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Quantitative free energy computation involves both using a model that is sufficiently faithful to the
experimental system under stuf@ccuracy and establishing statistically meaningful measures of

the uncertainties resulting from finite samplin@recision. We use large-scale distributed
computing to access sufficient computational resources to extensively sample molecular systems
and thus reduce statistical uncertainty of measured free energies. In order to examine the accuracy
of a range of common models used for protein simulation, we calculate the free energy of hydration
of 15 amino acid side chain analogs derived from recent versions of the OPLS-AA, CHARMM, and
AMBER parameter sets in TIP3P water using thermodynamic integration. We achieve a high degree
of statistical precision in our simulations, obtaining uncertainties for the free energy of hydration of
0.02-0.05 kcal/mol, which are in general an order of magnitude smaller than those found in other
studies. Notably, this level of precision is comparable to that obtained in experimental hydration free
energy measurements of the same molecules. Root mean square differences from experiment over
the set of molecules examined using AMBER-, CHARMM-, and OPLS-AA-derived parameters
were 1.35 kcal/mol, 1.31 kcal/mol, and 0.85 kcal/mol, respectively. Under the simulation conditions
used, these force fields tend to uniformly underestimate solubility of all the side chain analogs. The
relative free energies of hydration between amino acid side chain analogs were closer to experiment
but still exhibited significant deviations. Although extensive computational resources may be needed
for large numbers of molecules, sufficient computational resources to calculate precise free energy
calculations for small molecules are accessible to most researche2§0® American Institute of
Physics. [DOI: 10.1063/1.1587119

I. INTRODUCTION ancies between the models used for simulation and the ex-
An important goal of computational chemistry is the ac-Perimentally measured reality. This lack afcuracymeans
curate prediction of free energies in molecular systems. Thé'® model may not adequately represent the experimental
calculation of free energies is a computationally intensiveSystem under study. Second, the phase space of the model
task, even for small systems, because it requires sampling #fust be sufficiently sampled to capture all thermally relevant
all thermally relevant configurations of the system. Extensivecontributions to the ensemble average of the observables of

work over the last 20 years has gone into developing thénterest. Otherwise, the results will lack the necesgaegi-
theoretical and computational apparatus to perform free ersion and independent calculations will most likely lead to
ergy computations, and these calculations can now be pediffering answers. In general, insufficient attention has been
formed for many systems with moderate levels of accutacy.given to separating the differences between free energies
However, the accuracy of current calculations greatly limitscomputed from simulation and those derived experimentally
their applicability, especially for predictions of experimental jnto contributions from inaccuracies in the model and the
observables such as drug binding affinities. For example, the,ci of precision in the measurement of ensemble averages.
threshold for pharmaceutically useful predictions is an accugyy it sufficient precision is obtained in a statistically well-

racy of apprommately_ 0‘.5_1'0 kcal/mol, |mpl_y|ng a binding defined manner is it possible to design models that are suf-
constant correct to within an order of magnitude of the ex-. . L
. - L2 ficiently accurate for the application at hand.
perimental value. Obtaining such precision in a repeatable
and consistent manner is an unsolved probteitso, it is A Difficulties in obtaini
lear to what extent uncertainties presented in many pubi.r. r o ties In obtaining
unc , 'S P n many p thlgh-premsmn measurements
lished studies truly capture the statistical uncertainty inherent
in free energy simulatiorfs. In order for the free energy of a physical or chemical
There are two main problems in the quantitative predicprocess to be correctly computed by simulation techniques,

tion of interaction free energies. First, there are the discrepthermally relevant configurations of the system must be thor-
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TABLE I. Correspondence between amino acids and the amino acid side chain analogs used in this study.

Ala methane Val propane Leu iso-butane

lle n-butane Ser methanol Thr ethanol

Phe toluene Tyr p-cresol Cys methanethiol
Met methyl ethyl sulfide Asn acetamide Gin propionamide
Trp 3-methylindole Hid 4-methylimidazole Hie 4-methylimidazole

oughly explored. This is a difficult challenge for the simula- interactions, and constraint of bonds or other degrees of free-
tion of large biological systems with many degrees of free-dom, all of which can change the Hamiltonian. Each of the
dom and long dynamical correlation times. Long, “brute- force fields mentioned above was parameterized using cer-
force” molecular dynamics simulations, typically on the tain assumptions about simulation procedures and param-
nanosecond time scale, are currently insufficient to captureters. Using different simulation conditions than those used
the long time scales of typical biological events, which areto parameterize the force field has consequences for the ob-
frequently on the microsecond or millisecond time scaleserved results.
Without proper statistical uncertainty analysis, reported un-
certainties can be significantly smaller than the spread ir&: Purposes of the present study
values that would likely be generated under repeated inde="
pendent executions of the simulation. One common practice In this paper, we have attempted to separate these two
in reporting computed free energies is to assign as an uncesources of deviation from experiment for a simple test sys-
tainty the hysteresis in the free energy as the “mutation” istem, the hydration of neutral amino acid side chain analogs.
performed forward and backward. This is not actually a validThe correspondence between amino acids and amino acid
uncertainty estimate, as it is related to systematic error, naide chain analogs is shown in Table I. We chose this system
the statistical uncertainty. Moreover, it is frequently smallerfor a variety of reasons. First, experimental data are available
than the actual statistical uncertainty of the measurertfent. for direct comparison®=%* Second, these molecules are
Additionally, observables from molecular dynamics andsimple enough that we expect to be able to obtain good sta-
Monte Carlo simulations can falsely appear to have contistical sampling, thus allowing us to obtain a lower bound
verged if these observables are coupled to degrees of freen the amount of the sampling necessary for larger, biologi-
dom with long correlation time3There is a need for rigor- cal systems. Third, a variety of well-defined, extensively
ous analysis in the determination and reporting of thetested, and widely-used potential sets are available for these
uncertainty due to limited sampling. molecules—in this paper, we use AMBERQ4),
CHARMM22, and OPLS-AA If we succeed in obtaining
sufficient sampling of these systems, and thus obtain high
precision values, remaining deviations from experiment must
Current generation biomolecular force fields such asarise from inaccuracies in these models, where “models”
AMBER(ff94)® CHARMM22/ GROMOS? and refers both to the force field parameters and to the choice of
OPLS-AA’ are in many cases successful in capturing thesimulation protocols.
qualitative behavior of protein structure and dynantfts? There are other possible choices of a test system, such as
These force fields for proteins were primarily built and pa-partition coefficients of blocked amino acids between water
rameterized to match small molecule data, both experimentand a hydrophobic solvent or the free energy of hydration of
and theoretical. Parameters were usually tuned to give accwhole or blocked amino acids, but these alternate test sys-
rate fits to quantum mechanical energy barriers, as well as ttems have serious disadvantages. Partition coefficients are
reproduce enthalpies of vaporization and densities for purékely better measures of force field utility for proteins than
liquids 8~° However, computational limitations usually did direct hydration, and extensive experimental data is avail-
not allow parameters to be further tuned to also reproducable. Force field parameterizations of nonaqueous solvents
accurate free energies of solvation in water, a thermodyfsuch as 1-octanol, cyclohexane, chloroform, and other sol-
namic measure that is likely to be very relevant for biologi-vents for which experiments have been performbdve
cal processes. Other molecular force fields such abeen proposed and partially explor@d?®*However, mod-
TraPPE~15 NERD!® and GIBBS9%’ have incorporated els for these solvents are less developed than are the various
phase equilibria data that implicitly include free energies ofwater models, especially for solvent—solute simulations, and
transfer, but as yet do not include the molecular diversityvery few simulations have used protein force field param-
necessary for biomolecular simulation. eters in conjunction with these solvents. Since the solvent
It must also be kept in mind when performing a simula-model is just as important as the solute model in computing
tion that simply specifying a set of force field parameters isthe free energy of solvation, we believe that computation of
not sufficient to define a computational model. Anything thatpartition coefficients would be more a test of these less
affects the Hamiltonian changes the model, and thus wildeveloped nonaqueous solvent models than of the more ma-
affect the end results. For example, there are a large numbéire solute model& Additionally, published protein/solute
of choices of simulation methodology, such as choice ofparameters have generally been developed for use with high
boundary conditions, truncation or tapering of nonbondedielectric solvents like water and may not be as accurate in

B. Accuracy of models
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lower dielectric solvents. In the case of whole amino acidfree energy into force field parameterization efforts. Free en-

solvation, experimental results for solvation of the entireergy simulations are useful parameter verification methods as
amino acids are very difficult to obtain, as isolated aminothey quantify the effects of both the enthalpy and entropy of

acids are extremely soluble in water in zwitterionic or evenmolecular interactions.

blocked forms. As additional support for computing the free

energies of hydration as a test of protein force fields, the freﬁ METHODS

energy of hydration of these amino acid side chain analogs is’

highly correlated to such measures as Chothia’s criterion of. Computational methods

hydrophobicity® (with R=0.90) as measured from the dis- 1,0 Folding@Home distributed computing  infra-

tribution of amino acids within globular protein&®! _ structuré® was used to perform the free energy calcula-
When evaluating models, one is torn between usinGjons presented in this paper. Folding@Horfe http://
more recent simulation methods with the best proven sciery|ging stanford.eduis a collection of approximately 90 000
tific validity, the methods used for the actual parameterizay,g| nteered computers across the world running the
tion of the model, and the most commonly used methods iq|ding@Home client prograft.Volunteered computers au-
the literature, which may all be somewnhat different. For exymaically download calculations to be performed and re-
ample, most force fieldéfor both proteins and watewere  ym the processed results to servers at Stanford University.
parameterized using simulations that employed finite-rangefto|ging@Home has previously been used to perform mas-
nonbonded interactions, which suggests that one should ugg/ely parallel calculations successfully simulating the fold-
the corresponding truncation protocol for nonbonded interacg kinetics of small peptides and proteffis*®and to design
tions in order to be faithful to the parameterization of thegnsembles of new protein sequences which fit to specified
model. However, truncation schemes for electrostatic intersirctyred?
actions have been shown to lead to qualitatively incorrect  The main data set alor@ force field parameter setd5
results’ as compared with more sophisticated and increasamino acid side chain analogs trialsx 1.2 ns<61\ values
ingly more common methods such as Ewald summation Ofepresents approximately 140 CPU yearsao1l GHz Cel-
the use of a reaction field. Our goal here is to compare moderon, and all of the simulations together represent closer to
els and we choose to be faithful, where possible, to the metlpoo CPU years. The majority>95%) of data was collected
ods used in the original parameterizations. Additionally, dein <2 months, approximately equivalent to an 800 processor
spite their limitations, cutoffs are still frequently used in cluster of similar machines working uninterrupted for the
simulations of proteins. same time period. These calculations used only a small frac-
For sampling, we chose to use molecular dynamics agon of Folding@Home’s total capacity at any given time.
the most direct method for isobaric—isothermal Boltzmann The simulations were performed using a modified ver-
sampling of condensed phase molecular systems. We realizgon of the molecular dynamics SUITeNKER (v3.8).%° Our
that this method is not the most computationally efficient inmodifications included adding Andersen pressure and tem-
general. But it is sufficient for the problem at hand, as wellperature contréf and a variety of methods for free energy
as being simple to implement, frequently utilized, well- computation using thermodynamic integratigsuch as
studied, and well-understood. “soft-core” X dependenc®), as well as adding some perfor-
Some studies have examined the free energy of hydramance optimizations.
tion of a few representative molecules using standard force Parameters for the amino acid side chain analogs were
fields in explicit water simulation¥ % However, there has generated from the versions of AMBERQ4)°
not been a comprehensive attempt to compare common for@@HARMM?22,” and OPLS-AA1996),° force fields included
fields for their accuracy in predicting the hydration free en-in the TINKER v3.8 distribution. CHARMM?22 is the most
ergies for a set of molecules relevant to protein simulationsecent CHARMM version for proteinllCHARMM27 param-
employing explicit representations of water. One reason hasters are only different for nucleic acids and lipids 94 and
been a historical problem of adapting force fields to a diver£f96 in Amber differ only in peptide backbone torsion angle
sity of molecular dynamics software packages. The cod@arameters® and ff98 did not change any protein param-
used in this study is a modified version TRKER,3 which  eters from earlier parameter sets, so these differences are not
supports a variety of common force fields. Another majorrelevant here. OPLS-APparameters used date from October
reason for this lack of extensive comparison is a lack 0fl997 and are similar to the most recent OPLS-AAYlanly
sufficient computational resources to evaluate free energiadiffering somewhat in the torsion angle and the sulfur
of large numbers of molecules with sufficient precision. Us-Lennard-Jones parameters. In this paper, we will refer to
ing the power of distributed computif§,we are able to these parameter sets as CHARMM, AMBER, and OPLS-
access sufficient computer time for such large computationahA, recognizing that there are variants of each. We studied
tasks. all the neutral amino acid side chains except for those of
These results can serve as one possible test of the appproline and glycine. In addition, we examined analogs of
cability of current protein models studied with explicit rep- both neutral protonation states of Hieferred to as Hid and
resentation of water molecules. The present work coulHie analogs, where the proton is attached to thand e
guide the development of more accurate force fields. It demnitrogens, respectively
onstrates that it is now easier to incorporate very important We have omitted the side chain analogs of amino acids
yet computationally intensive observables such as hydrationarrying a formal charge at neutnaH in our computations.
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-0.683 (0.418 -0.683 0418 formed by adjusting the charges on the three hydrogens at-
OH H QH H tached to thgs-carbon instead of the charges on fearbon
o.()He\E;/H 0.06 0.06 \é/ 0.06 itself, with the assumption that most other choices would fall
0.145 0.085 between these extremes. The difference in hydration free en-
H ergies obtained was of the size of the uncertaif@y dis-
Backbone 0.06 cussed at length in the Result§his demonstrates that dif-

FIG. 1. Diff , ial ch betweaft) the OPLS-AA ferences between this simulation and simulations with other
. 1. Dirrerences In partial charges be e - param- . . .
eter set serine side chain af@ght) the OPLS-AA-derived parameters used pos_s't?'e Var_'ants P_f the AMBER parameters are “kely to be
for the side chain analog in this study. Only {Bearbon changes in charge. Statistically insignificant.
The original TIP3P water mod@l was used, which is
rigid and includes no Lennard-Jones term on the hydrogens.

A finite-ranged treatment for nonbonded interactions is ulti-This is slightly different than the TIP3P-like water model
mately inappropriate for the inherently long-ranged Coulom-USed to develop the CHARMM parameter set, which does
bic interactions of charged species. Complex corrections t92ve Lennard-Jones terms on the hydrode‘ﬁsEBP(mcll_Jd-
free energies from finite-ranged simulations are required t§19 slight variants, like the CHARMM TIP3P mentioned
recover approximations to the full electrostatic free energy of0ve is probably the most common water model used in
charged species, and errors in these approximations aF‘é<F_>|ICIt water simulations, and was selected to best capture
somewhat uncontrolle®:*3 Experimental data does exist for typical current methods, even though TIP4P and TIPSP have
the free energy of hydration of these charged amino acid sidBeen shown to reproduce some properties of water more ef-
chain analogs at alternatpH values where they are fectively than TIP3P?
neutral'® but not all of the force fields have parameters de- ~ Thermodynamic integration was used to compute the hy-
fined for these neutral species. dration free energyfull details below, with molecular dy-

Some modifications to the side chahcarbon param- namics used to compute the ensemble averageoéi at a
eters were necessary in order to use the protein force fiel@umber of values o. For each value oh, simulations
parameters for the side chain analogs. For the nonbondésing a 2 fstime step were equilibrated for 200 ps, followed
parameters for these atoms, the Lennard-Jones term Wgy 1.0 ns data collection. Since each simulation was carried
taken from the standard aliphatic carbofesther CH or  outin fivefold replica, a total of 5 ns of simulation time was
CH,, depending on the amino agidf each parameter set. collected at each value of. Integration of the equations of
The partial charge of this atom was determined for eactinotion were performed using the velocity Verlet algorithin,
amino acid side chain analog by reducing the partial charg@nd all bonds were constrained using RATTLRef. 58
on theﬂ-carbon by the amount of the Charge of one hydro.With a distance constraint of 16 A. To allow for better
gen atom(see Fig. 1 If bonded parameterdonds, angles, load balancing in the Folding@Home distributed computing
and torsions were already defined in the parameter set forenvironment, simulations were divided up into blocks of 100
atoms of the resulting type and connectivity, these were use®' 200 ps. The only side effect of this windowing is on the
Otherwise, the bonded terms originally assigned that atorgomputation of the correlation times of the system, as we
were retainedTINKER input parameter and coordinate files discuss below.
for all the amino acid side chain analogs in all parameter sets Andersen pressure contfblwas used to produce con-
used are provided as Supplementary Matefial. trolled pressure simulations. Andersen pressure coffimol

In the case of the AMBER parameter set, additionalconjunction with Andersen temperature confragorously
changes were necessary. CHARMM and OPLS-AA are forimplements an isobaric—isothermédNPT) ensemble. The
mulated to have electostatically neutral side chain moietiepressure was calculated using a molecule-based virial, with
while AMBER charges are only neutral for the entire residuethe molecular centers defined as the molecular center-of-
To create a neutral side chain analog with the AMBER pa-mnass. Isotropic scaling of the cubic volume at each step was
rameters, we followed the procedure for adding an additionaperformed by scaling the coordinates of molecular centers,
hydrogen described in the previous paragraph, and themot the atomic positions %' A piston mass of
added the charge on the-carbon necessary to make the 0.0004 gmot!A~* was used. The thermodynamic observ-
overall side chain analog neutral. The average of this lasables are formally independent of the choice of the piston
correction to the partial charges on tBecarbon across the mass. Therefore, as long as the piston is heavy enough that
AMBER parameter set was0.0725, with root-mean-square the simulation is stable with the choice of time step, and light
difference 0.021, and maximum difference ©0.1197 (for =~ enough so that that the time scale for the volume fluctuations
the leucine analog These changes result in a slightly differ- (which were of order 1 ps for these simulatipns much
ent dipole moment for these side chain analog atoms thashorter than the simulation length, the value of the piston
might occur if the same atoms were in an intact residue, omass is unimportant. Periodic boundary conditions were
alternatively if the charges were rederived wath initio cal-  used and the simulation cell was constrained to a cubic
culations, and will therefore slightly change the free energyshape. At all times, the edge length of the simulation cell was
of solvation. To understand the effect in hydration free enimore than twice the range of the finite-ranged potentials
ergy that this dipole moment difference would create, weused.
performed a separate simulation on the Leu analog in which  All simulations were carried out at 298 K. Andersen
the correction to the charges to achieve neutrality was petemperature control was implemented by reassignment of all
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velocities from the Maxwell-Boltzmann distribution at peri- field and amino acid side chain analog, we ran five separate
odic intervals, which in the limit of long time is rigorously simulations and examined the deviations of the individual
equivalent to an isothermal ensemffldn the 1.0 ns simu- results from their mutual average to decide if the simulations
lations presented here, velocities were reassigned every 50@&d truly converged.
steps(1.0 p9, resulting in 1000 separate reassignments. The Charge-neutral group-centered tapered cutoffs were used
average kinetic energy of the simulations was checked téor the nonbonded interactions of both solvent and solute. In
verify that it was in agreement with the control temperatureall cases, the smallegin number of atomic sitgspossible
of 298 K. groups of contiguous atom centers which had zero total par-
Statistical uncertaintiegA, for all observablesA, were tial charge were selected, which resulted in different group
calculated by using the variand@®?).., and correlation time  definitions depending on the parameter set used. The center
of the observabler,, over the entireT=1.0 ns simulation. of each group was chosen as the atom closest to the geomet-
The uncertainty in the mean for the observablds then ric center of the group—if two atoms are equally close, the
given by the formulasA= \(AZ).\27,/T.5"52 A corre- atom with the largest absolute value charge was chosen as

sponds to one standard deviatian, and all results are re- the group center. We used combining rules for Lennard-Jones
ported agA)*1o. terms and exclusion rules for 1,4 terms appropriate for each
were calculated with a resolution of 20 fs within the window Interactions between atoms using group switching are
of each 100 or 200 ps block sent to each participatinglefined as follows. We first compute the standard Lennard-
nents(Coulombic or van der Waalsof dH/d\N were com-  Coulombic term for each atom pairandj located atr; and
puted by numerically integrating the autocorrelation func-rj,

9 aij| 2 °
is possible there are correlations comparable to or longer U(r;;)= J (r—’) —| =
than 100 or 200 ps in the componentsddd/d\, thus mak- 1 1
windowing procedure and to identify the possible presenc@nd oj; are the standard Lennard-Jones parameters. If the
of long-time scale correlations, values were sampled everpeginning of the switching regiofmoving outwards from
for 20 of the 45 molecule/force field combinations, and au-is defined as, then the interaction energy between neutral
tocorrelation times were computed for these entire 1.0 ngroup A, with n, atomic sites and group center located at
These times were found to deviate little, as discussed belowgenter located atg, is defined as

A single simulation is not statistically relevant; it is usu- NA Ng
verify that the computed uncertainty estimates from single
simulations are reasonable. For each combination of forcaherer ,g=|ro—rg|, andS(r »g) is defined &%

k] Jii

+4€ij r

, @

The normalized fluctuation autocorrelation functionsforce field.

Folding@Home machine. Correlation times for the compo-Jones tern{representing the van der Waals interactjoaisd
tions of each of these observables by the trapezoid®fute.

ing this windowing inaccurate. To ensure the validity of thewherer;;=|[r;—r||, g; is the partial charge on atoimande;;
0.2 ps for the entire 1.0 ns rufor a total of 5000 samplgs ij=0) is defined as ., and the end of the switch region
runs for comparison with the windowed correlation times.r'a, and neutral groufB, with ng atomic sites and group
ally necessary to run multiple independent simulations to UAB=S(rAB)iEl 21 u(rij), (2

==

1 for O<<rag<rsuitch
2 2 \2/.2 2 2
(ros—rae) “(rof+ 2r ag= 3r swirch)
2 .2 3
(roff rswitch)

0 for rag>rof,

S(rag)= for T epich<r ag=<<r off )

whereA andB are the centers of the groups to which atomscase of the isobaric—isoenthalgdPH) ensembl¢was qua-
i and atomg belong, respectively. dratic in the time step sizéas checked down to 0.125)fs
This function ofr? satisfies the condition§(rz)=0,  consistent with the inherent accuracy of the velocity Verlet
S(r switer) =1, and dS(r y4)/dr=d(r qirc)/dr=0. We note  algorithm®’ For the main data set, all solvent—solute and
than in order to strictly conserve enerdgy(r) would also solute—solute interactions were tapered with;.,=10 A
have to satisfy the conditions thatd?S(r«)/dr? andr =12 A, while the solvent—solvent interactions were
=d?S(r gyirer)/dr?=0. However, trial constant energy simu- tapered fronT g =8 A to r =10 A %
lations with 900 TIP3P molecules using 2 fs time steps ex-  To prepare the simulation cell, a cubic box of 900 TIP3P
hibited no statistically meaningful drift in total energy, even water molecules was taken from a larger, previously equili-
for simulations as long as 200 ps. Short trajectories from thérated water box and was further equilibrated under NPT
same starting point were run with varying time step size, andonditions described above for an additional 200 ps. The
the standard deviation of the total enefgy enthalpy, in the average volume over this equilibration run was 2.700
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+0.003<10* A®. We obtained a density of 0.997 relationship that is covered in the Appendix is particularly
+0.001 gcm 3 for pure TIP3P water, in good agreement useful and qeneral. For exgmple, _there are no assumptions
with the experimental density of water at 208%Our com-  that the solution must be dilute or ideal. _
puted density is only slightly different than the 1.001 ~ We have chosen to use the “multiconfiguration” Tl
+0.001 g cm ? previously reported’ We believe this differ- formulation®® where equilibrium runs at a variety .of fixed
ence is most likely attributable to different truncation Values are performed and then integrated numerically, as op-
schemes for long-range interactions, as well as an appareRfSed to a so-called “slow growth” method, withchanging
slight system-size dependence of densities and other Ot)se,4;,()nt|nu_ously throughout the simulation, as the Iatter_method-
ables, under periodic boundary conditidAs-However, the ology mtrgduces uncontrolled systematic error into the
pair distribution functions of the O—0O, O—H, and H-H at- calculation: _ _ _
oms pairs agree well with previously published restfitas We parameterize only the nonbondedllnteracuons be-
does the heat capacit9.9+0.2 in this study vs 2080.6  tween the solu_te and _solv_ent moleculesyi.e., the non-
kcal/mol K). The amino acid side chain analogs were thenPonded potential function is of the form,
solvated by placing them in the center of this box and re- _
moving all water molecules with atomic centers within 1.5 A Ve g =Ust Unt Unowt Us-ulhe A, @)
of any atomic center of the solute. An extremely sH@AQ0  whereUyg is the intramolecular potential energy of the solute,
steps NVT (isochoric—isothermalsimulation with very fre- U, is the intramolecular potential energy of the wat@wsro
guent velocity reassignments was then used to remove highfpr TIP3P watey, U,,_,, is the intermolecular energy of the
unfavorable interactions. A further 200 ps NPT equilibrationwater—water interactions, andl_,, is the intermolecular en-
simulation was performed for each valueNoprior to the 1.0  ergy of the solute—water interactions. There are a wide vari-
ns of data collection. ety of choices for parameterizationirfrom the initial to the
final Hamiltonian, but the choice of a good path for a given
system is still an unsolved probleht?® "% "1Simply multiply-
ing the difference between the initial and final Hamiltonians
by \, although analytically correct, has the disadvantage of
Experimental free energies of hydration for weakly producing discontinuities igdH/d\) atr=0 and\=0 (and
soluble solutes are determined from concentration measur@us extremely high variances ohH/d\ anywhere near
ments made on two phase systems, where one phase consist® and\=0) due to the I term, as well as other unphysi-
of a vapor with a partial pressufg; of some solute molecule cal behavior like the “fusion” of bare charges. This can be
of types, and the other phase consists of an aqueous soluticavoided by first decoupling the Coulombic interaction while
with a number density concentration for solute molecules othe Lennard-Jones term is still present. However, we are then
pIS. When such a two phase system is at equilibrium withleft with a similar discontinuity in the t#? term. Although
respect to transfer of molecules of typbetween the phases, these terms are only repulsive, they still cause such problems
the solvation free energy is given Hy° such as the “fence post” effect, with a near-delta function
_ I excluding all other molecules from the region occupied b
AGsoy=kTIN(Ps/pkT). @ the “mutgting" ones for all\>0. Volumes ngar these IC;Itomsy
Free energies of hydration are computed by simulatiorare never sampled at any value)o#0, and thus numerical
by decoupling a molecule of the soluteere, amino acid side integration of Eq(5) will not give good results. The discon-
chain analogsfrom the solvent by thermodynamic integra- tinuities are also present in the potential, leading to instabili-

B. Free energy calculations

tion (T1), using the identity, ties in the dynamical integration for small valuesiof
1 dH(\) We avoid these singularities by using the following ex-
AGsim:f d)\< Y > (5)  pression for the\-dependent nonbonded interaction energy,
0

where H is parameterized Hamiltonian, and where theU ,(\c,\j)=>, >, )\Cﬂ
coupled statdA=1) corresponds to a simulation where the rl Fij
solute is fully interacting with the solvent and the uncoupled

1
state (\=0) corresponds to a simulation where the solute +)\‘L‘J4eij [a(I=Ny 2+ (1 To) o
does not interact with the solvent. We demonstrate in the aL = ij i
Appendix that the relationship betwedrs,,, andA Gy, is 1 ®
given by a(1=Ny)?+(rijlayj)®)”
AGg = AGgm—KTIn(V*/Vy), (6)

where the suni is over all solute atoms, and the synis
whereV; is the mean volume at full coupling.=1) andV* over all solvent atoms. Equatiof®) includes the standard
is the mean volume of a box of pure solvent, with the sameCoulombic term with a linear dependence ®nbut also
number of solvent molecules as in the coupled simulationincorporates the “soft-core” parameterization of Beutler
We will show below that the term that depends on the raticet al.*®"*in which the Lennard-Jones term goes to zero in a
of these volumes is negligible with respect to the statisticalvell-behaved manner with. The additional parameter, ; is
uncertainty in our calculations A Gg;,,, and can thus be a positive constant which controls this transition, and is
safely ignored. We feel that the rigorous derivation of thisequal to 0.5 for all simulations in the study. In applying the
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transformation from solute fully coupled with the solvent
(Ac=1, A\ ;=1) to the solute fully decoupled from the sol-
vent \c=0, A\ ;=0), we first decouple solvent—solute Cou- 60|
lombic interactions, and then the solvent—solute Lennard-
Jones terms. This procedure avoids the singularities in th% or
potential discussed earlier. It is essential to use this or & 2 | b
similarly well-behaved function in order to get accurate re- E; d
sults when atomic sites are being “grown” into or removed = 0
from the solvent. o0 [
It is tempting to assign the free energy resulting from the
turning off the Coulombic potential as the “electrostatic con-
tribution to” the free energy, and the turning off of the _¢1 ]
Lennard-Jones term as the “van der Waals contribution to” 0 02 04 06 08 1
the free energy of solvation. However, we note that it is A
impossible to directly assign a Coulombic or van der WaalsiG. 2. (dH/d\c) and (dH/d\ 3) as a function of\, for the amino acid
partitioning of the total free energy, as these are both pathside chain analogs of Trp and Ala using the OPLS-AA force field. These two

dependent term@ Instead. the free energy of the Coulombic side chain analogs were chosen as they are extrema of the behaviors of the
) ’ other analogs. The van der Waals component of Trp is cardiee van der

quOUp|ir‘_g can more accurately be identified as the “C.harQWaaIs component of Ala is curve, the Coulombic component of Trp is
ing” or “discharging” free energy of the soluté&hough this  curvec, and the Coulombic component of Ala is curdgessentially coin-

is not Comp|ete|y correct, as the intramolecular Coulombiccident with thex-axis). The curves for all of the other amino acid side chain

: ; _ analogs and force field combinations resemble the Trp and Ala OPLS-AA
interactions are not turned offand the van der Waals con curves for both components, differing mainly in magnitude. The location of

tribution as the free energy of “insertion” of the bonded the maximum in the van der Waals component differs between the amino

assembly of uncharged Lennard-Jones spheres that make agid side chain analogs, but this maximum occurs in the rarg&35-0.5

the molecue into he simblaton cel. T A
The Coulombic interactions were decoupled by redUC|ngﬁistingﬁisr'l from the "ngs themselze’s_ y

\c in steps of 0.05. For the van der Waals terms, preliminary

investigations showed that uneven spacing jp could give

better results than even spacipg, as closer spacing is desirggh ded both the tapered and group-based nature of the in-
when the curvature ofdH/d\) is larger. Therefore, the fol- o molecular interactions. If we assume a TIP3P-like model
lowing 41 values of ; were used: 0.00, 0.10, 0.20, 0.22, of water with only one Lennard-Jones term per molecule,

0.24,0.26, 0.28, 0.30, 0.32, 0.34, 0.36, 0.38, 0.40, 0.41, 0.42nen for each solute the long range contribution can be cal-
0.43, 0.44, 0.45, 0.46, 0.47, 0.48, 0.49, 0.50, 0.52, 0.54, 0-5%Iated by numerically integrating

0.58, 0.61, 0.64, 0.67, 0.70, 0.73, 0.76, 0.79, 0.82, 0.85, 0.88,
?.91, 0.94{ 0.97, and _1.00. Largerspacing gave h_ydrat|on_ E Rc:z 8mpe;
ree energies that deviated from those free energies obtained i
with the given\ spacing by a significant fraction of the
statistical uncertaintyas discussed belowNumeric integra- % J g f *
tion was carried out by the trapezoid rule. Representative 0=0J 1 _r et
curves of(dH/d\) versus\ are shown in Fig. 2.

Each set of 61 totak values for each of the 15 mol- ( Oij
ecu[es was S|mulate.d. in f|vefolql replica. For each the five JrZSir? 0+ (r cosf—r,)2
replicas, the same initial coordinates were used, but each
replicated simulation was started with different random num- ©)
ber seeds for the velocity reassignment used in the therm&herei runs over the solute atoms,is the distance from
control protocol. Ideally, we would start with something ap- solute atomi, r ., is the radius at which tapering begins,
proximating a Boltzmann-weighted, uncorrelated ensemblés the number density of the solvent molecules,and o
of starting states, but the correlation times thid/d\ are  are the standard Lennard-Jones parameters between solute
sufficiently short that the five replicas are essentially uncoratomi and the solvent molecule Lennard-Jones site of type
related after the 200 ps equilibration, with the possible exq§, andS(r) is the switching function described in E@®). rg
ception of some torsional degrees of freedom discussed latés the distance from the atomto the center of the group to
in this study. which the atom belongs, and is determined by each solute-

We also computed long range Lennard-Jones correctiorferce field combination. It is treated as a constant for the
to the solvation free energy, an estimate for total attractivgpurposes of computing this correction, as for virtually all of
energy from the Lennard-Jones term neglected from outsidihe neutral groups, these distances are fixed by the bond
the cutoff region§?”® These long range corrections to the constraints. This derivation of the correction assumes that the
solute—solvent interaction were computed after the simulasolvent radial distribution functiog(r;;)=1 in the tapering
tion, and were not included in the calculation of the pressureegion and beyond, which is an adequate assumption for
or the dynamics. Long-range corrections were not applied atIP3P. The pressure would be slightly changed if a similar
any point to the solvent—solvent interactions. The correctionsorrection was also included during the simulation, but since

dH / dL

80

40 [

12

Jr2sir? 0+ (r cosf—rg)?
6
S(r)r?sin@dedr,
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TABLE II. Free energies of hydration for 15 neutral amino acid side chain analogs, for the AMB&R( CHARMM22, and OPLS-AA force fields, in
kcal/mol. Each reported value is the average of five trials. LRC is the long range van der Waals correction as computéfl) bygrtainties are the
averaged uncertainty of the five runs, and represent one standard deviation from thetmiegn Experimental values are from Wolfendehal. (Ref. 18.

Side chain
analog Coulombic van der Waals Total LRC Tota/LRC) Expt.
AMBER
Ala —0.00+<0.001 2.690.02 2.68-0.02 -0.12 2.570.02 1.94
Val —0.02+0.001 3.02:0.03 3.00-0.03 -0.31 2.69-0.03 1.99
Leu —0.05+0.001 3.190.03 3.13:0.03 -041 2.72-0.03 2.28
lle —0.00+0.001 3.27-0.03 3.27:0.03 -0.42 2.84-0.03 2.15
Ser —6.13+0.01 1.93:0.02 —4.20+0.02 -0.17 —4.37+0.02 —5.06
Thr —5.77+0.01 2.21-0.03 —3.56-0.03 -0.27 —3.83+0.03 —4.88
Phe —2.35+0.01 3.03:0.04 0.68-0.04 —0.58 0.10:0.04 —0.76
Tyr —6.19+0.02 2.65-0.04 —3.54+0.04 —0.69 —4.23+0.04 -6.11
Cys —2.04+0.01 2.370.02 0.33:0.02 -0.22 0.1%0.02 -1.24
Met -1.61+0.01 2.96-0.03 1.35-0.03 -0.44 0.9%0.03 —1.48
Asn —9.27+0.02 1.78:0.03 —7.49+0.03 -0.31 —7.80+0.03 —9.68
Gin —9.35+0.02 2.08-0.03 —7.27+0.04 -0.42 —7.69+0.04 —9.38
Trp —6.39+0.02 2.35-0.04 —4.05+0.05 -0.83 —4.88+0.05 —5.88
Hid —9.51+0.02 1.56-0.03 —7.95-0.04 -0.48 —8.43+0.04 -10.27
Hie —10.07+0.02 1.57-0.03 —8.50+0.04 -0.48 —8.98+0.04 -10.27
Average absolute error w/o LRC: 1.64 rms error with w/o LRC: 1.76
Average absolute error with LRC: 1.22 rms error with LRC: 1.35
CHARMM
Ala —0.03+<0.001 2.57-0.02 2.55-0.02 -0.11 2.44-0.02 1.94
Val —0.05+0.001 2.87-0.03 2.82-0.03 -0.29 2.52£0.03 1.99
Leu —0.04+0.001 3.35:0.03 3.310.03 -0.36 2.94-0.03 2.28
lle —0.06+0.001 3.12-0.03 3.05-0.03 -0.38 2.67-0.03 2.15
Ser —6.66+0.01 2.25-0.02 —4.42+0.02 -0.17 —4.59+0.02 —5.06
Thr —6.49+0.01 2.53-0.03 —3.96+0.03 -0.26 —4.22+0.03 —4.88
Phe —1.69+0.01 2.31-0.04 0.62-0.04 —0.53 0.09-0.04 —0.76
Tyr —6.10+0.02 2.22-0.04 —3.87+0.04 —0.58 —4.46+0.04 —-6.11
Cys —1.12+0.004 1.410.02 0.30-0.02 -0.27 0.02:0.02 —-1.24
Met —0.59+0.004 2.14-0.03 1.55-0.03 —0.47 1.08-0.03 -1.48
Asn —9.63+0.01 2.04:0.03 —7.59+0.03 -0.30 —7.89+0.03 —9.68
Gin —9.48+0.02 2.36:0.03 —7.12+0.03 -0.39 —7.51+0.03 —9.38
Trp —4.60+0.01 1.770.04 —2.84+0.05 -0.74 —3.57+0.05 —5.88
Hid —11.70+0.02 2.110.03 —9.59+0.04 -0.41 —10.00+0.04 —10.27
Hie —11.94+0.02 2.08-0.03 —9.86+0.04 -041 —10.27-0.04 -10.27
Average absolute error w/o LRC: 1.44 rms error with w/o LRC: 1.67
Average absolute error with LRC: 1.06 rms error with LRC: 1.31
OPLS-AA
Ala —0.00+<0.001 2.430.02 2.42-0.02 -0.11 2.310.02 1.94
Val —0.00+0.001 2.880.03 2.87:0.03 -0.28 2.59-0.03 1.99
Leu 0.00-0.001 3.06:0.03 3.06-0.03 -0.37 2.69-0.03 2.28
lle —0.01+0.001 3.16:0.03 3.10:0.03 -0.37 2.73:0.03 2.15
Ser —6.42+0.01 2.23-0.02 —4.19+0.02 -0.17 —4.36+0.02 —5.06
Thr —6.32+0.01 2.46-0.03 —3.86+0.03 -0.25 —4.11+0.03 —4.88
Phe —2.51+0.01 2.50-0.04 —0.01+0.04 -0.53 —0.54+0.04 -0.76
Tyr —7.01+0.02 2.34:0.04 —4.67+0.04 —-0.58 —5.25+0.04 -6.11
Cys —3.88+0.01 2.51-0.02 —1.37+0.03 -0.22 —1.59+0.03 —-1.24
Met —3.88+0.01 3.02:0.03 —0.86+0.03 -0.42 —1.27+0.03 —1.48
Asn —9.70+0.02 1.5@-0.03 —8.20+0.03 -0.32 —8.53+0.03 —9.68
Gin —9.79+0.02 1.80-0.03 —7.99+0.04 -041 —8.40+0.04 -9.38
Trp —5.77+0.02 2.08-0.04 —3.69+0.05 -0.74 —4.44+0.05 —5.88
Hid —9.99+0.02 1.61-0.03 —8.38-0.04 -0.49 —8.87+0.04 -10.27
Hie —10.16+0.02 1.66:0.03 —8.56+0.04 -0.49 —9.05+0.04 —10.27
Average absolute error w/o LRC: 1.11 rms error w/o LRC: 1.23
Average absolute error with LRC: 0.75 rms error with LRC: 0.85
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Hydration Free Energy of Amino Acid Side ChainAnangs‘ i error from experiment for AMBER' CHARMM, and
A5 Ve T 118 Sor T s Ty Gyd MwiAon S T T Hb OPLS-AA were 1.22 kcal/mol, 1.06 kcal/mol, and 0.75
2t ] kcal/mol and the corresponding root-mean-squanes) er-
. m l rors from experiments were 1.35 kcal/mol, 1.31 kcal/mol,
| L | " | and 0.85 kcal/molfrom Table ).

For some purposes, threlative hydration free energies

|
N

°
E are more relevant for simulation than thbsolutehydration
g 4 free energies. For example, one may be concerned with the
gl relative preference for different amino acids to be solvent-
Experiment i
AmBER O | exposed on a protein surface, or one may try to calculate the
-8} CHARMM B il | ] change of free energy of binding of an inhibitor when there
OPLS-AA H | is a mutation in the protein. In this case, the errors are some-

-10 = B8
Ala Val Leu lle Ser Thr Phe Tyr Cys Met Asn Gin Trp Hid Hie

what smaller than are the errors in absolute hydration free
energy. For the\AG of Ala—X (where X is any other side
FIG. 3. Free energies of solvation for 15 neutral amino acid side chairchain analoy AMBER has an absolute error of 0.67, and a
analogs, for the AMBER{(f94), CHARMM22, and OPLS-AA force fields, rms error of 085, while CHARMM has an absolute/rms er-
1 Acalmol Each repored e = I suerage of fue ndepencent "or of 0.71/0.98, and OPLS-AA has absolute/ms errors of
(9). Statistical uncertainties are not shown, as they would be too small t§)-51/0.60(all values in kcal/mal with the Lennard-Jones
read relative to the resolution of the plot, but are listed in Table II. correction included. These relative free energy results are
shown in Figs. 5 and 6. They can be computed from Table I,
. L . . and are also included as a separate table in the Supplemen-
this correction is only applied to the solute—solvent |_nterac-tary Material”® For AAG's of all 105 mutations of XoY
Pwhere X and Y are any two of the amino acid side chain
analog$, we get absolute/rms errors for AMBER,
CHARMM, and OPLS-AA of 0.68/0.89, 0.90/1.20, 0.58/
IIl. RESULTS 0.75, with the long range Lennard-Jones correction included.

The main results of this study are a set of highly preciseWe note that the long range correction improves the values
hydration free energy values of the fifteen neutral amino aciaf relative as well as the values of the absolute hydration free
side chain analogs modeled by three different parameter senergy for all three force fields.

The averages over the five replicas are shown in Table Il and We also computed the free energy of hydration of a
Fig. 3. The results of all five simulations for each amino acidsingle molecule of TIP3P water solvated in a box of TIP3P
analog are included in the Supplementary Matefiadddi-  water. This calculation used 8/10 A tapered cutoffs for all
tionally, we report on a series of calculations that examinevater molecules(including the “solute”. The calculated
the effect of changes in certain simulation parameters anfiee energy was-6.15+0.02 kcal/mol. With the long range
protocols on the accuracy and precision of the results. Lennard-Jones correction included, it become&21+0.02

From Fig. 4, one of the first things we notice is that kcal/mol. This compares to experimental values-66.33
virtually all side chain analogs are not sufficiently soluble kcal/mof? and —6.32 kcal/molt® Interestingly, this value is
relative to experiment. Large, polar side chain analogs areloser to experiment than most of the amino acid side chain
particularly inaccurate, off by 1-2 kcal/mol. After adding the analogs, demonstrating that parameter sets may be optimized
long range Lennard-Jones correction, the average absoluter some interactiongsolvent—solvent but not for others

(solvent—solute
Hydration Free Energy of Amino Acid Side Chain Analogs: In_ this Stu_dy’ we use parameters thaF are derived from
Differences from Experiment protein force fields, and compare them with small molecule
Ala Val Lo lls: Ser Thr Piis Tyr Gys Met Asn Gin Trp Hid Hie experimental data. It is important to address both whether the
] modified parameters are significantly different from the
original protein parameters, and whether it is reasonable to
compare these protein force field-derived parameters to the
small molecule data.

The explicit changes in the published parameter sets
were the truncations of the amino acids to the side chain
analogs, and the changes in tBecarbon charge needed to
produce molecular electrostatic neutrality for AMBER. The
side chain parameters in these force fields were derived pri-
marily from condensed phase and quantum mechanical data
of the same or very similar small molecules as are studied in

Ala Val Leu lle Ser Thr Phe Tyr Cys Met Asn Gin Trp Hid Hie this paper as side chain anal§gs.Essentially, our method
FIG. 4. Difference of free energy of solvation of the 15 amino acid sideOf truncation(see !:Ig. 1 IS. the opposite O.f the m.ethOd used
chain analogs from experiment, as listed in Table I, and shown in Fig. 3. AIt0 construct the side chain parameters in the first pléve
values in kcal/mol. exception being the case of AMBER partial chajg€om-

the hydration free energy is expected to be negligible.

25 ¢

AMBER W
2| | CHARMM [
OPLS-AA [l

kecal / mol
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parison to small molecule experimental free energy data is Re'ativeV:{eraetr""FefeesEe':efgxr°fP‘t\":i"T<; rAciCt;sSidn:efh:is"n‘\glal'f@l:r?'z: ﬁizﬂutam"
reasonable as it is consistent with the methodology used t o [anin s
construct the force fields.

The effect of the additional charge changes for AMBER -2 m Fl
can be estimated. We examined the effect of different charge
reassignment schemes in the Leu analog, which had the larcs
estB-carbon partial charge correction. We found that the firstz -¢
charge distribution of the Leu analdthe one used in Table =

) has a AGgy,=3.13+0.03 kcal/mol, whereas the Experinen
AMBER
alternate-charge Leu analog, where _the charges of the hydrc -10 il i
gens of thes-carbon were changed instead of the charge of OPLS-AA W 1 H

the B-carbon itself, has\ G, =3.07+0.03 kcal/mol(both - =
of them before the van der Waals correction, which is iden- Val Leu lle Ser Thr Phe Tyr Cys Met Asn Gin Trp Hid Hie

tical for both. Since the difference is small, we believe that rig. 5. AAG of the mutation of Ala-X side chain analogs, computed by
these changes do not affect the conclusions reached in thisbtracting theAG of hydration for the two amino acids. Note that the

paper. AAGs' differences from experiment are smaller than for A@s’ shown in

. . . . Table Il and Fig. 3.
We must take into account in our calculations differences @€ ' 2" ™9

between the end states of the simulated system and the ex- ] . ]
perimental system. This was derived in E6), and involves the simulations shown in Table)lproduced using the group-

only the average volum¥, of the fully coupled system, and based fin?te ranged potentials to another set of r.esult.s pro-
average volume/* of a box of pure solvent containing the duqed using “residue”-based cutof(svhere.the entire side
same number of solvent molecules as the coupled systerfil@in @nalog was treated as one groior this test, we used
We estimatev* by finding the average volume of a box of ONly every othei value, for a total of 31, as the extremely
900 TIP3P waters, and scaling linearly to the actual numbePIgh Precision is not as vital in this comparison and the er-
of waters in each solute simulation. The largest value for th&0r'S in numerical integration will mostly cancel out, but in all
KT In(V*/\V;) correction in all three force fields was for the Other réspects these simulations were run using the same
Leu analog, at 0.011 kcal/mol, approximately 40% of theParameters and protocols as those in the main data set.. In
uncertainty in the measurement. In all cases, this correctiohaPl® !ll, we see that group and residue-based truncation

was between 0.011 and 0.003 kcal/mol. and between 10%chemes generally have differences that are statistically sig-

and 30% of the uncertainties reported in Table Il. The uncerniﬁcant’ but are still very smallabout 0.1 kcal/mol The

tainties in these correction terms are negligible, approxi-eXCE’ptlon is the GIn analog, which has a difference in the

mately 10 4 kcal/mol. Because of the magnitude of this bCott\JAllomblc enerkg);y 0; 0'?0'03dkcatl)/mob :[I'he dltfferenche
term, we can therefore safely neglect it in our calculations. etween group-based and residue-based truncation Schemes

Another consideration related to the reproducibility andM&Y be expected to be the greatest in the Gin analog, as it

transferability of these results is their robustness to change(‘som""Ins several neutral groups with large partial charges in-

in the nonbonded interaction truncation protocol. Ideally, WeSlde each group. We thus see that there may be issues with

would like to perform the calculations under the same conprorpat:'nng rehsurlrt]s produced with residue and group-based
ditions as those used to develop the parameters and/or tltléf' cation schemes.

conditions under which they are typically used, sets of con-. we alsq examined the .effecF of using different interac-
tion truncation ranges, again using only 31 values\ofn

ditions that are not necessarily the same. For exampl .
OPLS-AA was developed using quadratically tapered atomiil’able V. we see that different ranges of tapered cutoffs can

spherical cutoffS,and AMBER was developed with residue-

based abrupt cutoffswhich result in discontinuous interac- R sl e e il
tion energies and forces at the cutoff boundary. We adoptec Val Leu lle Ser Thr Phe Tyr Cys Met Asn Gln Trp Hid Hie
the tapered cutoffs for solvent/solute interactions which are 2| ]
similar to those implemented in CHARMKA, though we AvMBER W

chose 10/12 A tapered truncations, longer than the range 151 | cHarMM [

used in the parameterization of CHARMM. ; opLs-ax W

However, it is important to note that the methods used tog
make nonbonded interactions finite ranged can significantly-g o &
affect the free energy or other simulation rest®& In order =
to examine how different nonbonded truncation schemes car
affect free energy calculations, we first examined the differ-
ence between group-based and residue-based taperir _gs5|
schemes in the case of five-side chain analdligs Thr, Tyr,
GIn, and Trp. Atom-based schemes were not examined as Val Leu lle Ser Thr Phe Tyr Cys Met Asn Gin Trp Hid Hie
they can produce anomalous simulation results unless th%{G. 6. Differences IMAG of the mutation of Ala-X side chain analogs

employ extremely long truncation or  tapering from experiment. Note that thaAGs’ mean differences from experiment
distances/®*""We compared the OPLS-AA resultfrom  are closer than for tha Gs’ shown in Table Il and Fig. 3.
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TABLE lIl. The effect of using group-based or residue-based tapered cutoffs on calculated free energies of hydration for selected side chasingrthlegs
OPLS-AA force field. Differences are somewhat greater than the statistical uncertainty, especially for the GIn analog. These results do rfe¢ inolgde t
range correction for the van der Waals terms. All energies are in kcal/mol.

) ) Residue Group

Side chain

analog Coulombic van der Waals Total Coulombic van der Waals Total
lle —0.01£0.001 3.25:0.05 3.24£0.05 —0.01£0.001 3.17#0.05 3.16:0.05
Thr —6.42+0.02 2.52-0.04 —3.90+0.04 —6.32£0.02 2.510.04 —3.81£0.04
Tyr —7.07£0.02 2.64-0.06 —4.43+0.06 —7.01£0.02 2.4 0.05 —4.54+0.06
Gin —9.39+0.02 1.91%0.05 —7.48+0.05 —9.81+0.02 1.90-0.04 —7.90+0.05
Trp —5.79+0.02 2.28-0.06 —3.51+0.07 —5.78t0.02 2.24-0.06 —3.54+0.07

have a drastic difference on the computed free energies, up tents of (dH/d\) for the Trp and Ala analogs in Fig. 2.
1.56+0.07 kcal/mol in the case of the Trp analog. However,Because of the smooth shape, it may be possible to achieve a
the difference in free energy between different cutoff rangehigher level of accuracy in the Coulombic part with fewer
is due primarily to the attractive Lennard-Jones terms at longalues of\ using a higher order integration scheffiddow-
range. If we add the Lennard-Jones correction term, adjusteglver, higher order integration schemes can be problematic
for the different truncation range, the difference in the vandue to the difficulty of determining precise higher derivatives
der Waals interactions becomes essentially negligible relativin \.”®
to the uncertainties of the simulations. The long range Next, we look at the convergence with respect to the
Lennard-Jones correction thus becomes useful not only inumber of sampleqdH/d\) values of the van der Waals
improving the match to experiment for the hydration freecontributions to the free energy. When we use the data at
energies, but in eliminating almost all of the effect of theonly every other value ok ; (of the initial 41 values speci-
truncation of the Lennard-Jones term at different cutofffied above, we obtain a rms difference of 0.09 kcal/moal,
lengths. However, the effect of changing cutoff lengths has avith the maximum of 0.160 kcal/mol for the Trp analog. This
nonmonotonic effect on the Coulombic component of theis approximately three times greater than the uncertainty in
free energy of hydration. For the lle analog, it is negligible,the computed value of the van der Waals component of sol-
and for the Trp analog, it is relatively small, but for the GIn vation, suggesting that this spacing over the emntirerange
analog, with large partial charges and a large dipole moments not sufficient for the precision that is possible. Since using
it can be up to 0.460.07 kcal/mol. Many published simu- simple trapezoidal integration yields an error that converges
lation results use cutoff schemes shorter than our 10/12 Avith the square of the spacing, the original (41) spacing
tapered cutoff, which will most likely result in values even scheme is most likely sufficiently within the uncertainty of
less favorable for solvation and thus further from the experithe simulation. Using only every fourth ; value yields even
mental results than the ones described in this paper. worse results, with a rms difference of 0.337 kcal/mol, and
To make reasonable comparisons to experiment and tmaximum error of 0.58 kcal/mol, again for the Trp analog.
other simulations, we also must understand the precision 6fhe shape of the curve ddH/d\) of the van der Waals
these results. One source of numerical error is from the hueomponent is also shown in Fig. 2 for the Trp and Ala ana-
merical integration with respect toof (dH/d\) to produce logs. We see from the curve of tfeH/d\) that there is a
the overall free energy change. We can examine this by lookpeak that requires such close spacing ifor adequate inte-
ing at how much the calculated free energy changes when wgration. For other molecules, such as the Ala analog, the
omit some values ofdH/d\). First, we examine the con- curvature is much less, so that such close spacing is not
vergence of the Coulombic contribution with increasing sam-secessarily required.
pling of A . For the results in Table Il, we used\a spacing It also is important in free energy simulations to compute
of 0.05. If we instead were to usehg spacing of 0.1, over the uncertainty due to limited sampling in a systematic way.
the 15 side chain analogs of OPLS-AA data set, we get a rmk this study, we have done this by computing the autocor-
difference of 0.010 kcal/mol for the Coulombic contribution relation function and correlation time of the components of
to the hydration free energy from tl\=0.05 results, with  dH/d\ and using this information to compute statistical un-
a maximum absolute difference of 0.025 kcal/mol for thecertainty estimates fafdH/d\). We looked at the behavior
Asn analog. For the Asn analog, this is approximately theof the correlation times in the simulations which included
same as the calculated uncertainty in the Coulombic compdioth windowed and full 1.0 ns correlation functions, which
nent, while for the other analogs it is less, suggesting that were performed for 20 out of the total 45 molecule/force
spacing of 0.1 is slightly too large given the computed un-field combinations. These latter simulations included some of
certainty, while 0.05 is probably sufficient, as the integrationthe larger molecules, like the Trp and Tyr side chain analogs.
error is quadratic imMA\. If we increase to a spacing of 0.2, The averagdover all runs and\ values of the windowed
the rms difference in the Coulombic component increases toorrelation times of the Coulombic component aifl/d\
0.045 kcal/mol, with a maximum of 0.096 kcal/mol, again was 0.16 ps with a 0.10 ps standard deviation, and all were
for the Asn analog, indicating that this spacing is clearlyless than 0.55 ps. For the Coulombic component correlation
insufficient. We can see the shape of the Coulombic compatimes from the full 1.0 ns simulations, the average was 0.23
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ps, with a 0.11 ps standard deviation, with all being less thaithe Ala, lle, Phe, Ser, and GIn side chain analogs using the
0.86 ps. For the windowed correlation times of the van delOPLS-AA force field, under the same conditions as the
Waals terms, the average was 0.35 ps, with a standard devikelding@Home simulations. These simulations were run
tion of 0.26 ps. All were less than 1.5 ps. For the full 1.0 nsfully coupled, i.e., with both the Coulombic and van der
van der Waals component correlation times, the average wa&aals components at=1. At smaller values of\, most
0.42 ps with a standard deviation of 0.28 ps, and all were leskarriers to motion should be smaller, and thus sampling
than 2.3 ps. These correlation times were of cowsand  should in general occur even more rapidly. There are some
molecule dependent, so these numbers cannot be used esceptions, for example, intramolecular hydrogen bonding in
predictions for future studies. But it is clear that we are run-vapor phase, but there are no intramolecular hydrogen bonds
ning, at minimum, hundreds of correlation times in order toor other similar intramolecular attractions possible within the
collect (dH/d\) at each\, so the statistical analysis is in- molecules in this study. We anticipate that these fully
deed meaningful—if, of course, all the relevant degrees otoupled simulations are therefore either representative of or
freedom are sampled. slower in sampling these degrees of freedom than simula-
It was found that in all cases, the uncertainties detertions run at other values of.
mined from the 1.0 ns correlation function were between  The degrees of freedom that contribute mogfd®l/d\ )
10% and 20% larger than the 100 ps window uncertaintiesare those associated with the rearrangement of the solvent.
We note the 200 fs resolution of the autocorrelation functionTo evaluate the sampling of these degrees of freedom, we
from the entire 1.0 ns of data overestimates the contributiomomputed the residence time of water molecules in the hy-
to the correlation time from the part of the correlation func-dration shell for the Phe and Ala analogs. We defined a water
tion before 200 fs, and thus may account for a portion of thenolecule as being “in the hydration shell” if the distance
somewhat longer estimates fet. Since the correlation time between the oxygen atom of the water and any of the solute
contributes to the overall uncertainty in the square root, thearbon atoms is<4.5 A. We found a mean time of residence
effects on correlation time estimation from the windowingin the shell of 0.56:0.68 ps for the Ala analog, and 0.69
are negligible in the small molecule systems under study. *1.05 ps for the Phe analog, which are over three orders of
If these uncertainty estimates results are valid, we wouldnagnitude less than the overall simulation time of 1.0 ns. We
expect that deviations from the average over the five separatdso computed the correlation function of occupation of the
simulations roughly obeys a normal distribution with a vari- hydration shell, averaging over all water molecules which
ance given by our uncertainty estimate. There argé®Bach are in the hydrophobic shell at some point during the simu-
Coulombic and van der Waals values determined in the maitation, and integrating this function to obtain the correlation
data set, and we can compare them from the 45 averages fome. This correlation time also captures returns to the hydra-
each combination of molecule and force field. We find thattion shell after the first departure. For the Ala, this time was
for the Coulombic values, 18@0.0% are within one stan- 7.4 ps, and for Phe, it was 13.0 ps. During the Ala analog
dard deviation from the average, 2207.7% within two  simulation, 767 of 897 water molecules spent some time in
standard deviations, and all but twi®9.1% within three the solvation shell, while during the Phe analog simulation,
standard deviations. If anything, this seems to suggest th&®03 of 892 did, indicating extensive sampling, as the hydra-
our estimated uncertainties are slightly too large, as the petion shell itself covers only about 5% of the simulation cell
centages found within the first three standard deviations ofolume. It is clear that these simulations are indeed running
the normal distribution are 68.3%, 95.5%, and 99.7%, retens and hundreds of times the correlation times of any of the
spectively. For the van der Waals values, 168.99%) are  observables that are correlated to the free energy components
within one standard deviation, 2195.6% are within two that we are trying to measure.
standard deviations, and all but of#9.6% are within three For the Ser analog, we examined the lifetime of the hy-
standard deviations. We can also look at the distribution ofirogen bonds between the water molecules and the OH moi-
all (dH/d\) values at all values ol used to calculate ety. The hydrogen bonds are defined as pairs of molecules
AG,,. Here, we see that for the Coulombic component thewith O—O distance less than 3.5 A andO-H-0<110°,
breakdown in terms of percentage withiho, 20, 30) is  and with this definition, the residence time is 0:a2254 ps,
(72.0%, 96.8%, 99.9%p(using 45<21xX5=4725 valuesand also orders of magnitude smaller than the simulation time.
for the van der Waals componefiising 45<40X5=9000 The correlation time of hydrogen-bonding moleculesm-
values, excluding.=0 where(dH/d\) is constrained to be puted in the same manner as the correlation time of hydra-
zerog, we get(71.2%, 96.3%, 99.7%In general, we seem to tion shell occupationwas longer, 2.3 ps, and 610 of the 897
be fairly close to a normal distribution, suggesting that ourwater molecules hydrogen bonded with the solute over the
calculated uncertainty, based on the correlation times of oucourse of the simulation. In all cases, it appears we can have
observables, is really what it purports to be. confidence that these solvent degrees of freedom are well
Even if our observations seem to behave as expectesampled in our simulations.
statistically, we must also ensure that we are sampling all the In general, the slowest degrees of freedom in molecular
relevant degrees of freedom. In general, this is a difficultdynamics simulations are those associated with torsional mo-
problem, but for smaller molecules like those examined heré¢ion. To explore the sampling of these degrees of freedom in
it is not insurmountable, even by the brute force methods long “brute-force” calculation, we looked at selected
used in this study. To test the extent of conformational samheavy-atom torsional angles, specifically tie-C—C-C
pling in these systems, we ran separate 1.0 ns simulations anhgle in the lle analog, th€-C—-C-Oangle in the Gin
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Heavy Atom Dihedral Angle X over 1.0 ns whose results are presented in Table Il only in the presence
1 of the restraining potential. We examined only the van der
lle 0 Waals contribution to the free energy of hydration, as the

: ;1 Coulombic contribution was only about 0.01 kcal/mol, and

1

0

}

0 Met Ww ro any changes in this value with respect to the torsional angle
1 u ‘ n pastl

1

0

1

Cos X

are expected to be smaller than even this amount.

e ; ?1 We found that thenti conformation had a van der Waals
WWWMW component of the free energy of solvation of 3203
9 kcal/mol, while the corresponding value for tgauchecon-
1000 formation is 3.0720.03 kcal/mol. These values compare with
|° the computed value in Table Il of 3.4D.03 kcal/mol. These
FIG. 7. Cosine of the heavy atom dihedral angle of the three amino acid siafree energy results demonstrate that febutane, the free
chain analogs studied in 1.0 ns simulations, withl (i.e., fully coupledto ~ energy of hydration is almost completely independent of the
tf(l:e Zolvsen)éT;&;Ie anaIQQ%—C—_CdJICdihegra:] is grll top, tlhe Mect agalgg conformation. It is possible, however, that molecules with
fjihedra) is on Itheriztltirlnn. \5\/: sr:ele th; t?lr; Mtefana?ogré?h%%:ral angle is nolarge dipole differences ,between torsional Conformatlons
sampled well, and the lle analog dihedral angle is very poorly sampled. COuld have a larger hydration free energy conformational de-
pendence. Additionally, the fact that some dihedral angles
have such long correlation times implies that accurate calcu-
analog, and th€—C—S—Cangle in the Met analog. We com- lations for even moderately more complex systems will be
puted the value of cog (wherey is one of the three torsional challenging, and require more complicated sampling

angles described abovas well as its correlation function. algorithms: P0-8°
The 1.0 ns time courses of cgsof the three angles are There are many studies of free energies of solvation of
shown in Fig. 7. models of small molecules, and it is important to compare to

For the GIn analog, we find that there is fairly good these previous studies where possible. Unfortunately, com-
sampling for this torsional angle. For the Met analog, theparisons between these simulations and the current simula-
anti and thegauchestates are only moderately sampled—wetions can prove extremely tricky. The majority of previous
note approximately 12 transitions back and forth during thestudies were performed using earlier parameter (seish as
run, which may not be enough to adequately sample the tru6HARMM19 or “united-atom” OPLS, or different solvent
thermodynamic probability of the different states. More wor-models(such as TIP4P or SB@nd thus are not expected to
risome, for the lle analog, there is only one transition be-be directly comparable to the present study. There are also
tween thegaucheand anti conformations, and this lack of many simulation parametefsuch as the number of water
sampling could very well result in biases in the results. molecules, methods of truncation of long range interactions,

Previous data suggests that the difference in hydratiomand inclusion of long range corrections to cutpffisat can
free energy ofn-butane(the lle side chain analgdixed in  drastically affect the results. A complete review of the wealth
the gaucheandanti conformations is around 0.3 kcal/mBl,  of solvation free energy simulations is outside the scope of
which is certainly larger than the precision of our calcula-the present paper, so we will focus in our comparisons in-
tions here, though difficult to compare to as no uncertaintiestead on a few studies performed under similar conditions,
are provided in that study. In order to assess the size of erroend that should be expected to give similar results.
in free energy due to a lack of sufficient sampling of the ~ One recent study of free energies of solvation using
dihedral angle, we examined the difference in hydration fre@DPLS-AA is closely comparable to the present study.
energy of the lle conformations separately. One way to daMescottet al. reported a thorough study of small, straight-
this is to rigidly restrainanti andgaucheconformations and chain hydrocarbons, using the OPLS-AA force field and
evaluate the free energy of hydration of both, but the distri-TIP3P water3 These results include a long-range correction,
bution of the torsional angle for lle shown in Fig. 7 shows aso are expected to be very comparable to the study described
fairly broad angular distribution, so relative free energies ofin this paper. They obtain values of 2.35 kcal/mol for meth-
fixed conformations are not the most relevant observable. Wane (the Ala side chain analgg2.40 kcal/mol for propane
instead constructed a restraining potential of the form, (the Val analog and 2.59 kcal/mol fom-butane (the lle

001 analog, compared to our results of 2.31, 2.59, and 2.73,

H( X)=exp(m - (10 respectively. Unfortunately, no uncertainty estimates are
' X given, so it is impossible to judge if these results are within
and then added it to the torsional term. This serves to prothe mutual uncertainty of the two studies, but they are rela-
duce an impenetrable barrier between #mi and gauche tively close, within 0.2 kcal/mol for all molecules. Wescott
configurations, as it goes to infinity at60° from theanti et al. also agree qualitatively that the models’ free energies
configuration, while adding<20% ofk T to any state outside of solvation are uniformly too high. Inspection of Figa#in
of the range of+(6020)°. We can see from Fig. 7 that this this study also indicates that the area of greatest positive
excluded region is essentially never occupied even withouturvature in(dH/d\) is not well sampled i\ compared to
the restraining potential. the present studgsee Fig. 2, meaning their reported results

We performed a set of simulations with the OPLS-AA are most likely somewhat too negative.
lle side chain analog which differed from the simulations  There are significantly fewer discussions in the literature
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TABLE IV. Six different experimental data sets of free energy of hydration of amino acid side chain analogs.
There is some variation between different studies, in most cases of the same order of magnitude as the
uncertainties in the computed hydration free ener¢fes. 88.

Side chain

analog Wolfendeh Cabarf? Hine® Abrahani Plyasuno§ Viswanadhah Ben-Nain?
Ala 1.94 2.00 1.95 1.98 1.98 2.00 1.93
Val 1.99 1.96 1.99 1.96 2.02 1.95 1.98
Leu 2.28 2.32 2.29 2.32 2.32 2.25 2.28
lle 2.15 2.08 2.15 2.07 2.18 2.07 2.15
Phe —-0.76 -0.89 —-0.76 -0.79 -0.77 —-0.80 -0.77
Ser —5.06 -5.11 -5.07 -5.10 —-5.14 —-5.05

Thr —4.88 —-5.01 —-490 -5.00 —4.96 —5.00

Cys —-1.24 —1.24 —-1.24 —-1.36 —-1.26

Tyr -6.11 —-6.14 —-6.12 —-6.14

Asn —-9.68 -9.71

®Reference 18. ‘Reference 89.

PReference 20. 'Reference 23.

‘Reference 21. 9Reference 19.

YReference 22.

of hydration free energy calculations for the amino acid sidevere generated from quantum mechanical calculations in
chain analogs with CHARMM and AMBER. The only di- isolated (gas phasemolecules, with some constraints and
rectly comparable resulti.e., using the same charge and scaling factors used to account for the solvent
Lennard-Jones parameteround using the CHARMM22  environmenf”® In this light, there is naa priori reason to
force field was for methan€Ala analog, with a value of  expect the free energies correspond particularly well to ex-
2.10+0.25 kcal/mof® Our calculation was slightly outside perimental results. Indeed, it is encouraging that all three
this uncertainty range2.44+0.02 kcal/ma), but again, ava-  narameter sets are qualitatively close to the experimental val-
riety of differences in simulation parameters make exacEeS_

comparison difficult. These uniformly high values are not unexpected. As

. A.Ithoqgh the GROMOS96 p_ote_nt|al set was not EXaM-, e above, Wescoét al. reports free energies for OPLS-
ined in this study, a recent publication makes it possible toAA/TIPsP that are sianificantly higher than experiment
draw some comparisori$ This work used SPC water, rather g y hig P )

than TIP3P water, but as GROMOS96 was designed witrp_ther simulations using OPLS-AA and TIP4P water have

SPC watef, the GROMOS96/SPC combination represent@'ven_ free53esnerg|es t'hat were umfo.rm.ly higher - than
the fairest test. From the data in Table I of Villa and Mafk, experiment*though slightly less so. This is reasonable, as
we obtain an average absolute difference from experiment of!P4P has a slightly deeper Lennard-Jones minimum, which
2.2 kcal/mol, and a rms difference from experiment of 2 7should result in greater attraction, and thus free energies
kcal/mol, significantly larger than the errors for the param-more favorable to solvation.

eter sets studied above. Reported uncertainties for these Given the high precision free energy values obtained in
simulations spanned the range from 0.15 kcal/ghot Ala)  this study, we must ask the unusual question if the experi-
to 0.5 kcal/mol(for Tyr), approximately 5—-10 times those of mental data have sufficient precision to provide accurate
the present study. These results were even more positive releemparison. A number of studies have reported free energies
tive to experiment that the force fields used in this study. of hydration for many of the amino acid side chain analogs

studied heré®-2%as shown in Table IV. We note good agree-

IV. DISCUSSION ment among these experimental studies, and we also note the
variation among experimental measurements is comparable

In the previous section, we presented the resuits of OUl5 the uncertainties in our simulated restftsn addition to

imulati I h isi f th | h - . .
simulations and analyzed the precision of the results and t e variation shown in Table IV, Plyasunet al. examined a

agreement with experimental measurements. In this sectior|t1 ber of literat I f the f f sol
we discuss the utility and obtainability of high precision re- arge number ot fiterature values of the Iree energy of solva-

sults, as well as what these results can tell us about the moHpn for several of these molecullégsFor tquene(Phe)., 46
els and about simulations using these models. literature values were found, with a standard deviation of
How accurate do we expect the hydration free energie§-06 kcal/mol. For methandiSey, 14 values were found,

computed using these parameter sets to be? The parameYléiFh a standard deviation of 0.05 kcal/mol, and for ethanol
sets used in this study were not parameterized to reproduddhr), 17 values were found with a standard deviation of
free energies of hydration because, until recently, it was to®-04 kcal/mol. In light of this variation, it appears for these
computationally intensive to so do in an iterative mannermolecules that the uncertainty in the computed free energies
with sufficient precisiolf’ Instead, Lennard-Jones terms approaches the experimental uncertainty. However, it is im-
were generally derived to reproduce bulk properties usingportant to note that for more complex systems of interest,
condensed phase simulations of pure liquids, and chargesich as the free energy of binding in ligand-protein com-

Downloaded 20 Nov 2003 to 171.64.122.81. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5754 J. Chem. Phys., Vol. 119, No. 11, 15 September 2003 Shirts et al.

TABLE V. The effect of using different nonbonded interaction truncation nates much of the difference in hydration free energies that

ranges on the calculated hydration free energy for selected amino acid Siq‘:‘esults from truncation schemes with different distance
chain analogs using the OPLS-AA force field. We note drastic differences in

the simulated van der Waals energies, but these can mostly by accounted ffANges. . o
by adding the analytic Lennard-Jones long range corre¢tiB€) described The differences that the same finite-ranged schemes

in Eq. (9) in the text. Differences in the Coulombic effect are lower, but cause in the electrostatic terms can presumably be eliminated
occasionally significant and nonmonotonic. Uncertainties are not listed foby moving to methods like Ewald summation or reaction
space reasons, but are all very close to the uncertainties for the corresponﬁéld schemes for Computing the electrostatic interactions.
ing molecules in Table II. All energies are in kcal/mol. . . g .
Other studies have pointed out additional reasons for moving
With LRC away from finite-ranged treatments of electrostatic

Side chain - . . 2,75 .
analog Cutoffs Coulombic vdW Total LRG vdw Total interactions’>"® As cgtoﬁs for van der anl_s terms are still
necessary when using methods that eliminate the need for
Sﬁg *8-81 g;; 3-21 *g-gg ;-31 2-28 finite-ranged Coulombic forces, like Ewald summation, the
e 8/10 001 352 35L_068 284 o283 Use of a correction term can remove the van dgr Waals trun-
10/12  -001 317 316 —037 280 280 cation scheme as a parameter which arbitrarily affects the
12/14 -0.00 3.02 302-022 280 279 Solvation free energy. Moving to treatments of long ranged
610 577 345 232 20l 144 _433 Interactions that require fewer ugc_er-adjusted arbltrary param-
710 585 310 -275 —166 145 —a41  eterswill greatly improve the ability to compare simulations
Trp 8/10 —585 282 —3.03 —-1.39 144 —442  from different simulation studies and to develop parameters
10712 —-5.78 224 -354 -074 149 -428  for force fields that are more easily transferable.
1214 -566 186 —3.80 —045 142 —4.24 In general, previous simulations with a variety of models
6/10 _992 255 —-738 —1.07 1.48 —845 reproduced experimental values of free energy within or near
7/10 —-10.00 2.34 —-7.66 —0.89 145 —854  the uncertainty of the studies performed, though this is not
Gin 810  -10.08 220 —7.89 -0.75 145 -863  always true for all molecules and all sets. However, the un-
10/12  -9.81 1.90 —-7.90 —041 150 —8.31

certainties that the studies ligisually 0.2—0.5 kcal/molare
sufficiently large as to make comparisons to experiments dif-
ficult. True differences of the models from experiment are
masked by such large uncertainties, making model improve-
plexes, both calculations and experiments are very likely tgnent difficult. Uncertainties of this magnitude may rapidly
be less precise. accumulate for simulations of larger numbers of atoms.

This study also draws attention to the sensitivity of re- ~ Most prior simulations computed only relative free ener-
sults to changes in the conditions of the simulation. In thisgies of hydration, or computed absolute free energies by
paper, we studied the effect on computed free energies gumming relative free energies of transformation relative to a
changes in parameter sets, inclusion or exclusion of longingle absolute energy calculation. We emphasize that the
range Lennard-Jones corrections, and different methods @Rlculated free energies in this paper areadbolutefree
implementing finite-ranged interactions. As has also beegnergies, using simulations in which entire molecules are
noted by other researchers’>’®many of these effects can completely decoupled from the solvent. Complete solvent-
result in significant differences in calculated values. It is onlysolute decoupling, rather than mutating between two solutes,
with high precision results that these effects can emerge frorantails a significantly larger change in the Hamiltonian, and
the statistical noise inherent in free energy simulations.  is thus harder to do with small error. It requires greater care

We call particular attention to the variation in results to ensure that the nonbonded interaction terms change in a
caused by the differences in methods to make nonbondedell-behaved manner with respect X9 and requires more
interactions finite-ranged. Although the Lennard-Jones termitermediate steps from starting to final Hamiltonian. How-
are quite small outside the cutoff ranges, they are attractivever, it is a significantly more flexible method, not requiring
everywhere, and thus can contribute significantly to the sola series of structurally similar molecules.
vation free energy’ It has been previously suggested that ~ We would like to emphasize several steps that are re-
this correction can significantly affect the results of aquired in order to obtain high precision, apart from simply
simulation’®°*As nonbonded potential sets afectivepair  utilizing more computational power. A proper statistical un-
potentials, force field designers are of course free to includeertainty analysis should always be conducted in order to
or exclude a long range correction in their parameterizationquantify reproducibility. Computation of correlation times
The Lennard-Jones functional form is an approximation tcand variances for thelH/d\ terms are required, and this
van der Waals forces in any case, and consistency betweémformation is relatively straightforward to collect from a
the development and application of the force fields is thesimulation. To obtain highly precise results, methods should
important point. The OPLS-AA parameter set was parambe chosen that give small variance(ihH/d\). The choice
eterized including a long range correctidlf, whereas of \ parameterization greatly affects this variance. This paper
CHARMM and AMBER were not. However, we find that is not intended as a comprehensive guide to such parameter-
including this long range correction improves hydration freeizations. However, the decoupling of electrostatic and van
energy results for all three parameter sets, as shown in Tabter Waals interactions and the use of a soft-core potential in
[I. Perhaps most importantly, as noted in Table V, applying aatomic site introduction/removal results in magnitudes of
proper long range correction to the van der Waals term elimivariance of{dH/d\) that make possible the level of preci-

12/14 -962 170 —791 —-0.25 146 —8.16
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sion presented here. It is also very desirable to run multipléional effort to obtain sufficiently precise free energies scales
copies of each simulation, starting from initial conditions with solute size and complexity, especially for those solutes
that are as uncorrelated as possible. If the variation betweenith many torsional barriers and many stable conformations.
the multiple runs does not agree with the statistical uncerThe current study suggests that simply using straightforward
tainty estimates, then insufficient sampling has been pedong-running molecular dynamics simulations may not be
formed. This establishes a useful necessary but not sufficiesufficient, as torsional degrees of freedom are not well-
condition on the sampling required for a computed free ensampled. This means that more sophisticated sampling
ergy to converge. In order to strictly guarantee that sufficienschemes, such as replica exchange and other multicanonical
sampling has taken place, one must monitor all the relevannethod$~859293 ymbrella sampling**® or locally en-
degrees of freedom and ensure they are extensively samplifignced samplify may be necessary for more complex sol-
their allowed phase space. For small molecules, this is relaites like biomolecules.
tively straightforward, as detailed above. However, for even  Although the free energies of hydration of amino acid
small proteins, this becomes very difficult, and it is as yetside chain analogs are one measure of fitness of a force field,
unclear how this can be done in a general case. it should be emphasized that there are other measures of
The high level of precision obtained in this paper will fithess that are also important. For example, Price and
not be necessary for all uses of free energy calculation®rooks® have run explicit water protein simulations with
However, high precision measurements are necessary in aihese same force fields, monitoring such observables as the
der to understand the magnitude and source of deviationsns deviation from experimental structures, the radius of gy-
from experiment, and to understand the subtle effects ofation, and the solvent-accessible surface area, finding no
changing simulation conditions on the free energy resultssignificant difference between AMBER, CHARMM, and
High precision measurements are also necessary to study tEPLS-AA. Other studies have compared conformational and
effectiveness of new methodologies, and to judge small difinteraction energies of a variety of force fieffs’
ferences between molecules. This study leaves some important questions unanswered.
Although determining free energies for large numbers ofOne is the sensitivity of these calculated free energies of
small molecule systems may require special computationdiydration to the choice of other very commonly used water
resources like Folding@Home, obtaining the equivalent demodels, such as SPC, TIP4P, and TIP5P. Each model has
gree of precision for a few molecules is within the reach ofenough differences that discrepancies in solute—solvent en-
most academic and industrial research groups. The computargetics and kinetics are likely.%® Another is whether im-
tional power required to produce the precision in these studproved results are possible with improved treatments of Cou-
ies for one molecule with one force field would be equivalentiombic forces, such as reaction field and Ewald summation
to about 10 dual processor 1.5 GHz Athlons running<®  methods. Comparisons of solvation free energies with simu-
days(about a week for the fivefold replication performed in lations using different water models and Ewald summation
this study. In retrospect, there are also many ways to im-are currently underway.
prove the computational efficiency of the simulations, aside  Our results have some implications for simulations using
from hardware and software optimizations. For example, thgparameter sets such as AMBER, CHARMM, and OPLS-AA
simulation cells were conservatively large, and a speedufp estimate free energies. We cannot expect that calculations
factor of at least two could be obtained with a smaller cell.performed on more complicated systems, such as those used
Sixty-one\ points were used, but analysis afterward showedo compute ligand-protein binding free energies, will be any
that at least 10 of the Coulombicpoints were unnecessary more accurate than the hydration free energest least the
for obtaining the desired precision for these molecules. Forelative hydration free energiesf the respective small con-
the smaller molecules, the number of intermediate Coulomstituents. It may be possible for sufficiently precise calcula-
bic and van der Waals points could be reduced even fur- tions to be more accurate than this limit, but that is depen-
ther. If a slightly larger uncertainty is acceptalday, 0.05— dent on fortuitous compensating errors between ligand—
0.1 kcal/mo}, both the total simulation time required and the water and ligand—protein interactions. Our results may also
number of\ values needed could be reduced even more. Iiave implications for the utility of these force fields for pre-
this case, and given the correlation times of these moleculeslictions of protein structure, stability, and dynamics. How-
it would be possible to reduce the total collection time toever, it is also true that many computed observables may be
200-300 ps and still include enough uncorrelated data pointelatively insensitive to the details of the potentials that pro-
necessary for good statistical validation. Under these condiduced the differences from experiment noted in this paper.
tions, it would be possible to evaluate several molecules per This study also reveals the power that distributed com-
day with the cluster described above. For absolute solvatioputing can provide. Thanks to the rapid increase in available
free energies of small molecules with few torsional degreesomputer power in the last decade, we can afford somewhat
of freedom in explicit water, uncertainties0.1 kcal/mol are  more costly algorithms when we are striving to obtain pre-
easily obtainable by most researchers. It is important to noteise results with rigorous approaches, we can apply these
that these should not be taken as general guidelines for adllgorithms to large numbers of molecules, and we can collect
free energy simulations. The appropriate spacing&md the  more comprehensive data. We also note that distributed re-
necessary simulation time required need to be determinesburces such as Folding@Home may be of great use in the
individually for each system. development of potential sets. First, it becomes much easier
It is still to be determined how the required computa-to explore multidimensional parameter space in a systematic
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way, and second, it becomes possible to use a wider varietyonder for his help and advice wititNKER, Jan Hermans for
of computationally intensive observablésich as free ener- useful discussion regarding free energy calculations, and
gies of solvation or partition coefficients the actual devel- Siraj Khalig, Stephan M. Larson, Young Min Rhee, and Bo-

opment of parameters. jan Zagrovic for useful discussions and in adapting
Folding@Home for free energy calculations. The authors
V. CONCLUSIONS would especially like to acknowledge the support of the tens

) . of thousands of users of Folding@Home, without whom this
We have demonstrated that free energies of hydration f°|5roject would not be possible.

popular computational models can be computed with a pre-
cision of three significant figures in a reasonable amount of

time, at least in the case of solutes with low numbers OfAPPENDD(I DERIVATION OF KEY RELATIONSHIPS
degrees of torsional freedom. This degree of precision is g THE COMPUTATION OF SOLVATION FREE
least an order of magnitude better than most previous studENERGIES IN ISOBARIC—ISOTHERMAL

ies, and the uncertainties reported have been rigorously consIMULATIONS
puted and verified statistically. The computational precision hi dix introd i din oth ;
we have obtained is approximately equal to the experimentab This Appendix introduces notation used in other parts o

precision for the systems examined, and can be obtained fdpis mgnuscript, conveys our dgfinition for the free energy of
the absolute free energy of hydration, not simply for reIativeSOIVat'on’ develops relationships between the free energy of
olvation and chemical potentials, and describes some as-

free energies of hydration. If the model under study is clos€ fth . £ absol vation f .
enough to experiment, this degree of precision is sufficienpﬁCtS (? t € clomr|]3utat|0nfo I'a s(;) ute So(l) vatllon_ ree _energlﬁs.
for virtually all practical uses. The classical theory of liquids and solutions is we

99 o : -
Current generation parameter sets can be off as much geveloped®* and is included in most graduate statistical
2 kcalimol per side chain analog, and therefore may be inMechanics courses. However, we present here some aspects

sufficient to compute free energies that accurately compar@f an isobaric—isothermal treatment that are not usually dis-

to experimental results for many applications. The thre&ussed' i ) i

studied potential sets are fairly similar, and deviate from ex-  MOst of the experiments with which we make contact
perimental hydration free energies in similar ways, though tdjetermme solvation free energies by measuring concentra-
somewhat different degrees. However, we have found the&on,S of some molecu!gr s.olute,,' in two phases, a gas and a
these results can be highly dependent on simulation protd'—qu'd’ that are in equilibrium with each other and both sub-
cols such as the choice of implementation of finite-rangeleCt to a pressur® and a temperature. (In the experiments

interactions, making sweeping generalizations about suitabi®f INterest,s are the amino acid side chain analogs and the
ity of potential sets impossible. solvent in the liquid phase is watglf the partial pressure of

It is clear from the merely adequate sampling of theS IN the gas phase iBs and the concentration of in the

. . .
torsional degrees of freedom in these simple systems thdfluid phase isps, the experimental results are reported as
more complicated systems, with many correlated torsiona?ﬁowat'on free energiesomputed from these measured quan-

terms producing large barriers between physically relevantti€S Py use of the following:
states, will present difficulties and may be largely impossible  AG,,~= len(Ps/plskT)- (A1)

to study adequately with simple molecular dynamics. In or- . . ) -
der to sufficiently sample these systems it will require in-The usual interpretation Gy is that it is the free energy

creased computational power, smarter sampling scheme@,SSOCiated witltouplinga molecule of solute into the rest of
e solutiont® In this Appendix we will derive a relationship

and a clear separation and understanding of the errors arisi}

from insufficient sampling versus improperly represented enPeWEENAGsqy and quantities computable by simulation

ergetics. techniqueg, thereby allowing comparison of the simulation
This paper also demonstrates that the pathway to acc'd experimental results. _

rate and reliable methods to compute the free energies of st consider the gas phase. The Gibbs free energy of a

interaction of ligand/macromolecular models may be clearef@S Phase system df molecules ofs at a pressur®; and

than previously thought. This is especially true in the light ofa temperaturd is

new distributed computing techniques, which provide the G(N¢,P,,T)=—KkTInA(NS,Pg,T), (A2)

greatly increased computational power needed for both the _ _ ) _

development of improved parameter sets and the sufficiert"€rek is the Boltzmann constant, anilis the isobaric—

sampling of complicated models. We expect that this will be'SOthermal partition function for such a system,

enormously useful to both the scientific study of macromo- %

lecular interaction and to the commercial development of A(Ng,PS,T)sz d(VIV")exp(— BPsV)Q(NZ,V,T).

useful drugs. (A3)

Here,Q is the canonical partition function for a systemtf
molecules in a container of voluméat a temperaturé and

One of the author$M.R.S) acknowledges the support B8=1/kT. The factor ofV’ is an arbitrary constant with units
of the Fannie and John Hertz Foundation and the Stanfordf volume that serves to make the partition functidn
Graduate Fellowship. The authors would like to thank Jaydimensionless®
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If one assumes the gas phase can be treated as ideal, the Next a special molecule of is chosen and a coupling

canonical partition function is parameter, A, is introduced to the le,+ N,,)-molecule
1 Hamiltonian such that whern=0 the special molecule does
QN V,T)= o (A 3V (), (A4)  not interact withany of the other material, and when=1
N! the Hamiltonian is the same as the one described above for

WhETEA:(hZ/ZWMSkT)UZ is the thermal de Broglie wave- the fU”y interacting (\IIS+ NW)-molgcule system. ThIS CO'U-
length, that arises from the translational partition function forPling parameter turns off only the intermolecular interactions
a molecule of masMl, h is Planck’s constant, angi(T) is between the_one special molecule and g solvent _mol-

a canonicalnternal partition function for a single molecule €cules(@ffectingUs ), aslwell as between the special mol-
whose center-of-mass is constrained to be at some fixegcule and the remaininyls—1 other molecules of typs,
point and whose center-of-mass momentum is constrained {Gfécting Us_). However, the kinetic and intramolecular
be zero.qy(T) would treat rotational, vibrational and elec- cOmponents of the energy of the special molecule rve
tronic degrees of freedom and could be computed classical?ﬁeCtedz and are included for all values)afNote that this
or quantum mechanically, but either way it does not affec ormu_latlon requires tr_eatmg intramolecular electrostatic in-
the essential outcome here. The featuregofve exploit is  teractions for the special molecule of typenot \-coupled

that it is independent of volume. differently from _intermolecular electrostatic interacti.ons be-
Combining the relationships in Eq¢A2), (A3), and tween the special molecule of tygeand other material\-
(A4) one can obtain coupled. _ ,
In practice, the intermolecular potential between mol-
G(NZ,Pg,T)=—kTNIn{A 3qy(T)KT/Pg}. (A5)  ecules consists of van der Waals and Coulombic interactions,

and there are many ways to couple these interactions. The

The chemical potential o8 in the gas phase is given as only formal requirement is that the Hamiltonian have the

nINS P, T)=G(NZ,P,,T)-G(NZ-1,P,,T) above properties at the=0 and\=1 endpoints. The param-
3 eterization used in this work, along with its rationale, is de-
=—KTIn{A™=qy(TKT/Pgj. (AB)  scribed in the Methods.

Second, consider the liquid phase. The Gibbs free energy Note that even though the fully coupled Hamiltonian,

solvent at pressurB, and a temperatur€ is given by selecting a special molecule of tygefor the coupling pro-
cess results in a slightly different partition function,
G(Ng,N,,,P,T)=—KTInA(N§,N,, ,P,T). (A7)
Several points should be noted. In general, the pressure  Q(N.,N,,,V,T,A=1)=NLQ(N.,N,,,V,T). (A9)

P (total pressure exerted on the liquigill be different from

Ps (partial pressure o8 in the gas phageAlso, the notation o . ] )
suggests that the solvent is water, but the formulation is genlNiS IS because, ?n_ce_the choice of a special molecule is
eral at this point, and the solvent may itself be a mixture Made, instead oNy indistinguishable molecules, there are
Furthermore, the formulation does not assume that the corfloW onlyNg—1, resulting in a different combinatorial factor.

centration ofs in the liquid phase is dilute. The factor ofN's corresponds to the number of ways one
The chemical potential o in the liquid phase is given could have chosen the special molecule.
by the following: Note thatH (A =0) is notthe Hamiltonian used to evalu-
. | | ate the denominator in E¢A8). This Hamiltonian is for a
#s(Ng, Ny, P, T)=G(Ng,Ny,P,T) = G(Ns— 1Ny, ,P,T) (NL+N,,—1)-molecule system, whereas the parameterized
| Hamiltonian, H(\), is actually for a M.+ N,)-molecule
A(Ng,Ny,,P,T) : : .
= _—kTIn | ] (A8) system. However, consider the following version of the ca-
A(Ng—=1Ny,P,T) nonical partition function, developed in terms ld{\) and

The Hamiltonian to be used for evaluating the numerator willevaluated ar=0,

contain the kinetic and allintramolecular and intermolecu-

lar) potential energy for th&l,+N,, molecules of the sys- Q(NL,N,,V, T A=0)

tem. Symbolically, for the types of Hamiltonians usually

used in classical simulations, where the interaction energies =Q(N{—1N,,,V,T)Q(Ns=1N,=0V,T). (A10)
are of a separable form, we could write the following:

H(NL,Ny) = To(NL + Ty (Ny) + Us(NL) + U, (Ny) This factorization is possible because, by the design of
| | H(\), when A=0 the special molecule of type is un-
+Upow(Nw) +Us o(Ng) +Us_w(Ns,Nw),  coupled from the rest. The last factor is the partition function

whereT, indicates the kinetic energy from all molecules of O an isolated gas phase molecule of tgie a volumeV at
type i, U, represents intramolecular potential energy fortemperatureT. Using the relationships in Eq$A10) and
molecules of typeé, andU;_; indicates intermolecular poten- (A4), and multiplying and dividing by the denominator in
tial energy for molecules of type interacting with other Eq.(A8), we see that the isobaric—isothermal partition func-
molecules of typg. tion becomes wheh=0,
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A(NL,N,, ,P,TA=0)= Fd(wv')exp( —BPV)Q(NL—1N,,,V,T)Q(NL=1N,=0V,T)
0

- J “d(VIV ) exp(— BPV)Q(NL— LNy V, T)(A ~3Vay(T))
0

=(A3q4(T)A(Ns—1N,,,P,T)

Jod(VIV')V expg — BPV)Q(NL—1N,,,V,T)

={A73V*qy(T)}A(NL.—1N,,,P,T).

In the last equalityV* is the mean volume of thd\@— Ny
—1)-molecule system at pressuPeand temperaturé. The
term in braces is recognizable @N,=1,V*,T). We may
take advantage of this final relationship in E48) to obtain

A(NS,N,,,P,T) }

Lol _
ﬂs(Ns:NW1PaT)_ len[A(NL—l,NW,P,T)

A(leleypaT)
A(NL,N, P, TA=1)

=—kTInr

A(NL,N,, P, TA=1)
X
A(N,Ny,,P,T,A=0)

A(N,Ny,,P,T,A=0)
X
A(NS—1N,,,P,T)

=—kTIn(1/NY) +AGgn

—KkTIn{A73V*qy(T)}, (A12)

where we have introducedGy;,,, defined by the following:

AGg=—kTIn

A(N! ,NW,P,T,)\=1)]
. (A13)

A(Ng,N,,,P,T,\=0)
The first term on the right-hand side of E@\12) pro-

vides the free energy associated with making the special

ANL—1N,,,P,T)
(A11)

this compound system is simply the product of the two-
partition functions for the subsystems. The free energy
change for this process is kT In{A3g(T)kT/P*}, equiva-
lent to that given by the third term on the right-hand side of
Eqg. (A12).

The second step consists of producing from the system
of two independent subsystems a new systerrNb{L Nw
molecules where the new molecule of types included, but
does not interact with the rest of the system. The partition
function for this latter system iA(A\=0). Since the newly
included particle increases the internal pressure, this process
step causes the mean volume of the system to change from
V* to some new volume, say,,>V*, against the external
pressureP. However, by virtue of the relationship given by
Eqg. (A1l), the partition functions of the two end states of this
process step are the same, and so the Gibbs free energy
change associated with it is zero, even though the mean vol-
ume has increaset?

The third step consists in taking the system from un-
coupled(A\=0) to fully coupled (A\=1), resulting in a free
energy change oAGy,, given by the second term on the
right-hand side of Eq(Al12). The fourth step consists of
making the special particle indistinguishable from the re-
maining N'S— 1, with a consequent free energy change given
by the first term on the right-hand side of H&12).

Although Eq.(A12) is formally correct, in order to be

molecule indistinguishable from the other molecules of typeyseful one needs a relationship for the chemical potential of

s. AGg;y, provides the free energy that comes fropupling
the interactions of the special moleculesofvith the N, — 1

the solute that is in terms of its concentration at full cou-
pling. In order to obtain such a relationship we add and sub-

+N,, molecules of the rest of the system. By comparisonyactkTIn V; on the right-hand side to obtain
with Eq. (A6) one sees that the third term can be recognized

as the free energy associated with introducing a noninteract-

ing molecule into a system to establish a mean number den-
sity of 1M*, since such a gas would have a “partial pres-

sure” consistent withP* /kT=1/NV*.
A useful interpretation is suggested by E#&12). The

introduction of a molecule of typs can be thought of as

pANL Ny P T) = AGgm— KT IN(V*/V4)

—kTIn{A~3V,q4(T)/NL},  (A14)

happening in four steps. The first step consists of producing

from the (N\— 1+ N,,)-molecule system, a system that con-where we let V; be the mean volume of the
sists of two totally independent subsystems. One of theseNy+N,)-molecule system at full coupling. Lik& Ggp,
two subsystems is anNL— 1+ N,,)-molecule system at a both V; and V* can be computed from simulations. The
pressureP, and the other is a system that consists of a singlalifference betweeY; and V* is, of course, related to the
molecule of types at a pressure d?* =kT/V*, the pressure partial molar volume of the solute.

exerted by a single ideal gas patrticle if it were confined to a

volume of V*, the mean volume of the\ﬂ,;—1+ N,,)-mol-

AGg, can be computed using any one of the various
methods available for determining free energy changes. Our

ecule system. The isobaric—isothermal partition function forcalculations use thermodynamic integration,
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A(le NP, TA=1) coupling process. In this formulation, there is no requirement

AGgim= _kT|n|A(N' N.PT )\:0)] for the solute molecule to be rigid, or otherwise conforma-
srowrn o tionally constrained. The solute responds fully to the solvent,
1 dInA(N) and consequently, any possible effects on the solvation free
= _kao dKT energy due to solvent-induced changes in the energetics of

solute conformations are properly treated.

1 dH(\N) Finally, we note that the above formulation is applicable

- fo < dn > | ' (A1) even if N,,=0, in which case one obtains relationships be-

Ny N P T2 tween the vapor pressure of a pure liquid in terms of the

where the angle brackets indicate that an isobaric—isotherm&Pupling energyA G, for the addition of a new molecule

ensemble average is to be performed at the conditions indinto the pure liquid. For hydration free energies of amino
cated by the subscript. acid side chain analogs, where the equilibrium solute con-

The Gibbs free energy changeG, ., for the process centrations are smaltlilute) and the splute molecgles are not
of transferring a molecule of solute from(ileal gas phase €xpected to aggregate, the appropriate simulations involving
having a partial pressure &; into the solution to produce a the above formulation usd;=1 and, of course, pure water
concentration op. in the liquid phase is given by the differ- as the solvent.
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