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Potent and selective inhibitors of matrix metalloproteinases (MMPs), a family of zinc proteases that can
degrade all the components of the extracellular matrix, could be useful for treatment of diseases such as
cancer and arthritis. The most potent MMP inhibitors are based on hydroxamate as zinc-binding group
(ZBG). R-Arylsulfonylamino phosphonates incorporate a particularly favorable combination of phosphonate
as ZBG and arylsulfonylamino backbone so that their affinity exceptionally attains the nanomolar strength
frequently observed for hydroxamate analogues. The detailed mode of binding of [1-(4′-methoxybiphenyl-
4-sulfonylamino)-2-methylpropyl]phosphonate has been clarified by the crystal structures of the complexes
that theR- and S-enantiomers respectively form with MMP-8. The reasons for the preferential MMP-8
inhibition by theR-phosphonate are underlined and the differences in the mode of binding of analogous
R-arylsulfonylamino hydroxamates and carboxylates are discussed.

Introduction
Matrix metalloproteinases (MMPs) comprise a family of zinc

endopeptidases that can degrade virtually all the constituents
of the extracellular matrix. These enzymes are necessary for
normal tissue remodeling and are implicated in some processes
such as ovulation, embryonic growth, angiogenesis, differentia-
tion, and healing.1,2 Overexpression of MMPs activity, however,
or inadequate control by the natural tissue inhibitors of MMPs
causes degradation of the extracellular matrix in connective
tissue,3 contributing to the pathophysiology of a variety of
disease states such as psoriasis,4 multiple sclerosis,5,6 osteoar-
thritis,7 rheumatoid arthritis,8,9 osteoporosis,10,11and Alzheimer’s
disease.12 Excessive MMP activity is critical, in addition, for
tumor growth, cancer cell invasion, metastasis, angiogenesis,13-15

and unwanted degradation of other specific extracellular pro-
teins.16

Inhibitors of MMPs are therefore studied for the development
of innovative chemotherapeutics in several fields where effective
treatments are lacking. A great variety of synthetic, low
molecular weight MMP inhibitors have been prepared and
tested17-21 and some of them, such as neovastat, marimastat,
and rebimistat, are presently in phase III of clinical trials.22 Their
structures include a peptide or a peptidomimetic moiety that is
generally accommodated in the S′ region of the active site and
a zinc-binding group (ZBG) capable of coordinating the catalytic
zinc ion.

Hydroxamate is considered, by far, the most effective ZBG.
Simple replacement of this function with carboxylate or
phosphonate, for example, causes a 100-2000-fold decrease

in potency.23,24Hydroxamate inhibitors, however, are generally
affected by lack of specificity due to the overwhelming
contribution of the hydroxamic group to binding. In addition,
they show poor pharmacokinetic properties and may cause toxic
effects in long-term treatment owing to the release of hydroxy-
lamine, a well-known carcinogenic compound. Therefore, MMP
inhibitors based on less potent zinc-binding functions, such as
carboxylate, phosphonate, and thiolate, are also currently
investigated. In accordance with these considerations, we have
been studying phosphonate MMP inhibitors for a long time,25-31

with the aim to obtain new potent and selective analogues,
endowed with a more favorable pharmacokinetic profile with
respect to hydroxamates.

As an extension of our phosphonate program, we were
preparingR-arylsulfonylamino phosphonates (1), analogues of
known carboxylate32 and hydroxamate33,34 MMP inhibitors,
when a patent35 on the same subject appeared. The examples
reported in the patent and our own findings (Ki in the nanomolar
range for MMP-2, MMP-3, MMP-8, and aggrecanase) showed
that theR-arylsulfonylamino substitution gives rise to the most
potent MMP inhibitors based on phosphonate as ZBG. While
the search for new analogues was abandoned, owing to the
ample patent coverage, we turned our attention to a stereo-
selective method of synthesis and to the elucidation of their
mode of binding in the active site of MMP-8.

Both enantiomeric forms ofR-arylsulfonylamino phospho-
nates 1, similarly to analogous carboxylates and hydrox-
amates34,36 (Table 1), are effective MMP inhibitors. The most
potent enantiomer isS for carboxylates (about 12-fold against
MMP-3), R for phosphonates (some 1000-fold against MMP-8
and MMP-2), andR for hydroxamates (about 100-fold against
MMP-3 and MMP-2). It should be pointed out that the priority
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order37 of substituents at the chiral CR is inverted in phospho-
nates1 with respect to carboxylates2 and hydroxamates3. The
most potent enantiomers (R)-1 phosphonate and the (S)-2
carboxylate, therefore, bind in the active site with the same
orientation of the CR substituents, relative to their ZBG. The
most potent hydroxamate, (R)-3, on the contrary, presents the
opposite orientation of the substituents. The stereoselectivity
of carboxylates2 against MMP-3 has been discussed34,36 and
the increased potency of the (R)-3 hydroxamate relative to the
S-enantiomer was rationalized34 by molecular modeling based
on the crystal structure of MMP-3 complexed with only one of
the enantiomers or with structurally related analogues.38

To allow reliable determination of the inhibition constants
and to attempt cocrystallization with MMP-8, both the (R)-1
and (S)-1 phosphonates were prepared in a high degree of
enantiomeric purity (99.8% and 99% ee, respectively). The
crystal structure of the complex with the more potent (R)-1
enantiomer was of interest to acquire detailed structural
information on the mode of binding of this very potent
phosphonate inhibitor and to support molecular modeling for
the design of MMP inhibitors with improved potency and

selectivity. The structure solution of the complex with the less
potent (S)-1 enantiomer would allow detailed structural insight,
entirely based on experimental results, into the stereoselective
inhibition of MMP-8 by this model of very effectiveR-aryl-
sulfonylamino phosphonate inhibitors.

Results and Discussion

Chemistry. The stereoselective method of synthesis for (R)-1
and (S)-1 phosphonates (Scheme 1) was based on asymmetric
addition of dialkyl phosphite anions to chiral enantiopure
sulfinimines.39 Addition of lithium bis(trimethylsilyl)amide
(LiHMDS)40 to menthyl (S)-p-bromobenzenesulfinate5a41 gave
the (S)-p-bromobenzenesulfinamide6a, which was converted
into the (S)-N-isobutylidene derivative7aby condensation with
isobutyraldehyde. Treatment of7awith lithium diethyl phosphite
afforded the diethyl (SS,R)-N-(p-bromobenzenesulfinyl)-2-amino-
2-methylpropylphosphonate8a, which was carefully separated
from the minor (SS,S)-diastereoisomer by column chromatog-
raphy. Oxidation of the (SS,R)-N-p-bromobenzenesulfinylamide
8a with m-CPBA gave the corresponding (R)-N-p-bromoben-
zenesulfonylamino phosphonate9a, which was coupled42 with
4-methoxyphenylboronic acid. Acid hydrolysis of the resulting
(R)-N-biphenylsulfonylamino phosphonate10agave the sulfon-
ylamino phosphonate (R)-1 that was purified by crystallization
of the cyclohexylamine salt. The enantiomeric purity (99.8%
ee) of the phosphonate (R)-1 was monitored by HPLC analysis
of the corresponding methyl ester on a Chiralpack AD column.
The (S)-1 enantiomer was obtained accordingly, starting from
menthyl (R)-p-bromobenzenesulfinate5b, through the enantio-
meric intermediates6b-10b.

Crystal Structures of MMP-8 Complexed with (R)-1 and
(S)-1 phosphonates.To compare the mode of binding of the
two enantiomers with MMPs, the (R)-1 and (S)-1 phosphonates
were cocrystallized with MMP-8. Crystals of the complexes,
denoted as MMP-8:(R)-1 and MMP-8:(S)-1, were grown as
described in the Experimental Section, where the structure
solution and refinement are listed. Figures 1 and 2 show the
2Fo - Fc electron density maps of theR- andS-enantiomers,
complexed in the active site of MMP-8.

Common features of the binding of both inhibitors are
occupation of the primed region of the active site, coordination
of the catalytic zinc ion by the phosphonate group, and insertion
of the biphenyl substituent into the deep primary specificity
pocket S1′. The two enantiomers, however, adopt different

Table 1. MMP Inhibition by EnantiomericR-Arylsulfonylamino
Phosphonates, Carboxylates, and Hydroxamates of the General Formulas

MMP inhibition (nM)

no. R ZBG MMP-2 MMP-3 MMP-8

(R)-1 OCH3 PO3H2 5.0a 40.0a 0.6a

(S)-1 OCH3 PO3H2 1200a <15%b 700a

(R)-2 Br COOH 5.0c 54.9a,d NDe

(S)-2 Br COOH 4.0c 4.4a,d ND
(R)-3 Br CONHOH 3.0c 8.0c ND
(S)-3 Br CONHOH 450c 810c ND
(R)-4 1.0c 4.0c ND

a Ki values.b At 0.1 mM. c IC50 values, pH 7 for MMP-2, pH 6 for MMP-
3.34 d Kd values, pH 6.36 e ND: not determined.

Scheme 1a

a (i) LiHMDS, THF, -78 °C; (ii) isobutyraldehyde, Ti(OEt)4, CH2Cl2, reflux; (iii) lithium diethyl phosphite, THF,-78 °C; (iv) m-CPBA, CH2Cl2, 0 °C;
(v) 4-methoxyphenylboronic acid, Pd(PPh3)4, Na2CO3, H2O/toluene, reflux; (vi) AcOH/HCl, reflux.
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conformations of the sulfonamide junction and of the lengthy
biaryl system. For a better comprehension of the similarities
and differences between the mode of binding of the two
enantiomers, we have provided their main interactions in the
active site of MMP-8 (Figure 3).

The Phosphonate Coordination.The coordination of the
catalytic zinc ion by the phosphonate group of the two inhibitors
is similar. The shortest Zn‚‚‚O distance is 2.0 and 1.9 Å for the
R- and S-enantiomer, respectively. The tetrahedral zinc coor-
dination is distorted by the other phosphonate oxygen at 3.4
and 3.2 Å from the metal ion in theR and S complexed

enantiomer, respectively. The third phosphonate oxygen interacts
with the two carboxylate oxygens of the catalytically important
E198, forming contacts of 2.8, 3.4 Å and 2.6, 3.0 Å in the MMP-
8:(R)-1 and MMP-8:(S)-1 complex, respectively.

Similar ligations between the catalytic zinc ion and oxygen
atoms bound to phosphorus-containing inhibitors have been
found in the crystal structures of complexes formed by ther-
molysin,43,44 carboxypeptidase A,45 astacin,46 and neutrophil
collagenase.27 The exceptional affinity ofR-R-arylsulfonylamino
phosphonates cannot, therefore, be attributed to a particularly
effective zinc coordination of the ZBG.

Figure 1. 2Fo - Fc electron density at the active site of MMP-8 with theR-enantiomer superimposed. The map is contoured at 1.0σ.

Figure 2. 2Fo - Fc electron density at the active site of MMP-8 with theS-enantiomer superimposed. The map is contoured at 1.1σ.

Figure 3. Schematic representation of the binding interactions (dashed lines) of theR- (left side) andS-enantiomer (right side) at the active site
of MMP-8. Distances are in Å.
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Binding at the S1 Pocket.Despite the opposite chirality at
the CR of the two enantiomers, their isopropyl side chains are
located in the same area of the MMP-8 S1 pocket. There, the
isopropyl group forms hydrophobic interactions with the I159
side chain protruding from the upper rim formed by the
antiparallelâ4 strand.47 Energetically more favorable methyl-
methyl interactions are realized by theR-enantiomer, since one
of its methyls forms contacts of 3.9 and 4.1 Å with both the
I159 methyl groups, while only one methyl-methyl contact of
4.3 Å is formed by theS-enantiomer.

It is worth noting that also both enantiomers of anN-
arylsulfonyl tryptophan inhibitor, complexed in the structurally
related active site of MMP-3,38 accommodate the bulky indole
rings of Trp in the same area of the S1 pocket, regardless of the
opposite chirality.

The Sulfonamide Junction.Search for crystal structures of
ligands containing the sequence C-NH-SO2-C, performed on
the Cambridge Structural Database and PDB, shows that the
sulfonamide junction is unlikely to adopt a trans conformation.
Several crystallographic investigations show the preference for
the gauche conformations.48-51 In accordance, the two com-
plexedR- andS-enantiomers adopt the g+ (72°) and g- (-89°)
conformation, respectively. As a consequence, while the sul-
fonamide NH group of theR-enantiomer is turned toward the
upper rim, giving rise to a H-bond (3.0 Å) with the A161 CO
group, the same NH of theS-enantiomer faces the solvent,
engaging a H-bond (3.0 Å) with a water molecule. This water
is further bridged to an oxygen of the phosphonate and to the
P217 CO group. Moreover, in both complexes, one of the
sulfonamide oxygens is engaged in a bifurcated H-bond with
the L160 and A161 NH groups. The H-bonds engaged by the
two enantiomers with L160 have the same strength (2.6 Å).
The other H-bond formed by theR-enantiomer with the A161
NH group (3.0 Å) is stronger than that engaged by the
S-enantiomer (3.4 Å). It is worth noting that among the contacts
normally anchoring substrate-like inhibitors to the primed region
of MMP-852-58 the H-bond formed by the L160 NH group is
always conserved.

The easy interconversion between the two sulfonamide
gauche conformations plays a key role for accommodation of
both enantiomers in the MMP-8 active site. In fact, the g+

binding conformation of the (R)-1 phosphonate nearly overlaps
the g- binding conformation of theS-enantiomer (Figure 4),
allowing the phosphonate to ligate properly the catalytic zinc
ion, while the biphenyl group is inserted into the primary
specificity pocket S1′.

Analogous gauche conformations of the sulfonamide junction
and similar H-bonding interactions with the protein have also
been found in the crystal complexes formed by MMP-3 with
the two enantiomers of anN-arylsulfonyl tryptophan inhibitor.38

Unlike phosphonates, theR- andS-carboxylates adopt the g-

and g+ conformations, respectively, but inversion of the
preference for the gauche conformation is only apparent.59

Binding at the S1′ Pocket.One of the common assumptions
in structure-based drug design of enzyme inhibitors is that a
chemical moiety that binds tightly, such as the P1′ biphenyl
substituent in the present case, will exhibit the same interacting
mode throughout a series of inhibitors. As matter of fact, the
crystal structures of the complexes formed by MMP-3 with a
series of sulfonamide inhibitors, all containing the biphenyl
piperidine substituent,38 show that the positions of these long
ring systems into the deep S1′ pocket are almost identical.
Contrary to these results, a different behavior of the biphenyl
moiety into the S1′ pocket of MMP-8 has been observed. The
different penetration and noncoaxial alignment of this lengthy
aromatic moiety cause unlike interactions and induce confor-
mational changes of the biaryl systems of the two enantiomers.
A comparison of the binding mode of the two enantiomers in
the active site of MMP-8 is shown in Figure 4. The insertion
of the biphenyl group is deeper for theR- than theS-enantiomer.
The zinc-coordinated H197 imidazole ring, forming a wall of
the pocket, is almost halfway between the two phenyl rings of
the R-isomer. In fact, the centroid of the H197 imidazole ring
is equidistant (4.1 Å) from that of both the proximal and distal
phenyl ring of the inhibitor (Table 2). Moreover, an almost
perfect stacking is realized between theseπ systems, since the
angles formed by the proximal and distal phenyl ring with that
of the imidazole are 12.9° and 9.1° (Table 2). Thisπ stacking
can reduce the torsion angle around the two aromatic rings of
the R-isomer to only 19.0°, a value significantly smaller than
the average (30°) found for biaryl systems (Cambridge Structural
Database).

In the complex of theS-enantiomer, only the distal phenyl
stacks similarly onto that of H197 (ring centroid distance, 3.9
Å; angle between planes, 10.6°; Table 2). The stack of the
proximal phenyl ring is looser (ring centroid distance, 4.6 Å;
angle between planes, 30.4°; Table 2). As a consequence, the
torsion angle around the two phenyl rings is larger than that of
the R-enantiomer and attains a value of 37.0°.

Figure 4. CR superposition of the MMP-8:(R)-1 and MMP-8:(S)-1 complexes. The theR- andS-enantiomers are yellow and purple, respectively.

Table 2. Distances between Ring Centroids and Angles between Ring
Mean Planes for theR- andS-Enantiomer Found in the Crystal
Complexes with MMP-8a

Φp-H
(Å)

Φd-H
(Å)

Φp-H
(deg)

Φd-H
(deg)

Φp-Φd

(deg)

(R)-1 4.1 4.1 12.9 9.1 19.0
(S)-1 4.6 3.9 30.4 10.6 37.0
(R)-4 4.7 34.1

a Φp and Φd indicate the proximal and distal phenyl plane of each
inhibitor, while H indictates the imidazole H197 ring plane. The last row
reports the values relative to the proximal phenyl ring of (R)-4 as found in
the complex with MMP-3.
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The positions of the methoxy oxygen in the two complexed
enantiomers differ by ca. 0.8 Å and their methyl groups are
oriented in opposite directions. As a consequence, favorable
hydrophobic methyl-methyl interactions of 3.5, 4.0, and 4.1
Å (Figure 3) are formed by theR-isomer with the surrounding
L214 and L193 residues constituting the wall of the pocket.
The methoxy of theS-enantiomer, on the contrary, is involved
in only one methyl-methyl interaction of 3.7 Å, with the L214
residue.

Inhibitor-Induced Conformational Changes at the Active
Site.Comparison of the crystal structures of the two complexes
reveals that the loop regions constituting the active site are quite
flexible. In fact, significant conformational changes affect the
loops delimiting the S′ region, with particular regard to the S1′
pocket. The largest difference between the corresponding CR

atoms of the complexed enzymes is 1.1 Å.
The right-hand side of the active site is bordered by the

S-shaped loop connecting the SIII to SIV strand and that
connecting the SV strand to the important helix B. Significant
differences between the corresponding CR atoms appear for the
sequences 150-160 and 180-189 included in the above-
mentioned loops. Figure 5 shows a superposition of these
regions. The insertion of theR-enantiomer pushes aside the L160
residue of the S-shaped loop. This displacement is then
propagated to the other residues of the two loops with a
concerted mechanism maintaining their H-bonding networks.

The other significant change occurs at the bottom of the
primary specificity pocket S1′. The corresponding CR atoms of
the complexed enzymes presenting significant differences are
in the region 210-216, containing the so-called “Met turn”,
and 220-228 ending in the terminal helix-C. These two facing
regions separate the crevice harboring the inhibitor biphenyl
substituent from bulk water. Figure 6 is a bottom view of the
S1′ pocket showing a superposition of the conformationally
different regions.

When theS-enantiomer is complexed, the R222 Nη and P211
CO groups form a H-bond (2.7 Å), whereas theR-enantiomer
causes a displacement (3.8 Å) of these groups and rupture of
the intramolecular H-bond. In the latter case, the R222 Nη forms
an intermolecular H-bond with the side-chain carboxylate of
the symmetry-related D115. It could be argued whether the
rupture of the intramolecular H-bond formed by R222 NH could
be an artifact of the crystal packing rather than an intrinsic
property of the molecular complex. An accurate examination

of MMP-8 crystal complexes available from PDB shows that
R222 NH is always engaged in intramolecular H-bond with
residues 211, 212, or 213 whenever the ligands occupy only
the upper part of the S1′ pocket. On the other hand, in the crystal
of MMP-8 complexed with a biphenylsulfonylamino tetrahyd-
roquinolin carboxylate27 (Tic) inhibitor (PDB ID 1I76), the R222
NH intramolecular H-bond is also released. In particular, the
distal phenyl ring of the Tic derivative is at the same depth of
that of theR-enantiomer and both are deeper than the distal
phenyl of theS-enantiomer. Since the MMP-8:(R)-1 and MMP-
8:Tic complexes present different unit cell parameters and crystal
packing, rupture of the intramolecular H-bond formed by R222,
rather than an artifact, appears to be the consequence of steric
strain due to deeper insertion of the biphenyl substituents.

Structure-Activity Relationship. The activity against MMP-8
of the R-phosphonate (Ki ) 0.6 nM) is more than 1000-fold
higher than that of theS-enantiomer (Ki ) 0.7 µM). By
comparison of the crystal complexes, binding interactions that
increase the potency of theR-inhibitor can be summarized as
follows: (i) the R-enantiomer promotes better hydrophobic
interactions of the isopropyl side chain at the S1 subsite; (ii)
the direct inhibitor to protein H-bond, between the sulfonamide
NH of the R-enantiomer and the A161 CO, is replaced with a
water-mediated H-bond to the P217 CO by theS-enantiomer;
(iii) the bifurcated H-bond between the sulfonamide oxygen and
the A161 NH is stronger for theR-isomer; (iv) increased
π-stacking and more extensive hydrophobic interactions in the
S1′ pocket are due to the deeper insertion of theR-inhibitor.

Enantiomeric sulfonamide carboxylates and hydroxamates
have been studied as MMP-3 inhibitors. Since the active sites
of MMP-3 and MMP-8 are structurally related, the mode of
binding and stereoselectivity of these ligands can be compared
to that of (R)-1 and (S)-1 phosphonates. Carboxylate enantiomers
show a low level of stereoselectivity against MMP-3. In fact,
the S-enantiomers ofN-arylsulfonyl tryptophan38 and N-aryl-
sulfonyl valine234,36 haveKi values ca. 2 and 12-fold lower
than theirR-isomers, respectively. The crystal structures of the
Trp enantiomers complexed with MMP-3 show that the small
decrease in affinity of theR-enantiomer is mainly caused by
the lack of the inhibitor-protein H-bond, occurring when the
sulfonamide NH is turned toward the bulk solvent. Since crystal
complexes containing the Val derivatives could not be obtained,
isothermal titration calorimetry allowed to assert that the

Figure 5. Superposition of the enzyme regions 150-160 and 180-
189 of complexes MMP-8:(R)-1 (orange) and MMP-8:(S)-1 (green)
obtained by a least-squares fit of the CR atoms of the two complexes.
Only theR-enantiomer is shown.

Figure 6. Bottom view of the S1′ pocket showing the superposition
of the regions 210-216 and 220-228 of the complexes MMP-8:(R)-1
(orange) and MMP-8:(S)-1 (green). Only theR-enantiomer is shown.
The P211 CO and R222 NH groups, giving rise to H-bond only in the
MMP-8:(S)-1 complex, are indicated. The superposition has been
obtained as indicated in Figure 5.
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higher binding affinity of theS-enantiomer should be attributed
to conformational entropy factors.36

Hydroxamates present opposite stereoselectivity with respect
to carboxylates, and the (R)-3 potency against MMP-3 is more
than 160-fold higher than that of (S)-3. Crystals of the complexes
between MMP-3 and the hydroxamates (R)-3 and (S)-3 could
not be obtained, but it was possible to crystallize the complex
of MMP-3 with the hydroxamate analogue (R)-434 (Table 1),
containing a biphenyl ether group at P1′. The four strong
interactions of the hydroxamate group with the catalytic zinc
ion, combined with the steric requirement of almost coplanarity
of their heavy atoms, strongly reduce the possibilities of ligand
adaptation in the enzyme active site. Under these circumstances,
theR-enantiomer can easily accommodate theR-isopropyl group
at S1, while the isopropyl of theS-enantiomer is predicted to
be oriented back, in contact with theâ-sheet of the upper rim,
with significant loss of binding affinity. In contrast, carboxylate
ligands (R)-2 and (S)-2, forming less strong interactions with
the protein, allow an easy reorientation of the side chains, so
that both enantiomers occupy nearly the same area in the S1

subsite, giving rise to a lower degree of stereoselectivity.
(R)-R-Arylsulfonylamino phosphonates such as (R)-1 are by

far the most potent inhibitors containing the phosphonate as
ZBG. They attainKi values in the nanomolar range, which is
usual only for hydroxamates. Moreover, they present opposite59

stereoselectivity with respect to the analogue hydroxamate (R)-
3. To rationalize this behavior at molecular level we present in
Figure 7 a superposition between the enzyme structural invari-
ants of MMP-8:(R)-1 and MMP-3:(R)-4 complexes showing the
putative position of (R)-4 relative to (R)-1.

The completely different zinc ligation causes a considerable
displacement of the P atom from the hydroxamate C atom.
However, theR-isopropyl groups of both inhibitors almost
overlap at the S1 subsite, despite the opposite orientation of the
CR substituents. The hydroxamate (R)-4 adopts the sulfonamide
g- conformation, so that only the sulfonamide NH of phospho-
nate (R)-1 can form the H-bond with the upper rim of the active
site. Moreover, although the proximal phenyl rings of (R)-1 and
(R)-4 are almost at the same depth in the S1′ pocket, that of
(R)-4 is at 4.7 Å and rotated 34° (Table 1) with respect to the
H197 ring, looseningπ-stacking interactions. This rotation
avoids an eclipsed conformation between the aromatic ring and
the SO2 group. Therefore, the additional H-bond formed by the
sulfonamide NH of (R)-1 with the protein and theπ-stacking
of the proximal phenyl ring with H197 can compensate the
higher effectiveness of hydroxamate as ZBG, explaining the

exceptional nanomolar potency of the phosphonate (R)-1. This
study may serve as a structural basis for the design of more
selective phosphonate MMP inhibitors in the nanomolar range.

Conclusions

The modes of binding of the enantiomeric sulfonamide
phosphonates (R)-1 and (S)-1 in the active site of MMP-8 are
reported. The higher inhibiting activity of (R)-1 (Ki ) 0.6 nM)
with respect to (S)-1 (Ki ) 0.7 µM) can be related to (i) better
hydrophobic interactions at the S1 subsite by the isopropyl side
chain, (ii) an additional H-bond between the sulfonamide NH
and the A161 CO, (iii) a stronger H-bond between the
sulfonamide oxygen and the A161 NH, and (iv) increased
π-stacking and more hydrophobic interactions in the S1′ pocket
because of its deeper insertion.

R-Arylsulfonylamino phosphonates such as (R)-1 incorporate
a particularly favorable combination of phosphonate as ZBG
and arylsulfonylamino backbone so that their affinity exception-
ally attains the nanomolar strength frequently observed for
hydroxamate analogues. A comparison between the crystal
structures of (R)-1 complexed with MMP-8 and (R)-4 complexed
with MMP-3 shows that the additional H-bond formed by the
sulfonamide NH with MMP-8 and theπ-stacking of the
proximal phenyl ring with H197 can compensate the higher
effectiveness of hydroxamates as ZBG, explaining the excep-
tional nanomolar potency of the phosphonate (R)-1.

Experimental Section

General. Melting points were determined on a Bu¨chi B-540
apparatus and are uncorrected. Infrared spectra (IR) were run on a
Perkin-Elmer 1600 spectrometer. Absorption values are expressed
in wavenumbers (cm-1). Optical rotations were measured with a
Perkin-Elmer 241 digital polarimeter at 20°C; concentrations are
expressed as g/100 mL.1H, 13C, and31P NMR spectra were recorded
on a Varian VXR 300 spectrometer, operating at 300, 75, and 121
MHz, respectively. Chemical shifts are expressed inδ (ppm) values
relative to an internal standard (TMS for proton and carbon; H3-
PO4 for phosphorus), while coupling constants (J) are given in Hz.
13C and31P NMR spectra are fully proton decoupled. Elemental
microanalyses of C, H, N were performed on a Carlo Erba model
1106 analyzer and were within(0.4% of the calculated values.

(S)-p-Bromobenzenesulfinamide (6a).A solution (1.0 M in
THF) of LiHMDS (7.6 mL, 7.6 mmol) was added dropwise, under
stirring, to a solution of menthyl (S)-p-bromobenzenesulfinate5a41

(2.00 g, 5.57 mmol) in THF (13 mL), cooled at-78 °C. The
reaction mixture was warmed to room temperature and stirred for
1 h, and the disappearance of5a was monitored (TLC). After
quenching with saturated NH4Cl (10 mL), the product was extracted
with EtOAc (45 mL). The organic phase was dried and concentrated
to give a solid residue that was crystallized from EtOAc to give
840 mg (68%) of6a: [R]20

D +27.8° (c 1.0 CH3OH).
(S)-N-(2-Methylpropylidene)-p-bromobenzenesulfinamide (7a).

Isobutyraldehyde (0.34 mL 3.68 mmol) and titanium(IV) ethoxide
(3.95 mL, 18.85 mmol) were added to a solution of6a (810 mg,
3.68 mmol) in CH2Cl2 (60 mL), under N2. The reaction mixture
was refluxed for 3 h and quenched at 0°C by addition of H2O (50
mL). After filtration through a short pad of Celite, the organic phase
was secured and the aqueous phase was further extracted with CH2-
Cl2 (100 mL). The pooled organic phases were dried and concen-
trated, leaving the crude product7a (875 mg) as a yellow oil that
was employed without further purification.

Diethyl (SS,R)-N-(p-Bromobenzenesulfinyl)-2-amino-2-meth-
ylpropylphosphonate (8a).To a solution of diethyl phosphite (0.82
mL, 6.36 mmol) in THF (50 mL), contained in a 100-mL two-
necked round-bottom flask equipped with a magnetic stirring bar
and rubber septum, was added a solution (1.0 M in THF) of lithium
bis(trimethylsilyl)amide (6.36 mL, 6.36 mmol) slowly under
nitrogen, at-78 °C. After stirring for 20 min, the resulting mixture

Figure 7. CR superposition of the MMP-8:(R)-1 (yellow) and MMP-
3:(R)-4 (cyan) complexes.

928 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 3 Pochetti et al.



was transferred via cannula to a 250-mL two-necked round-bottom
flask equipped with a magnetic stirring bar, rubber septum, and
nitrogen inlet and containing a solution of sulfinimine7a (875 mg,
3.18 mmol) in THF (30 mL), cooled at-78 °C. After 2 h at-78
°C, the reaction was quenched with saturated NH4Cl (50 mL), the
organic layer was secured, and the aqueous phase was further
extracted with EtOAc (150 mL). The pooled organic phases were
dried and concentrated to give a yellowish oil that was purified by
chromatography on silica gel (1-3% isopropyl alcohol in CHCl3)
to afford 998 mg of8a (76%) as a white solid: [R]20

D +60.3° (c
1.0 EtOAc).

Diethyl (R)-N-(p-Bromobenzenesulfonyl)-2-amino-2-methyl-
propylphosphonate (9a).To a solution of8a (740 mg, 1.79 mmol)
in CH2Cl2 (35 mL) was addedm-CPBA (802 mg, 3.58 mmol)
portionwise, at 0°C. After 0.5 h, the reaction mixture was
sequentially washed with saturated solutions of Na2S2O3 (40 mL),
NaHCO3 (40 mL), and brine. The organic phase was dried and
concentrated in vacuo to give 766 mg (100%) of the pure compound
9a as a white solid: [R]20

D -11.6° (c 1.0 EtOAc).
Diethyl (R)-[1-(4′-Methoxybiphenyl-4-sulfonylamino)-2-me-

thylpropyl]phosphonate (10a).A solution of 9a (650 mg, 1.52
mmol) and 4-methoxyphenylboronic acid (290 mg, 1.91 mmol) in
toluene (7 mL) was treated with tetrakis(triphenylphosphine)-
palladium(0) (28 mg) and aqueous Na2CO3 (0.5 g, 5 mL H2O).
After being refluxed for 70 h, the reaction mixture was diluted with
EtOAc (10 mL) and 1 N HCl (10 mL) and filtered through a short
pad of Celite. The organic layer was further washed with saturated
solution of NaHCO3 (15 mL) and brine, dried, and concentrated in
vacuo. The resulting yellow oil was purified by chromatography
on silica gel (40% EtOAc/hexane, containing 1.0% of AcOH) to
afford 595 mg of10a(86%) as a white solid: [R]20

D -14.4° (c 1.0
EtOAc).

Enantiomeric intermediates 6b-10bwere obtained as reported
for 6a-10aand gave the same spectral data and physical constants,
except optical rotations that were opposite in sign.

(R)-[1-(4′-Methoxybiphenyl-4-sulfonylamino)-2-methylprop-
yl]phosphonic Acid, Cyclohexylamine Salt [(R)-1]. The diethyl
ester10a(200 mg, 0.44 mmol) was dissolved in a mixture of AcOH
(4 mL) and concentrated HCl (8 mL) at the boiling point. After 6
h under reflux, the mixture was concentrated in vacuo and the
residue, taken up in EtOAc (30 mL), was washed with 2 N HCl
(40 mL) and brine, dried, and evaporated under reduced pressure.
The white solid residue was dissolved in CH3OH and added with
a small excess of cyclohexylamine. Evaporation of the solvent gave
the cyclohexylamine salt (R)-1, which was recrystallized from CH3-
OH/Et2O, providing 110 mg (50%) of pure material: [R]20

D +2.5°
(c 1.0 CH3OH).

(S)-[1-(4′-Methoxybiphenyl-4-sulfonylamino)-2-methylpropyl]-
phosphonic Acid, Cyclohexylamine Salt [(S)-1]. The product was
obtained by following the same procedure described for (R)-1,
starting from menthyl (R)-p-bromobenzenesulfinate: [R]20

D -2.8°
(c 1.0 CH3OH).

Enantiomeric Excesses of [1-(4′-Methoxybiphenyl-4-sulfon-
ylamino)-2-methylpropyl]phosphonic Acids (R)-1 and (S)-1. The
enantiomeric purities of the phosphonates were determined by
HPLC analysis of the corresponding dimethyl esters on a Chiralpack
AD column.

Dimethyl (R)-[1-(4′-methoxybiphenyl-4-sulfonylamino)-2-me-
thylpropyl]phosphonate: retention time 15.55 min; 99.8% ee.

Dimethyl (S)-[1-(4′-methoxybiphenyl-4-sulfonylamino)-2-me-
thylpropyl]-phosphonate: retention time 13.09 min; 99.0% ee.

Enzyme Assay and Determination of the Inhibition Con-
stants.Inhibition of the matrix metalloproteinases MMP-2, MMP-
3, and MMP-8 has been determined at 25°C in Tris/HCl (50 mM,
pH 7.5), CaCl2 (5 mM), Brij (0.05%), and NaN3 (0.02%) by
continuously monitoring the hydrolysis of the fluorescent substrate
McaPro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (0.20µM)60 by MMP-2,
MMP-3, and MMP-8, respectively, after 5 min incubation in the
presence of the inhibitors. Reactions were started by addition of
the substrates in the cuvette, under continuous stirring. The
hydrolysis was followed by measuring the increase in relative

fluorescence at 393 nm (excitation at 328 nm) due to the formation
of product. The highest enzyme concentration used in the assays
was always lower than 3.8× 10-10 M. Under these conditions,
low enzyme concentration and substrate concentration well below
the Km values, the substrate consumption is negligible but well
measurable, and the reaction proceeds linearly for at least 1500 s.
The velocity of enzymatic substrate hydrolysis was determined in
the 200-1400 s time interval. Data analysis has been performed
by assuming a reversible inhibition with rapid binding of the enzyme
to the inhibitor, according to the following equilibrium (eq 1):

In a reaction where an inhibitor I reacts reversibly with an
enzyme E and an activity assay is used to study the inhibition, the
simple reaction scheme (eq 1), which does not take into account
the reaction of E with the substrate S, is valid if [E] variation is
negligible upon formation of the ES complex, during the activity
assay. This condition is satisfied in our assays, since [S] is much
lower than the substrateKm and the reaction proceeds without
deviation from the linearity during the 1200 s of the assays. In
fact, substrate consumption was negligible during the assays used
to evaluate the control rate in the absence of inhibitor.

Under these conditions, concentrations of the EI complex formed
in the assay are measurable from the residual activity according to
eq 2.

In our experiments, values of fractional saturation were reported
against the inhibitor concentrations. The nonlinear fitting of the
data to a rectangular hyperbola, under the condition that [EI] is
between 0 and 1, yieldsKi as the [I] where [EI]) 0.5.

Purification of the Catalytic Domain of HNC. The truncated
form Met80-Gly242 of the catalytic domain of HNC was expressed
in Escherichia coliand renaturated by dialyzing the inclusion
bodies, which were dissolved in 6 M urea/100 mM 2-mercapto-
ethanol, against a buffer containing 100 mM NaCl, 5 mM CaCl2,
0.5 mM ZnCl2, 5 mM Tris/HCl, pH 7.5, as previously described.61

The activated enzyme was subsequently purified to apparent
homogeneity by hydroxamate affinity chromatography as judged
by SDS-PAGE.

Crystallizations. Crystallizations were performed by hanging-
drop vapor diffusion at 18°C. Hanging droplets were made by
mixing 1.5µL of protein solution (6 mg/mL protein in 5 mM CaCl2,
100 mM NaCl, 0.5 mM ZnCl2, 3 mM MES-NaOH, 0.02% NaN3,
pH 6.0), 1µL of inhibitor solution (1 mM inhibitor in 0.2 M MES-
NaOH, 20% MeOH, pH 6.0), and 5µL of PEG solution [10%
(m/v) PEG 6000, 0.2 M MES-NaOH, 0.02% NaN3, pH 6.0].
Droplets were concentrated against a reservoir buffer containing
1.6 M sodium phosphate buffer, 0.02% NaN3, 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 1.00 Å 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, and then mounted in a rayon loop
and flash-frozen. Data were integrated and scaled using the
programs DENZO and SCALEPACK.62 A summary of data
collection and processing is given in Table 3.

Structure Analysis. A structure of MMP-8 complex (PDB ID
1I76) was used as starting model. Randomly about 10% of all
reflections not included in the refinement were set aside for cross-
validation analysis by means ofRfree. After several cycles of
positional refinement by CNS,63 followed by isotropic refinement
of individual B factors, a 2Fo - Fc map showed electron density
clearly defining each inhibitor. Further conventional isotropic
refinement, including inhibitor and successive water molecules,
resulted in a model withR, Rfree of 0.208, 0.244 and 0.210, 0.235
for MMP-8:(R)-1 and MMP-8:(S)-1, respectively.

E + I h EI (1)

fractional saturation) [EI] ) 1-
Vi

V0
)

Vi - V0

V0
(2)
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The atomic coordinates have been deposited with the Protein
Data Bank [PDB code 1ZVX for MMP-8:(R)-1 and 1ZS0 for MMP-
8:(S)-1].
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