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ABSTRACT 
 
 

 Proteins are biopolymers involved in vast array of cellular processes 

performing very different roles such as catalysis (enzymes), regulation (hormones), 

structure (collagen...), defence (antibodies), etc. Until recently, most of the studied 

proteins showed a well-defined three-dimensional structure, encoded in its amino 

acid sequence that drives its protein folding. The disruption of the 3D structure 

(denaturation) of proteins results in the unfolding and even in the loss of the protein 

function. However, restoring the physiological conditions may allow for spontaneous 

folding back into the native conformation. The observation of the refolding towards 

the unique 3D structure after its unfolding is the basis of Anfinsen’s hypothesis that 

the amino acid sequence folds in such a way that the free energy of the molecules 

reaches its minimum1. Nevertheless, sometimes proteins can fold into erroneous 

conformations, producing aberrant proteins that can cause aggregation and are 

pathological hallmarks of several degenerative diseases including Alzheimer’s, 

Parkinson’s, Huntington’s and type II diabetes among others2. For years of research 

it has been attempted to figure out the intriguing paths that drive proteins into 

aggregates, and further, the protein folding process itself, which still remains 

relatively unknown, thus, becoming a major goal either in experimental, 

computational and theoretical research areas. It is therefore a mayor reason to 

focus every effort to deepen our understanding of the protein folding process, and 

this Thesis intends to add a drop in the bucket. 

 

 Although all proteins are driven towards their native conformation, this 

process is performed at different rates depending on the protein, on its energy 

barrier that separates folded and unfolded states. Slow folding proteins have been 

long studied, but on the other hand, fast folding proteins have been limited by the 

experimental techniques available. However, advances since mid 1990s have 

improved enormously the ultrafast folding approaches, with resolution in the 

nanosecond-to-millisecond range, giving a further boost to this research field 

through techniques like: equilibrium based on line shape analysis from NMR peaks 

and based on single molecule fluorescence, temperature relaxation methods based 

on lasers, pressure relaxation methods, optically induced relaxation techniques, 

ultrafast mixing techniques and even computational methods3. The fast folding 
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proteins expand the knowledge of the folding and might cover the gap between 

experimental and computational methods, since traditionally the last ones have 

been able to explore only processes on the sub-millisecond timescale.  

 

 The identification of the different folding scenarios predicted by the folding 

funnel hypothesis of the energy landscape theory (Bryngelson et al.4) is a 

fundamental step. In 1999 V. Muñoz and W. A. Eaton5 proposed the selection of 

some candidates to search for downhill scenarios vs. the classical two-state folding 

mechanism. Fast folding proteins frequently show downhill folding since a small or 

inexistent energy barrier speeds up the folding process. For this Thesis project we 

focused on possible candidates of the downhill folding mechanism since the shallow 

energy barrier allows to study the barrier top populations3 as later explained in 

Chapter 1.3.2. Therefore, two relatively small proteins with different secondary 

structure content were selected to study the folding patterns related to these 

structures: a WW domain, with all β-sheets; and a R3H domain, with β-sheet and α-

helix secondary structures. These domains showed different thermodynamic 

behaviour related to their secondary structure content and hydrophobic forces 

among other features. Furthermore, two interesting proteins from a folding point of 

view are also studied with different techniques in the field of the Nuclear Magnetic 

Resonance (NMR). One of them is the frequently used for molecular simulation 

studies HP35 subdomain from Villin protein, focusing on the atomic unfolding of 

some residues with NMR, that shows less variation than would be expected for a 

fast folding protein with a tendency, in principle, towards the downhill scenario. The 

other, gpW protein, expected to be a two-state folder due to its size and α+β content, 

but with folding in the microsecond timescale6, made it a very interesting case study, 

and for which the possible interconversion with an “invisible”, low populated, state 

was obtained, reflecting the non-static structure of proteins. 

 

 The thermodynamic characterization of the proteins was performed to obtain 

information about its cooperativity and behaviour looking at different probes within 

the protein, except in the cases where these studies were already performed. Later, 

taking as reference the atom-by-atom NMR study by Sadqi et al.7 on the one-state 

downhill folder BBL domain (from the E2 subunit of the 2-oxoglutarate-

dehydrogenase enzyme from Escherichia coli), we pretended to study the unfolding 

process of the selected domain. A similar analysis was performed by L. Sborgi on 

gpW protein8, for which the atom-by-atom shows the behaviour of different NMR 

probes (amide 15N and 1HN, 13Cα and 13Cβ), which can be complex if the process is 
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progressive like for downhill proteins7 or more homogeneous like for two-state 

proteins9 (even different tendencies may appear along the temperature range). 

Hence, the native state of gpW has been thoroughly studied along the thermal 

unfolding process, however, this native state may be a non-static structure since 

proteins change upon variations in their environment. To be able to deepen our 

understanding of the native state of gpW protein there was a barrier to overcome, 

since it has a folding rate too fast for the timescale affordable by Relaxation 

Dispersion (RD) Nuclear Magnetic Resonance (NMR). This technique allows the 

ambitious task of glimpsing into the dynamics of the native state of a protein in 

solution without perturbing it. It is therefore important to remember that the stable 

ground state can be in equilibrium with minimal populations of other meta-stable 

conformations at levels almost undetectable with regular techniques, that usually 

average all structures, making impossible to discern this very low populated states.  

 

 Protein folding, energy landscape, “invisible” states, and fast folding proteins 

are concepts related to protein function, a basic cornerstone for any living organism. 

The studies included in this Thesis will help in a better understanding of these 

concepts, and gave me the chance to explore different proteins with diverse 

techniques to understand the complex and fascinating world of protein folding. 
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RESUMEN 
 

 Las proteínas son biopolímeros implicados en gran diversidad de procesos 

celulares llevando a cabo distintas funciones: catalíticas (enzimas), de regulación 

(hormonas), estructurales (anticuerpos), etc. Hasta hace poco, la mayoría de las 

proteínas estudiadas mostraban una estructura tridimensional bien definida, 

codificada a través de su secuencia de aminoácidos, que dirige el plegamiento de la 

proteína. La alteración de la estructura tridimensional de la proteína 

(desnaturalización) conlleva el desplegamiento e incluso la pérdida de su función. 

Sin embargo, la vuelta a las condiciones fisiológicas puede permitir el plegamiento 

espontáneo de la proteína en su estructura nativa. Esta observación de retorno a la 

estructura tridimensional original tras su desplegado, es la base de la hipótesis de 

Anfinsen: la secuencia de aminoácidos se pliega de una forma concreta para llegar 

a un mínimo en la energía libre de la molécula1. No obstante, en ocasiones las 

proteínas se pliegan en conformaciones incorrectas, dando lugar a proteínas 

aberrantes que pueden producir agregación, y son indicadores patológicos de 

numerosas enfermedades degenerativas, incluyendo Alzheimer, Parkinson, 

Huntington, y diabetes tipo II entre otras2. Durante años de investigación se ha 

intentado descifrar los misteriosos caminos que llevan a las proteínas a agregar, y 

más aún, su proceso de plegamiento, que todavía permanece relativamente 

desconocido, convirtiéndose en un importante objetivo en distintas áreas, tanto 

experimental, como computacional y teórica. Por lo tanto, es importante centrar 

todo el esfuerzo posible en profundizar en el conocimiento del proceso de 

plegamiento proteico, y esta Tesis pretende añadir su granito de arena. 

 

 A pesar de que todas las proteínas tienden a su conformación nativa, la 

velocidad del proceso depende de la proteína, de la barrera energética que separa 

los estados plegado y desplegado. Las proteínas de plegamiento lento se han 

estudiado en profundidad, pero las técnicas experimentales han limitado el estudio 

de las proteínas con un plegamiento  rápido. Sin embargo,  desde mediados de la 

década de los 90 ha habido un gran avance en técnicas que estudian el 

plegamiento ultrarrápido, con resoluciones en tiempos de milisegundos a 

nanosegundos, impulsando este campo de conocimiento con técnicas como: 

equilibrio basado tanto en análisis de forma de línea por Resonancia Magnética 

Nuclear (RMN), como en fluorescencia de moléculas únicas, métodos basados en 
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relajación térmica con láser, técnicas de relajación por saltos de presión, relajación 

por inducción óptica, técnicas de mezclado ultrarrápido, y hasta métodos 

computacionales3. Las proteínas de plegamiento rápido amplían el conocimiento del 

plegamiento proteico y cubren la brecha que separa los métodos experimentales y 

los computacionales, ya que tradicionalmente estos últimos tan solo han sido 

capaces de investigar procesos por debajo de la escala de milisegundos. 

 

 La identificación de los distintos escenarios de plegamiento predichos por la 

hipótesis del embudo de plegamiento de la teoría de paisaje energético (Bryngelson 

et al.4) es una tarea primordial. En 1999 V. Muñoz y W. A. Eaton5 propusieron la 

selección de proteínas candidatas para la búsqueda de escenarios de plegamiento 

downhill frente al clásico mecanismo de dos estados. Las proteínas de plegado 

rápido con frecuencia presentan un plegamiento downhill ya que su pequeña o nula  

barrera energética acelera el plegamiento. Para esta Tesis nos centramos en 

proteínas candidatas a un posible plegamiento tipo downhill, ya que su pequeña 

barrera energética permitiría el estudio de las poblaciones en lo alto de la barrera3 

como se explicará en el Capítulo 1.3.2. Por tanto, se seleccionaron dos proteínas 

relativamente pequeñas con distinto contenido de estructura secundaria: un 

dominio WW, formado por láminas β; y un dominio R3H, tanto con láminas β como 

hélice α. Estos dominios muestran distinto comportamiento termodinámico que se 

relaciona, entre otras características, con su contenido de estructura secundaria, 

así como con las fuerzas hidrófobicas internas. Además, otras dos proteínas 

interesantes desde el punto de vista de su plegamiento se han estudiado por RMN. 

Una de ellas se ha usado con frecuencia en estudios de simulación molecular, el 

subdominio HP35 de la proteína Vilina, en la que nos centramos en el 

desplegamiento a nivel atómico seguido por RMN, y que mostró menos variación a 

la esperada de una proteína de plegamiento rápido con tendencia, en principio, 

hacia un escenario tipo downhill. La otra, la proteína gpW, que se esperaba tuviese 

un plegamiento en dos estados por su tamaño y contenido en α+β, pero cuyo 

plegamiento se produce en microsegundos6, la convierte en un interesante caso de 

estudio. Para esta última proteína se estudió la posible interconversión con un 

estado “invisible”, poco poblado, el cual se consiguió determinar, reflejando la 

estructura no estática de las proteínas. 

 

 La caracterización termodinámica de estas proteínas se realizó para obtener 

información acerca de su cooperatividad y comportamiento a través de distintas 

sondas propias de la proteína, excepto en los casos en que esta caracterización ya 



Resumen!
 

XI 

se había hecho con anterioridad. Posteriormente, tomando como referencia el 

estudio atómico (atom-by-atom) por RMN realizado por Sadqi et al.7 sobre el 

dominio downhill de un estado BBL (procedente de la unidad E2 de la enzima 2-

oxoglutarato-deshidrogenasa de Escherichia coli), se pretendía estudiar el 

desplegado de los dominios seleccionados. Un estudio parecido se llevó a cabo por 

L. Sborgi en la proteína gpW8, para la cual el estudio atom-by-atom muestra el 

comportamiento de distintas sondas de RMN (15N y 1HN amídicos, 13Cα y 13Cβ), que 

puede ser complejo para procesos de plegamiento gradual como el caso de las 

proteínas tipo downhill7 o más homogéneo para proteínas de dos estados9 (a pesar 

de que pueden aparecer distintas tendencias a lo largo de rango de temperaturas). 

Por tanto, el estado nativo de gpW ha sido estudiado en profundidad a lo largo del 

desplegamiento térmico8, sin embargo, este estado nativo puede ser una estructura 

no estática, ya que las proteínas cambian por alteraciones en su ambiente. Para ser 

capaces de profundizar en nuestro conocimiento del estado nativo de gpW hay que 

superar el obstáculo debido a la velocidad de plegado de esta proteína, muy rápida 

para las escalas de tiempo que abarca la Relajación Dispersiva (RD) por RMN. 

Esta técnica permite la ambiciosa tarea de vislumbrar la dinámica del estado nativo 

de la proteína en solución sin perturbarla. Es importante recordar que el estado 

estable fundamental puede estar en equilibrio con pequeñas poblaciones de otras 

conformaciones metaestables a niveles casi imperceptibles por técnicas habituales, 

que normalmente promedian todas las estructuras, imposibilitando la distinción de 

estados poco poblados. 

 

 Plegamiento proteico, paisajes energéticos, estados “invisibles”, y proteínas 

de plegamiento rápido, son conceptos relacionados con funciones proteicas, un 

pilar básico para cualquier organismo vivo. Los estudios incluidos en esta Tesis 

permitirán un mejor entendimiento de estos conceptos, y me han dado la 

oportunidad de explorar distintas proteínas a través de diversas técnicas para 

comprender el complejo y fascinante mundo del plegamiento de proteínas. 
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Chapter 1.- Protein Folding 

 

 

1.1- From the amino acid sequence to the protein three-dimensional structure 
  

 Proteins are polypeptide chains with a defined three-dimensional structure. 

These structures are made of a sequence of amino acids that DNA encodes in the 

nucleotides, which transcription to RNA brings the information to the ribosomes, that 

synthetize the polypeptide chain with the combination of 20 amino acids (three 

nucleotides code for an amino acid) hold together by peptide bonds, creating the 

primary structure of the protein. This primary structure carries the information that 

will lead the protein folding process through different interactions (Figure 1.1). Some 

of these interactions are the hydrogen bonds between parts of the amino acid chain, 

that give rise to the basic elements of the secondary structure: the α-helix, which 

have hydrogen bonds joining the carbonyl (C=O) and the amide (NH) groups 4 

residues away (i, i+4), originating a spring shape with 3.6 residues in each turn; and 

the β-sheet, in which hydrogen bonds connect amino acids from two β-strands that 

might be far in the protein sequence. To become active, a protein has to reach a 

defined three-dimensional structure in most of the cases, its tertiary structure – 

however, IDPs  (Intrinsically Disordered Proteins) are an exception since they are 

active lacking a well defined structure in native conditions, in some cases, they may 

acquire the 3D structure upon interaction with a ligand becoming then active. This 

tertiary structure results from the interplay of the side chains of the amino acids 

belonging to different elements of the secondary structure through interactions like 

hydrophobic forces, Van der Waals, purely ionic, etc.  Even if this tertiary structure 

might be already active, in some cases different protein monomers can interact, 

creating an oligomer, the higher step of organization – the quaternary structure. 

 

 However, this process is not as simple as it may look like. The steps 

undergone until the active tertiary structure is reached from its simple amino acidic 

chain constitute a very complex process, driven by an intricate net of weak forces, 

that altogether represent the protein folding problem10. 

 

The importance of understanding the protein folding process relies on the 

perspective of the 3D structure prediction only based on the amino acid sequence, 
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which would open up new opportunities to create synthetic proteins towards specific 

purposes.  

 

 
Figure 1.1. - Folding process, from amino acid sequence (left) to folded protein (right). 

 

 

1.2.- What is protein folding? 

 

For many decades, the way proteins fold to achieve its active conformation 

(also called native, on the right of Figure 1.1) has been a major research subject in 

protein science. In the late 1960s Cyrus Levinthal pointed out the very large number 

of degrees of freedom of the polypeptide chain that makes the molecule to have an 

astronomical number of possible conformations, making the folding process a ‘find 

the needle-in-a-haystack’ task, that is nonetheless found by the protein very quickly, 

the Levinthal’s paradox11. Since then, there have been many advances in this field, 

but even now a comprehensive understanding of the protein folding problem, that 

would in turn allow to accurately predict the structure of the protein from its amino 

acid sequence, has not been achieved.  

 

The thermodynamic hypothesis (Anfisen’s dogma) postulates that the native 

structure is determined only by the protein’s amino acid sequence, and it is the one 

in which the Gibbs free energy of the whole system is lowest12. The way proteins 

reach this minimum energy state was proposed to be following discrete folding 

pathways through a sequence of events taking place for the molecule, so that the 

protein reaches the correct metastable state13.  However, during 1990s, a “New 

View” changed from the pathways towards a more complex scenario, a funnel-

shape energy landscape, which drives the process while many elementary steps 

occur in parallel4 (Figure 1.2). 
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1.3.- Energy Landscape and Protein Folding Scenarios 

 

The Energy Landscape Theory, the “New View” of protein folding, is a 

statistical mechanics approach based on the principles of consistency and minimal 

frustration4,14 that describes a rugged folding funnel-like shape as represented in 

Figure 1.2, biased towards the native state located at the bottom of the funnel. This 

funnelled scenario was compared by K. A. Dill et al.15 to a trickle of water down 

mountainsides, in which the unfolded protein is located at the highest point of the 

funnel and rolls meandering down to reach its minimal energy conformation, hence 

the most thermodynamically stable state, the native conformation. However, it may 

find kinetic traps that slow down the folding or even hold the protein in non-native 

conformations, leading to a misfolded protein or aggregates. In 1995 J. D. 

Bryngelson et al. 4 proposed different folding scenarios based on the energy 

landscape. The two scenarios we focus on consider activation free-energy barriers 

between the folded (native) and the unfolded state to be over 3 RT or below 3 RT, 

for the two-state and the downhill scenarios, respectively; and thus, the cooperativity 

of the process from one state to another.  The folding rate expression from this 

energy landscape approach is   

!!"#$(!) =
1
!!
!exp!(−!!!/!") 

 

where Δ!! is the mentioned free energy barrier of the process, separating folded 

and unfolded conformations; !!, the rate of the protein motions to cross the energy 

barrier; R, the gas constant; and T, temperature.  

 

Figure 1.2. – Rugged 
energy landscape. The 
native folded 
conformation (N) is 
located at the bottom of 
the funnel, the lowest 
internal free energy 
location, while the 
unfolded or denatured 
is on the top edges. In 
the representation, the 
ups mean energy 
barriers, and the downs 
either favourable paths 
or kinetic traps if no 
way out. 
Figure adapted from 
Dill et al.15 
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1.3.1.- Two-State Scenario 

 

The classical view of protein folding is the two-state model, also called type 1 

scenario4 from the Energy Landscape Theory. This scenario shows a cooperative 

process that drives the molecule from unfolded to folded structure crossing an 

energy barrier over 3 RT higher than the free energy of the ground state16, in an all-

or-none mechanism17, with an exponential folding kinetic similar to chemical 

reactions, implying the inexistence of observable folding intermediates between the 

native and the denatured structures. The unfolding process, as a function of 

temperature or denaturant concentration, produces a sigmoidal transition curve, 

characteristic of the two-state folding with sharper slopes being indicative of higher 

degree of cooperativity. This sigmoidal curve has clear flat pre- and post- baselines 

(indicative of no partially folded structures) determined by the folded and unfolded 

protein states, respectively, and characterized by the Tm (melting temperature, at 

which the protein is 50% folded and 50% unfolded) and the change on enthalpy, ΔH 

(determined by the width of the transition, and referenced at Tm). Since this folding 

occurs with no intermediates, all the possible probes followed by the different 

thermodynamical techniques provide the same Tm and ΔH values, which is another 

hallmark of the two-state folding. This scenario is typical of proteins with a 

nucleation core (usually hydrophobic) that drives the folding process since it is the 

rate limiting step, and folding rates in the millisecond range rate or slower.  

 

Most of the studied proteins have been classified as two-state folders, either 

because the proteins were two-state folding proteins, or due to the limited resolution 

of the techniques available (mainly stopped-flow methods). Nowadays, the 

improvements and development of ultrafast folding approaches allow for a more 

detailed study of the folding process, avoiding the generalization of the two-states 

folding model18,19.  

 

 

1.3.2.- Downhill Scenario 

 

The Energy Landscape Theory predicts also another scenario, in which 

folding can proceed without barriers or crossing small barriers (< 3 RT), therefore, 

the transition between folded and unfolded states is progressive and non-

cooperative, it is the downhill, type 04 or one-state model, present in some fast 
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folding proteins (microsecond time-scale), and considered the most extreme 

manifestation of fast folding3. This scenario can be divided into three subgroups 

depending on the population of molecules folding downhill at denaturation midpoint 

(maximum height of the energy barrier, where the fraction of molecules folding 

downhill is minimal)20: the incipient downhill folders, with midpoint barriers between 

1 and 3 RT; robust downhill folders, with marginal barriers (~1 RT); and the most 

extreme case, one-state proteins or proteins folding downhill globally, with 

insignificant or non-existing barriers.  

 

The lack of a high energy barrier offers an exciting perspective where all the 

intermediate conformations are potentially detectable by experiments upon change 

on the external conditions along the broad transition of the folding process5 even at 

the barrier top, for so long thought impossible to explore, ‘bringing-to-light’ features 

of the folding process ‘hidden’ until now. Therefore, this exciting theoretical 

prediction of downhill folding drove much of the experimental work on protein folding 

towards fast folding proteins, thus focusing on small proteins, since the folding rates 

scale up with size21. 

 

In 1993 Shlesinger and coworkers observed some “strange kinetics” (longer 

relaxation times)22 in their experiments, as well as Sabelko et al.23 in late 1990’s by 

laser temperature-jump (T-jump) method. They noticed a continuous non-

exponential unfolding, which could only be explained by a very small or almost non-

existing energy barrier. These kinetics were in agreement with the results obtained 

in 2002 by Garcia-Mira et al.24, who experimentally first proved the downhill folding 

scenario (though, it is not necessarily a non-exponential process25,26). They 

characterized a 40-residue downhill domain (BBL) by thermal unfolding with 

thermodynamical techniques, namely far-UV Circular Dichroism (CD), Fluorescence 

Resonance Free Energy (FRET), and Differential Scanning Calorimetry (DSC). 

Each technique probes a different feature of the protein structure, obtaining a 

different apparent melting temperature originated from a distinct unfolding transition, 

as predicted by statistical mechanical models27. The search for downhill scenarios 

then focused on the identification of quantitative parameters to define it, such as5,28 

I) probe-dependent equilibrium24, II) complex coupling between denaturing agents29, 

III) characteristic DSC thermogram30, IV) gradual melting of secondary structure31, 

V) heterogeneous process7, and VI) generalized baseline crossing in fits to global 

two-state models32 (which should always be explained along with the rest of the 

data). Thenceforth, other studies analysed the unfolding of BBL at atomic level via 
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NMR experiments, following different proton probes (at the backbone and side 

chains)7. Even though the sum of the individual NMR unfolding curves corresponds 

to the global behaviour observed by a low-resolution technique, the single probes 

show a quite heterogeneous behaviour, and an interaction map built on the patterns 

of the unfolding curves reveals the source of folding cooperativity. An analogous 

heterogeneity was also observed by nanosecond T-jump experiments, probing 

backbone structure (using IR absorption as a probe) and end-to-end distance (using 

FRET)28. However, the occurrence of non-native contacts with low free energy (with 

the possibility of folding intermediates)33, and of other topological and energetic 

frustrations like native contacts between residues far in the sequence34,35, may 

roughen the landscape, increasing the barrier height. The complete comprehension 

of the folding process would make it possible to sculpt the free energy surface (FES) 

via sequence (mutations) and environment (temperature)36. Studies on downhill 

folding proteins propose that the function of downhill folders might be modulated by 

changes on the distribution of the ensemble of structures, either by a gradation on 

the signal intensity or by changes on temperature or pH, suggesting a possible use 

as molecular rheostats24,28,37. In this regard, it has also been proposed an appealing 

connection between gradual unfolding and intrinsically disordered proteins (IDPs) 

that may explain the allosteric effects of folding coupled to binding37, like the case of 

NCBD (nuclear co-activator-binding domain), with folding into different conformers 

depending on the binding partners19,38-41. 

 
 
1.4.- Fast Folding Proteins 
 

The study of the possible downhill folding candidates arose in parallel to the 

development of techniques for the study of fast folding proteins, in the microsecond 

and sub-microsecond timescale. Some of these techniques that allow nowadays 

resolutions in such fast timescales are laser-induced temperature-jump, NMR line 

shape analysis, pressure relaxation methods, ultrafast mixing techniques, etc., 

which keep pushing towards time resolutions that enable to observe the folding 

speed limit. Proteins with fast folding and small size help covering the gap between 

experiments, that used to only reach milliseconds timescales until the development 

of the above mentioned techniques, and atomistic simulations, usually under the 

microseconds timescale. Nevertheless, detailed simulations of several 

microseconds have become possible, reaching up to 1 ms42. At the same time, 

these fast folding proteins also enable connecting both experiments and simulations 

with theory, offering a complete view of protein folding. 
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These fast folders are particularly interesting since they can probe some 

predictions from the Energy Landscape Theory, like the folding with very small or no 

barriers of the downhill folding proteins. This lack of barriers together with small 

protein size21 and high content of α-helical secondary structure43 may be some of 

the features to speed up the folding rate. Anyway, these features are just some 

starting points, since some proteins with different topologies can also show fast 

folding, even if less probable, like some WW domains, with all β-sheets31,44,45, and 

gpW protein, with α+β topology6; at the time that some α-helical domains may have 

much slower folding times, like PDD, with ~10-fold slower than its structural 

homologue BBL46. Some proteins have been studied to increase its folding rate 

upon simple mutations, like the 35-residue headpiece subdomain of villin protein, a 

helical protein with microseconds folding that was mutated in two residues, 

increasing the folding rate exponentially47.  

 

 The study of the kinetics and thermodynamics of these fast folding proteins, 

most of them highly stable, in comparison with other proteins with similar fold 

topologies constitutes a unique opportunity to design stable proteins with new 

functions48, at the time that the study of these fast folding proteins and its possible 

downhill folding can also show the first glimpses of the folding mechanisms. 

Therefore, fast folding proteins offer new and very interesting perspectives in the 

protein folding knowledge. 
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Chapter 2.- Equilibrium Techniques for  

Protein Folding Analysis 
 

 
Different spectroscopic techniques may help to deepen the preliminary 

protein characterization via equilibrium experiments. Even though these are low-

resolution experiments, they allow discerning if the protein has a two-state or 

downhill folding mechanism by probing the different structural features of the 

proteins during its unfolding transition. In the case of the downhill folders (previously 

explained in Chapter 1.3.2), the protein loses structure gradually, changing the 

ensemble of conformations we can detect as unfolding proceeds, therefore, the 

different techniques highlighting specific structural features can show slightly 

different transitions, as in the downhill showcase protein BBL that exhibit large 

spread of Tm (from 295 to 335 K)24. For gpW protein (Chapter 8), this 

characterization was already performed by A. Fung et al.6, observing the probe 

dependence typical of downhill proteins. Thus, only some experiments were 

performed as control instead of the full thermodynamical characterization. 

 

 

2.1.- Circular Dichroism (CD) Spectroscopy 

 

Circular dichroism is a spectroscopic technique based on the differential 

absorption of the left-handed and right-handed circularly polarised light, at different 

wavelengths, which happens when polarized light interacts with an optically active 

chiral centre. For protein studies, these optically active chiral centres are the 

backbone amide bonds of the protein, whose optical absorption lies in the far UV 

region (190-250 nm). The information obtained reports on the secondary structure 

content of the protein49, the proportion of α-helix, β-sheet and random coil, that 

changes under denaturation conditions (pH, temperature, urea or other denaturants). 

 

Each secondary structure shows characteristic positive and negative bands 

in a CD spectrum (see Figure 2.1): 

- Alpha helix shows a positive band at 193 nm and two negative bands at 208 and 

222 nm50; 

- Beta sheet has a positive band at 195 nm and a negative one at 218 nm51; 
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- Random coil has a negative band at 195 nm and a slightly positive band around 

212 nm52. 

 

 
  Figure 2.1. - Far-UV CD of the main secondary structures 
 

 However, some elements of the proteins can complicate the spectrum due to 

its dominance, like the aromatic residues Phenylalanine (Phe), Tyrosine (Tyr) and 

Tryptophan (Trp), as well as disulfide bonds. Furthermore, the presence of some 

chemical elements in the buffer (e.g. NaCl, GuHCl) can prevent the acquisition of 

the full CD spectrum in the far-UV region due to strong optical absorption of these 

components, therefore it is important to choose accurately the buffer composition 

when planning the experiment. 

 

 In order to be able to compare the spectra of different sample/proteins, the 

CD signal is expressed in mean residue ellipticity (MRE or [θ]MRE) which units are 

deg·cm2·dmol-1, obtained by: 

 

! !"# = ! !!(!)
(!"·!·!·!!")

!!!!      Equation 2.1 

 

where θ is the experimental ellipticity obtained from the protein (after subtracting the 

contribution arising from the buffer) at a specific wavelength (λ), l the cell path 

length (in cm), C the sample concentration (in mg/ml), and npb the number of peptide 

bonds. 
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 To perform the experiments, the samples were dissolved in the appropriate 

buffer according to the desired pH – namely sodium phosphate 20 mM buffer for pH 

7, used for WW and R3H domain, and pH 6, for gpW; and citrate-phosphate 20 mM 

buffer for low pH: pH 4.7, 3.5 and 3, for WW domain, gpW and HP35 subdomain, 

respectively. All samples had a protein concentration around 40-60 µM (measured 

by absorbance at 280 nm); the oscillation between the concentration of the different 

samples is corrected in Equation 2.1 for MRE. Finally a 1mm path quartz cuvette is 

loaded with the buffer (for baseline corrections) and later the sample. The 

spectropolarimeter used in this work was a Jasco J-815 coupled to a Peltier 

temperature controller (Jasco PTC-423S). For the temperature denaturation study, 

the temperature-ramp (T-ramp) started at 268 K with measurements every 5 K up to 

368 K. In order to exclude possible protein loss due to precipitation in denaturing 

conditions, reference spectra at 298 K were recorded before and after the T-ramp. 

 

 

2.2.- Fourier Transform Infra-Red (FTIR) 

 

FTIR spectroscopy provides information about the secondary structure of the 

protein. The signal arises from the absorption of the infrared radiation (in the range 

from 1800 cm-1 to 1300 cm-1) by the amide bonds that link the amino acids in the 

protein backbone, originating specific vibrational modes, with the Amide I and Amide 

II as the most prominent ones. The bands in the Amide I region (1700-1600 cm-1) 

originate from the stretching vibrations of the C=O, while those in the Amide II 

region (1575-1480 cm-1) derive from the bending vibrations of the N—H bond and 

the stretching vibrations of C—N. Since the hydrogen bonding between the C=O 

and the N—H groups drives the formation of the secondary structure, any variation 

on the secondary content modifies the amide bands, its spectral position and 

shape53 54. The most commonly used band to study proteins is the Amide I, because 

is the most sensitive to the secondary structure components and is correlated 

closely to the different elements (see Table 2.1), so henceforth the focus will be on 

this region.  
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 Amide I 

Conformation H2O (cm-1) D2O (cm-1) 
α-helix 1653 (s) 

(1648-1655) 
1650 (s) 

(1648-1655) 

Antiparallel β-sheet 

1632 (s) 
(1630-1636) 

1690 (w) 
(1690-1693) 

1632 (s) 
(1628-1638) 

1675 (w) 
(1672-1678) 

Parallel β-sheet 1630 (s) 
1645 (w) 

1632 (s) 
1645 (w) 

Random coil 1656 (m, br) 
(1656-1660) 

1643 (m, br) 

 
Table 2.1.- Frequency assignment (cm-1) of the Amide I components to the different 

secondary structure of proteins. S,m,w,and br indicate that the band is strong, medium, 
weak or broad, respectively. Adapted from Arrondo et al.55 

 

The samples were prepared at ~1 mM protein concentration with at least 

three deuteration cycles to exchange the amide protons with deuterium and to 

remove the H2O solvent, avoiding its strong band at 1640 cm-1, on the area of 

interest of the spectra. For the deuteration cycles the protein was dissolved in 

deuterated water, and after flash freezing in liquid nitrogen, lyophilized. Finally, for 

the experiment the lyophilized sample was dissolved in deuterated buffer and the 

pD adjusted according to the protein under study, correcting for the isotope effects 

on the glass electrode56. To perform the temperature-denaturation experiment, it is 

necessary to measure both the sample and buffer spectra at each temperature, in 

the range from 283 K to 368 K every 5 K, having a precise subtraction of the 

background signal. Spectra were measured on a thermostated JASCO FT/IR 4200 

with TGS detector at 1 cm-1 resolution using MgF2 windows and 50 mm Teflon 

spacer. 
 

 

2.3.- Equilibrium Fluorescence 

 

The fluorescence studies in this work are based on the intrinsic natural 

fluorophores of the proteins: the aromatic residues Trp, Tyr and Phe. This technique 

is useful to obtain information about the structure and dynamics of the protein, 

hence of any change. Trp has the strongest emission and usually predominates the 

spectra if present: it has a strong absorption band at ~ 280 nm and emits at ~ 350 

nm in water, but its fluorescence is also very sensitive to its environment, changing 

its intensity and spectral position depending on the location in the protein structure 

(Trp is usually buried in the hydrophobic core of the protein when folded due to its 
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hydrophobicity, but is exposed when unfolded), that makes this amino acid quite 

useful indicator of the folding/unfolding transition. Tyr has the excitation wavelength 

~274 nm and the emission ~303 nm. And for Phe excitation and emission 

wavelengths are around 257 and 282 nm, respectively. As Table 2.2 shows, Trp has 

the highest intensity out of these three amino acids, and Phe the weakest.  

 

 Absorption Fluorescence 

Amino Acid λmax (nm) εmax (M-1 cm-1) λmax (nm) 
Quantum 

Yield 

Trp 280 5600 348 0.2 

Tyr 274 1400 303 0.14 

Phe 257 200 282 0.04 

 
Table 2.2.- Absorbance and fluorescence properties of the aromatic amino acids Trp, 

Tyr and Phe, in water at neutral pH. Figure adapted from Ghisaidoobe and Chung57 
 

To obtain the fluorescence signal, the fluorophore is optically excited to a 

singlet state by absorbing a photon of energy corresponding to the excitation 

wavelength, undergoing a vertical transition according to the Frank-Condon 

principle; the excitation energy is subsequently partially dissipated through 

conformational changes and interactions with the environment, resulting in a relaxed 

singlet excited state, from which the emission transition takes place. As a 

consequence the fluorescence signal has a longer wavelength (lower energy) than 

the absorption wavelength. 

 

To prepare the sample, it is necessary to take into account the nature and 

amount of the fluorophores present in each sequence, in order to choose the correct 

excitation and emission wavelengths and to have a concentration high enough to 

obtain spectra with a good signal to noise ratio, but not too high to saturate the 

detector. For R3H domain with 2 Tyr and 7 Phe, it was necessary to use a relative 

high concentration (~ 15 µM), while for WW domain, with 2 Trp and 3 Phe, a less 

concentrated sample was enough (~ 10 µM). pH was adjusted for each protein 

according to the required value. The measurements were done in a thermostated 

Flurolog FL3-11 spectrofluorometer (Jobin Yovin, Inc.) with 5 nm slit widths, and 

0.55 s integration time at temperatures starting at 283 K and increasing every 5 K 

up to 368 K. The protein solution was equilibrated for 2 min at each temperature 

before data acquisition. 
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2.4.- Differential Scanning Calorimetry (DSC) 

 

DSC is a powerful tool routinely used to characterize the stability of 

biomolecules, binding to other molecules, and for the purpose of the present study, 

folding of proteins through the measurement of the protein energetics by thermal 

denaturation. This technique has the potential to provide a complete description of 

the folding/unfolding equilibrium58, thus identifying the cooperativity of the folding 

process, which makes DSC a very interesting technique to prove the small barrier or 

even barrierless feature of the downhill folding mechanism6,24,59-61, moreover, it has 

been also applied to study intrinsically disordered proteins, nucleic acids and  

lipids62-64.  

 

 The DSC thermogram presents a curve of the heat capacity protein versus 

the scanned temperatures, like the typical one shown in Figure 2.2. This curve 

results from the progressive heat of the protein sample that weakens the 

interactions within the protein molecule, which is an endothermic process and will 

require an increase of the energy supplied to the sample cell. From the heat 

absorption peak, after correcting the instrumental baseline and normalizing for the 

protein concentration, it is possible to obtain different thermodynamic parameters, 

like the melting temperature (Tm), the maximum height of the peak that represents 

the temperature transition midpoint between the folded and unfolded states, and the 

enthalpy (ΔH) from the peak integration. 

 
Figure 2.2. – Typical thermogram from a DSC experiment. N and D correspond to the native 

and denatured states, respectively. Figure adapted from Zhang and Ardejani65 
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Heat capacities for folded and unfolded states and their uncertainties were 

determined from the experimental thermograms, derived from the concentration 

dependence of the apparent heat capacity (ΔCapp), defined as the heat capacity of 

the protein solution taking the buffer-buffer baseline as reference66. For a protein 

solution it may be expressed as67: 

 

ΔC!"" = !
! !V!!10

!! ! C! − ! !!!! C!,!      Equation 2.2 

 

where C is the protein concentration (mg/ml); M, the protein molecular mass (g/mol), 

V0, the cell volume (ml); CP and CP,W, the heat capacities of the protein and the 

water (buffer), respectively; and the molar volumes of protein, VP, and water, VW. 

According to Equation 2.2, a plot of ΔCapp versus protein concentration (see Figure 

5.5A) for a given temperature should be linear with zero intercept and with a value 

of the slope equal to (V0 / M) x 10-3 (CP − (VP/VW) CP,W), from which the absolute 

heat capacity of the protein can be calculated67. 

 

A DSC thermogram can show sharper (more cooperative)68 or broader 

(progressive)24 transitions, suggesting a higher or smaller energy barrier, 

respectively, or even a barrierless process. The heat capacity (Cp) baselines for 

folded (at low temperature) and unfolded (at high temperatures) states depend on 

the heat capacities of each state and can be theoretically estimated as proposed by 

Freire69 (Freire’s baselines, see Figures 2.2 and 6.6) for the folded state (CP,N), as a 

function of temperature and depending only on the molecular weight of the protein, 

Mr (Equation 2.3), and for the fully solvated unfolded state (CP,U), from the amino 

acid composition69. When the data is fitted to the traditional two-state model, the 

experimental baselines can indicate if the protein follows a two-state or a downhill 

behaviour: in case of a cooperative protein, they will show well defined native (CP,N) 

and unfolded (CP,U) baselines (similar to Freire’s baselines) that provide a direct 

measure of ΔCp
30,68; however, if the protein has a small or negligible barrier the 

baselines can cross each other avoiding a reliable ΔCp value60 (see Figure 5.5B). 

This situation arises from the ensemble of conformations typical of a barrierless 

protein, even at low temperatures. In this later case, Muñoz & Sanchez-Ruiz 

proposed a variable-barrier model30 for the DSC curve analysis based on Freire’s 

baseline prediction69 suitable for both, one- and two-state folders. The DSC 
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information has been previously applied to estimate free energy barriers for ultrafast 

folding proteins70 and to develop multi-model Bayesian analysis60. 

 

C!,! = 1.323! ± 0.054 ± 0.0067! ± 0.0013 !(T − 273.15) !M!!!!!!!!J!K!!mol!! 

Equation 2.3 

 

DSC thermograms were measured by Prof. Beatriz Ibarra and Prof. 

Sanchez-Ruiz’s laboratory, at the University of Granada (Spain), in a VP-DSC 

calorimeter, with a capillary-cell microcalorimeter from Microcal (Northampton, 

Massachusetts). The calorimeter holds two cells, sample (with the protein dissolved 

in the buffer) and reference buffer. The sample, with a concentration ~ 1 mM, was 

thoroughly dialyzed against the buffer, and the reference buffer was taken from the 

last dialysis step. Both were degassed before the measurements. Previous to the 

experiment, several buffer-buffer baselines were performed to confirm the proper 

equilibration of the instrument. During the experiment, sample and buffer cells are 

heated at a constant temperature-scanning rate, keeping both at the same 

temperature. When the protein begins to unfold, the calorimeter measures the 

difference of heat necessary for the protein sample cell (due to the denaturation 

process) compared with the heat applied to the buffer to avoid any temperature 

difference between both cells.  
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Chapter 3.- Nuclear Magnetic Resonance (NMR) 
Spectroscopy  

 

 

3.1.- Historical Background 
 

 NMR has experienced an exponential development since the late 30’s. C.J. 

Gorter and later I.I. Rabi, were pioneers in coining the term NMR. The latter 

developed a method to record the magnetic properties of atomic nuclei, for which he 

was awarded the Physics Nobel prize in 1937. Almost 10 years later, in 1946 F. 

Bloch and E. Purcell, independently, published studies on nuclei radiation 

phenomena of different substances (H2O71 and paraffin72, respectively). These and 

further achievements resulted in both researchers sharing the Nobel Prize in 

Physics in 1952. These experiments were performed by Continuous Wave (CW) 

NMR, where a series of wavelengths excited progressively each different nuclear 

spin. The sequential excitation of each spin resulted in time-consuming experiments 

with low sensitivity and were also restricted to one dimension. To overcome these 

disadvantages, a new method was developed that is capable of exciting all nuclei 

simultaneously with short radiofrequency pulses. This method is known as Pulsed 

NMR. The excitation of the nuclear spin results in an oscillating magnetization that 

in turn produces an electric current oscillating with the corresponding resonance 

frequency. This signal, known as the Free Induction Decay (FID), varies with time 

and is detected in the receiver coil of the spectrometer. In 1966 R.R. Ernst and W.A. 

Anderson applied Fourier Transformation (FT) to Pulsed-NMR to obtain a 

frequency-domain spectrum, containing the pertinent resonance frequencies and 

signal intensities from the time-domain FID data73. Because of the application of FT 

to NMR and the development of multidimensional NMR (the first 2D NMR spectra 

were published in 197574), Ernst was awarded in 1991 Nobel Prize in Chemistry. 2D 

NMR spectroscopy was the catalyzer for the rapid growth of NMR applications and 

methods to the structural study of biomacromolecules. The most prominent 

researchers in this field are A. Bax and K. Wüthrich, the latter was awarded the 

Nobel Prize in Chemistry in 2002, and determined the first protein structure in 

solution by NMR in 1980. 
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 Nowadays, NMR is a powerful and versatile technique used in a variety of 

research areas providing different valuable information. As an analytical tool, NMR 

is widely applied in several fields of Chemistry and Physics, for example for the 

characterization, identification and quantification of organic and inorganic 

compounds, polymers, etc. Within the Life Sciences, NMR has applications in the 

study of biomacromolecular structure, function and assembly, together with drug 

screening and design75,76. NMR along with X-ray crystallography, are the only 

techniques capable of providing the three-dimensional structure of macromolecules 

at atomic resolution77. Besides its applications on these different fields, NMR is also 

an outstanding imaging technique used in the Medicinal Sciences, as Magnetic 

Resonance Imaging (MRI)78 provides information on tissue and body structure and 

composition in a non-invasive manner. MRI mainly detects different proton 

relaxation rates and differences in the water content of tissues and organs, 

providing important disease-related information, such as the presence of infections, 

tumors, etc. MRI is also an essential technique to study soft tissues like brain, eyes, 

liver, vessels... where other techniques based on radioactivity are not appropriate79. 

 

 

3.2.- Basis of NMR 

 

 The atomic nucleus has a nuclear spin characterized by a nuclear spin 

quantum number (I) to which a magnetic momentum is associated. The nuclear spin 

determines the number of energy levels of the different nuclear states. When either 

only one or both the number of protons and neutrons in the nucleus are odd, the 

nuclear spin and the magnetic momentum are non-zero. Within this group there are 

nuclei with odd mass number resulting in half-integer spin (e.g. 1H, 13C, 15N, 31P with 

I = ½) and nuclei with even mass number resulting in integer spin (e.g. 2H with I = 1). 

However, when both the number of protons and neutrons are even, the nuclear spin 

and magnetic momentum are zero (e.g. 12C). Nuclei with I = ½ have two energy 

levels and are thus preferred in typical NMR studies of biomolecules for practical 

purposes. Specifically, H, N and C are the atoms most commonly found in proteins. 

Whereas magnetically active 1H is the most abundant isotope for H, inactive 12C and 
14N are preponderant at natural abundance. Therefore, in many instances it is 

necessary to artificially introduce magnetic 15N and 13C isotopes. This procedure, 

known as isotopic labeling, will be explained in detail in Material and Methods 

(Chapter 4).  
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 The magnetic moment  (!!) associated to the nuclear spin is defined by the 

expression: 

! = !!!         Equation 3.1 
where γ, the gyromagnetic ratio, is a constant value for each nucleus. In the 

absence of an external magnetic field the nuclear magnetic moments are randomly 

oriented. However, for non-zero nuclear spin I, an external magnetic field (B0) 

affects the nuclear energy levels. The latter are characterized by the quantum 

number “m” (the possible directions of the spin angular momentum), which for spin-

half nuclei can adopt the values –½ and +½. The number of possible energy levels 

is defined by 2I+1. Therefore, for nuclei with I = ½, there are two possible energy 

levels: the magnetic moment of the lower energy level shares the same orientation 

as the external magnetic field, whereas it aligns in opposite direction in higher 

energy level (Figure 3.1). The positive and negative values of m are known in 

traditional NMR as α (lower energy or ground state) and β (excited state), 

respectively. The distribution of nuclei population into different energy levels is 

known as Zeeman Splitting (Figure 3.1). The energy associated to these levels in 

frequency units is given by: 

 

Em =  mν       Equation 3.2 

 

where ν is the Larmor frequency (Hz) that depends on the nucleus gyromagnetic 

ratio γ, the chemical shift δ, and the external magnetic field B0:  

 

�!=!−!½��(1!+!�)B0!!!!!!!!!!!Equation 3.3 

 

 The nucleus can flip from one energy level to another, provided this 

transition is allowed. The frequency associated to this transition is: 

 

  !ν!" = E! − E! = !−!½ν − (+½ν) = −ν       Equation 3.4 

 

 Therefore, the transition will result in a spectrum with a single line at the 

Larmor frequency.  

 

 This energy flip can be achieved by applying a radiofrequency (RF) pulse. 

The intensity of this RF pulse depends on the strength of the external magnetic field 
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(Equations 3.2 and 3.3) as the gap between the energy levels depends on it. As it 

follows from Equation 3.3, it also depends on the characteristics of the nucleus such 

as the gyromagnetic ratio and the chemical shift. However, the gyromagnetic ratio is 

different for each nucleus, 4 times lower for 13C than for 1H, and 10 times for 15N 

respect to 1H, which decreases the signal intensity for these heteronuclei. Therefore, 

different pulse sequences have been developed to enhance the sensitivity for 13C 

and 15N in heteronuclear experiments. Using a vector representation of the nuclear 

magnetization, we can describe this energy transition as the movement of the 

magnetic vector originally aligned with the z-axis of the external field, to the XY 

plane. This vector will precess in the plane at the Larmor frequency. The 

magnetization is recorded in a coil and its intensity decreases with time, as the 

nucleus relaxes to its original state. We are referring to the FID mentioned earlier. 

What we really observe is a global FID that includes the response of all excited 

nuclei in the sample. 

 

 

Figure 3.1.- Effect of a magnetic field on a ½  spin nuclei, generating in this case two energy 
levels, β when the spin is opposite to the direction of the magnetic field, and α when is in the 

same direction. 

 

 

 

Equation 3.5 



Part II: Material and Methods!
 

25 

 

3.2.1.- Basic NMR Spectra Information 

 

 The typical NMR spectrum with signals in the frequency domain is obtained 

by Fourier transformation of the global FID. These signals carry useful information 

including: 

 

 - Intensity (I) 

 - Linewidth (λ) 

 - Chemical shift (δ) 

 

3.2.1.1.- Intensity (I)  
 

 Signal intensity in NMR spectra is typically measured as the total area of the 

NMR peak in 1D spectra and the total peak volume in 2D spectra. This parameter 

varies with multiple factors, specifically with the magnetic field strength, sample 

concentration, sample relaxation properties, as well as other parameters that could 

affect NMR relaxation itself, such as sample size, temperature, solvent viscosity, etc.  

 

3.2.1.2.- Linewidth (λ) 

  

 NMR linewidth is usually defined as the width of the peak at half of the 

maximum height. This parameter is directly related to the relaxation properties of the 

nuclei under study. The relation between the time decay of the FID and the Fourier-

transformed NMR signal width is inverse, thus, when relaxation toward the original 

energy states happens fast (FID decays quickly), the resulting signal is broad, and 

the opposite happens for slow relaxation. The relaxation processes affecting signal 

linewidth are known in NMR as longitudinal (T1) and transverse (T2) relaxation. An 

in-depth description of the mechanisms involved in these two relaxation processes 

can be found in Chapter 3.5. 

 

3.2.1.3.- Chemical Shifts (δ) 

 

 The chemical shift values coincide with the position of the peaks in the NMR 

spectra. This NMR parameter depends on the nuclear local environment, which 

includes the particular characteristics of each atom and the magnetic interaction 
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between different nuclei in the sample. An important factor affecting the value of the 

chemical shift is the shielding (σ) produced by the electron density around the 

nucleus, which effectively reduces the influence of the external magnetic field (B0). 

This local magnetic field (B) is given by Equation 3.5:  

 

! = 1 − !! · !!!             Equation 3.5 

 

 The shielding modifies the resonance frequency. This modification is highly 

specific because it depends on the particular magnetic environment, thus NMR 

spectra are ideal for sample identification. The shielding effect is manifested in the 

presence of very different ranges of chemical shifts depending on the type of nuclei. 

For example, 1H nuclei in proteins show substantially different chemical shifts 

depending on whether they are attached to N in the backbone or to C located in the 

amino acid side chain, and very importantly, they also show a strong dependence 

with protein secondary structure. Chemical shift values of nuclei are also affected by 

nearby nuclei to which they are connected through covalent chemical bonds. These 

effects are explained in Chapter 3.2.2. 

 

For convenience, it is desirable to compare chemical shift values from different 

spectrometers, and thus independently of the external magnetic field strength. For 

this purpose, the signal of a reference substance is used and given the arbitrary 

value of 0 ppm. In this Thesis the compound DSS (2,2-Dimethyl-2-silapentane-5-

sulfonate sodium salt)80 was used as reference. The chemical shift, δ, is calculated 

as follows:   

 

δ = ! (!!"#$%&$'!!!!"#"!"$%")!!"#$%&'(#%#&
· 10!         Equation 3.6 

 

 According to Equation 3.6 the chemical shift is, hence, independent on the 

spectrometer frequency and is expressed in parts per million (ppm) units.  

  

 As mentioned earlier, the chemical shifts of nuclei in the protein polypeptide 

backbone depend on the secondary structure among other factors. Therefore, it is 

possible to obtain important structural information by comparing observed chemical 

shifts to tabulated values of equivalent amino acids without defined structure (i.e. 

the random coil). In 1991, Wishart et al.81 found a very strong correlation between 

the chemical shifts of the backbone atoms of the 20 natural amino acids and the 
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secondary structure of the protein. A specific nucleus shows different chemical shift 

value depending on its location in an α-helix or in a more expanded configuration, 

like the β-sheet. In particular, 1Hα chemical shifts move upfield when forming part of 

an α -helix, and shifts downfield with similar magnitude if located in a β-sheet81. The 

work by Wishart et al. is based on published chemical shifts of approximately 70 

proteins82, and more than 5000 residues. In addition to 1Hα protons, it also includes 
1HN and 15N, 13Cα, 13Cβ and 13CO. Furthermore, this work also finds that the α-helix 

dipole has an effect on the amide proton chemical shifts through hydrogen bond. 

Shortly after, several methods for secondary structure determination were proposed 

based on the chemical shifts83. One example is the widely used TALOS84 (Torsion 

Angle Likelihood Obtained from Shift and sequence similarity) and its improved 

version TALOS+85, which predicts the protein torsion angles (φ and ψ) from the 

observed chemical shifts of different nuclei (N, HN, Cα, Hα, Cβ, and CO) and their 

comparison to empirical chemical shift values associated to protein structure 

databases.  

 

3.2.2.- J coupling  

  

 J coupling arises from the spin-spin interactions between chemically bonded 

nuclei, transmitted through the electrons of those bonds. Scalar coupling, also 

known as spin-spin or J coupling, is expressed in Hertz, and depends on the 

product of the gyromagnetic ratios of the coupled spins, and the number and 

conformation of the involved bonds86, but not on the external magnetic fields. J 

couplings are reported by including the bonded nuclei (for example i and j) and the 

number of bonds between them. For example, for m number of bonds the scalar 

coupling is denoted as: mJij. These through-bond couplings arise from the effect that 

the different energy states of one nucleus has on another nucleus to which is 

chemically bonded. In the case of two bonded ½ spin nuclei, the energy levels of 

each one are split into two, giving rise to two Larmor frequencies (Figure 3.1). 

Generally, the multiplicity of the original NMR signal equals n+1  (n corresponds to 

the number of neighbouring nuclei). This splitting (expressed in Hz) into two 

(doublet), three (triplet), or multiple (multiplet) signals reduces considerably the 

signal-to-noise ratio and complicates the NMR analysis. However, this loss can be 

restored by inverting the spin-state of the coupled atom in a decoupling process. 
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 J couplings provide very useful structural information. In particular, 3J-

coupling constants strongly depend on the φ and ψ torsion angles87 characteristic of 

protein secondary structure (Chapter 1) as shown in Figure 3.3. The Karplus 

equation shown below (Equation 3.7) correlates these 3J-coupling and the torsion 

angles:  

 

  3J = A cos2 (θ) + B  cos(θ) + C Equation 3.7 

 

where θ is the intervening dihedral angle between the vicinal nuclei in the sequence 

(φ and ψ for backbone, as well as side chain angles), and A, B and C are adjustable 

parameters obtained empirically that change upon the 3J considered. However, this 

multi-valued equation may have several solutions in some cases, which is solved 

through simultaneous analysis of several J-couplings dependent on the same 

torsion angles. Furthermore, including NOE information enables to establish 

stereospecific assignments88. Thus, 3J values obtained from Karplus Equation 3.7 

provide information that can be translated into a structural restraint to define protein 

structures. 

 
Figure 3.3.- Protein backbone with the main 1J couplings. 2JNCα has also been included to 

show the decrease in the coupling intensity when increasing the number of bonds, as well as 
a 3JHNHα in dashed purple line. 1JNCα has different value if the protein is denatured (11 Hz), or 

folded into a β-sheet (11,2 ± 0,5 Hz) or in an α-helix (9,9 ± 0,2 Hz) conformation. The 
dihedral angles φ and ψ are shown in orange. Black dashed lines delimit residues. 

  

 Some typical values for common scalar couplings in protein polypeptide 

backbone are shown in Figure 3.3. These values are important parameters in the 

design of NMR pulse program experiments to effectively transfer magnetization 

within the different nuclei. In addition, experiments designed to measure 1J 
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couplings in proteins are particularly useful in the quantification of residual dipolar 

couplings, which have been proven to be of extraordinary importance in the 

improvement of macromolecular structural determination and interactions89. 
 

3.2.3.- Nuclear Overhauser Effect (NOE) 

 

 Nuclei that are distant in the protein amino acid sequence can be in close 

proximity when the protein folds adopting its native structure. These nuclei, now in 

close spatial proximity, can influence each other due to dipole-dipole relaxation 

(dipolar coupling). The interaction through space between magnetic nuclei arises 

from the local magnetic field created by a spin, affecting other nearby spins. It is the 

basis of the Nuclear Overhauser Effect (NOE), which is basically a change in the 

NMR signal intensity of a nucleus when nuclei participating in its dipole-dipole 

relaxation are excited by radiofrequency. The change in intensity of the signal is 

inversely proportional to the distance between the two nuclei (∝ r -6), and is limited 

to approximately 5 Å. Because the NOE depends on the distance between nuclei, 

its measurement provides valuable data on interatomic distances that allows 

structural determination at atomic resolution. Another parameter influencing the 

NOE is the correlation time (τc), which is the average time needed for the molecule 

to rotate one radian90. Molecular weight, solvent viscosity and temperature are the 

main factors affecting τc. Larger molecular size, higher viscosity, and lower 

temperature values will result in an increase of the correlation time. The 

dependence of the NOE with τc results in positive values for small molecules (< 600 

Da), negative for large molecules (> 1200 Da), and close to zero for middle-sized 

molecules.   

 To understand the origin of this NOE signal is important to have in mind that 

the origin of any NMR signal is the difference in population between a high (β) and a 

low (α) energy states. This NOE signal emerges from the polarization transfer via 

dipolar cross-relaxation originated by the perturbation of the energy level 

populations of the spin system. This effect is explained by the energy level diagram 

shown in Figure 3.4: 
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Figure 3.4.- Energy level diagram in a two-spin system (S,I) displaying the transition 
probabilities or transition rates (W), after the saturation of a nucleus S (Source) that interacts 
through space via dipole-dipole interaction with a nucleus I (Influenced). The NOE effect is 
originated from the zero quantum (W0) and double quantum (W2) transitions (solid arrow 

lines). Dashed lines indicate single quantum (W1) transitions. α and β correspond to low and 
high energy levels, respectively.  

 

 

 When spin S (Source) receives a saturating radiofrequency pulse, the 

populations of the α and β energy levels of the S,I spin system become equal, thus 

creating a population difference relative to the ground state or Boltzmann 

Distribution. The dipolar coupled system tends to return to equilibrium via diverse 

relaxation processes. NOE signals are a manifestation of the system going back to 

the equilibrium state. The mechanisms to return to the equilibrium are as follows: 

 

 - W0 mechanism is a Zero Order Quantum Transition as the two spins flip at 

the same time (I and S spins), thus decreasing the energy state of one of them 

(β!α) at the time the other one increases (α!β). Its frequency is small, resulting 

from the difference in frequency of the two nuclei, therefore the W0 mechanism is 

favoured in slow tumbling molecules (large molecules and/or molecules in a viscous 

solution). In addition, the population difference across the I spin transitions 

decreases, thus decreasing its signal intensity and giving rise to a negative NOE. 

 - W2 mechanism is a Double-Quantum Transition: Two aligned spins 

simultaneously flip, giving rise to a change in the magnetic quantum number of 2. 

The frequency of this mechanism corresponds to the sum of the frequencies of the 
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two nuclei and it will be preferred by fast tumbling molecules (small molecules with 

shorter τc). W2 mechanism transfers spins to the αα state or to the ββ state, 

increasing the population difference across the I spin transitions and thus, the signal 

intensity, producing a positive NOE.  

 - W1 mechanism, Single Quantum Transition, involves the flip of only one 

spin, and corresponds to the T1 relaxation process (or spin-lattice relaxation, see 

Chapter 3.5.1). W1 transitions are induced by molecular motions that create 

magnetic fields oscillating at the Larmor frequencies of I or S and do not contribute 

to the appearance of the NOE. However, the W!
! transition will reduce the saturation 

of S, decreasing the NOE magnitude.  

 

 A quantitative definition of NOE (Equation 3.8) can be derived from the 

Solomon equations and describes the sign and magnitude of the NOE signal:  

 

η! ! = ! !!!! !!
!!!!!

!!!!!!!!!!
      Equation 3.8 

where ηI(S) is the NOE at I! after saturation of S nucleus, γ!  and γ!  are the 

gyromagnetic ratios of I and S respectively, and W0, W1 and W2 the rate constants 

for each relaxation process. This equation can also be written as Equation 3.9: 

η! ! = ! !!"!!"
!!!!!                 Equation 3.9 

Understanding that the cross relaxation rate is σ!" != W! −W! , and the total 

relaxation rate is ρ!" = !W! + 2W!
! +W!  

 

3.3.- Atom-by-Atom NMR Assignment: 2D and 3D Experiments 

 

 As already mentioned, 1H nuclei have a high natural abundance, but a 1-

dimension 1H NMR spectrum, even for small proteins, would be impossible to 

resolve due to signal crowding. Therefore, incorporation of other spectral 

dimensions provides additional information that facilitates protein spectra analysis. 

These multi-dimensional experiments (up to four dimensions in practical terms) can 

correlate different ½ spin nuclei, including different types of 1H (homonuclear 

experiments) and 1H with 13C or 15N (heteronuclear experiments). However, to 

compensate the natural low abundance of these heteronuclei (1.107% for 13C and 
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0.366% for 15N), the experimental time would have to increase excessively. To avoid 

these long experiments, the samples are enriched with 15N and 13C isotopes during 

protein synthesis (Chapter 4.4). Despite these improvements in protein NMR 

experimental techniques and protein enrichment in magnetically active isotopes, the 

molecular weight limitation is approximately 25-30 kDa91. The 2D heteronuclear 

experiments, correlating amide 1HN and amide 15N, typically show a spread set of 

NMR signals for folded proteins (but collapsed for unfolded) that helps in the 

chemical shift assignment of the protein. 

 

 In a 1D NMR experiment the single frequency spectrum is acquired as a 

function of one time variable and then Fourier transformed. However, 2D 

experiments present two time variables, t1 and t2, with two Fourier transformations 

producing a spectrum with two frequencies (F1 and F2). A general 2D experiment 

can be defined by four basic elements (Figure 3.5):  

 
Figure 3.5.- 2D experiment scheme showing the four basic steps: preparation, evolution (t1), 

mixing and detection (t2,) time.   
 

 During the preparation time one or more pulses excite the sample, shifting 

the magnetization from the longitudinal to the transverse plane, where it evolves 

along the t1 or evolution period. Afterwards, one or more pulses executed in the 

mixing time transfer the coherence from one spin to another (which will define the 

type of experiment). Finally, the generated FID signal is detected during t2 

(detection). This sequence of events is called pulse sequence. 

 

 The two-dimensional experiment is obtained by incrementing the t1 time, 

starting with a t1 value that is recorded at the end of the pulse sequence with the 

corresponding FID, and storing the data. After returning the system to equilibrium, t1 

is increased and the pulse sequence is performed again, and so on. The 2D 

experiment data is finally a series of t1 values recorded as a function of t2.  

 

 The key step that determines the type of correlation between both 

dimensions and thus, the information obtained from the final spectrum, is the mixing 

period. The coherence transfer can typically happen through-bond scalar coupling (J 

coupling) or through-space dipolar interactions (NOE)92. In the first type, the scalar 
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coupling interactions are mediated by covalent bonding, such as in the case of 

COSY (Correlation SpectroscopY) experiments and HSQC/HMQC experiments that 

contain INEPT93 −Insensitive Nuclei Enhanced by Polarization Transfer− and 

DEPT94 − Distortionless Enhancement by Polarization Transfer− for heteronuclear 

correlation or TOCSY95 (Total Correlation SpectroscopY) type of coherence transfer. 

In the second type of experiment, magnetization mediated by dipolar cross-

relaxation depends on the distance between the interacting spins, and generates 

cross-peaks in the NOE mixing process for both homonuclear and heteronuclear 

experiments96,97. 

 

 An advantage of heteronuclear experiments is the possibility of selectively 

excite the proton or the heteronucleus independently in the same experiment by 

specific RF pulses that vary between them in hundreds of megahertzs (MHz), while 

in homonuclear experiments non-selective pulses typically excite all 1H nuclei in the 

sample. 

 

 The scheme for 3D and 4D experiments is similar to that shown in Figure 3.5, 

where additional evolution periods are included. They are based on the same 

principles as 2D experiments and made by a combination of similar blocks of pulses. 

Multidimensional experiments may also combine both scalar and through-space 

magnetization transfer.  

 

 To understand how 2D and 3D experiments operate, one example of a 2D 

and two examples of 3D experiments are explained in more detail below.  

 

 

3.3.1.- Two-Dimensional Experiment: [1H-15N]-HSQC 
 

 Heteronuclear 2D experiments correlate the chemical shifts of two different 

nuclei, like in the HSQC (Heteronuclear Single-Quantum Correlation)98 experiment, 

where an heteronucleus X (X = 15N or 13C) and its directly bonded 1H (1J coupling), 

provide a single peak per 1H-X pair. Thus, the [1H-15N]-HSQC experiment will 

produce a single peak per amino acid from its amide NH groups, providing 

information on the protein backbone and the side chain of some amino acids: Trp, 

Asn, Gln and Arg. This experiment is considered the fingerprint of the protein, and 

usually, one of the first experiments performed in any protein sample as well as 
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control between different samples of the same protein. This experiment has a 

similar sequence to HMQC (Heteronuclear Multiple-Quantum Correlation) 

experiment, which shows evolution during t1 of multiple nuclei, 1H and X, while 

during the same evolution period of the HSQC experiment, only X shows transversal 

magnetization. The evolution of only the X atoms avoids proton homonuclear 

coupling at t1, increasing the f1 dimension resolution for small molecules, which is 

the main advantage of the HSQC experiment versus HMQC, despite the first one 

implies a higher number of pulses that may decrease the signal-to-noise ratio if 

tuning or pulse calibration are not well performed. The differences between HSQC 

and HMQC experiments may be crucial when determining the sign of chemical 

shifts obtained for “invisible” states of proteins99 as explained in Chapter 3.5.4. 

 

 In these experiments the heteronucleus is not directly detected like in other 

experiments, like for the 2D HETCOR (Heteronuclear Chemical-Shift Correlation) 

experiment, because the low gyromagnetic ratio produces low signal intensity. Thus, 

heteronuclear experiments usually have indirect or proton detection, where the 1H 

nuclei (with high gyromagnetic ratio) is excited and its polarization is transferred to 

the heteronucleus, which is manipulated to transfer the magnetization back to the 1H 

for detection (the reverse INEPT pulse sequence), thus increasing the sensitivity of 

the experiment almost 10 times (4 times for [1H-13C]-HSQC).  

 

 The [1H-15N]-HSQC experiment was used frequently during the research 

involved in this Thesis. The experiment, shown in Figure 3.6, can be explained in 5 

main blocks, for which the product operator formalism100 offers a clear physical 

meaning: 

 

1.- The pulse sequence begins with an initial delay to allow the system to be at 

equilibrium.  

 

2.- During the first INEPT block the polarization is transferred from the proton to the 
15N nuclei. This block consists on a first 90ºx pulse at the 1H channel that places the 

magnetization of the proton on the y transverse plane, followed by a spin-echo 

sequence (τ – 180º – τ), where τ delay is 1/(4J) (J is the 1H-15N amide coupling 

constant). The time during the spin-echo allows the evolution of the magnetization 

with the coupling constant that is finally refocused by the two 180º pulses applied in 

both channels, resulting at the end of the second τ period a HxNz magnetization. The 

90º pulses at the end of this block that transfers the magnetization from 1H to 15N, 
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constituting the real magnetization transfer. These two 90º pulses are not 

simultaneous to remove artefact by a gradient applied between the two pulses. The 

90ºy proton pulse locates the magnetization in zz for both nucleus to allow for this 

gradient to be applied. Subsequently, the 90ºx 15N pulse renders the transferred 

magnetization to the 15N (2HzNy). 

 

3.- The 180º pulse at the x-axis at half variable t1 delay (t1/2) is applied to refocus 

the 1H-15N coupling during 15N chemical shift evolution. 

 

4.-  Reverse INEPT block brings the magnetization back to the sensitive 1H nucleus, 

which is reached by applying 90ºx pulses in both channels, again shifted by a 

gradient as in the first INEPT block. In this case the first 90ºx pulse is on 15N and 

after the gradient (removes artefacts), on 1H. The magnetization is now placed in     

-2HyNz. τ delays allow the evolution of the coupling constant, and together with the 

180ºx pulses in both channels to refocus 1H chemical shift evolution constituting 

another spin-echo sequence. At the end of this period, the magnetization is 1Hx and 

can now be detected. 

  

5.- During the detection period (t2) the in-phase 1H magnetization is 15N-decoupled 

with a GARP101 or WALTZ102 pulse sequence. 

 

 

 
Figure 3.6.-  [1H-15N]-HSQC pulse sequence. The upper set of pulses is applied to the 1H 
and the lower to the heteronucleus, 15N, in separate RF channels. The narrow and wider 

black bars represent the 90º pulses and the 180º pulses, respectively.  
The delay τ is set to 1/(4J1H-15N). 
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3.3.2.- Three-Dimensional Experiments 

 

 In most instances, 2D experiments still present a high degree of overlapping, 

rendering spectra considerably difficult to analyze. The increase in dimensionality 

facilitates signals separation and improves the resolution. Signal separation in 3D 

experiments is key for proteins full chemical shift assignment103,104. Typically, 3D 

heteronuclear experiments correlate 1H, 15N and 13C nuclei. Heteronuclear 3D 

experiments help assign the backbone and the side chain chemical shifts, either 

aliphatic or aromatic, and can also provide stereospecific assignments. In these 

experiments different 1J and 2J couplings help in transferring the magnetization 

between the different nuclei along the protein sequence and through the amino acid 

side chain.  

 

 Assignment of the full protein can be achieved through sets of 2D and 3D 

experiments (even 4D if necessary). Figure 3.7 shows a summary of the three-

dimensional experiments performed during this Thesis: 

 

 

    
A 

  B 
  

              CBCA(CO)NH105     HBHA(CO)NH106 

 
C 

 

   D 

 

                HNCACB107,108     HNCO109-111 
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   E       F 

           HCCH-COSY112-114   HCCH-TOCSY115,116 

  

G 
 
     H 

            CC(CO)NH117       H(CCO)NH117,118 

Figure 3.7.-  Three dimensional heteronuclear experiments performed in this Thesis. Gray 
dashed circles and pink arrows indicate the atoms involved in the magnetization flow, while 
the green filled circles are the atoms observed in the experiment. Continuous and dashed 
arrows represent 1J and 2J couplings, respectively. Figure adapted from Cavanagh et al.119 

 

 These experiments are based on two-dimensional experiments including 

additional evolution and mixing times (see Figure 3.8). The 3D experiments have 

cubical representation, with one dimension per NMR parameter labelled during each 

evolution and detection period, with individual 2D planes. Thus, 3D experiments are 

based on two magnetization transfer steps and two evolution variable times (t1 and 

t2), whose values are incremented to obtain the second and third dimensions. 

However, to have a reasonable acquisition time with a good resolution, the number 

of data points has to be small, especially for t1 and t2 evolution times, at the time the 

data processing methods are designed to compensate for the poor digital resolution 

associated with the acquisition of a small data set120. The increment on the number 

of evolution periods also increases the loss of signal by relaxation processes. 

Therefore, to avoid large signal loss by relaxation, it is interesting to keep the mixing 

times short, easier in heteronuclear experiments because the larger coupling 

constants result in more efficient transfer of magnetization. Most of the experiments 

use indirect detection to increase the sensitivity for the heteronuclei as explained for 

2D experiments. 
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Figure 3.8.- 3D experiment scheme showing the extra evolution (t2) and mixing time before 

the detection that differentiate the structure of 2D and 3D experiments.   
  

 To obtain the assignment of the full protein, it is important to get the chemical 

shifts of the different atoms through a set of 2D and 3D experiments. The diverse 

3D experiments provide information about different atoms, and the complementarity 

of all the information from inter- and intra-residue experiments helps to obtain the 

full assignment. As examples of three-dimensional experiments, CBCA(CO)NH and 

HCCH-COSY experiments are going to be described in some detail, the first one as 

inter-residue experiment to obtain the protein backbone and the second as intra-

residue experiment for the side chain.  

 

 3.3.2.1.- 3D Inter-Residue Experiment: CBCA(CO)NH  

  

 The 3D experiments CBCA(CO)NH and HNCACB are the first steps to 

obtain the protein backbone assignment. CBCA(CO)NH experiment provides 

correlations between the amide H and N resonances of residue i, with the Cα and Cβ 

from the preceding (i-1) residue, bearing out the assignments of these peaks, at the 

time that HNCACB also gives the Cα and Cβ chemical shifts of i residue as shown in 

Figures 3.7A and 3.7C. Once the HNCACB experiment shows the Cα and Cβ peaks 

of i residue, this allows moving to the next residue, becoming this one the i-1 

residue, leading to the walk through the protein backbone. The distinctive side chain 

chemical shifts of the different amino acids help connecting the residues within the 

protein amino acid sequence. 

 

 CBCA(CO)NH experiment establishes inter-residue correlation by 

transferring coherence via 1J couplings: 1JCH, 1JCC, 1JCON and 1JNH. The 

magnetization flow is indicated in Figure 3.9:  

 

Hβ, Hα !  Cβ, Cα (t1) !  Cα  !  CO  !  N (t2)  !  HN (t3) 

Figure 3.9.- Magnetization transfer during 3D CBCA(CO)NH experiment begins on the α 
and β protons and is transmitted to the directly bound 13C (i-1 residue), where it evolves 

during t1. These carbons will locate the magnetization on 13Cα from where it will be transfer to 
13CO   (i-1 residue), 15N (t2 evolution time) and finally to 1HN that is acquired along t3 (15N and 

1HN corresponding to i residue). Figure adapted from Sattler et al.121 
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 The experiment shows an initial INEPT pulse sequence to transfer from the 
1Hα and 1Hβ to their directly bound 13Cα and 13Cβ (1JCH), respectively, followed by a 

constant-time chemical shift evolution t1, corresponding to 1/(4*JCC). At t1/2 period, a 

shaped 180º pulse on 13CO removes scalar coupling (this type of pulse keeps 13Cα 

spins unperturbed). Then, a 90º carbon pulse refocuses the magnetization and 

transfers it from 13Cβ to 13Cα. Afterwards, there are two blocks with a fixed evolution 

delay (constant-time) to obtain antiphase magnetization followed by two 

simultaneous 90º pulses on different nuclei to transfer magnetization. The first block, 

via 1JCαCO, creates antiphase magnetization of 13Cα with respect to 13CO, and the 90º 

pulses in 13Cα and 13CO transfer magnetization to 13CO; therefore, on the second 

block, via 1JCON, the antiphase is created between 13CO and 15N, and the pulses on 
13CO and 15N transfer the magnetization to the latter. At the same time, Hα and Hβ 

are decoupled while carbon spins are in transverse plane, and HN while in 15N. 

Finally, the magnetization on 15N evolves along the t2 period, to be transferred to 1HN 

by a invert-INEPT, as seen for [1HN-15N]-HSQC (Chapter 3.3.1), for proton 

acquisition (during t3) with 15N decoupling105,121,122.  

 

 In this experiment, the carbon pulses are centred on the appropriate 

frequency depending on where the excitation is needed (13Cα, or 13Cα and 13Cβ 

simultaneously), to maximize their excitation, and the pulse power adjusted to 

decrease the effect on 13CO 119.  

 

 In this Thesis, this experiment has been performed to obtain the backbone of 

the uniformly labelled protein gpW together with other 3D experiments like 

HBHA(CO)HN, HNCO and the side chain assignment experiment HCCH-TOCSY. 

 

 

 3.3.2.2.- 3D Intra-Residue Experiment: HCCH-COSY 

 

 3D COSY (COrrelation SpectroscopY) experiment improves substantially the 

classical 2D COSY, where the overlapping of the chemical shifts hampers the 

assignment. In the 3D experiment HCCH-COSY, the exchange of magnetization 

between all spins along the aliphatic side chains allows the assignment of its proton 

and carbon atoms (Figure 3.7E), but not for the amino acids with aromatic side 

chains. Within a spin system, the aliphatic proton chemical shifts are found at the 

carbon frequencies of the system, at the 13C chemical shifts. In a typical HCCH 
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experiment112 (either 2D or 3D versions) magnetization is transferred rapidly via 1J 

coupling from the side chain protons to the directly attached carbon (1JHC ≈ 140 Hz) 

and then to the neighbouring carbon (1JCC ≈ 33-45 Hz), to finally return to the 

attached protons (1JHC)112,113. The large J-couplings between 13C atoms and 

between 13C and its directly attached 1H (Figure 3.3) allows faster magnetization 

transfer among the spins, consequently, signal loss due to relaxation is minimized. 

Magnetization transfer in the HCCH-COSY is illustrated in Figure 3.10: 

 
1Hi-1 (t1)  !  13Ci-1 (t2)  !  13Ci  ! 1Hi (t3) 

Figure 3.10.- Magnetization transfer during 3D HCCH-COSY experiment along the aliphatic 
side chain of the amino acids. The i-1 and i subscripts refer to a couple H-C and the next 
one along the side chain, respectively. As for other 3D experiments, t1, t2 and t3 are the 

magnetization evolution periods. Figure adapted from Rule et al.86 
 

 The pulse sequence of HCCH-COSY experiment begins with a 90º pulse on 
1H, and the evolution of the proton chemical shifts during the variable t1, that 

includes a 180º 13C decoupling pulse in the middle of the period to ensure the 

carbon decoupling. The magnetization is then transferred to the attached 13C via an 

INEPT sequence, where a delay helps reaching the antiphase respect to the directly 

attached 13C, and the magnetization is transmitted by 90º pulses on 1H and 13C at 

the same time. Subsequently, 13C chemical shift evolves during the variable t2 time 

and a constant delay generates 13C magnetization antiphase with neighbouring 13C 

spins. Two 180º pulses in t2 period, one on 1H and another one on 13C, decouples 

proton and 13Cα from 13CO. Later, a 90º carbon pulse transfers the magnetization to 

the next 13C, and finally, a inverse-INEPT pulse sequence sends the magnetization 

back to the protons for acquisition (t3) while 13C spins are decoupled114,119. This 

experiment produces in-phase and anti-phase peaks, the corrections to get 

everything in-phase decrease the resolution of the experiment. However, in the 

HCCH-TOCSY experiment (Figure 3.7F) the resulting spectra in all in-phase, 

improves the resolution of the experiment.  

 The spectrum resulting from the experiment contains the side chain proton 

chemical shifts of 1H versus 1H in F1 and F2 dimensions, and the 13C chemical shifts 

in the F3 dimension. Thus, it allows us to obtain the side chain assignment of the 

residue without correlation with the previous and/or next residue, which is 

convenient for the studied villin HP35 variants because the labelling is not uniform, 

only some residues are 13C and 15N labelled, hence, inter-residue magnetization 
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transfer is not possible. For the villin HP35 samples, the 3D HNCACB experiment 

(Figure 3.7C) has also been performed to obtain the 1HN and 15N chemical shifts of 

the labelled residues. The inter-residue magnetization transfer sometimes observed 

in this experiment did not occur due to lack of labelled neighbouring residues. 

 

3.4.- Chemical Exchange in NMR 

 

 Detection of subtle changes in the chemical environment of atoms is 

possible with very few techniques. NMR spectroscopy can detect the small effects 

caused by the variations of pH, solvent, conformational exchange processes, etc. 

that do not affect the chemical state of the molecules. Chemical exchange 

processes typically alter the environment of a chemical group, which in turn, might 

modify the resonance signals of an NMR spectrum. For example, a molecule with a 

–COOH group in equilibrium with –COO– will affect the chemical shift of the carbonyl 

itself and those of other nearby nuclei. In this case the molecule is changing 

between protonated and deprotonated. Therefore, under certain conditions, this 

change in the spectra provides information on the forward and backward constant 

rates of the exchange process, as well as about the populations of the intervening 

species86. 

 

 The different chemical environments caused by chemical exchange (kex) can 

affect several NMR parameters, including chemical shift, relaxation time, coupling 

constants, etc., and it usually has a measurable effect in signal intensity and 

linewidth123. Chemical exchange includes intra- and inter-molecular processes. 

Complex formation such as protein-protein interaction and protein-ligand binding, 

are inter-molecular exchange processes, whereas side chain protein motions, 

protein folding and dynamics are examples of intra-molecular conformational 

exchange. In the latter case the following exchange rates are considered as 

Equation 3.10 shows:  

 

where kAB and kBA are the forward and reverse rate-constants between A and B, and 

kex their sum. 

 

Equation 3.10 
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 Species A and B exist at equilibrium with the populations, PA and PB, 

respectively (PA + PB = 1), and they show frequencies, υA and υB, with a chemical 

shift difference: Δυ = |υA − υB| .  

 

 Depending on the rate of exchange, Figure 3.11 shows the three main 

regimes that can be distinguished: 

 
Figure 3.11.- Chemical exchange for a two-site system. At the top of the figure the 

exchange is very slow on the NMR chemical shift timescale, and two peaks corresponding to 
the two states are discernible. As the exchange rate increases, the signal intensity 

decreases, ultimately resulting in a single signal with a population-weighted average 
chemical shift in the fast exchange regime. In the intermediate exchange regime the peaks 

produce a single broad peak known as coalescence. 
 

 - In the slow exchange regime the rate of exchange is slower than the 

frequency difference of the spin in each environment (kex << |Δυ|). Two signals can 

be observed in the spectrum. 

 

 - In the intermediate exchange regime (kex ≈ |Δυ|) or coalescence, one broad 

peak shows in the spectrum. Its resonance frequency depends on the relative 

populations of A and B, and shifts towards the prevalent one. The broadening of the 

NMR signal depends on the relaxation processes involved. The chemical exchange 

process of the system can be obtained with a lineshape analysis. In fact, anomalous 
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peak broadening (i.e. Rex > 0) is a hallmark of dynamics in the intermediate 

exchange regime and is exploited extensively in Relaxation Dispersion NMR123 . 

 

 - In the fast exchange regime (kex >> |Δυ|), one signal is observed in the 

spectrum with a population-weighted averaged resonance frequency: υObs = PA υA +  

PB υB. The averaging occurs because the spins do not remain in either environment 

long enough to detect the corresponding resonance frequency. 

 

 The sample temperature and the strength of the external field affect the 

chemical exchange regime. Increasing temperature typically favors the fast 

exchange regime, and stronger magnetic field shifts the equilibrium towards the 

slow exchange regime. In some NMR relaxation experiments, such as Relaxation 

Dispersion, the comparison of peak broadening in different fields can provide very 

relevant information on the exchange process (see Chapter 3.5.3). 

 
 

3.5.- Relaxation Phenomena in NMR 

 

 Proteins are flexible molecules that undergo multiple structural and 

conformational changes, occurring both at the atomic level and at the level of the 

whole polypeptide chain. Examples of these processes include folding, misfolding, 

chemical exchange, molecular binding and recognition, etc. NMR relaxation 

phenomena are exquisitely sensitive to molecular dynamics and motion, and thus 

NMR is a powerful technique for the accurate analysis of the processes mentioned 

above, even to the point of detecting protein conformations as significantly low 

populated as 0,5%124. 

 

 Protein function is highly dependent on dynamic processes associated to 

protein flexibility and molecular recognition. Therefore, the study of relaxation 

phenomena by NMR can unveil very important information on protein function. 

Different NMR techniques can be applied to analyse relaxation phenomena that 

range from picoseconds to seconds, including internal motions (backbone motion 

and side chain rotations), rotational diffusion, different processes of conformational 

exchange, such as ligand binding, allosteric regulation, and also chemical exchange, 

for example amide proton exchange with water. 
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 It is extremely important to estimate or measure the relaxation rates of the 

molecule subject of our NMR study, as basic parameters of all NMR experiments 

will heavily depend on these rates. For example, the recycle delay between 

acquisitions (the repetition rate), as well as the signal linewidth of the NMR spectra, 

and thus the overall sensitivity of the experiment strongly depend on these 

relaxation rates. The relaxation rate is based on the recovery rate of the equilibrium 

magnetization, always influenced by the surrounding molecules. The return to 

equilibrium of the spins implies the recovery of the populations predicted by the 

Boltzmann distribution (states α and β, ground and excited, respectively), and 

disappearance of the transverse magnetization (in the x and y axes, Mxy), only 

longitudinal magnetization (along the z axis, parallel to the static magnetic field) 

should be present. This longitudinal magnetization, represented as Mz, is 

proportional to the natural difference of population between the α and β states, !! 

and !!, respectively, also written as Equation 3.11: 

 

                                    !! ∝ (!! − !!)           Equation 3.11 

 

 To understand different concepts along this NMR section we are going to 

focus on two of the main sources of NMR relaxation, those resulting from spin 

interactions with the surroundings (the lattice), known as T1, spin-lattice or 

longitudinal relaxation, and those caused by the loss of coherence of the transverse 

magnetization, called T2, spin-spin or transverse relaxation. These interactions are 

essential because magnetic relaxation occurs spontaneously at a negligible rate, 

after for example a 90º pulse, which shifts the magnetization from the z-axis to the 

xy-plane (Mz shifts to Mxy) and alters !! and !! ratios. At the end of this Relaxation 

NMR section, the Carr-Purcell-Meiboom-Gill (CPMG) Relaxation Dispersion (RD) is 

explained, as it provides extremely detailed information on protein dynamics 

involving interconversion between different conformations. 

 

 

3.5.1.- Longitudinal (T1) Relaxation 

 

 T1 relaxation corresponds to the recovery of the equilibrium magnetization on 

the z-axis (!!! ) that leads to the restoration of the Boltzmann distribution of 

populations. It is originated mainly by the dipolar interactions between the spin 

system within the molecule due to translations, rotations and internal motions of the 
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molecules (also referred to as the lattice), causing the nearby spins to create 

transient, fluctuating magnetic fields at the Larmor frequency of the spin system. 

Therefore, T1 relaxation is a process of intramolecular energy transfer as well as 

from the nuclear spin to surrounding nuclei. 

 

 The T1 relaxation value determines the recycle delay at the beginning of any 

NMR experiment, which can be measured by an inversion-recovery pulse sequence. 

As shown in Figure 3.12A, the sequence begins with a recycle delay long enough to 

ensure all magnetization is at equilibrium along the z-axis (!!! ). The initial 

magnetization is inverted by a 180º pulse, shifting it to –z axis (-!!!), and followed by 

different values of a recovery delay (of the magnetization back to z, !!(!)), t. Finally, 

a 90º pulse (Figure 3.12B) shifts the recovered !! from the z-axis to the xy-plane, 

converting it into observable transverse magnetization. An exponential curve is 

obtained (Figure 3.12C) as the magnetization returns to equilibrium in the z-axis, 

which depends on the different values of the previous recovery delay t (a longer 

delay allows more magnetization to return to z before the 90º pulse, thus the 

intensity obtained gets closer to M0). Therefore, the magnetization in the z-axis is 

used to obtain the relaxation rate constant (!!) or T1 relaxation: T! = !1 !!. The full 

mathematical expression of the evolution of the magnetization can be found in 

Keeler125, and it shows that this experiment predicts the time evolution as: 

 

!" !! ! − !!!!

−2!!!
= !−!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 3.12 

 

If the signal intensity is considered proportional to the z-magnetization, Equation 

3.12 can also be expressed as: 

 

!" ! ! − !!!
−2!! = !−!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 3.13 

 

where the signal intensity at the moment of magnetization equilibrium (!!!) is !!, 

and the signal after the recovery delay is !(!). Plotting the natural logarith versus t in 

Equation 3.13 results in a straight line of slope −!!. 
 

 A quick estimate of the T1 value is possible from this inversion recovery 

experiment, where instead of changing t with random values, the value resulting in 
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no signal due to equilibrium of the magnetization (!!"##) turns !(!) to zero, thus 

modifying Equation 3.13 into: 

 

ln 1
2 != !−!!!!"## !!!!!!or#######!!! = !

ln 2
!!"##

!!!!!or#######!!! = !
!!"##
ln 2  

 

This latter experiment is the easiest to use because !! ≈ 1.4 !!"##. 
 

 
Figure 3.12. – Inversion-recovery experiment to obtain T1 relaxation. A) The experiment 

begins with a recycle delay so all the magnetization is at equilibrium (z-axis, Mz), then a 180º 
pulse inverts the magnetization, followed by a recovery delay (t) of different lengths and 

finally a 90º pulse (magnetization is shifted to the transversal xy-plane) so the magnetization 
becomes measurable.  B) The figure shows the recovery of the magnetization after the 90º 
pulse, with different values due to the change on the recovery delay t. C) Exponential curve 

obtained due to the return of the magnetization to equilibrium (M0), at time tnull.  
 

 

3.5.2.- Transverse (T2) Relaxation 

 

 The other main source of relaxation, the T2, transverse or spin-spin 

relaxation, results in a decrease of the transverse magnetization in the xy plane to 

zero, by the loss of coherence of the sample in the xy plane that was created by the 

RF pulse. There are two main sources of T2 relaxation, the first one is the same 
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local magnetic fields that can originate the T1 relaxation, flipping the spins from the 

xy to the z plane and recovering the longitudinal relaxation. Thus, anything causing 

T1 relaxation may also contribute to the T2 relaxation by depleting the magnetization 

on the xy plane. The second source requires no transitions; it is due to differences 

on the local magnetic fields at different locations in the sample, which would vary 

the Larmor frequency of the spins, and so, decrease the coherence.  

 

 Both T1 and T2 relaxation depend directly on the correlation time (τc) as 

shown in Figure 3.13 . τc was defined in Chapter 3.2.3 as a factor dependent on the 

size of the molecules in solution and the solvent viscosity (which would involve 

temperature and solutes concentration). Small molecules (such as free water 

molecules) have low values of τc, and follow fast motions, therefore relaxation 

processes are inefficient by the mismatch with the spin Larmor frequency (ω0), the 

energy of the motion is spread over a wide frequency range. The dependence of T1 

with τc, is V-shaped, showing the fastest relaxation at τc = 1/ω0. For values of the 

correlation time that are larger or smaller than 1/ω0, T1 increases because of the 

mismatch with the Larmor frequency, both for small molecules and large molecules, 

and/or more viscous solutions. However, T2 relaxation time decreases as τc 

increases with no minimum. Therefore, transverse relaxation processes are more 

effective for larger molecules. 

 
Figure 3.13. – NMR relaxation times T1 and T2 as a function of the 

correlation time (τc).  The lower values of τc correspond to small molecules with fast motion 
in a non-viscous solution, and the higher τc values correspond to larger molecules (such as 
proteins) and/or viscous solution. The inflection point of T1 corresponds to τc = 1/ω0. Figure 

adapted from Bloembergen et al.90 
 

 



Chapter 3: Nuclear Magnetic Resonance Spectroscopy!
 

48 

 

 T2 relaxation is usually measured by the classical spin-echo experiment with 

the Carr-Purcell-Meiboom-Gill (CPMG) sequence126,127. This sequence consists of 

an initial 90º pulse that places the magnetization from z (!!) to xy (!!") plane, 

where it evolves during the delay period, and is shifted to its mirror image by a 180º 

pulse, followed by another delay. The delays should be short to avoid broadening of 

the peak signal by molecular diffusion. This “delay-180º-delay” block of the 

experiment (also known as spin-echo) is used to determine the !!"!decay, and is 

repeated several times. T2 relaxation arises from the exponential decay of the 

amplitude as the number of spin-echoes increases. 

 
 

3.5.3.- Carr-Purcell-Meiboom-Gill (CPMG) Relaxation Dispersion (RD) 

 

 X-Ray crystallography and NMR are powerful techniques that provide 

detailed protein structural information. However, molecular dynamics and protein 

internal motions are also intimately involved in protein function, and dynamics can 

only be revealed through meticulous NMR analysis. Molecular motion can lead to 

protein conformations different from the native state, often scarcely populated, 

which may be crucial for protein function by, for example, opening to the solvent a 

protein region usually closed in the main state, or transmitting a signal upon binding 

to another molecule, etc. Several NMR techniques have recently been developed to 

perform detailed characterization of protein dynamics spanning different timescales 

– from picoseconds-nanoseconds, like Residual Dipolar Coupling (RDC) and 

Nuclear Spin Relaxation (NSR), to microseconds-miliseconds, such as Carr-Purcell-

Meiboom-Gill relaxation dispersion (CPMG-RD), chemical exchange saturation 

transfer (CEST) and lineshape analysis, and even longer events, that may take 

seconds, like Real-Time (RT) NMR. The work in this Thesis is mainly focused on 

CPMG-RD experiments, a technique particularly valuable to characterize dynamics 

in the microsecond to millisecond timescale. CPMG-RD is sensitive to 

conformations present at very low levels (> 0,5%) and can hence detect sparsely 

populated conformations that are “invisible” to most other biophysical techniques. 

CPMG-RD was first described in 1950’s128,129, and its extension to protein dynamics 

began in the 1990’s in conjunction with pulse sequence development130 and isotopic 

labelling strategies131. 
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 Some biochemical processes that may involve the participation of “invisible” 

states are ligand binding and release132-135, folding and unfolding events59,136-138, 

allostery139 and catalysis140-142; thus, the need to detect and characterize these 

excited states becomes key to obtain mechanistic knowledge. When these 

processes fall into the millisecond-microseconds timescale, CPMG-RD experiments 

are able to access these “invisible” sparsely populated structures. These invisible 

states (also called minor or excited states) should have a population (pB) greater 

than 0.5%124,143 of the total molecules to be detected, exchanging with a major and 

visible state (ground), pA
124,144. The sum of both populations is the total population  

 

pA + pB = 1 

 

The populations of the interconverting states can be rewritten in terms of the 

exchange rate constants (Equations 3.14A and B)145, kAB and kBA as 

 

!! = !
!!"

!!" + !!!"!
!!!"#$%&'(!3.14!!!!; !!!!! = !

!!"
!!" + !!!"!

!!!!!"#$%&'(!3.14!!!!!! 

 

These constants have already been explained in Chapter 3.4 and the definitions of 

A and B states applied in that Chapter will correspond to the major and minor state, 

respectively. Furthermore, it is especially interesting that the chemical shifts of the 

excited state can be determined using CPMG-RD144, opening up an avenue for the 

three-dimensional structure determination of these “invisible” states. 

 

 Intra- or inter-molecular exchange processes (Chapter 3.4) have to be 

studied in detail through the information contained in the increased linewidth (often 

by hundreds of Hz) of the cross-peaks of the spectra, to obtain information on the 

minor state. In addition to regular protein dynamics146, the exchange process 

contributes to the increased linewidth, which determines the effective relaxation rate. 

Therefore, the linewidth provides information on the rates of interconversion 

between major and minor states (kinetics), chemical shift differences (structure) and 

the population of the exchanging states (thermodynamics)124.  



Chapter 3: Nuclear Magnetic Resonance Spectroscopy!
 

50 

 
Figure 3.14. – A basic CPMG-RD pulse scheme employing 180º (π) pulses, where 2τCPMG is 
the delay between pulses. In this fragment of the pulse sequence, an n number of spin-echo 
modules (τCPMG – 180º – τ CPMG  – τ CPMG – 180º – τ CPMG)n applied during a constant time (Τ) 

on the transverse plane results in the refocusing of the magnetization. 
 

 CPMG-RD experiments are based on spin-echo experiments as shown in 

Figure 3.14. In the simplest case, after an initial 90ºy pulse to generate transverse 

magnetization, a series of π pulses (180ºx) applied during a constant time (Τ) with 

the rate νCPMG = 1/(4τCPMG) (where 2τCPMG is the delay between the 180º pulses) is 

used to refocus the magnetization, partially or completely quenching the exchange 

effects147. To understand the refocusing effect, we can picture a system with two 

conformations, A and B, and follow an NMR-active nucleus in both. For each 

conformation in the absence of exchange, the magnetization will precess with 

different frequencies during τCPMG, accumulating a certain phase; the application of a 

single 180º pulse will invert this accrued phase, completely refocusing the 

magnetization after the same time τCPMG for which it had been evolving prior the 

pulse. When the two conformations are in exchange process, the nucleus will jump 

stochastically between the different frequencies of evolution of magnetization. 

Because of the stochastic nature of the jump, each molecule will accrue a different 

phase during the evolution periods before and after the 180º pulse, resulting in 

incomplete refocusing across the ensemble and a higher effective relaxation rate. 

As νCPMG increases (by the increase of the 180º (π) pulsing rate and the decrease of 

the 2τCPMG delay while the total exchange time Τ is constant, as shown in Figure 

3.15, the time τCPMG available for the frequency difference between the two 

conformers to evolve is shorter, suppressing the dephasing, and therefore, 

improving the refocusing effect and increasing peak intensity. The 180º pulses are 

always applied in even numbers to compensate for pulse imperfections. Thus, this 

procedure allows to monitor the signal intensity as a function of the repetition rate of 

νCPMG, /(νCPMG), recorded during the constant time (Τ) block, compared with a 

reference signal, I0 (intensity of a peak in the reference spectrum recorded without 
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the constant time period Τ), providing an effective transverse relaxation rate (R2,eff) 

that quantifies the signal decay rate according to the relation148 

 

!!,!"" = − 1
! !"

! !!"#$
!0 !!!!!!"#$%&'(!3.15             

 

 A typical relaxation dispersion profile of R2,eff(νCPMG) obtained from Equation 

3.15 is shown in Figure 3.15 with a decrease of the effective transverse relaxation 

rate as the rate of π pulse application increases. These profiles are modelled 

according to the Bloch-McConnell equations149, and depend non-linearly on the 

exchange parameters pB, kex and on the absolute chemical shift differences |ΔωAB| = 

|ωB – ωA|, where ωA and ωB are the chemical shifts of states A (major) and B (minor), 

respectively, expressed in ppm units, or in rad/s as |ΔϖAB| = |ϖB – ϖA|. Nevertheless, 

a flat profile indicates non-exchanging nuclei. 

 

Figure 3.15.- Relaxation dispersion profile obtained from a CPMG-RD experiment where the 
increase on the application rate of π pulses (νCPMG) during a constant time (Τ) decreases the 

dephasing resulting from exchange between two populations,  
reflected in the decrease of R2,eff.

 The CPMG-RD experiments are executed as 2D HSQC experiments of the 

different nuclei where each 2D is acquired with a different νCPMG value. Usually it is 
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possible to reach frequencies up to νCPMG = 1000 Hz for 15N, 1500 Hz for 13C and 

2000 Hz for 1HN with the limits defined by hardware conditions150. At least three 

duplicate points at selected νCPMG values are included to evaluate errors in R2,eff for 

all nuclei. After analysing the NMR data with the NMRPipe suite of programs151, and 

assigning the peaks with NMRDraw151 and Sparky152, the peak intensities are 

quantified using the program FuDA153, which fits the lineshape across νCPMG values 

globally. Intensities are converted to R2,eff using Equation 3.15. Uncertainties in R2,eff  

(ΔR2,eff) are estimated from the measured peak intensity as shown in Equation 

3.16124 

 

∆!!,!"" = !
1
T !

< ∆! >
! !!"#$

!!!!!"#$%&'(!3.16 

 

where <ΔI> provides the average standard deviation from duplicate points.  

 

 The profiles obtained from FuDA153 are visualized to select nuclei with 

exchange contributions to the transverse relaxation rate of Rex > 5 s-1, where Rex = 

R2,eff(νCPMG = νmin) - R2,eff(νCPMG = ∞), similar to Figure 3.15. These selected atoms 

are used as input for the program ChemEX154,155, that simulates the evolution of 

magnetization during the CPMG periods by numerically propagating the Bloch-

McConnell equation156 and extracts the exchange parameters ζ (ζ = {kex, pB and 

|Δω|}), by minimization of X2 (ζ)124 (Equation 3.17) 

 

X! ζ = ! !(R!,!""!"! ζ − !R!,!"")!
(ΔR!,!"")!

!!!!!!!"#$%&'(!3.17 

 

 where !!,!""!"! corresponds to the theoretical data, which considers the initial 

magnetization of the ground state and the magnetization after the CPMG sequence 

as explained in detail elsewhere124. 
 

 This procedure is performed for each CPMG experiment for each nucleus at 

each magnetic field strength. Once the kex and pB parameters show a clear 

minimum in the X2 distribution, these values are fixed to obtain the |Δω| values for 

every single atom. 
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 Nevertheless, the exchange rate accessible to CPMG-RD experiments is in 

the 100 s-1 ≤ kex ≤ 2000 s-1 range, and for faster processes the dispersion profiles 

alone are not enough to obtain confident exchange parameters and chemical shift 

differences due to the correlation between pB and Δω in Equation 3.18, even when 

reasonably accurate kex values can be fit157.  

 

R!,!"" ν!"#$ = ! 1 − 4! !!"#$!!"
!!!!!(!")

!

!!"
+ !R!,!""!(ν!"#$ → !∞)  !"#$%&'(!3.18 

 

 However, it has been recently shown that faster exchanging processes up to 

4000 – 6000 s-1, can be studied including a combined quantitative analysis of 

relaxation dispersion profiles at different magnetic fields and ground state chemical 

shifts measured either as a function of different static magnetic fields or as a 

comparison of peak positions recorded in HSQC/HMQC experiments157. The 

exchange broadening and the exchange induced shift of the chemical shifts on the 

magnetic field depend on the exchange parameters in different ways, therefore, 

their global fitting including the relaxation dispersion profiles at different fields with 

ChemEX breaks the correlation between pB and |Δω| in Equation 3.18. A detailed 

explanation of the different influence of the chemical exchange on the chemical 

shifts and the relaxation rates is provided by Vallurupalli et al.157. This facilitates the 

accurate extraction of both pB and so |Δω| values, as well as the peak positions of 

the invisible state (ωB).  

 

 For gpW protein (see Chapter 8) the chemical shifts were obtained from the 

assignment of triple resonance experiments at 500 and 600 MHz magnets at 1ºC. At 

the same temperature - checked with a thermocouple inserted into an NMR tube - 

the Relaxation Dispersion experiments for the different nuclei 15N, 1HN, 13CO,13Cα, 

and methyl-13C were performed at 500 and 800 MHz fields according to pulse 

schemes previously described148,158-162. The only modifications on the pulse 

sequences were to remove the side-chain correlations of the Arg residues in the 15N 

and 1HN experiments through a (backbone-amide-specific) REBURP pulse of 2.00 or 

1.25 ms for the 500 and 800 MHz fields, respectively, on the 15N channel during the 

first INEPT transfer period; and in the 1HN experiments, the amide magnetization at 

the beginning of the constant time (Τ) CPMG element was antiphase with respect to 
15N. Any NMR experiment has a prescan delay previous to the pulse scheme to 

allow the system to return to equilibrium, this delay is 2.5 s in all RD experiments. 

The constant-time CPMG relaxation delays for the RD profile experiments for each 
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nucleus were 30, 18, 24,16 and 30 ms for 15N, 1HN, 13CO, 13Cα and methyl-13C, 

respectively. For the CPMG-RD experiments dispersion data were collected for 

each nucleus with 17 CPMG fields ranging from 33.3 to 1000 Hz for 15N (500 and 

800 MHz), 21 CPMG fields ranging from 55.6 to 2000 Hz for 1HN (500 and 800 MHz), 

10 (12) CPMG fields from 83.3 to 833.3 (1000) Hz for 13CO at 500 MHz (800 MHz), 

10 (13) CPMG fields from 62.5 to 1000 Hz for 13Cα at 500 MHz (800 MHz), and 17 

CPMG fields ranging from 66.7 to 2000 Hz for 13CH3 (500 and 800 MHz). A 

minimum of three duplicates on certain νCPMG values were acquired to estimate the 

R2,eff errors. 

 

 

3.5.4.- Determination of the “Invisible” State Chemical Shifts 

 

 The experiments that enable us to break the correlation between pB and |Δω| 

also allow to obtain the signs of these chemical shifts differences for the different 

nuclei by comparison of the peak position in different experiments: 

 

 - The signs for 15N can be obtained from [1HN-15N]-HSQC experiments at 

different fields (also referred as H(S/S)QC experiments), and from [1HN-15N]-HMQC 

and [1HN-15N]-HSQC data sets at the same field (H(S/M)QC experiments), both 

HSQC and HMQC experiments are explained in Chapter 3.3.1. The signs from 

H(S/S)QC experiments arise from the difference in the field strength, which results 

in a small shift, σ (Hz) or σ (ppm) as shown in Figure 3.16. In the case of H(S/M)QC 

experiments, arises from the different manifold of exchange averaging in the single- 

and multiple-quantum experiments, which is non-linear, giving rise to the small shift 

Ω (Hz) or Ω (ppm)99 (Figure 3.16). 

 

 - The shifts for 1HN can be also obtained from the 1HN/15N zero- and double- 

quantum coherence relaxation dispersion profiles163, and from a comparison of the 

direct-dimension chemical shifts from regular HSQC experiments acquired at 

different fields164.   

 

 - In a similar way, the signs of the Δω of 13CO, 13Cα and 1Hα   can be 

determined from a comparison of resonance positions, for 13CO, through 1HN -13CO 

data sets recorded at different fields where the 13CO chemical shifts derives from 

evolution of either single- or multiple- quantum (1HN-13CO or 15N-13CO) coherence143. 
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In the same way, a series of 2D (13Cα-1Hα ) correlation maps recorded at different 

magnetic fields provide the signs for 13Cα and 1Hα, which requires excellent solvent 

suppression since these protons may be very close to the water line143.  

 

 For the studies on gpW protein (see Chapter 8), the fields with different 

strengths were 500 and 800 MHz for the sign determination experiments. 
 

 
Figure 3.16.- (A) Representation of the peaks without chemical exchange and (B, C, D) 

relative shifts upon undergoing exchange processes in different NMR experiments and fields. 
Solid lines represent observable peaks, whereas dashed lines correspond to non-detectable 

peaks. δ cannot be determined due to the lack of a reference peak, but σ and Ω are 
experimentally measurable. The peaks in the HMQC (D) can be shifted to the left or to the 

right depending on the parameters that determine Ω. Figure adapted from Skrynnikov et al.99 
 

The determination of the sign and the previously obtained Δω values enables 

the exact determination of the peak positions for the excited or “invisible” state, 

impossible to unveil in any other way. 
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3.6.- Sample Preparation for NMR Experiments  

 

 3.6.1.- WW Domain, R3H Domain and HP35  from Villin Samples 

 

 The experiments for these samples were performed on a 600 MHz 

spectrometer with a triple resonance 5 mm TXI-probe and z-axis gradient, which 

temperature is controlled by a BTO temperature control unit. Since some of the 

experiments (the different samples of HP35 subdomain from villin) were performed 

at different temperatures to monitor the thermal unfolding at atomic level, a precise 

control of each temperature was greatly important. Thus, calibration of the probe 

was performed in a 5 mm NMR tube with an ethylene glycol sample, valid for 

temperature calibrations between 273 and 416 K. Each temperature was stabilized 

for 30 minutes with a constant air flow and a 1D 1H experiment run to obtain the 

chemical shifts, which difference at the maximum height of the peaks can provide 

the real temperature of the probe following Amman et al.165. 

 

 The samples for the different proteins were prepared as: 

 

" WW domain was prepared at 0.5 mM protein concentration in H2O with 0.05 

mM DSS and 10% of D2O at pH 4.7 in pressured tube. The low 

concentration of this protein for NMR experiments is due to solubility 

problems at high concentrations. 

 

" R3H domain samples had a protein concentration of 0.8 mM and were 

dissolved in 20 mM phosphate buffer with 10% D2O, 0.05 mM DSS, 1 mM 

TCEP and 0.1 mM sodium azide (NaN3) at pH 7.0 in a pressurized tube at 8 

bar.  

 

" The variants of HP35 subdomain from villin have different labelling patterns 

(see Table 7.1). All samples had a protein concentration of 1 mM in 30 mM 

glycine buffer (with glycine-HCl D5) with 0.1 mM DSS, 0.1 mM NaN3 and 

10% D2O / 90% H2O at pH 3.0. Tubes were pressurized at 8 bar to avoid 

boiling issues at high temperatures. 
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 3.6.2.- Samples for gpW Protein Experiments 

 

 The gpW samples for NMR had a concentration of 1 mM of protein. For pH 

3.5 the protein was dissolved in 20 mM glycine buffer with 1 mM NaN3 and 10% 

D2O / 90% H2O, while for pH 6.5 the buffer was 25 mM sodium phosphate, 50 mM 

NaCl, 0.5 mM EDTA, 0.5 mM NaN3 and 10% D2O/ 90% H2O. 

 

 To slow down the folding rate of gpW protein (1.7µs at 355 K), some of the 

first tests consisted on checking different temperatures (measured with a 

thermocouple inserted into an NMR tube as previously mentioned) or adding 

substances. The tested substances were: 

 

 A) Urea: 

  The concentrations of 1 M, 1.5 M and 2 M were checked. The urea 

was previously purified to remove ionic species using a mixed bead resin, which 

avoids interactions of the urea with the positively charged residues. The urea 

concentration in the buffers was obtained through the refractive index and a 

calculator (http://sosnick.uchicago.edu/gdmcl.html). 

 

 B) Glycerol: 

  The glycerol samples were prepared by adding buffers with the 

desired glycerol concentration (29% and 42% were tested), determined through the 

refractive index. 

 

For both, urea and glycerol samples, the buffers contained the same components at 

pH 3.5, with the addition of the corresponding concentration of one of them. 
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Chapter 4.- General Expression and Purification Methods 
 
 

All proteins were purified in the laboratory except for HP35, produced by 

synthesis and provided by Dr. Robert Tycko’s laboratory. Therefore, this Chapter 

concerns exclusively to the other studied proteins excluding this synthetized HP35 

subdomain from villin protein.   

 

 The studied proteins have been cloned into the expression vector pSUMO 

(Small Ubiquitin-like MOdifier) by an external biotechnological company (TOP Gene 

Technologies, Inc.), producing a fusion protein (SUMO+protein), that was expressed 

in Escherichia coli BL21(DE3) cells, a commonly used strain of cells for high protein 

expression. The addition of SUMO is important due to the small size of the studied 

proteins because it improves protein stability and solubility166, and allows an easier 

purification protocol through its Histidine-Tag. To improve the low yield of the WW 

domain, BL21(DE3) pLys competent cells were transformed to incorporate this 

protein fused to SUMO. This cell strain provides an improved control in case the 

protein is toxic for the cell, a possible cause for the destruction of the fused protein, 

that may have produced the low yield. 

 

 

4.1.- Cell Growth 
 

 The cell culture started with an overnight preinocule in a LB (Luria-Bertani) 

broth with 0,27 mM ampicillin (the plasmid is ampicillin resistant) and 0,1 mM 

chloramphenicol for the pLys strain (this strain is resistant to both antibiotics), at 37 

ºC. Next day the preinocule was added with a 1:1000 scale to LB with the same 

concentration of antibiotics. The culture was incubated and stirred until the desired 

Optical Density (OD) of cells at 600 nm for each protein was reached, inducing then 

with isopropyl β-D-thiogalactopyranoside (IPTG) to increase the protein production 

while stirring at the same temperature of 37 ºC or lower in the case of the WW 

domain (check Table 4.1 for OD and IPTG concentration). A few hours after 

induction, depending on the protein (Table 4.1), the cells were harvested by 

centrifugation at 5000 rpm for 40 minutes at 4 ºC, for gpW the speed was 8000 rpm 

for 30 minutes. 



Chapter 4: General Expression and Purification Methods!
 

60 

 
Table 4.1.- Comparative of the OD, IPTG concentration and temperature after induction for 

each purified protein. 
 

  

4.2.- Cell Lysate 

 

 This process is slightly different for each protein: 

 

a) WW and R3H: The pellet cells are resuspended in 10 mM Tris, 150 mM NaCl 

and 10 mM Imidazole buffer with 1 mM PMSF (phenylmethylsulfonyl fluoride, as 

serine protease inhibitor) and lysed by sonication on ice for 6 times during 10 

seconds, waiting 1 minutes each time to avoid heating. Then, ultracentrifugation at 

30000 rpm for 1 hour separated the soluble proteins from the cell debris. 

 

b) gpW: For this protein, the cells lysis was not complete with the buffer used for the 

previous proteins, so the pellet was resuspended in the same lysis buffer adding 8 

M urea and stirred until homogeneous, then ultracentrifuged at 18000 rpm for 45 

minutes. The supernatant is diluted to half (to decrease the urea concentration) and 

sonicated because its high density (5 times for 10 seconds with 1 minute waiting 

time). 

 

 

4.3.- HPLC Purification 

 

The supernatant containing the soluble proteins was filtered and injected in 

affinity nickel column in the HPCL. The proteins in the lysate were washed with a 20 

mM Tris, 150 mM NaCl and 10 mM imidazole buffer except for SUMO fused 

proteins that contain a His-tag that attaches to the column. The fused-protein is 

eluted afterwards with a imidazole gradient167,168 from 10 mM up to 500 mM in 

WW R3H gpW

  Induction OD 1,6 1,3-1,9 0,8

  IPTG concentration (mM) 0,42 0,42 0,42

  Temperature after induction (ºC) 30 37 37

  Time to harvest after induction (h) Overnight Overnight 4
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buffers with the same content on Tris and NaCl. The fused-proteins come out 

around 50-60% of the gradient. 

 

 A three steps dialysis in the same buffer without imidazole is then performed 

to remove it before a second nickel column step. Previous to the second column 

step, the fusion protein is cut with ~0,1 mg of ULP-1 protease per 1 mg of fused 

protein sample that releases the protein from the SUMO. In the nickel column this 

time the protein is washed and the SUMO with the His-Tag remains attached.  

 

 The free protein (without the tag) is now dialyzed against water and after 

lyophilized. However, for gpW the procedure included a third HPLC step with a C4 

reverse phase column, with a gradient from 5% to 95% acetonitrile (ACN) in water 

and 0,1% trifluoroacetic acid (TFA), to remove salt and protein impurities that may 

appear, and finally lyophilized as the other proteins. 

 

 After purification, the adequate protein size is checked by MALDI-TOF mass 

spectroscopy. 

 

 

4.4.- Isotope labelling for NMR experiments 

 

 To obtain the samples to perform the different NMR experiments described 

in Chapter 3, the procedure was similar except for the use of minimal media with 
15NH4Cl and 13C6-glucose (from Cambridge Isotope Laboratories, Inc.) as the only 

sources of nitrogen and carbon to get uniformly 15N and/or 13C labelling. To perform 

some of the Relaxation Dispersion NMR experiments for certain probes specific 

labelling schemes were necessary, therefore, selective labelling was obtained by 

adding [1-13C]glucose for methyl-13C-labeling169, or [2-13C]glucose for 13Cα-

labelling169. 

 

 

4.5.- Protein Concentration and Molecular Weights 
 

The protein concentration for the different experiments was obtained 

according to the Beer-Lambert law, by absorbance at 280 nm with the molar 

extinction coefficients (ε): 11380, 2560, 5500 and 1490 M-1cm-1, for WW domain, 

R3H domain, HP35 villin subdomain and gpW protein, respectively.  
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The molecular weight for the different proteins was: 4284,8 g/mol for WW 

domain, 10143,3 g/mol for R3H domain, and 6976 g/mol for gpW protein. These 

values were corrected for the different isotopic labelling. The molecular weight of 

HP35 villin subdomain is a particular case since the different samples had different 

labelling patterns, thus the molecular weight was slightly different for each one: 

4093,44, 4088,48, 4094,44, 4078,55 and 4097,8 g/mol for variant 1, 2, 3, 4 and 5, 

respectively. 
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 During this Thesis different proteins and domains with diverse content on α-helix 

and β-sheet have been studied. In all cases, the small size favours its study as models for 

the different secondary structure content. These proteins/domains are either candidates of 

downhill folding (WW and R3H domains) or already included as downhill folders (HP35 

and gpW protein) according to the criteria mentioned in Chapter 1.3.2. The study of the 

different cases begins with a thermodynamical study including the techniques explained 

along Chapter 2, unless previously characterized, and after detailed NMR study.  

 

 

 

Chapter 5.- WW Domain (WW3 from Nedd-2)  
 

 

5.1.- General Features 

 

 WW domains, with about 40 residues or even less, are considered the smallest 

independently folding domains made of β-sheet, with three antiparallel strands170. These 

domains are named after the two conserved Tryptophan (W) residues included in their 

compact core located at about 20-22 residues distance. The function of these domains is 

to mediate protein-protein interactions through binding to ligands with proline-rich motifs. 

These domains operate in a variety of signalling pathways, involving membrane, 

cytoplasm and nucleus, like the transport of proteins, electrolytes and signal receptors, as 

well as in DNA transcription and RNA processing171, and also in the interaction with 

proteins involved in important neurodegenerative diseases, like the huntingtin of 

Huntington disease172, and the AAP (Alzheimer’s disease amyloid precursor protein) of 

Alzheimer’s disease173. Furthermore, WW domains have been widely studied since some 

WW domain-ligand complexes were suggested as amenable for gene and drug 

therapy174,175.  

 

 Classically, folding studies have been focused on α-helical structures, however, 

during the late ‘90s and the first decade of the XXI century, numerous studies on β 

structures were performed highlighting the different folding speed between these two kind 

of structures, up to 30 times slower for these last ones176,177. The huge difference on the 

folding rate arises from the proximity in the helix of the residues participating in the folding 

through the creation of hydrogen bonds every three residues, and the large number of 
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productive ways of building it up, versus the sensitivity of the β-hairpin to the position of 

the stabilizing residues, which makes this critical interaction less likely to occur and 

therefore substantially decreases its folding rate178. Nevertheless, WW domains were the 

first fast β-sheet folders under study179, showing the fastest folding rates for natural beta-

structures180, and their engineering to speed the folding rate up has been an important 

research topic in both experimental181 and simulation182 areas, for example, molecular 

dynamic simulations that found a WW domain folding in about 20 µs42 and mutants as fast 

as 4.3 µs182.  It has been proven that the first steps in the folding of hairpins are different 

than those typical for the helices: at physiological temperatures is triggered by the β-

turn178 (usually made of 4 or 5 residues connecting the β-strands, described in more 

details in the next paragraphs) by bringing together via hydrogen bonding the residues of 

the different strands involved on the stabilization of the structure. Hence, any mutation on 

this region may accelerate the folding rate and/or increase the thermodynamical stability, 

but also it may eliminate the function of the WW domain183. At higher temperature, or 

upon mutational destabilization, the hydrophobic residues come to play for these hairpins, 

even if they do not fully dominate the rate184. Experiments on larger β-sheet proteins have 

shown separate phases for fast hydrophobic collapse and strand formation185. Thus, WW 

domains represent small, fast folding and mainly β-sheet structures, an important piece in 

the puzzle of the folding knowledge, and interesting candidates of the downhill scenario 

(Chapter 1.3.2), with some domains already included as downhill folders45,186.  

 

 For this work the domain under study is the third WW domain from Ubiquitin-

protein ligase Nedd4-2 (see Figures 5.1 for location, Figure 5.2 for sequence and Figure 

5.3 for structure). As Figure 5.1 shows, the Nedd4-2 is located at the cellular cytoplasm 

and down-regulates the epithelial Na+ channels (ENaC) by its ubiquitin-protein ligase 

activity in response to increased intracellular Na+ concentration. Nedd4-2 controls cell 

surface stability of the channels and its ubiquitylation187. It has 4 WW domains, the WW3 

domain has a high-affinity for the PY (Proline-Tyrosine) motifs present in the three 

subunits (αβγ) constituting the ENaC. This interaction triggers the ubiquitylation of the α 

and γ subunits at the NH2 termini and therefore targets the protein for lysosomal 

degradation188. As consequence, the concentration of ENaC at the membrane level drops 

leading to a decreased Na+ flow into the cell.   
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Figure 5.1.- The WW domain under study, the WW3 of Ubiquitin-protein ligase Nedd4-2 

(highlighted in red), is involved in the regulation of the epithelial Na+ channel (ENaC). The Nedd4-2 
is formed by different domains including 4 WW domains that interact with the Proline-Tyrosine (PY) 

motifs of the ENaC subunits, ubiquitylating the NH2 termini of α- and γ-ENaC subunits, and 
resulting in its lysosomal degradation. However, if decrease of ENaC is not necessary, 

phosphorilation of the Nedd4-2 allows the accumulation of the channel at the plasma membrane. 
Figure adapted from Staub, O. and Rotin, D.188 

 

 

 The sequence of this 36-residue domain WW3 of Nedd4-2 from house mouse 

(Figure 5.2) for this work corresponds to the PDB 1WR7, without the 5 initial residues. 

 

 
Figure 5.2.- Sequence of WW3 from Nedd4-2. Black lines represent residues without secondary 

structure assignment; yellow arrows, β-strand; red, α-helix; and green for turns. 
 

 

 This domain has the two typical Trp residues located at positions 8 and 30 and 

together with two Phe residues in the central β-sheet, constitutes a hydrophobic minicore. 

The secondary structure content is 31% of the β-sheet characteristic of WW domains, but 

also a minor content of α-helix (7%) as shown in Figure 5.3.  

 

 

 

ENaC 
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Figure 5.3.- Structure of WW3 from Nedd4-2. A) For simplicity only the β-sheets and the α-helix 

have been coloured, in yellow and red, respectively. The β-turns (in green) connect the pairs of β-
strands. B) Residues comprising the hydrophobic core are highlighted, in magenta for Trp residues 

at positions 8 and 30 and in cyan the Phe residues at positions 3, 19 and 20.  
 

 

5.2.- Thermodynamic Characterization 

 

 The purpose of the thermodynamical characterization is to provide information 

about the thermal unfolding process of the protein. Different experimental techniques 

were used, allowing to observe diverse probes depending on the technique since each 

one reports on different structural aspects, namely (i) fluorescence spectroscopy that 

reports on the packing of the hydrophobic core, thus the tertiary structure; (ii) far-UV CD 

and FTIR that provides information on the amount of secondary structure; (iii) DSC that 

allows to characterize the overall thermodynamics of the process. The curves obtained 

from the thermal unfolding of the protein are fitted to the two-state model, with Tm, ΔH 

(enthalpy of unfolding at the Tm), and slopes and intercepts for both baselines information 

(for folded and unfolded states) as floating parameters as previously described46,189. The 

Tm values obtained from the different techniques are expected to be very similar if the 

unfolding is a cooperative process, or to vary within a range if the process is non-

cooperative, like for downhill proteins. These experiments were performed in collaboration 

with Dr. Malwina Szczepaniak and the DSC performed by Prof. Beatriz Ibarra, from the 

University of Granada.  

 

 The far-UV CD experiment in native conditions of this WW3 domain of Nedd4-2 

shows a spectrum different from the expected from a pure only β-sheet structure (i.e., a 

positive band at 196 nm and a negative one at 218 nm, as explained in Chapter 2.1), with 

a maximum change in ellipticity appearing at 229 nm with a positive band and a negative 
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band around 205 nm (see Figure 5.4A). These values had been previously observed for 

other WW domains189,190 arising the positive band around 230 nm from packing of the 

aromatic residues191 (two Trp and three Phe residues located as shown in Figure 5.3B) at 

the hydrophobic core, and the negative peak around 205 nm, consistent with the spectra 

exhibited by several small β-sheet structures, suggesting that the WW domain is properly 

folded under these conditions192. Thus, the far-UV CD of this protein may reflect the 

integrity of the hydrophobic core as well as the stability of the hydrogen bonds in the β-

hairpins. The far-UV CD experiment was performed in the range from 268 K up to 368 K 

showing the high stability of this WW domain even at the slightly acidic pH the 

experiments were performed, pH 4.7, with a Tm of 337.9 K and ΔH of 103 kJ/mol (Figure 

5.4D) obtained from a two-state fitting of the signal followed at 229 nm vs temperature.  

 

 
Figure 5.4.- Equilibrium thermal unfolding of WW3 domain from Nedd4-2 by different experimental 
techniques. The temperature increments were 5 K for all techniques. A) Far-UV CD spectrum from 
195 to 250 nm at different temperatures starting at 268 K up to 368 K. B) Fluorescence spectrum 

showing the emission wavelength range from 290 to 500 nm after exciting at 280 nm since the 
main natural fluorophores are the two tryptophan residues present, common to other WW domains.  
C) Steady-state FTIR spectrum at the Amide I region, with the main absorbance variation at 1640 
cm-1. D) Normalized thermal unfolding curves followed at the maximum of the signal variation as 
temperature increases: 229 nm for far-UV CD, 344 nm for fluorescence, and 1640 cm-1 for FTIR, 

corresponding to the colours cyan, magenta and green, respectively. For each experiment the 
corresponding curve has been fitted independently to the two-state model to obtain Tm and ΔH 

values  (parameters shown in the inset).  
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 Equilibrium fluorescence spectroscopy follows the unfolding through the 

fluorophores of the protein. The fluorescence for this WW domain is dominated by the two 

Trp residues displayed in magenta in Figure 5.3B, the main natural fluorophore of WW 

domains, thus the excitation wavelength was set at 280 nm, and the detection range was 

extending from 300 nm to 600 nm. The fluorescence plot shown in Figure 5.4B presents a 

maximum at 344 nm, which is followed in Figure 5.4D producing a very broad transition 

between folded and unfolded states. The quantum yield of the fluorescence of the Trp 

decreases as the temperature increases due to the unpacking of the hydrophobic core, 

but instead of being a cooperative process as expected for a protein with a folding 

centered on a hydrophobic nucleus, it appears as a broad unfolding. A two-state fitting of 

the unfolding curve at 344 nm gives a Tm of 333.6 K and ΔH of 76 kJ/mol (Figure 5.4D).   

 

 The unfolding curves of both far-UV CD and fluorescence produce a different 

melting temperature after fitting to the two-state model (ΔTm ~4 K), however to obtain 

further information about the local secondary structure of the protein, a steady-state FTIR 

in D2O was performed. This thermal denaturation performed in the range from 283 up to 

368 K (shown in Figure 5.4C) focuses on the Amide I region (1600 – 1700 cm-1), the most 

sensitive spectral region to the secondary structure of the protein due to the C=O stretch 

vibrations, with characteristic peaks slightly different for each topology. In the case of this 

WW domain, the main bands appear at ~ 1670 cm-1, corresponding to theoretical 

calculation of β-sheets193, and at 1640 cm-1, also typical of β-sheets. Within the range of 

1620 and 1640 cm-1 also peaks characteristic of unordered structures can be observed, 

which could indicate that this WW domain have different degrees of conformational 

stability, with regions presenting conformational exchange194,195. The thermal unfolding 

curve is followed at 1640 cm-1, the peak giving the stronger change in absorbance, which 

after the fitting to the two-state model provides the highest Tm value, 357.2 K, pointing out 

the high stability of the secondary structure elements, and the lowest ΔH, 49 kJ/mol, 

indicative of the fact that the transition is quite broad, more than observed using the other 

spectroscopic techniques.  

   

 Preliminary Differential Scanning Calorimetry (DSC) experiments (see DSC basis 

on Chapter 2.4) were performed on our WW domain. The apparent heat capacity at 

different protein concentrations (Figure 5.5A) was obtained at different temperatures (298 

K, 313 K, 333 K and 373 K) and produced the absolute heat capacity (Cp) with Equation 

2.2. This absolute heat capacity is plotted versus the temperature, giving the thermogram 



Part III: Proteins Under Study!
 

71 

of the protein (Figure 5.5B) that represents the native and unfolded states of the protein at 

low and high temperatures, respectively, and the transition between them. The 

thermogram exhibits a broad asymmetric profile, with a progressive increase on Cp until 

reaching the maximum, followed by a faster decrease. The pre-transition baseline, usually 

parallel or overlapping Freire’s native baseline for two-state proteins, is very steep, 

indicating a progressive loss of structure even at low temperatures, without a clear 

baseline for the native state of the protein. This sharp pre-transition, represented as a 

dotted line in the figure for visual purposes, points out the lack of a hard-breaking core in 

the protein structure. Moreover, the protein is close to Freire native baseline (Equation 

2.3) only at the lowest temperature (281 K), revealing the flexibility of the protein structure 

even at low temperatures. The protein unfolds gradually until it reaches a maximum of the 

absolute heat capacity around 340 K, then its Cp decreases in a faster mode because the 

little remaining structure. This continuous unfolding of the protein is characteristic of 

downhill folding, due to the lack of a stable core, since the cooperative break up of a hard-

core would triggers the unfolding otherwise, without a progressive process. The fitting of 

the DSC profile to a two-state model would produce crossing native and unfolded 

baselines denoting the inability of this model to fit the data from proteins lacking a static 

native state (linear extrapolation of the native baseline has been represented in Figure 

5.5B as visual reference), indicating the physical impossibility of the application of the two-

state model to this domain. This effect has been previously observed for different proteins 

like a leucine zipper196, the global downhill folder Naf-BBL30,197, and proteins folding over a 

small free energy barrier like PDD60. However, aggregation problems due to the high 

concentration of protein required for these experiments made the results less reliable, 

even if they provide an initial view of the DSC profile. 

 
Figure 5.5.- Preliminary calorimetry experiments on WW3 domain from Nedd4-2. A) Apparent heat 
capacity (ΔCapp) versus protein concentration at different temperatures. B) The thermogram profile 
shows the absolute heat capacity during the thermal denaturation (pink circles). The solid black like 
represents Freire native baseline (Equation 2.3) with error bars, and the dotted line represents the 

linear extrapolation of the native state. 
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5.3.- NMR Studies 

 

 An atom-by-atom analysis was performed in this Nedd4-2 WW3 domain with the 

idea of going forward with a full analysis of this β-sheet protein to compare the results with 

previous studies on downhill proteins with different topologies. However, aggregation 

issues together with low yield of the protein purification paused the project after the 

assignment of most of the chemical shifts at 293 K shown in Table 5.1. This assignment 

was performed in collaboration with Dr. Mourad Sadqi. Interesting NMR studies have 

been published regarding other WW domains interacting with ENaC subunits by CPMG-

RD analysis, producing very interesting results by the identification of two conformations 

exchanging on the µs-ms timescale194. The conformations in equilibrium are a natively 

folded peptide binding-competent state and a random coil like denatured state, with the 

latter populated to ~20% at 37 ºC198.  

 

 Different 2D ([1H-13C]-HSQC and [1H-15N]-HSQC) and 3D NMR (CBCA(CO)NH, 

HNCACB, CCONH, HCCONH and HAHB(CO)NH) experiments were performed for the 

assignment of this WW domain. Within the 3D experiments, CBCA(CO)NH, HNCACB and 

HAHB(CO)NH provide the backbone of the protein, while CCONH and HCCONH not only 

the backbone, but also the side chain. Chemical shifts from HN, N, Hα, Cα, Hβ and Cβ are 

shown in Table 5.1. 
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Table 5.1.- Backbone chemical shifts of WW3 domain from Nedd4-2 at pH 4.7 and 293 K. 

 

 

5.4.- Discussion  

 

 The thermodynamical studies of WW3 from Nedd4-2 produced thermal unfolding 

curves (Figure 5.4D) showing differences not only in the cooperativity, but also on the Tm 

and ΔH values originated from the fitting of the curves to the two-state model as observed 

previously for proteins in the downhill regime with different free energy barriers: non-

existing for the protein BBL24, and marginal for PDD20 (a structural and functional 

homologue of BBL), gpW6 and λ-repressor26. All curves show an overall sigmoidal shape, 

with broad transitions, and steep pre- and post- transition baselines indicating the 

possibility of molecules undergoing structural changes, this temperature dependence may 

indicate a folding mechanism close to the downhill scenario199. In the case of the FTIR 

experiment a clear unfolded baseline is lacking as result of the high stability of the 

secondary structure of the domain and a probable steep post-transition baseline. The Tm 
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values expand from the 333.6 K of fluorescence to 357.2 K of FTIR, a maximum 

difference of about 24 K. This variation in the same parameter reflects the heterogeneity 

on the thermal unfolding of the protein depending on the probe followed by each 

technique. Since the fluorescence reports on the tertiary structure, the fact that its thermal 

unfolding shows a lower value of Tm with respect to the other techniques indicates the 

breakdown of the hydrogen contacts, that hold together the tertiary structure as a trigger 

of the unfolding mechanism of the protein. The far-UV CD reports on the hydrophobic 

core and the secondary structure; since in this case it is followed at 229 nm, an area that 

is influenced as well by the aromatic Trp residues, the weight of the hydrophobic core on 

the overall signal is prevalent, resulting in a thermal unfolding curve that is intermediate 

between the one observed by fluorescence and the one observed by FTIR. The higher 

Tm value from FTIR spectroscopy arises from the Amide–I band, indicating the increased 

stability of the hydrogen bonds in the structure of the antiparallel β-sheet (secondary 

structure). The differences on the broadness of the unfolding curves, reflected on ΔH, 

appear not only in one-state folders, but also in other proteins with small energy barriers20, 

and in this case, expands from 103 kJ/mol from the far-UV CD to 49 kJ/mol from FTIR. 

The higher ΔH value from far-UV CD arise from the unpacking of the hydrophobic core 

followed at 230 nm, process that is typically more cooperative than the loss of local 

secondary structures within the protein, however, it does not behave in a cooperative 

fashion as could be expected for two-state proteins. The lower ΔH value from the 

equilibrium FTIR is produced by the slow progressive loss of secondary structure, 

consistent with its high Tm, pointing out the high stability of the β-sheet structure by the 

gradual breakage of the hydrogen bonds between the antiparallel sheets. The progressive 

unfolding is also confirmed by the preliminary DSC data, with a broad unfolding curve 

lacking of a flat pre-transition baseline that would be expected for a protein with a 

cooperative unfolding. Moreover, this pre-transition indicates a continuous and uniform 

loss of the protein structure as the temperature increases, typical of a downhill folding. 

 

 

5.5.- Conclusions  

 

 The analysis of the different thermodynamical experiments performed in this 

Nedd4-WW3 domain shows a gradual unfolding of the structure and provides the typical 

dispersion on Tm and ΔH characteristic of the downhill folding, hallmark of structural 

flexibility in the native state. Consequently, this domain could be included towards a 
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folding downhill-like scenario, even though further studies could provide more detailed 

information.  

 

 Similar behaviour has been observed recently in the comparison of different WW 

domains, with low sequence identity, providing useful insights on the folding cooperativity 

and the comparison, as a group, versus the α-helical proteins classically studied45. It has 

been proposed that this conformational heterogeneity may be involved in the recognition 

of peptide ligands in coupled folding/binding equilibria45. Therefore, WW domains are 

interesting models of β-sheet proteins to study in detail the folding process and their 

tendency towards the two-state or the downhill folding scenario. 
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Chapter 6.- R3H Domain  
 

 

6.1.- General Features 

 

 Different nucleic-acid-binding proteins have been studied, like the leucine-

zipper, zinc-finger, etc.200,201. Here we will focus on a R3H domain, a motif involved 

in polynucleotide-binding, including DNA, RNA and single-stranded nucleic acids202, 

usually found in proteins together with nucleic acid-binding domains. R3H domains 

have a characteristic motif, consisting of two highly conserved residues, an arginine 

and a histidine, spaced by three residues (...-Arg-X-X-X-His-...), and a pretty stable 

pattern of hydrophobic residues, prolines and glycines203. 

 

Figure 6.1.- Three-dimensional structure of the R3H domain of the human sperm-associated 
antigen 7 (PDB 2CPM), consisting of three antiparallel β-sheets (coloured in yellow) and 
three α-helices (coloured in red). The 7 Phe residues are highlighted in cyan, both Tyr 

residues in orange and the Cys in purple. 
 
 

 The R3H domain in this study belongs to the human sperm-associated 

antigen 7, which PDB structure is 2CPM. Its fold consists of a three-stranded β-

sheet and three α-helices as shown in Figure 6.1.The amino acid sequence (Figure 

6.2) of this 88-residue domain presents the conserved Arg and the His residues, 
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typical of these domains, at positions 38 and 41, respectively, at the beginning of 

the second α-helix. The hydrophobic residues are located in the interior of the 

domain, protected from solvent exposure, except for V6, V47 and I36, placed in the 

outside of the domain facing the solvent. However, very little is known about this 

domain despite its interesting binding to nucleic acids.  

 

 

Figure 6.2.- Amino acid sequence of the 88-residue R3H domain with the secondary 
structure displayed underneath. The colour coding is the same followed in Figure 6.1, and 

the green arrows point the conserved Arg and His separated by three residues  
in all R3H domains. 

 
 The secondary structure of this domain, including α-helices and β-sheets, 

together with its bigger size, could be an interesting candidate for folding studies 

and to compare with the previously studied small all-beta WW domain. At the same 

time, the comparison with a smaller α/β protein, gpW, previously studied in our 

group6,8,60, with a downhill folding, could point out some differences due to the size,  

amino acidic content and secondary structure ratios (R3H has a 43% α-helix and 

13% β-sheet while gpW, 54% and 16%, respectively) as these factors affect the 

folding and unfolding rates204. 

 

 As presented here, this R3H domain has been characterized 

thermodynamically. However, preliminary NMR experiments on a 15N labelled 

sample at different temperatures revealed the loss of NMR signal at temperatures 

around the Tm of the protein. 

 

 

6.2.- Thermodynamic Characterization 

 

 The different techniques applied to the unfolding study of the R3H domain 

provide a general view of the process. These studies were performed in 

collaboration with Dr. Malwina Szczepaniak. In this case study, the different 
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topology and amino acidic content of the domain produce very different profiles 

compared to the other studied proteins. The experiments were performed in 

phosphate buffer at pH 7.0, and 1 mM TCEP (tris(2-carboxyethyl)phosphine 

hydrochloride) was added to reduce the Cys residue present in the domain, avoiding 

disulfide bridges. 

 

 In the far-UV CD experiment of the R3H domain (Figure 6.3), the spectrum 

at low temperatures is dominated by the α-helices of the structure with their typical 

double minima around 208 nm and a bit more intense at 222 nm (see Figure 2.1), 

indicating the presence of more than one α-helix in the structure (a more intense 

peak at 208 would indicate the presence of a single α-helix), and a maximum 

around 196 nm. This native helical structure decreases as the thermal unfolding 

proceeds from 268 K to 368 K (in 5 K steps) towards the random coil conformation 

observed at high temperatures, beginning with a progressive fray of the α-helices 

and its typical steep pre-transition, observable in the temperature dependence curve 

at 222 nm (Figure 6.3 right). The unfolding curve presents a cooperative process 

with a pretty fast transition from folded to unfolded state, which fitting to the two-

state model gives a Tm of 335 K and ΔH of 238 kJ/mol. Another far-UV CD 

experiment was performed at pH 2 to obtain the stability of the protein at low pH, 

however, even at low temperatures the protein lacks any secondary structure peaks, 

with a feature-less profile, consistent with that recorded at high temperatures and 

pH 7, towards the random coil. 

 

 
Figure 6.3.- Thermal unfolding by far-UV CD of R3H domain at pH 7. On the left figure the 
native state at 268 K progressively unfolds by increasing the temperature every 5 K up to 

368 K, where the protein has no secondary structure. The inset shows the protein ellipticity 
at 298 K for pH 7 and pH 2, unfolded in the last one, between 197 – 250 nm. On the right, 
sigmoidal unfolding curve followed at 222 nm indicating a cooperative process, its fitting to 

the two-state model provides a Tm of 335 K and a ΔH of 238 kJ/mol. 
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 The fluorescence spectrum (Figure 6.4) is dominated by the aromatic 

residues, in the case of the R3H domain, 2 Tyr and 7 Phe residues, and as 

mentioned in Chapter 2.3, the concentration for the experiment is higher (~ 15 µM), 

due to the lower intensity of these fluorophores compared to Trp. Both Tyr residues 

dominate the emission spectrum, with a more intense signal than the Phe residues, 

with the maximum at 303 nm. The loss in the intensity while increasing the 

temperature is due to the increase of quenching processes, not to the unfolding of 

the protein. This quenching in the fluorescence along the different temperatures, 

even at the beginning of the ramp, could indicate the exposition of the fluorophores 

to the solvent also at the native state despite the general layout of the hydrophobic 

residues towards a core. This progressive decrease of the fluorescence intensity is 

almost linear, making impossible a two-state fitting that would provide interesting 

information about the Tm and ΔH values to compare with other thermodynamic 

experiments. 

 

 
Figure 6.4.- Thermal unfolding by fluorescence of R3H domain at pH 7. The emission signal 

at 303 nm corresponds to both Tyr residues of the domain. 
 

 The monitoring of the secondary structure of the R3H domain by FTIR 

displays in the Amide I region a complex temperature dependence of the α-helical 

spectral region. For proteins with a high helical content, there is two bands at 1632 

and 1652 cm-1 corresponding to the helical carbonyl groups exposed and non-

exposed, respectively, and also include weighted contributions from hydrogen-

bonded and non-hydrogen-bonded amides. In the case of our domain, only the 
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contribution at 1652 cm-1 is appreciated (Figure 6.5), indicating the predominance of 

solvent-buried groups. Another band in this spectrum, at 1660 cm-1, corresponds to 

the random coil18,178,179. An SVD analysis was performed on the data to dissociate 

different contributions to the Amide I band as a function of temperature. The two-

state fitting of the second V component provides a Tm of 330 K, and a ΔH of 225 

kJ/mol, slightly lower compared to the previous experiment of far-UV CD. 

 

 
Figure 6.5.- Thermal unfolding by FTIR of R3H domain at pH 7. On the left, unfolding 

spectrum from 283 to 368 K. On the right, fitting to the two-state model of the V2 component 
from the SVD analysis. 

  
 

 The DSC thermogram of this domain (Figure 6.6) was performed at neutral 

pH 7 at different scan rates of 90 K/h (the usual scan rate) and 200 K/h, producing 

very similar transitions with a slightly higher apparent Tm for the last one, due to a 

deficient equilibration time, too short for an uniform temperature in the protein 

sample. At this pH the pre-transition baseline is higher than the expected for the 

native state regarding the empirical correlation derived by Freire and co-workers205, 

named here as native and unfolded Freire’s predictions. This increased heat 

capacity for the native state could suggest a “native state” undergoing large-scale 

enthalpy fluctuations possibly originated by the presence of structural changes as 

previously observed for PDD20, a protein with an incipient free energy barrier, 

however, in our case the pretty flat region may also suggest an increased 

solvation20,206, with only a slight fluctuation as visible for the low-rate temperature 

scan. The transition-less profile at low pH 2 matches Freire’s unfolded state, and 

almost overlaps with the pre-transition at pH 7, therefore, the similar shape 

dependent on temperature suggests a solvation effect. At high temperature the 

protein is completely unfolded at both pH values as both post-transition regions 

overlap with the unfolded state expected by Freire’s predictions. 
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Figure 6.6.- DSC thermogram of R3H domain. Green and blue circles represent the 

experimental data of the DSC at pH 7 with different scan rates, while red squares display the 
experimental data at pH 2. The black lines indicate the native and unfolded baselines 

according to Freire’s predictions. 
 

 The fitting of the thermogram to the two-state model generates a Tm of 335 

K, similar to the values obtained from the previously explained thermodynamic 

experiments, and a Van’t Hoff enthalpy (ΔHVH) of 239 kJ/mol (which depends on the 

shape of the endotherm and on the two-state model used for the fitting), indicating a 

pretty cooperative process. However, the calorimetric enthalpy (ΔHcal), which is 

model independent, has a value of 177 kJ/mol. The difference between both 

enthalpy values indicates some disagreement with the two-state model, despite the 

protein cooperativity.  

 

 Additional unfolding experiments were performed by chemical denaturation 

followed by far-UV CD to obtain information about conformational protein stability 

with a denaturant other than only temperature. In our case, for these double-

perturbation experiments two different denaturants were selected, urea and 

guanidinium hydrochloride (GuHCl), with different denaturing intensities, weaker and 

stronger, respectively. The denaturants report on the importance of the electrostatic 

interactions for the protein, as the GuHCl salt has a higher electrostatic charge than 

urea, however, the urea has a non-electrostatic mechanism, and its unfolding 

process is driven dominantly by its interaction with the polar amide surface of 

proteins207. The denaturant concentration of each stock solution was checked by 
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refractive index measurements, and similarly, the different protein concentration 

samples were prepared as separate solutions by the mix of a protein stock solution 

and a high concentration solution of denaturant with the protein, yielding different 

denaturant concentrations. Full far-UV CD experiments were performed at each 

denaturant concentration. The unfolding curves due to the action of the denaturant 

are followed at 222 nm, where the loss of the α-helix structure allow to monitor the 

change on the protein conformation, and the comparison of the curves from both 

agents (Figure 6.7), GuHCl (black curve) and urea (red curve), show different shape 

and melting concentration, Cm (concentration with half the population of the protein 

folded and the other half unfolded). The unfolding happens at low concentration of 

both denaturants, 1.3 M of GuHCl and 3.7 M of urea, indicating the low stability of 

the secondary structure. The process is cooperative, steeper for GuHCl, which even 

lacks the pre-transition baseline. The broader unfolding curve produced by the urea 

was straightforward explained with the Muñoz-Eaton (ME) model208, an statistical 

mechanical model previously applied for the global downhill folder BBL24, and which 

variant has also been applied to enlighten the folding mechanism of other proteins 

like gpW209 and villin210. For PDD, structural homologue of the global downhill folder 

BBL, that folds in microseconds crossing an incipient free energy barrier, the 

broader shape arises from a urea-temperature coupling that decreases the thermal 

unfolding cooperativity and progressively lowers the height of the free energy 

barrier20, resulting in a less cooperative behaviour. The global fit to the two-state 

model produces a free energy change for the folding/unfolding reaction (ΔG) of 14.8 

kJ/mol. 

 

Figure 6.7.- Double 
perturbation 
experiment of the 
R3H domain with the 
denaturing agents 
GuHCl, black squares, 
and urea, red circles. 
Global fit to the two-
state model follows 
the same colour 
coding. The 
secondary structure is 
monitored at 222 nm 
at different denaturant 
concentrations. Both 
curves are 
normalized for 
comparison.  



Chapter 6: R3H Domain!
 

84 

 

6.3.- NMR studies 

 

 Up to date, thorough studies on protein unfolding at atomic level are not an 

usual practice, even the level of detail obtained can bring to light many interesting 

features possibly involved on the protein function. Our idea was to provide that level 

of detail on the R3H domain under study to observe how much detail is possible to 

obtain from a protein with a highly cooperative folding since the intermediate 

species may be more unstable and difficult to obtain. Prior to our studies, the NMR 

structure of a different R3H domain at 298 K was solved202, and in 2005 Nagata & 

co. deposited the structure of the R3H domain under study in the Protein Data Bank. 

However, a detailed study of the unfolding of an R3H domain had never been 

performed, and very few examples of two-state folders or closely behaviour have 

been followed, like the α-spectrin SH39. The only α/β protein with the thermal 

unfolding followed at atomic level was gpW, but its size is smaller and the unfolding, 

towards a downhill behaviour.  

 

 Unfortunately, initial NMR experiments at pH 7 showed the loss of the 

signals around the Tm by the coalescence effect (see Chapter 3.4) as Figure 6.8 

shows, due to the kex in the intermediate regime, precluding the chance of further 

studies. 

 

 

 
Figure 6.8.- 1D NMR spectra of the amide region of the R3H domain at  

different temperatures. 
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6.4.- Discussion 

 

 The different experiments performed on the R3H domain show behaviour 

towards the two-state folding. The hydrophobic residues of the domain are facing 

the interior of the protein, except for the Tyr residues, that may have a more 

exposed site as proved by fluorescence, as well as the three residues Val 6, Val 47 

and Ile 36, as mentioned at the beginning of this Chapter, maybe due to its 

involvement in the function of the domain. From the far-UV CD and DSC 

experiments the Tm of the protein is around 335 K, possibly due to the disruption of 

the hydrophobic core, which would explain the high ΔH value indicating a 

cooperative process since once the hydrophobic core loses its packing, the protein 

lacks its stability element and the unfolding proceeds with less obstacles. The 

slightly lower Tm and ΔH values from the FTIR points out the melting of the 

secondary structure elements a bit earlier than the break up of the hydrophobic core. 

This R3H domain also has a quick loss of structure upon denaturants and low pH 

values.  

 

 

6.5.- Conclusions 

 

 In general, this domain can be excluded as a downhill folder, even slight loss 

of structure occurs in the pre-transition, mainly by the fraying of the α-helices. This 

kind of gradual native disorder has been previously observed for two-state folders, 

like SH3 domains9,211. 
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Chapter 7.- HP35 Subdomain of Villin Protein 
 

 

7.1.- General Features 

 

 Villin protein is a ~95 kDa protein comprising 7 domains (see Figure 7.1), 

member of the gelsolin superfamily212 with actin regulatory functions213. Its 

crosslinking with actin filaments allows the movement of the microvilli at the terminal 

region of epithelial cells where it is located214. Out of the seven domains, the 76-

residue “headpiece” domain is located at the C-terminus, where we will study the 

last 35 residues of this domain, the HP35 subdomain. 

 

Figure 7.1.- Model of villin protein acting as crosslink between the actin fibres (A) and 
topology of the villin domain (B). The “headpiece” (HP) domain is coloured in yellow.  Figure 

adapted from Hampton et al.214 

 

 This villin HP35 subdomain, despite its small size, retains high 

thermostability as shown by McKnight et al. (Tm ~343 K at pH 7)215. The structure 

made of a three α-helix bundle constitutes an autonomously folding monomer, 

which folding is not based on the hydrophobic core of Phe residues as could be 

expected, or on disulfide bonds (it lacks Cys residues). The stability of HP35 is 

distributed along the sequence, and only the lack of Phe 58 causes the major 

destabilization216,217. Thermodynamic analysis by differential scanning calorimetry 
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indicates that the villin headpiece subdomain crosses a relatively small free energy 

barrier to fold into its native state218. This barrier is, however, close to the two-state 

folding limit and much higher than it would be expected for its fast folding kinetics 

(~5 µs70). The barrier also presents independence to temperature218. The small size 

and relatively simple structure of this subdomain has turned it into a favourite folding 

model, resulting on an enormous variety of studies, like molecular dynamic (MD) 

simulations42,219-224 or experimental, such as mutations to study the interactions that 

stabilize the structure210,220,221,225-230 or to create an ultrafast folding protein47,226,231. 

 

 Thus, HP35 represents an interesting case study in this work due to its fast 

folding, with rate similar to that of the one-state downhill folder BBL, i.e. ~4-5 µs at 

320 K46. However, BBL lacks an energy barrier altogether24 whereas DSC 

experiments have determined a significant free energy barrier for HP3570. Moreover, 

the thermodynamic barrier estimation from DSC measurements (reports the 

population at the barrier top in equilibrium conditions) usually underestimates the 

kinetic barrier experienced by the folding protein (determined by the kinetic flux 

through all the microscopic barrier crossing paths). Therefore, it is likely that the 

kinetic folding barrier of HP35 is even higher, thereby reaching the two-state folding 

scenario. The implication is that its thermodynamic unfolding behaviour looked at 

the atomic level (using chemical shift perturbations) could more closely resemble a 

typical two-state, or all-or-none, transition instead of the gradual heterogeneous 

transitions of fast folders that do not cross a significant barrier, such as the global 

downhill folder BBL. In this way, HP35 could be a perfect counterexample of near 

two-state folding on small proteins with simple α-helical topology and very fast 

folding kinetics. 

 

 This study is a collaboration with Dr. Robert Tycko (National Institutes of 

Health, NIH, Bethesda, USA), who provided synthetic samples of HP35 isotopically 

labelled in specific residue positions. Chemical synthesis was convenient as it 

avoids the problems of producing small unstable proteins by recombinant means. 

However, uniform isotopic labelling of the full-length protein was not realistic due to 

the extremely high cost of some of the Fmoc-derivatives of isotopically labelled 

amino acids. Moreover, signal overlap could be significant in this case due to the 

relative homogeneity of HP35 sequence. The plan in this case was to chemically 

synthesize by standard solid-phase methods a series of HP35 variants identical in 

sequence, but each one with a different small subset of residues isotopically 

labelled. The labelling would permit to explore the folding-unfolding thermodynamics 
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at the level of individual atoms, looking at both the backbone and the side-chains, 

and use carbon and nitrogen chemical shifts rather than protons, which are less 

reliable probes of protein conformation. In HP35 the interactions stabilizing the 

subdomain arise from aliphatic side chains, thus, labelling them will allow to obtain 

information on these connections. Therefore, five samples were synthesized, called 

V1, V2, V3, V4, and V5, identical in sequence and with various subsets of 

isotopically labelled residues (from a minimum of 4 to a maximum of 6 residues). 

Another important factor in the design was to include one particular labelled residue 

in common among samples to operate as an internal reference given that, in 

contrast to previous atom-by-atom analysis of folding, here the data will be obtained 

using different samples measured in different days. The labelling pattern is shown in 

Table 7.1, and it is spread along the protein sequence to cover all the structure (see 

Figure 7.2) as already mentioned. The amino acid sequence starts in the residue 

Leu 42 and ends in Phe 76, preserving the numbering corresponding to the 

complete headpiece domain sequence. 

 

 

 

 
Figure 7.2.- HP35 subdomain of villin protein with the isotopically labelled residues from the 
different variants (adding up V1, V2, V3, V4 and V5) in purple, and the tryptophan residue 

(not labelled) in cyan. The secondary structure is represented under the amino acid protein 
sequence with the α-helices in red. The structure corresponds to the PDB 3MYA. 
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 V1 V2 V3 V4 V5 
S43     X 
D46     X 
A49   X   
V50 X X  X X 
F51  X    
G52 X X X   
M53   X   
T54 X     
A57 X X  X  
F58 X  X   
L61  X    
P62   X   
L63 X     
Q66     X 
L69   X X  
K71     X 
G74    X  
L75     X 

 
Table 7.1.- Labelled residues in each HP35 variant. All samples have at least one residue 

repeated in the other variants as internal reference. 
 

 

7.2.- Thermodynamic Characterization 
 

 HP35 has already been thoroughly studied from a thermodynamical 

viewpoint in different papers70,210,215,221,232, so the general characterization for this 

protein was not repeated. However, far-UV CD experiments were performed at pH 

3.0 on the different samples to obtain information on the thermal stability of the 

protein under conditions of fast conformational exchange and slow proton exchange 

with water. Also the mass of all villin samples was confirmed by mass spectrometry 

(MALDI-TOF), with the expected molecular weight for each sample with an average 

±4,9 Da error (the different molecular weight according to the isotopic labelling was 

taken into account). 

 

 The far-UV CD experiments were performed at ~ 55 µM protein in citrate-

phosphate 20 mM buffer at pH 3.0. The low pH was used to slightly destabilize the 

structure and decrease the Tm (343 K at pH 7.0215) in order to obtain baselines for 

both folded and unfolded states avoiding temperatures over 373 K in the NMR 

instrument. At least two experiments per sample have been performed. 
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Figure 7.3.- Normalized unfolding curves from far-UV CD at 222 nm of HP35 subdomain at 
pH 3.0. In all cases, the data for each variant corresponds to the average of three 

experiments. A) Superimposed unfolding curves from each HP35 variant (V1, V2, V3, V4 
and V5). B, C, D, E, and F show the global fit (red lines) of the experimental unfolding data 
of V1 (orange), V2 (magenta), V3 (green), V4 (black) and V5 (cyan) samples, respectively. 

 

 The helical structure of the native state of HP35 generates spectra with a 

more pronounced minimum at 222 nm than at 208 nm indicative of a large  α-helix 

fraction in the native structure. As we can observe in Figure 7.3A the unfolding 

curves followed at 222 nm versus the temperature from the different HP35 variants 

show essentially the same overall behaviour, but there are some slight differences 

between variants. These differences are real and repeatedly observed in systematic 

experiments performed independently by two researchers (myself and Dr. Matija 

Popovic, postdoc at the Muñoz lab). The origin for such differences may be their 

separate chemical synthesis process (for example, a varying amount of salts in the 

freeze-dried powder), but it remains undetermined. In these experiments is also 

noticeable that the pre-transition baseline is largely sloped, indicating the loss of the 

helical CD signal due to fraying of the α-helices, similarly to what we have seen in 

other proteins like the R3H domain included in this Thesis (Chapter 6). The 

unfolding process continues smoothly towards the transition region, showing a 

continuous loss of structure with a steeper slope. The flat post-transition baseline at 
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high temperatures suggests a completed unfolded transition in this temperature 

range, which could be due to the stabilization of a partially structured denatured 

state ensemble by clustering of the hydrophobic residues, as it has been previously 

proposed233-235. Therefore, despite the significant free energy barrier estimated by 

DSC for the protein, there are signs in its CD melting curve of certain degree of 

gradual unfolding, agreeing with previous observations that not even the 

hydrophobic core (formed by Phe 47, Phe 51 and Phe 58 residues) is required for 

the specific fold of the subdomain216,217. The fitting of the curves at 222 nm to a two-

state unfolding model outputs the characteristic Tm and (ΔH) parameters, which 

have average values for each variant of 322 K (121 kJ/mol), 322 K (93 kJ/mol), 322 

K (104 kJ/mol), 323 K (104 kJ/mol), and 320 K (101 kJ/mol), for V1, V2, V3, V4 and 

V5, respectively.  

 

 

7.3.- NMR Studies 

 

 The five HP35 subdomain variants have different labelling patterns as 

previously mentioned (see Table 7.1), with only a few residues labelled in each one. 

In the labelled residues all carbon and nitrogen atoms are isotopically labelled and 

thus we performed a full chemical shift assignment of not only the backbone atoms, 

but also those of the side chain for each labelled residue. The carbon chemical 

shifts of the side-chains of a protein have never been investigated using the NMR 

atom-by-atom analysis. Previous studies have in fact either restricted the analysis to 

proton signals7, which are very sensitive to the local electronic environment and not 

only conformation, or to isotopically labelled backbone atoms without side chain 

information (15N, 13Cα and 13Cβ)8. 

 

 The samples were prepared without solubility issues as explained in Chapter 

3.6.1. HP35 variants did not give the type problems arising from severe line 

broadening near the denaturation midpoint, as we observed in the R3H domain, 

presumably because the folding kinetics of this protein is too fast to result in 

significant broadening. Therefore, HP35, as BBL, is a perfect model system for the 

atom-by-atom analysis of folding interaction networks. Initial 3D experiments for full 

assignment were performed for each sample: NHCACB for backbone, and HCCH-

COSY for side chain assignments. The unfolding process was monitored by [1H-15N] 

and [1H-13C]-HSQC experiments from 273 to 358 K, with HCCH-TOCSY in case of 

ambiguity. The chemical shifts at 293 K are indicated in Table 7.2. 
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Table 7.2.- Chemical shifts of the labelled residues the HP35 sample at pH 3.0 and 293 K. In 
the cases of the residues are repeated in more than one sample,  

the values have been averaged. 
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 The global fitting to the two-state unfolding model for all of the individual 

chemical shifts versus temperature unfolding curves for each variant produced the 

Tm and ΔH as shown in Table 7.3. The variations between each sample are larger 

than from the CD experiment. This is probably because, in contrast to the CD 

experiments, the parameters derived from the NMR data for each variant report on 

averages from different residues, thus adding to the chemical heterogeneity that we 

observed by CD. This result already hints that HP35 may experience a certain 

degree of atomic heterogeneity in unfolding even though it folds over a significant 

free energy barrier. Table 7.3. also includes the error estimation (95% confidence) 

based on the global fit for each variant, thus confirming that the reported differences 

are statistically significant.  

 

Sample Tm (K) ΔH (kJ/mol) 

Villin 1 (V1) 322,7 ± 0,5 102 ± 4 

Villin 2 (V2) 320,7 ± 0,7 107 ± 7 

Villin 3 (V3) 320,0 ± 0,3 98 ± 3 

Villin 4 (V4) 326,4 ± 0,7 106 ± 5 

Villin 5 (V5) 321,5 ± 0,6 107 ± 6 

 
Table 7.3.- Tm and ΔH from the global fit to the two-state model of all unfolding curves for 

each villin variant.  
  

 However, inspection of the Tm and ΔH obtained from independent fits to 

each of the individual atoms of the HP35 variants (shown in Appendix A with the 

error estimations, 95% confidence) indicate that the differences between unfolding 

patterns of various atoms is significant but rather limited in range. This result 

contrast with the vast heterogeneity in unfolding behaviours observed previously on 

downhill folding proteins such as gpW protein8 and BBL7. Moreover, the 

heterogeneity is also lower in qualitative terms as all the chemical shift curves we 

analysed (a total of 229 different probes for the 5 variants) exhibited typical two-

state-like sigmoidal curves or featureless linear transitions (i.e. when the chemical 

shift was not affected by the folding status of the protein). No signs of three-state 

like (double transitions) or even more complex curves were found here, again in 

contrast to previous behaviour in gpW8 and BBL7. This limited variability in atomic 

unfolding behaviours is direct indication of a protein with an unfolding that is more 

cooperative, and thus two-state-like, than what is expected for a downhill folding 

protein. This result is very interesting as HP35 is a very small subdomain, folding 
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into one of the simplest topologies and it does it in just a few microseconds. It is also 

interesting to note that residues conforming the hydrophobic core of the protein, and 

known to play an important role in the stabilization of the native 3D structure, such 

as for example Phe 58, show more consistency in atomic unfolding behaviours, with 

sigmoidal curves for almost all of its atoms. Phe 58 does indeed form interactions 

with the other two core aromatic residues in HP35 subdomain (Phe 47 and Phe 51), 

establishing the protein hydrophobic core together with other 7 residues (Leu 42, 

Val 50, Met 53, Leu 61, Lys 65, Leu 69 and Lys 70)225.  

 

 

7.4.- Discussion 

 

The general behaviour obtained by far-UV CD and NMR experiments shows 

a HP35 subdomain from villin protein with a gradual loss of structure under thermal 

unfolding, but with Tm and ΔH differences among atomic probes that are much less 

marked than expected for downhill folding protein. The reason for the little 

differences may be the energy barrier of this subdomain, that limits the complexity of 

behaviours, and probably creates a single but overall behaviour (due to the stability 

spread along the amino acid sequence instead of focused on a hydrophobic 

core217,225), without meta-stable conformations along the free energy surface, 

dragging this protein closer to a two-state behaviour. The differences between the 

villin samples by far-UV CD and NMR experiments have been obtained also by Dr. 

Matija Popovic, assuring that they are caused by the samples and not an artefact. 

 

 

7.5.- Conclusions 

 

Therefore, our data confirms that the equilibrium unfolding of HP35 is not 

pure two-state-like, but it is rather close, making this protein the fastest known 

example of two-state folding protein. 
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Chapter 8.- gpW Protein  
 

 This Chapter on gpW protein has been published236 and is included in the 

Thesis as Appendix B. Therefore, the references to the paper within the Chapter are 

omitted. 

 

 

8.1.- General Features 

 

 The gpW protein is located on the head to tail connector of the 

bacteriophage λ of Escherichia coli, and it has been suggested that six molecules 

may polymerize on the connector for later joining six molecules of other protein 

(gpFII) to build the linking collar before the tail coupling237. This small monomeric 68-

residue protein has a hydrophobic region at the C terminus, which decreases 

solubility, crucial for its biological activity but not for the thermodynamic stability238, 

therefore, the work will proceed without this hydrophobic tail, as previous 

thermodynamic6 and structural239 studies. The conservative T2V mutation is also 

conserved (Figure 8.1). 

 

 
Figure 8.1. – gpW protein sequence of the wild type 68-residue and the 62-residue gpW 

used in this work, which corresponds to both PDB 2L6R (at pH 3.5) and 2L6Q (at pH 6.5). 
T2!V mutation is preserved as in previous works238,239. The sequence lacks the 

hydrophobic tail at the C-terminus present in the wild type. On top of the sequences both  
α-helices and β-sheets are shown in red and blue, respectively. 

 

 The 62-residue gpW protein used for the study was produced as a SUMO-

fused protein and purified as previously explained in Chapter 4. The tertiary 

structure of this α/β protein is constituted by two α-helices at C- and N- terminal 

ends connected by a β-hairpin (with two antiparallel β-sheets) orthogonally disposed 

to them as displayed in Figure 8.2. The protein lacks Trp residues, but other 

residues like Val, Leu and Ile create a hydrophobic interface between the helices 

and the hairpin, as highlighted in the figure.  
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Figure 8.2. – 62-residue gpW protein structure at 293 K and pH 3.5 (PDB 2L6R). The 

secondary structure elements are represented in red and blue for the α-helices and the β-
hairpin, respectively. In gray some interesting Val and Leu residues, some of them involved 

in contacts between the helices and the sheets. 
 

 The gpW study case is particularly interesting from a folding viewpoint 

because it is a natural single domain protein, that despite its midsize and combined 

topology, folds in the microseconds timescale, with a small energy barrier and a 

downhill-like behaviour6 even it is not a one-state folder and exhibits some 

cooperativity. However, previously small energy barriers had been associated with 

small mainly α-helical domains, many of them with artificial origins.  All these 

interesting gpW features led to exhaustive experiments at atomic-resolution on the 

interaction network by NMR upon unfolding, in parallel with long-timescale MD 

simulations at different temperatures, to uncover the details of the complex 

interaction network at every moment of the unfolding process8. 

 

 Therefore, the steady state of gpW and its (un)folding has been thoroughly 

studied, even the conformation dynamics remained unclear. This missing piece of 

information, essential for the function of numerous proteins, is guided by the free 

energy landscape. Hence, an important goal on the thorough knowledge of a protein 

and its roles (specially those that may behave as molecular rheostat), should lead 

us towards the unveiling of its free energy landscape. The purpose of the study 

performed on gpW is to deep into the understanding of the dynamics of fast-folding 

proteins by pushing towards the limits of Relaxation Dispersion NMR, pursuing the 

possible “invisible” conformations of the gpW protein that shows a stepwise folding 

manner42. 
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 Within protein dynamics, the function may not arise from the more populated 

protein conformation (obtained from conventional methods), but from a sparsely 

populated conformation, or from the interconversion between them. Subsequently, 

methods to discern these sparsely populated conformations, “invisible” states, 

become a commitment, and Relaxation Dispersion NMR (RD-NMR) has been 

proved to be a crucial technique that unveils these interesting low-populated protein 

conformations located at local minima of the free energy landscape144,147,240. 

 

 

8.2.- Thermodynamical Characterization 

 

 Thermodynamics of gpW have been previously studied by Fung et al. 20086 

at pH 6.0 revealing many of the downhill folder features, like probe dependent 

thermal denaturation on equilibrium experiments (with a 5 K mismatch in Tm), 

complex coupling between two denaturing agents, and negligible folding free energy 

barrier. The different thermodynamic experiments, together with the fast folding 

kinetics obtained with T-jump (33 µs and 1.7 µs, at 310 K and 355 K, respectively) 

and a folding barrier ≤3 RT (~2.8 kJ/mol) at Tm, characteristic all of them of a 

downhill folding behaviour, confirmed gpW to fold within the downhill folding regime. 

Therefore, as control, only the routinely mass spectrometry, and far-UV CD 

experiments were performed since expression and purification methods have 

changed regarding previous studies (see Chapter 4).  

 

 The far-UV CD experiment was performed as previously explained (Chapter 

2.1) at pH 3.5 to slightly destabilize the native structure of the protein to increase the 

possible additional states. However, despite the weak destabilization, no other 

structural or mayor stability changes were desired, thus, far-UV CD experiments at 

pH 3.5 compared to the previous thermodynamical studies at pH 6.06 were 

performed. This lower pH presents very similar cooperativity as pH 6.0 as shown in 

the Figure 8.3A with only a minor decrease on the ΔH value of 10 kJ/mol (from 150 

kJ/mol at pH 6.0, to 140 kJ/mol at pH 3.5), a small variation compared to the 

important change in pH, suggesting an overall high structural stability. The higher 

decrease on Tm of 11 K (from 341 K to 330 K at pH 6.0 and 3.5, respectively), 

indicates the desired slight destabilization of the protein. The comparison between 

the available NMR structures at pH 3.5 and pH 6.5 shows no mayor changes as 

shown in Figure 8.3B (the 0.5 of pH difference is not considered relevant 

considering the protein stability). 
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Figure 8.3. – Comparison of gpW at pH 3.5 (dark blue) and a more neutral pH (cyan).  

A) Normalized far-UV CD data at pH 3.5 and 6.0 followed at 222 nm. B) Superimposed NMR 
structures of gpW at pH 3.5 (PDB 2L6R) and pH 6.5 (PDB 2L6Q), using backbone heavy 

atoms (excluding CO). 
 

 

8.3.- NMR Studies: Relaxation Dispersion (RD) NMR 

 

 The studies at atomic level on the protein gpW with NMR experiments were 

performed in order to bring to light the possible existence of another conformation or 

conformations in equilibrium with the detected conformation. These “invisible” 

conformations even undetectable under regular NMR experiments cause the 

broadening of the native state resonances due to the exchange with the observable 

state. When the interconversion rate between both conformations, the observable 

(“ground”) and the invisible (“conformationally excited”) states (from now on called 

X), is in the milliseconds timescale, the Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence can refocus the chemical shifts and decrease the broadening through 

pulses applied at different rates (υCPMG) as previously explained in Chapter 3.5.3.  

 

 To reach an increased population of additional states the pH was decreases 

to 3.5 as previously mentioned, without change on the folding rate of this fast folding 

protein. To reach the goal to study the protein with RD-NMR and inquire its free 

energy surface, the folding of gpW in the microsecond timescale (1.7 µs at 355 K6) 

was out of the range for RD-NMR experiments. Therefore, different methods to slow 

down the folding process were tested. Initially, different concentrations of urea (1 M, 

1.5 M and 2 M) and glycerol (29% and 42%) were examined at different 

temperatures (293 K and 283 K), the sample preparation can be found in Chapter 
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3.6.2. However, the addition of these substances may create undesired effects and 

distort the native state of the protein, like the shifting towards the unfolded state for 

the urea samples (destabilizing the protein) or towards the native state for the 

glycerol ones (stabilizing the structure). Finally, to reach the kex within the RD-NMR 

range (100 s-1 ≤ kex ≤ 2000 s-1) the temperature was decreased to 1 ºC. At this low 

temperature the [1H-15N]-HSQC spectrum obtained (Figure 8.4) is a very similar to 

the 25 ºC. Therefore, this low temperature of 1 ºC and pH 3.5 are reliable for the 

RD-NMR studies on gpW because even though it slows down the protein folding 

rate and slightly destabilizes the protein, the overall structure remains the same. 

This low temperature broadens the cross-peaks, like V33 or A37 (see bottom left of 

Figure 8.4) and in the [1H-15N]-HSQC spectrum three out of the 61 expected peaks 

are beyond detection. This broadening is caused by the conformational exchange 

between the ground and the conformationally excited populations of the protein in 

the micro- or milli-second time scale. Therefore, the magnitude of the broadening 

can be altered by a CPMG pulse train, as explained previously in detail in Chapter 

3.5.3, that refocus the magnetization, decreasing the effective transverse relaxation 

rate (R2,eff) as the refocusing pulses frequency (νCPMG) increases, originating the 

typical relaxation dispersion profile (see Figure 3.15) with the decay in the R2,eff for 

the atoms with conformational exchange. 

 

 
Figure 8.4. – [1H–15N]-HSQC of gpW at 1 ºC and pH 3.5 performed in a 500 MHz magnet. 

The assignment is indicated for each peak. In green the aliased cross-peak. 
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 The presence of a change on R2,eff indicates the existence of conformational 

exchange. Therefore, to obtain detailed information about the whole protein RD-

NMR experiments were performed on different type of nuclei: on the backbone 15N, 
1HN, 13CO and 13Cα to find out about the secondary structure of the protein; while the 

methyl-13C reports on the different hydrophobic packing of each conformation. As 

previously explained in Chapter 3.5.3, CPMG-RD experiments consist of series of 

2D HSQC experiments acquired with a different number of π pulses (180º pulses) 

within the same Τ time, the CPMG fields. The analysis of all the experiments for the 

same nuclei creates the relaxation dispersion profiles.     

 

 Dispersion profiles with Rex > 5 s-1 reveal the presence of exchange between 

the conformations of the native state and one or more excited states, and were 

found in: 22 residues for 15N, 32 for 1HN, 24 for 13Cα, and 25 for 13CO. This Rex is the 

difference: R2,eff(νCPMG = νmin) – R2,eff(νCPMG = ∞), where νmin is the minimum CPMG 

pulsing frequency for each nuclei at each field: 33.3, 55.6, 83.3, 62.5 and 66.7 Hz 

for 15N, 1HN, 13CO, 13Cα and 13CH3, respectively. Some of these dispersion profiles 

are represented in Figure 8.5, with different spin probes from α-helices (in orange 

and red colours) and β-sheets (in cyan and blue). In general, backbone spin probes 

(A, B, C and D of Figure 8.5) located in the β-sheets show dispersion profiles (G30, 

K28, V26, R22, etc.), denoting the presence of conformational exchange between 

ground and excited states, while those in the α-helices (M56, K45, D42, A48, etc.) 

are relatively flat, meaning very little or no involvement in the exchange. Thus, the 

major conformational exchange is found in the β-hairpin, with this area changing 

between the ground and the excited states, at the time that both helices remain 

almost identical, except in some residues closer in the amino acid sequence to the 

hairpin, like V40 located at the beginning of α2-helix, adjacent to β2-sheet, with 

relevant Rex contributions. However, some of the spin probes within the helices also 

present dispersion profiles, it is the case of the side chain methyl groups facing the 

hairpin (Figure 8.5 E and F), like L43 from the α2 helix that faces V33 in the β2 

sheet (see Figure 8.2 for locations), both with pronounced dispersion profiles, 

indicating a change in the hydrophobic interface of the excited state. Side chain and 

backbone probes from the α-helical regions pointing out of the interface lack the 

exchange profile, like L07 residue, with flat profiles for backbone 15N and methyl 

groups (Figure 8.5 A and E). 
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Figure 8.5.– Relaxation dispersion profiles at 1 ºC of 15N (A), 1HN (B), 13CO (C), 13Cα (D), and 

methyl-13C from Leu residues (E) and Val residues (F), recorded at 500 MHz. Circles 
represent experimental data with its corresponding error bars, and the solid lines are the 

best fit to a two-state exchange model. Cyan and blue represent residues located in the β-
hairpin, while orange and red residues located in the α-helices. Stereospecific assignments 
of the prochiral methyl groups have not been performed, thus methyl groups from the same 

residue are distinguished with the letters ‘a’ or ‘b’ after the residue, corresponding ‘a’ with the 
most upfield shifted in the 13C dimension.  

 

 The dispersion profiles from backbone (15N and 1HN) and side chain (methyl-
13C) with significant Rex contributions (Rex > 5 s-1) were fitted as explained in Chapter 

3.5.3 to the Bloch-McConnell equations149 for two-site exchange processes, 

obtaining a kex of 4087 ± 42 s-1. The kex value obtained was confirmed with the 

minimum in the graph of reduced χ2 (!!"#! ) versus different kex values (Figure 8.6 A 

and B). This kex implies that the process is in the moderately fast regime, where the 

extraction of a reliable pX (population of the excited, X, state, called in Chapter 3.5.3 

as pB) becomes a challenge because it remains coupled in the product pX (1 − pX) 

Δω2 when the RD profiles are fitted. This coupling creates a situation with a flat 

profile in the plot of !!"#! !versus different values of pX (Figure 8.6C), which would 

virtually admit any pX value from 5 % to 50 % (over this value would become the 

ground state) and the associated adjustment of Δϖ. To obtain the structural 

information on the X state, reliable Δϖ are crucial, otherwise, the chemical shifts of 
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this excited state can not be obtained. Vallurupalli et al.157 got to break this 

correlation for kex values up to 6000 s-1 with the peak positions of a combination of 

experiments at different field strengths (500 and 800 MHz) and with different 

quantum correlations (HSQC and HMQC experiments) – further explanations in 

Chapters 3.5.3 and 3.5.4. For gpW, 31, 26, and 25 signs were obtained for the 53 

Δϖ values measured for 15N, 52 for 1HN, and 47 for 13CO, respectively. However, for 

the 13Cα shifts was not possible to determine the signs due to the limited quality of 
1Hα-13Cα correlation maps. The inclusion of the peak position shifts with the previous 

RD profile information broke the correlation between pX and Δω, and allowed a 

minimum in the !!"#! !versus pX graph at 9.0 ± 0.3 % of population of the excited state 

(Figure 8.6D). 

 

 
Figure 8.6.– Plots of !!"#! !versus kex (A and B) and pX (C and D) from the fitting of the RD 
profiles of 15N, 1HN and methyl-13C at 1 ºC in 500 and 800 MHz fields. For kex a minimum in 

the graph is obtained with (A) and without (B) the information about the position of the peaks 
obtained from HSQC and HMQC experiments at both fields, while for pX only the addition of 
the peak positions allows to break the coupling of pX with Δω and generate a minimum that 

confirms the reliability of the value (D). 
 

 Once reliable kex and pX values are obtained, fixing them to a two-state 

exchange model and fitting the RD profiles, allows to get chemical shifts for the 

different nuclei for which we have performed CPMG experiments: 15N, 1HN, 13CO, 
13Cα, and methyl-13C. Some large chemical shifts are observed for the nuclei, feature 
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of a structural change. To reveal if the change leads towards a random coil structure, 

the chemical shift differences experimentally obtained (Δϖexp = ΔϖXN = ϖX − ϖN) 

were compared with the values corresponding to a folding-unfolding transition 

(Δϖpred = ϖU − ϖN) and plotted in Figure 8.7. All chemical shifts for the native state 

(ϖN), chemical shift differences (ΔϖXN), and chemical shifts expected for the random 

coil (ϖRC, predicted using Neighbor Corrected Intrinsically Disordered Protein 

Library241) are included for 15N, 1HN, 13CO, 13Cα and methyl-13C (except the ϖRC for 

this last one) in the Supplementary Information of the paper included as Appendix B. 

 
Figure 8.7.– Chemical shifts differences (Δϖ, in ppm) between native and excited states 
from the experiments on gpW at 1 ºC (Δϖexp) versus the predicted chemical shifts if the 

excited state were a random coil (Δϖpred). The colour code of the circles corresponds to red 
for the α-helical nuclei, and blue for those located in the β-hairpin. Nuclei for which the sign 
of the Δϖ was obtained are plotted as filled circles, while the cases with no available sign 

are indicated as open circles and the |Δϖpred| versus |Δϖexp| were plotted. Error bars smaller 
than the circle are omitted. The black line is the reference y = x, and the green lines the 
uncertainties in Δϖpred based on the error in the predicted chemical shift of the unfolded 

values according to Tamiola et al.241 of 0.65, 0.14, 0.5 and 0.41 ppm  
for 15N, 1HN, 13CO and 13Cα, respectively. 
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 For all the backbone nuclei a general trend is followed as can be seen in 

Figure 8.7, with the β-sheet nuclei (in blue) correlating with the Δϖ expected for an 

unfolding process, while the nuclei in the α-helices (in red) show no correlation, 

which is especially remarkable for the 15N nuclei (Figure 8.7A). Both 13C plots (13CO 

and 13Cα in Figures 8.7 C and D), very sensitive to changes in the secondary 

structure, follow the same patterns, consistent with unfolded β-sheets and intact α-

helices in the invisible state. These results agree with the information obtained from 

TALOS+ (Torsion Angle Likeliness Obtained from Shift and Sequence Similarity)85 

plotted in Figure 8.8, with the α-helices in the excited state mainly intact, showing a 

high confidence even when the missing signs of ΔϖXN from many 13C are chosen as 

farther from the random coil values (Figure 8.8C). Moreover, when the missing signs 

are chosen as closer to the random 

coil values (Figure 8.8B), they 

remain highly conserved. For 

TALOS+ to provide the information is 

required the chemical shifts from 

different backbone nuclei of the 

conformation, however some values 

were missing for the experiments at 

1 ºC, lacking that residue information 

in the plots of Figure 8.8. 

 

 

Figure 8.8.– Confidence of the 
residues of gpW in the secondary 
structure of the invisible state at 1 ºC 
as predicted by TALOS+85. A) 
Predicted secondary structure for the 
native or ground state. B and C) 
Predicted secondary structure for the 
excited state. In both plots for 
residues located in the β-hairpin (in 
blue) where the signs of ΔϖXN = ϖX − 
ϖN were not available, they were 
chosen so the ϖX is moving towards 
the random coil chemical shifts. The 
difference between these last two 
plots is when the signs of ϖX in the 
α-helices (in red) were not available, 
they were chosen as closer and 
farther to the random coil chemical 
shifts for B and C, respectively. 
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 The change on the central region of gpW protein, in the β-hairpin, is very 

striking in the Figure 8.9 by the high ΔϖRMS values in that area when all residues are 

evaluated. ΔϖRMS is obtained from !"!"# = [(1 !)!!(!"! !"!,!"#)!]!/!, where N is 

the number of nuclei included in the sum (≤4, because are included 15N, 1HN, 13CO 

and 13Cα), Δϖi is the difference between the chemical shifts in the native and 

invisible state for one of the nucleus in a given residue, and Δϖi,STD corresponds to 

the standard deviation of the distribution of chemical shifts for that nucleus in the 

context of the amino acid under consideration, which is obtained from the BMRB 

(Biological Magnetic Resonance Data Bank)242. Therefore, the evaluation of the 

backbone chemical shifts at each residue in Figure 8.9 stands out the significant 

variations within the central, β-sheets region ( !!"!"#  = 0.7 ± 0.3), while in both 

side helices the changes are smaller ( !!"!"#  = 0.2 ± 0.1, and 0.2 ± 0.2 for α1 and 

α2 helices, respectively). 

 

 
Figure 8.9.– Distribution of |ΔϖRMS| values along the protein sequence. Red bars indicate 

values obtained when three or more Δϖ values are considered, while in the gray bars, only 
two or fewer, which can happen when the residue is overlapped in the [1HN-15N]-HSQC (like 

the cases of A10, L14, E34, E49, Q58 and R59) or when the peaks are too broad due to 
exchange (V23, D29, V33, and V40), precluding the acquisition of reliable chemical shifts. 

The green line at 0.5 is used as threshold for visual purposes. 
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8.4.- Kinetic Experiments: Infrared Temperature-Jump 

 

 Kinetic experiments measure the protein relaxation rate after an initial 

perturbation, in our study a temperature jump (T-jump) with infrared absorption as a 

probe. Experiments on gpW were performed by Dr. Michele Cerminara on a 

custom-built apparatus243 in which an infrared laser pulse induces a temperature 

jump of 10 – 12 ºC when impinging on the sample and creates the perturbation. The 

excitation beam originates from a Nd:YAG laser (Continuum Surelite I) operating at 

4 Hz, whose wavelength is shifted from the fundamental at 1064 nm to 1907 nm by 

using a 1m-long Raman cell (Light Age Inc) filled with a high-pressure mixture of H2 

and Ar in order to match the energy of the vibrational overtones of D2O that is used 

as solvent for these experiments. The resulting pulses have an energy of about 30 

mJ/pulse and a duration of 5-10 ns. The probe beam is a far-IR Quantum cascade 

laser (Daylight Solutions) that is tuneable in the range between 1605 – 1690 cm-1 

range to match the maximum absorption of the protein in the α-helix Amide I band, 

for the experiments on gpW, it was set at 1632 cm-1. The light transmitted from the 

sample was recorded by a fast mercury cadmium telluride (MCT) detector (Kolmar 

Technologies) coupled to an oscilloscope (Tektronix DPO4032). The samples were 

deuterated with the same procedure used for equilibrium FTIR (see Chapter 2.2) 

through series of deuteration cycles to exchange the amide protons with deuterium. 

After last cycle the lyophilized sample was dissolved in deuterated 20 mM glycine 

buffer with a protein concentration of 4 mg/ml at pD 3.5 and placed in a 

thermostated custom-built sample holder between two MgF2 windows separated by 

a 50 µm Teflon spacer. The experimental data from the IR T-jump (relaxation rate 

and amplitude as a function of temperature) are fitted to a model of four parameters 

(ΔHres, x, k0 and Ea), obtaining from the fit the overall parameters for gpW at pH 3.5 

of ΔHres = 4.23 kJ/mol, x = 0.94, k0 = 1.37 ·1012 s-1 and Ea = 0.877 kJ/mol. 

 

 Temperature jump techniques are off-equilibrium experiments; they measure 

the relaxation from a perturbed state back to the base temperature at which the 

sample is thermostated. Thus, these measurements can be performed only in a 

range of temperatures in which there is a relevant change of the protein 

conformation between the perturbed state and the base temperature, which means 

in a rage of ± 20 K around the Tm of the protein. Therefore, the experiments were 

designed at a value of pH that would allow to have a Tm low enough to get closer to 
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the values of temperature imposed by the NMR experiments (that required the 

temperature to be low enough to slow down the folding process in order to have 

enough sampling to measure a decay). Putting together the requirements of the two 

techniques, the NMR experiments were performed at 274 K (very far from the Tm of 

the protein that at this pH is 330 K) while the T-jump experiments showed a 

measurable amplitude only above 295K. Therefore, T-jump experiments were 

performed every 5 K between 295 and 340 K and then fitted to a 1D Free Energy 

Surface (FES) model to extrapolate the value of the rate at lower temperatures 

(Figure 8.10) obtaining a rate constant of 5000 ± 100 s-1 at 274 K used by NMR 

(Figure 8.10 inset). The uncertainty of ± 100 s-1 is one standard deviation in the rates 

obtained from jackknife analysis244. Considering the extrapolation to values far from 

the T-jump data and the fixed ΔCp,res (the relevance of this parameter is explained in 

detail in the next section), this estimation is very close to the kex experimentally 

obtained at the same temperature from RD-NMR, 4087 ± 42 s-1. The similar rates 

suggest that X is in the unfolding pathway of the protein, probably as rate-limiting 

step, even if the RD-NMR data could not assure it due to the lack of a detectable 

unfolded conformation at this low temperature.  

 

 
Figure 8.10. – Infrared relaxation kinetics of gpW at pD 3.5. Blue circles represent the 

experimental T-jump values obtained at different temperatures, the red curve their fitting to a 
1D FES model and the green star is the kex value obtained from RD NMR at 274 K. Inset 

shows a decay at 274 K simulated by the FES model (blue dashed line) and its single 
exponential fit (red line). 
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8.5.- Free Energy Surface (FES) Model 

 

 The model used to analyze the IR T-jump data is based on a mean-field 

approximation and represents the energy landscape as a one-dimensional FES 

resultant from the order parameter nativeness of the protein31,204. The explanation of 

the model follows the detailed description of DeSancho et al.204. The nativeness (n) 

is measured as the probability of finding the different residues in native conformation 

by looking at the dihedral angles (ϕ and ψ), thus, it can range from 0 for the fully 

unfolded protein (with none of the angles with native values) to 1 for the native 

conformation (with all the angles in folded native conformation). This nativeness will 

define the changes in conformational entropy of the protein (ΔSconf) according to 

Equation 8.1: 

 

ΔS!"#$ n = !N!(!−R![n ln n + 1 − n ln 1 − n ] + (1 − n)ΔS!"#$,!"#)  
Equation 8.1 

 

where N is the number of residues in the protein and ΔSconf,res the difference in the 

conformational entropy between the folded and the unfolded conformation of a 

protein residue (by fixing it with native angle values). In this work, ΔSconf,res is going 

to be fixed to 16.5 J/(mol·K), generated by calculating the average value obtained 

from the Robertson and Murphy analysis of a database of calorimetric data245. 

 

 The change in stabilization enthalpy is taken also as a function of the 

nativeness (ΔH(n)) - which excludes the solvation free energy - and is modelled as a 

probabilistic Markov chain, depending on the breaking of the native interactions as 

the protein unfolds, with constant differential changes in the decrease of nativeness 

as Equation 8.2 shows: 

ΔH n = !N!ΔH!"#[(1 − x(!!!))/(1 − x)] 
Equation 8.2 

 

where ΔHres is the total stabilization energy per residue, and x determines the rate of 

breaking native interactions, which is a function of n. Thus, the term within square 

brackets in Equation 8.2 depending on x indicates the fraction of remaining native 

stabilization energy, with the same values as previously mentioned for n, ranging 

from 1 for the native conformation to 0 for the fully unfolded protein, and will be 
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affected by local and non-local stabilization interactions. Therefore, from Equation 

8.2 we can infer that the decay in stabilization enthalpy is exponential as the protein 

loses its native structure.  

 

 With a parallel treatment as a Markov chain, the change in heat capacity is 

also determined as a function of nativeness (ΔCp(n)) as Equation 8.3 presents  

 

ΔC! n = !N!ΔC!,!"#[(1 − x!(!!!))/(1 − x!)] 
Equation 8.3 

 

where ΔCp,res is the change in heat capacity per residue and xC the characteristic 

rate of change of the heat capacity depending on n. For simplicity, ΔCp,res is fixed to 

the average value of 53.5 J/mol K, very close to 52.5 J/mol K obtained empirically by 

Robertson and Murphy245 and xC to 0.0136, previously used by our group31.  

 

 Therefore, the free energy surface at any given temperature (T) is given by 

Equation 8.4 where we can obtain the ΔS(n), ΔH(n) and ΔCp(n) from Equations 8.1, 

8.2 and 8.3, respectively. 

 

ΔG n = !ΔH n − !T!ΔS n + !ΔC! n [ T − T! + T!ln(T/T!"#)] 
Equation 8.4 

 

where Tm is the denaturation midpoint temperature of the protein and Tref is 385 K, 

the convergence temperature for the folding entropy where the solvation free energy 

cancels out31. 

 

 The relaxation kinetics as consequence of a perturbation on the FES are 

treated as a simple diffusion model with a constant diffusion coefficient as function 

of nativeness, but dependent on the solvent viscosity and temperature according to 

Equation 8.5 

! = ! !!!(!) exp(−!!!! !") 

Equation 8.5 

 

where η is the viscosity of the water as a function of temperature, k0 is the pre-factor 

and Ea is the activation energy per residue (constitutes the temperature dependence 
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of D). Consequently, both, D (Equation 8.5) and any change in the FES shape 

(Equation 8.4), determine the temperature dependence of the relaxation rate. 

 
 

8.6.- Discussion 
 

 The protein folding is a complex process that involves interactions within the 

amino acid chain towards the native conformation of the protein. Underneath, the 

process is driven by the free energy surface that may involve local minima, 

producing transient conformations, and energy barriers, hindering the exchange 

between states. The conformations along the folding process or as result of kinetic 

traps sometimes are low populated, and only some techniques are able to detect 

them, like DSC246 (appearing as a complex unfolding behaviour) or kinetic 

experiments28. RD-NMR has been proven as a powerful technique to structurally 

characterize these “invisible” conformations located at local minima of the FES. 

However, RD-NMR has certain timescale limitations and fast-folding proteins are in 

principle out-of-range. For folding to proceed in the microseconds timescale or 

faster, the underlying FES requires low barriers and shallow minima, favouring the 

appearance of partially folded conformations. Atomic-level molecular dynamics 

simulations have been able to fold and unfold multiple times 12 such fast-folding 

proteins42, noticing that the native structure is reached in a stepwise fashion, with 

some secondary elements appearing at an early stage of the folding, and acting as 

template for other native contacts.   

 

 The protein gpW with a folding relaxation rate of 125000 s-1 at 67 ºC6 was 

way out of the window for RD-NMR. However, the folding rates can be altered, for 

example by changing the temperature. In the case of gpW, the temperature was 

decreased to 1 ºC, where the extrapolation from T-jump experiments produces a 

folding rate 5000 ± 100 s-1 (Figure 8.10). In fact, this temperature slowed down the 

folding rate enough to acquire RD profiles with significant Rex for 15N, 1HN, 13CO, 13Cα, 

and methyl-13C nuclei, that when fitted to a two-site exchange model, produced a kex 

of 4087 ± 42 s-1 (with a of !!"#! ! ~ 1, Figure 8.6A and B), in reasonable agreement 

with the result from T-jump experiments considering the 20 ºC extrapolation. 

However, the relatively fast exchange could not break the correlation between pX 

and Δω, until the peak position was included to the profiles for the fitting, obtaining 

then a pX of 9.0 ± 0.3% (Figure 8.6C and D). This information of the peak positions 

also allowed to get the chemical shifts of the excited state X, which comparison with 
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the values of the random coil values (Figure 8.7) points towards the unfolding of the 

β-hairpin structure, while both α-helices remain pretty intact (Figure 8.9). Thus, even 

at the low temperature of 1 ºC, the secondary structure of gpW appears with a 

higher stability of the helices compared with the hairpin. This hierarchical structural 

stability has been observed in long-time-scale molecular dynamic simulations for the 

folding and unfolding of gpW, indicating that near the denaturation midpoint a similar 

structure (with well defined α-helices and unstructured β-hairpin) is formed8. 

Furthermore, simulations and NMR experiments were both consistent with the 

appearance of the helices prior to the hairpin during the folding process8.  

 

 This X state obtained with a population close to 10% can be considered a 

rate-limiting step in the unfolding of gpW due to the similar rates from the T-jump 

experiments and the fitting of the RD-NMR data. The usual chemical kinetics 

interpretation of the RD-NMR data, would be to locate this X state as a local 

minimum in the FES as on-pathway intermediate separated by barriers of 

undetermined height as shown on the top of Figure 8.11. However, another 

interpretation arises from the FES analysis of the T-jump data, with X state as an 

ensemble of partly folded conformations at the top of the barrier observed by IR 

spectroscopy near the Tm represented at the bottom Figure 8.11. Under highly 

stabilizing conditions, like the 1 ºC of the RD-NMR experiments, the FES of gpW is 

predicted to become downhill (green surface in Figure 8.11), and the low barrier at 

the Tm (in magenta in Figure 8.11) changes into a saddle point where the “invisible” 

X state interconverts with the native state with almost single-exponential kinetics 

(Figure 8.10 inset) and a probability of ~10% of the population (Figure 8.11 inset), 

very close to the value obtained from RD-NMR. Both interpretations agree with the 

RD-NMR data in which N and X states interconvert with a 9:1 ratio. 
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Figure 8.11. – The top FES figure is a schematic representation of the native (N), invisible 
(X) and unfolded (U) conformations in terms of a chemical kinetic model, and separated by 
energy barriers. The bottom figure represents the FES obtained from Equation 8.4 for the 
Tm (magenta) and 1 ºC (green) as a function of the nativeness of the protein. The inset in 

the bottom figure shows the probability distribution at Tm and 1 ºC with the different 
shadowing indicating the different conformations. The blue arrow, between the upper and 

bottom figure, indicates the structures reached with the RD NMR experiments performed on 
gpW. 

 

 

 Even gpW has been studied at the low pH 3.5, the X state would be 

comparable with the intermediate obtained at a more neutral pH of 6.5, as Figure 

8.12 shows comparing the |ΔϖXN| data of 15N RD experiments at 1 ºC and both pH 

values. The strong correlation supports the existence of the X state over different pH 

values, from acid to neutral, coherent with the also similar native structures obtained 

at both pH (Figure 8.3B). 
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Figure 8.12. – Comparison of the ΔϖXN at the pH 3.5 used for all the experiments on gpW 
versus pH 6.5, all performed at 1 ºC. 

 
 
 

8.7.- Conclusions 
 

 In the detailed analysis of the atomic behaviour obtained by RD-NMR, X 

state appears in the folding process of gpW protein, even at low temperatures, as a 

productive intermediate at the end of the kinetic folding pathway. In this X state, the 

α-helices are formed while the β-hairpin is still unfolded, probably because the 

hairpin may be the last step in the folding process. The lower stability of the hairpin 

in gpW protein had been observed previously with low-resolution techniques, that 

detected a decreased stability in the tertiary contacts with the β-hairpin than within 

the α-helices6, and with long-time-scale simulations8. 

 

 This low stability of the β-hairpin was observed in other systems, and has 

been proposed to play a possible role as conformational switch247. Considering the 

location of gpW protein in the collar of the λ bacteriophage, the functions of the full-

length gpW protein as structural protein or as interacting with the DNA (through 

direct binding or as a plug to prevent the ejection of the DNA248) have been 

suggested4. Maxwell et al.248 proposed the hypothesis that the protein (monomeric 

in solution) polymerizes into a ring with a six-fold rotational symmetry creating a 

gate for the DNA flow during infection, with a structure comparable to the DNA 
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sliding clamps248. Maybe the features of gpW with the hydrophobic tail at the C-

terminus, where the last three residues are crucial for its activity (its lack impedes 

the assembly)238, and the flexible hairpin, exchanging between folded and unfolded 

structures, can involve a double function for this protein. Therefore, gpW could be 

anchored to other proteins by hydrophobic interactions arising specially from the C-

terminal tail, at the time that the hairpin, with several basic residues (pI of 10.8 for 

the full length protein249), may be interacting with the DNA, allowing or blocking its 

flow across the collar of the bacteriophage by the interconversion of both 

conformations. 
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Abstract 
The topographic features of the free energy landscapes that govern the thermodynamics and 

kinetics of conformational transitions in proteins, that in turn are integral for function, are not 

well understood. This reflects the experimental challenges with characterizing these 

multidimensional surfaces, even for small proteins. Here we focus on a 62 residue protein, 

gpW, that folds very rapidly into a native structure with an a/b topology in which a-helices 

are at the N- and C-terminal ends of the molecule, with a central b-hairpin positioned 

orthogonally to the helices. Using relaxation dispersion NMR spectroscopy to probe the 

conformational fluctuations in gpW at 1oC it is found that the native state interconverts with a 

transiently formed, sparsely populated second state with a lifetime of 250 µs, consistent with 

the global folding-unfolding rate under these conditions. In this low populated state the b-

hairpin is unfolded, whereas the a-helices remain predominantly formed. Our results argue 

for a hierarchical stability of secondary structural elements and demonstrate the existence of a 

complex free energy landscape even in this small, fast folding single domain protein.  
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Introduction 
 Conformational fluctuations direct the folding of proteins into complex, functional three-

dimensional structures, and often play important roles in molecular recognition and enzyme 

catalysis 1. Conformational changes are usually described in terms of diffusive motions of 

protein molecules on a free energy surface of reduced dimensionality 2,3. Minima on this 

landscape correspond to conformational ensembles whose relative free energies determine 

their populations, whereas barriers separating the states and the intra-molecular diffusion 

coefficient establish the rates of their interconversion. Experimental characterization of the 

conformational free energy surface has proven to be difficult because of its underlying 

complexity and several aspects including the magnitudes of the free energy barriers 

separating states, barrier transition paths, and the identification and structural elucidation of 

sparsely populated on and off-pathway folding intermediates remain challenging to 

experiment.  

 Native state hydrogen-deuterium exchange (HDX) experiments, in concert with NMR 4,5 

or mass spectrometric detection 6, have provided fundamental insights into the free energy 

surface of proteins that fold slowly with complex kinetics 7, revealing the presence of 

subglobal cooperative folding units referred to as foldons 8. The examination of kinetic 

folding pathways in a number of such proteins using HDX pulse labeling shows a sequence 

of events that follows the order of stability of individual foldons 9,10. This observation has led 

to the suggestion that protein folding proceeds via the ordered assembly of foldons with the 

most stable foldons folding first 8. Small single-domain proteins (less than approximately 100 

residues), on the other hand, often fold without populating intermediates, indicating that their 

energy landscapes have simpler topography 11. It has been traditionally assumed that small 

single-domain proteins fold in a cooperative two-state fashion 12 owing to a high free energy 

barrier separating their native and unfolded states. However, ultrafast kinetic methods have 

led to the discovery of many single-domain proteins that fold in only microseconds 13. Such 

fast folding proteins approach the folding speed limit, which has been estimated to be around 

1 µs by many procedures, including estimates from the kinetics of secondary structure 

formation 14, from the emergence of a second diffusive kinetic phase in some fast-folding 

proteins 15, from the scaling of folding rates with protein size 16, or more recently from the 

experimental study of folding transition path times 17. For some fast-folding proteins the free 

energy barrier is so low that the conformers at the barrier top are populated 13, and thus their 

equilibrium unfolding appear complex and probe dependent, even though the underlying free 

energy landscape is essentially smooth 18. Additionally, the recent implementation of sub-



Appendix B 
 

 150 

millisecond molecular dynamics simulations has indicated that such small fast-folding 

proteins also assemble native structure in a stepwise manner 19.  

 Fast-folding proteins are thus attractive targets for atomic-resolution experimental 

methods 13. In this regard, relaxation dispersion NMR (RD NMR) has evolved into an 

important technique for the structural characterization of local minima in the protein free 

energy landscape 20-22. While such rare states do not give rise to detectable cross-peaks in 

NMR spectra their presence causes broadening of resonances derived from the native state. In 

cases where the rates of interconversion between observable (‘ground’) and invisible 

(‘conformationally excited’) states are on the ms timescale, the magnitude of exchange 

broadening can be systematically altered via a Carr-Purcell-Meiboom-Gill (CPMG) pulse 

train consisting of chemical shift refocusing pulses applied at varying frequencies (nCPMG). 

The graph of the effective transverse relaxation rate (R2,eff) of a particular nucleus as a 

function of nCPMG is referred to as the relaxation dispersion profile and can be fit to a model 

of conformational exchange to extract chemical shift differences of the nucleus between the 

native and invisible states. The chemical shifts so obtained have been used to solve the three-

dimensional atomic resolution structures of invisible states of proteins by incorporating them 

into chemical shift-based structure prediction algorithms 23,24. Structures of on-pathway 

folding intermediates of the FF module 25,26 and the Fyn SH3 domain 27, as well as a sparsely 

populated conformer of T4 lysozyme 28 and an Abp1p SH3/Ark peptide complex 29 have been 

obtained in this manner. 

 Here, we employ RD NMR methodology to explore the energy landscape of the 62 

residue protein, gpW 30, from l bacteriophage, that adopts an a+b fold in the native state 

with N- and C-terminal a helices and an orthogonal b hairpin (Fig. 1A) 31. gpW is an ultrafast 

folding protein with a folding time constant of ~8 µs at its melting temperature (Tm = 67º C at 

pH 6.0)30. RD NMR experiments reveal a sparsely and transiently populated invisible state 

(referred to as X in what follows) in conformational exchange with native gpW. Chemical 

shifts of X obtained from the analysis of the RD NMR data show that the b hairpin is locally 

unfolded in X whereas the two a helices are intact, clearly establishing a hierarchy in the 

stability of structural units in this small protein. The detection and characterization of a low-

lying thermally accessible partially unfolded state in gpW provides experimental evidence for 

the existence of a complex free energy landscape even for small proteins that fold very 

rapidly. 
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Results 

Relaxation dispersion measurements on gpW 

The gpW protein folds in an ultra-fast manner with a time constant of 8 µs at 67º C (pH 6.0). 

In order to make the folding timescale accessible to RD NMR, which is limited to systems 

with exchange rates, kex, in the 100 s-1 ≤ kex ≤ 2-3000 s-1 range (see below), we lowered the 

temperature to 1º C, exploiting the steep temperature dependence of folding rates that is often 

observed for fast-folding proteins 32, including gpW. The pH was also reduced to 3.5 in order 

to destabilize the protein, in the hope that this would lead to increased populations of 

additional states along the landscape that would become amenable to study via the RD NMR 

approach. Notably, the structure of the native state of gpW remains unaffected by the low 

temperature and pH used in the present study. For example, structures of gpW at 21º C/pH 

6.5 31 and 20º C/pH 3.5 (Fig. 1A) are virtually identical  (superposition shown in Fig. S1). 

Further, the pattern of amide 1H and 15N chemical shifts observed in 1H-15N HSQC spectra at 

1º (Fig. 1B) are very similar to those obtained at 25º C, confirming that the available native 

state structures are good models for gpW at 1o C/pH 3.5. However, at the low temperature, 

resonances show considerable differential line broadening (Fig. 1B) and 3 out of the 61 

expected cross-peaks in the 1H-15N HSQC spectrum are broadened beyond detection, 

signifying the presence of micro-millisecond conformational exchange. 
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Figure 1. A) Ribbon diagram of the structure of gpW, as determined by solution NMR, 20ºC, pH 3.5 

(PDB ID: 2L6R). The a-helical regions and terminal loops are colored red, the b-hairpin is in blue 

and selected Val and Leu side chains have been highlighted in grey. B) 1HN-15N HSQC spectrum of 

gpW, 1oC, 11.7 T with assignment of resonances as indicated. The cross-peak shown in green is 

aliased. 

 

 In order to study the conformational exchange process in detail a series of RD NMR 

experiments were recorded, which provide structural information about thermally accessible 

conformational states that are not directly observable in NMR spectra, so long as they are in 

equilibrium with the native state. RD NMR measurements were performed using backbone 
15N, 1HN, 13CO, and 13Ca probes, to investigate changes in secondary structure that accompany 

the exchange event, and sidechain methyl 13C nuclei to probe differences in hydrophobic 

packing between the native and invisible conformers. Well-resolved resonances belonging to 

22 residues for 15N, 32 for 1HN, 24 for 13Ca and 25 for 13CO showed exchange contributions 

Rex = R2,eff(nCPMG = nmin) – R2,eff(nCPMG = ∞) > 5s-1, where nmin is the minimum CPMG pulsing 

frequency for a particular experiment (see Materials and Methods). Non-zero values of Rex 

confirm the presence of one or more excited states in exchange with the native state. 

Representative RD profiles for a number of spin-probes in the a helices  (red and orange) and 

b hairpin (blue and cyan) are shown in Figure 2.  
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Figure 2. Relaxation dispersion profiles measured using A) 15N, B) 1HN, C) 13CO and D) 13Ca probes, 

recorded at 1º C, 11.7 T, showing the existence of sub-millisecond timescale conformational 

fluctuations in gpW. Solid lines are best-fits of the data (circles) to a two-state exchange model. 

Vertical lines associated with each data point denote experimental errors. In general, dispersions (Rex 

values) are larger for the residues located in the hairpin (cyan and blue) than for the residues in the 

helices (orange and red). E, F) Methyl-13C dispersion profiles from Leu and Val residues. 

Stereospecific assignments of the prochiral methyl groups have not been obtained; pairs of methyl 

groups from a given side-chain are distinguished ‘a’ and ‘b’, with ‘a’ corresponding to the methyl 

with the most upfield shifted resonance in the 13C dimension. 

 

Interestingly, backbone nuclei of residues in the b sheet show substantial exchange 

broadening while dispersion profiles of residues in the terminal a helices are relatively flat, 

consistent with a smaller contribution from exchange. Thus, the exchange process is 

predominantly associated with the hairpin region of the structure. The -CH3 containing 

sidechains that are localized within helices (residues L17, L43, for example, Fig. 2E) and that 

form a part of the hydrophobic core are broadened considerably because of exchange. Thus, 

hydrophobic packing may be altered in the invisible state, potentially due to a shift in the 

register of the helices. The -CH3 group of V33, which lies at the interface of the b-hairpin and 
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a-helices, also has a large Rex value (Fig. 2F), either directly because of secondary structural 

changes in the b-hairpin or as a result of the relative motion between the helices and the 

hairpin. In addition, one of the methyl groups of residue V40, localized to the C-terminal 

helix at the helix-sheet interface, also has significant Rex contributions (Fig. 2F).  

 

Obtaining unique populations and extracting structural information 

Relaxation dispersion profiles of 15N, 1HN and methyl 13C spins with Rex> 5 s-1 at both 11.7 

and 18.8 T were fit globally to the Bloch-McConnell equations 33 appropriate for a model of 

two-site exchange, !
"#$
⇌
"$#

&, to extract kex= kXN + kNX = 4087 ± 42 s-1. The presence of a 

pronounced minimum in the graph of c2red as a function of kex (Fig. 3A) confirms the 

robustness of the fitted value of the exchange rate. This value of kex places the exchange 

process in the moderately fast regime whereby for all but one or two spins in gpW kex>Dw, 

with Dw  being the chemical shift difference, rad/s, between the exchanging sites. For 

example, a values 34, defining the chemical exchange time-scale, range between mean values 

of 1.8 to 1.9 (standard deviations of ±0.3) for the different nuclei probed, where a value of a 

= 2 indicates fast exchange. The moderately fast exchange process challenges the extraction 

of a robust fractional population of the X state, pX, because in this case only the product pX(1-

pX)Dw2 can be obtained reliably from fits of RD data. The problem is illustrated in Fig. 3C 

that plots the reduced c2 from fits of dispersion profiles as a function of pX. The flat c2 vs pX 

curve indicates that the dispersion profiles can be fit equally well to virtually any value of pX 

> 5%, with concomitant adjustment of the Dv (ppm) values to maintain the quality of the fit. 

Since structural information on X is obtained from shift differences, a reliable estimate of pX 

becomes imperative. 
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Figure 3. Variation of c2

red from fits of 15N, 1HN and methyl 13C dispersion data, 1o C, as a function of 

exchange parameters, kex (A,B) or pX (C,D). Only RD CPMG data acquired at 11.7 and 18.8 T has 

been included in generating data in panels (A,C) while the static magnetic field dependence of native 

state peak positions (based on HSQC and HMQC spectra acquired at 11.7 and 18.8 T) has also been 

included in the analysis in panels (B,D). It is clear that while a unique kex value, corresponding to a 

pronounced minimum in the c2
red vs kex profile (A), can be obtained from fits of RD NMR data 

exclusively, a unique pX can only be obtained if RD NMR data are supplemented with peak positions 

of the native state in HSQC/HMQC spectra recorded at a pair of static magnetic fields. 

 

 It has recently been shown that the correlation between pX and Dw can be broken for kex 

values as large as 4000-6000 s-1 by exploiting the fact that peak linewidths and positions 

depend in different ways on kex/Dw and hence on the static magnetic field 35. Thus, by 

simultaneously fitting relaxation dispersion profiles and the position of correlations in spectra 

recorded at a number of static magnetic fields it is possible to extend the exchange time-scale 

of systems that are amenable to study by RD NMR. Here we have recorded 1H-15N HSQC 

and HMQC spectra at 11.7 and 18.8 T and measured shifts in peak positions in 

HSQC/HMQC data sets and between HSQC data sets. Including these shifts along with 15N, 
1HN and 13C-methyl dispersion profiles in fits breaks the correlation between pX and Dv , 

producing a distinct minimum in the reduced c2 vs pX plot corresponding to pX = 9.0 ± 0.3% 

(Fig. 3D). It is worth noting that in the (moderately) fast exchange limit that is germane here, 

Dv  scales as pX0.5. Thus, errors in pX on the order of 30-40% lead to changes in chemical 

shift values of no more than 15-20%, that has a negligible effect on the structural insights that 

can be obtained (see below). 

Structural features of the sparsely populated state 
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Once accurate exchange parameters were determined, 15N, 1HN, 13CO, 13Ca and methyl 13C 

chemical shifts of the invisible state were obtained by fitting RD profiles to a simple model of 

two-state exchange with kex and pX fixed. Large 15N chemical shifts (> 4 ppm) were observed 

for some backbone 15N nuclei suggesting that the protein may be undergoing partial 

unfolding. To ascertain whether this is the case, differences in 15N chemical shifts between 

the native and invisible states (Dvexp = DvXN= vX -vN) have been plotted against the 

corresponding values that would be expected for a global folding-unfolding transition 

(Dvpred = DvUN) (Fig. 4A). Intriguingly, the pattern obtained shows a distinct bimodal 

distribution, with chemical shift differences for residues in the b sheet correlating very well 

with DvUN values, while the analogous values for the a helices show a much poorer 

correlation. Other backbone nuclei (Fig. 4 panels B-D), in particular 13Ca and 13CO that are 

sensitive to secondary structure changes 36, mirror the bimodal distribution pattern observed 

for 15N, confirming that the b sheet is indeed unfolded in the invisible state. The 13Ca and 
13CO chemical shift data are further consistent with the helices remaining intact in X, as 

established by the secondary structure program, TALOS+ 37. Because signs of DvXN values 

were not available for many of the 13C probes, we have assumed the most extreme scenario in 

our analysis of the helical residues whereby in the absence of the sign,  vX has been 

arbitrarily chosen to be closer to the value expected for a random-coil conformer, Fig. S2. 

Even with this assumption the helices are preserved in the excited state of gpW. Figure 5 

graphs the residue-specific variation in backbone chemical shifts DvRMS, showing that 

significant chemical shift changes (> 0.5 ppm) are localized to the central b sheet region 

(<DvRMS> = 0.7 ± 0.3), with DvRMS much smaller for the flanking helices(<DvRMS> = 0.2 ± 

0.1 and 0.2 ± 0.2 for helices 1 and 2, respectively). To summarize, the chemical shift data 

establish that the b hairpin is unfolded in X, but that the a helices remain intact.  
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Figure 4. Comparison of experimentally obtained chemical shift differences between native and X 

states of gpW, 1oC, (Dvexp = vI -vN) for A) 15N, B) 1HN, C) 13CO and D) 13Ca spins with the 

corresponding values expected if X is in a random-coil conformation (Dvpred = vU -vN). The red 

(blue) circles denote values derived for residues belonging to helical (hairpin) regions. Values for 

which the signs of Dv have (have not) been obtained experimentally are denoted by filled (open) 

circles; for the cases where signs are not available, values of |Dvexp| and |Dvpred |  are plotted. Error 
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bars smaller than the circle diameter have not been explicitly shown. The black line is y=x and the 

region between the green lines corresponds to the average chemical shift rmsd value for each of the 

displayed nuclei (from Tamiola et al. 2010 61). 

 

 
Figure 5. DvRMS (ppm) values plotted as a function of residue number. '()*+ =

	./
$ ∑ 1 234

234,678
9
:

; 	where '(; is the difference between the shifts in the native and X states for a 

particular nucleus in a given residue, '(;,+<=	corresponds to 1 standard deviation of the distribution 

of chemical shifts for that nucleus in the context of the amino acid in question, obtained from a 

database of protein chemical shifts (BMRB, http://www.bmrb.wisc.edu/) and N is the number of 

nuclei included in the summation (≤4). The nuclei considered are 15N, 1HN, 13Ca and 13CO. Values 

obtained when only two or fewer Dv values are included have been colored in grey. Some of these 

residues (A10, L14, E34, E49, Q58, R59) were overlapped in the 1HN-15N HSQC data sets, while 

others were too broad due to exchange, making it impossible to obtain reliable shift differences (V23, 

D29, V33, V40).  

 

Discussion 

  

 The RD NMR approach is particularly powerful to characterize low populated protein 

conformational substates because of the large number of probes that can be used, so that 

detailed atomic resolution structural information can be obtained 38.  This approach has led to 

the determination of the structures of on-pathway folding intermediates in the native protein 

free energy landscape for the slower folding FF 25,26 and Fyn SH3 27 domains (ms timescale). 

The FF domain folding intermediate is particularly interesting in that helix 3 is significantly 

longer than in the native state, leading to the establishment of non-native interactions across 
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the protein 25,26. These alternative conformations produce local minima in the free energy 

surface from which the protein needs to escape before reaching the native structure.  

 Proteins that fold in a two-state manner have been a major focus of interest in folding 

studies via mutational analysis 39. These proteins have, in principle, free energy landscapes 

devoid of local minima that could be probed by RD NMR. Work over the last 15 years on 

fast-folding, however, has described a new class of proteins that approach the folding speed 

limit 40 and thus have free energy surfaces with very low barriers and shallow minima 13. The 

shallowness of ultrafast folding free energy surfaces allows for ensembles of partially folded 

conformations, which would correspond to excited states in nominally two-state folding, to 

become populated under certain experimental conditions 13. These low populated partially-

folded conformations can be detected by differential scanning calorimetry 41, giving the 

appearance of complex unfolding behaviour in equilibrium 18 and kinetics 42 experiments, 

even though the underlying energy landscapes are smooth. The special characteristics of fast-

folding proteins have been dramatically demonstrated in recent long timescale atomistic 

simulations that achieved multiple folding and unfolding events for 12 such proteins 19. The 

simulations identify a general theme whereby assembly of native structure for these proteins 

occurs in a stepwise fashion with key secondary structural elements forming at an early stage 

of folding that then template the formation of the rest of the secondary structure as well as the 

establishment of long range native contacts. Fast folding proteins thus seem to accrue 

structure in steps rather than in a globally cooperative way. 

 Experimentally, the coarse features of fast-folding free energy surfaces have been derived 

from fits of data from multiple probes to statistical mechanical models 30,42. An ultrafast 

folding protein in which the topography of the free energy surface has been characterized in 

detail is the villin subdomain 43. In other cases, such as the engrailed homeodomain (EnHD) 
44 and Trp cage 45, similar experimental observations have been interpreted as evidence for 

the formation of an on-pathway intermediate. However, only in very few examples have 

these partially folded conformational ensembles been characterized in structural detail via 

experiment. One example is the 3-helix bundle EnHD intermediate where a mutant was 

studied that adopts the partly folded conformation at low ionic strength and folds to the native 

state under conditions of high ionic strength 46. Motivated by our prior work on the slower 

folding FF and Fyn SH3 domains and by the fact that rich conformational behaviour has been 

observed for fast folding proteins by a variety of biophysical techniques 13 we wished to 

extend our RD NMR studies to explore the free energy landscapes of more rapidly folding 

molecules. Studies of fast folding proteins by RD NMR are technically challenging, however, 
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and this is the case for the gpW protein studied here. Folding of gpW has been investigated 

previously using a variety of different spectroscopic techniques, and a folding relaxation rate 

of 125,000 s-1 has been measured at 67oC 30. Conformational exchange events on this 

timescale are well outside the window of RD NMR that is, in general, sensitive to processes 

that are more than an order of magnitude slower. However, exchange rates can be 

manipulated by changing temperature and for gpW at 1oC, pH 3.5 exchange was sufficiently 

slowed so that RD profiles with significant Rex values could be recorded for 15N, 1HN, 13CO, 
13Ca and methyl 13C nuclei, as illustrated in Fig. 2. These were fit well to a two-site exchange 

process with a rate of interconversion of 4100 s-1 (reduced c2 ~ 1, Fig. 3), that remains 

relatively fast on the chemical shift timescale. In this exchange regime it is not possible to 

obtain accurate chemical shift differences between exchanging sites from analysis of 

dispersion profiles because of the coupling between pX and Dw values. This coupling can be 

broken, however, through simultaneous fits of both RD data and the chemical shifts of 

ground state resonances as a function of the static magnetic field, as illustrated in Fig. 3. A 

value of pX = 9% was obtained through a combined analysis of this sort, along with chemical 

shifts that can be used to obtain structural information about state X. Notably, the excited 

state retains the terminal a helices of the native conformation of gpW, while the b hairpin 

that connects the helices is unfolded, Figs. 4,5. There is thus a hierarchical ordering of 

structural stability even in this small protein, with the b hairpin emerging as a subglobal 

autonomously folding structural unit or foldon. 

 The partially unfolded state characterized in this study is likely a folding intermediate, 

though there is no direct kinetic evidence from our NMR experiments because they were 

recorded under conditions where the population of the fully unfolded state is negligible. 

Instead, we remeasured the overall folding-unfolding relaxation kinetics of gpW by 

temperature-jump IR spectroscopy, but this time at pH 3.5, Fig. 6A. We could not reach 1º C 

directly with T-jump experiments because of the lack of kinetic amplitude under conditions 

that are so far from the folding midpoint. But, the quantitative analysis of the temperature 

dependent rate with a simple free energy surface (FES) model (see Supporting Information) 

produces an extrapolated rate constant of 5000±100 s-1at 1º C, with the uncertainty in the 

extrapolated rateestimated using a jackknife analysis 47 (±100 s-1 is one standard deviation in 

the rates obtained from the analysis). The obtained value is in reasonable agreement with kex 

that we measure by RD NMR at this temperature, 4100±40 s-1, especially considering that the 

extrapolation is over 20 oC and that ΔCp,res in the FES model is fixed (see SI). The similarity 



Appendix B 
 

 161 

in rates suggests that the formation of the X state described here corresponds to the rate-

limiting step in gpW unfolding. Using a chemical kinetics interpretation, that is most 

commonly used for RD NMR data, X would thus be an on-pathway intermediate placed 

between the unfolded state and the global transition state, corresponding to a local minimum 

in the free energy surface, Fig. 6B. The FES analysis of the T-jump data offers an alternative 

interpretation in which X corresponds to the ensemble of partly folded conformations placed 

at the top of the low-barrier transition observed by IR spectroscopy near the Tm (Fig. 6C). 

Under highly stabilizing conditions such as 1º C the FES of gpW is predicted to become 

downhill, but the ensemble ascribed to X remains the first excited state that is sampled from 

N, interconverting with nearly single exponential kinetics (inset in Fig 6A) and making up 

~10% of the total population (inset to Fig. 6C), consistent with the RD NMR results. Unlike 

the model of Fig. 6B, X does not occupy a local minimum but rather is localized to the saddle 

point in the FES. In addition, the kinetics are governed essentially by the friction along the 

landscape, that in turn, is reflected by the temperature dependence of the diffusion on the 

surface (determined by the intramolecular diffusion coefficient, see Eq. S5 of SI). The RD 

NMR data does not distinguish between these two possible models, and as described above, 

is consistent with a two-state interconversion between N and X states. 
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Figure 6. Mechanistic interpretation of the invisible state X in light of the comparison between RD 

NMR results and laser induced temperature-jump experiments. A) Folding-unfolding relaxation 

kinetics measured by infrared T-jump at pH 3.5 (blue circles) fitted to a 1D FES model (red curve; see 

Supporting Information), kex from RD NMR (green star), and the relaxation decay at 1o C as simulated 

by the FES model (blue in inset) together with a single exponential fit for reference (red in inset). B) 

Schematic representation of the FES in terms of a chemical kinetics model that separates U, X and N 

with barriers. C) The FES (main) and probability distribution (inset) obtained for gpW at the 

denaturation midpoint (magenta) and at 1o C (green) including the region populated by the invisible 

state X. It is noteworthy that the NMR data cannot distinguish between the models in (B) or (C). 

 

 Regardless of the preferred interpretation, X emerges in both cases as a productive 

intermediate occurring late in the kinetic folding pathway of gpW to its native conformation. 

Given that in X the α helices are fully formed while the b hairpin is unfolded, the formation 

of the b hairpin may thus represent the very last step in gpW folding. Interestingly, this 

conclusion is consistent with the empirical observation that spectroscopic probes sensitive to 

tertiary interactions between the b  hairpin and the α helices report a lower stability than 

probes sensitive to the α helix structure alone 30. Moreover, the lower intrinsic stability of the 

hairpin has also been observed in long-timescale MD simulations of gpW. Finally, we have 

performed 15N RD measurements on a sample of gpW, 1oC, pH 6.5 to establish whether the 

intermediate that we have characterized in this work is likely to be important at neutral pH. 

Notably, extracted |DvXN| values are in good agreement with those obtained at pH 3.5, Fig. 

S3, providing strong evidence that the excited state remains intact over a broad spectrum of 

pH values. 

 In summary, using a combined analysis of RD profiles and the dependence of native state 

peak positions on the static magnetic field we have been able to probe the free energy 

landscape of the fast folding a/b gpW domain using solution NMR spectroscopy. We have 

identified and structurally characterized a thermally accessible sparsely formed, transiently 

populated state in equilibrium with the native state of gpW. The structure of this ‘invisible’ 

state clearly establishes the presence of a hierarchy in the stability of secondary structural 

elements and the existence of a complex folding process even for this small fast folding, 62-

residue protein. gpW is considered to be an incipient downhill folding protein with a small (~ 

RT) free energy barrier at its Tm (67 º C) 30. A previous study has suggested that a 

combination of strong local interactions and loose hydrophobic packing might contribute to a 

lowering of the folding free energy barrier 30. Our NMR characterization of the invisible state 
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now confirms the involvement of both of these factors in shaping the free energy surface of 

gpW. Strong local interactions ensure that the N- and C-terminal helices remain structured in 

the X state characterized here, while RD data for Leu and Val residues involved in tertiary 

interactions strongly suggest that the hydrophobic core is disrupted in the invisible state. The 

ability to extend RD NMR to faster exchange processes, as described here, increases the 

range of protein systems that can be studied via this methodology and opens up the exciting 

possibility of characterizing in greater detail than heretofore possible the free energy 

landscapes that dictate protein function. 

 

Experimental Section 

Protein Expression and Purification 

A 62-residue gpW construct was chosen for the current study that does not include the C-

terminal 6 residues that induce aggregation 30. The T2V mutation, present in the construct 

used in previous structural studies of this protein 30,31, was retained. E. coli BL21(DE3) cells 

expressing gpW with a C-terminal histidine-tag were grown at 37ºC in minimal media. 

Protein expression was induced with IPTG (isopropyl-b-D-thiogalacto-pyranoside) when the 

cell culture reached an OD600 value of 0.7-0.8. After 4 hours of growth at 37ºC, the cells were 

harvested and centrifuged at 8000 rpm for 30 minutes. The pellet was resuspended in 20 mM 

Tris, 150 mM NaCl, 8 M urea, pH 8 until homogeneous. The lysate was ultracentrifuged at 

18000 rpm for 45 minutes and the supernatant gently sonicated and loaded on a Ni affinity 

column followed by elution with an imidazole gradient. Fractions containing gpW were 

pooled, the imidazole subsequently dialyzed out, and the His-tag cleaved by incubation with 

Ulp1 protease for 1 hour at 37ºC. A second run through the Ni column was used to remove 

the cleaved His-tag. The protein was then concentrated with a 3kDa MWCO Centricon 

centrifugal concentrator for a last reverse phase (RP) HPLC step. The RP-HPLC uses a 0-

95% water-acetonitrile gradient with 0.1% trifluoroacetic acid to remove salts and other 

impurities. Fractions containing pure gpW were pooled and lyophilized. The purity of the 

protein was checked by SDS-polyacrylamide gel electrophoresis and its identity verified by 

ESI mass spectrometry.   

Sample Preparation for NMR Spectroscopy 

[U-15N] and selectively (13CH3) methyl labeled gpW, expressed in minimal media containing 
15NH4Cl and [1-13C]-glucose as the sole nitrogen and carbon sources respectively, 48 was used 

to record 15N, 1HN and 13CH3 RD experiments. [U-15N,13C] gpW was expressed in minimal 
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media containing 15NH4Cl and 13C6-glucose, while [U-15N] and selectively Ca labeled gpW 

was produced using minimal media with 15NH4Cl and [2-13C]-glucose 48. These samples were 

used for 13CO and 13Ca dispersion measurements, respectively. All NMR samples comprised 

approximately 1 mM protein in 20 mM glycine buffer (pH 3.5), 1 mM sodium azide, 10% 

D2O/90% H2O.  

NMR Spectroscopy and Data Analysis 

Backbone and sidechain chemical shift assignments were obtained using standard triple 

resonance experiments 49 recorded at either 11.7 or 14.1 T, 1 ºC.RD data were recorded at 

field strengths of 11.7 and 18.8 T, 1º C, with the temperature measured using a thermocouple 

inserted into an NMR tube. 15N, 1HN, 13CO, 13Ca and methyl 13C RD profiles were recorded 

with pulse schemes described previously 50-55. For the measurement of 1HN dispersions a 

modified sequence was used whereby the amide magnetization at the start of the constant-

time CPMG element is anti-phase with respect to 15N. In addition, a (backbone amide 

specific) REBURP pulse of 2.00 ms (11.7 T) or 1.25 ms (18.8 T) duration was applied on the 
15N channel during the first INEPT transfer period in experiments recording 15N and 1HN 

profiles to eliminate intense side-chain correlations arising from Arg residues. A pre-scan 

delay of 2.5 s was used in all cases, with constant-time CPMG relaxation delays of 30, 18, 24, 

16 and 30 ms for measurement of 15N, 1HN, 13CO, 13Ca and methyl 13C RD profiles, 

respectively. Dispersion data were collected at 17 CPMG fields ranging from 33.3 to 1000 Hz 

for 15N (11.7 and 18.8T), 21 CPMG fields from 55.6 to 2000 Hz for 1HN (11.7 and 18.8 T), 

10 (12) CPMG fields from 83.3 to 833.3 (1000) Hz for 13CO at 11.7 T (18.8 T), 10 (13) 

CPMG fields from 62.5 to 1000 Hz for 13Ca, 11.7 T (18.8 T), and 17 CPMG fields ranging 

from 66.7 to 2000 Hz for 13CH3 (11.7 and 18.8 T). Errors in R2,eff were estimated by acquiring 

at least three duplicate points at selected vCPMG values. 

 Additional experiments were measured to determine the signs of the chemical shift 

differences, Dv, obtained from fits of CPMG RD data. For 15N Dv values, signs were 

obtained by comparing peak positions in 1HN-15N HSQC spectra acquired at 11.7 and 18.8 T 

and in 1HN-15N HSQC and HMQC spectra 56, also measured at 11.7 and at 18.8 T. Signs of 
1HN shift differences were obtained from an analysis of 1HN/15N zero- and double-quantum 

coherence RD profiles 57 and also from a comparison of the direct dimension chemical shifts 

in HSQC spectra recorded at 11.7 and 18.8 T 58. Signs for 13CODv values were obtained from 

a comparison of resonance positions in 1HN-13CO data sets recorded at 11.7 and 18.8 T where 

the 13CO chemical shift arises either from evolution of single quantum or multiple quantum 
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(1HN-13CO or 15N-13CO) coherence 59. In total, 31, 26 and 25 signs were determined for 53, 52 

and 47 measured 15N, 1HN and 13CODv values. It was not possible to measure signs for 13Ca 

shift differences because of the limited quality of 1Ha – 13Ca correlation maps. 

 NMR data were analyzed using the NMRPipe suite of programs 60,with peak intensities 

quantified with FuDA (http://pound.med.utoronto.ca/software.html), as previously described 
61. Spectra were visualized with NMRDraw 60 and Sparky 62. Exchange parameters (pi, kex, 

Dv) were obtained by simultaneously fitting the dispersion profiles and HS/MQC data to a 

global two-site exchange model using the program CHEMEX (in-house written software, 

available upon request) that numerically propagates the Bloch-McConnell equations 33 in the 

simulation of the experimental data. 

Infrared Temperature-Jump Kinetics 

gpW samples for infrared kinetic measurements were prepared at 4 mg/ml protein 

concentration in 20 mM deuterated glycine buffer, after achieving complete deuteration of 

the exchangeable amide protons by performing multiple cycles of lyophilization and dilution 

in D2O.  The samples were adjusted to pD = 3.5 after correction for the isotope artifact on the 

readout of the glass electrode of the pH-meter. Infrared laser-induced temperature jump 

measurements were performed using a custom built apparatus 63. Briefly, the fundamental 

wavelength of a Nd:YAG laser (Continuum Surelite I) operating at a repetition rate of 4 Hz is 

shifted to 1907 nm (a frequency at which D2O exhibits strong absorption) by passing through 

a 1m path Raman cell (Light Age Inc.) filled with a high pressure mixture of H2 and Ar. The 

output of the Raman cell is < 10 ns pulses of about 30 mJ which induce a local temperature 

jump of about 10-12 degrees when focused onto the sample. The response of the sample to 

this fast perturbation is monitored using a quantum cascade laser tunable in the range 1605-

1690 cm-1 (Daylight solutions) to probe the amide I band of the protein under study. For gpW 

we tuned the laser to 1632 cm-1 to match the absorption maximum of the α-helix amide I 

band. The light transmitted from the sample was then detected using a fast MCT detector 

(Kolmar Technologies) coupled to an oscilloscope (Tektronix DPO4032). Samples were held 

in a cell formed by two MgF2 windows separated by a 50µm teflon spacer and thermostated 

at the proper base temperature using two Peltier thermoelectric coolers (TE Technology Inc.) 

in a custom-built sample holder. The transmission of D2O was used as an internal 

thermometer to measure the amplitude of the temperature jump. 
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Supporting Information 

A description of the FES model is provided, along with one figure showing the superposition 

of NMR derived structures of gpW at pH 3.5 and 6.5, a second figure establishing that the a-

helices are intact in the excited state of gpW and a third figure providing evidence that state X 

characterized at pH 3.5 is populated at neutral pH as well. This information is available free 

of charge via the internet at http://pubs.acs.org. 
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Supporting Methods 
 

Free Energy Surface Model and Analysis of T-jump Kinetics 

The free energy surface model that we use for the analysis of the infrared temperature-jump 

data has been described in detail before1,2. In general, it is a mean-field model that generates a 

one-dimensional free energy surface (FES) according to a single order parameter termed 

nativeness (n) that is assumed to operate as a good reaction coordinate for folding. The order 

parameter nativeness is defined as the probability of finding any given residue in the native 

dihedral angles (the specific sets of dihedral angles that are found in the native 3D structure). 

Therefore it is a local order parameter that goes from 0 for the fully unfolded state (all 

residues in non-native angles) to 1 for the native structure (all residues in native angles).  

Using this definition it is straightforward to define a relation that determines the changes in 

conformational entropy of the protein as a function of nativeness2: 

> @� �,( ) ln( ) (1 ) ln(1 ) (1 )conf conf resS n N R n n n n n S'  � � � � � � '   [S1] 

 

where n is nativeness, ΔSconf,res is the average cost in conformational entropy of fixing one 

residue with native angles and N is the number of residues in the protein. The function that 

determines the changes in stabilization enthalpy (energy from interactions different from 

solvation free energy) as a function of nativeness is taken to be a Markov chain, which is 

equivalent to assume that native interactions are broken at a constant rate as the protein 

becomes increasingly disordered. Particularly, the stabilization enthalpy functional is defined 

as 

� �(1 )( ) 1 / (1 )n
resH n N H x x�ª º'  ' � �¬ ¼     [S2] 

 

where ΔHres is the total stabilization energy per residue, and the parameter x determines the 

rate of change of the stabilization energy as a function of n. Thus, the decay in stabilization 

enthalpy as the protein moves away from the fully native state (n=1) is exponential, and the 

term within square brackets in Eq. S2 is the fraction of the enthalpy present at any given 

value of nativeness. The protein specific parameter x determines how sharply the stabilization 

enthalpy decays; x is determined by the structural class and the specifics of the protein native 

structure and sequence2. Here we have directly used Eq. S2 with ΔHres and x as adjustable 



 S3 

parameters to fit the experimental laser-induced temperature-jump data (rates and 

amplitudes).  

The change in heat capacity as a function of the order parameter is treated in a similar 

way, and defined by the following expression 

� �(1 )
,( ) 1 / (1n

p p res c cC n C x x�ª º'  ' � �¬ ¼      
[S3] 

where ΔCp,res is the change in heat capacity per residue and xc the characteristic rate of change 

of the heat capacity as a function of n. Combining Eqs. S1-S3 we obtain the free energy 

surface as a function of the order parameter 

> @( ) ( ) ( ) ( ) ( ) ln( / 385)p mG n H n T S n C n T T T T'  ' � ' �' � �
  

[S4] 

where Tm is the denaturation midpoint temperature (temperature at which the protein is half 

unfolded) for the protein and 385 K is the convergence temperature for the folding entropy1. 

Eq. S4 can be used directly to calculate the FES of a protein as a function of temperature 

from which the probability distribution can be obtained. 

The relaxation kinetics are calculated as simple diffusion on the FES assuming a 

diffusion coefficient (D) that is constant as function of the nativeness parameter n, but 

depends on the solvent viscosity and temperature according to the following expression  

0 exp( / )
( ) a
kD NE RT
TK

 �
        

[S5]
 

where η is the viscosity of water as a function of temperature, ko is the pre-factor and Ea is the 

activation energy per residue. Note that in this model, the temperature dependence of the 

relaxation rateis determined by D(equation S5) and from any changes in the FES shape 

induced by temperature as defined in equation S4. 

For all the calculations described in this work we use a fixed value of ΔSconf,res =16.5 

J/(mol.K), which we generated by calculating the average value obtained from the Robertson 

and Murphy analysis of a database of calorimetric data 3. For additional simplicity we fixed 

ΔCp,res to the average value of 53.5 (52.5 J/(mol.K) obtained empirically by Robertson and 

Murphy3) and xc to 0.0136, that has been used before by us1. We thus fit the infrared laser 

induced temperature-jump kinetic data (relaxation rate and amplitude as a function of 

temperature) to a model of four parameters (ΔHres, x, k0 and Ea), using N=61 for gpW. The 

overall parameters obtained from the fit to the gpW data at pH 3.5 are: ΔHres = 4.23 kJ/mol, 

x=0.94, k0=1.37x1012 s-1 and Ea =0.877 kJ/mol.  
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Figure S1. Superposition of NMR derived structures of gpW at pH 3.5 (blue, PDB: 2L6R), 

and at pH 6.5 (cyan, PDB: 2L6Q). Structures were superimposed using backbone heavy 

atoms (excluding CO). 
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Figure S2. Confidence of secondary structural elements of state X, as predicted by TALOS+ 
4. A) Predicted secondary structure of the native state. B) Predicted secondary structure for 

the excited state. For residues localized to helices in the native gpW conformation and where 

signs of�'YXN=�YX��YN could not be determined experimentally, they were chosen so as to 

position YX closer to the random coil chemical shift. C) As in B but with the signs of �'YXN 

chosen such that YX is placed further from the random coil chemical shift. Where the signs 
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were not available for nuclei in the beta hairpin in the native conformation, they were chosen 

so as to move YX closer to the random coil chemical shift (in both B and C). 
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Figure S3. The excited state observed for gpW at pH 3.5 is also present at pH 6.5. 

Correlation between |'YXN| values for backbone 15N nuclei, pH 3.5,vsthose obtained at pH 

6.5. Chemical shift differences at pH 6.5 were extracted from fits of 15N RD profiles recorded 

at 11.7 T on a sample of 15N-labeled gpW dissolved in a buffer comprised of 25 mM sodium 

phosphate, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM NaN3/10% D2O, pH 6.5. Dispersion 

profiles were fit to a two-state model to extract pX, kex and 'YXN values. Although these 

values may not be accurately determined at pH 6.5 because of the availability of data at only 

a single static magnetic field, the clear correlation obtained between |'YXN| at pH 3.5 and 6.5 

establishes that very similar excited states are present at the two pH values.  
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Table S1 
15N and 1HN chemical shifts for the native state, NY , and differences in chemical shifts 

between excited and native states XN X NY Y Y'  � of the gpW protein, 1oC.  

 

Res 𝜛N (ppm) 
15Na 

𝜛N (ppm) 
1HN a 

𝜛RC (ppm) 
15Nb 

𝜛RC (ppm) 
1HN b 

𝛥𝜛XN (ppm) 
15Nc 

𝛥𝜛XN (ppm) 
1HNc 

M1 - - - - - - 
V2 122.49 8.78 121.75 8.20 0.49 r 0.02 0.000 r 0.032 
R3 124.88 8.95 125.71 8.47 0.75 r 0.02 -0.096 r 0.002 
Q4 118.61 8.76 122.03 8.49 -1.26 r 0.01 0.000 r 0.289 
E5 120.04 7.89 122.37 8.52 +0.29 r 0.09 0.253 r 0.005 
E6 121.70 8.34 121.60 8.39 0.00 r 1.00 0.000 r 0.095 
L7 121.77 8.42 123.10 8.21 -0.35 r 0.05 0.069 r 0.006 
A8 121.51 7.93 124.74 8.21 +0.59 r 0.07 -0.133 r 0.003 
A9 121.03 8.17 123.26 8.19 0.82 r 0.01 0.000 r 0.114 
A10 d d 123.20 8.21 d d 
R11 117.33 8.53 120.64 8.26 +0.90 r 0.02 -0.153 r 0.003 
A12 123.92 8.08 125.81 8.35 -0.38 r 0.04 0.000 r 0.097 
A13 121.88 7.90 122.87 8.16 0.00 r 0.61 -0.196 r 0.003 
L14 d d 121.01 8.04 d d 
H15 117.22 8.06 119.39 8.41 0.51 r 0.02 -0.116 r 0.003 
D16 121.42 8.49 121.57 8.27 -1.11 r 0.02 -0.124 r 0.002 
L17 120.33 7.97 122.41 8.10 +1.14 r 0.02 -0.186 r 0.002 
M18 117.39 8.31 120.91 8.36 0.53 r 0.03 0.000 r 0.190 
T19 108.70 7.53 115.43 8.25 +1.68 r 0.02 -0.224 r 0.002 
G20 107.59 7.58 111.53 8.46 +2.90 r 0.03 +0.343 r 0.003 
K21 121.30 8.03 121.29 8.18 -0.56 r 0.03 -0.142 r 0.002 
R22 120.78 8.73 122.55 8.35 +1.99 r 0.04 -0.391 r 0.003 
V23 e e 122.31 8.23 e e 
A24 127.29 8.81 128.49 8.46 +1.57 r 0.02 -0.276 r 0.002 
T25 115.83 8.61 113.34 8.08 -1.26 r 0.02 -0.347r 0.002 
V26 119.96 8.90 123.00 8.23 +3.61 r 0.09 -0.604 r 0.010 
Q27 122.79 8.61 124.80 8.46 2.33 r 0.01 0.032 r 0.008 
K28 127.76 9.13 122.68 8.44 -4.67 r 0.12 -0.462 r 0.005 
D29 e e 121.52 8.39 e e 
G30 103.89 8.72 109.40 8.35 +5.15 r 0.09 -0.334 r 0.003 
R31 119.73 7.74 121.22 8.19 0.85 r 0.02 0.304 r 0.003 
R32 122.43 8.57 123.15 8.43 -0.41 r 0.02 0.015 r 0.014 
V33 127.72 9.02 122.21 8.27 5.27 r 0.21 0.701 r 0.023 
E34 d d 124.79 8.43 d d 
F35 122.66 9.19 121.44 8.32 1.94 r 0.20 0.990 r 0.039 
T36 110.45 8.22 116.26 8.07 +5.94 r 0.12 -0.059 r 0.007 
A37 121.97 9.22 126.66 8.41 4.67 r 0.27 0.763 r 0.031 
T38 107.25 7.92 113.33 8.13 +6.29 r 0.12 -0.264 r 0.003 
S39 115.94 8.14 118.57 8.37 +3.36 r 0.05 +0.233 r 0.003 
V40 122.95 e 122.65 8.27 1.63 r 0.39 e 
S41 116.43 9.06 120.07 8.47 -1.38 r 0.10 -0.739 r 0.007 
D42 121.91 7.75 122.11 8.36 0.00 r 0.88 +0.593 r 0.007 
L43 124.86 7.74 122.62 8.12 -1.77 r 0.06 +0.588 r 0.011 
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K44 118.86 8.53 122.26 8.27 +0.36 r 0.04 -0.132 r 0.004 
K45 120.84 7.88 122.28 8.30 -0.21 r 0.07 -0.032 r 0.010 
Y46 122.27 7.75 121.37 8.13 +0.24 r 0.16 0.375 r 0.003 
I47 119.32 8.34 123.24 7.86 +1.36 r 0.02 0.176 r 0.005 
A48 119.78 7.80 128.01 8.39 +2.15 r 0.03 -0.108 r 0.003 
E49 d d 119.73 8.31 d d 
L50 120.74 8.20 123.00 8.25 -0.76 r 0.02 0.000 r 0.112 
E51 118.58 8.23 121.56 8.36 -0.69 r 0.02 0.000 r 0.170 
V52 119.40 7.54 121.54 8.20 0.72 r 0.02 -0.191 r 0.002 
Q53 121.72 8.28 124.81 8.56 0.59 r 0.02 0.047 r 0.007 
T54 112.59 8.15 115.72 8.27 +1.25 r 0.02 0.097 r 0.003 
G55 110.42 8.18 111.32 8.45 0.28 r 0.05 0.133 r 0.003 
M56 119.93 8.19 120.08 8.25 0.01 r 0.71 0.028 r 0.005 
T57 115.50 8.21 115.34 8.24 0.00 r 0.43 0.040 r 0.008 
Q58 d d 122.84 8.43 d d 
R59 d d 122.92 8.42 d d 
R60 123.61 8.56 123.13 8.44 0.05 r 0.09 0.000 r 0.021 
R61 123.80 8.61 123.20 8.48 0.09 r 0.05 0.000 r 0.010 
G62 115.51 8.29 - - 0.18 r 0.03 0.000 r 0.032 

 
a15N and 1HNchemical shifts in the native state (𝜛N) were measured from an 1HN-15N HSQC 

spectrum recorded at 1 ºC. 
b Random coil (RC) values, 𝜛RC, were predicted using the Neighbor Corrected Intrinsically 

Disordered Protein Library5. 
c Values of 'Y have been measured by RD NMR experiments, as described in the text. 

Where possible, signs of 𝛥𝜛XN (15N) have been obtained by a comparison of peak positions 

in (i) sets of HSQC and HMQC experiments recorded at 11.7 T and 18.8T and/or in (ii) pairs 

of HSQC experiments measured at 11.7, 18.8T, as described previously 6.Signs could not be 

obtained for those shift values that do not have + or -. Signs of 1HN 𝛥𝜛XN values were 

determined on the basis of (i) 1HN/15N zero-quantum and double-quantum coherence 

relaxation dispersion experiments7 or (ii) from a comparison of peak positions in the directly 

detected dimension of HSQC experiments acquired at 11.7 T and 18.8 T 8. 
d Overlapped peaks. 
e Peaks do not appear in spectra.  
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Table S2 
13CO and 13CD chemical shifts for the native state, NY , of the gpW protein and differences in 

shifts between excited and native states XN X NY Y Y'  � , 1oC.  

 

Res 𝜛N (ppm) 
13CO a 

𝜛N (ppm) 
13CD�b 

𝜛RC (ppm) 
13CO c 

𝜛RC (ppm) 
13CD�c 

𝛥𝜛XN (ppm) 
13CO d 

𝛥𝜛XN (ppm) 
13CD�e 

M1 172.27 f - - -0.39 r 0.01 f 
V2 176.53 62.81 176.03 62.12 -0.60 r 0.01 g 
R3 177.36 58.76 176.07 56.07 -0.61 r 0.02 0.75 r 0.05 
Q4 178.12 59.31 175.76 55.80 -0.76 r 0.02 0.77 r 0.03 
E5 178.56 58.57 176.47 56.70 -0.93 r 0.01 0.66 r 0.03 
E6 178.68 h 176.48 56.64 -1.00 r 0.01 h 
L7 177.15 57.82 177.19 55.24 0.57 r 0.01 g 
A8 180.62 f 177.49 52.49 -0.77 r 0.01 f 
A9 f 54.78 177.67 52.57 f 0.25 r 0.04 
A10 178.73 f 177.86 52.50 0.50 r 0.03 f 
R11 179.22 60.28 176.07 56.06 -0.77 r 0.01 0.88 r 0.05 
A12 178.79 f 177.36 52.44 0.33 r 0.02 f 
A13 f 54.92 177.87 52.58 f 0.53 r 0.02 
L14 177.35 58.00 177.43 55.17 0.25 r 0.03 g 
H15 177.29 59.38 174.38 55.95 -1.02 r 0.02 1.02 r 0.03 
D16 177.40 57.22 176.13 54.22 0.95 r 0.03 1.15 r 0.04 
L17 180.01 57.29 177.83 55.49 -0.97 r 0.02 g 
M18 177.34 f 176.51 55.55 -0.45 r 0.03 f 
T19 174.59 61.20 175.00 61.95 +0.31 r 0.12 0.85 r 0.02 
G20 174.83 h 173.98 45.24 -1.38 r 0.01 h 
K21 176.29 56.26 176.60 56.15 0.70 r 0.05 0.60 r 0.03 
R22 f 57.96 176.04 56.07  2.29  r 0.11 
V23 172.91 59.81 175.71 62.19 +2.58 r 0.03 g 
A24 175.25 51.44 177.89 52.55 +2.12 r 0.02 0.93  r 0.02 
T25 173.69 h 174.53 61.87 +0.49 r 0.18 h 
V26 173.39 59.74 176.09 62.39 +2.13 r 0.02 g 
Q27 174.79 f 175.79 55.77 +1.38 r 0.12 f 
K28 f 55.75 176.22 56.44 h 1.42 r 0.05 
D29 175.19 55.07 176.87 54.53 0.80 r 0.09 1.48 r 0.04 
G30 173.15 h 174.06 45.27 +0.63 r 0.01 h 
R31 173.60 54.10 176.20 55.83 +2.03 r 0.02 2.07 r 0.10 
R32 h f 175.91 55.90 h f 
V33 f 61.58 176.02 62.30 f h 
E34 175.00 f 176.04 56.48 0.04 r 4.08 i f 
F35 f 57.41 176.01 57.98 f 0.28 r 0.04 
T36 h j 173.63 61.58 h j 
A37 h 55.50 177.96 52.62 h 2.72 r 0.07 
T38 175.08 63.62 174.71 61.94 1.34 r 0.03 1.30 r 0.02 
S39 h j 174.44 58.28 h j 
V40 176.85 66.56 176.16 62.35 +0.45 r 0.15 g 
S41 176.90 61.92 174.18 58.33 -0.72 r 0.08 1.30 r 0.04 
D42 178.14 56.97 176.25 54.30 0.53 r 0.17 0.90 r 0.03 
L43 177.59 57.49 177.58 55.41 0.55  r 0.02 g 
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K44 179.20 60.83 176.59 56.35 -0.72 r 0.01 0.93 r 0.03 
K45 177.73 59.62 176.26 56.46 -0.57 r 0.02 0.83 r 0.02 
Y46 176.46 58.66 175.61 57.83 0.29 r 0.05 0.95 r 0.03 
I47 176.48 66.19 175.45 60.82 0.10 r 0.18 g 
A48 f 54.64 177.87 52.44 f 0.41 r 0.03 
E49 178.72 58.58 176.58 56.63 -1.05 r 0.01 0.84 r 0.04 
L50 179.20 57.07 177.50 55.36 0.66 r 0.01 g 
E51 177.46 58.33 176.35 56.52 0.50 r 0.02 0.81 r 0.05 
V52 177.56 64.64 176.19 62.42 0.66 r 0.01 g 
Q53 176.76 57.15 175.98 55.79 0.22 r 0.02 0.40 r 0.04 
T54 f 62.70 174.97 62.05 f 0.26 r 0.04 
G55 173.97 45.57 174.23 45.32 0.06 r 0.05 0.00 r 0.06 
M56 176.28 55.91 176.63 55.47 0.00 r 0.50 0.04 r 0.18 
T57 f 62.24 174.45 61.86 f 0.19 r 0.03 
Q58 f 55.70 175.75 55.73 f 0.11 r 0.07 
R59 175.73 f 176.04 55.95 0.13 r 0.02 f 
R60 175.67 56.14 175.95 55.86 0.12 r 0.02 0.20 r 0.02 
R61 175.47 f 176.57 56.12 0.00 r 0.05 f 
G62 - h - - - h 

 
 

a 13COchemical shifts were measured from 2D (13CO,1HN) HNCO-based spectra recorded on a 

U-15N/13C gpW sample, 1oC.  
b13CD shifts were measured on a U-15N and 13C-selectively labeled sample (using 2-13C-

glucose as the 13C source9). 
c𝜛RC values were predicted using the Neighbor Corrected Intrinsically Disordered Protein 

Library5.  
d𝛥𝜛XN values were obtained by fitting 13CORD CPMG profiles using fixed values for kex 

(4087 ± 42 s-1) and pX (9.0 ± 0.3 %), that, in turn, were generated by simultaneous fits of 15N, 
1HN and 13C-methyl RD curves and the static magnetic field dependence of 15N chemical 

shifts as described in the text 10. Signs of 𝛥𝜛XN values were obtained from peak positions in 
1HN-13COcorrelation maps where the 13CO chemical shift was recorded either as single 

quantum or multiple quantum (15N-13COor1HN-13CO) coherence11. Experiments were recorded 

at 11.7 and 18.8T.  
e13CD shift differences were obtained by fitting RD CPMG profiles using fixed values for kex 

(4087 ± 42 s-1) and pX (9.0 ± 0.3 %), as described above. Dispersion profiles derived from I or 

V were not included because the 13CD spins are not isolated (13CE labeling) while L is not 

labeled at the C-D position using 2-13C-glucose as the 13C source9. Signs of 𝛥𝜛XN values 

could not be obtained because of the limited quality of 1HD – 13CD correlation maps. 
f Overlapped peaks. 
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g I,L,V residues that cannot be quantified. 
h Very weak peak or does not appear in the spectra. 
i Not used in analysis 
j Peak is overlapped with the water signal 
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Table S3 
13C-methyl chemical shifts for the native state of the gpW protein, NY ,and chemical shift 

differences between the excited and native states XN X NY Y Y'  � , 1oC.   

 

Residue 
Numbera 

𝜛N (ppm) 
13Cb 

𝛥𝜛XN (ppm) 
13Cc 

M1H 16.887 0.07 ± 0.06 
V2Ja� 20.517 d 
V2Jb e e 
L7Ga 24.054 0.56 ± 0.01 
L7Gb e e 
A8E e e 
A9E 18.165 0.16 ± 0.03 
A10E 18.615 0.30 ± 0.02 
A12E e e 
A13E e e 
L14Ga 23.940 0.69 ± 0.01 
L14Gb e e 
L17Ga 22.152 1.78 ± 0.02 
L17Gb 26.283 1.14 ± 0.02 
M18H 16.342 0.32 ± 0.01 
V23Ja 20.483 0.85 ± 0.00 
V23Jb 20.607 0.00 ± 0.04 
A24E 23.099 f 
V26Ja 21.157 0.00 ± 0.16 
V26Jb 22.059 1.09 ± 0.01 
V33Ja 21.461 0.18 ± 0.05 
V33Jb 21.775 1.31 ± 0.01 
A37E 18.496 0.56 ± 0.01 
V40Ja e e 
V40Jb 23.664 1.11 ± 0.01 
L43Ga 21.276 2.52 ± 0.09 
L43Gb 26.096 1.94 ± 0.08 
A48E 18.117 0.19 ± 0.03 
L50Ga 22.168 0.71 ± 0.01 
L50Gb 25.059 0.00 ± 0.14 
V52Ja 21.241 0.00 ± 0.06 
V52Jb 21.672 0.40 ± 0.03 
M56H 16.818 0.09 ± 0.05 

 
a The letters a and b next to the atom labels refer to upfield (a) or downfield (b) peaks as they 

appear in the 13C dimension. 
b Native state 13CH3 chemical shifts were obtained from a 1H-13C correlation map recorded at 

1ºC.  
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c Chemical shift differences for the methyl group were obtained by fitting RD CPMG profiles 

acquired at 11.7 and 18.8 T, 1ºC, as described in the text. 
d The peak shows coupling. 
e Overlapped peaks 
f Peak is either very weak, does not appear in the spectrum or it is impossible to get a reliable 

'Y value. 
g Only some atoms of Leu, Val, Ala and Met sidechains have been used in the analysis, in 

accordance with the labeling scheme expected from growth with 1-13C-glucose as the carbon 

source 9. 

 

 

 




