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Abstract: Experimentally determined water/chloroform partition coefficients for three indole derivatives (3-
methylindole, N-acetyltryptamine, and 3-(3ndolyl)propionic acid N-methylamide), models of the amino acid
tryptophan, are compared to free-energy differences calculated using molecular dynamics simulations. The effect of
the choice of force field, the choice of pathway along which the free-energy change is calculated, the inclusion of
free-energy contributions from constraints, and the treatment of long-range interactions on the agreement with the
experimental data for this system are investigated with an eye to understanding the importance of the different
aspects of the molecular model and computational procedure. It is demonstrated that, although the compounds are
neutral and do not differ much in dipole moment or charge distribution, the incorporation of a reaction field to treat
long-range electrostatic interactions is necessary to reproduce the experimentally observed trends. The implications

of these findings for free-energy calculations in general and for the estimation of partition coefficients in particular

are discussed.

Introduction

The extent to which a compound partitions between two

environments, for example, between an aqueous phase and al

organic phase, is central to a wide variety of chemical and
biochemical processes. These include separatibigand
binding#® and protein folding, 8 to name a few. Considerable
effort has, therefore, been directed toward the tabulation of
experimentally determined partition coefficients and the devel-
opment of theoretical approaches to predict partition coefficients.
A variety of methods to predict partition coefficients have been
proposed;1* primarily based on empirically derived group
contributions. Such approaches are highly accurate when use

for homogeneous systems. They fail, however, in cases where
the influence of different substituent groups is correlated, or in
cases where the environment cannot be approximated as a
Homogeneous continuum. This is often the case in biological
systems. The effects of amino acid substitution on protein
stability, for example, frequently correlate poorly with experi-
mentally determined partition coefficients between water and a
low dielectric solvent such as octanol for related compounds.
In cases where the system cannot be treated as a homogeneous
continuum or where the neighboring groups are not independent,
methods that directly incorporate specific intramolecular interac-

0Fions and structural information are required. Partition coef-

icients are directly related to the difference in free energy of

*To whom correspondence should be addressed at the Laboratoriumthe compound in the two environments. In principle, such free-
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energy differences can, on the basis of statistical mechanics,
be determined using molecular simulation techniques. Free-
energy calculations are potentially highly accurate. A number
of previous studies have shown that such calculations can be
used to reproduce experimental partition coefficients for simple
compoundg51® The generality of this approach in practical
terms is still an open question, however, as is the relative
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Table 1. Experimental Partition Coefficients between Chloroform
and Water for the Three Studied Molecules

moleculé log Kp(CHCl; — H,0)°  AG(CHClz — H0)° (kJ/mol)
Trp —2.24 12.6
Ac-Trp —1.04 5.8
Trp-NMe —-0.97 54

a2 The abbreviations correspond to 3-methylindole (Thbacetyl-
tryptamine (Ac-Trp), and 3-(dndolyl)propionic acidN-methylamide
(Trp-NMe). b Experimental data from Radzicka and WolfenéeéfFree
energies of transfer calculated A& = —RT In Kp, with T = 293 K.

Ac-Trp + (CHCl3), ————> Trp-NMe + (CHCl3),

AG, AG,

exp

Trp + (CHCly),

exp

AGeyp

Ac-Trp + (H,0), Trp-NMe + (H,0),

Trp + (H0),

Figure 1. Thermodynamic cycles under study. The abbreviations
correspond tiN-acetyltryptamine (Ac-Trp), 3-(dndolyl)propionic acid
N-methylamide (Trp-NMe), and 3-methylindole (Trp). The change in
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experimental results in this system are each considered. It is
demonstrated that, although the compounds are neutral and do
not differ much in dipole moment or charge distribution, the
incorporation of a reaction field to treat long-range electrostatic
interactions is necessary to reproduce the experimentally
observed trends. The implications of these findings for free-
energy calculations in general and for the estimation of partition
coefficients in particular are discussed.

Methods

Theory. (1) Free-energy Differences by Thermodynamic Inte-
gration. The difference in free energy between two states, A and B,
of a molecular system, with interaction potential energy functions
denoted bywa(r) andVz(r), may be expressed@ds

wW[AVEADT .
AGBAzGB—GAzﬁA 3—81 D@i

wherer is the (N-dimensional) position vector of the N atoms of the
system, and/(r;A) is a potential energy function parametrized by the
coupling variablel, continuous int, and satisfying

1)

V(r;d,) = Va(r) and V(ridg) = Vg(r) 2

free energy related to each of the vertical arrows is known as derived The angular brackets,l.[J, denote averaging over an ’equilibrium
from experimental partition coefficients of the three compounds between €nSemble generated with the potential energy funcdemz’).

chloroform and water.

previous work by investigating the ability of free-energy
calculations to predict partition coefficients for a case not readily
treated by empirical methods.

The water accessibility of tryptophan is commonly used to
follow the process of protein folding or unfoldifg’ Despite
this, tryptophan may be found exposed to solvent in folded
proteinst®1® In a number of respects, tryptophan displays an
unusual partitioning behavior. Despite its aromatic character,
the side chain of tryptophan is appreciably soluble in water. Its

If molecular dynamics simulations are used to generate the ensembles
of molecular configurations, the integral can be evaluated in different
ways. In the slow-growth method, the coupling paraméter made
a function of time and slowly changed froin to Ag during the course
of a simulation. The ensemble is then reduced to a single conformation
per A’ point, and the integral in (1) is approximated by a sém.
Alternatively, the ensemble average in (1) may be evaluated at a number
of discretel’ points by performing a separate simulation at each chosen
A’ point. The integral is then determined numericéliyln this work,
unless stated otherwise, the term thermodynamic integration will refer
to this latter approach.

(2) Free-Energy Differences by Thermodynamic Perturbation.

An alternative to the thermodynamic-integration formula (1) is to

position in hydrophobicity scales based on water/organic solvent compute the difference in free energy between two states of a system
partition coefficients depends strongly on the reference organic directly, using the so-called free-energy perturbation forrfilti.can

solvent?® This ambiguous character makes tryptophan and its

be shown that

derivatives a challenging test case for theoretical approaches

designed to predict partition coefficients.
In this paper we compare experimentally determined water/
chloroform partition coefficients for three indole derivative

AGgp = —kgTIn [exp{ —[V(r;:dg) — V(A )V/ksT}L,  (3)

Although formally exact, the ensemble average in (3) converges slowly

models of the amino acid tryptophan to free-energy differences ynless the difference between the states describ®rbia) andV(r;is)
calculated using molecular dynamics simulations. The three is small.

derivatives studied were 3-methylindole (Trp\-acetyl-
tryptamine (Ac-Trp) and 3-(3ndolyl)propionic acidN-methyl-
amide (Trp-NMe). The experimentally determined partition
coefficients as well as the corresponding differences in free

energy between chloroform and water are given in Table 1. The
thermodynamic cycles used to relate the calculated free-energy

differences to the experimental partition coefficients are shown
in Figure 1. To investigate the system in detail, the effect of
the choice of force field, the choice of pathway along which

(3) 4 Dependence of the Potential Energy Function. The
dependence on of the bond, bond angle, improper dihedral angle,
and torsional dihedral angle terms is essentially linear and has been
described in detail elsewhef®.When molecular dynamics simulations
are used to calculate the change in free energy involved in the creation
or annihilation of van der Waals or electrostatic interaction sites, special
care has to be taken to choose thdependence of the potential energy
function for nonbonded atom-pair interactions. The presence of a
singularity in this function at interparticle distanaglose to 0, which
become accessible whehapproaches 0 (creation) or whénap-

the free-energy change is calculated, the inclusion of free-energyproaches 1 (annihilation), can lead to numerical instabilities in the
contributions from constraints, and the treatment of long-range integration of the equations of motion. This problem can be overcome

interactions on the ability of the calculations to reproduce the

by the use of a so-called soft-corelependent potential energy function
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for the nonbonded interactiof$?® In the soft-core function used in  core A-dependent electrostatic potential energy term including the
this work the van der Waals and electrostatic interactions of atoms reaction-field correction has the form
andj at a distance; are given by*

A A
A Gi 9 1
VI ) = (L — )" ClZ?‘ 3 C6; Vﬁl(rij A)=(1- /‘L)n4neojel[(a9/12 +r.3)L2
i Vi (a:}J(o’i?)G/'Lz-f- rije)z a:}J(O{?)G/'LZ-i- rije i i
2 BB
qq c12 i 2” Gl il [ L
i M) J]

n

_|_
t4 - (l-F-aF/l2 + 2312 262 + € 4.7'[6061 (19 1—41 2 4 r__2 1/2
4”5061((15/12 T rij2)1/2 (ahJ(OiIJ_B)G(l — /1)2 + rije)z ( i RY) |.( Il( ) i )
2
i €€

@ (L =22 +RA)¥ 26T &

ce; e (8)

+ 4
o)L — A +1®  dmegey(of (L — A)* + 1) @

whereC6; andC12; are the van der Waals parameters for the dispersion Wheren and a;” are set, in this work, to = 1 andag" = 0 nn?.
and repulsion energy terms of the interaction, respectivgland Again, (8) reduces to (7) wheuni? =0 andaiTF =0, wheni =0, or
are the atomic charges, angf, n, o;”, anday are set, in this work, to ~ Wheni = 1.

(5) Constraint Contribution to the Change in Free Energy. When

5 C12‘-j the SHAKE algorithr® is applied to constrain bond lengths in an MD

o) =g (C6 = 0andClz=0) (5) simulation, after each unconstrained dynamics time step the bonded

I atoms are displaced in an iterative way until all constraints are satisfied.

n=1 This process involves the displacement of the point of application of

the forces exerted by the environment on the bonded atoms and will

L Jos5 ifiorjperturbed contribute to the change in the free energy of the system if the bond
"= . length changes with.3! This contribution can be easily computed, as

0  otherwise shown by Straatsmet al.32 and van Gunstereet al.?!

. (6) Estimation of Errors. To estimate the error ildV/aAL}, we
ol = 0.5nnf ifiorjperturbed (6) have used its standard deviatio(ldV/oA[}), as defined by Fincham
"o otherwise et al334
. . . To estimate the error iNG due to the trapezoidal integratio@\/
For the interaction between pairs of unperturbed atouS ¢ Oand 55 is assumed to be Gaussian distributed with a maximum probability
a = 0) the standard form of the nonbonded term of the interaction equal to@V/3A3 and a width ofa(@V/34F). The distributions are
is recovered. For interactions involving one or two perturbed atoms 5s5umed to be uncorrelated among differérpoints. The standard

the standard form of the interaction is recovered onlyl at 0 and deviation onAG is then calculated 8%
A=1
(4) Reaction-Field Contribution to the Electrostatic Interaction. 2
. . e . . . Nl
When periodic boundary conditions are applied in molecular dynamics
simulations, the electrostatic interactions are often truncated at a cutoff d(AG) = W(4,) a(BVI 8/@") 9)
distanceR.. Interactions beyond this cutoff are normally neglected. n=

This is equivalent to a vacuum existing outside the cutoff sphere. The

error introduced by this approximation in the calculations will be whereN; is the number oft’ points at which the ensemble average
dependent on the dielectric permittivity of the system and the property has been calculatedy(l,) is the weight factor due to the trapezoidal

of interest. A better approximation is to treat the medium outside the integration, ands([@V/94[) is the error in the ensemble averages.
cutoff sphere as a dielectric continuum generating a reaction-field  Simulation Setup. All simulations were performed using a modified
potential?®~2 To study the sensitivity of free-energy calculations to  version of the GROMOS87 package of prograhirs conjunction with

the use of a cutoff radius for the electrostatic interactions, we have a modified version of the GROMOSS87 force fieki3? In this force
performed simulations with and without a reaction-field correction. If  field, aliphatic hydrogen atoms are treated as united atoms together
there is no ionic strength in the system, the electrostatic potential energywith the carbon atom to which they are attached. Polar hydrogens are
including the reaction-field correction for the interaction between atoms treated explicitly and experience electrostatic but no van der Waals

i andj is given by interactions. Aromatic hydrogens are also treated explicitly and
experience both electrostatic and van der Waals interactions. The force-
| g9 [1 rij2 €~ € field parameters for the nonbonded interactions that have been used
Vﬁ(rij) = Arteqe, r %m (7) are given in Table 2. The water parameters are taken from the SPC
i
(30) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJGComput Phys
whereR; is the cutoff radiusg, is the permittivity of vacuum; is the 1977 23, 327-341.
relative permittivity within the sphere of radil& centred in atom (31) Wang, L.; Hermans, J. Chem Phys 1994 100 9129-9139.
(i.e., &1 = 1), ande; is the permittivity of the continuum beyori@. (32) Straatsma, T. P.; Zacharias, M.; McCammon, JCAem Phys

o ; : Lett 1992 196, 297—-302.
The reaction-field approach assumes that interactions beyond the cutoff (33) Fincham, D.: Quirke, N.; Tildesley, D. 3. Chem Phys 1986 84,

distance are equivalent to those of the bulk solvent. Therefore, the 4z35 4546
cutoff should be large enough that entropic effects observed beyond  (34) Allen, M. P.; Tildesley, D. JComputer simulation of liquid©xford
R. are negligible, and the permittivity of the continuwm should University Press: New York, 1987.

correspond to that of the bulk solvent model that is used. The soft-  (35) SEiegel, M. RTheory and Problems of StatistjcslcGraw-Hill:
New York, 1972.
(24) Beutler, T. C.; Mark, A. E.; van Schaik, R. C.; Gerber, P. R.; van (36) van Gunsteren, W. F.; Berendsen, H. J.GZoningen molecular

Gunsteren, W. FChem Phys Lett 1994 222 529-539. simulation (GROMOS) library manuaBiomos, Nijenborgh 4, 9747 AG
(25) Zacharias, M.; Straatsma, T. P.; McCammon, JJ.Ahem Phys Groningen, The Netherlands, 1987.

1994 100, 9025-9031. (37) Hermans, J.; Berendsen, H. J. C.; van Gunsteren, W. F.; Postma, J.
(26) Onsager, LJ. Am Chem Soc 1936 58, 1486-1493. P. M. Biopolymers1984 23, 1513-1518.
(27) Barker, J. A.; Watts, R. QMol. Phys 1973 26, 789-792. (38) Mark, A. E.; van Helden, S. P.; Smith, P. E.; Janssen, L. H. M.;
(28) Neumann, MMol. Phys 1983 50, 841-858. van Gunsteren, W. K. Am Chem Soc 1994 116, 6293-6302.
(29) Tironi, I. G.; Sperb, R.; Smith, P. E.; van Gunsteren, Wl. Ehem (39) Smith, L. J.; Mark, A. E.; Dobson, C. M.; van Gunsteren, W. F.

Phys 1995 102 5451-5459. Biochemistry1995 34, 10918-10931.
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Table 2. Nonbonded Interaction Parameters for the Atom Types of the Force Field

moleculé atom partial charge (e) C6'3; [(kcal mol2 A §)v/zbde C122; [(kcal molt A1g)L/zjb-e
Trp CH; 0.000 46.06 2500.0
Cy —0.140 23.65 898.0
Co1, Ces, CC2, CCs, Cn2 —0.100 36.30 1901.0
Hél, H€3, HCg, H§3, H772 0.100 4.50 60.1
Cdy, Ce 0.000 23.65 898.0
Nes —0.050 24.13 636.0/900.0
Hey 0.190 0.00 0.0
Ac-Trp CH; 0.000 46.06 2500.0
C 0.380 23.65 898.0
O —0.380 23.25 421.0/550.0
N —0.280 24.13 636.0/950.0
H 0.280 0.00 0.0
Cu G 0.000 46.63 2906.0
HO Ow —0.820 25.01 793.3/793.3
Hw 0.410 0.00 0.0
CHCl3 Ce 0.179 25.08 985.6
Hc 0.082 3.00 32.1
Cle —0.087 44.56 1813.8

aThe water parameters are taken from the SPC nf8ddlhe chloroform parameters are taken from the Dietz-Heinzinger nibdék The
Lennard-Jones paramete®§;; andC12; were obtained using the following combination ruléd6;; = C6Y3; C6Y3; andC12; = C12Y3; C12V3.
¢ To properly model hydrogen-bonding interactions, an alternative s€i@fparameters, corresponding to an increased short-range repulsion, is
used for interactions between hydrogen-bond dewaceptor pairg® This is the second value in the colun#C6Y2; and C123; parameters
for aromatic hydrogens were taken from Hermasal®’ € Interactions between different types of chloroform atoms have specific parameters:
gecc,qc = 1117.4,Cbc,, = 86.6,Cbc 1, = 155.2 (kcal mot! AS), andCl12.,c, = 1 788 074, C12, 4, = 41 706,C12c,, 14, = 78 059 (kcal mott

1),

model?® and the chloroform parameters are taken from the DBietz T‘?’ /m, HC /ml
Heinzinger modet!~43 H, ct, Hn 8
Ac-Trp was placed at the center of each of two truncated octahedrons e e o e NE\‘

with box lengths of 3.07 and 4.99 nm for the water and chloroform CJ,\ C“f,z\ //C'S‘_"ﬁ‘ cc!\ l‘éz\ //CS‘_"B‘
systems, respectively. Trp-NMe was also placed in the center of each we” e C{ ne” el C<
of two truncated octahedrons with the same box lengths. The box sizes ;Le, i }Lgs B o
corresponded to a closest distance of a solute atom to the box wall of \ 0 \ -
about 1.0 nm for the water systems and 2.0 nm for the chloroform Ac-Trp /‘N\,c// Trp-NMe //‘C\ZN/
systems, or approximately four solvation shells. The boxes were filled M 0 \
with an equilibrium distribution of the appropriate solvent. Solvent it it
molecules that lie outside the box or which overlapped with a non-
hydrogen solute atom (distance soldteater < 0.23 nm and distance e, . H, ;
solute-chloroform < 0.30 nm) were removed. In each of the four ' I /E‘
cases, the final systems included 473 solvent molecules. Each system""’\CM/CC\CEZ/NEn ““’\CHZ/C*’\CEZ/NE\A
was first energy minimized to obtain the starting structure for the | I C8;—Hy, ——— | I C3,—Hb,
dynamics calculati i ing periodic s S s ot

ynamics calculations. All calculations were performed using periodic N e Ne
boundary conditions at a temperature of 300 K and a pressure of 1 | C}} c1}
atm. The temperature and the pressure were maintained by weak Hey 77T cn Hey 7T ca
coupling to an external batfi,using a relaxation time of 0.1 and 0.5 . N ‘,ﬁ" T & M
ps, respectively, for the simulations in water, and 0.1 and 0.2 ps, P o8 ® o "
respectively, for the simulations in chloroform. Bond lengths were {CH3 ' [CH3

constr?ined using the SHAKE algoritfifiwith a geometric tolerance  rjgyre 2. Molecular models that have been used to define the different
of 104 The integration time stt_ap was _2 fs. A cutoff radius Qf 14 gtatesin the perturbation cycle. The nonaromatic atoms are numbered
nm was used for all nonbonded interactions. The nonbonded interac-from 1 to 7. Atoms 6 in Trp and Trp preserve their original mass
tions were calculated at each time step using a charge-group pair listgq parameters for bond, bond angle, improper dihedral angle, and

that was updated every 10 time steps. Each system was equilibratedsional dihedral angle interactions, but experience no van der Waals
for 50 ps before starting the free-energy calculations. The relative o ajectrostatic interactions.

permittivities of bulk water and chloroform were taken as those

calculated for the solvent models used, thateis= 54.0 for SPC to the experimental partition coefficients using the thermodynamic

water#> ande, = 2.4 for Dietz-Heinzinger chloroforn? cycles shown in Figure 1. The mutations Trp-NMe to Trp and Ac-
Perturbations. To estimate the differences between the free energies Trp to Trg involve only changes in nonbonded parameters. The

of transfer from chloroform to water of Trp-NMe, Ac-Trp, and Trp, interactions of atoms-16 with the rest of the system are removed,

mutations between the four states shown in Figure 2 have beenand atom 7 is changed from-aCH; to a —CHs. The mutation Ac-

performed in both solvents. The calculated free energies can be relatedlrp to Trp-NMe involves changes in bonded and nonbonded parameters.

It should be noted that although atoms@.from Trp and Trpdo not

(40) Berendsen, H. J. C.; Postma, J. P. M. van Gunsteren, W. F.; haue nonbonded interactions, they are still coupled to the system via

Hermans, J. Inntermolecular ForcesPullman, B., Ed.; Reidel: Dordrecht, . .
The Netherlands, 1981; pp 33842. bonded terms. For this reason, the change in the free energy for the

(41) Dietz, W.; Heinzinger, KBer. Bunsen-GesPhys Chem 1984 88, mutation Trp to Trp must be determined to obtain closure of the
543-546. thermodynamic cyclé?

(42) Dietz, W.; Heinzinger, KBer. Bunsen-GesPhys Chem 1985 89, For each mutation shown in Figure 2 slow-growth calculations in
968-977. water and chloroform (Table 3) were used to generate the initial

éflg gg?:r:'dge?{;l-\{a? gqnﬁé‘;{ﬁ% \SV'PMI(\)/:.":\’/g}rlmscalt?r?siefsrgn&\a/\}_é(_)%i,\l ol Structures for the simulations at differetitvalues, and the shape of

A.; Haak, J. RJ. Chem Phys 1984 81, 3684-3690. the resulting free-energy curves was used to guide the choidée of

(45) Smith, P. E.; van Gunsteren, W.J-Chem Phys 1994 100, 3169~ points at which ensemble averages were calculated for thermodynamic
3174. integration. At eachl’ value, the first 10 ps of the simulation was
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Table 3. Summary of Slow-Growth Calculatiohs

mutation solvent Vnb(2)P AG (kd/mol) mutation solvent VmB(1)P AG (kd/mol)
Trp-NMe— Trp H.O soft-core 70.0 Trp-NMe~> Trp CHCk soft-core 82.9
Ac-Trp— Trp' H,0 soft-core 75.1 Ac-Trp~ Trp’ CHCls soft-core 77.2
Trp' — Trp H,O standard 0.3 Trp—~ Trp CHCk standard 0.2
Ac-Trp— Trp-NMe HO standard 7.1 Ac-Trp> Trp-NMe CHCk standard 1.2
Ac-Trp — Trp-NMe HO soft-core 2.3 Ac-Trp~ Trp-NMe CHCg soft-core 3.3

aThe molecular models represented by the abbreviations Trp-NMe, Ac-Trp, Trp, anar&ighown in Figure 2 A-dependent potential energy
function that is used for the nonbonded interactions. The nonbonded interaction parameters are identical to those of set 1 in Table 4. The slow-
growth MD simulations are 100 ps long, withlastep of 2x 1075

Table 4. Summary of Thermodynamic Integration Calculatibns

set mutation solvent \elb C12V2, o,¢ [(kcal molt A12)17 AG? (kJ/mol)
1 Trp-NMe— Trp H.O standard 793.3 7082.1
1 Ac-Trp— Trp' H.O standard 793.3 698 2.3
1 Ac-Trp— Trp-NMe H,O standard 793.3 —-0.1+1.9
1 Trp-NMe— Trp CHCk standard 73.2£2.1
1 Ac-Trp— Trp' CHCl; standard 73.&2.2
1 Ac-Trp— Trp-NMe CHCE standard 2519
2 Ac-Trp— Trp' H.0 standard 421.0 768 2.3
3 Ac-Trp— Trp' HO standard 690.0 71525
4 Ac-Trp— Trp' H.0 RF correction 793.3 741221
5 Trp-NMe— Trp H,O RF correction 690.0 7448 2.2
5 Ac-Trp— Trp' H>0 RF correction 690.0 7582.1
5 Ac-Trp— Trp-NMe HO RF correction 690.0 23218
5 Trp-NMe— Trp CHCk RF correction 72.6:2.1
5 Ac-Trp— Trp' CHCl; RF correction 73.6:2.0
5 Ac-Trp— Trp-NMe CHCE RF correction 2.5:20
Trp' — Trp vacuum standard -0.2+0.1

aThe perturbations are grouped in sets according to the parameters given in the table. The molecular models represented by the abbreviations
Trp-NMe, Ac-Trp, Trp, and Trpare shown in Figure 2. The thermodynamic integration method has been used in all cases, with ensemble averages
@V/oAL, at 131" points between 0 and 1 (2 points in the vacuum case). The simulation time at e#cpoint ranges from 50 to 200 ps
depending on the convergence propertiesadoil}. The soft-corel-dependent potential energy function has been used in all but the vacuum
case.” Potential energy function that is used for the electrostatic interactions; RF refers to reactiohGE#?,, o, van der Waals parameter that
is used for the interactions of the water oxygen with nonpolar atoms (see TallAQ@)is calculated by trapezoidal integration.

discarded (equilibration). The sampling time at ed¢hvalue was field parameter se€3%464% |n set 2, the value 421.0 (kcal
chosen according to the convergence propertiéd\é#HAL}, such that mol—1 A12)1/2 has been used to evaluate the effect of this
the error in the ensemble average was roughly uniform ovér pdints. parameter on the change in free energy for the mutation Ac-
_To study the influence of different treatm_ents of the n_onbonded Trp to Trp in water. Due to the sensitivity of the calculated
mteractlo_ns on the calculated fr_ee—energy _d_lfferences, various sets Ofchange in free energy to the choice of wl/ZQNQN parameter
perturbations were performed with the conditions summarized in Table ¢\ 2o nonnolar carbon interactions this term was reparam-
4. For the first set of perturbations (set 1), the initial coordinates and . .
velocities for the simulations at each value were taken from the etrlzed_to correctly reproduce th(_f free energy of hydration of
corresponding’ points in the slow-growth calculations. For the CHa (Figure 4). The value obtained was 690.0 (kcal Mol
perturbation sets 25, the initial coordinates were taken from the A12)12 and was validated by determining the free energies of
corresponding!’ points in set 1 after a further 50 ps equilibration. hydration of a series of aliphatic compounds (Table 5). In set
3 the value 690.0 (kcal mot A2 has been used for the

mutation Ac-Trp to Trpin water.

To determine the sensitivity of the calculated free energies

Table 3 shows the results from the slow-growth calculations. to the truncation of the electrostatic interactions at a given cutoff
These comprise the mutations described in Figure 2, performedgistance, the long-range electrostatic interactions were evaluated
both in water and in chloroform. The perturbation Ac-Trp to ysing a reaction-field potential. The effect of the reaction-field
Trp-NMe was performed using the standardlependence of  correction was determined for the mutation Ac-Trp to'Tirp
the GROMOSS87 potential energy functféh® (linear for water (set 4) and in chloroform (set 5). TH&12Y%, o,
nonbonded interactions) and using the soft-cbidependent  parameter in set 4 was set to 793.3 (kcal Thél12)12to enable
potential energy function (4). To compare the results from the comparison with set 1. In set 5, the complete cycles in water
use of these two coupling schemes, plotsdufoi and AG and in chloroform were performed. The parame@&p%; o,
versust are shown for the mutation in water and in chloroform = 690.0 (kcal mot! A3¥2 was used for the simulations in
in Figure 3. water, and the reaction-field correction to the electrostatic

Table 4 shows the results from the thermodynamic-integration potential was applied in all cases. The change in the free energy
calculations. Five different variants of the force field have been for the mutation Trpto Trp was determined from vacuum
used to perform the calculations (sets3). All included a

Results

soft-corel-dependent potential energy function for the evalu-
ation of nonbonded interactions. In set 1, the parameter
C12Y25, 6, = 793.3 (kcal mot! A312 has been used for
interactions between water oxygens and nonpolar atoms (Tabl
2). This value has been recently shown to be more appropriate
than the value 421.0 (kcal mdi A12)Y2 of the original force-

(46) °Aqvist, J.; Medina, C.; Samuelsson, JFEotein Eng1994 7, 385~

(4'17) van Buuren, A. R.; Marrink, S.-J.; Berendsen, H. I.@hys Chem
1993 97, 9206-9212.

e (48)van Buuren, A. R.; Berendsen, H. J. Biopolymers1993 33,

1159-1166.
(49) Daura, X.; Oliva, B.; Queral, E.; Avik F. X.; Tapia, OProteins:
Struct, Funct Genet 1996 25, 89—103.
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Figure 3. dV/a4 andAG as functions of the coupling paramefefrom different slow-growth simulations of the mutation Ac-Trp to Trp-NMe.
changes from 0 to 1 in 100 ps. The solid line correspondd/tél. The dotted line corresponds AdG. (a) Mutation in water, using the standard
A-dependent potential energy function. (b) Mutation in water, using the softtedependent potential energy function. (c) Mutation in chloroform,
using the standard-dependent potential energy function. (d) Mutation in chloroform, using the softiedependent potential energy function.
The truncated peaks 6V/d4 in plot a go up to 2000 kJ/mol &t values close to 0 and down t61500 kJ/mol aft' values close to 1.

Table 5. Comparison between Experimental and Calculated Free Energies of Hydration for a Series of Aliphatic Compounds
compound AGryq (exptl) (kJ/mol¥ AGhyq (caled) (kd/moly compound AGryq (exptl) (kJ/mol¥ AGhyq (caled) (kd/moly

methane 8.37 8.30 butane 8.70 6.81
ethane 7.66 7.38 isobutane 9.70 5.06
propane 8.18 7.44

a Aliphatic hydrogen atoms are treated as united atoms together with the carbon atom to which they are®ttBlebéakeractions of the united
atoms with water are purely van der Wadl§/alues obtained from Cabaat al55 ¢ C121%, o, = 690.0 (kcal mot? A1212 has been used for van
der Waals interactions between water and aliphatic united atoms. The compound is initially placed, with no interactions, in a box of 512 SPC
waters equilibrated at 1 atm and 300 K. Then the compound is grown using the soft-dependent potential energy function, with a cutoff
radius for van der Waals interactions of 0.9 nm@V/dA[3, is calculated at 23' points (21 for methane), with 50 ps samplingGyq is calculated
by trapezoidal integration.

bulk water AG was calculated by trapezoidal integration. To examine the
dependence ohG on the integration method, the integrals were
also determined using a cubic-spline function to interpolate
between the A/, BV/dA[}) points. The difference inAG
obtained with the two integration methods was in all cases less
than 0.3 kd/mol, much smaller than the estimated errors. The
(A", BVIoALF) points and corresponding error bars are plotted
in Figure 5.

Table 7 shows a comparison between the experimental and
calculatedAAG values. AAG; and AAG; correspond to the
closed thermodynamic cycles for the mutations in water and in

+Wme’:‘?‘chf2“=°793'3)<T+Wate’;‘?‘chl"z“;z[_o) chloroform, respectively. AAGg, AAG;;, and AAQs are the .

) X " 3 differences between the change in free energy in water and in
Figure 4. Extrapolation of the parametéf12™,q, for water chloroform for the mutations Trp-NMe to Trp, Ac-Trp to Trp
methane interactions. A cavity in water of diameter 0.2555 nm has .
been used as a reference state. The free energy of creation of thisand Ac-Trp.to Tr.p-NMe, respectively. These ShOL!|d equal the
cavity in bulk water has been shown to be 13.4 kJ/foMethane is corresponding differences between the free energles'of transfer
modeled as a united atothwith van der Waals but no electrostatic  Tom chloroform to water of each pair of molecules involved

interactions with water. The calculated free energy of hydration of inthe mutations (see the cycles in Figure NAG; andAAG;

cavity (0.2555 nm)
+ water

%)

methane is—2.2 kJ/mol when the value 421.0 (kcal mblA13)Y2 is are indicative of the precision of the calculationSAGs, AAG,,
used, and 11.4 kJ/mol when the value 793.3 (kcalP&l?)12 s used. andAAG:s are indicative of the ability of the molecular model
The experimental free energy of hydration is 8.37 kJ/fholf we and force field to reproduce the properties of the real system.
assume that\Gny(C12Y%,,0,) is a linear function, the experimental

AGhya = 8.37 kd/mol corresponds approximatelyab2'/?%,,, o, = 690.0 Discussion

(keal mof 2 A%2)2% (1) 4 Dependence of the Potential Energy Function:
simulations. The mutated atoms—2 in Figure 2) do not Standard versus Soft-Core. The use of a soft-core interaction
interact with the solvent and are, thus, unaffected by it. has been shown to improve the efficiency of free-energy
Table 6 shows, for each of the perturbations in set 5 and for calculations in cases which involve the creation or annihilation
the mutation Trpto Trp, [3V/0A[} calculated at 13" points. of exposed atom&:25 By removing the singularity in the
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(see Table 6). Solid lines: cubic spline interpolation of thie @BV/

9Al3) points for the perturbations in water. Broken lines: cubic spline
chloroform. (a) Trp-NMe to Trp. (b) Ac-Trp to Ttp (c) Ac-Trp to

interpolation of the A', [BV/0A[F) points for the perturbations in
Trp-NMe.

set5

AAG (kd/mol)
setl

expected

Table 7. Comparison between Expected and Calculatéds

Valueg

0.6 0.6

0.0

AGh,0(Ac-Trp— Trp') —

AAG; = AGp,0(Ac-Trp — Trp-NMe) +
AG,0(Trp-NMe— Trp) —

AGh,o(Trp' — Trp)
AAG; = AGchci(Ac-Trp — Trp-NMe) +
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AGchci(Ac-Trp— Trp')
AAGs = AGp,0(Ac-Trp — Trp-NMe) —

—-0.2

—2.6

—0.4

AGchci(Ac-Trp — Trp-NMe)

aThe first two expected valuesAAG; and AAG,, are purely
theoretical. They are based on closure of the cycles in FigureAGs,

AAG,, and AAGs are derived from the experimental partition coef-
potential energy function at short interaction distances, it is

ficients in Table 1.

In contrast, the mutation Ac-Trp to Trp-NMe

NMe to Trp are clear candidates for the use of such a potential
does not involve annihilation or creation of exposed atoms. Two
groups,—NH and —CO, are interconverted (see Figure 2)

possible to create or annihilate atoms without first ensuring that
energy function.

they lie within the van der Waals radius of another atom. Of
the four mutations shown in Figure 2, Ac-Trp to Tgnd Trp-
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Although the—NH hydrogen has no van der Waals interactions,  (c) Constraint Contributions. If the length of a bond is
this atom always lies well within the van der Waals radius of perturbed in a given mutation, there will be a contribution from
the atom to which it is attached. To investigate whether in such the bond to the total change in free enetg§§°%51 This is

a case the use of a soft-cotalependent interaction improves true irrespective of whether the bonds are treated harmonically
the efficiency of the simulation, yielding stable calculations at or held fixed by constraints. Nevertheless, there has been
A" values close to 0 and 1, slow-growth calculations were continued debate in the literature over whether the term is
performed for this mutation using both the standard and the significant or will always cancel within a thermodynamic
soft-core potential energy functions. In Figure 3 it is seen that cycle3! In the present case, the change in free energy due to
when the calculations were performed in water and the standardthe constraint forces is aboutl.4 kd/mol for the mutation Ac-
A-dependent energy function was used q&lJo4 diverges for Trp to Trp-NMe in either water or chloroform and for either
A’ values close to 0 and 1. The peaks in the derivative of the set 1 or 5, and about0.2 kJ/mol for the mutation Tfgo Trp
potential are due to repulsive van der Waals interactions in the in vacuum. If these contributions were not consideredG;
initial stages of the transformation of the hydrogen in position and AAG; would be about 1.8 and 3.8 kJ/mol, respectively,
5 into an oxygen and in the final stages of the inverse forset1, and 1.8 and 2.9 kJ/mol, respectively, for seARAGs
transformation in position 3. This problem is avoided when would not be affected, due to cancellation of errors.

the soft-corel-dependent energy function is used (b). Similar (3) Agreement with Experimental Data: AAG3, AAG,, and
effects are observed in the calculations in chloroform, although AAGs. From Table 7 it can be seen that, for set 1, the difference
smaller in scale. between the change in free energy calculated in water and the

The rate of mutation in the slow-growth calculations is too change in free energy calculated in chloroform for the mutations
rapid to ensure that the mutation is performed along a sequencel TP-NMe to Trp AAGs) and Ac-Trp to Trp (AAG,) are
of representative equilibrium substates. Thus, the obtak@d  OPPosite in sign to the expected values, derived from the
values must be taken only as indicative. It is worth noting, €xperimental partition coefficients (see Table 1). The difference
however, that the results for the mutation Ac-Trp to Trp-NMe between the experimental and calculated free-energy differences
when the Soft-corel_dependent energy function is used (23 is also Substantia”y Iarger than the intrinsic Uncertainty in the
kJ/mol in water and 3.3 kJ/mol in chloroform) are much closer calculated values, indicated WyAG, andAAG,. Contrary to
to the results from the equivalent thermodynamic-integration What is expected, the calculations suggest that the removal of
calculations (set 1){0.1 kJ/mol in water and 2.5 kJ/mol in  the nonbonded interactions of atoms® (see Figure 2) with
chloroform) than when the standard (lineamlependent energy ~ the rest of the system is more favorable in water than in
function is used (7.1 kJ/mol in water and 1.2 kJ/mol in chloroform. Following the same trend, the mutation Ac-Trp
chloroform). to Trp-NMe (AAGs), although having the correct sign, shows
that the energy necessary for the inversion of the dipole in the
mutation Ac-Trp to Trp-NMe is either underestimated in water
condition for correctness in all free-energy calculations is that or overestimated in chlorofo_rm_(or both). Together,_ the results
the change in free energy for any closed cycle is zero. Closure ™ AAGs AAGs, andAAGs indicate that the force field does

of simulated cycles is perhaps the best means to ensuring thdhot correctly describe the relative differences in the nature of

self-consistency of the calculations and estimating the intrinsic the solute-solvent Interactions in the water and chloroform
uncertainty of the calculated free-energy differences, indeloen_systems. To sort possible reasons for this disagreement between

dent of force-field considerations. The change in free energy the model and the real system interaction properties, we have

for the closed cycle Ac-Trp to Trp-NMe to Trp to Trfp Ac- \s/\tludiled th(;a inIL;enc;tetpf in?ivi?u;al correc;ioni.to the van der
Trp in water AAG;) and in chloroform AAG) (see Figure 2) aj sPan electrosta 'Cf pf? evr\llla e_nlsrgy lec(|:0nz.
is given in Table 7 for sets 1 and 5. The hysteresianG,; (4) Parametrization of the Water—Nonpolar Carbon van

(water), 0.6 kd/mol for both sets 1 and 5, is smaller than the der Waals Repulsion Energy. Recently, a number2 of re-
hysteresis imM\AG; (chloroform), 2.6 and 1.7 kd/mol for sets 1 Searchers have questioned the parametrization @1, 0,

and 5, respectively. The hysteresis is a measure of the minimumt€M used for wat§fn08n3%cl)lgg carbon interactions in the
uncertainty in the calculated free-energy differences. Failure GRgMOlSEfZ force field®= The value of 793.3 (kcal
to close a simulated cycle can result from (i) insufficient mol '852) used for_ set 1 has been shown to tl)ellgnore
sampling, (i) errors in the integration ovéy or (jii) failure to appropriate than the original value of 421.0 (kcal mdh*?)

include all theoretical contributions to the change in free energy. Idr:r:cr:K/n;g?;r?lgf:ir;:(;atlﬁ]nssét ;TLSetﬂmart‘i%i Tct"rk;gv:g'\'/ni;sbeen

Ea) Sar_r;prling. 'I_'he si?ulatiorig,vyvire contilnuedhat eath performed using the original GROMOS87 value of 421.0 (kcal
value until the estimated error oA} was less thanr:3.0 mol-1 A12)1/2. Use of 421.0 (kcal mot A12)1/2 will increase

ka/ m_?_l glr a6mali<|_m.um S|tmu:?tlonttln€t1e tObeOO Ps \t/\;]as reaclh$d the energy of interaction between SPC water and the solute,
(see Table 6). Itisimportant to note that, because ecorrealonmaking AAG, less negative, in better agreement with experi-

time of the derivative of the potential energy cannot be o0 ~comparison of the results from sets 1 and 2 for the
definitively determined, it is not possible to precisely estimate mutation Ac-Trp to Trpin water (Table 4) shows that the
the true error in eithe@V/oAL} or AG. The errors quoted should change in the free energy is 6.5 kJ/mol more positive when
only be taken as estimates and used primarily as a tool t0 454 o (kcal mot A1912is used than when 793.3 (kcal mél
compare the uncertainty in these quantities betwgqioints. A19)12 s used. By using the value 421.0 (kcal mbA12L2

(b) Integration. Plots of(8V/dAliversusi for the different  we have delimited the maximum effect on the calculations from
perturbations (see Figure 5) indicate that there is little scope changing theC12Y2,,, parameter. Although use of this
for improving the estimates AAG by the inclusion of more  parameter significantly improves agreement with experiment,

points in the integration. Adding additional points in regions jt has been clearly demonstrated in other studies that 421.0 (kcal
of high curvatured = 0.15 andl = 0.85, resulted in an overall

change inAG (set 5) which was in all cases less than 0.8 Ggg_’)ﬁgggerg' R.; Evans, D. J.; Morris, G. B.Chem Phys 1986 84,
kJ/mol with respect to the values shown in Table 4, without (51 peariman, D. A.; Kollman, P. AL Chem Phys 1991, 94, 4532

significantly affecting theAAG values presented in Table 7. 4545,

(2) Closure of Theoretical Cycles: Effect of Sampling,
Integration, and Constraint Contributions. A necessary
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mol~t A1212 gverestimates the interaction energy between water Table 8. Free-Energy Differences from Charge Scaling of Atoms
and aliphatic or aromatic groups. Nevertheless, these resultsC; O, N, and H (25 in Figure 2) of Ac-Trp in Water and in

and other® suggest that 793.3 (kcal m8lA1212, althougha  Chioroform

good first-order correction, underestimates the interaction energyscaling AG(H20)° — AG(CHCl)® scaling AG(H,0)* — AG(CHCly)*

between water and aliphatic or aromatic groups. Th&"%,,q,, factor (kd/mol) factor (kd/mol)
term used for interactions of water with nonpolar carbons was, 1.000 0.00 1.100 —3.84
therefore, independently reparametrized on the basis of the free 1.025 —0.89 1.125 —4.91
energy of hydration of Ci(Figure 4), and the obtained value 1075 :%:gf 1.150 —6.02

of 690.0 (kcal mot! Al3l2was further tested against a series
of hydrocarbons of small molecular weight (Table 5). Although @ The initial charges (scaling factor 1) are (e) 0.38 for-@),38 for
the calculated free energies of hydration shown in Table 5 are ©: ~0.28 for N, and 0.28 for H”Free energy of charge scaling in
. .~ water.¢ Free energy of charge scaling in chloroform.
not equally accurate for the whole series of alkanes studied,
our results are as good as those obtained by Kamitsii>2
for the same series when the united-atom OPLS force field is
used. Comparison of the results from sets 1 and 3 for the
mutation Ac-Trp to Trpin water shows that the change in free
energy is 1.7 kJ/mol more positive when the reparametrized
value of 690.0 (kcal mott A2)12js used than when 793.3 (kcal
mol~1 A1?)12js ysed. These results show a linear dependence
of the change in free energy for the mutation Ac-Trp to'Trp
on theC12V2%,, o, value that is used.

(5) Reaction-Field Correction to the Electrostatic Potential
Energy. A possible source of systematic error in the calcula-
tions in water and chloroform is the use of a cutoff distance for
the electrostatic interactions. The exclusion of long-range

Trp' + Trp' to Trp) gave almost the same free-energy change,
and the mutation Ac-Trp to Trp-NMe gave a zero free-energy
change. In contrast, in set 5, where the reaction-field correction
is applied, the calculated free energies are sensitive to the small
difference in the overall dipole of the molecules. The difference
between the free-energy changes calculated for the mutations
Trp-NMe to Trp and Ac-Trp to Trp (1.7 kd/mol) is very close
to the free-energy change calculated for the mutation Ac-Trp
to Trp-NMe (2.3 kJ/mol). This is a good example of how the
closure of theoretical cyclesA(AG; in sets 1 and 5) is inde-
pendent of force-field considerations. In chloroform, the reac-
tion field has almost no effect on the free-energy changes, and
. . . . ; ; . the differences between the results from sets 1 and 5 are small.
?vl\/%oz/_s?gr)r?lse g::rgctfgsdigglr:ﬁg:ig'g?ég;ﬁgggfﬁ:;tg;gse Improved treatment of long-range electrostatic interactions
ot " by inclusion of the reaction field and reparametrization of the
Comparison of the results from sets 1 and 4 for the mutation \yater-nonpolar carbon interaction to reproduce hydration free
Ac-Trp to Trg in water (see Table 4) shows that the change in enegies of alkanes together significantly improve the agreement
free energy is 4.3 kJ/mol more positive when the reaction-field panwveen the calculated and experimental free energiesGs

correction is used. Not surprisingly, the use of the reaction- and AAG, have the correct sign, and there is close agreement
field correction does not significantly modify the result (0.3 kJ/  patween the expected and calculated valueaAfs (Table
mol) for the same mutation in chloroform (set 5). It should be -y

noted that the direct contribution to the change in free energy
due to the reaction field, obtained by integratidyR~/o1[} over

A, VRF being the reaction-field correction to tiiedependent
electrostatic potential energy (see (8)), is only 0.4 kJ/mol for
t_he mutation in water (_set 4): The indirect effects of the reaction \anial values by 5.8 and 4.5 kJ/mol, respectively. This
field, however, result in an increase of 2.2 k/mol in the short- remaining discrepancy could result either from the parametriza-

range electrostatic contriputiqn, and an incre_ase of 1.3 kJ/m_oI tion of the solvent models or from the choice of partial charges
in the van der Waals contribution. This underlines the necessity ;. e Trp derivatives. To determine the change in partial

of using the reaction field in the simulations. When the charge on the atoms, C, O, N, and H-&in Figure 2) of Ac-
perturbation is performed in chloroform (set 5), the integration Trp required to reproduce the experimental free-energy differ-
of @BVRF/3A0} over gives a contribution to the total change in - o.e petween the mutation Ac-Trp to Tiip water and in
free energy of 0.1 kd/mol. _ chloroform (AAGy), the following procedure was used.

In set 5 both corrections to the force field have been  The charges were scaled linearly, and the change in free
applied: the change of th@12'%, o, van der Waals parameter energy was estimated by application of the perturbation formula
for water-nonpolar carbon interactions to 690.0 (I_<ca| ol (3). One hundred fifty picosecond trajectories of Ac-Trp in
A1212 and the use of the reaction-field correction to the \yater and in chloroform were used (with previous 50 ps
electrostatic interactions.' With respect to the rgsults from set equilibration). Reaction-field effects were include®l & 1.4
1, AGy,0(Trp-NMe — Trp) is 3.7 kJ/mol more positivédGy,o- nm), and configurations were stored every 0.02 ps. The change
(Ac-Trp — Trp) is 6.1 kd/mol more positiveAGr,o(Ac-Trp in free energy due to charge scaling was determined for different
— Trp-NMe) is 2.4 kJ/mol more positive\Gcrc,(Trp-NMe charge sets by rescanning the trajectories using the approach
— Trp) is 0.6 kJ/mol more negativé\Gercy(Ac-Trp — Trp)) described by Litet al53 The results show that scaling the partial
is 0.3 kJ/mol more positive, antiGcrc,(Ac-Trp — Trp-NMe) charges on the atoms C, O, N, and H by 1.125 (Table 8) would
is unchanged. Comparing the results from sets 1 anfl @ be sufficient to reproduce the experimental free-energy differ-
Table 4, it can be seen that for the mutation Ac-Trp 0P ence. This is equivalent to increasing the charges (e) on the C
water the two corrections have additive effects. lItis interesting 5nq O atoms from-0.38 t040.43, and on the N and H atoms

to note that the effect of the reaction field is not equivalent for 5m 4028 to+0.31. Two points should be noted with respect
the mutations Trp-NMe to Trp and Ac-Trp to Trin water,

affecting the latter significantly more. In set 1 the species Ac-  (53) Liu, H.; Mark, A. E.; van Gunsteren, W. &.Phys Chem, in press.
Trp and Trp-NMe were energetically indistinguishable in water. 19§584%5“2”g'§£'2'éig" Burgess, A. W.; Scheraga, H. A.Phys Chem
The mutations Trp-NMe to Trp and Ac-Trp to Trp (Ac-Trp to (55) Cabani, S.; Gianni, P.; Mollica, V.; Lepori, L. Solution Chem

1981, 10, 563-593.
(52) Kaminski, G.; Duffy, E. M.; Matsui, T.; Jorgensen, W.1.Phys (56) Beutler, T. C.; Bguelin, D. R.; van Gunsteren, W. B. Chem
Chem 1994 98, 13077 13082. Phys 1995 102, 3787-3793.

(6) Estimation of Charge Correction. Despite the improve-
ment in the agreement between the calculated and experimental
free-energy differenceAAG; and AAG,4 on going from set 1
to set 5, the calculated values are still lower than the experi-
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to this result. First, the partial charges that will best reproduce
the experimental free-energy differences will depend on the
choice of solvent model, van der Waals parameters, and

Daura et al.

sensitivity of the free-energy calculations to different values of
the C12Y25, o, van der Waals parameter used for interactions
between water and nonpolar atoms has been evaluated. We

treatment of long-range interactions. Second, the change inhave shown that, due to compensation of errors, the original

partial charge is small compared to differences commonly found
for equivalent functional groups between comparable empirically

value of 421.0 (kcal mof A1912 results in better agreement
with the experimental partition coefficients than the recently

derived force fields. Thus, although these results suggest thatproposed value of 793.3 (kcal mdlA1912, However, neither

a slight increase of these partial charges in the GROMOS87
force field might be appropriate, further more direct evidence
would be required before such a change is recommended.

Conclusions

Typically, the reliability of free-energy calculations is judged
by comparison of the results with experimental data. Although
agreement with experiment is clearly a necessary condition, it
is not a sufficient condition to validate the molecular model
and the force field used. A minimum set of requirements
include that the ensemble average at e&clpoint must be
properly converged, and that the number and distributioki of
points must be such that adding extra points will not significantly
change the results. In addition, the change in free energy for
any closed cycle (including nonphysical cycles) should be zero.
In these respects we have demonstrated that the calcli&ed
values listed in Tables47 truly reflect the changes in free
energy corresponding to the underlying model. Despite the
mutations involving the deletion of up to six atoms, thésg
values were determined with a precisiorkgT or better. This
has in turn allowed us to refine our model, on the basis of

comparison to the experimental results. We have also shown

that the computation of the constraint contribution to the change
in free energy is necessary if the constraints are dependent o
A and the environment in which they are applied is different

for different perturbations in a cycle, and thus should always
be considered.

In MD simulations the precision in the numerical integration
of the equations of motion, for a given time-step length,
decreases as the second derivative of the potential energ
function with respect to the coordinates, the curvature of the
potential energy function, increases. In free-energy calculations,
when atoms are created or annihilated, small interparticle

distances become energetically accessible, and can be sample

as/ approaches 0 (creation) or 1 (annihilation). If a standard
6—12 Lennard-Jones and Coulombic nonbonded interaction
function is used, the first and second derivatives of the potential
energy function with respect to the coordinates will diverge for
these small interparticle distances. To overcome this problem,
we have used the soft-cofedependent potential of Beutlet
al.?* and clearly shown that this form of potential energy
function improves the efficiency of free-energy calculations.
Ultimately, the ability to reproduce the experimental partition
coefficients will depend on the parametrization of the force field
that is used. The GROMOS force field is a so-called empirical
or effective force field. It has been parametrized to reproduce
thermodynamic properties of simple liquids and to reproduce
structural and dynamic properties of (primarily) peptides in aque-
ous solution or in crystals. The parameters in effective force
fields are highly correlated. Underestimation of one parameter
may be compensated by altering another. Although this may
result in an appropriate parametrization for a specific environ-
ment, such compensation will result in systematic errors when
the same processes in different environments are compared.

value correctly reproduces the hydration free energy of simple
alkanes. TheC12Y%, o, van der Waals parameter used for
interactions between water and nonpolar atoms was reparam-
etrized, and it was shown that a value of approximately 690.0
(kcal molt A12)Y2 js more appropriate. This underlines the
importance of directly parametrizing cross interactions where
possible rather than relying solely on combination rules.

The importance of the adequate treatment of long-range
electrostatic interactions when relative free-energy differences
are compared for a process that takes place in solvents with
different dielectric properties was also evaluated. The use of a
reaction-field correction has been shown to significantly affect
(up to XgT) the results, improving the qualitative agreement
with experiment, despite the fact that the molecular systems
under study have no net charge, and that the cutoff radius that
is used for the electrostatic interactions is large (1.4 nm). Larger
reaction-field effects are expected for mutations involving
changes in net charge or when using a smaller cutoff for
electrostatic interactions. The predominant contribution to the
change in free energy does not come from the reaction-field
term itself. Instead, the effect of the reaction field is indirect,
altering the conformations sampled during the trajectory. Thus,
it is not possible to properly correct the change in free energy
or reaction-field effects unless the simulation is performed with
he reaction field included.

Neither the correction of th€12%, o, parameter nor the
inclusion of the reaction-field correction was sufficient to obtain
guantitative agreement with the experimentally derivetlG
values. Agreement with experiment could be achieved by
jncreasing the partial charges on the atoms that were mutated.
Slight scaling of the charges (by a factor of 1.125) was sufficient.
Compared to similar effective force fields, the partial charges
in the GROMOS force field are small. Of course, larger charges

ould discriminate better between a high and a low dielectric
environment, and it would be possible to parametrize a model
which reproduces the experimental partition coefficients without
the need to include long-range interactions by overemphasizing
short-range interactions. If transferable force fields are to be
developed, it is important that this approach is not taken.
Furthermore, partial charges cannot be considered independently
of van der Waals interactions, and cross interactions between
different atom types cannot always be considered by blind appli-
cation of combination rules. To this end, we have demonstrated
that the calculation of relative partition coefficients can be ef-
fectively used to identify and rectify inadequacies and systematic
errors in a force field, which might otherwise go undetected.
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