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ABSTRACT The binding of 14 biotin analogues
to avidin is examined to evaluate the viability of
calculating binding free energy based on molecular
dynamics (MD) trajectories. Two approaches were
investigated in this work. The first one uses the
linear interaction energy approximation, while the
other approach utilizes the interaction free energy.
The results obtained from these two methods were
found to correlate well with the experimental bind-
ing free energy data for 10 out of 14 ligands. For the
other four ligands, both methods overestimate their
binding strength by more than 7 kcal/mol. Free energy
calculations using the thermodynamic integration
method are employed to understand this overestima-
tion. The effect of protein flexibility on binding free
energy calculation and the effect of charged or neutral
ligands on the calculated results are discussed. MD
simulations are shown to be able to provide insight into
the interactions occurring in the active site and the
origins of variations in binding free energy. Proteins
1999;34:69–81. r 1999 Wiley-Liss, Inc.
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INTRODUCTION

Given a receptor structure complexed with a ligand, a
common strategy for structure-based drug design is to
search for optimal binding modes of a candidate ligand at
the binding site, and then to evaluate the ligand binding
affinity in order to provide mechanistic insight into the
ligand-receptor interaction or to predict binding affinity of
a ligand prior to organic synthesis. The search for optimal
binding modes is a docking problem.1,2 Many algorithms
have been developed to effectively explore the energy
landscape of a ligand at the binding site. Ranking ligand
binding affinities, however, presents an additional large
challenge in molecular modeling. Several empirical scor-
ing functions have been developed in this regard and have
been described by Böhm,3 Williams,4 Marshall,5 Murray,6

and others. The basic idea of this approach is to derive an
empirical function composed of free energy components,
using the known ligand-protein complex structures and
their experimental binding free energies. Examples of
such free energy components are hydrogen bonding en-
ergy, lipophilic energy, loss of translational and rotational
entropy and others. This approach is computationally
efficient, but its application is often limited. Since the
number of experimentally known ligand-receptor complex

structures is still small, the basis set for deriving empirical
parameters of an empirical scoring function (i.e., to deter-
mine the relative weighting factors among free energy
components) is far from complete. Furthermore, the scor-
ing function is derived from the known ligand-receptor
structures, where receptor binding sites have perfect
match with the corresponding ligands. As a result, the
scoring function works best only for well matched ligand-
receptor complex structures, but it may have little toler-
ance to a slight change in binding orientation or conforma-
tion of a ligand as well as not be able to correctly penalize
suboptimal structures. For a set of ligands with different
sizes and heteroatoms, it is often difficult to obtain a
perfectly correct binding structure using current state-of-
art docking programs;7–10 thus, the subsequent prediction
of binding affinity using an empirical scoring function is
often questionable.

The free energy calculation methods including thermody-
namic integration (TI) and free energy perturbation (FEP)
methods, on the other hand, provides a rigorous theoreti-
cal framework to accurately estimate relative binding free
energy of ligands at binding site. In practice, free energy
calculations often run into sampling problem (both in
conformation and configuration sampling), because free
energy calculations spend most of their computation time
on non-physical intermediate states. This problem be-
comes even more severe when TI or FEP are applied to
predict binding affinities of a set of ligands with very
dissimilar structural scaffolds. In this case, a very long
simulation, which is at least a few orders of magnitude
slower than the empirical scoring approach, is required in
order to even hope to accurately calculate relative free
energies of binding.

Recently, Åqvist et al. have proposed a semiempirical
linear interaction energy (LIE) approach for estimating
absolute ligand binding free energies.14–17 In this ap-
proach, the binding free energy is approximated as

DGbind 5 a(, E ES .pro 2 , EES .aq)

1 b(, E VW .pro 2 , E VW .aq) (1)

where EES and EVW are the electrostatic and van der Waals
interaction energies between ligand and its surroundings

Grant sponsor: National Institutes of Health; Grant number RR-1081.
*Correspondence to: Peter A. Kollman, Department of Pharmaceuti-

cal Chemistry University of California, San Francisco, CA 94143–
0446. E-mail: pak@cgl.ucsf.edu

Received 17 April 1998; Accepted 27 August 1998

PROTEINS: Structure, Function, and Genetics 34:69–81 (1999)

r 1999 WILEY-LISS, INC.



in protein ( pro) or in aqueous solution (aq), respectively;
, . denotes the ensemble average over molecular dynam-
ics or Monte Carlo simulations trajectory; and a and b are
empirical parameters. In several test cases, Åqvist et al.
have found that a < 0.5 and b 5 0.16 are transferable
among different protein systems. When using LIE to
calculate the binding free energies for P450cam-substrate
complexes, Paulsen and Ornstein have found that a 5 0.5
and b 5 1.043 are best to correlate the calculated binding
free energies with the respective experimental values.18

Jones-Herzog and Jorgensen have also observed that a 5
0.5 and b 5 0.161 are not optimal for sulfonamide inhibi-
tors with human thrombin.19 It seems that these two
parameters can be protein-dependent. Regardless of the
transferability of these parameters, there are several
appealing features of the LIE approach. First of all, LIE is
faster than FEP calculations (more than a factor of five)
because LIE directly simulates the end states. Secondly,
LIE takes into account the protein flexibility just as FEP
does, which is often not included in scoring function
approaches. Finally, LIE uses an explicit solvent model in
its simulation; thus, the desolvation free energy can be
reasonably handled.

These advantages make LIE a potentially useful tool in
structure-based lead optimization. During the lead optimi-
zation stage, one often needs a relatively reliable computa-
tional method to understand detailed interactions between
the lead compounds and their receptor, and more impor-
tantly, to estimate binding affinities for a set of suggested
compounds prior to synthesis. The aim of this paper is to
apply the LIE method to calculate ligand binding free
energies for biotin analogues interacting with avidin.

Enzyme avidin is a basic tetrameric glycoprotein (4 3
128 amino acid residues) isolated from hen egg-white.20

Each of its protomers is organized in an eight-stranded
antiparallel orthogonal b-barrel, with extended loop re-
gions. Avidin binds to vitamin biotin with exceptionally
high affinity constants (Kd,10215 M).21,22 This high bind-
ing affinity suggests that avidin is probably an antibiotic
protein inhibiting bacterial growth and has lead to many
attempts in the biotechnology industry to utilize this
unique activity.23

The avidin binding site, which is located at the center of
the barrel, consists of both hydrophobic and polar residues
for recognition of the tightly bound vitamin. The binding of
biotin to avidin involves a number of hydrogen bonds
(H-bonds) and van der Waals (vdW) interactions as re-
vealed by crystal structures.24,25 In the free energy pertur-
bation study of biotin binding to streptavidin, a structural
homologue of avidin, Miyamoto and Kollman observed
that the vdW energy is significantly larger than the
electrostatic and hydrogen bonding energies in the binding
of biotin by streptavidin.26,27 The binding site of streptavi-
din and avidin have a nearly ideal complementary shape
for biotin, the binding of biotin to streptavidin does not
lead to any significant reorganization of binding site with
the exception of one mobile loop. There is little free energy
price to pay for streptavidin to create a cavity upon biotin

binding. This study provides a good starting point for us.
Furthermore, many biotin analogues as well as a variety of
molecules with no apparent structural similarity to biotin
have been reported to bind to avidin.21 The range of their
binding free energies is over 15 kcal/mol, larger than
almost any comparable system. So avidin is an ideal choice
to test the LIE methods and to further understand the
high binding affinity of biotin for avidin.

METHODS AND COMPUTATIONAL DETAILS
Force Field and Molecular Dynamics Simulations

All simulations presented in this paper were carried out
using a modified molecular simulation package Am-
ber4.1.28 The pairwise potential energy function of the
force field has the form:

V 5 o
bonds

kr(r 2 req) 2 1 o
bond
angles

ku(u 2 ueq ) 2

1 o
torsions

Vn

2
[1 1 cos (nw 2 wo)]

1 o
i, j
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ri j
2
12
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R*i j

ri j
2
6

4 1 o
i, j

qi qj

ri j
(2)

where kr, ku, Vn, req, ueq, and w0 are empirical parameters
relating to bond, bond angles and torsion angles, eij and R*ij
are van der Waals parameters, and qi are the atomic charges,
respectively. The atomic charges (qi) used in this work were
derived from the electrostatic potentials calculated at the
HF/6–31G* level with AM1 optimized geometry.

In order to calculate absolute binding free energies, two
molecular dynamics simulations were carried out for each
ligand: one for unbound ligands surrounded by an 18 Å
sphere of waters and the other for ligand-avidin complexes
together with a cap of waters outside the binding pocket.
The cap of waters in the complexes were added to fill space
up to 18 Å from the center of mass of the ligand. Since the
crystal structure is available only for biotin-avidin (pdb
entry: 1avd), the initial orientation and conformation of
the ligands at the binding site were determined by a
recently-developed flexible ligand docking program (J.
Wang, I.D. Kuntz and P.A. Kollman, submitted for publica-
tion). This docking program has been applied to twelve
ligand-protein complexes with three to sixteen rotatable
bonds and obtained the binding structures with root mean
square deviations (rmsd) ranging from 0.64 Å to 2.01 Å
from the corresponding crystal structures. For the biotin-
avidin complex, the docked biotin structure has an rmsd of
0.68 Å from the respective crystal structure.

All molecular dynamics (MD) simulations in this work
were carried out at 300 K and 1 atmosphere. The explicit
solvent model TIP3P water29 was used. The SHAKE
procedure30 was employed to constrain all solute bonds
involving at least one hydrogen atom. 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 protein atoms within 18 Å of
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the center of mass of ligand were allowed to move during
the MD runs. This was realized by the BELLY option in
AMBER. In the BELLY (movable zone), a 20 kcal/mol/Å2

position constraint was imposed for any residues between
15.5 Å and 18 Å from the center of mass of ligand. Prior to
the MD runs, the system was minimized with harmonic
position constraints for all protein heavy atoms in the
BELLY. The constraints are 5,000, 1,000, 100 and 10
kcal/mol/Å2. Subsequently, a cycle of minimization was
done to relax all the atoms in the BELLY without con-
straints (except for the 20 kcal/Å2 constraints for the
residues between 15.5 Å and 18 Å from the center of mass
of ligand). The maximum minimization steps were 10,000
and the convergence criterion for energy gradient was 0.5
kcal/mol/Å. In the MD simulation of an unbound ligand in
aqueous solution, a position constraint (50 kcal/mol/Å2) for
the ligand heavy atom that is closest to the center of mass
of the ligand was applied. During the date collection run,
the interaction energies of the ligand with all solvent
atoms (protein and water solvent) in the BELLY were
calculated and printed out for use in the subsequent
analysis.

One technical issue in applying the LIE approach is the
length of the MD simulation. In principle, the longer the
simulation, the more reliable the resultant binding free
energy. In practice, a relatively short simulation seems
adequately accurate in this case. Figure 1 illustrates
fluctuation of the electrostatic energy and the vdW energy
over the course of 160 ps MD simulation for the biotin-
avidin complex. The electrostatic interaction energy has a
fluctuation of about 68 kcal/mol, while the vdW interac-
tion energy fluctuates about 65 kcal/mol. The mean en-
ergy difference between the first 80 ps and 160 ps is 0.32
kcal/mol for the electrostatic energy and 0.30 kcal/mol for

the vdW energy. In general, we observe that vdW energy
converges faster than electrostatic energy because of the
short-range nature of the vdW interaction. In our several
test cases, we observed that the mean energy is converged
within 100 ps simulation. For example, in the biotin-avidin
complex, the mean energy difference between the first 50
ps and the second 50 ps is 0.36 kcal/mol for the electro-
static energy and 0.31 kcal/mol for the vdW energy.
Therefore, most MD simulations reported in this work
started with a 50 ps equilibration and then were followed
by a 100 ps production run.

Interaction Free Energy Calculations

In Eq. 1, a 5 0.5 is used for the electrostatic energy,
while b is a parameter for the van der Waals interaction
energy. We also explore an alternate way to estimate
binding free energy based on the interaction energies.
Since the interaction free energy can be estimated as

DGint 5 2RT ln 7exp (2Eint /RT )8

5 2RT ln 7exp [(2Eint 1 SDE int
i )/RT ]8

5 Eint 2 RT ln 7exp (2SDE int
i /RT )8

5 Eint 2 TDSint (3)

where the sum is over MD trajectory, Eint 5 , Eint . 5

a , E int
ES . 1 b , E int

vdW . is an ensemble averaged inter-
action energy, DE int

i 5 a(E int
ES,i2 , E int

ES .) 1 b (E int
vdW,i 2

, E int
vdW .), and DSint is the entropic term related to fluctuation

of the interaction energy, DSint 5 ln7exp(2SDE int
i /RT)8/R,

we can therefore estimate the binding free energy based on
the interaction free energies of ligand-protein complex and
the unbound ligand in solvent:

DGbind 5 DGint
pro 2 DGint

sol (4)

Eq. 4 is the same as Eq. 1 except for the entropic term,
DSint. We found that this term can yield slightly better
results in this set of ligands.

Free Energy Calculations

In this work, free energy calculation has been applied to
some systems in order to compare with the LIE results.
The free energy change between states A and B was
estimated by means of thermodynamic integration method.
By defining as a coupling parameter to link states 0 and 1,
such that H(l 5 0) and H(l 5 1), where H(l 5 0) and H(l 5

1) are the Hamiltonian of states 0 and 1, respectively, the
free energy difference between states 1 and 0 is

DG 5 DG1 2 DG0 5 e
0

1
7­V/­l8l dl (5)

where V is the energy function as defined in Eq. 2, and 7 8l is
denoted as ensemble average at the intermediate state l.

Fig. 1. Energy fluctuations over the molecular dynamics trajectory.
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Using the thermodynamic cycle shown as following:

P 1 L1
DG1

≤= P ? L1

DGsol < <DGpro

P 1 L2
DG2

≤= P ? L2

The relative binding free energy of the protein receptor (P)
with ligands L1 and L2 can be defined as:

DDG 5 DG2 2 DG1 5 DGpro 2 DGsol (6)

where DG1 and DG2 are absolute free energies for binding
the receptor by L1 and L2. DG1 and DG2 can be obtained
from experimental measurements. DGsol and DGpro are free
energy changes for ligand solvation and ligand-protein
complexation, respectively. These two components can be
calculated by means of thermodynamic integration method.
One often uses the calculated DGpro 2 DGsol values to
compare with the experimentally observed DG2 2 DG1

values to validate a theoretical model, or to predict relative
binding free energies of a set of ligands against the same
receptor if the experimental data are not available.

The TI simulations used the same protocol as the MD
simulation except that only a 10 Å cutoff was used for the
nonbonded interactions. Each thermodynamic integration
(TI) simulation consisted of 51 windows, with 2,000 or
4,000 steps each for equilibration and data collection in
each window. All TI calculations were performed with
forward and backward runs. Fifty (50) ps equilibration
was carried out prior to each direction of the TI runs.

Protocols of Protein Charged Residues

One important issue in calculating ligand-protein inter-
action energies is to determine the charge state of charged
residues of the receptor. Since the length of MD or FEP
simulation (,100 ps) is relatively short in this work and
only a limited number of cap water molecules are used,
adding counter-ions is not a good choice, because they
cannot be adequately equilibrated. Ideally, one can use
continuum solvation model such as Poison-Boltzmann
method to estimate the charge states. Unfortunately, since
the charge state is very sensitive to the choice of the
dielectric constant of the medium, the continuum solvation
model cannot always give a definite answer to the question
of interest. Hence, no attempt has been made in this study
to determine charge states of the charged residues through
the continuum solvation model. Instead, we investigated
two ‘‘simple’’ protocols. The first protocol turns off all
protein charged residues beyond 14 Å of the center of mass
of biotin, while keeping fully-charged residues within 14 Å.
The second approach, on the other hand, turns off only the
minimum number of outmost charged residues in order to
keep net charge of zero for all the residues in the belly. Our
test calculations for biotin, thiobiotin, and iminobiotin
show that the binding free energy is not very sensitive to
these two protocols. For instance, using a 5 0.5 and b 5 1,

the calculated binding free energy for biotin is 221.82 and
222.10 kcal/mol, respectively, with these two charge-
residue protocols. Similarly, the binding free energy for
iminobiotin is 214.25 and 213.84 kcal/mol with these two
protocols, respectively. Hereafter we report our results
based on the second protocol for charged residues. We
should point out that the choice of charge state for protein
charged residues is still an issue of debate and the
approach employed here is only a temporary expedient.

Most simulations were carried out on HP 9000/735
workstations, while part of the TI simulations was carried
out on HP-Convex Exemplar clusters.

Fourteen biotin analogues were selected in this study, as
shown in Figure 2. These ligands have different sizes with
either bicyclic five-member rings or only one five-member
ring. Some ligands have two hydrogen bonds (H-bond)
donors in the ureido ring, while others have one H-bond
donor and one H-bond acceptor. The experimentally-
observed binding free energies for these ligands range
from 24.5 to 220.4 kcal/mol.21

RESULTS AND DISCUSSIONS

In this section, we discuss the binding free energy
results calculated using either the interaction free energy
or the LIE approaches and compare the calculated results

Fig. 2. Biotin analogs used in the binding free energy calculations.
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with the corresponding experimental values. We also
address some technical issues such as the effects of initial
binding structure, ligand charge states, and protein back-
bone motions on the binding free energy calculations.
Finally, an attempt has been made to understand why the
interaction energy methods overestimate the binding free
energies for ligand 4, 5, 13, and 14.

The Protein Structure During the Simulations

To warrant a detailed discussion of binding energetics,
comparison of the protein structures in the simulations
with the related experimental structure is crucial. A
simple way to measure if the simulated structures drift
from the experimental one is to calculate the root mean
square deviation (rmsd) from the initial (crystal) struc-
tures for all heavy atoms in the moving BELLY region.
Table I lists rmsd for several representative complex
systems. Starting with the crystal structure of biotin-
avidin complex, avidin stays close to its initial structure
over the course of the simulation. The rmsd of the heavy
atoms in the BELLY are 0.20 Å after minimization of the
complex structure, 0.46 Å after 50 ps equilibration, 0.54 Å
at the first 30 ps production run, and 0.62 at the 100 ps
snapshot. Binding by 4 to avidin leads to a slightly large
conformational change in avidin due to a bulky methoxyl
substitution. The rmsd of the avidin heavy atoms in the
4-avidin complex ranges from 0.51 to 1.24 Å. As seen in
Table 1, for a small ligand, imidazolidine (10), the overall
receptor structure also stays close to its starting structure.
The rmsd of the avidin heavy atoms in the moving BELLY
region are less than 0.84 Å. The similar rmsd is observed
in the 14-avidin complex as shown in Table I. Overall, the
simulation protocol used in this work does not cause a
significant drift of avidin away from the structure that was
bound to biotin.

The Parameters for Determining the Binding
Free Energies

Table II lists the calculated energy components, binding
free energies as determined by the LIE method (Eq. 1) and
the interaction free energy method (Eq. 4) together with
the respective experimental data. Figure 3 shows the
correlation of the calculated binding free energies with
respect to the experimental values.

In most LIE calculations published in literature, a 5 0.5
has been used for the electrostatic interaction energy,

while the value of b is an issue of debate. In this work, we
determined b 5 1 by comparing the interaction free energy
calculation results on biotin (1), thiobiotin (2), and imino-
biotin (3) with the respective experimental results. Since
we started with the biotin-avidin crystal structure, the
binding of these three ligands to avidin is expected to lead
to the smallest change in the protein structures, conse-
quently, the calculated energy components are less of an
artifact. Hence, the determined b value from these sets of
compounds is expected to be more reliable than that from
other ligands. This is the main reason why we use these
three ligands to determine the b value. We should point
out that the binding free energy calculations at this level
are aimed for the lead optimization, in which only few lead
compounds are available. So selecting a small number of
compounds as the calibration set is desired at this stage.
We also note that the calculated binding energy results are
quite sensitive to the b value used in the calculations. No
extensive investigation has been carried out to find best b
value for the avidin system.

Using a 5 0.5 and b 5 1.0, both the LIE and interaction
free energy methods yield the binding free energies in good
correlation with the experimental results except for li-
gands 4, 5, 13, and 14. In general, the interaction free
energy method (Eq. 4) appears to yield results slightly
closer to the experimental binding free energy than the
LIE approach due to the entropic term, T,DSint.. This
term has contribtuions to binding of free energy in the
range from 10.05 to22.85 kcal/mol. As seen in Table 2, the
calculated binding free energies using a 5 0.5 and b 5
0.167 does not lead to as good agreement with experiments
as the calculated values using a 5 0.5 and b 5 1.0. Relative
to the experimental binding free energies for ten out of the
fourteen compounds (except 4, 5, 13, and 14), the standard
deviations of the calculated binding free energies are 2.53
kcal/mol in the interaction free energy method with a 5
0.5 and b 5 1, 3.56 kcal/mol in LIE using a 5 0.5 and b 5 1,
and 8.64 kcal/mol in LIE using a 5 0.5 and b 5 0.167.
Obviously, a better correlation between the calculated and
experimental binding free energy results can be obtained
by adjusting b, but no attempts have been made to do so in
this work.

In our test runs, we also carried out calculations for
benzamidin-trypsin complex, the system Åqvist has stud-
ied using the GROMOS force field.14 Using the same
protocol as for the biotin-analogs, the energy components
calculated using the AMBER force fields were listed in
Table III together with Åqvist’s results. In general, the
energy components calculated from the AMBER and
GROMOS force fields are different. For example, the
electrostatic interaction energy for the benzamidine-
trypsin complex is 2114.14 kcal/mol in AMBER and
2125.38 in GROMOS, the vdW interaction energy for
benzamidine in water is 29.82 kcal/mol in AMBER and
27.96 in GROMOS. The differences of these energy compo-
nents, on the other hand, are similar to each other despite
that different force fields were used in the calculations. The
net electrostatic interaction energy is 212.22 kcal/mol in

TABLE I. Rmsd FromAvidin Crystal Structure
for the Movable BELLY of Ligand-Avidin

Complex at the MD Snapshots

rmsd (Å)
1 4 10 14

After minimization 0.20 0.51 0.43 0.34
After equilibration 0.46 0.88 0.70 0.41
30 ps 0.54 1.24 0.64 0.82
60 ps 0.72 1.18 0.84 0.73
100 ps 0.62 1.21 0.77 0.79
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TABLE II. Binding Free Energies for Neutral Ligand Binding toAvidin With a 5 0.5 and b 5 1 (kcal/mol)

Ligand 7Vel8 7VVW8 27TDS8 DGcald DELIA
b DELIA

c DGexpt

1 (biotin)
DEa 24.68 218.04 1.07 221.82 223.72 27.69 220.4
Unbound 226.34 6 0.08 219.53 6 0.06 26.41 6 0.23 252.29 6 0.18
Bound 231.20 6 0.08 237.57 6 0.30 25.34 6 0.90 274.11 6 0.55

2 (thiobiotin)
DEa 23.93 214.95 0.89 217.99 218.86 26.42 216.9
Unbound 222.36 6 0.08 221.14 6 0.06 25.31 6 0.08 248.81 6 0.06
Bound 226.29 6 0.14 236.09 6 0.03 24.42 6 0.25 266.80 6 0.11

3 (iminobiotin)
DEa 2.28 218.31 1.69 214.25 216.03 20.77 214.3
Unbound 228.46 6 0.14 221.17 6 0.07 29.07 6 0.22 258.70 6 0.16
Bound 226.18 6 0.51 239.48 6 0.07 27.38 6 0.12 273.05 6 0.38

4 (18-N-methoxycarbonylbiotin methyl
ester)

DEa 0.30 220.82 0.65 219.86 220.52 23.18 28.8
Unbound 221.25 6 0.17 226.66 6 0.04 25.72 6 0.03 253.63 6 0.15
Bound 220.95 6 0.13 247.48 6 0.04 25.07 6 0.09 273.49 6 0.06

5 (38-N-methoxycarbonylbiotin methyl
ester)

DEa 23.46 215.90 0.73 218.63 219.36 26.11 212.2
Unbound 221.14 6 0.03 226.48 6 0.05 26.45 6 0.29 254.07 6 0.27
Bound 224.60 6 0.04 242.38 6 0.26 25.72 6 0.11 272.70 6 0.15

6 (1-desthiobiotin)
DEa 22.93 212.65 20.05 215.62 215.48 25.04 214.0
Unbound 213.78 6 0.04 222.62 6 0.06 24.26 6 0.09 240.67 6 0.06
Bound 216.71 6 0.09 235.27 6 0.35 24.31 6 0.11 256.29 6 0.33

7 (d-desthiobiotin)
DEa 22.93 215.97 2.85 216.05 218.90 25.60 216.5
Unbound 213.56 6 0.03 222.84 6 0.03 26.06 6 0.11 242.46 6 0.10
Bound 216.49 6 0.05 238.81 6 0.10 23.21 6 0.16 258.51 6 0.05

8 (D-4-n-hexylimidazolidone)
DEa 23.45 211.73 0.72 214.26 215.18 25.41 211.1
Unbound 213.39 6 0.10 218.89 6 0.03 24.21 6 0.07 236.49 6 0.08
Bound 216.84 6 0.05 230.62 6 0.05 23.29 6 0.09 250.75 6 0.10

9 (D-4-n-hexyl-2-iminoimidazolidine)
DEa 20.94 212.61 0.67 212.89 213.55 21.21 27.4
Unbound 215.44 6 0.12 217.49 6 0.07 24.37 6 0.13 237.30 6 0.07
Bound 216.38 6 0.02 230.10 6 0.16 23.70 6 0.10 250.19 6 0.19

10 (L-4-n-hexylimidazolidone)
DEa 23.30 28.44 2.43 29.31 211.74 24.71 29.1
Unbound 213.48 6 0.06 219.12 6 0.03 25.64 6 0.09 238.24 6 0.06
Bound 216.78 6 0.03 227.56 6 0.15 23.21 6 0.10 247.55 6 0.05

11 (Imidazolidone)
DEa 24.06 25.42 1.77 27.71 29.48 24.97 24.5
Unbound 212.72 6 0.08 28.06 6 0.02 23.45 6 0.05 224.23 6 0.03
Bound 216.78 6 0.03 213.48 6 0.01 21.68 6 0.03 231.94 6 0.02

12 (dl-4,5-dimethylimidazolidone)
DEa 23.26 27.03 1.11 29.18 210.29 24.43 26.4
Unbound 213.25 6 0.05 211.45 6 0.02 23.78 6 0.04 228.48 6 0.04
Bound 216.51 6 0.02 218.48 6 0.02 22.67 6 0.14 237.66 6 0.10

13 (D-4-n-hexyloxazolidone)
DEa 1.75 214.83 0.73 212.35 213.08 24.23 25.0
Unbound 212.76 6 0.05 219.57 6 0.05 24.23 6 0.07 236.55 6 0.08
Bound 211.01 6 0.05 234.40 6 0.16 23.50 6 0.03 248.90 6 0.14

14 (D-5-n-hexyloxazolidone)
DEa 21.27 213.70 0.78 214.20 214.97 23.56 27.4
Unbound 212.83 6 0.05 218.84 6 0.03 24.18 6 0.20 235.85 6 0.20
Bound 214.10 6 0.04 232.54 6 0.30 23.40 6 0.08 250.05 6 0.19

aDE 5 7Ebound8 2 7Eunbound8.
bb 5 1.0.
cb 5 0.167.
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AMBER and 210.20 kcal/mol in GROMOS, whereas the
net vdW interaction energy is 210.53 kcal/mol in AMBER
and 212.91 in GROMOS. Using a 5 0.5 and b 5 0.167, the
calculated binding free energy for benzamidine with tryp-
sin is 27.87 kcal/mol in AMBER and 27.26 kcal/mol in
GROMOS, which compares favorably with the experimen-
tal binding value of 26.4 kcal/mol.

The similar binding free energies from both force fields
indicate that the need to use b 5 1 for avidin-biotin rather
than Åqvist’s b 5 0.167 is likely due to the differences in
protein rather than the differences in the force fields used
in the calculations. A further discussion of the dependence
of b on the protein systems will be presented elsewhere.31

Charged Ligands vs Neutral Ligands

Calculating the binding free energies of charged ligands
is a challenge. This is because charged ligands correspond

to a large desolvation energy and ligand-protein-complex
energy. Calculation of absolute binding free energies thus
inherits a large numerical error due to the fact that
binding free energy is the difference between these two
large numbers. This problem becomes more obvious when
one attempts to estimate binding free energies of a set of
compounds mixed with neutral and charged states, as the
intrinsic errors for these two kinds of ligand are different.
In this section, we discuss the effect of ligand charge state
on binding free energy.

Table IV compares the calculated binding free energies
for biotin (1), thiobiotin (2), and iminobiotin (3) with either
protonated or deprotonated states. Using a 5 0.5 and b 5
1, the calculated binding free energies for the neutral
ligands (protonated state) are in good agreement with the
corresponding experimental results. Although the calcu-
lated binding free energies for charged ligands 1, 2, and 3

(deprotonated states) are in the correct order, their
relative energies deviate from the corresponding experi-
mental results more than those of the neutral compounds.
For example, using the interaction free energy, the relative
binding free energy between biotin and thiobiotin is –3.7
kcal/mol in experiment and 23.8 kcal/mol for neutral
ligands, but it is only 21.4 kcal/mol for charged ligands.
Such error (23.7 2 (21.4) 5 2.4 kcal/mol) makes it more
difficult to make reliable predictions. Therefore, in spite of
the fact that using the anionic states rather than the
protonated states seems appropriate for 1, 2, and 3 be-
cause the carboxylic acid should be ionized at the pH (,5)
in the experimental measurements, the possible artifacts
in the calculations suggest that it appears reasonable to
use the protonated states for 1, 2, 3 and the other-COOH
analogues in the LIE-like approaches. Therefore, we used
the results for neutral ligands 1, 2, 3, 6, and 7 in Table 2 for
comparison with the others neutral ligands. We emphasize
that there will be situations where one must use the
appropriately charged ligand for reliable results (e.g.
benzamidine-trypsin).

Dependence of the Calculated Binding
Free Energy on Starting Structures

In ligand binding free energy calculations, the docking
structure is the starting point for minimization and subse-
quent molecular dynamics simulation. Because the interac-
tion energy approach uses ensemble-averaged energies to
estimate binding free energies, an interesting question to
ask is if the calculated interaction energies are sensitive to
the docking structures. Here we chose the 13-avidin
complex, whose binding energy was overestimated by
more than 7 kcal/mol in the calculations, as an example to
address this issue.

Starting with the lowest-energy docking structure of
13-avidin, we manually generated several structures by
either rotating the ureido ring of 13 by about 640° or
translating its center of mass by 2.0 and 3.5 Å. The
generated binding orientations were visually inspected so
that there is no vdW clash between the ligand and the
residues in the binding pocket. Choosing the docking

Fig. 3. The correlation between the calculated binding free energies
and the corresponding experimental results.

TABLE III. The Calculated Energy Components
(kcal/mol) for Benzamidine With Trypsin

7Vel8 7VvdW8 DGcald
a DGexpt

AMBER
unbound 2101.92 6 0.50 29.82 6 0.18
bound 2114.14 6 0.10 220.35 6 0.09
DE 212.22 210.53 27.87 26.4

GROMOS14

unbound 2115.18 6 0.12 27.96 6 0.06
bound 2125.38 6 0.02 220.87 6 0.13
DE 210.20 212.91 27.26 26.4

aUsing a 5 0.5 and b 5 0.167 and without electrostatic energy
correction.14
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structure as reference, the root mean square deviations of
these structures range from 2.2 Å to 4.5 Å and have
relatively higher energies than the docking structure
(results not shown in detail). After a series of minimiza-
tions and 50 ps MD equilibration, most of these structures
were not much different from the one that was started
from the docked structure. The rmsd of these structures
from the docked structure range from 1.5 Å to 3.9 Å after
minimization, while the rmsd after 50 ps MD equilibration
is less than 1 Å, as illustrated in Table V. The difference
among the calculated binding free energies for three of
these structures is less than 0.5 kcal/mol. This indicates
that the orientation energy landscape of 13 in avidin
binding pocket is relatively flat and molecular dynamics
simulation samples the orientation space reasonably well.
Therefore, the binding free energy calculation using MD-

based method is not very sensitive to the starting orienta-
tion of a ligand in this case.

The Effect of Protein Flexibility on Binding
Free Energy

In our MD simulations so far, a harmonic position
constraint of 20 kcal/mol/Å2 was imposed only on the
residues in the BELLY that are 15–18 Å away from the
center mass of a ligand. An 18 Å cap of water molecules
was used to mimic the solvent effect near the binding
pocket. The limited number of waters might not be enough
to keep the protein in ‘‘proper’’ motion, and furthermore, it
may distort the protein motion or ligand-protein structure
in the movable BELLY. In order to investigate the effect of
protein flexibility on binding free energy calculation, we
carried out MD simulations by imposing a harmonic
position constraint for the avidin backbone heavy atoms in
the BELLY. The force constant used was 100 kcal/mol/Å2.

The resultant binding free energies are listed in Table VI
for selected ligands. As seen in Table VI, the limitation of
protein motion does not affect the binding free energy on
biotin (1), because the calculation used the biotin-avidin
crystal structure in which ligand is in perfect match with
the binding site. In the 4-avidin complex, the harmonic
position constraint on backbone heavy atoms in the mov-
able BELLY improves the binding free energy results. The
binding free energy for 4 is –8.8 kcal/mol in experiment,
–19.86 in the interaction free energy calculation without

TABLE IV. Binding Free Energies of Charged and Protonated Ligands inAvidin With a 5 0.5
and b 5 1 (kcal/mol)

Ligands 7Vel8 7VVW8 7TDS8 DGcald DELIA DGexpt

Charged ligands
(1) Biotin

DEa 20.36 220.64 1.34 219.65 220.28 220.6
Unbound 292.04 6 0.05 212.75 6 0.06 216.24 6 0.09 2121.04 6 0.08
Bound 292.40 6 0.13 233.39 6 0.09 214.90 6 0.07 2141.69 6 0.12

(2) Thiobiotin
DEa 1.39 218.67 1.76 218.30 220.16 216.9
Unbound 287.54 6 0.05 214.42 6 0.03 213.97 6 0.22 2115.93 6 0.24
Bound 288.93 6 0.19 233.09 6 0.15 212.21 6 0.12 2134.23 6 0.08

(3) Iminobiotin
DEa 5.59 220.33 2.88 211.86 214.74 214.3
Unbound 297.09 6 0.23 211.89 6 0.02 216.95 6 0.26 2125.93 6 0.18
Bound 291.50 6 0.46 232.22 6 0.07 214.07 6 0.13 2137.79 6 0.32

Neutral ligands (protonated)
(1) Biotin

DEa 24.68 218.04 1.07 221.82 223.72 220.4
Unbound 226.34 6 0.08 219.53 6 0.06 26.41 6 0.23 252.29 6 0.18
Bound 231.20 6 0.08 237.57 6 0.30 25.34 6 0.90 274.11 6 0.55

(2) Thiobiotin
DEa 23.93 214.95 0.89 217.99 218.86 216.9
Unbound 222.36 6 0.08 221.14 6 0.06 25.31 6 0.08 248.81 6 0.06
Bound 226.29 6 0.14 236.09 6 0.03 24.42 6 0.25 266.80 6 0.11

(3) Iminobiotin
DEa 2.28 218.31 1.69 214.25 216.03 214.3
Unbound 228.46 6 0.14 221.17 6 0.07 29.07 6 0.22 258.70 6 0.16
Bound 226.18 6 0.51 239.48 6 0.07 27.38 6 0.12 273.05 6 0.38

aDE 5 7Ebound8 2 7Eunbound8.

TABLE V. The Structures and Binding Free Energies With
Respect to Different Starting Orientation of 13 inAvidin

Binding Pocket

Number
rmsd (Å)

initial
rmsd (Å)
after min.

rmsd (Å)
after eq.

DGbinding

(kcal/mol)

a 0.00 0.00 0.00 212.35
b 2.50 1.98 0.50 212.77
c 3.67 3.65 0.43
d 4.30 3.82 0.61 212.61
e 4.56 4.31 0.71 212.42
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the constraint of the belly residues and 27.07 kcal/mol
with the constraint. The constraint also leads to better
binding free energy results in the 13-avidin complex. The
binding free energy for 13-avidin changed from 212.35
kcal/mol in the calculations without the constraint to
24.16 kcal/mol with the constraint, which is in good
agreement with the experimental value of 25.0 kcal/mol.

Unfortunately, limitation of the backbone motion does
not lead to a consistent improvement in binding free
energies for all ligands studied in this work. In 8 and 14,
for example, the calculated relative binding free energies
were worse than the results calculated without backbone
constraint. The relative binding free energy between 4 and
5 are 23.4 kcal/mol in experiment, 11.2 kcal/mol without
the constraint and 29.76 kcal/mol with the constraint.
Similarly, the relative binding free energy between 13 and
14 is –2.4 kcal/mol in experiment, –1.85 kcal/mol for the
calculation without the constraint, while it is –11.75
kcal/mol for the calculation with the constraint. The same
observation holds for ligand 11 and 12.

Overall, calculations using rigid backbone for avidin
residues do not give rise to a consistent improvement in
the binding free energies. This study also indicates that
the binding free energy results are sensitive to the protocol
of protein flexibility used in calculation. A careful examina-
tion of this effect is necessary in a calculation.

FEP vs LIE: A Case Study

Since limitation of protein motion in the calculations
does not consistently improve the binding free energy
results for 4, 5, 13, and 14, here, we carried out free energy
perturbation calculations for 4 and 5 in order to under-
stand these calculated results. Using thermodynamic inte-

gration method, we examine the relative binding free
energies between 1 and 4 and between 1 and 5. The
calculated free energy changes are listed in Table VII. The
free energy calculations for 1 = 4 and for 1 = 5 in vacuum
and solution were converged within 600 ps of simulation.
The hystereses between forward and backward runs are
less than 0.5 kcal/mol. The simulations for the ligand-
avidin complexes, however, are more difficult to converge.
Even with 600 ps of simulation, the hysteresis is 1.67
kcal/mol for 1 = 4 and 2.53 kcal/mol for 1 = 5. Since the
relative binding free energies of interest are more than 8
kcal/mol experimentally, which is larger than the uncer-
tainty in the calculation, the following discussion is thus
based on the 600 ps simulation results.

As seen in Table VII, the relative binding free energies
calculated from TI are in much better agreement with the
respective experimental results than the interaction en-
ergy methods. For instance, the experimentally-observed
relative binding free energy for 1 = 4 is 11.6 kcal/mol, the
TI simulation yields 10.31 kcal/mol, the interaction free
energy and the LIE methods predict the relative binding
free energy to be 1.96 and 3.20 kcal/mol, respectively.
Similarly, for 1 = 5, the relative binding free energy is 8.2
kcal/mol in experiment, 7.03 kcal/mol in the TI calculation,
3.19 kcal/mol in the interaction free energy calculation,
and 4.36 kcal/mol in the LIE calculation. Clearly, the TI
calculation has better performance than the interaction
energy approaches in terms of predicting relative ligand
binding free energies.

Why does the TI calculation yield better results than the
interaction energy approaches? First of all, looking at the
biotin-avidin (1-avidin) complex structure in detail as
shown in the stereoview of the 100 ps snapshot (Fig. 4), the

TABLE VI. Binding Free Energy of Selected Neutral Ligands inAvidin Calculated With a Harmonic
Position Constraint (100 kcal/mol/Å2) forAllAvidin Backbone HeavyAtoms in the BELLY

With a 5 0.5 and b 5 1 (kcal/mol)

Ligand 7Vel8 7VVW8 7TDS8 DGrigid
a DGflex

b DGexpt

1 (biotin)
DE 25.19 217.72 1.38 221.52 221.82 220.4

4 (18-N-methoxycarbonylbiotin methyl ester)
DE 7.64 216.34 1.62 27.07 219.86 28.8

5 (38-N-methoxycarbonylbiotin methyl ester)
DE 0.41 216.47 20.77 216.83 218.63 212.2

6 (l-desthiobiotin)
DE 25.09 213.39 1.04 217.43 215.62 214.0

9 (D-4-n-hexylimidazolidone)
DE 25.35 211.32 0.97 215.70 212.89 211.1

11 (imidazolidone)
DE 25.45 24.49 1.76 28.18 27.71 24.5

12 (dl-4,5-dimethylimidazolidone)
DE 24.41 25.56 1.66 28.31 29.81 26.4

13 (D-4-n-hexyloxazolidone)
DE 4.65 29.92 1.12 24.16 212.35 25.0

14 (D-5-n-hexyloxazolidone)
DE 23.99 212.89 0.96 215.91 214.20 27.4

aThe binding free energies calculated using the backbone sontraints.
bThe binding energies calculated without backbone constraints.
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ureido oxygen of protonated biotin (1) forms a hydrogen
bond network with Asn12, Ser16, and Tyr33. Two NH
groups in the ureido ring function as H-bond donors to
atom OD1 of Asn118 and atom OG1 of Thr35. All these
residues are deeply buried inside the binding pocket and
their solvent accessibility is null in the presence of biotin.
The tetrahydrothiophenic ring and aliphatic chain are
surrounded by aromatic residues Phe79, Trp97, and by
Trp110 from the other subunit. The terminal carboxylic
acid also has H-bonds with Ala38, Thr40, and Ser73. The
electrostatic interaction energy of 231.20 kcal/mol in
biotin-avidin complex seems to be dominated by these
H-bonds. These H-bonds, on the other hand, exist for an
unbound biotin in solvent water as well. The net gain of
electrostatic energy in binding is thus only about 24
kcal/mol, whereas the van der Waals energy is 218.04
kcal/mol, as seen in Table II. This is consistent with the
free energy perturbation results carried out by Miyamoto
and Kollman.

Relative to biotin, 4 and 5 are from the substitution of
the hydrogen with a methoxyl group at either 18 or 38
position of biotin (Fig. 2). The terminal acidic group in
biotin is also changed to ester. The structural deviation of

avidin heavy atoms within the BELLY is 1.2 and 1.0 Å,
respectively, upon binding of 4 and 5 to avidin. In the
4-avidin complex (Fig. 5), two H-bonds between ureido
oxygen and Ser16 and between ureido oxygen and Tyr33
remain as that in the biotin-avidin complex, but the
H-bond between the ureido oxygen and Asn12 is broken
due to the bulky substitution. The H-bond between HN in
the ureido ring and Thr35 is also broken, whereas Tyr33
forms an H-bond as an H-bond donor with nitrogen at 18
position. In the terminal region, the H-bond between the
hydrogen in carboxylic acid of biotin and Thr39 is broken
due to the methyl substitution. The ester group exposes to
solvent and has no close contact (more than 3 Å) with
protein residues. Therefore, relative to the biotin-avidin
complex structure, avidin has a noticeable conformation
change in the binding site upon substituting the N-H with
a bulky methoxyl group. In the other words, the residues
in the binding site must reorganize themselves in order to
create a cavity for 4. This part of the free energy penalty is
only related to protein itself, which is not explicitly in-
cluded in the interaction energy calculations for 4-avidin.
In the free energy calculation, not only the interaction
energy, but also the protein reorganization energy penalty

TABLE VII. Calculated Free Energies (kcal/mol) for Perturbing 1= 4 and 1 = 5 in Vacuum,
inAqueous Solution and inAvidin

Length (ps)
free energy (DG)a

Total EL 14EL vdW 14vdW badh pmf

1 = 4
In vacuum

600 82.44 6 0.17 272.83 147.10 7.00 7.43 23.40 22.90
In solution

300 96.54 6 0.56
600 94.99 6 0.14 261.23 144.19 10.09 7.45 20.34 25.17

In protein
300 105.66 6 2.75
600 105.30 6 1.66 256.73 142.40 14.08 6.72 4.96 26.13

DDG(sol/vac) 12.46 6 0.22
DDG(pro/vac) 22.86 6 1.67
DDG(pro/sol) 10.31 6 1.67 4.50 21.79 3.99 20.73 5.34 20.96
DDGexpt 11.60

1 = 5
In vacuum

600 106.11 6 0.43 241.58 131.96 8.96 7.70 2.09 23.02
In solution

300 115.80 6 1.86
600 115.09 6 0.24 234.80 133.08 15.14 7.13 20.25 25.44

In protein
300 121.81 6 5.65
600 122.12 6 2.53 232.90 132.02 18.87 7.55 2.01 25.43

DDG(sol/vac) 8.98 6 0.49
DDG(pro/vac) 16.01 6 2.57
DDG(pro/sol) 7.03 6 2.54 1.90 21.06 3.73 0.42 2.26 20.01
DDGexpt 8.2

aEL: electrostatic energy contribution to the free energy; 14EL: 1–4 electrostatic energy contribution to the free
energy; vdW: van der Waals energy contribution to the free energy; 14vdW: 1–4 van der Waals energy
contribution to the free energy; badh: internal energy including bond stretching, bond angle bending and
torsional angle energies of the ligand contribution to the free energy; and pmf: free energy correction for changing
bond length of the perturbed group.
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and other energies are included, so TI provides a more
complete description on the ligand-protein interaction
than the interaction energy approaches. Accordingly, TI
can produce better results in binding free energy calcula-
tion than the interaction energy methods.

Note that the binding free energy of 4-avidin is correctly
predicted in the LIE calculations using position constraint
for backbone atoms of avidin. One may argue that the
results of the TI simulation are fortuitous, because the TI
simulations for 1 = 4 had limited sampling, in which
protein binding site is ‘‘effectively’’ rigid just like in the MD
simulation with the constraint. This argument is not
correct. First of all, TI predicted the correct relative
binding free energy for 1 = 5 as well, while the interaction
energy calculations with the backbone constraint failed to
do so. Secondly, the energy components obtained from
these two calculations are different. For example, in the TI
calculation for 1 = 4, the relative binding free energy of
11.60 kcal/mol consists of 4.50 kcal/mol in electrostatic
energy, 3.99 kcal/mol in vdW energy and 1.86 kcal/mol in
1–4 electrostatic energy, 1–4 vdW energy and internal
energy altogether. In the interaction free energy calcula-

tion with the backbone constraint, on the other hand,
12.83 kcal/mol in the electrostatic energy and 1.38 kcal/
mol in the vdW energy mainly contribute to the relative
binding energy of 14.35 kcal/mol. The different energy
component contributions to the binding free energy by
these two methods clearly show that the TI calculations
are different from the interaction free energy method,
though their relative binding free energy results are
similar.

The similar discussion might be applied to the binding of
13 and 14 to avidin, in which LIE overestimates the
absolute binding free energy for 13 and 14 by more than 7
kcal/mol relative to the respective experimental values.
Also, the conformational entropy of the floppy -(CH2)5-CH3

group in 13 and 14 (also in 8 and 9) might contribute to the
overestimation in the binding free energies for these
molecules, because inclusion of this would stabilize the
unbound state and reduce the magnitude of the calculated
binding free energies.

It seems that the interaction energy approach cannot
handle well those ligands that will induce noticeable
conformational change of protein during the binding pro-

S(1 BTA)S(1 BTA)

Fig. 4. Stereoview of 1-avidin (biotin-avidin) complex.

S(1 BTA)S(1 BTA)

Fig. 5. Stereoview of 4-avidin (18-N-methoxycarbonylbiotinmethylester-avidin) complex.
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cess. When a bulky substitution with hetero-atoms occurs
inside the binding pocket, the protein residues need to
reorganize their conformation in order to create a cavity
for the ligand binding. In order to describe such ligand-
protein interaction, free energy calculation such as thermo-
dynamic integration or free energy perturbation methods
is still appropriate.

CONCLUSIONS

The binding of biotin analogous to avidin has been
studied by means of molecular dynamics simulations. Two
molecular dynamics-based methods to estimate binding
free energy are examined in this work. The first method,
often called the linear interaction energy (LIE) method,
employs the interaction energies between a ligand and its
surrounding in either bound or unbound states to calculate
the binding free energy. The second method utilizes the
interaction free energy to estimate the ligand binding free
energy. The interaction free energy is calculated based on
the interaction energy in the first approach. For 10 out of
14 biotin analogues, both the LIE and the interaction free
energy methods lead to binding free energies that corre-
late with the corresponding experimental values. The
interaction energy approach appears to give slightly better
results than LIE due to the inclusion of the entropy
contribution in the binding free energy calculations. For
the remaining four ligands, both methods are found to
overestimate the binding free energies by more than 7
kcal/mol. The origin of the overestimation is attributed to
the conformational change of the binding site induced by
binding. A substitution with heteroatoms occurs inside the
binding site and forces the residues in the pocket to
reorganize in order to create a cavity for the ligand
binding. The free energy price for the protein reorganiza-
tion is not explicitly included in the LIE or the interaction
free energy calculations. Thermodynamic integration
method that includes this part of energy can reproduce the
experimentally observed relative binding free energies.
The TI calculations support that the internal energy
change of protein is important for the binding by these
ligands to avidin. Nonetheless, the interaction energy
method has been proven to be useful to quickly estimate
ligand binding free energy.

The van der Waals coefficient, b, in Eq. 1 and Eq. 3 is
very important in estimating binding free energies for
ligand-protein complexes. Based on our own and Åqvist
and his coworkers’ similar results for benzamidine-
trypsin, it appears that the variation of b is not simply due
to different force fields used in the calculations. Also, the
fact that Paulsen and Ornstein’s P450cam results found a
similar b (,1.0) to that found here and very different from
Åqvist et al’s b (,0.167) makes it appear that the optimal
b is protein-dependent. A subsequent paper will address
the dependence of protein-ligand interactions.31
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