_009725311.1 protein entry in NC_045512.2. 

6 Sequence homology (to SCoV)  

 Identity: 93%; similarity: 99% 

7 Published structures (SCoV2 or homologue variants) 

 
SCoV: PDB 3R24, 2XYR, 2XYQ 

SCoV2: PDB 7JYY, 6W4H, 6YZ1, 7BQ7, 7C2I, 6W61 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pRSF-Duet1 (Novagen) 

2 Purification-/Solubility-Tag 

 N-terminal His6 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 33.67 kDa / 55,790 M-1 cm-1/ 7.76 

5 Comments on sequence of expressed construct 

 N-terminal „GSMA" - four artificial residues due to TEV-cleavage and construct design. 



6 Used expression strain 

 E. coli BL21(DE3) 

7 Cultivation medium 

 2xTY 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 1 mM IPTG at OD540 0.5-0.6 

10 Cultivation temperature and time 

 20°C for 18-20 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
50 mM Tris-HCl (pH 9.0), 500 mM NaCl, 10 mM bME, 2 mM MgCl2, 0.1% (v/v) Triton X-100, 10% 

(v/v) glycerol, 50 mM imidazole (cell disruption). 

B 
50 mM Tris-HCl (pH 9.0), 500 mM NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 50 mM 

imidazole (IMAC). 

C 
50 mM Tris-HCl (pH 9.0), 500 mM NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 1 M 

imidazole (IMAC). 

D 
20 mM HEPES (pH 8.5), 500 mM NaCl, 10 mM bME, 2 mM MgCl2, 5% (v/v) glycerol, 20 mM 

imidazole (SEC). 

E 20 mM KPi (pH 8.0), 200 mM KCl, 1 mM MgCl2, 2 mM DTT (Screening). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A by sonication in pulse mode (0.5 s on /0.5 s off) for 10 min. 

B IMAC (gravity flow or batch Ni2+-NTA) (GE Healthcare), washing with buffer 1B, elution with 1C. 

C 
[Optional] Overnight incubation with TEV protease at 4°C. The ratio was 1 mg of TEV protease per 20-

40 mg of nsp16 protein. 

D SEC on SD 200 16/600 column (GE Healthcare) in buffer 1D (elution volume 90-100 mL). 

E 
[Optional] Separation of TEV protease and uncleaved nsp16 material with IMAC, collection of flow 

through in buffer 1D. 

F nsp10 is added at 1:1 molar ratio – necessary for stability and activity. 

G For fragment screening the buffer is exchanged to 1E. 

 

 

Table 4: Final sample  

1 Yield 

 ~ 10-15 mg/L 2xTY medium. 



1b A260/280 ratio 

 0.55 

2 Stability 

 

Extremely unstable in non-reducing conditions, presence of reducing agents is essential. Presence of 5% 

(v/v) glycerol is also desirable for increased stability. Can be flash-frozen in liquid nitrogen and stored at 

-20°C. 

3 Comment on applicability 

 Suitable for fragment screening. 

 

 

Additional information 

Constructs Conditions Comments 

Fl nsp16; His6 (pMCSG53 (BEI 

Resources, cat. NR-52427)), TEV-

cleavage site, N-terminal „SNM" 

three artificial residues. 

As above ~ 5 mg/L 2xTY medium). Purity and 

stability is comparable to the 

“GSMA” construct above. 

 

 

  



SI13: ORF3a  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF3a  

2 Region/Name/Further Specification 

  

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

MDLFMRIFTIGTVTLKQGEIKDATPSDFVRATATIPIQASLPFGWLIVGVALLAVFQSASKIITLK

KRWQLALSKGVHFVCNLLLLFVTVYSHLLLVAAGLEAPFLYLYALVYFLQSINFVRIIMRLWLC

WKCRSKNPLLYDANYFLCWHTNCYDYCIPYNSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWE

SGVKDCVVLHSYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDEPEEHVQIHTIDGSSGVVNPV

MEPIYDEPTTTTSVPL 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-275 (fl ORF3a) 

5 Ratio for construct design   

 fl protein  

6 Sequence homology (to SCoV)  

 Identity: 72.4%; similarity: 90.2% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV2: PDB 6XDC 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 32.32 kDa / 64,205 M-1 cm-1 / 5.67 

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 



6 Feeding buffer 

 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix and 0.05% (w/v) Brij-58.  

7 Translation mix 

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 0.05% (w/v) Brij-58.  

8 Protein synthesis temperature and time 

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 

B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.6  mg/mL WGE 

1b A260/280 ratio 

 1.08 

2 Stability 

 Stable at 4°C for at least 2 weeks. 

3 Comment on applicability 

 ORF3a-ST is eluted with small heat shock protein (SHSP, 18 kDa) from wheat. 

 



 

 
WG-CFPS in the presence of detergent, and Strep-tag purification of ORF3a. SDS-PAGE (upper panel) and 

WB (lower panel). 

 

  



SI14: ORF4 (Envelope (E) protein) 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF 4; Envelope (E) protein 

2 Region/Name/Further Specification 

 E protein 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 
MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNL

NSSRVPDLLV 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-75 (fl ORF4) 

5 Ratio for construct design   

 fl protein  

6 Sequence homology (to SCoV)  

 Identity: 94.7%; similarity: 97.4% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV: PDB 5X29 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV: BMRB 36049 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 9.56 kDa / 11,460 M-1 cm-1 / 8.55 

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 

6 Feeding buffer 



 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix and 0.05% (w/v) Brij-58. 

7 Translation mix 

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 0.05% (w/v) Brij-58. 

8 Protein synthesis temperature and time 

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 

B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

  0.45 mg/mL WGE  

1b A260/280 ratio 

 1.52 

2 Stability 

 Stable at least a few days at rt. 

3 Comment on applicability 

 
E protein cannot be sedimented and is thus not directly available for solid-state NMR. Lipid 

reconstitution will be needed. 

 



 
WG-CFPS in the presence of detergent, and Strep-tag purification of E (ORF4). SDS-PAGE (upper panel) 

and WB (lower panel). 

 

 

 

  



SI15: ORF5 (M protein) 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF5; Membrane glycoprotein (M) 

2 Region/Name/Further Specification 

 M protein 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

MADSNGTITVEELKKLLEQWNLVIGFLFLTWICLLQFAYANRNRFLYIIKLIFLWLLWPVTLACF

VLAAVYRINWITGGIAIAMACLVGLMWLSYFIASFRLFARTRSMWSFNPETNILLNVPLHGTILT

RPLLESELVIGAVILRGHLRIAGHHLGRCDIKDLPKEITVATSRTLSYYKLGASQRVAGDSGFAA

YSRYRIGNYKLNTDHSSSSDNIALLVQ 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-222 (fl ORF5) 

5 Ratio for construct design   

 fl protein  

6 Sequence homology (to SCoV)  

 Identity: 90.5%; similarity: 98.2% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 26.35 kDa / 57,660 M-1 cm-1 / 9.48 

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 



6 Feeding buffer  

 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT, 6 mM (average 

concentration) amino acid mix, and 0.05% (w/v) Brij-58. 

7 Translation mix  

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, 6 mM (average 

concentration), and amino acid mix 0.05% (w/v) Brij-58. 

8 Protein synthesis temperature and time  

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 

B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.33 mg/mL WGE 

1b A260/280 ratio 

 1.16 

2 Stability 

 Stable at 4°C for at least 2 weeks. 

3 Comment on applicability 

 Mprotein-ST (and ST-Mprot) is eluted with small heat shock protein (SHSP 18 kDa) from wheat. 



 

 

Additional information 

Constructs Conditions Comments 

Fl ORF5; Strep tag II (pEU-E01-

MCS (Cell-Free Sciences)); no 

cleavage site; N-terminal 

“WSHPQFEK“ eight artificial 

residues. 

As above, but:  

- Purification: 1 mM DTT was 

added in purification buffers 1A and 

1B. 

- Tab. 3.2B: 0.25% (w/v) DDM is 

added and incubated on the wheel 

for 1 h.  

- Tab. 3.2C: 40,000 g for 40 min. 

- Tab. 3.2E: added Strep beads for 

batch purification (200 µL 50% 

(w/v) suspension per well) and 

incubated on the wheel for 1.5 h. 

Works as well with similar yield 

(0.39 mg/mL) and purity. 

 

 
WG-CFPS in the presence of detergent, and Strep-tag purification of M (ORF5). SDS-PAGE (upper panel) 

and WB (lower panel). 

  



SI16: ORF6  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF6 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKSLTENKYSQLDEEQPMEID 

4 
Protein boundaries - amino acid numbering (according to NCBI Reference Sequence 

NC_045512.2): 

 aa 1-61 (fl ORF6) 

5 Ratio for construct design (detailed and comprehensible)  

 fl protein  

6 Sequence homology (to SCoV)  

 Identity: 68.9%; similarity: 93.4% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 8470.85 kDa / 13,980 M-1 cm-1 / 4.89 

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 

6 Feeding buffer  



 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix 

7 Translation mix  

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 

8 Protein synthesis temperature and time  

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 20 mM NaPi (pH 6.5), 50 mM NaCl (wash buffer). 

B 20 mM NaPi (pH 6.5), 50 mM NaCl, 2.5 mM desthiobiotin (elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.27 mg/mL of WGE and total production of 875 µg for NMR samples 

1b A260/280 ratio 

 1.36 

2 Stability 

 stable 

3 Comment on applicability 

 Positioning the Strep tag at the N-terminus abolished synthesis. 

 

 

Additional information 



Constructs Conditions Comments 

Fl ORF6; Strep tag II (pEU-E01-

MCS (Cell-Free Sciences)), no 

cleavage site, N-terminal 

“WSHPQFEK “ eight artificial 

residues. 

 No expression observed. 

 

 

 

 
 

(a) WG-CFPS and Strep-tag purification of ORF6. SDS-PAGE (left panel) and WB (right panel). (b) SEC 

profile of ORF6. 

 

 

  



SI17: ORF7a  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF7a 

2 Region/Name/Further Specification 

 Ectodomain (ED) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 
MKIILFLALITLATCELYHYQECVRGTTVLLKEPCSSGTYEGNSPFHPLADNKFALTCFSTQFAFA

CPDGVKHVYQLRARSVSPKLFIRQEEVQELYSPIFLIVAAIVFITLCFTLKRKTE 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 16-81 (ectodomain of ORF7a) 

5 Ratio for construct design (detailed and comprehensible)  

 
Only the ectodomain without signaling peptide. Transmembrane helix is also not included in the 

construct. 

6 Sequence homology (to SCoV)  

 Identity: 85.3%; similarity: 95.9% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV: PDB 1XAK, 1YO4 

8 (Published) assignment (SCoV2 or homologue variants) 

 SCoV: BMRB 6824 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pET24d-GB1 (Novagen, modified by G. Stier (Bogomolovas et al., 2009)) 

2 Purification-/Solubility-Tag 

 N-terminal His6-GB1 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 7.49 kDa / 6,210 M-1 cm-1 / 6.99 

5 Comments on sequence of expressed construct 

 N-terminal „G" one artificial residue due to TEV-cleavage and construct design. 

6 Used expression strain 



 E.coli (DE3) BL21 

7 Cultivation medium 

 M9 (uniformly 15N-labelled)  

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

 25°C for 18-20 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 
20 mM Tris-HCl (pH 8.0), 6 M GdnHCl, 500 mM NaCl, 5 mM imidazole, 2 mM bME (Cell disruption / 

solubilization of pellet). 

B 20 mM Tris (pH 8.0), 6 M GdnHCl, 500 mM NaCl, 10 mM imidazole, 2 mM bME (IMAC1). 

C 50 mM NaPi (pH 8.0), 300 mM NaCl, 10 mM imidazole, 2 mM bME (IMAC2). 

D 1 mM acetate-D4 (pH 5.0) (final NMR-buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption and solubilization of pellet in buffer 1A. 

B IMAC, gravity flow Ni2+-NTA (Qiagen), elution with 200 mM imidazole in buffer 1B. 

C Dialysis against buffer 1C. 

D TEV-cleavage (1 mg TEV protease per 10 mL protein solution) o.n. in buffer 1C. 

E Inv. IMAC, elution with 200 mM imidazole in buffer 1C. 

F Dialysis of flow-through of inv. IMAC against 1D and concentrate (NMR-sample). 

 

 

Table 4: Final sample  

1 Yield 

 0.4 mg/L 15N-M9 medium 

1b A260/280 ratio 

 0.7 

2 Stability 

 
Stable throughout measurement (1 day, 298/315 K). No precipitation or degradation observed after four 

days at rt. 



3 Comment on applicability 

 Suitable for NMR structure determination, fragment screening, interaction studies. 

 

 

 

 

  



SI18: ORF7b  
 

Tabel 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF7b 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 MIELSLIDFY LCFLAFLLFL VLIMLIIFWF SLELQDHNET CHA 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-43 (fl ORF7b) 

5 Ratio for construct design   

 fl protein 

6 Sequence homology (to SCoV)  

 Identity: 85.4%; similarity: 97.2% 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Bacterial 
 

Table 2: Protein Expression 

1 Expression vector 

 pThiored (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6-Trx 

3 Cleavage Site 

 TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 5.37 kDa / 6,990 M-1 cm-1 / 4.17 

5 Comments on sequence of expressed construct 

 N-terminal “GA(M)G” three artificial residues due to TEV-cleavage and construct design. 

6 Used expression strain 



 E. coli BL21 (DE3) 

7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled) 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

 18-20°C for 16-18 h 

 

 

Table 3: Protein Purification with detergent 

1 Buffer List 

A 25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 10 mM bME (cell disruption). 

B 
25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM imidazole, 10 mM bME, 1.5% (w/v) DDM 

(Solubilization of pellet). 

C 25 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM imidazole, 10 mM bME, 0.02% (w/v) DDM (IMAC). 

D 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl, 0.02% (w/v) DDM (SEC/final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck)) by 

microfluidization. 

B Solubilization of pellet after lysis 1B (plus one tablet of EDTA free protease inhibitor cocktail (Merck)). 

C 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1C. 

D TEV-cleavage (1 mg TEV protease per 50 mL protein solution) o.n. in buffer 1C 

E 
Inv. IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with 500 mM 

imidazole in buffer 1C. 

F Rebuffer flow-through of inv. IMAC in buffer 1D (NMR sample). 

G 
Analytical SEC (SD 75 Increase 10/300 GL (GE Healthcare), ÄKTA start (GE Healthcare)) in buffer 

1D. 

 

 

Table 4: Final sample  

1 Yield 

 0.6 mg/L 15N-M9 medium 

2 Stability 

 
Stable throughout measurement (2 days, 283/298 K). No significant precipitation or degradation 

observed after storage at 4°C for 3 months.  



3 Comment on applicability 

 
Due to necessity of solubilizing agent and tendency to oligomerize structure determination, fragment 

screening, and interaction studies are hindered. 

 

 

Additional information 

 Constructs Conditions Comments 

A 

As above  Native 

IMAC buffer: 25 mM Tris-HCl 

(pH 8.0), 300 mM NaCl, 5 mM 

imidazole, 10 mM bME. 

SEC buffer: 25 mM NaPi (pH 

7.0), 150 mM NaCl, 2 mM TCEP-

HCl 

Nearly no protein was extracted in 

soluble fraction. 

B 

Denaturing  

Solubilizing buffer: 25 mM Tris-

HCl (pH 8.0), 6 M GdnHCl, 300 

mM NaCl, 5 mM imidazole. 

IMAC wash buffer: 25 mM Tris-

HCl (pH 8.0), 8 M urea, 300 mM 

NaCl, 5 mM imidazole. 

Renaturing buffer: 25 mM Tris-

HCl (pH 8.0), 300 mM NaCl, 5 

mM imidazole, 10 mM bME. 

IMAC elution buffer: 25 mM 

Tris-HCl (pH 8.0), 300 mM NaCl, 

500 mM imidazole, 10 mM bME. 

After refolding and cleavage 

degradation of protein. 

C 

Fl ORF7b; His6-SUMO (pE-

SUMO (GenScript)), Ulp1-

cleavage site, no artificial residues. 

Native 

IMAC buffer: as above 

SEC buffer: 25 mM NaPi (pH 

7.0), 150 mM NaCl, 2 mM TCEP-

HCl. 

Protein is soluble with fusion, runs 

in exclusion volume of SD 200 

columns, degrades after cleavage. 

NMR shows SUMO is mostly 

unfolded. 

D 

Detergent  

IMAC buffer: 50 mM NaPi (pH 

7.0), 200 mM NaCl, 0.1% (v/v) 

Triton X-100, 5 mM imidazole, 10 

mM bME. 

SEC buffer: 25 mM NaPi (pH 

6.0), 50 mM NaCl, 0.01% (v/v) 

Triton X-100, 2 mM TCEP-HCl. 

Copurification of impurities, runs 

in exclusion volume of SD 200 

columns. 

NMR shows severely broadened 

and poorly dispersed resonances 

hinting to oligomerization. 

E 

Semi-denaturing 

IMAC buffer: 50 mM Tris-HCl 

(pH 8.0), 2 M urea, 300 mM NaCl, 

10 mM imidazole, 10 mM bME. 

SEC buffer: 25 mM NaPi (pH 

6.5), 50 mM NaCl, 2 M urea, 5 

mM DTT. 

Degrades after cleavage. 



   
Analytical SEC of ORF7b. Protein was in exclusion volume (9-11 mL, left panel) with corresponding SDS-

PAGE of SEC with fractions analyzed from 7-11 mL elution volume (right panel). 

 

 

Cell-free 
 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 5.37 kDa / 6,990 M-1 cm-1 / 4.17 

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 

6 Feeding buffer 

 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix and 0.1% (w/v) MNG-3.  

7 Translation mix 

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix, 0.1% (w/v) MNG-3.  

8 Protein synthesis temperature and time 

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 



B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.27 mg/mL of WGE and total production of 880 µg for NMR samples 

1b A260/280 ratio 

 1.36 

2 Stability 

 Stable in detergent over several days. 

3 Comment on applicability 

 Needs reconstitution into membranes for further structural analysis. 

 

 

(a) WG-CFPS in presence of detergent and Strep-tag purification of ORF7b. SDS-PAGE (upper panel) and 

WB (lower panel). (b) SEC profile of ORF7b. 

 

 

  



SI19: ORF8 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF8 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 
MKFLVFLGIITTVAAFHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIRVGARKSAPLIELCVDEA

GSKSPIQYIDIGNYTVSCSPFTINCQEPKLGSLVVRCSFYEDFLEYHDVRVVLDFI 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

ORF8 aa 1-121 (fl ORF8 = ORF8) 

ORF8

m 
aa 1-121 (fl ORF8) with L84S mutation (~ isolate 2019-nCoV_HKU-SZ-002a_2020). 

ΔORF

8 
aa 16-121 (without signal peptide = ΔORF8) 

5 Ratio for construct design (detailed and comprehensible)  

ORF8 fl protein 

ΔORF

8 
Protein after the hypothetical cleavage of the N-terminal Signal Peptide 

6 Sequence homology (to SCoV)  

ORF8 Identity: 31.7%;  similarity: 70.7% 

ΔORF

8 
Identity: 40.5%; similarity: 66.7%  

7 Published structures (SCoV2 or homologue variants) 

 SCoV2: 7JTL, 7JX6 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Bacterial 
 

Table 2: Protein Expression 

1 Expression vector 

ORF8

m 

pPK1154 (GenScript) 

ΔORF

8 

pET22b (+) (Merck/Novagen) 

2 Purification-/Solubility-Tag 



ORF8

m 
N-terminal His6-SUMO 

ΔORF

8 
N-terminal His6-GST 

3 Cleavage Site 

ORF8

m 
Ulp1 

ΔORF

8 
TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

ORF8

m 
13.80 kDa / 15,930 M-1 cm-1 / 5.42 

ΔORF

8 
12.54 kDa / 15,930 M-1 cm-1 / 5.15 

5 Comments on sequence of expressed construct 

ORF8

m 
No artificial residues due to Ulp1-cleavage and construct design. 

ΔORF

8 
N-terminal “GAMG” three artificial residues due to TEV-cleavage and construct design. 

6 Used expression strain 

ORF8

m 
E. coli BL21 (DE3) 

ΔORF

8 
E. coli BL21 (DE3) pLysS 

7 Cultivation medium 

ORF8

m 
LB / M9 (uniformly 15N-labelled) 

ΔORF

8 
LB 

8 Induction system    

 IPTG inducible T7 promoter 

9 Induction of protein expression 

ORF8

m 
0.5 mM IPTG at OD600 0.6 

ΔORF

8 
0.5 mM IPTG at OD600 0.6-0.7 

10 Cultivation temperature and time 

ORF8

m 
16-20°C for 16-18 h 

ΔORF

8 
18°C for 16-18 h 

 



Table 3a: Protein Purification (ORF8) 

1 Buffer List 

A 10 mM NaPi (pH 8.0), 300 mM NaCl, 10 mM imidazole, 0.5 mM DTT (Cell disruption). 

B 10 mM NaPi (pH 8.0), 300 mM NaCl, 10 mM imidazole, 0.5 mM DTT (Solubilization of pellet). 

C 10 mM NaPi (pH 8.0), 300 mM NaCl, 0.5 mM DTT (IMAC). 

D 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM DTT, 0.2% (w/v) NP40. 

E 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM DTT. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell disruption in buffer 1A (plus one tablet of EDTA free protease inhibitor cocktail (Merck)) by French-

press. 

B Solubilization of pellet after lysis 1B (plus one tablet of EDTA free protease inhibibitor cocktail (Merck)). 

C IMAC (Nickel-NTA-Agarose, QIAGEN) by hand, elution with 250 mM imidazole in buffer 1C. 

D Ulp1-cleavage (Protein/Ulp1 ratio 10:1) o.n. at 21°C in buffer 1D.  

E Rebuffer in buffer 1E. 

 

 

Table 3b: Protein Purification (ΔORF8) 

1 Buffer List 

A 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5% (v/v) glycerol, 50 mM imidazole (cell disruption/IMAC). 

B 50 mM Tris-HCl (pH 8.0), 150 mM NaCl (TEV-cleavage). 

C 20 mM NaPi (pH 7.4), 150 mM NaCl, 1 mM EDTA (SEC final buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 

Cell disruption in buffer 1A (supplemented with 0.5 mg/mL lysozyme, 10 µg/mL DNaseI, 5 mM MgCl2, 

cOmplete™ EDTA-free protease inhibitors) by incubation for 30 min at RT followed by sonication at 

43% amplitude for 2 minutes (1 s on, 1 s off). Extraction of the periplasmatic fraction: added 0.1% (v/v) 

Triton to the total sample after sonication, and incubated 15 min at 4°C. Centrifugation at 24.700 g for 40 

min at 4°C. Recovering of the soluble fraction and filtration using 0.45 µm syringe filters. 

B 
IMAC (HisTrap FF Crude (GE Healthcare), ÄKTA Pure 25 M1 (GE Healthcare)), binding with buffer 

1A supplemented with 50 mM imidazole, elution with imidazole gradient up to 500 mM in buffer 1A. 

C TEV-cleavage (Protein/TEV ratio 1:10) at 4°C, o.n. in buffer 1B.  

D 
Inv. IMAC (HisTrap FF Crude (GE Healthcare), ÄKTA Pure 25 M1 (GE Healthcare)), binding with buffer 

1A supplemented with 50 mM imidazole, elution with imidazole gradient up to 500 mM in buffer 1A. 

E SEC on Increase 10/300 S75 (GE Healthcare) at 4°C in buffer 1C. 

 

 

Table 4: Final sample  

1 Yield 

ORF8

m 
<0.5 mg/L LB mg/mL 15N-M9 medium 



ΔORF

8 
0.5 mg/L LB medium 

2 Stability 

ORF8

m 
Not determined. 

ΔORF

8 
No significant precipitation or degradation observed after storage at 4°C for 1 week. 

3 Comment on applicability 

ORF8

m 

Weak expression into solube fraction, 30%/70% soluble/inclusion bodies. After purification extremely 

low yield for NMR studies. 

ΔORF

8 
Very low yield. It would be very expensive to prepare a labelled sample for NMR studies. 

 

 

Additional information (bacterial expression) 

Constructs Conditions Comments 

ORF8 with L84S mutation; His6 

(pPK1151 (Genscript)), TEV-cleavage 

site, N-terminal “GS” two artificial 

residues. 

As above for ORF8m, only LB 

medium. 

No expression. 

 

 

 

Cell-free 
 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

ORF8 C-terminal Strep tag II (WSHPQFEK) 

ΔORF

8 
N-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

ORF8 15.00 kDa / 21,805 M-1 cm-1 / 5.64 

ΔORF

8 
13.53 Da / 21,805 M-1 cm-1 / 5.39 

5 Comments on sequence of expressed construct 

ORF8 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 

ΔORF

8 
N-terminal “M” and C-terminal “SAWSHPQFEK” eleven artificial residues due to construct design. 



6 Feeding buffer  

 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix and 0.05% (w/v) Brij-58.  

7 Translation mix 

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 0.05% (w/v) Brij-58. 

8 Protein synthesis temperature and time  

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification (ORF8a and ORF8b) 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 

B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.62 mg/mL WGE after purification. Total of 683 µg for the NMR samples 

1b A260/280 ratio 

 0.7 

2 Stability 

 Stable at 4ºC for weeks. 

3 Comment on applicability 

 
Protein very sensitive to dilution-concentration steps. Purity is sufficient for NMR as other cell-free 

proteins are not labelled. 



 

 
 (a) WG-CFPS in presence of detergent and Strep-tag purification of ORF8. SDS-PAGE (upper panel) and 

WB (lower panel). (b) SEC profile of ORF8. 

 

 

 

 

  



SI20: ORF9a (Nucleocapsid (N) protein)  
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF9a; Nucleocapsid (N) phosphoprotein  

2 Region/Name/Further Specification 

 

N-terminal disordered region (aa 1-43, IDR1) / N-terminal RNA binding domain (aa 44-180, NTD) / 

serine-arginine (SR) rich  motif (aa 181-212, SR) / central disordered linker (aa 181-248, IDR2) / C-

terminal dimerization domain (247-364) / C-terminal disordered region (aa 365-419, IDR3) 

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 

MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKED

LKFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYLGTGPEAGLPYGAN

KDGIIWVATEGALNTPKDHIGTRNPANNAAIVLQLPQGTTLPKGFYAEGSRGGSQASSRSSSRSR

NSSRNSTPGSSRGTSPARMAGNGGDAALALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAE

ASKKPRQKRTATKAYNVTQAFGRRGPEQTQGNFGDQELIRQGTDYKHWPQIAQFAPSASAFFG

MSRIGMEVTPSGTWLTYTGAIKLDDKDPNFKDQVILLNKHIDAYKTFPPTEPKKDKKKKADET

QALPQRQKKQQTVTLLPAADLDDFSKQLQQSMSSADSTQA 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

IDR1-

NTD-

IDR2 

aa 1-248 (of fl ORF9a) 

NTD-

SR 
aa 44-212 (of fl ORF9a) 

NTD aa 44-180 (of fl ORF9a) 

CTD aa 247-364 (of fl ORF9a) 

5 Ratio for construct design (detailed and comprehensible)  

IDR1-

NTD-

IDR2 

Based on boundaries from SCoV homolog. 

NTD-

SR 
In analogy to the available NMR (PDB 6YI3) and crystal (6M3M) structures of N-NTD SCoV2. 

NTD In analogy to the available NMR (PDB 6YI3) and crystal (6M3M) structures of N-NTD SCoV2. 

CTD In analogy to the available NMR structure (PDB 2JW8) of N-CTD from SCoV. 

6 Sequence homology (to SCoV)  

IDR1-

NTD-

IDR2 

Identity: 90%; similarity: 94% 

NTD-

SR 
Identity: 92%; similarity: 96% 

NTD Identity: 93%; similarity: 97% 

CTD Identity: 96%; similarity: 98% 

7 Published structures (SCoV2 or homologue variants) 



 
SCoV: PDB 2JW8, 2CJR 

SCoV2: PDB 6YI3, 6M3M, 6VYO, 6WKP, 6WZO, 6WJI, 6YUN, 6ZCO, 7CE0, 7C22 

8 (Published) assignment (SCoV2 or homologue variants) 

 

SCoV: BMRB 15511 (CoV) 

SCoV2: PDB 6YI3, BMRB 34511 (NTD), BMRB 50518 (CTD), BRMB 50619 (IDR1), BMRB 50618 

(IDR2), BMRB 50557 (IDR1), BMRB 50558 (IDR2). 

 

 

Table 2: Protein Expression 

1 Expression vector 

IDR1-

NTD-

IDR2 

pET29a(+) (Twistbioscience) 

NTD-

SR 
pET-28a(+) (GenScript) 

NTD pET-28a(+) (GenScript) 

CTD pKM263 (GenScript) 

2 Purification-/Solubility-Tag 

IDR1-

NTD-

IDR2 

- 

NTD-

SR 
N-terminal His6 

NTD N-terminal His6 

CTD N-terminal His6-GST 

3 Cleavage Site 

IDR1-

NTD-

IDR2 

- 

NTD-

SR 
TEV 

NTD TEV 

CTD TEV 

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

IDR1-

NTD-

IDR2 

26.52 kDa / 26,930 M-1 cm-1 / 10.57 

NTD-

SR 
18.10 kDa / 26,930 M-1 cm-1 / 10.35 

NTD 14.85 kDa / 26,930 M-1 cm-1 / 9.60   

CTD 13.56 kDa / 16,960 M-1 cm-1 / 9.77 



5a Comments on sequence of expressed construct 

IDR1-

NTD-

IDR2 

No artificial residues due to construct design. 

NTD-

SR 
No artificial residues due to TEV-cleavage and construct design. 

NTD No artificial residues due to TEV-cleavage and construct design. 

CTD N-terminal „GAMG" four artificial residues due to TEV-cleavage and construct design. 

6 Used expression strain 

 E. coli BL21 (DE3) 

7 Cultivation medium 

IDR1-

NTD-

IDR2 

LB / M9 (uniformly 15N or 13C,15N-labelled) 

NTD-

SR 
LB / M9 (uniformly 15N-labelled) 

NTD LB / M9 (uniformly 15N-labelled) 

CTD LB / M9 (uniformly 15N or 13C,15N-labelled) 

8 Induction system 

 IPTG inducible T7 promoter 

9 Induction of protein expression 

IDR1-

NTD- 

IDR2 

0.2 mM IPTG at OD600 0.8 

NTD-

SR 
0.2 mM IPTG at OD600 0.7  

NTD 0.2 mM IPTG at OD600 0.7  

CTD 1 mM IPTG at OD600 0.7 

10 Cultivation temperature and time 

IDR1-

NTD-

IDR2 

Cells are grown at 37°C in 1 L LB until OD600 0.8, then transferred in 250 mL labelled minimal medium 

(4x). After 1 h of metabolite clearance, the culture is induced at 18°C for 16-18 h. For unlabelled 

protein, culture is induced at OD600 0.9. 

NTD-

SR 
16-18°C for 16-18 h 

NTD 16-18°C for 16-18 h 

CTD 20-22°C for 18-20 h 

 

 

 

 

 



Table 3a: Protein Purification (IDR1-NTD-IDR2) 

1 Buffer List 

A 
25 mM Tris-HCl (pH 8.0), 1 M NaCl, 5% (v/v) glycerol, RNAse, DNAse, proteases inhibitor cocktail 

(SIGMAFAST™ tablet, 500 µL of 100x stock) (lysis buffer). 

B 25 mM Tris-HCl (pH 7.2) (dialysis after lysis and binding buffer). 

C 25 mM Tris-HCl (pH 7.2), 1 M NaCl (elution buffer). 

D 25 mM Tris-HCl (pH 7.2), 450 mM NaCl, 0.02% (w/v) NaN3 (NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Cell lysis in Buffer 1A by sonication (30 min with pulse 1 s on, 10 s off). It is crucial to add a cocktail of 

proteases inhibitors in lysis buffer; this step is crucial to preserve construct integrity. 

B Dialysis O/N at 4°C in Buffer 1B for buffer exchange. 

C 
Ion Exchange chromatography with HiTrap SP FF 5 mL column (GE Healthcare), gradient elution with 

buffer 1C. The protein eluted at 45-50% gradient. 

 

 

Table 3b: Protein Purification (NTD and NTD-SR) 

1 Buffer List 

A 
50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol, 0.01 mg/mL DNase, 

5 mM MgCl2 and protease inhibitor cocktail (Sigma) (cell disruption). 

B 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol (IMAC). 

C 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 500 mM imidazole, 10% (v/v) glycerol (IMAC). 

D 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM DTT (dialysis after IMAC / TEV-cleavage). 

E 20 mM Na2HPO4 (pH 6.5), 50 mM NaCl, 500 µM PMSF, 3 mM NaN3, 3 mM EDTA (final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Cell disruption in buffer 1A by sonication.  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole gradient up 

to 500 mM in buffer 1B and 1C. 

C TEV-cleavage (1:10 (v/v) TEV:protein solution) during dialysis o.n. in buffer 1D.    

D 
Inv. IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), elution with imidazole 

gradient up to 500 mM in buffer 1B and 1C. 

E NMR sample preparation in buffer 1E. 

 

 

Table 3c: Protein Purification (CTD) 

1 Buffer List 

A 
50 mM NaPi (pH 7.4), 150 mM NaCl, 10 mM imidazole (cell disruption / IMAC/ dialysis after IMAC / 

TEV-cleavage). 

B 25 mM NaPi (pH 6.0), 50 mM NaCl, 0.5 mM EDTA, 0.02% (w/v) NaN3 (SEC / final NMR buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 



A Cell disruption in buffer 1A (plus 100 µL protease inhibitor (Serva)) by sonication. 

B IMAC (gravity flow Ni2+-NTA), Elution with 150-500 mM imidazole in buffer 1A. 

C Dialysis o.n. in in buffer 1A. 

D TEV-cleavage (0.5 mg TEV protease per 1 L culture) in buffer 1A. 

E SEC on HiLoad 16/600 SD 75 (GE Healthcare) in buffer 1B. 

F NMR sample preparation in buffer 1B. 

 

 

Table 4: Final sample  

1 Yield 

IDR1-

NTD-

IDR2 

12 mg/L 13C,15N M9 medium 

NTD-

SR 
3 mg/L 15N M9 medium 

NTD 3 mg/L 15N M9 medium 

CTD 2 mg/L 13C,15N-M9 medium 

1b A260/280 ratio 

IDR1-

NTD-

IDR2 

0.63 

NTD-

SR 
0.7 

NTD 0.7 

CTD 0.55 

2 Stability 

IDR1-

NTD-

IDR2 

Protein is stable for at least one1 week at working conditions (298 K). 

NTD-

SR 

Stable throughout measurement (15 days, 298 K). No significant precipitation or degradation observed 

after storage at 4°C for 5 weeks.  

NTD 
Stable throughout measurement (15 days, 298 K). No significant precipitation or degradation observed 

after storage at 4°C for 5 weeks.  

CTD 
Stable throughout measurement (7 days, 303 K). No significant precipitation or degradation observed 

after storage at 4°C for 8 weeks. Tolerates temperature up to 315 K. 

3 Comment on applicability 

 All suitable for NMR structure determination, fragment screening, interaction studies. 

 



 
Chromatogram of IEC of aa 1-248 construct. Protein is eluted at 45% gradient of Buffer 1B, fractions 

from 85-100 mL were collected.  

 

  



SI21: ORF9b 
 

Table 1: General Information 

1 Protein Name  

 ORF9b 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein  

 
MDPKISEMHP ALRLVDPQIQ LAVTRMENAV GRDQNNVGPK VYPIILRLGS PLSLNMARKT 

LNSLEDKAFQ LTPIAVQMTK LATTEELPDE FVVVTVK 

4 Protein boundaries of expressed construct  

 aa 1-97 (fl ORF9b) 

5 Ratio for construct design   

 fl protein  

6 Sequence homology (to SCoV)  

 Identity : 72.4%; similarity: 95.0% 

7 Published structures (SCoV2 or homologue variants) 

 SCoV2: PDB 6Z4U 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 C-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 11.99 kDa / 6,990 M-1 cm-1 / 6.73  

5 Comments on sequence of expressed construct 

 C-terminal “SAWSHPQFEK” ten artificial residues due to construct design. 

6 Feeding buffer  



 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix 

7 Translation mix  

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 

8 Protein synthesis temperature and time  

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA. 

B 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.64 mg/mL WGE and total production of 1338 µg for NMR samples. 

1b A260/280 ratio 

 0.76 

2 Stability 

 Stable at 4ºC for a week. 

3 Comment on applicability 

 Protein studied at pH 6, 7.5 and pH 8. Methionine gets oxidized without DTT in the buffer. 

 

 

 



Additional information 

 Constructs Conditions Comments 

A 

Fl ORF9b; Strep tag II (pEU-E01-

MCS (Cell-Free Sciences)); no 

cleavage site; C-terminal 

“WSHPQFEK” eight artificial 

residues. 

As above with 0.1% (w/v) DDM NMR shows severely broadened 

resonances due to oligomerization or 

protein micelles.  

B As above without DTT Methionines get oxidated. 

 

  



SI22: ORF14 
 

Table 1: General Information 

1 Protein Name  

 ORF14 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein  

 
MLQSCYNFLKEQHCQKASTQKGAEAAVKPLLVPHHVVATVQEIQLQAAVGELLLLEWLAMA

VMLLLLCCCLTD 

4 Protein boundaries of expressed construct  

 aa 1-73 (fl ORF14) 

5 Ratio for construct design   

 fl protein  

6 Sequence homology (to SCoV)  

 Identity: NA; similarity: NA 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Cell-free Protein Synthesis 

1 Expression vector 

 pEU-E01-MCS (Cell-Free Sciences) 

2 Purification-/Solubility-Tag 

 N-terminal Strep tag II (WSHPQFEK) 

3 Cleavage Site 

 - 

4 Molecular weight / Extinction coefficient / pI - of protein 

 9.26 kDa / 12,490 M-1 cm-1 / 6.01 

5 Comments on sequence of expressed construct 

 N-terminal “WSHPQFEKGGG” eleven artificial residues due to construct design. 

6 Feeding buffer  



 

30 mM HEPES-KOH (pH 7.6), 100 mM potassium acetate, 2.7 mM magnesium acetate, 16 mM creatine 

phosphate, 0.4 mM spermidine, 1.2 mM ATP, 0.25 mM GTP, 4 mM DTT and 6 mM (average 

concentration) amino acid mix and 0.05% (w/v) Brij-58.  

7 Translation mix  

 
50% (v/v) mRNA, 50% (v/v) home-made WGE, 40 μg/mL creatine kinase, and 6 mM (average 

concentration) amino acid mix 0.05% (w/v) Brij-58.  

8 Protein synthesis temperature and time  

 22°C for 16 h without agitation (bilayer method). 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1% (w/v) DDM (wash buffer). 

B 
100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, and 0.1% (w/v) DDM 

(elution buffer). 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A Harvest total CFS. 

B Incubate with benzonase for 30 min on a wheel, at rt. 

C Centrifuge for 30 min at 20,000 g, 4°C. 

D Harvest the soluble fraction (SN). 

E 
Equilibrate the Strep-Tactin column (IBA Lifesciences) with 2 CV of 1A (all steps performed on the 

bench by gravity). 

F Load SN onto the column. 

G Wash the column with 5 CV of 1A. 

H Elute the protein of interest with 1B. 

 

 

Table 4: Final sample  

1 Yield 

 0.43 mg/mL WGE  

1b A260/280 ratio 

 1.06 

2 Stability 

 protein has proved unstable during lipid insertion using cyclodextrin for detergent removal 

3 Comment on applicability 

 
Solution NMR shows severely broadened resonances hinting to oligomerization or too big protein 

micelles. Lipid reconstitution is ongoing. 

 



 

(a) WG-CFPS in presence of detergent and Strep-tag purification of ORF14. SDS-PAGE (upper panel) and 

WB (lower panel). (b) SEC profile of ORF14. 

 

 

 

  



SI23: ORF10 
 

Table 1: General Information 

1 Protein Name (according to NCBI Reference Sequence NC_045512.2) 

 ORF10 

2 Region/Name/Further Specification 

  

3 Sequence of fl protein (according to NCBI Reference Sequence NC_045512.2) 

 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNLT 

4 Protein boundaries of expressed construct (according to NCBI Reference Sequence NC_045512.2) 

 aa 1-38 (fl ORF10) 

5 Ratio for construct design   

 Hypothetical fl protein. 

6 Sequence homology (to SCoV)  

 Identity: 29%; similarity: 52% with ORF9b 

7 Published structures (SCoV2 or homologue variants) 

 - 

8 (Published) assignment (SCoV2 or homologue variants) 

 - 

 

 

Table 2: Protein Expression 

1 Expression vector 

 pThiored (GenScript) 

2 Purification-/Solubility-Tag 

 N-terminal His6-Trx 

3 Cleavage Site 

 TEV  

4 Molecular weight / Extinction coefficient / pI - of cleaved protein 

 4.45 kDa / 4,470 M-1 cm-1 / 7.93  

5 Comments on sequence of expressed construct 

 N-terminal “GA” two artificial residues due to TEV-cleavage and construct design 

6 Used expression strain 

 E. coli BL21 (DE3)  



7 Cultivation medium 

 LB / M9 (uniformly 15N-labelled)  

8 Induction system    

 IPTG inducible T7 promoter  

9 Induction of protein expression 

 0.2 mM IPTG at OD600 0.6-0.7  

10 Cultivation temperature and time 

 18-20°C for 16-18 h 

 

 

Table 3: Protein Purification 

1 Buffer List 

A 25 mM Tris (pH 8.0), 6 M GdnHCl, 300 mM NaCl, 5 mM imidazole (Solubilization)  

B 25 mM Tris (pH 8.0), 8 M urea, 300 mM NaCl, 5 mM imidazole (IMAC - wash)  

C 25 mM Tris (pH 8.0), 300 mM NaCl, 5 mM imidazole, 10 mM bME (IMAC - elution) 

D 25 mM NaPi (pH 7.0), 150 mM NaCl, 2 mM TCEP-HCl. 

2 Purification steps (with corresponding buffer(s) and incubation times) 

A 
Solubilization of cell pellet and inclusion bodies in 1A (plus one tablet of EDTA free protease inhibitor 

cocktail (Merck)).  

B 
IMAC (HisTrap HP (GE Healthcare), ÄKTA start (GE Healthcare)), washed with buffer 1B, refolded on 

column in buffer 1C, elution with imidazole gradient up to 500 mM in buffer 1C.  

C Analytic TEV-cleavage (1 mg TEV protease per 50 mL protein solution) o.n. in buffer 1C. 

D 
Analytical SEC (SD 75 Increase 10/300 GL (GE Healthcare), ÄKTA start (GE Healthcare)) in buffer 

1D.  

 

 

Table 4: Final sample  

1 Yield 

 2 mg/L (15N-M9) His6-SUMO-fused 

2 Stability 

 Degrades after cleavage  

3 Comment on applicability 

 Tendency to oligomerize (exclusion volume of SD 75 column). 

 

 

 

 

 

 



Additional information 

 Constructs Conditions Comments 

A 

As above Native 

IMAC buffer: 25 mM Tris-HCl 

(pH 8.0), 300 mM NaCl, 5 mM 

imidazole, 10 mM bME. 

SEC buffer: 25 mM NaPi (pH 

7.0), 150 mM NaCl, 2 mM TCEP-

HCl. 

Nearly no protein was extracted in 

soluble fraction (in inclusion 

bodies) 

B 

Fl ORF10; His6-SUMO (pE-

SUMO (GenScript)), Ulp1-

cleavage site, no artificial residues. 

Native 

IMAC buffer: as above 

SEC buffer: 25 mM NaPi (pH 

7.0), 150 mM NaCl, 2 mM TCEP-

HCl. 

Protein is mostly soluble with 

fusion, partial degradation 

(copurification of His6-SUMO), 

runs in exclusion volume of SD 

200 columns, degrades after 

cleavage. NMR shows SUMO is 

mostly unfolded. 

C 

Detergent  

IMAC buffer: 50 mM NaPi (pH 

7.0), 200 mM NaCl, 0.1% (v/v) 

Triton X-100, 5 mM imidazole, 10 

mM bME. 

SEC buffer: 25 mM NaPi (pH 

6.0), 50 mM NaCl, 0.01% (v/v) 

Triton X-100, 2 mM TCEP-HCl. 

Copurification of impurities, runs 

in exclusion volume of SD 75 

columns hinting to 

oligomerization. Degrades after 

cleavage. 

D 

Semi-denaturing 

IMAC buffer: 50 mM Tris-HCl 

(pH 8.0), 2 M urea, 300 mM NaCl, 

10 mM imidazole, 10 mM bME. 

SEC buffer: 25 mM NaPi (pH 

6.5), 50 mM NaCl, 2 M urea, 5 

mM DTT. 

Degrades after cleavage. 

 

 

Analytical SEC of His6-Trx-ORF10. Protein was in exclusion volume (8.5-12 mL, left panel) 

with corresponding SDS-PAGE of SEC with fractions analyzed from 8-12 mL elution volume 

(right panel). 
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