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Two crystal structures of human neutrophil collagenase (HNC, MMP-8), one complexed with
a primed- and the other with an unprimed-side inhibitor, were determined using synchrotron
radiation at 100 K. Both inhibitors contain non-hydroxamate zinc-binding functions. The Pro-
Leu-L-TrpP(OH), occupies the unprimed region of the active site, furnishes new structural
information regarding interaction between the catalytic zinc ion and the phosphonate group,
and is the only example of occupation of the S; subsite of MMP-8 by the bulky tryptophan side
chain. The (R)-2-(biphenyl-4-ylsulfonyl)-1,2,3,4-tetrahydroisochinolin-3-carboxylic acid, a con-
formationally constrained p-Tic derivative, accommodates its biphenyl substituent into the deep
primary specificity S;" subsite, inducing a widening of the entrance to this pocket; this
modification of the protein, mainly consisting in a shift of the segment centered at Pro217, is
observed for the first time in MMP-8 complexes. Cation—aromatic interactions can stabilize
the formation of both complexes, and the beneficial effect of aromatic substituents in proximity
of the catalytic zinc ion is discussed. The phosphonate group bound to either a primed- or
unprimed-side inhibitor maintains the same relative position with respect to the catalytic zinc
ion, suggesting that this binding function can be exploited for the design of combined inhibitors

assembled to interact with both primed and unprimed regions of the active cleft.

Introduction

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent enzymes playing an important role in
various physiological and pathological conditions. Al-
though their precise functions are not yet completely
understood, they seem to regulate the homeostasis of
different tissues under the control of naturally occurring
specific inhibitors of metalloproteinases (TIMPSs). A
misregulation between MMPs and TIMPs is implicated
in a number of pathological states such as tumor
metastasis,! multiple sclerosis,? and rheumatoid arthri-
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tis.® Therefore MMPs became attractive targets for the
design and development of low-molecular-weight inhibi-
tors* potentially useful as innovative therapeutic agents
for treating the above diseases. Most synthetic inhibitors
of MMPs are formed by a zinc-binding function and a
peptide or peptidomimetic backbone, assembled to
ensure cooperative binding interactions with both the
catalytic zinc ion and the adjacent specificity subsites
of the enzyme. The majority of the more powerful
synthetic inhibitors incorporate hydroxamate group as
the zinc-binding function. Hydroxamate inhibitors, how-
ever, show lack of selectivity and are toxic.

In this context, the search for non-hydroxamate zinc-
chelating groups which combine binding interactions at
both the primed and unprimed regions of MMPs is
useful. In fact, chronic toxicity arising from metabolic
degradation to hydroxylamine, a known carcinogenic
compound,® is avoided. Moreover, placing the zinc-
binding function internal to the ligand backbone allows
occupation of a larger number of subsites, and conse-
qguently, inhibitor selectivity is enhanced. In this regard
phosphinic chemistry allows the development of transi-
tion-state analogues capable to interact on both sides
of the catalytic zinc ion. An example has been reported
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in the study of astacin complexed with the phosphinic
inhibitor Z-Pro-Lys-PheW(PO,CH,)-Ala-Pro-OMe.® Very
recently it has been shown that substitution at both P,'
and P, positions of phosphinic pseudopeptides of the
general formula R-Xaa-W(PO,CH;)-Xaa'-Yaa'-NH; can
contribute to the design of inhibitors capable of selec-
tively blocking some MMPs.” The determination of the
mode of binding of shorter primed- and unprimed-side
inhibitors complexed with MMPs is therefore useful for
acquiring a detailed knowledge of the enzyme subsites
and of the local arrangement of the ligand peptide
chains. Here we report two crystal structures of a
primed- and unprimed-side inhibitor complexed in the
active site of the catalytic domain of human neutrophil
collagenase (HNC).

The unprimed-side inhibitor derives from our recent
studies® where we have modified endogenous tripeptides
acting as weak and competitive inhibitors of reprolysins,
to obtain novel types of more powerful inhibitors. The
N-[(furan-2-yl)carbonyl]-Leu-L-TrpP(OH), (FLTP) phos-
phonate inhibitor was about 100-fold more potent than
the carboxylate analogue against adamalysin 11,° a zinc
proteinase structurally related to MMPs. Both crystal
structures of adamalysin Il complexed with FLTP8 and
its carboxylate analoguel® show that the phosphonate
and carboxylate groups bind the catalytic zinc ion, while
their peptide backbones adopt a similar but unusual
retrobinding mode in the primed region. Further chemi-
cal modifications, obtained by replacing the furan ring
of FLTP with pentatomic heterocyclic aromatic and
nonaromatic rings, led to new phosphonate analogues
whose inhibitory activities were evaluated against ada-
malysin Il, MMP-2, MMP-3, MMP-8, and MMP-9.11
Among these, the Pro-Leu-L-TrpP(OH), analogue (PLTP)
exhibits an interesting increase of affinity against
MMP-8 and MMP-9, whereas its potency against ada-
malysin Il decreases. We, therefore, wanted to deter-
mine the mode of binding of this inhibitor at the active
site of MMP-8 and performed the X-ray structure
determination of the complex.

The primed-side inhibitor is (R)-2-(biphenyl-4-ylsul-
fonyl)-1,2,3,4-tetrahydroisochinolin-3-carboxylic acid.1213
This simple p-Ticl#~2! derivative (TIC) attracted our
attention because of its nanomolar inhibitory activity
against HNC, despite the following unfavorable fea-
tures: (i) 1,3-bidentate or monodentate zinc binding by
the carboxylate group which is generally weaker than
the 1,4-bidentate hydroxamate group;?? (ii) lack of
peptide groups, generally engaged in H-bonds with the
enzyme active site, thus providing a reduced number
of interactions compared to di- and tripeptide hydrox-
amates; and (iii) noncomplementarity with the collage-
nase extended binding region, due to the constrained
folded conformation of the sulfonamide junction which
is populated only by gauche conformers.23-26 While our
work was in progress, the crystal structure of this
inhibitor complexed with a differently truncated form
of MMP-8 (Gly99—Glu271) was reported?” and validated
the docking calculations performed on a large series of
Tic derivatives in the catalytic domain of MMP-8. Here
we report our X-ray structure results at the higher
resolution of 1.2 A and describe the implications of
our detailed investigation on drug-binding and design
studies.

Gavuzzo et al.

Scheme 1

DCC/HOBT
Z-Pro-Leu-OH + (R)—H—Ter(OEt)zT> Z-Pro-Leu-(R)-TrpP(OEY), (1)

Me;Sil/Bis(trimethylsilyl)acetamide

—>  H-Pro-Leu-(R)-TrpP(OH), (2)
CH)Cl,

Results

Synthesis. Several phosphorus-containing peptido-
mimetics?® have been synthesized following isolation of
phosphoramidon, a natural inhibitor of thermolysin and
other metalloproteinases. The tripeptide phosphonate
2 was obtained according to Scheme 1, following stan-
dard procedures?®3° with minor modifications. Z-Pro-
Leu-L-TrpP(OEL), (1) was prepared by coupling of Z-Pro-
Leu-OH with L-phosphotryptophan diethyl ester3! by the
DCC/HOBT method.?® Hydrolysis of the diethyl phos-
phonate and removal of the benzyloxycarbonyl group
were achieved by treatment with trimethylsilyl iodide
in the presence of bis-trimethylsilyl acetamide to give
the desired phosphonate 2.

Crystal Structure of the Complex MMP-8:PLTP.
The peptide backbone of the phosphonate inhibitor
occupies the unprimed region, there adopting an almost
extended conformation running antiparallel to the edge
strand of MMP-8, as shown in the 2F, — F. electron
density map (Figure 1). The electron density of the Trp
side chain is not well-defined toward the periphery,
indicating mobility probably caused by the shallow
concavity of the S; subsite that is solvent-exposed. After
PLGNHOH,32734 PLTP is the second example of an
unprimed-side inhibitor complexed at the MMP-8 active
site and the first with the phosphonate group approach-
ing the catalytic zinc ion from the unprimed region.
Figure 2 shows the main interactions characterizing the
binding of the inhibitor. The two phosphonate oxygens
0O; and O3 bind the catalytic zinc ion in an asymmetric
bidentate mode. O; can also engage both oxygens of
Glu198 in H-bonding, and O3 can form further H-bonds
as shown in Figure 2. The Trp side chain partly fits into
the S; concavity, where both methyl groups of 1le159
point toward the aromatic s cloud. This represents the
first example of an inhibitor side chain occupying the
MMP-8 S; subsite, since the other unprimed-side in-
hibitor PLGNHOH contains Gly which lacks the side
chain as P; residue. The Pro-Leu segment of the
phosphonate inhibitor interacts in a similar mode to
that of PLGNHOH; the Leu side chain adopts the
different g~ (t,g~) conformation, allowing each methyl
group to point toward the two rings of His201 and
His207. The inhibitor Pro residue fits into the S; subsite,
stacking its pyrrolidine ring onto that of Phel64, and
the distance between the Pro N atom and the center of
the Phe ring is 4.4 A.

Crystal Structure of the Complex MMP-8:TIC.
Figure 3 shows the 2F, — F; electron density map of
the p-Tic inhibitor, while a scheme of the main interac-
tions characterizing its binding is presented in Figure
4. The axial carboxylate group of the inhibitor ligates
the catalytic zinc ion in an asymmetric bidentate mode.
This coordination resembles that found in the crystals
of MMPs complexed with N-carboxyalkyl dipeptides35-36
but differs from the symmetric bidentate mode of
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Figure 1. Stereoview of the 2F, — F electron density at the active site of MMP-8 with the PLTP refined model superimposed.

The map is contoured at 1.5¢.
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Figure 2. Schematic representation of the binding interac-
tions (dashed lines) of the inhibitor PLTP at the active site of
MMP-8. The distances are reported in A.

ligation realized by both Pol647 and Pol656 carboxylates
in the active site of adamalysin 11.1° The oxygen O, can
also form H-bonds with both oxygens of Glu198 and with
the Ala163 NH group through a water bridge. The p-Tic
residue protrudes out of the binding region and is
mainly exposed to the solvent. It covers the cavity of
the catalytic zinc ion, and the distance between the
center of the & orbital and the metal is 5.0 A. Both
sulfonic oxygens are engaged in H-bonds. The O3
interacts through a water bridge with the Gly158 CO
group, and the O4 forms a bifurcated H-bond with the
NH groups of Leul60 and Alal6l. It is worth noting
that, among the four H-bonds normally anchoring
substrate-like inhibitors to the primed region of MMP-
8,32734.37-40 the one formed with the NH of Leul60 is
always conserved. The biphenyl group is properly
directed by the conformationally restricted g~ sulfona-
mide junction into the deep primary specificity pocket
Si1' where it is completely buried. The & orbital of its
first aromatic ring, bound to the sulfonamide junction,
is 4.8 A from the catalytic zinc ion. Previous studies
reported the ability of MMP-3 to accommodate aromatic
moieties in the S;' pocket,*! where even simple biphenyl
derivatives weakly bind as shown by SAR and NMR
data.*?

Discussion

The Phosphonate Zinc-Binding Function. The
crystal structures of FLTP complexed with adamalysin
118 and PLTP complexed with MMP-8 allow a compari-
son of the geometry of interaction between the phos-
phonate groups bound to a primed- and unprimed-side
inhibitor. While the phosphonate group ligates the
metal ion in an asymmetric bidentate mode, maintain-
ing the same angles in both cases, the values and
number of atomic contacts, reported in Table 1, are
different. In particular, all the Zn---O and O---O contacts
of the first column of Table 1 are shorter than those of
the other column. The third phosphonate oxygen O3 of
PLTP can be engaged in two additional H-bonds with
the protein, while in the case of FLTP, there is only one
H-bond with a water molecule. Considering the struc-
tural similarity at the catalytic site of the two enzymes,
the present data show that the protein—phosphonate
interaction realized by the unprimed-side inhibitor is
stronger than that for the primed-side inhibitor. A
superposition of some structural elements common to
the two proteins, shown in Figure 5, reveals that the
phosphorus and two oxygen atoms of the two phospho-
nate groups practically overlap, whereas a switching
occurs between the third oxygen of one group and the
o-carbon atom of the other group. This allows the
elongation of the peptide chain toward the primed or
unprimed region of the active site, respectively.

Cation—Aromatic Interactions. Electrostatic in-
teractions between the positive charge of a cation and
the negative partial charge of aromatic & clouds have
been proposed in molecular recognition processes and
recently explored by experimental and theoretical
works.*3747 A physical model of this interaction has been
reported in a review.*6

In both crystal structures of the present work, the
position adopted by some aromatic rings suggests that
similar interactions may be present and cooperate to
the stabilization of the complexes. In the MMP-8:PLTP
adduct, the inhibitor Pro ring stacks onto the Phel64
aromatic x cloud of the enzyme. The amino group of the
pyrrolidine ring, probably protonated at the pH of
investigation and in the crystal, can be involved in an
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Figure 3. Stereoview of the 2F, — F¢ electron density at the active site of MMP-8 with the TIC refined model superimposed. The

map is contoured at 1.70.
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Figure 4. Schematic representation of the binding interac-
tions (dashed lines) of the TIC inhibitor at the active site of
MMP-8. The distances are reported in A.

Table 1. Main Contacts (A) Formed by the Phosphonate Group
with the Active Site in the Crystal Complexes MMP-8:PLTP
and Adamalysin:FLTP

MMP-8:PLTP

Zn—N<2(197)
Zn—N<2(201)
Zn—N<2(207)
Zn—01
Zn—0,
01—0¢1(198)
01—0<2(198)
03—0<2(198)
03;—0(161)

adamalysin:FLTP

Zn—N¢2(142)
Zn—N<2(146)
Zn—N<2(152)
Zn—0,

Zn—0,

01—-0¢1(143)
01—0<2(143)

WD NN DD
NMoNUo~NO RO
WM
Moo owN R

attractive electrostatic interaction with the =z cloud of
Phel64 ring centered at 4.5 A from the cation. In the
MMP-8:TIC, two aromatic rings of the inhibitor cluster
the catalytic zinc ion at 4.8 and 5.0 A from their centers.
A similar interaction involving the catalytic zinc ion has
been already described for the complex between MMP-8
and batimastat,?® where the thiophene aromatic ring
of the inhibitor faces the cation at a distance of 4.5 A.
We believe that the contribution of these attractive
electrostatic interactions, even at relatively large dis-

tances, should not be neglected in the evaluation of the
stabilization of the complexes and could be taken into
account in the design of MMP inhibitors.

Induced Conformational Change of the S;' En-
trance and Ligand Conformational Preorganiza-
tion. The high-resolution crystal structure of the com-
plex MMP-8:TIC allows us to evaluate the conformational
changes in the bottleneck entrance of the S;' pocket
induced by the sulfonamide inhibitor. We have calcu-
lated the distance between the carbonyl oxygens of
Alal61 and Pro217, the two residues at the upper and
lower sides, respectively, of the entrance (see Figure 6),
for all reported MMP-8 crystal complexes32-3437-40 gand
found it to be close to 8.0 A, whereas a significant
increase to 8.8 A was found for the MMP-8:TIC com-
plex. The widening of this entrance mainly involves the
lower side segment, since the upper side is formed by
pB-sheets interconnected by several H-bonds. A super-
position of the MMP-8:TIC complex with the unmodi-
fied form of MMP-8, as found in the MMP-8:PLTP
complex, is shown in Figure 6. For the sequence Tyr216-
Pro217-Asn218 in MMP-8:TIC the backbone atoms are
shifted more than 0.5 A, relative to the corresponding
residues in MMP-8:PLTP. This conformational change
allows the accommodation of the biphenyl group into
the Sy’ pocket. In fact, the carbonyl oxygen of Pro217 of
the unmodified MMP-8 would make unacceptable non-
bonded contacts of 2.6 and 2.3 A with C, and Cg,
respectively, of the internal phenyl ring of the biphenyl
sulfonamide. These contacts are increased to 3.3 and
3.0 A, respectively, in the modified form of MMP-8.
Though this is the first observation of a significant
change in the conformation of a segment of MMP-8,
additional evidence for the flexibility of the same region
in a metalloproteinase comes from the crystal structure
of MMP-1 complexed with a N-(arylsulfonyl)-a-amino
N-hydroxyamide.*®

The p-Tic inhibitor, although possessing the weaker
carboxylate zinc-binding function and a reduced num-
ber of H-bonding groups, induces a conformational
modification of the protein, requiring additional ener-
gy. To account for its low K; value, the entropic advan-
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Figure 5. Stereoview of the superposition between the MMP-8:PLTP complex (MMP-8, yellow; PLTP, red) and the FLTP inhibitor
(white) as found in the crystal complex with adamalysin 11. The superposition was obtained by least-squares fitting the three N
atoms of the histidines involved in zinc ligation and the zinc ions of the two enzymes. The central part shows the overlap of the
PO, anion common to both phosphonates. For clarity a few residues are labeled.

B

Figure 6. Stereoview of the superposition between the MMP-8:TIC complex (protein, yellow; inhibitor, white) and the unmodified
form of MMP-8 (red) taken from the MMP-8:PLTP complex. The superposition was obtained by least-squares fitting the C* atoms
of the three histidines involved in zinc ligation, the catalytic zinc ions, and the C* atoms of the sequence 159—164 of the upper
rim of the active cleft. The lower part shows the displacement between the segments of the lower rim including Pro217. The

residues Alal61 and Pro217 are labeled.

tage deriving from the conformational constraints present
in this inhibitor should be considered. The restric-
tions involve: (i) the p-Tic residue, a Phe analogue
showing only g~ rotamers for ¥ and orientation of
the aromatic ring almost perpendicular to that pre-
ferred*® by Phe, Tyr, and Trp; (ii) the g~ sulfonamide
junction23-28 properly directing the biphenyl group into
the deep S;' pocket; and (iii) the biphenyl group adopting
an average dihedral angle of about 30° between the two
rings.>

PLTP Binding at the S Region of MMP-8. FLTP
and PLTP are very similar, yet the binding of FLTP to
adamalysin8 greatly differs from that of PLTP to MMP-
8. Although the active sites of the two enzymes are
strictly related,>* some differences in their S3 and Sy’
subsites may explain preferential binding of PLTP to
the S region of MMP-8. The PLTP fits its Pro ring
between those of His162 and Phel64 which form the
Sz small hydrophobic cleft of MMP-8 (see Figure 5). The
Sz subsite of adamalysin is lined by Lys110 and Tyr112,
and the Tyr ring is bent far away from that of Phe in
MMP-8. Therefore both hydrophobic and cation—x

interactions with the Pz Pro ring in the S region of a
putative adamalysin:PLTP complex would be strongly
reduced. Moreover, the bottleneck entrance of the S;'
pocket of MMP-8 (=8.0 A, above cited) is smaller than
that of adamalysin (=8.6 A). This small shrinkage does
not necessarily prevent the accommodation of the indole
ring since HNC can still hydrolyze substrates containing
Trp at P,'.52754 Possible restrictions due to the adjust-
ment of the phospho-Trp indole ring in the S;" pocket
of MMP-8 may decrease cooperativity of other binding
interactions and therefore the affinity of the ligand. It
should also be observed that the indole ring of FLTP in
the S;' pocket of adamalysin adopts y? = 0°.8 This is a
highly strained conformation since natural aromatic
amino acids adopting y2 = 0° have never been observed
in oligopeptides crystal structures.*® At variance, the
orientation of the indole ring of PLTP in the S; subsite
of MMP-8 is practically perpendicular to that adopted
by the same residue in the S;' pocket of adamalysin.
Thus, the lack of interaction with the primary spcificity
subsite S;' is, at least in part, counterbalanced by the
absence of torsional strain at the Trp side chain of
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PLTP. Finally, preferential binding of PLTP to the S
region of MMP-8 can also be favored by the stronger
interaction between the catalytic site and the phospho-
nate group approaching the zinc ion from the unprimed
side, as above-discussed.

Conclusion

The prevailing interest in the design and study of
MMP inhibitors with a hydroxamate zinc-binding func-
tion reflects the stronger chelating capacity of this group
compared to other functional groups. An interesting
example of inhibitors combining zinc chelation by hy-
droxamate with a peptide chain binding both the S and
S’ subsites of the target enzyme has been recently
presented.5® There, the zinc-chelating function has been
placed as close as possible to the peptide backbone, but
it is not part of the backbone. Its free rotation around
the bond connecting the hydroxamate to the peptide
chain may be detrimental for binding because of a nega-
tive entropic effect. In this respect the design of inhibi-
tors using a phosphinate chelating group included in
the peptide backbone seems to be more convenient. The
data here reported (see Figure 5) indicate that the PO~
anion, involved in zinc chelation by the two phosphonate
inhibitors FLTP and PLTP, maintains the same relative
position with respect to the catalytic zinc ion in both
complexes. This finding represents an important ex-
perimental achievement. Combined phosphinic inhibi-
tors may be modeled in the active site of different MMPs
starting from the coordinates of this key PO, chelating
group. Moreover, peptidomimetic chains extending from
the key PO,~ phosphinic group toward both S and S’
regions of the active site can be designed on the basis
of the arrangement assumed by shorter ligands. Ad-
ditional indications deriving from the crystal structure
of MMP-8:TIC, with optimal occupancy of the S;’' pocket
by the biphenyl group and further beneficial effect of
cation—aromatic interactions occurring in the same com-
plex, can be considered in the design of combined inhibi-
tors. The loss of potency due to the use of a weaker che-
lating group could be compensated by the increase of
favorable contacts with the protein, since these inhibi-
tors can span up to six subsites of the active cleft. In
addition, since subsites of different MMPs are generally
similar but not identical, it is expected that more
selective phosphinic inhibitors can be obtained due to
the increase of contacts involved.

Experimental Section

Synthesis of the Inhibitor. Commercial available re-
agents and solvents were purchased from Fluka or Aldrich and
used with no additional purification. Melting points (Btchi oil
bath apparatus) are uncorrected. IR spectra were obtained
with a Perkin-Elmer 16 FPC FT-IR spectrophotometer. H
NMR spectra were recorded on a Varian XL-300 spectrometer
using TMS as internal standard. [a]p values were determined
with a Schmidt-Haensch 1604 digital polarimeter. HPLC was
performed with a Waters apparatus equipped with an UV 684
detector.

Z-Pro-Leu-L-TrpP(OEt); (1). To a solution of Z-Pro-Leu-
OH (441 mg, 1.35 mmol) and (R)-phosphotryptophan diethyl
ester (468 mg, 1.35 mmol) in anhydrous THF (7 mL) at 0 °C
was added a solution of DCC (279 mg, 1.35 mmol) and HOBT
(18 mg, 0.135 mmol) in the same solvent dropwise, under
stirring. After standing at room temperature overnight, N,N'-
dicyclohexylurea was filtered off and the solution concentrated
under reduced pressure. The residue was dissolved in AcOEt
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(40 mL) and washed with saturated solution of NaHCO3; and
brine. The AcOEt solution was dried over Na,SO, and the
solvent removed under reduced pressure. When the oily
residue was dissolved in anhydrous Et,0, pure Z-Pro-Leu-(R)-
TrpP(OEL), crystallized as a colorless hygroscopic solid: 570
mg (65%); [0]?%> —74° (c 1.0, CH3OH); IR (KBr) 3477, 2991,
1687, 1500, 1357, 1217, 1052 cm™%; H NMR (DMSO-dg) 6 0.80
(m, 6H, Leu CHs), 1.10—1.51 (m, 9H, CHs—CH,—0, Leu CH
and Leu CHy), 1.52—2.05 (m, 4H, Pro 8 and yCHy,), 3.00—3.50
(m, 4H, Pro 6CH, and Trp® CH,), 4.00—4.20 (m, 5H, CH3—
CH;—0 and Pro aCH), 4.40 (m, 1H, Leu aCH), 4.80 (m, 1H,
TrpP aCH), 5.07 and 5.20 (A and B of an AB system, J = 12
Hz, 2H, benzyl CH,), 6.69 (d, 1H, J = 8.1 Hz, Leu NH), 6.92—
7.60 (m, 11H, indole, CsHs and TrpP NH), 8.81 (s, 1H, indole
NH) Anal. (033H45N4O7P-2/3H20) C, H, N.

H-Pro-Leu-L-TrpP(OH), (2). To a solution of Z-Pro-Leu-
L-TrpP(OEt), (1) (550 mg, 0.86 mmol) in anhydrous CH,Cl, (10
mL), under nitrogen, was added an excess (2.3 mL, 9.46 mmol)
of bis(trimethylsilyl)acetamide under stirring. After 1 h at
room temperature, the reaction mixture was cooled to —20 °C
and an excess (0.23 mL, 6.88 mmol) of iodotrimethylsilane was
added dropwise. The solution was allowed to warm to room
temperature within 1 h and after 2 h it was concentrated under
reduced pressure. The brown oily residue was taken up with
7:3 CH3CN—H,0 (3 mL). After removal of the solvents under
reduced pressure, the solid residue was washed with AcOEt
and purified by semipreparative HPLC (Waters C18 Deltapack
19 x 300 mm column, 70:30 H,O—CHsCN, flow rate 9 mL/
min, retention time 10.34 min). Removal of the solvent under
reduced pressure and drying in high vacuum gave the pure
product as an hygroscopic white solid: 200 mg (48%); [o]?’p
—97°(c 1.0, 1 N NaOH); IR (KBr) 3357, 3262, 2959, 1642, 1135,
1071 cm1; *H NMR (NaOD, D;0) ¢ (H;C—CO—CHjs as internal
standard at 2.2 ppm) 0.69 and 073 (2d, J = 7 Hz, 6H, Leu
CHj3), 0.96—2.12 (m, 7H, Leu CH, Leu CHy,  and yPro CHy)
2.78—3.03 (m, 3H, Pro 6CH; and 1H of Trp” CH), 3.32 (m,
1H, TrpP CH,), 3.67 (m, 1H, Pro aCH), 4.03—4.30 (m, 2H, Leu
oCH) and TrpP? aCH), 7.08—7.78 (m, 5H, indole). Anal.
(C21H31N4OsP-2H,0) C, H, N.

Purification of the Catalytic Domain of HNC. The
truncated form Met80—Gly242 of the catalytic domain of HNC
was expressed in E. coli and renaturated by dializing the
inclusion bodies, which were solubilized in 6 M urea/100 mM
2-mercaptoethanol, against a buffer containing 200 mM Nacl,
5 mM CaCl,, 0.5 mM ZnCl,, 5 mM Tris/HCI, pH 7.5, as
previously described.%® The activated enzyme was subsequently
purified to apparent homogeneity by hydroxamate affinity
chromatography as judged by SDS—PAGE.

Crystallizations. Crystallizations were performed by hang-
ing-drop vapor diffusion at 18 °C. Hanging droplets were made
by mixing 2 uL of protein solution (6 mg/mL protein in 5 mM
CaCly, 100 mM NacCl, 0.5 mM ZnCl,, 3 mM MES-NaOH, 0.02%
NaNs, pH 6.0), 1 uL of inhibitor solution (20 mM inhibitor in
0.2 M MES-NaOH, 0.02% NaNs, pH 6.0) and 5 uL of PEG
solution (10% (m/v) PEG 6000, 0.2 M MES-NaOH, 0.02%
NaNs3, pH 6.0). Droplets were concentrated against a reservoir
buffer containing 2.0 M sodium phosphate buffer, 0.02% NaNs;,
pH 6.0.

Data Collection. X-ray data were collected under cryogenic
conditions (100 K) at the EMBL outstation, DESY, Hamburg,
Germany, using a wavelength of 0.8345 A and a 345 MAR
Research image-plate scanner as detector. Before mounting
in the nitrogen stream, the crystal was transferred into mother
solution containing 35% PEG 400 for few seconds, then
mounted in a rayon loop and flash-frozen. Data sets were
collected at different resolutions up to the limit of 1.40 and
1.20 A for the complexes MMP-8:PLTP and MMP-8:TIC,
respectively. Data were integrated and scaled using the
programs DENZO and SCALEPACK.>” A summary of data
collection and processing is given in Table 2.

Structure Analysis. The structure of MMP-8 complexed
with PLGNHOH (diffraction data at 298 K, PDB code 1JAP)
was used as starting model. Randomly about 5% of all
reflections not included in the refinement were set aside for
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Table 2. Data Collection and Processing

MMP-8:PLTP MMP-8:TIC
wavelength (A) 0.8345 0.8345
crystal dimensions 0.21; 0.002; 0.01 0.38; 0.06; 0.02
(mm)
temperature (K) 100 100
space group P2,2121 P212121

cell dimensions (A)
no. of processed

32.98; 68.67; 70.49
106034

32.99; 68.68; 70.58
411807

intensities
no. of unique 30229 50709
reflections
resolution range (A)  30.0—1.40 20.0—1.20
(1.42—1.40)2 (1.22—1.20)2
completeness (%) 93.3 (85.6)2 99.3 (95.3)2
Rsym 0.081 (0.258)2 0.090 (0.177)2
0/o(1)0 11.5 (4.1)2 19.6 (5.0)2

aThe values in parentheses refer to the outer shell.

Table 3. Refinement Statistics

MMP-8:PLTP MMP-8:TIC
resolution range (A) 10.0—1.40 10.0—1.20
no. of reflections 28619 48054
no. of protein atoms 1283 1283
no. of metal ions 4 4
no. of inhibitor atoms 31 28
no. of water molecules 281 271
rmsd bonds (A)2 0.008 0.009
rmsd angles (deg)? 1.030 1.589
R for F > 40 (%)° 11.7 12.6
R for all data (%) 134 12.9
Riree for F > 40 (%)P 17.9 16.5
Riree for all data (%)° 19.4 17.1
data/parametersP 2.0 3.3
goodness of fit? 2.7 1.8

Mean Isotropic Equivalent B (A2?)

13.6 (4.8—-80.8)°  12.5 (5.1—76.9)¢
8.4 (7.6—8.9) 7.7 (7.0-8.8)¢
32.1(13.8—-69.0)°  13.7 (8.0—24.9)°
32.8(8.7-76.4°  30.2 (6.5—63.6)

Ramachandran Population
favored regions (%) 90.6 91.3
allowed regions (%) 9.4 8.7

a Calculated by X-PLOR. ? Calculated by SHELXL. ¢ Highest
and lowest B values are reported in parentheses.

protein atoms
metal ions
inhibitor atoms
water oxygens

cross-validation analysis by means of Ryee. After several cycles
of positional refinement by XPLOR,5 followed by isotropic
refinement of individual B factors, a 2|F,| — |F¢| map showed
electron density clearly defining each inhibitor. Further
conventional isotropic refinement, adopting rigid-body for the
inhibitor and including successively water molecules, resulted
in a model with R, Ryee 0f 0.185, 0.232 and 0.204, 0.243 for
MMP-8:FLTP and MMP-8:TIC, respectively. At this stage the
refinement was continued with SHELXL® adopting restrained
conjugate-gradient least-squares minimization. After each step
of about 10 cycles, electron density maps were calculated, the
model was rebuilt if necessary using the program O,%° and new
peaks were added as water molecules after manual checking.
Further refinement treating non-H atoms anisotropically,
including H atoms at calculated positions, and adding more
residues in multiple conformations resulted in the final model.
Summary of the refinement statistics is given in Table 3. The
refined atomic coordinates will be deposited with the Protein
Data Bank.
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