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Abstract: It is experimentally known that alcohol induces peptides to farimelix structures much more than

water. Though thex-helix structure formed is independent of the alcohol species, degree of the induction
increases as bulkiness of the hydrocarbon group in an alcohol molecule increases. In this article we investigate
conformations of peptides (Met-enkephalin and the C-peptide fragment of ribonuclease A) in methanol, ethanol,
and water using the reference interaction site model theory. Molecular models are employed for the solvents.
Our theoretical results show the following. Alcohol indeed facilitates peptide molecules to form the secondary
structures with intramolecular hydrogen bonds such asithelix. In alcohol a solvophobic atom of a peptide

is less sotophobicthan in water while a solvophilic atom Iess sadophilic. The solvation free energy in
alcohol thus becomes considerably less variable against conformational changes than in water, with the result
that the conformational stability in alcohol is governed by the conformational energy. The peptide molecule
tends to take a conformation with the lowest conformational energy such ashélkx, which is independent

of the alcohol species. Moreover, these trends are enhanced as bulkiness of the hydrocarbon group in an
alcohol molecule increases. In the text, the microscopic origin of the differences between alcohol and water
in solvation of peptide molecules, which cannot be obtained by analyses treating the solvent as a dielectric
continuum, is discussed in detail.

Introduction molecules. The protein molecule itself tends to take a conforma-

The first-principle prediction of conformations of solute 0N with the lowest conformational energy. The solvent, on
molecules in solvents is one of the most fundamental and the other hand, forces the protein molecule to take a conforma-

essential subjects in modern chemistry. For large, complicated!ion With the lowest solvation free energy. The protein confor-
molecules such as peptides and proteins, however, the predictiofnations in solvents are stabilized by competition of these two
is a very difficult task. The problem of protein folding, for ~factors. The solvent effects have been analyzed in detail by
instance, has long been a central issue in the field but is still éating small peptide molecules in watef. A significant
unresolved. Conformational transitions, especially those of the finding is that in water the solvation free energy for a peptide
secondary structures, in protein molecules are very important M0lecule varies largely from conformation to conformation and
aspects in protein folding. An example of great interest is the 'émarkably affects the conformational stability. In fact, the
conversion into non-nativé-sheet structures in proteins that peptld_e conformations stabilized in water are quite different from
cause amyloid diseas&s® Another example is the formation those in the gas phase. Moreove_r, addition of salts (e.g., NaCl)
of a-helix structures in the early stage of folding pfacto- ~ t© Water can alter the conformations to a large exterif
globulin, the native structure of which is mostly in the  Effects of alcohol on peptide and protein conformatién®
B-sheett=6 are very interesting from the standpoints of both the confor-
mational transitions and the solvent effects mentioned above.

Conformations of solute molecules are greatly influenced by e > .
Melittin and some fragments ¢f-lactoglobulin, for instance,

the solvent environments, and this is also true for protein ) - g
- take extended (unfolded) conformations in aqueous environ-
* Address correspondence to this author.
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(1) Pan, K.-M.; Baldwin, M.; Nguyen, J.; Gasset, M.; Serban, A.; Groth,  to form a-helix structures. Though the-helix structure formed
D.; Mehlhorn, I.; Huang, Z.; Fletterick, R. J.; Cohen, F. E.; Prusiner, S. B.

Proc. Natl. Acad. Sci. U.S.A993 90, 10962-10966. (7) Kinoshita, M.; Okamoto, Y.; Hirata, K. Chem. Phys1997 107,
(2) Riek, R.; Hornemann, S.; Wider, G.; Billeter, M.; Glockshuber, R.; 1586-1599.
Wouthrich, K. Nature 1996 382 180-182. (8) Kinoshita, M.; Okamoto, Y.; Hirata, B. Am. Chem. S04998 120,

(3) Booth, D. R.; Sunde, M.; Bellotti, V.; Robinson, C. V.; Hutchinson, 1855-1863.
W. L.; Fraser, P. E.; Hawkins, P. N.; Dobson, C. M.; Radford, S. E.; Blake, (9) Kinoshita, M.; Okamoto, Y.; Hirata, Rl. Chem. Phys1999 110,

C. C. F.; Pepys, M. BNature 1997, 385 787—793. 4090-4100.

(4) Kuwajima, K. InCircular Dichroism and the Conformational Analysis (10) Perkyns, J. S.; Pettitt, B. M. Phys. Chem1995 99, 1-2.
of BiomoleculesFasman, G. D., Ed.; Plenum: New York, 1996; pp 459 (11) Perkyns, J. S.; Wang, Y.; Pettitt, B. M. Am. Chem. Sod 996
182. 118 1164-1172.

(5) Kuwajima, K.; Yamaya, H.; Miwa, S.; Sugai, S.; Nagamurai-EBS (12) Kinoshita, M.; Okamoto, Y.; Hirata, FChem. Phys. Lett1998
Lett. 1987 221, 115-118. 297, 433-438.

(6) Hamada, D.; Segawa, S.; Goto,Nature Struct. Biol1996 3, 868— (13) Nelson, J. W.; Kallenbach, N. RROTEINS: Struct. Funct. Genet.
873. 1986 1, 211-217.

10.1021/ja993939x CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/10/2000



2774 J. Am. Chem. Soc., Vol. 122, No. 12, 2000 Kinoshita et al.

is independent of the alcohol species, the degree of the inductionthe solvent molecule has atomic sites. The SSOZ relation in the
increases as the bulkiness of the hydrocarbon group in an alcohoFourier space is then expressed by
molecule increaseé®®.However, the mechanism of these alcohol

effects is still unknown. sy = WsLsyHyy — Csy 1)
In this article, we analyze peptide conformations in methanol e — ¢ @
and ethanol using the reference interaction site model (RISM) Tsv= sy ™ Esv
21-23 icti _ H P
theorys? a statistical-mechanical theory for molecular fluids. Hyy = Woy + pyhoy 3)

The closure equation employed is of the hypernetted-chain
(HNC) type. Met-enkephalin and the C-peptide fragment of \ nereHyy, sy, andwssaren x n, m x n, andm x m matrices,
ribonuclease A, which were considered in our earlier wofk,  respectivelyy is the matrix of the number density of the solveint,
are chosen in the analyses. Molecular models are employed foris the matrix of the sitesite intermolecular total correlation functions,
methanol and ethanol. The solvent structures near peptidec is the matrix of the sitesite intermolecular direct correlation
molecules in different conformations and the solvation free functions, andw is the intramolecular correlation matrityy is
energies are calculated, and the results obtained are compareg@@lculated in step 1 and is part of the input data for step 2. The HNC
with those previously obtained for the peptides in water, to Closure equation is given by
elucidate the microscopic origin of the interesting alcohol effects.

picorg J Cuaf) = XL —Ung(N)I(KsT) + 7060} — a0 =1 (4)

A=1,..mB=1,..n
Gly-Phe-Met and that of the C-peptide is Lys-Glu-Thr-Ala-Ala-Ala- Nag(r) = hag(r) — Cag(r) (5)
Lys-Phe-Leu-Arg-GIn-His-Met. A feature of the C-peptide is that five
of the residues (Lys-1, Glu-2, Lys-7, Arg-10, and His-12) have groups whereuag(r) is the site-site interactionks T has the usual meaning,
with large, positive or negative site-charges in their side chains. To is an atomic site in the solute molecule, @i an atomic site in the
make this feature clear, we represent Lys-1, Glu-2, Lys-7, Arg-10, and solvent molecule.
His-12 by Lys-1", Glu-2-, Lys-7", Arg-10", and His-12, respectively. The solvation free energy for the solute molecayjes is calculated
In the present analyses, we consider peptide molecules in the un-ionizedrom2s
form. The four conformations considered in our previous artitfes,

Materials and Methods
Peptides ConsideredThe sequence of Met-enkephalin is Tyr-Gly-

conformations 1 through 4, are revisited for Met-enkephalin. Conforma- m

tion 1 is the lowest energy conformation in the gas phase and has Aud(kgT) = ZlAMSA/(kBT) (6)
intramolecular hydrogen bonds. Conformation 4 is one of the confor- =

mations stabilized in water and is almost fully extended. It has no

intramolecular hydrogen bonds. The two conformations previously Augpl(ksT) = ./:OF(r) dr 7)

treated conformations 1 and 2, are chosen for the C-peptide.
Conformation 1 has the-helix structure, while conformation 2 is
almost fully extended and has no intramolecular hydrogen bonds.
RISM Theory. It is assumed that the solute (peptide) is present in
solvent (alcohol or water) at the infinite-dilution limit. The calculation
process is then split into two steps where bulk solvent (step 1) and

F(r) = ;4”,05"2[{ hag(N)} ’l2 — Cap(r) — hag(r)cag(r)/2]  (8)

where pg is the number density of ato. The site-site correlation
%unctionshAB(r) andcag(r) are calculated by solving the RISM-HNC
equations (egs -15). It is convenient to discusAusa/(ksT), which
depends on the microscopic environment of atdnas theapparent
solvation free energy for ato. For example, as the solvophobicity
of atomA increases and/or atoAuis less exposed to the solveniysa/

(keT) becomes higher. [For the solvation free energy, the expression
that X is higher thany (Y is lower thanX) meansX > Y.] Hereafter,

we refer toAusa/(ksT) simply as the solvation free energy for atém

Model. The site-site interactioruag(r) has the form

dielectrically consistent version developed by Perkyns and Pttitt,
which is often referred to as the DRISM theory, was employed in our
earlier work=2 for peptides in water. In the present work for peptides
in alcohol, however, the calculations are performed using the RISM
theory that was originally developed by Chandler and Andétserd

later extended by Hirata and Ros$kgnd Kinoshita and Hirat& A
further improved version is the DRISM theory. As long as pure solvent
is treated, the results obtained from the RISM and DRISM theories
are almost indistinguishable, and the qualitative aspects of our
conclusions are not altered.

The basic equations for step 2 comprise the-siiee Ornstein-
Zernike (SSOZ) relation and the hypernetted-chain (HNC) closure
equation. Let the subscripts S and V denote the solute molecule and
the solvent molecule, respectively. The solute moleculenmasomic
sites (M = 75 for Met-enkephalin anch = 221 for the C-peptide) and

Ups(r) = 00T + degl (0pg/1) 2 — (0/1)% 9)
A=1,..mB=1,..n
wherega andgg are the partial charges on sheof the solute molecule

and on siteB of the solvent molecule, respectively, and the standard
combination rule,
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is employed for calculating the Lennard-Jones potential parameters.
The potential energy functions and parameters are those based on
ECEPP/2 (refs 2628) and given in our earlier papet$For methanol

and ethanol molecules, we employ the optimized potentials for liquid
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Table 1. Potential Parameters Employed Table 3. Solvation Free Energies (kcal/mol) for Some Individual
Atoms' of Met-enkephalin in Conformation 4: Values in Water,
atom o (nm) ¢ (kcal/mol) q(-) Methanol, and Ethanol
water H 0.0400 0.046 0.4238
0 0.3160 0.156 0.8176 atom water methanol ethanol watér+#®ethanol-8 ethanol-0
methanol H 0.0400 0.055 0.4350 23NGly-2 —1.62 0.96 141 341 2.22 2.48
o) 0.3070 0.170 —0.7000 56 O Phe-4 —-5.98 —-356 —-3.21 212 —0.24 -0.72
CHs; 0.3775 0.207 0.2650 43 CD1Phe-4 1.91-0.23 -0.76 4.68 2.03 1.93
ethanol H 0.0400 0.055 0.4350 47CZPhe-4 221 -035 —-1.00 1.71 —0.60 —-1.14
8H 828;2 gﬂg _0'072220 a For the definition of the solvation free enrgy for an atom, see eqs
2 . . . _ be_) i - . _ .
CH, 0.3905 0175 0.0000 '?o z8éro. 0” implies that all the site charges of Met-enkephalin are set
Table 2. Solvation Free Energies (kcal/mol) for Conformations 1 47C
through 4 of Met-enkephalin in Water and Methanol ; /
43C —=
conformation water water?0  methanol methanol?0 { /
1 197 216 73 87 « & .
2 178 209 58 82 ; > )‘
3 203 229 75 93 ' f’ '
4 177 201 59 7 3 \ 2
a“-0” implies that all the site charges of Met-enkephalin are set to v !
zero. Yo i i
simulations (OPLS) proposed by Jorgendtmhe OPLS parameters 23 N
are compared with the parameters for the SPC/E WaiteiTable 1. 56 O

The temperature is set to 298 K. The dimensionless number densitiesFigure 1. Conformation 4 of Met-enkephalin. “23 N”, “43 C”, “47
pvd 3 (d = 0.28 nm) of water, methanol, and ethanol are 0.7317, 0.3246, C”, and “56 O” represent “23 N” in Gly-2, “43 CD1" in Phe-4, “47

and 0.2265, respectively. [Just for the C-peptide in water, however, Cz” in Phe 4, and “56 O” in Phe-4, respectively. This figure was created
the temperature was set to 273 K apgtl ° is 0.7338 (ref 9). The with RasMol33

temperature difference is minor and not likely to alter our conclusions.]

“CH3” and “CHy" are regarded as single atomic sites, are 3 and example, the solvation free energies for conformation 4 of Met-

4 for methanol and ethanol molecules, respectively. It is assumed thatenkephalin in ethanol are 51 (full site-charges) and 67 kcal/

all the ethanol molecules take the trans conformations. An important pg| (zero site-charges). The most important feature observed
point is that the number density of water is 2.3 times higher than that 5 the table is that in methanol the solvation free energy varies
of methanol (the number density of hydrogen atoms in water is 4.6 o, qjqeraply less against conformational changes than in water.

times higher than that in methanol), and that of methanol is 1.4 times The maximum differen mong the four conformations in th
higher than that of ethanol. Alcohol molecules are larger than water € maximu erences among the fou EO 0 Y a“ ons . €
r]solvatlon free energy for the cases of “water”, “water-0",

molecules, and this trend is enhanced as bulkiness of the hydrocarbo

group in an alcohol molecule increases. “methan0|", and “methan0|-0" are 26, 28, 17, and 16 kC8.|/mO|,
Numerical Method. A sufficiently long ranger, is divided intoN respectively. We emphasize that the conformational stability of
mesh pointsi{ = idr, or = r/N; i =0, 1, ...,N — 1) and all the a peptide molecule in solvent is governed not by the absolute

functions are represented by their values on these points. The long-values of the solvation free energies but by the relative values
range Coulomb potentials are handled in a special manner so_that among different conformations.

can be minimized! The RISM-HNC equations, a very large set of Table 3 gives the solvation free energies for some individual
nonlinear simultaneous equations, are solved by our robust alggffhm 5155 (for the definition of the solvation free energy for an atom,

ghnaetsls over 2 orders of magnitude more efficient than the conventional see eqs 68) of Met-enkephalin in water, methanol, and ethanol.

’ Met-enkephalin is in conformation 4. The values calculated with
the site-charges set to zero are also included. For the typical
hydrophilic atoms with large, negative site-charges in the
Met-enkephalin in Water, Methanol, and Ethanol. Table backbone, “23 N” in Gly-2 and “56 O” in Phe-4 (Figure 1), the

2 gives the solvation free energies for conformations 1 through values are negative in water, but they become higher in
4 of Met-enkephalin in water and methanol. The conformational methanol, and even higher in ethanol. For “23 N” which is less

energies of the four conformations aré2, 12,—3,and 1 kcal/  exposed than “56 O”, the values in alcohol are positive. For
mol, respectively. “Dash zero” implies that all the site-charges the typical hydrophobic atoms in the side chains, “43 CD1”
of Met-enkephalin are set to zero to shut off electrostatic and “47 CZ” in Phe-4 (Figure 1), the values are positive in
interaction between the peptide and the solvent (i.e., to makewater, but they become lower in methanol, and even lower in
the peptide molecule completely hydrophobic). The absolute ethanol. A similar feature is observed for the hydrophobic atoms
values of the solvation free energies in methanol are much with zero site-charges except “23 N”. For “23 N” with zero
smaller than those in water. Even when all the site-charges of site-charge, the value in ethanol is higher than that in methanol.
the peptide are set to zero, the increase of the solvation free The pair distribution functiongjag(r) (A is an atom of the
energy in methanol is significantly less than that in water. These peptide and is an atom of the solvent) fok = “23 N” and
trends are enhanced when methanol is replaced by ethanol. For56 O” are shown in Figures 2 and 3, respectively. Each figure

Results and Discussion

(29) Jorgensen, W. L. Phys. Chemi986 90, 12761284, represents the formation of hydrogen bqnding between the
(30) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Chem. ~ peptide atom and solvent oxygen. In particular, for= “56

1987, 91, 6269-6271. _ O” which is more exposed, the curves fBr= H of water,

L 8(31%)2*3'_”1%5;53- M.; Okamoto, Y.; Hirata, K. Comput. Chem1997 methanol, and ethanol and Br= O of water have sharp peaks.
(32) Kinoshita, M.; Okamoto, Y.; Hirata, K. Comput. Chem1998 Useful information is obtained from calculation of the coordina-

19, 1724-1735. tion numberNg defined by
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Figure 2. Pair distribution functiongag(r) for A = “23 N” in Gly-2 of Met-enkephalin immersed in (a) water, (b) methanol, and (c) ethanol.
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Figure 3. Pair distribution functiongag(r) for A = “56 O” in Phe-4 of Met-enkephalin immersed in (a) water, (b) methanol, and (c) ethanol.

_ Tmin Table 4. Coordination Numbers of Solvent Hydrogens around
Ng = MPBL T“Gag(r) dr (11) Atom A of Met-enkephalin in Conformation 4
wherepg is the number density of atoBvandr mi, is the position A B Ns Ng(ratio)
of the first minimum ofgag(r). Ng for B = H gives j[he average 23 N Gly-2 H of water 0.196 2.20
number of solvent-hydrogens forming electrostatic bonding with H of methanol 0.089 1.00
atomA of the peptide. The values bf; calculated are given in H of ethanol 0.072 0.81
Table 4. In the last column, the values divided by the value for ~ 56 O Phe-4 HHO]?%VL?;‘;’WI 00-583%3 116%4
methanol (i.e., ratios) are given. TiNg values and ratios for H of ethanol 0.463 0.86

methanol are smaller than those for water, and those for ethanol
are smaller than those for methanol. This is because the number
density of hydrogen atoms is much smaller in methanol than in is particularly true for ethanol. There is, however, another
water and that in ethanol is even smaller. The differences amongsignificant reason for the result given in the table. The pair
the water, methanol, and ethanol cases inNgevalues and distribution functionsgag(r) for A = “47 CZ" are shown in
ratios are larger for “23 N” than for “56 O” (e.g., in the case of Figure 4 (these functions remain almost unchanged even when
B = H of ethanol the ratio foA = “23 N” is smaller than that the site-charge of “47 CZ” is set to zero). The curvesBor
for A = “56 Q). The reason for this result is the following: CHs of methanol and foB = CH, and CH of ethanol have
“23 N” is less exposed than “56 O”, and due to the steric relatively high first peaks. We have calculated the coordination
hindrance by the hydrocarbon group in an alcohol molecule, it numbersNg for A = “47 CZ” and B = CHj3 of methanol and
becomes more difficult for alcohol-oxygen to form hydrogen = CH, and CH of ethanol. Though the number density of
bonding with “23 N”. Since the hydrocarbon group in an ethanol ethanol is lower than that of methanol, the result obtained is
molecule is bulkier than that in the methanol molecule, the steric the following: Ng(B = CH3; of methanol)< Ng(B = CHjs of
hindrance effect for ethanol is larger. These results are well ethanol)< Ng(B = CH, of ethanol). An alcohol molecule has
reflected on the solvation free energies for “23 N” and “56 O” the hydrocarbon group that cannot participate in hydrogen
given in Table 3. The formation of hydrogen bonding between bonding among alcohol molecules, and contact of the hydro-
an atom with a large, negative site-charge of the peptide andcarbon group with a hydrophobic atom of the peptide is
solvent-oxygen leads to a large decrease in the solvation freesignificantly stabilized, leading to significant lowering of the
energy, but such formation becomes more difficult to achieve solvation free energy. This effect is larger for ethanol than for
in alcohol than in water. This is particularly true for ethanol methanol. As an exception, the solvation free energy for “23
and for a less exposed atom like “23 N”. N” with zero site-charge in ethanol is higher than that in
We now discuss the solvation free energies for the hydro- methanol. This is because “23 N” is not well exposed and the
phobic atoms of the peptide given in Table 3. Alcohol molecules contact of the hydrocarbon group with the hydrophobic atom
are larger than water molecules and the number density ofis somewhat hindered in ethanol. Table 5 gives the solvation
alcohol is lower than that of water. As a result, in alcohol the free energy for each residue of Met-enkephalin in water,
work required for the cavity formation is less than that in water, methanol, and ethanol. Met-enkephalin is in conformation 4.
giving rise to lower values of the solvation free energies. This In alcohol, the feature that the solvation free energies for
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Figure 4. Pair distribution functiongag(r) for A

Table 5. Solvation Free Energy (kcal/mol) for Each Residue of
Met-enkephalin in Conformation 4: Values in Water, Methanol, and
Ethanol

residue water methanol ethanol
Tyr-1 52.9 16.7 13.8
Gly-2 14.7 47 45
Gly-3 14.2 3.6 3.2
Phe-4 51.1 185 16.2
Met-5 44.0 15.9 13.5
total 177 59 51

Table 6. Solvation Free Energies (kcal/mol) for Some Individual
Atoms’ of the C-Peptide in Conforamtion 2: Values in Water and
Methanol

atom water methanol
17 1HZ Lys-1 —-10.3 —-11.3
160 1HH1 Arg-10 —-13.2 -13.8
33 OE1 Glu-2 —37.0 —29.6
23 O Lys-1 —-7.1 —4.0
119 CD2 Leu-9 2.9 0.9

a For the definition of the solvation free energy for an atom, see eqs
6—8.

r/d
“47 CZ" in Phe-4 of Met-enkephalin immersed in (a) water, (b) methanol, and (c) ethanol.

r/d

hindrance effect by the hydrocarbon group in a methanol
molecule is larger. This result is reflected on the solvation free
energies for “23 O” given in Table 6: the value for “23 O” in
methanol is considerably higher than that in water. The reason
the values for the atoms with large, positive site-charges, “17
1HZ" and “160 1HH1", in methanol are about the same as those
in water is as follows. In the case of methanol, when the oxygen
atom in a solvent molecule forms electrostatic bonding with
“17 1HZ", for example, one hydrogen atom also gets close to
“17 1HZ". The hydrogen atom has a large, positive site-charge
and interacts with “17 1HZ" through the electrostatic repulsive
potential. In the case of water, however, a solvent molecule
has two hydrogen atoms, and the effect of the repulsive
interaction is larger. As a result, despite the fact thatNge
value (and the ratio) for water is larger, the solvation free energy
for “17 1HZ” in water becomes as high as that in methanol.
We have considered only methanol for the C-peptide, but we
believe that even for the well-exposed atoms with large, positive
site-charges discussed above, the solvation free energies in
alcohol will eventually become higher as the bulkiness of the
hydrocarbon group in an alcohol molecule increases. Table 8
gives the solvation free energy for each residue of the C-peptide
in water and methanol. The C-peptide is in conformation 2. In

hydrophobic atoms become lower dominates, and the solvationmethanol, the solvation free energies for hydrophobic atoms
free energy for each residue becomes considerably lower. Thishecome lower and those for atoms with large, positive site-

is particularly true for ethanol.
C-Peptide in Water and Methanol. Table 6 gives the
solvation free energies for some individual atoms of the

charges in the side chains are about the same. As a result, the
solvation free energies for the residues having groups with large,
positive site-charges in the side chains take large, negative

C-peptide in water and methanol. The C-peptide is in conforma- values.

tion 2. The atoms with large, positive or negative site-charges

in the side chains, “17 1HZ" in Lys-, “160 1HH1" in Arg-
10%, and “33 OE1” in Glu-2, are more exposed to the solvent
than the carbonyl oxygen in the backbone “23 O” in Lys-1
(Figure 5). The values for the atoms with large, positive site-
charges, “17 1HZ" and “160 1HH1", in methanol are about the

same as those in water. However, the values for the atoms with

large, negative site-charges, “33 OE1” and “23 O”, in methanol
are significantly higher than those in water. This is particularly
true for the less exposed atom “23 O”. For the typical
hydrophobic atom, “119 CD2” in Phe-8, the value in methanol
is positive but much lower than that in water.

The coordination numbers calculated for the pairs “17
1HZ" andB = O, A= "33 OE1” andB = H, andA = “23 O”
andB = H are given in Table 7. In the last column, the values
divided by the value for methanol (i.e., ratios) are given. The

Peptide Conformations Stabilized in Alcohol.Since peptide
conformations are determined not only by the conformational
energy but also by the solvation free energy as mentioned above,
it is useful to define the total energyr as the sum of the
conformational energ¥c and the solvation free energyus:

Er=Ec+ Aug (12)
The total energy is an index of the conformational stability of
peptides in solvents. Table 9 gives the conformational energies,
solvation free energies, and total energies for conformations 1
and 4 of Met-enkephalin. Conformation 1 has intramolecular
hydrogen bonds. Conformation 4 is almost fully extended and
has no intramolecular hydrogen bondgis w, Aus v, andAus e
denote the solvation free energies in water, methanol, and
ethanol, respectivelyErw, Erwm, and Erg denote the total

Ng values and ratios for methanol are smaller than those for energies in water, methanol, and ethanol, respectively (for
water, because the number density of methanol is lower thaninstance,Erw = Ec + Ausw). In terms of the total energy,

that of water. In the case of methanol, the ratio for the backbone conformation 4 is more stable by 7 kcal/mol in water, but only
atom is smaller than that for the side-chain atoms. This is by 1 kcal/mol in methanol, and it is as stable as conformation
because the backbone atom is less exposed and the steri@ in ethanol. Table 10 gives the conformational energies,
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Figure 5. Conformation 2 of the C-peptide. “17 H”, “23 O”, “33 0", “119 C”, and “160 H” represent “17 1HZ" in Lys-23 O” in Lys-1", “33
OE1” in Glu-27, “119 CD2” in Phe-8, and “160 1HH1" in Arg-1Q respectively. This figure was created with RasNfol.

Table 7. Coordination Numbers of Solvent Hydrogens or Oxygens
around Atom A of the C-Peptide in Conformation 2

A B Ng Ng(ratio)

17 1HZ Lys-1" O of water 2.69 1.29
O of methanol 2.08 1.00

33 OE1 Glu-2 H of water 1.85 1.42
H of methanol 1.30 1.00

23 O Lys-1 H of water 0.906 161
H of methanol 0.563 1.00

Table 8. Solvation Free Energy (kcal/mol) for Each Residue of the
C-Peptide in Conformation 2: Values in Water and Methanol

residue water methanol
Lys-1* 11.3 —20.3
Glu-2- —-30.0 —33.2
Thr-3 28.4 10.2
Ala-4 19.6 7.1
Ala-5 17.9 5.0
Ala-6 20.4 7.8
Lys-7" —18.3 —44.3
Phe-8 50.0 20.5
Leu-9 48.7 22.3
Arg-10* 1.0 —30.5
GIn-11 36.0 12.6
His-12" —-18.3 —42.3
Met-13 50.8 25.8
total 218 —-59

Table 9. Conformational Energies and Solvation Free Energies
(kcal/mol) for Conformations 1 and 4 of Met-enkephalin in Water,
Methanol, and Ethanol

conformation Ec A‘Ltsyw A‘LtsyM A,usf ET,W ET,M ET,E
1 -12 197 73 64 185 61 52
4 1 177 59 51 178 60 52

Table 10. Conformational Energies and Solvation Free Energies
(kcal/mol) for Conformations 1 and 2 of the C-Peptide in Water and
Methanol

conformation E. Alsw Ausm Erw Erm
1 48 457 108 505 156
2 200 218 —59 418 141

2 is more stable by 87 kcal/mol in water, but only by 15 kcal/
mol in methanol. Thus, the conformations with intramolecular
hydrogen bonds are much more stabilized in alcohol than in
water.

In alcohol a solvophobic atom of a peptiddass sadophobic
(i.e., the solvation free energy for the atom is lower) than in
water, and a solvophilic atom Isss sabophilic (the solvation
free energy for the atom is higher). This trend is enhanced as
the bulkiness of the hydrocarbon group in an alcohol molecule
increases. The solvation free energy in alcohol becomes
considerably less variable against conformational changes. As
a result, the stability of peptide conformations is governed by
the conformational energy. The peptide molecule tends to take
a conformation whose conformational energy is as low as
possible, i.e., a conformation with intramolecular hydrogen
bonds such as the-helix.

Conclusion

We have analyzed peptide conformations in methanol and
ethanol using the RISM-HNC theory. Met-enkephalin and the
C-peptide fragment of ribonuclease A, which were considered
in our earlier work/~° are chosen in the analyses. The solvent
structures near peptide molecules in different conformations and
the solvation free energies are calculated, and the results
obtained are compared with those previously obtained for the
peptides in water. Molecular models are employed for methanol,

solvation free energies, and total energies for conformations 1 ethanol, and water. The major conclusions drawn are sum-

and 2 of the C-peptide. Conformation 1 hasdtkelix structure,

but conformation 2 is almost fully extended and has no

marized below.
Alcohol molecules are larger than water molecules and the

intramolecular hydrogen bonds. The values in water and number density of alcohol is lower than that of water. As a
methanol are given. In terms of the total energy, conformation result, the work required for the cavity formation in alcohol is
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less. An alcohol molecule has a hydrocarbon group that cannotintramolecular hydrogen bonds such as théelix. We note
participate in hydrogen bonding among alcohol molecules, and that the conformation with the lowest conformational energy is
contact of the hydrocarbon group with a solvophobic atom of independent of the alcohol species. These results are in good
a peptide is significantly stabilized. For these reasons, the agreement with the experimental observatléA%2°that can be
solvophobic atom of the peptide lisss solophobic(i.e., the summarized as follows. Alcohol induces peptides to form
solvation free energy for the atom is lower) in alcohol than in a-helix structures, thet-helix structure formed is independent
water. This trend is enhanced as bulkiness of the hydrocarbonof the alcohol species, and degree of the induction increases as
group in an alcohol molecule increases: the trend for ethanol the bulkiness of the hydrocarbon group in an alcohol molecule
is stronger because the hydrocarbon group is bulkier in anincreases. To the best of our knowledge, this is the first time
ethanol molecule than in a methanol molecule. that the microscopic mechanism of the alcohol effects has been
There are fewer hydrogen and oxygen atoms per unit volume elucidated.
in alcohol than in water. This property of alcohol and the steric | ast, it is worthwhile to add the following. Thg-sheet
hindrance by the hydrocarbon group cause more difficulty in structure also has intramolecular hydrogen bonds. For a peptide,
the formation of electrostatic bonding between a solvophilic if the conformational energy of thes-sheet structure is
atom of the peptide and alcohol-hydrogen or -oxygen. If the significantly lower than that of the-helix, alcohol may induce
solvophilic atom is less exposed, the steric hindrance effect the peptide to form th@-sheet. In fact, it was experimentally
becomes larger. For these reasons, the solvophilic atom of theshown for some peptid&sthat thep-hairpin structure linking
peptide isless salophilic (i.e., the solvation free energy for  adjacent strands in an antiparalfesheet is considerably more
the atom is higher) in alcohol than in water, particularly when stabilized by addition of trifluoroethanol (TFE).
the atom is not well exposed. This trend is enhanced as the
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