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ABSTRACT: Direct evidence of the presence of competing
pathways for the folding or unfolding reactions of proteins is
difficult to obtain. A direct signature for multiple pathways,
seen so far only rarely in folding or unfolding studies, is an
upward curvature in the dependence of the logarithm of the
observed rate constant (dy) of folding on denaturant
concentration. In this study, the unfolding mechanism of the
wild-type (wt) and E24A variants of monellin has been
investigated, and both variants are shown to display upward
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curvatures in plots of log Ay versus denaturant concentration. Curvature is distinctly more pronounced for E24A than for the wt
protein. Kinetic unfolding studies of E24A were conducted over a range of denaturant concentrations and across a range of
temperatures, and the kinetic data were globally analyzed assuming two parallel pathways L and H, which proceed through
transition states TS" and TS, respectively. The observation of the upward curvature in the unfolding kinetics permitted a
thermodynamic analysis of how unfolding switches from one pathway to the other upon a change in unfolding conditions. The
m;_y and AC? values indicate that TS" is more compact than TS". The major contribution to the free energy of activation on
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either pathway is seen to be enthalpic and not entropic in origin.

he availability of multiple pathways by which a protein can

fold adds robustness to the folding process.”> The
possibility that a large multitude of pathways might indeed be
available to a protein for folding has been elegantly revealed by
the application of statistical mechanics theory to protein
folding.> Nevertheless, relatively few experimental studies have
been able to demonstrate that multiple pathways can be
concurrently used by a protein for folding or unfolding.>*~"
The detection of heterogeneity in the structures of the states
populated at different stages of folding or unfolding by the use
of high-resolution probes™'®**”? and the realization that this
heterogeneity can be modulated either by a change in folding
conditions or by mutation of the protein sequence have made it
possible to demonstrate that the folding pathway can be
structurally distinct under a different folding condition,”*™>* or
for a mutant variant of the same protein.>*~>° Determining how
competing pathways differ in the sequence of structural events
defining them remains a difficult task. In particular, it is
important to determine how the rate-limiting steps differ or
how the energetics and structures of the transition states (TSs)
on different pathways differ, to determine when and how
folding or unfolding reactions might switch from one pathway
to another. So far, such studies have been conducted with only
the 127 domain of titin.*

Detailed thermodynamic analysis in terms of activation
parameters AH*, AS¥, and ACZF provides a general picture of
the extent of burial of hydrophobic residues and packing
interactions in the TS. Such characterization requires a study of
the temperature dependence of the folding or unfolding
kinetics.””***~* The thermodynamic characterization of TSs
on parallel pathways is important for understanding what drives
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the formation of, and stabilizes, different structural forms from
the same sequence and under the same conditions. Switching
between competing pathways upon modulation of folding or
unfolding conditions will depend on how the thermodynamic
activation parameters governing the pathways differ, and the
detection of such switching may be facilitated by changing the
environmental conditions.

When only a single pathway is operative, the logarithm of the
rate constant of folding or unfolding of a protein has a linear
dependence on denaturant concentration; however, when an
intermediate is populated, a downward curvature may be
observed.**™*% A direct signature for competing pathways is an
upward curvature in the denaturant dependence of the
logarithm of the observed rate constant of folding or
unfolding.>” Nevertheless, even when a protein uses competing
pathways to fold or unfold, it may or may not show such
upward curvature, which manifests itself only when their TSs
differ subtly in their energies and structures. If the pathways do
not differ in the dependences of their free energies of activation,
AG*, on denaturant concentration, an upward curvature will
not be seen. When a protein does fold using multiple pathways
but the upward curvature is not seen in the kinetics of the wild-
type protein, it is possible that certain mutations, which
differentially affect the free energies and structures of the TSs,
may cause an upward curvature to manifest itself.®

The small plant protein, monellin, has been extensively used
in its natural double-chain (dcMN) form and its artificially
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created single-chain (scMN) form to study the thermody-
namics and kinetics of folding and unfolding processes. Both
variants of monellin are reported to utilize multiple pathways in
their folding or unfolding processes.””” Parallel pathways for
the refolding of dcMN were revealed by the presence of upward
curvature in the dependence of the logarithm of the observed
folding rate constant on denaturant concentration.” In the case
of scMN, the direct signature of an upward curvature was not
seen in the dependence of the logarithm of the rate constant on
denaturant concentration, for folding or for unfolding.7’8’49
Parallel pathways for the folding and unfolding of scMN could,
however, be detected by using interrupted folding and
unfolding studies® and could be confirmed both by the use of
time-resolved Forster resonance energy transfer (FRET)
measurements*’ and by the use of thiol labeling measurements
coupled to mass spectrometry.” Approximately 25% of the
protein molecules were found to utilize the slow pathway in the
absence of denaturant.” It was, however, not possible, in the
absence of the direct signature, to understand the physical
origin of the parallel pathways in thermodynamic terms.

In a previous study, the Glu24 — Ala mutation in the E24A
variant of scMN was shown to have a subtle effect on both the
energetics and structure of the TS on the slow pathway of
folding and unfolding.*® It seemed likely that E24A would
display the signature upward curvature, either at very high
denaturant concentrations or at low temperatures, where the
degree of stabilization of the TS due to a weaker hydrophobic
effect would be reduced. In this study, the unfolding of E24A
has been characterized by both equilibrium and kinetic studies
over a wide range of temperatures and denaturant concen-
trations. An upward curvature in the logarithm of its observed
unfolding rate constant on denaturant concentration is seen at
high guanidine hydrochloride (GdnHCI) concentrations, which
is more pronounced at lower temperatures. This upward
curvature has been interpreted to mean that, minimally, two
pathways for unfolding are operative. Its observation has
permitted a detailed thermodynamic analysis of the temper-
ature and denaturant dependences of the unfolding kinetics,
which has made it possible to determine how the TSs on the
two pathways differ in their energies and compactness.

B MATERIALS AND METHODS

Reagents and Protein Preparation. All the reagents used
were from Sigma and were of the highest purity grade. GdnHCI
was purchased from USB and was of the highest purity grade.
All the experiments were conducted in 50 mM phosphate
buffer in the presence of 1 mM DTT and 0.25 mM EDTA (pH
7). The wild-type (wt) protein and the mutant variant (E24A)
were purified as described previously.**' The purity of the
protein was confirmed by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis and mass spectrometry.

Spectral Characterization Using Circular Dichroism
(CD). All the CD spectra were recorded using a Jasco J-815
spectropolarimeter. Far-UV spectra were acquired using a scan
speed of 50 nm/min, a digital integration time of 2 s, and a
bandwidth of 1 nm. Protein was used at a concentration of 10
uM in a cuvette with a 2 mm path length.

Equilibrium Unfolding Studies. GdnHCl-induced equili-
brium unfolding studies were conducted by monitoring the
change in the fluorescence of tryptophan using the MOS 450
optical system (Biologic) or by monitoring the change in the
far-UV CD signal at 222 nm using the Jasco J-815
spectropolarimeter. Fluorescence emission was monitored at
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340 nm using a 10 nm band-pass filter (Asahi Spectra), upon
excitation at 280 nm. Protein was incubated at different
temperatures in a water bath for up to 48 h, until it reached
equilibrium. The temperature of the sample was controlled
within +0.5 °C, by using a circulating water bath for
fluorescence measurements, and by using the attached Peltier
system (PTC-423L) for far-UV CD measurements.

Thermal Equilibrium Unfolding Studies. Thermal
equilibrium unfolding transitions were monitored using the
change in the CD signal at 222 nm on the Jasco J-815
spectropolarimeter. The studies were conducted at 10 uM
protein in a 2 mm cuvette, and the temperature scanning rate
was 1 °C/min. The studies were conducted in the presence of
0.25—1.25 M GdnHCL

Unfolding Kinetics. The unfolding of the E24A protein
was studied using GdnHCI as a denaturant. The unfolding
kinetic traces were monitored using the change in tryptophan
fluorescence measured using the MOS optical system coupled
to a stopped-flow module (SFM 4) from Biologic. The protein
was excited at a wavelength of 280 nm, and emission was
monitored at 340 nm using a 10 nm band-pass filter (Asahi
Spectra). The dead time for mixing was 12 ms. The unfolding
kinetics at low GdnHCI concentrations were studied using
manual mixing with a dead time of 10 s. The final concentration
of the protein was kept between 5 and 10 M during unfolding.
The temperature was controlled by circulating water through
the stopped-flow module using a water bath. The fluctuation in
temperature was <0.5 °C.

Analysis of Equilibrium Unfolding Curves. Discrete
analysis of the equilibrium unfolding transitions of scMN was
conducted using the two-state N <> U model, as described
previously.*** The value of the heat capacity change (AC;)
associated with the unfolding of the native protein was obtained
by analyzing the plot of AGy versus temperature T, using the
following equation.

AGy = AH(1 - T/T,) + AG[T - T, - T

In(T/T,,)] (1)

In eq 1, T, is the melting temperature, at which the free energy
of unfolding (AGy) is zero. AH,, is the value of the enthalpy
change at T,. All analysis was conducted using the CD-
monitored equilibrium unfolding curves only.

Analysis of Unfolding Kinetics. Kinetic traces of
unfolding were analyzed by fitting them to a single-exponential
equation. The mechanism of unfolding of wt scMN can be
represented by N <> I < U, where the intermediate ensemble I
forms rapidly in a millisecond burst phase reaction and is in a
pre-equilibrium with N, defined by the equilibrium constant
Kyr. The observed unfolding rate constant Ay is given by

_ Kyt
U

O Kyg+1 '

)
In eq 2, ky is the rate constant of unfolding of I. The value of
Ky changes exponentially with a change in GdnHCI
concentration.”® At lower GdnHCI concentrations, the pre-
equilibrium favors N,°*** and Ky; < 1. However, at higher
denaturant concentrations, the pre-equilibrium favors 1,** and
Kyr > 1. Under the latter condition, eq 2 reduces to the
following equation.

Ay =ky (3)

dx.doi.org/10.1021/bi400688w | Biochemistry 2013, 52, 5770—-5779



Biochemistry

The dependence of ky on denaturant concentration, [D],
was analyzed globally using the following equation that assumes
the presence of two parallel pathways.>>’

ky = kQLeminnlPl 4 OtemilD]

4)

In eq 4, k{; represents the observed rate constant for unfolding
in the absence of denaturant and m;_y represents the change in
surface area between N and the TS of unfolding. It is assumed
here that N and I do not differ significantly in their surface areas
(see Discussion). The superscript letters L and H designate the
two different pathways, which dominate at low and high
GdnHCI concentrations, respectively.

Global Analysis. Global analysis of the equilibrium and
kinetic data was conducted using a MATLAB program. The
fitting parameters were allowed to vary and optimized using the
function fminsearchbnd so as to achieve the lowest root-mean-
square difference between all the experimental and simulated
curves.

The denaturant-induced and thermally induced equilibrium
unfolding transitions were globally fit to obtain the
thermodynamic parameters. The thermodynamic parameters
[AH®, AC), and T, (at different denaturant concentrations)]
and my were optimized to fit the experimental data. The
analysis was conducted using a two-state equilibrium unfolding
model®* along with eq 1. The value of my was constrained to
2.9 kcal mol™' M™!, whereas all the other parameters were set
free to vary.

To obtain the thermodynamic parameters for pathways L
and H, the denaturant dependencies of the unfolding rate
constant at different temperatures were globally fit to eqs 4 and
S:

K 1
In| Y | =n(4A) - —<3AHF — TASH
n(T) n(4) RT{ T %o

+ chfl:r -T,-T ln(%]]
0 (8

In eq 5, A is a pre-exponential factor, which represents the rate
constant of unfolding in the absence of a barrier. While using eq
5 for analysis, the value of A was assumed to be 10° s™! and the
value of T, used was 298 K. The thermodynamic parameters
(AH*, AS*, and AC}T), the m,_y values, and the dependencies
of the m;_y values on the temperature were optimized to fit the
dependence of the observed rate constant. All the parameters
were allowed to change within a range anticipated for a typical
protein. All parameters were found to converge robustly, and
none of the parameters hit the constraints of the global fit. It
should be noted that the value of 10° s™! was chosen as the rate
of unfolding in the absence of any energy barrier, as that was
the value determined for folding reactions.”® However, even
when the value of A was varied between 10° and 10% s, the
values of the thermodynamic parameters were found not to
vary by more than 10%, and their dependencies on temperature
were also found to be similar (data not shown).

B RESULTS

Effect of Temperature on the Equilibrium Unfolding
of E24A. GdnHCl-induced equilibrium unfolding studies of
E24A were conducted over a temperature range from 2 to 40
°C, using far-UV CD as the probe. Above 15 °C, the
equilibrium unfolding transitions were also monitored using
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fluorescence as the probe. In the temperature range in which
both probes were used (15—40 °C), the fluorescence- and far-
UV CD-monitored equilibrium unfolding transitions were
found to overlap with each other. Figure 1 shows a
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Figure 1. Equilibrium unfolding transitions of E24A monitored using
different probes. Fluorescence-monitored (circles) and far-UV CD-
monitored (triangles) equilibrium unfolding transitions at 25 °C
obtained at 10 uM protein. The solid lines through the data represent
fits to a two-state (N < U) equilibrium unfolding model.*®

representative comparison of the CD- and fluorescence-
monitored equilibrium unfolding transitions at 25 °C. The
fraction unfolded versus GdnHCI concentration plots obtained
from far-UV CD-monitored equilibrium unfolding studies at
different temperatures are shown in Figure 2a. Equilibrium
unfolding transitions of E24A at all temperatures were analyzed
using the two-state (N <> U) model. The my value does not
change at temperatures above 20 °C but decreases with a
decrease in temperature below 20 °C (data not shown). The
decrease in the my value at lower temperatures influences the
value of AGYy and, hence, its dependence on temperature. To
eliminate the variation caused by the change in the my value,
global analysis was conducted by constraining the my, value to
the value obtained by averaging the my values obtained at
temperature above 20 °C. Figure 2b shows thermally induced
equilibrium unfolding transitions obtained in the presence of
various concentrations of GdnHCI between 0.25 and 1.25 M.
Thermal equilibrium unfolding studies in the absence of
GdnHCI could not be conducted because of the irreversible
precipitation of the protein at higher temperatures, but thermal
transitions obtained in the presence of GdnHCI were fully
reversible. Figure 2c shows the reversibility of thermal melting
in the presence of 0.25 M GdnHCIL. The midpoint (T},) of the
thermal melt decreases with an increase in the concentration of
GdnHCL

GdnHCl-induced and thermally induced equilibrium unfold-
ing transitions were globally fit to obtain thermodynamic
parameters (Table 1). The protein appears to be most stable at
~9 °C (Figure 2d). For the analysis, the values of AC;;J and
AH® were assumed to be independent of the GdnHCI
concentration. The assumption seems valid, as the data were
obtained over a small range of GdnHCI concentrations. For
other proteins, it has been shown that ACIE and AH® vary only
very marginally with denaturant concentration.***~>® Here it
should be noted that even if the data obtained below 20 °C are
ignored altogether in the global analysis, the values obtained for
the thermodynamic parameters were found to different by
<10%, confirming the robustness of the global analysis.
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Figure 2. Thermodynamic characterization of the native state of E24A using CD spectroscopy. (a) Representative GdnHCl-induced equilibrium
unfolding transitions obtained at 10 °C (blue circles), 25 °C (green circles), and 40 °C (red circles). (b) Thermal equilibrium unfolding transitions
obtained at 0.25 M (dark red circles), 0.5 M (dark blue circles), 0.75 M (green circles), 1 M (light blue circles), and 1.25 M (light red circles).
GdnHCl-induced and thermally induced equilibrium unfolding transitions were globally fit to obtain thermodynamic parameters for the unfolding of
the native state. Solid lines through the data represent global fits to a two-state (N <> U) equilibrium unfolding model.*® (c) Reversibility of the
thermal transition for unfolding in the presence of 0.25 M GdnHCI. A temperature-induced unfolding transition of the protein was acquired up to 85
°C (triangles). The unfolded protein was then allowed to refold upon rapid cooling. A second unfolding transition was then measured for the
refolded protein (circles). The first (triangles) and second (circles) thermal transitions of the protein sample overlap with each other. (d)
Temperature dependence of the free energy of unfolding (AGY) derived from the thermodynamic parameters obtained from the global analysis of

the data in panels a and b.

Table 1. Kinetic and Thermodynamic Parameters Obtained
from the Kinetic and Equilibrium Unfolding Studies of E24A
at 25 °C*®

kinetic unfolding studies

equilibrium
pathway L pathway H studies
my_n 0.7 kcal mol™* 1.7 kcal mol™*
' M M
my 3.0 kcal mol™
M
pr (from my) 077 0.45
ACk 025 keal mol™ 0.3 keal mol™*
K K!
AC;,J 1.1 kcal mol™!
K1
Pr (from 0.78 0.69
AC,)
AS* 25 cal mol™ K™' 60 cal mol™! K™
AS° 64 cal mol™ K™
AHF 26.5 kcal mol™ 43.3 kcal mol™
AH° 27 kcal mol™

“Thermodynamic parameters for the activation of N to TS" (pathway
L) and N to TS" (pathway H) were obtained by performing global
analysis of the temperature dependencies of the unfolding rates along
pathway L and pathway H, respectively, using eqs 4 and S. The values
of fr were obtained from the values of m;_y and my. The values of
AC;,F for both the pathways were obtained from the global analysis.
Thermodynamic parameters for the unfolding of N to U were
obtained by performing global analysis of the thermally induced
equilibrium unfolding transitions and GdnHCl-induced equilibrium
unfolding transitions of E24A (Figure 2).

Spectroscopic Properties of E24A Are Temperature-
Independent. The far-UV CD spectra of E24A overlap each
other (Figure 3) across the range of temperatures being studied
(2—40 °C), indicating that the native state does not undergo
any gross structural change induced by the change in
temperature.

Dependence of Unfolding Rate Constants on GdnHCI
Concentration. Unfolding kinetic traces of wt scMN and
E24A were acquired by monitoring the change in tryptophan
fluorescence. The unfolding kinetics can be described as a
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Figure 3. Comparison of the far-UV CD spectra of E24A at different
temperatures and pH 7. Far-UV CD spectra of E24A obtained at 2 °C
(blue), 20 °C (red), and 40 °C (green). Spectra were recorded at 10
UM protein using a cuvette with a 2 mm path length.

three-state process. A burst phase fluorescence change takes
place within 12 ms of mixing, followed by a single-exponential
change in fluorescence. Figure 4a compares the kinetic and
equilibrium amplitudes for the unfolding of E24A at 25 °C,
whereas Figure 4b shows representative kinetic traces obtained
at various GdnHCI concentrations at 25 °C. The unfolding rate
constants obtained by fitting the unfolding kinetic traces to a
single-exponential equation are shown in Figure S. The plot of
the logarithm of the unfolding rate constants versus GdnHCI
concentration shows an upward curvature, and the curvature is
more pronounced for E24A than for wt scMN (Figure Sa).
Temperature Dependence of the Unfolding Kinetics
of E24A. Denaturant-induced kinetic unfolding studies were
conducted at different temperatures. The unfolding kinetics
gradually slows with a decrease in temperature from 45 to 10
°C. The upward curvature in the dependence of log Ay on
GdnHCI concentration is evident at all temperatures and can
be described by eq 4, which assumes two parallel pathways. The
pathway that dominates at lower GdnHCI concentrations is
designated as pathway L, while the pathway that dominates at
higher GdnHCI concentrations is designated as pathway H.
The m;_y value for pathway L appears to be unchanged across
the range of temperatures, while for pathway H, the m;_y value

dx.doi.org/10.1021/bi400688w | Biochemistry 2013, 52, 5770—-5779
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Figure 4. Comparison of the equilibrium and kinetic amplitudes of
unfolding. (a) Equilibrium unfolding transition (O) and fit through
the data (—) using a two-state N <> U model.** The upward-pointing
triangles and downward-pointing triangles represent the t = 0 and ¢ =
oo values of relative fluorescence from the kinetic traces of unfolding,
respectively, obtained by performing nonlinear least-square fits to the
kinetic traces using a single-exponential equation. The green dashed
line represents the extrapolated normalized signal for the native
protein. The error bars represent the spreads of the measurements
from at least two independent experiments. (b) Representative
unfolding kinetic traces (—) obtained by unfolding the native protein
at final GdnHCl concentrations of 7, 7.25, and 7.5 M (from right to
left, respectively). The red lines through the curves represent nonlinear
least-squares fits to a single-exponential equation. The inset shows the
initial parts of the unfolding kinetic traces.

appears to decrease with an increase in temperature (Figure S).
GdnHCI concentration-dependent unfolding rate constants at
all temperatures were globally fit to obtain the thermodynamic
parameters governing the utilization of the parallel unfolding
pathways (Table 1). The values obtained for the activation
parameters governing unfolding to the TSs on the two
pathways of E24A are similar in magnitude to the values
obtained for unfolding to the TS on the single unfolding
pathway observed for other proteins.*"**%7~%

B DISCUSSION

Because of the ensemble averaging nature of the probes used
typically for protein folding and unfolding studies, the detection

of multiple pathways is not straightforward and often relies on
indirect signatures in the observed Kki-
netics. ¥HH 1311723466162 4 alueS and  ¢h-value analysis
have also suggested the presence of parallel pathways, but in
the latter case, the data were interpreted as anti-Hammond
behavior,*> even though the physical basis of the behavior was
not explained.** Hydrogen exchange and cysteine labeling
studies have also revealed parallel pathways.”**™" Direct
signatures for the presence of multiple pathways during protein
folding” or protein unfolding® have been observed only rarely.
Although parallel pathways for the folding and unfolding of
monellin have been indirectly identified in previous studies,”**’
it was not known what controlled the utilization of the different
pathways. In this study, the E24A mutant variant of monellin,
which was known to have an energetically perturbed TS for
folding and unfolding,50 was used to obtain the most direct
signature of competing pathways. The observation of the
upward curvature has allowed thermodynamic characterization
of the TSs on the competing pathways, thereby leading to an
understanding of how pathway switching can occur during
folding or unfolding,

Thermodynamic Properties of the Native State. The
detailed analysis of the thermally induced as well as GdnHCI-
induced unfolding studies provides insights into the thermody-
namic quantities that determine the free energy of unfolding.
GdnHCl-induced equilibrium unfolding studies were con-
ducted in the temperature range of 2—40 °C; at higher
temperatures, both E24A and wt scMN precipitate out of
solution. The fluorescence- and CD-monitored transitions are
identical (Figure 1), indicating that equilibrium unfolding can
be described as a two-state (N < U) process across the range
of temperatures studied.

The observation that the my; value of E24A is constant in the
temperature range of 20—40 °C but decreases below 20 °C
with a decrease in temperature (see Results) might suggest that
the native structure is altered at lower temperatures, but this
possibility is unlikely as the far-UV CD spectra of E24A do not
change over the entire temperature range studied (Figure 3).
Hence, the decrease in the my value must be either due to the
presence of an equilibrium intermediate, which is significantly
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Figure 5. Dependence of the observed unfolding rate constants of monellin on GdnHCI at different temperatures. (a) Comparison of the observed
unfolding rate constants obtained for wt scMN (diamonds) and E24A (circles) at 25 °C. The solid lines through the data are drawn by inspection
only. (b) GdnHCI concentration dependencies of the observed rate constants determined at 10 °C (violet circles), 15 °C (dark red circles), 20 °C
(light blue circles), 25 °C (maroon circles), 30 °C (dark blue circles), 35 °C (green circles), 40 °C (light red circles), and 45 °C (olive circles). The
solid lines through the data represent global fits to the data, assuming two parallel pathways. The parameters obtained from fitting the data are listed
in Table 1. (c) Temperature dependencies of the m;_y values for pathway L (light blue circles) and pathway H (red circles), obtained from the
global analysis of the kinetic unfolding data in panel b. The inset in panel ¢ shows the temperature dependencies of the f; values for pathway L (light
blue circles) and pathway H (red circles). The error bars represent the spreads in measurement from at least two independent experiments.
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populated only at lower temperatures, or due to an increase in
the level of residual structure in the unfolded state with a
decrease in temperature.

The temperature dependence of the free energy of unfolding
of E24A determined in the absence of the GdnHCI shows that
it is most stable at ~9 °C. Global analysis of the GdnHCI-
induced and thermally induced equilibrium unfolding tran-
sitions determined in the presence of different concentrations
of GdnHCI yielded a value for AC‘E of 1.1 kcal mol™* K™
(Table 1). It was found that even when the data obtained below
20 °C are ignored, the value obtained for AC}I,J is found to be
higher by <10%, which indicates the robustness of the analysis.
Indeed, the experimentally obtained value is in good agreement
with the value for AC},J of 1.07 kcal mol™ K™™' obtained from
computational analysis®® of the crystal structure of scMN. The
value of T,, (352 K) in the absence of GdnHCI obtained from
the analysis of the equilibrium unfolding transitions is close to
the reported value of T, (~355 K) for wt scMN.%

Unfolding Kinetic Mechanism of E24A. The unfolding
of wt scMN is known to begin with the formation of an
intermediate (I) within the dead time of stopped-flow
mixing.**”** This millisecond burst phase intermediate is
significantly populated only at higher (>3 M) GdnHCI
concentrations. It was shown to be a dry molten globule®
based on observations from near-UV CD measurements that its
tertiary structure is perturbed, from FRET measurements that it
is slightly swollen compared to the native state, and from
fluorescence experiments that it is dry in not possessing a
hydrated hydrophobic surface capable of binding ANS.*
Because I is a dry molten globule in being a marginally
expanded form of the N state into which core water has not
penetrated, its formation should not involve any significant
change in surface area. Thus, the m value and the ACP value for
the N to I transition should both be near zero.®® Hence, the
my_y and AC:,F values for the transition of I to the TSs are
expected to be approximately the same as the values for the
transition from N to the TSs. The fluorescence-monitored
unfolding kinetics of E24A also shows a burst phase change in
fluorescence followed by a single-exponential process, which in
the case of E24A is slower than that seen for wt scMN.
Although the burst phase intermediate populated during the
unfolding of E24A has not been characterized, it is assumed to
be the same I identified in the case of wt scMN.>* There is no
evidence of structural heterogeneity in I, as expected for a dry
molten globule intermediate that differs from N mainly in
possessing slightly loosened packing in the core. It is important
to note the importance of the assumption that I is structurally
homogeneous, because multiple pathways can arise due to
structural heterogeneity in the population of the initial species,
although only when the heterogeneous structures interconvert
on a time scale that is slow compared to the unfolding time
scale. This would be very unlikely in the case of a dry molten
globule.

Parallel Pathways for the Unfolding of E24A. The
observation that E24A displays a direct signature for the
presence of parallel pathways in its unfolding kinetics, namely
an unusual upward curvature in the dependence of the
logarithm of the unfolding rate constant on GdnHCI
concentration (Figure $), is consistent with earlier observations
that wt scMN utilizes multiple pathways to fold and unfold.®
Such upward curvatures have been observed in previous
unfolding® and refolding ° studies. The unfolding kinetics have
been analyzed with a minimal mechanism incorporating only
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two competing pathways, which differ in their m;_y values and
in the stabilities of their TSs, and Figure S shows that this
minimal mechanism is sufficient to describe the data and that
there is no need to invoke additional pathways. The lower m}_y
value for pathway L compared to the m}.y value for pathway H
indicates that less surface area becomes solvent-exposed with
the formation of TS' than with the formation of TS™. Thus,
TS" has a structure more compact than that of TS". In the case
of 127, too, the TS on the unfolding pathway utilized at lower
denaturant concentrations was found to be more compact than
the TS on the unfolding pathway utilized at high denaturant
concentrations.” The switch from pathway L with the more
compact TS" to pathway H with the less compact TS", with an
increase in GdnHCI concentration, is responsible for the
upward curvature in the case of monellin and 127.%
Properties of the TSs along the Unfolding Pathways
of E24A. The observation that the value of AC;*,‘ for the
formation of TS" is lower than that for the formation of TS"
from I (Table 1) is consistent with the interpretation from the
m;_y values that TS" is more compact than TS". Unlike m
values that are correlated with total surface area changes, ACj
values are correlated more with nonpolar surface area
changes.®® Hence, more nonpolar surface area is exposed

upon unfolding to TS™ than to TS The values of AC:7
obtained for TS" and TS™ are similar to the values reported
for the transition states of other proteins.39’40’57’60 The f value,
which gives a measure of the compactness of the TS relative to
the U (for which ; = 0) and N (for which S = 1) states, can
be calculated either from m values (fr = 1 — my_y/my) or
from ACZ,F values (fr =1 — AC;F/ACU). For pathway L, both
measures yield the same value for By (pTable 1), indicating that
the same proportions of nonpolar and polar surface areas are
exposed in TSY relative to those in the U. For pathway H, a
higher f1 value is obtained from the AC;,F value than from the
m;_y value, indicating that proportionately less nonpolar
surface area than polar surface area is exposed upon unfolding
to TS than upon unfolding to U. In contrast, in a similar study
with 127, the values of 1 obtained from m values and from AC,
values were found to be in good agreement for both observed
pathways.>

The Glu24 — Ala Mutation Destabilizes the Dominant
Unfolding Pathway. In the native state, Glu24 is buried in
the core of the protein, and it is responsible for the pH
dependence of the stability of monellin.>® The Glu24 — Ala
mutation was found to stabilize the TS of unfolding at lower
GdnHClI concentrations less than it stabilizes the native state.>’
This causes an increase in the height of the energy barrier for
unfoldin% leading to a decrease in the unfolding rate
constant.” The m}_y value for the unfolding pathway observed
at lower denaturant concentrations in the case of E24A
(pathway L) is the same as the m;_y value observed for the
wild-type protein,*® suggesting that this pathway is the same for
the two variants. Thus, the Glu24 — Ala mutation does not
appear to alter the structure of the TS along the unfolding
pathway, but it causes an increase in the height of the energy
barrier for the unfolding of the protein. It appears that the
mutation increases the activation free energy for pathway L,
making it comparable to that for pathway H, which remains
undetected for the wild-type protein, except perhaps at very
high GdnHCI concentrations (Figure Sa). In the case of E244,
the TSs populated along the unfolding pathways are sufficiently
different in their free energies to give rise to differences in the
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unfolding kinetics but similar enough to allow their detection
within the experimental denaturant concentration range.
Furthermore, the TSs are sufficiently different in their
compactness, which gives rise to different dependencies of
the unfolding rate constants on denaturant concentration, to
cause the upward curvature. The dependence of the observed
unfolding rate constant of wt scMN on GdnHCI concentration
also appears to have upward curvature (Figure Sa). This is less
pronounced than that observed for E24A and appears only at
GdnHCI concentrations above 7 M; hence, it was not observed
in previous studies of unfolding at GdnHCI concentrations
below 6 M.*? The TS found on pathway H of E24A is likely
to be similar to the TS™ apparent for wt scMN, but the latter
can be observed in a range of GdnHCI concentrations that is
too small to conduct any reliable characterization. It therefore
appears that the Glu24 — Ala mutation does not significantly
affect the stability of TS™. This is perhaps not surprising as the
effect of the removal of the buried charge should be weaker on
the stability of the less compact and more hydrated TS" than
on the stability of the more compact and less hydrated TS". In
the case of 127, too, it was found that some mutations affected
the kinetics of unfolding via only one of the two available
pathways.*

The Position of TS" Shifts along Pathway H with a
Change in Temperature. The simplest explanation for the
decrease in the value of m}'y for pathway H, and for the
absence of any change in the value of m}_y for pathway L, with
an increase in temperature (Pigure 5c) is that TSY becomes
more compact at higher temperatures while the compactness of
TS" does not change with a change in temperature. Because
TSH is less compact with a hydrated hydrophobic surface (see
above), and because hydro;)hobic interactions become stronger
at higher temperatures,’”’" it is expected to become more
compact at higher temperatures. However, the observation that
the stability of TS™ decreases with an increase in temperature
suggests that its compactness is not a dominant determinant of
its stability. The observation that the value of my does not
decrease with an increase in temperature makes it unlikely that
the compactness of N changes with temperature. The structure
of N also does not change with an increase in temperature
(Figure 3), although it does become less stable. The
observation that the value of m?_N increases with an increase
in temperature, while that of my remains unaltered, suggests
that TS shifts along the reaction coordinate to become more
nativelike and compact at higher temperatures, in accordance
with the Hammond postulate.”” A temperature-dependent
change in the kinetic m value was also observed in a previous
study, where it was also interpreted as a shift in the position of
TS.”? At present, it is not known why the compactness of TS
does not change with a change in temperature, but this may be
because TS" has relatively less nonpolar surface hydrated than
does TSY, as indicated by the AC; values (Table 1).

Entropies and Enthalpies of Activation. More nonpolar
surface area becomes solvated in TS" than in TS" (see the AC;
values in Table 1); consequently, it is expected that there would
be a greater loss of entropy as well as enthalpy during the
formation of TS than during the formation of TS-’*7°
Nevertheless, the entropy of activation is positive for both
pathway L and pathway H, and it is larger in magnitude for the
latter (Table 1). Several other proteins also show a positive
entropy of activation associated with the unfolding proc-
ess.”’ % The net increase in activation entropy suggests that
the increase in entropy caused by the increased conformational
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dynamics dominates over the decrease caused by solvation
effects for unfolding to either TS. It is therefore not surprising
that the net increase in entropy is greater in the less structured
TS than in the more structured TS". Along pathway H, the
large increase in entropy that takes place during unfolding to
TS" is similar to the increase seen upon complete unfolding to
U (Table 1). It appears that the increase in entropy consequent
to an increase in conformational dynamics and the decrease in
entropy due to hydration of nonpolar surface balance each
other in such a manner that the net entropy gain is the same for
the formation of TS" and U. In contrast, the entropy of
unfolding to the less structured TS™ in the case of 127 as well
as that to the TS along the unfolding pathway of FKBP12*" was
found to be negative, indicating an entropic barrier and
highlighting the important role of the solvent in the unfolding
process.

For both pathway L and pathway H, the dominant
contribution to the free energy of activation not only at 298
K but also over the entire accessible range of temperature is the
enthalpic and not the entropic contribution (Figures 6b and 7).
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Figure 6. Thermodynamic properties of the two TSs along the parallel
unfolding pathways of E24A. (a) Temperature dependence of the free
energy of formation of the transition state (AG¥) in the absence of
GdnHCl for pathway L (blue circles) and pathway H (red circles)
obtained from the parameters listed in Table 1. (b) Temperature
dependence of the AH* and TAS* values for the formation of TSs
along pathways L (blue line) and H (red line).
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Figure 7. Thermodynamic characterization of the unfolding reactions
along pathways L and H of the E24A variant of monellin. Contribution
of the enthalpy [AH?® (blue circles)] and the entropy [TAS® (maroon
circles)] to the free energy [AG° (green circles)] profile of the
unfolding reaction at 298 K in the absence of denaturant. Empty
circles and solid lines represent data for pathway L, whereas filled
circles and dashed lines represent data for pathway H. The f tanford
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The barriers on both pathways are therefore more enthalpic
than entropic in origin. Both theoretical’®’” and experimen-
tal**>%7878 studies have, in fact, suggested the presence of
enthalpic barriers in protein folding. Enthalpic barriers
presumably arise when chain—solvent interactions have not
yet compensated for intrachain interactions that have broken in
the TSs. For unfolding to TSH at 298 K, the value for AH¥ is
higher than the value of AH® for unfolding to U (Table 1 and
Figure 7), which indicates the presence of an enthalpic barrier.
For unfolding to TS", the observation that the value of AHF at
298 K is comparable to the value of AH® for unfolding to U is
probably just a consequence of the balance between the
negative enthalpy of hydration of the nonpolar surface and the
positive enthalpy associated with the breaking intrachain
interactions being the same in TS" and U. The values of the
enthalpies of activation along the two pathways for the
unfolding of E24A are comparable in magnitude to the values
reported for unfolding along the single pathways of other
proteins.43‘58’59

Pathway L Is Identical to the Slow Pathway of
Folding. Previously, it was shown that for E24A, the effects
of the Glu24 — Ala mutation on the free energies of activation
for slow folding as well as unfolding predicted its effect on the
free energy of unfolding.so Moreover, the amplitude of the slow
folding pathway increased at the expense of those of the other
folding pathways with an increase in GdnHCI concentration.
These results made it possible to demonstrate that the pathway
of unfolding at lower (<6 M) GdnHCl concentrations
(pathway L) was identical to the slow pathway of folding.*’

Neither the slow pathway of folding nor the fast and very fast
pathways of folding of scMN display upward curvatures in the
dependence of their observed folding rate constants on
GdnHCI concentration,® as they do in the case of dcMN.”
This may be either because folding rate constants were not
determined at sufficiently low denaturant concentrations or
because the population of a collapsed intermediate® obfuscates
any upward curvature in the case of scMN. In the case of
dcMN, upward curvatures were experimentally detectable, but
only at very low GdnHCI concentrations, which were amenable
for study because folding could be initiated by mixing of the
two chains at low GdnHCI concentrations.” These observations
highlight the point that this manifestation of multiple pathways
requires that the TSs be different in both structure and energy
in a very subtle manner.”*

Pathway Utilization Can Be Modulated. In the absence
of denaturant, TS" is significantly more stable than TS™ (Figure
6a), and consequently, unfolding via pathway L is faster by
more than 4 orders of magnitude than unfolding via pathway H,
over the entire range of temperatures. Thus, although both
pathways are available, the flux of unfolding molecules occurs
so predominantly along pathway L that it is, in effect, the only
pathway operational for E24A. It should be noted, however,
that pathway H becomes the preferred pathway at high
GdnHCI concentrations because the preferential free energy of
interaction of GdnHCI is greater with TS™ than with TS"
(because mi'y > mi_y). It is possible that in the cell, a
chaperone, osmolyte or another chemical might also preferen-
tially bind to the less structured TS" compared to the more
structured TS", thereby driving the reaction to follow pathway
H. While this remains to be established in this case, it is
important to point out that chaperones have been known to
channel folding along one pathway when multiple pathways are
available.®'
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