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A simulation in generalized ensemble is based on a non-Boltzmann weight factor and performs a random walk in potential
energy space, which allows the simulation to avoid getting trapped in states of local-minimum energy states. In this article,
we review uses of the generalized-ensemble algorithms. Three well-known methods, namely, multicanonical algorithm
(MUCA), simulated tempering (ST) and replica-exchange method (REM), are described first. Both Monte Carlo (MC) and
molecular dynamics (MD) versions of the algorithms are given. We then present the results of the application of replica-
exchange MC method to the predictions of membrane protein structures.

Keywords: Replica-exchange method; Monte Carlo; Generalized-ensemble algorithm; Membrane proteins

1. Introduction

It is very difficult to obtain accurate canonical
distributions at low temperatures for complex systems
such as biomolecular systems by the conventional
Monte Carlo (MC) and molecular dynamics (MD)
simulations. This is because the simulations tend to get
trapped in one of a huge number of local-minimum-
energy states, which are separated by high-energy
barriers. One way to overcome this multiple-minima
problem is to perform a simulation in a generalized
ensemble where each state is weighted by a non-
Boltzmann probability weight factor so that a random
walk in the potential energy space may be realized
(for recent reviews, see, for instance, Refs. [1,2]). The
random walk allows the simulation to escape from any
energy barrier and to sample a much wider phase space
than by conventional methods.

One of the most well-known generalized-ensemble
algorithms is perhaps multicanonical algorithm
(MUCA) [3,4]. Another well known such algorithm is
simulated tempering (ST) [5,6]. A third popular

*Corresponding author. Email: okamoto@phys.nagoya-u.ac.jp
Y Email: kokubo@kitten.chem.uh.edu

generalized-ensemble algorithm is the replica-exchange
method (REM) [7-9]. (REM is also referred to as
parallel tempering [10].)

In this article, we give details of these three generalized-
ensemble algorithms. As examples, we present the results
of the applications of replica-exchange MC method to the
predictions of membrane protein structures.

In Section 2, the details of the three generalized-
ensemble algorithms are described. In Section 3, the
results of the predictions of membrane protein structures
are presented. Section 4 is devoted to conclusions.

2. Generalized-ensemble algorithms

2.1 Multicanonical algorithm and simulated tempering

Let us consider a system of N atoms of mass my
(k =1, ...,N) with their coordinate vectors and momen-
tum vectors denoted by ¢ = {qi,...,qy} and p =
{p1, ..., pn}, respectively. The Hamiltonian H(q, p) of
the system is the sum of the kinetic energy K(p) and the
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potential energy E(q):

H(gq,p) = K(p) + E(g), (1)
where
N p%
K(p) = —k_ 2
) ;M 2)

In the canonical ensemble at temperature 7, each state
x = (g, p) with the Hamiltonian H(g, p) is weighted by the
Boltzmann weight factor:

Wp(x; T) = e PH@P), 3)

where the inverse temperature B is defined by 8 = 1/kgT
(kg is the Boltzmann constant). The average kinetic
energy at temperature 7 is then given by

N 2
_ Pk _ §
(Kp)r = <k§—l —ka> = 2NkBT. 4)

T

Because the coordinates g and momenta p are
decoupled in equation (1), we can suppress the kinetic
energy part and can write the Boltzmann factor as

Wg(x;T) = We(E; T) = e PE. 5

The canonical probability distribution of potential energy
Pg(E;T) is then given by the product of the density of
states n(E) and the Boltzmann factor Wg(E; T):

Pg(E;T) o< (E)Wg(E: T). (6)

In the MUCA [3,4], on the other hand, each state is
weighted by a non-Boltzmann weight factor Wy, (E)
(which we refer to as the multicanonical weight factor) so
that a uniform energy distribution Py, (E) is obtained:

Pu(E) o< n(E)W i (E) = constant. (7)

The flat distribution implies that a free random walk in the
potential energy space is realized in this ensemble. This
allows the simulation to escape from any local minimum-
energy states and to sample the configurational space
much more widely than the conventional canonical MC or
MD methods.

From the definition in equation (7), the multicanonical
weight factor is inversely proportional to the density of
states and we can write it as follows:

1

Wou(E) = e BoEm(ETo) —

nE)’ ®)

where we have chosen an arbitrary reference temperature,
Ty = 1/kg By and the “multicanonical potential energy” is
defined by

Enu(E;To) = kgTo Inn(E) = ToS(E). C))

Here, S(E) is the entropy in the microcanonical ensemble.
Since the density of states of the system is usually
unknown, the multicanonical weight factor has to be

determined numerically by iterations of short preliminary
runs [3,4].

A multicanonical MC simulation is performed, for
instance, with the usual Metropolis criterion [11]: The
transition probability of state x with potential energy E to
state x’ with potential energy E' is given by

1, for AE,, =0,
W — ) = exp(—BoAEy,), for AE,, >0, (10)
where
AEq = Eni(E';To) — Equ(E; To). (11)

The MD algorithm in multicanonical ensemble also
naturally follows from equation (8), in which the regular
constant temperature MD simulation (with 7 = Ty) is
performed by solving the following modified Newton
equation: [12,13]

_ aEmu(E; TO) — aEmu(E; TO) f
0qx oE

Py = k> (12)
where f; is the usual force acting on the k-th atom
(k=1,...,N).

After the optimal multicanonical weight factor is
determined, one performs a long multicanonical simu-
lation once. By monitoring the potential energy through-
out the simulation, one can find the global-minimum-
energy state. Moreover, by using the obtained histogram
Nmu(E) of the potential energy distribution Py, (E), the
expectation value of a physical quantity A at any
temperature 7 = 1/kg is calculated from

S FAEME) e PE
<A>T - ZEn(E) e,BE ) (13)

where the best estimate of the density of states is given by
the single-histogram reweighting techniques (see equation

(M) [14]:

Nomu(E)

nE) = B’

(14)

In the numerical work, we want to avoid round-off errors
(and overflows and underflows) as much as possible. It is
usually better to combine exponentials as follows (see
equation (8)):

A(E)N yyu(E) ePoEmi(E:To)~ BE
<A>T = ZE u — as)
ZENmu(E) eBoEmi(ETo)—pB

We now briefly review the original ST method [5,6]. In
this method, the temperature itself becomes a dynamical
variable and both the configuration and the temperature
are updated during the simulation with a weight:

Wsr(E; T) = e PEFD) (16)
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where the function a(7T) is chosen so that the probability
distribution of temperature is flat:

Psr(T) = JdEn(E)WST<E; 7)

= JdE n(E) e PET4D) = constant. (17)

Hence, in ST the temperature is sampled uniformly. A free
random walk in the temperature space is realized, which in
turn induces a random walk in the potential energy space
and allows the simulation to escape from states of energy
local minima.

In the numerical work, we discretize the temperature in
M different values, T,, (m =1, ..., M). Without loss of
generality, we can order the temperature so that
T, <T, <---<Ty. The lowest temperature 7'; should
be sufficiently low so that the simulation can explore the
global-minimum-energy region and the highest tempera-
ture T should be sufficiently high so that no trapping in
an energy-local-minimum state occurs. The probability
weight factor in equation (16) is now written as

Wsr(E; T),) = e Prftan, (18)

where a,, = a(T,) (m=1,...,M). The parameters a,,
are not known a priori and have to be determined by
iterations of short simulations. This process can be non-
trivial and very difficult for complex systems. Note that
from equations (17) and (18), we have

e M oc JdE n(E)e PE. (19)

The parameters a,, are therefore the ‘“dimensionless”
Helmholtz free energy at temperature 7', (i.e. the inverse
temperature [3,, multiplied by the Helmholtz free energy).

Once the parameters a,, are determined and the initial
configuration and the initial temperature 7', are chosen, a
ST simulation is then realized by alternately performing
the following two steps [5,6]:

1. A canonical MC or MD simulation at the fixed
temperature 7, is carried out for a certain MC or MD
steps.

2. The temperature T, is updated to the neighboring
values T,+1 with the configuration fixed. The transition
probability of this temperature-updating process is
given by the Metropolis criterion (equation (18)):

1, for A =0,

exp(—A), for A >0, 20

W(Tm - Tmil) = {

where

A= (Bmil - ,Bm)E - (amil = Q). (21)

Note that in Step 2, we exchange only pairs of neighboring
temperatures in order to secure a sufficiently large
acceptance ratio of temperature updates.

After the optimal ST weight factor is determined, one
performs a long ST run once. From the results of this
production run, one can obtain the canonical-ensemble
average of a physical quantity A as a function of
temperature from equation (13), where the density of
states is given by the multiple-histogram reweighting
techniques (also referred to as the weighted histogram
analysis method) [15,16] as follows. Let N,,,(E) and n,, be,
respectively the potential-energy histogram and the total
number of samples obtained at temperature 7, = 1/kg B,
(m =1, ...,M). The best estimate of the density of states
is then given by [15,16]

S & Nu(E)

nmE) = :
SM grn, efnBE’

(22)

where

e /m = Zn(E)e*BmE. (23)
E

Here, g,, = 1 + 27, and 7, is the integrated autocorrela-
tion time at temperature 7,. For many systems, the
quantity g, can safely be set to be a constant in the
reweighting formulae [16] and we usually set g, = 1.
Note that equations (22) and (23) are solved self-
consistently by iteration [15,16] to obtain the dimension-
less Helmholtz free energy f,, (and the density of states
n(E)). We remark that in the numerical work, it is often
more stable to use the following equations instead of
equations (22) and (23):

> et 8 Nun(E)

. = _BE =
Pg(E;T) = n(E)e S el e PE (24)
where
e/ =" "PR(E:Ty). (25)
E

The equations are solved iteratively as follows. We can
setallthef,, (m =1, ..., M)to, e.g. zero initially. We then
use equation (24) to obtain Pg(E;T,) (m=1, ..., M),
which are substituted into equation (25) to obtain next
values of f,, and so on.

2.2 Replica-exchange method

The REM [7-9] was developed as an extension of ST. The
system for REM consists of M non-interacting copies (or,
replicas) of the original system in the canonical ensemble
at M different temperatures 7,, (m=1,...,M). We
arrange the replicas so that there is always exactly one
replica at each temperature. Then there is a one-to-one
correspondence between replicas and temperatures; the

label i (i = 1, ..., M) for replicas is a permutation of the
label m (m =1, ..., M) for temperatures and vice versa:
i = i(m) = f(m),
2
m=m(i) = £, o
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where f(m) is a permutation function of m and f ~'(i) is its
inverse. A .

Let X = {1 &1y = () A ) stand
for a “state” in this generalized ensemble. The state X is
specified by the M sets of coordinates ¢!l and momenta
pll of N atoms in replica i at temperature 7T,

= (q",p"),- 27

Because the replicas are non-interacting, the weight
factor for the state X in this generalized ensemble is given
by the product of Boltzmann factors for each replica (or at
each temperature):

M
Wrem(X) = exp{ —Z Bm(i)H(q”],p“]) }
i=1

M
= exp{ =Y BuH (¢ pi) } 28)

m=1

where i(m) and m(i) are the permutation functions in
equation (26).

We now consider exchanging a pair of replicas in the
generalized ensemble. Suppose we exchange replicas i
and j which are at temperatures 7', and T, respectively:

X={o a0 Yy

Xy n

:{...,x,[il]7...7x£l’],...}.

Here, i, j, m and n are related by the permutation functions
in equation (26) and the exchange of replicas introduces a
new permutation function f’:

{iZf(m) — j=f(m),

(29)

J=f) — i=fn). (30)

The exchange of replicas can be written in more detail
as

x,[j;] = (q[i]’p[i])m — x%]’ = (q[j]’p[j]’)

m
Al = (gl pll) — Al = (gl pliT) | G

where the definitions for p!l" and pl/!" will be given below.
We remark that this process is equivalent to exchanging a
pair of temperatures 7,, and T, for the corresponding
replicas 7 and j as follows:

x’[qi] = (q[i]vp[i])m — x£li]’ = (q[i],p[i]/>”7

Al = (g, plil) — it = (gld pli) (32)

In the original implementation of the REM [7-9], MC
algorithm was used and only the coordinates g (and the
potential energy function E(g)) had to be taken into
account. In the MD algorithm, on the other hand, we also
have to deal with the momenta p. We proposed the
following momentum assignment in equation (31) (and in

equation (32)) [17]:

W = /Ll

m

o T
pljl = /ijljl7

which we believe is the simplest and the most natural. This
assignment means that we just rescale uniformly the
velocities of all the atoms in the replicas by the square root
of the ratio of the two temperatures so that the temperature
condition in equation (4) may be satisfied.

In order for this exchange process to converge towards
an equilibrium distribution, it is sufficient to impose the
detailed balance condition on the transition probability
w(X — X'):

)4
(33)

WremX) w(X — X') = Wrpm(XW(X' — X).  (34)
From equations (1), (2), (28), (33) and (34), we have

% = exp{—Bm [K(p[j]’> " E(qm)}

—Bu {K(Iﬂil’) n E(q[i])}

+B.[K(p") + E(g'")]

+8,[K(pY) + E(g"]},

= eXp{_Bm%K<p[j]) _ Bn%K(p[i])

+Bm1<(p[i1) +BnK(PU])

—Bu[E(¢") — E(¢')]

—B.[E(q") — E(g")]}, = exp(—A), (35)
where

A= (B~ Bu)(E(¢") —E(@7)),  (36)

and i, j, m and n are related by the permutation functions
(in equation (26)) before the exchange:

i = f(m),
j=f). 37)

This can be satisfied, for instance, by the usual Metropolis
criterion [11]:

wX—X)= w(xE,"l]‘x,[ij])
1, for A =0,

- {exp(—A), for A >0, (38)
where in the second expression (i.e. w(xlil|xl])), we
explicitly wrote the pair of replicas (and temperatures) to
be exchanged. Note that this is exactly the same criterion
that was originally derived for MC algorithm [7-9].



17:59 14 January 2011

Downl oaded At:

Replica-exchange methods and membrane proteins 795

Without loss of generality, we can again assume
T, < T, <-.--<Ty.A simulation of the REM [7-9] is
then realized by alternately performing the following two
steps:

1. Each replica in the canonical ensemble of the fixed
temperature is simulated simultaneously and indepen-
dently for a certain MC or MD steps.

2. A pair of replicas at neighboring temperatures, say fol]

and xLﬂrl, are exchanged with the probability

w(x,[j;]le,{ll) in equation (38).

Note that in Step 2, we exchange only pairs of replicas
corresponding to neighboring temperatures, because the
acceptance ratio of the exchange process decreases
exponentially with the difference of the two ’s (equations
(36) and (38)). Note also that whenever a replica exchange
is accepted in Step 2, the permutation functions in
equation (26) are updated.

The REM simulation is particularly suitable for parallel
computers. Because one can minimize the amount of
information exchanged among nodes, it is best to assign
each replica to each node (exchanging pairs of
temperature values among nodes is much faster than
exchanging coordinates and momenta). This means that
we keep track of the permutation function m(i;t) =
f~(i; 1) in equation (26) as a function of MC or MD step ¢
during the simulation. After parallel canonical MC or MD
simulations for a certain steps (Step 1), M/2 pairs of
replicas corresponding to neighboring temperatures are
simultaneously exchanged (Step 2) and the pairing is
alternated between the two possible choices, i.e. (T, T>),
(Tg, T4), ... and (Tz, T3), (T4, T5), e

The major advantage of REM over other generalized-
ensemble methods such as MUCA [3,4] and ST [5,6] lies
in the fact that the weight factor is a priori known
(equation (28)), while in the latter algorithms the
determination of the weight factors can be very tedious
and time-consuming. A random walk in the “temperature
space” is realized for each replica, which in turn induces a
random walk in the potential energy space. This alleviates
the problem of getting trapped in states of energy local
minima. In REM, however, the number of required
replicas increases as the system size N increases
(according to +/N) [7]. This demands a lot of computer
power for complex systems.

3. Predictions of transmembrane helix configurations
of membrane proteins

In this section, we present the results of the applications of
REM MC simulations to the prediction of membrane
protein structures [18—-21].

It is estimated that 20-30% of all genes in most
genomes encode membrane proteins [22]. However, only
a small number of detailed structures have been obtained

for membrane proteins because of technical difficulties in
experiments such as high quality crystal growth. There-
fore, it is desirable to develop a method for predicting
membrane protein structures by computer simulations.

Our method consists of two parts. In the first part, the
amino-acid sequences of the transmembrane helix regions
of the target protein are identified. It is already established
that the transmembrane helical segments can be predicted
by analyzing mainly the hydrophobicity of amino-acid
sequences, without having any information about the
higher-order structures. There exist many WWW servers
such as TMHMM [22], MEMSAT [23], SOSUI [24] and
HMMTOP [25] in which given the amino-acid sequence
of a protein they judge whether the protein is a membrane
protein or not and (if yes) predict the regions in the amino-
acid sequence that correspond to the transmembrane
helices.

In the second part, we perform a REM simulation of
these transmembrane helices that were identified in the
first part. Given the amino-acid sequences of transmem-
brane helices, we first construct ideal canonical a-helices
(3.6 residues per turn) of these sequences. For our
simulations, we introduce the following rather drastic
approximations: (1) we treat the backbone of the a-helices
as rigid body and only side-chain structures are made
flexible; (2) we neglect the rest of the amino acids of the
membrane protein (such as loop regions); and (3) we
neglect surrounding molecules such as lipids. In principle,
we can also use the MD method, but we employ the MC
algorithm here. We update configurations with rigid
translations and rigid rotations of each a-helix and torsion
rotations of side chains. We use a standard force field such
as CHARMM [26,27] for the potential energy of the
system. We also add the following simple harmonic
constraints to the original force-field energy:

Ny—1

Econsr = Z ki6(riier = dijr) [rijer — di,i+1]2
i=1

Nu

+3 {ka0(la = 2| = db) & = <] - dt]?
i=1

+ kab(| — | - a?) [ - 2| - ]’}

+ Zk39(rca —dec,)[re, — dcu]z, (39)
CO(

where Ny is the total number of transmembrane helices in
the protein and 6(x) is the step function:

1, for x=0,
bx) = 0, otherwise, (40)

and k;, k, and k3 are the force constants of the
harmonic constraints, r;;4+; is the distance between the
C atom of the C-terminus of the i-th helix and the N
atom of the N-terminus of the (i 4+ 1)-th helix, z- and z)
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Figure 1. The canonical probability distributions of the total potential
energy obtained from the replica-exchange MC simulation at 13
temperatures. The distributions correspond to the following temperatures
(from left to right): 200, 239, 286, 342, 404, 489, 585, 700, 853, 1041,
1270, 1548, and 1888 K.

are the z-coordinate values of the C, (or C) atom of the
N-terminus (or C-terminus) of the i-th helix near the
fixed lower boundary value z} and the upper boundary
value zg of the membrane, respectively, rc, are the
distance of C, atoms from the origin and d;; 1, diL, dlU
and dc, are the corresponding central values of the
harmonic constraints. The first term in equation (39) is
the energy that constrains pairs of adjacent helices along
the amino-acid chain not to be apart from each other
too much (loop constraints). This term has a non-zero
value only when the distance r;;y; becomes longer than
diit1.

The second term in equation (39) is the energy that
constrains the helix N-teminus and C-terminus to be
located near membrane boundary planes. This term has a
non-zero value only when the C atom of each helix C-
terminus and C, atom of each helix N-terminus are apart
more than d- (or dV). Base on the knowledge that most

Replica

PNWAOION®O
T z :

0 200000 400000 600000 800000 1000000

MC sweep

(c)-1250

—1300

—1350+

1400

E(kcal/mol)

~1450
—1500]

-1
550 o

MC sweep

200000 400000 600000 800000 1000000

membrane proteins are placed in parallel, this constraint
energy is included so that helices are not too apart from the
perpendicular orientation with respect to the membrane
boundary planes.

The third term in equation (39) is the energy that
constrains all C, atoms within the sphere (centered at
the origin) of radius dc,. This term has a non-zero value
only when C, atoms go out of this sphere. The term is
introduced so that the center of mass of the molecule stays
near the origin. The radius of the sphere is set to a large
value in order to guarantee that a wide configurational
space is sampled.

In the first part of the present method, we obtain the
amino-acid sequences of the transmembrane helix
regions from existing WWW servers such as those in
Refs. [22-25]. However, the precision of these programs
in the WWW servers is about 85% and needs
improvement. We thus focus our attention on the
effectiveness of the second part of our method, leaving
this improvement to the developers of the WWW servers.
Namely, we use the experimentally known amino-acid
sequence of helices (without relying on the WWW
servers) and try to predict their conformations, following
the prescription of the second part of our method. We
selected the amino-acid sequence of the transmembrane
dimer of glycophorin A (PDB code: 1AFO). The number
of amino acids for each helix is 18 and the sequence is
TLIIFGVMAGVIGTILLI

At first, the ideal canonical a-helix (3.6 residues per
turn) of this sequence was constructed. The N and C
termini of this helix were blocked with the acetyl group
and N-methyl group, respectively. The force field that we
used is the CHARMM paraml9 parameter set (polar
hydrogen model) [26,27]. No cutoff was introduced to
the non-bonded energy terms and the dielectric constant

0 200000 400000 600000 800000 1000000
MC sweep

1

0 200000 400000 600000 800000 1000000
MC sweep

(d)
14

12
10

RMSD

N A O

Figure 2. Time series of replica exchange at 7 = 200K (a); temperature exchange for one of the replicas (Replica 8) (b); the total potential energy for
Replica 8 (c); and the RMS deviation (in A) of backbone atoms from the NMR structure for Replica 8 (d).
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(a) (b)

(d)

(©

4

73

Figure 3. Typical snapshots from the REM simulation. (a) is the initial configuration.

€ was set equal to 1.0. The computer code based on the
CHARMM macromolecular mechanics program [28]
was used and the replica-exchange MC method was
implemented in it.

The initial configuration for the REM simulation was
that two a-helices of identical sequence and structure thus
prepared were placed in parallel at a distance of 20 A.
These helices are quite apart from each other and the
starting configuration is indeed very different from the
native one. Note that the only information derived from
the NMR experiments [29] is the amino-acid sequence of
the individual helices.

The values of the constants for the constraints in
equation (39) were set as follows: Ny =2, ky =k, =
0.5 keal/(mol A%), k3 = 0.05 keal/(mol A%), d; ;11 = 20 A,
= —13.35A, J = +1335A, d* =d” =1.0A and
de, = 50A.

We performed a REM MC simulation of 1,000,000 MC
sweeps, starting from this parallel configuration. We used
the following 13 temperatures: 200, 239, 286, 342, 404,
489, 585, 700, 853, 1041, 1270, 1548, and 1888 K, which
are distributed almost exponentially. The highest tem-
perature was chosen sufficiently high so that no trapping in
local-minimum-energy states occurs. This temperature

(b)
PCA2
100

50 . .
. . PCA1
80 —GOWMO 720, 0 - 20 MW 60

5w
Frs . b2 T
w —58 o

- W

Figure 4. The projection of the sampled structures from the replica-exchange simulation onto the 1st and 2nd principal axes at the following
temperatures: 200K (a); 342 K (b); 585K (c); and 1888 K (d). The circled numbers “17, “2”, and “3” in (a) stand for Clusters 1, 2, and 3, respectively.
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distribution was chosen so that all the acceptance ratios
are almost uniform and sufficiently large (>10%) for
computational efficiency. The backbone structures were
fixed during simulations and the MC move types were
taken to be rigid translation of each helix, rigid rotation of
each helix and torsion-angle rotations of side chains.

In figure 1, the canonical probability distributions of the
total potential energy obtained at the chosen 13
temperatures from the REM simulation are shown. We
see that there are enough overlaps between all neighboring
pairs of distributions, indicating that there will be
sufficient numbers of replica exchange between pairs of
replicas.

In figure 2(a), we show the “time series” of replica
exchange at the lowest temperature (7' = 200 K). We see
that every replica takes the lowest temperature many times
and we indeed observe a random walk in the replica space.
The complementary picture to this is the temperature
exchange for each replica. The results for one of the
replicas (Replica 8) are shown in figure 2(b). We again
observe a random walk in the temperature space between
the lowest and highest temperatures. Other replicas
perform random walks in the same way. In figure 2(c),
the corresponding time series of the total potential energy
is shown. We see that a random walk in the potential
energy space between low and high energies is also
realized. Note that there is a strong correlation between
the behaviors in figure 1(b) and (c) as there should. All
these results confirm that the present REM simulation has
been properly performed.

We now study how widely the configurational space is
sampled during the present simulation. For this purpose,
we plot the time series of the root-mean-square (RMS)
deviation of the backbone atoms from the NMR structure
[29] in figure 2(d). When the temperature becomes high,
the RMS deviation takes a large value (the largest value in
figure 2(d) is 13.9 A and the maximum value among all the
replicas is 15.7 A) and when the temperature becomes low,
the RMS deviation takes a small value (the smallest value
in figure 2(d) is 0.48 A and the minimum value among all
the replicas is 0.47 A). By comparing figure 2(c) and (d),
we see that there is a strong correlation between the total
potential energy and the RMS deviation values. In
particular, it is remarkable that when the energy is the
lowest (around 1490 kcal/mol), most of the RMS values
are as small as about 0.5 A. This implies that the global-
minimum-energy state is indeed very close to the native
structure. Note also that the RMS values around 2.5 A are
also sampled at low temperatures. This suggests that there
exists a local-minimum free energy state around 2.5 A.

In figure 3, typical snapshots from the present REM
simulation are shown. Figure 3(a) is the initial
configuration of this simulation, in which the two helices
are placed in parallel. We see that this simulation sampled
many non-native configurations such as those in figure
3(c) and (e). At low temperatures low-energy configur-
ations such as that in figure 3(b) and (d) with the side
chains packed are sampled. We see that the REM

simulation performs a random walk not only in energy
space but also in conformational space and that it does not
get trapped in one of a huge number of local-minimum-
energy states.

(al) (a2)

(bl) (b2)
(eh) (c2)
(dn (d2)

Figure 5. The NMR structure (Model 16 of the PDB code 1AFO) and
typical cluster structures of the principal component analysis at the
lowest temperature (200 K) from the REM simulation. (al) and (a2) are
the same structure viewed from different angles. Similarly, (b1) and (b2),
(cl) and (c2) and (d1) and (d2) are the same structures viewed from
different angles, respectively. (a) is the NMR structure. (b), (c) and (d) are
the typical configurations of Cluster 1, Cluster 2, and Cluster 3,
respectively. The figures were created with Viewer Lite.
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X1

-40 60

Figure 6. The free energy landscape P(x;, x») at 200 K calculated from the replica-exchange MC simulation. x; and x, correspond to the first principal
component and the second principal component, respectively. The circled numbers “17, “2”, and “3” stand for Clusters 1, 2, and 3, respectively.

In order to classify the low-energy conformations, we
applied the principal component analysis (PCA) [30—-34].
In figure 4, the structures obtained from the replica-
exchange simulation are projected on the first and second
principal component axes at chosen four temperatures.
There are three distinct clusters at the lowest temperature
in figure 4(a). As the temperature becomes higher, these
clusters become less distinct and the first and second
principal components become larger (note that the scales

(al)

of both axes are expanded). This implies that as the
temperature becomes higher, a wider conformational
space is sampled without getting trapped in local-
minimum free energy states. If we perform constant
temperature simulations at the lowest temperature, the
simulations will get trapped in one of the clusters in
figure 4(a), depending on the initial configurations of
the simulations. However, each replica of the replica-
exchange simulations will not get trapped in the

(1)

(a2)

(b2)

Figure 7. (a) The PDB structure of bacteriorhodopsin (PDB code: 1C3W) with retinal. (b) The smallest RMSD configuration that was obtained by the
REM simulation. (al), (a2) and (b1), (b2) are the same structures viewed from different angles (from top and from side), respectively. Purple-color atoms
in (a) represent the retinal. (a) was drawn by eliminating the loop regions and lipids from the PDB file in online version. The RMSD of the structure in (b)
from the native structure of (a) is 4.42 A with respect to all C, atoms. The figures were created with RasMol [35].
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local-minimum free energy states, because the tempera-
ture of each replica goes up and down by temperature
exchange. The three clusters in figure 4(a) lie in the ranges
(=60 ~ —=30,—25 ~ —10), (=20 ~ 20,—10 ~ 10)
and (30 ~ 60, —15 ~ 0), which we refer to as Cluster
1, Cluster 2, and Cluster 3, respectively.

Because this membrane protein is a dimer and the two
helices consist of the same amino-acid sequences, one
configuration can have two different numbering of atoms.
Therefore, the PCA treats the same configurations as
different clusters if it does not have the C,-symmetry in
structure. Cluster 2, which is close to the native structure,
is C-symmetric and therefore becomes only one cluster,
while Clusters 1 and 3 have no such symmetry and
actually have the same structure.

In figure 5, the typical structure of each cluster and the
solution NMR structure (PDB code: 1AFO [29]) are
shown. We confirm that the structures of Clusters 1 and 3
are almost the same and the structures of Cluster 2 are
indeed very close to the experimental one. The structures
of Clusters 1 and 3 are a little off from the membrane
boundary. In figure 6, the free energy surface with respect
to the first and second principal component axes at 200 K
is shown. We use the following equation to calculate the
free energy as a function of the first and second principal
components x; and x:

F(x1,x) = —kgT In P(x1, x2), (41)

where kg is the Boltzmann constant, 7 is absolute
temperature and P(x;,x;) is the probability to find the
structure with the first and second principal component
values x; and x,. We see that Cluster 2 is the lowest free
energy state. This figure shows that the cluster which is
very close to the native structure has indeed the global-
minimum free energy structure.

Finally, we present the results of a more complicated
system, namely, bacteriorhodopsin [21]. We performed a
REM MC simulation of 168,000,000 MC steps. We used
the following 32 temperatures: 200, 218, 238, 260, 284,
310, 338, 369, 410, 455, 505, 561, 623, 691, 768, 853, 947,
1052, 1125, 1202, 1285, 1374, 1469, 1642, 1835, 2051,
2293, 2679, 3132, 3660, 4278, and 5000K. This
temperature distribution was chosen so that all the
acceptance ratios are almost uniform and sufficiently large
(>10%) for computational efficiency. The highest
temperature was chosen sufficiently high so that no
trapping in local-minimum-energy states occurs. Replica
exchange was attempted once at every 50 MC steps. Here,
we just compare one of the local-minimum energy
structure with the native structure in figure 7. They indeed
are quite similar to each other.

4. Conclusions

In this article, we have reviewed the uses of the
generalized-ensemble algorithm, which is a generic term

for a powerful simulation algorithm that overcomes the
multiple-minima problem based on non-Boltzmann
weight factors. Detailed formulations of the three well-
known generalized-ensemble algorithms, namely, MUCA,
ST and REM, were given.

As examples, we presented the results of the application
of the replica-exchange MC method to the predictions of
membrane protein structures. We have shown that this
method is indeed effective for molecular simulations of
biomolecular systems.
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