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Rapid non-empirical methods for estimating binding free energies are reviewed. A
novel approach based on the application of the free energy perturbation formula to a
biased ensemble is presented. Preliminary results demonstrating the applicability of
this approach in protein systems are shown and the potential of this method in

structure-based drug design is discussed.

From a physical perspective drug design is
primarily concerned with estimating the dif-
ference in the free cnergy of a compound in
different environments. This is because ther-
modynamically each of the binding, transport
and processing events, which together give rise
to a specific biological activity, are directly de-
pendent on the associated change in free en-
ergy. Historically drug design studies have
relied primarily on empirical estimates of free
energy differences [1, 2]. The recent availability
of structural data on protein targets, however,
hasled to the growing popularity of free energy
estimates based on a variety of energy-based
scoring functions (3, 4]. Unfortunately, both ap-
proaches have met only with limited success.
This is not surprising. Free energy is a statistical
property and reflects a thermal average over
microscopic configurations. Free energy cannot
be reliably deduced from a single structure nor
simply approximated as a sum of independent
terms [5, 6].

To reliably calculate free energy differences
one must turn to statistical mechanical ap-
proaches. A number of such methods have been

developed to determine free energy differences
based on molecular simulation techniques [7].
The theory underling these calculations is
straightforward. The change in free energy is
determined either from the relative probability
of finding the system in a given state or from
the work required to go from an initial to a final
state via a reversible path. Free energy calcula-
tions have been used to predict relative binding
affinities in good agreement with experiment.
Nevertheless, substantial time and computa-
tional cost are associated with obtaining a
single number. This greatly inhibits the wider
application of this methodology in structure
based drug design. For example, free energy
calculations are not practical for the large-scale
screening of compounds. For such applications
rapid non-empirical methods that can be used
to reliability estimate differences in binding
free energies are highly sought after.

In this manuscript recent progress toward the
development of general non-empirical meth-
ods to estimate free energy differences suitable
for application in structure-based drug design
is described. A brief introduction into free en-
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ergy calculations is first given. Alternative
rapid non-empirical and semi-empirical ap-
proaches to estimate free energy differences are
then reviewed. Finally, preliminary results
from the application to the binding of small
hydrophobic ligands to T4-lysozyme of a re-
cently proposed method to estimate the dif-
ference in binding free energy for multiple
modifications of a lead compound based on a
single simulation of a non-physical initial state
are presented.

THEORY

Using statistical mechanics it can be readily
shown that the difference in free energy, AF,
between two states of a system, A and B, de-
scribed by the Hamiltonian H(A), where H(0) =
Hp and H(1) = Hg, can be given by [8]

1 1
AF = (1) - F(0) = JOF‘(l)dk = j0< OH/Dh> 5. dh. (1)

where <..>} denotes an average over the en-
semble at the corresponding i value. The coup-
ling parameter 4 effectively describes the path
taken from the initial to the final state. Formula
(1) is commonly referred to as the thermody-
namic integration formula. Using (1) the dif-
ference in free energy between A and B can be
determined either by slowly changing the cou-
pling oarameter A during the course of a simu-
lation and approximating the integral as a
continious sum or separate simulations can be
performed at discrete intermediate A values
and the integral determined numerically. An
alternative to thermodynamic integration is to
compute the difference in free energy between
two states of a system directly using the so
called free energy perturbation formula [9]
h=1-8r
AF =Y - kp TIn<exp{-[H(A + 8A) ~ HO)I/keT 1>3(2).
A=0

Using either approach a series of simulations
are normally performed over a range of inter-
mediate A values to ensure convergence. This
imposes a pathway between the initial and final
states determined by the dependence of the
potential energy function on A and means that
a separate series of calculations must be per-
formed for each mutation. For a detailed intro-

duction to the theory of free energy calculations
the reader is referred to [7, 10, 11] for reviews.

FREE ENERGY EXTRAPOLATION
METHODS

In principle, the difference in free energy be-
tween a reference state and any other state of a
system could be determined if the equilibrium
fluctuations of the reference state were com-
pletely known, Essentially the free energy of an
alternative state can be extrapolated from the
behaviour of the system in the reference state.
This principle can be readily understood from
the following example. Consider a lead com-
pound bound to a receptor as illustrated sche-
matically in Fig. 1. In the complex the average
geometry of the binding pocket (configuration
(A)), is optimized to fit the lead compound. In
this configuration the binding pocket will not
accommodate a derivative which includes an
extra functional group, -R. Thermal motion of
the protein, however, will lead to fluctuations
in the geometry of the binding site which may
transiently create a cavity optimal for the larger
derivative (configuration (B)). If we could
determine the correctly weighted probability of
sampling this alternate geometry, for example,
from a simulation of the protein motions, we
would know the difference in binding free en-
ergy between the two compounds.

For structure-based drug design, estimating
binding free energies from such an extrapola-
tion approach would have many advantages.
First, only a single initial reference state need
be considered which in many cases would be
experimentally known. Second, the fluctua-
tions in the initial state are independent of the
changes to be considered. Thus, potential
modifications of the reference compound do
not have to be pre-defined. Third, the same set
of configurations is used to estimate the change
in free energy for any possible derivative mak-
ing such an approach potentially very efficient.
The question is, however, whether the change
in free energy can be accurately estimated for
physically relevant mutations.

There have been several recent studies whose
aim has been to predict the change in free en-
ergy associated with multiple perturbed states
from a single simulation. Gerber ¢f al. [12] pro-
posed computing the first-order partial deriva-
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tives of the change in free energy with respect
to modification of each atomic site inde-
pendently. Then, using a linear combination of
these derivatives, they attempted to approxi-
mate the total change in free energy associated
with a series of alternative states. The assump-
tions in this approach were that the response of
the system to a given mutation is small and that
the individual contributions to the change in
free energy are independent. The relative bind-
ing constants of different trimethoprim analo-
gues with dihydrofolate reductase were esti-
mated using this approach. The correlation
with experimental data was poor, indicating
the approximation was too crude. Later Smith
etal.[13] refined the approach by expanding the
free energy as a function of a coupling par-
ameter A into a Taylor series around A = 0
(reference state) as follows,

AFQ) = EO) - FQ) =F |0 A+ = F*|a o0 32+

2!
+%F”’ A=0 l3+..., (3)

where the values of the higher-order deriva-
tives F”’, F"... at & = 0 were computed as aver-
ages over the ensemble of the reference state
[13]. Using a 1 ns simulation, they showed that
the change in free energy associated with sub-
stantial charge rearrangements (£0.25 ¢) of a
model diatomic dipolar molecule in water

CH;
Cl

l¢ Fig. 1. A diagrammatic repre-

sentation of the binding of a lead

compound to a protein receptor.

Configuration A shows the equili-

o, R brium conformation of the binding

pocket whichis unable to accommo-
date the larger derivative. Configu-
cl ration B shows an alternative con-
formation of the binding pocket
sampled by thermal motion thatcan
accommodate the larger derivative.

could be predicted truncating the series beyond
the second or third-order terms. Higher-order
derivatives, however, converged slowly. A
similar approach, described by Levy et al. [14],
is equivalent to including only the first and the
second-order terms in the Taylor series.

A special case of this approach has been pro-
posed by King and Barford [15] based on linear
response theory. They showed that reliable es-
timates of free energy differences associated
with charge rearrangements could be obtained
from a single simulation of an intermediate
state composed of a linear combination of the
two end states by effectively considering only
the first two terms of the Taylor series (3). The
advantage of using a precisely defined mixed
state was that larger modifications of the charge
distribution could be handled. However, sep-
arate simulations were required for each modi-
fication.

Aqvist et al. [16] also proposed estimating
relative binding free energies based on linear
response theory. Rather than considering a
mixed state, separate simulations of the two
end states were performed. Linear response
theory was then used to derive an expression
for the electrostatic contribution to the change
in free energy. As with the approach of King &
Barford [15], this method could be shown to
yield good results for substantial charge rear-
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rangements. To extend their approach to in-
clude mutations involving changes intopology
and the creation or deletion of atoms Aqvist et
al. [16], proposed treating modifications of the
van der Waals interactions by an expression
analogous to that used for the electrostatic in-
teractions. Although the theoretical basis of
such a treatment is dubious, Aqvist et al. [16]
did show that, by inclusion of an empirically
derived scaling factor for the van der Waals
contribution, the model could be fitted to repro-
duce the binding free energies for a series of
endothiapepsin inhibitors. The advantage of
the approach taken by Aqvistef al. [16], as with
that of King & Barford [15], is that large modi-
fications can be treated. The disadvantage is
that independent simulations must be per-
formed for each mutation. Both methods are at
best semi-empirical. A specific functional form
for the reponse of the system to the perturba-
tion is assumed (linear response). In cases
where this approximation holds, the change in
electrostatic free energy can often be reliably
estimated using a simple continuum method,
e.g. a finite difference solution to the Poisson-
Boltzmann equation. To estimate binding, free
energies, however, the calculated electrostatic
contribution must be combined with anempiri-
cally derived estimate of the other contribu-
tions to the change in free energy. The
application of continuum approaches to the
estimation of hydration free energies and bind-
ing energies are described in detail by Gilson
and Honig [17] and in later reviews [18, 19].

If the series expansion (3) used by Smith et al.
[13] converges, the approach is formally equi-
valent to the application of the perturbation
formula (2). This was noted by Liu et al. [20]
who demonstrated that, for the water dipole
system considered by Smith et al. [13], com-
parable results could be obtained more simply
using a perturbation approach. Liu et al. [20]
went on to show that the perturbation formula
could also be used for modest changes in van
der Waals parameters, but failed for mutations
involving the creation or deletion of atoms.

‘To obtain a meaningful estimate of the change
in free energy associated with a given pertur-
bation applying the perturbation formula, the
ensemble generated for the reference state must
overlap with that for the alternative state.
When a computer-based molecular simulation
technique such as Monte Carlo or molecular

dynamics is used to generate the relevant en-
semble [7, 10, 11], the region of configuration
space that is sampled corresponds only to low
energy configurations of the state that is simu-
lated. A well-known problem in free energy
calculations is that low energy regions of the
configurational space in the reference state do
not correspond to low energy regions in the end
state when atoms are created or deleted. For
this reason a given mutation is normally broken
into a number of intermediate steps in order to
obtain a reliable estimate of the relative free
energy. The essential difficulty is that of samp-
ling. A general mechanism to reduce sampling
problems in molecular simulations is to incor-
porate an appropriate biasing or umbrella
potential energy term into the Hamiltonian of
a given physical reference state. Liu ef al. [20]
demonstrated that a so-called soft-core interac-
tion function could serve as an appropriate
biasing term. At positions where atoms were to
be created or deleted, soft interaction sites were
introduced which interacted with the sur-
roundings via a modified Lennard-Jones 6-12
interaction which approached a finite value at
short interatomic distances [21]. The idea of the
introduction of such interaction sites at posi-
tions where atoms are to be created or deleted
is to extend the parts of configuration space that
can be sampled in the reference state such that
it encompasses the parts of configuration space
accessible to the system in the reievant final
state. The change in free energy associated with
mutating the system from this non-physical
reference state to a given physical alternative
state can then calculated by applying the per-
turbation formula. The difference in free encrgy
between alternative physical states can be
determined by constructing thermodynamic
cycles. The difference in free energy for any
closed cycle is zero. Liu et al. [20] tested this
approach by comparing the results from ther-
modynamic integration calculations to predic-
tions based on a single 300 ps simulation of a
non-physical reference state for a series of para-
substituted phenols in water illustrated in Fig.
2. The correlation between the target values
(thermodynamic integration) and the values
based on the extrapolation from the biased en-
semble is shown in Fig. 3. For the range of
mutations investigated by Liu et al. [20] the
approach was clearly very successful.
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Fig. 2. Ilustration of the mutations investigated by Lin et al. [20] to test extrapolation based on a bigsed

ensemble.

ESTIMATING RELATIVE BINDING AFFINI-
TIES USING THE BIASED ENSEMBLE AP-
PROACH: T4LYSOZYME A CASE STUDY

To test the effectiveness of the approach of Liu
et al. [20] for estimating differences in binding
affinities, the binding of a series of small aro-
matic ligands to a hydrophobic cavity in T4-ly-

sozyme (L99A) has been investigated. This test
case was chosen because, in addition to de-
tailed thermodynamic data for a series of re-
lated ligands, high resolution x-ray crystal
structures are available for a number of the
corresponding complexes [22, 23]. In this pre-
liminary study the relative binding affinities of
five ligands, viz: benzene, toluene, o-xylene,
p-xylene and m-xylene, shown in Fig. 4, were
investigated.
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Fig. 3. A plot of the change
in free energy calculated
using thermodynamtic inte-
gration (target) versus the
change in free energy based
on extrapolation from a
binsed ensemble for the mu-

tations shown in Fig. 2.

The change in free energy
relative to p-methyl phenol is
shown for p-Cl-phenol (D), p-
CN-phenol (3), p-OCH3-phe-
noi (V), p-H-phenol (4), and
p-CHa-CHa-phenol (§). Values
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COMPUTATIONAL DETAILS

To estimate the relative binding affinity of two
compounds it is necessary to determine the
difference in free energy between the two com-
pounds in water and also between the two
compounds bound to the receptor. Two sys-
tems were, therefore, considered. In the first the
reference molecule was placed at the centre of
a rectangular periodic box containing 1177 SPC
[24] water molecules. The second system con-
tained the same reference molecule bound to
T4-lysozyme in a rectangular periodic box con-
taining 4547 SPC water molecules. The refer-
ence molecule consisted of a benzene ring
backbone to which six soft-interaction sites had
been added, one attached to each carbon as
illustrated in Fig. 4. The bonded and non-
bonded parameters of the soft-interaction sites
were set to those of a methyl group in toluene.
The scaling parameter o which determines the
softness of the interaction function was set to
0.8 (see Beutler et al. [21]). The starting configu-
ration for the simulation of the complex was
taken from the crystal structure of T4-lysozyme
{L99A) complexed with o-xylene, entry 188 of
the Brookhaven Protein Data Bank. After an
initial equilibration period of 80 ps, the o-xylene
was then slowly converted into the non-physi-
cal reference state by slowly growing in the
soft-interaction function over a period of 50 ps.
After equilibration both systems were simu-

in k] /mole are taken from Liu

.0 200 o4 (20] for non-physical ref-

erence state S;.

lated for a total of 500 ps at a temperature of 300
Kand a pressure of 1 atm. The temperature and
pressure were maintained by weak coupling to
an external bath using a relaxation time of 0.1
ps and 0.5 ps, respectively [25]. A twin-range
cutoff for non-bonded interactions was used.
Short-range (< (0.9 nm) Lennard-Jones and Cou-
lombic interactions were updated at every time
step (2 fs). Longer range Coulombic interac-
tions (< 1.2 nm) were updated every 10 time
steps at the same time as the pairlist generation.
Bond lengths were constrained to reference
values using the SHAKE procedure with a ge-
ometric tolerance of 107% [26]. All simulations
were performed using a modified version of
the GROMOS87 [27] simulation package in
conjunction with a modified version of the
force field as described by Smith et al. [28] Con-
figurations from the trajectory were stored
every 10 fs. The difference in free energy be-
tween the reference state and ecach of the five
ligands shown in Fig. 4 was determined using
the stored configurations. After reading each-
time frame, the soft-interaction sites were re-
placed with either a hydrogen atom or methyl
group as appropriate for a given ligand. All
possible permutations of the soft sites were
considered. The interactions of each of the per-
turbed atoms within the appropriate cutoff
range were then recalculated and the difference
in free energy estimated by applying the per-
turbation formula (2) with 8i = 1. As only the
interactions between the perturbed atoms and
the rest of the system need be considered, this
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Fig. 4. Structural formula of the five aromatic ligands investigated in this study together with the structural
formula of the reference compound (hydrogen atoms are not shown). The shaded lines represent the positions

of soft interaction sites on the reference compound.

procedure is rapid and much more efficient
than calculating the difference in free energy
during the simulation.

RESULTS AND DISCUSSION

The difference in free energy for the mutation
from the non-physical reference state to each of
the five ligands shown in Fig. 4 in water are
listed in Table 1. Also listed in Table 1 are the
calculated differences in free energy relative to
benzene and the experimental hydration free
energies again relative to benzene. It should be
noted that, because interactions within the ref-
erence molecule were excluded during the
simulations, there is no vacuum correction in
this case and the values in columns 3 and 4 can
be compared directly.

The reliability of any free energy calculation
is dependent on two factors. First, whether the
calculations have converged. That is, whether
the calculated free energy difference corre-
sponds to the value given by the underling
model or force field. Second, whether the force
field reproduces the experimental free energy
differences. Both factors are essential in practi-
cal applications. From Table 1 it is evident that,
though the first condition may be met, the sec-
ond is not. The results are in good agreement
with experiment for toluene. For the series m-
xylene, p-xylene and o-xylene the force field
predicts a systematic increase in hydration free
energy which is not observed experimentally.
This is, however, clearly a problem of the force
field and not of the extrapolation itself and
must be accounted for when comparing the
results in the protein to experiment. The dif-

Table 1

Relative free energy of hydration for the series of aromatic compounds (AC) shown in Fig. 4.
Values were derived from a single 500 ps simulation of a reference compound (RC) in water. The reference compound
consisted of a benzenc backbone with six soft-interaction sites, one attached to each carbon. The difference in free
energy was estimated using the perturbation formula (2) with 8% = 1. Values arc in k] /mole. AGA—p = GpB-

AGRCAC AAGbenzene—AC AAGbenzene—»AC AAGbenzene—AC ”

Compound .\ ‘

calc. calc. exper.’ exper. —calc. :
Benzene 50.4 0.0 0.0 0.0
Toluene 52.3 1.9 2.1 0.2
m-Xylene 53.2 2.8 0.1 2.7
p-Xylene 55.5 5.1 0.2 —4.9
o-Xylene 59.7 9.3 0.2 -9.5

*Experimental values taken from Cabani ef al. [29].
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ference between the calculated and experimen-
tal free energy of hydration relative to benzene
for each ligand is given in column 5 of Table 1.

Table 2 gives the difference in free energy
between the reference state and each of the
ligands bound to the protein (column 2)
together with the relative difference in frec en-
ergy compared to that of benzene {column 3}.
The difference between the relative free energy
bound to the protein and the relative free en-
ergy in solution {column 4) is given in column
5. This number can be compared to the ex-
perimental binding free energies relative to the

binding of benzene (column 6). The last column
in Table 2 contains the calculated free energy of
binding relative to that of benzene corrected for
the difference between the calculated and the
observed free energy of hydration. It is clear
that the errors due to the force field in the
calculated free energy of hydration for m-
xylene, p-xylene and o-xylene dominate the
relative binding free energy. Correcting for the
difference in the calculated and experimental
hydration free energies, the values for the
relative binding free energies lie within 2.5
k} /mole or T kT of the experimental values. The

Table 2
Relative free energy of binding for the series of aromatic compounds (AC) shown in Fig. 4 to T4-lysozyme.
Values were derived from a single 500 ps simulation of a reference compound (RC) bound to T4-lysozyme. The
difference in free energy was estimated using the perturbation formula (2) with 8i = 1. Values are in k] /mole.
AGaB=Gpos.

AGRC —AC | AAGhenzeneAC | AAGbenzene—AC | AAGhenzene—s AC| AAGbenzene »AC | AAGBenzene sAC
;;?;;:1 protein protein water protein-water | prolein-water prot(ii;—:.)fater
calc. calc. cale. calc. exper.’ calc.

Benzene 76.7 0.0 0.0 6.0 0.0 0.0
Toluene 76.4 -0.3 1.9 2.1 -14 =23
m-Xylene 76.2 -0.5 2.8 -3.3 1.8 -0.6
p-Xylene 79.2 i 2.5 5.1 —2.6 2.2 23
o-Xylene 80.7 f 4.0 9.3 -5.3 2.5 1 4.2

aExperimenta! values from Morton et al. [23, 24].

range in the experimental values for these ini-
tial compounds is, nevertheless, small and fur-
ther derivatives need to be tested to demons-
trate the utility of the approach. However, be-
cause the calculated relative binding free en-
ergy results from the difference between two
large numbers, it is in fact very encouraging
that the relative errors are so small.
Extrapolation based on a biased ensemble de-
pends critically on whether configurations ap-
propriate to the different end states are in fact
sampled during the simulation of the non-
physical initial state. Fig. 5 shows an overlay of
the initial starting configuration of T4-ly-

Fig. 5. A superposition of the initial starting con-
figuration of T4d-lysozyme (thick solid lines) and
snapshots from the trajectory of the reference mole-
cule (unfilled lines) at approximately 50 ps intervals
from O ps to 450 ps. Also shown is the crystal
orientation of o-xylene (filled lines).
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sozyme and snapshots from the trajectory of
the position of the reference molecule at ap-
proximately 50 ps intervals from 0 ps to 450 ps.
As can be seen from Fig. 5, a wide variety of
alternative binding configurations are in fact
sampled by the reference compound during the
simulation. The reference molecule remains
close to the starting position for approximately
the first 150 ps. It then moves away but returns
to close to the initial location several times over
the next 300 ps. Toward the end of the simula-
tion it is drifting away again.

To estimate the difference in free energy for a
particular ligand, alternative configurations
are weighted appropriately by applying equa-
tion (2) with 8A = 1. The configurations with the
highest weight correspond to low energy con-
figurations for the specific ligand. This is illus-
trated in Fig. 6 for toluene. Figure 6 shows an
overlay of the four lowest energy configura-
tions for toluene extracted from the reference
state simulation superimposed on the crystal
structure of p-xylene. Although the reference
compound samples a wide variety of alternate
configurations, the low-energy configurations
for toluene cluster in two degenerate well-
defined orientations. This would indicate that
there exist two possible binding orientations
for toluene, one co-planar and the other per-
pendicular to the orientation of p-xylene, but in
the same pocket.

CONCLUSIONS

Previously, it has been shown that results
comparable to those from thermodynamic in-
tegration calculations using intermediate states
can be obtained for mutations involving mode-
rate charge rearrangements and the creation or
deletion of atoms in water by applying the
perturbation formula to an appropriately
biased ensemble. The current study extends the
scope of this work by applying the method to
the estimation of relative binding affinities of a
range of aromatic ligands bound to a hydro-
phobic cavity in T4-lysozyme. Despite the very
preliminary nature of the results presented, itis
evident that extrapolation can be used to pre-
dict changes in binding affinity for multiple
physically relevant mutations from a single
simulation in protein systems. We demonstrate
that an appropriately chosen reference state

will sample a variety of binding geometries
during a molecular dynamics simulation and
that, depending on the force field, this can be
used to predict the most probable binding geo-
metry for a given compound.

Extrapolation methods have the advantage
that a large number of potential modifications
can be investigated with a single calculation
[12, 13]. In addition, because the extrapolation
is based on an unperturbed ensemble, the na-
ture of the perturbation does not have to be
predefined and predictions for specific muta-
tions can be efficiently obtained by reanalysis
of existing trajectories [20]. Exirapolationbased
on the application of the perturbation formula
to an appropriately biased ensemble holds con-
siderable promise for use as a rapid, non-em-

/

Fig. 6. An overlay of representatives of the four most
probable (lowest energy) binding orientations of to-

luene complexed to T4-lysozyme.

The configurations were extracted from a 500 ps simula-
tion of the T4-lysozyme — reference molecule complex
and correspond to configurations at 234 ps, 448 ps, 461 ps,
and 476 ps. Before overlaying the structures a best fit
rotation was performed using all Cq atoms of the C-termi-
nal sub-domain of T4-lysozyme. The relative orientation
of p-xylene(thick lines) is also shown for comparison. The
two views correspond to a rotation in the plane of 90
degrees.
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pirical means of estimating relative binding af-
finities for a wide range of possible chemical
modifications of a lead compound. As such, the
approach could be used to guide experimental
planning in drug design, a task not practical
using normal free energy calculations.
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