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ABSTRACT Several strategies for evaluation
of the protein-ligand binding free energies are exam-
ined. Particular emphasis is placed on the Linear
Response Approximation (LRA) (Lee et. al., Prot
Eng 1992;5:215–228) and the Linear Interaction En-
ergy (LIE) method (Åqvist et. al., Prot Eng 1994;7:385–
391). The performance of the Protein Dipoles Lange-
vin Dipoles (PDLD) method and its semi-microscopic
version (the PDLD/S method) is also considered. The
examination is done by using these methods in the
evaluating of the binding free energies of neutral
C2-symmetric cyclic urea-based molecules to Hu-
man Immunodeficiency Virus (HIV) protease. Our
starting point is the introduction of a thermody-
namic cycle that decomposes the total binding free
energy to electrostatic and non-electrostatic contri-
butions. This cycle is closely related to the cycle
introduced in our original LRA study (Lee et. al.,
Prot Eng 1992;5:215–228). The electrostatic contribu-
tion is evaluated within the LRA formulation by
averaging the protein-ligand (and/or solvent-li-
gand) electrostatic energy over trajectories that are
propagated on the potentials of both the polar and
non-polar (where all residual charges are set to
zero) states of the ligand. This average involves a
scaling factor of 0.5 for the contributions from each
state and this factor is being used in both the LRA
and LIE methods. The difference is, however, that
the LIE method neglects the contribution from tra-
jectories over the potential of the non-polar state.
This approximation is entirely valid in studies of
ligands in water but not necessarily in active sites of
proteins. It is found in the present case that the
contribution from the non-polar states to the protein-
ligand binding energy is rather small. Nevertheless,
it is clearly expected that this term is not negligible
in cases where the protein provides preorganized
environment to stabilize the residual charges of the
ligand. This contribution can be particularly impor-
tant in cases of charged ligands. The analysis of the
non-electrostatic term is much more complex. It is
concluded that within the LRA method one has to
complete the relevant thermodynamic cycle by
evaluating the binding free energy of the “non-
polar” ligand, ø*, where all the residual charges are
set to zero. It is shown that the LIE term, which
involves the scaling of the van der Waals interaction
by a constant b (usually in the order of 0.15 to 0.25),

corresponds to this part of the cycle. In order to
elucidate the nature of this non-electrostatic term
and the origin of the scaling constant b, it is impor-
tant to evaluate explicitly the different contribu-
tions to the binding energy of the non-polar ligand,
DGbind,ø*. Since this cannot be done at present (for
relatively large ligands) by rigorous free energy
perturbation approaches, we evaluate DGbind,ø* by
the PDLD approach, augmented by microscopic
calculations of the change in configurational en-
tropy upon binding. This evaluation takes into ac-
count the van der Waals, hydrophobic, water pen-
etration and entropic contributions, which are the
most important free energy contributions that make
up the total DGbind,ø*. The sum of these contributions
is scaled by a factor u and it is argued that obtaining
a quantitative balance between these contributions
should result in u 5 1. By doing so we should have a
reliable estimate of the value of the LIE b and a way
to understand its origin. The present approach gives
u values between 0.5 and 0.73, depending on the
approximation used. This is encouraging but still
not satisfying. Nevertheless, one might be able to
use our PDLD approach to estimate the change of
the LIE u between different protein active sites.

It is pointed out that the LIE method is quite
similar to our original approach where the electro-
static term was evaluated by the LRA method and
the non-electrostatic term by the PDLD method
(with its vdw, solvation, and hydrophobic contribu-
tions). The practical difference is that the LIE
method approximates the non-electrostatic term by
the average of the van der Waals interaction, while
our LRA method evaluates this term by the PDLD
method. This point is illustrated by the fact that our
LRA approach gives results of similar quality to
those obtained by the LIE approach. Finally it is
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found that results of similar quality are obtained by
the PDLD/S method and the LRA method. This is
significant since the PDLD/S method is much faster
than the LRA and LIE methods. However, more
studies of the relative accuracy on other systems are
needed in order to establish their relative merits.
Proteins 2000;39:393–407. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

The development of a reliable method for the evaluation
of absolute binding free energies of ligand protein com-
plexes is of significant practical and fundamental interest.
An effective method should provide a guide for rational
drug design and help in providing a deeper understanding
of structure function correlation in proteins. Reliable
estimates of binding free energies should help in identify-
ing and refining “lead compounds” in computer-aided drug
design. Different strategies can be used in studies of
absolute binding energies. This include formally rigorous
approaches such as the Free Energy Perturbation (FEP)
method,1-4 which is usually restricted to “mutations” of
small parts of the ligand2 and the all-atom Linear Re-
sponse Approximation (LRA)4 and its variants,5,6 which
allows one to calculate the absolute binding energy of
relatively large ligands. More approximated and signifi-
cantly faster approaches, which frequently focus on electro-
static energies, are also quite effective.7 These include the
scaled Protein Dipoles Langevin Dipoles (PDLD/S) method
(e.g., Lee et al.4 and Madura et al.8) and the LRA version of
this approach (PDLD/S-LRA)9 as well as other approaches
(e.g., Madura et al.8 and Froloff et al.8,10).

Despite the availability of several options for the calcula-
tions of binding free energy, the actual performance of
different approaches has not been fully established. We do
not yet have benchmarks for comparative examination of
different strategies and for a systematic assessment of the
corresponding error range. This work presents a compara-
tive study of different approaches by using a benchmark of
several inhibitors of HIV protease. The approaches consid-
ered will be the PDLD/S-LRA, PDLD-LRA, and several
versions of all-atom LRA method, including the LIE ap-
proach.

METHODS
LRA Calculations

We start this section by considering the LRA method.
This will serves as a general framework for other ap-
proaches. The validity of the LRA method has been
established by simulation charge transfer (CT) processes
in solutions 11–13 and more recent related studies (e.g.,
King and Warshel14 and Kuharski et al.15). Subsequent
studies have noted the applicability of this approach as an
approximation to Free Energy Perturbation (FEP) calcula-
tions.16 The applicability of the LRA to calculating binding
free energies was pointed out and demonstrated first by
Lee et. al.4

Our derivation of the LRA method is based on studying
the functions that describe the free energies of the reac-
tant (a) and product (b) states. These free energy functions
(the ga9s of Fig. 1) are parabolas of equal curvature in the
macroscopic continuum model where the LRA is assumed,
rather than obtained. In this limit the ga9 are the macro-
scopic Marcus’ parabolas.17 In microscopic molecular sys-
tems the ga9s are defined by11,14

ga~X! 5 2 b 2 1 ln Pa~X! (1)

gb~X! 5 2 b 2 1 ln Pb~X! 1 DGa3 b

where X is the reaction coordinate and Pa(X) is the
probability of finding a specific value X while running
trajectories on the potential surface of state a (see King
and Warshel14). b 5 1/kBT (where kB is the Boltzmann
constant and T is the absolute temperature).

Our simulation studies11,12,14 established that the micro-
scopic ga and gb for charge transfer reactions in water are
indeed parabolas with very similar curvature, so that the
LRA is valid. In this case we can consider the system as a
collection of quasi-harmonic oscillators where we have the
relationship13

lb 5 ^Ub 2 Ua&a 2 DGa3 b (2)

here Ua and Ub are the potential surface of state a and b,
respectively, while ^&a designates an average over trajecto-
ries which are propagated on the potential Ua. lb is the
so-called “solvent reorganization energy,” which is usually
defined [in addition to the definition of Eq. (2)] by lb 5
gb(Xa) 2 gb(Xb), where Xa and Xb are the minima of ga and

Fig. 1. Showing the free energy functions of the reactant and product
states, [ga(X) and gb(X)], as two Marcus’ type parabolas of equal
curvature. The solvent reorganization energies at the minima of ga and gb

are given by lb 5 ^Ub 2 Ua&a 2 DGa3b and la 5 ^Ua 2 Ub&b 1 DGa3b. By
assuming la 5 lb one can obtain the LRA estimate of DGa3b [see Eqs. (4)
and (5)].
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gb, respectively (see Fig. 1). Similarly we evaluate la and
obtain

la 5 ^Ua 2 Ub&b 1 DGa3 b (3)

Using the fact that la 5 lb when ga and gb have the same
curvature, we obtain by equating Eq. (2) to Eq. (3):

^Ua 2 Ub&b 1 DGa3 b 5 ^Ub 2 Ua&a 2 DGa3 b (4)

This gives our general LRA expression

DGa3 b 5
1
2 @^Ub 2 Ua&a 1 ^Ub 2 Ua&b# (5)

An alternative derivation based on expanding the Free
Energy Perturbation (FEP) expressions are given else-
where.16

Applying the LRA to a binding process requires one to
formulate the relevant thermodynamic cycles and to ac-
cess what steps can be approximated reliably by the LRA
method. Here we consider the binding cycle of Figure 2.

In the upper cycle (a3 b3 c3 d), we start by taking the
ligand (,) in water and “uncharging” it by setting all the
residual charges to zero. Next we take the non-polar ligand

(,9) and bind it to the protein. Finally we recharge (,9) in
the protein active site. The binding free energy is now
given by

DGbind,, 5 DGa3 b 1 DGb3 c 1 DGc3 d

5 2DGelec,,
w 1 DGbind,,9 1 DGelec,,

p (6)

where DG bind,,9 is the free energy of binding the non-polar
ligand to the protein, while DGelec,,

w and DGelec,,
p are the

electrostatic free energies associated with charging the
ligand in water (w) and in protein (p), respectively. These
electrostatic contributions can be evaluated by the LRA
method using

DGelec,,
w 5

1
2 [^DUelec,,93 ,

w &, 1 ^DUelec,,93 ,
w &,9]

5
1
2 @^Uelec,,

w &, 1 ^Uelec,,
w &,9# (7)

DGelec,,
p 5

1
2 @^DUelec,,93 ,

p &, 1 ^DUelec,,93 ,
p &,9#

Fig. 2. A thermodynamic cycle that describes the
binding of a ligand to a protein and provides a clear
definition of the LRA and LIE approximations. The
electrostatic contributions to the binding free energy,
DGelec,,

w and DGelec,,
p , can be calculated reliably by

using the LRA method for the process of “uncharging”
the residual charges of the polar ligand to zero in
water (a3b) and in protein (c3d), respectively. The
estimation of the DGbind,,9 term considers the lower
cycle (b3e3f3c) and can be carried out by a
shrinking process describe in the text.
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5
1
2 @^Uelec,,

p &, 1 ^Uelec,,
p &,9#

where Uelec,, designates the electrostatic interactions be-
tween the ligand and its surrounding. Here DUelec,,93, 5
Uelec,, 2 Uelec,,9 and we make use of the fact that U elec,,9 5
0. Now we obtain from Eqs. (6) and (7):

DGbind,,
LRA 5

1
2 @^Uelec,,

p &, 1 ^Uelec,,
p &,9 2 ^Uelec,,

w &, 2 ^Uelec,,
w &,9#

1 DGbind,,9 5 ~DDGelec,,
w3 p!LRA 1 DGbind,,9 (8)

DGbind,,9 can be obtained by the lower cycle of Figure 2 (b
3 e3 f3 c). In this cycle we shrink the non-polar ligand,
,9, to nothing, ,0, in water, then bind the zero size ligand to
the protein, and finally grow it back to its original size in
the protein. This gives

DGbind,,9 5 DGl03 ,9
p 2 DG,03 ,9

w 1 DGbind,,0 (9)

The terms DG,03 ,9
w and DG,03 ,9

p can be evaluated, at least
in principle, by FEP approaches or related treatments (see
PDLD-LRA and PDLD/S-LRA Calculations section). The
values of all the free energy contributions to DGbind,,0 are
zero except the value of an entropic contribution that is
related to the difference between the volume of the binding
site and the molar volume (which is available for the
ligand at 1 M concentration in water). Thus we can write

DGbind,,0 5 2 RT lnS v0

veff
siteD (10)

where veff
site is the effective volume of the active site and v0

is the volume occupied by one molecule at 1M concentra-
tion (v0 5 1,660 Å3 at 300 K).18,19

Several approximations can be applied to Eq. (8). One
useful approach involves the neglect of ^Uelec,,&,9 . This is
justified for a charging process in water where the water
dipoles are oriented randomly around the non-polar state
and the solvation energy is given by 1/2^Uelec,,

w &,9.
20 In

proteins, however, it is not fully justified to neglect
^Uelec,,

p &,9, since the protein environment can remain preori-
ented even in the presence of the non-polar ligand (see
^Uelec,,

p &,9 in Table I). At any rate one may try to use the
approximation:

DGbind,, >
1
2 @^Uelec,,

p &, 2 ^Uelec,,
w &,# 1 DGbind,,9 (11)

Before discussing our approach for the evaluation of Eqs.
(8) and (11), it is useful to introduce the closely related LIE
approach. The LIE approximation expresses the binding
energy as

DGbind,,
LIE 5 a@^Uelec,,

p &, 2 ^Uelec,,
w &,# 1 b@^Uvdw,,

p &, 2 ^Uvdw,,
w &,# ~12!

where a and b are scaling constants while Uelec,, desig-
nates the electrostatic interaction between the ligand and
its surrounding. The rational for this has been provided in
Åqvist et al.5 by a somewhat less rigorous way than that
used in deriving Eqs. (8) and (11). That is, Åqvist et al.5

considered the electrostatic part of the binding process as a
transition from a state (state A) with the isolated ligand in
the gas phase and a protein with a ready made cavity (in
the shape of the ligand) to a state (state B) where the
ligand is bound to the protein. The electrostatic contribu-
tion of this process was estimated by the LRA approxima-
tion. Although such a process is conceptually valid, it is
difficult to treat the potential UA in actual calculations
without introducing an actual non-polar ligand (or a
related constraint) in the cavity. This problem was re-
moved in a recent work,21 which essentially used the cycle
introduced earlier by Lee et. al. (the a3 b3 c3 d cycle of
Fig. 2 of the present work and the upper cycle of Fig. 1 of
Lee et al.4) to justify the LIE approach. The cycle of
Marelius et al.,21 however, keeps the intramolecular inter-
actions within the ligand, upon annihilating the ligand-
protein electrostatic interaction, while Lee et. al. also
annihilated the intramolecular interactions within the
ligand. Now the LIE approach evaluates the DDGbind,,9

term using the vdw interactions of the polar rather than
non-polar ligand (this is needed since the LIE does not
involve simulations of the non-polar ligand).

Our approximation of Eq. (8) combines the approach
used by Lee et. al.4 in the first implementation of the LRA
treatment in calculations of binding free energies with a
microscopic estimate of the entropic term. This approach
retains the rigorous LRA terms of Eq. (8) but approximates
DGbind,,9 by

TABLE I. Calculated Electrostatic Contributions to the LRA and LIE Binding Free Energies for Cyclic
Urea-Based HIV Protease Inhibitors†

Inhibitora ^Uelec,,
p &, ^Uelec,,

p &,9 ^Uelec,,
w &, ^Uelec,,

w &,9

LRA LRA LIE LIE LRA LIE

DGelec,,
p DGelec,,

w DGelec,,
p DGelec,,

w DDGelec,,
w3p DDGelec,,

w3p

,1 278.4 21.5 269.5 20.3 240.0 234.9 239.2 234.7 25.0 24.5
,2 242.2 23.4 235.5 20.3 222.8 217.9 221.1 217.8 24.9 23.3
,3 250.5 21.6 239.9 20.2 226.0 220.1 225.2 220.0 26.0 25.3
,4 244.5 22.7 236.3 20.2 223.6 218.3 222.2 218.1 25.3 24.1
,5 243.6 22.2 235.1 20.2 222.9 217.7 221.8 217.5 25.2 24.3

†Electrostatic free energies (in kcal/mol) are evaluated from the corresponding averages ^ & over trajectories generated by the potential surface of
the indicated state. , and ,9 indicate the polar and the non-polar states of the ligand, while p and w designate protein and water respectively. The
LRA and LIE estimates correspond to the use of Eqs. (8) and (12), respectively.
aThe notation for the inhibitors is defined in Figure 5.
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DGbind,,9
LRA 5 DGvdw,,9

w3 p 1 DGhyd,,9
w3 p 1 DGelec,,9

w3 p 2 T~DDS,9
w3 p!9

5 DGbind,,9
PDLD 2 T~DDS,9

w3 p!9 (13)

where DGvdw,,9
w3 p is the van der Waals contribution associ-

ated with moving ,9 from water to protein, DGhyd,,9
w3 p is the

hydrophobic contribution, DGelec,,9
w3 p is the electrostatic con-

tribution (that involves the effect of water penetration to
the active site). Finally 2TDDS9 is the entropic contribu-
tion associated with the change in the configurational
space of the ligand upon transfer from water to the protein
active site. The first three terms of Eq. (13) are evaluated
now by the PDLD treatment (see PDLD-LRA and PDLD/S-
LRA Calculations section). The 2TDDS9 term was ne-
glected in the original work of Lee et. al. This term can be
evaluated by direct simulations, which involve a release of
a restraint potential using a FEP approach (see Entropy
Calculations section). Now the LRA expression is given by

DGbind,,
LRA 5

1
2 @^Uelec,,

p &, 1 ^Uelec,,&,9 2 ^Uelec,,
w &, 2 ^Uelec,,

w &,9

1 u@DGbind,,9
PDLD 2 g@T~DDS,9

w3 p!9## (14)

Here we scaled the contributions to DGbind,,9 to compen-
sate for possible missing effects or for possible deficiencies
in the model (this approach has already been used in our
previous PDLD studies which involved calculation of the
relevant hydrophobic and salvation energies22).

Entropy Calculations

The DDS9 term of Eq. (14) can be estimated by a method
that is related to the approach introduced by Hermans and
co-workers.18 This approach involves a perturbative change
in the restraints imposed on the ligand in its specific
environment (protein or water). That is, the atoms of the
ligand are subjected to a position restraint.

U9rest,j 5
1
2 Kj @ O

i

~ri
, 2 r#i

,!2# (15)

where r̄ is the vector of the average coordinates of the
ligands at the protein site. Now the restraint K is changed
according to the cycle of Fig. 3 where the resulting free
energy changes are designated by DG9. In the upper part of
the cycle a large restraint potential is applied so that the
non-polar ligand is practically frozen in both the protein
site and in water so that the corresponding absolute
entropy is zero. Thus, increasing K1 above a given limiting
value will result in a zero contribution from the change in
the configurational entropy (DG91 5 2 TDS91' 0) for the
binding free energy that would be obtained with this
restraint. The left and right side of the cycle involve a
change of the magnitude of K to a small value (Kn) in n-1
steps. The overall change in configurational entropy for
this cycle can be written as

2 ~TDS92 2 TDS91! 5 2 ~TDS93 2 TDS94! (16)

Fig. 3. A thermodynamic cycle for
estimating of the configurational en-
tropy contribution to the binding free
energy. This calculation is carried out
using a FEP approach with a pertuba-
tive reduction of a position restraint
which is imposed on each atom of the
ligand in its specific environment (pro-
tein and water). An additional con-
straint is used to define the effective
volume available for the ligand (see
text). The arrows in steps a3b and
d3c indicates that the corresponding
free energies are evaluated in several
FEP steps. The gray traces of the
ligand indicate schematically the mo-
tion of the ligand relative to its refer-
ence position.
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since DS1 the entropy is a state function (so it can be
evaluated by thermodynamic cycles), we have

2 TDS92 5 2 ~TDS93 2 TDS94! (17)

where DS92 change in the configurational entropy of the
unrestrained and non-polar ligand, which is the contribu-
tion we are looking for. Now our problem is to obtain DS93
and S94. Here we assume that the free energies obtained by
changing K1 to Kn (DG93 and DG94) only reflect the configura-
tional entropy contributions, which are associated with the
effective volume available for the ligand. This assumption
depends on the chosen r̄ where the optimal r̄ should give
the smallest DG9 . This is so since the state with K 5 0 is
independent of r and thus the larger DG9, the largest is its
enthalpic component. The optimal r̄ should be obtained by
relaxing the system without the constraint and by trying
several alternative r̄’s. At any rate, with the above assump-
tion we can write

2 TDS92 5 DG93 2 DG94 (18)

In evaluating DG93 and DG94, we find it convenient to use
several consecutive FEP steps rather than one long step as
is done in regular FEP procedures with equally spaced
windows (e.g., Warshel19). In each of these steps we
change Kj and Kj11, where the new Kj is taken as the Kj11

of the previous FEP step. Thus our approach involves the
use of the following expression:

DG9~K13Kn! 5 O
j 5 1

n 2 1

DG9~Kj3Kj 1 1!

DG9~Kj3Kj 1 1! 5 5 O
m 5 0

N 2 1

DDG9j~m3m 1 1!

DDG9j~m3m 1 1! 5

2RT ln^exp$2~Um 1 1
j 2 Um

j !/RT %&U m
j (19)

where

Um
j 5 ~1 2 lm!U9rest, j~K 5 Kj! 1 lmU9rest, j 1 1~K 5 Kj 1 1! (20)

and lmis changed from zero to one in N equal increments.
Our approach is basically equivalent to the use of variable
increments in lm.

Now we have to resolve the fact that DG9n diverges (at
least formally) for infinitely long simulation, when Kn30.
Fortunately we are interested in the entropic contribution
for a 1 M standard state. This can be obtained in principle
by choosing a simulation sphere of a volume which is equal
to the molar volume (v0 5 1,660 Å3) while allowing Kn to
approach zero. However, such an approach should encoun-
ter major convergence problems since the ligand is un-
likely to sample the large simulation sphere in a reason-
able simulation time. A faster convergence would be
obtained by allowing the ligand to move in a smaller
effective volume veff

(n) . Imposing such a restraint does not
change the situation in the protein since veff

(n) is chosen to be
larger than the volume available for the ligand in the
active site. In water, on the other hand, the ligand should

be allowed to sample the available effective volume. Thus
we perform the simulation while confining the ligand to
veff

(n) but we also consider the free energy associated with
changing veff

(n) to v0. This free energy is simply given by19

DG 5 2 RT ln~v0 /veff
~n!!. (21)

Thus we have

2 T~DS92!0 5 DG93 2 DG94 2 RT ln~v0 /veff
~n!!. (22)

where Ds92 designate the correspondence entropy in a
standard state. The problem is, however, to introduce the
proper volume restraint. That is, when the ligand is an
isolated atom the restraint is easily introduced by letting
the lowest value of Kn to correspond to veff

18

veff 5 S2pRT
K D3/2

. (23)

Here veff is taken as the classical partition function
obtained with the given harmonic potential, while v0 is the
actual partition function for a single particle confine to a
sphere with a volume v0. Equation (23) is also valid for the
center of gravity of a polyatomic molecule. In our case,
however, the restraint is imposed on the Cartesian coordi-
nates of each ligand atom and this involves a restriction of
rotational and intramolecular entropy. Thus we have to
find an alternative way of confining the ligand to veff. Our
solution of this problem involves the use of two restraints,
one for the mapping purpose and the other for restricting
the system to the proper veff

(n). That is, in addition to the
mapping restraint we restrain the center of gravity of the
ligand (or alternatively a central atom) by a Cartesian
restraint (with K 5 Keff) that determines the effective
volume of the ligand through Eq. (23). This restraint is not
allowed to change during the FEP mapping process. Thus
we use a mapping potential of the form

Um
j 5 ~1 2 lm!U9cons,j~K 5 Kj! 1 lmU9cons,j 1 1~K 5 Kj 1 1!

1
1
2 Keff~rc 2 rc

0!2 (24)

where rc is the coordinate of a central atom. Using this U9m
leaves veff unaffected by the change of lm. Now we can let
Kn to approach zero without a divergence in DS9 since the
volume of the ligand is restricted by the Keff term.

It might be instructive to note here the differences
between our approach to that introduced by Hermans and
Wang.18 The approach of Hermans and Wang has been
formulated in terms of the translational and rotational
degrees of freedom of a rigid ligand while focusing on cases
where the internal dynamics of the ligand is not perturbed.
Our approach addresses the more general case where the
change of internal degrees of freedom is also important.
This requires us to introduce a Cartesian treatment that
involves simultaneous freezing of all the substrate degrees
of freedom. Our treatment also involves the introduction of
the volume restraint (the Keff term). Furthermore, Her-
mans and Wang18 evaluated the effect of the constraint on
the ligand in the gas phase and the protein site, while our
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treatment considers the effect of moving the ligand from
solution to the protein site, which corresponds directly to
the binding process. Considering the entropic effect in the
gas phase instead of in solution is usually a good approxi-
mation. However, this approach might miss the entropic
effects associated with the conformational changes of polar
ligand and these effects are evaluated consistently by our
approach.

Our procedure has performed quite well in the test case
of binding of benzene to T4 lysozyme (we obtained 8
kcal/mol entropic contribution to the binding energies as
compared to the estimate of 8.4 kcal/mol by Hermans and
Wang18). Similarly we obtained very encouraging results
in evaluation of activation entropies (this work is now in
press). This does not guarantees, however, that the present
method will give reasonable results in case of large flexible
ligands which involve major convergence problems.

PDLD-LRA and PDLD/S-LRA Calculations

One of the promising options for evaluating the absolute
binding free energies is the PDLD/S-LRA method.4,9,22–24

This approach has been described in details elsewhere
(e.g., Muegge et al.9) but the present work introduces
several modifications that are expected to increase the
stability of the calculations. Thus, we describe below the
main point of this method.

We start by considering the electrostatic contributions
to the absolute binding free energy. This is done by
using the thermodynamic cycle of Figure 4, which is in
fact the PDLD/S equivalent of the cycle of Figure 2 and
the upper cycle of our original LRA study.4 Now the
relevant PDLD/S-LRA electrostatic contributions are
given by

DGbind,,
elec 5 DGelec,,

p 2 DGelec,,
w 1 DGbind,,9

elec (25)

In evaluating the first two terms of Eq. (25), we start by
considering a single configuration (s) for the protein-
ligand complex and a single configuration (s9) for the
dissociated complex. The effective electrostatic potential
for both the a3b and c3d steps are evaluated by the
PDLD/S approach, where the results of the microscopic
PDLD model are scaled by considering the external
cycles c3 c93 d93 d and a3 a93 b93 b. These cycles
involve a change of the dielectric constant of the solvent
around the protein from that of water, ew, to the value of
the so-called “protein dielectric”, ein (this parameter
represents the contributions which are not treated
explicitly25). The overall potentials for the two cycles are
given by

Fig. 4. A thermodynamic cycle for calculating binding energy using
the PDLD/S method. The inner binding cycle (a3b3c3d) is equivalent to
that of Figure 2 and to a part of the cycle used by Lee et al.4 The
electrostatic terms associated with a3b and c3d are evaluated by the

external cycles in the figure (a3a93b93b and c3c93d93 d) and are
evaluated by using Eq. (26) with ein 5 4. The free energy DG bind,,9 and
the other contributions of DG bind,,9 are evaluated by Eq. (30) using an
approximation to the b3e3f3c cycle.
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where we use U rather than U to designate the fact that U
is an effective potential rather than the fully microscopic
potential of the previous sections. DG sol denotes the
electrostatic contribution to the solvation free energy of
the indicated group in water (e.g., DGsol

, 1 p denotes the
solvation of the protein-ligand complex in water). To be
more precise, DGsol should be scaled by 1/(1 2 1/ew) but this
small correction is neglected here. The values of the DGsol’s
are evaluated by the Langevin dipole solvent model. Uqm

, is
the electrostatic interaction between the charges of the
ligand and the protein dipoles in vacuum (this is a
standard PDLD notation). In the present case Uqm

,9 5 0.
Uintra

, is the intramolecular electrostatic interaction of the
ligand. Now the PDLD/S results obtained with a single
protein-ligand configuration cannot capture properly the
effect of the protein reorganization (see discussion in
Sham et al.26) and a more consistent treatment should
involve the use of the LRA or related approaches (e.g., Lee
et al.4 and Sham et al.26). This approach provides a
reasonable approximation for the corresponding electro-
static free energies by using the equivalent of Eq. (5):

DGelec,,
p 5

1
2 @^Uelec,,

p &,9 1 ^Uelec,1
p &,#

DGelec,,
w 5

1
2 @^Uelec,,

w &,9 1 ^Uelec,,
w &,# (27)

where the effective potential U is defined in Eq. 26, ^ &, and
^ &,9 designate an MD average over the coordinates of the
ligand-complex in their polar and non-polar forms. It is
important to realize that the average of Eq. (27) is always
done where both contributions to the relevant Uelec are
evaluated at the same configurations. That is, the PDLD/S
energies of the polar and non-polar states are evaluated at
each averaging step by using the same structure. How-
ever, we generate two set of structures one from MD runs
on the polar state and one from MD runs on the non-polar
state. This is basically the same approach used in the
microscopic LRA but now with the effective potential
Uelec.

Next we have to evaluate the binding free energy of the
non-polar ligand, DGbind,,9, of the lower cycle of Figure 4,
where we mutate ,9 to a shrinked ligand ,0. This mutation
procedure gives more stable results than those obtained by
our previous strategy that involved the direct b 3 c step,
which requires a direct evaluation of the solvation energy
of the isolated protein. In implementing step f3 c, it is not
so practical to use the LRA approach. The problem is that

running trajectories with the potential of ,0 may lead to
exponentially large contributions from the vdw energies of
,9. Thus, we approximate DG,03,9 by

DG,03 ,9
p,elec > ^Uelec,,9

p &,9 2 ^Uelec,,0
p &,0 5 ^DUelec,03 ,9

p &,9 (28)

where we average the PDLD contributions for ,9 over
trajectories obtained with the potential of ,9 and average
the contributions from ,0 over trajectories obtained with
the potential of ,0. The effect of the protein reorganization
upon change from ,0 to ,9 is neglected, since it is assumed
that the major part of the protein relaxation occurs in the
charging step (, 3,9) (see however, the Concluding Re-
marks section). One may wonder why our electrostatic
contribution is different than zero since the protein-ligand
electrostatic interaction is zero and thus the corresponding
FEP or LRA contribution will be zero. However, in an
actual FEP procedure, that considers the ,93,0 transforma-
tion, the non-zero van der Waals contribution depends on
the reorganization of the system. This contribution reflects
the change in protein-water (rather than protein-ligand)
electrostatic interaction as a result of water penetration
and this effect is approximated by our DG,03 ,9

p,elec . The same
approximation used in the evaluation of DG,03 ,9

p,elec is used
for the vdw and hydrophobic term giving

DG,03 ,9
p,vdw 2 DG,03 ,9

w,vdw 1 DG,03 ,9
p,hyd 2 DG,03 ,9

w,hyd

5 ^Uvdw,,9
p &,9 2 ^Uvdw,,0

p &,9 1 ^Uhyd,,9
p &,9 2 ^Uhyd,,0

p &,9 (29)

where Uvdw,,0 designates the PDLD vdw interaction and
Uhyd designates the field-dependent PDLD hydrophobic
energy.27 Now our final expression for DGbind,,9 is

DGbind,,9 5 DG,03 ,9
p 2 DG,03 ,9

w

5 DG,03 ,9
p,elec 1 DG,03 ,9

p,vdw 1 DG,03 ,9
p,hyd

2 DG,03 ,9
w,vdw 2 DG,03 ,9

w,hyd 2 T~DDS9,9!
w3 p

5 DGbind,,9
PDLD/S 2 T~DDS9,9!

w3 p (30)

The term (DDS9,9)
w3p represents the loss of configurational

entropy upon moving ,9 from water to the protein active
site rather than that associated with e3 f step. This is, of
course, not the case in FEP studies where the entropic
contribution is obtained in the ,93,0 steps. As in the case
of Eq. (14), we scale the contributions to DGbind,,9 by u and
use

DGbind,,9 5 u$DGbind,,9
PDLD/S 2 g@T~DDS,9

w3 p!9#% (31)

In addition to the PDLD/S approach we also examine here
the PDLD approach where each term in the PDLD/S
expression is replaced by the corresponding PDLD term.

The results of the different approaches discussed above
depend, of course, on the ionization state of different
protein residues and thus on the pH of the surrounding
solvent. This pH effect can be calculated by our PDLD/S-
LRA approach. In this approach, we calculate first the
intrinsic pKa of each ionizable residue and then evaluate
the effective interaction between these residues by a
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hybrid approach (for details see Sham et al.26). The
calculations include the ligand (,) in its polar state.

RESULTS

Our benchmark consists of a class of neutral C2-
symmetric cyclic urea based molecules shown in Figure 5.
These molecules are potent inhibitors of the Human
Immunodeficiency Virus (HIV) protease, which play an
essential role in the maturation of the HIV virus.28 The
special feature of these inhibitors is the incorporation of a
carbonyl oxygen groups onto a seven member cyclic urea
ring that replace the commonly observed tetracoordinated
crystallographic water.29,30 This water molecule is a unique
feature of the retroviral protease and the replacement of
this water is presumed to be energetically favorable and
should enhance the binding specificity of the inhibitor to
the HIV protease. The effectiveness of the designed has
been confirmed by high resolution X-ray crystallographic
studies and the system has been subjected to theoretical
studies that examine the predictive power of the LIE
method.31 Here we take this system as our benchmark in
order to establish the relationship between the all-atom
LIE method and the various approaches described in the
previous section.

LRA and Related Models

The LRA simulations, which also provide the LIE re-
sults, were performed using the ENZYMIX program27

with its Surface Constrained All-Atom Solvent (SCAAS)
spherical boundary conditions.32,33 This involve a 16 Å
simulation sphere which is surrounded by a bulk con-
tinuum. The electrostatic interactions were treated by the

Local Reaction Field (LRF) method. 34 The simulations
utilized the unified-atom GROMOS force field (in order to
simplify the comparison of the results of Hultén et al.31).
The simulation involve 10 ps equilibration followed by a 4
ns data collection with 1 fs time step at 300°K. The binding
free energies should depend on the ionization states of the
protein residues at the pH used in the given experimental
study. These ionization states can be evaluated by using
the PDLD/S-LRA method (see Sham et al.26) for the
protein with the ligand ,1. Here, however, we used the
ionization states used previously by Hultén et. al.,31 which
only considered the ionization of the nearest ionizable
residues (Arg8, Arg8’ Arg87, Arg87’, Asp25, Asp29, Asp29’,
Asp30, and Asp30’) with the exception of Asp25’.

The electrostatic energy contributions obtained by the
simulations are summarized in Table I. As can be seen
from table the averages obtained by running trajectories
on the non-polar state ^ &,9 are practically zero in water (as
it should be) and is also very small in the protein. This may
justify the approximation of neglecting the ^ &,9 term in the
LIE approach. However, in some cases where the protein
increases the stabilization of a polar or charged ligand by a
preoriented polar environment one would expect a large
contribution from ^ &,9. This is clearly the situation in cases
of ionizable residues that were considered in previous
pKa’s studies.26 Thus we conclude that in cases of non-
polar ligands it may be reasonable to neglect the ^ &,9 term,
but this approximation might not be fully justified in cases
of very polar or charged ligands.

The non-electrostatic contributions to the LIE approach
are given in Table II. The table presents the results of the
original LIE treatment, which considers an average of the

Fig. 5. The structure and notation
of the ligands used in the present
study. The ligand ,1, ,2, ,3, and ,4

correspond to DMP323 and its deriva-
tives (1a, 2, and 3 according to the
notation of Hultén et al.31) ,5 corre-
sponds to XK263.
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vdw energy over the force field of the polar ligand and our
alternative treatment that involve an average over the
force field of the non-polar ligand. This alternative treat-
ment offers a clearer connection to the LRA cycle of Figure
2 and thus a simpler way of exploring the origin of the b
term in the LIE approach.

The calculated binding LRA and LIE free energies are
summarized in Table III. The table includes different
expressions for DGbind. This includes, among others, the
DGbind

LIE ( DGbind
(b) ) obtained from Eq. (12), the DGbind

LRA (DGbind
(d) )

obtained from the more rigorous LRA electrostatic energy
[Eq. (8)] and the non-electrostatic term evaluated from
b^Uvdw,,9&,9 . The table also includes the results of several
variants of Eq. (14), where the electrostatic terms are
evaluated by the LRA approximation and DGbind,,9 is
evaluated by the PDLD approximation with and without a
scaled entropy term. The general agreement between the
calculated and observed results is similar in the different
approximations, although DGbind

(c) and DGbind
(e) (in the Table

notation) may provide a somewhat better results. This is,
however, not a central point of the present study. Our
main points are the following: i) Quite different ap-
proaches gives similar results once they are scaled by b or

a related parameter. ii) The rigorous LRA electrostatic
term can be approximated by the corresponding term of
Eq. (11), although this may not be the case in preorganized
binding sites. iii) Taking the b term from the vdw interac-
tion of the polar and non-polar ligands gives similar
results. iv) Using Eq. (14) and evaluating the non-
electrostatic contributions by the PDLD approach without
the entropy contribution (DGbind

(e) ) gives good results with
u ' 0.5. Adding the entropy term with a scaling g 5 0.25
also gives reasonable results with u ' 0.6. Regardless of
the convergence of the entropy term (see PDLD/S-LRA and
PDLD-LRA Results section), it is clear that the PDLD
estimate of the non-electrostatic cycle provides an effective
way of completing the LRA cycle. This means that our
original LRA treatment,4 that used the PDLD energy for
the lower cycle may be as effective as the subsequent LIE
method.

Assuming that the electrostatic contributions are evalu-
ated reliably by the LRA treatment we may conclude that
the scaled non-electrostatic term gives a correct estimate
of the magnitude of the correct value of DGbind,,9. Thus a
treatment that involves minimal scaling (i.e., u ' 1) is
likely to capture correctly the nature of the contributions

TABLE II. Calculated LIE Non-Electrostatic Contributions to Binding Free Energies for Cyclic
Urea-Based HIV Protease Inhibitors

Inhibitor

MD averaged over U,
a MD averaged over U,9

b

^Uvdw,,
p &, ^Uvdw,,

p &, DGvdw
p DGvdw

p DDGvdw
w3p ^Uvdw,,9

p &,9 ^Uvdw,,9
p &,9 DGvdw

p DGvdw
p DDGvdw

w3p

,1 289.4 241.7 214.3 26.7 27.6 299.4 254.9 216.9 29.3 27.6
,2 299.2 254.4 215.9 28.7 27.2 2104.9 259.4 217.8 210.1 27.7
,3 279.0 245.8 212.6 27.3 25.3 285.4 252.4 214.5 28.9 25.6
,4 283.9 246.3 213.4 27.4 26.0 288.8 253.6 215.1 29.1 26.0
,5 295.1 251.5 215.2 28.2 27.0 294.9 257.2 216.1 29.7 26.4

aNon-electrostatic contributions (in kcal/mol) to the binding free energies, where the corresponding DDGvdw’s are evaluated by scaling the average
vdw potential (,Uvdw.) of the polar ligand in water (w) and in protein (p) by a factor b of 0.16 (i.e., DGvdw 5 b^Uvdw,,&,).
bAlternative estimation of the non-electrostatic contribution to the binding free energies, where the DDGvdw’s are evaluated by scaling the average
vdw potential (,Uvdw.) of the non-polar ligand (,9) in water (w) and in protein (p) by a factor b of 0.17 (i.e., DGvdw 5 b^Uvdw,,0&,9). In this way we
approximate the binding of the non-polar ligand.

TABLE III. Calculated and Observed LRA and LIE Binding Free Energies (in kcal/mol) for
Cyclic Urea Based HIV Protease Inhibitors

Inhibitor DGbind
a DGbind

b DGbind
c DGbind

d DGbind
e DGbind

f DGbind
obs

,1 214.3 212.1 212.1 211.7 211.1 210.0 ,212.8
,2 2 210.5 211.0 211.7 213.5 214.0 212.9
,3 212.7 210.6 210.9 210.9 212.2 212.2 211.2
,4 211.5 210.1 210.1 210.6 29.7 29.3 29.5
,5 212.8 211.3 210.7 210.9 28.3 25.8 28.9

aPreviously obtained LIE binding free energies.29 These results were obtained by simulation that involve the
SHAKE procedure.
bCalculated binding free energies obtained using LIE method [Eq. 12] with a 5 0.5 and b 5 0.16).
cCalculated binding free energies obtained using a modified LIE approach where the b term is evaluated from
,Uvdw,,9.,9. The scaling used is a 5 0.5 and b 5 0.17.
dCalculated binding free energies obtained using Eq. (8) where the electrostatic contributions are evaluated by
the LRA method and the non-electrostatic term is evaluated by b , Uvdw,,9 .,9 with a scaling factor b 5 0.15.
eCalculated binding free energies obtained using Eq. (14) where the electrostatic contributions are evaluated
by the LRA method and the non-electrostatic contributions are evaluated by the PDLD approach without the
entropy contribution and with a scaling factor u 5 0.49.
fCalculated binding free energies obtained using Eq. (14) where the electrostatic contributions are evaluated by
the LRA method and the non-electrostatic contributions are evaluated by the PDLD approach and also includes
an entropy contribution scaled by 0.25 (g 5 0.25). The overall scaling of the non-electrostatic term is u 5 0.61.
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that gives DGbind,,9 and help in rationalizing the LIE
approximation (see discussion in the concluding remarks
section). Our most consistent attempt to evaluate the
non-electrostatic term involves the use of the PDLD ap-
proach and Eq. (14). This approach considers the balance
between the hydrophobic, vdw, solvation, and entropic
contributions in the binding of the non-polar ligand.
Obtaining the proper balance is, of course, a major chal-
lenge and the fact that b is relatively large is encouraging.
Evidently the balance is not perfect, in particular, the
calculated entropy is probably overestimated and thus
requires a special scaling (see below).

PDLD/S-LRA and PDLD-LRA Results

The PDLD/S and the PDLD/S-LRA approaches (as well
as the corresponding PDLD treatment) should provide an
alternative to the more rigorous approaches of the previ-
ous section. Here we examine the performance of the
PDLD/S-LRA and PDLD-LRA approaches considering the

cycle a3 b3 e3 f3 c3 d of Figure 2 where DGbind,,9 is
calculated by the lower cycle. The actual electrostatic
calculations involve the cycles of Figure 4 where the free
energies of the inner cycles that corresponds to the cycles
of Figure 2 are evaluated by the external cycles. These
cycles represent the PDLD/S process of changing the
dielectric of the surrounding solvent from that of water
(ew) to the effective dielectric of the protein, ein, and back
from ein to ew (see also PDLD-LRA and PDLD/S-LRA
Calculations section). The PDLD/S contribution for each
step of the cycle is obtained by the proper scaling of the
corresponding microscopic estimate of the Langevin Di-
poles (LD) free energy (see Fig. 4). The details of this
procedure and the meaning of ein are discussed extensively
in other works.25,26 The PDLD/S-LRA calculation for the
electrostatic contribution DGa3b and DGc3d involves
PDLD/S averages over 20 configurations generated by the
same MD simulations used in the LRA study of the
previous section. The configuration selected correspond to

Fig. 6. The contributions to binding free energies from configurational
entropies as a function of the restraint force constant (Kj). The figure gives
the contributions for change from K1 5 30 to K 5 Kj. The contributions
obtained with the bound ligand (DG93) and for the ligand in water (DG94) are

designated by diamonds and squares respectively. The difference be-
tween (DG93) and (DG94), which is the desire entropic contribution to
binding energy, is designated by triangles. The figure does not include the
effective volume correction of Eq. (21).
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10 ps intervals. It is important to note that the PDLD/S
calculations are quite stable and the similar results were
obtained by PDLD/S average configurations generated
with much shorter MD simulations.

As explained before, we evaluated DGbind,,9 by PDLD
calculations and augmented this result by entropy calcula-
tions. The entropic contributions were calculated as de-
picted in Figure 6 according to approach of the Entropy
Calculations section, where the restraint K was change
from 30 to 0.003 kcal mol-1 Å2 in a sequential FEP
simulations each of ten mapping steps and total simula-
tion time of 110 ps. The effective volume restraint, Keff,
was taken as 1 kcal mol21 Å2 which corresponds to an
effective volume of 2.2 Å3 and a volume correction of 3.9
kcal mol21. The final contributions (of 2TDDS9) were 17.1,
10.7, 10.3, 9.9, and 20.9 kcal mol21 for ,1, ,2, ,3, ,4, and ,5.
Although these results reproduce the fact ,1 and ,5 have
the largest number of freely rotated bonds they do not
appear to be reliable enough for our purpose. This is
obvious from the fact (see Table VI) that the entropic
contributions have to be scaled by 0.25 to reproduce a
reasonable DGbind,,9. It is possible that if the problems are
associated with some type of convergence problems, al-
though longer simulations reproduce similar trend. We are
probably dealing here with similar difficulties to those
associated with direct attempts to calculate binding free
energies by FEP approaches and with the fact that entropy
calculations converge very slowly. At any rate the point of
this paper is not to overcome the challenge of obtaining

reliable microscopic FEP results by direct simulations nor
to overcome the challenge of obtaining reliable entropic
value. We only tried to explore the chance of obtaining
some trend in the calculated entropy, which can be ex-
plored in improving the estimates of DGbind,,9.

The results of PDLD/S-LRA and PDLD-LRA simula-
tions are summarized in Tables IV–VI. The LRA electro-
static contributions of the PDLD method are scaled by a 5
0.25 rather than 0.5. This is due to the fact that the
Langevin dipoles are treated like induced dipoles, which
are instantly relaxed in the presence of any given charge
set. In this way we get in water the similar contribution for
average over state a and state b. This feature has been
discussed for example in our study of reorganization
energies in cytochrome c.35 It is not hard to modify the
PDLD treatment in a way that the Langevin dipoles
polarized by state a will be kept in the same polarization
when they interact with state b. Such a treatment is not
likely, however, to change significantly the results of our
calculation since the model was calibrated on solvation in
water. In the PDLD/S model we used a 5 0.5, which is
consistent with the microscopic LRA scaling. It should be
noted, however, that ein is a parameter that depends on the
actual treatment used and it would probably have a
different value if we used a LD model, which is more
consistent with microscopic response of the solvent di-
poles.

As to the scaling of the non-electrostatic part, we
manage to have a relatively large value of u (u 5 0.6 and

TABLE IV. Calculated Electrostatic Contributions to the Binding Free Energies of Cyclic Urea-Based
HIV Protease Inhibitors†

Inhibitor

PDLD PDLD/S

^Uelec,,
p &, ^Uelec,,

p &,9 ^Uelec,,
w &, ^Uelec,,

w &,9 ^Uelec,,
p &,9 ^Uelec,,

p &,9 ^Uelec,,
w &, ^Uelec,,

w &,9

,1 266.3 26.7 220.9 218.1 234.3 23.5 213.7 211.9
,2 235.9 26.0 212.0 210.1 219.0 23.2 27.8 26.6
,3 240.3 28.6 217.0 214.2 221.4 24.9 211.1 29.3
,4 238.5 27.7 215.7 212.9 220.3 24.5 210.3 28.4
,5 245.9 28.8 216.3 213.7 223.8 24.7 210.7 29.0

†The electrostatic contributions to the binding free energies (in kcal/mol). These contributions are defined by Eq. (27) and are calculated using the
PDLD and the PDLD/S methods. The calculations correspond to the a3 b3 c3 d cycle of Fig. 4. The relevant free energies are obtained from Eq.
(27) using the average of the change in the electrostatic potential (Uelec) over the charged (,) and the uncharged (,9) states of the ligand in water (w)
and in protein (p). The calculations were performed on 20 structures generated by MD simulation using the GROMOS force field with 1 fs time
steps at 300 K and 20 ps intervals.

TABLE V. Calculated PDLD “Non-Electrostatic” Contributions to the Binding Free
Energies of Cyclic Urea-Based HIV Protease Inhibitors†

Inhibitor (DDG,03,9
elec )w3p (DDG,03,9

vdw )w3p (DDG,03,9
hyd )w3p 2T(DDS9,9)

w3p

,1 20.3 217.0 215.8 17.1
,2 27.1 229.2 215.6 10.7
,3 15.4 219.2 29.0 10.3
,4 17.5 216.9 29.5 9.9
,5 25.6 218.1 213.7 20.9
†The terms DDG,03,9 represent the corresponding differences (e.g., (DDG,03,9

hyd )w3p 5 DG,03,9
hyd,p 2

DG,03,9
hyd,w). DDG,03,9

elec is reffered to as a “non-electrostatic” term since it involves the nonpolar ligand.
The DDG terms are obtained (in kcal/mol) from Eqs. (28–30) using the PDLD method. Each of these
terms is an averaged of 20 configurations for the non-polar state of the ligand. The entropy
contribution, 2T(DDS9,9)

w3p, is estimated by the FEP approach described in Entropy Calculations
section.
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0.73 for the PDLD and PDLD/S models, respectively). This
means, as discussed in the LRA and Related Models
section, that the PDLD and PDLD/S models capture the
compensation between the contributions to DGbind,,9. This
compensation is not quantitative, however, and more
studies will be needed to fully resolve the nature of the
non-electrostatic term.

At any rate, the overall trend in the binding calculations
is as good and perhaps better than that obtained by the
LRA and LIE method. This does not mean that the
PDLD/S is better than the LIE method but that it offers a
practical and efficient alternative. Furthermore, as shown
in the previous section the PDLD/S provides a way of
obtaining the non-electrostatic term with well defined
physical terms.

CONCLUDING REMARKS

This work examined several strategies for evaluating
binding free energies with a particular emphasis on the
relationship between the LRA and LIE approximations
and the performance of the PDLD/S-LRA and PDLD-LRA
methods. A clear thermodynamic cycle (which is directly
related to our earlier cycle4) is defined for the LRA and LIE
method. This cycle helps in studying the nature of the
energy contributions that leads to the overall binding free
energy. The performance of the different approximation is
examined by calculating the binding free energies of cyclic
urea-based ligands to HIV protease. Although the perfor-
mance of the different approaches is similar in the present
case, it is possible to deduce some useful conclusions about
the relationship between these different treatments. It is
shown that the electrostatic term of the LRA approach can
be approximated in our specific test case by the correspond-
ing LIE term, although the LIE approach neglects the LRA
contribution from the average over the state with the
non-polar ligand (the ^ &,9 term). However, we expect that
the ^ &,9 term would not be negligible in cases when the
protein provides preorganized environment that stabilizes
the ligand residual charges and this problem might be
significant in cases of the charged ligands.

While the electrostatic term can be determined quite
accurately by the LRA approach, it is much harder to
estimate the non-electrostatic term (the DGbind,,9 term).

The LIE approach evaluates this contribution by using the
b term of Eq. (12). Although this approach is quite
effective, the origin of the scaling constant, b, is still not
clear. It is tempting to determine the nature of b by using
the lower cycle of Figure 2 and evaluating the DG,93, term
using the LRA approximation so that

DG,93 ,0 > u@^Uvdw,,9&,9 1 ^Uvdw,,9&,0# < b@^Uvdw,,9&,0# (32)

The problem is that the LRA approach as well as the
corresponding FEP approach involves large fluctuations of
the contribution from Uvdw at ,0 ( ^Uvdw,,9&,0). One might
still hope that the vdw contributions satisfies somehow the
trend of the LRA relationship and that ^Uvdw,,9&,0 has a
similar trend to that of ^Uvdw,,9&,9. Unfortunately we do not
obtain at present convergent results for such an LRA
treatment and, of course, we do not have an a priori way to
determine b. This problem can be addressed by using our
LRA approach [Eq. (14)] where the non-electrostatic term
is evaluated using the vdw, hydrophobic, and water pen-
etration PDLD terms as well as a microscopic estimate of
the change in configurational entropy. Assuming that
these are all the relevant contributions to DGbind,,9 (see
below, however) and exploiting the fact that the LRA
electrostatic contribution to the binding energy is rela-
tively reliable, so it can be compared to the corresponding
“observed” value (although this quantity cannot be mea-
sured), we can write

DGbind,,9
obs9 > DGbind

obs 2 ~DDGelec,,
w3 p!LRA (33)

where obs9 designates an estimate of the corresponding
“observed” value. If we require that both the LRA and LIE
non-electrostatic contributions will reproduce DGbind,,9

obs9 , we
obtain from Eqs (33), (12) and (13)

b@^Uvdw,,9
p &,9 2 ^Uvdw,,9

w &,9# > u$DGbind,,9
PDLD 2 g@T~DDS,9

w3 p!9#%

5 DGbind,,9
obs9 (34)

This gives

b 5
u$DGbind,,9

PDLD 5 g@T~DDS,9
w3 p!9#%

@^Uvdw,,9
p &,9 2 ^Uvdw,,9

w &,9
(35)

TABLE VI. Calculated Binding Free Energies of Cyclic Urea-Based HIV Protease Inhibitors†

Inhibitor

PDLD PDLD/S

DDGelec
w3p (DDGnon-elec

w3p )b (DDGnon-elec
w3p )c (DGbind

calc )b (DGbind
calc )c DDGelec

w3p (DDGnon-elec
w3p )b (DDGnon-elec

w3p )c (DGbind
calc )b (DGbind

calc )c DGbind
obs

,1 28.5 25.7 24.8 214.2 213.3 26.1 27.2 26.0 213.4 212.1 ,212.8
,2 24.9 28.1 28.9 213.1 213.8 23.8 210.3 211.0 214.1 214.8 212.9
,3 24.4 25.8 26.0 210.3 210.4 22.9 27.4 27.4 210.3 210.4 211.2
,4 24.4 24.1 23.8 28.5 28.2 23.0 25.2 24.7 28.2 27.7 29.5
,5 26.2 22.8 20.6 29.0 26.7 24.4 23.6 20.7 28.0 25.1 28.9

†The electrostatic and non-electrostatic contributions are calculated (in kcal/mol) by the PDLD and the PDLD/S methods. DDGelec
w3p is the scaled

electrostatic contribution [the scaling constant a is 0.25 for the PDLD and 0.5 for the PDLD/S (see discussion in the PDLD/S-LRA and PDLD-LRA
Results section]. (DDGnon-elec

w3p )b is the sum of the scaled non-electrostatic contributions obtained without the 2T(DDS,9
w3p) contribution (the scaling

constant is 0.46 for the PDLD and 0.58 for the PDLD/S). (DDGnon-elec
w3p )c includes the entropic contributions of the 2T(DDS,9

w3p) term which was
sclaed by g 5 0.25 (see Eq. (14)). The scaling constant, u, for the total non-electrostatic ocntribution was taken as 0.59 for the PDLD and 0.73 for
the PDLD/S).
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Here we retain the g scaling of the entropic contribution
since it is not clear if this term reaches a reasonable
convergence. At any rate, obtaining the proper balance
between the contribution of Eq. (34) should give u 5 1. The
present study gives u values between 0.5 and 0.73 depend-
ing on the approximation used. This is encouraging but not
sufficient to make a unique analysis of the nature of the
LIE b or to predict what this b should be. We might be
able, however, to use our PDLD approach and Eq. (35) to
estimate the change in the LIE b between different
proteins active sites.

It is interesting to consider at this stage the LRA
approach introduced in our original work.4 This approach
used the LRA method for the electrostatic part of the
thermodynamic cycle and evaluated the non-electrostatic
part by the PDLD approach with its vdw, hydrophobic, and
water penetration contributions. As shown in the present
work this strategy gives as good results as the LIE
approach. Apparently the thermodynamic cycles of the
LRA and LIE methods are closely related (see the cycles in
Lee et al.4, Marelius et al.,21 and Fig. 2 of this work as well
as the discussion in the LRA Calculations section). This
means that the real difference between the LIE and LRA
methods is the fact that the LIE estimates the lower cycle
by the scaled vdw interaction, while our LRA approach
evaluates this contribution by the relevant PDLD terms.
The fact that the LIE method neglects the ^ &,9 LRA
contribution is not a fundamental difference.

Although we take into account the protein reorganiza-
tion upon uncharging of the ligand by the LRA treatment
of the electrostatic term, we do not take into account the
protein reorganization upon binding of the non-polar li-
gand. This term could have been reflected in the calcula-
tions if an LRA treatment of the ,03,9 step was valid.

As clarified in this work the LRA approach allows one to
obtain from the average interaction energy the correspond-
ing free energy (at least when the LRA is valid). However,
it seems to us that this fact has not been perhaps fully
appreciated by those who have examined and used the LIE
approach, without considering its relation to the LRA
approximation. For example, an interesting recent work36

expressed the binding free energy as DG 5 2 RT ln{^exp
( 2Eint/RT)&} using Eint 5 aUelec 1 bUvdw where a and b
are the LIE scaling factors. It was then suggested that
such an expression can capture the entropic contributions
to the binding energy, which is assumed to be missing in
the LIE treatment. However, the LIE expression corre-
sponds already to the free energy rather than just the
interaction energy.

One might speculate here about the reason why the LIE
scaling of ^Uvdw& gives reasonable estimate of the sum of
the different terms that make up DGbind,,9. When the
ligand is in water, the ^Uvdw& term is proportional to the
hydrophobic and vdw terms in water. It thus may also be
proportional to the corresponding terms in the protein.
However, the possible proportionality to the water penetra-
tion and configurational entropies terms are harder to
rationalize. It is possible, however, the change in solvation
of the protein upon removal of the non-polar ligand is

related to the ligand-protein vdw term, since this term is
related to the volume available for water penetration.
Similarly it is possible that ^Up

vdw& effect associated with
the restriction of the ligand motion by the protein active
site, since a larger restriction may result in larger ^Up

vdw&.
It might also tempting to use the argument presented in
the derivation of Eq. (32). However, none of the above
arguments is expected to provide a universal b.

Finally it is significant that the PDLD-LRA and
PDLD/S-LRA give results of similar quality to those
obtained by the LRA and LIE methods. This is important
since the PDLD/S method is much faster than the more
microscopic LRA and LIE approaches.
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