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The mode of binding and the activity of the first two non-zinc chelating, potent, and selective inhibitors of
human neutrophil collagenase are reported. The crystal structures of the catalytic domain of MMP-8,
respectively complexed with each inhibitor, reveals that both ligands are deeply inserted into the primary
specificity subsite S;', where they induce a similar conformational change of the surrounding loop that is
endowed with the main specificity determinants of MMPs. Accord to this rearrangement, both inhibitors
remove the floor of the pocket formed by the Y227 side-chain, rendering available an extra binding region
never explored before. The present data show that potent and more selective inhibitors can be obtained by
developing ligands able to interact with the selectivity regions of the enzyme rather than with the catalytic
zinc ion, which is the common feature of all MMP members.

Introduction

Matrix metalloproteinases (MMPs®) belong to a family of
zinc-endopeptidases that use the electrophilic zinc ion to cleave
the constituents of the extracellular matrix.! These enzymes are
involved in many physiological processes such as ovulation,
embryogenesis, angiogenesis, cellular differentiation, and wound
healing.?®

Under normal physiological conditions, endogenous tissue
inhibitors of MMPs (TIMPs) control their activity.* Overex-
pression of MMP activity, or inadequate control by TIMPs, have
been observed and associated with a variety of pathological
conditions such as psoriasis,® multiple sclerosis,®” osteoarthritis,®
rheumatoid arthritis,®*° osteoporosis,***? Alzheimer’s disease,*®
tumor growth and metastasis,****® and unwanted degradation
of extracellular proteins.

The development of low molecular weight synthetic inhibitors
of MMPs is one approach to the therapeutic treatment of these
pathologies.*®*~*® Many inhibitors have been synthesized and
their mode of binding, in the active site of MMPs, have been
determined by X-ray crystallography and NMR spectroscopy.*"92°
These inhibitors generally include a zinc binding group (ZBG),
capable to efficiently chelate the catalytic zinc ion, bound to a
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substrate-like fragment designed to fit the S;" primary specificity
subsite and adjacent subsites.?*

Hydroxamate is considered the most effective ZBG because
it forms five-membered chelates and two additional H-bonds
with the enzyme.??~2* Hydroxamates, however are affected by
lack of selectivity,?® not only toward the other members of the
same family but even to other physiologically important
metalloenzymes. Moreover, they show poor pharmacokinetic
properties?® and may cause toxicity resulting from metabolic
activation of hydroxylamine.?” Even though alternative ZBGs
have been investigated,®® 3% no MMP inhibitor has emerged
on the market, with the sole exception of doxycycline (Periostat),
an antibiotic which nonselectively inhibits MMPs.

To overcome the nonselective toxicity, novel MMP inhibitors,
which do not bind the catalytic inc ion, have been designed.®¢%"
Chen et al.>® have reported micromolar inhibitors of MMP-13,
occupying the S;' subsite without interacting with the catalytic
zinc ion. Engel et al.*® optimized, on the structural basis, highly
selective pyrimidine dicarboxamide inhibitors of MMP-13
characterized by the absence of interactions with the catalytic
zinc ion. Morales et al.*° published the crystal structures of two
nonzinc chelating selective inhibitors, respectively complexed
with the catalytic domain of MMP-12. Very recently, Johnson
et al.** and Li et al.*? showed that a MMP-13 selective inhibitor
is absent of musculoskeletal syndrome toxicity and reduces
cartilage damage in vivo. Some of these inhibitors are located
halfway down the S;" subsite but the most potent ones®®4+42
extend deeply into the pocket without removing the floor formed
by the F252 side-chain (corresponding to Y227 in MMP-8).

At present, no selective inhibitors of MMP-8 have been
discovered. MMP-8 is the most effective collagenase for type
1 collagen and the most active on neutrophils, suggesting a
central role in the infiltration of neutrophils. Although MMP-8
is considered as an antitarget for the treatment of cancer,*
potential indications for the use of selective MMP-8 inhibitors
could be in the field of acute liver failure, where MMP-8
deficient mice are resistant to TNF-a. induced lethal hepatitis**
or multiple sclerosis,*® and other areas including inflammation
or cancer progression.*® The use of such inhibitors could help
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Figure 1. Chemical structure of 1 and 2.

to determine the relevance of the MMP-8 enzyme as a novel
therapeutic target for these diseases.

Here we report the activity and mode of binding of the first
two nonzinc chelating inhibitors of human neutrophil collage-
nase.*’ Both ligands inhibit MMP-8 with activity in the low
nM range and are highly selective versus several other MMPs.
The crystal structures of the complexes show that both ligands
deeply insert into the primary specificity pocket S;" induce a
dramatic conformational change of the loop delimiting the
pocket, removing the floor formed by the aromatic side-chain
of Y227, and disclose an extra binding region never explored
in other MMP-8 complexes. Their high selectivity profile can
be attributed to the conformational change induced to the S;’
loop, which is known to present a considerable variation in the
size, shape and composition among the MMPs.

Results and Discussion

Chemistry. Compounds 1 and 2 (Figure 1) were prepared
according to the synthetic sequence outlined in Scheme 1. Thus,
cyclization of commercially available ethyl 2-amino-4,7-dihy-
dro-5H-thieno[2,3-c]thiopyran-3-carboxylate 6,6-dioxide 3 with
ethyl cyanoformate in hydrochloric acid afforded ester 4, which
was deprotected with excess of aqueous lithium hydroxide to
give acid 5, which was finally coupled with amine 6° using
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI), 1-hydroxy-7-azabenzotriazole (HOALt) and N-methyl-
morpholine (NMM) to yield 1 after aqueous workup. Knoev-
enagel condensation of (2-oxo-cyclohexyl)-acetic acid ethyl ester
7 with ethylcyanoacetate afforded intermediate 8, which was
transformed via Gewald reaction with sulfur to the thiophene
derivative 9. Cyclization as described above furnished ester 10,
which was selectively saponified with 2 equiv of aqueous lithium
hydroxide to afford the monoacid 11. Coupling with 6-ami-
nomethyl-4H-benzo[1,4]oxazin-3-one building block 12%° fur-
nished derivative 13, which was saponified to acid 14 and finally
coupled with ammonium chloride using EDCI, HOAt, and
NMM to afford inhibitor 2 as racemate.

Zinc Coordination. The enzyme essential catalytic machinery
is formed by the Zn ion, coordinated by the three H residues
belonging to the binding motif HEXXHXXGXXH, and the
water molecule bridged with the glutamate of the same motif.

A comparison of the active site of our complexes with that
of the uninhibited enzyme*® shows that the Zn coordination is
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Scheme 1. Synthesis of Compounds 1 and 2%
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@ Reagents and conditions: (a) CNCO,Et, 4 N HCI-dioxane, 50 °C; (b)
1 N LiOH; (c) 6, EDCI, HOAt, NMM, DMF; (d) CNCH,COOEt, AcOH,
NH,OAc, reflux; (e) sulphur, HNEt,, MeOH, 50 °C; (f) CNCO,Et, 4 N
HCI-dioxane, 50 °C; (g) 1 N LiOH (2 equiv); (h) 12, EDCI, HOAt, NMM,
DMF; (i) 1 N LiOH; (j) NH,CI, EDCI, HOAt, NMM, DMF.

unchanged. In all cases, we have observed a distorted tetrahedral
coordination, with the largest angle involving the water and
H207. The zinc ion does not interact with the inhibitors, the
shortest distances between the Zn ion and the inhibitor atoms
being 4.5 A (Figure 2).

Moreover, the electron density found for the water oxygen
in the various complexes is of spherical or elipsoidal shape.
This observation can be related to the catalytic role played by
the water, requiring its possible mobility. In fact, the water
should be activated by the catalytic glutamate prior the
nucleophilic attack to the substrate scissile peptide bond.

Inhibitor Mode of Binding. The chemical formulas of the
inhibitors are shown in Figure 1. Their central scaffold, formed
by two fused-ring systems separated by a methylencarboxamide
group, presents similar size and shape. Main differences are
given by the squaramide moiety bound to one terminal end of
1 and by the carbamoylmethyl substituent, attached to the
asymmetric carbon atom at the opposite end of 2.

Two crystal forms, one monoclinic and the other orthorhom-
bic, respectively containing one and two enzyme—inhibitor
complexes per asymmetric unit, have been found when we
cocrystallized MMP-8 with 1 (MMP-8:1 complex). A mono-
clinic form, containing two complexes per asymmetric unit, was
obtained for the S enantiomer of 2 (MMP-8:(S)-2 complex).
The cocrystallization trials for obtaining the MMP-8:(S)-2
complex were performed by adding the racemic mixture of 2
to the enzyme. In the first attempt to fit the ligand in the Fourier
difference map, electron density was clearly evident for the
carbamoylmethyl group as substituent of the asymmetric carbon
with S configuration.

The mode of binding of each inhibitor in the independent
units is similar, and the central scaffold of the two inhibitors
gives rise to similar interactions with the enzyme in all
complexes.

Both inhibitors are deeply inserted into the primary specificity
pocket S;', where they adopt an extended conformation with
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Figure 2. Zinc coordination: (A) in the complex MMP-8:1, and (B) in the complex MMP-8:(9-2.

B

Figure 3. H-bonds (dashed lines) formed by (A) 1 and (B) (9-2 in the active site of MMP-8.

the mean planes of the two fused-ring systems almost perpen-
dicular to each other. The binding modes found in MMP-8:1
and MMP-8:(9-2 crystals are reported in parts A and B of
Figure 3, respectively, and their similar interactions are the
following. The aromatic cloud of the H197 imidazole ring gives
rise to a sr-stacking interaction, respectively with that of the
isoquinoline of 1 and the benzoxazinone of (S)-2. The NH and
CO of the central carboxamide group of both inhibitors form
H-bonds with the L214CO and A220NH, respectively. The NH
and CO groups of the 3H-pyridin-4-one ring of both ligands
engage H-bonds with the A220CO and R222NH groups,
respectively. The charged guanidinium group of R222 stacks
onto the aromatic cloud of the 3H-thieno[2,3-d]pyrimidin-4-
one system of both inhibitors, giving rise to cation—z interac-
tions. The extended conformation of the R222 side-chain is also
favored by the H-bond between its guanidinium group and the
G212CO belonging to the facing loop.

The different binding interactions involving the terminal parts
of the two inhibitors are as follows. The NH groups of L160
and A161 residues, both belonging to the antiparallel 3-strand
forming the upper rim of the active site, give rise to a bifurcated
H-bond with one carbonyl of the squaramide ring of 1, whereas
they engage at the same way the carbonyl of the benzoxazinone
ring of (9-2 through a bridged water molecule. It is worth noting
that the substrate-enzyme H-bond with L160NH is always
conserved in the crystal complexes of MMP-8 available on PDB.
The CO group of P217, a residue located at the entrance of the
S;' pocket, is H-bond acceptor from the amino group of the
squaramide ring of 1, and from the NH of the benzoxazinone
ring of (9-2. The NH of S228, a residue at the end of the S;’

loop, engages both sulfonyl oxygens of 1 through a bifurcated
H-bond. The terminal carbamoyl group of (§-2, pointing toward
the central part of the S;' loop, forms a complex H-bonding
network involving R222CO and Y2270H. The inhibitor NH,
is H-bond donor to the R222CO. The Y2270H is H-bond donor
to the T224CO and acceptor of a bifurcated H-bond from both
the NH and CO groups of the inhibitor carbamoyl moiety; each
branch of the bifurcated H-bond is bridged by one water
molecule. The similar relative position of the central scaffold
of the two inhibitors can be appreciated by the superposition
of their crystal complexes shown in Figure 4.

Inhibitor Induced Conformational Changes at the S,
loop. A comparison between the crystal form of the uninhibited
MMP-8 and the inhibitor-bound complexes reported here reveals
important structural differences regarding essentially the S;’
specificity loop. The first part of this loop, containing the third
Zn-coordinated H207 and two consecutive S-turns (210—216)
with the strictly invariant M215, remains practically unaltered.
Large conformational changes are induced by both inhibitors
on the segment 219—229, separating the tube-like crevice from
bulk water. The largest C* displacements induced by both
inhibitors occur for the sequence R222—N226, as reported in
Table S1 (Supporting Information). As a consequence, the Y227
side-chain of both complexes has been pushed from the position
occupied in the uninhibited enzyme. At this regard, we have
examined the position of Y227 in the crystals of all the other
inhibited MMP-8, available on the PDB. In all cases, this residue
practically occupies the same position as that of the uninhibited
MMP-8, forming the floor of the S, pocket, and the S;' loop
maintains essentially the same conformation (Figure 5). It should
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Figure 4. Superposition between MMP-8:1 (inhibitor in yellow color)
and MMP-8:(9-2 (inhibitor in cyan color). The protein trace (gray color
for MMP-8:1) of both complexes is shown.

Figure 5. Side view of the S, specificity loop obtained by superposi-
tion of the uninhibited MMP-8 (PDB code 20Y4) and 17 inhibited
complexes of MMP-8 available on PDB (PDB codes: 1JAN, 1JAP,
1173, 1176, 1ZVX, 1ZS0, IMNC, 1IMMB, 1JJ9, 1JAQ, 1JAO, 1A86,
1KBC, 1BZS, 1JH1, 1ZP5, 20Y?2).

be noted that none of the previous known inhibitors was long
enough to approach the side-chain of Y227. Figure 6A
represents a superposition between the MMP-8 complexed with
a phosphonate inhibitor (PDB accession code 1ZVX) represent-
ing the deepest P;' group (cyan color), as known before the
present finding, and the MMP-8:(S)-2 complex (yellow color).
The comparison with MMP-8:1 is very similar, and it has been
omitted from Figure 6A for clarity. There, it can be noted that
the conformational change of Y227 side-chain is determined
by the tricyclic ring system in order to avoid steric overlapping
between their rings. The switching of the Y227 side-chain is
realized with a concerted rearrangement of the S, loop involving
the region R222—Y227. In this way, an extra-binding region at
the bottom of the primary specificity subsite S;" is rendered
accessible, as shown in Figure 6B. There, the van der Waals
surface of (S)-2 (blue color) and that of the phosphonate inhibitor
mentioned above are reported (yellow color). The new position
of Y227 side-chain shows that the extra-binding region becomes
available whenever the switching of this side-chain occurs.
Therefore, the Y227 residue plays the role of “selective
gatekeeper”, rendering accessible the extra binding region of
the S, specificity subsite.
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Conformational changes of such extent have never been
observed in the previous inhibited crystal complexes of MMP-8
available on the PDB. Our ligands constitute the first example
of the most profound occupation of the MMP-8 S;’ specificity
pocket.

The inhibitors disclosed here show activities in the nanomolar
range against MMP-8, as reported in Table 1, although their
binding is limited to the S;' hydrophobic pocket, without
interacting with the catalytic zinc ion.

The 8x potency difference between 1 and 2 could be of 16 x
considering that the 1Cs, reported for 2 represents that of the
racemic mixture. This difference can be rationalized as follows.
As shown in Figure 4, both inhibitors induce a similar
conformational change of the specificity loop, with the rear-
rangement of the Y227 side-chain toward a “floor-out” confor-
mation, but, at variance with 1, the carbamoyl group of 2
protrudes even further toward the extra binding region. There,
the Senantiomer stabilizes better than 1 the opening to the extra
binding region through the H-bonding network with Y2270H,
as previously described. The new conformation of the specificity
loop is further on stabilized by a H-bond between the Y2270H
and the T224CO (see Figure 3B and Figure 7).

Selectivity against Other MMPs. The selectivity profile of
our inhibitors can be deduced from inspection of Table 1, where
their activities against other MMPs are reported. To investigate
the role of the S’ specificity loop for MMP-8 selectivity, we
aligned the amino acid sequence of this loop with that of other
MMP members of known 3D structure, as reported in Table 2.

Conformational restrictions appear obvious for those specific-
ity loops shorter than that of MMP-8. In particular, MMP-1,
MMP-2, and MMP-9 present two consecutive deletions in
correspondence of positions 224 and 225 of MMP-8, where the
largest C* displacements occur in the reported complexes. For
MMP-7, although there is one deletion only for the above-
mentioned position 225, the conformationally restricted Pro,
occurring just two residues before that deletion, causes a kink
and consequently a shrinking of the S;" loop.

Conformational restrictions for MMPs with similar or longer
loops should be based on the equivalent positions, which may
not be able to adopt the complementary geometry required to
form favorable interactions between the specificity loop and the
inhibitors.

Comparison among MMP-8, MMP-13, and MMP-3. The
ligands here described are also active against MMP-13, for
which selective inhibitors, deeply inserted into the S;" pocket
and not interacting with the zinc ion, have been described. %4
In this regard, we have checked the putative occupation of our
inhibitors into the S;" subsite of MMP-13. We deduced that it
could take place if the F252, equivalent to the Y227 in MMP-
8, and the loop region 247—252 would adopt a conformational
change analogous to that found in our MMP-8 complexes.

Parts A and B of Figure 8 show a C* superposition of MMP-
8:1, MMP-8:(9-2 and MMP-13 bound to nonzinc chelating
inhibitors (PDB codes 1XUR and 20W?9). While the central
scaffold of the MMP-13 inhibitors leaves unperturbed the “floor-
in” conformation of F252, the bulkier tricylic ring system of
MMP-8 inhibitors causes the switching of Y227 toward the
“floor-out” conformation. Moreover, a cation—u interaction is
realized by the aromatic scaffold of 1 and (S)-2 with the R222
of MMP-8. It should be noted that in the sequence alignment
among MMPs reported in Table 2, R222 is the only positively
charged residue in this position. The shorter and uncharged side-
chain of T226 in MMP-13, equivalent to R222 in MMP-8, is
unable to give the same interaction. The lack of the cation—x
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Figure 6. (A) superimposed crystal structures of MMP-8 complexed, respectively with the phosphonate inhibitor (PDB code 1ZVX, cyan color)
and the compound (9-2 (yellow color); (B) extra binding region deducible as difference between the van der Waals surfaces of the inhibitors
shown in (A). The vdW surface is blue colored around (S)-2 and yellow colored around the phosphonate inhibitor. The Y227 side-chain in the two

complexes is also presented.

Table 1. 1Csy Values (nM) of 1 and 2 against MMPs?

MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-12 MMP-13 MMP-14
1 >10000 >2500 <100 >10000 >10000 >5000 <25 >10000
2 >10000 >10000 >2500 >10000 7.4 >10000 >10000 <25 >10000

@ Errors are in the range of 5—10% of the reported value. ICsy values of 2 have been determined for the racemic mixture.

)2

Figure 7. Details of the MMP-8 specificity loop: C* superposition of
the complexes of MMP-8 (gray) with 1 (yellow color) and (9-2 (cyan
color). MMP-8 trace is shown in magenta for the complex with (S-2.

Table 2. Structure-Based Sequence Alignment of Known Crystal
Structure MMPs?

219 220 — 221 222 223 224 225 226 227 228 229

MMP-8 Y A — F R E T S N Y S L
MMP-1 Y T — F s 6 — — D V Q

MMP-2 Y T — Y T K — — N F R L
MMP-3 Y H S L T D L T R F R L
MMP-7 Y G N G D P Q — N F K L
MMP9 Y R — F T E — — G P P L
MMP-12 Y K — Y V D I N T F R L
MMP-13 Y T — Y T G K S H F M L
MMP-14 Y Q — W M D T E N F VvV L

2 The region shown corresponds to the S;' loop and the numbering refers
to the MMP-8.

interaction could be compensated by the presence of the charged
residue K228 of MMP-13 (T224 in MMP-8) capable to give
electrostatic interactions, as observed in the structures of the
complexes of MMP-13 with selective inihibitors (PDB accession
codes 20W9 and 20ZR).

Our inhibitors show a reduced activity toward MMP-3, whose
S;" loop is one residue longer than that of MMP-8. The

inspection of the inhibited complexes available on PDB shows
that the S;" loop of MMP-3 can adopt two different arrange-
ments. In one case, an additional S-turn (PDB code: 2D10), or
a y-turn (PDB code: 1B32) can be formed in the region
224—227. These secondary structure elements lack in the
equivalent region (220—222) of MMP-8, where A220 and R222
form three key H-bonds with our inhibitors, as shown in the
superposition given in Figure 9A. In the other case (PDB code:
1CAQ, 1Cl2), the region 224—227 of MMP-3 has a conforma-
tion similar to that equivalent of MMP-8 and therefore capable
to form the key H-bonds with our ligands. However, the
additional S-turn is shifted forward at the region 228—231,
equivalent to that 224—227 of MMP-8, where the largest C*
displacements have been induced by our inhibitors (see Figure
9B). This -turn and the additional residue at this position could
preclude the optimal geometry of the loop required to give
complementary interactions with (S)-2, particularly, the complex
H-bonding network formed by the carbamoyl group of (-2,
which points toward the central part of S;' loop (see Figure
3B). This could explain the activity of 2 significantly lower than
1 against MMP-3.

In conclusion, the longer S;" loop of MMP-3, rather than
increase its internal flexibility, gives rise to a structural
organization that can hinder the optimal geometry required by
productive enzyme—ligand interactions.

Conclusions

Inhibitors without the ZBG typically risk losing potency while
gaining selectivity. In fact, zinc binding, the common feature
of all MMP members, follows a rather universal recognition
motif. Although lacking the ZBG, the inhibitors disclosed here
show activity against MMP-8 in the nanomolar range. Moreover,
their high selectivity profile can be attributed to the conforma-
tional change induced to the S;' loop. In fact, it is known that
this loop presents a considerable variation in the composition,
size, and shape among the MMP family members. Therefore,
the present data show that potent and more selective inhibitors



MMP-8 Non-Zinc-Chelating Selective Inhibitors

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 4 1045

Figure 8. Comparison of MMP-8/MMP-13 complex structures: C* superposition of the complexes of MMP-8 (gray) with 1 and (S)-2 (cyan) and
MMP-13 (green) with (A) a pyrimidine dicarboxamide inhibitor (yellow) (PDB code: 1XUR), and (B) a selective inhibitor (yellow) (PDB code:
20W9). In both figures, Y227 of MMP-8 is shown in pink, the equivalent F252 of MMP-13 in green.

Figure 9. Comparison of MMP-8/MMP-3 complex structures: side view of the S;" specificity loop obtained by superposition of MMP-8:(9)-2
(protein trace in green color, (S)-2 in yellow) and (A) MMP-3 (PDB code 2D10, cyan color), (B) MMP-3 (PDB code 1CAQ, purple color).

can be obtained by targeting selective regions of the enzyme,
rather than the catalytic zinc ion. In this way, the inhibitor can
select the appropriate complementary sequence from the con-
formational ensemble of the apo enzyme.

In light of the present data, it could be argued that inhibitor
binding of MMP-8 is not a simple diffusion process. On the
contrary, inhibition takes place through an induced fit mecha-
nism operating on the loop surrounding the S;" subsite, which
defines the shape and the size of the pocket.*®

This induced fit mechanism operating on the S;' loop opens
an extra binding region of the pocket by the switching of the
Y227 side-chain, which plays the role of a selective gatekeeper.
This extra binding region has never been explored in the
previously examined complexes of MMP-8 reported on the
PDB. Moreover, C* displacements of the S;' loop residues as
large as those reported have never been evidenced in any
MMP-8 complex with known inhibitors and the removal of the
floor of the S, pocket has never been observed in any MMP-
complex. Further molecular modeling studies, aimed to increase
ligand—enzyme interactions, could consider the displacement
of the two water molecules, bridged in the bifurcated H-bond
between the terminal carbamoy! group of (S)-2 and the hydroxyl
of Y227 in order to form a direct H-bond with the Y227 side-
chain.

Finally, the sequence alignment of S,’ specificity loop among
MMPs shows that MMP-8 differs from the other members for
two residues: the unique positively charged R222 and the Y227
forming the floor. A phenylalanine residue, unable to form a
H-bond, replaces the tyrosine residue in the other MMP
members. The key position in the loop of these two residues
offers interesting hints for designing new and more selective
inhibitors of MMP-8.

Experimental Section

Chemical Methods. *H NMR spectra were recorded on a Bruker
Avance (250 MHz) instrument at 300 K in CDCl;, or DMSO-ds.
Chemical shifts are reported in 6 values (ppm); the hydrogenated
residues of deuterated solvent were used as internal standard
(CDClz: 6 7.26 and DMSO: ¢ 2.50). Signals are described as s, d,
t, dd, m, and b for singlet, doublet, triplet, double—doublet,
multiplet, and broad, respectively. Mass spectra (LC-MS) were
measured on a lon Trap Esquire 3000+ instrument. Microanalyses
of target compounds were carried out with an Eurovector Euro 3000
model analyzer; the analytical results are within +0.4% of
theoretical values. Chemical names follow IUPAC nomenclature.
Starting materials were purchased from Aldrich, Acros, Lancaster,
Fluka, or Enamine (for compound 3) and were used without
purification. Column chromatography was performed using silica
gel (40—63 um), and the reaction progress was determined by thin
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layer chromatography analyses on Merck silica gel plastic plates
60F2,. The following compounds were prepared according to
previously described procedures: 3-amino-4-(7-aminomethyl-3,4-
dihydro-1H-isoquinolin-2-yl)-cyclobut-3-ene-1,2-dione hydrochlo-
ride (6),%° and 6-aminomethyl-4H-benzo[1,4]oxazin-3-one hydro-
chloride (12).%°
4,7,7-Trioxo-3,4,5,6,7,8-hexahydro-7,9-dithia-1,3-diaza-fluorene-
2-carboxylic Acid Ethyl Ester (4). To a solution of ethyl 2-amino-
4,7-dihydro-5H-thieno[2,3-c]thiopyran-3-carboxylate 6,6-dioxide
(500 mg, 1.81 mmol) in hydrochloric acid (4 M in dioxane; 10
mL) was added ethyl cyanoformate (270 uL, 2.72 mmol). The
mixture was stirred at 50 °C for 4 h and concentrated under reduced
pressure. The residue was dissolved in ethyl acetate, washed with
water and then brine, and dried over MgSO,. After evaporation
the crude product was obtained as orange solid (524 mg, 88%). *H
NMR (DMSO-dg): 6 8.06 (d, 1H, NH), 4.71 (s, 2H, CH,S0Oy), 4.36
(q, 2H, CHzMe), 3.50 (S, 4H, CHchzsoz), 1.34 (t, 3H, CH3)
C1oH12N205S,; MW: 328; MS 329 [M + H]Jr
4,7,7-Trioxo-3,4,5,6,7,8-hexahydro-7,9-dithia-1,3-diaza-fluorene-
2-carboxylic Acid (5). To a solution of ester 4 (300 mg, 0.91 mmol)
in THF (10 mL) was added 1 M LiOH (2.75 mL, 2.75 mmol). The
mixture was stirred at room temperature for 90 min and then the
solvent removed by evaporation at 30 °C. The mixture was acidified
by addition of 1IN HCI and the precipitate filtered and dried under
high vacuum to afford the product as a pale-brown solid (85 mg,
31%). 'H NMR (DMSO-dg): ¢ 4.66 (s, 2H, CH,S0,), 3.42 (bs,
4H, CH,CH,S0;). CioHgN,05S,; MW: 300; MS 301 [M + H]*.
4,7,7-Trioxo-3,4,5,6,7,8-hexahydro-7,9-dithia-1,3-diaza-fluorene-
2-carboxylic Acid [2-(2-Amino-3,4-dioxo-cyclobut-1-enyl)-1,2,3,4-
tetrahydro-isoquinolin-7-ylmethyl]-amide (1). To a solution of acid
5 (40 mg, 0.13 mmol), EDCI (51 mg, 0.26 mmol), and HOAt (18
mg, 0.13 mmol) in DMF (3 mL) were added NMM (100 u«L) and
3-amino-4-(7-aminometyl-3,4-dihydro-1H-isoquinolin-2-yl)-cyclobut-
3-ene-1,2-dione hydrochloride 6 (47 mg, 0.16 mmol). The mixture
was stirred overnight at room temperature and then concentrated.
The remaining residue was suspended in 10% aqueous citric acid
and the residue was filtered and dried. After recrystallization in
MeOH the desired product was obtained (32 mg, 44%) as an off-
white solid. *H NMR (DMSO-ds): 6 12.47 (bs, 1H, NH), 9.68 (t,
1H, NH), 7.80 (s, 2H, NHy), 7.17—7.10 (m, 3H, aromatic), 4.87
(bs, 2H, CH,S0,), 4.68 (s, 2H, CH,N), 4.39 (d, 2H, CH,NH), 3.93
(bs, 2H, CH,CH,S0,), 3.50 (s, 4H, NCH,CH, + CH,CH,S0y,),
2.93—2.84 (m, 2H, NCH,CH,). Anal. (C24H21Ns06S2) C, H, N, S.
MW: 539; MS 540 [M + H]™.
Cyano-(2-ethoxycarbonylmethyl-cyclohexylidene)-acetic Acid
Ethyl Ester (8). A solution of (2-oxo-cyclohexyl)-acetic acid ethyl
ester (1.00 g, 5.43 mmol), ethyl cyanoacetate (0.80 g, 7.05 mmol),
acetic acid (100 L), and ammonium acetate (40 mg) in toluene
was refluxed overnight with a Dean—Stark apparatus. After the
solution was cooled to room temperature, the solvent was removed
and the residue purified by flash chromatography on silica gel using
cyclohexane/ethyl acetate 8/2 as eluent. The crude product (1.5 g)
was obtained as a yellow oil and used without further purification
in the next step. *H NMR (CDCls): 6 4.29—4.24 (m, 2H, CH,Me),
4.17—4.08 (m, 2H, CH,Me), 2.88—1.61 (m, 11H, CH, 5 CH,),
1.37—1.22 (m, 6H, 2 CHy). C15H,;NO,4; MW: 279; MS 280 [M +
H]*.
2-Amino-4-ethoxycarbonylmethyl-4,5,6,7-tetrahydro-benz[b]-
thiophene-3-carboxylic Acid Ethyl Ester (9). A solution of com-
pound 8 (980 mg, 3.5 mmol) and sulfur (125 mg, 3.86 mmol) in
MeOH was heated at 50 °C and then diethylamine (180 uL, 1.75
mmol) was added slowly. After 4 h at 50 °C, the solvent was
removed by evaporation. The residue was purified by flash
chromatography using cyclohexane/ethyl acetate 8/2 as eluent to
give the thiophene derivative (517 mg) as yellow oil. The presence
of starting material was still detectable but the product was used
without further purification. *H NMR (CDCls): 6 6.08 (s, 2H, NH,),
4.27 (q, 2H, CH,Me), 4.14 (q, 2H, CH,Me), 3.62 (bd, 1H, CH),
2.90—1.62 (m, 8H, 4 CH;), 1.41-122 (m, 6H, 2 CHj).
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5-Ethoxycarbonylmethyl-4-oxo0-3,4,5,6,7,8-hexahydro-
benzo[4,5]thieno[2,3-d]pyrimidine-2-carboxylic Acid Ethyl Ester
(10). To a solution of compound 9 (515 mg, 1.65 mmol) in
hydrochloric acid (4 M in dioxane; 10 mL) was added ethyl
cyanoformate (250 uL, 2.48 mmol). The mixture was stirred at 50
°C for 2 h and concentrated under reduced pressure. The residue
was dissolved in ethyl acetate, washed with water and then brine,
and dried over MgSO,. After evaporation the crude product was
purified by flash chromatography using dichloromethane/methanol
98/2 as eluent to afford the desired product as yellow solid (165
mg, 27%). *H NMR (CDCls): ¢ 9.87 (s, 1H, NH), 4.54 (g, 2H,
CH;Me), 4.16 (q, 2H, CH;Me), 3.86 (bd, 1H, CH), 2.98 (dd, 1H,
CHHCO), 2.86—2.77 (m, 2H, CH,), 2.47 (dd, 1H, CHHCO),
1.97—1.87 (m, 4H, 2 CH,), 1.47 (t, 3H, CH3), 1.27 (t, 3H, CHj).
C17H20N,05S; MW: 364; MS 365 [M + H]+

5-Ethoxycarbonylmethyl-4-ox0-3,4,5,6,7,8-hexahydro-
benzo[4,5]thieno[2,3-d]pyrimidine-2-carboxylic Acid (11). To a
solution of ester 10 (160 mg, 0.44 mmol) in THF (10 mL) was
added 1 M LiOH (0.88 mL, 0.88 mmol). The mixture was stirred
at room temperature for 30 min and acidified by addition of 1N
HCI. The precipitate was filtered and dried under high vacuum to
afford the product as a white solid (130 mg, 88%). *H NMR
(DMSO-dg): 0 4.08 (g, 2H, CH,Me), 3.65 (bd, 1H, CH), 2.85 (dd,
2H, CH,CO), 2.48—2.35 (m, 2H, CH,), 1.85—1.75 (m, 4H, 2 CH,),
1.18 (t, 3H, CH3) C15H15N205S; MW: 336; MS 337 [M + H]+

{4-ox0-2[(3-0x0-3,4-Dihydro-2H-benzo[1,4]oxazin-6-ylmethyl)-
carbamoyl]-3,4,5,6,7,8-hexahydrobenzo[4,5]thieno[2,3-d]pyrimidin-
5-yl}-acetic Acid Ethyl Ester (13). To a solution of acid 11 (120
mg, 0.36 mmol), EDCI (137 mg, 0.71 mmol), and HOAt (48 mg,
0.36 mmol) in DMF (3 mL) were added NMM (300 uL) and
6-aminomethyl-4H-benzo[1,4]oxazin-3-one hydrochloride 12 (92
mg, 0.43 mmol). The mixture was stirred overnight at room
temperature and then concentrated. The remaining residue was
suspended in 10% aqueous citric acid, and the residue was filtered
and dried to afford the product (175 mg, 99%) as an off-white solid.
'H NMR (DMSO-ds): & 12.34 (bs, 1H, NH), 10.68 (s, 1H, NH),
9.63 (t, 1H, NH), 6.89 (m, 3H, aromatic), 4.52 (s, 2H, CH,0), 4.32
(d, 2H, CHN), 4.08 (g, 2H, CH;Me), 3.65 (bd, 1H, CH), 2.89—2.73
(m, 3H, CH; + CHH), 2.46—2.35 (m, 1H, CHH), 1.88—1.68 (m,
4H, 2 CHy), 1.18 (t, 3H, CHj;). C24H2N4OS; MW: 496; MS 497
M + H]*.

{4-ox0-2[(3-0x0-3,4-Dihydro-2H-benzo[1,4]oxazin-6-ylmethyl)-
carbamoyl]-3,4,5,6,7,8-hexahydrobenzo[4,5]thieno[2,3-d]pyrimidin-
5-yl}-acetic Acid (14). To a solution of ester 13 (200 mg, 0.40 mmol)
in THF (10 mL) was added 1 M LiOH (1.2 mL, 1.2 mmol). The
mixture was stirred at room temperature for 4 h and acidified by
addition of 1N HCI. The precipitate was filtered and dried under
high vacuum to afford the product as a white solid (150 mg, 80%).
'H NMR (DMSO-dg): ¢ 12.35 (s, 1H, NH), 10.68 (s, 1H, NH),
9.63 (t, 1H, NH), 6.89 (m, 3H, aromatic), 4.52 (s, 2H, CH,CO),
4.33 (d, 2H, CH;N), 3.62 (bd, 1H, CH), 2.84—2.74 (m, 3H, CH,
+ CHH), 2.32 (dd, 1H, CHH), 1.87—1.75 (m, 4H, 2 CH,).
C22H20N4OGS; MW: 468, MS 469 [M + H]+

5-Carbamoylmethyl-4-oxo-3,4,5,6,7,8-hexahydro-benzo[4,5]thi-
eno[2,3-d]pyrimidine-2-carboxylic Acid (3-oxo-3,4-dihydro-2H-
benzo[1,4]oxazin-6-yl-methyl)amide (2). To a solution of acid 14
(20 mg, 43 umol), EDCI (16 mg, 71 umol) and HOAt (6 mg, 43
umol) in DMF (3 mL) were added NMM (100 L) and ammonium
chloride (3 mg, 51 umol). The mixture was stirred overnight at
room temperature and then concentrated. The remaining residue
was suspended in 10% aqueous citric acid and the residue was
filtered and dried to afford the title compound (13.7 mg, 69%) as
an off-white solid. *H NMR (DMSO-ds): ¢ 12.36 (bs, 1H, NH),
10.68 (s, 1H, NH), 9.63 (t, 1H, NH), 7.14 (s, 1H; NHH), 6.89 (m,
3H, aromatic), 6.81 (s, 1H, NHH), 4.52 (s, 2H, CH,0), 4.33 (d,
2H, CH,NH), 3.60 (bd, 1H, CH), 2.89—2.61 (m, 4H, CH,CON +
CH,), 2.18—1.68 (m, 4H, 2 CH,). Anal. (C»Hx1Ns0sS) C, H, N,
S. MW: 467; MS 468 [M + H]*.

Enzyme Assay for Determination of the Inhibition Constants
1Cs. MMP-8 activity and the selectivity assays were performed
using the catalytic domains of recombinant human MMPs (MMP-
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Table 3. Statistics of Crystallographic Data and Refinement
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MMP-8:(S)-2 (without AH)

MMP-8:1 (with AH)

MMP-8:1 (with AH)

wavelength (A) 0.8726
temperature (K) 100

space group P21 monoclinic
no. of mol in the AU 2

cell axes (A) 42.34; 69.38; 52.71
beta angle (deg) 92.35

resolution range (A) 25.00—2.00 (2.12—2.00)*
Rierge (%) 12.4 (29.7)2
multiplicity 31(3.1)

1o (1) 3.6 (2.2)2
completeness (%) 99.6 (100)*

Rfactor (%) 22.0

Riree (%) 28.0

no. of reflections (work) 19025

no. of reflections (test) 1400

rmsd bond lengths/bond angles 0.006/1.293

Ramachandran plot favored/
allowed/generously allowed (%)

86.6/12.3/1.1

protein nonhydrogen atoms 2568
solvent molecules 361
nonhydrogen inhibitors atoms 66
ions 8
protein average B factors (A2) 17.0
water ave. B factors (A2) 35.8
inhibitor ave. B factors (A?) 16.2
ions ave. B factors (A?) 10.8

0.8726 0.8726

100 100

P21 monoclinic P21212 orthorhombic
1 2

32.29; 68.95; 32.75 68.30; 69.21; 81.23
105.41

25.00—1.60 (1.69—1.60)* 25.00—2.10 (2.20—2.10)*
10.3 (30.9)2 11.9(30.9)
4.1(3.92 4.1(4.0)2

5.7 (2.4)? 4.0 (2.0)2

99.2 (96.1)2 96.9 (80.6)%

21.0 23.8

24.2 27.0

16280 20614

1780 1519

0.005/1.439 0.006/1.270
84.8/13.0/1.4 89.5/9.8/0.7

1284 2568

216 426

37 74

4 8

8.8 18.8

21.9 37.6

13.7 24.8

4.2 13.0

@ The values in parentheses refer to the outer shell.

1, —2, =3, =7, —9, —12: Biomol, Hamburg, Germany; MMP-8:
Calbiochem, Schwalbach, Germany; MMP-13 and MMP-14: In-
vitek, Berlin, Germany) and the appropriate fluorogenic peptide
substrate. MMP-13 activity was tested using the specific MMP-13
substrate MCA-Pro-Cha-Gly-Nva-His-Ala-Dpa-NH, (Calbiochem,
Schwalbach, Germany). MMP-3 was tested using the NFF-3
substrate MCA-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys(DNP)-
NH; (Calbiochem, Schwalbach, Germany) and all remaining MMPs
were tested using OmniMMP substrate MCA-Pro-Leu-Gly-Leu-
Dpa-Ala-Arg-NH,+ AcOH (Biomol, Hamburg, Germany).>*

The MMP-3 assay was performed in 50 mM MES buffer, pH
6.0, 10 mM CaCl, and 0.05% Brij-35. All other MMP assays were
performed in 50 mM Tris-HCI buffer, pH 7.5, 150 mM NaCl, 5
mM CaCl,, and 0.05% Brij-35. Concentrations of enzymes and
substrates were optimized for each assay and varied between 1 and
10 nM enzyme and 4—10 uM substrate. The enzyme activity was
measured after 10 min preincubation of the enzyme with varying
concentrations of the inhibitor. Each assay was run at least in
duplicate and the I1Cs, values were calculated using Life Science
Workbench (LSW) Data Analysis Plugin for Microsoft Excel. The
data were fitted into the formula y = Vpad/(1 + ([11/1Cs0).

Expression and Purification of the Protein. The truncated form
M80-G242 of the catalytic domain of MMP-8 has been supplied
by Prof. H. Tschesche, University of Bielefeld (Germany). The
protocol of expression and purification has been previously de-
scribed.>?

Protein Crystallization. Acetohydroxamate (AH) was added to
45 mL of protein solution (MMP-8 2.4 uM, in 5 mM Tris HCI,
pH 7.0, 100 mM NaCl and 5 mM CaCly,) to a final concentration
of 50 mM. The weak inhibitor AH was added to the protein
solution to aid protein stability by preventing autoproteolysis
during concentration. However, 15 mL of protein solution have
been used for crystallization trials without AH in order to check
whether the binding mode of the inhibitors could be perturbed
by the presence of AH. The MMP-8 protein with AH was
concentrated with Amicon-Ultra 15, dialyzing with the crystal-
lization solution (5 mM CaCl,, 100 mM NaCl, 0.5 mM ZnCl,,
3 mM MES-NaOH, 0.02% NaN3, pH 6.0) to a final concentration
of 5.8 mg/mL. The protein solution was equilibrated with the
inhibitor stock solutions (100 mM in DMSO) at 4 °C overnight,
so that the inhibitor were 5-fold in excess and the final
concentration of DMSO 1.5%. Crystallizations were performed
by hanging-drop vapor diffusion at 18 °C. Hanging droplets were

made by mixing 1.5—3.0 uL of protein/inhibitor solution with
5 uL of PEG solution (10% (m/v) PEG6000, 0.2 M Mes-NaOH,
0.02% NaNs;, pH 6.0). Droplets were concentrated against a
reservoir buffer containing 1.0—2.0 M sodium phosphate, 0.02%
NaN3s, pH 6.0. Crystals appeared in 3—4 days.

The inhibitor from the stock solution was added to the protein
solution without AH in large excess and complexation was allowed
to continue overnight at 4 °C. The complex was then concentrated,
dialysing with the crystallization solution, up to 2—3 mg/mL. More
than half of the protein has been lost during the concentration,
cleaved, and absorbed to the filter. Only 10 drops of crystallization
could be made, by mixing 2.5—3 uL of protein solution with 5 uL
of PEG solution. The reservoir was made of 1.7—2.0 M sodium
phosphate, pH 6.0. Crystals appeared in 3—7 days.

Data Collection and Processing. X-ray data were collected
under cryogenic conditions (100 K) at the 1D23-2 microfocus
beamline of ESRF, Grenoble, using a wavelength of 0.873 A
and a MAR-Mosaic225 CCD detector. The crystals were flash-
frozen in the nitrogen stream after transferring them for few
seconds into the mother solution containing 35% PEG400. Data
were integrated and scaled using the programs MOSFLM and
SCALA.>3 The statistics of collection and refinement is given
in Table 3.

Structure Solution and Refinement. The orientation and trans-
lation of the protein molecules within the crystallographic unit
cell was determined using the program AmoRe®* with the
coordinates of MMP-8 (PDB accession code 1176°°) as a search
model. Using data in the 12—3 A resolution range an unambiguous
solution was obtained for each complex. All the structures were
refined with CNS.%® The Ry validation was based on a subset of
7% (10% for the monoclinic form of MMP-8:1) of the reflections
omitted during the refinement. The inhibitors were fitted manually
into the F, — F electron density and unambiguously modeled. After
several rounds of refinement water molecules were added.
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