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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 | provides
background of protein folding phenomena, and includes significance and motivation of these studies.
CHPATER Il 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 Il1 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.
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CHAPTER I

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.’ 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 10° 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 10% possible conformations even if individual amino acid residues can adopt only
two conformations.? 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.®

Almost at the same time, partially unfolded states were found to be accumulated under
moderately denaturing equilibrium conditions for some proteins.*® 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).®” 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.®*°
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
a-lactalbumin is identical to the folding intermediate in terms of the structural properties and the
stability by stopped-flow CD measurements.***? Furthermore, the kinetics associated with the
native-state formation was similar between the folding intermediates and the equilibrium
intermediates for several proteins.”*™ 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.’®” The concept of this model is illustrated in Figure 1-1 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 1-1a),
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.*® 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.”® 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.”>?* Combining the continuous- and
stopped-flow methods allows us to cover the time window over four-to-five orders of magnitudes
from ~10 ps to ~100 s. Furthermore, laser-induced temperature jump methods have extended the
time resolution to nanosecond time scale under the heat-denaturing conditions.??® 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 I1)

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.?* 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.?**’ 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 ¢) 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 ¢ 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.?®*° 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.” 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.®® 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 ¢ 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.***? 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 B-barrel domain and the C-terminal a-helical domain. SNase forms a hydrophobic core
mainly within the B-barrel domain on the 100-us 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 1-2). 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 ps 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 B-barrel domain decreases to nearly native values whereas that of the inter-domain
donor/acceptor pairs remains unchanged within the first 300 ps of folding. This indicates a rapid
non-uniform collapse resulting in an ensemble of heterogeneous conformations in which the central
region of the B-barrel domain is well developed while the C-terminal a-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 a-helical domain docks onto the preformed B-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 I11)

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.?
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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 1-3). 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 111).
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 (leq). 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 ps 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 (1) 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 |
and N, it was found that the stability of N relative to | determines whether | either transiently
accumulates during folding or is populated as leq. In addition, |1 accumulates as an unfolding
intermediate at acidic pH. As a conclusion, the folding/unfolding intermediates, I, and equilibrium
intermediate, leg, 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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FIGURES

(a)

Figure I-1: Cartoons of energy landscape. The effective energy is represented as a function of
conformation. (a) A funnel-like smooth energy landscape for a fast-folding protein, (b) a golf
course-like energy landscape in which folding is dominated by random search for conformation, and

(c) arugged energy landscape with kinetic traps.
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CHAPTER 11

Non-Uniform Chain Collapse during Early Stages of
Staphylococcal Nuclease Folding Detected by Fluorescence

Resonance Energy Transfer and Ultrarapid Mixing Methods
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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-_-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.



15/111

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.’® 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.* 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.>® 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,”*? 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.**** 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.?
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 vyield 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.**** 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 B-barrel and an a-helix, and a C-terminal domain consisting of two a-helices (Figure
11-1)?. 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.?”%
More recent ultrafast mixing measurements showed that additional states accumulate within the first
millisecond of folding, including a compact state with a partially structured B-barrel domain.**?3*
NMR-detected H/D exchange studies revealed protected amide protons in strands Il and Il of the
B-barrel domain early during folding (7 ~10 ms) while most other amide protons became protected
only during the final stages of folding.**** Previous studies using stopped-flow (SF) CD indicated
that significant helical secondary structure is formed on the 10-ms time scale.”® Walkenhorst et al.?
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 B-barrel region at ~100 us and the formation of a stable B-hairpin and other
elements of secondary structure on the 10-ms time scale. However, it remains unclear (i) whether the
early (100 us) 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 3-barrel domain.

In order to observe the development of specific non-local (tertiary) interactions within the
B-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 technique®?°=° 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 a-helical domain
and an acceptor in the pB-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 B-barrel domain
assumes native-like compactness and tertiary interactions within 300 us of folding, and (iii) the
a-helical domain docks onto the B-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 studies?®®***), 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, (Trpl40/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)*** resulting in AEDANS-labeled Trp27/Cys97 and Trp27/Cysé4 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 Il and I11, residue 64 in the middle of helix H1, and residue 97
between strand V and helix H2. All three residues are within the 3-barrel domain. In contrast, residue
140 is at the loop next to the C-terminal helix H3 in the a-helical domain. Therefore, both donor and
acceptor are within the B-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 11-2 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 Forster distance (Rg), which is the donor-acceptor distance
at 50% FRET efficiency, may be changed between under native (Ron) and acid-unfolding (Rou)
conditions because the spectroscopic properties of donor are dependent on the conformation of the
polypeptide chains. The Ron and Roy 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 (11-1) and (11-2). The calculated R, values are listed in Table I1I-1 and within a
range from 21.7 A to 29.8 A, which is comparable to Cs-Cy distances between the donor and
acceptor sites in the native state (~20 A) as well as those in the unfolded state (~30 A; 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 Ry as represented by Equation (11-3).

Folding kinetics monitored by FRET efficiency

Figure 11-3 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 ps to 20 s. The dead times of the CF and SF
fluorescence measurements were 30 us 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 11-2 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 Trpl140/Cys64-TNB SNase is detected within the submillisecond time window, indicating that
the distance between Trpl40 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 (11-4) 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 11-3). Table 1I-3 lists the donor-acceptor distances
at 0 us (R(0 us)), and 300 us (R(300 us)) after initiation of folding, and those of the native and
unfolded states under the native condition (Ry and Run, respectively) calculated using Equation (11-3)
comparing with those in a random coil (Reoi) and in the crystal structure (Rerystar). The distances for
all donor/acceptor pairs in the unfolded state are at least 5 A 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 us 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 us 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 B-barrel domain acquires native-like compactness and tertiary
interactions within 300 us of folding, and then the a-helical domain docks onto the B-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 Kkinetic traces thus obtained were fitted by a
single-exponential function.

Figure 11-4 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 11-5 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, ¢, and
m-values for the transitions; Table 11-4) and spectroscopic parameters (fluorescence extrapolated to
zero urea concentration; Figures 11-3 and 11-5; 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.

DiscussIiON

Folding kinetics of SNase variants is consistent with that of the parent proteins

The folding kinetics of SNase is described by Scheme 11-1 (excluding the slow processes reflecting
isomerization of peptidyl prolyl bonds), which was proposed on the basis of previous studies on
Trpl40 SNase and a series of variants, including a proline-free variant and seven single-Trp

variants,2%-33:3438
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In Scheme I1-1, U and U’ represent the unfolded species on the major and minor folding pathways,
respectively, while 1y, I, I'and M are intermediate ensembles, and N is the native state. I, 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 I,
and I, accounts for a lag phase (phase 3) observed at ~10 ms. Accumulation of I, 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, A4, 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.?***° 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 11-1) 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 11-4 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 (A1 ~ 5,500 s). The slowest phase of Trp27/Cys97-AED SNase with an apparent
rate constant of ~ 4 s* and the second slowest phases (4.1 s to 6.0 s?) 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™), Trp27/Cys97 (136 s*) and Trp27/Cys64 (130 s™*) SNase are an order of
magnitude larger than A3 of Trp27 SNase (11 s™). 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.*

Similarly, the fastest phase observed for the Trpl40/Cys64-TNB and Trp140/Cys64 SNase is
comparable to that of Trp140 SNase (12,700 s) and can be assigned to phase 1. In addition, the
second fastest phase of the unmodified protein, with a rate constant comparable to A3 of Trp140
SNase (150 s vs. 26 s%), represents a lag phase and was assigned to phase 3. Both Trp140/Cys64
and Trpl40/Cys64-TNB SNase exhibit major phases with rates comparable to the rate-limiting
folding phase for Trp140 SNase (44 = 11 s™%). 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 3.3* 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 11-4, for all variants, the rate constant of the unfolding reaction (4,)
decreases with decreasing urea concentration, and coincides with that of the dominant folding phase
4, A4, In the transition region (Figure I1-5), indicating that phase 4 is the rate-limiting step. The
chevron plots of Trp140/Cys64 and Trp140/Cys64-TNB SNase (Figure 11-4) 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.®® The rate constants of phases 1 (1) and 3 (1s) are virtually
independent of urea concentrations below 1 M. The roll-over (downward curvature of the chevron
plot) of the folding limb of A4 of Trp140/Cys64 and Trp140/Cys64-TNB SNase can be attributed to
accumulation of I, on the major pathway (Scheme II-1), and can be approximated as A, =
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Kini2/ (Kiniz+Kizin)xKizm. 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
2933 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 I1-1.

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 11-5). Direct comparison between the equilibrium transitions and
the (un)folding kinetics under identical final conditions shows no evidence for kinetically unresolved
changes. FEyn 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 Trpl140/Cys64 variants due to the double mutation (Y27W/W140H), since the
naturally occurring Trp140 is important for the stability of the native state.* 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.

and other variants.

Evolution of tertiary structure accompanying SNase folding

For the guantitative 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 ps. This is an indication that the B-barrel domain forms
independently from the a-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 (11-5) because FE(t) is given by Equation (11-4), where the Fp(t) and Fpa(t) are
given by Equation (I1-5), 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 Ry is smaller than Rgu and the difference between Ry and R increases with increasing
distance along the sequence. This trend was found in other proteins,®* and was attributed to the
residual structure in the acid-unfolded state. Ry is ~2 A larger than Ry probably because of
potential errors in estimating Ry 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 x* = 2/3) may not be valid under native
conditions (Trp27 and Trpl140 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 A far away from its Cg atom in the crystal structure of the modified
ribonuclease A.*?

A previous study suggested that 65-80% of the molecules on the major pathway are converted
into 1; at t = 1/4;. Because the time constant of phase 1 ranges from 60 us to 230 us for the
dye-labeled proteins, R(300 us) approximates the donor-acceptor distance in I;. The side chain of
Trp27 and 140 are solvent-exposed in the unfolded state under native condition, and probably also in
I, as expected from the only slight increase in fluorescence intensity from that in the unfolded state,
justifying the use of Roy as a Forster distance to determine donor-acceptor distances (R(0 us), R(300
us) and Run).

The distances between Trp27 and the acceptors at positions 64 and 97 are within 1-2 A of Ry at
t = 0. These donor/acceptor pairs span the B-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 11-1). In both cases, R(0 us) is much smaller than Ry, 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 A 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 us and remain
constant throughout the folding reaction (Table 11-3). 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 ps of folding.® Since there is no evidence for large hydrophobic cores
elsewhere in the protein, the binding site(s) for ANS should be located within the B-barrel domain.
Taken together, these results indicate that the p-barrel domain becomes nearly as compact as the
native state and forms native-like tertiary interactions within 300 us 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 11-3). R(300
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us) is ~4 A larger than Ry, 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 us) = 26.3 + 0.4 A, is close to
Run (25 + 1 A), remains essentially constant throughout the early stages (~10 ms) and decreases to
its native value (22.0 A) 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 us (Figure 11-3). Therefore, the C-terminal region close to helix
H3, where Trp140 is located, is not yet docked onto the B-barrel domain, but may form some local
structure around Trp140 on the 100-us time scale. The final folding phase with a rate of ~10 s 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 11-3) consistent
with a ~4 A 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
B-barrel domain. Since information on intra-domain collapse within the a-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
o/p-type protein.?*

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 A) 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.®® In contrast, the donor-acceptor distances differ significantly
among the variants in the transient state populated at 300 us, indicating that specific side chain
interactions are formed within the first few 100 ps 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-us time scale is
structurally bimodal: the core structure of the B-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.*®** Although the overall topology is different,
both SNase and Bc-Csp contain a B-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 I, state
populated on the 100-us 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 I; intermediate. The microsecond folding kinetics of an SNase variant
was previously studied which was containing a Trp at position 76,* located at the C-terminal end of
B-strand 1V on the same face of the B-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 B-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-us time scale®* 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 I;-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 B-strands Il and Ill are already protected from exchange at this early stage of
folding, suggesting the presence of a hydrogen-bonded B-hairpin.®**? Thus, the chain compaction
observed here appears to encompass most of the B-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 3-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 I; intermediate. The
observation of a bimodal P(r) function in SAXS measurements on a C-terminally truncated SNase
variant® 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 p-barrel region at ~100 us and the formation of a
stable B-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 B-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 B-barrel domain while the other type
contains a donor in the a-helical domain and an acceptor in the pB-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 B-barrel domain assumes native-like compactness and
tertiary interactions within 300 ps of folding, and (iii) the a-helical domain docks onto the -barrel
domain at longer times (>100 ms). These conclusions are summarized in Figure 111-6.

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 Trpl40/Cys64 SNase) constructed were
expressed and purified according to a previous report.®* Prior to the modification of Trp140/Cys64
SNase with TNB, 100 mM Tris-HCI / 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 Trpl40/Cys64 SNase.
Specifically, the labeled protein in Tris-HCI (pH 8.0) was reduced by ~1 mM DTT, resulting in a
mixture of free TNB and Trpl40/Cys64. The concentrations were then determined
spectrophotometrically by the molar extinction coefficients of free TNB*" (™41 nm = 14,150 M™
cm ™t and £™B,g0 im = 2,900 M cm™) and Trp140/Cys64 SNase (g"™PH40CY84, o) 1 = 14,700 M ecm™).
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-IAEDANS?® (¢"EPANS 50 = 5,700 M cm™ and £*¥P"NS5g0 1 = 1,310 M cm™), Trp27/Cys64
(TP am = 12,700 M cm™), and Trp27/Cys97 (™2 y5 o = 12,700 M cm™). The
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overall labeling efficiency was about 100%.

Determination of Ry and R values
The Forster distance, Ro, which is defined as the donor-acceptor distance when FRET efficiency is
50%, was calculated according to Equation (I1-1):

1

R, = (8.79x10° (x*®_nJ))® (1-1)
where &” 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 («* = 2/3), @p is the
quantum yield of the donor, which was determined by estimating the fluorescence intensity relative
to N-acetyl-_-tryptophanamide (NATA) assuming a quantum yield of 0.14 for NATA,* 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
(1-2):

B j Fo(A)e,(A)A4dA
- [R(da

(11-2)

The Ry values under the native and the acid-unfolding conditions (Ron and Roy) were calculated. The
distance between the donor and the acceptor sites R was calculated from the apparent FRET
efficiency, FE, and Ry values by Equation (11-3):

FE-— (11-3)

1+(R/R,)
FE was calculated using fluorescence intensity according to Equation (11-4):%°
FE :1—h (11-4)

D
where Fp and Fpa 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 uM 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 ps, which was
estimated by measuring the quenching of N-acetyl-_-tryptophan fluorescence by
N-bromosuccinmide®. 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:

F(t)=Fq+ 2 Aexp(-4t) (11-5)

where F (t) and Feq are the observed values of the fluorescence at time t and infinite time at the
equilibrium, respectively, while A; and 4; 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 I11-1. Forster 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 Trpl40/C64-TNB

Rou (A) 21.7 22.6 23.4

Ron (A) 21.1 21.5 29.8




33/111

S J91 WOJY SaNeA ,

9000 ¥ L00F L0000 ¥ (;.5)
GT00 - 82°0 7080°0 - - - - - %
2007 €00 F L0007
0T°0- - 62°0- 8650 - - - - - oy

TT0F VO F 2000 ¥ 900 F G000 ¥ €000 ¥ ¥00°0 ¥ (;.9)
€0F8T GE0 T2 67€°0 G9°0 8€€0 862°0 €82°0 - sy

GO0 F T00 ¥ 900 F 9000 ¥ €000 F 90000 F 20000 F £000°0 ¥
g0~ G0'0 050~ 89 T- €00 200T'0 T0Y0°0 #0500 - : m/w

S
-
S0F66 TTFV ZIFII 20799 T0F96S TOOFGTY €00¥86G TO0F0LS  ¥O0F9ZS ry
v0'0 F 0T0 ¥ GZ0F 2000 F €000 ¥ #0000 ¥ 20000 €0000 ¥ 20000 ¥
69'T- 120 oT'Z- vEST- LT20 602£°0 21100 85¥€°0 00900 : ;w
S
.

e ZFTI v F9¢ 0S ¥ 05T - ZFO0ET - GFOET ZFGIT &y

¥0'0 F 10+ T€0F 2000 F €000°0 ¥ G000'0 ¥ €0000 ¥
82°0 92°0 69°0 2.LT0 - G/¥0°0- - 0520°0- £950°0 : mw
S

.
002 ¥ 0/8'S - - - - - - - - %y
G000 ¥ 96T °0- - - - - - - - - oy
,OTX OTX ,0TX 0TX OTX OTX OTX OTX ,0Tx (:.9)
(oto¥eeT) (WSsoxoss) Wwro+xzlz1m) (00F6sT) (20oFes) (Zoxlv) (L00F98%) (20Fs8)  (€00F29°T) L4
2007F G000 ¥ TI00 F 20007 90000 F 80000 F G0000 ¥ T000 ¥ 2000 F

0g°0- 1500 9900 2.0°0- 8GT00- £6.0°0- 200 860°0- AN Ty

G0000 ¥ 20000 F 80000 F 70000 20000 F 800000 ¥
- - - 962T'S 6TTL 0 G/E60 #5950 0,980 G79.t°0 bo

anL- a3v- a3av-
292011 L2011 LOrTdiL 79sAD/0pTdIL  $OsAOOVTdIL  $9sAD/2zdil  vosADzzdil  16SAD/L2dil  265KD) il

"S9Je.] 4S puR 4D paulquiod ayl Jo buimiy sasenbs-1sea| [enuauodxe-njnw Ag paureiqo D.ST
1e 2'G 01 0’2 wou) dwnl Hd e Agq paonpul sjuelieA aseNS Jo sanauy Buipjo) ays 4o ("y) sepnijdwe aAnejal pue (*v) siueisuod ajel jualeddy "z-11 9|geL



34 /111

Table 11-3. Distances between the pair of donor and acceptor under various conditions.

UatpH 20 NatpH52 NatpH53 . Crystal
UatpH20 ¢ UatOMurea t=0ps  t=300ps . 4 ool
(Spectra) (t=00)  (spectra) structure
PRET FEu FEu"  FE(O ps)® FE(300 ps) FEn - -
efficiency
Distance (A) Ru Run R(O ps) R(300 ps) RN Reoil Rerystal
0.160 0206 037 038 0530 0469  0.407
Tp27/Cys97  +0.001 +0.02 +0.002 +0.001 +0.001 -
-AED 28.6 272 23.6 23.4 21.3 215 225 626 19.0
+0.1 +04  +01  +01 01
0092 0258 038 0406 0464 0397  0.403
Tip27/Cys64  +0.001 +0.02 +0.002 +0.001 +0.001 -
-AED 331 269 24.5 24.1 23.1 231 230 430 211
+0.1 +03 +01  +01 0.1
0173 0190  0.38 033 0346  0.861 0813
Tipld0/Cys64  + 0.001 +0.06 +002 +0.009 +0.001 .
“TNB 304 298 25 26.3 26.0 220 233 657 207
+0.1 +1 +04  +02  +01

The distances between the donor and the acceptor were calculated according to Equation (11-3). The
Forster distances used were Roy for Ry, Run, R(0 ps) and R(300 us) and Ron for Ry. Reoil was
estimated according to McCarney et al.*® Rerystal Was the distance between the Cg atoms of the donor
(Tyr27 / Trp140) and acceptor (Lys64 / Lys97) sites in the crystal structure of Trp140 SNase.

8The energy transfer efficiency in U under the native condition (at 0 M urea) (FEyy) 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.

® The energy transfer efficiency at 0 ps (FE(O ps)) was estimated by fluorescence intensities
extrapolated to zero time of the kinetic traces of the pH-induced folding from 2.0 to 5.2.

¢ 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.

 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 11-4. 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 AGH?

(kcal mol™* M™) (kcal mol™)
Trp140* 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

& Values from ref 33
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FIGURES

Figure 1I-1: Ribbon diagram of Trp140 SNase (P47G/P117G/H124L) based on the crystal
structure (PDB 1SNQ)*. The CB atoms of the mutation sites are shown as spheres; Tyr27 and
Trp140 (red), Lys64 and Lys97 (green). The CB-Cﬁ distances of Tyr27-Lys64, Tyr27-Lys97 and

Trp140-Lys64 are shown in dotted lines. The B-barrel domain is encircled.
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Figure 11-2: Absorption spectra (continuous lines)
of (a) Trp27/Cys97-AED, (b) Trp27/Cys64-AED,
and (c) Trp140/Cys64-TNB SNase (at 10 pM),
and Trp fluorescence spectra (dashed lines) of (a)
Trp27/Cys97 SNase, (b) Trp27/Cys64 SNase

and (c) Trp140/Cys64 SNase (at 10 uM),

under the native condition (~100 mM sodium
acetate at pH 5.3; black lines) and the acid
unfolding condition (~20 mM phosphoric

acid at pH 2.0; red lines) at 15°C.
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Figure II-3: Time-dependence of Trp fluorescence intensity and the energy transfer efficiency during the

folding reactions of (a) Trp27/Cys97, (b) Trp27/Cys64, and (c) Trp140/Cys64 variants induced by a pH-

jump from 2.0 to 5.2 (~100 mM sodium acetate at pH 5.2) at 15°C. The upper panels show the kinetic traces

of the pH-induced folding reaction of the unmodified (D; red) and the dye-labeled (D&A: blue) proteins.

The extrapolated fluorescence intensities of unfolded states at 0 M urea based on equilibrium measurements

for each variant are shown in circles. Fluorescence was monitored with a combination of a 305-nm long-pass

filter and a 278/366-nm band-pass filter. The lower panels show the energy transfer efficiency (FRET;

green) during folding calculated by Equation (I1-4). The apparent FRET efficiency calculated using fluores-

cence intensities of the unmodified and the dye-labeled proteins extrapolated to 0 M urea is in circle.
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Figure II-4: Chevron plot for the unmodified (open symbols: black) and the dye-
labeled (filled symbols: red) (a) Trp27/Cys97, (b) Trp27/Cys64 and (c) Trp140/Cys64
variants measured in ~100 mM sodium acetate at pH 5.2 and 15°C. The rate constants
of the fastest phases (A, (4)) was obtained by the continuous-flow experiments while
those of the other phases (A, (A), A, (m), A, (V) and A (e)) were obtained by the

stopped-flow experiments.
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Figure II-6: The summary of results.
(1) The average distances for all donor/acceptor pairs in the unfolded state of the protein are shorter
under folding conditions than those under strongly denaturing conditions, suggesting a more

compact denatured state under the native condition.

(i1) The central region of the B-barrel domain assumes native-like compactness and tertiary interactions

within 300 ps of folding.

(iii))  The a-helical domain docks onto the B-barrel domain at longer times (>100 ms).
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CHAPTER IlI

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;

fu, helical content;

hapoMb, horse skeletal muscle apomyoglobin;
H/D, hydrogen/deuterium;

NATA, N-acetyl-_-tryptophanamide;

NBS, N-bromosuccinimide;

PKa'coon, PKa for carboxyl groups in i state;
PKa'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;

Amax, 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.! 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." 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 technigques 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.>® 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.*”

Under moderately denaturing equilibrium conditions, some proteins accumulate equilibrium
intermediates that are structurally and thermodynamically similar to the folding intermediates. 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.®*°
Previous studies on the equilibrium intermediates have actually provided us with detailed properties
of the intermediates, for example, the topology (fold) of the intermediates'’ and the cooperativity of
formation of the intermediates,*®'° 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 111-1), is an a-helical heme protein with 153 amino acid residues, consisting
of eight helices (A—H) formed in the globin fold.?> 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.?
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.?>*® 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.* The intermediate ensemble is compact with a hydrophobic
core surrounded by the native-like secondary structures involving some specific interactions between
side chains.* 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.?*#>% 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.®*%%"?® 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 modeling® 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 Kkinetic 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 111-2a and 111-2b 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 a-helical structure, while the near-UV
CD spectrum shows an aromatic band under the same conditions, confirming the specific native
structure.’®? 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.*® 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.*

Figure 111-2c 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 (Amax) 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
Amax at 334 nm and 336 nm, and yields of 1.67 and 1.61, respectively. The enhanced fluorescence
with the slightly red-shifted Anax 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.?? 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 Amax at 348 nm and 351 nm, respectively, close to
the Amax Of free Trp under these conditions (355 nm), indicating that the Trp side chains are exposed
to solvent under these unfolding conditions.**3*

Figure 111-2d 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.?”*® 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 111-3a and I11-3b 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 wavelength™, as illustrated
in Figure 111-3b (black symbols at 360 nm), the series of fluorescence emission spectra shown in
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Figure 111-3b 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 I111-3c. 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 (Neg),
intermediate (leq) and unfolded (Ueg) States:

Neg = le¢qg = Ueq Scheme I11-1

which yielded a set of global parameters (midpoint urea concentrations of Neg = leg and leg = Ueq
transitions, Cmnegieq @Nd Cmiequeq, @nd the corresponding m-values, Myegieq @Nd Miequeg, fOr each
transition) and local parameters (the fluorescence intensities and ellipticity of Neg, leg and Ugq
extrapolated to 0 M urea, and the slope of the baselines). The thermodynamic parameters thus
obtained are listed in Table 111-1, and are consistent with previous reports.?®?23%3 Based on these
equilibrium parameters, fractions of the three species are calculated as a function of urea
concentration (Figure Il1-4a). A tiny fraction of the molecules are populated as leq even in the
absence of urea. As urea concentration increases, the fraction of I, 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 111-4a).

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 urea®* as
shown in Figure IlI-4b. The fluorescence spectrum and the ellipticity at 222 nm for Ngq are
essentially identical to those at 0 M urea with only a slight difference due to a tiny fraction of leg. The
fluorescence spectrum and the ellipticity at 222 nm for l¢q 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 Amax values between the fitting results and the results of the experiments at 1.2 M urea and
pH 6.0 may be attributed to Neg 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 Ue, 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 us and 5.3 ms,
respectively. Figure I11-5a shows representative kinetic traces of the folding reaction. For the folding
reaction initiated at acid-unfolded protein at pH 2.0, the Kkinetic 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 leq to Neg Since leq 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 111-5b.

Urea concentration dependence of the rate constants (chevron plot) of (un)folding reactions is
summarized in Figure I11-6a. Cumulative amplitudes (Foi1, Fo2 and Foy) are exploited instead of the
amplitudes (F; for the i-th phase) for the analysis of fluorescence intensity (Figure 111-6b).*® They are
defined as Foy = Feq + F2 and Fo1 = Feq + F2 + F4 for the folding reaction initiated at pH 2.0 and Fou
= 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,*** whose rate constant (1, ~ 2-5 s™)
exhibits typical chevron behavior with the minimum at ~1.0 M urea. As the urea concentration
increases, Fo, approaches to Feq to merge, i.e., phase 2 disappears, at ~1.6 M urea and coincides with
Feq (Fo2 = 0) at > 1.6 M urea. The chevron plot for A, 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 A,.
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 Fo;
(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 (1)
close to A, under the matching conditions. This is also the case for the rate constant of the unfolding
reaction (4,), further indicating that phase 2 is the rate-limiting step of the overall folding/unfolding
reactions. As urea concentration increases from ~2.0 M, A, 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). Foy exhibits a small but distinct transition at ~1.5 M urea, which is
attributed to unfolding of l¢q populated at 0 M (Figure 111-4a).

Quantitative modeling of the folding/unfolding kinetics

A folding scheme is modeled to quantitatively reproduce the rate constants (4, A, and A,) and
amplitudes (Fo1, Fo2, and Fou). As reported previously, the kinetic behavior of the (un)folding
reactions is consistent with a sequential mechanism rather than a parallel-pathway
mechanism.®**3% 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 (1) is responsible for
the burst phase of CF folding measurements and the curvature of A; at ~0.8 M urea, a second
intermediate (1) for phase 1, and a third intermediate (M) for the curvature of 1, (4,) at ~3.3 M urea.

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

kUI' kI'I kIM kMN

U=I'=I]I=M=N Scheme 111-2

kI'U kII’ kMI kNM
The elementary rate constants, kij, are defined by Equation (111-5). The elementary rate constants in
the absence of urea at pH 6.0, kHZOij, 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 I11-2 and plotted in
Figure 111-6a. The A; and A, with curvature are approximated as A; ~ kur/(kur + kru) x ky and as A, ~
knm/ (Knm + Kmn) % ki, respectively (see Appendix B). On the other hand, the unfolding limb of A;
and the folding limb of A, are used as a guide for determining k; and ki, 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. Fo; is the
fluorescence intensity of the burst phase while Fo, approximates fluorescence intensity transiently
saturated after phase 1, at which | is most populated during folding. Thus, Fo1 and Fo, 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 I11-3 and plotted
in Figure 111-6b.

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 111-5). 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 Fo;
values (Figure I11-6b). 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 I11-1). This is illustrated as the reproduced fraction of the equilibrium states, Neg, leq and Ueq
in Figure 111-4a. Because some of the species in Scheme I11-2 were not resolved in the equilibrium
unfolding, the author combined U and I' into Ueg, and M and N into Neg, and thus | corresponds to leg,
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 I11-7.
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(B) pH-Induced folding/unfolding experiments

Acid-induced equilibrium unfolding monitored by Trp fluorescence

Figure 111-8 shows fluorescence emission spectra of hapoMb at pH ranging from 2.0 to 7.1 (in HCI 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,® 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 (Neg) is predominantly populated at pH > 5.7, the acid unfolded state (Ueg)
at pH < 2.5, and an intermediate state (leg) at 3.5 < pH < 5.3. The fluorescence spectra at pH < 2.5
exhibit the emission maximum (Amax) (348 nm) comparable to that of free Trp (355 nm), indicating
that the two Trp side chains are fully exposed to solvent in Ug. The spectra exhibit significantly
blue-shifted Amax (~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 leq. The Amax IS
further blue-shifted (333 nm) and the intensity is reduced by specific contact of Trp side chains with
specific quenching partners in Neg at pH > 5.7.**

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 HCI; Ueg) or pH 4.0 (in 2 mM sodium citrate; leg). 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; leq) or at pH 6.0 (in 2 mM
sodium citrate; Neg). 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 pus to 100 s. The dead times of the CF and SF measurements were 40
us 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 111-9a). 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 111-9b). The pH dependence of the rate constants and
amplitudes thus obtained are summarized in Figure 111-10. Among the kinetic phases, a slow minor
phase (phase D) with rate constant ~ 1 s™ 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 111-10a and 111-10d). 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 111-10a and
[11-10b). A decreasing phase (phase R2) with the rate constant around 3.6 s 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 1.5x10% s at pH 5.9 to 620 s 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 (F; for the i-th phase), cumulative amplitudes (For2 and
For1) are exploited for the analysis of fluorescence intensity (Figures Ill-11a and I1l-11b) as
described above. They are defined as Forz = Feq + Fro and Fori = Feq + Fro + 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, For2
approaches to F¢q to merge toward pH 5.0. Fory (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 RO0).

(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 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 I11-10a and I11-10c. The second increasing
phase (phase U2) exhibits strong pH dependence of the rate constant ranging from 11,000 s* at pH
2.6 t0 3.4 s 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 to 240 s™ 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 Fouz = Feq + Fus, Fouz = Feq +
Fus + Fuz, and Four = Feq + Fus + Fu2 + Fur (Figures 111-11b and 111-11c). 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, Fous approaches to Feq to
merge toward pH 3.6 (Fys = 0 at pH > 3.6). Fou2 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 Fy;
between pH 4 and 5 since Fou; and the native baseline overlap each other. Phase U1 is detected as
the burst phase, whose fluorescence intensity is represented by Fou,, 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 I11-2 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.

kUI’ kI’I kIM kMN

U=I'=1]I=M=N Scheme I11-2

kI’U kII’ kMI kNM
I' is responsible for the burst phase of the CF folding measurements at pH 3.5-5.9, | 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, k;;, are defined in Equation (111-6) (see Appendix C). The
elementary rate constants at pH 6.0 (in the absence of urea), kHzoij, are taken from those obtained in
the urea-induced folding and unfolding reactions under the matching condition (O M urea and pH
6.0). The pK, values of ionizable groups (pKauis for imidazole group of histidine side chains and
pPKacoon 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 111-2 and I11-4, and
plotted in Figure I11-10a.

The rate-limiting step under the native condition (pH ~ 5-6) (phase R2) is assigned to the | = M
interconversion, as described in the urea-induced (un)folding reactions. Phase R2 is connected to
phase U2 through the approximation Ay, ~ knm / (Knm + Kvn) < kv (Auz; the rate constant of phase
U2), which increases with decreasing pH to reach ~10° s at pH 2.0. The rate constant of phase R1
(Ary) is approximated as Ar1 ~ kur / (kur + kyu) x ky1, which corresponds to the rate constant of phase
U3 (Aus ~ 10° s7) at pH 2-3. The rate-limiting step of the unfolding reaction is phase U3 at pH
below ~3.5 since Ay is larger than Ays, allowing the accumulation of an unfolding intermediate (1)
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during the unfolding reactions. Phase Ul 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). Fori is the
fluorescence intensity of the burst phase while For, and Fous approximates the fluorescence intensity
transiently saturated after phase R1 and U2, respectively (I is most populated during folding). Thus,
For1 under stabilizing conditions are used as a guide to determine the fluorescence intensity of I', and
Forz at pH above 4 and Foys at pH below 4 to determine the fluorescence intensity of 1. The
fluorescence intensity of M is experimentally determined by Fou; 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 111-3. The kinetic traces of (un)folding reactions (Figure 111-9) were reproduced by using the
kinetic parameters and the fluorescence intensities (Figure 111-10) especially in terms of the rate
constants, indicating the validity of the model. Figures Il1-12a and 111-12b 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 111-8 and 111-13a are converted into a collection of unfolding
transition curves monitored by fluorescence intensities at 149 wavelengths (301-449 nm) (Figures
I11- 13a (black symbols at 360 nm) and I11-13b). 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
I11-13c). 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 (I11-2). The fluorescence
intensity for each state is assumed to be linearly dependent on pH. Because some of the species in
Scheme 111-2 were not resolved in the equilibrium unfolding, U and I' are combined into Ueg, and M
and N into Ngg, and thus I corresponds to leq for the analysis. The fluorescence emission of Neg, leq
and Ueq at 149 wavelengths (301-449 nm) thus obtained gives the fluorescence spectra of Neg, leg
and Ueq (Figure 111-13d). The fluorescence spectrum of Ug, 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 N¢q and leq 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 | and the equilibrium intermediate l¢q

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.’®**#2* 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.? 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.?

Evidence of the equivalence between | and lq 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 I11-6a and I11-10a). | 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 | 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 | 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 (AG"*neqieq ~ 1.0 kcal/mol at pH 6.0 and 0 M urea). In contrast, the
formation of | is observed at < 2.0 M urea and at pH > 3.0 as long as A, (for urea-induced folding
kinetics) and Ag: (for pH-induced folding kinetics) are detected; in other words, Fq, and For, are
larger than the baseline of U. It follows that | accumulates as an equilibrium intermediate, leg, 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.?® Therefore, the intermediates 1 and leq consist of a single molecular species,
and the stability of N relative to | determines whether | transiently accumulates during folding under
strongly native conditions (~0 M urea and pH ~6.0-7.0) or is stably accumulated as leq 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 (4, and A, 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 | and le are converted into N by the same kinetics.?? The quantitative modeling
revealed that the thermodynamic stabilities of | and I, are very close to each other (Table 111-1). The
fluorescence intensity for | expected from the (un)folding kinetics (1.90) is close to that of lg
estimated by the equilibrium unfolding (1.72-1.83) (Table 111-3). This is partially demonstrated by
the fact that Fo, and Foro share the transition regions with Feq at ~1.6 M urea and at pH < 5.0,
respectively, because the urea concentration dependence of Fo, and the pH dependence of For,
represent the preequilibrium unfolding of | 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 111-6a); at 0.6-2.0 M urea, folding from I' as well as unfolding from M is preferred
because, for example, A; and A, (A,) 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 | 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 | as an equilibrium
intermediate (Figures I11-7 and I11-12a). The equivalence between pH- and urea-induced equilibrium
intermediates was previously reported.?® 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 | and leq 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 | observed at pH above ~4. During the
unfolding reaction, an unfolding intermediate transiently accumulates in phase U2, which is found to
be equivalent to | with the assignment of phase U2 to the M = | interconversion by quantitative
modeling.®* 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 la = U at strongly acidic pH such as
pH 2.7).3* 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 pKauis and pKacoon between M
and the transition state between | and M (TS3) brings about the strong pH-dependent decrease in kK
from ~10° s™ at pH~2 to ~2 s™* at pH~6. In contrast, virtually no difference in pK, values associated
with the | — the transition state between I' and | (TS2) transition gives rise to the elementary rate
constant (k) almost independent of pH. At pH above 4, the M — 1 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 — | transition is
faster than the 1 — I' transition, resulting in the accumulation of I in the unfolding. Therefore, |
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.?®3"** 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).?® 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.* 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.*® 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 4; 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-us 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.>* 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 6.0.2°

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.*” 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 a-value of I' is closer to that of |
than to that of U (Figure 111-7). The pKacoon Values in I' (pKa' coon) and in I (pKa'coon) states for five
ionizable carboxyl groups are closely similar to each other. In addition, the significant contraction in
size (~6 A) occurs within ~300 us of the folding reaction.” 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 Ama Of I' would be close to that of the subsequently
accumulated leq (equivalent to 1) (~335 nm), and significantly blue-shifted compared with the Amax of
Ueg (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-ps time scale.”>*® These considerations
suggest that I' would exhibit a partially quenched fluorescence spectrum with a blue-shifted Amax,
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 Ul 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 111-6b). 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.*®*® 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 111-13c).

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 pKanis value (pKais) as that of N (pKawis) for an imidazole group. Previous studies
indicated that His24 (in B-helix) have an abnormal pK"is value.*® 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 pK;"is. By Taking the fluorescence and protonation properties into consideration,
it is concluded that M exhibits native-like structure properties. Recently, *N, *H", and *CO NMR R,
dispersion relaxation experiments revealed a native-like intermediate formed by local unfolding of
F-helix and undocking from the protein core.>® The intermediate also exhibits the abnormal pKais
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 | while the Amax 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 111-4b).3* The mean residue ellipticity at 222 nm for N is -21,000 deg cm?
dmol™ (Figures 111-2a and 111-3a), and thus the helix content (f.) for N is 62%, which is consistent
with the fy 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%).?* Two imidazole groups exhibit the
abnormal pK,"nis value (Table 111-4). Based on the previous studies, one of the histidine residues is
His24.%° 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 Argl118 for swapoMb). His64 and His113 also exhibit pK,nis values lower than
the normal value in N and thus are candidates for the other histidine residue with the abnormal
pKahis. Although the mechanisms of their low pK, values are not fully understood, the low pKa nis
of His113 may result from a specific contact with Arg31.

The fluorescence spectrum for U exhibits the Amax (348-351 nm) close to that of free Trp (355
nm)*, 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 pKacoon Value in unfolded state (pKa"coon = 3.6) is slightly lower
than those of free aspartate and glutamate (4.0) while the pKais value in unfolded state (pKa"wis =
6.0) is very close to that of free histidine (6.0). The discrepancy between the pK,coon values in U and
free amino acids may arise from residual structure in U. In fact, acid-unfolded barnase exhibits pK,
values lower than that of the free amino acids.*

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 I11-2 fully accounts for the results of the folding/unfolding kinetics and unfolding
equilibrium of hapoMb obtained in this study. In Scheme I11-2, 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 I11-3.

I U e | s M e Scheme 111-3

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 Kkinetics as well as the equilibrium are reproduced by the quantitative modeling based on Scheme
I11-3. Another possibility is also considered that I is a dead-end product as shown in Scheme 111-4.

' = M = Scheme 111-4

kUI I'(I'U kMI' kNM

The behavior predicted by Scheme I11-4 is essentially indistinguishable from that of Scheme 111-2 in
the folding reactions. This is because the preequilibrium among U, I' and | 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' =& | interconversion, as
reported for the folding of Immunity protein 7.>® Nevertheless, the a-values of I' and | are expected
to be ~70% and ~50%, respectively, according to Schemes I11-3 and 111-4, which indicates that I' or |
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-ps time scale of folding.'® Thus the author proposes that Scheme 111-2 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 Ii/l, or la/lb) accumulated.?*?*%* 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.?** In addition,
the fluorescence intensities were also similar to each other for the intermediates of swapoMb (la and
Ib), although the UVRR CF measurements on hapoMb indicated distinct local environments around
the two Trp side chains between the folding intermediates.® Thus, even if the folding intermediate
ensemble (I) observed in this study consisted of multiple forms, such as la 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 wurea 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 I11-2) containing three intermediates, 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 | and N, the author found that leq is
equivalent to | and that the stability of N relative to | determines whether | is only transiently
accumulated during folding or is stably accumulated as le. | 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 ps) 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 Teale®* as well as Uzawa et al.* to prepare apo-form of myoglobin. HapoMb thus
obtained was lyophilized and stored at -20°C.** The concentration of hapoMb was determined
spectrophotometrically by using an extinction coefficient of &g, = 14,300 M™* cm™.?® The protein
concentration of the equilibrium fluorescence and far-UV CD measurements was 5 uM, whereas
those of the near-UV CD measurements were 22—-30 uM. For the kinetic measurements using CF and
SF fluorescence, the concentrations were 20-40 uM and 5 uM, 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 HCI 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 um) 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 HCI 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 HCI
at pH 2.0 was passed through a Sephadex G-25 column equilibrated with HCI at pH 2.0, followed by
diluting it with HCI 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 HCI 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 HCI at pH 2.0. The protein solution obtained by dissolving the lyophilized protein
in HCI at pH 2.0 was passed through a Sephadex G-25 column equilibrated with HCI at pH 2.0,
followed by two-fold dilution with HCI 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 HCI 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 HCI 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 uM
hapoMb / 12 mM sodium citrate / 0-2.74 M urea at pH 6.0. Kinetic fluorescence measurements were
carried out using a CF device®™ 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 ps, as calibrated by
measuring a bimolecular quenching reaction of N-acetyl-| -tryptophanamide (NATA) fluorescence by
N-bromosuccinimide (NBS).

(if) Urea-induced kinetic measurements using SF fluorescence

Lyophilized protein was dissolved in HCI at pH 2.0. The protein solution was passed through the
Sephadex G-25 columns equilibrated with HCI 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 uM 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 uM 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 uM 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.>®

(iii) pH-Induced kinetic measurements using CF fluorescence

Lyophilized protein was dissolved in HCI at pH 2.0. The acid-unfolded protein solution (in HCI pH
2.0; 40 uM), the pH 4 intermediate protein solution (in 2 mM sodium citrate pH 4.0; 80 uM) and the
native protein solution (in 2 mM sodium citrate pH 6.0; 40 uM) were prepared by passing the protein
solution thus obtained through the Sephadex G-25 columns equilibrated with HCI 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 uM 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 ps, as calibrated by the
bimolecular quenching of NATA fluorescence by NBS.*®

(iv) pH-Induced kinetic measurements using SF fluorescence

Lyophilized protein was dissolved in HCI 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 HCI 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 HCI 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 uM. (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 uM 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.*

Data analysis

(i) Fitting of the equilibrium unfolding transition curve to a three state model.

A three-state equilibrium unfolding transition consisting of Neg, leg and Ueq are represented as
follows:

KNqueq KquUeq
Neg = legq = Ueq Scheme 111-1

where Knegieq (Z[leq]l/[Neq]) and Kiequeq (F[Ueql/[leq]) are the equilibrium constants of the Neg = leg
and leg = Ueq transitions, respectively. The fraction of Neg, leq and Ueq (fneq, fieq and fueq, respectively)
is represented as follows:

1

fN = )

e 1+ KNqueq + KNquququUeq

KNqueq

fieq = ) (1-1)

e 1+ KNqueq + KNquququUeq

KNquququUeq

erq =

1+ KNqueq + KNquququUeq
The observed intensity in fluorescence or CD at a urea concentration, ¢, and pH, lops(C, pH) is
represented by;
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Iobs (C' pH)

= INeq(CJ pH)fNeq(Cr pH) + Iqu(C' pH)erq(C: pH) (111-2)

+ IUeq(C; pH)erq(C' pH)
where Ineq(C,pH), lieg(c,pH), and lyeq(c,pH) are the intensity in fluorescence or CD 0f Neg, leq and Ugg,
respectively, at ¢ and pH, which are assumed to be linearly dependent on urea concentration and pH.
The Gibbs free energy difference, AGj;, between i and j states (i, j: Neq, leq 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:

AGyeqieq = —2.303 X RT 1og Keqleq = MNeqgieq(CmNeqieq — €) (111-3a)
AGquUeq = —2.303 X RT log KquUeq = MjeqUeq (leeqUeq - C)
AGHZONqueq = MnNeqleqCmNeqleq (11-3b)

AGHZOquUeq = mquUeququUeq
where AGHZOU is the free energy difference between i and j states in the absence of urea, m;; is the
coefficient (m-value), which indicate the cooperativity of the transition, cmj 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 (I11-2) in addition to Equations (I11-1) and (I11-3a) 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 (111-2).

(i1) 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:

Fops(t) = Foq + Z F; e Mt (111-4)
i

where Feq is the fluorescence intensity at long times after the reactions have reached equilibrium, F;
and 4; 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, k;(c), crossing a transition

state (Fij) from i state to j state, was assumed to follow Equation (I11-5):

¥

mr.
log kij(C) = logkszo + mc (111-5)
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kHZOi,— is the elementary rate constant in the absence of urea at pH 6.0, miij is the corresponding

where
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 a-value as the reaction coordinate at representative urea
concentrations. The a-value was defined by a sum of m*i,- from N to a given state normalized by the
sum of all m*;, 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 (I11-6):

kij(PH)
(1 + 10pKat1iijs—PH 1+ 1()pKagis-6>n;is (1 + 10131(‘12%01-[-131'1 14 10pKag00H—6>nEOOH
1+ 10PKemis=PH 1 | 1 gpKaj)—6 1+ 10PKaCoonPH 1 4 10PKaLi0n0 120

(111-6)

(1 + 10PKaiis™PH 1 4 10PKaﬂis—6>nh“ (1 + 10PKacoonPH 1 4 10PKa‘cJoor6>nlc"°”
1 + 10PKasis—PH | 4 10PKhis=6 1 + 10PKacoonPH 1 4 1(PKacoon—5
In Equation (111-5), 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 a-carboxyl group (COOH). Based on the
assumption, pKa"uis, PKahis and pKa his are the pK, values of the imidazole group of His in the
transition state, i state and the unfolded state, respectively, while n*is and n'yis 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"coon, PKacoon and pKa"coon are the pK, values of the carboxyl
group in the transition state, i-state and the unfolded state, respectively, while N*coon and n'coon are
the number of carboxyl groups associated with the i — j transition in the transition state and i-state,
respectively. The pKaUHiS and pKaUCOOH values are 6.0 and 3.6 (close to the normal pK, values),
respectively. kHZOi,— 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 pK,*! and pK.' 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, AG*ij(c, pH), is calculated by the following equation:
—kif(i'lpH), (11-7)

where the pre-exponential factor, A, corresponds to the rate constant in a reaction with the

AG;(c,pH) = —2.303 X RTlog

zero-activation free energy, and is here assumed to equal 10° s. The free energy diagram was drawn
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based on the Equation (111-7).
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TABLES
Table 111-1: Thermodynamic parameters for urea-induced equilibrium unfolding of hapoMb at pH
6.0 and 8°C.
g mij Cij AGH?9;
(kcal/mol/M) (M) (kcal/mol)
Equilibrium®
Neg leg 1.67 £0.01 0.99 +0.01 1.65+0.01
leq Ueg 1.35+£0.01 1.61+£0.01 2.17+£0.01
Neg Ueq 3.01+0.01° 1.27+0.01  3.82+0.01°
Kinetics*
Neg leg 1.41 0.61 0.86
leq Uegq 1.41 1.59 2.23
Neg Ueq 2.81 1.10 3.09

% Thermodynamic parameters obtained by globally fitting Scheme 111-1 to a collection of the
equilibrium unfolding transition curves. Error estimates for equilibrium parameters are based on
goodness-of-fit (x one standard deviation).

® AG"®equeq and Myequeq Were calculated by adding the corresponding thermodynamic parameter
for Neg = leg and leg = Uggq transitions.
¢ Thermodynamic parameters were calculated from the elementary rate constants and Kinetic
m-values (Table 111-2) estimated by the quantitative modeling. Neq is assumed to consist of N and M,

Ueq is assumed to consist of I” and U, and leq corresponds to 1.
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Table 111-2: Kinetic parameters estimated by monitoring the folding kinetics of hapoMb based on
Scheme I11-2 in the absence of urea at pH 6.0 and 8°C.

¥
K e (kcaI/Tn(I;I/M)b
Ulc 9.57x104 -0.76
I”U®  2.83X104 0.24
"1 1.60X 104 0.00
1 5.13X 102 0.57
M 3.00 -0.70
M I 1.74 X101 0.20
MN? 4.32x103 -0.20
NM®  1.63x102 0.35

a kHzoij indicates the microscopic rate constant for a given process in the absence of urea at pH 6.0.
b Kinetic m-values, miij, were estimated according to Equation (111-2).

¢ Only the ratio kyy/kyy is uniquely determined.

9 Only the ratio knw/kwn is uniquely determined
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Table 111-3: Fluorescence intensity of each species (relative to that at pH 2.0) in the absence of urea
at pH 6.0 and 8°C.

Equilibrium Equilibrium

(urea)’ (oH)? Kinetics®
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

% Values were obtained by globally fitting Scheme I11-1 to a collection of the urea-induced unfolding
transition curves.

®Values were obtained by fitting a collection of the pH-induced unfolding transition curves.

°Values were obtained by modeling the folding/unfolding kinetics based on Scheme 111-2.
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Table 111-4: Kinetic parameters used for the modeling the folding/unfolding kinetics of hapoMb
based on Scheme I11-2 at pH 6.0 and 8°C.

: G ® i i i i
State (i) (keal/mol) N'His PKa'His N'cooH PKa'coon
U 3.8 0 6.0 0 3.6
TS1P 5.1¢ 0¢ 6.0¢ 4° 2.9¢
I 3.1 0 6.0 5 2.7
TS2 5.4 1 5.8 5 2.7
| 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°¢ 4.9 1 3.5 7 2.6
N 0 2 3.5 8 2.6

® The Gibbs free energy in an state, i, relative to N at pH 6.0 in the absence of urea at pH 6.0.
® The transition state between the U and I” states.

° The transition state between the M and N states.

9 These values are not uniquely determined.
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FIGURES

Figure III-1: Ribbon diagram of horse skeletal muscle myoglobin on the crystallographic structure
(PDB: 1AZI). The heme group (light gray) and two tryptophanyl side chains (red) are shown in the
ball-and-stick model. The native state of myoglobin contains eight helices (A—H), while the native state
of hapoMb contains seven helices (A—E, G, and H (blue and green)). The intermediate of apoMb
exhibits helical structure in the A-, G- and H-helix regions (green). The F-helix is shown in black.

The figure was prepared using the program MolMol.*’
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Figure I11-2: (a) CD spectra of hapoMb in far-UV (b) near-UV regions as well as (c) fluorescence
spectra at 8°C. The spectra under various conditions are denoted by colored lines: blue (pH 6.0), cyan
(1.2 M urea and pH 6.0), red ((a) 8 M urea and (b) 7.8 M urea and pH 6.0)), green (pH 4.0), and

. The circles show the mean residue ellipticity of Ncll (blue), I, (green), and U, (red)
at 222 nm obtained by urea-induced equilibrium unfolding. 2, is also explicitly shown in the

fluorescence spectra. (d) The temperature dependence of mean residue ellipticity at 222 nm and pH 6.0.
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Figure III-3: (a) A urea-induced equilibrium

unfolding transition curve of hapoMb monitored by

ellipticity at 222 nm at pH 6.0 and 8°C. The solid
and broken lines show the unfolding transition curve
and the baselines of the N (blue), I (green) and
U,, (red), respectively, predicted by global fitting of

a three-state model (Scheme 1) to data.
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unfolding transition curves predicted by global

fitting of a three-state model (Scheme 1) to data. The
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transition curves in (c) are obtained by transposing

8 the results from (b). Colors represent the emission
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curve fittings.
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Figure I1I-4: (a) The fractions of each species as a function of urea concentration. The fractional N_,

and l'”I were predicted based on unfolding equilibrium while the fractional N, M, I, I" and U were
predicted based on kinetic experiments. Color codes: light blue (N, , pink (Ueq), blue
(N), cyan (M), green (1), orange (1'), red (U), and purple (U and I'). (b) The deconvoluted fluorescence

spectra of Neq, leq and Ueq in the absence of urea predicted by global fitting of a three-state model

(Scheme 1) to the equilibrium unfolding data. Color codes: blue (Nm), green (I ) and red (ch).
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Figure III-5: The kinetic traces of (a) folding and (b) unfolding reactions at various urea concentrations at
pH 6.0 and 8°C measured by the CF and SF fluorescence methods. The fluorescence intensity is scaled
relative to the fluorescence at pH 2.0. Black lines show the kinetic traces predicted by non-linear least
squares fitting of (a) a sum of two exponential functions and (b) a single-exponential function to data.
Colored lines show the kinetic traces reproduced by the elementary rate constants (Table 111-2) and the

fluorescence intensities of each state (Table III-3). The color codes are explicitly shown in the figure.
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Figure I11-6:

(a) Urea concentration dependence of the rate
constants of folding/unfolding reactions obtained
by the CF and SF experiments (circles). Color
codes: A, (green), A, (blue), J\,h_q\ (cyan) and A,
(red). Black and colored solid lines show the rate
constants (A, A, and A ) and the elementary rate
constants, respectively, predicted by quantitative
modeling. The color codes for the elementary

rate constants are explicitly shown in the figure.

(b) The amplitudes obtained by the CF and SF
experiments (circles). Open circles: /| (
F)) (green), F“2

= Feq + F) (red) for the

= Ftq + F) (blue) for the
folding and F
unfolding. Filled circles: The fluorescence
intensity at a long time after the folding (blue)
or unfolding (red) reactions reach the
equilibrium (F,)- The black solid line represents
Feq as a function of the urea concentration
obtained by quantitative modeling. The colored
solid line represents /| (green), F,, (blue) and
F,, (red) as a function of urea concentration
predicted by quantitative modeling. Dashed lines
represent the urea-concentration dependence of
the fluorescence intensities of U (red),

e), I (green), M (cyan) and N (blue)

obtained by quantitative modeling.
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Figure III-7: The free energy diagram of apoMb at pH 6.0 and 8°C showing the effects of urea on
the energy levels and the transition states predicted by quantitative analysis of the folding and
unfolding kinetics. The reaction coordinate (o) indicates the change in the solvent-accessible

surface area relative to N.
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Figure III-8: pH Dependence in fluorescence spectra of hapoMb (in 12 mM sodium citrate buffer
at pH 7.1-2.2 or in HC1 at pH 2.0) at 8°C, associated with the pH-induced unfolding transition.
The fluorescence spectra at pH 6.0, 4.0 and 2.0 are shown in blue, green and red, respectively.
The fluorescence intensity is enhanced as pH decreases from 6.0 to 4.0, and then quenched as pH
decreases from 4.0 to 2.0. The ___value is red-shifted as pH decreases; 333 nm at pH 6.0, 334

nm at pH 4.0 and 348 nm at pH 2.0.
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Figure I11-9: (a) The folding kinetics at various pH
and 8°C measured by the CF and SF methods. The
traces of the reactions initiated at pH 2.0 are shown
by blue (at pH 5.9), cyan (at pH 5.0), green (at pH
4.0), ocher (at pH 3.0) and red (at pH 2.0) solid
lines. The traces of the reactions initiated at pH 4.0
are shown by light blue (at pH 5.9),

and solid lines.
Black lines indicate the result of curves fitting by an
exponential function. The dashed line show predicted

traced by quantitative modeling.

(b) The unfolding kinetics at various pH and 8°C
measured by the CF and SF methods. The traces of
the reactions initiated at pH 6.0 are shown by blue
(at pH 5.9), cyan (at pH 5.0), green (at pH 4.0) and
ocher (at pH 3.0) solid lines. The traces of the
reactions initiated at pH 4.0 are shown by

and : solid lines. Black
lines indicate the result of curves fitting by an
exponential function. The dashed line show predicted

traced by quantitative modeling.



84 /111

(a)

rates (s™)

C;

0.5

0.0

-0.5—

fluorescence (relative to pH 2.0)

decreasing phiase

increasing phase

-1.0
| I |
2 3 4 6 7
pH
(c) (d) 0.10
S 0.6 v F, =)
z 0.6 \, R2 : 0.08—] ¥v
g (]
]D:. 0.4— VV-_‘ v E jD:.. v v
2 v /Y = 2
E A 8 209 v
£ 0.2 A 8 © VY v
o v \ / @ © v v
pa oA & 2 0.04 v
8 0.0 : 8 IS— vv
= © c v A\ 4
] @ 2 v v
2 o] ) @ vy
g 0.2 5 2 0.02 v v
S m 2 2 v:'
= 0.4— aat Tw & v v
£ 0 ;WZ,' wvv
] I I 1" | |
2 3 5 6 7 2 3 4 6 7
pH pH

Figure I11-10: (a) pH dependence of the rate constants of folding/unfolding reactions obtained by the CF
and SF experiments. The upper and lower triangles show increasing and decreasing phases, respectively.
Color codes: R1 (orange), R2 initiated at pH 2.0 (red), U1 (cyan), U2 (blue), U3 initiated at pH 6.0
(purple), folding/unfolding initiated at pH 4.0 (green), D initiated at pH 2.0 (dark red), 4.0 (dark
green) and 6.0 (dark blue). Black solid lines and red dashed lines show the apparent rate constants and the
elementary rate constants, respectively, predicted by quantitative modeling. (b) The amplitudes obtained by
the folding experiments initiated at pH 2.0 and at pH 4.0. Lines show the predicted amplitudes by
quantitative modeling. Color codes: / yellow), F | (orange), F, initiated at pH 2.0 (red), the
amplitude of reactions initiated at pH 4.0 (green). (¢c) The amplitudes obtained by the unfolding
experiments initiated at pH 6.0 and at pH 4.0. Lines show the predicted amplitudes by quantitative modeling.
Color codes: F, (eyan), F, (blue), F, initiated at pH 6.0 (purple), the amplitude of reactions initiated
at pH 4.0 (green). (d) The amplitudes of phase D initiated at pH 2.0 (dark red), 4.0 (dark green) and 6.0
(dark blue).



‘-..
o
2

= - & - -

=} [N} EN o)) o

I | | l I

fluorescence (relative to pH 2.0)

o
@
|

N

=2 - - - -
o N B 2] o]
] ] | ] ]

fluorescence (relative to pH 2.0)

o
)
]

fluorescence (relative to pH 2.0)

0.8

85/111

Figure III-11: (a) pH Dependence of cumulative amplitudes of folding
initiated at pH 2.0. Dashed lines show the fluorescence intensities of U
(red), I' (orange), I (green), M (cyan) and N (blue) used for the
quantitative modeling. Solid lines show the cumulative amplitudes
predicted by quantitative modeling. The black circles and black solid
line show fluorescence at equilibrium and that predicted by quantitative
modeling, F_ . The dark red circles show cumulative amplitudes of
F, and F,. The red circles and red solid line show F, obtained by

0R2

the experiment and the simulation, respectively. The orange circles
and orange solid line show F,  obtained by the experiment and the
simulation, respectively. The yellow so ine shows

predicted by the quantitative modeling.
(b) pH Dependence of cumulative amplitudes of folding/unfolding
initiated at pH 4.0. Dashed lines show the baseline of each state with
the same color codes as in (a). Solid lines show the cumulative
amplitudes predicted by quantitative modeling. The black circles and
black solid line show fluorescence at equilibrium and that predicted by
quantitative modeling, F . The dark green circles show cumulative
amplitudes of Fuq and F. The green circles and green solid line show
the cumulative amplitude of F_ and the amplitudes corresponding
with R2 and U3 phases.
(c) pH Dependence of cumulative amplitudes of unfolding initiated at
pH 6.0. Dashed lines show the baseline of each state with the same color
codes as in (a). Solid lines show the cumulative amplitudes predicted by
quantitative modeling. The black circles and black solid line show
fluorescence at equilibrium and that predicted by quantitative modeling,
ch' The dark purple circles show cumulative amplitudes of ch and
F,. The light purple circles and light purple solid line show F ,
obtained by the experiment and the simulation, respectively. The blue
circles and blue solid line show F, , obtained by the experiment and

the simulation, respectively. The cyan circles and cyan solid line show

F,,, obtained by the experiment and the simulation, respectively.
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Figure I1I-12: (a) The free energy diagram of apoMb at representative pH values and 8°C in the absence of
urea showing the effects of pH on the energy levels of each state and the transition states predicted by

quantitative analysis of the refolding and unfolding kinetics. The color codes are shown in the figure. (b) pH
Dependence of the free energy of the each state including the transition states. The color codes are shown in

the figure.
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Figure II1-13: (a) The collection of fluorescence spectra of hapoMb shown in Figure I1I-8 ranging from 310
nm to 440 nm as a function of pH at 8°C. Black circles represent an unfolding transition curve monitored by
the fluorescence emission at 360 nm. (b) pH-Induced equilibrium unfolding transition curves of hapoMb
monitored by fluorescence emission at wavelengths ranging from 310 to 440 nm at 8°C. The solid lines are
the unfolding transition curves predicted by the fitting based on the fraction shown in (¢). The transition
curves in (b) are obtained by transposing the results from (a). Colors represent the emission wavelength. (c)
Populations of hapoMb as a function of pH predicted by the quantitative modeling. The lines show the
populations of N (blue), M (cyan), I (green), I (orange), and U (red) as function of pH predicted on the
basis on the kinetic experiments. (d) Fluorescence spectra obtained by curve fitting to a series of the
unfolding transition curves. The solid and dashed lines show fluorescence spectra of each state, N (a
mixture of N and M; blue), I (consists of I; green) and ch (a mixture of U and I'; red), at pH 6.0 in the

absence of urea estimated by the pH- and urea-induced equilibrium unfolding data, respectively.
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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 |1, 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 Ill, 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.™? 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.®* 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 I11, 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.>® 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.> 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.® 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 us — 1 ms for
small proteins folded within a millisecond of folding.”® The combined knowledge obtained from the
experiments and simulations allows us to represent the folding/dynamics of small proteins at the
atomic level.”™

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.”® However, the larger proteins, especially those with more than ~100
amino acid residues, often accumulate folding intermediates within a few millisecond of folding."’
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.!” 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, X;, and the constant coefficients
consists of the elementary rate constants of the i state = j state transition (k;j). If there are n species,
the general set of the kinetic equations are;

dX, 4

F = _(; kli)xl + k21X2 + k31)(3 oot kann

diz klle_(szi)xz +k32X3 +"'+knzxn
i=1

dt Eq. Al

dX

d_tn: k1nxl+k2nx2 +k3nx3 +'“_(zkni)xn
i=1
which is also represented by using the rate matrix as follows:
ax =KX Eq. A2
dt
where X is the state vector
Xl
XZ
X=|. Eq. A3
X

and K is the rate matrix
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_Z kli kz1 knl
i=1
K -k, K
K = 12 ; 2i n2 Eq. Ad
I(1n k2n ’ _Z I(ni
L R
The solution to Eq. A2 is represented as follows:
X(t) = exp(Kt)X(0) Eq. A5
where exp(Kt) is designated as the state transition matrix:
2
exp(Kt):E+Kt+%---. Eqg. A6

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

Y(t) =exp(At)Y(0). Eq. A7
Y (t) and exp (At) are as follows:
AU
Y(t) = y{(t) = PIX(1) Eq. A8
Yo (D)
and
exp(At) = P exp(Kt)P, Eq. A9

where P is a matrix consisting of the eigenvectors:
P=(P,P,,---,P.), Eq. A10
and A is a diagonalized matrix consisting of the eigenvalues, 4;:

A 0
A=| . . Eq. ALl
0 A

n

For a closed system, one of the eigenvalues is equal to zero. Thus, the solution is now represented as
follows:
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exp(A;t) 0
X@)=P P*X(0)
0 exp(4,t) Eq. A12
=> Py (0)exp(41)
i=1
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:
|(UI' kI'I I kIM M kMN
kI'U I(II' kMI kNM
where U is the unfolded state, N is the native state, and I', | and M are the intermediates. k;; is the
elementary rate constant for the transition from i state to j state. The state vector and the rate matrix

U I’ N Scheme Al

are represented as follows:

U] “k, Ky 0 0 0
I'(t) kur _kI'U - kI'U ku' 0 0
Xt =| 1) \K=| 0 Ky — —K, —ky Ky, 0 Eq. A13
M(t) 0 0 k||v| _le - kMN kNM
| N(t) | | 0 0 0 Ky —Kyu |

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 (1)
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, ki, is approximated to linearly depend on the

denaturant concentration, c.

Ink; (c) = Ink;* +r2;?: Eg. B1

where k;; (c) is the elementary rate constant for the i — j transition at a denaturant concentration, c,
k"2, is the elementary rate constant in the absence of denaturant, m¥; 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, AGiij, is calculated according to the following equation:
ki

AG} =-RTIn—, Eq. B2
A

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:

k
Uu =2~ N. Scheme B1

NU
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-

A(C) = kUN (C) + kNU (C) Eq. B3

Under strongly native conditions, which in most cases corresponds to low urea concentrations, A(c)

is approximated by kyn(c) because kyy is much larger than kny.

mine
RT

In contrast, under strongly denaturing conditions, which in most cases corresponds to high

denaturant concentrations, A(c) is approximated by knu(c) because knu(c) is much larger than kyn(c).

InA(c) = Ink[2° + Eq. B4

mj,,C
RT
Thus, InA(c) undergoes the minimum at a denaturant concentration, cnin, Which is represented as
follows:

INnA(Cc) = Ik + Eqg. B5
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t |, H20
C.. RT In(— MKy ) Eq. B6

" mﬁﬁ_ Myy Myy kSﬁJO
The equilibrium constant of (un)folding reactions in Scheme B1 is represented by
Ko =Ky 7 Koy Eq. B7

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

H20
C, = ﬁRT In[kﬁgo). Eq. B8
Min — Myy kUN

Thus, cmin is close to ¢y, because the difference between m*yy and m¥yy is in general within several
fold at most. Taken these together, a plot of ¢ vs. logA (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:
kUI | |(IN
kIU kNI
As described in Appendix A, the folding reactions represented by Scheme B2 exhibit two rate
constants, A; and A, (41 > A,), which are analytically obtained by solving the rate equation.

U N Scheme B2

1
/11,2 ZE(kUI + kIU + kIN + kNI i\/(kw +kIU + kIN + kNI )2 _4(kUIkIN + kUIkNI + kIUkNI)) Eq. B9

Here it is assumed that the U = | interconversion is much faster than the | = N interconversion, i.e.,
kur and kyy >> kyy and ky;. Under the assumption, 4; is reduced as:

A=k +Ky, Eqg. B10

which demonstrates that the U = | interconversion is well represented as a two-state folding reaction
since rapid preequilibrium is achieved in the U = 1 interconversion, which is faster than the
rate-limiting step (4,). In addition, A, are reduced under native conditions as:

A :—kwk'tlklu Ky + Kyt - Eg. B11

The denaturant concentration dependence of A, exhibits a curvature in the folding region if the
midpoint concentration of the U = | interconversion, cyy, is lower than the midpoint concentration
of the I = N interconversion, cyn. At a low denaturant concentration (¢ < cmui), Where ky; >> kyy, A2
~ kin + kni- As denaturant concentration increases, ky; approaches kjy, and thus A, ~ 1/(1+Ky)xky +
kni. For example, A, ~ 1/2xkiy + Ky at ¢ ~ cmur. At a denaturant concentration higher than ¢y, A2 ~
1/Kuxkin + kni. Since In(kiy) is linearly dependent on the denaturant concentration, In(4;) deviates
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from linear denaturant concentration dependence expected from In(k\n) by a factor ku/(kui + ki),
which gives rise to a curvature in A,. 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 I1IlI). The urea concentration dependence of
log(A1) 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 A, 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(A,) 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.
|(UI' Iu kI'I I kIM M kMN
kI'U kll' kMI kNM

U N Scheme B3
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Appendix C: pH-Induced folding/unfolding kinetics

pH Dependence of equilibrium unfolding and folding/unfolding Kkinetics 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, Kz and K", respectively. The pKain N (pKy") is smaller than that in U (pK,") 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:
Ky

U+H" ——= N+H'
Scheme C1

UH' == NH'

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. Ky 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, Kyy, is defined as
follows:

_ [U]+[UH]

_ iy Eq. C1
[NJ+[NH ]

NU

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

v _[UIH']
T U] Eg. C2
«n _ INIH]
* o INHT]
By using Eq. C2, Kny is represented as follows:
_[UIL+[HT/KY Eq. C3

N IN] L+ [HT /KN
which is rewritten by using K%u = [UJ/[N], pKa”, pKa", and pH as follows:
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_ KO l+10(pK§J*DH)

NU 3 RE e Eq. C4

KNU
K°u 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 pK," and pK,”, for example, at an alkaline pH, whereas the
equilibrium unfolding is dominated by the UH" = NH" transition at pH sufficiently lower than pK,"
and pK,", 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. Kny can be written in a different way by taking a reference pH (pHyef) as:

1_’_10(PKaU—PH) 1+10(PKaN—PHref)

K — K pHref
NU NU 1+10(PK§—PH) 1+10(pKaU_pHref)

Eq. C5

where KPP\ is the equilibrium constant of the unfolding transition at a reference pH (pHres). The
Gibbs free energy difference between the unfolded state and the native state is:

1+10(PK§’*PH)

AG,, =—-RTInK,, =AGS, —RT In PPTTEED

Eqg. C6

where AG’\y 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 (pHer) as follows:

1+10(PK§J —pH) 1+10(PKaN*PHref)
1+10(9K§ —pH) 1+10(pK§*pHref)

AG,, =AG}™ —RT In Eq. C7

where AGPH"™", is the Gibbs free energy difference at the reference pH, pHr. 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 (1) and the native or unfolded state (N = 1 = U).
Therefore, the free energy differences between the native state and the transition state (AG*yy) and
between the unfolded state and the transition state (AG*un) are represented as follows:

— 1 N_ T
AGE = AGP' _RT In 1+10% ™ 14200 ) Eqg. C8a
NU NU 1+10(pK:‘7PH) 1+1O(pK§’pHref) l
— 1 u_ T
AG* _AGIpHref —RTIn 1+10(DKa i 1+10(PKa e Eq C8b
UIN— u 1+10(pK;J—pH) 1+10(pK§—pHref) '

where AG™™, and AG*H™,\ 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 (pHye),
respectively. pK,' is the pK, 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:

Ky K\
U+H* — I+H* p— N+H*
y | N Scheme C2
Ko 8 I K, K
UH'" — IH" —— NH°

where K%y and K% are the equilibrium constants of the | = U and N = | unfolding transitions,
respectively. In addition to the parameters found in the two-state model, a K, value for I (K, is
required (pKz" < pKa' < pKa").

< L]
[IH°]

Eq. C9

The equilibrium constants for the I = U and N = | transitions (K,y and Ky;) are defined in a similar
way to Eq. C1.

_[UI+IUHT o 1-+100K P
[]+[IH'] " 1+100e

__[I+0H] o 14200
[N]+[NH'] ™ 1410060

U

Eq. C10

NI

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

1+10(PKQJ*PH) 1+10(PK$*PHref)
1+10(PK;*PH) l+10(PK§J*PHref) !
1+10(PK;*PH) 1+10(pK§’pHref)
1+10(DK§—PH) 1+10(pKzla_pHref)

— PH et
I‘<IU - I<|U N

Eqg. C11
Ky = KIZ:-|ref

where KPP and KP™™ef, are the equilibrium constants at a reference pH (pHrf). The Gibbs free
energy differences of the I = U and N = | unfolding transitions (AG,y and AGy, respectively) are
represented as follows:

14+ 10PK =PH)
14+10®PKa—PH)

AG,, =-RTInK,, =AG{, -RT In
Eq. C12
AG,, =-RT InK,, =AG, —RT In

where AG®y and AG®, 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 (pHef)
(AGPH™", and AGPT™) as:
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i (PKY —pH) (PK—PHeer) |
1+10 1+10
1+10(PK;*PH) 1+10(PKaU*PHref) !

AG,, = AG'" —RT In

- . Eq. C13
1+10(PKQ—DH) 1+1O(pKe’1\‘_pHref)

1+10(pKa“—pH) 1+1O(pK;—pHref)

AG,, = AGM“ —RT In

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 (11 and $2) located between | and U and
between N and I, respectively, are found. The pH dependence of the activation free energies for the |
— U and N — | transitions (AG“.U and AG*2N|) are represented as:

1 |
AGH = AGH _ R || 1107 ™ 11070 ) Eq. Cl4a
U U 1+1O(pK;—pH) 1+1O(pK§1_pHref) .
12 N_
AG¢2 _ AGinHm _RTIn 1+10(pKa pH) 1+10(PKa PHer) Eq Cl4b
NI NI 1+1O(pK;“—pH) 1+1O(pK§2—pHref) '

where AG*PM  and AG*PH™, are the activation free energies for the | — U and N — | transitions
at a reference pH (pHwr). The derivation of the rest of the possible activation free energies
(AGHPH™ ) and AG*PM) is straightforward.

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

K:Z K:lz
—— UH'+H' = NH'+H' —
0 Ka 0 Ka
. K . N .., Scheme C3
H"UH* U+2H N+2H H'"NH" ——H"UH
Ka  TKg 0K:  Ki
— H'U+tH®" —— H'N+H' —

where K% is the equilibrium constant of the N = U transition. In this scheme, KN, and KNy, are the
Ka values in the native state for site 1 and 2, respectively. On the other hand, K";; and K", are the K,
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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v _[UIIH"]_[H'UJH]
* [UH']  [H'UH']
v _[UIIH']T_[UH]H"]
a2 [H+U] [H+UH+]

Eq. C15
v _ [NJ[H'] _[H'N]J[H"]

= [NH']  [H'NH']

v _ _[NJIHTT _ [NH'J[H"]

2 IH*N]J[H'] [H'NH']
The equilibrium constant of the unfolding transition (Kyu) is represented as:

_ U+ [UH T+ [H UT+[HUHT _ 141007 ) (1 1 0PKaz-PH) Eq. C16
" INTHINH T+[H NJ+[H'NH'] {14200k p0 | 1410005 '

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, Kj;, is represented as:

| ij

N 1 1 al

K, = K| = i Eq. C17
1=1 1+10P%a

where Koij is the equilibrium constant of the deprotonated species of i and j states, pKly and pK'y are
the pK, values of the I-th ionization group, Iy 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 pK, value of the other ionizable groups in this protein is well above 7, and always
protonated. The difference in the pK, 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 pK, 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 pK, values or single abnormal pK,
values in each state. The equilibrium constant for the i = j transition (i, j; N, M, I, I'and U) is
represented as:

K. = KO 1+1OPK;JH|S—PH His 1+1OpKajH|s_pH His 1+10ngCOOH —pH ) oM 1+ 1OpKajCOOH —pH ) oo Eq. C18
U 1+10pK;His_pH 1+1OngHis_pH 1+1OPK;000H—PH 1+1OPK;JCOOH_pH 9.

where pKa 'wis, PKa his and pKawis are the pK, values of the imidazole groups in i, j and U states,
respectively, pKa'coon, PKecoor and pKa coon are the pK, values of the carboxyl groups in i, j and U
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states, respectively, n'yis and n'yis are the number of the imidazole groups with the abnormal pKa,
values in i and j states, respectively, and n'coon and n'coon are the number of the carboxyl groups
with the abnormal pK, values in i and j states, respectively. Koij is the equilibrium constant for the
transition between i and j species with the imidazole and carboxyl groups deprotonated. The pKa4is
and pKa"coon Vvalues are 6.0 and 3.6 (normal pK, 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 (AGjy) is
represented as:

AG, =

iU

i
NcooH

u i niHis u i
A _RT I 1 4+10PKaitsPH) 1 +10(pKaHisa)} ) In{l +10PKaboon—PH) 1 |1 0(PKetoon -6)
10]

1410 PKakis—PH) 1 4 1 ((PKatis=6) 1 +1,0PKacoon—pH) 1 4 1 (PKaCoon~6)

Eq. C19
where AGH?%; represents the relative free energy in i state to in U state at pH 6. n'is and n'coon are
the number of the imidazole and carboxyl groups with the abnormal pK, values in i state,
respectively. pKa'his and pKa'coon are the abnormal pK, values of the imidazole and carboxyl groups
in i state, respectively, while pKaUHis and pKaUCOOH are the pK; values of the imidazole and carboxyl
groups in U state, respectively, which correspond to the normal pK, values. The free energy
difference between i state and j state is represented by;

AG, = AG,, —AG,, Eg. C20

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

u o o s U o nEoon

|:1+10(pKaHis pH) 1+1O(pKaH|s 6) :| |:1+10(9Kac00H pH) 1+1O(pKaCOOH 6)}
(PKaf,—pH) (PKapis—6) (PKacoon —PH) (PKatoor —6)

_ 1+10"™" 1+10"+ 1410 P ecoon ™ 1 410" Phacoon 20

! 1 4-1,0(PKatis—PH) 1 4 1 O(PKabia=6) "hs 1 4-1.0(PKaCoon—PH) 1 1 (PKacoon—6) "toon ! Eq. C21
1+1O(pKaiHispr) 1+10(pKagisf6) 1+10(pKaiCOOH’pH) 1+10(pKagOOH76)
AG:]: H20
ki = Aexp[—L

where k%% and AG*'%°;; 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- -tryptophanamide  (NATA) by
N-bromosuccinimide (NBS) is illustrated in Figure D-2. The concentrations of NATA and NBS are
20 uM 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:

NATA (indole) an intermediate oxindole
-OH 0
H, H CH ) (i.‘.Hz
CH,C- N- CH C-NH, CH,C- N- CH C-NH, CH,-C-N-CH-C-NH,
[ [] n n
0 0 Br 0 o) o o

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;

F = b Eq. D1
Ic—Ip
where l¢, I and |, 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 us. 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 uM 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 uM 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 uM 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 pus. In the case of the dead time estimation
of the stopped-flow device, the final experimental condition was 5 uM NATA / 200-800 uM 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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FIGURES
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Figure D-1: Continuous-flow fluorescence device. Schematic diagram of the solution delivery
system, mixer, observation cell and optical arrangement. The inset represents the expanded

view of the mixer assembly.
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Figure D-2: A typical continuous-flow experiment. /) The image of raw experimental data.

1,) Background. /) Fluorescence control. F) The corrected data by Eq.D1.

The lowest panel shows an average intensity across the flow channel. As shown in the

inset, the time axis is calibrated on the basis of the flow velocity.
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Figure D-3: Stopped-flow fluorescence device. Schematic diagram of the
solution delivery system, mixer, observation cell and optical arrangement.
The inset represents an expanded view of the stopping block. For SX

series, recording of reaction is triggered by hitting the stopping block.
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Figure D-4: Estimation of the dead time of (a) continuous-flow and (b)

stopped-flow fluorescence devices, using fluorescence quenching of NATA by

NBS. The black solid lines represent the fitting curves to a singel-exponential

function: y(t) = exp(-k t), where t is the time and k is the apparent rate constant.

The dashed lines indicate the dead times.
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