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A series of biphenylsulfonamide derivatives of (S)-2-(biphenyl-4-sulfonylamino)-3-methylbutyric
acid (5) were prepared and evaluated for their ability to inhibit matrix metalloproteinases
(MMPs). For this series of compounds, our objective was to systematically replace substituents
appended to the biphenyl and a-position of 5 with structurally diverse functionalities to assess
the effects these changes have on biological and pharmacokinetic activity. The ensuing
structure—activity relationship (SAR) studies showed that biphenylsulfonamides substituted
with bromine in the 4'-position (11c) significantly improved in vitro activity and exhibited
superior pharmacokinetics (Cmax, ti2, AUCS), relative to compound 5. Varying the lipophilicity
of the a-position by replacing the isopropyl group of 11c with a variety of substituents, in
general, maintained potency versus MMP-2, -3, and -13 but decreased the oral systemic
availability. Subsequent evaluation of its enantiomer, 11c’, showed that both compounds were
equally effective MMP inhibitors. In contrast, the corresponding hydroxamic acid enantiomeric
pair, 16a (S-isomer) and 16a’ (R-isomer), stereoselectivity inhibited MMPs. For the first time
in this series, 16a’ provided nanomolar potency against MMP-1, -7, and -9 (ICs¢'s = 110, 140,
and 18 nM, respectively), whereas 16a was less potent against these MMPs (ICso's = 24, 78,
and 84 uM, respectively). However, unlike 11c, compound 16a’ afforded very low plasma
concentrations following a single 5 mg/kg oral dose in rat. Subsequent X-ray crystal structures
of the catalytic domain of stromelysin (MMP-3CD) complexed with inhibitors from closely related
series established the differences in the binding mode of carboxylic acid-based inhibitors (11c,c’)

relative to the corresponding hydroxamic acids (16a,a’).

Introduction

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent, calcium-containing endopeptidases that
have been shown to play a significant physiological role
in tissue remodeling in normal growth and develop-
ment.! Regulation of their proteolytic activity in tissue
remodeling is controlled by a variety of mechanisms,
including inhibition by endogenous tissue inhibitors of
metalloproteinases (TIMPS).2 An imbalance in the
MMP/TIMP ratio favoring the overproduction of MMPs
has been implicated in a number of pathological pro-
cesses, including the destruction of cartilage and bone
in rheumatoid arthritis and osteoarthritis, tumor growth
and metastasis in both human and animal cancers,
degeneration of the aortic wall in abdominal aortic
aneurysms, and progressive cardiac dilation in patients
with congestive heart failure.®~® The accumulation of
evidence suggesting that upregulation of MMPs is
involved in these, and other disease states, has led to a
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growing number of pharmaceutical companies attempt-
ing to design and develop orally active inhibitors that
may restore the balance of MMP regulation in these
pathological processes.

The majority of the MMPs are divided into four main
groups that include collagenases (MMP-1, -8, -13),
gelatinases (MMP-2, -9), stromelysins (MMP-3, -10, -1)
and membrane-type MMPs (MMP-14, -15, -16, -17),
while matrilysin (MMP-7) and metalloelastase (MMP-
12) are included separately as members of the metal-
loproteinase family.” The primary structures for most
of the human MMPs have been determined, demon-
strating that each possesses similar structural domains,
which include an N-terminal propeptide region, a zinc-
containing catalytic domain, and, with the exception of
matrilysin, a C-terminal domain.82 A number of X-ray
and NMR structures of MMP catalytic domain/inhibitor
complexes have now been reported and show that
inhibitor interactions at the active-site zinc play a
critical role in defining the binding mode and relative
inhibitor potency.® Thus, the majority of MMP inhibitors
reported in the literature,! including those reported to
be in clinical trials (Figure 1), contain an effective zinc
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Figure 1. MMP inhibitors reported to be evaluated in clinical
trials.
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Figure 2. Proposed biphenylsulfonamide SAR studies.

binding group (e.g. hydroxamic acid, carboxylic acid,
sulfhydryl group) that is either generally substituted
with a peptide-like structure that mimics the substrates
that they cleave or appended to smaller side chains that
may interact with specific subsites (e.g, P1', P2', P3’)
within the active site.1011

To further assess the role of MMPs in vivo, our goal
was to identify an inhibitor possessing a suitable
pharmacokinetic profile for chronic oral dosing in ani-
mal models of arthritis, atherosclerosis, heart failure,
and multiple sclerosis. As part of our search for novel
MMP inhibitors, we screened our library of compounds
and identified (S)-2-benzenesulfonylamino-4-methyl-
pentanoic acid and 4-biphenyl-4-yl-4-oxobutyric acid
(Fenbufen) as selective inhibitors of human MMP-2 and
-3 (micromolar potency), having no inhibitory activity
against MMP-1, -7, and -9. Replacement of the benzene
group of the sulfonamide with Fenbufen’s biphenyl led
to the identification compound 5 (Figure 2), a biphenyl-
sulfonamide derivative that, unlike the benzenesulfona-
mides or Fenbufen derivatives, exhibited nanomolar
potency vs MMP-2, -3, and -13 and micromolar potency
vs MMP-1, -7, and -9. In contrast to our results, Shionogi
Research Laboratories reported nanomolar potency vs
MMP-9 for a closely related series of N-sulfonylamino
acid derivatives, several of which exhibited oral activity
in animal models of tumor growth and metastasis.1?

As a tool to complement the in vitro screening, we
examined the possible binding modes of 5 with the
catalytic domain of MMP-3 through molecular modeling
methods based on an X-ray structure previously de-
scribed.’® From this study, we found that the major
interactions contributing to the tight binding of 5 with
MMP-3CD include catalytic zinc—carboxylate coordina-
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tion, hydrogen bonding between the sulfonamide moiety
and protein amino acid residues, and hydrophobic
interactions plus aromatic stacking of the biphenyl ring
system within the P1' pocket. On the basis of these
results, we examined structure—activity relationships
(SARs) based on 5, assessing the effects that structural
changes made to the biphenyl ring system, the o-posi-
tion, and the carboxylate moiety have on biological
activity. In this paper, we describe the synthesis,
structural analysis, SARs, and pharmacokinetics for
analogues of compound 5 and the events leading to the
selection of 11c as a candidate for evaluation in pre-
clinical efficacy models.

Chemistry

The synthesis of carboxylic acid derivatives 11a,b,
g,h,j—1 (Tables 1 and 2) is presented in Scheme 1
(method A). Commercially available 4-bromobenzene-
sulfonyl chloride (6) was coupled to L-valine tert-butyl
ester (7) in the presence of triethylamine to give the
bromobenzenesulfonamide intermediate 8. Utilizing
reaction conditions developed by Suzuki, compound 8
was coupled with a variety of substituted benzenebo-
ronic acids 9 via palladium catalysis in refluxing toluene
to yield substituted biphenylsulfonamide derivatives
10a,b,g,h,j—1.14 Hydrolysis of the tert-butyl ester using
trifluoroacetic acid in the presence of anisole gave the
corresponding carboxylic acid derivatives 11a,b,g,h,j—
I

Alternatively, biphenylsufonamide carboxylic acids
1lc—f,i,m—v (Tables 1, 2, 4, and 5) were prepared from
appropriately substituted biphenyl starting materials
12 as shown in Scheme 2 (method B). Commercially
available substituted biphenyls 12 were reacted with
chlorosulfonic acid in chloroform to give the biphenyl-
sulfonic acids 13, which were converted to the corre-
sponding sulfonyl chlorides 14 in refluxing thionyl
chloride. Analogues of 14 were coupled with a variety
of amino acid esters 15 in aqueous tetrahydrofuran to
yield compounds 10c—f,m,p,q as tert-butyl esters and
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10n,0,r—V as the corresponding methyl esters. Esters
10c—f,m,p,q required trifluoroacetic acid hydrolysis to
the corresponding acids as previously described, whereas
methyl esters 10n,0,r—v were saponified to the car-
boxylic acids 11n,0,r—v using lithium hydroxide in
aqueous tetrahydrofuran.

The hydroxamic acid analogues presented in Table 5
(16a,a’',b,b") were synthesized as shown in Scheme 3
(method C). The carboxylic acids 11lc,c',k,k' were re-
acted with oxalyl chloride in dichloromethane and
coupled with O-tetrahydro-2H-pyran-2-hydroxylamine
to give the protected hydroxamic acids. Acidic hydrolysis
of the protecting group gave pure hydroxamic acids
(16a,a’',b,b").

Biological Evaluation

All compounds were tested in vitro against a panel
of six matrix metalloproteinases, MMP-1, -2, -3, -7, -9,
and -13; see the Experimental Section for details on the
protocols used. Assays used the catalytic domains of the
proteins, with the exceptioon of MMP-1 and -9, where
the full-length forms were employed. Results are shown
in Tables 1, 2, 4, and 6 for different classes of com-
pounds.

All testing was performed at pH 7, except for MMP-
3, where a pH of 6 was used. Among MMPs, MMP-3
exhibits a unique acidic pH optimum of 5.5-6.5 for
activity,'>~17 which is due to the presence of a proto-
nated histidine (residue 224) in the S1' site (see Figure
3).16.18.19 This histidine is specific to MMP-3 and allowed
this protein to be identified as the ‘acid metalloprotein-
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ase’ among the family.’> Mutation of this residue to a
nonionizable residue (GIn) resulted in catalytically
active protein with a broad pH optimum similar to that
of other MMPs.17:18 Testing at MMP-3's pH optimum
allowed us to better differentiate potent inhibitors of
this enzyme and to more accurately determine which
compounds might be selective for MMP-3.

Results and Discussion

Initial SAR studies based on 5 were designed to
examine the interaction of the biphenyl ring with the
P1' specificity site within the MMPs of interest. As can
be seen from Table 1, 5 exhibits selectivity for MMP-2,
-3, and -13 over MMP-1, -7, and -9. Consistent with the
in vitro profile for 5, the S1' channels of MMP-1 and -7
have been reported to be occluded by arginine and
tyrosine residues, respectively, and would therefore
have difficulty accommodating the distal phenyl ring of
5.13:20 Homology models of MMP-9 suggest an arginine
may also play a role in reducing the size of the S1'
channel and therefore reducing the potency of the
inhibitor.2! However, it appears that if enough binding
energy is gained from the zinc ligating and sulfonamide
portions of the molecule, a reorganization of residues
in the channel may occur to allow binding of large S1’
groups with less of a reduction in potency than might
be expected.?2 With this in mind, we prepared analogues
of 5 substituting the distal phenyl ring of the biphenyl
with various halogens (11la—f), electron-withdrawing
groups (11j—m), and electron-donating groups (11g—i)
(Tables 1 and 2), utilizing the synthetic routes shown
in Schemes 1 and 2, and assessed the effects that these
changes have on MMP inhibitory activity.

As can be seen in Table 1, halogens appended to the
4'-position of the biphenyl ring (11a,c,e), in general,
increased potency against MMP-2, -3, -7, and -13
relative to 5. This magnitude of the increase did not
change as the size of the halo substituent was increased
from F to Cl to Br. However, substitution at the
3'-position resulted in a decrease in inhibitory activity,
particularly for MMPs with narrow or shallow S1'
channels (MMP-1, -7, and -9, respectively), when com-
pared to the corresponding 4'-isomers (compare 11a vs
11b and 11c vs 11d). Incorporation of a fluorine atom
in the 2'-position in 11c (11f) was tolerated and provided
a modest increase in potency against MMP-1, -7, and
-9 and comparable in vitro activity vs MMP-2 and -3.
Electron-withdrawing groups (11j—m, Table 2) and
moderate electron-donating groups (11g,h) significantly
improved inhibitory activity against MMP -2, -3, and
-13 relative to the unsubstituted biphenyl derivative 5,
while a strongly electron-donating substituent (11i) did
not. To help understand the observed SAR and to
rationalize the specificity profile, we examined the
interaction of compound 11c with the active site of
MMP-3CD. Since suitable crystals of an MMP-3CD/
complex of compound 11c could not be obtained for
X-ray studies, we modeled 11c into the protein using
coordinates from recently published crystal structures
of MMP-3CD complexed with a series of related diphe-
nylpiperidine derivatives.!? In this model (Figures 3 and
4), the 4'-bromobiphenyl moiety resides in the S1’
specificity site, which allows for large substituents in
the 4'-position, but not in the 2'- or 3'-position where
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Table 1. In Vitro Activity of Halogenated Biphenylsulfonamide Derivatives

X 4
R
MMPs ICsg (uM)P

compd R formula? mp (°C) method 1 2 3d 7 9c 13
5 H C17H10NO4S 164—166 B 5.4 0.040 0.038 71 26 0.062
1lla 4-F C17H18FNO,4S® 165—166 A 4.2 0.039 0.010 4.8 64 0.043
11b 4-F C17H1sFNO4S 145-147 A 8.6 0.049 0.017 22 65 0.150
1lc 4-Br C17H18BrNO4S 192-193 B 6.0 0.004 0.007 7.2 7.9 0.008
11d 3-Br C17H18BrNO4S foam B 100 0.535 0.290 100 100 0.710
1le 4-Cl C17H18CINO4S 187—188 B 6.5 0.011 0.009 7.5 16 0.048
11f 2-F,4-Br C17H17BrFINO4S 175-177 B 3.6 0.005 0.016 21 4.9 0.007

a Analytical results are within +0.4% of the theoretical values unless otherwise noted. ® MMP inhibition in vitro. Except where noted,
assays were run at pH 7 against the catalytic domains of the enzymes. See the Experimental Section for complete protocols. ¢ Full-length
version of the enzyme was used. ¢ Assay was run at pH 6. Unlike other MMPs, MMP-3 displays a strong pH dependence and is maximally
active at pH 5.5—6.15-17 See the Biological Evaluation and Experimental Section for details. ¢ Anal. C: calcd 58.11, found 57.66; H: calcd

5.16, found 5.18; N: calcd 3.99, found 3.69.

Table 2. In Vitro Activity of Biphenylsulfonamide Derivatives Substituted with Electron-Donating or Electron-Withdrawing

Functionalities

R

<\/><>|
o

i
S—N" CO,H

| H

MMPs ICs (uM)P

compd R formula? mp (°C) method 1 2 3d 7 9c 13

5 H C17H1sNO4S 164—166 B 5.4 0.040 0.038 71 26 0.062
11g 4-CHgs C18H21NO4S 185—186 A 2.2 0.002 0.003 45 3.9 0.011
11h 4-OCH3 C18H21NOsS 180—181 A 1.5 0.003 0.008 7.2 2.2 0.006
11i 4-NH; C17H20N204S8 >230 B 26 0.036 0.036 31 20 0.105
11j 4-CF3 C1sH18F3NO4S 183-184 A 4.2 0.013 0.009 7.9 20 0.023
11k 4-CN C18H18N204S 182—183 A 18 0.033 0.006 7.0 59 0.037
111 4-CHO C18H19NOsS 189—-190 A 3.2 0.012 0.008 4.5 17 0.016
11m 4-NO; C17H18N206S 167—-169 B 12 0.061 0.015 5.6 38 0.102

a—d Refer to footnotes in Table 1. ¢ Anal. C: calcd 58.60, found 58.42; H: calcd 5.79, found 5.23; N: calcd 8.04, found 7.65.

the channel narrows. Major interactions contributing
to the tight binding of 11c include carboxylic acid—zinc
ligation, the carboxylate hydrogen bonding with Glu
202, and hydrogen bonding between the sulfonamide
moiety and Ala 165 and Leu 164. In addition, substitu-
tion by electron-withdrawing substituents produces an
electron-deficient phenyl ring, which in turn can im-
prove aryl—aryl stacking interactions with His 201
(sandwich stack; distance between ring centroids = 3.5
A) and Tyr 223 (edge-to-face interaction; average dis-
tance between His ring centroid and the two proximal
Tyr ring carbons = 4.6 A) in the active site. The
reduction in binding energy resulting from a reduced
m—z stack by phenyl rings para-substituted by moderate
electron-releasing groups (CHs3;, OCHj3) appears to be
more than offset by the increase in steric bulk/lipophilic
contacts these groups provide. MMP-3 and -13 have
similar S1' pockets, which explains why 11c potently
inhibits these enzymes. In contrast, the MMPs possess-
ing either shallow (MMP-1 and -7) or narrow (MMP-9)
S1' pockets8b cannot easily accommodate the 4'-bromo-
substituted biphenyl ring system, resulting in a loss in
binding energy and a decrease in potency.

To identify the best possible candidate for chronic
dosing in vivo, we determined the pharmacokinetic
parameters in rat for selected compounds from Tables
1 and 2. As summarized in Table 3, it appears that
biphenyl derivatives substituted in the 4'-position with

nonmetabolizable groups (1la,c,e,f, j) provide com-
pounds that achieve high plasma concentrations with
long elimination half-lives (ty» = 34—117 h), compared
to 5 (t12 = 3.35 h), whereas easily metabolized groups
(11g,h) gave potent inhibitors with very short ty, (<30
min). Replacement of the methyl group in 11g with
either cyano (11K) or nitro (11m) increased the ty;, to
12.5 and 19.5 h, respectively, significantly increasing
the AUC relative to the unsubstituted analogue, com-
pound 5.

Since compound 11c demonstrated the best combina-
tion of broad-spectrum inhibition in vitro and pharma-
cokinetic parameters in vivo, we used the 4'-bromobi-
phenylsulfonamide portion of 11c as a template for a
second SAR study wherein substitution a to the car-
boxylic acid moiety was examined (11n—v, Table 4).
Modeling studies suggested that hydrogen-bonding and
aromatic stacking interactions could be formed with
amino acid residues at S2 through S4 provided that the
inhibitor side chain was of appropriate length. On the
basis of this observation, we modified the a-position of
11c utilizing a variety of amino acids which gave
compounds (11n—v) that, in general, retained inhibitory
activity. Subsequent modeling studies for one of these
inhibitors, 11s, showed that the side chain can reside
well into the nonprime region of the catalytic domain,
forming hydrogen bonds with the backbone carbonyl of
Ala 167 as well as aromatic stacking interactions with
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Figure 3. View of a model of 11c in the active site of MMP-
3CD. Amino acid residues that form the binding cleft and the
P1'" channel are labeled, and a Connolly surface has been
added. Note the relatively spacious, flat P1 site occupied by
the isopropyl side chain in contrast to the narrow channel at
P1', into which the 4-bromobiphenyl projects.
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Figure 4. Schematic of the interactions formed between 11c
and MMP-3CD. The S2' and S3' sites normally occupied by
peptide hydroxamate inhibitors are eschewed in favor of P1'
occupancy by the biphenyl moiety. A tetrahedral ligation
geometry of the catalytic zinc is predicted, together with three
inhibitor/protein hydrogen bonds.

Tyr 168 (Figure 5). A less lipophilic inhibitor, 11v,
utilized a benzyl sulfone to achieve aromatic stacking
with Phe 86. For this compound, a hydrogen bond
between one of the sulfone oxygens and the Ala 167 NH
significantly contributes to in vitro potency, since the
corresponding sulfide 11u, which lacks this hydrogen
bond, is 2—3 times less potent. However, on the basis
of the in vitro data presented in Table 4, favorable
nonprime interactions are likely to be compromised by
increased entropy due to the flexibility of the side
chains, since compounds with more rigid, considerably
smaller side chains (110,p) are nearly as potent as 11v.

Table 5 summarizes the pharmacokinetic parameters
for compounds 11n-v. As shown in Table 5, the
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Table 3. Rat Pharmacokinetic Parameters of Substituted
Biphenylsulfonamide Derivatives Following a Single 5 mg/kg
Oral Cassette Gavage Dose in Rats

Cmax  Cas tmax tz AUC(O—tldc) AUC(0—c)

compd (ug/mL) (ug/mL) (h) (h) (ug-h/mL)  (ug-h/mL)
5 5.18 0.039 0.50 3.35 12.1 3.6
1la 18.7 11.3 275 455 670 1024
11c 42.4 22.7 2 43.6 1401 2822
1le 8.86 4.02 0.50 34.1 170 427
11f 28.5 21.3 1.88 117 1364 4043
119 3.07 BLQ 0.50 0.403 2.25 2.37
11h 4.26 BLQ 050 0.357 2.79 2.98
11j 18.6 11.7 225 379 685 1112
11k 171 5.48 267 125 289 363
11m 23.4 8.36 0.667 19.5 402 586

differences in lipophilicity attributed to the modification
of a-substituents significantly influence the pharmaco-
kinetic activity for compounds 11n—v. For example,
compound 11p (isobutyl side chain) exhibited good oral
absorption in the rat and achieved high plasma concen-
trations with a long elimination half-live comparable to
that of 11c (Table 3). However, replacement of the
isobutyl group with smaller, less lipophilic substituents
(methyl in 110, hydrogen in 11n) or with a larger, more
lipophilic group (benzyl in 11q) diminished the Cpax, ti/2,
and AUCSs relative to 11p. Incorporation of side chains
bearing larger substituents gave compounds (11r,s,u,v)
that, in general, were poorly absorbed. Of these com-
pounds, only the benzyl sulfide (11u) achieved plasma
concentrations comparable to those of 11n,0,q, albeit
considerably less than the levels achieved for 11c or
11p.

Since the majority of compounds evaluated in these
studies were derived from natural (S)-amino acids, we
synthesized the enantiomer of 11c and assessed the
effects of changing amino acid stereochemistry on
biological (Table 6) and pharmacokinetic (Table 7)
activity. Enantiomers of analogues with a carboxylate
zinc coordinating group (11c,c’) were equally effective
at inhibiting MMPs. Similarly, a second pair of enan-
tiomers, 11k,k’, exhibited comparable potency against
the majority of the MMPs, although differences were
observed for MMP-9 (R-isomer is 15-fold more potent
than the S-isomer). The S-stereoisomers achieved higher
plasma Cnax concentrations (Tables 3 and 7, 42.4 ug/
mL for 11c and 17.1 ug/mL for 11k) compared to the
corresponding R-enantiomers (25.6 ug/mL for 11c' vs
12.2 ug/mL for 11k") following a single oral dose in rat.

In lieu of crystal structures of 11c with MMP-3CD,
we used crystal structures of analogous MMP-3CD/
diphenylpiperidine complexes (ref codes 1ciz and 1lcaq
in the Protein Databank) to rationalize the observed
lack of stereoselectivity for inhibitors containing car-
boxy—zinc binding (Figure 6). As can be seen in Figure
6, the orientation of the sulfonamide moiety is the key
interaction allowing these isomers to nearly overlap in
the MMP-3CD. The sulfonamide NH in the S-isomer
hydrogen bonds to the backbone carbonyl of Ala 165.
In contrast, the sulfonyl group of the R-isomer rotates
but maintains its hydrogen bond with Glu 202, which
allows the sulfonamide NH to form a water-mediated
hydrogen bond to Pro 221 on the opposite side of the
binding cleft. This orients the amino acid side chain
such that it occupies nearly the same area of space in
the P1 site as that of the S-isomer, resulting in nearly
equipotent isomer pairs.
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Table 4. Modification of Substituents Appended to the a-Position of Biphenylsulfonamide Derivatives

MMPs ICso (,uM)b

compd R1 formula2 mp (°C) 1c 2 3d 7 9° 13
11n H C14H12BrNO4S 200—202 50 0.004 0.010 7 6.7 0.026
110 (S) CH3s C14H14BrNO4S 195—-196 13 0.012 0.012 11 9.5 0.010
11p (S) CH3CH(CH3), C1gH20BrNO4S ND 7.0 0.009 0.007 3.1 4.9 0.005
11q (S) CH,Ph C21H18BrNO4S 159—-161 56 0.019 0.020 100 27 0.021
11r (S) (CH2)sNHCBZ C26H27BrN20OgS 151-152 40 0.031 0.028 15 10 0.013
11s (S) (CH2)JNHCO(CH,),Ph  CapHaoBrN,OsS  198—199 15 0.004  0.010 8.6 48  0.004
11t (S) (CH2)sNHCO(CH,),Ph  CagHarBrN»OsS  157—159 41 0.008  0.021 6.8 77  0.007
11u (R,S) (CH2)2SCH2Ph Ca3H22BrNO4S; 152—-154 56 0.007 0.022 36 10 0.036
11v (R,S) (CH3)2S0O2CH,Ph C23H22BrNOgS; 199—-200 27 0.002 0.007 15 2.3 0.012

a-d Refer to footnotes in Table 1. ND denotes not determined.

Pro%0

Phe210

Figure 5. Predicted binding modes of 11v (colored by atom
type) and 11s (orange) in MMP-3CD. Each possesses side
chains that occupy the P1 through P4 sites of the protein. The
terminal phenyl rings of 11s,v form z—x stacking interactions
with Tyr 168 and Phe 86, respectively. Each side chain can
form a hydrogen bond to the adjacent protein backbone.

Table 5. Rat Pharmacokinetic Parameters for Analogues of
Compound 11c Following a Single 5 mg/kg Oral Cassette
Gavage Dose

Cmax Cos tmax tiz  AUC(0—tldc) AUC(0—c0)
compd (ug/mL) (ug/mL) (h) (h) (ug-h/mL) (ug-h/mL)
11n 9.96 5.67 8.00 15.6 276 316
1lo 17.2 129 105 251 584 818
11p 30.7 124 233 4138 578 1211
11q 10.3 6.28 2.67 29.7 310 465
11r 0 - ND ND - 0
11s 0 - ND ND - 0
11u 11.6 153 1.33 125 119 132
11v 0.451 BLQ 1.67 3.88 2.48 2.73

Having identified a preferred side chain, further work
focused on increasing the inhibitory activity for this
series utilizing hydroxamic acid as the zinc coordinating
moiety (Table 6). In this study, conversion of the
carboxylic acid of 11c,k to the corresponding hydrox-
amic acids (16a,b) unexpectedly decreased in vitro
activity in our biological screens. However, evaluation
of the hydroxamic acids derived from the corresponding
p-amino acids (16a’,b') showed that these compounds
potently inhibited all of the MMPs. For the first time
in this series, compounds exhibited broad-spectrum
inhibitory activity, achieving <200 nM potency vs all
of the MMPs in the in vitro screens (Table 6). However,

16a’,b" had poor systemic availability when dosed orally
in vivo (Table 7).

The increased potency observed for R- relative to
S-enantiomers for analogues (Table 6, 16a’,b’) contain-
ing a sulfonamide linker to a hydroxamic acid coordi-
nated to zinc was not well-explained using models based
on carboxy-containing inhibitors. Although a crystal
structure of 16a’ complexed with MMP-3CD could not
be obtained, we were able to cocrystallize the potent
R-enantiomer from a related diphenyl ether series (17,
Figure 7) that exhibits a similar in vitro profile (Table
5).12 From this crystal structure, it can be seen that
several hydrogen bonds occur between the protein and
inhibitor polar groups, which stabilize the complex
formation. The catalytic zinc forms a trigonal bipyra-
midal coordination with the imidazole nitrogen atoms
of three histidines (201, 205, and 211) and two oxygen
atoms of the hydroxamic acid. The hydroxamic acid
hydroxyl oxygen of 17 is located within hydrogen bond
proximity to both carbonyl oxygen atoms of Glu 202 (2.7
and 3.0 A). One of the sulfonyl oxygen atoms and the
NH of the hydroxamic acid of the inhibitor are located
within hydrogen-bonding distance to the carbonyl oxy-
gen of Leu 164 (2.8 A) and the NH of Ala 165 (3.0 A),
respectively. The inhibitor diphenyl ether comfortably
occupies approximately two-thirds of the deep S1'
hydrophobic channel.

Surprisingly, the MMP-3CD/compound 17 complex
(Figure 7) contained a second bound inhibitor molecule
together with a third Zn?* ion (Zn3). This zinc forms a
trigonal bipyramidal complex with two hydroxamic acid
oxygen atoms of 17, His 224 N¢, Ne of His 96 from a
symmetry-related protein molecule, and an oxygen atom
of a water molecule that is positioned between Zn3 and
Glu 137 from the symmetry-related molecule. Although
the majority of atoms from this second inhibitor mol-
ecule are exposed to the surface, its distal phenyl ring
partially occupies the ‘exit’ of the S1' channel, as if
plugging it. Binding of this second inhibitor molecule
is considered to be an artifact of crystal packing and is
unlikely to occur in solution.

A comparison of the binding mode for the hydroxamic
acid 17 (crystal structure) and the carboxylic acid 11c
(overlayed via modeling) with MMP-3 is shown in
Figure 8. Consistent with both structures, secondary
interactions with the enzyme are highly dependent on
the compound’s ability to ligate the active-site zinc. For
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Table 6. Effects of Stereochemistry on the In Vitro Activity for Carboxylic Acid and Hydroxamic Acid Biphenylsulfonamides

0
\* "Njiﬁ/R:
R/ / i I

[}

MMPs |C5o (,uM)b

compd R R formula2 mp (°C) 1c 2 3d 7 9° 13
11c (S) Br OH C17H18BrNO4S 192—-193 6.0 0.004 0.007 7.2 7.9 0.008
11c' (R) Br OH C17H18BrNO4S 192—-193 6.2 0.005 0.008 11 1.5 0.016
11k (S) CN OH C17H18N204S 182—183 18 0.033 0.006 7.0 59 0.037
11k' (R) CN OH C17H18N204S 181-182 14 0.007 0.005 19 3.8 0.053
16a (S) Br NHOH C17H19BrN,04S8 169—-170 24 0.45 0.81 78 84 0.65
16a’ (R) Br NHOH C17H19BrN204S 167—168 0.11 0.001 0.005 0.14 0.018 0.002
16b (S) CN NHOH C18H19N30,4Sf 156—157 29 0.53 0.135 16 100 0.58
16b' (R) CN NHOH C1gH19N304S 154—156 0.17 0.001 0.005 0.24 0.027 0.001
17 (R) 150 0.05 0.001 0.004 0.18 0.003 0.002

E—NHE\C ONHOH

a-d Refer to footnotes in Table 1. ¢ Anal. C: calcd 47.78, found 48.21; H: calcd 4.48, found 4.58; N: calcd 6.56, found 6.33. f Contains

0.32H,0 (98.5% parent).

S Isomer

Figure 6. Recently reported!® crystal structures of the R- and
S-stereoisomers of related diphenylpiperidine MMP inhibitors
containing a Trp side chain at P1. The inhibitor sulfonamide
NH in the R-isomer (orange) eschews a hydrogen bond to Ala
165 in favor of a water-bridged hydrogen bond to the backbone
carbonyl of Pro 221. This allows the Trp to occupy the P1 site
in each case. The isomers are equipotent against MMP-3CD.

Table 7. Pharmacokinetic Parameters of Carboxylic Acid and
Hydroxamic Acid Derivatives Following a Single 5 mg/kg Oral
Cassette Gavage Dose

Cmax Cos tmax tiz AUC(0O—tldc) AUC(0—wx)

backbone NH of Leu 164 and Ala 165. The resulting
bond vector in 17 allows the a-isopropyl group to be
projected toward the S1 site. However, under these
steric constraints the isopropyl group in the S-isomer
is predicted to be oriented back toward, and in steric
contact with, the g-sheet that forms the upper rear of
the binding cleft, which would result in a significant loss
in potency. In contrast, the carboxylic acid group (three
heavy atoms) of 11c interacts less strongly, forming only
two strong electrostatic interactions with the protein,
and therefore allows some latitude in the position of
bond vector to the isopropyl group. The smaller carboxyl
group allows a reorientation of the side chain such that
both enantiomers (R-isomer) can occupy nearly the same
area of space in the P1 site.

On the basis of its potent inhibitory activity in vitro,
pharmacokinetics in vivo, and physicochemical proper-
ties, we selected compound 11c for further testing.
Specificity testing demonstrated that 11c was selective
for MMPs, since it was shown to be inactive, at 100 uM,
against a total of 25 enzymes and receptors including
ACE, ECE, IL-1, and TACE. Furthermore, subsequent
pharmacokinetic studies showed that compound 11c
exhibited good oral pharmacokinetic profile in three
species, achieving plasma Cnax concentrations in the rat,
dog, and monkey (62, 73, and 7 uM, respectively)
following chronic oral dosing (3 mg/kg/day for 2 weeks).

compd (ug/mL) (ug/mL) (h) (h)  (ug-h/mL)  (ug-h/mL) Conclusions

11’ 256 163 45 4l7 924 1385 In summary, we have examined the SAR for a series
11k 12.2 449 133 1238 256 277 . - s .

162’ 5.93 001 033 678 573 5.86 of biphenylsulfonamide derivatives from which 11c was
16b’ 0.18 0 1 0.79 0.23 0.33 identified as a selective inhibitor of MMPs, exhibiting
17 0.31 0 0.33 7.78 217 3.17 nanomolar potency against MMP-2, -3, and -13 and

compound 17, the hydroxamic acid interacts strongly
and specifically in the active site, forming four strong
electrostatic interactions. As a result, the bond vector
between it and the a-carbon position has little op-
portunity for conformational flexibility to accommodate
alternate linkers and/or hydrophobic groups at S1'. This
fact, coupled with the size of the hydroxamic acid group
(four heavy atoms), forces an alternate pucker in the
sulfonamide linker, resulting in a shift of the sulfonyl
group, such that the oxygen is now equidistant from the

micromolar potency vs MMP-1, -7, and -9. For this series
of compounds, we showed that replacement of the
carboxylic acid of 11c with a hydroxamic acid function-
ality (16a) surprisingly decreased in vitro activity
compared to 11c. In contrast, the enantiomer of 16a
(16a’) gave the best in vitro profile of compounds
evaluated in this series, achieving broad-spectrum
inhibitory activity (nanomolar potency) against each of
the MMPs in our biological screens. Subsequent struc-
tural analysis utilizing X-ray crystallography, comple-
mented by computer modeling, identified key enzyme/
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His 96+

Figure 7. Crystal structure of 17 in MMP-3CD. Similar to the R-isomer of the diphenylpiperidine in Figure 6, a direct inhibitor

sulfonamide NH to protein hydrogen bond is not formed.

inhibitor interactions that are predicted to contribute
to this stereoselectivity. Unfortunately, 16a’ exhibited
poor oral pharmacokinetics. Compound 11c, however,
displayed the best pharmacokinetics of compounds
evaluated in this series, achieving plasma concentra-
tions in rat, dog, and monkey, exceeding its 1Csg values
against most of the MMPs in the in vitro screens (Table
1). On the basis of its biological and pharmacokinetic
activity, compound 11c (PD 166793) was used as a tool
to investigate the role of MMPs in various diseases.
Subsequent pharmacological studies will be the subject
of future reports from these laboratories.

Experimental Section

General Methods. All commercially available starting
materials and solvents were reagent grade. Solutions contain-
ing products were dried over anhydrous magnesium sulfate
(MgSO0.). Melting points were determined on a Thomas-Hoover
melting point apparatus and are uncorrected. Analytical thin-
layer chromatography (TLC) was carried out using Merck DC-
F2s4 precoated silica gel plates. Flash chromatography was
performed using kieselgel 60 (230—400 mesh) silica gel. 'H
NMR spectra were recorded on a Varian Gemini 300-MHz
instrument using CDCI; or DMSO-ds as the solvent, reporting
the chemical shifts in parts per million (ppm). Mass spectra
was determined on a Finnigan TSQ-70 mass spectrometer (CI
mode). Elemental analysis were determined by Robertson-
Microlit Laboratories Inc., NJ, and are within £0.4% of the
calculated values unless otherwise noted.

General Procedure for Preparing Substituted Biphen-
ylsulfonamide Derivatives (Method A). Synthesis of (S)-
3-Methyl-2-(4'-methylbiphenyl-4-sulfonylamino)butyr-
ic Acid (119). (S)-2-(4-Bromobenzenesulfonylamino)-3-
methylbutyric Acid, tert-Butyl Ester (8). To a suspension
of 4-bromobenzenesulfonyl chloride (6) (20 g, 0.078 mol) and
L-valine, tert-butyl ester hydrochloride (7) (16.4 g, 0.078 mol)
in aqueous tetrahydrofuran (1:1, 400 mL) was added dropwise
triethylamine (15.7 g, 0.156 mol). The reaction mixture was
stirred at room temperature for 16 h, followed by the addition
of ethyl acetate (300 mL) and aqueous HCI (1 M, 300 mL).
The organic phase was separated, dried, and concentrated in
vacuo leaving a white solid. Recrystallization of the crude
product from hexane/ethyl acetate provided compound 8 (19.7
g, 67%) as a white crystalline solid: mp 108—110 °C; *H NMR
(CDCl3) 6 7.7 (d, 2H), 7.6 (d, 2H), 5.1 (d, 1H), 3.6 (m, 1H), 2.0
(m, 1H), 1.2 (s, 9H), 0.9 (d, 3H), 0.8 (d, 3H) ppm; CI-MS m/e
391. Anal. (C1sH2BrNO4S) C, H, N.

(S)-3-Methyl-2-(4'-methylbiphenyl-4-sulfonylamino)-
butyric Acid, tert-Butyl Ester (10g). A solution of compound
8 (15 g, 0.039 mol) and 4-methylbenzeneboronic acid (6.4 g,
0.048 mol) in toluene (150 mL) was treated with tetrakis-
(triphenylphosphine)palladium(0) (0.75 g) and aqueous sodium
carbonate (7.5 g, 75 mL H;0), respectively. The reaction
mixture was refluxed for 72 h, cooled, and diluted with ethyl
acetate (250 mL) and aqueous HCI (1 M, 250 mL). The mixture
was filtered through a pad of Celite, followed by separation of
the organic phase from the aqueous layer. The organic solution
was washed with brine, dried, and concentrated in vacuo to
give a yellow-brown solid. The crude product was triturated
with hexane/ethyl acetate (4:1) to give compound 10g (11.5 g,
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Figure 8. Overlay of the MMP-3CD/17 crystal structure
(orange) and the model of 11c. The S-isomer of 17 would be
expected to project the isopropyl group back into the protein,
clashing sterically. The marked reduction in potency of the
S-isomers of the present biphenyl series is consistent with this
binding mode. Hydrogens have been added to Leu 164 and Ala
165 to illustrate inhibitor to protein hydrogen bonds that are
formed.

72%) as a white solid: mp 168—169 °C; 'H NMR (CDCl3) 6
7.8(d, 2H), 7.6 (d, 2H), 7.4 (d, 2H), 7.2 (d, 2H), 5.1 (d, 1H), 3.6
(dd, 1H), 2.4 (s, 3H), 2.0 (m, 1H), 1.1 (s, 9H), 1.0 (d, 3H), 0.8
(d, 3H) ppm; CI-MS m/e 402. Anal. (C22H2sNO,4S) C, H, N.

(S)-3-Methyl-2-(4'-methylbiphenyl-4-sulfonylamino)-
butyric Acid (119g). To a solution of anisole (2.6 g, 0.024 mol)
in trifluoroacetic acid (100 mL) was added compound 10g (11
g, 0.027 mol) in portions over a period of 10 min. The solution
was stirred at room temperature for 14 h, then poured over
ice. The resulting white precipitate was collected by filtration
and recrystallized from hexane/ethyl acetate to give 119 (6.3
g, 67%) as a crystalline white solid: mp 191—-193 °C; *H NMR
(DMSO-dg) 6 8.0 (d, 1H), 7.8 (s, 3H), 7.6 (d, 2H), 7.3 (d, 2H),
3.5 (m, 1H), 2.4 (s, 3H), 1.9 (m, 1H), 0.8 (dd, 6H) ppm; CI-MS
m/e 347. Anal. (C18H21NO4S) C, H, N.

Compounds 11a,b,h,j—I were also synthesized from 6 utiliz-
ing similar reaction conditions.

Alternative Procedure for Preparing Substituted Bi-
phenylsulfonamide Derivatives (Method B). Synthesis
of (S)-2-(4'-Bromobiphenyl-4-sulfonylamino)-3-methyl-
butyric Acid (11c). 4'-Biphenyl-4-sulfonic Acid (13c). To
a stirred solution of 4-bromobiphenyl (12c) (140 g, 0.60 mol)
in chloroform (1.4 L) was added dropwise at room temperature
chlorosulfonic acid (84 g, 0.72 mol). During the addition of
chlorosulfonic acid, a white solid precipitated. The reaction
mixture was stirred at room temperature for 4 h, at which
time the precipitate was collected by filtration and washed
with cold chloroform. The product was oven-dried at 40 °C to
a constant weight to give 13c (142 g, 75%) as a white solid.
The crude product was used in the next step without further
characterization.

4'-Bromobiphenyl-4-sulfonyl Chloride (14c). The crude
sulfonic acid derivative 13c (142 g, 0.60 mol) was diluted with
thionyl chloride (600 mL) and treated with a catalytic amount
of N,N-dimethylformamide (0.5 mL). The reaction mixture was
refluxed for 4 h, cooled to room temperature, and concentrated
in vacuo. To remove residual thionyl chloride, toluene was
added and was concentrated in vacuo. The resulting yellow
residue was recrystallized from hexane/ethyl acetate to yield
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the sulfonyl chloride 14c (106 g, 71%) as a crystalline white
solid: mp 122—-124 °C; *H NMR (CDCls) ¢ 8.1 (d, 2H), 7.7 (d,
2H), 7.6 (d, 2H), 7.5 (d, 2H) ppm. Anal. (C,2HgBrCIO,S) C, H.

(S)-2-(4'-Bromobiphenyl-4-sulfonylamino)-3-methylbu-
tyric Acid, tert-Butyl Ester (10c). A mixture of L-valine, tert-
butyl ester hydrochloride (63.2 g, 0.30 mol) and the sulfonyl
chloride derivative 14c (100 g, 0.30 mol) in aqueous tetrahy-
drofuran (1:1, 1 L) was treated dropwise with 2 equiv of
triethylamine (61 g, 0.60 mol). The reaction mixture was
stirred at room temperature for 45 min, followed by the
addition of ethyl acetate (500 mL) and aqueous HCI (1 M, 500
mL), respectively. The organic phase was separated, dried, and
concentrated in vacuo. The residue was triturated with hexane
and collected by filtration to give 10c (134 g, 95%) as a white
solid: mp 131-133 °C; *H NMR (CDCls) 6 7.9 (d, 2H), 7.6 (dd,
4H), 7.4 (d, 2H), 5.1 (d, 1H), 3.6 (dd, 1H), 2.0 (m, 1H), 1.1 (s,
9H), 1.0 (d, 3H), 0.8 (d, 3H) ppm. Anal. (C21H2BrNO,S) C, H,
N.

(S)-2-(4'-Bromobiphenyl-4-sulfonylamino)-3-methylbu-
tyric Acid (11c). To a stirred solution of anisole (30 g, 0.28
mol) in trifluoroacetic acid (560 mL) was added compound 10c
(130 g, 0.28 mol). The reaction mixture was stirred at room
temperature for 4 h and poured over ice (1 L), and the resulting
precipitate was collected by filtration. The crude product was
washed with ice-cold water and oven-dried to a constant
weight. The powder was recrystallized from hexane/ethyl
acetate to yield 11c (76 g, 67%) as a crystalline white solid:
mp 191—193 °C; 'H NMR (CDCls) ¢ 7.7 (d, 2H), 7.5 (d, 2H),
7.4 (d, 2H), 7.3 (d, 2H), 5.9 (d, 1H), 3.5 (dd, 1H), 1.9 (m,1H),
0.8 (d, 3H), 0.7 (d, 3H) ppm; CI-MS m/e 412. Anal. (Ci7H1s-
BrNO,S) C, H, N.

Compounds 5 and 11c¢'—f,i,m,p,q were synthesized utilizing
similar reaction conditions. Esters 10n,0,r—v required the
following base hydrolysis conditions to obtain the correspond-
ing acids 11n,0,r—v.

Synthesis of (+)-4-Benzylsulfanyl-2-(4'-bromobiphen-
yl-4-sulfonylamino)butyric Acid (11u). The methyl ester
10u (2 g, 3.7 mmol) was suspended in p-dioxane/water (1:1,
70 mL) followed by the addition of lithium hydroxide mono-
hydrate (0.47 g, 11.2 mmol) in one portion. The reaction
mixture was stirred at room temperature for 16 h, then diluted
with water (100 mL). The suspension was acidified with concd
HCI (pH = 1) and the product was extracted with ethyl acetate
(100 mL). The organic extract was dried and concentrated in
vacuo leaving a white solid. The crude product was triturated
with hexane/ethyl acetate (9:1) and collected by filtration to
give the carboxylic acid 11u (1.4 g, 72%): mp 152—154 °C; 'H
NMR (CDCls) 6 7.8 (d, 2H), 7.5 (d, 2H), 7.4 (d, 2H), 7.3 (d,
2H), 7.2—7.0 (m, 5H), 6.1 (d, 1H), 3.8 (m, 1H), 3.5 (s, 2H), 2.3
(t, 2H), 1.9 (m, 1H), 1.8 (m,1H) ppm; CI-MS m/e 537. Anal.
(ngszBFNO4Sz) C, H, N.

General Procedure for Preparing Hydroxamic Acid
Derivatives (Method C). Synthesis of (R)-2-(4'-Bromo-
biphenyl-4-sulfonylamino)-N-hydroxy-3-methylbutyr-
amide (16a’). To a solution of 11c' (0.35 g, 0.85 mmol) in
dichloromethane (5 mL) was added in one portion oxalyl
chloride (0.43 g, 3.4 mmol). N,N-Dimethylformamide was
added as a catalyst. The solution was stirred at room temper-
ature for 2 h, at which time the solvent was concentrated in
vacuo. The resulting solid was suspended in hexane and
collected by filtration. The crude sulfonyl chloride (0.36 g, 0.85
mmol) was diluted with tetrahydrofuran (5 mL) followed by
the dropwise addition of a solution of O-2-tetrahydro-2H-
pyranhydroxylamine (0.2 g, 1.7 mmol) in tetrahydrofuran (5
mL). The reaction mixture was stirred at room temperature
for 1 h, followed by the addition of ethyl acetate (10 mL) and
aqueous HCI (1 M, 5 mL). After stirring the mixture for 14 h,
the layers were separated and the organic phase washed with
brine, dried, and concentrated in vacuo. The resulting solid
was suspended in hexanelethyl acetate and collected by
filtration to give 16a’ (0.12 g, 33%) as a white solid: mp 167—
168 °C dec; *H NMR (DMSO-ds) 6 10.5 (s,1H), 8.8 (bs, 1H),
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8.0 (d, 1H), 7.8 (s, 4H), 7.7 (s, 4H), 3.3 (m, 1H), 1.8 (m, 1H),
0.7 (m, 6H) ppm; CI-MS m/e 428. Anal. (C17H19BrN20.S) C,
H, N.

Compounds 16a,b,b’ in Table 5 were synthesized in a
similar manner.

Metalloproteinase Inhibition Assays. Assays used hu-
man MMPs expressed either as catalytic domains (CDs) or as
full-length (FL) forms. The CDs of gelatinase A (MMP-2),
stromelysin (MMP-3), matrilysin (MMP-7), and collagenase-3
(MMP-13) were expressed in bacteria and purified chromato-
graphically. FL collagenase (MMP-1) and gelatinase B (MMP-
9) were purified from human cell-conditioned media and
activated by respective exposure to trypsin or MMP-3CD before
diluting to assay concentrations. Typical assays were buffered
to pH 7.0, with the exception of MMP-3CD (pH 6.0), with 50
mM HEPES (exception: MMP-2CD used MOPS) and con-
tained 10 mM CaCl,, 1 mM 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB), 100 uM Ac-Pro-Leu-Gly-thioester-Leu-Leu-Gly-Oet
substrate (MMP-9 used 50 uM), 0.1% Brij 35 detergent, 2%
DMSO vehicle, various concentrations of test compound, and
adequate enzyme (2.5—50 nM) to provide measurable activity
in a 10-min reaction. The MMP-2CD assay also contained 10
uM ZnCl,. Enzyme-catalyzed reactions (100 uL total volume)
were monitored spectrophotometrically for 10 min using a 96-
well microplate reader by following a change in absorbance
at 405 nm that occurs upon reaction of liberated thiol with
DTNB following substrate hydrolysis. The rates of changes at
Asos Were recorded as measures of the reaction velocities. Blank
reaction rates (without enzyme) are negligible under these
conditions. The percent of uninhibited control activity was
calculated for each reaction using the equation: % control
activity = (inhibited rate/control rate) x 100. ICso values were
calculated by least-squares regression analysis fitting the
percent of control activity vs inhibitor concentration data to
the sigmoid inhibition equation: % control activity = 100/[1
+ ([11/1Cs0)s'°P¢], where [1] is the inhibitor concentration, 1Cso
is the concentration of inhibitor where the reaction rate is 50%
inhibited relative to the control reaction rate, and slope is the
value of the slope of the curve at its inflection point. Replicate
ICs values were averaged to obtain the tabulated values.

Human MMP-3 is unique in that it displays a sharp pH
optimum between 5.5 and 6.5, with the catalytic activity at
pH 7 less than one-third that observed at pH 6.0.2 The distinct
pH profile appears to be an intrinsic characteristic of the
human enzyme since it has been reported for the full length
and catalytic domain and has been demonstrated for both
peptidic and macromolecular substrates.!>162324 This may
represent an important method of posttranslational regulation
for the human enzyme since MMP-3 activates more readily
and binds TIMP less tightly at acidic pH.?® As a result of this
acidic dependence of activity, the assay employing human
MMP-3 was run at pH 6.0.

Molecular Modeling. Models of MMP-3 CD complexed
with biphenyl inhibitors containing carboxylic acid zinc chelat-
ing groups were constructed based on the crystal structure of
a related MMP-3/diphenylpiperidine complex (1cag in the
Protein Databank).!®* The diphenylpiperidine portion of the
inhibitor from this complex was replaced by the biphenyl
moiety of the present inihibitors, keeping the acyclic zinc
binding side chain containing the sulfonamide group in its
crystallographically observed conformation. Modeling was
carried out using SYBYL.? Hydrogens were added to the
complex, and STO-3G charges were calculated for all inhibitors
using Spartan.?’” An 8 A subst_sphere was defined around the
inhibitor, and residues outside this region were aggregated.
In addition, the catalytic zinc and its ligating atoms (imidazole
nitrogens from His 201, 205, and 211 plus one carboxyl oxygen
of the inhibitor) were separately aggregated to preserve the
local coordination geometry. Minimization was run via MAXI-
MIN using the Tripos force field, all atoms included, Kollman
all-atom charges on the protein, and a convergence criteria of
0.01 kcal/mol change in energy gradient. Models of MMP-3CD
containing biphenyl inhibitors with hydroxamic acid zinc
chelating groups were constructed using a similar protocol,
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except the acyclic zinc binding side chain conformation from
the MMP-3/U24522 crystal structure was used as a starting
point.?°

X-ray Crystallography. Prior to crystallization, a solution
containg 0.7 mg/mL MMP-3CD, 5 mM ZnCl,, 5 mM CaCl,, and
20 mM Tris HCI buffer (pH 7.0) was mixed with a solution of
0.8 mg of inhibitor in 30 uL of DMSO. The resulting solution
was concentrated 20 times. Equal volumes of complex and
resevoir solution containing 1.4 M sodium acetate and 100 mM
sodium cacodilate (pH 6.5) buffer were mixed and equilibrated
in the hanging drop against a reservoir solution. The crystals
grew in space group P6s22, a=b =746 A, c=139.9 A, and
one molecule per asymmetric unit. The space group was
subsequently confirmed when a correct translation function
solution was found. Diffraction data up to 2.1 A resolution were
collected on the 17ID IMCA station at the Advanced Photon
Source (APS)?® using MAR160 CCD. Data were processed and
scaled with HKL2000 package.?®

The structure was solved by molecular replacement using
AmoRe.° The MMP-3CD protein from a previously published
crystal complex (PDB code 1B8Y) was used as a probe. The
final model of the complex, obtained after several cycles of
refinement by XPLOR,3' comprised residues 83—250, three
Zn?" ions, three Ca?* ions, an inhibitor molecule bound in the
active site, a second inhibitor molecule located on the interface
between two symmetry-related neighboring protein molecules,
and 89 water molecules.

Pharmacokinetic Method. The pharmacokinetic profile
was characterized following oral administration in rats. To
improve the efficiency of pharmacokinetic screening, a cassette
dosing format was used for these studies in which a cocktail
of 5—7 compounds were administered together. Compounds
were selected for cassette dosing in rat based on their in vitro
MMP inhibition profile and structural diversity. The MS/MS
fragmentation profile was characterized on a Micromass
Quattro 11 triple quadrupole mass spectrometer. Compounds
were grouped for co-administration based on the uniqueness
of their MS/MS profiles.

The data reported was collected over a period of months
from different cassette dosing experiments. In each study a
single 5 mg/kg/compound cocktail was administered to 3 fasted
MaleWistar rats (80—90 days old) by oral gavage. The dose
suspension was prepared in methyl cellulose. Heparanized
plasma samples were collected from a jugular vein cannula
at predose, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24 and 48 h postdose.
Plasma was stored frozen at —20 °C until analyzed by LC—
MS/MS.

The standards prepared were also a cocktail of the same
compounds administered to the rat in the cassette dose. Each
compound (5 mg/kg) was dissolved in 10 mL of methanol to
prepare separate 500 ug/mL solutions. Appropriate amounts
of each stock solution were then added together and diluted
volumetrically in methanol to obtain the standard curve. These
solutions were later diluted in plasma during the extraction
procedure to prepare working standards. The lower limit of
quantitation for the assays was 10 ng/mL. All internal
standard solutions had a concentration of 5 ug/mL of methanol.
The choice of an internal standard was dependent upon
optimized chromatographic and/or mass spectrographic condi-
tions.

The pharmacokinetic parameter values were estimated by
noncompartmental analysis of individual rat plasma concen-
tration—time data. Maximum plasma concentrations (Cmax)
and times for those to occur (tmax) Were recorded as observed.
Terminal elimination-rate constants (1z) were estimated as the
absolute value of the slope of the least-squares linear regres-
sion of plasma concentration versus time profiles during the
apparent terminal phase. Apparent terminal elimination-half-
life values (ti,) were calculated as 0.693/1z. The area under
the plasma concentration—time curve [AUC(0—tldc) and AUC-
(0—)] values were calculated from time zero to the time of
the last detectable concentration (tldc) by using the trapezoidal
rule and were extrapolated to infinity (WinNonlin, Version
1.5).
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