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We employed Monte Carlo simulated annealing to classify the low-energy conformations of Met-enkephalin in the
gas phase and in aqueous solution. In order to include the free energy of cavity formation in aqueous solution, we used
the method of extended scaled particle theory. This is the first attempt to combine the Monte Carlo simulated annealing
method and the extended scaled particle theory. We conducted 20 Monte Carlo simulated annealing runs of 10000 Monte
Carlo sweeps both in the gas phase and in aqueous solution. It was found that the obtained conformations (20 each) can
be classified into 3 groups of similar structure both in the gas phase and in aqueous solution. We studied in detail the
structural characteristics of the classified conformations. It was found that the cavity-formation effects of aqueous solution
do not drastically change the backbone structures obtained in the gas phase. The relation between the solvent-accessible
surface area and the cavity-formation free energy was studied in detail. The results show unambiguously that the cavity-
formation free energy is not neccessarily proportional to the accessible surface area, at least for a small peptide.

Itis widely believed that the folded conformation of a glob-
ular protein is determined solely by its amino-acid sequence
information. The structure of a native protein corresponds to
the conformation with the lowest free energy. Much effort
has been invested to find such conformations for peptide and
protein molecules. There are two difficulties in predicting
the tertiary structure of a protein. One lies in the fact that
there exist a huge number of local minima in the potential en-
ergy function, which makes it prohibitively difficult to apply
standard sampling algorithms in search of the global mini-
mum. To overcome this difficulty, some effective algorithms
have been introduced: simulated annealing (SA)! and gen-
eralized-ensemble algorithms.>— In this work, we employed
Monte Carlo simulated annealing.

The other difficulty is how to include solvent effects: It
is a non-trivial problem, because the number of solvent
molecules that have to be considered is very large. Our
method of including solvent effects is based on statisti-
cal mechanics. One of such approaches is RISM.57 Re-
cently, this algorithm has been used in simulations of protein
folding.>~*° This method is very powerful, but computation-
ally demanding. The scaled particle theory'™'? is another
method based on the statistical mechanics of liquids, which
is known to give good account of the hydration free energy
of a non-polar solute.'? The method requires much less com-
putation time compared to the RISM method; thus, larger
molecules can be treated. It has been successfully used to es-
timate the solvation free energy of biomolecules with a fixed
conformation,'*'* but has never been applied to simulations

of protein folding. It is of great interest to apply this method
to protein folding simulations and to examine the role which
cavity-formation hydration plays in protein folding.

In the present work we combined Monte Carlo simu-
lated annealing' and the extended scaled particle theory
(ESPT).!>" We performed Monte Carlo simulated anneal-
ing simulations of Met-enkephalin in the gas phase and in
aqueous solution, which is represented by the cavity-forma-
tion free energy. The simulations were repeated twenty times
from randomly generated initial conformations, and the low-
energy conformations were classified for both solvent envi-
ronments.

Methods

Potential Energy Function. The energy function that we
used in the present work is given by the sum of two terms: the
conformational energy (Ep) of the protein molecule itself and the
solvation free energy (&sor) for the interaction of the protein with
the surrounding solvent:

Eror = Ep + &oL- (D

Here, note that solvation effects were included not by the solvation
energy, but by the solvation free energy, because we wanted to esti-
mate the average solvation effects for many configurations of water
molecules around each fixed solute conformation. The conforma-
tional energy function (Ep, in kcalmol ') is given by the sum of
the electrostatic term (E¢), the 12-6 Lennard—Jones term (Ey;), and
the hydrogen-bond term (Eyg) for all pairs of atoms in the molecule
together with the torsion term (Etor) for all torsion angles:
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Here, r; is the distance (in A) between atoms i and j, € is the
dielectric constant, and ){i is the torsion angle for chemical bond i.
Each atom is represented by a point at its center of mass, and the
partial charge (g;, in units of electronic charges) is assumed to be
concentrated at that point. The factor 332 in E¢ is a constant used
to express the energy in units of kcalmol™'. These parameters
in the energy function as well as the molecular geometry were
adopted from ECEPP/2."* The computer code KONF90'®!” was
used. The dielectric constant (¢) was set equal to 2. The peptide-
bond dihedral angles (@) were fixed at a value of 180° for simplicity.
The remaining dihedral angles (¢ and ) in the main chain and y
in the side chains thus constitute the variables to be updated in the
simulations.

The solvation free energy of interactions between a solute
molecule and solvent molecules can generally be divided into three
contributions:

ESOL = &cAv + &Ly + L. 3

The first term is the cavity-formation term, which corresponds to
the work required to create a cavity having the shape of the solute
molecule in solution. The second term is the Lennard—Jones term
between the solute and the solvent molecules. The third term is the
electrostatic term (including the hydrogen-bond energy) between
the solute and the solvent molecules.

The extended scaled particle theory is used to calculate the
cavity-formation term (gcav) by scaling up a solute molecule in the
solvent,

13,14

cav=W (A =1, 4

where A is the scaling parameter, which varies from 0 (material
point) to 1 (real size); W(4) is the work required to dissolve the
scaled solute particle to the solvent. The theory assumes that W(/1)
can be represented for all positive values of 4 by

W(A)=A+BA +%C/12+PVC(A), A >0, )

where V.(4) is the excluded volume of the scaled solute and P is the
macroscopic pressure of the solvent. The term PV, is very small
for A =1 under a pressure of one atmosphere, and was neglected
in the present work. The coefficients A, B, and C are determined
using the continuity conditions up to second derivatives at A =0.
The explicit expressions for A, B, and C are the following'*:
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where kg is the Boltzmann constant, 7 is the absolute temperature,
and p is the number density of the solvent molecules. The analyti-
cal evaluations of the excluded volume (V.(4)) and its derivatives
were conducted using the code in Ref. 18. Together with the elec-
trostatic interactions obtained by solving the Poisson—Boltzmann
equations'>? and the Lennard—Jones interactions between the so-
lute and the solvent, this theory can give a reasonable account for
the solvation free energy (see Eq. 3). In this work, however, we
included only the cavity-formation term for the solvation free en-
ergy, which has been used to model the hydrophobic free energy
term.”?? Qur interest here was how much variation of the confor-
mations this cavity-formation term causes from those in gas phase,
and we thus neglected other solvation terms.

Computational Details. = For Met-enkephalin, whose amino-
acid sequence is Tyr~Gly—Gly—Phe-Met, the number of degrees
of freedom (namely, the number of dihedral angles to be updated)
is 19. One Monte Carlo (MC) sweep consists of updating all 19
angles once with a Metropolis evaluation® for each update. In the
present work, each SA run of Met-enkephalin consisted of 10000
MC sweeps with the initial temperature of 1000 K and the final tem-
perature of 150 K. The temperature was lowered exponentially.!”
‘We made 40 SA runs altogether, starting from random initial con-
formations. Twenty SA runs were made for the simulations in
the gas phase (namely, with only the conformational energy term
(Ep)). The other twenty SA runs were simulations in the solvent
(namely, with both the conformational energy term (Ep) and the
cavity-formation free energy term (&cav)).

For the calculation of gcav, which is based on ESPT, we used a
constant temperature of 298.15 K for simplicity. The density of the
water molecules was thus set equal to 1.0 gcm ™. To calculate the
excluded volumes, all hydrogen atoms in the system were regarded
as being absorbed into the united atoms. The radii of all the united
solute atoms were fixed to 1.9 A for simplicity. That of the water
molecule was taken to be 1.4 A.

Results and Discussion

Ramachandran Plots. We first plot Ramachandran plots
for the lowest-energy structures obtained by the present sim-
ulations. The results in the gas phase and in the solvent are
shown in Fig. 1(a) and Fig. 1(b), respectively. The results for
each individual residue are separately shown in Fig. 2. The
distributions of points for the amino-acid residues, except
for Gly, are limited mostly to the second and third quadrants
(¢ < 0), while those for Gly are observed in all regions.
This is in accord with the distributions obtained from a pro-
tein database, implying that our simulations were effective.
From Figs. 1 and 2, we also find that the distributions of the
dihedral angles in the gas phase are slightly more localized
than those in the solvent. This seems to indicate that solva-
tion tends to smooth out the free energy landscape of Met-
enkephalin. However, the results in both cases are amaz-
ingly alike, and these Ramachandran plots cannot infer any
definite conformational differences between the two cases.

Definition for Classification of Conformations. In
order to compare the three-dimensional structures obtained
by the present simulations in more detail, we calculated the
root-mean-square distances (RMSD) between all pairs of the
40 lowest-energy conformations and four structures which
were obtained in a previous work? as the characteristic con-
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Fig. 1. Distribution of dihedral angles (¢, ) of the lowest-
energy conformations of Met-enkephalin obtained in each
of the 20 Monte Carlo simulated annealing runs in the gas
phase (a) and in the solvent (b).

formations. We took into account only the atoms in the
backbone. From these results, we classified the conforma-
tions into a few groups of similar structures. We define a
group of conformations as follows.!” Let W be the set of all
conformations under consideration. A subset Y (with more
than one conformation) of W is called a group of similar
structures if it satisfies the following condition: For any con-
formation K in Y, there exists at least another conformation
K’ in Y so that RMSD between conformations K and K’ is
less than a cutoff ¢. (The definition depends on the value of
c.) Each group corresponds to a specific tertiary structure
and its small variations.

Detailed Results of Classification in Gas Phase.  The
RMSD in the gas phase are listed in Table 1. The confor-
mations from column 2 to column 5 (A, B, C, and D) are
the lowest-energy structures obtained previously in the gas
phase, which represent the four groups found in Ref. 24. The
other 20 conformations (V1, V2, ---, and V20) are the low-
est-energy structures obtained by the present simulations in
the gas phase. The numbers enclosed in the solid lines, and
the dashed lines in Table 1 indicate that the corresponding
pairs of conformations form a group of similar structures
with the cutoff c = 1.0 A and ¢ = 1.5 A, respectively. We thus
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have, respectively, six groups (six boxes in solid lines) and
three groups (three boxes in dashed lines) for the two cutoff
values. The numbers in bold in Table 1 from the second to
the fifth column are the entries that are less than or equal
to 1.0. These entries imply that the group which includes
conformations V1, V2, and V3 has similar structures to A.
Likewise, the group which includes conformations V6, V7,
and V8 has similar structures to D, and that including V10
and V11 to B. Hence, we refer to these three groups as groups
Ay (including V1,V2, and V3), Dy (including V6, V7, and
V8), and B, (including V10 and V11) (as defined with cutoff
¢=1.0 A). Furthermore, the underlined numbers in Table 1
indicate that they are more than 1.0 and less than or equal to
1.5. These entries imply that conformations V13, V14, V17,
and V18 have similar structures to group B. We thus refer
to the group including V13, V14, V15, and V16 as B’1 and
that including V17 and V18 as BY (as defined with cutoff
¢=1.0 A). The remaining group was named E; (including
V19 and V20). With the cutoff ¢ = 1.5 A, it is found that
conformation V4 and those of group A; form a single group,
which we refer to as group A, and that conformations V9
and V12 and those of groups Dy, By, B}, and B constitute a
single group, which we refer to as group B,. All these results
of classifications are listed in Table 2.

We now summarize the main features in the results of
the classification. The lowest-energy conformation obtained
throughout the present simulations (global-minimum-energy
structure) is essentially identical with that obtained in previ-
ous simulations**? and belongs to group A;. Groups A, and
B, are dominant in the gas phase. Group D, represents an
intermediate structure between group A and group B;.

After the classification of the conformations into groups of
similar structures is finished, we now examine the structural
characterizations of each group in detail. Here, we only
consider conformations of the six groups (A;, Dy, By, B,

Y, and E; in Table 2) obtained with the cutoff ¢ = 1.0 A.
In Fig. 3 we show the lowest-energy conformations (left-
hand side) and the superposed backbone structures of all
conformations (right-hand side) in each group.

As can be seen in Fig. 3(a), the structures in group A have
two hydrogen bonds between the amide nitrogen of Gly-2
and the carbonyl oxygen of Met-5 backbone and between
the carbonyl oxygen of Gly-2 and the amide nitrogen of
Met-5 backbone. This structure is actually a type I’ S-turn
involving the residues Gly—Gly—Phe—Met. Moreover, OH
in the Tyr-1 side chain is hydrogen-bonded to the carbonyl
oxygen of the Gly-3 backbone. It was found that the side-
chain structures of Tyr-1 and Met-5 are very stable, while that
of Phe-4 is slightly more flexible. The structure of group A,
is very stable, because of these intrachain hydrogen bonds.
For instance, the conformations in group A; are more similar
to each other than those in the other groups (RMSD are as
small as 0.3 A in Table 1).

As can be seen in Fig. 3(b), the structures in group B; have
two hydrogen bonds between the amide nitrogen of Tyr-1 and
the carbonyl oxygen of Phe-4 and between the carbonyl oxy-
gen of Tyr-1 and the amide nitrogen of Phe-4 backbone. This
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Fig. 2. Distribution of dihedral angles of the lowest-energy conformations of Met-enkephalin for Tyr-1 (a), Gly-2 (b), Gly-3 (c),
Phe-4 (d), and Met-5 (e), which were obtained by the 20 Monte Carlo simulated annealing simulations in the gas phase (left-hand
side) and in the solvent (right-hand side).
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Table 2. The Results of Classification of the Lowest-Energy Conformations Obtained by the Present Simulations in Gas Phase

¢ (A)  Group n®  Lowest-energy® (kcalmol™})
1.0 A ={1,23} 3 —112

D, = {6,7,8} 3 —~17.3

B, = {10,11} 2 —9.7

B} = {13,14,15,16} 4 —7.2

B/ = {17,18} 2 7.0

E; = {19,20} 2 -82
15 Ar={4UA, 4 —112

B, ={9,12}UD; UB; UB{UB{ 13 -9.7

E, =E; 2 —8.2

a) c is the cutoff value. b) n is the number of structures in each group. c¢) In the fourth
column we list the lowest-energy value in each group.

(@) (d)

Fig. 3. The structural characterization of groups A, D1, By, B, BY, and E; (from Table 2) obtained by Monte Carlo simulated
annealing simulations in the gas phase. The left-hand side is the lowest-energy conformation in each group, and the right-hand side
is the superposition of the backbone structures of all the conformations in each group. (a) Group A; (Conformation V1 in Table 1).
(b) Group B; (Conformation V10 in Table 1). (c) Group B} (Conformation V13 in Table 1). (d) Group B{ (Conformation V17 in
Table 1). (e) Group D; (Conformation V6 in Table 1). (f) Group E; (Conformation V19 in Table 1). We use a simplified notation
such as O2 and N5, which stand for the carbonyl oxygen of the Gly-2 backbone and the amide nitrogen of the Met-5 backbone,
respectively. The figures were created with Ras Mol.?

structure is actually a type II B-turn involving the residues  they have two intrachain hydrogen bonds and this group has
Tyr-Gly—Gly—Phe. These structures are also stable, because  the second-lowest energy among the six groups (group A;
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has the global-minimum energy).

The main-chain structures of groups B} and B’ are similar
to those of group B, as can be seen in Figs. 3(¢) and 3(d).
The structures in these groups are slightly distorted from
those in group B; in the sense that they have only one of the
two intrachain hydrogen bonds of group B, formed. Group
B/ has only one hydrogen bond between the amide nitro-
gen of Tyr-1 and the carbonyl oxygen of Phe-4, and BY
has a hydrogen bond between the carbonyl oxygen of Tyr-
1 and the amide nitrogen of Phe-4. These structures have
slightly higher energies than those of group B;. Also note
that the side-chain structures are more deviated compared to
the backbone.

As can be seen in Fig. 3(e), group D; has intermediate
structures between group A; and B;. This group has a hy-
drogen bond between the carbonyl oxygen of Gly-2 and the
amide nitrogen of Phe-4, and forms a y turn. As in the
case for group A, OH in the Tyr-1 side chain is hydrogen-
bonded to the carbonyl oxygen of the Gly-3 backbone, and
the side-chain structure of Tyr-1 is stable. Group D; has a
considerably higher energy than groups A; and B;.

In group E; (Fig. 3(f)), the main chain is more extended
than that of the other groups. There is no intrachain hydrogen
bond in the backbone. There is a hydrogen bond between
OH of the Tyr-1 side chain and the carbonyl oxygen of the
Phe-4 backbone, which seems to stabilize the structure.

In summary, we found that groups A and B are dominant
and stable in the gas phase (they correspond to the global-
minimum-energy state and the second-lowest-energy state,
respectively). These structures are stabilized by two intra-
chain backbone hydrogen bonds. As is shown in Tables 1
and 2, however, the number of obtained structures of group
B (including B/ and BY) is larger than that of group A.

Detailed Results of Classification in Solvent. We now
present the results of simulations in the solvent. In Table 3,
the RMSD in the solvent are listed. The conformations from
column 2 to column 7 correspond to the lowest-energy con-
formations in groups A;, Dy, By, B}, Bf, and E; obtained
by the present simulations in the gas phase, and actually are
V1, V10, V13, V17, V6, and V19 in Table 1, respectively.
The other 20 conformations (S1, S2, ---, and S20) are the
lowest-energy conformations obtained by the present simu-
lations in the solvent. The numbers enclosed in solid lines
and dashed lines in Table 3 indicate that the corresponding
conformations form a group of similar structures with the
cutoff ¢ = 1.0 A and ¢ = 1.5 A, respectively. We thus have
three groups (boxes in solid line and dashed line) for the
two cutoff values. The numbers in bold in Table 3 from the
second to the seventh column are those entries that are less
than or equal to 1.0. These entries imply that conformations
S4 and S5 have similar structures to B;. Hence, we refer to
the group including S4, S5, and S6 as group Bs (as defined
with cutoff ¢ = 1.0 A). Furthermore, the underlined numbers
in Table 3 indicate that they are more than 1.0 and less than
or equal to 1.5. These entries imply that the group which
includes conformations S1 and S2 have intermediate struc-
tures between B; and D;. We refer to the group including
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S1 and S2 as group B} (as defined with cutoff ¢ =1.0 A).
The remaining group including S9 and S10 was named Fs.
As for the classifications of groups having similar structures
with the cutoff ¢ = 1.5 A (boxes in dashed lines), it is found
that conformations S3, S7, S8, S11, and S12 and groups B},
B3, and F; form a single group, which we refer to as group
B4, and that conformations S14, S15, and S16 constitute a
single group, which we refer to as group G4. The remain-
ing group includes S17, S18, and S19, which we refer to as
group E4, because two of the entries in this group are less
than 1.5 A from group E,. We thus find that for c= 1.5 A,
there are three groups (B4, G4, and E4). All of these results
of classifications are summarized in Table 4. We remark
that the lowest-energy conformation obtained throughout the
present simulations (global-minimum-energy structure) be-
longs to group B; (Conformation S1). In the case of the
cutoff ¢ = 1.5 A, this structure belongs to the main group B.

After the classification of conformations into groups of
similar structures is finished, we now examine the structural
characterizations of each group in detail. In Fig. 4 we show
the lowest-energy conformations (left-hand side) and the
superposed backbone structures of all conformations (right-
hand side) in each group. As can been seen in Fig. 4(a), the
structures in group B} have a hydrogen bond between the
amide nitrogen of Tyr-1 and the carbonyl oxygen of the Phe-
4 backbone. Moreover, the side-chain of Tyr-1 is close to
that of Met-5. As can be seen in Fig. 4(b), the structures in
group B3 have two hydrogen bonds between the amide nitro-
gen of Tyr-1 and the carbonyl oxygen of Phe-4 and between
the carbonyl oxygen of Tyr-1 and the amide nitrogen of Phe-
4. The structures of group Bs actually form a type II S-turn
involving the residues Tyr—Gly—Gly—Phe. These structures
are very similar to those in group B in gas phase. The
structures in group F3 (Fig. 4(c)) do not have any intrachain
hydrogen bonds. However, the shape of the main chain is
similar to that of group B in the gas phase.

In groups G4 and E, (Figs. 4(d) and 4(e)), obtained with
the cutoff ¢ = 1.5 A, the main chain is more extended than that
of the other groups. There is no intrachain hydrogen bond in
the backbone. However, the structures in these groups form
a circular shape in which the main chain is extended, but the
side chain of Tyr-1 is close to the that of Met-5.

We now summarize the main features in the results of the
classification. Two characteristic conformations were found
from the present simulations in solvent. First, the backbone
structure of many conformations is similar to that in group
B obtained in the gas phase. (The structures in group B have
a hydrogen bond between the amide nitrogen of Tyr-1 and
the carbonyl oxygen of Phe-4 backbone.) In the other set of
conformations, the side chain of Tyr-1 tends to be close to
that of Met-5, forming a circular shape as a whole, while the
backbone is extended. The main-chain conformations are
similar to those of group E; obtained in the gas phase. These
facts imply that the backbone structures obtained by simu-
lations in the solvent do not differ significantly from those
in the gas phase. The side-chain structures, however, can be
quite different. For instance, the lowest-energy conforma-
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Table 4. The Results of Classification of the Lowest-Energy Conformations Obtained by the Present Simulations in Solvent

b) Lowest—energyc) (kcalmol_l)

A (A)  Group n

10 By =1{12} 2 237
B; = {4,5,6} 3 26.1
F; = {9,10} 2 33.5

1.5 Bs ={3,7,8,11,12,13} UB;UB3UF; 13 23.7
Gq = {14,15,16} 3 292
Es = {17,18,19} 3 275

a) c is the cutoff value. b) n is the number of structures in each group. c¢) In the fourth
column we list the lowest-energy value in each group.

Fig. 4. The structural characterization of groups B3, B3, F3, G4, and E4 (from Table 4) obtained by Monte Carlo simulated annealing
simulations in the solvent. The left-hand side is the lowest-energy conformation in each group, and the right-hand side is the
superposition of the backbone structures of all the conformations in each group. (a) Group B} (Conformation S1 in Table 4). (b)
Group B3 (Conformation S6 in Table 4). (¢) Group F3 (Conformation S5 in Table 4). (d) Group G4 (Conformation S14 in Table 4).
(e) Group E4 (Conformation S18 in Table 4). We use a simplified notation such as O2 and N5, which stand for the carbonyl oxygen
of the Gly-2 backbone and the amide nitrogen of the Met-5 backbone, respectively. The figures were created with Ras Mol.?®

tion in group B; (Fig. 3(b)) and that in group B} (Fig. 4(a))  the global-minimum-energy structure in the gas phase (group
have very similar backbone structures (RMSD = 1.3 A) but  A,) has a rather higher energy in solution, and is not found
completely different side-chain orientations. Also note that by the present simulations including a solvent.
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Characteristics of the Lowest-Energy Conformations

Obtained in Gas Phase and in Model Solvent. The total
energy (Etor) used in the present simulations was
Eror = Ep ©
for the gas-phase case and
Eror = e + 2cay (10)

for the in-solvent case, where Ep is the conformational en-
ergy (see Eq. 2) and gy is the cavity-formation term (see
Egs. 4 and 5). In order to see how stable the low-energy
conformations in the gas phase are when they are placed in
the solvent, we calculated the cavity-formation term (&cay)
for six conformations (A1, Dy, By, B}, B, and E;) and list
the values in Table 3 (see the third row in the table). As
can be seen from Table 3, these cavity-formation terms are
significantly larger than those of conformations (S1, S2, ---,
and S20) obtained by simulations in the solvent, suggesting
that these gas-phase conformations are unstable in the sol-
vent. Note that the entries in Table 3 are the root-mean-
square distances of the backbone structure only. The fact
that some of the values between the conformations in the gas
phase and those in the solvent are small (see the entries in
bold face and underlined numbers) seems to imply that when
the low-energy conformations in the gas phase are placed
in the solvent, they rearrange the side-chain orientations so
that the backbone structures remain stable. An exception
is the conformation in group A;. The side-chain structures
(especially that of Tyr-1) are also constrained for these con-
formations so that they cannot be rearranged to find a stable
conformation in the solvent. The backbone of the lowest-en-
ergy structure in the solvent has a shape similar to that of the
second lowest-energy structure in gas phase; the global-min-
imum-energy conformation in the gas phase was not found
in the simulations in the solvent. Furthermore, as can be
seen from Tables 2 and 4, the energy difference between
the lowest-energy group and the second lowest-energy group
is 1.5 kcalmol~! in the gas phase (A, versus B;) and 3.8
kcalmol~! and in the solvent (B4 versus Hy), respectively.
Therefore, there is only one dominant low-energy structure
in the slovent, while there are two dominant ones in the gas
phase. It seems that the solvent effects decrease the number
of low-energy local minima.

We now focus our attention on the conformations obtained
in the solvent which have a low cavity-formation free energy
(&cav). These are conformations S1, S2, S3, S6, S7, S15,
S16, S17, S18, and S19 (see Table 3). By examining the

_structures in detail, we found two characteristics. One is
that the conformations with a hydrogen bond between the
amide nitrogen of Tyr-1 and the carbonyl oxygen of Phe-4
backbone have low cavity-formation free energies. These
conformations are S1, S2, S3, and S7, which are shown
in Fig. 5(a). The other is that the conformations have low
cavity-formation free energies when they form a circular
shape in which the N-terminal side chain (Tyr-1) is close to
the C-terminal one (Met-5) and the main chain is extended.

Low-Energy Conformations of Met-Enkephalin

These conformations are S6, S15, S16, S17, S18, and S19,
which are shown in Fig. 5(b).

InFig. 6, cavity-formation free energy of the lowest-energy
conformations obtained by each simulation in the solvent as
a function of the accessible surface area is shown. The ac-
cessible surface areas of the obtained conformations were
calculated by the code developed in Ref. 18. It is found that
there are two parts in Fig. 6. One part (Part 1) corresponds to
the structures that have high cavity-formation free energies
and small accessible surface areas. These conformations are
similar to those of group B in the gas phase, which have two
intrachain hydrogen bonds and have low conformational en-
ergies. In this case, the conformational energies are respon-
sible for the conformational stability in the solvent. On the
other hand, the second part (Part 2) in Fig. 6 corresponds to
the structures that have low cavity-formation free energies
and large accessible surface areas. These structures have
either circular shapes in which the main chain is extended,
but the N-terminal side chain (Tyr-1) is close to the C-ter-
minal one (Met-5), or have a hydrogen bond between the
amide nitrogen of Tyr-1 and the carbonyl oxygen of Phe-4

-(one of the hydrogen bonds of group B is broken). In this

case, the cavity-formation free energy is responsible for the
conformational stability in the solvent.

Relation between the Cavity-Formation Free Energy
and the Accessible Surface Area. = We now consider in
detail the relations among the solvent-accessible surface area,
the solvent-excluded volume, and the cavity-formation free
energy. We performed three SA runs of 10000 MC sweeps in
the model solvent with the initial temperature of 1000 K and
the final temperature of 150 K. One of the simulation runs,
which we refer to as Run 1, was made so that it reproduces
the one that gave the lowest-energy conformation in Part 1
of Fig. 6. Another run (Run 2) reproduces the lowest-energy
conformation in Part 2 of Fig. 6. The third run (Run 3) was
newly made. One conformation at each temperature with
an increment of 1 degree (T =150, 151, 152, ---, and 1000
K) was chosen for the analyses (total of 851 conformations
for each run). In Fig. 7, we show the solvent-excluded vol-
ume of these conformations as a function of their accessible
surface area. The excluded volumes of these conformations
were calculated by the code developed in Ref. 18. It was
found that the excluded volume is almost proportional to the
accessible surface area. In Fig. 8, the cavity-formation free
energies of the conformations as a function of the accessi-
ble surface area are shown. In Fig. 8(a), the data from all
8513 conformations are shown. The data in Fig. 8(b) and
Fig. 8(c) are from the conformations which have Etor < 40
kcalmol~! in Run 1 and Run 2, respectively (the results of
Run 3 are omitted because they turned out to be similar to
those of Run 2). From Fig. 8, it is found that the low-en-
ergy conformations obtained in these simulations remain in
Part 1 or Part 2 of Fig. 6. Figure 8(b) implies that the cav-
ity-formation free energy of the lower-energy conformations
(Etor < 40 kcalmol~!) in Run 1 is proportional to the ac-
cessible surface area. On the other hand, Fig. 8(c) suggests
that the cavity-formation free energy of low-energy confor-
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(b)

S18 S19

5 w‘

Fig. 5. Two kinds of conformations with low cavity-formation free energy: Conformations S1, S2, S3, and S7 (a), and S6 and from
S15 to S19 (b). Structures in (a) have a hydrogen bond between the amide nitrogen of Tyr-1 and the carbonyl oxygen of Phe-4
backbone. Structures in (b) have circular shapes in which the main chain is extended and the N-terminal side-chain (Tyr-1) is very
close to the C-terminal one (Met-5). The figures were created with Ras Mol.?6
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Fig. 6. Cavity-formation free energy (kcal mol™") of con-

formations as a function of solvent-accessible surface area
(A?). The conformations are the lowest-energy conforma-
tions obtained in each of the 20 Monte Carlo simulated
annealing runs in the solvent. It is found that there are
two parts. One part (Part 1) corresponds to the structures
that have high cavity-formation free energies and small ac-
cessible surface areas. These conformations are similar to
those of group B in gas phase, which have two intrachain
hydrogen bonds. The second part (Part 2) corresponds to
the structures that have low cavity-formation free energies
and large accessible surface areas. These structures have
either circular shapes in which the main chain is extended
but the N-terminal side chain (Tyr-1) is close to the C-ter-
minal one (Met-5) or have a hydrogen bond between the
amide nitrogen of Tyr-1 and the carbonyl oxygen of Phe-4
(one of the hydrogen bonds of group B is broken).
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Fig. 7. The solvent-excluded volume (A%) of conformations
obtained by three SA runs as a function of their accessi-
ble surface area (A%). One of the simulation runs, which
we refer to as Run 1, was made so that it reproduces the
one that gave the lowest-energy conformation in Part 1 of
Fig. 6. Another run (Run 2) reproduces the lowest-energy
conformation in Part 2 of Fig. 6. The third run (Run 3) was
newly made. One conformation at each temperature with
the increment of 1 degree (T = 150, 151, 152, ---, and 1000
K) was chosen for the analysis (total of 851 conformations
for each run).

mations (Etor < 40 keal mol™!) in Run 2 has no correlation
with the accessible surface area. These results show that
cavity-formation free energy is not necessarily proportional
to accessible surface area for a small peptide, such as Met-
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Fig. 8. Cavity-formation free energies of the conformations
as a function of accessible surface area. The data from
all 8513 conformations are shown (a) (see the caption of
Fig. 7). The data for (b) and (c) are from the conformations
which have Eror < 40 kcalmol™' in Run 1 and Run 2,
respectively.

enkephalin, and depends on the microscopic structures of
the peptide. This conclusion is in accord with the results of
simulations of Met-enkephalin with RISM theory.”

Conclusions

In this article, we have presented the results of Monte
Carlo simulated annealing simulations of a penta peptide,
Met-enkephalin, in the gas phase and in aqueous solution.
We estimated a rigorous cavity-formation term in the sol-
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vation free energy by the extended scaled particle theory.
This was the first attempt to combine Monte Carlo simu-
lated annealing and the extended scaled particle theory. We
classified the conformations into groups of similar structures
by calculating the root-mean-square distances between the
atoms in backbone. It is found that the obtained conforma-
tions in the gas phase and in the solvent are both classified
into three groups. It was also found that there is only one
dominant low-energy structure in the solvent, while there are
two dominant ones in the gas phase. The backbone of low-
est-energy structure in the solvent has a shape similar to that
of the second lowest-energy structure in the gas phase; the
global-minimum-energy conformation in the gas phase was
not found in the simulations in the solvent. It seems that the
solvent effects decrease the number of low-energy local min-
ima. Moreover, we studied in detail the relations between the
solvent-accessible surface area and the cavity-formation free
energy. It was shown that the cavity-formation free energy of
the obtained conformations is not necessarily proportional to
the accessible surface area for a small peptide such as Met-
enkephalin. This implies that the cavity-formation free en-
ergy of a small peptide depends on its microscopic structure.
The results should be taken as a warning when one uses
emprical methods for calculating the solvation free energy
based on the accessible surface area.

Finally, we remark that the lowest-energy conformation
of Met-enkephalin obtained by simulations with rigorous
solvation theory (RISM) is fully extended,’ in agreement
with the results of NMR experiments.” However, the low-
est-energy conformation obtained by the present simulations
using the extended scaled particle theory is rather round, al-
though some of the low-energy conformations have extended
backbone structures. Hence, we find that the neglected con-
tributions (especially, the electrostatic interactions between
solute and solvent molecules) are also important when we
try to compare the simulation results with experiments.

The simulations were performed on computers at the Com-
puter Center of the Institute for Molecular Science. This
work was supported, in part, by grants from the Research
Fellowship of the Japan Society for the Promotion of Science
for Young Scientists (awarded to A. M.), from the Research
for the Future Program (JSPS-RFTF98P01101) of the Japan
Society for the Promotion of Science, and from the Ministry
of Education, Science, Sports and Culture.
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