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Abstract—The interactions between four inhibitors and adenosine deaminase (ADA) were examined by calculating their binding
free energies after molecular dynamics simulations. A bonded model was used to represent the electrostatic potentials of the zinc
coordination site. The charge distribution of the model was derived by using a two-stage electrostatic potential fitting calculations.
The calculated binding free energies are in good agreement with the experimental data and the ranking of binding affinities is well
reproduced. Notably, our findings suggest that non-polar contributions play an important role for ADA-inhibitor interactions.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Adenosine deaminase (ADA) catalyzes the deamination
of both adenosine and 2’-deoxyadenosine to form ino-
sine and 2’deoxy-inosine, respectively, and it can exert
the same activity on a variety of substituted purine
nucleosides.! ADA deficiency results in severe combined
immunodeficiency disease by impairment of the differen-
tiation and maturation of lymphoid cells.? In the past
decade, the enzyme’s hydrolytic capabilitiecs have been
exploited to convert lipophilic 6-substituted purine
nucleosides to products which show anti-HIV (human
immunodeficiency virus) activity.? In recent years, aden-
osine has come to be known as an important factor in
the attenuation of inflammation.*> In particular, it has
been reported that the concentration of adenosine is in-
creased in inflammatory lesions and this accumulation
of adenosine might terminate inflammation.® Ecto-
ADA, on the other hand, could perpetuate chronic
inflammation by degrading extracellular adenosine or
2’-deoxyadenosine which are toxic for lymphocytes.’
Thus, an ADA inhibitor has great potential as an anti-
inflammatory drug that works at inflamed sites
selectively.
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Understanding the interaction of ADA with its inhibi-
tors is then critical for the development of the next gen-
eration of pharmaceutical agents. At this aim, computer
simulations can examine these interactions and describe
features important for ADA-inhibitor recognition. In
the present work, we used the molecular mechanic gen-
eralized born surface area (MM-GBSA) approach,
recently proposed by Srinivasan et al. and reviewed by
Kollman and co-workers, to estimate the enzyme-inhib-
itor binding affinity by looking at the change in the free
energy of the system upon binding.3 ' MM-GBSA is
easily applicable to a wide range of diverse ligands.
The total free energy of the system (G) is computed
according to Eq. 1.

G= GPOIfir + Gnonpolar + Emm —178S. (1)

Here, a generalized born (GB) model is used to estimate
the polar solvation energy term Gpolar. The non-polar
solvation energy term Gponpolar 18 computed from sol-
vent-accessible surface area (SASA) calculations,
through Eq. 2 for each isolated state (receptor, ligand,
or complex), where the Guonpolar term is expressed in
kcal/mol.%-10

Gnonpolar = (000542 % SASA) + 092 (2)

The E,,, term in Eq. 1 is a sum of the electrostatic (Cou-
lombic), van der Waals (Lennard-Jones), and internal
energies (bonds, angles, and dihedrals). Entropic effects
may be included (7S term) where T is the temperature
and the entropy S is typically estimated based on classi-
cal statistical formulas and normal-mode analysis of
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representative snapshots of energy-minimized structures
from a molecular dynamics (MD) trajectory. The bind-
ing free energy (AGhping) is then estimated from Eq. 3.%1°

AGbind = Gcomplex - (Gprotein + Gligand)- (3)

Finally, as shown in Eq. 4, the sum of Gponr and
Ghonpolar (SASA based) terms in the MM—-GBSA expres-
sion is considered to be a reasonable estimate of the
free energy of hydration (AGyyq) for a given molecule
if, as it is commonly assumed, diclectric constants of 1
and 80 are specified for the gas phase and water phase,
respectively.!!-13

AGhyd = Gpolar + Gnonpolar~ (4)

In the present work, four representative ADA inhibi-
tors, with a wide range of binding affinities, have been
selected for free energy calculations.

The crystal structure of ADA revealed that the zinc
atom is penta-coordinated with three nitrogen atoms
from three histidine side chains, an aspartate side chain,
and one oxygen atom from a water molecule (Fig. 1).
Because of the presence of the zinc ion, we were faced
with the problem of choosing a model for representing
its coordination site. Two different approaches have
been described for modeling the potentials of zinc: a
non-bonded model and a bonded model. In the non-
bonded approach, non-bonded electrostatic and van
der Waals terms are used to model the metal/enzyme

Figure 1. The zinc atom coordinated by three histidine nitrogen atoms,
one aspartate residue, and a water molecule.

interactions. In the bonded approach, instead, the coor-
dinate bonds between ion and enzyme are described by
the commonly used bonded terms, including bond
stretching, angle bending, and torsional terms, etc. The
non-bonded approach is very simple, but sensitive to
the electrostatic model chosen. The bonded model can
describe the coordination bonds more accurately, but
the difficulties with the parameterization of the bonded
terms involving these ions limit the applications of this
approach.

Toba and co-workers have shown that, when using the
AMBER force field, the non-bonded approach generally
fails to give the correct coordination number even when
long-range electrostatic interactions are correctly
accounted for, by using an infinite cutoff. Therefore, in
their work about MD simulations on human fibroblast
collagenase (HFC), the authors used a bonded model
to describe the zinc ions.'* Furthermore, Hou et al. also
adopted the bonded approach for zinc ion representa-
tion in calculating the binding affinities of a series of
inhibitors of Gelatinase-A.'> Consequently, in the pres-
ent work, we used the bonded model for describing the
zinc coordination site.

2. Results and discussion
2.1. Partial charges calculation

The partial charges we calculated for the bonded model
of the zinc coordination site are summarized in Figure 2.
Given that, upon coordination, electrons are transferred
from the binding residues to the metal, it is not surpris-
ing that the point charge calculated for the zinc ion is
significantly smaller than +2|e|. This finding is also sup-
ported by several previous works that involved parame-
trization about zinc coordination sites. In particular,
Hoops et al. used MNDO calculations to compute a
partial charge of +0.688|¢| on a zinc ion that is coordi-
nated to three histidine nitrogen atoms and a hydroxide
oxygen with tetrahedral geometry.'® In Toba’s work, the
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Figure 2. The partial charges for the active site model from the RESP
fitting calculations.
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point charge on zinc ion is about +0.80Je|, when the cat-
alytic center adopts a trigonal-bipyramidal coordination
sphere.'* Hou et al. performed analogous two-stage
electrostatic potential fitting calculations with a bonded
model to find a point charge of +0.5493|¢| for the five-
coordinated zinc.'®> Finally, Ryde et al. report that the
zinc charge changed by only 0.1|e| between the four-
and the five-coordinate systems using the same basis sets
(the partial charge for the zinc ion was found to be
+0.488Je]).!” In agreement with our results, the point
charge reported for the zinc ion is always significantly
smaller than +2|e|. The differences reported in the actual
value of the zinc point charge are not surprising, given
that the active site models were extracted from different
enzyme/ligand systems and that different Hamiltonians
and/or basis sets were used for quantum chemical
calculations.

2.2. Continuum trajectory stability

Energetic and structural properties were monitored dur-
ing the course of the trajectories to ascertain that the
GB-MD simulations were stable and converged. As an
example, Figure 3 illustrates the instantaneous proper-
ties for the complex inhibitor 1/ADA, in which the sys-
tem appears to be well converged before the data
collection phase starts at 20 ps.

Structural properties were also monitored by computing
the root-mean-square deviation (rmsd) between snap-
shots obtained during the course of the GB-MD trajec-
tory and the original starting coordinates. Figure 4
shows these instantaneous rms deviations (excluding
hydrogen atoms) computed for the complex inhibitor
1/ADA heavy atoms, the enzyme backbone main chain
atoms C,, C, N, and the inhibitor heavy atoms. In this
simulation, the inhibitor, ADA, and the relative com-
plex were very stable with rms deviations always below
2 A (Tables 1 and 2).
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Figure 3. Changes in temperature (line), and the kinetic (triangles),

potential (circles), and total energy (squares) terms during heating
(0-5 ps) and equilibration (5-20 ps) of inhibitor 1/ADA complex.
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Figure 4. RMS deviations from initial structure of heavy atoms in the
inhibitor 1/ADA complex (circles), enzyme backbone main chain
atoms (squares), and inhibitor heavy atoms (line) versus the simulation
time.

2.3. Component analysis of binding free energies

Binding free energies were computed (Egs. 1 and 3) from
snapshots sampled every 0.1 ps from the final 20 ps of
the GB-MD trajectories and presented in Table 3. The
binding free energies obtained with MM-GBSA are in
good qualitative agreement with the experimental data,
as indicated by a correlation coefficient, 2, of 0.62.

Furthermore, in order to better understand the mecha-
nism driving the formation of the ADA-inhibitor com-
plex, the correlation for the individual energy terms with
the experimental affinities was also analyzed. The non-

Table 1. Structures of the selected inhibitors and experimental binding
free energies, AGping €xp ~ RT In(Kj) in kcal/mol at 25 °C

Compound Structure AGping €Xp
NH,
N
NT X
I
1 N/ —12.32

NH,
NN
2 EN:[ > —11.55
Ho\/\/\i/

H

NH,
NN
3 \/\Bl)z[),q\i/ 1124

O

Om

OH NH, H
NN
LD
4 7 —9.08
\/\/N\)‘\‘/
OH

K; values from Refs. 20 and 21.



A. Coi et al. | Bioorg. Med. Chem. 14 (2006) 2636-2641 2639

Table 2. Force field parameters for the zinc ion

Table 4. Solvent accessible surface area calculations

Bond Bond parameters

K, (kcal/A?) Req (A)
Zn-NB 40.0 2.05
Zn-OH 40.0 2.20
Zn-OW 40.0 2.20
Angle Angle parameters

Ky (kcal/rad?) 0 (°)
NB-ZN-NB 20.0 105.0
NB-ZN-OH 20.0 115.0
CR-NB-ZN 20.0 126.0
C-0O-ZN 24.0 131.2
CV-NB-ZN 20.0 126.0
HO-OH-ZN 100.0 126.0

polar solvation contribution, AGyenpoiar» Was found to
have the highest correlation with an r* of 0.71, followed
by AGpotar (1 = 0.61), AEp, (7 = 0.53), and finally TAS
(r* = 0.19). This observation suggests that the AGponpolar
between the ADA and the inhibitors is the dominant
factor contributing to the binding affinity. Finally, as
it is explained in more detail below, we found that the
reduction in SASA upon binding (ASASA) also follows
the same trend as the experimental binding affinities for
the various individual inhibitors.

2.4. SASA calculations

In a recent work about the calculation of binding free
energies for major histocompatibility complex (MHC)
class I protein—peptide interactions using the continuum
method, Froloff et al. used the solvent accessible surface
area (SASA) as a measure of the non-polar contribution
to the binding free energy.'® In general, it has been ob-
served that, when a ligand binds to a receptor, the SASA
of the complex becomes smaller than the sum of the
individual SASAs of the receptor and the ligand.

Thus, in order to investigate how the change in SASA
upon complexation correlates with the binding activity,
we calculated the solvent accessible surface area of ADA
and the inhibitors in the free and bound states. At this
aim, the module MOLSURF within AMBERS was ap-
plied to calculate the SASA for averaged structures from
the MD simulations. As expected, the reduction in
SASA upon binding follows the same trend as the bind-
ing affinities of the individual inhibitors (Table 4), with a
bigger reduction of accessible surface found for inhibi-
tors with higher binding affinity. This observation clear-

Inhibitor Inhibitor—rADA Inhibitor =~ A SASA (Az) AGyping
complex (MD avg) [X]+[Z] —[Y] exp
(MD avg) (A 2]
(A [Y]
1 14245.72 497.62 1653.35 —12,32
2 1439441 491.22 1498.26 —11,55
3 15733.13 479.41 147.72 —11,24
4 16083.95 461.46 —221.05 -9,08
r?=0.71

SASA of ADA (MD avg) = 15401.45 (A%) [X].

ly indicates that tighter binding leads to a larger burial
of the solvent accessible surface area of ADA.

3. Conclusions

In the present study, we have used computational
methods, such as GB-MD simulations and MM-
GBSA analysis, to estimate the binding free energy
of four inhibitors with adenosine deaminase. The
strong correlation (+* = 0.62) we found between pre-
dicted and experimental binding affinities supports
our use of continuum MD simulations, as an alterna-
tive to explicit water-based simulations, for generating
the snapshots that were subsequently used in the
MM-GBSA analysis. Convergence of the GB-MD
simulations was carefully monitored through examina-
tion of instantaneous by computed free energies of
binding, individual energy components, and rms devi-
ations from starting structures. Despite the short sim-
ulation times, all structural and energetic properties
obtained by the GB-MD simulations appear to be well
converged. A limitation of the present method is that,
unlike simulations containing explicit water, detailed
solute-solvent interactions are absent. However, con-
tinuum methods are expected to have an added utility
where increased sampling is desired and/or computa-
tional expense is of concern.

We have also found that tighter binding leads to a
larger burial of solvent accessible surface area of the
enzyme. The intimate details of the recognition pro-
cess thus obtained can be very useful for the rational
design of new and improved ADA inhibitors to be
used as anti-inflammatory drugs. At this aim, we have
shown that MM-GBSA simulation methods can be
used effectively to model ADA-inhibitor complexes.
The simulation results can then be used to estimate

Table 3. Contributions to the calculated free energies of binding (AGy;ng calcd) from GB-MD simulations and MM-GBSA processing for inhibitors

of adenosine deaminase

Inhibitor AEvm AGpoar AGonpolar TAS AGping calced AGping €Xp

1 —462,88 438,52 9,88 —19,96 —14,28 —12,32

2 —339,67 249,49 —9,04 —85,69 13,53 11,55

3 —152,09 117,69 -1,72 —26,09 —10,03 —11,24

4 —176,66 99,99 0,28 —66,61 —9,78 —9,08
?=0.53 =061 =071 ?=0.19 =062

All energies are expressed in kcal/mol.
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binding free energies that strongly correlate with
experimental affinities.

4. Materials and methods

4.1. Construction of the initial structures for MD
simulations

In the present work, the X-ray crystal structure of ADA
with 1-deaza-adenosine (PDB code: IADD) was used as
the template complex.'” The ADA inhibitors, selected
for our computer simulations, are shown in Table 1.
Experimental binding affinities of the selected ADA
inhibitors were obtained from the literature (calf intesti-
nal mucosa).?>-2! Given the 84% similarity between their
aligned sequences, the X-ray-determined structure from
mouse was modeled into the bovine one by the homolo-
gy building technique.

The construction of the complex structure of ADA with
the inhibitors was accomplished in two steps. First,
1-deaza-adenosine was extracted from 1ADD and
replaced with the selected inhibitor molecules. Subse-
quently, the orientation and conformation of the
inhibitors in the binding site was optimized by docking
with the help of the DOCK program (version 4.0.1).2?
All constructing processes were done by using the
Sybyl7.0 program (Tripos) on a SGI Octane R12000
workstation.??

4.2. Force field parameters

Most bond and angle parameters associated with the
zinc center were taken from Hoops et al.'® According-
ly, all the torsions associated with the zinc-ligand
bonds were set to zero. Three angle parameters con-
cerned with the zinc center were taken from the stud-
ies of Ryde!”. These three angles are C-O-Zn, CV-NB-
Zn, and HO-OH-Zn. All force field parameters for the
zinc ion are shown in Table 2. All atoms are repre-
sented with the atom types defined in the AMBER
force field.

4.3. Partial charges

As previously mentioned, in our MD simulations, we
adopted a bonded model to represent the zinc center.
The use of such a model required, in addition to using
bond and angle parameters, the calculation of appropri-
ate charge representations for the zinc coordination site.
To accomplish this we adopted a two-stage ESP fitting
calculation. In the first stage, a simple model was used
to determine the ESP charges of the zinc ion coordinat-
ed to three histidine and one aspartate side chains, and
one water molecule. Figure 2 shows the simple theoret-
ical model we adopted for the binding site structure of
ADA. After extracting this theoretical model from the
overall structure and adding hydrogen atoms>* with
AMBERS, we performed a single-point ab initio calcu-
lation with no further geometry optimization. The
Hartree—-Fock method with the 6-31G* basis set applied
by the Gaussian03 program was used to determine elec-

trostatic potentials at a grid of points around the theoret-
ical model.?’ Finally, the partial charges for the zinc, the
three histidine and one aspartate residues, and the water
molecule were derived using the restrained electrostatic
potential (RESP) fitting method provided by AM-
BER.?%27 Figure 2 shows the resulting partial charges
on some atoms for the simplified binding site model.

4.4. Generalized born-molecular dynamics (GB-MD)
simulations

All MD simulations were performed by using AM-
BERS. Since the partial charges we found for the groups
coordinating the zinc ion are different from the standard
AMBER values, we defined five new residues, named
HIA, HIB, HIC, AAA, and WWW, to represent
Hisl5, Hisl7, His214, Asp295, and the water molecule
Watl1056, respectively. The partial charges for these five
newly defined residues were then changed from the de-
fault AMBER values to the calculated ESP ones. A
new zinc unit was defined to represent the zinc center
and a new type of residue was defined for each inhibitor
and added to the AMBER database files. Finally, the
force field parameters relative to zinc coordination that
are shown in Table 2 were added to the AMBER force
field file.

A two-stage conjugate gradient energy minimization
protocol was applied to the enzyme, the four inhibitors,
and their complexes prior to the MD simulations. Ini-
tially, an energy minimization was run for each system
using positional restraints only for the enzyme heav
atoms with a harmonic potential of 1000.0 kcal/mol A~.
Subsequently, a second restrained minimization was
then performed restraining only the backbone atoms
with a much weaker force constant (5.0 kcal/mol A?).
Finally, a further minimization was done to relax all
the atoms without constraints. The minimizations em-
ployed a distance dependent dielectric constant (4r)
and the convergence criterion for the energy gradient
was 0.01 kcal/mol A.

After the minimizations, molecular dynamics simula-
tions were initiated using the pairwise GB continuum
solvent model introduced by Hawkins and co-workers,
and implemented in the SANDER module of AM-
BERS.?%?° Simulations employed a 1 fs time step for
20,000 steps corresponding to a total of 20.00 ps of
GB-MD. The final desired temperature of 298 K was
obtained by requesting a heating cycle from 0 to
298 K over the course of the first 5000 MD steps and
the Langevin dynamics are used to simulate solvent fric-
tional effects with a collision frequency y = 1.0 ps~'. The
SHAKE algorithm was applied to constrain bonds
involving hydrogen atoms.3’

Dielectric constants of 1 (interior) and 80 (exterior) were
employed in all GB-MD simulations. All the MD
simulations for ADA, inhibitors, and complexes consist-
ed of 5 ps of heating, 15 ps for equilibration, and 20 ps
of MD simulations for data collection. No cutoff
(cutoff =999 A) was employed during the GB-MD
simulations.
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Average structural and energetic quantities used to esti-
mate binding affinities for the ADA inhibitors were
computed exploiting 200 snapshots from the last
20.00 ps of the MD trajectory. Due to the required
computational effort, solute entropies were computed
using five energy-minimized snapshots.

4.5. MM-GBSA processing

The various MM-GBSA energy terms in Eq. 1 were
computed as follows: polar energies (Gpolar) Were ob-
tained from the AMBERS program (GB energies) using
dielectric constants of 1 and 80 to represent gas and
water phases, respectively. Non-polar energies (Gnonpolar)
were determined from Eq. 2 using SASAs computed with
the MOLSURF program within AMBERS. Solute
entropies S were estimated using the NMODE module
of AMBERS. Prior to the normal mode calculations,
each species (complex, enzyme, or inhibitor) was subject-
ed to a conjugate gradient energy minimization using a
distance dependent dielectric constant (4r) and a tight
convergence tolerance drms = 1.0 x 10~ kcal/mol A.
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