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Abstract 
 

Protein kinases are major therapeutic targets, but the high conservation of their 

ATP-binding sites limits the development of selective inhibitors. This has increased 

interest in kinase conformational ensembles and long-range allosteric 

communication as alternative routes for selective modulation. Here, p38α MAP 

kinase was used as a model system to investigate how dynamic communication 

across the kinase domain regulates structure, stability, hydration, and ligand 

response. Large-scale molecular dynamics simulations combined with dynamical 

network analysis identified key residues that mediate communication between the 

N- and C-lobes and connect functional regions including the activation loop, hinge, 

lipid-binding domain, and cryptic allosteric pocket. These predictions were 

experimentally tested using NMR spectroscopy, biochemical activity assays, and 

selected p38α mutants in the presence and absence of an active-site inhibitor. 

A second part of the study focused on Asp168, the conserved aspartate of the DFG 

motif, which is essential for catalytic activity and activation-loop organisation. 

Mutation of this residue induced long-range effects beyond the active site, altering 

thermal stability, residue-level flexibility, cross-lobe correlations, ligand behaviour, 

and hydration networks in distal pockets. In particular, D168A reorganised water-

associated signals around the activation loop and lipid pocket, obtained through 

experimental solution and solid-state NMR and bolstered by molecular dynamics 

simulations, demonstrating that perturbation of a catalytic DFG residue can reshape 

both protein dynamics and solvent organisation across the kinase domain. Together, 

these results provide atomistic insight into how local perturbations propagate 

through p38α to regulate allosteric communication. This integrated computational 

and experimental structural-biology framework to understand the dynamic allostery 

functioning within the kinase may guide the rational design of selective allosteric 

kinase modulators that exploit dynamic and hydration-mediated regulatory networks 

rather than conserved active-site features alone. 
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Zusammenfassung 

 

Proteinkinasen sind wichtige therapeutische Zielstrukturen, aber die hohe 

Konservierung ihrer ATP-Bindungsstellen schränkt die Entwicklung selektiver 

Inhibitoren ein. Dies hat das Interesse an Kinase-Konformationsensembles und 

langreichweitiger allosterischer Kommunikation als alternative Wege für eine 

selektive Modulation erhöht. Hier wurde die p38α-MAP-Kinase als Modellsystem 

verwendet, um zu untersuchen, wie dynamische Kommunikation innerhalb der 

Kinasedomäne Struktur, Stabilität, Hydratation und Ligandenantwort reguliert. 

Großskalige Molekulardynamik-Simulationen, kombiniert mit dynamischer 

Netzwerkanalyse, identifizierten zentrale Residuen, die die Kommunikation 

zwischen dem N- und C-Lobus vermitteln und funktionelle Regionen verbinden, 

darunter die Aktivierungsschleife, die Hinge-Region, die Lipidbindungsdomäne und 

eine kryptische allosterische Tasche. Diese Vorhersagen wurden experimentell 

mittels NMR-Spektroskopie, biochemischer Aktivitätsassays und ausgewählter 

p38α-Mutanten in An- und Abwesenheit eines aktiven-Zentrum-Inhibitors getestet. 

Ein zweiter Teil der Studie konzentrierte sich auf Asp168, das konservierte Aspartat 

des DFG-Motivs, das essenziell für die katalytische Aktivität und die Organisation 

der Aktivierungsschleife ist. Die Mutation dieses Residues induzierte 

langreichweitige Effekte über das aktive Zentrum hinaus und veränderte die 

thermische Stabilität, residuenspezifische Flexibilität, lobusübergreifende 

Korrelationen, das Ligandenverhalten und Hydratationsnetzwerke in distalen 

Taschen. Insbesondere reorganisierte D168A wasserassoziierte Signale um die 

Aktivierungsschleife und die Lipidtasche, die durch experimentelle Lösungs- und 

Festkörper-NMR erhalten und durch Molekulardynamik-Simulationen gestützt 

wurden. Dies zeigt, dass die Störung eines katalytischen DFG-Residues sowohl die 

Proteindynamik als auch die Lösungsmittelorganisation über die Kinasedomäne 

hinweg umgestalten kann. 

Zusammen liefern diese Ergebnisse atomistische Einblicke darin, wie lokale 

Störungen durch p38α propagieren, um allosterische Kommunikation zu regulieren. 

Dieser integrierte rechnergestützte und experimentelle strukturbiologische Rahmen 

zum Verständnis der dynamischen Allosterie innerhalb der Kinase könnte die 

rationale Entwicklung selektiver allosterischer Kinase-Modulatoren unterstützen, 

die dynamische und hydratationsvermittelte regulatorische Netzwerke ausnutzen, 

anstatt ausschließlich auf konservierte aktive-Zentrum-Merkmale abzuzielen. 
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1. Introduction 

 
This section presents the conceptual and methodological framework of the study. It 

covers protein dynamics, dynamic allostery, the main structural-biology techniques 

used in this work, molecular dynamics simulations, NMR spectroscopy, X-ray 

crystallography, recombinant protein production and the biological relevance of 

p38α kinase.  
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1.1 Proteins: Structure, Function and 

Dynamics 

 
 

Proteins are biopolymers composed of amino acids and perform a wide range of 

essential biological functions. They serve as structural components, enzymes, 

signaling molecules, transporters, receptors, and regulators of cellular processes, 

including programmed cell death1. Depending on their amino acid sequence, 

proteins fold into specific three-dimensional structures that determine their stability, 

interactions, and function. Protein structure is commonly described at four 

hierarchical levels of increasing complexity: primary, secondary, tertiary, and 

quaternary structure. 

The primary structure (Fig. 1.1) refers to the linear sequence of amino acids in a 

polypeptide chain and provides the basis for all higher levels of protein 

organization2. The secondary structure (Fig. 1.1) describes the local spatial 

arrangement of the polypeptide backbone, excluding the side chains. The major 

secondary structural elements are α-helices, β-sheets, and loops. These structures are 

defined by the backbone dihedral angles φ and ψ, as well as by characteristic 

hydrogen-bonding patterns. An α-helix is formed when the protein backbone adopts 

a right-handed helical conformation with 3.6 residues per turn, stabilized by 

hydrogen bonds between the carbonyl group of residues i and the amide group of 

residues i+4. A β-sheet consists of at least two β-strands in an extended 

conformation, with hydrogen bonds formed between adjacent strands. Loops and 

turns are less regular structural elements that connect helices and β-sheets and often 

contribute to functional flexibility. 

The tertiary structure (Fig. 1.1) refers to the overall three-dimensional arrangement 

of all atoms within a single polypeptide chain, including the precise spatial 

organization of secondary structural elements and functional groups3. Tertiary 

structure can be described in terms of domains, folds, and motifs. Domains are 

compact, semi-independent structural units that often correspond to specific 

functions. Folds describe characteristic three-dimensional arrangements of 

secondary structure elements, whereas motifs are recurring structural patterns that 

often contribute to biological function. 
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The quaternary structure (Fig. 1.1) describes the spatial arrangement and interaction 

of multiple polypeptide subunits within a protein complex. This level of organization 

is often closely linked to protein function and allosteric regulation as established in 

early research4. Allostery refers to the ability of a protein to adopt different 

functional states that exist in dynamic equilibrium and can be shifted by ligand 

binding or other regulatory events. In multimeric proteins, this may involve distinct 

conformations of individual subunits assembling into different higher-order states, 

thereby modulating the activity and properties of the overall complex5. With more 

investigation of this phenomena, modern reviews explicitly note that allosteric 

effects also occur in monomeric proteins, and that quaternary structural change is 

not a requirement for allostery. 

Fig. 1.1: Illustrating some examples of hierarchical levels of protein structure, 

including the primary, secondary, tertiary, and quaternary levels. 
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1.2 Dynamic Allostery 

 

Allostery describes the phenomenon by which a perturbation at one site is sensed at 

another, spatially distinct site. This communication may arise from substantial 

structural rearrangements or, even in the absence of major conformational change6, 

from interdependent dynamic features distributed throughout the protein6, 7. The 

latter mechanism, commonly termed dynamic allostery, involves the redistribution 

of correlated motions across the protein. Ligand binding may reshape the 

frequencies and amplitudes of thermally driven macromolecular fluctuations8, 

whereas distal mutations can influence function through “hinge-shift” mechanisms 

that preserve the core architecture and may facilitate evolutionary diversification of 

protein function9.  

The conceptual development of allostery has progressed from discrete state-

transition models to an ensemble-based framework. Classical allostery was first 

formalized in the Monod–Wyman–Changeux (MWC) model as a concerted 

structural transition between discrete functional states7, in which ligand binding 

shifts the equilibrium between these states. This framework was later expanded by 

the Koshland–Némethy–Filmer (KNF) model, which proposed that, rather than 

occurring through a fully concerted switch, ligand binding can induce local 

conformational changes sequentially across subunits10. As the understanding of 

protein dynamics advanced, Cooper and Dryden explicitly introduced the concept 

of “dynamic allostery,”(Fig. 1.2) proposing that allosteric coupling can arise even in 

the absence of a change in the mean structure, through alterations in the frequencies 

and amplitudes of thermal fluctuations8. This marked a major conceptual shift in the 

field, moving away from the idea that one structure corresponds to one function and 

toward an energy landscape view in which function emerges from redistribution 

among conformational substates11.  

In this context, NMR has become a key experimental tool for probing molecular 

motions and conformational exchange, firmly establishing dynamics as a central 

component of allosteric regulation12. These developments gave rise to the view that 

all dynamic proteins may, in principle, possess allosteric potential13, and that allostery 

itself can occur through multiple mechanistic forms rather than a single universal 

pathway14.  

The modern perspective therefore recognizes that structure, dynamics, entropy, and 

population shifts all contribute to allosteric regulation, with their relative importance 
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depending on the system under investigation15. Current research increasingly seeks 

to detect, quantify, and exploit these features through integrative, mechanism-driven 

approaches aimed at resolving genuine allosteric pathways and identifying druggable 

sites. 

 

 

Fig.1.2 Entropy- or dynamics-driven allostery model. Distinct residue communities 
that move coherently as semi-rigid bodies are highlighted in different colors, while 
intermediate residues that cannot be assigned to a specific community are 
represented as white circles. Information flux passes through dynamic motions of 
the semi rigid bodies from the allosteric to the active site. 
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1.3 Structural-Biology Strategies for 

Unravelling Dynamic Allostery 
 

As discussed earlier, dynamic allostery is inherently difficult to capture because its 

functional basis often lies in shifts in conformational populations, fluctuations, and 

transient states rather than in large, easily visible structural rearrangements. To 

characterise it, a suite of complementary structural-biology techniques is required. 

High-resolution methods such as X-ray crystallography and cryo-EM define the 

structural framework, whereas Nuclear Magnetic Resonance (NMR) spectroscopy 

and Molecular Dynamics (MD) simulations are particularly valuable for probing 

protein dynamics. NMR enables the experimental characterization of residue-

specific motions, conformational exchange, and population redistribution in 

solution, thereby revealing transient states that are central to allosteric signaling. In 

parallel, MD simulations provide an atomistic and time-resolved description of 

protein dynamics, allowing the identification of correlated fluctuations, transient 

contacts, and long-range communication networks. When used together, NMR and 

MD offer a powerful and complementary strategy for understanding how protein 

motions encode allosteric regulation. 

  

1.3.1 Computational Methods to assess Dynamic 

Allostery 

 

Molecular Modelling 

Molecular modelling comprises a range of computational methods used to represent, 

construct, visualize, and analyse molecular systems at atomic resolution. These 

approaches enable the investigation of the structural organisation, physicochemical 

properties, and interaction patterns of biomolecules in cases where experimental 

methods alone may not provide a complete picture16. In structural-biology and 

biochemistry, molecular modelling is widely applied to study proteins, nucleic acids, 

ligands, ions, and solvent molecules, and to examine how their spatial arrangement 

influences molecular recognition, stability, and function. 
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A key strength of molecular modelling lies in its ability to generate structural 

hypotheses for complex biological systems. Depending on the question being 

addressed, modelling can be used to predict missing structural regions, construct 

protein variants, position ligands or ions within binding sites, analyse intermolecular 

contacts, estimate energetic favourability, and compare alternative conformational 

or interaction states. These methods therefore provide a practical framework for 

interpreting structure-function relationships and for identifying mechanistic features 

that may be difficult to resolve directly from experiment17, 18. 

An example of the application of molecular modelling in biomolecular research is 

provided by the study of evolved readers of 5-carboxylcytosine-containing CpG 

dyads based on the methyl-CpG-binding domain (MBD) of MeCP219. In this work, 

molecular modelling was used alongside directed evolution and binding experiments 

to explain how a conserved DNA-binding scaffold could be reprogrammed to 

recognize noncanonical epigenetic marks with high selectivity. Rather than analysing 

conformational changes over time, the modelling served to examine how specific 

amino acid substitutions altered the geometry and chemical character of the protein–

DNA interface at atomic resolution. 

The study showed that selective recognition of caC-containing CpG dyads could be 

understood through changes in the interaction network between mutant MBD 

residues and modified cytosines. Modelling of the KLTR and GMRN mutants via 

CHARMM Gui20 suggested that conserved guanine recognition by arginine residues 

was maintained, while newly introduced residues established favourable contacts 

with the 5-carboxyl groups of caC. In particular, mutations such as S134R in KLTR 

and Y123R/S134N in GMRN created new electrostatic interactions that were absent 

in the wild-type binding mode, while simultaneously disrupting the canonical 

hydrophobic environment used for methylcytosine recognition (Fig. 1.3). In this 

way, molecular modelling helped explain how a protein scaffold could abandon its 

native recognition strategy and adopt an alternative binding mode tailored to a 

chemically distinct DNA modification. 

This example highlights the broader value of molecular modelling as a tool for 

interpreting structure-function relationships. By enabling the visualization and 

analysis of residue-level contacts, steric complementarity, and electrostatic 

interactions, molecular modelling provides mechanistic insight into molecular 

recognition that cannot be obtained from sequence or affinity data alone. It is 

therefore particularly useful for understanding how mutations, ligands, or chemical 

modifications reshape binding interfaces and alter biomolecular specificity. 
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Fig. 1.3.  A, B) Models of KLTR (A) and GMRN (B) interacting with 

caC/caC/dyad. Mutants in green, superimposed MeCP2 wt (pdb 3c2i) in white. 

Retained, canonical interactions found in both wt and mutant in yellow, new 

interactions uniquely occurring in mutants in red. C) Contact arrays for KLTR and 

GMRN with caC/caC and mC/caC. Note canonical, wt-like interactions of 

R111/133 with Gs (numbered in white), and new interactions of mutant-specific 

residues (numbered in black). Favorable interactions to C 5-substituents marked 

with green arrow–GMRN cannot interact with mC 5-methyl (red arrow), explaining 

its high selectivity for caC/caC. Interaction color code on the right (HB=hydrogen 

bond; CA: contact area). 

 

Basics of Molecular Dynamics Simulations 

While molecular modelling help us to visualise biological components and their 

interactions, superficially, molecular dynamics simulations delve into the dynamics 

of a protein, and can provide time-dependent motions of individual atoms or 

molecules. Thus, they can be used to investigate the properties of a model system, 
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often more conveniently than experiments on the real system21. The origin of this 

method dates back to the 1950s22, with the simulation of gaseous molecules22, 23, after 

which it rapidly evolved into protein simulations24. With the advent of computational 

resources and power, the field has progressed rapidly to visualise molecular motions. 

Such simulations are capable of describing a broad spectrum of biomolecular 

processes, including conformational transitions, ligand binding, and protein folding, 

with atomistic resolution on the femtosecond timescale25 and thus have become a 

suitable tool to complement exhaustive experimental techniques deciphering protein 

dynamics and allostery along with drug optimisation and design, structure 

determination and protein-protein interactions26, 27, 28, 29. 

To understand molecular dynamics (MD), it is essential to begin with Newton’s laws 

of motion25. The atoms that constitute a biomolecule are in continuous motion, and 

the resulting dynamics play a fundamental role in molecular function. In an MD 

simulation, the forces acting on the atoms are calculated using a molecular mechanics 

model known as a force field, which is typically parameterized using quantum 

mechanical calculations together with selected experimental data. By repeatedly 

evaluating these forces over time, the simulation generates a trajectory that can be 

viewed as a three-dimensional movie of the system, describing its atomic 

configuration throughout the simulated time interval30. Common biomolecular force 

fields include GROMOS31, 32, OPLS-AA33, CHARMM34, 35, 36, and AMBER37, 38, 39, all 

of which describe the potential energy of a protein as a function of its atomic 

coordinates. The energy terms in these force fields are generally divided into bonded 

and nonbonded contributions. Bonded terms account for bond stretching, angle 

bending, and dihedral rotation, whereas nonbonded terms describe electrostatic 

interactions, van der Waals dispersion, including attractive dispersion and an 

empirical short-range repulsive component. Accordingly, the total potential energy 

can be expressed as the sum of bonded and nonbonded contributions, together with 

any additional force-field-specific terms30. Here, Ebonded represents the bonded 

contribution, and Enonbonded the nonbonded contribution40. 

𝐸𝑡𝑜𝑡𝑎𝑙  = ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)2 +  ∑ 𝐾𝜃(𝜃 − 𝜃𝑒𝑞)2 

𝑎𝑛𝑔𝑙𝑒𝑏𝑜𝑛𝑑𝑠

+  ∑
𝑉𝜋

2
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

[1 + 𝑐𝑜𝑠(𝑛∅ − 𝛾)]  +  ∑[
𝐴𝑖𝑗

𝑅𝑖𝑗
12 

𝑖=𝑗

−
𝐵𝑖𝑗

𝑅𝑖𝑗
6  +  

𝑞𝑖𝑞𝑗

𝑐𝑅𝑖𝑗
] 

 

                                                          Ebonded                                                    Enonbonded      [eq.1]  
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The bonded and nonbonded Lennard-Jones parameters of the above-mentioned 

force fields must be optimised according to the system needs to make it reproducible 

for a large set of experimental target data.  

Along with the refined use of force fields, the properties of a system are also 

dependent on the simulation methodology and solvent systems. 

Most biomolecular molecular dynamics (MD) simulations are performed in explicit 

solvent under periodic boundary conditions (PBC), which provide a practical 

representation of a bulk-like environment while reducing edge effects40. In this setup, 

the simulation box is replicated in all spatial directions, and the system interacts with 

the nearest periodic images of itself. PBC are therefore a boundary treatment and do 

not, by themselves, impose a particular thermodynamic ensemble41.  

Ewald summation has effectively addressed the challenge of treating long-range 

electrostatic interactions in molecular dynamics simulations42. By assuming an 

infinitely periodic system, interactions beyond the real-space cutoff are computed 

using the Ewald formalism in reciprocal space rather than through direct Coulombic 

evaluation. Neutralizing counterions are typically introduced to remove excess net 

charge, although Ewald methods may also be used for non-neutral systems by 

assuming a uniform neutralizing background. In most biomolecular simulations, 

Particle Mesh Ewald (PME) is the method of choice for electrostatic interactions 

beyond a cutoff of about 10 Å43, 44, 45, and long-range dispersion corrections are 

commonly applied to account for Lennard–Jones interactions outside the cutoff 

range46, 47, 48.  

In unmodified classical MD, Newton’s equations of motion generate trajectories in 

the microcanonical (NVE) ensemble, where the number of particles, volume, and 

total energy are conserved49. When an explicit solvent representation becomes 

computationally too demanding, alternative approaches such as implicit solvent 

models or stochastic boundary methods may be used, although these involve 

additional approximations30. In the present work, all simulations were carried out in 

explicit solvent with periodic boundary conditions. 

To reproduce experimentally relevant conditions, MD simulations are often 

performed in ensembles other than NVE. In the canonical (NVT) ensemble, a 

thermostat is used to maintain the temperature at its target value on average while 

keeping the number of particles and the volume fixed. In the isothermal–isobaric 

(NPT) ensemble, both a thermostat and a barostat are applied so that the 

temperature and pressure remain controlled on average, while the box volume is 

allowed to fluctuate50. Classical examples include the Nosé51 and Nosé–Hoover52 
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thermostats for canonical sampling, the Berendsen50 weak-coupling approach for 

temperature and pressure control, the extended-system barostats53, 54, or the 

Langevin piston in which frictional and random forces are added to mimic coupling 

to an external heat bath55 for pressure regulation. Because Berendsen coupling does 

not generate a rigorously correct ensemble, it is commonly viewed as more suitable 

for equilibration than for final production sampling, whereas methods such as 

Nosé–Hoover or stochastic velocity rescaling for temperature control and 

Parrinello–Rahman for pressure control are widely preferred for production 

simulations50, 51, 52, 53, 54. 

Biomolecular simulations depend on numerical integration algorithms to solve 

Newton’s equations of motion in a stepwise manner. In this work, the Verlet and 

velocity-Verlet algorithms were used to propagate atomic positions and velocities at 

timesteps typically ranging from 1 to 2 fs, allowing accurate sampling of molecular 

motion56. In addition, constraint algorithms such as SHAKE57 and LINCS58 were 

employed to fix high-frequency covalent bond vibrations, especially those involving 

hydrogen atoms. This reduces the need to explicitly model the fastest bond-

stretching motions and permits the use of larger timesteps, thereby enhancing 

computational efficiency and numerical stability. 

The development of GPUs and dedicated computational hardware has markedly 

advanced the field of biomolecular simulations. As a result, simulations extending 

from the microsecond to millisecond timescale are now feasible in practice, allowing 

the exploration of larger biomolecular systems and the generation of multiple 

replicas for improved statistical reliability59, 60, 61. 

 

Structural & Dynamical Metrics from Molecular Dynamics 

Simulations 

RMSD or root mean square deviation measures the overall structural deviation of 

the protein relative to a reference structure over time62. A stable RMSD evolution 

plot indicates that the protein has reached a structurally consistent state. RMSF 

measures the average positional fluctuation of each atom or residue around its mean 

position within a selected, equilibrated portion of the trajectory 63. In proteins for 

our study, it is calculated using Cα regions to determine flexible and rigid regions of 

the proteins. 
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𝑅𝑀𝑆𝐷(𝑡) =  √
1

𝑁
∑ |𝑟𝑖(𝑡) − 𝑟𝑖

𝑟𝑒𝑓

𝑁

𝑖=1

|2 

                                                                                                                                             [eq. 2]     

𝑅𝑀𝑆𝐹(𝑖) =  √
1

𝑇
∑ ||𝑟𝑖(𝑡) − ⟨𝑟𝑖 ⟩

𝑇

𝑡=1

||2 

                                                                                                                                             [eq.3] 

Where N is the number of selected atoms, T is the number of trajectory frames, ri(t) 

is the position of atom i at time t, 𝑟𝑖
𝑟𝑒𝑓

is its position of reference structure, and ⟨𝑟𝑖 ⟩ 

is its average position over the trajectory.  

An example of the calculation and interpretation of basic metrics from a molecular 

dynamics (MD) trajectory is shown in Fig. 1.4. In this case, the analyses were 

performed on the β-subunit of the αββα multi-enzyme complex tryptophan synthase 

from Pyrococcus furiosus, with the aim of examining how different solvent 

constituents and ions influence protein dynamics and allosteric behaviour. In 

particular, the study compared sodium- and cesium-containing systems, as cesium 

substitutes sodium ions at a site in TrpB located close to the active site. Such analyses 

provide a first quantitative view of how changes in the ionic environment affect 

structural stability, flexibility, compactness, and solvent exposure, and therefore 

offer insight into how solvent composition may modulate enzyme dynamics and 

allosteric communication. 

As discussed earlier, the most commonly used MD descriptors are the root mean 

square deviation (RMSD), root mean square fluctuation (RMSF), along with radius 

of gyration (Rg), and solvent-accessible surface area (SASA). In the present example, 

the cesium-solvated ensemble displays higher RMSD values than its sodium-bound 

counterpart, indicating that replacement of sodium by cesium leads to a greater 

deviation from the starting structure (Fig. 1.4.A). The allosteric mutant 2B9 also 

shows enhanced dynamics relative to the sodium-bound wild type, although its 

deviations remain lower than those observed for the cesium-containing wild-type 

system. With respect to RMSF, in monomer A, the 2B9 mutant exhibits the largest 

fluctuations, particularly in the region spanning residues 250–300, followed by the 

cesium-solvated system, whereas the sodium-bound wild type remains the least 

flexible (Fig. 1.4.B). Monomer B shows a somewhat different pattern, with the N-

terminus becoming markedly more dynamic in the cesium-solvated system. Overall, 
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the cesium-containing wild type exhibits the largest deviations in this chain, 

suggesting that the influence of cesium is more pronounced in the B monomer. A 

comparison of mean RMSF values across the systems would further clarify the 

extent of these differences. 

The radius of gyration is another important descriptor, as it reports on the overall 

compactness of the protein during the simulation (Fig. 1.4C). Changes in Rg can 

indicate structural expansion, contraction, or shifts in the distribution of mass within 

the protein. When the three ensembles are compared, the cesium-solvated TrpB 

system shows greater variation in Rg than the other systems, consistent with the 

increased dynamic behaviour introduced by the altered ionic environment. 

SASA complements these measures by quantifying the extent to which the protein 

surface is exposed to solvent (Fig. 1.4D). This metric is particularly useful for 

assessing changes in protein–solvent interactions and for detecting structural 

rearrangements that alter surface accessibility. In the present example, the sodium-

bound wild type exhibits a solvent-accessible surface area of approximately 310–320 

nm², and the 2B9 mutant shows a similar range. By contrast, the cesium-bound 

system displays increased solvent accessibility, suggesting that cesium induces 

changes in the protein surface that may contribute to the altered dynamics observed 

in the other analyses. 

Together, these basic MD-derived metrics provide a quantitative framework for 

comparing protein ensembles under different solvent and ionic conditions. While 

they do not by themselves explain the molecular origin of allostery, they serve as 

essential first-level descriptors of stability, flexibility, compactness, and solvent 

interaction, and therefore form the basis for deeper mechanistic analyses of ion-

dependent modulation in enzymes.  
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Fig. 1.4 A) Root mean square deviations B) Root mean square fluctuations C) 

Radius of gyration D) Solvent Accessible Surface Area of the wildtype in Na ions, 

wildtype in Cs ions and the mutant 2b9 in Na ions. 

 

Radial Distribution Function (RDF) g(r) is a statistical mechanical quantity that 

describes how a particle density varies with distance from a reference particle64. RDF 

is a standard structural descriptor in simulations and is computed by histogramming 

pair distance over frames under PBC65.  

𝑔𝑎𝑏(𝑟) =
1

𝑁𝑎𝜌𝑏4𝜋𝑟2
⟨∑ ∑ 𝛿(|𝑟𝑖 − 𝑟𝑗

𝑁𝑏

𝑗=1

𝑁𝑎

𝑖=1

| − 𝑟)⟩ 

                                                                                                                                             [eq.4] 

Where 𝑁𝑎 is the number of atoms in group a, 𝑁𝑏 is the number of atoms in group 

b, and 𝜌𝑏 =
𝑁𝑏

𝑉
 is the average number density of group b. The delta function, δ selects 

atom pairs whose separation falls at the radial distance r. This form states that 

𝑔𝑎𝑏(𝑟) is the probability of finding a particle of type b at distance r from a particle 
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of type a, relative to an ideal gas at the same density. Our study quantified the local 

distribution of water oxygen atoms around selected protein sites as pair density, 

normalised by the corresponding ideal gas density at the same bulk condition. 

 

Generalized Correlation-Based Dynamical Network Analysis 

Computational approaches have been widely employed to investigate allostery from 

several complementary angles, including the prediction of large-scale conformational 

rearrangements, the identification of residue-level communication pathways, and the 

mapping of interactions that connect distant functional sites. Earlier strategies often 

relied on static structural descriptors such as contact maps or topology-based elastic 

network models to infer putative communication routes. While these methods are 

useful for defining the structural framework of a protein, they are limited in their 

ability to capture the time-dependent coupling that underlies dynamic allostery. 

More recent approaches therefore integrate molecular dynamics (MD) simulations 

with network theory, allowing allosteric communication to be analysed directly from 

correlated motions encoded in the trajectory. In this framework, proteins are 

represented as residue interaction networks, where individual residues are treated as 

nodes, commonly defined by their Cα atoms, and persistent residue contacts are 

represented as edges. The dynamical network study showed that residue–residue 

communication pathways can be extracted from MD-derived correlations and used 

to describe long-range signal propagation through biomolecules66, 67, 68, 69, 70, 71.  

Within such a network, edges may be assigned on the basis of geometric proximity, 

interaction energies, or, more informatively for allosteric processes, correlation-

based measures derived from the trajectory. Correlation-weighted networks are 

particularly valuable because allostery is fundamentally a dynamical phenomenon: 

the functional coupling between distant regions often arises not merely from 

physical contact, but from concerted fluctuations and information transfer across 

the protein. In practice, a contact cutoff is first imposed to define persistent 

interactions, after which the strength of communication between node pairs is 

weighted using dynamical descriptors such as mutual information or generalized 

correlation. The resulting graph can then be analysed to identify communities of 

strongly coupled residues, shortest or suboptimal communication pathways, and 

highly connected residues that act as allosteric hubs. In the present work, the 

allosteric topology was constructed using this dynamical network framework, in 

which residues were connected if they remained within a 4.5 Å cutoff for at least 

75% of the trajectory, and the edges were weighted according to mutual-



1. Introduction 
 

28  
 

information-based correlations. This approach is particularly well suited for 

identifying long-range communication pathways because it combines the structural 

persistence of residue contacts with the dynamical information required to capture 

correlated motion across both kinase lobes69.  

The edge distance, d between two nodes i and j were defined as; 

𝑑𝑖𝑗 =  −𝑙𝑜𝑔𝑟(𝑀𝐼[𝑖,𝑗]) 

                                                                                                                                             [eq.5] 

where dij represents the graph distance between residues i and j, and rMI[i,j] is the 

mutual-information-derived generalized correlation coefficient between the two 

residues. This transformation assigns shorter graph distances to strongly correlated 

residue pairs and longer graph distances to weakly correlated pairs72. The 

generalised-correlation based coefficients are calculated as : 

𝑟𝑀𝐼[𝑖, 𝑗] = (1 − 𝑒−
2 𝐼[𝑖,𝑗]

3 )
1
2 

                                                                                                                                            [eq.6] 

where I[i, j] is the Shannon mutual information between the positional fluctuations 

of residues i and j. The factor 3 accounts for the three Cartesian dimensions of 

residue motion. Mutual information was estimated using a density-based estimator:  

𝐼[𝑖, 𝑗] = 𝜓(𝑘) −  
1

𝑘
− 𝜓(𝑛𝑖) − 𝜓(𝑛𝑗) + 𝜓(𝑁) 

                                                                                                                                             [eq.7] 

where ψ is the digamma function, k is the number of nearest neighbours used in the 

estimator, ni and ni are the neighbour counts associated with residues i and j, and N 

is the total number of sampled conformations or trajectory frames. 

The network being constructed can now be analysed in accordance with the graph 

theory. The path between two nodes, the sink and the source also depend on the 

number of intermediate nodes lying between them. The two nodes must have an 

optimal shortest path associated with them if they belong to the same network and 

the remaining de-routed pathways are referred to as the suboptimal shortest path. 

The length of a path Dij [eq.8] between distant nodes i and j is the sum of the edge 

weights (Wk.l) between the consecutive nodes (k,l) along the path. The shortest 

distance Dij
0 between all pairs of nodes in the network is found by using the Floyd–

Warshall algorithm73, 74. 
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𝐷𝑖𝑗
0 = ∑ 𝑊𝑘.𝑙

𝑘,𝑙
 

                                                                                                          [eq.8] 

Betweenness centrality is defined as the number of shortest paths between all pairs 

of nodes that pass through a given node. Also referred to as node centrality, it is one 

of the most informative metrics for identifying potential hubs of allosteric 

communication. Nodes with high betweenness occupy strategically important 

positions within the network, as they mediate communication between otherwise 

distant regions. In the context of protein residue networks, such nodes often 

correspond to residues that play key roles in regulating inter-domain communication 

and long-range signal transmission. Betweenness centrality is calculated as : 

𝑏𝑖 =
1

𝑐
∑

𝜎(𝑠, 𝑡|𝑖)

𝜎(𝑠, 𝑡)
𝑠,𝑡𝜖𝑣

 

                                                                                                                                             [eq.9] 

where σ(s,t) is the total number of shortest paths between source node s and target 

node t, and σ(s,t|i) is the number of those shortest paths that pass-through node i. 

The summation was performed over all distinct source–target node pairs s and t in 

the node set υ, excluding cases where node i itself was the source or target. Here, υ 

denotes the set of graph nodes, and C is a normalization factor.  

Another metric employed in our analysis was community detection. Here, 

communities were identified using the Louvain heuristic method75, which builds on 

concepts originally introduced in the Girvan–Newman76 framework. A complex 

network is considered to exhibit community structure when its nodes can be 

partitioned into groups that are more densely connected internally than externally. 

In other words, interactions within a community are stronger than interactions 

between different communities. In protein residue networks, such communities 

often correspond to structurally or functionally coordinated regions and can 

therefore help identify groups of residues or domains that act together during 

allosteric communication. 

Taken together, these complementary network descriptors provide a powerful 

framework for resolving the allosteric architecture of a protein. Metrics such as 

centrality, path analysis, and community structure can reveal how information is 

transmitted across the molecular network and which regions are most critical for 

long-range coupling. When integrated with experimental structural-biology 
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approaches such as NMR spectroscopy and X-ray crystallography, these analyses 

offer a more robust and mechanistic understanding of protein dynamics and 

allostery. 

 

1.3.2 Foundational Techniques in NMR 

Spectroscopy 

Nuclear Magnetic Resonance (NMR) is one of the major techniques in structural-

biology for investigating molecular structure, molecular recognition, and 

intermolecular interactions. Unlike methods that primarily provide static structural 

snapshots, NMR offers the unique advantage of probing biomolecules in solution, 

thereby allowing the observation of conformational heterogeneity and dynamic 

behaviour under conditions that more closely resemble the native environment. This 

makes NMR particularly valuable for studying proteins whose function is closely 

linked not only to their three-dimensional structure but also to their intrinsic motions 

across multiple timescales77, 78, 79. 

Since the central objective of this thesis is to elucidate protein dynamics and, 

consequently, the mechanistic basis of dynamic allostery, NMR serves as the 

principal experimental technique for characterizing the conformational ensembles 

populated by the proteins under investigation across various timescales. Through its 

ability to detect subtle changes in chemical environment, structural flexibility, and 

exchange between distinct conformational states, NMR provides critical insight into 

how proteins sample functionally relevant substates rather than existing as a single 

rigid structure. In this way, it enables a more complete understanding of how 

dynamic processes contribute to allosteric communication. 

 

Quantum Mechanics of Nuclear Spin Systems 

As compared to optical spectroscopic techniques, NMR spectroscopy does not 

involve transitions driven by visible or ultraviolet light. Instead, it relies on the 

interaction of nuclear magnetic moments with an applied external magnetic field, B₀. 

For a nucleus to be observable by NMR, it must possess a non-zero nuclear spin 

quantum number, I; examples include ¹H, ¹³C, and 15N, all of which have I = 1/2. 

In an external magnetic field, a nucleus with spin I can adopt 2I + 1 allowed spin 

states, described by the magnetic quantum number m, which takes values from −I 

to +I in integer steps. Therefore, for spin-1/2 nuclei, two energy levels are possible, 
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with m = −1/2 and m = +1/2. The nuclear spin angular momentum is a vector 

quantity (Fig. 1.5), and its magnitude is given by: 

|𝐈| = ℏ[𝐼(𝐼 + 1)]1/2 

                                                                                                                                            [eq.10] 

where I is the nuclear spin quantum number and ℏ is the reduced Planck constant. 

According to quantum mechanics, the magnitude of the total spin angular 

momentum and one of its Cartesian components can be specified simultaneously. 

Conventionally, this component is taken along the z-axis, parallel to the external 

magnetic field B₀, and is given by: 

𝐼𝑧 = ℏ𝑚 

                                                                                                                                           [eq.11] 

where m is the magnetic quantum number. Nuclei with non-zero spin angular 

momentum possess a nuclear magnetic moment, μ, which is proportional to the 

nuclear spin angular momentum: 

𝝁 = 𝛾𝐈, 

The z-component of the magnetic moment is therefore: 

𝜇𝑧 = 𝛾𝐼𝑧 = 𝛾ℏ𝑚 

                                                                                                                                            [eq.12] 

in which the gyromagnetic ratio (γ), is a characteristic constant for a particular 

nucleus. As discussed earlier, since angular momentum is quantized, the nuclear 

magnetic moment becomes a quantized property too. The magnitude of γ thus is an 

important feature as it determines the receptivity of the nucleus in NMR 

spectroscopy. 

NMR-active isotopes of the fundamental constituents of biological systems like 

hydrogen, carbon, nitrogen and phosphorus exist, which makes it possible to analyse 

signals from biopolymers via biosynthetic labelling strategies.  
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Fig. 1.5. Angular momentum I of the spin -
1

2
 along with its Z-component, rotating 

about an external magnetic field.  

In the absence of any magnetic field, nuclear magnetic moments are randomly 

oriented and no net magnetization is observed. However, when an external magnetic 

field is applied, along the laboratory z-axis, the allowed projection of the nuclear 

magnetic moment becomes quantized. For spin-1/2 nuclei with a positive 

gyromagnetic ratio, two Zeeman energy levels are formed: the α state, with m = 

+1/2, is lower in energy and corresponds to the magnetic moment aligned parallel 

to B₀, whereas the β state, with m = −1/2, is higher in energy and corresponds to 

the magnetic moment aligned antiparallel to B₀. 

The energy of a nuclear magnetic moment in an external magnetic field is given by: 

𝐸 = −𝝁 ·  𝐁 

                                                                                                                                            [eq.13] 

where μ is the nuclear magnetic moment vector and B is the magnetic field vector. 

Since, by convention for NMR, the static magnetic field is along the z-axis of the 

laboratory coordinate systems, the equation reduced to : 

𝐸𝑚 = −𝛾𝐼𝑧𝐵0 =  −𝑚ℏ𝛾𝐵0 

                                                                                                                                            [eq.14] 

in which B0 is the static magnetic field strength.  

Bloch considered a simple, semiclassical vector model, due to the absence of nuances 

in the classical model, describing the behaviour of a non-interacting -1/2 nuclei in a 

static magnetic field. In this model, a magnetic moment μ in an external magnetic 
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field B experiences a torque, causing it to precess around the field direction. The 

torque is equal to the time derivative of the spin angular momentum J: 

𝑑𝐉(𝑡)

𝑑𝑡
= 𝛍(𝑡) × 𝐁(𝑡) 

                                                                                                                                            [eq.15]                                            

Since the magnetic moment is related to angular momentum by μ = γJ, the 

corresponding precessional motion of the bulk magnetization M(t) is described by: 

𝑑𝐌(𝑡)

𝑑𝑡
= 𝛾𝐌(𝑡) × 𝐁(𝑡) 

                                                                                                                                            [eq.16] 

Due to Zeeman splitting on the spin-half nuclei in an external magnetic field, there 

would be two levels of energy: 

𝐸𝛼 = −
1

2
ℏ𝛾𝐵0  ;   𝐸𝛽 = +

1

2
ℏ𝛾𝐵0 

                                                                                                                                            [eq.17] 

The energy difference between the two states is computed as : 

∆𝐸 =  𝐸𝛽 −  𝐸𝛼 =  ℏ𝛾𝐵0   

                                                                                                                                            [eq.18] 

And using the relationship, 𝐸 = ħω, we establish the Larmor equation: 

𝜔 =  𝛾𝐵0, 𝜈 =
𝜔

2𝜋
=

𝛾𝐵0

2𝜋
 

                                                                                                                                            [eq.19] 

In units s-1 and Hertz respectively. 

The population differences between the two energy levels are small and can be 

calculated by Boltzmann relationship: 

𝑁𝛼

𝑁𝛽
=  𝑒

−𝛾ħ𝐵
𝑘𝑇 ≈ 1 −

𝛾ℏ𝐵

𝑘𝑇
 

                                                                                                                                           [eq.20] 

                                                                                                               

Chemical Shift 

The actual magnetic field at the nucleus is attenuated or deshielded by the electrons, 

giving a modified magnetic field, which is ultimately known as chemical shift: 
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𝐵 = (1 − 𝜎)𝐵𝑜 

∆𝐸 =  − ℏ𝛾(1 − 𝜎)𝐵0 

                                                                                                                                            [eq.21] 

It is thus evident that different nuclei differ in their local environment and hence the 

observed resonance frequencies are different. The motions of electrons induced by 

the external magnetic field give rise to secondary magnetic fields. This chemical shift 

also depends on the orientation of the molecule with respect to B0 and can be 

represented in 3x3 matrix in the principal axis system.  

𝜎 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

]  

                                                                                                                                            [eq.22] 

The diagonal represents the isotropic shielding constant, represented as : 

𝜎𝑖𝑠𝑜 = 𝜎 =
1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧) 

                                                                                                                                            [eq.23] 

With the chemical shift anisotropy (CSA) defined as : 

𝜎𝐶𝑆𝐴 = ∆𝜎 =
1

2
(𝜎𝑧𝑧 − (𝜎𝑦𝑦 + 𝜎𝑥𝑥)), 

                                                                                                                                            [eq.24] 

And the asymmetry tensor regarded as : 

𝜂 =
3(𝜎𝑦𝑦 − 𝜎𝑥𝑥)

2∆𝜎
 

                                                                                                                                            [eq.25]      

In solution, due to collisions, rapid reorientations within the molecule average the 

CSA out throughout the experimental timescale.  

The unit for chemical shifts is parts per million (ppm) relative to a reference 

resonance signal; in usual cases tetramethyl silane (TMS) or 2,2-dimethyl-1-2-

silapentane-5-sulfonate (DSS) are used. The calculation from the reference can be 

performed as: 

𝛿 =
𝜔 − 𝜔𝑟𝑒𝑓

𝜔0
 × 106𝑝𝑝𝑚 

                                                                                                                                            [eq.26]                                                                                                               
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Spin Interactions 

The dynamics of the spin systems can only be explained by their interactions with 

each other. In the language of quantum mechanics, evolution of a system is dictated 

by the Schrodinger equation that involves motion of all the nuclei and the electrons, 

the Hamiltonian operator (Ĥ), denotes the interactions between them, and the 

wavefunction ψ(t) encodes the positional, velocity and spin state information.  

𝜕ψ(𝑡)

𝜕𝑡
= −

𝑖

ℏ
𝐻̂ 𝜓(𝑡) 

                                                                                                                                            [eq.27] 

The Hamiltonian Ĥ is the energy operator of the spin systems. Nuclear spin 

dynamics is described using the Cartesian spin operators 𝐼𝑥, 𝐼𝑦and 𝐼𝑧 , the 

components of the spin angular momentum along the respective axes. The 

transverse operators are described as in-phase magnetization, whereas 𝐼𝑧  describe 

longitudinal magnetization.The Hamiltonian for a single spin -1/2 nucleus in 

presence of a strong static magnetic field, describing the Zeeman interaction, is given 

by: 

𝐻̂𝑧 =  −𝛾𝐵0𝐼𝑧̂ 

                                                                                                                                            [eq.28] 

Along with 𝐻̂𝑧 the chemical shift Hamiltonian 𝐻̂𝐶𝑆, magnetic susceptibility and RF 

fields, define the spin field interactions. The spin-spin interactions include J-coupling 

and dipolar coupling. All these interactions, the spin-spin and spin-field, are 

described by their respective Hamiltonian, and the complete NMR Hamiltonian is 

as follows: 

𝐻̂ =  𝐻̂𝑧 + 𝐻̂𝐶𝑆 + 𝐻̂𝐽 + 𝐻̂𝐷𝐷 

                                                                                                                                            [eq.29] 

J-coupling or scalar coupling, a fundamental spin-spin interaction, originates from 

the indirect bond communication between two nuclear spins, I and S, propagated 

through polarization of bonding electrons. In the presence of the external magnetic 

field 𝐵0, a nuclear magnetic moment perturbs the surrounding bonding electron 

density, leading to spin polarization that can be transmitted to neighboring nuclei 

through covalent bonds. This interaction arises primarily from the Fermi contact 

mechanism, in which electron spin density at the nucleus mediates coupling between 

nuclear spins. Scalar, or J, coupling is therefore a through-bond interaction. The J-

coupling for two coupled spins is: 
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𝐻̂𝐽 = 2𝜋𝐽(𝐈 · 𝐒) = 2𝜋𝐽(𝐼𝑥𝑆̂𝑥 + 𝐼𝑦𝑆̂𝑦 + 𝐼𝑧𝑆̂𝑧) 

                                                                                                                                            [eq.30] 

Where J is the scalar coupling constant. In the high-field, weak-coupling limit 

relevant to most solution-state NMR experiments, this expression can be simplified 

using the secular approximation. In this treatment, only the term that commutes 

with the dominant Zeeman Hamiltonian is retained, while the transverse terms 

𝐼𝑥𝑆̂𝑥and 𝐼𝑦𝑆̂𝑦 are neglected because they average out under rapid precession about 

the external magnetic field. The scalar coupling Hamiltonian therefore reduces to: 

𝐻̂𝐽
𝑠𝑒𝑐𝑢𝑙𝑎𝑟 = 2𝜋𝐽𝐼𝑧𝑆̂𝑧 

                                                                                                                                            [eq.31]              

Although J-coupling depends on molecular orientation, in liquids it is averaged out 

by molecular tumbling.  

The secular form of the scalar coupling Hamiltonian provides the basis for the 

splitting of NMR resonances into multiplets. In a coupled spin system, the magnetic 

state of one nucleus influences the local magnetic environment experienced by its 

coupling partner, leading to a splitting of the resonance into multiple components 

separated by the coupling constant 𝐽. For two weakly coupled spin-
1

2
 nuclei, this 

interaction gives rise to the familiar doublet structure. More generally, scalar coupling 

encodes through-bond connectivity and therefore provides important structural 

information in NMR spectroscopy. 

In addition to generating multiplet structure, scalar coupling can be used as a 

mechanism for controlled magnetization transfer between coupled nuclei. This 

principle is used in INEPT-based pulse sequences, where appropriately timed delays 

allow magnetization transfer through J-coupling between two spin species, such as 

¹H and ¹⁵N or ¹H and ¹³C. INEPT-based transfer (Fig. 1.6) therefore constitutes a 

fundamental element of modern biomolecular NMR experiments, particularly in 

heteronuclear correlation and backbone assignment strategies.  
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Fig. 1.6. Schematic representation of an INEPT-based magnetization transfer 

between two scalar-coupled spin species. 

Dipolar coupling is an interaction originating from the direct through-space 

interaction between the nuclear spins I and S, without the involvement of the 

electron cloud, separated by an internuclear vector r. Every nuclear spin generates 

its own local magnetic field that interferes with the magnetic moment of the nearby 

nuclei. The dipolar Hamiltonian is expressed as: 

𝐻̂𝐷𝐷 = −
𝜇0ℏ𝛾𝐼𝛾𝑆

4𝜋𝑟3
[3(𝐈̂ · 𝐫̂)(𝐒̂ · 𝐫̂) − (𝐈̂ · 𝐒̂) 

                                      = −
𝜇0ℏ𝛾𝐼𝛾𝑆

4𝜋𝑟3
(
3𝑐𝑜𝑠2𝜃 − 1

2
)[2𝐼̂𝑧𝑆̂𝑧 − (𝐼𝑦𝑆̂𝑦 + 𝐼𝑥𝑆̂𝑥) 

                                                                                                                                            [eq.32] 

where 𝜇0denotes the magnetic permeability of free space, ℏ the reduced Planck 

constant, and 𝛾𝐼and 𝛾𝑆 the gyromagnetic ratios of the interacting nuclei.  

Here, 𝑟 =∣ 𝐫 ∣ is the internuclear distance and 𝐫̂ = 𝐫/𝑟 is the unit vector defining 

the internuclear axis. The operators 𝐈̂ and 𝐒̂ denote the spin angular momentum 

operators of two different nuclei involved in a heteronuclear dipole–dipole 

interaction. Upon expansion of the dipolar Hamiltonian, the 𝐼𝑧𝑆̂𝑧 term constitutes 

the longitudinal component, whereas the remaining terms containing transverse spin 

operators form the transverse contribution. Similar to the scalar coupling, transverse 

terms that oscillate at higher frequencies are removed by secular approximation that 

transforms the equation into: 
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𝐻̂𝐽
𝑠𝑒𝑐𝑢𝑙𝑎𝑟 = −

𝜇0ℏ𝛾𝐼𝛾𝑆

4𝜋𝑟3
(
3𝑐𝑜𝑠2𝜃 − 1

2
)𝐼𝑧𝑆̂𝑧 

                                                                                                                                            [eq.33] 

Relaxation and Timescales of Molecular Motion 

When a system is perturbed from equilibrium, thermodynamics dictates that it will 

relax back to its equilibrium state over time80, 81, 82. In NMR, this principle is reflected 

in the behavior of nuclear magnetization in an external magnetic field 𝐵0. At 

equilibrium, the bulk magnetization is aligned predominantly along the 𝑧-axis. 

Application of an RF pulse rotates this magnetization toward the transverse plane, 

reducing its longitudinal component and creating transverse magnetization. 

Following the pulse, the transverse magnetization precesses about the static 

magnetic field while the system relaxes back toward equilibrium. The return of the 

longitudinal magnetization to its equilibrium value is described as longitudinal 

relaxation (𝑇1), whereas the loss of transverse magnetization is described as 

transverse relaxation (𝑇2). 

Bloch equations defining Relaxation ; 

Using Bloch’s theory of relaxation, the rate of longitudinal relaxation can be 

characterized by first-order kinetic process: 

𝑑𝑀𝑧

𝑑𝑡
= 𝑅1[𝑀0 − 𝑀𝑧(𝑡)] 

⇒ 𝑀𝑧(𝑡) = 𝑀0 − [𝑀0 − 𝑀𝑧(0)]𝑒−𝑅1𝑡 , 

                                                                                                                                            [eq.34] 

where 𝑅1 is the longitudinal relaxation rate constant (𝑅1 =
1

𝑇1
) 

First order rate expression is also used to define the transverse relaxation: 

𝑑𝑀𝑥(𝑡)

𝑑𝑡
= −𝑅2𝑀𝑥(𝑡) ⇒ 𝑀𝑥(𝑡) = 𝑀𝑥(0)𝑒−𝑅2𝑡 , 

𝑑𝑀𝑦(𝑡)

𝑑𝑡
= −𝑅2𝑀𝑦(𝑡) ⇒ 𝑀𝑦(𝑡) = 𝑀𝑦(0)𝑒−𝑅2𝑡 , 

                                                                                                                                            [eq.35] 

where 𝑅2 is the transverse relaxation rate constant (𝑅2 =
1

𝑇2
); Mx(0) and My(0) being 

the values of transverse magnetisation at t = 0 

Redfield’s relaxation theory: 



1. Introduction 
 

39  
 

Before 1966, most chemical applications of NMR were carried out using continuous-

wave spectrometers, which detected the steady-state transverse magnetization as a 

function of the applied static magnetic field. The central role of the Bloch equations 

in NMR theory diminished with the emergence of Fourier transform (FT) NMR, 

which gradually replaced the continuous-wave approach. In addition, the Bloch 

equations are phenomenological in nature: they describe relaxation behavior 

effectively, but do not provide a microscopic explanation or derivation of the 

underlying relaxation mechanisms. 

Redfield postulated a semi-classical theory that the relaxation in the sample 

originates from the local fluctuations in the magnetic field83, 84, the strength of which 

is determined by how the fluctuations correlate in time where the full Hamiltonian 

system in the laboratory frame is determined as ; 

𝐻̂(𝑡) = 𝐻̂0(𝑡) + 𝐻̂1(𝑡), 

                                                                                                                                            [eq.36] 

where 𝐻̂0(𝑡) is the deterministic Hamiltonian that consists of a static part defining 

the Zeeman and isotropic interactions along with a time-dependent radio frequency 

irradiation of spins, and 𝐻̂1(𝑡) is the stochastic one, which includes the time- 

dependent stochastic processes which are the source of relaxation. The evolution of 

the spin system is then described using the density operator formalism and the 

Liouville–von Neumann equation. To simplify the treatment, the problem is 

transformed into the interaction frame, which removes the dominant Larmor 

precession and isolates the effect of the fluctuating perturbation. Within this 

framework, the time evolution of the density operator is expanded to second order 

using perturbation theory. The first-order contribution is neglected because, for an 

ensemble of randomly fluctuating local fields, it averages to zero over time. The 

treatment then assumes the weak-collision or fast-fluctuation limit, in which the 

density operator evolves slowly relative to the stochastic perturbations. Under these 

assumptions, the relaxation process can be expressed in terms of the Redfield 

relaxation superoperator. Rewriting the interaction Hamiltonian in spherical tensor 

form allows the fluctuating terms to be connected directly to time-correlation 

functions 𝐺(𝑡), whose Fourier transforms define the spectral density function 𝐽(𝜔). 

This spectral density describes how strongly molecular motions at a given frequency 

contribute to transitions between Zeeman energy levels, and thereby determines the 

observed longitudinal and transverse relaxation rates. From the correlation function 

where 𝜏𝑐 is the correlation time,  
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𝐺(𝑡) =
1

5
𝑒

−
𝑡

𝜏𝑐 

                                                                                                                                            [eq.37] 

the spectral density function is given by: 

𝐽(𝜔) =  
2

5

𝜏𝑐

(1 + 𝜔2𝜏𝑐
2)

 

                                                                                                                                            [eq.38] 

where τc is the rotational correlation time and ω is the angular frequency. For a fixed 

correlation time, the spectral density is largest at zero frequency and decreases as the 

frequency increases. However, for a given non-zero frequency ω, the contribution 

J(ω) is most efficient when the molecular motion occurs on a comparable timescale 

to the spin transition, approximately when ωτc ≈ 1. Thus, two limiting motional 

regimes can be distinguished: the fast-motion regime, where ωτc ≪ 1, and the slow-

motion regime, where ωτc ≫ 1. For the fast motion regime, the function is written 

as: 

𝐽(𝜔0) =
2

5
𝜏𝑐 = 𝐽(0), 

                                                                                                                                            [eq.39] 

And for the slow regime: 

𝐽(𝜔0) =
2

5

𝜏𝑐

𝜔2𝜏𝑐
2
 

                                                                                                                                            [eq.40] 

Fast-timescale motions (T1, T2, hetNOE): 

In the fast-motion regime in which many biological phenomena take place like 

dynamic allostery, bond vibrations and, where 𝜔𝜏𝑐 ≪ 1, molecular reorientation 

occurs much more rapidly than spin precession and the spectral density function 

becomes nearly frequency-independent over the relevant frequencies. Under these 

conditions, 15N longitudinal and transverse relaxation rates, together with the steady-

state heteronuclear NOE, primarily report on picosecond-to-nanosecond motions 

of the N–H bond vector. The longitudinal and transverse relaxation processes are 

described by the relaxation rate constants 𝑅1and 𝑅2. Using the common notation in 
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which 𝑑 =
𝜇0

4𝜋

𝛾𝐻𝛾𝑁ℏ

𝑟𝑁𝐻
3  ; and 𝑐 =

𝜔𝑁Δ𝜎

√3
 denote the dipolar and CSA interaction 

constants, respectively, the rate expressions are 

𝑅1 =
𝑑2

4
[𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻 + 𝜔𝑁)] + 𝑐2𝐽(𝜔𝑁) 

                                                                                                                                            [eq.41] 

                                                                                                                                 

𝑅2 =
𝑑2

8
[4𝐽(0) + 𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻) + 6𝐽(𝜔𝐻 + 𝜔𝑁)]

+
𝑐2

6
[4𝐽(0) + 3𝐽(𝜔𝑁)] + 𝑅ex 

                                                                                                                                            [eq.42] 

 

Here, 𝑅ex represents an additional exchange contribution to transverse relaxation 

when motions on slower timescales are present. 

For a heteronuclear 15N-1H spin pair, the relaxation rates can be expressed in terms 

of the spectral density sampled at different angular frequencies. The Nuclear 

Overhauser Effect (NOE) arises from dipole-dipole cross-relaxation and reflects the 

transfer of nuclear spin polarization between nearby dipolar-coupled nuclei. In 

steady-state heteronuclear NOE experiments, continuous irradiation of the proton 

resonance perturbs the proton spin-state populations away from thermal 

equilibrium. Through dipolar relaxation pathways, this perturbation is transferred to 

the attached heteronucleus, altering its signal intensity. The NOE is mediated by 

zero-quantum and double-quantum relaxation pathways, whose relative efficiencies 

depend on the molecular tumbling rate and therefore on the spectral density 

function.  

The steady-state heteronuclear NOE may be written as 

hetNOE = 1 +
𝑑2

4𝑅1

𝛾𝐻

𝛾𝑁

[6𝐽(𝜔𝐻 + 𝜔𝑁) − 𝐽(𝜔𝐻 − 𝜔𝑁)] 

                                                                                                                                            [eq.43] 

Together, 𝑅1, 𝑅2, and heteronuclear NOE provide complementary information on 

fast internal dynamics because they depend on spectral density values at different 

frequencies. In folded proteins, rigid backbone amides typically exhibit higher 

reported heteronuclear NOE ratios, whereas flexible regions with enhanced 

picosecond-to-nanosecond motion show reduced or negative reported 

heteronuclear NOE ratios and altered relaxation rates. 
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Slow-timescale motions (CPMG Relaxation Dispersion) 

Major biological processes like breathing of binding pockets, transient structural 

rearrangements, and exchange between ground and excited states are of particular 

importance in dynamic allostery, where functional regulation may arise not from a 

single static conformational change, but from redistribution within a conformational 

ensemble occur in this time regime (μs-ms). Residues exhibiting significant 

dispersion therefore identify sites involved in exchange processes that may 

contribute to long-range communication and regulation. Motions on the 

microsecond-to-millisecond timescale are commonly assessed using Carr–Purcell–

Meiboom–Gill (CPMG) relaxation dispersion experiments, which probe 

conformational exchange contributions to transverse relaxation85, 86, 87, 88. In this 

regime, nuclei exchange between states with different chemical shifts, leading to 

additional line broadening. The observed transverse relaxation may therefore be 

written as 

𝑅2 = 𝑅2
0 + 𝑅ex 

                                                                                                                                            [eq.44] 

where 𝑅2
0 is the intrinsic transverse relaxation rate in the absence of exchange and 

𝑅ex is the exchange-induced contribution. In a two-site exchange process, the 

interconversion between conformational states A and B is described by the forward 

and reverse rate constants 𝑘𝐴𝐵 and 𝑘𝐵𝐴, and the overall exchange rate is defined as 

𝑘ex = 𝑘𝐴𝐵 + 𝑘𝐵𝐴 

                                                                                                                                            [eq.45] 

with state populations 

𝑝𝐴 =
𝑘𝐵𝐴

𝑘𝐴𝐵 + 𝑘𝐵𝐴
, 𝑝𝐵 =

𝑘𝐴𝐵

𝑘𝐴𝐵 + 𝑘𝐵𝐴
 

                                                                                                                                            [eq.46]     

such that 𝑝𝐴 + 𝑝𝐵 = 1. The exchange contribution depends on the chemical shift 

difference between the two states, Δ𝜔, their populations, and the exchange rate 𝑘ex. 

In CPMG experiments, a train of refocusing pulses applied at different pulse 

frequencies partially suppresses exchange broadening, and the resulting effective 

transverse relaxation rate is measured as 

𝑅2,eff = −
1

𝑇relax
ln (

𝐼𝜈

𝐼0
) 

                                                                                                                                            [eq.47] 

where 𝐼𝜈 is the peak intensity measured at a given CPMG pulse frequency 𝜈CPMG, 𝐼0 

is the reference intensity, and 𝑇relax is the constant relaxation period. If 𝑅2,eff varies 

as a function of 𝜈CPMG, a relaxation dispersion profile is observed, indicating 
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conformational exchange on the μs–ms timescale. Fitting these dispersion curves 

yields 𝑘ex, the exchanging populations, and the chemical shift difference between 

the exchanging states. 

 

 

Timescales of molecular motion 

The functional behaviour of proteins is closely linked to their intrinsic dynamic 

flexibility. To resolve these motions and to examine the thermodynamic basis of 

their regulation, complementary NMR experiments (as discussed above in details) 

are used to probe protein dynamics across different timescales (Fig.1.7). 

 

Fig. 1.7 : Schematic figure to elucidate molecular motion at different timescales 

using NMR experiments. 

Solid state NMR 

Proteins and other biomolecules are most commonly studied by solution-state 

NMR, which relies on rapid isotropic molecular tumbling to average anisotropic and 

interatomic interactions. This averaging is essential for obtaining narrow, well-

resolved resonances, but it also imposes practical limitations, particularly for large 

proteins, oligomeric complexes, and heterogeneous assemblies that tumble slowly 

or non-uniformly in solution. In such cases, solid-state NMR provides an important 

complementary approach, as it enables the investigation of systems in which 
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molecular tumbling is restricted or absent. Because anisotropic interactions are not 

averaged out under these conditions, solid-state NMR89, 90 can yield local structural 

and dynamic information in immobilized or highly ordered samples. 

In the present work, solid-state NMR was not used as a general structural method, 

but in a focused manner in conjunction with hydrogen–deuterium exchange 

experiments. Here, the protein was examined in the crystalline state, where 

conformational mobility was reduced relative to solution and rapidly exchanging 

flexible regions could be stabilized sufficiently for analysis. This made it possible to 

detect exchangeable and protected regions that were not readily accessible by 

solution-state NMR alone. In this way, solid-state NMR served as a complementary 

method to probe solvent exposure, local protection, and conformational stability. 

Backbone Resonance assignments 

Backbone resonance assignment is essential for residue-specific interpretation of 

NMR data, as it links individual resonances to defined positions in the protein 

sequence. In both solution-state and solid-state NMR, this is typically achieved using 

multidimensional heteronuclear experiments that correlate amide 1H and 15N 

resonances with backbone carbon chemical shifts. The use of three-dimensional 

experiments is particularly important because the additional spectral dimension 

reduces signal overlap and facilitates assignment of individual residues. 

In solution-state NMR, backbone assignment is commonly based on triple-

resonance experiments that connect the amide 1H and 15N resonances of a given 

residue to its own 13Cα, 13Cβ and carbonyl resonances, as well as to those of adjacent 

residues. This allows sequential walks along the protein backbone and forms the 

basis for residue-specific mapping of structural and dynamic observables. In solid-

state NMR, analogous assignment strategies are employed, although the 

magnetization transfer pathways differ because transfer is commonly achieved by 

cross-polarization rather than INEPT-based coherence transfer. Here, three-

dimensional experiments such as hCANH- and hCONH-type correlations provide 

the corresponding backbone connectivities required for assignment in immobilized 

samples91. 
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1.4 Recombinant Protein Production 

 

To investigate the structure and dynamics of a protein, the availability of highly pure 

protein is essential. In most cases, such proteins are produced recombinantly. For 

NMR spectroscopy, isotopically labelled proteins, typically enriched in 15N, 13C, 

and/or 2H, are required, often at concentrations of approximately 200 μM or higher. 

Recombinant protein production relies on the introduction of a gene of interest into 

an expression vector or plasmid, followed by transformation into a suitable host 

organism (Fig. 1.8) . In the case of site-directed mutagenesis, specific mutations are 

introduced into the parent plasmid by polymerase chain reaction (PCR), after which 

the template DNA is digested and the mutated plasmid is transformed into 

Escherichia coli. The resulting construct is then verified, typically by Sanger 

sequencing, before being used for protein expression. 

Because of its rapid growth, well-characterized genetics, and ease of handling, E. coli 

has become one of the most widely used hosts for recombinant protein production. 

The gene encoding the protein of interest is inserted into an expression vector and 

introduced into competent cells, which are then selected using the appropriate 

antibiotic. Protein overexpression is usually induced at a defined cell density, 

commonly at an optical density (OD600) of 0.6–0.8. In T7 RNA polymerase-based 

systems under control of the lac operon, isopropyl β-D-1-thiogalactopyranoside 

(IPTG), a non-metabolizable analogue of allolactose, is commonly used as an 

inducer. Following expression, the cells are harvested and lysed, and the target 

protein is purified from other cellular components using one or more 

chromatographic steps accordingly. 

The choice of growth medium is particularly important for isotopic labelling. For 

labelled protein production, minimal media such as M9 are typically used, 

supplemented with the required salts, trace elements, vitamins, and isotopically 

enriched nutrient sources. For the production of deuterated proteins in D2O-based 

media, gradual adaptation of the cells is often necessary to maintain robust growth 

and expression. Thus, the expression strategy, host system, induction conditions, 

and medium composition together determine the yield, purity, and isotopic 

enrichment of the final protein sample.  
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Fig. 1.8. Basic plasmid map portraying different genes required for expression of 

proteins.  
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1.5  p38α MAP kinase: biological 

relevance, inhibition, and structural 

basis of regulation 

 

The mitogen-activated protein kinase (MAPK) family plays a central role in cellular 

signal transduction, coordinating responses to a myriad range of extracellular and 

intracellular cues (Fig. 1.9). Within this family, the p38 kinases are particularly 

important regulators of stress-responsive signalling, and the p38α isoform has 

attracted considerable interest because of its involvement in inflammation, immune 

regulation, and cancer-related processes 92, 93. Unlike classical mitogen-responsive 

kinases, p38α is primarily activated by environmental and intracellular stress signals, 

including hyperosmotic stress, oxidative stress, and DNA damage, as well as by 

physiological stimuli associated with major cellular transitions such as differentiation 
94. Owing to its broad involvement in diverse signalling pathways, dysregulation of 

p38α has been linked to inflammatory disorders, immune dysfunction, metabolic 

imbalance, and tumorigenesis, making it an important target for therapeutic 

intervention92, 95. 

p38 kinases are highly versatile signalling proteins capable of integrating multiple 

upstream signals and translating them into context-dependent biological responses. 

Although the individual p38 isoforms share substantial sequence and structural 

similarity, they differ in tissue distribution, substrate preferences, and sensitivity to 

chemical inhibition96, 97. Activation of p38α most commonly occurs through dual 

phosphorylation of the conserved Thr-Gly-Tyr (TGY) motif in the activation loop by 

upstream MAPK kinases, particularly MKK3 and MKK6, which themselves are 

activated by MAP3Ks 98, 99, 100. In addition to this canonical kinase cascade, p38α can 

also be activated through non-canonical mechanisms. One such pathway involves 

binding of TAB1, which promotes p38α autophosphorylation, whereas another, 

described in T cells, involves phosphorylation at Tyr323 by ZAP70, ultimately 

leading to autophosphorylation and kinase activation 101, 102, 103, 104, 105. The exact route 

of activation also depends on cellular context, with different tissues and signalling 

environments favoring distinct upstream pathways 98, 99, 100. 

Once activated, p38α phosphorylates a broad range of downstream targets, including 

transcription factors, signalling proteins, and other kinases, thereby influencing 
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processes such as inflammatory gene expression, cell-cycle regulation, apoptosis, 

stem-cell behavior, and metabolic adaptation92, 106, 107. This central regulatory role 

initially stimulated extensive efforts to develop p38α inhibitors for inflammatory 

diseases such as rheumatoid arthritis, chronic obstructive pulmonary disease, and 

asthma 108, 109. Early drug discovery campaigns focused primarily on ATP-

competitive inhibitors targeting the active site of the kinase in its DFG-in 

conformation. Representative examples include pyridinyl imidazole compounds 

such as SB203580 and related inhibitors with favorable pharmacokinetic properties 
110, 111. Subsequently, type II inhibitors such as BIRB796, Sorafenib, and Regorafenib 

were designed to bind a pocket adjacent to the ATP-binding site, stabilizing the 

DFG-out inactive state and thereby interfering with kinase activation 112, 113, 114. 

 

Fig. 1.9: Cellular signalling of the MAP kinase pathway, p38α being the downstream 

kinase. 
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Despite their potency, many of these inhibitors have suffered from limited selectivity 

and dose-limiting toxicity, largely because the ATP-binding cleft and its neighboring 

structural elements are highly conserved across the kinome115, 116, 117. As a result, 

several compounds originally developed as p38 inhibitors also inhibit multiple other 

kinases, including members of the Raf family, PDGFR, VEGFR, and c-Kit 118, 119, 120. 

Although some type II inhibitors exploit conformational features beyond the 

canonical ATP pocket, these sites still retain substantial similarity to equivalent 

regions in related kinases, which restricts the gains in selectivity that can be achieved 

through ATP-site targeting alone110, 111, 112, 113, 114, 115, 116, 117. This limitation has shifted 

interest toward alternative inhibitory strategies, including the targeting of non-

canonical activation routes and the identification of distal allosteric sites that may 

offer improved specificity 121. 

A detailed understanding of p38α structure and dynamics is therefore essential for 

the rational development of new therapeutic strategies. Like other protein kinases, 

p38α adopts the conserved bilobal kinase fold, consisting of a smaller N-terminal 

lobe and a larger C-terminal lobe connected by a flexible hinge region 122, 123, 124, 125. 

The N-lobe is composed mainly of β-sheets and contributes to ATP binding, 

whereas the C-lobe is predominantly α-helical and participates in substrate 

recognition, catalytic regulation, and effector interactions 123, 124, 125, 126, 127, 128. The 

catalytic cleft lies between the two lobes and comprises several highly important 

structural elements, including the glycine-rich loop, the hinge region, the αC-helix, 

and the DFG motif within the activation loop. Together, these features define the 

ATP-binding environment and modulate access to adjacent hydrophobic regions 

and regulatory pockets126, 127, 128 (Fig. 1.10). 
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Fig. 1.10. Structural features of p38α.  

Beyond the canonical catalytic site, p38α contains several neighboring hydrophobic 

subregions that have been exploited in inhibitor design. These include hydrophobic 

regions flanking the ATP-binding site, an allosteric sub pocket associated with the 

DFG transition128, and a more distal hydrophobic cavity in the C-lobe often referred 

to as the lipid pocket or lipid-binding pocket129, 130, 131, 132. This latter site has attracted 

increasing attention because it appears to represent a kinase-specific regulatory 

feature with potential allosteric relevance. Structural studies have shown that p38α 

can undergo conformational rearrangements involving both local motif transitions 

and larger-scale inter-lobe motions. In particular, activation is accompanied by a 

rigid-body rotation of the N- and C-lobes, typically on the order of several degrees, 

which enhances catalytic competence and facilitates phosphoryl transfer133. In 

addition, the kinase can adopt different activation-loop conformations, most notably 

the DFG-in and DFG-out states. In the DFG-in conformation, the conserved Asp 

residue is positioned to coordinate Mg2+ ions and support ATP binding, whereas in 

the DFG-out conformation, the phenylalanine side chain is flipped into the active-

site region, thereby obstructing catalytically competent ATP binding 134, 135, 136. 

These structural transitions are not merely static conformational switches but are 

part of a broader dynamic ensemble in which communication between distant motifs 

and domains regulates kinase function. In this sense, p38α is particularly well suited 
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for analysis in terms of dynamic allostery, where functional regulation arises from 

correlated motions and coupling between proximal and distal structural elements 

rather than from a single large structural rearrangement137, 138, 139, 140. Increasing 

evidence suggests that the catalytic site, activation loop, αC-helix, hinge region, and 

distal lipid-binding domain are dynamically interconnected, forming communication 

pathways that may be exploited for allosteric regulation133, 137, 140. In the present study, 

these communication pathways were interrogated using dynamical network analysis 

and complementary computational approaches, with the resulting predictions 

validated experimentally by solution and solid-state NMR spectroscopy, biophysical 

assays, and X-ray crystallography. Together, such integrative approaches provide a 

framework for understanding how long-range dynamic coupling controls p38α 

function and how this knowledge may guide the discovery of more selective 

allosteric modulators141, 142, 143. 
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2. Research Gap 

 

Despite extensive work on p38α, the mechanistic basis of its dynamic regulation 

remains incompletely understood. Existing studies have established many important 

structural, biochemical, and pharmacological features of the kinase, including its 

activation pathways, catalytic motifs, inhibitor-binding modes, and role in stress and 

inflammatory signalling. However, these findings do not yet provide a complete 

explanation of how distant structural regions within p38α are dynamically coupled 

to regulate activity. This limitation is especially important because p38α, like many 

kinases, cannot be understood solely in terms of static structural snapshots. Rather, 

its function appears to depend on an underlying dynamic ensemble in which 

communication between the N-lobe, C-lobe, activation loop, hinge region, and distal 

regulatory pockets may collectively determine its conformational preferences and 

functional output. A clear residue-level understanding of this long-range coupling is 

still lacking. 

This unresolved problem represents a major gap in the field, particularly from the 

perspective of therapeutic targeting. Kinases remain challenging drug targets because 

their catalytic cores and ATP-binding sites are highly conserved, often resulting in 

poor selectivity and dose-limiting off-target effects. For this reason, a deeper 

understanding of intramolecular communication and dynamic allostery in p38α is 

not only of fundamental mechanistic interest, but also of direct relevance to the 

design of more selective modulators. Although distal regulatory regions, including 

the lipid-binding domain and associated cryptic pockets, have attracted increasing 

attention, their precise role within the broader allosteric network of the kinase 

remains insufficiently defined. In particular, it is still unclear which residues function 

as key communication nodes, how these nodes connect distant functional regions, 

and how strongly they influence the global dynamic architecture of the protein. 

The present study addresses this gap through an integrated structural-biology 

strategy aimed at defining the intrinsic allosteric network of p38α in quantitative and 

mechanistic terms. By combining computational and experimental approaches, it 

seeks to identify dynamically coupled regions, map the network of long-range 

communication across the kinase, and determine which residues act as central 

regulators of signal propagation within this network. Rather than focusing 
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exclusively on large conformational changes, the work examines how dynamic 

coupling emerges from correlated motions and how these motions link functionally 

important regions of the protein. In this way, the study moves beyond a purely 

descriptive account of p38α structure and instead investigates the internal logic by 

which its dynamics are organized. 

Importantly, the work does not stop at computational identification of allosteric 

pathways. A central objective is to test the biological and structural relevance of the 

predicted network experimentally, thereby establishing whether the identified 

residues genuinely contribute to long-range regulation. The study further extends 

this analysis by perturbing a selected allosteric node through mutation and examining 

the resulting consequences for solvent dynamics, local stability, and overall structural 

behavior. This allows the functional importance of a single network element to be 

assessed within the wider context of the p38α dynamic ensemble. Taken together, 

the aim is to provide a more complete mechanistic understanding of how p38α is 

regulated through dynamic allostery and to address questions that have remained 

insufficiently resolved in earlier studies. 
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3. Mapping the dynamic 

allostery of p38α kinase 
 

This section describes the quantification of the p38α dynamic network using an 

integrative structural-biology approach. The underlying study is currently under 

revision and is available as an open-access preprint in the journal archive.  
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3.1 Introduction 

 

 

The previous section introduced p38α MAP kinase as a central stress-responsive 

kinase with important roles in inflammation, immune regulation, and cancer-

associated signalling. It also described the major structural features of p38α, 

including the bilobal kinase fold, ATP-binding cleft, activation loop, DFG motif, 

and distal lipid-binding pocket. The present chapter builds on that background by 

addressing a more specific question: how are these structural elements dynamically 

connected within the kinase domain? 

Protein kinases are commonly interpreted through changes in static structure, such 

as transitions between inactive and active conformations or between DFG-in and 

DFG-out states. Although these structural descriptions are useful, they are 

insufficient to explain the full regulatory behaviour of p38α. Protein kinase function 

is strongly coupled to dynamics, with regulatory information distributed across 

networks of residues rather than being restricted to the catalytic site alone144, 145. In 

this view, kinase regulation emerges from shifts in conformational populations and 

from changes in the coupling between different regions of the protein. 

This concept is central to dynamic allostery. In dynamic allostery, communication 

between distant sites is mediated not necessarily by large structural rearrangements, 

but by redistribution of correlated motions across the protein8. A perturbation at 

one site, such as phosphorylation, mutation, ligand binding, or protein interaction, 

can therefore influence a distant region by changing the internal motional network. 

For p38α, this is particularly relevant because several functionally important regions 

are spatially separated but appear to be dynamically linked. These include the 

activation loop, DFG motif, αC-helix, hinge region, catalytic cleft, inter-lobe 

interface, and the distal lipid-binding pocket (Fig. 3.1A). 

Canonical activation of p38α occurs through dual phosphorylation of the Thr-Gly-

Tyr motif in the activation loop. However, phosphorylation does not simply switch 

the kinase from one rigid inactive state into one rigid active state. Enhanced-

sampling molecular dynamics simulations showed that phosphorylation, nucleotide 

binding, and substrate/docking interactions reshape the free-energy landscape of 

p38α, progressively shifting the conformational ensemble toward active-like states 

rather than locking the kinase into a single active conformation146. This supports an 
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ensemble-based model in which p38α activity is controlled by population shifts and 

dynamic coupling between regulatory elements. 

The lipid-binding pocket is especially important in this context. Unlike the ATP-

binding site, which is highly conserved across the kinome, the lipid pocket is located 

in a more distal C-lobe region associated with the MAP kinase insert. The pocket 

was originally identified in crystal structures of p38α bound to n-octyl-β-

glucopyranoside, revealing a lipid-binding site formed by the MAP kinase insert147. 

Subsequent studies targeting non-ATP-binding pockets and lipid-pocket-associated 

regions further supported the idea that distal sites in MAP kinases can influence 

kinase behaviour and may provide alternative opportunities for allosteric 

modulation148, 149. Structural superimposition of the “DFG-out” p38α complexes 

bound to Sorafenib alone (PDB 3HEG150) and to both Sorafenib and β-OG (PDB 

3GCS151) reveals a flip of the pyridyl nitrogen and methyl substituent of Sorafenib, 

despite a separation of more than 30 Å from β-OG bound in the lipid pocket (Fig. 

3.1B). 

Despite this, the residue-level architecture of these communication routes remains 

incompletely defined. Static structures can reveal where potential regulatory sites are 

located, but they do not directly explain how dynamic information is transmitted 

between them. Similarly, global measurements of conformational change provide 

useful evidence for altered dynamics, but they do not identify which residues act as 

key mediators of long-range coupling. A central challenge, therefore, is to move 

from a qualitative description of p38α allostery toward a residue-specific map of its 

dynamic network (Fig. 3.1C). 

Molecular dynamics simulations provide a suitable framework for this purpose 

because they sample correlated motions across the kinase domain over time. When 

combined with dynamical network analysis, these simulations can be used to 

represent the protein as a network of interacting residues, where nodes correspond 

to residues and edges describe the strength of motional coupling between residue 

pairs. Network analysis based on molecular dynamics trajectories is increasingly used 

to identify communication pathways and allosteric hotspots in proteins152. Dynetan 

implements generalized-correlation-based dynamical network analysis, using mutual-

information-derived correlations to capture both linear and non-linear relationships 

between residue motions 69. 

Computationally predicted networks, however, require experimental validation. 

NMR spectroscopy is particularly well suited for this task because it provides 

residue-specific information on both local structure and dynamics in solution. In 
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MAP kinases, NMR-based approaches have already been used to identify allosteric 

information flow and communication communities, including in p38γ, where 

conservative mutations produced long-range chemical-shift perturbations extending 

across the kinase domain139. This supports the use of NMR as a complementary 

experimental strategy for testing whether predicted communication residues are 

genuinely involved in kinase allostery. 

In this chapter, the intrinsic dynamic network of unphosphorylated apo p38α is 

mapped using molecular dynamics simulations and dynamical network analysis. Key 

residues predicted to participate in long-range communication were selected for site-

directed mutagenesis, and the effects of these perturbations were examined using 

NMR spectroscopy and complementary structural and biophysical methods. The 

aim was to identify residues that connect the activation loop, DFG motif, inter-lobe 

interface, and lipid-binding region, and to determine whether the lipid pocket is 

dynamically integrated into the wider regulatory architecture of the kinase. 

This analysis reveals that p38α contains an extended dynamic communication 

network spanning both kinase lobes. Importantly, the network includes not only 

canonical kinase regulatory elements but also residues associated with the distal lipid-

binding pocket. These findings support a model in which p38α regulation is shaped 

by long-range dynamic coupling across the kinase domain. They also suggest that 

the lipid pocket should be considered an integral component of the allosteric 

network rather than an isolated peripheral cavity. By defining this communication 

architecture at residue-level resolution, this chapter provides a mechanistic basis for 

understanding p38α dynamic allostery and for exploring distal allosteric sites as 

potential routes toward more selective kinase modulation. 
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Fig. 3.1 A) Structural representation of p38α kinase, highlighting the interactions of 

ligands binding to the allosteric pocket (exemplified for sorafenib) and the lipid 

pocket (shown for β-OG), as produced using Discovery studio. Key structural 

features such as the activation loop, the catalytic C- spine, and the regulatory R-spine 

are highlighted. B) Observed ring flip of the type-II inhibitor sorafenib between 

structures in the presence (semi-transparent yellow, PDB 3GCS) or absence (semi-

transparent cyan, PDB 3HEG) of a lipid pocket binder (β-OG). C) Sketch of the 

allosteric pathways between the active site, the adjacent, so-called allosteric pocket, 

and the lipid pocket in question. 

 

3.2 Dynamic network analysis of p38α 

kinase 

 

Following the workflow summarized in Fig. 3.2, this study involved a combination 

of structural-biology techniques, mainly molecular dynamics simulation and nuclear 

magnetic resonance, to quantify the allosteric sites of p38α. 
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Fig. 3.2   Schematic representation of the methodology to identify the 

communicators and validate them experimentally and computationally. 

Molecular dynamics simulations, along with dynamical network analysis calculations 

were performed for three unphosphorylated p38α systems: apo p38α, sorafenib-

bound p38α, and p38α bound to both sorafenib and β-OG. Simulations were carried 

out using NAMD 3 with the CHARMM36 force field34, 59. The system setup is 

collectively described in Table 10.1 (Appendix), with the RMSD and the RMSF 

values of the trajectory plotted in Fig. 3.3A and Fig. 3.3B respectively. Dynamical 

network analysis revealed the change of community structure when the β-OG was 

in the lipid pocket (Fig 3.3C). When the pathway structures were computed from 

the important locales of the protein, namely the allosteric pocket to activation loop 

(Fig. 3.3D), activation loop to lipid pocket (Fig 3.3E) and a direct communication 

from the allosteric pocket to the lipid pocket (Fig. 3.3F), traversing of the pathways 

were observed, confirming that the occupancy of the lipid pocket indeed changes 

the dynamic allostery of the protein.  
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Fig. 3.3 A) RMSD of the simulations using starting crystal structures 3HEG (p38a 

bound to sorafenib only; red) and 3GCS (Sora + BOG; blue) B) RMSF of the 

simulations using starting crystal structures 3HEG (Sorafenib with p38α; red) and 

3GCS (Sora + BOG with p38α ; blue). C) Differences in communities when BOG 

binds to the lipid pocket. D) Differences in pathways upon BOG binding from the 

allosteric pocket to the activation loop. E) Differences in pathways upon BOG 

binding from the lipid pocket to the activation loop. F) Differences in pathways 

upon BOG binding from the lipid pocket directly to the allosteric pocket. 

For the apo system, five independent replicas of 1 µs were generated. The root-

mean-square deviation over time of the replicas and residue-wise root-mean-square 

fluctuations are shown in Figs. 3.4A and 3.4B, respectively. The analysis portrayed 

that not only the loops, but the core helices of p38α, were flexible (Fig.3.4C). For 

the subsequent network and correlation analyses, the final 200 ns of each replica 

were concatenated and analysed using Dynetan. The analysis included community 

detection and quantification of betweenness centrality, allowing the identification of 

residues with prominent roles in long-range dynamic communication69, 70. 
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Fig. 3.4: A) Backbone RMSD of the apoprotein across five independent 1 μs 

replicas; the final 200 ns of each replica were used for network analysis. B) Overlay 

of RMSD traces for all five apoprotein replicas, highlighting convergence. C) 

Average per-residue RMSF mapped onto the protein structure to visualize flexibility. 

Community detection provides an initial overview of the dynamic organization of 

the protein by partitioning the residue network into groups that display coherent 

motions. For the wild-type apo protein, this analysis identified 14 dynamic 

communities, shown in different colours in Fig.3.5. Each community represents a 

set of residues with stronger internal motional correlations and weaker correlations 

with residues outside the group. Thus, the communities define regions of coherent 

dynamical behaviour within the kinase domain. 

Despite the approximately 60% sequence identity between p38α and p38γ, and 

despite the different methodologies used, the communities identified here show 

notable similarity to the experimentally derived allosteric communities previously 

reported for p38γ using methyl scanning and chemical-shift perturbation analysis139. 

As in the p38γ study, the N-lobe is divided into distinct regions corresponding to 

the active-site region, the extended allosteric pocket, and the regulatory and catalytic 

spine-associated regions. In the present p38α network, these are represented by the 

magenta, brown, grey, and pink communities, respectively. The C-lobe is divided 

into several communities, including a green community corresponding to the MAP 

kinase insert and lipid-binding domain, and a distinct purple community containing 

the activation loop. This separation is important because it suggests that the lipid-

binding domain behaves as a dynamically distinct region rather than simply forming 

part of the activation-loop community. 

Several of these dynamic features also resemble community structures previously 

identified in protein kinase A using network analysis144. In PKA, the N-lobe was 

partitioned into communities corresponding to the ATP-binding pocket, the αC-
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helix region, and the regulatory spine. These regions show qualitative parallels with 

the active-site, extended allosteric-pocket, and R-spine-associated communities 

identified here in p38α. Similarly, the C-lobe communities in PKA corresponding to 

the activation loop, catalytic spine, and substrate-binding region show partial 

correspondence to the activation-loop, C-spine-associated, and lipid-pocket-

associated communities in p38α. However, this comparison should be interpreted 

cautiously, because p38α contains MAP kinase-specific structural features, including 

the MAP kinase insert and lipid-binding pocket, that are not directly equivalent to 

regions in PKA. 

 

 

Fig. 3.5 Clustering of the protein into 14 communities, largely reminiscent of the 

different structural elements of the kinase (right). 

To identify residues that may act as communication hubs within the network, 

betweenness centrality was calculated. Betweenness centrality measures how 

frequently a residue lies along shortest communication paths between other residues 

and therefore highlights positions that may contribute disproportionately to long-

range information transfer. The results are shown in Fig. 3.6 and summarized in 

Table 10.2 (Appendix). Although direct residue-by-residue comparison with other 

kinases is limited by sequence and structural differences, several of the high-

centrality residues identified here are consistent with previously described allosteric 

regions in related kinase systems. 

One prominent example is D168, the aspartate of the DFG motif. This residue 

appears as a major motional hotspot in the p38α network. Its central position is 

consistent with studies of p38γ, where a corresponding node near the DFG motif 
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was implicated in allosteric communication139. Similar observations have also been 

made in Abl kinase, where the DFG motif contributes to long-range coupling within 

the kinase domain153. In PKA, the neighbouring DFG phenylalanine rather than the 

aspartate has been emphasized as part of the allosteric communication network154. 

Taken together, these observations suggest that the DFG motif, although not always 

through the same residue, is a recurrent participant in kinase allostery. 

Another high-centrality residue identified in p38α is D150, which belongs to the 

catalytic HRD motif. This residue is positioned within the conserved catalytic 

machinery of the kinase. In PKA, the homologous aspartate, D166, has been shown 

to be critical for preorganizing the substrate phosphoacceptor site for efficient 

phosphoryl transfer140. Homologous catalytic aspartates in other kinases, including 

Abl and EGFR, also occupy central functional positions 155, 156, 157. The identification 

of D150 as a high-centrality node in p38α therefore supports the view that the 

catalytic loop is not only chemically important for catalysis, but also dynamically 

integrated into the allosteric communication network. 

R49 was also identified as a residue with high betweenness centrality. This residue is 

located in the extended allosteric pocket of p38α. Unlike the DFG and HRD motifs, 

this site does not have an obvious universally conserved equivalent with an 

established allosteric role across other kinases. Its identification therefore appears to 

reflect a more p38α-specific contribution to the network. This makes R49 

particularly interesting, because it may represent a communication node associated 

with the architecture of the p38α allosteric pocket rather than with the generic kinase 

catalytic core. 

W207 represents another notable high-centrality residue. It is positioned near the 

substrate-binding groove and faces toward the lipid pocket. In PKA, the 

homologous W222 has been described as an allosteric hub in the αF/FC region and 

as a structural keystone stabilizing the C-lobe126, 145. Although Abl and EGFR contain 

hydrophobic residues in related regions, a direct one-to-one analogue is not 

straightforward to assign. In p38α, the location of W207 is particularly relevant 

because of its proximity to the lipid pocket, a region previously proposed as a 

potential site for allosteric modulation158. Its high betweenness centrality therefore 

supports the idea that the lipid pocket is not dynamically isolated, but is connected 

to the broader allosteric communication network of p38α. 
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Fig. 3.6 Residues with top betweenness centrality, i.e., the highest degree of 

information flow traversing them, also highlighting those network sites chosen for 

mutagenesis studies for network validation (red highlights). 

In addition to identifying individual network hotspots, inter-lobe correlations were 

analysed to examine the broader communication architecture of the kinase. The 

overall inter-lobe correlation map is shown in Fig. 3.7 and summarized in Table 

3.2. As expected, several strong correlations correspond to short-range contacts 

dictated by the three-dimensional fold of the protein, such as the interaction between 

R70 and F169. However, longer-range correlations were also observed, including 

contacts between L104 and L167 and between N102 and K165. These correlations 

indicate that communication across the two lobes is not limited to local structural 

packing, but also involves more extended dynamic coupling. 
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Fig. 3.7 Map of inter-residue dynamic-network correlations, specifically focusing on 

connections between N- and C-lobe residues. Pairs in black writing denote long-

range correlations with a correlation coefficient above 0.3. Note that part of the C-

terminal (320-360) lies in the N-Lobe, while the first transition from N- to C-lobe 

occurs at around residue 107. Correlations involving these covalent linkages are 

grayed out. 

To determine whether the network hotspots identified by the MD-based analysis 

were already apparent from static crystallographic information, the corresponding 

residues were examined in terms of crystallographic B-factors derived from apo 

unphosphorylated p38α structures159. Crystallographic B-factors provide an 

approximate measure of local atomic displacement or structural order within the 

crystal environment. The B-factor distribution is shown in Fig. 3.8, and values for 

the major network nodes are listed in Table 1. Most of the identified allosteric 

hotspots showed intermediate B-factor values rather than unusually high values. For 

example, R49, D150, and D168 had normalized B-factor values of 0.509, 0.342, and 

0.497, respectively. W207 displayed an even lower value of 0.056, indicating that this 

residue is well defined in the crystal structure. 

These observations indicate that the key dynamic-network residues are not 

identifiable simply as highly flexible or disordered regions in the crystal structure. 

Although crystallographic B-factors can sometimes provide useful information 
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about local mobility, they do not capture the full dynamic coupling present under 

solution conditions. In particular, residues that are structurally well ordered may still 

play central roles in long-range communication through correlated motions. 

Therefore, the allosteric hotspots identified here appear to reflect dynamic network 

properties rather than static disorder. 

 

Fig. 3.8 B-factors of X-ray crystal structure along the protein. Temperature B-

factors (Debye-Waller factors) are shown for the crystal structure PDB 3HEG. 

Table 3.1: B-factors of key network residues, derived from PDB 3HEG. 

 

Residue  B-factor (Å2) 

PRO29 0.434 

ARG49 0.509 

LYS66 0.206 

ILE141 0.199 

ASP150 0.342 

ASP168 0.497 

TYR188 0.111 

THR203 0.207 

TRP207 0.056 

ILE212 0.107 

ILE235 0.098 
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3.3 Change in the network properties on 

perturbation 

 

To discern the properties of the network, it was probed by “mutating” residues 

identified as key nodes based on high betweenness centrality by selecting four of the 

residues (R49, D150, D168, and W207) and were replaced by alanine. W207 is of 

particular interest as it forms part of the lipid pocket in the C-lobe. MD data namely 

the RMSD and the RMSF (five 1 µs trajectories for each of the four mutants) were 

obtained using similar strategies as for the wild type (Fig. 3.9). The trajectories 

revealed changes in the overall dynamics due to a point mutation. 

 

Fig. 3.9 A)  RMSDs and RMSFs of five replicas per mutant. The last 200 ns were 

used for network and correlation analysis. B) Mean and SD of all the RMSFs 

compared with the wildtype. 
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The mutant trajectories were re-analyzed with the mentioned dynamical network 

framework. These analyses revealed differences in both betweenness-derived 

pathways and community structure compared with the wild type (Fig. 3.10). The 

community architecture was different than that of the wildtype. And new shortest 

paths were established, which featured new residues with maximum betweenness 

centrality.  

 

Fig. 3.10: Network analysis by Dynetan, mainly betweenness and communities of 

the mutants. The top shows the entire network, while the center depicts 

betweenness, and the bottom shows the clusters found in each of the mutants. 

The effects of mutation on long-range communication were also quantified by 

evaluating inter-lobe (N–C) correlations and correlations along the wild-type-

defined shortest communication paths. Total correlation maps for all ensembles are 

provided in the Fig. 10.1 (Appendix).  The correlations for cross lobe are shown in 

Fig. 3.11A.  Whereas the tertiary structure and hence many correlations are 

necessarily maintained with respect to Fig. 3.7, changes with respect to long-range 
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correlations can be witnessed in each of the cases. (Difference maps (mutant – wild 

type) are shown in Fig. 3.11B.) The correlation pairs are stated below in Table 3.2. 

 

Fig. 3.11. A) N-C lobe correlations of the mutants focusing on the inter-domain 

regions. B) Differences (mutant – WT) in the correlations from the N to C lobe for 

each of the mutants. 
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Table 3.2: Correlation Values Between N-lobe to C-Lobe. 

 

WT R49A D150A D168A W207A 

319–316 
(0.96) 

319–316 
(0.96) 

319–316 
(0.96) 

317–316 
(0.96) 

317–316 
(0.95) 

319–315 
(0.75) 

319–315 
(0.94) 

106–108 
(0.95) 

317–315 
(0.93) 

106–108 
(0.94) 

106–108 
(0.55) 

320–316 
(0.93) 

320–316 
(0.91) 

106–108 
(0.75) 

317–315 
(0.93) 

320–316 
(0.55) 

106–108 
(0.76) 

319–315 
(0.75) 

318–316 
(0.55) 

318–316 
(0.72) 

102–165 
(0.36) 70–168 (0.58) 

102–167 
(0.61) 

102–167 
(0.41) 70–168 (0.53) 

102–167 
(0.35) 

102–167 
(0.57) 70–168 (0.59) 70–169 (0.35) 74–168 (0.52) 

70–169 (0.31) 67–168 (0.57) 
103–108 
(0.54) 

103–108 
(0.32) 67–168 (0.51) 

319–294 
(0.31) 

103–155 
(0.46) 319–294 (0.48) 

102–165 
(0.40) 

 70–169 (0.43) 70–171 (0.46) 70–169 (0.38) 

 81–165 (0.42) 320–292 (0.46) 
103–108 
(0.35) 

 

101–167 
(0.41) 103–167 (0.46)  

 

102–166 
(0.41) 348–160 (0.40)  

 67–167 (0.41) 347–159 (0.39)  

 75–166 (0.41) 345–158 (0.37)  

 

319–296 
(0.33) 345–157 (0.35)  

 

106–153 
(0.32) 318–293 (0.31)  

 

106–151 
(0.32) 73–292 (0.31)  

 

330–163 
(0.31) 73–169 (0.30)  

 

102–155 
(0.31) 70–170 (0.30)  

  103–165 (0.30)  
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3.4 Validating the dynamic network 

ensemble  

 

To validate the dynamic allosteric network identified by dynamical network analysis, 

we used a two-level strategy combining additional computational analyses with 

experimental validation. This was necessary because different network-analysis 

approaches can rely on different theoretical assumptions and may therefore 

emphasize different aspects of residue communication. 

In both parts of the validation strategy, the network was probed by perturbing 

residues identified as key nodes based on high betweenness centrality. Four residues 

R49, D150, D168, and W207, were selected for alanine substitution, as mentioned 

in the previous section. These mutants were then used for downstream analyses, 

including correlation analysis, sorafenib-binding studies, solution NMR chemical-

shift perturbation experiments, NMR relaxation measurements, and biochemical 

assays (Fig. 3.12). 

 

 

Fig. 3.12 Strategy to verify the results of dynamic-network analyses, using in-silico 

mutagenesis, functional assays of mutants, and NMR chemical-shift perturbation 

and relaxation.  
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3.5 Pathway level changes on network 

perturbation in apo and holo p38α 

 

To assess how mutation of central network residues affects communication between 

regulatory regions, shortest-path analyses were also performed for the mutant 

systems. As in the wild-type analysis, representative residues were selected for each 

region: K66 for the extended allosteric pocket, Y188 for the activation loop, and 

I235 for the lipid pocket. For the pathway connecting the allosteric pocket to the 

activation loop, the communication path traverses the DFG motif, including D168 

and G170, consistent with the role of this motif as a central mediator between 

regulatory regions. This finding also agrees qualitatively with previous observations 

in p38γ, where the DFG region contributed to communication between distant 

allosteric sites139. The pathway between the activation loop and the lipid pocket was 

then examined using activation-loop and lipid-pocket residues, including K233 and 

I235. This analysis revealed a route linking the activation loop to the lipid-binding 

region of the C-lobe. Finally, pathways between the extended allosteric pocket and 

the lipid pocket were calculated without imposing passage through the activation 

loop. These paths also involved the DFG motif but bypassed the activation loop, 

indicating that communication between the two pockets can be channelled through 

alternative routes within the kinase domain. The routes are given in Table 10.3 

(Appendix). Together, these analyses reveal a connected allosteric network that 

spans the N-lobe, C-lobe, activation loop, DFG motif, and lipid-binding domain. 

Importantly, these computational results support the idea that the lipid-binding 

domain and lipid pocket are integrated into the dynamic communication architecture 

of p38α. The lipid pocket therefore should not be considered merely as a peripheral 

hydrophobic cavity. Instead, it appears to form part of a broader allosteric network 

connecting distal regulatory sites with the active-site machinery. This provides a 

mechanistic rationale for the potential modulation of p38α through sites outside the 

ATP-binding cleft129, 147. 

The shortest path does not by itself define an allosteric pathway. Rather, it represents 

the most strongly connected communication route between selected residues in the 

dynamic network. When such a route links known regulatory regions, such as the 

lipidic pocket, activation loop, catalytic site, or ATP-binding cleft, it can be 

interpreted as a potential allosteric communication pathway. Therefore, this analysis 
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was used to identify communication routes and hub residues that may contribute to 

long-range dynamic coupling in p38α. 

The wild-type shortest path was used as the reference, and the cumulative pairwise 

correlation between consecutive residues along this path was calculated for wild type 

and each mutant. Uncertainty was estimated from five independent replicas, using 

bootstrapping hypothesis with each replica further divided into five analysis 

windows Table 10.4 (Appendix).  

Across all three communication routes – allosteric pocket to activation loop (Fig. 

3.13A), lipid pocket to activation loop (Fig. 3.13C), and allosteric pocket to lipid 

pocket (Fig. 3.13E), the mutants showed consistently reduced cumulative 

correlations compared with wild-type p38α. This indicates that mutation of high-

centrality residues weakens dynamic coupling between distant regulatory regions. 

Notably, W207A produced a strong reduction in the allosteric-pocket-to-activation-

loop pathway, with an approximately 20% decrease in cumulative correlation (Fig. 

3.3B). This is particularly informative because W207 is located in the C-lobe and is 

not directly part of the allosteric pocket. Its mutation therefore suggests that C-lobe 

residues can influence communication between the allosteric pocket and activation 

loop, consistent with a densely connected allosteric network. 

Conversely, D168A had a pronounced effect on the lipid-pocket-to-activation-loop 

pathway, reducing cumulative correlation by approximately 10% (Fig. 3.13D). D168 

is the aspartate of the DFG motif and lies outside the lipid pocket itself, yet its 

mutation weakens communication between the lipid pocket and activation loop. 

This supports the role of the DFG motif as a central relay element within the p38α 

dynamic network. 

The strongest and most consistent effects were observed for the direct pathway 

between the extended allosteric pocket and the lipid pocket. This pathway is also the 

least studied as it excludes the phosphorylation lip or the activation loop, which is 

the most important, established regulatory element of p38α. All mutations of central 

network residues produced substantial decreases in cumulative correlation along this 

route: R49A by approximately 10%, D150A and D170A by approximately 20%, and 

W207A by approximately 25% (Fig. 3.13F). These reductions were statistically 

significant and demonstrate that the identified network residues contribute directly 

to dynamic coupling between the allosteric and lipid-pocket regions. This also 

validates that a direct coupling between the allosteric pocket and lipid pocket is 

embedded in the inherent network of the protein and validates the initial hypothesis 



3. Mapping the dynamic allostery of p38α kinase 
 

74  
 

that lipid pocket binders cause a major ring flip of Sorafenib, an allosteric pocket 

binder (Fig. 3.1C).  

Together, these results show that mutation of high-centrality residues does not 

merely perturb local structure, but weakens long-range communication between key 

regulatory sites. The fact that distal mutations affect pathways in which they are not 

directly located supports the presence of a distributed and interconnected allosteric 

network in p38α.  
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Fig. 3.13 A) Residue-wise depiction of the shortest communication path from the 

allosteric pocket to the activation loop. B) For all the pathways (n=5). Total 

correlation of residue pairs along the allosteric-pocket-to-activation-loop pathway, 

normalized to wild-type (WT = 1) and with statistical annotations ** for p < 0.05 

and *** for p < 0.01. Statistical significance was assessed by non-parametric 
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bootstrap tests, see the Methods for details. A marked reduction is observed in all 

mutants, with W207A exhibiting the most significant drop (p = 0.039). C) Shortest 

path from the lipid pocket to the activation loop with key residues highlighted. D) 

Correlation sums along the lipid-pocket-to-activation-loop pathway, normalized to 

WT, D168A highlighting a significant decrease (p = 0.043). E) Residue pathway 

showing the shortest communication route from the allosteric pocket to the lipid 

pocket. F) Total correlation for the allosteric-pocket-to-lipid-pocket pathway, 

normalized to WT, with all mutants showing statistically significant reduced 

correlations (p = 0.017 for R49A; p = 0.0026 for D150A; p = 0.0022 for D168A; p 

= 0.005 for W207A). 

In addition to the apo systems, we examined how binding of an active-site/allosteric-

site inhibitor affects the p38α dynamic network. For this analysis, the same in silico 

strategy used for the apo wild-type and mutant proteins was applied to sorafenib-

bound p38α, using the X-ray structure 3HEG as the starting model. The binding 

pose of sorafenib was inspected using Discovery Studio, as shown in Fig. 3.14, and 

the corresponding docking scores are summarized in Table 3.3. Molecular dynamics 

simulations were again performed in five independent replicas for each system (Fig. 

10.2 Appendix). 

 

Fig. 3.14: Interacting residues when ligand sorafenib is docked with the WT protein 

and the mutants as seen through Discovery studio. 
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Table 3.3: Docking results of WT and mutant with Sorafenib at the allosteric pocket 

(in kcal/mol). 

WT R49A D150A D168A W207A 

-8.74 -3.69 -3.58 -6.56 -3.20 

-7.74 -2.70 -3.35 -6.01 -0.35 

-7.14  -2.72 -5.67 -0.35 

-6.08  -1.70  -0.30 

    -0.25 

 

We first assessed motional correlations between p38α and the bound inhibitor. For 

this purpose, sorafenib was coarse-grained into western and eastern regions, which 

were analysed separately to simplify interpretation. The resulting protein–ligand 

correlation maps are shown in Fig. 3.15. Overall, mutation caused a modest 

reduction in cumulative protein–ligand correlation, with the most pronounced 

decrease observed for D168A. This suggests that mutations of network residues can 

slightly alter the dynamic coupling between the inhibitor and the kinase. 

 

Fig. 3.15 A) Relative correlations between the protein and the ligand (divided into 

two groups, the eastern and western part), resolved by protein residue. B) Total 

correlation of the ligand sorafenib with the mutants and the WT (the latter being 

normalized to 1). 
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We then examined whether sorafenib binding changes the internal communication 

routes between the extended allosteric pocket, activation loop, and lipid pocket. For 

the ligand-bound wild-type protein, shortest communication paths were calculated 

using the same representative residues as in the apo analysis. Structural 

representations of these paths are shown in Fig. 3.16A, C, and E. Compared with 

the apo protein, sorafenib binding rerouted the preferred communication pathways 

connecting the allosteric pocket, activation loop, and lipid pocket. 

For each ligand-bound system, cumulative pairwise correlations were quantified 

along the ligand-bound wild-type paths, using the sorafenib-bound wild-type protein 

as the reference. In contrast to the apo state, alanine substitution of the previously 

identified network hotspots no longer produced a significant reduction in cumulative 

correlation along these paths (Fig. 3.16B, D, F). This indicates that sorafenib 

binding alters the dynamic communication architecture of p38α and reduces the 

dependence of these pathways on the intrinsic apo-state network residues. 

Consistently, no systematic gains or losses in cumulative correlations were detected 

along the ligand-bound communication paths. Together, these results suggest that 

sorafenib binding reshapes the internal motional network of p38α, rerouting 

communication between regulatory regions and partially suppressing the intrinsic 

dynamic network observed in the apo protein. 



3. Mapping the dynamic allostery of p38α kinase 
 

79  
 

 

Fig 3.16 A) Structural depiction of the communication pathway from the allosteric 

pocket to the activation loop in wild-type p38α kinase. The apo WT shortest path is 

shown in red, while the ligand-bound (holo) WT pathway is depicted in purple, 

highlighting a shift in the nature of inter-residue motional interactions upon ligand 

binding. B) Correlational changes referenced to the holo WT pathway (purple). C) 

Structure of the lipid-pocket-to-activation-loop pathway, comparing apo (red) and 
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holo (purple) WT forms. Ligand binding again alters the trajectory of this 

communication path. D) Using the holo WT pathway (purple) as the reference, 

minor differences in correlations are seen from the lipid pocket to the activation 

loop. E) Structural comparison of the allosteric-to-lipid pocket pathway, red and 

purple representing shortest paths in apo WT and holo WT, respectively. F) 

Correlation changes for the allosteric-site-to-lipid-pocket pathway. 

 

3.6 Change in biological activity on the 

absence of network residues 

 

Even with the extensive sampling provided by five independent microsecond-scale 

MD replicas, the pathway-level correlation analyses retained statistical uncertainty. 

This limitation highlights the need for experimental validation using ensemble 

measurements over a much larger number of molecules. To test whether 

perturbation of the predicted dynamic network has functional consequences, we first 

assessed the enzymatic integrity of the individual mutants relative to wild-type p38α 

using Homogeneous Time-Resolved Fluorescence assays (HTRF; Fig.3.17, 3.18 see 

Methods)160. 

HTRF is a high-throughput, low-background FRET-based assay format that 

combines time-resolved fluorescence detection with a homogeneous workflow160, 161. 

Here, HTRF was used to quantitatively compare the activity of wild-type and mutant 

p38α constructs using GST-tagged activating transcription factor 2 (ATF2) as the 

substrate. ATF2 is a well-established downstream substrate of p38 MAP kinases and 

is commonly used in p38α kinase-activity assays162. The assay was also used to assess 

the dependence of kinase activity on ATP concentration, thereby providing an 

indirect readout of ATP-dependent catalytic competence. 

In addition to the wild-type protein, whose expression and purification have been 

described previously163, the selected mutants were generated by site-directed 

mutagenesis. All proteins were recombinantly expressed in E. coli and purified 

according to established protocols (see Methods for biochemical details)164. Reaction 

rates were measured as a function of either ATP or substrate concentration, 

providing quantitative proxies for ATP-dependent catalysis and substrate 
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engagement, respectively. Kinetic characterization was performed using Michaelis–

Menten fits, and the resulting apparent KM values are summarized in Table S8. 

The wild-type enzyme showed the strongest apparent binding competence, reflected 

by the lowest Michaelis–Menten constants. To compare fractional saturation and 

curve shape independently of differences in absolute signal intensity, HTRF signals 

were normalized to the fitted vmax of each protein variant. All mutants displayed 

impaired apparent affinity relative to wild type, requiring higher ATP concentrations 

to reach comparable fractional saturation. This was particularly evident for R49A 

and D168A, which showed a gradual rightward shift in the ATP-dependent 

response. 

 

Fig. 3.17 A) HTRF-based ATP titration assay comparing the integrity of ATP 

binding between wild-type and mutant p38α kinase constructs across a 

concentration range of 0–1000 μM ATP. The result of a Michaelis-Menten fit of the 

fluorescence ratio f665/f620 obtained after a given time in the initial-rate regime 

serves as a quantitative proxy for ATP binding (best-fit KM shown for each curve). 

B) HTRF signals were normalized to the fitted vmax of each protein variant to 

compare fractional saturation, and were fitted according to Hill equation. The plots 

highlight differences in the concentration range over which ATP approaches 

saturation. 

A similar trend was observed in the substrate-dependent assay. Wild-type p38α 

reached saturation efficiently, whereas the mutants showed reduced substrate-

dependent response. D150A and R49A were the most strongly affected, as indicated 

by the pronounced rightward shift of their fitted curves (Fig. 3.18A). D150A 

displayed the most severe phenotype overall, with markedly reduced apparent 
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substrate engagement and moderately impaired ATP-dependent catalytic 

competence (Fig. 3.17A and B). 

 

Fig. 3.18. A) HTRF substrate titration assay quantifying substrate binding affinity 

of wild-type and mutant kinases using increasing concentrations of a GST-tagged 

activating transcription factor 2 (ATF2) substrate. KM fit values are again shown for 

each curve. While wild-type shows high fidelity of substrate association, the data for 

the dynamic-network mutants consistently indicate slightly impaired ATP and 

substrate binding competency. B) HTRF signals were normalized to the fitted vmax 

of each protein variant to compare fractional saturation, and were fitted according 

to Hill equation. The plots highlight differences in the concentration range over 

which substrate approaches saturation. 

W207A also showed reduced ATP-dependent regulation and catalytic output, 

despite the fact that W207 is located deep within the C-lobe and is distant from the 

canonical catalytic machinery (Fig 3.17). Importantly, none of the mutated residues 

directly participates in the phosphoryl-transfer reaction itself. Therefore, the reduced 

enzymatic performance of these mutants is consistent with the idea that perturbation 

of distal allosteric-network residues can impair p38α activity through disruption of 

long-range dynamic coupling rather than through direct alteration of the active site. 

All the KM, vmax and EC50 values of both the reactions are given in Table 3.4.  
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Table 3.4: KM, vmax and EC values. Note that vmax (needs to be read as relative 

values as the conversion between fluorescence and concentrations is unknown) is 

not reliable as the protein concentrations and degree of phosphorylation might be 

slightly different between samples. 

Protei
n 

WT D168A R49A D150A W207A 
 

KM 

(μM) 
2.4+/-
0.7 

3.9+/-
0.1 

3.7+/-0.2 3.3+/-
0.1 

2.6+/-0.1 

from ATP 
plot 

vmax 

(a.u.) 
5.2+/-
0.2 

4.3+/-
0.7 

3.3+/-0.8 1.3+/-
0.3 

1.6+/-0.4 

R-sq 0.93 0.97 0.96 0.94 0.94 

KM 
(nM) 

56.34 ± 
5.0 

95.89 ± 
4.7 

116.24 ± 
5.9 

95.82 ± 
6.5 

88.44 ± 
11.7 

from substrate 
plot 

vmax 

(a.u.) 
6.03+/-
0.3 

5.47+/-
0.5 

5.09+/-
0.6 

5.98+/-
0.4 

5.75+/-
0.3 

r2 0.99 0.99 0.99 0.99 0.99 

 

 

3.7 Chemical-shift perturbations on 

network element mutations 

 

If protein motions were purely local and independent, mutation of a single residue 

would be expected to perturb mainly the substituted site and its immediate structural 

environment. In contrast, residues embedded within an allosteric communication 

network can transmit the effect of mutation to distant regions of the protein. Such 

long-range perturbations are experimentally detectable by NMR spectroscopy as 

changes in residue-specific chemical shifts, peak intensities, line widths, and 

relaxation parameters across different motional timescales139, 161, 162, 164. Therefore, 

solution-state NMR provides a powerful experimental strategy to test whether 

residues identified by dynamical network analysis are genuinely involved in long-

range communication within p38α. 

To probe these potential long-range effects, we performed solution-state NMR 

experiments on unphosphorylated apo p38α. Wild-type and mutant proteins were 

expressed as 13C/15N/2H-labelled constructs in triple-labelled media and purified 
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using successive Ni-affinity, anion-exchange, and size-exclusion chromatography 

steps, following established protocols for recombinant p38α preparation163. Despite 

repeated attempts, the W207A mutant could not be expressed as a stable triple-

labelled construct in deuterated minimal media. Consequently, this mutant could not 

be included in the solution-state NMR analysis, although it was retained in the 

computational and biochemical parts of the study. 

Backbone resonance assignments for wild-type and mutant p38α constructs were 

obtained using 3D HNCA spectra, complemented by TROSY-HSQC spectra (Fig. 

3.20) as residue-specific fingerprint spectra (Fig. 3.19). Existing backbone 

assignments deposited in the Biological Magnetic Resonance Data Bank were 

transferred in a stepwise manner to the spectra recorded here, using BMRB entry 

17471 as the reference assignment set165. 

 

Fig. 3.19 Transfer of assignments using TROSY HSQC and HNCA spectra of the 

WT. (Chemical shifts of the WT are also available in the BMRB under accession 

code 17471.) 

In addition to the network mutants, V38A was introduced as an experimental 

negative control. V38 is located within a folded region of the tertiary structure but 

lies outside the predicted dynamic allosteric network. This mutant therefore allowed 

us to distinguish ordinary local effects of mutation from broader perturbations 

associated with disruption of the predicted communication network. 
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Fig. 3.20 TROSY HSQC of the mutants overlaid with the WT triple labelled 

proteins 

We first used chemical-shift perturbation analysis (Fig. 3.21) to assess changes in 

the average chemical environment of backbone amides throughout the protein. 

Chemical shifts are highly sensitive reporters of local electronic and structural 

environments, and therefore provide residue-resolved information on 

conformational changes, altered hydrogen bonding, modified packing interactions, 

or changes in local dynamics139, 161, 162, 164. If the effects of mutation were restricted to 

the local structural neighbourhood, substantial chemical-shift changes would be 

expected mainly around the mutation site. By contrast, widespread chemical-shift 

perturbations at residues distant from the mutation site would indicate long-range 

changes in the conformational ensemble. 
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Fig. 3.21 Quantification of chemical-shift perturbations of the dynamic network 

mutants with the wildtype. 

The CSP analysis revealed broad backbone perturbations for the functional mutants 

targeting predicted allosteric-network residues. Among these, D168A produced the 

most extensive global perturbation pattern. D168 is the aspartate of the conserved 

DFG motif and was identified computationally as a major communication hotspot. 

Its mutation caused chemical-shift changes distributed across the kinase domain, 

including regions far from the mutation site. Notably, the W207 resonance in the C-

lobe disappeared in the D168A spectrum. This is particularly important because 

W207 was independently identified as a key residue in the dynamic network and is 

positioned close to the lipid pocket. The disappearance of this resonance therefore 

supports a strong long-range effect of D168A on the C-lobe and is consistent with 

dynamic coupling between the DFG motif, inter-lobe communication routes, and 

the lipid-pocket region. 

The distributed nature of the D168A-induced perturbation is illustrated in (Fig. 

3.22), which maps chemical-shift perturbations onto the p38α structure. Rather than 

being confined to the DFG motif or activation-loop region, the perturbations extend 

across multiple structural elements. D150A also produced strong CSP effects, 

although slightly less extensive than those observed for D168A. Together, these data 



3. Mapping the dynamic allostery of p38α kinase 
 

87  
 

indicate that mutation of central network residues alters the conformational 

ensemble of p38α beyond the immediate mutation site. 

 

Fig. 3.22 Distribution of chemical shift perturbations across the protein structure. 

The CSP patterns showed both shared and mutation-specific features (Fig. 3.23; 

Table 3.5). Several regions were repeatedly affected across the network mutants, 

including the N-lobe/C-lobe interface, the substrate-binding groove in the C-lobe, 

and N-lobe regulatory elements comprising the P-loop and extended allosteric-

pocket region. At the same time, individual mutants produced distinct local and 

distal perturbation patterns. This combination of shared and mutation-specific 

effects is consistent with a distributed allosteric network: each mutation perturbs the 

network in a residue-specific manner, but the recurrence of affected regions indicates 

that these sites are dynamically coupled rather than behaving as isolated structural 

elements. 
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Fig. 3.23 Grouping of structural elements of all the mutants with a perturbed CSP. 

In contrast, the negative-control mutant V38A showed only limited chemical-shift 

changes. This difference is important. V38A lies outside the predicted 

communication network and therefore provides a control for the general structural 

consequences of alanine substitution. The restricted CSP pattern of V38A indicates 

that not every mutation within the folded kinase domain produces widespread 

spectral changes. Instead, the broad perturbations observed for D150A, D168A, and 

R49A are specifically associated with mutation of residues predicted to participate in 

the dynamic allosteric network. 

This distinction is further supported by the violin plots shown in Fig. 3.24, which 

compare the distribution of chemical-shift perturbations across the different 

variants. The network mutants show broader and stronger CSP distributions than 

V38A, consistent with more extensive remodeling of the conformational ensemble. 

Therefore, the NMR data experimentally support the computational prediction that 
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R49, D150, and D168 are not merely local structural residues, but participate in long-

range dynamic coupling within p38α. 

 

Fig. 3.24 Violin plots summarizing CSP distributions across network mutants 

(R49A, D150A, D168A) and the control variant (V38A). Blue and red dots mark 

residues from the lipid pocket and active site, respectively. 

Overall, the chemical-shift perturbation analysis provides residue-resolved 

experimental evidence for allosteric rewiring upon mutation of predicted network 

hotspots. The widespread CSPs observed for the network mutants, together with 

the limited perturbation caused by the negative-control V38A mutant, support the 

conclusion that the identified hotspots contribute to the intrinsic dynamic 

communication architecture of apo p38α. These findings validate the dynamical 

network analysis and show that disruption of central communication nodes can 

reshape the conformational ensemble of the kinase across both lobes. 
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Table 3.5: Important regions with CSP>0.12 for all mutants 

Residue Mutants Region 

33 D168A P-loop / glycine-rich loop 

52 R49A, D150A Allosteric pocket / N-lobe pocket 

71 R49A Allosteric pocket / N-lobe pocket 

84 R49A Other / distal region 

88 R49A, D150A Other / distal region 

97 D150A Other / distal region 

102 D150A Other / distal region 

124 D150A Other / distal region 

145 R49A, D150A HRD / catalytic loop region 

150 D150A HRD / catalytic loop region 

156 D150A Other / distal region 

159 D168A Other / distal region 

166 D168A Other / distal region 

179 D150A Other / distal region 

184 D150A Activation loop / phosphorylation region 

211 D150A Other / distal region 

212 D168A Other / distal region 

214 R49A Other / distal region 

230 D150A Lipid pocket / MAP kinase insert 

267 R49A Lipid Pocket connect 

269 D150A Other / distal region 

287 D150A, D168A Other / distal region 

313 R49A Other / distal region 

322 D150A Other / distal region 

362 D168A Other / distal region 

 

 

3.8 Modulation of protein dynamics in 

the absence of network elements 

studied through NMR relaxation 

 

To determine whether the chemical-shift perturbations observed for the network 

mutants were accompanied by changes in protein dynamics, we next performed 

solution-state 15N relaxation experiments. Specifically, we measured [15N,1H]-
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heteronuclear NOE values and 15N transverse relaxation rates, R₂. These two 

parameters provide complementary information on backbone dynamics [45–48]. 

The hetNOE primarily reports on fast local motions on the picosecond-to-

nanosecond timescale, with lower values generally indicating increased fast-timescale 

flexibility in a residue wise manner (Fig.3.25)166.  

 

Fig. 3.25 Residue wise hetNOE trends 

In contrast, R₂ is sensitive to transverse relaxation and can be influenced by slower 

conformational exchange processes, typically on the microsecond-to-millisecond 

timescale, in addition to overall molecular tumbling and local dynamics (Fig. 3.26)167, 

168, 169. 
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Fig. 3.26 Residue wise R2 trends 

Among the mutants analysed, D150A showed the most pronounced deviations from 

wild-type p38α across both relaxation datasets. Compared with wild type, D150A 

displayed reduced hetNOE values at several positions distributed throughout the 

kinase domain, suggesting increased local backbone flexibility on the fast timescale 

(Fig. 3.27). In parallel, elevated R₂ values were observed at multiple sites, especially 

in the C-lobe region encompassing residues approximately 200–250, which includes 

the MAP kinase insert and lipid-pocket region (Fig. 3.28). These increased R₂ values 

suggest enhanced contributions from slower conformational fluctuations and/or 

conformational exchange. Together, the reduced hetNOE and increased R₂ values 

indicate that the D150A mutation alters the motional behaviour of p38α across 

multiple timescales. 

The dynamic consequences of D150A were not restricted to the mutation site. 

Structural mapping of per-residue relaxation differences relative to wild type 

revealed perturbations extending across both lobes of the kinase (Fig. 3.27, 3.28). 

This is consistent with the CSP analysis, where D150A also produced widespread 

changes in the backbone chemical environment. The combined CSP and relaxation 
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data therefore suggest that D150, a catalytic HRD-motif residue identified as a high-

centrality node in the dynamic network, contributes not only to local catalytic 

architecture but also to broader dynamic coupling within the kinase domain. 

 

Fig. 3.27 Structural visualization of ΔhetNOE (mutant-WT) values. Blue regions 

highlight residues with reduced NOE values in the mutants, indicative of enhanced 

backbone flexibility.  

D168A and R49A also showed clear relaxation changes, although their effects were 

less globally pronounced than those observed for D150A. Both mutants displayed 

altered R₂ values in the C-lobe, including regions associated with the lipid pocket 

and MAP kinase insert. More modest changes were also observed in the hetNOE 

profiles. These effects are important because R49 and D168 are located in different 

structural regions: R49 lies in the extended allosteric-pocket region, whereas D168 

belongs to the DFG motif near the activation loop. Their ability to perturb C-lobe 

relaxation behaviour supports the idea that these residues participate in long-range 

allosteric coupling rather than acting as isolated local structural elements. 

 

Fig. 3.28 Structural mapping of ΔR₂ (mutant – WT) values onto the three-

dimensional structure of p38α kinase. Red regions indicate residues with R₂ higher 

in the mutants, predominantly localized to the catalytic core and distal C-lobe, 

supporting widespread conformational exchange. 
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Comparison of hetNOE differences identified shared perturbations in several 

regulatory elements, including regions near the activation-loop boundary, the 

HRD/catalytic-loop region, and the P-loop/glycine-rich loop (Fig. 3.29; Table 

3.6). These regions are central to kinase regulation and catalytic organization, 

indicating that mutation of network residues affects not only distal pockets but also 

canonical kinase-control elements. 

 

Fig. 3.29 Regions portraying increased fast time-scale dynamics collectively for all 

dynamic network mutants, specifically the activation loop. 
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Table 3.6: Important regions around the protein as shown by all mutants 

determined by difference in hetNOE 

Resi
due Mutants Region 

Mean_delta_mutan
t_minus_WT 

178 

D150A, 
D168A, 
R49A Activation Loop -0.42479 

307 

D150A, 
D168A, 
R49A 

C-terminal docking / common 
docking region -0.41298 

261 

D150A, 
D168A, 
R49A Lipid pocket connector 0.398453 

208 
D168A, 
R49A 

W207-adjacent substrate-binding 
groove / C-lobe region 0.809916 

272 
D150A, 
D168A Lipid pocket connector -0.54573 

96 
D150A, 
D168A Other / distal region -0.43552 

31 
D150A, 
R49A P-loop / glycine-rich loop -0.42107 

207 
D150A, 
R49A 

W207-adjacent substrate-binding 
groove / C-lobe region -0.39838 

35 
D168A, 
R49A P-loop / glycine-rich loop 0.39117 

84 
D150A, 
R49A Other / distal region -0.38912 

55 
D150A, 
R49A 

N-lobe regulatory / allosteric-
pocket-adjacent region -0.36746 

142 
D150A, 
R49A Other / distal region -0.3359 

157 
D168A, 
R49A 

HRD/catalytic-loop-adjacent 
region -0.30069 

308 D168A 
C-terminal docking / common 
docking region -0.66113 

68 D150A alphaC-helix region -0.61569 

312 D168A 
C-terminal docking / common 
docking region 0.581011 

254 D150A Lipid pocket / MAP kinase insert -0.53586 

285 D150A Other / distal region -0.50107 

103 D168A Other / distal region -0.45686 

42 R49A Other / distal region -0.45419 
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209 D150A 
W207-adjacent substrate-binding 
groove / C-lobe region -0.44567 

54 D150A 
N-lobe regulatory / allosteric-
pocket-adjacent region -0.42724 

271 R49A Lipid pocket connector -0.42172 

144 D168A Other / distal region -0.41166 

40 D150A P-loop / glycine-rich loop -0.40812 

95 D150A Other / distal region -0.39941 

335 R49A Other / distal region -0.39584 

280 D150A Other / distal region -0.38341 

59 D168A 
N-lobe regulatory / allosteric-
pocket-adjacent region 0.381286 

268 D168A Lipid pocket connector -0.36994 

44 D150A Other / distal region -0.36641 

27 R49A Other / distal region -0.36142 

147 R49A 
HRD/catalytic-loop-adjacent 
region 0.35499 

303 D150A 
C-terminal docking / common 
docking region -0.35133 

25 R49A Other / distal region -0.33643 

37 D168A P-loop / glycine-rich loop -0.33586 

189 D168A Other / distal region -0.33503 

206 R49A 
W207-adjacent substrate-binding 
groove / C-lobe region -0.33385 

79 D168A Other / distal region -0.33104 

330 D168A Other / distal region -0.31373 

196 D168A Other / distal region 0.310641 

47 R49A 
N-lobe regulatory / allosteric-
pocket-adjacent region -0.30215 

49 D168A 
N-lobe regulatory / allosteric-
pocket-adjacent region 0.30025 

295 R49A Other / distal region -0.29854 
 

 

Similarly, a collective analysis of R₂ differences relative to wild type revealed 

recurrent perturbations in the lipid-pocket/MAP kinase insert region across the 

allosteric mutants (Fig. 3.30; Table 3.7). This recurrence supports the interpretation 

that the lipid pocket is dynamically coupled to the wider p38α kinase network 10, 139.  
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Fig. 3.30 Important regions of protein showing an increased R2 upon mutation of 

the dynamic network (R49, D150 and D168), specifically transcending the network 

to accommodate the lipid pocket 

 

Table 3.7: Important regions around the protein as shown by all mutants 

determined by difference in R2 

Resi
due Mutants Region 

Mean_delta_mutan
t_minus_WT 

310 

D150A, 
D168A, 
R49A 

C-terminal docking / common 
docking region 64.23073 

164 

D150A, 
D168A, 
R49A Other / distal region -60.5253 
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260 

D150A, 
D168A, 
R49A Lipid pocket connector 55.59837 

115 

D150A, 
D168A, 
R49A Other / distal region 37.86612 

79 

D150A, 
D168A, 
R49A Other / distal region 35.68239 

227 
D150A, 
R49A Lipid pocket connector 39.281 

267 
D150A, 
D168A Lipid pocket connector 38.34436 

273 
D150A, 
D168A Lipid pocket connector 36.94594 

60 
D150A, 
D168A 

N-lobe regulatory / allosteric-
pocket-adjacent region 35.57432 

270 
D168A, 
R49A Lipid pocket connector -7.73536 

89 
D168A, 
R49A Other / distal region 33.83916 

86 
D150A, 
R49A Other / distal region -33.2876 

228 D150A Lipid pocket connector 84.3543 

359 D168A Other / distal region 68.40611 

212 D168A 
W207-adjacent substrate-binding 
groove / C-lobe region 58.71044 

156 R49A 
HRD/catalytic-loop-adjacent 
region 54.3454 

208 D168A 
W207-adjacent substrate-binding 
groove / C-lobe region 52.40458 

328 D168A Other / distal region 52.28157 

182 D150A 
Activation loop / 
phosphorylation region 45.21017 

294 D150A Other / distal region -43.3047 

203 D150A 
W207-adjacent substrate-binding 
groove / C-lobe region 42.5236 

158 R49A Other / distal region -40.7218 

320 D150A 
C-terminal docking / common 
docking region 39.67871 

254 D150A Lipid pocket / MAP kinase insert 38.59222 

69 R49A alphaC-helix region -37.6729 

108 R49A ATP-site hinge region -37.5516 
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271 D168A Lipid pocket connector 37.33149 

59 D168A 
N-lobe regulatory / allosteric-
pocket-adjacent region 36.69748 

51 D150A 
N-lobe regulatory / allosteric-
pocket-adjacent region 35.7457 

181 D150A 
Activation loop / 
phosphorylation region 35.425 

226 R49A Lipid pocket connector 34.71639 

285 R49A Lipid pocket connector -33.5478 

247 D150A Lipid pocket / MAP kinase insert 33.18465 

179 R49A 
Activation loop / 
phosphorylation region 32.99165 

217 R49A Other / distal region 32.57734 

243 D150A Lipid pocket / MAP kinase insert 31.54835 

244 D168A Lipid pocket / MAP kinase insert 30.91248 

157 R49A 
HRD/catalytic-loop-adjacent 
region -30.2921 

333 D168A Other / distal region -28.6189 

312 D168A 
C-terminal docking / common 
docking region 28.22658 

177 D168A Other / distal region -27.9597 

261 R49A Other / distal region 27.84709 

54 R49A 
N-lobe regulatory / allosteric-
pocket-adjacent region -26.6474 

 

 

The C-terminal docking groove also showed recurrent perturbations in the 

relaxation data. This region is functionally relevant because MAP kinases use 

docking surfaces to engage regulatory proteins and substrates, including interactions 

involved in non-canonical activation pathways such as TAB1-mediated regulation. 

The observation that this region is altered in several network mutants suggests that 

the docking surface is dynamically connected to the broader allosteric architecture 

of p38α. Therefore, although the global distributions of relaxation parameters partly 

overlap between wild type and mutants, the residue-specific analysis reveals 

recurrently affected regulatory sectors. This supports a model in which the lipid 

pocket, docking groove, activation-loop region, and canonical catalytic elements are 

dynamically entangled within the p38α allosteric network. 

In contrast, the control mutant V38A showed only minimal and mostly local 

changes. V38 is located outside the predicted dynamic network, and both its 

hetNOE and R₂ profiles remained largely similar to wild type, apart from subtle 
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perturbations near the mutation site. This behaviour supports its use as a negative 

control. The comparison between V38A and the network mutants indicates that 

widespread relaxation changes are not a generic consequence of alanine substitution 

within the folded kinase domain, but are associated specifically with mutation of 

residues predicted to participate in allosteric communication. The overall trends in 

R2 and hetNOE are also assessed to produce a global picture. Boxplot comparisons 

across the variants (Fig. 3.31) further support this interpretation. The network 

mutants generally show a shift toward reduced hetNOE values, and increased R₂ 

values. 

 

Fig. 3.31 A) Box plot distribution of R₂ values for wild-type, dynamic network 

mutants (R49A, D168A, D150A), and the negative control (V38A). Active-site 

residues (red) and lipid pocket residues (blue) are specifically highlighted by colored 

spheres. All dynamic-network mutants exhibit significantly elevated R₂ values 

compared to the wild-type and control, consistent with a global enhancement in slow 

conformational exchange. B) Box plots of hetNOE values across the same variants. 

Dynamic network mutants show a marked reduction in NOE values, reflecting 

increased local flexibility, including at functionally critical sites. By contrast, the 

control mutant V38A shows limited perturbation, confirming an impact on the p38 

dynamic network to be absent. 

To further probe conformational-exchange processes on the microsecond-to-

millisecond timescale, we performed 15N CPMG relaxation-dispersion experiments 

on wild-type p38α and the mutants. The quality of the relaxation-dispersion data did 

not support a detailed quantitative analysis of exchange parameters for all residues. 

However, exchange contributions, Rex, to the effective transverse relaxation rates 
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could be estimated with reasonable accuracy for a subset of residues, allowing 

residue-specific assessment of transient conformational exchange (Fig. 3.32). 

In CPMG relaxation-dispersion experiments, Rex is derived from the dependence of 

R₂,eff on the CPMG refocusing frequency170. Residues with elevated Rex values 

undergo chemical exchange between conformational states on the microsecond-to-

millisecond timescale170, 171, 172. Such exchange can arise from functional loop 

motions, transient allosteric transitions, domain-breathing motions, or local 

rearrangements. Importantly, Rex depends both on the population of exchanging 

states and on the chemical-shift difference between them. Therefore, an increase in 

Rex does not necessarily mean that a residue is simply more flexible; rather, it 

indicates stronger detectable exchange between conformational states under the 

experimental conditions. 

 

Fig. 3.32 Rex trends residue wise, comparing WT with the mutants 

Wild-type p38α displayed significant Rex contributions across residues in both the N-

lobe and C-lobe, consistent with widespread conformational plasticity in the apo 

kinase (Fig. 3.33). The V38A control showed a very similar Rex pattern to wild type, 

both at the residue level and in the histogram distribution of Rex values (Fig. 3.33). 

This agreement is consistent with its location outside the predicted dynamic network 

and reinforces the interpretation that V38A does not substantially perturb the 

allosteric communication architecture of p38α. 
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The network mutants showed more subtle and heterogeneous changes in Rex. R49A 

displayed a modest reduction in millisecond-timescale exchange in parts of the N-

lobe, together with a slight increase in the C-lobe. In contrast, D150A and D168A 

showed a modest decrease in Rex in parts of the C-lobe and a slight increase in the 

N-lobe. These changes suggest some redistribution of conformational-exchange 

behaviour upon mutation, but the effects were not uniform across the kinase and 

should be interpreted cautiously. 

 

Fig. 3.33 Structural visualization comparing the spatial distribution of Rex values 

between wild-type and the mutants. Residues exhibiting exchange contributions are 

highlighted in red. V38A shows minimal deviation from WT, consistent with its 

dynamic neutrality 

The limited clarity of the CPMG-derived trends is partly due to the experimental 

uncertainty associated with individual R₂,eff values. This is illustrated by residue A172, 

positioned between the DFG motif and the activation loop, where the dispersion 

curves show noticeable uncertainty across the different samples (Fig. 3.34). 

Additional representative dispersion curves are shown in the Fig. 10.9 (Appendix). 

Because of this uncertainty, the CPMG data are best interpreted as supportive rather 
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than definitive evidence for mutation-induced redistribution of slower exchange 

processes. 

 

Fig. 3.34 Representative CPMG dispersion curves, shown here for residue A172, a 

key linker residue bridging the active site to the DFG motif. 

Overall, the Rex histograms showed greater similarity between variants than the CSP, 

hetNOE, and R₂ analyses (Fig. 3.35). This suggests that the most robust mutation-

induced effects detected here occur primarily in the chemical environment, fast-

timescale backbone flexibility, and microsecond-sensitive transverse relaxation 

regime, rather than as large, uniform changes in millisecond-timescale exchange. 

Therefore, the CPMG data do not contradict the CSP and relaxation results, but 

indicate that the strongest dynamic consequences of network mutation are not 

dominated by a single global millisecond-exchange process. 

 

Fig. 3.35 Histogram plots illustrating the global distribution of Rex values across all 

variants. The wildtype shows a slightly broader distribution of dynamic residues, 

indicative of a more homogeneous conformational ensemble. In contrast, network-

disrupting mutants (e.g., D168A, R49A) display slightly more exchange. The minor 
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differences hint to any motional changes rather being on timescales faster than the 

ms regime. 

Boxplot comparisons for all the variants (Fig. 3.36) show modest changes in Rex 

distributions. Together, these trends indicate increased backbone plasticity and 

altered conformational exchange upon mutation of dynamic-network residues. 

However, the effects are residue-specific and regionally distributed rather than 

uniformly global. 

 

Fig. 3.36 Box plots compare Rex values across WT and mutants, with the median 

shown in orange. Colored points indicate residues from the activation loop (yellow), 

allosteric pocket (blue), and lipid pocket/MAP kinase insert region (green), 

highlighting site-specific contributions of regulatory regions to altered slower-

timescale dynamics. 

 

3.9 Conclusion 

 

Together, these results demonstrate that unphosphorylated apo p38α contains an 

intrinsic dynamic communication network that spans both kinase lobes and includes 

the MAP kinase insert and lipid-binding pocket. Residues identified as high-

centrality nodes by dynamical network analysis were not merely computational 
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features: their mutation weakened pathway-level correlations and produced broad 

experimental perturbations in chemical shifts, fast-timescale backbone flexibility, 

and transverse relaxation behaviour. 

The strongest effects were observed for mutations within the predicted network, 

whereas the V38A control, located outside the network, produced only limited and 

mostly local changes. This distinction supports the conclusion that the observed 

perturbations are linked specifically to disruption of allosteric-network residues 

rather than to alanine substitution in general. The relaxation data further indicate 

that the effects are regionally distributed rather than uniformly global, with recurrent 

perturbations in the lipid-pocket/MAP kinase insert region, activation-loop 

boundary, catalytic-loop region, P-loop/glycine-rich loop, and docking groove. 

Ligand-bound simulations showed that sorafenib binding changes the preferred 

communication routes between regulatory regions and reduces the dependence of 

these routes on the apo-state network hotspots. Thus, the communication 

architecture of p38α appears to be state-dependent, with the apo and inhibitor-

bound ensembles relying on different patterns of dynamic coupling. 

Overall, the combined MD, network-analysis, biochemical, and NMR data support 

the existence of a residue-level dynamic allosteric network in p38α. These findings 

provide the basis for the following Discussion, where the implications of this 

network for kinase regulation, lipid-pocket allostery, and potential allosteric 

modulation of p38α are considered. 

 

3.10 Discussion 

 

The results presented in this chapter define a residue-resolved dynamic allosteric 

network within unphosphorylated apo p38α MAP kinase. This network spans both 

the N- and C-lobes and connects several canonical kinase regulatory elements, 

including the activation loop, DFG motif, HRD/catalytic-loop region, P-loop, 

substrate-binding groove, docking groove, and the MAP kinase insert containing the 

lipid-binding pocket. Importantly, this communication architecture was not inferred 

from simulations alone. The computationally predicted network was supported by 

pathway-level correlation analyses, mutational perturbation, biochemical assays, 

chemical-shift perturbation analysis, and NMR relaxation measurements. 
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A central conclusion from this work is that p38α regulation cannot be understood 

solely in terms of local structural elements or static conformational states. Instead, 

the kinase scaffold appears to be organized as a dynamically coupled system in which 

residues distributed across distant structural regions contribute to coordinated 

motion. In the wild-type apo protein, this coupling maintains coherent long-range 

communication between regulatory sectors. Mutation of high-centrality residues 

weakens this communication, leading to reduced pathway correlations and altered 

residue-specific dynamics. This supports a model in which the integrity of the p38α 

dynamic network depends on a small number of key residues that act as 

communication relays within the kinase domain. 

This framework helps rationalize previous observations on phosphorylation-

dependent activation, TAB1-mediated regulation, nucleotide-site control, and kinase 

dynamic allostery in a residue-specific manner. Local perturbations, such as 

activation-loop phosphorylation, nucleotide binding, inhibitor binding, or 

interaction with upstream regulators, can induce changes at distal sites within the 

kinase by reshaping the underlying conformational ensemble133. Because the 

simulations and experiments described here were performed primarily in the 

unphosphorylated apo state, they do not reproduce the full phosphorylated, 

nucleotide-bound, substrate-bound, or TAB1-bound activation pathways. Instead, 

they define the basal communication architecture from which these regulatory 

mechanisms may emerge. 

This distinction is important. The apo-state network identified here should not be 

interpreted as a complete model of active p38α signalling. Rather, it represents the 

intrinsic dynamic wiring of the kinase before regulatory inputs are applied. Such 

basal wiring may determine how the protein responds to phosphorylation, ligand 

binding, or protein-protein interactions. In this sense, the network provides a 

structural-dynamic framework for understanding why perturbations at one site can 

have consequences at distant regulatory regions. 

The effect of mutating central network residues supports this interpretation. In a 

purely local model of protein dynamics, alanine substitution would be expected to 

perturb mainly the mutation site and its immediate environment. Instead, mutations 

at R49, D150, D168, and W207 produced long-range effects on pathway 

correlations, enzymatic output, chemical shifts, and relaxation parameters. These 

effects were substantially stronger than those observed for the V38A control, which 

lies outside the predicted dynamic network. This contrast indicates that the observed 

perturbations are not a generic consequence of alanine substitution, but are linked 
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to disruption of residues embedded within the allosteric communication 

architecture. 

The relaxation data further refine this model. Mutation of network residues did not 

simply destabilize the protein globally. Rather, the effects were regionally distributed 

and repeatedly involved functionally important sectors, including the lipid-

pocket/MAP kinase insert region, activation-loop boundary, catalytic-loop region, 

P-loop/glycine-rich loop, and docking groove. Reduced heteronuclear NOE values 

indicate increased fast-timescale flexibility at selected sites, whereas increased R₂ 

values suggest altered slower conformational fluctuations or exchange contributions. 

Together, these findings support a model in which disruption of central network 

residues loosens the coherence of the intrinsic dynamic network, allowing motions 

in specific regulatory regions to become less coordinated and less constrained. 

Several of the identified network nodes have clear functional relevance in p38α 

biology. D150 is located within the catalytic HRD motif and lies close to the active 

site. This residue is not only part of the conserved catalytic machinery but has also 

been implicated in intramolecular interactions relevant for TAB1-induced 

autoactivation162. Its strong effect in the present analysis is therefore consistent with 

a dual role: it contributes directly to catalytic-site organization and also participates 

in long-range dynamic coupling. 

R49 represents a different type of node. Located in the extended allosteric-pocket 

region, it is not a canonical catalytic residue, yet its mutation perturbs both 

computational network properties and experimental dynamics. R49 has also been 

used as a tool mutation in studies of PRMT1-mediated control of p38α164. Its 

identification here suggests that this region may act as a regulatory communication 

surface rather than simply as a passive structural element. 

D168, the aspartate of the DFG motif, has an especially prominent role. 

Functionally, this residue is central to the DFG-in/DFG-out switch, ATP/ADP 

exchange, and catalytic competence165, 168, 169. Its mutation is therefore expected to 

impair kinase function. However, the present data show that the role of D168 

extends beyond active-site chemistry. D168A also perturbs distal regions, including 

the C-lobe and lipid-pocket-associated region. This indicates that the DFG motif is 

not only a local conformational switch but also a major relay point in the long-range 

dynamic network of p38α. 

W207 provides an important link between the general kinase allostery framework 

and the MAP kinase-specific lipid-pocket region. W207 lies near the substrate-

binding groove and faces the lipid pocket. Its high betweenness centrality, together 
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with its effect on pathway-level correlations and biochemical output, supports the 

interpretation that the lipid-pocket region is dynamically integrated into the p38α 

scaffold. Although W207A could not be analysed by solution-state NMR due to 

difficulties in expressing a stable triple-labelled construct, the computational and 

biochemical data still support its role as a key network residue. The absence of NMR 

data for W207A remains a limitation, but it does not invalidate the broader 

conclusion that the lipid-pocket region participates in the dynamic network. 

The comparison with p38γ and other kinases places the present p38α network within 

a broader framework of kinase dynamic allostery. Previous studies have shown that 

conserved kinase motifs, including the DFG segment, HRD motif, hinge region, 

regulatory spines, and substrate-binding regions, participate in long-range 

communication126, 139, 140, 145, 153, 154, 155, 156, 157, 173 . The present work extends this concept 

to p38α by providing a residue-resolved and experimentally supported dynamic-

network map. Importantly, this map explicitly includes the MAP kinase-specific 

lipid-binding domain and its associated cryptic lipid pocket. Thus, the lipid pocket 

should not be viewed only as a distal hydrophobic cavity. In the context of apo p38α 

dynamics, it behaves as part of an integrated communication network coupled to 

canonical kinase-control elements. 

The ligand-bound simulations add another layer to this interpretation. Sorafenib 

binding altered the preferred communication paths between the allosteric pocket, 

activation loop, and lipid pocket. In contrast to the apo state, mutation of the same 

network hotspots did not produce a systematic reduction in cumulative correlations 

along the ligand-bound wild-type paths. This suggests that inhibitor binding 

reshapes or partially suppresses the intrinsic apo-state network. Therefore, the 

communication architecture of p38α is state-dependent. The apo protein and the 

inhibitor-bound protein do not simply differ by the presence or absence of a ligand; 

they rely on different patterns of internal dynamic coupling. 

This finding is important for interpreting allosteric regulation. It implies that ligand 

binding can reroute communication through the kinase rather than merely stabilizing 

or destabilizing pre-existing pathways. However, the present data do not establish 

whether this rerouting is functionally beneficial, inhibitory, or pharmacologically 

exploitable in a general sense. That question would require additional ligand series, 

direct activity measurements under ligand-bound conditions, and pathway-level 

validation in cellular systems. 

The identification of the lipid pocket as part of the dynamic network has potential 

pharmacological relevance, but this point must be interpreted cautiously. The data 



3. Mapping the dynamic allostery of p38α kinase 
 

109  
 

presented here support the conclusion that the lipid-pocket region is dynamically 

connected to the active-site and regulatory machinery. They do not, by themselves, 

establish the lipid pocket as a validated drug target. Previous studies showed that 

lipid-pocket binders can occupy this region, but first-generation or low-affinity 

ligands have not produced strong effects on kinase activity under all tested 

conditions174. Therefore, the present work should be viewed as providing a 

mechanistic rationale for further exploration rather than proof of therapeutic 

tractability. 

Nevertheless, the dynamic integration of the lipid pocket makes it an attractive 

region for future investigation. Unlike the ATP-binding site, which is highly 

conserved across the kinome, the lipid pocket is associated with the MAP kinase 

insert and may offer a more kinase-subfamily-specific regulatory surface. The 

identification of W207 at the rim of this pocket as a high-centrality residue further 

suggests that this region could be used as a starting point for designing or screening 

more optimized allosteric modulators. Such efforts would require ligands with 

improved affinity, defined binding modes, direct functional assays, selectivity 

profiling, and ideally validation in pathway-specific cellular contexts. 

More broadly, this work illustrates how dynamic-network mapping can help identify 

regulatory regions that may be missed by static structural inspection alone. The 

residues identified here were not simply the most flexible residues in the crystal 

structure, nor were they all located in the active site. Instead, their importance 

emerged from their position within the motional communication network. This 

highlights the value of integrating molecular dynamics, graph-based network 

analysis, mutagenesis, biochemical testing, and NMR spectroscopy to study enzyme 

regulation. Such approaches may be useful not only for identifying allosteric 

inhibitor sites, but also for engineering enzymes through targeted perturbation of 

dynamic communication pathways. 

Several limitations should also be recognized. First, the MD simulations, although 

extensive, sample only selected regions of the conformational landscape and were 

analysed over the final 200 ns of each replica. Second, the network model depends 

on methodological choices, including residue representation, correlation metrics, 

community-detection procedures, and path definitions. Third, the NMR analysis 

could not include W207A due to expression limitations in deuterated minimal media. 

Fourth, the CPMG relaxation-dispersion data provided only limited support for 

strong mutation-dependent differences on the millisecond timescale, mainly because 

of experimental uncertainty in individual dispersion curves. Finally, all experiments 
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were performed on unphosphorylated apo p38α or selected ligand-bound states in 

vitro, which does not fully reproduce the cellular context of p38α regulation. 

These limitations do not weaken the central conclusion, but they define its scope. 

The work does not claim to provide a complete model of p38α activation in cells, 

nor does it prove that the lipid pocket is immediately druggable. Instead, it 

establishes that unphosphorylated apo p38α contains a measurable and perturbable 

dynamic communication network, and that this network includes both canonical 

kinase regulatory motifs and the MAP kinase-specific lipid-pocket region. 

In summary, this chapter identifies and maps a dynamic allosteric network within 

p38α MAP kinase. The network spans both kinase lobes, includes the activation loop 

and inter-lobe regulatory elements, and explicitly incorporates the MAP kinase insert 

and lipid-binding pocket. By combining molecular dynamics simulations, dynamical 

network analysis, mutagenesis, biochemical assays, and NMR spectroscopy, this 

work identifies specific residues that act as key relays for long-range communication 

within the kinase scaffold. Mutation of these residues weakens pathway-level 

correlations and alters residue-specific dynamics across distant regulatory regions, 

supporting their role as central components of the allosteric network. 

These findings provide a residue-level framework for understanding how p38α 

integrates regulatory signals through coordinated dynamics. They also support the 

broader view that kinase regulation is not governed only by static active and inactive 

structures, but by dynamic communication across the conformational ensemble. The 

identification of the lipid pocket as an integrated component of this network opens 

a route for future studies aimed at testing whether distal, dynamically coupled sites 

can be exploited for selective allosteric modulation of p38α.
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4. DFG-loop-dependent 

allostery extends to water 

dynamics in p38α 

 

This chapter extends the analysis of DFG-loop-dependent allostery by examining 

how the DFG-mutant alters water dynamics around p38α. In contrast to the 

previous chapter, which focused primarily on residue-level dynamic communication 

within the kinase scaffold, this section investigates whether mutation-induced 

allosteric effects are also reflected in the surrounding hydration environment. The 

results presented here are unpublished and are currently in preparation. Therefore, 

this chapter should be considered a preliminary but mechanistically important 

extension of the broader p38α allostery project. 
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4.1 Introduction 

 

The conceptual understanding of water in kinase biology has developed substantially 

over time. Early studies suggested that catalytic competence depends, in part, on 

water molecules located within highly conserved structural environments175. 

Subsequent structural analyses of protein kinase-A supported this view by 

identifying recurrent water molecules that maintain similar hydrogen-bonding 

patterns with conserved catalytic residues as well as with peripheral, non-conserved 

sites across different crystal forms176. 

More broadly, previous work has shown that water plays an active role in 

determining biomolecular architecture, topology, and function. Rather than acting 

merely as a passive solvent in which kinetic and thermodynamic processes occur, 

water can contribute directly to entropic and enthalpic stabilization of protein 

structures. Protein stability is therefore closely linked to internal and surface 

hydrogen-bonding networks, within which ordered water molecules can play 

important structural and functional roles. Conserved waters should, in this sense, be 

considered integral components of crystallographic protein models. 

The positions of water molecules within hydrogen-bonding networks are often 

highly ordered rather than random177. Even though they usually jump between these 

defined places on the ns timescale, this supports the view that such waters can act 

as functional elements that help shape protein structure and influence 

conformational dynamics178. The interplay between site-specific protein motions and 

hydration-shell behaviour is therefore central to understanding protein dynamics. In 

particular, fluctuations within the hydration shell are mutually interconnected with 

the intrinsic dynamical behaviour of proteins179. 

Protein kinase catalysis is tightly linked to intrinsic conformational dynamics, which 

are coordinated by an interconnected set of regulatory structural elements180. A 

typical protein kinase contains a bilobal catalytic core, with the smaller N-lobe and 

larger C-lobe forming the ATP-binding cleft between them. Key regulatory elements 

include the catalytic spine, regulatory spine, activation loop, catalytic loop, glycine-

rich P-loop, hinge region, αC-helix, and the inter-lobe connector that couples 

motions between the two lobes.Within the N-lobe, the P-loop, β-sheet core, αC-

helix, and gatekeeper residue play central roles in organizing the nucleotide-binding 

site. The gatekeeper residue is particularly important because it controls access to a 

hydrophobic region adjacent to the ATP-binding cleft and strongly influences 

inhibitor binding. Mutations at this position frequently contribute to resistance 

against ATP-competitive inhibitors181. In addition to its steric role, the gatekeeper 
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site is also a major determinant of local hydration, because it helps organize 

conserved water molecules within the kinase active-site environment. 

Hydration at the gatekeeper region has emerged as an important regulator of kinase 

inhibitor binding and resistance. Replacement of a gatekeeper threonine by bulkier 

hydrophobic residues, commonly isoleucine or phenylalanine, can sterically close the 

W1/W2 water-containing pocket and displace ordered solvent molecules. This 

effect has been observed in long-timescale molecular dynamics simulations and 

supported experimentally by site-selective infrared spectroscopy182. A related 

resistance mechanism involves charge inversion in the activation loop, which can 

reshape the electrostatic environment that stabilizes internal waters and thereby alter 

their residence lifetimes183. Other mutations may change pocket volume or modify 

pocket-breathing motions, producing either more persistent, tightly retained 

hydration waters or faster solvent exchange184. In some cases, introduced polar side 

chains may also partially substitute for the hydrogen-bonding role of conserved 

water molecules, thereby perturbing ligand-mediated hydrogen-bonding networks 

and reducing inhibitor affinity182. 

Ligand–water interactions in kinase active sites can be broadly grouped into three 

major modes. First, in water-bridging interactions, ligands exploit a preorganized 

solvent network by preserving conserved waters and using them as mediators of 

hydrogen bonding. For example, inhibitors such as bosutinib can retain conserved 

W1/W2 waters and complete a hydrogen-bonding network involving the gatekeeper 

threonine and Asp381185. Second, some ligands act through water displacement, 

hydrophobic or bulky ligand substituents expel structured waters from the pocket. 

This can release entropically constrained waters into bulk solvent and thereby 

improve ligand potency, as shown for quinazoline analogues designed to occupy the 

W1 cavity in cyclin-G-associated kinase186. Third, some inhibitors promote water 

ordering around the binding site. Type II inhibitors, for instance, can clamp the 

activation loop and immobilize peripheral waters, imposing a more ordered and 

lower-entropy solvent shell. This entropic penalty contributes to the stronger 

temperature dependence observed for some type II scaffolds compared with type I 

inhibitors181. 

Even though in particular for crystallographic studies, the insights are limited to 

water with fixed position, together, these examples show that kinase regulation and 

inhibitor binding are not determined only by protein structure and ligand chemistry, 

but also by the local solvent landscape. Conserved waters, displaced waters, and 

newly ordered hydration shells can all influence binding thermodynamics, inhibitor 

selectivity, and resistance. Thus, hydration dynamics at regulatory sites such as the 

gatekeeper region should be considered an active component of kinase function 

rather than a passive background feature. 
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Surface-exposed residues can receive magnetization from water, and the efficiency 

of this process depends on several factors, including the lifetime of water–protein 

interactions, local correlation times, and exchange with nearby labile groups such as 

hydroxyls. In contrast, buried solvent molecules occupy internal hydration sites, 

where they can form highly ordered hydrogen-bonding networks. Such internal 

water clusters are increasingly recognized as structural and dynamic elements that 

influence packing density, modulate loop flexibility, and contribute to the 

propagation of allosteric signals187, 188. 

High-resolution crystallographic studies of uninhibited kinases, supported by 

molecular dynamics simulations, have identified recurrent water molecules within 

conserved kinase environments. Some of these waters are positioned close to the 

catalytic centre, where they form hydrogen bonds with key functional residues and 

contribute to active-site stabilization. One such water-associated interaction network 

involves the magnesium-coordinating aspartate of the DFG motif, corresponding to 

Asp168 in p38α, which is essential for productive ATP positioning and phosphoryl 

transfer. Additional ordered waters occupy neighbouring internal pockets, where 

they help stabilize the substrate-binding cleft and maintain the local conformational 

architecture required for enzymatic activity176. 

Asp168 forms part of the conserved Asp-Phe-Gly motif, a central regulatory element 

of the kinase activation loop. The DFG motif acts as a conformational switch whose 

transition between DFG-in and DFG-out states is tightly coupled to kinase 

activation and inhibition. In the catalytically competent DFG-in state, the aspartate 

side chain coordinates the Mg²⁺-ATP complex and supports phosphoryl transfer 

(Fig. 4.1).  

 

Fig. 4.1 Aspartate of the DFG motif coordinates with Mg2+ to support phosphoryl 

transfer. 
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In the DFG-out state, the phenylalanine side chain moves away from its active 

conformation, the nucleotide-binding environment is disrupted, and the activation 

loop adopts an inactive arrangement158, 189 (Fig. 4.2). Modulation of this 

conformational switch therefore provides a direct route for controlling kinase 

activity and allosteric signalling190. The differences in crystal waters are also shown 

in Fig. 4.2. 

 

Fig. 4.2 DFG-in/out orientations create the allosteric pocket with different 

structural crystal waters. 

In p38α, the DFG aspartate when mutated to alanine shows the hint of an allosteric 

coupling when inhibitor-bound crystal structures are studied. Regorafenib acts as 

our inhibitor here. Mutation causes the pyridyl ring to flip, which corroborates the 

notion that D168 is an initiator of allosteric coupling (Fig. 4.3). Change of the ligand 

also affects the ring “conformation ensembles” in similar ways (Fig. 10.10, 

Appendix). Thus, the regorafenib ring rearrangement observed here complements 

the previous chapter, where D168A was shown to perturb dynamic network 

communication, further supporting D168 as a potential allosteric node in p38α. 

 

Fig. 4.3 Pyridyl ring flip of regorafenib upon D168A mutation hinting to allostery 
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 When the crystal waters around the allosteric pockets of the wildtype and the 

mutant are investigated, the crystal waters show some degree of conservation in this 

region, the ring flip causing some space to be void, allowing substantial water 

molecules to occupy it for the mutant. Around the lipid pocket, most crystal waters 

are rearranged in the mutant, suggesting that local water redistribution may reflect 

the allosteric effect of D168A and serve as a structural reporter of altered coupling. 

D168 appears to occupy a particularly important position at the interface between 

catalysis, conformational switching, and hydration. Computational studies, including 

JAWS and metadynamics-based analyses, have identified high-occupancy water 

clusters in the ligand-binding region of p38α that form recurrent hydrogen bonds 

with conserved side-chain and backbone atoms191, 192. In these models, D168 can act 

as a hydrogen-bond acceptor for conserved water molecules and may adopt 

alternative rotameric states to accommodate the local hydration network. Thus, the 

DFG aspartate is not only a catalytic residue but may also contribute to organizing 

the surrounding solvent environment. 

 

Fig. 4.4 Crystal waters around the allosteric pocket and lipid pocket of the wildtype 

(blue) and D168A (red) showing the trends in conservation and changes upon 

mutation. 

Because the DFG motif has also been implicated in long-range allosteric 

communication, we asked whether perturbation of Asp168 affects hydration beyond 

the above crystallographic insights. In this chapter, we compare wild-type p38α and 
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the D168A mutant to determine how mutation of this central DFG residue alters 

site-specific water–protein interactions. By integrating NMR spectroscopy, X-ray 

crystallography, and molecular dynamics simulations, we examine whether DFG-

dependent allostery extends into the hydration shell and whether changes in local 

catalytic-site hydration are coupled to broader water-dynamic rearrangements 

around the kinase. 

 

4.2 Differences in thermal stability on 

DFG-loop mutation 

 

We first examined whether mutation of the DFG-loop aspartate alters the thermal 

response of p38α using temperature-ramped MD simulations. The systems were 

heated gradually to 423 K over 1 μs and subsequently maintained at 423 K for an 

additional 1 μs193 (Fig. 4.5A). Three independent replicas were performed for each 

system to assess the reproducibility of the observed trends. Across all replicas, 

D168A displayed lower backbone RMSD values than WT during the elevated-

temperature regime, indicating reduced global structural deviation under thermal 

stress (Fig. 4.5B). This suggests that mutation of the conserved DFG-loop aspartate 

alters the thermal response of the kinase domain and makes the mutant less prone 

to large-scale temperature-induced conformational excursions within the simulated 

timescale. Given the established role of the DFG motif as a conformational switch 

that couples activation-loop organization with kinase-domain dynamics, this altered 

thermal behaviour is consistent with D168 acting as a key regulator of structural 

flexibility in p38α. Importantly, these simulations report relative resistance to 

thermal perturbation rather than direct thermodynamic stability; therefore, the result 

is interpreted as enhanced apparent structural robustness of D168A under the 

applied temperature-ramping protocol. 
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Fig. 4.5 A) Schematic of the temperature-ramping simulation protocol, in which the 

system was gradually heated to 423 K during the first microsecond and then 

maintained at 423 K for an additional microsecond to probe high-temperature 

structural adaptation. B) Temperature ramping simulations performed in triplicate 

for wild-type p38α and the D168A mutant show that the wild type consistently 

reaches higher RMSD values than D168A, indicating greater structural deviation 

during heating and suggesting that the mutant better preserves its global fold under 

thermal stress.  

RMSF analysis across the three independent replicas further supported the different 

thermal responses of WT and D168A p38α. The residue-wise RMSF profiles showed 

that the WT undergoes a more uniform increase in flexibility upon heating, including 

within regions that form part of the kinase core Fig.10.1 (Appendix). To capture 

how these fluctuations evolve during the temperature-ramping protocol, RMSF-

over-time heat maps were generated. Since simulation time is directly coupled to the 

temperature increase in this protocol, these maps provide a residue-resolved view of 

how local flexibility changes across the applied temperature range (Fig. 4.6). In the 

WT simulations, increased RMSF was particularly evident around the activation loop 

and neighbouring core regions, indicating that the native DFG-loop aspartate 

permits temperature-induced flexibility close to the activation segment. This is 

consistent with the role of the DFG motif as a structural and dynamic hub that links 

the activation loop, catalytic spine, and ATP-binding region (Fig.4.6). Difference 

heat maps further showed that RMSF values were generally higher in WT than in 

D168A, supporting the conclusion that WT is more susceptible to local and global 

thermal fluctuations under the applied heating protocol. In contrast, D168A showed 
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a more restricted and redistributed fluctuation pattern. Rather than displaying the 

same strong increase around the activation loop, the mutant showed greater average 

RMSF increases around the lipid-pocket region and at the N- and C-terminal 

segments. This suggests that mutation of the conserved DFG aspartate dampens 

thermal flexibility near the mutation-proximal activation-loop region, while shifting 

part of the thermal response toward more distal regions of the kinase domain. 

Together, these analyses indicate that heating affects WT and D168A through 

different dynamic pathways. In WT, the strongest temperature-dependent flexibility 

is concentrated around the DFG/activation-loop region, whereas in D168A, 

flexibility appears to be redistributed toward distal regions194, including the lipid 

pocket and termini. Therefore, the D168A mutation does not simply reduce 

flexibility globally; rather, it rewires the spatial pattern of thermal fluctuations across 

the kinase domain. 

 
Fig. 4.6 Time-resolved wRMSD/RMSF heatmap analysis further illustrates the 

differential response to heating. In the wild type, flexibility progressively increases 
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with temperature, particularly in the core and activation loop. In contrast, the D168A 

mutant displays more limited temperature-dependent changes, with noticeable 

increases largely confined to helical regions, suggesting a more thermally resilient 

structural framework. 

When secondary structure was monitored over the full simulation trajectory, D168A 

retained a higher average helical content than the WT. In the WT simulations, 

increasing temperature was associated with a marked loss of helical structure, 

accompanied by a corresponding increase in β-strand content (Fig.4.7). This shift 

suggests that thermal stress promotes partial unfolding or non-native backbone 

rearrangements in the WT kinase domain. The increase in β-structure may reflect 

the emergence of aggregation-prone conformational states, although this 

interpretation should be made cautiously because aggregation itself cannot be 

directly inferred from a single-protein MD simulation. By contrast, D168A 

maintained a higher helical fraction throughout the temperature-ramping protocol 

and showed gain of extended (strand-like) conformations. This indicates that the 

mutant preserves its native-like secondary-structure elements more effectively under 

thermal stress. Together with the lower RMSD and redistributed RMSF profile, 

these data suggest that D168A exhibits enhanced apparent structural robustness 

during heating. Mechanistically, the D168A substitution may alter the local 

hydrogen-bonding environment and water-mediated interaction network around the 

DFG/activation-loop region. This could reduce temperature-induced backbone 

rearrangements near the kinase core and help preserve helical structure during 

thermal perturbation. 

 

Fig. 4.7 Change in the secondary structure in response to the temperature ramped 

simulations. 
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After characterising the general behaviour of the temperature-ramped trajectories, 

the final 100 ns of each simulation were used for generalised correlation analysis. 

This time window corresponds to the phase in which the systems were maintained 

at 423 K, allowing cross-lobe communication to be assessed under sustained thermal 

stress. Generalised correlations were calculated between residues of the N- and C-

lobes and mapped onto the kinase structure (Fig. 4.8). To focus specifically on long-

range inter-lobe coupling, only residue pairs connecting opposite lobes were 

visualised. The corresponding correlation values, including the standard deviation 

across the three replicas, are reported in Table 4.1. At 423 K, D168A retained 

stronger cross-lobe correlations than WT, particularly around the beginning of the 

C-lobe and the N-terminal region of the DFG motif. The strongest differences were 

observed near the E163–I166 region, suggesting that mutation of D168 helps 

preserve communication between the lobes close to the DFG/activation-loop 

interface under thermal stress. Correlations involving the hinge region were 

observed in both WT and D168A; however, the correlation values were consistently 

higher in D168A across the replicas. Together, these results suggest that the D168A 

mutant does not merely reduce structural fluctuations during heating, but also 

preserves a higher degree of inter-lobe dynamic coupling at elevated temperature. 

 

Fig. 4.8 Analysis of cross-lobe correlations at 423 K demonstrates that coupling 

between the N- and C-lobes, particularly across the hinge region, is stronger in 

D168A than in the wild type, suggesting that the mutation does not affect long-range 

intramolecular communication upon temperature rise. 

Table 4.1 N-C lobe cross correlation values with errors 

Residue WT_Mean WT_SD D168A_Mean D168A_SD 

80 0 0 0.012522 0.007166 
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81 0 0 0.012119 0.007165 

82 0 0 0.01631 0.007783 

83 0 0 0.003978 0.003924 

107 0.009469 0.006773 0.004695 0.004402 

108 0.009103 0.006277 0.009396 0.006479 

109 0.012491 0.0085 0.006316 0.006271 

110 0.011827 0.00829 0.006143 0.006082 

135 0 0 0.005093 0.00537 

163 0 0 0.022532 0.011104 

164 0 0 0.017205 0.009824 

165 0 0 0.010849 0.007519 

166 0 0 0.011305 0.007658 

316 0.006581 0.006241 0.006633 0.00629 

317 0.01202 0.008043 0.012288 0.008222 

318 0.008954 0.006435 0.009062 0.006511 

319 0.004286 0.0043 0.004408 0.004423 

 

Overall correlation maps were calculated for the final 100 ns of the 2 μs temperature-

ramped trajectories, corresponding to the period in which the systems were 

maintained at 423 K. Difference maps between WT and D168A were then generated 

to identify mutation-dependent changes in residue–residue coupling under sustained 

thermal stress (Fig. 4.9A). Only statistically significant differences were retained for 

visualisation in the correlation maps and mapped onto the structure (Fig. 4.9B). The 

correlation values with their respective p values are represented in the Table 10.9 

(Appendix). At 423 K, D168A showed higher correlation values across most regions 

of the kinase domain compared with WT, suggesting that the mutant preserves a 

more coordinated dynamic network under thermal stress. Several long-range 

correlations were particularly prominent in the mutant, including contacts within the 

N-lobe, such as L87–F99, and within the C-lobe, such as K235–L240. These 

correlations indicate that D168A does not simply reduce local flexibility near the 

DFG motif, but also alters dynamic coupling across distal regions of the kinase 

domain. In contrast, a smaller subset of correlations around the allosteric pocket 

remained stronger in WT. This suggests that although D168A generally enhances or 

preserves correlation networks at elevated temperature, some WT-specific coupling 

around the allosteric pocket is lost or weakened upon mutation. Importantly, the 

mutant showed increased correlations around the lipid-pocket region, consistent 

with the RMSF analysis and the earlier observation that D168A redistributes 

temperature-dependent flexibility toward distal sites. Together, these results support 

the idea that D168A has a long-range effect on the dynamic architecture of p38α. 
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Rather than producing a purely local perturbation around the DFG loop, the 

mutation reshapes the correlation landscape across the kinase domain, enhancing 

coupling in regions such as the lipid pocket while modifying communication around 

the allosteric pocket. 

 

Fig. 4.9 A) Correlation analysis at 423 K reveals clear differences in residue-residue 

coupling between wild type and D168A. The mutant retains stronger correlated 
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motions than the wild type, even under high-temperature conditions, indicating 

preservation of coordinated internal dynamics. B) p values to understand significant 

gains and losses. 

Correlation analyses were also performed to compare how WT and D168A respond 

to elevated temperature. In addition to the temperature-ramped simulations, 2 μs 

simulations were carried out under standard temperature conditions, and residue–

residue correlations were calculated from the final 100 ns of each trajectory. 

Difference maps were then generated by comparing the normal-temperature 

simulations with the temperature-ramped simulations, allowing temperature-

induced changes in dynamic coupling to be assessed separately for WT and D168A 

(Fig. 4.10). In WT, elevated temperature caused a broad loss of residue–residue 

correlations, consistent with thermal disruption of coordinated motions across the 

kinase domain. This loss was particularly evident across several inter-regional 

contacts, although some correlations were retained or increased around the N-lobe, 

as well as around the C-lobe contact involving residues 284–288. Overall, the WT 

response therefore follows the expected trend: increasing temperature weakens 

coordinated residue motions and disrupts the native dynamic network. The D168A 

mutant showed a different response. Although some significant correlation losses 

were also detected, these were fewer than the significant gains assessed using FDR-

corrected p-values together with Z-score-based filtering, to reduce false-positive 

residue-pair correlations. This ensured that only correlation changes showing both 

statistical significance and sufficient deviation from the overall distribution were 

retained for interpretation (Fig. 10.16, Appendix). The strongest gains were 

observed around the hinge region and within the C-lobe, particularly near the lipid-

pocket region, including the 236–241 contact. This suggests that D168A does not 

respond to heating simply through a collapse of correlations. Instead, elevated 

temperature appears to strengthen selected dynamic couplings in the mutant, 

especially in regions distal to the mutation site. Together, these results indicate that 

D168A displays an altered temperature-dependent correlation response compared 

with WT. While WT primarily loses coordinated motions at high temperature, 

D168A shows a redistribution and partial strengthening of correlations, especially 

around the hinge and lipid-pocket regions. This behaviour supports the idea that 

mutation of the DFG-loop aspartate has long-range allosteric consequences, 

reshaping how the kinase domain responds dynamically to thermal stress. 
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Fig. 4.10 Comparison of correlation patterns before and after heating shows that 

the wild type loses substantially more correlation upon thermal stress, whereas 

D168A retains a larger fraction of its original coupling network, consistent with a 

more robust and less heat-sensitive dynamic architecture. 

The simulation-based assessment of thermal response was complemented by 

experimental melting-temperature measurements using nanoDSF under two buffer 

conditions. Measurements were performed in HEPES buffer at pH 7 and PBS 

buffer at pH 8 to test whether the thermal stability of WT and D168A was influenced 

by pH or buffer composition. During the nanoDSF experiment, the temperature 

was gradually increased to 90 °C to induce protein unfolding and expose buried 

aromatic residues. Changes in intrinsic tryptophan and tyrosine fluorescence were 

monitored, and the fluorescence ratio before and after unfolding was used to 

determine the melting temperature. The melting temperature was defined as the 

midpoint of the unfolding transition, corresponding to the temperature at which 

approximately half of the protein population is unfolded, and was extracted from 

the first derivative of the fluorescence-ratio curve. Consistent with the temperature-

ramped MD simulations, D168A showed a higher melting temperature than WT 

under both buffer conditions. The mutant displayed melting temperatures of 50.16 

°C in HEPES pH 7 and 50.25 °C in PBS pH 8, indicating minimal buffer- or pH-

dependent variation. In contrast, WT showed lower melting temperatures of 45.38 

°C and 47.45 °C under the same respective conditions, suggesting both reduced 

thermal stability and a stronger dependence on buffer environment. Together, the 

nanoDSF data experimentally support the simulation-derived observation that 

D168A is more resistant to thermal perturbation than WT. While the MD 
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simulations indicated reduced structural deviation, altered RMSF redistribution, and 

better preservation of secondary structure in D168A, the nanoDSF measurements 

confirm that this mutation also increases the apparent melting temperature of the 

protein. These results suggest that mutation of the DFG-loop aspartate not only 

perturbs the allosteric communication network of p38α but also rewires the stability 

landscape of the kinase domain, leading to enhanced thermal resilience. 

 
Fig. 4.11 nanoDSF melting analysis shows that D168A has a melting temperature 

approximately 5 °C higher than the wild type and is less sensitive to pH changes. In 

contrast, the wild type exhibits a more pronounced pH-dependent shift in thermal 

stability, indicating greater susceptibility to environmental perturbation. 

 

4.3 Water residence times between 

different pockets change upon 

mutation 

We extended the stability analysis to examine how the D168A mutation affects local 

water dynamics. Experimental 3D 15N-edited NOESY provides a powerful 

approach to detect water molecules that remain in close proximity to specific 
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backbone amide groups. In NOESY spectra, cross peaks arise from through-space 

nuclear Overhauser effects between protons that are spatially close. In 15N-edited 

NOESY experiments, water–amide cross peaks can be observed around the water 

resonance at approximately 4.6–4.8 ppm, depending on temperature and buffer 

conditions. It should be noted that hydroxyl-containing side chains or buffer 

components can also give rise to NOESY cross peaks in this spectral region, and 

these peaks may not always be easily distinguished from true water–amide cross 

peaks. However, because the WT and D168A samples have essentially the same 

protein sequence, apart from the D168A substitution, comparative differences in 

cross-peak intensity or persistence remain meaningful indicators of altered local 

hydration or exchange behaviour. 

 

Fig. 4.12 Overlay of NOESY spectra acquired for wild-type p38α and the D168A 

mutant, highlighting differences in water-related cross peaks between the two 

proteins. 

Quantification of the water–amide cross-peak intensities revealed distinct hydration 

patterns in WT and D168A. In WT, residues within and around the activation loop 

showed stronger water-peak intensities than in the mutant, suggesting a greater 

presence of locally ordered or longer-residing water molecules near this region (Fig. 

4.13). This indicates that the native DFG-loop aspartate supports a hydration 

environment around the activation segment that is partially disrupted or weakened 
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upon mutation. In contrast, residues around the lipid-pocket region showed stronger 

water-peak intensities in D168A than in WT. This suggests that the mutation does 

not simply reduce hydration globally, but redistributes the local water environment 

across the kinase domain. Specifically, D168A appears to reduce water-associated 

signals near the activation loop while enhancing them around the distal lipid-pocket 

region. Together, these intensity differences support the idea that the DFG-loop 

mutation has long-range effects on the hydration landscape of p38α. The altered 

water-peak intensities are consistent with the simulation-based observation that 

D168A reshapes the dynamic coupling and flexibility of distal regions. Thus, the 

mutation appears to reorganize not only the protein’s internal dynamic network, but 

also its surrounding hydration environment. 

 

 

Fig. 4.13 Residue wise water cross peak intensities, also plotted in the protein 

structure. 

To account for differences in sample concentration and overall signal intensity, the 

water–amide cross-peak intensities were normalised against the corresponding 

diagonal peak intensities. This ratio-based normalisation reduces the influence of 

residue-specific peak intensity differences, sample concentration, and general 

spectral variability, allowing a more reliable comparison of local hydration signatures 

between WT and D168A, the comparison in the Fig. 10.17 (Appendix). After 

normalisation, the activation-loop region still showed stronger water-associated 

signals in WT than in D168A, indicating that the native protein retains a more 

pronounced hydration signature around the activation segment (Fig. 4.14). In 

contrast, residues around the lipid pocket displayed higher normalised water–amide 

intensities in D168A, suggesting an increased contribution from locally ordered or 

longer-residing water molecules in this distal region. These results confirm that the 

D168A mutation does not merely alter global signal intensity, but reshapes the 
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residue-specific hydration landscape of p38α. The mutation reduces the hydration 

signature around the DFG/activation-loop region while enhancing water-associated 

signals near the lipid pocket, supporting the idea that perturbation of the DFG-loop 

aspartate produces long-range effects on both protein dynamics and local solvent 

organisation. 

 

 

Fig. 4.14 Residue wise water cross peak/NOESY diagonal peak intensities, also 

plotted in the protein structure. 

To complement the NMR-derived hydration analysis, MD simulations of 2 

microseconds with three replicas were used to identify long-residing water molecules 

within the relevant kinase pockets. This allowed us to assess whether the mutation-

dependent hydration patterns observed in the NOESY experiments were also 

reflected in the simulated solvent dynamics. Overall, the MD-derived water 

residence analysis reproduced the same qualitative trend observed experimentally. 

The allosteric pocket, which lies closest to the D168A mutation site, did not show 

major differences in water residence behaviour between WT and D168A. In 

contrast, clear mutation-dependent differences were observed in the activation-loop 

and lipid-pocket regions. Consistent with the NOESY analysis, WT displayed a long-

residing water event near the activation loop, with a residence time of approximately 

160 ns. In D168A, the longest water residence event in the same region was markedly 

shorter, reaching only around 40 ns (Fig. 4.15). This supports the experimental 

observation that the activation-loop region in WT has a stronger hydration signature 

than in the mutant. The opposite trend was observed around the lipid pocket, which 

is distal to the mutation site. In this region, D168A showed a longer water residence 

event of approximately 60 ns, compared with around 30 ns in WT. This suggests 

that the mutation redistributes long-residing waters away from the activation-loop 

region and toward the lipid-pocket region. Together, the MD water residence 

analysis supports the NOESY-derived hydration data and strengthens the 
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conclusion that D168A alters the local hydration landscape of p38α. Importantly, 

these changes are not restricted to the immediate mutation site, but extend to distal 

regions of the kinase domain, consistent with a long-range allosteric effect of the 

DFG-loop mutation. 

 

Fig. 4.15 MD-derived water residence-time analysis for the allosteric pocket, 

activation loop and lipid pocket. 

 

4.4 DFG mutation reshapes water 

organization around the different 

pockets 

 

Local water-residence analysis revealed long-range differences in hydration 

behaviour between WT and D168A. To assess the spatial localization and temporal 

persistence of water oxygen atoms, radial distribution function analysis was 

performed for water molecules around the activation-loop, allosteric-pocket, and 

lipid-pocket regions. This analysis provided a complementary view of solvent 

organisation by measuring how water density is distributed as a function of distance 
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from each selected region. The RDF profiles, with mean and SD calculated from 

three replicas, showed that D168A has a stronger hydration shell than WT around 

both the activation loop and the lipid pocket. This is interesting because the water-

residence analysis had identified a long-residence water event near the activation 

loop in WT. The RDF results indicate that although WT contains a particularly long-

residing water molecule in this region, the broader hydration shell around the 

activation loop is more populated or more structured in D168A. Therefore, water 

residence time and hydration-shell density report on related but distinct aspects of 

solvent behaviour: residence analysis captures the persistence of individual water 

molecules or events, whereas RDF analysis reflects the average spatial organisation 

of the surrounding water population. Around the allosteric pocket, the RDF profiles 

showed only minor differences between WT and D168A, suggesting that the 

mutation does not substantially alter the average hydration shell in this region. In 

contrast, the lipid pocket displayed a stronger hydration in D168A, consistent with 

the NOESY and water-residence analyses showing enhanced water-associated 

signals and longer water residence in this distal pocket. Water bridges, or coupling 

of water across two residues, revealed that strong water coupling around the 

activation loop exist. Overall, these results indicate that mutation-dependent 

hydration changes are not determined solely by individual long-residing water 

molecules. Instead, they also depend on the broader exchange and organisation of 

water molecules entering and leaving each pocket. The stronger hydration shells 

around the activation loop and lipid pocket in D168A suggest that the mutation 

reshapes both local and distal solvent architecture. This may contribute to the 

enhanced apparent thermal stability of the mutant by improving hydration-mediated 

stabilisation and reducing the tendency for thermally induced structural disruption. 
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Fig. 4.16 RDF profile comparison of the wildtype and the mutant across different 

pockets of p38α. 

To examine whether water density around the activation loop changed over time in 

WT and D168A, we analysed solvent distributions across the full 2 μs trajectories. 

Water molecules within the activation-loop region were extracted and visualised to 

assess the spatial organisation of the local hydration shell. The solvent shell around 

the activation loop appeared more centrally localised in D168A than in WT (Fig. 

4.17A). Density-difference maps further showed that water molecules were more 

centrally localised within the activation-loop in the mutant, whereas WT displayed 

stronger water density toward the outer edge of the pocket (Fig. 4.17B), slices in the 

Fig. 10.19 (Appendix). This suggests that D168A supports a more compact and well-

defined hydration shell around the activation loop, while WT shows a more 

dispersed and fluctuating water distribution. Water oxygen occupancy analysis 

supported this observation (Fig. 4.17C). This analysis was then used as a 

complementary measure to the RDF analysis. While RDFs quantify the average 

radial enrichment of water around selected protein atoms, occupancy analysis 

reports how persistently water oxygen atoms occupy the defined region over the 

trajectory. In D168A, water oxygen occupancy within the activation-loop pocket 

remained comparatively stable over the trajectory, whereas WT showed greater 
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fluctuations. Together, these results indicate that the DFG-loop mutation alters the 

organisation of water molecules around the activation loop, producing a more 

persistent and spatially focused hydration environment in the mutant. 

 

Fig. 4.17 A) Representation of hydration shell around the activation loop across the 

entire trajectory for the wildtype and D168A. B) Density differences mapped in the 
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water box centring the activation loop. C) Water oxygen occupancy around the 

activation loop. 

 

4.5 DFG mutation rewires the solvent 

exchange capacities (CLEANEX-

PM) 

 

In order to delve deeper into the water dynamics, we performed water exchange 

studies. CLEANEX-PM experiments were used to probe residues whose backbone 

amide protons undergo exchange with bulk solvent water. The experiment relies on 

selective magnetisation transfer from water protons to exchangeable amide protons. 

Therefore, residues that show signals in the CLEANEX spectrum are those whose 

amide protons are sufficiently solvent-exposed and exchange-competent on the 

timescale of the experiment. In this context, stronger CLEANEX intensities indicate 

higher apparent water–amide proton exchange, which can arise from increased 

solvent accessibility, local flexibility, transient opening events, or altered hydrogen-

bond stability. Comparison of the WT and D168A CLEANEX-TROSY spectra 

revealed substantial differences in the exchange behaviour of several residues (Fig. 

4.18). These differences were reflected not only in CLEANEX peak intensities, but 

also in chemical-shift perturbations Fig. 10.20 (Appendix) between the 

corresponding TROSY spectra. In addition, comparison of the reference TROSY 

spectra before and after the CLEANEX measurements showed that some peaks 

disappeared or became strongly broadened, suggesting changes in local exchange 

behaviour, conformational dynamics, or sample stability during the experiment. 

Importantly, the intensity of the parent TROSY spectrum should not be directly 

compared with the CLEANEX spectrum without caution, because the two 

experiments differ in acquisition parameters and measurement time. The longer 

measurement time of the CLEANEX experiment can partly compensate for weaker 

signals, meaning that CLEANEX peak intensities should be interpreted as exchange-

dependent readouts rather than simple reductions of parent TROSY intensity. 

 



4. DFG-loop-dependent allostery extends to water dynamics in p38α 
 

135  
 

 

Fig. 4.18 Overlay of CLEANEX-PM spectra with the corresponding reference 

TROSY spectra. The comparison highlights water-exchange-sensitive amide peaks 

detected in the CLEANEX experiment. The first panel does not correct for 
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chemical-shift differences between spectra, but shows the peak distribution used for 

comparison with the respective TROSY reference. 

Quantification of CLEANEX peak intensities was performed to compare residue-

specific water–amide exchange between WT and D168A. To minimise artefacts 

arising from differences in peak intensity, sample concentration, or spectral 

acquisition, CLEANEX intensities were normalised to the corresponding parent 

TROSY peak intensities. The resulting intensity ratios were then used as relative 

measures of apparent solvent-exchange behaviour. The normalised 

CLEANEX/TROSY intensity ratios showed that D168A displays overall higher 

water–amide exchange than WT. Difference plots revealed increased CLEANEX 

intensities across several regions of the mutant, including residues surrounding the 

lipid pocket as well as broader regions of both the N- and C-lobes. This indicates 

that D168A has a more exchange-competent backbone environment, consistent 

with increased solvent accessibility, reduced hydrogen-bond protection, or enhanced 

local breathing motions in these regions. These findings support the idea that the 

DFG-loop mutation reshapes the solvent-exchange landscape of p38α. Rather than 

producing a strictly local effect near the mutation site, D168A increases water–amide 

exchange across distal regions, including around the lipid pocket. This is consistent 

with the NOESY, water-residence, RDF, and water-density analyses, which together 

suggest that the mutation reorganises the hydration environment and promotes a 

more dynamic solvent shell around selected regions of the kinase domain. 

 

Fig. 4.19 Ratio of CLEANEX/Parent TROSY normalised to see the exchange 

rates of the amide protons per residue.  



4. DFG-loop-dependent allostery extends to water dynamics in p38α 
 

137  
 

 

4.6 H/D Exchange in Solution NMR 

 

After identifying exchange-competent amide protons using CLEANEX-PM, 

hydrogen–deuterium exchange was monitored by solution NMR to assess the 

protection of backbone amide protons. For this experiment, the protein sample was 

lyophilised and reconstituted in approximately 98% D₂O. TROSY spectra were then 

recorded at hourly intervals to follow the loss of amide-proton signal intensity as 

labile backbone NH protons exchanged with deuterium. A decrease in TROSY peak 

intensity reflects exchange of amide protons with solvent deuterons. Faster intensity 

loss can indicate weaker hydrogen-bond protection, increased solvent accessibility, 

local unfolding, or enhanced conformational breathing. Therefore, the time-

dependent reduction in peak intensity provides residue-specific information on 

backbone protection and local structural stability. The first TROSY spectrum 

recorded after D₂O exchange was overlaid with the parent TROSY spectrum 

acquired before exchange to visually assess changes in peak position and intensity 

(Fig. 4.20). A substantial loss of signal was observed immediately after 

reconstitution in D₂O. This loss may partly reflect rapid exchange of highly solvent-

accessible amide protons; however, technical effects associated with lyophilisation 

and reconstitution cannot be excluded. In particular, lyophilisation may have 

affected sample quality, promoted partial degradation, or caused irreversible loss of 

folded protein, which could contribute to the reduced signal intensity. Therefore, 

the HDX-NMR data were interpreted cautiously and primarily as a qualitative 

indicator of exchange behaviour rather than as a fully quantitative measure of 

protection. 

 



4. DFG-loop-dependent allostery extends to water dynamics in p38α 
 

138  
 

 

Fig. 4.20 Comparison of TROSY spectra before and after the addition of D2O for 

the wildtype and the mutant protein. 

The initial HDX-TROSY spectra of WT and D168A were overlaid to assess 

qualitative differences in backbone amide protection after transfer into D₂O. The 

D168A spectrum retained a larger number of observable peaks than the WT 

spectrum, suggesting that a greater fraction of backbone amide protons remained 

protected from rapid exchange in the mutant during the early phase of the 

experiment. This observation is consistent with the increased thermal robustness 

observed for D168A in the temperature-ramped simulations and nanoDSF 

measurements. At first glance, this may appear to contrast with the CLEANEX-PM 

results, where D168A showed higher apparent water–amide exchange in several 

regions. However, the two experiments report on related but distinct aspects of 

protein hydration and exchange. CLEANEX-PM detects magnetisation transfer 

from water to exchange-competent amide protons and is sensitive to solvent 

accessibility, local breathing motions, and water–amide exchange on the 

experimental timescale. In contrast, HDX-NMR monitors the loss of backbone 

amide proton signals after transfer into D₂O and reports on the degree of amide 

protection, which depends on hydrogen bonding, structural stability, local unfolding 

events, and solvent accessibility on a timescale of hours. Therefore, increased 

CLEANEX intensity in selected regions does not necessarily contradict stronger 

global amide protection in HDX. Several residues remained protected in both WT 

and D168A (Fig. 4.21A). V20 was protected in both proteins, suggesting that this 
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region maintains backbone protection independent of the mutation (Fig. 4.21B). 

T44 and T298 were also retained in both spectra, indicating protection of these 

residues despite their location in regions that may otherwise be solvent accessible. 

Charged residues such as D283 and H228 also showed protection, which may reflect 

stabilising hydrogen-bond interactions or burial within locally structured 

environments. In WT, the overall HDX spectrum showed markedly reduced signal 

intensity compared with D168A. This could indicate rapid exchange of a larger 

fraction of solvent-accessible amide protons in the WT protein. However, technical 

effects must also be considered. The low WT signal may partly result from sample 

perturbation during lyophilisation and reconstitution, including partial degradation, 

aggregation, or loss of folded protein. Therefore, the WT HDX data should be 

interpreted cautiously. The most defensible conclusion is that D168A retains more 

observable protected amide signals under the experimental conditions, whereas the 

WT either exchanges more rapidly or is more strongly affected by the sample-

preparation procedure. 

 

Fig. 4.21 A) Overlay of the first TROSY HSQC of mutant and wildtype after HDX 

B) Representation of residues on the protein structure showed up in the spectra after 

HDX (red for mutant, blue for wildtype and purple for both). 

Peak retention was quantified immediately after HDX and at the final 72 h time 

point. At the initial time point, D168A retained approximately 9.3% of the parent 

TROSY peaks, whereas WT retained only around 3.9% (Fig. 4.22A). Since peak 

retention represents a categorical outcome, with each parent TROSY peak classified 

as either retained or lost after HDX, Fisher’s exact test was used to assess whether 
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the difference in retained peak proportions between WT and D168A was statistically 

significant. This analysis supported a higher initial peak-retention frequency in 

D168A compared with WT. This indicates that a larger fraction of amide signals 

remained observable in the mutant after transfer into D₂O. However, this initial 

difference may not arise solely from differences in amide protection. It could also 

reflect differences in sample stability after lyophilisation and reconstitution, with WT 

potentially being more affected by partial unfolding, aggregation, degradation, or loss 

of folded protein signal during sample preparation. Therefore, the higher initial peak 

retention in D168A should be interpreted as a combination of greater early amide 

protection and/or better preservation of sample quality under the HDX preparation 

conditions. By 72 h, the retained peak percentages became much closer, with WT 

retaining approximately 2.6% and D168A approximately 3.0% of the original peaks. 

Fisher’s exact test was again used to compare the retained and lost peak counts at 

this final time point. In contrast to the initial HDX time point, the retained peak 

proportions were much more similar after 72 h, indicating convergence of the 

detectable protected peak population over the full exchange period. Normalised 

intensity ratios showed a similar trend. Several D168A peaks initially retained ratios 

above 0.1 relative to the parent TROSY spectrum, but these intensities were 

substantially reduced during the 72 h time course (Fig. 4.22B). Because the intensity-

ratio distributions were not assumed to follow a normal distribution, Mann–Whitney 

U tests were used to compare WT and D168A intensity ratios at each time point. 

This allowed the residue-level intensity differences between the two proteins to be 

assessed independently of the binary retained/lost peak classification. Together, the 

Fisher’s exact test and Mann–Whitney U analysis support a more nuanced 

interpretation of the HDX data. D168A contains a larger population of initially 

observable or protected amide signals, but many of these undergo delayed exchange 

over longer timescales. Therefore, the HDX data support increased early peak 

retention in the mutant, while also indicating that this initial difference may partly 

reflect better sample stability after lyophilisation and reconstitution rather than 

protection alone. 
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Fig. 4.22 A) Percentage of peaks retained after initial HDX time point and the 

final time point. B) Normalised peak intensities at the initial and final timepoints 

for WT and D168A. 

Table 4.2 : Statistical values for peak counts 

Time Fischer p Odds ratio Mann-Whitney p 

0.5 hr 0.029 0.403 0.0007 

72 hr 0.77 0.849 0.005 

 

When HDX data were quantified across the full-time course, residue-specific 

differences in exchange behaviour became evident between WT and D168A. Peaks 

corresponding to V20 and D283 in D168A showed a gradual decrease in intensity, 

whereas the corresponding WT peaks decayed more rapidly in an exponential-like 

manner. Although both systems approached similar final intensities by 72 h, D168A 

retained higher signal intensity during the intermediate stages of the experiment. This 

indicates that the mutation does not prevent amide exchange, but delays exchange 

for selected residues. The time-resolved HDX profiles therefore provide 

information beyond final peak counts alone, revealing slower exchange kinetics in 

D168A that are consistent with increased local protection or better preservation of 

folded-state structure during early and intermediate HDX time points. 
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Fig. 4.23 Intensity over time plots for HDX experiment for WT and D168A. 
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4.7 H/D Exchange in Solid State NMR 

 

Crystalline WT and D168A p38α samples were packed into 1.3 mm solid-state NMR 

rotors and spun at 55 kHz magic-angle spinning (MAS) to acquire hNH fingerprint 

spectra. These spectra provide a solid-state equivalent of an amide fingerprint, 

allowing comparison of the overall fold and residue-specific spectral behaviour of 

the protein in a crystalline, densely packed environment. The aim was not only to 

confirm that the protein remains structured in the packed crystals, but also to assess 

whether the mutation-dependent behaviour observed in solution is preserved, 

altered, or suppressed under more spatially restricted conditions. Compared with the 

corresponding solution-state TROSY spectra (Fig. 4.24), the solid-state hNH 

spectra showed broader linewidths and a higher degree of spectral overlap. This is 

expected in solid-state NMR because proteins in crystals or microcrystalline 

preparations do not undergo the same rapid isotropic tumbling as proteins in 

solution. As a result, anisotropic interactions such as dipolar couplings and chemical-

shift anisotropy are not naturally averaged to the same extent. MAS at 55 kHz helps 

reduce these interactions and improves resolution, but it does not completely 

remove all sources of line broadening. Additional broadening can arise from local 

conformational heterogeneity, crystal-packing effects, incomplete motional 

averaging, and small differences in the local environments sampled by individual 

residues within the packed crystalline lattice. In solution NMR, the protein samples 

a dynamic ensemble while freely tumbling in solution, which produces sharper 

averaged resonances under favourable conditions. In solid-state NMR, the protein 

is conformationally restricted and embedded in a crystal-like packing arrangement. 

This can preserve structural order while simultaneously increasing local 

heterogeneity and reducing spectral resolution. Faster MAS frequencies and smaller 

rotors could further improve resolution by more efficiently averaging anisotropic 

interactions and reducing linewidths, but the 55 kHz spinning used here was 

sufficient to obtain solid-state hNH fingerprints for comparison. hCANH spectra 

were also recorded to assist with backbone assignment. The assignment strategy 

followed the general logic used for solution-state triple-resonance experiments (see 

Methods and Chapter 3). However, direct transfer of solution assignments to the 

solid state is not always straightforward. Even when the global fold is retained, 

chemical shifts can change between solution and crystalline states because residues 

experience different hydrogen-bonding patterns, packing contacts, hydration 

environments, and motional restrictions. Therefore, overlap between solution and 
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solid-state spectra can support assignment, but differences in peak position are 

expected and should not automatically be interpreted as structural disruption. Under 

MAS, orientation-dependent interactions are averaged, and chemical shifts mainly 

report on the local electronic and structural environment of each nucleus. The 

inclusion of solid-state NMR therefore provides an additional experimental context 

for evaluating WT and D168A. While solution NMR reports on the protein in a 

freely tumbling, hydrated solution ensemble, solid-state NMR allows the protein to 

be examined in a compact crystalline environment where motions are more 

restricted and packing interactions become important. This is particularly useful for 

assessing whether the DFG-loop mutation produces effects that are intrinsic to the 

kinase fold, or whether some of the observed differences depend on solution-state 

flexibility and solvent exposure. In this sense, the solid-state spectra serve as a bridge 

between the solution experiments and the crystalline/compact conformational state 

of the protein. 

 

 

Fig. 4.24 Comparison of spectral fingerprint recorded in solution NMR (TROSY) 

and solid-state NMR (hNH) for the wildtype and D168A. 

Overlay of the solid-state hNH spectra of WT and D168A revealed substantially 

smaller chemical-shift perturbations (Fig.4.25) than those observed in the 

corresponding solution-state TROSY spectra in Fig. 10.23 (Appendix). The solid-
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state spectra showed fewer disappearing peaks and a highly similar overall spectral 

pattern between WT and D168A. This suggests that the crystalline packing 

environment reduces mutation-dependent differences in local chemical 

environment. In solution, D168A showed pronounced spectral perturbations 

relative to WT, indicating that the mutation strongly affects the conformational 

and/or hydration environment of the protein. In contrast, the similar solid-state 

peak positions suggest that crystal packing and restricted molecular motion may 

stabilise a more comparable structural ensemble in the two proteins. These 

observations support the idea that solvation and conformational freedom contribute 

significantly to the mutation-dependent differences observed in solution. To 

investigate this further, solid-state HDX measurements were performed to 

determine whether hydration and exchange behaviour in the densely packed 

crystalline state resemble those observed in freely solvated solution. 

 

Fig. 4.25 Overlay of the solid state hNH spectra of the wildtype and D168A. 

Solid-state HDX was performed to assess whether WT and D168A display different 

exchange behaviour in the crystalline state. The crystalline samples were exposed 

stepwise to increasing D₂O content, from approximately 30% to 50%, then 75%, 

and finally to an overall D₂O concentration of approximately 85–90%. This gradual 

exchange was used to minimise abrupt perturbation of the crystal sample while 
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allowing deuterium incorporation into solvent-accessible amide sites. The first hNH 

spectrum after D₂O exposure was recorded approximately 2.5 h after the initial 

setup. Because solid-state HDX required stepwise D₂O exchange, sample packing, 

and transfer into the NMR rotor, the first recorded spectrum represents the earliest 

experimentally accessible time point rather than the true start of exchange. 

Therefore, part of the initial exchange may have occurred during sample preparation 

and equilibration. The crystalline HDX data should therefore be interpreted 

qualitatively and compared cautiously with the solution-state HDX experiment. 

When the HDX hNH spectra were overlaid with the corresponding parent hNH 

spectra, a larger number of peaks disappeared in D168A (Fig. 4.26B) than in WT 

(Fig. 4.26A). This observation contrasts with the solution-state HDX experiment, 

where D168A initially retained a larger fraction of peaks (Fig. 4.20). However, this 

difference is not necessarily contradictory, because proteins can display markedly 

different exchange behaviour in solution and in crystalline solid-state environments. 

In the crystalline state, exchange is influenced not only by intrinsic amide protection, 

but also by crystal packing, solvent channels, local hydration, restricted protein 

motions, and the ability of D₂O to access exchangeable sites within the packed 

lattice. Peak matching was performed based on chemical-shift proximity between 

the parent and HDX hNH spectra with cutoff values of ±0.06 ppm for 1H-

dimension and ±0.6 ppm for 15N dimension. Using this criterion, WT retained 

approximately 66% of its parent hNH peaks, whereas D168A retained only around 

28.3% (Fig. 4.26C). This suggests that, in the crystalline environment, a larger 

fraction of D168A peaks are lost after D₂O exposure. One possible interpretation 

is that the D168A crystal lattice permits greater solvent accessibility or faster 

exchange for a larger subset of residues than the WT crystal lattice. Conversely, WT 

may retain more observable peaks because its crystalline packing better protects 

exchange-sensitive sites or restricts solvent penetration. However, the intensity 

analysis of matched peaks revealed a more nuanced pattern. Although D168A 

retained fewer peaks overall, the peaks that remained detectable after D₂O exposure 

showed higher residual intensities than the corresponding retained WT peaks. This 

difference was statistically supported by a Mann-Whitney U test, indicating that the 

distribution of matched-peak intensity ratios differs between WT and D168A (Fig. 

4.26D). Therefore, D168A appears to contain two distinct populations of peaks in 

the crystalline state: one population that is rapidly lost after D₂O exposure, and 

another population that remains strongly protected or less affected once retained. In 

WT, more peaks remain detectable, but their residual intensities are generally weaker, 

suggesting broader low-level exchange or partial intensity loss across a larger retained 

peak population. Together, these results indicate that solid-state HDX does not 
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simply reproduce the solution-state HDX behaviour. Instead, the crystalline 

environment changes the exchange landscape. WT retains a larger number of peaks, 

suggesting broader protection from complete peak loss, whereas D168A retains 

fewer peaks but preserves stronger intensity among the peaks that remain. This 

behaviour may reflect differences in crystal packing, solvent-channel architecture, 

local hydration, and restricted conformational dynamics between WT and D168A. 

Assignment of the residual peaks will be required to determine whether the retained 

or lost peaks cluster in specific structural regions, such as the activation loop, 

allosteric pocket, hinge, or lipid pocket. Additional HDX time points would also be 

necessary to determine whether the observed behaviour reflects rapid early 

exchange, delayed exchange, or differential sample stability in the crystalline state. 

 

Fig. 4.26 A) Overlay of the hNH spectra before and after 2.5 hrs of adding D2O of 

the wildtype p38α. B) Overlay of the hNH spectra before and after 2.5 hrs of adding 



4. DFG-loop-dependent allostery extends to water dynamics in p38α 
 

148  
 

D2O of D168A p38α. C) Number of matching peaks according to chemical shift 

cutoff in the wildtype and the mutant (grey indicating peaks missing). D) Box plot 

to understand the overall intensity drop for the matching peaks obtained for wildtype 

and D168A. 

After 78 h of solid-state HDX, both WT and D168A showed additional peak loss 

relative to their parent hNH spectra. However, the overall trend observed at the 

earlier time point was still maintained. When the parent hNH spectrum was used as 

the reference, D168A showed a larger fraction of missing peaks than WT (Fig.4.27 

A & B). Approximately 72.2% of the D168A peaks were lost after 78 hrs, whereas 

WT lost approximately 47.3% of its parent peaks (Fig.4.27C). This indicates that, in 

the crystalline state, a larger subset of D168A resonances becomes undetectable 

upon prolonged exposure to D₂O. When the 2.5 hrs HDX spectrum was used as 

the reference instead of the parent hNH spectrum, the difference between WT and 

D168A became smaller but remained evident. From 2.5 hrs to 78 hrs, D168A lost 

approximately 53.5% of the initially retained peaks, while WT lost approximately 

36.2% (Fig.4.27E). This suggests that D168A continues to undergo greater 

progressive peak loss over the extended HDX period, although the strongest 

difference appears to occur during the early phase of D₂O exposure. The intensity 

analysis provides a more elaborated interpretation. Although D168A retained fewer 

peaks overall, the peaks that remained detectable after 78 hrs showed higher residual 

intensities than those retained in WT (Fig.4.27 D & F). This difference was 

supported by the Mann–Whitney U test, indicating that the distribution of retained 

peak intensities differs significantly between the two proteins. Therefore, D168A 

appears to contain a larger population of rapidly exchanging or disappearing peaks, 

but the subset of peaks that remains observable is comparatively well protected from 

intensity loss. Together, these results suggest that solid-state HDX separates the 

D168A resonances into two apparent populations. One population is highly 

sensitive to D₂O exposure and disappears rapidly or progressively over time. The 

second population remains detectable and retains relatively strong intensity even 

after prolonged exchange. In WT, by contrast, more peaks remain detectable, but 

their residual intensities are generally weaker, suggesting more distributed partial 

exchange across a larger retained peak population. Thus, the solid-state HDX data 

do not indicate that D168A is simply more or less protected than WT. Instead, they 

suggest that the mutation alters the heterogeneity of exchange behaviour in the 

crystalline state. D168A loses more peaks overall, but the peaks that survive 

exchange retain stronger intensity. This behaviour may reflect mutation-dependent 

differences in crystal packing, solvent-channel accessibility, local hydration, or 
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conformational restriction within the crystalline lattice. Additional intermediate time 

points and residue-specific assignments will be required to determine whether the 

lost and retained peaks cluster in specific structural regions. 

 

Fig. 4.27 A) hNH overlay before and after adding D2O after 2.5 hrs and 78 hrs for 

wildtype protein. B) hNH overlay before and after adding D2O after 2.5 hrs and 78 
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hrs for D168A protein. C) Number of matching peaks according to chemical shift 

cutoff in the wildtype and the mutant with the reference being before adding D2O 

(grey indicating peaks missing).  D) Box plot to understand the overall intensity drop 

for the matching peaks obtained for wildtype and D168A with the reference being 

before adding D2O. E) Number of matching peaks according to chemical shift 

cutoff in the wildtype and the mutant with the reference being after 2.5 hrs of adding 

D2O (grey indicating peaks missing).  F) Box plot to understand the overall intensity 

drop for the matching peaks obtained for wildtype and D168A with the reference 

being after 2.5 hrs of adding D2O.  

 

4.8 Conclusion 

 

In summary, temperature-dependent simulations, nanoDSF measurements, and 

hydration analyses collectively show that D168A behaves differently from WT p38α. 

The mutant displays increased apparent thermal stability, supported by lower 

structural deviation in temperature-ramped MD simulations and higher melting 

temperatures in nanoDSF experiments. Hydration-focused analyses further show 

that this stability is accompanied by a redistribution of the solvent environment. In 

solution, D168A shows higher apparent water–amide exchange in CLEANEX-PM 

experiments, particularly around the lipid pocket and across parts of both kinase 

lobes. However, HDX-NMR indicates that this increased exchange competence 

does not correspond to complete loss of protection, as D168A initially retains more 

amide signals and selected residues show more gradual intensity decay over time. 

MD-based water analyses support this interpretation: while WT contains a long-

residing water event near the activation loop, D168A displays stronger average 

hydration shells around both the activation loop and lipid pocket, as well as longer 

water residence near the lipid pocket. Thus, the mutation reorganises the hydration 

landscape rather than simply increasing or decreasing water exposure globally. In the 

crystalline state, solid-state HDX revealed a different exchange pattern. D168A lost 

a larger fraction of peaks than WT after D₂O exposure, indicating greater exchange 

sensitivity for part of the mutant spectrum. However, the retained D168A peaks 

showed higher residual intensities than those of WT, suggesting that the mutant 

contains both rapidly exchanging and strongly protected resonance populations. 

This behaviour likely reflects the influence of crystal packing, solvent-channel 

accessibility, and restricted dynamics on exchange behaviour. Overall, these results 
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indicate that D168A does not simply increase or decrease water exposure globally. 

Instead, the mutation appears to remodel the conformational ensemble of p38α, 

producing residue-specific changes in hydration, solvent accessibility, and exchange 

behaviour. In solution, where crystal contacts are absent, these effects are more 

evident and suggest that D168A reshapes local solvent environments in a region-

dependent manner, particularly around the lipid pocket, activation-loop/DFG-loop 

region, and selected residues across both kinase lobes. The solid-state HDX data 

further show that exchange behaviour can be modified by crystal packing and 

restricted solvent channels, highlighting that hydration-dependent allosteric effects 

depend strongly on the structural environment. Together, the data support a model 

in which D168A rewires the relationship between thermal stability, water 

organization, and long-range allosteric communication in p38α. 

 

4.9 Discussion 

 

The functional importance of the conserved DFG aspartate has been demonstrated 

in several kinases. In Csk protein-tyrosine kinase, the DFG motif is catalytically 

essential: mutation of D332 to alanine abolished kinase activity toward both 

polyE4Y and Src, showing that perturbation of this residue can strongly impair 

catalytic function. This supports the idea that conformational changes propagating 

to or from the DFG motif can have major consequences for kinase activity195.In Abl 

kinase, long-timescale molecular dynamics simulations visualised the DFG flip in 

atomic-level detail and led to an energetic model in which protonation of the DFG 

aspartate controls the DFG-in/DFG-out transition. Experimentally, the kinetics of 

imatinib binding to Abl kinase were shown to be pH-dependent, and this pH 

dependence disappeared when the DFG aspartate was mutated. These findings 

indicate that electrostatic changes linked to the catalytic cycle can modulate the DFG 

flip and allow the kinase to access higher-energy conformational states196. 

In p38α, substitution of the negatively charged DFG aspartate with the smaller, 

hydrophobic alanine is therefore expected to perturb local interactions within the 

DFG loop and its neighbouring regulatory regions, including the allosteric pocket. 

Our thermal-stability data show that the D168A substitution stabilises the kinase 

fold, consistent with reduced global conformational flexibility under thermal stress. 

At the same time, the mutation reshapes the conformational ensemble and alters 

dynamic communication across distal regions of the kinase domain. Such long-range 
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redistribution of local dynamics is consistent with previous work showing that 

mutations at network-relevant residues can propagate through kinase allosteric 

pathways and alter communication between functional sites, as seen in the previous 

chapter. 

However, the consequences of such allosteric perturbations for solvent interactions 

have been less explored. Allosteric regulation is widespread in biology and can 

activate or suppress protein function through phosphorylation, substrate binding, 

ligand association, or interaction with effector proteins. These regulatory events are 

usually discussed in terms of structural rearrangements, conformational dynamics, 

and changes in binding-site accessibility. Our results suggest that changes in water 

organisation may represent an additional layer of allosteric modulation. A mutation 

that alters the conformational ensemble can also reshape the hydration landscape, 

changing where water molecules reside, how easily they exchange, and how strongly 

they are retained within specific pockets. 

This has functional implications. Water molecules that are strongly stabilised within 

a pocket may be more difficult to displace during binding of pharmacological 

ligands, substrates, or other interaction partners, whereas less favourably organised 

or more weakly retained waters may be more readily expelled. Therefore, mutation-

dependent changes in hydration can influence catalytic activity, ligand binding, and 

allosteric regulation, even when the mutation is distal from the affected pocket. In 

this context, water becomes not only a passive solvent component but also a reporter 

of altered conformational dynamics and allosteric communication. 

The NOESY, CLEANEX, HDX, RDF, and water-residence analyses presented 

here therefore provide complementary views of how D168A reshapes the solvent 

environment of p38α. Similar to chemical-shift perturbations or NMR relaxation 

measurements, water-based NMR readouts can report on allosteric effects of 

mutations. While CSPs reveal changes in local chemical environment and relaxation 

experiments probe protein motions, water–amide NOEs and HDX measurements 

provide insight into how mutation-induced dynamic changes are reflected in 

hydration, solvent accessibility, and backbone protection. Thus, hydration analysis 

offers an additional experimental window into the long-range allosteric 

consequences of DFG-motif perturbation. 
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5. Outlook 

 
In this thesis, we explored the dynamic allosteric ensemble of p38α and investigated 

how this allostery is reflected in changes to the hydration landscape of the kinase 

domain. The quantitative understanding gained from molecular dynamics 

simulations, dynamical network analysis, NMR spectroscopy, thermal-stability 

measurements, and hydration-focused experiments provides a framework for 

identifying regions that regulate long-range communication across the protein. 

This work highlights that selective kinase modulation may be achieved not only by 

targeting the conserved ATP-binding site, but also by exploiting distal allosteric 

regions, communication hubs, and hydration-sensitive pockets. The hydration data 

further suggest that water organisation can serve both as a reporter and a contributor 

to allosteric regulation. Understanding where water molecules are stabilised, 

displaced, or reorganised may therefore support the design of ligands that make use 

of favourable water-mediated interactions or target pockets where water 

displacement is energetically accessible. 

Overall, this integrative structural-biology approach provides a broader perspective 

for studying conserved kinase modules. The methodological framework established 

here can be applied to other kinases and complex protein systems in which function 

depends on the interplay between conformational dynamics, solvent organisation, 

and long-range allosteric communication. 
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6. Methodology 

 
This section describes the methodological framework used in the study, spanning 

molecular dynamics simulations and dynamical network analysis, followed by 

protein preparation, solution- and solid-state NMR measurements, and 

complementary X-ray crystallographic, biochemical, and biophysical experiments.  
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6.1 Molecular dynamics simulations 

 

All-atom molecular dynamics simulations were performed using NAMD with the 

CHARMM36 force field34, and systems were prepared using the QwikMD plugin 

where applicable60. The simulation protocols differed between the two projects 

because they addressed distinct biological questions. Project 1 focused on mapping 

dynamic allosteric communication in p38α ensembles whereas Project 2 focused on 

temperature-dependent structural stability and water architectural differences 

between p38α and the D168A mutant, 

All atomic molecular dynamics simulations  

For the dynamic-network analysis, simulations were performed using NAMD 3.0 in 

combination with QwikMD 59. To examine ligand-dependent changes in p38α 

communication pathways, simulations were initiated from crystallographic 

structures in which the inhibitor ring-flip conformation was observed, 

corresponding to PDB entries 3HEG150 and 3GCS174. For apo p38α, PDB ID 

1WFC159 was used as the starting model, and missing segments were rebuilt by 

comparative modelling. 

For the apo system, NOESY-derived restraints were applied during the initial 

preparation phase. Energy minimization was performed for 20,000 steps, followed 

by gradual heating to 300 K and restrained equilibration. After approximately 1 µs 

of restrained equilibration, restraints were released and five independent 1 µs 

production replicas were generated for the wild-type apo system. 

Dynamical network analysis of the apo wild-type simulations was then used to 

identify residues with high betweenness centrality. These residues were selected for 

alanine-scanning mutagenesis using QwikMD. Each mutant system was subjected 

to the same minimization, heating, equilibration, and production workflow, followed 

by five independent 1 µs production replicas. 

For the ligand-bound simulations, sorafenib-bound systems were prepared from the 

relevant crystallographic structures or by docking sorafenib into the allosteric pocket 

where required. These systems were prepared using the same simulation workflow 

and simulated in five independent 1 µs replicas. Correlations and communication 

pathways were then compared across apo wild-type, apo mutant, and ligand-bound 

p38α ensembles. In total, approximately 50 µs of MD data were generated and 

analysed for this project. 
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To understand the behaviour of resident waters and structural water difference as a 

scope of Project 2, all atomic MD simulations of the wildtype and mutant D168A 

was carried out for 2 microseconds in three replicas. Radial distribution function and 

water residence studies were carried out.  

Molecular dynamics simulations for thermal-stability analysis 

For the thermal-stability analysis, simulations were performed using NAMD 2.6 with 

the CHARMM36 force field. The QwikMD plugin was used to prepare input 

systems based on the available crystal structure of p38α kinase, PDB ID 1WFC. 

Missing segments were rebuilt by comparative modelling. The D168A mutation was 

introduced using QwikMD. 

Initial energy minimization was performed for 20,000 steps, followed by gradual 

heating to 300 K and equilibration for approximately 10 ns. Three independent 2 µs 

production replicas were generated to improve sampling. To probe thermal stability, 

temperature-ramping simulations were performed in which the systems were 

gradually heated from 300 K to 423 K over 1 µs and then maintained at 423 K for 

an additional 1 µs, resulting in a total simulation time of 2 µs per trajectory. 

Network-analysis and correlation metrics for this project were computed from the 

final 50 ns of each 2 µs simulation, allowing comparison of the equilibrated high-

temperature conformational ensembles. In total, approximately 15 µs of MD data 

were analysed for this project. 

General simulation parameters 

Unless otherwise stated, simulations used the CHARMM36 force field for proteins 

and ligands. Covalent bonds involving hydrogen atoms were constrained using 

SHAKE, and equations of motion were integrated using a 1 fs timestep. Long-range 

electrostatic interactions were treated using the particle-mesh Ewald method under 

periodic boundary conditions. A real-space cutoff of 12 Å and a pair-list distance of 

14 Å were used. Systems were equilibrated under NVT conditions for thermalization 

and then under NPT conditions for pressure coupling before production 

simulations. Temperature was maintained using Langevin dynamics, and pressure 

was maintained at 1 atm using the Langevin piston method58. 
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6.2 Dynamical network analysis 
 

Topology and trajectory files from the MD simulations were analysed using Dynetan 

in Python notebooks69. Dynetan uses MDAnalysis for trajectory handling and 

analysis197. Contact-detection optimization in the workflow was supported by 

Numba198 and Cython199. Network statistics and optimal communication paths were 

calculated using the Floyd–Warshall algorithm implemented in the NetworkX 

package. 

For the dynamic-network project, the final 200 ns of each 1 µs production replica 

were used for network and correlation analysis unless otherwise stated. For the 

thermal-stability project, network and correlation metrics were computed from the 

final 50 ns of each 2 µs trajectory. Differences in correlations were also computed 

from the temperature ramped as well as normal trajectories for apo and D168A 

mutant simulations. This difference reflects the distinct aims of the two projects: the 

former focused on apo and ligand-dependent communication networks under 

standard conditions, whereas the latter focused on conformational behaviour after 

temperature ramping. 

Dynamical network analysis was first performed on the apo wild-type p38α 

simulations to identify residues with high betweenness centrality. Betweenness 

centrality was used to identify residues that frequently occur along shortest 

communication paths and may therefore act as important communication relays 

within the protein. These residues were selected for alanine mutagenesis and 

subsequent comparison with the wild-type network. 

For each system, residue-level correlations and communication pathways were 

calculated and compared across the relevant ensembles. In the dynamic-network 

project, communication pathways between selected representative residues were 

used to compare coupling between the extended allosteric pocket, activation loop, 

and lipid-binding pocket. In the thermal-stability project, correlation metrics were 

used to assess how elevated temperature influenced structural communication and 

stability-related dynamics. 

Additional analyses were performed using in-house Python and Tcl scripts together 

with VMD200. Residue–residue contact maps were generated using VMD and 

PyContact. Structural figures from the simulations were rendered in VMD, whereas 

residue-wise structural properties were mapped and visualized using Chimera 

attribute files. 
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For statistical analysis, pathway-level measurements were normalized to the 

corresponding wild-type or ligand-bound wild-type reference value where 

applicable. For each variant, the mean value was calculated, and error bars represent 

the sample standard deviation across replicas. Group comparisons against the 

reference system were performed using a non-parametric permutation bootstrap. 

For each comparison, the two groups were pooled, labels were randomly permuted, 

and the mean difference was recalculated over 10,000 permutations using a two-

sided test. The p-value was defined as the proportion of permuted absolute mean 

differences greater than or equal to the observed absolute mean difference. This 

approach did not assume normality or equal variances. Statistical analyses and plots 

were generated using Python notebooks. 

 

6.3 Sample Preparation 

 

The plasmid map of the p38α kinase construct was confirmed by nanopore 

sequencing to enable the design of mutation-specific primers. Mutagenesis primers 

were designed so that the target residue was positioned centrally within both the 

forward and reverse primer sequences. Site-directed mutagenesis was performed by 

PCR using Phusion™ High-Fidelity DNA Polymerase, which provides high-fidelity 

amplification suitable for introducing defined point mutations201. Following 

amplification, the parental methylated plasmid template was digested with DpnI at 

37 °C for 1 h. The digested PCR product was then transformed into E. coli XL10-

Gold cells and incubated overnight at 37 °C. Individual colonies were selected and 

grown overnight at 37 °C, after which plasmids were isolated using a PEG Gold 

miniprep kit (Fig.6.1). The resulting plasmids were verified by Sanger sequencing 

through Eurofins Fig. 10.3 (Appendix). 

 

Fig.6.1 Pictorial representation for site directed mutagenesis  
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Wild-type p38α and the alanine mutants were expressed in BL21(DE3) E. coli cells. 

For NMR assignment and relaxation experiments, proteins were produced using 
13C/15N/2H isotopic labelling, with deuterated growth conditions used where 

required for triple-labelled samples202. Cultures were adapted to D₂O-containing 

medium and then grown in 1 L cultures at 37 °C until an OD600 of 0.6–0.7 was 

reached. The cultures were cooled to room temperature for 30 min and then induced 

with 1 mM IPTG. Protein expression was carried out overnight for approximately 

20 h at 18 °C with shaking at 180 rpm. For the W207A mutant, stable expression in 

deuterated minimal medium could not be achieved, preventing preparation of a 

triple-labelled sample suitable for solution-state NMR analysis. 

 

Fig 6.2 Schematic representation of expression and purification of p38α and 

mutants. 

Cells were harvested and lysed in 50 mM Tris buffer supplemented with benzonase, 

lysozyme, and protease inhibitor. Following centrifugation, the clarified supernatant 

was subjected to Ni-affinity chromatography using a nickel column. The binding 

buffer contained 50 mM Tris, 500 mM NaCl, 25 mM imidazole, and 5% glycerol, 

whereas the elution buffer contained 50 mM Tris, 500 mM NaCl, 500 mM imidazole, 
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and 5% glycerol. Eluted fractions were dialysed to pH 7 and subjected to overnight 

thrombin cleavage to remove the affinity tag. 

The cleaved protein was further purified by anion-exchange chromatography 

followed by size-exclusion chromatography, following established p38α purification 

strategies. For anion exchange, the binding buffer contained 25 mM HEPES and 

5% glycerol, and the elution buffer contained 25 mM HEPES, 1 M NaCl, and 5% 

glycerol. Final polishing was performed by size-exclusion chromatography using 

buffer containing 20 mM HEPES, 50 mM NaCl, 100 mg/L methionine, and 5% 

glycerol. Fractions containing pure p38α were pooled and used for subsequent 

biochemical and NMR experiments (Fig.6.2).  

 

6.4 Protein Crystallisation 

 

Crystallization was performed in the presence of regorafenib. The protein solution 

was supplemented with 50 µM regorafenib dissolved in DMSO and mixed with 

crystallization buffer containing 100 mM MES and 20% PEG 4000. Crystallization 

was set up in a 1:3 ratio of crystallization buffer to protein solution using the sitting-

drop method. 

The crystallization buffer was placed in the reservoir, and drops containing the 

protein–ligand mixture were prepared for batch crystallization. To promote crystal 

growth, the drops were seeded with pre-existing crystals. The resulting crystals were 

used for both solid-state NMR experiments and X-ray crystallographic analysis 

(Fig.6.3). 
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Fig.6.3 A) Batch crystallization of p38α in Eppendorf. B) Crystals showing apo and 

D168A in labelled and unlabelled conditions. 

 

6.5 X-ray diffraction measurements 

 

Crystals of wild-type p38α and the D168A mutant were harvested using 0.1 or 0.05 

mm loops, depending on crystal size. The crystals were cryoprotected in precipitant 

solution supplemented with 10% glycerol and flash-frozen in liquid nitrogen. 

Diffraction data were collected at a synchrotron beamline. Data processing and 

scaling were performed using XDS and XSCALE, respectively. Space-group 

determination was carried out with Pointless from the CCP4 suite. Model building 

and refinement were performed using Phenix and Coot. 

 

6.6 HTRF analysis 

 

Unlabelled wild-type and mutant p38α constructs were activated using constitutively 

active MKK6S207E/T211E (Thermo Scientific, Lot 877061F). Activation was performed 

in buffer containing 50 mM Tris, 10 mM MgCl₂, 1 mM ATP, 1 mM DTT, and 

0.001% Tween-20 at pH 7.4. Reactions were incubated at 37 °C for 90 min with 

shaking at 400 rpm. Following activation, samples were dialysed overnight at 4 °C 

into storage buffer containing 20 mM HEPES, 50 mM NaCl, and 5% glycerol at pH 
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7.1. Proteins were then concentrated to approximately 0.2 mg/mL and stored at −80 

°C until use. 

ATP-dependent kinase activity was measured using the HTRF® KinEASE™ kit 

(Cisbio) according to the manufacturer’s instructions. Activated p38α was added to 

each well at different amounts depending on the construct and labelling state: 0.04 

ng for wild-type p38α, 3.5 ng for unlabelled mutants, and 20 ng for labelled mutants. 

Reaction times were adjusted accordingly to 10 min for wild type, 10 min for 

unlabelled mutants, and 20 min for labelled mutants. Reactions were performed in 

384-well black flat-bottom plates using 1 µM GST-ATF2 substrate and ATP 

concentrations ranging from 0.4 to 900 µM. 

The reaction buffer contained 50 mM HEPES, 0.1 mM Na₃VO₄, 0.02% NaN₃, 

0.01% w/v BSA, 10 mM MgCl₂, 1 mM MnCl₂, 1 mM DTT, and 0.01% Triton X-

100 at pH 7.0. Reactions were stopped by addition of detection solution containing 

50 mM HEPES, 0.1% w/v BSA, 800 mM KF, 20 mM EDTA, 0.666 nM anti-

phospho-ATF2-Eu(K) antibody, and 100 nM anti-GST-d2 antibody at pH 7.0. 

Plates were incubated for 60 min at room temperature to allow signal development. 

Time-resolved fluorescence was measured using an EnVision 2104 plate reader at 

emission wavelengths of 620 nm and 665 nm, with readings collected 60 µs after 

excitation at 317 nm. The HTRF signal was calculated as the 665/620 nm emission 

ratio. This ratio was plotted as a function of ATP concentration and fitted to the 

Michaelis–Menten equation using Origin. 

 

6.7 Nano DSF thermal shift 

analysis 

 

For Project 2, NanoDSF measurements were performed to compare the thermal 

stability of wild-type p38α and the D168A mutant at different pH conditions. This 

experiment was designed as a complementary approach to the temperature-

dependent MD simulations, allowing experimental comparison of the melting 

behaviour of the two proteins under defined buffer conditions. 

Measurements were carried out in two buffer systems: pH 7.0 HEPES buffer 

containing 50 mM HEPES, 500 mM NaCl, and 1 mM TCEP, with 137 mM NaCl, 

2.7 mM KCl, 10 mM phosphate, pH 8.0. 
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Protein samples were loaded into nanoDSF capillaries and subjected to a controlled 

temperature ramp. During heating, intrinsic tryptophan fluorescence was monitored 

continuously to follow the transition from the folded to unfolded state. The 

fluorescence ratio, typically reported as the 350/330 nm emission ratio, was used as 

a readout of changes in the local environment of tryptophan residues during 

unfolding. 

The temperature was increased until 90 °C, at which point all samples were fully 

unfolded. Melting temperatures were determined from the thermal unfolding curves, 

allowing comparison of the apparent thermal stability of wild-type p38α and D168A 

under the tested pH conditions. These NanoDSF data provide an experimental 

reference for interpreting the temperature-ramping MD simulations and assessing 

whether the D168A mutation alters the stability of p38α in a pH-dependent manner. 

 

6.8 Solution State NMR 

 

Solution-state NMR spectroscopy was used in both projects to obtain residue-

resolved information on p38α structure, dynamics, solvent accessibility, and 

exchange behaviour. Although both projects used similar sample preparation and 

assignment-transfer strategies, the experimental focus differed between the two 

studies. Project 1 focused primarily on solvent accessibility, water interactions, 

CLEANEX-PM, and hydrogen–deuterium exchange, whereas Project 2 focused on 

backbone assignment, chemical-shift perturbation analysis, heteronuclear NOE 

measurements, and CPMG relaxation dispersion. 

NMR sample preparation 

Protein obtained after size-exclusion chromatography was buffer-exchanged into 

NMR buffer containing 50 mM HEPES and 150 mM NaCl at approximately pH 

6.8. Samples were then concentrated to approximately 450 µM before measurement. 

NMR spectra were recorded on an 800 MHz Bruker NEO spectrometer at 20 °C. 

Backbone assignments were obtained using two-dimensional 15N–1H TROSY-

HSQC spectra and three-dimensional TROSY-HNCA experiments. Existing 

assignments from BMRB entry 17471 were transferred to the mutant spectra in a 

stepwise manner. Peak assignment and spectral analysis were carried out using 

CcpNmr Analysis version 3.1203. 
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NMR experiments for dynamic network analysis 

For Project 1, solution-state NMR was used to assess mutation-induced changes in 

backbone chemical environment and dynamics. Two-dimensional 15N–1H TROSY-

HSQC spectra were recorded for wild-type and mutant p38α constructs and used 

for chemical-shift perturbation analysis. Three-dimensional TROSY-HNCA 

experiments were acquired to support backbone assignment transfer from BMRB 

entry 17471. Mutant peak assignments were performed using CcpNmr Analysis 

version 3.1. 

To probe fast-timescale backbone dynamics, 15N–1H TROSY-based heteronuclear 

NOE experiments were acquired and analysed using a CcpNmr relaxation-analysis 

macro. These experiments were used to compare residue-specific fast-timescale 

motional behaviour between wild-type and mutant proteins. 

To assess slower conformational-exchange processes, 15N TROSY-CPMG 

relaxation-dispersion experiments were acquired in an interleaved manner. The 

CPMG frequencies were recorded in the following order: 0, 2000, 25, 1500, 1000, 

100, 750, 200, 1250, 500, and 200 Hz. The total CPMG delay was 0.022 s, and the 

recycling delay was 1.5 s. Relaxation-dispersion data were analysed using NESSY 

software204 . Additional graphing and downstream analysis were performed using in-

house Python scripts. 

NMR experiments for water effects in allostery 

For Project 2, solution-state NMR was used to probe water accessibility, amide-

proton exchange, and protected regions of p38α. Two-dimensional 15N–1H TROSY-

HSQC spectra were recorded as fingerprint spectra, and 3D TROSY-HNCA spectra 

were used to support assignment transfer. 

15N-edited NOESY experiments were acquired to identify water–amide cross-peaks 

and assess residues with detectable interactions with solvent water. CLEANEX-PM 

experiments were recorded to identify residues undergoing detectable exchange with 

water, particularly those showing exchange behaviour in the intermediate regime. 

For hydrogen–deuterium exchange analysis, the protein was lyophilized after the 

initial measurements and redissolved in D₂O so that the sample contained 

approximately 90–95% D₂O, with only minimal residual H₂O. Consecutive 15N–1H 

TROSY-HSQC spectra were then recorded at hourly intervals over three days. 

Residues that retained signal intensity over time were interpreted as more protected 

from solvent exchange, whereas rapidly disappearing peaks were assigned to more 

solvent-accessible or exchange-prone regions. Peak intensities were extracted for 
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each time point, and residue-specific decay curves were plotted to monitor the 

exchange behaviour over time. 

 

6.9 H/D exchange with Solid State 

NMR 

 

One crystalline protein sample was divided into two Eppendorf tubes and packed 

into a 1.3 mm solid-state NMR rotor. For the non-exchanged crystalline sample, 

HNH and CANH experiments were recorded to support resonance assignment. 

A second crystalline sample was prepared for hydrogen–deuterium exchange 

analysis. Before rotor packing, the supernatant buffer was removed, lyophilized, and 

redissolved in D₂O. The D₂O-containing buffer was then added back to the crystals 

stepwise, first to approximately 33%, then 75%, and finally 100% D₂O buffer. This 

resulted in an estimated final D₂O content of approximately 85–90% in the crystal 

slurry. 

The exchanged crystalline sample was then packed into a 1.3 mm rotor (Fig.6.4). 

Two-dimensional hNH spectra were recorded at hourly intervals over three days to 

monitor time-dependent hydrogen–deuterium exchange in the crystalline protein 

sample. 

 

Fig. 6.4. 1.3 mm rotor packed with DCN wt p38α 
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10.1 Appendix Figures 

 

 
Fig.10.1 Total correlation maps for wildtype and the mutants. 
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Fig. 10.2: A) RMSDs and RMSFs of five replicas per ligand-bound mutant. The last 

200 ns each were used for network and correlation analysis. B) Mean and standard 

deviation of the RMSFs of the ligand-bound ensembles compared to each other. 
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Fig.10.3 Plasmid map of p38α from nanopore sequencing 

 

 

Fig.10.4 Agarose gel electrophoresis showing mutant DNA 
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Fig.10.5 Expression optimization of p38α at different IPTG concentrations 

 

 

 

Fig.10.6 SDS page run of the purification procedure 
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Fig.10.7 Chromatograms at different stages of p38 purification 

 

 

 

 

Fig.10.8 Mass spectrometry data for p38α and mutants 
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Fig. 10.9 A) CPMG curves of some residues for the WT. B) CPMG curves of some 

residues of the R49A protein. C) CPMG curves of some residues from D150A. D) 

CPMG curves of some residues from D168A. E) CPMG curves of some residues 

in V38A. 
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Fig.10.10 Changes in ligand conformational distributions on mutation. Change in 

the ligand from Regorafenib to Sorafenib in the crystal structure does not affect 

the predominant ring conformations. 

 

 

Fig.10.11 Residue wise RMSF of 3 replicas of temperature ramped simulations for 

WT and D168A. 
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Fig.10.12 Total Correlation Difference Matrix (D168A-WT) 

 

 

Fig.10.13 Z-scores of correlation difference values (D168A-WT) 
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Fig.10.14 Total correlation matrix difference under before to after heating 

conditions for WT and D168A 

 

 

Fig.10.15 Statistical scores for correlation differences in WT before and after heating 
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Fig.10.16 Statistical scores for correlation differences in D168A before and after 

heating 

 

Fig.10.17 Intensity of the water cross peaks compared to the ratio of intensity with 

the NOESY diagonal for the wildtype and the mutant D168A. 
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Fig.10.18 Coupled waters creating water bridges at different pocket 

 

Fig.10.19 Slices of density slices for difference between mutant and wildtype in the 

activation loop area. 
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Fig.10.20 TROSY overlay of WT and D168A showing chemical shift perturbations 

 

Fig.10.21 CLEANEX absolute intensity differences plotted. 
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Fig.10.22 Solution NMR HDX curves for the wildtype of some residues 

 

Fig.10.23 Solution NMR HDX curves for mutant for some residues 
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10.1 Appendix Tables 

 

Table 10.1: Summary of Molecular Dynamics system parameters. 

 

System Box (Å) Total No. 
of Atoms 

Salt Pairs 
(NaCl) 

Salt 
Concentration 
(M) 

No. of 
Water 
Molecules 

Wildtype 
apo 

63.65 * 
100.91* 
84.81 

66,679 56 0.151 19,896 

R49A apo 79.60* 
102.97 * 
81.84 

68,577 58 0.146 20,883 

D150A 
apo 

79.59 * 
102.97* 
81.84 

68,593 59 0.146 20,885 

D168A 
apo 

79.85 * 
102.87 * 
81.35 

68,566 59 0.147 20,678 

W207A 
apo 

79.61* 
102.99 * 
81.85 

68,576 59 0.146 20,883 

Wildtype 
holo 

106.46 * 
70.03 * 
90.98 

69,469 60 0.147 21,159 

R49A holo 102.93 * 
85.05 * 
71.93 

64,445 55 0.145 19,492 

D150A 
holo 

101.80 * 
84.49 * 
71.93 

63,037 54 0.145 19,020 

D168A 
holo 

100.66 * 
85.60 * 
71.41 

62,995 54 0.146 19,006 

W207A 
holo 

102.50 * 
85.11 * 
72.13 

64,201 55 0.145 19,411 

3HEG 
(crystal 
structure 

96.32 * 
76.65 * 
67.13 

50,932 42 0.140 14,979 
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with 
Sorafenib) 

3GCS 
(crystal 
structure 
with 
Sorafenib 
and β-OG) 

94.64 * 
68.08 * 
74.74 

49,421 41 0.141 14,489 

 

Table 10.2: Residues showing highest betweenness centrality for the wildtype and 

mutants (with decreasing values from top to bottom in each of the columns). 

 

WT R49A D150A D168A W207A 

W207, 
I212 

L135, 
N155 

K165, 
D343 

I131, 
D343 
 

R14, I52   
 

R136, 
I141 

R149, 
T185 

V105, 
L156 

I131, 
L135 
 

E141, L166   
 

R136, 
T203 

N155, 
N159 

D205, 
S208 

G210, 
L236 
 

L205, 
V236   
 

D150, 
D168 

N14, 
E160 

S154, 
R173 

L135, 
G210 
 

R139, 
E141   
 

P29, R49 V117, 
I134 

S154, 
S208 

V102, 
I142 

R135, 
M165   

R136, 
W207 

N14, 
N159 

Y140, 
M288 

I134, 
G137 
 

I52, E66   
 

K66, 
I141 

I116, 
V158 

K338, 
D343 

N100, 
V102 

E141, 
T167   
 

W205, 
I210 

I134, 
G137 

H142, 
L280 

G47, 
V102 
 

G145, 
G170   
 

Y140, 
D205 

K66, 
K165 

H142, 
L156 

L236, 
S254 
 

E274, 
T293   
 

Y188, 
T203 

G137, 
V273 

H80, 
C162 

C39, G47 E48, I102 
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Table 10.3: Pathways to and from different pockets. 

 

Apo Pathway (red) Allosteric Pocket to 
Activation Loop 

{ K66  R67  } 
{ R67  L167 } 
{ L167 D168 } 
{ D168 G170 } 
{ G170 A172 } 
{ A172 R173 } 
{ R173 T175 } 
{ T175 Y182 } 
{ Y182 V183 } 
{ V183 A184 } 
{ A184 Y188 } 

Lipid Pocket to 
Activation Loop 

{ R186  W187 } 
{ W187  Y188 } 
{ Y188  R189 } 
{ R189  D227 } 
{ D227  I229 } 
{ I229  Q231 } 
{ Q231  K233 } 
{ K233 I235} 

Allosteric Pocket to lipid 
Pocket 

{ K66  R67  } 
{ R67  L167 } 
{ L167 D168 } 
{ D168 G170 } 
{ G170 A172 } 
{ A172 R173 } 
{ R173 T175 } 
{ T175 A176 } 
{ A176 G178 } 
{ G178 M179 } 
{ M179 T221 } 
{ T221 L222 } 
{ L222 P224 } 
{ P224 L232 } 
{ L232 I235 } 

Holo Pathway (purple) Allosteric Pocket to 
Activation Loop 

{ K66  D168 } 
{ D168 F169 } 
{ F169 L171 } 
{ L171 R173 } 
{ R173 T175 } 
{ T175 A176 } 
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{ A176 G178 } 
{ G178 T180 } 
{ T180 G181 } 
{ G181 V183 } 
{ V183 T185 } 
{ T185 Y188 } 

Lipid Pocket to 
Activation Loop 

{ Y188  R189 } 
{ R189  Y188 } 
{ Y188  T221 } 
{ T221  K233 } 
{ K233  I235 } 

Allosteric Pocket to lipid 
Pocket 

{ K66  D168 } 
{ D168 F169 } 
{ F169 L171 } 
{ L171 R173 } 
{ R173 T175 } 
{ T175 A176 } 
{ A176 G178 } 
{ G178 T180 } 
{ T180 G181 } 
{ G181 V183 } 
{ V183 A184 } 
{ A184 R186 } 
{ R186 Y188 } 
{ Y188 T221 } 
{ T221 K233 } 
{ K233 I235 } 

 

 

Table 10.4  Statistical values for shortest-path analysis. 

 

Apo protein pathway 

Pathway 
Compariso

n 

Varian
t mean 

norm 

Mea
n diff 

95
% 
CI 

low 

95% 
CI 

hig
h 

Hedges
’ g 

Bootsra
p p 

Allosteric 
→ 
Activatio
n 

WT vs 51 0.95 -0.05 -0.1 0.01 -0.84 0.1862 
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 WT vs 152 0.95 -0.05 
-

0.11 
0 -0.87 0.1664 

 WT vs 170 0.93 -0.07 
-

0.14 
0 -0.93 0.1414 

 WT vs 209 0.88 -0.12 -0.2 
-

0.04 
-1.44 0.0394 

Activatio
n → 
Lipid 

WT vs 51 0.9 -0.1 
-

0.19 
-

0.02 
-1.17 0.0701 

 WT vs 152 0.93 -0.07 
-

0.14 
0 -0.98 0.1582 

 WT vs 170 0.88 -0.12 
-

0.21 
-

0.04 
-1.39 0.0425 

 WT vs 209 0.92 -0.08 
-

0.14 
-

0.01 
-1.08 0.1273 

Allosteric 
→ Lipid 

WT vs 51 0.9 -0.1 
-

0.16 
-

0.06 
-2.1 0.0171 

 WT vs 152 0.85 -0.15 
-

0.21 
-

0.11 
-3.06 0.0026 

 WT vs 170 0.84 -0.16 
-

0.21 
-

0.11 
-3.03 0.0022 

 WT vs 209 0.78 -0.22 
-

0.28 
-

0.18 
-4.55 0.0005 

Sorafenib bound protein pathway 

Pathway 
Compariso

n 

Varian
t mean 

norm 

Mea
n diff 

95
% 
CI 

low 

95% 
CI 

hig
h 

Hedges
’ g 

Bootsra
p p 

Allosteric 
→ 
Activatio
n 

LWT vs WT 0.98 -0.02 
-

0.14 
0.08 -0.17 0.7758 

 LWT vs L51 0.98 -0.02 
-

0.16 
0.13 -0.11 0.8465 

 LWT vs 51 0.99 -0.01 
-

0.13 
0.09 -0.07 0.9056 

 LWT vs 
L152 

1.06 0.06 
-

0.09 
0.2 0.44 0.4681 

 LWT vs 152 1.03 0.03 -0.1 0.15 0.25 0.6795 

 LWT vs 
L170 

1.07 0.07 
-

0.05 
0.18 0.62 0.3202 
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 LWT vs 170 0.91 -0.09 
-

0.22 
0.02 -0.73 0.2472 

 LWT vs 
L209 

0.99 -0.01 
-

0.15 
0.12 -0.07 0.9079 

 LWT vs 209 1.02 0.02 
-

0.14 
0.16 0.11 0.8481 

Activatio
n → 
Lipid 

LWT vs WT 0.99 -0.01 
-

0.02 
0.01 -0.39 0.5132 

 LWT vs L51 1 0 
-

0.02 
0.02 0 1 

 LWT vs 51 1 0 
-

0.01 
0.02 0.24 0.6847 

 LWT vs 
L152 

0.93 -0.07 
-

0.19 
0 -0.67 0.3079 

 LWT vs 152 0.94 -0.06 
-

0.19 
0.02 -0.53 0.407 

 LWT vs 
L170 

0.94 -0.06 
-

0.19 
0.01 -0.55 0.3925 

 LWT vs 170 0.99 -0.01 
-

0.03 
0.01 -0.38 0.5226 

 LWT vs 
L209 

0.93 -0.07 -0.2 0 -0.66 0.3135 

 LWT vs 209 0.93 -0.07 
-

0.19 
0 -0.68 0.3013 

Allosteric 
→ Lipid 

LWT vs WT 0.93 -0.07 
-

0.19 
0.04 -0.6 0.3397 

 LWT vs L51 0.95 -0.05 
-

0.18 
0.07 -0.38 0.5246 

 LWT vs 51 0.91 -0.09 
-

0.21 
0.01 -0.83 0.2093 

 LWT vs 
L152 

1 0 
-

0.15 
0.13 0 0.9953 

 LWT vs 152 0.96 -0.04 
-

0.17 
0.07 -0.36 0.554 

 LWT vs 
L170 

1.01 0.01 
-

0.12 
0.13 0.07 0.9076 

 LWT vs 170 0.89 -0.11 
-

0.23 
0 -0.95 0.1568 

 LWT vs 
L209 

0.99 -0.01 
-

0.16 
0.13 -0.07 0.9113 

 LWT vs 209 1 0 
-

0.16 
0.13 -0.02 0.9789 
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Table 10.5  Chemical shifts of R49A (BMRB nomenclature is i+2) 

 

Assign F1 Assign F2 Assign F3 Pos F1 Pos F2 Pos F3 

A.7.ARG.H A.7.ARG.N A.7.ARG.CA 8.387421 125.7773 51.05425 

A.9.THR.H A.9.THR.N A.9.THR.CA 8.40445 117.4269 59.95926 

A.9.THR.H A.9.THR.N A.10.PHE.CA 8.752186 127.3751 53.87534 

A.11.TYR.H A.11.TYR.N A.11.TYR.CA 9.064844 120.1719 52.79029 

A.12.ARG.H A.12.ARG.N A.12.ARG.CA 8.382833 120.1795 51.37223 

A.13.GLN.H A.13.GLN.N A.13.GLN.CA 8.865685 122.3663 51.66029 

A.14.GLU.H A.14.GLU.N A.14.GLU.CA 8.773679 125.4867 52.23986 

A.15.LEU.H A.15.LEU.N A.15.LEU.CA 8.920161 128.5961 50.75807 

A.17.LYS.H A.17.LYS.N A.17.LYS.CA 8.815916 110.0472 54.65605 

A.18.THR.H A.18.THR.N A.18.THR.CA 7.768081 115.8017 58.25398 

A.19.ILE.H A.19.ILE.N A.19.ILE.CA 8.541429 125.7501 57.01436 

A.20.TRP.H A.20.TRP.N A.20.TRP.CA 9.202969 131.0972 53.81717 

A.21.GLU.H A.21.GLU.N A.21.GLU.CA 8.244663 128.5366 51.80873 

A.22.VAL.H A.22.VAL.N A.22.VAL.CA 7.564269 112.3152 53.15492 

A.24.GLU.H A.24.GLU.N A.24.GLU.CA 8.070641 119.2404 55.51167 

A.25.ARG.H A.25.ARG.N A.25.ARG.CA 7.430792 117.2988 54.60217 

A.26.TYR.H A.26.TYR.N A.26.TYR.CA 7.701333 118.5652 54.26266 

A.27.GLN.H A.27.GLN.N A.27.GLN.CA 9.087523 122.7895 50.52803 

A.28.ASN.H A.28.ASN.N A.28.ASN.CA 8.719637 117.4044 50.46545 

A.29.LEU.H A.29.LEU.N A.29.LEU.CA 8.414585 120.1479 54.04925 

A.30.SER.H A.30.SER.N A.30.SER.CA 8.717724 116.4294 51.48061 

A.32.VAL.H A.32.VAL.N A.32.VAL.CA 8.56372 120.9326 61.35404 

A.33.GLY.H A.33.GLY.N A.33.GLY.CA 7.707134 108.6133 42.53187 

A.34.SER.H A.34.SER.N A.34.SER.CA 8.31226 115.7972 54.15593 

A.35.GLY.H A.35.GLY.N A.35.GLY.CA 8.095381 110.4977 41.71339 

A.37.TYR.H A.37.TYR.N A.37.TYR.CA 8.000425 113.6078 54.09182 

A.38.GLY.H A.38.GLY.N A.38.GLY.CA 7.240478 108.6211 42.47934 

A.39.SER.H A.39.SER.N A.39.SER.CA 8.079057 116.078 54.79124 

A.40.VAL.H A.40.VAL.N A.40.VAL.CA 8.600684 122.6154 58.30318 

A.41.CYS.H A.41.CYS.N A.41.CYS.CA 9.179073 125.4544 54.96375 

A.42.ALA.H A.42.ALA.N A.42.ALA.CA 8.703002 125.4821 48.29102 

A.43.ALA.H A.43.ALA.N A.43.ALA.CA 9.004147 120.7417 47.58038 

A.44.PHE.H A.44.PHE.N A.44.PHE.CA 9.09569 122.7506 54.39182 

A.45.ASP.H A.45.ASP.N A.45.ASP.CA 8.231055 126.3968 48.43618 

A.46.THR.H A.46.THR.N A.46.THR.CA 8.940954 117.5291 60.67422 

A.47.LYS.H A.47.LYS.N A.47.LYS.CA 7.753608 121.3973 55.37344 

A.48.THR.H A.48.THR.N A.48.THR.CA 6.466809 104.8872 58.55395 

A.49.GLY.H A.49.GLY.N A.49.GLY.CA 8.240489 112.2928 42.9791 

A.50.LEU.H A.50.LEU.N A.50.LEU.CA 7.041676 119.5468 50.62933 

A.51.ARG.H A.51.ARG.N A.51.ARG.CA 8.215315 119.5717 52.84555 

A.52.VAL.H A.52.VAL.N A.52.VAL.CA 8.719009 116.7248 54.13123 

A.53.ALA.H A.53.ALA.N A.53.ALA.CA 8.727397 122.9006 46.96427 
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A.55.LYS.H A.55.LYS.N A.55.LYS.CA 9.471439 129.2405 50.95941 

A.56.LYS.H A.56.LYS.N A.56.LYS.CA 8.580573 128.5754 51.06115 

A.57.LEU.H A.57.LEU.N A.57.LEU.CA 7.925266 128.5968 52.21437 

A.58.SER.H A.58.SER.N A.58.SER.CA 7.9421 117.9629 53.95269 

A.59.ARG.H A.59.ARG.N A.59.ARG.CA 8.680974 123.2823 53.14349 

A.61.PHE.H A.61.PHE.N A.61.PHE.CA 7.834333 112.4351 51.40882 

A.62.GLN.H A.62.GLN.N A.62.GLN.CA 6.988401 115.5422 54.45721 

A.63.SER.H A.63.SER.N A.63.SER.CA 7.348562 110.6046 53.56417 

A.64.ILE.H A.64.ILE.N A.64.ILE.CA 9.103647 123.2871 62.69556 

A.65.ILE.H A.65.ILE.N A.65.ILE.CA 7.527207 118.8995 61.19806 

A.67.ALA.H A.67.ALA.N A.67.ALA.CA 8.541768 123.6243 52.06099 

A.68.LYS.H A.68.LYS.N A.68.LYS.CA 7.751098 118.3039 56.38614 

A.69.ARG.H A.69.ARG.N A.69.ARG.CA 7.37028 119.2346 56.22373 

A.70.THR.H A.70.THR.N A.70.THR.CA 8.368578 120.2379 63.90454 

A.71.TYR.H A.71.TYR.N A.71.TYR.CA 7.529273 121.6717 59.48114 

A.81.LYS.H A.81.LYS.N A.81.LYS.CA 8.441486 128.1362 51.34939 

A.82.HIS.H A.82.HIS.N A.82.HIS.CA 8.601665 124.1507 54.23804 

A.83.GLU.H A.83.GLU.N A.83.GLU.CA 7.959391 125.4884 56.41538 

A.85.VAL.H A.85.VAL.N A.85.VAL.CA 7.631095 119.8329 58.24591 

A.87.GLY.H A.87.GLY.N A.87.GLY.CA 7.531509 110.0376 40.36556 

A.88.LEU.H A.88.LEU.N A.88.LEU.CA 8.28737 121.4033 51.40987 

A.89.LEU.H A.89.LEU.N A.89.LEU.CA 8.855995 126.1398 52.03035 

A.91.VAL.H A.91.VAL.N A.91.VAL.CA 7.77147 121.0742 56.42158 

A.93.THR.H A.93.THR.N A.93.THR.CA 8.882024 113.6628 54.16942 

A.95.ALA.H A.95.ALA.N A.95.ALA.CA 7.633072 122.3413 49.73605 

A.96.ARG.H A.96.ARG.N A.96.ARG.CA 9.200533 121.337 52.91924 

A.97.SER.H A.97.SER.N A.97.SER.CA 7.293001 111.4036 53.45527 

A.98.LEU.H A.98.LEU.N A.98.LEU.CA 8.386128 122.4114 53.27569 

A.99.GLU.H A.99.GLU.N A.99.GLU.CA 8.217475 117.3567 56.30861 

A.100.GLU.H A.100.GLU.N A.100.GLU.CA 6.927759 115.4191 51.7646 

A.101.PHE.H A.101.PHE.N A.101.PHE.CA 7.219078 122.3157 53.90543 

A.102.ASN.H A.102.ASN.N A.102.ASN.CA 8.490935 125.7883 51.19527 

A.103.ASP.H A.103.ASP.N A.103.ASP.CA 7.507063 115.8185 50.20955 

A.104.VAL.H A.104.VAL.N A.104.VAL.CA 8.387933 121.069 58.53109 

A.106.LEU.H A.106.LEU.N A.106.LEU.CA 8.66925 119.825 49.74222 

A.108.THR.H A.108.THR.N A.108.THR.CA 8.869282 118.1972 56.4392 

A.109.HIS.H A.109.HIS.N A.109.HIS.CA 8.957862 119.7092 56.06645 

A.110.LEU.H A.110.LEU.N A.110.LEU.CA 8.095529 124.5852 52.22716 

A.112.GLY.H A.112.GLY.N A.112.GLY.CA 8.091563 108.4151 42.57059 

A.113.ALA.H A.113.ALA.N A.113.ALA.CA 7.800885 123.9109 48.4631 

A.114.ASP.H A.114.ASP.N A.114.ASP.CA 7.908341 118.6318 49.26975 

A.116.ASN.H A.116.ASN.N A.116.ASN.CA 7.601906 117.2388 53.02249 

A.117.ASN.H A.117.ASN.N A.117.ASN.CA 7.811315 118.2622 54.89669 

A.120.LYS.H A.120.LYS.N A.120.LYS.CA 7.303634 117.3651 54.0356 

A.121.CYS.H A.121.CYS.N A.121.CYS.CA 7.577267 113.661 55.22155 

A.122.GLN.H A.122.GLN.N A.122.GLN.CA 7.864457 119.8993 50.92634 
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A.124.LEU.H A.124.LEU.N A.124.LEU.CA 8.646466 129.8513 51.00994 

A.127.ASP.H A.127.ASP.N A.127.ASP.CA 7.767366 115.7899 54.66503 

A.129.VAL.H A.129.VAL.N A.129.VAL.CA 8.061735 119.8541 64.63946 

A.130.GLN.H A.130.GLN.N A.130.GLN.CA 8.33496 118.2695 56.22049 

A.132.LEU.H A.132.LEU.N A.132.LEU.CA 8.819068 120.4531 55.18766 

A.134.TYR.H A.134.TYR.N A.134.TYR.CA 8.874623 120.1663 54.6767 

A.139.GLY.H A.139.GLY.N A.139.GLY.CA 8.047624 107.3275 43.88711 

A.140.LEU.H A.140.LEU.N A.140.LEU.CA 8.594906 121.5454 53.62551 

A.141.LYS.H A.141.LYS.N A.141.LYS.CA 8.611542 119.5044 56.74948 

A.142.TYR.H A.142.TYR.N A.142.TYR.CA 6.735686 118.2377 58.71721 

A.143.ILE.H A.143.ILE.N A.143.ILE.CA 8.368578 120.2379 63.90454 

A.144.HIS.H A.144.HIS.N A.144.HIS.CA 9.449081 119.8276 54.12449 

A.145.SER.H A.145.SER.N A.145.SER.CA 7.792234 115.8116 58.26434 

A.146.ALA.H A.146.ALA.N A.146.ALA.CA 7.321997 126.4517 48.3147 

A.147.ASP.H A.147.ASP.N A.147.ASP.CA 8.120589 115.3755 52.46334 

A.148.ILE.H A.148.ILE.N A.148.ILE.CA 7.161913 119.2458 56.25616 

A.149.ILE.H A.149.ILE.N A.149.ILE.CA 7.782328 123.2113 56.87646 

A.150.HIS.H A.150.HIS.N A.150.HIS.CA 7.287962 121.0417 59.64616 

A.156.SER.H A.156.SER.N A.156.SER.CA 7.786735 105.7589 58.16461 

A.157.ASN.H A.157.ASN.N A.157.ASN.CA 7.699571 119.0985 49.63858 

A.158.LEU.H A.158.LEU.N A.158.LEU.CA 6.963797 119.2443 49.83825 

A.159.ALA.H A.159.ALA.N A.159.ALA.CA 8.391782 125.4726 47.33085 

A.160.VAL.H A.160.VAL.N A.160.VAL.CA 8.163342 117.2082 56.23339 

A.162.GLU.H A.162.GLU.N A.162.GLU.CA 8.506532 116.4071 56.11605 

A.165.GLU.H A.165.GLU.N A.165.GLU.CA 7.422889 118.6323 51.33622 

A.166.LEU.H A.166.LEU.N A.166.LEU.CA 7.945639 125.8908 50.60352 

A.167.LYS.H A.167.LYS.N A.167.LYS.CA 8.864142 122.663 51.97644 

A.168.ILE.H A.168.ILE.N A.168.ILE.CA 8.136425 122.127 59.64654 

A.174.ALA.H A.174.ALA.N A.174.ALA.CA 8.008601 119.3877 56.69946 

A.175.ARG.H A.175.ARG.N A.175.ARG.CA 8.335872 117.0922 52.63111 

A.179.ASP.H A.179.ASP.N A.179.ASP.CA 8.007086 120.0265 51.90442 

A.180.GLU.H A.180.GLU.N A.180.GLU.CA 8.032752 120.5076 54.03161 

A.181.MET.H A.181.MET.N A.181.MET.CA 8.030413 120.0671 52.22047 

A.182.THR.H A.182.THR.N A.182.THR.CA 7.858066 114.1888 59.43118 

A.183.GLY.H A.183.GLY.N A.183.GLY.CA 8.190983 111.3867 42.25542 

A.184.TYR.H A.184.TYR.N A.184.TYR.CA 7.784779 121.0524 54.98445 

A.185.VAL.H A.185.VAL.N A.185.VAL.CA 7.713685 123.3273 59.23077 

A.191.ARG.H A.191.ARG.N A.191.ARG.CA 7.247859 122.4658 52.71995 

A.192.ALA.H A.192.ALA.N A.192.ALA.CA 8.776436 126.3127 47.01003 

A.197.LEU.H A.197.LEU.N A.197.LEU.CA 9.129339 126.6104 55.00242 

A.198.ASN.H A.198.ASN.N A.198.ASN.CA 7.810093 115.3788 50.67772 

A.199.TRP.H A.199.TRP.N A.199.TRP.CA 8.525442 125.4433 51.09634 

A.200.MET.H A.200.MET.N A.200.MET.CA 8.607158 120.1782 59.07851 

A.202.TYR.H A.202.TYR.N A.202.TYR.CA 10.05549 127.0715 49.83121 

A.203.ASN.H A.203.ASN.N A.203.ASN.CA 8.702264 124.8443 53.42454 

A.208.ILE.H A.208.ILE.N A.208.ILE.CA 7.180682 119.2609 57.96908 
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A.209.TRP.H A.209.TRP.N A.209.TRP.CA 7.439725 120.9819 58.27944 

A.210.SER.H A.210.SER.N A.210.SER.CA 7.4981 112.6667 59.23569 

A.211.VAL.H A.211.VAL.N A.211.VAL.CA 7.908189 119.9027 64.40242 

A.212.GLY.H A.212.GLY.N A.212.GLY.CA 8.441059 110.4099 45.00745 

A.213.CYS.H A.213.CYS.N A.213.CYS.CA 7.802347 119.286 60.97017 

A.214.ILE.H A.214.ILE.N A.214.ILE.CA 8.353252 124.2248 62.77326 

A.215.MET.H A.215.MET.N A.215.MET.CA 9.219001 120.5222 57.33655 

A.216.ALA.H A.216.ALA.N A.216.ALA.CA 8.069899 118.5405 52.44355 

A.217.GLU.H A.217.GLU.N A.217.GLU.CA 7.008964 120.5046 54.16716 

A.218.LEU.H A.218.LEU.N A.218.LEU.CA 7.19003 116.4169 54.3649 

A.219.LEU.H A.219.LEU.N A.219.LEU.CA 8.480618 118.5566 54.02217 

A.220.THR.H A.220.THR.N A.220.THR.CA 7.883462 106.1002 59.07888 

A.221.GLY.H A.221.GLY.N A.221.GLY.CA 8.395288 113.6051 42.40132 

A.222.ARG.H A.222.ARG.N A.222.ARG.CA 7.937809 119.198 50.91894 

A.223.THR.H A.223.THR.N A.223.THR.CA 7.862857 119.8915 60.41566 

A.224.LEU.H A.224.LEU.N A.224.LEU.CA 7.775305 117.9483 49.98409 

A.227.GLY.H A.227.GLY.N A.227.GLY.CA 8.269577 113.6857 42.47739 

A.230.HIS.H A.230.HIS.N A.230.HIS.CA 8.497704 114.456 49.16909 

A.239.ARG.H A.239.ARG.N A.239.ARG.CA 8.1649 116.7731 56.37137 

A.240.LEU.H A.240.LEU.N A.240.LEU.CA 7.508357 117.7729 54.51022 

A.241.VAL.H A.241.VAL.N A.241.VAL.CA 8.368266 122.3942 55.4076 

A.245.GLY.H A.245.GLY.N A.245.GLY.CA 8.224234 108.8555 40.71062 

A.246.ALA.H A.246.ALA.N A.246.ALA.CA 8.28737 121.4033 51.40987 

A.248.LEU.H A.248.LEU.N A.248.LEU.CA 7.398521 120.4937 53.74965 

A.249.LEU.H A.249.LEU.N A.249.LEU.CA 7.835646 118.3093 54.46906 

A.250.LYS.H A.250.LYS.N A.250.LYS.CA 7.533832 120.7695 52.96523 

A.256.SER.H A.256.SER.N A.256.SER.CA 8.285134 113.9099 57.87701 

A.257.ALA.H A.257.ALA.N A.257.ALA.CA 7.624708 125.7843 51.66527 

A.262.GLN.H A.262.GLN.N A.262.GLN.CA 8.013743 118.2813 55.02805 

A.263.SER.H A.263.SER.N A.263.SER.CA 7.353929 113.9531 56.27198 

A.264.LEU.H A.264.LEU.N 6.87474 122.9769 51.30061 

A.267.MET.H A.267.MET.N A.267.MET.CA 8.619354 124.8507 53.58703 

A.269.LYS.H A.269.LYS.N A.269.LYS.CA 8.199232 120.7878 53.99614 

A.270.MET.H A.270.MET.N A.270.MET.CA 8.328227 126.0958 52.94882 

A.271.ASN.H A.271.ASN.N A.271.ASN.CA 8.492022 120.4258 49.75321 

A.272.PHE.H A.272.PHE.N A.272.PHE.CA 9.329122 129.9836 56.77875 

A.273.ALA.H A.273.ALA.N A.273.ALA.CA 8.464278 122.3624 51.6055 

A.274.ASN.H A.274.ASN.N A.274.ASN.CA 7.372293 113.1744 50.61602 

A.275.VAL.H A.275.VAL.N A.275.VAL.CA 7.123302 120.131 61.21496 

A.276.PHE.H A.276.PHE.N A.276.PHE.CA 7.533832 120.7695 52.96523 

A.277.ILE.H A.277.ILE.N A.277.ILE.CA 6.796073 121.027 59.27023 

A.278.GLY.H A.278.GLY.N A.278.GLY.CA 8.933163 116.4061 42.00684 

A.279.ALA.H A.279.ALA.N A.279.ALA.CA 7.314566 122.0356 48.08325 

A.280.ASN.H A.280.ASN.N A.280.ASN.CA 9.017936 122.6328 48.27927 

A.282.LEU.H A.282.LEU.N A.282.LEU.CA 8.342377 117.1082 54.08974 

A.283.ALA.H A.283.ALA.N A.283.ALA.CA 7.017473 121.0888 50.94258 
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A.284.VAL.H A.284.VAL.N A.284.VAL.CA 6.99312 116.422 63.69952 

A.285.ASP.H A.285.ASP.N A.285.ASP.CA 7.400253 117.9752 54.71461 

A.286.LEU.H A.286.LEU.N A.286.LEU.CA 7.021573 117.6297 54.71639 

A.287.LEU.H A.287.LEU.N A.287.LEU.CA 8.054185 120.4484 55.80322 

A.288.GLU.H A.288.GLU.N A.288.GLU.CA 7.895772 117.61 55.62306 

A.289.LYS.H A.289.LYS.N A.289.LYS.CA 7.254119 116.0997 54.29335 

A.290.MET.H A.290.MET.N A.290.MET.CA 7.547902 117.7074 55.86261 

A.291.LEU.H A.291.LEU.N A.291.LEU.CA 7.79517 119.1412 56.56485 

A.296.ASP.H A.296.ASP.N A.296.ASP.CA 8.378028 121.0875 53.33903 

A.297.LYS.H A.297.LYS.N A.297.LYS.CA 7.561489 117.5683 51.78211 

A.298.ARG.H A.298.ARG.N A.298.ARG.CA 6.96175 122.5371 54.28487 

A.299.ILE.H A.299.ILE.N A.299.ILE.CA 7.004657 125.1826 59.21291 

A.300.THR.H A.300.THR.N A.300.THR.CA 7.305903 109.5068 57.21353 

A.301.ALA.H A.301.ALA.N A.301.ALA.CA 9.446821 122.2789 53.27407 

A.302.ALA.H A.302.ALA.N A.302.ALA.CA 8.557499 116.3541 52.22311 

A.303.GLN.H A.303.GLN.N A.303.GLN.CA 7.354053 116.1297 55.25307 

A.304.ALA.H A.304.ALA.N A.304.ALA.CA 8.618392 123.939 52.02214 

A.305.LEU.H A.305.LEU.N A.305.LEU.CA 7.581305 116.38 54.63303 

A.306.ALA.H A.306.ALA.N A.306.ALA.CA 6.564594 115.4132 48.01124 

A.307.HIS.H A.307.HIS.N A.307.HIS.CA 7.884027 122.77 55.77318 

A.308.ALA.H A.308.ALA.N A.307.HIS.CA 8.278398 132.8855 55.7722 

A.308.ALA.H A.308.ALA.N A.308.ALA.CA 8.279288 132.9087 52.23459 

A.309.TYR.H A.309.TYR.N A.309.TYR.CA 11.63151 125.1847 57.43937 

A.310.PHE.H A.310.PHE.N A.310.PHE.CA 7.568125 110.4675 53.13366 

A.311.ALA.H A.311.ALA.N A.311.ALA.CA 7.450304 123.6251 52.88996 

A.312.GLN.H A.312.GLN.N A.312.GLN.CA 8.585749 113.9839 54.25029 

A.313.TYR.H A.313.TYR.N A.313.TYR.CA 7.354053 116.1297 55.25307 

A.314.HIS.H A.314.HIS.N A.314.HIS.CA 7.748603 115.5099 52.97459 

A.315.ASP.H A.315.ASP.N A.315.ASP.CA 7.332039 125.1329 47.9628 

A.317.ASP.H A.317.ASP.N A.317.ASP.CA 7.883211 117.4102 52.31035 

A.318.ASP.H A.318.ASP.N A.318.ASP.CA 7.904558 121.1533 49.64214 

A.319.GLU.H A.319.GLU.N A.319.GLU.CA 7.74133 121.4567 50.60538 

A.321.VAL.H A.321.VAL.N A.321.VAL.CA 7.7757 109.0877 56.46189 

A.322.ALA.H A.322.ALA.N A.322.ALA.CA 8.261487 123.6837 47.98298 

A.323.ASP.H A.323.ASP.N A.323.ASP.CA 8.008401 121.1459 50.20323 

A.326.ASP.H A.326.ASP.N A.326.ASP.CA 6.87474 122.9769 51.30061 

A.330.GLU.H A.330.GLU.N A.330.GLU.CA 9.847678 114.8663 56.35469 

A.331.SER.H A.331.SER.N A.331.SER.CA 7.435253 112.7036 54.92073 

A.332.ARG.H A.332.ARG.N A.332.ARG.CA 7.542747 121.9959 53.16682 

A.333.ASP.H A.333.ASP.N A.333.ASP.CA 8.487249 124.6021 50.30483 

A.334.LEU.H A.334.LEU.N A.334.LEU.CA 7.736607 123.0224 49.82457 

A.335.LEU.H A.335.LEU.N A.335.LEU.CA 8.669675 119.8361 50.99085 

A.336.ILE.H A.336.ILE.N A.336.ILE.CA 8.873068 121.7267 63.9391 

A.337.ASP.H A.337.ASP.N A.337.ASP.CA 8.31226 115.7972 54.15593 

A.338.GLU.H A.338.GLU.N A.338.GLU.CA 7.009056 120.5157 55.61378 

A.339.TRP.H A.339.TRP.N A.339.TRP.CA 7.60343 119.5618 56.98141 
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A.340.LYS.H A.340.LYS.N A.340.LYS.CA 8.683377 121.44 57.32619 

A.341.SER.H A.341.SER.N A.341.SER.CA 7.518914 114.5007 58.04963 

A.342.LEU.H A.342.LEU.N A.342.LEU.CA 7.85874 120.1997 54.71126 

A.345.ASP.H A.345.ASP.N A.345.ASP.CA 8.017697 117.3976 54.26638 

A.346.GLU.H A.346.GLU.N A.346.GLU.CA 7.459426 118.2504 54.83979 

A.347.VAL.H A.347.VAL.N A.347.VAL.CA 7.981782 121.6835 63.16855 

A.348.ILE.H A.348.ILE.N A.348.ILE.CA 7.951949 115.3991 60.1112 

A.349.SER.H A.349.SER.N A.349.SER.CA 7.357424 112.0078 55.10434 

A.350.PHE.H A.350.PHE.N A.350.PHE.CA 7.034582 124.1924 56.60092 

A.351.VAL.H A.351.VAL.N A.351.VAL.CA 7.750843 131.3591 55.5995 

A.355.LEU.H A.355.LEU.N A.355.LEU.CA 8.207426 123.5741 51.71477 

A.356.ASP.H A.356.ASP.N A.356.ASP.CA 8.210951 121.4144 51.51834 

A.357.GLN.H A.357.GLN.N A.357.GLN.CA 8.155836 120.2047 52.63775 

A.358.GLU.H A.358.GLU.N A.358.GLU.CA 8.249368 122.9584 53.02011 

A.359.GLU.H A.359.GLU.N A.359.GLU.CA 8.283479 122.3312 53.49065 

A.360.MET.H A.360.MET.N A.360.MET.CA 8.23075 122.1201 52.2606 

A.361.GLU.H A.361.GLU.N A.361.GLU.CA 8.302817 122.8653 53.18869 

A.362.SER.H A.362.SER.N A.362.SER.CA 7.859086 123.008 56.86469 

 

 

 

Table 10.6 Chemical shifts of D150A (BMRB nomenclature is i+2) 

 

Assign F1 Assign F2 Assign F3 Pos F1 Pos F2 Pos F3 

A.7.ARG.H A.7.ARG.N A.7.ARG.CA 8.381256 125.7735 50.94958 

A.9.THR.H A.9.THR.N A.10.PHE.CA 8.747751 127.3657 53.80888 

A.9.THR.H A.9.THR.N A.9.THR.CA 8.405871 117.429 59.84844 

A.11.TYR.H A.11.TYR.N A.11.TYR.CA 9.064062 120.1823 52.70681 

A.12.ARG.H A.12.ARG.N A.12.ARG.CA 8.382203 120.1791 51.27361 

A.13.GLN.H A.13.GLN.N A.13.GLN.CA 8.865487 122.357 51.54043 

A.14.GLU.H A.14.GLU.N A.14.GLU.CA 8.774586 125.4808 52.11905 

A.15.LEU.H A.15.LEU.N A.15.LEU.CA 8.919832 128.6035 50.69834 

A.17.LYS.H A.17.LYS.N A.17.LYS.CA 8.816931 110.0811 54.56448 

A.18.THR.H A.18.THR.N A.18.THR.CA 7.768332 115.8146 58.19529 

A.19.ILE.H A.19.ILE.N A.19.ILE.CA 8.540393 125.7452 56.9527 

A.20.TRP.H A.20.TRP.N A.20.TRP.CA 9.204672 131.0973 53.73928 

A.21.GLU.H A.21.GLU.N A.21.GLU.CA 8.242506 128.5087 51.77186 

A.22.VAL.H A.22.VAL.N A.22.VAL.CA 7.564733 112.2094 53.04839 

A.24.GLU.H A.24.GLU.N A.24.GLU.CA 8.061763 119.2192 55.46138 

A.25.ARG.H A.25.ARG.N A.25.ARG.CA 7.426201 117.2964 54.5458 

A.26.TYR.H A.26.TYR.N A.26.TYR.CA 7.683454 118.3831 54.16074 

A.27.GLN.H A.27.GLN.N A.27.GLN.CA 9.120395 122.8762 50.46948 

A.28.ASN.H A.28.ASN.N A.28.ASN.CA 8.736856 117.4323 50.41564 
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A.29.LEU.H A.29.LEU.N A.29.LEU.CA 8.446315 120.2326 53.97159 

A.29.LEU.H A.29.LEU.N A.29.LEU.CA 8.444256 120.4243 37.77055 

A.30.SER.H A.30.SER.N A.30.SER.CA 8.685935 116.2059 51.38415 

A.32.VAL.H A.32.VAL.N A.32.VAL.CA 8.578082 121.021 61.34055 

A.33.GLY.H A.33.GLY.N A.33.GLY.CA 7.680334 108.5491 42.30726 

A.34.SER.H A.34.SER.N A.34.SER.CA 8.336162 115.4084 54.82602 

A.35.GLY.H A.35.GLY.N A.35.GLY.CA 8.091197 110.4911 41.55809 

A.37.TYR.H A.37.TYR.N A.37.TYR.CA 8.003035 113.575 54.03423 

A.38.GLY.H A.38.GLY.N A.38.GLY.CA 7.2339 108.6355 42.31821 

A.39.SER.H A.39.SER.N A.39.SER.CA 8.066736 115.9985 54.75701 

A.40.VAL.H A.40.VAL.N A.40.VAL.CA 8.622473 122.492 58.22664 

A.41.CYS.H A.41.CYS.N A.41.CYS.CA 9.182983 125.4861 54.87284 

A.42.ALA.H A.42.ALA.N A.42.ALA.CA 8.710202 125.7879 47.4821 

A.43.ALA.H A.43.ALA.N A.43.ALA.CA 8.964267 120.8082 47.64778 

A.44.PHE.H A.44.PHE.N A.44.PHE.CA 9.106066 122.5794 53.92141 

A.45.ASP.H A.45.ASP.N A.45.ASP.CA 8.215129 125.8626 48.77967 

A.46.THR.H A.46.THR.N A.46.THR.CA 8.959443 117.5043 60.5739 

A.47.LYS.H A.47.LYS.N A.47.LYS.CA 7.744056 121.4101 55.28024 

A.48.THR.H A.48.THR.N A.48.THR.CA 6.465724 104.7256 58.68911 

A.49.GLY.H A.49.GLY.N A.49.GLY.CA 8.250205 112.0652 42.75746 

A.50.LEU.H A.50.LEU.N A.50.LEU.CA 7.031661 119.6023 50.41306 

A.51.ARG.H A.51.ARG.N A.51.ARG.CA 8.163382 119.8546 52.80693 

A.52.VAL.H A.52.VAL.N A.52.VAL.CA 8.705079 116.6087 55.98133 

A.53.ALA.H A.53.ALA.N A.53.ALA.CA 8.74688 122.9801 47.10763 

A.55.LYS.H A.55.LYS.N A.55.LYS.CA 9.518535 129.5436 50.51358 

A.56.LYS.H A.56.LYS.N A.56.LYS.CA 8.547955 128.3456 51.22936 

A.57.LEU.H A.57.LEU.N A.57.LEU.CA 7.90885 128.5992 52.15796 

A.58.SER.H A.58.SER.N A.58.SER.CA 7.942055 117.9728 53.82709 

A.59.ARG.H A.59.ARG.N A.59.ARG.CA 8.687976 123.2951 53.23661 

A.62.GLN.H A.62.GLN.N A.62.GLN.CA 6.990684 115.4907 54.38226 

A.63.SER.H A.63.SER.N A.63.SER.CA 7.349213 110.7439 53.52722 

A.64.ILE.H A.64.ILE.N A.64.ILE.CA 9.10643 123.2623 62.77798 

A.65.ILE.H A.65.ILE.N A.65.ILE.CA 7.512849 118.9218 61.15625 

A.67.ALA.H A.67.ALA.N A.67.ALA.CA 8.549217 123.6027 51.98982 

A.68.LYS.H A.68.LYS.N A.68.LYS.CA 7.749147 118.3154 56.34073 

A.69.ARG.H A.69.ARG.N A.69.ARG.CA 7.375151 119.2352 56.20194 

A.70.THR.H A.70.THR.N A.70.THR.CA 8.34514 119.8274 63.88836 

A.71.TYR.H A.71.TYR.N A.71.TYR.CA 7.523292 121.6579 59.47251 

A.81.LYS.H A.81.LYS.N A.81.LYS.CA 8.4343 128.2884 51.90804 

A.82.HIS.H A.82.HIS.N A.82.HIS.CA 8.603701 123.9537 54.23685 

A.83.GLU.H A.83.GLU.N A.83.GLU.CA 7.963109 125.546 56.3805 

A.85.VAL.H A.85.VAL.N 7.636335 119.8747 58.28683 

A.87.GLY.H A.87.GLY.N A.87.GLY.CA 7.560864 109.8958 40.20474 

A.88.LEU.H A.88.LEU.N A.88.LEU.CA 8.276366 121.1048 51.17178 

A.89.LEU.H A.89.LEU.N A.89.LEU.CA 8.849951 126.11 52.10812 

A.91.VAL.H A.91.VAL.N A.91.VAL.CA 7.723834 120.7908 56.34139 
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A.93.THR.H A.93.THR.N A.93.THR.CA 8.879463 113.6698 54.13616 

A.95.ALA.H A.95.ALA.N A.95.ALA.CA 7.637074 122.3336 49.60563 

A.96.ARG.H A.96.ARG.N A.96.ARG.CA 9.189263 121.1565 52.88867 

A.97.SER.H A.97.SER.N A.97.SER.CA 7.292887 111.3995 53.374 

A.98.LEU.H A.98.LEU.N A.98.LEU.CA 8.355738 122.3583 53.20197 

A.99.GLU.H A.99.GLU.N A.99.GLU.CA 8.216622 117.3607 56.23008 

A.100.GLU.H A.100.GLU.N A.100.GLU.CA 6.928959 115.419 51.67673 

A.101.PHE.H A.101.PHE.N A.101.PHE.CA 7.217779 122.2934 53.84277 

A.102.ASN.H A.102.ASN.N A.102.ASN.CA 8.468726 125.793 50.80057 

A.103.ASP.H A.103.ASP.N A.103.ASP.CA 7.514817 115.8701 50.13345 

A.104.VAL.H A.104.VAL.N A.104.VAL.CA 8.390791 121.0637 58.44071 

A.106.LEU.H A.106.LEU.N A.106.LEU.CA 8.669605 119.8266 49.67226 

A.108.THR.H A.108.THR.N A.108.THR.CA 8.887051 118.0218 56.33742 

A.109.HIS.H A.109.HIS.N A.109.HIS.CA 8.89307 119.589 55.97919 

A.110.LEU.H A.110.LEU.N A.110.LEU.CA 8.082351 125.491 51.46124 

A.112.GLY.H A.112.GLY.N A.112.GLY.CA 8.07707 108.288 42.2067 

A.113.ALA.H A.113.ALA.N A.113.ALA.CA 7.80539 123.88 48.25409 

A.114.ASP.H A.114.ASP.N A.114.ASP.CA 7.913331 118.5916 49.27547 

A.116.ASN.H A.116.ASN.N A.116.ASN.CA 7.592793 117.7308 53.03097 

A.117.ASN.H A.117.ASN.N A.117.ASN.CA 7.808518 118.2455 54.75804 

A.120.LYS.H A.120.LYS.N A.120.LYS.CA 7.304028 117.4993 54.3291 

A.121.CYS.H A.121.CYS.N A.121.CYS.CA 7.512171 113.5384 55.01824 

A.122.GLN.H A.122.GLN.N A.122.GLN.CA 7.881 119.8694 50.78777 

A.124.LEU.H A.124.LEU.N A.124.LEU.CA 8.531535 128.3456 49.60787 

A.127.ASP.H A.127.ASP.N A.127.ASP.CA 7.76882 115.8086 54.58662 

A.129.VAL.H A.129.VAL.N A.129.VAL.CA 8.107714 118.3319 64.14968 

A.130.GLN.H A.130.GLN.N A.130.GLN.CA 8.343888 118.279 56.16107 

A.132.LEU.H A.132.LEU.N A.132.LEU.CA 8.812319 120.5053 55.18766 

A.134.TYR.H A.134.TYR.N A.134.TYR.CA 8.824057 119.8912 54.60069 

A.139.GLY.H A.139.GLY.N A.139.GLY.CA 8.047213 107.305 43.72874 

A.140.LEU.H A.140.LEU.N A.140.LEU.CA 8.596534 121.6604 53.57156 

A.141.LYS.H A.141.LYS.N A.141.LYS.CA 8.61104 119.5479 56.75068 

A.142.TYR.H A.142.TYR.N A.142.TYR.CA 6.724332 118.2673 58.63148 

A.143.ILE.H A.143.ILE.N A.143.ILE.CA 8.370801 120.2659 64.34205 

A.144.HIS.H A.144.HIS.N A.144.HIS.CA 9.500256 120.1389 53.72579 

A.145.SER.H A.145.SER.N A.145.SER.CA 7.781081 116.4166 58.06498 

A.146.ALA.H A.146.ALA.N A.146.ALA.CA 7.319086 126.4197 48.23522 

A.147.ASP.H A.147.ASP.N A.147.ASP.CA 8.117555 115.4218 52.35491 

A.148.ILE.H A.148.ILE.N A.148.ILE.CA 7.134744 119.2122 56.34889 

A.149.ILE.H A.149.ILE.N A.149.ILE.CA 7.786856 123.5186 56.77062 

A.150.HIS.H A.150.HIS.N A.150.HIS.CA 7.303392 120.8187 59.25746 

A.156.SER.H A.156.SER.N A.156.SER.CA 7.804352 105.8314 58.18143 

A.157.ASN.H A.157.ASN.N A.157.ASN.CA 7.710862 118.856 49.57402 

A.158.LEU.H A.158.LEU.N A.158.LEU.CA 6.948422 119.1916 49.96538 

A.159.ALA.H A.159.ALA.N A.159.ALA.CA 8.412704 125.6207 47.13071 

A.160.VAL.H A.160.VAL.N A.160.VAL.CA 8.163653 116.8165 56.14823 
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A.162.GLU.H A.162.GLU.N A.162.GLU.CA 8.485842 116.3659 55.88532 

A.165.GLU.H A.165.GLU.N A.165.GLU.CA 7.421799 118.6395 51.1756 

A.166.LEU.H A.166.LEU.N A.166.LEU.CA 7.917637 125.8398 50.06305 

A.167.LYS.H A.167.LYS.N A.167.LYS.CA 8.875465 122.6676 52.07324 

A.168.ILE.H A.168.ILE.N A.168.ILE.CA 8.134185 121.7515 59.33738 

A.174.ALA.H A.174.ALA.N A.174.ALA.CA 7.996227 119.316 56.99484 

A.175.ARG.H A.175.ARG.N A.175.ARG.CA 8.352842 117.0497 52.70574 

A.179.ASP.H A.179.ASP.N A.179.ASP.CA 7.98837 120.8757 51.7131 

A.180.GLU.H A.180.GLU.N A.180.GLU.CA 8.05124 120.801 53.7747 

A.181.MET.H A.181.MET.N A.181.MET.CA 8.01469 120.286 51.54637 

A.182.THR.H A.182.THR.N A.182.THR.CA 7.821948 114.1374 59.09247 

A.183.GLY.H A.183.GLY.N A.183.GLY.CA 8.198926 111.6086 42.26478 

A.184.TYR.H A.184.TYR.N A.184.TYR.CA 7.780367 120.2152 54.553 

A.185.VAL.H A.185.VAL.N A.185.VAL.CA 7.712386 123.1527 58.68404 

A.191.ARG.H A.191.ARG.N A.191.ARG.CA 7.264362 122.6763 52.77703 

A.192.ALA.H A.192.ALA.N A.192.ALA.CA 8.76104 126.0871 47.07413 

A.197.LEU.H A.197.LEU.N A.197.LEU.CA 9.087664 126.4176 54.88588 

A.198.ASN.H A.198.ASN.N A.198.ASN.CA 7.798604 115.4592 50.53765 

A.199.TRP.H A.199.TRP.N A.199.TRP.CA 8.526317 125.3626 51.30616 

A.200.MET.H A.200.MET.N A.200.MET.CA 8.60549 120.3751 59.62305 

A.202.TYR.H A.202.TYR.N A.202.TYR.CA 10.07059 126.9877 49.89764 

A.203.ASN.H A.203.ASN.N A.203.ASN.CA 8.717512 124.8884 53.30717 

A.205.THR.H A.205.THR.N A.205.THR.CA 8.276469 114.828 56.40752 

A.208.ILE.H A.208.ILE.N A.208.ILE.CA 7.138722 119.4653 57.98322 

A.209.TRP.H A.209.TRP.N A.209.TRP.CA 7.489955 121.0792 58.27416 

A.210.SER.H A.210.SER.N A.210.SER.CA 7.488112 112.6957 59.12577 

A.211.VAL.H A.211.VAL.N A.211.VAL.CA 7.928055 120.1605 64.41585 

A.212.GLY.H A.212.GLY.N A.212.GLY.CA 8.482305 110.4738 44.94197 

A.213.CYS.H A.213.CYS.N A.213.CYS.CA 7.810391 119.2916 60.99739 

A.214.ILE.H A.214.ILE.N A.214.ILE.CA 8.375225 124.5003 62.75887 

A.215.MET.H A.215.MET.N A.215.MET.CA 9.212521 120.7382 57.31271 

A.216.ALA.H A.216.ALA.N A.216.ALA.CA 8.063504 118.579 52.30179 

A.217.GLU.H A.217.GLU.N A.217.GLU.CA 7.042062 120.4129 55.07716 

A.218.LEU.H A.218.LEU.N A.218.LEU.CA 7.215207 116.4407 54.29123 

A.219.LEU.H A.219.LEU.N A.219.LEU.CA 8.428148 118.3031 53.63341 

A.220.THR.H A.220.THR.N A.220.THR.CA 7.890926 106.2051 59.14631 

A.221.GLY.H A.221.GLY.N A.221.GLY.CA 8.369505 113.4055 42.93112 

A.222.ARG.H A.222.ARG.N A.222.ARG.CA 7.931684 119.1447 50.79334 

A.223.THR.H A.223.THR.N A.223.THR.CA 7.878496 119.8646 60.4088 

A.224.LEU.H A.224.LEU.N A.224.LEU.CA 7.707201 118.0545 49.90352 

A.227.GLY.H A.227.GLY.N A.227.GLY.CA 8.308504 114.5154 42.30211 

A.230.HIS.H A.230.HIS.N A.230.HIS.CA 8.495175 112.9786 49.25006 

A.239.ARG.H A.239.ARG.N A.239.ARG.CA 8.179645 116.8307 56.18872 

A.240.LEU.H A.240.LEU.N A.240.LEU.CA 7.507407 117.519 53.64815 

A.241.VAL.H A.241.VAL.N A.241.VAL.CA 8.361053 123.2927 55.23342 

A.245.GLY.H A.245.GLY.N A.245.GLY.CA 8.241774 108.8158 40.60212 
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A.246.ALA.H A.246.ALA.N A.246.ALA.CA 8.262353 121.4131 51.39198 

A.248.LEU.H A.248.LEU.N A.248.LEU.CA 7.389063 120.5809 53.54813 

A.249.LEU.H A.249.LEU.N A.249.LEU.CA 7.808518 118.2455 54.75804 

A.250.LYS.H A.250.LYS.N A.250.LYS.CA 7.579746 120.7477 52.58009 

A.256.SER.H A.256.SER.N A.256.SER.CA 8.280716 114.0041 57.9197 

A.257.ALA.H A.257.ALA.N A.257.ALA.CA 7.62465 125.7779 51.52237 

A.262.GLN.H A.262.GLN.N A.262.GLN.CA 8.009717 118.2411 54.8784 

A.263.SER.H A.263.SER.N A.263.SER.CA 7.336473 113.9162 55.71398 

A.264.LEU.H A.264.LEU.N 6.871856 122.9427 51.17668 

A.267.MET.H A.267.MET.N A.267.MET.CA 8.612025 124.7605 53.93427 

A.269.LYS.H A.269.LYS.N A.269.LYS.CA 8.2251 120.7557 53.61234 

A.270.MET.H A.270.MET.N A.270.MET.CA 8.380062 125.7755 53.04257 

A.271.ASN.H A.271.ASN.N A.271.ASN.CA 8.497576 120.4783 49.6887 

A.272.PHE.H A.272.PHE.N A.272.PHE.CA 9.299018 130.1711 56.67735 

A.273.ALA.H A.273.ALA.N A.273.ALA.CA 8.451303 122.3337 51.95185 

A.274.ASN.H A.274.ASN.N A.274.ASN.CA 7.376454 113.0878 50.5722 

A.275.VAL.H A.275.VAL.N A.275.VAL.CA 7.110035 120.1123 60.99874 

A.276.PHE.H A.276.PHE.N A.276.PHE.CA 7.533473 120.792 53.09203 

A.277.ILE.H A.277.ILE.N A.277.ILE.CA 6.804534 121.016 59.21477 

A.278.GLY.H A.278.GLY.N A.278.GLY.CA 8.93615 116.4024 41.89142 

A.279.ALA.H A.279.ALA.N A.279.ALA.CA 7.312287 122.0299 47.99832 

A.280.ASN.H A.280.ASN.N A.280.ASN.CA 9.044831 122.6797 48.15695 

A.282.LEU.H A.282.LEU.N A.282.LEU.CA 8.360645 117.078 54.00207 

A.283.ALA.H A.283.ALA.N A.283.ALA.CA 7.019278 121.1096 50.80077 

A.284.VAL.H A.284.VAL.N A.284.VAL.CA 6.985273 116.4371 63.66961 

A.285.ASP.H A.285.ASP.N A.285.ASP.CA 7.412466 117.9934 54.67395 

A.286.LEU.H A.286.LEU.N A.286.LEU.CA 7.026228 117.6071 54.69937 

A.287.LEU.H A.287.LEU.N A.287.LEU.CA 8.040771 120.3984 55.65901 

A.288.GLU.H A.288.GLU.N A.288.GLU.CA 7.907125 117.3883 55.68267 

A.289.LYS.H A.289.LYS.N A.289.LYS.CA 7.215207 116.4407 54.29123 

A.290.MET.H A.290.MET.N A.290.MET.CA 7.555573 117.7409 56.34771 

A.291.LEU.H A.291.LEU.N A.291.LEU.CA 7.770221 118.9349 56.54737 

A.296.ASP.H A.296.ASP.N A.296.ASP.CA 8.378911 121.1574 53.29505 

A.297.LYS.H A.297.LYS.N A.297.LYS.CA 7.547766 117.5865 51.77262 

A.298.ARG.H A.298.ARG.N A.298.ARG.CA 6.980189 122.7278 54.2791 

A.299.ILE.H A.299.ILE.N A.299.ILE.CA 6.975611 125.2685 59.2033 

A.300.THR.H A.300.THR.N A.300.THR.CA 7.302046 109.3539 57.13917 

A.301.ALA.H A.301.ALA.N A.301.ALA.CA 9.439607 122.137 53.19437 

A.302.ALA.H A.302.ALA.N A.302.ALA.CA 8.535994 116.3033 52.12255 

A.303.GLN.H A.303.GLN.N A.303.GLN.CA 7.342033 116.1017 55.24422 

A.304.ALA.H A.304.ALA.N A.304.ALA.CA 8.610991 123.9154 51.85565 

A.305.LEU.H A.305.LEU.N A.305.LEU.CA 7.581618 116.3925 54.53498 

A.306.ALA.H A.306.ALA.N A.306.ALA.CA 6.534342 115.2006 47.89851 

A.307.HIS.H A.307.HIS.N A.307.HIS.CA 7.878606 122.6786 55.69256 

A.308.ALA.H A.308.ALA.N A.308.ALA.CA 8.268339 132.7913 52.12034 

A.309.TYR.H A.309.TYR.N A.309.TYR.CA 11.63658 124.903 57.68306 
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A.310.PHE.H A.310.PHE.N A.310.PHE.CA 7.571573 110.4552 52.98242 

A.311.ALA.H A.311.ALA.N A.311.ALA.CA 7.446389 123.6093 52.77031 

A.312.GLN.H A.312.GLN.N A.312.GLN.CA 8.584807 113.9957 54.12899 

A.313.TYR.H A.313.TYR.N A.313.TYR.CA 7.374053 116.0736 54.88391 

A.314.HIS.H A.314.HIS.N A.314.HIS.CA 7.74173 115.728 53.07327 

A.315.ASP.H A.315.ASP.N A.315.ASP.CA 7.376901 125.1399 47.84424 

A.317.ASP.H A.317.ASP.N A.317.ASP.CA 7.873475 117.3866 52.2283 

A.318.ASP.H A.318.ASP.N A.318.ASP.CA 7.924737 121.2124 49.62059 

A.319.GLU.H A.319.GLU.N A.319.GLU.CA 7.720413 121.4992 50.50775 

A.321.VAL.H A.321.VAL.N A.321.VAL.CA 7.777764 109.0199 56.4058 

A.322.ALA.H A.322.ALA.N A.322.ALA.CA 8.36354 123.3899 47.76458 

A.323.ASP.H A.323.ASP.N A.323.ASP.CA 8.000268 121.1268 50.05589 

A.326.ASP.H A.326.ASP.N A.326.ASP.CA 6.871856 122.9427 51.17668 

A.330.GLU.H A.330.GLU.N A.330.GLU.CA 9.850526 114.8671 56.74283 

A.331.SER.H A.331.SER.N A.331.SER.CA 7.430816 112.7157 54.81225 

A.332.ARG.H A.332.ARG.N A.332.ARG.CA 7.539417 121.9719 53.10521 

A.333.ASP.H A.333.ASP.N A.333.ASP.CA 8.493904 124.7622 50.26376 

A.334.LEU.H A.334.LEU.N A.334.LEU.CA 7.734526 123.0058 49.71843 

A.335.LEU.H A.335.LEU.N A.335.LEU.CA 8.670089 119.8234 50.8565 

A.336.ILE.H A.336.ILE.N A.336.ILE.CA 8.872362 121.7153 63.8981 

A.337.ASP.H A.337.ASP.N A.337.ASP.CA 8.312884 115.7826 54.06829 

A.338.GLU.H A.338.GLU.N A.338.GLU.CA 7.001996 120.5143 55.49933 

A.339.TRP.H A.339.TRP.N A.339.TRP.CA 7.605311 119.5392 56.93152 

A.340.LYS.H A.340.LYS.N A.340.LYS.CA 8.681154 121.4359 57.21774 

A.341.SER.H A.341.SER.N A.341.SER.CA 7.519175 114.5242 57.55322 

A.342.LEU.H A.342.LEU.N A.342.LEU.CA 7.905451 120.4177 54.51646 

A.345.ASP.H A.345.ASP.N A.345.ASP.CA 8.023764 117.377 54.19063 

A.346.GLU.H A.346.GLU.N A.346.GLU.CA 7.456572 118.1311 54.70541 

A.347.VAL.H A.347.VAL.N A.347.VAL.CA 7.985177 121.7365 63.17012 

A.348.ILE.H A.348.ILE.N A.348.ILE.CA 7.948196 115.3949 60.06711 

A.349.SER.H A.349.SER.N A.349.SER.CA 7.356833 111.9942 55.05659 

A.350.PHE.H A.350.PHE.N A.350.PHE.CA 7.028993 124.1832 56.51935 

A.351.VAL.H A.351.VAL.N A.351.VAL.CA 7.749784 131.3826 55.91983 

A.355.LEU.H A.355.LEU.N A.355.LEU.CA 8.203582 123.5862 51.60736 

A.356.ASP.H A.356.ASP.N A.356.ASP.CA 8.213855 121.4369 51.41935 

A.357.GLN.H A.357.GLN.N A.357.GLN.CA 8.156141 120.2248 52.53472 

A.358.GLU.H A.358.GLU.N A.358.GLU.CA 8.249356 122.9346 52.93629 

A.359.GLU.H A.359.GLU.N A.359.GLU.CA 8.284951 122.3393 53.38389 

A.360.MET.H A.360.MET.N A.360.MET.CA 8.23057 122.0971 52.1978 

A.361.GLU.H A.361.GLU.N A.361.GLU.CA 8.305122 122.8653 53.38101 

A.362.SER.H A.362.SER.N A.362.SER.CA 7.857474 123.0026 56.80716 
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Table 10.7 Chemical shifts of D168A (BMRB nomenclature is i+2) 

 

Assign F1 Assign F2 Assign F3 Pos F1 Pos F2 Pos F3 

A.7.ARG.H A.7.ARG.N A.7.ARG.CA 8.382194 125.6941 50.94346 

A.9.THR.H A.9.THR.N A.10.PHE.CA 8.755229 127.3672 53.77962 

A.9.THR.H A.9.THR.N A.9.THR.CA 8.39836 117.3876 59.89082 

A.11.TYR.H A.11.TYR.N A.11.TYR.CA 9.043745 120.1395 52.72015 

A.12.ARG.H A.12.ARG.N A.12.ARG.CA 8.377512 120.2617 51.27168 

A.13.GLN.H A.13.GLN.N A.13.GLN.CA 8.900282 122.6624 51.59914 

A.14.GLU.H A.14.GLU.N A.14.GLU.CA 8.771361 125.4849 52.15125 

A.15.LEU.H A.15.LEU.N A.15.LEU.CA 8.927726 128.5485 50.79236 

A.17.LYS.H A.17.LYS.N A.17.LYS.CA 8.802871 110.1412 54.62527 

A.18.THR.H A.18.THR.N A.18.THR.CA 7.774155 116.1119 58.2974 

A.19.ILE.H A.19.ILE.N A.19.ILE.CA 8.533085 125.7946 56.97223 

A.20.TRP.H A.20.TRP.N A.20.TRP.CA 9.164086 131.0261 53.68233 

A.21.GLU.H A.21.GLU.N A.21.GLU.CA 8.27196 128.6323 51.42904 

A.22.VAL.H A.22.VAL.N A.22.VAL.CA 7.556146 112.0578 53.1108 

A.24.GLU.H A.24.GLU.N A.24.GLU.CA 8.071668 119.1912 55.442 

A.25.ARG.H A.25.ARG.N A.25.ARG.CA 7.434078 117.2092 54.49868 

A.26.TYR.H A.26.TYR.N A.26.TYR.CA 7.692674 118.5401 54.04088 

A.27.GLN.H A.27.GLN.N A.27.GLN.CA 9.110385 122.7447 50.51747 

A.28.ASN.H A.28.ASN.N A.28.ASN.CA 8.721094 117.3906 50.46776 

A.29.LEU.H A.29.LEU.N A.29.LEU.CA 8.440734 120.1769 36.90891 

A.29.LEU.H A.29.LEU.N A.29.LEU.CA 8.455803 120.4287 53.84966 

A.30.SER.H A.30.SER.N A.30.SER.CA 8.674098 116.3435 51.6336 

A.32.VAL.H A.32.VAL.N A.32.VAL.CA 8.547136 122.3486 60.77285 

A.33.GLY.H A.33.GLY.N A.33.GLY.CA 7.697071 108.6244 42.41967 

A.34.SER.H A.34.SER.N A.34.SER.CA 8.35208 116.4854 53.67077 

A.35.GLY.H A.35.GLY.N A.35.GLY.CA 8.117868 110.7997 41.10138 

A.37.TYR.H A.37.TYR.N A.37.TYR.CA 8.008457 113.8845 54.13456 

A.38.GLY.H A.38.GLY.N A.38.GLY.CA 7.239462 108.6029 42.59977 

A.39.SER.H A.39.SER.N A.39.SER.CA 8.108128 116.032 55.0106 

A.40.VAL.H A.40.VAL.N A.40.VAL.CA 8.639207 122.6612 58.20246 

A.41.CYS.H A.41.CYS.N A.41.CYS.CA 9.191366 125.4775 54.69288 

A.42.ALA.H A.42.ALA.N A.42.ALA.CA 8.719962 125.919 47.42016 

A.43.ALA.H A.43.ALA.N A.43.ALA.CA 8.98733 120.8205 47.60424 

A.44.PHE.H A.44.PHE.N A.44.PHE.CA 9.140636 122.8933 53.91544 

A.45.ASP.H A.45.ASP.N A.45.ASP.CA 8.195738 125.9016 48.65707 

A.46.THR.H A.46.THR.N A.46.THR.CA 9.02915 117.6543 60.61997 

A.47.LYS.H A.47.LYS.N A.47.LYS.CA 7.730708 121.3809 55.27264 

A.48.THR.H A.48.THR.N A.48.THR.CA 6.447468 104.7819 58.5342 

A.49.GLY.H A.49.GLY.N A.49.GLY.CA 8.25098 112.0773 42.77149 

A.50.LEU.H A.50.LEU.N A.50.LEU.CA 7.029845 119.5495 50.56121 

A.51.ARG.H A.51.ARG.N A.51.ARG.CA 8.185991 119.7336 53.603 

A.52.VAL.H A.52.VAL.N A.52.VAL.CA 8.731109 116.7603 56.05327 
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A.53.ALA.H A.53.ALA.N A.53.ALA.CA 8.736823 123.0528 47.14801 

A.55.LYS.H A.55.LYS.N A.55.LYS.CA 9.535482 129.7692 51.01812 

A.56.LYS.H A.56.LYS.N A.56.LYS.CA 8.500006 128.6795 51.2077 

A.57.LEU.H A.57.LEU.N A.57.LEU.CA 7.938929 128.9777 51.8398 

A.58.SER.H A.58.SER.N A.58.SER.CA 7.950689 117.6111 54.16719 

A.59.ARG.H A.59.ARG.N A.59.ARG.CA 8.663114 123.1804 53.04531 

A.62.GLN.H A.62.GLN.N A.62.GLN.CA 7.038014 115.785 54.63584 

A.63.SER.H A.63.SER.N A.63.SER.CA 7.373045 110.7213 53.5252 

A.64.ILE.H A.64.ILE.N A.64.ILE.CA 9.146387 123.2678 63.1057 

A.65.ILE.H A.65.ILE.N A.65.ILE.CA 7.48249 118.8525 61.06634 

A.67.ALA.H A.67.ALA.N A.67.ALA.CA 8.513589 124.3988 52.10812 

A.68.LYS.H A.68.LYS.N A.68.LYS.CA 7.737216 118.5456 56.27128 

A.69.ARG.H A.69.ARG.N A.69.ARG.CA 7.328226 119.1526 56.31743 

A.70.THR.H A.70.THR.N A.70.THR.CA 8.373776 119.7321 63.70133 

A.71.TYR.H A.71.TYR.N A.71.TYR.CA 7.519567 122.6944 59.62831 

A.81.LYS.H A.81.LYS.N A.81.LYS.CA 8.429407 128.4956 51.8269 

A.82.HIS.H A.82.HIS.N A.82.HIS.CA 8.587809 123.7915 53.96767 

A.83.GLU.H A.83.GLU.N A.83.GLU.CA 7.923062 126.671 56.10972 

A.85.VAL.H A.85.VAL.N A.85.VAL.CA 7.584825 119.8409 57.73335 

A.87.GLY.H A.87.GLY.N A.87.GLY.CA 7.52211 109.5564 40.78504 

A.88.LEU.H A.88.LEU.N A.88.LEU.CA 8.262353 120.9682 51.54309 

A.89.LEU.H A.89.LEU.N A.89.LEU.CA 8.874026 126.4229 52.26087 

A.91.VAL.H A.91.VAL.N A.91.VAL.CA 7.749452 120.7831 56.37986 

A.93.THR.H A.93.THR.N A.93.THR.CA 8.909443 113.8232 54.08623 

A.95.ALA.H A.95.ALA.N A.95.ALA.CA 7.649621 122.0425 49.58186 

A.96.ARG.H A.96.ARG.N A.96.ARG.CA 9.213039 121.0913 53.0985 

A.97.SER.H A.97.SER.N A.97.SER.CA 7.301601 111.1344 53.29597 

A.98.LEU.H A.98.LEU.N A.98.LEU.CA 8.414619 122.352 53.77106 

A.99.GLU.H A.99.GLU.N A.99.GLU.CA 8.241738 117.451 56.23485 

A.100.GLU.H A.100.GLU.N A.100.GLU.CA 6.922609 115.1929 51.62793 

A.101.PHE.H A.101.PHE.N A.101.PHE.CA 7.244782 122.2164 53.91619 

A.102.ASN.H A.102.ASN.N A.102.ASN.CA 8.49516 125.7826 50.69787 

A.103.ASP.H A.103.ASP.N A.103.ASP.CA 7.568991 115.7644 50.1169 

A.104.VAL.H A.104.VAL.N A.104.VAL.CA 8.378426 120.9916 58.48014 

A.106.LEU.H A.106.LEU.N A.106.LEU.CA 8.65678 119.7923 49.70394 

A.108.THR.H A.108.THR.N A.108.THR.CA 8.902564 117.8536 56.71715 

A.109.HIS.H A.109.HIS.N A.109.HIS.CA 8.862684 119.2038 56.54702 

A.110.LEU.H A.110.LEU.N A.110.LEU.CA 8.090979 125.5533 51.48306 

A.112.GLY.H A.112.GLY.N A.112.GLY.CA 8.068921 108.6029 42.41967 

A.113.ALA.H A.113.ALA.N A.113.ALA.CA 7.788954 123.5977 48.5544 

A.114.ASP.H A.114.ASP.N A.114.ASP.CA 7.930362 118.2795 49.21584 

A.116.ASN.H A.116.ASN.N A.116.ASN.CA 7.57655 117.7319 53.23716 

A.117.ASN.H A.117.ASN.N A.117.ASN.CA 7.809686 118.2444 54.85491 

A.120.LYS.H A.120.LYS.N A.120.LYS.CA 7.301961 117.3909 53.82429 

A.121.CYS.H A.121.CYS.N A.121.CYS.CA 7.530798 113.6859 55.11785 

A.122.GLN.H A.122.GLN.N A.122.GLN.CA 7.868998 119.8751 50.84363 
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A.124.LEU.H A.124.LEU.N A.124.LEU.CA 8.605042 127.285 51.06059 

A.127.ASP.H A.127.ASP.N A.127.ASP.CA 7.776586 116.11 54.58855 

A.129.VAL.H A.129.VAL.N A.129.VAL.CA 8.070462 120.7741 64.85479 

A.130.GLN.H A.130.GLN.N A.130.GLN.CA 8.347867 118.318 56.15207 

A.132.LEU.H A.132.LEU.N A.132.LEU.CA 8.819068 120.4896 55.23342 

A.134.TYR.H A.134.TYR.N A.134.TYR.CA 8.865002 120.2032 54.73973 

A.139.GLY.H A.139.GLY.N A.139.GLY.CA 8.064953 107.3377 44.11256 

A.140.LEU.H A.140.LEU.N A.140.LEU.CA 8.574292 121.7234 53.78756 

A.141.LYS.H A.141.LYS.N A.141.LYS.CA 8.652343 119.5267 56.63782 

A.142.TYR.H A.142.TYR.N A.142.TYR.CA 6.707236 118.3129 58.59433 

A.143.ILE.H A.143.ILE.N A.143.ILE.CA 8.355354 120.1948 64.12189 

A.144.HIS.H A.144.HIS.N A.144.HIS.CA 9.436924 119.8082 54.02754 

A.145.SER.H A.145.SER.N A.145.SER.CA 7.777825 117.4391 58.20246 

A.146.ALA.H A.146.ALA.N A.146.ALA.CA 7.327692 126.7785 48.45241 

A.147.ASP.H A.147.ASP.N A.147.ASP.CA 8.127762 115.2223 52.4206 

A.148.ILE.H A.148.ILE.N A.148.ILE.CA 7.168803 117.9175 56.38371 

A.149.ILE.H A.149.ILE.N A.149.ILE.CA 7.787866 124.1541 57.12101 

A.150.HIS.H A.150.HIS.N A.150.HIS.CA 7.277826 121.1055 59.64484 

A.156.SER.H A.156.SER.N A.156.SER.CA 7.788527 106.1026 58.66778 

A.157.ASN.H A.157.ASN.N A.157.ASN.CA 7.720716 118.9119 49.63275 

A.158.LEU.H A.158.LEU.N A.158.LEU.CA 6.971548 119.6262 49.9204 

A.159.ALA.H A.159.ALA.N A.159.ALA.CA 8.443955 125.4834 47.52474 

A.160.VAL.H A.160.VAL.N A.160.VAL.CA 8.181598 117.3894 56.20403 

A.162.GLU.H A.162.GLU.N A.162.GLU.CA 8.499753 116.3912 55.99583 

A.165.GLU.H A.165.GLU.N A.165.GLU.CA 7.445751 118.6563 51.19597 

A.166.LEU.H A.166.LEU.N A.166.LEU.CA 7.910623 126.124 49.72548 

A.167.LYS.H A.167.LYS.N A.167.LYS.CA 8.900282 122.6624 51.59914 

A.168.ILE.H A.168.ILE.N A.168.ILE.CA 8.126163 121.9874 59.43014 

A.174.ALA.H A.174.ALA.N A.174.ALA.CA 8.000441 119.5208 56.91216 

A.175.ARG.H A.175.ARG.N A.175.ARG.CA 8.344035 117.079 52.5564 

A.179.ASP.H A.179.ASP.N A.179.ASP.CA 7.975225 120.4207 51.80728 

A.180.GLU.H A.180.GLU.N A.180.GLU.CA 8.030873 120.7557 54.19707 

A.181.MET.H A.181.MET.N A.181.MET.CA 8.06343 120.0509 51.77744 

A.182.THR.H A.182.THR.N A.182.THR.CA 7.847863 114.2478 59.46658 

A.183.GLY.H A.183.GLY.N A.183.GLY.CA 8.177641 111.1451 42.00717 

A.184.TYR.H A.184.TYR.N A.184.TYR.CA 7.78306 121.2224 54.76463 

A.185.VAL.H A.185.VAL.N A.185.VAL.CA 7.747624 123.1984 59.72487 

A.191.ARG.H A.191.ARG.N A.191.ARG.CA 7.278902 122.6694 52.40861 

A.192.ALA.H A.192.ALA.N A.192.ALA.CA 8.809382 126.051 47.38961 

A.197.LEU.H A.197.LEU.N A.197.LEU.CA 9.078871 125.2104 55.33204 

A.198.ASN.H A.198.ASN.N A.198.ASN.CA 7.808644 115.4142 50.58777 

A.199.TRP.H A.199.TRP.N A.199.TRP.CA 8.4333 125.5221 51.18153 

A.200.MET.H A.200.MET.N A.200.MET.CA 8.639207 120.3889 58.86949 

A.202.TYR.H A.202.TYR.N A.202.TYR.CA 10.07177 126.9642 49.40537 

A.203.ASN.H A.203.ASN.N A.203.ASN.CA 8.727351 124.8747 53.3475 

A.205.THR.H A.205.THR.N A.205.THR.CA 8.273253 115.4647 56.16085 
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A.208.ILE.H A.208.ILE.N A.208.ILE.CA 7.13424 119.3593 57.8019 

A.209.TRP.H A.209.TRP.N A.209.TRP.CA 7.448994 121.1051 57.9956 

A.210.SER.H A.210.SER.N A.210.SER.CA 7.514591 112.4017 59.15369 

A.211.VAL.H A.211.VAL.N A.211.VAL.CA 7.889169 120.1426 64.31878 

A.212.GLY.H A.212.GLY.N A.212.GLY.CA 8.468622 110.4566 44.74456 

A.213.CYS.H A.213.CYS.N A.213.CYS.CA 7.788827 119.2556 61.01815 

A.214.ILE.H A.214.ILE.N A.214.ILE.CA 8.334913 124.5576 62.74339 

A.215.MET.H A.215.MET.N A.215.MET.CA 9.264032 120.8189 57.29343 

A.216.ALA.H A.216.ALA.N A.216.ALA.CA 8.036041 118.5827 52.52815 

A.217.GLU.H A.217.GLU.N A.217.GLU.CA 7.033739 120.5014 55.60367 

A.218.LEU.H A.218.LEU.N A.218.LEU.CA 7.197304 116.4311 54.28825 

A.219.LEU.H A.219.LEU.N A.219.LEU.CA 8.440678 118.2391 53.82738 

A.220.THR.H A.220.THR.N A.220.THR.CA 7.840155 105.8445 59.03996 

A.221.GLY.H A.221.GLY.N A.221.GLY.CA 8.357991 113.2438 42.44411 

A.222.ARG.H A.222.ARG.N A.222.ARG.CA 7.924092 119.1205 50.79805 

A.223.THR.H A.223.THR.N A.223.THR.CA 7.870914 119.8868 60.42784 

A.224.LEU.H A.224.LEU.N A.224.LEU.CA 7.765597 117.8983 49.88324 

A.227.GLY.H A.227.GLY.N A.227.GLY.CA 8.272928 113.7014 42.40053 

A.230.HIS.H A.230.HIS.N A.230.HIS.CA 8.520996 114.5205 49.06145 

A.239.ARG.H A.239.ARG.N A.239.ARG.CA 8.141051 116.7543 56.03793 

A.240.LEU.H A.240.LEU.N A.240.LEU.CA 7.527502 117.8842 54.50022 

A.241.VAL.H A.241.VAL.N A.241.VAL.CA 8.357854 122.4012 55.31718 

A.245.GLY.H A.245.GLY.N A.245.GLY.CA 8.220647 108.9655 40.61303 

A.246.ALA.H A.246.ALA.N A.246.ALA.CA 8.294029 121.3943 52.14556 

A.248.LEU.H A.248.LEU.N A.248.LEU.CA 7.387673 120.4764 53.69953 

A.249.LEU.H A.249.LEU.N A.249.LEU.CA 7.802009 118.1375 53.65178 

A.250.LYS.H A.250.LYS.N A.250.LYS.CA 7.538045 120.814 52.89548 

A.256.SER.H A.256.SER.N A.256.SER.CA 8.299482 113.941 57.86334 

A.257.ALA.H A.257.ALA.N A.257.ALA.CA 7.615316 125.8188 51.67539 

A.262.GLN.H A.262.GLN.N A.262.GLN.CA 7.992558 118.2829 54.95788 

A.263.SER.H A.263.SER.N A.263.SER.CA 7.348042 113.9529 56.17919 

A.264.LEU.H A.264.LEU.N 6.864781 122.9785 51.20028 

A.267.MET.H A.267.MET.N A.267.MET.CA 8.647165 124.0258 54.22087 

A.269.LYS.H A.269.LYS.N A.269.LYS.CA 8.193557 120.4975 53.60515 

A.270.MET.H A.270.MET.N A.270.MET.CA 8.33032 126.0992 52.86691 

A.271.ASN.H A.271.ASN.N A.271.ASN.CA 8.497471 120.4607 49.69291 

A.272.PHE.H A.272.PHE.N A.272.PHE.CA 9.330086 129.9638 56.75727 

A.273.ALA.H A.273.ALA.N A.273.ALA.CA 8.473004 122.3852 51.54053 

A.274.ASN.H A.274.ASN.N A.274.ASN.CA 7.374421 113.1215 50.57138 

A.275.VAL.H A.275.VAL.N A.275.VAL.CA 7.118189 120.1499 61.11621 

A.276.PHE.H A.276.PHE.N A.276.PHE.CA 7.538045 120.814 52.89548 

A.277.ILE.H A.277.ILE.N A.277.ILE.CA 6.793282 120.9247 59.20548 

A.278.GLY.H A.278.GLY.N A.278.GLY.CA 8.940064 116.421 41.91809 

A.279.ALA.H A.279.ALA.N A.279.ALA.CA 7.311943 122.0354 48.0093 

A.280.ASN.H A.280.ASN.N A.280.ASN.CA 9.047409 122.6611 48.21327 

A.282.LEU.H A.282.LEU.N A.282.LEU.CA 8.340457 117.0549 54.00097 
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A.283.ALA.H A.283.ALA.N A.283.ALA.CA 7.024513 121.1588 50.83162 

A.284.VAL.H A.284.VAL.N A.284.VAL.CA 7.006171 116.3853 63.83141 

A.285.ASP.H A.285.ASP.N A.285.ASP.CA 7.40877 117.9441 54.62872 

A.286.LEU.H A.286.LEU.N A.286.LEU.CA 7.028738 117.6947 54.4599 

A.287.LEU.H A.287.LEU.N A.287.LEU.CA 8.014164 119.0276 55.18808 

A.288.GLU.H A.288.GLU.N A.288.GLU.CA 7.930362 116.9427 55.9293 

A.289.LYS.H A.289.LYS.N A.289.LYS.CA 7.256361 116.032 54.33495 

A.290.MET.H A.290.MET.N A.290.MET.CA 7.545933 117.6434 56.373 

A.291.LEU.H A.291.LEU.N A.291.LEU.CA 7.758969 119.2073 56.38742 

A.296.ASP.H A.296.ASP.N A.296.ASP.CA 8.384441 121.0999 53.28701 

A.297.LYS.H A.297.LYS.N A.297.LYS.CA 7.578156 117.3939 51.64878 

A.298.ARG.H A.298.ARG.N A.298.ARG.CA 6.956223 122.6676 54.20405 

A.299.ILE.H A.299.ILE.N A.299.ILE.CA 6.931785 125.5074 59.32245 

A.300.THR.H A.300.THR.N A.300.THR.CA 7.289363 109.4842 57.14682 

A.301.ALA.H A.301.ALA.N A.301.ALA.CA 9.51006 122.2987 53.15373 

A.302.ALA.H A.302.ALA.N A.302.ALA.CA 8.500971 116.3843 52.23031 

A.303.GLN.H A.303.GLN.N A.303.GLN.CA 7.348214 116.0885 54.9552 

A.304.ALA.H A.304.ALA.N A.304.ALA.CA 8.640162 124.2832 51.81116 

A.305.LEU.H A.305.LEU.N A.305.LEU.CA 7.573952 116.4961 54.60836 

A.306.ALA.H A.306.ALA.N A.306.ALA.CA 6.609207 115.567 47.64134 

A.307.HIS.H A.307.HIS.N A.307.HIS.CA 7.871478 122.633 55.67881 

A.308.ALA.H A.308.ALA.N A.308.ALA.CA 8.284125 132.8583 52.15791 

A.309.TYR.H A.309.TYR.N A.309.TYR.CA 11.59742 125.6561 57.52295 

A.310.PHE.H A.310.PHE.N A.310.PHE.CA 7.571453 110.3186 53.09138 

A.311.ALA.H A.311.ALA.N A.311.ALA.CA 7.452403 123.6071 52.80057 

A.312.GLN.H A.312.GLN.N A.312.GLN.CA 8.580543 113.9995 54.16361 

A.313.TYR.H A.313.TYR.N A.313.TYR.CA 7.377854 115.479 55.70222 

A.314.HIS.H A.314.HIS.N A.314.HIS.CA 7.741212 115.5858 52.9714 

A.315.ASP.H A.315.ASP.N A.315.ASP.CA 7.382319 125.1197 47.87921 

A.317.ASP.H A.317.ASP.N A.317.ASP.CA 7.868393 117.3668 52.21815 

A.318.ASP.H A.318.ASP.N A.318.ASP.CA 7.92237 121.3744 49.56787 

A.319.GLU.H A.319.GLU.N A.319.GLU.CA 7.723924 121.4957 50.57454 

A.321.VAL.H A.321.VAL.N A.321.VAL.CA 7.807444 108.9285 56.36022 

A.322.ALA.H A.322.ALA.N A.322.ALA.CA 8.361053 123.2974 48.51402 

A.323.ASP.H A.323.ASP.N A.323.ASP.CA 8.035189 121.0812 50.09404 

A.326.ASP.H A.326.ASP.N A.326.ASP.CA 6.864781 122.9785 51.20028 

A.330.GLU.H A.330.GLU.N A.330.GLU.CA 9.812592 115.1867 56.48903 

A.331.SER.H A.331.SER.N A.331.SER.CA 7.463467 112.6631 54.8184 

A.332.ARG.H A.332.ARG.N A.332.ARG.CA 7.608383 121.53 53.06054 

A.333.ASP.H A.333.ASP.N A.333.ASP.CA 8.461526 124.5429 50.47449 

A.334.LEU.H A.334.LEU.N A.334.LEU.CA 7.666963 122.9579 49.77113 

A.335.LEU.H A.335.LEU.N A.335.LEU.CA 8.653997 119.7797 50.88331 

A.336.ILE.H A.336.ILE.N A.336.ILE.CA 8.857145 121.6152 64.04819 

A.337.ASP.H A.337.ASP.N A.337.ASP.CA 8.282851 116.0061 54.10948 

A.338.GLU.H A.338.GLU.N A.338.GLU.CA 7.00778 120.5318 55.52556 

A.339.TRP.H A.339.TRP.N A.339.TRP.CA 7.549758 119.4908 56.84682 
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A.340.LYS.H A.340.LYS.N A.340.LYS.CA 8.638369 121.2282 57.40303 

A.341.SER.H A.341.SER.N A.341.SER.CA 7.532457 114.5377 57.8303 

A.342.LEU.H A.342.LEU.N A.342.LEU.CA 7.913493 120.4818 54.51662 

A.345.ASP.H A.345.ASP.N A.345.ASP.CA 8.036447 117.6815 54.01744 

A.346.GLU.H A.346.GLU.N A.346.GLU.CA 7.469343 118.4017 54.67892 

A.347.VAL.H A.347.VAL.N A.347.VAL.CA 7.987584 122.0457 62.32069 

A.348.ILE.H A.348.ILE.N A.348.ILE.CA 7.977749 115.5256 60.07533 

A.349.SER.H A.349.SER.N A.349.SER.CA 7.400003 112.1889 55.14144 

A.350.PHE.H A.350.PHE.N A.350.PHE.CA 7.060691 124.2224 56.67707 

A.351.VAL.H A.351.VAL.N A.351.VAL.CA 7.77964 131.4123 55.48002 

A.355.LEU.H A.355.LEU.N A.355.LEU.CA 8.213511 123.6194 51.64276 

A.356.ASP.H A.356.ASP.N A.356.ASP.CA 8.220674 121.458 51.43564 

A.357.GLN.H A.357.GLN.N A.357.GLN.CA 8.162145 120.3215 52.55648 

A.358.GLU.H A.358.GLU.N A.358.GLU.CA 8.249664 122.8927 52.975 

A.359.GLU.H A.359.GLU.N A.359.GLU.CA 8.288973 122.3348 53.41829 

A.360.MET.H A.360.MET.N A.360.MET.CA 8.231035 122.0857 52.57691 

A.361.GLU.H A.361.GLU.N A.361.GLU.CA 8.340258 121.5843 52.54444 

A.362.SER.H A.362.SER.N A.362.SER.CA 7.859258 123.0087 56.79436 

 

Table 10.8 : Chemical Shifts of V38A (BMRB nomenclature is i+2) 

Assign F1 Assign F2 Pos F1 Pos F2 

A.7.ARG.H A.7.ARG.N 8.374642 125.7232 

A.9.THR.H A.9.THR.N 8.394463 117.4655 

A.10.PHE.H A.10.PHE.N 8.735953 127.3486 

A.11.TYR.H A.11.TYR.N 9.066962 120.293 

A.12.ARG.H A.12.ARG.N 8.385508 120.1767 

A.13.GLN.H A.13.GLN.N 8.848642 122.4096 

A.14.GLU.H A.14.GLU.N 8.777955 125.687 

A.15.LEU.H A.15.LEU.N 8.911758 128.6697 

A.17.LYS.H A.17.LYS.N 8.797272 109.9947 

A.18.THR.H A.18.THR.N 7.770941 115.7584 

A.19.ILE.H A.19.ILE.N 8.509843 125.7092 

A.20.TRP.H A.20.TRP.N 9.197329 131.3129 

A.21.GLU.H A.21.GLU.N 8.183469 128.2859 

A.22.VAL.H A.22.VAL.N 7.58152 112.3615 

A.24.GLU.H A.24.GLU.N 8.041948 119.1821 

A.25.ARG.H A.25.ARG.N 7.419648 117.311 

A.26.TYR.H A.26.TYR.N 7.782172 118.1913 

A.27.GLN.H A.27.GLN.N 9.110532 122.6081 

A.28.ASN.H A.28.ASN.N 8.732635 117.5134 

A.29.LEU.H A.29.LEU.N 8.484276 120.332 

A.30.SER.H A.30.SER.N 8.654339 116.2594 

A.35.GLY.H A.35.GLY.N 8.177089 110.5761 

A.37.TYR.H A.37.TYR.N 8.053538 113.2625 

A.39.SER.H A.39.SER.N 8.077963 115.9145 



10. Appendix 
 

235  
 

A.43.ALA.H A.43.ALA.N 8.886858 120.8942 

A.44.PHE.H A.44.PHE.N 9.109761 122.6209 

A.45.ASP.H A.45.ASP.N 8.222772 125.9984 

A.46.THR.H A.46.THR.N 8.926824 117.4655 

A.47.LYS.H A.47.LYS.N 7.735898 121.395 

A.48.THR.H A.48.THR.N 6.460622 104.803 

A.49.GLY.H A.49.GLY.N 8.247506 112.139 

A.50.LEU.H A.50.LEU.N 7.023296 119.7055 

A.51.ARG.H A.51.ARG.N 8.163234 119.6915 

A.57.LEU.H A.57.LEU.N 8.069016 128.7321 

A.58.SER.H A.58.SER.N 7.960434 117.9888 

A.59.ARG.H A.59.ARG.N 8.648808 123.1955 

A.61.PHE.H A.61.PHE.N 7.797435 112.7983 

A.62.GLN.H A.62.GLN.N 6.978518 115.5469 

A.63.SER.H A.63.SER.N 7.353283 110.7542 

A.64.ILE.H A.64.ILE.N 9.094275 123.3229 

A.65.ILE.H A.65.ILE.N 7.508179 118.9136 

A.67.ALA.H A.67.ALA.N 8.525768 123.6751 

A.68.LYS.H A.68.LYS.N 7.719798 118.4206 

A.69.ARG.H A.69.ARG.N 7.41107 119.2911 

A.70.THR.H A.70.THR.N 8.380888 120.0175 

A.81.LYS.H A.81.LYS.N 8.438132 128.701 

A.82.HIS.H A.82.HIS.N 8.592971 124.0316 

A.83.GLU.H A.83.GLU.N 7.958547 125.5822 

A.84.ASN.H A.84.ASN.N 11.25358 118.0967 

A.85.VAL.H A.85.VAL.N 7.608687 119.846 

A.86.ILE.H A.86.ILE.N 8.256068 129.279 

A.88.LEU.H A.88.LEU.N 8.222248 121.2539 

A.89.LEU.H A.89.LEU.N 8.873468 126.128 

A.93.THR.H A.93.THR.N 8.876289 113.8169 

A.95.ALA.H A.95.ALA.N 7.652773 122.4178 

A.96.ARG.H A.96.ARG.N 9.178015 121.2699 

A.97.SER.H A.97.SER.N 7.288769 111.353 

A.98.LEU.H A.98.LEU.N 8.364345 122.4579 

A.99.GLU.H A.99.GLU.N 8.206755 117.3823 

A.100.GLU.H A.100.GLU.N 6.936166 115.4164 

A.101.PHE.H A.101.PHE.N 7.206226 122.2853 

A.102.ASN.H A.102.ASN.N 8.504267 125.4313 

A.103.ASP.H A.103.ASP.N 7.50645 115.6381 

A.104.VAL.H A.104.VAL.N 8.369475 121.0638 

A.105.TYR.H A.105.TYR.N 8.144209 125.4515 

A.106.LEU.H A.106.LEU.N 8.667846 119.8351 

A.108.THR.H A.108.THR.N 8.935706 118.1185 

A.109.HIS.H A.109.HIS.N 8.798585 119.3855 

A.112.GLY.H A.112.GLY.N 8.058221 108.7186 

A.113.ALA.H A.113.ALA.N 7.798058 123.7573 
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A.114.ASP.H A.114.ASP.N 7.910078 118.5437 

A.116.ASN.H A.116.ASN.N 7.568573 117.7754 

A.117.ASN.H A.117.ASN.N 7.866955 118.2985 

A.120.LYS.H A.120.LYS.N 7.296366 117.4509 

A.121.CYS.H A.121.CYS.N 7.537245 113.7914 

A.122.GLN.H A.122.GLN.N 7.865586 119.82 

A.124.LEU.H A.124.LEU.N 8.467214 126.8571 

A.127.ASP.H A.127.ASP.N 7.767861 115.8571 

A.129.VAL.H A.129.VAL.N 8.053728 119.9691 

A.130.GLN.H A.130.GLN.N 8.322822 118.321 

A.134.TYR.H A.134.TYR.N 8.842477 119.8822 

A.140.LEU.H A.140.LEU.N 8.609688 121.681 

A.141.LYS.H A.141.LYS.N 8.603174 119.4164 

A.142.TYR.H A.142.TYR.N 6.731599 118.1756 

A.143.ILE.H A.143.ILE.N 8.381658 120.0876 

A.144.HIS.H A.144.HIS.N 9.432981 119.839 

A.145.SER.H A.145.SER.N 7.766512 116.4419 

A.146.ALA.H A.146.ALA.N 7.322915 126.5075 

A.147.ASP.H A.147.ASP.N 8.105765 115.2755 

A.148.ILE.H A.148.ILE.N 7.164697 119.2332 

A.149.ILE.H A.149.ILE.N 7.784404 123.5363 

A.150.HIS.H A.150.HIS.N 7.279625 120.9156 

A.157.ASN.H A.157.ASN.N 7.696542 119.0097 

A.158.LEU.H A.158.LEU.N 6.965064 119.3606 

A.159.ALA.H A.159.ALA.N 8.299326 124.9882 

A.160.VAL.H A.160.VAL.N 8.199824 117.3059 

A.162.GLU.H A.162.GLU.N 8.533336 116.374 

A.165.GLU.H A.165.GLU.N 7.39644 119.0205 

A.167.LYS.H A.167.LYS.N 8.857699 122.5577 

A.168.ILE.H A.168.ILE.N 8.147475 121.9156 

A.174.ALA.H A.174.ALA.N 7.916468 119.5563 

A.175.ARG.H A.175.ARG.N 8.337247 117.1147 

A.179.ASP.H A.179.ASP.N 8.003619 119.9732 

A.180.GLU.H A.180.GLU.N 8.035383 120.5567 

A.181.MET.H A.181.MET.N 8.062197 120.1187 

A.182.THR.H A.182.THR.N 7.83958 114.0922 

A.183.GLY.H A.183.GLY.N 8.190319 111.343 

A.184.TYR.H A.184.TYR.N 7.771348 120.9922 

A.185.VAL.H A.185.VAL.N 7.719391 123.0849 

A.191.ARG.H A.191.ARG.N 7.231714 122.4892 

A.192.ALA.H A.192.ALA.N 8.791744 126.3432 

A.197.LEU.H A.197.LEU.N 9.117388 126.5298 

A.198.ASN.H A.198.ASN.N 7.806757 115.3055 

A.199.TRP.H A.199.TRP.N 8.506576 125.323 

A.200.MET.H A.200.MET.N 8.595627 120.1292 

A.202.TYR.H A.202.TYR.N 10.04575 127.1286 
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A.203.ASN.H A.203.ASN.N 8.698559 124.8992 

A.205.THR.H A.205.THR.N 8.26677 115.588 

A.208.ILE.H A.208.ILE.N 7.164307 119.3041 

A.209.TRP.H A.209.TRP.N 7.42958 120.8755 

A.210.SER.H A.210.SER.N 7.434437 112.8184 

A.211.VAL.H A.211.VAL.N 7.890037 120.0157 

A.212.GLY.H A.212.GLY.N 8.300592 110.1476 

A.213.CYS.H A.213.CYS.N 7.78815 119.4198 

A.214.ILE.H A.214.ILE.N 8.351109 124.0322 

A.218.LEU.H A.218.LEU.N 7.188194 116.4198 

A.219.LEU.H A.219.LEU.N 8.38807 118.4777 

A.220.THR.H A.220.THR.N 7.870174 106.1009 

A.222.ARG.H A.222.ARG.N 7.93668 119.2625 

A.223.THR.H A.223.THR.N 7.837099 120.5993 

A.224.LEU.H A.224.LEU.N 7.773042 117.9608 

A.227.GLY.H A.227.GLY.N 8.263294 113.7214 

A.228.THR.H A.228.THR.N 10.03219 116.7275 

A.229.ASP.H A.229.ASP.N 8.556417 130.7801 

A.230.HIS.H A.230.HIS.N 8.487277 114.3777 

A.239.ARG.H A.239.ARG.N 8.148322 116.7413 

A.240.LEU.H A.240.LEU.N 7.513822 117.7728 

A.241.VAL.H A.241.VAL.N 8.373364 122.4592 

A.245.GLY.H A.245.GLY.N 8.221046 108.8822 

A.246.ALA.H A.246.ALA.N 8.298482 121.1934 

A.248.LEU.H A.248.LEU.N 7.396924 120.5527 

A.249.LEU.H A.249.LEU.N 7.8001 118.1448 

A.250.LYS.H A.250.LYS.N 7.525513 120.834 

A.256.SER.H A.256.SER.N 8.270136 113.8436 

A.257.ALA.H A.257.ALA.N 7.628568 125.7499 

A.262.GLN.H A.262.GLN.N 8.013617 118.246 

A.263.SER.H A.263.SER.N 7.414787 113.7733 

A.267.MET.H A.267.MET.N 8.606848 124.4184 

A.270.MET.H A.270.MET.N 8.321882 126.1283 

A.271.ASN.H A.271.ASN.N 8.486586 120.4021 

A.272.PHE.H A.272.PHE.N 9.31881 129.9871 

A.273.ALA.H A.273.ALA.N 8.452474 122.3791 

A.274.ASN.H A.274.ASN.N 7.369462 112.9455 

A.275.VAL.H A.275.VAL.N 7.113173 120.1374 

A.276.PHE.H A.276.PHE.N 7.52458 120.7954 

A.277.ILE.H A.277.ILE.N 6.786628 120.9515 

A.278.GLY.H A.278.GLY.N 8.927486 116.4054 

A.279.ALA.H A.279.ALA.N 7.313375 122.0288 

A.280.ASN.H A.280.ASN.N 9.023996 122.6068 

A.282.LEU.H A.282.LEU.N 8.336936 117.1572 

A.285.ASP.H A.285.ASP.N 7.394061 117.9052 

A.287.LEU.H A.287.LEU.N 8.034585 120.5878 
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A.288.GLU.H A.288.GLU.N 7.872818 117.4602 

A.289.LYS.H A.289.LYS.N 7.231113 116.286 

A.290.MET.H A.290.MET.N 7.57167 117.8422 

A.291.LEU.H A.291.LEU.N 7.776643 119.16 

A.296.ASP.H A.296.ASP.N 8.473182 121.3291 

A.297.LYS.H A.297.LYS.N 7.553942 117.7754 

A.298.ARG.H A.298.ARG.N 6.957261 122.558 

A.299.ILE.H A.299.ILE.N 6.998936 125.093 

A.300.THR.H A.300.THR.N 7.306837 109.4137 

A.301.ALA.H A.301.ALA.N 9.431125 122.1896 

A.302.ALA.H A.302.ALA.N 8.533336 116.2497 

A.303.GLN.H A.303.GLN.N 7.350122 116.0214 

A.304.ALA.H A.304.ALA.N 8.609336 123.9194 

A.306.ALA.H A.306.ALA.N 6.529299 115.1779 

A.307.HIS.H A.307.HIS.N 7.913524 122.6353 

A.308.ALA.H A.308.ALA.N 8.264078 132.814 

A.309.TYR.H A.309.TYR.N 11.56429 125.1365 

A.310.PHE.H A.310.PHE.N 7.576224 110.3723 

A.311.ALA.H A.311.ALA.N 7.440887 123.6434 

A.312.GLN.H A.312.GLN.N 8.576514 114.0701 

A.313.TYR.H A.313.TYR.N 7.342969 116.0998 

A.314.HIS.H A.314.HIS.N 7.768631 115.7393 

A.315.ASP.H A.315.ASP.N 7.355586 124.9963 

A.317.ASP.H A.317.ASP.N 7.87375 117.5078 

A.318.ASP.H A.318.ASP.N 7.909436 121.2529 

A.319.GLU.H A.319.GLU.N 7.730508 121.5097 

A.321.VAL.H A.321.VAL.N 7.770102 109.1181 

A.322.ALA.H A.322.ALA.N 8.364682 123.5903 

A.323.ASP.H A.323.ASP.N 8.009811 121.2264 

A.326.ASP.H A.326.ASP.N 6.875356 122.9702 

A.330.GLU.H A.330.GLU.N 9.824488 114.7977 

A.331.SER.H A.331.SER.N 7.435992 112.776 

A.332.ARG.H A.332.ARG.N 7.536804 121.9392 

A.333.ASP.H A.333.ASP.N 8.479027 124.6158 

A.334.LEU.H A.334.LEU.N 7.717835 123.1197 

A.335.LEU.H A.335.LEU.N 8.667075 119.8128 

A.336.ILE.H A.336.ILE.N 8.86544 121.7159 

A.337.ASP.H A.337.ASP.N 8.287608 115.7539 

A.338.GLU.H A.338.GLU.N 7.003005 120.5698 

A.339.TRP.H A.339.TRP.N 7.604837 119.7154 

A.340.LYS.H A.340.LYS.N 8.645879 121.4709 

A.341.SER.H A.341.SER.N 7.521739 114.4942 

A.342.LEU.H A.342.LEU.N 7.861736 119.9951 

A.344.TYR.H A.344.TYR.N 8.69576 124.9468 

A.345.ASP.H A.345.ASP.N 8.040392 117.5008 

A.346.GLU.H A.346.GLU.N 7.468324 118.3967 
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A.347.VAL.H A.347.VAL.N 7.954348 121.8604 

A.348.ILE.H A.348.ILE.N 7.940534 115.4283 

A.349.SER.H A.349.SER.N 7.350725 111.9484 

A.350.PHE.H A.350.PHE.N 7.02583 124.1533 

A.351.VAL.H A.351.VAL.N 7.741588 131.2811 

A.355.LEU.H A.355.LEU.N 8.199155 123.5593 

A.356.ASP.H A.356.ASP.N 8.20764 121.4962 

A.357.GLN.H A.357.GLN.N 8.152548 120.2883 

A.358.GLU.H A.358.GLU.N 8.238812 122.8539 

A.359.GLU.H A.359.GLU.N 8.279452 122.3226 

A.360.MET.H A.360.MET.N 8.274787 122.3547 

A.361.GLU.H A.361.GLU.N 8.306207 123.1894 

A.362.SER.H A.362.SER.N 7.856029 123.0949 

 

 

Table 10.9: Significant Correlation differences between WT and D168A after 

heating 

residue_i residue_j delta_corr FDR 

109 113 0.914165 3.18E-03 

41 45 0.889143 4.27E-04 

110 114 0.885435 2.52E-02 

111 115 0.87829 2.22E-02 

88 100 0.777941 3.55E-02 

234 239 0.745823 2.76E-03 

40 46 0.713531 2.42E-03 

62 100 -0.684771 3.10E-02 

82 166 0.651825 1.12E-02 

82 164 0.643482 3.00E-02 

82 165 0.635438 8.56E-03 

81 164 0.634502 1.75E-03 

30 37 -0.596271 6.47E-06 

87 102 0.583042 2.30E-02 

86 103 0.550122 1.03E-02 

86 102 0.547967 1.80E-02 

234 238 0.547555 2.93E-02 

70 346 0.491729 6.08E-07 

71 342 0.447615 2.53E-03 

70 343 0.357219 2.34E-02 

70 342 0.251656 9.14E-03 

66 339 0.234275 2.80E-02 

132 207 0.205591 2.42E-05 

138 142 0.202303 3.18E-03 
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233 237 0.179818 4.27E-04 

137 141 0.17887 2.52E-02 

229 233 0.173236 2.22E-02 

231 235 0.157959 3.55E-02 

228 232 0.157435 2.76E-03 

124 128 0.157222 2.42E-03 

230 234 0.148146 3.10E-02 

136 140 0.144919 1.12E-02 

125 129 0.143649 3.00E-02 

335 339 0.116431 8.56E-03 

232 236 0.114245 1.75E-03 

337 341 0.113691 6.47E-06 

67 71 0.100361 2.30E-02 

336 340 0.094251 1.34E-06 

339 343 0.086496 1.37E-03 

338 342 0.07956 9.13E-04 

66 70 0.063979 1.68E-02 

334 338 0.06117 9.11E-04 

 

Table 10.10 : Significant correlation differences before and after heating for WT 

Residue_i Residue_j DeltaCorr p-value 

282 286 0.878181 0.00E+00 

221 228 -0.83802 0.00E+00 

188 206 -0.83727 0.00E+00 

188 202 -0.76596 0.00E+00 

109 154 -0.76397 0.00E+00 

109 156 -0.75314 0.00E+00 

212 220 -0.74402 0.00E+00 

139 146 0.705087 0.00E+00 

220 269 -0.69381 0.00E+00 

65 169 -0.68616 0.00E+00 

62 100 0.684771 0.00E+00 

232 268 -0.68193 0.00E+00 

235 268 -0.65601 0.00E+00 

220 283 -0.64963 0.00E+00 

222 269 -0.6402 0.00E+00 

108 156 -0.63188 0.00E+00 

108 155 -0.62096 0.00E+00 

60 64 -0.61905 3.81E-03 

11 15 -0.61728 5.41E-03 

220 232 -0.61222 9.16E-05 
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Table 10.11 : Significant correlation differences before and after heating for D168A 

Residue_i Residue_j DeltaCorr p-value 

341 345 0.921956 5.60E-04 

342 346 0.870852 9.80E-03 

87 101 0.79024 5.64E-03 

87 102 0.785966 7.80E-04 

39 50 -0.77281 9.87E-04 

86 102 0.748851 2.35E-03 

234 239 0.745823 7.85E-04 

70 346 0.562235 8.96E-04 

130 303 -0.5031 3.10E-04 

134 297 -0.48583 5.12E-04 

66 339 0.469651 4.56E-04 

70 343 0.453491 1.25E-04 

70 342 0.451025 2.38E-04 

67 330 -0.39019 2.73E-11 
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  𝜔 =   𝛾   B 0 ,   𝜈 =   𝜔  2 𝜋 =   𝛾   B 0  2 𝜋


      N  𝛼    N  𝛽 =     e    − 𝛾 ħ B  k T ≈ 1 −   𝛾 ℏ B  k T


  B = ( 1 − 𝜎 )   B  o


  ∆ E =   −   ℏ 𝛾 ( 1 − 𝜎 )   B 0


  ∆ E =   −   ℏ 𝛾 ( 1 − 𝜎 )   B 0


  𝜎 =  [      𝜎  x x    𝜎  x y    𝜎  x z     𝜎  y x    𝜎  y y    𝜎  y z     𝜎  z x    𝜎  z y    𝜎  z z ]  


    𝜎  i s o = 𝜎 =  1 3 (   𝜎  x x +   𝜎  y y +   𝜎  z z )


    𝜎  C S A = ∆ 𝜎 =  1 2  (   𝜎  z z −  (   𝜎  y y +   𝜎  x x ) ) ,


  𝜂 =   3 (   𝜎  y y −   𝜎  x x )  2 ∆ 𝜎


  𝛿 =   𝜔 −   𝜔  r e f    𝜔 0   ×  10 6 p p m


    𝜕 ψ ( t )  𝜕 t = −   i ℏ   H ^   𝜓 ( t )


      I ^  x ,


      I ^  y


      I ^  z   ,


      I ^  z  


      H ^  z =   − 𝛾   B 0     I  z ^


      H ^  z


      H ^  C S


    H ^ =       H ^  z +     H ^  C S +     H ^  J +     H ^  D D


    B 0


      H ^  J = 2 𝜋 J  ( 𝐈   · 𝐒 ) = 2 𝜋 J (     I ^  x     S ^  x +     I ^  y     S ^  y +     I ^  z     S ^  z )


      I ^  x     S ^  x


      I ^  y     S ^  y  


      H ^  J  s e c u l a r = 2 𝜋 J     I ^  z     S ^  z


  J


   1 2


      H ^  D D = −     𝜇 0 ℏ   𝛾  I   𝛾  S  4 𝜋   r 3 [ 3  (   𝐈 ^ ·   𝐫 ^ )  (   𝐒 ^ ·   𝐫 ^ ) −  (   𝐈 ^ ·   𝐒 ^ )


                                                                              = −     𝜇 0 ℏ   𝛾  I   𝛾  S  4 𝜋   r 3 (   3   c o s 2 𝜃 − 1 2 ) [     2 I ^  z     S ^  z − (     I ^  y     S ^  y +     I ^  x     S ^  x )


                                                                              = −     𝜇 0 ℏ   𝛾  I   𝛾  S  4 𝜋   r 3 (   3   c o s 2 𝜃 − 1 2 ) [     2 I ^  z     S ^  z − (     I ^  y     S ^  y +     I ^  x     S ^  x )


    𝜇 0


  ℏ  


    𝛾  I


    𝛾  S


  r = ∣ 𝐫 ∣


    𝐫 ^ = 𝐫 / r


    𝐈 ^


    𝐒 ^


      I ^  z     S ^  z  


      H ^  J  s e c u l a r = −     𝜇 0 ℏ   𝛾  I   𝛾  S  4 𝜋   r 3 (   3   c o s 2 𝜃 − 1 2 )     I ^  z     S ^  z


    B 0


  z


   (   T 1 )


   (   T 2 )


    d   M  z  d t =   R 1  [   M 0 −   M  z  ( t ) ]


       ⇒  M  z  ( t ) =   M 0 −  [   M 0 −   M  z  ( 0 ) ]   e  −   R 1 t ,


       ⇒  M  z  ( t ) =   M 0 −  [   M 0 −   M  z  ( 0 ) ]   e  −   R 1 t ,


    R 1


    R 1 =  1    T 1


    d   M  x  ( t )  d t = −   R 2   M  x  ( t )    ⇒    M  x  ( t ) =   M  x  ( 0 )   e  −   R 2 t ,


    d   M  y  ( t )  d t = −   R 2   M  y  ( t )    ⇒    M  y  ( t ) =   M  y  ( 0 )   e  −   R 2 t ,


    d   M  y  ( t )  d t = −   R 2   M  y  ( t )    ⇒    M  y  ( t ) =   M  y  ( 0 )   e  −   R 2 t ,


    R 2


    R 2 =  1    T 2 )


    H ^  ( t ) =     H ^ 0  ( t ) +     H ^ 1  ( t ) ,


      H ^ 0  ( t )


      H ^ 1  ( t )


  G ( t )


  J ( 𝜔 )


    𝜏  c


  G  ( t ) =  1 5   e  −   t    𝜏  c


  J  ( 𝜔 ) =    2 5     𝜏  c  ( 1 +   𝜔 2   𝜏  c 2 )


  J  (   𝜔 0 ) =  2 5   𝜏  c = J  ( 0 ) ,


  J  (   𝜔 0 ) =  2 5     𝜏  c    𝜔 2   𝜏  c 2


  𝜔   𝜏  c ≪ 1


    R 1


    R 2


  d =     𝜇 0  4 𝜋     𝛾  H   𝛾  N ℏ    r  N H 3


  c =     𝜔  N Δ 𝜎   3


    R 1 =     d 2 4  [ J (   𝜔  H −   𝜔  N ) + 3 J (   𝜔  N ) + 6 J (   𝜔  H +   𝜔  N ) ] +   c 2 J (   𝜔  N )


    R 2 =     d 2 8  [ 4 J ( 0 ) + J (   𝜔  H −   𝜔  N ) + 3 J (   𝜔  N ) + 6 J (   𝜔  H ) + 6 J (   𝜔  H +   𝜔  N ) ] +     c 2 6  [ 4 J ( 0 ) + 3 J (   𝜔  N ) ] +   R ex


    R ex


  hetNOE = 1 +     d 2  4   R 1     𝛾  H    𝛾  N  [ 6 J (   𝜔  H +   𝜔  N ) − J (   𝜔  H −   𝜔  N ) ]


    R 1


    R 2


    R 2 =   R 2 0 +   R ex


    R 2 0


    R ex


    k  A B


    k  B A


    k ex =   k  A B +   k  B A


    p  A =     k  B A    k  A B +   k  B A ,   p  B =     k  A B    k  A B +   k  B A


    p  A +   p  B = 1


  Δ 𝜔


    k ex


    R  2 , eff = −  1    T relax ln ⁡  (     I  𝜈    I 0 )


    I  𝜈


    𝜈 CPMG


    I 0


    T relax


    R  2 , eff


    𝜈 CPMG


    k ex


  ±


  ±


   1 2

