X-ray structure of a novel matrix metalloproteinase
inhibitor complexed to stromelysin
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Abstract

A new class of matrix metalloproteinase (MMP) inhibitors has been identified by screening a collection of
compounds against stromelysin. The inhibitors, 2,4,6-pyrimidine triones, have proven to be potent inhibitors
of gelatinases A and B. An X-ray crystal structure of one representative compound bound to the catalytic
domain of stromelysin shows that the compounds bind at the active site and ligand the active-site zinc. The
pyrimidine triones mimic substrates in forming hydrogen bonds to key residues in the active site, and
provide opportunities for placing appropriately chosen groups into the S1’ specificity pocket of MMPs. A
number of compounds have been synthesized and assayed against stromelysin, and the variations in potency
are explained in terms of the binding mode revealed in the X-ray crystal structure.
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Matrix metalloproteinases (MMPs) are normally involved
in the breakdown of protein in connective tissue, which is
important for growth and development and for wound heal-
ing. They are also implicated in several human diseases,
where their overexpression or unregulated activation leads
to aberrant degradation of connective tissue. Such break-
down of connective tissue can be directly associated with
disease symptoms: for example, cartilage degradation in
rheumatoid arthritis or osteoarthritis. MMPs are also key
players in at least three events in malignancy: primary tu-
mor growth, metastasis, and angiogenesis (Stetler-Steven-
son et al. 1993; Nagase and Woessner 1999). In an oncology
program to identify new, nonhydroxamate inhibitors of
MMP-2 and MMP-9 (gelatinases A and B), we reinvesti-
gated a compound that had shown weak activity against
MMP-3 (stromelysin) in a high throughput screen. The
2,4,6-pyrimidine trione 1 has an ICs, of 30 wM against
stromelysin; however, when compound 1 was assayed
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against the oncology targets (gelatinases A and B), it was
found to be >30-fold more active against these enzymes
than against stromelysin.

The mode of binding of the new class of MMP inhibitors
was established via X-ray crystallography. Compound 2, a
more potent analog of compound 1, was cocrystallized with
stromelysin, and the crystal structure determined at 2.0 A
resolution. Because the catalytic mechanism and structure
of the active site of MMPs are known to be conserved, the
binding mode of the pyrimidine triones is expected to be
similar across the MMP family. A number of the com-
pounds prepared in the oncology program have been as-
sayed against stromelysin, and the observed structure—ac-
tivity relationships are consistent with the mode of binding
revealed by the X-ray crystal structure, as described in the
following section.

Results and Discussion

Compound 2, with an ICy, against stromelysin-1 of 2.0 uM,
was cocrystallized with the catalytic domain of the enzyme.
X-ray data to a resolution limit of 2.0 A was collected and
the crystal structure was solved by molecular replacement
methods. The crystals represent a new crystal form with
three stromelysin molecules in the asymmetric unit. The
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interactions between the inhibitor and the three crystallo-
graphically independent molecules appear to be identical.
Because of differences in crystal packing, the conformation
of the loop residues 224-233 bordering the S1’ specificity
pocket differs in the three molecules. This region is, how-
ever, particularly well defined in molecule B as a result of
stabilizing contacts with a neighboring molecule in the crys-
tal lattice. A bound glycerol molecule, soaked into the crys-
tal as a cryoprotectant, is present at the base of the S1’
specificity pocket and is also involved in several hydrogen-
bonding interactions with this loop in molecule B.

As shown in Figure 1A, the inhibitor is bound in an
orientation that places the hydrophobic 4-phenoxyphenyl
moiety in the deep S1' pocket. The N3 nitrogen atom in the
pyrimidine trione ring approaches the active-site zinc most
closely, at 2.17 A, and completes a tetrahedral arrangement
of nitrogen ligands about the zinc. Two oxygen atoms of the
pyrimidine trione are at distances of 3.00 and 3.12 A from
the zinc, respectively, and possibly contribute additional
energetically favorable interactions with the central metal
ion. The geometry of the ligands about the active-site zinc
is reminiscent of that seen in the small molecule X-ray
structures of complexes between another pyrimidine trione
and Zn>* (Wang and Craven 1971; Nassimbeni and Rodgers
1974). The N3-Zn bond vector is essentially coplanar with
the imide moiety that spans positions 2—4 in the pyrimidine
trione. This is consistent with the enol form of the inhibitor,
as shown in Figure 1B, where the deprotonated nitrogen N3
has the requisite in-plane lone pair for liganding to the zinc.
The enol form is also favored because it places a proton on

the O2 oxygen atom, which can be donated in a bidentate
hydrogen bond to the oxygen atoms of the Glu 202 carbox-
ylate group. O2 occupies the same position as the catalytic
water molecule that is thought to protonate Glu 202 con-
comitant with attack on the carbon atom of the scissile bond
of peptide substrates. Continuing around the 2.4,6-pyrimi-
dine trione ring in a clockwise sense with reference to Fig-
ure 1, the nitrogen atom N1 donates a hydrogen bond to the
backbone carbonyl group of Ala 165, and the oxygen atom
06 accepts a hydrogen bond from the backbone amide
group of Leu 164. These hydrogen bonds are normally
formed by bound substrates lying in an extended conforma-
tion across the active-site cleft.

The decreased potency of the modified compounds
shown in Table 1 confirms the binding mode established via
the X-ray analysis. Compound 3, the (racemic) N-methyl
derivative of compound 2, was inactive. Neither methyl-
ation of the nitrogen, which is liganded to the active-site
zinc, nor the nitrogen, which is hydrogen bonded to the
backbone carbonyl of Ala 165, is tolerated. Substitution of
the O2 oxygen with sulfur, as in compound 4, also abolishes
inhibitory activity against stromelysin. A number of subtle
factors could be involved in reducing the activity of this
compound, including the reduced tendency of thioamides to
enolize to the imidothiol form (Kjellin and Sandstrom
1973). The enol tautomer of the pyrimidine trione with N3
deprotonated and O2 donating hydrogen bonds to the car-
boxylate oxygen atoms of Glu 202 is most likely the bound
form of the inhibitor, and the thioamide of compound 4 is
not expected to be able to participate in hydrogen bonding
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Fig. 1. (A) Stereo view of the inhibitor bound to the active site of stromelysin. Coloring of heteroatoms is by atom type, with the
remainder of the protein shown in green and the inhibitor in blue. The secondary structure elements of the protein are also shown in
ribbon form to help orient the viewer. In this view, the S1’ pocket extends toward the upper left of the figure. The bound glycerol
molecule can be seen at the back of the S1’ pocket. The figure was prepared by using the Ribbons program (Carson 1997). (B)
Schematic drawing of the interactions between the inhibitor and the active site, in the same orientation as in A. Hydrogen bonds
discussed in the text are indicated. The numbering scheme for the inhibitor is also shown. (Reprinted from Foley et al. 2001, with

permission of Elsevier Science.)
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Table 1. Inhibition of stromelysin activity

Table 2. Data and refinement statistics
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to the side chain of Glu 202. Compounds 3 and 4 were
similarly diminished in their activity against gelatinases A
and B, supporting the assertion of a common binding mode
for this inhibitor class against an assortment of MMPs
(Foley et al. 2001).

Some modifications to the alkyl and aryl substituents on
the pyrimidine trione ring were also tested. Removal of the
methyl group of compound 2, giving compound 5, reduces
potency by a factor of 16. The methyl is solvent exposed in
the X-ray structure and does not make a significant number

Resolution 300-20A
No. of unique reflections 55,161
Redundancy 8.6 fold
R-merge 4.7% (12.1%)*
Completeness 99.9% (99.9%)*
R-work 24.4%

R-free 28.4%
Resolution used in refinement 20.0-2.0A
No. of reflections used in refinement 54,951

No. of atoms in model 4294

No. of water molecules 187

# Values in parentheses are for the highest resolution shell (2.07 — 2.00 A).

of van der Waals contacts with the enzyme. However, re-
placement of the methyl by hydrogen allows enolization to
place the aryl group in the same plane as C4, C5, and C6 of
the pyrimidine trione ring system, as shown in Figure 2.
Nuclear magnetic resonance studies of compound 5 in so-
Iution detected both the keto and enol forms shown in Fig-
ure 2, in a ratio of 3:2. In the X-ray complex with compound
2, the phenoxyphenyl substituent is in an axial position
nearly perpendicular to the pyrimidine trione ring, whereas
in the enol form of compound 5, the bridging phenyl group
is coplanar with the pyrimidine trione. The enol form of
compound 5 is thus not able to bind to stromelysin in the
same fashion as compound 2, which simultaneously places
the hydrophobic phenoxyphenyl group in the S1’ pocket
and ligands the active-site zinc. Substitution of the
phenoxyphenyl moiety by the linear, more rigid biphenyl
group reduced potency by a factor of 4.5-fold (compare
compound 6 to compound 2 in Table 1). The angle of entry
to the S1’ pocket is not ideal for the linear biphenyl group,
as it would clash with residues 197 and 223 on the wall of
the S1’ pocket if it were to enter in the same fashion as the
phenoxyphenyl moiety of compound 2. A wide variety of
hydrophobic groups are accepted by the S1’ pocket of
stromelysin (Hajduk et al. 1997), and the optimum choice of
this group will be different for each class of inhibitor with
a unique strategy for liganding the active-site zinc.

In summary, we have discovered a new class of zinc-
liganding inhibitors of MMPs through high-throughput
screening of a library of small molecules. In a parallel study,
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Fig. 2. Tautomeric forms of compound 5 observed in solution. Replace-
ment of the hydrogen on C5 by a methyl group, as in compound 2, prevents
this enolization.
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the structure of MMP-8 in complex with a pyrimidine trione
has been determined (Brandstetter et al. 2001). Through a
combination of medicinal chemistry and X-ray crystallog-
raphy, we now understand the interactions between the
2,4,6-pyrimidine trione inhibitors and the active site of rep-
resentative MMPs at the atomic level of detail. The two
substituents at C5 of the pyrimidine trione ring provide
separate opportunities for fine-tuning the selectivity and po-
tency of this class of inhibitors. One substituent is ideally
oriented for entry to the S1’ pocket of MMPs, and the other
extends toward the S2' site of these enzymes. This class of
molecule provides unique opportunities for developing in-
hibitors of selected MMPs, with possible advantages over
the previously known classes of zinc-liganding inhibitors
such as the hydroxamic acids.

Materials and methods

Synthesis of the inhibitors is described in Foley et al. (2001). The
1C,, values against stromelysin were determined as described in
Bickett et al. (1993); however, we used MES buffer at pH 6.5. The
recombinant stromelysin used for the crystallographic work was
purified as described in Marcy et al. (1991) and includes residues
83-250 after activation with (4-aminophenyl)mercuric acetate. For
crystallization, stromelysin (10 mg/mL in 20 mM Tris-HCI, 5 mM
CaCl,, 0.02% NaN, at pH 7.5) was preincubated overnight at
277K with 2.5 mM inhibitor. Crystals were grown via the hanging-
drop method at 293K from 2 pL of the protein—inhibitor complex
mixed with 1 pnL of well solution. The well solution contained 0.2
M (NH,),SO,, 30% PEG-MME 5000, and 0.1 M HEPES buffer at
pH 7.5. Before collecting X-ray data, crystals were transferred to
a cryoprotectant consisting of 8% glycerol, 0.2 M (NH,),SO,,
30% PEG-MME 5000, and 0.1 M HEPES buffer at pH 7.5. Crys-
tals were frozen in situ in a stream of nitrogen gas at 110K. A data
set extending to 2.8 A was collected on a Mar imaging plate with
Cu K|, radiation provided by a Rigaku rotating-anode generator
operating at 50 kV, 90 mA. A second set of data extending to 2.0
A was obtained with the Mar imaging plate at the Brookhaven
NSLS beamline X8C by using radiation of wavelength 1.072 A.
All data were reduced by using the Denzo and Scalepack software
(Otwinowski and Minor 1996). The crystals are of space-group
P4,2,2 with unit cell dimensionsa = b = 103.8 A, ¢ = 147.5 A.

Molecular replacement calculations were performed with a
model consisting of residues 83-250 from another crystal form.
Molecular replacement in AMoRe (Navaza 1994) gave a solution
with two molecules per asymmetric unit. The R-factor for data in
the 20.0 - 3.5 A range after rigid-body refinement in AMoRe was
44.1%, and examination of the packing showed that the two mol-
ecules formed a connected three-dimensional lattice. Inspection of
the electron-density map calculated with phases based on the first
two molecules revealed the presence of a third molecule. Rigid-
body refinement of all three molecules in AMoRe lowered the
R-factor to 38.4%. With three molecules per asymmetric unit, the
solvent content is 60%.

Noncrystallographic symmetry restraints were applied in Ref-
mac (Murshudov et al. 1997) during the initial stages of refinement
against the 2.8 A data; the restraints were gradually released as the
resolution limit was extended to 2.0 A. Solvent molecules were
added with the aid of ARPP (Lamzin and Wilson 1997). The
conformation of the loop including residues 226-231 in the current
structure differs from the conformation seen in the molecular re-
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placement model, and this section of the model was rebuilt in O
(Jones et al. 1991). Cycles of adjustments to the model with O and
refinement in Refmac lowered the working R-factor to 24.4% for
data in the range 20.0 - 2.0 A (free R-factor 28.4% for a test set
consisting of 10% of the reflections). The average B-factors for the
three independent molecules in the asymmetric unit are 19.8, 23.5,
and 43.4 A2. Data quality and refinement statistics are given in
Table 2. The structure has been deposited in the Protein Data Bank
(Berman et al. 2000) as entry 1G4K.
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