
 

 

A Kinetic Study of

Folding Mechanisms of Globular Proteins

Using Ultrarapid Mixing Methods

Takuya MIZUKAMI

Cellular Signaling Biophysics laboratory; K-Lab,

Division of Material Science (Physics), Graduate School of Science, Nagoya University

K

Dissertation submitted to Nagoya University in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy

March, 2013

2013 3

 



 
 

 

  



i
 

 

PREFACE
The protein folding problem is the question of how a protein’s amino acid sequence dictates its 
three-dimensional atomic structure. Understanding the mechanism by which the amino acid sequence 
of a protein directs its rapid and efficient folding to a unique native conformation involves the efforts 
of physicists, mathematicians, engineers, as well as those of the biochemists, biophysicists and 
chemists who have pursued this problem since the seminal work of Anfinsen over fifty years ago. 
The rapidly expanding interest in the protein folding problem stems from the major impact that its 
solution is expected to have on our understanding of the molecular basis for biology and medicine 
and on the opportunities for the design of new materials. 

The protein folding problem has come to be regarded as three different problems: (a) the folding 
code: the thermodynamic question of what balance of interatomic forces dictates the structure of the 
protein, for a given amino acid sequence; (b) protein structure prediction: the computational problem 
of how to predict a protein’s native structure from its amino acid sequence; and (c) the folding 
process: the kinetic question of what routes or pathways some proteins use to fold so quickly. The
focus of this thesis is to elucidate the kinetic mechanism of the protein folding process from an 
experimental point of view.

Very significant advances have been made in understanding the mechanism of protein folding by 
experiments as well as both by computational and theoretical studies. New and improved 
experimental techniques for mixing solutions and for triggering and detecting folding reactions have 
led to breaking the millisecond barrier for kinetics, thus opening up the earliest phases of folding to 
experimental investigation.

The present thesis contains studies carried out at Department of Physics, Division of Material 
Science, Graduate School of Science, Nagoya University and partly at Fox Chase Cancer Center 
during April 2008 – December 2012, and is divided into four parts. CHAPTER I provides
background of protein folding phenomena, and includes significance and motivation of these studies. 
CHPATER II deals with a kinetic study on a model protein staphylococcal nuclease using a 
fluorescence resonance energy transfer-detected continuous-flow method which is a recently 
developed powerful technique to investigate progress in residue specific structure formation. The
author discusses the early structural events based on the site specific information thus obtained.
CHAPTER III contains studies on the folding dynamics of horse skeletal muscle apomyoglobin. The 
author systematically measured the folding/unfolding kinetics, and investigated the best kinetic 
pathway, which can solo explain the folding/unfolding kinetics and the equilibrium unfolding under 
various conditions covering the native, urea-induced unfolding and acid-induced unfolding. The 
author discusses the nature of the folding intermediates on the basis of the kinetic results. Finally, the 
general conclusions deduced from the present thesis are described in CHAPTER IV.

March 2013
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General Introduction
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I-1. Protein folding
Protein is an important biomolecule involved in virtually every biological process. Proteins are 
synthesized on the basis of information encoded in DNA as linear polypeptide chains of typically
several hundred amino acid residues in living systems. In many cases, the synthesized polypeptide 
chains exert their biological activities only after they form the unique structures of the individual
proteins. Protein folding is the process by which unstructured polypeptide chains obtain their specific 
native structures. Thus, elucidating the protein folding mechanisms is a critical step toward 
understanding of the principles of biology and biophysics. One of the major milestones in protein 
folding study is the finding by Christian Anfinsen and his colleagues.1 He showed that unfolded and 
reduced ribonuclease can fold to the native state with the native disulfide bonds even in vitro,
suggesting that all the information needed for protein folding is encoded in amino acid sequences of 
protein molecules. In addition, Anfinsen postulated that the newly synthesized polypeptide chain is 
folded by the free energy gradient and the protein reaches its thermodynamically most stable 
conformation (thermodynamic hypothesis). Based on the thermodynamic hypothesis, protein folding 
was widely appreciated to be a physicochemical process governed by thermodynamics. 

Although it was revealed that protein folding is governed by thermodynamics, there still 
remained a question; how the unstructured polypeptide chains fold into the specific native structures. 
Cyrus Levinthal pointed out that it takes at least 109 years for a polypeptide chain with 100 amino 
acid residues to find out the most stable conformation by random conformational search because 
there are nearly 1030 possible conformations even if individual amino acid residues can adopt only 
two conformations.2 Actually, proteins can reach their native state within seconds to minutes. In 
order to reconcile the temporal discrepancy, an idea of folding pathways was proposed. The idea 
assumes that protein folding is represented by a series of interconversions from unstructured 
polypeptide chains to the thermodynamically most stable, specific native structures with 
accumulation of folding intermediates, i.e., they are assumed to be ensembles of metastable, partially 
folded states, which are converted into the native state. Since the accumulation of the partially folded 
intermediates significantly facilitates the folding into the native state by significantly reducing the 
number of conformations to search, the folding intermediates were regarded as being productive by 
acting as step-stones to the native structures. The folding intermediates were found by the beginning
of the 1970’s after the Anfinsen’s experiments.3

Almost at the same time, partially unfolded states were found to be accumulated under 
moderately denaturing equilibrium conditions for some proteins.4,5 Although they are "intermediate 
states", which are neither the native nor the unfolded sates, their role in the protein folding was 
unclear. As the properties of these intermediates were characterized in several proteins, they were 
found to share common characteristics; a considerable amount of native-like secondary structures, a 
compact molecular size, a solvent-exposed hydrophobic core or hydrophobic surface, and loosely 
packed tertiary structures. Based on the common structural characteristics of the equilibrium 
intermediates, Ohgushi and Wada, and Dolgikh et al. have proposed that the equilibrium 
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intermediates may belong to a common physical state of proteins (the molten globule state).6,7 On the 
other hand, kinetic studies using stopped-flow methods coupled with various techniques provided us 
with deeper insights into the conformational change occurring in the early stages of the folding.8-10

The structure of the equilibrium intermediates of some proteins, as judged by the properties of the 
secondary structure, was found to be very close to that of their kinetic folding intermediates. For 
example, Kuwajima et al. and Ikeguchi et al. have revealed that the equilibrium intermediate of 
�-lactalbumin is identical to the folding intermediate in terms of the structural properties and the 
stability by stopped-flow CD measurements.11,12 Furthermore, the kinetics associated with the 
native-state formation was similar between the folding intermediates and the equilibrium 
intermediates for several proteins.13-15 Taken these similarities between the folding and equilibrium 
intermediates into considerations, the equilibrium intermediates have been considered to be an 
equilibrium counterpart of the folding intermediates. The native-like features of both types of the 
partially folded intermediates indicated that the intermediates are obligatory in folding reactions, 
which leads to the idea that the folding intermediates play an important role in protein folding. 

More recent theoretical studies proposed a new scenario for protein folding, so called a folding 
funnel.16,17 The concept of this model is illustrated in Figure I-1 for a shorthand language for 
communicating the statistical mechanism of protein folding. Figure I-1 represents effective energy as 
a function of conformation, energy landscapes, where native structures correspond to the energy 
minima at the center. For the simple and smooth funnel-shaped energy landscape (Figure I-1a), 
unstructured polypeptide chains folds into the native state quickly without passing through a specific 
pathway just like a drop of water going down on a funnel. By the way, the result of the Levinthal’s 
thought experiment corresponds to blind putting on a flat energy landscape (Figure I-1b). The 
discovery that some small proteins with less than 100 amino acid residues fold into their native states 
without accumulation of any detectable intermediate was taken to provide support for the 
funnel-shaped energy landscape model.18 A question then arises: why do many proteins with more 
than 100 amino acid residues accumulate intermediates during folding? One of the simplest answers 
to this question is that larger proteins have more rugged and complicated energy landscapes than the 
smaller proteins (Figure I-1c). Based on the funnel model, the intermediates may be regarded as 
being non-productive and kinetically trapped by misfolded conformations.19 Therefore, it is 
necessary to reconsider the role of intermediates in protein folding through the analyses of the 
structure, thermodynamics, and kinetics of protein folding in more detail. However, the folding 
intermediates are usually formed rapidly within milliseconds in contrast to the formation of the 
native state occurring in a time range from seconds to minutes. Conventional mixing methods such 
as stopped-flow with a dead time of a few milliseconds were unable to observe the rapid formation 
of the folding intermediates. In contrast to the growing knowledge on the late stages of the folding, 
the understanding of the early folding events still remains scarce due to the limit of time resolutions 
on the experimental techniques. 

Recent development in experimental techniques allowed us to directly observe the early stages 
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of protein folding. For example, ultrarapid mixing methods such as continuous-flow methods have 
extended the time resolution to tens of microseconds.20,21 Combining the continuous- and 
stopped-flow methods allows us to cover the time window over four-to-five orders of magnitudes 
from ~10 �s to ~100 s. Furthermore, laser-induced temperature jump methods have extended the 
time resolution to nanosecond time scale under the heat-denaturing conditions.22,23 In this thesis, the 
author focused on two issues associated with the early events of protein folding as described below.

I-2. Nonspecific collapse versus specific folding intermediates (CHAPTER II)
Previous kinetic studies on many proteins by means of conventional techniques such as stopped-flow 
coupled with fluorescence, circular dichroism (CD) and small-angle X-ray scattering (SAXS) have
observed missing amplitudes occurring within the dead time of the measurements, typically a few 
milliseconds, during folding (the burst phase), indicating that a significant conformational change 
occurs long before the rate-limiting step of folding.24 However, what conformational change causes 
the burst phase is a matter of controversy. Particularly, it is unclear whether the early events represent 
the formation of folding intermediates from the unfolded states driven by specific interactions or 
whether they reflect a solvent-dependent readjustment of the unfolded state ensemble driven by a 
non-specific hydrophobic effect.24-27 For example, Englander and his coworkers had challenged the 
former scenario on the basis of some measurements on heme-containing peptide fragments of 
cytochrome c (cyt c) and on disulfide-reduced ribonuclease A (RNase A). The intact proteins exhibit 
the burst phase when the folding reactions are measured by the stopped-flow CD and fluorescence, 
indicating that the developments in the secondary and tertiary structures within milliseconds.
Although the fragments of cyt c are too unable to assume a folded structure, they nevertheless exhibit 
similar changes in signal intensity to those of the intact protein within the dead time of the 
measurements when the denaturant concentration is rapidly reduced. In addition, by assuming that 
the fragments remain fully unfolded under all conditions, it was concluded that the burst phase 
reflect a rapid response of the polypeptide chain to the change in solvent conditions.28,29 The burst 
phase for fully reduced RNase A, which was assumed to remain in a random denatured state even 
under non-denaturing solvent conditions, closely matches the initial kinetic amplitude for the protein 
with all four disulfide bonds intact.27 These behaviors are supported by some theoretical studies that 
have proposed that protein molecules, often at the beginning of folding, very rapidly form a compact 
collapsed ensemble that consists of a large number of kinetically trapped misfolded conformations 
with non-native structural features rather than the folding intermediates.30 On the other hand, the 
structural properties of the polypeptide chains in the early folding (in a few milliseconds) were 
investigated by pulsed hydrogen/deuterium exchange experiments to reveal the formation of 
native-like secondary structure. Furthermore, recent development of the continuous-flow methods 
allowed us to monitor early folding events in a submillisecond time scale. The findings of a 
barrier-limited rapid condensation of cyt c and single-exponential fluorescence decays during early 
folding of a single-tryptophan variant of RNase A indicate that the ensemble of states formed on the 
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submillisecond time scale are distinct from the unfolded state.31,32 Thus, it is essential toward 
understanding the mechanisms of protein folding to address the fundamental issue whether the early 
conformational events during folding are driven by specific or by non-specific conformational 
changes. For this purpose, site-specific information, especially on distances between residues, is 
valuable because it makes it possible to characterize the initial compaction occurring in the early 
stage of folding at the residue level.

For this purpose, the author investigated the time-dependent development of tertiary structure 
during folding of staphylococcal nuclease (SNase) by monitoring distances between pairs of residues 
using fluorescence resonance energy transfer coupled with continuous-flow and stopped-flow 
techniques (CHAPTER II). The native structure of this protein consists of two subdomains, the 
N-terminal �-barrel domain and the C-terminal �-helical domain. SNase forms a hydrophobic core 
mainly within the �-barrel domain on the 100-�s time scale of folding. However, it remains unclear 
whether the chain condensation occurring in the early stages of folding is driven by specific tertiary 
interactions or non-specific hydrophobic effects (Figure I-2). Variants containing intra- and 
inter-domain fluorescence donor/acceptor pairs (tryptophan and cysteine-linked fluorescent dye or 
quencher) were prepared to probe the intra- and inter-domain structural evolution during the folding. 
The change in the efficiency of the energy transfer during folding and unfolding was measured over 
a time range from 30 �s to ~10 s at various urea concentrations. By converting the efficiency of the 
energy transfer into the donor-acceptor distance, the development of the tertiary structure during 
folding was investigated. The results gave semi-quantitative information on average donor-acceptor 
distances at different stages of the folding process. The average distance for the donor/acceptor pairs 
in the �-barrel domain decreases to nearly native values whereas that of the inter-domain 
donor/acceptor pairs remains unchanged within the first 300 �s of folding. This indicates a rapid 
non-uniform collapse resulting in an ensemble of heterogeneous conformations in which the central 
region of the �-barrel domain is well developed while the C-terminal �-helical domain remains 
disordered. The distance between the inter-domain donor/acceptor pair decreases to native values on 
the 100-ms time scale, indicating that the �-helical domain docks onto the preformed �-barrel at late 
stages of the folding. In addition, the unfolded state is found to be more compact under native 
conditions, suggesting that changes in solvent conditions may induce a non-specific hydrophobic 
collapse. 

I-3. The kinetic mechanism of formation of two types of intermediates (CHAPTER III)
Despite the similarity in the structure and thermodynamics properties of the folding and equilibrium 
intermediates, it remains unclear whether the formation/unfolding of the folding and equilibrium 
intermediates occur with a kinetically common mechanism. This is mainly because the temporal 
resolution of the conventional kinetic techniques has been limited to a few milliseconds. However, 
recent development of continuous-flow methods coupled with various techniques made it possible to
observe the conformational change occurring on submilliseconds time scale.20
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The author chose apomyoglobin (apoMb) as a model protein for this purpose. ApoMb transiently 
accumulates folding intermediates long before the native state is accumulated at equilibrium during 
the folding under strongly native conditions such as at pH 6. ApoMb accumulates equilibrium 
intermediate states (molten globule states) under moderately denaturing equilibrium conditions such 
as at pH 4. These intermediates are structurally similar to each other. Both intermediates exhibit 
similar overall size with native-like secondary structures in the A-, G- and H-helix regions and part 
of the B-helix region in the native structure. However, since these intermediates are formed under 
different conditions, it still remains unclear whether these intermediates are identical not only in the 
structural properties but in terms of their kinetic mechanisms of the formation (Figure I-3). To 
address the question, the folding and unfolding kinetics and equilibrium unfolding of horse skeletal 
muscle apoMb were studied over wide ranges of urea concentration and pH at 8°C (CHAPTER III).
The fluorescence- and circular dichroism-detected urea-induced equilibrium unfolding and the 
tryptophan fluorescence-detected pH-induced equilibrium unfolding confirmed that the equilibrium 
unfolding was consistent with a three-state model involving an equilibrium intermediate (Ieq). The 
urea concentration and pH dependence of folding and unfolding kinetics was measured by 
continuous- and stopped-flow fluorescence over a time range from 40–135 �s to 10–100 s. The 
folding kinetics was quantitatively described by a five-state sequential folding scheme regardless of 
the denaturing factors (urea and pH). The formation of a folding intermediate (I) was observed over a 
wider range (from 0 M to 2.7 M urea and from pH 5.9 to pH 2.7 for urea- and pH-induced folding, 
respectively) than the formation of the native state (N) (from 0 M to 1.6 M urea and from pH 6.6 to 
pH 5.0 for urea- and pH-induced folding, respectively). Based on the difference in stability between I 
and N, it was found that the stability of N relative to I determines whether I either transiently 
accumulates during folding or is populated as Ieq. In addition, I accumulates as an unfolding 
intermediate at acidic pH. As a conclusion, the folding/unfolding intermediates, I, and equilibrium 
intermediate, Ieq, consist of a single molecular species. Two other intermediates, I' and M, are 
observed in the early stages of folding (I') and unfolding (M) reactions.
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CHAPTER II

Non-Uniform Chain Collapse during Early Stages of

Staphylococcal Nuclease Folding Detected by Fluorescence 
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ABBREVIATIONS

1,5-IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonate; 
AEDANS, 5-(((acetylamino)ethyl)amino)naphthalene-1-sulfonate; 
ANS, 1-anilinonaphthalene-8-sulfonate;  
Bc-Csp, Bacillus caldolyticus cold shock protein;
CD, circular dichroism;
CF, continuous-flow;
Cys, cysteine;
DTT, dithiothreitol;
FRET, fluorescence resonance energy transfer;
H/D, hydrogen/deuterium; 
NATA, N-acetyl-L-tryptophanamide; 
SF, stopped-flow;
SNase, staphylococcal nuclease;
TNB, 2-nitro-5-thiobenzoic acid;
Trp, tryptophan;
Trp140 SNase, P47G/P117G/H124L variant of SNase; 
Trp140/Cys64 SNase, K64C variant of Trp140 SNase; 
Trp140/Cys64-TNB SNase, Trp140/Cys64 SNase with modification with TNB at Cys64;
Trp27 SNase, Y27W/W140H variant of Trp140 SNase; 
Trp27/Cys64 SNase, Y27W/K64C/W140H variant of Trp140 SNase;
Trp27/Cys64-AED SNase, Trp27/Cys64 SNase with modification with AEDANS at Cys64; 
Trp27/Cys97 SNase, Y27W/K97C/W140H variant of Trp140 SNase; 
Trp27/Cys97-AED SNase, Trp27/Cys97 SNase with modification with AEDANS at Cys97; 
Trp76 SNase, F76W/W140H variant of Trp140 SNase.
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INTRODUCTION

How and why unstructured polypeptide chains acquire the specific native structures are important 
questions to understand the mechanisms of protein folding. Many proteins undergo major 
conformational changes during early stages of folding resulting in accumulation of compact folding 
intermediates with well developed secondary structure prior to the rate-limiting step of the folding 
reactions.1-3 The initial collapse of the polypeptide chains is mainly driven by hydrophobic effect, 
which would result in the reduction of the net conformational entropy, facilitating the polypeptide 
chains to reach the native state.4 The formation of secondary structure is observed in the regions with 
the secondary structure elements in the native structure, suggesting its important role to direct the 
polypeptide chains to the specific native structure. Thus, the formation of the intermediates 
accompanying the large conformational change occurring in the early folding is expected to be a 
crucial step for unstructured polypeptide chains to obtain the specificity of the native structure. It 
follows that a detailed analysis of the structural, thermodynamic and kinetic properties of these 
intermediates is critical toward understanding the physicochemical principles of protein folding. 
Kinetic small-angle X-ray scattering (SAXS) and circular dichroism (CD) measurements have 
provided us with information on the overall size and secondary structure formation during folding. 
Hydrogen/deuterium (H/D) exchange coupled with NMR has been the primary source of 
site-resolved information on hydrogen bond formation and secondary structure acquisition during 
folding.5-8 However, information on how individual side chains make long-distance interactions 
remains scarce. For example, it is still an open question whether the initial collapse of polypeptide 
chain is driven by specific or by non-specific local and long-range interactions. Further, an ensemble 
of heterogeneous collapsed-states has been observed within the first 1 ms of the folding,9-12 making it 
technically challenging to obtain detailed dynamic structural information on these early folding 
events. 

A number of folding studies have used fluorescence resonance energy transfer (FRET) to obtain 
structural and dynamic information on long-range interactions.13-24 FRET is a process by which 
radiationless transfer of energy occurs from an excited state fluorophore (donor) to a second 
chromophore (acceptor) in the ground state in close proximity through dipole-dipole interactions.25

The efficiency of energy transfer depends on the extent of spectral overlap of the emission spectrum 
of the donor with the absorption spectrum of the acceptor, the quantum yield of the donor, the 
relative orientation of the donor and acceptor transition dipoles, and the separation distance between 
the donor and acceptor. Especially, the efficiency of energy transfer is extremely sensitive to the 
separation distance between the donor and the acceptor, and thus FRET measurements have been a
valuable tool for probing not only intra-molecular distances but also probing inter-molecular 
distances or the association/dissociation in macromolecular systems.13-24 A combination of the 
mutational method and fluorescence resonance energy transfer is thus a powerful technique to obtain 
site-specific information of the chain compaction or to follow development of tertiary structure.
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Typically a protein is covalently labeled with a donor and an acceptor. In studies of protein structure 
and folding, a tryptophan (Trp) residue is often used as the intrinsic donor while a fluorophore linked 
to cysteine (Cys) residue as the acceptor.

Staphylococcal nuclease (SNase) is a 149-residue protein with the intrinsic single-Trp at 140 and 
no Cys whose structure can be divided into two sub-domains: an N-terminal domain consisting of a 
five-stranded �-barrel and an �-helix, and a C-terminal domain consisting of two �-helices (Figure 
II-1)26. Prior studies have shown that SNase folds into the native state via several partially structured 
intermediates that accumulate over the 10–500 ms time range along multiple parallel pathways.27-32

More recent ultrafast mixing measurements showed that additional states accumulate within the first 
millisecond of folding, including a compact state with a partially structured �-barrel domain.33,34

NMR-detected H/D exchange studies revealed protected amide protons in strands II and III of the 
�-barrel domain early during folding (� ~10 ms) while most other amide protons became protected 
only during the final stages of folding.30,32 Previous studies using stopped-flow (SF) CD indicated 
that significant helical secondary structure is formed on the 10-ms time scale.28 Walkenhorst et al.29

showed that the state populated at a folding time of ~10 ms is an obligatory intermediate on a 
pathway directing from the denatured ensemble toward the native state. Taken together, these results 
indicate that at least two structural events precede the rate-limiting step in SNase folding: a localized 
chain collapse in the �-barrel region at ~100 �s and the formation of a stable �-hairpin and other 
elements of secondary structure on the 10-ms time scale. However, it remains unclear (i) whether the 
early (100 �s) conformational event is driven by non-specific hydrophobic collapse or by specific 
tertiary interactions, (ii) whether the contacts formed are native-like or non-native, and (iii) whether 
early structure formation is confined to the �-barrel domain.

In order to observe the development of specific non-local (tertiary) interactions within the 
�-barrel domain and between the two domains of SNase at various stages of folding, the author
carried out a detailed kinetic analysis of a series fluorescence-labeled variants using a FRET-detected
continuous-flow (CF) mixing technique9,20,35 in combination with conventional SF experiments. Two
types of single-Trp/dye-labeled Cys variants were prepared: the donor and acceptor sites of one type 
reside within the �-barrel domain, whereas the other type contains a donor in the �-helical domain 
and an acceptor in the �-barrel domain. The results indicate that (i) the average distances for all 
donor/acceptor pairs in the unfolded state of the protein are shorter under folding conditions (low 
urea concentration) than under strongly unfolding conditions (high urea concentration), suggesting a 
more compact unfolded state under native condition, (ii) the central region of the �-barrel domain 
assumes native-like compactness and tertiary interactions within 300 �s of folding, and (iii) the 
�-helical domain docks onto the �-barrel domain at longer times (>100 ms).
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RESULTS

Design of FRET variants
Single-Trp/Cys SNase variants were constructed by substituting appropriate residues of the parent 
protein containing P47G/P117G/H124L mutations (Trp140 SNase; designated as WT* SNase in 
previous studies29,33,34), which are Y27W/K97C/W140H variant of Trp140 SNase (Trp27/Cys97 
SNase), Y27W/K64C/W140H variant of Trp140 SNase (Trp27/Cys64 SNase), and K64C variant of 
Trp140 SNase, (Trp140/Cys64 SNase). The Cys residue in each variant was chemically modified by
either 5-(((acetylamino)ethyl)amino)naphthalene-1-sulfonate (AEDANS) or 2-nitro-5-thiobenzoic 
acid (TNB)36,37, resulting in AEDANS-labeled Trp27/Cys97 and Trp27/Cys64 SNase 
(Trp27/Cys97-AED and Trp27/Cys64-AED SNase, respectively) and TNB-labeled Trp140/Cys64 
SNase (Trp140/Cys64-TNB SNase). In the native structure of SNase (Figure II-1), residue 27 is 
located in the turn between strands II and III, residue 64 in the middle of helix H1, and residue 97 
between strand V and helix H2. All three residues are within the �-barrel domain. In contrast, residue 
140 is at the loop next to the C-terminal helix H3 in the �-helical domain. Therefore, both donor and 
acceptor are within the �-domain in the case of the Trp27 variants, but in different domains in the 
case of the Trp140/Cys64-TNB SNase. The side chains of Lys64 and Lys97 are fully exposed to the 
solvent in the native structure and expected to be mobile. 

Figure II-2 compares fluorescence spectra of the unmodified proteins (selective excitation of Trp
at 295 nm) with absorption spectra of the dye-labeled proteins measured at 15°C under the native 
(100 mM sodium acetate at pH 5.3) and acid-unfolding (~20 mM phosphoric acid at pH 2.0) 
conditions. Under both conditions the unmodified proteins exhibit fluorescence spectra identical to 
the parent single-Trp variants, i.e., the quasi-wild type (Trp140 SNase) and the Y27W/W140H 
variant (Trp27 SNase). The dye-labeled proteins exhibit absorption spectra with dye absorption 
bands at ~260 nm and ~340 nm for the AEDANS-labeled Trp27 variants or TNB band at ~340 nm 
for Trp140/Cys64-TNB SNase in addition to the aromatic band at ~280 nm with minor differences 
under the native and the acid-unfolding conditions. The overlap of Trp fluorescence and dye 
absorbance bands between 300 nm and 400 nm allows energy transfer to occur from the donor (Trp) 
to the acceptor (AEDANS or TNB). The Förster distance (R0), which is the donor-acceptor distance 
at 50% FRET efficiency, may be changed between under native (R0N) and acid-unfolding (R0U)
conditions because the spectroscopic properties of donor are dependent on the conformation of the 
polypeptide chains. The R0N and R0U values were calculated on the basis of the absorption spectra of 
the dye-labeled proteins and the Trp fluorescence spectra of the unmodified proteins from 310 nm to 
400 nm by Equations (II-1) and (II-2). The calculated R0 values are listed in Table II-1 and within a 
range from 21.7 Å to 29.8 Å, which is comparable to C�-C� distances between the donor and 
acceptor sites in the native state (~20 Å) as well as those in the unfolded state (~30 Å; see below). 
Therefore, these FRET pairs are excellent probes for following the conformational changes 
associated with SNase folding because even a small change in donor-acceptor distance is detectable 
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as a significant difference in FRET efficiency (FE) near R0 as represented by Equation (II-3).

Folding kinetics monitored by FRET efficiency
Figure II-3 shows kinetic traces associated with folding of the dye-labeled and unmodified proteins
induced by six-fold dilution of the acid-unfolded protein (in ~20 mM phosphoric acid at pH 2.0) with 
a refolding buffer (100 mM sodium acetate at pH 5.3) at 15°C, resulting in a pH jump from 2.0 to 5.2.
This protein is fully in the native state at pH 5.2. The kinetic traces obtained by CF and SF 
fluorescence experiments under matching conditions (excitation wavelength at 295 nm) are 
combined to cover the wide time range from 30 �s to 20 s. The dead times of the CF and SF
fluorescence measurements were 30 �s and 1.4 ms, respectively. The combined kinetic traces were 
fitted by a sum of three to five exponential functions. The apparent rate constants and relative 
amplitudes are listed in Table II-2 comparing with those previously reported. The folding kinetics of 
the proteins used in this study is similar to that of the parent single-Trp proteins (Trp27 and Trp140
SNase) in terms of the apparent rate constants of the major phases, indicating that the overall folding 
mechanism is conserved among these variants. However, a few but critical differences are found in 
terms of the relative amplitudes of the fastest phases. The Trp27Cys97 and Trp27/Cys64 SNase show 
an increase in fluorescence in phases 1 and 3 in the present study while Trp27 SNase has shown a
decrease in the previous study; an increase in fluorescence is observed in phase 1 for Trp140/Cys64 
SNase while a decrease has been previously reported for Trp140 SNase. These discrepancies can be 
attributed to the differences in experimental settings, such as the cutoff wavelength of the emission
filter. The fluorescence intensities extrapolated to t = 0 are consistent with those in unfolded states 
under the matching native condition, which are obtained by a systematic analysis of the kinetic data 
(see below), indicating that the whole folding processes from the unfolded states to the native state 
are detected in the present study. 

The fluorescence intensities of Trp27/Cys97-AED and Trp27/Cys64-AED SNase are clearly 
reduced within the submillisecond time window while those of Trp27/Cys97 and Trp27/Cys64
SNase are enhanced, indicating that the fluorescence which should be enhanced by nature is 
quenched by FRET to the acceptors approaching. The fluorescence intensities of these variants are 
quenched within the millisecond–second time window regardless of the acceptors. Thus, this 
decrease in fluorescence of Trp27/Cys97-AED and Trp27/Cys64-AED SNase is expected to result
from the changes in fluorescence properties of donor rather than in the donor-acceptor distance. In 
contrast to the variants with Trp27, only a slight change in fluorescence intensities of Trp140/Cys64 
and Trp140/Cys64-TNB SNase is detected within the submillisecond time window, indicating that 
the distance between Trp140 and Cys64 remains almost unchanged on this time scale. The 
fluorescence intensities of Trp140/Cys64 and Trp140/Cys64-TNB SNase are enhanced and reduced, 
respectively, only after 6 ms of folding. These kinetic behaviors indicate that the strong quenching in 
donor fluorescence occurs on the millisecond–second time scale by FRET to the acceptor 
approaching.
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The time-courses of FRET efficiency (FE) calculated by Equation (II-4) shows an increase on 
the submillisecond time scale and a following decrease on the millisecond–second time scale for 
Trp27/Cys97-AED and Trp27/Cys64-AED SNase while only an increase on the millisecond–second 
time scale for Trp140/Cys64-TNB SNase (Figure II-3). Table II-3 lists the donor-acceptor distances 
at 0 �s (R(0 �s)), and 300 �s (R(300 �s)) after initiation of folding, and those of the native and 
unfolded states under the native condition (RN and RUN, respectively) calculated using Equation (II-3) 
comparing with those in a random coil (Rcoil) and in the crystal structure (Rcrystal). The distances for 
all donor/acceptor pairs in the unfolded state are at least 5 Å shorter under the folding condition in 
the absence of urea than under the strongly unfolding condition at pH 2.0, indicating that the change 
in solvent from the unfolding buffer to the refolding buffer makes the protein compact. After the 
initiation of folding, the intra-domain donor-acceptor distances between Trp27 and the acceptors at 
positions 64 and 97 approach their native values at t = 300 �s and remain constant throughout the 
folding reaction, while the inter-domain donor-acceptor distance between Trp140 and the acceptors 
at positions 64 remains unchanged within 300 �s of folding and approaches the native value only 
after the native state is formed on the millisecond–second time scale. This critical contrast suggests 
an idea that the central region of the �-barrel domain acquires native-like compactness and tertiary 
interactions within 300 �s of folding, and then the �-helical domain docks onto the �-barrel domain
at a longer time scale (>100 ms).

Systematic analysis of SNase folding
For a systematic analysis, the folding reactions of the six variants were measured at a various urea 
concentrations. The reactions were initiated by six-fold dilution of the acid-unfolded proteins (in ~20 
mM phosphoric acid at pH 2.0) with a refolding buffer (100 mM sodium acetate at pH 5.3) 
containing appropriate concentration of urea at 15°C, resulting in a jump from pH 2.0 to pH 5.2 and 
various urea concentrations. The kinetic traces obtained by CF and SF fluorescence experiments 
under matching conditions (excitation wavelength at 295 nm) were combined and fitted by a sum of 
three to five exponential functions. The unfolding reactions of these variants were systematically 
measured using the SF fluorescence device with the excitation wavelength at 295 nm as well. The 
unfolding reactions were initiated by six-fold dilution of the proteins dissolved in the refolding buffer
(100 mM sodium acetate at pH 5.3) with an unfolding buffer (100 mM sodium acetate at pH 5.3
containing an appropriate concentration of urea) at 15°C, resulting in urea concentration jump from 0
M to various concentrations of urea. The kinetic traces thus obtained were fitted by a 
single-exponential function.

Figure II-4 compares the urea concentration dependence of the apparent rate constants between 
the dye-labeled proteins and unmodified proteins, plotting the apparent rate constants logarithmically
(chevron plot). In the unfolding region (>1.2 M urea), the apparent rate constants of the four variants 
with Trp27 show faster values than those of the two variants with Trp140, indicating that the double 
mutation (Y27W/W140H) results in the destabilization of SNase in the native state. However, the 
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apparent rate constants of all variants show similar behaviors in the folding region (0–1.2 M urea), 
indicating that these variants fold to the native state by the same mechanism. In addition, the 
apparent rate constants are almost unchanged by the dye-labeling, indicating that attaching the bulky 
dye molecules to the variants little affects to the mechanism of SNase folding. 

Figure II-5 compares the urea concentration dependence of the fluorescence intensities at the 
zero time and at a long time after reactions between the dye-labeled proteins and unmodified proteins. 
For all variants, the fluorescence intensities at the zero time of folding and unfolding show the 
baselines in the unfolded and native states, respectively. The fluorescence intensities at a long time 
after reactions show single-transitions between the baselines and are fitted to a two-state equilibrium 
unfolding model, yielding the thermodynamic parameters (mid-point concentrations, cm, and 
m-values for the transitions; Table II-4) and spectroscopic parameters (fluorescence extrapolated to 
zero urea concentration; Figures II-3 and II-5; and the corresponding slopes of the native and the 
unfolded states). All variants are somewhat destabilized by the mutations and/or the side chain 
modifications than Trp140 SNase but are still fully folded into the native state under the native 
conditions.

DISCUSSION

Folding kinetics of SNase variants is consistent with that of the parent proteins
The folding kinetics of SNase is described by Scheme II-1 (excluding the slow processes reflecting 
isomerization of peptidyl prolyl bonds), which was proposed on the basis of previous studies on 
Trp140 SNase and a series of variants, including a proline-free variant and seven single-Trp 
variants.29,33,34,38

Scheme II-1

In Scheme II-1, U and U' represent the unfolded species on the major and minor folding pathways, 
respectively, while I1, I2, I' and M are intermediate ensembles, and N is the native state. I1 is required 
to explain the fastest phase (phase 1), which accumulates on the submillisecond time scale under 
native conditions. In the case of Trp140 SNase, the close similarity of the fluorescence between I1

and I2 accounts for a lag phase (phase 3) observed at ~10 ms. Accumulation of I2 also explains the 
curvature in the fourth and dominant phase (phase 4) of the chevron plot. Phase 4 is the rate-limiting 
step of the folding reaction, and the corresponding rate constant, �4, is strongly dependent on 
denaturant concentration. A high-energy intermediate with native-like properties, M, is introduced to 
account for the curvature on the unfolding limb of the chevron plot, which is the result of a switch in 
the rate-limiting step for unfolding.29,39,40 An intermediate on the secondary folding pathway, I', is 
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required to account for the second fastest phase (phase 2) while a minor slow phase (phase 5) comes 
from the conversion from I' to M. In addition to these processes, a much slower and largely
denaturant-independent phase (phase 6) arises from the isomerization of the peptidyl prolyl bonds
(not shown in Scheme II-1) but is not considered further in this study.

The urea dependence of the (un)folding reaction gives further insight into the folding 
mechanism of SNase. Figure II-4 shows chevron plots for the SNase variants studied. The fastest 
phase for the four variants with Trp27 is assigned to phase 1 since its rate constants are similar to that 
of the Trp27 SNase (�1 ~ 5,500 s-1). The slowest phase of Trp27/Cys97-AED SNase with an apparent 
rate constant of ~ 4 s-1 and the second slowest phases (4.1 s-1 to 6.0 s-1) of Trp27/Cys97, 
Trp27/Cys64-AED, and Trp27/Cys64 SNase are assigned to phase 4. In terms of relative amplitude 
this is the dominant phase for variants with Trp27. The rate constants of the second fastest phase of 
Trp27/Cys97-AED (115 s-1), Trp27/Cys97 (136 s-1) and Trp27/Cys64 (130 s-1) SNase are an order of 
magnitude larger than �3 of Trp27 SNase (11 s-1). However, this process resembles phase 3 of Trp27 
SNase in terms of urea dependence and the fact that it precedes the rate-limiting step (phase 4). The 
slowest phase of Trp27/Cys97, Trp27/Cys64-AED, and Trp27/Cys64 SNase (phase 5) may 
correspond to the late steps along the secondary folding pathway (phases 5 and 6), the rate constants 
of which became too close to each other to be resolved.34

Similarly, the fastest phase observed for the Trp140/Cys64-TNB and Trp140/Cys64 SNase is 
comparable to that of Trp140 SNase (12,700 s-1) and can be assigned to phase 1. In addition, the 
second fastest phase of the unmodified protein, with a rate constant comparable to �3 of Trp140 
SNase (150 s-1 vs. 26 s-1), represents a lag phase and was assigned to phase 3. Both Trp140/Cys64 
and Trp140/Cys64-TNB SNase exhibit major phases with rates comparable to the rate-limiting 
folding phase for Trp140 SNase (�4 = 11 s-1). The slower phases of Trp140/Cys64 SNase and its 
TNB derivative are assigned to phases 5 and 6. Trp27/Cys64-AED and Trp140/Cys64-TNB SNase
lack phase 3, probably due to its low amplitude (see below). Some of the fluorescence changes 
observed in this study differ from a previous study in terms of the sign of the amplitude of phases 1 
and 3.34 These discrepancies in the sign can be attributed to the differences in experimental settings, 
such as the cutoff wavelength of the emission filter, and show no evidence for change in the folding 
mechanism by the mutations and modifications.

As shown in Figure II-4, for all variants, the rate constant of the unfolding reaction (�u)
decreases with decreasing urea concentration, and coincides with that of the dominant folding phase
4, �4, in the transition region (Figure II-5), indicating that phase 4 is the rate-limiting step. The 
chevron plots of Trp140/Cys64 and Trp140/Cys64-TNB SNase (Figure II-4) are consistent with that 
of Trp140 SNase while those of the variants with Trp27 are qualitatively similar to that of Trp76 
SNase, a destabilized single-Trp variant.33 The rate constants of phases 1 (�1) and 3 (�3) are virtually 
independent of urea concentrations below 1 M. The roll-over (downward curvature of the chevron 
plot) of the folding limb of �4 of Trp140/Cys64 and Trp140/Cys64-TNB SNase can be attributed to 
accumulation of I2 on the major pathway (Scheme II-1), and can be approximated as �4 =
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kI1I2/(kI1I2+kI2I1)�kI2M. The kink in the unfolding limb of the chevron plot for the variants with Trp27
is attributed to a high-energy native-like intermediate (M), as reported previously for Trp140 SNase 
and other variants.29,33 Qualitatively, the kinetic behavior of the all variants used in this study is 
similar to that of the parent protein, Trp140 SNase, and can thus also be described by Scheme II-1.

The initial signal intensities of the kinetic folding and unfolding data (extrapolated to t = 0) are
fully consistent with the fluorescence values of the unfolded and the native states at equilibrium,
respectively (colored lines in Figure II-5). Direct comparison between the equilibrium transitions and 
the (un)folding kinetics under identical final conditions shows no evidence for kinetically unresolved 
changes. FEUN is comparable to the initial FRET efficiency of the pH-induced folding reaction,
consistent with the absence of a burst phase. The variants with Trp27 in the native state are less 
stable than the Trp140/Cys64 variants due to the double mutation (Y27W/W140H), since the 
naturally occurring Trp140 is important for the stability of the native state.41 In most cases, the 
replacements of Lys by Cys (at positions 64 and 97) as well as addition of an AEDANS or TNB 
group destabilize the protein. Although the destabilization occurs for the all variants used here, the 
rate constants observed during folding remain unchanged from the parent protein. Thus, the variants 
used in the present study fold to the native state via the pathways represented by Scheme II-1, 
conserving the folding mechanisms from the parent proteins. 

Evolution of tertiary structure accompanying SNase folding
For the quantitative analysis of the FRET efficiencies, donor quenching (Trp emission changes) is 
used but not enhancement in acceptor (AEDANS) fluorescence because of the following reason. In 
order to estimate FRET efficiency, two reference fluorescence values are usually required, for
example those at 0% and 100% FRET efficiencies. However, it is difficult to obtain the acceptor 
fluorescence at 100% FRET efficiency in a protein because it is achieved when the acceptor is in 
contact with the donor. In contrast, the donor fluorescence intensity at 100% FRET efficiency should 
be zero and that at 0% efficiency should be consistent with that in the protein without the acceptor, 
which is easily and accurately measured. Thus, the FRET efficiency estimated by donor quenching is 
expected to be more reliable than that by enhancement in acceptor fluorescence.

The overall change in time-dependent FRET efficiency during folding is different for the 
variants with Trp27 and with Trp140. Specifically, for Trp27/Cys97-AED and Trp27/Cys64-AED 
SNase, FE increases from 0.39 to 0.53 whereas it remains essentially unchanged (0.33 to 0.35) for 
the Trp140/Cys64-TNB within the first 300 �s. This is an indication that the �-barrel domain forms 
independently from the �-helical domain. In contrast, FE increases significantly during the late 
stages of the folding for the Trp140/Cys64-TNB while a decrease is observed for Trp27/Cys97-AED 
and Trp27/Cys64-AED SNase. It should be noted that the time-dependent traces of FE were not 
fitted to Equation (II-5) because FE(t) is given by Equation (II-4), where the FD(t) and FDA(t) are 
given by Equation (II-5), in addition to the small difference in rate constants of corresponding phases
between the dye-labeled and the unmodified proteins.
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The RU is smaller than Rcoil and the difference between RU and Rcoil increases with increasing 
distance along the sequence. This trend was found in other proteins,21 and was attributed to the 
residual structure in the acid-unfolded state. RN is ~2 Å larger than Rcrystal probably because of 
potential errors in estimating R0 values: (i) the overlap integral can be measured only above 310 nm 
because of aromatic absorbance and scattering backgrounds, (ii) the assumption that donors and 
acceptors rotate freely (yielding an orientation factor �2 = 2/3) may not be valid under native 
conditions (Trp27 and Trp140 are largely buried in the native structure), and (iii) the uncertainty in 
determining the position of the bulky dye may reflect a shift in the position of the acceptor compared 
to that in the crystal structure. For example, the aromatic region in the AEDANS-labeled histidine 
residue is at least 10.0 Å far away from its C� atom in the crystal structure of the modified 
ribonuclease A.42

A previous study suggested that 65–80% of the molecules on the major pathway are converted 
into I1 at t = 	
�1. Because the time constant of phase 1 ranges from 60 �s to 230 �s for the 
dye-labeled proteins, R(300 �s) approximates the donor-acceptor distance in I1. The side chain of 
Trp27 and 140 are solvent-exposed in the unfolded state under native condition, and probably also in 
I1 as expected from the only slight increase in fluorescence intensity from that in the unfolded state,
justifying the use of R0U as a Förster distance to determine donor-acceptor distances (R(0 �s), R(300 
�s) and RUN). 

The distances between Trp27 and the acceptors at positions 64 and 97 are within 1–2 Å of RN at 
t = 0. These donor/acceptor pairs span the �-barrel domain with Trp27 located at one end and Cys64 
and Cys97 (on helix H1 and the loop between strand V and helix H2, respectively) adjacent to the 
opposite end (Figure II-1). In both cases, R(0 �s) is much smaller than RU, indicating that the 
�-barrel domain already adopts a compact conformation at t = 0. The fact that two different probes 
separated by over 30 residues along the chain approach the donor to within 2 Å of the final distance 
is consistent with an overall compactness and arrangement of the �-strands and helix H1 resembling 
the native structure. The donor-acceptor distances approach native values at t = 300 �s and remain 
constant throughout the folding reaction (Table II-3). The observation that Trp27/Cys97 and 
Trp27/Cys64 SNase undergo only a slight change in fluorescence during phase 1 suggests that the 
Trp27 side chain is still exposed and relatively mobile at this stage. This further supports the
conclusion that the observed changes in FRET efficiency reflect a major conformational change 
rather than changes in donor environment or mobility. A previous study on SNase folding probed by 
1-anilinonaphthalene-8-sulfonate (ANS) binding showed that solvent-accessible hydrophobic 
pockets appear within ~100 �s of folding.33 Since there is no evidence for large hydrophobic cores
elsewhere in the protein, the binding site(s) for ANS should be located within the �-barrel domain. 
Taken together, these results indicate that the �-barrel domain becomes nearly as compact as the 
native state and forms native-like tertiary interactions within 300 �s of folding.

In contrast to Trp27/Cys97-AED and Trp27/Cys64-AED SNase, the donor-acceptor distance for 
Trp140/Cys64-TNB SNase decreases substantially as the native state is formed (Table II-3). R(300 
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�s) is ~4 Å larger than RN, whereas the corresponding distances for the variants Trp27/Cys97-AED 
and Trp27/Cys64-AED SNase are very close to the native values. The distance between Trp140 and 
TNB attached to Cys64 at the beginning of the folding reaction, R(0 �s) = 26.3 ± 0.4 Å, is close to 
RUN (25 ± 1 Å), remains essentially constant throughout the early stages (~10 ms) and decreases to 
its native value (22.0 Å) only during the final folding phase. A slight enhancement in donor 
fluorescence during phase 1 observed for the unlabeled protein (Trp140/Cys64 and Trp140 SNase) 
due to a change in the local environment of Trp140 is probably responsible for the small increase in 
apparent FRET efficiency at t ~ 100 �s (Figure II-3). Therefore, the C-terminal region close to helix 
H3, where Trp140 is located, is not yet docked onto the �-barrel domain, but may form some local 
structure around Trp140 on the 100-�s time scale. The final folding phase with a rate of ~10 s-1 is 
accompanied not only by a major enhancement in Trp140 fluorescence of the unlabeled protein, but 
also a significant quenching of the donor in the presence of the TNB acceptor (Figure II-3) consistent 
with a ~4 Å decrease in donor-acceptor distance. Taken together, the results for all three FRET pairs 
indicate that during the rate-limiting step of folding the C-terminal helix docks onto the preformed 
�-barrel domain. Since information on intra-domain collapse within the �-helical domain still lacks,
the possibility is not ruled out that both domains acquire some structure at an early stage and dock to 
each other during the rate-limiting step of folding, as reported for dihydrofolate reductase, an 
�/�-type protein.24

For all three donor/acceptor pairs, the average distance in the acid-unfolded state at pH 2.0 is 
substantially larger (by at least 5 Å) than that of the unfolded state at pH 5.2 (based on extrapolation 
from the urea-unfolded state at equilibrium) and the kinetically observed state at the beginning of the 
folding reaction (based on extrapolation of the kinetics to t = 0). The similarity among the variants 
indicates that under folding conditions (pH 5.2, low denaturant concentration) the polypeptide chain 
is uniformly more compact than under unfolding conditions (pH 2 or high urea concentration). It 
appears that this state, which can be considered the unfolded state under native conditions, has 
undergone a general collapse of the chain driven by a combination of hydrophobic and electrostatic 
interactions. The low affinity for ANS suggests that this conformational ensemble is mobile and 
lacks a persistent hydrophobic core.33 In contrast, the donor-acceptor distances differ significantly 
among the variants in the transient state populated at 300 �s, indicating that specific side chain 
interactions are formed within the first few 100 �s of folding. If this process was a uniform 
compaction, one would expect similar donor-acceptor distances for the Trp27/Cys97 and 
Trp140/Cys64 pairs, since their separation along the chain is similar (71 and 77 residues, respective). 
These findings indicate that the earliest intermediate ensemble formed on the 100-�s time scale is 
structurally bimodal: the core structure of the �-barrel domain is formed and has native-like 
compactness while the C-terminal helix is still unfolded and/or detached; the two subdomains 
associate only during the final stages of folding. 

Magg et al. suggested on the basis of detailed kinetic experiments that a partially collapsed state 
of Bacillus caldolyticus cold shock protein (Bc-Csp) represents the unfolded state under native 
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conditions rather than a barrier-limited intermediate.18,21 Although the overall topology is different, 
both SNase and Bc-Csp contain a �-barrel structure, and the partially collapsed initial state might be 
a common feature. One possibility to consolidate these findings is that the starting conformation of 
SNase at t = 0 is analogous to the compact unfolded ensemble of Bc-Csp, whereas the I1 state 
populated on the 100-�s time scale represents a partially structured intermediate not present in the 
smaller cold-shock protein.

The FRET probes studied here, along with prior observations, provide qualitative information on 
the structural properties of the I1 intermediate. The microsecond folding kinetics of an SNase variant 
was previously studied which was containing a Trp at position 76,34 located at the C-terminal end of 
�-strand IV on the same face of the �-barrel as Trp27. The observation that the fluorescence of both 
Trp27 and Trp76 is partially enhanced during phase 1 is consistent with the assembly of a loosely 
packed cluster of hydrophobic side chains at one end of the �-barrel. The presence of a dynamic 
clustering of hydrophobic side chains is supported by the fact that ANS binds preferentially to 
intermediate populated on the 100-�s time scale.33 The near-native distance for the 
Trp27/Cys64-AED pair suggests that helix H1 is already formed and interacting with the structured 
region of the I1-state. The Cys97-AED FRET probe also places the loop following strand V within 
the collapsed core of the intermediate. In addition, earlier H/D exchange labeling studies showed that 
amide protons in �-strands II and III are already protected from exchange at this early stage of 
folding, suggesting the presence of a hydrogen-bonded �-hairpin.30,32 Thus, the chain compaction 
observed here appears to encompass most of the �-barrel as well as helix H1. While the combined 
results are consistent with native-like topology, more detailed structural information will be needed 
to confirm this conclusion (e.g., we have no probes reporting on the structure of �-strand I). On the 
other hand, the observation that the distance between Trp140 and Cys64 remains unchanged in phase 
1 demonstrates that helix H3 is still detached from the structural core of the I1 intermediate. The 
observation of a bimodal P(r) function in SAXS measurements on a C-terminally truncated SNase 
variant43 further supports the conclusion that an early event in SNase folding gives rise to a partially 
structured state with a compact �-barrel/H1 subdomain and a more disordered C-terminal region. 

CONCLUSIONS

It has been a longstanding question on protein folding whether the initial collapse of polypeptide 
chain is driven by specific or by non-specific local and long-range interactions. In order to address 
the question for the folding of SNase, the author investigated its folding kinetics at the residue level. 
SNase exhibits a localized chain collapse in the �-barrel region at ~100 �s and the formation of a 
stable �-hairpin and other elements of secondary structure on the 10-ms time scale. However, it 
remains to be understood: (i) whether the early conformational event is driven by non-specific 
hydrophobic collapse or by specific tertiary interactions, (ii) whether the contacts formed are 
native-like or non-native, and (iii) whether early structure formation is confined to the �-barrel 
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domain. The folding kinetics of two types of single-Trp/fluorescent dye-labeled Cys variants, where 
the donor and acceptor sites of one type reside within the �-barrel domain while the other type 
contains a donor in the �-helical domain and an acceptor in the �-barrel domain, were measured 
using a FRET-detected CF and SF mixing technique. The results indicate that (i) the average 
distances for all donor/acceptor pairs in the unfolded state of the protein are shorter under folding 
conditions than in strongly unfolding conditions, suggesting a more compact unfolded state under 
native condition, (ii) the central region of the �-barrel domain assumes native-like compactness and 
tertiary interactions within 300 �s of folding, and (iii) the �-helical domain docks onto the �-barrel 
domain at longer times (>100 ms). These conclusions are summarized in Figure III-6.

MATERIALS AND METHODS

Protein expression, modification and purification
Site-directed mutagenesis was carried out by QuickChange (Agilent, CA, USA). The single-Trp/Cys 
variants of SNase (Trp27/Cys64, Trp27/Cys97 and Trp140/Cys64 SNase) constructed were 
expressed and purified according to a previous report.34 Prior to the modification of Trp140/Cys64 
SNase with TNB, 100 mM Tris-HCl / 7 M urea / 2 mM dithiothreitol (DTT) (pH 8.0) was purged by 
Argon gas for two hours to remove oxygen in the buffer, followed by addition of lyophilized 
Trp140/Cys64 SNase and concentrated 5,5'-dithiobis-(2-nitrobenzoic acid) solution with 157-fold 
molar excess to the protein. The reaction was performed in dark at room temperature for two hours. 
The unmodified protein and side-reaction products were removed by ion exchange chromatography
(Bio-Rex70, Bio-Rad, CA, USA). The fraction of modified protein was dialyzed against ~50 mM
ammonium bicarbonate (pH ~ 7), followed by lyophilization. The labeling efficiency (percent of the 
protein molecular labeled) was estimated by the ratio of Trp140/Cys64 SNase to TNB attached to the 
protein through independently determined concentrations of TNB and Trp140/Cys64 SNase. 
Specifically, the labeled protein in Tris-HCl (pH 8.0) was reduced by ~1 mM DTT, resulting in a 
mixture of free TNB and Trp140/Cys64. The concentrations were then determined 
spectrophotometrically by the molar extinction coefficients of free TNB37 (���412 nm = 14,150 M-1

cm-1 and �TNB
280 nm = 2,900 M-1 cm-1) and Trp140/Cys64 SNase (�Trp140/Cys64

280 nm = 14,700 M-1 cm-1).
AEDANS labeling of Trp27/Cys64 and Trp27/Cys97 SNase was carried out in a similar way of 
TNB-labeling with minor change in the procedure. Specifically, a 100-fold molar excess of 
5-((((2-iodoacetyl)amino)ethyl)- amino)naphthalene-1-sulfonate (1,5-IAEDANS) was used for the 
modification. The labeled protein was purified by Sephadex G-50 and dialyzed against ~50 mM 
ammonium bicarbonate (pH ~ 7), followed by lyophilization. The labeling efficiency was estimated 
by measuring the ratio of each variant to AEDANS attached to the protein. Their concentrations were 
determined spectrophotometrically according to the molar extinction coefficients of free 
1,5-IAEDANS36 (�AEDANS

336 nm = 5,700 M-1 cm-1 and �AEDANS
280 nm = 1,310 M-1 cm-1), Trp27/Cys64 

(�Trp27/Cys64
280 nm = 12,700 M-1 cm-1), and Trp27/Cys97 (�Trp27/Cys97

280 nm = 12,700 M-1 cm-1). The 
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overall labeling efficiency was about 100%.

Determination of R0 and R values
The Förster distance, R0, which is defined as the donor-acceptor distance when FRET efficiency is 
50%, was calculated according to Equation (II-1):

1
5 2 4 6

0 (8.79 10 ( ))DR n J�� �� � � (II-1)

where �2 is the orientation factor as a function of the relative orientation of the transition dipoles of 
the donor and the acceptor in space, which was assumed to rotate freely (�2 = 2/3), �D is the 
quantum yield of the donor, which was determined by estimating the fluorescence intensity relative 
to N-acetyl-L-tryptophanamide (NATA) assuming a quantum yield of 0.14 for NATA,44 n is the 
refractive index of the medium, and J is the overlap integral of the emission of the donor and the 
absorption of the acceptor, which was calculated by the normalized fluorescence spectrum of the 
protein with only the donor and the absorbance spectrum of the acceptor according to Equation 
(II-2):

4( ) ( )

( )
D A

D

F d
J

F d

� � � � �

� �
� �

�
(II-2)

The R0 values under the native and the acid-unfolding conditions (R0N and R0U) were calculated. The 
distance between the donor and the acceptor sites R was calculated from the apparent FRET 
efficiency, FE, and R0 values by Equation (II-3):

� �60

1
1

FE
R R

�
� (II-3)

FE was calculated using fluorescence intensity according to Equation (II-4):25

1 DA

D

FFE
F

� � (II-4)

where FD and FDA are the fluorescence intensity in the absence and presence of the accepter, 
respectively.

Kinetic measurements using CF and SF fluorescence
The folding reaction was initiated by six-fold dilution of the acid-unfolded protein solution in ~20 
mM phosphoric acid (pH 2.0) with 100 mM sodium acetate (pH 5.3) with varying concentrations of 
urea, giving a final pH of 5.2, while the unfolding reaction was initiated by six-fold dilution of the 
native protein solution in 100 mM sodium acetate (pH 5.3) with 100 mM sodium acetate at (pH 5.3)
with varying concentrations of urea. The solutions for the measurements on the unmodified proteins 
contained 2 mM DTT for keeping the proteins reduced. The protein concentration was 10 �M for all 
the experiments. All the experiments were conducted at 15°C. The time-dependent change in 
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fluorescence was recorded with the combination of a 305-nm long pass filter and a 287/366-nm band 
pass filter with the excitation at 295 nm. The dead time of the CF device was 30 �s, which was
estimated by measuring the quenching of N-acetyl-L-tryptophan fluorescence by 
N-bromosuccinmide45. The SF measurements were conducted on an SX-20 (Applied Photophysics,
UK) with a dead time of ~1.4 ms. The kinetic traces were fitted by nonlinear least-squares method to
the following equation:

( ) exp( )eq i i
i

F t F A t�� � �� (II-5)

where F (t) and Feq are the observed values of the fluorescence at time t and infinite time at the 
equilibrium, respectively, while Ai and �i are the fluorescence change and the apparent rate constant, 
respectively, of the i-th kinetic phase.

The equilibrium unfolding transition curves were obtained by plotting the Feq values versus
urea concentrations. The baselines of the unfolded state and the native state were obtained by 
extrapolating the folding and the unfolding traces to zero time. The equilibrium unfolding transition 
curves of the modified and unmodified variants were fitted to a two-state model using IGOR Pro 
software package (Wavemetrics, Inc., OR).
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TABLES

Table II-1. Förster distances between the pair of the donor and acceptor of the three variants of 
SNase under the acid-unfolding (~20 mM phosphoric acid at pH 2.0) and the native (100 mM 
sodium acetate at pH 5.3) conditions.

Trp27/Cys97-AED Trp27/Cys64-AED Trp140/C64-TNB

R0U (Å) 21.7 22.6 23.4

R0N (Å) 21.1 21.5 29.8
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Table II-3. Distances between the pair of donor and acceptor under various conditions.

U at pH 2.0
U at pH 2.0
(Spectra)d

U at 0 M urea t= 0 �s t= 300 �s
N at pH 5.2

(t=�)c
N at pH 5.3
(spectra)d

coil
Crystal 
structure

FRET 
efficiency

FEU FEUN
a FE(0 �s)b FE(300 �s) FEN - -

Distance (Å) RU RUN R(0 �s) R(300 �s) RN Rcoil Rcrystal

Trp27/Cys97
-AED

0.160
± 0.001 

0.206 0.37
± 0.02 

0.388
± 0.002

0.530
± 0.001

0.469
± 0.001

0.407
- -

28.6
± 0.1

27.2 23.6
± 0.4

23.4
± 0.1

21.3
± 0.1

21.5
± 0.1

22.5 62.6 19.0

Trp27/Cys64
-AED

0.092
± 0.001 

0.258 0.38
± 0.02

0.406
± 0.002

0.464
± 0.001

0.397
± 0.001

0.403
- -

33.1
± 0.1 

26.9 24.5
± 0.3

24.1
± 0.1

23.1
± 0.1

23.1
± 0.1

23.0 43.0 21.1

Trp140/Cys64
-TNB

0.173
± 0.001 

0.190 0.38
± 0.06

0.33
± 0.02

0.346
± 0.009

0.861
± 0.001

0.813
- -

30.4
± 0.1

29.8 25
± 1

26.3
± 0.4

26.0
± 0.2

22.0
± 0.1

23.3 65.7 20.7

The distances between the donor and the acceptor were calculated according to Equation (II-3). The 
Förster distances used were R0U for RU, RUN, R(0 �s) and R(300 �s) and R0N for RN. Rcoil was 
estimated according to McCarney et al.46 Rcrystal was the distance between the C� atoms of the donor 
(Tyr27 / Trp140) and acceptor (Lys64 / Lys97) sites in the crystal structure of Trp140 SNase.
a The energy transfer efficiency in U under the native condition (at 0 M urea) (FEUN) was estimated 
by fluorescence intensities obtained by the baselines of the unfolded state of the dye-labeled and the 
unmodified proteins linearly extrapolated to 0 M urea.
b The energy transfer efficiency at 0 �s (FE(0 �s)) was estimated by fluorescence intensities 
extrapolated to zero time of the kinetic traces of the pH-induced folding from 2.0 to 5.2.
c The energy transfer efficiency at long time after the (un)folding reactions was estimated by 
fluorescence intensities after the pH-induced folding reaction from 2.0 to 5.2 was fully relaxed to the 
native state.
d The energy transfer efficiency and distance between donor and acceptor were also estimated based 
on emission spectra measurements at equilibrium.
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Table II-4. Thermodynamic parameters describing the urea-induced equilibrium unfolding of SNase 
variants in ~100 mM sodium acetate at pH 5.2 and 15°C monitored by Trp fluorescence emission 
with the excitation wavelength at 295 nm.

cm (M) m
(kcal mol-1 M-1)

�GH2O

(kcal mol-1)�
Trp140*a 3.45 2.30 7.92

Trp27 1.38 2.94 4.06
Trp27/Cys97 1.22 2.67 3.26

Trp27/Cys97-AED 1.27 2.60 3.30
Trp27/Cys64 1.17 2.58 3.08

Trp27/Cys64-AED 1.20 3.49 4.18
Trp140/Cys64 3.10 1.20 3.72

Trp140/Cys64-TNB 3.07 0.74 2.26
a Values from ref 33
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CHAPTER III

A Kinetics Study on the Early Structural Events during 

Folding/Unfolding of Horse Apomyoglobin Using 

Ultrarapid Mixing Methods
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ABBREVIATIONS

apoMb, apomyoglobin;
CD, circular dichroism;
CF, continuous-flow;
fH, helical content; 
hapoMb, horse skeletal muscle apomyoglobin;
H/D, hydrogen/deuterium; 
NATA, N-acetyl-L-tryptophanamide;
NBS, N-bromosuccinimide;
pKa

i
COOH, pKa for carboxyl groups in i state;

pKa
i
His, pKa for histidine side chains in i state;

Rg, gyration radius;
SAXS, small-angle X-ray scattering;
SF, stopped-flow;
swapoMb, sperm whale apomyoglobin;
Trp, tryptophan;
UVRR, UV resonance Raman;
�max, emission maximum.
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INTRODUCTION

Protein folding is the complex process during which protein molecules find out and form unique
three-dimensional structures among a great number of possible conformers. Nevertheless, many 
proteins fold into their specific native structures on a second to minute time scale. Proteins with more 
than 100 amino acid residues often accumulate folding intermediates during the early stages of 
folding within a millisecond.1 Many of the folding intermediates are partially folded with a compact 
size, native-like secondary structures and even specific tertiary interactions for some side chain pairs. 
Based on the native-like features of the folding intermediates, they have been regarded as being 
productive, that is, playing an important role in guiding the unstructured polypeptide chains toward 
the specific native structures.1 Thus, elucidating the thermodynamics, kinetics, and structure of 
intermediates, especially focusing on the formation process, is essential to physicochemically
understand the mechanism of protein folding. However, it has been extremely difficult to directly 
measure the formation of the folding intermediates because it occurs typically within a millisecond 
of folding, which is too fast to be directly detected by conventional experimental techniques such as 
stopped-flow (SF) methods. Thus, the early events during folding still remain one of the most 
important and challenging issues in the study of protein folding.2,3 Recent development of 
experimental techniques such as continuous-flow (CF) methods and laser-induced temperature jump
made it possible to directly observe the early stages of folding occurring within a millisecond and 
can be used to investigate the early folding events and the role of the kinetic intermediates.4-7

Under moderately denaturing equilibrium conditions, some proteins accumulate equilibrium 
intermediates that are structurally and thermodynamically similar to the folding intermediates.1 The 
equilibrium intermediates have been investigated as a counterpart of the folding intermediates in 
order to overcome the difficulty in characterizing the short-lived folding intermediates in detail.8-16

Previous studies on the equilibrium intermediates have actually provided us with detailed properties 
of the intermediates, for example, the topology (fold) of the intermediates17 and the cooperativity of 
formation of the intermediates,18,19 which would not be obtainable by kinetic experiments. However,
the properties obtained for the equilibrium intermediates can be taken as those of the folding 
intermediates only if the equilibrium intermediates are equivalent to the folding intermediates. The 
equivalence is confirmed by directly comparing the kinetic processes associated with the formation 
of the folding and equilibrium intermediates in addition to the structural properties. Although the 
recent development of experimental techniques made it possible to extend the time resolution of 
kinetic measurements to the range of nanoseconds to microseconds, to date there have been only a
few studies in which the equivalence has been confirmed by direct comparison of the formation of 
the intermediates.

Myoglobin (Figure III-1), is an �-helical heme protein with 153 amino acid residues, consisting 
of eight helices (A–H) formed in the globin fold.20 Apomyoglobin (apoMb), the apo-form without 
the heme group, is one of the proteins whose folding mechanisms have been most extensively 
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investigated. This protein also forms a specific native structure close to myoglobin with the F-helix, 
the N-terminus of the G-helix and some loops unstructured under physiological conditions.21

Previous studies on the folding of horse skeletal muscle apoMb (hapoMb) and sperm whale apoMb 
(swapoMb) have indicated that apoMb folds to the native state via a sequential folding pathway 
accumulating a series of folding intermediates.22,23 At least two intermediates accumulate during the 
folding reaction of apoMb with a significant amount of helical structures in the A-, G- and H-helix 
regions and part of the B-helix in the native structure on the millisecond to second time scale of the 
folding reaction under native conditions.11 The intermediate ensemble is compact with a hydrophobic 
core surrounded by the native-like secondary structures involving some specific interactions between 
side chains.24 ApoMb has two tryptophan (Trp) residues, Trp7 and Trp14, located in A-helix, which 
are surrounded by the hydrophobic core consisting of the A-, G- and H-helix regions. Thus, when the 
folding kinetics is measured by monitoring the Trp fluorescence, a large enhancement accompanying 
the structure formation of the folding intermediates occurs within a few millisecond of folding. The 
structure formation of the fast folding intermediate was detected on submillisecond time scales using 
CF methods by a few groups.23,25,26 However, the mechanism of the intermediate formation is not 
fully understood. In addition to the folding intermediates, apoMb accumulates equilibrium 
intermediates under mildly denaturing equilibrium conditions, which share many structural
properties with the folding intermediate transiently accumulated during the folding.10-12,27,28 The 
formation process of the equilibrium intermediate has been detected previously whereas the direct 
observation of the formation of the folding intermediate is scarce. The relationship between the 
folding and equilibrium intermediates is obtained by direct comparison of the formation process 
between the two types of the intermediates but it is not yet achieved due to the technical difficulty in 
the time resolution.

Here the author aimed to address the issues associated with the relationship between the folding 
and equilibrium intermediates by systematically investigating the folding/unfolding kinetics as well 
as the equilibrium unfolding of hapoMb as a function of urea concentration and pH. By 
fluorescence-detected CF and SF measurements, the author directly observed the formation of a 
series of intermediates in wide ranges of urea concentrations and pH. A quantitative modeling29 of 
the folding/unfolding kinetics and equilibrium unfolding revealed that the folding of this protein is 
consistent with a five-state sequential scheme, where the three intermediates are placed on the 
folding pathway. The results indicated the equivalence between the transient folding/unfolding 
intermediates and the equilibrium intermediate. The apparent difference in the kinetic and 
equilibrium behavior of these intermediates is attributed to the relative stability of the intermediate to 
other states which varies with the conditions such as urea concentration and pH. A very fast 
unfolding phase is assigned to the partial unfolding of the native state to a native-like unfolding 
intermediate. The unfolding intermediate is located after the rate-limiting step along the reaction 
coordinate of the folding reactions, and thus corresponds to a "hidden intermediate" in folding 
reactions. 
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RESULTS

((A) Urea-induced folding/unfolding experiments 
Circular dichroism and fluorescence spectra of hapoMb
Figures III-2a and III-2b show far- and near-UV circular dichroism (CD) spectra of hapoMb at 8°C, 
respectively. The far-UV CD spectrum at pH 6.0 (in 12 mM sodium citrate) shows a negative band 
with two local minima at 208 nm and 222 nm, reflecting the �-helical structure, while the near-UV 
CD spectrum shows an aromatic band under the same conditions, confirming the specific native 
structure.30-32 The intensities in ellipticity in the far- and near-UV regions are significantly reduced at 
0 M urea and pH 4.0 as well as at 1.2 M urea and pH 6.0 (in 12 mM sodium citrate), which is 
attributed to the accumulation of an equilibrium intermediate ensemble.30 The far- and near-UV CD 
spectra at 0 M urea and pH 2.0 and at 8.0 M urea and pH 6.0 show characteristics typical of the 
unfolded state.30

Figure III-2c shows the fluorescence spectra of hapoMb at 8°C upon selective excitation of the 
Trp residues at 295 nm. The fluorescence spectrum at 0 M urea and pH 6.0 exhibits the emission 
maximum (�max) at 333 nm and a yield of 1.28 (relative to pH 2.0), reflecting the specific native 
structures around the side chains of two Trp (Trp7 and Trp14) that come into contact with quenching 
partners. The fluorescence spectra at 0 M urea and pH 4.0 and at 1.2 M urea and pH 6.0 exhibit a
�max at 334 nm and 336 nm, and yields of 1.67 and 1.61, respectively. The enhanced fluorescence 
with the slightly red-shifted �max compared with the native state confirms the accumulation of the 
equilibrium intermediate ensemble, where the Trp side chains are largely shielded from solvent in 
hydrophobic environments.22 The fluorescence spectra under the unfolding conditions at 0 M urea 
and pH 2.0 and at 7.8 M urea and pH 6.0 exhibit a �max at 348 nm and 351 nm, respectively, close to
the �max of free Trp under these conditions (355 nm), indicating that the Trp side chains are exposed 
to solvent under these unfolding conditions.33,34

Figure III-2d shows temperature dependence of the ellipticity at 222 nm at pH 6.0 (in 12 mM 
sodium citrate). The ellipticity is decreased with lowering temperature until it begins to increase at 
4°C, at which cold denaturation occurs.27,35 The results in turn confirm that hapoMb fully remains in 
the native state at pH 6.0 and 8°C in the absence of urea. All the experiments in this study were 
carried out at 8°C.

Urea-induced equilibrium unfolding
Figures III-3a and III-3b show the urea-induced equilibrium unfolding transition of hapoMb 
measured by monitoring the ellipticity at 222 nm and Trp fluorescence emission spectra ranging from 
300 nm to 450 nm (excitation at 295 nm), respectively. Since the urea concentration dependence of 
the fluorescence intensity at each emission wavelength can be regarded as an urea-induced 
equilibrium unfolding transition curve monitored by fluorescence at that wavelength14, as illustrated 
in Figure III-3b (black symbols at 360 nm), the series of fluorescence emission spectra shown in 
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Figure III-3b represent a collection of unfolding transition curves monitored by fluorescence 
intensities at 149 wavelengths (300–450 nm). The unfolding transition curves at representative 
wavelengths thus obtained are shown in Figure III-3c. These unfolding transition curves monitored 
by fluorescence intensities and ellipticity at 222 nm were fitted by non-linear least squares fitting 
with a global fitting algorithm to an equilibrium three-state model consisting of the native (Neq), 
intermediate (Ieq) and unfolded (Ueq) states:

N�� � I�� � U�� , Scheme III-1

which yielded a set of global parameters (midpoint urea concentrations of Neq � Ieq and Ieq � Ueq

transitions, cmNeqIeq and cmIeqUeq, and the corresponding m-values, mNeqIeq and mIeqUeq, for each 
transition) and local parameters (the fluorescence intensities and ellipticity of Neq, Ieq and Ueq

extrapolated to 0 M urea, and the slope of the baselines). The thermodynamic parameters thus 
obtained are listed in Table III-1, and are consistent with previous reports.26,28,36-38 Based on these 
equilibrium parameters, fractions of the three species are calculated as a function of urea 
concentration (Figure III-4a). A tiny fraction of the molecules are populated as Ieq even in the 
absence of urea. As urea concentration increases, the fraction of Ieq increases at the expense of the 
fraction of Neq until it reaches the maximum (54%) at 1.3 M urea, followed by a decrease with 
increasing in the fraction of Ueq (Figure III-4a).

A collection of fluorescence intensities over the range of wavelengths for each species, obtained 
by the curve fitting, represents the fluorescence spectrum linearly extrapolated to 0 M urea14 as 
shown in Figure III-4b. The fluorescence spectrum and the ellipticity at 222 nm for Neq are 
essentially identical to those at 0 M urea with only a slight difference due to a tiny fraction of Ieq. The 
fluorescence spectrum and the ellipticity at 222 nm for Ieq are similar to those observed at 1.2 M urea 
and pH 6.0 and at 0 M urea and pH 4.0. The differences in the ellipticity, the fluorescence intensity 
and the �max values between the fitting results and the results of the experiments at 1.2 M urea and 
pH 6.0 may be attributed to Neq and Ueq populated under the experimental conditions. The 
fluorescence spectrum for Ueq exhibits no wavelength shift and reduced intensity compared with that 
observed at 7.8 M urea and pH 6.0. The ellipticity at 222 nm for Ueq is more intense than that 
observed at 8.0 M urea and pH 6.0. The difference in the ellipticity and fluorescence intensities 
extrapolated to 0 M urea and at 8.0 M/7.8 M urea is expected from the slope in the unfolding regions.

Folding kinetics initiated by a combined pH and urea concentration jump
The folding and unfolding kinetics of hapoMb were measured by monitoring fluorescence at various 
urea concentrations at pH 6.0 and 8°C. The initial conditions of the folding experiments were 0 M 
urea and pH 2.0, or 0.8 M urea and pH 6.0 whereas the initial condition of the unfolding experiments 
was 0 M urea and pH 6.0. CF and SF experiments were combined to monitor folding initiated at pH 
2.0 whereas SF experiments were carried out to monitor folding initiated at 0.8 M urea and pH 6.0 as 
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well as unfolding. The dead times of the CF and SF measurements were 135 �s and 5.3 ms, 
respectively. Figure III-5a shows representative kinetic traces of the folding reaction. For the folding 
reaction initiated at acid-unfolded protein at pH 2.0, the kinetic traces of the folding reaction were 
fitted to a double (0–1.6 M urea) or a single-exponential function (1.8–2.7 M urea). When the folding 
reaction is initiated at 0.8 M urea and pH 6.0, the kinetic trace is fitted to a single-exponential 
function (0.13–0.53 M urea). The folding reaction initiated at 0.8 M urea and pH 6.0 is dominated by 
the conversion from Ieq to Neq since Ieq is predominantly populated under the condition. The kinetic 
traces of unfolding reaction are fitted to a single-exponential function. Representative kinetic traces 
are shown in Figure III-5b.

Urea concentration dependence of the rate constants (chevron plot) of (un)folding reactions is 
summarized in Figure III-6a. Cumulative amplitudes (F01, F02 and F0U) are exploited instead of the 
amplitudes (Fi for the i-th phase) for the analysis of fluorescence intensity (Figure III-6b).16 They are 
defined as F02 = Feq + F2 and F01 = Feq + F2 + F1 for the folding reaction initiated at pH 2.0 and F0U

= Feq + F1 for the unfolding reaction, which give the fluorescence intensity at t = 0 in the absence of 
the preceding phases (Feq represents the fluorescence intensity at equilibrium). The author first 
focuses on the folding reaction initiated at pH 2.0. The slower decreasing phase (phase 2) 
corresponds to the rate-limiting step during the folding,23,39 whose rate constant (�2 ~ 2–5 s-1)
exhibits typical chevron behavior with the minimum at ~1.0 M urea. As the urea concentration 
increases, F02 approaches to Feq to merge, i.e., phase 2 disappears, at ~1.6 M urea and coincides with 
Feq (F02 = 0) at > 1.6 M urea. The chevron plot for �1 is shifted toward higher urea concentration (the 
minimum at ~2.0 M urea) with three-to-four orders of magnitude larger rate constant than that of �2.
The curvature found at ~0.8 M urea indicates the accumulation of a folding intermediate within the 
dead time of the CF measurements. This is also indicated by the discrepancy between F01

(fluorescence intensity extrapolated to t = 0 of CF measurements) and the fluorescence expected for 
the unfolded state (burst phase) over a range from 0 M to 3.0 M urea. For the folding reaction 
initiated at 0.8 M urea and pH 6.0, the only decreasing phase (phase 2') exhibits the rate constant (�2')
close to �2 under the matching conditions. This is also the case for the rate constant of the unfolding 
reaction (�u), further indicating that phase 2 is the rate-limiting step of the overall folding/unfolding 
reactions. As urea concentration increases from ~2.0 M, �u increases with the curvature at ~3.3 M 
urea, which results from a switch in stability between the native and an unfolding intermediate, M,
for unfolding (see below). F0U exhibits a small but distinct transition at ~1.5 M urea, which is 
attributed to unfolding of Ieq populated at 0 M (Figure III-4a).  

Quantitative modeling of the folding/unfolding kinetics
A folding scheme is modeled to quantitatively reproduce the rate constants (�1, �2, and �u) and 
amplitudes (F01, F02, and F0U). As reported previously, the kinetic behavior of the (un)folding 
reactions is consistent with a sequential mechanism rather than a parallel-pathway 
mechanism.10,34,39,40 For example, a folding scheme with phases 1 and 2 located on respective 
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parallel pathways would not account for enhancement of fluorescence during folding under strongly 
native conditions. The author finds that the minimal sequential scheme requires at least five states 
including the native (N) and the unfolded (U) states. At least one intermediate (I') is responsible for 
the burst phase of CF folding measurements and the curvature of �1 at ~0.8 M urea, a second 
intermediate (I) for phase 1, and a third intermediate (M) for the curvature of �2 (�u) at ~3.3 M urea.

The model assumes five thermodynamically distinct states interconverting according to the 
following mechanism:

U  ���������
  I�  ���������

  I  ��	��	�
  M  �	
��
	

  N
.

Scheme III-2

The elementary rate constants, kij, are defined by Equation (III-5). The elementary rate constants in 
the absence of urea at pH 6.0, kH2O

ij, and the urea concentration dependence, m‡
ij were manually 

varied to reproduce the urea concentration dependence of the rate constants using the rate-matrix 
approach (see Appendix A). The predicted kinetic parameters are listed in Table III-2 and plotted in 
Figure III-6a. The �1 and �2 with curvature are approximated as �1 ~ kUI'/(kUI' + kI'U) � kI'I and as �2 ~
kNM/(kNM + kMN) � kMI, respectively (see Appendix B). On the other hand, the unfolding limb of �1

and the folding limb of �2 are used as a guide for determining kII' and kIM, respectively. The model is 
further characterized by the fluorescence intensity of each state. Fluorescence intensities of U and N 
are determined according the corresponding baselines experimentally obtained. F01 is the 
fluorescence intensity of the burst phase while F02 approximates fluorescence intensity transiently 
saturated after phase 1, at which I is most populated during folding. Thus, F01 and F02 under 
stabilizing conditions are used as guides to determine the fluorescence intensity of I' and I, 
respectively. The fluorescence of M is assigned based on a result of pH-induced folding/unfolding 
experiments (see below). The fluorescence intensity of each state is listed in Table III-3 and plotted 
in Figure III-6b.

In order to test the validity of the model, the kinetic traces of (un)folding reactions at 
representative urea concentrations were reproduced by the kinetic parameters and the fluorescence 
intensities (Figure III-5). The kinetic traces are in good agreement with those experimentally 
obtained, especially in terms of the rate constants. Deviations are found on the submillisecond time 
scale of the kinetic traces of folding at 1.5 and 2.0 M urea, which arises from the fluctuation in F01

values (Figure III-6b). In addition, the thermodynamic parameters calculated by using the kinetic 
parameters are in good agreement with those obtained by the fitting of the equilibrium unfolding 
(Table III-1). This is illustrated as the reproduced fraction of the equilibrium states, Neq, Ieq and Ueq

in Figure III-4a. Because some of the species in Scheme III-2 were not resolved in the equilibrium 
unfolding, the author combined U and I' into Ueq, and M and N into Neq, and thus I corresponds to Ieq,
based on the fluorescence properties of each state. Taking these results together, the quantitative 
modeling fully accounts for the folding/unfolding kinetics and equilibrium unfolding experimentally 
obtained. A free energy diagram in this system is shown in Figures III-7. 
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((B) pH-Induced folding/unfolding experiments  
Acid-induced equilibrium unfolding monitored by Trp fluorescence
Figure III-8 shows fluorescence emission spectra of hapoMb at pH ranging from 2.0 to 7.1 (in HCl at 
pH 2.0 or in 12 mM sodium citrate at pH 2.2–7.1) and 8°C. The two Trp residues were selectively 
excited at 295 nm. As was previously reported,28 two transitions were observed at pH ~ 5.5 and ~3.0, 
confirming that at least three states are required to represent the pH-induced equilibrium unfolding of 
hapoMb; the native state (Neq) is predominantly populated at pH > 5.7, the acid unfolded state (Ueq)
at pH < 2.5, and an intermediate state (Ieq) at 3.5 < pH < 5.3. The fluorescence spectra at pH < 2.5 
exhibit the emission maximum (�max) (348 nm) comparable to that of free Trp (355 nm), indicating 
that the two Trp side chains are fully exposed to solvent in Ueq. The spectra exhibit significantly 
blue-shifted �max (~334 nm) and enhanced intensities at pH 3.5–5.3, which is consistent with two Trp 
side chains within solvent-shielded hydrophobic core of the equilibrium intermediate Ieq. The �max is 
further blue-shifted (333 nm) and the intensity is reduced by specific contact of Trp side chains with 
specific quenching partners in Neq at pH > 5.7.41

pH Dependence of folding and unfolding reaction 
The folding and unfolding kinetics of hapoMb were systematically measured by monitoring 
fluorescence (excitation at 295 nm) as a function of pH at 8°C. The folding reaction was initiated at 
pH 2.0 (in HCl; Ueq) or pH 4.0 (in 2 mM sodium citrate; Ieq). The final pH value ranges from 2.2 to 
6.2 for the folding reactions initiated at pH 2.0 and from 4.0 to 6.6 for those initiated at pH 4.0. The 
unfolding reaction was initiated at pH 4.0 (in 2 mM sodium citrate; Ieq) or at pH 6.0 (in 2 mM 
sodium citrate; Neq). The final pH value ranges from 2.6 to 4.0 for the unfolding reactions initiated at 
pH 4.0 and from 2.8 to 6.7 for those initiated at pH 6.0. Combination of CF and SF methods covered 
a time window ranging from 40 �s to 100 s. The dead times of the CF and SF measurements were 40 
�s and 3.5 ms, respectively. 

The kinetic traces of folding and unfolding reactions thus obtained were fitted by non-linear 
least squares fitting. The fitting functions were a single-exponential function (pH 2.2–2.7), a 
two-exponential function (pH 3.0–4.8) and a three-exponential function (5.0–6.2) for folding 
reactions initiated at pH 2.0 whereas they were a single-exponential function (pH 4.0–4.8) and a 
two-exponential function (pH 5.0–6.6) for folding reactions initiated at pH 4.0 (Figure III-9a). On the 
other hand, the fitting functions were a three-exponential function (pH 2.6–3.4 and 3.8–4.5) and a 
two-exponential function (pH 3.6 and 4.6–6.7) for unfolding reactions initiated at pH 6.0 whereas 
they were a single-exponential function (pH 3.3–4.0) and two-exponential functions (pH 2.6–3.1) for 
unfolding reactions initiated at pH 4.0 (Figure III-9b). The pH dependence of the rate constants and 
amplitudes thus obtained are summarized in Figure III-10. Among the kinetic phases, a slow minor 
phase (phase D) with rate constant ~ 1 s-1 observed under almost all the conditions was assigned to 
dissociation of dimer or oligomer of hapoMb because this phase is detected when protein solution at 
pH 4.0 is diluted (Figures III-10a and III-10d). Thus, phase D is not considered further here to focus 
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on the folding/unfolding reactions.

(i) pH Dependence of folding reactions initiated at pH 2.0 and 4.0.
The author first focuses on the folding reactions initiated at pH 2.0 and 4.0 (Figures III-10a and 
III-10b). A decreasing phase (phase R2) with the rate constant around 3.6 s-1 was observed only 
under the native conditions above pH 5.0 for folding reactions initiated at pH 2.0. Phase R2 is the 
rate-limiting step of the folding reaction. The amplitude was reduced from 0.4 at pH 6.2 until the 
phase disappeared at pH 5.0. A faster increasing phase (phase R1) with the rate constant ranging 
from 1.5�104 s-1 at pH 5.9 to 620 s-1 at pH 3.2 was observed for folding reaction initiated at pH 2.0. 
The amplitude remained almost unchanged between pH 5.9 and 4.4 followed by a substantial 
reduction as pH decreased from pH 4.4 until the phase disappeared at pH 2.7. The only kinetic phase 
(excluding phase D) observed for folding initiated at pH 4.0 exhibits the pH dependences of the rate 
constant and the amplitude identical to those of phase R2, and thus is assigned to phase R2 
irrespective of the initial conditions.

In addition to conventional amplitudes (Fi for the i-th phase), cumulative amplitudes (F0R2 and 
F0R1) are exploited for the analysis of fluorescence intensity (Figures III-11a and III-11b) as 
described above. They are defined as F0R2 = Feq + FR2 and F0R1 = Feq + FR2 + FR1 for the folding 
reaction, which give rise to the fluorescence intensity at t = 0 in the absence of the preceding phases 
(Feq represents the fluorescence intensity at equilibrium). Since phase R2 disappears at pH 5.0, F0R2

approaches to Feq to merge toward pH 5.0. F0R1 (fluorescence intensity extrapolated to t = 0) exhibits 
the sigmoidal feature as a function of pH with deviation from the fluorescence expected for the 
unfolded state at pH > 3.5, indicating the accumulation of a folding intermediate within the dead time 
of CF measurements as the burst phase (phase R0).

(ii) pH Dependence of unfolding reaction initiated at pH 6.0 and 4.0
For the quantitative modeling of folding/unfolding reaction, the kinetic phases detected for unfolding 
reactions initiated at pH 6.0 (excluding phase D) are categorized into three groups. A minor fast 
increasing phase (phase U1) with a rate constant of 4,800–9,000 s-1 is detected only at pH 3.8–4.5 
because the rate constant becomes too large to resolve as pH decreases and because the amplitude 
becomes too small as pH increases, as shown in Figures III-10a and III-10c. The second increasing 
phase (phase U2) exhibits strong pH dependence of the rate constant ranging from 11,000 s-1 at pH 
2.6 to 3.4 s-1 at pH 5.7. The overlap of the rate constants of phase U2 and R2 above pH 5.0 under 
matching conditions indicates that phases R2 and U2 are the rate-limiting step of the overall folding 
and unfolding. The amplitude is also strongly dependent on pH; as pH increases from pH ~ 3.5, it is 
enhanced at the expense of the amplitude of phase U1 until it reaches the highest intensity at pH 5.1, 
followed by a reduction until it disappears at pH 6.3. The third decreasing phase (phase U3) with the 
rate constant ranging from 1,100 s-1 to 240 s-1 is observed from pH 2.6 to pH 3.4, whose amplitude 
decreases from -0.74 at pH 2.6 until it disappears at pH 3.6. The only kinetic phase (excluding phase 
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D) observed for unfolding initiated at pH 4.0 exhibits pH dependence of the rate constant and the 
amplitude identical to that of phase U3, which leads to assigning the phase to phase U3 irrespective 
of the initial conditions.

The cumulative amplitude for unfolding reactions are defined as F0U3 = Feq + FU3, F0U2 = Feq +
FU3 + FU2, and F0U1 = Feq + FU3 + FU2 + FU1 (Figures III-11b and III-11c). The overlap between the 
equilibrium values obtained by the folding and unfolding kinetics confirms the reversibility of the 
folding reaction of hapoMb. Since phase U3 disappears above pH 3.6, F0U3 approaches to Feq to 
merge toward pH 3.6 (FU3 = 0 at pH > 3.6). F0U2 deviates from the fluorescence intensity expected 
from the baseline of the native state at pH below 5.5. The deviation is fully accounted for by FU1

between pH 4 and 5 since F0U1 and the native baseline overlap each other. Phase U1 is detected as 
the burst phase, whose fluorescence intensity is represented by F0U2, at pH below 4 since it becomes 
too fast to resolve.

Quantitative modeling of the pH dependence of the folding/unfolding kinetics
The author quantitatively models the folding scheme to reproduce the kinetic behavior of 
pH-induced folding and unfolding reactions of hapoMb. It is assumed that the pH-induced 
folding/unfolding is consistent with Scheme III-2 since the combined pH- and urea-induced folding 
in the absence of urea is identical to the folding induced by a pH jump from pH 2.0 to 6.0. 

U  ���������
  I�  ���������

  I  ��	��	�
  M  �	
��
	

  N Scheme III-2

I' is responsible for the burst phase of the CF folding measurements at pH 3.5–5.9, I for phase R1 
and U2, and M for phase U1 and the burst phase of the CF unfolding measurements at pH 2.5–3.8 
(see below). The elementary rate constants, kij, are defined in Equation (III-6) (see Appendix C). The 
elementary rate constants at pH 6.0 (in the absence of urea), kH2O

ij, are taken from those obtained in 
the urea-induced folding and unfolding reactions under the matching condition (0 M urea and pH 
6.0). The pKa values of ionizable groups (pKaHis for imidazole group of histidine side chains and 
pKaCOOH for carboxyl groups), and the number of the ionizable groups associated with the transition 
were manually varied to reproduce the pH dependence of the rate constants using the rate-matrix 
approach (see Appendix A). The predicted kinetic parameters are listed in Tables III-2 and III-4, and 
plotted in Figure III-10a. 

The rate-limiting step under the native condition (pH ~ 5–6) (phase R2) is assigned to the I � M
interconversion, as described in the urea-induced (un)folding reactions. Phase R2 is connected to 
phase U2 through the approximation �U2 ~ kNM / (kNM + kMN) � kMI (�U2; the rate constant of phase 
U2), which increases with decreasing pH to reach ~105 s-1 at pH 2.0. The rate constant of phase R1 
(�R1) is approximated as �R1 ~ kUI' / (kUI' + kI'U) � kI'I, which corresponds to the rate constant of phase 
U3 (�U3 ~ 103 s-1) at pH 2–3. The rate-limiting step of the unfolding reaction is phase U3 at pH 
below ~3.5 since �U2 is larger than �U3, allowing the accumulation of an unfolding intermediate (I) 
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during the unfolding reactions. Phase U1 is assigned to the M � N interconversion, which is 
observed in the unfolding reactions in a limited pH range from pH 3.8 to pH 4.5 because the rate 
constant increases with decreasing pH in the unfolding reactions. In the folding reactions, the M � N
interconversion is undetectable because it is faster than the rate-limiting step of the folding reaction 
(phase R2). 

The model is further characterized by the fluorescence intensity of each state. The fluorescence 
intensity at pH 6.0 in the absence of urea was taken from the value obtained by the urea-induced 
(un)folding experiments. The pH dependence of the fluorescence intensities of U and N is 
determined based on the corresponding baselines experimentally obtained (Feq). F0R1 is the 
fluorescence intensity of the burst phase while F0R2 and F0U3 approximates the fluorescence intensity 
transiently saturated after phase R1 and U2, respectively (I is most populated during folding). Thus, 
F0R1 under stabilizing conditions are used as a guide to determine the fluorescence intensity of I', and 
F0R2 at pH above 4 and F0U3 at pH below 4 to determine the fluorescence intensity of I. The 
fluorescence intensity of M is experimentally determined by F0U1 through the accumulation of M as 
the burst phase in the unfolding reaction. The fluorescence intensity at pH 6.0 for each state is listed 
in Table III-3. The kinetic traces of (un)folding reactions (Figure III-9) were reproduced by using the 
kinetic parameters and the fluorescence intensities (Figure III-10) especially in terms of the rate 
constants, indicating the validity of the model. Figures III-12a and III-12b show a free energy 
diagram at representative pH values and the pH dependence of the free energy of each state, 
respectively.

Acid-induced unfolding equilibrium reproduced by the kinetic parameters
To further test the validity of the modeling, the fluorescence spectrum for each state is compared 
with that obtained in the urea-induced equilibrium unfolding. The fluorescence emission spectra at 
various pH values shown in Figures III-8 and III-13a are converted into a collection of unfolding 
transition curves monitored by fluorescence intensities at 149 wavelengths (301–449 nm) (Figures 
III- 13a (black symbols at 360 nm) and III-13b). The pH dependence of the fraction of the five states 
(U, I', I, M and N) is calculated by using the kinetic parameters obtained by the modeling (Figure 
III-13c). With the pH dependence of the fraction of each state as a known parameter, the equilibrium 
unfolding transition curves monitored by fluorescence emission at each wavelength ranging from 
301 nm to 449 nm are fitted by linear least-squares fitting to Equation (III-2). The fluorescence 
intensity for each state is assumed to be linearly dependent on pH. Because some of the species in 
Scheme III-2 were not resolved in the equilibrium unfolding, U and I' are combined into Ueq, and M 
and N into Neq, and thus I corresponds to Ieq for the analysis. The fluorescence emission of Neq, Ieq

and Ueq at 149 wavelengths (301–449 nm) thus obtained gives the fluorescence spectra of Neq, Ieq

and Ueq (Figure III-13d). The fluorescence spectrum of Ueq obtained from this analysis is more 
intense than that obtained from the urea-induced equilibrium unfolding, probably due to the long 
extrapolation of the unfolding baseline from the unfolding conditions to the native condition. 
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However, the fluorescence spectra of Neq and Ieq are in good agreement with the corresponding 
fluorescence spectra obtained by the urea-induced unfolding equilibrium under the same condition, 
indicating that the model used here is consistent with the folding and unfolding of hapoMb.

DISCUSSION

Relationship between the folding intermediate I and the equilibrium intermediate Ieq

Previous H/D exchange NMR studies on swapoMb revealed that the two types of intermediates, the 
folding and the equilibrium intermediates, exhibit a similar pattern of protection factors despite the
slight difference, i.e., both types of intermediates have a native-like secondary structure in the A-, G-
and H-helix regions and part of the B-helix region of the native structure.10-12,42,43 The time-resolved 
CD and small-angle X-ray scattering (SAXS) experiments revealed that the helix content and overall 
molecular size of these intermediates are also similar to each other for hapoMb.23 In addition, folding 
kinetics on the native-state formation from the folding intermediate and from the pH 4 intermediate 
exhibited similar rate constants and amplitudes, indicating that these intermediates are converted into 
the native state by a common kinetic mechanism.22

Evidence of the equivalence between I and Ieq was found from a kinetic viewpoint by virtue of 
directly observing the formation of I over range of urea concentrations and pH using the CF method
(Figures III-6a and III-10a). I transiently accumulates during folding at pH 6.0 and 0 M urea, which 
is a common final condition of the urea- and pH-induced folding reactions. The formation of I is 
continuously observed in both urea- and pH-induced folding as phase 1 up to 2.0 M urea 
(urea-induced folding) and as phase R1 down to pH 3 (in pH-induced folding). The observations 
indicate that I consists of a single species whether it is formed by a pH-induced folding or by a 
urea-induced folding (see below). Thus, I is not distinguished by denaturing factors to induce the 
folding reactions (pH and urea), and designated as I irrespective of these denaturing factors.

In the folding reaction, the formation of N is observed only at < 1.5 M urea and pH 5.0–7.0 due 
to relatively poor stability (�GH2O

NeqIeq ~ 1.0 kcal/mol at pH 6.0 and 0 M urea). In contrast, the 
formation of I is observed at < 2.0 M urea and at pH > 3.0 as long as �1 (for urea-induced folding 
kinetics) and �R1 (for pH-induced folding kinetics) are detected; in other words, F02 and F0R2 are
larger than the baseline of U. It follows that I accumulates as an equilibrium intermediate, Ieq, at 
1.5–2.0 M urea and pH 3.0–5.0, in urea concentration and pH ranges at which N is no longer 
populated at equilibrium.28 Therefore, the intermediates I and Ieq consist of a single molecular species, 
and the stability of N relative to I determines whether I transiently accumulates during folding under 
strongly native conditions (~0 M urea and pH ~6.0–7.0) or is stably accumulated as Ieq at equilibrium 
under moderately denaturing conditions (1.5–2.0 M urea or pH 3.2–5.5). A few lines of evidence 
further support this idea. The finding that the urea and pH dependences of the apparent rate constant 
of the formation of N are independent of the initial conditions (�2 and �2' in urea-induced folding are 
identical to each other and the folding kinetics initiated at pH 2.0 and 4.0 are identical to each other) 
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indicates that I and Ieq are converted into N by the same kinetics.22 The quantitative modeling 
revealed that the thermodynamic stabilities of I and Ieq are very close to each other (Table III-1). The 
fluorescence intensity for I expected from the (un)folding kinetics (1.90) is close to that of Ieq

estimated by the equilibrium unfolding (1.72–1.83) (Table III-3). This is partially demonstrated by 
the fact that F02 and F0R2 share the transition regions with Feq at ~1.6 M urea and at pH < 5.0, 
respectively, because the urea concentration dependence of F02 and the pH dependence of F0R2

represent the preequilibrium unfolding of I by urea and pH, respectively. These observations are 
consistent with the differences in urea concentrations, where the apparent rate constants go through a 
minimum (Figure III-6a); at 0.6–2.0 M urea, folding from I' as well as unfolding from M is preferred
because, for example, �1 and �2 (�u) as functions of urea are found on the folding and unfolding 
limbs, respectively, resulting in accumulation of I in comparison with the other states at equilibrium.
Essentially similar kinetic behavior is observed in pH-induced folding. At pH 3.2–5.5, the slowest 
phase prefers the unfolding reaction (phase U2) whereas the fast phase R1 drives the formation of I, 
which results, again, in the accumulation of I at equilibrium. The energetics of the (un)folding 
reaction is schematically summarized by a free energy diagram, which shows that I is one of the 
most stable species at 2.0 M urea or at pH 4.0–5.0, leading to the accumulation of I as an equilibrium 
intermediate (Figures III-7 and III-12a). The equivalence between pH- and urea-induced equilibrium 
intermediates was previously reported.28 Combined pH- and urea-induced equilibrium unfolding 
(urea-induced unfolding at pH ranging from 1.5 to 8.6 and pH-induced unfolding at 0–7.6 M urea) 
was consistent with a three-state model; a single equilibrium intermediate accounted for the 
accumulation of a pH- and urea-induced intermediate. Considering these facts together, the author 
concludes that I and Ieq are equivalent to each other irrespective of the denaturing factors (urea and 
pH), with respect to their kinetic mechanisms as well.

At pH below 3, the conversion into U (unfolding) is dominantly observed in the 
folding/unfolding reactions, in contrast to the formation of I observed at pH above ~4. During the 
unfolding reaction, an unfolding intermediate transiently accumulates in phase U2, which is found to 
be equivalent to I with the assignment of phase U2 to the M � I interconversion by quantitative 
modeling.34 Because phase U2 (or R2 in folding reaction) is the rate-limiting step of the overall 
(un)folding reactions at pH above ~4, the transient accumulation of I during unfolding indicates the 
pH-dependent switch of the rate-limiting step of the reaction, which is previously reported in the 
folding/unfolding of swapoMb (N � Ib at mildly acidic pH and Ia � U at strongly acidic pH such as 
pH 2.7).34 This was found by the observation that the unfolding kinetics is monophasic at mildly 
acidic pH and biphasic at strongly acidic pH. The quantitative modeling provides a mechanistic 
account for the observations. The combination of the differences in pKaHis and pKaCOOH between M 
and the transition state between I and M (TS3) brings about the strong pH-dependent decrease in kMI

from ~105 s-1 at pH~2 to ~2 s-1 at pH~6. In contrast, virtually no difference in pKa values associated 
with the I � the transition state between I' and I (TS2) transition gives rise to the elementary rate 
constant (kII') almost independent of pH. At pH above 4, the M � I transition, which is slower than 
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the I � I' transition, is the rate-limiting step. At pH below ~3.5, in contrast, the M � I transition is 
faster than the I � I' transition, resulting in the accumulation of I in the unfolding. Therefore, I 
accumulates not only as the folding intermediate under native conditions, the equilibrium 
intermediate under moderately denaturing conditions but also as an unfolding intermediate under 
acidic conditions. 

Previous studies on apoMb have revealed some differences in the properties of the folding and 
equilibrium intermediates, although there are many more similar properties.26,37,44 For example, 
previous H/D exchange studies on swapoMb found that the folding intermediate at pH ~ 6.0 is more 
stable than the equilibrium intermediate at pH ~ 4.0 (with the overall patterns of labeling and 
secondary structure formation being similar to each other).26 These differences would be accounted 
for by the pH-dependent stability of the folding intermediate, according to the equivalence between 
the folding and equilibrium intermediates for pH-induced (un)folding. The pH-dependent change in 
the stability would affect the protection of amide protons as is the case for the denaturant dependence 
of the stability estimated by native-state H/D exchange experiments.45 A previous study has shown 
that apoleghemoglobin exhibits different patterns of labeling between the folding and equilibrium 
intermediates in contrast to the intermediate of swapoMb.46 The difference in the labeling patterns 
would arise either from the pH dependence of a single pH-sensitive intermediate or from two distinct 
intermediates preferentially populated at each pH. Kinetic experiments on the (un)folding of the 
intermediate over a range of pH would address the question by estimating the number of relevant 
intermediate(s) and its stability as a function of pH. 

Early folding intermediate, I'
A folding intermediate, I', is indicated to accumulate during the folding reaction within the dead time 
of CF measurements based on the curvature in �1 as a function of urea as well as by the missing 
amplitude of the folding experiments at low urea concentrations and at pH > 3.0. A very rapid 
structure formation has been reported for apoMb which occurs within a 100-�s time scale of the 
folding reaction initiated at an acid-unfolded state at low pH. Previous studies on pH-induced folding 
under native conditions revealed the accumulation of a burst phase intermediate in this time range by 
means of infrared spectroscopy (at pD 6.2) and UV resonance Raman (UVRR) scattering (pH 5.6), 
combined with the CF measurements.25,39 A recent study on the structure formation and unfolding of
the pH 4 intermediate ensemble of swapoMb revealed two faster phases prior to the formation of the 
pH 4 intermediate ensemble by the CF fluorescence method, which is consistent with the 
accumulation of I' as a burst phase intermediate at pH 6.0.26

The fluorescence intensity for I' is estimated to be lower than that of U (0.80 vs. 1.25) based on
the quantitative modeling. The low fluorescence intensity appears to be unexpected because the 
fluorescence is expected to be fully quenched by solvent due to the exposure of the Trp residues to 
solvent even in U. It should be noted here that the fluorescence intensity of U at pH 6.0 and 0 M urea, 
which is obtained by linearly extrapolating the baseline of the unfolded state down to 0 M urea at pH 
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6.0, is expected to be larger than that at pH 2.0 and 0 M urea (1.25 vs. 1.00). This discrepancy in the 
fluorescence intensities of the unfolded states under acid-unfolding and native conditions has been 
observed for other proteins.47 The apparently unusual quenching of the fluorescence intensity of I' 
could be explained by a blue-shifted fluorescence spectrum along with the low-level enhancement in 
the intensity in comparison with U. The modeling indicates that the �-value of I' is closer to that of I 
than to that of U (Figure III-7). The pKaCOOH values in I' (pKa

I'
COOH) and in I (pKa

I
COOH) states for five 

ionizable carboxyl groups are closely similar to each other. In addition, the significant contraction in 
size (~6 Å) occurs within ~300 �s of the folding reaction.23 These facts suggest that the overall 
structure of I' is already rather compact and that at least part of the core consisting of the A-, G- and 
H-helix regions are formed in I'. Thus, the �max of I' would be close to that of the subsequently 
accumulated Ieq (equivalent to I) (~335 nm), and significantly blue-shifted compared with the �max of 
Ueq (351 nm). On the other hand, the infrared spectroscopy and UVRR scattering studies have 
indicated that some amounts of solvated helix is present as well as buried helix, but the side chains of 
the Trp residues are partially solvent-shielded on the 100-�s time scale.25,39 These considerations 
suggest that I' would exhibit a partially quenched fluorescence spectrum with a blue-shifted �max,
which could have resulted in the apparently reduced fluorescence intensity after passing the optical 
filter in the experiments due to the absorption.

Early unfolding intermediate, M
A native-like high energy unfolding intermediate, M, is required to account for the curvature of the 
unfolding limb observed in the unfolding kinetics of some proteins. It is regarded as a "hidden 
intermediate" which accumulates neither as a transient unfolding intermediate nor as an equilibrium 
intermediate. This is not only because the intermediate is too unstable to be populated even 
transiently but also because the activation free energies associated with this intermediate is lower 
than those of the preceding kinetic steps. The pH-induced unfolding of hapoMb exhibits very fast 
phase (phase U1 at pH above 3.8 and the burst phase at pH below 3.8) prior to accumulation of an 
unfolding intermediate I, indicating the accumulation of an additional unfolding intermediate, which 
is designated as M. Quantitative modeling of the combined pH- and urea-induced (un)folding 
revealed that M accumulates in the urea-induced unfolding as the burst phase (Figure III-6b). The M 
state of hapoMb is different from that of other proteins in that M is not a high energy intermediate for 
hapoMb because it is stable enough to be transiently populated.48,49 M is only 1.6 kcal/mol less stable
than N at pH 6 and becomes more stable than N above 2.8 M urea. Furthermore, it accumulates even 
as an equilibrium intermediate as a minor species (Figure III-13c). 

The M state of hapoMb is, however, indicated to exhibit native-like structural properties as were
reported for the M state of other proteins. The fluorescence intensity of M is closer to that of N than 
to that of I. Since the two Trp residues as a source of the fluorescence are located in A-helix as 
described above, the fluorescence for M close to N suggests that the Trp residues are located in the 
native-like hydrophobic core consisting of the A-, G- and H-helix regions. In addition, M exhibits the 
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same abnormal pKaHis value (pKa
M

His) as that of N (pKa
N

His) for an imidazole group. Previous studies 
indicated that His24 (in B-helix) have an abnormal pKa

N
His value.50 In the native state, the side chains 

of His24 and His119 (in G-helix) are stacked to each other buried inside the hydrophobic core 
consisting of A-, G-, and H-helix regions and part of B-helix region to play an important role in 
stabilizing the native state. Thus, the imidazole group of His24 is the most probable histidine residue 
with an abnormal pKa

M
His. By Taking the fluorescence and protonation properties into consideration, 

it is concluded that M exhibits native-like structure properties. Recently, 15N, 1HN, and 13CO NMR R2

dispersion relaxation experiments revealed a native-like intermediate formed by local unfolding of 
F-helix and undocking from the protein core.51 The intermediate also exhibits the abnormal pKaHis

value and is an on-pathway intermediate. The intermediate would correspond to M taking the 
structural similarity into consideration.

The native and unfolded states
The fluorescence for N is quenched in comparison with that for I while the �max is blue-shifted 
compared with that of U (333 nm vs. 348 nm), indicating that the Trp residues are fully buried inside 
the molecule (Figure III-4b).34 The mean residue ellipticity at 222 nm for N is -21,000 deg cm2

dmol-1 (Figures III-2a and III-3a), and thus the helix content (fH) for N is 62%, which is consistent 
with the fH estimated by the crystal structure of myoglobin taking into consideration that the F-helix 
region and N-terminal region of G-helix are unstructured (61%).21 Two imidazole groups exhibit the 
abnormal pKa

N
His value (Table III-4). Based on the previous studies, one of the histidine residues is 

His24.50 His24 contacts with His119 through a specific hydrogen bond and is buried inside the 
molecule in N. Thus, the exposure of the side chain to solvent would be required for the protonation. 
Another possible mechanism for the protonation is the proton transfer from a neighboring residue 
such as Lys118 (or Arg118 for swapoMb). His64 and His113 also exhibit pKaHis values lower than 
the normal value in N and thus are candidates for the other histidine residue with the abnormal 
pKa

N
His. Although the mechanisms of their low pKa values are not fully understood, the low pKa

N
His

of His113 may result from a specific contact with Arg31. 
The fluorescence spectrum for U exhibits the �max (348-351 nm) close to that of free Trp (355 

nm)33, indicating that the Trp residues are fully exposed to solvent in U, consistent with the previous 
reports. In addition, the far-UV CD spectrum at pH 2.0 exhibits structural features of unstructured 
polypeptide chains. However, the pKaCOOH value in unfolded state (pKa

U
COOH = 3.6) is slightly lower 

than those of free aspartate and glutamate (4.0) while the pKaHis value in unfolded state (pKa
U

His =
6.0) is very close to that of free histidine (6.0). The discrepancy between the pKaCOOH values in U and 
free amino acids may arise from residual structure in U. In fact, acid-unfolded barnase exhibits pKa

values lower than that of the free amino acids.52

Folding mechanism of hapoMb
In the present study, a series of folding and unfolding kinetics and unfolding equilibrium were 
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systematically measured as a function of urea concentration and pH with CF and SF devices. It was 
found that Scheme III-2 fully accounts for the results of the folding/unfolding kinetics and unfolding 
equilibrium of hapoMb obtained in this study. In Scheme III-2, the three intermediates are assumed 
to be on-pathway intermediates, i.e., productive intermediates. Here the author considers the 
possibility that an intermediate is a dead-end product under the assumption of a five-state sequential 
scheme. In this case, the intermediate is not productive and should be at least partially unfolded to 
reach the native state. The author first asks whether I' could be an off-pathway intermediate by 
examining Scheme III-3.

I'U UI MNI'M

UI' IU MI' NM
I' U I M Nk k kk

k k k k
���� ���� ���� �������� ���� ���� ���� Scheme III-3

The U � I' interconversion is so fast that the formation of I' could not be observed as a kinetic phase 
in the folding experiments. Thus, the elementary rate constants for the U � I' interconversion are not 
uniquely determined, but only the preequilibrium constant can be estimated. Actually, the results on 
the kinetics as well as the equilibrium are reproduced by the quantitative modeling based on Scheme 
III-3. Another possibility is also considered that I is a dead-end product as shown in Scheme III-4.

IU UI' MNI'M

UI I'U MI' NM
I U I' M Nk k kk

k k k k
���� ���� ���� �������� ���� ���� ���� Scheme III-4

The behavior predicted by Scheme III-4 is essentially indistinguishable from that of Scheme III-2 in 
the folding reactions. This is because the preequilibrium among U, I' and I is established very rapidly 
(within ~ms), and then the conversion to M becomes significant on a time scale of seconds. The 
difference between these schemes could be kinetically distinguished if the U � I' interconversion is 
not only experimentally observed but also strongly coupled with the I' � I interconversion, as 
reported for the folding of Immunity protein 7.53 Nevertheless, the �-values of I' and I are expected 
to be ~70% and ~50%, respectively, according to Schemes III-3 and III-4, which indicates that I' or I
should be globally unfolded prior to the conversion into N on a submillisecond time scale. This is 
very unlikely when considering that the native-like substructure is already formed even on the 
400-�s time scale of folding.10 Thus the author proposes that Scheme III-2 represents the folding of 
hapoMb, but further improvements in time resolution will provide more insight into the folding of 
this protein.

The author observed the formation of a single intermediate (I) on submillisecond–millisecond 
time scale during folding and unfolding, whereas previous kinetic studies on apoMb often reported 
that two folding intermediates (designated such as I1/I2 or Ia/Ib) accumulated.22,23,25,34 These two 
intermediates exhibited secondary structures and overall sizes similar to each other according to the 
previous CF-combined CD, SAXS and infrared absorption-detected CF experiments.23,39 In addition, 
the fluorescence intensities were also similar to each other for the intermediates of swapoMb (Ia and 
Ib), although the UVRR CF measurements on hapoMb indicated distinct local environments around 
the two Trp side chains between the folding intermediates.25 Thus, even if the folding intermediate 
ensemble (I) observed in this study consisted of multiple forms, such as Ia and Ib, the fluorescence 
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intensities of the folding intermediates might be very similar to each other for hapoMb, which would 
give rise to too small an amplitude corresponding to the interconversion to detect by Trp 
fluorescence under the conditions employed in this study. 

CONCLUSIONS

The author systematically investigated the urea concentration and pH dependences of 
folding/unfolding kinetics and unfolding equilibrium so as to quantitatively model the results. The 
author found that the folding of this protein is fully consistent with a five-state sequential folding
scheme (Scheme III-2) containing three intermediates, I', I and M. The formation of I is observed 
over wide ranges of urea concentrations (from 0 M to 2.74 M urea) and pH (from 3.0 to 6.2) than the 
formation of N (from 0 M to 1.6 M urea and from pH 5.0 to pH 6.6). Based on the difference in the 
urea concentration and pH dependences of the stability between I and N, the author found that Ieq is 
equivalent to I and that the stability of N relative to I determines whether I is only transiently 
accumulated during folding or is stably accumulated as Ieq. I also accumulates as an unfolding 
intermediate during pH-induced unfolding reaction as a result of pH-dependent switch of the 
rate-limiting step at pH ~ 2.7. I', which exhibits fluorescence intensity slightly less than that of U, 
accumulates within the dead time of the CF device (40 �s) as well as at equilibrium under 
moderately denaturing conditions as a minor species. The unfolding intermediate, M, is transiently 
accumulated on the submillisecond time scale of unfolding below pH 5.0 and is expected to also be 
accumulated during unfolding in the presence of urea on a submillisecond time scale.

MATERIALS AND METHODS

Chemicals
A specially prepared reagent-grade urea for biochemical use was purchased from Nakalai Tesque Inc. 
(Kyoto, Japan). The urea solutions were used within a few days. An Atago 3T refractometer was used 
to determine the concentration of urea with a refractive index of 589 nm. All other chemicals were 
either specially prepared or guaranteed reagent-grade chemicals. Horse skeletal muscle myoglobin 
was purchased from Sigma (St. Louis, MO, USA). The heme group of myoglobin was removed 
according to Teale54 as well as Uzawa et al.23 to prepare apo-form of myoglobin. HapoMb thus 
obtained was lyophilized and stored at -20°C.39 The concentration of hapoMb was determined 
spectrophotometrically by using an extinction coefficient of �280 = 14,300 M-1 cm-1.23 The protein 
concentration of the equilibrium fluorescence and far-UV CD measurements was 5 �M, whereas 
those of the near-UV CD measurements were 22–30 �M. For the kinetic measurements using CF and 
SF fluorescence, the concentrations were 20–40 �M and 5 �M, respectively. All measurements were 
performed in 12 mM sodium citrate containing appropriate concentration of urea at pH 6.0, in 12 
mM sodium citrate at pH 2.2–7.1 (in the absence of urea) or in HCl at pH 2.0. All the solutions used 
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in the measurements were filtered by membrane filters (pore size of 0.20 or 0.45 �m) before the 
measurements.
Equilibrium CD measurements
The sample solutions at pH 6.0 and 4.0 for the far-UV CD measurements were prepared by mixing a 
protein stock solution (12 mM sodium citrate pH 6.0) with 12 mM sodium citrate containing an 
appropriate concentration of urea. Lyophilized hapoMb was dissolved in HCl at pH 2.0. The protein 
solution was passed through a Sephadex G-25 column (PD-10; GE Healthcare) equilibrated with 12 
mM sodium citrate at pH 6.0. The sample solutions containing various concentrations of urea 
ranging from 0 M to 8.0 M in steps of 0.05–1.0 M at pH 6.0 and 4.0 were prepared by six-fold 
diluting the protein stock solution with 12 mM sodium citrate containing an appropriate
concentration of urea. The sample solution at pH 2.0 was prepared essentially in the same way albeit 
with a small modification. The protein solution obtained by dissolving the lyophilized protein in HCl 
at pH 2.0 was passed through a Sephadex G-25 column equilibrated with HCl at pH 2.0, followed by 
diluting it with HCl at pH 2.0.

The sample solutions at pH 6.0 and 4.0 for the near-UV CD measurements were prepared in a 
different way. The lyophilized hapoMb was dissolved in HCl at pH 2.0. The protein solution was 
mixed with 1.0 M sodium citrate to give 25 mM sodium citrate at pH 6.0, followed by centrifugation 
to remove precipitates. The solution thus obtained was again mixed with the solution containing 
appropriate concentrations of sodium citrate and urea. The sample solution contained an appropriate 
concentration of hapoMb in 12 mM sodium citrate / 0–6.7 M urea at pH 6.0 or in 12 mM sodium 
citrate at pH 4.0. The sample solutions at pH 2.0 were prepared in the same way as the equilibrium 
fluorescence and far-UV CD measurements.

Equilibrium CD measurements were carried out with a Jasco J-600S spectropolarimeter (Tokyo, 
Japan) at 0–20°C with a Peltier device. The pathlengths of the sample cuvettes for the far- and 
near-UV CD measurements were 1.0 and 10.0 mm, respectively.

Equilibrium fluorescence measurements
The sample solutions for the urea-induced equilibrium unfolding measurements were prepared by the 
same way to the equilibrium far-UVCD measurements. The sample solutions for the pH-induced 
equilibrium unfolding measurements were prepared in 12 mM sodium citrate at a pH value ranging 
from 2.2–7.1 or in HCl at pH 2.0. The protein solution obtained by dissolving the lyophilized protein 
in HCl at pH 2.0 was passed through a Sephadex G-25 column equilibrated with HCl at pH 2.0, 
followed by two-fold dilution with HCl at pH 2.0 or with 24 mM sodium citrate buffers at 
appropriate pH. The fluorescence emission spectra from 300 nm to 450 nm were recorded on a 
spectrofluorometer, Jasco FP-777 (Tokyo, Japan), using an excitation wavelength of 295 nm. The 
measurements were carried out at 8°C with circulating water.

Kinetic fluorescence measurements
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(i) Urea-induced kinetic measurements using CF fluorescence
Lyophilized protein was dissolved in HCl at pH 2.0. The protein solution was dialyzed with 
deionized water, followed by centrifugation to remove the precipitates. Acid-unfolded protein was 
obtained by titration of the protein solution thus obtained with 1.0 M HCl to give a pH value of 2.0. 
Folding reactions were initiated by mixing of the acid-unfolded protein solution and 24 mM sodium 
citrate containing an appropriate concentration of urea at a mixing ratio of 1:1 to give 40 �M
hapoMb / 12 mM sodium citrate / 0–2.74 M urea at pH 6.0. Kinetic fluorescence measurements were 
carried out using a CF device55 at 8°C with air-cooling. The emission was detected by a 
charge-coupled device using an optical cutoff filter (50% transmittance at 305 nm) with an excitation 
wavelength at 295 nm. The dead time of the CF measurements was 135 �s, as calibrated by 
measuring a bimolecular quenching reaction of N-acetyl-L-tryptophanamide (NATA) fluorescence by 
N-bromosuccinimide (NBS).56

(ii) Urea-induced kinetic measurements using SF fluorescence 
Lyophilized protein was dissolved in HCl at pH 2.0. The protein solution was passed through the 
Sephadex G-25 columns equilibrated with HCl at pH 2.0 and 12 mM sodium citrate at pH 6.0 for the 
folding and unfolding reactions, respectively. The folding reactions from the unfolded state were 
initiated by mixing the protein solution at pH 2.0 and 14.4 mM sodium citrate containing an 
appropriate concentration of urea at a volume ratio of 1:5 to give 5 �M hapoMb / 12 mM sodium 
citrate / 0–7.6 M urea at pH 6.0 whether those from the equilibrium intermediate state were initiated 
by mixing the protein in 12 mM sodium citrate / 0.8 M urea at pH 6.0 and 12 mM citrate containing 
an appropriate concentration of urea at a volume ratio of 1:5 to give 5 �M hapoMb / 12 mM sodium 
citrate / 0.13–7.6 M urea at pH 6.0. The unfolding reactions were initiated by mixing the protein 
solution at pH 6.0 and 12 mM sodium citrate containing an appropriate concentration of urea at pH 
6.0 at a volume ratio of 1:5 to give 5 �M hapoMb / 12 mM sodium citrate / 0–7.6 M urea at pH 6.0. 
Kinetic fluorescence measurements were carried out using an Applied Photophysics SX-17 SF 
device (Surrey, UK) at 8°C with circulating water. The emission was detected by a photomultiplier 
tube using an optical cutoff filter (50% transmittance at 305 nm) with the excitation wavelength at 
295 nm. The dead time of the SF device was 5.3 ms, as calibrated by the bimolecular quenching of 
NATA fluorescence by NBS.56

(iii) pH-Induced kinetic measurements using CF fluorescence
Lyophilized protein was dissolved in HCl at pH 2.0. The acid-unfolded protein solution (in HCl pH 
2.0; 40 �M), the pH 4 intermediate protein solution (in 2 mM sodium citrate pH 4.0; 80 �M) and the 
native protein solution (in 2 mM sodium citrate pH 6.0; 40 �M) were prepared by passing the protein 
solution thus obtained through the Sephadex G-25 columns equilibrated with HCl at pH 2.0, 2 mM 
sodium citrate at pH 4.0 and 2 mM sodium citrate at pH 6.0, respectively. (Un)folding reactions were 
initiated by mixing of the initial material with sodium citrate buffer at a mixing ratio of 1:1 to give 
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20 or 40 �M hapoMb / 12 mM sodium citrate at a pH value ranging from 2.6–6.0 with CF devices. 
The measurements were carried out at 8°C with air-cooling. Fluorescence emission was detected by 
the charge-coupled device using the optical cutoff filter (50% transmittance at 305 nm) with 
excitation at 295 nm. The dead time of the CF devices were 42–63 �s, as calibrated by the
bimolecular quenching of NATA fluorescence by NBS.56

(iv) pH-Induced kinetic measurements using SF fluorescence
Lyophilized protein was dissolved in HCl at pH 2.0. The protein solution was passed through the 
Sephadex G-25 column equilibrated with 2 mM sodium citrate at pH 6.0. The solution thus obtained 
was seven-fold diluted with HCl pH 2.0, 2 mM sodium citrate at pH 3.7 or 2 mM sodium citrate at 
pH 6.0 to give the acid-unfolded (in HCl pH 2.0), pH 4 intermediate (in 2 mM sodium citrate at pH 
4.0) and the native (in 2 mM sodium citrate at pH 6.0) protein solutions, respectively. The protein 
concentration was 10 �M. (Un)folding reactions were initiated by mixing of the initial material with 
sodium citrate buffer at a mixing ratio of 1:1 to give 5 �M hapoMb / 12 mM sodium citrate at a pH 
value ranging from 2.3–6.7 with the SF device. The measurements were carried out at 8°C with 
circulating water. Emission was detected by the photomultiplier tube using the optical cutoff filter 
with excitation at 295 nm. The dead time of the SF device was 3.7 ms, as calibrated by the 
bimolecular quenching of NATA fluorescence by NBS.56

Data analysis
(i) Fitting of the equilibrium unfolding transition curve to a three state model.
A three-state equilibrium unfolding transition consisting of Neq, Ieq and Ueq are represented as 
follows:

N�� ������  I�� ������  U��, Scheme III-1

where KNeqIeq (=[Ieq]/[Neq]) and KIeqUeq (=[Ueq]/[Ieq]) are the equilibrium constants of the Neq � Ieq

and Ieq � Ueq transitions, respectively. The fraction of Neq, Ieq and Ueq (fNeq, fIeq and fUeq, respectively) 
is represented as follows:

�
�� = 11 + �
����� + �
������������,
���� = �
�����1 + �
����� + �
������������,
���� = �
������������1 + �
����� + �
������������

(III-1)

The observed intensity in fluorescence or CD at a urea concentration, c, and pH, Iobs(c, pH) is 
represented by; 
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����(�, pH) = �
��(�, pH)�
��(�, pH) + ����(�, pH)����(�, pH)
+ ����(�, pH)����(�, pH) (III-2)

where INeq(c,pH), IIeq(c,pH), and IUeq(c,pH) are the intensity in fluorescence or CD of Neq, Ieq and Ueq,
respectively, at c and pH, which are assumed to be linearly dependent on urea concentration and pH. 
The Gibbs free energy difference, �Gij, between i and j states (i, j: Neq, Ieq and Ueq) is approximated
to be linearly dependent on urea concentration, c, at a fixed pH. Thus, the Gibbs free energy 
difference is represented as: 

��
����� = �2.303 × �� log �
����� = �
��������
����� � ��
�������� = �2.303 × �� log ������� = ���������������� � �� (III-3a)

��!"#
����� = �
�������
����� 
��!"#������ = ��������������� (III-3b)

where �GH2O
ij is the free energy difference between i and j states in the absence of urea, mij is the 

coefficient (m-value), which indicate the cooperativity of the transition, cmij is the midpoint urea 
concentrations of the i � j transitions. R is the gas constant and T is the absolute temperature. The 
urea-induced equilibrium unfolding transition curves were fitted by non-linear least-squares fitting 
using Equation (III-2) in addition to Equations (III-1) and (III-3a) to obtain the thermodynamic 
parameters and the ellipticity and fluorescence intensity of each state. The pH-induced equilibrium 
unfolding transition curves were fitted by linear least-squares fitting to obtain the fluorescence 
intensity of each state, using the fraction of the three states (fNeq, fIeq and fUeq) numerically estimated 
by quantitative modeling and Equation (III-2).

(ii) Fitting of the kinetic traces obtained by the folding and unfolding reactions.
The kinetic traces obtained by the CF and SF measurements under matching conditions were 
combined and then fitted by non-linear least squares fitting to the equation below: 

$���(%) = $�� +  & $' e*-/4
' (III-4)

where Feq is the fluorescence intensity at long times after the reactions have reached equilibrium, Fi

and �i are the amplitude and the rate constant of the i-th phase.  
 
(iii) Kinetic modeling
Standard numeric methods were used to solve the system of linear differential equations in matrix 
form describing the kinetic scheme, using IGOR software (Wavemetrics, Inc., Lake Oswego, OR). 

The urea concentration dependence of the microscopic rate constants, kij(c), crossing a transition 
state (‡ij) from i state to j state, was assumed to follow Equation (III-5):

log �'5(6) = log �'5!"# + �'5‡2.303 × �� 6 (III-5)



66 / 111  
 

 

where kH2O
ij is the elementary rate constant in the absence of urea at pH 6.0, m‡

ij is the corresponding
slope. The elementary rate constants and the slopes were explored systematically to model the 
apparent rates and amplitudes observed in the kinetic measurements as well as the equilibrium 
unfolding experiments, based on the associated rate matrix. Free energy diagrams were calculated 
from the kinetic parameters. The free energy of the relevant states and the transition states was 
calculated as a function of the �-value as the reaction coordinate at representative urea 
concentrations. The �-value was defined by a sum of m‡

ij from N to a given state normalized by the 
sum of all m‡

ij, which is the measure of the change in solvent-accessible surface area relative to N. 
The pH dependence of the elementary rate constants of transition crossing a transition state (‡ij)

from state i to state j, kij(pH), is represented by Equation (III-6):
�'5(78)

=
91 + 10:;<>/?‡@A *:!

1 + 10:;<>/?B *:!
1 + 10:;<>/?B *C
1 + 10:;<>/?‡@A *CD

E>/?‡

F1 + 10:;<>/?@ *:!
1 + 10:;<>/?B *:!

1 + 10:;<>/?B *C
1 + 10:;<>/?@ *CGE>/?@

91 + 10:;<JKK>‡@A *:!
1 + 10:;<JKK>L *:!

1 + 10O;<PQQRL *C
1 + 10O;<PQQR‡@A *CD

EPQQR‡

F1 + 10:;<JKK>@ *:!
1 + 10:;<JKK>B *:!

1 + 10:;<JKK>B *C
1 + 10O;<PQQR@ *CGEPQQR@ �'5!"#. (III-6)

In Equation (III-5), ionizable groups associated with the (un)folding reactions under the conditions 
(pH < 7) are assumed to be limited to imidazole group of histidine residues (His), carboxyl group of 
the aspartate and glutamate residues, and the C-terminal �-carboxyl group (COOH). Based on the 
assumption, pKa

‡ij
His, pKa

i
His and pKa

U
His are the pKa values of the imidazole group of His in the 

transition state, i state and the unfolded state, respectively, while n‡ij
His and ni

His are the number of 
histidine residues associated with the i � j transition in the transition state, i-state and the unfolded 
state, respectively. Similarly, pKa

‡ij
COOH, pKa

i
COOH and pKa

U
COOH are the pKa values of the carboxyl 

group in the transition state, i-state and the unfolded state, respectively, while n‡
COOH and ni

COOH are 
the number of carboxyl groups associated with the i � j transition in the transition state and i-state, 
respectively. The pKa

U
His and pKa

U
COOH values are 6.0 and 3.6 (close to the normal pKa values), 

respectively. kH2O
ij is the elementary rate constant for the i � j transition at pH 6.0. For simplicity, 

the ionizable groups are assumed to be independent of each other, i.e., the ionization of an ionizable 
group does not affect the ionization of the other ionizable groups. It is also assumed that the 
ionizable group (the imidazole or carboxyl groups) has the same abnormal pKa

‡ij and pKa
i values 

when there are more than one ionizable groups associated. The elementary rate constants of each 
transition and the fluorescence intensity of each state as a function of pH were manually varied to 
reproduce the pH dependence of the rate constants and amplitudes of the (un)folding kinetics. 

The activation free energy for crossing the barriers between i and j states at urea concentration, c,
and a pH value, �G‡

ij(c, pH), is calculated by the following equation: 

S�'5‡ (�, 78) = �2.303 × ��log �'5(�, 78)T , (III-7)

where the pre-exponential factor, A, corresponds to the rate constant in a reaction with the 
zero-activation free energy, and is here assumed to equal 106 s-1. The free energy diagram was drawn 
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based on the Equation (III-7).
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TABLES

Table III-1: Thermodynamic parameters for urea-induced equilibrium unfolding of hapoMb at pH 
6.0 and 8°C.

i j
mij

(kcal/mol/M)
cmij

(M)
�GH2O

ij

(kcal/mol)
Equilibriuma

Neq Ieq 1.67 ± 0.01 0.99 ± 0.01 1.65 ± 0.01
Ieq Ueq 1.35 ± 0.01 1.61 ± 0.01 2.17 ± 0.01
Neq Ueq 3.01 ± 0.01b 1.27 ± 0.01 3.82 ± 0.01b

Kineticsc

Neq Ieq 1.41 0.61 0.86
Ieq Ueq 1.41 1.59 2.23
Neq Ueq 2.81 1.10 3.09

a Thermodynamic parameters obtained by globally fitting Scheme III-1 to a collection of the 
equilibrium unfolding transition curves. Error estimates for equilibrium parameters are based on 
goodness-of-fit (± one standard deviation).
b �GH2O

NeqUeq and mNeqUeq were calculated by adding the corresponding thermodynamic parameter 
for Neq � Ieq and Ieq � Ueq transitions.
c Thermodynamic parameters were calculated from the elementary rate constants and kinetic 
m-values (Table III-2) estimated by the quantitative modeling. Neq is assumed to consist of N and M,
Ueq is assumed to consist of I´ and U, and Ieq corresponds to I.
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Table III-2: Kinetic parameters estimated by monitoring the folding kinetics of hapoMb based on 
Scheme III-2 in the absence of urea at pH 6.0 and 8°C. 

i j kH2O
ij (s-1)a m‡

ij

(kcal/mol/M)b

U I´c 9.57 104 -0.76 

I´ Uc 2.83 104 0.24 

I´ I 1.60 104 0.00 

I I´ 5.13 102 0.57 

I M 3.00 -0.70 

M I 1.74 101 0.20 

M Nd 4.32 103 -0.20 

N Md 1.63 102 0.35 
a kH2O

ij indicates the microscopic rate constant for a given process in the absence of urea at pH 6.0.
b Kinetic m-values, m‡

ij, were estimated according to Equation (III-2).
c Only the ratio kUI´/kI´U is uniquely determined.
d Only the ratio kNM/kMN is uniquely determined
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Table III-3: Fluorescence intensity of each species (relative to that at pH 2.0) in the absence of urea 
at pH 6.0 and 8°C.

i
Equilibrium

(urea)a
Equilibrium

(pH)b Kineticsc

U 1.13 1.22 1.25 

I´ - - 0.80 

I 1.83 1.72 1.90 

M - - 1.58 

N 1.24 1.28 1.32 
a Values were obtained by globally fitting Scheme III-1 to a collection of the urea-induced unfolding 
transition curves.
b Values were obtained by fitting a collection of the pH-induced unfolding transition curves.
c Values were obtained by modeling the folding/unfolding kinetics based on Scheme III-2.
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Table III-4: Kinetic parameters used for the modeling the folding/unfolding kinetics of hapoMb 
based on Scheme III-2 at pH 6.0 and 8°C. 

State (i)
�GH2O

Ni
a

(kcal/mol)
ni

His pKa
i
His ni

COOH pKa
i
COOH

U 3.8 0 6.0 0 3.6
TS1 b 5.1 d 0 d 6.0 d 4 d 2.9 d

I´ 3.1 0 6.0 5 2.7 

TS2 5.4 1 5.8 5 2.7 

I 1.0 1 5.8 5 2.6 

TS3 7.9 1 5.4 5 2.6 

M 1.6 1 3.5 7 2.6 

TS4 c 4.9 1 3.5 7 2.6 

N 0 2 3.5 8 2.6 
a The Gibbs free energy in an state, i, relative to N at pH 6.0 in the absence of urea at pH 6.0.
b The transition state between the U and I´ states.
c The transition state between the M and N states.
d These values are not uniquely determined.
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CHAPTER IV

General Conclusions
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For the purpose of understanding folding mechanisms of globular proteins, the author studied folding 
kinetics of two proteins, staphylococcal nuclease (SNase) and horse skeletal muscle apomyoglobn 
(hapoMb), especially focusing on the early events in this thesis. In CHAPTER II, the development of 
tertiary structure during the SNase folding was studied with variants with a single fluorescence 
resonance energy transfer pair using a continuous-flow fluorescence device. In CHAPTER III, the 
relationship between equilibrium and kinetic folding intermediates of hapoMb was studied from a 
kinetic viewpoint.

SIGNIFICANCE AND ROLE OF FOLDING INTERMEDIATES

The partially folded intermediates have been regarded as being productive for unstructured 
polypeptide chains to fold into the specific native structure. However, several groups raised a 
question on the significance of the folding intermediates, a possibility that the folding intermediates 
are caused by kinetic traps including misfolding or aggregation, which may correspond to 
off-pathway intermediates. In fact, several experimental studies indicated the transient accumulation 
of misfolded and aggregated species during the folding processes.1,2 The finding of two-state folding 
proteins without accumulation of detectable folding intermediates during the folding further 
supported the negative idea on the role of the folding intermediates.3,4 In this thesis, the author 
examined possible off-pathway folding schemes of hapoMb in addition to the on-pathway five-state 
sequential folding scheme by the quantitative modeling. The results from CHAPTER III, along with 
the structural properties reported previously, indicated that hapoMb folding under the native, 
acid-unfolding and urea-unfolding conditions is consistent with the folding scheme involving 
on-pathway intermediates. 

Recent theoretical and experimental studies suggest that even the on-pathway intermediates 
could include non-native structures.5,6 Bacterial immunity protein, Im7, accumulates an on-pathway 
intermediates during the folding. A mutational approach revealed that the folding intermediate not 
only contains native-like interactions but also non-native interactions.5 On-pathway folding 
intermediates but with non-native structure were also indicated by a theoretical study of a 
three-dimensional cubic lattice with two types of amino acid residues, i.e., hydrophobic and polar 
residues. The results proposed that the role of the intermediate is not to act as an obstacle but to 
restrict the folding route.6 The heterogeneous chain condensation during SNase folding observed in 
the present study indicates that the early events in SNase folding are driven by site-specific 
native-like tertiary interactions. However, it might be necessary for our further understanding of the 
protein folding mechanisms to detect non-native contacts during protein folding as well as the 
native-like contacts because even the non-native intermediates are expected to be used as a sort of 
landmark rather than obstacles in folding processes. Thus, development of novel techniques 
monitoring both the native-like and non-native contacts is needed to elucidate the protein folding 
mechanisms in more detail. 
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CONCLUDING REMAERKS

Finally, the author would like to discuss the recent computational works. David E. Shaw and his 
coworkers had developed a specialized supercomputer along with modified force fields to accelerate 
the execution of atomistic molecular dynamics simulations. Their recent studies using molecular 
dynamics simulation observed the folding/unfolding and dynamics over periods of 100 �s – 1 ms for 
small proteins folded within a millisecond of folding.7,8 The combined knowledge obtained from the 
experiments and simulations allows us to represent the folding/dynamics of small proteins at the 
atomic level.7-14

On the other hand, larger proteins fold to the native state in a much more complicated manner on
a much longer time scale (typically 1–10 s) than the small proteins, and there still remain many 
issues to be understood.15,16 However, the larger proteins, especially those with more than ~100 
amino acid residues, often accumulate folding intermediates within a few millisecond of folding.17

These intermediates are regarded as playing an important role in guiding the unstructured 
polypeptide chains toward the specific native structures because of the native-like features.17 The 
combination of the recent development of the experimental techniques such as the continuous-flow 
methods and the advance in the computational techniques will allow us to reach understanding of the 
early stage of protein folding in detail. Thus, the use of the continuous-flow methods will open a new 
age of the protein folding studies.

In summary, the author studied the folding of SNase and hapoMb using continuous-flow devices. 
The proteins fold to their native states through on-pathway intermediates, indicating that the 
intermediates act as stepping stones in finding their native conformation. Continuous-flow methods 
have also been applied for folding of some globular proteins. However, information on early kinetic 
events of protein folding is not enough yet to lead general conclusions of significance of folding 
intermediates. The author believes that the developed continuous-flow techniques should be helpful 
to elucidate the significance of folding intermediates, and hopes that the results and discussion in this 
thesis will contribute to the better understanding of protein folding mechanisms. 
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APPENDICES

Appendix A: Simulation of (un)folding kinetics by matrix method
The time courses of a series of reactants and products are obtained by resolving the series of rate 
equations in differential forms when a kinetic scheme along with the elementary rate constants for 
each reaction step and an initial condition are given. However, it is difficult to analytically solve the 
rate equations for complex kinetic systems such as multistate folding reactions as a function of urea 
concentration or pH. Thus, we used a matrix approach to numerically solve a series of kinetic 
equations of the (un)folding reactions. Unless association and dissociation of oligomeric complexes 
are involved in the reaction, i.e., the reaction is limited to the interconversion of monomer molecules, 
the rate equation is given by a set of first-order linear differential equations with constant coefficients, 
where the unknown functions are the concentration of i state, Xi, and the constant coefficients 
consists of the elementary rate constants of the i state � j state transition (kij). If there are n species, 
the general set of the kinetic equations are;

1
1 1 21 2 31 3 1

1

2
12 1 2 2 32 3 2
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Eq. A1

which is also represented by using the rate matrix as follows:
d
dt
�

X KX Eq. A2

where X is the state vector 

1

2

n

X
X

X

� �
� �
� ��
� �
� �
� �

X
�

Eq. A3

and K is the rate matrix
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The solution to Eq. A2 is represented as follows:
( ) exp( ) (0)t t�X K X Eq. A5

where exp(Kt) is designated as the state transition matrix:
2( )exp( )

2!
tt t� � �

KK E K � . Eq. A6

By diagonalizing the state transition matrix by using a set of its eigenvectors (Pi), the solution is 
represented as follows:

( ) exp( ) (0)t t�Y Y . Eq. A7
Y (t) and exp ( t) are as follows:

1

2 1

( )
( )

( ) ( )

( )n

y t
y t

t t

y t

�

� �
� �
� ��
� �
� �
� �

Y = P X
�

Eq. A8

and

1exp( ) exp( )t t�� P K P , Eq. A9

where P is a matrix consisting of the eigenvectors:

1 2( , , , )n�P P P P� , Eq. A10

and  is a diagonalized matrix consisting of the eigenvalues, �i:

1 0

0 n

�

�

� �
� �� � �
� �� �

� . Eq. A11

For a closed system, one of the eigenvalues is equal to zero. Thus, the solution is now represented as 
follows:
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��

X P P X�
Eq. A12

The initial concentrations Xi(0) (i = 1, ..., n) are given by experiments. The eigenvalues and 
eigenvectors are numerically calculated at each urea concentration or pH by using a standard library 
package for solving the most commonly occurring problems in numerical linear algebra when the 
rate matrix is given. 

The calculation using the rate matrix approach is applied to a (un)folding reaction represented by 
a five-state sequential folding scheme:

U UI'

I'U

k
k

���������� I’ I'I

II'

k
k

�������� I IM

MI

k
k

���������� M MN

NM

k
k

���������� N Scheme A1

where U is the unfolded state, N is the native state, and I', I and M are the intermediates. kij is the 
elementary rate constant for the transition from i state to j state. The state vector and the rate matrix 
are represented as follows:

UI' I'U

UI' I'U I'U II'

I'U II' IM MI

IM MI MN NM

MN NM

0 0 0U( )
0 0I'( )

( ) 0 0I( )
0 0M( )
0 0 0N( )

k kt
k k k kt

t k k k kt
k k k kt

k kt

�� �� �
� �� � � �� �� �
� �� �� � � �
� �� � � �� �� �
� �� � �� � � �

X , K Eq. A13

The rank of this rate matrix is less than five because this system is closed. Thus, the number of 
eigenvalues, which correspond to the rate constants, are less than or equal to four. An eigenvalue (�)
is obtained by solving the characteristic equation of K.
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Appendix B: Urea-induced folding/unfolding kinetics
The elementary rate constant of (un)folding reactions, kij, is approximated to linearly depend on the 
denaturant concentration, c.

H2Oln ( ) ln ij
ij ij

m c
k c k

RT
� � , Eq. B1

where kij (c) is the elementary rate constant for the i � j transition at a denaturant concentration, c,
kH2O

ij is the elementary rate constant in the absence of denaturant, m‡
ij is the coefficient, and R and T

are the gas constant and the absolute temperature, respectively. For folding reactions, m‡
ij is in most 

cases negative reflecting the fact that the folding becomes slower as the denaturant concentration 
increases. On the other hand, m‡

ij is positive reflecting the fact that the unfolding becomes faster as 
the denaturant concentration increases. m‡

ij also represents the relative change in the accessible 
surface area between i state to the transition state between i and j states. The free energy difference 
between the i state and the transition state, �G‡

ij, is calculated according to the following equation:

ln ij
ij

k
G RT

A
� � � , Eq. B2

where A is the preexponential factor, which corresponds to the elementary rate constant without the 
kinetic barrier.

For a simple (un)folding without detectable intermediates during (un)folding, the (un)folding 
scheme is represented as follows:

U UN

NU

k
k

���������� N. Scheme B1

In this scheme, U and N represent the unfolded and the native states, respectively. The rate constant 
observed in the (un)folding kinetics is represented by the sum of the two elementary rate constants 
kUN and kNU.

UN NU( ) ( ) ( )c k c k c� � � Eq. B3

Under strongly native conditions, which in most cases corresponds to low urea concentrations, �(c)
is approximated by kUN(c) because kUN is much larger than kNU.

H2O UN
UNln ( ) ln m cc k

RT
� ! � Eq. B4

In contrast, under strongly denaturing conditions, which in most cases corresponds to high 
denaturant concentrations, �(c) is approximated by kNU(c) because kNU(c) is much larger than kUN(c).

H2O NU
NUln ( ) ln m cc k

RT
� ! � Eq. B5

Thus, ln�(c) undergoes the minimum at a denaturant concentration, cmin, which is represented as 
follows:
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H2O
NU NU

min H2O
UN NU UN UN

ln m kRTc
m m m k

" #
� �$ %� & '

. Eq. B6

The equilibrium constant of (un)folding reactions in Scheme B1 is represented by

NU NU UN/K k k� Eq. B7

The urea concentration of the midpoint of the equilibrium unfolding transition, cm, is represented as 
follows:

H2O
NU

m H2O
UN NU UN

ln kRTc
m m k

" #
� $ %� & '

. Eq. B8

Thus, cmin is close to cm because the difference between m‡
NU and m‡

UN is in general within several 
fold at most. Taken these together, a plot of c vs. log� (c) exhibits a "V-shape", or chevron as a 
function of c, and thus is sometimes designated as the chevron plot.

For proteins with accumulation of a folding intermediate, the kinetic behavior can be more 
complicated than that of the two-state proteins. The folding scheme for the three-state proteins is 
represented as follows:

U UI

IU

k
k

���������� I IN

NI

k
k

���������� N Scheme B2

As described in Appendix A, the folding reactions represented by Scheme B2 exhibit two rate 
constants, �1 and �2 (�1 > �2), which are analytically obtained by solving the rate equation.

� � � �� �2
1,2 UI IU IN NI UI IU IN NI UI IN UI NI IU NI

1 4
2

k k k k k k k k k k k k k k� � � � � ( � � � � � � Eq. B9

Here it is assumed that the U � I interconversion is much faster than the I � N interconversion, i.e., 
kUI and kIU >> kIN and kNI. Under the assumption, �1 is reduced as:

1 UI IUk k� � � , Eq. B10

which demonstrates that the U � I interconversion is well represented as a two-state folding reaction 
since rapid preequilibrium is achieved in the U � I interconversion, which is faster than the 
rate-limiting step (�2). In addition, �2 are reduced under native conditions as:

UI
2 IN NI

UI IU

k k k
k k

� � �
�

. Eq. B11

The denaturant concentration dependence of �2 exhibits a curvature in the folding region if the 
midpoint concentration of the U � I interconversion, cmUI, is lower than the midpoint concentration 
of the I � N interconversion, cmIN. At a low denaturant concentration (c < cmUI), where kUI >> kIU, �2

~ kIN + kNI. As denaturant concentration increases, kUI approaches kIU, and thus �2 ~ 1/(1+KIU)�kIN +
kNI. For example, �2 ~ 1/2�kIN + kNI at c ~ cmUI. At a denaturant concentration higher than cmUI, �2 ~
1/KIU�kIN + kNI. Since ln(kIN) is linearly dependent on the denaturant concentration, ln(�2) deviates 
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from linear denaturant concentration dependence expected from ln(kIN) by a factor kUI/(kUI + kIU), 
which gives rise to a curvature in �2. Similar curvatures can be observed in the unfolding kinetics 
under denaturing conditions.

The urea-induced (un)folding kinetics of horse skeletal muscle apomyoglobin (hapoMb) 
observed two phases (phases 1 and 2 in CHAPTER III). The urea concentration dependence of 
log(�1) exhibits a curvature at low urea concentrations (~0.8 M). Since phase 1 corresponds to the 
formation/unfolding of a folding intermediate, I, the curvature in the folding limb of �1 indicates the 
accumulation of at least one additional folding intermediate (I') within the dead time of the 
continuous-flow measurements. The other curvature is found in the unfolding limb of log(�2) at ~3.3 
M urea, which is attributed to the accumulation of the third intermediate, M. Along with the results 
obtained by the urea-induced (un)folding kinetics, the folding scheme of hapoMb requires five states 
including the native (N) and the unfolded (U) states.

U UI'

I'U

k
k

���������� I' I'I

II'

k
k

�������� I IM

MI

k
k

���������� M MN

NM

k
k

���������� N Scheme B3
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Appendix C: pH-Induced folding/unfolding kinetics
pH Dependence of equilibrium unfolding and folding/unfolding kinetics is associated with 
protonation and deprotonation of ionizable groups. For the purpose of making points clear, the 
(un)folding without any detectable intermediate, i.e., the two-state model is considered first. It is also 
assumed that only a single ionizable group is associated with the (un)folding for simplicity. In this
model, both the native (N) and the unfolded (U) states can be protonated with specific dissociation 
constants, Ka

N and Ka
U, respectively. The pKa in N (pKa

N) is smaller than that in U (pKa
U) when the 

ionizable group is buried inside the molecule in the native state because protons can hardly access 
the buried ionizable group in the native state in comparison with the solvent-exposed ionizable group 
in the unfolded state. Thus, the (un)folding scheme is represented as:

0
NU

+ +

U N

+ +

U+H N+H

UH NH
a a

K

K K

������
� �

������

Scheme C1

In this scheme, N and U are the native and the unfolded states without protonation (deprotonated 
native and unfolded states; N is assumed to be more stable than U) whereas NH+ and UH+ are the 
native and the unfolded states with the ionizable group protonated, respectively. K0

NU is the 
equilibrium constants of the N � U unfolding transitions. NH+ � N + H+ and UH+ � U + H+

(vertical direction) represent the equilibrium of the protonation/deprotonation in the native and the 
unfolded states, respectively. On the other hand, U � N and UH+ � NH+ represent the equilibrium 
(un)folding of the deprotonated and protonated species, respectively. Here, we do not consider the 
base-induced denaturation. The equilibrium constant of the unfolding transition, KUN, is defined as 
follows: 

+

+

NU
[U] [UH ]
[N] [NH ]

K �
�

�
. Eq. C1

Meanwhile, the dissociation constants of protonation/deprotonation of the ionizable group in the 
native and the unfolded states are represented as:

U
+

N
+

[U][H ]
[UH ]

[N][H ]
[NH ]

a

a

K

K

�

�

�

�
Eq. C2

By using Eq. C2, KNU is represented as follows:
U

NU N

1 [H ] /[U]
[N] 1 [H ] /

a

a

KK
K

�

�

�
�

�
, Eq. C3

which is rewritten by using K0
NU = [U]/[N], pKa

U, pKa
N, and pH as follows:
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NU NU (p pH)

1 10
1 10
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�

�
�

�
. Eq. C4

K0
NU approximates the equilibrium constant of the unfolding transition at high pH, where 

deprotonated species are dominant. The equilibrium unfolding is dominated by the U � N transition 
at pH sufficiently higher than pKa

N and pKa
U, for example, at an alkaline pH, whereas the 

equilibrium unfolding is dominated by the UH+ � NH+ transition at pH sufficiently lower than pKa
N

and pKa
U, for example, at an acidic pH. This makes sense when taking into considerations that the 

pKa values correspond to the pH values where the ratio of the protonated form and the deprotonated 
form is 1:1. KNU can be written in a different way by taking a reference pH (pHref) as:

U N
ref

ref
N U

ref

(p pH) (p pH )
pH

NU NU (p pH) (p pH )

1 10 1 10
1 10 1 10

a a

a a

K K

K K
K K

� �

� �

� �
�

� �
Eq. C5

where KpHref
NU is the equilibrium constant of the unfolding transition at a reference pH (pHref). The 

Gibbs free energy difference between the unfolded state and the native state is:

U

N

(p pH)
0

NU NU NU (p pH)

1 10ln ln
1 10

a

a

K

K
G RT K G RT

�

�

�
� � � � � �

�
Eq. C6

where �G0
NU is the Gibbs free energy difference between N and U, R and T are the gas constant and 

the absolute temperature, respectively. Based on Eq. C5, Eq. C6 can be written in a different way by 
taking a reference pH (pHref) as follows:

U N
ref

ref
N U

ref

(p pH) (p pH )
pH

NU NU (p pH) (p pH )

1 10 1 10ln
1 10 1 10

a a

a a

K K

K K
G G RT

� �

� �

� �� �
� � � � � �

� �� �� �
Eq. C7

where �GpHref
NU is the Gibbs free energy difference at the reference pH, pHref. The pH dependence of 

the activation Gibbs free energy is obtained in a similar way. According to the transition theory, the 
equilibrium is assumed between the transition state (‡) and the native or unfolded state (N � ‡ � U). 
Therefore, the free energy differences between the native state and the transition state (�G‡

NU) and 
between the unfolded state and the transition state (�G‡

UN) are represented as follows:
N

ref
ref

N
ref

(p pH) (p pH )
pH

N N (p pH) (p pH )

1 10 1 10ln
1 10 1 10

a a

a a

K K

K K
G G RT

� �

� �

� �� �
� � � � � �

� �� �� �
Eq. C8a

U
ref

ref
U

ref

(p pH) (p pH )
pH

U U (p pH) (p pH )

1 10 1 10ln
1 10 1 10

a a

a a

K K

K K
G G RT

� �

� �

� �� �
� � � � � �

� �� �� �
Eq. C8b

where �G‡pHref
NU and �G‡pHref

UN are the free energy differences between the native state and the 
transition state, and between the unfolded state and the transition state at a reference pH (pHref), 
respectively. pKa

‡ is the pKa value in the transition state.
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The analysis of the unfolding transition represented by a three-state model (with a single 
ionizable group) is an extension of the analysis of the two-state model and straightforward. The 
scheme is represented as follows:

0 0
IU NI

+ + +

U I N

+ + +

U+H I+H N+H

UH IH NH
a a a

K K

K K K

��� ������ ���
� � �

��� ������ ���

Scheme C2

where K0
IU and K0

NI are the equilibrium constants of the I � U and N � I unfolding transitions, 
respectively. In addition to the parameters found in the two-state model, a Ka value for I (Ka

I) is 
required (pKa

N < pKa
I < pKa

U). 

I
+

[I][H ]
[IH ]aK

�

� Eq. C9

The equilibrium constants for the I � U and N � I transitions (KIU and KNI) are defined in a similar 
way to Eq. C1. 
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Eq. C10

Eq. D10 is rewritten by taking the equilibrium constants at a reference pH as:
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Eq. C11

where KpHref
IU and KpHref

NI are the equilibrium constants at a reference pH (pHref). The Gibbs free 
energy differences of the I � U and N � I unfolding transitions (�GIU and �GNI, respectively) are 
represented as follows: 
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Eq. C12

where �G0
IU and �G0

NI are the Gibbs free energy difference between I and U, and between N and I, 
respectively. Eq. C12 is rewritten by using the Gibbs free energy differences at a reference pH (pHref)
(�GpHref

IU and �GpHref
NI) as:
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Eq. C13

The activation Gibbs free energy of the (un)folding reactions is very similar to that for the two-state 
model. In the three-state model, two transition states (‡1 and ‡2) located between I and U and 
between N and I, respectively, are found. The pH dependence of the activation free energies for the I 
� U and N � I transitions (�G‡1

IU and �G‡2
NI) are represented as: 
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Eq. C14a
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Eq. C14b

where �G‡1pHref
IU and �G‡2pHref

NI are the activation free energies for the I � U and N � I transitions 
at a reference pH (pHref). The derivation of the rest of the possible activation free energies 
(�G‡1pHref

UI and �G‡2pHref
IN) is straightforward.

The two-state equilibrium unfolding of proteins with two ionizable groups (sites 1 and 2) is 
represented in the scheme below:
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Scheme C3

where K0
NU is the equilibrium constant of the N � U transition. In this scheme, KN

a1 and KN
a2 are the 

Ka values in the native state for site 1 and 2, respectively. On the other hand, KU
a1 and KU

a2 are the Ka

values in the unfolded state for site 1 and 2, respectively. H+N and H+U are the native and the 
unfolded species with site 1 protonated while NH+ and UH+ are the native and the unfolded species 
with site 2 protonated. The ionization is assumed to occur independently. 
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Eq. C15

The equilibrium constant of the unfolding transition (KNU) is represented as: 
U U
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Eq. C16

This is applied to the calculation of the activation Gibbs free energy in the (un)folding kinetics. 
In more general case with multistate unfolding transitions and multiple ionizable groups, the 

equilibrium constant of the i state � j state transition, Kij, is represented as:

p
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p
1

1 10
1 10

j
N al

i
al

Kl

ij ij K
l

K K
�

" #�
� $ %$ %�& '
) Eq. C17

where K0
ij is the equilibrium constant of the deprotonated species of i and j states, pKj

al and pKi
al are 

the pKa values of the l-th ionization group, lN is the number of the ionizable groups.
The (un)folding reaction of (horse skeletal muscle apomyoglobin) hapoMb is represented by a 

five-state sequential scheme. In the pH range used in this study (pH 2.0-7.1), the acid-induced 
equilibrium unfolding is induced by protonation/deprotonation of the imidazole and carboxyl groups 
because the pKa value of the other ionizable groups in this protein is well above 7, and always 
protonated. The difference in the pKa values between the imidazole and carboxyl groups (~6 vs. ~4) 
is responsible for the three-state equilibrium unfolding. It is practically impossible to resolve the 
difference in the pKa values among different sites of a single ionizable group (imidazole or carboxyl 
group). For example, 11 and 12 histidine residues are found in hapoMb and sperm whale 
apomyoglobin (swapoMb), respectively, while there are eight aspartate and 13 glutamate residues in 
hapoMb and seven aspartate and 14 glutamate residues in swapoMb. Thus, it is assumed that 
individual imidazole and carboxyl groups exhibit either normal pKa values or single abnormal pKa

values in each state. The equilibrium constant for the i � j transition (i, j; N, M, I, I',and U) is 
represented as:
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Eq. C18

where pKa
i
His, pKa

j
His and pKa

U
His are the pKa values of the imidazole groups in i, j and U states,

respectively, pKa
i
COOH, pKa

j
COOH and pKa

U
COOH are the pKa values of the carboxyl groups in i, j and U
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states, respectively, ni
His and nj

His are the number of the imidazole groups with the abnormal pKa

values in i and j states, respectively, and ni
COOH and nj

COOH are the number of the carboxyl groups
with the abnormal pKa values in i and j states, respectively. K0

ij is the equilibrium constant for the
transition between i and j species with the imidazole and carboxyl groups deprotonated. The pKa

U
His

and pKa
U

COOH values are 6.0 and 3.6 (normal pKa values), respectively. Since the Gibbs free energy 
for each state at pH 6.0 and 8*C is estimated by urea-induced (un)folding reactions, pH value of 6.0 
is chosen as the reference pH for the analysis. The pH dependence of the Gibbs free energy in i state 
(i: U, TS1, I', TS2, I, TS3, M, TS4 or N, where TS is the transition state) relative to U (�GiU) is 
represented as:
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Eq. C19
where �GH2O

iU represents the relative free energy in i state to in U state at pH 6. ni
His and ni

COOH are 
the number of the imidazole and carboxyl groups with the abnormal pKa values in i state, 
respectively. pKa

i
His and pKa

i
COOH are the abnormal pKa values of the imidazole and carboxyl groups 

in i state, respectively, while pKa
U

His and pKa
U

COOH are the pKa values of the imidazole and carboxyl 
groups in U state, respectively, which correspond to the normal pKa values. The free energy 
difference between i state and j state is represented by;

U Uij i jG G G� � � �� Eq. C20

In addition, the elementary rate constant is represented as follows:
HisU

His His

U
HisHis

U
His H

His

(p 6) ( 6)( pH) ( )

( pH) ( 6) ( ) ( 6)

( pH) (p

(p pH)

1 10 1 10 1 10 1 10
1 10 1 101 101 10

1 10 1 10
1 10

COOHU
a aa aCOOH COOH

U
a a a aCOOHCOOH

a a

i
a

n n
K pKpK pK pH

pK pK pK pH pK

ij
pK K

K

k

� �� �

� � � �

�

�

� � � �� � � �
� � � �

� ��� � �� � � �� ��
� �
�

His COOHU
is COOH COOH

U U
His COOH COOH

H2O

6) ( pH) (p 6)

(p 6) ( pH) (p 6)

H2O

1 10 1 10
1 10 1 10 1 10

exp

i i
i i

a a

i
a a a

ijn n
pK K

K pK K

ij
ij

k

G
k A

RT

� � �

� � �

� � � �� �
� � � �

� � �� � � �� � � �
" #�

� �$ %$ %
& '

Eq. C21

where kH2O
ij and �G‡H2O

ij are the elementary rate constant and the activation free energy of the i � j
transition at pH 6.0, respectively. 
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Appendix D: Rapid mixing devices
To fully understand the mechanisms of a reaction in chemistry and biology, it is needed to 
characterize the relevant species and to determine the rate constants for their interconversions. Thus, 
kinetic measurements are critical for elucidating the reaction mechanisms. For kinetic measurements 
of protein folding/unfolding reactions, the reactions are often initiated by a rapid change in solvent 
conditions such as denaturant concentrations and pH using mixing methods. The mixing of a solution 
containing the native protein with the second solution containing a high concentration of a chemical 
denaturant such as urea gives rise to the unfolding reaction. Similarly, the folding reaction can be 
initiated by reducing the denaturant concentration by mixing an unfolded protein solution with a high 
concentration of a denaturant with a refolding buffer (for example, in the absence of denaturant). In 
manual mixing experiments, it typically takes a few seconds to completely mix the solutions. Since 
the kinetics is unable to be monitored until the mixing of solutions is completed, the time required 
for the mixing is designated as the dead time. Since significant conformational change occurs within 
milliseconds in typical protein folding reactions, better mixing techniques, which mixes solutions 
more rapidly and efficiently, are required to observe the folding/unfolding kinetics. Continuous- and 
stopped-flow methods exhibit much shorter dead times (typically tens of microseconds and a few 
milliseconds, respectively), which makes it possible to explore the early events occurring during 
folding/unfolding reactions of proteins. The rapid mixing methods are usually combined with various 
spectroscopic detection methods or with rapid quenching techniques.

The schematic diagram of typical continuous-flow fluorescence devices is shown in Figure D-1. 
In folding reactions, two solutions, for example acid unfolded protein solution and refolding buffer,
are delivered at a constant flow rate (0.6–1.0 mL/s) from pneumatically driven syringes to the mixer, 
where the two solutions are efficiently and rapidly mixed to initiate the reaction. The mixed solution 
is delivered to the flow channel of the quartz flow cell. The progress of the reaction is followed by 
monitoring the fluorescence profile as a function of the distance from the mixer along the flow 
channel under steady-state flow conditions. Since the flow rate is constant during observation, the 
distance from the mixer corresponds to the reaction time. The continuous-flow method allows the 
solution to flow during the observation, and thus is free from artifacts arising from stop of flow, 
which are inevitable for stopped-flow experiments (see below). For this reason, the dead time of the 
continuous-flow experiments is much shorter (almost two orders of magnitudes) than that in 
stopped-flow experiments. The detection of fluorescence signal is facilitated by using a 
charge-coupled device (CCD) camera as a detector. The fluorescence intensity along the flow 
channel is simultaneously collected. An example of a kinetic experiment monitoring the 
time-dependent fluorescence quenching of N-acetyl-L-tryptophanamide (NATA) by 
N-bromosuccinimide (NBS) is illustrated in Figure D-2. The concentrations of NATA and NBS are 
20 �M and at 8 mM, respectively. In the early stage of the reaction, the indole group in a NATA 
molecule is brominated by an NBS molecule and finally is converted into an oxindole or brominated 
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oxindole. A proposed mechanism can be simplified as shown below:

Scheme D1
Thus, when NATA is rapidly mixed with NBS in large excess, the bromination processes are 
approximated pseudo-first order reactions. Since the brominated intermediates and oxindole are 
non-fluorescent, the fluorescence of NATA decreases to zero single-exponentially with a rate 
constant in proportion to the NBS concentration.

The raw data includes contribution from the background signal and the spatial variation of the 
incident light. Thus, in addition to observing the kinetic reaction, two measurements are needed; a 
background measurement to estimate the contribution from the background, and a control 
measurement where the NATA solution is just diluted with the buffer for correcting the spatial 
variation in the incident light. The corrected fluorescence, F, is calculated according to; 

$ =  �V*�W�X*�W Eq. D1

where Ie, Ic and Ib are the raw intensities from experiment, control and background measurements, 
respectively. The time axis is calibrated on the basis of the flow velocity and the dead time 
calibration. The dead time of continuous-flow fluorescence experiments is typically 10–200 �s. The 
upper limit of the time scale that can be measured is determined by the length of the flow-cell and 
the flow velocity.

The schematic diagram of the stopped-flow fluorescence devices (SX-17 and SX-20, Applied 
Photophysics, UK) is shown in Figure D-3. In stopped-flow experiments, two reagents rapidly mixed 
in a mixer are delivered to the observation cell, and then ‘stopped’ in the observation cell by using 
the stop syringe or by closing a valve. The SX series adopt the stop syringe, which stops the flow 
abruptly when the stop syringe hits the stopping block. The typical flow rates range from 5 to 10 
mL/s. The change in signal such as a fluorescence signal and the absorbance typically at a specific 
wavelength is recorded as a function of time as the reaction proceeds in the observation cell. Typical 
dead time of the stopped-flow device is a few milliseconds. The time axis is calibrated on the dead 
time calibration. 

The determination of the dead time of the instruments is critical for the kinetic measurements as 
is also the case for the continuous-flow measurements. Thus, the following conditions should be 
satisfied for test reactions to calibrate the dead time of continuous- and stopped-flow devices: (i) the 
reaction is simple (for example a simple order reaction); (ii) the reaction accompanies a significant 
change detectable by the detector; (iii) the reaction rate is under the control, for example, by 
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adjusting the concentration of reagents; (iv) a time constant less than 1 ms can be easily achieved
especially for kinetic measurements of protein folding; (v) the reagents of high purity is stable, 
readily available and can be handled without difficulty. 

In this study, the fluorescence quenching of NATA by NBS was used for estimating the dead 
time of the continuous- and stopped-flow fluorescence devices. A 40 �M NATA solution was mixed 
with an NBS solution (4–32 mM) in the continuous-flow device with the mixing ratio of 1:1 
resulting in the final conditions of 20 �M NATA / 2–16 mM NBS. The excitation wavelength was 
295 nm and the emission was detected by using a 305-nm cutoff filter. The fluorescence intensity 
decreased exponentially to zero. Figure D-4 shows the kinetic traces corrected according to Eq. D1. 
Each kinetic trace was fitted by a single-exponential function. In addition to the quenching reaction, 
the fluorescence intensity obtained by diluting 40 �M NATA with the buffer (in the absence of NBS) 
is also recorded (straight lines in Figure D-4) as a reference for the initial fluorescence intensity of 
the reaction. Thus, the point of the intersection between the reference intensity and the extrapolated 
theoretical curve of the kinetic trace corresponds to the zero time of the reaction. The dead time is 
estimated by the time period from the zero time thus defined to a time where the experimentally 
obtained kinetic trace is well accounted for by the theoretical curve. As can be seen from Figure D-4a 
the dead time of the continuous-flow experiment was 97 �s. In the case of the dead time estimation 
of the stopped-flow device, the final experimental condition was 5 �M NATA / 200–800 �M NBS to 
reduce the rate constant of the quenching reaction to milliseconds time scale (Figure D-4b). The dead 
time of the stopped-flow experiment was 3.5 ms. 
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