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ABSTRACT
Recently a semiempirical method
has been proposed by Åqvist et al.1,2,3 to calculate
absolute and relative binding free energies. In this
method, the absolute binding free energy of a ligand
el
vdw
ⴚ V el
is estimated as ⌬Gbind ⴝ ␣GV bound
freeH ⴙ ␤GV bound ⴚ
vdw
el
vdw
V free H, where V bound and V bound are the electrostatic and
van der Waals interaction energies between the
ligand and the solvated protein from an molecular
dynamics (MD) trajectory with ligand bound to
vdw
protein and V el
free and V free are the electrostatic and
van der Waals interaction energies between the
ligand and the water from an MD trajectory with the
ligand in water. A set of values, ␣ ⴝ 0.5 and ␤ ⴝ 0.16,
was found to give results in good agreement with
experimental data. Later, however, different optimal values of ␤ were found in studies of compounds
binding to P450cam4 and avidin.5 The present work
investigates how the optimal value of ␤ depends on
the nature of binding sites for different proteinligand interactions. By examining seven ligands
interacting with five proteins, we have discovered a
linear correlation between the value of ␤ and the
weighted non-polar desolvation ratio (WNDR), with
a correlation coefficient of 0.96. We have also examined the ability of this correlation to predict optimal
values of ␤ for different ligands binding to a single
protein. We studied twelve neutral compounds
bound to avidin. In this case, the WNDR approach
gave a better estimate of the absolute binding free
energies than results obtained using the fixed value
of ␤ found for biotin-avidin. In terms of reproducing
the relative binding free energy to biotin, the fixed-␤
value gave better results for compounds similar to
biotin, but for compounds less similar to biotin, the
WNDR approach led to better relative binding free
energies. Proteins 1999;34:395–402.
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INTRODUCTION
Free energy perturbation (FEP) and thermodynamic
integration (TI) methods are rigorous approaches to evaluate binding free energies of ligands to a receptor. However,
r 1999 WILEY-LISS, INC.

sampling and convergence problems associated with these
approaches prevent them from being widely used in structure-based drug design.4,5,6 Thus, development of fast and
accurate methods to be used for structure-based drug
design is still very much needed.4,5,6 Åqvist et al. have
recently proposed a semiempirical molecular dynamics
method, termed the linear interaction energy (LIE) approximation, for the estimation of absolute binding free energies.1,2,3 It is faster than FEP or TI because it does not
sample any intermediate state between the initial and
final states. The method has been applied to several
different systems and the results are in good agreement
with experimental data.
The LIE method is based on linear response assumptions.1,2,3 It divides the interaction between the ligand and
its environment into electrostatic and van der Waals parts.
The binding free energy is estimated as
el
vdw
el
el
⌬Gbind ⫽ ⌬Gbind
⫹ ⌬Gbind
⬇ ␣7V bound
⫺ V free
8
vdw
vdw
⫺ V free
8 (1)
⫹ ␤7V bound
el
vdw
where Vbound
and Vbound
are the electrostatic and van der
Waals interaction energies between the ligand and the
solvated protein from an molecular dynamics (MD) trajecvdw
tory with ligand bound to protein and Vel
free and Vfree are the
electrostatic and van der Waals interaction energies between the ligand and the water from an MD trajectory
with the ligand in water, ⬍ ⬎ denotes an ensemble
average, and ␣ and ␤ are two empirical parameters.
For several protein systems,1,2,3 Åqvist et al. have found
that ␣ ⫽ 0.5 and ␤ ⫽ 0.16 gave calculated binding free
energies in good agreement with experimental data.
Paulsen and Ornstein, however, found that ␣ ⫽ 0.5 and
␤ ⫽ 1.043 resulted in good estimation of the binding free
energies of 11 substrates binding to cytochrome P450cam.7
The difference between the two sets of parameters was
rationalized as perhaps due to different force fields, GROMOS and CVFF respectively, used in the two studies.7
Wang et al. 8 applied this method to calculate binding free
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energies of 14 compounds binding to avidin using the
Cornell et al. force field.9 Their results showed that ␣ ⫽ 0.5
and ␤ ⫽ 1.0 gave reasonable estimates of the binding free
energies with respect to the corresponding experimental
results.
These studies raise an interesting question: can one set
of ␣ and ␤ be used in different protein-ligand complexes to
give reasonable estimates of binding free energies? Although Wang et al. used the Cornell et al. force field,9 they
found similar values of ␣ and ␤ as did Åqvist et al. for the
trypsin-benzamidine complex.8 This suggests that the use
of different force fields can not explain the difference in ␣
and ␤ found in different simulations.
What leads to a common value of 0.5 for ␣, albeit Åqvist
has shown ␣ may be reduced from this value for ligands
containing OH groups?25 The value of ␣ ⫽ 0.5 came from
the first order approximation of electrostatic contribution
to the binding free energy.4 This 0.5 also appears in other
semiempirical methods, such as Generalized Born model
(GB). It has been shown that this first order approximation
is reasonable.19 Thus, the use of ␣ ⫽ 0.5 has a physical
justification. On the other hand, there is no similar
argument to obtain ␤, which has been derived empirically.
It is reasonable to think that the value of ␤ is binding-site
dependent since it is the scaling factor for van der Waals
interactions. Thus, the question is, is there a factor to
describe the nature of binding sites and can one relate this
factor to the value of ␤?
In the present work, we have applied the LIE method to
a variety of protein-ligand systems and have tried to
answer the above question. In our study, ␣ has been kept
as 0.5 (as discussed above) and ␤ is adjustable. We defined
a ratio factor that we termed as the weighted non-polar
desolvation ratio (WNDR) (described below). We studied
seven different complexes whose binding affinities were
known experimentally and examined the correlation between ␤ and WNDR. ␤ was optimized separately for each
complex to reproduce the experimental binding free energy. WNDR of these seven complexes were also calculated. For these seven complexes we have observed a linear
correlation between the value of ␤ and WNDR.
We then used this observed linear correlation to calculate the binding free energies for 12 neutral compounds
bound to avidin. WNDR was calculated for each compound
and used to pick a separate ␤ value for each ligand. In this
case, the WNDR approach gave a better estimate of
absolute binding free energies than the results obtained
using the fixed value of ␤ found for biotin-avidin. In terms
of relative free energies of binding to biotin, the fixed ␤
gave better results for compounds similar to biotin than
the WNDR approach. On the other hand, for dissimilar
compounds, better relative binding free energies were
obtained using the WNDR approach.
METHODS
All calculations presented in this work were performed
using the AMBER5.010 simulation package and the Cornell et al. force field9 with TIP3P11 water model. RESP12

charges were used for all ligand atoms. For each system a
pair of simulations was performed, one with the ligand in a
20-Å sphere of waters, the other with the ligand bound to
the protein with a cap of waters around the complex. The
cap of waters around the complexes were filled up to 20 Å
from the center of mass of the ligand. All simulations were
carried out at 300 K. The SHAKE13 procedure was employed to constrain all bonds connecting hydrogen atoms.
The time step of the simulations was 1.5 fs with a dual
cutoff of 10 Å and 17 Å for the nonbonded interactions. The
nonbonded pairs were updated every 30 steps. All atoms
within 18 Å of the center of mass of the ligand were allowed
to move. Atoms between 18 Å and 20 Å were restrained by
a 20- kcal/mol/Å2 harmonic force. A 100-kcal/mol/Å2 harmonic position restrain was applied on the center of mass
of the ligand in each simulation. Electrostatic and van der
Waals interaction energies between the ligand and its
environment, i.e. water molecules in the ligand-free state
or protein residues and water molecules in the ligandbound state, within the 20-Å sphere centered at the center
of mass of the ligand were calculated using the CARNAL
and ANAL modules of AMBER.10
Since adding counter ions to the system leads to slow
convergence of the simulations,5 we followed Åqvist et al.’s
approach to maintain a neutral protein system in the
simulations by changing the charge state of some charged
residues.5 Specifically, the farthest charged residues from
the center of mass of the ligand were turned off to keep the
20-Å sphere of the protein neutral. The protonation states
of charged residues beyond 20 Å were also adjusted to
neutralize the entire system.
Prior to MD simulations, a series of minimizations were
carried out using a protocol in which all heavy atoms were
restrained with 5,000, 1,000, 100, and 10 kcal/mol/Å2
harmonic forces respectively. The maximum number of
minimization steps was 50,000 steps and the convergence
criterion for the energy gradient was 0.5 kcal/mol/Å. Data
collection was performed after a 50 ps equilibration. It took
100 to 300 ps to obtain converged average energies. Our
criteria for convergence was that the average energies in
the two halves of the trajectory differ by less than 5
kcal/mol. The convergence was checked for every simulation (see below). Solvent accessible surfaces (SAS) were
calculated using program MSMS14 after all hydrogen
atoms were removed from the PDB files.
When protein and ligand bind to each other, the solvent
accessible surface (SAS) of the complex is smaller than the
sum of SAS of protein and ligand before binding, because
part of the protein and ligand which are exposed to water
in the free states are buried upon binding. We termed the
loss of the SAS due to binding as the total desolvation SAS
(tdSAS). It is calculated as following:
total desolvation SAS(tdSAS) ⫽ SAScomplex
⫺ SASprotein ⫺ SASligand .

(2)

Obviously, the total desolvation solvent accessible surface

WHAT DETERMINES ␤ IN THE LIE

TABLE I. Surface Tension Parameters Taken From
Eisenberg and McLachlan’s Work17
 (kcal/mol/Å2)

Atom type
C
S
N
N⫹
O
O⫺

16
21
⫺6
⫺50
⫺6
⫺24

i
total desolvation SASi (tdSASi ) ⫽ SAScomplex

(3)

where i ⫽ C, N, O, N⫹,O⫺ and S, following the atom classes
defined by Eisenberg and McLachlan.17
The non-polar desolvation ratio (NDR) is defined as the
ratio of total desolvation SAS of all nonpolar groups,
carbon and sulfur atoms in this work, to the total desolvation SAS (tdSAS).
NDR ⫽ (tdSASc ⫹ tdSASS )/tdSAS

(4)

where tdSASC and tdSASS represent total desolvation SAS
of carbon and sulfur atoms respectively. NDR roughly
reflects how hydrophobic the binding site is.
In order to get a more accurate representation of the
hydrophobicity of the binding site, different groups on the
surface of the binding site should not be treated equally.
For example, burial of charged groups is more unfavorable
than burial of polar groups. So the desolvation SAS for
different groups have been weighted differently.
The total weighted desolvation SAS (twdSAS) due to
binding was calculated as:
total weighted desolvation SAS(twdSAS)
⫽

兺 ((i) ⫻ dSAS )
i

(5)

i

where (i) is surface tension parameters taken from
Eisenberg and McLachlan’s work.17 These values are
listed in Table I.
The weighted nonpolar desolvation ratio (WNDR) was
defined as the ratio of all nonpolar groups’ weighted
desolvation SAS to total weighted desolvation SAS:
WNDR ⫽ (((C) ⫻ dSASC ) ⫹ ((S) ⫻ dSASS ))/twdSAS

The simulations on twelve neutral compounds bound to
avidin were performed in a similar way. A rationale for the
use of a neutral COOH rather than the COO⫺ present in
biotin and its analogs was presented in ref. 8. The structures for the twelve complexes were obtained using a
docking algorithm.21 The computational details were reported elsewhere.8
RESULTS AND DISCUSSION

of atom i (tdSASi) due to binding was calculated as:

i
i
⫺ SAS protein
⫺ SAS ligand
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(6)

It should be pointed out that WNDR can be greater than
1 since the weights for polar groups are negative.
Initially, simulations on seven ligands binding to five
proteins were done. All these simulations started from crystal
structures taken from Protein Data Bank. Their PDB
entries are 3ptb, 1dwc, 1dwd, 1aaq, 5hvp, 1avd, and 2cpp.
The value of ␣ was kept as 0.5 and the values of adjustable
parameter ␤ were optimized to fit the experimental data.

The average ligand-solvent electrostatic and van der
Waals interaction energies for ligand bound and free states
are shown in Table II together with the calculated binding
free energies. The convergence errors estimated by averaging over the first and second half of the simulation
trajectories are also listed in the Table II. The small errors
indicate that the averaged results are stable.
Since Åqvist et al. and Ornstein et al. obtained different
values of ␤, we calculated the binding free energies on the
same systems as they did, namely complexes of trypsinbenzamidine (PDB entry 3ptb)6 and camphor-P450cam
(PDB entry 2cpp).7 We found two different values of ␤, 0.14
and 0.81, which gave a good fit to the experimental data
respectively. The two values are far from each other and
neither can give satisfactory results for both systems. We
used the Cornell et al. force field in these two systems
while Åqvist et al. used the GROMOS force field for
trypsin-benzamidine and Ornstein et al. used the CVFF
force field for camphor-P450cam. The ␤ values we found
for these two systems are each close to what Åqvist et al. (␤
⫽ 0.16) and Ornstein et al. (␤ ⫽ 1.043) obtained. This
further emphasizes what we noted above - the force field is
not the determining factor in why ␤ is so different in
trypsin from that in P450cam. Different force fields may
give different values of interaction energies in the ligand
bound and free states. However, taking the interaction
energy differences between the two states may lead to
some cancellation of the differences between the different
force fields.
We applied this method to other five protein-ligand
complex systems and the optimal values of ␤ were also
different for each. As discussed above, we keep ␣ ⫽ 0.5 in
all our simulations (see Introduction). One fixed ␤ could
not give the results, which are in good agreement with
experimental values in all cases. This is in contrast to
previous studies by Åqvist et al. in which one universal
value of ␤ was good for different systems.
The dependence of ␤ on ligand-protein system is not
unreasonable, given that the nature of binding sites is
different for different proteins: some binding sites have
many non-polar residues while other binding sites are
mostly composed by polar residues. From the previous
study of biotin binding to streptavidin by Miyamoto and
Kollman,14,15 it was found that the binding is dominated by
the difference between the van der Waals interaction
energies in ligand-bound and free state. It appears to be
determined by the dispersion attraction in the bound state
and the hydrophobic effect (repulsion term) in the ligandfree state. On the other hand in the complex of N-acetyl
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TABLE II. Calculated Binding Free Energies, WNDR and ␤ Values of Seven Systems
Protein
Trypsin
In watera
In proteinb
Differencec
HIVP
In water
In protein
Difference
HIVP
In water
In protein
Difference
Thrombin
In water
In protein
Difference
Thrombin
In water
In protein
Difference
Avidin
In water
In protein
Difference
P450-cam
In water
In protein
Difference

PDB entry

VDWd (kcal/mol)

ELe (kcal/mol)

WNDRf

␤

⌬Gcald (Kcal/mol)

⌬Gexpt (kcal/mol)

⫺8.20 ⫾ 0.18
⫺20.35 ⫾ 0.69
⫺12.15

⫺104.44 ⫾ 0.92
⫺114.14 ⫾ 1.92
⫺9.70

1.361

0.14

⫺6.55

⫺6.54

⫺39.76 ⫾ 0.5
⫺64.31 ⫾ 0.25
⫺5.64

⫺111.48 ⫾ 1.50
⫺117.12 ⫾ 1.02

1.42

0.195

⫺7.61

⫺7.60

⫺35.44 ⫾ 0.82
⫺65.15 ⫾ 0.63
⫺14.06

⫺252.18 ⫾ 2.99
⫺266.24 ⫾ 0.80

1.48

0.11

⫺10.30

⫺10.30

⫺23.82 ⫾ 0.08
⫺45.21 ⫾ 0.31
⫺21.39

⫺229.80 ⫾ 1.03
⫺225.24 ⫾ 1.04
⫹4.56

1.24

0.61

⫺10.76

⫺10.67

⫺34.76 ⫾ 0.28
⫺60.99 ⫾ 0.18
⫹8.82

⫺209.07 ⫾ 1.98
⫺200.25 ⫾ 0.70

1.20

0.61

⫺11.59

⫺11.63

⫺19.53 ⫾ 0.06
⫺37.57 ⫾ 0.30
⫺18.04

⫺52.68 ⫾ 0.16
⫺62.40 ⫾ 0.16
⫺9.36

1.10

0.87

⫺20.37

⫺20.40

⫺14.97 ⫾ 0.22
⫺26.69 ⫾ 0.14
⫺11.72

⫺12.87 ⫾ 0.24
⫺9.58 ⫾ 0.06
⫹3.29

1.05

0.81

⫺7.85

⫺7.90

3ptb

1aaq
⫺24.55
5hvp
⫺29.71
1dwc

1dwd
⫺26.228
1avd

2cpp

aLigand

in the free state, i.e. in water.
in the bound state, i.e. ligand bound to solvated protein.
cThe difference of van der Waals and electrostatic interaction energies between the ligand free and bound states.
d,evan der Waals and electrostatic interaction energies between the ligand and its environments, which are water in the free state and solvated
protein in the bound state respectively.
fWeighted non-polar desolvation ratio (WNDR), see text for definition.
bLigand

tryptophan with ␣-chymotrypsin, the binding free energy
has a larger contribution from the electrostatic term. This
suggested that there might be some correlation between
the value of ␤ and the hydrophobicity of the binding site.
Using Eq. (1) to calculate binding free energies, the
contributions of binding free energy due to electrostatic
and van der Waals interactions between the ligand and the
protein are considered. The contributions of binding free
energies due to desolvation, entropy loss due to reduced
conformation freedom, etc, are implicitly included by empirically optimizing the value of ␤.
In order to study how the value of ␤ depends on the
nature of the binding site, as the first step, we examined
the non-polar desolvation ratio (NDR), i.e. the ratio of
desolvation SAS of non-polar groups to the total desolvation SAS (tdSAS). It is a rough representation of how
hydrophobic the binding site is. We plotted the NDR
versus the values of ␤ in Figure 1. The linear correlation
coefficient is 0.89.
Many previous studies have shown that there is a
correlation between the change of solvent accessible surfaces and solvation and binding free energies. Empirical
atomic solvation parameters have been obtained for different atom types17,18 and these parameters have been success-

Fig. 1. ␤ value versus non-polar desolvation ratio (NDR) for the seven
calibration systems.
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and ␤. Of those three terms that are in Eq. (7) but not in
Eq. (1), ⌬Gt/r stands out as not being very molecule
dependent and should be roughly constant for typical
ligand-protein complexes. Thus, we examined the ability of
the following equation to represent the binding data in the
seven ligand-protein complexes studied above.
el
el
vdw
vdw
⌬Gbind ⫽ ␣7V bound
⫺ V free
8 ⫹ ␤7V bound
⫺ V free
8 ⫹ ⌬Gt/r .

We tested values of ⌬Gt/r in the range of 7–11 kcal/mol
and derived ␤ value for each system . Fitting of these
constant values of ⌬Gt/r still led to a good fit between the
WNDR and ␤, with correlation coefficient r varying between 0.98 (⌬Gt/r ⫽ 7 kcal/mol) to 0.95 (⌬Gt/r ⫽ 11
kcal/mol), compared to the 0.96 we found before. Thus, the
use of Eq. (8) rather than Eq. (1) appear to be equally
efficient for molecular dynamics modeling of the free
energies of ligand-protein complexes.
All of the above simulations started from crystal structures. In real drug design, people are interested in docking
novel ligands into binding sites. In another word, this
method would be more useful if it could be used in
estimating binding free energies for structures obtained
from docking. In addition, the linear correlation shown in
Figure 2 was obtained from examining different proteinligand systems. It is of interest to examine this relationship for different ligands binding to the same protein. We
thus have applied this correlation to predict optimal
values of ␤ for twelve neutral compounds bound to avidin
(compounds 2–13 in Figure 3).8 No crystal structure of any
of these complexes was available. The compounds (see Fig.
3) were docked into the binding site of avidin using a
docking program developed by Wang et al.21 Different
values of ␤ were assigned based on WDNR of each complex
structure after the MD simulation. As a comparison, a
fixed-␤ value, ␤ ⫽ 0.87, was applied to calculate the
binding free energies too (see Table III). The reason to use
␤ ⫽ 0.87 is that it gave best estimate of binding free energy
of biotin (compound 1) binding to avidin.
From Figure 4, we can see, compared with a fixed-␤
value, nine points out of twelve are in equal or better
agreement with experiment using the WDNR to determine
a different ␤ for each complex. For a fixed-␤ value, the
binding free energies were almost always underestimated.
However, using the WDNR values, this systematic error
was reduced in most cases. In three complexes, the binding
free energies were overestimated. This implies that there
were random errors involved instead of systematic ones.
The error may come from the correlation itself since we
only had seven points in our fit set. Another possible source
may be errors of the structures that were obtained from
docking ligands into the binding site. The worst case is
ligand four. The reason for this is discussed elsewhere.8
We also examined the relative binding free energies
between biotin (compound 1) and other compounds binding to the avidin (Table IV and Figure 5). From Figure 3,
we can see that compounds 2, 3, 6, 7 are more similar to
biotin than compounds 5, 8–13. The desolvation effect of
compounds 2, 3, 6, 7 should be also similar to biotin. In
26,27

Fig. 2. ␤ value versus weighted non-polar desolvation ratio (WNDR)
for the seven calibration systems.

fully applied to studying protein stability and protein
ligand binding.19,20 Encouraged by the good correlation
between the NDR and ␤, we used a weighted non-polar
desolvation ratio (WNDR see definition in Methods) to
discriminate contributions to binding from different groups.
It is natural to use the corresponding solvation parameter
of each group as its weight. Thus, non-polar groups have
positive weights and polar and charged groups have
negative weights (see Table I). In the present work, we
used the solvation parameters published by Eisenberg and
McLachlan.17 We calculated the WNDR and the optimal ␤
for the seven protein-ligand complexes. The correlation
between WNDR and values of ␤ is shown in Figure 2 and
the correlation coefficient is 0.96.
It is clear that the Åqvist Eq. (1) is a simplification of a
more general attempt to represent ⌬Gbind in terms of
components. For example, Eq. (7) can be considered as
such a general approach.
⌬Gbind ⫽ ⌬Gel ⫹ ⌬Gvdw ⫹ ⌬Gdesolv ⫹ ⌬Gt/r ⫹ ⌬Gintra

(7)

where ⌬Gel and ⌬Gvdw are contributions to the binding free
energy from electrostatic and van der Waals interactions
between the ligand and the protein respectively, ⌬Gdesolv is
the free energy change due to the desolvation effect, i.e. the
loss of solvent accessible surface due to complexation, ⌬Gt/r
is the translational/rotational free energy change upon
complexation, and ⌬Gintra includes free energy contributions from the conformational entropy loss and the changes
of intramolecular energies of the ligand and the protein
upon binding.
The Åqvist Eq. (1) attempts to ‘‘fold in’’ the last three
components of Eq. (7) into Eq. (1) by using parameters of ␣

(8)
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Fig. 3. Biotin analogues used for comparing the WNDR approach and the fixed-␤
approach.

Table IV, a fixed ␤ gave better results for compounds 2, 3, 6,
7 than WNDR. The reason is that errors introduced by
second term in Eq. (1) using a fixed ␤ cancelled each other
when we calculate relative binding free energies between
similar compounds. However, for compounds 5, 8–13,
WNDR gave better results than fixed ␤ since the desolvation effect of compounds 5, 8–13 are different from biotin.
After observing the correlation between the WNDR and
the value of ␤, we want to understand the physical
meaning of this correlation. As we noted above in Eq. (7),
the value of ␤ has in it implicit contributions from a
number of terms.
Jorgensen and coworkers have included a specific
⌬Gdesolve term, a solvent accessible surface term, to Eq.
(1).23,24 They calculated the change of solvent accessible
surface due to complexation and introduced another param-

eter ␥ in addition to ␣ and ␤. By optimizing the three
parameters, they obtained some improvements compared
with results obtained using Eq. (1). However they did not
discriminate the different contributions of polar and nonpolar groups to the binding free energies.23,24 It is known
that burial of non-polar groups is favorable for binding,
while burial of polar groups contributes unfavorably to
binding free energies.
From our own experience and previous studies,1–3,8,23,24
van der Waals interactions are always favorable for binding. The contribution to binding free energy of desolvation
effect depends on the components of the binding site. The
higher percentage of non-polar groups in the binding site,
the higher percentage non-polar groups are desolvated due
to binding, apparently, the more favorable contribution to
the binding free energy due to the desolvation effect. Since
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TABLE III. Calculated Binding Free Energies for 12 Compounds Binding to Avidin With WNDR and ␤ ⴝ 0.87 Approaches
Number
2
3
4
5
6
7
8
9
10
11
12
13
aResults
bResults

⌬G (kcal/mol)
(expt)

WNDR

␤

⌬G (kcal/mol)
(cald)a

⌬G (kcal/mol)
(cald)b

⫺16.9
⫺14.3
⫺8.8
⫺12.2
⫺14.0
⫺16.5
⫺11.1
⫺7.4
⫺4.5
⫺6.4
⫺5.0
⫺7.4

1.070
1.130
1.070
1.100
1.150
1.145
1.117
1.150
1.240
1.170
1.105
1.096

0.88
0.76
0.88
0.82
0.72
0.73
0.78
0.72
0.53
0.67
0.81
0.83

⫺17.09
⫺11.58
⫺18.03
⫺16.47
⫺11.98
⫺14.53
⫺12.64
⫺9.97
⫺6.93
⫺8.00
⫺10.24
⫺12.60

⫺16.93
⫺13.65
⫺17.81
⫺17.29
⫺13.94
⫺16.82
⫺13.66
⫺11.91
⫺8.78
⫺9.38
⫺11.15
⫺13.19

obtained by using ␤ which was estimated from the correlation between WNDR and ␤.
calculated using ␤ ⫽ 0.87.

TABLE IV. Relative Binding Free Energies
Between Biotin (Compound 1) and Other Compounds
Binding to Avidin
Relative
2-1
3-1
4-1
5-1
6-1
7-1
8-1
9-1
10-1
11-1
12-1
13-1

⌬⌬G
(kcal/mol) (expt)

⌬⌬G
(kcal/mol)a

⌬⌬G
(kcal/mol)b

3.5
6.1
11.6
8.2
6.4
3.9
9.3
13.0
15.9
14.0
15.4
13.0

3.3
8.8
2.4
3.9
8.4
5.9
7.8
10.4
13.5
12.4
10.2
7.8

3.5
6.8
2.6
3.1
6.5
3.6
6.7
8.5
11.6
11.0
9.3
7.2

obtained by using ␤ which was estimated from the correlation
between WNDR and ␤.
bResults calculated using ␤ ⫽ 0.87.
aResults

Fig. 4. Observed versus calculated binding free energies for the 12
compounds binding to avidin using ␤ predicted from the correlation
obtained from Figure 2 and ␤ ⫽ 0.87, respectively.

the weights for polar groups are negative, the more polar
groups buried, the smaller the denominator of Eq. (6),
thus, the larger the WNDR. Conversely, the smaller the
WNDR, the more hydrophobic a binding site, the larger
the value of ␤. Therefore, the correlation between WNDR
and ␤ makes sense.
CONCLUSION
In this work, we present a correlation between the
weighted desolvation non-polar ratio (WNDR) and values
of ␤ in the linear interaction energy method. ␤ in the LIE
method is a factor to describe how much van der Waals
interactions and desolvation effect contribute to binding
free energies. The WNDR represents the hydrophobicity of

the binding sites. This correlation was found by studying
different systems. It suggests that the value of ␤ is
predictable by calculating the WNDR of the system, especially for systems in which very different ligands bind to
the same protein or ligands bind to different binding sites
of the same protein. We applied this correlation to 12
complexes of avidin whose complex structures were obtained using a docking algorithm. The results are promising, but the further investigation is needed to examine if
the correlation is found in other systems.
The correlation between the WNDR and the value of ␤
should be useful in drug design. It is easy to calculate the
WNDR for any ligand-protein complex. The value of ␤ can
be obtained from the correlation presented here and this
should allow a more accurate estimate of binding free
energy to be obtained from the linear interaction energy
(LIE) method. The further role of LIE method in drug
design is to refine the leads found by docking algorithms
using database screening or de novo design. With the
development of increased computer power, molecular dy-
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Fig. 5. Observed versus calculated binding free energies between
biotin (compound 1) and other compounds binding to avidin using ␤
predicted from the correlation obtained from Figure 2 and ␤ ⫽ 0.87,
respectively.

namics can become more useful. Thus the LIE method can
be expected to be more widely used in finding novel leads
for ligands that bind tightly to macromolecules.
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