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Hypothetical scanning Monte Carlo (HSMC) is a method for calculating the absolute engaogyd free
energy,F, from a trajectory generated by any simulation technique. HSMC was applied initially to fluids
(argon and water) and later to peptides and self-avoiding walks on a lattice. In this paper we make a step
further and apply it to a model of decaglycine fat= 300 K) in vacuum with constant bond lengths where
external stretching forces are exerted at the end points; the changasdii are calculated as the forces are
increased. The molecule is placed initially in a helical structure, which is changed to an extended structure
after a short simulation time due to the exerted forces. This study has relevance to problems in polymers
(e.g., rubber elasticity) and to the analysis of experiments where individual molecules are stretched by atomic
force microscopy (AFM), for example. The results f®andF are accurate and are significantly better than
those obtained by the quasi-harmonic approximation and the local states method. However, the molecule is
quite stiff due to the strong bond angle potentials and the extensions are small even for relatively large forces.
Correspondingly, as the force is increased the decrease in the entropy is relatively small while the potential
energy is enhanced significantly. Still, differenc@®S, for different forces are obtained with very good
accuracy of~0.2 kcal/mol.

I. Introduction the trajectory; a classic example is simulation of protein
folding.1® Again, such information cannot be obtained by
thermodynamic integration, and methods that estirSated F
directly from the trajectory of interest should be developed.
An approach for estimating the value of the sampling

Calculation of the entropy and free energy constitutes a central
problem in computer simulation despite the significant progress
achieved in the last 50 years. In particular, one would like to
be able to calculate the absolute entrd@yand the free energy,

F, from a Monte Carlo (MC)or a molecular dynamics (MB§ probability, P, from a given MC or MD sample has been
sample (trajectory) directly, i.e., in the same manner as the suggested by Meirovitch. Two related techniques, the local states

energy, E, or geometrical properties such as the radius of (LS) method™**and the hypothgtical scanning (HS) metifodt
gyration of a polymer, are obtained. However, while these have bee_n developed and applied to magnetic systems, polymers,
simulation methods enable one to sample system configuration"’m_CI peptides. Recently the HS method has been extended to
i correctly with its Boltzmann probabiliti?,8, the value ofP;® fluids by two procedures, the grand canonical HS (HSGO}

is not provided straightforwardly and theref@e — InP;® and the Monte Carlo HS (HSMC).HSMC has been fgrther

F (F = E — TS whereT is the absolute temperature) are de\_/eloped to a method na_med complete HSME?'Wh'Qh'
unknown. Still, differencesAFmn (ASns) between two states unlike HS and HSMC, takes into accouit system interactions

; - : i.e., short as well as long-range) and in this respect can be
m andn (e.g., a helical and hairpin states of a peptide) can be (Considered o be exact: gthe (g)nl) a roximationp < due to
obtained by the commonly used thermodynamic integration (TI) . Hicient MC i ’f | yI PP h . b
techniques, but only when the absolute entropy of one state is'nbs_ll_’t_'c'e_?th_ Stﬁmdp Ing _cc;r calculating the trar&slmon prol )
known can that of the other be obtained. While Tl is a robust ? |::|es. dFIS mebo Stro_w ss% rigorous upper a:ln OW(T’ values
approach (see refs—® and references therein), for proteins, for » an Ican fe 0 ?lne rom a very small sample, even
such integration is feasible only if the structural variance rogorisllggezgmgr;ni Ic()err]l.eral techniaue that has been applied
between the two states is very small; otherwise, the integration P ISag lechniqu ppl
path can become prohibitively lengthy and complex. Therefore, thus.cfjagzxtzegy sduccessfully '?0 |'IqU'd arg}]?n, T('j'?3p W&?ealk 3
it is important to develop methods that enable one to obtain F?{,’t' 5 : ’ ar;. vlery tr\icent 3(’ja|5° ]Eo Sf’ ';”“’9' ing "I"a lson?
P:B directly from a given sample, where the absolBte (Fn) 1aO I;r?d 12 Fr’:;_'(;:ueir' degcr:']t?eg E Otr?gx\%\lll)IIBCIEnRe g&g%’@ﬁf 0
can be calculated from a sample of statén) leading toAF Idues, : y g :
= Fm — Fn, even for significantly different states, while the vacuum, were studied. One que is based on constant bqnd
integration process is avoided. Furthermore, because MC (MD) lengths and bond angles (the rigid mo;iel), and the other consists
simulations constitute models for dynamical processes, oneorg?/eoé_‘r;ﬁ”g[{aerg gonl\iclf'nngthhesl'ggle ‘;:Z’_(r'b_lﬁ r;ﬁgeé).tzzzzz r:t(;(tj:és
would seek to calculate changesfrandSduring a relaxation ~ WEre simu y ML in helical, hairpin, X ,

rocess by assuming local equilibrium in certain parts along 2"d the correspondinBm and Sy were calculated, leading to
P y 9 g P 9 very accurate results fakFn,, = Fy — Fn (ASh,), which are
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to calculate the absolute free energy of a peptide or a surfaceis simulated with the Metropolis MC methbdn internal
loop of a protein immersed in explicit water. Because in all coordinates using the program TINKERThe simulations start
recent studies the complete version of HSMC has been usedfrom a helical structure, and the entropy and free energy at
which also will be the method of choice in the future, we drop constant absolute temperatureare calculated by the HSMC
the word complete and call the method HSMC. method for increasing values &f.

With HSMC applied to a peptid&is calculated from a given It should be pointed out that MD and MC are most
MC sample by reconstructing each peptide conformation step- straightforwardly carried out in Cartesian coordinates; however
by-step, i.e., calculating transition probabilities (TPs) for the (as discussed in ref 25), we have found MC simulations in
dihedral angles and fixing the related atoms at their positions. Cartesian coordinates (i.e., for a fully flexible model) to be
At each step, the chain’s coordinates that have already beenextremely inefficient, while significantly higher efficiency has
determined are kept fixed (the “frozen past”) and the TP is been achieved with the present model that is based on internal
obtained from an MC simulation of the “future” part of the chain coordinates. However, while the LS, the quasi-harmonic, and
whose TPs as yet have not been determined. the HSMC methods are implemented naturally in internal

In this paper HSMC is tested further by applying it to the coordinates, they can also be applied to samples generated by
flexible model of (Gly)o, where the peptide is subjected to MD, for example, where the analyzed conformations are
stretching by external forces applied to its end points. This study transferred from Cartesian to internal coordinates.
has relevance to a wide range of experimental situations in B. Statistical Mechanics of a Peptide in Internal Coordi-
polymers, such as rubber elasticiyAlso, single molecule nates.The partition function of a peptid&, is an integral over
techniques have been developed where individual molecules carthe function expt-E/keT) (E is the potential energy arig the
be manipulated and stretched by external forces using atomicBoltzmann constant) with respect to the Cartesian coordinates
force microscopy (AFM¥1-34for example. A well-studied case  over the whole conformational spa&¥, However, for a stable
is the muscle protein titin, where force-extension profiles of microstate (like the helix) the integration is carried out only
the reversible unfolding of its immunoglobulin-like domains over the limited regio\ that defines this microstate. As said
have been obtained by AF¥IB4 and optical tweeze®. To above, to apply HSMC or LS, one has to change the variables
interpret these experiments at the atomic level, a series of steere@f integration from Cartesian to internal coordinates, which
molecular dynamics (SMD) simulations have been carried out, makes the integral dependent also on a Jacobidfor a linear
mostly by Schulten’s grouf$3° AFM and SMD were also used ~ chain,J has been shown to be independent of the dihedral angles
to study the unbinding of the avidirbiotin complex31:354%and and is a simple function of the bond angles and bond
it is hoped that the mechanisms of ligarafotein and protein lengths?84748Thus, in previous LS and HSMC studies of linear
protein binding in general can be better understood by inducing and cyclic peptides, and surface loops in proteins, an ap-
such unbinding eventd:*2 Force-induced DNA unzipping Proximate transformation to dihedral and bond angles was
experiments also show promise of providing faster methods of adopted where the bond lengths were kept constant (see
sequence analysis in the futffeReconstructing the potential ~ below)!31449
of mean force along the SMD trajectories is an important goal ~ The transformation from Cartesian to the internal coordinates,
of these calculation&45 oy, kK= 1,60, is applied under the assumption that the potentials

Thus, just as the temperature affects biomolecular motions Of the bond lengths (‘the hard variables”) are strong and
and transitions among conformational microstates, the externaltherefore their average values can be assigneduduich to a
force is another available parameter that can be readily tuned900d approximation can be taken out of the integral. For the
within the framework of current experimental techniques. Sa&me reason, one can carry out the integration over the bond
Correspondingly, in simulations, under the action of suitable lengths (assuming that they are not correlations withake
external forces, a peptide can undergo conformational changesand the remaining integral becomes a function of iKeledral
from a helix to an extended state, for instance, where the free@nd bond anglesof)?®4743and a Jacobian that depends only
energy calculated with HSMC provides the thermodynamic basis N the bond angles. An expression for the partition function
for such transitions. Thus, the scope of HSMC as a general toolWith an external force is
is widened, which enables us in the present study to gain insight _
into the behavior of a small molecule, such as decaglycine, under? = DZ=

stretching14? D f o exp{ —[E([oy]) — KR([oy )V kg T} dav,...dagy (1)

Il. Theory and Methodology where py] = [a4,...06n]. D is a product of the integral over the

A. The Model Studied. We study a model of polyglycine,  bond lengths and their JacobidriThe Jacobianl[lk sin(@x)] of
NH2(Gly)16CONH; [(Gly)1q in vacuum defined by the AM-  the bond anglesf, that should appear under the integral is
BER96 force field?” where the charges of the end groups are omitted for simplicity. We assum® to be the same (i.e.,
neutralized. In this model the bond lengths are constant, andconstant) for different forces, and therefor®loancels and can
therefore a conformation is determined by the dihedral angles be ignored in calculations of free energy and entropy differences
@iy, andw; and the bond angle, (i = 1,10,1 = 1,3) ordered for different forces. The Boltzmann probability density corre-

along the chain, which for simplicity are denoted @y k = sponding toZ (eq 1) is
1,60. An external forc& in the —z and+zdirections is exerted
on the Catoms of the first and last residues with coordinates pB([ak]) =exp{ —[E([ay]) — KR[a, DI/ ks T}HZ ~ (2)

T(1) andr(10), respectively. The corresponding external energy

is K*R, whereR =T(10) — T(1) is the end-to-end vector defined  and the exact entropgand exact free enerdy (defined up to
by these C atoms. However, for simplicity we shall omit the  an additive constant) are

vector notation, denoting the force i which is practically

in the z direction, and byR the projection ofR on the force __ B B

vector; thus, the external energy is denoted® This model S kaQO p-([oud)Inp™([ou]) doyy....dotgy 3)
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and described later, with HSMC the entire future is considered and
in this respect the method can be considered to be exact. Because
F= BrouDIE(Tow]) + KaTInoB(Taw]) — some elements of LS are implemented within the framework
fg"p ([edEdod) +keTine (e of HSMC we describe the LS method first.
KR([oy])] dat;....dorgy (4) D. The Local States (LS) Method.In the first step the MC

) ) ) o sample (of a given microstate) is visited and the variability range
As discussed in earlier applications of the HSMC method, the Aq, is calculated, wherey are the dihedral and bond angles, 1

fluctuation ofF is zero®® because the integranB([oy]) + ks T < oy < BN1314.25
InpB([ow]) — KR([aw]) = — KTInZ = F, is constant and equal to
F for any set fu]. This means that the free energy can be Aay = oy (max)— a,(min) (8)

obtained from any single conformation if its internal and external

energies and the Boltzmann probability density are known. where ox(max) anday(min) are the maximum and minimum

Using the HSMC method, it is possible to estimate the free values ofoy found in the sample, respectively. Next, the ranges

energy of the system from any single structure. Notice that the Aok are divided intd equal segments, whetés the discreti-

fluctuation of an approximate free energy (i.e., based on an zation parameter. We denote these segments, oy = 1,1).

approximate probability density) is finite and it is expected to Thus, an angley is now represented by the segmeito which

decrease as the approximation impro%&32-2450 it belongs and a conformatidris expressed by the correspond-
C. Exact Scanning ProcedureThe HSMC method is based  ing vector of segmentsv{(i), v2(i), ***, ven (i)]. Under this

on the ideas of the exact scanning method, which is a step-by-discretization approximatiop(ou/ow-1**+a1) can be estimated

step construction procedure for a pepfi#ie Thus, anN-residue by

conformation of polyglycine in the helical regior§2g), for

example, is built by defining the angles step-by-step with payloy g 0) ~ N =+ v )Ny, v)[Aoyd/lT} - (9)

transition probabilities (TPs) and adding the related ateins;

for example, the angle determines the coordinates of the two \ X :

hydrogens connected ta*@nd the position of CThus, atstep 1€ partial vectorify,-+,v1) representingdy,++,01)] appears in

k, k—1 anglesuy ++,ax_1 have already been determined; these the sample. Because the number of local states increases

angles and the related structure (the past) are kept constant, an§*Ponentially withk, one has to resort to approximations based
oy is defined with the exact TP densipfouou1++01), on smaller local states that consist af and theb angles
preceding it along the chain, i.e., the vectogk—1,"**,Vk-b) ;

wheren(vy,-+-,v1) is the number of times the local state [i.e.,

(0 1**+04) = Zg e O 0 [ Zorure Q1+ +0t) ] whereb is the_z correlation parameter. The sample is visited for
(5) the second time, and for a givdnone calculates the number
of occurrence(vi,vk-1,°**,vk-p) Of all the local states from
where dy is a small segment centeredog andZyure( o **0t1) which a set of transition probabilitigg(vy| vi-1,***, vk-b) are

is a future partition function defined over the helical region defined. The sample is then visited for the third time, and for
Qo by integrating over the future conformations defined by €ach membeirof the sample one determines thé bcal states
e 1++-dagy (Within Qo) where the past angles;-++ay, are held and the corresponding transition probabilities, whose product

fixed defines an approximate probability densgtfb,!) for conforma-
tion i
quture(ak""’al) = 6N
fQo exp —[(E(agy, **,0) — KR)/KgT] doy, 4++-dogy (6) pi(bl) = ﬂp(vklvk—l!""Vk—b)/(Aakll) (10)
The probability density of the entire conformation is where the larger arb andl, the better the approximation (for
N enough statistics); notice that(b,]) depends on the external

@) force, K, only implicitly. pi(b,]) allows one to define an
approximate entropy and free energy functior#ll,and FA,
which constitute rigorous upper and lower bounds for the correct

This construction procedure is not feasible for a large molecule values, respectively,

and in practice can be carried out by scanning only a limited

pB(O*GN""’al) = ﬂp(aklakfl'"al)

number of future angle®;52 however, the ideas of the exact f=- Kg pr Inp(b,l) doiy*++dagy (12)
scanning method constitute the basis for HSMC, as discussed
in what follows. and

The exact scanning method is equivalent to MC and MD in
the sense that large samples generated by all these methods ledd = [EL- TS — KIRO=
to the same averages and fluctuations within the statistical errors. [ECH KIRCH kT f pB[In p(b,1)] da,-++dagy, (12)
Therefore, one can assume that a given MC sample has rather

been generated by the exact scanning method, which enableg o regris the Boltzmann average of the potential (force field)

one to reconstruct each conformation by calculating the TP energy, estimated from the MC sample apfieq 2) is the
densities that hypothetically were used to create it step-by-step.goitzmann probability density with which the sample has been

This idea has been implemented initially in two different ways, generatedS" is estimated from a Boltzmann sample of size
by the LS and the hypothetical (HS) methods. However, an exact by S

reconstruction of the TPs (eq 5) is feasible only for a very small

peptide. Therefore, calculation of future partition functions (eq kg n

6) by these methods has been carried out only approximately, P=—— Zlnpt(b,l) (13)
by considering a partial future (or past in the case of LS). As n &
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As discussed in section 11.B, the fluctuation (standard deviation) decreases as the approximation improves, i.en &iscreases
or of the correct free energy is zero, while the approxinite and/orday decreases.

has finite fluctuationpa (estimated by, ), which is expected F. Upper Bounds for the Free Energy.In addition to
to decrease as the approximation impro%&g’-24.50 FA(e"S([ow])) (eq 12), which in practice is a lower bound, one
can define another approximate free energy functional de-

12 notedF8,Y’

}i[l_:A — E, — kgTInp(b) + KRJ?|  (14)
1=

Op =

F? =[5, P (o d)[E + ke T Inp™(0u]) — KR doy+-dotgy
It should be noted that eqs 424 also hold for the HSMC (16)
procedures described later, whei@®,]) is replaced byp™S.

The LS method can be applied to any chain flexibility, i.e.,
it is not limited to harmonic or quasi-harmonic fluctuations, and
free energy difference between two microstates with a significant ) . .
structural variance can be obtained from two samples represent-eq 16 such thak® can be est|matedl by |mportance Samp“ng
ing these microstates. fré)m a (Boltzmjlnn) sample of configurations generated with

E. The HSMC Method. As discussed in section II.C, the * (rather thano*9). It has been shown that
idea of the hypothetical scanning (HS) method is to reconstruct g
each sample conformation step-by-step, obtaining the TP densityF -
of eachoy (eq 5) by calculating the future partition functions LOPB[pHS explE — KRk TI(E + ks T Inp"™® — KR)] dat,++dotgy
Zswre (€9 6). However, a systematic integrationZaf based o ns
on the entire future within the limits o€ is difficult and fQOP [0 expl(E — KR)/ksT]] day++-dagy
becomes impractical for a large peptide wh&gis unknown. (17)
The idea of the HSMC method is to obtain the TPs (eq 5) by
carrying out MC simulations of the future part of the chain rather  In practice,FB is estimated as the ratio of simple arithmetic

According to the free energy minimum princigfel® > F (eq
4). Thus,FB is an upper bound which approaches the correct
free energyF, whenpS — pB (eq 2). It is necessary to rewrite

than by evaluating the integrals defining.. (€q 6) systemati- averages, which are accumulated for each of the quantities in
cally. Thus, at reconstruction stépof conformationi, the TP the brackets in eq 17. It should be noted, however, that the
density,o(o|ok-1°**01), is calculated fronms MC steps (trials}, statistical reliability of this estimation (unlike the estimation of
where the entire future of the peptide can move by changing FA) decreases sharply with increasing system size, because the
the future anglesu,*+,06n, While the anglesug,-+,ax—1 and overlap between the probability distribution$® and pHS

their related atoms (defining the past) are kept fixed at their decreases exponentially [see discussion in ref 14].

values in conformatiomn. A small segment (binday (see also With values for bothF* and FB, their averageFM, defined

eq 5) is centered atx and the number of MC visits to this bin, by
Nvisit, during the simulation is calculated; one obtains
FM=(F* + F?)2 (18)

oyl ay) ~ Nyl [Ny ] (15)

Visit
often becomes a better approximation than either of them
where the relation becomes exact for very larggn; — ) individually. This is provided that their deviations from(in
and a very small bindau— 0) (see discussion in ref 25). The magnitude) are approximately equal and that the statistical error
product of these TP densities leads to the probability density in F® is not too large. Typically, several improving approxima-
of the entire chain (eq 7). Notice that unlike the deterministic tions for FA, FB, andFM are calculated and their convergence
calculation ofZswre, (€9 6), where the limits dR¢ are in practice enables one to determine the correct free energy with high
unknown, with HSMC the future structures generated by MC accuracy.
at each stefx remain in general within the limits of the wide It should be pointed out that the probability distribution
microstateQ, defined by the analyzed MC sample. In some defined by HSMC is stochastic as compared to the deterministic
cases, however, the future samples might escape from thisdistribution (for a given sample) obtained by the LS method
region; therefore, before applying the HSMC method, the LS and the deterministic HS method. In ref 23 we have proved
method is applied to the analyzed sample andatifenin) and that the inequaliteF® < F < FB hold for the stochastic
ay(max) values (eq 8) are calculated. They are then used toprobabilities as well.
keep the future structures withi®o by rejecting MC moves G. Exact Expression for the Free Energy.As shown for
with angle values beyond those af(min) and ax(max). It fluids in ref 23, the denominator &® in eq 17 defines an exact
should be pointed out, however, that when a force is exerted expression for the partition function,
the molecule stays @y, and this precaution (while used) is

1 1 B, HS, B
unnecessary. 1.1 B (o] =
While HSMC considers the entire future, in practice Z zfgzop (0™p") [day]
p(olok-1++0) (eq 15) will be somewhat approximate due to fgo (0 explE — KR)/k.T]) [doy]

insufficient future sampling (finitex), a relatively large bin size

ooy, an imperfect random number generator, etc. Therefore, the B HS

corresponding probability density [approximatipfy(eq 7)] will - f o, P EXPIF kg T] [doy] (19)
be denoted byS([o]) [for the sake of brevity we use™S([ay])

rather tharpHSM([ou])]. pHS([ou]) defines approximate entropy — and an exact expression for the correct free en€igyenoted
and free energy functionalS} andF*, wherep"S([ou]) replaces by FP, is

p(b,l) in egs 11 and 12, respectivel$® andFA are expected to

overestimate and underestimate, respectively, the correct values, -p _ (}) — B HS
where the fluctuation of?, oa (eq 14) does not vanish, but F kg I Z kBTIn[fQOp exp[F ks T] [doy]] (20)
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where [ay] = doye--dogy and F*S/keT = (E[ow] — KR[aw])/ TABLE 1: Differences (in degrees) between the Minimum

keT + InpHSaud. and Maximum Values of the Dihedral Angles (eq 8) of
In practice, the efficiency of estimatirfgby F® depends on (Gly)0 for Three Different Values of the External Force (K)2
the fluctuation of this statistical average, which is determined K=8 K=20 K=40 K =100
by the fluctuation ofFHS exponentiated. Obviously, &S — Res.# Ag Ay Aw Ap Ay Ao Ag Ap Aw Agp Ay Aw
F (i.e., p"S — pB), all fluctuations become zero ardcan be 1 360 99 60 110 58 55 360 47 54 222 34 48
obtained from a Single Configuration (see discussion fO”OWing 2 90 135 56 79 79 50 68 60 42 59 51 40
eq 4 and ref 23). Therefore (as 6%), the direct calculation of 3 129 101 55 83 68 51 78 55 43 50 45 43
F through FP will not be as statistically reliable as the 4 89 82 53 83 70 47 73 58 45 60 46 44
corresponding calculation for the lower bound estimét, 5 103 74 49 80 57 54 63 62 46 67 44 47
however,FP is expected to be more statistically reliable than 6 105 91 51 89 74 43 59 53 42 52 4l 39
B . ! . : S 7 99 97 48 81 63 43 66 51 42 61 45 41
F® which is defined as a ratio of two summations similar to g 97 70 54 81 62 45 76 51 38 62 41 47
that definingFP. 9 95 72 51 81 63 56 66 54 46 59 39 41
H. The Quasi-Harmonic Approximation. With the quasi- 10 107 92 45 97 70 47 73 51 47 62 46 42

harmonic approximatioff,*the entropy Son, is given by aThe angles are calculated for samples of 2500 conformations; the
-~ force is given in kcal/(moR).
Son = (1/2)8Nkg + (1/2)kgIn[(277) 0] (21)

whereo is the determinant of the covariance matrix of th¢ 6
dihedral and bond angles. BecaBg takes into account only
the covariances (higher order correlations are ignored) it
constitutes an upper bounfgy =9).

I. Calculation of Differences in S and F by Thermody-
namic Integration. The end-to-end distanc®, can be ex- ;
pressed as the derivative of the free energy with respect to the
external force Figure 1. A picture (generated using gOpenMol) of the peptide

subjected to external forces (in the horizontal direction in the picture)

R= — oF (22) of K = 2 and 100 kcal/((meh). For K = 2, the molecule is still
9K approximately helical with end-to-end distanceRoE 21.7 A. ForK

= 100 kcal/(moiA), the helix becomes an extended structure that is
As the force increases, the extension increases and the freétretched significantly toR = 36.8 A with decreased conforma-
energy must decrease. The difference in free energy for two tional freedom. This is a pictorial illustration for the results

(Table 1), which are shown to decrease as the external force increases.
values o_f the external _force can also_be calcu_lated from eq 22 g ijar figures for the force& = 8, 20, and 40 are not provided be-
by carrying out MC simulations for intermediate forces and cayse the corresponding extensions are close to thét=f100 (see
integrating theR(K) curve (/R dK). Also, the difference inthe  Table 4).
(Helmholtz) free energy&FZ‘y2 for forcesK; andK; is equal to

the reversible amount of mechanical wavko go from state 1 gelecting a cosine value at random within the rangedg]

to state 2, +4 (i.e., by considering the Jacobian), whégk) is the current
H value of bond angld (k = 1,3N) and 6 = 0.005; the chosen
W= AF;,=TAS, - AE, ,= cosine values were then translated into bond angles through the

arccosine function. These simulations were started from a helical
conformation that was obtained by minimizing the initial

. . structure defined bypx = yx = —55° and wx = 180C°. As
therefore, the change in entropy can be calculated by numerically yiq o ssed earlier, the external force was exerted on the first and
integrating the work{K dR) between states 1 and 2and adding |55t @ atoms in the—z and +z directions, respectively. The
the difference in potential energie: > L'k.e the free energy, fitrst 5000 MC steps were used for equilibration and then 500,000
the entropy decreasgs as the molecule is stretched because qfj steps were performed. A configuration was retained for
the loss in conformathnal fr(_eedom_ . future analysis every 200 MC steps; in this way several samples,
_ Ifthe external force is applied to a helix state, the conforma- o, of 2500 structures were generated for different values of
tion remains helical for small values of the force with the only 1, axternal force. Using the above parameters, the MC
effect being an overall stretching of the molecule in the direction acceptance rates values are 55, 41, 35 and 20% for, the forces
of the force and a contraction in the direction perpendicularto  — g 209 40. and 100 kcal/(m-(’ﬂ) ’respectively '
the force. As the force increases beyond a critical value, the  aq expected, as the external force is increased the molecule
molecule no longer remains helical where an abrupt transition ,o.omes extended further along thaxis and contracts along

to the extended state occurs._The passage from the helical Q4 v and y-axes. Correspondingly, the potential energy and
the extended state is not continuous because these low energy, . ansolute value of the external energykR) increase with

TAS,, =W+ AE;,= — [*K dR + AE, , (23)

states are well separated on the free energy landscape. increasing<. This behavior is also reflected by the correspond-
Il Results and Discussion ing Aoy values (eq 8) that in most cases decreas& ds
’ increased (see Table 1), representing relatively concentrated

A. Simulation and Computational Details. Samples of samples due to stretching. For example, for the second residue,
stretched (Gly), were generated by the Metropolis MC proce- Ag decreases from 90to 79, 68, and 59 as the force is
duré* at 300 K, where a trial structure was obtained by changing increased from 8 to 20, 40, and 100, kcal/(Fd) respectively;
all the 60 dihedral and bond angles. A trial dihedral angle see Figure 1. In the figures the structures fork2 and K=
k (k = 1,3N) was defined randomly withig=2° of its current 100 are shown, as they show the most dramatic differences in
value, whereas a trial bond angle was determined by first structure. Notice, however, that due to correlations each
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TABLE 2: Entopy, TS (T = 300 K) in kcal/mol (eq 11) for analyzed using HSMC and the corresponding entropy and free
Various B'”_ﬁ'zﬁs (eq 5) and r']:Uthre Safrpple S|ze|s,f, . energy results are summarized in Tables 2 and 3.

Obtained with the HSMC Method for Different Values o B. Results for the Entropy. It should first be pointed out
the External Force K . .

— that as for the dihedral angles, eq 15 was used with also
binsize  ny K=8 K=20 K=40 K=100 for the bond angles, i.e., without considering the Jacobian
Aa,/30 20000 99.9(3) 96.5(2) 92.6(4) 89.2(3) componentIIsin(@y)], because we have found that to a good

40000 99.4(3) 96.3(1) 926(3) 89.1(3) approximation, the contribution of the Jacobian to the entropy

80000 99.3(3) 96.2(2) 92.7(3) 89.2(3) - - :
160000 993(2) 962(2) 927(3) 892(3) cancels out in entropy and free energy differences, which are

A/60 20000 99.4(3) 960(2) 92.1(4) 887(3)  OUr main interest.
40000 99.1(2) 96.0(2) 92.3(3) 88.8(3) Table 2 contains results (@t= 300 K) for the entropyTS*

80000 99.1(2) 959(1) 924(3) 88.9(3) (eq 11) for four different external forces. For each force, 600
160000 99.1(2) 95.9(2) 924(3) 88.9(3) configurations (out of the entire sample size of 2500) were
¥§H ﬁg% ggg ﬂg'i 8 18‘5"'3 Eﬁg ig'lof()S) analyzed, and the results were calculated for four different future
S ' ' ’ ' sample sizesy and four bin sizes. However, the extent of
Aoy is defined in eq 8. The HSMC results are based on a sample convergence of these results is demonstrated by the best ones,
of GOQ con_formationsK is given in kcal/(mdA). The sta_tistical errors i.e., those for the two smallest bin sizesy/60 andAo/30,
are given in parentheses, e.g., 99.1%399.1+ 0.3. S isthe quasi- 5 therefore only they are presented in the table. Results were
harmonic entropy (eq 21) arfils (egs 11 and 13) is the local states calculated for partial samples of size 100, 200, 300, 400, 500
(LS) entropy obtained fop = 1 andl = 10. The entropy is defined up ‘ ’ J ! ’ ’
to an additive constant. and 600, where typically the entrop$Y) and energy for sample
sizes 306-600 have been found to converge, i.e., to fluctuate

microstate is significantly smaller than the corresponding region, slightly around an average value; the statistical errors were

A x A0 X ....X Adgo. obtained from these fluctuations.
For small values of the external force, the conformations  The accuracy of HSMC can always be improved by decreas-
remain helical during the entire simulation, but for 4 kcal/ ing the bin size and increasing the future sample size, meaning

(mol-A), the molecule that stays initially in the helical region that the corresponding® is expected to decrease, provided that
is transformed after a short simulation time into an extended the probability density™Sis defined on the same conformational
state. The stronger I§, the shorter is this time, where for large  space that was generated by MC simulation. Indeed(fer8
enoughkK, the (metastable) helical state is hardly observed in and 20 the central values decrease or remain constant for each
the trajectory. The HSMC method is applied to samples bin asn: increases; a similar picture is shown #r= 40 and
(obtained from different values of the external force) consisting 100, even though in some cases this trend is reversed, probably
of the (most stable) extended conformations. due to insufficient equilibration for the high external forces for
The TPs and their produgi’® (egs 7 and 15) were calculated the smallen; values (20000 and 40000), which leads to elevated
by reconstructing each conformation step-by-step with MC $* results. However, almost always these differences are
simulations of the future part, where the geometrical restriction insignificant within the statistical errors, meaning that for the
defined by theAoy is applied as well. To check the convergence present accuracy a future sample of 80 000 and even 40 000 is
of the results, they were calculated for four future sample sizes, sufficient.
n: = 20 000, 40 000, 80 000, and 160 000, generated by retaining As expected, the values for the smallest by, /60 are
a conformation every 10 MC steps, and for four bin sizes; slightly lower than the corresponding values fom/30 (even
Aoy/60, Aoy/30, Aay/15, and 20 centered at (i.e., ok =6/ though in most cases the differences are covered by the error
2). Notice that as for the LS method, the bin size is proportional bars) meaning that convergence has not been attained completely
to Aay. If the counts of the smallest bin are smaller than 50, with respect to the bin size; however, the differente& (Ao
the bin size is increased to the next size, and if necessary to the30) — S*(Aay/60)] for ny = 160 000 are almost equal, 6-2.3
next size § = Aoy/15), etc. In the case of zero countsi is kcal/mol for all forces, i.e., the extent of convergence is about
taken to be 1; however, zero counts is a very rare event. Sampleshe same and therefore correct entropy differences are expected
of 600 structures foK = 8, 20, 40, and 100 kcal/(mdl) were to be obtained from differences Bf*. In fact, the molecule is

TABLE 3: HSMC Results for Various Free Energy Functionals for Four Different Values of the External Force K2

K=8 K =20 K=40 K=100
HSMC/ n¢ —FA —FB [N —FA —F8 oa —FA —F8B oa —FA —F8B oa
20 000 422.7(5) 415.1 3.4 845.3(2) 836.2 2.9 1558.7(6) 1547.4 3.7 3744.3(6) 3734.4 3.9
40 000 422.4(4) 415.3 2.9 845.3(2) 836.6 2.5 1558.9(6) 1547.9 3.2 3744.4(6) 3737.1 3.2
80 000 422.3(4) 416.1 2.7 845.2(2) 836.3 2.2 1559.0(6) 1548.6 3.2 3744.5(6) 3737.9 2.7
160 000 422.3(4) 416.9 2.7 845.2(2) 837.3 2.2 1559.0(6) 1548.4 3.2 3744.5(6) 3738.3 25
—FP—FM 418.6 419.6 840.1 841.3 1551.5 1553.7 3740.5 3741.4
—Fon 426.9 (2) 852.4 (2) 1569.0 (2) 3750.9 (4)
—Fus 431.3 (4) 856.0 (2) 1570.6 (3) 3754.3 (4)
En —435(2) —39.5 (4) —27 (1) 23.1(8)
— Ewt 323.3 (3) 749.3 (3) 1466.6 (5) 3655.6 (3)

aFA (eq 12) and=B (egs 16 and 17) are lower and upper bounds of the free energy, respectiveti, @ull4) is the fluctuation of*. These
HSMC results were obtained from samples of 600 conformations. These results are presented only for the smallesi-bihosis®, but for all
future sample sizes. The results foF™ (eq 18)— the average of* andFg, and forFP (eq 20)— the exact free energy functional, are calculated
for 60=Aw/60 andn; =160 000 only.Fou (eq 21) and~ s (eq 12) are free energies obtained by the quasi-harmonic approximation and the local
states method, respectively, and are based on larger samples (see text). The average potentighemeighe total energ\Eine = Eint + Eex Of
the HSMC samples (in kcal/mol) appear in the bottom rows. All free energi€ek £aB00 K) are in kcal/mol and are defined up to an additive
constantK is given in kcal/((molA). The statistical error is defined in the caption of Table 2. We estimate the errBBsandFP to be larger than
the corresponding errors i at least by a factor of 3 and 2, respectively.
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TABLE 4. HSMC Results for Extensions, R, Entropies, TS*,
and Potential Energies,Ej, for Different External Forces, K,
at T = 300K2
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TABLE 5: Differences in the Entropy, TAS*, (kcal/mol) at
T = 300 K for Different Forces K Obtained by HSMC and
by Integration Using Eq 23

K [kcal/(mol-A)] R(A) TS\ [kcal/mol]  Ejy[kcal/mol] HsSMC integration
8 34.98 (3) 99.1(2) —435(2) T[S (K=8) — SN(K=20)] 3.2 (1) 3.1(2)
20 35.49 (2) 95.9 (2) —39.5 (4) T[S (K=20) — S\(K=40)] 3.5(2) 3.0 (5)
40 35.99 (2) 92.4 (3) —27 (1) T[S (K=40) — S(K=100)] 3.5(2) 3.8 (5)
100 36.78 (2) 88.9 (3) +23.1(8)

aThe statistical error is defined in Table 2.

already relatively stiff fork = 8 and the changel[SA(K =
100) — SA(K = 8)] ~10 kcal/mol is therefore relatively small
as well.

The HSMC entropy resultsTG*) are compared in the table

with those obtained using the LS method and the quasi-harmonic—387.5 (4) —457.7 (4) 35.1(4)

(QH) approximation. For this we generated larger sample of
sizes 15000 and 30000 for the QH and LS, respectively,
imposing the geometric restriction as explained earlier. As

a8 The statistical error is defined in Table 2.

TABLE 6: Calculation of the Extension, R, for External
Force K = 8 from Free Energy Results F) Obtained by
HSMC for K = 7 and K = 9 Using the Derivative, Eq 22

F(K=7) F(K=9) —AF/AK [RK=9)+R(K=7)/2 R(K=8)
(kcal/mol) (kcal/mol)  (A) A A

34.96 (3) 34.98 (3)

aK is given in kcal/(molA). The free energy values were obtained
from samples of 200 configurations. The statistical error is defined in
the caption of Table 2.

expected, both methods lead to results that are larger than the

HSMC values, by up to 15 kcal/mol, i.ex15% (LS, usingb
= 1 andl = 10) and 12 kcal/mol (QH).

C. Results for the Free Energy Results for the free energy
functional, FA (eq 12) and its fluctuationya (eq 14),FB [eqs

from K = 8 to K = 100, and a relatively small (expected)
decrease in the corresponding entropy TayS = ~10 kcal/
mol. On the other hand, the change in the potential energy is
relatively largeAE; = ~66 kcal/mol, due to strong bond angle

16 and 17]FP (eq 20), and the energies are presented in Table potentials, and the change in the energy due to the external force

3. These results are given only for the smallest bin, becBfise
values for the binAoy/30, can be obtained from the entropies
of Table 2 and the energies provided in the bottom of Table 3.
The results foF* follow the opposite trend observed in Table
2 for the entropy, i.e., foK = 8 andK = 20, FA increases or
remains unchanged as the sample sjzecreases, in accordance
with FA being a lower bound. Fd = 40 andK = 100, this
trend is changed some times according to the behavi@* of
discussed in the previous section. As &, differences irFA

is 1.8 x 92 ~ 166 kcal/mol.

D. Results from Thermodynamic Integration and Free
Energy Derivatives.The relatively small changes in the entropy
as the forces increase are also shown in Table 5, where they
are compared with results obtained by thermodynamic integra-
tion using eq 23. The latter results were calculated as follows:
the segmentK;, Ki+1] was divided into 20 equal values, and
for each value an MC sample of 600 structures was generated
(imposing theAo restrictions) where the corresponding exten-

are expected to represent faithfully the exact ones. The valuessionRwas calculated. The difference in entropy was calculated
of oa, as expected, decrease or remain unchanged as the futurérom the area below thi€(R) function by a numerical integration
sample size increases, but within relatively large statistical errors.technique. It should be pointed out that, while the HSMC and

The results foFF® (egs 16 and 17), which constitutes an upper

the integration values for the entropy differences are equal within

bound for the free energy, indeed in most cases show thethe statistical errors, the integration errors are relatively large

expected decrease asis increased, and they are larger than

because we have found the integration results to be sensitive to

the FA values. However, the corresponding values for the larger the sample size (we studied samples between 600 and 5000
bin, Aay/30 (not shown) are smaller than those presented in conformations).

the table (forAa/60), which suggests that tHe® results are

Another test for the reliability of the HSMC results is based

not yet statistically converged, i.e., much larger samples are on eq 22. Thus, we generated two samples of 200 structures

needed; also, it is difficult to calculate their statistical errors,

for K =7 and 9 and calculated the corresponding valud=‘of

which we estimate to be at least three times larger than the from which Ry = — [FA(9) — FA(7)]/2 was calculated. Indeed

corresponding errors presented féf. The same discussion
applies toFP, which is expected, however, to be statistically
more reliable thaiF®; we estimate its errors to be at least twice
as large as those presented féft(ny = 160 000). Still, we
present the results fé, the average of* andF&, which are
close to theFP values (maximum difference-1.5 kcal/mol),

and constitute estimates for the correct free energy; the

differencesFM — FA are~2.7, 3.9, 5.3, and 3.1 kcal/mol for

K =8, 20, 40, and 100, respectively, and we expect the correct

values to be closer 6 than toFM. Although these differences

Ry is very close to boti(K = 8) (Table 4) and the average of
R(9) andR(7) obtained from the two samples. Reconstructing
a single conformation of (Glyp based om; = 160 000 requires
~240 min CPU time on a 2.6 GHz Athlon processor. Obviously,
application of HSMC to a sample of sizecan be carried out
in parallel onn processors.

IV. Summary

In this paper we have applied the HSMC method to the
flexible model of decaglycine in the helical conformationTat

might seem large, the relative differences are small (smaller = 300 K) subjected to a stretching external force. However,

than 0.6% and foK = 100~0.08%). Since the relatively large

for forces larger than a small critical value a transition from

external force (see Table 3) sets the scale for the free energy ofthe helix to the extended state occurs already in the early stage
the system, the contribution of the entropy to the absolute free of the MC simulation and the entropy and free energy were
energy as well as to free energy differences for various externaltherefore obtained for the extended state. The present results

forces is quite small. As for the entropy, the QH and LS results
constitute a significant underestimation of the free energy.

are more accurate than those obtained by the LS and QH
methods, and it is of interest to compare them also to results

The results shown thus far suggest that the model of peptideobtained for the flexible model of (Glyyin ref 25 atT = 100
used is quite stiff. This is also demonstrated in Table 4 by the K without applying external forces. Thus, the accuracy8bf

relatively small increase in the extensiasR = 1.8 A) in going

the upper bound of the entropy, is better than that obtained there
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for the hairpin and is slightly worse than that obtained for the 585(3) McCammon, J. A.; Gelin, B. R.; Karplus, NNature 1977, 267,
1 D .
helix and extended states. However, the result$-foand F _ (4) Beveridge, D. L. DiCapua, F. MAnnu. Re. Biophys. Biophys.
are less accurate than those found for the unstretched peftides. chem 1989 18, 431.
It should be noted that, because of the decrease in the confor- (5) Kollman, P. A.Chem. Re. 1993 93, 2395.
mational space due to the forces, the smallest bin size was (6) Jorgensen, W. LAcc. Chem. Red.989 22, 184.

decreased fromay/15 in ref 25 toAay/60 in the present study. l3(7)B'g'yeci,r°Sit°Bh' Ea'ze_”\i,?,‘ﬂ'esyi.” Sgﬁg‘éﬂfﬂ%ﬂschﬂg%iFikOWitz’

We have also found that the MC acceptance rate shouleDbé (8) Szarecka, A.; White, R. P.; Meirovitch, . Chem. Phys2003
The molecule is found to be relatively stiff due to the strong 119 12084. o
bond angle potentials, which is reflected by the relatively small ~ (9) White, R. P.; Meirovitch, HJ. Chem. Phys2003 119 12096.

. . . . . (10) Duan, Y.; Kollman, P. ASciencel998 282 740.
extension obtained by increasing the force by a factor of 10;  (11) meirovitch, H.Chem. Phys. Lett1977, 45, 389.

the corresponding decrease in the entropy, as expected, was (12) Meirovitch, H.Phys. Re. B 1984 30, 2866.

small as well. In other words, the contribution of the entropy 26(%3?%)1 Meirovitch, H.; Vaquez, M.; Scheraga, H. Biopolymers1987,
to dlfference.s in the free energy is 3|gn|f|cantly Sma.‘"er th"?‘“ '(14) .Meirovitch, H.; Koerber, S. C.; Rivier, J.; Hagler, A.Biopolymers
the contribution of the external and internal energies. Still, 1994 34 815

differences in entropy for the different forces are calculated with  (15) Chorin, A. J.Phys. Fluids1996 8, 2656.

acceptable errors that are not larger than 0.2 kcal/mol. 8‘75; mg:;gmgn E'JP'higy?z'eAfﬁgslsséESg%og
The present study constitutes the initial application of HSMC  1g) weirovitch. H.; Scheraga, H. Al. Chem. Phys1986 84, 6369.

to a peptide under stretching forces, therefore, we have chosen (19) Meirovitch, H.J. Chem. Phys1992 97, 5816.
a molecule (decaglycine) that is much smaller and simpler than g% me!rov!tCE, Ej gﬂem- Eﬂyzzlgg% ﬁi ;gég
; ; . ; eirovitch, H.J. Chem. Phy , .
the molecules typically studied by AFM; however, simple small (550 \urie "= b - Meirovitch, HProc. Natl. Acad. Sci. U.S./2004
peptides under a stretching force have been also simulated by o1 9235,
others*4254and experiments on relatively small proteins have  (23) White, R. P.; Meirovitch, HJ. Chem. Phys2004 121, 10889.

been carried ot Because the time frame of AFM experiments 1Oizg)zﬁhe'UVafaiay S.; Meirovitch, Hroc. Natl. Acad. Sci. U.5.2004
is in the millisecond to second rangethe force exerted is (25) Cheluvaraja, S.: Meirovitch, H. Chem. Phy<2005 122 054903

changed relatively slowly, leading approximately to a reversible 1.

process. SMD simulations, on the other hand, are limited to 3(()26) White, R. P.; Funt, J.; Meirovitch, KEhem. Phys. Let2005 410,
the nanogecond time frame and therefore require mpch stro.ngef1 (é7) Cormell, W. D.: Cieplak, P.: Bayly, C. I.: Gould, I. R.; Merz, K.
(and rapidly changed) forces that lead to an irreversible v "gr.; Ferguson, D. M.; Spelimeyer, D. C.; Fox, T.; Caldwell, J. W.;
mechanical work that is significantly larger than the corre- Kollman, P. A.J. Am. Chem. S0d.995 117, 5179.

sponding reversible work. Calculating the reversible work (from ~ (28) Karplus, M.; Kushick, J. NMacromolecule981, 14, 325.

irreversible SMD trajectories) has been the subject of several 10:(),27?) Rojas, O. L; Levy, R. M.; Szabo, Al Chem. PhysL986 85

recent paper$}4>> put it can alternatively be obtained by (30) Mark, J. E.; Erman, BRubberlike Elasticity, a Molecular Primer
HSMC using eq 23, where state 1 corresponds to zero forceJof(lgl\)NI'I:tley:_ NeEWLYOIF\%, 1938-T Gawb, H. EScience1994 264 415

; ; orin, E. L.; Moy, V. T.; Gaub, H. EScienc , .
and .State 2 .to any force of Interes.t along .the SMD trajectory. (32) Rief, M.; Gautel, M.; Oesterhelt, F.; Fernandez, J. M.; Gaub, H. E.
The irreversible work can be obtained by integrati(@) (eq Sciencel997 276, 1109.
23) and the difference between the reversible and irreversible (33) Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; Evans Nature

works thus calculated; these works can be compared to that1999 397 50.
(34) Li, H.; Oberhauser, A. F.; Fowler, S. B.; Clarke, J.; Fernandez, J.

generated in the experiment. N M. Proc. Natl. Acad. Sci. U.S.£2000 97, 6527.
The present results demonstrate further the versatility of the  (35) Kellermayer, M. S. Z.; Smith, S. B.; Granzier, H. L.; Bustamante,
HSMC method, which has been applied thus far to liquid argon C. Sciencel997 276, 1112.

2.23 _ idi ; (36) Izrailev, S.; Stepaniants, S.; Balsera, M.; Oono, Y.; Schulten, K.
and TIP3P watet?23 self-avoiding walks on a lattic#, and Biophys. J1997, 75, 1568,

models of decaglycin&:*To further enhance the performance (37 isralewitz, B.; Gao, M.; Schulten, ICurr. Opin. Struct. Biol2001,
of HSMC, we are extending it now to molecular dynamics 11, 224.

(rather than MC) simulations, where our long-term goal is to ggg Sggvé\"-?KV;/:gi””Jh MMO?CQ-‘Q,'fefggg’SQésgifooz 83, 3435.
i E.; us, . . Biol. .
develop software that enables one to apply the method to a (40) Evans, E.. Ritchie, KBiophys. J1997, 72, 1541,

general peptide consisting of any sequence of amino acid (41) Cieplak, M.; Hoang, T. X.; Robbins, M. ®roteins: Struct., Funct.,

residues in implicit as well as explicit solvent. HSMC will then Ge(rzlezt)-2302 49,210;1)- de. V. S.: Rokhsar. D.Bophys. 12000 76, 584
il ; ryant, Z.; Pande, V. S.; Rokhsar, D.BBophys. , .

be us.ed to StUd.y the effect of .surfac.e loop flexibility on protein (43) Essevaz-Roulet, B.; Bockelmann, U.; HeslotPFoc. Natl. Acad.

function and will become an ingredient of procedures for free g¢i u's A 1997 94, 11935.

energy based docking of flexible ligands to an active site of an  (44) Gullingsrud, J. R.; Braun, R.; Schulten, X.Comput. Phys1999

enzyme. Thus, HSMC will become a useful tool also in protein 15 190.

engineering. When applied with MD, the scope of HSMC will 36%?) Hummer, G.; Szabo, AProc. Natl. Acad. SciU.S.A.2001, 98,

be extended to more complex problems involving macromo- — (46) Ponder, J. W. 200TINKER— software tools for molecular design,
lecular stretching, where the calculation of free energy and version 3.9.

; ; ; ; ; i (47) GQ N.; Scheraga, H. AJ. Chem. Phys1969 51, 4751.
potential of mean force profiles is of interest, as discussed in (48) Ga N.. Scheraga, H. AMacromolecule<.976 9. 535.

some detail above. (49) Baysal, C.; Meirovitch, HBiopolymers1999 50, 329.
(50) Meirovitch, H.; Alexandrowicz, ZJ. Stat. Phys1976 15, 123.
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