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Introduction
Matrix metalloproteinases (MMPs) are zinc dependent 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 (angiogenesis).1 Given that
angiogenesis is essential for the development and progression of tumor growth, MMP
inhibitors could serve as effective anti-cancer 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
chemotherapeutics.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. Compounds
include

peptidomimetic,

nonpeptidomimetic,

tetracycline,

and

bisphosphonate

inhibitors.4,10

Peptidomimetics 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 information.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 (Figure 1).4

Figure 1.

Chelation of the active-site zinc ion by thiadiazoles.

Ligand 46 with

stromelysin-1 (pdb entry 1USN) from 20 ps of a GB-MD simulations. Inhibitor in green,
protein residues in CPK colors, and catalytic zinc in cyan.

Several zinc binding groups (ZBG) have been discovered which include a carboxylate,
aminocarboxylate, sulfhydryl, hydroxamate, phosphonate, 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 develop, refine, and validate simulation protocols and methods that can be
used in the design of anti-cancer 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 crystallographic structures of protein-ligand complexes are
available,15,16 and structure-activity data have been reported.12 Although many MMPs
are over-expressed in breast cancer tissue and tumor cell lines,13,14 stromelysin-1, in
particular, has been shown to promote mammary carcinogenesis in mice17,18
Computer simulations of 5-substituted-1,3,4- thiadiazole -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 binding affinities and selectivities of thiadiazole inhibitors 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 accurately modeling known MMP-ligand systems, new, selective, and
potent MMP inhibitors can be proposed with greater confidence.

Table 1. Inhibition of stromelysin-1 (str) and gelatinase-A (gel) by thiadiazole ureas. Ki
values in µM. aEstimated experimental binding energies ∆Gexptl ≈ RT ln (Ki) in kcal/mol.
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Theoretical Methods
Structure-based drug design using computational methods continues to hold great
promise as simulation methods and protocols become more refined and computers
become more powerful. Of particular interest are simulation methods that accurately
estimate free energies of binding (∆Gbind) between small drug-like molecules and a target
protein without resorting to more rigorous and very CPU intensive methods of free
energy perturbation (FEP) and thermodynamic integration (TI) techniques.19

The

recently reported MM-PBSA method20-22 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)23 and extended linear response (ELR)2427

simulation methods. MM-PBSA is easily applicable to a wide range of diverse ligands.
In the original MM-PBSA formalism,21,22 the total free energy of the system (G)

is computed according to eq 1.

G = G polar + G nonpolar + E mm − TS

(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).21,22

G nonpolar = (0.00542 * SASA ) + 0.92

(2)

Alternatively, a Generalized Born (GB) model may be used to estimate Gpolar, yielding a
method called MM-GBSA.22

The Emm term in eq 1 is a sum of the electrostatic

(Coulombic), van der Waals (Lennard-Jones) and internal energies (bonds, angles, and
dihedrals). 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 normalmode analysis of representative snapshots of energy-minimized structures from a
molecular dynamics (MD) trajectory. The binding free energy is then estimated from eq
3.21,22

∆G bind = G complex − (G protein + G ligand )

(3)

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),21,22,28-34 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.21,22 Specific individual water molecules suggested to
be important for ligand recognition may be retained in the coordinate files used in the
post-trajectory analysis.31

Computational Details

System Setups. Crystallographic structures of stromelysin-1 (pdb entry 1USN)15
complexed with a thiadiazole inhibitor PNU-107859 (Table 1, compound 46) and
gelatinase-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 analogs
of compound 46 were manually constructed using the crystallographic coordinates of the
stromelysin-1 complex (1USN) as a guide with the MOE program.35 Analogs 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.
Figure 2 (right) highlights the gross structural similarity between the stromelysin1 (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 stromelysin-1 is also shown (left).

Figure 2. 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 Cα carbons from residues 164-170 and
194-206 (0.17 Å rmsd difference).

Standard PARM9936 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),37 using the LEAP program in AMBER7.38 The Stote model was shown to
yield the best overall results out of eight zinc parameter sets tested for docking ligands to
thermolysin39 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
parameters

and

AM1-BCC40,41

partial

For the ligands, GAFF38 force fields
charges

were

assigned

using

the

ANTECHAMBER program as implemented in AMBER7.38

Using this procedure,

twelve simulation-ready systems were constructed each containing 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 minimization 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 atoms designated as AMBER type main-tree were restrained. Both
minimizations employed a distance dependant dielectric constant (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
coworkers42,43 implemented in the SANDER module of AMBER7.

Simulations

employed a 1 femtosecond time step for 40010 steps corresponding to a total of 40.01
picoseconds 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 scheme44 and a coupling time constant tautp = 1.0 ps. Main-tree type atoms
were lightly restrained using a weak harmonic force constant = 5.0 kcal/mol Å2 and the
SHAKE45 algorithm was applied to constrain bonds involving hydrogen atoms.

Dielectric constants of 1 (interior) and 80 (exterior) were employed in all GB-MD
simulations.
MM-GBSA Processing. Following the extraction of coordinates 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 DelPhi46 (PB energies), and AMBER738 (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 (mbondi)47 were used.
Nonpolar energies (Gnonpolar) were determined from eq 2 using SASAs computed with the
MOLSURF38 program.

Results and Discussion
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 final data collection phase at 20.01 ps. Standard errors of the mean
(sem) for ligand 46 with stromelysin-1 computed from the last 201 snapshots are low;
∆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).

(a)

(b)

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.

Stromelysin-1 Binding.

Free energies of binding were computed for

stromelysin-1 (eqs 1 and 3) from snapshots saved every 0.10 ps from the final 20.01 ps of
the GB-MD trajectories. For simulation results that include solute entropies (∆GMMGBSA+E),

the best-fit line to the stromelysin-1 data yields a strong correlation coefficient

with experiment (r2 = 0.97), low standard deviation of 1.02 kcal/mol, and average
unsigned error of only 0.79 kcal/mol (Figure 4).

The excellent correlation with

experiment is especially encouraging given the challenges presented; simulations are
continuum-based, contain a metallo center, and are short (40.01 ps) by conventional
standards.

Figure 4. 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(z).

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 illustrated in Figure
5 for ligand 46. As expected, favorable protein-ligand electrostatic energies (∆Ecoul) are
approximately equal but opposite in sign to the desolvation 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. Remarkably, small differences in any average term can then
account for the observed variation in binding, despite the fact that fluctuations in any
given term may be large.

Figure 5. 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 202 individual snapshots during the course of
the GB-MD simulation.

Selectivity:

Stromelysin-1

versus

Gelatinase-A.

Experimentally

the

thiadiazoles are selective for stromelysin-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 6). 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 = 3.33 kcal/mol, and average unsigned
error = 2.46 kcal/mol.

Figure 6. 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 (z) and gelatinase-A ().

In each case, the simulation results correctly predict that a given ligand will bind
more tightly to stromelysin-1 than gelatinase-A (Figure 6), although, unlike the
stromelysin-1 results, correlation with the gelatinase-A experimental data alone is
reduced (Figure 6, open squares). 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 best and worst binders 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.24
Binding Site Differences. Figure 7 shows the alignment from stromelysin-1 (pdb
entry 1USN) and gelatinase-A (pdb entry 1QIB) sequences obtained using the ClustalW
program48 and depicted using the BOXSHADE program.49 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.

Figure 7. 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 program48 and the picture was generated using the BOXSHADE program.49
Residues within approximately 5 Å from the ligands are marked with a black circle ( • ).
Sequence changes in binding site residues between the two MMPs are indicated with an
underlined black circle ( • ).
Of the fourteen binding site residues highlighted in Figure 7, 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 8. In Figure 8, 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 compared to stromelysin-1 and
probably contribute to the observed selectivity.

Figure 8. Binding site structural differences between stromelysin-1 (str, green) and
gelatinase-A (gel, red). Ligand 46 in CPK colors, receptor and ligand coordinates from
pdb entries 1USN and 1QIB aligned using Cα carbons from residues 164-170 and 194206 (0.17 Å rmsd difference).

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 aromatic rings in the stromelysin-1 structure through a change
in the χ1 angle of residue 210 from approximately 69° to 168° (Figure 8). 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-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)
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 generate the
snapshots used in subsequent MM-PBSA/GBSA analysis. Convergence of the GB-MD
simulations was carefully monitored through examination of instantaneous computed free
energies of binding, and individual energy components (Figure 3). Despite the short
simulation times, all structural and energetic properties attributed to 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, continuum methods are expected to have an added utility where

increased sampling is desired and/or computational expense is of concern.
∆GMM-GBSA results contain terms representing the average intermolecular proteinligand 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 6). Selectivity appears to be
dominated by; (1) increased favorable van der Waals interactions, (2) increased favorable
coulombic interactions, and (3) decreased unfavorable total electrostatic energies
(∆Eelectro = ∆Ecoul + ∆Gpolar + ∆Gnonpolar) for the ligands with stromelysin-1. A comparison
of the protein residues that line the different binding pockets (Figures 7-8) 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 towards 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 computational studies that continue to address selectivity.
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