g LIEGE université 1/\,Q

Sciences NMRCENTRE

INIVERSITY OF

BIOMOLECULAR NMR OF PROTEINS AND PEPTIDES: STRUCTURAL
ANALYSIS AND ATOMIC-RESOLUTION FUNCTIONAL DYNAMICS

Alexis Marius WANKO NEMBOT

&

50 Roray E G
\ 0.4
kex =2000 s
\ 031{ kex=300s"
G

Pe=15%
\ 5'35 d Lozl Pe=10%
Awge = 3.5 ppm §
oE 04 Awge = 5.0 ppm

Rpert [S7]
N w
o o

——
0.0

132 126 120 114 100

0 200 400 600 800 1000
15N offset [ppm]

vepme [HZ]

a

Free Energy

-

o ‘0

L

4

A dissertation submitted in fulfillment of the degree of Doctor of Philosophy (PhD) in Sciences

Supervisor: Prof. Christian DAMBLON

Academic year 2025-2026






« Oui, c'est le SEIGNEUR qui donne la sagesse, la science et l'intelligence viennent de lui. »

Proverbes 2 : 6 — Bible, version PDV2017







Dedication







Je dédie cette dissertation

A mon épouse Line Kengne

A mes enfants Manuel -Arthur Wanko et Mathéis Wanko

A mes parents Jacqueline Wanko et Frangois Nembot






Acknowledgement







Remerciements

Au terme de cette recherche, je rends grace au Seigneur, mon Dieu, pour Son Esprit, pour
I"'humilité, la force, la sagesse et la persévérance qu’ll m’a accordées afin de mener a terme cette
recherche. Je reconnais humblement que sans Lui, rien de ce travail naurait été possible. La bible
déclare : « 3Je I'ai rempli de I'Esprit de Dieu, de sagesse, d’intelligence et de savoir pour toutes
sortes d’ouvrages, %je I'ai rendu capable de faire des inventions, de travailler 'or, 'argent et I'airain,
>de graver les pierres a enchasser, de travailler le bois et d’exécuter toutes sortes d’ouvrages. »
Exode 31 : 3-5 — Bible, version LSG. Ces paroles ont été pour moi une source constante
d’inspiration et de réconfort tout au long de ce parcours exigeant. A 'image des magiciens de
Pharaon qui reconnurent, en leur temps, I'ceuvre divine en déclarant : « ... C’est le doigt de Dieu
...» (Exode 8 :19), je déclare aujourd’hui avec foi, force et reconnaissance que cette recherche est,
elle aussi, le fruit de la grace de Dieu. Que toute la gloire Lui revienne, Lui qui donne I'intelligence,
éclaire I'esprit et conduit les ceuvres humaines a leur accomplissement.

A mon promoteur, Christian Damblon, jexprime ma profonde et sincére gratitude. Merci de
m’avoir accueilli au sein du laboratoire de Chimie Biologie Structurale (CBS) et de m’y avoir ouvert
les portes de la Résonance Magnétique Nucléaire (RMN). Tu as été pour moi bien plus qu’un
promoteur : un véritable mentor tout au long de ces onze années de recherche. Cing premiéres
années a mi-temps, alors que je travaillais parallelement dans le nettoyage industriel ; les trois
années suivantes a temps plein, rendues possibles grace a une bourse accordée par le CBS ; et
enfin les trois derniéres années a mi-temps, durant lesquelles je suis devenu collaborateur
indépendant. Ce parcours atypique n’aurait jamais pu aboutir sans ton soutien constant. Je me
souviens encore avec émotion de ce jour d’octobre 2015 ou tu as accepté d’étre mon promoteur.
A cette époque, je ne connaissais rien a la RMN, et pourtant tu m’as fait confiance, tu m’as
accueilli et formé avec une patience remarquable. Malgré les difficultés et les incompréhensions
qui ont jalonné ce long chemin, tu as toujours été présent, patient, humble et profondément
compréhensif. Au fil des années, tu as été bien plus qu’un encadrant scientifique : tu as été un
guide, un soutien, un conseillé et un pere durant cette aventure scientifique et humaine. Merci
infiniment pour tout. Que le Seigneur te bénisse abondamment, toi et toute ta descendance.

Jaimerais également exprimer ma profonde reconnaissance a celles et ceux qui ont contribué
directement a ce travail et s’y sont impliqués de maniére significative.

Je remercie Alexander N. Volkov pour m’avoir accueilli a la Vrije Universiteit Brussel (VUB) et pour
avoir pris le temps de me former a la détermination de la structure tridimensionnelle des
protéines par résonance magnétique nucléaire.

J'adresse un remerciement tout particulier a Guillaume Bouvignies et Ulric B. Le Paige (Sorbonne
Université) pour leur précieuse expertise, leur soutien et leurs conseils techniques, leur
disponibilité et les nombreuses discussions scientifiques enrichissantes autour des phénomenes
de relaxation en RMN.



Remerciements

Je remercie également Frédéric Cawez, avec qui j'ai passé de nombreuses heures en production
de protéines, parfois jusque tard dans la nuit, et sans qui je n‘aurais pas pu étudier les enzymes
TEM-1 et TEM-121. J'associe a ces remerciements lI'ensemble de I'équipe du CIP, et plus
particulierement Alain Brans, pour la formation dispensée en production de protéines ainsi que
pour leur soutien technique.

A la suite de Frédéric Cawez, je tiens a remercier Moreno Galleni pour son implication constante
et le suivi attentif visant a finaliser la partie consacrée a la relaxation RMN des enzymes de la
famille TEM dans cette recherche. Je le remercie tout particulierement pour sa disponibilité, ses
conseils avisés et son engagement tout au long de cette étape essentielle de ma recherche.

Enfin, j'aimerais exprimer ma profonde gratitude aux personnes proches de moi, en dehors du
cadre scientifique, qui m’ont soutenu et encouragé tout au long de cette recherche. J'espére que
ce manuscrit vous rendra fiers et vous montrera a quel point votre soutien a été essentiel a
I'aboutissement de ce travail.

Je remercie tout particulierement Hughes Lowe, qui a pris sur lui de me permettre de poursuivre
mes études en Belgique en finangcant mon voyage ainsi que la premiére année de mes études.
Merci infiniment, grand frére, pour ta générosité et ta confiance. Que le Seigneur te bénisse
abondamment, toi et toute ta descendance.

Je remercie de tout coeur mon épouse Line Kengne, qui a payé le prix des sacrifices et des
frustrations ayant rythmé mon quotidien tout au long de cette recherche. Merci pour ta patience,
ton soutien constant et indéfectible, pour ta présence rassurante dans les moments de doute, et
pour I'amour que tu m’as témoigné chaque jour. Merci surtout pour tes priéres fidéles, qui ont
contribué a ce que I'Esprit du Seigneur m’éclaire davantage et me donne la force d’aller jusqu’au
bout.

Je remercie avec une profonde émotion et affection mes deux enfants, Manuel-Arthur et
Mathéis, pour leurs sourires et la force qu’ils me donnent chaque soir a mon retour. Vous avez
été une source inépuisable de motivation et de joie.

Enfin, je ne saurais conclure sans remercier mes amis et mes proches, que je n‘ai pas nommément
cités ici. Merci de m’avoir accompagné tout au long de ce parcours a travers nos échanges
constructifs et votre soutien.



Table of contents







Table of contents

Table of Contents

o= Y o A 0 o Yo [ Tox T o PP 19
Part 1. NMR Spectroscopy and Research ObJECIVES .......euviieiieiciiireeiieeeeecereeeee e 25
Chapter I. NMR Spectroscopy: Principles and Applications..........ccceveiveeiiniiieeiecciiee e 27

0 O o T Tl o [P PPPPPRUPTPRP 29

1002 1Y o7 o] Tor=1 f (o] o - URUPRt 34

(@ oY o] =T gl 1 IO ] o [Tt f V=T3P 39
Part Ill. NMR-based Structure Determination of Proteins and Peptides........ccccceeevcuvveeeiciiiieennnnns 51
Chapter lll. NMR-based structure determination of Proteins .........cccceeeevvveeereeieeieciiineeeneeeeenn, 53
Chapter IV. NMR-based structure determination of Peptides.........ccceeeevvvveeeeeieeiecicinreeeeeeeenn, 81
IV.1. Overview of the standard approach ..o 82

IV.2. Defining disulfide PairingsS.......cueeeei e e e e e e e 86

IV.3. Structural characterization of non-canonical amino acids.........ccccccevvvviirveeeeieeeeeiiinnnns 87

IV.4. Structural Restraints and Peptide Structure Determination by NMR.........ccccceeeennnens 89
Chapter V. Research CoNtribULION.......cvvveeiieiiiiicirieeeeee et eeeestrrree e e e e e e e sesanraeeeeeeeeeean 91
Part IV. NMR REIAXATION c.eeeiiiiiieeeeee ettt e e e e e e et e ar e e e e e e e e eenanraeaeeas 115
Chapter VI INtrodUCTION ....o..eiiie ittt et e s s e e e s s aba e e s ssaaeaeeeeans 117

Chapter VII. Theoretical foundations of NMR relaxation on the picosecond—nanosecond (ps—

NS) TIMESCAIE oot e e e e e e s ses b aa e e e s e e s eesaasbraeereeeeessasasrareeens 123
VII.1. Longitudinal and transverse relaxation rates and heteronuclear Nuclear Overhauser
3 1ot PSPPSR 129
VI1.2. Model Free ANalysis (IMFA) ...ttt e e e eeseanraee e e e e e e e nnrnaaeeas 139
Chapter VIII. Theoretical Foundations of NMR Relaxation on the Microsecond—Millisecond (ps—
08 BT g ToEYor= 1T RO 149
RV 11 I Vo o o [ ¥ Tt o o TSRS 151
VIII.2. CPMG relaxation dispersion eXperiment .........cccceeeeeeecciiiieeee e ceccciiee e 154
RV 8 T 0 o) = o =Y T ¢ L= o | U 163
VLA, CPMG and CEST Data ANalYSis ......uveeeiieeeiiiiiiiieeiee e e ceccirreeee e e e eesirrree e e e e e e eeenrraaeees 170
Chapter IX. Research ContribULIONS .........ueiiiiiuiiieiiiiiee st e s s e e e 173

IX.1. Structural and Functional Insights into CspA (Under Review at Journal of Magnetic
[T o T=1 1 (1) F RSOOSR 175



Table of contents

IX.2. Antibody Modulation of TEM-1 Conformational Dynamics (manuscript in preparation)

............................................................................................................................................. 209

IX.3. Resistance Mutation Enhances TEM B-Lactamase Dynamics (manuscript in preparation)
............................................................................................................................................. 247

Part V. General Conclusions & PEIrSPECLIVES .....ceiiiiiiieeiiireeiieeeeeeececrreee e e e e eerirrree e e e e e e eeeanraaeeees 269
Chapter X. General CONCIUSIONS.......cciiiiiiiiiiiiiiee et ceree e st e eere e e e s aae e e e s saaae e s seseeeeesnes 271
Chapter X1, PEISPECLIVES ..ccccuviieiiiiieeeeeiiee e ttee et e st e e e st e e e s sbbe e e s s baeeeesabaeeesnssraeessnes 277
271 o] [To =42 o] o 1SR 283



List of Abbreviations




10



List of abbreviations

1D: One-dimensional NMR spectrum (e.g. 1H spectrum)
2D: Two-dimensional NMR spectrum (e.g. 2D-HSQC)
3D: Three-dimensional NMR spectrum (e.g. HNCA)
ADR: Ambiguous Distance Restraints

AHP: afterhyperpolarization

AIC: Akaike’s Information Criterion

ARIA: Ambiguous Restraints for lterative Assignment
ATB: Automated Topology Builder

BK: Large conductance calcium-activated K+

BLI: Biolayer Interferometry

BMRB: Biological Magnetic Resonance Bank

CCD: Chemical Component Dictionary

CCPN: Collaborative Computational Project for NMR
CEST: Chemical exchange saturation transfer

CNS: Crystallography & NMR System

COSY: COrrelation SpectroscopY

CPD: composite-pulse decoupling

CPMG: Carr—Purcell-Meiboom-Gill

CSA: Chemical shift anisotropy

CSDs: cold-shock domains

CSP: Chemical Shift Pertubation

CSPs: Cold-shock proteins

cw: continuous wave

CYANA: Combined Assignment and Dynamics Algorithm for NMR Applications
DD: dipole—dipole

DIANA: Distance Ange Dynamics for NMR Applications
DQF-COSY: Double Quantum Filtered COSY

DYANA: DYnamics Algorithm for Nmr Applications

EFG: electric field gradient

FLYA: fully automated structure determination algorithm
GROMOS: GROningen MOlecular Simulation

HCN: Triple-resonance

IK: intermediate-conductance calcium-activated K+
InChl: International Chemical Identifier

INEPT: Insensitive Nuclei Enhancement by Polarization Transfer
MFA: Model-free Analysis

mmCIF: Macromolecular Crystallographic Information File

11



List of abbreviations

MRI: magnetic resonance imaging

ncAAs : non-canonical amino acids

NMR: Nuclear Magnetic Resonance

NOE: Nuclear Overhauser Effect

NOESY: Nuclear Overhauser Effect SpectroscopY
NSR: Nuclear Spin Relaxation

PADLOC: pattern of disulfides from the local constraints
PDB: Protein Data Bank

rc-CPMG: relaxation-compensated CPM

RDC: residual dipolar couplings

RF: radiofrequency

Rf-field: radiofrequency field

RMSD: root mean square deviation

RWA: rotating wave approximation

SMILES: Simplified Molecular Input Line Entry System
TOCSY: Total Correlation Spectroscopy

TROSY: Transverse relaxation optimized spectroscopy
VHH: Variable heavy-chain domain of heavy-chain antibody

12



Abstract

13



14



Abstract

Proteins are dynamic molecular entities whose biological functions are governed not only by their
three-dimensional structures but also by their intrinsic molecular motions. Nuclear Magnetic
Resonance (NMR) spectroscopy provides a unique framework for simultaneously investigating
protein structure and dynamics at atomic resolution in solution.

This dissertation exploits advanced NMR methodologies to probe both fast internal motions
occurring on the picosecond—nanosecond timescale and low-populated conformational states
involved in exchange processes on the microsecond—millisecond timescale. In particular,
complementary approaches such as >N CPMG relaxation dispersion and chemical exchange
saturation transfer (CEST) experiments were employed and analyzed to extract exchange
parameters.

These methodologies were applied to a relatively wide range of protein sizes, including enzymatic
systems from the TEM B-lactamase family, studied both in their free form (~ 30 kDa) and in
complex with a nanobody (~ 45 kDa). The results reveal that ligand binding induces extensive and
long-range dynamical rearrangements, demonstrating that nanobody binding modulates the
conformational energy landscape of TEM enzymes and highlighting the central role of
coordinated effects and conformational dynamics in enzymatic function.

In addition, NMR-based structural studies of a mesophilic cold shock protein CspA (~ 7.5 kDa),
combined with NMR molecular dynamics, further illustrate how structure and dynamics are
intricately linked to protein adaptation and function.

Finally, well-defined NMR solution structures of Leiurotoxin | and its synthetic analog Lei-Dab7
were determined. Structural investigations of these two peptides, combined with quantitative
evaluation of their binding affinities [measured by Jean-Luc Hayen] toward the three human SK
channel subtypes (hSK1-3), provide the first direct structural and functional comparison of
Leiurotoxin | and Lei-Dab7, offering new insights into their interactions with human SK channels.

Overall, this research underscores the necessity of adopting a dynamic view of protein structure
and function. By combining advanced NMR relaxation techniques with structural analysis, this
dissertation contributes to a deeper understanding of biomolecular dynamics and provides
methodological and conceptual insights applicable to a broad range of biological systems.
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Resumé

Résumé

Les protéines sont des entités moléculaires dynamiques dont les fonctions biologiques sont
gouvernées non seulement par leur structure tridimensionnelle, mais également par leurs
mouvements moléculaires intrinséques. La spectroscopie de résonance magnétique nucléaire
(RMN) constitue un outil unique permettant d’explorer la structure et la dynamique des protéines
a résolution atomique en solution.

Cette thése exploite des méthodologies avancées de RMN afin de sonder a la fois la dynamique
moléculaire a l'échelle de temps picoseconde—nanoseconde et les états conformationnels
faiblement peuplés impliqués dans des processus d’échange a I'échelle microseconde—
milliseconde. En particulier, des approches complémentaires telles que les expériences de
relaxation dispersion 1°N CPMG et de transfert de saturation par échange chimique (CEST) ont été
mises en ceuvre et analysées afin d’extraire des parametres d’échange.

Ces méthodologies ont été appliquées a une gamme relativement large de tailles protéiques,
incluant des systemes enzymatiques de la famille des B-lactamases TEM, étudiés a la fois a I'état
libre (~ 30 kDa) et en complexe avec un nanobody (~ 45 kDa). Les résultats montrent que la
liaison du ligand induit des réarrangements dynamiques étendus et a longue portée, démontrant
gue la fixation du nanobody remodele le paysage énergétique conformationnel des enzymes TEM
et soulignant le role central des effets coordonnés et de la dynamique conformationnelle dans la
fonction enzymatique.

Par ailleurs, des études structurales par RMN d’une protéine de choc thermique froid mésophile
CspA (~ 7,5 kDa), combinées a une étude de la dynamique moléculaire par RMN, illustrent
également comment la structure et la dynamique sont étroitement liées a I'adaptation et a la
fonction des protéines.

Enfin, des structures en solution RMN de la Leiurotoxine | et de son analogue synthétique Lei-
Dab7 ont été déterminées. L'étude structurale de ces deux peptides, combinée a I'évaluation
guantitative de leurs affinités de liaison vis-a-vis des trois sous-types de canaux SK humains
(hSK1-3) [réalisée par Hayen Jean-Luc], fournit la premiére comparaison structurale et
fonctionnelle directe entre la Leiurotoxine | et le Lei-Dab7, apportant de nouveaux éclairages sur
leurs interactions avec les canaux SK humains.

Dans I'ensemble, ce travail souligne la nécessité d’adopter une vision dynamique de la structure
et de la fonction des protéines. En combinant des techniques avancées de relaxation RMN avec
des analyses structurales, cette these contribue a une meilleure compréhension de la dynamique
des biomolécules et apporte des avancées méthodologiques et conceptuelles applicables a un
large éventail de systemes biologiques
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Introduction

The origins of nuclear magnetic resonance date back to the late 1930s, when Isidor Rabi
and colleagues introduced the molecular beam magnetic resonance method to determine
nuclear magnetic moments in isolated molecules such as LiCl, LiF, and Li, using atomic
beams and oscillating magnetic fields (Rabi et al. 1939). In December 1945, Purcell,
Torrey, and Pound independently extended these concepts to condensed matter,
detecting weak radiofrequency signals arising from the nuclei of atoms in ordinary
materials (Purcell et al. 1946). Almost simultaneously, Bloch, Hansen, and Packard
carried out an independent experiment in which they detected radiofrequency signals
from protons in water (Bloch et al. 1946). Together, these two pioneering experiments
mark the birth of Nuclear Magnetic Resonance (Levitt 2013).

In his Nobel Prize lecture, Purcell gave a poetic reflection before turning to a fundamental
question. Recalling the excitement of discovery, he said: “I remember, in the winter of our
first experiments, just seven years ago, looking on snow with new eyes. There is the snow
lay around my doorstep - great heaps of protons quietly precessing in the earth’s magnetic
field. To see the world for a moment as something rich and strange is the private reward
of many a discovery. But | am afraid it has little bearing on the sober question we must,
as physicists, ask ourselves: What can we learn from all this about the structure of
matter?”

In the years that followed, NMR rapidly evolved into a powerful physical tool for
investigating matter. Key advances included the discovery of the chemical shift, the
variation in resonance frequency arising from different atomic environments, and spin—
spin coupling, which revealed how neighboring nuclei influence one another. These
findings, reported by Gutowsky, Slichter, and McCall [early 1950s] (Gutowsky et al. 1951),
transformed NMR from a physical curiosity into an indispensable method for elucidating
molecular structure.

One of the most instructive ways to illustrate the power of NMR spectroscopy is to
compare the first one-dimensional (1D) spectra of small molecules with those of
macromolecules. The '"H NMR spectrum of ethanol (Figure 1), for example, clearly
displays the fundamental features of NMR: each line comes from a chemically equivalent
group of protons in the molecule, the intensity being proportional to the number of
hydrogen atoms involved, 3 (CHs group), 2 (CH2 group), and 1 (hydroxyl), respectively,
reflecting the relative number of nuclei in each environment (Purcell 1953). This simple
spectrum demonstrates how NMR can provide both structural and quantitative
information in solution.

In contrast, the "H NMR spectrum of a protein appears far more complex (Figure 2), with
thousands of overlapping resonances distributed over a broader chemical shift range
(especially in the amide region, ~7—-10 ppm, and the aliphatic region, ~0-5 ppm).
Although a 1D spectrum of a protein already conveys information about the folding state,

21



Introduction

secondary structure, and dynamics, full structural elucidation requires higher-dimensional
experiments to resolve spectral crowding (Wuthrich 1986).

Together, the simple ethanol spectrum and the more complex protein spectrum illustrate
the evolution of NMR from a tool for analyzing small organic molecules to one capable of
probing the structure and dynamics of large biomolecules in solution.

A @inél
, G0

\/

Figure 1. The first “high-resolution” proton NMR spectrum, recorded at 30 MHz, displaying the
proton chemical shifts in ethanol. The three lines arise from the CHz hydrogens, from the CH;
hydrogens, and from the OH hydrogen, respectively. Figure from (Purcell 1953)

--—— §/ ppm

Figure 2. 1D 'H NMR spectrum (360 MHz, 528C, solvent >H20) of horse ferrocytochrome c.
Figure from (Wiithrich 2003)
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Introduction

Since its discovery, nuclear magnetic resonance (NMR) spectroscopy has become a
powerful tool for investigating the structure and behavior of matter. Advances in magnet
technology, pulse sequence design, and Fourier-transform methods have considerably
expanded its scope, enabling applications that range from small molecules to complex
biomolecular systems. Today, NMR contributes to diverse fields, including chemistry,
structural biology, materials science, and medicine, notably through magnetic resonance
imaging (MRI). This versatility reflects its unique ability to provide detailed insights into
both structure and dynamics across multiple scales, highlighting that proteins and
peptides are inherently dynamic rather than static entities. Their biological functions arise
not only from their three-dimensional structures but also from their intrinsic motions.
These motions span from fast local fluctuations to conformational exchange processes
and play a key role in biomolecular function. Processes such as molecular recognition,
enzymatic catalysis, and allosteric regulation are increasingly recognized to involve
conformational dynamics. Consequently, a complete understanding of biomolecular
function requires integrating structural information with a detailed characterization of
these dynamic processes. In this regard, NMR spectroscopy is uniquely suited to
investigate such dynamics, as it provides site-specific information over timescales ranging
from picoseconds to seconds, a capability that is particularly important given that proteins
and peptides are inherently dynamic rather than static entities.

Building on these capabilities, the next part introduces the fundamental principles of NMR
spectroscopy and defines the research objectives addressed in this dissertation.
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NMR Spectroscopy: Principles and Applications
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NMR Spectroscopy: Principles and Applications

I.1. Principles

Atoms are composed of electrons and a central nucleus. NMR spectroscopy is based on
the interaction between atomic nuclei and a strong external magnetic field (Levitt 2013).
This interaction is made possible by an intrinsic property of certain atomic nuclei known
as nuclear spin.

Each nucleus is characterized by a spin quantum number I (Table 1.1) which determines

whether the nucleus possesses spin angular momentum (7). Angular moment describes
the rotational motion of an object. Nuclei with a non-zero spin quantum number (I # 0)
exhibit a fundamental property called the magnetic moment (ii). The magnetic moment
(i) is a measure of the strength and orientation of a magnetic dipole (Sarkar 2014),
produced by a particle equipped with spin, such as an electron, proton, or atomic nucleus.

The relationship between the magnetic moment (i) and the spin angular momentum (f)

is given by the equation:

U=yl Equation 1.1

where the constant y is called the gyromagnetic ratio. It determines the resonance
frequency (Larmor frequency) of a nucleus in a given magnetic field.

Table 1.1. Nuclear isotopes and their properties

Quantum Natural Gyromagnetic ratio
Isotope number I abundance (y/rad o1 T-1)

H 1/2 ~100 % 267.522 x 10°

2H 1 0.015 % 41.066 x 10°

12C 0 98.9 % -

13C 1/2 1.1% 67.283 x 10°

14N 1 99.6 % 19.338 x 10°

5N 1/2 0.37 % —27.126 x 10°

In liquid NMR spectroscopy, nuclei with a spin quantum number [ = 1/2 are the most
commonly measured. These nuclei, such as 'H, '3C or "N, are ideal for NMR analysis
because they possess both a non-zero magnetic moment and well-defined spin states,
leading to sharp, easily interpretable resonance signals.
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NMR Spectroscopy: Principles and Applications

In contrast, nuclei with I = 0, such as '2C, have no angular momentum and no magnetic
moment. As a result, they do not interact with the external magnetic field and are not
detectable by NMR.

Nuclei with spin quantum numbers I > 1/2 such as "N, have electric quadrupole
moments due to their asymmetric nuclear charge distributions. These quadrupole
interactions lead to rapid relaxation of the magnetic states, causing significantly
broadened resonance lines and often reduced spectral resolution.

Anucleus with I = 1/2, such as 'H, '3C, or °N, has two allowed spin states when placed
in an external magnetic field. The number of spin states is determined by the formula:

Number of spin states = 21+ 1 Equation 1.2

Thus, for I = 1/2, the nucleus exhibits two spin states. These states are characterized by
another quantum number m;, which, according to quantum mechanics, can take values
ranging from —I to I in integer steps (Levitt 2013).

For a spin-half nucleus, this results in:

e m; = 1/2denoted as the a (alpha) state
e m; = —1/2denoted as the B (beta) state

The relative energies of these states depend on the sign of the gyromagnetic ratio (y).
For nuclei with a positive y (e.g., '"H and '3C), the magnetic moment is parallel to the
angular momentum, the a state (Figure 1.1 a)) corresponds to the lower energy (Figure 1.1
c)) and is aligned with the external magnetic field Bo, whereas the [3 state has its magnetic
moment opposed to By (Figure 1.1 b)) and is higher in energy (Figure 1.1 c)) (Levitt 2013).
In contrast, for nuclei with a negative y (e.g., '®°N), the magnetic moment is oriented
opposite to the angular momentum, resulting in a reversal of the a (m; = 1/2) and B
(m; = —1/2) energy levels. In this case, the 8 state corresponds to the lower-energy
state (magnetic moment aligned with B,), while the a state is higher in energy (Levitt
2013).
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NMR Spectroscopy: Principles and Applications
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External magnetic field B,

Figure 1.1. Nuclear spin precession, energy level splitting, and population difference in an
external magnetic Field B for a nucleus with a positive gyromagnetic ratio (y > 0).

As we can see in Figure 1.1, the magnetic moment of spin is a vector. The direction of the
vector indicates the axis of the rotational motion. In this dissertation, the direction of the
magnetic moment is called the spin polarization axis.

In general, nuclei with a non-zero spin quantum number such as proton, have a randomly
directed spin polarization axes (Figure 1.2 a)

When these nuclei are placed in an external magnetic field B, their intrinsic magnetic
moments respond by turning around the direction of B,, always keeping the same angle
between spin polarization axis and B, (Figure 1.2 b). This motion is called precession.
These magnetic moments can adopt only two orientations, either parallel (low-energy
state; y > 0) or antiparallel (high-energy state; y > 0) to the direction of the magnetic field.
This phenomenon results from the interaction between the magnetic moment of the
nucleus and the applied magnetic field, known as the Zeeman effect (Levitt 2013). The
parallel orientation corresponds to a more stable, lower-energy configuration, while the
antiparallel orientation is less stable and higher in energy. The difference in energy
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NMR Spectroscopy: Principles and Applications

between these two spin states enables the absorption of radiofrequency energy at a
specific resonance frequency, called Larmor frequency w,,.

wo =V¥By Equation 1.3
a) b) | B,
/ £ 2y = Q ) Q
A PR L (Pl
| ! N
& \ e > <:7 y

oy S |oP A
AP &
| N S

Figure 1.2. Randomly and aligned spins polarizations. a) Randomly directed spin polarizations,
b) Spins precession with the same angle between spin polarization axis and the field

Since the population of the a state (N, ) is slightly greater than the j state (Ng), the slight
excess of nuclei in the a state creates a net magnetization M, (Figure 1.3) that can be
detected and analyzed to provide structural and chemical information about the sample.
The population ratio between a and g states is governed by the Boltzmann distribution,
and is relatively small, typically on the order of 10~* under ordinary field (Bo = 11.74 T)
and room-temperature conditions (Levitt 2013), with its exact value depending on both
magnetic field strength and temperature:

M ~ 1074
N, Equation 1.4

The net magnetization M,, which lies along the z-axis (the direction of the external
magnetic field), cannot be directly detected by the NMR receiver coils. However, when a
(RF) pulse is applied at the Larmor frequency and its magnetic component is oriented
perpendicular to the z-axis, it leads to a rotation of the net magnetization M, into the
transverse (xy) plane. This process is referred to as excitation. Once in the xy-plane, the
transverse component of the magnetization precesses around the external magnetic field,
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inducing an oscillating current in the receiver coil. This transverse magnetization is
detectable and forms the basis of the recorded NMR signal (free induction decay).

1
a state (m; = — E)
z

1
B state (m; = E)

Figure 1.3. Net magnetization at thermal equilibrium for a nucleus with a positive
gyromagnetic ratio (y > 0).

When a nucleus is placed in an external magnetic field B,, electrons surrounding the
nucleus begin to circulate, creating tiny local magnetic fields that oppose the applied field.
This phenomenon is called diamagnetic shielding (Levitt 2013). As a result, the nucleus
feels a slightly reduced magnetic field, known as the effective magnetic field B, :

Bess = Bo(1 - 0) Equation 1.5

where:

e B,y is the experienced magnetic field of a nucleus
e o is the shielding constant, determined by the local electronic environment.

Since the resonance frequency of a nucleus is determined by the local magnetic field it
experiences (as indicated by Equation 1.5), nuclei of the same type can resonate at slightly
different frequencies depending on their electronic environment. These variations in local
magnetic fields cause the NMR signals of chemically non-equivalent nuclei to be spread
across a range of frequencies. This phenomenon is known as the chemical shift, and it
provides crucial information about the molecular structure and electronic surroundings of
each nucleus. In addition, neighboring nuclei can influence one another through scalar
spin—spin coupling (J-coupling), which arises from the indirect interaction of nuclear spins
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mediated by bonding electrons. J-coupling splits NMR signals into multiplets, yielding
information about the number and connectivity of neighboring nuclei, and thus adding
another powerful dimension to structural analysis.

1.2. Applications

NMR spectroscopy is an essential analytical tool for the atomic-resolution investigation of
biomolecules, particularly proteins and peptides. It offers detailed insights into several
fundamental properties of macromolecules, including their three-dimensional (3D)
structures, molecular dynamics, and intermolecular interactions. Unlike other structural
methods, NMR enables the study of biomolecules in solution under near-physiological
conditions, making it particularly well-suited for exploring the conformational flexibility,
binding behavior, and functional mechanisms of proteins and peptides.

.2.1. NMR-Based structure determination of Proteins and Peptides

In March 2026, a total of 179,893 protein structures in the Protein Data Bank (PDB),
accounting for approximately 83%, were solved using X-ray crystallography, while only
12,793 structures, representing 6%, were determined by solution NMR spectroscopy. The
remaining entries were resolved using methods such as cryo-electron microscopy (cryo-
EM) and hybrid techniques.

One of the primary reasons for the lower number of protein structures determined by NMR
compared to X-ray crystallography is the size limitation inherent to NMR spectroscopy.
Unlike crystallography, which can often accommodate large macromolecular complexes,
NMR is best suited for small to medium-sized proteins, typically below 35 kDa (Snyder et
al. 2005; Yee et al. 2005). This limitation arises because larger molecules exhibit slower
rotational tumbling in solution, leading to increased transverse relaxation and line
broadening, which reduces signal intensity and spectral resolution. Specifically, the
slower motion leads to broadened spectral lines and reduced signal sensitivity and
resolution, making resonance assignment and structural interpretation increasingly
difficult as molecular weight increases. With respect to small proteins, NMR spectroscopy
and X-ray crystallography, the two primary experimental techniques for high-resolution
protein structure determination can be considered complementary rather than competing
methods (Savchenko et al. 2003; Snyder et al. 2005; Yee et al. 2005). Each technique
offers unique advantages and has distinct limitations, particularly in terms of sample
requirements. In a comparative study involving 263 proteins targets, their suitability for
structural determination by either method was assessed (Yee et al. 2005). Interestingly,
only 8% of the proteins were found to be compatible to both NMR and X-ray
crystallography, while 16% were compatible exclusively with NMR and another 16%
exclusively with X-ray crystallography (Yee et al. 2005). As described by Yee et al., a
decision to “stop work” for both methods was made when a structure of the protein, or
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that of one of its orthologs is deposited the PDB (Yee et al. 2005). These results show the
complementary nature of NMR spectroscopy and X-ray crystallography, demonstrating
that each method can provide structural information for distinct subsets of proteins that
may not be accessible by the other.

Consequently, there are proteins that can be readily crystallized but for which, high-quality
NMR spectra cannot be obtained, as well as proteins that are well-suited for NMR
spectroscopy but cannot be crystallized. In the latter case, crystallization is typically
hindered by properties such as the presence of conformational heterogeneity, as only
well-ordered, soluble proteins with a single dominant conformation tend to form suitable
crystals (Gronwald and Kalbitzer 2004; Dobrianov et al. 1999; Smyth and Martin 2000).
In contrast, NMR spectroscopy is uniquely capable of analyzing proteins that are partially
disordered, intrinsically flexible, or exist in multiple conformational states, making it
especially valuable for studying dynamic or non-crystalline protein systems (Gronwald
and Kalbitzer 2004; Dobrianov et al. 1999; Smyth and Martin 2000).

Another factor contributing to the greater prevalence of X-ray crystallography is its
widespread reputation for producing high-resolution structural data. X-ray crystallography
is particularly valued for its ability to determine atomic-level details, often yielding
structures with very high spatial resolution. However, the high resolution requires tightly
pack crystal that is difficult to obtain with flexible proteins. A key advantage of NMR
spectroscopy lies in its capacity to study proteins in solution, under conditions that closely
mimic their physiological environment (Gronwald and Kalbitzer 2004; Schroeder and
Rosengren 2020; Sun and Wagner 2006). This makes NMR especially suited for
examining protein dynamics, flexibility, and conformational variability, aspects that are
often less accessible through crystallographic methods.

Peptides, defined as short chains of amino acids linked by peptide bonds, play crucial
roles in numerous biological processes, including signaling, immune response, and
enzyme regulation. Peptides serve as key biological molecules with roles in signaling,
regulation, host defense, and therapeutic development (Kuzmenkov et al. 2022;
Armstrong et al. 2021; Dubovskii et al.2015; Daniele-Silva et al. 2021; Walewska et al.
2008; Norton 2018). In parallel with the extensive use of NMR spectroscopy for protein
structural analysis, peptides have emerged as highly suitable targets for NMR-based
investigations.

Peptides are generally well suited to solution NMR because of their relatively small size,
which often results in narrow line widths, well-resolved spectra, and favorable signal-to-
noise ratios. Moreover, peptides that are unstructured, partially folded, or adopt multiple
conformations in solution which can present challenges for crystallographic methods can
be readily characterized using NMR. This makes NMR a powerful tool not only for
elucidating static structures but also for probing conformational flexibility in peptides
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(Kuzmenkov et al. 2022; Walewska et al. 2008; Norton 2018). In recent years, the
application of multidimensional NMR techniques, often combined with isotopic labeling
and advanced computational tools, has enabled the detailed structural characterization
of diverse classes of peptides, including peptide toxins, signaling peptides, antimicrobial
peptides, peptide hormones, and synthetic therapeutic peptides (Takai et al. 1992;
Sharma et al. 2021; Webb 2018; Dubovskii et al. 2015; Armstrong et al. 2021; Kuzmenkov
et al. 2022). NMR therefore represents a valuable and complementary method for the
structural characterization of peptides, particularly when crystallization is not feasible or
when solution-state behavior is of biological interest.

1.2.2. NMR relaxation

NMR spectroscopy is not only a highly informative technique for determining high-
resolution structures of biomolecules, but it also plays a unique and critical role in
exploring their dynamic behavior (Walinda et al. 2018). A key aspect of such dynamic
investigations is the study of relaxation phenomena, which provides insights into
molecular motion, conformational exchange, and interactions at atomic resolution
(Kleckner and Foster 2011; Lu and Yang 2021; Tiwari et al. 2024; Walinda et al. 2018).
Relaxation refers to the process by which nuclear net magnetization returns to equilibrium
after being disturbed by a radiofrequency pulse. In structural biology, NMR relaxation
measurements are widely used to probe internal flexibility, residue-specific motion, and
interactions with ligands or other macromolecules. These dynamic features are often
closely linked to biological function, particularly in enzymes, signaling proteins, and
intrinsically disordered regions (Mittermaier and Kay 2006; Lu and Yang 2021; Tiwari et
al. 2024; Bouvignies and Kay 2012; Khandave et al. 2024).

An illustrative example of the power of NMR relaxation techniques is their application in
studying complex protein dynamics involving multiple, low-population intermediate states.
In recent studies, NMR relaxation experiments have been employed to investigate
millisecond-timescale interconversion between the folded (ground) state and one or more
transiently populated intermediate conformations (Khandave et al. 2024, 2023; Knoverek
et al. 2021; Madhurima et al. 2023; Rangadurai et al. 2020; Sekhar et al. 2015; Tiwari et
al. 2024). These studies demonstrate that NMR relaxation extends well beyond its
traditional applications, enabling the characterization of dynamic processes that are
otherwise invisible to static structural methods. By employing various NMR relaxation
techniques and analyzing the resulting data, researchers were able to derive quantitative
kinetic models. These models offer critical insights into the folding pathways, energy
landscapes, and functional motions of proteins, highlighting the essential role of NMR
relaxation in understanding biomolecular dynamics at atomic resolution.
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The principles and applications presented above establish the methodological framework
used throughout this work. Based on these foundations, the present study applies NMR-
based approaches to selected protein systems in order to investigate their structural
properties and dynamic behavior under different functional states. The specific research
objectives of this dissertation are presented in the next chapter.

37



38



Chapter Il.

Objectives

39



40



Understanding the mechanisms that govern protein function remains a major challenge
in biomolecular science and is often approached through structural characterization.
However, static structures alone provide a partial description of molecular behavior.
Increasing evidence shows that molecular dynamics play a crucial role in enabling
functional processes. Incorporating information on dynamics is therefore essential to
achieve a more complete understanding of protein function. NMR spectroscopy provides
unique experimental access to both structure and dynamics across multiple timescales,
complementing recent advances in structure prediction methods such as AlphaFold.

In this context, this dissertation aims to characterize the structure of biomolecules and,
primarily, to investigate how molecular dynamics contribute to their structure—function
relationships. To illustrate this across diverse dynamical regimes and molecular sizes, we
studied three systems: class A B-lactamases (TEM-1 and TEM-121), both in their free
form and in complex with a camelid single-domain antibody (VHH or cAbtem13) that inhibits
these B-lactamases; and a mesophilic cold shock protein.

TEM-1 and TEM-121 B-lactamases

B-lactamases constitute one of the most extensively studied enzyme families due to their
central role in antimicrobial resistance and their remarkable evolutionary adaptability
(Bush 2018). The history of B-lactamases closely parallels that of p-lactam antibiotics.
The first B-lactam antibiotic, penicillin, was discovered by Alexander Fleming in 1928 and
rapidly transformed the treatment of bacterial infections. However, even before the
widespread clinical use of penicillin, Fleming observed the existence of bacterial enzymes
capable of inactivating the drug. The first f-lactamase was subsequently characterized in
Escherichia coli by Abraham and Chain in 1940, demonstrating that bacterial resistance
to B-lactam antibiotics could arise through enzymatic degradation. Since then, B-
lactamases have evolved into a highly diverse superfamily comprising thousands of
variants distributed among both Gram-positive and Gram-negative bacteria. Their
continuous diversification under antibiotic selective pressure has made them a paradigm
for studying molecular evolution and the emergence of antimicrobial resistance. B-
lactamases are the primary drivers of bacterial resistance to B-lactam antibiotics; a broad
and clinically essential class that includes penicillins, cephalosporins, monobactams, and
carbapenems (Figure 2.1). These antibiotics exert their bactericidal effect by targeting
penicillin-binding proteins (PBPs), also known as DD-transpeptidases, which catalyze the
final steps of peptidoglycan biosynthesis, a process essential for maintaining bacterial
cell wall integrity (Ghuysen 1991). B-lactamases counteract this mechanism by
hydrolyzing the B-lactam ring of these antibiotics, thereby rendering them inactive before
they can reach their PBP targets (Figure 2.2). The widespread dissemination of [3-
lactamases among bacteria has become one of the major challenges in modern medicine,
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significantly reducing the effectiveness of many frontline antimicrobial therapies. The
emergence of novel B-lactamase variants with expanded substrate spectra or increased
resistance to inhibitors further complicates the treatment of bacterial infections and
highlights the need for a detailed understanding of the molecular mechanisms underlying
enzyme evolution and antibiotic resistance.
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Figure 2.1. Generic structures of the main clinically important B-lactam
antibiotics. The B-lactam core is shown for the principal antibiotic families used in
clinical medicine. Adapted from (Bush and Bradford 2020).

Quter ~ Cytoplasmic
membrane membrane

Porins

Penicillin-
binding
proteins

=gl
1Y

B-lactam
antibiotics

Periplasmic
space

Figure 2.2. B-lactam resistance mechanism in Gram-negative bacteria. 8-/actam antibiotics
enter the periplasmic space through outer membrane porins and target penicillin-binding
proteins at the cytoplasmic membrane. 8-lactamases present in the periplasm hydrolyze the
antibiotics, preventing their interaction with penicillin-binding proteins. Reproduced and digitally
enhanced from Prof. Christian Damblon’s course material
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Based on their amino acid sequence and catalytic mechanism, B-lactamases are
classified into four major classes, designated Ato D according to the Ambler classification
scheme. Classes A, C, and D are serine B-lactamases that hydrolyze 3-lactam antibiotics
through the formation of a covalent acyl-enzyme intermediate involving an active-site
serine residue. The mechanism of active-site serine [-lactamases begins with the
reversible formation of a non-covalent Michaelis complex (ES) between the enzyme and
the B-lactam substrate. This is followed by the nucleophilic attack of the catalytic S70
serine residue on the B-lactam carbonyl carbon, leading to opening of the B-lactam ring
and formation of a covalent acyl-enzyme intermediate (ES*). In the final deacylation step,
a water molecule, activated by the E166 glutamate carboxylate in class A 3-lactamases,
attacks the carbonyl carbon of the acyl-enzyme ester bond, resulting in hydrolysis of the
intermediate, regeneration of the free enzyme, and release of the inactive product
(MATAGNE et al. 1998) (Figure 2.3). In contrast to PBPs, B-lactamases display a rapid
deacylation step, reflected by a high ks value. As a result, the acyl-enzyme intermediate
is transient in B-lactamases, whereas it is much more stable in PBPs (MATAGNE et al.
1998)

Serine B-lactamase Michaelis-Menten Covalent acyl-enzyme Deacylation
+ complex (ES) (ES*)
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Figure 2.3. Catalytic mechanism of active-site serine B-lactamases. The 8-lactam substrate first
forms a non-covalent Michaelis complex with the enzyme, followed by nucleophilic attack of the

H
- o

catalytic serine and formation of a covalent acyl-enzyme intermediate. Rapid deacylation by an
activated water molecule regenerates the free enzyme and releases the hydrolyzed inactive
product. Adapted from (MATAGNE et al. 1998).

Class B enzymes, also known as metallo-B-lactamases, employ one or two zinc ions to
activate a water molecule that directly attacks the B-lactam ring.

Among the different classes, class A B-lactamases are particularly widespread and
clinically relevant (Maharjan et al. 2017; Ranjbar and Alam 2024; O’Neill 2016). Class A
B-lactamases consist of two distinct domains: an all-a-helical domain (the all-a domain)
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and an o/ domain composed of both a-helices and 3-strands (Figure 2.4). The a domain
forms a compact helical region and contains the catalytic serine (S70) which is located at
the N-terminal end of a central a-helix. The a/f domain contains a central -sheet flanked
by a-helices and is formed by sequence segments that are distant in the primary structure
but brought into close proximity in the folded protein. The all-a domain interrupts this a/3-
domain region in sequence, yet in the folded protein the separated a/B segments are
brought together to form a compact domain, highlighting the extensive chain
rearrangement required to assemble the native topology. The active site is located at the
interface between the two domains, where several conserved structural elements,
including the Q-loop and catalytic motifs, contribute to substrate recognition and catalysis.

Figure 2.4. Structural representation of a class A B-lactamase (PDB ID: 1M40). The protein is

shown as a cartoon and colored according to structural regions: the helical all-ac domain is
shown in pale green, the a/8 domain in light blue, the hinge region in pale yellow, and the Q-
loop in light pink. The active-site serine (570) is highlighted in orange, while the conserved SDN
motif is colored in light orange.

One of these elements is the N-terminal region of the first a-helix of the a domain, which
carries the conserved catalytic motif S7T0XXK73. This motif contains the active-site serine
(S70), which initiates B-lactam hydrolysis through the formation of the acyl-enzyme
intermediate during catalysis. Another conserved element is the SDN motif, comprising
S130, D131, and N132, which forms part of the active-site cavity and contributes to
maintaining the proper organization of catalytic residues required for efficient B-lactam
hydrolysis. Within this class, the TEM-1 B-lactamase enzyme stands as a model system.
First identified in Escherichia coli, TEM-1 is one of the most prevalent 3-lactamases in
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Gram-negative bacteria and has been the subject of extensive structural, kinetic, and
biophysical investigations (Bush 2018; Bush and Bradford 2020).

TEM-1 B-lactamase is a valuable model system because it combines a well-characterized
three-dimensional structure and catalytic mechanism with a remarkable capacity for
evolutionary adaptation. This evolvability is exemplified by the emergence of numerous
TEM variants exhibiting altered substrate specificities and resistance profiles. However,
the small structural differences observed among variants often do not fully explain their
divergent catalytic specificities and inhibitor susceptibilities. Increasing evidence
suggests that enzyme function is governed not solely by the ground-state structure, but
also by the distribution and interconversion of conformational substates across multiple
timescales. In this view, mutations may not simply alter active-site geometry; instead, they
may redistribute conformational populations, modulate dynamic exchange processes,
and reshape the underlying energy landscape that governs catalysis and molecular
recognition. This issue is further amplified by the selective pressure exerted by antibiotic
use in clinical, veterinary, and animal-production settings, including the historical use of
antibiotics for growth promotion and productivity enhancement in livestock. Such
practices have contributed to the broader emergence and dissemination of resistant
bacteria, particularly B-lactamase-producing Enterobacterales carrying expanded-
spectrum B-lactamase (ESBL), AmpC, carbapenemase, or inhibitor-resistant TEM (IRT)
determinants. In this context, ESBL/IRT enzymes such as TEM-121 represent clinically
relevant examples of 3-lactamase evolution under antibiotic selection pressure (Smet et
al. 2020; Van Boeckel et al. 2015).

TEM-121 differs from TEM-1 by six amino acid substitutions (Q39K, E104K, R164S,
A237T, E240K, and R244S). The Q39K substitution is not recognized as a canonical
determinant of either the ESBL/IRT characteristics of TEM B-lactamases. In contrast, the
substitutions E104K, R164S, A237T, and E240K are characteristic of ESBL variants and
contribute to the expansion of the substrate spectrum. The R244S substitution, which
affects a residue involved in inhibitor recognition, is associated with reduced susceptibility
to B-lactamase inhibitors and is frequently observed in IRT enzymes. Together, these
substitutions illustrate how a limited number of sequence changes can substantially alter
the functional properties of TEM [(-lactamases and contribute to the emergence of
clinically relevant resistance mechanisms.

The development of 3-lactamase inhibitors provided an important strategy to restore the
efficacy of B-lactam antibiotics against B-lactamase-producing bacteria. Clavulanic acid,
used clinically in combination with amoxicillin as Augmentin (GlaxoSmithKline), was one
of the first successful examples of this approach (Geddes et al. 2007). By irreversibly
inactivating many class A B-lactamases, clavulanic acid offered an effective therapeutic
solution. However, this solution proved to be only temporary, as the subsequent
emergence of inhibitor-resistant and extended-spectrum B-lactamase variants reduced
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the clinical effectiveness of B-lactam/B-lactamase inhibitor combinations (Knox 1995).
This limitation highlights the need for alternative strategies capable of targeting [-
lactamases through mechanisms distinct from classical small-molecule inhibitors. In this
context, antibodies represent valuable molecular tools because they can bind specific
enzyme surfaces with high affinity and may modulate enzyme activity by stabilizing or
perturbing particular conformational states.

Variable heavy-chain domain of heavy-chain antibodies (VHHs) are small, highly soluble
single-domain antibody fragments found in camelids that often bind their targets with high
affinity, frequently in the nanomolar range (K. Conrath et al. 2005; Hoey et al. 2019;
Zavrtanik et al. 2018). Unlike conventional monoclonal antibody fragments, they consist
of a single polypeptide chain, facilitating efficient recombinant production in hosts such
as Escherichia coli and Pichia pastoris. Despite their reduced size, VHHs generally retain
the binding specificity and affinity of the heavy-chain antibodies from which they are
derived. This single-domain architecture also contributes to their high stability, solubility,
and robustness, making them easier to produce and manipulate than multichain antibody
fragments such as Fab or scFv. In contrast, antibody fragments such as Fab and scFv
are composed of two polypeptide chains whose proper assembly and folding may be
compromised in the absence of the structural framework provided by the parental
antibody. Beyond these practical advantages, VHHs are valuable molecular probes
because their small size can allow them to recognize cryptic epitopes or enzyme active
sites that are less accessible to conventional antibodies (Conrath et al. 2005; Hoey et al.
2019; Zavrtanik et al. 2018). Furthermore, the production of multichain antibody
fragments is generally more challenging than that of single-domain VHHs. These
properties make VHHs particularly suitable for both therapeutic applications and
biosensing platforms. The TEM-specific VHH (cAbtem-13) therefore represents a relevant
system to explore this alternative mode of -lactamase inhibition.

In this context, the first objective of this thesis was to investigate the conformational
dynamics of TEM B-lactamases and to determine whether changes in dynamic exchange
processes can help explain functional differences that are not fully rationalized by static
structural comparisons alone. Particular attention was given to two complementary
sources of conformational modulation: resistance-associated mutations, examined by
comparing TEM-1 and the ESBL/IRT variant TEM-121, and VHH (cAbTtewm13) binding,
examined through the TEM-1/cAbtemtz and TEM-121/cAbtem13 complexes. This approach
aimed to assess how both sequence variation and antibody binding modulate the
conformational landscape of TEM B-lactamases and contribute to their altered catalytic,
inhibitory, and resistance-related properties.

This part of the thesis builds upon previous work conducted by Dr. Frédéric Cawez (CIP).
Specifically, we investigate the interaction between TEM B-lactamases and the VHH
(Figure 2.5), first reported by Conrath et al. (2001), which has been shown to inhibit beta-
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lactamase activity (Conrath et al. 2001). The molecular mechanism underlying this
inhibition remains incompletely understood. The X-ray crystallographic structure of the
TEM-1/cAbtem-13 complex, determined by Dr Frédéric Cawez, indicates that cAbTem-13
binds outside the catalytic site and does not induce major structural rearrangements in
the active-site region compared with the free enzyme. These observations suggest that
the inhibitory effect may arise from an indirect mechanism, potentially involving allosteric
modulation or changes in the conformational dynamics of TEM-1.

Figure 2.5. X-ray crystal structure of the TEM-1/cAbrem-13 complex determined by Dr. Frédéric
Cawez. The structure shows the interaction interface between TEM-1 B-lactamase and the
cAbrem-13 VHH, with hydrogen bonds highlighted. The helical all-a domain is shown in pale
green, the a/6 domain in light blue, the hinge region in pale yellow, and the Q-loop in light pink.
The active-site serine (S70) is highlighted in orange, while the conserved SDN motif is colored in
light orange.

Our objective was to gain mechanistic insight into how VHH binding modulates enzyme
function through changes in conformational dynamics processes. To this end, a
complementary and integrative biophysical strategy was employed, combining X-ray
crystallography, molecular dynamics (MD) simulations and NMR relaxation. The
investigation of protein dynamics through NMR relaxation measurements represents a
core objective of this dissertation, enabling quantitative characterization of motions
spanning the picosecond—nanosecond (ps—ns) and microsecond—millisecond timescales
(Ms—ms).

Finallyy, NMR relaxation experiments were employed to compare TEM-1 and the
ESBL/IRT variant TEM-121 in both their free and cAbTtem13-bound states, in order to
elucidate how resistance-conferring mutations exert their effects through modulation of
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conformational flexibility. In particular, this analysis aimed to assess potential alterations
in fast backbone dynamics (ps—ns timescale) as well as in slower conformational
exchange processes (Us—ms timescale), which are frequently associated with functional
transitions, even when only subtle structural differences are observed.

Cold Shock Proteins

While B-lactamases provide a complex and functionally relevant framework to investigate
the relationship between dynamics, mutation, and ligand binding, complementary model
systems with reduced structural complexity offer a well-suited framework. Cold shock
proteins (CSPs) provide such a model, owing to their small size and well-defined
structure. Cold shock proteins (CSPs) constitute a family of small, highly conserved
nucleic acid-binding proteins (Sinchaikul et al. 2002; Zeeb et al. 2006) that are widely
distributed among bacteria and play a central role in the cellular response to temperature
downshift. Typically composed of approximately 70 amino acids, CSPs adopt a compact
five-stranded antiparallel B-barrel fold belonging to the oligonucleotide/oligosaccharide-
binding (OB) fold family. Their nucleic acid-binding activity is mediated by two highly
conserved ribonucleoprotein motifs, RNP1 and RNP2, which enable interactions with
single-stranded RNA and DNA (Figure 2.6).

Figure 2.6. Structural representation of the heptathymidine-binding protein CspA showing
RNP1 (pale green) and RNP2 (light pink). Reproduced from (Wanko Nembot et al. 2026).

Upon cold shock, CSPs act primarily as RNA chaperones, preventing the formation of
stable secondary structures in mRNA that would otherwise impair transcription and
translation at low temperatures (Yan Zhang and Gross 2021; Yonghong Zhang et al.
2022). CSPs are found in psychrophilic, mesophilic, thermophilic, and hyperthermophilic
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organisms. Psychrophilic CSPs function efficiently at temperatures ranging from -1 to
10°C and are commonly found in organisms inhabiting permanently cold environments,
such as sea ice, polar oceans, glaciers, and permafrost soils. Mesophilic CSPs are
adapted to moderate environmental conditions, whereas thermophilic and
hyperthermophilic homologs remain active at temperatures above 60°C and are typically
found in organisms living in high-temperature environments, including hot springs and
deep-sea hydrothermal vents. Despite these differences in thermal habitats, CSPs
generally retain a highly conserved three-dimensional structure and nucleic acid-binding
function. Comparative studies have shown that, despite adaptation to different thermal
environments, CSPs retain a highly conserved overall fold, suggesting that thermal
adaptation is achieved primarily through subtle changes in flexibility, and conformational
dynamics rather than major structural rearrangements.

The second objective of this thesis was therefore to determine a well-defined NMR
solution structure of CspA and to characterize its molecular dynamics across multiple
timescales using advanced relaxation-based NMR approaches, in order to provide
deeper insight into its functional mechanisms.

Leiurotoxin

Peptide toxins are not only valuable pharmacological probes, but have also attracted
considerable interest as therapeutic leads, since several venom-derived peptides or
peptide-inspired molecules have been developed for medical applications (King 2011;
Robinson et al. 2017). Among the peptide toxins known to inhibit SK channels, apamin,
a bee venom peptide, is the most extensively studied and has served as a reference
compound because of its high affinity and selectivity. Several scorpion toxins have also
been identified as potent SK channel blockers, including PO5, TsKapa, Tamapin, and
Leiurotoxin |.

Leiurotoxin | is a potent and highly selective peptide toxin isolated from the venom of the
scorpion Leiurus quinquestriatus. The peptide comprises 31 amino acids, has a molecular
mass of approximately 3.4 kDa, and is amidated at its C-terminus. Its three-dimensional
structure is stabilized by three disulfide bridges connecting Cys3—Cys21, Cys8—Cys26,
and Cys12—Cys28, which confer the characteristic cysteine-stabilized a/p (CS-a/p) fold
found in members of the aKTx5 toxin family. Based on structural and functional
information derived from Leiurotoxin | and PO5, a synthetic analog designated
Leiurotoxin-Dab7 (Lei-Dab7) was subsequently engineered. In this analog, Met7 is
replaced by the unnatural amino acid diaminobutyric acid (Dab). Previous functional
studies have shown that Lei-Dab7 retains high affinity for the hSK2 subtype. Remarkably,
this single amino-acid substitution substantially enhances subtype selectivity, resulting in
a strong preference for hSK2 over hSK1 and hSK3 channels.
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The third objective of this thesis was to determine a well-defined three-dimensional
structure of Leiurotoxin | and its analogue Lei-Dab7 in order to provide structural insights
into their recognition of SK channels. This objective aimed to clarify how subtle sequence
modifications, such as the substitution introduced in Lei-Dab7, influence toxin structure,
toxin—channel interactions, and subtype selectivity. More specifically, these structural
studies were undertaken to provide an atomic-level framework for interpreting their
binding affinities toward the two human SK channel subtypes (hSK2-3), which were
quantitatively characterized by Jean-Luc Hayen.

To achieve these objectives, the dissertation is organized into several parts. First, the
necessary background and methodologies for NMR-based resonance assignment and
three-dimensional structure determination of proteins and peptides are introduced (Part
[I1). This part includes Chapter Ill. NMR-based structure determination of proteins;
Chapter IV. NMR-based structure determination of peptides, and Chapter V. Research
Contributions. Subsequently, the focus shifts to biomolecular dynamics as probed by
NMR relaxation (Part IV). As resonance assignment is a prerequisite for NMR relaxation
analysis and given that some contributions integrate both structure determination and
NMR relaxation, the section on NMR relaxation is presented in Part IV. It begins with an
introduction to NMR relaxation (Chapter VI), followed by the theoretical foundations of
relaxation processes on the picosecond—nanosecond and microsecond—millisecond
timescales (Chapters VIl and VIII, respectively), and concludes with the corresponding
research contributions (Chapter IX). Finally, the dissertation concludes with a general
conclusions and perspectives (Part V).
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NMR-based structure determination of Proteins

Achieving high-resolution structure determination of biomolecules such as proteins using
NMR spectroscopy typically requires the acquisition of a comprehensive and diverse set
of experimental restraints. A process referred to as the standard approach (Billeter et al.
2008; Gronwald and Kalbitzer 2004; Peter Guntert 2009).

Nonetheless, this approach can become significantly more challenging for proteins of high
molecular weight or those with complex topologies, where spectral overlap, signal
broadening, and relaxation effects limit the quality and quantity of extractable data. In
such instances, computational modeling strategies can be employed to augment sparse
NMR datasets with additional structural information, thereby facilitating accurate structure
determination despite experimental limitations.

The following section provides an in-depth overview of the standard NMR-based structure
determination approach.

lll.1. Overview of the standard approach

When NMR spectroscopy was first introduced for protein structure determination in
solution in the early 1980s, the analysis of two-dimensional (2D) spectra was performed
entirely manually, often using large paper plots. As vividly recounted in the memoirs of
pioneers published at Magnetic Resonance in Chemistry (Vol. 41, Issue S1) (Peter
Guntert 2009), rulers were used to verify peak alignment, and assignments, notes, and
annotations were recorded manually in notebooks or directly on the printed spectra. At
the time, only the initial and final stages of the analysis pipeline were computerized,
specifically, the Fourier transformation of raw NMR data and the final calculation of the
3D structure, following unsuccessful attempts at interactive model building guided by
NMR constraints.

Today, although numerous computational tools have been developed to automate many
steps of the classical NMR-based protein structure determination process (see Figure 3.1)
the expertise of a skilled operator remains essential. In the remainder of this dissertation,
we present the workflow for protein structure determination by the standard NMR
approach.
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Figure 3.1. Standard workflow for NMR-based protein structure determination. Adapted from
(Peter Giintert 2009).

lll.1.1. Chemical shifts assignment

Before the recording of multidimensional spectra, the protein NMR sample must be
carefully prepared. As with any analytical technique, sample quality is important in NMR.
However, the purity requirements are generally less stringent than for X-ray
crystallography or cryo-EM. In most cases, uniformly labeled '*C and '°N protein is
overexpressed in a bacterial system, typically Escherichia coli, which is usually grown on
a 13C and "N isotopically enriched minimal medium. Following expression, the protein is
purified and concentrated to obtain an NMR sample of a few hundred microliters, with a
concentration in the millimolar range (typically =2 500 pM). To enhance frequency
referencing and ensure spectral stability, 10% (v/v) D20 is commonly added to the
sample.

Once the sample is prepared, a series of multidimensional NMR experiments is recorded
using the same sample. Each experiment differs by the applied pulse sequence and the
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type of correlation to be detected. These spectra produce experiment-specific signals,
providing insights into the covalent and spatial connectivities between protein atoms.

The acquired spectra are typically classified into three major categories:

1) Triple-resonance (HCN) spectra, used for backbone assignment

2) Side-chain spectra (HHC), used to assign chemical shifts of side-chain atoms

3) NOESY spectra (HHN & HHC), which provide distance restraints critical for 3D
structure calculation.

A. Backbone chemical shifts assignment
Accurate assignment of backbone chemical shifts including "HN, '®N, 13Cq, 13Cg, and '3C’
resonances is a crucial first step in protein structure determination by NMR spectroscopy.
These chemical shift assignments provide the foundation for identifying secondary
structure elements, analyzing protein dynamics, and performing high-resolution 3D
structural calculations.

Traditionally, backbone assignments are achieved through a suite of triple-resonance
NMR experiments, such as HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HN(CA)CO,
and HNCO, typically recorded in combination with a two-dimensional ["°*N-"H]-HSQC
spectrum. These experiments establish through-bond correlations between nuclei within
the same residue and adjacent residues, enabling sequential assignment along the
polypeptide backbone.

The connection between two sequential amino-acids is determined because of a unique
direct coupling interaction between the amide nitrogen, and the Caq of the preceding
amino-acid although separated by two chemical bonds (see Figure 3.2). This unique
coupling pattern is a fundamental characteristic of protein architecture, enabling the
establishment of a sequential pathway that is crucial for assigning backbone resonances
with precision.

Before the assignment process begins, it is essential to identify «real» signals, those
arising from protein atoms and distinguish them from noise and spectral artifacts. This
step, known as peak picking, is typically initiated with the highly sensitive ['°N-"H]-HSQC
spectrum. The peaks identified in this spectrum serve as root resonances, anchoring the
assignment process by providing initial coordinates for further resonance correlations.

Although various software programs offer automated peak picking routines, it remains
common practice to manually pick peaks or refine automatically generated lists through
manual intervention. Popular tools for peak picking include AUTOPSY (Koradi et al.
1998), ATNOS (Herrmann et al. 2002), SPARKY (W. Lee et al. 2015), NMRView
(Johnson 2004), CcpNmr Analysis (Vranken et al. 2005), and XEASY (Bartels et al. 1995).
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Figure 3.2. Through-bond coupling between amide hydrogen, nitrogen, and key backbone
atoms, including Cq(i), Cafi-1), Ce(i), Cs(i-1), C’(i) and C’(i-1).

The primary challenge in peak picking lies in accurately identifying all true peaks,
especially in highly overlapped spectral regions, and in distinguishing real signals, which
arise from atomic nuclei, from noise and spectral artifacts. The quality of the resulting
peak lists has a direct and significant impact on the success of chemical shift
assignments. Missing real peaks from the list may render the assignment of certain atoms
impossible, while the inclusion of spurious or noise-related peaks may lead to erroneous
assignments.

A.1. ['>*N-'H]-HSQC spectrum

The ['®°N-"H]-HSQC experiment correlates the resonances of covalently bound amide
hydrogen and nitrogen atoms and typically yields one cross-peak per amino acid residue
with the exception of proline, which lacks a backbone amide proton. During the
experiment, magnetization is transferred from the amide proton to the directly bonded "°N
nucleus via scalar-coupling. The chemical shift then evolves on the nitrogen dimension,
after which the magnetization is transferred back to the proton for detection (see Figure
3.3). This experiment is the standard entry point for NMR analysis of proteins and provides
a comprehensive overview of "THN-"N correlations. In addition to backbone amide signals,
it also reveals side-chain correlations such as those from tryptophan '*Ne—"He groups
and asparagine/glutamine '®N&-'Hd; and 'SNe-'He, groups. Arginine '’Ne—"He
correlations can also be observed in principle. However, their nitrogen chemical shifts
typically fall outside the standard spectral window, resulting in folded or aliased peaks
(Ikura and Kay 1990).
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Figure 3.3. [*>’N-'H]-HSQC experiments for protein backbone assignment. Atoms that lead to
peaks are encircled in green.

A.2. HNCACB and HN(CO)CACB spectra

The HNCACB and HN(CO)CACB (Whitehead et al. 1997; Wittekind and Mueller 1993)
experiments are among the most commonly used triple-resonance techniques for the
sequential assignment of neighboring amino acid residues. The one-bond and two-bonds
scalar-couplings ("JrnyN, "JH)N-Ca, TJ ca-cp and 2JH)N-( ca-1)) between THN, 18N, and '3Cq or
13Cg nuclei in proteins span a broad range, from approximately ~7 to 95 Hz (Stephan
Grzesiek and Bax 1992; Ikura and Kay 1990; Meissner and Sgrensen 2001; Whitehead
et al. 1997; Wittekind and Mueller 1993). Particularly important for triple-resonance
methodologies are the ~15 Hz one-bond coupling between '3C’(i — 1) and '®N(i) and the
two-bond coupling between *Ca(i — 1) and '"N(i) which varies between 4 and 9 Hz
(Stephan Grzesiek and Bax 1992; Ikura and Kay 1990; Meissner and Sgrensen 2001;
Whitehead et al. 1997; Wittekind and Mueller 1993). These couplings are essential for
correlating nuclei of adjacent residues, enabling sequential connectivity along the
polypeptide chain.

In the HNCACB experiment, magnetization is transferred from the amide proton ('HN) to
the directly bonded '>N nucleus and subsequently from '°N to '*Ca and then to '3Cp via
scalar-coupling. The magnetization then follows the reverse path (see Figure 3.4)
transferring back through '*Ca and °N to the amide proton for detection. As a result, each
amide group gives rise to four peaks in the carbon dimension: two Ca and two Cf signals,
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one set corresponding to the residue at position i, and another to the preceding residue
at position i — 1.

Because magnetization is partially transferred from '3Ca to '3CB, the chemical shift
evolved simultaneously on '*Ca and 3CpB, but with opposite sign due to the additional
transfer for "*CB. Their resonances appear along a single dimension. The chemical shifts
of the other two dimensions correspond to the N and 'HN nuclei of the amide group.

In contrast to HNCACB, the HN(CO)CACB experiment provides signals exclusively from
the preceding residue (i — 1). In this experiment, magnetization is transferred from the
amide proton ('HN) of residue i to the directly bonded '°N, and then only to the carbon
atoms ('®Ca and "Cp) of residue i — 1 via the intervening carbonyl (3CO) group. This
selective transfer occurs because the pulse sequence is designed to pass through the
13CO(i — 1)-"5N(i) coupling (~15 Hz) without involving intra-residue '3C nuclei. This is
achieved by using selective *CO excitation, which ensures that magnetization is routed
specifically through the 3CO(i — 1) spin.

As a result, HN(CO)CACB serves as a filtering experiment, suppressing signals from
residue i and providing a clear spectral fingerprint of only the preceding residue. This
allows for the unambiguous differentiation between intra-residue and inter-residue peaks
when the HNCACB and HN(CO)CACB spectra are interpreted together.

Residuei—1 Residue i Residuei—1 Residue i

Figure 3.4. HNCACB (left) and HN(CO)CACB (right) experiments. Atoms that contribute to
observable peaks in each experiment are color-coded, while the backbone >N and 'HN nuclei
common to all correlations are shown in grey. The peaks in the "strip" and their corresponding
atoms are highlighted in matching colors.

A.3. HNCO and HN(CA)CO spectra

The HNCO (Whitehead et al. 1997) experiment is widely regarded as the most sensitive
among the triple-resonance NMR experiments, primarily due to two key factors: a short
and highly efficient magnetization transfer pathway and reduced relaxation losses
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throughout the coherence transfer steps. In the HNCO experiment, magnetization is
transferred from the amide proton ('HN) to the amide nitrogen (*°N) and then selectively
to the carbonyl carbon ('*CO) of the preceding residue (i — 1) via the N-13CO scalar-
coupling. The magnetization is then transferred back along the same pathway from 3CO
to "N, and finally to "HN for detection. The chemical shift evolved on all three nuclei ('HN,
5N, and 3CO), resulting in a three-dimensional spectrum. Importantly, this experiment
yields a single 3CO peak corresponding to the carbonyl carbon of residue (i — 1) for each
amide group.

In contrast, the HN(CA)CO (Whitehead et al. 1997) experiment is less sensitive because
the transverse relaxation of the Ca nuclei is relatively rapid, and the pulse sequence
requires full transfer of magnetization to Ca, which further contributes to signal loss. It
yields signals from both residue (i) and the preceding residue (i — 1). Here, magnetization
is transferred from 'HN to 5N, then via the one-bond 'N-'3Ca coupling to '*Ca, and
subsequently to *CO via the *Ca-"3CO coupling. For detection, the magnetization is
transferred back along the same path from '3CO to '3Ca, then to N, and finally to "HN.
In this experiment, the chemical shift evolved on 'HN, 5N, and '3CO, but not on 3Caq,
resulting again in a three-dimensional spectrum.

Because the amide "N is scalar coupled to the "*Ca nuclei of both its own residue (i) and
the preceding residue (i — 1), magnetization is transferred to both carbonyl carbons
('3CO), resulting in two '3CO peaks per amide group in the HN(CA)CO spectrum. This
dual observation facilitates more comprehensive sequential assignment by
complementing the residue-specific information obtained from the HNCO experiment.

Residuei—1 Residue i Residuei—1 Residue i

Figure 3.5. HNCO (left) and HN(CA)CO (right) experiments. Atoms that contribute to observable
peaks in each experiment are color-coded in blue and green, while the backbone *°N and *H"
nuclei common to all correlations are shown in grey. The peaks in the "strip" and their
corresponding atoms are highlighted in matching colors.
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A.4. Standard backbone chemical shift assignment

Nowadays, the standard protocol for backbone chemical shift assignment in proteins
involves a combination of three-dimensional triple resonance NMR experiments and a
two-dimensional ['"®°N-"H]-HSQC spectrum. Since triple resonance experiments correlate
the backbone amide proton ('HV) and nitrogen ('®N) signals with carbon resonances,
most commonly 3Cq, '3Cg, or '3C’, the cross-peak positions from the ['°N-"H]-HSQC can
be used to extract 2D slices from the 3D spectra for analysis (see Figure 3.6).
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Figure 3.6. Standard 3D triple resonance experiments for protein backbone assignment.

The amino acid type of a residue can often be inferred based on its characteristic Ca and
Cp chemical shifts (see Figure 3.7) which are distinct and specific to certain amino acid
types. In particular, glycine (Ca ~ 45 ppm), threonine (Cg ~ 70 ppm), serine (Cg ~ 60 ppm),
and alanine (Cg ~ 20 ppm) exhibit distinct chemical shift signatures and are often used as
starting points for the matching process.

The subsequent step is the sequence-specific assignment, where each set of NMR
signals (i.e., spin system) is mapped to a unique position in the protein's amino acid
sequence. This is accomplished by combining complementary experiments that correlate
the "HN-9N signals of residue i either:

e to carbon resonances of residue (i — 1), as in HN(CO)CACB and HNCO,
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e to carbon resonances of both residue (i — 1) and residue (i), as in HNCACB and
HN(CA)CO.
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Figure 3.7. Ca and C8 BMRB chemical shift statistics. 29th July 2025.

This pairing allows for the distinction between intra-residue and inter-residue correlations.
By comparing two such spectra, one can determine which peaks are shared (intra-
residue) and which are unique to one spectrum (inter-residue). This comparative
approach enables the linking of sequential spin systems, thereby building stretches of
assigned residues along the sequence (see Figure 3.8).

Residues are mapped to the sequence by confirming agreement between their chemical
shifts and amino acid type. Proline residues, which lack amide protons and are thus
absent from ['°N-"H]-HSQC-based spin systems, must be assigned indirectly, using inter-
residue correlations from adjacent spin systems: assuming that a proline residue is at
position i — 1, the Cq and Cpg atoms of proline will appear at the position corresponding to
(i—1) in the HNCACB and HN(CO)CACB spectra in the correlation of the preceding
residue at position i.

For many applications, backbone assignment alone provides sufficient information to
address key biological questions. The identification of backbone amide resonances
enables chemical shift perturbation (CSP) studies, which are widely used to map protein—
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ligand or protein—protein interaction sites with residue-level resolution. Similarly,
backbone assignments form the foundation for relaxation measurements, allowing
characterization of internal motions, conformational exchange, and overall molecular
dynamics. Even in the absence of complete side-chain assignments or a full 3D structure,
backbone chemical shifts offer a robust framework for probing conformational changes,
binding interfaces, and dynamic properties, making them an indispensable resource in
modern biomolecular NMR studies.
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Figure 3.8. Backbone sequential assignment.

After completing the sequence-specific backbone assignment, the next step involves
assigning the chemical shifts of the side-chain nuclei, which are essential for full structural
characterization and subsequent distance restraint analysis.

B. Side chains chemical shift assignment
The chemical shift assignment of side-chain nuclei is a crucial step toward completing
resonance assignments and preparing for structure calculation. The side-chain
assignment in NMR spectroscopy refers to the process of identifying the resonances of
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the non-backbone atoms of a protein or peptide, namely, the side-chain protons and side-
chain carbons. Unlike backbone assignment, which focuses on the core structure (amide
protons, Cq, and Cg), side-chain assignment involves detecting and correlating
resonances from the functional groups attached to the Cg atoms. Here's an overview of
the principle behind side-chain assignment in NMR spectroscopy.

The chemical shift assignment of side-chain nuclei is typically achieved using
experiments that correlate the amide "HN and '°N signals of residue i with the side-chain
nuclei of the preceding residue (i — 1), as well as intra-residue atoms.

Two commonly used experiments for this purpose are HBHA(CO)NH (Moy et al. 1995)
and C(CCO)NH (S. Grzesiek et al. 1993; Moy et al. 1995). The HBHA(CO)NH experiment
enables the identification of 'H® and 'HP protons of residue (i —1) by transferring
magnetization from the amide group to the a and B protons via the intervening '3C’
nucleus (see Figure 3.9). Similarly, the C(CCO)NH experiment provides access to the
aliphatic carbon chemical shifts of the preceding residue (i—1) by transferring
magnetization through the carbonyl carbon to side-chain carbons.
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Figure 3.9. HBHA(CO)NH (left) and C(CCO)NH (right) experiments. Atoms that contribute to
observable peaks in each experiment are color-coded, while the backbone >N and 'HN nuclei
common to all correlations are shown in grey.

While the C(CCO)NH experiment is valuable for accessing side-chain carbon
resonances, its sensitivity is limited, particularly when magnetization transfer involves a
longer pathway across multiple atoms. The presence of many scalar-couplings in such
pathways can lead to signal attenuation, weakening the overall sensitivity. Therefore,
offers limited coverage of intra-residue side chains.
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To overcome these limitations and achieve comprehensive intra-residue side-chain
assignments, HCCH-TOCSY-type experiments such as H(C)CH-TOCSY and (H)CCH-
TOCSY (Bax etal. 1990; Fesik et al. 1990) are employed. These experiments use TOCSY
(Total Correlation Spectroscopy) spin-lock mixing to distribute magnetization among all
scalar-coupled aliphatic protons or carbons within the same residue, making them
especially effective for assigning branched or extended side chains but not aromatics.
Spin-lock fields do not distribute magnetization to aromatic carbons because their
resonance frequencies (~110-170 ppm) lie far outside the frequency range addressed by
the spin-lock (~0-70 ppm). As a result, aromatic carbons are effectively excluded from
the magnetization-transfer pathways.

Spin-lock is an NMR technique in which spin magnetization is kept “locked” away from
the influence of the static magnetic field Bo. Instead of precessing around Bo, the spins
precess around the applied RF-field, where they experience a much weaker effective
magnetic field, allowing magnetization to evolve under slow interactions such as scalar-
couplings and enabling magnetization transfer.

(H)ICCH-TOCSY & H(C)CH-TOCSY are 3D experiments that by transferring
magnetization through all carbons within an aliphatic carbon bound chain, allow
correlation of all scalarly-coupled CH groups within the aliphatic side chain of the same
amino acid. (H)CCH-TOCSY provides '*C chemical shift of all connected CH and
H(C)CH-TOCSY provides 'H chemical shift of all connected CH. These experiments are
particularly useful in cases of proton resonance overlap, as they spread the correlations
into the carbon dimension, thereby enhancing spectral resolution.

Because TOCSY-based experiments correlate '*C—"'H pairs within a residue, they rely on
the ['3C-"H]-HSQC spectrum to provide root resonances as starting points for building full
spin systems. The initial assignment of these root resonances (particularly Co—H® and Cg—
HB cross-peaks) is derived from backbone assignment and HBHA(CO)NH experiments,
which provide chemical shifts for the same atoms through 'H-'°N-based correlations.
Once these entries are matched, sidechain TOCSY experiments can expand from these
points to identify the remaining aliphatic resonances within each residue.

Following the complete or near-complete assignment of aliphatic side-chain nuclei, the
next step in the resonance assignment workflow involves the identification of aromatic
side-chain resonances. Aromatic residues such as phenylalanine (Phe), tyrosine (Tyr),
tryptophan (Trp), and histidine (His) contain ring systems with characteristic chemical
shifts and coupling patterns, which can be exploited using dedicated NMR experiments.

Aromatic sidechain atoms cannot be connected to aliphatic atoms using carbon-carbon
TOCSY because TOCSY relies on through-bond carbon-carbon correlations within a
single spin system, involving carbons within the same chemical environment. Aromatic
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and aliphatic carbons, however, present very different chemical shift that do not permit
spin-locking

Aromatic proton and carbon resonances are typically assigned using 2D experiments
specifically designed to correlate the protons and carbons within the aromatic rings. The
most commonly employed experiments for this purpose are: HB(CB)(CGCD)HD and
HB(CB)(CGCDCE)HE (Yamazaki et al. 1993). In these experiments, the atoms in
brackets are not observed but are involved in magnetization transfer, allowing the
correlation between the observed nuclei. These two-dimensional experiments are
extensions of the aliphatic backbone correlation schemes and utilize aliphatic and
aromatic carbon selective excitation to achieve a polarization transfer.

e HB(CB)(CGCD)HD experiment correlates the H® protons to the H® protons in the
aromatic ring via sequential magnetization transfer through the Cg, Cy, and Cs
carbon atoms.

e HB(CB)(CGCDCE)HE further extends this pathway to H¢ protons, passing through
Ce.

These experiments allow for the intra-residue identification of ring protons by exploiting
the unique scalar-coupling networks in aromatic systems. Importantly, these experiments
benefit from prior aliphatic assignments, particularly of the H® and Cg nuclei, as starting
points for magnetization transfer.

Once the aromatic ring proton and carbon chemical shifts have been identified via the
above 2D correlation experiments, they are typically confirmed and cataloged using the
['3Caro-"H]-HSQC spectrum. This two-dimensional heteronuclear experiment provides a
direct readout of all CH groups in the aromatic region, offering high resolution and
sensitivity. The assignment process involves mapping the peaks observed in
HB(CB)(CGCD)HD and HB(CB)(CGCDCE)HE experiments to the ['3Caro-'H]-HSQC
spectrum. This mapping ensures that each CH group in the aromatic ring is uniquely
assigned and cross-validated.

The successful assignment of side-chain aromatic resonances is heavily dependent on
the quality and completeness of aliphatic side-chain assignments, particularly of the HP
and Cg nuclei. These atoms serve as entry points for the magnetization transfer into the
aromatic ring. Moreover, combining these 2D aromatic experiments with high-resolution
['3Caro-H]-HSQC spectra allow for a robust and comprehensive approach to the
assignment of aromatic residues, which is essential for interpreting NOE patterns for
three-dimensional structures calculation.
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C. Assignment of large proteins

Standard triple resonance experiments used for chemical shift assignment are highly
effective for proteins up to approximately 100 kDa (Lian and Barsukov 2011; Zhu and Yao
2008; Abramov et al. 2020) in molecular weight. However, as protein size increases, two
major limitations arise:

e Relaxation effects due to slower molecular tumbling of larger molecules, which
significantly reduce the efficiency of magnetization transfer between nuclei. As a
result, relaxation effects reduce signal intensity and increase signal linewidth.

e Spectral overlap, which becomes increasingly problematic in large proteins,
making peak identification and assignment challenging.

Due to these constraints, standard assignment protocols become less effective for large
proteins. To address these issues, several alternative strategies have been developed
and successfully implemented in the study of high molecular-weight proteins (Lian and
Barsukov 2011; Zhu and Yao 2008).

In the following section, two common key approaches are presented, each designed to
overcome the challenges posed by increased molecular size and to extend the
applicability of NMR-based assignments to larger biomolecules.

C.1. Deuteration: isotopic labeling to reduce relaxation losses

The first strategy to mitigate the challenges associated with large protein NMR studies is
selective isotopic labeling, and more specifically, protein deuteration. In fully protonated
proteins, the high abundance of protons and their large gyromagnetic ratio make them
the primary source of relaxation, which affects 'H ,’3C and "N nuclei. This cross-
relaxation, primarily responsible for the Nuclear Overhauser Effect (NOE), accelerates
transverse relaxation (R:) and leads to faster signal decay and ultimately reducing
spectral sensitivity and resolution (Pervushin et al. 1997) because of increasing
linewidths. To clarify, NMR relaxation reflects the return of nuclear spin magnetization
toward equilibrium through interactions with fluctuating local magnetic fields arising from
the surrounding molecular environment. Longitudinal relaxation (R1) describes the
recovery of magnetization along the static magnetic field (z-axis), whereas transverse
relaxation (Rz2) characterizes the decay of magnetization in the plane perpendicular to the
field due to dephasing caused by these local field fluctuations. In contrast, the cross-
relaxation process involves interactions between two different nuclei, typically those that
are spatially close within 5 A of each other. This is observed in the NOESY experiment,
which measures these interactions through population transfer.

To counteract this, proteins can be expressed in deuterated media to yield partially
deuterated samples (75-85%), where most non-essential protons for {"®*N}-based NMR
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study are replaced by deuterium. Because deuterium (°H) possesses a gyromagnetic
ratio approximately six times lower than that of 'H, it contributes significantly less to
dipolar coupling interactions. This reduction leads to a six-fold decrease in dipolar
relaxation contributions, effectively minimizing Rz relaxation and improving overall signal
lifetimes and resolution (decreasing of the linewidth).

While deuteration significantly reduces relaxation losses and improves spectra for larger
proteins, it may not, by itself, fully address the problem of spectral overlap or guarantee
sufficient signal resolution. Therefore, complementary strategies are often required to
further enhance the quality of NMR data for high molecular-weight proteins.

C.2. Transverse relaxation optimized spectroscopy (TROSY)

The second strategy is using an experiment known as Transverse Relaxation Optimized
Spectroscopy (TROSY) which was developed to ease the study of large proteins with
NMR. The name of this experiment originates from the fact that it optimizes transverse
relaxation by using the destructive interference of two phenomena that lead to relaxation:
the chemical shift anisotropy (CSA) and dipole—dipole coupling (DD). This is possible for
proteins because CSA and DD coupling give contributions of similar amplitudes but of
opposite signs for the 'H-""N of the peptide bond and can in some conditions cancel
relaxation out (Zhu and Yao 2008). To understand how DD and CSA are averaged out
during relaxation in a TROSY experiment, let's consider an isolated 'H-'°N spin pair for
simplicity.

In the case of a small protein undergoing fast tumbling, the conventional ['H-">°N]-HSQC
spectrum, recorded without decoupling of these spins, will typically show four signals,
each corresponding to the individual multiplet components, as illustrated in Figure 3.10.
(a). In this scenario, the CSA and DD couplings do not contribute significantly because
they are averaged out to zero due to the rapid tumbling of the molecule in solution
(Cavanagh, J et al. 2006; Bax and Grzesiek 1993).

For simplicity and clearer analysis of heteronuclear correlations, the conventional ['H-
1SNJ-HSQC spectrum is often recorded with decoupling, which removes the splittings
caused by coupling between proton and nitrogen (Freeman and Kuple 1997).
Additionally, decoupling enhances sensitivity by consolidating the intensity of a multiplet
into a single peak (see Figure 3.10. (b)).
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Figure 3.10. None-decoupled and decoupled [1H->N]-HSQC of an isolated spin pair. (a) None-
decoupled [1H-*N]-HSQC. (b) Decoupled [1H->N]-HSQC. Adapted from (Fernandez 2003;
Pervushin et al. 1997)

In the case of large proteins (> 25 kDa) (Loria et al. 1999; Salzmann et al. 1998) that
undergo slow tumbling, DD and CSA have a dominant impact (Pervushin et al. 1997),
increasing transverse relaxation rates and leading to peak broadening and loss of
resolution. The interference between DD and CSA can be either additive (CSA + DD) or
subtractive (CSA — DD ). In the latter case, the transverse relaxation is reduced
(Fernandez 2003; Loria et al. 1999; Pervushin et al. 1997; Salzmann et al. 1998; Zhu and
Yao 2008). More specifically, in a conventional ['H-'N]-HSQC spectrum without
decoupling for such large proteins, the four peaks from an isolated 'H-"°N spin pair will
have different linewidths, directly demonstrating the relaxation interference (see Figure
3.11 (a)).

In ['"H-"°N]-HSQC, decoupling removes 'H-'SN coupling by inverting passive spin state
faster than the scalar-coupling. As a result, each 'H-'>N pair appears as a single
resonance in the 2D spectrum, located at the chemical shift of the proton and that of the
nitrogen, with a linewidth that reflects the average of the individual linewidths of the
coupled spins. However, even in the presence of decoupling, spectral resolution remains
limited for large molecular systems due to increased transverse relaxation rates (see
Figure 3.11 (b)), as discussed above.
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The TROSY technique selects the least-relaxing component by exploiting subtractive
interference (CSA — DD), thereby reducing the transverse relaxation rate and improving

spectral resolution (see Figure 3.11 (c)).
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Figure 3.11. [1H-1*N]-TROSY-HSQC spectrum for an isolated spin pair in large protein. (a)
None-decoupled [*H->N]-HSQC spectrum. (b) Decoupled [*H-*>N]-HSQC spectrum. (¢) [*H-*°N]-
TROSY-HSQC spectrum.

TROSY reduces the transverse relaxation in multidimensional experiments and hence
enables the assignment of proteins of more than 100 kDa (Lian and Barsukov 2011; Zhu
and Yao 2008; Abramov et al. 2020). A set of TROSY-based experiments (Zhu and Yao
2008), based on the same assignment strategy as the standard triple-resonance
experiments for backbone assignment as well as TOCSY-TROSY are available (Zhu et

al. 1999).

ll.1.2. NMR restraints for structure calculation
Once the chemical shifts of nuclei have been accurately assigned, several types of

structural restraints can be derived to aid in NOESY peak assignment and structure
calculation such as angular and J-coupling restraints.

A. Angular restraints

Angular restraints are particularly valuable for defining the local geometry of the protein
backbone. Backbone chemical shifts are highly sensitive to the local conformation,
particularly the ¢ (phi) and ¢ (psi) backbone torsion angles. This correlation allows for
the extraction of angular restraints based on observed chemical shifts. Programs such as
TALOS, TALOS+, and TALOS-N (Cornilescu et al. 1999; Shen and Bax 2013; Shen et al.
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2009) implement this approach by predicting backbone torsion angles using the chemical
shifts of Ca, Ha, CB, C', N, and HN atoms.

The prediction process relies on a database of tripeptide fragments derived from high-
resolution 3D protein structures with experimentally assigned chemical shifts. The query
residue’s chemical shifts and sequence context are matched against this database.
Subsequently, a neural network-based filtering step is applied to refine the matches and
assess their consistency. When the predictions from multiple database matches
converge, reliable estimates of the ¢ and  torsion angles are extracted for the residue
in question. These predicted torsion angles are then used as angular restraints during
structure calculation.

Importantly, such angular restraints significantly enhance the accuracy and reliability of
NOESY assignment. By restricting the conformational space in which NOEs are
interpreted, they help disambiguate cross-peaks and improve convergence during 3D
structure determination.

B. J-coupling restraints

The local magnetic field experienced by a nucleus is influenced by nearby nuclei to which
it is covalently bonded. For scalar-coupled nuclei, each spin-1/2 nucleus can adopt two
spin states (a and B) (Protein NMR Spectroscopy 2006) giving rise to four possible
combinations (aa, af, Ba, BB). These states correspond to slightly different energy levels,
leading to the splitting of NMR signals into multiplets (Macomber 1995). The magnetic
interaction responsible for this splitting, known as J-coupling (or scalar coupling), is
transmitted through the bonding electrons and arises primarily from the Fermi contact
interaction, with smaller contributions from other mechanisms such as interaction
between electron spin magnetic moments and nuclear spins. J-coupling manifests itself
as a splitting of the resonance signal of the nucleus being observed. When a nucleus is
coupled to multiple covalently bonded neighbors, each additional coupling causes further
splitting of the signal. The magnitude of this splitting is characterized by the coupling
constant, denoted as "Jax, where n refers to the number of bonds between nuclei A and
X. These coupling constants are measured in Hertz (Hz) and are notably independent of
the external magnetic field strength (G. A. Morris 1997).

Among the different types of couplings, three-bond (3J) couplings are especially
informative in protein NMR, as they are sensitive to the dihedral angles between the
interacting nuclei. For instance, the 3Ju", Ha coupling constant is directly correlated with
the ¢ torsion angle of the protein backbone through the Karplus equation (Martin Karplus
1959). However, due to the multivalued nature of this relationship, a single coupling
constant may correspond to multiple possible ¢ angles. Measurement of J-coupling
constants is achieved through specialized NMR experiments, such as IPAP (In-
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Phase/Anti-Phase) (Ottiger et al. 1998), which allows accurate quantification of scalar-
couplings by separating components of doublets into different phases. However, 3JHnN)-Ha
couplings are more commonly obtained from HNHA-type experiments (Stephan Grzesiek
and Delaglio, n.d.), where the coupling is derived from peak-intensity ratio.

These J-coupling-derived angular restraints, when combined with those obtained from
chemical shift-based prediction (e.g., TALOS), provide complementary and reinforcing
constraints that improve the accuracy of structure calculations and help guide NOESY
peak interpretation.

lll.1.3. NOEs assignment and structure calculation

The determination of protein structures by NMR spectroscopy relies on distance restraints
derived from NOESY (Nuclear Overhauser Effect Spectroscopy) experiments. These
restraints are based on the detection of the Nuclear Overhauser Effect (NOE), a physical
phenomenon resulting from dipolar interactions between spatially proximate hydrogen
nuclei ('H), typically within 5 A.

Unlike scalar-couplings, which reflect through-bond connectivity, NOEs provide through-
space information that is essential for mapping the three-dimensional spatial arrangement
of atoms in a protein. This makes NOE-derived restraints the most direct source of
interatomic distances in solution-state NMR structure determination.

In NOESY spectra, these interactions manifest as cross-peaks, with intensities
approximately proportional to the inverse sixth power (1/r°) of the distance between the
interacting protons (r), based on the isolated two-spins. However, due to phenomena
such as spin diffusion (magnetization transfer across the molecule), relaxation, and
spectral overlap, the quantitative interpretation of NOE intensity is limited. As such, each
cross-peak is interpreted as providing an upper bound on the inter-proton distance (Levitt
2013).

To translate NOESY cross-peak intensities into usable distance restraints, a calibration
constant specific to the spectrum must be determined. This enables the conversion of
NOE intensities into semi-quantitative spatial constraints, which are then used in
computational structure calculation algorithms.

To optimize NOE detection across different proton environments within the protein, three
types of 3D heteronuclear-edited NOESY experiments are commonly employed:

e 'SN-NOESY-HSQC (Marion, Driscoll, et al. 1989; Marion, Kay, et al. 1989;
Zuiderweg and Fesik 1989): targets interactions involving backbone amide protons
and nearby protons; essential for mapping long-range contacts involving the
protein backbone.

73



NMR-based structure determination of Proteins

e '3Cali-NOESY-HSQC (Marion, Driscoll, et al. 1989; Marion, Kay, et al. 1989;
Zuiderweg and Fesik 1989): focuses on aliphatic side-chain proton interactions
through '3C editing; provides detailed information about sidechain packing and
methyl group environments.

e 13Caro-NOESY-HSQC (Stanek et al. 2013): designed to detect NOEs involving
aromatic to aliphatic side-chain protons; particularly useful for assigning Phe, Tyr,
Trp, and His residues and understanding their role in tertiary structure.

Together, these experiments provide comprehensive coverage of NOE interactions
throughout the protein structure, enabling accurate and convergent 3D structure
calculations when integrated with chemical shift assignments and angular restraints.

Once NOESY spectra have been recorded, the next critical step in NMR structure
determination involves the assignment of NOE cross-peaks to specific atom pairs. Each
assigned cross-peak provides an inter-proton distance restraint, which constitutes a
central input for three-dimensional structure calculations. During this NOE assignment
process, observed cross-peaks are correlated with atom pairs based on previously
determined chemical shifts. Ideally, the position of each cross-peak in the spectrum would
allow for a straightforward and unambiguous assignment. However, in practice, chemical
shift overlap especially in larger or structurally complex proteins frequently leads to
multiple possible assignment candidates for a given peak.

To address this ambiguity, several computational strategies have been developed and
implemented in automated NOE assignment algorithms. Among the most effective and
widely adopted solutions are the following three core concepts:

A. Network Anchoring

Network anchoring (Herrmann et al. 2002; Peter Guntert 2004; Peter Gulntert and
Buchner 2015) is employed to evaluate the likelihood of each assignment based on its
consistency with neighboring, previously assigned atoms. For instance, if residue i has
been reliably assigned, then plausible cross-peaks for residues i —1 and i +1 will
support and reinforce its assignment. This strategy is a key component of the CYANA
program.

B. Ambiguous Distance Restraints (ADR)

Originally proposed by Michael Nilges and first implemented in the software ARIA (Linge,
Habeck, et al. 2003; Rieping et al. 2007), ambiguous distance restraints (Herrmann et al.
2002; Peter Guntert 2004; Peter Giintert and Buchner 2015) allows multiple assignment
possibilities to be retained rather than prematurely discarded. In this framework, a cross-
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peak is treated as a superposition of potential assignments, and a distance restraint is
applied to the sum of their NOE intensities. As long as the correct assignment is present
among the candidates, the resulting structural model will still satisfy the distance
constraint.

C. Constraint Combination

Constraint combination (Herrmann et al. 2002; Peter Guntert 2004; Peter Guntert and
Buchner 2015) generates composite ambiguous restraints for groups of peaks that could
result from multiple assignments. These constraints are fulfilled if at least one of the
assignments is correct, thereby reducing the risk that incorrect or overlapping signals will
distort the final 3D structure.

By applying these strategies, automated NOE assignment becomes feasible, even for
large proteins with high spectral complexity. Programs such as FLYA (Peter Guntert
2009), CYANA (Peter Guntert 2004; Peter Guntert and Buchner 2015), ARIA (Linge,
Habeck, et al. 2003; Rieping et al. 2007), and Xplor-NIH (Schwieters et al. 2003)
incorporate at least one of these techniques to enhance robustness, minimize user
intervention, and increase the accuracy of the derived structures.

Once a comprehensive list of interproton distance restraints has been established from
NOESY spectra, the three-dimensional structure of the protein can be computed. This
process involves the generation of spatial models that satisfy all experimental constraints,
particularly the distances inferred from NOE cross-peaks. Several software packages
have been developed for NMR-based structure calculation, including:

e FLYA (fully automated structure determination algorithm)

e CYANA (Combined Assignment and Dynamics Algorithm for NMR Applications),
formerly known as DYANA (DYnamics Algorithm for Nmr Applications) (P. Glntert
et al. 1997) and DIANA ( Distance Ange Dynamics for NMR Applications) (Peter
Guntert et al. 1991),

¢ ARIA (Ambiguous Restraints for Iterative Assignment) (Linge, Habeck, et al. 2003;
Rieping et al. 2007),

e Xplor-NIH (Schwieters et al. 2003)

e CNS (Crystallography & NMR System) (Brunger et al. 1998), an evolution of X-
PLOR (“X-Plor Version 3.1: A System for X-Ray Crystallography and NMR” 1993).

Among these, CYANA has become one of the most widely used tools for NMR structure
determination, largely due to its integrated pipeline for automated NOE assignment and
iterative structure refinement.
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In CYANA, the structure determination is carried out through seven iterative cycles that
alternate between NOE assignment, structure calculation and NOE assignment
evaluation (Figure 3.12). In each cycle, an initial structural model is generated using the
current set of distance restraints derived by the CANDID algorithm (Herrmann et al.
2002). A crucial step involves the initial assignment of NOESY cross-peaks to candidate
atom pairs (cycle 1). For each observed cross-peak, CYANA compares its spectral
coordinates with all possible proton-proton pairs for which chemical shifts have been
assigned and network-anchoring, retaining those that fall within a user-defined chemical
shift tolerance window.

Protein sequence
Chemical shift list
Positions and volumes of
NOESY cross peaks

Find new NOE

/ assignments \

Evaluate NOE 3D structure
assignments calculation

“~—

Seven iterative cycles
followed by a final structure
calculation

NOESY cross peak assignment
3D Structure calculation
Calculation Statistics and
Validation Scores

Figure 3.12. General workflow of automated NOESY assignment combined with structure
calculation using CYANA. Adapted from (Peter Giintert 2004)
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This procedure forms the basis of the initial peak list annotation. Angular restraints are
very helpful at this stage. This stage is critical for the success of the iterative NOE
assignment and structure calculation process in CYANA. A well-chosen tolerance range
ensures that:

e True NOE interactions are included among the candidate assignments,

e False-positive matches due to overlapping chemical shifts are minimized, and

e The algorithm retains enough flexibility to resolve ambiguities in subsequent cycles
using internal validation strategies like network anchoring.

If the tolerance is set too narrowly, many genuine interactions may be excluded from
consideration, leading to insufficient structural information and failure to fold the protein
correctly. On the other hand, overly broad tolerances increase assignment ambiguity,
which can degrade structure quality by allowing incompatible or incorrect restraints to
influence the optimization process.

The CANDID module within CYANA handles this initial assignment and is designed to
update and refine NOE assignments over multiple cycles of structure calculation. During
each cycle, intermediate structures are used to evaluate the plausibility of each candidate
assignment based on geometric consistency with previously validated restraints. This
iterative refinement improves both the accuracy of the NOE assignment and the
convergence of the final structure ensemble.

In summary, the proper definition and handling of initial NOE cross-peak assignments in
CYANA constitute a cornerstone of successful NMR-based structure determination,
balancing the need for completeness and specificity in a chemically and geometrically
consistent manner. The resulting structure is then used to refine NOE assignments and
improve the selection of relevant cross-peaks in the next iteration. This iterative approach
greatly enhances the consistency and convergence of the final structural ensemble.

The core of the structure calculation process involves simulated annealing using
molecular dynamics in torsion angle space. This method explores conformational space
by minimizing a potential energy function, which incorporates:

e Distance restraints from NOESY-derived interactions,
e Dihedral angle restraints

e Hydrogen bond restraints, and

e Arepulsive term to prevent atomic overlap.

Additional orientational restraints, for instance, from residual dipolar couplings (RDCs)
may also be integrated to further refine the model. RDCs arise when molecules
experience partial alignment in the static magnetic field, leading to incomplete averaging
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of DD interactions and providing long-range angular information about internuclear
vectors relative to the static magnetic field.

Together, these restraints guide the folding of the protein into a structure that is both
physically plausible and in agreement with the experimental NMR data.

After the iterative NOE assignment and structure calculation cycles, the final structure
calculation is carried out in CYANA using the refined and validated list of unambiguous
and ambiguous distance restraints. At this stage, no further NOE assignments are made;
instead, the program focuses on generating a high-quality ensemble of 3D conformers
that satisfy all experimental constraints as closely as possible.

The final calculation relies on simulated annealing in torsion angle space, a robust
optimization method that minimizes a target function composed of:

e NOE-derived distance restraints,
e Dihedral angle restraints (e.g., from TALOS-N predictions),
e Van der Waals repulsion terms to prevent atomic clashes.

Typically, CYANA generates 100-200 trial structures, from which the 20 conformers with
the lowest target function values (i.e., best agreement with the input restraints) are
selected to form the final structural ensemble (Figure 3.13). These conformers are
considered equally valid representations of the protein's solution-state structure and
together illustrate the conformational precision and flexibility inherent in NMR-derived
models.

Figure 3.13. Ribbon representation of NMR solution Structure of Cold Shock Protein CspA.
Each structure in the ensemble is evaluated based on several quality criteria, including:

e The number and magnitude of NOE violations,
e RMSD (Root Mean Square Deviation) within the ensemble,
e Ramachandran plot statistics for backbone geometry,
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e Clash scores and torsion angle outliers, and
e Consistency with experimental data (e.g., completeness of assignments and
restraint satisfaction).

The final structure ensemble produced by CYANA represents a set of conformations
consistent with the experimental restraints and the precision of the structure
determination. Ultimately, NMR-based structure determination with CYANA exemplifies
the synergy between experimental precision and computational rigor, enabling the
elucidation of atomic-resolution structures of proteins in their native environments
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Chapter IV.

NMR-based structure determination of Peptides
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Peptide have attracted considerable interest over several decades as powerful and often
highly selective probes of the structure and function of ion channels and receptors. These
properties have made them valuable leads for drug development (Verdes et al. 2016;
Sanchez-Campos et al. 2022), and indeed, several venom-derived peptides have been
successfully developed into therapeutics for the treatment of conditions such as
hypertension, type 2 diabetes, neuropathic pain, and others (King 2011; Schmidtko et al.
2010).

NMR spectroscopy has played a key role in elucidating the structures of peptide toxins in
solution, under near-physiological conditions, and in probing their structure and function
relationships. Unlike X-ray crystallography, which requires crystallization, a process that
remains a significant bottleneck, solution-state NMR enables structural analysis without
this constraint, making it particularly well-suited for the study of small, flexible peptides.

This chapter focuses on the application of solution-state NMR to the structural
characterization of peptides. It discusses the requirements for sample preparation, the
types of NMR experiments commonly used to obtain structural restraints, and
methodological considerations specific to peptides containing non-canonical amino acids.

IV.1. Overview of the standard approach

Peptides are typically composed of 10 to 60 amino acids and are often stabilized by
multiple disulfide bonds. They sometimes also incorporate non-canonical amino acids.
They represent a structurally diverse and biologically potent class of molecules. Due to
their small size, high rigidity, and good solubility, these peptides are well-suited for
structural elucidation using solution-state NMR spectroscopy. Since isotopic labeling of
peptides is often cost-prohibitive (Desai et al. 2022), their structures are typically
determined at natural isotopic abundance. Therefore, the main differences between
NMR-based protein structure determination and peptide structure determination lie in
three key areas:

e The assignment of chemical shifts,
e The structural characterization of non-canonical amino acids
e The identification and pairing of disulfide bonds.

1.1.1. Chemical shifts assignment

Peptides are obtained either by chemical synthesis (Cepeda et al. 2019) or purification
from natural sources, including organisms such as bacteria, plants, animals, and venoms
from various sources (Siigur and Siigur 2022; Fosgerau and Hoffmann 2015). A
prerequisite for structure determination is a sample that is highly pure, soluble, and
conformationally stable. NMR spectroscopy is particularly sensitive to impurities and
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minor conformational states. Therefore, it is essential to assess the purity and
homogeneity of the sample quantitatively, as even low-abundance impurities or alternate
conformations can give rise to additional resonances that complicate spectral
interpretation (Norton 2018).

Due to the natural isotopic abundance of the peptide sample, standard triple-resonance
experiments and sequence-specific backbone assignment strategies typically employed
for isotopically labeled proteins are not applicable. As a result, resonance assignment
must rely primarily on the analysis of two-dimensional homonuclear '"H NMR spectra,
such as COSY (COrrelation SpectroscopY), TOCSY, and NOESY, complemented by
heteronuclear ['*C-'H]-HSQC spectrum acquired at natural abundance. Assignment
follows a systematic approach involving the identification of spin systems and the
establishment of sequential connectivities, most commonly using the strategy originally
developed by Wiuthrich, Wagner and coworkers (Schubert et al. 2002; Wthrich et al.
1984; Wuthrich et al. 1982). Eventually, if the sample concentration is sufficiently high
(typically in the millimolar range), a ['*N-'H]-HSQC spectrum may also be recorded, even
at natural abundance, to assist in the identification of backbone amide protons.

For the assignment process, CCPN Analysis is commonly used to visualize, compare,
and annotate multiple spectra. Synchronized display of 2D spectra (e.g., TOCSY, NOESY,
COSY, HSQC) within CCPN allows the user to track correlations across experiments
efficiently and maintain consistent atom labeling. This software environment significantly
enhances the reliability and speed of resonance assignment, especially in complex or
overlapping spectral regions.

The assignment procedure typically begins with a ['*C-'H]-HSQC experiment. It is
preferable to use an edited ['3C-'H]-HSQC, as it allows differentiation of signals based on
the number of protons attached to each carbon atom. In this experiment, CH, CH3, and
CH2 groups are displayed with opposite phases or intensities, making them readily
distinguishable. When combined with knowledge of characteristic chemical shift ranges,
the edited ['3C-"H]-HSQC facilitates the visual identification of key carbon types, such as
Ca, methyl, and methylene groups within side chains.

The assignment strategy consists of identifying amino acid residues by tracing
connectivity from the side chain toward the backbone. Starting with the ['*C-'H]-HSQC
spectrum, a signal corresponding to a methyl group is selected. This resonance serves
as an anchor point. The COSY spectrum is then used to identify the scalar (J) couplings,
allowing one to follow the spin system (an amino acid here) from the side chain back to
the backbone protons.

The COSY is one of the simplest two-dimensional NMR experiments. It correlates the
chemical shifts of protons that are scalar coupled, typically, through two or three bonds
(3J or 3J couplings). The informative part of the COSY lies in the cross-peaks (non-
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diagonal peaks), which appear symmetrically off-diagonal (see Figure 4.1). These cross-
peaks represent correlations between 3J coupled protons and provide the basis for spin
system identification within an amino acid residue.
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Figure 4.1. Identification of Valine spin system via COSY NMR.

Once a residue spin system is identified with COSY, a 2D TOCSY experiment is used for
validation. 2D TOCSY is almost the same as regular COSY. However, instead of just
showing that two protons are coupled, it creates correlations between all protons within a
given spin system, not just between geminal or vicinal protons as in COSY. Correlations
are seen between distant protons as long as there are couplings between every
intervening proton. This is extremely useful for identifying amino acids: all protons on a
given amino acid will have a correlation with all other protons (see Figure 4.2). In 2D
TOCSY, magnetization is transferred successively over up to 5 or 6 bonds. Transfer is
interrupted by weak or absent proton-proton couplings as well as hetero atoms, such as
oxygen. The number of transfer steps can be adjusted by changing the spin-lock time. A
short time lower than 10 ms may give only one-step transfers and its TOCSY spectrum
will be very similar to its COSY spectrum. More usefully, a long spin-lock time such as 80
ms will give up to 5 or 6-step transfers, resulting in a complete connectivity map, in which,
each proton of a residue shows cross-peaks with all other protons in the same residue
(Figure 4.2). This feature is especially valuable for residue type identification, particularly
in peptides analyzed at natural abundance.
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Figure 4.2. Validation of Valine spin system via TOCSY NMR.

Following the identification of residue types via homonuclear spectra, sequential
connectivities are determined using 2D ['H-'H]-NOESY.

In the context of peptide resonance assignment, NOESY plays a crucial role in
establishing sequential connectivities along the peptide backbone. Specifically, NOE
cross-peaks are expected between the amide proton (HV) of residue i and protons from
neighboring residues, typically, the a-protons (Ha) of residues i — 1. These are referred
to as sequential NOEs, and they are essential for determining the order of residues in the
amino acid sequence and for building the peptide’s backbone connectivity map.

In a typical NOESY spectrum:

> Strong intra-residue NOEs (e.g., between HN and Ha of the same residue) help
confirm spin system identity (Michael P Williamson et al. 1985).
> Sequential NOEs (e.g., between HN[i] and Ha[i — 1]) indicate proximity between
adjacent residues (Michael P Williamson et al. 1985).
> Medium and long-range NOEs (e.g., HN[i] to side chains of distant residues)
provide crucial structural information, especially for defining secondary and tertiary
structure elements (Michael P Williamson et al. 1985).

The mixing time in a NOESY experiment significantly affects the intensity and detectability
of cross-peaks. Short mixing times (e.g., 100-150 ms) favor detection of short-range
NOEs and reduce spin diffusion, thereby enhancing the reliability of sequential
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assignments. Longer mixing times (e.g., >250 ms) may increase sensitivity but can
introduce ambiguity due to spin diffusion.

Ultimately, the NOESY spectrum, when combined with COSY and TOCSY specitra,
enables a complete resonance assignment by confirming the residue type (via spin
system) and position in the sequence (via NOE connectivity). It also forms the foundation
for extracting distance restraints, which are used in structure calculation.

IV.2. Defining disulfide pairings

Disulfide bonds play a crucial role in stabilizing the three-dimensional structures of many
peptide and small cysteine-rich proteins. Accurate identification of disulfide pairings is
essential for reliable structure determination and meaningful functional interpretation,
particularly in peptides derived from animal venoms, which often contain complex
disulfide bonding patterns. However, this task remains challenging and is often
accompanied by ambiguities, as disulfide bonds are poorly defined in most NMR
datasets, especially when peptides are studied at natural isotopic abundance (Norton
2018).

A fundamental limitation arises from the lack of measurable scalar couplings across the
S-S bond, which limits the direct identification of disulfide connectivity and leads to scarce
experimental restraints in these regions.

One commonly used NMR-based approach involves the observation of NOESY cross-
peaks between the B-methylene protons (HB) of two cysteine residues, which may
indicate spatial proximity consistent with a disulfide bond. However, this method suffers
from two major limitations (Mobli and King 2010) :

1) Spectral overlap: in cysteine-rich peptides, the chemical shifts of cysteine HP
protons often overlap, making NOE cross-peaks ambiguous or uninterpretable.

2) False positives: in folded peptides, especially those with multiple adjacent disulfide
bonds, HP protons of a particular cysteine can be spatially close to one another
cysteine residue to which it is not connected than it is to the HP proton of the
cysteine residue in the same disulfide bond. This can lead to spurious NOE
correlations between cysteine residues that are not actually disulfide-linked (see
Figure 4.3).

To address these issues, isotopic labeling strategies have been developed, allowing for
more precise determination of disulfide connectivities through tailored NMR experiments
(Walewska et al. 2008). While effective, these methods can be cost-prohibitive or
impractical for small synthetic peptides studied at natural abundance.
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As an alternative, computational approaches have been introduced. One notable example
is the PADLOC method (Poppe et al. 2012), which applies Bayesian inference to local
cysteine topology and uses probabilistic rules to predict the most likely disulfide pairings.
This technique circumvents the need for isotopic labeling and provides a statistically
supported framework for disulfide assignment. In addition, since the distance between
the Cp atoms of two cysteine residues involved in a disulfide bond typically falls within a
range of 3.5 to 4.3 A, with an average distance of 3.8 A (Harrison and Sternberg 1996;
Hazes and Dijkstra 1988; Srinivasan et al. 1990), geometric restraints can be applied to
infer disulfide connectivity during structure calculation. For this purpose, CYANA offers
built-in libraries that allows users to define disulfide bond restraints explicitly, either based
on prior biochemical knowledge.

Figure 4.3. Highlighting a pair of spatially proximal disulfide bonds. Figure from (Mobli and
King 2010)

Taken together, these approaches combining experimental NOEs, computational
inference, and disulfide restraints enable the determination or validation of disulfide
connectivities, even in the absence of direct spectral evidence. However, caution must be
exercised, and whenever possible, multiple sources of evidence should be integrated to
ensure accurate assignment.

IV.3. Structural characterization of non-canonical amino acids

The 20 canonical amino acids encoded by the universal genetic code are translated by
the ribosomal machinery, which decodes nucleotide sequences into proteins or peptides.
This process enables the programmable biosynthesis of peptides and proteins directly
from genetic templates. In recent years, efforts to expand the genetic code have enabled
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the incorporation of non-canonical amino acids (ncAAs) into peptides and proteins,
providing a powerful means of probing and engineering structure function relationships,
as well as gaining insights into information flow between nucleic acid and protein levels
(Budisa 2025).

Despite the increasing use and biological relevance of ncAAs both in naturally occurring
peptides (e.g., post-translationally modified toxins) and in synthetic analogues designed
for enhanced activity or stability, their structural characterization remains a significant
challenge. This is largely due to the fact that ncAAs are not included in standard force
fields or residue libraries used by most molecular modeling and structure refinement
programs. Consequently, the use of ncAAs in NMR-based structure determination
requires the manual and/or automated creation of custom molecular topology and
parameter definitions.

A critical step in handling ncAAs for NMR structural analysis is to define their molecular
topology in a Protein Data Bank (PDB) compatible format. This involves specifying the
chemical structure, bond connectivity, atom types, and, when necessary, stereochemistry
and partial charges. These definitions must be compatible with both structure calculation
software (e.g., CYANA, Xplor-NIH) and structural databases such as the PDB which
requires submission of detailed mmCIF (Macromolecular Crystallographic Information
File) or CCD (Chemical Component Dictionary) files for any non-standard residues. The
correct representation of these residues is essential not only for accurate structure
calculation and refinement but also for data reproducibility and transparency during public
deposition. One publicly available platform that facilitates this process is the Automated
Topology Builder (ATB) (Kuschert et al. 2023; Malde et al. 2011).

The ATB is a web-accessible server that generates topologies and force field parameters
for a broad range of molecules. Originally developed for use with the GROMOS family of
force fields, it is now widely applied in molecular simulations, computational drug design,
and X-ray refinement workflows. Its flexibility and accessibility make it a valuable tool for
researchers working with novel chemical entities, including modified or synthetic amino
acid residues.

The ATB serves three main functions (Malde et al. 2011) :

1) Topology repository: it maintains a curated library of molecules that have been
parameterized within the GROMOS framework, including amino acids, ligands,
and small molecules.

2) Simulation ready systems: it provides pre-equilibrated configurations for complex
systems (e.g., solvent mixtures, membrane bilayers), which can be directly used
as starting points for molecular dynamics simulations.

3) Force field generation: it allows users to upload custom molecules and
automatically generate force field compatible topologies and parameters in various
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formats, including GROMOS, GROMACS, and CNS, which is particularly relevant
for NMR structure refinement.

Alongside computational tools like ATB, the CCD maintained by the Worldwide Protein
Data Bank (wwPDB) plays a critical role in the standardization and deposition of
macromolecular structures. The CCD provides comprehensive chemical definitions for all
components found in PDB entries, including non-canonical amino acids, small molecules,
ligands, and post-translational modifications. Each entry includes:

» Atom and bond connectivity

Chemical and idealized 3D structures

Stereochemistry and chirality

Formal charges and bond orders

Simplified Molecular Input Line Entry System (SMILES) and International
Chemical Identifier (InChl) representations

» Aunique 3-letter residue code for PDB compatibility

YV V VYV

Together, the ATB and CCD enable the seamless incorporation of ncAAs into structure
determination pipelines ensuring both modeling accuracy and compliance with data
deposition standards.

Once the molecular topology and chemical parameters of ncAAs have been defined, the
CYLIB algorithm (Yilmaz and Guintert 2015) can be used to convert this information into
CYANA compatible residue library entries. These entries are required for the automated
structure calculation process in CYANA, as they define the atomic connectivity, geometry,
and stereochemistry of the ncAA in a format that can be interpreted by the software’s
internal force field and structure calculation engine.

IV.4. Structural Restraints and Peptide Structure Determination by NMR

As with protein structure determination, the precision and accuracy of peptide structures
derived from NMR data are highly dependent on both the number and spatial distribution
of experimental restraints across the molecule. The reliability of the final structural model
improves significantly with the inclusion of diverse and well-distributed restraints. The
primary categories of restraints used in NMR-based peptide structure determination
include:

1. Distance Restraints

Distance restraints inferred from the intensity of NOEs are the most critical for
defining the three-dimensional fold of the molecule. These restraints are
particularly important in small peptides, where long-range NOEs are often limited
but can still define key structural elements such as turns or compact motifs.
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2. Dihedral Angle Restraints

Dihedral (torsion) angle restraints provide complementary information about local
backbone conformations, particularly ¢ and s angles. These can be:

» Predicted from backbone chemical shifts using computational tools such as
TALOS, TALOS+ or TALOS-N.

» Directly derived from scalar-couplings observed in Double Quantum
Filtered COSY (DQF-COSY) spectra recorded in both H20 and D20 (Norton
2018).

» In some cases, for structurally rigid peptides, dihedral angles can even be
estimated from high-resolution 1D proton spectra (Norton 2018).

3. Disulfide Bond Restraints

When present and accurately defined (as described previously), disulfide bond
restraints contribute significantly to the structural integrity of cysteine-rich peptides.
These covalent linkages act as both topological constraints and stabilizing features
and are often essential to correct folding and biological function.

Once a sufficient set of experimental restraints has been assembled, structure calculation
can be performed using CYANA, following the same general protocol as used for proteins.
CYANA integrates NOE-derived distance restraints, dihedral angles, and any fixed
covalent linkages (e.g., disulfide bridges) to generate an ensemble of low-energy
structures that best satisfy the input data. Validation metrics such as RMSD, NOE
violation statistics, and Ramachandran distributions are then used to assess the quality
of the calculated ensemble.

A validated peptide structure that satisfies all experimental restraints becomes a powerful
tool for exploring structure—function relationships, mechanistic insights, and molecular
interactions. In particular, such structures are critical for understanding the behavior of
bioactive peptides, including toxins, inhibitors, or peptide therapeutics.
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Structural and Functional Insights into Leiurotoxin-Dab7 (manuscript in preparation)

V.1. Structural and Functional Insights into Leiurotoxin-Dab7 (manuscript currently
in preparation)

This section presents the results obtained as part of my doctoral research, representing
my contribution to a collaborative study with Jean-Francgois Liégeois, Jean-Luc Hayen,
and Fréderic Kerff, with additional support from the Mass Spectrometry Laboratory. These
results will be included in a joint manuscript currently in preparation.
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INTRODUCTION

In many neurons of the central nervous system, action potentials are followed by a
transient increase in intracellular Ca?* concentration, which in turn triggers a prolonged
afterhyperpolarization (AHP) of the membrane potential (Lancaster and Adams 1986; S.
H. Williams and Constanti 1988; Stocker et al. 1999). This AHP is mediated primarily by
small-conductance, voltage-insensitive, Ca?* activated K* channels (SK channels). These
channels play a crucial role in regulating neuronal excitability, shaping firing patterns, and
modulating neurotransmitter and hormone release in both neuronal and endocrine cells
(Ghanshani et al. 2000; Grissmer et al. 1992; Tuteja et al. 2005). In humans, SK channels
are encoded by three homologous genes KCNN1 (SK1), KCNN2 (SK2), and KCNN3
(SK3) which give rise to distinct but closely related channel subtypes (Kohler et al. 1996;
Stocker and Pedarzani 2000; Tuteja et al. 2005). These isoforms share high sequence
similarity, particularly within their six transmembrane domains and the pore-forming
region, where they display approximately 80-90% sequence identity. In contrast, the
cytoplasmic N- and C-terminal domains show greater divergence, contributing to
differences in subcellular localization, regulation, and pharmacological sensitivity among
subtypes (Brown et al. 2020; Butler et al. 2023; Kohler et al. 1996; W.-S. Lee et al. 2003;
Saljic et al. 2024; Stocker and Pedarzani 2000; Xu et al. 2003). Despite these structural
differences, all human SK channels share a voltage-independent gating mechanism that
relies on intracellular Ca?* binding to calmodulin (CaM) constitutively associated with their
C-terminal CaM-binding domain (C.-H. Lee and MacKinnon 2018; W.-S. Lee et al. 2003;
Schumacher et al. 2001). Functionally, SK channels are broadly expressed throughout
the central nervous system, as well as in cardiac, smooth muscle, and endocrine tissues,
where they play essential roles in regulating membrane excitability, firing frequency, and
Ca?*-dependent feedback signaling (Kohler et al. 1996; W.-S. Lee et al. 2003). Beyond
the central nervous system, SK channels are also expressed in the peripheral nervous
system (Bahia et al. 2005), the heart (Tuteja et al. 2005), the vascular endothelium
(Brahler et al. 2009), and the liver (Barfod et al. 2001), where they contribute to the
modulation of electrical activity, vascular tone, and secretion.

Pharmacological modulation of SK channels has provided valuable insights into their
physiological and pathological roles (Brown et al. 2020). Among these, selective SK
channel blockers have been invaluable tools for defining the role of SK mediated currents
in regulating neuronal excitability, synaptic transmission, and cardiac electrophysiology
(Bond 2004; W.-S. Lee et al. 2003; P. Pedarzani and Stocker 2008; Sah 1996). Apamin
binds with high affinity to the extracellular vestibule of SK channels, blocking the pore and
thereby inhibiting the Ca?*-activated K* current without affecting large-conductance (BK)
or intermediate-conductance (IK) channels (Ishii et al. 1997; Strabaek et al. 2000).

The bee venom peptide toxin apamin has been shown to be a highly sensitive and
selective blocker of SK channels, exhibiting high affinity for both native and recombinant
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SK channel subtypes. In addition to apamin, several other peptide toxins have been
identified as potent SK channel inhibitors, including scorpion toxins PO5 (Zerrouk et al.
1993), TsKapa (Blanc et al. 1997), Tamapin (Paola Pedarzani et al. 2002), Leiurotoxin |
and Leiurotoxin-Dab7 (Auguste et al. 1990; Mpari et al. 2005; Zerrouk et al. 1993), a non-
natural mutant of Leiurotoxin |I. These toxins, isolated from various venoms, share a
common structural motif that enables them to interact with the extracellular pore region
of SK channels, thereby blocking Ca?*-activated K* currents with high selectivity.

Among these channel blockers, Leiurotoxin-I stands out as a potent and highly selective
peptide isolated from the venom of Leiurus quinquestriatus. Based on its structure, and
using Leiurotoxin-l and PO5 as templates, an analog designated Leiurotoxin-Dab7 (Lei-
Dab7) was previously engineered, in which the methionine residue at position 7 of
Leiurotoxin | was replaced by the unnatural amino acid diaminobutanoic acid (Dab)
(Possani et al. 2001; Shakkottai et al. 2001). Lei-Dab7 was designed to investigate the
functional importance of residues at positions 6 and 7, which form part of the conserved
RXCQ motif reported to be critical for SK channel recognition and binding (Auguste et al.
1990; Abia et al. 1986). Accordingly, Lei-Dab7 has been reported to recognize the SK2
subunit with high affinity (Mpari et al. 2005; Shakkottai et al. 2001).

While the NMR structure of Leiurotoxin-I has been determined and deposited in the PDB,
the overall quality of this structure could be further improved to enable more reliable
molecular docking and structure-based modeling. For instance, the Cys3—Cys21 disulfide
bridge was poorly defined, likely due to the absence of nuclear overhauser effect (NOE)
constraints between the residues Phe2—Cys3—Asn4 and Lys20-Cys21-lle22 (José C.
Martins et al. 1995). In contrast, no three-dimensional structure of Lei-Dab7 has yet been
reported. Surprisingly, data supporting the NMR structure and detailed pharmacological
characterization of these peptides are still missing, limiting our understanding of their
structure—function relationships. Moreover, as discussed below, previous activity studies
have shown that a single amino-acid substitution at position 7 of Leiurotoxin-I is sufficient
to confer SK2 selectivity to the modified peptide Lei-Dab7, whereas the native
Leiurotoxin-I preferentially targets SK3 (Shakkottai et al. 2001). During these studies, key
channel residues responsible for the divergent activity profiles were identified: His521 on
SK3 and Asn367 on SK2.

Given these reported studies, we sought to understand how a minimal structural change,
specifically a single amino-acid substitution in SK channel inhibitor, can profoundly alter
subtype selectivity. To address this, we undertook the determination of a refined NMR
solution structures of Leiurotoxin | and its synthetic analog Lei-Dab7 and to quantitatively
evaluate their binding affinities toward the two human SK channel subtypes (hSK2-3).
This work provides the first direct structural and functional comparison of Leiurotoxin |
and Lei-Dab7, offering new insights into their interactions with human SK channels.
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MATERIALS AND METHODS

Sample Preparation and NMR Data Acquisition. Lyophilized Leiurotoxin | and Lei-Dab7
peptides were each dissolved in 50 mM sodium phosphate buffer pH 5.9 to obtain a final
peptide concentration of 500 uM. To each sample, 5% (v/v) deuterium oxide (D,0O) was
added for spectrometer field-frequency locking and chemical shift referencing. The
solutions were transferred into 5 mm Shigemi NMR tubes (Shigemi Inc., Japan) for data
acquisition.

All NMR experiments were performed at 25 °C on a Bruker Avance Ill HD 700 MHz
spectrometer equipped with a helium-cooled CryoProbe ™. One-dimensional (1D) 'H and
two-dimensional (2D) 'H-'H correlation spectroscopy (COSY), total correlation
spectroscopy (TOCSY), and nuclear Overhauser effect spectroscopy (NOESY) spectra
were recorded for structural analysis. TOCSY spectra were acquired with a mixing time
of 80 ms, and NOESY spectra with a mixing time of 350 ms.

Additionally, a 2D 'H-"3C heteronuclear single quantum coherence (HSQC) spectrum
was acquired at natural '*C abundance at 25 °C. The HSQC experiment was collected
with 256 (t;) and 1024 (t,) complex data points and 32 scans per increment.

All NMR datasets were processed using TopSpin version 3.6 (Bruker BioSpin) and
analyzed with CCPNMR Analysis v2 (Vranken et al. 2005) for resonance assignment and
structure determination.

Structural restraints and structure calculation. The NMR structures of Leiurotoxin |
and Lei-Dab7 were calculated using distance restraints derived from NOE cross-peak
intensities obtained from 2D 'H-'H NOESY spectra. Structure calculations were
performed using CYANA version 3.98.15 (P. Guntert et al. 1997; Peter Guntert 2004;
Peter Glntert and Buchner 2015). Backbone dihedral angles (¢ and y) were predicted
from assigned chemical shifts using the TALOS+ program (Shen et al. 2009).

After seven iterative cycles of simulated annealing and torsion angle dynamics, a total of
100 conformers were generated. The resulting structures were ranked according to the
final CYANA target function values, and the 10 lowest-energy conformers were selected
for further analysis. Structural quality and stereochemical parameters were assessed
using the Protein Structure Validation Software Suite (PSVS) (Bhattacharya et al. 2007).

Disulfide bond connectivity, established during peptide synthesis and confirmed by mass
spectrometry, was enforced during structure calculation using a procedure relative to the
default approach implemented in CYANA for defining disulfide bonds. All molecular
representations and structural figures were prepared using PyMOL (Schrodinger, LLC;
http://www.pymol.orq).

96


http://www.pymol.org/

Structural and Functional Insights into Leiurotoxin-Dab7 (manuscript in preparation)

RESULTS AND DISCUSSION

Leiurotoxin | spatial structure in solution. NMR chemical shifts and the resulting three-
dimensional structure were deposited in the BMRB and PDB databases under accession
codes 34995 and 9R5M, respectively. Backbone chemical shift assignments were
obtained for approximately 60% of residues within the well-defined regions (A1-H31),
while 77% of side-chain resonances were assigned, resulting in an overall assignment
completeness of 68%. This level of assignment completeness is considered fully
adequate for small, disulfide-rich peptides studied by two-dimensional NMR, where
extensive resonance overlaps and conformational constraints often limit complete
assignment. The resulting structure is consistent with the experimental restraints and is
characterized by a low backbone RMSD of 0.11 A, as reported in the wwPDB validation.
Structural statistics for the 10 lowest-energy conformers of Leiurotoxin | are summarized
in Table 1. For clarity, we refer to the previously determined NMR structure as 1SCY
(José C. Martins et al. 1995; J. C. Martins et al. 1990) (PDB ID).

Table 1. Summary of structural statistics for Leuirotoxin | NMR structures.

9R5M structure 2 1SCY structure ®

Distance restraints

Total 495 332
Intra-residue (|i — j| = 0) 134 155
Sequential (|i —j| = 1) 137 80
Medium range (|i —j| > 1and |i — j| < 5) 101 40
Long range (]i — j| = 5) 120 32
Total dihedral-angle restraints 46 -
Number of restraints per residue 16.9 11.1
Number of long-range restraints per 38 10
residue

RMSD from average coordinates (A)*%¢

Backbone atoms 0.10+£0.05 0.83+0.18
Heavy atoms 0.67+0.13 1.56 +0.14
Ramachandran statistics®¢

Most favored regions (%) 100.0 92.2
Additional allowed regions (%) 0.0 7.8
Generously allowed (%) 0.0 0.0
Disallowed regions (%) 0.0 0.0
Global quality scores ¢ Raw/Z-score Raw/Z-score
Verify 3D -0.09/-8.83 -0.06/-8.35
Prosall -0.29/-3.89 -0.12/-3.18
Procheck (phi-psi) -0.28/-0.79 -0.14/-0.24
Procheck (all dihedrals) -0.82/-4.85 -0.33/-1.95
Molprobity clash score 10.08/-0.20 1.45/1.28
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Statistical analyses were performed for residues 3—30 of 9R5M and residues 3—21 and
24-29 of 1SCY.

@The NMR structure determined in this work (PDB ID 9R5M)
® Previously reported NMR structure (PDB ID 1SCY)
¢ Order residue ranges [S(phi) > S(psi) 1.8].

d Generated using PSVS 1.5 program (Tang et al. 2010) with respect to mean and
standard deviation for a set of 252 X-ray structures < 500 residues, of resolution <= 1.80
A, R-factor <= 0.25 and R-free <= 0.28

¢ RMSD analyses were performed over residues 1-31 for both structures.

The two NMR structures differ in the number and distribution of experimental restraints
used for structure calculation. The 9R5M structure (Figure 1) is based on a larger set of
distance restraints (495 vs 332), corresponding to a restraint density of 16.9 restraints per
residue. A notable difference is observed in the number of long-range restraints, which
play a key role in defining the global fold. The 9R5M structure includes 120 long-range
restraints (3.8 per residue), whereas 1SCY contains 32 (1.0 per residue). This difference
indicates that the 9R5M structure is more constrained at the level of tertiary structure and
may contribute to its improved definition relative to 1SCY. Moreover, the summary of
experimentally observed NMR restraints further indicates that the 9R5M structure benefits
from a broader sampling of medium-range contacts, whereas the 1SCY structure contains
comparatively fewer such restraints. Such differences may contribute to variations in the
degree of structural definition.

(a) (b)

Figure 1. NMR solution structure of Leiurotoxin | (PDB ID: 9R5M). (a) Lowest-
energy conformer. (b) Superposition of the ten lowest-energy conformers illustrating the
well-converged structural ensemble. Disulfide bonds are shown in yellow, and C-
terminal amide (—NH:) groups are represented as spheres.
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The overall quality of both structures was assessed using PSVS which integrates several
widely used validation tools, developed by independent research groups. Each program
computes a raw score based on specific structural features. Verify3D (Bowie et al. 1991)
evaluates the compatibility between the amino acid sequence and its three-dimensional
structure and gives a score based on probability of finding a particular residue type in the
environment observed in the structure. Prosall (Sippl 1993) calculates a knowledge-
based statistical potential based on pairwise interactions as a function of the spatial
separation of C atoms. PROCHECK (Laskowski et al. 1996) assesses stereochemical
quality through analysis of backbone dihedral angles (¢/w) and overall geometry.
MolProbity (Lovell et al. 2003) evaluates steric interactions, with the clash score
quantifying the number of unfavorable atomic overlaps per 1000 atoms. Raw values
correspond to the direct outputs of these validation metrics, calculated for a given
structure without normalization. To enable comparison, a reference set of 252 "high-
quality" X-ray structures (<500 residues, resolution <1.80 A, R-factor <0.25, and R-free
<0.28) was used to derive statistical parameters for each validation tool (Bhattacharya et
al. 2007). The mean and standard deviation of the score distributions were then used to
calculate Z-scores for each metric according to

X—u
g

Z — score =

where X is the observed value for the structure (raw value), p is the mean, and o is the
standard deviation of the reference dataset. The Z-score thus reflects the number of
standard deviations by which a given raw value deviates from the mean of the reference
set. Therefore, absolute Z-score values close to zero indicate good agreement with typical
"high-quality" structures.

These validation metrics indicate that both structures show trends toward agreement with
stereochemical parameters (Prosall and PROCHECK), while the MolProbity assessment
highlights differences depending on whether raw or normalized scores are considered.
The apparent discrepancy between raw and Z-scored MolProbity values may reflect the
distinction between absolute clash counts and their normalization relative to a reference
dataset. These observations suggest that the two structures exhibit complementary
features and should be interpreted alongside restraint-based metrics when assessing
overall structural quality.

Overall, both structures are supported by experimentally derived restraints; however, the
broader distribution of restraints, and in particular the greater number of long-range
contacts in 9R5M, are consistent with a more well-defined global fold. Importantly, the
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increased number of restraints in 9R5M reflects a larger set of independent experimental
observations rather than redundant constraints, as evidenced by the substantial
contribution of long-range contacts. The larger number of restraints in 9R5M is mainly
due to an increased number of long-range contacts, which provide independent
information on the global fold. Differences in experimental conditions may contribute to
this observation, as the 9R5M measurements were performed at 25 °C and pH 5.9
(phosphate buffer), whereas the 1SCY data were acquired at 37 °C and pH 4.3 (in
H,O/”H,0 (9:1) or in ?H;0). Global quality assessments based on PSVS validation
metrics indicate no substantial differences between the two structures at this level.
However, the revised structure is supported by a higher density of experimental restraints,
particularly long-range and side-chain restraints, which are generally associated with
improved structural definition in NMR structure determination (Bhattacharya et al. 2007).
Together with the improved side-chain packing illustrated in Figure 2, these observations
support a more precisely defined structural ensemble.

In addition, two localized regions that deviate beyond the intrinsic ensemble variability
were identified (Figure 3). These deviations are confined to: (i) Region |, encompassing
the N-terminal loop and the adjacent a-helix (residues A1-R6); and (ii) Region II,
comprising B-strand 1 and the B1-2 loop (residues K20—D24). These regions are more
precisely defined in the 9R5M ensemble, reflecting the higher density and improved
distribution of long-range NMR restraints.

Figure 2. Comparison between the refined NMR solution structure of Leiurotoxin |
(PDB ID: 9R5M) and the previously reported NMR solution structure (PDB ID:
1SCY). (a) Lowest-energy conformer. (b) Superposition of the ten lowest-energy
conformers illustrating the well-converged structural ensemble. Color code: 9R5M (green),
1SCY (magenta). Disulfide bonds are shown in yellow, and C-terminal amide (—NH3)
groups are represented as spheres.
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Region | (Figure 3a) adopts a highly reproducible conformation within the 9R5M
ensemble compared with the corresponding region in the 1SCY model. This improved
definition is supported by 17 long-range NOE restraints with an average upper-bound
distance of 5.28 + 0.16 A. In addition, 16 medium-range restraints contribute to the
structural definition of this region, with an average upper-bound distance of 4.46 + 0.47
A, approaching the long-range distance regime. Together, these restraints form a dense
and internally consistent network that robustly defines the conformation of Region I.

Region Il deviates slightly from the conformations observed in the 1SCY model but
remains highly reproducible within the 9R5M ensemble (Figure 3b). This region is
supported by 20 long-range NOE restraints with an average upper-bound distance of 5.32
+ 0.15 A. Additionally, 54 medium-range restraints contribute to defining this region, with
an average upper-bound distance of 4.07 + 0.68 A, again approaching the long-range
regime. Collectively, these restraints provide a consistent and convergent definition of
Region Il across the ensemble.

Notably, all restraints defining Regions | and |l are satisfied in the final structural
ensemble, with no evidence of systematic distance and dihedral-angle violations.
Representative long-range NOESY supporting these regions are shown in Figures S1-
S5, and the corresponding atom assignments are provided in Table S1.

In contrast, the previously reported 1SCY structure displays greater backbone and side-
chain variability, likely reflecting the limited availability of experimental restraints. For
example, the Cys3—-Cys21 disulfide bridge in 1SCY is poorly defined, probably due to the
absence of NOE constraints between residues Phe2—Cys3—Asn4 and Lys20—Cys21—
lle22 (Martins et al. 1995).

Collectively, these results underscore the reliability and precision of the structure
determination at the level of experimental restraints and demonstrate that the present
approach yields a model with significantly improved backbone and side-chain packing as
well as internal consistency, thereby establishing 9R5M as a precisely determined and
well-defined NMR structure of Leiurotoxin I.

101



Structural and Functional Insights into Leiurotoxin-Dab7 (manuscript in preparation)

(b)

Figure 3. Regions of deviation between the 9R5M and 1SCY structures. (a-b)
Regions I-l, respectively. Color code: 9R5M (green), 1SCY (magenta). Disulfide bonds
are shown in yellow.

The NMR chemical shifts of Lei-Dab7 and the resulting three-dimensional structure were
also deposited in the BMRB and PDB databases under accession codes 35019 and
9SWD, respectively. From the 643 distance restraints used in the structure calculation,
166 correspond to long-range NOEs, yielding an average of 5.3 long-range restraints per
residue. As for Leiurotoxin I, the distribution of these long-range restraints is narrow, with
an average upper distance limit of 5.33 + 0.17 A and minimum and maximum values of
5.0 A and 5.5 A, respectively. These demonstrate a high level of internal consistency and
reliability of the Lei-Dab7 structure (Figure 4).

(a) (b)

Figure 4. NMR solution structure of Lei-Dab7 (PDB ID: 9SWD). (a) Lowest-energy

conformer. (b) Superposition of the ten lowest-energy conformers illustrating the well-

converged structural ensemble. Disulfide bonds are shown in yellow, and C-terminal
amide (—NH2) groups are represented as spheres.
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Structural statistics for the ten lowest-energy conformers are summarized in Table 2 and
demonstrate a high level of internal consistency and reliability of the Lei-Dab7 structure.

Table 2. Summary of structural statistics for Lei-Dab7 NMR structures.

9SWD structure @
Distance restraints
Total 643
Intra-residue (i — j| = 0) 149
Sequential (|i —j| = 1) 200
Medium range (]i —j| > 1and |i — j| < 5) 125
Longrange (i —j| = 5) 166
Total dihedral-angle restraints 48
Number of restraints per residue 21.6
Number of long-range restraints per residue 5.3
RMSD from average coordinates (A) ®
Backbone atoms 0.23+0.13
Heavy atoms 0.64 £ 0.06
Ramachandran statistics ©
Most favored regions (%) 100.0
Additional allowed regions (%) 0.0
Generously allowed (%) 0.0
Disallowed regions (%) 0.0
PSVS Overall quality Scores® Raw/Z-score
Verify 3D -0.12/-9.31
Prosall -0.41/-4.38
Procheck (phi-psi) -0.85/-3.03
Procheck (all dihedrals) -1.23/-7.27
Molprobity clash score 2.76/1.05

Statistical analyses were performed for residues 1-31

@ Lei-Dab7 NMR structure (PDB ID 9SWD)

® Generated using PSVS 1.5 program (Tang et al. 2010).
¢ From wwPDB validation report
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Comparison with the Leiurotoxin | structure reveals two major deviations. The first
deviation occurs in the vicinity of the unnatural amino acid diaminobutanoic acid (Dab),
which corresponds to the site of the synthetic mutation (Figure 5a). In Leiurotoxin I,
residue Met7 is involved in an extensive and well-defined network of 27 medium- and
long-range NOE restraints with surrounding residues. Specifically, this network includes:
two long-range restraints between Met7 and Asn4, with an average upper-bound distance
of 4.07 + 0.68 A; one medium-range and five long-range restraints with Leu5, yielding
average upper-bound distances of 4.08 A and 5.40 + 0.20 A, respectively; four medium-
range restraints with Cys8 (average 4.26 + 0.75 A); three medium-range and six long-
range restraints with GIn9, with average upper-bound distances of 4.38 + 0.22 A and 5.24
+0.21 A, respectively; five medium-range restraints with Leu10 (average 4.62 + 0.35 A);
and one long-range restraint with Cys11. In contrast, no comparable NOE restraints were
detected between Dab7 and its surrounding residues in the Lei-Dab7 structure. This
marked difference in the density and distribution of experimental restraints likely accounts
for the observed structural deviation in Region I, highlighting the critical role of the native
Met7 side chain in stabilizing the local fold through extensive tertiary contacts.

In Region Il (Figure 5b), the B-strand undergoes a reorientation, which is stabilized by a
B-hairpin and constrained by the surrounding disulfide bond network. This conformation
is consistently observed across the NMR ensemble and is supported by multiple long-
range NOE restraints, indicating that it represents a well-defined structural feature rather
than an artefact of structure calculation.

Figure 5. Regions of deviation between the Leuirotoxin | (PDB ID: 9R5M) and Lei-Dab7
structures (PDB ID: 9SWD). (a) Region around Met7. (b) B-strand reorientation. Color
code: 9R5M (green), 9SWD (cyan). Disulfide bonds are shown in yellow, and C-terminal
amide (—NH2) groups are represented as spheres.
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Moreover, despite the B-strand reorientation and the presence of minor distance-restraint
violations with mean values below 0.18 A involving atom pairs Cys21 H-Cys26 Ha, Cys21
Ha—Cys26 H, Cys8 Cp—Cys26 Sy, and Cys3 CB-Cys21 Sy, the disulfide bond network
remains fully consistent across the Lei-Dab7 conformers (Figure 6a). Crucially, no
significant differences are observed when these disulfide geometries are compared with
their homologous counterparts in Leiurotoxin I, for which no distance-restraint violations
were detected.

In addition, although the Met7Dab substitution lies within Region |, which deviates from
the Leiurotoxin | structure, comparison of Met7 in Leiurotoxin | and Dab7 in Lei-Dab7
reveals increased conformational variability at position 7 in the latter (Figure 6b). This
variability can be attributed to the absence of experimentally derived NMR restraints
involving Dab7, limiting the definition of its side-chain conformation.

(@)

Figure 6. Structural comparison of Leiurotoxin | (PDB ID: 9R5M) and Lei-Dab7 (PDB ID:
9SWD), highlighting disulfide bond geometry and the site of the Met7Dab substitution. (a)
Disulfide bonds. (b) Met7Dab substitution. Color code: 9R5M (green), 9SWD (cyan).
Disulfide bonds are shown in yellow, and C-terminal amide (—NHz) groups are
represented as spheres.

Taken together, despite the localized deviations observed in Regions | and Il, Lei-Dab7
exhibits a well-defined structure, supported by a dense and well-distributed network of
distance restraints and consistent side-chain packing throughout the fold.

Based on the present refined three-dimensional structures of Leiurotoxin | and Lei-Dab7,
the observed structural differences are localized and do not substantially alter the overall
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fold or the main features of the putative binding interface (RXCQ motif (Auguste et al.
1990; Abia et al. 1986)). As such, these differences alone are unlikely to account for the
selective affinity of Lei-Dab7 toward the SK2 channel, suggesting that additional factors
such as molecular dynamic or channel-specific conformational selection may contribute
to the observed selectivity.
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Electronic Supplementary Material

A key feature of this work is the presentation of the well-defined NMR structure of
Leuirotoxin | reported to date, providing substantially improved accuracy compared with
the previously published model (PDB ID: 1SCY). Notably, two localized regions that
deviate beyond the intrinsic ensemble variability were identified. These regions are more
precisely defined in the 9R5M ensemble, reflecting the higher density and improved
distribution of long-range NMR restraints. For each region, we provide direct experimental
validation in the Supplementary Information, including representative long-range NOESY
strip plots, corresponding peak assignments, and upper-bound distance classifications.
These data demonstrate that the observed deviations are supported by extensive long-
range NOE restraints and therefore reflect experimentally defined conformations rather
than modeling artifacts.
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Figure S1. 2D-NOESY strip plots of Region | corresponding to peak ID 622. UPL=5.5 A
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Table S1. List of NOEs identified from 2D NOESY for regions more precisely defined in

the 9R5M ensemble.

Residue 1 Atom 1 Residue 2 Atom 2 UPL Peak ID
2 PHE HB2 3 CYS H 5.04 631
2 PHE HA 2 PHE QE 4.41 746
2 PHE HA 2 PHE QD 4.73 748
2 PHE QE 9 GLN HG3 5.12 759
2 PHE QD 9 GLN HG3 5.47 762
2 PHE QE 9 GLN HB2 5.3 763
2 PHE QE 9 GLN HB3 4.86 764
2 PHE QD 9 GLN HB3 55 770
2 PHE QD 6 ARG H 5.5 912
2 PHE HA 6 ARG H 4.77 913
2 PHE HA 5 LEU H 4.02 968
2 PHE HB3 6 ARG H 5.29 970

Region | 2 PHE H 2 PHE QE 5.18 1074

2 PHE H 2 PHE HB2 4.07 1076
2 PHE QE 9 GLN HG2 3.9 1089
2 PHE QD 6 ARG QB 4.61 771
1 ALA QB 2 PHE H 3.89 462
3 CYS H 3 CYS HB2 3.75 626
3 CYS H 3 CYS HB3 3.76 627
3 CYS HB3 4 ASN H 5.12 1046
1 ALA HA 3 CYSs H 5.5 622
1 ALA QB 3 CYS H 5.21 658
4 ASN HA 26 CYs HB2 49 175
4 ASN H 26 CYS HB2 4.98 871
4 ASN H 4 ASN QD2 4.95 1001
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4 ASN QB 7 MET H 5.23 841
4 ASN QB 7 MET HB2 5.34 1146
4 ASN QB 8 CYS H 4.94 806
4 ASN QD2 22 ILE HA 5.02 1004
4 ASN QD2 22 ILE QG2 5.24 88
4 ASN QD2 24 ASP H 5.34 1000
4 ASN QD2 25 LYS HA 5.34 1003
4 ASN QD2 25 LYS QB 4.76 1014
20 LYS H 21 CYS H 4.74 344
20 LYS HA 21 CYS H 2.72 348
20 LYS HA 21 CYS HA 5.13 362
20 LYS H 28 CYS HA 3.98 378
20 LYS H 26 CYS HA 4.58 380
20 LYS H 20 LYS HB3 4.03 386
20 LYS H 20 LYS HB2 4.03 387
20 LYS H 29 VAL QG2 4.79 391
20 LYS H 20 LYS QB 3.43 387
20 LYS H 20 LYS QG 3.8 388
Region 20 LYS H 27 GLU QB 4.81 385
20 LYS HA 20 LYS QG 3.72 432
20 LYS HA 21 CYS QB 4.42 132
20 LYS QB 21 CYS H 3.57 353
20 LYS QB 22 ILE QG2 3.31 66
20 LYS QG 20 LYS QE 3.26 415
20 LYS QG 21 CYS H 4.78 356
20 LYS QG 27 GLU H 5.33 153
20 LYS QD 22 ILE QG2 5.27 419
20 LYS QD 29 VAL QG2 5.34 419
20 LYS QE 29 VAL QG1 4.91 417
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20 LYS QE 29 VAL QG2 4.39 73
19 GLY H 20 LYS H 4.78 377
19 GLY HA2 20 LYS H 2.84 379
19 GLY HA3 20 LYS H 3.17 383
5 LEU QD2 20 LYS H 4.99 389
18 LEU QD1 20 LYS H 4.93 390
5 LEU QD2 20 LYS HA 3.12 726
19 GLY HA3 20 LYS HA 4.95 1149
18 LEU QD1 20 LYS QE 5.34 72
19 GLY HA3 20 LYS QG 5.06 1143
21 CYS H 22 ILE H 4.57 345
21 CYS H 26 CYS HA 5.38 347
21 CYS H 21 CYS HB2 3.34 349
21 CYS HA 26 CYS HA 3.89 361
21 CYS HA 27 GLU H 4.53 365
21 CYS HB2 22 ILE H 4.49 366
5 LEU QD2 21 CYS HB3 4.32 137
5 LEU HG 21 CYS H 5.28 355
5 LEU QD2 21 CYS H 3.26 357
5 LEU QD2 21 CYS HB2 4.32 374
5 LEU QD2 21 CYS HA 5.45 727
22 ILE HA 24 ASP H 5 24
22 ILE QG2 22 ILE HG13 3.51 63
22 ILE HB 22 ILE QD1 2.77 64
22 ILE HA 22 ILE QD1 3.83 75
22 ILE QD1 23 GLY HA3 4.58 76
22 ILE HA 22 ILE QG2 2.94 78
22 ILE QD1 23 GLY HA2 4.58 79
22 ILE H 22 ILE QD1 3.89 96
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22 ILE HG13 27 GLU H 5.41 152
22 ILE HG12 27 GLU H 5.41 154
22 ILE QD1 27 GLU H 5.5 155
22 ILE QG2 27 GLU H 5.5 156
22 ILE QD1 23 GLY H 4.51 281

22 ILE H 27 GLU H 5.23 296
22 ILE H 25 LYS H 3.75 298
22 ILE H 26 CYS HA 4.21 299
22 ILE H 22 ILE HB 3.98 304
22 ILE H 22 ILE HG13 4.14 305
22 ILE H 22 ILE HG12 4.14 306
22 ILE H 22 ILE QG2 4.64 308
22 ILE QD1 25 LYS H 4.92 323
22 ILE QG2 22 ILE HG12 3.51 338
22 ILE QD1 24 ASP H 5.5 470
22 ILE QD1 25 LYS HA 5.5 1051
22 ILE H 22 ILE QG1 3.58 305
22 ILE HA 22 ILE QG1 3.62 310
22 ILE QG2 22 ILE QG1 3 63

22 ILE QG1 27 GLU H 4.77 154
22 ILE QD1 23 GLY QA 3.99 76

22 ILE QD1 25 LYS QE 5.24 74

4 ASN QD2 22 ILE HA 5.02 1004
4 ASN QD2 22 ILE QG2 5.24 88
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Part IV. NMR Relaxation

« ... the microsecond-to-millisecond (s-ms) timescale dynamics are particularly significant, offering
detailed insights into the kinetic, thermodynamic, and structural aspects of biological function. »
Yangzhuoyue Jin, Yingxian Cui and Tairan Yuwen. (2025), Magnetic Resonance Letters.
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Chapter VI.

Introduction
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Introduction to NMR Relaxation

NMR spectroscopy is an informative tool for probing molecular structure, dynamics, and
interactions at atomic resolution. Since its development in the mid-20th century, it has
become a central technique in chemistry, biology, and materials science, largely because
it is non-destructive and can characterize molecules in their native environments. A
particularly valuable feature of NMR lies in its sensitivity to dynamic processes, allowing
researchers to access information that bridges molecular structure with function.

A key concept in NMR is relaxation, which refers to the process by which the net nuclear
magnetization returns to equilibrium after perturbation by a radiofrequency pulse. This
fundamental description was first introduced by Felix Bloch in his pioneering work on
nuclear induction, where the Bloch equations were formulated to describe relaxation
processes in terms of characteristic time constants (Bloch 1946). Importantly, relaxation
has a microscopic physical origin: it is intimately governed by molecular motions that
modulate local magnetic interactions. Thus, by characterizing NMR relaxation, one can
indirectly extract quantitative information about molecular dynamics.

The microscopic origins of relaxation were clarified thereafter in the seminal work of
Bloembergen, Purcell, and Pound, who developed a theory linking nuclear relaxation
rates to molecular motion through spectral density functions (Bloembergen et al. 1948).
The spectral density function describes how the molecular motion is distributed across
different frequencies. In this framework, the longitudinal relaxation rate ({'°N}-R1) reflects
how nuclear spin populations exchange energy with their surroundings (the lattice), while
the transverse relaxation rate ({'°N}-R2) describes the dephasing of nuclear spin
coherences due to stochastic fluctuations in local fields. Together, these relaxation
parameters provide complementary and quantitative insights into the amplitudes and
timescales of molecular motion.

Among the wide array of experimental techniques available to probe molecular dynamics,
NMR relaxation is unique in its ability to quantify motions at atomic resolution across
multiple orders of magnitude in timescale. Unlike spectroscopic approaches that are
typically restricted to narrower temporal windows, NMR simultaneously accesses fast
internal motions (picosecond—nanosecond) and slower conformational changes
(microsecond—millisecond), thereby providing a comprehensive view of molecular
behavior (Tiwari et al. 2024; Vallurupalli et al. 2012; Khandave et al. 2023). This capability
is illustrated in Figure 6.1, where the dynamic range of NMR relaxation measurements is
compared with that of biomolecular motions.

By exploiting this sensitivity, NMR relaxation has become an indispensable tool for
investigating biomolecular function. In proteins, for example, side-chain and backbone
motions are closely linked to enzyme catalysis, allosteric regulation, and molecular
recognition (Walinda et al. 2018; Kleckner and Foster 2011; Lu and Yang 2021; Tiwari et
al. 2024; Y. Jin et al. 2025; Palmer 2004). More broadly, relaxation-based analyses
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provide mechanistic insights into dynamic processes that cannot be obtained from
structural data alone.

Biomolecular Motions

Aromatic Ring Flips

Protein Folding
Sidechain Rotations Ligand Binding
i Domain Motions
ot st Allosteric Regulation
Bond Vibration Catalysis
A fs ' ps . ns I Hs A ms \ s | Motional Iimescale
R1/R2/NOE) Rip NMR H/D Exchange
CPMG
CEST
NMR Methods

Figure 6.1. Timescales of biomolecular motions and NMR methods for probing molecular
dynamics across different timescales. Adapted from (Y. Jin et al. 2025; Warecki et al. 2025)

For these reasons, NMR relaxation has emerged as a cornerstone technique for the study
of molecular dynamics. The aim of the following chapters is to explore how NMR
relaxation can be used as a quantitative probe of molecular dynamics at the atomic level.
The specific objectives of this part of my research are threefold:

1. To review the theoretical foundations of NMR relaxation.

We will examine the principles that link stochastic molecular motion to relaxation
processes, with particular emphasis on spectral density functions and their role in
determining longitudinal ({"®N}-R1) and transverse ({°N}-Rz) relaxation rates, as well as
the 'H-{'>N} heteronuclear Overhauser effect ("H-{'>N} NOE). The focus will be on
motions in the picosecond—nanosecond timescale, which encompass fast internal
fluctuations such as bond vibrations and side-chain reorientations. Furthermore, we will
highlight how model-free analysis provides a framework to condense information from
{">N}-R1, {"*N}-R2 and 'H—{"®°N} NOE measurements into a single parameter, the
generalized order parameter S? which quantitatively describes the amplitude of internal
motion.
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2. To survey experimental methods for quantifying relaxation at the
microsecond—millisecond timescale.

We will present a range of NMR techniques, including spin-echo, Carr—Purcell-Meiboom—
Gill (CPMG) dispersion, Chemical exchange saturation transfer (CEST), and, briefly,
rotating-frame relaxation (R1p). These approaches provide complementary windows into
the microsecond—-millisecond regime of molecular motion and, when combined, form a
robust toolkit for probing dynamic processes with atomic resolution. Such processes
include conformational exchange, enzyme catalysis, and protein folding, where
understanding motions on these timescales is essential for linking structure to function.

3. Toillustrate the functional relevance of relaxation measurements.

Through selected examples, we will demonstrate how quantitative analyses of relaxation
provide mechanistic insights into biomolecular systems.

Taken together, these objectives aim to establish a comprehensive framework for
understanding how relaxation measurements contribute to our knowledge of molecular
behavior. By integrating theoretical, methodological, and applied perspectives, this
dissertation seeks to demonstrate how NMR relaxation provides a bridge between
structure, dynamics, and function across a wide range of biological systems.
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Chapter VILI.

Theoretical foundations of NMR relaxation on the
picosecond—-nanosecond (ps—ns) timescale
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NMR Relaxation on the Picosecond—Nanosecond Timescale

Molecular motions on the ps—ns timescale strongly influence NMR relaxation phenomena.
These rapid fluctuations encompass bond vibrations, side-chain reorientations, and local
backbone motions, all of which contribute to the modulation of nuclear spin interactions.
By probing relaxation in this regime, NMR provides atomic level insights into fast internal
dynamics that are otherwise inaccessible by most experimental methods.

The fundamental principle of NMR is that a nuclear spin placed in a static magnetic field
By, will precess around that field at the Larmor frequency w, = yB,, where y is the
gyromagnetic ratio of nuclei of interest. At thermal equilibrium, the populations of the
nuclear spin states (a, B) follow the Boltzmann distribution, resulting in a net magnetization
aligned along the direction of B, (along z). In this state, no net transverse magnetization
is present. The evolution of the net magnetization vector My, in a system of spin-1/2 nuclei
placed in a static magnetic field can be conveniently described both by the classical vector
model (Figure 7.1) and by the mathematical formalism introduced by Bloch (Abragam
1983; Bloch 1946).

1
Bo g state my=-2)
r 9 2

Figure 7.1. Net Magnetization at thermal equilibrium for a spin-1/2 nucleus with a positive
gyromagnetic ratio (y > 0).

To manipulate (perturb) these spins, a weak radiofrequency (rf) field oscillating at Larmor
frequency w, is applied in the transverse (xy) plane, enabling excitation and detection of
nuclear magnetization (Ernst et al. 1990; Levitt 2008). In the laboratory frame, the rf-field
is explicitly time-dependent (Redfield 1957; Wangsness and Bloch 1953; Bloch and
Siegert 1940; Sacolick et al. 2010), which makes the description of spin evolution more
complex.

To overcome the complexity introduced by the explicitly time-dependent rf-field in the
laboratory frame, and to conveniently describe the precession of the magnetization in the
xy-plane, it is useful to adopt a rotating frame of reference. The rotating frame rotates
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about the z-axis at the Larmor frequency, such that the rapid precession of the bulk (or
net) magnetization is effectively removed. As a result, only the residual rotations of the
magnetization due to the applied rf-field B;, chemical shifts, and nuclear spin—spin
couplings are observed (Abragam 1983; Levitt 2008; Silverstein Robert M et al. 2005).

In the rotating reference frame (rotating at w,s = w, about the z-axis), the applied rf-field

(rf-pulse) becomes time-independent, i.e. static in this frame, thereby simplifying the
description of spin evolution.

Spins are typically manipulated (or perturbed) by applying an oscillating rf-field B,
oriented in the transverse (xy) plane, for a well-defined duration 7, and power. Such an
rf-pulse rotates the net magnetization vector by a flip angle 6, thereby tipping it away from
the z-axis into the transverse plane. This process is referred to as excitation (Figure 7.2).

z (b) z ¥

(@ 2
(90°)_, pulse (90°)_, pulse
— ::; y ) y
y —)
X
X X

Figure 7.2. Excitation of the net magnetization by an rf pulse applied along the —x-axis. The
pulse produces a 90° rotation, tipping the equilibrium magnetization from the z-axis to y-axis.
(a) In the laboratory frame. (b) In the rotating frame.

Once the rf excitation is removed, the transverse magnetization does not remain in its
perturbed state but gradually returns towards thermal equilibrium, a process referred to
as relaxation (Bloembergen et al. 1948; Levitt 2008).

For relaxation to occur, an additional static magnetic field or dynamics are needed. This
field arises naturally from stochastic molecular motions, which produce oscillating local
magnetic fields that modulate the relaxation rates. On the ps—ns timescale, two dominant
mechanisms govern relaxation (Kleckner and Foster 2011):
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1. Dipole—dipole (DD) interactions

DD interactions arise from the direct magnetic coupling between nearby nuclear spins
(dipoles) as we can see in Figure 7.3 (a). The interaction strength depends both on the
internuclear distance and on the orientation of the internuclear vector relative to the
external magnetic field B,. Because molecules undergo rotational diffusion (tumbling) in
solution, the magnitude and orientation of these couplings are continuously modulated
(Figure 7.3 (b)). While local magnetic fields arise from DD interactions, stochastic motion
causes these fields to fluctuate in time with frequency components near the Larmor
frequency, thereby modulating relaxation (Bloembergen et al. 1948; Levitt 2008; Abragam
1983).

(a) (b)

BO A

Field emanating
from spin Iy

—

Exerted field———

Local dipolar field exerted

Molecule by spinI; on spinI,

Figure 7.3. lllustration of dipolar coupling between two nuclear spins 1, and I,. (a) Local
dipolar fields exerted by spin I, on spin I,. (b) Modulation of the local dipolar field by of
molecular rotational diffusion. Figure adapted from (Levitt 2008)

2. Chemical shift anisotropy (CSA)

CSA arises from the anisotropic distribution of electrons around a nucleus, which leads
to a shielding effect that depends on the orientation of the molecule relative to the external
magnetic field B, (Figure 7.4). In solution, molecular reorientation causes the CSA
interaction to fluctuate over time, causing local magnetic field variations that can modulate
relaxation. Thus, CSA provides a second major mechanism alongside dipole—dipole
interaction for nuclear spin relaxation on the ps—ns timescale (Cavanagh, J et al. 2006;
Abragam 1983; Levitt 2008; Slichter 2010).
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BO A

O~

Nucleus

O

Electons around
nucleus

Chemical shifts

Figure 7.4. lllustration of CSA. Adapted from (Levitt 2008)

These two mechanisms provide the qualitative link between ps—ns timescale protein
motions and the fluctuating local magnetic fields that modulate nuclear spin relaxation
(Kleckner and Foster 2011). To establish a quantitative relationship between these
stochastic fields and measurable NMR relaxation parameters, it is necessary to
characterize the underlying molecular motions. This is achieved through the use of the
spectral density function, which describes how molecular motions provide fluctuating
magnetic fields at frequencies relevant to nuclear spin transitions. The key parameter
governing these fluctuations is the rotational correlation time (z7.), that defined the
characteristic timescale over which a molecule reorients, corresponding approximately to
the time needed for the molecule to rotate by ~1 radian due to Brownian motion (Abragam
1983; Lipari and Szabo 1982a, 1982b). When 7, falls in the range of ~1071% to 1077 s,
the associated fluctuations efficiently sample frequencies near the nuclear Larmor
frequency, making ps—ns motions highly effective in affecting relaxation (Chen et al. 2004;
Farrow et al. 1995; Jarymowycz and Stone 2006; Palmer 2004; Renner et al. 2001). This
framework provides a quantitative link between measurable NMR relaxation parameters
{">N}-R1, {"*N}-R2, "TH-{"N} NOE and the underlying molecular dynamics. By analyzing
these observables, one can extract information about the amplitudes and timescales of
internal motions at atomic resolution.
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VII.1. Longitudinal and transverse relaxation rates and heteronuclear Nuclear
Overhauser Effect

Vil.1.1. Theory
Longitudinal and transverse "°N relaxation arise from fluctuations of local magnetic fields
generated by "H—{"°N} dipole—dipole interactions and >N chemical shift anisotropy.

There are two distinct first-order relaxation processes: one along the z-axis (Figure 7.5 a))
and one in the transverse xy-plane (Figure 7.6 a)).

The former is referred to as longitudinal relaxation or spin—lattice relaxation ({"®°N}-R1),
and is characterized by the rate R, = T; 1, where T; is the time constant that characterizes
the recovery of the longitudinal magnetization (M,) toward its equilibrium value M, along
the direction of the static magnetic field. Longitudinal relaxation time is quantified by the
exponential recovery of the longitudinal magnetization observed as a time-dependent loss
of signal intensity (Figure 7.5 b)), as described by Equation 7.1 (Kleckner and Foster 2011).

M,(t) = M,(0)- (1 — e R1t) Equation 7.1

where M,(0) is the magnetization att = 0 i.e. the maximum intensity immediately after
excitation, before relaxation has had time to occur.

(@ 2

M, (t+ A0 SP

Delay

(b) M,

Figure 7.5. 1°N Longitudinal relaxation. (a) Magnetization at thermal equilibrium M, along the
z-axis, rotation of the magnetization into the transverse plane by a 90° excitation pulse. (b)
recovery of the longitudinal component M, back to equilibrium, as described by the Bloch
equations.

129



NMR Relaxation on the Picosecond—Nanosecond Timescale

M,

(90°)_, pulse

Decay due toT,

Free Induction Decay due to T,* relaxation ~ "€/@xation only
(T, + field inhomogeneity effects)

Figure 7.6. >N Transverse relaxation. At thermal equilibrium, the net magnetization My lies
along the z-axis. Following a 90° excitation pulse, it is rotated into the transverse xy-plane,
where the transverse magnetization My, decays over time, producing the free induction decay
(FID). The observed decay is governed by T»*, which combines intrinsic T, relaxation and
dephasing caused by magnetic field inhomogeneities. Figure adapted from (Ridgway 2010)

The second process, called transverse relaxation or spin-spin relaxation ({°N}-Rz2) is
defined by the rate R, = T; 1, where T, is the time constant that characterizes the decay
of the net transverse magnetization (M,, ) in the xy-plane. It reflects the loss of phase
coherence among spins due to local magnetic field inhomogeneities and fluctuating
interactions. Transverse relaxation is quantified by the exponential decay of the
transverse magnetization observed as a time-dependent decay of signal intensity (Figure
7.6 b)), as described by Equation 7.2 (Kleckner and Foster 2011).

M, ,(t) = M, ,(0) - e Rzt Equation 7.2

where M, ,,(0) is the magnetization at t = 0 i.e. the maximum intensity immediately after
excitation, before relaxation has had time to occur.

The two relaxation rates exhibit distinct dependencies on the correlation time, as
illustrated in Figure 7.7. As the correlation time (t.), increases, {"®N}-R1 initially rises to a
maximum before subsequently decreasing. At very short t., {"®N}-R+ is small because
stochastic molecular motions provide local magnetic fields that oscillate too rapidly to
efficiently modulate relaxation. As t. increase and the oscillation frequency approaches
Larmor frequency, the local magnetic fields become resonant, and longitudinal relaxation
rate reaches its maximum. When t. becomes longer, the stochastic molecular motions
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are too slow to provide oscillations at the Larmor frequency, and {'°*N}-R1 therefore
decreases (Keeler, 2002).

In contrast, while t.. increases, {°N}-Rz continues to increase with correlation time and
does not display a maximum. This is because slow molecular tumbling does not efficiently
modulate DD interactions and CSA, allowing these mechanisms to contribute more
strongly to transverse relaxation at long correlation times (Keeler, 2002). As a result, large
molecules in the slow-motion limit are characterized by very rapid {°N}-Ro.

In addition, to {®°N}-R+ and {'*N}-Rz2, an important relaxation phenomenon in NMR is the
Overhauser Effect (NOE). The NOE arises from cross-relaxation between two coupled
spins. Cross-relaxation refers to the transfer of the population difference between nuclear
spin states, also referred to polarization, between two coupled spins through relaxation
pathways. It arises when stochastic molecular motions modulate the DD interaction
between the spins, creating fluctuating local magnetic fields that simultaneously influence
both nuclei. This effect provides valuable sensitivity enhancement for low gamma nuclei
and depends strongly on internuclear distances. The relaxation pathways underlying the
NOE can be formally described by the Solomon diagram (Solomon 1955), which depicts
the transitions between the energy levels of a two coupled spins.

Rl ; RZ [S_l]

Tc[s - rad=1]

Figure 7.7. Comparison of the longitudinal and transverse relaxation rate constants as a
function of the correlation time for the fixed Larmor frequency. Adapted from (Keeler 2002).
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The Solomon diagram describe the relaxation between two coupled spin-1/2 nuclei, I and
S. Each spin has two states: low energy a state and high energy 8 state and we can then
come up with a 4 spin states and 4 energy levels for these two spins. This is shown in the
Figure 7.8.

The rate constants for transitions between energy levels are classified according to which
spins undergo a change of spin state during the transition. For two coupled spins, I and
S they are defined as follows:

e W, and W, denote the relaxation rate constants associated with transitions
between the a and B spin states of spin I and S respectively.

o W, is the relaxation rate constant associated with transitions in which both spins
flip in opposite directions. This process is referred to as a zero-quantum transition.

e W, is the relaxation rate constant associated with transitions in which both spins
flip in the direction. This process is referred to as a double-quantum transition.

Figure 7.8. Relaxation induced transitions between energy levels and associated rate
constants for two coupled spin-1/2. Adapted from (Solomon 1955)
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Within the framework of relaxation theory, Solomon demonstrated that the cross-
relaxation rate a5, which underlies the NOE, can be expressed by the Equation 7.3:

o= W, —W, Equation 7.3

As will be discussed in the next section, the cross-relaxation rate describes the transfer
of longitudinal magnetization between coupled spins through by DD interactions. In the
case of heteronuclear spin pairs such as '"H-'N, this phenomenon is referred to as the
{'>N} heteronuclear Nuclear Overhauser Effect ("H-{">*N} NOE).

VII.1.2. NMR measurement of {>’N}-R1, {?>’N}-Rz and 'H—{'N} NOE

A. Measurement of Longitudinal Relaxation Rate, {>N}-R1

The measurement of the longitudinal relaxation rate R, = T; ! is a fundamental aspect of
NMR spectroscopy. Since the historical introduction of the Bloch equations to describe
the time evolution of perturbed magnetization, knowledge of the spin—Ilattice relaxation
time (T,) has played a crucial role in understanding the dynamics of spin systems
(Bhattacharyya and Kumar 2004; Bloch 1946). Among the various experimental
approaches, the inversion-recovery (IR) sequence remains the most widely used method
for determining T; (Bhattacharyya and Kumar 2004). This two-pulse experiment follows
the pulse sequence d; — 180° — T — 90° — acquisition (Figure 7.9 (a)), which is repeated
for different values of the delay . In this sequence, d; represents the recovery delay, the
period during which the spins return to thermal equilibrium, resulting in a bulk
magnetization aligned along the z-axis. The 180° rf-pulse inverts the spin populations,
such that f-spins become a-spins and a-spins become fS-spins. The t delay allows
partial recovery of the longitudinal magnetization towards equilibrium, after which a 90°
rf-pulse rotates the magnetization into the xy-plane for detection. By varying t, the
recovery of magnetization from the inverted to the equilibrium state can be monitored and
fitted exponential to extract T, (Figure 7.9 (b)).

The most time-consuming step in this experiment is the recovery period d,, during which
the magnetization must return to equilibrium before the next acquisition. To ensure
complete recovery, d, is typically set to at least five times T; (d; = 5T;) (Bhattacharyya
and Kumar 2004). Consequently, T; measurements can require significant experimental
time. To address this limitation, several accelerated methods have been proposed, such
as the saturation-recovery (SR) (Bhattacharyya and Kumar 2004; Fukushima 1981;
Kellman et al. 2002), saturation-inversion-recovery (SIR) (Fukushima 1981; Wang et al.
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2017) and single-scan or slice selected inversion recovery (SSIR) techniques
(Bhattacharyya and Kumar 2004), which reduce the overall measurement time while
maintaining acceptable accuracy.
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Figure 7.9. Longitudinal relaxation experiment. (a) Standard inversion recovery experiment,
adapted from (Bhattacharyya and Kumar 2004). (b) Magnetization Evolution during the IR
experiment.

B. Measurement of Transverse Relaxation Rate, {"°N}-R2

The transverse relaxation rate R, = T;! characterizes the decay of transverse
magnetization resulting from the loss of phase coherence among precessing spins in the
xy-plane. Unlike longitudinal relaxation, which involves energy exchange between the
spin system and the lattice, transverse relaxation originates primarily from spin—spin
interactions and local magnetic field inhomogeneities (Levitt 2008; Hahn 1950; Kay and
Torchia 1998). In the absence of magnetic field inhomogeneities, the width at half-height
of an NMR spectral peak (in hertz) is inversely proportional to the intrinsic transverse
relaxation time T2, according to Av,,, = 1/(nT;). In practice, however, experimentally
observed linewidths generally reflect the apparent transverse relaxation time T2*, which
includes additional contributions from magnetic field inhomogeneities.

The fundamental principle underlying the measurement of T, was introduced by Erwin L.
Hahn in 1950, known as the spin-echo experiment (Hahn 1950). The basic pulse
sequence consists of a 90° — t — 180° — T — acquisition block (Figure 7.10 (a)). The
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purpose of this sequence is to refocus transverse magnetization dephasing caused by
static magnetic field B, inhomogeneities (Figure 7.10 (b)).
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Figure 7.10. Transversal relaxation experiment. (a) Spin echo experiment. (b) Magnetization
Evolution during the spin echo experiment. Magnetic field inhomogeneity prevents complete
refocusing of all spins.

Following the initial 90° rf-pulse, transverse magnetization vectors begin to dephase
during the first delay period t due to variations in local magnetic fields. The subsequent
180° pulse inverts the accumulated spin phases, causing them to rephase during the
second t interval, resulting in an echo at time 2t.

Perfect echo refocusing assumes that the homogeneous decay of transverse
magnetization remains constant during the pulse sequence, so that the precession during
the second 7 interval mirrors that of the first. If the spins move into regions with different
local fields or if the fields themselves fluctuate over time, the refocusing becomes
imperfect and the echo intensity is reduced (Levitt 2008).

To overcome this limitation, H. Y. Carr and E. M. Purcell (1954) extended Hahn’s concept
by introducing a train of refocusing pulses at regular intervals, thereby generating a series
of spin echoes (Carr and Purcell 1954). The corresponding pulse sequence is 90° —
[T — 180° — t],, — acquisition. This Carr—Purcell sequence enhances the precision of T,
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measurements and reduces the influence of molecular diffusion in inhomogeneous fields
by averaging over multiple echoes. However, small imperfections in the 180° refocusing
pulses (e.g. slight deviations from the exact flip angle) accumulate over successive
echoes, leading to systematic decay distortions and inaccurate T, estimations.

To correct for these cumulative pulse errors, S. Meiboom and D. Gill (1958) introduced a
modification to the Carr—Purcell sequence, now widely known as the Carr—Purcell-
Meiboom-Gill (CPMG) sequence (Meiboom and Gill 1958). In this version, the phase of
the initial 90° excitation pulse is shifted by 90° relative to the 180° pulses. Typically, the
90° pulse is applied along the y-axis, while the 180° pulses are applied along the x-axis.

This simple phase adjustment compensates for systematic pulse imperfections and
prevents the accumulation of phase errors over successive echoes. As a result, the
CPMG sequence provides stable echo amplitudes and has become the standard method
for T, measurement in modern NMR applications (Carver and Richards 1972; Myint et al.
2012).

Compared to the Hahn echo experiment, the CPMG technique offers several distinct
advantages:

1. The frequency of the refocusing can be varied to probe chemical exchange
processes and relaxation dispersion phenomena (Bain 2003; Long et al. 2008;
Vallurupalli et al. 2009; Yip and Zuiderweg 2004).

2. When the delay between refocusing pulses is sufficiently short, the effects of
scalar-coupling on R, measurements are effectively suppressed (Stables et al.
1999), allowing more accurate determination of relaxation rates in coupled spin
systems (S. R. Williams et al. 1985).

3. The CPMG sequence minimizes errors from imperfect rf-pulses (Carr and Purcell
1954; Gullion et al. 1990; Maudsley 1986; Meiboom and Gill 1958; Shaka et al.
1988) and mitigates the effects of inhomogeneous rf-fields (Ziegler et al. 1992).

4. Phase cycling within the CPMG pulse train suppresses intensity oscillations
caused by off-resonance effects (Long et al. 2008; Myint et al. 2012; Yip and
Zuiderweg 2004), leading to smoother relaxation decay curves.

Despite its robustness, the CPMG experiment remains more complex than the Hahn echo
method. Systematic errors can still accumulate, particularly when long echo trains are
used. These cumulative errors are not easily eliminated, even when employing hard
pulses (Abdi et al. 2021, 2021; Hughes 1977; Hurlimann 2001; Ishima and Torchia 2005;
Vold et al. 1973) or soft pulses (Czisch et al. 1997; Korzhnev et al. 2000; Pawley et al.
2006; Ross et al. 1997).

To address these issues, A. D. Bain et al. (Bain et al. 2011) demonstrated that combining
CPMG with an {0013}-phase cycling scheme significantly improves the robustness and
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accuracy of relaxation measurements. This modification ensures consistent echo
amplitudes, suppresses pulse-related artifacts, and extends the applicability of the CPMG
method to more demanding experimental conditions.

C. {"*N} heteronuclear Nuclear Overhauser Effect, "H-{'>N} NOE

The {"°N} heteronuclear Nuclear Overhauser enhancement, also referred to as the
heteronuclear Nuclear Overhauser effect ("H—{"®*N} NOE), describes the net change in
signal intensity of a nucleus I that arises from DD interactions with a coupled spin S
(Ferrage et al. 2009, 2008; Kharchenko et al. 2020; Sedaghat Doost et al. 2019). In other
words, cross-relaxation of spin I, arising from DD interactions with a nearby spin S,
whether directly bonded or simply located within approximately 5 A, leads to changes in
the population of the spin states of I (Neuhaus 2011; Vogeli 2014; “Solving Problems with
NMR Spectroscopy - Edition 2 - By Atta-ur Rahman, Muhammad Igbal Choudhary and
Atia-tul- Wahab Elsevier Health Inspection Copies” 2015). Thus, the "H—{">N} NOE
reflects how fluctuations of local magnetic fields, modulate the transfer of longitudinal
magnetization (or polarization) between the coupled spins (Kuhlmann and Grant 1971;
Kuhlmann et al. 1970).

Typically, nuclei in a molecule may interact magnetically via two main mechanisms: DD
interaction (direct), which arises through space, and scalar-coupling interaction (indirect),
also known as J-coupling, which occurs through chemical bonds. In the case of the
heteronuclear NOE, only DD interactions (through-space) are relevant (Claridge 2016).
These interactions depend strongly on the inter-nuclear distance and the spectral density
at high frequencies (wy), making "H—{"N} NOE sensitive to probe fast local dynamics
(Ferrage et al. 2009).

Theoretically, the TH-{">°N} NOE is defined as the change in signal intensity of one nucleus
when the equilibrium population of another coupled nucleus is perturbed. This variation
is expressed as a relative intensity ratio, according to the Equation 7.4 (Gil and Navarro-
Vazquez, n.d.):
Isat - IO
Iy

Equation 7.4

where I, is the signal intensity of the heteronucleus in the presence of proton saturation,
and [, is the reference intensity obtained without saturation. Saturation refers to the
condition in which continuous or repeated rf-pulse equalizes the spin-state populations,
eliminating net longitudinal magnetization.

137



NMR Relaxation on the Picosecond—Nanosecond Timescale

The enhancement factor n can be either positive or negative, depending on the molecular
tumbling rate, the sign of the gyromagnetic ratios of the interacting spins, and the
magnetic field strength of the spectrometer (Sedaghat Doost et al. 2019). Generally, small
molecules (fast tumbling) exhibit positive NOE enhancements, whereas large molecules
such as large proteins (slowly tumbling) can display reduced or even negative NOE
values.

In practice, '"H-{'>N} NOE measurements are performed using two interleaved
experiments:

e Reference spectrum I,, acquired without proton saturation.

e Saturated spectrum I, acquired after continuous wave or proton pulsed
saturation, typically applied for several seconds to achieve a steady-state
condition.

Both spectra are recorded under identical experimental parameters, except for the
presence or absence of proton saturation before the heteronuclear detection period. The
TH—{'>N} NOE value () for each resonance is then determined using Equation 7.5:

Isar Equation 7.5
Iy

The difference in signal intensity directly reflects the extent of cross-relaxation between
the nitrogen and the attached proton.

Although the three NSR parameters {"®*N}-R1, {"®*N}-R2 and 'H—{">N} NOE provide
valuable insights into local molecular motion, their direct interpretation often leads to
ambiguities and inconsistencies (Farrow et al. 1994; Kay et al. 1989). These three
parameters are influenced by different aspects of molecular dynamics occurring on
distinct timescales. For instance, {'*N}-R1 primarily reflects fast motions and overall
tumbling, {'°*N}-Rzis sensitive to both fast and slower processes including conformational
exchange, and "H—{'>N} NOE predominantly responds to very fast motions (Lipari and
Szabo 1982a, 1982b). Because these parameters probe overlapping but not identical
motional regimes, attempts to extract dynamic information from them independently may
yield contradictory interpretations.

For example, a nucleus may display a relatively high {'®N}-R2 value suggesting slow
motion while simultaneously exhibiting a low 'H—{'*N} NOE value, which indicates fast
local motion. Similarly, residues that show comparable {'°N}-R1 relaxation rates may differ
markedly in {">N}-R2 or "H—{"*N} NOE, even though they are located within the same
structural region (Kay et al. 1989). Such discrepancies arise because the three relaxation
parameters depend on different combinations of motional amplitudes and timescales, and
their sensitivities to local versus global motions are not the same.
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Moreover, experimental relaxation rates represent ensemble averaged quantities,
integrating the effects of both global molecular tumbling and internal motions. Even when
the global rotational correlation time of a molecule is known, the contribution from local
flexibility remains obscured, making it difficult to separate the two effects (Farrow et al.
1994). The problem is further complicated by chemical exchange processes that influence
{">N}-R2 but not {"®N}-R1 or "H-{'"*N} NOE, introducing additional complexity into the
interpretation (Palmer 2004). As a result, relying solely on {"®*N}-R1, {"®N}-R2 or "H-{"°N}
NOE data does not provide a consistent or quantitative picture of molecular motion.

To overcome these inconsistencies, Lipari and Szabo (Lipari and Szabo 1982a, 1982b)
introduced the model-free formalism, which offers a unified framework for describing
internal dynamics without assuming any specific motional model or geometry.

VII.2. Model Free Analysis (MFA)

The model-free analysis was introduced to provide a unified framework for characterizing
internal molecular dynamics. In this approach, the complex dependence of relaxation
rates on molecular motion is reduced to a few physically meaningful parameters. The
method assumes that internal motions are independent of, and occur on a much faster
timescale than overall molecular tumbling, an assumption that is not always valid (Chen
and Tjandra 2008; Kleckner and Foster 2011). The term “model-free” reflects the fact that
this approach does not rely on an explicit structural model to describe the nature of the
motion (Kleckner and Foster 2011). Nevertheless, it remains a theoretical model that
interprets NSR parameters ({"®°N}-R1, {'°N}-Rz2and "H-{"*N} NOE) through four distinct
types of parameters:

1. The rotational diffusion tensor. It is a mathematical formalism that describes how
a molecule undergoes rotational motion in solution as a result of Brownian motion
(Ghose et al. 2001; Ollila et al. 2018). In the most general case, the rotational
diffusion tensor is defined by six parameters: D,,, D,,, D,,, 6, @, {, where D,,,

D,,, and D,, are the principal components of the diffusion tensor, and the Euler

angles (6, @, y) specify the orientation of the diffusion tensor frame relative to a

chosen molecular coordinate system (e.g., the coordinate frame of a PDB

structure) (Blackledge et al. 1998; Walker et al. 2004). In the simpler axially
symmetric diffusion, only four parameters are optimized: D,, D, 6, and ¢, where

D, and D, represent the diffusion coefficients perpendicular and parallel to the

principal rotational axis, respectively (Blackledge et al. 1998), and we have D,, =

D, and D,, = D,, = D, (Ghose et al. 2001). The diffusion parameters are
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optimized by nonlinear least squares using the Levenberg—Marquardt algorithm to
minimize the objective function E, defined as:

Nres exp cal 2
_ (pi — Pi ) .
E = - 2 Equation 7.6
i=1 i

where N, is the total number of N-H vectors included in the analysis, parameter
p is defined as a ratio of the transverse and longitudinal relaxation rates, and g;
denotes the experimental error in p; for vector number i.

2R, \ '
P=\FJ — 1 Equation 7.7
1

The value of p®*? is directly derived from the measured relaxation parameters,
while p°® is calculated using expressions for the spectral densities J(w),
depending on the rotational diffusion model (Ferrage et al. 2009; Ghose et al.
2001). In Equation 7.7, primes denote relaxation rates corrected to remove
high-frequency contributions to the spectral density (Walker et al. 2004).

2. The site-specific internal effective correlation time z,. It quantifies the timescale of
reorientation of the N—H bond vector at each residue. It can be decomposed into
two distinct internal motional components: a fast timescale 7, (7, < 20ps
(Jarymowycz and Stone 2006; Palmer 2004; Sakhrani et al. 2021)), typically
associated with local bond vibrations or side-chain fluctuations, and a slow
timescale 7, (7, < 73 < 7. (Palmer 2004)), which reflects larger amplitude
motions such as loop.

3. The site-specific generalized squared order parameter S2. It describes the spatial
restriction or amplitude of internal motion that governs the reorientation of the N—
H bond vector. It reflects how confined or flexible a N—H bond vector is within its
local motional environment. For instance, if the N—H bond vector undergoes
isotropic diffusion within a cone, as illustrated in Figure 7.11, the value of S?
decreases markedly as the cone semi-angle 6 increases from 0° to approximately
75°, and remains low for 75° < 6 < 180° (Kay and Torchia 1998). In general,
S? = 1indicates a completely rigid bond (no internal motion), whereas S? = 0
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corresponds to unrestricted internal motion. Furthermore, S? can be partitioned
into two distinct motional components: a fast component sz, associated with higher
internal motions and a slow component S?, which represents slower internal
motions. Therefore, $? = 5752 (Clore et al. 1990).

4. The site-specific exchange broadening R,.,. It represents the contribution to R,
arising from chemical exchange processes occurring on the ps—ms timescale.
These processes involve conformational exchange that modulate the local
magnetic environment, leading to additional dephasing of transverse
magnetization and consequently, an increase in R,.
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Figure 7.11. Relationship between internal motion and model-free parameters for axially
symmetric diffusion tensor. Adapted from (Kay and Torchia 1998; Kleckner and Foster 2011;
Palmer 2004).

The extraction of the four model-free parameters for each N—H bond vector is achieved
through analysis of NSR relaxation data using the spectral density function J(w). This
function describes how molecular motions modulate local magnetic fields at different
angular frequencies w. In practice, five spectral density terms are commonly evaluated,
each corresponding to a specific frequency relevant to NMR relaxation:

e J(0): the spectral density at zero frequency, reflecting contributions from very slow
motions, such as conformational exchange (Andrec et al. 1999, 1999; Palmer
2004; Pengt and Wagner 1992).
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e J(wy): the spectral density at the nitrogen Larmor frequency wy, which primarily
influences R; (Andrec et al. 1999, 1999; Palmer 2004; Pengt and Wagner 1992).

e J(wg): the spectral density at the proton Larmor frequency wy, which contributes
to the heteronuclear NOE enhancement (Andrec et al. 1999, 1999; Palmer 2004;
Pengt and Wagner 1992).

e J(wy *t wy): the spectral density at the sum or difference frequency, representing
simultaneous modulation of both nuclei and contributing to cross-relaxation effects
(Andrec et al. 1999, 1999; Palmer 2004; Pengt and Wagner 1992).

The experimentally measured NSR relaxation parameters {"*N}-R1, {°N}-R2 and 'H-
{'>N} NOE are quantitatively linked to the five spectral density functions through the
following equations (Andrec et al. 1999; Farrow et al. 1995; Palmer 2004; Pengt and
Wagner 1992):

2
Ry = G Uwn — @n) + 3/ (wy) + 6wy + )] + ¢ (@) Equation 7.8

d? 2
R, = 8 [4](0) + J(wy — wy) + 3](wy) + J(wy) + ] (g + wy)] + % [4J(0) + 3] (wpy)]

Equation 7.9

2

d
hNOE =1 + <y—H>— [6](wy + wy) — J(wy — wy)] Equation 7.10
Yn/ 4Ry

d = YuYnhito _Aowy
= — Cc =
8m2rs , V3

where pu, is the permeability of free space; h is Planck’s constant; yy and yy are the
gyromagnetic ratios of the H and N spins, respectively; ryy is the N-H bond length; Ao
is the SN CSA.

However, it has been shown that, because wy > wy, the spectral density function values
at the three high frequencies (wy — wy, wy, and wy + wy) can be combined into a single
effective term J(0.87wy), which represents molecular motions occurring near the proton
Larmor frequency (Farrow et al. 1995; Jarymowycz and Stone 2006; Kay et al. 1989;
Renner et al. 2001). This approximation forms the basis of the reduced spectral density
mapping formalism, in which all relaxation parameters are expressed in terms of only
three effective spectral densities: J(0), J(wy) and J(0.87wy).
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Using these simplifications, the full relaxation equations can be rewritten in terms of only
three spectral density functions:

2
R, = dz [3](wy) + 7](0.87wy)] + c?J(wy) Equation 7.11
d? c?
R, = n [4](0) + 3] (wy) + 13](0.87wy)] + < [4](0) + 3] (wpy)] Equation 7.12
hNOE =1 + (y_H)d_Z [5/(0.87wg)] Equation 7.13
Yn/ 4Ry '

Assuming that, each N—H bond undergoes axially symmetric rotational diffusion, two
distinct modeling approaches can be applied within the MFA formalism: isotropic and
anisotropic modeling.

VIl.2.1. Isotropic Modeling

In the isotropic model, the molecule is assumed to tumble uniformly in all directions,
characterized by a single rotational diffusion coefficient (D;,,) or, equivalently, the single
overall correlation time (z,) and 77! = 6D,,,. Isotropic modeling is characterized by a ratio
of the principal components of the diffusion tensor D;/D, < 1.2 (Hall and Fushman 2003;
Tjandra, Feller, et al. 1995).

The MFA of NSR parameters is typically carried out using five independent isotropic
models, all derived from the original formulation proposed by Lipari and Szabo (Lipari and
Szabo 1982a, 1982b) and later extended by Clore et al. (Clore et al. 1990) to account for
two distinct timescales of internal motion, fast (7) and slow (z,;) motions. In this approach,
the spectral density function is expressed as:

2 1— SZ ! SZ _ 52 I}
J(w) = E 57 >+ ( f)rf; + ( f )TZS Equation 7.14
51+ (wz,) 1+ (w‘t}) 1+ (wt})
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where the square of the overall order parameter is the product of the order parameters
for the first and second internal motions, $* = S¢SZ and 7, is defined as the global
correlation time and closely related to the isotropic component of diffusion D, by : 7.1 =
6D;s,. ()"t =11+ 171 withi = s ori = f, is an internal correlation time describing the
internal motions. All five models of the spectral density consider the isotropic rotational
diffusion tensor by using the following external correlation function:

ngial(t) —s2 + (1 _ szr)e—t/‘rf + (S% _ SZ)e—t/Ts Equation 7.15

The five model-free formulations, their parameters, and corresponding spectral density
functions are summarized in Table 7.1.

Table 7.1. Isotropic spectral density functions and corresponding fitted parameter subsets

Subset of fitted

Models Spectral density function
parameters
2 s?
2 i
1 s J(@) 5 T [1 + (w- TC)Z]
2 s? 1=5)(t.+71.) " Te
2 _ 2.
2 5% ,1.(ps — ns) J (@) 5 Te [1 + (W 1)? (o4 71)%+ (w1, Tp)?
3
, 2 S?
S, Rey ](w)=§"fc' 1T (@12 ; Raefr = Rz + Rex
4 5 2 52 A-SH( +1e) T | _
S ;Te(ps_ns):Rex ](w) _g Tc [1+ (a)'TC)Z (TC+Te)2+(w'Tc'Te)2 ;RZEff =R; + Rex
Jay =2 S (-sty) Ty (Pt

w)=—"T," .

5 SF,8% = Sf52 ,1.(ns) 5 ¢ |1+ (w-1.)? (rc + rf)z + (0T .L.f)z (te+1)2+ (w70 T5)2
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VII.2.2. Anisotropic Modeling

The anisotropic modeling accounts for the directional dependence of rotational motion,
where the rates of molecular tumbling differ along the principal axes of the diffusion
tensor. This anisotropy reflects deviations from spherical symmetry and is typically
described by the parameters D;,D, and the orientation of the tensor relative to the
molecular frame. It is characterized by a ratio of the principal components of the diffusion
tensor D, /D, > 1.2 (Hall and Fushman 2003; Tjandra, Feller, et al. 1995).

The spectral density function for anisotropic modeling is expressed as follows:

2 ! !
J(w) = 2 Z 5% (1-8%)7}, . (8% - $?)7y;
5

A
i=0 1t (wT)? 1+ (“’T},i)z 1+ (wT;,i)Z

Equation 7.16

where the square of the overall generalized order parameter is the product of the order
parameters for the first and second internal motions, §% = 752, (r))™" = 7, + 7" with

Tog = (6D J.)_l ,y T1 = (D” + SDJ_)_l and T, = (4‘D" + ZDJ_)_l.

All five models of the spectral density consider the axially symmetric anisotropic rotational
diffusion tensor by using the following external correlation function:

. 1
nglal(t) — E (Aoe—t/‘ro + Ale—t/‘tl + Aze—t/‘tz) Equation 7.17

where 4y, = (1.5c0s?0 — 0.5)% ; A, = 3sin? 0 cos? 6 and A, = 0.75 sin* 8 with 8 being
the angle between the N-H bond vector and the unique axis of the rotational diffusion
tensor (Barbato et al. 1992; Jarymowycz and Stone 2006; Sakhrani et al. 2021). The five
model-free formulations, their parameters, and corresponding spectral density functions
are summarized in Table 7.2.
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Table 7.2. Anisotropic spectral density functions and corresponding fitted parameter subsets

Subset of fitted

Models Spectral density function
parameters
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VIl.2.3. Model Selection in Model-Free Analysis

Model selection is a critical step in the MFA. The goal is to determine, for each N-H bond
vector, the simplest model that adequately explains the experimental relaxation
parameters ({"®*N}-R1, {"®N}-R2 and 'H—{"®*N} NOE) without introducing unnecessary
complexity. Inappropriate model selection may lead to either underfitting, where essential
dynamical features are ignored, or overfitting, where the model captures noise rather than
true molecular motion.

Underfitting occurs when an overly simple model (e.g., Model 1 or 2) fails to capture
slower internal motions or exchange contributions, leading to systematic deviations in the
back calculated {'®N}-R1, {®N}-R2 and "H—{'*N} NOE values.

Overfitting occurs when additional parameters improve the numerical fit but lack physical
justification. This can lead to unstable or nonphysical parameter values such as a perfect
back calculated {"°N}-R1, {®N}-R2 and "H—{"*N} NOE values.

Model selection can be performed using Akaike’s Information Criterion (AlIC), defined as:

AIC = x*+ 2k Equation 7.18
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where

2 _ " (Rl - R;)Z .
X = — Equation 7.19
i=1 O'l-

is the chi-square statistic measuring the goodness of fit between the experimental
relaxation data (R) and the back-calculated values (R") (Abragam 1983). Here, o denotes
the experimental error, i is the residue index, k is the number of parameters in a given
model, and n is the size of the data set for each residue. The AIC provides an optimal
balance between underfitting (selection of overly simple models) and overfitting (selection
of unnecessarily complex models), and has been shown to outperform traditional chi-
square or F-test criteria in model selection (d’Auvergne and Gooley 2003).

Therefore, for accurate and reliable estimation of MFA parameters, it is recommended to
measure NSR experiments at two or more static magnetic field strengths (Morin 2011).
Performing measurements at multiple fields helps to separate contributions from DD and
CSA relaxation mechanisms, thereby improving the precision and robustness of
parameters fitting (Farrow et al. 1994; Kay et al. 1989; Mandel et al. 1995).
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Chapter VIII.

Theoretical Foundations of NMR Relaxation on the
Microsecond—-Millisecond (us—ms) Timescale
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VIil.1. Introduction

Biomolecular dynamics span across an extensive range of timescales, governed by the
interdependent intramolecular and intermolecular interactions within complex free-energy
landscapes. Such dynamic processes are essential for biological function (Alderson and
Kay 2021; Boehr et al. 2006; Henzler-Wildman and Kern 2007; M. Karplus and Kuriyan
2005) and are frequently implicated in pathological dysfunction (Fawzi et al. 2011;
Neudecker et al. 2012; Sekhar et al. 2015), motivating their investigation through a wide
array of experimental and computational approaches. Among the diverse classes of
biomolecular motions, microsecond-to-millisecond (us—ms) dynamics are critically
involved in fundamental biological processes, including enzyme catalysis, protein folding,
ligand binding, and allosteric regulation (Palmer 2014). Characterization of these motions
yields detailed information on the kinetic, thermodynamic, and structural bases of
biological function (Kleckner and Foster 2011).

Molecular dynamics occurring on the ys—ms timescale often give rise to excited states
that possess higher free energy than the predominantly populated ground state (Figure
8.1 (a)).

(a) (b) O Was o

/\ Slow Exchange

Intermediate
Exchange

/\
/\ Fast Exchange

wavg = pAwA + pBwB

Free Energy

Figure 8.1. Conformational exchange between two states. (a) Schematic free-energy landscape
illustrating a two-state exchange process, highlighting the low-population “invisible” excited
state with a population pg = 5%. (b) lllustration of two-state exchange regimes adapted from
(Y. Jin et al. 2025). Simulated NMR spectra corresponding to slow, intermediate, and fast
exchange conditions, generated previously (Y. Jin et al. 2025), are shown to demonstrate the
spectral signatures associated with each exchange regime.
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These excited states are commonly referred to as “invisible states” due to their low
populations (typically accounting for at most ~5% of the total population), their short
lifetimes and the experimental challenges associated with their direct observation
(Baldwin and Kay 2009; Alderson and Kay 2020). Interconversion between distinct
conformational states on the us—ms timescale is referred to as conformational exchange
(Palmer et al. 2001). Because the interconverting conformers frequently adopt different
structures, the magnetic environments experienced by nuclear spins in each state can
differ substantially. Consequently, the exchange process gives rise to a stochastic
modulation of nuclear chemical shifts, commonly termed chemical exchange. This
modulation of chemical shifts can be exploited to probe the kinetics and thermodynamics
of the exchange process and to extract valuable structural information about the
transiently populated states (excited states) sampled during the exchange phenomenon.

Exchange processes can be described using a variety of exchange models, the simplest
of which assumes a two-state exchange mechanism. For simplicity, we consider here an
isolated 'SN-'H spin in a protein that undergoes exchange between two conformational
states: A (the ground state) and B (the excited state).

kg

A=B Equation 8.1

kBA

The exchange process is characterized by several key parameters, including the
exchange rate between the two states (k., = kag + kga, Where k5 and kg, represent
rate constant for transition from ground state to excited state and vice versa, respectively),
the populations of the ground and excited states (pa and ps, respectively), the chemical
shift difference between the two states (Awpg = @wg — @, IN ppM Or Awag = wg — wy iN
rad/s), as well as the longitudinal relaxation rates (R1a, R1g) and transverse relaxation
rates (Rza, R2s) associated with each state.

In two-state exchange model, the exchange regime is determined by the relative
magnitude between k., expressed in s*' and |Aw,z|, which can be categorized as:

e Slow Exchange (k., < |Awyg|). In the slow-exchange regime, the NMR signals
corresponding to the ground and excited states are observed separately, reflecting
their distinct chemical shifts, intensities, and linewidths (Figure 8.1 (b)). This
behavior arises because there is negligible interconversion between states A and
B during the frequency-detection period of the NMR experiment (Kleckner and
Foster, 2011). In this limit, the intensity of each resonance directly reports on the
population of the corresponding conformational state (Kleckner and Foster, 2011).
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Intermediate Exchange (k., = |Awygl). In the intermediate-exchange regime, a
single resonance is observed at a chemical shift located between w, and wg
(Figure 8.1 (b)). Importantly, exchange-induced line broadening predominantly
affects the excited state (kgy = pa - ko) rather than the ground state (kag = pg -
k.. ), owing to its lower population and increased sensitivity to exchange processes
(Jin et al. 2025; Kleckner and Foster 2011).

Fast Exchange (k. >» |Aw,g|). In the fast-exchange regime, the ground and
excited states give rise to a single resonance whose frequency corresponds to the
population-weighted average of the individual state chemical shifts (w,yg = pawa +
pgwg)- This behavior arises from rapid interconversion between the states, leading
to effective averaging during the frequency-detection period of the NMR
experiment (Jin et al., 2025; Kleckner and Foster, 2011).

To investigate biomolecular dynamics on the ps—ms timescale, a variety of NMR
techniques have been developed. Commonly used approaches include Carr—Purcell—
Meiboom-Gill (CPMG) relaxation dispersion (Korzhnev et al. 2004; Palmer et al. 2001),
chemical exchange saturation transfer (CEST) (Yuwen, Kay, et al. 2018; Vallurupalli et
al. 2012, 2017), and rotating-frame longitudinal relaxation dispersion (R1p) (Rangadurai
et al. 2019; Palmer and Massi 2006) (Figure 8.2). This chapter focuses on the first two
methods, which are employed throughout this thesis.

50000 s> k_, > 1000 s 400 s>k, > 20 s
Fast Exchange Slow Exchange
/ | \
| R, | CEST |

CPMG

Intermediate
Exchange

2000 s> k. > 200 s

Figure 8.2. Timescales of biomolecular motions and NMR methods for probing molecular

dynamics across different timescales.
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VIil.2. CPMG relaxation dispersion experiment

VIil.2.1. Overview of CPMG relaxation dispersion

Carr—Purcell-Meiboom-Gill (CPMG) relaxation dispersion, named after its developers
Herman Carr, Edward Purcell, Solomon Meiboom, and David Gill (Meiboom and Gill
1958; Carr and Purcell 1954), is one of the most widely used NMR techniques for
characterizing low-population, “invisible” excited states (Figure 8.3 (a)) in biomolecules
(Sekhar and Kay 2019; Y. Jin et al. 2025). It is a spin-echo—based method, as described
in Chapter VII, Section VIl.1.2.B.

In a CPMG experiment, transverse magnetization is maintained in the xy-plane during
the relaxation period (Tcpmac), while a train of 180° refocusing pulses (commonly referred
to as CPMG pulses or refocusing frequency/rate) is applied at defined time intervals
(Figure 8.3 (b)). The evolution of magnetization during the pulse sequence is illustrated in
Figure 8.3 (c), where, without loss of generality, the carrier frequency is assumed to be
placed on resonance with the ground state (w,) (Vallurupalli et al. 2012). Because
biomolecules typically exhibit relatively large intrinsic transverse relaxation rates (Rz2), the
relaxation period Tcpwva is usually chosen to be on the order of several tens of milliseconds
(Jin et al. 2025).

(@)  98.5% 1.5% (b)
k
A——B . Teeme |
Kga X Y
'\ | TCPMGH Tepme
| |
| L
\ \w N
! —AB | M m!
1 N | ‘ 90° ‘ | 180°
(c) z z z
kns 180° Pulse
RBA
y ] y 7 y
X X X

Figure 8.3. Standard CPMG relaxation dispersion experiment. (a) >N spectrum of an isolated spin
exchanging between two states with chemical shifts w, and wg. The minor state is shown in the
spectrum for purposes of illustration but cannot be observed in the systems of interest. (b) Basic CPMG
experiment. A variable number (N) of 180° refocusing pulses is applied during a constant-time relaxation
element of duration. (c) lllustration of the mechanism underlying the CPMG experiment, with the ground-
state (blue magnetization) assumed to be on resonance. The 180° pulses invert the sense in which
“excited state” spins (red magnetization) precess around the z-axis. Adapted from (Vallurupalli et al.
2012)
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The CPMG experiment measures an effective transverse relaxation rate,

Ry err = Ry + Ry Equation 8.2

where Rz is the intrinsic transverse relaxation rate and Rex is the chemical exchange
contribution arising from conformational exchange. For systems undergoing exchange on
us-ms timescale, Rzeff is modulated by the application of refocusing frequency at a
frequency,

Ucpme = 1/4Tcpme Equation 8.3

where 2t.py¢ denotes the delay between successive 180° pulses in the refocusing pulse
train.

Each 180° refocusing pulse reverses the sense of spin precession about the z-axis,
thereby refocusing chemical shift evolution and attenuating the effects of chemical
exchange. At low refocusing frequencies, exchange effects are insufficiently refocused,
resulting in a large Rex contribution and significant signal attenuation (Figure 8.4). In
contrast, at high refocusing frequencies, exchange-induced dephasing is efficiently
quenched, leading to a reduction in Rex and a corresponding increase in signal intensity
(Figure 8.4).

TCPMG

I—I TepMo ﬂ Tepme H Termo ﬂ Terme H Tepmo H TcpMo
(] 90= [ 180°
4 l

o909

TCPMG

N e [ e AN
[ 90> [] 180°

Signal Intensities

5N Refocusing frequencies

Figure 8.4. Evolution of >N signal intensities as a function of CPMG refocusing frequency.
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This dependence of Rzerf on the refocusing frequency; known as CPMG relaxation
dispersion; arises because the chemical shift differences between exchanging states
(Aw,p) are effectively averaged out by rapid refocusing (Y. Jin et al. 2025). Consequently,
the exchange contribution Rex is progressively suppressed at higher refocusing rates
(Rex = 0asvepye — ), enabling quantitative characterization of exchange kinetics,
populations, and chemical shift differences.

R2.eff can be calculated from the measured signal intensities and Tcpmc according to the
following relationship (Mulder et al. 2001):

1 I1(vcpme) ;
R = — 1 Equation 8.4
z,eff(UCPMG) Tepme n < I,

where [, is the signal intensity in the reference spectrum recorded without the Tceme
relaxation delay and I(vcpyg)is the corresponding signal intensity in the spectrum
measured at a frequency of vcpye-

Plotting Rzef as a function of vepy yields two distinct types of profiles: (i) relaxation
dispersion profiles observed for residues undergoing conformational exchange, and (ii)
flat profiles for residues that do not participate in exchange (Figure 8.5).

Exchange

Ryefr[s71]

Vcpme[HZ]

Figure 8.5. >N CPMG profiles.
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VIll.2.2. Experimental considerations in CPMG relaxation dispersion
measurements

CPMG relaxation dispersion experiments in biomolecular NMR are most performed using
SN (Kleckner and Foster 2011; Jin et al. 2025; Kay et al. 1992) or '3C (Kleckner and
Foster 2011; Y. Jin etal. 2025; Vallurupalli et al. 2009; Lundstrém et al. 2009) spin probes,
owing to the reduced influence of homonuclear couplings (1/i;_1y) and cross-relaxation
effects (e.g. '3C-13C cross-relaxation), which simplifies both experimental implementation
and data analysis. In addition, TROSY-based CPMG experiments have been developed
for N spin probes, making them particularly well suited for investigations of high
molecular-weight biomolecules (Jin et al. 2025; Loria et al. 1999).

In the traditional CPMG experiment, relaxation dispersion profiles are constructed by
measuring signal intensities at multiple CPMG refocusing frequencies v py, @ procedure
that is experimentally time-consuming. This approach has therefore been largely
superseded by constant-time CPMG schemes, in which relaxation dispersion profiles are
obtained by varying the number of refocusing pulses applied within a fixed relaxation
period Tcpmc

Although CPMG experiments can also be conducted using 'H spin probes, their
experimental implementation is considerably more challenging. This increased
complexity arises from artifacts associated with "H-'"H homonuclear couplings and cross-
relaxation effects (Y. Jin et al. 2025; Ishima and Torchia 2003; Ishima et al. 1999).
Consequently, such experiments often require sample deuteration (°H) or the use of
specialized pulse schemes designed for studies of fully protonated samples (Y. Jin et al.
2025; Yuwen and Kay 2019).

Focusing on "N CPMG relaxation dispersion experiments, which are employed
throughout this research, it is important to note that >N nuclei are directly bonded to NMR-
active 'H spins. The associated heteronuclear scalar-couplings 1Ji_isy can introduce
potential artifacts during experiments and must therefore be carefully suppressed. To
understand the origin of these artifacts, it is necessary to introduce two key concepts: in-
phase and anti-phase magnetization.

A. In-phase magnetization
To illustrate the concept of in-phase magnetization, we consider an isolated 'H-'°N spin
pair subjected to a simple one-pulse experiment (Figure 8.6 (a)). At equilibrium, the
magnetization of both 'H and "°N nuclei lies along the z-axis and carries a positive sign
(Figure 8.6 (b)).
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Application of a 90° pulse on the >N channel rotates the >N magnetization from the z-
axis into the transverse plane (xy-plane), for example along the y-axis, while retaining its
positive sign. Because the 'H magnetization remains aligned along the z-axis, both >N
transverse magnetizations are in-phase at t = 0, immediately after the 90° pulse on the
SN channel.

Consequently, detectable transverse magnetization is generated on the "*N nucleus. The
observed "N signal is split into a doublet due to the !Ji_is\ Scalar-coupling. Each
component of the doublet corresponds to a distinct spin state of the coupled proton: one
resonance arises from "N nuclei coupled to a 'H in the a-state, while the other
corresponds to coupling with a 'H in the B-state.

(@™ — Legends
r‘l 90",
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N 4%“—— qm\,v“ Acquisition
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Figure 8.6. In-phase magnetization. (a) One-pulse sequence. (b) >N Magnetization Evolution
and detected signal.
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B. Anti-phase magnetization
In NMR spectroscopy, anti-phase magnetization arises when the evolution of one nuclear
spin depends on the spin state of a coupled partner, most commonly through scalar-
coupling. Although anti-phase magnetization carries valuable information about spin—spin
interactions and dynamics, it is less directly observable and more susceptible to
relaxation, making its control a critical aspect of pulse-sequence design.

To illustrate the concept of anti-phase magnetization, we consider an isolated "H-"°N spin
pair undergoing an Insensitive Nuclei Enhancement by Polarization Transfer (INEPT)
experiment (Figure 8.7 (a)). At equilibrium, the magnetization of both the "H and "*N nuclei
is aligned along the z-axis and carries a positive sign.

(a) dy — - (c)
R NS Wy /X .
15N ‘_’ Mn.v | l’

i |
A= 1/4]iy sy | | 90° . 180° '
(b)
z z z 180°-, 2 z Wy z
V 90’ , 1/4] / 180°_, 1/4) 90°_, -
— — —_— — S -
y y = -y y y y

x/l x x x/ x x

Figure 8.7. Anti-phase magnetization. (a) INEPT pulse sequence. (b) Evolution of *H (blue) and
5N (red) magnetizations. (c) Detected signal

Application of a 90° pulse on the 'H channel rotates the proton magnetization from the z-
axis into the xy-plane, where it evolves under the influence of the 1J.;;_is5 Scalar-coupling
Figure 8.7 (b). During this evolution, "H magnetization coupled to a '*N spin in the a-state
precesses in counterclockwise direction, whereas "H magnetization coupled to a >N spin
in the B-state precesses in the opposite direction (clockwise).

After a delay of 1/4/.4_.sy, 180° pulses are applied simultaneously on both the 'H and
SN channels. The 180° pulse applied on the 'H channel change the phase of the proton
coherence in the xy-plane, while the 180° pulse inverts the >N spin populations. As a
result, after the second 1/4/.;;_.sy €volution period, the two "H magnetization components
become aligned along the x-axis but with opposite signs. This configuration corresponds
to anti-phase magnetization.

Subsequent application of a 90° pulse simultaneously on both the 'H and °N channels
transfers the 'H population difference to the >N spin, generating anti-phase '°N
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magnetization in the xy-plane. Consequently, detectable anti-phase magnetization is
produced on the "N spin (Figure 8.7 (b-c))

Returning to the SN CPMG relaxation dispersion experiment, the conventional pulse
sequence can be divided into several key elements, as illustrated in the simplified scheme
shown in Figure 8.8. These elements include an initial INEPT, a CPMG relaxation period,
an incremental evolution time, a reverse INEPT, and signal acquisition. Each step plays
a specific role in preparing, modulating, and detecting the >N magnetization.

Reverse
INEPT INEPT
A 1
[ ] | \
dy 1 A A [ T ) M A A /\
‘ . CPMG -
Rt e

t M
| 1 .
1N B eewen—— | N s

I_ J?.n
[]

A= 1/4)w_vy | | 90° . 180° - CPMGblock  t;:incrementaltime né€N

Figure 8.8. Simplified conventional °N relaxation dispersion pulse sequence. Adapted from
(Palmer et al. 1992).

The experiment begins with an INEPT block which transfers polarization (population
difference) from the highly sensitive 'H spins to the less sensitive >N spins via the 1/, _isy
scalar-coupling. As described above, this step generates anti-phase >N magnetization in
the xy-plane.

Following INEPT, the anti-phase N magnetization is subjected to the conventional
CPMG pulse train constituting the CPMG relaxation period. During this period, chemical
shift evolution is modulated by the application of defined refocusing frequency, thereby
probing exchange contributions to the transverse relaxation.

After the CPMG relaxation period, an incremental evolution period is introduced to encode
SN chemical shift information. This period allows frequency labeling of the >N spin prior
to detection and is incremented systematically to generate the indirect >N dimension of
the experiment. Finally, the NMR signal is recorded during the acquisition period, typically
on the 'H channel, with the observed signal intensity reflecting the cumulative relaxation
experienced by the magnetization during the CPMG periods.

Although the INEPT transfer initially generates anti-phase SN magnetization, this
magnetization does not remain purely anti-phase during the subsequent CPMG relaxation
period due to the presence of the 1Jiy_isy scalar-coupling. During the delays between
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successive CPMG refocusing pulses (t.p), evolution under the 1]_isy transiently
interconverts anti-phase and in-phase '°N coherences. Because anti-phase
magnetization relaxes more rapidly than in-phase magnetization (Hansen, Vallurupalli,
and Kay 2008), magnetization converted into anti-phase coherence decays more rapidly.
Since the extent of this interconversion depends on the t.p, the measured effective
transverse relaxation rate may acquire a 7., —dependent contribution that is unrelated to
conformational exchange. As result, apparent relaxation dispersion may be observed
even in the absence of genuine conformational exchange, giving rise to artificial
dispersion profiles. The frequently used strategy to suppress such artifacts is the
relaxation-compensated CPMG (rc-CPMG) approach (Loria et al. 1999). The rc-CPMG
scheme was designed to average the relaxation of in-phase and anti-phase coherences
in a controlled manner, so that this contribution becomes independent of 7p.

In the rc-CPMG experiment, the pulse sequence consists of two CPMG relaxation periods
of equal and constant duration, each of duration T.p,;/2. These two periods are
separated by a P-element, as illustrated in the simplified >N rc-CPMG pulse sequence
shown in Figure 8.9.

Reverse

INEPT INEPT
| 4 ) P-element r A )
di 1 A A [T Tepme/2 [ A A [ Tepme/2 | A A
" | \ CPMG . CPMG I | |-—-.-—-ﬂ [\v{\vﬂvﬂ
I 1 tl [ ‘ . U -
15N | Decoupling

|_ 2n 2n

A= 1/4]y_sy | | 90° . 180° - CPMGblock  t:incrementaltime n€EN

Figure 8.9. Simplified >N rc-CPMG relaxation dispersion pulse sequence. Adapted from (Loria
etal. 1999)

Following INEPT, the anti-phase "°N magnetization is subjected to a CPMG pulse train
constituting the first CPMG relaxation period (CPMGi+). During this period, chemical shift
evolution is modulated by the application of defined refocusing frequency, thereby probing
exchange contributions to the transverse relaxation of anti-phase magnetization. After the
first CPMG relaxation period, the P-element convert the anti-phase >N magnetization into
in-phase N magnetization. A second CPMG block (CPMG2), identical or symmetric to
the first, is then applied. This symmetric arrangement about the P-element is designed to
ensure that equal amounts of in-phase and anti-phase >N magnetization are sampled
during the total Tcpvc period, independent of the CPMG refocusing frequency vepys- The
incremental evolution time, reverse INEPT block, and signal acquisition are implemented
in the same manner as in the conventional >N CPMG experiment discussed above.
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To improve robustness against pulse imperfections and resonance offsets, the P-element
is usually implemented as a composite pulse (Hansen, Vallurupalli, and Kay 2008;
Hansen, Vallurupalli, Lundstrom, et al. 2008), i.e., a sequence of pulses with defined
phases and durations that together achieve an accurate effective rotation while
minimizing experimental errors.

Another widely used strategy for suppressing 1Jiy_1sy scalar-coupling induced artifacts
involves the application of 'H decoupling during the Tcpuwc relaxation period, as
implemented in the CW-CPMG (Hansen, Vallurupalli, and Kay 2008) and ST-CW-CPMG
(Jiang et al. 2015) experiments. Continuous 'H decoupling during Tceme maintains the
SN magnetization in an in-phase state, thereby preventing interconversion with anti-
phase magnetization. Because in-phase magnetization exhibits more favorable relaxation
properties and contributes less background to the effective transverse relaxation rate
R2,ff, as discussed above, CW-CPMG and ST-CW-CPMG enable sampling of a larger
number of CPMG refocusing frequencies v.py; Within a fixed relaxation period Tcrvc
(Hansen, Vallurupalli, and Kay 2008).

However, the use of continuous-wave (CW) 'H decoupling requires very high 'H
decoupling power (typically ~15 kHz), which makes it challenging to study high-salt
samples, particularly when using cryogenic probes (Jin et al. 2025). Furthermore, CW 'H
decoupling can introduce slow-pulsing artifacts, primarily due to off-resonance effects and
radiofrequency field inhomogeneities (pulse imperfections). To mitigate these artifacts,
composite-pulse decoupling (CPD) schemes, such as 90,240,90, (Chatterjee et al.
2018), are commonly employed. These schemes improve decoupling efficiency over a
broader frequency range and enhance robustness against offset and pulse imperfections,
thereby reducing decoupling-related artifacts in CW-based CPMG experiments.

Artifacts in "N CPMG relaxation dispersion experiments can also arise from the presence
of D20 in the sample (Jin et al. 2025), which is commonly used for spectrometer frequency
locking. Solvent exchange leads to interconversion between ®N-'H and "®°N-?H groups
at backbone amide and other labile sites, resulting in artificial relaxation dispersion effects
(Kumari et al. 2018; Kim et al. 2013). To minimize such artifacts, it is recommended to
use the lowest practical fraction of D20 in the sample (e.g., 5% v/v instead of the typical
10%).

At this stage, we have shown that artificial >N relaxation dispersion profiles arising from
ig_isy Scalar-coupling in the absence of conformational exchange can be suppressed
using rc-CPMG, CW-CPMG, and ST-CW-CPMG experiments. In all of these approaches,
a large number of CPMG refocusing pulses are applied during the constant-time
relaxation period Tcema. Therefore, small errors arising from off-resonance effects and
pulse imperfections can accumulate over the pulse train and lead to experimental
artifacts, thereby reducing the accuracy of the extracted dynamical parameters.
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Although careful calibration of the CPMG pulses can mitigate these effects, a commonly
employed and highly effective strategy is the use of specialized phase-cycling schemes
within the CPMG pulse train. Phase cycling involves systematically varying the phases of
rf-pulses, such that desired magnetization pathways add constructively while undesired
pulse-induced artifacts cancel upon signal averaging. In this way, phase cycling improves
robustness against pulse imperfections and enhances the reliability of relaxation
measurements.

Among the various phase-cycling schemes that have been developed, the {0013}-phase
cycle (Bain et al. 2011; Yip and Zuiderweg 2004) is most widely used and is generally
preferred for "N CPMG relaxation dispersion experiments (Jin et al. 2025). This phase
cycle has been successfully implemented in several pulse-sequence variants, including
rc-CPMG (Long et al. 2008) and ST-CW-CPMG (Jiang et al. 2015), where it significantly
reduces artifacts arising from pulse imperfections and off-resonance effects. Furthermore,
to ensure reliable and accurate estimation of exchange parameters (k.y,pg, Awag) in
biomolecular systems using >N CPMG relaxation dispersion experiments, it is commonly
recommended to perform measurements at multiple static magnetic field strengths (Millet
et al. 2000) and/or at different temperatures (Korzhnev et al. 2004).

VIIl.3. CEST experiment

VIIl.3.1. Overview of CEST experiment

Chemical exchange saturation transfer (CEST) techniques were originally developed
over six decades ago to investigate slow chemical exchange between "visible" states in
small molecules (Forsén and Hoffman 1963). The underlying concept was to selectively
perturb the magnetization at one site (site A) by applying a weak radiofrequency field and
to observe the resulting effect on the magnetization at a second site (site B), arising from
the reversible transfer of protons between the two molecular sites (sites A and B).
Conversely, and in a completely symmetric manner, perturbation of the magnetization at
site B produces a corresponding effect on the magnetization at site A. Since then, CEST
has emerged as a widely used methodology in magnetic resonance imaging (MRI) and
related fields (Ward et al. 2000; Van Zijl and Yadav 2011). More recently, its routine
application to the study of biomolecular conformational exchange between "visible" and
"invisible" states has gained substantial popularity, particularly following its adaptation for
protein NMR spectroscopy (Vallurupalli et al. 2012; Y. Jin et al. 2025).

To illustrate the principle of the CEST experiment, we consider, without loss of generality,
a simplified CEST pulse scheme (Figure 8.10 (b)). We assume a two-state exchange
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model operating in the slow-exchange limit (k., < Aw,p) Where Aw,z denotes the
difference in resonance frequencies between the visible ground state (state-A) and the
invisible excited state (state-B) (Figure 8.10 (a)).
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Figure 8.10. Standard CEST experiment. (a) °N spectrum of an isolated spin exchanging
between two states with chemical shifts w, and wg. The minor state is shown in the spectrum
for purposes of illustration but cannot be observed in the systems of interest. (b) Schematic CEST
experiment. A weak B; field is applied along the y-axis (green) for a time Tex before acquisition
of the spectrum. (c) When the B field is on resonance with wpg, precession occurs around the y-
axis. (d) Phase accumulation in the minor state and chemical-exchange modulation reduce the
observed major-state magnetization intensity. (e) CEST profile obtained by quantifying the
intensity of the visible-state peak as a function of position of the weak B; irradiation field.
Adapted from (Vallurupalli et al. 2012).

When the frequency of the weak perturbing rf-field B+ is far from both @, and @y, spins
in neither state are significantly affected, and the intensity of the state-A resonance
remains unchanged relative to the case where no B+ field is applied.

When the B field is applied at @w,, the observed state-A magnetization is directly
perturbed, leading to the major dip in the CEST profile (Figure 8.10 (e)). This contribution
corresponds primarily to direct saturation of the ground-state resonance.

In contrast, when the B field is applied at wg, it selectively perturbs spins transiently
populating state-B. This perturbation induces Rabi oscillations (transfer of population
between two states induced by B1 field) for the nuclei transiently populating the state-B,
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leading to precession around the y-axis in the xz-plane (Figure 8.10 (c)). This behavior is
analogous to the transverse precession about the z-axis observed during CPMG
experiments. As a result, the longitudinal magnetization of state-B is perturbed. Through
chemical exchange, this perturbation is transferred back to the observable ground-state
population. This exchange-modulated contribution gives rise to an additional, usually
weaker, dip centered at wy in the CEST profile (Figure 8.10 (e)).

It is important to emphasize that attributing this signal decrease solely to a classical
saturation transfer mechanism upon irradiation at wg is misleading in many cases
(Vallurupalli et al. 2017). In typical biomolecular systems, the lifetime of the state-B 15 =
1/kg, is significantly shorter than the timescale of 1/Rg 5, required to establish steady-
state saturation. Rg,,s = (R1 5 + R, 5)/2 (Vallurupalli et al. 2012). Consequently, spins
exchange out of state-B before full saturation can be achieved, or spins leave state-B
before full saturation. Instead, the applied B+ field partially dephases the magnetization
while spins transiently reside in the minor state (Figure 8.10 (d)).

A CEST profile is generated by plotting the observed magnetization intensity as a function
of the B1 irradiation offset. The intensity is typically normalized and expressed as a ratio
relative to a reference experiment acquired without the CEST irradiation period ( I/I,).
The major and minor dips observed in the CEST profile correspond to the ground state
(state-A) and the excited state (state-B), respectively (Figure 8.10 (e)).

In most applications, CEST experiments are performed under slow-exchange conditions.
However, it has been demonstrated more recently that CEST methodologies can also be
used to probe systems undergoing exchange in the intermediate-to-fast timescale (Tiwari
et al. 2024; Khandave et al. 2023; Rangadurai et al. 2020).

In a CEST experiment, the ground-state magnetization is initially aligned along the
longitudinal z-axis and remains longitudinal during the exchange period Tex.
Consequently, relaxation during the exchange period Tex is dominated by longitudinal
relaxation (R1). Owing to the relatively slow intrinsic R1 of biomolecules, Tex is typically
set to several hundreds of milliseconds.
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VII.3.2. Experimental considerations in CEST measurements

In the previous section, we described how CEST profiles are generated through the
application of a weak B1 field. An important practical question then arises regarding how
to select an optimal B1 field strength for a given set of exchange parameters (k,, and pg).
By analogy with CPMG relaxation dispersion experiments, it is commonly recommended
to acquire a pair of CEST datasets using two different B1 fields: one in the regime where
w, < k., and another where w; > k,,; w; = 2nB; with B1in Hz.

However, in the analysis of CEST profiles, it is often implicitly assumed that the transverse
relaxation rate of the minor state, R, g, is much smaller than the exchange rate k,, (R, g <
k.. ), an assumption that is not always valid in practice.

Recently, it has been demonstrated that when R, g > k., precise site-specific exchange
parameters cannot be reliably extracted from the analysis of two CEST datasets
(Khandave et al. 2024). In this regime, the B fields required to accurately characterize
chemical exchange depend not only on k,, but also on R, . Accordingly, it has been
proposed that the choice of B1 fields should be governed by an effective exchange
parameter K (Khandave et al. 2024),

K = \[kex(kex + RZ,B) Equation 8.5

which incorporates contributions from both k., and R, 5. When R, 5 < k,,, K = k,,, and
the selection of B1 fields is primarily determined by k., . In contrast, when R, g > k,,,
CEST datasets recorded using higher B1 fields dictated by K, rather than by k., alone
(Khandave et al. 2024), are required to obtain accurate and reliable exchange
parameters.

As described above, in case of exchange, CEST profile consists of a major dip at @w,, and
smaller dip centered at wg. Recent studies have established that CEST profile does not
often contain well-separated dips but a single asymmetric dip that can be analyzed to
study biomolecular dynamics occurring on the intermediate-to-fast timescale (Tiwari et al.
2024; Khandave et al. 2023; Rangadurai et al. 2020). Therefore, one should take care
when analyzing CEST profiles. In the case of suspicion of a single asymmetric dip,
recording CPMG relaxation dispersion experiment using CW-CPMG or ST-CW-CPMG
experiments may help to distinguish specific site in exchange from those who are not in
exchange as shown in this research (manuscript under review at Journal of Magnetic
Resonance). Accordingly, a combined analysis of CPMG relaxation dispersion and CEST
datasets may provide a more robust framework for the extraction of exchange
parameters.
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In what follows, we focus on >N CEST experiments, which are employed throughout this
research.

For biomolecular studies, "N CEST experiments targeting backbone amide groups are
most commonly employed (Vallurupalli et al. 2012). Because backbone N nuclei are
directly bonded to 'H, the application of "H decoupling is essential to suppress 1Jiy_usy
scalar-coupling induced splitting of both the major and minor dips in the CEST profile.
Such splitting can significantly hinder accurate extraction of exchange parameters,
particularly at lower B field (Y. Jin et al. 2025; Zhou and Yang 2014). For the range of B+
fields most commonly used in SN CEST experiments (typically 10-50 Hz), it is generally
recommended to employ the 90,240,90, CPD scheme (Chatterjee et al. 2018;
Vallurupalli et al. 2012). Using 'H decoupling field strength of 2.35 kHz at a static magnetic
field of 11.7 T, this CPD scheme produces decoupling sidebands at + 1/(2pwyy) Hz
relative to @y, corresponding to approximately ~20.0 ppm (Vallurupalli et al. 2012). These
sidebands typically give rise to very weak spurious peaks in a small subset of CEST
profiles (Vallurupalli et al. 2012). Here, pw;yy = 1.17/(H field) denotes the duration of
the inversion pulse, where the factor 1.17 accounts for the total nutation (rotation) time of
the CPD.

As in "N CPMG relaxation-dispersion experiments, artifacts in >N CEST experiments
can also arise from solvent-exchange effects involving labile amide protons (Tiwari et al.
2019). To minimize such artifacts, it is recommended to use the lowest practical fraction
of D20 in the sample.

In SN CEST experiment, the irradiation frequency spacing is typically chosen to be
comparable to the weak B+ field (usually 10-50 Hz) (Y. Jin et al. 2025). Given that, the
15N spectral window commonly spans approximately ~35 ppm, acquiring a full >N CEST
profile often requires collecting a large number of individual datasets, rendering the
experiment time-consuming. To address this limitation, accelerated CEST methodologies
such as DANTE-CEST (Yuwen, Kay, et al. 2018) and COS-CEST (Yuwen, Bouvignies, et
al. 2018) have been developed.
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A. DANTE-CEST

The DANTE-CEST (D-CEST) approach (Yuwen, Kay, et al. 2018) uses a train of short,
high-power B1 pulses, known as a DANTE sequence (Gareth A. Morris and Freeman
2011; Bodenhausen, Freeman, et al. 1976), to achieve multi-site excitation during the
saturation period Tex. In this scheme, the interval between successive DANTE pulses
determines the spacing between adjacent excitation regions, commonly referred to as D-
CEST spectral window (SWcesr). As a result, D-CEST profiles exhibit periodicity with a
period equal to SWcest. To remove ambiguities in the extracted '°N chemical shifts of the
major- and excited-state, it is recommended to acquire data using at least two different

SWecesT.

By simultaneously probing multiple frequency offsets within a single experiment, D-CEST
significantly reduces the total measurement time, typically providing an approximately
fourfold decrease compared to conventional CEST experiments (Figure 8.11). As a
consequence, D-CEST is particularly advantageous for studies of large proteins, such as
the TEM-1 enzyme, where it enables the acquisition of D-CEST profiles with high signal-
to-noise ratios (Figure 8.12). In contrast to conventional CEST, this improved efficiency
and facilitates more reliable extraction of exchange parameters in systems where
experimental time and sensitivity are limiting factors.
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Figure 8.11. Comparison of standard >N CEST and **N D-CEST acquisition strategies. (a)
Conventional CEST samples offsets sequentially. (b) D-CEST enables simultaneous excitation of
multiple offsets, reducing experimental time.
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Figure 8.12. Comparison of signal-to-noise ratios obtained from standard *>N CEST and *°N D-
CEST experiments for TEM-1 residue A172. The CEST profile was acquired over a total
experimental time of 5 days and 5 hours using B; = 25 Hz. The D-CEST profile was acquired over
a total experimental time of 2 days and 5 hours using B; = 20 Hz and SWcesr = 800 Hz

B. COS-CEST

The COS-CEST experiment employs cosine-modulated shaped pulses to achieve multi-
site excitation, in contrast to the rectangular pulses used in D-CEST. As a result, COS-
CEST deposits less radiofrequency power than D-CEST and is therefore better suited for
studies of fully protonated proteins using 'H CEST. In such applications, higher sensitivity
can be achieved by selectively avoiding excitation of the water resonance and aliphatic
proton regions (Yuwen, Bouvignies, et al. 2018). Because COS-CEST was not employed
in the present research, this approach will not be discussed further.
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VIil.4. CPMG and CEST Data Analysis
The CEST and CPMG intensity profiles can be analyzed using ChemEx
(https://github.com/gbouvignies/chemex) as illustrated in Figure 8.13.
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Figure 8.13. Schematic illustration of the analysis of >N CEST and >N CPMG profiles using
ChemEx.

Best-fit exchange parameters were determined by minimizing the following target function
through non-linear least-squares optimization:

2
Y2(8) = zn (IiExp B Iialc(f)) Equation 8.6
i g;
where I/*" is the experimental intensity, I%“ is the corresponding calculated intensity,
& = {x1,x,,..,x,} refers to the different fitting parameters, ¢ is the uncertainty in the
experimental measurement, and the summation extends over all experimental data points

(1) included in the fitting process.

For the SN CEST experiments, signal intensities were calculated by numerically
integrates (Korzhnev et al. 2004 ) the Bloch—McConnell equations (McConnell 1958) over
the Tex period, describing the evolution of an isolated scalar coupled 'H-"°N spin system
exchanging between two states A and B with rate constant k,z and kg, :

E/2 0 0 0 0 0 0 0 E/2
1y / 0 —Ryp — kup —w, W kga 0 0 \ Ixa
d s | | @a —Rou = kup 0 0 ks ; | e
- Ia | =1 2R1,ala.eq —w,q 0 —Rpa— kg 0 0 kpa Pa
Lys 0 kap 0 0 —Ryp —kpa W w1 Lyp
lyp 0 0 kap 0 Wp Rep —kpa 0 ) kly.s)
Lg 2Ry plpeq 0 0 kap —wW 0 ~Rep = ks Pp

Equation 8.7 adapted from (Vallurupalli et al., 2012)
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where E is the identity operator, I;; is component of the angular momentum for state A
or B; je{x,y,z} and k € {4, B}, R, is the longitudinal rates, R, is the transverse
relaxation rates, w, and wy are the ground- and minor-state frequencies respectively,
Iyeq and I, are the equilibrium populations of states A and B respectively.

The global fitting parameters, common to all residues, are k., = k5 + kg4 and pg; with
k,s = pgke, and kg, = p4k.,. Residue-specific fitting parameters included w, and @wj,
as well as Ry 4, Ry 5, R, 4 and R, 5 of °N spins. Usually, relaxation rates for the A and B
states are constrained to be equal (R, 4, = R, and R; 4, = Ry ).

The data were fit using two sets of initial conditions:

» Leap = lyap=0; 1,4 =psand L,z = pp.
> Ix,A/B = Iy,A/B =0; Iz,A = —Da and IZ,B = —pp.

These two conditions are used in all of the calculations, and the difference in I, , is
retained.
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ABSTRACT

Cold-shock proteins (CSPs) are highly conserved nucleic acid-binding proteins that act
as chaperones during cellular adaptation to low temperatures. Here, we present a
comprehensive structural and dynamic characterization of Escherichia coli CspA using
high-resolution NMR spectroscopy. The solution structure of CspA (PDB ID: 30IB) is
supported by extensive NMR experimental restraints, minimal violations, and favorable
stereochemistry, establishing it as a well-converged NMR structure. Crucially, we
investigated backbone dynamics across multiple timescales, with a particular focus on
the microsecond—millisecond regime using a combination of >N Carr—Purcell-Meiboom-—
Gill (CPMG) relaxation dispersion and "N chemical exchange saturation transfer (CEST)
experiments, together with visible peak-position constraints. To our knowledge, this
represents the first application of such a combined >N CEST, '"®N CPMG and visible
peak-position constraints to probe conformational exchange in CSPs. Our results show
that, in addition to the conserved aromatic residues of RNP1 and RNP2 motifs that
mediate Tr-stacking interactions with nucleic acids, an unexpectedly broad network of
hydrophobic core and solvent-exposed polar residues undergoes conformational
exchange. Notably, residues in the 33—4 and 4—5 loops display complex dynamics
not fully captured by model-free analysis formalism, highlighting their role in binding site
flexibility. Complementary AF3/YASARA modelling of the CspA bound to heptathymidine
(dT7) further supported that aromatic and polar residues form Tr-stacking and ionic
interactions with ssDNA bases, corroborating the functional relevance of these dynamic
regions. Therefore, our findings demonstrate that CspA relies on a dynamic network
extending from conserved motifs through the hydrophobic core and flexible loops,
conferring the structural adaptability required for efficient nucleic acid recognition and
chaperone activity.
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INTRODUCTION

Extremophilic microorganisms can thrive across a remarkable temperature range from
approximately —20°C, as in psychrophiles inhabiting permafrost soil and sea ice (Collins
and Feller 2023), to temperatures near or above the boiling point of water, characteristic
of hyperthermophiles found in deep-sea hydrothermal vents (Prieur 1997). These
organisms have evolved exquisite cellular strategies to cope with extreme thermal stress.
Psychrophiles generally grow within a narrow range of low-temperatures ranging from —1
to 10°C (Y. Lee et al. 2018), whereas thermophiles and hyperthermophiles typically
require temperatures above 60°C (Prieur 1997) for proliferation. Proteins play a central
role in thermal adaptation, as their structural stability and catalytic function are directly
affected by environmental temperature. The exceptional thermal stability of extremophilic
proteins has been well documented (Champdoré et al. 2007) and is widely attributed to
an adaptive increase in resistance to thermal denaturation.

Among the molecular strategies employed by microorganisms to withstand sudden
changes in temperature, the synthesis of CSPs is one of the most rapid and effective
responses. They are found in a wide variety of Gram-positive and Gram-negative bacteria
and are among the most evolutionarily conserved protein families. Upon abrupt
temperature downshifts, CSPs are rapidly upregulated to preserve cellular homeostasis,
stabilize nucleic acids, and facilitate the continued translation of essential proteins (Y. Lee
et al. 2018; J. Lee et al. 2013; B. Jin et al. 2014; G. Horn et al. 2007). CSPs constitute a
highly conserved protein family (Sinchaikul et al. 2002; Zeeb et al. 2006), ubiquitously
distributed across all Archaea and Eubacteria, with the number of paralogous CSP genes
per genome ranging from two in Geacillus stearothermophilus (CspB and CspD) to nine
in the mesophilic bacterium Escherichia coli (Roy and Ray 2024) (CspA, CspB, CspC,
CspD, CspE, CspF, CspG, CspH, and Cspl).

CSPs contain one or more cold-shock domains (CSDs), which possess nucleic acid—
binding activity. CSDs preferentially associate with single-stranded RNA and DNA
(ssRNA/ssDNA) in a cooperative manner and with low sequence specificity (Schindler et
al. 1999; Behl et al. 2020), but they have little to no affinity for double-stranded DNA (Behl
et al. 2020; G. Horn et al. 2007). The protein—nucleic acid interaction is mediated by well-
conserved cold-shock domain motifs, RNP1 (K/R-G-F/Y-G/A-F-V/I-X-F/Y) and RNP2 (L/I-
F/Y-V/I-G/K-N/G-L), which occur with minor variations in all CSPs (G. Horn et al. 2007;
Ermolenko and Makhatadze 2002; Schroder et al. 1995; Burd and Dreyfuss 1994;
Landsman 1992). These motifs enable CSPs to recognize and bind nucleic acids, a
property central to their role as RNA chaperones. By binding nucleic acids, CSPs
modulate translation. Under low-temperature stress, RNA molecules often adopt stable
yet nonproductive secondary structures that impede transcription and translation. CSPs
counteract this effect by binding to these structured RNAs and destabilizing them, thereby
promoting single-stranded conformations conducive to efficient gene expression (Yan
Zhang and Gross 2021; Yonghong Zhang et al. 2022).

Previous studies have investigated the structure of the mesophilic CspA using both
conventional and automated nuclear magnetic resonance (NMR) spectroscopy (Newkirk
et al. 1994; Tang et al. 2010), as well as X-ray crystallography (Heinemann 1994).
Conventional NMR refers to manual spectral assignment and structure determination
based on experimentally derived restraints, whereas the automated NMR structure
determination workflow (Shen et al. 2008), which incorporates CS-Rosetta (Shen et al.
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2008; Tang et al. 2010), combines sparse NMR chemical shifts ('HN, H?, 1°N, 13C,,13Cg
and '3C’) with de novo protein structure prediction (Bonneau et al. 2001; Bradley et al.
2003; Rohl et al. 2004).

While automated NMR structure determination can rival the conventional X-ray
crystallography approach (Tang et al. 2010), the overall quality of both NMR-derived and
crystallographic structures could be further improved, although the types of improvements
required differ between the two techniques. In contrast, the molecular dynamics of CspA
and CspB have been examined by NMR (Zeeb et al. 2006; Zeeb and Balbach 2005; Feng
et al. 1998). However, these studies relied primarily on nuclear spin relaxation (NSR)
experiments combined with model-free analysis (MFA), which characterizes fast internal
motions on the picosecond-to-nanosecond (ps—ns) timescale. Because the MFA
assumes that slower motions (microsecond-to-millisecond timescale), such as
conformational exchange, contribute only through an additional relaxation term Rex, it may
not provide the most comprehensive insights into protein function. To date, neither a well-
defined NMR structure in agreement with experimental restraints nor detailed molecular
dynamics on the microsecond—millisecond timescale of CspA have been reported. This
study therefore aims to determine a well-defined NMR structure of CspA and to
characterize its dynamics using advanced NMR experiments, with the goal of providing
deeper insight into its functional mechanisms.

MATERIALS AND METHODS

Protein Expression, Isotopic Enrichment, and Purification. The native gene
sequence for CspA was synthesized and inserted into the expression vector pET22b at
the Ndel site. The protocol for isotope labelling was adapted as described previously
(Marley et al. 2001). Colonies of the E. coli BL21 (DE3) cells transformed with the vector
were used to inoculate a 50 ml preculture of Terrific broth TB (12 g/l Bactotryptone (Difco),
24 g/l yeast extract (Difco), 4 ml/l glycerol, 12.54 g/l K2HPOa4, 2.31 g/l KH2PO4, pH 7.2)
containing 100 mg/l ampicillin, which was run overnight at 37°C. Five-milliliter aliquots
were used to inoculate 250 ml of TB in 2-liter Erlenmeyer flasks and the cultures were
incubated at 37°C and 250 rpm. Upon reaching an ODsoo of ~ 2.0, the cells were
harvested by a 5 min centrifugation at 3000 x g. The cell pellet was resuspended in the
isotopically labelled M9 medium (14.6 g/l Na2HPO4, 5.5 g/l KH2PO4, 1 g/l NaCl, 0.24 g/l
MgSOs .7 H20, 0.02 g/l CaCl2.2 H20) with 100 mg/I ampicillin, 1g/l "®NH4Cl and 5 g/l D-
glucose-13Cs (Cambridge Isotope Laboratories) or only 1 g/l ">NH4Cl for relaxation
studies, and then incubated at 37 °C and 250 rpm to allow the recovery of growth and the
clearance of unlabeled metabolites. After 1h30, the Erlenmeyer flasks were transferred
at 18°C for 30 min, after which protein expression was induced by 1 mM isopropyl-p-D-
1-thiogalactopyranoside (IPTG), followed by overnight culture at 18°C and 250 rpm. The
cells were harvested by centrifugation at 4000 x g for 10 min at 4°C. The cell pellets were
resuspended in 10 mM Tris-HCI, pH 7.2 containing Benzonase, RNase and a protease
inhibitor cocktail (Complete, Roche), then disrupted in a prechilled high-pressure cell
disrupter (Constant Systems) at 28 kpsi, and centrifuged at 20000 x g for 30 min at 4 °C.
The lysis supernatant was then brought to 90% saturation in (NH4)2SO4 and the
precipitated proteins collected by centrifugation were suspended in 10 mM Tris-HCI, pH
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7.2. This fraction was diluted to 30% saturation (NH4)2SO4 and the soluble fraction was
recovered after centrifugation at 45000 x g.

The protein mixture was loaded on a Phenyl-Sepharose CL-4B column (2.5 x 40 cm)
equilibrated in 10 mM HEPES and satured with 30% (NH4)2SOa4, pH 7.2. Proteins were
eluted with a decreasing gradient from 30% to 0% saturation in (NH4)2SO4. Fractions
containing CspA were then loaded on a Q-Sepharose HP column (2.5 x 40 cm)
equilibrated in 10 mM HEPES, pH 7.2 and eluted with a linear gradient from 0 to 0.4 M
NaCl. Fractions containing CspA were concentrated by ultrafiltration on membrane with
a 3 kDa cutoff and loaded on a Superdex 75 column (2.5 x 100 cm) and eluted with 50
mM KH2PO4, 100 mM KCI and 0.1 mM EDTA, pH 6.5. The purified protein samples (~5
mg/ml) were stored at -70°C. Before the NMR experiments, the defrosted sample was
filtered through a 0.22 ym membrane. The purification process was followed by
electrophoresis on Tricine-SDS-PAGE (Schagger 2006). The protein concentration was
determined by the BCA Protein Assay (Pierce).

NMR Experiments and Assignments. NMR experiments were performed on Bruker
Avance Il HD 500 MHz and 700 MHz spectrometers equipped with helium-cooled
cryogenic probes (CryoProbe™). 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) was
used as the internal chemical shift reference. CspA samples were prepared at
concentrations of 0.5—1.0 mM in 50 mM potassium phosphate buffer (pH 6.5) containing
100 mM KCI and 0.1 mM EDTA. All NMR experiments for structure determination were
conducted at 25 °C.

Backbone resonance assignments were obtained from HNCACB and HN(CO)CACB
triple-resonance experiments. Aliphatic side-chain assignments were derived from
HBHA(CO)NH, H(C)CH-TOCSY, and (H)CCH-TOCSY experiments. Aromatic side-chain
resonances were assigned using 2D (HB)CB(CGCD)HD and 2D (HB)CB(CGCDCE)HE
experiments. The intense water resonance was suppressed using the WATERGATE
water suppression scheme.

Nuclear Overhauser effect (NOE) distance restraints were obtained from three-
dimensional 'H-'5N, 'H-'3C aliphatic, and 'H-'3C aromatic NOESY-HSQC spectra
recorded at 700 MHz with a triple-resonance "H—('3C,"®N) cryogenic probe, using a mixing
time of 120 ms (Sattler 1999; Yamazaki et al. 1994; Zhu et al. 1994).

All NMR spectra were processed with Bruker TopSpin version 3.6 (Bruker BioSpin) and
NMRPipe (Delaglio et al. 1995) and analyzed using CcpNmr Analysis v2 (Vranken et al.
2005). Chemical shifts and NMR-derived restraints have been deposited in the Biological
Magnetic Resonance Data Bank (Hoch et al. 2023) (BMRB ID: 34897).

NMR Structure Determination. NOE assignments and structure calculations were
performed using a combination of automated and manual methods in CYANA version
3.98.15 (Peter Guntert 2004; Koradi et al. 1998; Peter Guntert et al. 1991), incorporating
dihedral angle (¢ and y) constraints derived from chemical shifts using TALOS+ (Shen
et al. 2009; Cornilescu et al. 1999). After seven iterative cycles of structure calculation, a
total of 100 conformers were calculated using a torsion-angle dynamics protocol, and the
20 conformers with the lowest final target function values were selected for further
analysis. The selected CYANA conformers were subsequently refined using an explicit
water refinement protocol in the Crystallography and NMR System (CNS) (Brunger et al.
1998) with the topallhdg5.3.pro/parallhdg5.3.pro force field (Linge, Williams, et al. 2003).
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The 10 lowest-energy water-refined structures were validated using the Protein Structure
Validation Software suite (PSVS) (Bhattacharya et al. 2007). Structural figures were
generated using PyMOL (http://www.pymol.org).

In Silico Structure Prediction and Refinement. The three-dimensional structure of the
heptathymidine-binding protein CspA, referred to as CspA-dT7 was predicted using
AlphaFold 3 (Abramson et al. 2024) following the protocol. Predictions were generated
via the official AlphaFold Server (https://alphafoldserver.com) using the default multimer
modeling pipeline to account for potential nucleic acids. Multiple sequence alignments
(MSAs) were automatically constructed using UniRef90 and MGnify, and structural
templates were identified from PDB70. Five independent models were generated, each
accompanied by the predicted template modelling (pTM) score and the interface
predicted template modeling (ipTM) score. The five models were selected for refinement.
These models were subjected to energy minimization and refinement using YASARA
(Land and Humble 2018). The refinement protocol employed the AMBER14 force field
with explicit solvent (TIP3P water model), followed by a 500 ps molecular dynamics
simulation under constant pressure (1 bar) and temperature (25° C) to relieve steric
clashes and optimize hydrogen-bonding networks.

NMR Investigation of Backbone Dynamics. '°N spin relaxation experiments ('SN-R;,
SN-R;z, and "®N—{'H} heteronuclear NOE) were recorded on Bruker Avance Il 500 MHz
(11.7 T)and 700 MHz (16.4 T) spectrometers equipped with cryogenically cooled triple-
resonance probes at 25 °C. Longitudinal relaxation rates (R1) were measured using
relaxation delays of 10.0, 50.0, 100.0 (x2), 200.0, 300.0, 400.0, 500.0 (x2), 700.0, 1000.0,
and 1500.0 ms, with a recycle delay of 2.0 s. Transverse relaxation rates (R2) were
obtained using relaxation delays of 8.48, 16.96, 33.92 (x2), 50.88, 67.84, 84.80 (x2),
101.76, 118.72, 152.64, and 203.52 ms, with the same recycle delay.

SN—{'H} NOE values were determined from experiments with interleaved pulse
sequences recorded with and without proton saturation. The recycle delay and proton
saturation time for the 'SN—{'"H} NOE measurements were both set to 2.5 s.

For all "®N spin relaxation experiments, the '°N carrier frequency was set to 117.037 ppm,
and the 'H carrier frequency was positioned at the water resonance. At 700 MHz, the
spectral widths were 11,160.714 Hz (F2, 'H) and 3,263.708 Hz (F4, '°N); at 500 MHz, they
were 7,812.500 Hz (F2, 'H) and 2,280.772 Hz (F1, '*N). Data were acquired with 1024
(F2) and 64 (F1) complex points.

SN CPMG relaxation dispersion experiments were performed as previously described
(Hansen et al. 2007). The spacing between successive '®N 180° refocusing pulses was
adjusted to generate effective CPMG field frequencies (v¢pu) 0f 0 (%2), 33, 67, 100, 133,
167 (x2), 200, 267, 333, 400, 467, 533 (x2), 667, 833, and 1000 Hz, during a constant-
time relaxation period of 30 ms. The N carrier frequency was set to 120 ppm, and
spectra were recorded in an interleaved manner with a recycle delay of 3.0 s.

As with the "N CPMG, "N CEST profiles were recorded on the 700 MHz (16.4 T) Bruker
Avance Il HD spectrometer equipped with a cryogenically cooled triple resonance probe.
To accelerate data acquisition, >N CEST experiments employed the DANTE-CEST (D-
CEST) approach (Yuwen, Kay, et al. 2018), which uses a train of short, high-power
radiofrequency pulses [DANTE sequence (Gareth A. Morris and Freeman 2011;
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Bodenhausen, Freeman, et al. 1976)] to achieve multi-site excitation during the saturation
period (Tex = 455 ms), with a recycle delay of 2.0 s. During the Tex period, "H decoupling
was achieved using 90x240y90x composite pulses (Levitt 1982). >N D-CEST profiles
were sampled every 25 Hz. To remove degeneracies in the extracted chemical shifts of
excited-state nuclei, two different D-CEST spectral windows were used (SWcest = 700
and 800 Hz). Two BP~CEST field strengths were employed: BP~CEST = 20 Hz and BP~¢EST
= 60 Hz (Vallurupalli et al. 2017; Khandave et al. 2024, 2023). BP~¢E5T fields were
calibrated using the nutation method (Guenneugues et al. 1999). The 'H-'°N correlation
spectra were recorded with 64 complex points in the indirect ('°N) dimension (45 ppm
sweep width) using 16 scans per increment.

Visible peak positions (ground-state >N chemical shifts) were determined from the D-
CEST spectra (SWcest= 700 and 800 Hz) using the ground-state peak positions obtained
in the absence of the two B?~¢EST(20 Hz and 60 Hz) irradiation period. Uncertainties in
the ground-state >N chemical shifts were estimated from these four spectra.

Data Processing and Analysis. "°N relaxation spectra were processed and visualized
using Bruker TopSpin version 3.6. "®"N—{'H} NOE values were calculated as the ratio of
peak heights in spectra recorded with and without proton saturation. '>N-R; and "°N-R;
relaxation rates values were obtained by fitting peak intensities using Dynamics Center
(Bruker BioSpin).

SN CPMG relaxation dispersion and SN D-CEST data sets were processed using the
NMRPipe software package (Delaglio et al. 1995). Visualization and peak assignment in
the '"H-"°N correlation spectra were performed with NMRFAM-Sparky (W. Lee et al.
2015). Peak intensities were extracted using PeakFit
(https://github.com/gbouvignies/PeakFit). Effective transverse relaxation rates, R;.ff
were then calculated from the ratio of peak intensities according to:

1 I(Vepme)
Rz,eff(VCPMG) = - In
Trelax IO

where [, is the intensity of a peak in the reference spectrum recorded without the CPMG
relaxation period, I(v¢pu ) is the corresponding peak intensity in the spectrum measured
ata CPMG field strength of vpue, and Tyeiqx IS the constant-time CPMG relaxation delay.
Exchange parameters were obtained by simultaneously fitting the >N CPMG relaxation
dispersion data and the >N D-CEST profiles, including the visible peak positions, as
previously described (Khandave et al. 2023; Vallurupalli et al. 2011), using ChemEx
(https://github.com/gbouvignies/chemex), which numerically integrates (Korzhnev et al.
2004) the Bloch—McConnell equations (McConnell 1958) for various exchange models.
Best-fit exchange parameters were determined by minimizing the following target function
through non-linear least-squares optimization:

Exp _ Calc)z

n
2 (mi m;
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where mf"p is the experimental measure (i.e. peaks intensities in the case of CPMG/D-

CEST datasets or visible peak positions), m¢® is the corresponding calculated peak
intensity or visible peak position using the Bloch—McConnell equations over the duration
of the Tex period — both calculated values were determined from the Bloch—McConnell
equations as described previously (Khandave et al. 2023), ¢ is the uncertainty in the
experimental measurement, and the summation extends over all experimental data points
(i) included in the fitting process.

For each residue, the experimental uncertainty (o) was estimated from the signal-to—
noise ratio of the recorded SN CPMG relaxation dispersion and SN D-CEST profiles.
Uncertainties in the best-fit exchange parameters were derived from the covariance
matrix obtained during the Levenberg—Marquardt optimization.

A two-state exchange model, A = B, was used to analyze the "N CPMG relaxation
dispersion, >N D-CEST profiles and visible peak-position constraints simultaneously. The
global fitting parameters, common to all residues, were the exchange rate (k,, = ksp +
kg,) and the minor B-state population (pg). Residue-specific fitting parameters included
the >N chemical shifts of the major A state and minor B state, as well as the longitudinal
(R,) and transverse (R,) relaxation rates of >N spins. Relaxation rates for the A and B
states were constrained to be equal (R4 = R, 5 and Ry 4, = Ry ).

Model-free analysis and model selection. >N relaxation data collected at 500 and
700 MHz were analyzed using model-free analysis (Hall and Fushman 2003; Tjandra,
Feller, et al. 1995; Lipari and Szabo 1982b, 1982a), following recommended best
practices (Morin 2011). The workflow comprised: (i) calculation of the molecular moment
of inertia tensor from structural coordinates (PDB 30IB), (ii) alignment and fitting of an
effective, axially symmetric rotational diffusion tensor, and (iii) model-free analysis of
SN—R1, ®N-R2, and "®N-{'H} NOE data with statistical model selection.

For low-amplitude, fast motions, the ratio R;/R; is essentially independent of internal
dynamics and primarily reflects overall tumbling through the spectral density function.
Here, primes denote relaxation rates corrected to remove high-frequency contributions to
the spectral density (Walker et al. 2004).

The anisotropic rotational diffusion tensor was modelled as axially symmetric with four
parameters (Dy,D,,0,¢), where the Euler angles (68, ¢) define the orientation of the
diffusion frame relative to the molecular frame. Parameter estimation used per-residue
SN R} /R; values together with atomic coordinates (Tjandra, Kuboniwa, et al. 1995).
Residues exhibiting pronounced internal dynamics were excluded from the fit (i.e., ">N-
{'"H} NOE < 0.61 and markedly increased '°N R, values).

The four diffusion parameters were optimized by nonlinear least squares using the
Levenberg—Marquardt algorithm to minimize the objective function E (Dosset et al. 2000;
Fushman et al. 1999; Tjandra, Feller, et al. 1995; Walker et al. 2004 ), which is defined as
the squared deviation between experimental and predicted R, /R, ratios for the selected
rigid-limit N—H bond vectors:

l 2
g -y e

o
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where N, is the total number of N-H bond vectors included in the analysis, the
parameter p is defined as a ratio of the transverse and longitudinal relaxation rates,

_ (2R, -
and og; denotes the experimental error in p; for bond vector number i. The value of p®*?
is directly derived from the measured relaxation parameters, whereas p¢* is calculated

using expressions for the spectral densities /(w) that depend on the rotational diffusion
model (Fushman and Cowburn 2001; Ghose et al. 2001).

For CspA protein, the optimized axial tensor shows an anisotropy of D,/D, = 1.2,
indicating nearly isotropic overall rotation. The corresponding rotational correlation time
was 7. = 3.9 ns, computed from the isotropic average  D;,, = (Dxx + D,, + DZZ)/S via
7. = 1/(6D;s0).

Since small anisotropy, characterized by a ratio of the principal components of the
diffusion tensor D;/D, ~ 1.2 (Hall and Fushman 2003; Tjandra, Feller, et al. 1995), results
in model-free parameters that are not significantly different when assuming anisotropic
versus isotropic overall tumbling, the model-free analysis (Lipari and Szabo 1982b,
1982a) of "®*N-R1, ®'N-R2, and "®N-{"H} NOE data (Kay et al. 1989; Morin 2011) was
performed using five isotropic models derived from the original formulation of Lipari and
Szabo as extended by Clore et al. (1990) (Clore et al. 1990) to include two separated
timescales of internal motion, fast (7;) and slow (z;). In this approach, the spectral density
is modeled as:

2| S (1-SF)tr  (SF—S?)ts
51+ wt)? 14 (wr})z 1+ (wt})?

J(w) =

where the square of the overall generalized order parameter is the product of the order
parameters for the first and second internal motions, S% = SfZSS2 and 7. is defined as the
global correlation time and closely related to the isotropic component of diffusion D;,, by
(Bloembergen etal. 1948):  (1.)"! = 6D,,. (t)) P =171+ 17 withi =sori = f,isan
internal correlation time that describes the internal motions.

All five models of the spectral density employ an isotropic rotational diffusion tensor using
the following external correlation function:

CFl(t) = S? + (1 — SF)e /" + (SF — S2)e™t/™s

The five model-free formulations, their parameters, and corresponding spectral density
functions are summarized in Table 1. Models 1—4 assume a single effective timescale for
internal motion (S2 = 1), where S? reflects motions occurring on the pico- to nanosecond
timescale. Models 1 and 3 assume the internal correlation time approaches zero (7, — 0),
describing very fast motions (z; < 20 ps). Models 2 and 4 incorporate internal motions on
a finite pico- to nanosecond timescale (t = 7.) (Mandel et al. 1995). Models 3 and 4 are

183



Structural and Functional Insights into CspA (Under Review at Journal of Magnetic Resonance)

extensions of Models 1 and 2, respectively, that include an additional exchange term R,
to account for conformational exchange and pseudo-first-order processes occurring on
the micro- to millisecond timescale, as captured here by using CPMG (Bloom et al. 1965;
Allerhand and Gutowsky 1965) and D-CEST (Yuwen, Kay, et al. 2018) at 700 MHz. Model
5 incorporates two distinct internal timescales: (i) ultrafast motions (7, — 0) with order

parameter S,? and (ii) slower nanosecond motions (7, = 7,) with order parameter 52

(Clore et al. 1990).
Model selection was performed using Akaike’s Information Criterion (AIC), defined as:

AIC = y% + 2k

» N\ (Ri—R)?
X = , 2
i=1 o;

- l

where

is the chi-square statistic measuring the goodness of fit between the experimental
relaxation data (R) and the back-calculated values (R’) (Abragam 1983). Here, o denotes
the experimental error, i is the residue index, k is the number of adjustable parameters
in a given model, and n is the size of the data set for each residue. The AIC provides an
optimal balance between underfitting (selection of overly simple models) and overfitting
(selection of unnecessarily complex models) and has been shown to outperform
traditional chi-square or F-test criteria in model selection (d’Auvergne and Gooley 2003).
With six experimentally derived relaxation parameters per residue at two fields (n = 6),
models 4 and 5 each involve three adjustable parameters (k = 3), yielding three degrees
of freedom. Therefore, to prevent overfitting, models 1-3 were first evaluated, and models
4 and 5 were only considered when the model with the lowest AIC did not reproduce the
experimental R1 and Rz values within 99% agreement.
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Table 1. SEectraI densitx functions and corresEonding fitted Earameter subsets.

Subset of fitted

Models Spectral density function
parameters
1 52 ( )—E. . 572
J(@ 5t 1+ (w-7.)?
2 52 A=5)(c+1.) 7
2 _ ..
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3
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(@) 2 52 (A=S})(zc+1p) 1, (SF—5%)(tc+75) " Ts
W) =21 .
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RESULTS

Solution NMR structure of CspA. NMR chemical shifts and the resulting three-
dimensional structure were deposited in the BMRB and PDB databases under accession
codes 35048 and 30IB, respectively. Nearly complete assignments were obtained for the
well-defined regions (K4-L70), with 94% backbone and 87% side-chain completeness,
corresponding to an overall assignment level of 87% (733/844 atoms). Consistent with
other cold-shock proteins, the ensemble of structures revealed that CspA adopts a
conserved fold characterized by five antiparallel 3-strands (B1—-35) forming a B-barrel with
an oligonucleotide/oligosaccharide-binding (OB) fold topology (Y. Lee et al. 2018) . The
five antiparallel B-strands comprise: 31 (M5-N13), B2 (G17-T22), B3 (V30-F33), B4 (G48-
155) and 35 (A63-T68). The side chains of V9, F12, 121, V30, V32, 137, L45, V51, F53,
A64, and V67 are oriented toward the interior of the B-barrel, where they pack together to
form a well-defined hydrophobic core. For clarity, we refer to the conventionally
determined NMR structure reported here as 30I1B (PDB ID; Fig. 1), the previously
determined conventional NMR structure as 3MEF (Feng et al. 1998) (PDB ID), and the
sparse-constraint CS-Rosetta structure as the CS-Rosetta model (PDB ID : 2L15).
Comparative structural statistics, including heavy-atom RMSD and Ramachandran
analysis, for 30IB, 3MEF, and the CS-Rosetta model are summarized in Table 2.

Comparative analysis of the NMR restraint sets highlights the substantially higher
experimental definition of the 30IB structure relative to the 3MEF and CS-Rosetta models.
The 30IB ensemble is based on 867 distance restraints, including 347 long-range
restraints (5.0 per residue), compared to 131 total restraints and 61 long-range restraints
(1.2 per residue) for the sparse datasets (CS-Rosetta). In addition, comparative structural
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statistics indicate that the 301B ensemble is in good agreement with the experimental
restraints. The precision of the ensemble is reflected in low RMSD values (0.53 + 0.09 A
for backbone atoms and 0.92 + 0.10 A for heavy atoms), which are comparable to or
lower than those of previously reported structures. In terms of stereochemical quality,
30IB exhibits a high proportion of residues in favored Ramachandran regions (94.3%)
and no residues in disallowed regions, together with low percentages of Ramachandran
(5.7%) in the additional allowed regions. By comparison, the other structures show
differing levels of agreement with the experimental restraints. 3MEF structure displays
elevated proportions of Ramachandran outliers (14.8% vs 1.6%) and side-chain outliers
(43.4% vs 2.3%). 2L15 structure shows low levels of geometric outliers (0.2%
Ramachandran and 0.4% side-chain) and no dihedral angle violations exceeding 10° but
exhibits residues in favored Ramachandran regions (93.7%) compared to 30IB. PSVS
(Bhattacharya et al. 2007) validation scores are consistent with these observations. The
30IB structure exhibits favorable Prosall (Sippl 1993) and PROCHECK Z-scores
(Laskowski et al. 1996), which are improved relative to 3MEF and comparable to those
of the CS-Rosetta model. The MolProbity (Lovell et al. 2003) clash score is also
substantially lower than that of 3SMEF (18.11 vs 64.74), although higher than that of the
CS-Rosetta model (5.58).

Fig. 1. 30IB NMR structure. (a) Cartoon representations of the lowest energy model of
the 30IB ensemble. (b) Cartoon representations of the 10 conformers of the 30IB
ensemble. (c) Packing of hydrophobic residues (V9, 121, V30, V32, 137, L45, V51, F53,
A64, and V67) in the lowest energy 30IB conformer.
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Table 2 Summary of structural statistics for E. coli CspA NMR structures. In this table,
the results from 3MEF structure and CS-Rosetta structure are obtained from Y. Tang et

al. (2010) (Tang et al. 2010)

3MEF CS-Rosetta
30IB structure® b
structure structure®
Distance restraints
Total 867 131
Intra-residue (i — j| = 0) 210 17
Sequential (|i —j| = 1) 235 45
g/)ledlum range (|i —j| > 1and |i —j| < 75 8
Long range (|i — j| = 5) 347 61
Total dihedral-angle restraints 118 68
Number of restraints per residue 14.3 33
Number of long-range restraints per 5.0 19
residue
Average number of dihedral angle
violations per residue (°)¢
1.0—-10.0° 7.1 3.0
> 10° 2.53 0.8
Maximum dihedral angle violation 5.96 16.70
RMSD from average coordinates (A)ef
Backbone atoms 0.53+0.09 0.5+0.1 0.8+0.2
Heavy atoms 0.92+0.10 1.1+0.1 1.2+0.2
Ramachandran statistics (%)
Most favored regions 94.3 78.3 93.7
Additional allowed regions 5.7 21.7 6.3
Generously allowed 0.0 0.0 0.0
Disallowed regions 0.0 0.0 0.0
Overall quality at a glance®® Value Value Value
Clash score 5 32 2
Ramachandran outliers (%) 1.6 14.8 0.2
Sidechain outliers (%) 2.3 43.4 0.4
PSVS Overall quality Scorese®fh Raw/Z-score Raw/Z-score Raw/Z-score
Verify 3D 0.28/-2.89 0.43/-0.48 0.45/-0.16
Prosall 0.61/-0.17 0.77/0.50 0.85/0.83
Procheck (phi-psi) -0.24/-0.63 -1.37/-5.07 -0.28/-0.79
Procheck (all dihedrals) -0.07/-0.41 -1.47/-8.69 0.00/0.00
Molprobity clash score 18.11/-1.58 64.74/-9.58 5.58/0.57

Analysis statistics for residues 2—70

aNMR structure determined in this work using conventional methods.

® Previously reported NMR structure determined by conventional methods
¢ Structure obtained from CS-Rosetta structure generation, compared with constraints;
note that these distance constraints were not used in generating the CS-Rosetta structure

d Statistics from the wwPDB validation report for 301B.
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€ Statistics from Y. Tang et al. (2010) (Tang et al. 2010) for 2L15.

9 Statistics from the wwPDB validation report.

h Order residue ranges [S(phi) > S(psi) 1.8]. 30IB generated structure: 4-27, 29-37,
40-60, 62—66. Generated using PSVS 1.5

At the level of NOE restraints, the distribution of long-range distances is narrow, with an
average upper bound of 5.29 + 0.17 A and values ranging from 5.00 to 5.50 A, indicating
a high degree of internal consistency in the restraint set. In line with this, comparison of
the 30IB structural ensemble with previously reported models (1MJC, 3MEF, and 2L15)
identifies three localized regions that deviate beyond the ensemble variability (Fig. 2): (i)
Region |, encompassing the N-terminus and 3-strand 31 (residues S2—M6); (ii) Region II,
comprising the B1-B2 loop and B-strand B2 (residues N13—I21); and (iii)) Region III,
including the C-terminal end of B-strand 4 and the B4—B5 loop (residues 155—-A64). In
each case, the observed differences are supported by multiple long-range NOE restraints
in the 30IB dataset, consistent with an experimental origin.

In Region | (Fig. 2a), the conformation observed in the 30IB ensemble adopts an
intermediate orientation relative to those in the 1MJC, 3MEF, and 2L15 structures. This
positioning is supported by 7 long-range NOE restraints, with an average upper-bound
distance of 5.36 + 0.76 A. In addition, 76 medium-range NOE restraints further define this
region, with an average upper-bound distance of 4.10 + 0.64 A, approaching the long-
range NOE restraints. Together, these restraints form a dense and internally consistent
network, supporting the observed conformation of Region I.

In Region Il (Fig. 2b), the 30IB ensemble deviates from the corresponding regions in the
1MJC, 3MEF, and 2L 15 structures. This conformation is supported by 12 long-range NOE
restraints, with an average upper-bound distance of 5.33 + 0.71 A. A substantial number
of medium-range restraints (82 restraints) further define this region, with an average
upper-bound distance of 4.12 + 0.56 A, approaching the long-range NOEs. Collectively,
these restraints define a dense and coherent network that supports the observed
conformation of Region II.

In Region Il (Fig. 2c), the conformation in the 30IB ensemble deviates from those
observed in the 1MJC, 3MEF, and 2L15 structures, while remaining well defined. This
region is supported by 17 long-range NOE restraints, with an average upper-bound
distance of 5.33 + 0.65 A. A large set of medium-range restraints (132 restraints) further
defines this region, with an average upper-bound distance of 4.09 + 0.67 A. Taken
together, these data establish a dense and self-consistent restraint network that strongly
supports the observed conformation of Region Ill. Representative strip plots of long-range
NOEs for these regions are shown in the Supplementary Information (Fig. S1).
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Fig. 2. Regions of deviation between the 301B, 1MJC, 3MEF, and 2L 15 structures. (a—c)
Regions I-lll, respectively. Color code: 301B (green), 1MJC (red), BMEF (magenta), and
2115 (blue).

Because 1MJC is an X-ray crystal structure, a direct restraint-level comparison with the
solution NMR ensemble 30IB is not possible. Instead, the quality and limitations of 1MJC
were assessed independently based on its wwPDB validation report and established
crystallographic criteria. The structure was refined at 2.0 A resolution with an R value of
0.187, consistent with a physically reasonable model according to classical
crystallographic standards (Cruickshank 1999; A T Bringer 1992). Independent
validation using Xtriage indicates no evidence for twinning and only moderate anisotropy
(0.252), supporting the absence of major crystallographic artifacts (Padilla and Yeates
2003). The Wilson B-factor (24.6 A2) and the average refined atomic B-factor (30.0 A2?)
are relatively elevated for a 2.0 A structure, reflecting increased atomic displacement
and/or conformational heterogeneity around the mean atomic positions rather than
refinement instability (Cruickshank 1999; Parthasarathy and Murthy 1997). However, the
structure does not satisfy current high-quality crystallographic standards (Evans and
Murshudov 2013), primarily due to incomplete data completeness (89.1%) and the
absence of an Rree test set, which precludes rigorous cross-validation against overfitting
(Kleywegt and Alwyn Jones 1997). This distinction is particularly relevant when
interpreting structural differences in the context of NMR relaxation measurements, as
quantitative comparisons between crystallographic B-factors and NMR-derived order
parameters (S?) requires highly complete, cross-validated crystal structures (Clore and
Schwieters 2006). Consequently, while 1MJC provides a reliable reference for the global
fold and topology, it is not treated here as a reference for assessing localized
conformational differences relative to the NMR ensemble. Accordingly, structural
deviations observed between 30IB and 1MJC are interpreted in light of the extensive long-
range NOE restraint network defining the NMR ensemble.

In Silico Structure Prediction and Refinement. An AlphaFold3 model of the CspA—-dT7
complex was generated (Fig. 3 (a-b)) as described in the Materials and Methods section.
The predicted structure adopts the canonical OB-barrel fold with five antiparallel -
strands. For the best-ranked model, the confidence scores for the prediction were pTM =
0.86 and ipTM = 0.69. Since ipTM values between 0.6 and 0.8 indicate intermediate
confidence in the predicted protein—nucleic acid interface, the model was further refined
using molecular dynamics-based energy minimization in YASARA (see Materials and
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Methods). The final refined model was deposited in  ModelArchive
(https://www.modelarchive.org/doi/10.5452/ma-7fflj).

Because cold-shock proteins adopt a highly conserved (-barrel fold, we compared the
CspA structure in our AF3/YASARA-derived complex with previously experimentally
determined Bs-CspB complexes (Zeeb et al. 2006; Max et al. 2006). As shown in Fig. 3
(c-d), the CspA structure in the model closely agrees with both the NMR Bs-CspB—dT7
complex (Zeeb et al. 2006), in which the dT7 moiety is unresolved and the X-ray Bs-
CspB—-dT6 complex (Max et al. 2006). The only notable deviation is observed in the 155—
P62 region, which lies outside the nucleic-acid interaction interface and therefore does
not affect ligand binding.

Region of structural deviation

Fig. 3. In silico structure of CspA—dT7. (a) cartoon representation of the CspA-dT7. (b)
CspA side chains residues involving 1r-stacking and ionic interactions with the dT7
bases. (c-d) Superposition of CspA from the CspA—dT7 model (green) with Bs-CspB
from the Bs-CspB—dT7 NMR structure (gray) and the Bs-CspB—dT6 X-ray structure
(magenta).

To further assess the consistency of the model with experimental data, we compared the
predicted interaction interface with residues previously identified by NMR ssDNA titration
as exhibiting significant chemical-shift perturbations and subsequently mapped as
nucleic-acid-interacting residues in resolved NMR or X-ray structures. In the Bs-CspB-
dT7 NMR complex (corresponding AF3/YASARA CspA-dT7 residues in parentheses),
residues W8 (W11), F15, F17 (F20), F27 (F30), H29 (H33), F30 (F34), and F38 (Y42)
were identified as key interaction sites in the NMR structure and shown to engage the
ssDNA primarily through aromatic tr-stacking interactions. Similarly, in the Bs-CspB—-dT6
X-ray complex, residues F17 (F20), F27 (F30), H29 (H33), F30 (F34), and F38 (Y42) were
identified as major interaction residues as they form 1r-stacking contacts with the ssDNA.
Notably, these aromatic residues form the core of the predicted ssDNA-binding interface
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in the AF3/YASARA CspA-dT7 model. The consistent involvement of the same
interaction across two CSP homologs (CspA and CspB), two related ligands (dT6 and
dT7), two independent experimental techniques (NMR and X-ray crystallography) and
one computational approach (AF3/YASARA), indicates that our model reproduces the
canonical CSP nucleic-acid binding surface. Together, the agreement in overall folding
and the convergence of experimentally identified interaction residues indicate that our
CspA—dT7 model provides a reasonable structural framework for interpreting the
experimentally observed results.

NMR Investigation of Backbone Dynamics

Backbone Dynamics on the ps-ns timescale. Site-specific "°N-R1, "®N-Rz, and >N-
{'"H} NOE values were obtained for 65 residues at 16.4 T (700 MHz) and 11.7 T (500
MHz). The results are shown in Fig. 4 and indicate uniform relaxation behavior across
the structured core.
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As seen often for this fold, the loop regions and the N- and C-termini were found to be
more dynamic on the pico- to nanosecond timescale than the rest of the protein was, as
indicated by decreased ""N—{'H} NOE values. Concurrently, increased dynamics on the
micro- to millisecond timescale could be identified for residues at the C-termini of the 31
strand based on elevated Rz relaxation rates.

To quantify the ps-ns dynamics, model-free analysis was performed using relaxation data
acquired at both 700 and 500 MHz. The best-fit model for each residue was selected
using Akaike’s Information Criterion (AIC)(d’Auvergne and Gooley 2003) from five models
of increasing complexity (see Materials and Methods and Table 1).

For CspA, 12 residues were best fit by Model 1, which is consistent with fast ps—ns
internal motions reflected by reduced order parameters (S < 1), whereas no residues
required Model 3. Six residues were fit to Model 2 and 26 to Model 4, indicating that
single-timescale internal motions (z,) on the ps—ns timescale contributed significantly to
their relaxation. Eighteen residues were fit to Model 5, indicating that internal motions on
two distinct timescales contributed to their relaxation. Finally, three residues were not
adequately fit by any of the five models, suggesting that a more complex spectral density
function is required to capture their dynamics. Per-residue model-free parameters,
together with the corresponding AIC values and selected models, are provided in Table
S$1 of the Supplementary Information.

As summarized in Fig. 5, model-free analysis indicates that CspA is overall well ordered,
with an average generalized order parameter S? of 0.81 + 0.01. Several residues
implicated in nucleic acid binding exhibit S? values above the protein average, including
G17 (0.91), F18 (0.93), F20 (0.84), 121 (0.89), V30 (0.87), F31 (0.91), H33 (0.88), and
F34 (0.85), consistent with relatively restricted backbone dynamics in these regions. It
should be noted that S? values depend on the chosen model-free description, and
differences between residues should therefore be interpreted cautiously. Interestingly,
residues in the B3-p4 loop (F33—Q49) and B4-B5 loop (S57—G61) presented reduced "N—
{'"H} NOE values while still exhibiting high generalized order parameters (S? = 0.8). This
apparent discrepancy likely reflects differences in the timescale sensitivity of the two
measurements: the "®"N—{"H} NOE is particularly sensitive to very fast local motions (<100
ps), whereas the order parameter describes the overall restriction of the N—H bond vector
averaged over ps—ns motions (Ferrage et al. 2009; Gong and Ishima 2007; Kharchenko
et al. 2020; Idiyatullin et al. 2001). As a result, small-amplitude fast fluctuations can reduce
the NOE while having little impact on S?, as described previously (Kay et al. 1989).
Alternatively, the discrepancy may indicate the presence of more complex motional
behavior, potentially spanning multiple timescales, that is not fully captured by the simple
model-free analysis formalism employed here.

192



Structural and Functional Insights into CspA (Under Review at Journal of Magnetic Resonance)

L] =

e = g F mg % o® w¥ue mg = =
- . =3 . o s m
0.8 '.I'-..'I':'.-‘i-l -.';'_-x'.'.l_' L O-'.:l.":

15N-{'H} NOE
-

SZ

Rex [S™]
»
1

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Residue number
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Backbone Dynamics Reveal Structural Features of the Invisible CspA Population.
To investigate potential conformational exchange on the microsecond—millisecond
timescale, we employed a comprehensive set of chemical exchange-based NMR
methods, combining "N CPMG relaxation dispersion (Hansen et al. 2007), >N D-CEST
(Gareth A. Morris and Freeman 2011; Bodenhausen, Freeman, et al. 1976), and °N
visible peak-position constraints (Khandave et al. 2023; Skrynnikov et al. 2002).

All datasets were analyzed jointly using a global two-state exchange model (A = B)
implemented in ChemEx, combining CPMG, D-CEST and peak-position constraints. In
this framework, k., and pp were shared across residues, while residue-specific
parameters included Aw,5 and relaxation rates, as detailed in the Materials and Methods.
The analysis revealed that a significant number of residues undergo conformational
exchange in the intermediate-to-fast exchange regime, where N D-CEST profiles no
longer display well-separated dips corresponding to distinct ground and excited state
resonances (Khandave et al. 2024; Rangadurai et al. 2020; Tiwari et al. 2024). Instead,
a single asymmetric dip is observed (Fig. 6 a—d) that can still be analyzed to extract
exchange parameters and minor-state chemical shifts.
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Fig. 6. "N CPMG and "N D-CEST profiles for residues N13, F20, H33 and V76 (panels
a—d respectively) of the CspA recorded at 25 °C, Bo = 16.4 T, with SWcest of 800Hz and
BP~CEST field strengths of 20 Hz and 60 Hz. (e) Residuals from the linear regression
between experimental and predicted ground-state chemical shifts.
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The fitted ground-state chemical shifts agree closely with the observed peak positions
(Fig. 6 ). Consistent with the "N D-CEST results, the >N CPMG relaxation dispersion
profiles also indicate that exchange processes occur in the intermediate-to-fast regime
(Y. Jin etal. 2025) (Fig. 6). Together, these data provide direct evidence for microsecond—
millisecond conformational exchange in CspA using a combined "°N CPMG and D-CEST
approach.

Global analysis identified 25 residues underwent two-state exchange with kex = 2216 +
60 s7" and ps = 0.90 £ 0.05%. The agreement between the experimental data and this
two-state model establishes the presence of a sparsely populated excited state (ps <
1%)—the “invisible” population—in dynamic equilibrium with the ground state. These
exchanging residues comprise three functionally relevant groups (Fig. 7): (i) Aromatic
residues at the binding interface—solvent-exposed aromatics (W11, F18, F20, F31,
H33, F34 and Y42) that cluster on the nucleic acid-binding interface and may undergo
transient conformational adjustments to facilitate Tr-stacking interactions with single-
stranded nucleic acids; (ii) Hydrophobic core residues—buried residues within the B-
barrel core (F12, 121, V30, L45, V51, F53, and V67) whose exchange may reflect subtle
internal fluctuations, providing structural flexibility for ligand accommodation without
necessarily implying global unfolding; and (iii) Polar residues in flexible loops—solvent-
exposed polar side chains (N13, T22, S35, Q38, N39, K43, S52, T54, K60, N66, and T68)
whose dynamics are consistent with loop flexibility and solvent-mediated rearrangements
that may regulate binding surface accessibility and contribute to conformational selection
during nucleic acid recognition. Complete residue-specific parameters, including minor-
state "N chemical shifts, are provided in Table S2.

(b)

Fig. 7. Structural representation of CspA-dT7 complex showing residues undergoing
conformational exchange (a-c). Hydrophobic, solvent-exposed, and aromatic residues
are color-coded in brown, marine, and green, respectively.
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DISCUSSION

The comparative analysis of restraints, deviations, and violations highlights the role of
experimental restraints in structure definition. The 30IB ensemble is defined by a larger
number of experimental restraints than the 3MEF and 2L15 structures, particularly long-
range distance restraints and dihedral angle constraints, which are important for defining
the global fold and side-chain packing. This is further supported by favorable
stereochemical quality, as reflected in Ramachandran statistics and minimal side-chain
outliers. In comparison, 3MEF exhibits higher levels of residual violations and a larger
proportion of geometric outliers, whereas the 2L15 structure shows low outlier
percentages and similar RMSD values. These differences may reflect variations in
restraint density rather than fundamental differences in the overall fold. Together, these
data support the 30IB ensemble as a well-defined, experimentally supported structural
representation.

To gain insight into the structural basis of nucleic acid recognition, CspA binding to the
ssDNA dT7 was investigated using an in-silico approach. In the predicted CspA—dT7
complex, the overall fold of CspA closely matches the NMR structure of Bs-CspB bound
to dT7 (Zeeb et al. 2006) and the X-ray Bs-CspB—dT6 complex (Max et al. 2006).
Furthermore, residues W11, F20, F31, H33, F34 and Y42 form a distinct hydrophobic
patch at the nucleic acid-binding site of CspA (Fig. 3 (a-b)). This arrangement is in
excellent agreement with the binding interface observed in the Bs-CspB/dT7 and Bs-
CspB/dT6 complexes, as determined by both structural analysis and NMR titration
experiments. The predicted CspA—dT7 complex also revealed ionic interactions between
the ssDNA and residues W11, K43, and K60 (Fig. 3b). These interactions may stabilize
nucleic acid binding and may contribute to the ability of CspA to recognize and destabilize
secondary structures in single-stranded regions during the cold-shock response.
Therefore, the observed ionic contacts and 1-stacking interactions provide a structural
basis for interpreting the dynamic and functional properties of CspA, particularly its role
in facilitating transcriptional and translational adaptation under stress conditions.

We investigated the backbone dynamics of CspA on two distinct timescales: picosecond—
nanosecond (ps—ns) using "N spin relaxation and model-free analysis, and
microsecond—millisecond (us—ms) using "N CPMG and CEST experiments, together
with 5N visible peak-position constraints. Nuclear spin relaxation studies have previously
been reported for several cold-shock proteins, including CspA (Feng et al. 1998), Bs-
CspB (Zeeb et al. 2006), Lm-Csp (J. Lee et al. 2013), Ta-Csp (B. Jin et al. 2014), and Cp-
Csp (Y. Lee et al. 2018), revealing consistent patterns of flexibility in loop regions. In all
cases, residues in the B3—B4 and B4—B5 loops displayed reduced ""N—{"H} NOE values,
whereas residues proximal to the 1 and B2 strands, as well as those in the connecting
loop, presented elevated Rz values. However, these earlier studies were performed at a
single magnetic field. Our multi-field analysis with model-free fitting reveals that the 33—
B4 and B4—B5 loop regions undergo complex motions: residues in these loops exhibit
reduced "N—{"H} NOE values while maintaining high generalized order parameters (S?=
0.8). Since these loops regions form part of the nucleic acid-binding interface, their
dynamic behavior may reflect the functional plasticity required to accommodate and
stabilize diverse ssDNA or ssRNA conformations. Our results therefore suggest that loop
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flexibility may represent an intrinsic feature of CspA that could contribute to its chaperone-
like activity during cold-shock adaptation.

While the microsecond—millisecond dynamics of CspA have been characterized
previously (Feng et al. 1998), the structural features and functional role of transiently
populated excited states remained unknown. Using a comprehensive approach
combining "N CPMG relaxation dispersion, >N D-CEST, and visible peak positions in
the >N D-CEST spectra, we identified 25 residues undergoing conformational exchange
on the microsecond—millisecond timescale (kex=2200 s™, ps = 0.9%). The exchange rate
places this process in the intermediate-to-fast regime on the NMR timescale, enabling
characterization of both kinetics and structural features of the excited state. The detection
of exchange across residues distributed throughout the protein suggests a process that
is not confined to a single local site and is consistent with a coordinated (or coupled)
dynamic event. Notably, residues undergoing exchange belong to three functionally
distinct groups: (i) aromatic residues in the nucleic acid-binding interface, (ii) buried
hydrophobic residues in the B-barrel core, and (iii) polar residues in flexible surface loops.
To test whether residues undergoing exchange in spatially distinct regions are compatible
with a single underlying exchange process (rather than unrelated local events), we
performed cluster-specific joint fits using representative residues from each of the three
regions. Parameter uncertainties for the cluster-specific fits, as well as for the global joint
fit (combining "N CPMG, SN D-CEST, and visible peak positions), were estimated using
1000 Monte Carlo trials (Choy et al. 2005; Press 2007).

Aromatic residues F18, F20, and F31 were selected to represent the binding interface;
L45, V53, and N66 to represent the hydrophobic core; and N13, K43, and T68 to
represent polar residues located in flexible loop regions. Residues were chosen based
on the strength and clarity of their exchange signatures, ensuring a balanced sampling of
the three regions. Exchange rate parameters and excited-state populations obtained from
the cluster-specific joint fits, together with uncertainties, are reported in Table 3, alongside
the results from the global joint fit.

Table 3. Exchange parameters and associated uncertainties derived from 1000 Monte

Carlo trials.
kex (s) P (%) Xred
Global Fit (CPMG + P‘-CEST+V|S|ble 9216 £ 26 0.89%0.02 0.94
Peak Positions)
Cluster 1 (Aromatic residues) 2146 + 47 1.09 £ 0.09 0.93
Cluster 2 (H;{drophoblc core 5203 + 14 0.63 +0.04 093
residues)
Cluster 3 (Polar residues in flexible 2164 + 91 1.04 +0.09 0.94
loops)
SN CPMG + Visible Peak Positions 2312145 1.21£0.10 0.95

1x2,4 = x?/dof where dof is the degrees of freedom and corresponds to the difference between the number of
experimental data points per residue and the number of fitted parameters for that residue.
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The cluster-specific fits yield exchange parameters of similar order of magnitude across
regions, consistent with a shared exchange regime. In particular, the extracted exchange
rates are broadly similar (kex ~ 2.1-2.2 x 10 s'), whereas the estimated minor-state
populations show modest cluster-to-cluster variation. The hydrophobic-core subset
returns a lower py than the global joint fit (Table 3). We interpret this deviation cautiously,
as it may reflect reduced parameter identifiability for this subset in the intermediate-to-
fast exchange regime such as smaller Aw,g values and stronger pz— Aw,g trade-offs
(Fig S2) rather than compelling evidence for a distinct exchange process.

Because the extracted exchange parameters place the process in the intermediate-to-
fast exchange regime, parameter degeneracies can occur in single-field CPMG analyses,
and CEST parameters identifiability can be limited when w, is below k., (Vallurupalli et
al. 2017; Khandave et al. 2024). To evaluate the extent to which the additional
observables provide orthogonal constraints, we repeated the analysis using only N
CPMG data in combination with visible peak positions, estimating uncertainties by 1000
Monte Carlo trials. This reduced analysis yielded k,, =2312+45s" and pz =1.21£0.10
%, with broader uncertainties and reduced parameter coupling than the full joint fit (Table
3; Fig. 8 (a)). The improved precision obtained in the global joint analysis indicates that
incorporating >N D-CEST data and peak-position information provides orthogonal
constraints that enable more reliable determination of k., and pg than the CPMG alone
does, despite the absence of a second magnetic field.
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Fig. 8. Consistency of exchange parameters across "N CPMG and combined '°N
CPMG and D-CEST analyses. (a) Superimposition of the kex-ps correlations from the
two analyses highlighting differences in parameters. Color code: black, correlation from
SN CPMG and D-CEST fits, in combination with visible peak positions; steel, correlation
from ®N CPMG fits, in combination with visible peak positions. (b) Comparison of
residue-specific chemical shift differences derived from >N CEST/CPMG-derived
chemical-shift differences (Awas) and residue-specific Awru values.
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Overall, the spatial distribution of residues exhibiting exchange—spanning the binding
surface, core, and loop regions—is consistent with a coordinated conformational process
that propagates across the protein scaffold. Given the limitations of the present dataset,
we present the two-state model as a parsimonious working description that is compatible
with the combined observables, without claiming that it is uniquely established.

Finally, we compared the Aw,g values obtained from the global joint fit with the Awgy
values to assess whether the extracted chemical shift differences were indicative of local
unfolding. The Awgy values were calculated using POTENCI (Nielsen and Mulder 2018),
which provides improved accuracy for random-coil chemical shift predictions. As shown
in Fig. 8 (b), the relationship is weak, indicating that the extracted chemical-shift
differences are not well described by a simple folded-to-random-coil transition, nor does
it support a local unfolding mechanism as the dominant explanation of the observed
exchange.

Taken together, the robustness analyses show that a parsimonious two-state model
provides a consistent description of the exchange signatures observed across spatially
distinct regions, and that combining >N CPMG with "N D-CEST and peak-position
constraints improves parameter identifiability despite the use of a single magnetic field.
The spatial distribution of residues undergoing exchange—spanning the binding surface,
hydrophobic core, and flexible loops—is therefore consistent with coordinated
conformational fluctuations that can propagate through the protein scaffold. Such coupled
motions may contribute to the structural plasticity required for CspA to act as a nucleic
acid chaperone.

To assess whether such dynamics represent a conserved feature of cold-shock proteins,
we compared these results with those of dynamic studies of related CSPs from organisms
adapted to different thermal environments. The aromatic residues undergoing
conformational exchange in CspA (W11, F18, F20, F31, H33, F34 and Y42) are located
within the conserved RNA-binding motifs RNP1 and RNP2, where they mediate -
stacking interactions with nucleic acid bases (T1, T3, T4, T5 and T6) in the modeled
CspA—dT7 complex. This observation is consistent with a direct link between
microsecond—millisecond dynamics and the nucleic acid-binding interface, suggesting
that conformational exchange may facilitate adaptive recognition of diverse ssRNA and
ssDNA sequences. Notably, the involvement of these aromatic residues in nucleic acid
binding appears to be a conserved feature across the cold-shock protein family. Chemical
shift perturbation studies have identified analogous aromatic residues as critical for
nucleic acid binding in CSPs from organisms adapted to different thermal environments:
in psychrophilic Csps, residues W8, F15, F17, F28, and H30 undergo significant chemical
shift changes upon dT7 binding (J. Lee et al. 2013; Y. Lee et al. 2018); in the mesophilic
protein Bs-CspB, residues W8, F9, F15, F17, F29, and F30 display marked perturbations
upon ssRNA and ssDNA binding (Max et al. 2007; Sachs et al. 2012; Zeeb et al. 2006);
and in thermophilic and hyperthermophilic Csps, the corresponding conserved aromatic
residues (W8, F17, F30 (B. Jin et al. 2014) and Y14, F16, H28, F37 (Jin et al. 2014; Von
Konig et al. 2020), respectively) are directly involved in nucleic acid recognition. The
strong conservation of these aromatic residues within the RNP motifs, despite sequence
variation and point mutations across organisms, underscores their functional importance.
The combination of Tr-stacking interactions and conformational flexibility at these aromatic
residues suggests a structural and dynamic basis for CSP chaperone activity. We
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propose that transient sampling of multiple conformations enables CSPs to recognize
diverse nucleic acid sequences, while 1r-stacking interactions stabilize binding and may
disrupt secondary structures. This mechanism would promote the single-stranded
conformations necessary for efficient translation during the cold-shock response.
Chemical shift perturbation studies typically highlight residues at or near the binding
interface, where local electronic environments are most strongly affected by ligand
binding (Hobbs et al. 2022; Kleckner and Foster 2011). In contrast, residues within the
hydrophobic core are generally less sensitive to chemical shift perturbation, as their local
environments remain largely unchanged upon complex formation (Mike P. Williamson
2013). Our SN CPMG and D-CEST analyses revealed seven buried core residues (F12,
121, V30, L45, V51, F53, and V67) that underwent microsecond—millisecond exchange—
a substantially larger set than previously detected in related CSPs. Earlier relaxation
studies identified only four core residues through elevated Rz values (V29, L43, V53, and
V66) (Y. Lee et al. 2018) and three through direct measurement of exchange rates (T48,
F49, and V53) (J. Lee et al. 2013). The detection of exchange in buried regions suggests
that CspA dynamics extends well beyond the binding interface, involving coupled
fluctuations that propagate through the hydrophobic core. This observation highlights an
important aspect of CspA functional mechanism: internal core dynamics may modulate
the flexibility of surface loops, thereby tuning the conformational plasticity required for
promiscuous nucleic acid recognition. The coupling between core and loop dynamics is
consistent with a coordinated mechanism in which binding-competent conformations are
sampled through cooperative motions spanning the entire protein structure. Such
widespread conformational exchange could not be detected by chemical shift perturbation
alone, highlighting the complementary insights provided by relaxation-based approaches
for characterizing functionally relevant protein dynamics.

Among the eleven solvent-exposed polar residues identified as undergoing exchange
(N13, T22, S35, Q38, N39, K43, S52, T54, K60, N66, and T68), K43 and K60 form ionic
interactions with T1 and T4, respectively, in the modeled CspA—dT7 complex. Since
solvent-exposed polar residues have previously been shown to interact with dT7 bases
(B. Jin et al. 2014; J. Lee et al. 2013; Y. Lee et al. 2018; Zeeb et al. 2006), our findings
further support the hypothesis that such interactions contribute to stabilizing nucleic acid
binding. Moreover, the dynamic behavior of these residues may enhance the ability of
CspA to recognize diverse nucleic acid sequences and to destabilize secondary
structures in single-stranded regions, a property that is central to its role in the cold-shock
response. In addition, several residues of the 3—p4 loop (F33, Y42, K43, and L45) and
the B4—B5 loop (K60) also undergo conformational exchange. While we previously noted
a discrepancy between the ">N-{"H} NOE and S? values for residues in these loops, their
involvement in conformational exchange further reinforces the view that the B3—34 and
B4—B5 loop regions experience complex motions that extend beyond the description
provided by model-free analysis.
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CONCLUSIONS

Our study provides a comprehensive characterization of the CspA structure and
dynamics, combining extensive NMR restraints with multiple relaxation methods to probe
motions across ps—ns and pus—ms timescales. We show that conformational exchange
involves not only the conserved aromatic residues of the RNP1 and RNP2 motifs, which
mediate T-stacking interactions with nucleic acids, but also an unexpectedly large set of
hydrophobic core and solvent-exposed polar residues. Importantly, several residues of
the B3—B4 loop (F33, Y42, K43, and L45) and B4—35 loop (K60) undergo exchange,
reinforcing our conclusion that these regions experience complex motions not fully
captured by model-free analysis. Consistent with this, the modeled CspA-dT7 complex
suggests that aromatic and polar residues at the binding interface (e.g., W11, F20, F31,
H33, F34, Y42, K43, and K60) can form Tr-stacking and ionic interactions with ssDNA,
highlighting how loop flexibility and dynamic side chains may contribute to nucleic acid
recognition. Together, these findings indicate that CspA relies on coordinated motions
extending from its binding motifs through the hydrophobic core and flexible loops,
providing structural adaptability that is likely important for nucleic acid recognition,
destabilization of secondary structures, and chaperone activity during the cold-shock
response. Our results therefore support 30IB as a well-converged NMR ensemble of
CspA and offer new mechanistic insights into how molecular motions may underpin its
biological function.
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Electronic Supplementary Material

Solution NMR structure of CspA.

One key feature of this work is the presentation of the well-defined NMR structure of CspA
to date, offering improved accuracy relative to previously reported CspA structures.
Specifically, we identify four well-defined regions in which the 30IB structure deviates from
the 1MJC, 3MEF, and 2L15 models. For each region, we provide direct experimental
validation in the Supplementary Information, including long-range NOESY strip plots,
corresponding peak assignments, and upper-bound distance classifications. These data
demonstrate that the observed deviations are supported by extensive long-range NOE
restraints and reflect experimentally defined conformations rather than modeling artifacts.
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Figure S1. Representative strip plots illustrating long-range NOEs in the regions of
deviation. (a) Region I: NOE between K4 Hy1 and M5 HN. (b) Region Il: NOE between
121 Q6 and V30 HB. (c) Region Illl: NOE between 155 Ha and A63 Q. These NOEs
correspond to an upper distance limit of 5.5 A..
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Figure S2. Correlation analysis of fitted exchange parameters. (a, c, e) Correlation
between ps and Awas for residues L45, V53, and N66, showing parameter trade-offs.
(b, d, f) Corresponding correlations between kex and Awas, showing weaker
dependence and a narrower distribution of kex values.
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Model-free Analysis

Table S2. Per-residue model-free analysis parameters, including residue-specific
generalized order parameter (S2), local correlation time (te), and conformational

exchange rate (Rex).

Residue Cn:I‘:ds;"I" AIC S | +AS? | te(ps) | +Ate | Rex(s") | +ARex
LYS[4] | M5 | 2390.00 | 0.80 | 0006 | 242.00 | 1660.00
MET5] | M5 9860 | 064 | 0014 | 157000 | 91.70
THRIE] | M5 137.00 | 0.74 | 0018 | 1890.00 | 175.00
GLY[7] | ™4 7690 | 093 | 0003 | 17000 | 27.70 | 0417 | 0.102
ILE[8] M4 5190 | 088 | 0006 | 19.00 385 | 0782 | 0143
VALIS] | M5 5560 | 078 | 0017 | 82300 | 129.00
LYS[10] | M4 2620 | 0.82 | 0028 | 1370.00 | 179.00 | 25 0.166
TRP[11] i i i i i i i i
PHE[12] | M4 92900 | 088 | 0005 | 77.50 637 | 0643 | 00779
ASN[3] | M5 81900 | 075 | 0008 | 82000 | 5450
ALA[4] | M2 732 | 090 | 0004 | 9430 8.72
ASP[15] | M5 25500 | 075 | 0.008 | 82000 | 5450
Lys[16] | M 44000 | 080 | 0.003 0.00 0.00
GLY[17] | M2 1150 | 091 | 0004 | 5200 437
PHE[18] | M4 33000 | 093 | 0017 | 101000 | 227.00 | 0348 | 00865
GLY[19] | M1 | 1170000 | 0.76 | 0.003 0.00 0.00
PHE[20] | M4 107.00 | 084 | 0043 | 92800 | 293.00 | 1.66 0.222
ILER1] | M4 3630 | 089 | 0005 | 16.70 5.11 131 0.102
THR22] | MH 1760.00 | 0.84 | 0.004 0.00 0.00
ASP[24] | M1 1600.00 | 0.92 | 0.003 0.00 0.00
ASP[25] | M5 32200 | 079 | 0012 | 98300 | 107.00
GLY[26] | M5 3470 | 073 | 0022 | 116000 | 121.00
SER27] | M5 161.00 | 0.72 | 0019 | 1180.00 | 89.30
LYysps] | M4 15400 | 0.84 | 0004 | 49.70 252 | 0841 | 00598
ASP[29] | M1 5230.00 | 0.83 | 0.004 0.00 0.00
VAL[30] | M1 282000 | 0.87 | 0.005 0.00 0.00
PHE[31] | M4 46500 | 091 | 0006 | 65.80 8.18 3.07 0.103
VAL[32] | M4 17200 | 0.77 | 0018 | 1540.00 | 7810 | 2.54 0.118
HIS[33] | M5 7570 | 088 | 0016 | 571.00 | 270.00
PHE[34] | M5 8420 | 085 | 0011 | 937.00 | 123.00
SER[35] | M4 50600 | 067 | 0024 | 146000 | 8880 | 0597 | 0115
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ALA[36] M4 195.00 | 0.69 | 0.011 1700.00 | 37.50 0.941 0.0866
ILE[37] M4 1390.00 | 0.87 | 0.005 30.50 2.74 7.69 0.0775
GLN[38] - - - - - - - -
ASN[39] M4 161.00 | 0.80 | 0.007 113.00 9.61 15 0.0868
ASP[40] M5 407.00 | 0.85 | 0.008 395.00 | 47400.00
GLY[41] M4 874.00 | 0.77 | 0.004 127.00 5.97 9.68 0.0907
TYR[42] M4 575.00 | 0.81 | 0.004 115.00 5.91 0.283 0.0777
LYS[43] M2 120.00 | 0.84 | 0.005 146.00 14.60
SER[44] M4 46.60 0.84 | 0.006 146.00 15,50 | 0.00531 | 0.113
LEU[45] M4 190.00 | 0.86 | 0.003 90.50 4.51 0.414 0.0595
ASP[46] M1 2400.00 | 0.76 | 0.006 0.00 0.00
GLU[47] M4 43.80 0.85 | 0.004 70.60 3.02 0.428 0.0738
GLY[48] M1 10500.00 | 0.85 | 0.004 0.00 0.00
GLN[49] M5 199.00 | 0.89 | 0.011 680.00 | 138.00
LYS[50] M5 37.40 0.76 | 0.022 | 1390.00 | 166.00
VAL[51] M4 168.00 | 0.81 | 0.019 | 1040.00 | 89.80 1.22 0.139
SER[52] M4 64.40 0.84 | 0.029 | 1090.00 | 190.00 | 0.408 0.162
PHE[53] M4 523.00 | 0.77 | 0.016 | 1200.00 | 68.90 0.621 0.0874
THR[54] M4 292.00 | 0.88 | 0.004 37.10 3.93 1.31 0.075
ILE[55] M5 105.00 | 0.91 | 0.007 287.00 | 165.00
GLU[56] M2 25.50 0.91 | 0.003 118.00 11.00
SER[57] M4 400.00 | 0.76 | 0.008 85.40 5.86 0.86 0.102
GLY[58] M4 1510.00 | 0.65 | 0.007 94.10 478 1.39 0.1
ALA[59] M2 387.00 | 0.77 | 0.004 79.30 3.36
LYS[60] M2 2690.00 | 0.79 | 0.005 114.00 6.34
GLY[61] - - - - - - - -
ALA[63] M1 2090.00 | 0.85 | 0.005 0.00 0.00
ALA[64] M5 87.70 0.88 | 0.007 446.00 | 106.00
GLY[65] M1 14600.00 | 0.81 | 0.005 0.00 0.00
ASN[66] M1 20100.00 | 0.71 | 0.004 0.00 0.00
VAL[67] M4 482.00 | 0.77 | 0.018 | 1080.00 | 77.20 1.41 0.0963
THR[68] M1 6840.00 | 0.76 | 0.004 0.00 0.00
SER[69] M5 62.70 0.85 | 0.015 709.00 | 132.00
LEU[70] M5 20.20 0.60 | 0.015 990.00 | 44.20
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Backbone Dynamics on the pus-ms timescale

Table S3 Complete set of residue-specific parameters obtained from two-state fits of '°N
CPMG relaxation-dispersion and SN D-CEST data, including ground-state chemical
shifts 8, chemical-shift differences between ground and excited states (was), and
longitudinal and transverse relaxation rates R1 and Rz respectively.

Residue 5a (ppm) Awas (ppm) R1(s™) Rz (s™)
W11 110.78 £ 0.02 4.22 + 021 199 = 0.02 21.01 + 024
F12 121.05 £ 0.02 -4.14 + 0.22 193 = 0.03 20.07 = 0.30
N13 12711 £+ 0.02 -3.15 + 0.19 1.86 = 0.04 10.75 = 0.37
F18 11244 = 0.01 2.72 + 0.08 200 = 0.01 1035 <+ 0.05
F20 115.07 = 0.01 3.20 + 0.10 193 = 0.02 8.68 + 0.23
121 121.72 £+ 0.02 -2.89 + 0.14 1.78 = 0.03 8.64 + 0.24
T22 126.81 = 0.01 1.53 + 0.09 1.86 = 0.02 8.94 + 014
V30 12092 £ 0.02 2.88 + 0.13 1.81 + 0.02 10.71 + 0.22
F31 130.30 £ 0.02 -3.82 + 0.17 195 = 0.02 8.69 + 0.22
H33 12768 * 0.03 -5.17 + 0.39 192 = 0.06 11.06 = 0.57
F34 123.27 = 0.01 -1.51 + 0.08 1.799 = 0.02 10.31 + 013
S35 117.34 £ 0.02 3.27 + 0.15 1.78 = 0.04 1560 = 0.23
Q38 127.38 = 0.01 -2.07 + 0.1 1.85 = 0.02 1012 + 0.21
N39 118.86 * 0.02 4.09 + 0.22 142 = 0.04 13.71 + 0.32
Y42 121.39 = 0.01 2.58 + 0.09 148 = 0.02 1229 = 0.12
K43 125.37 £ 0.02 -4.38 + 0.23 165 = 0.03 1448 = 0.30
L45 11910 £ 0.02 4.10 + 0.28 163 = 0.04 8.35 + 0.55
V51 11581 = 0.01 2.45 + 0.09 195 = 0.02 8.07 + 014
S52 11493 = 0.01 1.70 + 0.07 1.87 = 0.02 9.25 + 0.10
F53 11745 = 0.01 2.78 + 0.10 194 + 0.02 9.52 + 013
T54 110.58 £ 0.02 3.30 + 0.14 1.91 + 0.03 9.79 + 0.21
K60 115.06 £ 0.02 4.64 + 0.29 120 = 0.05 1780 = 0.41
N66 116.66 = 0.01 -2.09 + 0.10 1.78 = 0.02 9.49 + 017
V67 11816 = 0.01 2.34 + 0.08 1.86 = 0.01 9.07 + 0.11
T68 12091 £ 0.02 -3.22 + 0.13 1.85 = 0.03 1040 = 0.19
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IX.2. Antibody Modulation of TEM-1 Conformational Dynamics (manuscript in
preparation)

In this paper, the X-ray crystallographic analyses and kinetic studies were performed by
Dr. Frédéric Cawez and are included for contextual purposes only; they do not form part
of my original contributions.
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INTRODUCTION

The production of B-lactamases by nosocomial strains represents the most widespread
mechanism of resistance developed by bacteria to escape the lethal action of B-lactam
antibiotics (Bush 2010). B-Lactamases catalyse the irreversible hydrolysis of these
compounds. The product of this reaction cannot inhibits their natural targets [the DD-
transpeptidases, also known as penicillin-binding proteins (Frére 1995)]. Up to date, more
than 500 different enzymes have been identified. Based on their sequences, three-
dimensional structure and catalytic properties, they are divided into four groups(Bush
2010). p-Lactamases which display an essential serine residue can be categorized into
three classes, A, C, and D, while a smaller number of enzymes, referred to as class B B-
lactamases, are Zn (ll)-dependent enzymes. The emergence of resistant strains has been
a recurrent problem from the very beginning of the clinical use of penicillin. This has
resulted in the development of new beta-lactam compounds whose inactivate or escape
the activity of the most common enzymes. Bacteria, however, have responded by
developing improved resistance mechanisms. In particular, the appearance of new or
modified B-lactamases exhibiting broadened specificity spectra. The situation is
worsened by the facts that an increasing number of clinical isolate’s strains produce
several B-lactamases and that the corresponding genetic materials can easily spread in
the bacterial population by horizontal gene transfer (Davies 1994). Moreover, some
bacterial strains have acquired resistance factors who make them resistant to all known
antibiotics. Since new B-lactamases appear as a response to the introduction of new [3-
lactams, the use of non-B-lactam inhibitors or inactivators of the p-lactamases and DD-
transpeptidases might be a solution. Today, compounds based on the
diazabicyclo[3.2.1]octanone (DBO) scaffold are used in chemotherapy. Another strategy
is the selection of protein/peptide derived from proteinaceous inhibitors that can bind the
B-lactamases with high affinities. For example, camelid single-domain antibodies (VHH)
that inhibits TEM-1 B-lactamase were isolated and hereafter referred to as cAbtem1s or
VHH. The VHHs are minimally sized, highly soluble entities that bind the antigen with
nanomolar affinity (K. E. Conrath et al. 2001). Compared to monoclonal antibody
fragments, VHHs are made of one polypeptide chain. They can easily be produced in
recombinant organisms such as Escherichia coli (E. coli) and Pichia pastoris. They retain
full activity compared to the HcAb from which they originate. On the opposite, Fabs, scFvs
and other mAb fragments are made of two polypeptide chains, and their folding without
the supporting scaffold of the original mAb may lead to specificity or sensitivity issues.
Producing dimeric fragments is also more challenging.

The intrinsic biophysical robustness and monomeric architecture of VHHs therefore
provide distinct advantages for both mechanistic studies and therapeutic development.
Their small size allows access to recessed or conformationally dynamic epitopes,
including active-site-adjacent or allosteric regions that may be less accessible to larger
antibody formats. Accordingly, VHHs constitute attractive molecular tools for the
detection, structural characterization, and inhibition of class A B-lactamases, including
members of the TEM family. Beyond simple steric blockade of the catalytic site, high-
affinity VHH binding may modulate enzyme function through conformational selection or
dynamic allostery (Galdadas et al. 2021; Huang et al. 2020), thereby offering a
complementary strategy to classical small-molecule inhibition.
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In this work, we characterized the camelid antibody fragment cAbtem1s targeting TEM-1
beta-lactamase, a widely disseminated class A B-lactamase impacting both human and
veterinary health. Our objective was not only to evaluate its inhibitory properties but also
to gain mechanistic insight into how VHH binding modulates enzyme function. To this
end, we employed a complementary and integrative biophysical strategy. Steady-state
and pre-steady-state kinetic analyses defined the inhibition profile and quantified binding
and catalytic parameters. High-resolution X-ray crystallography of the TEM-1/cAbtem13
complex provided a structural framework, revealing a binding epitope located adjacent to,
but not directly occluding, the active site and highlighting local conformational
rearrangements upon complex formation. Molecular dynamics (MD) simulations
extended these static structural observations by characterizing the time-resolved
behavior of the complex, validating observed conformational shifts and probing their
propagation through the enzyme scaffold. Finally, NMR relaxation measurements
enabled residue-specific characterization of conformational dynamics across multiple
timescales, providing direct experimental evidence of dynamic redistribution upon VHH
binding. Importantly, these approaches are mutually reinforcing. Crystallography defines
the structural architecture of the complex; MD simulations test its stability and explore
dynamic trajectories inaccessible to static structures; kinetic measurements link structural
changes to functional consequences; and NMR relaxation directly reports on changes in
internal motions in solution. Together, this multiscale analysis bridges structure,
dynamics, and function.

Collectively, these complementary studies suggest functional coupling within TEM-1 upon
VHH binding. The redistribution of conformational dynamics extends from the distal VHH
interface to regions proximal to the catalytic site, indicating long-range communication
between structurally separated regions of the enzyme. Such coordinated dynamic
changes are consistent with a mechanism in which inhibition arises not solely from steric
interference but from modulation of the enzyme’s conformational landscape.

MATERIALS AND METHODS

X-ray Crystallography.

Determination of the holorem-1 (TEM-1/cAbtem13) and holorem-1 (TEM-121/cAbtem13)
complexes. Prior to the crystallization, the TEM-1 B-lactamase solution was combined
with the cAbtemis solution. The complex was concentrated and purified by a size-
exclusion chromatography using a Superdex 75 10/300GL (Cytiva, United-States) and a
20 mM hepes pH 7,8 buffer. The holotem-1 complex was concentrated to 14 mg'mL-". The
crystals were grown at 20°C using the sitting drop vapor diffusion method with drops
made of 0.2 yL of protein sample and 0.2 uL of precipitant solution. The precipitant
solution contained 0.1 M Bis-Tris propane pH 7.0, 1 M tri-ammonium citrate. Crystals
were transferred in a cryo-protectant solution containing 1.8 M ammonium sulfate and 45
% (v/v) glycerol and 4.5 M Na formate and 50 % (v/v) glycerol before being frozen in liquid
nitrogen.

Data collection, phasing, model construction and refinement for both structures.
Diffraction data were collected at the Proxima 2a and Proxima 1 beamlines of the Soleil
synchrotron (Saint Aubin, France) for the holotem-1 and holoTtem-121 complexes
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respectively. Indexing, integration and scaling of the data were carried out with the XDS
Program Package (PMID: 20124692). The structure of the TEM-1 B-lactamase alone
(PDB 1M40) and the structure of the cAb-H7S VHH specific of the BlaP p-lactamase from
Bacillus licheniformis (PDB 4M3J) were used to obtain the initial phases of the holotem-1
complex by molecular replacement using the Phaser Crystallographic program
(PMCID: PMC2483472). The same program was used to obtain the initial phases of
holotem-121 complex by molecular replacement using the structure of the previously solved
holotem-1 complex. The structures were built using the Coot program (Crystallographic
Object-Oriented Toolkit) (PMCID: PMC2852313) and refined with Phenix refine tool of the
Phenix suite (PMID: 22505256). The amino acid numbering scheme of the B-lactamases
were based on the TEM-1 structure 1M40. The figures were prepared using PyMOL
software (The PyMOL Molecular Graphics System, Version 3.1.3 Enhanced for Mac OS
X, Schrodinger, LLC.). The PDB code for the structure of the holotem-1 complex is QUOR.

NMR Sample Preparation. Uniformly [U-"°N, ?H]-labeled and [U-'°N, U-'3C, ?H]-labeled
Apotem-1 (free enzyme) and VHH were expressed and purified as described previously
(Tomanicek et al. 2010; Meilleur et al. 2009; Tomanicek et al. 2011; Cawez et al. 2018)
with some modifications (see Supporting Information for details) using 1 g/L of "SNH4ClI
and 4 g/L of {'3C,"H}-glucose as the sole nitrogen and carbon sources in 100% D20.
Uniformly [U-®N, 2H]- or [U-'®N, U-13C, 2H]-labeled NMR samples of Apotem-1 and
Holotem-1 (TEM-1/cAbtem13 complex) were prepared at ~ 500 uM in 50 mM potassium
phosphate buffer (pH 6.6) containing 95% H20/5% D20 and 40 uM 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) as an internal chemical shift reference. Aportem-1 and
nanobodies were mixed at a 1:1.1 molar ratio to form Holotewm-1.

NMR Spectroscopy.

SN Nuclear Spin Relaxation (NSR). '°N spin relaxation experiments ({"°N}R1, {"°N}-
Rz, and "H—{""N} heteronuclear NOE) were acquired on Bruker Avance |l spectrometers
operating at 11.7 and 16.4 T, each equipped with a cryogenically cooled triple-resonance
probe, at 30 °C. Longitudinal relaxation rates (R1) (Zhu et al. 2000) were measured using
12 relaxation delays ranging from 10 to 165 ms, including two repetitions for error
estimation. Transverse relaxation rates (Rz2) (Zhu et al. 2000) were measured using 12
relaxation delays ranging from 8.48 to 152.64 ms, including two repetitions for error
estimation. "TH-{"®*N} heteronuclear NOE ("H-{"*N} NOE) (Zhu et al. 2000) values were
determined from interleaved experiments recorded with and without proton saturation.
SN Relaxation Dispersion. >N CPMG relaxation dispersion experiments were acquired
at a static magnetic field strength of 16.4 T equipped with a cryogenically cooled triple-
resonance probe, using the pulse sequence as described previously (Vallurupalli et al.
2007; Tollinger et al. 2001). Data were collected at 30 °C with 21 vceme values (Tepmc =
50 ms) ranging from 40 to 1000 Hz, including three vcrme repetitions for error estimation.
Each 2D spectrum was acquired with 16 transients and (64, 1024) complex points in (t1,
t2), corresponding to acquisition times of 20.04 and 91.75 ms, respectively, with a 3.0 s
delay between scans.

SN CEST Experiments. NMR CEST experiments on Apotem-1 were performed as
described previously (Yuwen, Kay, et al. 2018). A 2 s delay was alternated with DANTE
(Bodenhausen, Morris, et al. 1976) trains of square pulses to enable simultaneous multi-
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site excitation during the saturation period (Tex = 500 ms). Two D-CEST spectral windows
(SWcest = 700 and 800 Hz) were used, and CEST profiles were sampled every 25 Hz
with two BP~CEST field strengths (20 and 42 Hz), as recommended in prior studies
(Khandave et al. 2024, 2023; Vallurupalli et al. 2017). BP~CEST fields were calibrated using
the nutation method (Guenneugues et al. 1999).

Visible peaks-positions. Visible peak positions were extracted from the SN D-CEST
spectra (SWcest = 700 and 800 Hz) by referencing the peak positions obtained in control
experiments recorded without the two BP~¢EST jrradiation periods. Uncertainties in the
visible peak positions were estimated from these spectra.

Data Analysis.

Model-free analysis, model selection and per-residue parameters. All NSR spectra
were processed using Bruker TopSpin 3.6 (Bruker BioSpin) and analyzed using model-
free analysis in Dynamics Center (Bruker BioSpin). For reliability, >N relaxation data
collected at 11.7 and 16.4 T were analysed using model-free analysis (Hall and Fushman
2003; Tjandra, Feller, et al. 1995; Lipari and Szabo 1982b), following recommended best
practices (Morin 2011). The workflow comprised: (i) calculation of the molecular moment
of inertia tensor from structural coordinates (PDB 1M40 and 9UOR for Aportem-1 and
Holotem-1 respectively), (ii) alignment and fitting of an effective, axially symmetric
rotational diffusion tensor, and (iii) model-free analysis of {!°N}-R1, {'*’N}-R2, and 'H-
{*>N} heteronuclear NOE data with statistical model selection.

For low-amplitude, fast motions, the ratio R;/R; is essentially independent of internal
dynamics and primarily reflects overall tumbling through the spectral density function.
Here, primes denote relaxation rates corrected to remove high-frequency contributions to
the spectral density (Walker et al. 2004).

The anisotropic rotational diffusion tensor was modelled as axially symmetric with six
parameters (Dyy, Dy, , D;,, 6, @, V), where the Euler angles (6, ¢, y) define the
orientation of the diffusion frame relative to the molecular frame. Parameter estimation
used per-residue "°N R} /R values together with atomic coordinates (Tjandra, Kuboniwa,
et al. 1995). Residues exhibiting pronounced internal dynamics were excluded from the
fit.

The six diffusion parameters were optimized by nonlinear least squares using the
Levenberg—Marquardt algorithm to minimize the objective function E (Dosset et al. 2000;
Fushman et al. 1999; Tjandra, Feller, et al. 1995; Walker et al. 2004), defined as the
squared deviation between experimental and predicted R,/R, ratios for the selected
rigid-limit N—H bond vectors:

e is(p

where N, is the total number of N-H bond vectors included in the analysis, the
parameter p is defined as a ratio of the transverse and longitudinal relaxation rates,

-1
2R,
= -1
P <R1 )

exp __ al)
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and og; denotes the experimental error in p; for bond vector number i. The value of p®*?
is directly derived from the measured relaxation parameters, while p¢* is calculated
using expressions for the spectral densities /(w) that depend on the rotational diffusion
model (Fushman and Cowburn 2001; Ghose et al. 2001).

The anisotropic rotational diffusion tensor was modeled as axially symmetric, and its
principal components and orientation were obtained by nonlinear numerical optimization
using per-residue backbone relaxation parameters. The nonlinearly optimized principal
components of the rotational diffusion tensor for Apotem-1 were D,, = 1.44x 107 +
116 x10°s™" , D,, = 1.23x10” + 937 x10*s™* , and D,, = 1.31x 107 + 1.13 X
105 s~ corresponding to an effective rotational correlation time (z, = 1/(6D;,,) of 12.60
ns and an anisotropy D;/D, (Woessner 1962) of 1.16. For HoloTem-1, the optimized
diffusion components were D,, = 6.50x10°+ 6.78 x10*s™*, D,, = 8.35x 10°+
7.61x 10*s71, and D,, = 7.82 x 10° + 8.00 x 10* s~1, giving an anisotropy of 1.56 and
an effective rotational correlation time of 22.10 ns.

The principal components and orientation of the rotational diffusion tensor were used for
performing standard local model-free analysis (Lipari and Szabo 1982b, 1982a) of {°N}—
R1, {"®N}-R2, and '"H—{"®N} heteronuclear NOE (Kay et al. 1989; Morin 2011) was
performed using five isotropic models derived from the original formulation of Lipari and
Szabo as extended by Clore et al. (1990) (Clore et al. 1990) to include two separated
timescales of internal motion, fast (z;) and slow (z;). In this approach, the spectral density
is modeled as:

2
2
J@) =< ;Ai

where the square of the overall generalized order parameter is the product of the order
parameters for the first and second internal motions, §% = S#SZ, (r))™! = 7, 4+ 7" with
7o =(6D L)™', 1, =(D,+5D,)"! andt, = (4D, + 2D,)™".

All five models of the spectral density consider the axially symmetric anisotropic rotational
diffusion tensor by using the following external correlation function:

St (=S (SF=$*)w
1+ (wr)* 14 (a)r;,i)z 1+ (a)rgll-)z

. 1
C3rel(e) = < (Age™"™ + Aye™"/™ + Aye™t/T2)

where 4, = (1.5cos? 0 — 0.5)%? ; A; = 3 sin? 0 cos? 6 and A, = 0.75 sin* 8 with 8 being
the angle between the N—H bond vector and the unique axis of the rotational diffusion
tensor (Barbato et al. 1992; Jarymowycz and Stone 2006; Sakhrani et al. 2021).

The five model-free formulations, their parameters, and corresponding spectral density
functions are summarized in Table 1. Models 1—-4 assume a single effective timescale for
internal motion (S = 1), where 52 reflects motions occurring on the pico- to nanosecond
timescale. Models 1 and 3 assume the internal correlation time approaches zero (zy — 0),
describing very fast motions (z; < 20 ps). Models 2 and 4 incorporate internal motions on
a finite pico- to nanosecond timescale (z; = 7,) (Mandel et al. 1993). Models 3 and 4 are
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extensions of Models 1 and 2, respectively, that include an additional exchange term R,
to account for conformational exchange and pseudo-first-order processes occurring on
the micro- to millisecond timescale, as captured here by using CPMG (Bloom et al. 1965;
Allerhand and Gutowsky 1965) and D-CEST (Yuwen, Kay, et al. 2018) at 16.4 T. Model
5 incorporates two distinct internal timescales: (i) ultrafast motions (7, — 0) with order

parameter S,? and (ii) slower nanosecond motions (7, = 7,) with order parameter 52
(Clore et al. 1990).

Model selection was performed using Akaike’s Information Criterion (AIC), defined as:
AIC = x* + 2k

2 zn (R —R)?
X° = e E—
i=1 0;

l

where

is the chi-square statistic measuring the goodness of fit between the experimental
relaxation data (R) and the back-calculated values (R') (Abragam 1983). Here, o denotes
the experimental error, i is the residue index, k is the number of adjustable parameters
in a given model, and n is the size of the data set for each residue. The AIC provides an
optimal balance between underfitting (selection of overly simple models) and overfitting
(selection of unnecessarily complex models) and has been shown to outperform
traditional chi-square or F-test criteria in model selection (d’Auvergne and Gooley 2003).
With six experimentally derived relaxation parameters per residue at two fields (n = 6),
models 4 and 5 each involve three adjustable parameters (k = 3), yielding three degrees
of freedom. Therefore, to prevent overfitting, models 1-3 were first evaluated, and models
4 and 5 were only considered when the model with the lowest AIC did not reproduce the
experimental R1 and Rz values within 99% agreement.
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Table 1. Spectral density functions and corresponding fitted parameter subsets.

Subset of fitted ] ]
Models Spectral density function
parameters
2
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1 52 “ Z i
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SN CPMG Relaxation Dispersion and >N D-CEST. SN CPMG and "N D-CEST
spectra were processed and analyzed using the NMRPipe suite (Delaglio et al. 1995).
Peak assignments were visualized and labeled in the "H-"°N maps with Sparky(W. Lee
et al. 2015) and peak intensities were extracted using PeakFit
(https://github.com/gbouvignies/PeakFit).

Effective transverse relaxation rates, R, .r were calculated from the ratio of peak

intensities accordir 1J to
1 I(v p
RZ,eff - - ln( ( CIOMG)>

Trelax

where T,..;., iS the constant CPMG relaxation period, I(v-pu) is the peak intensity at a
given veppe, and I, is the reference intensity.

ApoTem-1 exchange parameters were obtained by independently fitting SN CPMG
relaxation dispersion data (Tollinger et al. 2001; Vallurupalli et al. 2007) and "N D-CEST
(Yuwen, Kay, et al. 2018), together with visible peak-position constraints (Khandave et al.
2023), whereas Holotem-1 parameters were determined by fitting simultaneously the >N
CPMG relaxation data and peak-position constraints. All "N CPMG and D-CEST profiles
were analysed using a two-state exchange process, A = B where A and B refer to the
ground and excited states, respectively, with populations p, and pgz (= 1— p, ), and
ke, = kag + kgp » Using ChemEx (https://github.com/gbouvignies/chemex). ChemEx
numerically integrates (Korzhnev et al. 2004) the Bloch—McConnell equations (McConnell
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1958) for various exchange models. Best-fit exchange parameters were obtained by
minimizing the target function:

Exp _ Calc)2
i

”(m- m

2 l

X = 2
i o;

where mf"p is the experimental measure (i.e. peaks intensities in the case of CPMG/D-

CEST datasets or visible peak positions), m{%¢ is the corresponding calculated peaks
intensities or visible peak positions using the Bloch—McConnell equations over the
duration of the Tex period - both calculated values were determined from the Bloch—
McConnell equations as described previously (Khandave et al. 2023), o is the uncertainty
in the experimental measurement, and the summation extends over all experimental data
points (i) included in the fitting process.

Uncertainties in the best-fit parameters were determined using 1000 Monte-Carlo trials
(Choy et al. 2005; Press 2007). In the Monte Carlo simulations, Gaussian noise was
added to profiles generated from an initial fit, and the fitting was repeated. After N
iterations, the distribution of fitted parameters provided the uncertainty estimates.

Global fitting parameters, shared across all residues, were the exchange rate, k., =
k4 + kg4, and the minor B-state population pg. Residue-specific parameters included the
SN chemical shifts of the A and B states, the longitudinal (R:) and transverse (Rz)
relaxation rates. Relaxation rates for the two states were constrained to be equal (R, 4 =

Rypand Ry 4 =R, )

RESULTS

Structural Insights into cAbrem-13 Binding to TEM-1 and Kinetic Characterization.
The crystal structure of holotem-1 (TEM-1/cAbtem1s) was determined by X-ray
crystallography. Holotewm.1 crystallized in space group P43212 and was refined to 1.64 A
resolution. The datasets exhibited good data quality, with high completeness (99.6%) and
acceptable signal-to-noise ratios ((I)/(cl) of 19.7). Data collection and refinement statistics
are summarized in Table 2. The cAbtemts binds to the hinge region of TEM-1, located in
the loop connecting the a10 helix and B3 strand, primarily through interactions involving
CDR2 and CDR3. Specifically, residue D214 of TEM-1 forms two hydrogen bonds with
Y52 and S103, located in CDR2 and CDR3 of the VHH, respectively (Figure 1(a-c)). In
addition, D273, positioned on the a12 helix, establishes two hydrogen bonds with W100
from CDR3 of the VHH (Figure 1 (c)). The interaction interface is further stabilized by a
hydrophobic cluster formed between Y52 and Y56 of CDR2 and the side chains of P219,
R222, L225, and 1231 located in the hinge region of TEM-1 (Figure 1 (d)).
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Table 2. Data Collection and Refinement Statistics
TEM-1/cAbtemis

Unit cell parameters (A) a = 94.72,b = 94.72,c = 139.68

Resolution (A) 48,4 - 1.64 (1.74-1.64)2

Rwork/Rfree 147/182

Rmerge (%) 13.2 (330)2

Completeness (%) 99.6 (97.4)
(I)/(a(D)) 19.7 (0.96)2

Number of protein residues 263

Number of atoms 3030

number of water molecules 429

rmsd bond lengths (A) 0.015

rmsd angles (deg) 1.15

Ramachandran favored/allowed regions (%) 98.4/1.6

@ Values in parentheses are for the highest resolution shell.

g - \ [ \ @ N Lr
Figure 1. Crystal structure of the holotem-1 complex. (a) Surface representation of TEM-
1 with the VHH shown as a cartoon. Key side chains at the interaction interface are
represented as sticks. The CDRs are colored as follows are colored as follows: CDR1
(magenta), CDR2 (green), and CDR3 (cyan). (b) Same representation as in (a) after a
180° rotation, highlighting the VHH binding interface. (c¢) Hydrogen-bonding interactions
between cAbtemiz and TEM-1. TEM-1 is shown in gray, with catalytic motifs S70XXK73
(motif 1), S130D131N132 (motif 2), and K234S235G236 (motif 3) highlighted in orange,
together with residues E166 and N170 from the Q-loop. Red dashed lines indicate
hydrogen bonds between the VHH and TEM-1. (d) Hydrophobic interactions between
CDR2 of the VHH and residues located in the hinge region of TEM-1.
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Quantitative binding measurements using biolayer interferometry (BLI) to assess the
specificity of cAbrtemis toward representative [(-lactamases from the four molecular
classes A, B, C, and D were performed. These interaction assays demonstrated that the
cAbtem1s specifically binds to TEM-1 and TEM-121, a mutant of TEM-1 (Figure 2 (a)).

Association Dissociation
(@12 — TEM-1 () (b)o 8 Y (TEM-1)
1.0 — TEM-121 (A) : — Fit
’ SHV-104 (A) —— CTRL-
= 0.84 — CTX-M-1(A) = 06 .
S 06. VIN-4 (B) £
—_ — CMY-2(C) < 04 ; e
ré 0.4- ' — oxa48D) 4 i o
! — CTRL- i 1320
0-2_ 1 0.2 E 88 M
]
0.07 — 0.04 i
0 60 120 180 240 300 360 420 0 40 80 120 160 200 240 280 320 360
Time [s] Temps [s]

Figure 2. Binding characterization of cAbtemi1s. (a) Specificity of binding between the
cAbTtem1s and representative B-lactamases from different molecular classes, as
assessed by BLI. The names and corresponding classes (in brackets) of the B-

lactamases are indicated. The negative control (CTRL-) corresponds to the loading of
TEM-1 directly onto the sensor. All experiments were performed independently in
duplicate. A: association phase; D: dissociation phase. (b) Quantitative analysis of the
interaction between cAbtemiz and TEM-1.

Subsequently, the association (kon) and dissociation (kofr) rate constants, as well as the
equilibrium dissociation constant (Kp), for the interaction between cAbtem1z and TEM-1
(Figure 2 (b)) were determined. The resulting kinetic parameters are summarized in
Table 3.

Table 3. Association (kon), dissociation (koff), and equilibrium dissociation (Kp) constants
derived from global fitting of bio-layer interferometry data obtained at a minimum of
seven TEM-1 concentrations, using a 1:1 binding model.

kon (10°M 1 s72) kot (103 s72) Ko (nM)
TEM-1 1.7+x0.1 2.2+0.2 13+2

Backbone Dynamics on the ps-ns timescale. Site-specific {"°N}-R1, {"*N}-Rz2and 'H-
{>N} NOE values were obtained for 242 (Apotem-1) and 218 (HoloTem-1) of the 251 non-
proline backbone amide resonances at 16.4 and 11.7 T. These data, summarized
respectively in Figure 3 and Figure 4, provide residue-level insight into fast protein
dynamics (Kay and Torchia 1998). For both enzyme forms, the {"®N}-R1 profiles exhibit
the same residue-specific pattern at 16.4 and 11.7 T, and, as expected, {"®N}-R1(11.7 T)
> {15N}-R1(16.4 T). The {'*N}-R2 values are also in very good agreement between the
two fields, and consistent with the CSA contribution to transverse relaxation (which is

219



Antibody Modulation of TEM-1 Conformational Dynamics (manuscript in preparation)

proportional to w%), {"®N}-R2(16.4 T) > {"°N}-R2 (11.7 T) (Gagné et al. 1998; Savard and
Gagné 2006).
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Figure 3. Experimental {"*N}-R1, {'*N}-R2 and "H—{'">N} NOE values for free TEM-1 B-
lactamase at 16.4 T (color code: red) and 11.7 T (color code: black), recorded at 30° C.
(a, b, c) Apotem-1 {"°N}-R1, {"°N}-R2 and "H-{"*N} NOE respectively.

Comparison of the relaxation parameters between the two functional states reveals the
expected trend: {'N}-R1(Apotem-1) > {'N}-R1(HoloTem-1), whereas {"®*N}-R2 (HoloTem-1)
> {"5N}-R2 (ApoTem-1), reflecting the increased overall tumbling time of the cAbTem13-bound
complex. Notably, residues in the hinge region (212—-224) display elevated {"*N}-R:
values in Apotewm-1, indicative of conformational exchange on the microsecond-to-
millisecond (us-ms) timescale. These elevated {°N}-R2 values are absent in HoloTem-1,
suggesting that VHH binding suppresses this local exchange process. The "TH-{"*N} NOE
values at 11.7 and 16.4 T show identical patterns for both enzymes. Strikingly high "H-
{*>N} NOE values are observed across the entire sequence, including the N- and C-
termini, indicating that both Apotewm-1and Holotew-1 are well ordered throughout, consistent
with earlier observations (Savard and Gagné 2006; Doucet et al. 2007).

Model-free analysis (MFA) provided quantitative characterization of both global and local
motions. The global rotational correlation time (tc) and the degree of anisotropy of overall
molecular rotation were determined as detailed in the Supporting Information. As
summarized in Figure 5, the MFA demonstrates that both Aportem-1 and Holotem-1 are
highly ordered, with identical average generalized order parameter, S?2 = 0.86 + 0.01.
These results are consistent with the uniformly high 'H-{"®*N} NOE values observed
across the sequence and are in agreement with previously reported analyses of TEM-1
backbone dynamics (Savard and Gagné 2006; Doucet et al. 2007). These findings, taken
together, indicate that the ps—ns backbone dynamics of TEM-1 are essentially unchanged
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upon VHH binding. Per-residue model-free parameters, together with the corresponding

AIC values and selected models, are provided in Table S2 and S3 of the Supplementary
Information.
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Figure 4. Experimental {"N}-R1, {'*N}-R2 and "H—{'>N} NOE values for TEM-1 B-
lactamase at 16.4 T (color code: blue) and 11.7 T (color code: green) with cAbtem1s,
recorded at 30° C using 500 uM protein and an [inhibitor]/[protein] ratio of 1.1. (a, b, ¢)
Holotem-1 {"°N}-R1, {**N}-R2 and "H—{"*N} NOE respectively.
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Figure 5. Residue-specific model-free analysis results for TEM-1 B-lactamase showing
(a) generalized order parameters S? and (b) local correlation times (te) on the ps—ns
timescale, in the absence (blue) and presence (red) of cAbtem1s.
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Backbone NMR Dynamics Reveal a Minor, Structurally Distinct TEM-1 States. To
gain insight into TEM-1 inhibition by the cAbtemis, we investigated potential
conformational exchange on the microsecond—millisecond timescale in Aportem-1 and
HoloTem-1.

For Aportewm-1, global and residue-specific fitted parameters reveal exchange processes
occurring on two distinct timescales. One set of twenty-two residues (R43, V44, L169,
N170, A172, 1173, W210, E212, A213, D214, K215, V216, A217, G218, G236, E240,
R241, G242, S243, G245, Y264 and G267) exhibits slower exchange rate (Figure 6),
with k,, = 112 + 3 s~ and relative population, p; = 1.85 + 0.03 %. Residues undergoing
chemical exchange cluster around the catalytic serine (S70) and along the interface
between the a-helices and B-sheets that form the a/f domains, including the cAbtem1s-
binding site and Q-loop (Figure 6).

A second set of sixteen residues (E37, E48, M69, T71, Y105, S106, T128, S130, D131,
H153, H158, E171, S203, L225, 1231 and 1287) exhibits intermediate-exchange dynamics
between two states, with k,, =772+3x 10712571 and py =2.32+1.04 x 107 * %.
These parameters were highly reproducible across the 1000 Monte Carlo trials, with
estimated uncertainties of 3 x 107125t for k,, and 1.04x 1071* % for pg . The
exceptionally small uncertainties suggest that the fits are strongly constrained by the
single-field CPMG data or that Monte Carlo analysis alone may not reliably estimate
parameter uncertainties under these conditions. To evaluate the accuracy of the k., and
pp values obtained from single-field CPMG analysis, several additional robustness
checks were therefore performed.

First, a three-stage grid search over k., was performed, in which k., was systematically
fixed after grid search and py was fitted. A logarithmically spaced grid was used to ensure
coverage of the full sensitivity range. In stage 1, a coarse grid search was conducted with
k., values ranging from 30 to 30000 s™" using 61 points. In stage 2, a refined grid search
was performed around the minimum, with k., spanning 200-3000 s™" over 118 points. In
stage 3, an optional ultra-refined grid search was carried out with k., values between 600
and 1000 s™* using 80 points. Following the three-stage grid search, the estimated k.,
values were 754, 766, and 772 s™' for stages 1-3, respectively (Figure 7 (a)), with
corresponding pgp values of 2.07%, 2.05%, and 2.32%. As the grid search was
progressively refined, both k., and pg converged toward the globally fitted values
obtained from the 1000 Monte Carlo trials.

Next, an analogous three-stage grid search was performed over pg, in which pp was fixed
and k., was fitted. In stage 1, a logarithmically spaced grid spanning py values from
0.001 to 0.20 was used with 47 points. In stage 2, a refined grid search was conducted
around the minimum, with pz ranging from 0.012 to 0.035 over 23 points. In stage 3, an
optional ultra-refined grid search was performed with p; values between 0.005 and 0.05
using 51 points. Against, as the grid search was progressively refined, the fitted
parameters converged toward the globally determined values obtained from the 1000
Monte Carlo trials. The resulting pp estimates were 3.17%, 2.61%, and 2.29% for stages
1-3, respectively (Figure 7 (b)), with corresponding k., values of 846, 806, and 769 s™".
The close agreement across grid resolutions shows the internal consistency of the fitting
procedure and supports the accuracy of the exchange parameters derived from the Monte
Carlo analysis.
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Figure 6: Conformational exchange in apotem-1recorded at 30 °C and B, = 16.4 T using
SWecest = 700 Hz and BP~¢E5T field strengths of 20 Hz and 42 Hz. (a—d) "N D-CEST
profiles for residues R43, L169, 1173, and D214, respectively. (e) Residues shown in

blue exhibit "N D-CEST-detected conformational exchange in apoTem-1, active-site S70
in red. (f) Residuals from the linear regression between experimental and predicted
visible-state peak positions. Panel (e) was generated in PyMOL (Schrodinger, LLC)

using PDB entry 1M40.
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Figure 7: Logarithmically spaced grid search over k., and p;. (a) k., grid-search
results. (b) pp grid-search results. Stage 1 is shown in red, stage 2 in green, and stage
3 in blue.
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Residues exhibiting intermediate-exchange are located in the Q-loop, the S130-D131—
N132 motif and across B-sheet elements of the a/f domain (Figure 8 (e)). The S130-
D131-N132 motif has been shown to contribute to local structural stability and may also
influence enzymatic function(Jacob et al. 1990). In particular, S130 participates in the
hydrogen-bonding network, while N132 contributes to transition state stabilization through
a hydrogen bond with the O16 atom of benzylpenicillin (Jacob et al. 1990). The dynamic
behavior observed in this region suggests that the S130-D131-N132 motif undergoes
conformational exchange that may influence the organization of the hydrogen-bonding
network. Such motions could facilitate subtle rearrangements required for efficient
substrate binding and transition state stabilization.

SN CEST and CPMG residues undergoing exchange are predominantly clustered around
the catalytic serine, although not all participating residues are localized to this region.
Taken together, the "®N CEST- and CPMG-derived exchange profiles reveal at least two
distinct conformational processes in Apotem-1. Residues exhibiting exchange exclusively
in the SN CEST data most likely report on a relatively slow, low-population conformational
transition that is spatially localized (Figure 6 (e)). We propose that this motion reflects
pre-organization or micro-adjustments within the active site or adjacent structural
elements that modulate catalytic geometry. In contrast, residues detected only in the >N
CPMG relaxation dispersion experiments are consistent with an intermediate-timescale
process that reflects a more collective structural rearrangement.
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Figure 8: Conformational exchange in apotem-1recorded at 30 °C and B, = 16.4 T using
SN CMPG with Tex = 50 ms. (a—c) "®N CPMG profiles for residues T71, S130 and
D131, respectively. (d) Residuals from the linear regression between experimental and
predicted visible-state peak positions. (e) Residues shown in cyan exhibit "°N CPMG-
detected conformational exchange in apotem-1. (f) apotem-1overall residues (for both D-
CEST & CPMG detected; blue and cyan respectively) in exchange. Panels (e-f) were
generated in PyMOL (Schrédinger, LLC) using PDB entry 1M40
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The combined analysis of >N CEST and CPMG data was initially approached using a
two-state exchange model. However, satisfactory global fits could not be obtained,
suggesting that the exchange behavior is more complex than a single A = B process.
Furthermore, residues displaying detectable excited-state signatures in the CEST profiles
and those exhibiting CPMG relaxation dispersion were largely distinct, indicating that the
two experiments probe different exchange processes.

Several three-state exchange schemes were therefore considered, including linear (A =
B = C) and triangular (A = B = C and A = C) models. Owing to the increased number of
exchange parameters and the limited experimental constraints available, particularly the
use of single-field CPMG data, these models resulted in overparameterization and poor
parameter identifiability.

The observation that CEST and CPMG effects are detected for largely distinct sets of
residues suggests that the two experiments may probe different exchange processes
involving a common ground state. One possible interpretation of these observations is a
forked three-state scheme in which the ground state A exchanges independently with two
low-populated states, B and C (B = A = C). However, no explicit fit of such a model was
performed, and it is therefore discussed only as a conceptual framework for interpreting
the experimental observations rather than as a demonstrated kinetic mechanism.

Our data support a model in which apotem-1 samples two kinetically distinct, independent
two-state exchange processes, consistent with previous reports on the conformational
dynamics of TEM-1 (Knoverek et al. 2021). The detection of exchange across residues
distributed throughout the protein, including the active site, further indicates that these
processes reflect the selective sampling of distinct regions within a heterogeneous
conformational landscape. Complete residue-specific parameters, including minor-state
SN chemical shifts, are provided in Tables S4 and S5.

For Holotem-1, the >N CPMG experiment performed on TEM-1 in complex with the
inhibitory cAbtem1s, reveal a marked increase in the molecular dynamics (Figure 9),
characterized by k,, =846+ 17 s™t and pz = 3.28 + 0.06 %.
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Figure 9: Conformational exchange in holotem-1recorded at 30 °C and B, =164 T
using N CMPG with Tex = 50 ms. (a—d) >N CPMG profiles for residues R43, S130,
D131 and A213, respectively. (e) Residuals from the linear regression between
experimental and predicted visible-state peak positions. (f) Residues shown in green

exhibit SN CPMG-detected conformational exchange in Holotem-1. Panel (f) was
generated in PyMOL (Schrodinger, LLC) using PDB entry 9UOR.

The thirteen residues exhibiting exchange can be grouped into two categories: (i)
residues displaying an increase contribution from slow exchange relative to previous
Apotem-1 N D-CEST and SN CPMG measurements. Precisely, residues R43, M68,
Y105, S106, S130, D131, L169, A213, D214, K234, G238, G245 and Q269 that exhibits
molecular dynamics in holotem-1 shows significantly enhanced dynamics relative to the
apotem-1 state, consistent with an overall increase in conformational fluctuations (Figure
10 (a-d)). (ii) Additional residues M68, K234, G238, and Q269 exhibit exchange only in
the cAbtemis-bound form, suggesting that VHH binding alters exchange kinetics and
populations, making these processes experimentally detectable (Figure 10 (e-f)).
Collectively, these results show that cAbtemis binding modulates the intrinsic
conformational dynamics of TEM-1, including microsecond—millisecond motions at sites
distant from the binding interface. The presence of correlated dynamic changes
throughout the protein upon cAbtem1s binding, including at sites distal to the binding
interface, is consistent with long-range dynamic coupling. This is consistent with prior
evidence that the hinge region; targeted by the VHH; acts as a key initiation site for
allosteric communication within TEM-1 (Meneksedag et al. 2013; Avery et al. 2022;
Galdadas et al. 2021). Complete residue-specific parameters for holotem-1, including
minor-state N chemical shifts, are provided in Table S6.
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Figure 10. Representative >N CPMG relaxation dispersion and D-CEST profiles
illustrating two classes of residues exhibiting chemical exchange in holotem-1. Panels
show: (a—c) "N D-CEST and CPMG profiles for L169; (d) >N CPMG profiles for D131
in apotem-1and holotewm-1; (€) "®*N CPMG profiles for K234 in apotem-1 and holoTem-1; and
(f) ™®N CPMG profiles for Q269 in apotem-1 and holotem-1.

DISCUSSION AND CONCLUSIONS

Fast Backbone Dynamics Establish Highly Ordered Enzymes. Understanding how
enzyme dynamics relate to function, and how inhibitors modulate these dynamics, is
central to deciphering the mechanisms of enzymatic inhibition, particularly in systems
where the three-dimensional structure alone does not provide sufficient insight, as is the
case for class A B-lactamases TEM-1 bound to cAbtem1s. To elucidate the mechanisms
underlying VHH inhibition of TEM-1, we characterized fast and slow backbone dynamics
in both the Apo and Holo enzyme states.

The Apotem-1 NSR data obtained in this study were compared with previously reported
measurements (Savard and Gagné 2006) acquired at 500, 600 and 800 MHz. Because
"H-{'5N} steady-state NOE data were not available at 800 MHz in the earlier study, our
"H-{"°N} steady-state NOE values measured at 700 MHz were instead compared with
published data recorded at 600 MHz. Overall, the NSR data obtained here reproduce the
same residue-specific patterns observed in the reported measurements (Figures 11),
thereby validating the robustness of the fast-timescale dynamic parameters derived for
ApOTEM-1.

Consequently, MFA, which characterizes global tumbling through the global correlation
time (zc) and local backbone motions through generalized order parameter (S?), led to
results that are in excellent agreement with previously reported data (Figure 11 (g)).
Specifically, we obtained a tc of 12.6 ns and an average generalized order parameter of
S2 =0.86 + 0.01, values that closely match earlier estimates of tc of 12.3 ns (Fisette et
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al. 2010) and an average order parameter of 0.85 (Savard and Gagneé 2006). Taken
together, these observations indicate that Apotewm-1 is well-ordered on fast timescales, in
agreement with previous reports , with limited backbone flexibility as reflected in its ps—
ns dynamics.

The global tumbling time of Holotem-1 increased to tc = 22.1 ns, in line with the higher
molecular weight of the complex upon cAbtem1s binding (from ~ 30 to ~ 45 kDa). Despite
this increase in molecular weight, the average generalized order parameter remained
unchanged relative to apotem-1, indicating that cAbtemis binding does not alter fast-
timescale backbone order.
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Figure 11. Comparison of NSR data for TEM-1 obtained in this study with previously
reported measurements. Panels (a—c) show the comparison of our 700 MHz NSR data
with the NSR data reported by Savard et al.; panels (d—f) show the corresponding
comparison of our 500 MHz NSR data with the Savard et al. dataset. (g) Comparison of
generalized order parameter S2.
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Modulation of the Conformational Energy Landscape in cAbtem13-Bound TEM-1.
The global fitting parameters derived from our apotem-1 "N CEST experiments were
compared with those reported in a recent study (Knoverek et al. 2021; Doucet et al. 2007;
Fisette et al. 2010; Savard and Gagné 2006), which focused specifically on residues
within the Q-loop. In that work, the exchange rate and excited-state population were
reported as k,, = 98+ 6 s~! and pz = 1.05 + 0.03 %, respectively. These values are in
close agreement with the CEST parameters obtained in the present study (k., = 112 +
3 s tand pg = 1.85 + 0.03 %). Residues undergoing slow exchange in the earlier report
were localized around the Q-loop pocket, including L169, N170, G238, E240, G242, and
S243. Notably, all these residues also exhibit slow-timescale dynamics in our
measurements, indicating that the same conformational process is detected despite
differences in experimental scope. By contrast, global fitting parameters (k. and pg) from
SN CPMG relaxation dispersion experiments were not reported previously. Nevertheless,
several residues (M9, T71, E171, and G236) were identified as exhibiting intermediate-
timescale dynamics. Except for G236, which displays slow exchange behavior in our
dataset, the remaining residues similarly exhibit intermediate-timescale dynamics in the
present study. Together, agreement between residue-specific dynamic regimes observed
here and those reported previously, supports the robustness of the detected slow and
intermediate motions and indicates that these processes extend beyond the Q-loop to
involve a broader network of residues throughout the enzyme.

NMR relaxation analysis of the Holotem-1 enzyme on the millisecond—microsecond
timescale proved challenging, primarily due to its ~ 45 kDa molecular weight, which
results in increased transverse relaxation rate and substantial line broadening. The loss
of peak intensity reduced the sensitivity of the millisecond—microsecond relaxation
measurements, thereby limiting the number of residues amenable to quantitative
analysis. Although N D-CEST experiments were not performed and slower timescale
processes were therefore not comprehensively examined, N CPMG relaxation
dispersion experiments enabled characterization of intermediate-timescale dynamics. A
modest subset of residues (thirteen) exhibited significant exchange contributions in this
regime. Despite their limited number, these residues are distributed throughout the
protein rather than confined to a single localized region. This spatial distribution indicates
that VHH binding perturbs conformational fluctuations beyond the immediate binding
interface and is consistent with long-range dynamic coupling between distal regions and
the active site

Direct comparison of the apotem-1 and holoTewm-1 states reveals a modulation of exchange
parameters upon binding of the inhibitory cAbtem1s. The HoloTem-1 form displays increased
exchange rates and minor-state populations relative to apotem-1. Although excited states
are observed in the apo and holo forms, the underlying exchanging states remain largely
similar. These observations suggest that nanobody binding primarily modulates the
populations and kinetics of pre-existing conformations, rather than indicating the
emergence of new states or a substantial reshaping of the conformational energy
landscape.

Therefore, VHH binding fine-tunes the dynamic equilibrium within the existing energy

landscape. The redistribution of conformational dynamics across residues extending
beyond the binding interface suggests functional coupling between the VHH interaction
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site and catalytically relevant regions. Although the present data do not define a specific
allosteric signaling pathway, they are consistent with a model in which inhibition involves
dynamic allosteric modulation of the conformational landscape, whereby redistribution of
low-populated conformational substates may alter the functional ensemble of the enzyme.
Previous simulation studies of aportem-1 have identified the cAbremis-binding site,
commonly referred to as the hinge region (residues 212-224), as the point of origin of the
allosteric signal (Galdadas et al. 2021). Consistent with this model, our data show that
the hinge region in apotem1 undergoes slow-timescale dynamics, indicating
conformational heterogeneity in this region. Notably, this region is also the primary site of
perturbation in nonequilibrium simulations (Galdadas et al. 2021) and adopts two distinct
conformations in high-resolution X-ray structures (PDB ID: 1M40). Located on the loop
connecting the distal end of helix H11 to B-strand B7, is the highly conserved residue
W229, which is preserved across multiple classes of 3-lactamases (Meneksedag et al.
2013). The indole side chain of W229 is sandwiched between two other conserved
residues, P226 and P252, positioned on the H11-37 and B8—p9 loops, respectively. This
P226-W229-P252 n-stacking interaction forms a rigid structural motif that may play a key
role in modulating allosteric communication between the active site and the allosteric site
(Meneksedag et al. 2013; Avci et al. 2016).

Disruption of this hydrophobic triad; either by the W229A mutation (Meneksedag et al.
2013) or by small-molecule allosteric inhibitors (J. R. Horn and Shoichet 2004); has been
shown to alter internal motions and perturb the conformational dynamics required for
efficient catalysis. More recently, computational studies have described signal
transmission from this allosteric site through cooperative coupling of loop dynamics,
including loops distal to the perturbation site (Galdadas et al. 2021). Upon interaction with
cAbtem13, Pro226 is displaced, disrupting the Pro226-Trp229—Pro252 Tr-stacking
interaction (Figure 12) and based on previous studies, may be linked to the observed
overall enhancement of molecular dynamics.

P226

w229

@ P252

Xx®

Figure 12. Perturbation of the P226-W229-P252 rn-stacking interaction upon cAbTem-1
binding. Apotewm-1is shown in blue, holotewm-1in green, and the cAbtem1s in tinted shades.
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This dynamic perturbation propagates toward the active site, where subtle micro-
adjustments and larger-amplitude motions of structural elements required to maintain
catalytic geometry are altered. Specifically, three effects are observed: (i) intermediate-
timescale motions are quenched for a subset of residues, (ii) the population of minor
conformational state is substantially increased, and (iii) the underlying conformational
landscape is modulated upon VHH binding. Although only thirteen residues exhibit
detectable intermediate-regime exchange in HoloTewm-1, the detection of these enhanced
minor-state population across residues distributed throughout catalytically relevant
regions, including Q-loop and SDN motif, provides strong evidence for coupling between
the distal allosteric cAbtemis-binding site and the enzyme’s catalytic machinery.
Interestingly, residues within the catalytically critical S130-D131-N132 loop display
enhanced dynamics upon cAbtem1s binding. To our knowledge, this study constitutes the
first direct NMR-based characterization of the dynamics of this loop, which has been
shown by site-directed mutagenesis to be critical for structural stability and function
(Jacob et al. 1990).

These results indicate that the VHH may act as an allosteric inhibitor. Binding at a distal
site induces a redistribution of the conformational landscape of TEM-1 B-lactamase, with
dynamic effects propagating from the binding interface to distant regions, including
catalytically relevant sites, thereby modulating enzymatic activity. Such long-range
dynamic effects are consistent with allosteric communication between structurally
separated regions of the enzyme, in agreement with previous studies (Galdadas et al.
2021; Huang et al. 2020; Meneksedag et al. 2013; Avci et al. 2016; J. R. Horn and
Shoichet 2004). Although the present data do not directly demonstrate a defined allosteric
signaling pathway, they are consistent with a model in which VHH binding modulates
intrinsic dynamic networks within TEM-1, thereby contributing to inhibition through
dynamic allosteric effects.

ACKNOWLEDGMENTS

This study made use of NMRbox: National Center for Biomolecular NMR Data Processing
and Analysis, a Biomedical Technology Research Resource (BTRR), which is supported
by NIH grant P41GM111135 (NIGMS)

This work was supported by the The Walloon Region and the Fond Européen de
Développement Régional (FEDER) [Grant portfolio PHENIX n°244, project
PHENIX_Analytique_ULiége n°397]

This work was supported by the Belgian Federal Public Service Health, Food Chain
Safety and Environment (grant no. RF 17/6317 RU-BLA-ESBL-CPE) and the Fonds
National de la Recherche Scientifique (CDR grant no. J0081.20).

231



Antibody Modulation of TEM-1 Conformational Dynamics (manuscript in preparation)

Electronic Supplementary Material

Table S1. Per-residue model-free analysis parameters for Apotem-1, including residue-
specific generalized order parameter (S?), local correlation time (te), and conformational

exchange rate (Rex).

Residue | SMO%" | Alc $? | +AS2 | 1o(ps) +Ate | Rex (s1) | 2ARGx
GLUB] | TM5 | 3420 | 085 | 0.005 | 243E-10 | 6.35E-10
THR[4] | TM5 | 57.90 | 079 | 0013 | 3.63E:09 | 9.72E-10
LEU] | TM5 | 27.60 | 0.86 | 0.007 | 149E-09 | 2.02E-10
VALIE] | TM5 | 5250 | 084 | 0010 | 9.22E-10 | 1.29E-10
LYS[7] i - - - i - - -
VAL[B] | TM5 | 2650 | 0.90 | 0.009 | 7.20E-11 | 3.21E-10
LYS[9] | TM5 | 17.80 | 098 | 0008 | 1256-13 | 2.45E-03
ASP[10] | TM5 | 2450 | 0.87 | 0.012 | 6.66E-10 | 1.21E-10
ALA[11] | TM5 | 12100 | 082 | 0007 | 1.50E-09 | 1.93E-10
GLU[12] | TM5 | 165.00 | 0.84 | 0.032 | 7.71E-09 | 1.04E-08
ASP[13] | TM2 | 3440 | 091 | 0006 | 2.05E-11 | 2.31E-12
GLN[14] | TM5 | 1240 | 088 | 0005 | 511E-10 | 1.07E-10
LEU[15] | TM4 | 106.00 | 090 | 0009 | 7.96E-12 | 207E-12 | 056 | 0.19
GLY[16] | TM2 | 5890 | 089 | 0004 | 1.73E-11 | 1.62E-12
ALA[17] | TM4 | 1800 | 083 | 0.012 | 1.62E-11 | 1.58E-12 | 040 | 024
ARG[18] | TM2 | 149.00 | 072 | 0.006 | 2.38E-11 | 9.02E-13
VAL[19] | TM2 | 1300 | 083 | 0010 | 7.37E-12 | 1.37E-12
GLY[20] | ™M1 | 3370 | 087 | 0.006
TYR[21] | TM5 | 57.90 | 081 | 0005 | 7.91E-10 | 9.96E-11
ILE[22] | TM5 | 2480 | 084 | 0.011 | 420E-10 | 1.20E-10
GLU23] | TM5 | 122.00 | 0.82 | 0.009 | 1.07E-09 | 7.83E-11
LEU[24] | TM5 | 4890 | 083 | 0011 | 227E-09 | 7.72E-10
ASP[25] | TM5 | 3850 | 0.71 | 0008 | 1.94E-09 | 1.58E-10
LEU[26] | TM5 | 4590 | 0.89 | 0.009 | 7.30E-11 | 1.09E-10
ASN[27] | TM2 | 269.00 | 0.83 | 0.006 | 529E-11 | 3.02E-12
SER[28] | TM5 | 1940 | 0.82 | 0.012 | 573E-10 | 1.14E-10
GLY[29] | TM5 | 1880 | 085 | 0.008 | 1.23E-09 | 1.36E-10
LYS[30] | TM5 | 28.80 | 0.86 | 0.004 | 562E-10 | 6.73E-11
ILE[31] | TM5 | 222.00 | 0.77 | 0.007 | 6.08E-10 | 3.08E-11
LEU[32] | TM5 | 110.00 | 081 | 0012 | 9.27E-10 | 7.58E-11
GLU[33] | TM5 | 7840 | 086 | 0005 | 2.65E-10 | 6.82E-11
SER[34] | TM5 | 77.70 | 090 | 0006 | 1.16E-10 | 5.75E-11
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PHE[35] | TM4 | 66.40 | 0.85 | 0.012 | 6.29E-12 | 1.26E-12 | 0.77 | 0.25
ARG[36] | TM5 | 107.00 | 0.88 | 0.004 | 4.54E-10 | 3.15E-10

GLU[38] | TM4 | 206.00 | 0.87 | 0.011 | 2.24E-11 | 260E-12 | 153 | 0.22
GLU[39] | TM5 | 76.70 | 0.80 | 0.006 | 1.35E-09 | 1.51E-10

ARG[40] | TM2 | 2130 | 0.85 | 0.004 | 7.15E-12 | 8.96E-13

PHE[41] | TM5 | 7060 | 0.91 | 0.004 | 4.68E-10 | 3.65E-10

MET[43] | TM4 | 18.80 | 0.88 | 0.020 | 2.89E-11 | 6.03E-12 | 159 | 0.47
MET[44] | TM5 | 43.70 | 091 | 0.008 | 6.17E-10 | 3.31E-10

THR[46] | TM5 | 1960 | 0.89 | 0.008 | 8.27E-10 | 1.96E-10

PHE[47] | TM5 | 106.00 | 0.89 | 0.007 | 4.15E-10 | 3.24E-10

LYS[48] | TM5 | 226.00 | 0.88 | 0.007 | 1.45E-09 | 2.02E-10

VAL[49] | TM1 | 112.00 | 0.94 | 0.005

CYS[52] | TM5 | 49.80 | 0.76 | 0.007 | 1.29E-09 | 1.56E-10

GLY[53] | TM5 | 38.70 | 0.85 | 0.012 | 6.83E-10 | 1.21E-10

ALA54] | TM5 | 151.00 | 0.78 | 0.005 | 1.09E-09 | 6.38E-11

VAL[55] | TM5 | 6830 | 0.88 | 0.006 | 4.86E-13 | 6.19E-04

LEU[56] | TM5 | 4430 | 0.89 | 0.010 | 1.07E-13 | 1.30E-02

SER[57] | TM2 | 1860 | 092 | 0.008 | 2.61E-11 | 4.07E-12

ARG[58] | TM2 | 56.40 | 0.93 | 0.007 | 6.62E-12 | 2.79E-12

VAL[59] | TM5 | 89.40 | 0.83 | 0.011 | 6.65E-10 | 9.28E-11

ASP[60] | TM5 | 50.70 | 0.86 | 0.010 | 1.54E-09 | 2.48E-10

ALA61] | TM1 | 115.00 | 0.88 | 0.007

GLY[62] - - - - - - - -
GLN[63] | TM4 | 7320 | 0.81 | 0.018 | 7.12E-12 | 127E-12 | 1.97 | 0.38
GLUG4] | TM5 | 138.00 | 0.75 | 0.006 | 8.59E-10 | 4.55E-11

GLN[65] | TM5 | 161.00 | 0.81 | 0.004 | 1.75E-11 | 6.40E-09

LEU[66] | TM5 | 31.70 | 0.80 | 0.009 | 1.90E-09 | 1.89E-10

GLY[67] | T™M5 | 3260 | 0.86 | 0.011 | 8.31E-10 | 1.14E-10

ARG[68] | TM2 | 84.70 | 0.88 | 0.006 | 1.66E-11 | 1.38E-12

ARG[69] | TM5 | 1650 | 0.81 | 0.016 | 8.21E-10 | 1.54E-10

ILE[70] | TM2 | 2050 | 0.86 | 0.010 | 2.01E-11 | 2.00E-12

HIS[71] | TM5 | 259.00 | 0.86 | 0.005 | 6.81E-10 | 1.21E-10

TYR[72] | TM5 | 195.00 | 0.82 | 0.006 | 4.32E-10 | 1.03E-10

SER[73] | TM2 | 4870 | 0.84 | 0.005 | 1.68E-11 | 1.24E-12

GLN[74] | TM2 | 376.00 | 0.80 | 0.005 | 1.59E-11 | 8.80E-13

ASN[75] | TM4 | 4540 | 0.84 | 0.018 | 2.12E-11 | 3.25E-12 | 1.37 | 0.34
ASP[76] | TM2 | 2850 | 0.87 | 0.005 | 3.15E-11 | 1.98E-12

LEU[77] | TM5 | 183.00 | 0.86 | 0.007 | 5.73E-10 | 9.02E-11

VAL[78] | TM2 | 143.00 | 0.81 | 0.009 | 7.05E-12 | 9.97E-13
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GLU[79] | TM5 | 62.10 | 0.80 | 0.004 | 9.33E-10 | 4.89E-11
TYR[80] | TM5 | 212.00 | 0.77 | 0.007 | 8.64E-10 | 3.18E-11
SER[81] | TM2 | 129.00 | 0.80 | 0.006 | 1.76E-11 | 1.05E-12
VAL[83] | TM5 | 9530 | 0.88 | 0.006 | 7.17E-10 | 7.68E-11
THR[84] | TM4 | 4960 | 0.84 | 0019 | 6.96E-12 | 2.34E-12 | 1.95 | 0.40
GLU[B5] | TM4 | 228.00 | 0.92 | 0.015 | 2.56E-11 | 5.50E-12 | 1.47 | 0.31
Lys[ge] | TM4 | 16.70 | 091 | 0.013 | 1.48E-11 | 3.07E-12 | 063 | 0.27
HIS[87] | TM5 | 1550 | 0.87 | 0.008 | 1.95E-10 | 4.52E-11
LEU[88] | TM5 | 27.00 | 0.85 | 0.004 | 7.63E-10 | 8.36E-11
THR[89] | TM5 | 3140 | 0.80 | 0.006 | 6.85E-10 | 9.10E-11
ASP[90] | TM5 | 1540 | 0.89 | 0.006 | 3.05E-10 | 1.09E-10
GLY[91] | TM5 | 160.00 | 0.82 | 0.008 | 4.66E-13 | 1.08E-05
MET[92] | TM5 | 15.30 | 0.80 | 0.006 | 1.37E-09 | 1.04E-10
THR[93] | TM5 | 13.80 | 0.83 | 0.006 | 4.62E-10 | 1.24E-10
VAL[94] | TM5 | 119.00 | 0.86 | 0.008 | 2.20E-13 | 2.26E-02
ARG[95] | TM5 | 415.00 | 0.90 | 0.006 | 1.15E-09 | 4.58E-10
GLU[96] | TM5 | 220.00 | 0.88 | 0.008 | 5.59E-10 | 6.85E-10
LEU[97] - - - - - - - -
CYS[98] | TM!1 15.60 | 0.93 | 0.007
SER[99] | TM4 | 54.90 | 0.86 | 0.015 | 1.57E-11 | 251E-12 | 201 | 0.37
ALA[100] | TM5 | 9590 | 0.90 | 0.008 | 2.36E-09 | 1.68E-09
ALA[101] | TM2 | 13500 | 0.86 | 0.006 | 5.20E-12 | 1.34E-12
ILE[102] | TM5 | 84.00 | 0.84 | 0.009 | 1.53E-09 | 2.69E-10
THR[103] | TM5 |1260.00| 0.84 | 0.008 | 7.49E-10 | 7.90E-11
MET[104] | TM5 | 28.90 | 0.85 | 0.006 | 4.93E-10 | 1.93E-10
SER[105] | TM5 | 74.90 | 0.90 | 0.008 | 3.88E-11 | 2.31E-10
ASP[106] | TM5 | 23.80 | 0.90 | 0.011 | 6.38E-10 | 2.92E-10
ASN[107] | TM5 | 4940 | 0.83 | 0.008 | 1.14E-09 | 1.06E-10
THR[108] | TM2 | 1250 | 0.87 | 0.007 | 4.51E-12 | 2.30E-12
ALA[109] | TM5 | 63.00 | 0.84 | 0.009 | 1.31E-09 | 1.51E-10
ALA[110] | TM4 | 79.80 | 0.85 | 0.013 | 4.53E-12 | 1.42E-12 | 121 | 0.26
LEU[112] | TM5 | 143.00 | 0.88 | 0.006 | 2.39E-14 | 1.74E-04
LEU[113] - - - - - - - -
LEU[114] | TM5 | 18.60 | 0.84 | 0.011 | 1.75E-09 | 4.10E-10
THR[115]| TM2 | 3510 | 0.89 | 0.005 | 3.73E-11 | 2.50E-12
THR[116] | TM5 6.61 0.82 | 0.008 | 4.65E-10 | 1.01E-10
ILE[117] | T™M5 | 30.30 | 0.81 | 0.010 | 1.12E-09 | 1.22E-10
GLY[118] | TM5 | 17.60 | 0.84 | 0.013 | 8.17E-10 | 1.06E-10
GLY[119] | TM2 | 5250 | 0.88 | 0.009 | 2.19E-11 | 2.39E-12
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LYS[121] | T™M2 | 154.00 | 0.90 | 0.007 | 1.68E-11 | 2.30E-12
GLU[122]| TM5 | 2800 | 0.89 | 0013 | 7.62E-10 | 2.48E-10

LEU[123] | TM5 | 123.00 | 0.80 | 0.007 | 1.74E-09 | 1.77E-10

THR[124] | TM2 | 18.10 | 0.89 | 0.010 | 2.20E-11 | 3.04E-12

ALA[125] | TM5 |[2890.00| 0.79 | 0.004 | 5.75E-10 | 3.28E-11

PHE[126] | TM5 | 16.90 | 0.89 | 0.005 | 2.08E-10 | 8.70E-11

LEU[127] | T™™1 | 27.90 | 0.97 | 0.013

HIS[128] | TM2 | 76.40 | 0.93 | 0.004 | 1.15E-11 | 2.82E-12

ASN[129] | T™M2 | 107.00 | 091 | 0.006 | 3.59E-11 | 3.20E-12

MET[130]| T™M4 | 2310 | 0.85 | 0.009 | 2.29E-11 | 1.97E-12 | 0.31 | 0.18
GLY[131] | TM5 | 129.00 | 0.78 | 0.009 | 1.14E-09 | 8.16E-11

ASP[132] | TM2 | 214.00 | 0.92 | 0.004 | 2.63E-11 | 2.16E-12

HIS[133] | TM5 | 56.70 | 0.86 | 0.007 | 5.72E-10 | 1.20E-10

VAL[134] | TM5 | 29.10 | 0.85 | 0.007 | 1.74E-09 | 3.07E-10

THR[135]| TM5 | 27.00 | 0.83 | 0.009 | 9.29E-10 | 1.07E-10

ARG[136]| TM5 | 97.90 | 0.82 | 0.006 | 9.19E-10 | 7.49E-11

LEU[137] | TM5 | 158.00 | 0.80 | 0.007 | 9.87E-10 | 8.91E-11

ASP[138] | TM5 | 48.40 | 0.84 | 0.008 | 5.17E-10 | 2.65E-10

ARG[139]| TM5 | 7980 | 0.84 | 0.008 | 451E-10 | 1.67E-10

TRP[140] | TM5 | 138.00 | 0.79 | 0.005 | 5.55E-10 | 1.11E-10

GLU[141]| T™M1 | 183.00 | 0.89 | 0.005

GLU[143] | TM4 | 99.30 | 0.88 | 0.008 | 2.66E-11 | 2.60E-12 | 041 | 0.22
LEU[144] | TM2 | 4950 | 0.87 | 0.011 | 213E-11 | 2.34E-12

ASN[145] | TM4 | 9150 | 0.89 | 0014 | 1.33E-11 | 2.70E-12 | 076 | 0.32
GLU[146] | TM5 | 96560 | 0.87 | 0.007 | 595E-10 | 1.95E-10

ALA[147] | TM5 | 101.00 | 0.91 | 0.006 | 2.59E-10 | 6.24E-11

ILE[148] | TM2 | 105.00 | 0.89 | 0.006 | 6.69E-12 | 1.61E-12

ASN[150] | TM5 | 42.00 | 0.82 | 0.006 | 1.98E-10 | 6.60E-11

ASP[151] | TM2 | 241.00 | 0.84 | 0.004 | 1.92E-11 | 9.35E-13

GLU[152] | TM2 | 2400 | 0.84 | 0.006 | 1.99E-11 | 1.38E-12

ARG[153]| TM5 | 5320 | 0.88 | 0.005 | 4.01E-10 | 2.24E-10

ASP[154] | TM2 | 53.10 | 0.90 | 0.006 | 2.02E-11 | 2.28E-12

THR[155] | TM5 | 4350 | 0.77 | 0.010 | 1.02E-09 | 8.66E-11

THR[156] | TM5 | 2820 | 0.78 | 0.010 | 2.42E-09 | 2.64E-10

MET[157]| T™M5 | 81.00 | 0.85 | 0.007 | 1.23E-09 | 2.47E-10

ALA[159] | TM5 | 7350 | 0.86 | 0.007 | 2.63E-10 | 1.16E-10

ALA[160] | TM5 | 207.00 | 0.89 | 0.006 | 4.47E-10 | 2.81E-10

MET[161]| TM5 | 61.90 | 0.87 | 0.007 | 8.45E-10 | 9.34E-11

ALA[162] | TM5 | 182.00 | 0.93 | 0.006 | 4.73E-10 | 3.51E-10
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THR[163] | TM5 | 122.00 | 0.75 | 0.006 | 1.24E-09 | 9.56E-11
THR[164] | TM5 | 66.00 | 0.84 | 0.005 | 9.21E-10 | 6.52E-11
LEU[165] | TM5 | 49.00 | 0.87 | 0.007 | 1.22E-09 | 1.10E-10
ARG[166]| TM5 | 53.60 | 0.83 | 0.007 | 1.28E-09 | 1.91E-10
LYS[167] | TM5 | 4220 | 0.87 | 0.006 | 2.20E-14 | 2.23E-04
LEU[168] | TM5 | 33.10 | 0.90 | 0.008 | 4.47E-10 | 1.35E-10
LEU[169] | TM5 | 2520 | 0.76 | 0.012 | 9.54E-10 | 7.05E-11
THR[170] - - - - - - - -
GLY[171] | TM5 | 3280 | 0.72 | 0.006 | 1.15E-09 | 3.38E-11
GLU[172] | TM5 | 257.00 | 0.81 | 0.006 | 4.30E-11 | 9.98E-11
LEU[173] | T™M5 | 694.00 | 0.74 | 0.006 | 2.44E-09 | 1.24E-07
LEU[174] | TM5 | 65.00 | 0.82 | 0.009 | 9.81E-10 | 1.04E-10
THR[175]| TM5 | 51.30 | 0.75 | 0.007 | 1.13E-09 | 9.12E-11
LEU[176] | TM2 | 47.00 | 0.85 | 0.006 | 1.37E-11 | 9.45E-13
ALA[77] | TM2 | 4570 | 0.88 | 0.006 | 1.70E-11 | 1.63E-12
SER[178] | TM2 | 13.40 | 0.88 | 0.010 | 1.45E-11 | 2.52E-12
ARG[179]| TM5 | 5090 | 0.85 | 0.013 | 9.61E-10 | 9.20E-11
GLN[180] | TM5 | 27.00 | 0.90 | 0.006 | 3.22E-10 | 1.73E-10
GLN[181] | TM4 | 2520 | 092 | 0011 | 2.55E-11 | 4.04E-12 | 041 | 0.21
LEU[182] | TM5 | 31.80 | 0.87 | 0.009 | 7.16E-10 | 7.32E-11
ASP[184] - - - - - - - -
TRP[185] | TM3 | 43.80 | 0.97 | 0.021 | 9.09E-01 | 6.59E-01 | 0.91 | 0.66
MET[186] - - - - - - - -
GLU[187] | TM4 | 277.00 | 0.97 | 0.007 | 3.47E-10 | 1.59E-10 | 0.89 | 0.21
ALA[188] | TM2 | 30.30 | 093 | 0.007 | 6.64E-12 | 2.71E-12
ASP[189] | TM4 | 19.90 | 0.89 | 0.015 | 2.44E-11 | 4.78E-12 | 424 | 0.42
LYS[190] | TM3 | 79.10 | 0.92 | 0.021 6.53 | 0.49
VAL[191] - - - - - - - -
ALA[192] | TM5 | 64.90 | 0.81 | 0.008 | 1.52E-09 | 1.84E-10
GLY[193] | TM5 | 584.00 | 0.75 | 0.007 | 2.39E-09 | 3.40E-10
LEU[195] - - - - - - - -
LEU[196] | TM4 | 485.00 | 093 | 0.010 | 2.13E-11 | 5.01E-12 | 1.32 | 0.21
ARG[197]| TM5 | 2040 | 084 | 0.013 | 1.72E-09 | 5.30E-10
SER[198] | TM5 | 34.90 | 0.72 | 0.013 | 2.12E-09 | 2.81E-10
ALA[199] | TM5 | 37.00 | 0.86 | 0.005 | 3.38E-10 | 7.72E-11
LEU[200] | TM2 | 108.00 | 0.90 | 0.004 | 4.30E-11 | 2.97E-12
ALA[202] | TM4 | 3440 | 0.83 | 0.011 | 1.84E-11 | 152E-12 | 0.36 | 0.21
GLY[203] | TM2 | 81.10 | 0.80 | 0.007 | 9.04E-12 | 9.95E-13
TRP[204] | TM5 | 27.70 | 0.86 | 0.012 | 1.26E-09 | 1.94E-10
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PHE[205] | TM2 | 6150 | 0.89 | 0.005 | 2.33E-11 | 2.32E-12

ILE[206] | TM5 | 66.60 | 0.88 | 0.005 | 3.21E-10 | 6.58E-11

ALA[207] | TM5 | 4230 | 0.86 | 0.014 | 4.63E-10 | 4.85E-10

ASP[208] | TM5 | 11500 | 0.87 | 0.011 | 4.76E-10 | 1.21E-10

LYS[209] | TM5 | 480.00 | 0.86 | 0.008 | 9.55E-10 | 2.19E-10

GLY[211]| TM5 | 7920 | 0.89 | 0.017 | 4.89E-10 | 2.38E-10

GLY[213]| TM2 | 3770 | 0.84 | 0.008 | 7.97E-12 | 1.17E-12

GLU[214] | TM5 | 105.00 | 0.92 | 0.010 | 8.86E-10 | 2.09E-10

ARG[215]| TM5 | 46.10 | 0.90 | 0.007 | 5.52E-10 | 1.36E-10

GLY[216] | TM2 | 54.30 | 0.94 | 0.008 | 4.54E-10 | 8.71E-11

SER[217] | TM5 | 47200 | 0.81 | 0.006 | 9.78E-10 | 1.15E-10

ARG[218]| TM2 | 50.80 | 0.88 | 0.009 | 1.19E-11 | 1.82E-12

GLY[219] | T™M2 | 33.10 | 091 | 0.005 | 1.98E-11 | 2.83E-12

ILE[220] | TM5 |[1540.00| 0.86 | 0.004 | 5.79E-10 | 3.29E-10

ILE[221] | TM3 | 201.00 | 0.89 | 0.011 064 | 025
ALA[222] - - - - - - - -
ALA[223] | TM4 | 6550 | 0.83 | 0.009 | 4.82E-12 | 9.68E-13 | 047 | 0.17
LEU[224] | TM5 | 102.00 | 0.84 | 0.005 | 6.99E-10 | 8.14E-11

GLY[225] | TM2 | 12.00 | 0.89 | 0.007 | 2.70E-11 | 2.52E-12

ASP[227] | T™M4 | 288.00 | 087 | 0.010 | 1.71E-11 | 1.92E-12 | 192 | 022
GLY[228] | TM2 | 162.00 | 0.81 | 0.008 | 1.26E-11 | 1.19E-12

LYS[229] | TM4 | 661.00 | 0.86 | 0.006 | 1.40E-11 | 1.09E-12 | 257 | 0.14
SER[231]| TM2 | 3580 | 0.87 | 0.007 | 3.51E-11 | 3.05E-12

ARG[232]| TM2 | 4250 | 0.88 | 0.007 | 2.20E-11 | 2.24E-12

ILE[233] | TM2 | 57.20 | 0.86 | 0.005 | 2.51E-12 | 1.24E-12

VAL[234] | TM5 | 102.00 | 0.87 | 0.011 | 9.94E-10 | 1.65E-09

VAL[235] | TM5 | 209.00 | 0.82 | 0.008 | 8.50E-10 | 2.04E-10

ILE[236] | TM2 | 89.30 | 0.85 | 0.008 | 1.20E-11 | 1.07E-12

TYR[237] | TM2 | 8360 | 0.88 | 0.007 | 1.39E-11 | 1.69E-12

THR[238] | TM2 | 3430 | 0.85 | 0.007 | 1.36E-11 | 1.54E-12

THR[239] | TM4 760 | 091 | 0026 | 460E-12 | 2.33E-12 | 3.16 | 0.51
GLY[240] | TM3 | 5140 | 0.92 | 0.017 211 | 0.37
SER[241] | TM2 | 1880 | 0.84 | 0.006 | 1.88E-11 | 1.62E-12

GLN[242] | TM5 | 79.30 | 0.81 | 0.007 | 1.73E-09 | 2.20E-10

ALA[243] | TM5 | 326.00 | 0.65 | 0.008 | 1.98E-09 | 1.18E-10

THR[244] | TM5 | 126.00 | 0.84 | 0.006 | 4.37E-10 | 6.33E-11

MET[245] | TM5 | 76.10 | 0.75 | 0.007 | 1.57E-09 | 1.91E-10

ASP[246] | TM5 | 3740 | 0.85 | 0.006 | 1.45E-09 | 2.10E-10

GLU[247] | TM5 | 40.00 | 0.89 | 0.008 | 1.15E-09 | 4.12E-10
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ARG[248]| TM5 | 2470 | 0.88 | 0.009 | 1.27E-09 | 2.53E-10

ASN[249] - - - - - - - -

ARG[250] | TM1 | 436.00 | 0.93 | 0.006

GLN[251] | TM5 | 510.00 | 0.79 | 0.006 | 8.00E-10 | 8.79E-11

ILE[252] | TM4 | 3220 | 0.89 | 0.020 | 1.63E-11 | 3.69E-12 | 1.24 | 0.41
GLU[254] | TM5 | 154.00 | 0.90 | 0.006 | 4.84E-10 | 5.03E-10

ILE[255] | TM5 | 37.00 | 0.80 | 0.011 | 1.04E-09 | 7.80E-11

GLY[256] | TM2 | 2230 | 0.87 | 0.010 | 1.06E-11 | 1.60E-12

ALA[257] | TM5 | 31.30 | 0.89 | 0.006 | 3.98E-10 | 1.14E-10

SER[258] | TM2 | 33.10 | 0.87 | 0.006 | 2.12E-11 | 1.78E-12

LEU[259] | T™M5 | 27.10 | 0.87 | 0.006 | 9.19E-10 | 1.19E-10

ILE[260] | TM4 | 4250 | 093 | 0.011 | 5.15E-12 | 3.26E-12 | 054 | 0.26
LYS[261] | TM5 | 118.00 | 0.91 | 0.008 | 1.49E-09 | 2.75E-10

HIS[262] | TM5 | 7450 | 0.82 | 0.012 | 1.75E-09 | 3.41E-10

TRP[263] | TM5 | 87.80 | 0.81 | 0.006 | 6.30E-10 | 5.80E-11

Table S2. Per-residue model-free analysis parameters for Holotewm-1, including residue-
specific generalized order parameter (S?2), local correlation time (te), and conformational

exchange rate (Rex).

Residue cMhzZZT AIC S2 S2 Error | TauE(s) -Ili-frl:i Rex(s-1) EI:::r
GLUI[3] TM2 13.00 0.86 0.007 | 1.68E-11 | 1.64E-12
THR[4] TM4 19.90 0.87 0.022 | 1.15E-11 | 2.71E-12 1.15 0.80
LEU[5] TM2 30.40 0.93 0.007 | 3.38E-11 | 4.78E-12
VAL[6] TM5 60.00 0.88 0.005 4.39E-10 | 2.38E-10
LYS[7] TM2 25.70 0.92 0.007 | 2.96E-11 | 3.70E-12
VAL[8] TM5 39.30 0.85 0.009 | 1.83E-09 | 5.68E-10
LYS[9] TM2 77.40 0.88 0.010 1.65E-11 | 2.25E-12
ASP[10] TM4 24.90 0.89 0.016 | 1.83E-11 | 3.48E-12 1.32 0.59
ALA[11] TM4 23.70 0.90 0.021 | 5.90E-12 | 2.65E-12 0.91 0.73
GLU[12] T™M2 33.40 0.92 0.007 1.74E-11 | 2.95E-12
ASP[13] TM5 9.36 0.86 0.008 4.57E-11 | 2.64E-09
GLN[14] TM5 128.00 0.77 0.005 | 8.12E-10 | 4.88E-11
LEU[15] TM5 25.90 0.81 0.010 1.26E-09 | 1.29E-10
GLY[16] TM3 18.00 0.91 0.027 1.49 0.95
ALA[17] TM2 67.30 0.85 0.008 | 1.58E-11 | 1.30E-12
ARG[18] TM5 128.00 0.63 0.009 | 6.21E-10 | 2.18E-11
VAL[19] TM4 34.20 0.81 0.017 5.59E-12 | 1.19E-12 2.51 0.64
GLY[20] TM2 14.90 0.83 0.009 1.28E-11 | 1.50E-12
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TYR[21] | TM3 32.10 0.89 0.024 3.33 0.82
ILE[22] | TM5 6.78 0.85 0.015 | 4.94E-10 | 2.25E-10
GLU[23] | TM4 10.90 0.81 0.026 | 1.22E-11 | 2.35E-12 | 4.05 0.91
LEU[24] | TM4 11.50 0.78 0.012 |8.97E-12 | 1.12E-12 | 4.07 0.65
ASP[25] | TM4 54.30 0.81 0.012 | 1.12E-11 | 1.27E-12 | 3.31 0.65
LEU[26] | TM4 52.50 0.80 0.014 | 1.20E-11 | 1.28E-12 | 3.29 0.47
ASN[27] - - - - - - - -
SER[28] | TM2 30.70 0.87 0.013 | 3.42E-11 | 4.83E-12
GLY[29] | TM4 26.40 0.91 0.032 | 2.61F-11 | 1.12E-11| 3.14 1.22
LYS[30] | TM2 | 142.00 0.95 0.006 | 7.40E-11 | 1.36E-11
ILE[31] | TM4 50.90 0.76 0.012 | 1.04E-11 | 8.01E-13 | 5.71 0.39
LEU[32] | TM4 31.70 0.85 0.016 | 1.50E-11 | 2.24E-12 | 1.19 0.67
GLU[33] | TM4 20.30 0.85 0.018 | 1.20E-11 | 1.98E-12 | 0.87 0.58
SER[34] - - - - - - - -
PHE[35] | TM5 46.10 0.86 0.005 | 3.03E-10 | 1.89E-10
ARG[36] | TM2 29.50 0.90 0.006 | 2.70E-11 | 2.37E-12
GLU[38] | TM4 83.00 0.87 0.017 | 2.85E-12 | 1.52E-12 | 2.05 0.59
GLU[39] | TM2 11.50 0.92 0.013 | 1.91E-11 | 4.49E-12
ARG[40] | TM5 | 1180.00 | 0.72 0.006 | 4.51E-10 | 5.90E-11
PHE[41] | TM4 25.50 0.84 0.018 | 8.88E-12 | 1.40E-12 | 2.40 0.66
MET[43] | TM2 49.20 0.95 0.013 | 2.73E-11 | 9.83E-12
MET[44] | TM2 86.60 0.86 0.022 | 9.25E-12 | 3.30E-12
GLY[53] | TM5 22.40 0.84 0.032 | 4.38E-10 | 5.22E-10
ALA54] | TM5 9.93 0.83 0.023 | 2.39E-09 | 1.01E-09
VAL[59] | TM5 9.92 0.92 0.010 | 1.56E-14 | 6.65E-06
ASP[60] | TM5 12.90 0.85 0.010 | 8.92E-10 | 1.26E-10
ALAI61] | TM4 6.64 0.87 0.018 | 7.01E-12 | 1.56E-12 | 3.46 0.66
GLY[62] | TM2 29.20 0.90 0.010 | 1.35E-11 | 2.12E-12
GLN[63] | TM5 53.20 0.85 0.007 | 4.91E-11 | 8.73E-11
GLU[64] | TM5 | 179.00 0.81 0.008 | 5.48E-10 | 6.02E-11
GLN[65] | TM5 37.00 0.80 0.008 | 7.17E-10 | 1.32E-10
LEU[66] | TM5 34.50 0.82 0.007 | 7.52E-10 | 7.67E-11
GLY[67] | TM2 7.97 0.90 0.022 | 1.67E-11 | 4.31E-12
ARG[68] | TM2 81.40 0.94 0.005 | 2.29E-11 | 2.90E-12
ARG[69] | TM5 21.40 0.77 0.010 | 1.40E-09 | 1.02E-10
ILE[70] | TM5 70.20 0.83 0.009 | 1.09E-09 | 1.95E-10
HIS[71] | TM4 21.70 0.78 0.010 | 8.86E-12 | 6.42E-13 | 3.10 0.34
TYR[72] | TM2 85.50 0.88 0.004 | 2.30E-11 | 1.39E-12
SER[73] | TM4 38.20 0.81 0.026 | 1.12E-11 | 2.00E-12 | 5.64 0.90
GLN[74] | TM2 | 115.00 0.85 0.006 | 1.71E-11 | 1.24E-12
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ASN[75] TM2 34.40 0.90 0.011 | 3.32E-11 | 5.02E-12

ASP[76] T™M4 32.50 0.86 0.022 1.46E-11 | 2.78E-12 5.44 0.83
LEU[77] T™M4 32.40 0.88 0.028 1.96E-11 | 5.64E-12 3.09 0.96
VAL[78] T™4 31.40 0.79 0.016 1.13E-11 | 1.34E-12 3.27 0.59
GLU[79] TMS 19.00 0.86 0.016 | 7.13E-10 | 1.51E-10

TYR[80] TM2 15.40 0.86 0.011 | 2.39E-11 | 2.36E-12

SER[81] TM2 41.00 0.85 0.007 1.56E-11 | 1.61E-12

VAL[83] T™M4 62.70 0.83 0.016 | 8.85E-12 | 1.85E-12 7.17 0.61
GLU[85] ™1 30.50 0.94 0.008

LYS[86] TM2 143.00 0.95 0.009 | 5.20E-11 | 1.23E-11

HIS[87] TM2 123.00 0.91 0.011 | 3.20E-11 | 4.73E-12

LEU[88] TM2 9.75 0.86 0.006 1.92E-11 | 1.37E-12

THR[89] TM2 13.30 0.89 0.015 1.79E-11 | 3.73E-12

ASP[90] TM2 65.40 0.85 0.009 | 2.08E-11 | 2.04E-12

GLY[91] TM2 36.00 0.85 0.009 1.41E-11 | 1.44E-12

MET[92] TMS 69.10 0.91 0.009 | 3.09E-10 | 9.64E-11

THR[93] T™M4 156.00 0.88 0.018 | 6.27E-12 | 1.47E-12 1.64 0.57
VAL[94] TM2 16.00 0.88 0.008 1.14E-11 | 1.59E-12

ARGI[95] TMS 49.40 0.91 0.007 | 6.73E-10 | 1.70E-10

GLU[96] TM5 108.00 0.88 0.007 | 8.94E-10 | 1.59E-10

LEU[97] TM5 26.60 0.87 0.022 | 6.95E-10 | 1.56E-10

CYS[98] TM5 19.90 0.80 0.014 | 4.71E-09 | 2.96E-09

SER[99] TMS 15.80 0.83 0.019 1.26E-09 | 4.73E-10

ALA[100] TM5 39.10 0.72 0.066 1.06E-08 | 2.21E-08

ALA[101] TM5 59.90 0.91 0.009 | 3.52E-10 | 1.49E-10

ILE[102] TMS 17.80 0.85 0.013 | 7.63E-10 | 1.48E-10
THR[103] TM5 60.70 0.89 0.011 | 6.33E-10 | 2.19E-10

MET[104] TM5 69.00 0.93 0.016 | 4.37E-10 | 5.03E-10

SER[105] TM5 25.10 0.88 0.016 | 6.05E-10 | 1.21E-10

ASP[106] TMS 10.30 0.88 0.010 1.11E-09 | 2.01E-10
ASN[107] TM5 32.40 0.83 0.011 1.77E-09 | 4.61E-10
THR[108] TM5 272.00 0.79 0.024 | 7.12E-09 | 2.06E-08

ALA[109] TMS 32.00 0.88 0.012 1.55E-09 | 3.61E-10

ALA[110] TM5 13.70 0.87 0.009 | 5.17E-10 | 2.65E-10

LEU[112] TM5 27.60 0.84 0.007 | 7.63E-10 | 2.18E-10

LEU[113] T™1 4.36 0.90 0.016

LEU[114] ™1 16.80 0.87 0.008
THR[115] T™M4 15.20 0.85 0.031 | 7.52E-12 | 2.12E-12 4.79 1.00
THR[116] TM2 109.00 0.84 0.013 | 2.87E-11 | 3.18E-12

GLY[118] TM2 25.80 0.89 0.009 1.15E-11 | 1.97E-12
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GLY[119] | TM5 | 165.00 0.90 0.008 | 2.16E-10 | 8.10E-09
LYS[121] | TM5 18.70 0.87 0.011 | 6.19E-10 | 7.57E-11
GLU[122] | TM5 6.61 0.88 0.019 | 3.89E-10 | 1.86E-10
LEU[123] | TM4 17.80 0.89 0.015 | 9.13E-12 | 2.38E-12 | 1.08 0.52
THR[124] | TM2 31.50 0.87 0.008 | 1.22E-11 | 1.95E-12
ALA[125] | TM5 42.70 0.86 0.008 | 1.18E-09 | 1.69E-10
PHE[126] | TM5 66.60 0.87 0.008 | 9.03E-10 | 9.45E-11
LEU[127] | TM5 46.80 0.86 0.011 | 1.44E-09 | 2.27E-10
HIS[128] | TM5 13.70 0.90 0.007 | 4.89E-10 | 9.84E-11
ASN[129] | TM4 12.10 0.88 0.018 | 1.77E-11 | 3.33E-12 | 4.22 0.77
MET[130] | TM4 29.20 0.85 0.027 | 1.59E-11 | 3.56E-12 | 1.53 0.85
GLY[131] | TM2 19.90 0.95 0.015 | 6.25E-11 | 2.46E-11
ASP[132] | TM2 8.86 0.94 0.008 | 2.93E-11 | 5.07E-12
HIS[133] | TM5 36.20 0.81 0.008 | 7.45E-10 | 8.48E-11
VAL[134] | TM4 31.50 0.88 0.014 | 2.08E-11 | 3.16E-12 | 2.07 0.56
THR[135] | TM2 17.00 0.89 0.009 | 8.33E-12 | 3.75E-12
ARG[136] | TM2 77.20 0.89 0.005 | 1.83E-11 | 1.61E-12
ALA[137] - - - - - - - -
ASP[138] | TM2 8.32 0.86 0.017 | 1.38E-11 | 2.99E-12
ARG[139] | TM5 8.82 0.76 0.014 | 1.03E-09 | 1.55E-10
TRP[140] | TM5 | 227.00 0.67 0.010 | 1.20E-09 | 1.03E-10
GLU[141] | TM5 | 144.00 0.76 0.007 | 7.42E-10 | 6.88E-11
ILE[142] - - - - - - - -
GLU[143] | TMm4 32.90 0.92 0.017 | 3.26E-11 | 7.81E-12 | 0.87 0.58
LEU[144] | TM2 20.20 0.91 0.014 | 2.46E-11 | 4.69E-12
ASN[145] | TM5 30.30 0.89 0.011 | 1.46E-09 | 5.40E-10
GLU[146] | TM2 24.00 0.94 0.008 | 3.03E-11 | 5.85E-12
ALA[147] | TM2 9.09 0.92 0.009 | 4.01E-11 | 6.20E-12
ILE[148] | TM4 24.50 0.83 0.014 |9.65E-12 | 1.45E-12 | 4.30 0.51
ASN[150] | TM4 30.90 0.79 0.027 | 1.76E-11 | 2.90E-12 | 3.20 0.85
ASP[151] | TM4 36.40 0.86 0.020 | 2.40E-11 | 4.03E-12 | 4.17 0.76
GLU[152] | TMm4 38.60 0.79 0.016 | 1.06E-11 | 1.24E-12 | 1.94 0.57
ARG[153] | TM2 32.70 0.92 0.008 | 2.02E-11 | 3.03E-12
ASP[154] | TM4 70.70 0.76 0.025 | 5.94E-12 | 1.03E-12 | 7.07 0.92
THR[155] | TM2 26.10 0.88 0.032 | 1.06E-11 | 3.84E-12
THR[156] | TM5 32.50 0.82 0.008 | 1.90E-09 | 3.67E-10
MET[157] | TM5 18.90 0.84 0.012 | 1.26E-09 | 2.97E-10
ALA[159] | TM5 10.70 0.90 0.009 | 3.87E-10 | 2.08E-10
ALA[160] | TM5 38.80 0.86 0.010 | 3.33E-11 | 5.02E-10
MET[161] | TM4 12.80 0.83 0.017 | 6.40E-12 | 1.51E-12 | 3.36 0.60
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LEU[162] - - - - - - - -
THR[163] | TM5 15.70 0.81 0.016 | 3.89E-10 | 5.90E-11

THR[164] | TM2 14.90 0.91 0.013 | 1.81E-11 | 4.95E-12

LEU[165] | TM1 36.70 0.92 0.008

LEU[169] | TM4 55.80 0.89 0.026 | 1.77E-11 | 5.53E-12 | 2.49 0.88
THR[170] | TM2 12.10 0.88 0.007 | 2.67E-11 | 2.36E-12

GLY[171] | TM5 | 107.00 0.60 0.008 | 1.79E-09 | 1.23E-10

GLU[172] | TM4 7.78 0.85 0.033 | 1.18E-11 | 3.11E-12 | 1.77 1.13
LEU[173] | TM2 | 127.00 0.66 0.008 | 2.12E-11 | 8.65E-13

LEU[174] | TM2 66.50 0.83 0.004 | 3.11E-11 | 1.37E-12

THR[175] | TM2 9.69 0.84 0.008 | 8.64E-12 | 8.42E-13

LEU[176] | TM5 30.10 0.86 0.009 | 2.13E-09 | 1.18E-09

ALA[177] | TM5 47.10 0.89 0.008 | 1.06E-13 | 0.00468

SER[178] | TM5 33.10 0.90 0.008 | 4.43E-10 | 2.36E-10

GLU[187] | TM4 14.30 0.80 0.022 |224E-12 | 1.27E-12 | 5.25 0.80
ALA[188] | TM2 43.50 0.92 0.011 | 1.88E-11 | 3.37E-12

ASP[189] | TM4 35.90 0.86 0.030 | 1.59E-11 | 4.25E-12 | 6.44 1.10
LYS[190] | TM4 62.70 0.84 0.018 | 8.50E-12 | 1.42E-12 | 2.92 0.61
VAL[191] | TM2 13.90 0.88 0.008 | 1.22E-11 | 1.49E-12

ALA[192] | TM2 17.10 0.87 0.010 | 1.31E-11 | 2.36E-12

GLY[193] | TM1 72.20 0.94 0.009

LEU[195] | TM5 49.20 0.89 0.008 | 9.16E-10 | 2.12E-10

SER[198] | TM2 31.70 0.91 0.015 | 9.75E-12 | 3.93E-12

ALA[199] | TM2 31.70 0.90 0.010 | 2.88E-11 | 4.37E-12

LEU[200] | TM5 19.50 0.81 0.009 | 9.63E-10 | 1.82E-10

ALA[202] | TM4 23.80 0.88 0.012 | 1.45E-11 | 1.90E-12 | 1.10 0.43
GLY[203] | TM2 57.10 0.84 0.010 | 1.64E-11 | 1.68E-12

TRP[204] | TM5 88.40 0.86 0.010 | 1.14E-09 | 2.25E-10

PHE[205] | TM2 40.10 0.88 0.009 | 2.41E-11 | 2.66E-12

ILE[206] | TM5 | 563.00 0.88 0.009 | 2.72E-11 | 2.61E-10

ALA[207] | TM4 17.30 0.80 0.028 | 7.49E-12 | 1.56E-12 | 4.96 0.95
ASP[208] | TM4 23.50 0.81 0.011 |9.00E-12 | 9.33E-13 | 4.52 0.46
LYS[209] | TM4 46.50 0.80 0.017 | 8.22E-12 | 1.22E-12 | 5.85 0.63
GLY[211] | TM4 12.70 0.88 0.033 | 1.66E-11 | 5.77E-12 | 5.21 1.26
GLY[213] | TM2 30.10 0.86 0.009 | 8.06E-12 | 1.47E-12

GLU[214] | TM5 88.60 0.91 0.009 | 8.59E-10 | 1.22E-10

ARG[215] | TM2 6.60 0.95 0.007 | 4.07E-11 | 7.24E-12

GLY[216] | TM2 53.30 0.96 0.007 | 2.91E-10 | 1.13E-10

SER[217] | TM5 18.00 0.88 0.008 | 1.64E-09 | 2.65E-10

ARG[218] | TM5 52.00 0.91 0.015 | 3.42E-10 | 2.06E-10
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GLY[219] | TM5 38.70 0.88 0.008 | 2.90E-10 | 1.32E-10
ILE[220] | TM4 28.80 0.81 0.020 | 1.22E-12 | 1.33E-12 | 9.48 0.82
ILE[221] | TM4 14.00 0.85 0.021 | 8.28E-12 | 2.15E-12 | 5.75 0.89
ALA[222] | TM4 | 165.00 0.85 0.016 | 3.05E-11 | 4.13E-12 | 2.77 0.56
ALA[223] | TM4 57.00 0.76 0.012 | 5.43E-12 | 7.49E-13 | 3.32 0.35
LEU[224] | TM3 | 121.00 0.82 0.014 5.75 0.49
GLY[225] | TM4 18.90 0.81 0.019 |8.18E-12 | 1.40E-12 | 6.04 0.89
GLY[228] | TM2 70.50 0.87 0.014 | 1.58E-11 | 2.51E-12
LYS[229] | TM2 13.00 0.92 0.010 | 3.14E-11 | 4.54E-12
SER[231] | TM5 18.80 0.83 0.009 | 2.55E-10 | 8.32E-11
ARG[232] | TM2 52.00 0.94 0.010 | 2.69E-11 | 6.42E-12
ILE[233] | TM2 25.00 0.90 0.009 | 1.14E-11 | 2.61E-12
VAL[234] | TM2 20.80 0.89 0.012 | 1.25E-11 | 2.54E-12
VAL[235] | TM2 26.00 0.85 0.004 | 2.44E-12 | 2.04E-12
ILE[236] | TM2 11.70 0.89 0.014 | 8.86E-12 | 2.57E-12
TYR[237] - - - - - - - -
THR[238] | TM5 32.50 0.86 0.012 | 9.16E-10 | 1.71E-10
THR[239] | TM4 | 151.00 0.84 0.011 | 1.94E-11 | 1.71E-12 | 2.44 0.40
GLY[240] | TM4 68.40 0.86 0.023 | 2.13E-11 | 4.47E-12 | 3.43 0.80
SER[241] | TM4 59.60 0.83 0.018 | 2.05E-11 | 3.05E-12 | 0.99 0.59
GLN[242] | TM5 12.60 0.80 0.010 | 8.07E-10 | 7.62E-11
ALA[243] | TM2 31.90 0.85 0.007 | 1.46E-11 | 1.25E-12
THR[244] | TM5 17.10 0.81 0.009 | 1.02E-09 | 9.77E-11
ASP[246] | TM2 30.00 0.89 0.009 | 9.85E-12 | 2.05E-12
GLU[247] | TM2 19.80 0.90 0.006 | 2.25E-11 | 2.08E-12
ASN[249] | TM4 | 108.00 0.86 0.012 | 1.06E-11 | 1.54E-12 | 1.41 0.38
ARG[250] | TM2 10.10 0.88 0.007 | 6.80E-12 | 1.62E-12
GLN[251] | TM5 19.30 0.87 0.010 | 8.07E-10 | 1.28E-10
ILE[252] | TM5 28.10 0.88 0.010 | 1.15E-13 | 7.76E-05
ALA[253] | TM5 22.80 0.84 0.007 | 9.96E-10 | 2.08E-10
GLU[254] | TM5 23.90 0.86 0.007 | 8.55E-10 | 1.14E-10
ILE[255] | TM5 16.80 0.85 0.007 | 7.42E-10 | 1.01E-10
GLY[256] | TM2 5.74 0.91 0.014 | 5.74E-12 | 2.33E-12
ALA[257] | TM3 55.30 0.91 0.017 1.59 0.54
SER[258] | TM5 53.90 0.75 0.014 | 3.07E-09 | 1.30E-09
LEU[259] | TM5 18.00 0.85 0.012 | 8.94E-10 | 1.32E-10
ILE[260] - - - - - - - -
LYS[261] | TM4 22.60 0.85 0.018 | 1.17E-11 | 1.98E-12 | 2.70 0.63
HIS[262] | TM5 11.00 0.83 0.008 | 5.07E-10 | 7.41E-11
TRP[263] | TM5 16.40 0.79 0.010 | 2.84E-10 | 4.99E-11
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Backbone Dynamics on the pus-ms timescale

Table S3 Complete set of residue-specific parameters obtained from two-state fits of '°N
1SN D-CEST profiles for ApoTem-1, including ground-state chemical shifts 5., chemical-shift
differences between ground and excited states (was), and longitudinal and transverse
relaxation rates R1 and R2 respectively.

Residue 3a (ppm) Awas (ppm) R1(s™) R2(s™)

R43 115.00 + 0.01| 2.54 + 0.010.73 = 0.01] 12.92 * 0.17
Va4 128.00 = 0.01 | -2.43 * 0.020.75 = 0.01| 1770 = 0.29
L169 113.00 + 0.01 1.77 + 0.01(08 == 0.01] 16.84 = 0.21
N170 120.00 == 0.01] -2.21 * 0.02| 08 = 0.01| 1851 = 0.29
A172 118.00 = 0.01| 4.66 + 0.01(080 = 0.01] 1787 = 0.27
1173 121.00 * 0.01| 3.17 * 0.0110.79 = 0.01] 18.18 * 0.26
W210 120.00 = 0.01 ] -0.44 * 02308 = 0.03| 18.06 == 0.69
E212 125.00 * 0.01 | -0.30 + 045090 = 0.03] 29.04 = 0.78
A213 119.00 == 0.01 ] 10.56 * 0.06 082 = 0.02| 16.08 == 0.34
D214 116.00 + 0.01 1.41 + 0.05(0.91 = 0.03] 23.01 £ 0.71
K215 127.00 == 0.01] -0.37 * 0571092 = 0.04| 36.24 = 1.48
V216 110.00 + 0.02 | 0.56 + 0491092 = 0.05]| 48.28 * 1.87
A217 126.00 =+ 0.01]11.54 * 0.05|08 =*= 0.03| 16.89 == 0.59
G218 114.00 == 0.01] -1.86 + 0.05(091 =+ 0.04| 26.39 = 0.98
G236 103.00 = 0.02| 5.00 * 0.03|0.76 = 0.03| 2352 = 0.79
E240 117.00 = 0.01| 6.57 + 0.02|089 == 0.02| 1776 == 0.43
R241 118.00 =+ 0.01 | -2.45 * 0.03| 090 = 0.02| 16,92 = 0.43
G242 103.00 == 0.00| 6.56 * 0.01(081 = 0.01| 1759 =+ 0.15
S243 119.00 * 0.03 | -5.92 * 0.06 | 0.68 = 0.07 | 19.21 * 1.33
G245 111.00 =+ 0.01 | -5.53 * 0.0208 == 0.02| 18.19 = 0.39
Y264 122.00 + 0.01| 4.00 + 0.03(0.78 = 0.03| 17.69 * 0.49
G267 114.00 =+ 0.01 | -7.48 * 0.0210.79 = 0.02| 1934 == 0.36
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Table S4. Complete set of residue-specific parameters obtained from two-state fits of >N
SN CPMG profiles for ApoTtewm-1, including ground-state chemical shifts 84, chemical-shift
differences between ground and excited states (was), and transverse relaxation rates and
Ra.

Residue Sa (ppm) Awag (ppm) Rz (s™)

E37 117.42 * 0.03 0.75 * 0.06 23.50 == 0.15
E48 123.17 + 0.03 0.62 + 0.05 22.30 == 0.11
M69 120.40 * 0.03 0.91 * 0.07 2540 = 0.16
171 111.94 + 0.03 1.49 * 0.16 2761 == 0.27
Y105 120.99 * 0.03 0.72 * 0.04 20.46 = 0.08
S106 119.78 * 0.03 0.70 * 0.05 20.46 = 0.10
T128 109.31 * 0.03 1.11 * 0.13 34.63 = 0.26
S130 115.43 * 0.03 2.14 * 0.23 26.44 = 0.26
D131 120.61 + 0.03 1.45 * 0.14 2471 == 0.25
H153 120.61 * 0.03 0.72 * 0.06 23.86 = 0.13
H158 121.00 + 0.03 0.64 * 0.05 2255 == 0.10
E171 120.59 * 0.03 0.75 * 0.06 2488 = 0.12
S203 118.38 * 0.03 0.88 * 0.07 2468 == 0.17
L225 120.71 * 0.03 0.87 * 0.06 23.33 = 0.11
1231 123.19 + 0.03 0.77 * 0.05 23.22 == 0.11
1287 117.85 * 0.03 0.86 * 0.08 23.47 = 0.19

Table S5. Complete set of residue-specific parameters obtained from two-state fits of >N
SN CPMG profiles for ApoTtewm-1, including ground-state chemical shifts 84, chemical-shift
differences between ground and excited states (was), and transverse relaxation rates and
Ro.

Residue Sa (ppm) Awas (Ppm) Rz (s™)

R43 115.92 + 0.02 0.50 + 0.02 25,20 == 0.07
M68 119.55 * 0.02 0.82 * 0.06 40.72 = 0.25
Y105 121.69 * 0.02 0.62 * 0.08 3523 = 0.31
S106 120.15 * 0.03 0.64 * 0.07 32.89 == 0.30
S130 116.07 * 0.01 3.31 * 0.32 4259 =+ 0.95
D131 121.09 * 0.02 2.06 * 0.11 39.46 == 0.50
L169 113.39 * 0.03 0.75 * 0.06 3464 = 0.26
A213 118.28 + 0.01 0.84 * 0.04 39.69 == 0.17
D214 120.87 * 0.02 0.85 * 0.07 4059 =+ 0.32
K234 116.36 + 0.02 0.92 * 0.06 38.88 == 0.26
G238 107.89 * 0.03 0.70 * 0.07 36.27 = 0.30
G245 118.71 + 0.02 0.85 * 0.08 41.16 = 0.35
Q269 112.95 * 0.05 0.72 x 0.04 33.77 = 0.17
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IX.3. Resistance Mutation Enhances TEM p-Lactamase Dynamics (manuscript in
preparation)

In this paper, the X-ray crystallographic analyses and kinetic studies were performed by
Dr. Frédéric Cawez and are included for contextual purposes only; they do not form part
of my original contributions.
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INTRODUCTION

The rapid evolution of B-lactamase enzymes continues to undermine the clinical efficacy
of B-lactam antibiotics. Among them, TEM B-lactamases represent one of the most
extensively studied and widely disseminated resistance determinants in Gram-negative
pathogens (Bush and Jacoby 2010). The class A enzyme TEM-1 B-lactamase efficiently
hydrolyses penicillins and early cephalosporins, and its evolutionary diversification has
produced hundreds of variants with expanded-spectrum B-lactamase (ESBL) or inhibitor-
resistant (IRT) phenotypes. Despite extensive structural and kinetic characterization, the
mechanistic basis by which mutations reconfigure catalytic specificity and inhibitor
resistance remains incompletely understood (Knox 1995). Traditional structural biology
has provided high-resolution snapshots of TEM variants. However, the minimal structural
differences observed among variants often fail to fully rationalize their divergent catalytic
specificities and inhibitor susceptibilities. Increasing evidence suggests that enzyme
function is governed not solely by ground-state structure but by the distribution and
interconversion of conformational substates across multiple timescales. In this view,
mutations may not simply alter active-site geometry; instead, they may redistribute
conformational populations, modulate dynamic exchange processes, and reshape the
underlying energy landscape that governs catalysis and recognition.

The ESBL/IRT variant TEM-121 provides an opportunity to interrogate this dynamic
dimension of resistance evolution. TEM-121 differs from TEM-1 by six amino acid
substitutions (Q39K, E104K, R164S, A237T, E240K, and R244S). The Q39K substitution
(Davies 1994), which is not a canonical determinant of ESBL or IRT, is positioned distal
to the active site and may instead enhance molecular dynamics or modulate the structural
flexibility of the enzyme (Shcherbinin et al. 2017). The substitutions E104K, R164S,
A237T, and E240K are characteristic of ESBL variants, whereas R244S is associated
with reduced susceptibility to B-lactamase inhibitors and is commonly observed in IRT
enzymes (Poirel et al. 2004). While crystallographic structures of TEM variants frequently
reveal only subtle structural differences relative to TEM-1, their kinetic and inhibitory
properties differ markedly. Such discrepancies suggest that resistance-conferring
mutations may exert their effects through modulation of conformational flexibility,
potentially influencing both fast backbone motions (ps—ns) and slower conformational
exchange processes (us—ms) that are often linked to functional transitions. Solution
Nuclear Magnetic Resonance (NMR) spectroscopy is uniquely positioned to quantify
protein dynamics across these timescales, enabling residue-specific characterization of
fast internal motions and slower exchange processes. When combined with enzymatic
kinetics and crystallography, a more complete description of the conformational ensemble
can be achieved. Furthermore, ligand or binding-partner recognition offers a controlled
perturbation to probe how conformational equilibria respond to binding-induced
perturbations.

Here, we employ an integrated structural and biophysical strategy to compare TEM-1 and
the ESBL/IRT variant TEM-121 in both their free and antibody-bound states. Enzymatic
kinetics reveal that the antibody cAbtem-13 VHH (hereafter referred to as cAbtem-130or VHH)
exerts an inhibitory effect that depends on both the enzymes and the substrate. In
contrast, high-resolution crystallographic analysis shows no discernible structural
differences between the cAbrem-13 complexes with TEM-1 and TEM-121. In marked
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contrast to these static and ensemble-averaged observations, NMR relaxation
measurements demonstrate that TEM-121 exhibits enhanced flexibility relative to TEM-1
across both fast (ps—ns) and slow (us—ms) timescales, indicating mutation-induced
amplification of conformational plasticity. VHH binding further redistributes these dynamic
processes through cooperative coupling, differentially modulating fast and slow motions
in the two enzymes.

Together, these results suggest that resistance-associated mutations do not primarily
manifest through detectable structural rearrangements but instead through reweighting
of conformational dynamics across multiple timescales. Our findings identify multi-
timescale flexibility as a central determinant in the functional divergence of TEM variants
and establish a dynamic framework for understanding how mutation and molecular
recognition cooperatively modulate B-lactamase activity.
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RESULTS AND DISCUSSION

Kinetic Characterization and X-ray Crystallographic Analysis. In his work, Dr.
Frédéric Cawez compared the effect of cAbtem-13 binding on the activity of TEM-1 and
TEM-121. To further characterize this interaction, the influence of cAbtem-13 on enzyme
activity was evaluated using four B-lactam reporter substrates: one penicillin
(benzylpenicillin) and three cephalosporins (nitrocefin, cefalotin, and cephaloridine).
Kinetic measurements revealed that the inhibitory effect of the cAbrewm-13 varied depending
on both the enzyme variant and the substrate (Figure 1 and Table 1). Overall, the
residual activities of the TEM-1/cAbtem-13 complex hereafter referred as holotem-1, were
consistently lower than those of the holotem-121 complex across all substrates.

Table 1. Kinetic parameters describing the inhibitory effect of cAbtem-13

Vo (umol mint mg?)

Vo (umol mint mg?)

Cefalotin 2 TEM TEM/ cAbreas Residual activity [%]
TEM-1 130+ 20 265 201
TEM-121 3.0+0.3 3.6+0.3 1171

Benzylpenicillin ®

Vo (umol min't mgt)

Vo (umol mint mgt)

Residual activity [%]

TEM TEM/ CAbTEM.13

TEM-1 3473 £520 1016 + 438 20+8
TEM-121 36+7 22+4 60+0.3

in-1 -1 in-1 -1
Nitrocefin ¢ _Y_‘E&lmd ST _Y_‘E&l;nc?;é:;_lgmg ) Residual activity [%]
TEM-1 1262 + 557 71 1+0.1
TEM-121 133 +11 48+7 36+2

i1 -1 in-! -1
Cephaloridin ¢ ;/_(E'(\:mOI L) ;/_(é'(\;l?'g;:::_nmg ) Residual activity [%]
TEM-1 568 + 335 21+1 4+2
TEM-121 45+ 8 21+1 48 £ 12

2 |nitial rates of cefalotin hydrolysis for 5 nM of TEM-1 and 40 nM of TEM-121. Measures
were performed for the apo-enzymes and for complexes in one saturating cAbtewm-13
concentration (1uM). Rates of hydrolysis are expressed in umol of cefalotin (200 uM)
hydrolyzed per minute and per milligram of enzyme.

b |nitial rates of benzylpenicillin hydrolysis for 5 nM of TEM-1 and 40 nM of TEM-121.
Measures were performed for the apo-enzymes and for complexes in one saturating
cAbtem-13 concentration (1uM).

¢ Initial rates of nitrocefin hydrolysis for 5 nM of TEM-1 and 40 nM of TEM-121. Measures
were performed for the apo-enzymes and for complexes in one saturating cAbtewm-13
concentration (1uM).

d Initial rates of Cephaloridin hydrolysis for 2 nM of TEM-1 and 20 nM of TEM-121.
Measures were performed for the apo-enzymes and for complexes in one saturating
cAbrtewm-13 concentration (1uM).
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Figure 1. Binding effect of the cAbtem-130n TEM activity for 300 uM of benzylpenicillin
(A), 200 puM of cefalotin (B), 200 uM of cephaloridin (C) and 100 of nitrocefin (D).
Concentrations of TEM-1 and TEM-121 used for each substrate described above were
0.1 and 5 nM, 1.1 and 20 nM, 0.5 and 4 nM, 0.07 and 2.8 nM, respectively. All data
were fitted on a one phase exponential decay equation. Each experiment was realized
twice independently. These results indicate that cAbtem-13 exerts an inhibitory effect on
TEM-1 and TEM-121, with inhibition depending on both the enzyme and the substrate.
Overall, a stronger inhibition of TEM-1 activity is observed compared to TEM-121 for all
substrates tested.

Quantitative binding measurements, including the association (kon) and dissociation (ko)
rate constants, as well as the equilibrium dissociation constant (Kp), were determined for
the interaction between cAbtem-13 and TEM-121 (Figure 2) and compared to those
obtained for TEM-1 (Figure 2 and Table 2). The association rate constants of the cAbtem-
13 with both B-lactamases were very similar, with values on the order of 10° M'-s™,
indicating rapid binding of the VHH to its antigen. Furthermore, the dissociation rate
constants were low (~10-3 s), reflecting relatively stable complexes and resulting in high
affinities with Kp values of 13 and 6 nM, respectively.
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Figure 2. Binding characterization of cAbtem-13. (a) Quantitative analysis of the
interaction between cAbtem-13and TEM-1. (b) Quantitative analysis of the interaction
between cAbtem-13and TEM-121. The negative control (CTRL-) corresponds to the

loading the analyte directly onto the sensor.

Table 2. Association (kon), dissociation (koff), and equilibrium dissociation (Ko) constants
derived from global fitting of bio-layer interferometry data obtained at a minimum of
seven TEM concentrations, using a 1:1 binding model.

kon (10°M 1 s1) Koff (1073 s71) Ko (nM)
TEM-1 1.7+0.1 2.2+0.2 13+2
TEM-121 6.1+2.2 3.2x0.1 61

The three-dimensional structures of the holotem-1 and holotem-121 complexes were
therefore determined by X-ray crystallography. Surprisingly, no significant structural
differences were observed between the two complexes (Figure 3).

Figure 3. Comparison of the holotem-1 (green) and holotem-121 (blue) X-ray structures.
holotem-1 and holoTem-121 structures were determined at 1.6 A and 2.2 A resolution,
respectively and show no significant structural differences.

252



Resistance Mutation Enhances TEM B-Lactamase Dynamics (manuscript in preparation)

Mutation-Induced Chemical Shift Perturbations in aportem-121. To assess the structural
consequences of the six mutations distinguishing TEM-121 from TEM-1, we first
compared their backbone amide chemical shifts in the apo state. Backbone chemical
shifts are highly sensitive to the local electronic environment and secondary structure and
thus provide residue-specific reporters of mutation-induced perturbations. Both apoTtem-1
and aportem-121 display well-dispersed 'H-"°N HSQC spectra indicative of properly folded
proteins. However, substantial differences in peak positions are observed across the
spectrum (Figure 4 (a)), revealing widespread mutation-induced perturbations to the
backbone amide chemical environments.

Chemical shift perturbations (CSPs) were quantified as the combined amide shift
difference, AdnH (ppm), calculated as the weighted root-mean-square of the proton and
nitrogen chemical shift differences (Ad+ and Adn, respectively), according to

ASyy = \/Asfl +0.14 AS2

where the factor of 0.14 accounts for differences in sensitivity of the amide proton and
nitrogen backbone resonances (Mielke and Krishnan 2009). These are summarized in
Figure 4 (c).

The most pronounced chemical shift perturbations are clustered within three distinct
regions: the N-terminal segment, the Q-loop, and the region surrounding the active-site
substitution A237T. Perturbations in the N-terminal region are consistent with the
presence of the Q39K substitution and suggest local alterations in the chemical
environment extending beyond the immediate mutation site. Notably, substantial CSPs
are also observed within the Q-loop, a structural element that plays a critical role in
shaping the active site and modulating substrate accommodation (Knox 1995;
Meneksedag et al. 2013; Knoverek et al. 2021). The CSPs detected in the Q-loop may
reflect the influence of substitutions clustered in and around this region (Figure 4 (b)).
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Figure 4. Structural and chemical shift differences between apotem-1 and apotewm-121. (a)
Two-dimensional "H-">N HSQC spectra of uniformly [?H, '®N]-labeled apotem-1 (blue)
and aporem-121 (red) acquired at 700 MHz and 303 K in 50 mM sodium phosphate buffer
(pH 6.0) at a protein concentration of 500 uM. (b) Spatial localization of the six
mutations in TEM-121 mapped onto the TEM-121 structure. The Q-loop (residues 164—
179) is highlighted in magenta. Mutation sites are color-coded as follows: Q39K (black),
ESBL mutations (blue), and the IRT mutation (green). (c) Residue-specific average
amide chemical shift perturbations (AdnH, ppm) between apotem-1 and apoTtem-121.
Asterisks indicate mutation sites. Color scheme is identical to that shown in panel (b).

In addition, pronounced perturbations are observed for residues surrounding the active-
site substitution A237T (Knox 1995), including those adjacent to E240K and R244S.
These substitutions are located within the substrate-binding pocket (Maveyraud et al.
1996; Jelsch et al. 1993), and the associated CSPs may reflect local rearrangements of
the active-site environment. Notably, several residues within this region could not be
assigned in TEM-121 (resulting in a gap in the Figure 4 (c)), suggesting either significant
chemical shift changes or line broadening. The absence of assignments is consistent with
substantial alterations in the local chemical environment and may indicate enhanced
conformational heterogeneity in this region. Although E104K involves a glutamate to
lysine charge reversal, no detectable backbone CSPs are observed near residue 104,
indicating that the substitution does not substantially alter the local backbone chemical

environment in the apo state.
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Combined Mutational Effects Enhance ps—ns Backbone Dynamics. Site-specific
{">N}-R1, {"*N}-R2 and "H-{"*N} NOE values were obtained for 237 residues in apoTewm-
121 out of 251 non-proline backbone amide resonances, at magnetic field strengths of 16.4
and 11.7 T. These data, summarized in Figure 5, provide residue-specific insight into fast
protein dynamics (Kay and Torchia 1998). The {®*N}-R1 profiles exhibit the same residue-
specific pattern at 16.4 and 11.7 T, and, as expected, {"®N}-R1(11.7 T) > {"*N}-R+(16.4
T). The {®N}-R2 values are highly similar at 16.4 and 11.7 T, with no significant
differences observed in the residue-specific profiles. Although the CSA contribution to
{"*N}-R:is expected to increase with magnetic field strength (scaling with w3 ), the near-
identical behavior at both fields indicates minimal field-dependent contributions under the
present conditions (Palmer et al. 2001). Notably, residues in the hinge region (212-224)
display elevated {"°N}-Rz values in apotem-121, indicative of conformational exchange on
the microsecond-to-millisecond (us-ms) timescale. The "H—{'>N} NOE profiles display
essentially identical residue-specific patterns at 16.4 and 11.7 T, with negative values
observed in the N-terminal region, near the Q39K mutation. Such negative NOE values
are characteristic of enhanced fast-timescale (ps—ns) backbone flexibility, indicating that
this region undergoes large-amplitude internal motions relative to the overall molecular
tumbling (Kay et al. 1989; Tjandra, Kuboniwa, et al. 1995). In agreement with the 'H-
{>N} NOE data, the longitudinal and transverse relaxation rates further support enhanced
flexibility in the N-terminal region, as evidenced by elevated {"®°N}-R1 values and reduced
{">N}-R2 values relative to the average values. These relaxation signatures support the
previous reports suggesting that the Q39K substitution contributes to increased fast-
timescale mobility within the N-terminal region (Shcherbinin et al. 2017).
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Figure 5. Experimental {"N}-R1, {'*N}-R2 and "H—{'">N} NOE values for free TEM-
121 B-lactamase at 16.4 T (color code: black) and 11.7 T (color code: steel), recorded at
30° C. (a, b, c) apotem-121 {°N}-R1, {"®N}-R2 and "H—{">N} NOE respectively. Asterisks
indicate mutation sites.
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Given the strong agreement of the aporem-121 NSR data acquired at 16.4 and 11.7 T, and
the convergence of residue-specific dynamic profiles, model-free analysis was deemed
unnecessary for this enzyme. Instead, the three '°N relaxation parameters ({"°N}-Rq,
{">*N}-Rz2, and "H—{">N} NOE) measured at 16.4 T (700 MHz) were used for subsequent
comparison between apoTem-1 and apoTem-121.

Comparison of the relaxation parameters between apotem-1 and apoTem-121 reveals largely
similar residue-specific profiles across the enzyme, with the notable exception of the N-
terminal region of aporem-121, which exhibits enhanced flexibility, potentially associated
with the Q39K substitution (Figure 6). In contrast, residues within the hinge region display
elevated {'>N}-R: values in both enzymes, consistent with the presence of slower
conformational fluctuations occurring on the microsecond-to-millisecond timescale.
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Figure 6. Comparison of NSR data for TEM-1 (color code: red), and TEM-121
(color code: blue), recorded at 16.4 T (700 MHz) and 30° C. (a, b, c) {"N}-R1, {"*N}-R2
and "H—{"*N} NOE respectively. Asterisks indicate mutation sites.

In contrast to aporem-121, NMR relaxation measurements for the holoTtem-121 (TEM-
121/cAbtem-13 complex) form were acquired only at 16.4 T. Comparison of the relaxation
parameters between the apo and cAbrtewm-13-bound states reveals the expected behavior:
{"*N}-R1 values decrease upon complex formation, whereas {'N}-Rz2 values increase in
the holo state, consistent with the longer overall rotational correlation time of the cAbtewm-
13-bound complex (Figure 7). Notably, the elevated {"°*N}—R2 values observed in the apo
state within the hinge region are no longer present in the holo form, suggesting that VHH
binding attenuates this local exchange process. The "H—{"®°N} NOE profiles remain largely
unchanged between the two functional states, except for the N-terminal region, near
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Q39K mutation, where increased 'H—{'N} NOE values are detected in the holo enzyme.
This behavior indicates reduced fast-timescale flexibility in this region upon VHH binding.
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Figure 7. Comparison of NSR data for apotem-121 (color code: blue), and holoTewm-
121 (color code: red), recorded at 16.4 T (700 MHz) and 30° C. (a, b, ¢) {"®N}-R1, {"®*N}-Rz
and "H-{">N} NOE respectively. Asterisks indicate mutation sites.

Resistance-Associated Mutations Reshape the us—ms Energy Landscape of TEM
B-Lactamases. To gain insight into how resistance-conferring mutations modulate
conformational flexibility, and how VHH cAbTewm-13 binding influences TEM-121 inhibition,
we investigated conformational exchange processes on the microsecond-to-millisecond
timescale in both apo and holo TEM-121, with the aim of directly comparing these results
to the corresponding TEM-1 states.

To investigate potential conformational exchange on the pys—ms timescale in apoTem-121,
we employed a comprehensive set of chemical exchange-based NMR methods,
combining "®N CPMG relaxation dispersion (Hansen et al. 2007), >N D-CEST (Gareth
A. Morris and Freeman 2011; Bodenhausen, Freeman, et al. 1976), and "N visible peak-
position constraints (Khandave et al. 2024; Skrynnikov et al. 2002). All datasets were
analysed jointly using a global two-state exchange model (A = B) implemented in
ChemEx (https://github.com/gbouvignies/chemex), combining CPMG, D-CEST and
peak-position constraints. In this framework, k., and p; were shared across residues,
while residue-specific parameters included Aw,z and relaxation rates. The analysis
revealed that a significant number of residues undergo conformational exchange in the
intermediate-to-fast exchange regime, where >N D-CEST profiles no longer display well-
separated dips corresponding to distinct ground and excited state resonances (Khandave
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et al. 2024; Rangadurai et al. 2020; Tiwari et al. 2024). Instead, a single asymmetric dip
is observed (Figure 8 (a—d)) that can still be analysed to extract exchange parameters
and minor-state chemical shifts. The fitted ground-state chemical shifts agree closely with
the observed peak positions (Figure 8 (e)). Consistent with the >N D-CEST results, the
SN CPMG relaxation dispersion profiles also indicate exchange processes occurring in
the intermediate-to-fast regime (Y. Jin et al. 2025). Together, these data provide direct
evidence for microsecond—millisecond conformational exchange in apotem-121 using a
combined '®N CPMG and D-CEST approach.
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Figure 8. SN CPMG and "N D-CEST profiles for residues R43, W165, D179
and M211 (panels a—d respectively) of the apotem-121 recorded at 30 °C, Bo = 16.4 T,
with SWcest of 800 Hz and BP~¢E5T field strengths of 20 Hz and 60 Hz. (e) Residuals
from the linear regression between experimental and predicted ground-state chemical
shifts. (f-g) Structural representation of apotem-121 showing residues undergoing
conformational exchange. These residues are color-coded in marine and mutations in
green.
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Global analysis identified 50 residues including V31, K34, D35, D38, G41, R43, Y46, D50,
N52, S59, K53, F60, E63, E64, R65, T71, F72, K73, L77, V80, R83, S106, D115, R120,
E121, D163, W165, N170, E171, 1173, D179, E197, L198, W210, M211, E212, G218,
L221, R222, L225, W229, 1231, D233, G245, 1246, 1247, A248, D254, K256 and S258
undergoing two-state exchange with kex = 3449 + 364 s™" and ps = 0.23 + 0.06%. The
agreement between the experimental data and the simplest two-state exchange model
supports the presence of a sparsely populated excited state (ps < 0.5%) that exists in
dynamic equilibrium with the dominant ground state. The residues exhibiting
conformational exchange are broadly distributed throughout the TEM-121 enzyme,
including regions proximal to the mutation sites as well as key functional elements of the
active-site architecture. Notably, exchange is detected near several core catalytic
residues S70, E166 and K234 (T71, F72, K73, W165, N170 and D233), which are integral
to nucleophile activation, stabilization of catalytic intermediates, and proton transfer
during B-lactam hydrolysis. Additional exchanging residues are observed adjacent to the
substrate-positioning residue R244 (G245 and 1246), a region that contributes to
substrate and inhibitor recognition. Furthermore, dynamic residues cluster within the Q-
loop (W165, N170, E171, 1173 and D179), a structural element that shapes the active-
site cavity and modulates substrate accommodation. The widespread ps—ms
conformational exchange observed across the enzyme, including within key functional
regions, suggests that catalysis may be dynamically coupled to coordinated motions
within the active-site network. Such collective conformational motions could transiently
reorganize the spatial arrangement of catalytic and substrate-positioning residues,
thereby modulating the spatial arrangement of catalytic residues and substrate
accommodation. Complete residue-specific parameters, including minor-state '°N
chemical shifts, are provided in Table S1.

Because the extracted exchange parameters place the process in the intermediate-to-
fast exchange regime, parameter degeneracies can arise in single-field CPMG analyses.
In addition, identifiability of CEST—derived parameters may be limited when w, is below
k., (Vallurupalli et al. 2017; Khandave et al. 2024). To evaluate the extent to which the
additional observables provide orthogonal constraints, we repeated the analysis using
only SN CPMG data in combination with visible-state peak positions, with parameter
uncertainties estimated from 1000 Monte Carlo simulations. This reduced analysis
yielded k., =3353 +300 s and pgz =0.23 + 0.04 %, values comparable to those obtained
from the full joint fit (Figure 9). The close agreement between the reduced and full joint
analyses indicates that incorporation of >N D-CEST data and peak-position information
does not introduce significant additional constraints on k., and pg under the present
experimental conditions. In the absence of a second magnetic field and w, below k., the
combined CPMG and D-CEST datasets do not substantially improve parameter
identifiability.

Nevertheless, despite the inherent limitations in parameters (k,, and pg) precision, the
SN CPMG relaxation dispersion and D-CEST profiles robustly establish the presence of
conformational exchange in the intermediate-to-fast regime on the ys—ms timescale. The
moderate dispersion amplitudes observed in the >N CPMG profiles, together with a single
asymmetric dip in the D-CEST experiments, are characteristic of exchange processes
approaching the fast-exchange limit relative to the underlying chemical shift differences.
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Importantly, although precise determination of exchange parameters k., and pg is
limited under these conditions, the combined CPMG and D-CEST data demonstrate the
existence of a sparsely populated excited state and support its characteristic timescale.
Collectively, these findings provide a dynamic framework for understanding how
resistance-associated mutations modulate 3-lactamase activity through redistribution of
conformational states rather than large-scale structural rearrangements.
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Figure 9. Evaluation of exchange parameters derived from >N CPMG-only and
combined >N CPMG/D-CEST analyses. (a) Superposition of the k., — pg correlation
obtained from the two fitting strategies, illustrating the similarity of the extracted
exchange parameters. (b) Superposition of the k,, — x2.4 correlation profiles,
highlighting comparable parameter behavior between the two analyses. (c)
Superposition of the py — x2,,correlation profiles, demonstrating similar parameter
sensitivity and identifiability. Color scheme: blue, parameters obtained from combined
N CPMG and D-CEST fits including visible-state peak positions; red, parameters
derived from N CPMG fits including visible-state peak positions.

Interestingly, regions exhibiting pronounced chemical shift perturbations also display
signatures of ys—ms conformational exchange. In particular, residues K34, D35, D38,
G41 and R43 within the N-terminal segment; including the Q39K substitution site;
undergo detectable exchange, indicating that this region not only experiences altered
local chemical environments but also enhanced dynamic motions. These observations
are consistent with previous molecular dynamics simulations suggesting that the Q39K
substitution reduces local stability and increases conformational mobility within the N-
terminal region (Shcherbinin et al. 2017). Similarly, multiple residues within the Q-loop
(W165, N170, E171, 1173 and D179) participate in exchange processes, underscoring
the dynamic nature of this structural element that shapes the active-site cavity and
modulates substrate accommodation. In contrast, no exchange was directly detected for
residues surrounding the active-site substitution A237T. However, several residues in this
region could not be assigned, likely due to exchange-induced line broadening, suggesting
that conformational dynamics may be present but remain experimentally inaccessible
under the current conditions. Thus, the apparent absence of exchange signatures near
position 237 should be interpreted cautiously.
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NMR relaxation studies of apotem-1 revealed that its conformational dynamics can be
described by two independent two-state exchange processes, both originating from a
common ground state: one operating in the slow regime (k,, = 112+ 3 s 1and py =
1.85+0.03% ) and another in the intermediate exchange regime ( k., =772+
3x 10712 s 1and pz = 2.32 + 1.04 X 1071* %) on the ys—ms timescale (Figure 10).
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Figure 10. Conformational exchange in apotem-1 recorded at 30 °C and B, = 16.4
T. Panel (a) "N CPMG profiles for residues R43, S130 and D131 with Tex = 50 ms.
Panel (b) >N D-CEST profiles for residues R43, L169, 1173, and D214, respectively with
SWocesT = 700 Hz and BP~¢E5T field strengths of 20 Hz and 42 Hz.

In contrast, the exchange behavior observed for aporewm-121 shifts toward the intermediate-
to-fast exchange regime, as evidenced by the characteristics of the "®N CPMG and D-
CEST profiles. This shift in exchange regime indicates that the resistance-associated
substitutions in apotem-121 modify the intrinsic dynamic behavior of the enzyme relative to
apotem-1, altering the kinetics and populations of transiently populated excited states.
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Rather than introducing new structural features detectable by structural study, the
mutations appear to redistribute the rates and amplitudes of conformational fluctuations
within functionally important regions, including the catalytic core and Q-loop. Such
mutation-dependent modulation of dynamic exchange supports a model in which
resistance evolution is accompanied by modulating of the conformational energy
landscape, not through large-scale structural rearrangements, but through altered
interconversion kinetics between pre-existing substates. Together, these findings
underscore that the functional divergence between apotem-1and apotem-121is dynamically
encoded. By shifting the balance and kinetics of conformational exchange processes,
resistance-associated mutations modulate the accessibility and lifetime of catalytically
relevant conformations, thereby influencing enzyme activity and inhibitor susceptibility.

For holotem-121, neither >N CPMG relaxation dispersion (Figures 11) nor 'SN D-CEST
experiments (Figures 12) revealed residues with detectable us—ms exchange under the
conditions examined. This apparent absence of exchange signatures contrasts with the
distributed exchange processes observed in apoTem-121 and suggests that cAbtewm-13
binding attenuates the exchange contributions detectable by these experiments.
Importantly, this result does not necessarily imply global rigidification; rather, VHH binding
may stabilize the dominant conformational state and/or shift exchange processes outside
the sensitivity window of the CPMG and D-CEST measurements (e.g., to faster regime).
However, it should be noted that the absence of detectable exchange may also reflect
limitations in sensitivity and signal-to-noise ratio, particularly for a system of this size
(holotem-121, ~45 kDa), and therefore does not exclude the presence of low-population or
weak exchange processes. Thus, within the uys—ms timescale probed here, molecular
recognition by cAbtem-13 reduces the detectability of conformational exchange in TEM-
121.

R43 W210 1246
(a) - (b) (c)
35—+
40 Ny 507
a0 ** . ) y
- . = 97 = 404
2, o, o, 40
% 30 % 25 s : : :
' e *  APOrgpm.121 ¢ Holorgy 429 " 304 A Hol
. 0 . 0lO-
5 * APOrgmiz  * Holorgy 20 EeTa— TEw
. i
®% & * & & e+ e 4 @ @ . et 0 s s o o s & & . 20 e ee o 5 & & e e e -
T T T T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
vepms [H2] Vepmg [H2] Uepme [Hz]

Figure 11. Comparison of >N CPMG profiles for apotem-121 (color code: blue),
and holotewm-121 (color code: red), recorded at 16.4 T (700 MHz) and 30° C. (a, b, c) R43,
W210 and 1246 profiles respectively.
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Figure 12. Comparison of SN D-CEST profiles for apoTem-121 and holoTem-121
recorded at 16.4 T (700 MHz) and 30° C with SWcest = 800 Hz and B?~¢EST = 20 Hz.
(a, b, ¢) R43, 52 and 1231 profiles respectively. HoloTtem-121 profiles were fitted using
one-state kinetic model

These findings contrast with the direct comparison of apotem-1 and holotewm-1, for which
increased exchange rates and higher minor-state populations were observed in the
cAbtem-13-bound form, indicative of enhanced conformational sampling upon cAbtewm-13
binding. In striking contrast, VHH binding to TEM-121 may reduce detectable ys—ms
exchange under the present conditions, revealing fundamentally different dynamic
responses of the TEM-1 and TEM-121 enzymes to the same molecular recognition event.
This opposite dynamic behavior parallels the substrate-dependent inhibitory effect of
cAbtem-13, despite the absence of substantial differences in the X-ray structures of
holoTem-1 and holotem-121.

Collectively, these results establish a direct connection between resistance-associated
substitutions and altered functional dynamics in TEM-121 relative to TEM-1. Although
crystallographic snapshots of the holo complexes are highly similar, NMR relaxation
measurements demonstrate that mutations and VHH binding reshape the conformational
landscapes of the two enzymes in fundamentally distinct ways. These dynamic
differences provide a mechanistic basis for their contrasting dynamic responses to VHH
binding. By revealing mutation-dependent redistribution of conformational fluctuations
within catalytically important regions, this study highlights how resistance evolution can
be encoded in changes to molecular motion rather than in detectable structural
rearrangements. Thus, functional diversification in TEM B-lactamases may arises not
from gross alterations of the ground-state structure, but from modulation of the underlying
conformational ensemble that governs catalytic competence and molecular recognition.
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CONCLUSIONS

In this work, we combined enzymatic kinetics, crystallography, molecular dynamics
simulations, and multi-timescale NMR relaxation measurements to dissect the dynamic
consequences of resistance-associated substitutions in TEM-121 relative to TEM-1.
Although the crystal structures of the free and cAbrem-13-bound enzymes are highly
similar, solution NMR reveals pronounced differences in conformational dynamics across
ps—ns and ps—ms timescales. Whereas TEM-1 exhibits two independent exchange
processes originating from a common ground state, TEM-121 displays a redistribution of
exchange toward the intermediate-to-fast regime, particularly within catalytically
important regions. Notably, VHH binding produces opposite dynamic effects in the two
enzymes: enhanced conformational sampling in TEM-1 but reduction of detectable us—
ms exchange in TEM-121. These contrasting responses occur despite minimal structural
differences in the holo complexes, underscoring that the functional divergence between
the two enzymes is dynamically encoded rather than structurally apparent.

Collectively, our results demonstrate that resistance-associated mutations reshape the
conformational energy landscape of TEM B-lactamase by modulating the kinetics and
populations of transiently sampled states. This study highlights the power of solution NMR
to uncover functionally relevant dynamic alterations that remain invisible to structural
studies and establishes conformational plasticity as a central determinant of B-lactamase
evolution and inhibitor response. More broadly, these findings illustrate how subtle
mutations can reprogram enzyme function through redistribution of conformational
dynamics, providing a dynamic framework for understanding the evolution of antibiotic
resistance.
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Electronic Supplementary Material
MATERIALS AND METHODS

Sample Preparation.

Uniformly [U-'°N, ?H]-labeled apo and holo enzymes were expressed and purified as
described previously (Tomanicek et al. 2010; Meilleur et al. 2009; Tomanicek et al. 2011;
Cawez et al. 2018) with minor modifications. Cells were grown in minimal medium
prepared in 100% D20 and supplemented with "®*NH4CI (1 g/L) and {'*C,'H}-glucose (4
g/L) as the sole nitrogen and carbon sources, respectively. NMR samples were prepared
at a final protein concentration of approximately 500 uM in 50 mM potassium phosphate
buffer (pH 6.6), containing 95% H,0/5% D20 (v/v). Sodium 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS, 40 uM) was included as an internal chemical shift reference. For
complex formation, apo enzymes were mixed with nanobody at a 1:1.1 molar ratio
(enzyme:antibody) to ensure complete saturation, yielding the holo complexes.

NMR Spectroscopy.

SN Nuclear Spin Relaxation (NSR). '°N spin relaxation experiments ({"°N}R1, {"°N}-
Rz, and "H-{'"*N} heteronuclear NOE) were acquired as described previously for TEM-1.
SN Relaxation Dispersion. >N CPMG relaxation dispersion experiments were acquired
as described previously for CspA, with the exception that parameter uncertainties were
estimated using 1000 Monte Carlo simulations.

SN CEST Experiments and Visible peaks-positions. SN chemical exchange
saturation transfer (CEST) experiments on apo and holotem-1 were performed as
described previously. Corresponding experiments on apo and holotem-121 were conducted
following the protocol established for CspA, with the exception that parameter
uncertainties were estimated using 1000 Monte Carlo simulations.

Visible peaks-positions. Visible peak positions were extracted from the SN D-CEST
spectra (SWcest = 700 and 800 Hz) by referencing the peak positions obtained in control
experiments recorded without the two BP~¢EST jrradiation periods. Uncertainties in the
visible peak positions were estimated from these spectra.

Data Analysis.

All NSR spectra of apo and holo TEM-121 were processed and analyzed according to the
procedure established for TEM-1.

SN CPMG and "N D-CEST spectra were processed and analyzed according to the
procedure established for CspA.
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Backbone Dynamics on the us-ms timescale

Table S1. Complete set of residue-specific parameters obtained from two-state fits of >N
SN D-CEST profiles for Apotem-121, including ground-state chemical shifts 55, chemical-
shift differences between ground and excited states (was), and longitudinal and transverse
relaxation rates R1 and R2 respectively.

Residue 3a (ppm) Awas (ppm) R1(s™) Rz (s™)
V31 121.47 £ 0.02 -3.20 = 0.29 0.97 £ 0.03 15.29 £ 0.14
K34 125.14 £ 0.00 -3.78 = 0.45 142 == 0.03 538 = 0.28
D35 12190 = 0.02 -298 = 0.31 0.00 = 041 2.16 = 0.18
D38 120.98 = 0.01 3.40 = 0.30 1.45 = 0.04 751 = 0.17
G41 113.02 = 0.02 -3.95 = 0.26 0.90 = 0.03 18.89 = 0.14
R43 115.76 = 0.02 4.06 = 0.18 0.88 = 0.03 17.51 = 0.09
Y46 123.35 = 0.04 9.99 =+ 173 0.93 = 0.08 18.00 = 0.74
D50 125.01 £ 0.01 -2.32 = 0.46 0.85 = 0.01 2155 = 0.18
N52 116.26 = 0.01 453 = 0.50 0.79 £ 0.02 21.31 = 0.27
S59 11293 = 0.01 4.05 = 0.31 092 = 0.02 17.32 = 0.17
K53 112.63 = 0.02 -2.20 = 0.26 0.87 = 0.04 20.86 = 0.10
F60 121.66 = 0.03 -3.37 = 0.22 099 = 0.06 2249 = 0.11
E63 116.55 = 0.02 427 = 0.22 0.83 = 0.03 17.83 = 0.12
E64 117.77 %= 0.02 -490 = 0.25 090 = 0.04 17.32 = 0.13
R65 117.02 = 0.01 3.90 = 0.20 0.78 = 0.02 18.34 = 0.10
171 112.17 £ 0.03 3.64 = 0.32 091 £ 0.06 20.85 = 0.16
F72 115.88 = 0.02 -5.16 = 0.20 0.89 = 0.04 21.66 = 0.11
K73 121.53 = 0.01 -5.17 = 0.47 0.80 = 0.02 21.71 = 0.25
L77 113.70 = 0.03 7.38 = 0.44 0.90 £ 0.06 19.53 = 0.22
V80 119.06 = 0.02 497 = 0.33 1.11 = 0.03 18.28 = 0.18
R83 121.58 *= 0.01 3.84 = 0.45 0.81 = 0.01 2092 = 0.24
S106 119.73 = 0.02 469 = 0.75 0.73 = 0.04 18.54 = 041
D115 116.87 %= 0.01 458 = 0.36 0.89 = 0.01 19.00 = 0.19
R120 118.13 = 0.01 -5.17 = 0.69 0.78 = 0.02 21.24 = 0.37
E121 118.24 £ 0.01 481 = 0.47 0.81 = 0.01 20.88 = 0.25
D163 125.56 = 0.03 -6.13 * 0.62 0.75 = 0.06 21.88 = 0.33
W165 116.99 = 0.02 579 = 0.67 0.79 = 0.02 20.31 = 0.36
N170 120.87 = 0.07 9.78 = 3.34 0.82 = 0.16 21.04 = 1.43
E171 106.98 = 0.03 -1.08 *= 1.03 0.97 = 0.07 21.81 = 0.21
1173 119.03 = 0.02 534 = 0.40 0.85 = 0.02 21.14 = 0.22
D179 115.30 = 0.02 -5.14 = 0.26 0.82 £ 0.03 2093 = 0.14
E197 116.67 = 0.07 -3.24 = 0.10 0.85 = 0.12 16.48 = 0.05
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L198 122.52 = 0.00 3.46 = 0.57 0.74 = 0.01 16.95 * 0.32
W210 120.34 = 0.02 3.79 £ 0.20 0.97 = 0.04 1590 = 0.11
M211 115.63 *= 0.01 500 £ 0.21 0.83 += 0.02 20.12 = 0.11
E212 12491 = 0.04 7.52 *= 1.53 1.15 = 0.07 22.59 = 0.77
G218 114.02 = 0.04 -6.12 = 0.60 1.19 * 0.07 2241 = 0.32
L221 123.79 = 0.08 -8.77 = 4.19 0.84 = 0.23 2163 * 195
R222 115.92 = 0.02 -6.39 = 0.68 0.91 = 0.04 2195 =+ 0.35
L225 120.90 =+ 0.02 898 * 224 0.81 = 0.03 17.51 %= 1.02
W229 120.55 == 0.02 6.53 = 0.20 0.86 = 0.02 19.20 = 0.11
1231 123.16 = 0.01 -3.90 = 0.40 0.89 += 0.03 2162 * 0.21
D233 123.88 * 0.02 -271 %= 0.26 1.18 *= 0.07 964 = 0.13
G245 109.08 = 0.02 254 = 0.36 1.01 = 0.04 15.37 = 0.15
1246 118.16 * 0.03 3.94 = 0.24 0.98 = 0.05 16.48 = 0.12
1247 122.58 = 0.01 3.59 = 040 0.79 = 0.02 22.13 = 0.20
A248 122.85 = 0.01 -453 = 141 0.80 *= 0.02 27.76 = 0.76
D254 114.02 = 0.01 1047 = 2.63 0.87 += 0.03 1755 = 1.07
K256 119.16 = 0.01 498 = 0.53 0.83 = 0.02 2221 = 0.28
5258 112.88 = 0.02 6.14 = 0.73 0.93 = 0.03 16.16 = 0.40
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General Conclusions

This thesis is situated within the field of biomolecular nuclear magnetic resonance (NMR)
spectroscopy and aims to advance our understanding of the intimate relationship between
protein structure, conformational dynamics, and biological function at atomic resolution.
By integrating complementary experimental and analytical NMR approaches, this work
provides detailed insights into dynamic processes occurring over a wide range of
timescales, many of which remain inaccessible to static structural techniques such as X-
ray crystallography. In particular, NMR uniquely enables the direct observation of
conformational exchange, transient states, and molecular flexibility under near-
physiological conditions, thereby offering a dynamic view of biomolecular function.

The studies presented in this manuscript enabled the characterization of low-populated
conformational states and exchange processes spanning a broad range of timescales,
from the intermediate-to-fast to slower, functionally relevant structural states. The
combined analysis of NMR relaxation techniques, including "N CPMG relaxation
dispersion and "N CEST experiments, highlights the complementarity of these methods
in providing a reliable framework for relating molecular dynamics to protein function.

Application of these methodologies to biologically relevant systems, including enzymes
(TEM-1 and TEM-121), their complexes with the VHH (TEM-1/cAbtem1s and TEM-
121/cAbtem13) and a mesophilic cold shock protein CspA, revealed that conformational
dynamics play a central role in regulating activity, molecular recognition, and functional
adaptability. In particular, the investigation of the CspA molecular dynamic, enzymes— or
partner—induced effects highlighted extensive reshaping of protein energy landscapes,
emphasizing the importance of coupled mechanisms and structural plasticity in protein
function.

Interestingly, our study of CspA highlights that fast timescale motions (ps—ns), which are
often overlooked because they are not directly associated to protein function, may
nevertheless play an important role in protein function. Using a multi-field relaxation
analysis combined with model-free fitting, we showed that the 33—-p4 and B4-35 loop
regions undergo complex internal dynamics. Specifically, residues within these loops
exhibit reduced 'SN-{'H} NOE values while maintaining high generalized order
parameters (S? ~ 0.8), indicating the presence of fast local motions superimposed on an
overall well-ordered backbone. Because these loop regions form part of the nucleic acid—
binding interface, their dynamic behavior may reflect a functional plasticity that enables
CspA to accommodate and stabilize diverse ssDNA or ssRNA conformations. Together,
these results suggest that loop flexibility on the ps—ns timescale is an intrinsic property of
CspA and may contribute directly to its chaperone-like activity during cold-shock
adaptation.

Moreover, we characterized the camelid antibody fragment cAbrewm-13 targeting TEM-1 -
lactamase, a widely disseminated class A enzyme that significantly impacts both human

273



General Conclusions

and veterinary health. Beyond evaluating its inhibitory properties, our objective was to
elucidate the molecular mechanism by which nanobody binding modulates enzyme
function. Our results indicate that cAbTem-13 may acts through an allosteric mechanism.
Binding at a distal site modulates the conformational landscape of TEM-1 B-lactamase,
with dynamic perturbations propagating from the binding interface to distant regions,
including catalytically relevant sites, thereby modulating enzymatic activity.

We further employed an integrated structural and biophysical approach to compare TEM-
1 and the ESBL/IRT variant TEM-121 in both their free and nanobody-bound states. Our
analyses demonstrate that resistance-associated mutations reshape the conformational
energy landscape of TEM B-lactamase by altering the kinetics and populations of
transiently sampled conformational states, thereby providing a dynamic framework for
understanding the molecular basis of antibiotic resistance. These mutations do not merely
affect static structural features but reprogram the enzyme’s dynamic equilibrium, thereby
influencing both catalytic efficiency and inhibitor response.

Collectively, these findings highlight the power of solution NMR spectroscopy to reveal
functionally relevant dynamic alterations that remain inaccessible to static structural
methods. They establish conformational plasticity as a central determinant of B-lactamase
evolution, functional diversification, and inhibitor sensitivity. More broadly, this work
provides a dynamic framework for understanding how subtle sequence variations can
modulate enzyme function through redistribution of conformational ensembles, offering
new perspectives on the molecular basis of antibiotic resistance.

This work highlights the value of integrated analyses of NMR relaxation data, combining
complementary techniques to characterize protein dynamics across different timescales.
It underscores the importance of moving beyond purely static representations of protein
structures toward a dynamic perspective that more accurately reflects the behavior of
biomolecules in solution.

In addition to these fundamental studies, this research also addresses the three-
dimensional structure determination of venom peptides, a class of small biomolecules
with potent and selective biological activities. NMR spectroscopy is especially well suited
for the structural characterization of venom peptides, as it does not require crystallization
and can accurately resolve structures in solution, where these peptides adopt their
biologically relevant conformations.

We determined well-defined solution NMR structures of two peptides, Leiurotoxin | and
Leiurotoxin-Dab7 (Lei-Dab7), in which the methionine residue at position 7 of Leiurotoxin
| is replaced by the unnatural amino acid diaminobutanoic acid (Dab). When combined
with in vitro binding studies [realized by Hayen Jean-Luc], this work enables a direct
structural and functional comparison of the two peptides and provides a direct insight into
the molecular determinants governing their interactions with human SK channels.
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Considering the importance of protein dynamics in molecular recognition, the difference
in affinity between Leiurotoxin | and Lei-Dab7 may arise from differences in their dynamic
behavior.

Taken together, this research highlights the power of biomolecular NMR spectroscopy to
integrate high-resolution structural information with dynamic and functional insights,
thereby deepening our understanding of protein and peptide mechanisms underlying
biological activity.
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Perspectives

Several perspectives can be envisaged to further improve and refine research presented
in this thesis. In particular, the NMR relaxation analysis of the TEM-1/cAbtemis complex
could be significantly enhanced. Due to the absence of uniformly [°H, '®N]-labeled TEM-
1/cAbTem13 samples, it was not possible to further refine the N CPMG relaxation
dispersion experiments or to perform SN D-CEST measurements on this enzyme
complex. Such experiments would provide additional and highly valuable information,
allowing a more detailed characterization of the conformational dynamics of TEM-
1/cAbtem-1, comparable to what was achieved for the free TEM-1 enzyme.

In addition, our analysis of the free TEM-121 enzyme demonstrated that incorporating '°N
D-CEST data and peak-position information to complement single-field CPMG relaxation
dispersion measurements does not impose significant additional constraints on the
determination of the exchange rate (k.,) and the minor-state population (pg). Therefore,
reliable k., and pg values can instead be obtained by performing CPMG experiments at
a second magnetic field strength, combined with D-CEST measurements acquired using
a radiofrequency field (w,) exceeding the determined k., .

Moreover, this research included the study of a mesophilic cold shock protein, CspA.
Initially, the broader objective was to investigate three homologous cold shock proteins
originating from organisms adapted to different temperature regimes: mesophilic,
psychrophilic, and thermophilic. Extending this work to the psychrophilic and thermophilic
counterparts would be of particular interest, as it would enable a systematic comparison
of how cold shock proteins adapt to extreme thermal environments. Such comparative
studies could reveal the dynamic strategies employed by proteins to maintain stability and
function under cold stress, including differences in flexibility, conformational exchange
processes, and energy landscape reshaping. Ultimately, these insights would contribute
to a deeper understanding of thermal adaptation mechanisms at the molecular level.

Finally, this thesis highlights the importance of adopting a dynamic perspective when
studying biological systems. Although motions on the ps—ns timescale are often
overlooked because they are not always directly linked to biological function, our study of
CspA demonstrates that such fast dynamics can nevertheless contribute to protein
function. In addition, we have shown the complementarity of ys—ms timescale NMR
experiments, particularly D-CEST and CPMG relaxation dispersion.

We believe that combining these approaches provides a powerful strategy to obtain a
more comprehensive description of protein dynamics. In particular, the joint use of '°N
CPMG and D-CEST experiments allows the characterization of conformational exchange
processes over a broad range of kinetic regimes, while rotating-frame experiments may
further extend the accessible timescales when required. The integration of these
complementary techniques therefore offers a valuable framework for linking structural
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dynamics to biological function and should contribute to a more complete understanding
of the molecular mechanisms governing protein activity.

In light of recent advances in computational structural biology, particularly the emergence
of AlphaFold (Abramson et al. 2024; Bryant et al. 2022; Jumper et al. 2021), the landscape
of protein structure determination has been profoundly transformed, enabling the rapid
and accurate prediction of protein structures. However, despite the presence of
confidence metrics such as pLDDT that may highlight regions of uncertainty, predicted
structures remain essentially static, hypothesis-driven models that require experimental
validation. In this context, NMR spectroscopy provides a unique and complementary
perspective by offering insights into protein motions across a wide range of timescales at
residue-level resolution. The present work highlights the importance of complementing
these predictions with experimental approaches capable of capturing protein dynamics.
In particular, the characterization of flexibility and conformational exchange equilibria
presented here underscores the critical role of dynamics in modulating protein function.
These results illustrate how NMR spectroscopy may contribute to an integrated structural
biology framework by providing time-resolved insights that remain largely inaccessible to
current in silico methods. In this perspective, future developments may rely on the
synergistic integration of computational predictions and experimental characterization of
dynamics to achieve a more complete understanding of biomolecular function.
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