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ABSTRACT A Monte Carlo simulation niethod for glob-
ular proteins, called extended-scaled-collective-variable
(ESCV) Monte Carlo, is proposed. This method combines two
Monte Carlo algorithms known as entropy-sampling and
scaled-collective-variable algorithms. Entropy-sampling
Monte Carlo is able to sample a large configurational space
even in a disordered system that has a large number of
potential barriers. In contrast, scaled-collective-variable
Monte Carlo provides an efficient sampling for a system
whose dynamics is highly cooperative. Because a globular
protein is a disordered system whose dynamics is character-
ized by collective motions, a combination of these two algo-
rithms could provide an optimal Monte Carlo simulation for
a globular protein. As a test case, we have carried out an ESCV
Monte Carlo simulation for a cell adhesive Arg-Gly-Asp-
containing peptide, Lys-Arg-Cys-Arg-Gly-Asp-Cys-Met-Asp,
and determined the conformational distribution at 300 K. The
peptide contains a disulfide bridge between the two cysteine
residues. This bond mimics the strong geometrical constraints
that result from a protein’s globular nature and give rise to
highly cooperative dynamics. Computation results show that
the ESCV Monte Carlo was not trapped at any local minimum
and that the canonical distribution was correctly determined.

Globular proteins have extremely rugged potential surfaces,
which are often characterized as the multiple minima (1) or the
conformational substates (2). In such a disordered system,
adequate conformational sampling is difficult to achieve,
particularly at low temperatures because of the potential
barriers that surround low-energy regions. As a result, tradi-
tional simulation methods often become trapped in a local
energy minimum close to the starting structure.

Recently, a multicanonical (entropy sampling) Monte Carlo
algorithm* has been proposed as a way of alleviating the
sampling difficulty typically observed in disordered systems
(3-6). This method samples all energy levels equally by
introducing an energy-dependent weight function to the Me-
tropolis Monte Carlo scheme (7). Conceptually, it corresponds
to a simulation in which high (low)-energy regions are sampled
at high (low) temperatures. In this manner, potential barriers
can be overcome at high temperatures, whereas the details of
the low-energy potential surface can be traced at low temper-
atures. The canonical distribution at any temperature can be
calculated from the sampled ensemble by the reweighting
technique (8). This Monte Carlo algorithm has been used to
determine the low-temperature ensembles of various disor-
dered systems (3, 4, 9-11), including a small linear peptide (12)
and lattice proteins (13-15).

However, in addition to the sampling problem, we have to
find a solution for the problem of low efficiency, or low
acceptance ratio, commonly associated with the application of
Monte Carlo simulation to a globular protein. It is difficult to

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

9886

change one torsion angle without generating unrealistic inter-
atomic distances within a molecule. This problem is caused by
the highly cooperative nature of a globular protein, which
results from the strong geometrical constraints such as the
tightly packed globular shape and the unique local conforma-
tions (16). Noguti and Go (17) introduced a set of collective
variables for Monte Carlo simulation, which are derived from
a Hessian matrix of the potential energy and contain infor-
mation about protein dynamics. Their scaled-collective-
variable (SCV) algorithm has allowed efficient Monte Carlo
simulations of globular proteins (18, 19). _

A combination of these two algorithms, called extended-SCV
(ESCV) Monte Carlo, might therefore be a promising way for
improving the conformational sampling of a globular protein. In
this study, as a simple test case, we have carried out an ESCV
Monte Carlo simulation of a nine-residue peptide, Lys-Arg-Cys-
Arg-Gly-Asp-Cys-Met-Asp, and have determined the conforma-
tional distribution at 300 K. We chose this peptide for two
reasons. First, this peptide contains the cell-adhesive Arg-Gly-
Asp sequence and derives from a disulfide mutant of echistatin,
a potent integrin antagonist (T. Yamada and A.K., unpublished
results). As the conformation of the functional Arg-Gly-Asp
sequence is an important issue in understanding the molecular
recognition of integrins, this represents an interesting application
of the method. Second, the peptide has a strong geometrical
constraint imposed by a disulfide bond between Cys-3 and Cys-7.
This constraint ideally mimics effects in globular proteins that
result in the low efficiency of the traditional Monte Carlo method.

In the following section, we present the method of the ESCV
Monte Carlo and then show the resiults of the simulation.

THEORY: ESCV MONTE CARLO

We consider Metropolis Monte Carlo (7) of a globular protein
in the dihedral angle space. A trial move from conformation
m to n (from a set of dihedral angles 6, to 8,) is accepted with
a probability, min(1, @umpPn/@mnpm), Where e, is a priori
transition probability (m—n) and p,, is the Boltzmann prob-
ability of conformation m (20).

SCV Monte Carlo. One of the most characteristic features in
protein dynamics is that each degree of freedom, the dihedral
angles in this case, is highly correlated with one another (16). Trial
steps should be chosen so as to reflect such a collective nature of
the proteimr dynamics. In the SCV Monte Carlo (17), a priori
transition probability, a,.s, is given by considering the correlation
of motion in the form of a multivariate normal distribution,

1
an =N exp(—i 0',,,,,):‘10,,,,,), 11

Abbreviations: SCV, scaled collective variable; ESCV, extended SCV.
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¥There are two algorithms in this context, multicanonical (3) and
entropy sampling (4), whose comparisons are found in refs. 5 and 6.
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where 0,,, (= 6, — 0,,) is a displacement vector in the dihe-
dral angle space; superscript means transpose; 2. is a covari-
ance matrix of 6,,, representing the correlation of dihedral
angles; and N is a normalization constant. The covariance, 3,
can be estimated by a harmonic approximation,

3 ~kTF}, [2]

where T is temperature and F is a Hessian matrix [= {9%E/
96;06;}] of the potential energy E at conformation m. With use
of the eigenvalues, Ax, and the eigenvectors, ey, of F (Fay =
Moy k =1, ..., n, where n is the total degrees of freedom),
Eq. 1 is rewritten in the scaled variable form,

), (3]

where ¢ is the kth collective variable given by w}6,,,, which
is scaled by |A¢|~1/2[~((¢?)/kT)/2]. The absolute symbol of A,
is due to the fact that F is not necessarily positive definite at
conformation m. Trial moves proceed along the SCVs, ¢x.

In the actual implementation, ¢ and A are updated every
100 steps or less frequently. Hence, in most steps, the same set
of the collective variables is used for the reverse step, n—m, so
that aum/am, = 1. Only at the steps where the collective
variables are updated did an,/am, deviate from unity. It has
been confirmed that these breaks of microscopic reversibility
do not cause any significant bias to the sampled ensemble.
Therefore, the Metropolis criterion can be min(1, p,/pm)-

Entropy-Sampling Monte Carlo. Our purpose for the Monte
Carlo simulation is to determine the probability distribution of
a wide range of conformations at an ordinary temperature
(=300 K). For this purpose, the simulation has to sample both
low-energy and high-energy conformations. The former
should be significant in the probability distribution at 300 K,
and the latter is required to cross over potential barriers. Such
a simulation can be done on a modified potential surface,
giving a flat energy distribution. Here, we follow mostly the
algorithm of entropy-sampling Monte Carlo (4, 6).

The entropy-sampling method modifies the potential sur-
face by introducing an energy-dependent weight function,
w(E), to the Metropolis scheme as

min(1, p,/p,,) = min(1, exp[-w(E,) + w(E,,)])  [4]

for the conventional form, p,/pm = exp(—En/kT + E,/kT).
The function, w(E), is chosen in such a way that a Monte Carlo
simulation with the criterion of Eq. 4 would result in a flat
energy distribution, P,,

1
amn = N[ eXp(- 7| Me
k

P.E) = Z,'n(E)e™® = constant, (5]

where n(E) is the spectral density and Z,, = 2g ne™. Even
from such an artificial ensemble of conformations, the canon-
ical distribution at any temperature 7, Pg(E;T), can be cor-
rectly recovered by the reweighting formula (8),

Py(E;T) = Z 'n(E)e BT = 271Z,e*E-E/KTp (E), [6]

where Z = Sgne E/kT,

In practice, the function, w(E), is determined with the help
of a preliminary canonical Monte Carlo run by the SCV
method at a sufficiently high temperature 7%

w(E) = Inn(E) = E/kT* + In Pg(E;T*), (71

where the energy-independent terms are neglected. It is
possible to refine the functional form of w(E) iteratively by
using the relationship derived from Eq. 5—i.e., w/*/{(E) =
W/(E) + In Pi(E).
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In summary, the ESCV Monte Carlo is performed by
employing a priori transition probability, a,,,, given by the
SCV algorithm (Eq. 3) and the term, p,/pm, evaluated by the
entropy-sampling algorithm (Eq. 4).

COMPUTATION

The simulation system is a nine-residue peptide, Lys-Arg-Cys-
Arg-Gly-Asp-Cys-Met-Asp, in which Cys-3 and Cys-7 form a
disulfide bond. In addition to the S-S bridge, a weak distance
restraint (3 kcal/mol) is imposed between the C, atoms of the
two terminal residues (Lys-1 and Asp-9) to maintain the
distance observed in the NMR data of echistatin (21). The
force field parameters used are those of ECEPP/2 (22), in
which all ionizable groups are in the neutral state. No solvent
molecule is considered in the simulation.

For the SCV Monte Carlo, the Hessian matrix in Eq. 2 (F)
is updated every 100 Monte Carlo steps by using FEDER (23),
a program for fast Hessian calculation. To prevent the scaling
factor in Eq. 3, |A«|~1/2, from becoming too large, we used Ajimit
[= 3 kcal/(molrad?)] for |\«] when [Ax] < Ajimir. The step length
was chosen so that the acceptance ratio would be about 0.5.

The weight function, w(E), for an ESCV Monte Carlo was
determined in the following manner. A preliminary SCV
Monte Carlo run at T* (= 1000 K) accumulated up to 10°
steps. Such a high temperature was necessary to cover all
possible conformations without suffering from the multiple-
minima problem. The resultant probability distribution,
Pg(E;T*), with a bin size of 1 kcal/mol, was fitted and
extrapolated by a fourth-order polynomial (Fig. 1). To avoid
the oversampling of very low- and high-energy regions, the
extrapolation by the polynomial was continued smoothly by
a linear function for the regions of E < —80 and E = 0
(kcal/mol). With the extrapolated canonical distribution,
Pg(E;T¥*), the weight function, w(E), was determined by Eq.
7. A refinement of w(E) by the iteration formula was not
performed for the following reason. Once the simulation
begins to cover the low-energy region, this system requires a
very long Monte Carlo run to reach equilibrium. When
considering an application of the ESCV method to globular
proteins, it is desirable to have a method of giving a good
estimate of w(E) that does not necessarily require a refine-
ment.

o
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FiG. 1. Determination of the weight function, w(E), of Eq. 4. The
thick curve is the energy distribution (bin size of 1 kcal/mol) of the
preliminary canonical SCV Monte Carlo of 10° steps at 1000 K. The
thin curve is the fourth-order polynomial fitted to the thick curve, from
which w(E) was determined by Eq. 7 (see text for details).
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FiG. 2. Energy distribution given by the ESCV Monte Carlo
simulation of the peptide. The thick curves are those after the
accumulation of 1 X 107 steps and 3 X 107 steps, whereas the thin curve
is the energy distribution of the canonical SCV Monte Carlo at 1000
K.

An ESCV Monte Carlo simulation using w(E) of Fig. 1 was
carried out to accumulate 3 X 107 Monte Carlo steps. All
computations were done on a Fujitsu VP2600 (Tokyo).

RESULTS AND DISCUSSION

Monte Carlo Simulations. An ESCV Monte Carlo simula-
tion with the weight function w(E) shown in Fig. 1 resulted in
a flat energy distribution (Fig. 2). The flat distribution, which
had already converged after 1 X 107 Monte Carlo steps,
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FiG. 3. Energy distribution of the canonical ensemble at 300, 500,
and 1000 K calculated by reweighting the sampled ensemble (the thick
solid curves). The broken curves are those of the canonical SCV Monte
Carlo runs of 5 X 109 steps, started from the conformation of step 2
X 107 of the ESCV Monte Carlo run. The dotted curve is the same as
the broken curve but started at the minimum energy conformation
found in the ESCV Monte Carlo.

confirmed that the sampling had covered all energy levels and
was thus suitable for evaluating the canonical distribution.
The reweighting operation of Eq. 6 to the sampled ensemble
yields the canonical distributions at various temperatures
shown in Fig. 3. This figure also shows the energy distributions
derived from canonical Monte Carlo runs (i.e., SCV Monte
Carlo simulations using the conventional canonical criterion;
non-SCV runs did not succeed because most of moves de-

Aspartic Acid 6

FiG. 4. The probability distributions of the main-chain dihedral angles, ¢ and ¢, for the Arg-Gly-Asp residues at 300, 500, and 1000 K, calculated

by reweighting the sampled ensemble.
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FIG. 5. Stereo Molscript drawing (24) of a representative structure of the peptide at 300 K found in the ESCV Monte Carlo simulation. Only
the side-chain atoms of the Arg-Gly-Asp and the cysteine residues are given explicitly.

stroyed the disulfide bond). At 1000 K, the canonical simula-
tion gives almost the same distribution as the ESCV simula-
tion. However, at lower temperatures, large discrepancies are
observed, with canonical simulations at 300 and 500 K becom-
ing trapped in high-energy conformations. This leads to dis-
tributions with energies higher by 20-30 kcal/mol. However,
when a canonical simulation is started from a low-energy
conformation found by the ESCV simulation, good agreement
was obtained. This shows that canonical Monte Carlo cannot
surmount potential barriers and is thus dependent on the
initial conformation.

In conclusion, the ESCV Monte Carlo method is capable of
correctly determining a probability distribution of a con-
strained peptide at 300 K. The results described above indicate
that the ESCV Monte Carlo can be a promising algorithm for
improving the conformational sampling of disordered and
cooperative systems such as globular proteins.

RGD Conformations. From a biological point of view, the
cell-adhesive Arg-Gly-Asp sequence of our test peptide is the
most important. Fig. 4 shows the probability distributions of
the main chain ¢—y angles of the Arg-Gly-Asp residues at 1000,
500, and 300 K. At 1000 K, Arg-4 and Asp-6 show ordinary
alanine-like distributions, whereas in Gly-5, conformations
with ¢ > 0 are strongly suppressed by the geometrical con-
straint of the disulfide bond. At lower temperatures, the
conformational distributions become localized and attain an
almost single conformation at 300 K. The peaks of the
distribution locate at (¢, ¢) = (—70, 90), (90, —50), and (—90
or —150, 160) for Arg, Gly and Asp, respectively. A represen-
tative structure of the peptide is displayed in Fig. 5.

Recently, we showed (25) that the Arg-Gly-Asp conforma-
tions can be divided mainly into two structural classes in terms
of the distance d between the Cg atoms of arginine and aspartic
acid residues and of the conformation of glycine residue: in
class1,d = 9.0-9.5 A and glycine conformation = E, F, E* or
F* [flavoridin (26) and foot-and-mouth disease virus (27)]; in
class 2, d = 7.5-8.5 A and glycine conformation = C* or D*
[tenascin (28), decorsin (29), and an Arg-Gly-Asp-containing
mutant of human lysozyme (30)]. Here, the conformations are
designated according to Zimmerman et al. (31), and the name
lists in brackets are the cell-adhesive proteins whose Arg-Gly-
Asp x-ray (or NMR) structures are well-defined and classified
into the respective classes.

By these criteria, the conformation of Fig. S is categorized
as class 2. The Monte Carlo simulation shows that the geo-
metrical constraint of the disulfide bond prohibits the confor-
mation of class 1 (Gly-5 conformation with ¢ > 0). Experi-
mental data indicate that the echistatin mutant, containing this
peptide as a fragment, is a more potent integrin antagonist
than wild-type echistatin, which has no disulfide constraint in
the Arg-Gly-Asp region (T. Yamada & A.K., unpublished

results). These facts suggest that the active conformation of the
Arg-Gly-Asp sequence would be class 2.

I thank Dr. M. B. Swindells for helpful discussions.
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