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Abstract: Among various alcohols, those substituted with fluorine, such as 2,2,2-trifluoroethanol (TFE) or
3,3,3,3′,3′,3′-hexafluoro-2-propanol (HFIP), have a marked potential to induce the formation ofR-helical
structures in peptides and to denature the native structures of proteins. However, the mechanism by which
these alcohols exert their effects is unknown. Melittin, a bee venom peptide, is unfolded in the absence of
alcohol, but is transformed to anR-helical structure upon addition of alcohols. On the other hand, addition of
alcohols toâ-lactoglobulin, a predominantlyâ-sheet protein, denatures the molecule and transforms it to an
R-helical structure. We examined the role of several factors in these alcohol-induced transitions, i.e., relative
dielectric constant, strength of hydrogen bond estimated by the pH titration of salicylic acid, and clustering of
alcohol molecules measured by solution X-ray scattering. Although relative dielectric constant and hydrogen
bond strength were confirmed to be important, they did not explain the marked effects of TFE and HFIP.
X-ray scattering detected clusters of TFE or HFIP molecules in alcohol/water mixtures with a maximum at
around 30% (v/v) of each alcohol. When the conformational transitions induced by TFE and HFIP were plotted
against the extent of cluster formation by the corresponding alcohol/water mixtures, the TFE and HFIP-induced
transition curves agreed with each other for both melittin andâ-lactoglobulin. This suggests that clustering of
alcohol molecules is an important factor that enhances the effects of alcohols on proteins and peptides.

Introduction

The effects of alcohols on proteins and peptides have been
studied extensively over the last few decades.1 2,2,2-Trifluo-
roethanol (TFE)2 has often been used for such studies because
of its marked ability to induce helical structures in peptides and
to denature the native structures of proteins.3 Recently,
3,3,3,3′,3′,3′-hexafluoro-2-propanol (HFIP) has become widely
employed as an alcohol with a much stronger effect than TFE.4-7

However, it is still unclear why, among the various alcohols,
TFE and HFIP are so effective.

The effects of alcohols on proteins are considered to arise
from the low polarity of the solvent.8-11 This low polarity
weakens the hydrophobic interactions that stabilize the compact
native structure of proteins, but simultaneously strengthens
electrostatic interactions such as hydrogen bonds, thus stabilizing
secondary structures, particularly theR-helix. Uversky et al.12

showed that there is a high correlation between the extent of
conformational transition ofâ-lactoglobulin and the relative
dielectric constant (εr) of several organic solvents such as
methanol, ethanol, 2-propanol, and dimethylformamide.

Alternatively, the effects of low polarity can be interpreted
in terms of the transfer free energy (∆Gt) of protein groups from
water to alcohol solvent.11 The water to alcohol∆Gt values of
hydrophobic groups are negative, and those of polar groups such
as amide groups are positive. Therefore, in alcohol solvents,
hydrophobic groups tend to be exposed while polar amide
groups tend to be buried, resulting in the formation of an “open
helix” or “open helical coil”, i.e., solvent-exposed helical
structures.10,11,13Liu and Bolen11 indicated that the sum of∆Gt

for each group can explain the alcohol-induced denaturation and
consequentR-helix formation of proteins.

On the other hand, Luo and Baldwin14 analyzed helix
formation of the alanine-based short peptides in TFE/water
mixtures on the basis of the Lifson-Loig helix-coil transition
theory.15 They also measured the change in strength of hydrogen
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bonds in a model compound, salicylic acid, in TFE/water
mixtures. They showed that the curve of hydrogen bond strength
versus increasing TFE concentration matches, both in shape and
magnitude, the increase in average helix propensity in TFE/
water mixtures, and therefore proposed that hydrogen bond
strengthening is responsible for the effects of TFE on helix
formation by short peptides.

More recently, the effects of TFE on the kinetics of protein
folding have been analyzed extensively.16-18 TFE at low
concentrations often accelerate the folding rate. Because TFE
has a tendency to stabilize the helical conformation, TFE effects
on the folding kinetics may be related to the specific structures
of the transition and intermediate states which are stabilized in
the presence of TFE.18 Alternatively, the kinetic effects can be
interpreted in a nonspecific manner on the basis of the
thermodynamic effects of TFE.17,19 TFE destabilizes the ex-
tended unfolded state with exposed amide groups, but not the
compact transition or native states. Under this situation, only
the folding rate would be accelerated in TFE.

We13 first used TFE for demonstrating the intrinsic high
helical potential of bovineâ-lactoglobulin, a major component
of cow’s milk with a molecular mass of 18400 (162 amino acid
residues). It is a predominantlyâ-sheet protein consisting of a
â-barrel of eight antiparallelâ-strands shaped into a flattened
cone and one majorR-helix.20,21 We showed that addition of
TFE to â-lactoglobulin cooperatively transforms the native
â-sheet structure to anR-helical structure.13,22 The helical
propensity in the presence of TFE is much higher than those of
otherâ-sheet proteins. This suggests that, althoughâ-lactoglo-
bulin is aâ-sheet protein, the local interactions determined by
the residues located close to each other in the sequence favor
the R-helical structure. The high helical preferences exhibited
by the secondary structure predictions are consistent with this
view.23 The transient accumulation of the helical intermediate
during the kinetic refolding ofâ-lactoglobulin suggests that the
high helical preference has kinetic significance, controlling the
folding mechanism of this protein.24

In a series of studies onâ-lactoglobulin with TFE, we have
been interested in understanding the mechanism of why, among
various alcohols, TFE exerts such marked effects on protein
structure. Alcohol-induced denaturation of the native state
involves two steps: denaturation of the native structure and
induction of a helical structure. As a reaction model of the
induction of helical structure, Hirota et al.5-7 examined an

alcohol-induced helix formation of melittin, a 26-residue am-
phiphilic peptide from honeybee venom.25 They compared the
effects of various alcohols in inducing the helical structure in
melittin and found that variation in these effects can be explained
by the additive contribution of each constituent group of the
alcohol.6 The hydrocarbon (CH) group and any halogen sub-
stituents make a positive contribution, whereas the hydroxyl
(OH) group contributes negatively to the effect. The effective-
ness of various alcohols was quantified in terms of the helix
propagation parameter based on the modified Lifson-Roig
theory15 or them value of the two-state transition mechanism.
Both of these values for various alcohols can be predicted by
equations in which the additive contribution of each constituent
group is assumed to be proportional to its solvent-accessible
surface area. Our interpretation of these alcohol effects is
consistent with a view that considers the importance of solvent
polarity, since this is related to the structure of alcohol
molecules. Nevertheless, the potency of TFE or HFIP to
transform the structure of proteins is much higher than predicted,
suggesting that other unknown factors play an important role
in the effects of these fluorine-substituted alcohols.

In the present study, to clarify the factor largely responsible
for the effects of TFE or HFIP, we examined the correlation of
the alcohol-induced conformational transitions of melittin and
â-lactoglobulin withεr, hydrogen bond strength, and alcohol
clustering using alcohol/water mixtures. The results indicated
that alcohol cluster formation plays a critical role in altering
the structure of proteins and peptides.

Experimental Section

Materials. Bovine â-lactoglobulin, isomer A, and melittin were
obtained from Sigma, and melittin was further purified by reverse-
phase HPLC.6 Methanol, ethanol, TFE, HFIP, salicylic acid (o-
hydroxybenzoic acid), andp-hydroxybenzoic acid were purchased from
Nacalai Tesque at the highest purity available.

Relative Dielectric Constant. The εr values of alcohol/water
mixtures were measured with a HP41491A impedance probe combined
with a HP4149A impedance/gain-phase analyzer (Hewlett-Packard).
The cell constant was about 2.5 pF and the electrode probe was of the
throw-in type. The cell constant was determined accurately using several
standard liquids. The temperature of the samples was kept at 20°C by
a circulating thermobath.

Determination of pKa. The hydrogen bond strength in alcohol/water
mixtures was estimated by pKa measurement ofo-hydroxy- and
p-hydroxybenzoic acids.14 The difference (∆pKa) between pKa values
for the COOH group ino-hydroxy- andp-hydroxybenzoic acids at an
identical alcohol concentration provides a measure of the hydrogen bond
strength formed ino-hydroxybenzoic acid. In this study, the effect of
various alcohols on the hydrogen bond strength was evaluated in terms
of ∆∆pKa ()∆pKa

al - ∆pKa
0). Here,∆pKa

al and∆pKa
0 are the values

of ∆pKa with and without alcohol, respectively. The pKa values were
determined by fitting the pH titration curves ofo-hydroxy- and
p-hydroxybenzoic acids in 100 mM NaCl in alcohol/water mixtures to
the theoretical curves. The UV difference spectra ofo-hydroxybenzoic
andp-hydroxybenzoic acids in alcohol solutions were measured at 241
and 261 nm, respectively, with a U-3000 spectrophotometer (Hitachi).
The pH measurements were made on a PHM83 pH meter (Radiometer).
The pH meter and electrode were calibrated using standard pH buffers
at three points: 2.00, 4.01, and 7.00, at 25°C. The pH electrode was
inserted into a test tube containing the sample solution, and the tube
was placed in a thermostated water bath. The temperature was
maintained at 25°C. After adding concentrated HCl or NaOH solution,
the sample was shaken until the pH value became stable, and the
absorbance of the sample withdrawn was measured. The pKa values
were estimated by curve-fitting analysis using a nonlinear least-squares
procedure employing the IGOR Pro data analysis program (Wave-
Metrics)
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Solution X-ray scattering. Solution X-ray scattering data were
collected on the solution scattering station (SAXES camera) installed
at BL-10C, the Photon Factory, Tsukuba, Japan.26 The experiments
were performed under an approval of the program advisory committee
(proposal No. 97G128). The sample-to-detector distance was about 90
cm. The instrument was calibrated using meridional diffraction of dried
rabbit collagen. The sample cell was 50µL in volume with a 15-µm-
thick mica window, and a 1-mm path length. The thermostatically
controlled cell holder was connected to a RTE-110 (Neslab) refrigerated
bath circulator, and the temperature was maintained at 20°C. The
apparentRg of HFIP clusters was estimated by the Guinier approxima-
tion, I(Q) ) I(0) exp(-Rg

2Q2/3), whereQ andI(0) are the momentum
transfer and intensity at the zero scattering angle, respectively.27 Q is
defined asQ ) 4π sin θ/λ, where 2θ andλ are the X-ray scattering
angle and wavelength (1.488 Å), respectively.

CD Measurements.CD measurements were done with a Jasco
spectropolarimeter, Model J-720, at 20°C with a 1-mm cell as described
before,5,6 and the results were expressed as the mean residue ellipticity.
The spectra ofâ-lactoglobulin and melittin at a concentration of 0.1
mg/mL in 10 mM Na phosphate buffer (pH 6.0) at various concentra-
tions of SDS were measured.

Results

Alcohol-Induced Transitions. Figures 1a and 1b show the
alcohol-induced conformational transitions ofâ-lactoglobulin
and melittin, respectively, at pH 2.0 measured by the ellipticity
at 222 nm, taken from Hirota et al.5,6 The native structure of
â-lactoglobulin is stable as a monomer even at pH 2.21 Upon
addition of alcohols, cooperative transition to a highlyR-helical
conformation with a helical content of about 90% occurs.
However, the effectiveness of alcohols varies markedly: the
order among the four alcohols is HFIP> TFE > ethanol>
methanol. Although the transitions are cooperative, the presence
of an intermediate has been suggested.12,21In contrast, alcohols
induce the folding transition of initially unfolded melittin at pH
2.0 to anR-helical conformation with a helical content of about
60% (Figure 1b). The effectiveness of the alcohols again varies
substantially and the order is the same as that for the native
â-lactoglobulin.

Relative Dielectric Constant.Theεr values of alcohol/water
mixtures were measured for ethanol, TFE, and HFIP (Table 1,
Figure 2a). For comparison the reported values6,28 for methanol
and ethanol were also indicated. The dependencies on alcohol
concentration for ethanol, and theεr values for pure TFE and
HFIP, were consistent with those reported. Theεr value
decreased linearly with increasing alcohol concentration, and
the extent of the decrease at the same alcohol concentration
(v/v) followed the order methanol< ethanol) TFE < HFIP.
It was noted that theεr values at the same concentration were
similar between ethanol and TFE.

The conformational transitions ofâ-lactoglobulin and melittin
induced by the four alcohols were plotted against theεr values
of the respective alcohol/water mixtures (Figures 2b and 2c). If
εr is a critical scale for the conformational transition of
â-lactoglobulin and melittin, we would expect agreement of the
curves for the transition induced by various alcohols. However,
as can be seen, there was significant disagreement between the
transition curves. For bothâ-lactoglobulin and melittin, the
transition curves for methanol and ethanol were close to each
other. On the other hand, the transition curves for HFIP and
TFE were relatively similar and more cooperative than those

of methanol and ethanol. Uversky et al.12 reported that the
transition curves forâ-lactoglobulin induced by methanol,
ethanol, 2-propanol, and dimethylformamide agreed very well

(26) Ueki, T.; Hiragi, Y.; Kataoka, M.; Inoko, Y.; Amemiya, Y.; Izumi,
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Figure 1. Alcohol-induced conformational transition of bovineâ-lac-
toglobulin A (a) and melittin (b) measured by the ellipticity at 222
nm. Methanol (O), ethanol (4), TFE (]), and HFIP (b). The data are
taken from Hirota et al.5,6 with permission.

Table 1. Relative Dielectric Constant Values for HFIP, TFE,
Ethanol, and Methanol at Various Concentrations at 20°Ca

alcohol % (v/v) HFIP TFE ethanol methanol

0 80.1 80.1 80.1(80.4) 80.4
1 78.3( 0.2
2 77.0( 0.4
2.5 78.8( 0.2
3 76.7( 0.2
4 76.0( 0.2
5 75.6( 0.5 78.0( 0.1 78.9( 0.2 (78.1) 78.3

10 71.3( 0.2 75.5( 0.3 77.0( 0.4 (75.6) 76.5
15 68.1( 0.3 72.7( 0.2 74.7( 0.3 (73.3) 74.9
20 65.6( 0.2 70.5( 0.2 71.0( 0.4 (70.8) 73.4
25 63.1( 0.2 67.9( 0.2 68.2( 0.3 (68.2) 71.6
30 60.2( 0.2 64.8( 0.3 65.3( 0.2 (65.4) 68.8
35 56.9( 0.3 61.5( 0.2 62.1( 0.2 (62.7) 66.2
40 53.4( 0.2 57.5( 0.1 58.9( 0.6 (59.8) 63.8
45 51.3( 0.2 55.4( 0.2 55.0( 0.2 (56.9) 61.6
50 49.0( 0.3 53.0( 0.4 52.4( 0.5 (53.9) 59.2
60 43.2( 0.5 46.7( 0.3 45.1( 0.2 (47.9) 54.4
70 37.4( 0.2 41.5( 0.2 38.9( 0.5 (41.9) 49.1
80 30.3( 0.3 35.3( 0.3 35.0( 0.4 (35.9) 43.5
90 24.3( 0.4 31.5( 0.2 29.9( 0.3 (30.1) 37.9

100 17.8( 0.1 27.1( 0.1 25.8( 0.1 (25.0) 32.4

a The values for ethanol in parentheses and those for methanol are
estimated on the basis of the values reported by Åkerlo¨f.28
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if they were plotted against solventεr. These findings indicate
that, althoughεr might be a critical factor for alcohols with
relatively low potential, it cannot explain the marked effects of
TFE and HFIP.

Hydrogen Bond Strength. We measured the increase in
hydrogen bond strength in the alcohol/water mixtures using
salicylic acid following the method of Luo and Baldwin.14 If
their explanation is valid for HFIP, an alcohol more effective

than TFE, we would expect a significant increase of hydrogen
bond strength in HFIP in comparison with TFE. The values of
∆∆pKa, a measure of hydrogen bond strength, were estimated
for methanol, ethanol, TFE, and HFIP at various alcohol
concentrations (Figure 3a). The values for TFE were consistent
with those reported by Luo and Baldwin.14 At concentrations
below 10% (v/v), the∆∆pKa value of HFIP was slightly higher

Figure 2. Conformational transitions ofâ-lactoglobulin and melittin
scaled by the relative dielectric constant of alcohol/water mixtures. (a)
εr of alcohol/water mixtures. The ellipticity values forâ-lactoglobulin
(b) and melittin (c) plotted againstεr. Methanol (O), ethanol (4), TFE
(]) and HFIP (b).

Figure 3. Conformational transitions ofâ-lactoglobulin and melittin
scaled by the strength of the hydrogen bond. (a)∆∆pKa of o-hydroxy-
andp-hydroxybenzoic acids in the presence of various alcohol/water
mixtures. The ellipticity values ofâ-lactoglobulin (b) and melittin (c)
plotted against∆∆pKa of o-hydroxy- andp-hydroxybenzoic acids.
Methanol (O), ethanol (4), TFE ([, ]), and HFIP (b). Open diamonds
for TFE in panel a were taken from Luo and Baldwin.14

8430 J. Am. Chem. Soc., Vol. 121, No. 37, 1999 Hong et al.



than that of TFE. However, it decreased above 10%, although
the reason for this was unclear. On the other hand, the values
for methanol and ethanol were slightly higher than that of TFE
below 10%, and continued to increase above 20%, where∆∆pKa

of TFE showed saturation. The estimation of∆∆pKa depends
on the subtle difference between the large changes in pKa of o-
andp-hydroxybenzoic acids induced by the addition of alcohols.
In addition, as we carried out no pH correction for the apparent
pH values in the presence of high concentrations of alcohols,
we cannot exclude the possibility that the∆∆pKa values,
indicated in Figures 3a, include some errors, particularly at high
concentrations above 10% (v/v).

The CD transitions ofâ-lactoglobulin and melittin shown in
Figure 1 were replotted against the∆∆pKa values (Figures 3b
and 3c), and again we were unable to obtain agreement among
the four transition curves. However, for bothâ-lactoglobulin
and melittin, there was some agreement between the transition
curves for TFE and HFIP and between those for methanol and
ethanol. This propensity was similar to that observed for the
plot of conformational transitions againstεr (Figure 2).

The explanation for the effects of alcohol in terms of bulk
hydrophobic effects (i.e.∆Gt) is similar to that of low polarity
or decreasedεr.6,10,11Because a nonpolar environment strength-
ens the electrostatic interactions including hydrogen bonds, the
hydrogen bonds in alcohols should be strengthened in a manner
similar to εr, even if the two are not the same. It was evident
that neither of these factors could explain the marked effects of
HFIP or TFE, whereas the effects of alcohols with low potential
can be explained by the bulk properties of the alcohol/water
mixtures. Thus, although the low solvent polarity is a funda-
mental factor common to all the alcohol species, there appears
to be an additional factor enhancing the effects of TFE and
HFIP,

Aggregation of Alcohol Molecules.Kuprin et al.29 studied
alcohol/water mixtures, including HFIP and TFE, by small-angle
X-ray scattering and suggested that HFIP has a high tendency
to form micelle-like clusters with a maximum at about 30%
(v/v). It is notable that HFIP and TFE are completely miscible
with water at any concentration. Other alcohols, i.e., 2,2,3,3-
tetrafluoro-1-propanol,tert-butyl alcohol, or 2-propanol, also
form micelle-like clusters, but to a much lesser extent.29 In
aqueous solutions of water-miscible alcohols at intermediate
concentrations, alcohol molecules associate so as to minimize
their contact with water. This results in the formation of micelle-
like clusters with the hydrophobic groups inside, although no
macroscopic phase separation takes place.30 At higher concen-
trations of alcohols, the micelle-like clusters disappear, resulting
in a homogeneous solution. We suggested that this characteristic
of HFIP and TFE may be the reason for their unexpectedly high
potential for stabilizingR-helices and also destabilizing the
native structure of proteins.6,7

We measured small-angle X-ray scattering of aqueous
mixtures of HFIP, TFE, ethanol, and methanol, and plotted the
average scattering intensity in the interval 0.1 Å-1 < Q < 0.3
Å-1 against alcohol concentration (Figure 4a). For HFIP, as was
reported by Kuprin et al.,29 we observed strong scattering at
intermediate alcohol concentrations, with a maximum at around
30% (v/v). A similar maximum with a weak intensity was also

observed for TFE. However, the scattering of ethanol and
methanol was negligible, without a maximum at intermediate
concentrations. Figures 4b and 4c show the transition curves

(29) Kuprin, S.; Grauslund, A.; Ehrenberg, A.; Koch, M. H. J.Biochem.
Biophys. Res. Commun.1995, 217, 1151-1156.
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F., Ed.; Cambridge University Press: London, 1986; pp 171-231. (b)
Mizutani, Y.; Kamogawa, K.; Kitagawa, T.; Shimizu, A.; Taniguchi, Y.;
Nakanishi, K.J. Phys. Chem.1991, 95, 1790-1794. (c) Koga, Y.J. Phys.
Chem.1996, 100, 5172-5181.

Figure 4. Conformational transitions ofâ-lactoglobulin and melittin
scaled by the small-angle X-ray scattering intensity. (a) X-ray scattering
intensity of various alcohol/water mixtures. The average scattering
intensity in the interval 0.1 Å-1 < Q < 0.3 Å-1 was obtained. Then
the excess scattering intensity was plotted, assuming a linear baseline
between water and 100% alcohol. The scatterings obtained from 100%
alcohols are not zero, even though they are small. The ellipticity values
of â-lactoglobulin (b) and melittin (c) plotted against the excess X-ray
scattering intensity of TFE and HFIP. Methanol (O), ethanol (4), TFE
(]), and HFIP (b).
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of â-lactoglobulin and melittin, respectively, plotted against the
X-ray scattering intensity of TFE/water or HFIP/water mixtures
at the same concentration. We did not use the scattering data
for the ethanol and methanol solutions because the scattering
from these solutions was very small. The significant scattering
observed for TFE or HFIP solutions and the agreement of the
transition curves plotted against the scattering intensity con-
firmed that clustering of alcohols is a critical factor responsible
for the marked effects of HFIP and TFE.

We analyzed the apparent size of the HFIP clusters using
the Guinier plot (Figure 5).27 For a solution of homogeneous
particles such as proteins, the Guinier plot is linear in the small
angle region withinRgQ e 1.3, and the slope provides the radius
of gyration,Rg. The Guinier plots at around 30% (v/v) HFIP
were fairly linear and parallel to each other, suggesting that the
size of the HFIP clusters is relatively constant, irrespective of
HFIP concentration. The apparent values were 14.3, 14.3, and
13.5 Å at 25, 30, and 35% (v/v) HFIP, respectively. These values
are comparable, probably by chance, to theRg value (16 Å) for
native monomericâ-lactoglobulin (data unpublished). TheRg

values below 25% and above 35% were difficult to estimate
because of low scattering intensity and, therefore, the exact
dependency ofRg upon HFIP concentration was not determined.

SDS-Induced Transitions.As an example of the micelle-
induced conformational transition, the effects of sodium dodecyl
sulfate (SDS), one of the most widely used amphiphilic
detergents,31 on â-lactoglobulin and melittin were examined by
CD in 10 mM Na phosphate (ionic strength) 0.01) at pH 6.0
(Figure 6). As was the case for alcohols, SDS cooperatively
transformedâ-lactoglobulin to anR-helical structure, although
the ellipticity of the helical state after the transition was evidently
less than that induced by HFIP at the same pH. The spectra at
various SDS concentrations suggested that a two-state ap-
proximation holds. The plots of the ellipticity at 222 nm against
the SDS concentration showed a cooperative transition curve
with a midpoint at 1.5 mM. It is noted that cmc of SDS, which
depends on ionic strength, is about 5, 3, and 1.5 mM at ionic
strengths of 0.01, 0.02, and 0.1, respectively, at 25°C.31

Although melittin in the presence of high concentrations of
SDS assumed a helical structure very similar to that in alcohols,

it exhibited a marked propensity to aggregate at the SDS
concentrations below 0.3 mM. It is noted that melittin is highly
soluble in the absence of SDS because of the abundant positive
charges. The CD spectra in the presence of SDS at lower than
0.3 mM were unstable, decreasing the CD intensity with time,
and those shown in Figure 6b were obtained immediately after
the preparation of solution. The SDS-dependent transition curve
for melittin was constructed by plotting the ellipticity at 222
nm, which was extrapolated to time zero when the time-
dependent change in signal occurred. The transition curve thus
obtained was highly cooperative with a midpoint at 0.2 mM
SDS (Figure 6b).

Discussion

Alcohol molecules consist of hydrophobic hydrocarbon and
halogen groups and hydrophilic OH groups. Hirota et al.5-7

indicated that the effects of alcohol can be approximated by
the additive contribution of each group, where hydrocarbon and
halogen groups contribute positively and OH groups contribute
negatively. However, they also indicated that such a mechanism
cannot explain the marked effects of TFE and HFIP and
suggested that the contribution of an additional factor, aggrega-
tion or clustering of alcohol molecules through hydrophobic

(31) Tanford, C.The hydrophobic effects.2nd ed.; John Wiley & Sons:
New York, 1980.

Figure 5. Guinier plots of HFIP/water mixtures at HFIP concentrations
of 25% (O), 30% (4), and 35% (v/v) (0). The apparentRg values are
estimated to be 14.3 Å for 25%, 14.3 Å for 30%, and 13.5 Å for 35%
HFIP assuming the indicated linearity. For clarity, the values of each
plot are shifted on the lnI axis by 1.

Figure 6. Far-UV CD spectra of bovineâ-lactoglobulin A (a) and
melittin (b) in the presence of various concentrations of SDS at pH
6.0 and 20°C. SDS concentrations of the spectra from lowest to highest
intensity at 222 nm: (a) 0, 1, 1.4, and 8 mM; (b) 0, 0.05, 0.075, and
0.6 mM. The dotted lines indicate the spectra in 20% (v/v) HFIP.
Inset: Transition curves measured by the ellipticity at 222 nm.
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interactions, has to be considered. The present results show that
the clustering of TFE and HFIP molecules is highly correlated
with R-helix formation in melittin and the denaturation of
â-lactoglobulin. The clusters of hydrophobic alcohol molecules
provide a local nonpolar environment, where hydrophobic
interactions are weakened and hydrogen bonds are strengthened.

Clustering of alcohol molecules has been indicated even for
ethanol/water mixtures. Yamaguchi and co-workers32 examined
the structure of clusters in ethanol/water mixtures using several
physicochemical methods including mass spectrometry and
X-ray diffraction. They observed a series of hydrated ethanol
polymers, whose structure and amount were dependent on
ethanol concentration. Maximal accumulation of ethanol clusters
with a polymerization number of 10 to 16 was observed at an
ethanol molar fraction of 0.15 (36% (v/v)) to 0.18 (42% (v/v)).
With an increase in the ethanol molar fraction above 0.2 (45%
(v/v)), the amount of clustering decreased, indicating that,
whereas the clusters are stabilized by hydrophobic interactions,
hydration is essential for maintaining them.

Alcohol clusters should be formed by other alcohol species,30

but the exact structures and properties will vary depending on
alcohol species. Because the major force responsible for the
clustering is hydrophobic interaction, an alcohol with a bulky
hydrophobic group may tend to form larger clusters than one
with a less bulky group. Although, among the various halogen
atoms, the contribution of the F atom to the effects of alcohol
is minimal,5-7 the presence of multiple F atoms, as seen for
TFE or HFIP, increases the effect markedly by promoting cluster
formation cooperatively. At high concentrations of TFE or HFIP,
the alcohol clusters are disrupted because water molecules,
which are necessary for separating and therefore stabilizing the
clusters, disappear.32 Thus it is likely that hydrophobic groups
of proteins or peptides take part in the clustering of alcohol
molecules through protein-alcohol hydrophobic interactions.6

An analogy of the marked effects of alcohol through cluster
formation is the interaction of proteins with SDS, one of the
most widely used amphiphilic detergents. We can assume that
HFIP is similar to SDS in that both consist of hydrophobic and
hydrophilic groups and can form clusters through hydrophobic
interactions. SDS micelles can denature the native structure of
proteins and induce theR-helical structure, as well as inducing
the R-helical structure in short peptides.33 Indeed, SDS-
dependent conformational transitions ofâ-lactoglobulin and
melittin (Figure 6) resemble those induced by alcohols (Figure
1).

Monomeric SDS can interact with proteins and peptides.
However, the interaction between monomeric SDS and peptides
or proteins would not be extensive. Stabilization of theâ-sheet
conformation in the presence of SDS monomers below cmc has
been reported for some peptides.33 The aggregation of melittin
at low concentrations of SDS observed here may be caused
through such weak peptide-SDS interactions which cannot bury
the hydrophobic groups of peptide and SDS, resulting in the
formation of peptide aggregates. Once SDS forms micelles, the
interaction becomes stronger because micelles provide extensive
sites of interaction, i.e., they increase the effective concentration
of the interacting sites. This results in protein denaturation and
the formation of extended and persistentR-helical structures.

In the case of SDS, one micelle cluster includes about 100
monomers.31 This corresponds to a molecular weight of 25000,
which is compared with the apparent size of HFIP clusters at
30% (v/v) (i.e.,Rg ) 14 Å) estimated by small-angle X-ray
scattering. In the case ofâ-lactoglobulin, however, the helical
content in SDS is evidently less than that in HFIP. It is
conceivable that the charge repulsion between the negatively
charged SDS micelles and the negatively chargedâ-lactoglo-
bulin at pH 6 suppresses the formation of helices. In the case
of melittin, a basic peptide, the electrostatic interactions with
the negatively charged SDS would promote the formation of
helical structure as observed in alcohols.

While the effects of HFIP on proteins and peptides are
resembling those of SDS, we anticipated that the micelle-like
clusters of HFIP would be less homogeneous and less rigid.
Therefore, it was surprising that the micelle-like clusters of
HFIP, as measured using the Guinier plots, were relatively
homogeneous with an averageRg value of about 14 Å at around
30% (v/v) HFIP. With an increase in alcohol concentration, the
HFIP clusters disappear because water molecules, which are
important for separating the clusters,32 disappear. Intriguingly,
the present SAXS measurements suggest that theRg is constant
around 30% (v/v) HFIP, although we could not determine
exactly its dependence on HFIP concentration (Figure 5).

Clusters of TFE or HFIP disappear at high alcohol concentra-
tions, but the helical structures ofâ-lactoglobulin and melittin
remain. This indicates that, under such conditions, the helical
structures are stable even in the absence of alcohol clusters.
This is not surprising because other alcohols such as methanol
and ethanol can stabilize the helical structure even in the absence
of extensive alcohol clusters, as indicated by X-ray scattering
measurements (Figure 4). At high alcohol concentrations, the
low polarity of the bulk solvent or consequent strengthening of
hydrogen bonds is probably enough to maintain the helical
structures. This again confirms the fundamental role of solvent
polarity in the alcohol effects on proteins and peptides.

Conclusions

We previously compared the effects of various alcohols,
including TFE and HFIP, on melittin andâ-lactoglobulin.5-7

Although the apparent conformational transitions differ markedly
between melittin andâ-lactoglobulin, the order of effectiveness
of various alcohols is common. This supports the idea that the
mechanisms of the effects of alcohol on native proteins and
unfolded peptides are basically the same. In both cases, we
believe that the decrease in protein hydrophobic interactions in
alcohol/water mixtures is the most important factor. However,
properties related to the bulk solvent, such asεr or hydrogen
bond strength, do not explain the marked effects of HFIP and
TFE. In the present paper, we have indicated that aggregation
or clustering of alcohol molecules is an important factor
enhancing the effects of alcohol. Such clusters of bulky alcohol
molecules provide a highly hydrophobic local environment,
where, microscopically, polarity decreases and hydrogen bonds
are strengthened. Upon binding to these hydrophobic clusters,
proteins and peptides undergo a conformational transition, as
they do upon binding to SDS micelles.
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