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Abstract 

This thesis presents significant advancements in developing selective isotopic labelling 
strategies for in-cell nuclear magnetic resonance (NMR) spectroscopy within human cells, 
aiming to overcome limitations related to cost, sensitivity, specificity, applicability to complex 
biological systems and physiological models. 

We first established a cost-effective and innovative methodology for selective side-chain 
isotope labelling in mammalian cells. This method exploits the activity of human cellular 
transaminases to convert amino acid late precursors (α-keto acids) into their cognate L-amino 
acids, achieving efficient and residue-specific incorporation of 13C labelled aromatic and 
aliphatic residues with minimal scrambling. High-quality in-cell and lysate NMR spectra were 
obtained, and the functional utility was validated by monitoring ligand-induced chemical shift 
perturbations in live cells expressing carbonic anhydrase II (CA II) treated with different 
inhibitors. 

We also showed the incorporation of a non-natural amino acid, 5-fluorotryptophan selectively 
labelled with 13C at the C5 position, in proteins expressed in human cells (CA II and superoxide 
dismutase 1). This strategy allows recording 2D 13C, 19F NMR spectra in which optimal peak 
dispersion is achieved by exploiting the TROSY effect.  

Furthermore, the thesis focused on designing selective labelling schemes for intrinsically 
disordered regions (IDRs) of proteins, applied to the challenging case of BRCA1. The 
expression of four fragments was achieved in human cells, including a very long fragment (219-
1357) spanning almost the entire IDR of BRCA1. Optimized isotopic labelling schemes were 
then implemented, utilizing either 13C, 15N uniformly labelled amino acids (L-histidine and L-
cysteine) or 13Cα or 13C’ labelled α-ketoacid precursors (which are converted to L-leucine and 
L-phenylalanine), enabling residue-specific observation and greatly reducing spectral crowding 
in the in-cell and lysate NMR spectra of BRCA1. To facilitate future interaction studies with 
physiological partners, a co-expression protocol was established, and a monoclonal inducible 
BRCA1 cell line was developed, enabling the isotopic labelling of only one interacting protein 
to simplify spectral interpretation. 

Finally, the in-cell NMR approach was extended to investigate ligand-target interactions under 
increasing cell culture complexity. By utilizing a flow NMR bioreactor and time-resolved 19F 
NMR, the displacement of a fluorinated CA II inhibitor by competition with methazolamide as 
a reference compound was monitored across four different cellular models: transiently 
transfected HEK293T cells, stably transfected inducible monoclonal cells expressing CA II 
(HEK293-TRexTR-hCAII/Mono), HEK293-TRexTR-hCAII/Mono spheroids, and mixed spheroids 
(HEK293-TRexTR-hCAII/Mono mixed with MCF-7 cells). These experiments aimed to detect 
differences in relative binding affinity amongst the different models. 
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1. Introduction 

1.1 In-cell nuclear magnetic resonance (NMR)  

In-cell NMR is a nuclear spectroscopy approach applied to the study of biological 
macromolecules inside living cells1–4. This technique is a powerful tool for investigating the 
structural and dynamic properties of biological molecules (proteins, nucleic acids, metabolites, 
and ions) directly within their natural, complex cellular environment, rather than in isolated or 
artificial conditions. The main aim is to obtain atomic-scale information about specific nuclear 
isotopes born into the target molecule in the living cells, providing insights into how molecules 
behave and interact in real time, under physiological conditions1,2,5–9.  

1.1.1 Historical background and evolution 

The term “in-cell NMR” was first introduced by Serber and Dötsch in 2001, in pioneering 
experiments that reported the first in-cell NMR spectra of recombinantly expressed proteins in 
E. coli. In their work, they applied an existing protocol for 15N-labeling and defined key 
experimental parameters essential for detecting intracellular protein10. The first attempt at in-
cell NMR on eukaryotic cells was performed on Xenopus laevis oocytes in 2006, by purifying 
15N-labeled proteins from E.coli and injecting them in manually sorted stage-VI oocytes, 
enabling the observation of proteins and nucleic acids in a more complex cellular setting11. By 
2009, Inomata et al. achieved the first high-resolution 2D heteronuclear spectra from proteins 
in living human cells by fusing cell-penetrating peptides to isotopically labelled proteins, while 
complementary delivery strategies (streptolysin-O permeabilization, hypotonic swelling, and 
electroporation) were reported in parallel12–15. In 2013, direct protein expression for in-cell 
NMR in human cells (HEK293T cell line) was pioneered by Banci et al. paving the way for 
studying processes like protein folding, maturation, and post-translational modifications 
immediately after protein synthesis16. From 2013 many advancements have been made in the 
field of applications with new labelling techniques and technological advancements. 

1.1.2 Applications 

Unlike in vitro studies, which typically rely on optimized conditions such as buffered aqueous 
solutions or crystals and often overlook the effects of viscosity, macromolecular crowding 
(Figure 1.1.2-1), and complex intermolecular interactions, in-cell NMR directly probes 
molecules within the physiological environment of living cells. This unique advantage allows 
the consideration of key cellular factors such as pH, redox properties, and the presence of 
natural interaction partners, all of which can profoundly influence biomolecular 
behaviour3,4,10,11,17–20.  

Indeed, proteins inside cells are subject to a network of transient, weak, and highly dynamic 
interactions-collectively referred to as the “quinary structure” that extend beyond stable 
quaternary assemblies4,6,18,21. These include electrostatic and hydrophobic contacts, weak 
interactions with metabolites, RNA, membranes, and other proteins, which, although not 
forming stable complexes, strongly impact folding, stability, diffusion, and function in 
vivo4,6,18,21.  

In-cell NMR reveals how the cellular environment shapes protein conformational dynamics and 
stability, including intrinsically disordered proteins like α-synuclein, which retains its 
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disordered state in mammalian cells2–4,8,10,14,18,22. Remarkably, in-cell NMR has even enabled 
de novo determination of protein three-dimensional structures, uncovering subtle 
conformational and dynamic differences compared to in vitro conditions2–4,8,18,20.  

 

Figure 1.1.2-1 
Molecular crowding inside the cell23. 

Importantly, the development of NMR bioreactors has transformed in-cell NMR into a powerful 
tool for real-time monitoring of molecular processes, spanning from nanosecond-scale 
dynamics to cellular events unfolding over hours or even days. By maintaining cell viability for 
up to 72 hours, these systems enable continuous observation of intracellular phenomena such 
as protein–drug interactions, oxidative modifications, and metabolic changes1,3,4,9,18,19.  

Beyond fundamental insights, in-cell NMR has become a powerful tool for drug discovery, 
providing information on cell penetration, binding efficiency, and selectivity, data often 
inaccessible from in vitro studies9,18–20,24. Experiments are often carried out through application 
of specific labelling strategies or sensitive methods such as 19F NMR, ligand-based saturation 
transfer difference (STD), transfer NOESY (trNOESY) experiments2–4,4,8–10,17–20,25.  

While proteins remain the most extensively studied targets, in-cell NMR is equally valuable for 
investigating nucleic acids, whose structure and function are strongly modulated by the 
intracellular milieu3,4,8,18. It has been used to monitor conformational changes, stability, ligand 
binding, protein-RNA interactions, and base-pairing kinetics, and has recently been applied to 
the study of telomeric DNA G-quadruplexes, structures of significant relevance in anticancer 
research3,4,17,18. Finally, since its earliest applications, NMR has been used for the non-invasive 
study of small molecules such as metabolites and ions in living systems. The introduction of 
NMR bioreactors has allowed real-time monitoring of cellular metabolism, enabling the 
detection and quantification of metabolites including ATP, ADP, and inorganic phosphate, as 
well as the study of physiologically essential ions such as Na⁺, K⁺, Mg²⁺, and Ca²⁺ 4,18,19. 
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1.1.3 Advancements 

While in-cell NMR is a powerful technique for obtaining structural, conformational, and 
dynamic insights into biomolecules within their physiological environment, it also faces 
significant challenges. The first among these is the intrinsically low sensitivity of NMR, which 
requires high intracellular concentrations of the target molecule, typically above 5 µM and often 
in the range of 50–200 µM for folded proteins, to achieve detectable signals within a viable 
timeframe2–4,18. To address this limitation, researchers have developed optimized strategies to 
artificially increase intracellular concentrations, either through recombinant overexpression of 
isotopically labelled proteins within the cells, or through the delivery of purified proteins by 
methods such as electroporation or the use of cell-penetrating peptides2–4,10,12,13.  

Another critical issue, is that of broad spectral lines and signal overlap4,8,17,18. The crowded, 
viscous, and heterogeneous cellular environment, together with the possibility to form 
interaction with other cellular components, leads to reduced molecular tumbling, which in time 
increases spin relaxation rates, and magnetic susceptibility differences, resulting in broad lines 
and overlapping signals3,4,6,8,10,17,18,25. In addition, the finite lifetime of cells under NMR 
conditions places practical limits on the length of experiments, as nutrient depletion, oxygen 
starvation, and waste accumulation can quickly compromise viability1,3,4,17,18. Finally, the vast 
background of endogenous cellular signals further complicates detection2,4,8,17,18. 

To address these limitations, researchers have introduced a variety of technical and 
methodological innovations. The development of bioreactor systems has been particularly 
impactful, allowing for extended acquisition times and improved signal-to-noise ratio (S/N) by 
maintaining the cells viable and metabolically active for up to 72 hours. The continuous stream 
of culture medium not only provides cells always with a flow of fresh nutrients, while removing 
toxic byproducts, but also allows to control other fundamental parameters like oxygen levels 
and pH. This has enabled the real-time monitoring of intracellular processes such as protein-
ligand binding, oxidation, and cell metabolism1,4,4,18–20,26–28.  

Moreover, advancements in NMR hardware, including the implementation of higher magnetic 
fields and cryogenic probes, have further increased sensitivity3,4,18. In parallel, the development 
of advanced pulse sequences, such as SOFAST, BEST, and TROSY schemes, along with 
selective excitation, has reduced acquisition times and improved resolution4,17,29–32. Another 
approach to improve sensitivity and reduce spectral resolution is to apply selective labelling 
strategies. The incorporation of NMR-active isotopes, such as 15N or 13C is a standard and 
essential practice in both in vitro and in-cell NMR studies, as it can help filter out background 
signals from unlabelled cellular components when the target molecule is delivered in the cell3,4. 
However, when proteins are expressed directly in cells, selective labelling of specific amino 
acids (e.g., methyl-13C aliphatic residues) often in combination with deuteration and 
background subtraction, lead to reduce spectral complexity and better resolved spectra33–37. 
Similarly, introducing non-natural amino acids containing NMR-active nuclei, such as 19F, 
provides an additional advantage, as cells naturally lack fluorine, offering excellent sensitivity 
and a lack of cellular background, though sometimes chemical modifications might affect 
biological relevance3,18,38,39. For immobilized proteins or large complexes, solid-state NMR 
methods such as Magic Angle Spinning (MAS) can overcome line broadening, caused by slow 
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tumbling and magnetic susceptibility inhomogeneities, while dynamic nuclear polarization 
(DNP) provides a substantial gain in sensitivity for cryo-preserved samples8,18. 

When all protein-observed approaches fail, and the protein becomes effectively “invisible” to 
NMR due to fast relaxation induced by interactions with large cellular components, ligand-
observed strategies can be employed3,4,6,9,18. In this case, the ligand itself is labelled, most 
commonly with 19F4,9,18. Complementary methods such as STD NMR can reveal whether and 
where a ligand binds to a protein, while trNOESY provides insights into the bound 
conformation of the ligand and the nature of its interactions with the target18. 

1.1.4 Advanced cellular models for in-cell NMR 

One of the current challenges of in-cell NMR is the use of cellular models that are more 
physiologically representative and better approximate the native environment in which the 
processes under investigation actually take place. Lately, three-dimensional (3D) cellular 
models, are increasingly recognized as advanced systems for in-cell NMR studies due to their 
ability to better mimic the physiological microenvironment of tissues compared to traditional 
two-dimensional cultures. Spheroids and organoids are 3D cell culture systems, but they differ 
significantly in their cellular complexity, formation methods, and applications40–46.  

Spheroids are simplest model, they are spherical aggregates of one or more cell types, typically 
formed by self-assembly in non-adherent conditions or within microwells. The internal 
structure of a multicellular spheroid, especially in tumour models, is organized into distinct 
concentric zones that reflect gradients in nutrient and oxygen availability. Typically, the outer 
layer (just a few cell layers thick) consists of proliferating cells that have direct access to 
nutrients and oxygen47,48. Beneath this, there is an intermediate “inhibited” region where cells 
remain viable but are largely non-proliferative due to limited resources. At the core, a necrotic 
(dead) region often forms as a result of severe nutrient and oxygen deprivation, with cellular 
material in various stages of disintegration47,48 (Figure 1.1.4-1). This region can expand up to 
circa 70% of the spheroid in the most extreme cases47. The layered architecture closely mimics 
the microenvironment of avascular tumours, where the centre becomes hypoxic and necrotic as 
the spheroid grows. Consequently, spheroids are extensively used in cancer research to mimic 
the tumour microenvironment, allowing for the investigation of tumour growth, invasion, 
metastasis, drug resistance, and response to therapies in a setting that closely resembles in vivo 
tumours41,44–46,49. 

By controlling cell-seeding density and growth duration, however, it is possible to generate 
smaller spheroids, maintaining high cell viability throughout the structure, thereby avoiding the 
formation of the necrotic core50. This approach results in uniform, viable spheroids that better 
mimic physiological conditions and are especially valuable for regenerative medicine, drug 
screening, and tissue engineering applications where high cell viability and function are 
critical.  
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Figure 1.1.4-1  
Spheroid structure51. 

Although spheroids remain simpler than fully developed tissues and lack their structural and 
functional complexity, they recapitulate many essential features of the in vivo 
microenvironment, including cell–cell and cell–matrix interactions, nutrient and oxygen 
gradients, and metabolic heterogeneity43,44. These properties make them useful not only for 
cancer biology but also for investigating protein structure, dynamics, metabolism, and ligand 
binding in physiologically relevant contexts40,44,46. 

In the context of in-cell NMR, spheroids can be embedded in a low-melting agarose matrix, 
which prevents fusion through self-assembly and thus preserves their size and morphology. This 
approach makes them highly compatible with bioreactor systems, enabling stable and extended 
measurements under controlled conditions52. Beyond fundamental studies, spheroids are 
increasingly applied in high-throughput drug screening, personalized medicine, and as 
alternatives to animal models, offering physiologically relevant yet accessible systems44,46,49.  

Moving along in the complexity scale of the cellular models we encounter organoids, which, in 
contrast, are more complex 3D structures derived from stem cells or progenitor cells that self-
organize into miniaturized, organ-like tissues. Organoids exhibit complex, organ-like 
architecture, including multiple cell types arranged in spatial patterns that mimic in vivo tissues. 
They can be derived from pluripotent stem cells (PSCs) or adult stem cells (ASCs), with PSC-
derived organoids often displaying higher structural complexity, including epithelial, 
mesenchymal, and sometimes endothelial components, while ASC-derived organoids more 
closely resemble adult tissue epithelium42,53–55. Importantly, organoids retain genetic stability, 
the capacity for self-renewal, and the ability to perform organ-specific functions such as 
secretion, absorption, or electrical activity53–56. 

Despite their remarkable potential, organoids pose significant experimental and analytical 
challenges due to their size, ranging from tens of micrometres to several millimetres, their dense 
and heterogeneous internal architecture, and the difficulty of obtaining samples that are 
reproducible in terms of shape, dimensions, and structural organization of individual 
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components.41,42,56,57. In particular, the reduced sensitivity of NMR signals in such complex 
samples make it difficult to acquire high-resolution molecular information40. While organoids 
are extremely promising models, further methodological and technological advances will be 
required before in-cell NMR can fully meet the challenges posed by these systems. 

1.1.5 Future Perspectives 

Looking ahead, the future of in-cell NMR spectroscopy lies in its continuing technological and 
methodological evolution. Advances in NMR hardware, such as next-generation electronics, 
together with the development of more sophisticated bioreactor systems, are expected to 
significantly expand its applicability by enabling longer measurement times and improved 
sensitivity1,4,19. At the same time, integration with complementary approaches, including 
cutting-edge cellular imaging techniques such as cryo-electron microscopy and super-resolved 
fluorescence microscopy, as well as genome engineering tools, will provide a more 
comprehensive understanding of intracellular systems3,4,18. A major goal for the field is to 
extend in-cell NMR studies beyond single cells to more complex and physiologically relevant 
systems, including organoids and tissue models, while pushing detection limits to lower 
concentrations of biomolecules3,4,18,55. Ultimately, combining in-cell NMR with these emerging 
methodologies will offer a powerful, multidimensional view of the structure, dynamics, and 
interactions of macromolecules within their native environment, with unprecedented spatial and 
temporal resolution. 

1.2 Selective isotopic labelling 

Selective labelling is a powerful strategy in nuclear magnetic resonance (NMR) spectroscopy 
where stable isotopes such as 13C, 15N, 2H or 19F are incorporated only at chosen atomic sites 
or specific amino acids within a biomolecule58–64. Unlike uniform labelling, this targeted 
enrichment reduces spectral crowding, enhances sensitivity, and simplifies resonance 
assignment. The approach is essential for studying large proteins, macromolecular complexes, 
and nucleic acids where uniform labelling produces excessively complex spectra36,59–63,65–68.  

Applying selective isotopic labelling strategies in different cellular hosts yields distinct 
outcomes, each with specific advantages and limitations.  

Bacteria, particularly E.coli, are highly efficient and cost-effective platforms for large-scale 
protein production and amino acid-selective isotopic labelling58,59,63,67,69,70. Common strategies 
include using auxotrophic strains with isotopically labelled amino acids, T7 RNA polymerase 
with rifampicin to suppress endogenous protein synthesis, or a two-step culture transferring 
cells from rich to labelled minimal medium to reduce isotope use and growth limitations59,69–

72. Limitations include lack of eukaryotic post-translational modifications, potential misfolding, 
and isotope scrambling, which can be mitigated by pathway-specific inhibitors58–60,63,69,73. Yeast 
hosts (Pichia pastoris, Saccharomyces cerevisiae) provide a eukaryotic environment suitable 
for glycosylation and complex folding, support amino acid- and methyl-specific labelling, and 
allow metabolic glycan labelling, though nonessential amino acids may still experience some 
scrambling67,74–76. 

Cell-free protein synthesis platforms offer the highest degree of control over selective isotopic 
labelling59,77–79. Because active metabolism is absent, scrambling is essentially eliminated65,77. 
Isotopically enriched amino acids or their precursors can be added directly to the reaction 
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mixture, generally derived from E.coli extracts, allowing precise labelling schemes65,66,77,80–82. 
This includes amino acid-selective incorporation, side-chain methyl labelling, and even site-
specific labelling via amber suppression and engineered tRNAs62,65,66,68,68,78,79,82. The open 
nature of cell-free reactions also allows fine-tuning of redox conditions and cofactors73,77,79. 
The main advantages are the elimination of scrambling, flexibility in labelling design, and 
suitability for proteins that are otherwise difficult to express in living cells. The trade-offs 
include higher costs and lower yields compared with bacterial systems65,77–79. 

Finally, selective isotopic labelling in mammalian cells has emerged as a powerful approach for 
studying proteins that require post-translational modifications and complex folding, features 
often inaccessible in bacterial or yeast expression systems2,58,60,83. Recent advancements have 
made selective labelling strategies more efficient and cost-effective, extending their utility in 
nuclear magnetic resonance (NMR) and mass spectrometry applications. Amino acid-selective 
and side-chain-specific protocols have been developed by supplementing mammalian culture 
media with isotopically labelled amino acids or their precursors37,58; for instance, nonadherent 
Expi293F cells grown in specially formulated media allow high-efficiency incorporation of 
labels into residues such as phenylalanine, isoleucine, valine, or leucine, with minimal 
scrambling58. This strategy is also compatible with the introduction of fluorinated amino acids 
for specialized biophysical studies38,39. Furthermore, genetic code expansion technologies now 
permit site-specific incorporation of isotopically labelled or noncanonical amino acids using 
engineered tRNA/synthetase pairs and amber codon suppression, providing precise control over 
labelling patterns at defined protein positions for advanced structural and functional 
analyses64,84–86. Despite these advances, mammalian systems remain more complex and costly 
compared with bacterial or yeast hosts, and label dilution due to scrambling continues to be a 
significant challenge87,88. While certain amino acids, including cysteine, phenylalanine, 
histidine, lysine, methionine, asparagine, arginine, threonine, tryptophan, and tyrosine, exhibit 
low scrambling tendencies, others such as alanine, aspartate, glutamate, isoleucine, leucine, and 
valine are more prone to metabolic redistribution58,83. Careful optimization of culture 
conditions, including tailored media formulations and precursor selection, is therefore essential 
to minimize scrambling and improve labelling fidelity. Ultimately, the extent of scrambling in 
mammalian systems depends on the metabolic pathways engaged by the host and the amino 
acid of interest, underscoring the need for system-specific strategies when designing selective 
isotopic labelling experiments. 

1.2.1 Selective isotopic labelling with amino acid precursors 

Selective isotopic labelling with precursors is a useful tool to simplify NMR spectra and reach 
assignment for NMR spectra which would be too crowded/not resolved in the case of uniformly 
labelled samples. Its effectiveness depends on both the choice of precursor and the metabolic 
capabilities of the host organism. It offers a cost-effective alternative to amino acid labelling 
while enabling equal targeted enrichment of specific isotopically labelled residues, thereby 
improving spectral resolution and simplifying analysis of large or complex proteins37,89–91. The 
process works by supplying isotope-labelled metabolic precursors, most effectively late-stage 
intermediates like α-ketoacids, into the growth medium, where they are taken up by the host 
cell and converted into the corresponding amino acids through the action of endogenous 
transaminases. These enzymes catalyse the transfer of amino groups (Figure 1.2.1-1), enabling 
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the transformation of the precursor into the desired labelled amino acid, which is then 
incorporated into newly synthesized proteins.  

 

Figure 1.2.1-1 
The transaminase enzyme transfers the amino group of an amino donor to an α-ketoacid acceptor thus generating a new amino 
and a new α-ketoacid products. 

In bacterial systems like E.coli, this method is well-established: labelled precursors are 
efficiently converted by highly active but sometimes promiscuous transaminases, allowing for 
selective and cost-effective labelling of specific residues such as methyl groups in Leu, Val, and 
Ile, or aromatic rings in Phe and Tyr66,76,89–91. The advantages in bacteria include high labelling 
efficiency, low cost due to the small amounts of precursor required, and minimal metabolic 
scrambling when late-stage precursors are used, resulting in clear and interpretable NMR 
spectra. However, challenges can arise from metabolic cross-labelling in shared biosynthetic 
pathways (e.g., Val/Leu) and difficulties achieving stereo-selectivity and labelling-selectivity 
for certain side chains unless specific precursors, engineered strains or inhibitors are 
employed89,91,91. 

In mammalian cells, the approach is more recent but increasingly feasible. Here, a similar 
principle compared to E.coli applies, but the context is more complex: the human genome 
encodes at least aminotransferases, each with distinct substrate preferences and biological roles 
spanning amino acid interconversion, nitrogen metabolism, and energy regulation through 
pathways92. When isotope-labelled precursors are supplied in culture media, these enzymes 
efficiently convert them into target amino acids, enabling selective side-chain labelling, as 
demonstrated by our group in last year’s publication for aromatic and methyl-containing 
residues37. However, this approach also proves efficient when using backbone labelled 
precursors, as shown in a preliminary work in this thesis (chapter 1). This approach yields 
minimal scrambling, making the process both cost-effective and straightforward. This is 
particularly valuable for proteins that require mammalian-specific folding or post-translational 
modifications. However, mammalian precursor labelling faces unique challenges: uptake 
efficiency and conversion rate varies by residue, and, furthermore, certain amino acids (Ala, 
Asp, Asn, Pro, Glu) that are directly linked to essential cellular metabolic pathways, like 
glycolysis and the TCA cycle, may be difficult to label with α-ketoacid because adding the 
precursors to the culture medium is likely to cause other amino acids to be unintentionally 
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labelled in the expressed proteins37. Additionally, while metabolic scrambling is generally low, 
it must be empirically assessed for each system. 

The main differences between bacterial and mammalian systems stem from their metabolic 
flexibility and enzyme repertoire. Bacteria like E.coli have robust and versatile transaminase 
activity, allowing for efficient conversion of a wide range of precursors and enabling highly 
selective labelling with minimal cost and effort66,76,89–91. In contrast, mammalian cells, while 
capable of similar conversions for some amino acids, are more limited in precursor uptake and 
enzymatic activity, which can restrict the range of residues that can be selectively labelled and 
may necessitate more expensive labelled amino acids for certain targets. Thus, while both 
systems rely on transaminase-mediated conversion of precursors, bacterial hosts offer broader 
applicability and efficiency, whereas mammalian hosts provide access to proteins with complex 
modifications but with more constraints on labelling strategies37. 

1.2.2 Selective isotopic labelling of amino acid side chains 

Selective isotopic labelling of amino acid side chains, particularly when combined with 
deuteration, has become a cornerstone of modern NMR spectroscopy, offering critical 
improvements in spectral resolution and sensitivity for the study of globular proteins and large 
biomolecular complexes93–95. By selectively labelling methyl groups of aliphatic residues (Val, 
Leu, Ile) or applying selective 13C-labelling strategies to aromatics such as phenylalanine, 
tyrosine, tryptophan, and histidine, it is possible to drastically reduce spectral overlap and 
simplify resonance assignments, enabling detailed analysis of protein structure, dynamics, and 
molecular interactions that are otherwise inaccessible in uniformly labelled or unlabelled 
samples37,93,96–98. Methyl group labelling is especially powerful in combination with methyl 
TROSY experiments. Methyl TROSY is based on the selection of specific quantum coherences 
in methyl groups, that experience destructive interference between 1H, 1H and 1H, 13C dipolar 
interactions. This results in much slower relaxation rates, dramatically improving spectral 
resolution and signal-to-noise ratio in large, slowly tumbling molecules99–103. In practice, the 
HMQC sequence is already optimal to select the slowly relaxing methyl transitions, maximizing 
sensitivity and resolution100–102.  

Aromatic side chain labelling, on the other side, is essential for high-resolution structural 
determination and for probing protein-ligand or protein-protein interfaces, as these residues 
often play key roles in binding and allosteric regulation89,104–107.  

The integration of deuteration further enhances these benefits: by replacing neighbouring 
protons with deuterons, dipolar relaxation of the observed 1H is reduced, leading to sharper 
peaks, longer coherence lifetimes, and greatly improved sensitivity at the labelled sites102,108,109. 
This selective protonation in a deuterated background allows specific signals from methyl 
groups or aromatics to stand out with high sensitivity, facilitates the acquisition of long-range 
distance restraints (e.g., methyl-methyl, methyl-NH), and makes it possible to acquire 
multidimensional NMR experiments such as Heteronuclear Multiple Quantum Coherence 
(HMQC) and high-dimensional correlation techniques35,93,109,110.  

HMQC is a foundational two-dimensional NMR experiment that correlates signals between 
protons and heteronuclei (commonly 13C or 15N), enabling detailed analysis of molecular 
structure and dynamics. HMQC uses a series of radiofrequency pulses to create and transfer 
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multiple quantum coherences between a proton and a heteronucleus. This process allows the 
experiment to detect correlations between specific pairs of nuclei, such as 1H, 13C or 
1H,15N111,112. The experiment records the evolution of the heteronucleus during an indirect time 
period, but detection is performed on the proton channel, leveraging the higher sensitivity of 
1H detection111,113. The basic HMQC sequence involves excitation, coherence transfer via scalar 
(J) coupling, evolution, and detection. Variants and optimizations (e.g., SOFAST-HMQC) 
improve speed, sensitivity, and resolution103,112,114,115. HMQC produces a two-dimensional 
spectrum where one dimension represents proton chemical shifts and the other the 
heteronucleus, revealing which protons are directly bonded to which heteronuclei111,112. 

The sensitivity gain, especially in the case of methyl labelling is significant, with a 2.4-fold or 
more enhancement compared to other labelling schemes. This enables the detection of weak 
interactions and the possibility to observe protein samples in nanomolar concentration93,100,116.  

Recent methodological advances in the protein production have made these approaches more 
cost-effective and versatile in both bacterial and mammalian systems, α-ketoacid precursors, or 
transaminase pathways to maximize labelling efficiency while minimizing scrambling37. 
Biologically, these strategies have enabled high-resolution studies of supramolecular 
assemblies, membrane proteins, and transient protein-protein or protein-ligand interactions, 
thereby providing insights that are crucial for understanding molecular mechanisms and 
advancing drug discovery30,37,93. However, despite their success with globular proteins, side 
chain labelling strategies are less advantageous for intrinsically disordered proteins (IDPs). The 
lack of stable secondary and tertiary structure in IDPs leads to severe spectral overlap, poor 
chemical shift dispersion, and broadened signals that largely offset the resolution gains of 
selective labelling. Moreover, the repetitive nature of IDP sequences complicates resonance 
assignment, while label scrambling and high experimental costs can further diminish the utility 
of these approaches in such systems117–119. 

1.2.3 Selective isotopic labelling of amino acid backbone 

When side chain labelling is not a viable option it is possible to resort to backbone labelling. 
This technique is the foundation of structural biology as it has always been used for protein 
assignment but it’s also extremely useful in the investigation of large proteins or proteins with 
high spectral degeneracy76,120,121. In particular two labelling schemes are extremely interesting 
as they allow great spectral simplification while retaining fundamental structural information: 
15N, 13Cα (alpha carbon) and 15N, 13C’ (carbonyl). The selective labelling with these schemes 
applied to single residues has to be carried out in a 15N uniformly labelled background to exploit 
the whole experimental potential. This can be easily done by supplying an excess of selectively 
labelled amino acid or cursor in a 15N-labelled culture medium122 (chapter 1). These labelling 
strategies enable the use of triple-resonance experiments such as HNCA and HNCO, which are 
essential for establishing connections between the 15N, 13C amino acids and the subsequent 
residue in the polypeptide chain.  

Specifically, the HNCA experiment transfers phase coherence from the amide proton (1HN) to 
the amide nitrogen (15N), and then to the alpha carbon (13Cα) within the same residue and the 
preceding residue in the protein sequence. Therefore, each cross-peak in the HNCA spectrum 
links the HN and N of residue i to the Cα of both residue i (intraresidue) and residue i-1 
(sequential) via scalar coupling123–126. However, when selective isotopic labelling is applied, 
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only one amino acid will be 13Cα-labelled, thus by observing the HN plane of the 3D spectra 
we will observe a peak corresponding to the 15N, 13Cα residue and a peak corresponding to the 
following amino acid in the protein sequence.  

Meanwhile, in the HNCO experiment, phase coherence is transferred from the amide proton 
(1HN) to the amide nitrogen (15N), and then to the carbonyl carbon (13C') of the preceding residue 
(i-1) via scalar coupling. Consequently, each cross-peak in the HNCO spectrum links the HN 
and N of residue i to the C' of residue i-1127,128. In this case, due to the presence of 13C' just on 
the selectively labelled amino acid, the HN plane of the HNCO only shows the cross peak of 
the following amino acid in the protein sequence. 

Both labelling strategies are invaluable for interaction studies: they allow for the detection of 
chemical shift perturbations upon ligand or protein binding, mapping interaction sites with high 
precision, and supporting combinatorial selective labelling approaches that accelerate 
assignment and facilitate the identification of binding interfaces129,130. Furthermore, by having 
the background uniformly 15N-labelled, scrambling, that almost always occurs on the nitrogen 
of the labelled residue, is made completely irrelevant83,120. 

For IDPs, backbone labelling is crucial due to their inherent spectral overlap due to their 
repetitive and dynamic nature117–119. Especially in the case of large proteins, selective backbone 
labelling of specific residues drastically reduces spectral crowding. This results in greatly 
simplified spectra that, in turn, allow to better understand local and long-range dynamics, 
sequence-dependent flexibility, and transient secondary structure in IDPs and monitor 
interaction-induced changes67,76,119,120,131,132. 

1.2.4 Selective labelling with fluorinated amino acids 

The last labelling technique in analysis involves the introduction of non-natural fluorinated 
amino acids in the protein sequence, which has become a popular tool in NMR-based structural 
and interaction studies due to the unique properties of the NMR active nucleus and the 
development of advanced labelling and incorporation strategies. 19F is highly attractive for 
NMR because it is 100% naturally abundant, highly sensitive, and absent from native biological 
systems, resulting in background-free spectra and enabling the detection of proteins at low 
concentrations74,133–137.  

Incorporation of fluorinated amino acids can be achieved through several methods, including 
genetic code expansion using orthogonal tRNA/aminoacyl-tRNA synthetase (aaRS) pairs, such 
as pyrolysis-tRNA synthetase/tRNA systems, which have been engineered for high fidelity and 
efficiency in both E.coli and mammalian cells64,136,138. These systems rely on the introduction 
of a stop codon (e.g., the amber stop codon TAG) into the gene of interest (GOI) at the position 
corresponding to the amino acid targeted for substitution with its non-natural counterpart. 
Within the host cell, an engineered orthogonal aaRS is co-expressed; this enzyme specifically 
recognizes the matching orthogonal tRNA and charges it with the desired non-natural amino 
acid (nnAA). When the ribosome encounters the reassigned stop codon during translation, the 
orthogonal tRNA delivers the nnAA139. These systems allow for site-specific labelling, 
including the use of various fluorinated phenylalanine analogues, and can be multiplexed for 
the simultaneous incorporation of multiple non-natural amino acids136,140. In mammalian cells, 
direct expression and medium-switch strategies have enabled efficient incorporation of 
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fluorinated amino acids, with incorporation efficiencies up to 60% and minimal impact on 
protein structure, as confirmed by mass spectrometry and X-ray crystallography39,74,133. The 
stochastic nature of incorporation in mammalian systems allows for predictive control over 
labelling levels133. 

Fluorinated amino acids provide several advantages in NMR studies: they offer high sensitivity 
to local environmental changes, enabling the detection of conformational heterogeneity, protein 
folding, and ligand binding events that may be invisible to traditional 1H or 15N NMR74,134,137,140. 
Their site-specific incorporation reduces spectral overlap, simplifying analysis of large or 
complex proteins133,138. Advanced NMR techniques, such as 2D 13C, 19F correlation spectra, 
allow for site-specific assignments, long-range distance measurements, and enhanced spectral 
resolution, especially when using selectively fluorinated and isotopically labelled amino 
acids39. These methods have been successfully applied to study protein-ligand and protein-
protein interactions, as well as to probe spatial proximity and conformational dynamics in both 
bacterial and mammalian systems39,74,137,140,141. 

Regarding toxicity, the effects of fluorinated amino acids vary by structure and host. In E.coli, 
some fluorinated amino acids (e.g., 3-fluoroalanine) are highly toxic and can only be 
incorporated using cell-free systems, while others are tolerated and incorporated efficiently142. 
In mammalian cells, toxicity is less well characterized and must be evaluated for each 19F nnAA 
and every protein but studies indicate that incorporation of many fluorinated aromatic residues 
is achievable in globular proteins (such as carbonic anhydrase isoform II (CA II) (Figure 
1.2.4-1) and superoxide dismutase 1 (SOD1)) without disruption of protein structure or function 
at controlled concentrations39,74,133.  

 

Figure 1.2.4-1 
Structure of carbonic anhydrase isoform II with 5F tryptophan133.  
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2. Complementary methods 

2.1 Flow cytometry 

Flow cytometry is a sophisticated technique for the rapid, multi-parametric analysis of 
individual cells or particles flowing in suspension through a measuring device. Its operation 
fundamentally relies on the light scattering and fluorescence emission that occur when a light 
source, typically a laser beam, strikes the moving cells143,144.  

A flow cytometer is comprised of three core systems: fluidics, optics, and electronics143–146. The 
fluidics system is crucial for precisely transporting cells to the laser interrogation point. This is 
achieved through hydrodynamic focusing, where a sample containing suspended cells is 
injected into a flow chamber, surrounded by a sheath fluid (often phosphate-buffered saline, 
PBS). Due to pressure differences, cells align in a single line as they pass through the laser 
beam, ensuring uniform illumination of each cell. The injection rate can be adjusted depending 
on the purpose of the analysis. High flow rates are generally used for qualitative measurements 
while slow rates for higher resolution applications. Maintaining laminar flow and preventing 
air bubbles or debris is critical for proper operation143–147. 

The optical system is divided into excitation and collection components. Lasers (e.g., 488 nm 
blue, 405 nm violet, 640 nm red) energize electrons in fluorochromes, causing them to produce 
light143,145. When the laser strikes a cell, light is scattered in two main ways: Forward Scatter 
(FSC), collected along the same axis as the laser, is proportional to the cell's size or surface 
area, and Side Scatter (SSC), collected at approximately 90 degrees, is proportional to the cell's 
granularity or internal complexity. Both FSC and SSC are valuable for differentiating cell types 
in heterogeneous populations. Additionally, cells can be stained with fluorescent dyes or 
antibodies conjugated to fluorochromes, which bind to specific cellular molecules143–145. When 
excited by the laser, these fluorochromes absorb and then emit light at a longer wavelength as 
they return to their ground state. The difference between excitation and emission maxima is 
known as the Stokes shift143–146. Common fluorochromes include fluorescein isothiocyanate 
(FITC), phycoerythrin (PE), allophycocyanin (APC), and propidium iodide (PI)143–145.  

The collection optics (lenses, mirrors, filters) gather the scattered and fluorescent light, using 
dichroic filters to transmit or reflect light based on wavelength, and bandpass filters to allow 
only a narrow range of specific wavelengths to reach the detectors, ensuring independent 
detection of each fluorochrome143,145. Recent advancements include spectral flow cytometers, 
which capture the full emission spectrum of all fluorophores and use algorithms to distinguish 
them, reducing the need for traditional compensation, and imaging flow cytometers, which 
combine flow cytometry with fluorescence microscopy to capture detailed cell morphology and 
marker distribution147,148. 

Finally, the electronic network converts light signals into proportional electrical currents using 
photodetectors like photodiodes for strong FSC signals and photomultiplier tubes for weaker 
SSC and fluorescence signals143,145. These electrical currents are linearly or logarithmically 
amplified and converted from analog to digital data by analog-to-digital converters for 
computer processing. The digital data is then displayed as plots or histograms, allowing 
researchers to analyse, interpret, and "gate" specific cell populations for further 
study143,144,146,147. 
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2.1.1 Fluorescence-Activated Cell Sorting (FACS) 

Fluorescence Activated Cell Sorters (FACS) are a specialized type of flow cytometer that 
provide a method to physically separate cells into subpopulations based on their cytometric 
analysis143,144,149.  

This is achieved by generating regular and uniformly sized droplets from the cell stream 
containing the already analysed cells, charging said droplets via passing through a charging 
electrode, and then deflecting them into collection vessels using high-voltage electrostatic 
plates143,147,149,150.  

Cells can be sorted in various mode, however, a key parameter to consider is the drop delay, 
which is the time interval between the cell's detection by the laser and the moment the droplet 
containing that cell breaks off and is charged147. The most commonly used sorting logics are 
purity mode, where if the exact location of the cell cannot be confirmed the droplet is discarded 
to minimize the presence of non-target cell, enrichment mode, where if the target cell is present, 
the droplet is collected regardless of other cells, and finally single-cell mode, where only 
droplets containing a single cell are collected145,147,149. 

There are primarily two types of cell sorters: traditional electrostatic sorters and microfluidic-
based sorters. Electrostatic sorters are further divided into "jet-in-air" systems, where cells are 
ejected from a nozzle into the open air for laser interrogation, and "hybrid cuvette" systems, 
where cells are first analysed in a quartz cuvette and then ejected into the open air for droplet 
formation. Hybrid cuvette systems often offer better fluorescence sensitivity145,149. 

Microfluidic-based cell sorters are an innovation that utilize chips with microchannels and 
mechanical or air pressure deflection mechanisms147,149. These systems offer several 
advantages: they use disposable chips (preventing cross-contamination), are closed systems 
(eliminating aerosols), and apply lower pressures, which enhances cell viability. However, they 
are generally slower than traditional electrostatic sorters (<1,000 cells per second vs. >10,000 
cells per second) and typically collect fewer populations147,149. Despite their slower speed, 
microfluidic systems are gaining traction for applications requiring high cell viability and 
sterility, especially for therapeutic cell sorting147. 

2.2 Fluorescence microscopy 

Fluorescence microscopy (FM) is a fundamental biomedical imaging tool and a critical 
technique to understand biological processes at the cellular level. It provides high-resolution 
images of molecular contrast in living samples and is widely used to observe discrete 
subcellular structures and processes. This technique allows for the visualization and analysis of 
complex dynamic events within cells, organelles, and their sub-components151–153. 
Fluorescence microscopy works by exploiting the phenomenon of fluorescence, where certain 
atoms or molecules, called fluorophores, absorb electromagnetic radiation at a specific 
wavelength and then emit it at lower-energy and longer wavelength151,153,154.  

In its basic setup, a fluorescence microscope typically consists of an illumination source, such 
as a xenon or mercury lamp or a laser, a magnifying lens (objective), and an image acquisition 
device153,155. A popular configuration is epi-illumination FM, where the objective lens serves a 
dual role in both illuminating the sample and collecting the emitted fluorescence153,154. To 
separate the excitation light from the weaker fluorescence signal, a dichroic beam splitter is 
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used, reflecting the shorter excitation wavelengths towards the sample and transmitting the 
longer emission wavelengths towards the detectors154. Additional filters, such as excitation and 
emission band-pass filters, further improve the signal-to-noise ratio153,154. The fluorescence 
signal is then recorded by a camera, such as a charge-coupled device or scientific 
complementary metal-oxide-semiconductor camera155,156. This selective filtering process 
allows the fluorophore-labelled structures to appear brightly against a dark background, 
providing significantly enhanced contrast compared to other imaging methods153–155. The field 
has evolved from visualizing autofluorescent specimens to using fluorescent stains, labelled 
antibodies, and genetically encoded fluorescent proteins like GFP, enabling targeted live-cell 
imaging152,153. 

2.2.1 Confocal microscopy 

Confocal microscopy is an advanced form of fluorescence microscopy that achieves higher 
contrast, and spatial resolution allows to visualize subcellular details beyond conventional 
wide-field systems152,157. Invented by Minsky in 1955, its fundamental purpose is to provide 
optical sectioning, enabling the recording of three-dimensional (3D) images that are impossible 
with wide-field microscopy152–154,157. This is achieved by using a focused laser beam for 
excitation, raster scanning the sample with galvanometric mirrors, and incorporating a pinhole 
in the detection pathway. The pinhole spatially filters out-of-focus and stray light, ensuring that 
only fluorescence originating from the tightly focused focal plane reaches the single-photon 
detector151,153,154,154,157. This process, which often involves descanning the emitted light back 
through the scanning system, significantly enhances image contrast and resolving power, 
making labelled structures appear brightly against a dark background153,154,157. While confocal 
microscopy can achieve a twofold higher lateral resolution than wide-field microscopy with an 
infinitely small pinhole, this comes at the cost of reduced light detection efficiency and signal-
to-noise ratio155. The sequential, point-by-point scanning process makes image acquisition 
inherently slower compared to wide-field methods, although it limits light exposure only to the 
scanned area, which can reduce overall photobleaching in certain contexts154,157. 
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3. Towards cost-effective side-chain isotope labelling of proteins 
expressed in human cells 

3.1 Summary 

In this work, we introduced an innovative and economical methodology to selectively label 
protein side chains with stable isotopes in human cells. We demonstrated that selective isotopic 
labelling can be achieved in mammalian cells by supplementing the culture medium with amino 
acid late precursors (α-keto acids) instead of the corresponding amino acids. Human 
transaminases are, in fact, capable of converting these precursors into the cognate amino acids, 
allowing efficient incorporation into proteins. 

We showed that transfecting HEK293T cells with a pHL-sec plasmid encoding carbonic 
anhydrase II (CA II) in the presence of a custom-made DMEM medium, where an amino acid 
was replaced by a two-fold molar concentration of its α-keto acid precursor, led to protein 
expression levels comparable to those obtained in standard commercial DMEM. Protein 
expression levels in the presence of precursors of seven amino acids (Tyr, Phe, Leu, Val, Met, 
Ile, His) was assessed by overexpression of CA II in HEK293T cells, followed by lysis through 
freeze-thaw cycles and subsequent SDS-PAGE analysis. 

After confirming that protein expression level was maintained in the presence of precursors, we 
tested two different side chain labelling strategies to demonstrate specific incorporation without 
scrambling. First, we employed 1H, 13C labelling of aromatic amino acids (Phe, Tyr) in a 
deuterated background; second, we implemented 1H, 13C methyl labelling of aliphatic residues 
(Val, Leu, Met). Incorporation was validated by transfecting HEK293T cells with two proteins, 
CA II and DJ-1, using custom DMEM lacking the target amino acid but supplemented with the 
corresponding α-keto acid precursor. The resulting cell samples were analysed by in-cell NMR, 
then recovered, lysed, and subjected to the same NMR experiments in the lysate state. 

All NMR experiments were carried out at 950 MHz and 37 °C using SOFAST and XL-
ALSOFAST HMQC pulse sequences. In both in-cell and lysate conditions, the spectra 
confirmed efficient and residue-specific incorporation of labelled side chains without evidence 
of isotopic scrambling. 

We also proved expression and incorporation of two precursors in the same sample by 
overexpressing DJ-1 in the presence of both Val and Leu precursors. 

Finally, to assess the functional utility of this labelling strategy, CA II-expressing cells were 
treated with known inhibitors, acetazolamide (AAZ), methazolamide (MZA), and 
ethoxzolamide (ETZ). The resulting chemical shift perturbations observed in the NMR spectra 
confirmed that this selective side chain labelling approach enables sensitive detection of ligand 
binding events directly in a cellular environment.  
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4. The synthesis of specifically isotope labelled fluorotryptophan and its 
use in mammalian cell-based protein expression for 19F-NMR 
applications 

4.1 Summary 

In this work, we exploited a cost-effective protocol for the synthesis of deuterated 5-
fluorotryptophan selectively labelled with 13C at the C5 position, developed by Roman J. 
Lichtenecker’s group at Mag-Lab, in collaboration with the University of Vienna, for the the 
incorporation of this fluorinated amino acid into two proteins: carbonic anhydrase isoform II 
(CA II) and superoxide dismutase 1 (SOD1). 

Protein expression was carried out in HEK293T cells transiently transfected with a PEI:plasmid 
DNA mixture at a 2:1 ratio in standard commercial DMEM. After 24 hours of incubation at 
37°C and 5% CO₂, the culture medium was replaced with a custom-made DMEM in which L-
tryptophan was substituted with an equimolar amount of 5-13C, 19F-Trp. The cells were further 
incubated for 24 hours before harvesting and lysing by freeze-thaw cycles in liquid nitrogen. 

The successful incorporation of the fluorinated tryptophan was assessed by 13C, 19F TROSY 
NMR experiments performed on the cell lysates. The spectra clearly demonstrated the 
advantage of exploiting the direct spin-spin coupling between the isotopically labelled fluorine 
and carbon nuclei. High resolution and excellent peak dispersion were observed, particularly in 
the CA II overexpressing lysate, where four of the seven tryptophan residues, which strongly 
overlap in conventional 1D 19F spectra, appear well resolved in the 2D 13C, 19F correlation 
spectra. 
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5. Selective Labelling Strategies for in-cell NMR studies of intrinsically 
disordered proteins: the challenging case of BRCA1 

5.1 Abstract 

Isotopic labelling is a fundamental tool in NMR spectroscopy for structural characterization of 
proteins, yet studying intrinsically disordered proteins (IDPs) remains challenging due to low 
chemical shift dispersion, spectral overlap, and dynamic interactions. Here, we report optimized 
strategies for selective 15N and 13C isotopic labelling of BRCA1 fragments encompassing nearly 
its entire intrinsically disordered region (IDR), expressed in human HEK293T cells. Using a 
combination of amino acid-specific labelling and 13C-labeled α-ketoacid precursors, we 
recorded simplified HMQC, HNCA, and HNCO spectra for both in-cell and in-lysate samples, 
enabling residue-specific observation while mitigating spectral crowding. We achieved 
selective labelling of leucine, histidine, cysteine, and phenylalanine residues, demonstrating 
efficient incorporation and favourable signal resolution, particularly in lysates. Furthermore, 
we established co-expression protocols for BRCA1 and its partner MAX and developed a 
monoclonal inducible BRCA1 cell line, allowing selective isotopic labelling of individual 
proteins to facilitate analysis of interactions in intact cells. Our results demonstrate that these 
selective labelling strategies, coupled with optimized experimental conditions and lysate 
stabilization protocols, provide a viable framework for NMR investigation of large IDPs and 
their interactions. 

5.2 Introduction 

Isotopic labelling represents a cornerstone of modern NMR spectroscopy and is an essential 
tool for structural studies of proteins both in vitro and in cellular environments. While uniform 
15N and 13C labelling has long been the standard, its application to intrinsically disordered 
proteins (IDPs) is often limited as the lack of a stable three-dimensional structure in IDPs leads 
to poor chemical shift dispersion, especially in the proton dimension, resulting in severe spectral 
overlap, especially for long disordered regions, when employing uniform isotopic labelling. 
This feature is further complicated by the presence of repetitive sequences common in IDPs, 
which further reduce peak separation and make conventional 1H, 15N HSQC experiments less 
effective117–119.  

When studying interactions between IDPs and their partners using NMR, additional challenges 
arise. For example, the inherent conformational flexibility of IDPs leads to highly dynamic and 
heterogeneous complexes, which can cause exchange broadening, leading to weak or invisible 
NMR signals for the interacting regions, especially when partial folding or transient binding 
occurs117,158. Moreover, IDP complexes often display a range of binding modes, from folding-
upon-binding to highly dynamic "fuzzy" complexes, making it difficult to capture a single 
structural state and complicating resonance assignment and interpretation158–161. Finally, the 
low chemical shift dispersion typical of IDPs increases spectral crowding, while the presence 
of multiple, weak, and transient interactions can hide specific binding events or lead to 
ambiguous results117,162–164. However, amongst the techniques employed in structural biology, 
NMR still remains, the most suited to investigate IDPs, as their intrinsic mobility makes X-ray 
crystallography and high-resolution cryo-electron microscopy non-viable.  
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One effective strategy to address the long-standing challenge of studying intrinsically 
disordered proteins is the use of selective isotopic labelling combined with heteronuclear 
detection schemes. The relevance of such methodological approach is particularly evident when 
studying proteins with extensive disordered regions that mediate critical biological functions. 
A prime example is the breast cancer susceptibility protein BRCA1. This protein is a large, 
multi-domain tumour suppressor protein essential for maintaining genomic stability, with 
critical roles in DNA repair, transcriptional regulation, and cell cycle control. Structurally, 
BRCA1 contains a well-characterized N-terminal RING (residues 1-103) and two C-terminal 
BCRT domains (residues 1646-1863), both of which are globular and mediate specific protein-
protein interactions. However, the central region (residues 104-1645), is predominantly 
intrinsically disordered, lacking stable secondary or tertiary structure under physiological 
conditions165–168. This intrinsically disordered region (IDR) is characterized by high flexibility 
and a large hydrodynamic radius165–168. Functionally, the IDR of BRCA1 serves as a dynamic 
scaffold, enabling the protein to interact with a diverse array of partners, including DNA, and 
many gene expression-regulating proteins such as p53, MYC, MAX and PALB2, often with 
affinities in the low micromolar range166,168,169. The flexibility of the IDR allows BRCA1 to 
mediate multiple, sometimes simultaneous, protein-protein and protein-DNA interactions, 
which is crucial for integrating cellular signals in the DNA damage response pathway166–168,170.  

Many functions of BRCA1 involve the interaction of the IDR: firstly DNA repairing via 
formation of "fuzzy" complexes with DNA170, then facilitating histone ubiquitylation and 
chromatin remodelling, necessary for DNA repair and cell survival, via recruitment of 
BRCA1/BARD1 complexes to chromatin and sites of DNA damage171, and finally modulating 
transcription of proto-oncogenic (Myc) and tumour suppressing (p53) genes168,169. Another 
transcriptional regulation pathway involves the formation of the BRCA1-Myc and BRCA1-
Myc-MAX complexes that are responsible for regulation of MYC-driven cell proliferation, cell 
growth and differentiation169,172–174. Recently a new interaction has been discovered amongst 
BRCA1 and MAX that does not involve the participation of Myc. The BRCA1-MAX complex, 
particularly with the monomeric form of MAX, may modulate the availability of MAX for 
Myc-MAX heterodimer formation, indirectly influencing Myc-dependent gene expression and 
cellular proliferation169. The biological pathways arising from this interaction remain unclear 
and need to be further investigated.  

In this preliminary work, we optimized protocols for selective isotopic labelling of four BRCA1 
fragments, covering nearly the entire IDR, expressed in human HEK293T cells. The labelling 
strategies combined amino acid-selective 15N, 13C labelling schemes using both labelled amino 
acids and 13C-labelled α-ketoacid precursors, resulting in uniformly 15N, 13C-labelled histidines 
and cysteines, 13Cα-labelled leucines, and 13C′-labelled phenylalanines. These approaches 
enabled simplified spectral readouts of HMQC, HNCA and HNCO experiments for in-cell and 
in-lysate samples, paving the way for interaction investigations. Furthermore, we demonstrated 
the feasibility of co-expressing BRCA1 with its partner MAX in mammalian cells, and we 
established a monoclonal inducible stably transfected BRCA1 cell line to allow selective 
labelling of individual proteins in co-expression experiments, to further alleviate the spectral 
crowding issue.  
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5.3 Results and discussion:  

5.3.1 Expression, stabilization and assessment of experimental conditions: 

The first major challenge in this project was the expression of the BRCA1 protein. We 
approached this by expressing four different fragments (Figure 5.3.1-1), all located within the 
intrinsically disordered region of the protein: BRCA1 219-504, BRCA1 495-685, BRCA1 675-
1357, and BRCA1 219-1357. Among these fragments, the first one (219-504) has already been 
assigned168 and its role in interacting with the Myc-associated factor X (MAX) has been 
documented169 and the last one (219-1357) with its 1139 amino acids-long sequence, spans 
almost the entire IDR of BRCA1. Due to its length, the fourth fragment represents a significant 
challenge, both in terms of expression yield and spectral complexity. The four constructs were 
expressed in mammalian cells using a protocol previously established by Barbieri et al.7, which 
involves the transient transfection of HEK293T cells with a mixture of plasmid DNA (pHL-
sec) and polyethyleneimine (PEI). All four fragments were successfully overexpressed, as 
shown by the corresponding bands observed on the SDS-PAGE gel (Figure 5.3.1-2). To our 
knowledge, BRCA1 219-1357 represents the largest BRCA1 fragment ever expressed to date. 

 

Figure 5.3.1-1  
Schematic representation of BRCA1 sequence: structural domains represented in pink, light blue and purple, expressed 
fragments represented in blue, green, yellow and orange. 

We investigated these constructs via NMR both in cells, which allows preservation of the 
physiological environment as well as all native protein interactions, and in cell lysates. The 
latter proved to be a valuable alternative to purification, as it simplifies the spectra compared 
to in-cell experiments while avoiding the need for scale-up, which in mammalian systems 
would be costly and labour-intensive. The experimental conditions for in-cell NMR 
investigations were then optimized to maximise cell viability and protein integrity throughout 
the time required for NMR analysis. In order to do this we simulated an in-cell NMR 
experiment, by incubating HEK293T cells overexpressing the BRCA1 219-504 fragment in a 
3 mm Shigemi NMR tube for up to 4 hours at different temperatures (t 4, 15, 20, 25, and 37ௗ°C) 
to assess cell viability (Figure 5.3.1-2; C) and protein integrity (Figure 5.3.1-3; A, B) during the 
in-cell NMR experiment. A second critical parameter was the determination of the temperature 
that yielded the highest spectral quality. To this end, we conducted a temperature scan from 5 
to 37°C, by acquiring 1H15N HMQC spectra on a 900MHz magnet, on a 15N uniformly 
labelled BRCA1 219-504 in-cell sample (Figure 5.3.1-4).  
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Figure 5.3.1-2 
Expression of BRCA1 fragments: HEK293T transfected with a pHL-sec plasmid containing a sequence coding for BRCA1 
675-1357, BRCA1 219-504, BRCA1 495-685, BRCA1 219-1357, a non-coding pHL-sec (empty pHL-sec) as negative control 
(CTRL-). 

 

 

Figure 5.3.1-3 
Cell viability and protein integrity assay: (A, B) SDS- PAGE of lysates of HEK293T cells transfected with pHL-sec coding for 
BRCA1 219-504, incubated in a 3mm Shigemi tube for 1, 2, 3, 4 hours at 4, 15, 20, 25, 37 °C, in the negative control (CTRL-) 
HEK293T were transfected with empty pHL-sec, in the positive control (CTRL+) HEK293T were transfected with pHL-sec 
coding for BRCA1 219-504 and immediately lysed without incubation. (C) Viability percentages of HEK293T cells transfected 
with pHL-sec coding for BRCA1 219-504 before incubation in a 3mm Shigemi (T=0) and after incubation for 1h (T=1h), 2h 
(T=2h), 3h (T=3h) and 4h (T=4h) at 4, 15, 20, 25, 37°C. 
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Figure 5.3.1-4 
In-cell temperature scan on BRCA1 219-504: In-cell 1H, 15N HMQC of HEK293T cells overexpressing BRCA1 219-504 at 
278, 298 and310 K with background subtraction. 

The analysis of in-cell spectral quality and protein stability at different temperatures revealed 
two opposing trends. While increasing the temperature generally enhanced spectral quality 
primarily due to the faster protein dynamics, at too high temperatures the increased exchange 
rate of the amide protons and the accelerated protein degradation led to a decrease of signal 
intensity. Conversely, lowering the temperature improved protein stability over time but 
compromised spectral resolution, possibly due to the stabilization of weak interactions with the 
cellular environment. Based on these observations, analysis at 20ௗ°C offered the best 
compromise between cell viability (up to 4 hours), (Figure 5.3.1-3, C), protein integrity (up to 
3 hours), (Figure 5.3.1-3, B), and spectral quality (Figure 5.3.1-4). 

For lysate experiments, we also maintained the temperature at 20ௗ°C and supplemented the 
samples with a protease inhibitor to further improve protein stability over time. Additionally, 
we implemented a lysate "clean-up" protocol to prepare for future, more complex experiments 
that will require longer acquisition times and therefore increased protein stability. This protocol 
involves boiling the diluted lysate at 80ௗ°C for 20 minutes, followed by filtration using a 
Centricon centrifugal filter with a 30ௗkDa molecular weight cut-off. These steps are commonly 
used in purification protocols for intrinsically disordered proteins and help to remove larger 
cellular components such as structured proteins, enzymes, and organelles175–177. 

5.3.2 Labelling 

NMR spectra of long IDPs are typically challenging to interpret due to the large number of 
resonances and the inherently low chemical shift dispersion of their peaks117–119. To overcome 
this limitation, we employed various amino acid-selective labelling strategies aimed at 
simplifying spectral analysis. For optimal peak separation in very long constructs, uniform 
15N,13C labelling of the protein backbone is not ideal, in addition to being prohibitively 
expensive when expressing proteins in mammalian cells. Therefore,  we sought to establish 
amino acid- and backbone-selective 15N,13C labelling. However, selective isotope labelling of 
single backbone atoms for certain amino acids can still be extremely expensive or, in some 
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cases, not easily achieved due to lack of commercially available compounds. Additionally, 15N 
scrambling can hinder the selective labelling of specific residues, rendering backbone-specific 
labelling impossible83,178,179. To address these challenges, and as previously demonstrated 
(chapter 0), protein expression in mammalian cells can be performed using the corresponding 
α-ketoacid analogues of the desired amino acids. These α-ketoacids, also referred to as 
precursors, can be added directly to the cell culture medium. Human cellular transaminases then 
convert the precursors into their corresponding amino acids, offering a cost-effective method 
for introducing 13C-labeled residues to the expressed protein37. However, since α-ketoacids lack 
the amide nitrogen, they can only provide 13C labelling.  

 

Figure 5.3.2-1 
Evaluation of the conversion level of 13Cα-pLeu into 15N, 13Cα Leu: (A) Left: 1H plane of 1H 13C HSQC acquired on 15N-
labelled DMEM samples supplemented with 5x 13Cα-pLeu and incubated on HEK293T cells for different time intervals (0, 2, 
4, 16, and 24 hours). Right: 1H plane of 1H 13C HSQC acquired on 15N-labelled DMEM, detecting carbon signals from 
unlabelled Leu present in the medium and scaled to account for natural abundance. (B) Left: 1H plane of 1H 13C HSQC acquired 
on 15N-labelled DMEM samples supplemented with different concentrations of 13Cα-pLeu (2x, 3x, 5x) and incubated on 
HEK293T cells for 16 hours. Right: 1H plane of 1H 13C HSQC acquired on 15N-labelled DMEM, detecting carbon signals from 
unlabelled Leu present in the medium and scaled to account for natural abundance. 

To achieve double labelling (15N,13C), the precursors must be supplied alongside a commercial 
uniformly 15N labelled culture medium, which already contains the 15N-labelled form of the 
amino acid of interest. We then developed a protocol to obtain a 15N-labelled medium 
containing the double labelled amino acid of interest, that involves the incubation of non-
transfected HEK293T cells with a uniformly 15N-labelled medium, supplied with the 13C-
labelled precursor. These cells are exploited to synthetize the 15N,13C amino acid. Once the 
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medium is enriched in the doubly labelled amino acid it is collected and provided to the 
transfected cells for protein expression. To increase the incorporation of the double labelled 
amino acid over the 15N labelled counterpart already present in the medium, an excess of 
precursor is provided in the first step. We tested different incubation times and precursor 
concentration with a 13Cα-labelled leucine precursor, and we found that suppling a 5-fold molar 
excess of the labelled α-ketoacid (with respect to the leucine already present in the medium), 
and incubating the medium on non-transfected cells overnight (~16 h), yielded a culture 
medium with a concentration of 15N,13Cα-Leu comparable to that of 15N-Leu (Figure 5.3.2-1). 
The selective labelling of BRCA1 was then tested using these conditions. 

13Cα leucine precursor labelling: in disordered proteins, leucine residues are often found in 
regions which interact with protein partners, making them a useful NMR reporter of such 
interactions180,181. Sequence analysis of the BRCA1 219-1357 fragment revealed the presence 
of 90 leucine residues (Figure 5.3.2-2). To pursue selective labelling on Leu residues, we 
employed the previously mentioned 13Cα leucine precursor and prepared the NMR samples 
following the Barbieri et al protocol7, implementing the 15N culture medium incubation 
described in the previous paragraph. We then recorded 2D 1H-15N planes of a standard HNCA 
experiment on both cell and lysate samples overexpressing BRCA1 219-504 and on lysate 
samples overexpressing BRCA1  219-1357  (Figure 5.3.2-3). In these spectra, the 13Cα is used 
as a filter to detect only Leu residues and the following ones in the polypeptide chain (Leu+1). 
The obtained HNCA spectra contained several peaks, which were compatible with the reported 
assignments of Leu and Leu+1 residues. As observed from the BRCA1 219-504 spectra (Figure 
5.3.2-3; A, B), many of these signals were only detected in the lysate spectrum, suggesting that 
the ones missing in the in-cell spectrum are broadened due to interactions with cellular 
components. Moreover, leucine-leucine (Leu-Leu) pairs are also present in the sequence, 
distributed throughout all the sequence (Figure 5.3.2-2). Selective observation of these pairs 
would result in a highly simplified NMR spectrum, especially critical when analysing the long 
BRCA1 constructs, where only ten peaks would be expected. Therefore, 2D planes of a double-
quantum filtered HNCA (DQ-HNCA), which would only detect the amide peak of the second 
Leu in a Leu–Leu pair, was also recorded. The resulting spectra showed extremely weak, 
sometimes undetectable, Leu–Leu signals (Figure 5.3.2-3), likely as a result of the incomplete 
incorporation of the double labelled amino acid into the protein. Indeed, a ~40% incorporation 
efficiency of 13C-labelled leucine was estimated from the standard HNCA spectra, which would 
result in a ~16% probability of two adjacent leucine residues being labelled. Such a low 
probability was particularly evident in the in-cell spectra, where no Leu-Leu peaks could be 
detected. Therefore, while the 13Cα leucine precursor labelling protocol is effective for single-
residue labelling, it does not provide sufficient incorporation levels for DQ-HNCA experiments. 
In principle, detection of Leu-Leu signals may be achieved at a higher cost by supplementing 
an excess 15N,13C-L-leucine to the 15N-medium, resulting in higher incorporation efficiency. 
Nonetheless, the detection of Leu and Leu+1 in standard HNCA spectra was deemed highly 
promising. In particular, the lysates spectra, especially on the smaller construct shows excellent 
signal intensity and peak dispersion, indicating the viability of leucine-selective labelling for 
interaction studies.  
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Figure 5.3.2-2 
Leucines in BRCA1 219-1357 sequence: BRCA1 219-504 protein sequence with highlighted leucines (yellow) and leucines 
pairs (magenta). 

 

Figure 5.3.2-3 
Leucine precursor labelling: (A) Left: in-cell HNCA on HEK293T transfected with BRCA1 219-504 (green) and empty pHL-
sec (black) in presence of 15N uniformly labelled culture medium supplied with 13Cα leucine precursor 5x (green); Right: in-cell 
double quantum filtered HNCA on HEK293T transfected with BRCA1 219-504 (green) in presence of 15N uniformly labelled 
culture medium supplied with 13Cα leucine precursor 5x. (B) Left: HNCA on lysate of HEK293T transfected with BRCA1 219-
504 (green) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied with 13Cα leucine 
precursor 5x; Right: double quantum filtered HNCA on lysate of HEK293T transfected with BRCA1 219-504 (green) in 
presence of 15N uniformly labelled culture medium supplied with 13Cα leucine precursor 5x. (B) Left: HNCA on lysate of 
HEK293T transfected with BRCA1 219-1357 (green) and empty pHL-sec (black) in presence of 15N uniformly labelled culture 
medium supplied with 13Cα leucine precursor 5x; Right: double quantum filtered HNCA on lysate of HEK293T transfected with 
BRCA1 219-1357 (green) in presence of 15N uniformly labelled culture medium supplied with 13Cα leucine precursor 5x. 

15N,13C histidine and cysteine labelling: We then extended the amino acid-selective labelling 
strategy to histidine and cysteine residues. In this case, 15N,13C uniformly labelled L-histidine 
and L-cysteine amino acids were employed. Two distinct labelling schemes were applied. In 
the first scheme, BRCA1 was expressed in a custom-made unlabelled DMEM medium lacking 
the amino acid of interest, which was then supplemented with its 15N,13C-labelled counterpart. 
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This strategy allowed the acquisition of 15N SOFAST-HMQC spectra in which only signals 
from the labelled amino acids present in the BRCA1 sequence were observed. Conversely, in 
the second protocol, expression was carried out in a commercial uniformly labelled 15N 
medium, which was supplemented with the 15N,13C-labelled amino acid. Under these 
conditions, all protein residues incorporate 15N, but only the supplemented amino acid is 15N, 
13C-labelled. Supplementing the medium with a 5-fold molar excess of the double-labelled 
amino acid ensures a ratio of single to double-labelled amino acid of 1:5, yielding an expected 
incorporation efficiency of the double-labelled amino acid of ~80%. This labelling scheme 
allows for the acquisition of 2D 1H-15N planes of HNCA, where both the double-labelled 
residue (i) and its immediate neighbour (i+1) are observed, as well as 2D 1H-15N planes of 
HNCO, in which only the residue (i+1) is observed. Given the results obtained with the Leu 
precursor, we focussed on lysate samples for testing these labelling schemes.  

 

Figure 5.3.2-4 
Histidine labelling: (A) Left: HMQC on lysate of HEK293T transfected with BRCA1 219-504 (blue) and empty pHL-sec (black) 
in presence of custom made DMEM containing 15N, 13C histidine; Middle: HNCA on lysate of HEK293T transfected with 
BRCA1 219-504 (blue) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied with 15N, 13C 

histidine 5x. Right: HNCO on lysate of HEK293T transfected with BRCA1 219-504 (blue) and empty pHL-sec (black) in 
presence of 15N uniformly labelled culture medium supplied with 15N, 13C histidine 5x. (B) Left: HMQC on lysate of HEK293T 
transfected with BRCA1 219-1357 (blue) and empty pHL-sec (black) in presence of custom made DMEM containing 15N, 13C 

histidine; Middle: HNCA on lysate of HEK293T transfected with BRCA1 219-1357 (blue) and empty pHL-sec (black) in 
presence of 15N uniformly labelled culture medium supplied with 15N, 13C histidine 5x. Right: HNCO on lysate of HEK293T 
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transfected with BRCA1 219-1357 (blue) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium 
supplied with 15N, 13C histidine 5x. 

Examination of the spectra of BRCA1 labelled with 15N, 13C histidine, clearly indicates that 
amino acid incorporation was successful, leading to improved peak dispersion (Figure 5.3.2-4). 
In particular, the HNCO spectrum of the short fragment (BRCA1 219-504) displays intense, 
well-resolved signals, with 8 out of the 10 expected peaks being observed (Figure 5.3.2-4; A). 
Indeed, the fragment sequence contains 11 histidines, one of which is followed by a proline 
residue. 

 

Figure 5.3.2-5 
Cysteine labelling: (A) Left: HMQC on lysate of HEK293T transfected with BRCA1 219-504 (magenta) and empty pHL-sec 
(black) in presence of custom made DMEM containing 15N, 13C cysteine; Middle: HNCA on lysate of HEK293T transfected 
with BRCA1 219-504 (magenta) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied 
with 15N, 13C cysteine 5x. Right: HNCO on lysate of HEK293T transfected with BRCA1 219-504 (magenta) and empty pHL-sec 
(black) in presence of 15N uniformly labelled culture medium supplied with 15N, 13C cysteine 5x. (B) Left: HMQC on lysate of 
HEK293T transfected with BRCA1 219-1357 (magenta) and empty pHL-sec (black) in presence of custom made DMEM 
containing 15N, 13C cysteine; Middle: HNCA on lysate of HEK293T transfected with BRCA1 219-1357 (magenta) and empty 
pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied with 15N, 13C cysteine 5x. Right: HNCO on 
lysate of HEK293T transfected with BRCA1 219-1357 (magenta) and empty pHL-sec (black) in presence of 15N uniformly 
labelled culture medium supplied with 15N, 13C cysteine 5x. 

Labelling with 15N, 13C cysteine also resulted in efficient incorporation and spectral 
simplification. In this case, the most well-resolved spectrum is the HMQC, in the short 
fragment, signals corresponding to all seven cysteine residues present in its sequence can be 
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observed (Figure 5.3.2-5). A drawback of cysteine labelling in cell lysates, however, is the 
occurrence of two very strong signals from glutathione (GSH), an abundant intracellular 
tripeptide containing cysteine, which may obscure protein peaks if located within the same 
spectral region. 

Simultaneous labelling with 13Cα leucine precursor and 13C’ phenylalanine precursor: As a final 
labelling strategy, we combined two precursors with different labelling schemes: a 13C’-labelled 
phenylalanine precursor together with the previously tested 13Cα-labelled leucine precursor. 
Labelling was carried out in 15N uniformly enriched medium to label all the amino acids, 
including leucine and phenylalanine, on the amide nitrogen. To this end, we employed the 
previously described strategy of incubating 15N medium supplemented with an excess of 
precursors on cells overnight, prior to using the same medium for transfection. This approach 
increases the concentration of doubly labelled amino acids in the medium and favours their 
incorporation over the corresponding 15N-only species. 

To assess the efficiency of precursor conversion under these conditions, we incubated the 
medium overnight and subsequently recorded 1D 13C-detected spectra both on the unincubated 
medium (containing only precursor) and on the medium after incubation (Figure 5.3.2-6; A). 
To determine whether the presence of pLeu interfered with the conversion of pPhe, we also 
tested media containing both precursors in excess (Figure 5.3.2-6; B). From these spectra, we 
concluded that in the absence of pLeu approximately 80% of pPhe was converted into the amino 
acid, whereas in the presence of pLeu the conversion of pPhe efficiency decreased to 40%, 
nevertheless yielding a favourable 15N, 13C′ Phe:15N Phe ratio of 2:1. Conversely, by recording 
1H-13C HSQC spectra we observed that the presence of pPhe in the culture medium did not 
affect the conversion rate of pLeu. 

 

Figure 5.3.2-6 
Evaluation of the conversion level of 13C’-pPhe into 15N, 13C’ Phe: (A) Top: 13C detected 1D spectrum acquired on 15N-
labelled DMEM samples supplemented with 5x 13C’ pPhe; Bottom: 13C detected 1D spectrum acquired on 15N-labelled DMEM 
samples supplemented with 5x 13C’-pPhe and incubated on HEK293T cells 16 hours. (B) Top: 13C detected 1D spectrum 
acquired on 15N-labelled DMEM samples supplemented with 5x 13C’ pPhe and 5x 13Cα pLeu ; Bottom: 13C detected 1D spectrum 
acquired on 15N-labelled DMEM samples supplemented with 5x 13C’ pPhe and 5x 13Cα pLeu and incubated on HEK293T cells 
16 hours. 

We then applied this labelling strategy on a BRCA1 219-504 lysate sample, on which both 
HNCA and HNCO spectra were recorded, thereby demonstrating that simplified spectra 
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representative of two different residues can be obtained from the same sample. While the HNCA 
spectrum was essentially superimposable to the one obtained with the pLeu single labelling (see 
Figure 5.3.2-3), the HNCO spectrum displayed only two of the five expected peaks (Figure 
5.3.2-7). This outcome may be attributed to local conformational or solvent exchange 
phenomena causing broadening and loss of some of the expected signals. 

 

Figure 5.3.2-7 
Simultaneous labelling with leucine and phenylalanine precursors: (A) Left: HNCA on lysate of HEK293T transfected with 
BRCA1 219-504 (orange) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied with 13Cα 
leucine precursor 5x and 13C’ phenylalanine precursor 5x. Right: HNCO on lysate of HEK293T transfected with BRCA1 219-
504 (orange) and empty pHL-sec (black) in presence of 15N uniformly labelled culture medium supplied with 13Cα leucine 
precursor 5x and 13C’ phenylalanine precursor 5x. 

Overall, all labelling schemes tested yielded favourable outcomes in terms of efficiency of 
incorporation and spectral simplification. The somewhat limited resolution observed in certain 
spectra can be ascribed not only to the intrinsic sensitivity of the experimental setup but, more 
critically, to the protein concentration in the sample. This limitation is particularly pronounced 
for the longer BRCA1 fragment (219-1357), where the concentration is significantly lower than 
that of BRCA1 (219-504), and below those typically employed in NMR studies. In such 
instance, prolonged acquisition times will prove decisive for enhancing spectral quality. 
Consequently, future interaction studies will incorporate the previously described “clean-up” 
protocol, which has demonstrated excellent performance in preserving protein stability in the 
lysate for several days. 

Finally, we note that the two signals arising from the amide groups of GSH, were detected in 
nearly all spectra, even in the absence of cysteine-specific labelling, suggesting that a residual 
level of 13C scrambling invariably occurs in all labelling strategies (Figure 5.3.2-3, Figure 
5.3.2-4, Figure 5.3.2-5, Figure 5.3.2-7). 

5.3.3 Co-expression of BRCA1 and MAX 

One of the aims of this project is to investigate whether the newly discovered interaction 
between BRCA1 and MAX occurs in human cells. To this aim, it’s necessary to co-express both 
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proteins within a single cell sample. Two MAX constructs were tested: one corresponding to 
the full-length protein, and the other comprising only the BRCA1-interacting region (MAX 
fragment, residues 22–110). SDS-PAGE analysis revealed that, in both cases, the proteins were 
absent from the soluble fraction of the non-denaturing lysate, suggesting that the protein, which 
is expected to be localized in the nucleus, remains trapped in the insoluble fraction due to 
incomplete lysis of the nuclei and/or interactions with nuclear components, leading to its 
precipitation during the non-denaturing lysis process. To test this hypothesis, we performed 
separation of the nuclear and cytoplasmic compartments, which were then denatured and fully 
solubilized in RIPA buffer, followed by western blot analysis. The results revealed that, while 
MAX fragment was mainly localized in the nucleus, full-length MAX was localized in both the 
nuclear and the cytoplasmic fractions, where it is also interacting with non-soluble cytoplasmic 
components which are lost in non-denaturing lysis conditions (Figure 5.3.3-1).  

 

Figure 5.3.3-1 
MAX expression: western blot to assess nuclear and cytoplasmic localization of MAX full length and MAX fragment in 
HEK293T lysates. 

After confirming expression and localization of both MAX constructs, we proceeded to test the 
co-expression of full-length MAX with BRCA1 219-504. We transfected HEK293T cells with 
varying plasmid DNA ratios of the two proteins to identify the condition that yielded 
comparable expression levels. Once the optimal combination ratio was determined, we 
performed the in-cell NMR experiment for the co-expression of the two proteins in 15N 
uniformly labelled medium, at 950 MHz and 20°C. The resulting in-cell NMR spectra showed 
signals corresponding to both proteins. Strikingly, several signals of MAX (both alone and 
together with BRCA1) are clearly detected in intact cells, despite the fact that the protein is 
extensively involved in interactions that prevent its solubilization in non-denaturing conditions. 
However, the significant spectral crowding prevented proper analysis, suggesting that an amino 
acid selective labelling such as those described above will be beneficial to detect any chemical 
shift perturbations that would indicate the occurrence of an interaction (Figure 5.3.3-2). 
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Figure 5.3.3-2 
BRCA1 219-504 and MAX coexpression: In-cell HMQC spectra of HEK293T spectra overexpressing BRCA1 219-504, MAX 
full length, BRCA1 219-504 and MAX full length simultaneously. 

5.3.4 BRCA1 monoclonal inducible cell line: 

In addition to employing selective amino acid labelling strategies, we sought out a method to 
label only one of the two interacting proteins in order to address the issue of spectral crowding 
in in-cell NMR experiments involving both BRCA1 and MAX. To this aim, we adopted the 
PiggyBac transposon system, which enables the generation of stably transfected and inducible 
cell lines able to reach expression levels suitable for in-cell NMR detection, as previously 
demonstrated52. This method involves co-transfecting HEK293T-REx, a HEK293T stably 
transfected with the tetracycline repressor (Tet-repressor), with two plasmids: one encoding the 
transposase enzyme, and a second containing the GOI under the control of a tetracycline-
responsive promoter (Tet-promoter), flanked by two inverted terminal repeat (ITR) sequences. 
Upon expression, the transposase identifies the ITRs and excises the GOI-containing fragment 
from the plasmid. The resulting fragment, containing the operator and the GOI, associates with 
the transposase to generate the transpososome complex, which in turn targets specific TTAA 
sites within the cell's genome, characterized by open chromatin and high expression, and 
randomly integrates the GOI in multiple copies. The GOI also contains the sequence encoding 
for GFP to facilitate assessment of successful gene integration. This method ensures high copy 
inducible expression of proteins. We applied this protocol to generate a stably transfected 
monoclonal HEK293T-REx cell line expressing BRCA1 219-1357. Achieving monoclonality 
ensures uniform protein expression across all cells, thus reducing sample heterogeneity during 
in-cell NMR analysis. High expression levels and monoclonality were confirmed by evaluating 
GFP expression using fluorescence-activated cell sorting (FACS) and immunofluorescence 
analysis (Figure 5.3.4-1). This newly established inducible monoclonal cell line expressing 
BRCA1 219-1357 allows the independent control of the induction and transfection times and, 
as a result, will enable in-cell NMR analysis of samples in which only one of the interacting 
proteins is isotopically labelled, significantly decreasing spectral complexity and facilitating 
the study of their interaction. 
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Figure 5.3.4-1 
Stably transfected inducible BRCA1 219-1357 monoclonal cell line: (A) Flow cytometry analysis of GFP fluorescence 
intensity from induced monoclonal HEK293T-Rex stably transfected with BRCA1 219-1357 (B) Flow cytometry analysis of 
GFP and PI fluorescence intensity from induced monoclonal HEK293T-Rex stably transfected with BRCA1 219-1357. (C-E) 
immunofluorescence analysis of fixed induced monoclonal HEK293T-Rex stably transfected with BRCA1 219-1357. (C) DAPI 
stained nuclei, (D)  BRCA1 219-1357 stained with Alexa Fluor 594-conjugated secondary antibody, (E) Merge of C and D. 

5.4 Conclusions and perspectives:  

In summary, this work establishes a set of selective labelling strategies for in-cell and in-lysate 
NMR investigations of intrinsically disordered proteins aimed to uncover interactions, with 
BRCA1 serving as a biologically relevant, challenging case study. By optimizing experimental 
conditions and implementing amino acid-specific labelling protocols, we demonstrated viable 
approaches to overcome the inherent difficulties of investigating IDPs via NMR. Specifically, 
we showed that optimized 15N, 13C amino acid-specific isotopic labelling schemes allow 
resolving spectral crowding in IDPs, which suffer from low chemical shift dispersion and 
overlapping peaks. Moreover, when labelling with an L-amino acid is not feasible, due to 
unavailability on the market, extremely high cost, or the occurrence of 15N scrambling, we 
demonstrated that labelling can be achieved using 13C-labelled α-ketoacid precursors. This 
approach offers a useful alternative to L-amino acid labelling, despite suffering from limited 
incorporation rate, which makes it unsuitable for low-sensitivity experiments. We also 
highlighted the importance of adjusting sample preparation and NMR acquisition parameters 
which, together with using high-field spectrometers, can significantly improve spectral quality 
and resolution for large or full-length IDPs. Importantly, we achieved expression of a very large 
fragment of the BRCA1 protein, spanning almost the entire IDR. This is crucial to our aim of 
investigating interactions, since studying an intact protein segment, rather than isolated 
fragments, better preserves the physiological complexity of its binding to multiple targets. This 
is particularly relevant for IDPs, which are known to exhibit a range of binding modes, from 
folding-upon-binding to the formation of "fuzzy" complexes: missing parts of the sequence can 
lead to altered or incomplete interaction patterns. Finally, the development of a monoclonal 
inducible BRCA1 cell line enables the isotope labelling of one protein at a time, further 
simplifying the interpretation of the in-cell NMR data for the study of interactions. Although 
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many challenges remain, this preliminary work paves the way for the investigation of BRCA1 
in intact cells and its interaction with partners like MAX, ultimately contributing to a broader 
understanding of IDP biology. 

5.5 Materials and methods: 

5.5.1 Expression test 

HEK293T cells were seeded in T25 flasks and transfected at 90–95% confluency using a 
polyethyleneimine (PEI)/pHL-sec plasmid mixture at a 2:1 ratio, following the transfection 
protocol described by Barbieri et al.7. As a negative control, an additional flask was transfected 
with a pHL-sec plasmid containing a non-coding sequence (empty vector). Transfected cells 
were incubated at 37ௗ°C with 5% CO₂ for 48 hours under sterile conditions in DMEM 
supplemented with 2% (v/v) foetal bovine serum (FBS) and 100ௗμg/mL penicillin-streptomycin 
(Pen/Strep). After incubation, cells were harvested and pelleted by centrifugation. For protein 
extraction, cell pellets were resuspended in 150ௗμL of either PBS (for non-denaturing lysis) and 
lysed by one freeze–thaw cycle in liquid nitrogen, or in 150ௗμL of RIPA buffer (50ௗmM Tris-
HCl pH 7.5, 150ௗmM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and incubated 
on ice for 30 minutes. Lysates were subsequently centrifuged at 14,000ௗg for 1 hour at 4ௗ°C, and 
the supernatants were collected and stored at -20ௗ°C. Protein expression levels were assessed 
via SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Coomassie Brilliant 
Blue staining. 

5.5.2 Protein stability and cell viability assay 

Cell viability and protein expression were evaluated at 4, 15, 20, 25, and 37°C, after 1, 2, 3, and 
4 hours of incubation in a 3 mm Shigemi NMR tube. For each temperature condition, four T25 
flasks of HEK293T cells were seeded and transfected as described above. After 48 hours of 
incubation at 37ௗ°C and 5% CO₂, cells were harvested, pelleted, and resuspended in 180ௗμL of 
NMR buffer (DMEM supplemented with 70ௗmM HEPES and 20% (v/v) D₂O). A 10ௗμL aliquot 
of the cell suspension was taken at t = 0 to assess initial cell viability. Cells were then transferred 
into 3ௗmm Shigemi tubes and incubated at the designated temperatures. After 1, 2, 3, and 4 
hours, one sample was retrieved for each time point. A 10ௗμL aliquot was taken from each for 
viability assessment, after which the cells were lysed by a freeze–thaw cycle using liquid 
nitrogen. Cell viability was evaluated by staining of the collected 10 μL aliquots of cell 
suspension with trypan blue (1:1) and counting viable cells using a Luna II automated. Protein 
integrity over time was assessed by SDS-PAGE analysis of the lysates.  

5.5.3 Nucleus and cytoplasm separation  

HEK293T cells were plated in T25 flasks and transfected as described above. After 48 hours of 
incubation, cells were harvested, pelleted, and resuspended in 2 volumes (relative to pellet 
volume) of cold homogenization buffer (10ௗmM Tris-HCl pHௗ8.0, 5ௗmM MgCl₂, 2ௗmM DTT, 
0.1% Triton X-100, 0.25ௗM sucrose). The suspension was transferred to a glass Dounce 
homogenizer and homogenized with 20 strokes using the loose pestle (A) followed by 40 
strokes with the tight pestle (B). The homogenate was collected and centrifuged at 500ௗg for 5 
minutes at 4ௗ°C. The supernatant (cytoplasmic fraction) was transferred to a fresh tube. The 
pellet was washed three times with cold homogenization buffer, then resuspended in 150ௗμL of 
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RIPA buffer, incubated on ice for 30 minutes, and centrifuged at 14,000ௗg for 1 hour at 4ௗ°C. 
The resulting supernatant (nuclear fraction) was collected in a new tube for further analysis. 

5.5.4 Western Blot 

Samples were lysed in RIPA buffer. Protein extracts were separated by SDS-PAGE and 
transferred onto nitrocellulose membranes using a Bio-Rad Trans-Blot Turbo semi-dry transfer 
system. Membranes were blocked in 6% (w/v) non-fat dry milk in tris buffered saline-Tween 
(TBS-T) buffer (20ௗmM Tris-HCl, 150ௗmM NaCl, 0.1% Tween-20) for 1 hour at room 
temperature, then cut as needed and incubated overnight at 4ௗ°C with the appropriate primary 
antibodies diluted in 2% (w/v) non-fat dry milk in TBS-T (anti-FLAG 1:1000, anti-GAPDH 
1:2000, and anti-Lamin β1 1:1000). Following three washes with TBS-T, membranes were 
incubated for 1 hour at room temperature with HRP-conjugated secondary antibodies (1:80,000 
in TBS-T). After three additional washes, signal detection was performed using enhanced 
chemiluminescence (ECL) reagents (Euroclone, Cat# P0131506), and membranes were imaged 
with a ChemiDoc MP imaging system (Bio-Rad). 

5.5.5 Lysate stabilization 

HEK293T cells were plated in two T75 flasks and transfected with BRCA1 219-1357. After 48 
hours, cells were harvested and pelleted. Each pellet was lysed in 150ௗμL of PBS supplemented 
with protease inhibitor (PI) cocktail (Roche, Cat. No. 05892791001) via freezing and thawing 
cycles in liquid nitrogen, followed by centrifugation at 14,000ௗg for 1 hour at 4ௗ°C. The two 
supernatants were pooled and diluted with PBS + PI to a final volume of 2ௗmL. The diluted 
lysate was incubated at 80ௗ°C for 20 minutes, then centrifuged again at 14,000ௗg for 1 hour at 
4ௗ°C. The lysate was loaded into a 15ௗmL Centricon filter (30ௗkDa cut-off) and washed three 
times with PBS + PI buffer. The washed lysate was then concentrated to a final volume of 
~300ௗμL using a 0.5ௗmL Centricon filter (30ௗkDa cut-off). 

5.5.6 15N uniform labelling 

HEK293T were plated in T75 flasks then transfected as previously described. The transfection 
was performed in 15N uniformly labelled DMEM with 2% (v/v) FBS and 100 μg/mL pen/strep. 
The transfected cells were incubated at 37°C, 5% CO₂ for 48 hours in sterile conditions, 
harvested, pelleted, resuspended in 180 μL of NMR buffer (DMEM, 70 mM HEPES, and 20% 
(v/v) D₂O), and then transferred to a 3 mm Shigemi tube. The in-cell NMR experiment consisted 
of a 1H, 15N SOFAST-HMQC recorded at a 950 MHz Bruker Avance NEO spectrometer 
equipped with a TXI cryogenic probe.  

5.5.7 15N, 13C precursor labelling 

A T75 flask of HEK293T cells at 90% confluence was supplied with 15ௗmL of 15N uniformly 
labelled medium, supplemented with 2% FBS (v/v), 100 μg/mL pen/strep and 5x molar excess 
of 13C labelled precursor (4 mM 13Cα Leu precursor, 2 mM 13C’ Phe precursor) and incubated 
overnight at 37°C, 5% CO₂. After incubation, the medium was collected and used to transfect a 
second HEK293T T75 flask. The transfected flasks were incubated at 37°C, 5% CO₂ for 48h. 
Following incubation, the cells were harvested pelleted and either resuspended in 150 μL of 
NMR medium for in-cell NMR experiments or lysed in 150 μL of PBS+PI via freezing and 
thawing cycles in liquid nitrogen and supplemented with 10% D2O for in-lysate NMR. 
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5.5.8 15N, 13C amino acid labelling 

To perform SOFAST-HMQC experiments HEK293T were plated in T75 flasks then transfected 
as previously described using a custom made DMEM lacking the amino acid to be labelled, 
supplemented with the uniformly labelled 15N,13C residue at a concentration equivalent to that 
of the unlabelled amino acid in commercial DMEM (i.e., 2.7 mM His, 0.5 mM Cys), besides 
2% (v/v) FBS and 100 μg/mL pen/strep. To perform HNCA and HNCO experiments, HEK293T 
cells were transfected using a 15N uniformly labelled medium supplied with 5x molar excess of 
labelled amino acid (i.e., 13.5 mM His, 2.5 mM Cys) along with 2% (v/v) FBS and 100 μg/mL 
pen/strep. The transfected flasks were incubated at 37°C, 5% CO₂ for 48h. After incubation the 
cells were harvested pelleted lysed in 150 μL of PBS+PI via freezing and thawing cycles in 
liquid nitrogen for in-lysate NMR. The lysates were supplemented with 10% D2O and 
transferred to a 3mm NMR tube.  

5.5.9 Protein coexpression 

HEK293T cells were transfected with various ratios of plasmids encoding BRCA1 219-504 and 
MAX full-length, as follows:  

- BRCA1 219-504 150% + MAX full length 50% 
- BRCA1 219-504 50% + MAX full length 50% 
- BRCA1 219-504 25% + MAX full length 75% 
- BRCA1 219-504 10% + MAX full length 90% 
- BRCA1 219-504 50% + MAX full length 150% 

Protein expression tests via SDS-PAGE determined that the best ratio for comparable 
expression levels of both protein is BRCA1 219-504 150% + MAX full length 50%. While this 
condition uses a higher-than-standard DNA:PEI ratio, it was shown not to compromise cell 
viability or transfection efficiency. 

5.5.10 Monoclonal inducible stably transfected cell line generation 

We produced a monoclonal inducible stably transfected cell line, expressing BRCA1 219-1357 
by using the PiggyBac Tetracycline inducible expression developed previously52. HEK293T-
Rex Flp-In cells were co-transfected with two plasmids, one encoding for BRCA1 219-1357 
with a FLAG tag and GFP, flanked by Inverted Terminal Repeats regions (ITR) and the other 
encoding for the Piggy-Bac transposase protein. Cells were incubated at 37°C, 5% CO₂ for 48 
hours in DMEM supplemented with 10% (v/v) FBS, 1X Zell Shield, 5 μg/mL blasticidine. After 
24 hours, transfected cells were selected with 3ௗμg/mL puromycin for 36 hours to ensure 
genomic integration of the gene of interest (GOI). Protein expression was then induced using 
3ௗμg/mL tetracycline for 48 hours. Expression of GFP was analysed via flow cytometry to assess 
successful integration and induction. To achieve monoclonality, the top 5% of GFP-expressing 
cells were isolated by cell sorting via FACS and individually plated into wells of a 96-well 
plate. Clonal populations were expanded and further evaluated for GFP expression via flow 
cytometry after re-induction to confirm monoclonality. The best performing clones were 
selected based on GFP fluorescence intensity and uniformity. BRCA1 219-1357 expression was 
further confirmed by immunofluorescence analysis following fixation and staining of cells with 
an anti-FLAG primary antibody (1:2000) and a fluorescent Alexa Fluor 594-conjugated 
secondary antibody (1:1000) and 4′,6-diamidino-2-phenylindole (DAPI). 
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6. Impact of cell culture complexity on ligand-target interactions 
determined via in-cell NMR 

6.1 Abstract 

Accurate chaacterization of ligand-target interactions in physiologically relevant environments 
is essential for predicting in vivo efficacy. Conventional in vitro assays often fail to capture 
critical factors such as limited membrane permeability, off-target binding, and protein 
conformational changes within the cellular milieu. Three-dimensional (3D) cell cultures, 
particularly spheroids, provide a more representative intermediate model between monolayer 
systems and animal models, while remaining compatible with high-resolution structural 
techniques such as in-cell NMR. In this study, we investigated how cell culture complexity 
influences ligand binding to human carbonic anhydrase II (CA II) using methazolamide (MZA) 
and SLC-0111 (SLC) as ligands. Ligand-observed time-resolved 19F in-cell NMR experiments 
performed with an optimized bioreactor setup enabled the monitoring of SLC displacement by 
MZA and the determination of relative in-cell Kd values across three models of increasing 
complexity: transiently transfected HEK293T cells, HEK293-TRexTR-hCAII/Mono spheroids, and 
mixed spheroids combining HEK293-TRexTR-hCAII/Mono and MCF-7 cells. While the results 
suggest a possible modulation of SLC affinity for CA II with increasing cell culture complexity, 
the high experimental uncertainty prevents drawing definitive conclusions at this stage. 

6.2 Introduction 

Investigating drug-cellular partner interactions in cellular models is of utmost importance, as 
traditional in vitro drug development often overlooks the complexity of the cellular 
environment9,18,19,24. Critical factors such as poor cell penetration, off-target binding, or 
conformational changes of the target protein within the cellular milieu can significantly alter 
drug efficacy compared to standard in vitro assays4,20,24. Indeed, even when certain drugs 
demonstrate high efficacy in cells, their performance in vivo often fails to meet expectations. 
Furthermore, the complexity of animal models introduces additional variables that single-cell 
systems cannot effectively represent. Intermediate models that simulate more complex 
environments and better recapitulate tissue architecture are therefore essential. One notable 
advancement in this area is the development of three-dimensional (3D) cell cultures, 
particularly spheroids41,44,49. Spheroids represent an incremental level of complexity compared 
to traditional monolayer cultures. They are spherical aggregates of cells, typically formed via 
self-assembly under non-adherent conditions or within microwells41,43,52. Their internal 
organization is arranged into distinct concentric zones reflecting gradients of nutrient and 
oxygen availability. The outer layer consists of proliferating cells, while the inner layers become 
quiescent and eventually a necrotic core is formed when the spheroid size prevents sufficient 
oxygen and nutrient penetration 40,41,44–46. This structural organization makes spheroids 
excellent models for tissues or tumours. Unlike more complex organoids, spheroids present 
crucial advantages: they can be easily grown in large number, and provide good size 
homogeneity within the sample, which is important when analysing a large ensemble via in-
cell NMR. This approach is particularly powerful for studying cellular processes, as it provides 
atomic-resolution insights into the structure, dynamics, and kinetics of ligand-target 
interactions directly within living cells1,3,4,16. In-cell NMR, therefore, enables early assessment 
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of drug potency and reliable prediction of in vivo activity by evaluating both membrane 
permeability and intracellular binding selectivity19,20,24. 

To demonstrate how the cellular model can influence drug studies, we used a pharmacologically 
relevant target: human carbonic anhydrase II (CA II). CA II is one of 15 isoforms of a ubiquitous 
metalloenzyme that catalyses the reversible reaction between CO2 and H2O to produce HCO3⁻ 
and H+. CAs play crucial roles in various physiological processes and are implicated in 
numerous pathological states such as glaucoma, epilepsy, and cancer182–185. As ligands, we 
selected two well-established inhibitors: methazolamide (MZA), an approved drug for 
glaucoma, and SLC-0111 (SLC), a recently developed inhibitor, currently in Phase II-b clinical 
trials as an anticancer agent (Figure 6.3.2-1)186. The fluorine atom present in SLC allowed us 
to perform ligand observed competition binding through 19F in-cell NMR, using an optimized 
bioreactor setup, using SLC as reference ligand and MZA as its competitor.  

6.3 Results and discussion 

6.3.1 In-cell 19F NMR of SLC binding to CA II 

The fluorine atom present in the structure of SLC makes it an excellent probe for ligand-
observed monitoring of protein-ligand binding in live cells, enabling the use of sensitive and 
background-free 1D 19F NMR spectra. Notably, three distinct peaks were detected in the in-cell 
19F NMR spectrum of a sample of HEK293-TRexTR-hCAII/Mono cells expressing CA II and treated 
with SLC, two of which were also present in a negative control sample of uninduced cells 
(Figure 6.3.1-1).  

 

Figure 6.3.1-1 
19F in-cell NMR spectra of HEK293-TRexTR-hCAII/Mono treated with SLC-0111 100μM, with induced CA II expression (red) and 
without induced CA II expression (black). 

The peak at -118.8 ppm absent in the uninduced cells corresponds to the drug bound to CA II, 
while the smaller peak at -118.3 ppm present in both samples arises from the free drug outside 
the cells. The third, strong signal at -121.2 ppm is also present in the negative controls and 
corresponds to a nonspecific interaction of the drug with other abundant cellular component(s) 
(Figure 6.3.1-1). 
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Thanks to the high sensitivity of the 19F chemical shift to its chemical surroundings, all three 
forms of the drug are clearly resolved in the spectrum, allowing quantitative analysis of the 
drug-target interaction.  

6.3.2 Ligand observed competition binding to assess Kd in different cell 
culture models 

A competition binding experiment was therefore performed, where the concentration of SLC 
was kept constant while the concentration of the second, higher-affinity drug (MZA) was 
gradually increased (Figure 6.3.2-1).  

 

Figure 6.3.2-1 
Chemical structure of CA II ligands SLC-0111 and methazolamide (MZA) 

By monitoring the decrease of intensity of the 19F signal of the SLC:CA II complex, the 
progressive displacement of SLC was quantified and used to determine the relative in-cell Kd 
of SLC with respect to MZA. An optimized NMR bioreactor setup was employed that enables 
in-cell experiments for up to 72 hours while maintaining high cell viability. This is 
accomplished through the continuous flow of fresh culture medium, regulated by a 
programmable multichannel peristaltic pump1,19. Using this system, we conducted 60-hour 
experiments divided into five 12-hour steps. At each step, the concentration of SLC was kept 
constant, while the concentration of MZA in the flowing medium was gradually increased 
(Figure 6.3.2-2). The step duration was chosen to ensure that the equilibrium between free and 
bound ligand within the cells was reached by the end of each step. 

This bioreactor experiment was repeated on three cellular models of increasing complexity to 
evaluate whether the Kd of SLC remained constant or varied depending on the model used. We 
began with the simplest model, HEK293T cells transiently transfected with CA II. This 
reference system, already tested in previous studies, allowed us to perform an initial assessment 
of the difference between the drug’s Kd measured in vitro and in living cells187. Then the 
experiment was reproduced using a monoclonal, stably transfected, and inducible cell line 
expressing CA II (HEK293-TRexTR-hCAII/Mono). The next step involved using a HEK293-
TRexTR-hCAII/Mono to generate spheroids. These spheroids reached a diameter of approximately 
350 μM, large enough to develop two concentric zones: an inner, non-proliferating quiescent 
layer, and an outer, proliferating layer, but without the formation of a necrotic core. Notably, in 
HEK293-TRexTR-hCAII/Mono, the expression level of CA II is significantly lower than in 
transiently transfected HEK293T cells, thus providing the further advantage of approaching 
protein concentrations closer to endogenous levels. Finally, the third and most complex model 
consisted of mixed spheroids. These were produced by combining spheroid pellets from 
HEK293-TRexTR-hCAII/Mono cells with pellets from a second cell line, the Michigan Cancer 
Foundation cell line no. 7 (MCF-7), which exhibit an epithelial-like morphology52. 

The displacement of SLC by MZA during each step was quantified by integrating the 
corresponding signal in the time-resolved 1D 19F NMR series to obtain the fraction of CA II 



 

81 

bound to SLC at each time point (Figure 6.3.2-3). The averaged plateau values at each step 
(Figure 6.3.2-4) were fitted with Equation 1 to retrieve the Kd of SLC relative to MZA. By 
taking a previously determined Kd value of 37 nM for MZA187, the intracellular Kd of SLC was 
obtained for each cell culture model.  

 

Figure 6.3.2-2 
Concentration profile of the two ligands, SLC-0111 and MZA, during the five 12-hours steps of the bioreactor run. 

 

 

Figure 6.3.2-3 
Concentration profiles of CA II–bound fraction of SLC-0111 obtained by MCR-ALS in (A) transiently transfected HEK293T 
cells, (B) HEK293-TRexTR-hCAII/Mono cells (C) HEK293-TRexTR-hCAII/Mono spheroids and (D) mixed spheroids (HEK293-TRexTR-

hCAII/Mono spheroids with MCF-7 cells) . 
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Figure 6.3.2-4 
CA II-bound fractions of SLC-0111 obtained from the plateau values after each step of bioreactor run plotted as a function of 
MZA concentration in (A) transiently transfected HEK293T cells, (B) HEK293-TRexTR-hCAII/Mono cells (C) HEK293-TRexTR-

hCAII/Monospheroids and (D) mixed spheroids (HEK293-TRexTR-hCAII/Mono spheroids with MCF-7 cells). Binding curves from 
nonlinear fitting are shown as dashed lines.(E) Comparison of CA II-bound fractions of SLC-0111and binding curves in the 
different cellular models. 

The obtained Kd values and error values obtained from the fitting (Table 1) suggest a significant 
alteration in the affinity of SLC for CA II depending on the cellular model. However, the 
extremely low signal intensity for monoclonal cells, spheroids and hybrid spheroids, which 
results in an unfavourable signal-to-noise (S/N) ratio in the spectra (Figure 6.3.2-3 and Figure 
6.3.2-4), suggests that additional replicates of the experiments are necessary to draw this 
conclusion with reasonable certainty. Such low S/N ratio is attributable to the low concentration 
of CA II in the HEK293-TRexTR-hCAII/Mono cells. In addition, as observed with the transiently 
transfected HEK293T cells (Figure 6.3.2-4), the equilibrium between the concentrations of 
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bound drugs may not be fully reached at the end of each step, thus introducing an additional 
source of error. 

Table 1  
SLC-0111 Kd in different cellular models 

Cellular model Kd SLC/ Kd MZA Kd SLC (M) 
HEK293T transiently transfected 5.4 ± 0.4 2.0∙10-7 ± 2∙10-8 
HEK293-TRexTR-hCAII/Mono 4.0 ± 0.7 1.5∙10-7 ± 3∙10-8 
HEK293-TRexTR-hCAII/Mono spheroids 8.8 ± 1.0 3.2∙10-7 ± 4∙10-8 
HEK293-TRexTR-hCAII/Mono and   MCF-7 mixed spheroids 3.9 ± 0.5 1.4∙10-7 ± 2∙10-8 

 

6.1 Conclusions and perspectives 

In this work, we demonstrated that ligand-observed 19F in-cell NMR experiments can be applied 
to study ligand-target interactions even when the protein of interest is present at very low 
intracellular concentrations, such as those attained in stable inducible human cell lines. Under 
these conditions, protein-observed experiments would not be practical, making the ligand-based 
approach particularly valuable. Using SLC-0111 as a fluorinated probe and methazolamide as 
a competitor, we monitored relative in-cell Kd values for CA II across cellular models of 
increasing complexity, including transiently transfected HEK293T cells, HEK293-TRexTR-

hCAII/Mono cells, HEK293-TRexTR-hCAII/Mono spheroids, and mixed spheroids produced by 
combining HEK293-TRexTR-hCAII/Mono spheroids with MCF-7 cells. Although the different 
dissociation constants obtained suggest that cellular complexity may modulate ligand affinity, 
the high experimental uncertainty derived from the low expression levels of the target protein 
in HEK293-TRexTR-hCAII/Mono currently prevents definitive conclusions. While it is not possible 
to increase protein expression in monoclonal cells to reduce this measurement-intrinsic error, 
other strategies can be adopted to increase the reliability of the result, such as repeating 
bioreactor runs to perform a statistically significant analysis of Kd changes. In addition, the 
duration of bioreactor steps can be further optimized to ensure complete equilibration between 
free and bound ligand at the end of each step. The latter is especially true for cells expressing 
higher levels of protein, where slow drug diffusion rates through the cell membrane may 
become a bottleneck in the real-time measurement. 

6.2 Materials and methods 

6.2.1 HEK293-TRexTR-hCAII/Mono sample for in-cell NMR 

HEK293-TRexTR-hCAII/Mono cells52, cells from a monoclonal stably transfected inducible cell line 
overexpressing human CA II and GFP (at a lower concentration with respect to that of CA II) 
obtained and characterized previously52 were seeded in a T75 flask and cultured in DMEM 
supplemented with 10% (v/v) FBS, 100ௗμg/mL penicillin-streptomycin, 5 μg/mL blasticidine, 
3 μg/mL puromycin. When cells reached 70–80% confluence, protein expression was induced 
by addition of 3 μg/mL tetracycline. Cultures were then incubated for 48 h at 37 °C and 5% 
CO₂ under sterile conditions. Following induction, cells were treated with 100 μM SLC-0111 
for 1 h, harvested by trypsinization, centrifuged at 1000 rpm for 5 min, resuspended in 150 μL 
of NMR buffer (DMEM, 70 mM HEPES, and 20% (v/v) D₂O) and transferred into a 3mm 
Shigemi tube. Ligand-observed in-cell NMR experiments were carried out at 310 K on a 600 
MHz Bruker Avance NEO spectrometer. 
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6.2.2 Transfected cell sample for bioreactor  

HEK293T cells were seeded in a T75 flask and transfected at 90–95% confluency using a 
mixture of polyethyleneimine (PEI)/pHL-sec plasmid encoding for CA II in a ratio of 2:1, 
following the protocol reported by Barbieri et al.7. Transfected cells were incubated at 37ௗ°C 
with 5% CO₂ for 48 hours under sterile conditions in DMEM supplemented with 2% (v/v) FBS 
and 100ௗμg/mL Pen/Strep. After incubation, cells were harvested by trypsinization, pelleted by 
centrifugation at 800g for 5 minutes, then resuspended in 400 μL of sterile low-melting agarose 
in PBS, melted at 85°C and kept in solution at 37°C. The suspension was transferred using a 
syringe in a 0.75 mm (i.d.) PEEK tubing, let cool down for 2 minutes at room temperature to 
allow hydrogel formation, and transferred in the 5 mm flow NMR tube following the protocol 
reported by Barbieri and Luchinat1. 

6.2.3 Monoclonal cell sample for bioreactor  

A T75 flask of HEK293-TRexTR-hCAII/Mono, cells cultivated in DMEM supplemented with 10% 
(v/v) FBS, 100ௗμg/mL penicillin-streptomycin, 5 μg/mL blasticidine, 3 μg/mL puromycin at 80-
90% confluence was split 1:2 in two new T75 flasks. CA II expression was induced by treatment 
with tetracycline (final concentration in well 3 μg/mL). Induced cells were incubated at 37ௗ°C 
with 5% CO₂ for 48 hours under sterile conditions. Cell harvesting and hydrogel preparation 
was conducted as previously described for the transfected cell sample.  

6.2.4 Spheroid sample for bioreactor 

Spheroid culture plates were prepared by agarose stamping. A 1.5% (w/v) solution of ultrapure 
agarose was prepared in PBS, melted until fully dissolved, and maintained at 80 °C. The 
solution was sterilized by filtration through a 0.22 μm filter under a laminar flow hood and 
dispensed into 6-well plates (3 mL per well). Immediately after dispensing, optimized sterile 
stamps (kindly provided by Lukas Trantirek’s group) were applied onto the liquid agarose to 
create wells for spheroid growth, avoiding bubble formation. Agarose was allowed to solidify 
at room temperature before stamp removal. The wells were filled with 1.5 mL of complete 
culture medium and incubated at 37 °C for 24 h prior to cell seeding. 

HEK293-TRexTR-hCAII/Mono cells were cultivated in DMEM supplemented with 10% (v/v) FBS, 
100ௗμg/mL penicillin-streptomycin, 5 μg/mL blasticidine, 3 μg/mL puromycin, harvested from 
confluent T75 flasks by trypsinization, resuspended in complete medium, and counted using a 
Burker chamber. For spheroid seeding, 3.7 × 10⁷ cells were collected, centrifuged (1000 rpm, 5 
min), and resuspended in 9.5 mL of complete medium. The cell suspension was filtered through 
a 40 μm cell strainer (DNase/RNase-free) and 1.5 mL of the filtered suspension was added to 
each well of an agarose stamped 6 well plate containing 1.5 mL of fresh medium, resulting in 
a final volume of 3 mL per well. Immediately after plating cells were supplemented with ZnSO4 
(final concentration in well 10 μM) and expression of CA II was induced with tetracycline (final 
concentration in well 3 μg/mL). Plates were the incubated at 37ௗ°C with 5% CO₂ for 48 hours 
under sterile conditions, during which spheroid formation was monitored. Three plates were 
prepared for one NMR experiment. 

After 48 hours protein expression was assessed by checking intensity of GFP signal through 
fluorescence microscopy, then culture medium was gently aspirated, and spheroids were 
extracted from the plates by gently pipetting fresh medium on top of the agarose disk. The 
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spheroid suspension was collected into Falcon tubes and centrifuged at 1000 rpm for 5 min. A 
300 μL volume of pelleted spheroids were resuspended in 200 μL of 1.5% (w/v) sterile low-
melting agarose solution in PBS kept at 37°C. The agarose filament was prepared as described 
above and inserted into the 5 mm flow NMR tube.  

For mixed spheroids, the HEK293-TRexTR-hCAII/Mono induced spheroids pellet was mixed with a 
MCF-7 pellet in a ratio of 1:2 before the agarose suspension preparation, followed by the same 
procedure as above. 

6.2.5 Bioreactor setup 

The bioreactor medium was prepared by dissolving 7,37 g of DMEM powder in 530 mL of a 
solution of ultrapure H2O, 10 mM NaHCO3 and 2% D2O. pH was adjusted to 7.4 by adding 
HCl and the solution was sterilized by filtration. The medium was then supplemented with 2% 
FBS, 1% Pen/Strep, and 10 μM SLC-0111 before being divided into two sterile bottles; bottle 
A, containing 360 mL of the prepared medium, and bottle B, containing 190 mL of the same 
medium further supplemented with 10 μM MZA.  

The bioreactor flow unit was assembled according to the setup described by Luchinat et al.187 
and connected to a programmable peristaltic pump equipped with two independent channels. A 
tee junction allowed the mixing of flows from the two channels (A and B), which were 
connected respectively to bottle A and bottle B, both maintained at 37 °C in a water bath. During 
the bioreactor run, pump operation was controlled via a PC using a pre-programmed protocol, 
with the combined flow rate of the two channels kept constant at 0.1 mL/min (Table 2). 

Table 2  
Steps, timings, ligand concentrations and flow rates of bioreactor runs. 

Step Timing (hours) SLC-0111 
(μM) 

MZA 
(μM) 

Channel A flow rate 
(μL/min) 

Channel B flow rate 
(μL/min) 

1 12 10 0 100 0 
2 12 10 1 90 10 
3 12 10 2.5 75 25 
4 12 10 5 50 50 
5 12 10 10 0 100 

 

A series of time-resolved 1D 19F NMR spectra were acquired at 310 K with a 600 MHz Bruker 
Avance NEO spectrometer over the course of 60 hours, with an acquisition time of 294 ms, 
interscan delay of 1 s, 1280 scans for an experiment time of 28 minutes per spectrum. 

6.2.6 Data analysis 

The time-resolved in-cell NMR spectra were processed in Topspin (Bruker) and analysed using 
Dynamic Center (Bruker). The signal intensities at each step of the run were obtained by 
averaging the last 13 time points of each step and were normalized by the averaged signal 
intensity at the end of the first step to obtain the molar fraction of CA II bound to SLC. The 
obtained values were fitted as a function of the concentration of MZA with the nonlinear fitting 
function in OriginPro 8 (OriginLab) to retrieve the Kd of the tested ligands from the Kd of the 
reference ligand.  

For in-cell NMR competition binding experiments in the bioreactor, where the free ligand 
concentration is constant and known, the Kd of the test ligand was retrieved from Equation 1. 
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In this equation FI is the reference ligand-bound CAII fraction, KdI is the dissociation constant 
for the reference ligand, KdL is the dissociation constant for the tested ligand, [I] is the 
concentration of the free reference ligand and [L] is the concentration of the free tested ligand, 
under the approximation that the concentration of free ligand is equal to the total concentration 
of ligand, and that both are in excess with respect to the target. 

Equation 1 

𝐹ூ =
1

1 +
𝐾ௗூ[𝐿]
𝐾ௗ௅[𝐼]
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7. Conclusions and perspectives 

This thesis demonstrates substantial progress in the development of selective isotopic labelling 
strategies for in-cell NMR spectroscopy in human cells, addressing long-standing challenges in 
sensitivity, specificity, and applicability to complex proteins and physiological models. 

The first achievement was the establishment of cost-effective side-chain isotope labelling 
protocols based on the metabolic conversion of α-ketoacid precursors, which is an established 
practice in E. coli but was never applied to human cells. By exploiting the human transaminase 
activity, this approach enables efficient and residue-specific incorporation of isotopes without 
scrambling, resulting in high-quality in-cell and lysate NMR spectra of pharmacologically 
relevant proteins. The successful observation of ligand-induced chemical shift perturbations in 
living cells further validated the functional utility of this approach for probing protein-ligand 
interactions in their native environment. 

The incorporation of a fluorinated tryptophan provided a complementary strategy, 
demonstrating the power of 19F NMR combined with 13C editing to resolve overlapping spectral 
signals. This advance expands the chemical space of in-cell NMR probes and highlights the 
potential of non-natural amino acids for dissecting structural and dynamic features of proteins 
in situ. 

The thesis also introduced tailored selective labelling schemes for intrinsically disordered 
proteins (IDPs), exemplified by BRCA1. Optimized labelling, experimental protocols, and 
protein expression strategies enabled residue-specific observation of one of the largest IDP 
fragments ever studied by in-cell and in-lysate NMR. The creation of a monoclonal inducible 
BRCA1 cell line represents a pivotal resource for future investigations of BRCA1 dynamics 
and interactions, offering precise control over protein expression and labelling. 

All these labelling schemes help overcome the challenges of low sensitivity, broad spectral 
lines, and signal overlap typically encountered when studying large and complex proteins 
within the crowded cellular environment. By reducing spectral complexity and enhancing 
sensitivity, they greatly simplify resonance assignment. These methodological advancements 
make it possible to investigate in-cell interactions of large globular proteins that were 
previously difficult to observe via NMR, thereby paving the way for exploring complex and 
unexplored molecular mechanisms. The ability to observe the interactions of intrinsically 
disordered proteins (IDPs) in their physiological environment allows the investigation of their 
highly dynamic and versatile interaction networks, characterized by structural plasticity and the 
ability to form diverse complexes with various partners. Overall, the opportunity to understand 
reaction mechanisms in their natural context lays the groundwork for the development of 
increasingly effective drugs against diseases that remain challenging to treat. 

Finally, the work extended in-cell NMR applications to ligand-target interaction studies under 
increasing cell culture complexity. By time-resolved 19F NMR in a flow NMR bioreactor it was 
possible to monitor drug binding and displacement across multiple cell culture models, 
including spheroids.  

The ability to perform NMR experiments on complex biological models that mimic tissue-like 
or tumor-like environments opens the door to a wide range of investigations from drug 
screening and permeability kinetics to the study of dysfunctions in disease-related proteins, 
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particularly those implicated in cancer. These experiments underscore the potential of in-cell 
NMR to bridge the gap between molecular biophysics and physiologically relevant 
environments.  
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