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ABSTRACT: It is well-known that hydrophobic effect play a
major role in alcohol−protein interactions leading to structure
unfolding. Studies with extremely alkaline cytochrome c (UB state,
pH 13) in the presence of the first four alkyl alcohols suggests
that the hydrophobic effect persistently overrides even though the
protein carries a net charge of −17 under these conditions.
Equilibrium unfolding of the UB state is accompanied by an
unusual expansion of the chain involving an intermediate, Ialc,
from which water is preferentially excluded, the extent of water
exclusion being greater with the hydrocarbon content of the
alcohol. The mobility and environmental averaging of side chains
in the Ialc state are generally constrained relative to those in the
UB state. A few nuclear magnetic resonance-detected tertiary interactions are also found in the Ialc state. The fact that the Ialc state
populates at low concentrations of methanol and ethanol and the fact that the extent of chain expansion in this state approaches that of
the UB state indicate a definite influence of electrostatic repulsion severed by the low dielectric of the water/alcohol mixture.
Interestingly, the UB ⇌ Ialc segment of the UB ⇌ Ialc ⇌ U equilibrium, where U is the unfolded state, accounts for roughly 85% of the
total number of water molecules preferentially excluded in unfolding. Stopped-flow refolding results report on a submillisecond
hydrophobic collapse during which almost the entire buried surface area associated with the UB state is recovered, suggesting the
overwhelming influence of hydrophobic interaction over electrostatic repulsions.

I t has been 50 years since studies of the effect of alcohol
on protein stability began.1−4 Analyses of alcohol-induced

protein unfolding data augmented by theories of Peller,5 Flory,6

and Nemethy and Scheraga7 soon suggested that alcohols
predominantly act by disrupting the hydrophobic interactions in
proteins, consistent with the observation that the effectiveness of
unfolding varies commensurate with the size of the hydrocarbon
functional of alcohols.4,8 It was also observed that alcohols
somehow induced helix formation concomitant with disruption of
the tertiary fold,5,9−13 a finding that attracted the attention of
numerous subsequent studies.14−29 These investigations appeared
to suggest that alcohols exert an effect on local hydrogen bonding
interactions such as those in secondary structures indirectly by
influencing the properties of the bulk solvent, and that the
electrostatic mechanism has little role to play. Most recent work
considers the importance of both hydrophobic interaction and
hydrogen bonding30 and, from a thermodynamic viewpoint,
suggests that alcohols provide a much wider range of temperatures
in which the protein stays stable.31

Although hydrophobic interaction has been unambiguously
implicated, the significance and the mechanism of alcohol-
mediated secondary structure promotion remain unclear. The
relative importance of not only hydrophobic interaction and
hydrogen bonding but also the physical properties of the water/
alcohol binary solvent that influence temporal and equilibrium
phenomena of the protein is not certain. Further, to what extent
can the importance of electrostatic interaction be dismissed?

Testing the role of protein charges in alcohol-induced unfolding
requires conditions under which the net charge on the protein is
greatly enhanced so that electrostatic interactions can no longer be
ignored. On the basis of this rationale, we initiated a study of
alcohol-induced unfolding of cytochrome c under extreme alkaline
conditions (pH 13) where the protein is highly negatively charged
with stronger electrostatic repulsions because of the exclusion of
ionic strength. A drastic reduction of the electrostatic free energy
can disrupt the electrostatic balance of protein charges. Such
conditions also discourage hydrogen-bonded local interactions
because the solution pH fairly approaches the pKa values of peptide
amide hydrogens. Results can then be analyzed to extract
information about hydrodynamic properties, populations of
intermediates, and temporal hydrophobic collapse.
The choice of extreme alkaline cytochrome c, called the UB

state, for these experiments was driven by available information
about the thermodynamic and electrostatic properties, and the
folding−unfolding behavior of the protein under these
conditions,32−36 even though the heme protein is probably
not the best system for studying protein−alcohol interaction
presumably because of direct binding of methanol to the Fe3+

of cytochrome c.37 However, alcohols are known to bind to
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protein apolar sites in general, and in many cases, the OH group
also establishes hydrogen bonding interactions with polar
residues.38,39 The UB state transforms to an orthodox molten
globule (B state) when Na+ ions are added,33 and the experiments
of this study are conducted simply by replacing NaCl with linear
alcohols. Because the dielectric constant is an inverse function of
the electrostatic free energy, a large increase in the electrostatic
free energy in the presence of alcohols can be highly destabilizing.
At equilibrium, alcohol unfolding of the UB state is described by a
UB ⇌ Ialc ⇋ U model, where Ialc is an intermediate, but
temporally, a burst hydrophobic collapse produces an intermediate
that appears to be topologically similar to the UB state. Preferential
solvation, tertiary contacts, and the hydrodynamic radius of the
equilibrium intermediate have been determined by fluorescence
and nuclear magnetic resonance (NMR) methods. The results
suggest the overwhelming influence of hydrophobic collapse over
electrostatic interaction.

■ MATERIALS AND METHODS
Alcohol Titration of Alkaline Cytochrome c. Two stock

solutions of precisely 10 μM protein and pH 13 were prepared,
one in water (native stock) and the other in 60−80% of the
alcohol (unfolded stock). Different volumes of the two stock
solutions were mixed to obtain 0.5 mL of samples that differed
only in the mole fraction of the alcohol. This procedure of
sample preparation also aims to establish the reversibility of the
folding−unfolding reaction. Samples were incubated for 5−6 h
at 23 ± 1 °C before fluorescence emission spectra were
recorded in the 300−400 nm region via excitation at 280 nm.
The sample pH read after measurement was invariably 13.
Stopped-Flow Kinetics. For refolding, an ∼200 μM cyt c

solution was prepared in 45−60% alcohol (pH 13). Following
incubation for 2 h at 23 ± 1 °C, refolding was initiated by
8-fold stopped-flow dilution of the protein solution into water/
alcohol mixtures (pH 13) with different alcohol contents. The
same procedure was applied to unfolding experiments for which
the initial protein solution (∼200 μM) was prepared in water at
pH 13. After kinetics had been recorded, the waste solutions
were collected to check the pH. A Biologic SFM-400 mixing
module with a 0.8 mm cuvette (FC 08) thermostated at 23 ±
0.5 °C was used to record fluorescence-probed kinetics. The
excitation wavelength was 280 nm, and emission was measured
using a 320 nm cutoff filter. Typically, 10−12 shots were
averaged. The measured dead time was 1.3 ± 0.2 ms.
NMR Spectroscopy. Cytochrome c solutions (1 μM) were

prepared in CD3OD/D2O solutions (pH 13). Phase sensitive
NOESY spectra (τm = 150 ms) were recorded with 512 t1
points and a 8012 Hz spectral width. Paramagnetically shifted
resonances are not excited in this spectral width. Pulsed-field-
gradient NMR (PFG NMR) diffusion measurements were
taken with a diffusion gradient (z-gradient) strength in the
range of 3−50 G cm−1. These spectra were of 32K complex data
points for a spectral width of 8012 Hz. Approximately 0.5 mM
1,4-dioxane was included in the protein samples for the internal
Rh standard. Values of Rh were calculated by
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where I and g are the NMR signal intensity and gradient
strength, respectively. The decay constant, k, is proportional to

the diffusion coefficient. NMR spectra were recorded at 23 ±
1 °C in a 500 MHz Avance III spectrometer (Bruker).

■ RESULTS

Qualitative Description of Unfolding of Alkaline Cyt c
in Water/Alcohol Cosolvents. Nativelike states of cyt c are
fluorescence-silent because of the transfer of excitation energy
between the indole of the lone tryptophan (W59) and the heme
group. An increase in the spatial proximity of the two groups
caused by polypeptide chain expansion renders W59 fluorescent,
which is the hallmark of global structural unfolding of cyt c. Figure 1

Figure 1. Alcohol-induced unfolding of the UB state of cyt c. (a) The
chain expansion seems to be dependent only on the dielectric constant
of the solvent containing methanol (○), ethanol (light gray circles),
propanol (dark gray circles), or butanol (●). (b) Effectiveness of the
alcohols clearly seen in the mole fraction scale. Symbols for alcohols
are the same as in panel a. A three-state transition (UB ⇌ Ialc ⇌ U,
where the intermediate Ialc accumulates) is clearly seen for methanol
(○) and ethanol (light gray circles), although the UB ⇌ Ialc and Ialc ⇌ U
transitions are not clearly resolved because of the strong unfolding effect
of propanol (dark gray circles) and butanol (●). (c) Unfolding transition
as a function of water activity that allows determination of preferential
hydration. Symbols are the same as in panels a and b.
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shows this effect due to the action of the aliphatic alcohols,
methanol, ethanol, propanol, and butanol. The data contain
information about both the mechanism of unfolding action of
alcohol and a thermodynamically stable structural intermediate
involved in chain expansion. With regard to the effect of solution
properties, the unfolding equilibrium seems fairly invariant to the
alcohol type when the static dielectric constant of the water/alcohol
binary solvent alone is considered (Figure 1a), appearing to suggest
that it is the macroscopic dielectric property of the solvent that
drives the equilibrium. However, because a specific value of the bulk
dielectric constant is obtained for different mole fractions of
alcohols, their molar volumes should also be considered. On this
basis, Figure 1b distinguishes the unfolding equilibria according to
mole fractions of different alcohols, suggesting that the surface area
of the alcohol that directly influences the physical property of the
binary solvent system cannot be ignored. Even more relevant are
the decreasing mole fraction of water and alcohol-induced changes
in the water activity coefficient, leading to a departure of its activity
(aw = mwγw, where mw and γw are the mole fraction and activity
coefficient of water, respectively) from ideality. The relevance is
contained in the fact that the activity dependence of the unfolding
equilibrium constant quantifies changes in solvation during protein
unfolding.40 The plot of fluorescence versus aH2O

−1 also
distinguishes the unfolding transition according to the structural
bulkiness of alcohols (Figure 1c). With regard to the structural
mechanism of unfolding, primary inspection of the data indicates a
three-state equilibrium unfolding transition

⇌ H IooU I U
K K

B alc
1 2

where UB and U are compact denatured and expanded unfolded
states, respectively, and Ialc is an intermediate characterized by a
partly expanded polypeptide. The intermediate populates under
conditions where the activity of water has not sufficiently deviated
from ideality (Figure 1c).
Preferential Exclusion of Water and Interaction with

Alcohol during Protein Unfolding. Quantification of prefer-
ential interaction of solvents with cyt c requires evaluation of
the two equilibrium constants, K1 and K2, corresponding to the
UB ⇌ Ialc ⇌ U mechanism, as a function of cosolvent activity
according to Wyman, Tanford, Timashesff, and others.40−42

One may choose to analyze the functional dependence of Ki on
water activity because it is the preferential interaction with
water that seems to determine the functional properties of
proteins. The analysis is based on the following42,43
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where Δζw is the difference between the preferential binding of
water to the native and unfolded states, mw and mp represent
molal concentration of water and protein, respectively, and μw
is the chemical potential of water. Data in Figure 1c allow for
calculation of values of both K1 and K2 for methanol and
ethanol, but only a single equilibrium constant (K ∼ K2), the
values of which are very similar for propanol and butanol and
could be obtained due to indistinguishable UB ⇌ Ialc and Ialc ⇌ U
transitions. In fact, the instability of Ialc in the presence of
these two alcohols causes the species not to accumulate.
For both methanol and ethanol, the (∂ ln K1)/(∂ ln aw)
gradient corresponding to the conversion of the native state to

the intermediate, UB ⇌ Ialc, is significantly sharper than the
(∂ ln K2)/(∂ ln aw) gradient that represents the unfolding
transition of the intermediate, Ialc ⇌ U (Figure 2a), and the

variation of the (∂ ln K2)/(∂ ln aw) gradient with the type of
alcohol is depicted in Figure 2b. Values of Δζw extracted from
slopes of these Wyman plots are listed in Table 1.
The magnitude of Δζw could be interpreted to reflect the

change in the effective number of water molecules that interact
with the protein during unfolding.43 Thus, the formation of the
intermediate I is accompanied by net departure of 105 water
molecules (Δζw = −105) when the process is induced by
methanol, but a net of 268 water molecules depart (Δζw = −268)
during ethanol-induced unfolding (Table 1). However, there are
significantly fewer net water molecules exchanged during the Ialc ⇌U
transition: 22, 36, and 137 for methanol, ethanol, and propanol
or butanol, respectively. Three important results emerge. First, the
changes in protein hydration and water exchange events in the
unfolding of alkaline cyt c are largely completed in the first stage of
the reaction in which the native protein transforms to an
intermediate (UB ⇌ Ialc), suggesting the similarity of the Ialc and U
forms in terms of water hydration. Second, the bulkiness of the
hydrocarbon functional of the alcohol that determines the acid−
base properties of its OH functional considerably influences
polypeptide hydration changes across the unfolding transition: the
bulkier the hydrophobic hydrocarbon group, the larger the change

Figure 2. Plots of the logarithm of equilibrium constants K1 (Ialc/UB) and
K2 (U/Ialc) according to the UB ⇌ Ialc ⇌ U mechanism as a function of
water activity. (a) The K1 slope for both methanol (□) and ethanol (gray
squares) is significantly steeper than the corresponding K2 slope (white and
gray circles), suggesting that the UB ⇌ Ialc step accounts for most of the
water molecules preferentially excluded from the protein during the
unfolding reaction. The total number of excluded water molecules is the sum
of the numbers for the two steps (Table 1). (b) The K2 slopes for methanol
(○), ethanol (light gray circles), propanol (dark gray circles), and butanol
(●) suggest that the number of excluded water molecules grows with the
increasing hydrophobicity of the alkyl chain of the alcohol (Table 1).
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in the effective number of water molecules that interact with any
two states of the UB ⇌ Ialc ⇌ U equilibria. Third, because an
alcohol can interact with both water and protein at the alkaline pH
used in this study, water is strongly excluded from the unfolded
chain. By corollary, the native state is preferentially hydrated.
We also considered the alcohol-induced unfolding process at

pH 7 as a reference. Under this condition, horse cyt c has 21
positive charges and 15 negative charges, resulting in +6 net
charges compared to a charge of −17 at pH 13. The unfolding

transitions for methanol, ethanol, and propanol are now
apparently two-state reactions (Supporting Information). Interest-
ingly, values of Δζw (Table 1) show that for both methanol and
ethanol, the effective numbers of water molecules that interact
across the Ialc ⇌ U equilibrium at pH 13 and the N ⇌ U
equilibrium at pH 7 are closely comparable. Similarly, Δζw values
for the UB ⇌ U equilibrium at pH 13 and the N⇌ U equilibrium
at pH 7 for propanol-induced unfolding are similar. These
observations appear to suggest that the extent of perturbation of
the chemical potential of an alcohol by the protein is indifferent to
pH. However, UB and N states are structurally not quite similar:
the former is alkali-denatured (pH 13), and the latter has a native
structure (pH 7). Also, the U state under the two pH conditions
need not be structurally similar. These differences may produce a
comparable balance of the ratio of the molal concentrations of
water and protein for the two terminal states of the unfolding
equilibrium under the two pH conditions (eq 2). Unfortunately,
available data do not allow further discussion of this issue.

Alcohol-Induced Folding−Unfolding Kinetics. Because
alcohols are generally believed to unfold proteins by disrupting
the tertiary structures more than acting on secondary
structures, kinetics of the folding−unfolding reaction should
provide information about contraction and expansion of the
polypeptide. A series of stopped-flow experiments was
conducted in which cyt c held at pH 13 was allowed to refold
and unfold at various mole fractions of methanol and butanol.
Both refolding and unfolding kinetics are described by a
submillisecond burst phase followed by two observable phases
of widely separated rate constants (Figure 3a,b). For the sake of

Table 1. Numbers of Water Molecules (Δζw) Preferentially
Excluded from the Protein Domain in the Three-State
Unfolding (N ⇌ Ialc ⇌ U) of Alkaline Cytochrome ca

Δζw
reaction alcohol pH 13 pH 7b

UB ⇌ Ialc methanol −105 ± 8
ethanol −268 ± 9

Ialc ⇌ U methanol −22 ± 6
ethanol −36 ± 5

UB ⇌ U propanol/butanol −137 ± 10c

N ⇌ U methanol −20 ± 5
ethanol −35 ± 7
propanol −160 ± 10

aThe negative sign with Δζw values indicates the departure of water
with unfolding. bThe unfolding reaction is an apparently two-state
reaction (N ⇌ U). cThe error shown may be underestimated because
of the very poor resolution of the UB ⇌ Ialc and Ialc ⇌ U transitions at
pH 13 (Figures 1 and 2).

Figure 3. Stopped-flow kinetics for refolding and unfolding in the presence of butanol as indicated. (a) The refolding kinetics are described by a
burst collapse followed by two observable exponentials. Of the two observed, the long-time exponential is negligible in both rate constant and
amplitude. (b) Unfolding kinetics are characterized by a burst component followed by two exponentials in the observable window. (c) View of the
first 20 ms of refolding traces (see panel a). (d) Expansion of the first 20 ms of unfolding traces.
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clarity, the fast observable phase and the missing kinetics are
illustrated by the initial 20 ms of kinetics for several
concentrations of butanol in panels c and d of Figure 3. The
folding−unfolding kinetic traces obtained in the presence of
methanol are very similar to these with regard to the number of
phases and the sign of the fluorescence change.
The two rate constants for both folding (λ1,f and λ2,f) and

unfolding (λ1,u and λ2,u) as a function of methanol and butanol
concentration are shown in panels a and d of Figure 4,
respectively. In all cases, the rate constants associated with the
slow phase for folding and unfolding, λ2,f and λ2,u, respectively,
are tens fold smaller than those of the fast phase, λ1,f and λ1,u,
respectively. Further, the slow phase accounts for ∼15 ± 8% of
the total observable amplitude (Figure 4b,e). These two
observations suggest that the slow phase arises from a minor
population of misfolded cyt c or perhaps due to a fraction of
nonmonomeric protein that might exist under the extreme
alkaline conditions that were used.35 This phase will therefore
be eliminated from further discussion, and the folding−
unfolding reaction will be analyzed on the basis of the burst
phase along with the observable fast phase (λ1,f and λ1,u).

For both methanol and butanol, λ1,f responds little to the
alcohol content in the refolding milieu (Figure 4a,d), suggesting
that this phase hardly involves a change in the protein surface
area. The surface burial event then must be completed in the
submillisecond burst folding phase, but λ1,u discernibly
increases by at least 2-fold in the range of alcohol
concentrations used for unfolding (Figure 4a,d), implying
considerable surface exposure. These considerations allow
description of alcohol-induced folding and unfolding of alkaline
cyt c by the minimal mechanism shown in Scheme 1:

Scheme 1

where UB′ is the burst folding intermediate that transforms to
the denatured state UB via a millisecond kinetic intermediate, I.

Figure 4. Variation of the observed two-exponential parameters with mole fractions of methanol (left) and butanol (right). (a and d) Two
observable rate constants are obtained in both folding and unfolding reactions for all alcohols employed. Labels λ1,f (●) and λ2,f (■) stand for the fast
phase and the slow phase of folding, respectively. Likewise, labels λ1,u (○) and λ2,u (□) denote the fast and slow unfolding phases, respectively. In all
cases, λ1,f ≫ λ2,f and λ1,u ≫ λ2,u. (b and e) The fast exponential of both folding and unfolding relaxation accounts for more than 80% of the total
observable amplitude in all instances, allowing exclusion of the slow exponential from the description of a kinetic mechanism. (c and f) Fluorescence
values read from refolding and unfolding kinetic traces at times t and∞ (● and ○, respectively) are seen to reproduce the equilibrium data shown in
Figure 1b (plotted here using △), suggesting that kinetics were recorded sufficiently long for the protein to relax to equilibrium. Although the
alcohol dependence of the refolding burst amplitude (×) does not provide much information about the nature of the earliest temporal event, the
nature of the observable phase (panels a and d and panels b and e) allows interpretation of the burst event as a hydrophobic collapse. On the other
hand, as argued in the text, the unfolding burst phase (+) is likened to a nonspecific event. The lines through data points are drawn by inspection
only. All experiments were conducted strictly at pH 13.
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The dependence of burst and observable amplitudes on
alcohol concentration is quantified in panels c and f of Figure 4.
The total change in fluorescence estimated from the steady
state signal of the initial state and the signal at the completion
of the kinetic course fairly coincides with the equilibrium
unfolding data. The alcohol concentration dependence of the
folding burst amplitudes should be ideally sigmoidal because
the U → UB′ folding step is taken to involve the burial of
virtually the entire protein surface required to be buried, but the
nonavailability of kinetic folding data at alcohol concentrations
lower than those shown as well as the error involved in the
quantification of the burst amplitude precludes much discussion
of the nature of the transition. As for unfolding, because of the
lack of evidence for a specifically expanded ultrafast
intermediate, the burst amplitude is considered simply an
extension of the baseline.
The Equilibrium and Kinetic Unfolding Intermediates

Are Configurationally Different. It is of interest to know if
the intermediate detected in equilibrium experiments corre-
sponds to the temporal burst intermediate inferred from kinetic
results. Because the degree of expansion of the polypeptide
directly relates to the extent of unfolding of the highly charged
UB state, we determined the mean effective hydrodynamic
radius of the protein (Rh) at several concentrations of methanol
by using pulsed field gradient NMR. The Rh value of 21.1 ± 1 Å
in the absence of alcohol, fairly consistent with an earlier
report,35 increases to 36.5 ± 1.8 Å when the protein is placed in
60% methanol or a χMeOH of 0.4 (Figure 5). A comparison of Rh
values obtained from this study with typical literature values for
cyt c under different solvent conditions confirms that the extent
of chain expansion induced by an alcohol is unusually large,
suggesting that the alcohol-induced unfolded state cannot be
compared with the ones produced by chaotropes, and hence,
the mode of action of alcohol is distinct. Further, Rh ∼ 32 Å at a
χMeOH of ∼0.1 where the equilibrium intermediate Ialc in the
UB ⇌ Ialc ⇌ U mechanism populates (Figure 5). The data indicate
that Ialc is roughly 30% less expanded than the fully unfolded
protein at a χMeOH of 0.4, implying that the intermediate is
closer to the unfolded state in terms of polypeptide expansion.
This picture of a largely expanded chain in the equilibrium
intermediate is inconsistent with a highly compact polypeptide
in the burst kinetic intermediate. In fact, the latter can be
inferred to be as compact as the native state because the
intermediate I in the I ⇌ UB step of the proposed kinetic
mechanism involves little surface burial (Figure 4a). These
results suggest that the equilibrium and kinetic intermediates
are different.
The hydrodynamic data can also be used to approximate an

effective binding constant, KB, for binding of methanol to the
protein by a formalism similar to that used earlier by
Makhatadze and Privalov to analyze binding isotherms of
protein in urea and GdnHCl.44 If many methanol molecules are
assumed to bind to independent and identical apolar sites on
the protein, then the dependence of Rh on the activity of
methanol (aCH3OH) is
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where Rh
0 is the hydrodynamic radius in water at pH 13 and

ra→1 is the relative change in the hydrodynamic radius as aCH3OH
approaches unity. By applying this highly simplified bind-
ing model to the data (Figure 5b), one obtains a KB of 4 ± 0.3

at 22 °C that compares with the value of 0.013 for binding of
CH3OH to ribonuclease at 62 °C calculated from the theory of
hydrophobic bond formation of Nemethy and Scheraga.4,8 The
binding energy for the interaction of CH3OH with cyt c under
our conditions (−RT ln KB ∼ 0.8 kcal/mol) is in good
agreement with literature values for the interaction of LUSH
protein with alcohols at pH 4.39,45 However, both hydrophobic
interactions and hydrogen bonding contribute to the binding
energy, and the data here cannot reveal the relative
contributions of the two.

Structural Mobility in the Equilibrium Intermediate Is
Relatively Restrained. Having observed a large increase in
the hydrodynamic radius of the UB state in the presence of
alcohol at pH 13, we were interested to know the response of
side chain motions under these conditions. The one-dimen-
sional NMR spectrum of the initial state in the absence of
alcohol is characterized by broad and poorly dispersed lines in
both aliphatic and aromatic regions (Figure 6), indicating a
general motional averaging of chemical shifts. This is to be
expected because the UB state by definition is the alkali-
denatured state with a higher density of negative charges
because of the exhaustive deprotonation of the side chains. The
NMR lines are relatively sharp in the 10−20% range of
methanol where the equilibrium intermediate populates, seen

Figure 5. Variation of the hydrodynamic radius, Rh, of cyt c with
increments of methanol at pH 13. (a) The expansion of the protein
chain as measured by Rh (○) is shown along with the three-state
equilibrium transition, UB ⇌ Ialc ⇌ U (small circles and dotted line)
reproduced from Figure 1c. (b) The functional dependence of Rh on
methanol activity (eq 2) is mapped by the solid line. The fit yields an
effective binding constant (KB = 4 ± 0.3) for binding of methanol to
the hydrophobic sites of the protein.
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more clearly for the aromatic side chain resonances (Figure 6),
implying a general constraint on the rotational motion and en-
vironmental averaging in the intermediate state. As the Ialc ⇌ U
transition is approached by the increase in the methanol
concentration, the resonances increasingly broaden with
deteriorating dispersion. At 60% methanol (U state) where
the unfolded chain is enormously expanded (Rh = 36.5 Å), the
resonances are smeared and the side chains exhibit extreme
motional averaging.
NOE Constraints in the Intermediate. Because the

equilibrium intermediate is characterized by a large hydro-
dynamic radius (Rh ∼ 32 Å) and thus appeared closer to the
unfolded state (Figure 5), it was important to check for the
presence of tertiary interactions. The NOESY spectrum of the
UB state is virtually bare except for a prominent cluster of
positive NOE cross-peaks likely to arise from dipolar
interactions between Tyr ring protons and β/γ side chain
protons of unknown residues (Figure 6). These interactions
(<5−6 Å) are conducted with alcohol increments up to ∼30%
MeOH and vanish thereafter, suggesting the presence of some
tertiary contacts in the intermediate state even though the
polypeptide chain may be largely expanded. The persistence of
detectable positive NOE peaks also suggests that the global
correlation time (τc) of the folding intermediate is greater than
∼2 ns, because the NOE should vanish when ωoτc ≈ 1, where
ωo is the Larmor frequency, 500 MHz.

■ DISCUSSION
Effects of alkyl alcohols on the structure and reactivity of cyt c
under neutral-pH conditions have been studied for many years.
Some of the earliest studies reported on the influence of
alcohols on the disruption of structure in the vicinity of the
heme and changes in the rate of autoxidation of ferrocyto-
chrome c arising thereof.46,47 Equilibrium aspects of the
conformation and unfolding of the cyt c chain in the presence
of alcohols are also being addressed since then.8 The binding of
alcohol to cyt c,37 the occurrence of structural intermediates in
methanol-induced unfolding at low pH,23 and partial unfolding
in the presence of benzyl alcohol48 have also been reported.
The major thrust of this work is to learn about the
thermodynamic and kinetic aspects of alcohol-induced

unfolding of a highly charged protein. According to the nature
of the objective, the folding−unfolding reaction of cyt c was
studied at pH 13 in the absence of ionic strength. The protein
under such conditions is charge-imbalanced with a net negative
charge of −17.

Electrostatic Response of a Dense Negatively
Charged Protein Placed in Alcohol. Charged polar side
chains of folded proteins in aqueous solvent are generally
located on the outer surface, where they are favorably
solvated.49 However, the stability of internally charge-rich
proteins rests on the polarity, concentration, and location of
charges in the perspective of atomic structural details in a rather
complex manner. In the macroscopic approach based on
Tanford−Kirkwood treatment,50 burial of charges is energeti-
cally expensive simply because the protein interior is taken as a
general medium with a low dielectric constant (ε) where the
charge storage capacity is very low. Numerous proteins of
reputed stability harboring internal charges are, however,
known where the cost of charge burial is alleviated because
of the location of the charges in polar surroundings produced
by several factors,51 including polar side chains, internal water
molecules, and fluctuating protein dipoles. Because of internal
charge accommodating provisions, buried charges usually do
not pose a serious threat to protein stability. It follows that the
disposition of unscreened surface charges in response to the
decreasing activity of water from unity, as would happen with
an increasing level of alcohol in the water/alcohol mixture, is a
key factor leading to structural unfolding. For the experimental
condition of pH 13, the net charge on the nativelike UB state
used here is −17, which makes the protein surface highly
negatively charged. The repulsive Coulombic forces between
surface charges grow stronger as the dielectric constant of the
bulk solvent is decreased with an increase in the mole fraction
of alcohols. The increasing force of anion repulsion then drives
the protein to expand. The effectiveness of the alcohol increases
as its dielectric constant decreases with an increasing
hydrocarbon content. The significance of this apparently simple
explanation would vary according to the charge polarity, ionic
strength of the medium, and solvent dielectric. In a neutral-pH
aqueous solvent, the electrostatic repulsion of surface charges
may not be important,8,9,52,53 but under the highly alkaline

Figure 6. Resonances of the UB state (pH 13) in the aliphatic and aromatic regions at different concentrations of CD3OD. Initial increments of the
alcohol up to ∼20%, where the equilibrium intermediate populates, produce relatively sharp resonances. Further increments of alcohol cause line
broadening and more deteriorated dispersion.
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low-ionic strength conditions employed here, the increasing
repulsive force in the low-dielectric solvent assumes high
significance. In fact, electrostatic destabilization produced at
low pH was found to decrease the midpoint of ethanol-
induced denaturation of chymotrypsinogen.2 This factor was
not studied in detail previously, perhaps because of the dis-
couraging suggestion that electrostatic effects may be safely
neglected.8

The electrostatic interpretation suggests that it is the
dielectric constant of the medium alone that generates the
driving force for unfolding; the type or identity of the alcohol is
irrelevant (Figure 1a) even though the mole fraction scale of
the alcohol required to obtain a given range of ε value shrinks
as the volume of the alkyl side chain in the alcohol increases
(Figure 1b). Such normalization of unfolding data with respect
to dielectric constants of alcohols, reported previously by
Wilkinson and Mayer,13 implies that it is the molar volume
rather than the mole fraction or volume fraction of alcohol that
is important. By corollary, the higher the hydrophobicity, the
more effective the alcohol (Figure 1b).
Protein−Alcohol Interactions under Alkaline Condi-

tions. The binding model involving weak protein−denaturant
interactions has been put into a complete general form.5,54,55

Although the nature of alcohol−protein interactions has not
been fully understood, accumulated evidence strongly indicates
that the interactions are predominantly hydrophobic in
nature,9,10,22,56−59 affecting both local and nonlocal struc-
tures.14,17,21,60,61 A particularly interesting situation arises under
highly alkaline conditions where the solution pH approaches
pKa values of solvent components and protein main chain
amides; estimated values of pKa are 15.7 for water, 15.2−17 for
primary alcohols, and 18 for the peptide NH group.62,63 As
shown below, several modes of peptide−water and peptide−
alcohol hydrogen bonding are possible. Clearly, existing

secondary structural elements will be destabilized. This action
of alcohol, valid under strongly alkaline conditions, is the
opposite of the well-known helix-stabilizing effect observed
under neutral-pH conditions.14,16,64−66

The peptide−water and peptide−alcohol hydrogen bonding
interactions do not negate the occurrence of alcohol−protein
hydrophobic interactions. The hydrocarbon group of alcohols
should bind to apolar side chains, because they form the bulk of
the hydrophobic surface in the protein interior. The association
constants, KB, for the binding of different alcohols to an average
hydrophobic cluster in the protein increases with an increasing
hydrocarbon content of alcohols;4,8 the larger the KB value, the
more effective the alcohol is toward protein unfolding observed
earlier and in this study (Figure 1b,c). Thus, although alcohols
act on proteins in alkaline medium by both H-bonding and
hydrophobic interactions, the observed alkyl chain-based
effectiveness (Figure 1b) still indicates the latter’s dominance
in protein unfolding.

Hydrophobic Collapse Dominates Folding Kinetics.
Charge repulsion in the alcohol-unfolded alkaline cyt c persists,
much stronger than in the aqueous solution under identical
solution conditions. When the alcohol-unfolded protein is
allowed to refold by dilution of the solution into water at the
same alkaline pH of 13, two strongly opposing forces come into
operation: the hydrophobic attractive force that drives the chain
to collapse and the electrostatic repulsive force resisting chain
contraction. Looking at the kinetic results, one finds that the
stopped-flow burst folding phase accounts for burial of virtually
the entire surface that is buried in the UB state, and the
observable millisecond phase corresponds to relatively slower
chain compaction with little surface burial (Figure 4 and
Scheme 1). This result strongly argues for a microsecond
hydrophobic collapse driven by dissociation of the bound
hydrocarbon part of alcohols from the hydrophobic surfaces of
the unfolded protein chain. Clearly, the hydrophobic force
prevails over the electrostatic drag. The collapse constrains the
chain topology and the location of the charged amino acids and
weakens the electrostatic destabilization.

Preferential Exclusion of Water and the Equilibrium
Unfolding Intermediate, Ialc. Because proteins are preferen-
tially hydrated when placed in stabilizing cosolvents like
glycerol and polyols,40,67 alcohol destabilization should produce
preferential exclusion of water molecules from the protein
vicinity as is seen in Figure 2. The finding that the effective
number of departing water molecules increases with an
increasing hydrocarbon content, Δζw (eq 1), is an indicator
of the unfolding effectiveness of cosolvents. This is a general
result. In the context of alkaline cyt c, it is interesting that

Figure 7. Cluster of NOE cross-peaks arising from dipolar interaction
between aromatic ring protons and most likely CβH or CεH protons. A
few additional cross-peaks appear at the initial increments of methanol,
shown by the 10% methanol spectrum. The interactions gradually
weaken as the alcohol concentration is increased to 30%.
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roughly 85% of the total number of excluded water come from
the UB ⇌ Ialc segment of the UB ⇌ Ialc ⇌ U equilibrium (Table 1),
implying that the extent of preferential exclusion of water from Ialc
is only slightly less than that from UB. The equilibrium intermediate
is thus substantially unfolded, lacking internal cavity waters that
have already departed to the solvent.
The Ialc Intermediate Is Unlikely To Be a Dry Molten

Globule (DMG). A relatively lesser known class of
intermediates considered in literature is the DMG defined
qualitatively as an expanded state of the native fold lacking both
internal hydration and close packing of side chains but retaining
the nativelike backbone structure.68 The Ialc intermediate of our
study is devoid of intrinsic water molecules and is expanded to
the extent of ∼40% relative to the native fold (Figure 5),
appearing to suggest its inclusion in the DMG class. However,
the finding of side chain NOEs in the Ialc intermediate, albeit
fewer in number, indicates the presence of tertiary contacts
(Figure 7) and hence an apparent disqualification for DMG. A
general constraint on side chain rotations and environmental
averaging as revealed by sharp resonances in the 10−20% range
of methanol (Figure 6) further argues against a comparable
picture of Ialc and DMG, because the latter is proposed to have
higher conformational entropy.68 Until additional results on the
nature of the Ialc state are available, it may simply be taken as a
general structural intermediate of alkaline cyt c without
committing it to the MG or DMG.
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