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The native structure of proteins corresponds to the global minimum of the free energy. The replica-exchange method
(REM) has been recently used to search for the energy minimum in a wide protein conformation space. For large
systems, however, applying REM can be costly because the number of replicas required for conformational sampling
increases. We have developed a variant of REM called fragment REM, which is based on the existence of correlations
between the local amino acid sequence and the local structure. Equilibrium distributions for two peptides were computed
by conventional molecular dynamics, REM and the proposed REM simulations. We found that the modified REM
successfully reduces the number of replicas needed for the simulation.

Keywords: fragment replica-exchange method; conformation sampling; protein structure prediction; replica-exchange

method

1. Introduction

Proteins are biopolymers in which between a few dozen
and a several thousand amino acids are linked together in
a chain. A protein folds into its unique native
conformation under physiological conditions. Its bio-
logical functions are closely related to its conformations;
hence, the analysis of protein tertiary structure is very
important for post-genomic research.

It is widely believed that molecular simulation will
be a powerful tool for elucidating the molecular
mechanism of protein folding phenomena. Many
researchers have recently attempted to predict protein
structures using computer simulations (for a recent
review see [1]) along with X-ray structure analysis and
other experiments. Computational protein structure
prediction is based on the following hypotheses, known
as Anfinsen’s dogma [2]:

(1) Protein tertiary structure is determined solely by the
amino acid sequence information.

(2) Native protein structure corresponds to the global
minimum of the free energy.

Therefore, assuming that the accurate energy
function of the system is given, the native conformation
of proteins can be calculated using methods similar to
genetic algorithms, the Monte Carlo (MC), or the
molecular dynamics (MD).

Predicting protein structure solely from its amino
acid sequence remains a difficult challenge. One of the
reasons for the difficulty is the need for massive
molecular simulations because direct summation

algorithms for calculating long-distance interactions
such as electrostatic terms requires O(N?) operations,
where N is the number of atoms included in the system.
Although the cutoff method has long been in use for
computing N-body interactions, abrupt cutoff results in
serious problems related to the stability of the structure
and dynamics (e.g. [3,4]). While variant cutoff methods
with smooth truncation of forces have been developed
(e.g. [5,6]), simulations without the truncation are
needed. In addition, it is essential to explicitly
incorporate water molecules into the simulation as a
solvent to obtain a correct stable state, but this leads to a
further increase in the computational cost. Thus, fast
summation algorithms and efficient parallel implemen-
tations are crucial to performing large-scale biomole-
cular dynamics simulations. For this purpose, we have
adopted Anderson’s method [7], a variant of the fast
multipole method [8], as a fast summation algorithm, and
we applied the hierarchical parallel programming model
to this algorithm using a symmetric multiprocessor
cluster such as the earth simulator. The effectiveness of
the hierarchical programming model has been previously
demonstrated [9].

Another reason that it has been difficult to predict
protein structure solely from its amino acid sequence is
the need for an efficient sampling method that enables
searching for the energy minimum in a huge confor-
mational space. Because the number of possible
conformations for each protein is immense, each protein
can exist in many states corresponding to the local energy
minima. Because the thermal fluctuations at low
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temperatures are small, conventional MD simulations in
the canonical ensemble would be trapped in one of these
states. One way to tackle this multiple-minima problem
is to perform a simulation based on the non-Boltzmann
probability weight factors so that a random walk in
the energy space can be realised. Compared to the
conventional methods, the random walk allows the
simulation to pass any energy barrier and to sample a
much wider phase space. Of these methods, the replica-
exchange method (REM) [10] is well suited to parallel
computing.

REM was originally developed by Hukushima and
Nemoto [10] for spin glass simulation in the framework
of MC simulations. Sugita and Okamoto [11] applied
REM to protein systems and combined REM with MD
(see [12] for a detailed description of the algorithm).
REM considers a number of non-interacting copies (or
replicas) of the original system in the canonical ensemble
at different temperatures. A REM simulation is realised
by alternately performing the following two steps: (i)
each replica is simulated simultaneously and indepen-
dently; and (ii) the pairs of replicas at neighbouring
temperatures are exchanged based on Metropolis-type
criteria. In this way, simulations can escape from
metastable states, but, as explained in Section 3, applying
REM to large systems becomes costly because the
number of replicas required for conformational sampling
increases.

To overcome this difficulty, we have developed a
variant of REM called fragment REM (FREM), which is
based on the idea that there are correlations between the
local amino acid sequence and the local structure. Using
peptide simulations, we compare the sampling perform-
ance between constant temperature MD, conventional
REM and FREM.

2. Replica-exchange methods [10-12]

Let us consider a system of N atoms with their coordinate
vectors and momentum vectors, denoted by q =
{qi,...,qn} and p = {p1, ..., pn}, respectively. The
Hamiltonian H(q, p) of the system is the sum of the
kinetic energy K(p) and the potential energy E(q):

H(q,p) = K(p) + E(q). ey

In the canonical ensemble, at inverse temperature 3,
each state x = {q, p} with the Hamiltonian H(q, p) is
weighted by the Boltzmann factor:

Wp(x) = exp{ — BH(q,p)}. ©))

The system for REM consists of M non-interacting
copies of the original system in the canonical ensemble
at M different temperatures 7,, (m=1,...,M). Let

X = (XE(]I), ...,x,[f,‘g,,)) represent a state in this general-
ised ensemble. The state X is specified by the M sets of
coordinates ¢! and momenta p'! of N atoms in replica i
(i=1,...,M) at temperature T,,:

X, =(@",p"), (3)

Because the replicas are non-interacting, the weight-
ing factor for the state X in this generalised ensemble is
given by the product of Boltzmann factors for each
replica:

M
Wrem(X) = exp{ = BuoH(", p') } )
i=1

We now consider exchanging a pair of replicas in the
generalised ensemble. Suppose replicas i and j which are
at temperatures 7,, and T, respectively, are exchanged:

X= (... xtl . xU . )-X

)Xy
=(...,x,[,’1],...,x,[1‘],...). (5)

For this exchange process to converge towards the
equilibrium distribution, it is sufficient to impose the
detailed balance condition on the transition probability
w(X — X/) as:

WremXOWX = X) = Wrpn XWX = X).  (6)

From Equations (1), (4) and (6), we obtain

wX—=X) B
WX =X) exp(—A), @)
where
A = [B, — B.I(EWQ") — E(q")). (8)

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

w(X — X') = w(xll|x)

€))

1 for A=0
exp(—A) for A>0

A REM simulation is realised by alternately
performing the following two steps:

Step 1. Computation of each replica is performed
simultaneously and independently for a certain
number of MD steps.

Step 2. Pairs of replicas at neighbouring temperatures
are exchanged with the transition probability given
by Equation (9).
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3. Issues for large-scale REM

Exchanges between adjacent replicas should be accepted
frequently for efficient conformational sampling. The
relationship between the number of replicas and the
degrees of freedom in the simulated system has been
previously estimated [13]. Considering the potential
energy fluctuations of two replicas sampling at each target
temperature 7, and 7, (Figure 1), their instantaneous
energy fluctuations 8E, and SE,_, scale as /fT, and
JfT,—1, respectively. The average energy gap AE
between the two neighbouring replicas is proportional to
SfAT. Here, f is the number of degrees of freedom and
AT =T, — T,-;. To obtain a reasonable acceptance
ratio, the replica energy gap, AE, needs to be similar to the
energy fluctuations 8E, and 8E,_;. Thus, AE/SE should
be near unity. Because AE/SE is proportional to AT/f/T
and, hence, AT =~ 1/,/f, the acceptable temperature gap
between the neighbouring replicas becomes narrower as
the size of the system increases, and the number of
replicas needed increase in proportion to £ /2. This implies
that for larger systems, more and more replicas are needed
and that REM becomes impractical for very large systems
such as proteins.

4. FREM

As previously mentioned, a complete amino acid
sequence has a one-to-one correspondence with its
unique native structure. In addition, the existence of a
local correlation between the sequence and structure has
been implied by recent studies on knowledge-based
protein structure prediction [14].

Motivated by our desire to focus the enhanced
sampling on a fraction of the residue fragments of a
protein, we proposed a replica-exchange process based on
the potential energy of the ‘target fragment’, F. In this
study, we defined the residue fragments as depicted in
Figure 2. Instead of preparing replicas with different
temperatures, in our proposed method, FREM, we

QAL
T 1

Figure 1. Schematic diagram illustrating the energy
fluctuations of simulations at two temperatures for
neighbouring replicas.
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Amino acid sequence of a protein

A
1,2 3 «— Fragment 1
N_ NN/
N/ N/ N
[ 2 1 3 ) 4 ] «— Fragment 2
N NN/

/ \/ \/ \
3 141 5 «—Fragment 3

N /SN N7

4 \/ \/ \|
Nja-2iNga-1| Nyy
N /N SN2

Figure 2. Definition of three-residue length fragments. Each
circle represents an amino acid.

introduced replicas with different Hamiltonians. In
FREM, the mth replica is defined by the Hamiltonian

Em(i)(qi):
Eniy@) =Suiy Y Ef(@)

kEfragment F

+ Y Eu@), (10)
ke fragment F
where EX, (q') is the potential energy of the kth amino acid
(k =1, ...,Naa)inreplica i, and S,,; is a scaling factor.
This is followed by a procedure similar to that based on the
original replica-exchange criterion, resulting in the
following transition probability for replica-exchange:

1 for A=0

exp(—AFREM) for A>0’ (ll)

wrrem (X'[X/) = {

where

Arrem = B(Sug) — Sma))

{2 Rw- Y @l

kEfragment F kEfragment F
(12)

Note that when the target fragment size equals the
total number of amino acids, and so the whole
Hamiltonian is scaled (that is, E,(q) = S,,E(q)), it
precisely corresponds to the conventional REM with the
inverse temperature £,, = S,,; both give the same
Boltzmann factor exp{ — S,,E(q)}. In FREM, instead
of flattening the energy landscape by scaling the whole
Hamiltonian, only part of the Hamiltonian specific to the
degree of freedoms in the target fragment is weakened by
scaling. By doing this, we can change the ‘effective
temperature’ of the partial system. The number of
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replicas needed in FREM thus depends solely on the
number of degrees of freedom in the target fragment
rather than on the size of the whole system, and so the
shortage of the conventional REM we mentioned in the
previous chapter is overcome.

During the FREM simulation, as shown in Figure 3,
only the randomly chosen target fragment is simulated
over a range of ‘effective temperatures’ (in other words,
over a range of S,,8) with periodic exchanges performed
according to Equations (11) and (12), while the remainder
of the system is maintained at a same temperature for all
replicas. After several hundred exchange attempts, the
next target fragment is chosen randomly.

Sugita et al. [15] proposed a multidimensional
extension of REM in which the Hamiltonian of the
system depends on a parameter, with different parameter
values for different replicas. Fukunishi et al [16]
developed an alternative REM called Hamiltonian REM,
which is a specific case of multidimensional REM.
Although we employ a common approach, this is the first
time that the fragment-based expression for the
Hamiltonian (Equations (11) and (12)) has been used in
this way.

Non-local interaction in the amino acid sequence is
the dominant factor for the formation of [-sheet
structures, whereas local hydrogen bonding is crucial
for a-helices. Thus, it is anticipated that the fragmenta-
tion will not work well for a (3-sheet structure.

The multiple fragment-size replica-exchange method
(MFREM) is a two-dimensional extension of FREM for

5 @ %;80 :
A X
reJect
5 g % @ i
e 3L~ -
g |ss S,
& A
on
R=
S S
A 2%@@3 @“’Z&ﬂ
A

accept
S L
f S,ﬂ %ﬁ 5.5

-sheet-rich proteins. We treat the ‘fragment size’ N,
=1, .. rep) as second parameter characterising the
replicas and write the Hamiltonian for the ith replica as

N¢
Endq)=S. > Ei(q)
kEfragment F
Naa _Ng

+ ) EL@), (13)

ke fragment F
where m =1, ...,N© rep and the total number of replicas
Nieplica = NrTep X NrLep Although replica i and the scaling

factor S,, are in one-to-one correspondence in FREM,
replica i and the parameter set (S,,, N;) are in one-to-one
correspondence in MFREM (Figure 4).

In MFREM, the following replica-exchange pro-
cesses are performed alternately:

Step 1. Pairs of replicas corresponding to neighbour-
ing temperatures, (S,, Ny and (S,4;, N are
exchanged. This is called ‘T-exchange’.
Step 2. Pairs of replicas corresponding to ‘neighbour-
ing’ fragment size, (S,, N and (S,, Ng) are
exchanged. This is called ‘L-exchange’.

In each of these two processes, pairs of replicas are
simultaneously exchanged, and the pairing is further
alternated between the two possibilities. The acceptance
criterion for these replica-exchanges is given by

SO : Target
fragment

: 2z
ST

Change of
% target fragment

Time

Figure 3. Schematic illustration of the FREM, with four replicas.
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Figure 4. Schematic illustration of the MFREM, with nine
replicas.

Equation (9), where Equation (8) now becomes
A =B{Ewi £a) + Eng.a)]
— [En.£a) + Eng )]}, (14)

for T-exchange, and

A EB{ [E;11,§(1)(qj) + Em.n(])(ql)]

— [Enen(@") + Enny (@)1}, (15)

for L-exchange. In MFREM, replica-groups with a small
fragment size N; accelerate the local structure refine-
ment. On the other hand, replica-groups with large N,
accelerate the global structure refinement.
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5. Results and discussion

The sampling efficiency of the proposed methods is
discussed using computations for a 16-residue poly-
alanine chain and a 3-hairpin peptide as examples.

For all calculations, a distance-dependent dielectric,
which mimics the presence of a solvent, was used.
Electrostatic and van der Waals interactions were
calculated without using cutoff by distance, using the
direct summation method. The MD time step was set to
0.5 fs. Starting from the fully extended conformation, we
performed 250-ps equilibration MD, followed by a 1-ns
production MD run.

5.1 «-Helical peptide

The 16-residue poly-alanine peptide predominantly
adopts a helical structure below ~300K. The equili-
brium distribution at 200K was computed using
temperature-controlled MD, conventional REM and
FREM. The parameters characterising the replicas are
summarised in Table 1. For the «-helix peptide
simulations, the AMBER {194 force field [17] was used.

Figure 5 exemplifies how a replica itinerates many
target temperatures in FREM with four replicas. Each
replica exhibits random walk-like jumps among all target
temperatures in FREM, whereas four replicas are not
sufficient to obtain efficient exchanges in conventional
REM. The histograms of the potential energy for each
temperature obtained by the two REMs are shown in
Figure 6. For sufficient exchanges between neighbouring
replicas, the histograms for adjacent temperatures should
demonstrate acceptable overlap. The overlap between
the histograms is quite small for conventional REM with
four replicas. On the other hand, the histogram pairs with
lower temperatures have enough overlap in FREM,
although the histograms are unevenly spaced. Table 2
provides the comparison of acceptance ratios of the
replica-exchange procedures with four replicas. The
acceptance ratios in FREM are significantly larger than
those in conventional REM.

Next, we compared the conformational sampling
performance by examining the histogram of the total

Table 1. Summary of the replica parameters for the a-helix peptide simulations.

Conventional REM FREM
No. of replicas 4, 8,32 4,8
Temperatures® (K) (200, 303, 461, 700) for four replicas

(200, 239, 286, 342, 409, 489, 585, 700) for eight replicas

(200, 208, 217, 226, 235, 245, 255, 265, 276, 288, 299,

312, 325, 338, 352, 366, 382, 397, 414, 431, 448, 467,

486, 506, 527, 549, 571, 595, 620, 645, 672, 700) for 32 replicas
Replica-exchange interval (fs) 10
Fragment length (residue) - 4

?For FREM, ‘effective temperatures’ of target fragment. The remainder of the system is maintained at 200 K.



17: 39 14 January 2011

Downl oaded At:

272 M. Suzuki and H. Okuda

Table 2. Comparison of acceptance ratios for each REM
procedure with four replicas.

Exchange acceptance ratio

Temperature pairs (K)  Conventional REM (%) FREM (%)

200-303 0.004 1.9
303-461 0.006 2.8
461-700 0.008 3.0

potential energy at 200K (Figure 7). Clearly, regular
canonical MD gives different results than the other
simulations. This indicates that the regular MD trajectory
was trapped in local minima near the initial configur-
ation. As a result, the correct equilibrium distribution
was not obtained. The fact that the histograms obtained
by conventional REM with four/eight replicas tended to
shift to the right with respect to those obtained by
conventional REM with 32 replicas indicates that
simulations with a few replicas were often trapped in
local minima due to low exchange frequencies. This
reveals that FREM performs better because the same
quality of equilibrium distribution can be achieved with
fewer replicas (i.e. four) than the conventional REM
(32 replicas).

Conventional REM
800

600 [

400

200 -

Target temperature (K)

0 0.2 0.4 0.6 0.8 1
Time (ns)

FREM
800

600

400 -

200 -

Target temperature (K)

0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 5. Time series of the target temperatures for one of the
replicas obtained by conventional REM (upper) and by FREM
(lower) with four replicas.

Figure 8 shows schematic views of the confor-
mational changes in (ALA);¢s at 200K obtained by
conventional REM and by FREM with four replicas. The
structures obtained by FREM are completely helical,
whereas those obtained by conventional REM are
trapped into misfolded states.

5.2 B-Hairpin peptide
We next performed a benchmark test on the B-hairpin
peptide Ace-Ile-Thr-Val-Asn-Gly-Lys-Thr-Tyr-Nme.
We performed a comparative study similar to that for
poly-alanine. For the (3-hairpin peptide simulations, the
number of replicas was set to eight, and the AMBER {f96
force field [18] was used. The parameters characterising
the replicas are summarised in Table 3. In MFREM, eight
replicas were simulated at four different temperatures
with two different fragment sizes (there are Nﬁep =2
fragment sizes at NrTep =4 temperatures, so that
the total number of replicas is given by Nreplica =
NrTep X Nfep = 8).

Figure 9 shows the time series of target temperatures
obtained by three REMs as well as the time series of the

target length of the fragment obtained by MFREM for

Conventional REM
40 F — 200K
—303K
. 30f 461K
e — 700K
Q
=
=3
(=
=
0 100 200 300 400
Total potential energy (kcal/mol)
FREM
40k — 200K
— 303K
30} 461K
g — 700K
Q
=
é'; 20
=
10 -
0 1 ATTWHL A 1
-200 -100 0 100 200

Potential energy of fragment (kcal/mol)

Figure 6. Histogram of the potential energy for each
temperature obtained by conventional REM (upper) and
FREM (lower) with four replicas.



17: 39 14 January 2011

Downl oaded At:

Molecular Simulation 273

Table 3. Summary of the replica parameters for the 3-hairpin peptide simulations.

Conventional REM FREM MFREM

No. of replicas 8 8 8 (NrLep =2, NrTep =4)
Temperatures” (K) (200, 239, 286, 342, 409, 489, 585, 700) (200, 303, 461, 700)
Replica-exchange interval (fs) 10

Fragment length (residue) - 4 4, 10

*For FREM and MFREM, ‘effective temperatures’ of target fragment. The remainder of the system is maintained at 200 K.

one of the replicas. We observed a free random walk in Histograms of the total potential energy at 200K
temperature space in both REM variants, whereas are shown in Figure 10. This analysis reveals that
MFREM uses only half the number of target tempera- both FREM and MFREM are superior to conventional
tures of FREM. Free random walks in ‘fragment-size REM. Moreover, it suggests that MFREM is less often
space’ were also observed in the MFREM simulation trapped and more efficiently explores the confor-
(Figure 9(d)). mational space than FREM. For B-hairpin formation,
Conventional REM (32 replicas) Conventional REM (8 replicas) Conventional REM (4 replicas)
30 30 30
g 20 & 20 g 20
= = =
o Q Q
= =] =]
o o o
o 5] o)
£ 10f £ 10} £ 107
O 1 AL 1 1 0 1 Il 1 1 1 0 Al I llh
20 20 60 100 140 -20 20 60 100 140 20 20 60 100 140
Total potential energy (kcal/mol) Total potential energy (kcal/mol) Total potential energy (kcal/mol)
FREM (8 replicas) FREM (4 replicas) Regular MD
30 30 30
& 20 & 20} & 20
= = =
o Q Q
= = =]
g g g
£ 10f £ 10} £ 107
0 , 0 [T, Y T T . 0 . . .
-20 20 60 100 140 -20 20 60 100 140 -20 20 60 100 140
Total potential energy (kcal/mol) Total potential energy (kcal/mol) Total potential energy (kcal/mol)

Figure 7. Histogram of the total potential energy at 200 K.

G OGO

0.2 ns 0.4 ns 0.6 ns 0.8 ns 1.0 ns

f {1

0.2 ns 0.4 ns 0.6 ns 0.8 ns 1.0 ns

Figure 8. Schematic view of the conformational changes in (ALA)¢ at 200 K obtained by conventional REM (a) and by FREM (b)
with four replicas.
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Figure 9. Time series of target temperatures obtained by three REMs (a)—(c) and the time series of the target length of the fragment

obtained by the MFREM (d) for one of the replicas.

MFREM introduces global conformation changes due
to the variable fragment size, whereas FREM repeats
the local structure refinement. This could explain why
MFREM seems to be more effective than FREM for
B-hairpin peptides. Schematic views of the confor-

Conventional REM (8 replicas)

100
80 F
>
g 60t
Q
=
o
S 40f
59
20+ f\
0 1N . .
70 8 90 100 110 120 130

Total potential energy (kcal/mol)

Frequency

mational changes at 200K for a [-hairpin peptide
obtained by conventional REM, FREM, and
MFREM are shown in Figure 11. A hairpin
conformation is indeed observed in the MFREM
simulation (Figures 10 and 11).

FREM (8 replicas)

100

80
60
40
20 1

0 n L L f
70 80 90 100 110 120 130

Total potential energy (kcal/mol)

MFREM (8 replicas)

100

80

60

Frequency

20

h LA '

0
70 80 90

100 110 120 130

Total potential energy (kcal/mol)

Figure 10. Histogram of the total potential energy at 200 K.
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0.1 ns

1.0 ns 0.5ns 1.0 ns

Figure 11. Schematic view of conformational changes in a 3-hairpin peptide at 200 K obtained by conventional REM (a), FREM (b)

and MFREM (c) with eight replicas.

6. Conclusion

We developed two variants of REM, FREM and
MFREM, which are based on the existence of
correlations between the local amino acid sequence and
the local structure. Equilibrium distributions for two
peptides were computed by conventional MD, REM and
the proposed REM simulations. We found that both
modified REMs successfully reduce the number of
replicas needed for the simulation. For small helical
peptides, the number of replicas needed in FREM was
eight times less than that needed for conventional REM.
By introducing global conformation changes, MFREM
could sample the conformation space of a P-hairpin
peptide more efficiently than FREM.
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