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Insights into the Stability of Native and Partially Folded States of Ubiquitin:
Effects of Cosolvents and Denaturants on the Thermodynamics of Protein Folding
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ABSTRACT: The thermodynamics of the nativéd state and native-unfolded transitions for ubiquitin

have been characterized in detail using the denaturants methanol and guanidinium chlorit#C(§5dn

both separately and in combination. GHEI destabilizes the partially folded alcohol-induced A state
such that the effects of alcoholic solvents on the nativafolded transition can be investigated directly

via a two-state model. The combined denaturing effects of methanol andHGHappear to conform to

a simple additive model. We show that ubiquitin folds and unfolds cooperatively in all cases, forming the
same “native” state; however, the thermodynamics of tlkelUN\transition change dramatically between
alcoholic and GdrHCI solutions, with folding in aqueous methanol associated with large negative enthalpy
and entropy terms at 298 K with a gradual falloffA€, at higher methanol concentrations, as previously
reported for the N>A transition (Woolfson, D. N., Cooper, A., Harding, M. M., Williams, D. H., and
Evans, P. A. (1993). Mol. Biol. 229 502-511.). Both the N>~U and the N~A transitions are enthalpy
driven to a similar extent. We conclude that under these conditions van der Waals interactions in the
packing of the nonpolar protein core, which is common to both tkelUNand the N>A transitions,

appear to drive folding in the absence of entropic effects associated with release of ordered solvent
(hydrophobic effect). Solvent transfer studies of hydrocarbons into alcoholic solvents, with and without
GdrrHCI, are consistent with a large enthalpic driving force for burial of a nonpolar surface, with a linear
dependence of protein stabilikGn--u) On cosolvent concentration reflected in a similar linear dependence

of hydrocarbon solubility. The data demonstrate that the hydrophobic effect is not a prerequisite for specific
stabilization of the native state or the A state and that van der Waals packing of the nonpolar core appears
to be the dominant factor in stabilization of the native state.

Under native folding conditions, protein stability represents unfolded state, where more amide groups are exposed. High
a small energetic difference between a large number of concentrations of denaturant are required to compete ef-
opposing factors that marginally favor the folded state over fectively with binding sites occupied by wateB, (4).
the unfolded state. The nature and magnitude of the Furthermore, urea appears to increase the solubility of
individual contributing interactions are highly dependent on hydrocarbons in water, suggesting that an alternative mech-
the solvent environment and its effects on the stability of anism may be a partial reduction in the hydrophobic
the unfolded polypeptide chain. Consequently, chemical contribution to folding. Calorimetric studies of the dissolution
denaturants and cosolvents can readily tip the balance inof cyclic dipeptides in denaturants concluded that both
favor of the unfolded state, providing valuable tools for mechanisms contributé),
probiln.g protein stabilityx, 2). Guanidinium chIoride (Gdn While alcohols (notably, TFE and methanol) have been
HCI)" is thought to bind to the polypeptide chain through widely used to enhance the intrinsic secondary structure

hydrogen bonding so as to stabilize preferentially the propensity @-helix andg-sheet) of peptides that fold only
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L Abbreviations: GdrHCI, guanidinium chloride; TFE, trifluoro- local secondary structure interactions rather than tertiary

ethanol;AGy-.u, free energy change for the transition from the native contacts in these alcohol-induced partially folded states
state (N) to the unfolded state (UxHn--u, enthalpy change for the  suggests that they may advance some insight into the

transition from the N state to the U stai®Sy-.y, entropy change for ; : ; ;
the transition from the N state to the U staté3y-.4, free energy change interactions present early on in the folding process.

for the transition from the N state to the partially unfolded A state; More recently, the effects of cosolvents on the kinetics of

AHn-a, enthalpy change for the transition from the N state to the i ; ;
partially unfolded A stateASy-a, entropy change for the transition protein folding>unfolding have been used to probe the

from the N state to the partially unfolded A stateC,, change in heat ~ Structure of fqlding transition states, partly because TFE
capacity. promotes-helical ands-sheet secondary structure formation
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{ critically dependent on the solvent-ordering effects normally
“"/'p associated with the hydrophobic effe&8J.

Vel In the current study, we have characterized in detail the
thermodynamics of the A and N<U transitions using
methanol and GaiCl separately, and in combination, to
probe the energetics of folding aflg, of 298 K. We show
that GAnHCI destabilizes the partially folded A state such
that the effects of alcoholic solvents on the-N transition
can be investigated directly via a two-state model. We show

\ that ubiquitin folds and unfolds cooperatively in all cases,
e, forming the same “native” state; however, the thermodynam-
' ics of the N=U transition changes dramatically between

0,, alcoholic and GdrHCI solutions. The thermodynamic profile

A shows that folding in aqueous methanol is associated with a
- //' large negative enthalpy and entropy of folding at 298 K and
\%}4 negligible change in heat capacith@, ~ 0) that appears
Ficure 1: (left) Structure of the N state of ubiquitin from the X-ray .to reflect the contribution f rom van der Waals interactions
coordinates (LubdB3); (right) model of the A state of ubiquitin in in the packing of the protein core in the apparent absence of

60% methanol at low pH (adapted fra#). Structures drawn with ~ the entropic advantage from the hydrophobic effect as
the program MOLMOL §7). previously noted for the N-A transition under similar

conditions 88). The enthalpically driven formation of core

i . . nonpolar interactions promotes folding, demonstrating that
but also because it weakens tertiary and quaternary interacyhe hydrophobic effect is not a prerequisite for specific
tions 21—25). The effects on the kinetics of protein folding  giapilization of the native state.
using TFE are not clear-cut; notable effects are observed in
some cases in speeding up folding rates but not in others, MATERIALS AND METHODS
casting doubts on the generality of any conclusions regarding
the usefulness of cosolvents in probing folding kinetics
because of distortions to the transition state and its position X .
along the folding pathway2@—25). Others have proposed e_md used W|thout.further punﬂcgmon. GdihCl concentra-
a correlation between the effects of TFE on folding kinetics tiONS were determined by refractive index measuremats (

and the number of local backbone hydrogen bonds formed NMR Methods.All 1D *H NMR  experiments were
in the transition state2). performed on a Bruker DRX500 spectrometer. Solvent

suppression was achieved by presaturation. Data were

"N

Materials.Bovine ubiquitin, ultrapure GdiiCl, CD;OD,
and spectroscopic grade gbH were purchased from Sigma

There is general interest in determining the mechanism
by which these various cosolvents and denaturants modulat%
secondary structure stability, on one hand, and disruption of
protein tertiary interactions, on the othe26(-28). The
relationship between stability and specificity for a particular
folded state and the nature and distribution of the stereo-
chemical code that defines a particular conformation and its
ability to cooperatively self-assembl@9) remain funda-
mental questions. A detailed description of the effects of
cosolvents on the thermodynamics of folding is a step toward
elucidating their mechanism of action and dissecting the

various energetic contributions that account for the protein solution, Samples were diluted with water or agueous
stability and the specificity of the folded state0-32). methanol to give 6uM solutions for analysis by CD.

We have investigated the stability and thermodynamics 1y icaily. 10 scans were acquired over the wavelength range
of folding of bovine ubiquitin under a variety of nonphysi- 1t 190-250 nm in 1.0 nm steps using a bandwidth of 4 nm

ological conditions. Ubiquitin is a 76 residue protein, free . 598 K The resulting data were averaged, smoothed, and
of disulfide bonds and bound cofactors, for which high- |,ocaline corrected by solvent subtraction.

resolution structures have been determined by both X-ray Thermod : :

. ynamic AnalysisA two-state model for the
and NMR @3-39). Alcoholic co_solvents (bOth TFE and ubiquitin folding transition was assumed withGy--y
methanol) have been ShOW.” to |_nduce a partially u_nfolded calculated from—RTIn Keg Where the equilibrium constant,
state at low pH (A state) in which a high proportion of Keq equalsfe/(1 — fr) and fr is the fraction folded. The
secondary structure (both native and non-native) is stabilizedter‘:’1perature dependenceBy.., enabledAHy-u, ASu-u
in the absence of significant tertiary interactio, (36, 37). andAC, to be determined at 298 K by fitting the following

Tfhe A st?jte IS represente_dhby tr;]ree Iogsely COTpledbﬁ_egment%xpression using a nonlinear least-squares analysis (Kaleida-
of secondary structure with enhanced internal mobility (see o2 p"sotware v3.0, Synergy., Inc.):

Figure 1) @7). Calorimetric analysis has shown that the
N<A state transition can occur in methanel30% v/v) in _ _ _
the absence of any significant change in heat capacity, AGy-y = [AHyey T AGKT — 298)]

suggesting that folding to the native state<tM) is not TA§-y + ACp|”(-|-/298)] 1)

rocessed on a Silicon Graphics Indy Workstation using
ruker XWINNMR software. For ubiquitin folding/unfolding
studies, protein concentrations in methanol solutions were
typically 0.25 mM, while those in GdrCl/methanol
mixtures were between 0.2 and 0.4 mM. Low concentrations
of protein were used to avoid aggregation problems in the
unfolded state.

Circular Dichroism Spectroscopircular dichroism (CD)
spectra were acquired using an Applied Photophysics pi-
star 180 system, using a 0.2 cm path length cell. Stock
solutions of protein were prepared as 1 mg in 1 mL of
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Table 1: Thermodynamics of Folding £&U) for Ubiquitin at 298 K (pH 4) in Guanidinium Hydrochloride/Methanol Mixtures

denaturant
[MeOH]2 (M) [Gdn-HCI] (M) AHn-y (kJ mol™) ASy—u (J Kt mol™) AC, (J K1 mol™?)
0 3.90 +9.8 (£1.5) 31.3&5) —5180 @-244)
2.46 (10%) 351 —21.0 ¢:3.1) —70.4 (-10) —8407 (-496)
4.92 (20%) 3.15 —77.1 &3.6) —257 12) —6597 (£504)
7.34 (30%) 2.82 —92.3 (:4.6) —312 (:16) —4368 (-650)
9.78 (40%) 2.22 —145.3 (£9.4) (—137.7) —487 +31) (—462) —2567 (£2051)
12.30 (50%) 1.75 —180.0 (£7.6) (~168.3 —604 (:26) (—565 —2489 (£2678)

a Concentrations are also given as percentage values (v/v). Numbers in bold (40 and 50% methanol) represent enthalpies and entropies determined
assuming a linear correlatiodC, = 0) betweemMAGy-.y andT (R > 0.99 in all cases) by NMR. Only the data for folding in 0, 10, 20, and 30%
methanol show significant curvature (nonzex€,; see Figure 3) and were fitted using eq 1. Uncertainties in thermodynamic parameters are
derived from fitting errors.

Table 2: Thermodynamics of the<NA Transition for Ubiquitin at of toluene was layered on top of 20 of solvent at pH
298 K in Methanol 2.0. The sample was first allowed to equilibrate to the

[MEOHJ (M) pH  Aben (RImMOFY)  ASvon (3 K- molY) required temperature<30 min), and the mixture was agitated
several times and reequilibrated for 10 min before the UV

4,92 (20%) 1.9 —37(+20) —103 (+7)

7.34(30%) 19 —246.9 (-54)(-315 —803 (+182) (~103) absorbance was measureéXGyans (free energy of transfer
9.78 (40%) 2.0 —216 (8)(—226 —720 &27) (755 from toluene into aqueous solution) was calculated according
12.30 (50%) 3.1 —242(t6)(-247.6) —809 (£26) (—826) to AGians = —RT In X1, whereXs is the mole fraction of

a Concentrations are also given as percentage values (v/v). Numberstoluene in solution. The curvature in the plot&Giansvs T
in bold represent enthalpies and entropies determined by NMR, was then fitted using an analogous expression to eq 1.
assuming a linear correlatiodC, = 0) betweemAGy-.o andT (R >
0.99 in all cases). Only the data for folding in 20% methanol show RESULTS
significant curvature (see Figure 6), and this was fitted using eq 1.

Stability of Ubiquitin in GdrHCI. Ubiquitin is a highly

Values for AGy--y were determined directly from the stable protein at neutral pH, undergoing thermal denaturation
integration of peak intensities in the NMR spectrum and are above 100°C. Denaturants such as urea and Gl
subject to relatively small uncertainties’%%). A similar depress thely significantly such that at pH 4 ubiquitin
approach was used to determine the thermodynamics of thecooperatively and reversibly unfolds withTa of ~ 298 K
N<-A transition. The resonances foretbf His68 and H in the presence o4 M GdrrHCI. The protein unfolding
and He of Tyr59 are clearly resolved for both the unfolded process can be monitored By NMR, since the N (native)
and the folded states and were used to estimate populationsand U (unfolded) states are in slow exchange over a wide
Similar populations were obtained in each case with no range of temperature84, 40). The He of His 68 (8.86 ppm
obvious distortions due to differential relaxation rates caused for the N state) splits into two signals, the relative intensities
by differences in local dynamic behavior in the folded vs Of which can be used directly to estimai&y-.y. We have
unfolded state. Errors in the thermodynamic parameters inshown previously that the temperature dependence of the
Table 1 are fitting errors. Parameters were determined from populations of the N and U states (and hed®y..y) can
a number of arbitrary starting values, and all converged to be used to estimate the enthalpy and entropy of foldd@} (
the same final values(> 0.98). Values foAC, calculated ~ Under these conditions (pH, 4 M GdrHCI), ubiquitin
for ubiquitin folding in high concentrations of methanol undergoes cold denaturation below 298 K; the highly curved
(>30% v/v) are subject to much larger errors as a conse- plot of AGyy vs T is indicative of a large change in heat
quence of intrinsically large values faHy-y. Fitting the ~ capacity ACy) on folding and a positive entropy and enthalpy
data in 40 and 50% methanol to a simple linear temperatureterm. Fitting the data to eq 1 (see NMR Methods), which
dependence gave only a marginally worse fit than allowing allows for the temperature dependence of the enthalpy and
a nonzero value foAC, (Table 1). One point or a small ~ entropy terms, shows that folding is entropy driven at 298
number of points could have a large impact on the iteratively K under these conditions (Table 1). For fitting purpoges,
determined value foAC, but only a small impact on the =~ was assumed to be independent of temperature over the
enthalpy and entropy parameters (see Tables 1 and 2).  relatively narrow range studied. Recent calorimetry studies

Solubility Studies of Toluene in Mixed Sents. The have also shown that ubiquitin undergoes cold denaturation
solubility of toluene in aqueous solutions containing various under similar conditions4({) and that the enthalpy and
concentrations of methanol and GHIC| was determined  entropy terms change sign (becoming positive) around 293
spectrophotometrically by UV absorptiogyds = 225 M1 K, in good agreement with our analysis.
cm?t or e = 173 Mt cm? following the method The linear extrapolation method was used to estimate the
previously described by Woolfson et al3g). A Cecil 8000 pH-dependent stability of ubiquitin in water alone from the
series UV spectrophotometer was used with a thermostateddenaturant-induced sigmoidal unfolding curves, which we
cell housing temperature regulated by a Grant water circulatorinterpret in terms of a two-state model. The midpoint of the
bath. Sample temperatures were measured from a referencenfolding transition occurs around 3-8 M Gdn-HCI and
cell containing the same solvent mixture. The concentration is largely independent of pH wWitAGyaer = —31(F1) kJ
of toluene in the aqueous phase was measured undemol ! at 298 K over the pH range of 2:%.0. In contrast,
conditions in which two distinct layers could be observed calorimetry results from a number of studies of ubiquitin
in the cell. Experiments used a 0.1 cm cell in which:80 (42) and the complexation of ubiquitin peptide fragments
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Ficure 2: (a) Effects of methanol concentration on the stability of
ubiquitin in 3.6 M GdnHCI at pH 4.0, estimated from the
population of the folded and unfolded states by NMR; (b)
relationship between the denaturing effects of Gl and
methanol with each data point corresponding\tBy-.y = 0.

(40), in which thermal denaturation was performed in the
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Ficure 3: Temperaturestability plots for ubiquitin in various
concentrations of methanol in the range efl2 M (0—50% v/v),
derived from NMR estimates of the population of the folded state.
Lines of best fit to eq 1 are shown, except for the data for 50%
methanol for which a linear correlation was assumed.

270

characteristics over a wide range of solvent conditions
indicating that the protein is folding to the same native state,
excluding the possibility of multiple isoenergetic states with
different secondary and tertiary folds. The relationship
between [GdrHCI] and [MeOH], corresponding tAGy--u

~ 0, is shown in Figure 2b. The temperature dependence of
the folded population was then estimated for samples
containing 10, 20, 30, 40, and 50% (v/v) methanol (in
addition to that for water alone), and the data were fitted as
described to estimat&Hy-.y, ASv--u, and AC, for folding

at 298 K (Table 1). A number of temperaturstability plots

are shown in Figure 3. Cold denaturation of ubiquitin is
evident in methanol up to 30% (v/v), with folding becoming
increasingly enthalpy driven. The curvature of the temper-
ature-stability plot also decreases, indicating a reduction in

absence of denaturants, show a marked pH dependence. ThAC, for the folding transition with the plot oAGn—y vs T
data suggest that denaturants are highly effective in screeningbecoming essentially linear for 50% v/v methanol (see Figure
surface electrostatic interactions that otherwise contribute to3).

protein stability through salt bridges. The ability of the

While the data in Figure 2 show that the change in the

guanidinium group to bind to surface-exposed carboxylate free energy of folding AGy--u) after addition of methanol
groups would appear to negate any pH-dependent effects oris modest, the change in stability underlies a very large
protein stability associated with changes in ionization states change in compensating enthalpy and entropy terms for

of specific residues.
Effects of Methanol on thesXU Transition.We have used

folding. AHy—y in water alone has been shown to be
endothermic 9.8 kJ mot™?); however, in 50% methanol,

the NMR approach to determine the thermodynamics of folding is strongly enthalpy driven withHy-.y = —180 kJ

folding under a variety of conditions. The effect of methanol
on the stability of ubiquitin has been investigated by making
small additions of the cosolvent to a 3.6 M GHICI solution

of the protein at 298 K. The change in the population of the
folded and unfolded states was monitored from the NMR
signals of His 68; the correlation betweAGy--y Vs [CHs-
OH] is illustrated in Figure 2a. The added cosolvent
destabilized ubiquitin by=~8 kJ mol?* over the range of
0—30% v/v (0—7 M). In separate experiments, we estimated
the enthalpy and entropy of folding of ubiquitin at a number
of different methanol concentrations over a similar range (0
50% v/v). In each case, GadCl was added stepwise to the
protein at pH 4 and 298 K in the presence of a fixed

mol™%, increasing linearly over this concentration range
(Figure 4). The change in entropy on folding compensates
strongly to ensure thaAGy-.y remains a small difference
between two large opposing terms. By adjusting Theor

the unfolding transition to lie close to 298 K, we are able to
determine the thermodynamics of folding at this temperature
without introducing large extrapolation errors.

NMR analysis of chemical shifts and CD studies of the
unfolding transition confirmed that we are observing the
N<-U process in the presence of GHICl and methanol
rather than the R-A transition previously described in
methanol alone38). This is particularly evident from the
CD data where the A state is characterized by a strong

concentration of methanol until the midpoint of the folding a-helical signal, corresponding to induced non-native struc-
transition was reached, where only two species were evidentture in the C-terminal half of the partially folded state (Figure
in solution AGn-y = 0 at 298 K; N and U states equally 5a). At pH 2, the native state of ubiquitin is stable up to
populated). The folded state showed exactly the same NMR40% methanol, above which a transition is observed to the
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Ficure 5: (a) CD spectra of ubiquitin collected at 290 K and pH
2.0 at various concentrations of methanol (0, 10, 20, 30, 40, 50,
60, and 100% in order of increasing ellipticity at 222 nm) illustrating
the N<A transition above 50% v/v cosolvent as evident from the
large increase in ellipticity at 208 and 222 nm; (b) CD spectra of
ubiquitin in various compensating ratios of GH€l and methanol

for which AGn-y = 0 (N and U states equally populated). Spectra
correspond to each of the data points shown in Figure 2a up to a
[MeOH] of 12.35 M (50% v/v). All protein concentrations are 6
4M; mean residue ellipticity in deg chdm™1 x 1073,

partially folded state. Significantly, the-helical content of
the polypeptide chain continues to increase up=ttD0%
methanol, suggesting that the A state is not a discrete
thermodynamic entity but that its secondary structure content
continues to be enhanced by the effects of cosolvent. In
Figure 5b, the CD spectra illustrate the combined denaturing
effects of both methanol and Gd#Cl on ubiquitin. The
experimental conditions were chosen using different ratios

Biochemistry, Vol. 40, No. 34, 200110321

of the two denaturants to ensure that the N and U states in
all cases are equally populated, analogous to the data shown
in Figure 2b determined by NMR. The CD spectra are very
similar over the range of-650% methanol; the absence of

a strong absorbance at 222 nm demonstrates that in the
presence of GAiCl as the co-denaturant the A state is
destabilized even in the presence of high concentrations of
methanol and that only the N and U states are present in
equilibrium.

Additive Effects of GdfHCI and Methanol on Ubiquitin
Stability. We have shown that GeHCI and methanol
destabilize the folded state. While methanol alone at low
pH has been shown to cause the N state to partially unfold
in favor of the A state, there is no evidence for A state
formation in the presence of Gd#Cl, enabling us to
characterize the effects of cosolvent on the-M reaction.

The question remains whether these two denaturants work
in an independent additive sense or whether the effects of
one are modulated by the other. Starting with the assumption
of a simple additive model, then by analogy with the linear
extrapolation approach

AGy.y= AG, 1er— M[GAN-HCI] — m'[MeOH] (2)
wherem and m' are the linear dependences of the free
energy change on [GeHCI] and [MeOH)], respectively. If
[Gdn-HCI] and [MeOH] are balanced over a range of
compensating concentrations for whigiy—-y = 0 at 298
K, then eq 1 simplifies to

M [Gdn-HCI] = —m'[MeOH] + AG, 4t 3)
with further rearrangement leading to
[Gdn-HCI] = —(m"'/mM)[MeOH] + AG,,,./M (4)

The simple additive model, represented by eq 4, predicts that
the concentration of the denaturants should be linearly
correlated with a slope ofi’/m' and an intercept AAGyate/
m'. This is observed experimentally, as shown in Figure 2b,
under conditions wherAGy--y ~ 0. From these data, we
estimate tham' = —7727 J moft M~ andm’’ = —1390 J
mol~* M1, taking AGuyater at pH 4.0= —31 kJ mot?, as
previously described4().

Using the linear extrapolation method for ubiquitin
denaturation in the presence of GHEI alone, we can
estimatem’ directly from eq 5:

AGy-.y = AG, e, — M[GdNHCI]

(®)

This givesm' = —7960 J mol! M1, in agreement with the
results of others4l, 43). Thus, independent estimatesngf
(the concentration-dependent effect of @€l on protein
stability) in the presence and absence of MeOH give similar
values. Conversely, from the data in Figure 2, whe@-.y

is plotted against [MeOH] at a fixed concentration of Gdn
HCI (3.6 M), we estimate a value fon'' of —1137 J mot*
M™%, in good agreement with the value above. The data
suggest that the effects of the two denaturants can be
approximated by a simple additive model and that the
cosolvent does not significantly perturb the effects of Gdn
HCI as a denaturant. The relatinevalues, however, show
that GdnHCI is significantly more potent as a denaturant
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populations using eq 1 (see Table 2). For theAltransition,
it was more difficult to adjust both pH and methanol
concentration to bring the midpoint of the folding transition
down to ~298 K, particularly at low concentrations of
cosolvent. The A state could not be populated below 20%
methanol. The data in Figure 6b show that the>Al
transition has a marked temperature dependence in aqueous
methanol. WhileAGy--a vs T shows significant curvature
in 20% methanol, the plots become essentially linear in 30
50% methanol, indicating th&C, is significantly diminished
under these conditions, in agreement with the conclusions
of Woolfson et al. 88). Fits to the latter data, assuming a
simple linear temperature dependenc@Giy- (AC, = 0),
gave very similar estimates for the enthalpies and entropies
for the N—A transition (see Table 2). Determination of
(a) AHn-a shows that the transition is associated with a large
enthalpy change in forming the native state wktHn<a =
: —216 kJ mot?! with a Ty, of 300 K at pH 2.0 in 40%
ppm methanol. This is consistent with earlier calorimetry data that
also indicate thatAC, ~ 0 in 40% methanol, with an
n estimated enthalpy of folding 6f198-30) kJ mof? (38),
61 showing the close agreement between calorimetric and van't
B Hoff enthalpies 44). Notably, AHy-.4 appears to vary little
¢ between 30 and 50% methanol, while in contrAsiy-.y
appears to vary linearly with methanol concentration.
e Insights from Hydrocarbon Solubility StudieStudies of
! the solubility of model compounds have been used widely
to dissect the thermodynamic contributions to protein folding
and unfolding §, 45—47). The effects of methanol on the
solvent-ordering contribution to the hydrophobic effect have
been examined by Woolfson et aBg) from temperature-
dependent studies of the solubilty of toluene. A distinctly
285 200 295 300 305 310 315 320 curved plot of the free energy of transfer to water, indicating
TK) a positive AC,, together with a large unfavorable entropy
FiGURE6: (top)™H NMR spectra (500 MHz) of the NA transition term are consistent with t'he' solven_t-ordering eﬁect§ associ
in 40% methanol at pH 2.0; (a) N state at 288 K; (b) N and A state ated with the hydrophobic interaction. In contrast, in 40%
equally populated at 300 K; and (c) A state fully populated at 318 methanol/60% water, the plot is essentially linear, demon-
E- (gott:grf:js)it;gin;?%f;tigzzsgﬂngngggiz %ﬁgg{\h\g (-)r|)(f20(§ tgg 20 strating a significant diminution of this effect. The data also
- e ; T 2% 7Y show that the free energy of transfer is less unfavorable than
and 50% viv). Lines of best-fit to eq 1 are shown. in water &5 kJ mol?* at 298 K) but that the transfer is now
than methanol. In other casas,values for GdrHCI and enthalpically unfavorable with a much smaller entropic term,
TFE correspond quite closely, though perhaps coincidentally. further demonstrating the reduction in the unfavorable
This is not the case for hen lysozyme, whenevalues are  solvent-ordering effects. It is particularly notable that the
also found to be different for different alcohol22j. The transfer of toluene to 40% methanol is largely an enthalpi-
potencies of different alcohols as denaturants are alsocally unfavorable process. Nonlinear regression analysis to
reflected in their different potencies in inducing secondary the plot ofAGuansVvS T for the previous data of Woolfson et
structure with the hydrocarbon component playing a key role al. (38) and from our own solubility studies gives an estimate
(27). The slope of the solvent-induced stability curve for the of AHyansin the range of+22 to+30 kJ mot? as compared
helical peptide U(2435) from ubiquitin in the presence of  with +3.2 to+12 kJ mof* for toluene to water. Conversely,
TFE and MeOH shows that the two solvents have different considering the analogous transfer of hydrocarbon from
helix-inducing potencies with TFE much more effective (data agueous methanol solvent into a hydrophobic close-packed
not shown). environment suggests a large enthalpic driving force, which
Thermodynamics of the <A Transition. At low pH, is entirely consistent with our measurements on the folding
addition of methanol results in the partial unfolding of of ubiquitin under these conditions. The linear dependence
ubiquitin to the A state, which is readily monitored by NMR  of protein stability on [MeOH] (Figure 2a) is also mirrored
through the appearance of a new set of resonances slightlyby the linear dependence AiGyans for toluene vs [MeOH]
displaced from those of the N state (Figure 6a). This is most (Figure 7), suggesting that methanol perturbs protein stability
clearly evident for H of His 68 at 8.8 ppm. The coexistence by increasing the solubility of nonpolar side chains in the
of two sets of signals shows the two conformations to be in unfolded state by reducing the unfavorable solvent-ordering
slow exchange, which enabled the thermodynamics of the effects associated with the hydrophobic effect.
N<A state transition AHn—a, ASy—a, and ACp) to be We have extended the toluene solubility studies to probe
determined from the temperature dependence of the relativethe effects of GdrHCI on the thermodynamics of folding.

Y59

H68

T T T T T T T T T T T T T
92 90 88 86 84 82 80 78 76 74 72 70 68

(kJ mol™)

N-A

AG
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can also assemble in a cooperative fashion to a native
L structure without any significant hydrophobic contribution.
The ability of GdnRHCI to destabilize the A state under these
conditions, together with the solvent transfer studies with
toluene, strongly suggests that its mode of action as a
denaturant hinges primarily on its competitive role in
hydrogen bonding to exposed amide groups and stabilizing
the unfolded statedq, 49, 50), rather than on solubilizing
hydrocarbon side chains. Studies on the solubility of cyclic
dipeptides in urea solutions indicate a favorable enthalpy term
associated with urea interactions with polar grolf)sThese
data seem to be in accord with the observation that the
unfolding enthalpy change for ubiquitin is lower in the
presence of GdiCl than in its absence, indicating enthal-
Ficure 7: Plot of the free energy of transfer from liquid toluene  pically favorable interactions between the denaturant and the

into aqueous methanol solutioAGyangd at pH 2.0 as a function of . . .
cosolvent concentration at 298 K. The mole fraction of toluene in unfolded state 41). The magnitude of the difference is,

solution was determined by UV spectrophotometric analysis at 268 NOWever, subject to some uncertainty due to extrapolation
nm. errors from unfolding data at high temperatures.

We have shown that ubiquitin folds cooperatively to the
native state under conditions in which the solvent-ordering
effects of the hydrophobic interactions are significantly
diminished. Despite the fact that conditions can be engineered
. I such thatAGn-y > 0, the cooperative integrity of the folded
effect of the latter in destabilizing the N and A states of giate is preserved in this cocktail of denaturants. By NMR,
ubiquitin lies largely in its hydrogen bonding capacity rather ye see only two clearly resolved states in slow exchange.
than on its f_:lbility to s_olv_a_te _hydrocarbon. Calorimetry studies \while burial of core hydrophobic residues and subsequent
on the folding of ubiquitin in the presence and absence of yg|ease of ordered water from nonpolar surfaces is recognized
GdnrHCI suggest that differences in the enthalpy of folding 5 contribute to protein stability in water, this contribution
under these different conditions reflect a favorable enthalpic §oes not appear to be crucial to the integrity and specificity

134

124 ®

(kJ mol™)

trans.

AG
[}

[MeOH] (M)

The solubility of toluene is little affected by the presence of
4 M GdrrHCI in water (unpublished data). Although urea
appears to increase the solubility of hydrocarbg)nwe find

no evidence for this with GARICI and conclude that the

component associated with GE&{Cl interactions with the
unfolded state41).

of the folded state under these conditions despite the
suggestion that folding might be highly noncooperative under

Furthermore, we examined the solubility of toluene in 40% the dual influence of these two denaturargg)(

methanol in the presencé 4 M Gdn-HCI and found that
AGyansis practically identical to that for transfer into 40%

Thermodynamics of Folding of Modg-Hairpin and
o-Helical PeptidesWhile methanol has a significant desta-

aqueous methanol in the absence of GtDl. As concluded  jjizing effect on the tertiary structure of native proteins,

from the above studies with ubiquitin, the effects of the tWo he effect on peptides representing isolated elements of
denaturgnts appear to act _|r_1dependently and in an ao_ld't'Vesecondary structure is to promote folding. In recent work,
sense with GaHCI, not significantly affecting the properties ;e pave investigated the stability and thermodynamics of

of methanol. B-hairpin formation in a unique system that also shows cold
denaturation in water with a maximum stability around 298
DISCUSSION K (51, 52). The pronounced curvature of the stabiity
Partial Unfolding of Ubiquitin in the Presence of Alcohol temperature plot in water is reminiscent of that observed for
Cosobents.Previously, ubiquitin has been shown to undergo ubiquitin unfolding in GdrHCI, as shown in Figure 3. Again,
an alcohol-induced transition to a partially folded state (A we observe this plot to become more linear at higher
state) 48). This structure is characterized by nativelike concentrations of methanol, indicative of strongly enthalpy
o-helical ands-sheet secondary structures in the N-terminal driveng-hairpin folding.AHnairpin @NdAShairpin are determined
half of the sequence and non-natiwehelical structures in  to be close to zero in water alone, with an associated negative
the C-terminal portion of the sequence; the latter adopts AC, for folding. From these data, we concluded that the
largely 5-sheet structure in the native protein (Figure 1). stability of the folded state in water is largely a consequence
Detailed NMR structural and dynamic characterization of of hydrophobic interactions between side chains, for which
the A state by a number of groups has shown that thesethere is good support from the abundance of side chain
stabilized elements of secondary structure are at best looselynuclear Overhauser effects (NOESs). In 50% methanol, the
associated, with loss of the majority of nativelike core thermodynamic profile changes completely to become strongly
hydrophobic interactions2(, 36—38). Earlier results have  enthalpy driven %1). Here, cosolvent promotes folding, as
shown that the thermodynamics of the>) state transition ~ with a-helical peptides, despite the greater solubility of
are associated with no significant change in heat capacity atnonpolar side chains in the mixed solvent (loss of hydro-
[MeOH] > 30% v/v, suggesting that folding can occur under phobic effect). By analogy with the data presented here for
these conditions in the absence of any significant solvent ubiquitin, we see thahC;, for hairpin folding falls essentially
order effect usually associated with the hydrophobic interac- to zero under these conditionslj and again conclude that
tion (38). Using GdnHCI to destabilize the A state such that the stabilizing contribution from hydrophobic interactions
the N<U transition can be observed in the presence of is significantly diminished. Despite the apparent change in
methanol, we have demonstrated that the fully unfolded statethe origin of the interactions stabilizing thg-hairpin
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conformation (as reflected in the change in the thermody- nonpolar side chains dominates the effects on protein
namic signature for folding), good side chain packing stability.

interactions are again evident from the abundance of inter- Energetics of the U vs N—A Transitions of Ubiquitin.
strand NOEs. The failure of the solvent to significantly On the basis of the thermodynamic data for the-® vs
perturb the pattern of side chain interactions observed in N<A transitions, we have attempted to draw some conclu-
nuclear Overhauser effect spectroscopy (NOESY) spectra hasions regarding the contribution of the various interaction
previously been used as evidence that the effects of cosol-terms in the presence and absence of methanol. On the basis
vents on stability are manifested through nonspecific effects of the model of the A state described by Brutscher et al.
that destabilize the polypeptide backbone in the unfolded (37) (see Figure 1), we conclude that the number of hydrogen
state rather than through explicit solvessplute interactions ~ bonding interactions in the N state and the A state is very
(8). Thus, in the different solvent milieu, the specificity of ~similar (ANwgN~* ~ 0). The secondary structure composition
the folded state of thg-hairpin, namely, the register of in the N-terminal portion of the sequence is nativelike in
interstrand interactions and location and geometry of the the A state, but the C-terminal portion of the sequence has
S-turn, remains unaltered. This observation appears to furthersolvent-induced non-native helical structure, as compared
demonstrate that stereochemical factors (theand v with mainly 5-sheet composition in the native structure. To
propensity of8-strand angB-turn residues and steric comple- @ first approximation, the major structural differences
mentarity of side Chains) code for the conformational between the N state and the A state relate to the absence in
Specificity, which is not Strong|y Coup|ed to the Stabmty of the latter of a paCked nOﬂpOlar core. ltis interesting that the
the folded state29). N<A and N—U transitions, both of which involve formation

of the protein core, are associated with a similar large
enthalpy change in high concentrations of methanol. As far
as the contribution of hydrogen bonding is concerned, the
fact that ANygN™ ~ 0 but ANggN"Y > 0 seems to have
only a minor effect on the enthalpy of formation of the native
state under these conditions, suggesting that hydrogen

. . bonding interactions have a relatively small net enthalpic
acids to model solvation effects on hydrogen bond streng'fhscontribution to the N~U transition in the presence of the

shows the latter to mirror cosolvent effects on peptide helical cosolvent and GACl. We conclude that the origin of the

propensities, with both phenomena reaching a plate_au abovefarge enthalpic driving force for both the<NA and the N~U
25% TFE. These data have been suggested to provide strong.onjtions in high concentrations of cosolvents arise from

evidence that an increase in hydrogen bond strength account§,q same source, van der Waals packing of nonpolar residues
for the increase in helical propensity in TEE. The folding in the protein core. The sign and magnitude of transfer
of f-hairpin peptides reaches a similar plateau in T68(  gnihalpies for toluene into aqueous methanol solutions are
hc_)wever, the eff(_acts of methanol appear to operate over aj, agreement with this conclusion (see above and3&f
wider concentration rang&{, 52). Indeed, the folding of 1,5 use of cosolvents to examine the thermodynamics of
thea-helical peptide from ubiquitin (residues285) appears  fq|ding has enabled us to strip away the entropic contribution
to be less cooperative in methanol than TFE, requiring a from the hydrophobic effect and examine the folding
higher concentration of methanol to reach the same folded+ransition under conditions in which van der Waals packing
state, as judged by ellipticity changes at 222 nm (data not gppears to dominate the free energy of the folding process.
shown). Hirato et al.7) reach a similar conclusion in a  Thys, formation of core nonpolar interactions provides a
comprehensive study of effects of alcohols on peptide syfficient driving force for folding, and the entropic benefit
helicity. The data suggest that, in the presence of cosolvents gssociated with solvent release (hydrophobic interactions)
hydrogen bonds in modet-helices angs-hairpins approach  does not appear to be a prerequisite for folding.

nativelike Strengths, the energetic benefit of which more than In Support of these Conc|usion5, recent studies of the
offsets any loss of the contribution from the hydrophobic thermodynamics of protein folding in the RNase S protein
effect and van der Waals interactions that are simultaneouslypeptide complex have considered mutations that locally
incurred by the change in solvent composition. In contrast, disrupt packing interactions in the folded state and have
as described above, cosolvent appears to destabilize nativeoncluded that van der Waals interactions, rather than
states of proteins because hydrogen bond strengths in thenydration (hydrophobic) effects, are largely responsible for
folded state (which are already close to optimum) are not the change in stability of the mutants in water. For example,
sufficiently enhanced to offset the large loss of free energy mutation of Phe8 to smaller residues results in a large
contributed by the hydrophobic effect and van der Waals enthalpic destabilization and entropic changes opposite to
interactions from burial of nonpolar residues. It has been those expected from the hydrophobic effeg%)( A variety
noted that, while the effect of TFE on helix stability reaches of thermodynamic data on the solubility of model compounds
a plateau above 25%, thg, of proteins shows a linear has also concluded that the dominant contribution of nonpolar
depression as a function of alcohol contebd)( We have side chains to protein stability is van der Waals packing
similarly noted here that bothGy-.y andAHy-y vs [MeOH] interactions rather than hydration effeck %6).

for ubiquitin folding also show linear correlations with the In conclusion, we have shown that although the confor-
enthalpy term becoming increasingly negative. This cor- mational equilibrium between folded and unfolded states of
relates well with the linear dependence of the solubility of ubiquitin is readily perturbed by the solvent environment,
toluene AGyangd ON cosolvent concentration described above, resulting in a change in the thermodynamic signature for
suggesting that the solvent effects on the solubility of folding, the source of conformational specificity is clearly

By analogy, studies ofi-helical peptides suggest that
cosolvents are most effective in inducing secondary structure
in the context of a preexisting hetixcoil equilibrium, where
the cosolvent cooperatively stabilizes the helix by increasing
thea-helical propensity of each residue rather than affecting
helix nucleation 9, 10). Using K, values for hydroxybenzoic
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robust and widely distributed within the primary sequence
(29), allowing the protein to fold in a highly cooperative
manner, even when a major source of stability driving the
folding transition has been largely negated.
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