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Synopsis 

Insights into conformational heterogeneity of an RRM: implications for fibril formation 

Name: Mr. Osama Aazmi. 

Registration No.: 20203712. 

Thesis Supervisor: Dr. Jeetender Chugh. 

Department: Department of Biology, IISER Pune. 

In this thesis, we aim to characterize the structural dynamics of FUS-RRM with NMR 

spectroscopy. We have focused on understanding the role of conformational dynamics in FUS-

RRM aggregation, coupled with other biophysical tools. To present the outcomes of our study, 

we have curated such results as the chapters of this thesis, as follows: 

Chapter 1: Introduction 

The importance of protein dynamics in cellular function has been widely accepted by 

experimental and computational methods (1-3). However, because of the inherent flexibility of 

proteins, it is difficult to assign a direct role to their specific functions. For human fused in 

sarcoma (FUS) protein, a combination of biophysical experiments has elucidated its role in 

liquid-liquid phase separation (LLPS) and aggregation (4, 5). FUS, implicated in 

neurodegenerative diseases, contains N- and C-terminal LC-rich regions and a single RNA-

recognition motif (RRM) (6). FUS-RRM consists of βαββαβ arrangement of secondary 

structures and is a well-folded domain. Recent experiments have shown FUS-RRM can also 

form fibrils in solution; however, the detailed molecular insights into the fibrillation process 

are yet to be deciphered (7). We hypothesized the role of conformational dynamics in dictating 

FUS-RRM aggregation and tried to elucidate it using pH and ATP perturbations. 

Chapter 2: Investigating conformational heterogeneity and fibril formation in FUS-RRM 

In this chapter, we have characterized FUS-RRM aggregation kinetics at pH 6.4. To gain 

insights into the role of dynamics in its aggregation, we identified fast μs-ms dynamics of FUS-

RRM using adiabatic R1ρ and R2ρ experiments and slow μs-ms dynamics using 15N CEST. By 

using these advance NMR techniques, we establish the presence of conformational 

heterogeneity and its role in FUS-RRM aggregation. 

Chapter 3: pH-perturbation on dynamics and FUS-RRM fibril formation 
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The thermodynamic stability of protein conformations results from a delicate balance between 

electrostatic interactions, hydrophobic forces, and the environmental cues perturbing these 

interactions (8, 9). 

A change in pH is one such perturbation that can disrupt this balance, leading to 

structural transitions and functional alterations in proteins, such as a change in specificity, 

allostery, and protein misfolding (10). 

In order to understand the role of conformational dynamics in FUS-RRM aggregation, 

we carried out pH-perturbations. At pH 4.6, we observed quenching of the fast μs-ms dynamics, 

indicating that the protein is rigidified and undergoing slow exchange. For the slow μs-ms 

dynamics, on the other hand, we found an increase in population of the excited state. Using 

different biophysical techniques, while no change was observed in the monomer structure, 

aggregation is found to be accelerated with a change in the final fibril state. This chapter thus 

highlights the role of conformational dynamics in altering the pathway to FUS-RRM 

aggregation, which can have different cellular fates. 

Chapter 4: ATP-induced perturbation on dynamics and fibrillation of FUS-RRM domain 

Small molecule ATP has been shown to bind FUS-RRM (11). Therefore, we used it to test its 

effect on FUS-RRM dynamics and aggregation. The contrasting effects of ATP on fast and slow 

dynamics at pH 6.4 and 4.6, along with the corresponding changes in aggregation behavior, 

suggest a complex relationship between ATP, pH, and protein aggregation kinetics. 

Surprisingly, we also observed ATP restores faster dynamics at low pH. We speculate that 

increased fast dynamics are important for delaying aggregation, as has also been suggested by 

other studies, but will need further investigations. 

Chapter 5: Conclusions and future directions 

The results from this study provide important insights into the conformational dynamics of 

FUS-RRM, a key domain involved in RNA binding and cellular regulation. By combining 

CEST, adiabatic R1ρ and R2ρ relaxation dispersion, AFM, and CD spectroscopy, this study 

uncovers the existence of different excited states. The exchange between these conformational 

states may be crucial for FUS-RRM's functional roles, particularly its ability to interact with 

different nucleic acids. The results of pH-dependent aggregation kinetics suggest that there 

might be a certain optimum concentration of cellular ATP levels relative to the protein 

concentration that can inhibit or delay the formation of amyloid aggregates. As cells undergo 



 

 

vi 

 

stress, higher ATP levels could stabilize the distinct conformation and thus prevent aggregation. 

An increased concentration of ATP might thus be a safeguard against aggregation-prone 

proteins during stress conditions or upon aging. This study provides key insights into the role 

of conformational dynamics in FUS-RRM aggregation. Moving forward, several important 

avenues remain to be explored, such as, determining the structure of excited state using 13C 

CEST, performing cell-based assays to evaluate cytotoxicity of aggregates, linking its 

aggregation to pathological relevance. 
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1.1 The protein structure 

Macromolecules such as proteins (polymers of amino acids), nucleic acids (polymers of nucleotides), 

carbohydrates (polymers of sugars), and lipids (with a variety of modular constituents) are made up of 

basic molecular units (1). Nature has evolved to utilize these biomolecules in a very sophisticated 

manner, with each of these displaying unique structural features and biological characteristics.  

Amongst the different macromolecules listed above, proteins represent several levels of structural 

complexity (Figure 1.1) as described below: 

i) Primary structure: The primary structure of a protein represents the linear arrangements of 

the different types of amino acids spanning from N- to C-terminus of the sequence (2). 

ii) Secondary structure: The secondary structure comprises sequence-based arrangements of 

amino acids giving rise to a special topology widely known as α-helices and β-sheets. These 

are sustained by hydrogen bonds between the nitrogen and oxygen atoms of the stacked 

backbone amide groups. Additionally, these also include loops, 310 helix, polyproline 

structures, and other relatively less common motifs like β-turns, and coiled coils (2, 3). 

iii) Tertiary structure: The tertiary structure represents the spatial arrangements of the side 

chains of amino acids which are stabilized by non-covalent interactions (except for cysteine 

disulfide bonds) such as van der Waals, electrostatic, and hydrophobic interactions (2, 3). 

iv) Quaternary structure: To achieve conformational diversity and functions, proteins adopt a 

quaternary structure. This also provides a synergistic effect between domains (2, 3). 

 

Figure 1.1. The different levels used to represent protein structures. The primary sequence contains information about overall 

protein fold starting from secondary structures to three-dimensional tertiary and quaternary structures. 

 

While machine-learning algorithms such as AlphaFold (4) have advanced our 

knowledge in predicting the structure of a protein from its sequence, it fails to provide the 
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information about how and why that a given conformation is achieved during folding. For the 

same, gaining insights into the protein folding pathway is beneficial. 

 

1.2 Protein folding pathway 

As per the classical model (5), protein folding relied on the kinetics experiments by observing 

the population of the native (N) and denatured (D) states over time and fitting the data to a two-

state model. It also took into account the presence of on- or off-pathway intermediates (I). In 

contrast to the classical model, the new model (6, 7) of protein folding considers different 

microstates of the protein that are best represented through the free energy funnel (Figure 1.2). 

This free energy funnel is built upon two important parameters: (i) protein conformational 

states, and (ii) free energy of each state, starting with a large number of disordered 

conformations (high entropy) and gradually transitioning to a well-ordered native conformation 

(low entropy). The free energy landscape theory (6) suggests that proteins exist in a dynamic 

ensemble of conformations rather than adopting a single, fixed structure. It emphasizes the 

need for flexibility in protein structures to respond to different environmental stimuli and 

stresses on the importance of considering proteins not as rigid, isolated entities, but as dynamic, 

adaptable ensembles.  

 

Figure 1.2. Free energy landscape used to describe protein folding and dynamics. The Y-axis represents the free energy; the 

higher the value, the less stable the state is. The X-axis represents reaction coordinates that depicts the progress towards a 

more stable state from unfolded state, while encountering different excited states and oligomers. 

Experimental and theoretical studies have demonstrated that protein hierarchically 

achieves its native state following several alternative paths to fold (5, 8). These alternative 
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paths arise due to conformational heterogeneity existing at each step of protein folding. Even 

the native state is heterogeneous, and the nature and degree of conformational heterogeneity 

present are poorly understood. The major reasons behind that are: 

1. low population of many conformational states, 

2. isostructural and isoenergetic conformational states, and 

3. rapid interconversion between these states. 

The conformational heterogeneity could be associated with the dynamics of the 

structural elements of proteins. The state a protein adopts under a specific condition(s) depends 

upon the thermodynamic and kinetics of different conformations. Hence, it is important to 

decipher its role in protein folding or misfolding. 

 

1.3 Protein aggregation and formation of amyloids 

Proteins perform their cellular functions by folding into specific conformations (9). However, 

some proteins, known as intrinsically disordered proteins (IDPs), which are not fully folded 

and remain flexible can still perform cellular functions by interacting with different partners 

(10).  The failure to fold or to remain correctly folded can lead to the progression towards 

different disease such as cancer, cystic fibrosis, etc. (11, 12). Some proteins have a greater 

tendency to misfold and escape the protective mechanisms to form aggregates. These 

aggregates are associated with multiple forms of neurodegenerative diseases such as 

Alzheimer’s, Parkinson’s, spongiform encephalopathies, etc. (13, 14). The amyloid deposits 

present in such diseases are characterized by a characteristic 'cross-β' X-ray fiber diffraction 

pattern (15) and also distinct optical properties on binding certain dyes such as thioflavin T 

(ThT) (16). 

The ability of proteins to form amyloids is not restricted to only a few proteins, but it is 

now considered a generic feature of many proteins, including globular proteins like myoglobin 

(17). The buried hydrophobic amino acids in such proteins are exposed during pH stress, and 

their chances of forming amyloids increase. Stress conditions like pH, temperature, etc., can 

affect the folding pathways and, hence, the cellular functions, leading to protein misfolding and 

the formation of insoluble amyloid fibers (18). 
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1.4 RNA-binding proteins (RBPs) and their involvement in neurodegenerative diseases 

RNA-binding proteins (RBPs) are involved in the formation of ribonucleoprotein (RNP) 

complexes and in the regulation of gene expression (19). They are characterized by well-

defined RNA-binding domains (RBDs) such as RNA-Recognition Motif (RRM), K-homology 

(KH), etc. (19). The presence of RBDs like RRM and KH indeed plays a crucial role in defining 

the specificity and affinity of these proteins for their RNA targets (20). The association of 

RRM(s) with protein-coding genes that contain prion-like domains raises intriguing 

possibilities regarding the behaviour of these RBPs (Figure 1.3) (21). The prion-like properties 

of certain RNA-binding proteins suggest that they can form self-replicating aggregates, which 

is particularly relevant in the context of neurodegenerative diseases, such as amyotrophic 

lateral sclerosis (ALS) and frontotemporal lobe degeneration (FTLD), where protein 

aggregation is a hallmark (22-24). 

 

Figure 1.3. Structural features of some RNA binding proteins (RBPs). The prominent features include the presence of prion-

like domain and the RNA recognition motifs (RRMs). 

By exploring the mechanisms through which RRM-containing proteins may contribute 

to the formation of pathological aggregates, one could uncover new pathways or therapeutic 

targets for managing these conditions. This connection highlights the importance of 

understanding the functional roles of RNP complexes beyond their classical roles in gene 

regulation, especially in the context of cellular stress and disease. Among the top RRM-bearing 

prion candidates, FUsed in Sarcoma (FUS) is a crucial RBP associated with various 

neurodegenerative diseases (25). Some of the important characteristics of FUS and 

implications in these conditions have been listed below: 
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a. Cellular Function: FUS plays an important role in RNA metabolism, such as transcription, 

RNA splicing, and mRNA transport. It shuttles between the nucleus and cytoplasm to perform 

its functions (26). 

b. Impact of Mutations: Several mutations have been identified in FUS, which can disrupt its 

localization and can induce abnormal accumulation in the cytoplasm (27). This mis-localisation 

is the hallmark of FUS-related pathologies. 

c. Disease Associations: FUS cytoplasmic deposits are found in patients suffering from 

neurodegenerative diseases including ALS, FTLD, etc. (25).  

d. Aggregation and Pathology: FUS leads to aggregate and filamentous structures within cells 

(27). These aggregates are thought to contribute to neuronal cell death (28). 

 

1.5 The structural features of FUS 

FUS is composed of an N-terminal low-complexity (LC) domain, an RNA-Recognition Motif, 

and a C-terminal LC domain, including the arginine-glycine-glycine (RGG) motif (Figure 1.4). 

The unique amino acid composition and specific sequences within the FUS-LC are important 

for normal cellular function but can be dysregulated in disease conditions. A high percentage 

of specific amino acids such as glycine, serine, glutamine, and tyrosine are present, which 

causes the FUS-LC domain to form reversible amyloid cores (RAC) (29). These sequences 

have been investigated to mediate liquid-liquid phase separation (LLPS) and have been known 

to play an important role in fibril formation (30).  

The RRM domain of the human FUS protein is known for its unique structural features, 

including a non-canonical nucleic acid binding site (31). Unlike traditional RRM domains, 

which typically have well-defined sequences and structures for RNA binding, the FUS-RRM 

exhibits variations that allow it to interact with RNA more flexibly. FUS-RRM is composed of 

βαββαβ type of secondary arrangements and consists of highly conserved sequences among 

different species (31). Unlike the classical RRM fold, FUS-RRM is quite distinct. The solution 

NMR structure (PDB ID: 2LCW) reveals the same overall fold with four β-strands stacking 

onto two α-helices (31) (Figure 1.4). However, the nucleic acid-binding pocket is distorted, and 

critical aromatic amino acid residues are missing compared to canonical RRMs (32). For 

example, residues F147 and F149, critical to RNA-binding in TDP43, correspond to E336 and 

T338 in FUS. T286 and S387 replace the Lys residues in β1 and β4 in FUS-RRM (32). Further, 
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FUS-RRM has been shown to form small fibril-like structures and exhibit amyloid-like 

properties (33). This characteristic could be attributed to its role in mediating cytotoxicity in 

the neuronal cells (34). Hence, it is necessary to understand its mechanism of aggregation, 

which could help in designing small molecules that inhibit amyloid formation. Indeed, the ATP 

molecule has been shown to kinetically inhibit its aggregation, but the mechanism via which 

the inhibition is mediated is not completely known (35). 

 

Figure 1.4. Domain organization of FUS and the tertiary structure of its RRM (278-385, PDB ID 2LCW), which forms fibrils 

in solution. Adapted from (33).  

 

1.6 Protein dynamics 

Proteins operate synergistically to preserve the dynamic equilibria in the cells (36-38). The 

concept of the free energy landscape of protein folding can also be extended to explain the 

dynamics of the protein. This has been extensively shown by multiple studies (39-42). In the 

context of biological macromolecules, proteins exhibit side-chain rotations, ligand binding, 

folding, catalysis, allostery, etc. (Figure 1.5). These occur on a range of timescales, 

encapsulating picoseconds to nanoseconds (ps-ns) to seconds (s). These motions can easily be 

captured with different techniques; however, nuclear magnetic resonance (NMR) spectroscopy 

is one of the best techniques to obtain atomic-level information about protein conformational 

dynamics. 
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Figure 1.5. Protein dynamics across timescales. The X-axis represents different timescales over which protein motions are 

observed ranging from femtoseconds to seconds. NMR techniques to capture such timescales are listed at the bottom and 

provide useful insights into protein’s conformations and functions. Adapted from (43). 

Multi-tier dynamics can explain the conformational changes relevant to protein 

function (Figure 1.6). The change in external conditions (s) can affect the dynamics and the 

free energy landscape, which may shed some light on the role of protein conformers in cellular 

function. Let’s consider a simple two-state system where state A and state B are present and 

are interconverting with each other, where state B is involved in salt-bridge interactions. State 

A is the major population, and state B is the minor population. Now, during a biological process, 

such as ligand binding, it is possible that the states are altered, and it shifts the population, 

which is represented by a light blue curve in (Figure 1.6). After ligand binding, state A becomes 

the minor population, and state B is now the major population. Since state B is involved in salt-

bridge interaction, a higher population of state B leads to enhanced aggregation within a cell. 

Therefore, it is crucial to know about the thermodynamics of minor population(s) and the 

kinetics of their interconversion with major population during various stresses in the cell. 
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Figure 1.6. Multi-tier dynamics of a folded protein. The populations of the tier-0 states A and B (pA, pB) are defined as 

Boltzmann distributions based on their difference in free energy (ΔGAB). The barrier between these states (ΔG‡) determines 

the rate of interconversion (k). Lower tiers describe faster fluctuations between a large number of closely related substates 

within each tier-0 state. A change in the system will alter the energy landscape (from dark blue to light blue, or vice versa). 

Adapted from (41). 

 

1.7 Chemical exchange and dynamic processes in NMR 

Chemical exchange and conformational changes may lead to a perturbation in the chemical 

shift of the nucleus or its intrinsic traverse relaxation rate constant (R2) involved in the change 

(Figure 1.7).  This changes the NMR spectrum and causes either change in the NMR line 

position or line broadening. The exchange is often affected by temperature, pH, salt, etc., and 

thus can be used to study thermodynamics and kinetics. Major advancements in the NMR 

methodologies have led to different tools that can capture motions from picoseconds to 

seconds. These motions in proteins are related to numerous biological functions, from side-

chain rotation of methyl groups to ligand binding, protein folding, etc. 

In the simplest case, when a nucleus is exchanging between two states A and B with 

rate constants kAB and kBA, 

𝑝𝐵

𝑝𝐴
=

𝑘𝐴𝐵

𝑘𝐵𝐴
,
    eq 1.1 
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𝑝𝐴 = 1 − 𝑝𝐵    eq 1.2 

where, pA is the population of the ground state and pB is the population of the excited state. 

kex (exchange rate) is equal to kAB+kBA. 

 

 

Figure 1.7. Chemical exchange processes can affect the NMR spectra. (a) Thermodynamic and kinetic parameters as depicted 

for a two-state exchange process. (b) The effect of varying kex vs chemical shift difference (∆v = υA-υB) between the two states. 

kex is the exchange rate between two populations. kA and kB are the forward and reverse rate constants. Adapted from (44). 

 

• Slow exchange: When kex<<υA-υB, the chemical shift difference between two states (in 

Hz), then two distinct sharp separate peaks are observed in the spectrum at the chemical 

shift of the nucleus in the two states, whose intensities are modulated by respective 

populations 

• Intermediate exchange: when kex~υA-υB (in Hz), then one broad peak is observed in the 

spectrum. 

• Fast exchange: when kex>>υA-υB (in Hz), then one sharp single peak is observed in the 

spectrum. The observed chemical shift is the average of two chemical shifts for the 

nuclei in two states. Exchange can cause line broadening without splitting the peaks 
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resulting in one broad peak with respect to other sharp peaks in the spectrum. 

Sometimes the intensity of this broad peak can be so low that it can hide into the noise. 

There are multiple ways of detecting minor population, how it has been carried out for 

FUS-RRM will be covered in subsequent chapters. 

 

1.8 Biophysical techniques to study protein conformations 

1.8.1 Circular dichroism (CD) spectroscopy 

Circular dichroism (CD) spectroscopy is a widely used technique to examine the structure and 

conformational changes of proteins. It is commonly used to monitor the secondary structure of 

proteins in the far-UV region (250-170 nm), and the tertiary structure of proteins in the near-

UV region (300-160 nm). It exploits the differential absorption of right and left circularly 

polarized light by amides or carbonyls of the protein backbone. This differential absorption 

leads to characteristic CD spectra for the structural elements. For example, α-helical proteins 

typically exhibit negative CD bands at 222 nm and 208 nm and well-defined antiparallel β-

pleated sheets (β-helices) have negative CD bands at 218 nm (Figure 1.8) (45). Proteins with 

disordered structures, on the other hand, generally display very low ellipticity above 210 nm 

and negative bands near 195 nm (45). Since temperature, pH, mutations, or ligand binding can 

change the structure of proteins, CD spectroscopy has been used to monitor conformational 

changes induced due to the same. While CD does not give residue-specific information on 

conformational changes, NMR and X-ray crystallography are used to gain such atomic insights. 
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Figure 1.8. Standard far-UV CD spectra corresponding to specific secondary structures of proteins. Adapted from (45). 

 

1.8.2 Fluorescence spectroscopy 

Fluorescence spectroscopy is one of the most widely used techniques for studying protein 

conformations. For proteins, tyrosines, phenylalanines, and tryptophan residues provide 

intrinsic characteristics of fluorescence. The absorption and emission spectra of these amino 

acids have been depicted in (Figure 1.9). Tryptophan emission is the dominant one when 

compared to tyrosine and phenylalanine. In aqueous solutions, the emission peak of tryptophan 

typically occurs around 350 nm. The sensitivity of tryptophan's fluorescence to its local 

environment is one of its most valuable features. When tryptophan is in a more polar 

environment (e.g., water), its emission spectrum is generally red-shifted (longer wavelength). 

However, in an apolar or hydrophobic environment, the emission peak shifts to a shorter 

wavelength (blue-shift), providing insight into the protein's structural state or 

microenvironment. Alternatively, extrinsic fluorescence probes can also be introduced to probe 

a variety of fluorescence properties. Its application is useful for gaining information about 

protein dynamics and global structural information but most often it is used to monitor protein 

unfolding (46), ligand-binding (47), and protein-protein interactions (48). 
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Figure 1.9. Absorption (A) and emission (E) spectra of aromatic amino acids: Phenyl Alanine, Tyrosine and Tryptophan at pH 

7.0 in aqueous solution. Adapted from Principles of fluorescence spectroscopy, Joseph R. Lakowicz. 

 

1.8.2.1 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence 

8-anilino-1-naphthalenesulfonic acid (ANS) is a hydrophobic compound that binds to proteins, 

especially that are partially unfolded or have exposed hydrophobic patches. Upon binding it 

undergoes a change in fluorescence with a shift towards blue wavelength. This property makes 

ANS fluorescence useful for studying protein folding and conformational changes (49). The 

structure of ANS (Figure 1.10) suggests that it can interact primarily with aromatic-aromatic 

interactions through the sulfonate group by hydrogen bonding. 
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Figure 1.10. Molecular structure of ANS.  

 

1.8.3 Size exclusion chromatography – multi-angle light scattering (SEC-MALS) 

Size exclusion chromatography – multi-angle light scattering (SEC-MALS) measures the 

weight-average molecular weight of macromolecules in solution using the scattered intensity 

as it elutes from the SEC column (Figure 1.11) (50). It can distinguish oligomers (51) or higher 

order assemblies from monomers using refractive index (RI) and ultra-violet (UV) detectors 

with molecular weight ranging from 200 Da to 1 GDa. It can also determine the radius of 

gyration Rg from 10 nm to 500 nm. Therefore, combining molar mass and size, it can give 

information about the molecular conformation. 

When laser light hits a macromolecule, it induces a dipole which acts as a source of 

secondary radiation, emitting light at the same frequency but with varying intensity. The size 

and shape of the macromolecule can affect the scattered intensity. For simplicity, the basic 

equation governing for a solution of isotropic scatterers (typically Rg < 10 nm) is, 

𝐼scattered ∝ 𝑀w𝑐 (
d𝑛

d𝑐
)
2

    eq 1.3 

where, Iscattered is the total intensity of scattered light, the parameter that is actually measured 

by the detectors, Mw is the weight-average molecular weight, c is the concentration of the 

macromolecule, and dn/dc is the specific refractive index increment of the macromolecule in 

the solvent. This equation does not consider the angular dependence and other types of 

interactions but is simplified enough to understand the basic principles of light scattering. 
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Figure 1.11. Elution profile of macromolecules with respective Mw determined by MALS. The different molecular weights (red) 

for proteins eluted at different times (blue) have been depicted. Adapted from https://www.wyatt.com/. 

 

1.8.4 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is an essential tool for surface analysis. It can image 

nanoscale structures and can also evaluate many physical properties of the material. An AFM 

consists of three separate subsystems i) sensors, ii) detectors, and iii) positioners (Figure 1.12). 

These are controlled by a computer. The AFM sensor is the cantilever with a sharp tip near the 

free end. When it is near the surface, the tip is affected by the force, either deflected or attracted. 

This movement is optically detected using a laser and a photodetector. The actuators are the 

piezoelectric device which changes the relative positions of the sample and the cantilever. The 

most common type of AFM measures the topography of the system that is height. There are 

various modes to capture AFM images, including tapping mode, x mode, y mode, etc., but the 

tapping mode has its own advantages (52). In tapping mode, the cantilever is oscillated with an 

external application of force (typically less than 100 pN) causing it to vibrate up and down. 

The tip scans across the sample by intermittently contacting the surface. This results in a change 

of amplitude and phase of the oscillation causing to generation of high-resolution images. Due 

to the feedback loop, the instrument maintains a constant amplitude of oscillation resulting 

inconsistent imaging conditions. Because the tip makes intermittent contact with the surface 

there is reduced friction and is useful for soft biological samples. AFM can visualize the 3D 

structure of proteins providing size, shape, and surface features. It can be used to monitor 

aggregates and protein complexes. AFM can also monitor conformational changes of proteins 

in response to external stimuli such as pH (53), temperature (54), ionic strength (55), etc. 

https://www.wyatt.com/
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Figure 1.12. Components of the atomic force microscope (AFM) system. Adapted from https://afm.oxinst.com/outreach/atomic-

force-microscopy. 

 

1.8.5 Transmission electron microscope (TEM) 

Transmission electron microscope (TEM) produces images by illuminating a thin sample with 

an electron beam in a high vacuum. The TEM can reveal detailed micro-structural 

arrangements with high magnification (56). The components of a TEM are shown in (Figure 

1.13). The electron-producing gun is located at the top which passes electrons down the column 

through a series of electromagnetic lenses reaching the sample and then to an image collector 

at the bottom. After hitting the sample some electrons are stopped or deflected by the sample. 

The transmitted electrons are collected by the screen or camera producing dark or bright images 

where electrons do not pass through or where it is unscattered, respectively. 

https://afm.oxinst.com/outreach/atomic-force-microscopy
https://afm.oxinst.com/outreach/atomic-force-microscopy
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Figure 1.13. Components of the transmission electron microscope (TEM) system. Adapted from 

https://myscope.training/TEM_Instrument_design. 

TEM produces higher-resolution images than the light microscope because the 

wavelength of the electron is much smaller than that of the visible light. Resolution is defined 

as, 

𝑑 =
0.61𝜆

𝑛sin⁡ 𝑎
    eq 1.4 

where, d is the distance between two points, λ is the wavelength, n is the refractive index and 

a is the angular aperture. The wavelength (λ) of an electron is related to the accelerating voltage 

and is approximated by, 

𝜆 =
ℎ

√2𝑚𝑒𝑉
    eq 1.5 

where, h is Planck’s constant, m is the mass of an electron, e is the electric charge and V is the 

accelerating voltage. Thus, 

𝜆 ∼ √
1.5

𝑉
    eq 1.6 
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Thus, the higher the accelerating voltage, the smaller the wavelength and hence greater 

the resolution. Electron microscopy with its unique capability provides direct visual 

information of size, shape, and aggregation conditions of a wide range of samples from 

nanoparticles (57), cell organelles (58) to protein therapeutics (59), (60), and many others. 

 

1.8.6 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy uses the magnetic properties of certain 

nuclei (1H, 13C, 15N, 19F, 31P, etc.), as charges with non-zero spin angular moment produce 

magnetic fields. NMR spectroscopy is routinely used to study small, large, and complex 

biomolecules (61, 62). In solution NMR, typically 0.2-0.6 mL of 0.1-5 mM sample is loaded 

in an NMR tube. This when placed in a strong magnetic field e.g. 14.1 Tesla (600 MHz) leads 

to the precession of the nuclei in a cone, like a spinning top in the earth’s gravitational field. 

The rate of precession is dependent upon the strength of the external magnetic field B0 and the 

strength of the nuclear magnet γ, as given by the equation, 

𝜈0 =
𝛾𝐵0

2𝜋
    eq 1.7 

where, ν0 is the Larmour frequency, γ is the gyromagnetic ratio and B0 is the external magnetic field. 

In a quantum mechanical picture, these spin ½ nuclei are arranged in two states α, a 

low-energy state parallel to B0, and β, a high-energy state anti-parallel to B0. At thermal 

equilibrium, a large population of nuclei will reside in the low-energy state while slightly less 

will reside in the high-energy state. Nuclei in the low-energy state may be promoted to the 

high-energy state upon irradiation by a electromagnetic wave with energy equal to the energy 

gap between the two states, and this corresponds to the frequency of electromagnetic radiation. 

For a given temperature and B0 the Boltzmann distribution of population difference is given 

by, 

𝑁𝑎

𝑁𝛽
= exp (

Δ𝐸

𝑘𝐵𝑇
)  where Δ𝐸 = 𝛾𝐵0ħ eq 1.8 

where, Nα and Nβ are the populations of the low and high-energy states, kB is the 

Boltzmann constant, T is the absolute temperature, ΔE is the energy gap, γ is the gyromagnetic 

ratio, B0 is the external magnetic field, and⁡ħ is the reduced Planck’s constant. For the B0 field 

of 14.1T and at 298K, the ratio between Nα and Nβ is, 
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𝑁𝑎

𝑁𝛽
= 1.000097    eq 1.9 

Thus, there is a very small difference between the two states and that is why NMR is 

an insensitive technique compared to other spectroscopic techniques. The individual magnetic 

moments of the nuclei result in net magnetization in +z direction (direction of B0) after the 

longitudinal relaxation. This net magnetization M0 is the useful quantity that we measure in 

NMR. The z-component of M0 is equal to, 

𝑀𝑧
0 = 𝛾2ħ2𝑁

𝐵0

4𝑘𝐵𝑇
    eq 1.10 

where Mz
0 is the net longitudinal magnetisation, N is the number of identical spins in the 

sample, kB is the Boltzmann constant, T is the absolute temperature, B0 is the external magnetic 

field, γ is the gyromagnetic ratio, and⁡ħ is the reduced Planck’s constant. 

For NMR experiments to work, this 𝑀𝑧
0 is perturbed by the application of a 90° 

radiofrequency (RF) pulse which brings the M0 into the transverse plane, where it undergoes 

oscillations and a free-induction decay (FID) is detected while it returns to the thermal 

equilibrium state. This process is called relaxation and will be discussed later. 

The fundamental observable in modern NMR spectrometers is the FID (Figure 1.14). 

This is a time-dependent induced and detected current in the receiver coil by all the precessing 

nuclei in the sample. The observed FID is a mixture of all the individual FIDs for each nucleus 

with a characteristic frequency. The FID decays over time in an exponential fashion due to loss 

in coherence. The rate of this decay can be quantified by the transverse relaxation rate constant 

R2. The FID is then Fourier transformed (FT) from the time domain to the frequency domain 

to obtain important information such as chemical shift, intensity, and linewidth. 
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Figure 1.14. FID profile that encapsulates decaying signals from all the nuclei in the sample which is Fourier transformed 

(FT) on the right to give information about the chemical shift, intensity, and linewidth of each nucleus. Adapted from (44). 

 

The Chemical Shift 

Each nucleus in a molecule is bonded to other nuclei or interacts with other nuclei via non-

covalent interactions, all of which results in a slightly different resonant frequency for the 

nucleus under study than its Larmour precession frequency. This number, when expressed in 

parts per million, is called the chemical shift and is the useful entity that provides detailed 

information about the molecule. Each peak in the NMR spectrum represents the unique 

chemical shift of the molecule. The chemical shift is affected by the pH, temperature, etc. which 

shifts it to downfield or upfield in the spectrum. 

Intensity 

Intensity represents the height or the area/volume under the peak. It can give information about 

the number of nuclei contributing to the observed signal and thus help quantify the signals. 

This is a dimensionless quantity and is compared relative to other signals in the spectra. 

Linewidth (𝑣1/2) 

It is defined as the full peak width at half of the maximum height. It reports on the transverse 

relaxation rate and gives information about the dynamic properties of the molecule. The 

broader peak corresponds to increased transverse relaxation rate in the NMR spectra, 

suggesting the nucleus under observation is affected by the phenomenon of 

chemical/conformational exchange. 

𝑣1/2 =
𝑅2

𝜋
=⁡

𝑅2
𝑖𝑛𝑡+𝑅𝑒𝑥

𝜋
     eq 1.11 

where, 𝑅2 is the transverse relaxation rate, 𝑅2
𝑖𝑛𝑡 is the intrinsic transverse relaxation 

rate, and 𝑅𝑒𝑥 is the relaxation rate due to chemical/conformational exchange. 

 

1.8.6.1 Basic steps in the NMR experiment 

The NMR experiment involves a combination of specific types of radio frequency (RF) pulses 

applied for specific durations at different powers and various delays before the FID is 

measured. Higher dimensional NMR experiments bring more complexity to their execution but 

can be simply characterized with building blocks of four basic steps: 
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1) Recovery step (or inter-scan delay): This period corresponds to the return of the net 

magnetization and population back to its thermal equilibrium. This is generally 

determined by the longitudinal relaxation rate (R1) with the guideline of (3-5)/R1. 

2) Preparation step: This step is used to select nuclei and prepare different types of 

magnetizations such as single quantum (SQ), multiple quantum (MQ), zero quantum 

(ZQ), or double quantum (DQ) coherences. These provide independent measures of 

various relaxation properties at different timescales. 

3) Evolution step: This step permits the evolution of additional time-dependent 

phenomena such as chemical shift evolution of an attached nucleus X. This is achieved 

using incremented delay to indirectly sample the FID of the attached nucleus and thus 

adds one more dimension to the NMR data, however, it also increases the measurement 

time. 

4) Detection step: This step directly records the FID which contains information on the 

time-dependent intensities as modulated by the first three steps. 

1.8.6.2 Spin relaxation 

Spin relaxation is the process by which nuclear spins return to thermal equilibrium after being 

perturbed by an external magnetic field (63). It is caused by the fluctuations in the magnetic 

field to nearby nuclei through interactions between spins and their surroundings. These fields 

change in time (because of the molecules tumbling in solution) and induce random transitions 

between the NMR spin states, and these random transitions lead to decay of magnetisation back 

to equilibrium. The efficiency of relaxation depends on factors such as, molecular tumbling, 

the correlation times, and the frequency of the applied field (Larmour frequency). It is an 

important aspect of NMR and influences the experimental time as well as the spectral quality, 

including impact on linewidth. The relaxation times T1 and T2 are key to understanding 

molecular dynamics in NMR and provides information about the amplitude and timescale of 

motions (61). 

 

1.8.6.2.1 Longitudinal relaxation (T1) 

Longitudinal relaxation (T1) is defined as the growth of the z-magnetisation, Mz, to its initial 

value M0, after an RF pulse, after time τ. The equation for T1 is given as, 

Mz = −M0 (1 − e
−

τ

T1)    eq 1.12 
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The z-magnetization grows from 0 to 63% after one T1 and to 99% after 5 times T1. So, 

it is a useful practice to wait for time 5*T1 after one scan is finished to reach the equilibrium 

value again and then acquire the next scan to obtain a reliable data. Thus, T1 actually determines 

how rapidly we can obtain NMR data. Longitudinal relaxation is also known as spin-lattice 

relaxation, and thermal relaxation. 

T₁ is typically measured using a simple 180°–τ–90° inversion recovery pulse sequence. 

The longitudinal net magnetization is first inverted with a 180° pulse, flipping Mz to -Mz. After 

delay time τ, 90° pulse rotates the partially recovered magnetisation into the transverse plane 

for signal detection. By varying τ, a series of experiments are recorded. For τ = 0, the signal is 

maximally negative due to full inversion, as it is increased, signal passes through zero and then 

becomes positive. For longer τ value, the spectrum looks like a normal spectrum. The resulting 

signal intensities are then fitted to an exponential function to extract T1. 

 

 

Figure 1.15. T1 relaxation process. It shows the process of T1 relaxation after a 180° RF pulse. The z component of the net 

magnetisation, Mz is reduced to zero, but then recovers gradually back to its equilibrium value. Adapted from 

https://www.chem.wisc.edu/areas/reich/nmr/notes-8-tech-1-relax.pdf 

 

 

https://www.chem.wisc.edu/areas/reich/nmr/notes-8-tech-1-relax.pdf


 

 

23 

 

1.8.6.2.2 Transverse relaxation (T2) 

Transverse relaxation (T2) is defined as the loss of coherence in the x-y plane after a 90° RF 

pulse. The loss of coherence is caused by the magnetic field inhomogeneity and due to chemical 

exchange. These effects result in phase differences, which lead to a decrease in the net 

magnetization in the x-y plane. The result is an exponential decay and is represented as, 

𝑀𝑦 = −𝑀o cos(2𝜋𝑣oτ)e
−

τ

𝑇2  eq 1.13 

𝑀𝑥 = 𝑀o sin(2𝜋𝑣oτ)e
−

τ

𝑇2  eq 1.14 

where, My and Mx are the net magnetisation in the x-y plane, ʋ0 is the frequency, and τ is the 

delay time. 

The decaying exponential represents the fanning out of magnetization and after 

0.693*T2, the magnetization reduces to half of its original value. When τ =T2, we would see 

only 36.8%(e-1) magnetization of its original value after a 90° RF pulse. Transverse relaxation 

is also known as spin-spin relaxation. 

To determine T2, the standard pulse sequence employed is the spin-echo sequence 90°-

τ-180°-τ-FID. After 90° pulse, transverse magnetisation is created, which starts to dephase due 

to field inhomogeneities and exchange processes. An 180° pulse causes the refocusing of spins, 

leading to the formation of an echo at time 2τ. By varying τ, a plot of echo amplitude (peak 

height) versus total echo time (2τ) yields an exponential decay, which is fitted to extract the 

transverse relaxation time T2. 
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Figure 1.16. T2 relaxation process. T2* is an instrumentally dependent parameter and it determines the line width of an NMR 

resonance. T2, on the other hand, is a physically meaningful parameter independent of field inhomogeneity, J coupling and 

other factors. T2 is always greater than T2*. Adapted from (64). 

 

1.8.6.2.3 Nuclear Overhauser Effect (NOE) 

Nuclear Overhauser Effect (NOE) is another relaxation phenomenon. It involves irradiation of 

nuclei with continuous low-power RF pulse which causes saturation of the two states and hence 

decreases the signal in the spectrum. Spin transitions either due to ZQ, SQ, or DQ or 

combinations of them perturb the populations of the nearby nuclei (≤5Å), a process called as 

cross-relaxation. It is defined as a process in which magnetization is transferred between two 

different spins due to dipolar coupling, leading to zero, positive, or negative NOEs, and is 

useful for determining spatial proximity. In contrast, self-relaxation affects the same nucleus 

due to local fluctuating fields, primarily governed by T1 and T2, and is useful for understanding 

local dynamics. The NOE gives distance information of the nearby nuclei and hence is widely 

used to gain the 3D structure of the molecule. 

A simple NOE experiment would involve a selective 180° pulse which causes the spins 

to be out of equilibrium and transfers the magnetisation to other spins through cross-relaxation. 

The NOE enhancement factor, η, is defined as, 

η = ⁡
𝐼−𝐼0

𝐼
   eq 1.15 
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Another situation involves irradiating one spin with a very weak RF pulse for long 

enough so that it is saturated (no net magnetisation). The simultaneous process of self-

relaxation and cross-relaxation leads to steady-state NOE, where the population difference of 

one spin becomes zero. The NOE enhancement factor ηSS is defined as, 

η𝑆𝑆 =
𝜎𝐼𝑆

𝑅𝐼

𝑆𝑧
0

𝐼𝑧
0       eq 1.16 

where, 𝜎𝐼𝑆 is the cross-relaxation rate, 𝑅𝐼 is the longitudinal relaxation rate of I spin, 𝑆𝑧
0 

and 𝐼𝑧
0 are the equilibrium z-magnetisation of S and I spins respectively. The size of NOE 

enhancement gives information about spatial proximity and/or local flexibilty. 

 

1.8.6.2.4 Dipole-dipole relaxation in liquids 

For a pair of nuclei ij the magnetic field around nucleus i will be affected due to dipolar field 

of nucleus j. The dipolar interactions are caused by the magnetic flux lines affecting the 

magnetic field at another nucleus. The strength of the interaction is dependent upon the 

internuclear distance and on the orientation of the spin i relative to the B0. The dipolar 

interaction is expressed as follows: 

𝐷𝑖𝑗 = −
𝜇0ħ𝛾𝑖𝛾𝑗

4𝜋2𝑟𝑖𝑗
3 ⟨

(3 cos2 𝜃−1)

2
⟩ = 𝐷𝑚𝑎𝑥

𝑖𝑗
⟨
(3 cos2 𝜃−1)

2
⟩ = 𝐷𝑚𝑎𝑥

𝑖𝑗 ⟨𝑃2(cos 𝜃(𝑡))⟩       eq 1.17 

where θ is the angle between the internuclear vector relative to the B0, r is the 

internuclear distance, and µ0 is the permittivity of free space. For solution NMR, especially for 

proteins, the dipolar couplings are averaged out due to isotropic motion of the molecules.  

This dipolar interaction is one the mechanisms for relaxation. Following equations 

describe the relaxation rate due to dipole-dipole interactions, 

1

𝑇1
𝑖 =

1

10
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ
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(
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2 +
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+
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2𝜏𝑐

2 +
6𝜏𝑐

1+(𝜔𝑖+𝜔𝑗)
2
𝜏𝑐
2
+

𝜏𝑐

1+(𝜔𝑖−𝜔𝑗)
2
𝜏𝑐
2
) eq 1.19 

𝜎𝑖𝑗 =
1

10
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ2

𝑟𝑖𝑗
6 [

6𝜏𝑐

1+(𝜔𝑖+𝜔𝑗)
2
𝜏𝑐
2
−

𝜏𝑐

1+(𝜔𝑖−𝜔𝑗)
2
𝜏𝑐
2
]           eq 1.20 

For fast motion 𝜔𝑖𝜏𝑐 << 1,𝜔𝑗𝜏𝑐 << 1 

1

𝑇1
𝑖 = (

𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ

𝑟6
𝜏𝑐 =

1

𝑇2
𝑖             eq 1.21 
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𝜎𝑖𝑗
fast ≈

1

2
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ2

𝑟𝑖𝑗
6 ⋅ 𝜏𝑐          eq 1.22 

For slow motion, same nuclei (1H-1H) 𝜔𝑖𝜏𝑐 >> 1 

1

𝑇1
𝑖 =

1

10
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ

𝑟6
𝜏𝑐            eq 1.23 

For slow motion, different nuclei (1H-13C) 𝜔𝑖𝜏𝑐 >> 1,𝜔𝑗𝜏𝑐 >> 1⁡ 

1

𝑇1
𝑖 =

1

10
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ2

𝑟6𝜏𝑐
(

3

𝜔𝑖
2 +

6

(𝜔𝑖+𝜔𝑗)
2 +

1

(𝜔𝑖−𝜔𝑗)
2)          eq 1.24 

1

𝑇2
𝑖 =

1

5
(
𝜇0

4𝜋
)
2 𝛾𝑖

2𝛾𝑗
2ħ2

𝑟6
𝜏𝑐             eq 1.25 

𝜎𝑖𝑗
slow =

1

10
(
𝜇0

4𝜋
)
2
⋅
𝛾𝑖
2𝛾𝑗

2ħ2

𝑟𝑖𝑗
6𝜏𝑐

[
6

(𝜔𝑖+𝜔𝑗)
2 −

1

(𝜔𝑖−𝜔𝑗)
2]          eq 1.26 

 

where, μ0 is magnetic permeability of free space, γi,γj are gyromagnetic ratios of nuclei 

i and j respectively (these represent how strongly each nucleus interacts with the magnetic 

field), ℏ is reduced Planck’s constant, r is the distance between the two nuclei. Since it's raised 

to the power of 6, the interaction is highly distance-dependent - relaxation is much stronger 

when nuclei are closer, τc is rotational correlation time (a measure of how fast the molecule is 

tumbling. Longer τc means slower motion (e.g., in larger molecules)), and ωi,ωj are Larmor 

angular frequencies of nuclei i and j, respectively. 

 

1.8.6.2.5 Chemical Shift Anisotropy (CSA)⁡ 

Besides dipolar interaction, CSA is another mechanism which restores the Boltzmann 

equilibrium. CSA depends on the orientation of the molecule, and as the molecule tumbles in 

solution this is also averaged out and the chemical shift can be represented by, 

𝛿iso =
1

3
(𝛿𝑋𝑋 + 𝛿𝑌𝑌 + 𝛿𝑍𝑍)       eq 1.27 

where δXX, δYY and δZZ are the chemical shift tensors defined by axes X, Y and Z respectively. 

Following equations describe the relaxation rate due to CSA, 

1

𝑇1
=

2ΔCSA
2 𝜔𝑁

2

15

𝜏𝑐

1+𝜔𝑁
2 𝜏𝑐

2        eq 1.28 

1

𝑇2
=

ΔCSA
2 𝜔𝑁

2

45
(4𝜏𝑐 +

3𝜏𝑐

1+𝜔𝑁
2 𝜏𝑐

2)       eq 1.29 

For fast motion 𝜔𝑁𝜏𝑐 << 1 

1

𝑇1
=

2ΔCSA
2 𝜔𝑁

2 𝜏𝑐

15
         eq 1.30 

1

𝑇2
=

7ΔCSA
2 𝜔𝑁

2 𝜏𝑐

45
         eq 1.31 
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For slow motion 𝜔𝑁𝜏𝑐 >> 1 

1

𝑇1
=

2ΔCSA
2 𝜔𝑁

2

15

𝜏𝑐

𝜔𝑁
2 𝜏𝑐
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2ΔCSA

2

15𝜏𝑐
       eq 1.32 

1

𝑇2
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ΔCSA
2 𝜔𝑁

2

45
(4𝜏𝑐 +

3

𝜔𝑁
2 𝜏𝑐

) ≈
4ΔCSA

2 𝜔𝑁
2 𝜏𝑐

45
      eq 1.33 

where ΔCSA is the chemical shift anisotropy of the nucleus, ωN is Larmor angular 

frequency of the 15N, and τc is rotational correlation time. The factor 
𝜏𝑐

1+𝜔𝑁
2 𝜏𝑐

2 is a spectral density 

function which tells how efficiently molecular tumbling at frequency ωN contributes to relaxation. 

 

1.8.6.2.6 Effect of molecular tumbling on relaxation 

Due to spin interactions the individual magnetic moments that make up the magnetization 

experience slightly different local magnetic fields. These local fields fluctuate over time as the 

molecules tumble through solution leading to random transitions between the NMR spin states. 

For small molecules, the tumbling is relatively fast, and many molecules can efficiently transfer 

energy to the surrounding lattice at the Larmor frequency, leading to decrease in T1 (Figure 

1.17). This occurs fastest when molecule is tumbling exactly at Larmour frequency. And 

concomitantly it has the opposite effect when molecular size increases (ꚍc increases). But T2 

always tends to decrease with an increase in the molecular weight. With an increase in the 

molecular weight, molecules tumble slowly and nuclei oscillate either slowly or faster than the 

average precession rate which leads to rapid de-coherence. T2 determines how fast the FID 

decays, a short T2 corresponds to a faster decaying FID and a long T2 corresponds to a long 

FID. Since time-domain data is converted to frequency-domain data, it has the opposite effect 

i.e. for a short T2, the peaks broaden, and for a long T2, we obtain a sharp peak in the spectrum. 

Therefore, it becomes difficult to study larger molecules using NMR. Even for a perfectly 

shimmed magnet, the FID is determined by the T2, which is determined by the tumbling 

process.  
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Figure 1.17. Plots of log(T1 and T2) and 1H-15N NOE vs log(ωꚍc) for 15N. Adapted from (69). 

 

1.8.6.3 Heteronuclear adiabatic relaxation dispersion (HARD) 

HARD method is used to characterize μs to ms dynamics (kex~ 104–106 s−1), where dispersion 

in rotating frame relaxation rate constants (longitudinal R1ρ and transverse R2ρ) is created by 

modulating the shape and duration of adiabatic full passage (AFP) pulses (65, 66). Adiabatic 

pulses are a special class of RF pulses that are used to achieve a uniform flip angle for all the 

resonances; that is, they are offset independent. These pulses are routinely used in NMR 

imaging to capture R1ρ and R2ρ rates. In addition, these adiabatic pulses are amplitude and 

frequency/phase modulated when compared to the normal square pulses.  

For adiabaticity to be achieved, it is important that the following relation should hold 

true: 

|𝛾𝐵𝑒𝑓𝑓(𝑡)| ≫ |
𝑑𝛼

𝑑𝑡
|   eq 1.34 

 

where, γ is the gyromagnetic ratio, Beff is the effective field, and |
𝑑𝛼

𝑑𝑡
| is the instantaneous 

angular velocity (rate) with α being the sweep (flip) angle. If the sweep rate is sufficiently slow 

so that the magnetization vector, M is continuously aligned with Beff (Figure 1.18). If the 

condition is satisfied, then the net magnetisation follows the Beff and is finally excited or 

inverted. 



 

 

29 

 

 

Figure 1.18. Vector diagram for the adiabatic excitation, showing the relationship between the frequency modulated frame, 

x’,y’,z’ (thin axes) and the Beff frame, x”,y”,z” (thick axes). Δω/γ is the longitudinal field and B1 is the applied RF field. Adapted 

from (65).  

There are many different types of adiabatic pulses based on different amplitude and 

frequency modulation, but the one used in this study is the hyperbolic secant inversion pulse 

(HS). The equation for HS pulse is given by: 

𝐵1(𝑡) = 𝐴(𝑡)exp−𝑖∫𝜔1(𝑡
′)𝑑𝑡′  eq 1.35 

where, 

𝐴(𝑡) = 𝐴0 sech(𝛽𝑡)   eq 1.36 

𝜔1(𝑡) = −𝜇𝛽 tanh(𝛽𝑡)   eq 1.37 

and A0 is the peak amplitude (μT), β is frequency modulation (rad/s), and μ is the phase 

modulation parameter (dimensionless).  

The method that has been used in this study is called heteronuclear adiabatic relaxation 

dispersion (HARD). This method utilises a series of HS pulses (HSn) to measure 15N R1ρ and 

R2ρ rates during adiabatic rotations of the +z magnetisation. For the R1ρ experiment, the 15N 

magnetization is positioned longitudinally and then subjected to a train of adiabatic pulses 

(HSn). For the R2ρ experiment, the 15N magnetization is positioned in the transverse plane and 

then subjected to a train of adiabatic pulses (HSn). The dispersion in the rates is created by the 

type of HS pulse. Typically, it is expected that R1ρ should increase with the increase in the HS 

stretching factor (n) and R2ρ should decrease with an increase in the stretching factor (Figure 

1.19). Unlike measuring relaxation rates under free precession, this method reduces the 

relaxation rates and allows for greater signal to noise. Thus, aiding to capture dynamics on the 

order of 104-106 s-1. 
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Figure 1.19. R1ρ (longitudinal rates) and R2ρ (transverse rates) dispersion curves as obtained by changing the HS pulse shape. 

R1ρ increases with the increase in the HS stretching factor (n) and R2ρ decreases with an increase in the stretching factor. M is 

the magnetisation and is modulated by effective ωeff field. α being the sweep (flip) angle. Adapted from (67). 

 

1.8.6.4 15N chemical exchange saturation transfer (CEST) for slow μs-ms dynamics 

CEST methodology gives us dynamic information on a timescale closer to the CPMG 

relaxation dispersion (RD), applicable to 10-500 s-1 (4). This method allows extracting 

information where the populations are highly skewed (pA>>pB). The method works by applying 

a weak RF field B1 at various offset positions in the NMR spectrum for a period of Tex and 

measuring the intensities of the major state (Figure 1.20). The CEST data are plotted as a 

function of the offset values and I/I0, where I0 is the intensity of the major state with no Tex. 

During weak B1 field, when it is on-resonance to major state A, the MzA is saturated, and the 

I/I0 is close to 0. When it is on-resonance to the minor state B, the MzA decreases due to 

stochastic transitions of spins from state A to B and then back to A, which also results in a 

decrease in the I/I0. Thus, CEST profiles are characterised by two or more dips in the intensity, 

one at the major state offset and the rest at the minor state offset. Hence, it helps to make the 

invisible state, visible. 

 



 

 

31 

 

 

Figure 1.20. 15N CEST experiment. A weak B1 field is applied along the y axis (green) for a time TEX before acquisition of the 

spectrum. When the B1 field is on resonance with the minor state, precession occurs around the y axis. The ratio I/I0 is plotted, 

as a function of offset where I is the intensity after an irradiation period of duration TEX and I0 is the intensity when TEX = 0. 

There is a loss of intensity when the weak continuous-wave field is resonant with the major (ωG) and minor states (ωE). kGE is 

the forward exchange rate between ground and excited states and kEG is the backward exchange rate. Adapted from (68). 

 

 

1.9 Scope of the Thesis 

This thesis investigates the role of conformational heterogeneity of FUS-RRM in its 

aggregation behavior, with a particular focus on how changes in conformational plasticity may 

influence FUS-RRM's propensity to form aggregates. We aim to identify and characterize 

distinct conformational states using a range of NMR techniques, alongside pH and ATP-

induced perturbations. By combining CEST, adiabatic R1ρ and R2ρ relaxation dispersion, and 
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other biophysical techniques, this study uncovers the existence of different excited states in 

FUS-RRM. These findings expand our understanding of the dynamic nature of FUS-RRM and 

its possible functional implications in cellular processes, such as binding to different nucleic 

acids or other cofactors. Additionally, the study unravels the importance of fast dynamics in 

suppressing FUS-RRM aggregation, while slower dynamics promoting it. Using such 

perturbations, we seek to understand the molecular mechanisms behind FUS-RRM's 

involvement in diseases like ALS and FTD. This research may pave the way for potential 

therapeutic strategies that target the conformational states, offering new avenues for 

intervention in neurodegenerative disorders.  
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2.1 Introduction 

A recent study by Lu et al. (1) shows compelling evidence regarding the structural 

characteristics of the FUS-RRM domain. The use of CD and NMR spectroscopy demonstrates 

that the FUS-RRM maintains a well-folded structure at the pH 5 and 6.8, distinguishing it from 

the disordered regions at the N- and C-termini of this protein. The observation of irreversible 

thermal denaturation and renaturation suggests a stable, yet potentially delicate, folding 

landscape for the FUS-RRM. The NMR spin relaxation measurements—specifically T1, T2, 

and het-nOe indicate that while FUS-RRM exhibits ps-ns dynamics, it does not engage in 

microsecond to millisecond dynamics. This implies that the folding dynamics are relatively 

fast, but the domain does not undergo significant conformational changes over longer 

timescales (1). The low het-nOe value (0.7) combined with the average order parameter (S² = 

0.77) indicates that the FUS-RRM is not in a tightly compacted conformation (1), a condition 

which may facilitate interactions with other molecules, including RNA or other proteins. This 

less compact structure could be a factor in its potential involvement in aggregation. However, 

its link to aggregation is not straightforward.  

Many biological processes, such as protein folding and conformational changes, occur 

on the slow μs-to-ms time scale and are of general interest for understanding protein function. 

Advanced experimental techniques like time-resolved Förster resonance energy transfer 

(FRET), single-molecule force spectroscopy, and molecular dynamics (MD) simulations have 

provided insights into the motions of different proteins (2, 3). Amongst these, NMR 

spectroscopy has been widely used to investigate the structure and dynamics of biomolecules. 

Indeed, the link between dynamics and function of a protein has been strengthened by the recent 

advances that have allowed for the detection of sparsely and transiently populated biomolecular 

conformations. In this direction, the advanced NMR experiments such as chemical exchange 

saturation transfer (CEST) (4, 5), dark exchange saturation transfer (DEST) (6, 7), Carr-

Purcell-Meiboom-Gill (CPMG) (8, 9), off-resonance rotating frame (R1ρ) (10, 11), and 

paramagnetic relaxation enhancement (PRE) (12) have been particularly useful for the 

detection of low-populated, transient states of proteins with lifetimes ranging from 10⁻⁴ to 10⁻¹ 

s. By enabling the study of these states, these techniques enhance our understanding of a 

correlation between protein function and conformational dynamics, thereby delineating the 

molecular mechanisms behind various diseases related to protein misfolding and aggregation. 

Therefore, insights into the conformational dynamics of a protein are required to obtain better 

insights into the process by which it undergoes aggregation. In this chapter, we have 
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investigated fast and slow μs-ms dynamics of FUS-RRM using two different NMR tools as 

explained below. 

 

2.2 Methods 

2.2.1 Protein overexpression and purification 

The cDNA fragment encoding the FUS-RRM (aa 282-376) domain, cloned in the pET 28a 

vector, was obtained as a kind gift from Prof. Neel Sarovar Bhavesh, International Centre for 

Genetic Engineering and Biotechnology (ICGEB), New Delhi, India. The recombinant 

construct carried a thrombin cleavable (His)6 tag at the N-termini. Recombinant protein 

overexpression was carried out in Escherichia coli (BL21). Initial optimisation was performed 

with different IPTG concentrations and temperature. Good induction was observed with 0.5 

mM IPTG at 28°C. Subsequently, the cells were induced at an OD600 of 0.8-1.2 using 0.5 mM 

isopropyl β-D-1-thiogalactopyranose (IPTG) at 28°C with 180 rpm for 8 hrs. The harvested 

culture was lysed in Tris buffer (20 mM Tris-Cl, 150 mM NaCl, pH 8) containing lysozyme 

and EDTA-free protease inhibitors. Sonication of the cells was carried out at 60% amplitude 

with 5 sec ON and 5 sec OFF pulse for 3 minutes in an ice bath, with the cycle repeated 3 times 

to ensure lysis. The cell lysate, thus obtained, was centrifuged at 14000 x g for 1 h at 4°C to 

obtain the total soluble protein (TSP). The TSP was circulated through a pre-equilibrated Ni-

NTA affinity column (GE Healthcare) for 1 h and was finally eluted using 300 mM imidazole 

at 4°C. The eluted protein was further purified using a size-exclusion chromatography column, 

Hi-Prep Sephacryl S-100 16/60 (GE Healthcare). For NMR studies, 13C and/or 15N labeled 

FUS-RRM samples were purified by growing bacteria in M9 media using 13C-glucose and 

15NH4Cl as the sole source of carbon and nitrogen, respectively. The protein was concentrated 

in 10 mM sodium phosphate buffer, pH 6.4, and 100 mM NaCl. 

 

2.2.2 NMR Spectroscopy 

All the NMR experiments were recorded at 298 K on an AscendTM Bruker AVANCE III HD 

14.1 Tesla (600 MHz) NMR spectrometer equipped with a quad-channel (1H/13C/15N/19F) 

Cryoprobe (in-house). NMR spectra were collected with 2048 x 128 total points in F2 (
1H) and 

F1 (
15N) dimensions. Spectral widths of 12 ppm (1H) and 32 ppm (15N) were used, for which 

an acquisition time of 141 ms was obtained in the direct dimension (F2). All the NMR spectra 

were processed in NMRPipe (13) and analyzed using POKY (14).  The resonances were 
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directly transferred from the already available assignments by Liu et al. and confirmed using 

triple resonance experiments like TOCSY, HNCA, and CBCANH (15). 

 

2.2.2.1 15N HARD 

Heteronuclear Adiabatic Relaxation Dispersion (HARD) experiments were recorded for 

different samples on the 600 MHz NMR spectrometer. Each HS pulse was 4-msec and applied 

in groups of four to spin-lock the 15N magnetisation. Relaxation delays for adiabatic R1ρ and 

R2ρ experiments were then varied by changing the number of composite pulses such as 0, 1, 2, 

4, and 8. The relaxation delays used for R1ρ were 0, 16, 32, 64, and 128 ms. For R2ρ experiments, 

the relaxation delays used were 0, 16, 32, and 64 ms. The R1 experiments were acquired 

similarly to R1ρ and R2ρ experiments but without using the adiabatic pulse during evolution. 

The delays used for the R1 experiment were 0, 48, 96, 192, 320, 480, and 640 ms. 

The R1/R1ρ/R2ρ rates were calculated by fitting the peak intensities plotted against the 

corresponding set of relaxation delays to a mono-exponential decay model in a Mathematica 

script (16). The errors were obtained using 500 Monte-Carlo simulations. R1ρ and R2ρ 

relaxation rates are dependent upon the time evolution of the effective frequency and tilt angle 

α, 

 

Rl𝜌,ex(t) = ∫  
Tp
0

pApBΔ𝜔
2sin2⁡ 𝛼(t)

𝜏ex

1+(𝜔eff(t)𝜏ex)
2 dt    eq 2.1 

 

R2𝑝,𝑒x(t) = ∫  
Tp
0

pApBΔ𝜔
2 [cos2⁡ 𝛼(t)𝜏ex +

1

2
sin2⁡ 𝛼(t)

𝜏ex

1+(𝜔eff(t)𝜏ex)
2] dt  eq 2.2 

 

where, pA and pB are the populations of the two exchanging sites, Δω is the chemical 

shift difference, and τex is the exchange-correlation time. The R1, R1ρ, and R2ρ relaxation rates 

obtained from the HARD experiments were used to obtain subsequent kex and pA by fitting the 

R1, R1ρ, and R2ρ data to time-dependent Bloch-McConnell equations under a two-site exchange 

model using numerical fittings, due to the lack of an analytical solution. 

 

2.2.2.2 15N CEST experiment 

The 15N CEST data was acquired using a B1 field of 30 Hz with an exchange time (Tex) of 400 

ms. A total of 64 planes were recorded between -912 and 972.8 Hz with a spacing of 30 Hz. 

The B1 field was calibrated using the method described by Guenneugues et al. (17)  and used 
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in the analyses. The data was also recorded at a B1 field of 10 Hz and 60 Hz, but were not used 

in the fit.  

Global lineshape fitting was used to extract peak intensities from different planes of the 

CEST, using the FuDA package (https://www.ucl.ac.uk/hansen-lab/fuda/). The output data was 

then fit to the two-state exchange models using ChemEx 

(https://github.com/gbouvignies/ChemEx) to extract pb and kex values by constraining 

R2A=R2B. For CEST analysis, ratio of intensities I/I0 was plotted as a function of 15N-offset 

position, where I is the intensity of peaks in the presence of a weak B1 field and I0 is the intensity 

of the reference peak with Tex of 0. 

For urea denaturation 15N labeled FUS-RRM was equilibrated with 1M urea, and the 

CEST data was recorded and analysed, as before. 

 

2.2.3 Random coil chemical shift prediction using POTENCI 

Chemical shifts are important indicators of structural and dynamics changes (18). Deviations 

from the random coil chemical shifts are often used to gain insights into order-disorder of 

protein segments. However, one of the obstacles in chemical shift prediction has been the 

complicated conformational dependencies of the chemical shifts. POTENCI (19) is one of the 

tools designed to predict chemical shifts of IDPs using a large, validated database of disordered 

chemical shifts. It takes into account the effects of temperature and pH on chemical shifts and 

incorporates corrections for the neighbour effects, resulting in improved accuracy (https://st-

protein02.chem.au.dk/potenci/). 

The prediction of an unfolded state was carried out at 298 K, 0.1 M ionic strength at 

pH 6.4. 

 

2.2.4 Circular dichroism (CD) spectroscopy 

Far-UV CD spectroscopy was recorded on a Jasco-815 spectrometer equipped with a thermal 

controller for 20 µM protein, incubated overnight in different urea concentrations (0 M to 8 M 

at an interval of 0.5 M). The scans were acquired from 210-260 nm in a 1 mm path length 

quartz cuvette with a bandwidth of 1 nm and a scanning speed of 50 nm/min. Data have been 

represented as Mean ± SD of two independent experiments after blank subtraction. The fraction 
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of unfolded protein was calculated using CD ellipticity at 222 nm (equation 2.3), and was used 

to fit to a two-state model using (equation 2.4), 

𝑓𝑈(𝑥) =
𝜃222

obs (𝑥)−𝜃222
𝑁 (𝑥)

𝜃222
𝑈 (𝑥)−𝜃222

𝑁 (𝑥)
               eq 2.3 

 where, 𝜃222
𝑁 (𝑥) = ⁡𝑎𝑁⁡ +⁡𝑏𝑁𝑥, 𝜃222

𝑈 (𝑥) = ⁡𝑎𝑈⁡ +⁡𝑏𝑈𝑥, 

 where, 𝑥 is denaturant concentration (M), 𝑎 and 𝑏 are baseline intercepts and slopes, 

respectively. 

𝑒𝑥𝑝((−𝑑𝐺 + (𝑚 ∗ 𝑥))/(0.001987 ∗ 298.15))/(1 + 𝑒𝑥𝑝((−𝑑𝐺 + (𝑚 ∗ 𝑥))/(0.001987 ∗

298.15)))                 eq 2.4 

 where, dG is the free energy of unfolding, and m is the slope. 

 

2.2.5 Aggregation kinetics 

The pH-dependent aggregation kinetics were assessed for 200 µL reactions with different 

protein concentrations using 30 µM of thioflavin T (ThT) in aggregation buffer (10 mM sodium 

phosphate and/or sodium acetate, 100 mM NaCl, pH 6.4) at 25°C, with agitation at 60 rpm in 

a 96-well plate (Fluoroskan, Thermo Scientific). The fibril formation was monitored by 

continuously measuring the ThT intensity at 475 nm upon excitation at 440 nm. The ThT 

fluorescence data for the FUS-RRM without agitation was measured for the control 

experiments. The fit parameters were estimated using the least-squares method in OriginPro 

8.5, 

𝑦 =
𝐴1−𝐴2

1+(𝑥/𝑥0)𝑝
+ 𝐴2                  eq 2.5 

where, A1 is the minimum and A2 is the maximum ThT intensity value, 𝑥0 is 50% of the 

maximum ThT intensity value, and p is the power. The lag time is obtained as the derived 

parameter EC10 – time taken to reach the 10% of the maximum intensity attained. All the 

kinetics data has been reported as an average of three biological repeats (each repeat is 

measured from a new overexpressed and purified protein batch) and two technical repeats (each 

repeat is measured using the same overexpressed and purified protein). 
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2.2.6 AFM imaging 

After the kinetics data were recorded, the samples were centrifuged, and the fibrils, thus 

formed, were resuspended in 50 µL Milli-Q water. 50 µL of the sample was deposited onto a 

freshly cleaved mica sheet at room temperature for 5 minutes, then washed multiple times with 

Milli-Q water and air-dried. The AFM images were acquired in the tapping mode (Agilent 

technologies). The control experiments were carried out by recording AFM images on the 

samples before agitation. The AFM data was analyzed using WSxM 5.0 software (20). 

 

2.2.7 SEC-MALS (Size-Exclusion Chromatography with Multi-Angle Light Scattering) 

SEC-MALS analysis of the purified FUS-RRM was performed on a Superdex 200 10/300 GL 

column (GE Healthcare) connected to an Agilent HPLC system. This system is further 

connected to the Wyatt Dawn HELEOS II Light scattering device with the 18-angle light 

scattering detector and a refractive index detector (Wyatt Optilab T-rEX). The system was 

calibrated with BSA at a 2 mg/mL concentration. Breifly, 100 µL of the protein sample 

(1mg/ml) was injected, and the molecular weight was calculated using ASTRA 2.0 software 

(Wyatt Technologies). 

 

2.3 Results 

2.3.1 Protein overexpression and purification 

Upon induction with IPTG, the overexpression of FUS-RRM was observed using SDS-PAGE 

(Figure 2.1). Significant amount of protein eluted out from the Ni-NTA column and the 

recombinant FUS-RRM was purified as a native protein under non-denaturing conditions after 

gel filtration chromatography (GFC) was performed. The protein eluted at its relative volume 

fraction in size exclusion chromatography. Upon concentrating the protein till 0.5 mL using a 

3 kDa filter, the purity of the protein was checked using SDS PAGE (Figure 2.1). 
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Figure 2.1. SDS-PAGE profile of FUS-RRM domain during the different steps of protein purification. A prominent band 

between 10 and 16 kDa was obtained upon induction with IPTG. The presence of single thick band after post-GFC confirms 

that the protein is purified to utmost purity. 

 

2.3.2 Protein size confirmation 

The purified protein was further characterised by SEC-MALS and was found to be monomeric 

in nature (Figure 2.2). The obtained molecular weight corresponded well to the expected size 

of the protein (11.6 kDa).  

 

Figure 2.2. The overexpressed and purified FUS-RRM domain is monomeric in nature, as confirmed by SEC-MALS and elutes 

at its expected molecular weight (11.6 kDa). 
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For the 15N labelled sample, the 2D 15N-1H HSQC spectrum showed characteristics of 

a well-folded protein, and the HSQC corresponded well to the published spectrum (1) (Figure 

2.3). Overall, these results suggest that FUS-RRM at pH 6.4 is monomeric, highly stable, and 

adopts its native conformation. 

 

 

 

Figure 2.3. The well-dispersed peaks in 2D 15N-1H HSQC shows that FUS-RRM is well folded at pH 6.4, with resonance 

assignments marked. 

 

2.3.3 FUS-RRM aggregation kinetics 

To test for the aggregation of the FUS-RRM domain, ThT assay was used. The assessment of 

aggregation kinetics was performed in a concentration-dependent manner upon agitation in a 

96-well plate reader (see methods). A concentration-dependent aggregation was observed in 

the FUS-RRM domain; with increase in concentration, a significant reduction in the lag time 

was observed (Figure 2.4A). Upon characterisation of the aggregate at the end of the reaction 
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using AFM, fibril formation was observed (Figure 2.4B). Considering only the isolated fibril, 

we observe a length of about 0.6 μM and a height of about 12 nm. 

 

 

Figure 2.4. Recombinant FUS-RRM aggregates at pH 6.4. (A) The concentration-dependent aggregation of FUS-RRM upon 

agitation (60 rpm) at 25°C. The solid lines represent the fit to the equation 2.5. Data has been represented as Mean ± SD of 

three independent biological repeats. It was clearly observed that ThT intensity of FUS-RRM domain does not increase without 

agitation (red). (B) AFM image recorded at the end of the experiment and analysis of the length (x-axis; M) and height (y-

axis; nm) of an isolated fibril. 

 

 Despite agitation for up to 90 hours, no saturation was observed. In order to get 

saturation, we recorded with higher protein concentration and extended measurements up to 

160 hours but still no plateau was achieved (Figure 2.5). 

. 

 

Figure 2.5. Aggregation kinetics at pH 6.4 monitored by ThT intensity while agitating the protein (200 μM) at 60 rpm. Data 

are represented as Mean ± SD of two biological and two technical repeats. 
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2.3.4 Adiabatic R1ρ and R2ρ for characterisation of fast μs-ms dynamics 

To understand about role of slow dynamics in FUS-RRM aggregation, we first used adiabatic 

R1ρ and R2ρ relaxation dispersion experiment to detect fast μs-ms timescale of motion. R1, R1ρ 

(Figure 2.6A), and R2ρ (Figure 2.6B) relaxation rates were recorded and fit to a simple two-

state exchange model, using equations 2.1 and 2.2 to extract kex, pb, and Δω. The kex rates vary 

from 0.1-130 x 103 s-1, and most residues are found to exhibit fast exchange dynamics at this 

timescale. The measured kex rates have been further mapped onto the structure of the FUS-

RRM in (Figure 2.6C). The monomer represents about 68-99% of the population in a residue-

wise plot with an average value of 93.7% (Figure 2.6D). These experiments provide evidence 

that the FUS-RRM exchanges to an excited state (ES
HARD) in this timescale of motion (Figure 

2.6E). 

 

 

Figure 2.6. The µs-ms dynamics of the recombinant FUS-RRM domain measured at pH 6.4. (A) The measured R1ρ and R2ρ 

relaxation rates for FUS-RRM at 25 °C. The trends in the relaxation rates for R1ρ are HS1 (red) < HS2 (blue) < HS4 (sky blue) 

< HS6 (green) < HS8 (pink) and, (B) for R2ρ trends are HS1 > HS2 > HS4 > HS6 > HS8. (C) The kex rates were mapped to 

the FUS-RRM tertiary structure. The residues highlighted in grey do not fit any model and, hence, are not included in the 

discussion. (D) The population of the monomer. The secondary structure of FUS-RRM is indicated on the top of A and D, with 

boxed and dashed rectangles denoting strands and helices, respectively. (E) A schematic of an exchange between the monomer, 

M, and an excited state, ES. 
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2.3.5 Characterisation of slow µs-ms dynamics using 15N CEST 

In order to capture motions slower than adiabatic R1ρ and R2ρ, the 15N-CEST data was acquired 

at B1 field of 30 Hz. Increasing or decreasing the B1 field leads to broadening of the minor dips, 

thereby allowing us to only get information from the 30 Hz B1 field (Figure 2.7).  

Figure 2.7. 15N CEST profiles of FUS-RRM at different B1 fields (10Hz, 30Hz, and 60Hz). 

 

The presence of a distinct excited state can be discerned from the minor dip in the 15N-

CEST profiles of a number of residues at 30Hz. A total of 16 residues were globally modelled 

to a two-state exchange process using the Bloch-McConnell equations (Figure 2.8).  
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Figure 2.8. 15N CEST profiles of FUS-RRM indicates the presence of a conformationally excited state. Solid lines represent 

the global fit to CEST data, while dashed lines represent the chemical shift of the ground and excited states. The obtained χ2
red 

is of 2.3 using a fit to a two-state model. 

 

The fits of the CEST data reveal that the population of the excited state (pES) is 0.14 ± 

0.007 % exchanging with a rate (kex) of 257 ± 36 s-1. The excited state conformation was thus 

calculated to be 3.9 kcal/mol higher in free energy than the ground state (Figure 2.9). 
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Figure 2.9. A cartoon representation of the energy landscape of FUS-RRM showing the two states (ground and excited state) 

and their interconversion rates with the fractional populations. 

 

2.3.6 The ESCEST of FUS-RRM is an unfolded state 

To further investigate the nature of ESCEST, we acquired the 15N-CEST data in the presence of 

1 M urea (Figure 2.10), a chaotropic agent known to induce unfolding in folded proteins (21). 

The analysis showed that the addition of urea further stabilized the ESCEST population, as 

evidenced by the global fit parameters (kex = 208 ± 18.6 s-1, pES  = 0.53 ± 0.01) from a two-

state model fit of the data (Figure 2.11A). A similar approach has been used recently by 

Deshmukh and co-workers to demonstrate that the dsRBD excited state is an unfolded state 

(22). 
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Figure 2.10. 15N CEST profiles of FUS-RRM in absence (cyan) and presence (red) of 1M urea. The vertical dashed lines show 

the large chemical shift changes between the ground (GS) and the excited state (ES). The obtained χ2
red is of 1.5 using a fit to 

a two-state model. 

Further, on comparing the Δω (between the random coil backbone 15N chemical shifts 

of FUS-RRM predicted by POTENCI (19) and native chemical shifts) with the Δω derived 

using 15N-CEST, with those measured using 15N-CEST, we find a strong correlation (R² = 0.76) 

between the two datasets. This indicates that ESCEST represents an unfolded conformation 

(Figure. 2.11B).  
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Figure 2.11. The excited state of FUS-RRM, as detected by 15N-CEST, corresponds to an unfolded state. (A) A cartoon 

representation of the energy landscape of FUS-RRM showing the two states and their interconversion rates with fractional 

populations. (B) A residue-wise correlation between Δω values obtained from POTENCI (ωrandom-coil – ωfolded) and 

that derived from the 15N-CEST measured at pH 6.4 (ωES – ωGS). 

 

 We then compared the GGS-ES as obtained using 15N-CEST experiment with the 

Gunfolding calculated using urea-induced unfolding of the FUS-RRM as measured by far-UV 

CD spectroscopy (Figure 2.12). The Gunfolding was found to be 4.8 kcal/mol confirming that 

the ESCEST is somewhere between the folded and unfolded state and thus is assigned to a 

partially unfolded state. 

 

Figure 2.12. Two-state (folded and unfolded) fit to the plot of fraction unfolded (measured using far-UV CD) vs 

urea concentration to obtain Gunfolding. 
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2.4 Discussion 

The above results provide important insights into the conformational dynamics of FUS-RRM. 

By combining CEST, R1ρ and R2ρ relaxation dispersion, and global fitting of exchange 

parameters, this study uncovers the existence of different excited states in the FUS-RRM 

domain. The presence of 6% of ESHARD as compared to only 0.14% of ESCEST indicates that 

FUS-RRM prefers fast µs-ms dynamics. This preference likely contributes to its weak binding 

with different types of nucleic acids. However, very low population of ESCEST could also be 

important for bringing significant structural changes and driving aggregation, a process 

associated with slower timescales of motion. A good correlation between predicted 15N Δω of 

the unfolded protein and the CEST-estimated Δω, suggests that the ESCEST represents a partially 

unfolded or locally disordered ensemble. This is also supported by the stabilization of the 

ESCEST in the presence of 1 M urea and by urea-induced unfolding monitored by CD. 

ThT kinetics and AFM data show that the M (GS) goes to the A state upon agitation. 

The ESHARD/ESCEST could be an on- or off-pathway intermediate to aggregation. To fully 

understand the pathway, it is necessary to perturb either the monomer or the excited state, which 

is the next direction of this thesis. We propose that the conformational heterogeneity observed 

in the M-state is linked with the formation of the fibrils (Figure 2.13). Thus, the next question 

arises: what is the possible pathway to aggregation?  
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Figure 2.13. Conformational heterogeneity of FUS-RRM as measured by HARD R1ρ/2ρ and CEST experiments at pH 6.4 and 

the corresponding ΔG between GS and the two ES states. 

 

To answer this, an external perturbation is required to cause a change in the dynamics. 

If the dynamics are perturbed, which leads either to a change in fibril state or the kinetics of 

fibril formation, then it strongly supports a coupling of conformational heterogeneity with the 

fibril formation, and if it does not, then there exists no such coupling. We next wanted to 

identify a suitable perturbation that would only affect the exchange dynamics between GS and 

ES without perturbing the overall fold of the protein. 
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3.1 Introduction 

The maintenance of the intracellular pH (pHi) is important for all cellular functions, and small 

changes in intracellular pH can significantly impact all cellular processes. During tissue 

inflammation, the accumulation of lactic acid results in a marked reduction in pH. For example, 

during severe ischemia, the brain pH can be as low as pH 6 (1). Consistent with this, it can be 

stated that the cytosolic pH is tightly regulated with the involvement of plasma membrane 

electroneutral ion transport proteins.  

Reduced pHi is also a hallmark of several diseases including cancers of different tissue 

types and a number of neurodegenerative disorders (2, 3). There is ample evidence of structure-

based regulation by pH for ion channels (4), ion transport proteins and pumps (5), and enzymes 

(6). The protonation state of titratable residues defines the electrostatic energy of molecular 

interactions. Also, pH puts a constraint for protein localization, including the recruitment of 

cytosolic proteins to plasma membrane or to intracellular membranes (7). In mammalian cells, 

the cytoplasm, nucleus, and endoplasmic reticulum have neutral pH, mitochondria are basic, 

and lysosomes, endosomes, and the Golgi apparatus are acidic (8).  

The thermodynamic stability of protein conformations results from a delicate balance 

between electrostatic interactions, hydrophobic forces, and the environmental cues perturbing 

these interactions (9-11). A change in pH is one such perturbation that can disrupt this balance, 

leading to structural transitions and functional alterations in proteins (Figure 3.1). For example, 

low pH can enhance amyloid formation in the case of the prion protein (12). A change in the 

pH can affect the folding pathway of mouse prion protein (13). Low pH causes BSA to exhibit 

increased hydrophobicity, which facilitates its aggregation (14). Likewise, low pH has been 

shown to inhibit amyloid formation by an amyloidogenic protein, hIAPP (15).  
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Figure 3.1. pH can regulate different cellular functions. Protonation and deprotonation have profound effects on binding 

affinity, allostery and protein misfolding (16).  

 

Out of different pH values tested for the FUS-RRM domain, we observed that the pH 

change from 6.4 to 4.6 caused minimal perturbation to the protein backbone fold and thermal 

stability (Figure 3.2) but could effectively perturb the exchange dynamics. Further decreasing 

the pH led to broadening of the peaks in the HSQC spectrum. Thus, we used the pH 4.6 

condition as an external perturbation to test the hypothesis proposed in Chapter 2 of this thesis. 
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Figure 3.2. pH-dependent 15N-1H HSQC of FUS-RRM. 

 

3.2 Methods 

For this study, the recombinant FUS-RRM protein at pH 6.4 was buffer exchanged to pH 4.6 

using acetate buffer containing 20 mM acetate and 100 mM NaCl. 

 

3.2.1 NMR Spectroscopy 

All the NMR experiments were recorded in a similar way to those recorded for the protein at 

pH 6.4 (as described in Chapter 2). For R2ρ experiments, the relaxation delays used were 0, 16, 

32, 64, and 128 ms. 

 

3.2.2 Chemical shift perturbation (CSP) 

The chemical shift perturbations (CSPs) between pH 6.4 and pH 4.6 were calculated in POKY 

(17) using the following equation: 

𝐶𝑆𝑃 = √(∆𝛿 𝐻1 )
2
+ (

∆𝛿 𝑁15

5
)
2

  eq 3.1 

where, Δ is the chemical shift difference between the resonances in 2D 15N-1H HSQC 

measured at the two pH values. 
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3.2.3 Circular dichroism (CD) spectroscopy 

Far-UV CD spectroscopy was recorded on a Jasco-815 spectrometer equipped with a thermal 

controller for 20 µM protein in a 1 mm path length quartz cuvette with a bandwidth of 1 nm. 

The scans were acquired from 200-260 nm with a scanning speed of 50 nm/min. Data have 

been represented as Mean ± SD of three independent experiments after blank subtraction. The 

secondary structures from the CD spectrum were deconvoluted using BeStSel (18). 

 

3.2.4 Fluorescence spectroscopy 

Tryptophan fluorescence for different pH values with 20 µM FUS-RRM protein was carried 

out on a Fluoromax-4 spectrofluorometer (Horiba Scientific). The fluorescence spectrum for 

each sample was obtained by exciting tryptophan at 280 nm and collecting emission spectrum 

from 290-500 nm with slit widths: excitation at 5 nm and emission at 1 nm. Data have been 

represented as Mean ± SD of three independent experiments after blank subtraction. 

 

3.2.5 8-Anilinio-1-naphthalenesulphonic acid (ANS) fluorescence spectroscopy 

A stock solution of ANS was prepared in MilliQ water. The concentration of ANS was 

measured by absorbance at 350 nm using an extinction coefficient of 5000 M-1 cm-1. Briefly, 

10 µM of the protein was incubated with 100 µM of ANS for 15 minutes at room temperature. 

The experiment was carried out on a Fluoromax-4 spectrofluorometer (Horiba Scientific). The 

emission spectra were recorded by exciting ANS at 380 nm and collecting emission spectra 

from 400 to 700 nm. The slits used were 1 and 8 nm for excitation and emission, respectively. 

Data have been represented as Mean ± SD of three independent experiments after blank 

subtraction. 

 

3.2.6 Thermal stability 

The thermal stability of the FUS-RRM protein was measured using Peltier attached to CD 

instrument (JASCO-815). The temperature was varied from 15°C to 80°C. 20 μM sample in a 

1 mm path length quartz cuvette was incubated for 10 minutes at each temperature, and then 

far-UV CD spectra were recorded. The scans were acquired from 200-260 nm with a bandwidth 

of 1 nm and scanning speed of 50 nm/min. The molar ellipticity at 207 nm was used to monitor 

the unfolding and used in the analysis in Origin. 
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3.2.7 Aggregation kinetics 

The aggregation kinetics at pH 4.6 were measured in a similar way as described in Chapter 2. 

 

3.2.8 AFM imaging 

AFM imaging was performed similarly for FUS-RRM domain at pH 4.6, as described in 

Chapter 2. 

 

3.3 Results 

3.3.1 Adiabatic R1ρ and R2ρ for characterisation of fast μs-ms dynamics 

The adiabatic R1ρ and R2ρ relaxation rates were measured at pH 4.6 (Figure 3.3). The dispersion 

rates significantly reduced for R2ρ at pH 4.6 (Figure 3.3A), suggesting the rigidification of the 

protein at this timescale. Upon fitting to a two-state model, kex rates and excited state population 

were determined. The protein indeed is rigidified at pH 4.6, as observed by a significant 

decrease in kex (0.1-2 x 103 s-1) (Figure 3.3B). The population of the ground state (M) increased 

significantly (average pM = 98%) (Figure 3.3C). This indicates that pH perturbation 

significantly quenched the conformational exchange to the excited state (ESHARD). 

 

 

Figure 3.3. pH-induced dynamic perturbations in the FUS-RRM domain. (A) The R1ρ and the R2ρ relaxation rates measured 

for FUS-RRM monomer at pH 4.6 at 25 °C. (B) A comparison of kex rates mapped to the FUS-RRM tertiary structure for pH 

6.4 and pH 4.6. The residues highlighted in grey do not fit to any model and hence are not included in the discussion. (C) The 

population of the ground state for pH 6.4 and pH 4.6. The secondary structure of FUS-RRM is indicated above the plots 

depicted in A and C panels, with boxed and dashed rectangles denoting strands and helices, respectively. 
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In order to determine whether a residue has dispersion, we calculated Δ𝑅1𝜌 =

𝑅1𝜌,HS8 − 𝑅1𝜌,HS1 and Δ𝑅2𝜌 = 𝑅2𝜌,HS1 − 𝑅2𝜌,HS8, and plotted the results as a function of 

residue (Figure 3.4). If we compare the ΔR1ρ⁡and ΔR2ρ we find that while ΔR1ρ does not 

decrease significantly, ΔR2ρ does decrease beyond the error bar on going from pH 6.4 to pH 

4.6. The model fitting to extract kex and population is done using R1ρ and R2ρ together, and thus 

the effect of perturbation in at least one of the data sets is a necessary and sufficient condition 

to cause the observed perturbation in kex and population. 

 

Figure 3.4. ΔR1ρ and ΔR2ρ measured at two stretching factors, HS1 and HS8, of adiabatic pulse to highlight the relaxation 

dispersion observed at different residues and at two different pH values (6.4 and 4.6). Average values have been marked using 

a horizontal line. The secondary structure is shown on the top of each panel with boxed and dashed rectangles denoting strands 

and helices, respectively. 

 

 

3.3.2 Characterisation of slow µs-ms dynamics using 15N CEST at pH 4.6 

Since, we had earlier observed pH-induced quenching of a fast μs timescale excited state 

(ESHARD) in FUS-RRM by 15N HARD measurements, we probed the pH-induced perturbation 

on the excited state using 15N-CEST (ESCEST). The 15N CEST profiles observed at pH 4.6 are 
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similar to those at pH 6.4, as shown in (Figure 3.5), though fewer residues with minor dips 

were identified. After global fitting in ChemEx, a kex of 142 ± 36 s-1 and pES of 0.5 ± 0.06% 

were obtained.  

Figure 3.5. 15N CEST profiles of FUS-RRM indicates the presence of a conformationally excited state, pH 4.6. Solid lines 

represent the global fit to CEST data, while dashed lines represent the chemical shift of the ground and excited state. The 

obtained χ2
red is of 1.3 using a fit to a two-state model. 

Figure 3.6B shows a cartoon representation of the free energy of interconversion to the 

excited state. Compared to pH 6.4, ΔG reduces from 3.9 kcal/mol to 3.13 kcal/mol, indicating 

a more stable interconversion. 

 

Figure 3.6. The characterisation of the slow µs-ms dynamics in FUS-RRM domain using 15N CEST at pH 4.6. (A) The 

comparison of the 15N CEST profiles of representative FUS-RRM residues at both pH values (pH 4.6 and 6.4, respectively). 

The vertical dashed lines show the large chemical shift changes between the ground (GS) and the excited state (ES) (B) The 

energy landscape of FUS-RRM showing the two states and their interconversion rates with fractional populations at pH 4.6. 

(C) A comparison of the delta omega (Δω) values at pH 4.6 (orange) and 6.4 (cyan). 

The residues undergoing exchange exhibit similar Δω values (Figure 3.6C), suggesting 

comparable but significant structural rearrangements. These residues belong to different 
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clusters, residues N284-I287, T313-T317, L324-G331, and E336-V339 which are located 

within or near the known interaction interface of FUS-RRM with nucleic acids and/or ATP (19) 

(Figure 3.7). This suggests that although the dynamic residues are spatially dispersed, they may 

contribute collectively to functionally relevant interactions. 

 

Figure 3.7. The mapping of the residues in FUS-RRM domain that undergo slow µs-ms exchange to known nucleic acid-

binding clusters (highlighted in yellow), and the residues belonging to that particular cluster have been shown with the help 

of yellow spheres. 

 

3.3.3 pH-induced structural perturbations 

We have observed differences in the dynamics at two timescales (fast and slow μs-ms) of 

motions, which could also be attributed to a change in the monomer itself, such as a change in 

secondary or tertiary structures that affects residues involved in fibril formation. To investigate 

that further, we performed various experiments to check the overall fold of the FUS-RRM at 

the two pH values 4.6 and 6.4, respectively. CD and fluorescence spectroscopy were performed 

to find changes in secondary or tertiary structure. Figure 3.8A compares the far-UV CD 

spectroscopy data for the FUS-RRM domain at pH 6.4 and pH 4.6, respectively, which shows 

similar spectra with a prominent dip at 207 nm (Table S2). Figure 3.8B shows the tryptophan 

fluorescence with fluorescence maxima observed at 355 nm for the protein at both pH values, 

indicating that the tertiary structure remains largely unchanged. Further ANS fluorescence was 

used to test the change in hydrophobic packing at the lower pH. Figure 3.8C shows that upon 

ANS binding at pH 4.6, there is no major change in intensity but a slight blue-shift in the 

wavelength (from 523 nm to 518 nm). The only difference at low pH could be attributed to an 

increased unfolded characteristics or to its interaction with the polar groups present on the 

surface. These observations imply that the unfolding is partial and does not lead to significant 



 

 

64 

 

exposure of hydrophobic patches. Similarly, the heat-induced unfolding was monitored to 

estimate the midpoint of unfolding (Tm) to measure stability. Figure 3.8D shows that the protein 

at both the pH values exhibits a similar Tm of 50-55°C. These results show that the protein 

exhibits similar fold and stability at both pH 4.6 and 6.4. 

 

 

Figure 3.8. pH-induced global structural perturbations in FUS-RRM domain. (A) Comparison of far-UV CD spectroscopy 

data obtained for FUS-RRM at pH 6.4 (red) and pH 4.6 (green). (B) Tryptophan fluorescence spectroscopy for FUS-RRM 

domain at pH 6.4 (red) and pH 4.6 (green). (C) ANS fluorescence measurement for FUS-RRM protein at pH 6.4 (red) and pH 

4.6 (green). (D) The thermal stability for FUS-RRM protein, as measured by the first derivative of the signal obtained at 207 

nm upon CD melting at pH 6.4 (red) and pH 4.6 (green). The data have been represented as Mean ± SD of three independent 

experiments after blank subtraction (except for thermal stability check). 

 

We also performed 2D 15N-1H HSQC, and found that the protein remained well-folded 

at both pH 4.6 (green) and 6.4 (red) (Figure 3.9A). Figure 3.9B shows the chemical shift 

perturbations (CSPs) from pH 6.4 to pH 4.6 for the backbone amides. The twelve residues 

showing CSPs above the plus one standard deviation (SD) line have been considered to be 

significantly perturbed and have been mapped on the tertiary structure of the protein (Figure 

3.9C). It indicates that out of the twelve residues, ten residues are surface-exposed and thus 

may not perturb the overall tertiary fold of the molecule. These results indicate that the protein 
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structure of the state M is only minimally perturbed, while the exchange dynamics between M 

and ES is significantly quenched. 

 

 

 

Figure 3.9. pH-induced global structural perturbations in the FUS-RRM domain. (A) An overlay of 2D 15N-1H HSQC for FUS-

RRM recorded at pH 6.4 (red) and at pH 4.6 (green). (B) The chemical shift perturbation obtained from 15N-1H chemical shifts 

plotted against the residue number for FUS-RRM, as described in Methods. Two horizontal lines show the mean and the Mean 

± 1 SD. The residues showing CSPs above the mean ± 1 SD line have been considered as significantly perturbed. The secondary 

structure is shown on the top with boxed and dashed rectangles denoting strands and helices, respectively. (C) The twelve 

significantly perturbed residues obtained from (B) have been mapped on the tertiary structure to indicate that ten of these 

residues are surface-exposed and do not perturb the overall tertiary fold of the molecule. The color gradient shows the extent 

of CSPs within the 12 residues. The residues marked with stars (N285 and F359) are buried inside. 

 

We tested the pH-induced perturbations to the fast dynamics (ps-ns timescale motions) using 

traditional T1 (=1/R1), T2 (=1/R2), and [1H]-15N nOe experiments. It can be seen that the fast dynamics 

– to which R1, R2, and [1H]-15N nOe experiments are sensitive – is not significantly perturbed by the pH 
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(Figure 3.10). The average values for R1 remain well within one standard deviation. For the R2 and nOe, 

the average values remain within two standard deviations due to two residues in the loop being 

significantly perturbed. In addition to the motion of the NH bond vector, the fast dynamics also provide 

information on the rotational correlation time of the protein, which in turn reports on the overall size of 

the molecule. Thus, similar average values of R1, R2, and [1H]-15N nOe parameters at two pH values 

suggest that the change in the pH does not perturb the overall size of the molecule in solution. 

 

Figure 3.10. Overlay of the R1 (=1/T1), R2 (=1/T2) and [1H]-15N nOe relaxation rates measured for FUS-RRM at pH 6.4 and 

4.6. The average line has been shown on the data, and the average values for the rates have been mentioned in the figure. The 

secondary structure is shown on the top with boxed and dashed rectangles denoting strands and helices, respectively. 
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3.3.4 pH-induced perturbation on aggregation kinetics 

Subsequently, we investigated the impact of pH variation on aggregation kinetics. Figures 

3.11A and 3.11B illustrate the concentration-dependent aggregation kinetics for FUS-RRM 

domain using ThT at pH 6.4 and 4.6, respectively. Notably, the protein exhibited accelerated 

aggregation kinetics at pH 4.6, characterized by a significant reduction in lag time compared 

to pH 6.4. The lag time significantly decreased from 54 hours to 8.5 hours at a concentration 

of 25 µM (Table S1). Intriguingly, at pH 4.6, the lag time was eliminated across all 

concentrations suggesting the role of secondary nucleation (or saturated secondary nucleation) 

in enhancing aggregation. However, there was an overall decrease in ThT intensity at pH 4.6, 

which could be attributed to structural or morphological differences and hence also modifying 

the rate of aggregation. 

 

Figure 3.11. Aggregation kinetics for the FUS-RRM as measured by monitoring ThT intensity while agitation at (A) pH 6.4 

and (B) pH 4.6. The data have been represented as Mean ± SD of three independent experiments. The solid line represents the 

fit to the kinetics data. Fibril formation for FUS-RRM as imaged by AFM at (C) pH 6.4 and (D) pH 4.6. AFM measurement 

on protein samples without agitation shows no fibril formation. 

 

3.3.5 pH-induced perturbation in the fibril state 

The corresponding AFM images at the two pH values reveal observable differences in fibril 

morphologies. At pH 6.4, we observe mostly the fibrils (~0.6 µm), while at pH 4.6 we find a 
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mixture of aggregates, comprising of both smaller fibrils and amorphous aggregates (Figures 

3.11C and 3.11D). We strongly believe that the altered fibril morphologies at the two-pH used 

in this study, may explain the observed differences in the aggregation kinetics. Also, the 

differences in the dynamics due to pH perturbations can lead to varied local folding, which 

may affect aggregate formation. It is tempting to speculate that the observed variability in the 

aggregate formation may be due to differences in the excited state structural propensities which 

needs further investigation. 

 

3.4 Proposed model 

So far, the study indicates that FUS-RRM undergoes different timescales of motions. It also 

populates different excited states, populations of which depend upon external perturbations. 

Using adiabatic R1ρ/2ρ experiment, we find ESHARD as the major population and a very low 

population of ESCEST at pH 6.4, and a change in pH results in an increase in the population of 

the ESCEST, suggesting more stabilization. Further, depending on the stability of the ES state, 

the final fibrillar state gets modulated. ESHARD promotes fibril-like formation while ESCEST 

leads to a mixture of aggregates. 
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Figure 3.12. A cartoon representation of the free energy differences between GS and ES at pH 6.4 (A) and 4.6 (B), where 

corresponding populations have been mentioned. A perturbation in the conformational heterogeneity is shown to be coupled 

with the fibril state achieved upon agitation, with differences in the fibril formation. 

 

3.5 Discussion 

The data show that the external perturbation (a decrease in pH) quenches the intrinsic exchange 

dynamics between M (GS) and ESHARD (as measured using R1ρ and R2ρ NMR experiments), 

which leads to an increase in the M population and also enhances fibril formation rates.  A 

noteworthy finding from 15N CEST is the presence of similar ESCEST at both pH values, 

although it is populated very lowly at pH 6.4. This low population of ESCEST could be involved 

in primary nucleation, and an increase will thus result in faster aggregation. This is what we 

observe at pH 4.6. However, from the ThT profiles at pH 4.6, we can also say the involvement 

of secondary nucleation in enhancing the aggregation. 

We have shown that the structure of the monomer at both pH 6.4 and 4.6 remains similar 

(shown by far-UV CD, tryptophan fluorescence, 2D 15N-1H HSQC NMR spectroscopy, and T1 

(=1/R1), T2 (=1/R2), and [1H]-15N nOe experiments). Since perturbation in all these experiments is 

within the error bar, it is safe to believe that the monomer conformation is minimally perturbed. 
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Despite monomer conformation being similar, the accelerated kinetics at pH 4.6 can be 

attributed to charge imbalance by the surface residues, which is highlighted by the high CSP 

values observed for such residues and some of these residues (N285, E294, T330) are also 

involved in slow conformational exchange as measured by CEST, suggesting a role in primary 

nucleation. Consistent with this, ANS fluorescence measurements show a subtle blue shift 

accompanied by a slight increase in fluorescence intensity, indicating partial structural 

rearrangements rather than extensive hydrophobic exposure. These observations are in 

agreement with the ¹⁵N-CEST results, which indicate an increased population of a partially 

unfolded state. Together with charge-driven surface destabilization, these effects underlie the 

enhanced kinetic behaviour observed at low pH. 

 The morphology of the fibrils formed in the two buffer conditions are very different. 

Compared to pH 6.4, the AFM data showed an increased heterogeneity in the fibrils formed at 

pH 4.6. Mostly, we find a significant number of shortened fibrils of length <0.2 μm and 

amorphous aggregates.  It remains to be established if the shorter fibrils formed at pH 4.6 are 

differently toxic to the cells and need to be explored. Such perturbations to conformational 

heterogeneity (and not structures and surface charges alone) as a function of pH might also be 

responsible for the loss or gain of related functions, which in this case is fibril formation by 

RRM. 

Therefore, new strategies can be designed that can stabilise the ESHARD or decrease the 

stability of the ESCEST, to prevent amyloid formation. 
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4. Chapter 4: ATP-induced 

perturbation on dynamics 

and fibrillation of FUS-
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4.1 Introduction 

Adenosine 5′-triphosphate (ATP) acts as the major energy currency for many biochemical 

reactions within cells. ATP consists of an adenine base, a ribose sugar, and triphosphate chains 

with high-energy phosphate bonds. At ∼100 μM concentration, it is sufficient for most ATP-

utilizing enzymes, while its physiological concentration (1−10 mM) is ~10- to 100-fold higher 

(1), thereby implying that its role in other essential physiological functions. During 

neurodegeneration, it has been suggested that mitochondria undergo alterations that lead to 

perturbation in ATP generation (2, 3). It has also been reported that high levels of 

proinflammatory cytokines increase ATP levels (4, 5). Several studies have reported that ATP 

plays an important role in modulating the fibrillation of amyloidogenic proteins including 

amyloid-β, tau, and FUS (6-9). High ATP in these cases increases the aggregation rate by 

mediating protein-protein interactions and liquid-liquid phase separation, while Patel et al. have 

proposed a new role for ATP in increasing the solubility of amyloidogenic proteins (10). These 

studies highlight that the role of ATP in amyloid fibrillation remains controversial and more 

studies are warranted on such systems. 

 In this chapter, we have tried to understand the role of ATP in modulating the 

conformational dynamics of FUS-RRM and its effect of FUS-RRM aggregation, in fast and 

slow μs-ms timescales.  

 

4.2 Methods 

4.2.1 Selective Optimized-Flip-Angle Short-Transient (SOFAST)-HMQC and data fitting 

in TITAN.  

Multidimensional (nD) NMR is very useful to resolve spectral resolution of a large 

macromolecule. However, it is limited by the extensive time-consuming methods and involves 

multiple scans with stepwise incrementation of delay for each dimension. This result in long 

acquisition times and experimental time, up to several days. SOFAST-HMQC provides 

excellent sensitivity with short acquisition times (11). Fast data acquisition in SOFAST-HMQC 

is achieved by using very short inter-scan delays, small number of RF pulses, and longitudinal 

optimisation, which results in increased signal to noise ratio. 

 Taking the advantage of SOFAST-HMQC we recorded titration experiments with ATP 

and analysed the binding using TITAN (TITration ANalysis) software (12). Instead of just 
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using CSP to derive binding affinity, TITAN performs lineshape analysis to fit observed spectra 

to numerical solutions of the Bloch-McConnell or Liouville-von Neumann equations. 

NMR spectra were collected with 690 x 128 total points in F2 (1H) and F1 (15N) 

dimensions. Spectral widths of 12 ppm (1H) and 32 ppm (15N) were used, for which an 

acquisition time of 48 ms was obtained in the direct dimension (F2). All the NMR spectra were 

processed in NMRPipe (13) and used for TITAN analysis in NMRbox. The data was fitted 

globally to a two-state binding model by defining a region of interest (ROI) for different spins.  

 

4.2.2 15N HARD  

15N HARD experiments were recorded for the FUS-RRM domain and analysed for different 

samples on the 600 MHz NMR spectrometer as described in Chapter 2. 

The relaxation delays used for R1ρ and R2ρ were 0, 16, 32, 64, 128 and 176 ms. R1 

experiments were acquired similarly to R1ρ and R2ρ experiments but without using the adiabatic 

pulse during evolution. The delays used for the R1 experiment were 0, 48, 96, 192, 320, 480, 

and 640 ms. 

 

4.2.3 15N CEST 

In order to reduce turbidity-related artifacts caused by ATP, the same sweep width as explained 

in Chapter 2 was used with a spacing of 30 Hz, but the total frequency points recorded were 26 

using the equation as provided (14), 

𝑁 =
𝑠𝑤

Δ𝜈1/2
𝑚𝑖𝑛     eq 4.1 

where, N is the number of CEST frequency points, sw is the spectral width, and  

Δ𝑣1/2
𝑚𝑖𝑛(𝐻𝑧) = 2.15

𝜔1

2𝜋
+ 11.41 eq 4.2 

where, 
𝜔1

2𝜋
 is the B1 field strength.  

The B1 field was calibrated using the method described by Guenneugues et al. (15)  and 

used for the analyses. Global line-shape fitting was carried out as described earlier in Chapter2 

either by fixing pES or kex. 
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4.2.4 Aggregation kinetics 

pH-dependent aggregation kinetics was assessed for FUS-RRM domain in 200 µL reactions 

with 50 µM purified protein and different molar equivalents of ATP, and 30 µM of thioflavin 

T (ThT) in aggregation buffer (10 mM sodium phosphate and/or sodium acetate, 100 mM NaCl, 

pH 6.4 and pH 4.6, respectively) at 25°C, with agitation at 60 rpm in a 96-well plate 

(Fluoroskan, Thermo Scientific). The fibril formation was monitored by continuously 

measuring the ThT intensity at 475 nm upon excitation at 440 nm. 

 

4.2.5 TEM imaging 

After kinetics data were recorded, the FUS-RRM samples were centrifuged, and the pellet was 

resuspended in Milli-Q water. Briefly, 5 µL of the sample was transferred to a 300-mesh 

Formvar carbon-coated copper grid and incubated for 3 minutes. After incubation, the solution 

was removed and the grid was negatively stained with uranyl acetate solution (1.5%). After 1 

min, the solution was removed and grid was allowed to air-dry at room temperature before 

imaging with transmission electron microscopy (JEM-2200FS) (TEM) at an accelerating 

voltage of 200 kV. 

 

4.3 Results 

4.3.1 NMR titration study of ATP-binding to FUS-RRM 

ATP-binding to FUS-RRM domain was tested using the two-dimensional SOFAST 15N-1H 

heteronuclear multiple quantum coherence (SOFAST-HMQC) spectra titrated with different 

ATP concentrations at pH 6.4 (Figure 4.1A). Upon titration with ATP, several residues show 

chemical shift perturbations (CSPs). The CSPs for the backbone amides have been shown in 

(Figure 4.1C). The significant CSP plus one standard deviation (SD) have been mapped onto 

the PDB structure (Figure 4.1D). These residues span from N-to C-terminal regions of the 

protein. In order to determine the binding affinity, the non-overlapping residues showing 

significant CSPs were fit globally to a two-state binding process using TITAN (Figure 4.1B) 

(12). The fitted binding constant (Kd) of 6.4 ± 0.1 mM was found to be consistent with ATP-

binding for RRM reported previously (16). 
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Figure 4.1. ATP titration study for the FUS-RRM protein at pH 6.4. (A) An overlay plot of 15N-1H HSQC of FUS-RRM titrated 

with different molar ratios of ATP at pH 6.4. (B) Observed and fitted 15N-1H HMQC spectra of FUS-RRM upon titration with 

ATP. (C) CSP plot of residues titrated with the highest molar ratio of ATP used (1:24). (D) The residues that show significantly 

different CSPs (above plus one standard deviation), mapped onto the FUS-RRM PDB structure. 

 

Similarly, a binding constant of 4.7 ± 0.1 mM for ATP-binding to FUS-RRM was 

observed at pH 4.6 (Figure 4.2). The titration data show that mainly the loop residues are 

perturbed by the addition of ATP, thereby suggesting that loop movements correlate with the 

ATP binding. These observations have also been reported earlier using molecular dynamics 

(MD) simulation for RNA-binding to FUS-RRM (17). 

 

 

Figure 4.2. ATP titration study for the FUS-RRM protein at pH 4.6. (A) An overlay plot of 15N-1H HSQC of FUS-RRM titrated 

with different molar ratios of ATP at pH 4.6. (B) Observed and fitted 15N-1H HMQC spectra of FUS-RRM upon titration with 

ATP. (C) CSP plot of residues titrated with the highest molar ratio of ATP used (1:24). (D) The residues that show significantly 

different CSPs (above plus one standard deviation), mapped onto the FUS-RRM PDB structure. 
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4.3.2 ATP modulates the ESHARD of FUS-RRM 

In order to understand how ATP could affect the fast μs-ms dynamics of FUS-RRM at both pH 

values, we used a similar adiabatic R1ρ and R2ρ relaxation dispersion experiment. A 10-fold 

excess of ATP was used to study the dynamics of the ATP-bound state, as higher ATP ratios of 

1:100 or 1:200 led to a significant increase in the aggregation kinetics at pH 6.4 (Figure 4.3).  

 

Figure 4.3. ATP-dependent aggregation kinetics of FUS-RRM measured at (A) pH 6.4 and (B) pH 4.6. Data are shown as 

Mean ± SD from two independent experiments. Error bars are omitted for visual clarity. 

 

At pH 6.4, ATP significantly quenches the fast μs-ms dynamics as reflected by both the 

average kex values and the pES (Figures 4.4A and 4.4B). The average kex reduces to 3.7 kHz 

from 40.9 kHz as measured earlier in the absence of ATP. The average ground state population 

increases to 97.3% (in the presence of ATP) from 93.8% in the absence of ATP. 
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Figure 4.4. ATP-induced perturbation on fast µs-ms dynamics of FUS-RRM domain measured at pH 6.4 and pH 4.6. (A) kex 

rates mapped to the FUS-RRM tertiary structure and the population of the ground state in (B) at pH 6.4. (C) kex rates mapped 

to the FUS-RRM tertiary structure and the population of the ground state in (D) at pH 4.6. The residues highlighted in grey 

do not fit any model and, hence, are not included in the discussion. The secondary structure of FUS-RRM is indicated on the 

top of panel B, with boxed and dashed rectangles denoting strands and helices, respectively. 

For pH 4.6, ATP addition led to an increase in both kex and the excited state population 

(pES). The average kex increases from 0.2 kHz to 24 kHz in the presence of ATP (Figure 4.4C). 

And the population of the ground state reduced significantly (average pGS = 91%) (Figure 

4.4D). This indicates that ATP binding significantly increases the fast μs-ms conformational 

dynamics at pH 4.6. 

4.3.3 ATP modulates the ESCEST of FUS-RRM 

Similarly, we performed 15N-CEST experiment in the presence of 10-fold of ATP. We find a 

similar set of residues (13 residues) showing the presence of a characteristic minor dip in the 

15N-CEST profiles at pH 6.4 (Figure 4.5).  
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Figure 4.5. An overlay of 15N CEST profiles with and without ATP at pH 6.4 and with corrected offsets for each ground state. 

The obtained χ2
red is of 1.2 using a fit to a two-state model. The vertical dashed lines have been used to depict the large 

chemical shift changes between the ground and excited state. 

For pH 4.6, we find a similar set of residues (9 residues) showing the presence of a 

characteristic minor dip in the 15N-CEST profiles at pH 4.6 (Figure 4.6).  
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Figure 4.6. An overlay of 15N CEST profiles with and without ATP at pH 4.6 and with corrected offsets for each ground state. 

The obtained χ2
red is of 0.6 using a fit to a two-state model. The vertical dashed lines have been used to depict the large 

chemical shift changes between the ground and excited state. 

 

When fit in ChemEx, we obtain a reduction in the observed kex to 58.9 s-1 and an 

increase in pES to 0.49%, thereby indicating an increase in ESCEST population (Figures 4.7A 

and 4.7B) in comparison to the data measured in the absence of ATP (kex is 257 s-1 and pES is 

0.14%). Interestingly, at pH 4.6, when fit to a two-state model in ChemEx, ATP does not perturb 

the ESCEST population (pES is 0.48%) when compared with that in the absence of ATP (pES is 

0.5%), it increases kex from 142 to 895 s-1 (Figures 4.7C and 4.7D). 
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Figure 4.7. Slow µs-ms dynamics of FUS-RRM protein in the presence of ATP. (A) An overlay of the 15N CEST profiles of 

representative FUS-RRM residues at pH 6.4 with (purple) and without ATP (cyan) and with corrected offsets for each ground 

state. (B) The energy landscape of FUS-RRM with ATP, showing the two states and their interconversion rates with fractional 

populations at pH 6.4. (C) The 15N CEST profiles of representative FUS-RRM residues at pH 4.6 with (purple) and without 

ATP (orange), and with corrected offsets for each ground state. (D) The energy landscape of the FUS-RRM domain with ATP, 

showing the two states and their interconversion rates with fractional populations at pH 4.6. The green circle is shown as ATP. 

The vertical dashed lines have been used to depict the large chemical shift changes between the ground and excited state. 

 

4.3.4 Aggregation kinetics 

In chapter 3, we had observed that the rate of FUS-RRM aggregation increases significantly 

upon decreasing the pH from 6.4 to 4.6. The dynamics data shows a change in the ES 

populations and link to its aggregation. Therefore, to validate this further, we performed an 

ATP-dependent aggregation kinetics experiment on the FUS-RRM domain. At pH 6.4, the 

addition of ATP to FUS-RRM leads to an increase in the aggregation kinetics (lag time 

decreases from 36 hours to 24.2 hours in the presence of ATP) (Figure 4.8A). While at pH 4.6, 

it leads to a decrease in the rate of aggregation (lag time increases from 6 hours to 10.3 hours 

in the presence of ATP) (Figure 4.8B). The morphology of the aggregates, as observed by 

transmission electron microscope (TEM) image at the end of the kinetics experiment, appeared 
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highly heterogeneous in both shape and size, making quantitative analysis challenging (Figures 

4.8C-D). This implies that ATP could modulate the final aggregate state of FUS-RRM, as has 

also been shown earlier for Aβ protein, where amorphous aggregates have been detected (8). 

The opposite effect of perturbed kinetics seen at the two pH values correlates well with the 

opposite perturbation of the observed slow and fast µs-ms dynamics, which suggests a direct 

role of conformational dynamics in modulating aggregation. 

 

Figure 4.8. Aggregation kinetics for the FUS-RRM domain, as measured by monitoring ThT intensity, while agitation in the 

presence of ATP (10-fold) at (A) pH 6.4, and (B) pH 4.6. The aggregates of FUS-RRM, thus formed at the end of the 

measurements, imaged by TEM have been depicted in (C) for samples at pH 6.4, and (D) at 4.6. Data have been represented 

as Mean ± SD of three independent experiments. 

 

4.4 Proposed model 

Figure 4.9 demonstrates the effect of pH and ATP on the conformational landscape of FUS-

RRM. As can be observed from the data presented in this Chapter, perturbations induced by 

pH changes and ATP supplementation have an opposite effect on the dynamics of FUS-RRM. 

ATP at pH 6.4 stabilises the ESCEST state of FUS-RRM, while at pH 4.6, ATP addition stabilises 

the ESHARD state of the protein. And upon stabilising ESHARD state, it leads to delay aggregation. 

This highlights the importance of fast µs-ms dynamics to suppress FUS-RRM aggregation. 
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Figure 4.9. A cartoon representation of the free energy landscape of FUS-RRM showing conformational heterogeneity (a 

ground state, GS, and two excited states, ESHARD and ESCEST, measured by HARD-R1ρ/2ρ and 15N-CEST, respectively) and the 

associated aggregate formation monitored by TEM. On the arrow heads, corresponding kinetics data as measured by ThT 

fluorescence has been included to highlight a perturbation in kinetics of aggregation. The free energy difference and 

experimentally determined population of each excited state has also been mentioned. 

 

4.5 Discussion 

From the titration experiment, we find that ATP binds weakly (Kd = 6.4/4.7 mM) to FUS-RRM 

but induces significant perturbations in both the slow and fast µs-ms dynamics. At pH 6.4, ATP 

stabilizes ESCEST, while destabilizing ESHARD, and increases the rate of formation of 

aggregates, but results in the formation of amorphous aggregates. At pH 4.6, however, ESCEST 

remains more or less unperturbed in terms of population, but kex increases significantly from 

142 to 900 s-1. This is also highlighted by stabilization of ESHARD from 2% to 9%, and 

subsequent decrease in the rate of formation of aggregates. The contrasting effects of ATP on 

slow and fast µs-ms dynamics at pH 6.4 and 4.6, along with the corresponding changes in 

aggregation behavior, suggest a complex relationship between ATP, pH, and protein 

aggregation kinetics (Figure 4.9). This suggests that while the population of ESCEST is directly 

correlated with the rate of formation of aggregates, there is an inverse correlation between the 

population of ESHARD and the rate of formation of aggregates. Although both dynamics seem 

to play an important role in aggregation, we do not know exactly which one precludes the other. 

But an increase in fast dynamics could be used as a model to delay aggregation, as has been 

suggested earlier also for FUS (18) or Aβ (8). 

The results of pH-dependent aggregation kinetics suggest that there might be a certain 

optimum concentration of cellular ATP levels relative to the protein concentration that can 
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inhibit or delay the formation of amyloid aggregates. As cells undergo stress, higher ATP levels 

could stabilize the distinct conformation and thus prevent aggregation. An increased 

concentration of ATP might thus be a safeguard against aggregation-prone proteins during 

stress conditions or upon aging. This is also important when a mutation disrupts nucleic acid-

binding ability, but higher ATP in such instances could be used to delay aggregation. 
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5. Chapter 5: Conclusions 

and Future Directions 
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5.1 Conclusions 

The results from this study provide important insights into the conformational dynamics of 

FUS-RRM, a key domain involved in RNA binding and cellular regulation. By combining 

information obtained from CEST, adiabatic R1ρ and R2ρ relaxation dispersion, this study 

uncovers the existence of multiple excited states in FUS-RRM. The results obtained from these 

investigations have helped expand our understanding of the intrinsic dynamic nature of the 

FUS-RRM and its possible functional implications in cellular processes, such as RNA binding 

and protein-RNA interactions. 

The ps-ns timescale dynamics of FUS-RRM, suggest that FUS-RRM exists in a highly 

flexible conformational space, possibly allowing it to rapidly sample a large conformational 

space (1). We identified that the FUS-RRM populates not only GS and ESHARD but also ESCEST 

at slow μs-ms timescale. We showed using urea-perturbed 15N-CEST measurements, ESCEST 

represents a partially unfolded or locally disordered ensemble. A dynamic exchange was 

observed between these conformational substates in various environmental perturbations, 

including pH change and ATP supplementation, as described in this thesis. Further, a 

correlation between the populations of excited states (ESHARD and ESCEST) and their exchange 

rates with GS was observed to exist with the aggregation kinetics and aggregated states (fibrils 

and amorphous). At pH 6.4, ESHARD is more populated when compared to ESCEST, resulting in 

a fibril state. While at pH 4.6, increased stability of ESCEST state and destabilization of ESHARD 

were observed, and a concurrent enhanced rate of aggregation was noted. ATP leads to 

stabilisation of the ESCEST state at pH 6.4, leading to an increase in aggregation. In contrast, 

ATP stabilises the ESHARD state at pH 4.6, which is associated with reduced aggregation. These 

observations support the idea that increased fast dynamics (more populated ESHARD) suppress 

aggregation, while increased slow dynamics (more populated ESCEST) promote it. Collectively, 

our results suggest that an artificial stabilization of ESHARD may protect FUS-RRM against 

aggregation. The study also points to a broader mechanistic role of H+ ions and ATP in 

modulating the aggregation of this RNA-binding protein. Interestingly, our pH-dependent 

aggregation kinetics suggest the existence of an optimal ATP-to-protein ratio that may prevent 

or delay amyloid formation.  

From a physiological perspective, our findings may also help explain why neuronal 

cells maintain relatively low ATP concentrations compared to other cell types despite being 

very energy-intensive (2). We believe that while moderate ATP levels can stabilize functional 

conformers and suppress aggregation, excessive ATP may shift the energy landscape toward 
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alternate substates, facilitating aggregation under certain conditions. Under cellular stress or 

aging, where ATP levels fluctuate, its ability to act as a conformational buffer gets impaired, 

potentially increasing the risk of aggregation, and elevated ATP levels in such instances can 

stabilize aggregation-prone conformers. This points to ATP as a modulator of protein solubility 

and aggregation—consistent with emerging literature suggesting ATP has chaperone-like roles 

in cellular protein homeostasis. Moreover, in the context of disease mutations that disrupt 

nucleic acid binding, ATP may play a compensatory role by stabilizing a distinct, less 

aggregation-prone conformation(s), which requires further investigation. Overall, from pH and 

ATP perturbations, we find that the environmental factors can re-wire the energy landscape, 

shifting populations, and may lead to different functional outcomes, e.g., altering aggregation 

propensity, as is observed in this study. These results further emphasize the necessity of 

integrating diverse experimental approaches to comprehensively understand protein dynamics 

and their implications for function so that an increased conformational space (encompassing 

all the excited states and not limited to the native structure of a target protein) can be sampled 

for drug discoveries. 

 

5.2 Future Directions 

This study provides key insights into the role of conformational dynamics in FUS-RRM 

aggregation. Moving forward, several important avenues remain to be explored. 

While 15N CEST is widely used to probe excited states in proteins, but due to its low 

chemical shift dispersion, it has limited structural resolution. In order to derive information 

about the excited state structural properties, carbon-based CEST experiments are best suited to 

get residue-specific structural information for the lowly populated excited states (3). 13C CEST, 

especially using 13Cα, 13Cβ, and 13CO nuclei, provides higher chemical shift dispersion, side-

chain, and secondary structure propensity. 

Furthermore, molecular dynamics simulations could also be a strong pillar to 

complement experimental data by providing information about transient intermediates and help 

supplement the CEST data. 

In addition to characterise the fibril morphologies, it would also benefit from cell-based 

assays to evaluate the cytotoxicity of fibrillar aggregates. This would link the aggregation 

pathways to pathological relevance, such as in neurodegenerative diseases. 
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Together, these approaches will give a more comprehensive picture of the role of 

conformational heterogeneity in FUS-RRM function, and provide some therapeutic targeting 

of aggregation-prone intermediates.  
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Preparation of Stock Solutions 

LB media 

• Make 1 x 1liter ml solutions (25 g/L). Autoclave media and let it cool. 

• Make 1 x 10 ml solutions (0.5 g/20 mL). Autoclave media and let it cool. 

Preparation of stock solutions for protein purification 

• 1 M Tris-base:  

Dissolve 30.3 g of Tris-base in 200 ml autoclaved water. Adjust pH to 8 and make up the volume to 250 

ml with MilliQ. Autoclave and store at room temperature. 

• 3 M Imidazole: 

Dissolve 20.424 g of imidazole in 90 ml autoclaved water and make up the volume to 100 ml with 

autoclaved water. Autoclave and store at room temperature. 

• 5 M NaCl: 

Dissolve 292.2 g of NaCl in 900 ml of autoclaved water and make up the volume to 1 liter with 

autoclaved water. Autoclave and store at room temperature. 

• Kanamycin Stock solution (50 mg/ml) 

Weigh 500 mg of Kanamycin di-sulfate. Dissolve in 10 ml autoclaved water. Filter sterilize in the hood. 

Make aliquots of 1 ml each and store at -20°C. 

• 100 mg/ml Lysozyme: 

Dissolve 100 mg of lysozyme in 1 ml of distilled water. Make aliquots of 0.5 ml in micro-centrifuge 

tubes. Store at -20°C until use. 

• 1 M IPTG 

Dissolve 119 mg of IPTG in 0.5 ml of distilled water and use it. 

• Protease Inhibitor Cocktail (10X) solution 

Dissolve 1 tablet of EDTA free protease inhibitor cocktail in 10 ml of distilled water. Filter sterilize 

through a syringe-filter. Make aliquots of 1 ml each in micro-centrifuge tubes. Store at -20°C until use. 

• 100 mM PMSF 

Dissolve 0.174 g of PMSF in 10 ml of 2-propanol, anhydrous. Keep on rotospin to dissolve for about 

15-30 min. Store at 4°C until use. 

• 0.1 M Sodium Phosphate dibasic (Na2HPO4) 

Dissolve 7.35 g of sodium phosphate dibasic in about 80 ml of water and make up the volume to 100 

ml with water. Filter and store until use. 

• 0.1 M Sodium Phosphate monobasic (NaH2PO4) 

Dissolve 2.65 g of sodium phosphate monobasic in about 80 ml of water and make up the volume to 

100 ml with water. Filter and store until use. 

• 1 M Sodium acetate 
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Dissolve 8.2 g of sodium acetate in about 80 ml of filtered MilliQ and make up the volume to 100 ml 

with water. Filter and store until use. 

• 1 M glacial acetic acid 

Use glacial acetic acid to make 1M of required solution. Make up the volume to 100 ml with MilliQ. 

Filter and store until use. 

Protocol for Over-expression and Purification of FUS-RRM 

Preparation of buffers for protein purification 

(All volumes for buffer preparations to be taken from the stock solutions) 

 

Equilibration Buffer or Gel Filtration Buffer, pH 8, 700 ml 

20 mM Tris base              14 ml 

150 mM NaCl   21 ml 

 

Lysis Buffer, pH 8  100 ml 

Use 100 ml of equilibration buffer and add 167 µl of 300 mM imidazole.  

 

Elution Buffer, pH 8  100 ml 

20 mM Tris base  2 ml 

150 mM NaCl   3 ml 

300 mM Imidazole  10 ml 

 

1. Add stock liquids (Tris base, imidazole, NaCl) 

2. Add filtered MilliQ to 80-90% of the final volume. 

3. Titrate pH to 8. 

4. Makeup the volume with filtered MilliQ water. 

5. Filter sterilize into a sterile bottle. 

6. Store all at 4°C. 

 

NMR Buffer, pH 6.4        100 ml 

10 mM sodium phosphate (7.35 ml of 0.1M NaH2PO4 + 2.65 ml of 0.1M Na2HPO4) 

100 mM NaCl                       2 ml 

 

NMR Buffer, pH 4.6        100 ml 

10 mM sodium acetate (0.505 ml of 1M acetic acid + 0.495 ml of 1M sodium acetate) 

100 mM NaCl                       2 ml 
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Overexpression of FUS-RRM protein in a bacterial expression system 

1. Prepare LB media 

2. Add kanamycin to the sterile LB media (20 ml) to a final concentration of 50 μg/ml. 

3. Use a pipette-tip to pick BL21(DE3) cells containing appropriate plasmid from transformed 

agar plate and transfer it to 20 ml LB medium containing antibiotic. 

4. Allow cells to grow overnight at 37°C in incubator shaker with shaker speed set to 180 rpm. 

5. Add 20 ml overnight culture to 1 liter of LB media containing Kanamycin (final conc. 50 μg/ml) 

and continue incubation with shaking. 

6. Monitor the OD600 after 2hrs till it reaches ~1.0. 

7. Add IPTG (1 M stock) to a final concentration of 0.5 mM and continue induction for 8 hr at 

28°C with shaking. 

8. Centrifuge solution for 30 min at 4500 rpm, 4°C in a high-speed centrifuge. Decant the 

supernatant.  

9. Store the pellet at -20 °C until use. [Usually, 1 liter culture→ 3-4 g (pellet weight)]. 
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Cell Lysis and Purification of FUS-RRM protein 

1. Resuspend the cell pellet in 20-30 ml of Lysis buffer pH 8. Keep the cell pellet on the ice during 

lysis.  

2. Add 100 µl of PMSF. 

3. Add 2 ml of PIC solution. 

4. Add 500 µl of Triton-X 100 in ~5 ml of lysis buffer. Warm to dissolve and cool on ice and then 

use. 

5. Add 100 µl of Lysozyme solution to the above solution. 

6. Incubate for 20 min on ice. (till you get viscous solution i.e. DNA is released in the solution).  

7. Sonicate using a probe sonicator.  

(Sonication cycle: time 3 min, pulse on 5s, pulse off 5s, and amplitude 60%). 

8. Add cell lysate to 50 ml oak ridge tubes and centrifuge at 14000xg for 30 min at 4°C in the 

high-speed centrifuge. 

9. Transfer the supernatant to a fresh 50 ml corning tube. (Total soluble protein TSP-I). 

 

Purification of tagged protein by Ni-NTA Affinity Chromatography 

1. Prepare HisTrap column for protein binding. 

a. Pass 5-6 Column Volume (CV) of autoclaved water through the Ni-NTA column (HisTrap 

5 ml column, GE Healthcare). 

b. Equilibrate the column using 5-10 CV of Lysis buffer. 

2. Circulate TSP-I through the Ni-NTA column for about 2 hr at 4°C to allow binding of the 

protein to the column. 

3. Pass 5 CV of GFC buffer (pH = 8) through the column to remove any non-specific protein 

binding. 

4. Elute the bound protein by passing the elution buffer (pH = 8). 

a. Fill the column with elution buffer. Allow to equilibrate for 30 min. 

b. Elute by passing fresh 1 CV elution buffer. Collect the eluted fraction in a 15 ml fresh 

falcon. 

c. Repeat step b and collect the elutions in different falcons (upto 6). 

d. Check protein by running SDS-PAGE. 

5. Pool all the eluted fractions containing protein and concentrate to 5 ml using a 3 kDa amicon 

filter. Take a sample of concentrated protein (label it before GFC). 

Note: One can also use AKTA system for collecting proteins. Use flow rate of 1 ml/min for washing 

with GFC buffer using any pump. Then for elution use second pump with 0.5 ml/min. Monitor the 

A280 and collect in a falcon. Then concentrate it using a 3 kDa amicon filter till 5 ml. 
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Gel Filtration Purification of the Protein 

Chromatographic conditions  

a. Column: Sephacryl 16/60 100 HR (120ml, GE healthcare) 

b. Flow rate: 0.5 ml/min 

c. Delta column pressure limit: less than 0.15 Mbar 

d. Pre-column pressure limit: less than 0.5 Mbar 

For equilibrated column with GFC buffer. Use the method run as follows: 

1. Equilibration: Equilibrate till 0.1 CV. 

2. Method:  

3. Sample injection: After 0.1 CV sample is injected into column. 

4. Elution: Protein is eluted into 2 ml of 96-well plate. 

 

NMR sample preparation 

1. Buffer exchange the concentrated protein to NMR buffer pH 6.4. Store at 4°C until further 

use. 

2. Use 10% of D2O for the final 500 µl of protein sample. Transfer the sample to the washed 

NMR tube. Label the tube and close it using parafilm. 
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Table S1: Lag time (in hours) obtained from fitting the aggregation kinetics data measured at pH 6.4 and 4.6. 

 
pH 6.4 pH 4.6 

25 µM 50 µM 100 µM 25 µM 50 µM 100 µM 

Lag time (hours) 54.12 40.03 34.44 8.47 9.37 9.94 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2: Secondary structure estimation from CD spectrum (pH 6.4 and pH 4.6) and the solution structure (pH 7.0). 

  β-strand (%) α-helix (%) Loop (%) 

Calculated from PDB 

ID 2LCW 

pH 7.0 20.4 20.4 59.2 

Predicted using BeStSel 

from CD spectrum 

pH 6.4 19.7 14.7 65.6 

pH 4.6 21.9 11.8 66.3 
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Table S3: R1 relaxation rates measured from HARD experiment for FUS-RRM (pH 6.4) at 600 MHz NMR spectrometer. Only 

data for which good fits were obtained have been shown. 

Value Error Value Error Value Error

D283 1.59 0.05 I310 1.25 0.02 S346 1.37 0.01

N285 1.37 0.03 I311 1.34 0.03 A347 1.35 0.03

F288 1.32 0.03 T313 1.22 0.02 A349 1.41 0.01

V289 1.42 0.07 N314 1.27 0.01 A350 1.42 0.03

Q290 1.3 0.01 T317 1.33 0.02 I351 1.29 0.03

G291 1.28 0.02 G318 1.36 0.01 D352 1.29 0.01

G293 1.31 0.01 Q319 1.34 0.01 W353 1.28 0.01

E294 1.22 0.01 M321 1.09 0.07 F354 1.27 0.01

N295 1.4 0.02 I322 1.28 0.01 D355 1.29 0.02

V296 1.17 0.02 L324 1.3 0.03 G356 1.36 0.02

T297 1.31 0.01 T326 1.47 0.09 E358 1.29 0.02

I298 1.33 0.01 D327 1.35 0.01 F359 1.32 0.01

E299 1.32 0.01 E329 1.28 0.02 S360 1.52 0.16

S300 1.29 0.01 T330 1.28 0.02 G361 1.45 0.05

V301 1.2 0.05 G331 1.45 0.02 N362 1.32 0.01

A302 1.37 0.04 K332 1.63 0.03 I364 1.51 0.05

D303 1.24 0.02 G335 1.45 0.03 V366 1.28 0.05

Y304 1.37 0.02 T338 1.29 0.01 S367 1.33 0.01

F305 1.28 0.01 V339 1.35 0.01 A369 1.39 0.03

K306 1.42 0.03 S340 1.28 0.01 T370 1.51 0.08

Q307 1.41 0.01 F341 1.31 0.03 R372 1.82 0.13

I308 1.36 0.02 D343 1.69 0.14 D374 1.76 0.05

G309 1.29 0.01

Residue 

number

R1 (s
-1

) Residue 

number

R1 (s
-1

) Residue 

number

R1 (s
-1

)
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Table S4: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for FUS-RRM (pH 6.4) at 600 

MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R1ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

D283 4.21 0.28 4.41 0.05 5.03 0.10 5.39 0.28 5.39 0.16 

N285 4.22 0.18 5.21 0.19 6.10 0.29 6.47 0.42 6.70 0.39 

F288 3.85 0.19 4.74 0.13 5.60 0.17 5.92 0.21 6.00 0.07 

V289 4.16 0.21 4.51 0.07 5.39 0.33 6.13 0.20 6.20 0.33 

Q290 3.79 0.11 4.86 0.03 5.45 0.03 6.01 0.13 5.76 0.06 

G291 4.23 0.23 5.22 0.17 5.79 0.07 6.32 0.26 6.30 0.15 

G293 4.50 0.23 5.36 0.10 6.09 0.21 6.62 0.36 6.62 0.24 

E294 5.01 0.23 6.05 0.05 6.69 0.14 7.23 0.21 7.28 0.07 

N295 4.16 0.16 5.07 0.15 5.77 0.15 6.18 0.29 6.24 0.08 

V296 3.87 0.10 4.66 0.21 5.23 0.08 5.47 0.18 5.62 0.13 

T297 3.91 0.21 4.78 0.08 5.43 0.06 5.96 0.24 5.90 0.14 

I298 4.62 0.22 5.50 0.14 6.07 0.12 6.91 0.35 6.62 0.15 

E299 4.76 0.26 5.77 0.13 6.48 0.12 7.10 0.35 7.09 0.17 

S300 2.62 0.18 5.03 0.15 6.18 0.14 6.11 0.82 6.68 0.26 

V301 4.84 0.25 5.55 0.10 6.35 0.20 6.49 0.39 6.51 0.16 

A302 4.53 0.26 5.33 0.09 6.64 0.22 6.84 0.35 7.11 0.18 

D303 4.59 0.27 5.53 0.16 6.42 0.20 6.65 0.34 6.92 0.23 

Y304 4.38 0.22 5.10 0.13 5.96 0.15 6.59 0.26 6.62 0.19 

F305 4.30 0.19 5.36 0.07 6.13 0.10 6.46 0.15 6.56 0.07 

K306 4.11 0.18 4.74 0.07 5.86 0.17 5.96 0.28 6.31 0.22 

Q307 4.90 0.23 5.89 0.15 6.71 0.10 7.19 0.29 7.24 0.14 

I308 4.20 0.20 5.28 0.18 6.49 0.25 6.68 0.33 6.72 0.10 

G309 4.60 0.35 5.38 0.17 6.05 0.11 6.74 0.43 6.63 0.21 

I310 4.25 0.12 5.30 0.32 5.88 0.11 6.34 0.20 6.91 0.17 

I311 4.58 0.17 5.79 0.25 6.50 0.20 7.18 0.26 7.06 0.19 

T313 4.09 0.11 5.04 0.12 5.97 0.19 6.17 0.14 6.38 0.08 

N314 4.49 0.28 5.33 0.14 5.98 0.10 6.49 0.32 6.48 0.15 
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T317 4.22 0.15 4.94 0.09 5.51 0.07 5.97 0.28 6.07 0.09 

G318 4.25 0.23 5.12 0.13 5.81 0.09 6.34 0.23 6.19 0.10 

Q319 3.89 0.15 4.64 0.10 5.29 0.18 5.64 0.26 5.73 0.17 

M321 3.91 0.43 4.90 0.35 5.16 0.48 5.34 0.43 5.52 0.20 

I322 4.04 0.21 4.98 0.12 5.33 0.07 6.23 0.30 5.96 0.18 

L324 3.99 0.29 4.88 0.12 5.48 0.13 6.13 0.33 6.04 0.24 

T326 4.58 0.33 5.38 0.20 6.23 0.12 6.76 0.23 6.89 0.20 

D327 4.51 0.17 5.41 0.10 6.33 0.15 6.64 0.18 6.69 0.07 

E329 4.48 0.23 5.50 0.15 6.09 0.12 6.33 0.22 6.51 0.14 

T330 4.49 0.12 5.64 0.05 6.50 0.13 7.08 0.28 7.19 0.12 

G331 3.97 0.16 4.90 0.12 5.71 0.16 6.03 0.22 5.99 0.16 

K332 3.60 0.28 3.78 0.11 3.88 0.09 4.20 0.29 4.05 0.09 

G335 4.57 0.19 5.53 0.09 6.65 0.26 6.91 0.09 7.16 0.14 

T338 4.15 0.14 5.05 0.15 5.74 0.11 6.19 0.19 6.26 0.10 

V339 3.83 0.45 4.38 0.40 4.98 0.31 5.81 0.25 6.00 0.20 

S340 4.45 0.23 5.37 0.05 5.97 0.10 6.56 0.19 6.62 0.09 

F341 4.03 0.19 4.81 0.03 5.65 0.07 6.05 0.29 5.83 0.13 

D343 3.92 0.31 4.44 0.29 5.05 0.26 5.09 0.51 5.14 0.30 

S346 4.46 0.22 5.26 0.10 5.85 0.14 6.49 0.25 6.44 0.22 

A347 4.75 0.34 5.59 0.29 6.56 0.11 7.16 0.36 6.80 0.31 

A349 3.82 0.28 4.88 0.22 5.46 0.21 6.17 0.22 6.27 0.09 

A350 4.67 0.26 5.96 0.21 6.43 0.24 7.20 0.09 6.86 0.06 

I351 4.23 0.25 5.46 0.25 5.99 0.18 6.56 0.29 6.61 0.15 

D352 4.60 0.23 5.59 0.19 6.43 0.16 6.94 0.39 7.03 0.25 

W353 4.29 0.10 5.53 0.10 6.13 0.11 6.42 0.14 6.58 0.06 

F354 4.13 0.10 5.24 0.21 6.05 0.09 6.44 0.16 6.38 0.14 

D355 4.64 0.24 5.57 0.16 6.49 0.08 6.96 0.26 7.05 0.10 

G356 4.22 0.16 4.96 0.11 5.94 0.11 6.33 0.29 6.39 0.14 

E358 2.89 0.05 3.57 0.09 4.33 0.05 4.58 0.06 4.69 0.10 

F359 3.80 0.11 4.83 0.09 5.28 0.06 5.80 0.21 5.88 0.15 

S360 4.91 0.71 5.29 0.63 6.37 0.22 6.29 1.06 6.00 0.47 

G361 4.28 0.22 5.06 0.21 5.78 0.15 6.29 0.39 6.55 0.20 
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N362 3.92 0.22 4.57 0.09 5.38 0.13 5.66 0.23 5.86 0.16 

I364 3.08 0.31 3.95 0.73 5.55 0.58 6.36 0.68 5.51 1.04 

V366 4.26 0.20 5.39 0.40 5.47 0.33 6.10 0.12 5.94 0.22 

S367 4.23 0.18 5.16 0.13 5.79 0.11 6.44 0.30 6.43 0.10 

A369 4.99 0.55 6.24 0.22 6.38 0.22 6.65 0.44 6.92 0.19 

T370 3.87 0.38 4.77 0.18 5.14 0.12 5.72 0.32 5.98 0.12 

R372 3.75 0.30 4.05 0.47 4.84 0.27 4.56 0.50 5.25 0.50 

D374 4.08 0.28 4.29 0.06 4.48 0.05 4.79 0.33 4.55 0.09 

 

 

 

Table S5: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for FUS-RRM (pH 6.4) at 600 

MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R2ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

D283 11.92 0.73 11.45 0.95 12.13 1.10 10.26 1.31 10.90 1.31 

N285 14.75 1.07 15.00 0.32 14.24 0.74 11.99 0.22 12.18 0.70 

F288 13.72 0.46 13.83 0.49 13.01 1.40 10.74 1.28 10.69 0.75 

V289 15.90 1.70 14.41 1.90 15.38 0.97 13.52 1.01 12.76 0.62 

Q290 13.99 0.26 13.32 0.33 12.63 0.23 10.98 0.54 10.53 0.25 

G291 14.10 1.05 13.41 1.35 14.10 0.65 11.88 0.42 12.66 0.14 

G293 14.52 0.84 13.93 0.66 13.73 0.78 12.32 0.95 12.74 1.21 

E294 15.73 0.43 15.88 0.32 15.82 0.18 13.42 0.43 13.71 0.15 

N295 12.53 0.17 12.36 0.38 12.44 0.64 10.37 0.50 10.93 0.07 

V296 11.71 0.94 11.41 0.59 10.46 1.94 8.25 1.35 9.27 1.03 

T297 13.11 0.50 12.62 0.79 12.79 0.40 11.13 0.40 11.31 0.15 

I298 15.53 0.54 15.21 0.46 14.05 0.88 11.67 0.93 11.73 0.77 

E299 15.15 0.41 14.87 0.35 14.55 0.52 12.43 0.43 12.78 0.54 

S300 13.49 0.82 12.41 0.71 14.18 0.68 12.31 0.50 12.79 1.45 

V301 15.44 1.33 14.85 1.63 15.15 1.36 12.80 0.60 12.82 0.94 

A302 15.08 0.91 14.75 1.12 14.34 0.55 12.43 0.50 12.82 0.72 

D303 15.29 0.41 14.99 0.26 14.56 0.87 11.98 0.19 12.29 0.47 
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Y304 14.38 0.57 13.53 0.47 13.34 1.49 12.00 1.11 12.58 1.03 

F305 14.78 1.07 14.08 1.33 13.60 0.40 12.48 0.84 12.23 1.18 

K306 14.23 0.29 13.64 0.29 13.83 0.90 11.88 0.65 12.55 1.25 

Q307 14.52 0.61 14.29 0.30 13.71 0.64 12.42 0.85 12.70 1.13 

I308 13.56 1.15 12.98 0.43 12.76 1.57 11.64 1.70 12.24 1.44 

G309 14.67 0.18 14.30 0.30 14.12 0.41 12.42 0.19 12.23 0.57 

I310 14.11 1.13 13.44 0.30 13.53 0.92 11.56 1.39 11.42 1.65 

I311 16.73 0.67 15.89 0.66 16.02 0.58 13.99 0.55 13.52 0.70 

T313 14.92 0.25 14.80 0.35 14.05 0.73 12.07 0.31 12.04 0.62 

N314 14.71 0.27 14.72 0.04 14.28 0.70 11.90 0.56 11.83 0.73 

T317 13.22 0.40 13.08 0.63 12.90 1.06 11.45 0.53 11.71 0.70 

G318 13.72 0.25 13.28 0.50 13.30 0.34 11.65 0.26 11.93 0.31 

Q319 12.42 0.36 12.06 0.25 12.05 0.55 10.35 0.34 10.37 0.46 

M321 14.60 1.33 15.99 1.18 14.73 3.13 10.44 2.63 11.00 3.37 

I322 13.92 0.97 13.17 1.09 12.06 1.25 10.44 0.28 10.15 0.52 

L324 13.32 0.52 13.13 0.42 12.51 0.32 10.48 0.68 10.57 0.35 

T326 14.95 0.52 14.26 0.75 14.57 1.21 11.82 0.64 13.15 0.44 

D327 15.13 0.14 15.02 0.28 14.51 0.90 12.48 0.54 12.61 0.61 

E329 13.13 0.40 13.08 0.14 13.01 0.32 10.88 0.20 11.35 0.61 

T330 17.69 0.81 16.78 0.33 16.37 1.00 14.26 1.26 14.26 1.50 

G331 13.56 0.48 12.79 0.64 13.49 0.96 11.54 0.36 11.91 0.91 

K332 6.46 0.32 6.56 0.24 6.90 0.44 5.53 0.26 6.26 0.53 

G335 16.63 1.68 15.84 0.80 16.68 2.19 14.58 2.07 14.84 1.97 

T338 13.95 1.17 13.80 0.74 13.85 1.37 12.62 1.02 12.46 1.38 

V339 16.34 1.39 14.77 1.81 12.26 2.00 10.73 0.48 9.49 0.63 

S340 14.36 0.05 14.19 0.21 13.18 0.91 11.43 0.60 11.63 0.87 

F341 13.51 0.52 12.80 0.82 13.45 0.99 11.75 0.50 11.40 0.41 

D343 10.83 1.50 10.68 0.71 10.78 1.73 10.88 3.03 12.97 4.08 

S346 14.99 0.39 14.39 0.25 13.90 0.34 11.82 0.64 11.53 0.67 

A347 16.69 0.79 15.69 1.28 16.17 2.33 14.42 1.61 13.89 1.28 

A349 15.07 0.64 15.65 1.01 13.77 2.16 12.22 0.83 10.31 0.28 

A350 15.75 0.95 15.76 0.83 15.79 0.34 13.02 0.81 12.97 0.77 
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I351 16.76 0.80 15.73 1.25 14.41 1.83 12.14 0.52 12.15 0.22 

D352 15.28 0.66 14.92 0.41 14.74 0.66 12.56 0.59 13.05 0.73 

W353 14.72 0.17 14.69 0.12 13.87 0.45 11.72 0.39 11.44 0.13 

F354 17.20 1.11 16.63 0.48 15.97 1.08 13.08 0.98 12.41 1.45 

D355 15.98 0.39 15.77 0.20 15.15 0.71 13.10 0.56 13.66 0.79 

G356 17.11 0.61 15.98 0.29 15.72 0.86 13.00 0.72 12.80 1.02 

E358 12.68 0.09 11.77 0.08 11.34 0.56 9.76 0.33 9.64 0.14 

F359 15.50 1.16 14.29 0.53 14.01 0.98 11.29 1.31 11.37 1.44 

S360 19.34 1.23 18.11 2.06 19.07 1.37 16.45 2.28 17.49 1.94 

G361 14.40 0.84 14.31 0.18 14.71 1.31 12.62 0.65 12.88 0.83 

N362 12.30 0.35 11.73 0.06 11.82 1.03 10.48 0.67 10.78 0.77 

I364 15.01 3.47 15.22 0.93 13.53 2.33 8.17 1.07 12.39 1.59 

V366 12.85 2.06 13.05 1.42 14.14 1.45 12.11 1.79 11.90 2.05 

S367 14.48 0.44 13.82 0.44 13.67 0.69 11.56 0.42 11.30 0.14 

A369 15.03 1.01 14.31 1.24 14.19 1.87 10.72 1.29 11.47 2.86 

T370 13.29 0.83 12.62 0.78 12.83 1.71 11.26 1.60 11.96 1.71 

R372 10.53 1.46 10.41 1.81 9.87 0.58 8.76 0.74 10.60 2.70 

D374 7.73 0.32 7.63 0.14 8.00 0.34 6.26 0.31 7.12 0.43 

 

 

 

Table S6: Fit parameters obtained after global fitting from HARD experiment for FUS-RRM (pH 6.4) at 600 MHz NMR 

spectrometer.  

Residue ω (kHz) Error kex (kHz) Error PM (%) Error 

D283 0.99 0.27 35.00 2.86 97.85 2.76 

N285 0.68 0.37 39.89 2.39 88.76 11.24 

F288 0.71 0.33 36.68 3.66 92.05 8.69 

V289 0.83 0.35 28.17 1.66 96.05 3.45 

Q290 0.96 0.28 33.94 2.56 97.60 2.50 

G291 0.98 0.19 35.15 2.49 98.19 0.94 

G293 0.78 0.30 43.88 2.71 95.21 3.13 

N295 0.90 0.32 49.40 3.14 93.96 10.01 

V296 0.40 0.11 50.33 0.35 84.42 8.09 
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T297 0.80 0.33 37.71 2.83 95.52 4.46 

V298 0.96 0.30 38.17 2.67 95.68 6.82 

E299 0.71 0.28 47.63 2.87 92.64 5.17 

S300 1.12 0.17 39.67 1.45 98.66 0.73 

V301 0.79 0.31 36.47 3.48 95.23 3.81 

A302 0.81 0.30 42.88 2.29 95.08 3.70 

D303 0.85 0.40 43.38 3.34 90.84 12.42 

Y304 0.89 0.35 40.66 2.90 94.17 9.46 

F305 0.73 0.33 38.75 2.31 93.60 5.18 

K306 0.63 0.22 38.74 1.94 94.33 3.02 

Q307 0.54 0.26 57.51 1.65 83.61 11.64 

I308 0.47 0.15 51.70 0.60 84.00 10.49 

G309 0.96 0.33 41.92 2.24 96.78 2.76 

I310 1.16 0.18 40.45 1.20 98.58 1.13 

I311 1.02 0.23 34.76 2.62 97.97 1.38 

T313 0.68 0.34 37.58 2.89 90.21 11.02 

N314 1.09 0.16 38.50 2.06 98.53 0.60 

T317 1.04 0.25 39.61 1.59 98.16 1.61 

G318 0.97 0.33 39.10 2.12 96.97 3.15 

M321 0.92 0.21 28.60 2.10 98.02 1.61 

I322 1.21 0.03 40.56 0.82 98.98 0.06 

L324 0.86 0.30 41.42 2.27 96.46 3.07 

T326 0.90 0.28 39.39 3.22 96.77 2.35 

D327 0.99 0.27 39.00 2.37 97.60 2.08 

E329 0.68 0.36 53.22 3.14 87.72 12.51 

T331 1.10 0.16 36.44 2.93 98.74 0.63 

K332 0.52 0.24 130.71 5.57 81.17 13.22 

T338 0.98 0.24 36.31 2.65 97.88 1.90 

V339 0.66 0.42 36.14 1.21 82.64 16.93 

S340 0.85 0.35 44.28 3.76 94.36 6.23 

F341 0.92 0.32 37.98 3.36 96.88 2.86 

S346 0.79 0.27 36.96 3.02 96.02 3.04 

A347 0.70 0.36 37.28 3.57 92.51 4.40 

A349 0.62 0.35 36.34 1.06 86.70 14.35 
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A350 0.88 0.25 36.10 2.64 96.69 3.06 

I351 0.91 0.31 35.11 2.36 96.34 4.02 

D352 0.80 0.31 43.61 2.84 92.57 11.11 

W353 0.77 0.37 41.59 2.15 90.74 10.53 

F354 1.07 0.13 27.75 2.20 98.65 0.66 

D355 0.89 0.27 39.01 2.88 96.14 3.97 

G356 1.13 0.12 29.08 1.53 98.80 0.30 

E358 1.07 0.11 25.62 1.49 99.14 0.27 

F359 1.10 0.11 27.51 2.10 98.93 0.18 

S360 1.08 0.13 20.74 1.65 98.82 0.50 

G361 1.12 0.11 35.35 2.65 98.77 0.48 

N362 0.63 0.34 45.59 2.66 86.78 14.06 

I364 0.24 0.03 32.55 0.85 68.50 7.68 

V366 0.76 0.25 36.58 2.91 96.07 2.92 

S367 0.76 0.42 40.50 1.76 86.97 15.63 

R372 0.93 0.23 32.38 3.44 98.18 1.90 

D374 0.53 0.25 98.58 4.69 83.80 13.00 

 

 

 

Table S7: R1 relaxation rates measured from HARD experiment in presence of ATP for FUS-RRM (pH 6.4) at 600 MHz NMR 

spectrometer. Only data for which good fits were obtained have been shown. 

Residue R1 (s-1) Error 

285 1.43 0.04 

287 1.58 0.12 

288 1.51 0.04 

289 1.38 0.14 

290 1.32 0.03 

294 1.26 0.04 

295 1.36 0.03 

296 1.19 0.05 

297 1.36 0.03 

298 1.41 0.04 

300 1.32 0.05 
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301 1.44 0.05 

302 1.64 0.05 

303 0.99 0.02 

304 1.45 0.02 

305 1.52 0.04 

306 1.31 0.06 

307 1.53 0.02 

308 1.59 0.04 

309 1.41 0.03 

310 1.21 0.03 

311 1.31 0.07 

313 1.45 0.03 

314 1.29 0.06 

317 1.35 0.03 

318 1.39 0.02 

319 1.44 0.02 

322 1.42 0.05 

323 1.69 0.04 

324 1.37 0.04 

326 1.31 0.05 

327 1.40 0.03 

329 1.24 0.02 

330 1.25 0.04 

331 1.36 0.04 

332 1.58 0.01 

335 1.32 0.08 

338 1.40 0.04 

340 1.45 0.04 

341 1.41 0.05 

346 1.37 0.02 

347 1.41 0.07 

349 1.54 0.03 

350 1.50 0.07 

351 1.43 0.04 
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352 1.41 0.03 

353 1.39 0.04 

355 1.42 0.02 

356 1.47 0.03 

358 1.61 0.02 

360 1.60 0.04 

361 1.36 0.04 

362 1.40 0.02 

367 1.47 0.02 

369 1.44 0.18 

372 1.76 0.05 

 

 

 

Table S8: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment in presence of ATP for FUS-

RRM (pH 6.4) at 600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R1ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

285 4.23 0.10 4.91 0.22 5.59 0.30 5.28 0.14 6.25 0.23 

287 4.18 0.49 4.97 0.28 6.42 0.56 4.78 0.38 5.46 0.39 

288 3.87 0.17 5.23 0.54 5.84 0.43 5.52 0.27 5.81 0.11 

289 4.62 0.45 5.40 1.56 7.69 0.55 6.67 0.33 8.26 1.13 

290 3.53 0.06 4.08 0.13 5.51 0.11 4.95 0.10 5.13 0.10 

294 5.52 0.34 6.18 0.26 7.34 0.18 6.93 0.07 7.54 0.22 

295 3.58 0.11 4.62 0.53 5.87 0.20 5.20 0.30 5.17 0.24 

296 4.20 0.22 4.37 0.12 5.25 0.18 5.11 0.26 5.33 0.23 

297 3.74 0.10 3.96 0.27 4.27 0.43 4.20 0.22 5.23 0.09 

298 3.97 0.23 4.70 0.17 4.73 0.71 5.24 0.18 6.01 0.17 

300 4.54 0.43 4.62 0.28 6.49 0.45 5.59 0.30 6.00 0.28 

301 4.84 0.19 5.67 0.39 6.43 0.43 6.27 0.34 7.31 0.41 

302 4.99 0.43 5.86 1.16 7.21 0.46 6.66 0.35 6.87 0.42 

303 3.81 0.14 3.29 0.68 2.31 0.55 2.39 0.37 4.36 0.11 
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304 4.77 0.28 5.00 0.50 6.16 0.30 5.88 0.26 6.11 0.26 

305 4.61 0.22 5.17 0.47 5.78 0.33 5.74 0.15 6.08 0.18 

306 4.24 0.30 4.45 0.51 5.33 0.54 4.78 0.14 5.37 0.20 

307 5.03 0.18 6.15 0.37 6.81 0.50 7.18 0.33 7.34 0.33 

308 4.46 0.23 5.31 0.42 6.56 0.47 6.56 0.16 6.33 0.25 

309 3.92 0.07 4.85 0.48 5.68 0.17 5.46 0.10 5.38 0.17 

310 4.61 0.16 5.17 0.56 6.33 0.34 6.12 0.25 6.60 0.18 

311 5.02 0.19 5.64 0.56 6.70 0.39 6.64 0.26 6.90 0.24 

313 4.12 0.26 5.00 0.25 5.67 0.29 5.65 0.33 6.05 0.33 

314 4.41 0.16 4.78 0.44 5.95 0.08 5.83 0.17 6.05 0.20 

317 4.58 0.21 4.90 0.45 5.82 0.23 5.62 0.12 5.95 0.21 

318 3.85 0.19 4.31 0.30 5.46 0.11 5.20 0.15 5.72 0.25 

319 3.49 0.08 3.68 0.06 5.08 0.22 4.48 0.11 4.69 0.12 

322 3.70 0.14 4.62 0.34 5.53 0.10 4.76 0.27 4.92 0.13 

323 4.68 0.13 5.60 0.31 5.70 0.19 5.44 0.29 6.14 0.39 

324 3.41 0.15 4.00 0.19 5.19 0.23 4.55 0.23 4.47 0.15 

326 4.49 0.10 4.68 1.00 5.58 0.23 5.87 0.17 5.85 0.13 

327 4.43 0.08 4.94 0.38 5.93 0.06 6.14 0.11 6.52 0.12 

329 4.82 0.22 5.44 0.56 6.23 0.34 6.24 0.22 6.53 0.16 

330 5.32 0.16 5.86 0.21 6.86 0.15 6.97 0.19 7.62 0.19 

331 4.04 0.07 4.30 0.14 5.58 0.16 5.31 0.17 5.70 0.24 

332 4.06 0.26 3.95 0.32 4.71 0.16 4.29 0.21 4.24 0.22 

335 4.19 0.12 5.16 0.21 5.90 0.44 6.57 0.36 6.48 0.61 

338 3.76 0.16 5.10 0.32 5.11 0.31 5.57 0.10 5.32 0.21 

340 5.06 0.32 5.99 0.40 6.35 0.11 6.29 0.08 6.62 0.25 

341 3.43 0.20 4.16 0.11 5.15 0.15 5.18 0.25 4.75 0.16 

346 4.51 0.17 4.71 0.35 5.92 0.19 5.89 0.21 6.24 0.26 

347 4.69 0.42 4.80 0.41 5.55 0.47 6.43 0.28 6.23 0.31 

349 4.48 0.17 4.83 0.31 5.84 0.10 5.55 0.23 6.45 0.10 

350 4.08 0.18 4.75 0.35 6.34 0.14 5.74 0.45 6.19 0.16 

351 4.47 0.45 5.37 0.92 6.84 0.15 6.18 0.37 6.30 0.21 

352 4.55 0.30 5.26 0.70 6.55 0.35 6.38 0.19 6.43 0.20 
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353 4.46 0.16 5.67 0.16 4.17 1.28 6.67 0.15 6.41 0.18 

355 4.34 0.14 5.03 0.23 6.01 0.33 6.20 0.22 6.36 0.18 

356 4.07 0.29 4.48 0.25 6.27 0.09 5.89 0.33 5.47 0.36 

358 4.09 0.24 4.19 0.23 4.50 0.15 4.39 0.14 4.74 0.21 

360 5.08 0.20 5.98 0.36 5.97 0.38 6.32 0.34 6.80 0.17 

361 4.19 0.26 4.63 0.22 5.16 0.44 5.69 0.27 5.82 0.13 

362 3.70 0.11 4.05 0.16 5.46 0.20 4.84 0.09 5.22 0.19 

367 4.36 0.18 5.25 0.22 6.45 0.04 5.98 0.11 6.48 0.14 

369 4.77 0.39 5.13 0.80 6.66 0.52 7.05 0.65 6.39 0.54 

372 4.03 0.31 3.76 0.81 4.90 0.39 4.53 0.26 4.52 0.20 

 

 

 

Table S9: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment in presence of ATP for FUS-

RRM (pH 6.4) at 600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R2ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

285 13.69 0.38 12.95 0.39 12.37 1.91 13.19 0.44 13.07 0.23 

287 14.17 1.08 13.62 0.67 12.66 1.49 13.91 1.87 12.63 0.52 

288 13.92 0.68 12.46 0.34 11.77 1.75 11.39 0.58 13.58 0.75 

289 16.73 0.80 19.53 1.53 19.09 2.58 14.38 1.10 16.63 0.77 

290 13.14 0.28 12.75 0.18 12.16 2.33 12.04 0.37 12.58 0.12 

294 16.29 0.29 15.87 0.36 16.15 2.16 14.75 1.14 15.86 0.33 

295 11.22 0.32 11.03 0.29 11.09 0.72 11.03 0.59 10.76 0.64 

296 10.10 0.64 9.68 0.20 9.00 0.84 9.88 0.65 9.68 0.61 

297 12.23 0.18 11.38 0.12 11.45 0.70 11.60 0.42 11.40 0.12 

298 13.84 0.41 13.23 0.20 12.78 2.16 13.24 0.44 12.30 0.22 

300 8.72 0.47 8.48 0.36 10.81 0.91 10.49 1.51 8.49 0.45 

301 15.91 0.53 14.30 0.97 13.44 4.08 9.94 3.12 14.93 0.85 

302 15.06 0.80 13.21 1.06 14.25 1.60 13.96 1.22 12.38 0.71 

303 12.13 0.22 11.63 0.17 11.61 0.42 10.58 0.26 11.12 0.31 
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304 13.20 0.44 11.91 0.25 12.25 1.11 12.06 0.47 12.78 0.66 

305 13.72 0.37 12.71 0.14 13.41 0.89 13.11 0.44 12.99 0.42 

306 12.42 0.27 12.38 0.54 11.17 1.96 12.12 0.72 11.66 0.55 

307 13.74 0.51 13.38 0.39 12.97 1.70 12.43 0.56 13.28 0.77 

308 13.58 0.56 12.83 0.49 12.72 1.73 12.04 0.49 13.23 0.47 

309 12.93 0.22 12.76 0.23 12.12 1.08 12.49 0.36 12.54 0.17 

310 12.12 0.36 12.65 0.38 10.82 1.63 10.67 0.39 12.09 0.25 

311 16.06 0.58 15.30 1.07 14.36 2.01 13.52 0.73 14.84 1.16 

313 12.80 0.42 11.54 0.53 11.73 1.66 11.42 0.88 12.17 0.79 

314 13.13 0.20 12.52 0.06 12.30 0.29 12.14 0.36 12.66 0.42 

317 12.15 0.30 11.62 0.22 11.35 0.60 11.22 0.73 11.60 0.57 

318 12.40 0.16 11.79 0.16 11.29 0.64 11.38 0.31 11.62 0.32 

319 11.05 0.15 10.77 0.27 10.59 1.02 10.20 0.16 10.43 0.24 

322 12.35 0.28 11.61 0.42 11.26 0.62 10.45 0.23 11.73 0.24 

323 9.74 0.26 9.59 0.09 8.94 1.24 9.16 0.58 9.34 0.13 

324 12.85 0.30 11.30 0.46 12.18 0.56 11.31 0.33 11.50 0.45 

326 12.67 0.49 12.74 0.59 12.59 0.48 11.71 0.43 12.43 0.54 

327 14.65 0.39 14.00 0.33 13.57 0.32 13.14 0.14 13.39 0.20 

329 12.44 0.19 12.05 0.25 11.61 0.74 11.14 0.41 11.68 0.46 

330 19.20 0.67 17.19 0.44 18.31 1.88 16.66 1.04 18.21 1.00 

331 11.57 0.51 11.06 0.44 10.64 0.17 10.47 0.57 11.18 0.56 

332 5.23 0.21 5.20 0.34 4.97 0.46 4.94 0.39 5.20 0.49 

335 16.38 0.17 14.38 0.50 11.77 2.90 13.58 1.07 15.90 0.87 

338 13.20 0.32 13.04 0.36 11.93 1.63 12.15 0.29 12.75 0.74 

340 13.21 0.27 13.92 0.52 11.78 0.48 12.06 1.02 13.05 0.44 

341 12.59 0.46 12.73 0.58 11.85 0.59 12.49 0.49 12.34 0.69 

346 13.12 0.24 12.37 0.12 12.04 0.81 11.93 0.29 12.32 0.15 

347 14.93 1.10 14.54 1.04 14.84 2.78 13.36 1.33 14.83 0.84 

349 12.73 0.63 11.85 0.30 12.38 0.82 12.88 1.56 11.97 0.57 

350 13.55 0.39 12.91 0.52 12.15 0.53 11.90 0.60 12.13 0.45 

351 15.12 1.30 14.15 0.85 14.81 1.15 13.78 0.79 13.78 0.41 

352 14.90 0.21 14.49 0.26 14.31 0.42 13.43 0.32 13.62 0.20 
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353 13.91 0.30 9.14 1.73 12.88 1.61 11.51 2.01 12.97 0.37 

355 14.13 0.45 13.44 0.44 12.67 1.03 12.69 0.45 12.73 0.28 

356 15.73 0.66 14.92 0.57 15.67 1.83 15.00 1.33 14.90 0.93 

358 8.72 0.47 8.48 0.36 8.17 1.08 8.29 0.62 8.49 0.45 

360 15.59 0.29 14.76 0.41 14.09 1.14 13.39 0.54 13.99 0.31 

361 14.42 0.50 13.59 0.47 13.97 2.63 13.58 1.01 14.36 0.89 

362 10.87 0.11 10.60 0.14 10.39 0.56 10.66 0.14 10.74 0.19 

367 13.12 0.26 12.74 0.31 12.76 0.80 12.23 0.59 12.97 0.30 

369 12.16 0.73 11.59 0.68 10.52 0.74 11.39 1.37 10.58 0.45 

372 7.96 0.27 8.00 0.25 7.66 0.36 7.89 0.18 7.72 0.18 

 

 

 

Table S10: Fit parameters obtained after global fitting from HARD experiment in presence of ATP for FUS-RRM (pH 6.4) at 

600 MHz NMR spectrometer. 

Residue ω (kHz) Error kex (kHz) Error PM (%) Error 

285 0.79 0.23 0.13 0.03 97.69 0.35 

288 0.77 0.16 0.17 0.07 98.09 0.52 

289 1.17 0.04 0.20 0.13 97.65 0.97 

290 0.86 0.26 0.15 0.04 97.50 0.45 

294 0.76 0.23 0.12 0.01 97.72 0.24 

295 1.19 0.02 0.13 0.02 98.64 0.18 

296 0.92 0.26 0.18 0.07 99.46 0.16 

297 0.81 0.20 0.17 0.06 97.90 0.57 

298 1.25 0.02 0.32 0.20 98.57 0.69 

300 0.08 0.20 0.82 1.41 96.81 2.53 

301 0.55 0.26 36.62 3.93 84.61 14.79 

302 0.49 0.34 41.48 3.67 77.46 13.46 

303 1.25 0.02 0.45 0.30 98.28 0.96 

304 0.92 0.28 0.15 0.06 98.47 0.43 

305 0.73 0.18 0.14 0.01 98.00 0.13 

306 1.26 0.02 0.18 0.08 98.12 0.54 

307 0.90 0.33 0.13 0.05 99.16 0.22 

308 0.78 0.23 0.13 0.03 98.22 0.29 
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309 0.92 0.26 0.15 0.04 97.89 0.42 

310 0.79 0.26 0.12 0.01 99.02 0.08 

311 0.75 0.33 36.05 3.25 93.96 4.92 

313 0.85 0.27 0.16 0.04 98.74 0.28 

314 0.78 0.23 0.12 0.01 98.21 0.18 

317 0.94 0.23 0.19 0.09 98.93 0.33 

318 1.04 0.24 0.17 0.06 98.41 0.42 

319 1.18 0.04 0.19 0.05 98.41 0.32 

322 0.94 0.22 0.23 0.13 98.47 0.59 

323 0.01 0.00 0.87 0.81 96.83 1.53 

324 1.06 0.24 0.27 0.12 98.42 0.60 

326 0.72 0.18 0.18 0.08 98.51 0.42 

327 1.24 0.03 0.27 0.14 98.54 0.63 

329 0.80 0.25 0.11 0.01 99.08 0.05 

330 0.86 0.24 0.15 0.06 96.86 0.73 

331 1.09 0.20 0.24 0.17 99.03 0.46 

332 0.01 0.01 0.84 0.82 95.87 4.01 

335 0.80 0.23 0.12 0.02 97.28 0.32 

338 1.21 0.04 0.27 0.13 98.60 0.57 

340 1.01 0.25 0.13 0.02 98.64 0.17 

341 1.14 0.16 0.22 0.08 98.08 0.53 

346 0.72 0.19 0.13 0.03 98.34 0.26 

347 1.24 0.04 0.33 0.18 98.48 0.73 

349 1.05 0.27 0.21 0.11 98.82 0.45 

350 1.24 0.05 1.40 2.69 99.19 0.43 

351 1.20 0.08 0.67 0.93 98.91 0.42 

352 1.23 0.01 0.17 0.10 97.89 0.72 

353 0.70 0.02 0.13 0.02 98.87 0.16 

355 1.12 0.19 0.25 0.12 98.78 0.42 

356 1.24 0.06 0.31 0.22 97.94 1.09 

358 0.86 0.26 0.19 0.14 99.27 0.25 

360 1.22 0.05 0.37 0.59 98.41 0.66 

361 1.14 0.07 0.26 0.15 98.27 0.81 

362 0.69 0.18 0.11 0.01 98.23 0.11 
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367 0.76 0.23 0.12 0.01 98.34 0.13 

369 0.57 0.25 76.96 5.15 83.90 12.55 

372 0.67 0.14 0.17 0.09 99.43 0.22 

 

 

 

Table S11: R1 relaxation rates measured from HARD experiment for FUS-RRM (pH 4.6) at 600 MHz NMR spectrometer. Only 

data for which good fits were obtained have been shown. 

Value Error Value Error Value Error

D283 1.53 0.03 I310 1.42 0.07 S346 1.56 0.05

N285 1.52 0.07 I311 1.66 0.09 A347 1.57 0.21

F288 1.77 0.03 T313 1.55 0.04 A349 1.55 0.18

V289 1.5 0.11 N314 1.52 0.05 A350 1.58 0.09

Q290 1.49 0.05 T317 1.49 0.05 I351 1.63 0.1

G291 1.43 0.05 G318 1.56 0.08 D352 1.56 0.06

G293 1.55 0.05 Q319 1.6 0.06 W353 1.46 0.06

E294 1.39 0.06 M321 1.66 0.16 F354 1.63 0.17

N295 1.57 0.03 I322 1.67 0.05 D355 1.56 0.04

V296 1.34 0.14 L324 1.47 0.05 G356 0.85 0.1

T297 1.57 0.07 T326 1.54 0.08 E358 1.53 0.03

I298 1.54 0.07 D327 1.62 0.03 F359 1.65 0.1

E299 1.59 0.03 E329 1.49 0.02 S360 1.55 0.03

S300 0.85 0.51 T330 1.43 0.08 G361 1.57 0.02

V301 1.6 0.08 G331 1.69 0.18 N362 1.57 0.05

A302 1.66 0.08 K332 1.57 0.03 I364 1.62 0.07

D303 1.58 0.05 G335 1.81 0.18 V366 1.62 0.11

Y304 1.62 0.06 T338 1.68 0.11 S367 1.59 0.03

F305 1.65 0.08 V339 1.46 0.19 A369 1.72 0.13

K306 1.58 0.1 S340 1.54 0.04 T370 1.48 0.02

Q307 1.65 0.05 F341 1.58 0.09 R372 1.77 0.11

I308 1.72 0.11 D343 1.66 0.04 D374 1.65 0.04

G309 1.53 0.06

Residue 

number

R1 (s
-1

) Residue 

number

R1 (s
-1

) Residue 

number

R1 (s
-1

)
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Table S12: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for FUS-RRM (pH 4.6) at 

600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R1ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

D283 3.71 0.18 4.28 0.07 4.21 0.09 4.85 0.23 5.11 0.16 

N285 4.63 0.27 5.67 0.16 5.50 0.06 6.47 0.40 6.65 0.15 

F288 4.76 0.49 4.30 0.34 5.70 0.31 5.39 0.44 6.13 0.29 

V289 4.17 0.24 4.68 0.52 6.62 0.97 6.38 0.74 6.65 0.83 

Q290 4.54 0.19 4.75 0.22 5.16 0.31 5.95 0.17 6.03 0.38 

G291 5.06 0.34 6.35 0.33 5.51 0.17 6.87 0.48 6.61 0.53 

G293 5.10 0.21 5.76 0.35 6.11 0.19 6.75 0.34 6.94 0.13 

E294 5.56 0.19 6.42 0.07 7.11 0.12 7.94 0.24 7.86 0.21 

N295 4.55 0.30 5.46 0.13 5.10 0.07 5.82 0.20 5.84 0.17 

V296 4.87 0.23 4.19 0.77 6.29 0.38 6.26 0.41 6.09 0.15 

T297 4.14 0.08 4.73 0.21 5.21 0.15 5.72 0.35 6.03 0.37 

I298 4.67 0.21 5.49 0.43 5.53 0.29 6.79 0.36 6.66 0.22 

E299 5.15 0.08 6.04 0.13 6.09 0.11 6.82 0.16 6.99 0.13 

S300 4.72 0.13 5.16 0.52 5.94 0.46 5.81 0.38 6.03 0.46 

V301 5.34 0.28 6.19 0.19 6.44 0.42 7.51 0.67 7.42 0.43 

A302 4.62 0.11 5.44 0.26 5.90 0.52 6.94 0.59 6.36 0.14 

D303 4.67 0.19 5.27 0.16 5.53 0.21 6.43 0.41 6.57 0.56 

Y304 4.13 0.16 4.94 0.05 5.55 0.32 6.18 0.36 6.34 0.59 

F305 4.65 0.17 5.65 0.11 6.03 0.07 6.56 0.42 6.84 0.43 

K306 3.99 0.18 4.47 0.11 4.55 0.09 5.16 0.30 5.64 0.31 

Q307 5.19 0.31 6.35 0.18 6.33 0.16 7.13 0.22 7.37 0.11 

I308 4.98 0.60 6.06 0.44 5.41 0.20 5.97 0.31 6.87 0.65 

G309 4.40 0.07 5.26 0.15 5.52 0.14 6.16 0.20 6.16 0.07 

I310 5.44 0.21 6.44 0.33 5.65 0.27 6.12 0.32 7.24 0.62 

I311 4.83 0.36 6.23 0.33 7.35 0.16 7.36 0.45 7.66 0.21 

T313 4.69 0.13 4.94 0.21 5.06 0.20 5.95 0.48 6.25 0.30 

N314 4.67 0.23 5.47 0.14 5.58 0.07 6.44 0.45 6.56 0.25 
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T317 5.32 0.13 5.44 0.21 5.76 0.23 6.37 0.29 6.85 0.26 

G318 4.43 0.23 4.86 0.28 5.29 0.02 5.79 0.29 6.20 0.35 

Q319 3.93 0.17 4.77 0.20 4.71 0.09 5.20 0.23 5.42 0.17 

M321 4.65 0.71 5.59 0.35 6.81 1.12 6.98 2.17 8.29 1.05 

I322 4.31 0.42 5.25 0.31 5.29 0.32 6.22 0.34 5.97 0.24 

L324 4.33 0.34 4.77 0.35 4.46 0.25 6.10 0.38 5.94 0.46 

T326 5.79 0.56 6.51 0.37 6.46 0.44 6.92 0.28 7.05 0.37 

D327 4.62 0.16 5.16 0.19 5.77 0.15 6.82 0.21 6.94 0.06 

E329 5.51 0.06 6.61 0.27 6.54 0.17 7.09 0.09 7.76 0.13 

T330 5.52 0.15 7.26 0.10 8.81 0.29 9.87 0.08 9.39 0.22 

G331 4.81 0.22 4.33 0.97 5.24 0.35 6.10 0.35 6.51 0.72 

K332 3.37 0.10 3.60 0.06 3.37 0.02 3.80 0.23 4.04 0.05 

G335 5.59 0.22 5.74 1.05 8.09 0.50 7.77 0.66 9.15 0.62 

T338 5.01 0.50 5.97 0.40 6.59 0.26 6.62 0.29 7.11 0.24 

V339 4.76 0.29 5.19 0.51 6.60 0.41 5.92 1.26 5.20 0.62 

S340 5.58 0.40 6.32 0.40 6.15 0.45 7.38 0.25 6.92 0.41 

F341 4.63 0.25 4.70 0.21 4.44 0.20 5.68 0.43 5.70 0.39 

D343 4.35 0.37 5.17 0.42 4.91 0.31 5.22 0.25 5.70 0.16 

S346 4.65 0.13 5.09 0.14 5.29 0.15 6.35 0.32 6.31 0.07 

A347 4.48 0.75 4.68 1.03 4.83 0.16 6.27 0.90 7.05 1.53 

A349 4.34 0.48 5.55 0.24 6.01 1.11 7.72 0.41 6.25 0.58 

A350 5.67 0.18 6.38 0.36 7.05 0.17 8.25 0.75 7.09 0.38 

I351 4.52 0.06 5.63 0.32 6.28 0.47 6.41 0.46 6.63 0.53 

D352 5.27 0.13 6.14 0.26 6.03 0.07 6.50 0.16 6.92 0.16 

W353 5.32 0.46 6.56 0.33 6.75 0.39 7.00 0.19 7.30 0.31 

F354 4.86 0.30 5.66 0.29 5.89 0.25 6.73 0.63 6.11 0.50 

D355 4.99 0.10 5.69 0.11 6.12 0.17 7.00 0.18 7.07 0.15 

G356 2.85 0.37 3.12 0.22 3.12 0.06 3.39 0.46 2.83 0.32 

E358 2.86 0.10 3.06 0.14 2.90 0.14 3.26 0.21 3.46 0.11 

F359 4.28 0.18 4.85 0.20 4.81 0.36 5.43 0.25 5.43 0.38 

S360 5.71 0.32 6.40 0.45 6.64 0.29 7.60 0.29 7.34 0.08 

G361 4.40 0.24 5.02 0.41 5.06 0.17 5.70 0.21 6.54 0.52 
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N362 3.96 0.11 4.79 0.04 4.62 0.05 5.18 0.23 5.14 0.13 

I364 5.06 0.19 5.62 0.40 5.97 0.54 6.92 0.34 6.89 0.34 

V366 5.38 0.62 5.86 0.55 7.12 0.63 7.15 0.28 6.11 0.49 

S367 4.56 0.23 5.21 0.16 5.38 0.17 5.97 0.48 6.15 0.19 

A369 4.33 0.48 5.63 0.44 6.29 0.57 7.25 0.71 6.66 0.27 

T370 4.25 0.18 4.49 0.23 4.55 0.08 5.20 0.34 5.28 0.22 

R372 3.65 0.27 3.93 0.16 3.78 0.42 4.44 0.42 4.33 0.45 

D374 4.59 0.16 4.82 0.23 4.60 0.17 4.87 0.05 5.17 0.05 

 

 

 

Table S13: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment for FUS-RRM (pH 4.6) at 

600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R2ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

D283 9.47 0.16 9.61 0.20 10.13 0.13 9.07 0.18 9.43 0.30 

N285 13.36 0.31 13.98 0.42 13.49 0.17 12.62 0.33 13.70 0.73 

F288 13.30 0.36 11.99 0.92 13.70 0.79 12.45 0.43 13.81 1.06 

V289 13.47 0.79 13.80 0.64 14.38 0.44 12.55 1.22 13.81 0.58 

Q290 13.60 0.51 13.10 0.39 13.21 0.45 11.28 0.74 12.66 0.64 

G291 13.11 0.40 13.22 0.84 13.41 0.13 12.48 0.49 12.41 0.70 

G293 14.20 0.24 13.89 0.78 14.47 0.32 13.25 0.31 15.56 0.70 

E294 19.17 0.32 19.16 0.60 18.70 0.30 17.90 0.55 19.00 0.41 

N295 11.63 0.21 11.81 0.50 11.54 0.60 11.33 0.19 11.09 0.51 

V296 9.45 0.62 10.00 0.63 8.89 0.61 10.57 0.31 9.25 0.14 

T297 12.47 0.07 13.26 0.39 12.99 0.51 12.60 0.28 12.39 0.33 

I298 12.85 0.41 13.93 0.34 14.00 0.22 12.29 0.65 13.32 0.30 

E299 13.48 0.12 14.24 0.25 13.85 0.32 13.56 0.31 13.79 0.57 

S300 12.93 0.21 13.89 0.22 13.12 0.22 13.82 1.15 13.19 0.72 

V301 11.22 1.28 12.20 1.00 12.20 1.17 12.55 0.63 11.40 0.66 

A302 14.27 0.48 12.99 0.49 14.06 0.25 12.67 0.75 13.76 1.23 

D303 13.59 0.26 13.48 0.49 13.35 0.38 12.63 0.39 13.63 0.50 
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Y304 12.92 0.28 12.88 0.30 13.40 0.54 12.06 0.38 13.03 0.50 

F305 12.29 0.43 13.66 0.82 13.78 0.32 12.62 0.37 12.90 0.80 

K306 13.10 0.38 12.56 0.38 13.30 0.44 12.34 0.39 12.85 0.79 

Q307 13.21 0.03 14.00 0.40 13.48 0.38 13.08 0.19 13.73 0.61 

I308 13.32 0.34 13.22 0.36 13.24 0.22 12.55 0.48 13.86 1.06 

G309 12.74 0.32 13.16 0.47 13.14 0.25 13.00 0.36 13.52 0.42 

I310 12.35 0.23 12.78 0.26 11.58 0.54 12.01 0.30 11.22 0.48 

I311 16.55 0.62 17.17 1.03 17.33 0.78 16.42 1.12 17.10 0.90 

T313 9.32 2.98 13.58 0.54 12.60 0.54 12.39 0.57 13.02 0.53 

N314 13.07 0.24 13.10 0.32 13.84 0.24 12.81 0.21 13.88 0.57 

T317 12.14 0.42 12.86 0.62 12.83 0.23 12.04 0.42 12.83 0.33 

G318 12.07 0.34 12.59 0.19 12.90 0.40 12.02 0.39 12.54 0.74 

Q319 10.97 0.12 10.83 0.53 11.01 0.23 10.19 0.11 10.62 0.37 

M321 14.69 2.55 12.78 1.90 16.52 1.58 19.67 1.95 15.50 1.89 

I322 11.96 0.74 12.70 0.55 12.88 0.30 11.35 0.56 12.69 0.33 

L324 11.87 0.47 11.58 0.36 12.20 0.15 10.92 0.33 11.92 0.55 

T326 13.03 0.42 15.39 0.57 14.63 0.34 13.23 0.15 13.82 0.75 

D327 15.76 0.58 15.15 0.74 16.22 0.37 14.17 0.30 15.75 0.48 

E329 13.76 0.11 14.77 0.57 13.99 0.36 12.90 0.36 13.45 0.34 

T330 25.32 0.51 24.90 0.66 24.57 0.29 25.92 0.32 25.89 0.50 

G331 11.87 0.85 13.41 1.16 12.91 0.78 14.90 1.13 14.31 1.82 

K332 4.68 0.06 4.99 0.20 5.54 0.13 4.77 0.17 4.82 0.27 

G335 19.85 1.55 20.22 1.26 19.83 2.20 18.38 2.43 19.97 1.11 

T338 13.98 0.22 15.47 0.80 13.39 0.89 12.72 1.22 13.93 0.40 

V339 12.26 0.51 12.93 0.35 13.18 0.52 12.24 0.64 11.88 0.90 

S340 13.23 0.22 14.25 0.78 13.89 0.70 13.04 0.29 13.89 0.06 

F341 12.33 0.77 12.73 0.40 13.86 0.42 11.83 0.56 12.35 0.49 

D343 6.86 0.03 7.86 0.25 8.05 0.20 7.11 0.12 7.41 0.50 

S346 12.40 0.16 12.71 0.16 12.43 0.22 12.16 0.24 12.55 0.39 

A347 16.04 1.21 16.92 2.10 18.69 0.41 15.42 1.12 16.73 0.76 

A349 12.53 0.60 14.24 1.21 13.89 0.80 13.20 0.97 13.08 2.38 

A350 13.47 0.67 13.97 0.46 13.68 0.46 12.98 0.72 13.72 0.26 
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I351 14.24 0.63 15.29 0.31 15.78 0.64 13.36 0.60 15.01 0.92 

D352 15.02 0.32 15.57 0.44 14.91 0.50 14.37 0.46 14.89 0.17 

W353 13.36 0.42 13.91 0.76 14.64 0.80 12.89 0.32 12.05 0.43 

F354 18.53 1.14 18.26 1.02 17.79 0.37 19.92 2.08 16.05 1.19 

D355 14.48 0.18 14.08 0.13 13.92 0.15 14.11 0.20 14.10 0.61 

G356 6.51 0.25 6.42 0.43 7.33 0.51 5.97 0.19 6.06 0.20 

E358 4.96 0.11 5.09 0.25 5.72 0.20 5.12 0.12 5.06 0.21 

F359 14.83 0.39 15.59 0.21 14.86 0.19 15.80 0.35 15.85 1.28 

S360 16.88 0.33 17.81 0.53 16.12 0.83 16.66 0.22 16.25 0.38 

G361 15.38 0.27 14.99 0.40 15.73 0.52 15.87 0.74 15.89 1.01 

N362 10.66 0.17 10.64 0.35 11.30 0.34 10.38 0.25 11.05 0.59 

I364 12.66 0.70 14.39 0.82 13.25 0.88 13.20 0.49 12.28 0.31 

V366 13.67 0.94 14.17 0.84 12.13 0.90 13.38 1.75 14.73 1.05 

S367 12.33 0.30 12.79 0.30 12.76 0.31 11.93 0.27 12.86 0.38 

A369 13.80 1.21 13.19 0.65 12.95 0.57 13.04 0.42 12.73 0.58 

T370 11.55 0.22 11.38 0.57 11.57 0.24 10.65 0.40 10.66 0.18 

R372 6.36 0.21 7.22 0.50 7.91 0.42 7.34 0.49 6.37 0.93 

D374 5.64 0.08 6.61 0.35 6.47 0.20 5.82 0.11 5.84 0.24 
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Table S14: Fit parameters obtained after global fitting from HARD experiment for FUS-RRM (pH 4.6) at 600 MHz NMR 

spectrometer. 

Residue Δω (kHz) Error kex (kHz) Error PM (%) Error 

283 0.77 0.26 0.13 0.02 98.83 0.16 

285 0.86 0.28 0.12 0.01 98.15 0.14 

288 0.83 0.28 0.13 0.02 97.67 0.29 

289 0.80 0.27 0.12 0.02 98.28 0.21 

290 1.19 0.10 0.27 0.15 98.75 0.50 

291 0.88 0.28 0.14 0.02 98.88 0.18 

293 0.99 0.30 0.11 0.01 97.84 0.21 

295 0.90 0.28 0.12 0.01 98.61 0.12 

296 0.30 0.40 0.67 0.50 98.06 1.91 

297 0.95 0.29 0.13 0.03 98.09 0.22 

298 0.66 0.18 0.12 0.01 98.16 0.18 

299 0.74 0.22 0.12 0.02 98.38 0.19 

300 0.83 0.28 0.14 0.04 98.15 0.37 

301 0.00 0.00 0.56 0.57 90.16 7.45 

302 0.84 0.28 0.16 0.05 98.27 0.42 

303 0.74 0.22 0.11 0.01 98.00 0.12 

304 0.68 0.18 0.12 0.02 98.29 0.21 

305 0.66 0.18 0.11 0.01 98.73 0.12 

306 1.20 0.20 0.19 0.11 97.80 0.70 

307 0.68 0.17 0.11 0.01 98.87 0.14 

308 0.79 0.27 0.14 0.07 98.22 0.50 

309 0.93 0.31 0.11 0.01 97.90 0.17 

310 1.01 0.25 0.15 0.07 99.35 0.25 

311 0.81 0.26 0.12 0.03 97.31 0.43 

313 0.95 0.29 0.11 0.01 98.30 0.15 

314 0.86 0.30 0.11 0.01 98.04 0.10 

317 0.76 0.23 0.12 0.02 98.85 0.14 

318 0.90 0.30 0.11 0.01 98.11 0.14 

321 0.71 0.19 0.11 0.01 98.02 0.42 

322 0.75 0.24 0.16 0.06 98.50 0.36 
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324 0.67 0.19 0.14 0.03 98.28 0.29 

326 0.81 0.29 0.10 0.00 98.54 0.05 

327 1.16 0.20 0.16 0.06 97.36 0.70 

329 0.12 0.33 0.81 0.66 97.37 1.70 

331 0.66 0.18 0.11 0.01 97.92 0.18 

332 0.12 0.33 0.89 0.95 93.84 6.33 

338 0.84 0.30 0.11 0.01 98.17 0.14 

339 0.83 0.30 0.12 0.01 98.16 0.20 

340 0.62 0.01 0.11 0.01 98.68 0.09 

341 0.76 0.29 0.11 0.01 97.35 0.19 

346 0.85 0.28 0.13 0.02 98.48 0.16 

347 1.06 0.17 0.11 0.01 94.53 0.39 

349 0.61 0.02 0.14 0.03 98.91 0.18 

350 0.74 0.22 0.11 0.01 99.06 0.09 

351 0.77 0.27 0.12 0.01 97.72 0.24 

352 0.79 0.26 0.12 0.01 97.50 0.18 

353 0.78 0.27 0.12 0.01 98.95 0.12 

354 1.17 0.08 0.27 0.19 97.06 1.05 

355 0.76 0.24 0.13 0.02 98.30 0.17 

356 0.75 0.26 0.13 0.02 99.11 0.10 

358 0.62 0.36 0.18 0.15 99.73 0.10 

359 0.96 0.29 0.12 0.01 96.06 0.27 

360 0.72 0.23 0.13 0.02 97.31 0.33 

361 0.77 0.24 0.13 0.01 96.56 0.14 

362 0.60 0.03 0.11 0.01 98.33 0.12 

364 0.77 0.26 0.12 0.02 98.89 0.15 

366 0.87 0.24 0.14 0.03 98.23 0.26 

367 0.81 0.26 0.12 0.01 98.26 0.16 

372 0.70 0.57 0.27 0.27 98.76 1.70 

374 0.13 0.24 3.30 4.35 97.71 1.84 
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Table S15: R1 relaxation rates measured from HARD experiment in presence of ATP for FUS-RRM (pH 4.6) at 600 MHz NMR 

spectrometer. Only data for which good fits were obtained have been shown. 

Residue R1 (s-1) Error 

283 1.53 0.02 

285 1.43 0.05 

286 1.64 0.09 

287 1.87 0.10 

288 1.62 0.13 

290 1.45 0.08 

291 1.55 0.10 

293 1.51 0.07 

294 1.32 0.04 

295 1.42 0.03 

296 1.25 0.10 

297 1.52 0.07 

298 1.52 0.07 

299 1.40 0.05 

300 1.54 0.04 

302 1.44 0.04 

303 1.54 0.08 

304 1.67 0.06 

305 1.73 0.06 

306 1.51 0.04 

307 1.53 0.03 

308 1.72 0.09 

309 1.53 0.05 

310 1.21 0.12 

311 1.65 0.18 

313 1.41 0.09 

317 1.42 0.02 

318 1.39 0.02 

319 1.59 0.04 

322 1.59 0.11 
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323 1.53 0.04 

324 1.32 0.07 

326 1.42 0.03 

327 1.46 0.02 

329 1.37 0.02 

331 1.45 0.03 

332 1.55 0.02 

333 1.47 0.05 

338 1.60 0.10 

339 1.49 0.20 

340 1.55 0.04 

341 1.45 0.11 

343 1.58 0.03 

346 1.49 0.07 

350 1.53 0.11 

351 1.63 0.08 

352 1.49 0.04 

353 1.42 0.10 

354 1.58 0.08 

355 1.54 0.02 

356 0.99 0.06 

358 1.55 0.03 

359 1.50 0.06 

360 1.50 0.04 

361 1.42 0.06 

362 1.48 0.02 

367 1.56 0.02 

369 1.45 0.05 

372 1.67 0.09 

374 1.60 0.01 
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Table S16: R1ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment in presence of ATP for FUS-

RRM (pH 4.6) at 600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R1ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

283 3.20 0.13 3.71 0.14 4.23 0.17 3.86 0.09 4.63 0.17 

285 3.97 0.25 5.02 0.22 5.57 0.24 5.56 0.27 5.76 0.25 

286 4.14 0.69 4.55 0.62 5.03 0.52 5.18 0.86 8.75 2.16 

287 4.40 0.53 5.16 0.56 6.35 1.08 5.49 0.38 6.16 0.49 

288 4.47 0.64 4.82 0.20 5.87 0.39 5.82 0.39 6.25 0.35 

290 4.02 0.38 3.83 0.36 3.41 0.34 4.00 0.47 5.91 0.46 

291 3.29 0.18 4.87 0.08 4.90 0.50 5.67 0.38 5.64 0.20 

293 4.40 0.31 5.74 0.48 6.28 0.30 6.86 0.26 6.98 0.48 

294 5.12 0.19 6.59 0.39 8.13 0.26 8.34 0.32 9.53 0.41 

295 3.08 0.18 5.01 0.22 5.97 0.47 5.46 0.37 4.98 0.26 

296 2.88 0.39 5.20 0.25 6.25 0.71 4.82 0.38 5.19 0.93 

297 4.44 0.24 5.48 0.35 6.53 0.48 5.95 0.26 6.88 0.44 

298 4.27 0.32 4.85 0.28 5.86 0.59 5.43 0.46 6.65 0.42 

299 2.89 0.11 3.56 0.17 3.15 0.13 2.90 0.13 3.36 0.12 

300 4.63 0.26 5.31 0.25 6.37 0.64 5.89 0.36 6.93 0.46 

302 4.60 0.37 5.24 0.38 6.26 0.51 5.74 0.45 7.51 0.29 

303 4.95 0.37 5.42 0.28 6.23 0.45 6.13 0.20 7.42 0.62 

304 4.48 0.18 4.22 0.22 4.67 0.13 4.73 0.11 7.42 0.76 

305 4.97 0.39 5.45 0.32 6.76 0.44 5.94 0.23 7.88 0.60 

306 3.68 0.37 4.53 0.15 5.35 0.38 5.37 0.22 5.71 0.41 

307 4.91 0.30 5.88 0.23 6.97 0.43 6.41 0.16 7.48 0.45 

308 4.76 0.51 5.81 0.30 7.02 0.58 6.47 0.42 7.79 0.65 

309 4.79 0.31 5.78 0.35 6.57 0.47 6.27 0.41 7.33 0.72 

310 2.65 0.64 5.33 0.53 5.99 0.43 5.80 0.43 4.22 0.61 

311 3.88 0.35 4.94 0.45 6.83 0.37 6.03 0.48 6.93 0.58 

313 3.56 0.27 4.00 0.13 4.67 0.28 4.61 0.28 4.73 1.68 

317 4.26 0.21 5.02 0.23 5.59 0.28 5.43 0.29 6.11 0.23 
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318 4.04 0.22 4.68 0.23 5.71 0.27 5.55 0.26 5.77 0.22 

319 3.27 0.13 3.96 0.20 4.35 0.17 4.22 0.11 5.03 0.31 

322 3.89 0.42 4.10 0.33 5.22 0.23 4.40 0.18 6.28 0.49 

323 3.40 0.13 5.15 0.24 5.46 0.35 5.16 0.20 4.91 0.15 

324 4.11 0.33 4.94 0.38 6.10 0.37 5.13 0.38 6.04 0.31 

326 4.32 0.06 5.16 0.14 6.00 0.24 6.33 0.41 7.12 0.46 

327 4.81 0.44 5.32 0.14 6.46 0.36 6.32 0.20 7.37 0.44 

329 4.67 0.22 5.44 0.12 6.53 0.26 6.05 0.23 7.29 0.24 

331 3.70 0.12 4.37 0.18 5.14 0.39 4.98 0.18 5.54 0.22 

332 2.77 0.10 3.41 0.09 3.19 0.10 3.27 0.10 3.58 0.08 

333 4.43 0.25 5.30 0.33 6.79 0.53 6.10 0.33 6.97 0.39 

338 3.33 0.35 4.37 0.39 5.53 0.45 5.28 0.19 6.09 0.31 

339 4.69 0.49 4.78 0.53 6.77 0.90 4.74 0.58 6.55 0.84 

340 4.58 0.29 5.14 0.19 5.66 0.23 5.49 0.20 6.51 0.41 

341 3.53 0.17 4.25 0.17 5.20 0.29 4.89 0.32 6.31 0.56 

343 3.74 0.13 4.30 0.21 4.68 0.24 4.22 0.14 4.83 0.13 

346 3.71 0.17 5.27 0.25 6.40 0.52 6.27 0.48 6.31 0.67 

350 5.42 0.51 5.70 0.20 6.22 0.52 6.32 0.26 7.81 0.58 

351 3.97 0.32 4.48 0.40 5.42 0.29 5.39 0.54 6.73 0.61 

352 4.62 0.25 5.36 0.20 6.03 0.34 5.73 0.20 7.02 0.42 

353 4.08 0.16 5.99 0.64 7.00 0.32 6.25 0.28 6.41 0.18 

354 4.17 0.43 5.43 0.27 6.53 0.41 5.84 0.31 6.70 0.57 

355 4.51 0.18 5.09 0.21 5.75 0.23 5.85 0.22 6.77 0.33 

356 2.95 0.33 3.29 0.28 3.19 0.32 3.00 0.38 3.35 0.47 

358 2.65 0.11 2.67 0.07 2.75 0.15 2.68 0.05 3.23 0.12 

359 3.59 0.26 4.14 0.28 5.41 0.38 5.85 0.29 5.19 0.39 

360 4.78 0.31 5.82 0.30 5.91 0.32 5.98 0.12 7.31 0.27 

361 3.31 0.18 4.91 0.28 5.84 0.30 5.90 0.17 6.42 0.39 

362 3.88 0.15 4.36 0.16 4.96 0.18 5.12 0.11 5.69 0.26 

367 3.77 0.07 5.00 0.18 5.16 0.29 5.76 0.21 6.05 0.09 

369 4.52 0.61 5.20 0.41 5.71 0.76 5.37 0.43 6.85 0.65 

372 3.82 0.38 3.78 0.39 4.75 0.46 4.03 0.29 4.90 0.17 
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374 3.75 0.11 4.48 0.21 4.84 0.35 4.30 0.27 4.60 0.09 

 

Table S17: R2ρ relaxation rates measured using HSn pulses (n=1,2,4,6,8) from HARD experiment in presence of ATP for FUS-

RRM (pH 4.6) at 600 MHz NMR spectrometer. Only data for which good fits were obtained have been shown. 

Residue 

Number 

R2ρ (s-1) 

HS1 HS2 HS4 HS6 HS8 

Value Error Value Error Value Error Value Error Value Error 

283 10.85 0.33 9.61 0.29 9.65 0.23 9.03 0.29 8.26 0.43 

285 12.23 0.61 13.31 0.51 12.27 0.74 11.25 0.58 11.93 0.69 

286 11.48 0.34 11.00 1.16 11.17 1.44 11.52 1.74 10.91 1.60 

287 17.12 0.97 14.19 0.96 16.22 1.19 13.81 1.00 11.91 1.13 

288 14.50 1.49 12.27 0.33 15.75 1.49 12.19 0.58 12.31 0.54 

290 12.19 0.70 12.93 0.98 12.45 5.04 12.35 2.75 10.89 1.50 

291 13.05 0.38 13.84 1.06 13.70 0.71 12.13 0.49 11.80 0.76 

293 15.91 1.27 14.68 0.76 13.78 0.36 12.38 0.67 12.28 0.82 

294 22.40 0.69 20.17 0.74 20.36 1.08 17.86 0.99 15.98 1.22 

295 12.02 0.44 11.59 0.47 11.19 0.34 10.56 0.19 10.48 0.62 

296 10.12 0.70 9.14 0.51 9.14 0.56 9.65 0.24 8.31 0.80 

297 13.74 1.11 12.84 0.59 13.64 1.28 12.31 0.61 12.34 1.08 

298 15.05 0.75 14.29 0.48 15.08 0.69 14.19 0.96 13.20 0.58 

299 3.87 0.23 5.67 0.09 3.75 0.35 7.09 2.46 4.79 0.04 

300 12.29 0.76 11.62 0.70 11.72 0.66 10.85 0.59 10.46 0.49 

302 14.87 0.85 14.32 0.84 13.49 1.70 12.36 0.80 12.88 0.67 

303 15.11 1.05 13.87 0.36 14.77 0.99 13.02 0.27 12.68 0.19 

304 15.12 0.45 13.92 0.21 13.88 0.33 12.82 0.55 13.16 0.57 

305 14.77 0.69 13.89 0.49 13.57 0.53 12.48 0.62 11.65 0.45 

306 13.26 0.20 11.97 0.42 12.46 0.82 11.13 0.41 10.86 0.48 

307 14.33 0.46 13.79 0.48 13.01 0.76 12.53 0.66 12.47 0.34 

308 14.69 0.68 14.05 0.61 16.18 1.61 13.06 0.25 12.16 1.29 

309 14.11 1.10 12.81 0.82 13.00 1.17 12.05 1.07 12.13 0.76 

310 16.19 1.99 14.79 1.52 6.27 2.24 7.80 2.72 12.67 2.04 

311 18.70 2.40 14.99 1.12 17.42 1.38 14.76 0.76 14.77 1.28 

313 12.38 0.66 12.27 0.52 12.02 1.23 11.33 0.57 10.63 0.77 
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317 13.03 0.57 11.61 0.35 12.12 0.95 11.35 0.63 11.08 0.73 

318 12.11 0.99 11.04 0.64 10.92 0.75 10.85 0.53 11.03 0.59 

319 11.74 0.35 11.36 0.19 12.01 0.39 10.54 0.40 10.53 0.37 

322 13.55 0.57 12.70 0.60 12.90 0.57 11.25 0.43 11.01 0.38 

323 8.64 0.58 7.79 0.20 7.83 0.63 7.33 0.40 6.99 0.59 

324 12.23 0.37 12.02 0.76 12.65 0.91 11.15 0.19 10.93 0.70 

326 15.25 1.14 15.18 0.72 14.05 0.83 12.74 0.90 13.57 0.94 

327 17.41 0.41 15.56 0.36 16.22 0.79 14.58 0.56 14.40 0.86 

329 15.85 0.25 12.50 2.84 14.87 0.24 13.73 0.42 13.66 0.50 

331 10.65 0.89 9.02 0.85 9.96 1.20 8.71 0.63 8.36 0.43 

332 5.84 0.23 5.59 0.13 5.93 0.19 5.50 0.10 5.34 0.13 

333 15.59 0.66 13.45 0.35 13.45 4.57 12.33 0.79 12.39 0.18 

338 15.49 0.58 14.94 0.66 14.24 0.49 12.86 0.82 13.36 1.08 

339 17.20 1.41 11.37 0.62 10.42 2.33 11.20 1.00 10.51 1.26 

340 14.46 0.75 12.56 0.51 12.57 0.83 11.69 0.27 11.92 0.29 

341 13.86 0.42 12.45 0.81 12.34 0.60 13.09 0.61 12.15 0.65 

343 7.28 0.39 6.90 0.20 7.04 0.52 6.69 0.31 6.57 0.24 

346 13.43 1.06 12.06 0.56 12.31 0.95 10.89 0.94 9.70 0.80 

350 13.48 1.31 11.97 0.85 12.65 1.21 9.43 0.40 9.47 0.72 

351 17.92 1.88 15.13 0.63 15.58 0.70 16.18 0.58 14.64 0.95 

352 16.48 0.67 15.33 0.38 16.19 0.51 14.46 0.30 14.82 0.26 

353 15.79 0.94 13.86 0.32 14.40 0.34 13.86 0.82 13.12 0.62 

354 19.71 0.93 17.90 0.99 16.53 2.02 14.90 1.33 14.54 1.49 

355 16.14 0.27 14.65 0.30 14.94 0.32 13.86 0.19 13.91 0.52 

356 3.11 0.44 3.11 0.28 2.96 0.52 2.43 0.39 2.71 0.39 

358 5.93 0.29 5.61 0.22 5.68 0.33 5.18 0.27 5.27 0.33 

359 17.09 0.50 16.69 0.27 17.04 1.68 15.02 0.97 16.01 0.87 

360 17.13 0.64 16.77 0.45 16.20 0.66 14.71 0.59 16.17 1.02 

361 14.94 0.41 15.34 0.52 14.28 0.38 14.80 0.40 14.82 0.63 

362 11.77 0.40 10.76 0.29 11.13 0.25 10.32 0.12 10.64 0.29 

367 14.35 0.58 13.47 0.23 13.39 0.45 12.51 0.33 12.37 0.26 

369 12.86 1.02 12.41 1.62 10.38 1.30 10.47 0.70 8.79 0.81 
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372 8.22 0.69 7.96 0.40 8.12 0.59 7.82 0.30 6.88 0.30 

374 5.91 0.51 8.38 2.26 5.51 0.47 5.09 0.41 5.14 0.35 

 

Table S18: Fit parameters obtained after global fitting from HARD experiment in presence of ATP for FUS-RRM (pH 4.6) at 

600 MHz NMR spectrometer. 

Residue Δω (kHz) Error kex (kHz) Error PM (%) Error 

283 0.49 0.32 28.90 2.24 81.73 18.59 

285 1.18 0.04 0.18 0.13 98.49 0.51 

286 0.29 0.05 52.50 2.45 73.05 9.08 

287 0.90 0.41 24.84 2.80 91.17 13.68 

288 0.88 0.31 0.13 0.01 97.91 0.15 

290 0.47 0.31 26.41 0.44 88.15 8.11 

291 0.66 0.19 0.12 0.02 97.61 0.28 

293 0.67 0.33 36.31 3.50 88.31 13.19 

294 0.44 0.19 36.78 0.51 75.52 14.03 

295 1.18 0.11 0.39 0.38 99.12 0.42 

296 0.79 0.31 0.15 0.05 99.49 0.13 

297 0.50 0.34 43.91 2.10 80.75 12.22 

298 1.26 0.01 0.37 0.23 98.57 0.65 

299 0.19 0.38 1.20 1.94 95.34 5.31 

300 0.48 0.27 64.76 2.08 79.24 11.18 

302 0.69 0.37 37.57 2.15 91.17 8.06 

303 0.62 0.26 36.96 3.38 90.75 9.23 

304 1.26 0.01 0.39 0.25 98.31 0.90 

305 0.67 0.38 36.46 3.31 87.51 12.49 

306 0.68 0.29 34.83 2.20 93.82 7.71 

307 0.51 0.25 52.64 3.45 83.96 11.57 

308 0.97 0.32 0.19 0.07 98.63 0.35 

309 0.57 0.28 50.82 4.69 88.44 7.33 

310 0.29 0.04 36.88 2.42 80.64 9.31 

311 0.88 0.30 0.19 0.08 97.43 0.79 

313 0.57 0.36 30.61 2.69 85.77 13.78 

317 0.57 0.35 41.47 2.10 86.53 13.75 

318 0.69 0.39 40.70 2.08 89.94 11.69 
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319 1.26 0.02 0.21 0.11 98.00 0.71 

322 0.86 0.47 3.96 8.82 88.03 16.68 

323 0.25 0.40 0.86 1.36 96.75 2.51 

324 1.18 0.20 0.20 0.09 98.89 0.30 

326 0.81 0.34 37.24 3.00 93.55 8.67 

327 0.45 0.22 33.14 3.21 82.17 12.21 

329 1.05 0.26 0.34 0.13 98.85 0.35 

331 0.40 0.26 54.07 2.15 80.00 10.14 

332 0.49 0.26 0.37 0.67 99.63 0.16 

333 0.64 0.35 38.04 4.89 88.25 10.60 

338 1.18 0.09 0.28 0.20 97.78 1.05 

339 0.42 0.27 34.88 0.96 80.67 12.81 

340 0.77 0.33 35.08 2.91 94.65 5.52 

341 1.16 0.19 0.37 0.38 98.41 1.04 

343 0.18 0.36 1.36 2.46 93.80 6.76 

346 0.38 0.13 53.40 1.64 77.87 12.59 

350 0.73 0.25 208.96 13.72 77.58 12.40 

351 0.99 0.29 0.16 0.04 96.51 0.71 

352 1.26 0.02 0.23 0.14 97.74 0.89 

353 0.57 0.30 34.89 2.09 87.87 13.16 

354 0.81 0.31 23.18 1.95 96.33 3.31 

355 1.24 0.06 0.25 0.16 98.14 0.82 

356 0.01 0.00 0.81 0.71 96.66 1.08 

358 0.32 0.29 33.05 1.27 78.89 12.50 

359 1.23 0.04 0.63 0.58 98.20 1.46 

360 1.22 0.07 0.35 0.32 98.03 1.31 

361 0.79 0.26 0.13 0.03 97.12 0.35 

362 0.87 0.33 0.16 0.06 98.74 0.28 

367 1.24 0.06 0.42 0.32 98.89 0.48 

369 0.42 0.24 54.36 3.08 80.56 11.64 

372 0.36 0.19 44.76 2.04 81.60 13.83 
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Table S19: R1, R2, [1H]-15N nOe relaxation rates measured for FUS-RRM (pH 6.4) at 600 MHz NMR spectrometer. Only data 

for which good fits were obtained have been shown. 

Residue 

number 

R1 (s-1) R2 (s-1) [1H]-15N nOe 

Value Error Value Error Value Error 

D283 1.51 0.06 9.58 0.06 0.61 0.01 

N285 1.37 0.05 12.13 0.06 0.78 0.01 

F288 1.42 0.03 11.73 0.07 0.82 0.01 

V289 1.36 0.02 12.41 0.31 0.78 0.03 

Q290 1.36 0.05 11.08 0.09 0.78 0.01 

G291 1.29 0.08 11.18 0.16 0.76 0.01 

G293 1.39 0.04 12.49 0.05 0.71 0.01 

E294 1.27 0.03 13.24 0.05 0.70 0.01 

N295 1.40 0.01 10.91 0.04 0.67 0.01 

V296 1.16 0.06 9.73 0.07 0.50 0.02 

T297 1.33 0.08 10.90 0.07 0.70 0.01 

I298 1.38 0.08 11.33 0.10 0.77 0.02 

E299 1.32 0.11 12.40 0.11 0.80 0.01 

S300 1.32 0.11 11.97 0.11 0.70 0.01 

V301 1.43 0.08 10.83 0.13 0.78 0.03 

A302 1.44 0.03 13.13 0.23 0.78 0.02 

D303 1.30 0.07 12.27 0.04 0.76 0.01 

Y304 1.39 0.02 12.97 0.07 0.78 0.01 

F305 1.36 0.11 11.77 0.09 0.79 0.01 

K306 1.40 0.05 11.83 0.07 0.75 0.01 

Q307 1.46 0.01 13.42 0.09 0.74 0.01 

I308 1.40 0.04 13.03 0.13 0.74 0.02 

G309 1.36 0.05 13.27 0.08 0.71 0.01 

I310 1.21 0.04 11.40 0.09 0.63 0.01 

I311 1.39 0.05 15.05 0.18 0.77 0.02 

T313 1.33 0.06 12.86 0.11 0.75 0.01 
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N314 1.25 0.08 11.76 0.09 0.74 0.01 

T317 1.34 0.03 11.43 0.11 0.65 0.01 

G318 1.39 0.06 10.76 0.10 0.70 0.01 

Q319 1.35 0.10 11.19 0.04 0.61 0.01 

M321 1.08 0.12 11.03 0.28 0.73 0.08 

I322 1.29 0.05 11.76 0.15 0.77 0.02 

L324 1.30 0.07 10.92 0.11 0.75 0.01 

T326 1.42 0.03 12.26 0.17 0.75 0.01 

D327 1.30 0.04 11.94 0.09 0.71 0.01 

E329 1.34 0.09 11.37 0.04 0.53 0.004 

T330 1.25 0.02 16.46 0.17 0.58 0.01 

G331 1.43 0.05 10.51 0.09 0.68 0.01 

K332 1.52 0.07 5.53 0.04 0.05 0.01 

G335 1.36 0.07 15.90 0.71 0.74 0.02 

T338 1.39 0.05 14.15 0.76 0.81 0.01 

V339 1.34 0.07 10.48 0.13 0.84 0.03 

S340 1.36 0.10 11.19 0.09 0.74 0.01 

F341 1.36 0.04 11.10 0.11 0.77 0.02 

D343 1.45 0.09 7.34 0.09 0.30 0.01 

S346 1.39 0.02 12.43 0.09 0.77 0.01 

A347 1.44 0.07 13.64 0.19 0.88 0.03 

A349 1.45 0.03 13.42 0.13 0.78 0.02 

A350 1.45 0.02 12.39 0.19 0.72 0.02 

I351 1.35 0.05 12.84 0.15 0.77 0.02 

D352 1.36 0.10 12.78 0.13 0.79 0.01 

W353 1.33 0.09 12.51 0.07 0.69 0.01 

F354 1.33 0.08 13.36 0.11 0.81 0.01 

D355 1.35 0.10 13.88 0.03 0.77 0.01 

E358 1.25 0.09 10.96 0.05 0.69 0.01 

F359 1.34 0.05 13.94 0.14 0.76 0.02 

S360 1.34 0.08 12.03 0.25 0.79 0.02 

G361 1.38 0.03 13.24 0.12 0.75 0.01 
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N362 1.35 0.06 11.26 0.03 0.72 0.01 

I364 1.45 0.08 13.28 0.06 0.65 0.01 

V366 1.32 0.10 11.46 0.26 0.79 0.04 

S367 1.38 0.04 12.92 0.08 0.57 0.01 

A369 1.45 0.08 11.10 0.12 0.78 0.02 

T370 1.33 0.10 10.19 0.10 0.63 0.01 

R372 1.64 0.03 7.00 0.09 0.43 0.02 

D374 1.60 0.07 6.51 0.06 0.27 0.003 

 

 

 

Table S20: R1, R2, [1H]-15N nOe relaxation rates measured for FUS-RRM (pH 4.6) at 600 MHz NMR spectrometer. Only data 

for which good fits were obtained have been shown. 

Residue 

number 

R1 (s-1) R2 (s-1) [1H]-15N nOe 

Value Error Value Error Value Error 

D283 1.43 0.08 9.12 0.07 0.52 0.01 

N285 1.37 0.06 6.11 0.71 0.78 0.01 

F288 1.43 0.04 12.44 0.57 0.79 0.02 

V289 1.43 0.06 13.86 0.27 0.71 0.04 

Q290 1.32 0.05 12.42 0.27 0.60 0.02 

G291 1.29 0.08 11.51 0.32 0.75 0.02 

G293 1.39 0.03 14.14 0.38 0.71 0.01 

E294 1.30 0.05 19.35 0.21 0.68 0.01 

N295 1.39 0.03 11.13 0.16 0.66 0.01 

V296 1.22 0.04 9.88 0.16 0.46 0.02 

T297 1.36 0.08 11.99 0.31 0.66 0.01 

I298 1.38 0.04 12.12 0.24 0.73 0.02 

E299 1.45 0.05 12.90 0.15 0.67 0.01 

S300 1.38 0.09 12.96 0.24 0.76 0.01 

V301 1.38 0.09 11.77 0.21 0.60 0.02 

A302 1.47 0.05 13.48 0.52 0.78 0.03 

D303 1.38 0.03 13.67 0.48 0.79 0.01 

Y304 1.45 0.04 11.61 0.17 0.79 0.01 
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F305 1.36 0.09 12.34 0.32 0.76 0.02 

K306 1.38 0.04 12.43 0.21 0.72 0.01 

Q307 1.49 0.01 13.03 0.12 0.70 0.01 

I308 1.38 0.04 13.50 0.28 0.72 0.02 

G309 1.38 0.05 14.47 0.49 0.72 0.01 

I310 1.25 0.05 12.66 0.28 0.61 0.01 

I311 1.41 0.05 15.80 0.44 0.73 0.03 

T313 1.33 0.04 12.74 0.34 0.78 0.01 

N314 1.27 0.08 11.58 0.21 0.70 0.01 

T317 1.32 0.02 13.14 0.61 0.61 0.01 

G318 1.40 0.05 11.34 0.28 0.68 0.01 

Q319 1.36 0.09 10.69 0.13 0.60 0.01 

M321 1.19 0.10 10.95 0.50 0.73 0.08 

I322 1.34 0.05 12.98 0.44 0.74 0.02 

L324 1.32 0.07 11.39 0.31 0.70 0.02 

T326 1.29 0.04 13.53 0.32 0.71 0.02 

D327 1.32 0.05 13.92 0.15 0.72 0.01 

E329 1.37 0.08 13.66 0.13 0.53 0.005 

T330 1.26 0.02 28.96 0.82 0.54 0.01 

G331 1.44 0.05 9.53 0.32 0.26 0.00 

K332 1.40 0.05 4.40 0.07 0.08 0.00 

G335 1.37 0.08 19.73 1.05 0.72 0.03 

T338 1.40 0.06 15.21 0.82 0.80 0.01 

V339 1.40 0.04 11.80 0.40 0.77 0.04 

S340 1.41 0.08 11.96 0.16 0.74 0.02 

F341 1.41 0.05 12.70 0.48 0.79 0.02 

D343 1.41 0.07 7.70 0.37 0.15 0.00 

S346 1.44 0.03 12.24 0.08 0.77 0.01 

A347 1.42 0.05 14.28 0.43 0.76 0.04 

A349 1.47 0.04 5.39 0.56 0.82 0.03 

A350 1.44 0.06 13.95 1.00 0.81 0.03 

I351 1.38 0.08 13.15 0.31 0.80 0.02 
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D352 1.39 0.07 14.16 0.26 0.76 0.01 

W353 1.37 0.08 12.16 0.17 0.78 0.01 

F354 1.38 0.07 13.89 0.19 0.78 0.02 

D355 1.39 0.08 13.99 0.15 0.76 0.01 

E358 1.41 0.08 5.68 0.16 0.30 0.00 

F359 1.32 0.05 15.99 0.46 0.75 0.02 

S360 1.38 0.07 15.23 0.67 0.75 0.02 

G361 1.33 0.02 14.22 0.18 0.68 0.01 

N362 1.37 0.06 11.54 0.22 0.71 0.01 

I364 1.58 0.09 12.40 0.14 0.66 0.01 

V366 1.41 0.06 11.96 0.60 0.75 0.04 

S367 1.37 0.08 11.90 0.10 0.78 0.01 

A369 1.44 0.09 11.11 0.27 0.76 0.03 

T370 1.26 0.09 10.25 0.08 0.62 0.01 

R372 1.50 0.07 7.56 0.34 0.27 0.01 

D374 1.53 0.05 5.97 0.09 0.23 0.003 
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Table S21: 15N CEST I/I0 data at pH 6.4. 

 I/I0 

15N 

Offset 

(ppm) 

N285 G293 E294 T297 E299 S300 D303 F305 Q307 T317 T330 T338 D352 D355 I351 G356 

102.0 0.58 0.51 0.60 0.58 0.58 0.59 0.58 0.59 0.56 0.54 0.58 0.54 0.58 0.58 0.61 0.57 

102.5 0.58 0.47 0.60 0.59 0.58 0.59 0.58 0.58 0.57 0.53 0.57 0.54 0.58 0.59 0.60 0.57 

103.0 0.57 0.42 0.59 0.59 0.58 0.59 0.57 0.58 0.57 0.50 0.55 0.56 0.57 0.59 0.60 0.56 

103.5 0.56 0.35 0.61 0.59 0.58 0.60 0.58 0.58 0.57 0.46 0.53 0.55 0.58 0.59 0.60 0.57 

104.0 0.58 0.19 0.60 0.58 0.58 0.59 0.58 0.58 0.56 0.37 0.51 0.53 0.56 0.59 0.61 0.56 

104.5 0.56 0.03 0.60 0.58 0.58 0.59 0.58 0.57 0.57 0.20 0.47 0.52 0.57 0.59 0.60 0.56 

105.0 0.57 0.01 0.59 0.58 0.58 0.58 0.58 0.56 0.57 0.04 0.40 0.51 0.58 0.59 0.58 0.56 

105.5 0.57 0.07 0.59 0.58 0.58 0.59 0.58 0.57 0.56 0.00 0.28 0.50 0.59 0.58 0.61 0.57 

106.0 0.58 0.23 0.60 0.58 0.58 0.59 0.58 0.58 0.56 0.06 0.12 0.47 0.58 0.58 0.59 0.57 

106.5 0.57 0.37 0.59 0.57 0.58 0.59 0.58 0.57 0.56 0.25 0.00 0.41 0.57 0.59 0.62 0.57 

107.0 0.58 0.43 0.59 0.56 0.57 0.59 0.58 0.57 0.56 0.40 0.01 0.30 0.58 0.58 0.61 0.56 

107.5 0.56 0.49 0.60 0.56 0.57 0.59 0.57 0.57 0.56 0.47 0.04 0.15 0.58 0.59 0.60 0.54 

108.0 0.58 0.52 0.59 0.55 0.59 0.58 0.58 0.55 0.56 0.51 0.21 0.02 0.57 0.59 0.59 0.55 

108.5 0.57 0.51 0.57 0.52 0.57 0.58 0.57 0.54 0.56 0.53 0.36 0.00 0.58 0.59 0.59 0.55 

109.0 0.57 0.50 0.56 0.50 0.58 0.57 0.57 0.54 0.56 0.55 0.43 0.06 0.57 0.58 0.59 0.51 

109.5 0.56 0.53 0.56 0.46 0.58 0.58 0.57 0.52 0.55 0.55 0.48 0.23 0.58 0.57 0.61 0.51 

110.0 0.56 0.54 0.55 0.38 0.57 0.57 0.57 0.48 0.55 0.57 0.51 0.36 0.57 0.59 0.59 0.52 

110.5 0.56 0.57 0.54 0.24 0.57 0.56 0.56 0.45 0.55 0.57 0.53 0.43 0.56 0.57 0.57 0.55 

111.0 0.55 0.58 0.51 0.06 0.57 0.56 0.55 0.37 0.55 0.58 0.56 0.46 0.56 0.57 0.60 0.53 

111.5 0.57 0.57 0.47 0.00 0.57 0.55 0.54 0.22 0.55 0.57 0.56 0.49 0.58 0.57 0.58 0.53 

112.0 0.56 0.58 0.39 0.04 0.57 0.55 0.53 0.05 0.53 0.56 0.56 0.51 0.57 0.58 0.58 0.50 

112.5 0.55 0.56 0.26 0.22 0.56 0.53 0.51 0.01 0.52 0.56 0.55 0.52 0.55 0.57 0.59 0.49 

113.0 0.55 0.57 0.07 0.36 0.56 0.51 0.48 0.03 0.51 0.56 0.54 0.53 0.55 0.56 0.58 0.45 

113.5 0.57 0.57 0.00 0.45 0.56 0.48 0.43 0.20 0.47 0.56 0.55 0.52 0.53 0.56 0.60 0.40 

114.0 0.56 0.57 0.01 0.50 0.55 0.41 0.34 0.35 0.44 0.58 0.58 0.51 0.53 0.55 0.60 0.32 

114.5 0.56 0.57 0.14 0.52 0.52 0.30 0.19 0.44 0.38 0.60 0.59 0.52 0.52 0.54 0.58 0.16 

115.0 0.54 0.58 0.31 0.55 0.51 0.13 0.03 0.48 0.27 0.59 0.59 0.54 0.50 0.53 0.56 0.01 

115.5 0.55 0.58 0.42 0.55 0.48 0.01 0.00 0.50 0.09 0.60 0.60 0.56 0.45 0.50 0.55 0.00 

116.0 0.53 0.58 0.48 0.56 0.44 0.01 0.05 0.52 -0.01 0.60 0.60 0.56 0.41 0.46 0.52 0.04 

116.5 0.53 0.58 0.51 0.55 0.38 0.11 0.22 0.53 0.01 0.59 0.60 0.55 0.31 0.41 0.56 0.19 

117.0 0.51 0.56 0.53 0.55 0.24 0.28 0.35 0.53 0.14 0.59 0.60 0.57 0.14 0.32 0.51 0.32 

117.5 0.49 0.58 0.54 0.54 0.07 0.39 0.42 0.53 0.29 0.60 0.61 0.56 0.02 0.15 0.45 0.40 

118.0 0.45 0.57 0.56 0.55 0.01 0.46 0.45 0.54 0.39 0.60 0.61 0.55 0.00 0.02 0.39 0.48 

118.5 0.37 0.57 0.56 0.57 0.01 0.50 0.49 0.56 0.44 0.61 0.60 0.55 0.08 0.01 0.26 0.49 

119.0 0.25 0.58 0.56 0.58 0.17 0.53 0.53 0.56 0.45 0.62 0.60 0.56 0.25 0.06 0.08 0.51 

119.5 0.08 0.57 0.55 0.59 0.32 0.54 0.54 0.57 0.48 0.61 0.60 0.56 0.37 0.23 0.02 0.53 

120.0 0.00 0.57 0.56 0.57 0.42 0.54 0.55 0.57 0.51 0.60 0.61 0.57 0.44 0.35 0.01 0.53 

120.5 0.02 0.58 0.58 0.59 0.46 0.54 0.56 0.58 0.53 0.60 0.62 0.56 0.47 0.43 0.16 0.55 

121.0 0.15 0.58 0.59 0.59 0.50 0.55 0.55 0.56 0.54 0.60 0.62 0.57 0.50 0.47 0.29 0.53 

121.5 0.31 0.57 0.60 0.59 0.51 0.56 0.57 0.57 0.54 0.60 0.62 0.56 0.52 0.48 0.40 0.54 

122.0 0.42 0.58 0.60 0.59 0.53 0.58 0.57 0.58 0.55 0.60 0.61 0.58 0.54 0.50 0.47 0.54 

122.5 0.47 0.58 0.59 0.58 0.52 0.58 0.58 0.58 0.55 0.61 0.61 0.57 0.53 0.54 0.52 0.56 

123.0 0.49 0.57 0.60 0.59 0.52 0.58 0.58 0.58 0.55 0.60 0.61 0.57 0.52 0.55 0.53 0.56 

123.5 0.52 0.58 0.60 0.58 0.52 0.58 0.58 0.56 0.55 0.61 0.60 0.58 0.54 0.56 0.54 0.56 
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124.0 0.54 0.59 0.60 0.59 0.55 0.58 0.58 0.59 0.56 0.61 0.61 0.57 0.55 0.57 0.57 0.56 

124.5 0.54 0.59 0.61 0.59 0.56 0.58 0.58 0.58 0.56 0.60 0.60 0.58 0.56 0.57 0.56 0.56 

125.0 0.55 0.58 0.60 0.60 0.56 0.58 0.58 0.59 0.56 0.60 0.61 0.57 0.56 0.57 0.60 0.58 

125.5 0.57 0.59 0.60 0.60 0.57 0.59 0.58 0.58 0.56 0.61 0.61 0.57 0.57 0.58 0.60 0.56 

126.0 0.56 0.58 0.60 0.60 0.57 0.59 0.59 0.58 0.55 0.60 0.61 0.56 0.58 0.58 0.59 0.55 

126.5 0.56 0.57 0.60 0.60 0.57 0.59 0.58 0.59 0.56 0.60 0.62 0.57 0.58 0.58 0.59 0.58 

127.0 0.56 0.58 0.60 0.59 0.57 0.58 0.59 0.58 0.56 0.60 0.61 0.57 0.58 0.58 0.60 0.59 

127.5 0.55 0.58 0.61 0.59 0.58 0.59 0.59 0.58 0.56 0.60 0.60 0.56 0.59 0.57 0.61 0.57 

128.0 0.57 0.58 0.60 0.60 0.57 0.58 0.59 0.59 0.56 0.60 0.61 0.57 0.58 0.57 0.59 0.56 

128.5 0.56 0.59 0.61 0.60 0.58 0.59 0.58 0.59 0.56 0.60 0.60 0.57 0.59 0.57 0.61 0.57 

129.0 0.58 0.59 0.60 0.60 0.57 0.59 0.58 0.58 0.57 0.61 0.62 0.56 0.58 0.59 0.60 0.56 

129.5 0.57 0.58 0.60 0.60 0.58 0.59 0.59 0.60 0.57 0.60 0.61 0.56 0.58 0.58 0.59 0.57 

130.0 0.56 0.58 0.61 0.59 0.56 0.59 0.58 0.58 0.56 0.61 0.61 0.57 0.59 0.58 0.59 0.56 

130.5 0.56 0.58 0.60 0.59 0.58 0.59 0.59 0.58 0.56 0.60 0.62 0.57 0.59 0.57 0.62 0.56 

131.0 0.56 0.57 0.60 0.60 0.58 0.59 0.58 0.58 0.56 0.61 0.62 0.57 0.59 0.57 0.57 0.57 

131.5 0.58 0.59 0.60 0.60 0.58 0.60 0.59 0.58 0.57 0.61 0.63 0.57 0.57 0.58 0.61 0.57 

132.0 0.58 0.58 0.60 0.60 0.58 0.59 0.58 0.60 0.57 0.61 0.61 0.57 0.57 0.58 0.61 0.59 

132.5 0.58 0.58 0.60 0.59 0.58 0.59 0.58 0.58 0.57 0.61 0.60 0.55 0.57 0.59 0.61 0.56 

133.0 0.57 0.58 0.61 0.59 0.58 0.59 0.59 0.59 0.56 0.61 0.60 0.57 0.58 0.59 0.59 0.55 

 

 

 

Table S22: 15N CEST I/I0 data at pH 4.6. 

 I/I0 

15N 

offset 

(ppm) 

E294 T297 E299 F305 Q307 T317 T330 T338 D352 S360 

102.0 0.56 0.58 0.59 0.58 0.58 0.56 0.52 0.55 0.55 0.57 

102.5 0.59 0.56 0.57 0.60 0.55 0.55 0.60 0.56 0.58 0.54 

103.0 0.60 0.60 0.59 0.60 0.58 0.50 0.54 0.54 0.60 0.59 

103.5 0.60 0.61 0.58 0.56 0.56 0.47 0.53 0.53 0.59 0.62 

104.0 0.60 0.59 0.58 0.61 0.54 0.38 0.48 0.55 0.58 0.65 

104.5 0.59 0.58 0.60 0.58 0.55 0.21 0.46 0.51 0.57 0.57 

105.0 0.58 0.59 0.59 0.58 0.55 0.06 0.37 0.51 0.58 0.59 

105.5 0.62 0.60 0.59 0.58 0.56 -0.02 0.29 0.51 0.58 0.62 

106.0 0.58 0.54 0.58 0.62 0.55 0.04 0.14 0.48 0.58 0.62 

106.5 0.61 0.55 0.59 0.57 0.57 0.20 0.03 0.39 0.58 0.59 

107.0 0.57 0.57 0.58 0.57 0.55 0.37 0.00 0.31 0.60 0.62 

107.5 0.58 0.56 0.58 0.55 0.56 0.45 0.04 0.15 0.58 0.57 

108.0 0.59 0.54 0.59 0.56 0.54 0.49 0.01 0.02 0.59 0.58 

108.5 0.58 0.54 0.58 0.53 0.56 0.51 0.09 -0.01 0.54 0.60 

109.0 0.57 0.50 0.57 0.56 0.55 0.54 0.18 0.04 0.56 0.60 

109.5 0.57 0.46 0.57 0.51 0.55 0.54 0.29 0.15 0.57 0.61 

110.0 0.53 0.35 0.57 0.51 0.53 0.53 0.37 0.32 0.56 0.62 

110.5 0.52 0.23 0.56 0.45 0.55 0.55 0.47 0.43 0.58 0.62 

111.0 0.48 0.09 0.55 0.35 0.54 0.55 0.50 0.47 0.57 0.58 
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111.5 0.46 -0.02 0.57 0.24 0.54 0.54 0.52 0.47 0.58 0.57 

112.0 0.40 -0.03 0.55 0.05 0.55 0.54 0.49 0.52 0.57 0.61 

112.5 0.25 0.10 0.57 -0.01 0.51 0.50 0.44 0.51 0.55 0.62 

113.0 0.11 0.26 0.54 0.02 0.51 0.52 0.48 0.50 0.54 0.58 

113.5 0.02 0.39 0.55 0.13 0.48 0.56 0.52 0.49 0.52 0.65 

114.0 -0.01 0.46 0.54 0.30 0.43 0.57 0.57 0.44 0.52 0.56 

114.5 0.01 0.46 0.54 0.41 0.37 0.58 0.59 0.46 0.50 0.58 

115.0 0.15 0.54 0.50 0.46 0.24 0.59 0.60 0.50 0.49 0.61 

115.5 0.28 0.52 0.47 0.51 0.09 0.62 0.62 0.55 0.42 0.59 

116.0 0.36 0.56 0.40 0.53 0.04 0.61 0.58 0.55 0.34 0.56 

116.5 0.44 0.50 0.30 0.52 0.01 0.60 0.61 0.58 0.22 0.60 

117.0 0.45 0.55 0.14 0.52 0.12 0.62 0.60 0.58 0.05 0.54 

117.5 0.49 0.48 0.02 0.45 0.26 0.59 0.55 0.57 -0.01 0.50 

118.0 0.49 0.50 0.01 0.53 0.37 0.62 0.60 0.58 -0.02 0.49 

118.5 0.50 0.52 0.05 0.55 0.39 0.61 0.65 0.59 0.10 0.51 

119.0 0.49 0.56 0.24 0.54 0.41 0.62 0.60 0.56 0.25 0.53 

119.5 0.48 0.58 0.36 0.55 0.42 0.58 0.61 0.57 0.38 0.53 

120.0 0.52 0.60 0.42 0.55 0.50 0.60 0.62 0.58 0.43 0.55 

120.5 0.54 0.59 0.44 0.58 0.51 0.60 0.60 0.54 0.45 0.53 

121.0 0.59 0.57 0.47 0.57 0.53 0.62 0.57 0.60 0.48 0.50 

121.5 0.60 0.60 0.48 0.58 0.56 0.62 0.60 0.55 0.48 0.55 

122.0 0.57 0.59 0.51 0.58 0.53 0.62 0.59 0.56 0.47 0.47 

122.5 0.57 0.56 0.47 0.60 0.53 0.58 0.61 0.60 0.46 0.44 

123.0 0.60 0.60 0.46 0.61 0.56 0.58 0.61 0.59 0.50 0.34 

123.5 0.61 0.58 0.50 0.59 0.57 0.61 0.62 0.58 0.53 0.26 

124.0 0.60 0.60 0.52 0.60 0.55 0.61 0.61 0.56 0.55 0.13 

124.5 0.60 0.62 0.54 0.60 0.56 0.61 0.62 0.57 0.56 0.00 

125.0 0.59 0.60 0.57 0.56 0.57 0.60 0.60 0.55 0.54 0.00 

125.5 0.60 0.61 0.58 0.59 0.55 0.61 0.57 0.61 0.59 0.03 

126.0 0.58 0.60 0.58 0.59 0.55 0.60 0.65 0.54 0.55 0.13 

126.5 0.60 0.60 0.58 0.61 0.56 0.59 0.63 0.58 0.56 0.38 

127.0 0.60 0.63 0.55 0.57 0.55 0.63 0.63 0.56 0.57 0.42 

127.5 0.62 0.56 0.57 0.63 0.56 0.62 0.64 0.59 0.57 0.50 

128.0 0.61 0.60 0.58 0.59 0.53 0.60 0.61 0.60 0.57 0.48 

128.5 0.62 0.59 0.58 0.59 0.57 0.59 0.63 0.58 0.58 0.54 

129.0 0.62 0.60 0.57 0.57 0.54 0.62 0.62 0.57 0.57 0.56 

129.5 0.60 0.60 0.57 0.59 0.57 0.63 0.62 0.55 0.59 0.56 

130.0 0.64 0.60 0.59 0.58 0.55 0.61 0.65 0.57 0.60 0.59 

130.5 0.60 0.58 0.58 0.60 0.55 0.59 0.63 0.51 0.59 0.56 

131.0 0.62 0.61 0.59 0.60 0.55 0.60 0.66 0.59 0.54 0.55 

131.5 0.59 0.56 0.58 0.59 0.58 0.62 0.62 0.58 0.56 0.60 

132.0 0.61 0.58 0.58 0.64 0.53 0.60 0.62 0.59 0.57 0.63 

132.5 0.57 0.59 0.57 0.59 0.58 0.60 0.63 0.58 0.59 0.59 
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133.0 0.59 0.59 0.57 0.59 0.56 0.61 0.61 0.57 0.59 0.64 

133.5 0.60 0.56 0.58 0.58 0.54 0.61 0.61 0.58 0.58 0.62 

134.0 0.59 0.60 0.59 0.57 0.55 0.62 0.59 0.57 0.59 0.63 

 

Table S23: 15N CEST I/I0 data for 1M urea. 

 I/I0 

15N offset 

(ppm) 
G293 E294 T297 E299 S300 D303 F305 Q307 T317 T330 T338 D352 D355 G356 

102.0 0.48 0.58 0.54 0.52 0.58 0.56 0.54 0.54 0.52 0.54 0.54 0.53 0.56 0.53 

102.5 0.47 0.58 0.54 0.54 0.57 0.55 0.54 0.55 0.50 0.54 0.53 0.54 0.55 0.51 

103.0 0.42 0.58 0.52 0.54 0.56 0.56 0.53 0.54 0.49 0.54 0.50 0.55 0.56 0.54 

103.5 0.35 0.58 0.54 0.54 0.56 0.56 0.53 0.55 0.44 0.51 0.50 0.54 0.56 0.54 

104.0 0.22 0.57 0.55 0.55 0.56 0.55 0.55 0.54 0.38 0.51 0.52 0.53 0.53 0.51 

104.5 0.05 0.55 0.54 0.54 0.56 0.55 0.54 0.53 0.22 0.45 0.52 0.55 0.54 0.53 

105.0 0.02 0.57 0.52 0.53 0.57 0.55 0.52 0.53 0.07 0.39 0.49 0.54 0.53 0.55 

105.5 0.05 0.57 0.51 0.54 0.57 0.56 0.53 0.58 0.03 0.33 0.48 0.54 0.54 0.52 

106.0 0.19 0.58 0.53 0.55 0.57 0.55 0.54 0.54 0.07 0.14 0.44 0.54 0.54 0.52 

106.5 0.29 0.55 0.54 0.50 0.56 0.55 0.54 0.55 0.25 0.00 0.41 0.55 0.56 0.50 

107.0 0.39 0.56 0.53 0.52 0.56 0.54 0.54 0.53 0.36 0.01 0.30 0.53 0.55 0.52 

107.5 0.42 0.57 0.52 0.54 0.56 0.55 0.56 0.52 0.46 0.08 0.20 0.55 0.54 0.51 

108.0 0.46 0.59 0.49 0.53 0.56 0.56 0.55 0.56 0.48 0.23 0.04 0.55 0.55 0.55 

108.5 0.41 0.56 0.49 0.55 0.57 0.56 0.50 0.53 0.48 0.36 0.01 0.53 0.54 0.50 

109.0 0.38 0.55 0.45 0.54 0.56 0.54 0.49 0.53 0.50 0.44 0.08 0.54 0.56 0.38 

109.5 0.42 0.55 0.43 0.56 0.55 0.55 0.49 0.54 0.54 0.48 0.20 0.53 0.55 0.40 

110.0 0.48 0.53 0.36 0.55 0.56 0.54 0.46 0.54 0.54 0.51 0.33 0.53 0.55 0.47 

110.5 0.48 0.52 0.24 0.54 0.55 0.54 0.41 0.52 0.53 0.49 0.35 0.52 0.55 0.46 

111.0 0.53 0.49 0.07 0.51 0.55 0.52 0.34 0.54 0.52 0.54 0.44 0.51 0.56 0.48 

111.5 0.51 0.45 0.01 0.53 0.55 0.51 0.22 0.51 0.55 0.53 0.44 0.53 0.54 0.46 

112.0 0.51 0.40 0.05 0.51 0.54 0.51 0.07 0.49 0.54 0.51 0.48 0.53 0.52 0.47 

112.5 0.50 0.29 0.21 0.52 0.52 0.50 0.00 0.49 0.49 0.52 0.50 0.52 0.53 0.42 

113.0 0.52 0.10 0.33 0.52 0.50 0.46 0.04 0.48 0.47 0.48 0.47 0.50 0.53 0.43 

113.5 0.52 0.01 0.39 0.52 0.47 0.44 0.19 0.45 0.46 0.44 0.46 0.52 0.55 0.39 

114.0 0.52 
-

0.01 
0.46 0.52 0.42 0.37 0.32 0.43 0.47 0.50 0.42 0.50 0.54 0.27 

114.5 0.52 0.12 0.49 0.51 0.33 0.24 0.38 0.39 0.52 0.52 0.43 0.49 0.51 0.19 
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115.0 0.55 0.28 0.50 0.49 0.17 0.06 0.45 0.27 0.51 0.56 0.46 0.48 0.51 0.03 

115.5 0.55 0.42 0.49 0.45 0.02 0.01 0.44 0.06 0.55 0.56 0.52 0.45 0.47 0.01 

116.0 0.53 0.46 0.52 0.42 0.01 0.05 0.46 0.00 0.56 0.57 0.53 0.42 0.47 0.03 

116.5 0.55 0.48 0.50 0.38 0.10 0.21 0.49 0.01 0.54 0.57 0.54 0.31 0.41 0.14 

117.0 0.50 0.52 0.50 0.27 0.27 0.31 0.49 0.14 0.55 0.57 0.55 0.18 0.34 0.30 

117.5 0.56 0.49 0.45 0.11 0.38 0.39 0.46 0.29 0.54 0.59 0.53 0.02 0.17 0.41 

118.0 0.52 0.51 0.41 0.00 0.46 0.40 0.40 0.37 0.57 0.57 0.50 0.02 0.03 0.44 

118.5 0.54 0.53 0.44 0.03 0.48 0.39 0.45 0.40 0.54 0.58 0.53 0.05 0.01 0.45 

119.0 0.55 0.51 0.50 0.15 0.49 0.46 0.50 0.40 0.59 0.57 0.54 0.20 0.04 0.48 

119.5 0.54 0.46 0.52 0.30 0.51 0.50 0.50 0.40 0.52 0.58 0.56 0.35 0.19 0.51 

120.0 0.53 0.45 0.53 0.39 0.51 0.52 0.53 0.42 0.55 0.60 0.50 0.40 0.33 0.49 

120.5 0.53 0.50 0.54 0.41 0.50 0.52 0.52 0.49 0.56 0.60 0.50 0.43 0.37 0.48 

121.0 0.54 0.53 0.52 0.45 0.49 0.54 0.57 0.52 0.57 0.57 0.53 0.45 0.41 0.53 

121.5 0.52 0.55 0.52 0.48 0.51 0.54 0.52 0.50 0.57 0.58 0.54 0.47 0.42 0.53 

122.0 0.51 0.55 0.55 0.49 0.54 0.54 0.57 0.52 0.56 0.58 0.56 0.48 0.40 0.51 

122.5 0.53 0.57 0.55 0.46 0.55 0.54 0.55 0.53 0.56 0.58 0.54 0.47 0.46 0.51 

123.0 0.53 0.58 0.52 0.46 0.55 0.54 0.56 0.54 0.58 0.58 0.57 0.44 0.50 0.49 

123.5 0.55 0.56 0.54 0.45 0.56 0.55 0.53 0.51 0.58 0.59 0.53 0.43 0.52 0.51 

124.0 0.56 0.56 0.55 0.42 0.56 0.55 0.53 0.56 0.58 0.59 0.54 0.50 0.52 0.52 

124.5 0.54 0.56 0.55 0.46 0.56 0.56 0.56 0.52 0.55 0.62 0.53 0.50 0.53 0.52 

125.0 0.52 0.56 0.54 0.51 0.56 0.56 0.53 0.53 0.57 0.60 0.54 0.54 0.56 0.50 

125.5 0.53 0.58 0.53 0.51 0.58 0.55 0.55 0.55 0.58 0.59 0.55 0.54 0.55 0.51 

126.0 0.55 0.57 0.54 0.53 0.58 0.55 0.54 0.55 0.57 0.61 0.51 0.53 0.55 0.52 

126.5 0.53 0.59 0.55 0.52 0.56 0.56 0.57 0.51 0.56 0.59 0.54 0.52 0.54 0.49 

127.0 0.50 0.57 0.56 0.52 0.56 0.55 0.53 0.53 0.56 0.59 0.54 0.54 0.54 0.50 

127.5 0.55 0.57 0.55 0.52 0.57 0.56 0.57 0.56 0.58 0.55 0.52 0.53 0.55 0.52 

128.0 0.54 0.57 0.53 0.54 0.57 0.57 0.54 0.54 0.57 0.56 0.57 0.53 0.54 0.55 

128.5 0.55 0.57 0.54 0.53 0.56 0.57 0.54 0.54 0.58 0.59 0.53 0.53 0.55 0.53 

129.0 0.52 0.57 0.53 0.55 0.57 0.56 0.52 0.54 0.55 0.58 0.53 0.55 0.55 0.53 

129.5 0.55 0.58 0.54 0.54 0.56 0.57 0.55 0.54 0.55 0.57 0.51 0.53 0.53 0.53 

130.0 0.55 0.58 0.54 0.53 0.58 0.54 0.56 0.54 0.55 0.58 0.52 0.56 0.55 0.50 

130.5 0.54 0.58 0.54 0.53 0.57 0.58 0.55 0.55 0.57 0.58 0.55 0.54 0.57 0.50 
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131.0 0.54 0.57 0.53 0.54 0.57 0.55 0.52 0.54 0.57 0.62 0.53 0.56 0.55 0.53 

131.5 0.56 0.57 0.53 0.52 0.57 0.55 0.51 0.53 0.58 0.60 0.53 0.55 0.55 0.55 

132.0 0.55 0.58 0.56 0.56 0.56 0.57 0.54 0.55 0.55 0.57 0.54 0.55 0.56 0.54 

132.5 0.53 0.59 0.54 0.54 0.56 0.56 0.58 0.53 0.56 0.57 0.55 0.55 0.56 0.56 

133.0 0.53 0.57 0.54 0.56 0.57 0.55 0.55 0.53 0.56 0.57 0.53 0.54 0.56 0.54 

 

 

 

Table S24: 15N CEST I/I0 data for pH 6.4 in presence of ATP. 

 I/I0 

15N offset 

(ppm) 
N285 E294 T297 E299 S300 F305 Q307 T317 T330 T338 D352 D355 G356 

101.17 0.58 0.61 0.63 0.56 0.59 0.60 0.57 0.57 0.60 0.55 0.60 0.59 0.61 

102.49 0.58 0.62 0.60 0.58 0.60 0.60 0.58 0.48 0.55 0.53 0.64 0.57 0.60 

103.81 0.59 0.61 0.62 0.59 0.59 0.59 0.56 0.15 0.41 0.52 0.64 0.57 0.57 

105.13 0.55 0.62 0.60 0.60 0.60 0.57 0.57 0.06 0.12 0.47 0.62 0.60 0.61 

106.45 0.58 0.61 0.61 0.57 0.60 0.58 0.55 0.43 
-

0.02 
0.19 0.64 0.53 0.55 

107.77 0.58 0.58 0.55 0.55 0.59 0.58 0.59 0.54 0.32 0.01 0.62 0.56 0.55 

109.09 0.56 0.55 0.40 0.59 0.58 0.50 0.56 0.59 0.51 0.36 0.62 0.58 0.54 

110.40 0.57 0.47 
-

0.01 
0.57 0.57 0.32 0.54 0.58 0.55 0.49 0.61 0.56 0.53 

111.72 0.53 0.22 0.48 0.59 0.55 0.01 0.51 0.56 0.56 0.54 0.60 0.57 0.46 

113.04 0.53 0.01 0.57 0.50 0.43 0.51 0.46 0.59 0.58 0.53 0.56 0.58 0.30 

114.36 0.53 0.51 0.59 0.49 0.02 0.54 0.20 0.61 0.61 0.57 0.49 0.52 
-

0.01 

115.68 0.51 0.57 0.56 0.34 0.51 0.55 
1.80025652E-

4 
0.61 0.62 0.55 0.27 0.40 0.44 

117.00 0.46 0.57 0.60 0.01 0.55 0.58 0.47 0.61 0.65 0.54 0.01 0.02 0.48 
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118.32 0.15 0.57 0.62 0.49 0.56 0.61 0.55 0.61 0.63 0.57 0.49 0.11 0.59 

119.64 0.03 0.60 0.62 0.50 0.59 0.62 0.55 0.62 0.64 0.57 0.54 0.43 0.56 

120.96 0.38 0.61 0.61 0.53 0.59 0.57 0.55 0.63 0.62 0.61 0.56 0.48 0.58 

122.28 0.49 0.62 0.63 0.59 0.59 0.64 0.55 0.63 0.65 0.57 0.61 0.56 0.61 

123.60 0.54 0.61 0.61 0.55 0.60 0.59 0.57 0.60 0.64 0.57 0.60 0.57 0.58 

124.91 0.56 0.62 0.63 0.56 0.60 0.65 0.57 0.60 0.63 0.57 0.62 0.58 0.58 

126.23 0.55 0.62 0.65 0.57 0.60 0.62 0.57 0.60 0.64 0.57 0.62 0.57 0.61 

127.55 0.57 0.60 0.60 0.58 0.60 0.61 0.56 0.63 0.63 0.61 0.63 0.58 0.57 

128.87 0.56 0.61 0.63 0.59 0.59 0.60 0.56 0.63 0.63 0.59 0.61 0.57 0.59 

130.19 0.58 0.62 0.66 0.62 0.59 0.62 0.57 0.63 0.64 0.58 0.62 0.57 0.64 

131.51 0.54 0.63 0.60 0.58 0.61 0.60 0.57 0.62 0.64 0.58 0.62 0.58 0.61 

132.83 0.58 0.63  0.58   0.57 0.64 0.64 0.58 0.62 0.60  

 

Table S25: 15N CEST I/I0 data for pH 4.6 in presence of ATP. 

 I/I0 
15N offset (ppm) E294 T297 F305 Q307 T317 T330 T338 D352 S360 

101.17 0.61 0.60 0.60 0.59 0.51 0.53 0.56 0.56 0.62 

102.49 0.58 0.59 0.58 0.57 0.43 0.51 0.57 0.57 0.62 

103.81 0.61 0.58 0.55 0.58 0.14 0.36 0.51 0.57 0.61 

105.13 0.57 0.57 0.55 0.57 0.04 0.19 0.43 0.58 0.65 

106.45 0.58 0.55 0.56 0.58 0.40 0.00 0.16 0.56 0.59 

107.77 0.56 0.52 0.53 0.59 0.51 0.04 -0.02 0.58 0.61 

109.09 0.53 0.40 0.51 0.58 0.54 0.31 0.51 0.56 0.68 

110.40 0.44 0.01 0.31 0.57 0.56 0.44 0.53 0.55 0.61 

111.72 0.19 0.12 -0.02 0.54 0.51 0.47 0.50 0.54 0.63 

113.04 -0.01 0.43 0.48 0.45 0.58 0.52 0.59 0.52 0.62 

114.36 0.42 0.52 0.48 0.17 0.60 0.57 0.58 0.42 0.61 

115.68 0.49 0.55 0.49 -0.01 0.59 0.60 0.58 0.16 0.60 

117.00 0.47 0.50 0.55 0.43 0.60 0.62 0.59 -0.01 0.53 

119.64 0.55 0.56 0.56 0.52 0.61 0.62 0.61 0.45 0.56 

120.96 0.60 0.62 0.58 0.56 0.61 0.65 0.59 0.47 0.56 

122.28 0.63 0.65 0.57 0.55 0.61 0.61 0.57 0.52 0.49 

123.60 0.58 0.61 0.58 0.57 0.60 0.64 0.57 0.56 0.33 

124.91 0.61 0.60 0.55 0.59 0.61 0.62 0.60 0.57 0.04 

126.23 0.60 0.63 0.56 0.58 0.60 0.58 0.59 0.57 0.08 

127.55 0.61 0.62 0.62 0.58 0.64 0.62 0.58 0.58 0.45 

128.87 0.61 0.63 0.60 0.59 0.61 0.61 0.58 0.59 0.53 



 

 

141 

 

130.19 0.63 0.64 0.60 0.61 0.63 0.65 0.60 0.58 0.58 

131.51 0.60 0.59 0.59 0.60 0.64 0.64 0.60 0.57 0.60 

132.83 0.60 0.61 0.60 0.60 0.59 0.64 0.63 0.59 0.61 

 

Table S26: pES and kex obtained by fitting HARD-R1ρ/2ρ and 15N-CEST for various samples and the corresponding free energies. 

HARD R1ρ and R2ρ 

RRM pES (%) kex (ks-1) ΔG (kcal/mol) 

pH 6.4 6.2 ± 5.0 40.9 ± 2.3 1.6±0.5 

pH 4.6 2.1 ± 0.6 0.3 ± 0.2 2.3±0.2 

RRM + ATP pES (%) kex (ks-1) ΔG (kcal/mol) 

pH 6.4 2.7 ± 1.4 3.7 ± 0.5 2.1±0.3 

pH 4.6 9.0 ± 6.6 23.9 ± 1.8 1.4±0.4 

CEST 

RRM pES (%) kex (ks-1) ΔG (kcal/mol) 

pH 6.4 0.1 ± 0.0 0.3 ± 0.0 3.9±0.0 

pH 4.6 0.5 ± 0.1 0.1 ± 0.0 3.1±0.1 

RRM + ATP pES (%) kex (ks-1) ΔG (kcal/mol) 

pH 6.4 0.5 (fixed) 0.1 (fixed) 3.1±0.0 

pH 4.6 0.5 ± 0.0 

 
0.9 (fixed) 3.2±0.0 

RRM + 1 M urea pES (%) kex (ks-1) ΔG (kcal/mol) 

pH 6.4 0.5 ± 0.0 0.2 ± 0.0 3.1±0.0 

 

  



 

 

 

 

 




