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ABSTRACT: A buried ionizable residue can have a drastic
effect on the stability of a native protein, but there has been only
limited investigation of how burial of an ionizable residue affects
the kinetics of protein folding. In this study, the effect of burial of
ionizable residues on the thermodynamics and kinetics of folding
and unfolding of monellin has been investigated. The stability of
wild-type (wt) monellin is known to decrease with an increase in
pH from 4 to 10. The Glu24 → Ala mutation makes the stability
of the resultant E24A mutant protein independent of pH in the
range from 4 to 8. An additional mutation, Cys42→ Ala, results in the stability becoming independent of pH in the range from 4
to 10. Like the wt protein, E24A folds via very fast, fast, and slow folding pathways. Compared to that of the wt protein, the rate
of slow folding pathway of E24A is ∼7-fold faster, the rate of fast folding pathway is ∼1.5-fold faster, while the rate of very fast
folding pathway is similar. E24A unfolds ∼7-fold slower than the wt. The extent of stabilization of the transition state (TS)
observed for the slow pathway of refolding and for unfolding is the same, indicating that unfolding occurs via the TS populated
on the slow pathway of refolding. The stabilization of the TS of folding (1.1 kcal mol−1) is less than that of the native state (2.3
kcal mol−1) of E24A, indicating that structure has only partially formed in the vicinity of Glu24 in the TS of folding.

Hydrophobic interactions, conformational entropy, and
hydrogen bonding are believed to contribute most to

protein stability,1−5 but electrostatic interactions also play a
crucial role in determining protein stability.6−9 The contribution
of electrostatic interactions to stability depends strongly on their
environment inside and outside the protein.10−14 An important
modulator of electrostatic interactions is pH, which is known to
affect protein stability in diverse ways. A protein may unfold at
acidic and basic pH because some groups in the protein may
preferentially bind protons in the unfolded state versus the native
state at acidic pH, and other groups may preferentially bind
protons in the native state versus the unfolded state at basic
pH.15,16 If a protein has an ionizable residue buried in its
hydrophobic core, it may display a pH-dependent change in its
stability.17−21 An amino acid residue experiences a large change
in the polarizability of its environment when it moves from the
solvent to the interior of the protein upon folding. For an
ionizable residue, this can cause a shift in its pKa: an acidic residue
would show an increase in its pKa value,

19,22−24 while a basic
residue would show a decrease in its pKa value.

25−27 Because of
the shift in its pKa, the ionizable residue titrates differently in the
native and unfolded states, giving rise to a pH-dependent change
in protein stability. The shift in the pKa of a buried residue can be
probed using nuclear magnetic resonance (NMR) spectrosco-
py,23,28 or by mutagenesis studies.18−20

When the folding process involves burial of an ionizable
residue, the stability of the protein may be affected in addition to
the kinetics of folding of the protein. When burial does result in
the pKa of an ionizable residue being different in the native and
unfolded states, it becomes important to understand the point
during the folding process at which the pKa value of an ionizable

group shifts from its value in the unfolded protein to its value in
the folded protein. Understanding the process of burial of an
ionizable residue in the core of a protein may help in delineating
the folding mechanism of the protein at the residue level.
Removal of a buried ionizable residue from the hydrophobic core
of a protein bymutation is known to stabilize the native state.21,22

If a mutation stabilizes only the native state and does not stabilize
the transition state (TS), the free energy barrier to unfolding will
be larger and unfolding slower. If the mutation stabilizes both the
native state and the TS and does not perturb the energetics of the
unfolded state, then the folding rate will increase. Comparative
kinetic studies of the two forms of the protein, with and without a
buried ionizable group, can provide insight into the temporal
events of structure formation around the specific residue during
the folding process.
To understand how a buried ionizable residue affects the

thermodynamics and kinetics of protein folding and/or
unfolding, we have used the small plant protein monellin as a
model system. Both the monomeric (scMN)29−32 and dimeric
(dcMN)32−35forms of monellin have been used extensively to
understand the thermodynamics and kinetics of its folding and
unfolding. In a previous study, it was shown that the stability of
scMN as well as that of dcMN changes in a pH-dependent
manner.32 It appeared that the pH-dependent change in the
stability arose from the titration of a buried Asp or Glu side chain,
whose pKa value had shifted from a value of ∼4 in the unfolded
state to a value of ∼9.5 in the native state. An inspection of the
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crystal structure of monellin using computational tools had
suggested that the buried ionizable residue could be either Glu24
or Glu78 (Figure 1).

In this study, we show, by individually replacing both Glu24
andGlu78 with Ala, that Glu24 is the key residue determining the
pH dependence of stability in the pH range of 4−8. The E24A
mutant protein shows, however, a decrease in stability with a
change in pH from 8 to 10. Again, site-directed mutagenesis
shows that the decrease in the stability of the protein from pH 8
to 10 arises because of the presence of the buried Cys42 residue.
The E24A/C42A double-mutant protein does not show a change
in stability with a change in pH from 4 to 10. Kinetic studies
performed with the E24A mutant protein show that its folding
rate is increased and its unfolding rate is decreased. The observed
increase in the folding rate is shown to arise due to the partial
stabilization of the TS relative to the native state.

■ MATERIALS AND METHODS

Reagents.All the reagents used in the experiments were from
Sigma and were of the highest purity grade. GdnHCl was
purchased from USB and was of the highest purity grade.

Preparation of scMN. The method for the purification of
monellin has been described previously.29,36 Three mutant
variants of monellin were studied: E24A with the Glu24 → Ala
mutation, E78A with the Glu78 → Ala mutation, and E24A/
C42A with the Glu24→ Ala and Cys42→ Ala mutations. All the
mutant proteins were purified using the same protocol without
any modification. The purity of the proteins was confirmed by
sodium dodecyl sulfate−polyacrylamide gel electrophoresis and
mass spectrometry.

CDMeasurements. CD spectra were collected using a Jasco
J-815 spectropolarimeter. Far-UV CD spectra were acquired
using a protein concentration of 10 μM in a 0.1 cm cuvette, using
a scan speed of 50 nm/min and a digital integration time of 2 s.
CD spectra were acquired at a bandwidth of 1 nm.

Equilibrium Unfolding Studies. GdnHCl-induced equili-
brium unfolding transitions were monitored by measurement of
the change in the intrinsic tryptophan fluorescence, using the
MOS 450 optical system from Biologic. The protein sample was
excited at 280 nm, and emission was collected at 340 nm using a
10 nm band-pass filter (Asahi Spectra). Equilibrium unfolding
studies were performed in the pH range of 4−10. All the
equilibrium unfolding studies were performed in a narrow
protein concentration range of 5−10 μM. The buffer strength at
all pH values was kept constant; 50 mM sodium acetate buffer
was used at pH 4 and 5, 50 mM sodium phosphate buffer at pH 6
and 7, 50 mM Tris buffer at pH 8 and 9, and 50 mM sodium
borate buffer at pH 10. In addition, each buffer contained 0.25
mM EDTA and 1 mM DTT. At each pH, the protein was
incubated in different concentrations of GdnHCl, for 18 h, until
equilibrium was established, before measurement of the
fluorescence signal.

Unfolding Kinetics. The unfolding kinetics was monitored
by measurement of the change in tryptophan fluorescence at 340
nm upon excitation at 280 nm, using theMOS 450 optical system
coupled to a stopped-flowmodule (SFM400) from Biologic. The
dead time of mixing on the SFM400was 12ms. Unfolding kinetic
studies at low denaturant concentrations were performed by
manual mixing with a dead time of 10 s. Unfolding studies were
conducted at a protein concentration of 10 μM and in the
GdnHCl concentration range of 3.5−6 M.

Refolding Kinetics. Refolding kinetic studies were per-
formed using the SFM4 stopped-flow module from Biologic.
Refolding was monitored by measurement of the change in the
intrinsic tryptophan fluorescence. The protein was excited at 280
nm, and emission was monitored at 340 nm using a band-pass
filter (Asahi Spectra). The protein was kept unfolded for 6 h
before the refolding experiments were performed. The refolding
of the protein was initiated by diluting unfolded protein in the
presence 4 M GdnHCl to different final concentrations of
GdnHCl by appropriate dilution.

Analysis of Equilibrium Unfolding Curves. A two-state N
↔Umodel was used for the analysis of the equilibrium unfolding
of scMN, as described previously.29,37

When two titratable groups in a protein have different pKa
values in the N (pKa1

N and pKa2
N) and U forms (pKa1

U and
pKa2

U), then the linkage between folding and proton binding
yields the following expression for the dependence of the
apparent free energy of unfolding, ΔG°,appU, on pH:

Figure 1. Structure of single-chain monellin showing the positions of the
mutated residues. Glu24 (gold) and Cys42 (purple) were both mutated
to alanine. The protein has 53 ionizable residues and 78 ionizable
groups. Only three ionizable residues, Glu24, Cys42, and Thr13, exhibit
<10% solvent accessibility for the polar moieties of their side chains.
This image was produced using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco (supported by National
Institutes of Health Grant P41 RR001081) from Protein Data Bank
entry 1IV7.
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whereΔG°U−N is the free energy of unfolding of the protein with
both titratable groups deprotonated in N as well as in U.
Analysis of Unfolding Kinetics. The unfolding mechanism

of scMN can be represented by the simple mechanismN↔ IU↔
U, where the intermediate ensemble IU is composed of at least
two subpopulations of molecules.30,31 When IU is formed rapidly
from N so that a pre-equilibrium, defined by the equilibrium
constant KNI, is established between N and IU before further
unfolding occurs, the observed unfolding rate constant λU is
given by

λ =
+

K
K

k
1U

NI

NI
IU

(2)

kIU is the rate constant of unfolding of IU.
When KNI < 1

λ = K kU NI IU (3)

The dependence of λU on denaturant concentration, [D], is given
by

λ λ= + ⧧−mln ln [D]U U
H O

N
2 (4)

where m⧧−N is proportional to the difference in surface area
between N and the TS of unfolding.
Analysis of Folding Kinetics. In previous studies, it was

established that the folding of monellin commences with a
submillisecond kinetic phase29,38 leading to a collapsed
intermediate ensemble.29,39 The subpopulations in this collapsed
intermediate ensemble fold via independent pathways.29,39 Each
of these pathways can be represented by the schemeU↔ IF↔N.
In this scheme, the very rapid formation of IF leads to a pre-
equilibrium defined by the equilibrium constant KUI being
established between U and IF, before further folding of IF occurs.
If the rate constant for the disappearance of IF is kIN, then the
observed rate constant for each of the three kinetic phases is

λ =
+

K
K

k
1f

UI

UI
IN

(5)

When KUI < 1

λ = K kf UI IN (6)

The dependence of λf on denaturant concentration is given by

λ λ= + ⧧−mln ln [D]f f
H O

U
2 (7)

where m⧧−U is proportional to the difference in surface area
between U and the TS of folding.

■ RESULTS
EquilibriumUnfolding of scMN, E24A, and E24A/C42A.

GdnHCl-induced equilibrium unfolding curves for wt scMN,
E24A and E24A/C42Awere determined at different pH values in
the pH range of 4−10. Figure 2a shows that the stabilities of wt
scMN, E24A, and E24A/C42A are similar at pH 4: the midpoints
(Cm) of the equilibrium unfolding curves are very close in value
to each other. Figure 2b shows that the stability of wt scMN is
much lower at pH 10 than at pH 4, in agreement with earlier

work.32 The stability of E24A is also reduced at pH 10, although
to a smaller extent compared to the decrease in stability of wt
scMN. On the other hand, the stability at pH 10 of the E24A/
C42A double mutant remains the same as the stability at pH 4.

pH Dependence of the Stabilities of wt scMN and
Mutants E24A and E24A/C42A. Figure 3 shows the pH

dependencies of the thermodynamic parameters governing the
unfolding of wt scMN, E24A, and E24A/C42A. At pH 4 and 5,
the stability of wt scMN is marginally higher than the stabilities of
the mutant variants. The stability of wt scMN decreases above
pH 5 and reaches its minimal value at pH >9. In contrast, the
stability of E24A decreases only above pH 8, while the stability of
E24A/C42A appears not to change in the pH range of 4−10. For
all three proteins, the values of mU are the same and do not
change with pH (Figure 3b). As expected, the pH dependencies
of the Cm values mirror those of the ΔGo

U values (data not
shown).
The data in Figure 3a clearly implicate Glu24 and Cys42 as the

residues responsible for the dependence of the stability of wt
scMN on pH. Each of these two buried residues (see Figure 1)
can be expected to have a higher pKa value in the native state than
in the unfolded state. Equation 1 (see Materials and Methods)

Figure 2. Equilibrium unfolding transitions of mutant and wild-type
scMN. The GdnHCl-induced equilibrium unfolding transitions were
monitored by measurement of the change in fluorescence at 340 nm for
the wild type (red ◇), E24A (blue △), and E24A/C42A (green ○) at
pH 4 (a) and pH 10 (b). The plots of f U vs GdnHCl concentration were
obtained from the raw data as described previously.32 The solid lines
through the data are nonlinear least-squares fits to the equation for a
two-state unfolding model,37 and the values obtained for ΔGU and mU
are shown in Figure 3.

Figure 3. pH dependence of thermodynamic parameters governing the
unfolding of wt scMN (red ◇), E24A (blue △), and E24A/C42A
(green ○). Panels a and b show the values of the thermodynamic
parameters ΔGo

U and mU, respectively, obtained by analyzing the
equilibrium unfolding transitions using a two-state N↔Umodel.37 The
solid lines through the parameters for wt scMN were drawn using eq 1.
The solid lines through the parameters for mutants E24A and E24A/
C42A were drawn by inspection only. Error bars, wherever shown,
represent the spreads of the measurements taken in at least two
independent experiments.
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describes the pH dependence of stability for a protein in which
two ionizable groups each have different pKa values in the native
and unfolded states. Figure 3a shows that eq 1 can account for the
observed pH dependence of the stability of wt scMN, when the
pKa values of Glu24 and Cys42 are taken to be 4.5 and 8.5,
respectively, in the unfolded state and 7.5 and 9.5, respectively, in
the native state. While the values assumed for the unfolded state
are the values expected for the free amino acids in water, the
values assumed for the native state are merely the minimal
estimates: lower values for the native state do not describe the
data well. The quality of data does not allow reliable pKa values to
be extracted using eq 1.
The pH dependence of the stability of E78A was found to be

very similar to that of wt scMN (data not shown), indicating that
the pKa of Glu78 is not different in the N and U states. Although
Glu78 is fully buried, three Arg residues, Arg54, Arg83, and
Arg85, are nearby (within 6 Å) in the structure. Hence, the
increase in the pKa of Glu78 caused by burial in the native protein
appears to be compensated for by its proximity to the arginine
residues.
E24A/C42A Retains Native Structure at pH 12. It is

known that wt scMN unfolds completely at pH 12.39 Figure 4
shows that while the far-UV CD spectra of wt scMN and E24A/
C42A are identical at pH 7, the far-UV CD spectra of the two
protein variants are different at pH 12. While the far-UV CD
spectrum of wt scMN at pH 12 indicates that most, if not all, of its
secondary structure is lost, the far-UV CD spectrum of E24A/
C42A at pH 12 is similar to that of the protein at pH 7, indicating
that E24A/C42A remains fully folded at pH 12.

E24A Unfolds Slower Than wt scMN at pH 7. Figure 5a
shows representative kinetic unfolding traces of E24Amonitored
by measurement of intrinsic tryptophan fluorescence. As in the
case of wt scMN,29 the kinetic traces at all GdnHCl
concentrations are described well by a single-exponential
equation, and they all originate at a fluorescence value 10−15%
higher than that of the native protein. This becomes obvious
when the kinetic amplitudes of unfolding are compared to the
equilibrium amplitudes (Figure 5b). Like in the case of wt
scMN,29 the kinetic traces of unfolding of E24A start at a value of
fluorescence higher than that of the folded protein; nevertheless,
the starting points are below the values expected from linear
extrapolation of the folded protein baseline. Figure 5c and Table
1 show that E24A unfolds slower than wt scMN, and that the
unfolding rate constant of E24A has the same dependence on
GdnHCl concentration as that of wt scMN. Table 2 shows that
the Glu24 → Ala mutation stabilizes the native state of the

protein by 2.3 kcal mol−1 at pH 7 but stabilizes the TS of
unfolding by only 1.1 kcal mol−1.

E24A Folds Faster Than wt scMN at pH 7. The change in
fluorescence accompanying the refolding of wt scMN at pH 7 is
known to occur in three observable phases:29 very fast (108 s−1),
fast (8 s−1), and slow (0.6 s−1). The same kinetic phases are seen
during the folding of E24A, but in addition, some of the
fluorescence change also occurs during a 6 ms burst phase
(Figure 6a). The relative amplitude of the burst phase change in
fluorescence increases with a decrease in GdnHCl concentration
(Figure 6b). For each of the three observable kinetic phases, the
plot of log(λ) versus GdnHCl concentration is linear (Figure 6c).
The values of the observed rate constants in the absence of
denaturant, as well as the dependencies of the observed rate
constants on GdnHCl concentration, are listed in Table 1. Table
1 also lists the corresponding values for wt scMN.29 It is seen that
the observed rate constant for the very fast phase is unaffected by
the mutation, while the observed rate constants for the fast and
slow phases are ∼1.5- and ∼7-fold faster, respectively, for E24A
than for wt scMN. Figure 6d shows that the relative amplitudes of
the three observable phases do not change appreciably with a
change in GdnHCl concentration.
Table 2 shows that the TS for the slow phase of folding is

stabilized by 1.2 kcal mol−1. The TS for very fast phase is not
stabilized, and that for the fast phase is only marginally stabilized
(see the data in Table 1).

■ DISCUSSION

Because of the high energetic cost of transferring a charge from a
polar to a nonpolar environment,40−43 ionizable amino acid
residues are usually not found in their charged states in the
interiors of proteins44,45 unless they are functionally impor-
tant.46−50 Quite predictably, a proteome wide analysis has
revealed that most buried ionizable groups in proteins are
electrostatically optimized for the formation of polar inter-
actions.51,52 When a buried ionizable residue in the core of a
protein does not make any polar interactions, it can destabilize
the protein in a pH-dependent manner.17−20 In this study, the
pH dependence of the stability of monellin is attributed to the
ionization of the buried residues, Glu24 and Cys42.

Glu24 Has an Increased pKa in the Native State.Glu24 is
located at the C-terminal end of the sole α-helix of scMN (Figure
1). It has >95% of its total surface area buried in the core of the
protein. The ionizable moiety of the side chain has 6% of its
surface area accessible to water, with one oxygen atom being
completely buried, while the other has 10% solvent accessibility.
The polar moiety of the Glu24 side chain is ∼5.9 Å from the
protein surface, as computed using DEPTH.53 The micro-
environment of Glu24 is predominantly hydrophobic. Its two
adjacent residues, Glu23 and Asn25, have their side chains
oriented away from the Glu24 side chain.
The stability of the E24A mutant is independent of pH in the

pH range of 4−8, but the protein shows a gradual decrease in
stability from pH 8 to 10 (Figure 3). The data also indicate that
the ionization of Glu24 is not responsible for the decrease in
stability seen for wt scMN at higher pH values (>8). Large shifts
in pKa values such as that observed for Glu24 have also been
observed for other proteins.20,54−56 It should be noted that only
an approximate value can be obtained for the pKa of Glu24 in the
native state (see Results) from the pH dependence of stability,
and NMR measurements would be necessary to obtain a more
reliable value for the pKa.

Figure 4. Structural characterization of scMN and E24A/C42A at pH 7
and 12. Far-UV CD spectra of wt scMN acquired at pH 7 (green) and
pH 12 (blue) and of E24A/C42A acquired at pH 7 (red) and pH 12
(light blue) are shown.
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Cys42 Destabilizes the Protein at Higher pH Values.
Cys42 is present in the second β-strand and seems to be
completely buried with no solvent-accessible surface area. The
E24A/C42A double mutant retains its native structure at pH 12,

Figure 5. Unfolding kinetics of E24A at pH 7. Unfolding was monitored by measurement of the change in tryptophan fluorescence at 340 nm. (a)
Representative unfolding kinetic traces (solid black lines) obtained when the native protein was unfolded at final GdnHCl concentrations of 5, 5.5, and 6
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. (b) Comparison of kinetic and equilibrium amplitudes. The equilibrium unfolding curve (○) of
E24A and the fit through the data using the equation for a N↔U two-state model (solid black line) [t = 0 points (blue△) and t =∞ points (blue▽)],
obtained by fitting the unfolding kinetic traces of E24A. The dashed black line represents the extrapolated native protein signals at different GdnHCl
concentrations. (c) Observed unfolding rate constants for wt scMN (red◇) and E24A (light blue △). The solid black lines represent nonlinear least-
squares fits to eq 4. The values obtained for λU in water and for m⧧−N are listed in Table 1. Error bars, wherever shown, represent the spreads in the
measurements taken in at least two separate experiments.

Table 1. Kinetic Parameters Governing Folding and
Unfolding at pH 7

parameters wt scMN E24A

folding very fast
phase

λf
νf (s−1) 108 108

m⧧−U
νf

(kcal mol−1 M−1)
−3.1 −2.6

fast phase λf
f (s−1) 8.0 12.4

m⧧−U
f

(kcal mol−1 M−1)
−3.0 −2.5

slow phase λf
S (s−1) 0.6 4.4

m⧧−U
s

(kcal mol−1 M−1)
−2.4 −2.8

unfolding λu (s
−1) 2 × 10−5 3 × 10−6

m⧧−N
(kcal mol−1 M−1)

0.7 0.7

Table 2. Comparison of the Thermodynamic Parameters
Governing Unfolding, Obtained from Equilibrium and
Kinetic Studies at pH 7a

parameters
wt

scMN E24A

equilibrium
measurements

ΔGo
U (kcal mol−1) 6.3 8.6

mU (kcal mol−1 M−1) 2.7 3.0
ΔΔGo

U (kcal mol−1) 2.3
kinetic measurements ΔGo

U =−RT ln(λU/λf
s) (kcal mol−1) 6.1 8.4

ΔΔGo
U (kcal mol−1) 2.3

mU = m⧧−N + (−m⧧−U
S)

(kcal mol−1 M−1)
3.2 3.5

ΔΔG⧧−N = −RT ln(λU
wt/λU

mut)
(kcal mol−1)

−1.2

ΔΔG⧧−U = −RT ln(λf
wt/λf

mut)
(kcal mol−1)

1.1

aThe values of ΔGo
U were obtained either from the two-state analysis

of the equilibrium unfolding transitions (equilibrium measurements)
or from the values of the rates of unfolding and folding of the slow
phase [kinetic measurements (Table 1)]. The value of ΔΔGo

U
represents the change in the free energy of unfolding upon mutation
of Glu24 to Ala, calculated by subtracting the free energy of unfolding
of the wild-type protein from that of the E24A mutant. The ΔΔGo

U
value is calculated for the slow pathway of refolding. All the values
used to calculate the parameter for the kinetic measurements are listed
in Table 1.

Figure 6. Refolding kinetics of E24A at pH 7. Refolding was monitored
by measurement of the change in the intrinsic tryptophan fluorescence
at 340 nm. (a) Representative refolding kinetic traces () obtained by
diluting the unfolded protein in 4 M GdnHCl to final denaturant
concentrations of 0.4, 0.8, and 1 M GdnHCl (from left to right,
respectively). The lines through the curves represent nonlinear least-
squares fits to a three-exponential equation. The inset shows the initial
parts of the refolding kinetic traces. (b) Comparison of the kinetic and
equilibrium amplitudes [(red○) equilibrium unfolding data, (blue△) t
= 0 points, and (blue ▽) t = ∞ points] of the refolding kinetic traces
obtained from the fits. The dashed line represents the extrapolated
unfolded protein signals at different GdnHCl concentrations. The solid
dark red line is a fit of the equilibrium unfolding data to a two-state N↔
U model for unfolding.37 (c) Observed rate constants and (d) relative
amplitudes for the very fast (red ○), fast (green ◇), and slow phases
(light blue △) of refolding. The solid lines in panel c are fits to the data
using eq 7, whereas the solid lines in panel d were drawn by inspection
only. The values of the kinetic parameters describing the three phases of
folding are listed in Table 1. Error bars, wherever shown, represent the
spreads in the measurements taken in at least two separate experiments.
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and its stability is independent of pH in the range of 4−10. The
result reveals that the destabilization of wt scMN above pH 8 is
driven by the shift in the pKa value of Cys42. The observation
that for E24A, the stability decreases only above pH 8 indicates
that the pKa of Cys42 in the unfolded form of this mutant
protein, and therefore most likely also in the unfolded form of wt
scMN, is ∼8, which is the value expected for a cysteine thiol in
water. It appears that the pKa value of Cys42 has shifted upward
to ≥9.5 in the native state of the protein. Such a shift in the pKa
value of a buried cysteine has been observed previously for other
proteins.57−59

Modulation of the Protein Folding Kinetics by Burial of
an Ionizable Residue. This study shows that the presence of a
buried ionizable residue not only affects the stability of the native
protein in a pH-dependent manner but also similarly affects the
stability of the TS along the folding pathway. A mutation that
removes the unpartnered ionizable residue from the hydro-
phobic core of monellin will stabilize the native state of the
protein. The same mutation will stabilize the TS of folding and/
or unfolding only if the ionizable residue has become buried in
the TS. If only the native state but not the TS is stabilized by the
mutation, then a decrease in the unfolding rate is expected. If the
residue is buried less in the TS than in the native state, then the
TS will be stabilized less by the mutation than would be the
native state. The stabilization of the TS upon mutation can be
measured by comparing the folding and unfolding rates of the
mutant protein to those of its wild-type counterpart.
The folding and unfolding mechanisms of E24A and wt scMN

appear to be similar. The folding and unfolding of wt scMN are
known to occur along multiple parallel pathways.29,31,39 The
observation that, like in the case of wt scMN, the fluorescence
change accompanying the folding reaction of E24A occurs in
three observable kinetic phases suggests that the folding
mechanism of E24A is similar to that of wt scMN. Unlike in
the case of the folding of wt scMN, a submillisecond burst phase
fluorescence change occurs during the folding of E24A. In the
case of wt scMN, it is known that submillisecond folding events
occur during folding29 and that they are silent to fluorescence
change. It appears that in the case of E24A these submillisecond
folding events are accompanied by a fluorescence change. For
both E24A (data not shown) and wt scMN,29 the three
observable kinetic phases of fluorescence change are followed by
a very slow kinetic phase of folding, which is silent to fluorescence
change and leads to the formation of the native protein. Hence, it
appears that the folding mechanism is the same for E24A and wt
scMN. The observation that, like in the case of wt scMN,29 the
fluorescence change accompanying the unfolding reaction occurs
in a burst phase followed by a slow kinetic phase that can be
described by a single-exponential equation suggests that the
unfolding mechanism for both protein variants is the same.
Furthermore, the observed rate constants for the unfolding
reaction for both proteins have the same dependence on
GdnHCl concentration, suggesting that the same TS is being
observed in both proteins.
Glu24 Is Structured in the TS of Unfolding. The

unfolding of scMN can be represented by the simple scheme
N↔ IU↔U, where IU is an ensemble of intermediate forms that
forms rapidly fromN. λU (eq 3) is 7-fold slower for E24A than for
wt scMN (Table 1), which indicates that the height of the energy
barrier is 1.2 kcal mol−1 greater in the wt protein (Table 2). The
change in the free energy of unfolding of E24A is 2.3 kcal mol−1

greater than that of wt scMN. Thus, the TS of unfolding in E24A
has been stabilized by 1.1 kcal mol−1. The observation that the

TS of unfolding is destabilized to a lesser extent by the presence
of the ionizable residue than is the native protein (Table 2)
suggests that Glu24 in the TS is not as structured as in the native
protein.

Glu24 Is Differentially Structured in the Different
Transition States Defining the Three Pathways of
Folding. The observation that the rate constant of the very
fast (λf

vf) folding pathway is unaffected in E24A (Table 1)
suggests that Glu24 is as solvated in the TS of the very fast folding
pathway as it is in U. Hence, Glu24 would have the same pKa
value in this TS that it has in U. The observation that the rate
constant of the fast (λf

f) folding pathway is only ∼1.5-fold faster
in E24A than it is in the wild-type protein indicates that the TS on
the fast folding pathway is only marginally stabilized in the
mutant protein (Table 1), suggesting that Glu24 is largely
solvated in the TS of the fast pathway of folding of the wild-type
protein. The slow (λf

s) folding reaction is accelerated ∼7-fold
(Table 1), which indicates that its TS is stabilized by 1.1 kcal
mol−1 in the mutant protein. Hence, the TS of the slow folding
reaction appears to be structured in the vicinity of Glu24. It is
possible that Glu24 becomes loosely buried by nonspecific
hydrophobic collapse in the transition state of the slow folding
reaction.60,61 It should be noted that the result does not mean
that the transition states along the other pathways are
unstructured. In fact, the transition states along the other
pathways must be similarly structured, because m⧧−U values are
comparable, but they are not structured in the vicinity of Glu24.
It therefore appears that the TS on the slow folding pathway of

the wild-type protein is destabilized because the Glu24 side chain
remains deprotonated at pH 7, and this charged side chain
becomes at least partially buried in the TS. When folding is
conducted at pH 5, the rate constants for all three folding phases
were found to be the same for the wild-type and mutant proteins
(data not shown) and are the same as they are for E24A at pH 7.
This is expected if the Glu24 side chain is in the protonated form
in the TS at pH 5 and is in the deprotonated form in the TS at pH
7. While it appears that the pKa of Glu24 in the TS is higher than
it is in U (pKa

U = 4.5),32 it is, unfortunately, not possible to
determine with any reliable accuracy any shift in the pKa value in
the TS.
On all three folding pathways, very fast, fast, and slow,

complete burial of the Glu24 side chain occurs after the transition
states on the pathways. For the very fast pathway, burial begins
only after the protein undergoes the transition through the TS;
for the fast pathway, burial has barely started in the TS, and for
the slow pathway, burial has begun before the TS is reached. On
all three pathways, the observable folding phases lead to
intermediates with nativelike structure (fluorescence), which
fold very slowly to N.29 This last very slow step in folding is
dominated by trans−cis proline isomerization.29 It is likely that
complete burial of protonated Glu24 occurs only in the very slow
phase of folding. Only those protein molecules with a protonated
Glu24 will fold in the last step of folding.

Equivalence of Folding and Unfolding Pathways.While
three pathways for folding have been identified for scMN at low
GdnHCl concentrations, only two pathways for unfolding have
been identified at high GdnHCl concentrations.29 Under any
folding condition, unfolding must occur by the same pathways by
which folding occurs, and the three pathways that operate for
folding must operate for unfolding as well. Each unfolding
pathway would be the reverse of the corresponding folding
pathway, in the sequence of structural events that occur. The
observation that unfolding can be described by a simple one-
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pathway N ↔ IU ↔ U mechanism at high denaturant
concentrations suggests that all three folding pathways are not
operative at high denaturant concentrations. Indeed, for wt
scMN, the amplitude of the slow folding reaction increases at the
expense of the fast folding reaction with an increase in GdnHCl
concentration,29 so that the slow folding reaction is dominant at
high GdnHCl concentrations.
It is possible that at low GdnHCl concentrations the flux of

unfolding occurs predominantly along only one of the three
folding−unfolding pathways, and hence, only one unfolding
pathway is detectable. If that is the case, it would be useful to
identify the observable unfolding pathway with either the very
fast, fast, or slow folding pathway. It appears that the unfolding
pathway observed corresponds to the reverse of the slow folding
pathway. Of the three folding pathways, only the slow folding
pathway, and not the very fast and fast folding pathways,
resembles the unfolding pathway in being significantly affected
by the Glu24→ Ala mutation (Table 1). The stabilization of the
TS for the slow phase of the refolding kinetics and for the
unfolding kinetics is found to be the same. The observation
(Table 2 and Figure 7) that the effect of the mutation on the free

energies of activation of the slow folding reaction and of the
unfolding reaction predicts very well the effect of themutation on
the stability of the protein (ΔΔGo

U = 2.3 kcal mol−1) suggests
that the slow folding reaction and the observed unfolding
reaction are the reverse of each other. The coincidence of the
values for ΔΔGo

U obtained from kinetic and equilibrium
measurements also validates the inherent assumption made in
the analysis that the mutation does not perturb the free energy of
the unfolded state of the protein. The kinetic m values from the
folding (m⧧−U

s) and unfolding (m⧧−N) studies do not add up to
the equilibriumm value (mU). The observed difference may arise
from the underestimation of the equilibrium mU value caused by
the presence of an undetected equilibrium intermediate.62 The
kinetic m value will also not equal the equilibrium m value in the
case of the involvement of a proline isomerization reaction.63

Characterization of the TS. The TS is a transiently
populated species along the reaction path, and hence, it cannot
be characterized using the conventional tools available to
characterize the native state of the protein. Previously, attempts
were made to characterize the TS by taking advantage of a buried
ionizable residue in the core of the protein.64−67 These studies
used a pH dependence study of the wild-type protein to evaluate
the structural properties of the TS, but a change in pH affects the
behavior of not only the buried ionizable residue but also the

overall charge distribution in the protein; thus, observations
made from such studies may provide misleading information and
need to be examined by more reliable approaches. Very limited
studies have been conducted to characterize the TS using the
approach of linkage analysis combined with ϕ-value analysis.63

The presence of an unpartnered ionizable residue in the
hydrophobic core of the structure may destabilize the structure
in a pH-dependent manner. Different mutant proteins that have a
buried ionizable residue located in different regions56 of the
protein can be generated to probe how different parts of the
protein acquire the structure. The approach may prove to be
better than previously suggested approaches28,68,69 because of
the larger change in the stability of the protein upon such
mutation.18−20,56

Residue-specific characterization of structure in the TS is
usually achieved by ϕ-value analysis28 in which the effect of a
single-residue mutation on TS stability relative to native state
stability is correlated to the formation of structure by the residue
in the TS relative to that in native state. Partial ϕ-values, which
are commonly observed, could be due to the existence of
multiple pathways, with the mutation having an effect on only
one or a few of the many pathways that are operational,70 but this
explanation is usually discounted. In this study of the folding of
scMN, for which multiple folding pathways had been identified
previously,29,39 it is shown that removal of an ionizable residue
significantly affects the stability of the TS on only one of the three
available pathways. This effect is seen because the structures of
the TS on the three pathways are different in the vicinity of
Glu24.
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