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A new approach, the hypothetical scanning Monte CAH&MC), for calculating theabsolute
entropy,S, and free energyr, has been introduced recently and applied first to fléadgon and

waten and later to peptides. In this paper the method is further developed for peptide chains in
vacuum.S is calculated from a given MC sample by reconstructing each sample confornhation
step-by-step, i.e., calculating transition probabilit@®s9 for the dihedral and bond angles and
fixing the related atoms at their positions. At stepf the process the chain’s coordinates that have
already been determined are kept fixgkde “frozen past) and TPk) is obtained from a MC
simulation of the “future” part of the chain whose TPs as yet have not been determined; when the
process is completed the contribution of conformaiida the entropy isS,~—InII, TP(k). In a

recent paper we studied polyglycine chains, modeled by the AMBER force field with constant bond
lengths and bond angleghe rigid mode)l. Decaglycine[ (Gly),q] was studied in the helical,
extended, and hairpin microstates, while (Giyyas treated only in the first two microstates. In this
paper the samples are increased and restudied, {{3$yalso investigated in the hairpin microstate,
and for (Gly),o approximations are tested where only part of the future is considered for calculating
the TPs. We calculate upper and lower boundsH@nd demonstrate that like for fluids,can be
obtained from multiple reconstructions osigleconformation. We also test a more realistic model

of (Gly) 1o where the bond angles are allowed to mée flexible model Very accurate results for
SandF are obtained which are compared to results obtained by the quasiharmonic approximation
and the local states method. Thus, differences in entropy and free energy between the three
microstates are obtained within errors of 0.1-0.3 kcal/mol. The HSMC method can be applied to a
macromolecule with any degree of flexibility, ranging from local fluctuations to a random coil. The
present results demonstrate that the difference in stablify,,=F,,— F, betweensignificantly
differentmicrostatesn andn, can be obtained from two simulations only without the need to resort
to thermodynamic integration. Our long-term goal is to extend this method to any peptide and apply
it to a peptide immersed in a box with explicit water. ZD05 American Institute of Physics.
[DOI: 10.1063/1.1835911

I. INTRODUCTION its Boltzmann probabilityPiB, however, they do not provide
) ) ) the valueof this probability in a direct waye.g., such as the

The hypothetical scanningHS) method is a general  gnergy and therefore the absolute entray —In P is un-
technique for calculating thabsoluteentropy, S and free i sl differences i (S) between two states can be

e_nergyF t_)y computer simulation. The method has be‘iQ inI'obtained by the thermodynamic integration approach, but
tially applied to Ising modefsand lattice polymer modefs; only when the absolutg(S) of one state is known caR(S)
and recently has been extended to fluids by two procedures

the grand canonicalHS (HSGQ (Ref. 7) and the Monte of the other be obtained. The HS approach and another

Carlo (MC) HS (HSMC).2 HSMC has been further devel- method of Meirovitch, the local statékS) method®*~?3are
oped to a method namezbmpleteHSMC? which enables unique in that they providéat least approximatejythe value

one, in principle, to obtai andF exactly. Complete HsMc  Of the sampling probability; hencgandF can be obtained.
was applied very successfully to liquid argon, wdt#and The ability to obtain the absolute free energy is in par-
peptides In these papers we have provided an extensivdicular important in computational structural biology. The en-
discussion on the importance and the difficulty in calculatingergy surface of a protein, commonly defined by a force field,
SandF by computer simulatioitsee also Refs. 12—15, and is highly rugged, consisting of a tremendous number of local
references cited therginin short, the commonly used simu- minima?* where the native structure corresponds to the lo-
lation techniques, the Metropolis MC metHBénd molecu-  calized energy well with the lowes$t. However, molecular
lar dynamic$’'® enable one to sample configurationith  dynamics simulations have shofri® that even a protein
with a well-defined structure fluctuates significantly within a

dAuthor to whom correspondence should be addressed. Electronic mair:e_gion CaIIEdWid_e microstate_(e.g., the c_onformatio_nal re-
hagaim@pitt.edu; Phone: 412-648-3338. gion of an a-helix of a peptidg that typically consists of
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many localized energy wells. A peptide, protein, or proteinsecond model of (Glyy), (the flexible modeélis more realis-
segments such as surface loops, can exhibinemediate tic allowing the three bond angles of each residue to vary as
flexibility, where several wide microstates are populated sigwell; thus, the total number of internal coordinates is 60.
nificantly at thermodynamic equilibrium. It is essential to be Each model is simulated with the Metropolis MC metHod
able to identify these wide microstates, calculateF,,,  within three wide microstates, helix, extended, and hairpin,
which lead to their relative populations, and to weighted av-and the entropy and free energy are calculated from the gen-
erages of various quantities that can be compared with exerated samples using the HSMC method. Notice that for
perimental value$!:*® F,, is in particular useful ifm andn  previty we shall refer in most cases to “wide microstates” as
differ significantly; then, calculating the differencAF microstates omitting the word “wide.”
=Fm—F, is straightforward. On the other hand, calculating |t should be pointed out that both MD and MC are most
AF by the commonly used thermodynamic integration ap-straightforwardly carried out in Cartesian coordinates, while
proach might be difficult or prohibitivésee Refs. 12-15, application of the local stated.S) and HS approaches is
and references thergin based on internal coordinates; therefore, in previous LS stud-
With complete HSMC applied to a peptid8,is calcu-  jes conformations generated by MD were transferred into
lated from a given MC sample by reconstructing each pepinternal coordinates before analy$fsHowever, we have
tide conformation step-by-step, i.e., calculating transitionfound MC simulations in Cartesian coordinaté., for a
probabilities(TP9 for the dihedral angles and fixing the re- fully flexible mode) to be extremely inefficient, and there-
lated atoms at their positions. At each step the chain’s cooffore have chosen to treat the rigid and flexible models de-
dinates that have already been determined are kept fitked scribed above, where, , ¢, andw;, and the bond angles
“frozen past”) and the TP is obtained from a MC simulation are the natural variables which can be used in the MC simu-
of the “future” part of the chain whose TPs as yet have notlations. This internal variables representation of a peptide
been determined. In a recent paper this method was appligstovided by the programiNKeR (Ref. 32 has led indeed to
to the polyglycine molecules, (Glyyand (Gly)gin vacuum  a MC method that is significantly more efficient than that
described by a simplified model based on constant bon@ased on Cartesian coordinates; thus, for the present models
lengths and bond angleghe rigid model. Decaglycine the application of HSMC, LS, and QH is direct. In what
[(Gly)10] was studied in the helical, extended, and hairpinfollows, for simplicity, the various methods will be described
microstates, while (Gly) was treated only in the first two as applied to the present models of polyglycine, where the

microstates. extension to a peptide with side chains is straightforward.
In this paper we study the same molecules but the scope

of the calculations is extended significantly. First, the
samples are increased, (Gly)is also investigated in the B. Statistical mechanics of a peptide
hairpin wide microstate, and for (Gly) approximations are in internal coordinates

tested where only part of the future is considered for calcu-
lating the TPs. We calculate upper and lower boundsFor
and demonstrate that like for fluidg,can be obtained from

reconstructions of aingleconformation. We also test a more

realistic model of (Gly}o where the bond angles are allowed for a stable wide microstate the integration is carried out

to change(the flexible model Accurate results fos and F only over the limited regior), that defines the wide mi-

are obtained which are compared to results obtained by th& ; o .
. . . . tate(helix, h , eto. A dab , L ly HSMC
quasiharmonidQH) approximatioR®*° and the local states ostatelhelix, hairpin, eta. As said above, to apply

thod. Thus. diff . 0 qf b or LS, one has to change the variables of integration from
tme Otﬁ us, d e{\r(tances mbt:‘n_ rosy 6:2 ree en(fegg){ Oe- artesian to internal coordinates, which makes the integral
ween these microstates are obtained within errors ot 9. 14, ependent also on a Jacobidnk-or a linear chaid has been

kcal/mol. Our long-term gpal Is to exte_nd the Co_mpl_eteshown to be independent of the dihedral angles and is a
HSMC method to any peptide and apply it to a peptide 'M-simple function of the bond angles and bond lengf7&:*
mersed in a box with explicit water. In previous LS studies of linear and cyclic peptides, and

surface loops in proteins, an approximate transformation to
1. THEORY AND METHODOLOGY dihedral and bond angles was adopted where the bond
lengths were kept constafgee beloy??

Our rigid model is defined by transforming the Cartesian
We  study two models  of  polyglycine, coordinatesof a fully flexible model into internal coordi-
NH,(Gly)yCONH,, in vacuum defined by the AMBER96 nates under the assumption that the potentials of the bond

force field®! where the charges of the end groups are neulengths and bond anglgéthe hard variables) are strong
tralized. One modelthe rigid model is based on constant and therefore their average values can be assigned to
bond angles and bond lengths, i.e., a conformation is detewhich to a good approximation can be taken out of the inte-
mined by the dihedral angles;, ¢;, andw; ordered along gral. It should be noted that while the contribution of bond
the chain, which are denoted for simplicity by, k=1, 3N, stretching to theabsoluteentropy is not small, it is expected
where N is the number of residues. This model is studiedto be similar for different wide microstates of the same mol-
with N=10[(Gly),o] and N=16[(Gly)4¢], i.€., the corre- ecule. Therefore, to a good approximation, the contribution
sponding numbers of internal coordinates are 30 and 48. Thef bond stretching to the differenceésS,, , and AF, , be-

The partition function of a peptid&, is an integral over
the function exp{E/kgT) (E is the potential energy ankk
the Boltzmann constantvith respect to the Cartesian coor-
dinates over the whole conformational spafe,However,

A. The models studied

Downloaded 23 Jan 2005 to 136.142.92.42. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054903-3 Hypothetical scanning Monte Carlo method J. Chem. Phys. 122, 054903 (2005)

tween wide microstates andn cancels out. Again, because two hydrogens connected to“Cand the position of C
of the strong potentials of the hard variablesid assuming Thus, at stefx, k— 1 anglesa ,...,ay_; (i.e., for the flexible
that the bond lengths, bond angles, and dihedral angles arfodel o include dihedral and bond angjebave already
uncorrelategione can carry out the integration over the bondbeen determined:; these angles and the related strughee
lengths and bond angles, and the remaining integral becomggisy are kept constant, and, should be defined with the
a function of the Bl dihedral angles d).*>**** For our  exact TP density(ay|ay_ ;- ay),

flexible model, the Bl bond angles and their Jacobian are

also considered. An expression for the partition function thap( a1 ay)

with small modification suits the two models is = Ziud @ @) Ziurd @1+ @1) e, (5)

z':Dz:Df exp{—E([ay])/KgT}day--dagy, (1)  where dey is a small segment centered ai,, and
Qo Zi (o -+ aq) is a future partition function defined over the
where[ @, ]=[ay,....ay]. For the rigid model the prefactor helical region€, by integrating over the future conforma-
D is a product of) and the integral over the bond lengths andtions defined byay. ;---dagy (within o) where the past
bond angles, and the integration in Efj is carried out only ~ @ngles,a;---ay, are held fixed,

over the N dihedral anglesy, (i.e., 3N replaces 6l). D Zrourd @ o)
depends on the absolute temperaflignd the units in which ~ ~™uture: ks ™1

the bond lengths and bond angles are expressed. For the

flexible modela, denotes the dihedral and bond angles, and  — L)O exp—[E(aen,...ar)/kgT]day, 1 - -daey . (6)
the integration is carried out over all of themNp. D is a

product ofJ of the bond lengths and the integral over theseThe probability density of the entire conformation is

variables. The JacobigrI, sin(g,)] of the bond anglesé, 6N
that should appear under the integral is omitted for simplic- — p8( g, ...,a1)= L p(ay|ax 1 ay). (7)
ity. For calculatingAS;,, and AF,,, of two wide mi- k=1

crostates of the same molecule Drcancels and can be ig- so defi . . d .
nored(notice, however, thab contributes to the absoluie ~ ON€ €an also define an approximate scanning procedure in

andS). For these models the Boltzmann probability density'Vhich only partial future based drfuture angles is scanned,
corresponding t& [Eq. (1)] is i.e., the integration in Eq6) is carried out with respect to

day, 1 -das, wheref <6N. The approximation introduced

p°([ar])=exp{ —E([a\])/ksT}/Z, (2)  can be removed by importance sampling, which will not be
and the exact entropgand exact free energy (defined up ~ discussed herge.g., see discussion in Ref. 37 for self-
to an additive constahare avoiding walks on a lattioe
The exact scanning method is equivalent to the MC and
S=—k B In oB deaee-- 3 MD procedures in the sense that large samples generated by
Bf Op (Lendinp™Lencl)day - agy ® all these methods lead to the same averages and fluctuations

within the statistical errors. Thus, one can assume that a
given MC sample has rather been generated by the exact

_ B B scanning method, which enables one to reconstruct each con-
F= fﬂop ([ DIE(Le]) + kT In p*([ax]) Jday- - aen - formation by calculating the TP densities thtpothetically

(4)  Wwere used to create it step-by-step. This idea can be imple-

mented in two different ways, by the LS and HS methods.
However, an exact reconstruction of the TEs|. (5)] is fea-
sible only for a very small peptide. Therefore, calculation of
) . future partition function$Eq. (6)] has been carried out thus
This means that the free energy can be obtained faom far only approximately by both the HS and LS methods. As

single conformation if its energy and Boltzmann probability d .
. . .described later, the HSMC method enables one to scan the
density are known. Using the HSMC method, we shall esti-, !

. future partially as well axompletely Because some ele-
”.‘ate the free energy of the rigid model pf (Gly)irom .. ments of the LS method are implemented within the frame-
single structures. Notice that for an approximate probabilit

y . .
density the fluctuation is finite and it is expected to decreasgvOrk of the HSMC method we describe the LS method first.

as the approximation improveég:*%3*

and

It is easy to show that the fluctuatidstandard deviation
og, of F is zero, because the integrand([ «])
+KkgT In pB( o ])=—kTIn Z=F, is constant for any séix,].

) ) D. The LS method
C. Exact and approximate scanning procedures

In the first step the MC sampléf a given wide mi-
‘crostate is visited and the variability ranga «y is calcu-
lated, whereay are the dihedral and bond anglessi
<6N (in the case of constant bond angles only tihedhe-
dral angles are considepeld—2227:28

The exactscanning method is a step-by-step construc
tion procedure for a peptid&:” Thus, anN-residue confor-
mation of polyglycine in the helical region()y), for ex-
ample, is built by defining the angles, step-by-step with
transition probabilitie$TPs and adding the related atorffs;
for example, the angle> determines the coordinates of the A o= o (max) — ey (min), 8
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where a (max) and a,(min) are the maximum and mini- 1 12

mum values ofay found in the sample, respectively. Next, op= -> [FA—E,—kgTInpy(b,1)]?| . (14
the ranges\ ay are divided intd equal segments, whetés =1

the discretization parameter. We denote these segments ltyshould be noted that Eq$12)—(14) also hold for the
vk, (vx=1]). Thus, an angle, is now represented by the HSMC procedures described later, wheid,|) is replaced
segmenty, to which it belongs and a conformatioris ex- by p"S,

pressed by the corresponding vector of segments The LS method can be applied to any chain flexibility,
[v1(i),v2(1),....ven(i)]. Under this discretization approxi- i.e., it is not limited to harmonic or quasiharmonic
mation p(a,|ay_1-*@;) can be estimated by fluctuations?®39333438 Thys, free energy differences be-
tween wide microstates with significant structural differences
can be calculated, which is a difficult task with methods
X[Aa /11}, 9 based on thermodynamic integration.

pla a1 a)=n(v, - v){n(vq1,...,v1)

wheren(wy,...,v;) is the number of times thécal state
[i.e., the partial vectory,,...,v;) representing ¢, ...,aq)] )
appears in the sample. Because the number of local stat€sApproximate HS method

increases exponentially witk one has to resort to approxi- As discussed in Sec. Il C, the idea of the HS method is to
mations based on smaller local states that consistg @hd  reconstruct each sample conformation step-by-step obtaining
the b angles preceding it along the chain, i.e., the vectokhe TP density of each, [Eq. (5)] by calculating the future
(k. Vk-1,---Vk-b); b is called the correlation parameter. partition functionsZge [Eq. (6)]. However, a systematic
The sample is visited for the second time and for a gilen integration ofZ;,,,. based on theompletefuture within the
one  calculates the  number  of  occurrencesimits of (), is difficult and becomes impractical for a large
N(vk,vk-1,..-vk-p) Of all the local states from which a set peptide where), is unknown; therefore, thus far, HS was
of transition probabilitiesp(vy|v-1,....vx-p) are defined. applied to self-avoiding walkéSAWS) on a lattice, where
The sample is then visited for the third time and for eachQ0 is the entire space ari},, is calculated approximately
memberi of the sample one determines thbl ocal states by enumerating only future SAWs of steps (i.e.,
and the corresponding transition probabilities, whose produc&k,._akﬂ_l), rather than the whole future dfl—k+1
defines arepproximateprobability densityp;(b,) for con-  steps?4=®The approximate HS method was also applied to
formationi the freely-jointed chairi.

6N

pib.=11 p(rdrcs, .. me)l (e, (10
- F. The HSMC method
the larger areb and | the better the approximatioffor
enough statistigs p;(b,l) allows defining an approximate
entropy and free energy function&®® and F”, which con-
stitute rigorous upper and lower bounds for the correct val-
ues, respectivel§t

The idea of the complete HSMC method is to obtain the
TPs[Eq. (5)] from MC simulations of the future part of the
chain rather than by evaluating the integrals defirdg, .
[Eq. (6)]. Thus, at reconstruction stégof conformationi the
TP densityp(a,|ay_ 1 - a;) is calculated frorm; MC steps

A 8 (trials),'® where theentire future of the peptide can move by
S'= _ka p-Inp(b,hday- - agy (1) changing the future angleg,,...,agy While the angles
aq,...,ax_1 and their related atom&lefining the pagtare
kept fixed at their values in conformationA small segment
FA(b,)=(E)-TS" (bin) S« [see also Eq(5)] is centered aty, and the number
of MC visits to this bin during the simulatiom,s;;, is cal-

=<E>+kBTf PPl p(b,N]day gy, (12) culated; one obtains,
pla] ag—1 - a1) ~nysp/[Neda], (15

where the relation becomes exact for very langén;— =)
rf'amd a very small bin §ay—0) (see discussion in Ref. 10
The product of these TP densities leads to the probability
density of the entire chaifEq. (7)]. Notice that unlike the
deterministic calculation oZ,e [EQ. (6)], where the limits
_ kg n of ), are in practice unknown, with the complete HSMC
Sh=— th‘l In py(b,1). (13)  procedure, the future structures generated by MC at each step
- k remain in general within the limits of the wide microstate
As discussed in Sec. 11 B/1%3%the fluctuationstandard de-  (, defined by the analyzed MC sample. In some cases, how-
viation) o of the correct free energy is zero, while the ap-ever, the future samples were found to escape from this re-
proximate FA has finite fluctuationg, (estimated byo,), gion; therefore, before applying the HSMC method, the LS
which is expected to decrease as the approximation immethod is applied to the analyzed sample and dp@min)
proves, and a,(max) valuegEq. (8)] are calculated; they are then

and

where(E) is the Boltzmann average of the potential energy,
estimated from the MC sample ap8l [Eq. (2)] is the Boltz-
mann probability density with which the sample has bee
generatedS" is estimated from a Boltzmann sample of size
n by S*,
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used to keep the future structures witlidg by rejecting MC With values for bothF” and FB, their averageF",
moves with angle values beyond those @f(min) and defined by
a(max). FM=(FA+FB)/2, (19

While complete HSMC considers the entire future, in
practice p(ay|ayx_1 @) [Eq. (15)] will be somewhat ap- often becomes a better approximation than either of them
proximate due to insufficient future samplirtfinite n¢), a  individually. This is provided that their deviations frof(in
relatively large bin sizeSay, an imperfect random number magnitudé¢ are approximately equal, and that the statistical
generator, etc. Therefore, the corresponding probability dererror in FB is not too large. Typically, several improving
sity {approximating p? [Eq. (7)]} will be denoted by approximations foF”, FB andFM are calculated and their
p™([«]), which defines approximate entropy and free en-convergence enables one to determine the correct free energy
ergy functionals,S* and F#, where p"S([«,]) replacing  with high accuracy.

p(b,1) in Egs.(11) and (12), respectively.S* and FA are It should be pointed out that the probability distribution
expected to overestimate and underestimate, respectively thiefined by HSMC is stochastic as compared to the determin-
correct values, where the fluctuation Bf', o, [Eq. (14)] istic distribution (for a given sampleobtained by the LS
does not vanish, but decreases as the approximation inmethod and the deterministic HS method. In Ref. 10 we have
proves, i.e., a®; increases and/of« decreases. proven that the inequalitigs®<F<F?® hold for the stochas-

We shall also study a version of HSMC that was origi- tic probabilities as well. We have also shown there that one
nally applied to argofi,where onlyf future angles are simu- can calculateF® and F® from a sample generated hy
lated by MC during the reconstruction procedure; the correHSMC reconstructions of aingle conformation and applied
sponding probability density will be denoted by this to configurations of argon and TIP3P water molecules;
p™S([@],f). Obviously, this method unlike complete this will be checked for polyglycine as well.

HSMC is always approximate even for very large and
very smallSay and therefore will be called heepproximate

HSMC. H. Exact expression for the free energy
As shown for fluids in Ref. 10, the denominatorfef in
G. Upper bounds for the free energy Eqg. (17) defines an exact expression for the partition func-

t. ’
In addition toFA(p"S([ a,])) [Eq. (12)], which in prac- "

tice is a lower bound, one can define another approximate 1 1 B( S/ B[ g
free energy functional denotdef,? 777 Qop (p™p7)[day]
B_ HS HS
F —Llop ([ DIE+KgT In p™([ay])Jday - dagy - :fﬂ pB(pMSexd ElkgT])[dey]
(16) ’
According to the f_ree energy minimum _princid%FBzF :f pB ex FMS/kg T day] (19)
[Eq. (4)]. Thus,FB is an upper bound which approaches the Qq

correct free energys, whenpS— pB [Eq. (2)]. It should be
noted, however, that the above inequality is rigorously satis
fied for complete HSMC while foapproximateHSMC it can
only be provef that FE=F”. However, in several applica- 5 1

tions of the HS method the relatid=F was found to hold F=ksT '”(z) =kgTIn
where only partial future was considered; this can be verified

if FB decreases systematically as the approximation is im- (20)
proved(e.g., adf is increasel It is necessary to rewrite Eq. Where [day]=day--dagy and F"kgT=E[a]/ksT
(16) such thatF® can be estimated by importance sampling“Lln P aud.

and anexactexpression for the correct free energy de-
noted byFP is

| oo extFr T e
Qg

from a (Boltzmann sample of configurations generated with !N practice, the efficiency of estimatirigby FP depends
pB (rather tharp™S). It has been shown that on the fluctuation of .thIS statistical average, whlgh is deter-
mined by the fluctuation df ™S exponentiated. Obviously, as
. Ja,p°Llp" expE/kgT)(E+kgT In p"9)]day - dagy FHS— F (i.e., p"®— pB) all fluctuations become zero aid
FB=

can be obtained from a single configurati@®e discussion

following Eq. (4) and Ref. 10. Therefore(as for FB), the
(17 direct calculation of throughFP will not be as statistically

In practiceF® is estimated as the ratio of simple arithmetic reliable as the corresponding calculation for the lower bound

averages, which are accumulated for each of the quantities iestimate,F*; however,FP is expected to be more statisti-

the brackets in Eq7). It should be noted, however, that the cally reliable thanF® which is defined as a ratio of two

statistical reliability of this estimatiofunlike the estimation summations similar to that definirfP. It should be noticed

of FA) decreases sharply with increasing system size, bethat for approximate HSMC, wherffeis small pS might be

cause the overlap between the probability distributipAs  defined over a region in conformational space that is larger

and p"'S decreases exponentiallgee discussion in Ref. 22 than(; in this caseFP is not exact.

Ja,p°Lp" expElkgT)]day - dagy
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TABLE I. The differencegin deg between the minimum and maximum values of the dihedral angles8)]
of (Gly),, for the rigid and flexible models in six MC samplés.

Extended Helix Hairpin
No. Ao Ay Aw A Ay Aw Ao Ay Aw
1 47 53 142 117 23 25 43 43 48 117 23 40 35 49 57 114 21 35
2 61 68 55 49 23 26 20 38 43 45 21 25 37 78 30 52 21 28
3 57 72 43 59 23 28 28 32 33 54 22 28 37 60 36 42 26 28
4 68 70 51 60 26 31 22 36 25 55 21 26 54 55 89 30 21 27
5 58 66 46 59 25 28 30 67 35 59 19 28 59 26 65 77 24 31
6 68 89 46 52 24 32 25 33 29 61 20 26 31 100 27 54 18 26
7 61 66 45 52 23 23 22 34 46 50 16 31 30 80 43 40 32 30
8 66 62 42 51 25 25 27 40 34 44 19 24 39 41 31 40 22 26
9 60 77 54 48 25 25 30 42 48 39 19 28 41 53 37 53 23 30
10 65 63 47 52 26 28 49 63 360 47 26 27 56 66 32 41 28 25

8 or each angle, the first and second entries are for the rigid and flexible models, based on samples of 700 and
600 conformations, respectively.

I. The quasiharmonic approximation scribed above but with an additional restriction that is aimed
With the quasiharmonic approximatfr® the entropy. at keeping these samples within the corresponding mi-
I " crostates. Thus, if an angle, of a trial set of dihedral is

Son is given by,

H ’ larger thana,(max) or smaller thany,(min) it is rejected;
Son=(1/2)6Nkg+ (1/2)kg In[(27)*No], (21)  we shall refer to this restriction afe geometrical restric-
where o is the determinant of the covariance matrix of the ion- Results were calculated with complete HSMC method

6N dihedral and bond angles. For the model with constan{@S in Ref. 11 and also with the approximate HSMC proce-
bond angles B replaces 6 and the matrix is correspond- dure based on partial futures b3 and 4 dihedral angles.
ingly smaller. The TPs and their produgs/™® [Egs.(7) and (15)] were

calculated by reconstructing each conformation step-by-step
with MC simulations of the future part, where the geometri-
cal restriction described above is applied as well. To check
A. The rigid model of (Gly)q, the convergence of the results they were calculated for four
future sample sizes,n;=20000, 40000, 80000, and
160 000, generated by retaining a conformation every 10 MC

In Ref. 11 we have already studied (Glyith constant  steps, and for four bin sizesi=A«,/15, Aa, /10, A /5,
bond angles in three wide microstates, helix, hairpin, anchnd 20° centered at, (i.e., a,* 6/2). Notice that as for the
extended. Samples of these wide microstates were generateg method, the bin size is proportional Aay, . If the counts
by the Metropolis MC procedut® at 100 K where a trial of the smallest bin are smaller than 50 the bin size is in-
structure is obtained by randomly changing all the 30 dihecreased to the next size, and if necessary to the next one
dral angles, each within=1° of its current value. These (§=Aa,/5); the same is applied to the second size bin. In
simulations were started from helical, extended, and hairpiihe case of zero counts,s;; is taken to be 1; notice, how-
structures obtained by minimizing the energy of the correever that zero counts is a very rare event.
sponding structuresg, = = —55°, and w,=180°, ¢,
= .= w=180°, and two extended strands of four residues
connected by a typée furn. The first 5000 steps were used 2 [esults for the entropy
for equilibration and then 50 000 MC steps were carried out  Results for the entropyTS) appear in Table Il for vari-
for each microstate where after every 100 steps the curremusn; values but only for two bin sizes, which is, however,
structure was retained for future analysis; in this way threesufficient for checking convergence. All the HSMC results
equal samples of 500 structures were generated. It should lage based on samples of 700 structures and the statistical
pointed out that preliminary simulations at 300 K resulted inerrors were obtained from the fluctuations and results ob-
unstable samples.e., the structures escaped from their widetained for partial samples. The accuracy of HSMC can al-
microstatey therefore, the temperature was decreased to 10@ays be improved by decreasing the bin size and increasing
K, where the helix and extended simulations were found tdhe future sample size, meaning that correspondingly
be very stable, while the hairpin sample remained stable onlg*(p"') [Eq.(11)] is expected to decreaferovided thap"S
up to the first 50 000 MC steps. The corresponding, val-  is defined on the same conformational spéce, the wide
ues[Eq. (8)] are relatively smallsee Table)l, representing microstate that was generated by the MC simulation. In-
relatively concentrated samples. Notice, however, that due tdeed, for each bin the entropy decrea@semain constant
correlations each wide microstate is significantly smallerasn; increases, where the only exception is the entropy for
than the corresponding regiofia; X A ay X« -+ X Aagg. the helix based on the smallest samplgs 20 000, which is

In the present study each of these samples was increasstightly smaller than the entropies of the larger samples; this
to 700 conformations, using the same MC procedure deprobably stems from a HSMC probability density that is de-

Ill. RESULTS AND DISCUSSION

1. Simulation and computational details
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TABLE II. Entropy TS'(T=100K) in kcal/mol[Eq. (1D)] for the rigid  fields, entropy and free energy differences smaller than 0.1

m‘;ﬁ:e‘g ﬁr{)tﬁgolz"sa,\;'g“; Zﬂjézfoﬁ'fgﬁgiri”:g;:g;?;;?;ﬁg SIize8¢,  kcal/mol are in general ignored; therefore, even the helix
' results can be considered as converged. Notice thaf the

Bin size Ny Extended Helix Hairpin =4 results constitute a very good approximation as they are

t—onfire future larger than the results fd=[entire futurg only by 0.06 kcal/
A /10 20000 20.235) 16.06(3) 18.18(7) mol, while the f=3 results deviate more significantly by
Ae, /10 40 000 20.104) 16.13(2) 18.06(8) ~0.22 kcal/mol.
Aa, /10 80 000 20.022) 16.14(2) 17.9(1) Unlike the helix, results for the hairpin pertaining to the
AeyJ10 160000 19.9%9) 16.15(2) 17.8(2) samen; in the two bins are equal, meaning that smaller bins
ﬁzkﬁg 4218 888 ;giéﬁ; ig'ggg ig'égg are not required. However, fde=[entire futurd the results
AatllS 80 000 20.022) 16.08(2) 17.9(1) for a given bin decrease as increases with relatively large
Aay/15 160 000 19.993) 16.09(2) 17.8(2) statistical errors such that 17(®) and 17.8(2) obtained for

_ n{=80000 and 160 000, respectively, can be considered as

f=4 dihedrals . .
Aay/10 20000 20.203) 16.102) 18.4(2) equal. For t_he a}pprOX|mat|orf$4 and 3 the entropy con-
A /10 40 000 20.085) 16.18(2) 18.4(4) verges, again with large statistical errors of up to 0.4 and 0.2
Ay /10 80 000 20.013) 16.19(2) 18.4(4) kcal/mol, respectively. These inferior results of the hairpin
A 10 160000 19.972) 16.19(2) 18.4(4) stem from the maximal range of interactions characterize this
Aad15 20000 20.194) 16.03(2) 18.3(3) structure, where the first and last residues are in closed prox-
A /15 40 000 20.085) 16.12(2) 18.4(3) o .
Aey/15 80 000 20.014) 16.14(2) 18.4(4) imity. Correspondingly, the best results fo=4 and 3 are

AaJ15 160 000 19.972) 16.13(2) 18.4(4) higher(by 0.6 and 0.7 kcal/mol, respectivglihan those ob-
tained forf=[entire futurd. Therefore, such approximations

f=23 dihedrals : :
Aa 10 20000 20.186) 16.27(5) 18.7(2 are sun.able for structures based on short or medium range
A /10 40000 20.106) 16.39(5) 18.6(2) mterac.tlons apd shopld be used with caution when long-
A /10 80 000 20.014) 16.38(5) 18.6(2) range interactions exist.
Aa, /10 160 000 19.983) 16.37(7) 18.5(2) It is of interest to compare the HSMC results to those
A 15 20000 20.166) 16.20(5) 18.6(2) obtained by other methods. For that we increased the
Aard15 40000 20.0%6) 16.34(6) 18.6(2) samples of the three wide microstates from 500 to 30000
Ay /15 80 000 20.014) 16.33(7) 18.6(2) . . ) .
Aa,15 160 000 19.98) 16.32(8) 18.5(2) structures by imposing the geometrical restricticglated to
TSon 19.86(4) 16.15(3) 17.79(4) Aa,) on the MC procedure. We applied the quasiharmonic
TS's 19.98(3) 17.50(3) 19.29(3) (QH) approximatio”r®*° to a subsample of 8000. We also

A o, is defined in Eq(8). The HSMC results are based on a sample of 700 appl|ed the LS methofvith correlation parameteb,= 1 and

conformationsf is the number of dihedral angles considered in the future! = 10) to the entire increased sample. The QH results pre-
MC sampling. The statistical errors are given in parentheses, e.g., 19.96ented in Table |l are very close to the complete HSMC

(3)=19.96+0.03. Sy is the quasiharmonic entropiEq. (21)] and Sis  values (i.e., f=[entire futurd), probably because the three
[Egs.(11) and(13)] ig the ]ocal stateél.S) entropy obtained fob=1 and samples are approximately quasi-harmonic. The LS and
=10. The entropy is defined up to an additive constant HSMC entropies are equal for the extended microstate be-
cause the angular correlations along the chain are short and
b=1 already captures most of them. On the other hand, the
range of these correlations increases for the helix and the
hairpin, and the LS entropies, as expected, become slightly
larger (upper boundsthan the HSMC values.

fined on only a partial region of the helical wide microstate
due to insufficient sampling, i.e., the bin is overpopulated.
The entropy for the extended microstate is shown to con
verge, where its values far;=80 000 and 160000 are the
same within the error bars fall the approximationgi.e.,
f=[entire futurd, f =4 and 3 and for the two bin sizes. This
perfect convergencghat also includes the not-shown results In Table Il HSMC results are presented for the free
for the approximations =2 andA«,/5) reflects the short- energy functionalF*(p"°) [Eq. (12)], F®, [Egs. (16) and
range angular correlations characterizing an extended stru¢t7)], FM [Eq. (18)], andFP [Eq. (20)] obtained for the rigid
ture. In other words, for the extended microstate the approximodel of (Gly),, for f=[entire futurd, f=4 and 3. These
mation based om;=80000,f=2, andA«,/5 leads to the results are given only for the smallest bin, becat8ealues
exact result within the statistical errors. for the bin, A« /10 can be obtained from the entropies of
The range of interactions in a helix is larger than in theTable Il and the energies provided in the bottom of Table III.
extended structure due to the 1—-4 hydrogen bonds, which i&lso, we have checked that the results F&t in bin A, /10
reflected in a less than perfect convergence, and an increakave the expected trend, i.e., they decreasa;dacreases
(even though not largein the entropy values abis de- and their values are not smaller than those of B, /15
creased, i.e., as the approximation worsens. Thus, for eachithin the statistical errorst” follows the trends ofs* in
bin the results are the same for the three largestalues, Table Il, i.e., in general it increases as the approximation
while they decreasémprove slightly by 0.06 kcal/mol with  improves besides for the cases whsféncreases or remains
decreasing the bin size and probably are not yet completelgonstant, as discussed in Sec. Il A2; in particular, for the
converged. However, this difference is smaller than the staapproximationsf=4 and 3 of the hairpin the tendencies of
tistical errors, and within the accuracy of the usual forcethe F results cannot be observed due to large statistical

3. Results for the free energy

Downloaded 23 Jan 2005 to 136.142.92.42. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054903-8 S. Cheluvaraja and H. Meirovitch J. Chem. Phys. 122, 054903 (2005)

TABLE Ill. HSMC results for various free energy functionals obtained for the rigid model of ¢&Iy)

Extended Helix Hairpin
HSMC/n; -FA —-FB T —FA —FB T —FA —-F8 oa
f=entire future
20 000 74.763) 73.50(7) 0.62(2) 98.49(2) 97.1(2) 0.46(2) 84.59(4) 82.8(2) 0.84(1)
40 000 74.653) 73.98(5) 0.40(2) 98.58(2) 97.6(2) 0.30(4) 84.49(3) 83.2(4) 0.64(3)
80 000 74.573) 74.20(4) 0.25(2) 98.59(1) 97.9(2) 0.21(4) 84.33(3) 83.4(4) 0.44(3)
160 000 74.542) 74.35(3) 0.17(2) 98.60(1) 98.0(2) 0.17(1) 84.25(3) 83.4(4) 0.33(3)
—FP —FM 74.46(2) 74.45(3) 98.39(8) 98.3(1) 83.9(1) 83.8(2)
f=4 dihedrals
20000 74.744) 73.50(8) 0.60(2) 98.54(2) 96.9(4) 0.48(3) 84.8(4) 83.0(9) 0.79(3)
40 000 74.634) 74.07(5) 0.40(2) 98.63(2) 97.8(2) 0.32(4) 84.9(4) 83.1(4) 0.67(3)
80000 74.563) 74.23(5) 0.25(2) 98.64(2) 97.8(2) 0.25(4) 84.9(4) 83.7(4) 0.61(3)
160 000 74.522) 74.35(4) 0.16(2) 98.64(2) 97.8(2) 0.21(4) 84.9(4) 83.8(4) 0.59(4)
—FP —FM 74.32(2) 74.43(3) 98.24(8) 98.2(1) 83.9(1) 84.2(4)
f=23 dihedrals
20000 74.715) 73.3(1) 0.59(2) 98.71(2) 96.7(5) 0.55(2) 85.1(4) 82.9(9) 1.09(6)
40 000 74.644) 74.00(6) 0.42(2) 98.84(3) 97.5(3) 0.43(1) 85.1(4) 83.2(4) 1.01(4)
80 000 74.563) 74.09(5) 0.26(2) 98.83(4) 98.0(2) 0.36(4) 85.0(4) 83.1(4) 0.91(3)
160 000 74.532) 74.36(3) 0.17(2) 98.83(5) 98.1(2) 0.32(1) 85.0(4) 83.2(4) 0.82(1)
—FP —FM 74.32(2) 74.45(3) 98.30(7) 98.5(1) 83.8(1) 84.1(4)
Single conformationsf=entire future
Conf. 1 74.532) 74.43(5) 0.135(2) 98.65(2) 98.61(2) 0.088(2) 84.31(4) 84.0(2) 0.318(3)
Conf. 2 74.532) 74.45(5) 0.124(2) 98.52(2) 98.49(2) 0.071(2) 84.12(4) 83.9(2) 0.205(3)
QH and LS methods
—Fon 74.50(4) 98.72(5) 84.66(4)
—Fis 74.68(1) 100.08(1) 86.14(1)
-Energy 54.552) 0.72(2) 82.51(3) 0.77(4) 66.44(8) 0.67(5)

3FA [Eq. (12)] and FB [Egs. (16) and (17)] are lower and upper bounds of the free energy, respectivelygari@Eq. (14)] is the fluctuation offA. These
HSMC results were obtained from samples of 700 conformations for three approximations defined by the hofmfioéure dihedral angles considered.
These results are presented only for the smallest bin 8izé , /15, but for all future sample sizeg . The results foF™ [Eq. (18)]—the average oF*
andF®, and forFP [Eqg. (20)]—the exact free energy functional, are calculateddferA e,/15 andn; =160 000 onlyF o [Eq. (21)] andF s [Eq. (12)] are

free energies obtained by the quasiharmonic approximation and the local states method, respectively, and are based on largeesaxipEse average
energies of the HSMC samples appear in the bottom row. All free eng@fids=100 K) are in kcal/mol and are defined up to an additive constant. The
statistical error is defined in the caption of Table II.

errors. The fluctuations df”, o5, as expected, always de- F® is shown to decrease monotonically msis increased,
crease as the approximation improves, i.e., as the bin size with errors that are significantly larger than those obtained
decreasednot shown and n; is increased. Fof=[entire  for the extended microstate, and large(0.6 kcal/mo}) with
future] andny= 160000 o4 is smaller than the energy fluc- a higher error bars. Again, for eagéhthe F® results for the
tuations(that are also providgdoy 4.2, 4.5, and 2 for the bin A «,/10 (not shown are comparable to the corresponding
extended, helix, and hairpin, respectively, where for the exresults of Table Ill. For the hairpin—the most difficult struc-
tended microstate this ratio holds also fer4 and 3. For the ture to handle-~B behaves as an upper bound only for
helix and hairpin, on the other hand, increases a$ is  f=[entire futurd, the best approximation, and the statistical
decreaseddue to the worsening approximatipand the cor-  errors are larger than those obtained for the helix and ex-
responding ratios for the best resultsfef3 decrease to 2.4 tended microstates.
and 0.8. For n;=160 000 of the three approximatiorfs;[entire

Of special interest are the results f62, which for  future], f=4, and 3, we have calculated results Ft [Eq.
f=[entire futurg are expected to provide an upper bound,(20)], and for comparison also f&" [Eq. (18)], the average
while for a partial future scanning can only be shown toof F* andF&. Forf=[entire futurg the F° results are equal
overestimaté=”. For the extended microstate tR€ values  within the error bars to the correspondiRd' values. These
decrease systematically agis increasedeven forf=4 and  results forFP are considered to be exact within the error
3) meaning that they are upper bounds. The best results d&ars. For the helix and hairpin, tfe results forf=4 and 3
viate by A=FB—FA=—74.35+74.54=0.19 kcal/mol. The are equal to those df=[entire futurd within relatively large
FB results for the larger binA «,/10 (not shown are com- statistical errors and they are close to tHelt counterparts;
parable to the corresponding values for the smallest bimo change oFM for differentf can be observed due again to
(A /15) presented in Table Ill. A similar behavior Bf is  large statistical errors. However, the errors for the extended
observed also for a partial future sampling basedf er2 results forf =4 and 3 are small, which allows detecting ten-
(results not shown For each approximatioh of the helix,  dencies ofFP. Thus, forf=4 and 3F°=—74.32 is slightly
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larger than FB=—-74.35 and FP=—74.46 obtained for TABLE IV. Differences in the entropyTAS?, the free energyA F* and the

f=[entire future]. energy,AaE, between the three wide microstatélsese properties are de-
In accordance with the entropy, the QH results slightlynmedR)'

underestimate thEP values forf=[entire futurd, where the TASA AFA AE

deviation increases in going from the extended to the helix (Gly) o T —entire future

and to the hairpinwith deviation of 0.8 kcal/mol for the R(extended)R(hairpin) 10 22(2) 9.7(1) 11.9(1)

latten). The LS result for the extended microstate is lower byr(extended)R(helix) 3.9(1) 24.1(1) 27.95(6)

0.22 kcal/mol than th&P value and this deviation increases R(hairpin)-R(helix) 1.7(2) 14.3(1) 16.1(2)

to 1.7 and 2.2 kcal/mol for the helix and hairpin, respec- (Gly) o f—4 dihedrals

tively, due to increase in correlations. Notice, however, thak eyiended)r(hairpin) 1.6(3) 103(2) 11.9(1)

part of the above deviations stem from the energy cOmpor(extended)R(helix) 3.8(1) 24.1(1) 27.95(6)

nents ofF oy and F g that are calculated from much larger R(hairpin)-R(helix) 2.3(3) 13.8(2) 16.1(1)

samples than the sample size of 700 used for calcul#&thg (Gly)1of =3 dihedrals
R(extended)R(hairpin) 1.5(1) 10.4(2) 11.9(1)

4. Reconstructions of single conformations R(extended)R(helix) 3.7(1) 24.3(1)  27.95(6)
R(hairpin)-R(helix) 2.2(2) 13.9(2) 16.1(1)

As in Ref. 10, we demonstrate here that the free energy

(but not the entropyfunctionals can be obtained by carrying (Gly) s T =entire future

; . : R(extended)R(hairpi 6.2(3 36.5(3 42.7(4
out n reconstructions of a single conformatidrather than Rggitgzdgd;REhZ:;f;n) 7.122; 55.78 62.923;
one reconstruction for each of different conformations  R(hairpin)-R(helix) 1.6(2) 19.2(2) 20.1(3)

Thus, from the sample of each microstate we have chosen

two conformations with energies within a 0.5 kcal/mol of the (GIY) 1 flexible modelf=entire future

. R(extended)R(hairpin) 3.0(3 20.1(3) 23.1(3)
average energy obtained from the sample of 700 conformag eytended)R(helix) 40(3) 36.1(3) 40.2(2)
tions (which appear in the bottom of Table JlEach of these  R(hairpin)-R(helix) 1.0(2 16.0(2) 17.0(2)

conformations was then reconstructeer 100 times using — o ot for the rigid madenstant bond
— H A B . € Tour sets of results al e top are Tor the rigia m Stant bon

f [entlre fUt_uré' Indeed, the results fdf™ andF Obtame_d lengths and bond anglgshe set at the bottom is for the flexible model.
for this relatively smalh are ?—lready C|0_S€ to th_ose obtained These HSMC resultéobtained aff = 100 K) are in kcal/mol. The statistical
from the whole sample of size 700 usifig[entire futurd, error is defined in Table II.

where the results foF® and the fluctuations are systemati-

cally lower than those obtained for the whole sample based
on f=[entire futurd. For the three configurations defined asand 27.95 kcal/mol, where tfieA S* values are only 1.7 and

conf. 2 in Table Ill we also calculateBP® and obtained 3.9 kcal/mol, respectively. We have also calculated the val-
—74.49 (3), —98.51 (3), and —84.03 (4) kcal/mol for the Ues of AFP and estimated their errors from differences cal-
extended, helix, and hairpin, respectively, which are equagulated for samples of increasing size and obtained B.5
within the error bars to thé&P results obtained from the 23.9(1), and 14.5(2) kcal/mol, which are equal within the
whole samples of 700 conformations usig entire futurg; error bars to the corresponding values those in Table IV.
this constitutes another check for the reliability of the single ~ As expectedsee discussion for Table)lfor f=4 and 3
conformations results. As discussed in Ref. 10, the ability tdhe entropy differenceéhenceAF*) between the helix and
obtain the free energy from a single structure will be usefuextended microstates are equal within the error bars to the
when extremely small samples are available for analysis. Vvalue obtained witt=[entire futurd. However, theS" re-
sults for the hairpin increase in going from[entire futurg
to f=4 and 3(see Table I, hence the corresponding values
of AS* and AFA in Table IV involving the hairpin differ
The main interest in this study is to determine the relafrom those obtained foi=[entire futurd. This demonstrates
tive stability of the three wide microstates. In the upper partshat for a partial future sampling to be reliable the valué of
of Table IV we present results for the differencd®S",  should cover the range of correlations along the chain, which
AF”, andAE between the helix, extended, and hairpin mi- in the case of the hairpin include the entire chain; therefore,

crostates for the rigid model of (Ghy. For f=[entire fu-  for the hairpin the larger i§ the better the approximation.
ture] the results are the same as those obtained in Ref. 11

(from a samples of 400 structupeshich demonstrates that
they are statistically reliable. Moreover, within their uncer-
tainty of 0.1-0.2 kcal/mol, the differences are not changed It is of interest to test the performance of HSMC for
also for the three bin sizes, far;=40000-160000, for larger peptides; therefore in Ref. 11 we also applied it to the
samples as small as 200 conformations, and for the helixigid model of (Gly),s. Two samples of size 600 each span-
extended differences also for 100 conformations. This demning the extended and helical wide microstates were gener-
onstrates that in practice HSMC can be quite efficient. Foated by MC[as described for (Gly)], where 400 and 600
the model studied the helix is the most stable, where its freeonformations of them were reconstructed by complete
energy is lower by 14.3 and 24.1 kcal/mol than that of theHSMC, respectively. In the present paper we simulate
hairpin and extended microstates, respectively. These diffe(-Gly) ¢ in the hairpin state, and obtain the entropy from the
ences are mostly governed by the energy differences, 11$ample by reconstructing each of its 600 conformations; we

5. Differences in S and F of the three microstates

B. The rigid model of (Gly) 5
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TABLE V. HSMC results for the upper bound of the entropy,*T&q. (11)] and various free energy functionals for the rigid model of (GJy)

Extended Helix Hairpin
Bin size ng T T T
A /10 20000 32.93) 24.54(4) 25.4(3)
Ay /10 40 000 32.32) 24.73(5) 25.9(2)
A /10 80 000 32.076) 24.74(5) 25.9(2)
A, /10 160 000 31.943) 24.73(5) 25.7(3)
Aoy /15 20000 32.93) 24.50(4) 25.4(3)
Ay /15 40 000 32.42) 24.72(5) 25.9(2)
Aoy /15 80 000 32.087) 24.74(5) 25.9(2)
Ay /15 160 000 31.943) 24.73(5) 25.7(3)
Son 33.20(6) 26.67(3) 27.0(2)
Ss 32.80(4) 26.90(6) 27.62(3)
-FA oa -FA -FB oa -FA —F" oA
Aoy /15 20 000 100.43) 1.28(3) 154.81(3) 152.71(3) 0.69(7) 135.6(2) 132.2(9) 0.9(5)
Ay /15 40 000 99.42) 0.76(5) 155.03(2) 153.13(4) 0.47(6) 136.0(1) 133.7(6) 0.74(7)
A, /15 80 000 99.518) 0.51(6) 155.05(2) 153.60(6) 0.33(4) 136.02(5) 134.7(3) 0.55(7)
Ay /15 160 000 99.374) 0.37(5) 155.03(1) 153.80(8) 0.24(2) 135.90(3) 134.9(3) 0.43(5)
—FP —FM 99.0(1) 98.9(8) 154.6(2) 154.4(5) 135.4(1) 135.4(2)
—Fon 100.73(6) 157.40(4) 137.9(1)
—Fis 100.34(4) 157.60(7) 138.4(1)
-Energy 67.432) 0.94(10) 130.31(8) 1.13(10) 110.2(4) 0.9(2)

3A [Eq. (12)] andFB [Egs.(16) and (17)] are lower and upper bounds of the free energy, respectivelygariéq. (14)] is the fluctuation ofFA. These
completeHSMC results were obtained from samples of 600 conformation$=fpentire futurd. These results are presented only for the smallest bin size,
8=Aa,/15, but for all future sample sizes . The results foFF™ [Eq. (18)]—the average of* andFB, and forFP [Eq. (20)]—the exact free energy
functional, are calculated fo6=A /15 andn¢=160000 only.Fqy [Eq. (21)] and F g [Eq. (12)] are free energies obtained by the quasiharmonic
approximation and the local states method, respectively, and are based on larger $s@epiiext All free energies and TS(at T=100 K) are in kcal/mol

and are defined up to an additive constant. The average energies of the HSMC samples appear in the bottom row. The statistical error is defined in the capti
of Table II.

also provide new results for the extended microstate basdéads to poorly occupied bins. Correspondingly, the results
on an increased sample size of 600. The dihedral angle vafer FA show apparent convergence and thoseR®y while

ues for the helix and extended samples are concentrategkhibiting the expected decreasemsncreases, are not yet
around their canonical values with deviatioig, [Eg. (8)] fully converged, meaning that the correct free energy is lo-
very close to those obtained for (Gly)in Table |, where cated within the rangd=8—F”=1.13 kcal/mol aboveF*,
significant differences exist only faky of the first and last probably close to theF” value. Indeed, the value of
residues; on the other hand, for (Gly}the ) values for the  FP[154.6(2) is slightly smaller than that ofM, the aver-
hairpin are more concentrated than those obtained foage of FB and FA. The fact thatF”+#FP means that both
(Gly)109, where the corresponding ranges &f, for ex-  functionals(or one of them are not yet converged, i.e., the

ample, are 23.5°-70.4° versus 31°-89°. statistical errors are larger than those provided. It should be
noted that the free energy, energy, and entropy per residue
1. Results for the entropy and free energy for the helix of (Gly)s and (Gly), are close.
Results obtained witlfi=[entire futurd for TS®, F4, its For (Gly);¢ the entropy of the extended microstate,

fluctuationo,, FB, FP, andFM appear in Table V, which is Which has shown a perfect convergence for (&y)is con-
structured as a combined Tables Il and Ill. The table revealgerged only with respect to bin size but for each bin the
that in all cases the results far, decrease as the approxi- results decrease as increases and; larger than 160 000 is
mation improves and they are smaller than the correspondingeeded to reach convergence; fgr=320 000 the expected
energy fluctuations by 2.5, 4.7, and 2.1 for the extendedextrapolated result is 7S=31.90, which is used in calculat-
helix, and hairpin microstates, respectively. These ratios foing the differences for (Gly) in Table IV. Also, the results
the helix and hairpin are slightly larger than the correspondfor F& do not decrease systematically with increasimg
ing values for (Gly),, while the ratio for the extended mi- and therefore theyand those fo=") are not presented in
crostate is significantly smaller than 4.2 obtained forTable V. This worsened convergence of the extended results
(Gly)1p. probably stems from the decrease in the stability of the
The TS results for the helixunlike for (Gly),J showa longer molecule, which is reflected by the increase of the
perfect convergence with respect to both bin size apd energy per residue from 5.45 for (Gly)q to —4.2 kcal/mol
[also for the results of bikh @, /5 (not shown] probably due for (Gly)¢. Another measure for the decrease in the accu-
to further stabilization caused by the formation of extra hy-racy of the free energy is the decrease in the rétivergy
drogen bonds, meaning thaf=40 000 is sufficient. Notice fluctuation/o, from 4.2 for (Gly),o to 2.5 for (Gly)s. The
that the smallest TSvalue forn;=20000(and for the hair- FP value, which is expected to be exact, is 0.37 kcal/mol
pin, see below stems from insufficient sampling, which higher than the best” result.
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The energy and entropy (TBper residue of the hairpin  C. (Gly) o with variable bond angles
slightly decreaséby ~0.2 kcal/mo) in going from (Gly),o
to (Gly), Which is in accord with the corresponding de-
crease in theAa, values previously discussed. The TS
(henceF*) results(excluding those fon;= 20 000; see ear-
lier discussion are equal within a relatively large statistical
error, and those oF® show the expected decreasergsis
increased but with statistical errors that are larger than tho
detected folF”, whereFE— F”~1 kcal/mol. For the hairpin

We carried out three MC simulations of (Gly)with
flexible geometry, i.e., the bond angles are allowed to vary in
addition to the dihedral angles, and the total number of vari-
ables is thus 60. The MC simulatioast 100 K) are carried
out as described for the rigid model, but to take into account
the Jacobian, trial bond angles are selected at random within

Sthe range cd#y(K)]= 6, where 6y(k) is the current value of
bond angle&k (k=1,3N) and §=0.001; the chosen cosine val-
FP=F", and they are-0.5 kcal/mol abové-". ues are then translated into bond angles through the arc-

_ 1:‘Sf ex$gcted, fo;. al tmlfrzoslflasti/lscthe lLS resudlmsth(l,dl ._cosine function. MC simulations of the helix, extended, and
N ) for TS overestimate the values, and the devidp i hin microstates have yielded three samples of 600 struc-
tions are~1, 2.2, and 2 kcal/mol for the extended, helix, and

. . . ) : tures each that have been reconstructed by complete HSMC
hairpin microstates, respectively. Notice that as in Ref. 11

. . . and the corresponding entropy and free results are summa-
the LS results of the first two microstates were obtained fro P 9 Py

MC I f510° struct ted with th Mized in Tables IV and VI. Also, some information about
Sampies of structures generated wi € 980" ihese microstates is given in Table | where resultsXar,

metrical restriction, where a conformation was retained ever¥Eq (8)] are presented for the rigid and flexible models

10 tM Ctsteps; the tsa}mpdle size igt(;]iﬂga"tpm 'QTG;‘ wh:re ITable | reveals that for the three microstates Mg, values
a structure was retained every steps. The QH resu tc?f the flexible model are larger in most cases than those of

are also larger than the correspond8fy(HSMC) values by the rigid model, where thd «, values of the bond angles

1.3, 2, and 1.3 kcal/mol, suggesting that anharmonic effectamt shown ran o o : :
S ge from 3° to 13°. While the bending energy
for (Gly), are significantly larger than for (Gly). The QH of the flexible model is positive, the additional degrees of

results for the extended and helix were obtained fromfreedom allow further optimization of the nonbonded inter-

samples of size 16000 and the hairpin from size 32 Oooactions(in particular the hydrogen bond enejgnd the av-

where a structure was retained every 100 MC steps. In ace'rage energies of the helix and hairpin microstates of the

cordance with the entropy, the results fog, and F s un- flexibl | h ianifi v |
~12 kcal
derestimate the HSMC values. Notice, however, that the cor-exlbe model are thus significantly lowdby cal

responding energies are slightly different from those baseg]OD than those of the rigid model. This effect is much less
. for th t i ta
on the HSMC samples of 600 conformations. ronounced for the extended microstéts energy decreases

by ~1.5 kcal/mol only, which lacks hydrogen bonds and its
interactions are of a short-range charadtmmpare the en-
ergy results in Tables Ill and VI

. . 1. Results for the entropy and free energy
2. Differences in S and F

The entropy was calculated without the Jacobian compo-

In Table IV the differencesTAS?, AFA, andAE forthe  nent[II, sin(4)] because to a good approximation, this con-
extended and helix and hairpin microstates are presentddbution is canceled out in differences in entropy and free
with acceptable errors of 0.2—0.3 kcal/nieee previous dis- energy which is our main interest. As discussed earlier for
cussion. We have also calculated the corresponding value$¢Gly) ¢ the increase in the number of variables from 30 for
of AFP and estimated their errors from differences calcu-the rigid model to 60 for the flexible model is expected to
lated for samples of increasing size, obtaining 36(38  increase the total error of the latter accumulated during the
55.60(4), and 19.226) kcal/mol, which are equal to those in reconstruction process. Therefore, it would be required to
Table IV but have smaller statistical errors. It should bedecrease further the smallest bin size used for the rigid
pointed out that the results f& and the energy of the helix model, and the fact that th&«, values are larger for the
and hairpin scale with increasing peptide size, while the enflexible than for the rigid model suggests that the future
ergy of the extended state does not; therefaifg, andAF”  sample sizen;, should be enhanced as well.
do not scale in going from (Gly) to (Gly)4¢. However, for comparison with the rigid model, the en-

In summary, with HSMC calculating the TP density of tropy in Table VI was obtained with the same bin sizes and
each angle involves a certain error and therefore the totai; values that were used for the rigid model and as expected,
error in the entropy is expected to grow with increasing mo-t decreases as the approximation improves. The errors are
lecular size while using the same set of paramdtairssize, larger than those obtained for the rigid model and the con-
n¢, etc). This effect is demonstrated by the worsening re-vergence with respect to bin size and future sampling has not
sults of the extended microstate as the number of variabldseen fully reached. For both bins {8 000—TS(160 000
increases from 30(Gly)o] to 48[ (Gly)qg]. For the helix  ~0.2 kcal/mol, and T&60 000 decreases by0.2 kcal/mol
and hairpin, on the other hand, this effect is compensated by going fromA «,/10 to A «,/15. To check the effect of the
the enhanced stability of these structures due to formation diuture sampling we have carried out limited reconstruction
additional hydrogen bonds; thus, the accuracy of the entropyuns for 100 conformations based ap=40 000-320 000.
for (Gly) ¢ for the hairpin remains approximately the sameFor the helix, hairpin and extended the differences
as for [(Gly)o] and it is even improved slightly for the TS(160000—TS(320000 are 0.04, 0.10, and 0.15 kcal/mol,
helix. respectively, meaning that within our approximation
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TABLE VI. HSMC results for the flexible model of (Glyy.?

Extended Helix Hairpin
Bin size ng M M A
A, /10 20000 30.32) 25.1(1) 26.31(7)
A, /10 40000 29.43) 24.9(1) 26.13(8)
A /10 80000 28.93) 24.7(1) 25.78(5)
Aq /10 160 000 28.13) 24.6(1) 25.58(7)
A /15 20000 30.12) 25.0(2) 26.17(7)
Aa,/15 40 000 29.23) 24.8(1) 26.01(7)
A /15 80000 28.713) 24.6(1) 25.64(5)
Ay /15 160 000 28.%3) 24.4(1) 25.41(7)
Son 30.28(2) 26.65(2) 27.84(3)
Sis 31.9(2) 28.9(2) 30.7(2)
—FA aa —FA aa —FA oA

Ay /15 20000 86.12) 173 121.2(2) 15(2) 105.3(4) 1.6(2
A, /15 40 000 85.22) 1.2(3) 121.0(2) 1.3(2) 105.1(4) 1.4(2)
Ay /15 80000 84.81) 1.0(2) 120.7(2) 1.2(2) 104.8(3) 1.2(2)
Aay /15 160 000 84.61) 0.9(2) 120.6(2) 1.1(1) 104.5(3) 1.1(2)
—FD — M 82.2(7) 82.9(8) 118.7(8) 119.2(7) 102.6(5) 103.2(5)
—Fou 86.84(5) 123.33(2) 107.78(7)
—Fis 88.4(2) 125.6(2) 110.6(2)

-Energy 56.013) 1.0(2) 96.2(3) 1.4(2) 79.1(5) 1.3(2)

3 or explanations, see the caption of Table V. All HSMC results were calculatedwfigmtire futurg.

TS(160000 can already be considered as converged witheter,b=2 and a discretization parametés 15, which de-
respect to future sampling for the first two microstates fine a better approximation than that used$pg in Tables Il
whereas the extended state is expected to converga;for and V.S s, as expected overestimat®sand with the above
=640000. Because we are mainly interested in entropy andpproximation als®q. The QH and LS results for the free
free energy differences, they can be calculated reliably fronenergy constitute lower bounds for the free energy corre-
the data by subtracting 0.1 kcal/mol from the entropy of thesponding to the entropy results.
extended microstate and assuming that the effect of the bin
size is thi same for all microstatésee below. 3. Differences in F and S

TheF” results, as expected, increase monotonically with Results forTAS®, AFA. andAE for the flexible model

increasingn; and they are larger than the corresponding val- )
ues in binAa,/10 (not shown, while the fluctuationsg, appear at the bottom of Table IV. It is shown that the entropy

always decrease with ratidenergy fluctuatiojic, that are differences are close to those obtained for the rigid model,

significantly smaller than those obtained for the rigid modelsWNie the free energy differences involving the extended mi-

indicating a worse approximation for the flexible model. ForCrostate increased significantly due to the significant de-
the helix and hairpinF® decreases with increasing for crease in the energy of the helix and hairpin compared to the

each bin but the corresponding results of iy /10 are rigid model. To further verify the reliability of these differ-
smaller than those of bim e, /15: for the extended mi- ©€nces thatare based 8, we calculated them based &1
crostates even this order within each bin is not satisfieg@nd obtained 201), 36.6(10), and 16.1(3) which are equal
Therefore, we do not provide the results f# in Table V. within relatively large statistical errors to the corresponding

However, we give the results f6t°, which are expected to values in Table V.
be statistically more reliable than those féf, and for com-
parison provide also results {6, based on the best results 1V. SUMMARY AND CONCLUSIONS

A B ; — D
];f,\r,, FandF I ;'e" forhanh16O O?r? Tlh?. relsullts fd ta?dt' | We have applied here tteompleteHSMC method(i.e.,
are equal to each other with relatively large Stalisical_ o e future to the rigid model of (Gly), and (Gly)e

errors and as expected, they are larger than tho€'of " ipe fiexible model of (Gly): for the rigid model of

(Gly) 10 we have also tested approximateHSMC method
where a limited future based dn=4 and 3 dihedral angles
The table demonstrates again that as the number of vari{rather thanf=entire futurg¢ was simulated by MC for the
ables increaseor chain length increasesnharmonic ef- calculation of the transition probabilities. To be able to rep-
fects become stronger, which is reflected by quasiharmonigesent the wide microstates of the helix, extended, and hair-
results,Sqn for the entropy that overestimate ti$2 values pin by stable MC samples the simulation temperature was
by 1.8—-2.4 kcal/mol(thus, the correct values even mpre decreased to 100 K, and samples of 600 and 700 conforma-
these Spy values were obtained from samples of 120 000tions were generated. In addition to the entropy and free
conformations. The LS results were calculated from sampleenergy functionalsS* and F” that were studied in Ref. 11,
of size of 80 000 and they are based on a correlation paranand in practice are upper and lower bounds, respectively, we

2. Comparison with other methods
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have studied the functionalE® andFP, where the formeris ability obtained by forcing the angle at stepo stay at bin 1
an upper bound and the latter an exact expression for the freghile measuring its visit§counts to a smaller bin(bin 2)
energy. As in Ref. 10, we have also demonstrated that theontained within bin 1. This technique will be studied in
free energy can be obtained by reconstructions of a singl&uture work.
conformation. The present results demonstrate that the difference in
As expected, the approximate HSMC provides good apstability, AF,,,=F,,—F, betweensignificantly differenimi-
proximations as long ag covers the range of the angular crostatesnandn can be obtained from two simulations only
correlation along the chain; thubs=3 and 4 are suitable for without the need to resort to thermodynamic integration. Our
the extended microstate where short-range correlafimms long-term goal is to develop software that enables one to
teraction$ exist, but becoming too small for the helix and apply the method to a general peptide consisting of any se-
hairpin, which are characterized by medium and long-rangguence of amino acid residues, where the simulations are
interactions, respectively. Still, approximate HSM&s the  performed by molecular dynamics, which is expected to be
LS method is expected to generate adequate resultslfier ~ significantly more efficient than MC. The method will be
ferencesn entropy and free energy among microstates with zapplied to surface loops in proteins modeled by a force field
similar range of correlations. In most cases the results fond implicit as well as explicit solvent; in the latter case the
FA, FB, FP, andFM[(FA+F®)/2] are found to be consis- peptide will be reconstructed first, where the water molecules
tent, i.e., the first two are lower and upper bounds, respedvill be added to a volume containing a frozen peptide struc-
tively, and F°~FM. Most importantly, differences of en- ture. The complete HSMC method is expected to become an
tropy and free energy between these three microstates at@portant tool for studying various problems involving inter-
obtained with relatively small errors of up to 0.3 kcal/mol. mediate flexibility.
An important property of the HSMC methad@nd the
HS approach in genepalk the fact that it provides tools that
allows one to determine the accuracy of the res(dtg., ACKNOWLEDGMENTS
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