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Matrix metalloproteinases (MMPs) represent a potentially important class of therapeutic targets
for the treatment of diseases such as cancer. Selective inhibition of MMPs will be required
given the high sequence identity across the family and the discovery that individual MMPs
also regulate the natural angiogenesis inhibitor angiostatin. In this study, we have used
computational methods to model the selectivity for six thiadiazole urea inhibitors with
stromelysin-1 and gelatinase-A, two homologous MMPs that have been implicated in breast
cancer. From continuum Generalized Born molecular dynamics (GB-MD) and MM-GBSA
analysis, we estimated ligand free energies of binding using 200 snapshots obtained from a
short 40 ps simulation of the relevant protein-ligand complex. The MM-GBSA free energies,
computed from the continuum GB-MD trajectories, show strong correlation with the experi-
mental affinities (r2 ) 0.74); prior studies have employed explicit water MD simulations.
Including estimates for changes in solute entropy in the binding calculations slightly diminishes
the overall correlation with experiment (r2 ) 0.71). Notably, in every case, the simulation results
correctly predict that a given ligand will bind selectively to stromelysin-1 over gelatinase-A
which is gratifying given the high degree of structural homology between the two proteins.
The increased selectivity for stromelysin-1 appears to be driven by (1) increased favorable van
der Waals interactions, (2) increased favorable Coulombic interactions, and (3) decreased
unfavorable total electrostatic energies (Coulombic plus desolvation).

Introduction

Matrix metalloproteinases (MMPs) are zinc depend-
ent enzymes involved in a multitude of physiological
processes including embryonic development, wound
repair, and tissue remodeling.1-4 Specific MMPs target
the extracellular matrix (ECM) for degradation and
promote the formation of new blood vessels (angiogen-
esis).1 Given that angiogenesis is essential for the
development and progression of tumor growth, MMP
inhibitors could serve as effective anticancer agents.1-3

However, despite the initial excitement offered by first
generation MMP inhibitors to restrict invasive tumor
growth and metastasis in a variety of animal models,4,5

clinical trial results have been disappointing; no clinical
efficacy in humans has been demonstrated.2,5 Recent
studies have shown that MMPs also appear to regulate
the production of angiostatin, a potent angiogenesis
inhibitor that inhibits tumor growth.1,2,6,7 These findings
suggest that more selective MMP inhibitors are crucial
for the development of clinically effective chemothera-
peutics.1,8,9

Several classes of compounds have been reported
which bind to the active site residues in MMPs and
effectively prevent normal substrate degradation. Com-
pounds include peptidomimetic, nonpeptidomimetic,
tetracycline, and bisphosphonate inhibitors.4,10 Pepti-
domimetics were originally designed based on the amino

acid sequence flanking the cleavage site in the natural
substrate, collagen, for the MMP collagenase. Several
nonpeptidomimetics have been guided through structure-
based design11 approaches using crystallographic infor-
mation.4,10 Structural studies have revealed that most
inhibitors interact with MMP active site residues through
an elaborate hydrogen-bond network and chelation of
the active-site zinc.4 Several zinc binding groups (ZBG)
have been discovered which include a carboxylate,
aminocarboxylate, sulfhydryl, hydroxamate, phospho-
nate, or phosphinate moiety.4,10 Recently, 5-substituted-
1,3,4-thiadozole-2-thione compounds have been reported
that contain a novel ZBG where coordination occurs
through the exocyclic sulfur of a thiadiazole group.12

Structure-activity-relationship (SAR) studies have
shown that thiadiazoles are selective for stromelysin-1
(MMP-3) over gelatinase-A (MMP-2) with little or no
affinity for collagenase (MMP-1).12

The dual roles that matrix metalloproteinases appear
to play in cancer growth and metastasis1,5 highlight the
need for studies that address a physical basis for
selective inhibition of specific MMPs. In this report we
have used computational modeling techniques to de-
velop, refine, and validate simulation protocols and
methods that can be used in the design of anticancer
agents targeting the MMPs. We have focused on two
specific MMPs, stromelysin-1 and gelatinase-A, since
both have been implicated in breast cancer,13,14 crystal-
lographic structures of protein-ligand complexes are
available,15,16 and structure-activity data have been
reported.12 Although many MMPs are overexpressed in
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breast cancer tissue and tumor cell lines,13,14 stromel-
ysin-1, in particular, has been shown to promote mam-
mary carcinogenesis in mice17,18

Computer simulations of 5-substituted-1,3,4- thiadia-
zole-2-thiones (Table 1) with both stromelysin-1 and
gelatinase-A have been performed in order to estimate
free energies of binding for comparison with experiment.
Aims of this research include (1) the development of
generalized protocols and methods for continuum-based
computer simulations (no explicit water) for systems
with metallo centers, (2) the accurate prediction of
binding affinities and selectivities of thiadiazole inhibi-
tors with MMPs in comparison with experimental data,
and (3) the elucidation of the basis for selectivity
between MMPs through interpretation of the structural
and energetic results from the simulations. By ac-
curately modeling known MMP-ligand systems, new,
selective, and potent MMP inhibitors can be proposed
with greater confidence.

To estimate binding affinities and selectivities, we are
using the MM-GBSA and MM-PBSA analysis tech-
niques recently proposed by Srinivasen et al.19 and
reviewed by Kollman and co-workers.20,21 To date, the
MM-PBSA method has been applied to several protein-
ligand systems in order to estimate free energies of
binding for comparison with experiment; avidin (N )
9),22 HIV reverse transcriptase (N ) 12),23 neuramini-

dase (N ) 4),24 cathepsin D (N ) 7),25 Sem-5 (N ) 8),26

growth factor receptor binding protein 2 (N ) 5),27 and
stromelysin-1 with carboxylate ligands (N ) 6).28

Although good correlation to experiment was obtained
in many of the prior MM-PBSA studies, larger and more
diverse data sets should be considered in order to
further validate and test the utility of the method; in
this report we are studying a different class of ligands
(thiadiazoles) with stromelysin-1. In addition, prior MM-
PBSA and MM-GBSA analysis have used molecular
dynamics (MD) simulations with explicit water in order
to generate the ensemble of coordinates (snapshots)
used in subsequent binding affinity calculations;22-28 the
present study will evaluate the utility of using trajec-
tories generated with a generalized Born continuum
model (GB-MD). The motivation for using GB-MD is
2-fold: (1) in general, increased sampling for the ligand
and protein would be expected from continuum simula-
tions in comparison to explicit water simulations of the
same length, and (2) in practice, shorter continuum
simulations might be employed to compute thermody-
namic and structural quantities that could only be
obtained from much longer explicit solvent MD runs.

Theoretical Methods
Structure-based drug design using computational

methods continues to hold great promise as simulation

Table 1. Inhibition of Stromelysin-1 (str) and Gelatinase-A (gel) by Thiadiazole Ureasa

a Ki values in µM from ref 12. Estimated experimental binding energies ∆Gexptl ≈ RT ln(Ki) in kcal/mol at 25 °C.
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methods and protocols become more refined and com-
puters become more powerful. Of particular interest are
simulation methods that accurately estimate free ener-
gies of binding (∆Gbind) between small druglike mol-
ecules and a target protein without resorting to more
rigorous and very CPU intensive methods of free energy
perturbation (FEP) and thermodynamic integration
(TI) techniques.29 The recently reported MM-PBSA
method19-21 is faster by at least a factor of 10 than more
traditional FEP or TI techniques and does not require
any experimental data or fitting of parameters as in the
Åqvist linear response (LR)30 and extended linear
response (ELR)31-34 simulation methods. MM-PBSA is
easily applicable to a wide range of diverse ligands.

In the original MM-PBSA formalism,20,21 the total free
energy of the system (G) is computed according to eq 1.

Here, a polar solvation energy term Gpolar is computed
in continuum solvent using a finite Poisson-Boltzmann
(PB) model and a nonpolar solvation energy term
Gnonpolar is computed from a solvent-accessible surface
area (SASA) calculation using eq 2 for each isolated
state (receptor, ligand, or complex).20,21

Alternatively, a Generalized Born (GB) model may be
used to estimate Gpolar, yielding a method called MM-
GBSA.21 The Emm term in eq 1 is a sum of the
electrostatic (Coulombic), van der Waals (Lennard-
Jones), and internal energies (bonds, angles, and dihe-
drals). Entropic effects may be included (TS term) where
T is the temperature and the entropy S is typically
estimated based on classical statistical formulas and
normal-mode analysis of representative snapshots of
energy-minimized structures from a molecular dynamics
(MD) trajectory. The binding free energy is then esti-
mated from eq 3.20,21

Hereafter, a distinction is made between MM-GBSA/
PBSA results containing the T∆S term (∆GMM-GBSA+E)
versus results without solute entropy estimates
(∆GMM-GBSA).

A MD simulation with explicit solvent is typically
performed for each ligand bound to the protein to yield
snapshots containing representative structures of the
system(s),20-28 although in the present research no
explicit water was used in the simulation. Free energies
(G), for each species, complex, protein, and ligand, are
estimated with eq 1 using a set of Cartesian coordinates
from a given trajectory snapshot and the difference (eq
3) gives ∆Gbind. Multiple snapshots are taken during the
course of the MD trajectory to yield an average ∆Gbind.
For Gcomplex, bulk explicit solvent (if present) is removed,
while for Gprotein and Gligand explicit solvent and the
ligand or the protein are removed, respectively.20,21

Specific individual water molecules suggested to be
important for ligand recognition may be retained in the
coordinate files used in the posttrajectory analysis.24

It is important to note that the sum of Gpolar (PB or
GB energies) and Gnonpolar (SASA based) terms in the

MM-PB/GBSA expression (eqs 1 and 3) is considered
to be a reasonable estimate of the free energy of
hydration (∆Ghyd) for a given molecule if, as is commonly
assumed, dielectric constants of 1 (gas-phase) and 80
(water-phase) are specified as shown in eq 4.35-37

One way to evaluate the accuracy of theoretical
methods and partial charge models for use in macro-
molecular simulations is to compare experimental ∆Ghyd
values with calculated results. Results from ∆Ghyd
calculations, obtained from PBSA and GBSA methods
using the recently reported AM1-BCC38,39 partial charge
model, are presented below.

Computational Details
System Setups. Crystallographic structures of stromel-

ysin-1 (pdb entry 1USN)15 complexed with a thiadiazole
inhibitor PNU-107859 (Table 1, compound 46) and gelati-
nase-A (pdb entry 1QIB)16 complexed with a hydroxamate
inhibitor were used as starting coordinates for the present
simulations. No crystallographic structure of gelatinase-A
complexed with a thiadiazole inhibitor is currently available.
Five analogues of compound 46 were manually constructed
using the crystallographic coordinates of the stromelysin-1
complex (1USN) as a guide with the MOE program.40 Ana-
logues 70, 57, 56, 29a, and 45 from Jacobsen et al.12 were
chosen to (1) provide a reasonable range of experimental free
energies of binding (Table 1) for comparison with experiment,
and (2) be structurally similar to or smaller than the parent
compound 46. Using structurally similar compounds facilitates
the construction of each protein-ligand complex and helps
ensure that the ligands are placed in a reasonable starting
conformation.

To generate models of the thiadiazoles bound to gelatinase-
A, the enzyme was first superimposed to the stromelysin-1
coordinate frame through a rigid body translation and rotation
which minimized the root-mean-square deviation (rmsd) be-
tween CR carbons for residues 164-170, 194-206 (rmsd )
0.17Å). Visual inspection of the superposition results, for
residues that line the binding pocket, guided the final choice
as to which CR carbons were used in the coordinate transfor-
mation. Thiadiazole-gelatinase-A complexes were then gener-
ated by simply deleting the stromelysin-1 receptor atoms while
retaining the ligand coordinates for each of the six analogues.
The final alignment (Figure 1, right) highlights the gross
structural similarity between the stromelysin-1 (green tube)
and gelatinase-A (blue tube) enzymes, especially in the vicinity
of bound ligand PNU-107859 (red) and the coordinated zinc
ion (magenta); a molecular surface representation of stromel-
ysin-1 is also shown (Figure 1, left). An alternative approach
would have been to use a complex of stromelysin-1 without
PNU-107859 and build in the six thiadiazoles as done for the
gelatinase-A setups. Although the original gelatinase-A coor-
dinates were obtained from a cocrystal complex that did not
contain a thiadiazole inhibitor, the energy minimizations and
molecular dynamics equilibration procedures should remove
any initial memory that might bias the stromelysin-1 calcula-
tions.

For the simulations, two zinc and three calcium ions
common to both crystallographic complexes were retained but
crystallographic waters were removed. His residues were
singly protonated at either the epsilon (Nε) or delta nitrogen
position (Nδ) to maximize coordination with zinc. One residue
distal from each binding site was made neutral to enforce an
overall charge of zero for the systems (Glu126 in stromelysin-
1, Asp126 in gelatinase-A), otherwise AMBER7 default pro-
tonation states were employed.41

Standard PARM9942 force field parameters were assigned
to the protein, augmented by the Stote et al. nonbonded zinc
model (q ) +2 e-, σ ) 1.7 Å, ε ) 0.67 kcal/mol),43 using the

G ) Gpolar + Gnonpolar + Emm - TS (1)

Gnonpolar ) (0.00542*SASA) + 0.92 (2)

∆Gbind ) Gcomplex - (Gprotein + Gligand) (3)

∆Ghyd ) Gpolar + Gnonpolar (4)
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LEAP program in AMBER7.41 The Stote model was shown to
yield the best overall results out of eight zinc parameter sets
tested for docking ligands to thermolysin44 and, more recently,
MM-PBSA calculations have used the nonbonded model to
rank binding energies for six known carboxylate ligands of
stromelysin-1 in reasonable agreement with experiment.28 For
the ligands, GAFF41 force fields parameters and AM1-BCC38,39

partial charges were assigned using the ANTECHAMBER
program as implemented in AMBER7.41 Using this procedure,
twelve simulation-ready systems were constructed each con-
taining one of six ligands, that only differed in initial receptor
(stromelysin-1 or gelatinase-A) coordinates.

Generalized Born Molecular Dynamics Simulations
(GB-MD). A two-stage conjugant gradient energy minimiza-
tion protocol was applied to each protein-ligand complex prior
to the MD simulations. First, a minimization was performed
for each system in which only the receptor heavy atoms were
restrained to their crystallographic positions using a harmonic
potential (force constant ) 1000.0 kcal/mol Å2). A second
restrained minimization was then performed using a much
weaker force constant ) 5.0 kcal/mol Å2 in which only the
protein main-chain atoms (CR, C, N) were restrained. Both
minimizations employed a distance dependent dielectric con-
stant (4r) and loose tolerance for convergence (drms ) 0.1 kcal/
mol Å).

After the minimizations, molecular dynamics simulations
were initiated without explicit water using the pairwise GB
continuum solvent model of Hawkins and co-workers45,46

implemented in the SANDER module of AMBER7. Simula-
tions employed a 1 fs time step for 40010 steps corresponding
to a total of 40.01 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 with
temperature regulation maintained via coupling to an external
heat bath using the Berendsen scheme47 and a coupling time
constant tautp ) 1.0 ps. Protein main chain atoms were lightly
restrained using a weak harmonic force constant ) 5.0 kcal/
mol Å2, and the SHAKE48 algorithm was applied to constrain
bonds involving hydrogen atoms. Dielectric constants of 1
(interior) and 80 (exterior) were employed in all GB-MD
simulations.

Average structural and energetic quantities used to estimate
binding affinities for the MMP inhibitors and selectivities
between stromelysin-1 and gelatinase-A were computed using
201 snapshots from the last 20.01 picoseconds of the MD
trajectory as described below. Due to the computational
expense, solute entropies were computed using six energy-
minimized snapshots. No cutoff (cutoff ) 999 Å) was employed
during the GB-MD simulations.

MM-GBSA Processing. Following the extraction of coor-
dinates representing individual species (complex, receptor, or

ligand), from the GB-MD trajectory of each protein-ligand
complex, the various MM-PB/GBSA energy terms in eq 1 were
computed as follows. Electrostatic (Ecoul), van der Waals (Evdw),
and internal energies were obtained using the SANDER
module in AMBER7. Polar energies (Gpolar) were obtained from
the DelPhi37 (PB energies), and AMBER741 (GB energies)
programs using dielectric constants of 1 and 80 to represent
gas and water phases, respectively. For the PB and GB
calculations, the same coordinates, charges, and radii (mbon-
di)49 were used. Nonpolar energies (Gnonpolar) were determined
from eq 2 using SASAs computed with the MOLSURF41

program. Solute entropies S were estimated using the NMODE
module in AMBER6. Prior to the normal mode calculations,
each species (complex, receptor, or ligand) was subjected to a
conjugant gradient energy minimization using a distance
dependent dielectric (4r) and tight convergence tolerance drms
) 1.0 × 10-5 kcal/mol Å.

Results and Discussion

Free Energies of Hydration. The suitability of
using AM1-BCC charges for the MMP ligands was
tested through computation of free energies of hydration
(∆Ghyd) for model systems consisting of 410 neutral
organic molecules using eq 4. The present data set was
taken from Bordner et al.50 which includes a three-
dimensional structure for each compound along with the
associated experimental log gas/water value as origi-
nally compiled by Abraham and co-workers.51 Figure 2
compares experimental and theoretical free energies of
hydration, computed using eq 4, obtained using AM1-
BCC partial charges from PBSA (r2 ) 0.80) and GBSA
(r2 ) 0.77) calculations. Two points may be noted about
the ∆Ghyd results in Figure 2: (1) the excellent correla-
tion with experimental free energies of hydration lends
support for the use of AM1-BCC partial charges for the
ligands, and (2) the nearly identical results obtained
from the much faster GB calculations provide support
for using GB derived Gpolar energies for protein-ligand
binding studies.

Continuum Trajectory Stability. To gauge whether
the GB-MD simulations were stable and converged,
energetic and structural properties were monitored
during the course of the trajectories as illustrated in
Figure 3 for compound 46 with stromelysin-1. In Figure
3, despite the short simulation times, instantaneous
properties appear to be well converged before the data

Figure 1. Left: Molecular surface of stromelysin-1 in gray showing ligand 46 in red. Right: Overlay of stromelysin-1 (green
tube, pdb entry 1USN) and gelatinase-A (blue tube, pdb entry 1QIB) showing ligand 46 (red) and coordinated catalytic zinc ion
(magenta). The two proteins were aligned using CR carbons from residues 164-170 and 194-206 (0.17 Å rmsd difference).
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collection phase starting at 20.01 ps. Standard errors
of the mean (sem) for ligand 46 with stromelysin-1
computedfromthelast201snapshotsarelow: ∆GMM-GBSA
) 0.13 kcal/mol, temp ) 0.25 K (Figure 3a), ∆Εvdw )
0.13 kcal/mol, ∆Εcoul ) 0.25 kcal/mol, ∆Gpolar ) 0.21 kcal/
mol, and ∆Gnonpolar ) 0.005 kcal/mol (Figure 3b). Simu-
lation results for the ligands with gelatinase-A are also
well converged; standard errors of the mean for all
properties, with the exception of the T∆S terms, are
very low (Table 2).

Structural properties were also monitored by comput-
ing the root-mean-square deviation (rmsd) between
snapshots obtained during the course of the GB-MD
trajectory and the original starting coordinates as
illustrated in Figure 3c. Here, for ligand 46 with
stromelysin-1, instantaneous rmsds (excluding hydrogen
atoms) were computed for all heavy atoms (Figure 3c,
top), protein backbone main chain atoms CR, C, N
(Figure 3c, middle), and ligand heavy atoms (Figure 3c,
bottom). As noted above, a weak harmonic potential was
applied during the current GB-MD simulations to bias
the backbone main-chain atoms toward the crystal-
lographic coordinates. The focus is on obtaining short,
well-behaved, and converged simulations that achieve
a reasonable amount of sampling for the ligands and
amino acid side-chains about the initial crystallographic
coordinates. Despite the harmonic restraint, simulation
using the above protocols show a reasonable amount of
backbone motion (Figure 3c middle), with rmsd fluctua-
tions on the order of those observed during explicit
water MD simulations for other systems.52

Zinc Coordination. The challenges associated with
modeling protein systems containing zinc are well-
known.43 For this reason, the coordination states for
both zinc ions were monitored during the course of the
GB-MD simulations. Recently, MM-PBSA results have
been reported from explicit water MD simulations for
carboxylate MMP ligands with stromelysin-1 which
invariably resulted in an octahedral coordination for the
catalytic zinc ion in contrast to the tetrahedral coordi-
nation state observed in the crystal structure.28

In the present work, the correct tetrahedral geometry
was maintained for the structural zinc (Zn2) with
coordination neighbors His151@NE2, His166@NE2,

His179@ND1, and Asp153@CG during the course of the
simulations, as illustrated in Figure 4a which is repre-

Figure 2. Predicted free energies of hydration (∆Ghyd calcd)
computed using eq 4 from PBSA (0) and GBSA (+) calculations
vs experiment (∆Ghyd exptl) for 410 neutral organic molecules50

using AM1-BCC charges.

Figure 3. Instantaneous results from GB-MD simulations of
ligand 46 with stromelysin-1 plotted vs time. (a) Temperature
in Kelvin and ∆GMM-GBSA sum (∆Εvdw + ∆Εcoul + ∆Gpolar +
∆Gnonpolar) in kcal/mol, (b) individual components ∆Εvdw, ∆Εcoul,
∆Gpolar, ∆Gnonpolar in kcal/mol, (c) root-mean-square deviation
(rmsd) in angstroms (Å) between snapshots from the GB-MD
simulations and initial starting coordinates for all heavy atoms
(top), protein backbone main chain atoms CR, C, N (middle),
and ligand heavy atoms (bottom).
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sentative; coordination distances oscillate about the
observed crystal structure values. For the catalytic zinc
(Zn1), however, deviation from the initial crystal-
lographic distance is observed. In Figure 4b, instanta-
neous coordination distances for Zn1, with His201@NE2,
His205@NE2, His211@NE1, and ligand exocyclic S,
reveal that during the course of the simulation of ligand
46 with stromelysin-1, the average Zn1-ligand(S) dis-
tance is about 4.4 Å, much longer than the crystal
structure value of 2.4 Å. Interestingly, the Zn1-ligand-

(S) distance exhibits a breathing not observed for the
other coordinating residues (Figure 4b, top). Average
zinc distances from the simulation of ligand 46 with
stromelysin-1 are depicted in Figure 5 for comparison
with experiment. A nearby Glu202 residue is also shown
in Figure 5, whose average zinc-oxygen distance actu-
ally shortens by about 0.5 Å over the course of the
simulation in comparison with the crystal. This gluta-
mate, which also make bidentate hydrogen bonds with
the thiadiazole NH, may partially compensate for any
reduction in coordination energy lost by the elongation
of the Zn1-ligand(S) distance.

To facilitate the discovery of second-generation MMP
inhibitors, the suitability of using our restrained GB-
MD procedure to model alternative ZBG should be
tested. Ligands with carboxylate, aminocarboxylate,
sulfhydryl, hydroxamate, phosphonate, or phosphi-
nate4,10 groups are expected to affect the metal ion and
its coordination environment in different ways than the
thiadiazole ZBG studied here and will therefore likely
require different simulation protocols. Additional stud-
ies are needed to more fully resolve this issue.

Stromelysin-1 Binding. Free energies of binding
were computed for stromelysin-1 (eqs 1 and 3) from

Table 2. Contributions toward Calculated Free Energies of Binding (∆Gbind calcd) from GB-MD Simulations and MM-GBSA
Processing for Thiadiazoles with Stromelysin-1 (str) and Gelatinase-A (gel)a

system

∆Evdw
(N ) 201)

A

∆Ecoul
(N ) 201)

B

∆Gpolar
(N ) 201)

C

∆Gnonpolar
(N ) 201)

D

T∆S
(N ) 6)

E
∆Eelectro )
B+C+D

∆GMM-GBSA )
A+B+C+D

∆GMM-GBSA+E )
A+B+C+D+E

∆Gbind exptl ≈
RT ln(Ki)b

str 70 -32.84 ( 0.15 -39.48 ( 0.27 41.48 ( 0.21 -4.56 ( 0.01 -14.87 ( 2.54 -2.56 -35.40 ( 0.14 -20.54 ( 2.54 -10.57
str 46 -31.78 ( 0.13 -39.74 ( 0.25 44.63 ( 0.21 -4.48 ( 0.01 -18.52 ( 3.09 0.41 -31.37 ( 0.13 -12.84 ( 3.09 -8.39
str 57 -30.73 ( 0.14 -40.36 ( 0.25 43.33 ( 0.20 -4.45 ( 0.01 -20.96 ( 1.87 -1.48 -32.21 ( 0.12 -11.25 ( 1.87 -7.69
str 56 -29.34 ( 0.14 -37.51 ( 0.27 43.34 ( 0.21 -4.25 ( 0.01 -16.89 ( 1.36 1.58 -27.76 ( 0.13 -10.87 ( 1.37 -7.48
str 29a -25.11 ( 0.14 -40.67 ( 0.26 42.43 ( 0.20 -3.94 ( 0.01 -18.28 ( 0.87 -2.18 -27.30 ( 0.12 -9.02 ( 0.88 -6.15
str 45 -22.94 ( 0.11 -38.70 ( 0.26 39.24 ( 0.20 -3.65 ( 0.01 -20.31 ( 1.57 -3.11 -26.05 ( 0.12 -5.74 ( 1.58 -5.16

r2 ) 0.86 r2 ) 0.004 r2 ) 0.15 r2 ) 0.82 r2 ) 0.48 r2 ) 0.03 r2 ) 0.87 r2 ) 0.97

gel 70 -28.31 ( 0.13 -35.83 ( 0.24 43.22 ( 0.20 -4.25 ( 0.01 -21.28 ( 3.50 3.14 -25.17 ( 0.15 -3.90 ( 3.50 -7.53
gel 46 -26.79 ( 0.15 -35.51 ( 0.25 44.80 ( 0.18 -4.16 ( 0.01 -21.42 ( 2.08 5.13 -21.65 ( 0.15 -0.22 ( 2.09 -6.15
gel 57 -27.13 ( 0.13 -33.18 ( 0.30 42.26 ( 0.25 -4.19 ( 0.01 -18.31 ( 2.70 4.89 -22.24 ( 0.16 -3.93 ( 2.70 -4.97
gel 56 -26.55 ( 0.12 -35.60 ( 0.25 45.28 ( 0.21 -4.04 ( 0.01 -15.15 ( 3.16 5.64 -20.92 ( 0.15 -5.77 ( 3.16 -5.05
gel 29a -20.94 ( 0.12 -36.10 ( 0.30 42.46 ( 0.23 -3.61 ( 0.01 -18.33 ( 1.03 2.75 -18.19 ( 0.14 0.14 ( 1.04 -5.05
gel 45 -21.21 ( 0.12 -33.85 ( 0.26 39.89 ( 0.20 -3.51 ( 0.01 -14.93 ( 2.72 2.53 -18.68 ( 0.14 -3.75 ( 2.72 -5.46

r2 ) 0.24 r2 ) 0.14 r2 ) 0.02 r2 ) 0.21 r2 ) 0.47 r2 ) 0.06 r2 ) 0.55 r2 ) 0.00

total r2 ) 0.70 r2 ) 0.32 r2 ) 0.02 r2 ) 0.61 r2 ) 0.01 r2 ) 0.22 r2 ) 0.74 r2 ) 0.71

a All energies ( standard error of the mean in kcal/mol. b Ki values from ref 12.

Figure 4. (a) Structural zinc (Zn2) and (b) catalytic zinc (Zn1)
coordination distances for ligand 46 with stromelysin-1 from
the last 20 ps of the GB-MD simulations.

Figure 5. Average and initial crystallographic zinc coordina-
tion distances for ligand 46 with stromelysin-1 (pdb entry
1USN) from the last 20 ps of the GB-MD simulations. Ligand
46 in green, protein residues in CPK colors, and catalytic zinc
in cyan.
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snapshots saved every 0.10 ps from the final 20.01 ps
of the GB-MD trajectories and presented in Table 2.
For simulation results that include solute entropies
(∆GMM-GBSA+E), the best-fit line to the stromelysin-1
data yields a strong correlation coefficient with experi-
ment (r2 ) 0.97), low standard deviation of 1.02 kcal/
mol, and average unsigned error of only 0.79 kcal/mol
(Figure 6). The excellent correlation with experiment
is especially encouraging given the challenges pre-
sented: simulations are continuum-based, contain a
metallo center, and are short (40.01 ps) by conventional
standards.

Correlations of the individual energy terms with the
experimental affinities were pursued to understand
what drives binding (Table 2). The Evdw energies (r2 )
0.86) have the highest correlation with the variation in
experimental affinities, followed by Gnonpolar (0.82), T∆S
(r2 ) 0.48), Gpolar (r2 ) 0.15), and finally Ecoul (r2 )
0.004). Given that separate simulations for unbound
protein and ligand species were not performed, all
intramolecular contributions (bonds, angles, dihedrals)
to the total computed free energies cancel out. Therefore,
Evdw and Ecoul terms are only composed of nonbonded
interactions between the protein and ligand. For the
stromelysin-1 simulations, including solute entropic
contributions (T∆S) appears to be important as evident
by a substantial increase in correlation with experiment,
r2 ) 0.87 (∆GMM-GBSA) to r2 ) 0.97 (∆GMM-GBSA+E). In
this study, PB methods were also used to estimate the
∆Gpolar contribution to binding as discussed below. Given
that both methods (GB vs PB) appear to yield free
energies (∆GMM-GBSA vs ∆GMM-PBSA) in good agreement
with experiment, the much faster GB calculations
provide a valuable alternative.

During the course of the GB-MD simulations, the
∆Ecoul and ∆Ghyd (∆Gpolar + ∆Gnonpolar) energies are
highly anti-correlated (r ) -0.78, r2 ) 0.61) as il-
lustrated in Figure 7 for ligand 46. As expected, favor-
able protein-ligand electrostatic energies (∆Ecoul) are
approximately equal but opposite in sign to the desol-
vation penalties (∆Ghyd) at each point in the GB-MD
trajectory. The two competing effects nearly sum to zero,

and the instantaneous free energies of binding are then
dominated by the favorable ∆Evdw and unfavorable T∆S
terms (Table 2). Remarkably, small differences in any
average term can then account for the observed varia-
tion in binding, despite the fact that fluctuations in any
given term may be large.

For comparison with the stromelysin-1 ∆GMM-GBSA+E
results, binding free energies were also computed using
polar energies (Gpolar) obtained from Poisson-Boltz-
mann (PB) calculations using the DelPhi37 program. The
PB calculations employed the same charges, radii, and
coordinates as in the GB calculations. Not surprisingly,
good agreement with experiment was observed (r2 )
0.90 kcal/mol) using the Gpolar results, from the PB
calculations. The somewhat lower r2 value with experi-
ment compared to that obtained using the GB results
(r2 ) 0.97 kcal/mol) may reflect the fact that the
trajectories were originally generated using a GB-MD
trajectory. Interestingly, as in the GB calculations, r2

is diminished with the removal of the solute entropy
term, r2 ) 0.97 (∆GMM-GBSA+E) versus r2 ) 0.77
(∆GMM-GBSA).

Selectivity: Stromelysin-1 versus Gelatinase-A.
Experimentally the thiadiazoles are selective for stromel-
ysin-1 over gelatinase-A (Table 1).12 To understand the
basis for this selectivity, free energies of binding were
estimated for the six ligands with gelatinase-A adopting
the same MM-GBSA and normal mode protocols as in
the stromelysin-1 simulations (Figure 8, Table 2). Figure
8 shows the best fit line to the stromelysin-1 and
gelatinase-A ∆GMM-GBSA+E free energies which yield a
strong correlation coefficient with experiment r2 ) 0.71,
standard deviation ) 3.32 kcal/mol, and average un-
signed error ) 2.45 kcal/mol. In each case, the simula-
tion results correctly predict that a given ligand will
bind more tightly to stromelysin-1 than gelatinase-A
(Figure 8, Table 2), although, unlike the stromelysin-1
results, there is no linear correlation with the gelati-
nase-A experimental data alone. This might be a
consequence of the fact that for ligands 56, 29a, and 45
with gelatinase-A (Table 1) there is uncertainty in the
experimental measurements, and a comparison between

Figure 6. Predicted free energies of binding (∆Gbind calcd)
computed using eqs 1 and 3 from MM-GBSA calculations vs
experiment (∆Gbind exptl) for six ligands with stromelysin-1
(b).

Figure 7. Protein-ligand intermolecular Coulombic energies
(∆Ecoul) vs opposing desolvation penalties (∆Gpolar + ∆Gnonpolar)
for ligand 46 with stromelysin-1. Each point represents the
energy obtained from 1 of 201 individual snapshots during the
course of the GB-MD simulation.
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best and worst binders (Table 2) shows a compressed
experimental range for the ligands with gelatinase-A
(-2.59 kcal/mol) compared to stromelysin-1 (-5.63 kcal/
mol). A small data range can make linear correlations
of computer simulation results with experiment more
difficult.31 However, despite the experimental uncer-
tainty, correlation with experiment for the ligands with
gelatinase-A alone is restored (∆GMM-GBSA r2 ) 0.55)
with the removal of the entropic term. In fact, the total
correlation with experiment is improved for all the
ligands with stromelysin-1 and gelatinase-A (r2 from
0.71 to 0.74) without the entropic estimates. It should
be emphasized that the T∆S term is expected to be a
crude approximation of only the solute entropy, and, if
the simulations involve significant conformational sam-
pling between conformational wells, the harmonic model
is subject to failure.19 Given that the fluctuations in T∆S
are much larger compared to the other energetic terms
(Table 2), if resources and time allow, more snapshots
should be used for the solute entropy estimates.

In total, the simulation results agree quite well with
experiment and are useful in interpreting the experi-
mental data. For example, ∆Evdw and ∆Ecoul energies
(Table 2, columns A and B) for a given ligand are always
less for gelatinase-A than for stromelysin-1, suggesting
better charge complementarity and packing. The total
electrostatic energies, embodied in the ∆Eelectro term

(∆Eelectro ) ∆Ecoul + ∆Gpolar + ∆Gnonpolar), always oppose
binding for gelatinase-A (2.53 to 5.13 kcal/mol, Table
2). In contrast, the stromelysin-1 ligands have favorable
(-1.48 to -3.11) or much smaller unfavorable (0.41 to
1.58 kcal/mol) ∆Eelectro energies (Table 2). Since the
∆Gnonpolar and ∆Gpolar contributions are nearly constant
for the ligands regardless of receptor, the ∆Ecoul contri-
bution dominates the ∆Eelectro term. Given that solute
entropic contributions (T∆S) for both data sets appear
not to be a discriminating factor for selectivity among
the enzymes, the dominant selectivity terms then
become ∆Evdw and ∆Ecoul. Table 2 highlights the fact
that for each ligand, increased favorable van der Waals
and Coulombic interactions with stromelysin-1 are
observed during the simulations in comparison to ge-
latinase-A.

Binding Site Differences. Figure 9 shows the
alignment from stromelysin-1 (pdb entry 1USN) and
gelatinase-A (pdb entry 1QIB) sequences obtained using
the ClustalW program53 and depicted using the BOX-
SHADE program.54 The alignment highlights the overall
sequence similarity, especially for residues that make
contact with thiadiazole ligands (black circles). Binding
site residues are defined as being within approximately
5 Å from any ligand atom. Of the 14 binding site
residues highlighted in Figure 9, only four sequence
changes are observed (underlined black circles). These
four sequence changes, when coupled with structural
information, can be used to interpret the experimental
and computational results as illustrated in Figure 10.
In Figure 10, three aromatic rings in stromelysin-1
make significant contact with the ligand compared with
only one in the gelatinase-A structures. The large
changes at position Phe86 (absent in gelatinase-A) and
Phe210 (Glu in gelatinase-A) are expected to account
for the reduction in favorable ∆Evdw energies computed
for the ligands with gelatinase-A (Table 2) compared to
stromelysin-1 and probably contribute to the observed
selectivity. Interestingly, in the gelatinase-A structure,
the void created by the absence of residue 86 is partially
filled by placement of a glutamate residue midway
between the positions originally occupied by Phe aro-
matic rings in the stromelysin-1 structure through a
change in the ø1 angle of residue 210 from approxi-
mately 69° to 168° (Figure 10). For the remaining
changes, the reduction in available contact surface for
the ligands with Asn175 (stromelysin-1) versus Gly175
(gelatinase-A) would lead to reduced favorable van der
Waals interactions of the compounds with gelatinase-

Figure 8. Predicted free energies of binding (∆Gbind calcd)
computed using eqs 1 and 3 from MM-GBSA calculations vs
experiment (∆Gbind exptl) for the six ligands with stromelysin-1
(b) and gelatinase-A (0).

Figure 9. Stromelysin-1 (pdb entry 1USN) and gelatinase-A (pdb entry 1QIB) sequence alignment showing identical residues in
black. The sequences were aligned using the ClustalW program,53 and the picture was generated using the BOXSHADE program.54

Residues within approximately 5 Å from the ligands are marked with a black circle (b). Sequence changes in binding site residues
between the two MMPs are indicated with an underlined black circle (b).
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A, while the minor Tyr to Phe swap at position 168
probably has little effect.

Conclusion

In this study we have used computational methods
to estimate the free energy of binding for six ligands
with stromelysin-1 and gelatinase-A using GB-MD
simulations and MM-GBSA analysis. The predicted and
experimental binding affinities (∆GMM-GBSA+E) show
strong correlation (Figure 8, r2 ) 0.71) which provides
support for using continuum MD simulations, as an
alternative to explicit water-based simulations, to gen-
erate the snapshots used in subsequent MM-PBSA/
GBSA analysis. Convergence of the GB-MD simulations
was carefully monitored through examination of instan-
taneous computed free energies of binding (Figure 3a),
individual energy components (Figure 3b), rmsds from
starting structures (Figure 3c), and zinc coordination
states (Figures 4 and 5). Despite the short simulation
times, all structural and energetic properties attributed
to the GB-MD simulations appear to be well converged
(Table 2). 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.

The variation in experimental binding affinities is
best described using the ∆GMM-GBSA results (Table 2).
∆GMM-GBSA results contain terms representing the
average intermolecular protein-ligand Coulombic and
van der Waals energies (MM term), as well as a
solvation term equivalent to the change in free energy
of hydration for the system (GBSA term) upon complex
formation. Interestingly, inclusion of solute entopic
estimates (∆GMM-GBSA+E) improved the correlation for
the ligands with stromelysin-1 but diminished the
correlation for the ligands with gelatinase-A. Removal
of the solute entropies improved the total correlation,

consisting of all ligands complexed with both receptor,
slightly (∆GMM-GBSA, r2 ) 0.74 versus ∆GMM-GBSA+E, r2

) 0.71).
In all cases, the simulation results correctly predict

that a given ligand will bind selectively to stromelysin-1
rather than gelatinase-A (Figure 8, Table 2). Selectivity
appears to be dominated by (1) increased favorable van
der Waals interactions, (2) increased favorable Coulom-
bic interactions, and (3) decreased unfavorable total
electrostatic energies (∆Eelectro ) ∆Ecoul + ∆Gpolar +
∆Gnonpolar) for the ligands with stromelysin-1. A com-
parison of the protein residues that line the different
binding pockets (Figures 9 and 10) in the simulations
reveals that three aromatic rings make significant
contact with each ligand in stromelysin-1 versus one
aromatic ring in gelatinase-A. These changes probably
account for the reduction in favorable protein-ligand
interactions.

The highly complex and various roles that specific
MMPs appear to play in various stages of tumor growth
and metastasis represent a major challenge for the
development of clinically effective chemotherapeutics.
In this report, we have participated toward this goal
by demonstrating that MM-GBSA simulation methods
can be used to effectively model MMP-ligand complexes
and that the simulation results can be used to make
free energy of binding predictions that correlate strongly
with experimental affinities. In particular, the correct
selectivity trends for ligands with stromelysin-1 versus
gelatinase-A were obtained. The fact that clinical trial
results for first generation MMP inhibitors have been
disappointing highlights the need for additional com-
putational studies that continue to address selectivity.
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