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Capitolo 1 

 

1. Introduzione 
 

Questo lavoro di tesi si inserisce nell’ampio settore delle applicazioni della 

spettroscopia di Risonanza Magnetica Nucleare (RMN) per lo studio di sistemi di 

interesse biologico. In particolare, l’obiettivo di questa tesi è l’applicazione e lo 

sviluppo di metodologie innovative volte alla caratterizzazione strutturale e dinamica di 

macromolecole biologiche in soluzione.  

La conoscenza della struttura di molecole biologiche rappresenta un importante 

informazione per la studio dei vari processi biologici. La RMN e la cristallografia a 

raggi X sono le due maggiori tecniche utilizzate per la caratterizzazione strutturale a 

livello atomico di proteine, acidi nucleici e l’identificazione delle interazioni con altre 

molecole biologiche. L’utilizzo della RMN per la determinazione della struttura 

tridimensionale di biomolecole in soluzione è ormai noto da circa 25 anni, nel corso dei 

quali il numero delle strutture risolte via RMN è costantemente aumentato. Su di un 

totale di circa 56000 strutture depositate nel Protein Data Bank (PDB), più di 7600 sono 

state determinate via RMN. Oggigiorno, entrambe le tecniche hanno un ruolo chiave nei 

vari progetti di Proteomica Strutturale e, sempre più spesso, un approccio di tipo 

complementare è fondamentale nella determinazione strutturale delle molecole 

biologiche. In questo settore, l’utilizzo della RMN diventa fondamentale, non solo 

quando il sistema non può essere cristallizzato, ma anche per sfruttare le uniche 

potenzialità offerte dalla spettroscopia di RMN in soluzione. Alcuni esempi che si 

aggiungono alla determinazione strutturale sono la possibilità di studiare la dinamica 

molecolare, gli equilibri conformazionali, i fenomeni di binding con altri ligandi, gli 

aspetti cinetici e termodinamici delle interazioni tra macromolecole, la caratterizzazione 

di polipeptidi funzionali non strutturati e la loro transizione in complessi attivi. Infine, la 

RMN offre la possibilità di effettuare esperimenti in soluzione acquosa in condizioni 

simili a quelle fisiologiche. Nel Capitolo 2 saranno presentate e discusse le 



1. Introduzione 

6 

 

problematiche relative alla determinazione della struttura tridimensionale di molecole 

biologiche in soluzione via RMN. 

Inizialmente, la conoscenza della struttura di macromolecole biologiche era considerata 

come l’ultimo stadio dello studio di un sistema, in cui l’analisi biochimica della 

molecola in esame era basata prevalentemente sullo studio della struttura ottenuta, come 

se fosse statica, senza considerare nessun fenomeno di dinamica ad essa correlata. Poi, 

con l’aumentare delle conoscenze chimico-biologiche, è stato evidenziato come la 

struttura rappresenti, sempre più spesso, un primo dato fondamentale di conoscenza del 

sistema per ulteriori studi successivi. Infatti, innumerevoli processi biologici sono 

direttamente correlati a cambi conformazionali di molecole biologiche come nei 

fenomeni di folding e unfolding, ricognizione molecolare, catalisi ed interazione con 

altri ligandi. La dinamica interna del sistema è quindi essenziale per la funzione della 

molecola stessa. La possibilità di studiare il sistema in soluzione in condizioni simili a 

quelle fisiologiche è una peculiarità della RMN, ciò permette di analizzare le proprietà 

dinamiche della molecola in esame a livello atomico che comprende moti su diverse 

scale del tempo, dai nano ai secondi. Dato che molti processi biologici avvengono 

nell’intervallo che va dai micro ai millisecondi, si presuppone che lo studio della 

dinamica interna in questo intervallo di tempo (slow dynamics) sia correlato all’attività 

biologica. La caratterizzazione della slow dynamic diventa così di fondamentale 

importanza per la comprensione della funzione biologica delle macromolecole, proteine 

e acidi nucleici.  

Per raggiungere tali obiettivi, in questo lavoro di tesi è stato utilizzato un nuovo 

approccio che prevede l’utilizzo di esperimenti di RMN innovativi. In particolare, è 

stata sfruttata la dipendenza della velocità di rilassamento della coerenza multiplo 

quanto (MQ) fra il carbonio carbonilico (13C’) e l’azoto ammidico (15N) del piano 

peptidico delle proteine e la presenza di moti di dinamica lenta del backbone della 

molecola. Per misurare la velocità di rilassamento MQ abbiamo implementato una 

nuova sequenza di impulsi basata sull’osservazione diretta del nucleo a bassa sensibilità 
13C. Questa metodologia è resa possibile grazie alla disponibilità presso il laboratorio 

CERM di strumentazione in alta risoluzione a campo variabile da 200 a 900 MHz, in 

parte ottimizzata per l’osservazione di tali nuclei. 
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La sequenza è la versione modificata del già noto esperimento CON, dove si osserva la 

correlazione tra il carbonio carbonilico del residuo i e l’azoto ammidico del residuo i+1 

, scalarmente accoppiato al carbonio. Rispetto all’approccio standard che prevede 

l’osservazione classica del nucleo 1H in un esperimento tipo HNCO, l’esperimento 

CON presenta alcuni vantaggi. Questo tipo di esperimento permette l’osservazione 

diretta dei nuclei interessati dal fenomeno che vogliamo studiare, inoltre possiamo 

usufruire dei tipici vantaggi dell’osservazione diretta del 13C, quali la maggiore 

dispersione in chemical shift dei segnali (quindi minore overlap degli stessi) e la 

possibilità di monitorare zone soggette a scambio chimico che preclude l’osservazione 

dei segnali 1H-15N in un piano HSQC. Nel Capitolo 3 saranno affrontate le 

problematiche inerenti lo studio della dinamica interna di molecole biologiche, con 

particolare attenzione alla caratterizzazione dei moti di slow dynamics. 

I sistemi che abbiamo studiato in questo lavoro sono l’enzima Cu,Zn-superossido 

dismutasi (CuZnSOD) da Salmonella choleraesuis, il dominio catalitico della Metallo 

Proteinasi di Matrice 12 (MMP12) in presenza dell’inibitore NNGH (acido N-isobutil-

N-[4-metossifenilsulfonil] glicil idrossammico) e la proteina Calbindina D9k (Calb). Una 

presentazione dei tre sistemi è riportata nel Capitolo 4. 

La determinazione della struttura dell’enzima CuZnSOD è stata preliminare allo studio 

della dinamica interna ed a una analisi spettroscopia e strutturale dei fenomeni di 

idratazione. L’interesse per questa proteina deriva del fatto che è la prima struttura in 

soluzione risolta via RMN di un enzima monomero allo stato nativo, appartenente alla 

classe delle superossido dismutasi. La loro funziona biologica è di primaria importanza 

per gli organismi viventi in quanto catalizzano la reazione di dismutazione del radicale 

superossido, tossico per le cellule, in ossigeno e acqua ossigenata. Questi enzimi sono 

stati scoperti circa 40 anni fa e, ancora oggi, sono una delle classi di enzimi più studiata 

in termini di proprietà biofisiche, biochimiche e loro coinvolgimento in processi 

degenerativi cellulari, quali FALS (Familial Amyotrophic Lateral Sclerosis). Gli studi 

effettuati su proteine isolate da organismi eucarioti e procarioti hanno evidenziato 

l’esistenza di un alto grado di diversità strutturale tra i due domini. Gli enzimi isolati da 

eucarioti sono tutti omodimeri, mentre fra i procarioti sono presenti anche esempi di 

monomeri. Inoltre, mentre nel primo dominio è conservata un’alta omologia strutturale 

fra le varie proteine, nei procarioti si osserva una maggiore variabilità strutturale sia in 

termini di organizzazione del sito attivo che diversa associazione delle sub-unità, nel 
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caso di dimeri. Le differenze e le similitudini tra questo enzima e gli altri isoenzimi 

batterici, così come l’isoenzima umano omodimero, assai ben conosciuto e studiato, 

sono state studiate e discusse nel Capitolo 5. 

Nel Capitolo 6 sono presentati gli studi di dinamica che cadono nell’intervallo dai 

micro ai millisecondi effettuati sulle proteine Calb, CuZnSOD e MMP12. La scelta 

delle tre proteine è dovuta alla volontà di studiare il comportamento di diversi tipi di 

folding dal punto di vista della dinamica interna: un sistema ad α-elica di tipo EF-hand, 

un barile di tipo β e un sistema misto α+β (2α-eliche + 5β-foglietti), rispettivamente. 

Grazie all’innovativo approccio decritto in precedenza (vedi Capitolo 3), abbiamo 

misurato le velocità di rilassamento delle coerenze MQ per il 13C’ e 15N del piano 

peptidico delle proteine. Le fluttuazioni della componente isotropa del chemical shift 

(CSM, chemical shift modulation) dei due nuclei sono correlate ai movimenti del 

backbone della proteina nell’intervallo dei micro- millisecondi e contribuiscono alla 

diversa larghezza di riga delle coerenze zero quanto (ZQ) e doppio quanto (DQ). Dalla 

misura delle velocità di rilassamento MQ è possibile fattorizzare il solo contributo 

causato dalla velocità di cross-rilassamento dovute alle modulazione del chemical shift 

(RCSM/CSM) dei due nuclei interessati al fenomeno. L’analisi dei dati di rilassamento 

evidenzia la presenza di regioni affette da un diverso grado di slow dynamic in tutti e tre 

i sistemi studiati. In particolare, il risultato più interessante è stato la correlazione tra le 

velocità di cross-rilassamento RCSM/CSM e la struttura secondaria della proteina. Regioni 

strutturate a α-elica sono affette da fluttuazione anti-correlanti del chemical shift 

(RCSM/CSM <0), mentre regioni strutturate a β-foglietto sono interessate da fluttuazioni 

correlanti del chemical shift (RCSM/CSM >0). Inoltre, l’andamento dei valori di 

rilassamento in funzione dell’angolo diedro del backbone ψ  mostra una distribuzione 

dei dati tipo curva di Karplus. Sebbene i dati siano affetti da un largo scattering, che 

preclude una possibile parametrizzazione degli stessi, questo trend è osservato 

chiaramente in modo non ambiguo per tutte e tre i sistemi studiati. La diretta 

correlazione tra una velocità di rilassamento ed un parametro strutturale che definisce la 

geometria locale della proteina, come l’angolo diedro ψ, rappresenta un risultato 

innovativo, dal momento che in letteratura non esistono altri esempi di questa tipologia. 
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Chapter 2 

 

2. Structure determination through NMR spectroscopy 
 

The NMR restraints used in structure determination are loose in nature and too few with 

respect to the degrees of freedom of a protein, to produce a well resolved structure. 

Typically, in a protein structure the restraints are of the order of 10-20 independent 

interatomic distances per aminoacid (obtained from NOE measurements) plus some 

dihedral angles and some “average” atom-atom vector directions. These restraints 

produce a structure whose resolution corresponds at most to an X-ray resolution of 2 Å. 

Furthermore, proteins have intrinsic mobility and movements occurring below 

milliseconds provide average restraints. The sensitivity of NMR to motions is a 

drawback for the obtainment of high resolution structures, but it is also a source of 

information on the internal dynamics of proteins and nucleic acids. NMR experiments 

and analysis approaches have been developed to obtain these information.  

One possible drawback in protein structural determination by NMR is that the 

assignment of the NMR signals is still mainly operator-dependent and errors may be 

possible. If a signal is mis-assigned, wrong distance restraints are obtained. Sometimes 

no structure could be determinate with a wrong restraint and therefore the error becomes 

apparent, but it is also possible that the error leads to wrong local conformation. The 

response of the scientific community to this challenge is on the one hand, the 

development of software for automated assignment, but at the moment the errors are 

many, and on the other the development of tools to assess the reliability of the resulting 

structure on the basis of statistical procedures [1]. 

For NMR structures, it is customary to present NMR structures as an ensemble of 

conformers, called family, each component of which is consistent with the experimental 

data within a given tolerance. The agreement between experimental restraints and those 

measured on the calculated conformer is estimated and the conformers within a selected 

threshold for this agreement are selected (target function). The scattering among the 

conformers of the family is evaluated by the root mean square deviation (RMSD) from 
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the average conformer. A backbone RMSD value of 0.5 Å, which corresponds to an 

excellent NMR structure, corresponds to an X-ray resolution of about 2 Å. 

Another drawback in NMR structure determination is the time it takes to solve a 

structure. The software for structure determination is continuously improving and the 

time needed has decreased and will further decrease. Attempts to standardize the 

programs and to allow NMR user friendly approaches to even non expert users are in 

progress (http://www.enmr.eu). However, the NMR measurement times are still very 

long, i.e. of the order of several weeks. Therefore attempts are also being made to 

reduce the experimental time by new pulse sequences (fast NMR) [2,3] or by innovative 

NMR data acquisition schemes (non-linear time sampling [4], projection NMR [5], 

Hadamard-type [6], spatial frequency encoding, extensive aliasing [7] and multi-way 

decomposition of NMR spectra [8,9]. Moreover, a structure calculation program, 

Chemical-Shift-ROSETTA (CS-ROSETTA), is available based on empirical 

correlations gained from the mining of protein chemical shifts deposited in the BMRB 

[10], in conjunction with the known corresponding 3D structures. CS-ROSETTA [11] is 

a robust protocol to exploit this relation for de novo protein structure generation, using 

as input parameters the 13Cα, 13Cβ, 13C´, 15N, 1Hα and 1HN NMR chemical shifts. The 

generated models are rescored based on the difference between the back-calculated 

chemical shifts of the generated models and the input chemical shifts.  

 

2.1 Precision and accuracy of NMR structures 
 

Any experiment, even if carefully performed, has errors associated with it. These errors 

are of two distinct nature: systematic and random. Systematic errors relate to the 

accuracy of the model. They may occur at the stage of spectral interpretation where the 

individual NMR signals are assigned to active NMR atoms. Random errors depend on 

how precisely a given measurement can be made. All measurements contain errors at 

some degree of precision. If a model is essentially correct, the size of random errors will 

determine how precise the model is. The distinction between accuracy and precision is a 

particularly important one in NMR. 

The accuracy is a measure of how close is the determined structure to the true structure 

and can only be obtained when a ‘gold standard’ is available, like in the case of a 
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simulated data set. For real NMR structures the accuracy is often calculated with respect 

to a reference X-ray structure of the same molecule [12-14]. An indicator of the 

accuracy of NMR structures is provided by their validation against independently 

known structural restraints such as dipolar couplings [15] which were not directly used 

in the calculations. The agreement between calculated and measured dipolar couplings 

is often expressed in terms of a Q-factor. The better the agreement, the lower the Q-

factor. A suitable way to evaluate solution structures is the calculation of the NMR R-

factor, that directly compares an experimental NMR NOESY spectrum with the 

corresponding spectrum back-calculated for each conformer of the family or for a subset 

of them [16-18]. 

The precision, expressed as the RMS of the deviations in position of an atom in one 

conformer and that in another in the NMR family, is commonly used as an indication of 

how well the structure has been refined. Normally, families of conformers are generated 

by selecting the lowest target function conformers from the ensemble calculated with 

the experimental data. The RMSD within the family therefore depends not only on the 

quality and quantity of available data but also on the procedure used to select the 

conformers from the calculated ensemble. In literature several works on the relationship 

between precision and accuracy of the ensemble of calculated conformers are available 

and it has been often found that the search for a too high precision reduces the accuracy 

[19,20]. In order to properly analyze the available structural restraints, they can be 

slightly relaxed. Vriend et al described an approach (re-sampling method) to improve 

the sampling and representation of the conformational space defined by the 

experimental restraints. Their approach showed that, for all test cases, the calibration of 

NMR restraints used in the structure calculation can be loosen still obtaining a good fit 

of the experimental data, maintaining good local and overall geometric quality of the 

structures [21]. 

 

2.2 Progress in restraints 
 

The quality of a solution structure increases with the number of restraints used in the 

structure calculation [22]. The total number of restraints, sometimes reported as number 

of restraints-per-residue, is the most straightforward parameter to evaluate a structure 
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quality. The precision to which a structure can be determined is directly related to the 

number of experimental restraints used for the structure calculations. In case of data 

from 1H NOE alone, about 15 restraints per residue can be typically obtained, which 

provide a family of conformers with backbone RMSD around 0.5 Å for well-folded 

regions. NOEs per residue can increase until 20-25 restraints-per-residues for double-

labeled, 15N and 13C proteins thus leading to the much higher precision structures with 

backbone RMSD values in the range of 0.3 to 0.5 Å [22-24]. Regions affected by 

conformational disorder such as flexible fragments, large loops, terminal segments, are 

typically characterized by fewer restraints. Therefore, the number of restraints-per-

residues decreases significantly when disordered regions are present. 

The strong interest of the NMR community for new classes of restraints arises from the 

need of solving structures without - or with a limited numbers of - NOE distances. 

Indeed, the analysis of NOESY spectra can be complicated because of spectral overlap, 

spin diffusion and local dynamics. The restraints derived from NOE experiments are 

usually expressed in terms of allowed distance ranges. The lower limit is usually taken 

as the sum of two hydrogen atomic radii, i.e. 2 Å. The upper limits are derived from the 

NOE intensities, typically in the range of 2-5 Å. In folded proteins there are many 

proton pairs with an internuclear distance up to 5 Å, thus NOESY spectra tend to be 

very crowded and ambiguities in their assignments may be not resolved. Recently, to 

overcome this limitation, 4D NOESY spectra has been implemented using uniformly 
13C,15N-labeled samples [25]. Although these experiments facilitate the assignment of 

NOEs in large proteins, they may suffer from a lack of resolution as the protein size 

increases. Another strategy for tacking large proteins is the replacement of most, if not 

all, hydrogen atoms in a protein with deuterium. In this way 13C transverse relaxation 

rates are reduced, increasing resolution and allowing detection of cross peaks in scalar 

coupling based experiments which can lead to a complete spectral assignment. NOESY 

experiments performed on deuterated samples, where longer mixing times can be used, 

enable the detection of much longer range NOEs (up to 8 Å) between amide protons 

[26]. 

The consequences of spectral crowdness are two-fold: on the one hand the analysis of 

NOESY spectra and their conversion into distance restraints is typically the rate limiting 

step in a structure calculation; on the other hand NOESY data are more easily mis-
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estimated and mis-interpreted than other restraints. Therefore, the study of new classes 

of structural restraints is essential in the framework of high-throughput structure 

determination aiming at the obtainment of fast and reliable information on the protein 

scaffold. 

Initially, NOEs and 3J coupling constant values, obtained from HNHA and HNHB 

experiments, were basically the most important structural restraints [27]. At the end of 

the last century, technological and methodological advancements made easy accessible 

the collection and analysis of restraints such as: residual dipolar couplings (RDCs), 

which are present when the protein is partially oriented in high magnetic fields in the 

presence of orienting media [28-35]; hydrogen bonds [36,37]; relative orientation of 

internuclear vectors as obtained from cross-correlation effects [38]; information on 

secondary structure derived from Chemical Shift Index [39,40]; backbone angle 

restraints from the analysis of a database for chemical shift and sequence homology 

[41]; a number of additional structural restraints (mostly pseudocontact shifts and 

nuclear relaxation enhancements, in addition to paramagnetic RDCs) derived from the 

presence of paramagnetic probes [42-44]. Furthermore, computational developments 

allowed users to well-implement these restraints into algorithms used for the structural 

calculations and to explore the potentiality of each type of restraints [27,45-48].  

In general, NMR data alone would not be sufficient to determine the positions of all 

atoms in a biological macromolecule. It must be supplemented with information about 

the covalent structure of the protein like the amino acid sequence, bond lengths, bond 

angles, chiralities and planar groups as well as by steric repulsion between non-bonded 

atoms pairs. 

 

2.2.1 Residual dipolar coupling 
 

Inclusion of RDC restraints generally improves the precision of families of conformers 

[49]. A plot of experimental versus calculated RDC restraints for the structures prior to 

and after their inclusion in structure calculation, usually shows an increase in the 

agreement between the measured and calculated RDCs [50]. 
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The measurement of residual dipolar coupling provides distance-independent structural 

restraints which, in combination with classical NOE data, have been shown to improve 

structure determination in multidomain systems and protein-protein or protein-ligand 

complexes [51-55]. Furthermore, residual dipolar couplings are powerful restraints, not 

only to complement NOE in structure determination [56] but also to determine an ab 

initio fold, even in the absence of NOE data [57,58]. In contrast to NOEs, interpretation 

of RDCs in terms of structure and dynamics is susceptible to relatively few sources of 

error and therefore they should provide more precise structural definition [59,60]. 

RDCs in the absence of NOEs have been used to calculate structural models by fitting 

RDCs to homologous structures [61]. RDCs alone have been also used to 

simultaneously determine the protein fold and the conformational dynamics [62,63]. In 

case of systems characterized by well defined secondary structures, such as a protein 

mainly consisting of α-helices, the relative orientation of the helices can often be 

established from RDCs, not only for water-soluble proteins but also for systems 

solubilized in detergents or embedded in lipid bilayers [64,65]. However, to date, no 

protein structures have yet been reported that are based exclusively on RDCs without 

NOEs or a model system. 

A problem related with the use of dipolar couplings in structure determination is that a 

dipolar coupling does not uniquely describe an internuclear vector orientation. To 

determine directly the orientation of the internuclear vector, defined by the two dipole-

dipole coupled nuclei in a arbitrary reference frame, RDCs for more than two 

noncollinear alignment conditions need to be measured [66].  

RDCs originating from the presence of a paramagnetic metal ion were first used for 

solution structure determination in 1998, to refine the NMR structure of cytochrome b5 

[56]. Their main advantage with respect to diamagnetic RDCs is that an independent 

and accurate estimate of the orientating tensor is available from pseudo-contact shift 

values [67,68]. Indeed, when external orienting systems are used, the orientation tensor 

parameters from the RDCs themselves may be underestimated as a result of the 

presence of local motions [69].  

The ability of other than NOEs restraints, such as dihedral angles, hydrogen bonds, 

RDCs and paramagnetic-based restraints such as pseudocontact shifts, RDCs, 
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longitudinal relaxation rates, to improve the structure resolution and their 

complementarity with NOEs has been discussed by Bertini et al [70] for the calcium 

binding protein, Calbindin D9k, in which one of the two calcium ions has been 

substituted by different lanthanide ions.  

 

2.3 How to assess the quality of NMR structures 
 

NMR structure quality can be assessed by comparing the starting experimental data 

with those resulting from the structures. Some peculiar features can be used such as: the 

number of total restraints (already discussed), violations of restraints and maximum 

consistent violations within the family structures, RMSD and target function values of 

the ensemble of conformers. Their analysis allows us to define the quality of a 

calculated family.  

The most widely used method to describe the agreement of calculated structures with 

experimental data is the number, magnitude and consistency of violations. NMR 

structures are rarely in exact agreement with the whole experimental restraints used to 

calculated them [71]. For example, internal dynamics and other sources of line 

broadening, such as the presence of several different conformers in solution, can 

determine mis-calibration for some sets of NOEs and therefore can generate 

inconsistencies in the input data and produce violations during the calculations.  

The quality of the structures is also determined by the number of violations, above an 

accepted threshold, present in a significant number of conformers. Presently, there is a 

general consensus that structures with violations up to 0.5 Å can be acceptable [72]. 

However, even if structures do not have violations above 0.5 Å they may still have a 

significant number of violations in the 0.3-0.4 Å range. Their relevance with respect to 

the structural quality is related to their consistency. Restraint violations are usually 

considered as consistent if the violation occurs in more than 75% of an ensemble of 

conformers [73]. The analysis of consistent restraint violations is an important aspect in 

the assessment of NMR structures because it points out at protein regions that need to 

be further analyzed in order to improve the agreement with the experimental data. 
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The agreement of the conformers in the family with the experimentally derived 

structural restraints can be judged by the RMSD between the experimental value of the 

restraint with the value measured on the calculated structures [74]. In general, the lower 

the target function, the better the fit of the structure to the experimental data. Recently, 

Montelione et al have proposed a new NMR quality assessment score (NMR RPF) 

which efficiently provides global measure of the goodness of the fit of the 3D structures 

to NOESY data, using methods from information retrieval statistics [75]. In general, the 

quality assessment of NMR structures can be performed by evaluating some parameters 

such as distance violations, restraints per residue and the RMSD, but not always they 

are correlated with a good RPF scores. Basically, is possible to obtain an ensemble of 

NMR structures with low RMSD but, at in the same time, without a reliable assessment 

of the accuracy of structures or how well the structures fit the experimental data. RPF 

scores directly measure the quality of structures against the NOESY peak list data and 

not against the restraints list used in the structural calculation. NOESY peak lists 

provide information that are closer to the raw NMR spectra than restraint lists, which 

might be affected by higher levels of mis-interpretation [75]. 

Usually, a good ensemble of conformers minimizes the violations of restraints and 

consequently the target function value [21]. In the assessment, it is important to evaluate 

the effect of introducing different types of restraints on the structure calculation. For 

this, their consistency with the restraints used in initial calculations and, consequently, 

their effects on the accuracy and precision of the structure should be evaluated. This can 

be determined by comparing the RMSD of the conformers in the family before and after 

introducing new restraints in the calculation. The new class of restraints is consistent 

with the other ones if no meaningful increase in violations and in the target function 

value are observed [70]. Therefore, the new restraints contributes to increase the 

precision of the structure if they produce a lower RMSD among of conformers. 

The final step of NMR structures calculation is its energy minimization, with the 

inclusion of restraints, as pseudopotentials. Possibly equilibration of the protein 

conformation through some steps of Molecule Dynamic Calculations is also useful. 

Energy minimization can be performed using a box of water in which the molecule is 

placed. The most commonly used software are CHARMM [76], AMBER [77] and 

GROMOS [78]. 
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Tools commonly used to evaluate different aspects of the quality protein structure, 

based on the knowledge of protein structural data, include PROCHECK [79,80], 

MolProbity [81], Verify3D [82], ProsaII [83], the PDB validation software [84] (now 

available under a single interface analyses called PSVS, Protein Structure Validation 

Software)[85], AQUA [79],WHAT IF [86] and QUEEN [87]. 
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Chapter 3 

3. NMR characterization of the slow dynamics in biomacromolecules 
 

The flexibility of a protein is closely coupled to its function, as observed from many 

atomic-resolution structures that show large-scale conformational changes between 

different states, such as in the presence or absence of a bound ligand.  

Protein function relies on structural protein dynamics, with time scales ranging from 

picoseconds to beyond seconds. In the case of molecular recognition, for example, 

proteins adapt their structure to different binding partners, often exhibiting large 

structural heterogeneity. In the past 30 years, information, at atomic scale resolution, on 

many dynamical processes has been accumulated from NMR spectroscopy and X ray 

crystallography.  

NMR spectroscopy can be used to monitor the dynamic behavior of a protein at atomic 

resolution. Moreover, protein motions over a broad range of timescales can be 

monitored using various types of NMR experiments (Fig. 1): nuclear spin relaxation 

rate measurements report the internal motions on fast (subnanoseconds) and slow 

(microseconds to milliseconds) timescales as well as the overall rotational diffusion of 

the molecule (5–50 nanoseconds), whereas rates of magnetization transfer among 

protons with different chemical shifts and proton exchange report movements of protein 

domains on slower timescales (from milliseconds to days). These features make NMR a 

unique and powerful tool in studying protein dynamics related to protein functions, and 

there has been a tremendous growth in these applications [1]. In parallel with new 

applications, there have been important developments in experimental methods that 

significantly increased the accuracy of the information obtained, and thus expanded the 

range of questions that can be addressed. The basic theory and experimental approaches 

underlying the current advances were established about 30–40 years ago [2]. Over the 

past 20 years, the intense development of heteronuclear NMR spectroscopy of 

biomolecules isotopically enriched with 2H, 13C and/or 15N has made studies of 

dynamics at atomic resolution possible.  

In this work, we focus the attention only on the characterization of the slow dynamics 

on the microseconds to milliseconds time scales. 
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Figure 1. NMR time scales for protein dynamics [3]. 

 

3.1 NMR relaxation and molecular dynamics 
 

Relaxation is the process that restores a spin system to its equilibrium. In solution 

NMR, relaxation is mediated by random processes that interact with the spin system. 

These are typically due to molecular reorientation, internal motions or chemical 

exchange involving the nuclei of interest [1,3-8]. A first consequence of motion is that 

anisotropic spin–spin interactions are averaged out and that the NMR spectra shows 

only the effect of isotropic interactions. The time dependence of anisotropic interactions 

does however contribute to relaxation, and is often the dominant effect. The time 

dependent magnetic field fluctuations are generated by two principal mechanisms, the 

anisotropic chemical shift (chemical shift anisotropy, CSA) associated with a single 

spin and the dipolar coupling between nearby spins. Both of these mechanism operate 

simultaneously for all types of spins. 

The external Bo field is reduced at the nucleus by the surrounding electron density, by a 

shielding factor σ, giving an observed chemical shift of ωs = γ(1 − σ)Bo. If the electron 

density is the same in all directions (isotropic) then a change in the orientation of the 

spin will have no effect on the shielding of the nucleus, and therefore no effect on the 

magnetic field at the nucleus. If the shielding is anisotropic, then different orientations 

due to molecular motion will generate different magnetic fields at the nucleus. These 

varying magnetic fields are a source of relaxation. The actual field will depend on the 

orientation of the molecule with respect to the external magnetic field. To characterize 
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the anisotropic nature of the shielding we will define a chemical shift tensor, σ*, which 

will give the chemical shift for any given orientation of the molecule with respect to the 

Bo field. The chemical shift tensor is related to the shielding as follows: δ* = (1 – σ*), 

where σ* is the shielding tensor. The approaches to determine the CSA of the nuclear 

spins are beyond the scope of this text, details can be found in literature [9]. 

Any nucleus with a non-zero spin angular moment generates an instantaneous magnetic 

dipolar field that is proportional to the magnetic moment of the nucleus. In presence of 

molecular motions in solution, this field can fluctuate and constitutes a mechanism for 

relaxation of nearby spins. 

Dipolar coupling arises when the magnetic field of one nuclear spin affects the local 

magnetic field of another spin. The intensity of the dipole field, Bd , depends on both the 

orientation of the two spins and the distance between them (inverse sixth power of the 

distance). If either of these properties are time dependent then the magnetic field will 

vary with time. 

Another phenomena that can contribute to spin relaxation of the nuclei are the 

relaxation interference between different relaxation mechanisms. Correlations between 

two stochastic Hamiltonians results in cross-correlated relaxation, if both Hamiltonians 

are affected by the same molecular motions. For example, the interference between the 

dipolar and chemical shift anisotropy relaxation mechanism are known since many 

years [10] and the effect of this phenomena is that the two lines in a scalar coupled 

doublet have a different linewidths.  

In general, the occurrence of interference between two relaxation mechanisms is such 

that the cross correlated relaxation can be added or subtracted to the auto-relaxation, 

thus giving rise to different relaxation properties for the same coherence. This, in turn, 

can be a source of coherence transfer (also termed: Relaxation Allowed Coherence 

Ttransfer). 

The return to equilibrium of a spin system can be described from a macroscopic point of 

view by relaxation rates, which account for the decay of the detected signal as a 

function of time. Relaxation rates for nuclei in proteins depend upon a large number of 

factors, including: overall rotational correlation times, internal motions, the geometrical 

arrangement of nuclei, and the relative strengths of the applicable relaxation 

mechanisms. If the overall correlation time and the three-dimensional structural 

coordinates of the protein are known, relaxation rates can be calculated in a relatively 



3. NMR characterization of the slow dynamics in biomacromolecules 

26 

 

straightforward manner using expressions derived elsewhere [11]. In general, 1H 

relaxation in proteins is dominated by dipolar interactions with other protons (within 

approximately 5Å) and by interactions with directly bonded heteronuclei. The latter 

arise from dipolar interactions with 13C and 15N in labeled proteins or from scalar 

relaxation of the second kind between the quadrupolar 14N nuclei and amide protons. 

Relaxation of protonated 13C and 15N heteronuclei is dominated by dipolar interactions 

with the directly bonded protons, and secondarily by CSA (for 15N spins and aromatic 
13C spins). Relaxation of unprotonated heteronuclei, carbonyl 13C and unprotonated 

aromatic 13C spins, is dominated by CSA interactions. 

 

3.2 Relaxation techniques for slow dynamics: Chemical Shift Modulation 
 

Chemical exchange is a ubiquitous phenomenon in NMR spectroscopy that provides 

information on conformational and chemical kinetic process occurring on µs-s time 

scales. Chemical exchange is the manifestation of processes that modulate isotropic 

chemical shifts by altering the magnetic environments of spins. In this case the chemical 

shift changes may be large and the NMR signal broad, leading to an increase in R2. The 

main experimental techniques for quantifying chemical exchange are longitudinal 

magnetization exchange [12], line shape analysis [13], CPMG relaxation dispersion [14] 

and R1ρ relaxation dispersion [14]. These techniques are most commonly applied to 1H, 
13C, 15N, and 31P spins in biological macromolecules. 

Recent spectroscopic developments have focused on extracting the exchange 

contribution in multiple quantum relaxation rates (ΔRMQ). If two spins are affected by 

the same chemical exchange kinetic process, the chemical shift changes for the two 

spins resulting from transitions between two sites are correlated. This correlation can 

either broaden or narrow resonance lineshapes for multiple quantum coherences [15].  

Local motions such as rotations about dihedral angles affect both anisotropic and 

isotropic components of the chemical shifts. Motions that are slower than the correlation 

time τc of the molecule can lead to a modulation of the isotropic shifts of neighboring 

nuclei, and thus contribute to the relaxation of coherences [16,17]. By contrast, the 

anisotropic components (CSAs) are averaged out by overall tumbling in the intervals 

between rare conformational rearrangements. Multiple quantum coherences (MQCs) 

will not only be sensitive to the fluctuations of the chemical shifts of the nuclei involved 
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in the coherences, but also to cross-correlation between the modulations of their 

chemical shifts (CSM/CSM). Since these interferences affect zero quantum coherences 

(ZQCs) and double quantum coherences (DQCs) in a different manner, the difference 

between their relaxation rates allows one to determine the cross-correlation rates [18]. 

Indeed, correlated isotropic chemical shift modulations (CSM/CSM) is not the only 

mechanism contributing to the difference ΔR between the relaxation rates of zero- (ZQ) 

and double-quantum (DQ) coherences [16], as also two dipole-dipole interactions 

(DD/DD) and two chemical shift anisotropy interactions (CSA/CSA), contribute to 

correlated fluctuations (Fig. 2).  

 

 
Figure 2. Selected cross-correlated mechanisms that affect the relaxation of CαCβ 

multiple quantum coherences. (a-c) Cross-correlated effects that contribute to auto-

relaxation. (a) Dipole/dipole cross-correlation involving a single external spin (here Hα), 

(b) CSA/CSA cross-correlation, and (c) correlated isotropic chemical shift modulations 

(CSM). These mechanisms induce differential line broadening when comparing the ZQ 

and DQ line widths [16]. 

 

The differential broadening ΔRMQ can be decomposed into three terms: 

 

ΔRMQ = RCSM/CSM + RDD/DD + RCSA/CSA        

 (1) 

 

The RCSM/CSM contribution accounts for fluctuations of isotropic chemical shifts that 

affect simultaneously the environments of the nuclei involved into MQCs. They are 

characterized by time-scales that typically fall in the µs to ms range [19-21]. These 

chemical shift fluctuations can be caused by changes of dihedral φ and φ backbone 

angles, as can be rationalized by ab initio calculations [22]. In the case of metal-binding 

proteins, they can also result from interactions with metal ions. The sign of the RCSM/CSM 
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contribution depends on the signs of the changes of the chemical shifts upon 

conformational exchange. The modulations of the isotropic shifts are said to be 

correlated or anti-correlated if the RCSM/CSM rates are positive or negative. 

The second term in Eq. (1) comprises contributions from various auto- and cross-

correlated dipole-dipole effects [17,23]. As discussed elsewhere [15,18] the 

contributions to RDD/DD due to various dipolar auto-relaxation processes can safely be 

neglected, and cross-relaxation processes are estimated from the 3D structure. The third 

term in Eq. (1) arises from cross-correlated CSA relaxation of the nuclei due to 

concerted modulations of the chemical shifts that are caused by molecular motions. 

Using this innovative approach, in this work we have studied the µs-ms fluctuations of 

the peptide plane in proteins by direct detection of C'N multiple quantum relaxation 

rates.  
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Chapter 4 
 

4. Overview of the investigated proteins 

 

4.1 Copper, Zinc Superoxide dismutase 

 

Reactive oxygen species (ROS) are substances that are released during oxidative 

metabolism. ROS include the superoxide anion (O2-), hydrogen peroxide (H2O2), and 

the hydroxyl radical (OH.) [1]. The superoxide anion is produced in aerobic metabolism 

following the one electron reduction of molecular oxygen occurring in respiration and 

photosynthesis [2,3] or during the immune response [4-6]. The reactions of ROS with 

macromolecules can lead to DNA mutations, changes in the structure and function of 

proteins, and peroxidative damage of cell membrane lipids [7]. Abundant evidence 

exists that ROS play an important role in the pathogenesis diseases [8]. 

Cells have an enzymatic antioxidant pathway against ROS which are generated during 

oxidative metabolism: superoxide dismutase (SOD) catalyzes the formation of hydrogen 

peroxide from superoxide radicals. Hydrogen peroxide can generate toxic hydroxyl 

radicals, but it is removed by a reaction catalyzed by catalase (CAT) and glutathione 

peroxidase (GPx) [9]. 

SOD enzymes are a class of metallo-enzymes which can bound Fe2+ (FeSOD), Mn2+ 

(MnSOD) and Cu2+,Zn2+ (CuZnSOD).  

Several CuZnSODs from eukaryotic and prokaryotic sources have been characterized 

either by X-ray crystallography or NMR spectroscopy [10]. All these enzymes derive 

from a common ancestor gene. They display a similar three-dimensional fold, based on 

a flattened Greek-key eight-stranded β-barrel, and a conserved organization of the 

active site metal cluster, where a copper ion constitutes the catalytic center and a zinc 

ion plays mainly a structural role.  

From the point of view of protein structure, the overall structures of the reduced and 

oxidized enzymes are extremely similar; the few big changes are localized to a very 

small region close to the Cu ion, which goes from three coordinate in CuIZnSOD to five 

coordinate in CuIIZnSOD. In CuIZnSOD, Cu(I) is bound by three histidyl imidazoles in 

a nearly trigonal-planar arrangement while Zn(II) is bound by three histidyl imidazoles 

and an Asp carboxylate. In CuIIZnSOD, the structure of most of the protein, as well as 
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the zinc site and the positions of the three His ligands to Cu, are changed very little 

from those in the reduced enzyme. The fundamental structural changes near the copper 

are two: one of the Zn ligands tilts, deprotonates, and binds to the Cu(II) as a bridging 

ligand and a water ligand is added to the first coordination sphere of Cu(II).  

One particularly important structural feature that is identical in both the oxidized and 

reduced enzymes is the channel that provides access to the Cu ion for the substrate.  

A mechanistic model for the catalytic reaction of CuZnSOD with superoxide is 

summarized in Fig. 3. 

 

 
Figure 3. A schematic summary of the catalytic cycle of Cu,Zn superoxide dismutase 

[11]. 

 

In this work we studied the CuZnSOD from Salmonella enterica, a monomeric protein 

of 154 aminoacids. Protein overexpression was obtained following the protocol 

available in literature [12]. The 3D structure of this enzyme (Sodc2) (PDB code 2K4W) 

is shown in Fig. 4. 
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Figure 4. 3D structure of the enzyme Sodc2 [12]. 

 

4.2 Matrix Metalloproteinases  

 

Matrix metalloproteinases (MMP) are a class of extracellular zinc-containing peptidases 

that are involved in a variety of tissue-remodeling activities, and whose 

misfunction/misregulation is implicated in several pathologies ranging from arthritis 

rheumatoides to metastatic processes [13-17]. Such proteins, which may be bound to the 

outer cell membrane or released into the matrix as soluble molecules, are composed of a 

catalytic domain, and a hemopexin-like domain that probably plays a role in substrate 

recognition. In several pathologies overexpression of MMPs, or the misregulation of 

their activity, is related to disease progression [17]. MMPs thus are validated 

pharmaceutical targets. Many efforts have been devoted to develop inhibitors against 

these metalloenzymes [18] through drug design approaches, which require a detailed 

knowledge of the structural and dynamics features of the system. 

In this work, the catalytic domain of Matrix Metalloproteinase 12 (MMP12), 

corresponding to the segment Gly-106–Gly-263, has been overexpressed as already 

reported in literature [19]. The catalytic domain was inhibited by NNGH (N-isobutyl-N-

[4-methoxyphenylsulphonyl] glycyl hydroxamic acid). The structure of MMP12 (PDB 

code 1YCM ) is shown in Fig. 5. 

 

N-ter 

C-ter 
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Figure 5. 3D structure of the MMP12 [19]. 

 

4.3 Calbindin D9k 

 

Calbindin D9k is a protein of 75 residues that belongs to the S-100 subgroup of the 

calmodulin superfamily of intracellular calcium-binding proteins [20]. This family of 

proteins exhibits a wide diversity of functions ranging from maintaining intracellular 

Ca2+ levels to mediating specific cellular responses. Calbindin D9k is involved in 

intracellular buffering of calcium ions and/or uptake of calcium ions from the intestinal 

brush border membrane and transport to the inner membrane [21]. Calbindin D9k 

contains a single pair of EF-hands with the characteristic topology of the S-100 

proteins: the N-terminal EF-hand has a variant ion-binding loop with 14 residues, as 

opposed to the 12 residues of a typical Calmodulin-like EF-hand. The protein binds two 

calcium ions with high affinity and positive cooperativity.  

In this work protein expression and purification of native Ca2+ loaded Calbindin D9k 

(Ca2Cb) was performed as described elsewhere [22]. Lanthanide- (Ln3+) substituted 

derivatives (CaCeCb) were obtained following the established procedure [23]. The 3D 

structure of Calbindin D9k is shown in Fig. 6 (PDB code 1KSM), showing the 

organization of the four helices , the N-terminal and C-terminal Ca2+-binding loops 

(loop I and loop II, respectively), and the linker region. The calcium ions in loop II can 

be easily replaced by a metal ion of the lanthanide series, here Ce3+ [24]. Such 

N-ter 

C-ter 
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substitutions lead to systems with similar structures but different spectroscopic 

properties, depending on the lanthanide ion. 

 

 
 

Figure 6. 3D structure of Calbindin D9k where a native calcium ion is replaced with the 

lanthanide ion, Ce3+ [24]. 

 

loop I loop II 

linker 

C-ter N-ter 
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Chapter 5 
 

5. The Solution Structure of the Monomeric Copper, Zinc Superoxide 

Dismutase from Salmonella enterica: Structural Insights To Understand the 

Evolution toward the Dimeric Structure 

 

Superoxide dismutases (SOD) are a class of metalloenzymes which play a central role 

in the physiological response to oxygen toxicity. They catalyze the dismutation of the 

superoxide anion into molecular oxygen and hydrogen peroxide. Three different SODs 

are known, which have different catalytic centers containing, respectively: Fe2+ 

(FeSOD), Mn2+ (MnSOD) and Cu2+Zn2+ (CuZn SOD).  

FeSOD is usually isolated as a dimer of identical subunits from prokaryotes and 

anaerobic bacteria, whereas MnSOD has been found as an oligomer of identical 

subunits in prokaryotes and in mitochondria of eukaryotic cells [1]. CuZnSODs have 

been reported in the vegetable world and in the animal kingdom, from invertebrate 

species to fish, reptiles, birds and mammals[2]. In eukaryotes, this enzyme is localized 

in the cytosol, in the intermembrane space and in lysosomes, while a distinct CuZnSOD 

is found as an extracellular form. CuZnSOD are also known to be widely distributed in 

the prokaryotic phyla . X-ray crystallographic studies have shown that the FeSOD and 

the MnSOD adopt very similar folds, but are unrelated to overall structure of the 

CuZnSOD [3]. 

In this thesis, we will focus our attention on CuZnSOD enzymes. 

All eukaryotic CuZnSODs characterized up to now are composed of two identical 

subunits of about 2x16 kDa, structurally organized in an eight-stranded antiparallel β-

barrel with Greek key topology, each carrying a Cu2+, Zn2+ ion pair. The copper ion is 

the catalytic site of enzyme, whose physiological function takes place via a two step 

mechanisms: 

 

Cu2+ +O2
-   →  Cu+ +O2 

 

Cu+ + O2
-  + 2H+   →  Cu2+ +H2O2 
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It is common belief that this enzyme family evolved as a consequence of oxygenation of 

earth atmosphere, about two billion years ago. 

Eukaryotic CuZnSODs are known to be remarkably stable to thermal inactivation and to 

proteolytic cleavage [1,4]. The eukaryotic enzymes characterized until now, either in the 

oxidized or in the reduced form, show that not only the molecular fold, but also the 

subunit association interface, are highly conserved through the eukaryotic phyla [5,6]. 

Moreover, comparison of the known CuZnSOD amino acid sequences carried out 

through multiple alignments and based on molecular modeling shows that insertions and 

deletions of residues occur mainly in the polypeptide loops connecting the β-strands in 

the barrel, without altering the overall fold [1]. 

CuZnSOD enzymes have been identified also in prokaryota. Enzymes isolated from the 

periplasmic space of some bacterial species display a wide and variable pattern of 

amino acid insertions, deletions and mutations, particularly in the loop regions 

connecting the expected β-strand segments. Such primary structure variations have been 

proposed to result in a substantial modification of the subunit interface and in an altered 

organization of the active site channel, with respect to the eukaryotic CuZnSODs [7]. 

For instance, the three-dimensional structure of Photobacterium leiognathi Cu,Zn SOD 

reveals a modified quaternary structure assembly for this prokaryotic enzyme, which is 

however found in the dimeric state. Moreover, spectroscopic studies in solution show 

that the coordination geometry of the catalytically active copper binding site is different 

from that observed in the eukaryotic enzymes [8].  

Despite their structural differences, all bacterial CuZnSODs have been found to be 

dimeric [3,9]. However, exceptions to such quaternary structure association are 

represented by the enzymes from Escherichia coli and from Brucella abortus, which 

have been isolated as active and stable monomeric species [3]. Interestingly, 

comparison of prokaryotic CuZnSODs evolutionary trees highlights the existence of at 

least two groups of bacterial enzymes, expected to have different monomeric/dimeric 

aggregation properties [8].  

It has been shown that the subunit architecture is conserved independently from the 

quaternary structure of the enzyme. Monomeric and dimeric CuZnSODs differ in 

biochemical properties such as catalytic activity, metal affinity, thermal stability, and 
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susceptibility to protease digestion [10]. Studies on the enzyme from Salmonella 

enterica demonstrated the functional non equivalency of monomeric and dimeric forms. 

Several strains of this organism possess two independent genes, sodCI and sodCII, 

encoding for a dimeric and a monomeric enzyme, respectively [11]. Although the two 

proteins catalyze the same reaction and share the same subunit fold, the sodCI and 

sodCII genes are not functionally interchangeable, indicating that the two proteins have 

distinctive structural or functional properties, which are apparently related to their 

different quaternary structure . 

To shed more light on the open questions concerning the structural organization of 

prokaryotic 

CuZnSODs, we have characterized via NMR spectroscopy the structure of CuZnSOD 

from Salmonella choleraesuis. 
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Chapter 6 
 

6. Towards structural dynamics: fluctuations in proteins monitored by 
chemical shift modulations and direct detection of C’N multiple-quantum 
relaxation rates 

 

In biological systems the function of biomacromolecules is exquisitely dependent on 

their spatial and temporal fluctuations and/or modifications. Several biological 

processes are based on transduction of information through conformational changes in 

proteins and nucleic acids associated with folding and assembly, ligand binding and 

molecular recognition, and catalysis. A central problem in understanding biological 

processes at a molecular level is the elucidation of how the active conformation of 

biomacromolecules is achieved on time scales necessary for function. Technological 

developments have revolutionized the range of spectroscopic and other approaches 

available for the study of dynamic processes in biomacromolecules; however, NMR 

spectroscopy has a unique capacity to investigate dynamic properties of molecules over 

a range of different time scales with atomic resolution in both solution and solid states. 

To date, a huge number of three dimensional structures of proteins and nucleic acids 

have been determined by X-ray diffraction and NMR spectroscopy. While this effort 

has provided insights into protein conformation, chemical composition of reactive sites 

and biomolecular interfaces, it has also become clear that knowledge of the static 

structure alone is insufficient to explain how the biomolecules precisely work. In fact, 

proteins exist as complex ensembles of conformations that are continuously 

interconverting due to thermal fluctuations. Only a subset of these conformations is 

competent for any particular function, so the observed functional properties of the 

protein are a manifestation of the functional properties of each conformational state, of 

the populations of these states (thermodynamics of the ensemble), and of the rates of 

interconversion between the different conformations (kinetics of the ensemble). 

Dynamics is the process of interconversion between conformational states. Therefore, 

studying protein dynamics we can obtain information about the time scales of motions 



6. Towards structural dynamics: fluctuations in proteins monitored by chemical shift 
modulations and direct detection of C’N multiple-quantum relaxation rates 

55 

 

and the population distribution of conformational states. The energy barriers separating 

different conformations of a protein can vary dramatically, so interconversion between 

states can be as fast as a few picoseconds (for librations and rotations of small groups) 

and as slow as many seconds (for large conformational rearrangements such as 

unfolding).  

The characterization of the dynamics of biomolecules plays a central role in the study of 

biological systems. The determination of dynamic properties can provide information 

on the activity of the molecule, and on the change of activity upon interaction with other 

molecules. 

Since the first NMR experiment was performed, researchers set out to discover the 

factors leading to the particular peak intensities and linewidths observed and had begun 

to address the various aspects of NMR relaxation phenomena [1,2]. NMR relaxation is 

caused by fluctuations of the Hamiltonian describing the relaxing spin system and the 

major source of this fluctuation is the reorientation of the interacting spins with respect 

to each other and to the external magnetic field. The time scale of a dynamic process 

that can be characterized by spin relaxation methods depends directly on the magnitude 

of the variation in the Hamiltonian modulated by the dynamics process. In other words, 

NMR spin relaxation can provide information on motions occurring in molecules. 

Initially, Bloembergen et al. introduced the concept of motional narrowing, the effect of 

molecular motion on observed linewidths to explain the narrow lines observed in liquids 

as compared to solids. This concept was later applied to study internal nuclear motion in 

solids, an application which is useful in the determination of internal motions in 

proteins [3]. Expressions for the longitudinal (T1) relaxation, transverse (T2) relaxation 

and the Nuclear Overhauser Effect (NOE) were developed by Abragam and Pound [4], 

and Solomon [1] for two-spin systems that were assumed to reorient their inter-nuclear 

vector randomly and isotropically. 

During the years, it became clear that a more informative interpretation of relaxation 

information was desired beyond the simple reporting of relaxation times. Indeed, an 

explicit connection between the measured relaxation parameters and the dynamics 

parameters of the system under study was desired. 
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In 1982, such a link was provided by the so-called ‘‘Model-Free’’ approach of Lipari 

and Szabo [5], which allows the unique information on ‘‘fast’’ internal motions (faster 

than the overall tumbling, i.e. nano- to picoseconds dynamics) to be completely 

characterized by two motional model independent parameters at each site. These 

parameters are the generalized order parameter, S2, which measures the spatial 

restriction of the internal motion, and the effective local correlation time, τe, which 

measures the rate of the internal or local motion. Coupling the numerical values of S2 

and τe with a physical model allows one to generate a physical picture of the motion.  

The basic premise of this formalism is that the internal motions of bond vectors in 

proteins are independent of the overall rotational diffusion of the molecule. In addition, 

the rotational diffusion of the molecule influences each bond vector identically (for 

isotropic rotation) or in a manner that is related through the relative orientations of the 

bond vectors in the molecule (for non-isotropic rotation), whereas the internal motions 

of any two bond vectors are independent of each other or at least unrelated in any 

predictable way. However, this assumptions give limitation on the potential accuracy of 

the method and they don’t provide a detailed physical picture of the internal motions 

that can then be related to the chemical mechanism, binding interactions or other 

physical or spectroscopic properties of the protein.  

Slow dynamics have also been shown to correlate with biological activity [6,7]. There is 

growing interest in slow phenomena such as fluctuations of hydrogen bonds and 

rearrangements of loops, since such motions are thought to be responsible for the 

specificity of phenomena like protein interaction with ligands, protein folding, protein-

protein and protein-nucleic acid interaction. 

Chemical exchange is a phenomenon in NMR spectroscopy that provides information 

on conformational and chemical kinetic process occurring on µs-s time scales. Chemical 

exchange is a processes that modulate isotropic chemical shifts by altering the magnetic 

environments of spins. In NMR, they can be probed through transverse relaxation 

measurements. The main experiments for quantifying chemical exchange are 

longitudinal magnetization exchange [8], line shape analysis [9], CPMG relaxation 

dispersion [10] and R1ρ relaxation dispersion [10]. However, the complexity of the 

dynamics prevents a satisfactory characterization of the motions, and further 
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experimental data are required to obtain a more complete picture. All of these methods 

rely on extracting the effect of exchange from the autocorrelation rates of the nuclei 

studied. In large biological systems, such as proteins, the residues are likely to be 

subject to complicated changes of conformations, so that the information provided by 

autocorrelation measurements alone is insufficient to enable a clear characterization of 

these processes.  

The understanding of the dynamics process is often achieved by measuring not only the 

relaxation due to single mechanisms but also the interference between two relaxation 

mechanisms. Cross correlated relaxation rates, commonly referred as cross correlation 

rates (CCR), arise from the interference of two relaxation mechanisms which are 

modulated by the same correlation time. In presence of internal reorientations, CCR 

contains information on the correlate motions of the tensors which describe the 

relaxation mechanisms in the three dimensional space. Cross-correlation rates can 

provide a more refined picture and, in some cases, detailed hypotheses can be made 

about the precise nature of the motions and sophisticated models can provide a more 

complete description of dynamic processes [11,12].  

Our interest here is to study how correlated modulations of the chemical shifts of nuclei 

involved in multiple quantum coherences can lead to cross-correlation effects. The 

measured cross-correlation rates are not only sensitive to the presence of slow motions, 

but also give information on the extent of correlation between the modulations of the 

chemical shifts of the two nuclei. If two spins are affected by the same chemical 

exchange kinetic process, then the chemical shift changes for the two spins resulting 

from transitions between sites will be correlated. This correlation gives rise to exchange 

effects that can either broaden or narrow resonance line shapes for multiple quantum 

coherences [13]. 
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Abstract 

Multiple quantum relaxation in proteins reveals unexpected relationships between 

correlated or anti-correlated conformational backbone dynamics in α helices or β 

sheets. The contributions of conformational exchange to the relaxation rates of C’N 

coherences (i.e., double- and zero-quantum coherences involving backbone carbonyl 

13C’ and neighbouring amide 15N nuclei) depend on the kinetics of slow exchange 

processes, as well as on the populations of the conformations and chemical shift 

differences of 13C’ and 15N nuclei. The relaxation rates of C’N coherences, which reflect 

concerted fluctuations due to slow chemical shift modulations (CSM), were determined 

by direct 13C detection in diamagnetic and paramagnetic proteins. In well-folded 

proteins such as Lanthanide-substituted Calbindin (CaLnCb), Copper-Zinc Superoxide 

Dismutase (Cu,ZnSOD) and Matrix Metalloproteinase (MMP12), slow conformational 

exchange occurs along the entire backbone. Our observations demonstrate that 

relaxation rates of C’N coherences arising from slow backbone dynamics have positive 

signs (characteristic of correlated fluctuations) in β sheets, and negative signs 

(characteristic of anti-correlated fluctuations) in α helices. This extends the prospects of 

structure-dynamics relationships to slow time scales that are relevant for protein 

function and enzymatic activity.
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Introduction 

In recent years, there has been growing evidence that structural flexibility plays 

a key role for protein function. Many biochemical events such as enzymatic reactions, 

the formation or disruption of hydrogen bonds, the alteration of dihedral angles, and the 

reorientation of aromatic rings, occur on slow micro- to millisecond time scales. The 

functional relevance of protein dynamics has been amply demonstrated, and its study by 

NMR has been one of our main goals. Beyond the celebrated structure-function 

relationships, several groups have proposed to investigate the existence of structure-

dynamics relationships. We like to refer to “structural dynamics” in this context, since 

the expression “structural biology” has an unduly static connotation. Several empirical 

and theoretical attempts have been made to relate experimental observations of protein 

dynamics to molecular structure. In most studies, internal mobility is described in terms 

of rapid fluctuations about an average structure. These fluctuations are often modelled 

using local harmonic potentials, as in Normal Mode Analysis (NMA)1, Gaussian 

Network Models (GNM)2, Networks of Coupled Rotators (NCR)3, and other methods. 

These approaches are mostly relevant to describe fast (sub-nanosecond) internal 

dynamics as reflected in relaxation rates (R1, R2 and Overhauser effects) of isolated 15N 

or 13C nuclei, although quantities such as order parameters and conformational entropy 

are not associated with any specific time scale of internal dynamics. 

The situation is clearly different for conformational exchange, where NMR can 

provide insight into slow processes that occur in a μs-ms range. The contributions of 

conformational exchange processes to relaxation rates reflect the kinetic rate, and the 

populations and chemical shifts of the nuclei in these conformations. Therefore, there is 

no simple relationship between NMR relaxation rates due to conformational exchange 
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and protein structure, even if there may be some correlations between relaxation rates 

and various structural motifs such as α helices and β sheets. Structural fluctuations in 

the protein backbone may lead to observable chemical shift modulations (CSM), the 

magnitudes and signs of which are not easy to predict. 

In this work, these fundamental questions are addressed for a few well-

structured proteins with different folds. Slow backbone fluctuations were studied by 

measuring isotropic chemical shift modulations (CSM’s) of carbonyl/amide C’N 

coherences, using both novel direct 13C detection and known indirect 1H detection 

techniques. Direct 13C detection (‘protonless’) experiments are to be preferred when 1H 

signals suffer from (possibly paramagnetic) line-broadening4,5. Even observables 

involving protons, such as HNN or HαCα residual dipolar couplings (RDC’s), can be 

obtained using pulse sequences without detecting or exciting the protons directly6. Here, 

we extend the protonless methodology to dynamic studies. Direct detection of 13C 

nuclei offers an alternative route to the measurement of relaxation rates of C'N multiple-

quantum coherences,7 which may contribute to a more complete description of 

backbone dynamics in proteins8 as a complementary tool to conventional techniques 

that focus on the relaxation of isolated 15N and 13C nuclei9. Protonless experiments 

avoid losses of information caused by fast relaxation or exchange broadening of 1H 

signals and may therefore offer better sensitivity, particularly in the presence of 

paramagnetic ions.    

The  observations presented in this work demonstrate that conformational 

exchange is not restricted to some regions of the backbone; rather, it is a phenomenon 

that extends across the entire backbone of structured proteins. Moreover, these results 

allowed us to discover a surprisingly simple correlation between the type of secondary 
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structure (α helices or β sheets) and the sign of the CSM contributions, which is 

negative in α helices and positive in β sheets.  These observations represent a 

significant step in understanding structure/dynamics relationships. A tentative 

rationalization will be proposed, based on published theoretical analyses.  

Results  

Direct 13C detection. The 75-residue protein Calbindin D9k in its calcium-loaded form 

(Ca2Cb) was used to test the protonless sequence of Fig. 1 (see Methods for details). 

This protein comprises two EF-hand domains and can bind two Ca2+ ions10. The 

assignment, structure and dynamics of Calbindin are well known9-12. One of the two 

calcium ions can be easily replaced by a metal ion of the lanthanide series13. Such 

substitutions lead to systems with similar structures but different spectroscopic 

properties, depending on the lanthanide ion11,14. Here, we studied diamagnetic La3+ and 

paramagnetic Ce3+-substituted derivatives (CaLaCb and CaCeCb). For each of these 

systems, the difference ΔR(C’N) of the relaxation rates of zero- and double-quantum 

coherences involving 13C' and 15N nuclei belonging to the same peptide bond (see 

Methods) was measured twice, either by traditional HNCO-type experiments (using 

coherence transfer from and to 1H nuclei), or by protonless 13C  detected CON-type 

sequences (Fig.1). As shown in Fig. 2, the results obtained by the two methods are in 

good agreement and provide reliable measurements of multiple-quantum relaxation 

rates ΔR(C’N). 

For the diamagnetic CaLaCb form of Calbindin, the ΔR(C’N) rates of 57 of the 74 

amide bonds could be measured with both approaches. Two further rates could only be 

determined with conventional proton detection, whilst 6 additional rates could only be 

measured using protonless experiments, thus giving a total of 65 rates. This shows that 
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the two experiments are complementary. Even in the absence of paramagnetic centers, 

protonless experiments can provide more rates than proton-detected methods. 

In the case of the paramagnetic CaCeCb form of Calbindin, there are 9 amide 

bonds for which the rates ΔR(C’N) could only be determined by protonless experiments, 

and 54 signals that could be detected in both 1H and 13C experiments. This could be 

expected, as signal losses due to paramagnetic relaxation are more dramatic for protons 

because of their large gyromagnetic ratios15. These observations demonstrate the 

interest of direct 13C detection. 

If one neglects relaxation, 1H-observed experiments should have a sensitivity gain 

of (γH/γC)5/2 = 32 compared to experiments that start and end with 13C nuclei. However, 

relaxation is the main cause of intensity losses in our case. Magnetization can be lost 

through transverse 1H relaxation during the INEPT transfer steps of the HNCO 

sequence, and even if these fixed delays represent only roughly 20% of the total 

duration of the sequence, their removal dramatically reduces relaxation losses. 

Furthermore, INEPT and inverse INEPT steps require a large number of 1H and 15N 

pulses, which also contribute to signal losses because of pulse imperfections. Coherence 

transfer steps in protonless 13C-detected experiments are not affected by transverse 1H 

relaxation, as no proton coherences are involved. This issue is illustrated in Fig. 3, 

which shows selected traces taken from HNCO and CON experiments in diamagnetic 

CaLaCb and paramagnetic CaCeCb. For diamagnetic systems, the S/N ratio is better in 

1H-detected than in 13C-detected experiments by a factor of about three (Figs. 3A-B). In 

the paramagnetic CaCeCb system, transverse proton relaxation of metal-binding 

residues can be so fast that the corresponding HN signals are not visible in the HNCO-

type experiment. In contrast, in 13C-detected experiments, ΔR(C’N) rates can be 
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determined even for metal-bound residues. This is illustrated in Fig. 3C for Asn 56, 

which is close to Ce3+. No such signal can be observed in HNCO-type experiments. 

Note that the two ways of measuring ΔR(C’N) rates are complementary, since the 

dispersion of the signals in C’N 2D spectra is comparable, if not better, than in HNN 

spectra.  

Slow backbone fluctuations in proteins and structure-dynamics relationships 

The above techniques were applied to study slow backbone dynamics of an 

ensemble of structurally different proteins: Calbindin (Cb), Cu,Zn-Superoxide 

Dismutase (henceforth denoted Cu,ZnSOD) and Matrix Metalloproteinase 12 

(MMP12). 

Measured ΔR(C’N) backbone rates in Calbindin are mostly  negative, -13 s-1 < 

ΔR(C’N) < -2 s-1. Following the procedure described in previous work8, RCSM/CSM rates 

were extracted from the measured ΔR(C’N) rates. For each sample, the mean rates and 

their standard deviation were calculated as described in the Methods section. One thus 

finds < RCSM/CSM > = -2.39 s-1 and σ = 1.28 s-1 for CaLaCb. The results reported in Fig. 

4A show that significant RCSM/CSM contributions exist across the entire backbone of the 

protein. Using a terminology introduced previously,7,8,16,17 these negative RCSM/CSM rates 

indicate that mostly anti-correlated modulations are observed throughout the Calbindin 

backbone. In addition, significant deviations of RCSM/CSM rates from their average occur 

for 16 residues. Remarkably, 14 out of the 16 outlying residues are located in the 

calcium binding loops I and II, in the linker region, and in the C- and N-terminal ends. 

Moreover, EF-hand loops I (residues 14-27) and II (residues 54-65) feature different 

behaviours. In loop I, deviations | RCSM/CSM - < RCSM/CSM >| that are much larger than the 

standard deviation are observed for five residues (Lys 16, Glu 17, Gly 18, Gln 22, Ser 
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24), indicating more pronounced exchange contributions. As shown in Fig. 4A, four of 

the RCSM/CSM rates are smaller (i.e., less negative) and one is larger (more negative). 

Alternatively, among the three residues in loop II (Asn 56, Asp 58, Ser 62) that have 

RCSM/CSM rates that deviate from the average, two (Asn 56 and Asp 58) have rates that 

are larger in magnitude (more negative). In addition, Glu 65 also appears to exhibit a 

lower rate, although our criteria led us to discard it from further analysis. Interestingly, 

the RCSM/CSM rates of Glu 17 and Gln 22 in binding loop I, which bind the metal ion via 

their backbone carbonyl oxygens, lie above the average (depicted in red in Fig. 4A). 

The RCSM/CSM rates of Asn 56 and Asp 58 in loop II (shown in blue in Fig. 4A), which 

bind the metal ion via their side-chain carboxylate groups, have the largest (most 

negative) rates. These findings show that exchange in Calbindin, as reflected in the 

values of the RCSM/CSM rates, increases in binding loops, and suggest that the correlation 

or anti-correlation of the chemical shift fluctuations of the 13C’ and 15N nuclei may be 

related to the way residues are bound to the metal, namely via backbone carbonyl 

groups (loop I) or via side-chain carboxylate groups (loop II). 

Significant deviations of the RCSM/CSM rates from their average were also 

observed in the linker region (Pro 37, Gly 42 and Thr 45), as well as in  the C- and N-  

terminal ends. These regions are also known to undergo internal dynamics on a sub-

nanosecond time scale, as demonstrated by 15N relaxation measurements9. However, no 

significant exchange contributions had been detected before we determined the RCSM/CSM 

rates. This confirms the ability of backbone C’N coherences to reveal fluctuations of the 

backbone structure through complementary 13C direct and 1H indirect detection 

methods. 

These results corroborate previous observations8,16 that proteins may undergo 
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conformational exchange across their entire backbone. The presence of increased 

exchange in more loosely structured regions such as loops and linkers raises the 

possibility of a relationship between secondary structure elements and dynamics in the 

μs-ms time scale. This point was further investigated by measuring RCSM/CSM rates in 

Cu,ZnSOD and MMP12 by protonless direct 13C detection. 

 The protein Cu,ZnSOD (PDB entry 2K4W) is a monomeric 154 amino-acid 

enzyme, isolated from Salmonella enterica18, and comprises an eight-stranded greek-

key β-barrel, two small α-helices, and a loop region stabilized by a Zn2+ ion. The 

enzymatic cavity is defined by an electrostatic loop, which contains a copper ion that 

can jump between oxidation states Cu2+/+ and is responsible for the catalytic activity. 

The three-dimensional structure of this enzyme has been determined in solution,19 and 

the complete NMR assignment is available20. Crystal structures of many homologous 

enzymes are also available21. 

 The RCSM/CSM rates obtained for Cu,ZnSOD are shown in Fig. 4B. The average 

trimmed rate was (see Methods) < RCSM/CSM > = -0.86 s-1 with a standard deviation σ = 

3.69 s-1. The rates are scattered across a wide range. There is a clear-cut correlation 

between the rates obtained from the experiments and the secondary structure (Fig. 4B). 

Indeed, for the 57 residues located in β sheets, one finds < RCSM/CSM >β = +1.94 ± 1.90 s-

1, whereas the average rate observed for the 9 residues in the short α helices is 

<RCSM/CSM>α = -6.13 ± 2.24 s-1. In the loop regions the average rate is < RCSM/CSM >l = -

2.16 ± 3.71 s-1. Therefore, in the β-barrel regions of Cu,ZnSOD, the RCSM/CSM rates are 

positive and lie in the range 0 < RCSM/CSM < +4 s-1, whereas in the α-helical fragment 

they are negative. We shall see below that the positive rates RCSM/CSM typical of β sheets 

are characteristic of correlated fluctuations of chemical shifts, while the negative rates 
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found α helices reveal anti-correlated fluctuations. In loop regions, the RCSM/CSM rates 

are intermediate between those measured in α-helices and β-barrels, and characterized 

by larger standard deviations than those observed in well-defined secondary structure 

elements.  

 Further evidence of a relationship between secondary structure elements and 

RCSM/CSM rates was provided by experiments performed on MMP12 (Fig. 4C). Matrix 

metalloproteinases are composed of a catalytic domain, and of a hemopexin-like 

domain22. The catalytic domain adopts a typical MMP fold and binds one “structural” 

Zn2+ ion as well as three Ca2+ ions, in addition to the catalytic Zn2+ ion23. The 3D fold is 

composed of five β-sheets flanked by the Zn2+ binding loop, and two long α-helices that 

also include the active site. The C-terminal region comprises a long loop and a small α-

helix. Structures determined by solution NMR24 and by X-ray diffraction 25 (PDB 

entries 1Y93 and 1RMZ) of this protein are available. As this enzyme contains both α-

helices and β-sheets, it seemed an appropriate system to complement our observations 

on the α-helices of Calbindin and the β barrel protein Cu,ZnSOD.  

The average RCSM/CSM rates calculated for each secondary structure in MMP12 

indicate a similar pattern, and therefore corroborate our previous observations. Indeed, 

the β-sheet features correlated motions, with < RCSM/CSM >β = +2.46 ± 1.85 s-1, whereas 

the α helices show anti-correlated CSM motions with < RCSM/CSM >α = -5.04 ± 2.29 s-1. 

Finally, as in the cases of Calbindin and Cu,ZnSOD, the behaviour of loop regions is 

characterized by negative RCSM/CSM rates with a much larger scatter < RCSM/CSM >l = -

3.24 ± 3.49 s-1.  

Discussion 

 The three proteins studied in this work have very different properties, in terms of 
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secondary structures, three-dimensional folds, biological function, and NMR relaxation 

rates. Nevertheless, our observations reveal a relationship between secondary structure 

elements and RCSM/CSM rates. The evidence shows that β-sheets and α helices are 

associated with correlated and anti-correlated chemical shift modulations. This 

relationship is striking when representing RCSM/CSM rates against backbone ψ angles for 

the three proteins (Fig. 5). The range ψ = -45° ± 25°, typical of α-helical structures, 

corresponds to negative RCSM/CSM rates. Angles in the range ψ = +140° ± 30° are 

characteristic of β-sheets and correspond to positive RCSM/CSM rates. The empirical 

relationship between RCSM/CSM rates and the type of secondary structure element thus 

turns out to be a general feature. The contribution to multiple quantum relaxation rates 

of C'N coherences due to chemical shift modulations arising from fast two-site 

exchange is given by26: 

RCSM/CSM =2papbτex∆ωC’ ∆ωN      (1) 

where τex = 1/(kAB + kBA), ∆ωC’ and ∆ωN are the changes of the isotropic chemical shifts 

experienced by C’ and N nuclei when hopping from one site to another, and pa and pb 

are the populations of the two conformations.7 The sign of the rate RCSM/CSM depends on 

the relative signs of ∆ωC’ and ∆ωN. Therefore, valuable insight can be gained by 

correlating chemical shift variations with specific secondary structure elements. To our 

knowledge, only relationships between ‘static’ C’ and N chemical shifts (as opposed to 

chemical shift modulations) and backbone secondary structure have been addressed so 

far.27 It is clear that backbone motions, i.e., modulations of φ, ψ angles accompanied by 

the making and breaking of hydrogen bonds, should induce modulations of isotropic 

chemical shifts. To rationalize our observations, one needs information not only about 

the dihedral angles that are affected by the dynamic processes, but also about the 
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relationship between structures and chemical shifts. Many different factors, such as 

hydrogen bonding, backbone conformation, and side-chain conformation of 

neighbouring residues, all contribute to 15N chemical shifts in proteins.28 Backbone 13C 

chemical shifts are apparently more sensitive to side-chain conformations than to the 

neighbouring residues.29 

 A recent model developed by Wingreen and co-workers aims at predicting 

characteristic motions in helices and sheets.30,31 According to these authors, β sheets 

undergo twisting or bending about an axis located in the plane of the sheet. In this case, 

the different strands that constitute the sheet should undergo displacements with respect 

to one another, without deformations of the strands themselves, therefore leaving all 

backbone ψ angles unchanged. On the other hand, inter-strand distances are modulated 

during this kind of motion, so that a weakening of hydrogen bonds should be expected. 

Density functional theory (DFT) calculations by Xu and Case29 predict variations of 15N 

and 13C chemical shifts in model peptides that adopt β sheet conformations. Their 

predictions show that both amide 15N and carbonyl 13C chemical shifts move to higher 

frequencies when going from an isolated β strand to the central strand of a triple-

stranded β sheet, due to modifications of hydrogen bond patterns and strengths. This 

would lead to a positive product ∆ωC’∆ωN, and therefore to a positive RCSM/CSM rate, in 

agreement with our observations. For double-stranded sheets, the calculated 13C 

chemical shifts differences are again positive but small compared to a single-strand 

configuration, although they may lead to small negative RCSM/CSM rates.29 This could 

explain some of the weak negative contributions to RCSM/CSM observed in β sheets. 

 In our observations in three proteins, 91 residues are located in β strands. 

Among them, 69 are associated with positive RCSM/CSM, in accordance with the above 
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line of reasoning, whereas for 13 residues the CSM rates could not be measured. The 

remaining 9 residues have negative RCSM/CSM rates, 8 of which were observed in 

Cu,ZnSOD. These rates need to be analyzed on the basis of Cu,ZnSOD structure, and 

confronted with our hypothesis. The corresponding residues are Ser 18, Ile 19, Thr 27, 

Thr 34, Gly 46, His 48, Asp 93 and Tyr 148. Ser 18 and His 48 have rates RCSM/CSM = -

0.37 ± 0.38 s-1 and -0.49 ± 0.51 s-1. Considering the experimental errors, these rates are 

not significantly negative. Gly 46 belongs to the β strand 44-50, which is flanked by the 

β sheet 124-128. The partner residue of Gly 46 in this strand is His 128, which is 

situated at the end of the β sheet at the transition to the nearby loop, so that the 

hydrogen bond pattern is disrupted in the case of Gly 46. Therefore, basing our 

interpretation on the model calculations of Xu and Case29 one should not expect clearly 

positive RCSM/CSM rates. The same reasoning can be applied to Thr 34. Residues Thr 27 

and Asp 93 are located at the end of a β strand, and therefore fall into the same 

category. Finally, Ile 19 and Tyr 148 have unusual ψ angles, which may explain the 

negative RCSM/CSM rates. In the case of MMP12, the residue Ala 60, which is located at 

the end of a β strand, is also associated with a negative RCSM/CSM rate.  

According to the description of Wingreen and co-workers, the main motional modes in 

α helices consist of bending and twisting motions about the average helix axis.31 Such 

motions imply the occurrence of fluctuations of backbone ψ angles. The 15N chemical 

shifts depend in a complex manner not only on the dihedral angles ψ(i-1), φ(i), and ψ(i) 

of the backbone, but also on the dihedral angle χ1(i) of the side-chain. The 15N chemical 

shifts are also sensitive to the side-chain dihedral angle χ1(i-1) of the preceding residue 

through the nearest neighbour effect32, and furthermore affected by hydrogen 

bonding.29,33 On the other hand, carbonyl 13C chemical shifts are mainly sensitive to 
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backbone torsion angles ψ(i) and φ(i+1),34 and therefore give reliable reports on 

secondary structure. Finally, the average backbone chemical shifts in α helices were 

found to be +1.7 ppm for 13C and -1.7 ppm for 15N nuclei with respect to random coil 

rates.35 A transient deformation of a helical region towards a random-coil-like 

conformation should therefore be associated with ∆ωC’∆ωN < 0. This is consistent with 

our experimental data, which show mostly negative RCSM/CSM rates in helical regions of 

the proteins. 

Concluding remarks 

 An unexpected relationship was found to exist between slow conformational 

backbone dynamics and secondary structure elements in proteins. Slow backbone 

dynamics were identified through relaxation rates RCSM/CSM of C’N multiple quantum 

coherences. These rates provide more information than longitudinal and transverse 

relaxation rates of isolated 15N nuclei, since the RCSM/CSM rates depend on the rates of 

interconversion between the conformations, on their populations, and on their 15N and 

13C chemical shifts. Direct 13C detection of RCSM/CSM rates proved to be valuable for both 

diamagnetic and paramagnetic proteins. Measurements of RCSM/CSM rates on three 

different folded proteins revealed the existence of extensive conformational exchange 

across the entire protein backbones. The relaxation rates of C’N coherences arising from 

slow backbone dynamics have positive signs (characteristic of correlated fluctuations of 

the chemical shifts of neighbouring 15N and 13C nuclei) in β sheets, and negative signs 

(characteristic of anti-correlated shift fluctuations) in α helices. These observations 

extend the prospect of structure-dynamics relationships to time scales on which protein 

function and enzymatic activity actually take place. In our view, this represents a 

significant step towards the development of functional dynamics. 
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Materials and Methods  

  Sample Preparation. Protein expression and purification of native, Ca2+ loaded 

Calbindin D9k (Ca2Cb), was performed as described elsewhere36. Lanthanide- (Ln3+) 

substituted derivatives (CaLaCb and CaCeCb) were obtained following the established 

procedure13. Sample concentrations were comprised between 0.6 to 0.9 mM. 

  Uniformly 13C-, 15N- labeled Copper(I), Zinc(II)-Superoxide Dismutase was 

prepared and purified as described elsewhere19. The protein was concentrated to 1.0 mM 

and reduction was achieved by addition of a 0.10 M solution of sodium isoascorbate in 

phosphate buffer at pH 6.0. 

  The catalytic domain of MMP12, corresponding to the segment Gly-106–Gly-

263, was cloned and expressed as reported in literature37. After refolding, the catalytic 

domain was inhibited by N-isobutyl-N-[4-methoxyphenylsulphonyl] glycyl hydroxamic 

acid (NNGH). The 0.9 mM sample of 13C-, 15N-labelled MMP12 had a pH adjusted to 

7.2. 

NMR experiments. All experiments were carried out on a Bruker Avance 700 

spectrometer at 298 K. Proton-detected experiments were performed with a standard 

inverse-detection, triple-resonance probe (TXI), while a customized triple-resonance 

probe with a 13C-selective inner coil was used for 13C-detected experiments. Protonless 

CON-type multiple-quantum experiments were performed using the pulse sequence 

shown in Fig. 1. The 2D matrices consisted of 1024 and 128 points in the t2 and t1 

dimensions. To determine auto- and cross-correlated relaxation rates, 128 and 512 scans 

were accumulated, respectively, with a 1.3 s relaxation delay. HNCO-type spectra were 

recorded using an established pulse sequence,17 with 80 and 320 scans to reveal auto- 

and cross-peaks, respectively. Data processing was performed using the TOPSPIN 
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software. 

 Analysis of RCSM/CSM relaxation rates. The mean and standard deviation of the 

ΔR rates were calculated for the complete set of data for each system following a 

procedure described elsewhere8. Outliers, defined as rates that lie farther that 1.5 

standard deviations from the mean, were excluded. Trimmed averages and standard 

deviations were calculated for the remaining data. Rates were considered to be 

significantly different from the average if RCSM/CSM - δRCSM/CSM was larger than 

<RCSM/CSM > + σ , or if  RCSM/CSM + δRCSM/CSM was smaller than <RCSM/CSM > - σ 

(�RCSM/CSM is the experimental error). 

Pulse sequences 

 The pulse sequence used to measure multiple-quantum relaxation rates via direct 

detection of C’ nuclei is shown in Fig. 1. This sequence is a modified version of a CON 

experiment38 where C’ coherence is converted via an INEPT-type building block into 

longitudinal two-spin order C’zNz. After a purging field gradient pulse, a coherence 

C’xNx is created by two simultaneous 90° pulses. This corresponds to a superposition of 

zero- and double-quantum terms: 

  2C’xNx  = (C’+N- + C’-N+) + (C’+N+
 + C’-N-)  

The C’xNx coherence decays and is partly converted into C’yNy coherence during the 

mixing time τm, which can be expressed in terms of zero- and double-quantum 

relaxation rates RDQ and RZQ: 

  2C’xNx  → C’xNx [ exp(-RZQτm)(C’+N- + C’-N+) + exp(-RDQτm)(C’+N+
 + C’-N-) ] 

        + C’yNy [ exp(-RZQτm)(C’+N- + C’-N+) - exp(-RDQτm)(C’+N+
 + C’-N-) ]

 (2) 

This conversion is driven by cross-correlated fluctuations. At the end of the mixing time 
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τm, the C’xNx and C’yNy terms are recorded in two separate experiments using 90° shifts 

of the phases φ3 and φ4. The 15N magnetization is then allowed to evolve, prior to the 

transfer to 13C coherence for detection. To obtain C’ singlets, the effects of homonuclear 

J(C’Cα) couplings are removed via an IPAP scheme during acquisition38. Each 

experiment was carried out twice, with different timings of the two final 180° Cα pulses 

and different phases of the last 90° C’ pulses. The two subspectra give in-phase and 

anti-phase doublets, which are added and subtracted to separate the two multiplet 

components. These are then shifted to the centre of the original multiplet by ± ½J(C’Cα) 

and summed together to obtain a singlet.  The 1H spins are decoupled throughout the 

entire sequence, whilst Cα 180° pulses are applied during the mixing time τm to suppress 

undesired scalar couplings and interference effects involving Cα spins. The relative 

signal intensities of the auto- and cross-correlated experiments: 

  <2C’yNy >/<2C’xNx > = tanh (ΔR τm),      

 (3) 

depend on the difference in rates ΔR = ½[RDQ - RZQ] that corresponds to differential 

line-broadening. 

Chemical shift modulation 

 Several studies7,16,17,26,39 have shown that the difference in rates ΔR = ½[RDQ - 

RZQ] can be decomposed into three terms: 

ΔR = RCSM/CSM + RDD/DD + RCSA/CSA       

 (4) 

The RCSM/CSM contribution accounts for fluctuations of isotropic chemical shifts (CS) 

that affect simultaneously the environments of C' and N nuclei of the same peptide 

plane. They are characterized by time-scales that typically fall in the μs to ms range16. 
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These CS fluctuations can be caused by changes of dihedral ψ and φ backbone angles, 

as can be rationalized by ab initio calculations.40 In the case of metal-binding proteins, 

they can also result from interactions with metal ions. The sign of the RCSM/CSM 

contribution depends on the signs of the changes of the C' and N chemical shifts upon 

conformational exchange. The modulations of the isotropic shifts are said to be 

correlated or anti-correlated if the RCSM/CSM rates are positive or negative. 

 The second term in Eq. (4) comprises contributions from various auto- and 

cross-correlated dipole-dipole effects.41 As discussed elsewhere8 the contributions to 

RDD/DD due to various dipolar auto-relaxation processes can safely be neglected, and and 

cross-relaxation processes are estimated from the 3D structure. The third term in Eq. (4) 

arises from cross-correlated CSA relaxation of C' and N nuclei due to concerted 

modulations of the chemical shifts that are caused by molecular motions. A study of 

cross-correlated relaxation in ubiquitin42 showed that some of the principal components 

of the CSA tensors are, to a great extent, independent of the environment, while others 

are correlated with the isotropic shifts. These empirical correlations were found to be 

largely independent of the model for the peptide plane motions. Thus, for C' nuclei in 

ubiquitin, the σyy component of the CSA tensor, which is nearly parallel to the C=O 

bond, turns out to be roughly proportional to the isotropic chemical shift (σyy = 3σiso – 

334.9 ppm) while the other two components are almost invariant (σxx = 251.2 ppm and 

σzz = 83.6 ppm). For amide 15N nuclei, one finds that σyy = 2σiso – 163.2 ppm, σxx = σiso 

+ 105.5 ppm and σzz = 57.7 ppm. Assuming that these empirical rules, originally 

derived for ubiquitin42, are also applicable to the proteins under study, we obtain a 

rough estimates of the site-specific RCSA/CSA contributions and hence determine the 

“corrected” exchange rates RCSM/CSM. This approach is similar to the analyses of cross-
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correlated relaxation in Major Urinary Protein (MUP) in the presence or absence of a 

pheromone16 and of the human centrin 2 in complex with the target peptide XPC.8 
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Figure Legends 

Figure 1. Pulse sequence designed to measure relaxation rates of 13C’-15N multiple-

quantum coherences. All pulses were applied along the x axes, unless otherwise 

indicated. Black and white pulses applied to the 15N spins indicate non-selective 90° and 

180° pulses, respectively. All 13C pulses were band selective; Q5 (or time-reversed Q5) 

shaped 90° 13C pulses and Q3 shaped 180° 13C pulses were used with durations of 256 

and 220 μs. For 13Cα inversion pulses, Q3 shaped pulses were used with durations of 

220 μs. The 13C, 15N, and 1H carrier frequencies were centred at 173, 116 and 3.5 ppm, 

respectively. 1H decoupling was performed with a 2.9 kHz WALTZ-16 sequence. 15N 

decoupling during acquisition was performed using a 2.9 kHz GARP-4 sequence. To 

suppress J(C’Cα) couplings during acquisition, the in-phase (IP) and anti-phase (AP) 

components were acquired and stored separately. Pulses depicted in grey were used to 

acquire anti-phase components, whilst pulses represented by hatched shapes were used 

to obtain in-phase components12. The delays ∆, δ, ε, were set to 12.5, 1.75 and 4.5 ms, 

respectively. The mixing times were τm = 20 and 40 ms. The durations of all sine-

shaped gradients were 1 ms and the peak amplitudes were g1z = 57, g2z = 37, g3z = -29, 

g4z = -17, g5z = 19, and g6z= 41 Gcm-1. The phases for the auto-relaxation experiment 

were: φ1 = y, -y; φ2 = y, y, -y, -y; φ3 = 16 y, 16 -y; φ4 = 4y, 4 -y ;φ5 = 8 x, 8 -x; φ6 = 32 x, 

32 -x; φ7 = x for in phase acquisition, φ7 = -y for antiphase acquisition; φrec = (x, -x, -x, x, 

-x, x, x, -x), 2( -x, x, x, -x, x, -x, -x, x), (x, -x, -x, x, -x, x, x, -x), ( -x, x, x, -x, x, -x, -x, 

x), 2(x, -x, -x, x, -x, x, x, -x), (-x, x, x, -x, x, -x, -x, x). The phases for the cross-

relaxation experiment were: φ1 = y, -y; φ2 = y, y, -y, -y; φ3 = 16 x, 16 -x; φ4 = 4  x, 4 -x; 

φ5 = 8 x, 8 -x; φ6 = 32 x, 32 -x; φ7 = x for in phase acquisition; φ7 = -y for antiphase 
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acquisition; φrec= (x, -x, -x, x, -x, x, x, -x), 2( -x, x, x, -x, x, -x, -x, x), (x, -x, -x, x, -x, x, 

x, -x), ( -x, x, x, -x, x, -x, -x, x), 2(x, -x, -x, x, -x, x, x, -x), ( -x, x, x, -x, x, -x, -x, x). 

 

Figure 2. The difference in the relaxation rates ΔR = ½[RDQ - RZQ] of C’N double- and 

zero-quantum coherences measured either via the novel ‘protonless’ 13C-detected 

experiments (13C ΔR, shown vertically) or via established 1H-detected experiments (1H 

ΔR, shown horizontally) for both diamagnetic CaLaCb and paramagnetic CaCeCb. The 

error bars represent experimental uncertainties in both experiments.  

 

Figure 3. Comparison of the novel ‘protonless’ 13C-detected, and established 1H-

detected experiments for paramagnetic CaCeCb at 700 MHz, 298 K, with τm = 40 ms. 

(A) Row corresponding to i = 44 (residues S44 and T45) of a ‘protonless’ 13C-detected 

CON experiment to measure relaxation of the C’iNi+1 coherence. (B) Matching row (i + 

1= 45) of the corresponding 1H-detected HNCO experiment. The ranges of chemical 

shifts correspond to 12 ppm for 13C and 3 ppm for 1H (both spectral widths are 2.1 

kHz.) (C) Signal corresponding to i = 55 obtained by the a ‘protonless’ 13C-detected 

CON version of the experiment, which could not be observed with the 1H-detected 

experiment. 

 

Figure 4. RCSM/CSM rates obtained for the proteins (A) CaLaCb, (B) Cu,ZnSOD and (C) 

MMP12. The background colour indicates the secondary structure: green for α-helices 

and blue for β-sheets. In CaLaCb, local deviations of RCSM/CSM from the average are 

observed in the two metal binding loops. Residues that coordinate the metal ion in loops 

I (residues 17 and 22) and II (residues 56, 58 and 65) are highlighted in red and blue, 
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depending on whether metal binding occurs through the backbone carbonyl oxygen or 

through side-chain carboxylate groups. For CaLaCb, dashed lines indicate the standard 

deviations with respect to the average <RCSM/CSM> of the entire protein. For Cu,ZnSOD 

and MMP12 (panels B and C), the dashed lines denote local averages and standard 

deviations for individual secondary structure elements (α-helices and β-sheets). The 

numbers  of the amino acids refer to the carbonyl atoms, i.e., i = 54 correspond to 

double- and zero-quantum coherences involving C’(i = 54) and N(i = 55). 

 

Figure 5. Overview of all RCSM/CSM rates determined in CaLaCb, Cu,Zn-SOD and 

MMP12, plotted as a function of the backbone dihedral angle ψ. The clusters to the left 

and right correspond to α helices and β sheets. 
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Table S1 

CaLaCb     CuZnSOD     MMP12     

                  

Residues   RCSM/CSM Residues   RCSM/CSM Residues   RCSM/CSM 

    (sec-1)     (sec-1)     (sec-1) 

4 GLU -3.40 1 ALA 3.09 9 ILE 0.76 

5 GLU -10.97 2 SER 0.26 10 THR 0.11 

6 LEU -5.01 3 GLU 0.81 11 TYR 0.28 

7 LYS -3.04 4 LYS 1.12 12 ARG 4.73 

8 GLY -2.39 5 VAL 4.04 15 ASN -8.44 

9 ILE -1.75 6 GLY 3.15 16 TYR 1.50 

10 PHE -3.11 7 MET 2.14 17 THR -0.39 

11 GLU -1.53 9 LEU 1.43 19 ASP -6.27 

12 LYS -3.71 10 VAL 1.84 20 MET -7.91 

13 TYR -3.46 11 THR 2.29 21 ASN 1.68 

14 ALA -2.09 12 ALA -4.39 22 ARG -7.33 

15 ALA -2.62 13 GLN -6.64 23 GLU -4.04 

16 LYS -5.33 14 GLY 0.59 25 VAL -4.64 

17 GLU -0.37 15 VAL 1.05 26 ASP -3.26 

18 GLY 0.37 16 GLY 1.38 27 TYR -8.15 

20 PRO -2.69 17 GLN 3.71 28 ALA -2.82 

21 ASN -2.67 18 SER -0.37 29 ILE -2.06 

22 GLN 0.89 19 ILE -2.71 30 ARG -3.96 

24 SER -0.13 20 GLY 0.38 31 LYS -3.87 

25 LYS -1.55 21 THR 2.19 32 ALA -5.42 

26 GLU -3.17 22 VAL 3.94 33 PHE -2.64 
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27 GLU -2.89 23 VAL 4.39 34 GLN -4.93 

28 LEU -2.25 24 ILE 5.64 35 VAL -3.45 

29 LYS -1.80 25 ASP 2.18 36 TRP -3.07 

30 LEU -3.26 26 GLU 0.76 37 SER -5.29 

31 LEU -2.05 27 THR -0.22 38 ASN -4.59 

32 LEU -2.64 28 GLU -4.66 39 VAL -10.85 

33 GLN -1.96 29 GLY -2.98 42 LEU -4.55 

34 THR -4.30 30 GLY 1.55 43 LYS 0.67 

35 GLU -1.34 31 LEU 0.80 44 PHE 2.15 

37 PRO -4.49 32 LYS 4.05 45 SER 2.71 

38 SER -2.18 33 PHE 3.36 47 ILE -1.06 

39 LEU -1.84 34 THR -1.35 50 GLY -1.58 

41 LYS -2.02 35 PRO 4.35 52 ALA 0.48 

42 GLY -0.07 37 LEU 3.23 53 ASP 0.53 

44 SER -2.41 38 LYS -3.96 56 VAL 4.81 

45 THR 0.15 39 ALA -1.65 57 VAL 4.06 

46 LEU -0.42 41 PRO 0.44 58 PHE 4.57 

47 ASP -2.95 43 GLY 1.91 59 ALA -3.30 

48 GLU -2.27 44 GLU 2.49 60 ARG 0.56 

49 LEU -3.18 45 HIS 2.25 61 GLY -4.56 

50 PHE -1.55 46 GLY -2.69 66 ASP -2.32 

51 GLU -2.35 47 PHE 0.93 70 ASP -2.71 

52 GLU -3.07 48 HIS -0.49 71 GLY -5.53 

53 LEU -3.96 49 ILE 0.01 72 LYS 3.76 

55 LYS -3.39 50 HIS 4.53 73 GLY -4.28 

56 ASN -4.26 51 ALA -3.25 74 GLY -2.56 

57 GLY -2.44 52 ASN 2.05 75 ILE -0.45 

58 ASP -4.61 53 GLY -1.22 76 LEU -4.07 
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59 GLY -3.53 54 SER 1.25 81 GLY -2.40 

60 GLU -2.99 56 GLN 5.24 87 GLY -13.30 

61 VAL -1.11 59 ILE 1.90 89 ASP -4.87 

62 SER 0.10 60 LYS 0.79 90 ALA 2.26 

63 PHE -1.96 61 ASP -2.08 94 GLU -4.69 

64 GLU -2.12 62 GLY -5.90 95 ASP -1.69 

65 GLU -4.44 63 GLN 2.27 96 GLU -5.46 

66 PHE -3.12 64 ALA 4.86 97 PHE -4.95 

67 GLN -3.98 65 VAL -0.58 99 THR -4.42 

68 VAL -1.01 66 ALA -1.68 100 THR -2.83 

69 LEU -3.62 67 ALA -4.20 104 GLY -2.44 

70 VAL -2.02 68 GLU -3.40 105 THR -2.75 

71 LYS -1.47 69 ALA -4.62 108 PHE -2.00 

72 LYS -2.27 70 ALA -11.75 109 LEU -2.92 

73 ILE -0.08 71 GLY -5.95 111 ALA -7.57 

74 SER 0.11 72 GLY 3.23 112 VAL -5.74 

      75 ASP -3.75 113 HIS -4.55 

      77 GLN -6.08 114 GLU -3.68 

      78 ASN -6.17 115 ILE -5.80 

      79 THR -6.82 116 GLY -8.28 

      80 GLY -4.07 117 HIS -2.98 

      81 LYS -4.35 118 SER -10.06 

      82 HIS -2.16 120 GLY -8.61 

      83 GLU 6.46 121 LEU -7.21 

      84 GLY -7.88 122 GLY -4.60 

      85 PRO -5.97 124 SER -2.41 

      86 GLU 0.38 125 SER 0.10 

      87 GLY -6.01 126 ASP -3.14 
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      88 GLN 0.38 128 LYS -7.03 

      91 LEU -4.29 129 ALA -6.59 

      92 GLY -7.59 130 VAL -4.77 

      93 ASP -1.44 131 MET -7.95 

      95 PRO 1.80 132 PHE -4.08 

      96 VAL 2.95 134 THR -2.97 

      97 LEU 1.92 137 TYR 3.25 

      98 VAL 3.67 140 ILE 1.45 

      99 VAL 5.10 141 ASN -3.74 

      100 ASN 2.11 142 THR -8.91 

      101 ASN -7.29 144 ARG -0.72 

      102 ASP -3.26 145 LEU 3.81 

      103 GLY -2.79 146 SER -0.22 

      104 ILE 3.09 148 ASP -5.79 

      105 ALA 3.69 150 ILE -1.88 

      106 THR -2.05 151 ARG -4.74 

      107 GLU -4.93 152 GLY -8.20 

      108 PRO 4.82 153 ILE -5.25 

      109 VAL 1.83 154 GLN -6.39 

      110 THR 3.68 155 SER -5.49 

      112 PRO -3.90 156 LEU -1.89 

      113 ARG -3.49 157 TYR -0.57 

      114 LEU -0.62 158 GLY -8.08 

      116 SER 0.26       

      117 LEU -3.21       

      118 ASP -6.08       

      119 GLU -9.77       

      120 VAL -4.93       
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      121 LYS -4.27       

      123 LYS 0.76       

      124 ALA 0.64       

      125 LEU 2.31       

      126 MET 3.05       

      127 ILE 3.36       

      128 HIS 3.14       

      129 VAL -4.11       

      130 GLY 2.83       

      131 GLY 1.31       

      132 ASP -8.57       

      133 ASN -2.78       

      134 MET -0.74       

      135 SER -0.61       

      137 GLN -5.33       

      138 PRO -2.42       

      139 LYS -4.46       

      140 PRO -2.38       

      141 LEU -5.10       

      142 GLY -6.06       

      143 GLY -9.67       

      144 GLY -6.12       

      145 GLY -3.47       

      146 THR 3.51       

      147 ARG 1.94       

      148 TYR -3.08       

      149 ALA 2.47       

      150 CYS 0.59       
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      151 GLY 2.07       

      152 VAL 3.55       
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