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A novel combination of replica exchange Monte Carlo sampling techniques with a histogram
analysis approach is developed and applied to study the thermodynamics of the folding transition in
a face-centered cubic lattice chain protein model. Sequences of hydropghbband polar(P)
topology residues were designed to fold into varigdsarrel type proteins. The interaction scheme
includes the short-range propensity to form extended conformations, residue-dependent long-range
contact potentials, and orientation-dependent hydrogen bonds. Weakly cooperative folding
transitions could be observed for properly desighi#d (Hydrophobic and polar residue sequences

with cooperative long-range interaction methods were proposed and teé3tsed on the study of

these systems, the computational cost of such an approach is many times less than the cost of other
Monte Carlo procedures. This opens up the possibility for efficient studies of the folding
thermodynamics of more detailed protein models. 2@01 American Institute of Physics.
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I. INTRODUCTION model system samples not only conformational space but

. . also various temperatures. A replica trapped at a local mini-
In a recent paperwe compared the computational effi- P P PP

. S . . . mum of the energy landscape at low temperature has a
ciency of three distinct Monte Carlo strategies for their abil- 9y b b

ity to search the conformational space of proteinlike semi-ChanCe to be moved to a higher temperature, where energy

flexible lattice polymers. These simulations indicated that thebarr_ﬁ:: altzrgl\j?lrirettzooé\i/le;p?/zsr.sion of the multicanonical

Replica Exchange Monte Carl@EMC) method° finds the e Carlo alaorithm-10 d here to check i

lowest energy state much faster than the simple simulatewor? € Larlo algori ! was used here 1o check our esti-
mation of the system’s free energy by a combination of

annealingveTrRoPoLIS"’ schemgMC). REMC is also much : :
REMC and histogram techniques. The search of conforma-

faster than the generalized enserfibt€ method or its ver- " wren o
sion known as the Entropy Sampling Monte CafetSMC) tional space by means of the ESMC technique is controlled

method™ -2 However, when successfully converged, Esmcby an estimate of the system entropy. An artificial distribu-

simulations provide a complete thermodynamic descriptiorfion of states is generated, where all energy levalsen
of the model system over the relevant temperaturé:onvergem are visited with the same frequency. Details of
range!*~"In this work, we demonstrate that it is possible to the present implementation of the ESMC method and the
extract complete thermodynamics from very fast and effi-REMC method can be found in our previous publication.
cient REMC simulations. This was achieved by combining ~ The model test system used here is similar to the one
histogram method&with the REMC method. The ESMC previously employed. The lattice representation of the
method was used to check the accuracy of the entropy estinodel chain is identical. However, there are qualitative dif-
mation from the REMC results. ferences between the two models. In this work, we study a

In the REMC method;® several copies of the system heteropolymeric model witklP (hydrophobic and polar resi-
are simulated at various temperatures using a standard vetue sequence®) mimicking the amino acid patterns in
sion of the METROPOLIS scheme. Occasionally, conforma- S-type globular proteins. An additional important modifica-
tional energies of the system’s replicas are compared antibn is the introduction of explicit cooperative interactions
replicas are swapped according to a probabilistic criteriorthat qualitatively simulate the averaged effect of main-chain
dependent on energy and temperature differences. Thus, thgdrogen bonds in proteins.

Thus, the purpose of this contribution is twofold. First,

dAuthor to whom all correspondence should be addressed; electronic maiVe describe a modification of existing Monte Carlo protocols
kolinski@chem.uw.edu.pl that leads to fast identification of the lowest energy state

0021-9606/2001/115(3)/1569/6/$18.00 1569 © 2001 American Institute of Physics

Downloaded 19 May 2004 to 128.205.53.57. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1570 J. Chem. Phys., Vol. 115, No. 3, 15 July 2001 Gront, Kolinski, and Skolnick

while providing an accurate description of the system’s ther-  0.06 - ‘ ‘ ' ' - o
modynamics. Second, we assess this improvement in com °
putational sampling, describe the behavior of a minimal 005} o
model of proteinlike polymers, and discuss the possible con- v
sequences of our studies for more detailed modeling of pro- 0.04 O

tein structure and thermodynamfcs.
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o
w

Il. COMBINATION OF THE HISTOGRAM METHOD & wo °
WITH THE REMC SAMPLING TECHNIQUE 002} ¥ . et 8,
v we¥% ° 5 o

In a canonical ensemble at temperattirethe distribu- v Vﬁfvv e & L ®

tion of the system’s conformational energyobeys a Boltz- 001 ;w“’gvﬁvv oo TR e %% o
- . Sy %o 3 @wo%» &

mann distribution: . ‘ . P L

P(E)=2Z(T) *w(E) exp(— E/KT) (1) 200 -175 150 -125 100 -75 50 25 O

Energy

wherew(E) denotes the density of states ariflT) is the _ _ _
partition function at this temperature. Multiplying the distri- F'G-Zl-( Thr‘:ﬁ hlsmtgframs 0‘; e”‘i_'g)z’sf"bt?;‘”ed forlth‘: Szt Seq“e”tcefé’”h
. . : =—2 (see the text for explanationsfor three selected temperaturés:
b_utlon by expE/kT) a”‘,’ calculating the_|09anthm’ the rela- = (circles, T=3 (diamond$, andT=1.875(triangles. The folding tran-
tive entropy(as a function of conformational enejgyan be  sition temperature i§;=1.821. The replica exchange Monte Carlo method
expressed as follows: employed a larger number of temperature lev@ or 30 replicas

S(E)=log(w(E))=log(P(E))+C(T) E/KT, 2

whereC is a constant dependent on the temperaitlm&(T)]  tered. We propose the following, rather conservative proce-
andk is Boltzmann’s constant. dure

In the histogram metho;j proposed many years ago by  Fjrst we remove from the energy histogram all points
Ferrenberg and Swends&h'® an isothermal MC trajectory for which the P(E) value is smaller than Xl of the

is used to estimate the energy distribut®(E) in the form - irium value seen in the histogram. The valueXgf..«

of a histogram. In a single isothermal simulation, the distri-\ 1¢ assumed to be in the range of 100. This filter removes

bution of states is usually quite narrow. Therefore, a depend;ncertain points, which were obtained from a relatively small

able_estimation of the entropy can be obtained only over &, ber of counts. Next, the corresponding entropy histo-
relatively narrow energy range. However, we show here thag o js calculated and approximated by a polynomial. Then
overlapping histograms acquired at different temperatureg, points for which the values d?(E) differ more than

could be combined. Bins of the histograms corresponding t§/ " trom their analytical approximations are rejected. The
the same energy level provide entropy estimations that diffeg;| ;e of Y i IS Of the same magnitude as the error in the

by a constant value that depends on the temperaturesony approximation by a polynomiéih the present case
dependenZ(T). Since the constants depend only on teM-5n4e of 0.3-0.8 We found that a polynomial of the fifth-
peratyre, they can _be sybtracted from the two histograms. IBrder fits the data very well with a correlation coefficient
practice, the combination of two entropy curves rather larger than 0.9999. The largest deviations from the Boltz-

histograms needs to be done by a "best fitting” of the over- 1,y gistribution were observed at the lowest temperatures,
lapping portions of the histograms. This way, several entropy

curves calculated from different temperatures may be com-
bined into a single curve that covers a wide range of ener-
gies.

In this work, we propose to use histograrf{E), col- 75
lected during the REMC simulations at various temperatures,
Of course, the tails of histograms collected in isothermal MC
simulations deviatésometimes significantlyfrom the Bolt-
zmann distribution. This is also true for the data generatedg
within the REMC schemésee Fig. 1 Additionally, due to E 45 ¢
the exchange of replicas among different energy levels,
REMC sampling may potentially introduce some systematic
errors in the tails of energy histograms. On the other hand,
the exchange of replicas can move the system between var
ous energy minima at low temperatures. As a result, the his- 151 .
tograms from REMC at low temperatures are actually more 00 175 150 125 100 75 50 25 0
dependable than from isothermal MC simulations. The Energy

smallest error should be expected for poits bing of en-
FIG. 2. Relative entropy computed for the histograms given in Fig. 1. The

ergy close to the equilibrium energy for a given temper(Fj‘tureé,olid line represents the combined entropy curve after the data filtering

Indeed, the Curves_ﬁt each other well except for the tails, @Brocedure described in the text. The symbols have the same meaning as in
demonstrated in Fig. 2. Therefore, the data need to be filFig. 1.

30
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where the replicas tend to be periodically trapped in lgoal  vectors belong to a set of extended conformati@ssdefined
global minima of the energy. in Ref. 10. The B-sheet propensity is assumed to be se-
After the filtering procedure, the entropy curves werequence independent.
sequentially combined, starting with a pair of histograms at  Two kinds of local modifications were used to mimic the
relatively high temperatures, where the accuracy of the disdynamics of the model chain. The first is a random displace-
tribution of energies was expected to be the best. The rement of the two-bond fragments at the randomly selected
maining portions of the entropy curve could be combinedchain ends. The moves of the inner bonds employ a table of
one-by-one into a common curve. The shift values werall possible two-bond configurations. The residue index and
taken from the difference of the values of the correspondinghe new local conformation were selected by a pseudoran-
polynomials at the point of largest overlap of the energydom mechanism. The same conformational updating scheme
histograms. The proposed method of combining data fromwas used in the entropy sampling and replica exchange
various temperatures is computationally less demanding thaxonte Carlo simulations.
the original histogram method, where the relaxation time for

various temperatures needed to be estim&téd.
IV. DETAILS OF SIMULATIONS

A set of 20 temperatures was used in the REMC simu-
Ill. DESCRIPTION OF THE PROTEIN MODEL lations. To define an appropriate range for these tempera-
tures, an estimation of the collapse transition temperature is
needed, and was obtained from a short simulated annealing
run. The lowest temperature for the replicas should not lie
much below the transition point because of the freezing of
the chain’s motion. Most of the replicas were placed in equal
. : : temperature intervals around the collapse transition. Three
contains two types of residues, hydropholity and polar very high temperature replicas were added to the set with

(P). The sequence-dependent, long-range in.teractions ae_ 10, 1000, ande. The high temperatures are needed to
coqmdered only for the nonbonded r_lea_resF ne|ghpors on trIfnsure an unbiased estimation of the histograms for high
lattice. There are three values of pairwise interactia$, 5 es of the average energy of the system. Additional high

€un andeyp. temperature replicas remove the bias for the logbert still
Additional strongly directional potentials of long-range wellpabove the F‘Eransitidrtemperatures

interactions mimic the averaged effect of the main-chain hy- Having the estimation of the system entropy as a func-

drogen bonds in proteins. Two residuesndj, are consid- fi N E) th tem’s f lcu-
ered to be bonded by a hydrogen bond when the foIIowinqgigdo energyS(E), the system's free energy can be calcu

geometrical criteria are satisfied:

The model polypeptide chain consists Nf residues
(bead$ connected byN—1 virtual bonds. The chain beads
are restricted to the nodes of a face-centered c{iba} lat-
tice. Thus the chain bond vectors belong to the set of 12 fc
lattice vectors of typd+1, =1, 0. The model polypeptide

: . . F(ET)=E-T-S(E). 3
(1) The interacting fragments of the chains are pardlel
antiparalle), that is, the chain vector; (connecting the All other properties of the system can be calculated us-
ith residue with thei +1th residug and vectorv; are  ing the partition function defined by tH&E, T) dependence.
parallel. The entropy sampling Monte Carl@&SMC) technique
(2) The hydrogen bond vectdr, ; is orthogonal ta; and to ~ €an be used to test the entropy and free energy calculations
vj. obtained with the scheme proposed in this work. This can be

done in two somewhat different ways. First, one may use the

It is assumed that the hydrogen bonds can only be formedntropy estimation from the REMC simulations as a starting
between like residuesHH or PP) and that the energy of point for the ESMC. For the true entrof(E) curve, the
hydrogen bonds is constant and equakig.,q- The above- convergence criterioffa flat histogram of the frequency of
mentioned geometrical conditions imply that a givgh the system’s visits to varioug bins) of the ESMC method
strand can be fully “hydrogen bonded” to at most two other should be instantly satisfied. Alternatively, one may construct
B strands(although the lattice allows for six contacting par- the entropy estimation from scratch, performing a full set of
allel strands This way, the most general feature of tge ESMC iterations(see the previous work for detgilsThe
sheets is qualitatively reproduc&iThe hydrogen bond net- second approach is somewhat more conservative. Both pro-
work of the model is cooperative in an explicit fashiorf>?®  cedures were used to test the REMC-based estimations of the
Namely, an additional energy gaie: is assumed for the system’s entropy. A conformational pool extracted from the
situations when théth residue creates a hydrogen bond withREMC “trajectories” was employed to speed-up the conver-
the jth residue and when simultaneously thelth residue gence of the ESMC procedure. The conformational pool con-
creates a hydrogen bond with the 1th residugor with the  tained a numbefthe same for each energy biof conforma-
j—1th, residue when the directions of the chain fragmentdions for each energy level accessible for the model system.
are oppositg During the ESMC simulations, the randomly selected con-

The short-range potential that mimics the conformationaformations from the pool were occasionallyut rarely used
propensity toward formation of an extended sepddtrands  to restart the sampling process. Thus, the problem of entropic
is the same as in our previous work. An eneegy;,is asso-  barriers(that can significantly slow down the convergence of
ciated with all residues for which the three subsequent chaithe ESMC procegscan, to a large extent, be overcome.
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The REMC and the test ESMC simulations were done
for the following parameters of the model interaction
scheme,

EHH=—2,

epp=—1,

€4p=0,

€nbond™ ~ 2,

€peta= — 4,

ec=0 or—2 (both cases were tested

Long trajectorieg10° attempts to chain modification per
replica for the different model chain sequences were gener-
ated by REMC. Attempts to change replicas were eXeCL't(:"HIG. 3. The lowest energy conformation for the I3 chain. The mirror
every 1000 steps. The computational cost was about 6 h CPlohage conformation has the same contact map and the same total energy.
on a fast PC.

The system entropy was also calculated from the ESMC
simulations. These results were compared with the REMC
estimation of the entropy. The test of the REMC convergence
(using the entropy curve as an input for ESMi§y ESMC
cost 3.5 CPU hours. An independéantropy generated from
scratch ESMC run took about 70 h.

V. RESULTS AND DISCUSSION
A. Topology of the lowest energy states

ThreeHP-type sequences were tested. The design of the
first sequence, S1, was targeted on the simple up-and-down
topology of the lowest energy state. The second and the third
sequences that have a possibility to form a longer loop may
lead to formation of the Greek key topolotfy,

S1:(HPHPH)g,

S2:(HPHPH)3 HPHPHPRHPHPH),,

S3:(HPHPHPHPH);
HPHPHPHPHPRHPHPHPHPH),.

For the first sequence, S1, a single nondegenerate struc-
ture (modulo, the topological mirror imageof the lowest
energy was found. It was indeed the up-and-down six-
memberg barrel. Each strand consisted of five residues, with
three strands per sheet. The snapshot of the folded structure
is shown in Fig. 3. For the second, S2, sequence, three con-
formations at the lowest energy bin were observed. All of
them were six-membep barrels. A small fraction of the
folded structures had an up-and-down topology similar to
that of S1. The second type of lowest energy structure had
the Greek key topologya common motif in globular pro-
teing. The third structure had some features of the Greek
key, however it is incompletéFig. 4). Interestingly, the
value of the cooperativity parameterc=0, or —2) had no
influence on the folded structures. For the nonzero cooperat-
ivity, the energy of the ground state structures was lower.

This sequencéS3 has the same pattern &fP residues as . . e S2 den6reek k
; : E}G. 4. The lowest energy conformations of the sequeaL&reek key
the S2 sequence. Longer strands were designed to find OUtfloi:ﬁ. (b) A permutation of the Greek key fold. The third competing structure

Fheir length has any influence on the folding thermodynam<seen rarely has the up-and-down conformation similar to that shown in
ics. Fig. 3.
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FIG. 5. Entropy as a function of conformational energy for four model FIG. 6. Comparison of the mean energy as a function of temperature for the

systems. Symbols denote the test results from ESMC with: triangles for S$3 sequence witlac ) : _ rd ¢
for various temperature levels in REMC simulations. The solid line repre-

and ec= — 2, diamonds for S2 ané.= — 2, circles for S1 withec=0, and

2. Symbols stand for the straightforward averages

squares for S2 witlkec=0. In all cases, the error is smaller than the symbol SeNts the data from the histogram method calculated according tGHEq.

size. The lines are polynomial approximations of the REMC results.

ing cases th& (E,T) curves do not indicate any “phases” at

B. Folding thermodynamics

equilibrium. The folding transition has a continuous charac-
ter for these systems. These results suggest that the cooper-

Our combination of the replica exchange Monte Carloativity of the folding transition depends on sequence and

sampling with the histogram method provides a quite com-
plete thermodynamic description of the model system over a
wide range of temperatures. In contrast to other MC tech-
nigues, the present application of the REMC enables a simul-
taneous estimation of the system’s conformational energy
and entropy from a single simulation. In Fig. 5, the entropy
calculated from the REMC is compared with the entropy
computed by means of the ESMC method. It is clear that the
two methods give essentially the same results, except for th
(rather irrelevantregion of the highest values of the energy.
The free energy can then be calculated by 8j).for any
temperature of interest. TH&E, T) dependencéwe use the
data approximated by a polynomianables the calculation
of any property of the system. In particular, the average con-
formational energy can be calculated as a function of tem-
perature as follows:

(E(T))=3{E; exp(—F(E; , T)/kT)}/
>{exp—F(E;,T)/kT)}, 4

where indexi enumerates particular bins of the energy his-
togram.

In Fig. 6 the mean energy calculated from E4) is
compared with the average energy of replicas running at
given temperatureghe arithmetic mean of the energy at a
given temperatune Good agreement between the two types
of data provides a strong additional test of the proposed com:
bination of the REMC and histogram methods.

Free energy curves provide information on the possibil-
ity of the existence of phaséer stategin equilibrium (Fig.

7). Only for the S2 and S3 sequencdssigned for the Greek
key topology with ec=—2 were weakly cooperative fold-
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ing transitions observed. The height of the free energy barrief!G- 7. Free energy as a function of energy for two sequences at the folding

is about 1 kT when estimated from REMC data, and 0.5—#

ransition temperature. The lines are for the ESMC data, the triangles are for
he REMC with histogram methoda) For the weakly cooperative S8¢

KT when calculated by the ESMC method as shown in Fig. 7=_2) system, the transition temperature Ts=2.334. (b) Sequence
This is slightly above the error of the method. In the remain-S1 (ec=0) exhibits a continuous transition @=1.671.
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cooperative long-range interactioftsydrogen bond interac- gated by a combination of the replica exchange Monte Carlo
tions), but not on the chain length. In all of the cases, themethod with the histogram method. This approach enabled a
transition temperatures were estimated from the energy flusimultaneous estimation of the system energy and entropy.
tuations and calculated from a formula similar to E4). The  Comparison with the entropy sampling Monte Carlo

differences are in the range of 0.04. method'~*® (a version of the multicanonical ensemble
method!% shows that the proposed procedure is accurate.
C. Comparison with a homopolymeric model At the same time, the REMC technique is computationally

many times less expensive than SimplETROPOLIS sam-
pling or ESMC simulations. Since there is a relatively large
conformational space accessible to the fcc chains, this sug-
gests that the thermodynamics of more detailed models of
proteins can be efficiently studied by means of the REMC

It is interesting to compare the behavior of tHE model
with an otherwise similar homopolymeric model studied in
our recent work. In terms of this paper, the homopolymeric
sequence S4 isH) 5, with the following force field param-

eters:

method.

eqn=—1,

epp=0, ACKNOWLEDGMENTS

enp=0, This work was supported by KBN Grant No. GP04A-
1413 and by NIH Grant No. GM37408 of the Division of

€npond= 0, General Medical Sciences.

€peta — 4

ID. Gront, A. Kolinski, and J. Skolnick, J. Chem. Phy43 5065 (2000.
ec=0. 2G. J. Geyer, Stat. Sc¥, 437 (1992.

. . . . 3K. Hukushima and K. Nemoto, J. Phys. Soc. J§8.1604(1996.
Also, in this case the ESMC and REMC with the histo- 45 4 swendsen and J. S. Wang, Phys. Rev. 1512607 (1986.

gram method give essentially the same entropy approximaZu. H. E. Hansmann, Chem. Phys. Le281, 140 (1997).
tions. Again, the only differences are in the region of the ®N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E.

; ; ; ; Teller, J. Chem. Phy$1, 1087(1953.
hlgheSt energies. The number of conformations in the IOWeST7K. Binder, Monte Carlo and Molecular Dynamics Simulations in Polymer

energy bin is large. This is a qualitatively different picture gcience(Oxford University Press, New York, 1995
than that seen foHP chains, where the number of folded ©B. A. Berg and T. Neuhaus, Phys. Rev. L&8 9 (1997).
conformations is small, or as for S1 there is just one foldeqzi'- Lee, Phys. Rev. Let1, 211 (1993.

. . . U. H. E. Hansmann and Y. Okamoto, J. Comput. Ch&#.1333(1993.
state(with accuracy to the mirror image 11M.-H, Hao and H. A. Scheraga, J. Phys. Ch@@, 4940(1994).

12M.-H. Hao and H. A. Scheraga, J. Phys. Ch@®8, 9882(1994.
VI. CONCLUSIONS 3M.-H. Hao and H. A. Scheraga, J. Chem. Phi82, 1334(1995.
) ) ) A, Kolinski, W. Galazka, and J. Skolnick, Proteins, J. Phg§, 271
In this paper a simple lattice model of globular proteins (1996.
was studied. It was demonstrated that it is relatively easy t&°A. Kolinski, W. Galazka, and J. Skolnick, J. Chem. Phy68 2608
designHP sequences that fold into &almos} unique globu- (1998

o . " 16D, Mohanty, A. Kolinski, and J. Skolnick, Biophys. 37, 54 (1999.
lar state. The cooperativity of the folding transition resultsi7y" ;"¢ " jansmann and Y. Okamoto, Curr. Opin. Struct. B®I.177

from a proper sequence design and from cooperative long-(1999.
range interactiongexplicit cooperativity of the hydrogen igA- M. Ferrenberg and R. H. Swendsen, Phys. Rev. 1641t2635(1988.

: A ; A. M. Ferrenberg and R. H. Swendsen, Phys. Rev. I63t1195(1989.
bond model. The higher cooperativity of the sequence with 20K A, Dill, S. Bromberg, K. Yue, K. M. Fiebig. D. P. Yee, P. . Thomas.
somewhat more complelP patterns suggests that further nq 4 s. chan, Protein Set, 561(1995.
diversification of the sequence pattefby marking the turn  2A. Kolinski and J. SkolnickLattice Models of Protein Folding, Dynamics
regions by moréP-type residuesmay lead to more coopera- _and Thermodynamic®R. G. Landes, Austin, TX, 1996

tive folding The uniqueness of the folded state seems to bzezc' Branden and J. Toozmtroduction to Protein StructuréGarland, New
’ York, 1991).

uncorrelated with the r_nOdel’S cooperativity. _ _ A, Kolinski, P. Rotkiewicz, B. llkowski, and J. Skolnick, Prog. Theor.
The thermodynamics of the model proteins was investi- Phys. Suppl138 292 (2000.

Downloaded 19 May 2004 to 128.205.53.57. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



