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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 formatierhafical
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 anrhelical structure upon addition of alcohols. On the other hand, addition of
alcohols tos-lactoglobulin, a predominantlg-sheet protein, denatures the molecule and transforms it to an
o-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 ghactoglobulin. 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 are considered to arise

The effects of alcohols on proteins and peptides have beenffom the low polarity of the solverft:** This low polarity

studied extensively over the last few decati@s2,2-Trifluo-

weakens the hydrophobic interactions that stabilize the compact

roethanol (TFE3 has often been used for such studies becauseNative structure of proteins, but simultaneously strengthens
of its marked ability to induce helical structures in peptides and €lectrostatic interactions such as hydrogen bonds, thus stabilizing

to denature the native structures of protéinRecently,
3,3,3,3,3,3-hexafluoro-2-propanol (HFIP) has become widely
employed as an alcohol with a much stronger effect than“TFE.
However, it is still unclear why, among the various alcohols,
TFE and HFIP are so effective.
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secondary structures, particularly thehelix. Uversky et al?
showed that there is a high correlation between the extent of
conformational transition offi-lactoglobulin and the relative
dielectric constant«() 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@;) of protein groups from
water to alcohol solverit The water to alcohahG; 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®11:13 ju and Bolert! indicated that the sum afG;
for each group can explain the alcohol-induced denaturation and
consequent-helix formation of proteins.

On the other hand, Luo and BaldwWinanalyzed helix
formation of the alanine-based short peptides in TFE/water
mixtures on the basis of the Lifseil.oig helix—coil transition
theory!® They also measured the change in strength of hydrogen
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bonds in a model compound, salicylic acid, in TFE/water alcohol-induced helix formation of melittin, a 26-residue am-
mixtures. They showed that the curve of hydrogen bond strength phiphilic peptide from honeybee vendihThey compared the
versus increasing TFE concentration matches, both in shape aneffects of various alcohols in inducing the helical structure in
magnitude, the increase in average helix propensity in TFE/ melittin and found that variation in these effects can be explained
water mixtures, and therefore proposed that hydrogen bondby the additive contribution of each constituent group of the
strengthening is responsible for the effects of TFE on helix alcohol® The hydrocarbon (CH) group and any halogen sub-

formation by short peptides. stituents make a positive contribution, whereas the hydroxyl
More recently, the effects of TFE on the kinetics of protein (OH) group contributes negatively to the effect. The effective-
folding have been analyzed extensivély!® TFE at low ness of various alcohols was quantified in terms of the helix

concentrations often accelerate the folding rate. Because TFEpropagation parameter based on the modified LisBoig
has a tendency to stabilize the helical conformation, TFE effects theory*> or them value of the two-state transition mechanism.
on the folding kinetics may be related to the specific structures Both of these values for various alcohols can be predicted by
of the transition and intermediate states which are stabilized in equations in which the additive contribution of each constituent
the presence of TFE Alternatively, the kinetic effects can be  group is assumed to be proportional to its solvent-accessible
interpreted in a nonspecific manner on the basis of the surface area. Our interpretation of these alcohol effects is
thermodynamic effects of TFE:!® TFE destabilizes the ex-  consistent with a view that considers the importance of solvent
tended unfolded state with exposed amide groups, but not thepolarity, since this is related to the structure of alcohol
compact transition or native states. Under this situation, only molecules. Nevertheless, the potency of TFE or HFIP to
the folding rate would be accelerated in TFE. transform the structure of proteins is much higher than predicted,
Wed first used TFE for demonstrating the intrinsic high suggesting that other unknown factors play an important role
helical potential of boving-lactoglobulin, a major component in the effects of these fluorine-substituted alcohols.
of cow’s milk with a molecular mass of 18400 (162 amino acid  In the present study, to clarify the factor largely responsible
residues). It is a predominantBtsheet protein consisting of a  for the effects of TFE or HFIP, we examined the correlation of
B-barrel of eight antiparalle-strands shaped into a flattened the alcohol-induced conformational transitions of melittin and
cone and one majar-helix2%21 We showed that addition of ~ S-lactoglobulin withe;, hydrogen bond strength, and alcohol
TFE to p-lactoglobulin cooperatively transforms the native clustering using alcohol/water mixtures. The results indicated
B-sheet structure to am-helical structuré3?? The helical that alcohol cluster formation plays a critical role in altering
propensity in the presence of TFE is much higher than those of the structure of proteins and peptides.
otherf3-sheet proteins. This suggests that, althoddactoglo-
bulin is aj-sheet protein, the local interactions determined by
the residues located close to each other in the sequence favor Materials. Bovine S-lactoglobulin, isomer A, and melittin were
the a-helical structure. The high helical preferences exhibited obtained from Sigma, and melittin was further purified by reverse-
by the secondary structure predictions are consistent with thisPhase HPLC. Methanol, ethanol, TFE, HFIP, salicylic acid-(
view 23 The transient accumulation of the helical intermediate NYdroxybenzoic acid), anpthydroxybenzoic acid were purchased from
during the kinetic refolding of-lactoglobulin suggests that the Nacalai Tesque at the highest purity available.

hiah helical f has kinetic sianifi li h Relative Dielectric Constant. The ¢ values of alcohol/water
igh helical preference has kinetic significance, controlling the  ;.res were measured with a HP41491A impedance probe combined

folding mechanism of this proteff. with a HP4149A impedance/gain-phase analyzer (Hewlett-Packard).
In a series of studies gfi-lactoglobulin with TFE, we have  The cell constant was about 2.5 pF and the electrode probe was of the

been interested in understanding the mechanism of why, amonghrow-in type. The cell constant was determined accurately using several

various alcohols, TFE exerts such marked effects on protein standard liquids. The temperature of the samples was kept“al B9

structure. Alcohol-induced denaturation of the native state a circulating thermobath.

involves two steps: denaturation of the native structure and Determination of pK.. The hydrogen bond strength in alcohol/water

induction of a helical structure. As a reaction model of the Mixtures was estimated byKp measurement ob-hydroxy- and

induction of helical structure, Hirota et &7 examined an  P-ydroxybenzoic acids: The difference ApK,) between [, values
' ) for the COOH group iro-hydroxy- andp-hydroxybenzoic acids at an
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R. L. Biopolymers1991], 31, 1463-1470. (b) Rohl, C. A.; Chakrabartty, strength formed ir-hydroxybenzoic acid. In this study, the effect of
A.; Baldwin, R. L. Protein Sci.1996 5, 2623-2637. various alcohols on the hydrogen bond strength was evaluated in terms

Str(ucht) IZ:ﬁLOc\{mck;’eEéaggae ngéggglglé R Turk, V. Waltho, JRpoteins of AApK, (=APK' — ApKZY). Here, ApKz2 and ApK® are the values
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Solution X-ray scattering. Solution X-ray scattering data were 30
collected on the solution scattering station (SAXES camera) installed
at BL-10C, the Photon Factory, Tsukuba, Jaffalhe 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 gD in volume with a 15¢m-
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@0The
apparenf, of HFIP clusters was estimated by the Guinier approxima-
tion, 1(Q) = 1(0) exp(—Rs?Q%3), whereQ andI(0) are the momentum
transfer and intensity at the zero scattering angle, respectiv€lyis
defined asQ = 4x sin 6/1, where @ and/ are the X-ray scattering
angle and wavelength (1.488 A), respectively.

25

20

[ 8 Jogp x 107%(deg cm? dmol ™)
o

(@)

CD Measurements.CD measurements were done with a Jasco ol . A \ A
spectropolarimeter, Model J-720, at ZDwith a 1-mm cell as described 0 20 40 60 80
before®% and the results were expressed as the mean residue ellipticity. Alcohol % (v/v)

The spectra ofj-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.

N
[$3]

Results

n
(=]
T
!

Alcohol-Induced Transitions. Figures 1a and 1b show the
alcohol-induced conformational transitions @factoglobulin
and melittin, respectively, at pH 2.0 measured by the ellipticity
at 222 nm, taken from Hirota et &af The native structure of
B-lactoglobulin is stable as a monomer even at p# Rpon
addition of alcohols, cooperative transition to a highielical
conformation with a helical content of about 90% occurs.
However, the effectiveness of alcohols varies markedly: the
order among the four alcohols is HFH TFE > ethanol> (b)
methanol. Although the transitions are cooperative, the presence
of an intermediate has been suggesfedin contrast, alcohols L
induce the folding transition of initially unfolded melittin at pH 0 20 40 6o 80
2.0 to ano-helical conformation with a helical content of about Alcohol 36 (v/v)

60% (Figure 1b). The effectiveness of the alcohols again varies Figure 1. Alcohol-induced conformational transition of bovifdac-
substantially and the order is the same as that for the nativetoglobulin A (a) and melittin (b) measured by the ellipticity at 222
f-lactoglobulin. nm. Methanol ©), ethanol &), TFE ), and HFIP @). The data are

Relative Dielectric Constant.Thee, values of alcohol/water ~ taken from Hirota et &t® with permission.
mlxtures were measurgd for ethanol, TFE, and HFIP (Table 1, Table 1. Relative Dielectric Constant Values for HFIP, TFE,
Figure 2a). For comparison the reported vahi&for methanol Ethanol, and Methanol at Various Concentrations at@0
and ethanol were also indicated. The dependencies on alcohot
concentration for ethanol, and tlevalues for pure TFE and
HFIP, were consistent with those reported. Thevalue 0
decreased linearly with increasing alcohol concentration, and ! 78.3+£0.2

y 9 ' 2 77.0+ 0.4
the extent of the decrease at the same alcohol concentration 25 78.84 0.2
3
4

15} -

-
o
T
1

—[ 8 100 x 10°(deg cm?® dmol™)
[5;)

alcohol % (v/v) HFIP TFE ethanol methanol
80.1 80.1 80.1(80.4) 80.4

(v/v) followed the order methanct ethanol= TFE < HFIP. 76.7+£0.2
It was noted that the, values at the same concentration were 76.0+£0.2

o 75.6+£05 78.0+0.1 78.9+0.2(78.1) 78.3
similar between ethanol and TFE. . » 10 71.3+0.2 755£03 77.0+0.4(756) 765
_ The conformational transitions ﬁflactoglobuhr_] and melittin 15 68.14 0.3 72.7£0.2 74.7+03(73.3) 74.9
induced by the four alcohols were plotted againstghealues 20 65.6+40.2 70.5+£0.2 71.0+£0.4(70.8) 73.4
of the respective alcohol/water mixtures (Figures 2b and 2c). If 25 63.1+02 67.9£0.2 68.2:0.3(68.2) 716
e IS a critical scale for the conformational transition of 30 60.2£02 64.8£03 653£02(654) 6838
-lactoglobulin and melittin, we would expect agreement of the p 26.9+£03 615:02 62.1£02(62.7)  66.2
B g melittin, Xp g 40 53.44+0.2 57.5+0.1 58.9+0.6(59.8) 63.8
curves for the transition induced by various alcohols. However, 45 51.3+0.2 55.4+0.2 55.0+0.2(56.9) 61.6
as can be seen, there was significant disagreement between the 50 49.0+ 0.3 53.0+0.4 52.440.5(53.9) 59.2
transition curves. For botjs-lactoglobulin and melittin, the gg g?fi 8-2 ﬁ-gi g-g gg-gli 8-;8&-33 Zg-‘l‘
transition curves for methanol and e_t_hanol were close to each 80 303+03 353+03 350+04(359) 435
other. On the qther h.an.d, the transition curves for HFIP and 90 24.3+ 0.4 31.5:£0.2 29.9+0.3(30.1) 37.9
TFE were relatively similar and more cooperative than those 100 17.8+£0.1 27.14+0.1 25.8+0.1(25.0) 324
(26) Ueki, T.; Hiragi, Y.; Kataoka, M.; Inoko, Y.; Amemiya, Y.; lzumi, 2 The values for ethanol in parentheses and those for methanol are
Y.; Tagawa, H.; Muroga, YBiophys. Chem1985 23, 115-124. estimated on the basis of the values reported by Akétlo
(27) (a) Guinier, A.; Fournet, BSmall-Angle Scattering of X-raydohn 1
Wiley: New York, 1955. (b) Kataoka, M.; Goto, Yrolding & Design of m?Fhanm and ethanol. UverSk.y .et alreported that the
1996 1, R107-R114. transition curves forg-lactoglobulin induced by methanol,

(28) Akerldf, G. J. Am. Chem. S0d.932 54, 4125-4139. ethanol, 2-propanol, and dimethylformamide agreed very well
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Figure 3. Conformational transitions gi-lactoglobulin and melittin
scaled by the strength of the hydrogen bond AApK, of o-hydroxy-
and p-hydroxybenzoic acids in the presence of various alcohol/water
mixtures. The ellipticity values g§-lactoglobulin (b) and melittin (c)
plotted againstAApK, of o-hydroxy- andp-hydroxybenzoic acids.
Methanol ), ethanol &), TFE (@, ©), and HFIP @). Open diamonds
if they were plotted against solveat These findings indicate ~ for TFE in panel a were taken from Luo and Baldwfn.
that, althoughe, might be a critical factor for alcohols with  than TFE, we would expect a significant increase of hydrogen
relatively low potential, it cannot explain the marked effects of bond strength in HFIP in comparison with TFE. The values of
TFE and HFIP. AApK, a measure of hydrogen bond strength, were estimated
Hydrogen Bond Strength. We measured the increase in for methanol, ethanol, TFE, and HFIP at various alcohol
hydrogen bond strength in the alcohol/water mixtures using concentrations (Figure 3a). The values for TFE were consistent
salicylic acid following the method of Luo and BaldwifhIf with those reported by Luo and BaldwifiAt concentrations
their explanation is valid for HFIP, an alcohol more effective below 10% (v/v), theAApKj value of HFIP was slightly higher

Figure 2. Conformational transitions g#-lactoglobulin and melittin
scaled by the relative dielectric constant of alcohol/water mixtures. (a)
¢ of alcohol/water mixtures. The ellipticity values f@flactoglobulin

(b) and melittin (c) plotted against. Methanol Q), ethanol &), TFE

(©) and HFIP @).
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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%, WhaEK,

of TFE showed saturation. The estimationfApK, depends

on the subtle difference between the large changeKiropo-
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 theApK, values,
indicated in Figures 3a, include some errors, particularly at high
concentrations above 10% (v/v).

The CD transitions of-lactoglobulin and melittin shown in
Figure 1 were replotted against the\pK, values (Figures 3b
and 3c), and again we were unable to obtain agreement among
the four transition curves. However, for bgfhlactoglobulin
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 against(Figure 2).

The explanation for the effects of alcohol in terms of bulk
hydrophobic effects (i.eAGy) is similar to that of low polarity
or decreaseé.51911Because a nonpolar environment strength-
ens the electrostatic interactions including hydrogen bonds, the
hydrogen bonds in alcohols should be strengthened in a manner
similar to ¢, 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?® 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-propanoltert-butyl alcohol, or 2-propanol, also
form micelle-like clusters, but to a much lesser exfnin
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 ptdée.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 stabilizinga-helices and also destabilizing the
native structure of proteirfs’

Scattering intensity
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We measured small-angle X-ray scattering of aqueous Figure 4. Conformational transitions gf-lactoglobulin and melittin
mixtures of HFIP, TFE, ethanol, and methanol, and plotted the scaled by the small-angle X-ray scattering intensity. (a) X-ray scattering

average scattering intensity in the interval 0.1tA& Q < 0.3

intensity of various alcohol/water mixtures. The average scattering

A~ against alcohol concentration (Figure 4a). For HFIP, as was intensity in the interval 0.1 At < Q < 0.3 A™* was obtained. Then

reported by Kuprin et af° we observed strong scattering at

the excess scattering intensity was plotted, assuming a linear baseline

intermediate alcohol concentrations. with a maximum at around Petween water and 100% alcohol. The scatterings obtained from 100%

30% (v/v). A similar maximum with a weak intensity was also

(29) Kuprin, S.; Grauslund, A.; Ehrenberg, A.; Koch, M. HBlochem.
Biophys. Res. Commuh995 217, 1151-1156.

(30) (a) Franks, F.; Desnoyers, J. \Bater Science Re&ew 1, Franks,
F., Ed.; Cambridge University Press: London, 1986; pp-1731. (b)
Mizutani, Y.; Kamogawa, K.; Kitagawa, T.; Shimizu, A.; Taniguchi, Y.;
Nakanishi, K.J. Phys. Chenil991, 95, 1790-1794. (c) Koga, YJ. Phys.
Chem.1996 100, 5172-5181.

alcohols are not zero, even though they are small. The ellipticity values
of S-lactoglobulin (b) and melittin (c) plotted against the excess X-ray
scattering intensity of TFE and HFIP. Methandl)( ethanol &), TFE

(©), and HFIP @).

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
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Figure 5. Guinier plots of HFIP/water mixtures at HFIP concentrations 60 : ' ' ~ .
of 25% (©), 30% (1), and 35% (v/v) Q). The apparenR, values are
estimated to be 14.3 A for 25%, 14.3 A for 30%, and 13.5 A for 35% M _
HFIP assuming the indicated linearity. For clarity, the values of each B o 20 ’
plot are shifted on the lih axis by 1. g 40 X 15 .
© A 10
of f-lactoglobulin and melittin, respectively, plotted against the e f_l'; 5 A
X-ray scattering intensity of TFE/water or HFIP/water mixtures S 0 . \ )
at the same concentration. We did not use the scattering data ) 0 05 1 15
for the ethanol and methanol solutions because the scattering mE SDS (mM) .
from these solutions was very small. The significant scattering s
observed for TFE or HFIP solutions and the agreement of the < Ll R\ N
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. -20 M<oss 0.6 mM

We analyzed the apparent size of the HFIP clusters using
the Guinier plot (Figure 57 For a solution of homogeneous
particles such as proteins, the Guinier plot is linear in the small Wavelength (nm)
angle region withirRyQ =< 1.3, and the slope provides the radius Figure 6. Far-UV CD spectra of boving-lactoglobulin A (a) and
of gyration, Ry. The Guinier plots at around 30% (v/v) HFIP melittin (b) in the presence of various concentrations of SDS at pH
were fairly linear and parallel to each other, suggesting that the _6.0 an_d 20°C. SDS concentrations of the spectra from lowest to highest
size of the HFIP clusters is relatively constant, irrespective of Intensity at 222 nm: (a) 0, 1, 1.4, and 8 mM; (b) O, 0'?5' 0.075, and
HFIP concentration. The apparent values were 14.3, 14.3, and?'6 m'\fll_ Th?.dOttEd lines |nd|cat§: ghehSpeﬁ.tra. In 20/2"2(2\’/\’) HFIP.
13.5 A at 25, 30, and 35% (v/v) HFIP, respectively. These values nset. Transition curves measured by the ellipticity at nm-
are comparable, probably by chance, toRgealue (16 A) for
native monomerig-lactoglobulin (data unpublished). T,
values below 25% and above 35% were difficult to estimate
because of low scattering intensity and, therefore, the exact
dependency dRy 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! on S-lactoglobulin and melittin were examined by
CD in 10 mM Na phosphate (ionic strength0.01) at pH 6.0
(Figure 6). As was the case for alcohols, SDS cooperatively
transformeds-lactoglobulin to ar-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 atD. .
various SDS concentrations suggested that a two-state ap- IScussion
proximation holds. The plots of the ellipticity at 222 nm against  Alcohol molecules consist of hydrophobic hydrocarbon and
the SDS concentration showed a cooperative transition curvehalogen groups and hydrophilic OH groups. Hirota et-al.
with a midpoint at 1.5 mM. It is noted that cmc of SDS, which indicated that the effects of alcohol can be approximated by
depends on ionic strength, is about 5, 3, and 1.5 mM at ionic the additive contribution of each group, where hydrocarbon and
strengths of 0.01, 0.02, and 0.1, respectively, af@5! halogen groups contribute positively and OH groups contribute

Although melittin in the presence of high concentrations of negatively. However, they also indicated that such a mechanism
SDS assumed a helical structure very similar to that in alcohols, cannot explain the marked effects of TFE and HFIP and

(31) Tanford, C.The hydrophobic effect@nd ed; John Wiley & Sons: suggested that the contribution of an additional factor, aggrega-
New York, 1980. tion or clustering of alcohol molecules through hydrophobic

220 240

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).
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interactions, has to be considered. The present results show thaln the case of SDS, one micelle cluster includes about 100
the clustering of TFE and HFIP molecules is highly correlated monomers! This corresponds to a molecular weight of 25000,
with a-helix formation in melittin and the denaturation of which is compared with the apparent size of HFIP clusters at
B-lactoglobulin. The clusters of hydrophobic alcohol molecules 30% (v/v) (i.e.,Ry = 14 A) estimated by small-angle X-ray
provide a local nonpolar environment, where hydrophobic scattering. In the case @flactoglobulin, however, the helical
interactions are weakened and hydrogen bonds are strengthenedontent in SDS is evidently less than that in HFIP. It is
Clustering of alcohol molecules has been indicated even for conceivable that the charge repulsion between the negatively
ethanol/water mixtures. Yamaguchi and co-work&esamined charged SDS micelles and the negatively chargdactoglo-
the structure of clusters in ethanol/water mixtures using severalbulin at pH 6 suppresses the formation of helices. In the case
physicochemical methods including mass spectrometry and of melittin, a basic peptide, the electrostatic interactions with
X-ray diffraction. They observed a series of hydrated ethanol the negatively charged SDS would promote the formation of
polymers, whose structure and amount were dependent onhelical structure as observed in alcohols.
ethanol concentration. Maximal accumulation of ethanol clusters  While the effects of HFIP on proteins and peptides are
with a polymerization number of 10 to 16 was observed at an resembling those of SDS, we anticipated that the micelle-like
ethanol molar fraction of 0.15 (36% (v/v)) to 0.18 (42% (v/v)). clusters of HFIP would be less homogeneous and less rigid.
With an increase in the ethanol molar fraction above 0.2 (45% Therefore, it was surprising that the micelle-like clusters of
(viv)), the amount of clustering decreased, indicating that, HFIP, as measured using the Guinier plots, were relatively
whereas the clusters are stabilized by hydrophobic interactions,homogeneous with an averaBgvalue of about 14 A at around
hydration is essential for maintaining them. 30% (v/v) HFIP. With an increase in alcohol concentration, the
Alcohol clusters should be formed by other alcohol spe®ies, HFIP clusters disappear because water molecules, which are
but the exact structures and properties will vary depending on important for separating the clustéfsiisappear. Intriguingly,
alcohol species. Because the major force responsible for thethe present SAXS measurements suggest thaRfeconstant
clustering is hydrophobic interaction, an alcohol with a bulky around 30% (v/v) HFIP, although we could not determine
hydrophobic group may tend to form larger clusters than one exactly its dependence on HFIP concentration (Figure 5).
with a less bulky group. Although, among the various halogen  Clusters of TFE or HFIP disappear at high alcohol concentra-
atoms, the contribution of the F atom to the effects of alcohol tions, but the helical structures gtlactoglobulin and melittin
is minimal?>~’ the presence of multiple F atoms, as seen for remain. This indicates that, under such conditions, the helical
TFE or HFIP, increases the effect markedly by promoting cluster structures are stable even in the absence of alcohol clusters.
formation cooperatively. At high concentrations of TFE or HFIP, This is not surprising because other alcohols such as methanol
the alcohol clusters are disrupted because water moleculesand ethanol can stabilize the helical structure even in the absence
which are necessary for separating and therefore stabilizing theof extensive alcohol clusters, as indicated by X-ray scattering
clusters, disappedf.Thus it is likely that hydrophobic groups  measurements (Figure 4). At high alcohol concentrations, the
of proteins or peptides take part in the clustering of alcohol |ow polarity of the bulk solvent or consequent strengthening of
molecules through proteiralcohol hydrophobic interactiofs.  hydrogen bonds is probably enough to maintain the helical
An analogy of the marked effects of alcohol through cluster structures. This again confirms the fundamental role of solvent
formation is the interaction of proteins with SDS, one of the polarity in the alcohol effects on proteins and peptides.
most widely used amphiphilic detergents. We can assume that
HFIP is similar to SDS in that both consist of hydrophobic and Conclusions
hydrophilic groups and can form clusters through hydrophobic
interactions. SDS micelles can denature the native structure of We previously compared the effects of various alcohols,
proteins and induce the-helical structure, as well as inducing  including TFE and HFIP, on melittin anf-lactoglobulin®~7
the a-helical structure in short peptidé.Indeed, SDS- Although the apparent conformational transitions differ markedly
dependent conformational transitions @flactoglobulin and between melittin ang@-lactoglobulin, the order of effectiveness
melittin (Figure 6) resemble those induced by alcohols (Figure of various alcohols is common. This supports the idea that the
1). mechanisms of the effects of alcohol on native proteins and
Monomeric SDS can interact with proteins and peptides. unfolded peptides are basically the same. In both cases, we
However’ the interaction between monomeric SDS and peptidesbe"eve that the decrease in protein hydrophobiC interactions in
or proteins would not be extensive. Stabilization of fhsheet alcohol/water mixtures is the most important factor. However,
conformation in the presence of SDS monomers below cmc hasProperties related to the bulk solvent, sucheasr hydrogen
been reported for some pep“ﬁs"’he aggregation of melittin bond Strength, do not eXp|aIn the marked effects of HFIP and
at low concentrations of SDS observed here may be caused! FE. In the present paper, we have indicated that aggregation
through such weak peptieSDS interactions which cannot bury ~ Or clustering of alcohol molecules is an important factor
the hydrophobic groups Of pept|de and SDS’ resulting in the enhanCIng the effeCtS Of a|C0h0| SUCh C|USteI’S Of bulky a|COhO|
formation of peptide aggregates. Once SDS forms micelles, themolecules provide a highly hydrophobic local environment,
interaction becomes stronger because micelles provide extensivavhere, microscopically, polarity decreases and hydrogen bonds
sites of interaction, i.e., they increase the effective concentrationare strengthened. Upon binding to these hydrophobic clusters,
of the interacting sites. This results in protein denaturation and Proteins and peptides undergo a conformational transition, as
the formation of extended and persistenhelical structures. ~ they do upon binding to SDS micelles.
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