JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 5 1 FEBRUARY 2001
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In this paper we show the possibility of using very mild stochastic damping to stabilize long time
step integrators for Newtonian molecular dynamics. More specifically, stable and accurate
integrations are obtained for damping coefficients that are only a few percent of the natural decay
rate of processes of interest, such as the velocity autocorrelation function. Two new multiple time
stepping integrators, Langevin MoliM) and Bringer—Brooks—Karplus—MollyBBK—M), are
introduced in this paper. Both use the mollified impulse method for the Newtonian term. LM uses
a discretization of the Langevin equation that is exact for the constant force, and BBK—M uses the
popular Bringer—Brooks—Karplus integratéBBK). These integrators, along with an extrapolative
method called LN, are evaluated across a wide range of damping coefficient values. When large
damping coefficients are used, as one would for the implicit modeling of solvent molecules, the
method LN is superior, with LM closely following. However, with mild damping of 0.2 hd.M
produces the best results, allowing long time steps of 14 fs in simulations containing explicitly
modeled flexible water. With BBK—M and the same damping coefficient, time steps of 12 fs are
possible for the same system. Similar results are obtained for a solvated protein—DNA simulation of
estrogen receptor ER with estrogen response element ERE. A parallel version of BBK—M runs
nearly three times faster than the Verlet-I/r-RESPwversible reference system propagator
algorithm when using the largest stable time step on each one, and it also parallelizes well. The
computation of diffusion coefficients for flexible water and ER/ERE shows that when mild damping
of up to 0.2 pstis used the dynamics are not significantly distorted. 2801 American Institute

of Physics. [DOI: 10.1063/1.1332996

I. INTRODUCTION Bringer—Brooks—Karplus—MollyBBK—M), are introduced
in this paper. Both use the mollified impulse method for the

The length of aNewtoniar) molecular dynamic¢éMD)  Newtonian term. LM uses a discretization of the Langevin
simulation is limited by the length of the time steps that canequation that is exact for the constant force, and BBK—M
be used. A moderate increase is possible using th@ses the popular Bnger—Brooks—Karplus integrator
Verlet-I'/r-RESPA (reversible reference system propagator(ggk). These integrators, along with LN, are evaluated
algorithm? multiple time steppingMTS) method, and a fur-  across a wide range of damping coefficient, or collision fre-
ther 50% increase can be attained with the mollified impulsguency, values. Using LM and mild damping of 0.2 hs
method(MOLLY ).* However, the fairly long time steps that |ong time steps of 14 fs are possible in simulations contain-
would be justified by accuracy considerations alone are nghg explicitly modeled flexible water. With BBK—M and the
possible due to numerical instability. On the other hand, same damping coefficient, time steps of 12 fs are possible for
for Langevin dynamics, the application of an appropriatethe same system. Similar results are obtained for a solvated
MTS method, namely the extrapolative method £permits  protein—DNA simulation of estrogen receptor ER with estro-
time steps to be chosen on the basis only of accuracy coryen response element ERE. The computation of diffusion
siderations and reproduces many properties of Newtoniaggefficients for flexible water and ER/ERE shows that when
dynamics. In this paper we show for Newtonian molecularcqjision frequencies of up to 0.2 psare used the dynamics
dynamics the possibility of using very mild stochastic damp-are not significantly distorted. When larger damping coeffi-
ing to stabilize a MTS integrator for long time steps. More cjents are used, as one would for the implicit modeling of
specifically, stable and accurate integrations are obtained fQ¥,ent molecules, the method LN is superior, with LM
damping coefficients that are only a few percent of the ”atui:losely following.
ral decay rqte of processes of interest, such as the velocity 0 paper is organized as follows: In Sec. Il the molli-
autocorrelation function. _ fied impulse method is motivated, as well as the use of

Two new MTS integrators, Langevin MollbM) and | 5ngevin dynamics for stabilization of the integrator in con-
stant temperature dynamics. In Sec. Ill we describe single
dElectronic mail: izaguirr@cse.nd.edu time stepping integrators for the Langevin term. In Sec. IV
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we introduce the MTS integrators for Langevin dynamicsaveraged positions. The time average is obtained by doing
and Langevin stabilization, including BBK—M, LM, and LN. dynamics over vibrations using forces that produce those vi-
In Sec. V we present an evaluation of the new integratordrations. Thus,

along with LN. Finally, in Sec. VI we state the conclusions.

USIoW( X) — U A(X)], (6)
with the force defined as a gradient of this averaged poten-
IIl. MOTIVATION tial,
= VUSMX)— = A X) T VUM AX) ], ()

Molecular dynamics for a classical unconstrained simu-

lation requires the solution of Newton’s equations of motion:where 4y (X) is a Jacobian matrix.
& This perturbation is supposed to compensate for fikite
M = X(t) = — VU[X(D)], (1) artifacts. Intuitively, averaged.posmons are bgtter than in-
dt stantaneous values for a rapidly changing trajects(y).

Perturbing the potential rather than the force ensures that the
numerical integrator remains symplecticThe force used by
MOLLY is the gradient of the perturbed potential. The pref-
actor Ax(X)T can be seen as a filter that eliminates compo-
U = yhondedy nonbonded (20 nents of the slow force impulse in the directions of the fast
forces, and thus improves the stability of Verlet-l1/r-RESPA.

whereM is a diagonal matrix of atomic masse§t) is the
collective atomic position vectot) is the potential energy,
typically given by

Yhonded yhondy yanaley y dhedal yimerope, ) Different averaging functions give rise to MOLLY integra-
L nonbonded. | j Lennard-Joneg. | j electrostatic (4 tors with different stability and accuracy properties. Here we
present a time averaging that completely eliminates the com-
and the gradient vector VU[X(t)] is the force. ponents of— VU in the directions of the fast forces. Our

The Verlet-I/r-RESPA MTS impulse method splits the starting point is the backward Euler averaging:
force into different components whose dynamics correspond
to different time scales, which are then represented as appro- A(X)=X—7M ™t VUBEA(X)], (8
priately weighted impulses, with weights determined by conyhere 7 is a parameter with units of time. This averaging is
sistency. Henceforward the time dependence will not be ingptained with one step of backward Euler starting with zero
cluded in the position or velocity vector. The impulse yelocities. Backward Euler is chosen because of its stable

method for two different time steps is behavior in the limitr— co.
P oo Assume thatU™®{X) can be written asU™@s®stX)
M—X=— E St &t—n’ st)VURS(X) =x[g(X)], whereg(X) is a vector of independent length
dt n'=-—ow constraint functions. The elements @fX) are of the form
- K(X)=XTGX—I12, 9
— > At &t—nAH)VUSOYX), (5) g(X) K ©
n=-e where theG, are symmetric matrices ang are rest lengths.

wheref& is the Dlirac delta function, and the partitioningof ~ Thus, for example,

into U™tandU®®" is chosen so that an appropriate time step bon 1 o2 2

At for the slow part of the force is larger than a time s&tp LX) = 2Kl VG (X) +lic—1l?,

for the fast part. whereKg is a bond-force constant amgis a reference bond
Verlet-1/r-RESPA was proposed but not implemented bylength. Similar formulations exist for the bond angle energy

the authors of Refs. 1 and 7 and independently discovered bymploying the law of cosines in a triangle. Allowing-

the authors of Ref. 2, who also demonstrated its usefulnesgives the equations fad(X) and u,

It permits an increase to 4 fs in the length of the longest time

stepAt. When the method was introduced, it was predicteoM[A(x)_X]+gX[A(X)]T“:0’ 9LAX)1=0, (19

that there would occur resonances that might induce instabilwhich constitute a method, terméuilibrium*, that com-

ity if the frequency of the slow force impulse coincides with pletely eliminates components of the slow force acceleration

a normal mode frequency of the systéfiResonance pro- in the directions of the constraints. More specifically, the

duces an oscillation in the positions whose amplitude in-acceleration due to the slow fordel, ~ Ay (X)T(— VUSY)

creases with time. More surprisingly, there is also a problenis orthogonal to the columns of; . To see this, differentiate

for long time steps just smaller than half the period of thegq. (10) to get

fastest normal mod&® There is also empirical evidence that

time steps of 5 fs or greater are not possible with this AX=I—M‘12 wgh (11)
method 3 e
A. MOLLY: The mollified impulse method gxAx=0, (12)

MOLLY is a family of integrator§ that counteracts the where thegX, are Hessian matrices, and then
instabilities present in the MTS Verlet-l/-RESPA integrator. = _ g T < . o
This is accomplished by perturbing the potential using time{9x) M ™" Ax(= VU =gy AxM (= VU =0. (13
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is to add equal forces to each atom at either end of the spring,
thus not causing any stretching of the spring. Only a trans-
lation of the spring system is produced. Thus, no instability

due to the slow force impulse is introduced.

I
LXq

D g ‘ Dxy X B. Regular Langevin dynamics

Regular Langevin dynamics models the effect of mol-
ecules not explicitly included in the simulation, such as sol-
vent molecule¥"!® and molecules outside the boundary of
the computational domain. The effect of the missing mol-

Let Uy, be the Hessian matrix obtained from the poten-ecules on the dynamics of the solute macromolecule is incor-
tial energyU, and p(A) represent the spectral radius of a porated by an electrostatigsotential-of-mean-force term
matrix A. Reference 12 shows in the special case of quadratigdded taJ(X), by random collisiongthe random force vec-
potentials withU ™= Uststhat the stability condition for tor below, and by dfrictional drag on its motion through the

Equilibrium® on the longest time stept is solvent(the friction term—yM X below). This behavior can
be produced by a system of stochastic differential equations

FIG. 1. System of three charged particles and one spring.

—1/2y Slowy g —1/2\1/2
At p(M™HUTM ™YY< 2, (14 given by
rather than the more restrictive condition, M dX=—VU(X)dt— 'yMX dt + WM 2gw(t), (19
Atp(M~ YU, M~V T2< 2, (19  whereX is the positionX is the velocity,y is the collision

frequency W(t) is a vector of independent standard Wiener
processegRef. 16, p. 28 kg is the Boltzmann constant, and

T is the Langevin bath temperature. These equations corre-
spond to a constant temperature ensemble.

of the leapfrog integrator. An earlier version of this averag-
ing, calledEquilibrium, is in Ref. 13. In this paper a tech-
nique to further stabilize MTS by adding a mild Langevin

damping term is presented. In the classical solvent modeling application of the

: . . S
Fm_ally, we illustrate the effect of_applylriﬁqumbrlum Langevin equatioril9), the frictional term is assumed to be
to a simple model problem. Consider a system of three

charged particles with unit masses connected by one SprirTproportional to the velocity of the system. The constant of
. . . : - . oportionality or friction coefficient is given by* mass. It
in one dimensior(1D), as illustrated in Fig. 1. This system & P y g y*

has a potential ener ven b is useful to define 2/ as the velocity relaxation time: this is
P : gy gv y the time it takes for higher-frequency motion to be damped

UPs(x) by a factor of 1¢. A typical value used for water as a solvent
—_—— : : ~1
()= k(e —xy— 12— (23— x3) " (xr3—x) L, is suggested in Ref. 17 to be=50ps .
Utov(x) C. Effect of damping on the dynamics
(16 Too large y overdamps the low-frequency vibrational
which can be split into fast and slow components as highmodes. For example, spectral densities appear smoother, and
lighted above. so does the decay of various correlations functioridow-
The Equilibrium* MOLLY method defines a perturbed ever, it has been reported that the dynamics are preserved by
potential, stochastic methods as long as the collision frequencies are
R small enough. For example, Ref. 18 reports quantitatively
U(x)=U"(x) + UST AX) ], (17 correct diffusion coefficients for argon. More recently, Refs.

15 and 19 use & of 5-20 ps! to stabilize MTS for the

protein BPTI. Plots of various spectral properties seem to
indicate that several dynamical properties are preserved.
However, diffusion coefficients are not computed. Further-
more, it is not clear whether such results extend to solvated

where A(x) is found from Eq.(10). Let A=[Xq,X5,X3];
then g(x) is the vector of constraints withy;(x)= (X,
—X1)2—12. The averaged positions and the MOLLY filter
matrix are given by

systems. On the one hand, for fluids, the addition of even a
(X1+Xo— )12 1/2 1/2 0 A . . .
1772 mild Langevin term may cause undue damping, since the
Ax)=| (X tx+DI2], - A(x)=| U2 12 0], velocity autocorrelation function decays much more slowly,
X3 0 0 1 ast™ %2 for three-dimensional3D) liquids, see Ref. 20, p.

_ _ 310. On the other hand, for simulations of biological systems
The result of applying the MOLLY filter to the slow thjs |ong tail effect should not be important.
force,

FsIOW(X)*)AX(X)T D. Langevin stabilization

This work exploresLangevin stabilizationthe use of
mild damping to stabilize otherwise unstable integrators
(18  without distorting the dynamics. In the limit af=0, New-

X{FYLAOT FE AT FE AT,
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tonian mechanics would be recovered if it were not for the It is reasonable to expect an integrator for Langevin dy-
temperature control mechanism of Langevin dynamicsnamics be exact for constant fordeangevin impulsgeone
Thus, any instabilities of the underlying MTS integrator will such single time stepping scheme, is proposed in Ref. 19.
become apparent ag approaches zero. A prescription for This method was implemented and analyzed by one of the
estimating the appropriate valuespfs to choose 2 much  authors in Ref. 12. Another example of such a method is the
larger than the relaxation times of processes of interest, suaine proposed in Ref. 26. Langevin impulse is based on the
as the velocity autocorrelation function. Then, the computaidea of splitting, and it samples from l@ivariate Gaussian
tion of dynamical quantities like the diffusion coefficient distribution. The Langevin impulse discretization of E20)
serves to validate the proposed valueyof consists of half a kick, a “fluctuation,” followed by another
Once the largest possiblethat does not distort the dy- half a kick. The method idalf a kick
namics has been fixed, the largest time step can be deter- |\ nie i 1 1 .
mined. Numerical stability establishes the limit of the largest VIE=VIm 2 ALMEIVUXD); (25
time step that can be taken. The protocol just described iffuctuation

used to determine appropriate valuesyandAt for several e e C12entl
MTS integrators applied to flexible water and solvated bio- Ve =exp(— y AOVIT 4 V2ykg TM R, (26)

molecule systems. See Sec. VA. _ _
_ 1 1-exp(—yAt) .
The method as presented here does not yield a constant X" =X”+At—AtV“ €
energy simulation but rather a constant temperature sam- Y
pling. However, it should give a physically reasonable simu- M~ 1/2 .
lation in the context of stochastic boundary conditiéh&? +\V2ykgT Rz (27)
half a kick
Vn+l:Vn+l_E—%AtM_1VU(XH+1), (28)

IIl. SINGLE TIME STEPPING INTEGRATORS FOR
LANGEVIN DYNAMICS where

Having considered the integrators for Newtonian dynam- ne1 [ nt1
ics and motivated the use of damping to stabilize them, a Ry = i exp —y(t H]aw(),
description of the integrators for the Langevin term follows. o (29)
. . . . tn
As a starting point, Eq(19) Is rewritten as a system of two Rg+1:f [1—exg — (" 1= 1) TJdW(t);
coupled first-order differential equations: "

dX=V dt, t"TI=t"+At; V'€ and V"1 € represent temporary ve-
(20 locities between theast and @+ 1)st kick; andR'l1+1 and
dV=—M"IVU(X)dt— yV dt+ V2 ykgTM ~Y2dW(1), R5** are joint Gaussian random variables of zero mean and
some covariance matri. The procedure for generating
whereV(t) :=X(t) is the velocity. these random variables is summarized in the Appendix.

Various discretizations of Eq20) are available in the These integrators are combined with MTS integrators for
literature, but a popular one is tfBBK integrator®® half a  Newtonian dynamics in the next section.
kick
V”H/Z:(l—l'yAt)V”-l—lAt M—l[_VU(Xn)+Rn]. (21) IV. MTS INTEGRATORS FOR LANGEVIN DYNAMICS
2 2 )

. The combination of single time stepping integrators for

drift: the Langevin term with MTS integrators for the Newtonian
XMHI=X"+ At VT2 (22)  term of Eq.(20) produces MTS integrators for Langevin dy-

namics. The integrators that were implemented and tested for

half a kick this paper are described next. The first three use symplectic
VY24 LAt M = VU(XT L)+ R MTS integratprs for the Newtonian term. The last one uses
(Vi - - . (23 an extrapolativdand nonsymplecticMTS integrator for the
1+3yAt Newtonian term. It is shown that with mild damping, sym-
where plectic integrators behave better than nonsymplectic ones.
However, for relatively large damping, there is no apparent
N 29ykgT o advantage of using a symplectic integrator for the Newtonian

andZ" represents a vector of independent Gaussian randorE BBK—|

numbers of mean zero and variance one. The symibls "

andV"*! represent the velocities just before tita kick and BBK-I is the combination of the Verlet-l/r-RESPA
after the 1+ 1)st kick; X" andX"** are the positions before method with BBK. The only difference with the impulse
and after thenth drift. V"*¥2 is a temporary vector of ve- method is that in the innermost loop BBK is substituted for
locities after thenth kick. the Verlet/leapfrog method.
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B. BBK-M V. NUMERICAL EVALUATION OF LANGEVIN

. .. A DYNAMI INTEGRATOR
BBK-M is the combination of th&quilibrium* MOLLY s G ORS
method with BBK. Like BBK-I, the only change is the use  Results of numerical evaluation of the four integrators

of BBK is the innermost integration step. for Langevin dynamics described above are reported here.
Most experiments were performed usifigxible water that
C. LM is, vibrations of bonds and angles are included in the TIP3P

water modef’ The potential energy of flexible water is
LM is a combination of theEquilibrium* MOLLY given by

method with Langevin impulse. Again, the only change is

that in the innermost loop Langevin impulse is substituted Uebctmsta@cﬁ (36)
for the Verlet/leapfrog method. Xij
o 12 o 6

D. LN: An extrapolative MTS integrator for Langevin  Lennard-Jones. Aeij| | | —| | [SWX), (37
dynamics Xij Xij

LN is a method introduced in Refs. 9 and 15. Itis atriple U =Kg(x;; —1;j)?, (38)
time stepping method that combines constant extrapolation

o " U9 K (0 )2, (39

(CE) on the outer time step, midpoint extrapolatidiE) on
the medium time step, and midpoint BBK on the innermostyherex; = %, —|. For our discussion these potentials are
time step. This particular formulation is that of Ref. 6. The split as follows:

motivation of LN is to avoid the instability due to the impul-

sive nature of Verlet-I/r-RESPA by using a constant approxi- ~ U"™s= yfastbonded | jfastnonbonded (40
mation of the force. CE and ME are uncono!itionally unstable fastbonded | jangle, | jbond 1)
for y=0; however, the magnitude of the eigenvalues of the '

propagation matrix is bounded independently of the long fastnonbonded. | jfast elect, | jLennard-Jones (42)
time stepAt. For CE and ME to be stable, a moderate '

amoun.t of dampir_lg is. needed. The instability of ME at srr_1a_||  fast.electrostatic. UelectrostatiSW(Xij ), (43)
outer time steps is milder than that of CE, even though it is _ _

not bounded. These results motivate the choice of integrators ~USIoW= U electiostatic  yfast electrostatic (44)

for the different force components in LN: The slow forces
with the longest time step are integrated using CE; WhereatsfOS
the medium forces are integrated with ME.

Assume that the medium time stéy =k, 6t and the
longest time stepj\t =k, At,,,, wherek,; andk, are integers.
Then, given position¥ and velocitiesV, one long step of

The switching function SW;) serves to split the elec-
tatic potential into slow and fast pafend also to bring
the Lennard-Jones force to zero smoottsy that the force is
a derivative of the potential even with a cutétlt is defined

LN consists ofslow force evaluation 0, if x;;>cutoff,
Fslow.— — yyslow(x), (30) 1, if x;;=SW,,
followed byk, steps of{ SW(x;j)=14 (cutoff—x{)(cutoff+2x5 —3 SW5,)
medium force evaluation (cutoff— SWS,)
FmEd:Z—VUmed(X'i‘%Ath), (31) if SW0n$Xij<CUtOﬁ.
followed by k, steps of{ For flexible water, C=332.0636kcal/mo) K™, Kj
_ =55(kcal/mo)degree$ Kg=450(kcal/mo)A?, do
half a drift =0.417e, gu=—0.834€, |gy=0.957A, |,,_y=1.514A,
X:=X+38tV; (32) 0,=104.52°. The Lennard-Jones parameters ang .
i = 04A, (e 1.752 53 A, EH_H™ 0.046 kcaI/mOI, €0-H
kick =0.083 65 kcal/mol.
27keT Earlier experiments suggest that flexible water models
Ffast— —yufesix), Frand.- \/TM”ZZ”, (33  are particularly sensitive to destabilizing artifacts in numeri-
cal integrators® The successful use of time steps of 6 fs
V+ 16t M~ L(Fslow pmedy pfasty. prand) using Equi!ibri_um* MOLLY is reported in Ref. 3. _
= , (34 The criterion used to measure accuracy is to consider the
1+yat worse of the errors in average total energy and temperature.
half a drift: In particular, the deviation from the “correct” average en-
vl ergy is computed by comparing against a trajectory with
Xi=X+3zotV. (39 At=1fs for a giveny. An error of at most 3% is considered
} accurate. Similarly, the error of the average simulated tem-
} perature with respect to the Langevin temperature was com-
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TABLE I. Higher accuracy resultfor Langevin dynamics methods on a 10 TABLE Ill. Self-diffusion coefficienfer Langevin dynamics simulations of
A radius sphere of flexible TIP3P water: maximum time siggfor an error 141 flexible TIP3P water molecules. It was computed using Einstein’s rela-

of 0%—0.4% in the energy. tion for 20 ps chunks of 250 ps trajectories, averaging over all time origins
and oxygen. The error bar is given by one standard deviation. The row for a
. LM BBK-M BBK-I LN friction coefficient y=0.0 corresponds to leapfrodor the BBK—M col-
Dumr{l?g umn) and Equilibriunt* (for the LM column). Note the pronounced effect of
¥ (ps™) At(fs) damping in the diffusion coefficient for values gfgreater than 0.2.
0.2 10 8 N/A N/A 5 . BBK—M LM
amping
0.5 12 11 N/A N/A - . .
1 15 1 5 N/A y(psH  At(fs) D (10 %cmP/s) At(fs) D (10 °cn¥/s)
5 15 9 7 N/A 0.0 1 5.2£0.1 1 5.250.1
10 15 16 7 6 0.2 6 5.2:0.1 6 5.0:0.3
20 15 16 8 10 8 5.1+0.1 8 5.0-0.3
50 20 17 8 50 10 4.9-0.2 10 5.2:0.3
100 25 6 4 N/A 12 4.9-0.1 14 5.1:0.2
0.5 1 4.0:0.2 1 4.8:0.4
12 3.6:0.1 12 3.6:0.2
15 3.4-0.1 16 3.7#0.1
puted. In general, the error in the energy is observed to be a 1.0 7 3.2:0.2 1 27201
stricter measure of accuracy than is the error in the tempera- 17 3.1-0.1 16 2.9-0.2
ture 10.0 1 1.0%0.01 1 1.070.04
. 16 1.08:0.01 16 1.040.01

Finally, to show that with the proposed value pfone
obtains the correct dynamics, we also obtained the mean
square displacemeR( ) as a function of time and the self-

diffusion coefficient D using Einstein's relation B ¢losed the whole system. The force field parameters were
~R(7)/(27). The procedure to compute these quantities ishose ofcHARMM 22 for proteind®® and nucleic acidd?

The self-diffusion coefficient was computed by averaging

over all molecules and all time origins of 250 ps simulations _ _ -
of a 10 A radius sphere of water with 141 molecules. A. Results with Langevin stabilization

To get the diffusion coefficient for liquid water one  accyracy results for Langevin stabilization of flexible
would normally use periodic boundary conditions to avoidyater are summarized in the first numerical row of Tables |
surface tension effects. The molecular dynamics programnq |, Note that BBK—I and LN are not suitable methods for
NAMD, version 1.5, in which we tested our methods does nof gngevin stabilization. On the other hand, Langevin stabili-
implemen.t per.iodic boundar_y conditiongsO with an Ewald sum,;5tion of MOLLY is very successful: using LM, long time
although it is implemented inAMD 2.1°" Hence, we have  gteps of 14 fs are possible for moderate accuracy, and long
used spherical constraints with a radius of 11 A. The quangme steps of 10 fs for higher accuracy; both sets of result use
tities we compute are not physically correct but they are oty y=0.2pst LM is more accurate and is able to take
the same nature as the physical quantities and should SerYshger time stepdt than BBK—M in all cases. Our tests of
well to compare the proposed methods to the leapfrog N combine medium and fast forces; LN does not produce
method, which is of a known quality. The protein-DNA gasistactory results for Langevin stabilization, since the un-
simulation of the estrogen receptor ER and part of the DNAyeyying extrapolative nonsymplectic integrator is uncondi-
of an estrogen response element EREas solvated in a 35 jonally unstable fory=0, which can only be overcome with
A radius sphere of flexible water with 17 527 atoms. It Wasy relatively large damping of 20 ps * or greater.

tested using BBK—M imvaMD 2.1. Periodic boundary con- Table Il shows that for flexible water with ay
ditions in all directions were used, and the periodic box en—g o ps! for all stable time steps, for both LM and

BBK-M, the diffusion coefficients are correct, compared to

TABLE II. Lower accuracy resultfor Langevin dynamics methods on a 10
A radius sphere of flexible TIP3P water: maximum time shédor an error

of 0.4%-5% in the energy. TABLE IV. Self-diffusion coefficientsf Langevin dynamics simulations of
a protein DNA interaction of the estrogen receptor ER and part of the DNA
) LM BBK—M BBK—I| LN of an estrogen response element ERE in a 35 A radius sphere of water with
Dumping 17 527 atoms. It was computed using Einstein’s relation for 10 ps chunks of
y (psh) At(fs) 20 ps trajectories, averaging over all time origins and all atoms. The error
0.2 14 12 N/A N/A bar is given by one standard deviation. The row for a friction coefficient
) y=0.0 corresponds to the Verlet-l/r-RESPA method.
0.5 16 15 N/A N/A BBK_M
. 17 AR Danmping
st At (fs D (10 5 cn/s
10 17 18 11 15 y(es) () ( )
20 25 25 17 21 0.0 4 1.2:0.1
50 35 18 16 50 0.2 8 1.:0.3
100 40 7 N/A 50 10 1.2-0.2
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70 T T T ——T—TTrTTYY r—r—prrrr TABLE V. CPU timesfor NamMD 2.1 on the estrogen receptor ER/ERE and
water system with 17 527 atoms for 1008 fs. The number of processors is
60 denoted byp. The machine was an HP K-box running HPUX 11.
At, 8t 2
5ok N - Method (fs) p=1 (seconds 4
N [
. H p Verlet-l/r-RESPA 41 23783.8 14052.9 7425.3
L40F ' ' . Equilibrium 6,1 17 929.4 10437.2  5644.0
g L BBK-M 16,1 8684.3 4949.3 2704.4
S 5ok i — M 4 BBK-M 16,2 7305.2 4232.3 2266.7
E 1 & BBK-M
' O BBK-I
20 ~~® E\-' O LN -
""" Q‘ “» H T slow
10 B ' i puting A(X) and — Ax(X)' VU>" is local to the patch;
8 K thus, there is no extra communication requirement. There is,
R T SR S S however, an extra memory requirement needed to store the
10° 10' 10° 10° 10° averaged positions. The filter matriced,(X)T are not
-1 .
¥ (ps™) formed completely, but rather the matrix—vector product

_ T slow ; =
FIG. 2. Maximum achievablat for 4 MTS Langevin dynamics integrators. Ax(X)" VU is computed fromX and .A(X). An eff

. . T oy - *
The accuracy criterion was that the error in the average energy was no mo@em computation ofdy(X) " for Equ”'_b”um IS presenFed
than 3% with respect to the average obtained with leapfrog/grell fs. in Ref. 12. It makes use of the special structure of this ma-

trix.

those of leapfrog anBquilibrium* MOLLY with a time step
of 1 fs. Table IV shows similar, albeit less extensive, resultsVl. CONCLUSIONS

for the solvated ER/ERE system. This paper has shown that it is possible to stabilize sym-

plectic integrators for molecular dynamics using very mild
damping that is less than the decay rate of the velocity auto-
The results for regular Langevin dynamics are summacorrelation function. This was illustrated by introducing LM:

rized in the last five rows of Tables | and II. LN is the bestit combines theEquilibrium* mollified impulse method,
method for this application, allowing long time steps of 50 fswhich extends the stability of the Verlet-I/r-RESPA impulse
using y=50ps 1. These results are consistent with Ref. 15,method, and a Langevin impulse method, which is exact for
which reports long time steps using LN of 12 fs for flexible constant forces. BBK—M, a close variant of LM, can take
water, 48 fs for a biomolecule in water, and 96 fs for along time steps of 14 fs with & of 0.2 ps . BBK—M has
biomolecule in vacuum. LM performs nearly as well: with been implemented and tested with biomolecules in explicit
y=50ps %, time steps as large as 35 fs are possible. This iflexible solvent in the parallel molecular dynamics program
superior to BBK—I or BBK—M, for which the maximum NAMD 2.1. Itis three times faster than Verlet-1/r-RESPA on a
time step is 16 fs. In general, LM allows greateandAt to  protein—DNA simulation. It is possible that combining even
be taken than BBK-I and BBK—M. For example, time stepsstabler MOLLY methods with mild damping, one may
of 50 fs can be taken witly=100ps* using LM. A sum-  achieve time steps for molecular dynamics that are only lim-
mary of the results appear in Fig. 2. For the modeling of arited by accuracy, rather than stability. Also, our computation

B. Results with Langevin dynamics

implicit solvent, LM is inferior to LN. of diffusion coefficients suggests that Langevin stabilization
is applicable to solvated biomolecular systems: this is sup-
C. Implementation and performance ported by preliminary results on a solvated protein—DNA

: . . simulation of the estrogen receptor ER and the DNA of the
All the methods described here are implemented in &

: 36 estrogen response element ERE. Nevertheless, a more exten-
testing program calle®roTOMOL®® The performance of

: . : : iV n nsideration of thi ion would mor

Equilibrium MOLLY, with and without Langevin damping, sive study a d co 'S Fie ato of this ques.,t_o ould more
. . clearly specify the limitations and applicability of the meth-

was evaluated using the parallel molecular dynamics PTO%5ds presented here: for constant temperature simulations, in
gram NAMD 2.1. The test problem was the protein—DNA P ' P '
simulation of ER/ERE described above. Timings are shown
in Table v, _and_ meth_Od speedups are Shown in Table VI TABLE VI. Method speedupfr navp 2.1 on the estrogen receptor ER/

Parallelism is achieved by doing a spatial decompositionErg and water system with 17 527 atoms for 1008 s. The number of pro-
of the system into boxes called “patches” with the con- cessors is denoted gy The machine was an HP K-box running HPUX 11.

straint that each H group is kept in a single patch. An H

group is a heavy atom and all hydrogens covalently bonded Method A(::Sft 2:')?:33 o
to it. A patch resides completely in one procesgeguilib-

rium parallelizes well, since the averaging is performed on Verlet-l/rRESPA 4.1 1
each H group independently of all other H groups, i.e., H Egl}ﬂ'lb,\:”m féll ;2
groups decouple for the averaging: All the information BBK—M 16.2 33

needed to do the averaging and mollification, that is, com
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the presence of stochastic boundary conditions, and as an 1

alternative ta(and possibly combined witextended Hamil- =5 [1—exp—2yAD)], (A5)
- Y

tonian methods such as Neséoover.

2 1
Cp= A= [1-ex—y AD ]+ 5 [1-exp(—2y AD)],
(A6)
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APPENDIX: GENERATION OF RANDOM VARIABLES Cu1 1

FOR THE LANGEVIN IMPULSE INTEGRATOR

Let 7=(1l/y)[1—exp(=yAt)], and 7,=(1/2y)[1
—exp(—=2yAt)]. Then the random numbers needed for the
algorithm are

The procedure for generating the random variables for
Langevin impulse, given in Appendix B of Ref. 19, is sum-
marized here for reference. To integrate,

.
I(f)=fo f(t)dw(t), (A1) - NS 0 -
_ _ 2
one can use the following facts(f ) is a Gaussian random RyFYT|I T2 [ T2 (A8)
variable, E[1(f)]=0, E[I(f)2]=ff(t)2dt, E[I(f)I(q)] NES T2
=[of(H)g(t) dt.
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