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Abstract The linear interaction energy (LIE) approach has
been applied to estimate the binding free energies of
representative sets of HIV-1 RT and β-Secretase inhibitors,
using both molecular dynamics (MD) and tethered energy
minimization sampling protocols with the OPLS-AA
potential, using a range of solvation methodologies.
Generalized Born (GB), ‘shell’ and periodic boundary
condition (PBC) solvation were used, the latter with
reaction field (RF) electrostatics. Poisson-Boltzmann (PB)
and GB continuum electrostatics schemes were applied to
the simulation trajectories for each solvation type to
estimate the electrostatic ligand-water interaction energy
in both the free and bound states. Reasonable agreement of
the LIE predictions was obtained with respect to experi-
mental binding free energy estimates for both systems: for
instance, ‘PB’ fits on MD trajectories carried out with PBC
solvation and RF electrostatics led to models with standard
errors of 1.11 and 1.03 kcal mol−1 and coefficients of
determination, r2 of 0.76 and 0.75 for the HIV-1 RT and β-

Secretase sets. However, it was also found that results from
MD sampling using PBC solvation provided only slightly
better fits than from simulations using shell or Born
solvation or tethered energy minimization sampling.
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Introduction

A key challenge in structure-based drug design is the
accurate estimation of ligand-receptor binding free energies.
A variety of techniques have been proposed to tackle this
elusive problem [1], often representing in a trade-off
between computational resources and accuracy. On one
hand, rapid QSAR-based scoring functions are derived
from fits to simplified energy terms which seek to describe
the principal contributions to binding [2–4], but usually
contain many approximations and typically have large
errors in binding affinity predictions. At the other end of
the range, the more rigorous thermodynamic integration
(TI) or free energy perturbation (FEP) approaches [5–8] are
more accurate but are much more computationally demand-
ing. Recently, however, improvements in sampling have
been made with the use of replica exchange thermodynamic
integration (RETI) [9] and highly parallelized sampling for
FEP [10]. Even so, FEP usually requires little variation in
the ligand structures, and neither FEP nor TI methods are
well suited to application on today’s large virtual or
combinatorial screening libraries in commercial rational
drug design.

Åqvist and co-workers developed the linear interaction
energy (LIE) method [11–14], the essential philosophy of
which is to view the binding process as a replacement of
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the aqueous surroundings of a free ligand with a mixed
protein/solvent environment. In this approach, molecular
mechanics calculations of the two end points of ligand
binding (i.e. the ligand free in solution and bound to a
protein in the presence of solvent) are combined with
experimental binding affinity data to develop a model
scoring function for the estimation of binding free energies.
As such, LIE-based techniques may be regarded as a
compromise between rapid empirical scoring functions and
rigorous FEP or TI methods. The LIE method has been
applied to a variety of systems and has produced promising
results, with predictive errors for binding affinity on the
order of 1 kcal mol-1 [15–31]. LIE techniques have a
number of advantages relative to more rigorous FEP
simulations, chiefly the need for only simulations of the
two ending windows and the ability to accommodate
disparate ligands. In the molecular mechanics sampling of
the energy terms in the free and the bound states — either
by molecular dynamics (MD), Monte Carlo or energy
minimization — only the interactions between the ligand
and the environment (whether aqueous or protein/water) are
required for the LIE fit, in contrast to protein-protein or
protein-water interactions. This reduces the extent of noise
or underlying uncertainties in the calculations, leading
typically to more rapid convergence of the energy terms
and hence inherently faster simulations.

In the original formulation of the LIE method by Åqvist
et al. [11–14], the van der Waals and electrostatic
interactions were averaged over MD simulations employing
explicit water for each state to allow a fit for the binding
free energy ΔGbind to the following form:

ΔGbind ¼ αΔUvdW þ βjβ¼1=2ΔUelec ð1Þ
where Δ denotes Ub

� �� Uf
� �� �

, i.e. the difference in
averaged van der Waals and electrostatic ligand-environ-
ment interaction energies between the bound and free
states. In early LIE work by Åqvist et al. [11–14], it was
assumed that the linear response approximation was
reasonably valid and so the β term for electrostatic
interactions was set to 1/2 for the fit. Although this linear
response value may be recovered for simple systems, e.g.
small molecule solvation in water [32, 33], some steps in
the binding process are unlikely to be accounted for by a
simple linear model, e.g. removal of water molecules from
the binding site. In practice, Jorgensen et al. [16] have
found that optimization of the β term in a wholly empirical
fit leads to better level of accuracy for LIE fits; this
approach is to be favored on rational drug design projects.

Jorgensen et al. introduced a more general three-term
LIE fit [15, 16]

ΔGbind ¼ !ΔUvdW þ "ΔUelec þ +Δ SASAð Þ ð2Þ

where inclusion of the difference in the solvent accessible
surface area (SASA) of the ligand in the free and bound
states was found to improve the quality of the LIE fit, based
on simulations with explicit solvation. The general ap-
proach of Eq. (2) has become more common in recent years
in conjunction with the use of continuum solvation, often
with modifications to the SASA term to represent non-polar
interactions with the solvent. Zhou et al. [26] introduced an
LIE approach based on Eq. (2), in which the SASA is
replaced by a cavity energy term proportional to the SASA
of the ligand in each state and generalized Born (GB)
solvation is used for the sampling (MD, hybrid MC or
energy minimization), with adjusted GB solvation free
energy components added to LIE terms. This LIE approach
has been validated for 1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine (HEPT) analogues binding to HIV-
1RT [26], oligopeptide inhibitors in β-Secretase (BACE)
[28], and sulfonamide inhibitors in Matrix Metalloprotei-
nase-2 [29], with reasonable results. The use of Poisson-
Boltzmann (PB) electrostatic solvation free energy estimation
has also been reported by Zhou and Madura [34] in
conjunction with an SASA-based non-polar energy estimate
for a linear response fit to binding free energies of TIBO
inhibitors in HIV-1RT, using docked poses only. However, as
Carlsson et al. [31] have indicated very recently, the direct
addition of a ligand’s GB or PB electrostatic solvation free
energy to molecular mechanics electrostatic potential energy
terms is inappropriate. Furthermore, Carlsson et al. [31] have
shown that the GB-splitting approach for the calculation of
bound state protein-ligand interactions used by Zhou et al.
[26] is inconsistent.

This work is concerned with the development of LIE
models, using either PB or GB approaches to estimate the
ligand-water electrostatic interaction energy terms appro-
priately and with more accurate convergence than for with
explicit water molecules, and on the systematic study of
continuum electrostatics and sampling techniques on the
resultant LIE formulations. The congeneric series of HEPT
analogues and oligopeptides binding to HIV-1RT [26] and
BACE [28], respectively, were used. These sets were used
to validate the GB-based LIE technique of Zhou et al. [26],
and two of the BACE inhibitor set are charged: these
represent ideal systems to develop the LIE methodology in
this study and to allow for comparison with this technique.
For sampling, MD is carried out with explicit solvation
using both periodic boundary conditions (PBC) and a shell
of water molecules around the ligand and the complex and
also with GB solvation. Energy minimization is also
performed in conjunction with GB solvation. Åqvist [14]
noted that the use of local reaction field electrostatics [35]
led to improved LIE results for charged ligands. Reaction
field electrostatics are used with PBC solvation for MD
sampling for all ligands and complexes to model this
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effectively, while ‘standard’ cut-off electrostatics are ap-
plied to shell solvation.

Methods

Structures of HEPT and BACE

The structure of the set of 20 HEPT analogues are specified
in Fig. 1, with the R1, R2 and R3 substituents listed in
Table 1. This is identical to the set studied by Zhou et al.
[26], and the experimental binding affinities were taken
from the studies of Tanaka et al. [36–39] and converted to
ΔGbind in kcal mol−1 [26]. The crystal structure of HIV1-
RT complexed with H11 [40] (PDB code 1RT1) served as
the starting structure, and all of the other ligands’ pre-
docking poses were built with reference to the H11 crystal
structure.

The 12 structures of the BACE test set are given in
Table 2 and Fig. 2. The experimental binding free energies
are those of Ghosh et al. [41], converted to kcal mol−1 as by
Tounge and Reynolds [28]. These ligands were designed
based on the crystal structure of OM99-2 (cf. Fig. 2a)
bound to BACE [42] (PDB code 1FKN), a potent BACE
inhibitor. Ten of the other ligands’ pre-docking poses were
built with reference to the OM99-2 crystal structure, while
that of OM00-3 (cf. Fig. 2b) complexed with BACE was
taken from the crystal structure for that system [43] (PDB
code 1M4H). OM00-3 and OM99-2 are charged, while the
other ten ligands are neutral.

Forcefields and electrostatics

Unless stated otherwise, all calculations were performed
using the MOE software package [44]. The OPLS-AA
potential [45] was used, and water molecules were treated
with the TIP3P model [46], where present, as the OPLS-
AA forcefield has been parameterized with this water
potential. The Onufriev-Bashford-Case implementation of
Generalized Born solvation was used [47], in conjunction

with pairwise descreening of solute charges as described by
Hawkins et al. [48], and interior and solvent dielectric
constants of 1 and 78, respectively. This GB model was
used since it is also reasonably suitable for macromole-
cules. For Born solvation, all crystallographic water
molecules were stripped from the protein. During MD,
energy minimization, and docking, van der Waals inter-
actions were treated using a twin-range method [49], with a
short and long cut-off radius of 12 and 15 Å, respectively. In
the case of Born and explicit shell solvation, the same
switching function was applied to electrostatic interactions
during MD, energy minimization and docking. However,
during post-sampling LIE energy analysis of the trajectory, no
cut-offs were used. All charges were set using the OPLS-AA
model. Although two of the BACE ligands are charged, no
quantum-derived charges were used, nor were any charge
equilibration methods applied to the ligand; it was found in
subsequent LIE analysis that use of the forcefield charges
resulted in good predictions for the charged ligands (cf.
Results). Åqvist [14] has noted the importance on the charge
states in the convergence of energy terms, especially in the
presence of charged ligands, and that the overall charges on
the systems in the free and bound ligand states should be
identical. Bearing this in mind, and that there is no solvent
shielding beyond the cut-off in non-PBC simulations, the
charge states in charged receptor residues further than 15 Å

Fig. 1 Structures of HIV1-RT
binders. See Table 1 for details
of the R1, R2, R3 groups

Table 1 Structures of HIV-1RT inhibitors with details of R1, R2 and
R3 groups in Fig. 1a

Ligand R1 R2 R3 ΔGbind

kcal mol−1

H01 Me CH2OCH2CH2OH SPh −7.32
H02 Me CH2OCH2CH2CH3 SPh −7.73
H03 Me CH2OCH2CH3 SPh −9.20
H04 Me CH2OCH3 SPh −8.06
H05 Me CH2OCH2Ph SPh −10.01
H06 i-Pr CH2OCH2Ph SPh −12.16
H07 Me Et SPh −8.03
H08 Me Me SPh −5.43
H09 Et CH2OCH2CH3 SPh −10.96
H10 i-Pr CH2OCH2CH3 SPh −11.24
H11 i-Pr CH2OCH2CH3 CH2Ph −11.89
H12 c-Pr CH2OCH2CH3 SPh −9.93
H13 Me CH2OCH2CH2OH CH2Ph −6.52
H14 Me CH2OCH2CH2OH OPh −5.78
H15 Me CH2OCH2CH2OH SPh-3,5 di-Me −9.35
H16 Et CH2OCH2CH2OH SPh-3,5 di-Me −11.19
H17 i-Pr CH2OCH2CH2OH SPh-3,5 di-Me −12.16
H18 Et CH2OCH2Ph SPh −11.68
H19 Me H SPh −5.11
H20 Me Bu SPh −8.40

a The experimental activities have been taken from Tanaka et al. [36–39],
and converted to ΔGbind in kcal mol−1 , as by Zhou et al. [26]. ‘Me’
denotes methyl, ‘Et’ ethyl, ‘Pr’ propyl, ‘Bu’ butyl and ‘Ph’ phenyl
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Table 2 Structures of BACE inhibitors with details of R1, R2 and R3 groups in the motif belowa

a The experimental activities have been taken from Ghosh et al. [41], and converted to ΔGbind in kcal mol−1 , as by Tounge and Reynolds [28].
‘Ph’ denotes the common fragment in OM99-2 and OM00-3 (Fig. 2a and b) by the R3 substituent and is present in all of the congeneric series,
while ‘Me’ stands for methyl.
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from the ligand were adjusted so that the overall protein
would be electroneutral.

Docking and preparation of bound state

In the initial preparation of the ligand-receptor complexes
prior to docking, hydrogen atoms were added for the OPLS-
AA potential and charges were set as described above. Since
Born solvation was used in energy minimization and
docking, all crystallographic water molecules were re-
moved. The heavy atoms were fixed and the proton structure
was relaxed by energy minimization using a composite
protocol of steepest descent (SD), conjugate gradient (CG)
and truncated Newton (TN) steps, with respective termina-
tion gradients of 1000, 100 and 10 kcal mol−1·Å−1. From
these structures, 25 runs of a multiple-start Monte Carlo
docking procedure [50] were used to dock the HEPT
analogues and BACE inhibitors (apart from the ‘reference’
H11 and OM99-2 crystal poses, which served to guide the
initial placement of the other ligands in the congeneric
series), with each run starting from the proton-relaxed
configuration. Each run consisted of a sequence of 8 Monte
Carlo cycles with a ‘temperature’ of 1000 K in the first
cycle of each run. The energy function used for the MC

cycles was the sum of the ligand’s intramolecular energy
and the van der Waals and electrostatic interaction energies.
Following docking, the poses from each run with the lowest
energy function value (and intramolecular energy) were
chosen for further LIE analysis.

After docking, residues distant from the binding site
were removed from both the proton-relaxed HIV-1RT and
BACE receptors to reduce the computational cost of the
simulations. This was accomplished by evaluating system-
atically for the bound state the ligand-environment interac-
tion energy, using GB electrostatics, for subsets of the
complex comprising of residues containing atoms within 15
to 20 Å from the ligand atoms. The Born electrostatic
solvation free energy of the ligand in the bound state is

ΔGb
ele;GB ¼ ΔGb

comp;ele;GB �ΔGb
rec;ele;GB ð3Þ

i.e. the Born electrostatic energy of the complex (with all
charges and Born radii present) less that of the bound state
receptor (i.e. the complex with all ligand charges turned
off). Here, ‘b’ refers to the bound state, while ‘ele’ denotes
electrostatic, ‘comp’ the entire complex and ‘rec’ the
complex with the ligand ignored. Following the linear
response approximation [31], the bound state ligand-water

Fig. 2 Structures of BACE
inhibitors: (a) OM99-2 and (b)
OM00-3
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interaction energy, Ub
l�w;ele;GB, is twice the electrostatic

solvation free energy, i.e.

U b
l�w;ele;GB ¼ 2ΔGb

ele;GB ð4Þ
The ligand-surrounding electrostatic interaction energy,

U b
l�s;ele;GB, is obtained from the sum of the ligand-protein

Coulombic and ligand-water electrostatic terms, i.e.

U b
l�s;ele;GB ¼ U b

l�p;ele þ U b
l�w;ele;GB ð5Þ

In a similar manner, the bound state ligand-environment
van der Waals term, U b

l�s;vdW, is found from ligand-protein
and ligand-water contributions, i.e.

U b
l�s;vdW ¼ Ub

l�p;vdW þ U b
l�w;vdW ð6Þ

In this case, U b
l�w;vdW is zero as no explicit water

molecules are employed as residues are truncated. The total
interaction energy U b

l�s;tot;GB is then found by

U b
l�s;tot;GB ¼ U b

l�s;vdW þ Ub
l�s;ele;GB ð7Þ

Applying the 12, 15 Å switching function, it was found
that selection of HIV1-RT and BACE residues within 18
and 16 Å from the H11 and OM99-2 ligands led to
interaction energies U b

l�s;tot;GB within 8 and 11 %, respec-
tively, of those without cut-off function or residue trunca-
tion. This residue truncation with the 12, 15 Å switching
function applied was deemed reasonable for subsequent
MD and energy minimization calculations, and resulted in
168 HIV-1RT residues (2782 atoms) and 230 BACE
residues (3611 atoms), in comparison with full receptors
of 954 and 391 residues, respectively.

Explicit solvation

In the case of MD simulations with explicit water under
PBC, the reaction field method [51] was used to handle
long-range electrostatics, with a cut-off radius of 15 Å.
Either the ligand or post-docking truncated complex was
placed at the center of a rectangular periodic box of
dimensions such that no heavy atoms were lying within
less than approximately 8 Å from the wall in any Cartesian
direction, to which water molecules were added based on
the relaxed TIP3P liquid state at 298 K and 1 atm. Water
molecules were placed such that their oxygen atoms were
greater than 2.8 Å in distance from the heavy atoms. Prior
to ‘production’ MD for LIE sampling, the dielectric
constant in the reaction field method was optimized to
minimize the RMS error in the calculation of electrostatic
forces for relaxed systems of both HIV-1RT and BACE at
298 K with respect to the ‘definitive’ Lekner technique
[52], implemented by an efficient interpolation scheme [53]
using in-house Fortran code, as outlined by English et al.
[54]. It was found that reaction field dielectric constants of

68.3 and 74.4 led to RMS force deviations of 24.5 and
18.3 pN for the HIV-1RT (H11) and BACE (OM99-2)
complexes, respectively. In the free state, dielectric con-
stants of 72.5 and 82.1 resulted in RMS deviations of 11.7
and 13.2 pN for H11 and OM99-2 ligands, respectively.
These dielectric constants were used for the reaction field
model in the respective congeneric series. To gauge if the
(x, y, z) ‘clearance’ of around 8 Å relative to the box edge is
sufficient, the average electrostatic interaction energy with
the water was calculated using the optimized reaction field
method for ten relaxed configurations of the HIV-1RT
(H11) and BACE (OM99-2) systems at 298 K (i.e. with
more solvation water molecules and larger ‘clearances’ of
about 11 and 14 Å). The magnitudes of the electrostatic
interaction energies were 7 and 10 % greater for HIV-1RT
for the systems with clearances of 11 and 14 Å, respec-
tively, with corresponding results of 9 and 13 % for BACE.
Therefore, it was considered that the 8 Å clearance is
reasonable.

In the case of explicit shell solvation for MD sampling, a
layer of water molecules was added to envelop the free
ligand and the complex. The layer was of constant
thickness of approximately 15 Å, the water configuration
based on the same relaxed TIP3P liquid state, using the
2.8 Å distance restriction for water oxygen atoms from the
heavy atoms. The layer thickness was set so that this would
be greater than the range of the switching function applied to
the van der Waals and Coulombic interactions. To prevent
water migration into the vacuum duringMD, all water oxygen
atoms in the layer’s outer 3 Å were restrained with a harmonic
restraint force of 50 kcal mol−1·Å−2 for displacements greater
than 0.1 Å from their initial position. Although the use of
harmonic tethers is quite common [14, 21, 31], this results in
a variable pressure, as do PBC simulations in the NVT
ensemble; the rationale in this study is to evaluate the use of
popular solvation schemes on LIE model performance.

Tethered energy minimization and dynamics

A composite protocol of energy minimization was carried
out for both the free and bound states. In the case of energy
minimization as a sampling tool for LIE, Born solvation
was used, but the protocol below was also used for explicit
shell and PBC solvation without restraints on the water
molecules prior to MD sampling. In the free state, two-
stage minimization was performed, in which SD, CG and
TN methods were applied in sequence with termination
gradients of 1,000, 100 and 1 kcal mol−1·Å−1, respectively.
In the first stage, a harmonic restraint force of 20 kcal
mol−1·Å−2 was applied to the heavy ligand atoms for
displacements greater than 0.1 Å from their initial position,
while restraints were removed in the second stage. In the
bound state, the TN termination gradients were reduced
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progressively in a four-stage process. This avoided unnec-
essary minimization to excessively low TN gradients (e.g. 1
to 5 kcal mol−1·Å−1) when restraints were in place. Firstly,
all heavy atoms were fixed and minimization applied to a
TN gradient of 100 kcal mol−1·Å−1. Secondly, a 500 kcal
mol−1·Å−2 harmonic restraint force beyond 0.1 Å was
applied to receptor heavy atoms to a TN gradient of 50 kcal
mol−1·Å−1. Thirdly, all atoms in receptor residues contain-
ing atoms within 15 Å of the ligand were designated part of
the ‘binding region’, and any heavy atoms therein were
restrained with a 100 kcal mol−1·Å−2 force beyond 0.1 Å
with a 500 kcal mol−1·Å−2 force for heavy atoms outside
this region; a TN gradient of 10 kcal mol−1·Å−1 was used in
this case. Finally, the heavy atoms inside and outside the
binding region were restrained with 20 and 100 kcal
mol−1·Å−2 forces beyond 0.1 Å, respectively, and a TN
gradient of 1 kcal mol−1·Å−1 used.

If MD sampling is used, a simulation was carried out in
the NVT ensemble after the energy minimization described
above and bond lengths were constrained with a relative
tolerance of 10−8 [55]. A timestep of 1 fs was used. This
was assessed for energy conservation in the NVE ensemble
and was found to be satisfactory: the percentage relative
drift in energy, defined as the ratio of the energy drift
(expressed as a linear regression coefficient) to the average
kinetic energy during the simulation [56], was less than 0.2
% over 50 ps for a relaxed PBC system HIV-1RT (H11)
system. The period of the thermal reservoir [55] was set to
1 ps, to allow for a relatively weak coupling. Prior to
production simulations, the system was ‘heated’ to 300 K in
25 K increments by MD in steps of 5 ps duration in the
NVT ensemble, using velocity assignment from the
Maxwell-Boltzmann distribution at the start of each step.
For the bound state, the tether weights on the heavy atoms’
restraint forces inside and outside the binding region were
reduced at a constant rate at the start of each step, until they
were zero for the ‘production’ simulation at 300 K. For
explicit shell or PBC solvation, the system was then relaxed
for a further 150 ps at 300 K, or for 30 ps in the case of
Born solvation, during which the total system energy and
the ligand-environment interaction energy were found to
stabilize for both the free and bound cases.

Poisson-Boltzmann electrostatics

In analysis of the MD trajectories (with water molecules
removed) or of the Born solvation post-minimization config-
uration, the Poisson-Boltzmann (PB) equation for the electro-
static potential field u was applied to n ions of charge q

r � d rð Þru rð Þ½ � þ
Xn
i¼1

qiCi exp �qiu rð Þ=kTð Þ þ f rð Þ ¼ 0

ð8Þ

where C are the ion concentrations and f is the charge
density, using the method of Grant et al. [57]. Here, the
relative dielectric field d is treated as a sum of Gaussians to
describe the variation between the solute and bulk solvent
dielectric constants. The interior and solvent dielectric
constants were set to 1 and 78, respectively. To reduce
computational cost, especially for application to complexes
and isolated receptor configurations, the linear form of Eq.
(8), i.e. using exp x � 1þ xð Þ, was solved with a multi-grid
preconditioned gradient algorithm on a grid constructed with
a spacing of 0.75 Å and an extent of 5 Å in each Cartesian
direction from the extremities of the biomolecule. This
allowed the PB estimation of the ligand’s electrostatic
solvation free energy in its free and bound states, ΔGf

ele;PB

and ΔGb
ele;PB, respectively, e.g. for the bound state it is

computed exactly as in the Born case of Eq. (3):

ΔGb
ele;PB ¼ ΔGb

comp;ele;PB �ΔGb
rec;ele;PB ð9Þ

i.e. the electrostatic solvation free energy of the complex
(‘comp’ — with all charges present) less that of the bound
state receptor (i.e. ‘rec’ — the complex with all ligand
charges switched off).

Calculation of LIE terms

Following the linear response approximation [31], the
ligand-water electrostatic interaction energy in either the
free and bound states, U f

l�w;ele;M and Ub
l�w;ele;M, respectively

(where ‘f’ denotes free, ‘b’ bound and ‘M’ the PB or GB
method) is twice the continuum electrostatic solvation free
energy, i.e.

U f
l�w;ele;M ¼ 2ΔGf

ele;M or Ub
l�w;ele;M ¼ 2ΔGb

ele;M ð10Þ

In the case of explicit solvation, the water molecules are
simply ignored in the MD trajectories for calculation of
ΔGf

ele;M and ΔGb
ele;M with both PB and GB techniques. In

the free state, the ligand-water van der Waals term U f
l�w;vdW

is based on interactions with the water molecules without
cut-off; for minimization sampling using GB electrostatics,
this term will be zero due to the absence of any water
molecules. In the free state, this ligand-water U f

l�w;vdW term
coincides with the ‘ligand-surrounding’ (‘l-s’ or ‘ligand-
environment’) U f

l�s;vdW term. In the bound state, the ligand-
protein (‘l-p’) van der Waals and Coulombic interaction
terms, U b

l�p;vdW and U b
l�p;ele, respectively, are evaluated

without cut-off (i.e. ignoring any water molecules). The
ligand-water (‘l-w’) van der Waals term, U b

l�w;vdW, is also
computed without cut-off; this term is zero for GB
minimization sampling where water molecules are absent.
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As in Eq. (5), the ligand-surrounding (‘l-s’) electrostatic
interaction energies in the free and bound states, U f

l�s;ele;M

and U b
l�s;ele;M, are obtained as

U f
l�s;ele;M ¼ U f

l�w;ele;M ð11Þ

U b
l�s;ele;M ¼ Ub

l�p;ele þ U b
l�w;ele;M ð12Þ

from the sum of the ligand-protein Coulombic and ligand-
water electrostatic terms for either continuum electrostatics
method ‘M’. In a similar manner to Eq. (6), the ligand-
environment (‘l-s’) van der Waals term in each state,
U f

l�s;vdW and U b
l�s;vdW, is found as

U f
l�s;vdW ¼ U f

l�w;vdW ð13Þ

U b
l�s;vdW ¼ Ub

l�p;vdW þ U b
l�w;vdW ð14Þ

These terms were computed every 0.5 ps over the
production phase of MD runs, and canonical averages were
taken, denoted by 〈 〉. This allowed the LIE interaction
energy terms, 〈ΔUvdW〉 and ΔUM

ele

� �
, to be computed as the

difference between the averaged ligand-surrounding inter-
action energies in the bound and free states:

ΔUvdWh i ¼ U b
l�s;vdW

D E
� U f

l�s;vdW

D E
ð15Þ

ΔUPB
ele

� � ¼ U b
l�s;ele;PB

D E
� U f

l�s;ele;PB

D E
ð16Þ

ΔUGB
ele

� � ¼ Ub
l�s;ele;GB

D E
� U f

l�s;ele;GB

D E
ð17Þ

In the case of GB minimization sampling, there is no
averaging over configurations and the post-minimization

positions are used. The LIE fit is then carried out for both
PB and GB cases according to

ΔGbind ¼ αM ΔUvdWh i þ βM ΔUM
ele

� � ð18Þ
A three-component fit was not used in Eq. (18), although

this has been used by other workers [15, 16, 26, 28, 29]: it
is considered that the size of the HIV-1RT and BACE series
(20 and 12, respectively) is not sufficiently large to justify
more than two LIE energy terms.

As a typical example, time requirements for the
sampling and continuum electrostatics analysis calculations
are given in Table 3 for the HIV1-RT inhibitor set, relative
to the time needed for energy minimization sampling with
Born solvation (the least computationally demanding
sampling method).

Results and discussion

In order to investigate systematically the influence of
solvation on sampling and the subsequent use of continuum
electrostatics for LIE model development, three sets of MD
runs were carried out for both the BACE and HIV-1RT
series, using GB, shell and PBC solvation. After checking

Table 3 Time requirements for LIE sampling and continuum
electrostatics analysis calculations on the HIV1-RT inhibitor set
relative to time needed for energy minimization sampling with Born
solvation

Method Sampling PB GB

MD, PBC/RF
(150 ps)

1426 205 12.7

MD, Shell
(150 ps)

316 204 12.6

MD, Born
(30 ps)

34.2 40.8 2.51

Min, Born 1 0.68 0.04

Sampling durations for MD are indicated. Continuum electrostatics
energy analysis calculations were applied every 0.5 ps without cut-off
to compute running averages of the LIE terms.

Table 4 Synopsis of the fits to Eq. (18) for the HIV1-RT inhibitor set
using MD for sampling with reaction field (PBC), shell and Born
solvation approaches and also for energy minimization with Born
solvation

Method α β SE kcal mol−1 r2

MD, PBC/RF PB 0.322 0.360 1.11 0.76
MD, PBC/RF GB 0.333 0.312 1.12 0.75
MD, Shell PB 0.286 0.356 1.15 0.74
MD, Shell GB 0.299 0.298 1.19 0.72
MD, Born PB 0.434 0.219 1.22 0.71
MD, Born GB 0.445 0.177 1.23 0.70
Min, Born PB 0.457 0.167 1.30 0.67
Min, Born GB 0.473 0.138 1.31 0.66

Table 5 Summary of the fits to Eq. (18) for the BACE inhibitor set
using MD for sampling with reaction field (PBC), shell and Born
solvation approaches and also for energy minimization with Born
solvation

Method α β SE kcal mol−1 r2

MD, PBC/RF PB 0.231 0.055 1.03 0.75
MD, PBC/RF GB 0.226 0.059 1.07 0.73
MD, Shell PB 0.218 0.055 1.10 0.72
MD, Shell GB 0.211 0.057 1.11 0.71
MD, Born PB 0.297 0.061 1.11 0.71
MD, Born GB 0.303 0.060 1.11 0.71
Min, Born PB 0.264 0.062 1.17 0.68
Min, Born GB 0.251 0.058 1.20 0.66
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for convergence of the total system and ligand-environment
energies in the production phase of the free and bound state
simulations (with water molecules, if present, and cut-off
applied), the ligand-environment energies of Eqs. (11) to
(14) were evaluated for each sampled configuration. One
set of energy minimization calculations was performed
using GB solvation for each series for subsequent calcula-
tion of the overall LIE terms in Eqs. (15) to (17). The
results of the fits are summarized in Tables 4 and 5 for HIV-
1RT and BACE, respectively. In both cases, the α and β
values are quite similar for sampling using explicit
solvation (i.e. PBC and shell) and Born solvation (MD

and energy minimization). For explicit solvation sampling,
the respective α, β standard deviations are 0.021 and 0.031
for HIV-1RT and 0.008 and 0.002 for BACE, while the
corresponding values for sampling with GB solvation are
0.017 and 0.034 for HIV-1RT and 0.025 and 0.002 for
BACE; this contrasts with overall respective α, β standard
deviations for all sampling/analysis methods of 0.078 and
0.089 for HIV-1RT and 0.035 and 0.003 for BACE.
Generally, PB and GB continuum electrostatics analysis
results in similar α, β coefficients for a given sampling and
solvation approach. The Born MD (GB analysis) results of
0.445 and 0.177 for α and β, respectively, contrast to

a

b

Fig. 3 Running averages for
van der Waals and Coulombic
interaction energies of the ligand
with (a) explicit water in the free
state and (b) with the receptor
and explicit water in the bound
state, for compound H11 (bind-
ing to HIV-1RT). Plots are
shown after 50 ps of relaxation
for both 15 Å ‘shell’ and PBC
solvation (the latter with reac-
tion field electrostatics). Note
that these interaction energies
have not been calculated using
continuum solvation, and the
cut-off is applied. Split axes are
used in both plots with van der
Waals energy terms on the right
and Coulombic terms on the left
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respective values of 0.178 and 0.320 reported for the same
set by Zhou et al. using MD with GB solvation [26].
However, it should be borne in mind that the coefficients
are not directly comparable, since the non-polar solvation
energy contribution was partitioned into a third parameter
in the fit of Zhou et al. [26], in addition to an inconsistent
treatment of the protein-ligand interaction in the bound

state, as shown by Carlsson et al. [31]. In the case of the
BACE set, the α coefficient tended to be larger than β
value by a factor of 5 to 6, depending on the solvation and
sampling strategy. This was also found by Tounge and
Reynolds for the BACE set, although there was a larger
variability in the α to β ratio for various cut-off and
sampling strategies [28]. For a given solvation and

a

b

Fig. 4 Evolution of the running
averages for compound H11
(binding to HIV-1RT) of the (a)
free state ligand-water electro-
static and van der Waals inter-
action energy terms, hU f

l�w;ele;Mi
and hU f

l�w;vdWi, respectively,
and (b) bound state ligand-water
and ligand-protein interaction
energies. In each state, the li-
gand-water electrostatic terms,
hU f

l�w;ele;Mi and hU b
l�w;ele;Mi, are

twice the corresponding GB and
PB electrostatic solvation free
energies. For the bound state,
the ligand-receptor van der
Waals hU b

l�p;vdWi and Coulom-
bic hUb

l�p;elei interaction ener-
gies are also shown, in addition
to the ligand-water van der
Waals interaction term
hU b

l�w;vdWi. The terms were
calculated (without application
of a cut-off) from a trajectory
sampled under PBC solvation
with reaction field electrostatics
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sampling strategy, comparison of statistical qualities of fit
from PB and GB approaches reveals that PB analysis is
usually only marginally better, reflecting the similar
electrostatic solvation free energies predicted by both
schemes. Indeed, Rizzo et al. [58] found for small molecules
that the partial charge scheme is more influential on
solvation energies than whether PB or GB schemes are
used. Although MD sampling using PBC and reaction field
electrostatics in conjunction with PB analysis yields the best
fit in both cases (with r2 values of 0.76 and 0.75 and
standard errors (SE’s) of 1.11 and 1.03 kcal mol−1 for HIV-
1RT and BACE, respectively), use of the other sampling and
solvation techniques results in r2 and SE’s of within a
maximum (for the HIV-1RT set) of 16 and 15%, respectively,
at a considerably lower computational expense (cf. Table 3).

Typical examples are depicted in Fig. 3a and b (using
split axes) of the evolution of the ‘running’ average during
the production stage of MD runs for HIV-1RT (H11) of the
van der Waals and Coulombic ligand-environment interac-
tion energies in the free and bound state (including with
water molecules) for shell and PBC solvation. In these
energy terms, the switching function is applied to the van
der Waals interactions, and to the Coulombic interactions in
the shell solvation case. In the PBC case, the 15 Å cut-off is
used for reaction field electrostatics. These terms are used
to assess if averaging during MD is satisfactory for
subsequent application to the entire sampled trajectory of
continuum electrostatics without any cut-off. In Fig. 3a,
the van der Waals energies converge within 50 ps, while the

Coulombic term requires 100 ps. The sensitivity of the
Coulombic energy to shell or PBC solvation and long-range
electrostatics is shown clearly by the lower PBC energy of
around 6 kcal mol−1. In the bound state (Fig. 3b), the
energy terms converge more rapidly due to the greater
inertia of the complex in the shell or box of water. In this
case, the van der Waals interactions with the receptor (and
the water molecules) are greater in magnitude than the
Coulombic terms, subject to the cut-offs. The disparity
between the shell and PBC Coulombic terms is lower in
this case (about 2.5 kcal mol−1) due to a smaller interaction
energy with the water molecules.

To illustrate the impact of continuum electrostatics
without any cut-off on the sampled configurations of the
same example, the evolution of the individual interaction
energy terms is shown for the free and bound states in
Fig. 4a and b. These terms are tabulated for the entire HIV-
1RT series in Table 6 for PB and GB electrostatics applied
to MD sampling using PBC and reaction field electrostatics.
The terms converge more rapidly, e.g. the free state
electrostatic terms do so within around 50 ps in contrast
to 100 ps. The more extensive ligand exposure to the solvent
in the free state leads to a larger magnitude of electrostatic
solvation free energy (and hence ligand-water electrostatic
interaction energy, via linear response): ΔGf

ele;M

D E
is larger in

magnitude and more negative than ΔGb
ele;M

D E
, e.g. −10.63

versus −6.22 kcal mol−1for GB electrostatics. GB solvation
energies, ΔGf

ele;GB

D E
and ΔGb

ele;GB

D E
, are typically up to 15%

more negative than PB values. In Figs. 3a and 4a, the

Table 6 Averages of the energy terms used in the construction of the LIE components for the HIV-1RT set using PB analysis and sampling by
MD under PBC and reaction field electrostatics

Ligand ΔGf
ele;PB

D E
ΔGf

ele;GB

D E
U f

l�s;vdW

D E
U b

l�s;vdW

D E
Ub

l�p;ele

D E
ΔGb

ele;PB

D E
ΔGb

ele;GB

D E

H01 −15.08 −15.45 −17.81 −49.80 −28.56 −3.12 −3.56
H02 −10.14 −11.04 −16.49 −52.70 −17.34 −5.14 −5.92
H03 −10.18 −11.10 −15.82 −51.15 −19.56 −5.88 −6.74
H04 −10.65 −11.54 −15.33 −49.62 −16.45 −4.97 −5.66
H05 −10.70 −12.02 −15.29 −58.50 −20.26 −2.86 −3.28
H06 −10.57 −11.15 −16.37 −58.45 −20.69 −4.58 −5.37
H07 −10.17 −11.70 −14.79 −47.60 −17.24 −4.03 −4.43
H08 −10.23 −11.92 −13.83 −47.05 −16.30 −3.36 −4.57
H09 −10.12 −10.68 −16.43 −53.96 −21.46 −5.91 −6.83
H10 −10.03 −10.47 −16.99 −54.53 −18.96 −6.12 −7.09
H11 −10.12 −10.63 −17.08 −52.55 −18.80 −5.40 −6.22
H12 −10.44 −10.85 −16.54 −55.39 −15.95 −5.31 −6.14
H13 −14.98 −15.94 −17.77 −49.96 −24.83 −3.82 −4.49
H14 −16.59 −16.97 −17.81 −48.33 −22.58 −5.34 −6.08
H15 −15.31 −15.32 −20.34 −56.97 −23.91 −5.17 −5.91
H16 −14.72 −14.58 −21.35 −60.16 −26.83 −5.74 −6.54
H17 −14.18 −14.21 −21.27 −59.71 −22.43 −7.11 −5.53
H18 −10.51 −11.38 −16.17 −61.54 −17.56 −4.95 −5.76
H19 −10.58 −12.75 −12.81 −47.35 −17.37 −3.82 −5.51
H20 −10.04 −11.56 −15.38 −52.43 −18.61 −4.76 −5.46
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discrepancy between the shell and PBC ligand-water
Coulombic interaction energies (circa −35.5 and −41.5 kcal
mol−1, respectively) and the linear response-derived terms
U f

l�w;ele;GB

D E
and U f

l�w;ele;PB

D E
(−21.26 and −20.24, respec-

tively) is substantial. This is due in part to the neglect of
entropy in the ligand-water Coulombic terms of Fig. 3a, unlike
the PB/GB estimates. However, the continuum nature of the
PB/GB approach is inherently more convergent than interac-
tion energies with explicit water (subject to cut-offs), even
when the reaction field approach is used (for the PBC case in
Fig. 3a). Although separate ligand-explicit water interaction
terms have not been shown for the bound state in Fig. 3b, the

difference between Ub
l�w;ele;GB

D E
and U b

l�w;ele;PB

D E
is around

0.8 kcal mol−1 (−12.44 and −10.8 kcal mol−1, respectively),
in comparison to about 2.5 kcal mol−1 between shell and
PBC Coulombic terms (i.e. circa −21.5 and −24 kcal mol−1,
respectively, cf. Fig. 3b). Since U b

l�p;ele

D E
is −18.8 kcal

mol−1 (although without any cut-off, cf. Fig. 4b and
Table 6), then it is clear that the ligand-explicit water
interaction in the bound state is also subject to considerable
convergence limitations. Therefore, this example shows the
importance of continuum electrostatics to calculate con-
verged energies, especially for electrostatic terms, without a
cut-off applied for ligand-receptor terms.

a

b

Fig. 5 Running average of in-
teraction energy terms for com-
pound B01 (i.e. OM99-2
binding to BACE). The terms
have been calculated without
cut-off from an MD trajectory
sampled under Born solvation.
In (a) the free state, the ligand-
water electrostatic interaction
energy hU f

l�w;ele;Mi is given for
both PB and GB electrostatics
(as twice the continuum solva-
tion free energy). In the free
state, the ligand-water van der
Waals term U f

l�w;vdW is zero, as
water molecules are absent dur-
ing sampling. In (b) the bound
state, the ligand-water electro-
static terms, hU b

l�w;ele;Mi, and
the ligand-receptor van der
Waals hU b

l�p;vdWi and Coulom-
bic hUb

l�p;elei interaction ener-
gies are shown
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An example is shown in Fig. 5a and b of the more rapid
convergence of the interaction energy terms in each state
using MD sampling with GB solvation. In this case, results
are shown for BACE (OM99-2), where the ligand is
charged. The 30 ps duration of the production phase of
the MD simulation is more than sufficient for convergence
in both states. Since the ligand is charged, the electrostatic
ligand-water interaction energies are large and negative in
both states: e.g. circa −548 and −536 kcal mol−1 for
U f

l�w;ele;GB

D E
and U f

l�w;ele;PB

D E
, respectively. The ligand-

water term also dominates the ligand-receptor Coulombic
energy in the overall bound state electrostatic interaction
with the environment, i.e. Ub

l�w;ele;GB

D E
and U b

l�w;ele;PB

D E

are −535 and −527 kcal mol−1, respectively, in contrast to
−110 kcal mol−1 for Ub

l�p;ele

D E
. It is instructive to examine

the ligand-environment interaction terms in each state prior
to calculation of the overall LIE van der Waals and
electrostatic terms by Eqs. (15) to 17. These overall LIE
terms, 〈ΔUvdW〉, ΔUPB

ele

� �
and ΔUGB

ele

� �
, are given in the

Electronic Supplementary Material for all HIV-1RT and
BACE ligands for each sampling technique.

In Tables 7 and 8, results are presented for LIE model
predictions and jacknife cross-validation for both series
using PB analysis on MD output with PBC and reaction
field electrostatics. For HIV-1RT, the jacknife results
exhibit closer agreement (r2: 0.69, SE: 1.25 kcal mol−1)
with the original model (r2: 0.76, SE: 1.11 kcal mol−1) than
for BACE (r2: 0.61, SE: 1.30 kcal mol−1 versus r2: 0.75,

SE: 1.03 kcal mol−1). This was found also for the other
solvation and sampling cases. The best results of Zhou et al.
[26] and of Tounge and Reynolds [28] for HIV-1RT and
BACE have r2 values of 0.74 and 0.71, and SE’s of 1.1 and
1.1 kcal mol−1, respectively, comparable to the results of
this study. Plots of model versus experimental values for
ΔGbind are shown in Figs. 6, 7, 8 and 9. For the HIV-1RT
series, PB analysis results from MD sampling are given in
Fig. 6 and PB/GB analysis results for GB energy
minimization are shown in Fig. 7. For both sampling
techniques and different solvation strategies, the H11 ligand
is predicted as being more weakly binding (e.g. around
−9.6 to −10.0 kcal mol−1 versus an experimental value of
−11.89 kcal mol−1). This discrepancy also occurs for H17
for all sampling cases, and for H03, H06 and H12 with
Born solvation MD sampling. For more weakly-binding
ligands, MD sampling with Born solvation predicts stronger
binding (cf. Fig. 6). For BACE, GB analysis results from
MD are given in Fig. 8 and PB and GB results for energy
minimization are shown in Fig. 9. For each solvation and
sampling scheme, it is interesting to note that the charged
ligands OM99-2 and OM00-3 (labeled B01 and B02,
respectively) are predicted quite well, and is better than
predictions for these charged ligands than those of Tounge
and Reynolds [28], who used the approach of Zhou et al.
[26]. However, B06 and B08 are predicted as more weakly
and strongly bound, respectively, by around 1.5–2 kcal
mol−1. Inspection of Figs. 6 and 8 shows that there is less
disparity between the various MD sampling methods for
BACE than for HIV-1RT. As with HIV-1RT, PB and GB
analysis of the GB-minimized structures for the BACE
series leads to similar results (cf. Figs. 7 and 9).

The LIE fit is similar in quality for both the HIV-1RT
and BACE sets with r2 values of 0.70 to 0.76 for MD
sampling and 0.66 to 0.67 for energy minimization, in

Table 7 Results for LIE fitting and jackknife cross-validation on the
HIV-1RT set using PB analysis and sampling by MD using PBC and
reaction field electrostatics

Ligand Expt LIE Jackknife

H01 −7.32 −6.81 −6.72
H02 −7.73 −9.16 −9.25
H03 −9.20 −10.23 −10.48
H04 −8.06 −7.84 −7.83
H05 −10.01 −10.52 −10.74
H06 −12.16 −11.74 −11.66
H07 −8.03 −7.32 −7.24
H08 −5.43 −6.59 −6.77
H09 −10.96 −11.89 −12.26
H10 −11.24 −10.99 −10.95
H11 −11.89 −9.68 −9.39
H12 −9.93 −9.55 −9.51
H13 −6.52 −6.37 −6.34
H14 −5.78 −5.10 −4.84
H15 −9.35 −8.21 −8.08
H16 −11.19 −10.71 −10.66
H17 −12.16 −10.33 −10.19
H18 −11.68 −11.92 −12.07
H19 −5.11 −7.56 −7.78
H20 −8.40 −9.61 −9.69

r2: 0.76 SE: 1.11 r2: 0.69 SE: 1.25

Table 8 Results for LIE fitting and jackknife cross-validation on the
BACE set using PB analysis and sampling by MD using PBC and
reaction field electrostatics

Ligand Expt LIE Jacknife

B01 (OM99-2) −12.06 −12.16 −12.21
B02 (OM00-3) −13.05 −12.84 −12.50
B03 −6.38 −7.64 −8.05
B04 −7.55 −9.08 −9.26
B05 −8.16 −7.30 −6.97
B06 −9.90 −7.97 −7.46
B07 −11.30 −10.47 −10.38
B08 −10.02 −11.40 −11.82
B09 −11.02 −10.74 −10.67
B10 −7.19 −8.19 −8.39
B11 −11.81 −11.26 −11.06
B12 −11.11 −10.48 −10.27

r2: 0.75 SE: 1.03 r2: 0.61 SE: 1.30
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comparison to respective values of 0.71 to 0.75 and around
0.66 to 0.68 for BACE. In both cases, there is little
difference between PB and GB analysis for a given
solvation or sampling strategy, as shown by the similarity
of the α and β values in Tables 4 and 5. Although PB
analysis in conjunction with MD under PBC does produce
the best fits, the use of energy minimization or shorter MD

runs for sampling with Born solvation requires far less
computational resources (cf. Table 3) and the statistical
quality of fit is only slightly inferior, e.g. r2 of 0.67, 0.71
and 0.76 for energy minimization, Born MD and PBC MD
with PB analysis for the HIV-1RT case. The fit for the HIV-
1RT set appears to be much more dependent on solvation
and electrostatics than the BACE series, as evidenced by α

Fig. 7 LIE predictions of bind-
ing free energies using PB and
GB electrostatics analysis versus
experimental values for the HIV-
1RT set, using energy minimi-
zation for sampling. The line is
as in Fig. 6

Fig. 6 LIE-predicted binding
free energies using PB electro-
statics analysis versus experi-
mental values for the HIV-1RT
set, with MD sampling under
PBC, shell and Born solvation.
The line is a visual aid repre-
senting ideal agreement between
fit and experimental values
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and β coefficients of comparable values, a substantially
larger standard deviation of 0.089 for the β coefficients in
comparison to 0.003 for BACE, and the slightly greater
disparity between the r2 and SE’s for various solvation
approaches: the range of r2 and SE’s differ by 15 and 14%,
respectively, for HIV-1RT with respective values of 14 and

13 % for BACE. Inspection of Fig. 6 shows that there is a
consistent overestimation of binding strength with Born
solvation for ligands with experimental binding free
energies of greater than −8 kcal mol−1. Although there are
clearly differences in energy terms when using explicit and
implicit solvation subject to cut-off (e.g. the Coulombic

Fig. 8 LIE-predicted binding
free energies using GB electro-
statics analysis versus experi-
mental values for the BACE set,
with MD sampling under PBC,
shell and Born solvation. The
line is as in Fig. 6

Fig. 9 LIE predictions of bind-
ing free energies using PB and
GB electrostatics analysis versus
experimental values for the
BACE set, using energy mini-
mization for sampling. The line
is as in Fig. 6
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interaction term with explicit water molecules for PBC and
shell solvation in the free state, cf. Fig. 3a), these
differences are reduced significantly with the use of PB or
GB analysis without cut-off, minimizing the difference
between results with different solvation methods.

Summary

LIE models have been derived for the binding free energies
of congeneric series of HEPT analogues in HIV-1RT and
oligopeptide inhibitors in BACE for PBC, shell and Born
solvation. Both MD and energy minimization were used for
sampling, and PB and GB electrostatics analysis
approaches were applied to the sampled configurations
without cut-off to compute the LIE van der Waals and
electrostatic terms for a two-component fit. Although PB
analysis applied to MD sampling under PBC with reaction
field electrostatics was found to result in the best fits (r2:
0.76, SE: 1.11 kcal mol−1 for HIV-1RT and r2: 0.75, SE:
1.03 kcal mol−1 for BACE), the other approaches resulted
in fits with r2 and SE’s of within a maximum (for the HIV-
1RT set) of 15 and 14%, respectively, at a considerably
lower computational expense. The cross-validation results
were reasonable for the HIV-1RT set (e.g. r2: 0.69, SE:
1.25 kcal mol−1 for MD under PBC with PB analysis) and
for BACE (e.g. r2: 0.61, SE: 1.30 kcal mol−1 for the same
sampling).

For some more strongly-binding ligands, the models
predicted weaker binding, e.g. H11 and H17 and also H03,
H06 and H12 without Born solvation MD sampling.
Interestingly, the charged ligands OM99-2 and OM00-3
(labeled B01 and B02, respectively) are predicted quite
well. There are several possible reasons for errors by the
models, not least the assumption that such a simple form of
Eq. (18) may be used to approximate the binding process.
There may be errors in the experimental estimates of
ΔGbind: standard errors of 1 kcal mol−1 would be quite
common and this limits the accuracy of the LIE fit. The
resolution of the crystal structures, in addition to the docked
structures of the ligands for which co-crystal structures are
not available, would also be important. It would be
worthwhile to carry out a systematic study of the effect of
different initial (docked) ligand poses on the LIE results.
The finding for both of these series that MD with PBC
solvation offers no real advantage over shell solvation, nor
over Born solvation with MD or energy minimization
sampling, suggests that a reasonable strategy for an LIE
study on a larger set of compounds for these receptors
could proceed with energy minimization and Born solva-
tion with subsequent GB analysis. As the relative timings in
Table 3 show, this approach is three orders of magnitude
faster than the equivalent MD under PBC with PB analysis.
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