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Synopsis 

Conformational heterogeneity is an intrinsic feature of protein folding energy landscapes; 

however, its molecular origins and the factors that control the relative populations of coexisting 

conformations have remained poorly understood. This thesis, entitled “Molecular 

Determinants of Site-Specific Conformational Heterogeneity in Protein Folding and 

Unfolding,” investigated the molecular origins of conformational heterogeneity in protein 

folding and unfolding reactions and examined how modulation of coexisting sub-populations 

shaped folding and unfolding pathways and cooperativity. Using site-specific time-resolved 

fluorescence resonance energy transfer analyzed by the maximum entropy method in single-

chain and heterodimeric variants of monellin, this work directly resolved coexisting 

conformational sub-populations. Local backbone rigidity and chain connectivity were 

identified as key molecular determinants of site-specific conformational heterogeneity in 

protein folding and unfolding. 

Background and Research Gap 

Conformational heterogeneity in protein folding and unfolding  

      Protein folding is a stochastic process in which a polypeptide chain explores a rugged free-

energy landscape to reach a uniquely structured native state. While classical descriptions often 

approximate folding and unfolding as transitions between discrete unfolded (U) and native (N) 

ensembles, it is now evident that multiple conformational sub-populations coexist within the 

unfolded, intermediate, and native ensembles (Dill et al. 2008; Udgaonkar 2008). Such 

conformational heterogeneity is an intrinsic feature of protein energy landscapes and plays a 

central mechanistic role in both productive folding as well as misfolding reactions (Dobson 

2004; Malhotra and Udgaonkar 2016; Chiti and Dobson 2017; Brini, Simmerling, and Dill 

2020). However, ensemble-averaging experimental probes report only averaged observables 

and therefore mask coexisting conformations, limiting direct access to heterogeneous sub-

populations and their relative contributions to folding mechanisms. Consequently, folding and 

unfolding reactions often appear two-state in nature, despite underlying non-cooperative 

structural changes, hidden intermediates, and multiple folding pathways. Resolving 

heterogeneity therefore requires methodologies that simultaneously provide structural and 

temporal resolution, together with population-level quantification.  



     One such methodology is time-resolved fluorescence resonance energy transfer (trFRET), 

which, when analyzed using the maximum entropy method (MEM), enables direct extraction 

of intramolecular distance distributions rather than population-averaged mean distances 

(Lakshmikanth et al. 2001; Jha et al. 2009; Bhatia, Krishnamoorthy, and Udgaonkar 2021). 

This approach provides population-resolved structural information with picosecond–

nanosecond temporal sensitivity and nanometer spatial resolution (Bhatia and Udgaonkar 

2022). In this thesis, site-specific trFRET-MEM measurements are used systematically to 

resolve conformational heterogeneity during folding and unfolding reactions.     

Central motivation of the thesis 

       While conformational heterogeneity during protein folding is now well established, the 

molecular determinants that encode this heterogeneity and regulate population partitioning 

between coexisting sub-ensembles remain poorly understood. More fundamentally, whether 

heterogeneity simply reflects passive ruggedness of energy landscapes or is actively encoded 

by sequence and topology remains an open mechanistic question. In particular, it is unclear: 

• how local backbone rigidity imposed by native cis-prolines modulates folding pathways 

and intermediate sub-populations, 

• whether intermediate-state heterogeneity governs the coupling between chain 

compaction and structure formation, 

• how global chain connectivity and topology influence unfolding cooperativity, and 

• how chain association in heterodimeric proteins generates and reshapes heterogeneous 

folding mechanisms. 

       The central objective of this thesis is therefore to identify the molecular origins of site-

specific conformational heterogeneity in protein folding and unfolding reactions, and to 

determine how this heterogeneity mechanistically controls folding pathways, cooperativity, 

and structural evolution. 

Model system and experimental strategy 

      To address these questions, the small sweet protein monellin serves as a powerful model 

system for dissecting the molecular origins of conformational heterogeneity. Its engineered 

single-chain variant (MNEI) and the naturally occurring heterodimeric form (dcMN) possess 

essentially the same native structure and sequence, but differ in chain connectivity: in MNEI 



the two chains are covalently linked, whereas in dcMN they associate through non-covalent 

interactions (Patra and Udgaonkar 2007; Aghera, Earanna, and Udgaonkar 2011; Bhattacharjee 

and Udgaonkar 2021). Comparison of these two forms therefore provides a direct means to 

isolate the effects of chain connectivity and inter-chain coupling on folding mechanisms and 

conformational heterogeneity. While MNEI enables systematic site-specific perturbation of 

local backbone constraints, dcMN allows examination of chain-specific structural responses 

during folding and unfolding.  

      Together, these systems, in combination with trFRET-MEM measurements, provide a 

quantitative framework for resolving coexisting conformational sub-populations and their 

structural evolution during folding and unfolding. 

Key Mechanistic Findings of the Thesis 

1. Substitution of native cis-prolines simplifies folding by eliminating not only slow 

isomerization-limited phases but also the very fast phase of folding. 

Pro→Ala mutations remove U-state heterogeneity arising from cis–trans isomerization 

and destabilize folding intermediates, revealing that native cis-prolines control early 

and late kinetic complexity during folding. 

2. Folding heterogeneity in MNEI is not eliminated entirely by removal of native cis-

prolines. 

Although cis–trans proline isomerization contributes to slow kinetic phases and U-state 

heterogeneity, substitution of the native cis-prolines of MNEI to alanine does not 

abolish pathway heterogeneity. Multiple parallel folding routes persist even in the 

absence of cis-prolines, demonstrating that folding complexity cannot be attributed 

solely to proline isomerization. 

3. Backbone rigidity encoded by proline residues acts as a tunable molecular 

determinant of population partitioning during folding. 

Proline-imposed local backbone constraints selectively stabilize or destabilize specific 

intermediate sub-populations at different stages of folding, thereby quantitatively 

modulating their relative populations within folding intermediates. 

4. Intermediate-state heterogeneity governs the coupling between chain compaction 

and structure formation during later stages of folding. 



Folding intermediates of MNEI comprise coexisting sub-populations with different 

degrees of compaction. Stabilization of minor compact sub-populations by site-specific 

Pro→Ala substitutions that reduce local backbone rigidity increases the fraction of 

molecules undergoing specific contraction without altering the extent of structure 

formation, demonstrating that compaction can proceed independently of secondary and 

tertiary structure formation during later stages of folding. 

5. Unfolding of dcMN is intrinsically heterogeneous despite its apparent two-state 

behaviour. 

Although ensemble-averaged measurements suggest two-state unfolding, trFRET-

MEM analysis reveals coexistence of compact native-like and expanded unfolded-like 

conformations throughout the unfolding transition, demonstrating that unfolding 

proceeds in a heterogeneous non-cooperative manner. 

6. Unfolding cooperativity is governed by inter-chain coupling and chain 

connectivity. 

When interacting structural elements remain coupled across the two chains of dcMN, 

unfolding proceeds cooperatively across multiple segments. Upon disruption of inter-

chain interactions, the two chains undergo chain-specific, non-cooperative structural 

responses. In contrast, covalent linkage in the single-chain variant preserves 

cooperative unfolding even within partially expanded ensembles, demonstrating that 

chain connectivity controls the extent of unfolding cooperativity. 

7. Refolding of dcMN proceeds through concurrent barrier-limited and continuous 

structural contraction. 

Chain association partitions the early folding ensemble into coexisting expanded and 

compact intermediates. Conversion from expanded to compact sub-populations occurs 

via activated kinetics, while the compact sub-population itself undergoes gradual 

contraction, revealing barrier-limited transitions and continuous structural evolution 

operating simultaneously during folding. 

8. Local backbone constraints and global chain topology constitute the molecular 

determinants that generate heterogeneous intermediate ensembles during folding. 

Perturbation of proline-encoded local backbone rigidity and chain connectivity 

redistributes sub-populations within intermediate states, which in turn shapes folding 



pathways, coupling between compaction and structure formation, and the apparent 

cooperativity of folding and unfolding transitions. 

The mechanistic findings listed above are derived from experimental investigations presented 

in Chapters 2–5, which are summarized below. 

Chapter-wise Summary of Results 

Replacement of the native cis prolines by alanine leads to simplification of the 

complex folding mechanism of a small globular protein (Chapter 2) (Kaushik and 

Udgaonkar 2023) 

         The folding mechanism of MNEI, a single-chain variant of naturally occurring double-

chain monellin, is complex, with multiple parallel refolding channels. To determine whether 

its folding energy landscape could be simplified, the two native cis-prolines, Pro41 and Pro93, 

were mutated, singly and together, to Ala. The stability of P93A was the same as that of the 

wild-type protein, pWT; however, P41A and P41AP93A were destabilized by ~ 0.9 kcal mol-1. 

The effects of the mutations on the very fast, fast, slow, and very slow phases of folding were 

studied. They showed that heterogeneity in the unfolded state arises due to cis to trans 

isomerization of the Gly92-Pro93 peptide bond. The Pro41 to Ala mutation abolished the very 

slow phase of folding, whereas surprisingly, the Pro93 to Ala mutation abolished the very fast 

phase of folding. Double-jump, interrupted folding experiments indicated that two sequential 

trans to cis proline isomerization steps, of the Gly92-Pro93 peptide bond followed by the 

Arg40-Pro41 peptide bond, lead to the formation of the native state. They also revealed the 

accumulation of a late native-like intermediate, N*, which differs from the native state in the 

isomeric status of the Arg40-Pro41 bond, as well as in a few tertiary contacts as monitored by 

near-UV CD measurements. The Pro to Ala mutations not only eliminated the cis to trans Pro 

isomerization reaction in the unfolded state, but also the two trans to cis Pro isomerization 

reactions during folding. By doing so, and by differentially affecting the relative stabilities of 

folding intermediates, the mutations resulted in a simplification of the folding mechanism. The 

two Pro to Ala mutations together accelerate folding to such an extent that the native state forms 

more than 1000-fold faster than in the case of pWT. 

Intermediate heterogeneity modulates coupling between chain compaction and 

structure formation during protein folding (Chapter 3) (Kaushik and Udgaonkar, 

2026a) 



 

        Polypeptide chains undergo both compaction and structure formation during folding, but 

the extent to which these processes are mechanistically coupled remains unclear. Although 

initial chain collapse can precede structure formation, the two processes invariably appear 

coupled at later stages of folding. This raises the question of whether the fraction of molecules 

that undergo initial collapse, as well as the degree of coupling between compaction and 

structure formation later during folding, are regulated by sequence-encoded structural 

constraints. To examine this, the folding of the small protein monellin was investigated using 

time-resolved fluorescence resonance energy transfer (trFRET) analyzed with the maximum 

entropy method to resolve sub-populations of molecules with native-like and unfolded-like 

dimensions. Mutation of Pro41 to Ala, or Pro93 to Ala, which relieve local backbone rigidity, 

selectively stabilized hidden minor conformations within the initial and later intermediate 

ensembles, respectively. In each case, the minor conformation had a segment that was more 

compact than in the major one, and its stabilization increased the number of molecules 

undergoing specific contraction to form the intermediate ensemble, without altering the extent 

of structure formation. Consequently, sub-populations within these intermediate ensembles 

could undergo chain contraction independently of structure formation. These findings identify 

intermediate-state heterogeneity, modifiable by backbone rigidity, as the basis for tunable 

coupling between chain compaction and structure formation during protein folding.  

Chain entropy modulates cooperativity selectively within intermediate 

subpopulations during protein unfolding (Chapter 4) (Kaushik and Udgaonkar, 

2026b) 

Protein unfolding invariably appears to be a cooperative transition; yet, the molecular basis by 

which structural elements could unfold in a coordinated manner remains unresolved. Here, the 

unfolding mechanism of the naturally occurring heterodimeric protein double-chain monellin 

(dcMN) was characterized using site-specific time-resolved FRET and fluorescence anisotropy 

decay measurements made under equilibrium conditions. Although ensemble-averaged 

measurements suggested an apparently cooperative transition, population-level analysis using 

the maximum entropy method coupled to time-resolved FRET revealed pronounced 

conformational heterogeneity, with partially contracted (N-like) coexisting with partially 

expanded (U-like) sub-populations during unfolding. Time-resolved fluorescence anisotropy 

decay measurements independently demonstrated that local motional constraints are lost 



gradually and asynchronously across different regions of the protein. The N-like sub-

populations underwent cooperative expansion across both intra- and inter-chain segments, 

indicating coordinated responses when inter-chain coupling is maintained. In contrast, the U-

like sub-populations displayed pronounced chain-specific, non-cooperative behavior, 

consistent with independent unfolding of the two chains following loss of coupling. 

Comparison with a covalently linked single-chain variant demonstrates that chain connectivity 

suppresses heterogeneity and enforces coordinated unfolding. These results identify restriction 

of chain entropy arising from inter-chain coupling and covalent connectivity as a molecular 

determinant that governs whether heterogeneous intermediate sub-populations unfold 

cooperatively or in a chain-specific manner.  

Concurrent continuous and activated chain collapse during folding of a small 

heterodimeric protein (Chapter 5) 

        Folding of heterodimeric proteins often couples chain association with structure 

formation, but the evolution of conformational heterogeneity during refolding remains unclear. 

The refolding mechanism of the heterodimeric protein double-chain monellin (dcMN) was 

therefore investigated using site-specific time-resolved fluorescence resonance energy transfer 

(tr-FRET) analysed by the maximum entropy method (MEM). Ensemble-averaged 

fluorescence measurements reported the biphasic refolding kinetics previously observed for 

dcMN, but provided no direct information on the hidden conformational heterogeneity. 

Population-level analysis instead revealed that following chain association, the early folding 

ensemble exists as coexisting partially contracted (N-like) and partially expanded (U-like) sub-

populations at the first observable time point. During refolding, conversion of U-like to N-like 

conformations occurred via barrier-limited kinetics, while the N-like sub-population itself 

underwent continuous contraction during the fast phase. The distance distributions throughout 

refolding could not be described as weighted sums of equilibrium U and N state distributions, 

demonstrating that the observed sub-populations correspond to structurally distinct 

intermediates rather than a two-state mixture. These results reveal that the refolding mechanism 

of dcMN involves barrier-limited conversion of U-like to N-like sub-populations, together with 

continuous structural contraction within the N-like sub-population. 

Conceptual Advances and Significance of the Thesis    

        This thesis establishes that conformational heterogeneity in protein folding is not merely 

a passive consequence of rugged energy landscapes, but an actively encoded and tunable 



property governed by local backbone constraints and global chain topology. By resolving 

population-level conformational sub-ensembles with high temporal and spatial resolution, the 

work demonstrates that folding pathways, cooperativity, and structural evolution arise directly 

from controlled redistribution of heterogeneous conformations at the sub-population level. A 

central conceptual advance is therefore the identification of specific molecular determinants 

that encode and regulate folding heterogeneity. 

       Together, these findings define a unified mechanistic framework in which protein folding 

is governed by redistribution of heterogeneous conformational ensembles specified by local 

structural constraints and global topology. More broadly, the population-resolved experimental 

strategy employed here provides a general approach for resolving hidden intermediates and 

heterogeneous ensembles within complex folding and unfolding landscapes. The principles 

established are likely to extend to misfolding, aggregation, and phase-separation phenomena, 

where heterogeneous conformational ensembles play central functional and pathological roles. 
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Chapter 1 

Protein folding, unfolding, and conformational heterogeneity: 

concepts and approaches 
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1.1  Background  

1.1.1 The protein folding problem 

      Proteins perform a wide range of structural, catalytic, and regulatory functions in biological 

systems, and these functions are linked intimately to their ability to adopt specific three-

dimensional structures. They are synthesized in the cell as linear polypeptide chains composed 

of amino acids linked by peptide bonds (Creighton 1990). For many small, single-domain 

globular proteins, these initially unstructured chains undergo a spontaneous self-assembly 

process to form a well-defined three-dimensional native state under physiological conditions 

(Anfinsen 1973; Onuchic and Wolynes 2004; Dill et al. 2008; Udgaonkar 2008). This 

conversion from an unfolded state to the native state occurs typically over timescales ranging 

from microseconds to minutes (Finkelstein 2018). 

      The native state of a protein is stabilized by a delicate balance of numerous weak, non-

covalent interactions, including hydrogen bonding, hydrophobic interactions, Van der Waals 

forces, and electrostatic contacts (Dill et al. 2008; Dill and MacCallum 2012). Consequently, 

protein folding differs fundamentally from simple chemical reactions involving the formation 

or breakage of covalent bonds. Instead, it represents a disorder-to-order transition in which a 

large loss of conformational entropy of the polypeptide chain is compensated for by the 

formation of stabilizing intramolecular interactions (Dill et al. 2008; Dill and MacCallum 

2012). 

      The collective balance of these interactions defines the free-energy surface that governs 

protein folding and unfolding behavior. This surface describes not only the thermodynamic 

stability of the native state, but also the kinetics of folding and the degree of cooperativity 

exhibited during the process (Gō 1984; Portman, Takada, and Wolynes 2001; Udgaonkar 2008; 

Malhotra and Udgaonkar 2016a). Importantly, this free-energy surface is inherently 

multidimensional, allowing multiple conformational states and folding pathways to coexist 

even under the same solvent condition (Bryngelson et al. 1995; Wolynes, Onuchic, and 

Thirumalai 1995; Udgaonkar 2008). As a result, folding often involves multiple pathways 

rather than a single, well-defined trajectory. 

        Understanding how proteins fold is of broad biological and biomedical importance. Under 

certain conditions, such as cellular stress or sequence perturbations arising from mutations or 

chemical modifications, proteins may fail to fold correctly, leading to the accumulation of 

misfolded conformations (Dobson 2001; Chiti et al. 2002; Dobson 2003). Such species can 
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aggregate in vivo and are implicated in a wide range of pathological conditions, including 

neurodegenerative disorders (Eisenberg and Jucker 2012; Knowles, Vendruscolo, and Dobson 

2014; Chiti and Dobson 2017). A mechanistic understanding of protein folding is therefore 

essential not only for elucidating fundamental principles of molecular self-assembly, but also 

for developing strategies to prevent misfolding and aggregation, and for enabling the rational 

design of proteins with tailored structural and functional properties (Sosnick 2011; Dill and 

MacCallum 2012). 

     Together, these considerations underscore the need for conceptual and experimental 

frameworks that can capture the complexity of protein folding, including the coexistence of 

multiple conformational states and pathways, as well as folding processes influenced by chain 

connectivity and inter-chain interactions (Udgaonkar 2008; Eaton and Wolynes 2017). 

1.1.2 Theories of protein folding 

     The mechanism by which a polypeptide chain folds into its native three-dimensional 

structure has been described using several models that emphasize different aspects of structure 

formation and chain dynamics (Ptitsyn 1973; Wetlaufer 1973; Chan and Dill 1990; Bryngelson 

et al. 1995). These models were developed to rationalize how chain compaction, secondary 

structure formation, and tertiary interactions are coordinated during folding (Figure 1.1). 

Rather than representing mutually exclusive descriptions, they capture distinct but 

complementary features of folding behavior and have collectively shaped contemporary 

understanding of protein folding mechanisms. 

Framework model 

      The framework model emphasizes hierarchical structure formation, in which folding 

proceeds through the stepwise assembly of structure acquisition. In this view, local interactions 

along the polypeptide chain promote the early formation of secondary structural elements such 

as α-helices, β-sheets, and turns. These preformed secondary structural units subsequently 

diffuse and associate to generate the native tertiary structure. Folding is thus guided primarily 

by sequence-encoded propensities for local structure formation, with tertiary interactions 

emerging as a consequence of the spatial organization and packing of secondary elements 

(Ptitsyn 1973; Karplus and Weaver 1976, 1994; Udgaonkar and Baldwin 1988; Kim and 

Baldwin 1990; Dyson and Wright 1993; Baldwin and Rose 1999a, 1999b). 

Nucleation-based models 
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     Nucleation-based models propose that folding is initiated by the formation of a critical 

nucleus stabilized by a combination of secondary and tertiary interactions (Wetlaufer 1973). 

Formation of this nucleus constitutes a key event in the folding reaction, after which the 

remainder of the native structure develops cooperatively around it. In the nucleation–

condensation model, the folding nucleus is diffuse and only partially structured at early stages, 

with consolidation of native-like packing occurring concurrently with further structure 

formation (Jackson and Fersht 1991a; Fersht 1995, 1997; Kiefhaber et al. 1997; Daggett and 

Fersht 2003). These models emphasize the cooperative nature of folding and the central role of 

specific native-like interactions in directing the folding process. 

Hydrophobic collapse model 

     The hydrophobic collapse model proposes that folding begins with a rapid collapse of the 

polypeptide chain driven by the burial of hydrophobic residues. Specific secondary and tertiary 

structures are subsequently formed within this compact ensemble through slower structural 

rearrangements (Chan and Dill 1990; Agashe, Shastry, and Udgaonkar 1995; Ptitsyn 1996; 

Sarkar, Udgaonkar, and Krishnamoorthy 2013). Thus, reduction of conformational entropy 

through early collapse facilitates subsequent structure formation. However, during later stages 

of folding, chain compaction is assumed to proceed concomitantly with structure formation. 

Energy landscape framework 

     While the phenomenological models described above differ in the sequence in which chain 

contraction and secondary and tertiary structure formation occur during folding, protein folding 

can be best described within the energy landscape framework. In this framework, folding 

occurs on a multidimensional free-energy surface that describes the stabilities of different 

conformations as a function of their structural and entropic properties. The unfolded, 

intermediate, and native states are treated not as single structures, but as ensembles of 

conformations occupying distinct regions of this landscape. Folding corresponds to diffusive 

motion on this surface toward the native basin, accompanied by a reduction in free energy and 

conformational entropy (Dill and Chan 1997). 

      Within this framework, folding can proceed along multiple routes on the free-energy 

surface. Landscapes may be relatively smooth, allowing folding to proceed in an apparently 

two-state manner, or rugged, containing local minima corresponding to partially folded 

intermediates separated by free-energy barriers (Bryngelson and Wolynes 1987; Bryngelson et 

al. 1995; Dill and Chan 1997; Pande et al. 1998). The degree of ruggedness influences folding 
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and unfolding kinetics, the population of intermediates, and the apparent cooperativity of the 

folding reaction. Factors such as amino acid sequence and solution conditions can modulate 

the shape of the energy landscape and thereby alter folding behavior (Bryngelson et al. 1995; 

Onuchic, Luthey-Schulten, and Wolynes 1997; Klimov and Thirumalai 1996; Thirumalai, 

Klimov, and Woodson 1997).  
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Figure 1.1. Conceptual models and the free energy landscape for protein folding. (a) 

Schematic comparison of three classical folding models: framework (top-most), nucleation–

condensation (middle), and hydrophobic collapse (bottom-most). These models differ in the 

proposed temporal ordering of secondary structure formation, chain compaction, and tertiary 

packing en route to the native state. This figure was adapted from (Udgaonkar 2008). (b) 

Folding-funnel representation from energy landscape theory, illustrating an ensemble of high-

entropy unfolded conformations converging toward a low-entropy native basin through 

multiple possible trajectories and local minima corresponding to partially structured 

intermediates. This figure was adapted from (Dill and MacCallum 2012). 

 

a 

b 
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1.1.3 Model systems: monomeric versus oligomeric proteins 

      To elucidate the fundamental principles governing protein folding and unfolding reactions, 

experimental studies have relied on carefully chosen model protein systems. In particular, 

small, single-domain monomeric proteins have played a central role in establishing many of 

the core concepts of protein folding, including two-state behavior, folding cooperativity, 

transition-state structure, and the relationship between thermodynamic stability and folding 

kinetics (Anfinsen 1973; Matouschek et al. 1989; Jackson and Fersht 1991a). Because folding 

in these systems involves only intrachain interactions, monomeric proteins offer 

experimentally tractable systems in which folding kinetics and thermodynamics can be directly 

related to sequence and structure. As a result, much of the current understanding of protein 

folding has been derived from studies on monomeric proteins. 

        Most proteins in living cells, however, function as oligomers rather than as isolated 

monomers. Proteome-wide analyses indicate that only a minority of cellular proteins exist as 

monomers. In Escherichia coli, the average oligomeric state is tetrameric (Goodsell 1991; 

Goodsell and Olson 2000), while in yeast, most proteins function as dimers or higher-order 

oligomeric assemblies (Gavin et al. 2002; Krogan et al. 2006). Consequently, extending folding 

concepts derived from monomeric proteins to oligomeric systems remains a critical challenge 

in protein folding research. 

        Oligomeric proteins have several functional and evolutionary advantages. These include 

cooperative regulation of activity (Schachman 1988), enhanced catalytic efficiency through 

substrate channelling, as exemplified by multienzyme assemblies (Perham 2000), and the 

ability to perform mechanical and transport functions, as observed in cytoskeletal filaments 

and motor protein complexes (Tomishige, Klopfenstein, and Vale 2002).  

       Oligomeric proteins introduce mechanistic features that are absent in single-chain systems. 

Folding may be obligatorily coupled to chain association, and native structure formation can 

involve a competition or coordination between intrachain folding and interchain interactions. 

As a result, the folding free-energy landscape of an oligomeric protein is shaped jointly by the 

intrinsic folding energetics of individual chains and by the stability and topology of inter-

subunit interfaces. Such coupling can alter folding cooperativity, stabilize partially folded 

intermediates, and increase the complexity of the folding landscape (Tsai, Xu, and Nussinov 

1998; Jaenicke and Lilie 2000; Aguilar 2014; Wodak, Malevanets, and MacKinnon 2015). 

Nevertheless, relatively few studies have systematically compared the folding thermodynamics 

and kinetics of monomeric and oligomeric forms of the same protein (Aghera, Earanna, and 
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Udgaonkar 2011; Aghera and Udgaonkar 2012; Bhattacharjee and Udgaonkar 2021). Such 

comparisons require carefully designed model systems in which the monomeric and oligomeric 

forms share the same overall fold and chemistry, differing primarily in chain connectivity and 

inter-subunit interactions. 

       Monellin represents a rare and powerful model system in this regard. Naturally occurring 

monellin exists as a heterodimeric protein, dcMN, whereas single-chain engineered variants, 

SCM and MNEI, are monomeric forms with very similar native structures (Sung et al. 2001; 

Peon, Pal, and Zewail 2002; Patra and Udgaonkar 2007; Jha et al. 2009; Aghera and Udgaonkar 

2011; Aghera, Earanna, and Udgaonkar 2011; Aghera and Udgaonkar 2012; Bhatia et al. 2019; 

Bhattacharjee and Udgaonkar 2021). This correspondence allows folding and unfolding 

reactions to be compared directly between monomeric and heterodimeric forms of the same 

protein, isolating the effects of chain connectivity and interchain interactions. Previous studies 

on monellin have shown that such differences influence folding kinetics, the stabilities of 

intermediates, and folding cooperativity (Aghera, Earanna, and Udgaonkar 2011; 

Bhattacharjee and Udgaonkar 2021). Comparing the monomeric variant with the heterodimeric 

variant therefore provides a direct way to probe how interchain coupling and the dimer 

interface contributes to conformational heterogeneity during folding. It also provides a useful 

framework to examine how the two chains behave independently during folding. In this 

context, dcMN and MNEI serve as key model systems in this thesis. 

1.2 Heterogeneity in protein folding and unfolding 

1.2.1 Overview 

       Protein folding and unfolding reactions are often described in terms of discrete 

thermodynamic states such as the unfolded (U), intermediate (I), and native (N) states. 

Importantly, each of these states represents an ensemble of interconverting conformations 

rather than a single well-defined structure (Frauenfelder, Parak, and Young 1988; Udgaonkar 

2008). Different molecules within the same ensemble may populate distinct conformational 

sub-populations that interconvert on different timescales, or sample different regions of the 

folding free-energy landscape (Udgaonkar 2008; Gruebele 2014). At any given time, protein 

molecules exist in multiple sub-populations of molecules having conformations that differ in 

free energy, structure, and dynamics, with their relative abundances governed by free-energy 

differences and their interconversion rates determined by the heights of the intervening barriers 

(Gibbs 1902; Arrhenius 1889). Folding can thus be described as a redistribution of protein 
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molecules occurring on a multidimensional free-energy landscape, rather than occupy on a 

single deterministic pathway connecting U and N (Bryngelson et al. 1995; Wolynes, Onuchic, 

and Thirumalai 1995). Resolving and quantifying the distinct sub-populations that coexist 

during folding remains experimentally challenging, but is essential for a detailed mechanistic 

understanding of protein folding and unfolding reactions. This forms the motivation for the 

experimental approach used in this thesis. 

1.2.2 Experimental approaches to resolve heterogeneity 

        An overview of the commonly used spectroscopic probes for monitoring different aspects 

of polypeptide chain folding is given in Table 1.1. Much of our current understanding of protein 

folding has been derived from ensemble-averaged measurements, including circular dichroism, 

intrinsic fluorescence, and steady-state fluorescence anisotropy. These approaches report the 

average signal of a population of molecules and have been instrumental in establishing 

fundamental principles of folding thermodynamics and kinetics (Creighton 1990; Dill et al. 

1995; Greenfield 2006; Woody 2004). Ensemble-averaged probes can resolve heterogeneity 

only when different conformations contribute measurably distinct signals. However, coexisting 

conformational sub-states that share similar spectroscopic signatures, or that interconvert faster 

than the temporal resolution of the probe, remain indistinguishable in the measured signal. 

Consequently, ensemble-averaged experiments can indicate heterogeneity but cannot directly 

resolve and quantify the underlying sub-population distributions, or exchange dynamics within 

conformational ensembles. 

     These limitations have motivated the use of approaches with higher spatial and temporal 

resolution that can quantify coexisting conformations and their interconversion dynamics, 

including hydrogen–deuterium exchange–based methods, time-resolved fluorescence 

measurements, fluorescence correlation spectroscopy, and single-molecule techniques, as 

described below: 

Hydrogen–deuterium exchange (HX)–based methods, combined with nuclear magnetic 

resonance (NMR) or mass spectrometry (MS), exploit differences in solvent accessibility and 

hydrogen bonding to report on structure formation during folding. HX–NMR provides residue-

specific information, whereas HX–MS measures deuterium uptake across peptide segments, 

enabling identification of protected regions, detection of partially folded intermediates, and 

characterization of structural heterogeneity within folding ensembles (Englander et al. 2016;
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             Technique 
         Primary       

observable 

    Information 

     obtained 
                   Key limitation 

ENSEMBLE-AVERAGING PROBES 

 

Far-UV CD Mean secondary 

structure content 

Global 

folding/unfolding 

transitions; 

secondary-structure 

gain/loss 

Difficult to determine absolute secondary 

structure content as can be complicated by 

contributions due to aromatic residues 

Near-UV CD Mean tertiary 

packing around 

aromatic side chains 

Tertiary structure 

formation 

Insensitive to dynamic/weak tertiary contacts 

Intrinsic tryptophan fluorescence 

intensity and lifetime 

Tryptophan 

environment  

Folding kinetics; 

compaction/packing 

near probe 

Different conformations can share similar 

signals 

ANS (1-aniline-8-naphthalene 

sulfonic acid) binding 

Exposure of 

hydrophobic patches 

Detection of molten-

globule-like 

intermediates 

External fluorophore such as ANS may perturb 

folding itself 

SAXS (small-angle X-ray 

scattering) 

Radius of gyration, 

global dimensions 

U vs compact 

intermediates vs N; 

chain collapse 

Masks co-existing conformations, yielding 

only an average size 

 

Steady-state FRET (Fluorescence 

resonance energy transfer) 

Mean FRET 

efficiency (⟨E⟩) → 

mean distance 

Average chain 

dimensions / 

compaction changes 

Different mixtures of compact and expanded 

conformations can yield the same ⟨E⟩; sub-

populations are not resolved 

HIGH-RESOLUTION PROBES 

 

Time-resolved FRET coupled with 

Maximum Entropy Method 

Fluorescence 

lifetime 

distributions → 

distance 

distributions 

Coexisting sub-

populations with 

different dimensions; 

heterogeneity within 

ensembles 

Requires labelling - need to make sure that 

structure and stability is minimally perturbed 

upon labelling 

Single-molecule FRET Single-molecule 

FRET efficiency 

trajectories 

Static vs dynamic 

heterogeneity; rare 

states; 

interconversion 

Requires labelling - need to make sure that 

structure and stability is minimally perturbed 

upon labelling; photo-physics artefacts  

FCS (Fluorescence correlation 

spectroscopy)/ PET- FCS 

(Photoinduced electron transfer- 

FCS) 

Fluorescence 

fluctuations / 

quenching dynamics 

Fast intramolecular 

motions; exchange 

rate within ensembles 

over µs timescales 

Sensitive to dynamics, but provides limited 

direct structural information 

2D-FLCS (Fluorescence lifetime 

correlation spectroscopy) 

Lifetime correlation 

of FRET states 

Population exchange 

at equilibrium; 

distinct sub-states 

Requires specialized instrumentation/analysis 

HX–MS (Hydrogen-exchange 

coupled to mass spectrometry) 

Deuterium uptake 

distributions 

(peptide-level) 

Protection patterns; 

partially folded 

regions 

Limited spatial resolution relative to NMR; 

back-exchange 

HX–NMR (Hydrogen-exchange 

coupled to nuclear magnetic 

resonance) 

Residue-specific 

exchange rates 

Site-specific 

protection; structured 

regions in 

intermediates 

Requires good NMR spectra; limited time 

window for very fast exchange; difficult to 

resolve sub-populations of molecules 

Time-resolved anisotropy Rotational 

correlation times  

Local and global 

rotations in a 

molecule; details 

about size and rigidity 

Sensitive to local motional freedom, but does 

not directly resolve sub-populations 

Table 1.1. Experimental techniques for probing protein folding, grouped into ensemble-averaging and high-

resolution probes.a 

 

a Modified and adapted from (Bartlett and Radford, 2009). 



11 
 

Malhotra and Udgaonkar 2016b; Englander 2000; Krishna et al. 2004; Hamid Wani and 

Udgaonkar 2006; Wani and Udgaonkar 2009). 

Fluorescence resonance energy transfer (FRET)–based approaches report on 

intramolecular distances and are particularly well suited for monitoring chain compaction and 

segment-specific structural rearrangements. While steady-state FRET measurements provide 

ensemble-averaged distances, time-resolved FRET (trFRET) measures fluorescence lifetimes 

on the 10 ps–10 ns timescale, thereby providing a “snapshot” of the conformational ensemble 

because these measurements are much faster than the timescale associated with conformational 

changes (100 ns to 1 µs) (Lakshmikanth et al. 2001; Bhatia and Udgaonkar 2022). Distance 

distributions can be extracted from trFRET decays using the maximum entropy method (MEM) 

or singular value decomposition (SVD) analysis (Henry and Hofrichter 1992; Livesey and 

Brochon 1987; Brochon 1994; Navon et al. 2001; Lakshmikanth et al. 2001; Bhatia and 

Udgaonkar 2022), enabling quantification of structural heterogeneity within conformational 

ensembles (Förster 1948; Lakowicz et al. 1991; Haas et al. 1975; Krishnamoorthy 2018) 

(Figure 1.2). In this thesis, MEM-derived distance-distributions are used to directly resolve and 

quantify conformational heterogeneity. Such measurements have revealed conformational 

heterogeneity in several proteins, including barstar (Lakshmikanth et al. 2001; Sridevi et al. 

2004), SH3 domains (Kishore, Krishnamoorthy, and Udgaonkar 2013), MNEI (Jha et al. 2009; 

Bhatia et al. 2019; Bhatia, Krishnamoorthy, and Udgaonkar 2021a), NTL9 (Peran et al. 2019) 

and a TIM barrel (Halloran et al. 2019). 
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Figure 1.2. Schematic representation of the time-resolved FRET methodology. The donor 

(D) and acceptor (A) fluorophores used for monitoring FRET are represented as a blue square 

and a red triangle, respectively. (a) In the U state, the D and A fluorophores are separated by 

large distances, resulting in low FRET and correspondingly higher fluorescence intensity of 

the D fluorophore. In the N state, reduced D–A separation (RDA) increases FRET, leading to 

decreased fluorescence intensity of D relative to that of A. (b) FRET efficiency has a sigmoidal 

dependence on the RDA described by the Förster equation (Lakowicz 2006). The Förster radius 

(R₀) is defined as the distance at which the FRET efficiency is 0.5. (c) In trFRET measurements, 

fluorescence intensity decay curves are recorded and represented as a plot of photon counts 

versus time. The decays are then analyzed using mathematical models for extracting 

information about different fluorescence lifetimes that would correspond to populations with 

differential extents of FRET or RDA. This figure was reproduced, with permission, from (Bhatia 

and Udgaonkar 2022). 
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Time-resolved fluorescence anisotropy measurements report on local conformational 

dynamics by measuring rotational correlation times on the nanosecond timescale. Because 

fluorescence anisotropy decays depend on the rotational mobility of the fluorophore and its 

coupling to the protein matrix, these measurements are sensitive to local rigidity, segmental 

flexibility, and changes in packing. Time-resolved fluorescence anisotropy measurements 

therefore can probe, in a site-specific manner, dynamic heterogeneity within folding ensembles 

(Lakowicz 2006; Bilsel et al. 1999; Yengo and Berger 2010). 

 

Single-molecule fluorescence techniques, particularly single-molecule FRET (smFRET), 

probe one molecule at a time and therefore report the underlying distribution of conformations 

directly. By resolving molecule-to-molecule variability, smFRET can distinguish coexisting 

sub-populations, differing in intramolecular distances, which would otherwise be obscured in 

bulk measurements. In addition, analysis of single-molecule trajectories can reveal time-

dependent interconversion between conformations, allowing static heterogeneity to be 

separated from dynamic heterogeneity. Using such approaches, smFRET studies have revealed 

structural heterogeneity in unfolded, intermediate, and native states of proteins (Deniz et al. 

2001; Lipman et al. 2003; Schuler 2007; Schuler et al. 2016). 

Fluorescence correlation spectroscopy (FCS) probes conformational dynamics by analysing 

fluorescence fluctuations. FCS has been used to demonstrate conformational heterogeneity in 

both native-state ensembles (Elson and Magde 1974; Maiti, Haupts, and Webb 1997; Haupts 

et al. 1998; Ries et al. 2014; Goluguri, Sen, and Udgaonkar 2019) and unfolded-state ensembles 

(Chattopadhyay, Elson, and Frieden 2005; Daidone et al. 2010; Voelz et al. 2010; Sherman and 

Haran 2011; Ries et al. 2014; Borgia et al. 2016). When combined with photo-induced electron 

transfer (PET-FCS), these methods provide access to fast intramolecular motions and exchange 

dynamics within ensembles (Doose, Neuweiler, and Sauer 2009; Neuweiler, Johnson, and 

Fersht 2009; Daidone et al. 2010; Sherman and Haran 2011; Goluguri, Sen, and Udgaonkar 

2019). Recently introduced two-dimensional fluorescence lifetime correlation spectroscopic 

(2D-FLCS) measurements, which couple trFRET and FCS methodologies, also have an ability 

to identify distinct populations at equilibrium and hence resolve heterogeneity (Otosu et al. 

2017). 

1.2.3 Complex folding mechanisms as a consequence of heterogeneity 

       Many proteins show deviations from idealized two-state folding transitions and instead 

populate discrete intermediates and exhibit multistep folding kinetics (Kim and Baldwin 1990; 
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Udgaonkar 2008). Folding may proceed through sequential or parallel routes, populating 

intermediates to different extents. Such complexity in the folding mechanisms arises when 

conformational sub-states within the unfolded or intermediate ensembles interconvert slowly 

relative to subsequent folding events, so that different sub-states fold with different rate 

constants and give rise to kinetically distinguishable folding routes (Ellison and Cavagnero 

2006; Udgaonkar 2008).  

           Experimental evidence for such behavior has been obtained across a wide range of 

systems. Several monomeric globular proteins, including lysozyme (Radford, Dobson, and 

Evans 1992), barstar (Shastry and Udgaonkar 1995; Zaidi, Nath, and Udgaonkar 1997), SH3 

domains (Dasgupta and Udgaonkar 2012; Aghera and Udgaonkar 2017), RNase T1 

(Kiefhaber, Grunert, et al. 1990; Kiefhaber, Quaas, et al. 1990a), and MNEI (Patra and 

Udgaonkar 2007; Bhatia, Krishnamoorthy, and Udgaonkar 2021a), have been shown to fold 

via parallel pathways and populate multiple structurally distinct intermediates. Folding 

complexity can be further amplified in oligomeric proteins because intrachain folding is 

coupled to inter-subunit association. Depending on the intrinsic folding propensities of 

individual chains, association can occur between unfolded or partially folded subunits, or 

after substantial structure formation within each chain (Jaenicke 1995; Jaenicke and Lilie 

2000; Aghera and Udgaonkar 2012). Consistent with this, the folding kinetics of oligomeric 

proteins often show changes in the rate-limiting step from subunit association to 

conformational conversion with a change in concentration (Milla and Sauer 1994; Zeeb et al. 

2004). Both monomeric and oligomeric proteins may fold via multiple routes (Figure 1.3). 

Crucially, folding complexity is strongly sensitive to solvent conditions (pH, denaturant 

concentration, and presence of salts), which can selectively stabilize or destabilize 

intermediates and redistribute flux among competing pathways (Jamin and Baldwin 1998; 

Pradeep and Udgaonkar 2002, 2004a, 2004b; Sinha and Udgaonkar 2005; Dasgupta and 

Udgaonkar 2012; Jha et al. 2011; Aghera and Udgaonkar 2012). 
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Figure 1.3. Complex folding mechanisms of different protein model systems. (a) Refolding 

of barstar proceeds through multiple competing pathways that arise from heterogeneity in the 

U-state ensemble. The slow-refolding unfolded form (US) folds via two parallel routes in which 

a late N-like intermediate (IN) accumulates before conversion to the N state in one of these 

pathways. In parallel, the fast-refolding unfolded form (UF) folds via an early intermediate (IF1) 

to N. This figure was reproduced, with permission, from (Shastry and Udgaonkar 1995). (b) 

Free-energy profile of the folding of the PI3K SH3 domain in 0 M GdnHCl derived from a 

multistate (four-state) mechanism (U ↔ L ↔ M ↔ N). The profile reveals intermediate states 

(L and M), consistent with non-two-state folding behavior. Red: no salt; blue: 0.5 M Na₂SO₄. 

This figure was reproduced, with permission, from (Dasgupta and Udgaonkar 2012). (c) 

Refolding of single-chain monellin (MNEI) occurs via multiple competing pathways arising 

from heterogeneity in the U-state ensemble. Refolding kinetics resolve three parallel folding 

phases with kinetic partitioning also originating from the early formed intermediate (IE1). This 

figure was reproduced, with permission, from (Patra and Udgaonkar 2007). (d) Refolding of 

heterodimeric monellin (dcMN) proceeds through competing parallel pathways that arise after 

an initial association step between chains A and B, forming an encounter complex (C), which 

then partitions into two alternative folding routes involving distinct intermediate ensembles (I₁ 

and I₂). Refolding switches from one pathway to the other as the GdnHCl concentration is 

increased. This figure was reproduced, with permission, from (Aghera and Udgaonkar 2012). 
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    1.3 Understanding heterogeneity at different stages of folding 

1.3.1 The unfolded (U) state ensemble 

      The U state represents the starting point of the folding reaction and can influence folding 

kinetics (Dill and Shortle 1991; Kohn et al. 2004; Sherman and Haran 2006; Udgaonkar 2008, 

2013; Schuler et al. 2016). Under strongly denaturing conditions, the U-state ensemble is often 

approximated as a random-coil–like polymer lacking persistent secondary or tertiary structure 

(De Gennes 1975; Bower 2002; Rubinstein and Colby 2003). Consistent with polymer theory, 

ensemble-averaged measurements of unfolded proteins under such conditions generally 

conform to the scaling laws expected for self-avoiding chains in good solvent (Kohn et al. 

2004; Hofmann et al. 2012; Aznauryan et al. 2016; Alessandro et al. 2016). Thus, the U state 

appears structurally homogeneous when assessed by global parameters such as chain 

dimensions. 

      However, this view obscures important features revealed by site-specific and high-

resolution experimental probes (Fitzkee and Rose 2004; Meier et al. 2007; Bhavesh et al. 2004; 

Huang and Grzesiek 2010; Bowler 2012; Peran et al. 2019). Numerous studies have shown that 

even under denaturing conditions, the U state is best described as an ensemble of conformations 

that differ locally and globally in structure and dynamics (Udgaonkar 2008, 2013; Schuler et 

al. 2016; Takahashi, Yoshida, and Oikawa 2018). These conformations can interconvert over a 

wide range of timescales, from picoseconds to seconds, at rates comparable to or slower than 

those of early folding events, giving rise to kinetic heterogeneity (Hagen et al. 1996; Lapidus, 

Eaton, and Hofrichter 2000; Kuzmenkina, Heyes, and Nienhaus 2005; Möglich, Joder, and 

Kiefhaber 2006; Soranno et al. 2009; Soranno et al. 2017; Waldauer, Bakajin, and Lapidus 

2010; Borgia et al. 2012; Schuler et al. 2016). 

     The timescale of conformational dynamics within the unfolded ensemble is a critical 

determinant of the folding mechanism (Ellison and Cavagnero 2006; Udgaonkar 2008). When 

interconversion among unfolded conformations is fast relative to folding, the U-state ensemble 

behaves effectively as a single population. In contrast, slow conformational exchange gives 

rise to kinetically distinct unfolded sub-populations, leading to multiple folding phases and 

pathway heterogeneity (Schuler, Lipman, and Eaton 2002; Kuzmenkina, Heyes, and Nienhaus 

2005; Udgaonkar 2008; Jha et al. 2009; Bhatia et al. 2019). U-state dynamics have been 

observed to span many orders of magnitude across different proteins (Hagen et al. 1996; 

Lapidus, Eaton, and Hofrichter 2000; Möglich, Joder, and Kiefhaber 2006; Soranno et al. 2009; 



17 
 

Soranno et al. 2017; Waldauer, Bakajin, and Lapidus 2010; Borgia et al. 2012; Schuler et al. 

2016; Takahashi, Yoshida, and Oikawa 2018). 

     A major source of local heterogeneity in the U state ensemble is peptidyl–prolyl cis–trans 

isomerization. The small free-energy difference between cis and trans isomers allows both 

forms to be significantly populated (Brandts, Halvorson, and Brennan 1975; Schmid and 

Baldwin 1979; Wedemeyer, Welker, and Scheraga 2002; Alderson et al. 2018; Waudby et al. 

2018). Because interconversion between these isomers is slow relative to subsequent folding 

steps, distinct unfolded sub-populations can fold independently, giving rise to kinetic 

heterogeneity (Brandts, Halvorson, and Brennan 1975; Schönbrunner, Koller, and Kiefhaber 

1997; Osváth and Gruebele 2003; Udgaonkar 2008). Additional sources of local heterogeneity 

include alternative rotameric states of aromatic residues (Eis and Lakowicz 1993; Swaminathan 

et al. 1996; Moors et al. 2006), misligation in prosthetic-group–containing proteins (Pierce and 

Nall 2000; Sosnick et al. 1994), and scrambling of disulfide bonds in cysteine-rich proteins 

(Goldenberg and Creighton 1984; Weissman and Kim 1991, 1992; Weissman 1995). 

       Beyond these local sources, the U state may exhibit global conformational heterogeneity. 

U-state ensembles can contain sub-populations that differ in their degree of compaction and 

residual structure (Schuler, Lipman, and Eaton 2002; Merchant et al. 2007; Hofmann et al. 

2012; Oikawa et al. 2015; Saito et al. 2016; Schuler et al. 2016). Single-molecule and time-

resolved spectroscopic measurements have shown that unfolded proteins can populate both 

relatively expanded and partially compact conformations (Kuzmenkina, Heyes, and Nienhaus 

2005; Hofmann et al. 2012; Aznauryan et al. 2016; Bhatia, Krishnamoorthy, and Udgaonkar 

2018). These sub-populations may interconvert on timescales comparable to or slower than 

early folding events giving rise to a heterogeneous unfolded ensemble (Ellison and Cavagnero 

2006; Udgaonkar 2008; Jha et al. 2009; Bhatia et al. 2019). Residual structure in the U state 

can further contribute to heterogeneity. Both native-like and non-native interactions have been 

detected in U-state ensembles of several proteins, including ubiquitin, NTL9, lysozyme and 

barstar (Meier et al. 2007; Huang and Grzesiek 2010; Meng et al. 2013; Klein-Seetharaman et 

al. 2002; Bowler 2012; Jensen et al. 2014; Halloran et al. 2019; Bhavesh et al. 2004). Native-

like residual structure can bias folding toward particular routes by pre-organizing segments of 

the chain (Neri et al. 1992; Schwalbe et al. 1997; Wirmer et al. 2006; Bowler 2012; Yagi-

Utsumi et al. 2020), whereas non-native interactions can trap molecules in conformations that 

slow folding or redirect it along alternative pathways (Shortle and Ackerman 2001; Jensen et 

al. 2014; Chung et al. 2015; Takahashi, Yoshida, and Oikawa 2018). The balance between these 
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interactions is highly sequence-dependent and sensitive to solvent conditions (Schuler et al. 

2016; Holehouse and Pappu 2018). 

             Hence, the U state is neither structurally uniform nor dynamically trivial. Instead, it is 

a heterogeneous ensemble in which differences in structure and dynamics can strongly 

influence folding kinetics and pathway selection (Udgaonkar 2008, 2013; Schuler et al. 2016). 

In particular, U-state heterogeneity can give rise to multiple folding routes. 

1.3.2 The Intermediate (I) state ensemble 

     Protein folding involves progressive contraction and acquisition of structural order as 

proteins transition from the U-state ensemble to the N-state ensemble (Sherman and Haran 

2006; Udgaonkar 2013; Kirmizialtin et al. 2020). In many cases, folding proceeds via compact, 

intermediate ensembles whose chain dimensions and structural order are intermediate between 

the U and N ensembles (Chan and Dill 1990; Udgaonkar 2008, 2013; Ziv, Thirumalai, and 

Haran 2009; Haran 2012; Das et al. 2013). Intermediate ensemble comprise heterogeneous sets 

of compact conformations, can form at different stages of folding and be associated with 

distinct mechanistic roles. 

       Upon transfer from denaturing to native solvent conditions, many proteins undergo rapid 

reduction in chain dimensions to form a collapsed ensemble, Uc (Agashe, Shastry, and 

Udgaonkar 1995; Sherman and Haran 2006; Sinha and Udgaonkar 2008; Udgaonkar 2013; 

Goluguri and Udgaonkar 2016). Such early collapse reflects a change in the balance between 

chain–solvent and chain–chain interactions, driven largely by hydrophobic forces with possible 

contributions from intramolecular hydrogen bonds (De Gennes 1975; Chan and Dill 1990; 

Agashe, Shastry, and Udgaonkar 1995; Udgaonkar 2013; Holehouse and Pappu 2018). Uc 

represents the unfolded ensemble under folding conditions (Chan and Dill 1990; Welker et al. 

2004; Udgaonkar 2008, 2013). 

     A key question is whether early collapse facilitates productive folding or is primarily a 

solvent-driven response (Sosnick et al. 1994; Udgaonkar 2013; Riback et al. 2017; Takahashi, 

Yoshida, and Oikawa 2018; Thirumalai et al. 2019; Clark, Plaxco, and Sosnick 2020). Collapse 

can reduce the conformational search space, but non-specific compaction can also generate 

misfolded or aggregation-prone states (Bowman et al. 2020; Clark, Plaxco, and Sosnick 2020). 

A major determinant of which outcome is likely, is the extent to which collapsed intermediates 

contain native-like structure. In some systems, collapse is accompanied by the formation of 

native-like interactions, producing intermediates that are on-pathway and promote folding 

(Ptitsyn and Uversky 1994; Chan and Dill 1990; Shastry and Roder 1998). In other cases, 
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collapse is largely nonspecific, yielding compact conformations stabilized by hydrophobic 

clustering with little native structural bias (Qi, Sosnick, and Englander 1998; Agashe, Shastry, 

and Udgaonkar 1995; Dasgupta and Udgaonkar 2010; Mizukami et al. 2013). Examples of 

intermediates with signatures of specific collapse include those formed during the folding of 

apomyoglobin, RNase A, DHFR, and CspTm (Uzawa et al. 2004; Welker et al. 2004; Arai et 

al. 2007; Hoffmann et al. 2007), whereas nonspecific collapse has been reported for barstar, α-

synuclein, PI3K SH3, and staphylococcal nuclease (Agashe, Shastry, and Udgaonkar 1995; 

Morar et al. 2001; Dasgupta and Udgaonkar 2010; Mizukami et al. 2013). In some systems, 

both contributions coexist within the same collapsed ensemble, as observed in the case of 

MNEI (Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 2016; Maity and Reddy 2018; 

Bhatia, Krishnamoorthy, and Udgaonkar 2021b; Bhatia et al. 2019).  

        The extent of collapse is commonly quantified using SAXS-derived radii of gyration (Rg) 

or site-specific distance probes such as FRET (RDA) (Plaxco et al. 1999; Sinha and Udgaonkar 

2008; Dasgupta and Udgaonkar 2010; Goluguri and Udgaonkar 2015) (Yoo et al. 2012; Riback 

et al. 2017). Many studies report that Uc is more compact than the unfolded ensemble under 

denaturing conditions (Sinha and Udgaonkar 2008; Ziv, Thirumalai, and Haran 2009; Yoo et 

al. 2012; Udgaonkar 2013; Goluguri and Udgaonkar 2016; Zheng et al. 2016; Bhatia et al. 

2019). However, SAXS-based studies have suggested only limited initial collapse for some 

proteins (Plaxco et al. 1999; Yoo et al. 2012; Riback et al. 2017; Bowman et al. 2020; Clark, 

Plaxco, and Sosnick 2020). Discrepancies between SAXS- and FRET-derived dimensions, 

observed for example in protein L, indicate that Uc is a heterogeneous ensemble in which Rg 

and RDA are not uniquely related, such that the same RDA can be consistent with multiple Rg 

values (and vice versa) (Yoo et al. 2012; Fuertes et al. 2017; Ruff and Holehouse 2017; Song 

et al. 2017). 

       Studies on several proteins have shown that Uc is conformationally heterogeneous, with 

different regions compacting to different extents across molecules (Wu et al. 2008; Arai et al. 

2011; Yamada et al. 2013; Halloran et al. 2019; Peran et al. 2019; Bhatia, Krishnamoorthy, and 

Udgaonkar 2021b). Such heterogeneity is often reflected in broad distance distributions and 

slow interconversion between compact substates (Navon et al. 2001; Flanagan et al. 1992; 

Lietzow et al. 2002; Bhatia et al. 2019). Multi-site distance measurements have shown non-

uniform collapse in proteins including MNEI, adenylate kinase, cytochrome c, ubiquitin and 

barstar (Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 2016; Ratner et al. 2005; 

Pletneva, Gray, and Winkler 2005; Reddy and Thirumalai 2017; Bhatia, Krishnamoorthy, and 

Udgaonkar 2021b; Sinha and Udgaonkar 2005; Sinha and Udgaonkar 2009). 
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        Interestingly, further contraction of the polypeptide chain after the initial collapse is 

widely assumed to occur concomitantly with structure forming steps; however, whether these 

processes are necessarily coupled and the degree to which they are, remains unresolved. 

Decoupling of chain contraction from structure formation at later stages of folding is possible 

only when solvent conditions or mutations selectively modulate compaction without altering 

the global folding energetics of the protein. Identifying conditions that enable such selective 

modulation has remained a long-standing challenge in the field. Consequently, contraction and 

structure formation during later stages of folding continue to be treated as intrinsically coupled, 

despite representing distinct physical processes (Figure 1.4). 
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Figure 1.4. Free energy profiles illustrating how the coupling between chain contraction 

and structure formation can be modulated during protein folding. U and UC denote the 

unfolded state and the collapsed non-structured state, respectively.  The intermediate ensemble, 

I,  comprises two sub-populations, I₁ and I₂, and accumulates before the rate-determining step 

in folding. These two subpopulations are similar in the extent to which structure has formed, 

but differ in the extent to which the chain has contracted in a specific region. The figure shows 

more chain contraction having occurred in I2, as apparent by a shorter intra-molecular distance 

spanned by the blue and red spheres. I1 and I2 differ in their stabilities, which also depend on 

the folding conditions. Under condition A, I₁ is more stable and is therefore predominantly 

populated in the intermediate ensemble before further folding occurs. The intermediate 

ensemble will therefore appear to have contracted to only a small extent. Under condition B, I2 

is more stable, and is therefore predominantly populated in the intermediate ensemble. The 

intermediate ensemble will therefore appear to have contracted to a substantial extent. 
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1.3.3 The Native (N) state ensemble 

       Under native conditions, proteins populate a compact, globular folded state stabilized by a 

defined network of intra-molecular interactions (Chan and Dill 1990; Gō 1984; Udgaonkar 

2013; Kirmizialtin et al. 2020). High-resolution structural methods such as X-ray 

crystallography have been instrumental in defining the N state architecture and have often led 

to it being described as a unique, well-defined structure. While such structures accurately 

describe the dominant conformation, they represent static snapshots and do not capture the full 

range of conformational fluctuations accessible to a native protein under physiological 

conditions (Frauenfelder, Parak, and Young 1988; Henzler-Wildman and Kern 2007). 

        Experimental and theoretical studies have established that the N state is dynamic and is 

best described as an ensemble of interconverting conformations rather than a single static 

structure (Frauenfelder, Parak, and Young 1988; Lakshmikanth et al. 2001; Englander et al. 

2016; Ries et al. 2014; Goluguri, Sen, and Udgaonkar 2019; Malhotra and Udgaonkar 2016b). 

Even under strongly native conditions, proteins sample higher-energy conformational 

substates, including locally unfolded or partially destabilized forms (Englander and Kallenbach 

1983; Bai et al. 1994; Bai et al. 1995; Englander et al. 2016; Malhotra and Udgaonkar 2016b). 

These fluctuations arise from the marginal stability of native proteins and reflect the ruggedness 

in the underlying free-energy landscape (Bowman and Geissler 2014; Ries et al. 2014). 

       Evidence for N-state heterogeneity has emerged from multiple experimental approaches. 

Hydrogen–deuterium exchange experiments showed that proteins transiently access partially 

unfolded conformations in which backbone amide protons become solvent-exposed (Englander 

and Kallenbach 1983; Bai et al. 1994; Maity et al. 2003; Hernández and LeMaster 2008; 

Skinner et al. 2012; Englander et al. 2016), demonstrating local structural opening (Bai et al. 

1994; Bai et al. 1995; Malhotra and Udgaonkar 2016b). FRET-derived intramolecular distance 

measurements have further shown that the native ensemble can populate multiple 

conformations with distinct intramolecular distances. Such heterogeneity has been observed in 

the case of barstar, SH3 domains, BdpA, and MNEI, where intramolecular distance 

distributions broaden and shift under mildly destabilizing conditions (Lakshmikanth et al. 

2001; Kishore, Krishnamoorthy, and Udgaonkar 2013; Mazouchi et al. 2016; Otosu et al. 2017; 

Bhatia, Krishnamoorthy, and Udgaonkar 2018). 

        Dynamic heterogeneity within the N-state ensemble has been revealed by methods that 

directly probe conformational fluctuations. Fluorescence correlation spectroscopy (FCS) and 

related approaches have shown that native proteins undergo motions spanning a wide range of 
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timescales, from fast local fluctuations to slower collective rearrangements (Haupts et al. 1998; 

Doose, Neuweiler, and Sauer 2009; Ries et al. 2014; Goluguri, Sen, and Udgaonkar 2019). In 

some systems, the dynamics exhibit slow exchange and glassy behavior, consistent with 

substantial free-energy barriers separating native substates. In the case of MNEI and the N-

terminal domain of spider silk protein, the barriers within the N-state ensemble can be 

comparable to that for global unfolding (Ries et al. 2014; Bhatia et al. 2019; Goluguri, Sen, 

and Udgaonkar 2019). Complementary evidence for native-state heterogeneity has also 

emerged from NMR relaxation-dispersion experiments. Carr–Purcell–Meiboom–Gill (CPMG) 

and related NMR methods have revealed exchange between the dominant native conformation 

and low-populated native substates on the microsecond to millisecond timescale (Palmer III, 

Kroenke, and Loria 2001; Palmer III 2004; Baldwin and Kay 2009; Noguera et al. 2017). These 

measurements provide direct, residue-specific evidence for dynamic heterogeneity within the 

native-state ensemble. 

      N-state heterogeneity can arise from multiple sources. Slow peptidyl–prolyl cis–trans 

isomerization can generate distinct N-like conformers that interconvert on long timescales, as 

observed for staphylococcal nuclease, calbindin D9k and β2-microglobulin (Evans et al. 1987; 

Eftink et al. 1989; Koerdel et al. 1990; Svensson, Thulin, and Forsén 1992; Mukaiyama et al. 

2013). Local heterogeneity can also arise from alternative side-chain packing (Li and Frieden 

2005). At the global level, helix fraying and subtle rearrangements of tertiary contacts can 

produce native substates with distinct dimensions and stabilities (Serrano, Bilsel, and Gai 2012; 

Noguera et al. 2017; Otosu et al. 2017). These fluctuations can also be functionally relevant, 

including in ligand binding, allostery, and aggregation (Henzler-Wildman and Kern 2007; 

Goluguri, Sen, and Udgaonkar 2019). 

1.4 Conceptual basis of cooperativity of folding 

      As discussed in the preceding sections, proteins vary in folding cooperativity: some appear 

to undergo effectively all-or-none (two-state) folding transitions, but when these transitions are 

characterized by suitable probes, high energy intermediates can be detected (Malhotra and 

Udgaonkar 2014). Some proteins populate stable structured intermediates, and their multi-step 

folding mechanisms are more apparent (Kim and Baldwin 1990; Jackson and Fersht 1991b; 

Malhotra and Udgaonkar 2016a). If the U- and N-state ensembles are separated by a single 

dominant free-energy barrier, folding proceeds in an all-or-none manner and appears highly 

cooperative, consistent with two-state behavior (Jackson and Fersht 1991a). In contrast, when 

the folding landscape contains multiple barriers comparable to thermal energy, folding can 
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proceed through discrete intermediates or via gradual structural change, reflecting limited 

cooperativity (Kim and Baldwin 1990; Udgaonkar 2008; Malhotra and Udgaonkar 2016a). At 

the extreme limit of reduced cooperativity lies downhill folding, in which the activation barrier 

separating U and N becomes negligible and folding occurs via continuous population 

redistribution on a free-energy surface (Bryngelson et al. 1995; Yang and Gruebele 2004; 

Gruebele 2008) (Figure 1.5). 
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Figure 1.5. Schematic free-energy landscapes illustrating different degrees of  

cooperativity. (a) Fully cooperative (two-state) folding, in which the unfolded and native 

ensembles are separated by a single dominant free-energy barrier. (b) Fully non-cooperative 

(uphill) unfolding, in which the native ensemble relaxes continuously toward the unfolded 

ensemble by crossing only small barriers (typically < ~3 kBT), populating a continuum of 

conformations that interconvert gradually. (c) Reduced cooperativity, in which multiple high-

energy intermediates are populated along a rugged landscape. Early steps can be gradual and 

weakly barrier-limited, whereas the final step may remain strongly cooperative, as shown by a 

large barrier separating the unfolded ensemble from a late intermediate (I4). This figure was 

adapted from (Malhotra and Udgaonkar 2016a). 
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1.4.1 Cooperativity from equilibrium unfolding measurements 

      Conventional ensemble-averaging probes often give the impression of two-state folding 

behavior because the measured signal is dominated by the highly populated states, whereas 

minor sub-populations within the U- and N-state ensembles remain difficult to resolve (Jackson 

and Fersht 1991a; Kim and Baldwin 1990; Malhotra and Udgaonkar 2016a). Consequently, 

many proteins appear to unfold in a two-state manner in urea or GdnHCl when monitored using 

such probes (Jackson and Fersht 1991a; Pace and Scholtz 1997). 

       Deviations from two-state behavior become evident when unfolding is monitored using 

high-resolution methods (Kim and Baldwin 1990; Khurana and Udgaonkar 1994; Sadqi, 

Fushman, and Munoz 2006; Hamid Wani and Udgaonkar 2006; Lakshmikanth et al. 2001; 

Kishore, Krishnamoorthy, and Udgaonkar 2013; Bhatia, Krishnamoorthy, and Udgaonkar 

2018). Site-specific trFRET measurements have revealed gradual equilibrium structural 

changes during the unfolding of barstar (Lakshmikanth et al. 2001), and analogous multi-site 

trFRET measurements showed non-cooperative equilibrium unfolding transitions in PI3K SH3 

and MNEI (Kishore, Krishnamoorthy, and Udgaonkar 2013; Bhatia, Krishnamoorthy, and 

Udgaonkar 2018). Similar conclusions have been drawn from smFRET measurements that 

show continuous expansion of U-state ensemble with increasing denaturant concentration for 

several globular proteins and IDPs, including ubiquitin and other model systems (Schuler, 

Lipman, and Eaton 2002; Hofmann et al. 2012; Aznauryan et al. 2016; Schuler et al. 2016; 

Saito et al. 2016). 

      Equilibrium unfolding can also display segment-specific cooperativity within a single 

protein. Multi-site trFRET studies on MNEI have shown that different structural elements 

unfold with distinct degrees of cooperativity, indicating a mixture of cooperative and gradual 

transitions within the protein (Bhatia, Krishnamoorthy, and Udgaonkar 2018). Similar behavior 

has been observed in equilibrium unfolding experiments monitored by NMR, which have 

revealed residue-specific differences in stability and non-uniform loss of native structure across 

the polypeptide chain (Holtzer et al. 1997; Sadqi, Fushman, and Munoz 2006; Sborgi et al. 

2015). Thus, thermodynamic cooperativity need not be a single global property; it can vary 

along the chain, with different regions of a protein differing in local stability (Lakshmikanth et 

al. 2001; Kishore, Krishnamoorthy, and Udgaonkar 2013; Bhatia, Krishnamoorthy, and 

Udgaonkar 2018). 

1.4.2 Cooperativity from kinetic measurements 
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       Many proteins fold via discrete intermediate ensembles, consistent with limited kinetic 

cooperativity, as observed for lysozyme, barstar, and MNEI (Radford, Dobson, and Evans 

1992; Zaidi, Nath, and Udgaonkar 1997; Jha et al. 2009; Bhatia et al. 2019). A prominent 

example is the formation of molten-globule-like intermediates, which are compact states with 

substantial secondary structure but only weakly stabilized native tertiary packing (Kuwajima 

1989; Ptitsyn and Uversky 1994; Sarkar, Udgaonkar, and Krishnamoorthy 2013; Goluguri and 

Udgaonkar 2015; Bhatia et al. 2019; Jha et al. 2009). In particular, early folding events such as 

sub-millisecond chain collapse can exhibit reduced cooperativity (Dasgupta and Udgaonkar 

2010; Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 2016; Konuma et al. 2015; 

Bhatia et al. 2019). Probe-dependent burst-phase amplitudes (Georgescu et al. 1998; Pradeep 

and Udgaonkar 2004a), a non-sigmoidal denaturant dependence of these amplitudes (Sinha and 

Udgaonkar 2007; Dasgupta and Udgaonkar 2010), and weak denaturant dependence of rate 

constants have been interpreted as signatures of gradual early events (Sinha and Udgaonkar 

2008). Importantly, exponential kinetics alone does not imply a dominant cooperative barrier, 

because gradual structural relaxation can also yield exponential time courses (Parker and 

Marqusee 1999; Hagen 2007; Gruebele 2008). Consistent with this, smFRET and trFRET 

studies on CspTm and MNEI provided evidence that initial collapse can be barrier-limited and 

continuous, depending on which structural segment is monitored (Schuler, Lipman, and Eaton 

2002; Bhatia et al. 2019). These results indicate that kinetic cooperativity is not necessarily 

uniform across a protein and can vary between early and late folding events (Udgaonkar 2008; 

Bhatia et al. 2019). 

1.4.3 Modulation of cooperativity 

      The extent of cooperativity is tunable; it can be modulated by perturbations such as 

mutations (Gruebele 2005; Malhotra, Jethva, and Udgaonkar 2017), temperature changes 

(Sabelko, Ervin, and Gruebele 1999; Liu and Gruebele 2007), and solvent conditions (Malhotra 

and Udgaonkar 2015; Jethva and Udgaonkar 2017). Stabilization of an on-pathway 

intermediate, either by changing solvent conditions, or by mutations can convert an apparently 

two-state reaction into a three-state mechanism (Nath and Udgaonkar 1995; Pradeep and 

Udgaonkar 2002; Hamid Wani and Udgaonkar 2006; Spudich, Miller, and Marqusee 2004). 

Changes in conditions can also redistribute flux between competing unfolding pathways by 

altering transition-state stabilities (Wright et al. 2003; Aghera and Udgaonkar 2013). 

      Cooperativity can also be modulated at the level of individual structural elements within a 

protein. In the case of MNEI and dcMN, HX-MS experiments showed that secondary-structure 
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formation and dissolution can proceed gradually and diffusively under strongly native 

conditions, whereas denaturants can promote more cooperative unfolding behavior for specific 

regions (Malhotra and Udgaonkar 2016b; Bhattacharjee and Udgaonkar 2021). Similar 

modulation of site-specific cooperativity by the addition of denaturant has also been 

demonstrated for the PI3K SH3 domain (Jethva and Udgaonkar 2017). Importantly, the 

transition from cooperative two-state to fully non-cooperative gradual folding can be achieved 

by perturbing the relative stabilities of the N and U states (Gruebele 2008; Malhotra and 

Udgaonkar 2015; Jethva and Udgaonkar 2017; Malhotra, Jethva, and Udgaonkar 2017). 

Overall, apparent cooperativity and folding complexity can be tuned by mutations and solvent 

conditions through changes in the relative stabilities of the U-, I- and N- state ensembles, as 

well as the kinetic barriers separating them (Udgaonkar 2008; Malhotra and Udgaonkar 2016a; 

Gruebele 2008).  

1.5 Determinants of conformational heterogeneity 

Aim of the current thesis 

      It is now clear that protein folding and unfolding reactions are often highly heterogeneous, 

with multiple conformational sub-populations coexisting within the unfolded, intermediate, 

and native ensembles. However, the determinants that encode this heterogeneity and thereby 

regulate the population balance between co-existing conformations remain only partially 

understood. In particular, it is unresolved whether conformational heterogeneity can be 

modulated by local structural constraints such as backbone rigidity provided by prolines and 

by global topology/chain connectivity. This thesis investigates the molecular origins of site-

specific conformational heterogeneity in protein folding and unfolding reactions, using 

monellin as a model system. Using MNEI enables systematic site-specific perturbation of local 

backbone constraints, while comparison with dcMN isolates the effects of chain connectivity. 

Site-specific time-resolved FRET, analysed using the maximum entropy method, is used 

throughout to quantify distance distributions and directly resolve co-existing sub-populations 

during folding and unfolding. 

Specific objectives are summarized below: 

(i) Native- cis prolines as determinants of heterogeneity during folding (Chapter 2). 

       Proline isomerization is widely regarded as a dominant source of folding heterogeneity in 

proteins containing native-cis prolines, and substitution of these prolines (e.g., Pro→Ala) has 
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been shown to eliminate slow phases and simplify folding mechanisms. However, it remains 

unclear whether substitution of native-cis prolines is sufficient to eliminate pathway 

heterogeneity in systems where proline isomerization is expected to be the primary contributor 

to folding complexity. In addition, native-cis prolines enforce specific local backbone 

constraints in the native state; their substitution can therefore alter the stability and structure of 

folding intermediates and transition states, potentially affecting not only slow isomerization-

limited steps but also early folding events. Effects of Pro substitutions on the fast phases of 

folding have been much less explored. Chapter 2 addresses these issues by replacing the native-

cis prolines of MNEI to Ala and examining how folding heterogeneity is affected across all 

kinetic phases.  

(ii) Backbone rigidity as a determinant of the coupling between chain compaction and 

structure formation in folding intermediates (Chapter 3). 

        Chain compaction and structure formation are central features of protein folding reactions; 

yet, the extent to which they are mechanistically coupled remains unclear. Although early chain 

collapse can precede structure formation, later stages of folding are often assumed to involve 

concomitant compaction and structure formation. A key unresolved question is whether 

intermediate ensembles comprise distinct sub-populations with different degrees of 

compaction, and whether this heterogeneity enables compaction to proceed independently of 

structure formation. Chapter 3 addresses this question by resolving sub-populations within 

intermediate ensembles of MNEI using MEM-derived distance distributions, and by testing 

whether local backbone rigidity, tuned through site-specific Pro→Ala substitutions, 

redistributes these sub-populations and modulates the coupling of chain compaction and 

structure formation during folding. 

(iii) Chain connectivity/topology as a determinant of unfolding cooperativity (Chapter 4). 

        Most studies on the cooperativity of the unfolding transition have focused on small 

monomeric proteins. Much less is known about how cooperativity manifests in heterodimeric 

proteins, where unfolding can be coupled to inter-chain dissociation and chain-specific 

responses. It therefore remains unclear whether cooperativity can be tuned by chain 

connectivity and topology, independent of sequence and native structure. In particular, it is not 

known whether interacting structural elements unfold more cooperatively when they are 

covalently linked within a single polypeptide, compared to when they reside on separate chains. 

Chapter 4 directly tests this by characterizing the equilibrium unfolding of dcMN using site-

specific trFRET measurements analysed by the maximum entropy method, together with time-
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resolved fluorescence anisotropy decay measurements. The results are then compared with 

MNEI to examine how chain connectivity modulates apparent unfolding cooperativity. 

(iv) Revealing complexity in the folding of dcMN by resolving conformational 

heterogeneity (Chapter 5). 

     Conformational heterogeneity during the folding of heterodimeric proteins remains poorly 

understood, particularly as chain association is intrinsically coupled to structure formation. A 

key unresolved issue is whether refolding involves barrier-limited interconversion between 

distinct sub-populations, continuous contraction within a given sub-population, or both 

processes operating in parallel. Chapter 5 addresses this issue by resolving distance 

distributions during refolding of dcMN. 
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Chapter 2 

Replacement of the native cis prolines by alanine leads to 

simplification of the complex folding mechanism of a small 

globular protein 
       

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from:  

Kaushik, A. and Udgaonkar, J.B., 2023. Replacement of the native cis prolines 

by alanine leads to simplification of the complex folding mechanism of a small 

globular protein. Biophysical Journal, 122(19), pp.3894-3908. 
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2.1 Significance Statement 

         Proteins often fold via complex mechanisms that feature multiple folding pathways, and 

it is important to identify the origin of such heterogeneity in protein folding reactions. In 

proteins containing cis Pro residues, folding complexity is invariably attributed to proline 

isomerization, both during unfolding and during subsequent folding. In this study, it is shown 

that, even upon mutating both the two cis Pro residues of monellin to Ala, two out of three 

folding pathways still remain operational, suggesting an alternative source of complexity. The 

mutations do, however, simplify the overall folding mechanism: the very slow phase of folding 

is eliminated, and so is the slow phase of folding on one of the competing pathways that still 

operate, as a result of destabilization of a folding intermediate. As a consequence, monellin not 

having any cis Pro residue folds more than a thousand-fold faster than the wt protein. The 

mutations also reveal how structure formation can be coupled to proline isomerization during 

folding. Importantly and surprisingly, the mutations also abolish the very fast phase of folding 

by their effect on the unfolded state. This study therefore demonstrates a new way in which 

substitution of Pro residues can reduce folding complexity, by eliminating not only the slow 

phases but also the fast phases of folding. 

2.2 Introduction 

          The mechanism of protein folding from an unstructured, random-coil unfolded (U) state 

to a uniquely structured native (N) state is still not fully understood. In particular, while various 

experimental, theoretical and computational studies have highlighted the existence of parallel 

folding channels (Wallace and Matthews 2002; Udgaonkar 2008; Aksel and Barrick 2014), 

little is understood about the sequence determinants responsible for multiple folding pathways. 

Multiple folding pathways can arise when the sub-ensembles within unfolded or intermediate 

ensembles interconvert on time scales much slower than the subsequent folding steps 

(Udgaonkar 2008; Eaton and Wolynes 2017). Intermediate ensembles populated at different 

stages during the folding reaction may be composed of structurally distinct sub-ensembles, 

resulting in multiple routes to the N state (Chavez et al. 2006; Bhatia et al. 2019; Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a). Determination of the cause of heterogeneity at the 

early and intermediate stages of a folding reaction, would lead to a better understanding of the 

interactions dictating the sequence of structure-forming events during folding. A major cause 

of the heterogeneity in the U state ensemble for many proteins, which results in parallel 

channels of folding, is the isomerization of peptidyl-prolyl bonds (Brandts, Halvorson, and 
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Brennan 1975; Garel, Nall, and Baldwin 1976; Kiefhaber, Quaas, et al. 1990a; Kiefhaber, 

Kohler, and Schmid 1992; Kiefhaber and Schmid 1992; Shastry, Agashe, and Udgaonkar 1994; 

Wu and Matthews 2002b). The trans isomer is much more stable than the cis isomer in the case 

of a non-prolyl bond, but is only slightly more stable for a prolyl bond. Hence, both the isomeric 

states for the peptidyl-prolyl bonds may be populated significantly in the U state ensemble 

(Kim and Baldwin 1982; Eberhardt, Loh, and Raines 1993; Wedemeyer, Welker, and Scheraga 

2002). Of course, there can be causes of heterogeneity in the U state ensemble, other than 

proline isomerization (Bhuyan and Udgaonkar 1998; Pierce and Nall 2000; Welker et al. 2001).  

            Of the twenty naturally occurring amino acid residues found in proteins, proline is 

unique in that its side chain is covalently linked to the backbone nitrogen, thereby forming a 

cyclic ring. Thus, up to 25 % of X-Pro bonds are found in the cis conformation in the N states 

of different proteins (Stewart, Sarkar, and Wampler 1990). They typically occur in tight turns 

and kinks essential for maintaining the structural integrity of the protein (Stewart, Sarkar, and 

Wampler 1990). In the U state, however, an X-Pro bond that is cis in the N state, can undergo 

cis to trans isomerization, resulting in significant population of the trans conformation. The 

important step of trans to cis prolyl isomerization then becomes inevitable along the folding 

pathway, as shown for many proteins (Brandts, Halvorson, and Brennan 1975; Wedemeyer, 

Welker, and Scheraga 2002; Kim and Baldwin 1982; Shastry, Agashe, and Udgaonkar 1994; 

Schreiber and Fersht 1993; Wu and Matthews 2002a). Such prolyl isomerization steps (either 

cis to trans or trans to cis) are usually much slower than the structure-forming steps, to which 

they are coupled (Veeraraghavan, Nall, and Fink 1997; Maki et al. 1999; Bhuyan and 

Udgaonkar 1999). Thus, the occurrence of cis prolyl bonds in the N state, though structurally 

significant, can result in the retardation of the folding reaction. However, the interpretation of 

studies of the folding of proteins in which the rate-limiting Pro residues were replaced by other 

residues has not been straight-forward (Herning et al. 1991; Tweedy et al. 1993; Mayr et al. 

1994; Odefey, Mayr, and Schmid 1995; Vanhove et al. 1996; Walkenhorst, Green, and Roder 

1997; Pappenberger et al. 2001). Nonetheless, it is worthwhile to explore the potential 

simplification of the folding mechanism upon replacing Pro residues, and to thereby provide 

additional detail on the influence of the amino acid sequence on the mechanism of protein 

folding. 

           Single-chain monellin (MNEI) is a variant of naturally occurring heterodimeric 

monellin, in which the C-terminus of chain B is linked to the N-terminus of chain A via a Gly-

Phe dipeptide linker (Patra and Udgaonkar 2007). It is a small globular protein (97 amino acid 

residues) which consists of an α-helix packed against a five-stranded β-sheet (Figure 2.1a). 
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Detailed characterization of the folding and unfolding mechanisms of MNEI using optical 

probes (Kimura, Uzawa, et al. 2005; Patra and Udgaonkar 2007; Jha et al. 2009; Goluguri and 

Udgaonkar 2016) and mass spectrometry (Malhotra and Udgaonkar 2016b) has been achieved 

in previous studies. Relevant to the current study, a previous fluorescence-based study (Patra 

and Udgaonkar 2007) identified five distinct kinetic phases of refolding of MNEI: an ultrafast 

(> 1000 s-1) phase monitored using ANS fluorescence, very fast (~ 10 s-1), fast ( ~ 1 s-1) and 

slow (~ 0.1 s-1) phases monitored using Trp4 fluorescence, and a very slow (< 0.01 s-1) phase 

monitored by double-jump, interrupted refolding experiments. The U state ensemble was 

shown to consist of two sub-ensembles, with U1 folding in the very fast phase, and U2 folding 

in the competing fast and slow pathways, and a folding scheme (Patra and Udgaonkar 2007) 

was proposed. A very recent trFRET study, which monitored the compaction of different 

structural segments of MNEI (Bhatia, Krishnamoorthy, and Udgaonkar 2021a), also 

independently arrived at a similar folding scheme as shown in Figure 2.1b.                             

         The intermediate, IF1, populating on the fast phase arising from an early intermediate, IE1 

was shown to be heterogeneous, consisting of two sub-ensembles that form in parallel (Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a). It was shown that the N-like intermediate, N* formed 

directly from the U1 sub-ensemble, but via intermediates along two different parallel pathways 

from the U2 sub-ensemble. It was suggested that heterogeneity in the U state ensemble arises 

due to different isomeric states of Pro residue(s). The molecules folding from the U1 sub-

ensemble differ in the sequence of structure forming steps, from the molecules folding from 

the U2 sub-ensemble (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). A possible reason for 

this could be that different isomeric states of Pro residues in these sub-ensembles, provide 

different structural biases for subsequent folding events.  

         It is important to identify the Pro residue(s) responsible for the kinetic heterogeneity in 

the U state ensemble, which gives rise to parallel pathways of folding. Peptidyl-prolyl bonds 

that are cis in the N state are more likely to cause heterogeneity in the U state than those present 

in the trans conformation(s) (Kim and Baldwin 1982; Wedemeyer, Welker, and Scheraga 

2002). Of the six Pro residues present in MNEI, Pro41 and Pro93 are in the cis conformation 

in the N state. Pro41 is present in the middle of the chain and participates in the formation of 

the β-sheet, whereas, Pro93 is present in the C-terminus region (Figure 2.1a). It was shown in 

a previous study that the very slow rate of formation of the N state (Figure 2.1b) from the late 

intermediates is independent of the GdnHCl concentration in which the protein was refolded, 

as is known to be the case for proline isomerization reactions (Patra and Udgaonkar 2007).  
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Figure 2.1. Structure and complex folding mechanism of the single-chain monellin (MNEI). 

(a) Structure of MNEI showing the locations of the two cis Pro residues mutated to Ala and the 

single Trp residue. The side-chains of Pro41 and Pro93 are buried to extents of 97% and 40%, 

respectively. The structure is drawn using Chimera (PDB ID: 1IV7). (b) The complex folding 

mechanism of MNEI with multiple parallel refolding channels (Bhatia, Krishnamoorthy, and 

Udgaonkar 2021a; Patra and Udgaonkar 2007).  
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Moreover, the rate constant of the formation of the N state was observed to lie in the range of 

0.01 to 0.001 s-1, which is that expected for prolyl bond isomerization (Schmid and Baldwin 

1979). It is therefore crucial to demonstrate the role of the native cis prolines at the later stages 

of folding of MNEI, and segregate the slow proline isomerization events from the structure-

forming folding steps. 

           In the current study, the potential roles of Pro41 and Pro93 in retarding the overall 

folding kinetics of pWT, and also in giving rise to multiple pathways has been explored. Pro41 

and Pro93 were replaced with Ala using mutagenesis, and the folding kinetics of the mutant 

variants P41A, P93A and P41AP93A were studied with the aim of determining whether and 

how elimination of the Pro isomerization steps, could result in a simplification of the folding 

mechanism of MNEI.  

2.3 Materials and Methods 

Buffers and Reagents. The native buffer used in all the experiments contained 20 mM Tris, 

250 μM EDTA at pH 8.0. The unfolding buffer contained GdnHCl (ultrapure grade, 99.5+ % 

from Alfa Aesar) in native buffer. 1 mM DTT was added to both the buffers. The concentrations 

of GdnHCl solutions were determined from the measurement of refractive indices on an Abbe 

3L refractometer from Milton Roy. All the buffers and solutions were filtered using 0.22 μm 

filters, and degassed before use. All the experiments were carried out at room temperature 

(25°C). 

Site-directed mutagenesis. The pseudo wild-type, pWT, (W4YF19W) mutant variant of 

MNEI was used in this study (Bhatia, Krishnamoorthy, and Udgaonkar 2019). Mutant variants 

of pWT were generated using the Quickchange site-directed mutagenesis method developed 

by Stratagene. Three Pro mutant variants were prepared: P41A, P93A and P41AP93A. The 

mutations were verified by DNA sequencing.  

Protein expression and purification. pWT and the Pro mutant variants were expressed and 

purified as reported previously (Patra and Udgaonkar 2007). The purity of each protein was 

confirmed by electrospray ionization mass spectrometry (Waters corporation). Each protein 

had its expected mass. Protein concentrations were determined by the measurement of 

absorbance at 280 nm, and using an extinction coefficient of 18300 M-1 cm-1 (Bhatia, 

Krishnamoorthy, and Udgaonkar 2019).  
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Fluorescence spectra. Fluorescence spectra were collected on a Fluoromax 4 (Horiba) 

spectrofluorimeter. Fluorescence was excited at 295 nm, and the emission spectra were 

collected from 305 to 400 nm, with a response time of 1 s, and excitation and emission 

bandwidths of 1 nm and 5 nm, respectively. The protein concentration was 10 µM. Each 

spectrum was recorded as the average of three fluorescence emission wavelength scans.   

Far-UV CD and Near-UV CD spectra. Measurements of CD spectra were carried out on a 

Jasco J-815 spectropolarimeter. Far-UV CD spectra were collected using a 0.2 mm path length 

cuvette, a bandwidth of 1 nm, a response time of 1 s, and a scan speed of 20 nm min-1. Thirty 

wavelength scans were averaged for each spectrum.  

     Near-UV CD spectra were collected using a 10 cm path length cuvette, a bandwidth of 1 

nm, a response time of 1 s, and a scan speed of 20 nm min-1. Fifty wavelength scans were 

averaged for each spectrum. The protein concentration was ~ 10 µM.    

Near-UV CD monitored kinetic folding experiments. Folding kinetics was monitored at 270 

nm, using a 10 cm path length cuvette, with a response time of 1 s and an integration time of 

16 s. The protein was unfolded in 4 M GdnHCl for 6 h. Folding was initiated by dilution with 

the native buffer such that the final GdnHCl concentration and the protein concentration were 

0.4 M and 10 µM, respectively. The data obtained were averaged for every 300 s. The data 

were fit to a single-exponential. 

Fluorescence-monitored equilibrium and kinetic folding experiments. For GdnHCl- 

induced equilibrium unfolding experiments, 10 µM of protein was incubated for > 6 h in 

different concentrations of GdnHCl (0 to 4 M). The equilibrated protein samples were excited 

at 295 nm, and the fluorescence signals were monitored on a MOS-450 optical system 

(Biologic), using a 360 ± 10 nm band-pass filter (Asahi spectra).  A two-state, N↔U model 

was used to fit the sigmoidal equilibrium unfolding transitions (Agashe and Udgaonkar 1995) 

to obtain the values for the free energy of unfolding in water, ∆GU, and the midpoint of 

transition (Cm). 

        Millisecond kinetic folding experiments were carried out on a SFM-4 stopped-flow 

machine (Biologic). A mixing dead time of ~ 10 ms was achieved using a cuvette of path length 

0.20 cm, with a flow rate of 5 mL s-1.  The final protein concentration was ~ 10 µM. The 

excitation wavelength was 295 nm, and the fluorescence emission was collected using a 360 

±10 nm band-pass filter (Asahi spectra). The protein was unfolded in 4 M GdnHCl for 6 h. 

Folding was initiated by rapidly diluting the GdnHCl solution with the native buffer to obtain 
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different final concentrations of GdnHCl. The kinetic traces obtained were fit to the minimum 

number of statistically significant exponentials. 

Double-jump, interrupted folding experiment. Folding was initiated by manually mixing 30 

µL of equilibrium-unfolded protein in 4 M GdnHCl with 270 µL of native buffer such that the 

final GdnHCl concentration was 0.4 M. The folding mixture was aged for different folding 

times, ‘t’. After aging for time t, 300 µL of the aged-folding mixture were manually mixed 

with 300 µL of 8 M GdnHCl, and unfolding in ~ 4.2 M GdnHCl was monitored by 

measurement of intrinsic Trp fluorescence. This procedure was followed for pWT and P93A. 

A similar protocol was used to carry out experiments for P41A, except that the unfolding was 

carried out at a final GdnHCl concentration of 3.5 M. The final protein concentration was ~ 10 

µM. For P41AP93A, a Biologic SFM-4 mixing module was used to mix 30 µL of equilibrium-

unfolded protein in 4 M GdnHCl with 270 µL of native buffer, such that the final concentration 

of GdnHCl was 0.4 M. The folding mixture was aged for different durations in a delay loop of 

190 µL volume. After different folding times, 50 µL of the solution in the delay loop were 

mixed with 305 µL of ~ 4.8 M GdnHCl unfolding buffer, and unfolding was monitored at a 

final GdnHCl concentration of ~ 4.2 M in a 0.15 cm path length cuvette. The final protein 

concentration was ~ 6 µM. A dead-time of 35 ms was achieved using flow rates of 1.4 mL s-1.  

  The kinetic traces for unfolding in 4.2 M GdnHCl (for pWT, P93A and P41AP93A) 

and 3.5 M (for P41A) GdnHCl, after first folding in 0.4 M GdnHCl for different lengths of 

time were fit to a single-exponential for an exponential phase corresponding to the unfolding 

of their N state (the unfolding rate constants of the N state for all the four protein variants were 

determined separately from manual-mixing kinetic unfolding experiments). The signal change 

of the unfolding kinetic trace at different times of refolding was normalized with that obtained 

from unfolding of the refolded state and, the fractional change in signal was plotted as a 

function of the time at which the refolding was interrupted. 

2.4 Results 

The Pro to Ala mutations have a minor effect on structure and do not significantly alter 

protein stability 

  As can be seen from the fluorescence spectra of the N state of all four protein variants 

(Figure 2.2a), there was no major change in the fluorescence properties upon mutation of Pro41 

and Pro93 to Ala. Hence, the mutations did not significantly affect the environment of Trp19 

in the different variants. 



39 
 

          The far-UV CD spectrum of each of the four protein variants had a minimum and a 

maximum at 214 nm and 192 nm, respectively, characteristic of a β-sheet rich protein (Figure 

2.2b). This suggested that no significant changes in the polypeptide backbone have occurred 

upon mutation. The far-UV CD spectrum of P93A was very similar to that of pWT; however, 

an increase in the amplitude of the minimum and the maximum peak in the case of P41A and 

P41AP93A was seen. Also, the Pro41 to Ala mutation resulted in a minor change in the shape 

of the spectrum, which will be discussed later. The extra plateau-like small hump observed at 

~ 205 nm in the far-UV CD spectra of pWT and P93A arises because of aromatic amino acid 

residue contribution (Woody 1978; Chakrabartty et al. 1993). Since this peak was absent in the 

case of P41A and P41AP93A, it is speculated that some stabilizing interaction between Pro41 

and an aromatic amino residue has been perturbed by the mutation. 

         The near-UV CD spectrum of P41AP93A was similar to that of pWT (Figure 2.2c). 

However, there were differences in the spectra of P41A and P93A, especially in the 265-285 

nm wavelength region, indicating changes in the packing of one or more Tyr residues which 

occur upon Pro41 and Pro93 mutations.  

         Figure 2.3 shows the fluorescence-monitored equilibrium unfolding transitions of all four 

protein variants. The stability of P93A was the same as that of pWT, however, P41A and 

P41AP93A were slightly destabilized. The stabilities of P41A and P41AP93A were ~ 0.9 and 

~ 0.8 kcal mol-1 respectively, lower than that of pWT. Because Pro41 is present in the middle 

of the chain and participates in the β-sheet of the protein, mutation of this residue to Ala might 

have disrupted some stabilizing interactions, resulting in a slight decrease in conformational 

stability.  
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Figure 2.2. Spectroscopic characterization of pWT and the Pro mutant variants. Fluorescence 

(a), far-UV CD (b), and near-UV CD (c) spectra. The fluorescence spectra of the Pro mutant 

variants are normalized to that of pWT. The different types of lines represent the different 

mutant variants as indicated. 
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Figure 2.3. Equilibrium unfolding transitions of pWT and the Pro mutant variants. The circles 

represent the data points, and the solid lines through them are fits to an equation describing a 

two-state, N↔U unfolding model (Agashe and Udgaonkar 1995). The fits gave values for GU 

of 6.3 ± 0.2, 5.4 ± 0.1, 6.2 ± 0.1 and 5.5 ± 0.1 kcal mol-1 for pWT, P41A, P93A and P41AP93A, 

respectively. The mid-points (Cm) of the unfolding transition for pWT, P41A, P93A and 

P41AP93A are at 1.88 ± 0.04, 1.56 ± 0.02, 1.81 ± 0.02 and 1.61 ± 0.02 M, respectively. The 

errors in the values of the thermodynamic parameters represent the spread obtained from at 

least two independent experiments. 
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The very fast phase of folding is absent for P93A and P41AP93A 

         The time courses of the increase in Trp19 fluorescence for the four protein variants during 

folding in two different concentrations of GdnHCl are shown in Figure 2.4. The kinetic folding 

traces for pWT and P41A were found to fit best to the sum of three exponentials, suggesting 

that the folding of these proteins in the millisecond to second time domain occur in three 

distinct kinetic phases: very fast (~ 10 s-1), fast (~ 1 s-1) and slow (~ 0.1 s-1). However, in the 

case of P93A and P41AP93A, the folding traces fit best to the sum of two exponentials, 

indicating that folding occurs only in two distinct kinetic phases: fast (~ 1 s-1) and slow (~ 0.1 

s-1). Inspection of the residuals for the ‘sum of three exponentials’ fit versus the ‘sum of two 

exponentials’ fit for the folding kinetic traces of the four protein variants also highlighted the 

absence of the very fast phase in the case of P93A and P41AP93A (Figure 2.4). Figure 2.5 

shows the dependence of the observed rate constants on GdnHCl, and the variation of the 

relative amplitudes of the kinetic phases in different GdnHCl concentrations for all four protein 

variants. The extrapolated rate constants of the three phases of folding in water, and the 

dependence of the relative amplitudes on GdnHCl concentration of pWT were similar to that 

of WT, as reported earlier (Patra and Udgaonkar 2007; Bhatia et al. 2019). Similar results were 

obtained for P41A, P93A and P41AP93A, except that for P93A and P41AP93A, the very fast 

phase was not observed. The amplitude of the signal change observed in the kinetic folding 

experiment corresponded well to that observed in the equilibrium unfolding experiment (not 

shown).  
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Figure 2.4. Representative folding kinetic traces of pWT and the Pro mutant variants. Relative 

fluorescence at 360 nm is plotted against the time of refolding. In each panel, the kinetic traces 

of folding in 0.4 M (red) and 0.6 M (blue) GdnHCl are shown. The extrapolated unfolded 

protein signals at 0.4 and 0.6 M GdnHCl are shown as red and blue dashed lines, respectively. 

The fast and slow phases of folding are shown, and the inset in each panel shows the 

fluorescence change at early times of folding. In the inset and the residuals (for refolding in 0.4 

M GdnHCl) below, the dark green and the black colours represent the fit to the ‘sum of two 

exponentials’ and the ‘sum of three exponentials,’ respectively. Inspection of the fits and the 

residuals shows that the data for pWT and P41A fit well to the sum of three exponentials, with 

the insets showing the very fast phase of folding. However, the folding traces of P93A and 

P41AP93A fit well to the sum of two exponentials. 
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Figure 2.5. Folding kinetics of the MNEI variants. The dependences on GdnHCl concentration 

of the observed rate constants (top row) and the relative amplitudes (bottom row) for pWT and 

the Pro mutant variants are shown. The very fast, fast and slow kinetic phases of folding 

monitored by measurement of the change in Trp fluorescence, are shown by the blue triangles, 

red squares, and green circles, respectively. The solid lines through the data points were drawn 

to guide the eye. The error bars represent the spread in the data obtained from at least two 

independent experiments.  

 

 

 

 

 

 

 

 

 



45 
 

The Pro to Ala mutations lead to overall faster refolding kinetics 

        Figure 2.6 shows the kinetics of formation of the N state monitored by double-jump, 

interrupted folding experiments, for all four protein variants. The N state of pWT as well as of 

P93A formed with the apparent rate constants of 0.0009 ± 0.00001 s-1 and 0.0006 ± 0.00007 s-

1, respectively. The N states of P41A and P41AP93A formed with rate constants of 0.032 ± 

0.002 s-1 (~ 35-fold faster than pWT) and 1.1 ± 0.1 s-1 (~ 1200-fold faster than pWT), 

respectively. These results indicate that the slowest and hence, the rate-determining step on the 

folding pathway of pWT is the last step leading directly to the formation of the N state with a 

rate constant of 0.0009 ± 0.00001 s-1. A similar rate constant for the formation of the N state 

was observed in the case of P93A. The rate constant of formation of the N state in the case of 

P41A and P41AP93A has increased many-fold and appears to lack the rate-determining step 

seen for pWT and P93A: the mutation of Pro41 to Ala has undoubtedly led to overall faster 

refolding kinetics. Mutant variants lacking native Pro isomers have been shown to accelerate 

the (un)folding kinetics for many proteins (Brandts, Brennan, and Lin 1977; Kiefhaber, 

Grunert, et al. 1990; Wu and Matthews 2003; Roderer et al. 2015). The results shown in Figure 

2.6 indicate the involvement of Pro41 at the later stages of the folding of pWT. In the case of 

other proteins too (Shastry, Agashe, and Udgaonkar 1994; Wedemeyer, Welker, and Scheraga 

2002; Kim and Baldwin 1982; Schreiber and Fersht 1993; Brandts, Halvorson, and Brennan 

1975; Wu and Matthews 2002a), proline isomerization has been shown to play a role late in 

folding.  

Tertiary contacts are formed in the rate-determining step of refolding 

        To identify any structural changes accompanying the slowest step on the folding pathway, 

manual-mixing kinetic studies of folding monitored by far-UV and near-UV CD, were carried 

out. No change was observed in the far-UV CD monitored kinetics (data not shown), 

suggesting that the secondary structure of the protein had formed early, and that the slowest 

step does not involve any structural change at the secondary level. For pWT and P93A, the 

near-UV CD signal was seen to decrease with rate constants of 0.0008 ± 0.0003 s-1 and 0.0005 

± 0.00001 s-1, respectively, suggesting that tight packing of some aromatic amino residues 

occurs concurrently with the isomerization of Pro41 during the slowest step of refolding. No 

change in the near-UV CD signal was observed for P41A and P41AP93A (Figure 2.7), on the 

timescale it was observed in the case of pWT and P93A. 
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Figure 2.6. Kinetics of formation of the N state. Folding was initiated by effecting a drop in 

GdnHCl concentration from 4 to 0.4 M. Folding was interrupted at different times, with a jump 

in GdnHCl concentration from 0.4 to 4.2 M for pWT, P93A and P41AP93A and from 0.4 to 

3.5 M for P41A. The solid lines in all the panels describe the formation of N according to a 

single-exponential process, with apparent rate constants of 0.0009 ± 0.00001 s-1, 0.032 ± 0.002 

s-1, 0.0006 ± 0.00007 s-1 and 1.1 ± 0.1 s-1 for pWT, P41A, P93A and P41AP93A, respectively. 

The error bars represent the spread in the data obtained from at least two independent 

experiments. 
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Figure 2.7. Kinetics of formation of N monitored by measurement of near-UV CD at 270 nm 

for pWT and the Pro mutant variants. The solid lines through the data points for pWT and 

P93A represent single-exponential processes with apparent rate constants of 0.0008 ± 0.0003 

s-1 and 0.0005 ± 0.00001 s-1, respectively, whereas the solid lines through the data points for 

P41A and P41AP93A are drawn to guide the eye. The error bars represent the standard errors 

obtained from at least two different experiments. 
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2.5 Discussion 

Effect of the Pro to Ala mutations on protein structure and stability 

          Replacement of a cis Pro residue by an Ala residue that adopts the trans conformation 

might be expected to affect the structure of MNEI. While the local environment of Trp19 is 

affected to only a minor extent, as reflected in small differences in the fluorescence spectra 

between pWT and the different Pro to Ala mutant variants (Figure 2.2a), changes in secondary 

structure as reflected in the far-UV CD spectra (Figure 2.2b) appear to be more significant. It 

is possible that some of the differences in the far-UV CD spectra do not reflect changes in 

secondary structure but changes in the environment of aromatic residues which can also 

contribute to the shape of far-UV CD spectra (Woody 1978; Chakrabartty et al. 1993). Such an 

explanation is probable, as the near-UV CD spectra, for which the major contribution is from 

aromatic residues, are seen to be affected significantly (Figure 2.2c). 

 The stabilities of pWT, P41A, P93A and P41AP93A are, however, not very different 

(Figure 2.3). It is difficult to predict the effect of substituting Pro with another residue. It could 

be expected that because a Pro residue confers rigidity to the polypeptide chain, substituting it 

with an Ala residue should entropically stabilize the U state, and hence, reduce protein stability. 

Moreover, substituting a Pro residue with the smaller Ala should perturb packing interactions 

and enthalpically destabilize the N state, again reducing protein stability. In the case of MNEI, 

it also appears that the side-chain of Pro41, which is nearly completely buried in the core of 

the protein (Figure 2.1a), forms a CH/ interaction with the aromatic side-chain of Tyr64 

(Figure 2.8a): the far-UV CD spectra of pWT and P93A, but not of P41A and P41AP93A in 

which Pro41 is substituted with Ala, show a positive plateau-like hump at 205 nm (Figure 2.2b) 

that is known to arise from contributions of aromatic residues (Woody 1978; Chakrabartty et 

al. 1993). The stabilizing CH/ interaction would therefore be absent in P41A. Pro93 is the 

second residue of the hydrophobic GPVPPP sequence segment at the C-terminal end of MNEI, 

and appears to have stabilizing interactions with hydrophobic residues, including Phe72, in the 

-sheet, which are enabled by it being in the cis conformation (Figure 2.8b, c). The stabilizing 

hydrophobic interactions appear to be absent in P93A (Figure 2.8d). The observation that the 

Pro93 to Ala mutation barely affects the stability, and that the Pro41 to Ala mutation reduces 

stability by only 0.9 kcal mol-1, suggests that the destabilizing effect of replacing the cis Pro 

residue must be offset by the stabilizing effect of substituting in the trans Ala residue. It seems 

that the N states of the mutant variants are stabilized by at least one additional hydrogen bond 

involving the main chain, due to the replacement of Pro with Ala, than is the N state of pWT. 
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Such stabilization has been observed when Pro has been substituted with other residues in the 

case of other proteins (Pal and Chakrabarti 1999; Jain et al. 2002; Bajaj et al. 2007). 

 

 

 

Figure 2.8. Structural interactions of Pro41 and Pro93. a) Structure showing the apparent CH/ 

interaction between Pro41 (in the β2-strand) and Tyr64 (in the β3-strand). The solid black lines 

represent the pseudo bonds given by the software (Chimera). The dashed line represents the 

distance separating the centroid of the Tyr ring to the δ hydrogen of Pro41. b) Structures of 

MNEI (PDB ID: 1IV7) and P93A (PDB ID: 7EUA) overlapped to highlight the difference at 

the C-terminus region. The ribbon colors represent the mutant variants as indicated. c) The WT 

structure highlights the hydrophobic interactions between the residues of the C-terminus 

‘GPVPPP’ sequence with those in the β-sheet. d) Structure of the P93A showing the apparent 

loss of the hydrophobic interactions upon mutation of Pro93 to Ala. The distance separating 

Pro41 from Pro97 is seen to increase from 4.1 to 8.2 Å when Pro93 is mutated to Ala. All the 

distances are shown in Å. 
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Proline residues and heterogeneity in the unfolded state 

          The presence of two proline residues, Pro41 and Pro93, in their cis conformations in the 

N state suggests that cis to trans proline isomerization should lead to the population of at least 

four distinct conformations in slow equilibrium with each other in the U state. UC41C93, UC41T93, 

UT41C93 and UT41T93 are expected to be populated to extents of about 3 %, 14 %, 14 % and 69 

%, respectively (Kiefhaber, Kohler, and Schmid 1992; Bradley and Barrick 2005). The 

equilibria between these four U state conformations would be slow because of the slow rate 

constant of proline isomerization, which typically falls in the range of 0.01 to 0.001 s-1 (Schmid 

and Baldwin 1979). Since the folding reaction starting from each of these unfolded 

conformations would be much faster, each conformation would fold via an independent 

pathway, and the flux on each pathway would be determined by the population of the starting 

unfolded conformation. 

 The folding of MNEI in the millisecond to second time domain occurs in three kinetic 

phases - very fast, fast and slow - when monitored by changes in Trp fluorescence, when a 

single Trp residue is present at either residue position 4 in WT MNEI (Patra and Udgaonkar 

2007; Goluguri and Udgaonkar 2015) or residue position 19 in pWT MNEI (Figure 2.4). 

Double-jump, interrupted folding experiments indicated that the very fast phase of folding 

arises from a separate population of unfolded molecules (U1 in Figure 2.1b). These experiments 

also showed that the fast and slow kinetic phases of folding arise from another population of 

unfolded molecules (U2 in Figure 2.1b). The observation that the fraction of molecules folding 

via the very fast phase is about 14 % (Figure 2.4, 2.5), suggests that the very fast phase arises 

from either UC41T93 or UT41C93. Since the very fast phase is eliminated upon mutation of Pro93 

to Ala, U1 must correspond to UT41C93. In the case of other proteins too, it has been shown that 

mutation of Pro to other residues results in a decrease in U state heterogeneity (Nakano et al. 

1993; Kiefhaber, Grunert, et al. 1990; Wu and Matthews 2003; Napolitano et al. 2021). 

 U2 would therefore be expected to be a mixture of UC41C93, UC41T93, and UT41T93. UC41C93 

is expected to populate to too low an extent (~ 3 %) for its folding process to be separately 

detected. UC41T93 is, however, expected to be populated sufficiently for its folding to be 

separately observable. It is possible that UC41T93 is less populated in the U state ensemble, 

because of the presence of destabilizing interactions that are present when the Arg40-Pro41 

bond is in the cis conformation and which are absent in the trans conformation. It is known 

that the ratio of cis to trans isomers can depend not only on the residue preceding Pro 

(MacArthur and Thornton 1991; Reimer et al. 1998) and on the initial denaturing conditions 
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(Houry, Rothwarf, and Scheraga 1994; Pertinhez et al. 2000), but also on the local environment 

(Grathwohl and Wüthrich 1981). In any case, U2 appears to consist predominantly of UT41T93. 

cis Pro93 enables faster folding than trans Pro93 

        Previously, the very fast phase of folding had been attributed to the folding of U1, and the 

fast and slow phases of folding were attributed to the folding of U2 (Figure 2.1b) (Patra and 

Udgaonkar 2007). The current study validates this aspect of the folding scheme shown in figure 

2.1b: the mutation of Pro93 to Ala eliminates only the very fast phase of folding and has no 

effect on the fast and slow phases (Figure 2.5).  

          The current study also suggests that when Pro93 is in the cis conformation, the folding 

of MNEI is faster because some stabilizing interactions form early. It is possible that these 

stabilizing interactions are the same hydrophobic interactions that appear to be present in the 

N state of MNEI (see above), which appear to be enabled by the conformational rigidity 

provided by the cis Gly92-Pro93 bond. In the case of ribonuclease A, an early intermediate 

stabilized by hydrophobic interactions is populated on the very fast pathway originating from 

an unfolded form having all Pro residues in their native conformations (Houry and Scheraga 

1996). In the case of yeast phosphoglycerate kinase too, a native cis Pro residue speeds up 

folding (Osváth and Gruebele 2003). A recent study has shown that Pro residues can facilitate 

the compaction of disordered protein chains (Mateos et al. 2020), in agreement with a much 

earlier study that showed that native isomers of certain Pro residues can facilitate the 

association of residues on folding pathways via hydrophobic interactions (Lewis, Momany, 

and Scheraga 1973). Specific hydrophobic clustering mediated by Pro during the initial folding 

steps is also known for CRABP1 (Eyles and Gierasch 2000). In the case of MNEI, a collapsed 

globule having solvent-exposed hydrophobic patches is known to form very early during 

folding (Goluguri and Udgaonkar 2016), and if stabilizing hydrophobic interactions are absent 

early during the folding of U2, just as they appear to be absent in the N state of the P93A variant 

in which Ala93 is in the trans conformation (Figure 2.8d), that could be the reason why the 

folding of U2 occurs more slowly than that of U1 in the case of pWT. For several proteins whose 

folding is accompanied by trans to cis Pro isomerization, it has been shown that the unfolded 

form having the non-native trans Pro conformation folds slower than the unfolded form having 

the native cis Pro conformation (Napolitano et al. 2021; Nakano et al. 1993; Kiefhaber, Quaas, 

et al. 1990b), but this is not always the case (Schreiber and Fersht 1993; Shastry, Agashe, and 

Udgaonkar 1994; Shastry and Udgaonkar 1995). 
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Proline isomerization during folding 

         Structure formation reactions during protein folding, including chain collapse (Haran 

2012; Udgaonkar 2013) and secondary structure formation (Udgaonkar 2008) are fast 

compared to the time-scale of proline isomerization. It is therefore not surprising that for many 

proteins that contain cis Pro residues in their native conformations, trans to cis isomerization 

occurs as the last step in folding (Wedemeyer, Welker, and Scheraga 2002; Wu and Matthews 

2002a; Kelley and Richards 1987; Schreiber and Fersht 1993; Veeraraghavan, Nall, and Fink 

1997; Pappenberger et al. 2003). In many (Schreiber and Fersht 1993; Pappenberger et al. 2003; 

Kelley and Richards 1987) but not all (Wu and Matthews 2002a; Schmid et al. 1986; 

Veeraraghavan, Nall, and Fink 1997) cases, the trans to cis isomerization step appears to be 

silent to the commonly used (Figure 2.4) spectroscopic probes, indicating that major structure 

acquisition precedes the proline isomerization step. For example, in the case of MNEI, the very 

fast, fast and slow phases of folding can be monitored by measuring changes in fluorescence 

or CD (Patra and Udgaonkar 2007; Goluguri and Udgaonkar 2015), but not the very slow phase 

whose rate constant corresponds to that of proline isomerization. The very slow phase can only 

be monitored by measurements of ANS fluorescence (Goluguri and Udgaonkar 2016; Patra 

and Udgaonkar 2007) and near UV CD (Figure 2.7a), as well as by double-jump, interrupted 

folding experiments (Patra and Udgaonkar 2007). No lag phase is observed in the formation of 

the N. A possible reason for this could be the presence of multiple folding pathways, with 

native molecules being formed more rapidly along the folding pathway arising from the UC41C93 

sub-ensemble, which is populated to 3-5% (discussed above). Proline isomerization would not 

be rate-limiting during the folding of the UC41C93 sub-ensemble. 

Isomerization of Pro41. In the case of pWT, the folding of U2 to N must be accompanied by 

the trans to cis isomerization of both Pro41 and Pro93. The very slow phase of folding of pWT, 

which leads to the formation of N, is about 3-fold slower than that of WT MNEI. In the latter 

case, it had been shown previously that the very slow phase of folding is independent of 

denaturant concentration (Patra and Udgaonkar 2007). In the case of many other proteins, it 

has been shown that folding steps involving proline isomerization reactions can be independent 

of denaturant concentration (Shastry, Agashe, and Udgaonkar 1994; Cook, Schmid, and 

Baldwin 1979; Ogasahara and Yutani 1997). Hence, the very slow phase of the folding of WT 

MNEI had been attributed to proline isomerization (Patra and Udgaonkar 2007). The 

observation, from double-jump, interrupted refolding experiments, that the N state forms with 

a rate constant of about 0.0009 ± 0.00001 s-1 in the case of pWT, and that the rate constant of 
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the very slow phase is about the same for the P93A variant (Figure 2.6), suggests that this very 

slow phase of folding must correspond to the trans to cis isomerization of Pro41. This 

conclusion is validated by the observation that when Pro41 is mutated to Ala in P41A and 

P41AP93A, the very slow phase of folding is abolished (Figure 2.6), and the N state forms 

much more rapidly.  

 In the N state of pWT and WT MNEI, Pro41 introduces a sharp bend of about 90O in 

the second -strand, which allows tight packing between the -sheet and the helix of MNEI 

(Figure 2.1a). The side-chain of Pro41 is itself nearly completely buried. It is likely that during 

the folding of pWT, Pro41 remains solvent-accessible in its trans conformation until the last 

step of folding, when the Arg40-Pro41 bond undergoes trans to cis isomerization, and the side-

chain of the cis Pro41 isomer gets inserted into the hydrophobic core of the protein. This would 

require that at least a few of the hydrophobic core residues remain solvent-accessible until the 

last step. It is therefore not surprising that the hydrophobic dye ANS can remain bound to 

folding MNEI molecules until the commencement of the very slow phase of folding (Patra and 

Udgaonkar 2007; Goluguri and Udgaonkar 2016). It has been shown, both in the case of WT 

MNEI (Goluguri and Udgaonkar 2016; Patra and Udgaonkar 2007) and pWT (data not shown), 

that ANS becomes completely unbound only during the very slow phase of folding that leads 

directly to the formation of N. It is also not surprising that the very slow phase of the folding 

of both pWT and P93A, involves a final consolidation of tertiary structure measurable by a 

change in near-UV CD, given that it involves accommodation of the side-chain of Pro41 in the 

hydrophobic core of the protein. Not surprisingly, no change in near-UV circular dichroism is 

detectable in the last step leading to the formation of N in the case of the P41A and P41AP93A 

variants in which Pro41 is replaced by Ala (Figure 2.7). Furthermore, it is also not surprising 

to find that the trans to cis isomerization of Pro41 occurs in the compact and highly structured, 

native-like intermediate N* (Bhatia, Krishnamoorthy, and Udgaonkar 2021a) as it transits to N 

(Figure 2.1b). Indeed, proline isomerization has been found to occur in native states of proteins 

(Hodel et al. 1995; Andreotti 2003; Mukaiyama et al. 2013; Schmidpeter and Schmid 2015). 

Isomerization of Pro93. It was possible that trans to cis isomerization of Pro93 occurs with the 

same very slow rate constant as that of trans to cis isomerization of Pro41 during the folding 

of pWT. Such a possibility could be discounted in the current study, which shows that the very 

slow phase of folding is absent in the case of the P41A variant which possesses cis Pro93 in its 

N state. The observed rate constant of the slow phase of folding (Figure 2.4) is within the range 

of rate constants with which proline isomerization can occur during folding. The observation 
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from double-jump, interrupted refolding experiments that the N state of P41A forms during the 

slow phase of folding indicates that trans to cis isomerization of Pro93 must occur during the 

slow phase of folding of pWT, as well as of P93A. 

 Hence, the trans to cis isomerization reactions of the Gly92-Pro93 and Arg40-Pro41 

peptide bonds occur sequentially during the folding of pWT, with the former occurring during 

the slow phase, and the latter during the very slow phase of folding. It is perhaps not surprising 

that the trans to cis isomerization of the Arg40-Pro41 bond is slower than that of the Gly92-

Pro43 bond, as it is known that when a bulky residue (such as Arg) immediately precedes a Pro 

residue, isomerization is retarded in comparison to when a smaller residue (such as Gly) is the 

preceding residue (Grathwohl and Wüthrich 1981). 

          More likely, the trans to cis isomerization reaction of Pro93 is speeded up significantly 

because it is accompanied by substantial structure formation: the slow phase is known to lead 

to substantial formation of secondary and tertiary structure (Patra and Udgaonkar 2007; 

Goluguri and Udgaonkar 2016). The formation of stabilizing structure would stabilize the 

transition state that slows down trans to cis isomerization of Pro93. In contrast, the trans to cis 

isomerization reaction of Pro41 is not accompanied by any secondary structure formation, and 

is accompanied by the formation of only minor tertiary structure. In the case of both 

staphylococcal nuclease (Maki et al. 1999) and CRABP1 (Burns‐Hamuro, Dalessio, and 

Ropson 2004), a kinetic phase known to involve proline isomerization was not abolished upon 

replacing the Pro residue, indicating that the kinetic phase also involved structure formation. 

For other proteins too, proline isomerization has been shown to be faster when accompanied 

by structure formation (Jackson and Fersht 1991b; Texter et al. 1992; Plaxco et al. 1996), 

although it is also possible for structure in an intermediate to slow down proline isomerization 

(Kiefhaber, Quaas, et al. 1990b). It appears that in the case of MNEI, the slow phase of structure 

formation and the trans to cis isomerization reaction of Pro93 occur with about the same rate 

constant, as the replacement of the cis Gly92-Pro93 bond with the trans Gly92-Ala93 bond in 

P93A does not significantly affect the rate constant of the slow phase of folding.  

Simplification of the folding mechanism upon mutation of the Pro residues 

 The current study indicates that in the case of pWT, trans to cis isomerization of Pro93 

occurs during the slow phase leading to the formation of the native-like intermediate, N* 

(Figure 2.1b) and that trans to cis isomerization of Pro41 occurs during the very slow phase 

corresponding to the transition of N* to N. The current study also shows that the U state 

heterogeneity seen in the case of pWT originates in the cis to trans isomerization of Pro93. 
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Figure 2.1b also shows that the fast and slow phases of folding arise because of the transient 

population of intermediates, and it is known that these intermediates are structurally distinct in 

having different structural segments collapsed (Bhatia, Krishnamoorthy, and Udgaonkar 

2021a). Thus, it could be expected that mutations might differentially affect the stabilities of 

the folding intermediates, and hence determine which intermediates are populated sufficiently 

to be observable. Hence, it would not be surprising if the mutations of Pro41 and Pro93 to Ala, 

singly as well as together, lead to apparently simpler folding mechanisms. 

Folding mechanism of the P41A variant. Since U1 is populated, the very fast phase is observed 

when folding is monitored using the fluorescence of Trp19 as the probe. The fast and slow 

phases of folding are also observed. The Pro41 to Ala mutation appears to destabilize the 

native-like intermediate, N*, seen in the case of pWT so that it is populated to a negligible 

extent. The very slow phase of folding is absent, and the N state appears to form as a product 

of the slow phase of folding. The very fast, fast and slow phases of fluorescence change are 

observed.  Trans to cis isomerization of the Gly92-Pro93 peptide bond occurs during the slow 

phase of folding. Thus, the folding mechanism of pWT (Figure 2.1b) simplifies upon mutation 

of Pro41 to Ala (Figure 2.9a). 

Folding mechanism of the P93A variant. Since U1 is absent, the very fast phase of folding is 

not observed. Only the fast and slow phases are observed when folding is monitored using the 

fluorescence of Trp19 as the probe. Trans to cis isomerization of the Arg40-Pro41 peptide bond 

occurs during the very slow phase of folding as N* transitions to N. Thus, the folding 

mechanism of pWT (Figure 2.1b) simplifies upon mutation of Pro93 to Ala (Figure 2.9b). 

Folding mechanism of the P41AP93A variant. U1 is absent; hence, the very fast phase is not 

observed when folding is monitored using Trp fluorescence as the probe. Only the fast and 

slow phases of folding are observed. Folding is no longer limited by trans to cis proline 

isomerization as both the cis Pro41 and cis Pro93 have been replaced by Ala residues which 

adopt trans conformations. N forms via two pathways on which the slow folding intermediates 

differ in having different structural segments compacted (Bhatia, Krishnamoorthy, and 

Udgaonkar 2021a), which would result in them differing in their stabilities. It appears that on 

one of these pathways, the slow folding intermediate is destabilized sufficiently by the 

mutations so that it is no longer populated significantly; hence, the N state forms during the 

fast phase of folding on that pathway. On the other pathway, N forms during the slow phase of 

folding. The observed rate constant for the formation of N, about 1.1 s-1, is the sum of the 
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amplitude-weighted rate constants for the formation of N along the two pathways. Thus, the 

folding mechanism of pWT (Figure 2.1b) simplifies significantly upon replacement of both the 

native-cis Pro to Ala (Figure 2.9c).         

 

 

 

Figure 2.9. Simplification of the complex folding mechanism of MNEI achieved upon 

replacement of the native-cis Pro by Ala. The folding schemes of (a) P41A, (b) P93A, and (c) 

P41AP93A. 

 

                      

Comparison of the folding mechanisms of the single chain and double chain variants of 

monellin. The folding mechanism of naturally occurring double-chain monellin (dcMN) 

appears to be simpler than that of its artificially created single chain counterpart, MNEI (Patra 

and Udgaonkar 2007; Bhattacharjee and Udgaonkar 2022). While the structures of the two 

variants are virtually identical, it was possible that the increased complexity observed for the 

folding of MNEI was due to changes in enthalpy as well as lower chain entropy caused by the 

covalent linkage of the two chains in MNEI. The current study suggests that this is not the case. 

The folding mechanism of MNEI has been shown to be complex because of proline 

isomerization, and it reduces to a much simpler mechanism similar to that of dcMN upon 

mutation of the two cis Pro residues to Ala. What remains surprising is why the same two Pro 

residues, which are also cis in dcMN do not introduce similar complexity into the folding 
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mechanism of dcMN. Future studies will investigate the role of proline isomerization in the 

folding of dcMN.   

Proline isomerization and protein folding: lessons from MNEI 

          The current study has highlighted several aspects of proline isomerization reactions 

coupled to protein folding, which need to be taken into consideration in any protein folding 

study: A) It is invariably assumed, when parallel pathways of folding are observed for a protein 

containing Pro residues, that their origin lies in the heterogeneity arising because of the 

presence of the Pro residues. The observation in the case of MNEI that competing pathways 

remain even when both Pro residues are replaced, suggests that the complexity of folding of 

Pro-containing proteins can arise for reasons other than proline isomerization. B) Proline 

isomerization is known to occur in the unfolded state (Kim and Balwin 1982; Eberhardt, Loh 

and Raines 1993; Wedemeyer, Welker and Scheraga 2002), and substitution of Pro with other 

residues invariably results in the abolishment of slow phases of folding. It seems now that fast 

phases of folding may also be abolished: the mutation of Pro93 to Ala leads to complete 

abolishment of the very fast phase of folding of MNEI (Figure 2.9b). C)  Proline isomerization 

reactions are known to occur late during the course of protein folding (Brandts, Halvorson and 

Brennan 1975; Shastry, Agashe and Udgaonkar 1994; Kim and Balwin 1982; Wedemeyer, 

Welker and Scheraga 2002; Schreiber and Fersht 1993; Wu and Matthews 2002a), and it is 

therefore not surprising that in the case of MNEI, the very slow phase of folding is abolished 

upon mutation of Pro41 to Ala (Figure 2.9a). What is surprising is that Pro to Ala mutations 

may differentially affect the stabilities of folding intermediates in a manner that leads to the 

abolishment of a slow folding phase on one pathway but not a competing pathway (Figure 

2.9c). D) When multiple cis Pro residues are present in a protein, their trans to cis isomerization 

reactions during folding may occur not concurrently but sequentially with very different rate 

constants. E) Pro residues may play a role in preventing aggregation of folding intermediates. 

In the case of MNEI, substitution of Pro41 with Ala leads to aggregation during folding at 

higher (> 60 µM) protein concentrations at which the wt protein is fully soluble.  

2.6 Conclusion  

         The Pro to Ala mutations simplify the folding mechanism of MNEI in multiple ways. By 

reducing unfolded state heterogeneity, the Pro93 to Ala mutation results in the elimination of 

a folding pathway. The Pro41 to Ala mutation results in the elimination of the slowest proline 

isomerization step, in the destabilization of the late native like intermediate, N*, and in the 
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faster formation of N. Together, the Pro41 to Ala and Pro93 to Ala mutations result in a simpler 

folding mechanism in which elimination of the proline isomerization steps, and destabilization 

of folding intermediates lead to more than a thousand-fold acceleration of folding.    
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Chapter 3 

Intermediate heterogeneity modulates coupling between chain 

compaction and structure formation during protein folding 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from:  

Kaushik, A. and Udgaonkar, J.B., 2026. Intermediate heterogeneity modulates 

coupling between chain compaction and structure formation during protein 

folding. Protein Science, 35(3), p.e70512. 
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3.1 Significance Statement 

Chain compaction and structure formation are central features of protein folding, yet how these 

two processes are coupled remains unclear. Although early chain collapse can precede structure 

formation, the two often appear coupled at later stages, raising the question of whether this 

coupling is obligatory or tunable. Here, the coupling is shown to be tunable. Using a 

quantitative framework that resolves coexisting compact intermediates, this study demonstrates 

that proline-imposed backbone rigidity governs intermediate-state heterogeneity, which in turn 

determines the separability of these processes. 

3.2 Introduction 

     The folding of a protein is a complex process (Ferguson and Fersht 2003; Udgaonkar 2008; 

Bhatia and Udgaonkar 2022), involving both compaction of the polypeptide chain (Agashe, 

Shastry, and Udgaonkar 1995; Ballew, Sabelko, and Gruebele 1996; Nath and Udgaonkar 1997; 

Chen et al. 1998; Hagen and Eaton 2000; Qiu, Zachariah, and Hagen 2003; Magg and Schmid 

2004; Sinha and Udgaonkar 2007) and the formation of secondary and tertiary structure (Parker 

et al. 1997; Raschke and Marqusee 1997). The two processes are intimately linked, and seem 

to proceed together for the most part, but not much is known about how they are coupled to 

each other. Chain compaction favors the formation of secondary structure which is itself 

compact (Ballew, Sabelko, and Gruebele 1996; Zhou and Dill 2001; Roder 2004), and the 

coalescence of secondary structural units also induces compaction (Karplus and Weaver 1994; 

Scott et al. 2006). Different extents of chain compaction and structure formation occur during 

the early and late stages of the folding reaction and understanding how these changes are linked 

mechanistically to each other, remains an important challenge.  

For many proteins, folding appears to begin with a collapse of the polypeptide chain, 

with (Uzawa et al. 2004; Kimura, Akiyama, et al. 2005; Bartlett and Radford 2010; Fazelinia 

et al. 2014; Peran et al. 2019) or without (Dasgupta and Udgaonkar 2010; Chan et al. 1997; Qi, 

Sosnick, and Englander 1998; Magg et al. 2006) the concurrent formation of structure. In the 

case of several proteins, different structural segments appear to undergo significantly different 

extents of initial collapse, as well as of later contraction (Sinha and Udgaonkar 2005, 2007; 

Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 2016; Maity and Reddy 2018). 

Moreover, when initial collapse occurs, it does not happen to the same extent in all molecules 

(Roh et al. 2010; Aghera and Udgaonkar 2013; Bhatia et al. 2019; Bhatia, Krishnamoorthy, and 

Udgaonkar 2021b). Hence, understanding how compaction is coupled to structure formation is 
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complicated because the product of initial collapse is heterogeneous with sub-populations of 

molecules that have undergone substantial differential compaction across multiple structural 

segments, in dynamic equilibrium with sub-populations that have undergone only minor 

compaction (Bhatia, Krishnamoorthy, and Udgaonkar 2021b). Delineating the heterogeneity 

inherent in the initial collapse reaction, as well as in the subsequent chain contraction that 

occurs as structure develops, is important for understanding how folding begins and proceeds. 

Here, initial chain collapse and further chain contraction of single chain monellin 

(MNEI), a well-established model for both experimental (Kimura, Uzawa, et al. 2005; Jha et 

al. 2009; Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 2016; Bhatia et al. 2019; 

Bhatia, Krishnamoorthy, and Udgaonkar 2021a, 2021b; Kaushik and Udgaonkar 2023) and 

computational (Maity and Reddy 2018; Mascarenhas, Terse, and Gosavi 2018) studies of 

protein folding, have been studied. The folding of MNEI is known to begin with a non-specific 

chain collapse complete within 37 µs, which reduces the average diameter by approximately 

30%, and leads to the formation of some non-native interactions (Goluguri and Udgaonkar 

2016). Subsequent stepwise consolidation of the collapsed globule occurs during the first 

millisecond of folding, without a further decrease in average dimensions, and results in the 

formation of a kinetic molten globule intermediate. At this stage, no significant secondary 

structure has formed, and even by 100 ms of folding in strongly native-like conditions, only 

about 10 % of N-like secondary structure is observed (Goluguri and Udgaonkar 2015; Bhatia 

et al. 2019).  

Time-resolved fluorescence resonance energy transfer (trFRET) measurements, 

analyzed by the Maximum Entropy Method (MEM) (Lakshmikanth et al. 2001; Jha et al. 2009; 

Bhatia, Krishnamoorthy, and Udgaonkar 2021a, 2021b), not only are able to distinguish but 

can also quantify sub-populations of molecules present in different conformations. This 

methodology had been used earlier to monitor distances spanning different segments of the 

protein: the core (C), the β-sheet (B), the end-to-end distance (E), and the sole helix (H) of the 

protein (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). The H segment spanning the helix 

contracted gradually during folding. The distances spanning the C, B and E segments exhibited 

bimodal distributions at 100 milliseconds of folding, corresponding to two distinct sub-

populations, unfolded (U)-like and native (N)-like, representing different extents of chain 

compaction (Bhatia, Krishnamoorthy, and Udgaonkar 2021a, 2021b). The dependence of 

spatial separation on sequence separation indicated that the U-like sub-ensemble at 100 ms was 

random-coil-like with non-specific intra-chain interactions, while the N-like sub-ensemble had 
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at least some specific native-like intra-chain contacts (Bhatia, Krishnamoorthy, and Udgaonkar 

2021b).  Analysis of the kinetic evolution of the U-like to the N-like sub-ensemble for the B, 

C and E segments (Bhatia, Krishnamoorthy, and Udgaonkar 2021a) led to a mechanism for 

chain contraction (Figure 3.1c), which closely resembled the previously established mechanism 

for folding (Patra and Udgaonkar 2007). This suggested that, following the initial chain 

collapse at 100 ms, chain contraction and structure formation proceed concurrently during the 

folding of MNEI. 

A key question is whether chain compaction can be separated temporally from structure 

formation steps at later stages of folding, just as initial chain compaction is decoupled from 

structure formation in the case of MNEI (Goluguri and Udgaonkar 2015; Goluguri and 

Udgaonkar 2016) as well as other proteins (Dasgupta and Udgaonkar 2010; Chan et al. 1997; 

Qi, Sosnick, and Englander 1998; Magg et al. 2006). It is likely that sequence-encoded 

structural constraints such as those imposed by proline residues, modulate the coupling of chain 

contraction and structure formation not only during initial collapse but also at later stages of 

the folding reaction. In the case of MNEI, an earlier study had shown that mutation of the two 

proline residues (Pro41 and Pro93), which are cis in the N state, to alanine, simplified the 

folding landscape, and had indicated that chain contraction might also be modulated (Kaushik 

and Udgaonkar 2023).  

In the current study, site-specific Pro to Ala mutations were introduced at the two 

native-cis prolines (Pro41 and Pro93) of MNEI, and FRET pairs were designed to monitor 

compaction of distinct structural segments (Figure 3.1). The effect of the P41A mutation on 

compaction of the C segment was monitored using measurements of FRET between Trp19 and 

Cys42-TNB in both the WT protein (WT_C) and the P41A mutant variant (P41A_C) (Figure 

3.1a). Similarly, the effect of the P93A mutation on compaction of the E segment was 

monitored using measurements of FRET between Trp4 and Cys97-TNB in both the WT protein 

(WT_E) and the P93A mutant variant (P93A_E). It should be noted that the FRET acceptor 

TNB is a small and charged moiety compared to the bulky and highly hydrophobic moieties 

(Hiranmay and Govardhan 2016; Riback et al. 2019) that have been used as probes in other 

FRET studies. Because Pro41 and Pro93 are located in the proximity of the core (C segment) 

and the end-to-end (E segment) regions, respectively, their mutation has enabled site-specific 

probing of how proline residues influence local chain contraction at the C and E segments 

during folding. Distributions of intramolecular distances spanning the C and E segments and 

their contraction at different times of folding were characterized using MEM-coupled tr-FRET 
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measurements. Folding itself was monitored using measurements of the changes in the 

fluorescence of Trp19 and Trp4 during the folding of the Trp19-containing and Trp4-containing 

protein variants, respectively. The measurements have provided mechanistic insight into the 

role of the proline residues in the contraction of protein regions in their proximity. Importantly, 

they have revealed that backbone rigidity can tune the coupling between chain compaction and 

structure formation during all stages of folding. 

 

 

 

 

 

 

 

 

 



64 
 

 

 

Figure 3.1. Structure and mechanism of folding/contraction of single-chain monellin (MNEI). 

a) The structure of WT MNEI (PDB ID: 1IV7), shown in green, has been superimposed on the 

structure of the P93A mutant variant (PDB ID: 7EUA), shown in grey. The residues used for 

monitoring FRET, and the locations of the two native cis-Pro residues (Pro41 and Pro93, in 

orange) that were mutated to Ala, are shown on the structure of the WT protein. Trp4 and Trp19, 

which served as FRET donors, and Cys42 and Cys97, which served as FRET acceptors, are 

marked in blue and red, respectively. FRET was measured for the Trp19-Cys42TNB pair, for 

mapping the central core (C) segment, and for the Trp4-Cys97TNB pair, to map the end-to-end 

distance (E) segment. Structural differences between the WT and mutant proteins can be seen 

at the C-terminal region and at residues 49-54, while residues 80-84 are missing in the mutant 

protein structure. b) Structural differences at the C-terminal region are highlighted, particularly 

in its proximity to Pro41 in the β2 strand. The protein structures shown in panels a and b were 

drawn using Chimera. The distances between the side-chains are shown in Å. c) Scheme 

showing chain contraction during folding (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). 

The black, blue, red and green arrows represent the unobservable (complete within 100 ms), 

fast, slow and very slow kinetic phases of folding/contraction. The subscripts on the 

intermediate (I) denote the segments (B, C and/or E) which have contracted to N-like 

dimensions in that intermediate. The numbers in the circles indicate the percentage of 

molecules following a given pathway.  



65 
 

3.3 Materials and Methods 

        In this study, intramolecular FRET changes at two specific segments of MNEI were 

investigated. For FRET measurements, a Trp residue served as the donor fluorophore, while a 

Cys residue was covalently linked to the thionitrobenzoate (TNB) moiety, acting as the FRET 

acceptor. The two segments studied were the core (C) segment, spanned by Trp19-Cys42TNB 

FRET pair, and the end-to-end (E) segment, spanned by Trp4-Cys97TNB FRET pair. The effect 

of the Pro41 to Ala mutation on changes in compaction of segment C and the effect of Pro93 

to Ala mutation on changes in the end-to-end distance (segment E) were studied. Of the six Pro 

residues in MNEI, only Pro41 and Pro93 adopt cis conformations in the native (N) state 

(Kaushik and Udgaonkar 2023).  

       For each FRET pair, fluorescence measurements were carried out on both the unlabeled 

and the corresponding TNB-labeled variants. FRET was assessed using both steady-state and 

time-resolved measurements. In the case of steady-state FRET measurements, Trp fluorescence 

was measured in the absence (donor only) and presence of the acceptor moiety, TNB (donor–

acceptor), with a dead time of approximately 10 ms. For time-resolved FRET measurements, 

fluorescence decay curves were collected either as a function of GdnHCl concentration or as a 

function of folding time using a double-kinetics setup, both in the absence and presence of the 

FRET acceptor. Because fluorescence intensity decays occur on a nanosecond timescale, much 

faster than the timescale of conformational fluctuations, time-resolved FRET enables 

monitoring of changes in the distribution of donor–acceptor distances within the population of 

molecules as a function of folding time, as demonstrated previously (Bhatia et al. 2019; Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a). Information on FRET efficiency, average 

intramolecular distances, and fluorescence lifetime distributions was extracted from the decay 

curves using established methods (Jha et al. 2009; Bhatia, Krishnamoorthy, and Udgaonkar 

2021a). 

Proteins and Reagents 

       The expression, purification, and labeling of the mutant variants used in this study have 

been described previously (Kaushik and Udgaonkar 2023; Bhatia, Krishnamoorthy, and 

Udgaonkar 2021a). All the experiments were carried out at pH 8.0 and 25 °C. The details of 

the reagents used in the experiments have been reported earlier (Bhatia, Krishnamoorthy, and 

Udgaonkar 2021a). 
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Site-directed Mutagenesis 

       The Pro41 to Ala mutation was introduced in the mutant variant W19C42, as described in 

a previous study (Kaushik and Udgaonkar 2023). The Pro93 to Ala mutation was introduced in 

the mutant variant W4C97, using the QuickChange site-directed mutagenesis method 

developed by Stratagene. 

Measurement of fluorescence and far UV CD spectra 

        Fluorescence spectra were measured using a Fluoromax 4 (Horiba) spectrofluorometer. 

Protein samples were excited at 295 nm, and emission spectra were recorded from 305 to 450 

nm with a response time of 1 s. The excitation and emission slit widths were set to 1 nm and 5 

nm, respectively. The protein concentration was 10 µM. Each spectrum represents the average 

of three independent emission scans. 

         Far-UV circular dichroism (CD) spectra were obtained using a Jasco J815 

spectropolarimeter and a cuvette with a 0.1 cm path length. Data were collected with a 1 nm 

bandwidth, a response time of 1 s, and a scan speed of 20 nm min⁻¹. The protein concentration 

was 10 µM. Each spectrum was generated by averaging twenty individual wavelength scans. 

Steady-state and time resolved FRET-monitored equilibrium unfolding experiments 

           For GdnHCl-induced equilibrium unfolding experiments, 10 µM of protein was 

incubated for >6 h in different concentrations of GdnHCl (0–4 M). The equilibrated unlabeled 

and labeled protein samples were excited at 295 nm, and the fluorescence signals were 

monitored on an MOS-450 optical system (Biologic), using a 360 ± 10 nm band-pass filter 

(Asahi spectra) for steady-state FRET measurements. For time-resolved FRET measurements, 

fluorescence decay curves were acquired for both the unlabeled and labeled proteins using the 

time correlated single photon counting system set-up as described in a previous study (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). A two-state, N ↔ U model was used to fit the 

sigmoidal equilibrium unfolding transitions (Agashe and Udgaonkar 1995) to obtain the values 

for the free energy of unfolding in water, ∆GU, and the midpoint of transition (Cm). 

Trp-fluorescence monitored folding kinetics experiments 

          The folding reaction was initiated by rapidly mixing unfolded protein (in 4 M GdnHCl) 

with folding buffer (containing no GdnHCl) in a 1:9 ratio using a stopped-flow cuvette (FC20) 
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and a stopped-flow module from Biologic (SFM-400). The protein concentration was 10 µM. 

The dead time of stopped-flow mixing was ~10 ms. 

Double-kinetics experiment  

         Simultaneous acquisition of fluorescence decay traces and fluorescence intensities was 

performed at different time points (every 100 ms) during the folding reaction, using a pulsed 

laser (Mai Tai HP, Spectra-Physics) as the excitation light source (Bhatia et al. 2019). Notably, 

the simultaneous acquisition of steady-state fluorescence intensity served to validate the 

accuracy of the double-kinetics data for each mixing experiment (Figures 3.8 and 3.9). Photon 

arrival data were collected using a single-photon counting card module (SPC-630) from Becker 

and Hickl. For all fluorescence decay curves, it was ensured that the counts were ≥ 20,000 in 

the peak channel, and the decay was collected until the counts were < 200 in the last channel. 

A detailed description of the double-kinetics setup and fluorescence data collection has been 

reported previously (Bhatia et al. 2019). The final protein concentration used was ~20 μM. 

Analysis of the fluorescence lifetime decay traces: Details of the analysis are given in an 

earlier study (Bhatia, Krishnamoorthy, and Udgaonkar 2018).  A brief description is given 

below:  

Discrete analysis: The decay traces were fit to a sum of exponentials,  

  𝐹(𝑡) =  ∑ 𝛼𝑖𝑒
−(

𝑡

𝜏𝑖
)𝑛

𝑖=1                                                                                                              (1)  

Here, αi is the relative amplitude of the τi lifetime component, t is time and n ranges from 2 to 

3.  

An amplitude-weighted mean lifetime, the mean lifetime, 𝛕m at every time point of the 

refolding reaction was determined, was caculated as:    

 𝛕m = 
∑ 𝛼𝑖𝜏𝑖

∑ 𝛼𝑖
;  ∑ 𝛼𝑖 =  1                                                                                                             (2) 

MEM analysis: The analysis begins with the assumption that the decay corresponds to a 

distribution of 100-150 lifetimes in the range 10 ps to 10 ns. The a priori distribution of 

lifetimes was assumed to be uniform in the logarithms of lifetimes being uniformly distributed 

in this range. Then, the best fit values of αi and τi are determined using the Maximum Entropy 

Method (MEM) (Bhatia, Krishnamoorthy, and Udgaonkar 2021a, 2021b). 
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         The a posteriori distribution of these parameters was obtained by maximizing the 

Shannon Jaynes entropy S, defined as  

S= −Σ Pi log(Pi)                                                                                                                            (3)  

Pi is the normalized amplitude of the ith lifetime.  

 Pi =   
𝛼𝑖

∑ 𝛼𝑖
                                                                                                                                            (4)  

αi is the amplitude of the ith lifetime.  

Analysis parameters were optimized for obtaining precise and reproducible MEM 

distributions. The most probable (MEM peak) lifetime refers to the lifetime corresponding to 

the maximum amplitude in the lifetime distribution data.  

FRET efficiency and distance determination  

       The mean FRET efficiency (<EFRET>) was obtained from mean fluorescence lifetimes for 

the unlabeled (<τD>) and the corresponding TNB-labeled (<τDA>) variants using the following 

equation: 

<EFRET> =1− 
< 𝜏𝐷𝐴>

< 𝜏𝐷>
                                                                                                                   (5)  

        The mean fluorescence lifetimes were determined by discrete analysis of the fluorescence 

decay traces as described earlier (Bhatia, Krishnamoorthy, and Udgaonkar 2018).  

        The average FRET efficiency values were converted to average intramolecular distance 

(<RDA>) using the Fӧrster equation:  

<RDA> = R0  (
1 − < 𝐸𝐹𝑅𝐸𝑇>

< 𝐸𝐹𝑅𝐸𝑇>
)

1/6

                                                                                                                                                           (6)  

The values for the Forster’s distance, R0 used for the WT proteins and their 

determination has been described in an earlier study (Bhatia, Krishnamoorthy, and Udgaonkar 

2018). Upon Pro mutation to Ala, the R0 values remained similar to those of their respective 

background constructs (24.5 Å for P41A and 22.7 Å for P93A). 

Quantification of the N-like and U-like sub-populations from lifetime distributions  

Fluorescence lifetime distributions of both the unlabeled and the TNB labeled variants 

were determined for consecutive acquisition time windows of 100 ms by fitting the observed 

fluorescence decay profiles to the MEM algorithm (described above). A cut-off of 0.6 ns 
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(corresponding to a diatance-cutoff of ~ 20 Å, as calculated using equations 5 and 6) was used 

to distinguish between lifetimes in the fluorescence lifetime distributions, which arose from 

the N-like and U-like sub-populations. Using the cut-off of 0.6 ns, the fractions of molecules 

in the N-like and U-like sub-populations were quantified directly from the MEM-derived 

fluorescence lifetime distributions of the TNB-labeled variants (Figure 3.9), as had been done 

in an earlier study (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). This provided a robust 

and model-independent measure of population redistribution during folding. 

Converting fluorescence lifetime distributions into distance distributions 

The lifetime distributions of the TNB-labeled variant at different times of folding were 

then converted to FRET efficiency distributions by using the peak lifetime values obtained for 

the corresponding unlabeled variant (see Eq. 5 above). Since the peak lifetime of the dominant 

long-lifetime sub-population seen in the MEM lifetime distribution for the unlabeled protein 

did not vary significantly with time of folding (Figure 3.8), its average value was taken as the 

lifetime, τD, of the donor. The minor shorter lifetime sub-population present in the MEM 

distributions of the unlabeled proteins was not used to define the lifetime of the donor, τD, since 

it contributes ≤ ~30% throughout the folding time course (Figure 3.14).  

 The FRET efficiency distributions were then transformed into distance distributions 

using the well-known Forster relation (see Eq. 6 above), as established in previous studies 

(Bhatia et al. 2019; Bhatia, Krishnamoorthy, and Udgaonkar 2021b). It was important to note 

that the apparent widths of the derived distance distributions might reflect contributions from 

(i) the intrinsic width of the donor-only lifetime distribution, (ii) true donor–acceptor distance 

heterogeneity, and (iii) the nonlinear mapping between EFRET and RDA, especially in the low-

FRET regime. Quantitative separation of these contributions cannot be achieved uniquely from 

the data alone and would require introducing additional, model-dependent assumptions. When 

such model-based approaches were employed in previous studies, it was found that the absolute 

distances obtained can differ from those estimated by direct conversion of FRET efficiencies, 

although the underlying qualitative trends in chain compaction remained unchanged (Sinha and 

Udgaonkar 2007; Zhou 2002; Goldenberg 2003; Wang, Bodunov, and Nau 2003; Laurence et 

al. 2005; Saxena, Udgaonkar, and Krishnamoorthy 2006). Hence, in this study, due to the 

nonlinear dependence of FRET efficiency on distance, the distance distributions were not used 

to determine the relative fractions of N-like and U-like molecules at different times of folding. 
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The mean distances (Figure 3.10), as well as the distance distributions (Figure 3.11) used here 

were interpreted primarily in a qualitative manner.  

3.4 Results and Discussion 

The structure and stability of MNEI are not affected significantly by Pro to Ala mutation 

and TNB-labeling 

Far-UV circular dichroism spectra showed that both single Pro to Ala mutations, as well 

as TNB-labeling, had only small effects on the secondary structure of the protein (Figure 3.2). 

Fluorescence spectra showed that the environments of Trp19 and Trp4 remain largely 

unchanged upon Pro to Ala mutation (Figure 3.3).  The fluorescence emission maxima of Trp19 

in the N states of both WT_C and P41A_C were red-shifted compared to that of Trp4 in WT_E 

and P93A_E, indicating that the environment of Trp19 is more polar than that of Trp4 (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). 

Upon TNB-labeling, the quenching of Trp19 fluorescence because of FRET across the 

C segment to the TNB adduct on Cys42, as well as the quenching of Trp4 fluorescence because 

of FRET across the E segment to the TNB adduct on Cys97, were both reduced upon Pro to 

Ala mutation. The fluorescence intensities of Trp19 and Trp4 in the N states of TNB-labeled 

P41A_C and P93A_E were 2.5-fold and 2-fold higher than those for TNB-labeled WT_C and 

WT_E, respectively (Figure 3.3). The FRET efficiencies calculated for the N states of WT_C 

and WT_E were 0.9 and 0.8, respectively, and decreased to 0.8 and 0.6 for the N states of 

P41A_C and P93A_E, respectively (Figure 3.4, insets). These observations suggested that the 

N states of P41A_C and P93A_E have slightly expanded C and E segments, respectively. In 

the case of P93A_E, this was consistent with the fact that the Pro93 to Ala mutation causes the 

C-terminal sequence segment 93-97 to move away from the protein core, because of the Gly92-

Ala93 peptide bond adopting the trans conformation (Figure 3.1b). 

Neither the single Pro to Ala mutations nor TNB-labeling significantly affected the 

stability of the protein (Figure 3.4 and Table 3.1). P41A_C was marginally less stable than 

WT_C, and the stabilities of both proteins were not altered to significant extents upon TNB 

labelling (Table 3.1). TNB-labeling of Cys97 had no significant effect on the stabilities of 

WT_E and P93A_E. Overall, the effects of the mutations and TNB-labeling on the structure 

and dynamics were minor (Figures 3.2, 3.3 and 3.4). It should be noted that protein stabilities 

were determined by carrying out two-state analyses of the equilibrium unfolding transitions 
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(Bhatia, Krishnamoorthy, and Udgaonkar 2018). It had been shown previously that 

fluorescence and CD-monitored equilibrium unfolding transitions yield the same values for the 

protein stability, for these four MNEI variants (Bhatia, Krishnamoorthy, and Udgaonkar 2018; 

Kaushik and Udgaonkar 2023), as well as for other MNEI variants (Goluguri and Udgaonkar 

2015; Goluguri and Udgaonkar 2016).  

 

 

 

Figure 3.2. Far-UV CD spectra of the different mutant variants of MNEI. Spectra of the N 

(solid lines) and U (dashed lines) states are shown for the TNB-labeled (red lines) and 

unlabeled (blue lines) proteins. Panels WT_C and WT_E have been adapted and modified from 

(Bhatia, Krishnamoorthy, and Udgaonkar 2018). 
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Figure 3.3. Fluorescence emission spectra of the different mutant variants of MNEI. The 

excitation wavelength was 295 nm. The solid and dashed curves represent the spectra of the 

native and unfolded states, respectively, for the TNB-labeled (red) and unlabeled (blue) 

proteins. The solid and dashed vertical lines indicate the peak positions of the spectra of the 

native and unfolded unlabeled proteins, respectively. Panels WT_C and WT_E have been 

adapted and modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2018). 
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Figure 3.4. Equilibrium unfolding transitions of MNEI monitored by steady-state FRET 

(circles) and time-resolved FRET (triangles). Blue and red colors represent the fluorescence 

intensities and mean lifetimes of the unlabeled and TNB-labeled proteins, respectively. The 

solid lines through each dataset are non-linear least-squares fits to a two-state unfolding model 

(Agashe and Udgaonkar 1995). The thermodynamic parameters obtained are listed in Table 

3.1. The inset in each panel shows the correspondence between FRET efficiency calculated 

from fluorescence intensity (circles) and fluorescence mean lifetime (triangles) measurements. 

The error bars represent the spread in the data obtained from two independent experiments. 

The data for WT_C and WT_E are from (Bhatia, Krishnamoorthy, and Udgaonkar 2018). 

 

 

 

 



74 
 

Table 3.1. Thermodynamic parameters obtained from fluorescence-monitored equilibrium 

unfolding measurements for the different mutant variants of MNEI at pH 8 and 25oC. 

 

Protein variant Free energy of unfolding, (∆GU)          

kcal mol-1 

Mid-point of unfolding,(Cm)      

M 

WT_C                    6.3 ± 0.1              1.86 ± 0.01 

WT_C-TNB                    4.9 ± 0.2              1.46 ± 0.06 

P41A_C                    5.4 ± 0.1              1.62 ± 0.02 

P41A_C-TNB                    6.9 ± 0.1              2.08 ± 0.07 

WT_E                    6.7 ± 0.4              1.97 ± 0.13 

WT_E-TNB                    6.9 ± 0.1              2.03 ± 0.01 

P93A_E                    6.6 ± 0.1              1.94 ± 0.04 

P93A_E-TNB                    6.8 ± 0.04              2.03 ± 0.01 
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Validation of the time-resolved fluorescence measurements 

The equilibrium unfolding transitions monitored by measurement of the Trp 

fluorescence intensity at each GdnHCl concentration closely matched those monitored by 

measurement of the mean fluorescence lifetime determined from discrete analysis (see 

Materials and Methods) of the Trp fluorescence decay measured at each GdnHCl concentration 

(Figure 3.4). In multiexponential systems, the steady-state fluorescence intensity is 

proportional to ∑αiτi, from which the amplitude-weighted mean lifetime is derived (equation 

2, Materials and Methods); therefore, changes in fluorescence intensity and mean lifetime are 

expected to correlate closely. This was an important result because it validated the accuracy of 

the fluorescence lifetime decay measurements and set the stage for analysis of the fluorescence 

decays by the maximum entropy method (MEM). 

MEM -analyzed fluorescence decays distinguish quantitatively between U-like and N-like 

sub-populations present together 

MEM analysis (see Materials and Methods) was used to convert fluorescence decays 

collected at different GdnHCl concentrations to fluorescence lifetime distributions for both the 

unlabeled (Figure 3.5) and labeled (Figure 3.6) protein variants. The MEM-derived 

distributions for all the unlabeled variants were largely unimodal (Figure 3.5). In contrast, those 

for the labeled variants were typically bimodal (Figure 3.6), and displayed a peak for lifetimes 

shorter than 0.6 ns, originating from a N-like sub-population (more FRET, hence shorter 

lifetimes), as well as a peak for lifetimes longer than 0.6 ns, originating from an U-like sub-

population (less FRET, hence longer lifetimes) (Bhatia, Krishnamoorthy, and Udgaonkar 

2021a; Bhatia and Udgaonkar 2022). This assignment was based on the observation that the U 

state predominantly populates lifetimes > 0.6 ns (U-like) and the N state predominantly 

populates lifetimes < 0.6 ns (N-like) (Figure 3.6) (Bhatia, Krishnamoorthy, and Udgaonkar 

2021a; Bhatia et al. 2019). 

Such groupings of lifetimes allowed the fractions of molecules in the U-like and N-like 

sub-populations to be determined at each GdnHCl concentration. To extract these fractions 

from the MEM distributions, it was first necessary to account for the observation that for any 

segment, the equilibrium U state contained a fraction of molecules with lifetimes corresponding 

to the N-like distribution (< 0.6 ns), while the equilibrium N state contained a fraction of 

molecules with lifetimes corresponding to a U-like distribution (> 0.6 ns) (Figures 3.5 and 3.6). 

These fractions were comparable for each pair of unlabeled (Figure 3.5) and corresponding 
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labeled (Figure 3.6) unfolded proteins, indicating that they originated from differences in the 

electronic structure of the fluorophore or from distinct Trp rotamers (Creed 1984; Philips et al. 

1988), and not from the presence of the quenching TNB moiety. The fraction of molecules 

expanded (U-like) at a given segment was determined using the equation: fU=Yi−YN/YU−YN, 

where YU represents the relative sum of amplitudes for the U-like distribution in the 

equilibrium U state, YN corresponds to the relative sum of amplitudes for the U-like distribution 

in the equilibrium N state, and Yi denotes the relative sum of amplitudes for the U-like 

distribution at a given GdnHCl concentration. The relative sum of amplitudes was calculated 

as the sum of amplitudes for the U-like or N-like distributions divided by the total sum of 

amplitudes for both distributions. fU derived from MEM-derived fluorescence lifetime 

distributions (Figure 3.6), had been shown previously to accurately estimate the relative 

fractions of N-like and U-like molecules present together (Bhatia et al. 2019; Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a).  

It should be noted that while the N states of WT_C, P41A_C, and WT_E, like those of 

several other proteins (Bhatia, Krishnamoorthy, and Udgaonkar 2018; Kishore, 

Krishnamoorthy, and Udgaonkar 2013; Swaminathan, Krishnamoorthy, and Periasamy 1994), 

displayed bimodal MEM-derived fluorescence lifetime distributions with a very minor (~10–

20%) fraction of molecules appearing to be U-like (Figure 3.6), the N state of P93A_E 

exhibited a broad unimodal distribution with no clear distinction between the N-like and U-

like sub-ensembles. Clearly, the Pro93 to Ala mutation made the N state more heterogeneous, 

with molecules exhibiting a broad range of end-to-end distances. It is possible that the cis Pro93 

introduces a kink or bend in the protein backbone in the N state (Figure 3.1b), which may 

contribute to the stability of a specific conformation or sub-ensemble. Thus, in WT_E-TNB, 

two distinct conformations (N-like and U-like) might be stabilized, leading to a bimodal 

distribution. When Pro93 was mutated to Ala, a more flexible amino acid, the rigidity that 

Pro93 provided was lost. This increased flexibility likely allows the protein to sample a broader 

range of conformations, thereby blurring the separation between the two sub-ensembles, and 

resulting in the broad unimodal distribution seen for P93A_E (Figure 3.6). Importantly, 

although the distribution was unimodal, the relative sum of amplitudes for lifetimes >0.6 ns 

(U-like) was still ~25–30%, comparable to WT_E. Normalization of the amplitudes (see above) 

ensured that fU could still be accurately determined. 

For each protein variant, the dependence of the MEM-derived fraction of molecules 

that were U-like calculated as described above (Figure 3.7) was found to match the unfolding 
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transition monitored by the measurement of fluorescence intensity or mean fluorescence 

lifetime of Trp4 or Trp19, and to yield similar values for the stability, ∆GU and the midpoint of 

the transition, Cm (Table 3.1). This correspondence validates the use of the MEM-derived 

fluorescence lifetime distributions for determining accurately the relative fractions of N-like 

and U-like molecules present together, using the cut-off value of 0.6 ns for the fluorescence 

lifetime (see above). 

 

 

 

 

Figure 3.5. MEM-derived fluorescence lifetime distributions of the different mutant variants 

of MNEI at varying concentrations of GdnHCl. The colors of the lines represent the GdnHCl 

concentrations, as indicated. The data in panels WT_C and WT_E are from (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). 
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Figure 3.6. MEM-derived fluorescence lifetime distributions of different TNB-labeled variants 

of MNEI at varying concentrations of GdnHCl. The colors of the lines represent different 

GdnHCl concentrations, as indicated. The data in panels WT_C-TNB and WT_E-TNB are 

from (Bhatia, Krishnamoorthy, and Udgaonkar 2018). 
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Figure 3.7. Fractional change in the U-like population calculated from the relative sum of 

amplitudes of the MEM distributions at different concentrations of GdnHCl. The fits to the 

two-state, N ↔ U unfolding model gave values for ∆GU of 4.6 ± 0.3, 7.1 ± 0.2, 6.9 ± 0.1, and 

6.7 ± 0.2 kcal mol-1 for WT_C-TNB, P41A_C-TNB, WT_E-TNB and P93A_E-TNB, 

respectively. The mid-points (Cm) of the unfolding transitions for WT_C-TNB, P41A_C-TNB, 

WT_E-TNB and P93A_E-TNB are at 1.41 ± 0.08, 2.10 ± 0.04, 2.03 ± 0.02, and 1.97 ± 0.04 M 

GdnHCl, respectively. The error bars represent the spread in the data obtained from two 

independent experiments. Panels WT_C-TNB and WT_E-TNB have been adapted and 

modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2018). 
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The Pro41 to Ala mutation stabilizes N-like structure at the C segment in the product of 

the initial collapse reaction 

Transformation of the kinetic data in the insets of Figures 3.8 and 3.9 into FRET 

efficiency (Figure 3.10; see Materials and Methods) revealed a distinct burst phase for both 

WT_C and P41A_C, which was more pronounced in the latter. One explanation for the 

observed change in FRET efficiency measured in this way could be that all molecules became 

compact initially, but that the extent of compaction was more in the case of P41A_C than for 

WT_C. In other words, it could be that the Pro41 to Ala mutation led to a greater reduction in 

the mean intramolecular distance at the C segment (insets, Figure 3.10). The alternative 

explanation could be that all molecules did not become compact, but only a sub-population of 

them underwent significant compaction, while another sub-population underwent little if any 

compaction. To distinguish between these possibilities and obtain quantitative insight into the 

fraction of molecules undergoing compaction, the fluorescence decays were analyzed using 

MEM (Figures 3.8, 3.9 and 3.11; see Materials and Methods). As in the case of the equilibrium 

unfolding data (Figures 3.5 and 3.6), N-like and U-like sub-populations were observed at 

different times of folding. The kinetics of the decrease in the fraction of U-like molecules, fU 

(described above), as they contracted to become N-like during folding, was determined (Figure 

3.12).  

The major effect of the P41A mutation was that the fraction of molecules that become 

N-like at the C segment at 100 ms of folding, increased from 16 % in the case of WT_C to 63 

% for P41A_C (Figure 3.12, Table 3.2). It is important to explain this observation in the context 

of the mechanism of chain contraction and folding proposed for the wild-type protein (Figure 

3.1c), for which the collapsed intermediate ensemble populated at 100 ms consists of three sub-

ensembles (Figure 3.1c). 16% are present as IBCE in which segments B, C, and E have all 

collapsed to become N-like; 22% are present as IB in which only segment B has collapsed to 

become N-like; and 62% remain U-like, as UX, at all three segments. It appears that the P41A 

mutation could have resulted in two different types of effects on the heterogeneity of this 

collapsed ensemble formed at 100 milliseconds of folding. (1) It could have led to the induction 

of contraction of segment C in some of the UX and IB molecules. (2)  It could have led to the 

conformational selection of very minor pre-existing sub-ensembles present in equilibrium with 

UX and IB, in which the C segment is already N-like in its dimensions.  
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Figure 3.8. Kinetics of folding of the unlabeled MNEI variants in 0.4 M GdnHCl. The four 

panels correspond to different unlabeled variants (as indicated on the top of each panel). The 

dashed fluorescence lifetime distribution in each panel is of the U state. Distributions 

corresponding to different times of the folding reaction are shown in different colours as 

described for each panel. The inset in each panel represents the kinetics of folding monitored 

using simultaneous measurements of fluorescence intensity (green trace) and mean lifetime 

(blue circles) changes. The dashed blue line in the inset of each panel represents the mean 

lifetime of the U state. The error bars represent the standard errors of measurements from at 

least two independent double kinetics experiments. Panels WT_C and WT_E have been 

adapted and modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). 
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Figure 3.9. Kinetics of folding of the TNB-labeled mutant variants of MNEI in 0.4 M GdnHCl. 

The four panels correspond to different TNB-labeled mutant variants (as indicated on the top 

of each panel). The dashed fluorescence lifetime distribution in each panel is of the U state. 

Distributions corresponding to different times of the folding reaction are shown in different 

colours as described for each panel. The inset in each panel represents the kinetics of folding 

monitored using simultaneous measurements of fluorescence intensity (green trace) and mean 

lifetime (red circles) changes for different mutant variants of MNEI. The dashed red line in the 

inset of each panel represents the mean lifetime of the U state. The error bars represent the 

standard errors of measurements from at least two independent double kinetics experiments. 

Panels WT_C-TNB and WT_E-TNB have been adapted and modified from (Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a). 
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Table 3.2. Rate constants and their corresponding relative amplitudes obtained by fitting the 

kinetic phases of folding/contraction. 

 

 

 

Protein 

 

 

 

   Phase 

Rate constants 

(amplitudes) 

of foldinga  

(s-1) 

 
 

Rate constants 

(amplitudes) of 

the ss-FRET 

efficiency 

monitored 

changeb  

(s-1) 

Rate constants 

(amplitudes) of 

the tr-FRET 

efficiency 

monitored 

changec  

(s-1) 

Rate constants 

(amplitudes) of 

the decrease in 

U-like 

populationd  

(s-1) 

 

 

WT_C 

Burst 

Very fast 

Fast 

Slow 

          ― 

     4.7 (14%) 

     0.6 (60%) 

    0.06 (26%) 

     ― (27%) 

     7.5 (19%) 

       1 (40%) 

    0.07 (14%) 

      ― (39%) 

         ― 

      1 (43%) 

    0.1 (18%) 

       ― (16%) 

           ― 

        2 (61%) 

     0.17 (23%) 

 

 

P41A_C 

Burst 

Very fast 

Fast 

Slow 

         ― 

  10.5 (12%) 

   1.5 (64%) 

  0.14 (24%) 

     ― (44%) 

     34 (14%) 

     2.8 (38%) 

    0.16 (4%) 

      ― (58%) 

         ―  

      2 (42%) 

         ― 

 

      ― (63%) 

           ― 

       2 (37%) 

           ― 

 

WT_E 

Burst 

Very fast 

Fast 

Slow 

          ― 

     25 (25%) 

      1 (48%) 

     0.1 (27%) 

           ― 

      26 (21%) 

       1 (26%) 

    0.03 (53%) 

          ― 

          ― 

       1 (42%) 

    0.03 (58%) 

      ― (11%) 

           ― 

        2 (19%) 

     0.04 (70%) 

P93A_E 

Burst 

Very fast 

Fast 

Slow 

          ― 

          ― 

      1 (78%) 

    0.1 (22%) 

      ― (14%) 

          ― 

       1 (70%) 

      0.1 (16%) 

       ― (17%) 

           ― 

        1 (69%) 

      0.1 (14%) 

      ― (15%) 

            ― 

         1 (75%) 

        0.1 (10%) 

 a Measured from the kinetics of change in the fluorescence of Trp19 or Trp4 in the unlabeled proteins. 

 b Measured from the kinetics of change in fluorescence intensity of Trp19 or Trp4 in the TNB-labeled 

and unlabeled proteins. The burst phase was of 10 ms duration. 

 c Measured from the kinetics of change in the mean fluorescence lifetime of Trp19 or Trp4 in the TNB-

labeled and unlabeled proteins, shown in Figure 3.10. The burst phase was of 100 ms duration. 

 d Measured from the kinetics of change in the U-like population seen in the MEM distributions of 

TNB-labeled proteins, shown in Figure 3.12. The burst phase was of 100 ms duration. 

  The data for WT_C and WT_E have been taken from (Bhatia, Krishnamoorthy, and 

Udgaonkar 2021a). The errors in the rate constants and their corresponding relative 

amplitudes are within ± 10%. 
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Figure 3.10. Kinetics of folding in 0.4 M GdnHCl monitored by trFRET for the different 

mutant variants of MNEI. FRET efficiency was calculated using the values of the mean lifetime 

of the unlabeled and TNB-labeled variants at each folding time point (equation 5, see Materials 

and Methods). In each panel, the solid and dashed black horizontal lines represent the FRET 

efficiencies in the N and U states, respectively. The red arrow in each panel indicates the burst-

phase change in FRET efficiency from the U state to the first observable folding time point 

(100 ms). The data for WT_C, WT_E and P93A_E were fit to a two-exponential equation, 

while that for P41A_C was fit to a single exponential equation. The rate constants and relative 

amplitudes obtained from the fitting are reported in Table 3.2. The inset in each panel shows 

the average donor−acceptor pair distance (<RDA>) calculated at different stages of folding (U, 

unfolded; C, collapsed intermediate at 100 ms; R, refolded; and N, native state) using FRET 

efficiency values and the Förster equation (equation 6, see Materials and Methods). Error bars 

indicate standard errors from two independent double-kinetics experiments. Panels WT_C and 

WT_E have been adapted and modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). 
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Figure 3.11. Evolution of distance distributions as a function of the time of folding following 

a 4 to 0.4 M GdnHCl jump. Experimentally derived distance distributions at representative 

time points of the folding reaction. The topmost panel is for the U state, the bottom-most panel 

corresponds to the distance distribution of the refolded N state, and the middle panels 

correspond to intermediate time points during folding as described in each panel. The vertical 

solid and dashed black lines indicate the peak positions of the distance distributions 

corresponding to the refolded N state and U state, respectively. Panels WT_C and WT_E have 

been adapted and modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2021b). 
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Figure 3.12. Kinetics of conversion from the expanded, U-like to the contracted, N-like 

population, measured at segments C and E for the different mutant variants of MNEI. The 

fractional population of molecules that are expanded (U-like) was determined as described in 

the text. The data for WT_C, WT_E and P93A_E were fit to a two-exponential equation, while 

that for P41A_C was fit to a single-exponential equation. The rate constants and relative 

amplitudes obtained from the fitting are reported in Table 3.2. The error bars represent the 

standard errors of measurements from at least two independent double kinetics experiments. 

Panels WT_C-TNB and WT_E-TNB have been adapted and modified from (Bhatia, 

Krishnamoorthy, and Udgaonkar 2021a).  
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Figure 3.13. Kinetics of contraction of the U-like (circles) and N-like (diamonds) populations 

for different mutant variants of MNEI during folding in 0.4 M GdnHCl. For each mutant 

variant, the peak distance at each folding time was obtained using the MEM peak value of the 

U-like population and the N-like population in the MEM-derived fluorescence lifetime 

distribution obtained for the TNB-labeled variant (Figure 3.9) and the corresponding unlabeled 

counterpart (Figure 3.8) using equations 5 and 6 (see Materials and Methods). The solid lines 

through the kinetic data represent fits to either a single or double exponential equation. The 

error bars represent the standard errors of measurements from at least two independent kinetic 

experiments. Panels WT_C and WT_E have been adapted and modified from (Bhatia, 

Krishnamoorthy, and Udgaonkar 2021b). 
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Figure 3.14. The minor short-lifetime sub-population in the MEM distributions of the 

unlabeled variants remains a small fraction throughout the folding reaction. The circles denote 

the relative sum of amplitudes of the two sub-populations obtained from MEM distributions of 

the unlabeled variants. The relative sum of amplitude for the long-lifetime sub-population (>0.6 

ns; red circles) and the short-lifetime sub-population (<0.6 ns; black circles) was calculated as 

the sum of amplitudes of the respective sub-population distribution divided by the sum of 

amplitudes of the entire distribution. The relative sum of amplitudes corresponds to the 

fractional population of the respective sub-populations. Panels WT_C and WT_E have been 

adapted and modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2021b). 
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The P41A mutation does not affect the heterogeneity in the unfolded state (Kaushik and 

Udgaonkar 2023); hence, the 63% molecules that have collapsed at 100 ms in the case of 

P41A_C would include the 16% which folded during the very fast phase (originating from U1 

sub-ensemble) leading to the formation of IBCE (Figure 3.1c). Since the slow phase of 

contraction at the C segment was absent for P41A_C (Figure 3.12, Table 3.2), it seems likely 

that the 22% molecules that contract slowly in the case of WT_C (Figure 3.1c), instead collapse 

during the burst phase on the same pathway. To account for the remaining 25% (63-(16+22)) 

molecules that collapsed at the C segment during the burst phase in the case of P41A_C, it is 

necessary to posit that the mechanism of folding/contraction for WT_C (Figure 3.1c) has been 

altered by the P41A mutation to that shown below in Scheme 1. 

                                     

                                                                  Scheme 1 

           Several salient features of Scheme 1 need to be noted. (1) In the case of WT MNEI 

(WT_C), the kinetic data had indicated that the 100 ms burst phase led to the formation of two 

burst phase intermediates, UX and IB, from U2, and that intermediates IC and IBC formed by 

kinetic partitioning from UX (Figure 3.1c) (Bhatia, Krishnamoorthy, and Udgaonkar 2021a). It 

seems now, that UX is not homogeneous, but consists of two sub-populations UX and UXC. In 

the case of WT_C, UXC is populated to a negligible, undetectable extent, but in the case of 

P41A_C, it becomes populated to 25%. It appears that the P41A mutation significantly 

stabilizes UXC by relieving the conformational strain imposed by Pro41. Stabilization may also 

occur via an intramolecular hydrogen bond, in which the introduced Ala, unlike Pro, can 

participate; such bonds have been suggested to facilitate initial polypeptide chain collapse 

(Möglich, Joder, and Kiefhaber 2006; Teufel et al. 2011; Nettels et al. 2009; Rose et al. 2006). 

(2) The stabilization afforded by the mutation is not large, and 37% molecules remain as UX at 

the end of the burst phase. In these molecules, the C segment becomes N-like only at the end 
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of the fast phase of folding, along with the B segment. Hence, the fast phase of contraction at 

the C segment seen for WT_C is also seen for P41A_C. (3) The C segment, which was U-like 

in IB in the case of WT_C, is stabilized by the P41A mutation so that it becomes N-like in the 

case of P41A_C; hence, IB is shown as IBC. Consequently, the slow phase of contraction at the 

C segment seen for WT_C (Figure 3.1c) was not seen for P41A_C. The effects of the P41A 

mutation described above are consistent with known effects of mutations in modulating the 

kinetic partitioning between competing folding pathways by stabilizing or destabilizing 

specific intermediates (Chiti et al. 2002; Sánchez, Ferreiro, and de Prat Gay 2011; Aghera and 

Udgaonkar 2013; Karamanos et al. 2016). (4) It is not known whether the P41A mutation has 

a similar effect on the B segment (β-sheet). It will be important to investigate this in the future, 

especially since residues in the β-sheet contribute to the protein core, and since studies with 

other proteins have reported coupling of β-sheet formation with hydrophobic core packing (Vu, 

Brewer, and Dyer 2012; Narayanan and Dias 2013). It is therefore not surprising that the β-

sheet and core both become N-like together on the U2 → IBC → IBCE and U2 →UX → IBC →IBCE 

pathways. 

The Pro93 to Ala mutation stabilizes N-like structure at the E segment in the products of 

the fast phase of collapse 

In the case of WT_E, only 22% of the molecules were found to contract their end-to-

end distance (the E segment) during the fast phase of folding when they form IBE (Figure 3.1c). 

The contraction of the E segment in the remaining molecules was found to occur primarily 

during the slow phase (Figures 3.1c and 3.12; Table 3.2). However, in the case of P93A_E, 75 

% molecules were found to contract during the fast phase, and only about 10% did so in the 

slow phase. Hence, the P93A mutation leads to the contraction of an additional 53% (75-22) of 

molecules at the E segment to become N-like during the fast phase of contraction. To account 

for these additional 53% molecules, it becomes necessary to propose that IBC and IC (Figure 

3.1c) also exist in equilibrium with a so far hidden IBCE and a hidden ICE, respectively. Because 

of the strain introduced in the polypeptide backbone by Pro93, IBCE and ICE are unstable and 

hence populated to an insignificant extent in the case of WT_E. In the case of P93A_E, they 

became stabilized and populated to a larger extent because of the replacement of Pro93 with 

Ala. The P93A mutation therefore leads to conformational selection of IBCE and ICE such that 

they are together populated to about 53%, and IBC and IC are consequently together populated 
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to only about 10 %. Thus, the 75 % molecules contracting their E segment in the fast phase in 

the case of P93A_E, are those which form IBE, ICE and IBCE.  

It should be noted that trans to cis isomerization of Pro93 occurs during the slow phase 

of folding of WT_E (Kaushik and Udgaonkar 2023). In this context, an alternative explanation 

could have been that the contraction that occurs during the slow phase of folding of WT_E is 

only that which accompanies the trans to cis isomerization of the Gly92-Pro93 bond, which 

brings the FRET acceptor, Cys97TNB as well as the residues 93-97 closer to the FRET donor, 

Trp4 and the core of the protein (Figure 3.1b). In the case of P93A_E, the Gly92-Ala93 bond 

remains trans, and does not undergo trans to cis isomerization; consequently, the FRET 

acceptor does not move towards the donor (Figure 3.1b), and no slow phase contraction would 

be observed. While this explanation would have been difficult to rule out if only FRET 

measurements had been carried out, it can be ruled out now based on the MEM analysis which 

showed that about 10% molecules still contract during the slow phase in the case of P93A_E 

(Figure 3.12, Table 3.2).  

Thus, the result that the P93A mutation alters the population of intermediates by 

stabilizing the E segment in ICE and IBCE, which were populated only insignificantly in the case 

of WT_E, mirrors the effects observed for the P41A mutation (see above). This suggests that 

Pro41 and Pro93 dictate the partitioning of pathways, and play a crucial role in determining the 

stability of specific intermediates and hence, the heterogeneity of the intermediate ensemble. 

Similar proline-mediated modulation of pathway partitioning has also been observed for other 

proteins (Cook, Schmid, and Baldwin 1979; Osváth and Gruebele 2003; Taler-Verčič et al. 

2017), but has not been directly quantified. This is perhaps the first experimental study to 

directly quantify the redistribution of folding intermediates arising from the gain in backbone 

flexibility consequent to replacing rigid Pro with flexible Ala. By quantitatively tracking shifts 

in the distribution of coexisting sub-populations within intermediate ensembles, this study 

provides direct evidence that the stability and partitioning of sub-populations are tunable 

features encoded in the primary sequence. 

In summary, the Pro41 to Ala mutation has revealed hidden heterogeneity in the size of 

the C segment in the product of initial collapse. Similarly, the Pro93 to Ala mutation has 

revealed hidden heterogeneity in the size of the E segment in a late intermediate. In previous 

studies of the folding of barstar, it had been shown that the product of initial collapse was also 

heterogenous, with different structural segments collapsed to different extents (Sinha and 
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Udgaonkar 2005, 2007). It was shown that this collapsed state at a few milliseconds of folding 

also contained sub-populations of differently structured molecules, and that different structured 

sub-populations could become stabilized and hence be populated to detectable extents in 

different folding conditions (Pradeep and Udgaonkar 2002, 2004a). Previous trFRET studies 

of the slow folding of barstar had shown that the structural heterogeneity of a late folding 

intermediate could also be modulated by a change in folding conditions (Sridevi et al. 2004). 

The current study demonstrates that structural heterogeneity in intermediate ensembles can be 

modulated by site-specific mutations that relieve local backbone rigidity, thereby redistributing 

molecules among distinct sub-populations (see above). Consequently, backbone rigidity 

emerges as a key determinant of how structural heterogeneity is modulated during protein 

folding. 

Decoupling of structure formation and chain compaction during folding 

 Different segments of the polypeptide chain of WT MNEI were shown to collapse to 

different extents during the burst phase of folding, suggesting that the product of the burst phase 

is structurally heterogeneous (Goluguri and Udgaonkar 2015). It was subsequently determined 

that the product of folding at 100 ms is also heterogeneous, comprising sub-populations of 

molecules that differed in which of the B, C and E segments had become N-like in dimensions 

(Bhatia, Krishnamoorthy, and Udgaonkar 2021b), even though insignificant secondary 

structure has formed at this time (Goluguri and Udgaonkar 2015; Goluguri and Udgaonkar 

2016; Bhatia et al. 2019). These results indicated that initial collapse at 100 ms of folding is 

decoupled from structure formation. In this study, it is seen that the Pro41 to Ala mutation 

further decouples initial collapse at the C segment from structure formation, by increasing the 

number of molecules becoming N-like in their dimensions during initial collapse (Figure 3.12). 

This increase in decoupling because of the P41A mutation suggests that rigid proline residues 

may serve as local gatekeepers of the initial collapse process. While initial collapse may be 

hydrophobic in nature, it also appears to be under precise, residue-level control.  

Importantly, the increase in the number of molecules undergoing initial collapse 

occurred at the expense of fewer molecules contracting during the subsequent phases, even 

though the number of molecules undergoing a change in structure in each phase, measured by 

the change in fluorescence of Trp19, was affected only marginally (Table 3.2). In this context, 

it should be noted that the rate constants of the change in fluorescence were found to match 

those of the change in far-UV circular dichroism, for WT_C and WT_E, as well as for other 
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MNEI variants (Goluguri and Udgaonkar 2015). Similarly, it was also seen that the Pro93 to 

Ala mutation increases the fraction of molecules becoming N-like in dimensions during the 

fast phase of contraction, at the expense of the slow phase (Figure 3.12) even though the 

number of molecules undergoing a change in structure in each phase, was affected only 

marginally (Table 3.2). The very fast phase of folding observed for WT_E (~25% of molecules) 

is abolished in the case of P93A_E (Kaushik and Udgaonkar 2023), with these molecules now 

folding during the fast phase. Thus, while the overall number of molecules folding remains 

unchanged, the extent of contraction during the fast phase is clearly increased. Thus, it appears 

that while an intermediate ensemble may consist of sub-populations that have compacted 

differently in different segments, the sub-populations nevertheless do not differ in the extent of 

structure that has formed (schematically illustrated in Figure 3.15). Together, these results show 

that the Pro to Ala mutations lead to more contracted sub-populations being favored, without 

significantly altering the extent of structure formed. This decoupling of chain contraction from 

structure formation demonstrates that the two processes, though often concurrent, are separable 

events during folding. 

Local backbone rigidity therefore appears to modulate the extent of compaction 

occurring at different stages of folding, without affecting the extent of structure formed. These 

effects, although mechanistically different for the two Pro to Ala mutations, demonstrate 

collectively that structure formation can be decoupled from chain contraction during all kinetic 

phases of folding, just as it is known to be decoupled during the initial collapse reaction. This 

appears to be first study that directly demonstrates the decoupling of chain contraction and 

structure formation during the later stages of folding. The results reveal that folding occurs 

through separable physical events, chain compaction and structure formation, which are not 

obligatorily coupled to each other, even at later stages of folding. 

 

 

 

 



94 
 

 

 

Figure 3.15. Schematic illustrating the effect of Pro to Ala mutations on the heterogeneity of 

an intermediate ensemble during the folding of MNEI. The mutations shift molecules toward 

more compact sub-populations, while the extent of structure formed remains largely 

unaffected. Symbols for donor, acceptor, and polypeptide chain are shown on the left. Numbers 

of molecules are illustrative and not exact. 
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Contraction occurs gradually during folding and is accelerated because of Pro to Ala 

mutations  

 The trFRET measurements showed that the U-like sub-population contracts to an N-

like sub-population during the fast and slow phases of folding, as well as during an 

unobservable 100 millisecond burst phase in the case of WT_C and WT_E (Figure 3.12, Table 

3.2). These measurements also showed that each kinetic phase does not represent a two-state 

transition but is characterized by molecules contracting in a gradual manner (Figure 3.13). In 

the case of WT_C and WT_E, both the N-like and U-like sub-populations underwent gradual 

contraction during folding, as evident in the gradual shift in their MEM-derived distance 

distributions, and their peaks, toward shorter distances (Figures 3.11 and 3.13). An earlier 

report (Bhatia, Krishnamoorthy, and Udgaonkar 2021b) attributed this contraction to 

continuous breakage of non-native interactions. Surprisingly, however, in the case of P41A_C, 

the N-like sub-population did not undergo any contraction during folding (Figure 3.13). It 

seems that the release of strain in the polypeptide backbone, and/or introduction of additional 

hydrogen bonding, consequent to replacing Pro41 with Ala, allowed the N-like sub-population 

to relax to the dimensions of the final N state as soon as it was formed. Moreover, the U-like 

sub-population for P41A_C undergoes contraction only during the fast phase (the slow phase 

was absent, see above and Figure 3.12). This indicates that compaction at the C segment is 

accelerated as a result of the Pro41 to Ala mutation. In the case of WT_E, the gradual nature of 

the slow compaction phase may be modulated by the trans-to-cis isomerization of the Gly92–

Pro93 peptide bond. In the case of P93A_E, for which contraction was seen to occur only 

during the fast phase of folding, this contraction was also observed to be gradual in nature, and 

not to be all-or-none (Figure 3.16). 

Nonetheless, for both Pro mutant variants, the U-like sub-population contracted 

gradually while at the same time undergoing first order transitions to become N-like, as also 

seen for the WT proteins (Figures 3.12 and 3.13). Similarly, gradual exposure of amide sites to 

solvent had been observed to occur in multiple kinetic phases in hydrogen exchange-mass 

spectrometry (HX-MS) studies of the unfolding of MNEI in native and native-like conditions 

(Malhotra and Udgaonkar 2015; Malhotra and Udgaonkar 2016b), in which folding would 

occur by the same mechanism in reverse. The HX-MS studies were complemented by SH-

labeling studies which revealed that each kinetic pause during folding in native conditions 

occurs because a specific tight packing interaction has to form, and that interaction forms in an 

all-or none manner (Malhotra and Udgaonkar 2014). 
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The shift in the MEM peak position provides only qualitative insight into compaction 

(Figure 3.13). Acceleration of the kinetics of compaction is obvious in the case of the P41A_C, 

as a slow phase of compaction was not observed (Figure 3.12; Table 3.2). To quantify the 

mutation-induced acceleration of the compaction of the E segment during the fast and slow 

kinetic phases, the apparent time constants (determined as the amplitude-weighted average of 

the time constant, τav = (afτf + asτs)/(af +as); τi =1/ki) were calculated for WT_E and P93A_E, 

where τf and τs are the time constants of the fast and slow kinetic phases, and af and as are their 

respective relative amplitudes (Figure 3.12 and Table 3.2). The apparent time constants for 

WT_E and P93A_E were 20 s and 2 s, respectively, indicating a ten-fold acceleration in 

compaction due to the P93A mutation. The acceleration at both the C and E segments may 

arise, in part, from the replacement of the rigid Pro residue with a more flexible Ala, facilitating 

faster chain contraction, as previously observed (Krieger et al. 2003; Krieger, Möglich, and 

Kiefhaber 2005). Moreover, early stabilization of structure in both segments (see above) by 

Pro to Ala mutation, may pre-organize local and/or non-local conformations, leading to a 

reduction in the conformational degrees of freedom and enhancement in the efficiency of 

subsequent conformational search. 
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Figure 3.16. MEM-derived distance distributions at different times of folding of the different 

labeled variants of MNEI. In each case, the distributions have multiple cross-over points, 

indicative of a non-two state transition. Distributions corresponding to different times of folding 

are shown in different colours, as described for each panel. The y-axis in each panel represents 

the relative amplitude normalized to the sum of amplitudes for each distribution to make the total 

population fraction equal to 1. Panels WT_C-TNB and WT_E-TNB have been adapted and 

modified from (Bhatia, Krishnamoorthy, and Udgaonkar 2021b). 
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3.5 Conclusion 

Site-specific Pro to Ala mutations reveal how the heterogeneity within intermediate 

ensembles modulates the coupling between chain compaction and structure formation during 

the folding of MNEI. The P41A mutation stabilized a minor sub-population of molecules 

during the initial collapse process, while the P93A mutation stabilized late intermediates during 

the fast phase of compaction at the C and E segments, respectively. Stabilization of these sub-

populations led to pathway partitioning and redistribution of intermediate sub-populations, 

resulting in a decoupling of structure formation from chain compaction during all kinetic 

phases of folding. These findings highlight a general principle: sub-population heterogeneity, 

encoded by local backbone rigidity, is a key determinant of whether and how compaction and 

structure formation are dynamically coupled during folding, challenging the traditional view 

that these processes are obligatorily coupled during the later stages of folding. 
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Chapter 4 

Chain entropy modulates cooperativity selectively within 

intermediate sub-populations during protein unfolding 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Reproduced with permission from:  

Kaushik, A. and Udgaonkar, J.B., 2026. Chain entropy modulates cooperativity 

selectively within intermediate sub-populations during protein 

unfolding. Biochemistry. DOI: 10.1021/acs.biochem.6c00188. 
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4.1 Introduction 

The extent and origin of cooperativity in protein folding and unfolding reactions are not 

yet fully understood. Folding transitions are often described as “two-state” when monitored by 

ensemble-averaging probes, which typically report sigmoidal transitions between the native 

(N) and unfolded (U) states (Privalov 1979; Jackson and Fersht 1991a; Eaton et al. 2000). This 

seeming all-or-none behaviour led to the view that proteins have evolved to fold and unfold 

cooperatively, so that the population of partially folded intermediates that could be aggregation-

prone, is minimal (Canet et al. 2002; Dobson 2003). A two-state description, however, does not 

exclude the possibility that high-energy intermediates are populated transiently during folding. 

When folding is probed by more sensitive techniques, partially folded intermediates have been 

detected and structurally characterized, and in several cases intermediates stable enough to 

accumulate to measurable extents, have been identified (Roder, Elöve, and Englander 1988; 

Bai et al. 1995; Lakshmikanth et al. 2001; Akiyama et al. 2002; Jha et al. 2009; Malhotra and 

Udgaonkar 2016b; Bhatia, Krishnamoorthy, and Udgaonkar 2018; Bhatia, Krishnamoorthy, 

and Udgaonkar 2021a).  Indeed, even when the thermodynamic and kinetic criteria for two-

state folding are satisfied, partially unfolded intermediates may still be sparsely populated, and 

different structural segments may lose structure gradually or asynchronously.  

A true two-state conformational change in a protein would be one in which different 

structural regions undergo synchronous change. But unfolding under equilibrium conditions 

can appear to be two-state even when (i) different structural regions of the protein have distinct 

local stabilities that are distributed around the global stability, resulting in unfolding being 

heterogeneous and not fully cooperative (Holtzer et al. 1997; Sadqi, Fushman, and Munoz 

2006; Chatterjee et al. 2007; Julien et al. 2009; Krishna Mohan, Chakraborty, and Hosur 2009; 

Sborgi et al. 2015), and (ii) certain regions undergo gradual unfolding, in which structural order 

is lost progressively (Kuzmenkina, Heyes, and Nienhaus 2006; Jha et al. 2009; Malhotra and 

Udgaonkar 2015; Sabelko, Ervin, and Gruebele 1999; Song et al. 1999; Lakshmikanth et al. 

2001; Garcia-Mira et al. 2002; Sinha and Udgaonkar 2008; Waldauer et al. 2008; Wani and 

Udgaonkar 2009). In such cases, the non-cooperative behaviour of some structural elements 

may remain hidden beneath the apparent global cooperativity reported by ensemble-averaging 

probes, and be revealed only by site-specific, high-resolution methods such as single-molecule 

fluorescence resonance energy transfer (sm-FRET) (Kuzmenkina, Heyes, and Nienhaus 2006), 

time-resolved FRET (Sridevi et al. 2004; Kishore, Krishnamoorthy, and Udgaonkar 2013; 

Halloran et al. 2019; Bhatia, Krishnamoorthy, and Udgaonkar 2018) and hydrogen exchange 
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coupled to mass spectrometry (HX-MS) (Malhotra and Udgaonkar 2015; Arrington, Teesch, 

and Robertson 1999; Malhotra and Udgaonkar 2016b; Bhattacharjee and Udgaonkar 2021). 

For several proteins, these methodologies have revealed that (un)folding can be slowed down 

not just by a dominant high free energy barrier, but also by a rugged landscape with many 

distributed small free energy barriers, (McCammon, Gelin, and Karplus 1977; Bryngelson et 

al. 1995; Henzler-Wildman and Kern 2007) leading to gradual, asynchronous structural 

transitions (Lakshmikanth et al. 2001; Rami and Udgaonkar 2002; Rami, Krishnamoorthy, and 

Udgaonkar 2003; Jha et al. 2009; Bhatia et al. 2019; Bhatia, Krishnamoorthy, and Udgaonkar 

2018). What remains unclear is whether deviations from two-state behaviour originate solely 

within secondary structural elements or whether they also involve long-range interactions. How 

the intrinsic differences in cooperativity of formation of different structural motifs are 

influenced by their placement within the overall protein architecture remains poorly 

understood. Moreover, whether multi-chain proteins display distinctive cooperative or non-

cooperative unfolding patterns compared to their single-chain counterparts is an open question. 

The small protein monellin is an ideal model system for investigating folding 

cooperativity, as it exists in two closely related forms: a naturally occurring heterodimer 

(dcMN) (Aghera and Udgaonkar 2011; Aghera, Earanna, and Udgaonkar 2011), and an 

artificially created single-chain variant (MNEI) (Patra and Udgaonkar 2007) in which the C-

terminus of chain B (in β2) is linked covalently to the N-terminus of chain A (in β3) via a short 

Gly-Phe peptide linker (Figure 4.1a). The native-state structures of dcMN and MNEI are nearly 

identical (Kim, de Vos, and Ogata 1988; Aghera, Earanna, and Udgaonkar 2011) except at the 

linker region (Figure 4.1a). These two variants of monellin offer a unique opportunity to 

directly compare the unfolding cooperativity of single-chain and double-chain architectures, 

while minimizing confounding differences in sequence or structure, thereby isolating the effect 

of chain connectivity. 

It is known that MNEI exhibits deviations from two-state behaviour: kinetic and 

equilibrium studies using multisite tr-FRET and HX-MS have revealed continuous, segmental 

expansion of the β-sheet during unfolding (Jha et al. 2009; Jha and Udgaonkar 2009) and 

limited cooperativity (Malhotra and Udgaonkar 2016b; Malhotra and Udgaonkar 2015; Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). Other studies have shown asynchronous folding of the 

helix (Goluguri and Udgaonkar 2015), and the transient population of metastable intermediates 

(Goluguri and Udgaonkar 2016; Bhatia et al. 2019; Bhatia, Krishnamoorthy, and Udgaonkar 

2021a) that further underscore the heterogeneous and non-cooperative nature of the folding 

and unfolding pathways. dcMN appears to differ from MNEI in its stability (Aghera, Earanna, 
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and Udgaonkar 2011; Bhattacharjee and Udgaonkar 2021) as well as in its folding cooperativity 

(Malhotra and Udgaonkar 2015; Bhattacharjee and Udgaonkar 2021; Malhotra, Jethva, and 

Udgaonkar 2017), and it is not known whether these differences arise because MNEI is an 

artificially created protein. An HX-MS study on dcMN (Bhattacharjee and Udgaonkar 2021) 

showed that unfolding under native and mildly denaturing conditions involves three non-

cooperative kinetic phases followed by a slower cooperative phase. Interestingly, while only 

β3 in chain A unfolds cooperatively under strongly native conditions (≤0.4 M GdnHCl), both 

β3 and β2 in chain B unfold cooperatively under mildly denaturing concentrations (0.6–1 M 

GdnHCl). However, HX-based methods probe only those regions that display measurable 

protection, and typically provide little or no information on more than half of the structure, 

because that offers little or no protection against HX.  
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Figure 4.1. a) Structural comparison of MNEI and dcMN. The Gly–Phe linker (shown in pink) 

joins the two chains of dcMN (shown in grey) to yield MNEI (shown in blue). b) Structure of 

dcMN showing the different residues used for monitoring FRET. Chain B of dcMN is shown in 

yellow, while chain A is shown in green. Wild-type dcMN has one Trp residue (W4) and one Cys 

residue (C42). The side chains of the Trp residues (used as the FRET donor) are shown as blue 

rings, and the Cys residues (to which the FRET acceptor TNB was attached) are shown as red 

spheres. FRET was measured in single tryptophan-containing, single cysteine-containing 

variants. FRET changes were monitored within chain B (in W4C42), within chain A (in 

W58C81), between the two chains (in W4C96), and across the helix (in W4C29) present in chain 

B. The distances between the centre of the Trp ring and Cβ atoms of the Cys residue (attached to 

the acceptor) in the N state, were 13.0 Å (W4C42), 14.3 Å (W58C81), 16.0 Å (W4C96) and 22.5 

Å (W4C29). The structure has been drawn using the Chimera software and the PDB IDs 1IV7 

and 3MON. 
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As a result, intrinsically flexible segments and transiently unprotected regions, which 

may include parts of the inter-chain dimer interface, are often not captured, even though they 

may play a key role in coordinating conformational transitions during unfolding.  

  To understand how protein architecture and chain connectivity modulate folding 

cooperativity and heterogeneity, MEM-coupled time-resolved FRET measurements were used 

together with site-specific fluorescence anisotropy measurements to study the unfolding of 

dcMN under equilibrium conditions. Four FRET pairs were designed: two intra-chain pairs to 

map distance distributions within the structural cores of chain A (in W58C81) and chain B (in 

W4C42), one inter-chain pair (in W4C96) to monitor the distance distribution across the two 

chains, and another (in W4C29) to map the helix segment (Figure 4.1b). Measurements of the 

time-resolved fluorescence anisotropy decay of Trp58 in W58C81 provide complementary 

insights into the motional dynamics at the dimer interface and within chain A, while those of 

Trp4 in W4C42 report on chain B. These approaches together reveal localized deviations from 

two-state behaviour that remain hidden when ensemble-averaging probes are utilized to study 

unfolding. By following the GdnHCl concentration-dependent evolution of MEM-derived 

lifetime distributions and anisotropy-derived dynamics across intra-chain cores, inter-chain 

contacts, the helix, and the dimer interface, the structural basis of unfolding cooperativity in 

dcMN has been delineated. 

4.2 Materials and Methods 

Protein expression, purification, and TNB labelling 

The wild-type protein (W4C42) has a single tryptophan (Trp4) residue located in the 

first β-strand and a single buried cysteine (Cys42) in the second β-strand of chain B. Site-

directed mutagenesis was used to generate the single-tryptophan, single-cysteine containing 

mutant variants: C42AQ29C (W4C29), C42AP96C (W4C96), and W4YY58WC42AT81C 

(W58C81). Protein purification was carried out following an established protocol (Aghera and 

Udgaonkar 2011). The single cysteine residue in each protein variant was conjugated with the 

acceptor thionitrobenzoate (TNB) moiety. Labeling was performed as previously described 

(Jha et al. 2009). In brief, the protein was unfolded in 2 M GdnHCl and incubated with DTNB 

solution at pH 8 for ≥ 2 h; after which excess label was removed by desalting. The purity of 

each protein preparation was confirmed by electrospray ionization mass spectrometry (ESI-

MS). The mass of the labeled protein showed the expected increase of 197 Da, corresponding 

to the mass of the TNB group, and the extent of labeling was > 95%. The concentrations of the 

unlabeled protein solutions were determined from absorbance measurements at 280 nm, using 
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the molar extinction coefficient value of 14 600 M-1 cm-1. For the TNB-labeled proteins, the 

contribution of the TNB absorbance to the total absorbance at 280 nm was 20% for all TNB-

labeled protein variants, except for W4C96-TNB, for which the contribution was 10% (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). 

Reagents 

All the experiments were carried out at pH 8.0 and 25oC. The reagents used in the 

experiments were of the highest purity grade from Sigma. Guanidine hydrochloride (GdnHCl) 

was purchased from Thermo Scientific, and was of the highest purity grade. The native buffer 

contained 50 mM Tris and 250 µM EDTA, and unfolding buffer contained, in addition, 

GdnHCl. 1 mM DTT was added for all experiments with unlabeled proteins. The 

concentrations of GdnHCl solutions were determined by the measurements of the refractive 

index on an Abbe 3L refractometer from Milton Roy. All buffers and solutions were passed 

through 0.22 µm filters before use. A protein concentration of 5 µM was used for all 

experiments. 

Measurement of fluorescence and far UV CD spectra 

Fluorescence spectra were collected on a Fluoromax 4 (Horiba) spectrofluorometer. 

The protein samples were excited at 295 nm, and the emission spectra were collected from 310 

to 450 nm, with a response time of 1 s, and excitation and emission bandwidths of 1 nm and 5 

nm, respectively. Each spectrum was recorded as the average of three fluorescence emission 

wavelength scans. Measurements of CD spectra were carried out on a Jasco J-815 

spectropolarimeter. Far-UV CD spectra were collected using a 0.2 mm pathlength cuvette, with 

a bandwidth of 1 nm, a response time of 1 s, and a scan speed of 20 nm/min. Thirty wavelength 

scans were averaged for each spectrum. 

Steady-state fluorescence and anisotropy measurements 

For equilibrium unfolding studies, protein samples were incubated in different 

concentrations of GdnHCl (0 to 2 M) for ≥ 48 h prior to measurement. The fluorescence 

intensities of both unlabeled and TNB-labeled protein variants for steady-state FRET 

measurements were measured using the MOS-450 optical system (Biologic). The protein 

samples were excited at 295 nm, and the emitted fluorescence was monitored at 360 nm using 

a 10 nm band-pass filter (Asahi Spectra). The excitation slit width was kept at 2 nm. For each 

sample, the data were acquired and averaged for 30 s. The fluorescence anisotropies of Trp4 in 
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W4C42 and Trp58 in W58C81 were measured using a Fluoromax 4 (Horiba) 

spectrofluorometer by monitoring the emission at parallel and perpendicular polarizations 

simultaneously using the T-format optical arrangement. 

Time-resolved fluorescence and anisotropy measurements 

Fluorescence intensity decay curves for the four pairs of unlabeled and labeled proteins, 

and fluorescence anisotropy decay curves for unlabeled W4C42 and W58C81 were acquired 

after equilibrating the samples at different GdnHCl concentrations for ≥ 48 h prior to 

measurements.  

Fluorescence lifetime and anisotropy measurements were carried out using an 

excitation wavelength of 295 nm, generated by frequency-tripling 885 nm femtosecond pulses 

from a Ti:sapphire laser. Emission at 360 nm was detected using hybrid PMTs (HPM-100-40 

or HPM-100-07). Time-correlated single-photon counting (TCSPC) was employed to record 

decay profiles, and instrument response functions (IRF) were recorded for deconvolution. A 

polarizer (Glan-Thompson), set at 54.71° (magic angle) with respect to excitation, was kept in 

front of the long-pass filter to avoid polarization effects. In time-resolved anisotropy decay 

measurements, the emission was collected at directions parallel (I║) and perpendicular (I┴) to 

the polarization of the excitation beam, for the same duration. The IRF was measured using 

light scattered from a LUDOX solution. The HPM-100-07 consistently gave an IRF FWHM of 

~60 ps, and the HPM-100-40 detector gave an IRF FWHM of ~100 ps. The fluorescence 

lifetime of NATA (2.5–2.8 ns) in water was routinely recorded as a standard. All decay 

transients were collected to a peak count of 20 000, and up to 99.9% of completion. Detailed 

descriptions of the instrumentation for lifetime (Bhatia, Krishnamoorthy, and Udgaonkar 2018) 

and anisotropy (Swaminathan et al. 1996; Saxena, Udgaonkar, and Krishnamoorthy 2006; 

Sarkar, Udgaonkar, and Krishnamoorthy 2013) measurements have been reported previously. 

Data analysis 

Analysis of the fluorescence intensity decay traces: Details of the analysis are given in an 

earlier study (Bhatia, Krishnamoorthy, and Udgaonkar 2018). A brief description is given 

below:  

Discrete analysis: The decay traces were fit to a sum of exponentials,  

  𝐹(𝑡) =  ∑ 𝛼𝑖𝑒
−(

𝑡

𝜏𝑖
)𝑛

𝑖=1                                                                                                              (1) 
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Here, αi is the relative amplitude of the τi lifetime component, t is time, and n ranges from 3 to 

4.  

The amplitude-weighted mean lifetime, 𝛕m was caculated as:    

 𝛕m = 
∑ 𝛼𝑖𝜏𝑖

∑ 𝛼𝑖
;  ∑ 𝛼𝑖 =  1                                                                                                             (2) 

MEM analysis: The analysis began with the assumption that the decay corresponds to a 

distribution of 100-150 lifetimes in the range 1 ps to 10 ns. The a priori distribution of lifetimes 

was assumed to be uniform in the logarithms of lifetimes being uniformly distributed in this 

range. Then, the best fit values of αi and τi were determined using the Maximum Entropy 

Method (MEM) (Jha et al. 2009; Bhatia, Krishnamoorthy, and Udgaonkar 2021a).       

The a posteriori distribution of these parameters was obtained by maximizing the 

Shannon Jaynes entropy S, defined as  

S= −Σ Pi log(Pi)                                                                                                                            (3)  

Pi is the normalized amplitude of the ith lifetime.  

Pi =   
𝛼𝑖

∑ 𝛼𝑖
                                                                                                                                            (4)  

αi is the amplitude of the ith lifetime.  

Analysis parameters were optimized for obtaining precise and reproducible MEM 

distributions. The most probable (MEM peak) lifetime refers to the lifetime corresponding to 

the maximum amplitude in the lifetime distribution data.  

Fitting of MEM analysis-derived distributions to a two-state model 

Fluorescence lifetime distributions obtained from MEM analysis were fitted to a two-

state model using a nonlinear least-squares curve fitting algorithm implemented in MATLAB. 

This algorithm used the fluorescence lifetime distributions of the native state, N(Ⴀ), and the 

unfolded state, U(Ⴀ), as basis distributions, and carried out a nonlinear least-squares fit across 

all GdnHCl concentrations according to the equation: 
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Y (Ⴀ) = fN x N(Ⴀ) + fU x U(Ⴀ)                                                                                                                 (5) 

where fN and fU represent the fractions of native and unfolded protein, respectively, at each 

GdnHCl concentration. The root mean-squared deviation (rmsd) at a given GdnHCl 

concentration (Figure 4.14) was calculated as the square root of the mean of the squared 

residuals across all lifetime values. 

FRET efficiency and distance determination  

The mean FRET efficiency (<E>) was obtained from mean fluorescence lifetimes of 

the unlabeled (<τD>) and the corresponding TNB-labeled (<τDA>) variants using the following 

equation: 

<E> =1− 
< 𝜏𝐷𝐴>

< 𝜏𝐷>
                                                                                                                   (6)  

The mean fluorescence lifetimes were determined by discrete analysis of the 

fluorescence decay traces as described earlier (Jha et al. 2009; Bhatia, Krishnamoorthy, and 

Udgaonkar 2018). 

The mean FRET efficiency value was converted to the average intramolecular distance 

(<RDA>) using the Fӧrster equation:  

<RDA> = R0  (
1 − <𝐸>

< 𝐸>
)

1/6

                                                                                                                                                           (7)  

The values for the Forster’s distance, R0 used for the different protein variants are listed in 

Table 4.1. 
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Table 4.1. Energy transfer parameters of the native and unfolded states. 

Protein FRET efficiency Quantum yield Overlap Integral, 

    J*10^ (-13) 

      Förster 

distance, Ro   

        (Å)                 

W4C42_N          0.84         0.1130            7.5         23.4 

W4C42_U          0.10         0.0851            8.7         23.6 

W58C81_N          0.82         0.1346            8.9         24.3 

W58C81_U          0.18         0.0900            9.1         22.7 

W4C96_N          0.50         0.0996            8.1         22.6 

W4C96_U          0.02         0.0915            9.2         22.8 

W4C29_N          0.31         0.1053            9.5         23.5 

W4C29_U          0.12         0.0920            9.7         23.0 

 

 

Determination of the fractions of molecules in the N-like and U-like subpopulations from 

MEM distributions 

To determine the fractions of N-like and U-like molecules from the MEM distributions 

(see introduction) at different GdnHCl concentrations, it was essential to take into account the 

observation that, for any segment, the equilibrium U state contained a fraction of molecules 

exhibiting lifetimes corresponding to an N-like distribution (<0.6 ns), while the equilibrium N 

state included a fraction of molecules exhibiting lifetimes corresponding to a U-like 

distribution (>0.6 ns) (Figures 4.8 and 4.11). These fractions were comparable for each pair of 

unlabeled (Figure 4.11) and corresponding labeled (Figure 4.8) unfolded proteins, suggesting 

that they originate from differences in the electronic structure of the fluorophore or distinct Trp 

rotamers (Beierlein et al. 2006; Maglia et al. 2008; Moors et al. 2008; Gasymov, Abduragimov, 

and Glasgow 2012) rather than from the presence of the quenching TNB moiety. The fraction 

of molecules expanded (U-like) at a given segment was determined using the equation: 

fU=Yi−YN/YU−YN , where YU represents the relative sum of amplitudes for the U-like 

distribution in the equilibrium U state, YN corresponds to the relative sum of amplitudes for the 

U-like distribution in the equilibrium N state, and Yi denotes the relative sum of amplitudes for 

the U-like distribution at a given GdnHCl concentration. The relative sum of amplitudes was 

calculated as the sum of amplitudes for the U-like or N-like distribution divided by the total 

sum of amplitudes for both distributions. fU derived from MEM-derived fluorescence lifetime 
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distributions (Figures 4.8 and 4.9), had been shown previously to accurately estimate the 

relative fractions of N-like and U-like molecules present together (Bhatia, Krishnamoorthy, 

and Udgaonkar 2021a). 

Analysis of the fluorescence anisotropy decay traces 

 Time-resolved anisotropy decays were analyzed on the basis of the following 

equations.  

𝐼║(𝑡)  =  
1

3
 𝐼(𝑡) [𝐼 +  2 𝑟(𝑡)]                                                                                                        (8) 

𝐼┴(𝑡) =
1

3
 𝐼(𝑡) [1 − 𝑟(𝑡)]                                                                                                         (9) 

𝐼(𝑡) =  ∑ 𝛼𝑖𝑖 exp (−
𝑡

𝜏𝑖
) ,        𝑖 = 1 − 3                                                                                    (10) 

𝑟(𝑡) =   𝑟𝑜 ∑ 𝛽𝑗𝑗 exp (−
𝑡

𝜏𝑟𝑗
) ,        𝑗 = 1 𝑜𝑟 2                                                                                  (11) 

where I║ and I┴ are the emission intensities collected at polarizations parallel or 

perpendicular to the polarization of the excitation beam. I(t) is the total fluorescence intensity 

at time t. ro is the initial anisotropy, and αi and βj are the amplitudes associated with the ith 

fluorescence lifetime and jth rotational correlation time such that ⅀αi = ⅀βj = 1. In this model, 

each τi is associated with both τr1 and τr2. I║ and I┴ were analyzed globally (Swaminathan, 

Krishnamoorthy, and Periasamy 1994). It should be noted that the values of both rotational 

correlation times are viscosity-uncorrected, i.e., no correction was applied for changes in 

solvent viscosity with GdnHCl concentration. It should also be noted that no specific molecular 

shape was assumed in the anisotropy decay analysis, and the rotational correlation times were 

used only as empirical descriptors of rotational dynamics. The accuracy of the estimated 

anisotropy decay parameters depended significantly on the accuracy of the geometry (G) factor 

of the emission monochromator. Hence, extreme care was taken in the estimation of the G-

factor as described previously (Jha et al. 2009). The steady-state fluorescence anisotropy (rss) 

was calculated from the parameters obtained from the time domain data, using equation 12. 

𝑟𝑠𝑠 =  
𝑟𝑜 ∑ ∑ 𝛼𝑖𝛽𝑗(

1

𝜏𝑖
+

1

𝜏𝑟𝑗
)

−1

𝑗𝑖

∑ 𝛼𝑖𝜏𝑖𝑖
                                                                                                            (12) 
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The measurement techniques and the data analysis procedures used were as described earlier 

(Swaminathan, Krishnamoorthy, and Periasamy 1994; Swaminathan et al. 1996; Jha et al. 

2009). 

4.3 Results  

The structure and stability of the protein were not significantly perturbed by mutation 

and labelling 

To monitor distinct intramolecular distances in dcMN, four single-Trp, single-Cys 

variants were generated (see Materials and Methods). The tryptophan residues (Trp4 in chain 

B and Trp58 in chain A) served as FRET donors, and a TNB group covalently attached to a 

unique cysteine acted as the acceptor. dcMN contains a native Cys residue at residue position 

42, and a cysteine residue was introduced at residue position 29, 81, or 96 in place of Cys42 to 

enable site-specific labelling (see Materials and Methods). The unfolding transitions of these 

protein variants were then monitored by FRET at various concentrations of GdnHCl. The 

fluorescence emission maximum of both Trp4 in chain B (for W4C42, W4C96 and W4C29) 

and Trp58 in chain A (for W58C81), upon excitation at 295 nm, was at ~ 347 nm for the native 

unlabeled protein (Figure 4.2) indicating that the local environments of Trp4 and Trp58 were 

similar. Upon unfolding, the wavelength of maximum fluorescence emission increased to 356 

nm for all the protein variants, reflecting full exposure of W4 or W58 to solvent. Upon labeling 

with the TNB acceptor, quenching of the Trp fluorescence intensity was observed at all 

wavelengths, and the extent of quenching was different for the N and U states. The extent of 

quenching upon TNB-labeling was different for the different protein variants, indicating that 

quenching was distance-dependent, and hence, due to FRET. The extent of quenching was also 

found to be independent of protein concentration, ruling out intermolecular energy transfer 

(data not shown). The secondary structure, as can be seen in the far-UV CD spectra (Figure 

4.3) was not perturbed significantly by mutation and labeling. The minor differences in the 

spectra of the variants can be attributed to differences in the contributions of Trp and Tyr at 

residue positions 4 and 58 (Woody 1978; Chakrabartty et al. 1993). 

The stabilities of all the unlabeled proteins were not significantly different (< 1 kcal 

mol-1) from that of wt dcMN (W4C42) (Figure 4.4 and Table 4.2), indicating that the mutations 

caused minimal perturbation. Labeling with TNB also had little effect on stability for the 

W58C81, W4C96, and W4C29 variants, but the W4C42 variant was slightly destabilized. 

Cys42 is completely buried in the N state, and the covalent modification of this residue by 
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TNB, may have disrupted packing interactions and thereby caused a minor decrease in stability. 

Similar destabilization upon TNB-labeling of Cys42 had also been observed for MNEI (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). Nevertheless, the overall folding and unfolding 

properties were not altered significantly: the refolding kinetics of the labeled and unlabeled 

variants were indistinguishable from those of wt dcMN (data not shown). 

 

 

 

 

Figure 4.2. Fluorescence emission spectra of the different mutant variants of dcMN. The solid 

and dashed curves represent the spectra of the native and unfolded states (in 2 M GdnHCl), 

respectively, for the TNB-labeled (red) and unlabeled (blue) proteins. The spectra were 

normalized to the fluorescence value of the native unlabeled protein at 350 nm. 
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     Figure 4.3. Far-UV CD spectra of the different mutant variants of dcMN. Spectra of the native 

(solid lines) and unfolded (dashed lines) states are shown for the TNB-labeled (red lines) and 

unlabeled (blue lines) proteins. Spectra of the unfolded proteins were measured in 2 M 

GdnHCl. 
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Figure 4.4. Equilibrium unfolding transitions of different variants of dcMN monitored by 

steady- state FRET measurements. The blue and red circles correspond to the fluorescence 

intensities of the unlabeled and TNB-labeled proteins, respectively. The solid line passing 

through each dataset is a non-linear, least-squares fit to a two-state unfolding model for a 

heterodimeric protein (Aghera, Earanna, and Udgaonkar 2011). The thermodynamic 

parameters obtained are listed in Table 4.2. The inset in each panel shows the dependence of 

the FRET efficiency on GdnHCl concentration. The solid line shown in the inset of the panel 

for W4C29 is drawn to guide the eye. 
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Table 4.2. Thermodynamic parameters obtained from fluorescence-monitored equilibrium 

unfolding measurements for the different mutant variants of dcMN at pH 8 and 25oC. 

 

Protein Free energy of unfolding 

     (∆GU), kcal mol-1 

 Mid-point of unfolding 

             (Cm), M 

W4C42             11.0 ± 0.1            0.69 ± 0.04    

W4C42-TNB              9.2 ± 0.4            0.27 ± 0.05         

W58C81             10.1 ± 0.1            0.46 ± 0.03 

W58C81-TNB              9.6 ± 0.1            0.36 ± 0.04 

W4C96             10.6 ± 0.2            0.58 ± 0.05 

W4C96-TNB             10.8 ± 0.1            0.64 ± 0.02 

W4C29             10.8 ± 0.4            0.63 ± 0.09 

W4C29-TNB             10.5 ± 0.4            0.55 ± 0.08 

 

Dependence of FRET efficiency on GdnHCl concentration appeared non-sigmoidal for 

the helix segment 

The equilibrium unfolding transitions of W4C42, W58C81, W49C96 and W4C29 

monitored by fluorescence, appeared to be two-state in nature, as indicated by the sigmoidal 

dependence of fluorescence intensity on GdnHCl concentration (Figure 4.4). The dependence 

of FRET efficiency on GdnHCl concentration (insets, Figure 4.4) also appeared to be 

describable as a two-state transition, for all variants except W4C29, which showed a broad 

non-sigmoidal transition. 

The dependence of the mean lifetime on GdnHCl concentration, derived from the 

discrete analysis of time-resolved fluorescence intensity decay curves obtained at different 

GdnHCl concentrations, compared very well with that monitored by Trp fluorescence (steady-

state measurements) (Figure 4.6). Moreover, for all the protein variants, there was good 

agreement between the FRET efficiencies obtained from fluorescence intensity and lifetime 

measurements (Figures 4.4 and 4.5). The FRET efficiencies at each GdnHCl concentration 

were converted to apparent (uncorrected) donor–acceptor distances (insets, Figure 3) using the 

Förster relation (equation 7, Materials and Methods), assuming dynamic isotropic averaging 

(κ2=2/3). However, based on these measurements, the equilibrium unfolding transitions could 

not be classified as either strictly cooperative or gradual, as these measurements could not 

resolve distinct conformational subpopulations populated at different GdnHCl concentrations. 



116 
 

It should be noted that negligible FRET is observed for the segment mapping the distance 

across the two chains (W4C96) at GdnHCl concentrations above 1.5 M (Figures 4.4 and 4.5). 

If this FRET amplitude was nevertheless used to infer the distance separating Trp4 and Cys96-

TNB, a distance > 40 Å was obtained, which exceeded the reliable distance-sensitive range of 

the FRET pair (R₀ = 22.7 Å). Hence, the distance, while exceeding 40 Å, could not be 

determined quantitatively. In addition, far-UV CD spectra for the segments mapping the cores 

of the two chains (in W4C42 and W58C81), as well as for the inter-chain segment (in W4C96), 

showed a complete loss of secondary structure at 2 M GdnHCl (Figure 4.3). Together, these 

observations indicated that at high denaturant concentrations, the two chains have separated 

from each other. 

MEM analysis revealed the coexistence of cooperative and continuous unfolding 

Fluorescence intensity decay curves were analyzed using the Maximum Entropy 

Method (MEM) to obtain fluorescence lifetime distributions (Figure 4.8). Representative 

fluorescence decay curves together with the corresponding MEM fits and residuals are shown 

in Figure 4.7 for the W4C96 variant under different denaturant conditions (Figure 4.7). In the 

case of W4C42-TNB, W58C81-TNB and W4C96-TNB, the fluorescence lifetime distributions 

obtained at the different GdnHCl concentrations, were bimodal (Figure 4.8). Lifetimes between 

0.001 and 0.6 ns, were taken to arise from native-like (N-like) forms, and lifetimes > 0.6 ns, 

were taken to arise from unfolded-like (U-like) forms of the protein. The cutoff of 0.6 ns 

corresponds to the boundary between the two modes in the bimodal lifetime distributions, 

allowing clear separation of N-like (<0.6 ns) and U-like (>0.6 ns) sub-populations (Figure 4.8). 

This is consistent with the observation that the U state predominantly populates lifetimes > 0.6 

ns (U-like) and the N state predominantly populates lifetimes < 0.6 ns (N-like) (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018; Bhatia, Krishnamoorthy, and Udgaonkar 2021a). This 

separation reflects the extent of quenching of the Trp fluorescence, where shorter lifetimes 

correspond to more strongly quenched, N-like sub-populations, and longer lifetimes 

correspond to less quenched, U-like sub-populations. Such grouping of lifetimes allowed the 

fractions of molecules in the U-like and N-like sub-populations to be determined at each 

GdnHCl concentration (see Materials and Methods). For each protein variant, the dependence 

of the MEM-derived fraction of molecules that were U-like (see Materials and Methods) was 

found to match the unfolding transition monitored by the measurement of fluorescence 

intensity or mean fluorescence lifetime (Figures 4.4, 4.6 and 4.9) and yielded similar values for 

the stability, ∆GU and the midpoint of the transition, Cm (Figure 4.9 and Table 4.2). This was 
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important because it validated the grouping into N-like and U-like sub-populations. It should 

be noted that modest changes in the cutoff (e.g., 0.5 – 0.8 ns) resulted in only minor variations 

in the calculated U-like fractions or the derived thermodynamic parameters (ΔGU and Cm), 

indicating that the analysis is robust to the precise choice of cutoff.  

 

 

 

Figure 4.5. Equilibrium unfolding transitions of dcMN monitored by time-resolved FRET 

measurements. Mean FRET efficiency was calculated using mean lifetimes that were obtained 

from discrete analysis of the time-resolved data for both the unlabeled and the TNB-labeled 

protein variants. The inset in each panel shows the dependence of the apparent donor–acceptor 

distances on GdnHCl concentration. The distances represent ensemble-averaged values 

calculated from FRET efficiencies using Ro values (Table 4.1; Materials and Methods). The 

error bars represent the spread in the data obtained from two independent experiments.  
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Figure 4.6. Equilibrium unfolding transitions of the different variants of dcMN monitored by 

time-resolved fluorescence measurements. Mean lifetimes were obtained from discrete 

analysis of the time-resolved fluorescence data. Blue and red circles correspond to the data 

obtained for the unlabeled and TNB-labeled proteins, respectively. The solid line passing 

through each dataset is a non-linear, least-squares fit to a two-state unfolding model for a 

heterodimeric protein (Aghera, Earanna, and Udgaonkar 2011). The error bars represent the 

spread in the data obtained from two independent experiments. 
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Figure 4.7. Representative fluorescence decay curves of unlabeled and labeled protein for the 

W4C96 variant at 0 M (red), 0.5 M (green), and 2 M (pink) denaturant concentrations. The 

corresponding MEM fits are shown as dashed black lines for each concentration. Insets show 

the decay curves with the y-axis plotted on a logarithmic scale. The corresponding residuals 

for the fits are shown below. 
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     Figure 4.8. MEM-derived fluorescence lifetime distributions of the TNB-labeled mutant 

variants of dcMN at different GdnHCl concentrations. The differently colored lines 

correspond to various concentrations of GdnHCl, as described. The x-axis has been plotted 

on a log scale. The amplitude has been normalized to the sum of amplitudes for each 

distribution. 
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Figure 4.9. Fractional change in the U-like population calculated from the relative sum of 

amplitudes of the MEM distributions at different concentrations of GdnHCl. The solid line 

passing through each dataset is a non-linear, least-squares fit to a two-state unfolding model. 

The fits gave values for ∆GU of 9.3 ± 0.2, 9.4 ± 0.3 and 10.6 ± 0.1 kcal mol-1 for W4C42-TNB, 

W58C81-TNB and W4C96-TNB, respectively. The mid-points (Cm) of the unfolding 

transitions for W4C42-TNB, W58C81-TNB and W4C96-TNB are at 0.28 ± 0.04, 0.33 ± 0.06 

and 0.61 ± 0.02 M, respectively. The error bars represent the spread in the data obtained from 

two independent experiments.   
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The main features of the fluorescence lifetime distributions were as follows: (a) for the 

N-like forms, the peak position shifted gradually towards longer lifetimes with increasing 

GdnHCl concentration; (b) for the U-like forms, the peak shifted towards longer lifetimes in 

the case of W4C42-TNB, and towards shorter lifetimes in the case of W58C81-TNB; (c) the 

magnitude of these shifts varied among the different TNB-labeled variants (Figures 4.8 and 

4.10); and (d) the relative fractions of N-like and U-like sub-populations changed in an 

apparently two-state manner (Figure 4.9), with an increase in the U-like fraction and a 

corresponding decrease in the N-like fraction as GdnHCl concentration increased. Thus, both 

gradual and all-or-none changes were observed within chain B, and chain A, as well as across 

the two chains. 

In contrast, the lifetime distributions for the helix segment (W4C29-TNB) remained 

unimodal throughout the transition (Figure 4.8). The peak position shifted gradually towards 

longer lifetimes with increasing GdnHCl concentration, indicating a gradual change in the 

intra-helix distance during the unfolding transition (Figures 4.8 and 4.10). It should be noted 

that for all the unlabeled proteins, the fluorescence lifetime distributions remained unimodal 

throughout the unfolding transition (Figure 4.11) with the peaks not showing any significant 

shift upon unfolding (insets, Figure 4.11). 

The dependence of the MEM peak lifetime on GdnHCl concentration was clearly 

sigmoidal for the N-like subensembles seen for W4C42-TNB, W58C81-TNB and W4C96-

TNB (Figure 4.10). In contrast, the MEM peak lifetime for the U-like subensembles seen for 

these variants, as well as for W4C29-TNB, showed non-sigmoidal dependences on GdnHCl 

concentration (Figure 4.10), pointing to non-cooperativity. In order to interpret these changes 

in the MEM peak lifetimes of the TNB-labeled variants, the distances within chain B (in 

W4C42) and chain A (in W58C81), across both chains (in W4C96), and spanning the helix in 

chain B (in W4C29) were calculated using equation 7 (Materials and Methods) after correcting 

for the small peak shifts of the unlabeled proteins (Figures 4.10, 4.11 and 4.12).  

While the MEM peak life time of the U-like subpopulation observed using the FRET 

pair mapping separation across the two chains (Trp4 -C96TNB) shifted slightly toward longer 

lifetimes, a comparable shift was also observed for the fluorescence lifetime distributions of 

the corresponding unlabeled protein (Figure 4.11). Consequently, the U-like sub-population 

exhibited negligible FRET with no discernible change over the entire range of GdnHCl 

concentrations. The intra-molecular distances inferred from the very small FRET values 

exceeded ~40 Å, at all GdnHCl concentrations, indicating that the chains had physically 

separated even in zero denaturant. It should be noted that the separation of Trp4 from Cys96-
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TNB in MNEI at high GdnHCl concentration is less (Bhatia, Krishnamoorthy, and Udgaonkar 

2018).  

The negligible FRET observed in the U-like sub-population for dcMN was consistent 

with the ensemble-averaged FRET efficiency being near-zero at GdnHCl concentrations > 1.5 

M (Figures 4.4 and 4.5). Only at low GdnHCl concentrations, at which the U-like sub-

population was negligibly populated (Figure 4.9), did the ensemble-averaged FRET 

efficiencies have significant values (Figures 4.4 and 4.5) because they were dominated by the 

contribution of the N-like sub-population. Hence, the ensemble-averaged FRET analysis was 

consistent with the MEM analysis which suggested that the two chains have separated even in 

the absence of GdnHCl in the U-like subpopulation. 
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Figure 4.10. The shift in the MEM peak lifetime for the TNB-labeled variants of dcMN as a 

function of GdnHCl concentration. Diamonds and circles represent the lifetimes corresponding 

to the peaks in the MEM distributions arising from the N-like and U-like ensembles, 

respectively. The circles in the panel for W4C29 correspond to the peak lifetimes of the 

observed unimodal fluorescence lifetime distributions. The error bars represent the spread in 

the data obtained from two independent experiments.  
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Figure 4.11. MEM-derived fluorescence lifetime distributions of the different mutant variants 

of dcMN at varying concentrations of GdnHCl. The colors of the curves represent the GdnHCl 

concentrations, as indicated. The inset in each panel shows the shift in the peak lifetime as a 

function of GdnHCl concentration. The error bars represent the spread in the data obtained 

from two independent experiments.  
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Figure 4.12. Change in the dimensions of the N-like and U-like subensembles with increasing 

GdnHCl concentration. The MEM peak lifetime for the TNB-labeled proteins and for the 

corresponding unlabeled proteins were used to calculate the MEM peak FRET efficiencies 

(equation 6, see Materials and Methods), which were converted to distances (equation 7, see 

Materials and Methods). Diamonds and circles represent the distances corresponding to the 

peaks of the MEM distributions of the N-like and U-like ensembles, respectively. The error 

bars represent the spread in the data obtained from two independent experiments.  
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To assess the extent of deviation of the four protein variants from two-state unfolding 

behaviour, the MEM distribution at each GdnHCl concentration was fitted to the weighted sum 

of the N- and U- state fluorescence lifetime distributions (Figure 4.13) using equation 5 (see 

Materials and Methods). In the case of W4C42-TNB, in which a distance change within chain 

B was monitored, and W58C81-TNB, in which a distance change within chain A was 

monitored, it was found that fluorescence lifetime distributions in the transition region did not 

fit to the weighted sum of the N state and U state fluorescence lifetime distributions (Figures 

4.13 and 4.14). Deviations were also observed in the case of W4C96-TNB, in which a distance 

across the two chains was monitored and W4C29-TNB, in which a distance spanning the helix 

of chain B was monitored, but they were of much smaller magnitude (Figure 4.14). It should 

also be noted that none of the protein variants showed an iso-lifetime point, that is, a single 

fluorescence lifetime at which all distributions intersected. The absence of such a point, 

expected for a two-state transition, further confirmed that the unfolding of dcMN is not strictly 

two-state, but involves heterogeneous ensembles populated throughout the transition. 

 

 

 

 

 

 

 

 



128 
 

 

Figure 4.13. Fits of the fluorescence lifetime distributions obtained at different GdnHCl 

concentrations to a two-state N ↔ U model for equilibrium unfolding of the dcMN variants. 

The MEM-derived fluorescence lifetime distributions obtained at different GdnHCl 

concentrations (indicated in each panel) were fit to the weighted sum of the native state N(Ⴀ) 

and unfolded state U(Ⴀ) fluorescence lifetime distributions (equation 5, Materials and 

Methods). The black lines correspond to the experimentally determined distributions, and the 

red lines are fits to the two-state model. The error bars are the standard deviations of the MEM-

derived fluorescence lifetimes obtained from multiple data acquisitions on the same sample. 

The top-most and bottom-most panels in each column show the fluorescence lifetime 

distributions used as the native N(t) and unfolded U(t) protein basis distributions, respectively. 

The vertical green lines indicate the peak lifetimes of the N-state and U-state fluorescence 

lifetime distributions. The x-axis has been plotted on a log scale, and the y-axis units are 

arbitrary. 
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Figure 4.14. Residuals from the fits of the MEM-derived fluorescence lifetime distributions to 

the weighted sum of the mean of the MEM distributions determined for the N and U states 

(Figure 4.13). The residuals obtained for GdnHCl concentrations close to the mid-point of the 

unfolding transition are shown. Values in red correspond to the root mean square deviation 

(rmsd), which was obtained as the square root of the mean of the squares of residuals across 

all the lifetime values (x-axis). 
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Motional dynamics of Trp4 (in W4C42) and Trp58 (in W58C81) revealed heterogenous 

unfolding 

The unfolding transition monitored by steady-state anisotropy (rss) was found to be 

identical to that monitored by fluorescence intensity (Figure 4.15b). Values of rss were also 

obtained from the time-resolved anisotropy decays at different GdnHCl concentrations (Figure 

4.16) and were found to coincide with the steady-state fluorescence anisotropy measured 

directly (Figure 4.15b), supporting the accuracy of the time-resolved measurements.    

Since rss is a function of both the rotational dynamics of the fluorophore and its excited-

state lifetime (equation 12, Materials and Methods), a change in it (Figure 4.15b) may not 

reflect a change in rotational dynamics alone. Hence, the different rotational correlation times 

obtained from time-resolved fluorescence anisotropy decays of Trp4 in W4C42 and of Trp58 

in W58C81 (Figure 4.16) were analyzed to obtain direct information on the rotational 

dynamics, which in turn relate to the structural compactness around Trp4 and Trp58 in chains 

B and A, respectively (Figure 4.17). Trp58 in chain A also forms a part of the core β2- β3 dimer 

interface (Figure 4.15a), and thus is expected to offer insights into the structural and dynamical 

aspects not only within chain A but at the β2- β3 dimeric interface as well.  

Fluorescence anisotropy can decay relatively slowly by global rotational diffusion of 

the protein and/or rotational diffusion of a protein segment, defined by a slow rotational 

correlation time, ɸslow with corresponding relative amplitude βslow as well as by independent 

fast rotational motion of the Trp side-chain, defined by a fast rotational correlation time, ɸfast 

with corresponding relative amplitude βfast. The site-specific time-resolved fluorescence 

anisotropy decay measurements revealed distinct local dynamic environments for the two Trp 

residues in the native protein. In 0 M GdnHCl, the anisotropy decay curve of Trp4 (in W4C42) 

required a two-exponential fit, yielding ɸslow = ~ 6 ns, and ɸfast = ~ 0.2 ns, with βfast = 0.25 

(Figures 4.16 and 4.17). In contrast, the anisotropy decay curve of Trp58 (in W58C81) fit well 

to a single-exponential equation, yielding ɸslow (Figure 4.17). For both Trp residues, the value 

of ɸslow (6 1 ns) was that expected for an ~ 11 kDa protein in aqueous media at 25oC (Cantor 

and Schimmel 1980; Lakowicz 2006). The presence of a measurable fast component for Trp4 

indicated that it undergoes local side-chain motion in the N state, which Trp58, located at the 

dimer interface (Figure 4.15a), does not. This indicated that Trp58 is in a conformationally 

restrictive environment with its side-chain immobilized in the native structure. It should be 

noted that the values of initial fluorescence anisotropy values (r₀) remained constant across the 

entire GdnHCl range for both Trp residues (Figure 4.18). This indicated that the orientations of 
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the absorption and emission transition dipole moments did not change appreciably during 

unfolding, and, consequently, variations in the fluorescence anisotropy decays arose from 

changes in rotational dynamics rather than changes in photo-selection or fluorophore geometry. 

It should be noted that despite restricted local mobility, particularly for Trp58, the observed 

initial anisotropy (r₀) is lower than the theoretical maximum of 0.4, consistent with the presence 

of multiple electronic transition dipoles in tryptophan. This supports the use of κ2=2/3 for 

distance calculations using the Förster relation (see Materials and Methods). 

The value of ɸslow was observed to decrease in a sigmoidal manner with increasing 

GdnHCl concentration for both Trp4 (in W4C42) and Trp58 (in W58C81), as rotational motion 

of the sequence segments harboring the Trp residues replaces global molecular tumbling as the 

source of slow anisotropy decay. In the U state, fluorescence anisotropy of both Trp residues 

decayed by segmental motion with a rotational correlation time of 1 ns (Figure 4.17), as well 

as the by fast rotational motions of the side-chains. The overlap in the cooperative sigmoidal 

transitions mapped by the values of ɸslow for Trp4 and Trp58, suggested simultaneous global 

loosening of the two chains.  

The value of ɸfast for Trp4 remained invariant at about 0.2 ns across the entire range of 

GdnHCl concentration. For Trp58, ɸfast could be resolved only at GdnHCl concentrations above 

0.2 M, and it too remained invariant at 0.2 ns. In the case of both Trp residues, βfast was found 

to increase progressively in an apparently exponential manner with increasing denaturant 

concentration, consistent with a gradual increase in local motional freedom, before reaching a 

limiting value of about 0.65. This continuous redistribution between global tumbling and local 

flexibility for both Trp4 and Trp58 suggests a heterogeneous and distributed structural 

loosening, rather than an all-or-none transition. Together, these observations demonstrated that 

the unfolding process cannot be described by a simple two-state model but instead involves 

intermediate motional modes and progressive structural disruption. 
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Figure 4.15. a) Structure of dcMN showing the locations of the two Trp residues. The side 

chains of Trp4 in chain B and Trp58 in chain A are shown in blue and red, respectively. b) 

Equilibrium unfolding transitions of the two variants were monitored by Trp fluorescence (red), 

steady-state anisotropy measured directly (filled green), and that derived from fits of time-

resolved anisotropy decay traces (empty green). The fluorescence properties of Trp4 and Trp58 

were monitored in W4C42 and W58C81, respectively. 
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Figure 4.16. Time-resolved fluorescence anisotropy decay curves of Trp4 (blue) and Trp58 

(red) monitored in W4C42 and W58C81, respectively, at the indicated concentrations of 

GdnHCl. The rotational correlation times and their corresponding relative amplitudes obtained 

from the fits (black solid lines) are shown in Figure 4.17. The decay curve of Trp58 in 0 M 

GdnHCl is the only one that fits well to a single-exponential equation. All other decay curves 

fit well only toa two-equation equation. Insets display the residuals of the fits. 
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Figure 4.17. Equilibrium unfolding of W4C42 and W58C81 monitored by time-resolved 

anisotropy measurement. Data for Trp4 (blue) were obtained by measurements on W4C42, and 

data for Trp58 (red) were obtained from measurements on W58C81. Dependence of the slow 

(circles) and fast (triangles) rotational correlation times, along with their corresponding relative 

amplitudes, on GdnHCl concentration. The error bars represent the spread in the data obtained 

from two independent experiments.  
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Figure 4.18. Equilibrium unfolding of W4C42 and W58C81 monitored by time-resolved 

fluorescence anisotropy. The dependences of the initial fluorescence anisotropy of the two 

variants on GdnHCl concentration are shown. The initial anisotropy of Trp4 was measured in 

W4C42 and that of Trp58 in W58C81. The error bars represent the spread in the data obtained 

from two independent experiments.  
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4.4 Discussion  

Equilibrium unfolding of dcMN is not cooperative 

Fluorescence intensity measurements of the equilibrium unfolding of all four unlabeled 

protein variants and their labeled counterparts, as well as steady-state FRET measurements 

mapping expansion of chain B (in W4C42), chain A (in W58C81), and the inter-chain distance 

(in W4C96), suggests that the GdnHCl-induced unfolding of dcMN is cooperative (Figure 4.4), 

except unfolding of the segment mapping the helix (W4C29) appears to be gradual. However, 

the underlying heterogeneity and lack of cooperativity in the unfolding transition become more 

evident in tr-FRET measurements upon a population level MEM analysis. Considerable 

heterogeneity is revealed. Unfolding is seen to proceed through sub-populations of N-like 

forms expanding continuously while transiting into U-like forms which also expand with an 

increase in GdnHCl concentration (Figure 4.12). The observation that the MEM-derived 

distributions of fluorescence lifetimes for all the protein variants cannot be described 

adequately as the weighted sum of the N and U state distributions (Figures 4.13 and 4.14), 

provides strong evidence that the cores of both chains, the inter-chain interface and the helix, 

all unfold in a non-cooperative manner. 

Different regions of the protein display significant differences in cooperativity 

The observation that the segment spanning the helix exists in a single conformational 

ensemble which expands continuously with an increase in GdnHCl concentration (Figure 4.12) 

suggests that the unfolding of the helix occurs in a completely gradual manner. In contrast, the 

observation of co-existing sub-populations of N-like and U-like forms, which differ in their 

mean intra-chain and inter-chain dimensions, for segments mapping the cores of chain A (in 

W58C81) and chain B (in W4C42) and across the two chains (in W4C96), suggests that they 

are separated by a significant free-energy barrier. A previous HX-MS study had shown that at 

equilibrium, multiple partially unfolded intermediate ensembles, separated by significant 

energy barriers, coexist with the N and U states. Moreover, the structures differed in the absence 

and in the presence of GdnHCl (Bhattacharjee and Udgaonkar 2021). For example, the most 

U-like intermediate ensemble had only 2 structured in zero denaturant, but both 2 and 3 

structured in the presence of low concentrations of GdnHCl, but the HX-MS studies could not 

determine whether this difference arose from local or non-local interactions.  In the case of 

adenylate kinase too, the distribution of cooperatively exchanging intermediates could be 

modulated by denaturant (Pirchi et al. 2011), and in the case of barstar (Lakshmikanth et al. 

2001) and the SH3 domain of PI3K (Kishore, Krishnamoorthy, and Udgaonkar 2013), β-sheet 
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regions were found to unfold relatively more cooperatively than other structural elements under 

equilibrium conditions.  

Nevertheless, in the case of dcMN, while different segments mapping inter- strand 

distances transit from a N-like to a U-like sub-population in an apparently cooperative manner 

(Figure 4.9), distances within each sub-population are seen to change in an apparently 

continuous manner with a change in GdnHCl concentration.  In the previous HX-MS study too, 

it was seen that each intermediate ensemble consisted of molecules sampling many different 

conformations that differed as little as in having or not having structure at only one amide site 

(Bhattacharjee and Udgaonkar 2021). 

Swelling of the partially contracted N-like sub-populations is cooperative 

        The observation that the N-like sub-populations undergo swelling in an apparently 

cooperative manner with increasing GdnHCl concentration, both for the intra-chain segments 

in chains A (in W58C81) and B (in W4C42) and for the segment spanning both chains 

(inW4C96) (Figure 4.12), suggests that molecules contracted at these segments respond in a 

coordinated manner to the disruption of stabilizing interactions. Importantly, the denaturant 

dependence of swelling of the N-like ensemble differs across sites: the expansion transitions 

for W4C42 and W58C81 saturate at ~ 0.7 M GdnHCl, whereas the corresponding transition 

for W4C96 is broader and saturates only at ~1 M GdnHCl (Figure 4.12). This difference 

suggests that W4C42 and W58C81 report predominantly on the sub-global stabilities of the N-

like sub-populations monitored in chains B and A, respectively, which are determined primarily 

by less stable intra-chain contacts that are disrupted at lower denaturant concentrations. On the 

other hand, W4C96, in which the FRET-monitored distance spans both chains, reports on the 

global stability of the N-like sub-population of dcMN, which is determined not only by intra-

chain contacts but also by stabilizing interactions that couple the two chains together. It appears 

that the N-like forms preserve an inter-dependent network of non-local contacts, including β-

sheet hydrogen-bonding networks that link together distant sequence positions (Abkevich, 

Gutin, and Shakhnovich 1995) as well as stabilizing non-covalent interactions at the inter-chain 

interface. Similar coupling between non-local contacts and cooperative expansion has been 

inferred in other β-rich proteins, where high contact order and β-sheet topology impose free-

energy barriers that must be crossed collectively (Plaxco, Simons, and Baker 1998; 

Grantcharova et al. 1998; Roe, Hornak, and Simmerling 2005; Fenwick et al. 2014). Native-

state HX-NMR studies have shown that groups of residues can lose protection in concert, 

defining cooperative foldon units (Englander and Mayne 2014), and a kinetic HX-MS on the 
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SH3 domain of PI3 kinase reveal that hydrogen bonds between adjacent strands rupture 

collectively rather than strand by strand (Aghera and Udgaonkar 2017). 

The U-like sub-populations undergo non-cooperative unfolding  

The observation that in the case of the inter-chain distance segment (W4C96), 

negligible FRET is observed for the U-like sub-population across the entire range of GdnHCl 

concentrations, suggests that the two chains have they separated even at 0 M GdnHCl (see 

Results). Consequently, the changes in the dimensions of individual chains A (monitored in 

W58C81) and B (monitored in W4C42) occur in a continuous, non-cooperative manner, with 

increasing denaturant concentration. 

The continuous expansion of the segment mapping the core of chain B (in W4C42) with 

increasing GdnHCl concentration is consistent with behavior expected when solvent–chain 

interactions dominate over intra-chain stabilizing interactions. Such monotonic expansion has 

been observed for many intrinsically disordered proteins (Hofmann et al. 2012; Alessandro et 

al. 2016), which tend to swell with increasing denaturant concentration as solvent quality 

improves and chain–solvent interactions increasingly outweigh chain–chain interactions. 

Similar expansion of the U state ensemble with increasing denaturant concentration has been 

reported for a wide range of globular proteins under unfolding conditions (Lakshmikanth et al. 

2001), (Merchant et al. 2007; Alessandro et al. 2016). 

In contrast, the behavior of chain A (monitored in W58C81) is markedly different. 

Surprisingly, the segment mapping the core of chain A is seen to undergo gradual contraction 

upon addition of GdnHCl. In 0 M GdnHCl, this segment has a size of ~38 Å and is 35% 

expanded relative to its dimension in the U state at high GdnHCl concentration. This would 

suggest that water is a good solvent for unfolded chain A, as has been suggested for the 

unfolded forms of globular proteins (Bowman et al. 2020). However, a solvent quality-based 

interpretation is insufficient to account for this behaviour.  

This observation can be rationalized by electrostatic repulsion playing a dominant role 

in determining the dimensions of the U-like forms of chain A at low denaturant concentrations. 

Screening of electrostatic interactions by Gdn⁺ and Cl⁻ ions would reduce repulsive interactions 

between like-charged residues, allowing weak hydrophobic and non-local interactions to 

promote compaction. Similar salt-induced contraction of unfolded protein has been reported 

previously, including in intrinsically disordered proteins, where increasing ionic strength leads 

to chain compaction through electrostatic screening (Müller-Späth et al. 2010; Liu et al. 2014). 

Low concentrations of GdnHCl have also been shown to induce compaction of the denatured 
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states of apomyoglobin and cytochrome c (Hagihara et al. 1993). Furthermore, perturbation of 

even a single electrostatic interaction by mutation has been shown to significantly alter U state 

dimensions in the absence of any denaturant, and screening of charge by the addition of 0.5 M 

salt concentration restores the U-state dimensions to that of the wild-type U state ensemble 

(Pradeep and Udgaonkar 2004a). 

It has been suggested that the net charge per residue (NCPR), defined as the net charge 

normalized by sequence length, is a key determinant of the global dimensions of unfolded and 

intrinsically disordered polypeptide chains (Holehouse et al. 2017; Mao et al. 2010). Both 

chains A and B fall within the boundary region of the diagram of states (Figure 4.19), 

corresponding to the weak polyampholyte regime, in which electrostatic interactions are 

context-dependent and do not enforce a single U state conformation but can stabilize either 

expanded or compact ensembles. In this regime, small imbalances between repulsive and 

attractive electrostatic interactions are sufficient to bias the unfolded ensemble toward 

expansion or compaction, as established by the classical polymer theory of polyampholytes 

and by studies on intrinsically disordered protein sequences (Mao et al. 2010; Srivastava and 

Muthukumar 1996). The sequence segment mapping the core of chain A exhibits a small but 

finite net charge bias (NCPR ≈ -0.08; net charge ≈ -2 at pH 8), resulting in a weak bias toward 

repulsive electrostatic interactions and a more expanded ensemble in 0 M GdnHCl. In contrast, 

the sequence segment mapping the core of chain B is charge-neutral (NCPR ≈ 0; net charge ≈ 

0 at pH 8), a condition under which polyampholytes can adopt compact conformations (Bianchi 

et al. 2020; Srivastava and Muthukumar 1996). Screening of electrostatic interactions upon 

addition of GdnHCl therefore leads to contraction of chain A and expansion of chain B in the 

low denaturant regime. 
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Figure 4.19. Phase diagrams for the core segments of chain A (W58C81) and chain B 

(W4C42), showing their placement in the weak polyampholyte boundary regime, where 

electrostatic interactions can support either expanded or compact unfolded-state conformations 

depending on context (Holehouse et al. 2017). 
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Together, these observations indicate that the inter-chain interface plays a central role 

in modulating unfolding cooperativity in dcMN. When the interface is intact (as in the N-like 

sub-population; see above), it promotes coordinated, cooperative responses across both chains. 

In contrast, in the U-like sub-population, where the inter-chain interface is already disrupted, 

this coupling is absent, allowing the two chains to undergo chain-specific, non-cooperative 

structural rearrangements. Consistent with this view, studies on coiled-coil heterodimers 

(O'Shea et al. 1991) and PDZ–ligand complexes (Chi et al. 2008) have shown that interfacial 

contacts can drive coordinated, all-or-none unfolding of coupled regions, whereas more weakly 

coupled segments display non-cooperative behaviour (Aronsson et al. 2015; Mendes et al. 

2019).  

Time-resolved fluorescence anisotropy decay measurements reveal site-dependent and 

asynchronous changes in local motions during unfolding. 

The relative amplitudes of the fast and slow decay components (βfast and βslow) report 

the fraction of molecules that lose anisotropy via fast local Trp motion versus slower segmental 

or global motions. In a strictly two-state unfolding process, local probes located in different 

regions of the protein would therefore be expected to exhibit similar denaturant dependences 

of these relative amplitudes. Instead, Trp4 and Trp58 show markedly different behaviors. For 

Trp4, the relative contribution of fast local motion (βfast) increases gradually and in an 

approximately exponential manner with increasing GdnHCl concentration, indicating a 

continuous redistribution of the ensemble toward conformations with increasing local 

flexibility. In contrast, for Trp58, βfast remains negligibly small at low denaturant concentrations 

and increases gradually only beyond ~ 0.2 M GdnHCl, suggesting that local motional freedom 

at this site does not occur in the N state. These differences demonstrate that distinct regions of 

dcMN lose motional constraints at different denaturant concentrations, revealing 

heterogeneous and asynchronous structural loosening rather than a concerted all-or-none 

transition. 

Moreover, if both fast and slow depolarization pathways were accessible 

simultaneously to all molecules, the relative amplitudes would be dictated solely by the 

corresponding rotational correlation times. For example, in the U state, where ɸslow is 1 ns and 

ɸfast is 0.2 ns, the value of βfast expected for such a system would be approximately 0.83 (1/1.2). 

Instead, the observed value of βfast is ~0.65. This discrepancy indicates that in the U state, and 

similarly in the N and intermediate states, there exist minor sub-populations (~15% in the U 

state) in which the Trp side-chain remains dynamically constrained and cannot undergo 
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independent local motion. Thus, the anisotropy data establish that unfolding proceeds through 

a progressive redistribution among sub-populations with different local motional constraints 

and cannot be described by a simple cooperative two-state model. Similar deviations from 

simple two-state behavior have been revealed by time-resolved fluorescence anisotropy decay 

measurements of barstar, for which the rotational dynamics in the unfolding transition region 

could not be described as a weighted sum of the native and unfolded state decays (Swaminathan 

et al. 1996). In the case of α-subunit of tryptophan synthase, non-monotonic changes in 

rotational correlation times were observed during folding, indicating asynchronous rather than 

cooperative structural rearrangements (Bilsel et al. 1999). Similarly, studies on tubulin 

(Sánchez et al. 2004), creatine kinase (Grossman 1994), and yeast glutathione reductase 

(Louzada et al. 2003) identified intermediate species and gradual structural loss, consistent with 

multi-step rather than cooperative unfolding. 

Comparison of the unfolding cooperativity of dcMN and MNEI 

        Although dcMN and MNEI have nearly identical native structures (Figure 4.1a), their 

unfolding behavior differs markedly when resolved at the level of MEM-derived sub-

populations (Figure 4.20). This provides a unique opportunity to isolate the role of chain 

topology and connectivity in modulating unfolding cooperativity.  
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Figure 4.20. Comparison of the changes in the dimensions of the N-like and U-like sub-

populations of dcMN and MNEI as a function of GdnHCl concentration. Symbol definitions 

are identical to those in Figure 4.12. The dcMN panels are reproduced from Figure 4.12, and 

the data for the corresponding segments of MNEI are reproduced from (Bhatia, 

Krishnamoorthy, and Udgaonkar 2018). { 
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For the helix segment (monitored in W4C29), the unfolding transition is gradual for 

both MNEI and dcMN, indicating that the non-cooperative unfolding of the helix is intrinsic to 

the helix itself and largely insensitive to differences in chain connectivity or overall protein 

topology. In contrast, topology-dependent differences are observed for the β-sheet core 

(monitored in W4C42) and inter-chain segments (monitored inW4C96/W4C97). The N-like 

sub-populations swell via similar cooperative transitions, for both MNEI and dcMN. In 

contrast, it is seen that the U-like sub-population observed for W4C42 unfolds non-

cooperatively in the case of dcMN but cooperatively in the case of MNEI.  For the inter-chain 

segment monitored in W4C96: unfolding of the U-like sub-population is cooperative in the 

case of MNEI, but all the U-like sub-population is as unfolded as the U state in the case of 

dcMN. 

Overall, these comparisons show that in the case of MNEI, unfolding transitions remain 

largely coupled at the segmental level, consistent with a covalently continuous polypeptide in 

which interacting structural elements remain effectively tethered even upon partial expansion. 

In sharp contrast, dcMN exhibits a clear separation of cooperative and non-cooperative 

behavior between sub-populations. These observations indicate that covalent continuity 

stabilizes cooperative responses even within partially expanded ensembles, whereas its absence 

permits uncoupled, non-cooperative behavior. 

These contrasting behaviors can be rationalized in terms of topology and effective 

concentration. The β2–β3 interface is structurally equivalent in the native structures of dcMN 

and MNEI; however, in dcMN, the interacting β strands reside on separate polypeptide chains, 

whereas in MNEI they are covalently linked within a single chain (Figure 4.1a). In the case of 

dcMN, the effective concentrations governing various inter-chain interactions will be low 

because the partners are on different chains, and the high entropic cost of bringing the 

interacting partners together lowers the strengths of the stabilizing interactions. Consequently, 

unfolding is less cooperative. In the case of MNEI, effective concentrations governing the same 

interactions are higher because the partners are on one chain. Consequently, the stabilizing 

interactions are stronger and loss of structure during unfolding is cooperative. In the case of 

circularly permuted proteins too, the changes in covalent connectivity alone can modulate 

(un)folding cooperativity, even when native structure is preserved (Viguera and Serrano 1997; 

Otzen and Fersht 1998; Shank et al. 2010; Radou et al. 2013). It therefore seems likely that the 

lack of cooperativity seen for the U-like sub-populations of dcMN arises from the two-chain 

topology and the loss of covalent linkage between interacting β-strand elements. 
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Chapter 5 

Concurrent continuous and activated chain collapse during 

folding of a small heterodimeric protein 
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5.1 Introduction 

Protein folding often occurs on a rugged free-energy landscape in which multiple partially 

structured intermediates may be transiently populated. Although many small proteins display 

apparent two-state kinetics, such behaviour does not preclude the existence of intermediates, 

as ensemble-averaging probes with limited temporal or structural resolution often fail to detect 

short-lived or low-abundance species. High resolution approaches, including hydrogen-

exchange (HX) coupled to nuclear magnetic resonance (HX-NMR) or mass spectrometry (HX-

MS) (Englander and Mayne 1992; Chamberlain, Handel, and Marqusee 1996; Udgaonkar and 

Baldwin 1988; Hosszu et al. 1997; Baum et al. 1989; Jennings and Wright 1993; Morozova-

Roche et al. 1999; Juneja and Udgaonkar 2002, 2003), single-molecule fluorescence resonance 

energy transfer (sm-FRET) (Schuler, Lipman, and Eaton 2002; Lipman et al. 2003; Schuler 

and Eaton 2008) and time-resolved FRET (Yamada et al. 2013; Bhatia and Udgaonkar 2022) 

have therefore been instrumental in revealing folding and unfolding intermediates, on- 

(Jennings and Wright 1993; Roder, Elöve, and Englander 1988; Wu et al. 2008; Bhatia et al. 

2019) and off- (Bollen, Sánchez, and van Mierlo 2004; Bollen, Kamphuis, and van Mierlo 

2006; Houwman et al. 2018) pathway, including molten globule-like states (Jennings and 

Wright 1993; Ptitsyn et al. 1990; Christensen and Pain 1991; Bhatia et al. 2019), as well as 

revealing multiple folding pathways (Udgaonkar 2008; Cabrita et al. 2011; Chung et al. 2012; 

Hu et al. 2013; Bhatia, Krishnamoorthy, and Udgaonkar 2021a). These studies have further 

shown that structural changes during folding can even proceed in an entirely gradual manner 

(Garcia-Mira et al. 2002; Sadqi, Fushman, and Munoz 2006; Fung et al. 2008; Jha et al. 2009; 

Bhatia et al. 2019). These observations highlight the fact that protein folding reactions are often 

far more heterogeneous than suggested by ensemble-averaged thermodynamic or kinetic 

measurements. This complexity is amplified in the case of heterodimeric proteins, where 

folding is coupled to chain association rather than being purely intramolecular. In heterodimeric 

systems whose subunits are unstructured in isolation, folding proceeds from an associated 

complex rather than from a single unfolded polypeptide chain. Because association enforces 

proximity without necessarily defining specific inter-chain contacts, folding can initiate from 

multiple associated conformations, resulting in increased heterogeneity and kinetic complexity.  

Double-chain monellin (dcMN) is a heterodimeric protein in which the two chains are 

largely unstructured in isolation and associate to form a loosely organized encounter complex 

that subsequently acquires secondary and tertiary structure (Aghera and Udgaonkar 2012). 

Previous fluorescence and hydrogen-exchange mass spectrometry (HX-MS) studies have 



147 
 

shown that dcMN refolds under mildly denaturing conditions through multiple folding routes, 

including two parallel pathways: one proceeding directly to the native (N) state and another 

populating an on-pathway intermediate (Aghera and Udgaonkar 2012; Bhattacharjee and 

Udgaonkar 2022). Under refolding conditions of 0.1 M GdnHCl, a previous HX-MS study 

(Bhattacharjee and Udgaonkar 2022) mapped the sequence of structure formation across 

multiple β-strands, with stepwise acquisition of protection interpreted to arise from the 

formation of stabilizing tertiary interactions. However, despite its high structural resolution, 

HX-MS detected only a single dominant on-pathway intermediate during refolding, consistent 

with ensemble fluorescence measurements (Aghera and Udgaonkar 2012). 

       It is important to recognize that hydrogen-exchange mass spectrometry (HX-MS) 

inherently reports only on amide hydrogens that have acquired sufficiently stable hydrogen 

bonding or tertiary packing on the HX timescale. As a result, collapsed conformations that are 

weakly protected, or are rapidly interconverting, are difficult to distinguish from the unfolded 

protein ensemble. In the case of dcMN, HX-MS therefore primarily reports on the dominant, 

highly protected on-pathway intermediate, whereas earlier collapsed conformations populated 

immediately after chain association may have remained unresolved. This limitation is 

underscored by the observation that, although only a single intermediate is detected during 

refolding of dc MN, native-state HX-MS experiments have revealed multiple high-energy 

intermediates during unfolding under native and mildly denaturing conditions. While refolding 

is often assumed to proceed through a reverse sequence of events relative to unfolding, the 

absence of multiple detectable intermediates during refolding is therefore consistent with the 

presence of additional, weakly protected intermediates that escape detection by HX-MS. To 

directly probe such hidden intermediates during the folding of dcMN, an approach that can 

resolve heterogeneous conformational ensembles and quantify their relative populations, is 

required. Here, this challenge was addressed using time-resolved FRET analysed with the 

maximum entropy method (MEM), which provides intramolecular distance distributions 

during refolding from which distinct conformational sub-populations and their relative 

fractions can be determined (Bhatia and Udgaonkar 2022). 

5.2 Materials and Methods 

Experimental procedures were identical to those described in chapter 3. 

5.3 Results and Discussion 

TNB-labeling does not perturb the structure and stability of the protein significantly 
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Wild-type dcMN contains a single Trp and a single Cys residue at positions 4 and 42, 

respectively. Trp4 can serve as a FRET donor, while a TNB moiety attached to Cys42 can serve 

as the acceptor (Figure 5.1a). This intrinsic donor–acceptor pair (W4C42-TNB) was used to 

track chain contraction during refolding following dilution from 2.0 to 0.1 M GdnHCl. 

Previous equilibrium unfolding studies have established that the secondary structure and 

stability of the TNB-labeled variant is similar to that of the unlabeled protein, confirming that 

the TNB label does not significantly perturb the structure and stability of the protein (Chapter 

4).  

 

 

Figure 5.1. Mapping contraction of the protein during folding using FRET as a probe. a) 

Structure of double-chain monellin (PDB ID: 3MON) showing the donor residue Trp4 (blue 

sticks) and the acceptor TNB attached to Cys42 (red spheres), drawn using the program 

Chimera. Chain B is shown in yellow, while chain A is shown in green. b) Kinetics of folding 

of unlabeled and TNB-labeled W4C42 dcMN in 0.1 M GdnHCl at pH 8 and 25oC, monitored 

by fluorescence intensity (green traces) and time-resolved FRET (open circles). The mean 

fluorescence lifetimes of Trp4 during refolding for the unlabeled (blue open circles) and TNB-

labeled (red open circles) variants are shown (left y axis). The dashed horizontal lines indicate 

the mean lifetimes of the unfolded state in 2 M GdnHCl for the unlabeled (blue) and TNB-

labeled (red) protein variants. The solid black lines are fits of the mean lifetime data to a double 

exponential equation. The parameters obtained from the fit are shown in the panel. c) 

Dependence of FRET efficiency (right y axis) and corresponding distance (left y axis) between 

Trp4 and the TNB moiety attached to Cys42, on the folding time. The dashed horizontal line 

corresponds to the average distance for the unfolded protein in 2 M GdnHCl. The solid black 

lines are fits to a double-exponential equation. Error bars represent the standard errors of 

measurements from two independent double kinetics experiments. 
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Validation of the time-resolved measurements during refolding 

Time-resolved fluorescence decays of Trp4 were analyzed using both discrete 

exponential fitting and the maximum entropy method (MEM) (see Materials and Methods). 

The mean lifetimes obtained from the discrete analysis at different times of refolding 

overlapped well with the simultaneously measured fluorescence intensity in the double kinetics 

set up (Figure 5.1b). The FRET efficiencies calculated from the mean lifetimes of the unlabeled 

and TNB-labeled protein variants increased with refolding time, with a corresponding decrease 

in donor-acceptor distance as expected during folding (Figure 5.1c). A minor burst phase 

change in FRET efficiency was also observed. Ensemble-averaged fluorescence lifetimes and 

intensities alone do not resolve population heterogeneity or the coexistence of expanded and 

contracted conformational sub-populations during different stages of folding. To directly probe 

this hidden heterogeneity, time-resolved fluorescence decays were analyzed using the 

maximum entropy method to obtain fluorescence lifetime distributions (see Materials and 

Methods).  

Bimodal lifetime and distance distributions reveal U-like and N-like sub-populations 

during refolding 

      For the TNB-labeled variant, the MEM-derived lifetime distributions were clearly bimodal 

throughout refolding (Figure 5.2a), whereas those for the unlabeled protein remained largely 

unimodal (Figure 5.3a). Minor short-lifetime components observed for the unlabeled protein 

contributed less than 25% of the total population at all refolding times (Figure 5.3b) and were 

also present in the unfolded state for both unlabeled and TNB-labeled variants. These 

components are well established to arise from intrinsic Trp photophysics, such as different 

electronic states or rotameric conformations (Creed 1984; Philips et al. 1988), rather than from 

FRET quenching. The absence of significant time-dependent shifts in the unlabeled protein 

further confirmed that the bimodality observed for the labeled variant originates from distance-

dependent FRET quenching by TNB and not from changes in the Trp environment. For the 

labeled variant, the short-lifetime peak (<0.6 ns) was centered near the native-state distribution 

and was therefore designated N-like (short lifetime, high FRET), whereas the long-lifetime 

peak (>0.6 ns) was centered near the unfolded-state distribution and was designated U-like 

(long lifetime, low FRET). Conversion of lifetime distributions into distance distributions, after 

correcting for changes observed in the unlabeled protein as described previously (Chapter 3), 

confirmed that the N-like and U-like sub-populations correspond to partially contracted (RDA 

< 20 Å) and expanded (RDA > 20 Å) conformations, respectively (Figure 5.4). The MEM-
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derived distance distributions revealed two distinct features during refolding. First, the distance 

corresponding to the N-like sub-population shifted continuously toward shorter values with 

increasing refolding time, indicating progressive contraction within this ensemble. Second, the 

fraction of the U-like sub-population (RDA > 20 Å) decreased concomitantly with an increase 

in the N-like sub-population, indicating net population transfer from expanded to contracted 

conformations during refolding. 

 

 

 

 

 

Figure 5.2.  MEM-derived fluorescence lifetime distributions of TNB-labeled dcMN 

during folding. a) Fluorescence lifetime distributions are shown for the TNB-labeled variants 

at different times of folding shown with different colours, as described in the panel. The x-axis 

is plotted on a log scale. Each distribution was normalized to its total amplitude. The inset 

shows the shift in the MEM peak positions for the N-like (triangles) and U-like (circles) sub-

populations with time of refolding. The solid line through the kinetic data represents a fit to a 

single exponential equation. b) Kinetics of conversion from the U-like to N-like sub-

population. The solid line through the kinetic data represents a fit to a double exponential 

equation. The error bars represent the standard errors of measurements from two independent 

kinetic experiments. 
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Figure 5.3. The MEM analysis derived lifetime distributions for the unlabeled protein 

variant. a) The lifetime distributions obtained at different time points of refolding for the 

unlabeled protein. The inset in each panel shows the shift in the peak lifetime as a function of 

refolding time. b) The relative sum of amplitudes for the short lifetime (< 0.6 ns, triangles) and 

the long lifetime (> 0.6 ns, circles) population distributions is the sum of amplitudes for the 

minor and major population distributions, respectively, divided by the sum of amplitudes for 

the entire distribution. The relative sum of amplitudes for any sub-population is equivalent to 

the fraction of that sub-population in the total population. 
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Figure 5.4. Evolution of distance distributions as a 

function of the time of folding following a 2 to 0.1 M 

GdnHCl jump. Experimentally derived distance 

distributions at representative time points of the folding 

reaction. The top panel shows the U state, the bottom 

panel corresponds to the distance distribution of the N 

state, and the middle panels correspond to intermediate 

time points during folding as described in each panel. 

The vertical solid and dashed black lines indicate the 

peak positions of the distance distributions 

corresponding to the N state and U state, respectively. 
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MEM reveals hidden conformational heterogeneity during folding 

       Quantification of sub-populations (Figure 5.2b, see Materials and Methods) showed that 

at the first observable time point (14 s), the distribution of intramolecular distances was already 

bimodal with the major component (73%) exhibiting distances comparable to that of the U 

state, while ~27% populated a partially compact N-like sub-population whose dimensions were 

~ 50% smaller than the U state but still ~ 30% larger than the N state. As refolding progressed, 

the U-like sub-population decreased in a biexponential manner, comprising a fast and a slow 

phase (Figure 5.2b). This indicates barrier-limited conversion of the U-like molecules to the N-

like molecules, and that the two sub-populations are separated by two free energy barriers. 

Although the structural origin of these barriers cannot yet be directly assigned, studies on the 

closely related single-chain variant MNEI suggest that the U-like, partially expanded 

conformations are stabilized by nonspecific interactions, whereas N-like, partially contracted 

conformations already contain a subset of native-like contacts (Bhatia, Krishnamoorthy, and 

Udgaonkar 2021b). By analogy, conversion from U-like to N-like molecules in dcMN likely 

would require the disruption of non-native contacts and/or formation of a limited number of 

key native interactions, giving rise to the observed activated kinetics. The slow phase most 

likely arises from proline isomerization, as Pro41 and Pro93 adopt cis conformations in the N 

state. This assignment is supported by the observation that the rate constant corresponding to 

the slow phase lies in the range expected for proline isomerization (Schmid and Baldwin 1979) 

and is independent of GdnHCl concentration (Aghera and Udgaonkar 2012). Consistent with 

this interpretation, the slowest folding phase of the single-chain variant MNEI was previously 

attributed to proline isomerization (Kaushik and Udgaonkar 2023). 

Gradual intrachain contraction within the N-like sub-population 

     In contrast to this barrier-limited population transfer, contraction within the N-like sub-

population itself proceeds gradually (Figure 5.4 and 5.5a). The continuous shift in the N-like 

distance peak during refolding is well described by an exponential relaxation with a rate 

constant comparable to that of the fast-folding phase (Figure 5.5a). Because the MEM peak 

position reflects an ensemble average over conformations, the fitted rate constant represents an 

effective relaxation rate rather than a true microscopic rate of contraction. Moreover, the 

magnitude of peak shifts is small relative to the width of the distributions, limiting a definitive 

assignment of a strictly barrier-free process.  

       Nevertheless, the presence of numerous crossover points among the distance distributions 

(Figure 5.6) strongly suggests that contraction within the N-like sub-population occurs through 
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a multitude of closely spaced states and is therefore close to being continuous in nature. Such 

diffusive internal rearrangements within a partially collapsed sub-population of molecules are 

expected on rugged free-energy landscapes and can give rise to approximately exponential 

relaxation behavior (Sinha and Udgaonkar 2008; Jha et al. 2009; Bhatia et al. 2019; Chung et 

al. 2015; Hagen 2003). Consistent with this interpretation, at no time during refolding could 

the experimentally derived fluorescence lifetime distributions be satisfactorily reproduced by 

a linear combination of the equilibrium unfolded (U) and native (N) state distributions. Fits 

obtained using weighted sums of the U- and N-state distributions showed significant deviations 

from the experimentally observed distributions at all refolding times (Figures 5.7 and 5.8), 

indicating that the observed N-like and U-like sub-populations cannot be described as weighted 

sums of the equilibrium N and U states, but instead represent structurally distinct intermediate 

conformations populated during folding.  

        To interpret the structural origin of this gradual contraction, it is important to consider the 

location of the W4C42 FRET pair. Although the W4C42 pair reports on an intra-chain distance 

within chain B, Cys42 lies in the β2–β3 region, which participates in the inter-chain interface 

in the N state. The observed contraction therefore reflects intrachain structural tightening 

within a segment that later participates in inter-chain interface formation in the N state. This 

continuous contraction occurs prior to the formation of stable hydrogen bonding and tertiary 

locking at β2, which is detected by HX-MS only at later stages when this region becomes 

sufficiently protected (Bhattacharjee and Udgaonkar 2022). In this context, while gradual 

folding has been inferred previously for coiled-coil assemblies (O'Shea et al. 1991; Steinmetz 

et al. 2007) and disordered binding partners (Sugase, Dyson, and Wright 2007; Rogers, Wong, 

and Clarke 2014), direct kinetic evidence for continuous structural evolution within a globular 

heterodimer has been lacking.  

 

 

 

 

 

 



155 
 

 

 

Figure 5.5.  Quantification of the change in the dimensions of the N-like and U-like sub-

populations with time of refolding. a) Kinetics of contraction of the U-like (green circles) 

and N-like (red triangles) sub-populations, obtained from the MEM-derived fluorescence 

lifetime distributions of the TNB-labeled variant and the corresponding unlabeled counterpart 

(Figures 5.2 and 5.3) using equations 6 and 7 (Chapter 4). The solid line through the N-like 

data represents a single-exponential fit describing continuous contraction. b) Schematic 

summarizing the refolding mechanism of dcMN. Following a 2 → 0.1 M GdnHCl jump, 

association of the two unstructured chains forms an encounter complex that evolves into a 

heterogeneous intermediate comprising coexisting U-like (expanded) and N-like (partially 

contracted) sub-populations. During the fast phase, barrier-limited population transfer from the 

U-like ensemble occurs in parallel with gradual, multi-step contraction within the N-like sub-

population, yielding the N-like intermediate. 
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Figure 5.6. The contraction in N-like sub-ensemble involves multiple cross-over points, 

indicative of a nearly continuous transition. Distributions corresponding to different times 

of folding are shown in different colors, as described in each panel. Some of the data shown is 

same as that shown in Figure 5.2a. The y-axis (relative amplitude) in each panel represents the 

relative populations for the MEM-analysis derived fluorescence lifetime distributions as a 

function of logarithmically spaced fluorescence lifetimes (x-axis).  

 

 

 

 

 

 

 

 

 



157 
 

Figure 5.7. Fits of the fluorescence lifetime 

distributions obtained at different times of refolding 

to a two state N ↔ U model. The MEM-derived 

fluorescence lifetime distributions obtained at different 

times of refolding (indicated in each panel) were fit to 

a weighted sum of the unfolded state U (τ) (top-most 

panel) and refolded state R (τ) (bottom-most panel, at 

1013 s) fluorescence lifetime distributions (equation 5, 

Chapter 4). The black lines correspond to the 

experimentally derived distributions, and the red lines 

are fits to the two-state model. The vertical green lines 

indicate the peak lifetimes of the R-state and U-state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



158 
 

 

 

Figure 5.8. Residuals from the fits of the MEM-derived fluorescence lifetime distributions 

to the weighted sum of the mean of the MEM distributions determined for the R and U 

states (Figure 5.7). Values in red correspond to the root mean square deviation (rmsd), which 

was obtained as the square root of the mean of the squares of residuals across all the lifetime 

values (x-axis). 
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5.4 Conclusion 

      These observations reveal that the folding landscape of dcMN is more complex than can be 

resolved from ensemble-averaged measurements and HX-MS alone. During the fast phase of 

refolding, two processes occur in parallel: barrier-limited population transfer from U-like to N-

like conformations, and gradual intrachain contraction within the N-like sub-population, as 

summarized schematically in Figure 5.5b.  

5.5 Future outlook 

      Extending this approach to additional segments of dcMN will improve structural resolution 

and may reveal further levels of site-specific conformational heterogeneity. Refolding studies 

using the same FRET pairs employed in the unfolding experiments (Chapter 4) have already 

been performed. Direct comparison of these results with the corresponding single-chain 

monellin variants will enable a systematic assessment of how chain connectivity reshapes 

folding pathways and modulates site-specific conformational heterogeneity during folding. 
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