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Modeling of the Three-Dimensional Structure of Polypeptides in Solution
Using Potential-Scaled/Hot-Solute Molecular Dynamics

Hideki Tsujishita,* lkuo Moriguchi,* and Shuichi Hirono*
*New Drug Research Laboratories, Kanebo Ltd., Osaka 534, and *School of Pharmaceutical Sciences, Kitasato University, Tokyo 108
Japan

ABSTRACT We present here an efficient and accurate procedure for modeling of the three-dimensional structures of polypep-
tides in the explicit solvent water based on molecular dynamics calculations. Using the toxic domain analog of heat-stable
enterotoxin as a model peptide, we examined the utilities of two molecular dynamics techniques with the system containing the
explicit solvent. One is the potential-scaled molecular dynamics that had been designed for effective conformational analyses
of biomolecules with the explicit solvent water by partially scaling down the potential energies involved in the solute molecules.
The other is the variation of Berendsen's weak coupling method (referred to as "hot-solute" method), in which only the solute
of the system is heated to a high temperature while the solvent is kept at a normal temperature. Each method successfully
increased the rate of folding of the peptides, and the most effective was a combination of the two methods. Moreover, the final
structure obtained via cooling process successfully reproduced the experimentally known structure from the extended amino
acid sequence using only the distance restraints representing three disulfide bonds in the peptide. Additional distance restraints
derived from some of the NOE cross peaks accelerated the folding of the peptide, but gave almost the same structure as in
the case without these additional restraints. Because a similar calculation without the explicit solvent could not reproduce the
known structure, it is suggested that the explicit solvent water could play an important role in the modeling. The methods
presented here have the potential for accurate modeling even when less experimental information was available.

INTRODUCTION

Molecular dynamics (MD) have great utility in the modeling
of the three-dimensional structures of biomolecules such as
proteins or nucleotides. In MD, the kinetic energy of atoms
allows the system to surmount energy barriers surrounding
local minima existing on the energy surface. In the recent
years, MD with simulated annealing (Kirkpatrick et al.,
1983) protocol has been widely used in the modeling of
biomolecules, especially in the refinement of three-
dimensional structures derived from x-ray or NMR experi-
ments (Brunger et al., 1987; Brunger et al., 1989; Holak et al.,
1989; Saulitis et al., 1992; Miller et al., 1992). This method
includes a high temperature process to increase the ability to
surmount energy barriers. However, such a technique cannot
be directly applied to the system containing explicit solvent
water because raising the temperature would cause unreal-
istic behavior of water (extremely high pressure or vapor-
ization of water). Therefore, another efficient modeling
method is needed for treating the system containing explicit
water. Such a modeling method would give a more reliable
three-dimensional structure because it is generally suggested
that MD with explicit solvent gives more accurate results
(Levitt and Sharon, 1988; van Gunsteren, 1992).
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We have previously investigated the "potential-scaled mo-
lecular dynamics" method as an effective method for con-
formational analyses in explicit water (Tsujishita et al.,
1993). In this method, the potential energies involved in the
desired degrees of freedom (those of solute molecules in our
case) are partially scaled down, instead of raising the tem-
perature of the whole system. This is a kind of umbrella
sampling, and it can accelerate the conformational change in
the solute molecule without unfavorable influences on the
behavior of the solvent. In the previous report, the method
was applied to a small dipeptide analog and proved to be
capable of accurately and more efficiently searching con-
formational space than the normal MD. In this paper, we
attempt the modeling of the solution structure of a larger
peptide, the full toxic domain analog of heat-stable entero-
toxin STp, Mpr5-STp(5-17), using the potential-scaled MD
with explicit water. Heat-stable enterotoxins (STs, Fig. 1)
are produced by enterotoxigenic Escherichia coli and 13
residues near the C-terminus are needed for full enterotoxic
activity (Aimoto et al., 1982, 1983; Takao et al., 1983;
Yoshimura et al., 1985). This toxic domain includes six cys-
teines that form three disulfide linkages, and the mode of the
disulfide bonds has been determined (Shimonishi et al.,
1987; Gariepy et al., 1987). Structures of STs in solution and
in crystal have been explored in detail by x-ray crystallog-
raphy (Ozaki et al., 1991b) or NMR experiments (Gariepy
et al., 1987; Ohkubo et al., 1986; Gariepy et al., 1986; Ozaki
et al., 1991a) and the coordinate of the three-dimensional
structure in crystal is available for Mpr5-STp(5-17) (Ozaki
et al., 1991b). In addition to the potential-scaled method, we
also tested another method (referred to as "hot-solute" tech-
nique hereafter) in which only the solute of the system is
heated to a high temperature while the solvent is kept at a
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FIGURE 1 Amino acid sequences of heat-
stable enterotoxins produced by Escherichia
coli. Lines between cysteines represent disul-
fide linkages. The toxic domains for fully en-
terotoxic activity are displayed by the rectangle.

normal temperature. This method is also expected to accel-
erate the conformational change in the solute molecule with-
out unexpected behavior of the solvent and to be useful as
an efficient modeling tool in explicit water.

In the following sections, we will examine the efficiency
of both methods compared to the normal MD. The predicted
structure will be compared with the x-ray and NMR experi-
mental data, and the accuracy of the methods will also be
discussed.

COMPUTATIONAL PROCEDURES
All calculations in this paper were performed with AMBER version 4.0.1
(Pearlman et al., 1991) and its all-atom force field (Weiner et al., 1984;
Weiner and Kollman. 1986). The hot-solute algorithm and the distance-
restraint function used here (see below) were incorporated into the program
by us.

Potential-scaled MD
The idea of potential-scaled MD was originally found in the work by Mark
et al. (1991). The details of the method have been previously described
(Tsujishita et al., 1993). Briefly, this method is based on the fact that both
raising the temperature and decreasing the potential energy at a constant
temperature have the same effect on the Boltzmann factor, which governs
the population of conformers in a system. This means that a larger con-
formational space of the system can be searched by scaling down its po-
tential energy as well as by raising its temperature. The potential-scaled
method is quite useful particularly in MD with explicit water. Scaling down
the potential only in the degrees of freedom involved in the solute molecules
leads to the effective conformational search of the solute without unexpected
behavior of the solvent water. In the following calculations, only the bond
angle and dihedral terms in the potential energy function were reduced by
2.0 in the potential-scaled MD. This procedure of potential scaling has been
proved to accelerate the conformational change of the solute without any
unfavorable influences on the solvent waters (Tsujishita et al., 1993).

Hot-solute method
To maintain the temperatures of the solute and solvent at different values,
we modified Berendsen's weak-coupling algorithm to control the tempera-
ture of the system (Berendsen et al., 1984). This technique couples the
temperature of the system T to an external heat bath of reference tempera-
ture, To, by scaling the velocities of atoms using a factor A. The factor A is
determined by the reference and current temperatures and the temperature
relaxation time, TT, that controls the strength of the coupling. When the
system is divided into two parts, A and B, and atoms i and j are involved
in parts A and B, respectively, the temperatures ofA and B can be kept at
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different values by scaling the velocities of atoms i and j using different
factors, AA and AB. These factors are determined by the following equations:

3NA NA 1

-k TA(t) = EI,, = E 2m1{vi(t)}2, (1)
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AB = [1 +-B TB(t) 1)]
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(4)

where N is the number of atoms, kB is the Boltzmann constant, Ekn is the
kinetic energy, At is the integration time step, and m and v are the mass and
velocity of an atom, respectively. TT is the temperature relaxation time that
controls the strength of the coupling. The temperatures of part A (TA) and
partB (TB) are calculated independently from the sum of the kinetic energies
of the atoms in each part. The scaling factors, AA and AB, are then obtained
from these temperatures and the reference temperatures, TOA and TOB. In our
case, part A corresponds to solute molecules and part B to solvent. In the
following calculations that includes this protocol, we set the reference tem-
perature for the solute to 900 K and that for the solvent to 300 K.

Distance-restraint function

Test calculations in this paper include some distance restraints (see below).
As the restraint function, we adopted the function proposed by Nilges et al.
(1988) described in Fig. 2. The force derived from this function is largest
at r = r, and small enough when the restrained atoms are far apart. Therefore,
in the early stage of the calculations (distances between the restrained atoms
may be large), the forces of the restraints are negligibly small. The restrained
atoms experience significant forces only when the distance between them ap-
proaches r, during the course of the calculation, and the restraints will converge
at this time. This profile ofthe function is expected to avoid the incorrect folding
that would occur when using the ordinary square-well type function. In the
following calculations, the slope of asymptote c was set to zero.

Initial structure

The initial structure of Mpr5-STp(5-17) for the test calculations was gen-
erated in the following manner. The extended structure (all backbone di-
hedrals 4P and yi were set to 180°) of STp was first generated using the
standard database of AMBER. The molecule was solvated by TIP3P water
molecules (Jorgensen et al., 1983), which were added within 10 A of the
surface of the solute. This system was then minimized until the root mean
square (RMS) value of the potential gradient was below 0.05 kcal mol-' A-'
(0.2 kJ mol' A-1). After the minimization, a normal MD calculation was

I
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TABLE 1 Additional distance restraints Included In test E

Target values for restraints (A)

Atom pairs* Lower limit Upper limit

Cys6 Ha Cys9 Ha 2.0 4.0
Cys6 H. Asn"HN 2.0 4.0
Cys6 Ha Cys14Hl 2.0 5.0
Cys9 Ha Asn"HN 2.0 3.5
Asn"H1, Ala'3 HN 2.0 4.0
Ala'5 Ha Cys17HN 2.0 4.0

* These restraints were derived from 6 out of a total of 29 NOE cross peaks
observed in H20/D20 (80:20) at 5 or 17CC, pH 5.6 (Ozaki et al., 1991a).
These six restraints were chosen in a manner such that the restrained atoms
were separated by more than one amino acid residue in the sequence.

20

Distance (A)

FIGURE 2 The restraint function (Nilges et al., 1988) used in our cal-
culations. In the figure, r is the current distance, r1 and re are the lower and
upper limits of the distance, respectively, and k, is the force constant. The
values of a and b are chosen such that the potential V,,,, is continuous and
differentiable at r,. c is the slope of the asymptote, and the dashed line in
the figure represents this asymptote.

carried out for 10 ps using an integration time step At = 2 fs. The tem-
perature of the whole system was maintained at 300 K by the Berendsen's
algorithm with TT = 0.1 ps. The bond lengths were fixed by the SHAKE
algorithm (van Gunsteren and Berendsen. 1977). This MD run was per-

formed to equilibrate the system and to reduce the maximum length of the
solute. This results in saving computational time needed for the following
simulations, because the required number of water molecules can be re-

duced. The maximum length of the solute was 33.30 A after the MD run,

whereas it was 40.38 A before the run. The backbone dihedral angles were
slightly shifted from their initial values, but no significant folding was ob-
served. The water molecules were removed after the MD, and the solute was
then solvated again by 2233 TIP3P water molecules in a rectangular box
whose dimensions were 53.6x39.3x36.8 A. The system was then minimized
until the RMS value of the potential gradient was below 0.03 kcal mol' A'
(0.13 kJ mo[' A-') under the periodic boundary condition. The resulting
system was used as the starting point of the following tests.

Tests of modeling
We performed four kinds of tests to evaluate the efficiency of the methods
in modeling the structure of the molecule. These were A (normal MD), B
(potential-scaled MD), C (hot-solute MD), and D (potential-scaled/hot-
solute MD). All tests included distance restraints representing three disulfide
linkages in STp. We carried out another test of the potential-scaled/hot-
solute MD (test E) that included distance restraints derived from NOEs in
aqueous solution observed in the NMR experiment (Ozaki et al., 1991a) in
addition to the restraints for the disulfide bonds. There were 29 NOE cross

peaks observed in the NMR study but we considered only six NOEs derived
from the atom pairs that were separated by more than one amino acid residue
in the sequence (Table 1). The purpose of this test calculation was to in-
vestigate how the efficiency and the accuracy of the methods will change
when more experimental information was included in the calculation. For
each disulfide bond, there were three restraints, Si-Sj, Si-Cf and CP-S., whose
target values were set to 2.02 0.02, 2.99 ± 0.5 and 2.99 _ 0.5 A, re-

spectively. The force constant, k., was 0.05 kcal mo[' A-4 (0.2 kJ mol' A),
and r., the distance at which the restraint force was maximum, was set to
a value 3.0 A longer than the upper limit of each restraint. The NOE re-

straints in test E used the target values shown in Table 1 and the same k,
and r. values. The initial velocities in the whole system were chosen from
a Maxwellian distribution at 300 K, and in the tests for hot-solute, the

reference temperature for the solute was gradually increased from 300 to 900
K in the first 5 ps. The temperature relaxation time TT was set to 0.1 ps both
for the solute and solvent. All of the test calculations were carried out for
50 ps using At = 1.0 fs, except for test E, which was performed for 30 ps.

The coordinates were saved every 100 steps for the analysis. During the
calculations, the pressure of the system was maintained at 1 atm using the
Berendsen's algorithm under periodic boundary condition, and the bond
lengths were fixed by SHAKE. We set force constants of torsional param-

eters for backbone amide linkages to a value 2.5 times larger than the stand-
ard values in AMBER to avoid cis-trans isomerizations. The nonbonded
interactions beyond 9.0 A were truncated in all of the calculations. The
analysis of the effectiveness of the methods was made by a comparison of
the rate of convergence of the value of radius of gyration (Rd of STp into
that in the x-ray structure.

Final structures
The final structures were obtained from the results of the potential-scaled/
hot-solute MD (tests D and E) through the cooling process as follows. After
each test was run, a successive calculation of the potential-scaled/hot-solute
MD was done for 15 ps, increasing the force constant k, of the restraints by
multiplying its value by 1001 after every 500 steps. The value of k. was 50.0
kcal mol-' A (210 mol' A ) at the end of the run. A following MD
run was performed for 10 ps, gradually cooling the heated solute from 900
to 300 K and increasing the level of the scaled potential to its original level.
All distance restraints were then removed, and a 10-ps normal MD calcu-
lation was carried out, considering the disulfide linkages as explicit covalent
bonds. For the last 5 ps, the coordinates were dumped every 50 steps. The
saved coordinates were then averaged and minimized until the RMS of the
potential gradient was below 0.05 kcal mol'1 A' (0.2 mol' A-'). The
obtained structures were used in the following discussion. The three-
dimensional structure figures in this paper were created using UCSF
MidasPlus software (Ferrin et al., 1988).

Test of an implicit solvent model
We carried out an additional calculation without the explicit solvent water.
This test, denoted test F, used a distance-dependent dielectric constant as a

solvent model, instead of explicit water. The test was performed to evaluate
the effect of the explicit solvent on the final structure. The calculation started
from the same initial structure, and it was carried out under the same con-

ditions and protocols as in test D. However, the periodic boundary condition
was not applied due to the lack of the explicit solvent and a distance-
dependent dielectric constant E = 80r was used. The final structure was

obtained in the same manner described above.

RESULTS

Effects of the hot-solute method

At first, we investigated if the hot-solute method worked
correctly. Fig. 3 indicates changes in the temperatures of the
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FIGURE 3 Change in the temperatures of the solute and the solvent in the
system during the calculation of the potential-scaled/hot-solute MD (test D).
The values were sampled every 1 ps.

solute and the solvent during the 50-ps run of the potential-
scaled/hot-solute MD (test D). The temperature of the solute
increased rapidly, and it was maintained at the external bath
value for the solute without affecting the temperature of the
solvent. The average values of the temperatures during
the 10-50 ps were 852.43 ± 49.02 K for the solute and
304.02 ± 2.64 K for the solvent, and well reflected the values
of the external baths. Fig. 4 displays the density of the system
observed in test D as a function of time. Although part of the
system was heated, the density of the entire system was main-
tained at the natural level for water (nearly 1 g cm-3). These
results indicate that the method was capable of only heating
the solute without influencing the solvent's behavior.

Effects of the distance restrain function

We monitored the distances between the sulfide atoms that
were constrained to examine the utility of the restrain func-
tion used here. Fig. 5 shows the change in these distances in
the course of the test calculation D. This figure clearly in-
dicates that the restrained atoms slightly felt the restraint
forces during the early period of the calculation when the
atoms were far apart. As they were brought close together in
the course of the calculation, they were gradually captured
by the restraint forces and finally the distances between them
fell into the target values. These behaviors of the restraint
function indicate that the function worked as expected.

Comparison of the rate of folding

Fig. 6 displays the change in radius of gyration (Rg) of STp
for tests A-D. During the normal MD (test A), the change

FIGURE 4 Change in the density of the system during the calculation of
the potential-scaled/hot-solute MD (test D). The values were sampled every
1 ps.
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FIGURE 5 Effect of the restraint potential function in the calculation of
the potential-scaled/hot-solute MD (test D). Each point represents the dis-
tance between the sulfur atoms ofMpr5-Cys"0( ) CySICySI4 (_ _),
and Cys'-Cys"7 (---*----), which were restrained to form a disulfide bond,
respectively.

in the R9 value was very small and the structure of the mol-
ecule retained nearly linear over the 50-ps calculation. The
rate of folding during the potential-scaled MD (test B) was
faster than that during the normal MD. This result proves that
the potential-scaled MD was effective in this test system as
well as in our previous case. We next examined the hot-solute
method (test C). The rate of folding was greatly increased
during this test. The molecule began to fold near 20 ps in the
calculation, and the R9 took a value close to that in the x-ray
strutue (ppoxiatly A atth en o th clcuaton
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FIGURE 6 Change in the radius of gyration of Mpr5-STp(5-17). 0, nor-
mal MD (test A); 0, potential-scaled MD (test B); El, hot-solute MD (test
C); *, potential-scaled/hot-solute MD (test D). The radius of gyration was
calculated using the heavy atoms in STp.

The fastest acceleration of the folding was observed in the
potential-scaled/hot-solute MD (test D). As indicated in Fig.
6, the molecule had already shifted to the globular state at 35
ps. Moreover, the molecule retained its Rg value until the end
of the calculation once the folding had been completed, and
no unfolding was observed, at least during this calculation
period. Fig. 7 is the snapshots of the molecule at 10, 30, and
50 ps during the normal MD (test A) and the potential-scaled/
hot-solute MD (test D). As suggested by the analysis of the
Rg values, the molecule folded much faster in test D. In sum-
mary, these results suggested that the combination of the
potential-scaled MD and the hot-solute technique could be
the most effective of all the tests.

Evaluation of the predicted structure of STp
To examine the accuracy of the methods, we compared the
predicted structure of STp using test D with the structure
observed in the x-ray crystallography analysis (Ozaki et al.,
1991b). The predicted structure superimposed on the x-ray
structure is displayed in Fig. 8. The predicted structure ex-
hibited a right-handed spiral shape, which was the same fold-
ing pattern as in the x-ray structure. There were three (-turns
between Cys6-Cys9, Asn1l-Cys'4, and Cys'4-Cyst7, which
were observed in both the x-ray and NMR experiments
(Ozaki et al., 1991a), and these turns were also observed in
the predicted structure. The structural properties for both

(a) 10 ps

(b) 30 ps

(C) 50 ps

normal MD potentlal-sealed/
hot-solute MD

FIGURE 7 Snapshots of the structures of Mpr5-STp(5-17). (a) 10 ps, (b)
30 ps, and (c) 50 ps in the calculations of the normal MD (test A, left) and
the potential-scaled/hot-solute MD (test D, right). Only the backbone atoms
and the side-chain atoms of the Cys (or Mpr) residues are displayed. Dotted
lines indicate the converged distance restraints.

C-terminus

N-terminus

C-terminus

N-terminus

FIGURE 8 Stereo view of the resulting structure from the calculation of
the potential-scaled/hot-solute MD (test D, thick lines) and the x-ray struc-
ture of Mpr5-STp(5-17) (thin lines). Only the backbone atoms are displayed.
Structural superposition was made so that the root mean square of the de-
viations of the backbone atoms (N. Ca, C, 0) could have the smallest value.

structures are summarized in Table 2. The Rg value was at
the same level in the x-ray structure. The values of the root
mean square of the deviations from the x-ray structure were
2.26 A for the heavy atoms, 1.45 A for the backbone atoms,
and 1.44 A for the a-carbons. These values indicate that the
predicted structure was closely related to the x-ray structure.
In addition, the predicted structure satisfied most of the
proton-proton distances derived from NOEs observed in
aqueous solution and violated only 2 of the 29 NOEs. The
violated NOEs were those observed between HN-Glu7 and
HN-Leu8, and between Ha-Ala15 and HN-CYS17. These NOEs
belong to the loops in the N- and C-termini of STp, respec-
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TABLE 2 Comparison of the structural properties obtained
from the potential-scaled/hot-solute MD simulations of
Mpr5-STp(5-17) with experimental data

Property Test D Test E* Test Ft X-rayi
RMS of deviation (A)II

All-atoms 2.26 2.36 3.89
Main chain 1.45 1.43 2.74
a-carbons 1.44 1.42 2.50

Mean deviation of main-chain 41.7 44.4 58.7
dihedral (degrees

Radius of gyration (A) 5.82 5.76 5.45 5.54
NOE violations' 2 1 9 0
* Calculated with six additional distance restraints derived from NOEs (see
text).
* Calculated without explicit solvent, using a distance-dependent dielectric
constant (see text).
§ Estimated from the x-ray structure of Mpr5-STp(5-17) (Ozaki et al.,
1991b).
Deviations from the x-ray structure.
Number of violations of upper limit distances derived from 29 NOEs ob-

served in H20/D20 (80:20) at 5 or 17'C, pH 5.6 (Ozaki et al., 1991a).

x-ray structure are displayed in Fig. 10 and Table 2, indi-
cating that test E also successfully reproduced the x-ray
structure. It should be noted that the additional restraints had
little effect on the resulting structures. Both tests D and E
generated almost the same structures (Fig. 11), and their
structural properties were very similar (Table 2), except the
number of NOE violations. The additional restraints reduced
the number of violations from two to one. The satisfied NOE
in test E was the one observed between the a proton of Ala"5
and amide proton of Cys'7, and it was included in the re-
straints (Table 1). This satisfied NOE contributed to im-
provement in the structure of the C-terminal region.

The role of the explicit solvent

The properties of the final structure obtained from the cal-
culation without the explicit solvent (test F) were also sum-

C-terminus
tively, and these regions were suggested to be rather mobile
in aqueous solution (Ozaki et al., 1991a).

Effects of the additional distance restraints

We performed another test of the potential-scaled/hot-solute
MD, including additional distance restraints derived from the
NOE cross peaks (test E). We considered not all, but only 6
of the 29 NOEs in this test (Table 1). Fig. 9 shows the change
inRg values in test E, compared with that in test D. This figure
indicated that additional restraints remarkably accelerated
the folding of the molecule. The molecule had already con-
verged in the globular state at 20 ps. The predicted structure
from test E and its structural properties compared with the
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C-terminus

FIGURE 10 Stereo view of the resulting structure from the calculation of
the potential-scaled/hot-solute MD including the additional NOE restraints
(test E, thick lines) and the x-ray structure of Mpr5-STp(5-17) (thin lines).
Only the backbone atoms are displayed. Structural superposition was made
so that the root mean square of the deviations of the backbone atoms (N,
Ca, C, 0) could have the smallest value.

C-terminus C-terminus

N-terminus N-terminus

Time (ps)

FIGURE 9 Change in the radius of gyration of Mpr5-STp(5-17). (0) The
potential-scaled/hot-solute MD containing distance restraints for disulfide
linkages (test D); (0) The calculation containing the restraints in Table 1
in addition to the restraints for disulfide bonds (test E). The radius of gy-

ration was calculated using the heavy atoms in STp.

FIGURE 11 Stereo view of the resulting structure of Mpr5-STp(5-17)
from the calculation of the potential-scaled/hot-solute MD including the
additional NOE restraints (test E, thick lines) and the simulation not in-
cluding these restraints (test D, thin lines). Only the backbone atoms are
displayed. Structural superposition was made so that the root mean square
of the deviations of the backbone atoms (N, Ca, C, 0) could have the smallest
value.
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marized in Table 2. The smaller Rg value indicates that the
resulted structure was more compact than those from the
calculations with explicit solvent. This may be due to the lack
of the explicit solvent, where intramolecular electrostatic in-
teractions and hydrogen bonding would be estimated too
strong. The lack of the solvent also affects the quality of the
resulted structure. The structural deviations from the x-ray
structure were larger, and more NOE violations occurred,
compared with the structures including the explicit solvent.
These results strongly suggest that the explicit solvent water
would play an important role in reproducing the correct struc-
ture and that the implicit (distance-dependent dielectric) sol-
vent model used in test F is still insufficient to compensate
the presence of the solvent.

DISCUSSION

The purpose of this study is to develop an efficient and ac-
curate procedure for the modeling of three-dimensional
structures of biomolecules in the explicit solvent water. Start-
ing from the extended structure of the test peptide Mpr5-STp-
(5-17), we examined how efficiently and exactly the methods
would predict its globular conformation in solution. The most
efficient protocol tested in this study was the combination
method of the hot-solute and the potential-scaled MD. The final
structure obtained from this method exhibits good agreement
with both the three-dimensional structure from the x-ray analysis
(Ozaki et al., 1991b) and the inter-proton distances derived from
NOE cross peaks observed in the NMR study (Ozaki et al.,
1991a). These results reflected the accuracy of the methods as
tools for the structure modeling. Because our calculations were
performed in solution, the three-dimensional structure used in
comparison should be the one in solution, not in crystal.We used,
however, the crystal structure as the reference because the co-
ordinates of the structure in solution were not available in the
literature. The NMR study pointed out that the conformation of
STp in solution was almost the same as that in the solid state
(Ozaki et al., 1991a). In addition, our structure agreed with the
NOE data observed in solution, and the predicted structure re-
flected the native conformation in aqueous solution.
A main part of our calculation strategy is the potential-

scaled or hot-solute process, in which the potential terms in
the solute are partially scaled down and the temperature of
the solute is kept high. In this process, the entropy of the
solute is enlarged and many conformers of the solute would
appear in the system. This may correspond to high-
temperature state in the simulated annealing and makes it
possible to search a wider conformational space. In addition,
the distance restraints related to the experimental data work
as a guide in this process and help the system to reach the
preferable state. The restraint function used here (Fig. 2)
begins to work when the system comes close to its target
value and then traps the system at the target point. As a result,
the solute has completely folded at the end of this process
(Figs. 6, 7, and 9). This main process is then followed by the
"cooling" process, in which the reduced potential and the
elevated temperature are gradually changed to their original

levels. The role of this process is to bring the system to a
normal equilibrium and to obtain a fine structure.

It is noteworthy that the method successfully predicted the
structure of STp, only with the distance restraints represent-
ing the disulfide bridges. The additional distance restraints
derived from NOEs fairly improved the efficiency of the
method, but the resulting structure was almost the same one
from the calculation without the additional restraints. This
means that the method has the potential for accurate mod-
eling even when less experimental information is available.
This would be due to the presence of the explicit solvent
water. The solvent water plays an important role in the struc-
tural formation of proteins by affecting the electrostatic in-
teractions, hydrogen bonding, and so on (Levitt and Sharon,
1988; van Gunsteren, 1992). The presence of water would
make the method more accurate and compensate for the lack
of needed information. This is supported by the results sum-
marized in Table 2. The calculation including the explicit
solvent (test D) could successfully reproduce the experimen-
tally known structure of the peptide. On the other hand, ab-
sence of the explicit water (test F) distorted the resulted struc-
ture and caused large deviations from the real structure.
These results strongly suggested that the presence of the ex-
plicit solvent significantly contributes to the accuracy of the
methods. Although the detailed behavior of the solvent mol-
ecules in the hot-solute state is unknown, the solvent is still
considered to retain its effect on the solute. Moreover, our
protocol includes the cooling process to obtain the final struc-
ture, where the temperature and the potential energy of the
solute are gradually changed to the normal level. In this state,
the presence of the solvent might be more critical.
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