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Solvation structure and stability of peptides in aqueous solutions analyzed
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We report results of numerical analyses on solvation structure and conformational stability of a
dipeptide and Met-enkephalin in the extended simple point ch&C/B model water. The
reference interaction site mod@RISM) theory is fully solved using our robust, highly efficient
algorithm. It is shown that water structure near the peptides and the hydration free energy are greatly
dependent on the peptide conformations. Stability of Met-enkephalin is examined in terms of the
total energy defined as the sum of the conformational energy and the hydration free energy of the
peptide. We test several different conformations including that with the minimum energy in gas
phase, which takes rather compact form due to an intramolecular hydrogen bond. It is shown that a
fully extended conformation has the highest stability in water. Our results are in qualitative accord
with the recent nuclear magnetic resonaribBVMR) experiments which suggest fully extended
conformations with large fluctuations for the solution structure of the peptide. A conformation
which is similar to that obtained from the NMR experiments in miceller solutions, is much less
stable when it is put in water. Thus, the peptide conformations are greatly sensitive to microscopic
solvent environment, and any native treatment of the solvent such as the continuum model will end
in failure. © 1997 American Institute of Physid$$0021-960607)51629-1

I. INTRODUCTION This problem appears to be a major stumbling block in
elaborate studies based on the statistical-mechanical treat-

h .Thef prediction of tgrtlary s]:[rl;]ctures ofhplrlotelns fronl])ment for taking account of the solvent effects on the protein
their primary structures is one of the most challenging probe, o rmations. Fortunately, we recently developed an

lems in biophysics and physical chemistry. The pmblemalgorithnfL4 for solving the full RISM equations for the sys-

amounts to finding the lowest-energy conformation of a pro- . . S
. ) . tem of a solute molecule with many atoms in water which is
tein out of a huge number of possible conformations. Re- . :
- . . . rders of magnitude faster than a conventional one.
cently, promising simulation methods such as the simulate : . . .
. . i . Our ultimate goal is to combine the fast solution algo-
annealing and the multicanonical algorittimwere devel- rithm for the RISM theory with the powerful conformational
oped to avoid getting trapped in a local minimum of the y P

energy surface. Their usefulness was demonstrated for proBE’Impllng method§ ment|oned. above so that.the lowest-
lems of peptide conformation prediction in gas pHabe energy conformation ofaprotgm can be found in an aqueous
where the energy function is simply the conformational en-SOIUtlon (the energy function is the sum of the conforma-

ergy. These methods are now being extended to small prdion@l energy and the solvation free energys an essential
teins. However, another essential problem still remains unre3t€P in this direction, we consider in the present article a
solved: The incorporation of the effects due to the solvenfliPeptide  (NH-CHCH,~CO-NH-CHCH-COOH) and
(water molecules, anions, and catipris the energy func- Met-enkephalinthe numbers of the atomic sites are 23 and
tion. 75, respectivelyof some different conformations in the ex-
The reference interaction site mod@&ISM) theonf~1°  tended simple point chard&PC/B model watet® and apply
provides a reliable approach of accounting for the solventhe full RISM theory to analyses of water structdensity
effects and potentially allows us to analyze a protein—solvengtructure near the peptide and calculations of the hydration
system on an atomic level. Pettitt and his co-workets free energy. It is assumed in the analyses that these peptides
applied the RISM theory to the calculation of the free-energygre not ionized, but cases of zwitterions with zero net
surface of di- and tri-peptides, but they used the superposkharges are also considered. It is shown that water structure
tion approximation in which the entire free energy of a pep-and the hydration free energy are greatly dependent on the
tide is expressed as the sum of the potential of mean forcegeptide conformations. The relation between water structure
between pairs of atoms. The work of Kitab al’®> was the and the hydration free energy is analyzed and discussed in
first one that employed the full RISM theory for a free- detail.
energy analysis for melittifa small protein in water. As The conformations of Met-enkephalin in an aqueous so-
one would have expected, however, a huge amount of coniution (buffered to pH=3.87 using CHCOONa at an ionic
putational effort was required to solve the basic equationsconcentration of 0.05 Mdetermined from the recent nuclear
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magnetic resonand®MR) experiment¥ are fully extended The full pair distribution functiorg(12) defined for mo-
and quite different from the lowest-energy conformation inlecular fluids is dependent on the distance between centers of
gas phase which was already obtained using various simulanolecules 1 and 2 and on the orientations of these two mol-
tion method3!”*® We test several different conformations ecules. Averaging(12) over all orientations of molecules 1
including the lowest-energy conformation in gas phase and and 2 with fixing atomic sité in molecule 1 and atomic site
conformation which is similar to those determined from theB in molecule 2 yields the site—site pair distribution function
NMR experiments. We show that the latter is the most stablg,g(r) (r is the distance between the two atomic sitesnd

in water with the lowest total energfthe total energy is B). We discuss the structure of water near the peptides in
defined as the sum of the conformational energy and théerms ofgag(r). pggag(r) in this case can be regarded as
hydration free energyin both of the unionized and zwitte- the orientationally averaged density profile of atBmof the

rion cases. Although the effects due to the presence ofiater—molecule near atos of the peptide.

CH;COONa is unknown and need to be investigated in fur-  The hydration free energy for the solute molecAle; is

ther studies, our results are very encouraging, implying thatalculated fror®132

solvent plays essential roles and that the RISM theory can be

a reliable tool for taking account of the solvent effects. A,us/(kBT)=47Tf F(r)dr, (48)
0
Il. THEORETICAL MODEL m ) 5
. . F(r)= 2 pel “[{hag(r)}/2—Cpp(r)
In the present article the subscripts™and “ s” denote A=1B=H0
“water” and “solute”, respectively. It is assumed that the
. L —hag(r)cag(r)/2], 4b
solute moleculegpeptide are present at infinite dilution. as(1)Cas(1)/2] (4b)
Th Iculation pr is then split into tw wher
e calculation process is then split into two steps where on=20,. PO=Py- (40

bulk water(step 2 and water near a solute molecytep 2

are treated, respectively. The site—site intermolecular totathe site—site correlation functiorts,g(r) and cag(r) are
correlation functions calculated in step 1 are used as inpWalculated by solving Egs(l) and (3). We consider two
variables for step 2. The calculation in step 1 is performectases: Casé) where the full values of the site—charges of
using the RISM theory improved by Perkyns and Peftit,  the solute molecule are used and cégenhere all the site—
which assures the dielectric consistency. We consider step ¢harges are set to zero. The values of the solvation free en-
hereafter. ergies in case&a) and (b) are denoted by e, and A uqp,

It is assumed that the solute molecule and a water molrespectively.
ecule hasm and three interaction sites, respectively. The  The model of a water—molecule is the SPC/E mddel.
site—site Ornstein—ZernikéSSOZ equation is expressed as The temperature is set at 298.15 i,g(r) has the form

Ny =WsLsyHyy — Csy (13 Ung(r)=0als/r +4ensl{(oas/r) = (aas/1)%, (5)

o=, — s, 16
oo™ oo™ S (1o A=1...m; B=H,0,

HUU:WUU+pUth’ (2) . . .
- B where g, is the partial charge on sitd of the solute—
whereH,, , 7, , andwss, for example, are 33, mx3, and  polecule and the standard combination rule
mXm matrices, respectivelyp, is the matrix of number

density of water molecules in the bulk, is the matrix of eap=(epep)t?,  oap=(0at03)/2, (6)
site—site intermolecular total correlation functiomsis the

matrix of site—site intermolecular direct correlation func-is employed for calculating the Lennard-Jones potential pa-
tions, w is the intramolecular_correlation matrix, and™ rameters. The potential-energy functions and parameters are
represents Fourier transformid,, is dependent on proper- adopted from KONF90(Ref. 22 which is based on
ties of the bulk water alone and is part of the input data foECEPP/2(Refs. 23-25 The values ofj, and o, used for

step 2. More detailed information is given in Ref. 14. the dipeptide choseAla—Ala) are given in Table I(the
The closure equation employed is of the hypernetted€lectronic charge is-1). Those for some representative sites
chain(IINC) type given by of Met-enkephalin(Tyr—Gly—Gly—Phe—Meét are given in

Table Il. The carbonyl carbons have large, positive site—

Cas(r)=exp{ ~Uag(r)/(ksT) + 7as(r)} — 7as(r) — 1, charges, and oxyger(@ particular, the two oxygens at the
A=1. . .m B=HO ) C-terminus of the zwitterionsand nitrogens have large,

e = negative site—charges. For the SPC/E water, we laye
whereupy(uap) is the pair potential between site of the  =0.4238, (qo=-0.8476, €,=0.046 kcal/mol, €g
solute molecule and the water—hydrogemygen andkg is =0.156 kcal/mol,oc4=0.040 nm, andro=0.316 nm. The
the Boltzmann constant. For instancg,(cap) is the site—  o-value of the water—hydrogen is exceptionally small. The
site direct correlation function between sheof the solute—  dimensionless number density of wajgd® (d=0.28 nm)
molecule and the water—hydrogéoxygen. is 0.7317.
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TABLE |. Values of gy and o, used for the dipeptide. The electronic the Newton—Raphson and Picard methods. The Jacobian ma-
charge is —1. The last four rows are for the zwitteriofl H Alal, trix is read from a file as part of the input data. We have
3 HAl', and 23 H Al form NHy). The g-values ands-values of water found that the same matrix can be used for a considerably
areqy=0.4238,0o= —0.8476,04=0.040 nm, andro=0.316 nm. . .

large set of different conformations of the solute molecule.

A aa(—) aa(nm) Since the matrix is part of the input data, it is completely
1H AR 0.176 0.239 independent of 'ghe initial guess, and sufficient stapility i§
2N Alat 0356 0.313 assured even with a crude initial guess. The algorithm is
5 HB1 Ala 0.040 0.260 capable of treating a molecular solute with many atomic sites
8 CA Alat 0.064 0.367 with minor computational effort on an interactive worksta-
9 HA Alat 0.020 0.260 tion.

12 gﬁ',i _8"3122 8'232 The convergence criterion for the iterative calculation is
12 N Al 0.356 0313 set so that the hydration free energy can be calculated with
14 CB A2 —0.090 0.367 the accuracy+0.3 kcal/mol (0.6 kcal/metkgT). We note

13 H Al 0.176 0.239 that this is a severe criterion particularly for Met-enkephalin.
20 C Al 0.450 0.333 Nevertheless, with a crude initial guess convergence is
ggﬁ:? :g'ggg g'gg achieved in~1 and 10 min for the dipeptide and Met-
23 H Al 0204 0.252 enkephalin, respectively, on our workstatigBM RS6000/

1H Alat 0.285 0.239 3CT,; 64MB). When the converged solution for another con-
21 0 Al# —0.532 0.278 formation is available, convergence is achieved in a few tens
220 Al —0.532 0.278 of seconds and several minutes for the dipeptide and Met-
23 H Alat 0.285 0.239

enkephalin, respectively. We emphasize that the full RISM
equations are rigorously solved with no approximate treat-
ment to accelerate convergence.

Ill. NUMERICAL METHOD

A sufficiently long-ranger, is divided into N mesh |v. RESULTS AND DISCUSSION
points (r;=iér, i=0,1,...N—=1; ér=r_ /N) and all the . ) )
functions are represented by their values on these points. The _ /'€ unionized peptides are first treated, and then the

long-range Coulomb potentials are handled in a special marfWitterions are considered in a later section. We have tested
ner so that, can be minimized. In the present analysis, several different conformations of Met-enkephalifiyr—

andN are set at 0.04 (d=0.28 nm) and 512, respectively. fGIy—GfIy;Phe;lMet but i,n th? present ?rticle we de;crirt:e
The details of the algorithm for solving the full RISM equa- 04" © them illustrated in Fig. 1. Conformation 1 is the

tions are described in Ref. 14. The algorithm is a hybrid oflOWest-energy conformation in gas phase determined by the
multicanonical algorithmh and has hydrogen bonding be-

tween 14 HH Tyt and 36 O Gly. In conformation 2 the five
TABLE II. Values of g, and o, used for Met-enkephalin. The electronic carbonyl oxygens are not far apart, and in particular
charge is —1. The last four rows are for the zwitteriofd H Tyr, 290 G|y2 and 56 O Pheare close to each other. Conforma-
1 +
3HTyr", and 75 H Tyt form NH;). tion 3 is a conformation we have obtained from the backbone
dihedral angles given in Ref. 16. These angles were deter-

A aa(—) aa(nm) . . o

mined from NMR experiments for Met-enkephalin in an

LHTY" 0.176 0.239 aqueous solution with the presence of 50 mM sodium dode-

421(’\3lBTyl'ryr1 :gzgig 8:223 cyl squate(SDS (the critical mice_llar cpncgntration is 8.3

5HB1 Tyrt 0.025 0.260 mM). In a strict sense conformation 3 is different from the

10 CE1 Tyt —0.060 0.330 one shown in Fig. 3 of Ref. 16 because the aromatic side

11HE1 Ty? 0.030 0.261 chains of Tyt and Phé are not close together in our case

ii SE Iy: _g-fgg 8-;?3 (since Ref. 16 gives only the backbone dihedral angles, it is

55 C Phé’ 0.450 0.333 difficult to obtam appropnatg S|de—cha|n orientatipridow- .

56 O Phé —0.384 0.278 ever, conformation 3 maintains the main feature that all five

57 N Mef -0.356 0.313 of the carbonyl oxygens are on the same side as seen in Fig.

58 H Mef 0.176 0.239 1(d). We have prepared conformation 4 such that it is fully

62 CG Met —0.120 0.367 extended as implied by the NMR resutfsConformational

66 CE Met —0.190 0.367 : .

79 0 Mef 0.450 0333 energies for the four con_formatlons aféLZO 12.2,—2.5, _

73 O Mef 0384 0.278 and 0.8 kcal/mol, respectively. Conformation 2 has the high-

74 O Meb —0.380 0.289 est energy among the four conformations.

75 H Mef 0.204 0.252 Here, we define the total energy as the sum of the con-

%3"‘53’\’;? 78@?;’ 8-;3: formational energy and the hydration free energy. The total

74.0 Mef 0532 0.278 energies for conformatlons 2,3,and 4 r.elatlve to the total

75 H Tyrt 0.285 0.239 energy for conformation 1 are compared in Table Ill. In col-

umn b of the table, all the site—charges of Met-enkephalin

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997



Kinoshita, Okamoto, and Hirata: Solvation of peptides in water 1589

(D)

29-0

13-0 36-0 74-0 74-0
FIG. 1. Four different conformations of Met-enkephalin considered. C, H, N, O, and S denote carbon, hydrogen, nitrogen, oxygen, and sulfer atoms, respectively.
“10-C”, “13-0", “14-H", “29-O", “36-0", “55-C", “57-N”, and “74-O", for example, represent “ 10CE1 Ty, *“ 130H Tyr'",
“14HH Tyr™, “ 290 Gly?”, “ 36 0 Gly*", “ 55C Phé”. “ 57N Met®>, and “ 74O Met™, respectively. This figure was prepared by RasMa). Conformation
1. (b) Conformation 1 viewed from another angle) Conformation 2(d) Conformation 3(e) Conformation 4(f) Conformation 4 viewed from another angle.

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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TABLE lIl. Total energies for conformations 2, 3, and 4 of Met-enkephalin TABLE IV. Hydration free energiegkcal/mo) calculated for eight types of
relative to the total energy for conformation(cal/mol). Column a: In the imaginary spherical particles, isolated atoms. The last(tyoes 9 and 1D
case where the full values of the site—charges are used. Column b: In there for isolated atoms related to the zwitterion case.

case where all the site—charges are set to zero. Column c: In gas[phase
conformational energies relative to the conformational energy for conforma- Type Atom A pg(kcal/mol)
tion 1 (kcal/mo)]. Column d: In the case where the solvent is the repulsive

potential system explained in the text. The chan@eal/mo) are also given 1 1H Ala" 2.0
with arrows. 2 5 HB1 Alat 4.4
3 10 C Ald -5.1
Conformation a b c d 4 12 N Al —-115
5 14 CB AlZ 6.9
1 0.0 0.0 0.0 0.0 6 210 AIZ -18.1
112 76 18 7 22 0 AlZ -16.9
2 54 = 16.6  — 242 = 22.4 8 23 HAlZ 1.7
-6.2 +12.1 +5.9 9 220 Al —39.8
3 15.4 — 21.6 — 95 — 15.4 10 1HAlad -2.0
—4.6 —-154 —-3.2
4 —-7.2 — —-2.6 — 128 — 9.6

10 C Ald,, 12N Al&, 14 CBAl&, 210 Al&, 220 Al,
and 23 H Al of the dipeptide, respectively. Those of types
are set to zero. In column d. we consider a Simple, repulsivg and 10 have the partia| Charges and Lennard-Jones param-
potential system as the solvent. The particles of this solvenéters of 22 O Ald and 23 H Ald of the zwitterion, respec-
interact through tively. The hydration free energies calculated for the eight
u(r)=4e(olr) ) types of atoms are given in Table I¥Some of the site—site

] ) pair distribution functiong og(r) will be shown in Figs. 3—-6
where e=0.156 kcal/mol andr=0.28 nm. The dimension- f Sec. |V B] The first peaks ofgas(r) (B is a water—

less number density in the bulk is 0.7317. The interactionhydrogen: B=H) for A=12NAla}, 210Al# and

between the particle and an atomic site of the peptide is alsg2 0 Al are very sharp, and the first-peak values are 2.11,
expressed as the form of E) with the combination rule of - 391 and 3.73, respectively. Thus, each of these atoms is
Eq. (6). First, we discuss the results in columns a, b, and ¢ o&rongly bonded with water—hydrogens, giving rise to a
the table. Conformation 4, a fully extended conformation, iSjarge, negative hydration free energy. This is ascribed to the
considerably more stable in water than conformation liarge, negative partial charges of these atoms and strong,
which is in qualitative accord with the experimental glectrostatic attractive interactions with water—hydrogens.
observation¥ (data obtained by the NMR techniqudhis  The first-peak value ofjags(r) (B is a water—oxygenB
indicates that solvent plays essential roles in determining the- o) for A=10 C Al (this atom has a large, positive partial
conformation of a peptide and that the RISM theory is acharge is 2.14, leading to a negative hydration free energy.
promising tool for taking account of the solvent effects. Theyye note that 23 H Aahas a relatively large, positive site—
decrease in the hydration free energy caused by the presenggargefthe first-peak value afo(r) is 2.0 but the hydra-

of water is very large in conformation 2. Nevertheless, due tGjon free energy for this atom is positive. This is because the
the highest conformational energy, this conformation is lesgore diametefo-value of 23 H Ala2 is not small(in fact, it
stable in water than conformation 1. It is interesting to notgs mych larger than that for water—hydrogeasd the elec-
that conformation 3 is the most unstable in water without th&gstatic attractive interaction between this atom and a
presence of SDS. We then consider the results in column qyater—oxygen is not sufficiently strong. As expected, the
In the repulsive potential system, conformation 1 is still thepyqration free energies for atoms of types 9 and 10 are nega-
most stable with the lowest total energy. Water is thusjye, In particular, the first-peak value ajay(r) for A

clearly distinguished from the simple solvent, even when all— 23 H Ala! is 8.07, resulting in an extremely large, negative
the site—charges of the peptide are set to Zam@ note that  pyqration free energy.

conformation 4 is more stable than conformation 1 even in~ However. the structure of water near an atom of the

column b. . _ dipeptide(or Met-enkephalipand the contribution from the
In the succeeding sections, water structure near the peRyom to the hydration free energy are far more complicated

tides is analyzed and the relation between the structure anflan those discussed above, because they are greatly depen-
the hydration free energy is discussed in detail. The dipepgent on the neighboring atoms.

tide (Ala—Ala), a peptide which is smaller and simpler than

Met-enkephalin, is also considered. B. Dipeptide

A. Spherical particles To analyze the effects of the neighboring atoms on water

Before considering the peptides, we treat spherical parstructure around a peptide atom, we consider two different
ticles (isolated atomswhich are present at infinite dilution in conformations of the dipeptidéla—Ala) illustrated in Fig. 2
water. Eight different types of atoms are treated. Those ofactually, we have tested several different conformations, but
types 1-8 are characterized by the partial charges amde describe two of thein The conformational energies for
Lennard-Jones parameters of 1HAla5HB1Ala, conformations 1 and 2 are 4.6 and 38.2 kcal/mol, respec-

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997
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21-0

FIG. 2. Two different conformations of the dipeptide considered. “10-C”
and “14-C”, for example, represent “10 C A4 and “14 CB Ala?’, re-
spectively. This figure was prepared by RasMa). Conformation 1.(b)
Conformation 2.

TABLE V. First-peak values of some representative site—site radial distri-
bution functionsggag(r). A andB denote atomic sites in the dipeptide and a
water—molecule, respectively.

A B Conf. 1 Conf. 2
2 N Alat H 0.43 0.51
110 Ald H 1.84 2.00
12 N Al H 0.22 0.15
210 Al2 H 1.78 1.82
22 0 Al2 H 0.85 0.88
1HAla o 1.19 1.11
3HAla 0 1.25 1.16
10 C Ald o] 0.90 0.80
20 C Al& 0 1.20 1.23
23 HAIZ o] 1.39 1.37

parameters. Table VI gives the contributions from some rep-
resentative atoms to the hydration free energy for conforma-
tions 1 and 2 in casa, where the full values of the site—
charges are used. The first-peak values gais(r) for
oxygens, nitrogens, and carbonyl carbons are much lower
than those for the isolated atoms treated in Sec. IV A as
observed in Table V and Figs. 3-5. Also, the contributions
from these atoms to the hydration free enef@gble VI) are
more or less shifted in more “hydrophobic” directions. We
discuss these results in more detail below.

For A=11 O Ala (Fig. 3, gag(r) in the dipeptide and
isolated-atom cases possess sharp first peaks at the same po-
sitions. The position of the first peak ghy(r) is about half
of that ofgao(r). Since the core diameter of 11 O Aldoes
not significantly differ from that of a water—oxygen, Fig. 3
indicates that water—hydrogens are rather strongly bonded
with 11 O Ald (i.e., the bond formation, 11 O AtaH-0).

11 O Ald is covalently bonded with one carbon atom having
a certain core diameter. Moreover, this atom has a positive
site—charge. Hence, water—hydrogens can form bonding
with 11 O Ala in more limited orientations than with the
isolated atom, resulting in lower first-peak values of
gag(r). Also, the contribution from 11 O Alato the hydra-
tion free energy is-5.8 and—9.7 kcal/mol in conformations

1 and 2, respectively, rather thanl8.1 kcal/mol for the
isolated atom.

For A=12 N Al&? (Fig. 4), gag(r) in the dipeptide and
isolated-atom cases possess first peaks at the same positions,
though the peak values in the dipeptide case are much lower.
12 N Al& is covalently bonded with and lies among one hy-

tively. Conformation 1 is the lowest-energy conformation indrogen atom (13 H A and two carbon atomgl0 C Alat
gas phase determined by the Monte Carlo simulated anneand 18 CA Al&) having certain core diameters and positive
ing for the present study. Conformation 2 has a much highesite—charges. Hence, water—hydrogens can form bonding

conformational energy.

with 12 N Ale? only in very limited orientations, which leads

The first-peak values of some representative site—siteo much lower first-peak values afag(r) than in the

pair distribution functiongg(r) in the two conformations
are compared in Table V. Figures 3—6 shgwg(r) for A
=110 Ald, 12 N Al&, 10 C Ald, and 14 CB Al3, respec-
tively. Here, the solute ator is either an atom of the dipep-
tide in conformation 1 or a spherical partidisolated atorn

isolated-atom case. However, even in the dipeptide case the
bond formation. 12 N Al&-H-0O, ispresen{the core diam-
eter of 12 N Al& does not significantly differ from that of a
water—oxygen, and the position of the first pealggfi(r) is
about half of that ofg,o(r)]. Compared with the hydration

which has the same site—charge and Lennard-Jones potentfede energy for the isolated atom, the negative contribution

J. Chem. Phys., Vol. 107,

No. 5, 1 August 1997
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4 T T . T T T T
(A) I (A)
i } A="12 N Ala®"
A="110Ala" 2r BeH -
3| _ N =
B=H solated A ] Isolated Atom
B solated Atom i
—=——= Atom in Dipeptide
Q ———— Atom in Dipeptide aQ
o 2r - o
i 1
1 B —
0 0
3 T 3 T T
B) (B)
B A = u11 O Alahl | L A = “12 N A|a2"
B = O B = O
2r Isolated Atom 2r Isolated Atom -
———= Atom in Dipeptide o ———~ Atom in Dipeptide
2 | A S L
(®)] (@)]
1t it
0 0
r/d r/d

FIG. 3. Site—site pair distribution functiomg,s(r) for A="11 O Ala*" in FIG. 4. Sitesite pair distribution functiomsg(r) for A="12 N Ala®" in
two cases ¢=0.28 nm). AtomA is isolated for one of the curves and an two cases §=0.28 nm). AtomA is isolated for one of the curves and an
atom of the dipeptidgconformation 1 for the other.(a) B is a water— atom of the dipeptidéconformation } for the other.(a) B is a water—
hydrogen.(b) B is a water—oxygen. hydrogen.(b) B is a water—oxygen.

water—hydrogens come to the close vicinity of negatively

from 12 N Al to the hydration free energy is considerably charged atoms by the rotation of water molecules. Water—
less. hydrogens are attracted to the negatively charged atoms ad-

10 C Ald is covalently bonded with and lies among jacent to 10 C Al4 which gives rise to enhancement of the
8 CA Ala! (this atom has a positive site—charge but it is veryrepulsive electrostatic interaction with 10 C AlaThe con-
small), 11 O Ald, and 12 N Al&. The latter two atoms have tribution from 10 C Ald to the hydration free energy is then
negative site—charges. Moreover, water—oxygens have positive and significantly large as seen in Table VI.
large core diameter and hence they cannot approach The contributions from carbons with negative site—
10 C Ala close enough, which is reflected in the much lowercharges such as 14 CB Alare often negativéTable Vi),
value and the farther position of the first pealggf(r) than  but the total contribution from the methyl group is positive
in the isolated-atom cag€ig. 5. While water—oxygens with  and significantly large. As observed in Fig. 6, the first-peak
large core diameters cannot approach even positivelpositions ofgag(r) for A=14 CB Ala in the dipeptide case
charged atoms very close when they lie among other atomsyre significantly farther than in the isolated-atom case. This

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997



Kinoshita, Okamoto, and Hirata: Solvation of peptides in water 1593
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r/d r/d
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FIG. 5. Site—site pair distribution functiomgg(r) for A="10 C Ala” in FIG. 6. Site-site pair distribution functiorgg(r) for A="14 CB Ala?”
two cases =0.28 nm). AtomA is isolated for one of the curves and an in two casestﬂ_=0.2_8 nm). AtomA is isolated for one of the_curves and an
atom of the dipeptidgconformation } for the other.(a) B is a water—  atom of the dipeptideconformation 1 for the other.(a) B is a water—

hydrogen.(b) B is a water—oxygen. hydrogen.(b) B is a water—oxygen.

is presumably because water—hydrogens are somewhat netarized in Table VII. The contributions from the five por-
pelled from the three hydrogens of the methyl grdbgving  tions of the dipeptide [NH,, CHCHi(1), CONH,
positive site—chargésovalently bonded with 14 CB Afa CHCH;(2), andCOOH] to the hydration free energies are
We note that the sum of the hydration free energies ofilso given in the table. We note thdtug, and |Aug,
the 23 isolated atoms is-12.4 kcal/mol, which is much —Aug,| are measures of contributions from the hydrophobic
lower (i.e., more “hydrophilic”) than the value of the dipep- and electrostatic interactions with water, respectively.
tide. Pettitt and his co-workers!? applied the RISM theory In general, oxygens and nitrogens have relatively large,
to the calculation of the hydration free energy of small pep-negative contributions to the hydration free energy due to the
tides, but they used the superposition approximation irformation of hydrogen bonding, and this is particularly true
which the entire free energy of a peptide is expressed as tHer carbonyl oxygens. The result for conformation 2 is char-
sum of the potential of mean forces between pairs of isolatedcterized by the formation of stronger hydrogen bonding be-
atoms. Our results suggest that this is a poor approximatiortween carbonyl oxygen and water—hydrogens than for con-
Finally, the hydration free energies calculated are sumformation 1(Tables V and V). As observed in Fig. ),

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997



1594 Kinoshita, Okamoto, and Hirata: Solvation of peptides in water

TABLE VI. Contributions of some representative atoms to the hydration 2 l ; |
free energykcal/mol) in case dthe full values of the site—charges are used
for conformations 1 and 2 of the dipeptide. L ,’\\ A="36 0 Gly3"
|
At(zm Conf. 1 Conf. 2 " \‘l B=H
1HAla 3.9 4.4 | L
2N Ala —2.1 -2.9 [ B=0O
5 HB1 Alal 3.8 4.1 | I “
10 C Alat 8.9 12.6 I' \
110 Ald -58 ~97 a2 1k |
12 N Al -5.7 -5.8 o |
13 H Al? 5.4 4.0 ]
14 CB Al& -2.2 -1.2 l
18 CA Al@ 2.0 4.1 '
19 HA Ala? 3.9 3.9 '
20 C Al 8.8 8.8
210 AlZ -5.7 -8.5
22 O Al -3.9 -6.1
23 H Al 5.5 7.1
0

11 O Ala! and 21 O Al in conformation 2 are close to each r/d

other and they are SUffICIe.ntly f"."r apart fro_m th.e methylFIG. 7. Site—site pair distribution functiomgg(r) for A="36 O Gly*” of
group, the most hydrophobic portion of the dipeptide. Relayet_enkephalin in conformation 4d&0.28 nm).

tively strong hydrogen bonding is then formed, and confor-

mation 2 has a much lower hydration free energy than con-

formation 1(Table VII). value ofgn(r) is not high(Table VIII). On the other hand,
14 HH Ty is bonded only with one oxygen atom, so
gao(r) has a higher first-peak value. However, 13 OH™Tyr
Figures 7—-10 show the site—site pair distribution func-and 14 HH Tyt have negative and positive contributions to
tions gag(r) for A=36 O Gly?, 57 N MeP, 55 C Phé and the hydration free energy, respectiveljable IX). This is
10 CE1 Tyt, respectively, for Met-enkephalin in conforma- because water—oxygens with large core diameters cannot ap-
tion 4. We note thayg(r) shown in Figs. 7—9 are qualita- proach even positively charged atoms very close, but water—
tively the same as those in Figs. 3—5, respectively. For exhydrogens come to the close vicinity of negatively charged
ample, Figs. 7 and 8 indicate that water—hydrogens fornatoms by the rotation of water molecules. Due to the hydro-
rather strong bonding with 36 O Gland 57 N Met, though  gen bonding between 14 HH Tyand 36 O Gly in confor-
the bond formation occurs in limited orientations particularly
for 57 N Mef. The water density near 10 CE1 tym typi-
cal hydrophobic atom, is rather low despite that this atom is 1.5 . . . , .
relatively well exposed to watdFig. 10. A = "57 N Met®
The first-peak values of some representative site—site
pair distribution functiongg(r) are given in Table VIII. I B=H
Table IX gives the contributions from some representative
atoms to the hydration free energy in case a for the four 1+ T B=0O
conformations. 13 OH Tyris bonded with and lies between
one carbon atom and one hydrogen atom, so the first-peak o

C. Met-enkephalin

Ja

TABLE VII. Hydration free energieskcal/mo) for the five portions of the

dipeptide and total hydration free ener@gcal/mol). “Auga—Apgy,” for

conformations 1 and 2 are-9.8 and —14.0 kcal/mol, respectively. For 0.5
CONH and COOH, the difference between the two values in casasd

b is larger in conformation 2.

Conformation NH CHCHy(1) CONH CHCH(2) COOH Total

18 6.0 16.4 2.8 17.7 47 475 , ,
2 5.6 15.0 1.1 19.1 13 420 0 1 2 3
1b 7.3 15.1 8.8 155 106 57.3

2 7.4 13.9 9.0 16.9 8.8 56.0 r/d

aThe full values of the site—charges are used. FIG. 8. Site—site pair distribution functiomg,g(r) for A="57 N Met®" of
PAll the site—charges are set to zero. Met-enkephalin in conformation 4&0.28 nm).
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TABLE VIII. First-peak values of some representative site—site radial dis-
1.5 - T - T - ot . Shaive. .
" an tribution functionsgag(r). A andB denote atomic sites in Met-enkephalin
A ="55C Phe and a water molecule, respectively.
I — B=H 1 A B Conf.1  Conf.2  Conf.3  Conf. 4

—-——— B=0 2N Tyt H 0.54 0.44 0.52 0.51
1F 13 OH Tyt H 0.84 1.03 1.04 1.01
220 Tyt H 1.83 1.84 1.82 1.82
23N Gly? H 0.12 0.18 0.18 0.23
Q | 290 Gly? H 1.45 1.91 1.75 1.81
(@)] 30 N Gly? H 0.18 0.11 0.16 0.14
36 O Gly? H 1.55 1.73 1.80 1.87
37 N Phé H 0.14 0.19 0.17 0.17
0.51 56 O Phé H 1.84 1.73 1.87 1.85
57 N Mef H 0.16 0.15 0.21 0.16
73 O Mef H 1.31 1.67 1.90 1.77
r 74 O Mef H 0.85 0.91 0.82 0.87
1HTyrt O 1.58 1.05 1.40 1.32
3HTyrt (e} 1.09 1.31 1.09 1.12
. 14 HH Tyt O 1.24 1.31 1.46 1.44
0 55 C Phé (e} 0.93 1.00 1.06 0.80
I'/d 72 C Mef o} 1.05 1.23 1.32 1.06
75 H Mef O 1.58 1.62 1.55 1.46

FIG. 9. Site—site pair distribution functiomg,g(r) for A="55 C Phé'” of
Met-enkephalin in conformation 4&0.28 nm).

hydration free energies are also given in the table. The hy-

dration free energies for the six backbone portions,,NH

=36 O Gly? have the lowest first-peaks among the five con-CONH(l)’ .CONH(Z)’ CONH@)’. CONH(4), and COOH, are
compared in Table XI. All the five carbonyl oxygens are well

formations(Table VIII). In conformation 1, 29 O GRand : .
- . _exposed to water in conformations 2, 3, and 4. However, the
73 O MeP are not well exposed to water as observed in Figs, . N
. i result for conformation 2 can be distinguished from those for
1(a) and Xb), leading to lower first-peak values ghy(r).

. . ._the other four conformations due to the largest electrostatic
The hydration free energies calculated are summarize . .
. . . . nteractions with water molecules and the resultant decrease
in Table X.(The solvation free energies for the simple, re-. : .
. . n the hydration free energy as shown in Tables X and XI. In
pulsive potential system tested above are 223.9, 222. : .
) : conformation 2, the five carbonyl oxygens are not far apart,
229.8, and 220.7 kcal/mol in conformations 1, 2, 3, and 4 . :
; oo . . and in particular 29 O GRand 56 O Phare close to each
respectively. The contributions from the five residues of

} . 1 2 3 other. Conformation 2 of Met-enkephalin is similar to con-
Met-enkephalin(Tyr', Gly*, Gly*, Phé, and Meb) to the formation 2 of the dipeptide in this respect. A relatively

mation 1, gao(r) for A=14 HH Tyrt and gu(r) for A

1.5 j T ' T j TABLE IX. Contributions of some representative atoms to the hydration
A ="10 CE1 Tyr1" free energykcal/mo) in case gthe full values of the site—charges are used
for conformations 1, 2, 3, and 4 of Met-enkephalin.
L - B - H J
Atom Conf.1 Conf.2 Conf.3 Conf.4
1HTyrt 45 25 4.0 3.7
Un 2N Tyt -2.1 1.2 -1.2 -1.2
4CB Tyt -0.2 -0.2 1.4 05
m 5HB1 Tyr 4.8 4.0 4.7 4.2
C; r 10 CE1 Tyt 2.7 2.1 4.5 2.3
11 HE1 Tyt 4.0 3.4 35 3.8
13 OH Tyt -3.4 -2.6 -2.6 -31
0.5+ 14 HH Tyrt 5.3 4.3 4.7 4.6
29 O Gly -4.1 -7.6 —5.4 -4.8
36 O Gly -75 -7.1 —-6.5 -55
37N Phé -8.6 —-4.9 -25 -4.2
55 C Phé 12.3 10.2 13.5 11.6
56 O Phé —-6.8 -7.9 -6.1 -6.0
57 N Mef —-4.9 -5.9 —5.3 —-6.2
0 58 H MeP 4.0 6.4 2.6 5.8
72 C Mef 12.7 12.0 8.8 9.2
r/d 73 0 Mef 55 -8.6 -31 58
74 O Meb —-45 -6.3 -3.9 -4.0
FIG. 10. Site—site pair distribution functionsgag(r) for A 75 H Mef 6.5 7.8 5.7 6.1

=10 CE1 Tyr"” of Met-enkephalin in conformation 4d=0.28 nm).
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TABLE X. Hydration free energiegkcal/mo) for the five residues of Met- 1.5 . . | .
enkephalin and total hydration free eneigal/mo). “ A pga— Augy,” for ' A
conformations 1, 2, 3, and 4 arel9.6,—30.8,—25.8, and—24.2 kcal/mol, ( )
respectively. i —— Conformation 1 ]
Conformation TVt Gly? Gly* Phé Mef  Total ———— Conformation 4
17 60.2 17.4 18.8 50.9 49.4 196.8 1k
28 52.9 15.2 14.5 50.1 45.3 178.0
3? 61.3 17.1 17.2 56.8 50.4 202.7
42 52.9 14.7 14.2 51.1 44.0 176.8 2(3 |
1° 62.0 20.3 22.8 54.2 57.1 216.4 (@)}
2 57.9 20.2 19.9 54.9 55.9 208.8
3 65.4 21.9 21.8 60.7 58.7 228.5
2 566 193 183 542 527 2010 0.5
&The full values of the site—charges are used.
bAll the site—charges are set to zero. L

strong hydrogen bonding is formed between 29 O°Gigd 0
water—hydrogens as shown in Tables VIII and IX. The hy-
drogen bonding for 56 O Phés weaker due to the presence
of the phenyl group in PHeshown in Fig. 1c). Overall, the
electrostatic interactions with water—molecules are the larg- 1.5
est in conformation 2. Carbonyl oxygefithe most hydro- (B)
philic atomg are less exposed to water in conformation 1 i —— Conformation 1
than in the others, and this is reflected in the changes giver
between columns a and b in Table Il

We emphasize that the hydration free energy is signifi- 1+
cantly dependent on the peptide conformations even in case
where all the site—charges are set to z@rables 1X and X. 0
It is obvious that water molecules cannot closely approach ansé i
atom which is not well exposed to water, which is verified by
Figs. 1b), 1(e), and 11. 58 H Métin conformation 1 is less
exposed to water than that in conformation 4. Hence,
gap(r) for A=58 H Mef in these two conformations are
greatly different. However, matters are more complicated L
than this: Even when ator is well exposed to water in all
the conformations consideredag(r) and the contribution
from this atom to the hydration free energy vary significantly 0 :
depending on details of the surroundinge., the peptide
conformationg Last, it is interesting to note that the solva- I'/d
tion free energy for the simple, repulsive potential system is

. . FIG. 11. Site—site pair distribution functiomg,g(r) for A="58 H Met>”
much less dependent on the peptlde conformations than LIH conformations 1 and 4. All the site—charges of Met-enkephalin are set to

the water case. zero @d=0.28 nm).(a) B is a water—hydroger(b) B is a water—oxygen.

———— Conformation 4

0.5

TABLE XI. Hydration free energiegkcal/mo)) for the six backbone por-
tions of Met-enkephalin. Except for CONH), the difference between the

two values in cases a and b is the highest in conformation 2. In the aqueous solution buffered to p13.87 used in the
NMR experiments® Met-enkephalin should be present as a
zwitterion with zero net charge. However, §Hind COO

D. Zwitterions

Conformation NH CONH(1) CONH(2) CONH(3) CONH@4) COOH

1 6.8 5.5 9.8 6.1 4.5 9.2 can be screened by counterions, @0 and N&, respec-

z 7052 44 52 2.7 49 tively. Hence, it is probable that the chemical form of Met-

3? 7.7 7.7 7.8 7.6 47 75 . T . .

4 6.6 5.3 6.1 56 52 54 €nkephalin in thg agueous solution is in effec_t an intermedi-

1b 81  10.0 14.6 12.0 10.1 145 ate of the unionized molecule and the zwitterion.

2 85 116 12.0 12.2 10.2 12.3 The zwitterions with zero net charges are now consid-

3 88 132 14.1 14.4 11.3 135  ered. The hydration free energies for the dipeptide are sum-

ol 78 105 11.8 115 115 119 marized in Table XII with the contributions from the five
*The full values of the site—charges are used. portions. Table XIll gives the hydration free energies for
PAll the site—charges are set to zero. Met-enkephalin and the contributions from the five residues.
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TABLE XII. Hydration free energieskcal/mo) for the five portions of the ~ TABLE XIV. Hydration free energiegkcal/mol) for the six backbone por-
dipeptide(zwitterion) and total hydration free enerdical/mol). This table tions of Met-enkephalir(zwitterion). This table should be compared with
should be compared with Table VII. Table XI.

Conformation NH CHCHy(1) CONH CHCH;(2) COO Total Conformation NH; CONH(1) CONH(2) CONH(3) CONH@4) COO

12 0.7 17.4 1.3 18.2 —28.8 8.7 19 1.9 7.7 8.7 5.1 26 —255

22 21 16.1 -1.6 19.6 -36.2 -0.1 22 —-4.9 4.3 2.2 2.3 0.3 —401

3 0.0 9.6 8.0 7.7 25 -314

&The full values of the site—charges are used. 42 —-3.2 6.9 6.1 4.8 3.2 —-36.3

aThe full values of the site—charges are used.

The hydration free energies for the six backbone portions,
NH;, CONH1), CONH?2), CONH®3), CONH4), and qualitative aspects of the conclusions are not significantly
COQ, are given in Table XIV. For the dipeptide, the sum of altered by the ionization.
the hydration free energies for NHand COO in the zwit- Last, we comment on the reported shortcomings of the
terion case is about 40 kcal/mol lower than that forNthd ~ RISM-HNC theory. The theory tends to give too large values
COOH in the unionized case. For Met-enkephalin, theof hydration free energies for nonpolar solut&$® Also, the
former is 38—56 kcal/mol lower than the latter. As expectedtheory often violates the stoichiometry of the coordination
the total hydration free energies decrease greatly by the iomumbers of water around mono- and multivalent ions calcu-
ization. The degree of the decrease for the dipeptide is largeated from the ion—oxygen and ion—hydrogen pair distribu-
in conformation 2 than in conformation 1. This is becausetion functions?’*® However, these shortcomings do not raise
the three oxygens are close together in conformatipRi@.  any serious problem as long as we are concerned only with
2(b)]. the relative values between two different peptide conforma-
Figures 12 and 13 shogpg(r) for A=74 O Mef atthe  tions. Besides, there is no comparable theoretical alternative
C-terminus and 1 H Tyrat theN-terminus, respectively, for which allows us to analyze the solvation structure of peptides
Met-enkephalin in conformation 4. These figures imply theat the same microscopic level.
formation of strong hydrogen bonding between 74 OMet
and water—hydrogens and between 1 H'Tgnd water- \/ cONCLUSION
oxygens in the zwitterion case. The former bonding is par- ) ]
ticularly strong, which results in a very large, negative hy-  The full RISM equations have been solved for a dipep-
dration free energy. tide and Met-enkephalin in the SPC/E watausing our ro-
Since 73 O Métis not well exposed to water in confor- bust, highly efficient algorithm. Some different conforma-
mation 1 of Met-enkephalifiFig. 1(a)], the decrease in the tions of these peptides have been considered. The site—site
hydration free energy by the ionization is less than in thaoair distribution functions and hydration free energies calcu-
other three conformationdable XIV). In contrast, the ion-
ization leads to the largest decrease in the hydration free
energy in conformation 2 where oxygens in CO(H ' ' '
CONH(2), CONH(3), CONH(4), and COO, are not far I A ="74 0 Met™"

apart[Fig. 1(c)]. The total energies for conformations 2, 3, _ T

and 4 relative to the total energy for conformation 1 are 4r B=H, Zwitterion 7
compared in Table XV. The conformational energy for con- i —-—-  B=H, Unionized
formguon 2 is very high due t.o Coulombic repulsions among ———  B=0, Zwitterion

the like-charged atoms which are close to one another. - .
Hence, despite the lowest hydration free energy, the total @ | || — B=0, Unionized
energy for conformation 2 is considerably higher than that g3 I .

for conformation 4. The most stable and unstable conforma- ol \

|
tions are conformations 4 and 3, respectively. Thus, the "
|

TABLE XIIl. Hydration free energiegkcal/mo) for the five residues of
Met-enkephalin(zwitterion) and total hydration free enerdical/mo). This
table should be compared with Table X.

Conformation TVt Gly? Gly* Phé Mef  Total 0
18 58.1 17.7 18.2 50.5 134 157.9 I'/d
22 39.0 15.3 12.9 499 -138 115.4
3? 53.6 18.1 18.3 56.7 111 157.7  FIG. 12. Site—site pair distribution functiomg g(r) for A="74 O Met®”
42 42.8 15.9 14.7 51.9 1.1 126.5  of Met-enkephalin(zwitterion) in conformation 4 (=0.28 nm). The con-
tribution of this atom to the hydration free energy-81.0 kcal/mol. The
&The full values of the site—charges are used. functions in the unionized case are also shown for comparison.

J. Chem. Phys., Vol. 107, No. 5, 1 August 1997



1598 Kinoshita, Okamoto, and Hirata: Solvation of peptides in water

: , : the simple solvent even when all the site—charges of the
A="1H Tyr"' ] peptide are set to zero.
B=H. Zwitterion The site—site pair distribution functiogmg(r) for atom
' | A (B is a water—hydrogen or oxygerand the contribution
—-—- B=H, Unionized from this atom to the hydration free energy is greatly depen-
’\\ ——— B=0. Zwitterion | dent on the neighboring atoms. An atom with a lafgega-
A ’ o | tive or positive site—charge is covalently bonded with oppo-
AR B=0, Unionized sitely charged atoms with certain core diameters in most
| cases. Consequently, the first-peak valueggf(r) for car-
bonyl carbons, oxygens, and nitrogens are much lower than
those for the isolated aton{@maginary spherical particlgs
treated in Sec. IV A. Compared with the hydration free en-
ergies of the isolated atoms, the contributions from these
atoms of the peptide to the hydration free energy are consid-
erably shifted in more hydrophobic directions. The superpo-
sition approximation, in which the entire free energy of a
peptide is expressed as the sum of the potential of mean
forces between pairs of isolated atoms, is a poor approxima-
r/d tion.
The carbonyl oxygen is covalently bonded only with one
FIG. 13. Sitesite pair distribution functiogsg(r) for A="1H Tyr*" of atom(carbonyl carbop and it often forms very strong bond-
l’;"e_t'e”k‘]fprr‘]‘?"i”(zwme”o’g i”hcg”f?'m""f“o“ 4 (’=0-3}2ng2- T/he ICO%”' ing with water—hydrogens. In general, oxygens and nitrogens
fuur?(girzmos itn Itsr\eaﬁ)r??or:?zédecage re?r(leogls:)e:hi\?\;rgflgr co.mp;r?s;r?. © Often have relatively large, negative C_OntribUtions to the hy-
dration free energy due to the formation of hydrogen bond-
ing. This is particularly true for the two oxygens at the
C-terminus of zwitterions. When more than two carbonyl
lated as major output data have been analyzed in detail. RXygens are close together, well exposed to water, and at
has been shown that solvent plays essential roles in deteleast one of them is sufficiently far apart from a hydrophobic
mining the conformation of the peptide and that the RISMPportion, strong hydrogen bonding is formed between the car-
theory is a promising tool for taking account of the solventbonyl oxygen and water—hydrogens.
effects. The hydration free energy for a portion of the peptide is
The most stable conformation of the peptide in water isalso greatly dependent on the neighboring portions. For ex-
the one that has the lowest total energy. The total energy i8mple, the value for CONH of the unionized dipeptide is in
determined not only from the conformational energy butthe range from 1-3 kcal/mol, while that of Met-enkephalin
from the interactions with water molecules which are(unionized is more variable, ranging from 2-10 kcal/mol.
greately dependent on the peptide conformations. The conFhe value for COOH of the dipeptidél—5 kcal/mo) is
formations of Met-enkephalin determined in NMR smaller than that of Met-enkephalid—10 kcal/mo). (We
experiment® are quite different from the lowest-energy repeat that we have tested more conformations than we de-
conformation in gas phasSeWe have tested four different Scribe in the present articjeThis is because Met-enkephalin
conformations including the lowest-energy conformationhas larger hydrophobic portiorts.qg., the phenyl groypand
(conformation 1 and a conformation which is similar to the they are often close to CONH or COOH.
experimentally determined conformatiofmnformation 4. In the course of the present study, we have noticed the
It has been shown that conformation 4 is the most stable in
water with the lowest total energy in both of the unionized ) i
. . TABLE XV. Total energies for conformations 2, 3, and 4 of Met-
and_zwnterlon Case$ACt9ally’,We have tested m,0re confor- .enkephalinzwitterion) relative to the total energy for conformatior(kical/
mations than we described in the present article, and stilho)). column a: In the case where the full values of the site—charges are
conformation 4 is the most stabldt is interesting that a used. Column c: In gas phafe., conformational energies relative to the
conformation which is similar to that obtained from the conformational energy for conformation (kcal/mo)]. The changeskcal/
NMR experiments in miceller solutions, is the least stablemo') are also given with arrows. This table should be compared with Table
when it is put in water. Although the effects due to
0.05M CHZCOONa in the solution used in the NMR experi- Conformation a c
ments are unknown and need to be investigated in furthet

Oas
T

studies, our results are quite encouraging. When the SPC/E 0.0 0.0
water is replaced by a simple, repulsive potential system, the 2 24 —425 40.1
lowest-energy conformation in gas phase is still the most _0.2

stable among the four conformations, because the solvation 3 15.3 — 15,5
free energy is much less dependent on the conformations A 10,9 -31.4 0.5

than in the water case. Water is clearly distinguished from
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