Chapter 2
Specificity of Binding with Matrix
Metalloproteinases

Satya P. Gupta and Vaishali M. Patil

Abstract Matrix metalloproteinases (MMPs) regulate a wide range of biological
functions; hence, they have invited great attention for the studies on their structures
and functions, and since their overactivation leads to several diseases, the design
and discovery of their potent inhibitors have become the need of the day. Since
there have been so far discovered 28 different types of human MMPs, the specificity
of binding of inhibitors with each different MMP needs special attention. The
chapter presents the X-ray crystallographic and NMR studies on three-dimensional
structures of a number of MMPs to reveal their catalytic site, subsites, specificity of
binding with substrate and inhibitors, and catalytic mechanism. In addition to
catalytic site, MMPs possess some subsites designated by unprimed and primed S,
e.g., S1, S2, S3 and S1’, S2/, S3’. Among these, the S1’ pocket varies the most
among the different MMPs varying in both the amino acid makeup and depth of the
pocket (shallow, intermediate, and deep pocket MMPs). This, along with the
flexibility in the structures of MMPs, could be of great help in the design and
the development of selective MMP inhibitors (MMPIs). The determination of
affinity of inhibitors and the cleavage position of peptide substrates is mainly
based on P1’-S1’ interaction (P1’, the group in inhibitor or substrate binding to S1’
pocket of the enzyme), and it is the main determinant for the affinity of inhibitors and
the cleavage position of peptide substrates.
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Abbreviations

ACE Angiotensin-converting enzyme
ADAMs A disintegrin and metalloproteinases
CPOD Chronic obstructive pulmonary disease
ECM Extracellular matrix protein

GPI Glycosylphosphatidylinositol

Hpx domain Hemopexin-like domain

MMPI Matrix metalloproteinase inhibitor
MMPs Matrix metalloproteinases

MT-MMPs  Membrane-type MMPs

TIMPs Tissue inhibitors of metalloproteinases
TNF-a Tumor necrosis factor-o

ZBG Zinc-binding group

2.1 Introduction

Cleavage of peptide bonds is essential for life, and the factors responsible for
peptide cleavage are the enzymes metalloproteases, which are mostly zinc-dependent
peptide-bond hydrolases (Neurath and Walsh 1976). Regulation of a wide range
of biological functions makes structural studies of these proteins indispensable to
understanding of their function and to the design of novel, highly specific therapeutic
agents to modulate their activity (Lopez-Otin and Overall 2002). Most
metalloproteases are members of a protease tribe, the zincins, and are divided into
the gluzincin, aspzincin, and metzincin clans (Hooper 1994). Metzincins are the
metallopeptidases, which are mostly multidomain proteins with ~130-260-residue
globular catalytic domains and a characteristic zinc-binding consensus motif,
HEXXHXXGXX (H/D) and a methionine-containing Met-turn. Metzincins are
subdivided into astacins, ADAMs/adamalysins/reprolysins, serralysins, matrix
metalloproteinases, snapalysins, leishmanolysins, and pappalysins (Gomis-Ruth
2003).

From a pharmaceutical and medical perspective, the best known zinc-containing
metalloproteinase has been angiotensin-converting enzyme (ACE), and now a
new class of zinc-containing metalloproteinases, called matrix metalloproteinases
(MMPs) or matrixins, has drawn the attention, since its importance as a therapeutic
target has been well recognized (Wyvratt and Patchett 1985; Waller and Marshall
1993).

MMPs collectively participate in in vitro and in vivo degradation of all kinds of
extracellular matrix protein (ECM) and are thus implicated in many connective tissue
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remodeling processes (Woessner 1991) associated with embryonic development,
pregnancy, growth, and wound healing. MMPs participate in diverse physiological
processes such as shedding and release of latent growth factors, growth-factor-binding
proteins, cytokines, and cell-surface receptors and inactivation of pro-MMPs, other
proproteinases, proteinase, and angiogenesis inhibitors (Murphy and Gavrilovic 1999;
Sternlicht and Werb 2001). Overactivation of these enzymes makes them destructive
that may lead to pathologies such as arthritis, inflammation, cancer, atherosclerosis,
aneurysms, nephritis, tissue ulcers, and fibrosis (Woessner 1998). The tissue inhibitors
of MMPs (TIMPs) are specific inhibitors of matrixins that are involved in controlling
the local activities of MMPs in tissues (Gomez et al. 1997; Brew et al. 2000).

2.2 Classification of MMPs

So far 28 types of human matrix metalloproteinases designated as MMP-1, MMP-2,
MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-11, MMP-12, MMP-13, MMP- 14,
MMP-16, and so on have been recognized, which have been classified as follows.

2.2.1 Collagenases

Collagenases constitute the first family of MMPs, comprising of MMP-1, MMP-8,
MMP-13, and MMP-18 (Xenopus). The key feature of these enzymes is their ability
to cleave interstitial collagens I, II, and III at a specific site, three-fourths from the N
terminus. Collagenases can also digest a number of other ECM and non-ECM
molecules.

2.2.2 Gelatinases

Two MMPs, MMP-2 and MMP-9, called gelatinase A and gelatinase B, respec-
tively, belong to this group. They readily digest the denatured collagens, gelatins.
Gelatinases have been considered as promising target for cancer therapy on the
basis of their massive upregulation in malignant tissues and their unique ability to
degrade all components of ECM.

2.2.3 Stromelysins

MMP-3 and MMP-10 are called stromelysins, the former being known as
stromelysin 1 and the latter as stromelysin 2. Both stromelysins 1 and 2 have
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similar substrate specificity, but the former has a proteolytic efficiency higher than
that of the latter. MMP-11 is also called stromelysin (stromelysin 3) but is usually
grouped with other MMPs since its sequence and substrate specificity significantly
differ from those of MMP-3 (Suzuki et al. 1990).

2.2.4 Matrilysins

Matrilysin 1 (MMP-7) and matrilysin 2 (MMP-26), also called endometase, are in
this group. MMP-26 digests a number of ECM components, and MMP-7 processes,
besides ECM components, a few surface molecules, such as pro-o-defensin and
pro-tumor necrosis factor-o (TNF-o) (Uria and Lopez-Otin 2000; Park et al. 2000).

2.2.5 Membrane-Type MMPs

Six MMPs, namely, MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, and
MMP-25, are known as membrane-type MMPs (MT-MMPs). Out of these, the
first four MMPs are type I transmembrane proteins and the last two glycosylpho-
sphatidylinositol (GPI)-anchored proteins. They all are, however, designated as MT1-
to MT6-MMP, respectively. All MT-MMPs, with the exception of MT4, are capable
of activating pro-MMP-2.

The remaining seven MMPs, i.e., MMP-12, MMP-19 to MMP-23, and MMP-28,
have not been classified, but they all play some important roles in the degradation of
ECM. Whatsoever, the design and development of the inhibitors of all classes of
MMPs have appeared to be of great importance, and consequently, a lot of attention
has been paid to the study of structure—activity relationships (SARs) on different
kinds of MMP inhibitors (MMPIs). A recent review article by Gupta (2007) on
quantitative structure—activity relationships of zinc-containing enzyme inhibitors
has presented a detailed picture of mechanism of interaction of MMPIs with MMPs,
and a discussion of specificity of binding of these inhibitors with MMPs may be of
further importance to the design and development of potent MMP inhibitors.

2.3 3D Structures of MMPs

MMPs are mosaic proteins constituted by a series of inserts and domains that may
include an ~20-residue secretory signal peptide, an ~80-residue propeptide, a
160—170-residue zinc- and calcium-dependent catalytic proteinase domain, a linker
region, and a fourfold propeller hemopexin-like C-terminal domain. Besides,
there can be many more domains, such as fibronectin type Il-related domains; a
cysteine-rich, a protein-rich, and an interleukin-1 receptor-like domains; and so on.
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The 3D structures of a number of MMPs have been determined by X-ray crystal-
lography and NMR methods.

From a structural point of view, most MMPs are organized into basic, well-
conserved domains: an N-terminal signal sequence (“pre” domain), followed by an
N-terminal propeptide, a catalytic domain, and a C-terminal Hpx (hemopexin-like)
domain (Gross and Lapiere 1962; Murphy and Gavrilovic 1999; Sternlicht and
Werb 2001; Ganea et al. 2007). In this, the N-terminal propeptide contains a
conserved cysteine, which chelates the catalytic Zn*, keeping pro-MMP inactive.
The catalytic domain contains the zinc-binding motif XEXXHXXGXXH, where
three histidine residues coordinate a zinc ion. Additionally, the catalytic domain
also contains a conserved methionine residue, forming a “Met-turn,” which
contributes to protect the catalytic zinc (Ganea et al. 2007; Nagase et al. 2006).

The C-terminal Hpx domain is a regulatory subunit, which is present in all
MMPs, but MMP-7 and MMP-26, and is supposed to control the substrate specific-
ity of MMPs. It is separated from the catalytic domain by a variable hinge region,
which also contributes to the specificity of MMPs, either by direct binding of the
substrate or by influencing the orientation of hemopexin and the catalytic domain
(Ganea et al. 2007; Roeb et al. 2002).

The X-ray crystallographic and NMR studies on three-dimensional structures of
a number of MMPs have revealed that, although the primary structures of their
domains show little homology, the polypeptide folds of their catalytic domains are
almost superimposable. The catalytic domain consists of 5-stranded B-pleated
sheets, three o-helices and connecting loops, two zinc ions (structural and cata-
lytic), and three calcium ions, which stabilize the structure. A hydrophobic
“S1 pocket” (standard nomenclature is used to designate substrate residues and
their corresponding binding sites on the enzyme; Fig. 2.1) is found to be present
in the substrate-binding site, which contributes to MMPs substrate specificity

S2 St s3'
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Fig. 2.1 The standard nomenclature of amino acid residues of a peptide substrate and the
corresponding binding sites in a protease enzyme. Pnand Pr’ (n = 1,2, 3, .. .) refer to the residues
of the substrate, and Sn and S»’ refer to the corresponding binding sites in the enzyme. Reprinted
with permission from Babine and Bender (1997). Copyright 1997 American Chemical Society
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(Nagase et al. 20006). In the substrate-binding pocket, there is also a “cysteine
switch” in which the cysteine sulfhydryl group interacts with the catalytic zinc ion.

2.3.1 Subsites

In addition to catalytic site in MMPs, there are several other active sites in them,
known as subsites (S), which interact with substrate or inhibitors. As shown in
Fig. 2.1, these subsites are designated as S1, S2, S3, ...Sn on the left side of the
Zn** ion and as S1’, S2', S3/, .. .Sn’ on the right side of the Zn** ion. The functional
groups in the substrate or inhibitors interacting with these subsites are correspond-
ingly designated as P1, P2, P3, ... Pnand P1’, P2/, P3/, ... Pr/, respectively (Babine
and Bender 1997; Schechter and Berger 1967). A variety of residues present in these
subsites offer substrate specificity to different MMPs (Whittaker et al. 1999).

Off the primed an unprimed subsites, the unprimed ones are more solvent
exposed with less segregation between subsites. The S1 and S3 subsites are located
away from the catalytic center, and the S2 subsite is located adjacent to Zn>* ion.
The analogous positions in S2 subsites of MMP-2 and MMP-9, respectively, offer
substrate selectivity and show the importance of unprimed subsites (Li et al. 2009).

The most efforts in the design of MMP inhibitors (MMPIs) have, however, been
focused on the primed subsites. Such inhibitors are called “right-hand side”
inhibitors. Three classes of compounds have been developed: (1) compounds that
have amino acid residues on both sides of zinc-binding group (ZBG, the functional
group in the molecule that may interact with the Zn®* ion of the enzyme), e.g.,
As-As-A-ZBG-A/'-A,'-A3'; (2) compounds that have amino acid residues on only
the right-hand side of ZBG, e.g., ZBG- A|’-A,'-A3’, and are called “right-hand side”
inhibitors; and (3) compounds that have amino acid residues on only the left-hand
side of the ZBG, e.g., A3-A,-A-ZBG, and are called “left-hand side” inhibitors. In
all these compounds, A’s and A”’s refer to the amino acid residues of inhibitors that
can interact with S and S’ subsites of the enzyme, respectively. A model of
interaction of right-hand side inhibitors is shown in Fig. 2.2. The right-hand side
inhibitors were reported to be potent MMPIs, while the corresponding left-hand
side inhibitors were reported to possess only the modest inhibitory potency
(Whittaker et al. 1999). Thus, mostly the right-hand side inhibitors were developed,
although a few left-hand inhibitors were also found to be important for drug design.

The S1’ pocket offers selective inhibition of MMPs due to variation in size and
depth and has gotten considerable attention in the design of MMPIs. The X-ray
crystallographic, NMR analysis, and homology modeling studies have classified
MMPs into two broad structural classes, those with a broad S1’ pocket (MMP-2,
MMP-3, MMP-8, MMP-9, and MMP-13) and those with a shallow S1’ pocket
(MMP-1 and MMP-7) (Lovejoy et al. 1994; Gooley et al. 1994). We may call them
as class 1 and class 2 MMPs, respectively. The S2’ subsite located above the
opening to S1’ pocket has a secondary role. However, the inhibitors with bulky
hydrophobic P2’ substituent exhibit selectivity for MMPs of class 1 over those of
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Fig.2.2 A model of interaction of a right-hand side MMP inhibitor with the enzyme. R1,R2, and R3
are the substituents of the amino acid residues which can be referred to as P1’, P2’, and P3’
substituents that may interact correspondingly with S1’, S2’, and S3’ subsites of the enzyme.
Reprinted with permission from Whittaker et al. (1999). Copyright 1999 American Chemical Society

class 2, and other MMPs have shown improved pharmacokinetic properties (Pikul
et al. 2001), as the S2’ cavity is hydrophobic in MMPs except MMP-1 and MMP-7,
where it contains Ser and Thr residues. The S3’ subsite forms the outer rim of S1’
pocket entrance and has a lesser role in design of MMPIs.

2.4 Specificity of Binding with MMPs

As already discussed, the catalytic Zn** ion is flanked by unprimed and primed
pockets designated as S1, S2, and S3 and S1’, S2/, and S3/, respectively. In MMPs,
the main subsites for substrate recognition are the specificity pocket S1’ and, to a
lesser extent, S2 (Tallant et al. 2010; Overall and Kleifeld 2006). The specificity
pocket S1’ originates immediately to the right of catalytic Zn>* ion and consider-
ably differs in size and shape among the various MMPs. This pocket is mainly
formed by the initial part of the active-site helix hB (back side), the somewhat
mobile phenolic side chain of Tyr240 (right-hand flank), the main-chain atoms of
underlying wall-forming segment Pro-X-Tyr (front side), the flat side of the first
zinc ligand His218 imidazole (left side), and the Leu/Ile/Val235 residue of Met-
turn, which together with the Leu/Tyr/Arg214 or Arg243 side chain, if present,
forms its bottom or lines it toward the second exit opening at the lower molecular
surface, respectively (Bode et al. 1999).

The S1’ pocket varies the most among the different MMPs in both the amino acid
makeup and depth of the pocket, and the MMPs can be classified based on the depth of
this pocket into shallow, intermediate, and deep pocket MMPs (Jacobsen et al. 2010;
Aureli et al. 2008; Park et al. 2003). The shallow S1’ pocket is found in MMP-1 and
MMP-7; the intermediate one in MMP-2, MMP-8, and MMP-9; and the deep one in
MMP-3 and MMP-11 to MMP-14 (Park et al. 2003; Johnson et al. 2007; Gall et al.
2001). The deep S1’ pocket is generally characterized as being large and an open channel.

While the rough classification of S1’ specificity pockets into shallow, intermedi-
ate, and deep ones can greatly help develop the selective MMPISs, their flexibility
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Fig. 2.3 Binding mode of S
batimastat showing zinc- -

binding mode, hydrogen
bonding, and distribution of
substituents into the primed
pockets. Reprinted with
permission from

Jacobsen et al. (2010).
Copyright 2010 Elsevier

NS

can be exploited to design the compounds for targeting a given MMP which does
not have the desired S1’ specificity pocket for the compounds. One such example is
the compound RS-104966 (1) with a large diphenylether backbone that can target
an intermediate or deep pocket but is allowed to interact with the shallow specificity
pocket in MMP-1. Of the primed subsites, S2' and S3’ are relatively shallower
pockets, but they also participate in bonding and can interact with the substituents
of the inhibitors oriented toward them (Botos et al. 1996), as shown in Fig. 2.3.

1, RS-104966

2.4.1 Inhibitors’ Specificity to S1' Subsite

The inhibitors’ specificity to MMPs depends on two important molecular features:
(1) a chelating moiety which interacts with the catalytic zinc ion and (2) hydropho-
bic extensions protruding into the large and hydrophobic S1’ pocket (Skiles et al.
2001). As the structure of S1’ subsite varies between MMP family members,
modifications of the P1’ group can be used to introduce substrate specificity (Matter
and Schudok 2004; Chen et al. 2000).

The amino acid 218 (MMP-13) and specificity loop (amino acids 244-255),
surrounding the zinc-distal part of the S1’ pocket, are discussed as determinants of
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specificity (Lovejoy et al. 1999; Stams et al. 1994; Welch et al. 1996). Among the
known zinc-chelating moieties, the hydroxamate group has been correlated with
unfavorable pharmacokinetics (Babine and Bender 1997) and chronic toxicity. Thus,
alternate zinc-binding groups are needed (Puerta et al. 2004; Schroeder et al. 2001;
Foley et al. 2001; Jacobsen et al. 1999). Some micromolar inhibitors occupying the S1’
pocket of MMP-13 without interacting with the catalytic zinc are described by Chen
et al. However, optimization by introducing a zinc-binding moiety yielded a selectivity
of >5,800-, 56-, and >500-fold against MMP-1, MMP-9, and TACE (Chen et al. 2000).

The S1’ pocket of MMP-1 and MMP-7 is occluded by Arg214 and Tyr214,
respectively, and for targeting it, smaller substituents like leucine and isoleucine
residues are generally used. Ro 31-4724 (2) is such a potent inhibitor of MMP-1
(Borkakoti et al. 1994). There are several MMPIs with large P1’ substituents as
diphenylether sulfone (RS-104966, 1) in which the group extends deep into the S1’
pocket and the peptide-based inhibitor does not. It involves the induced fit mecha-
nism where the Arg214 residue is displaced by inhibitor 1 and creates a large
accommodating substrate pocket (Lovejoy et al. 1999). This induced fit mechanism
fails for MMP-7 due to its shorter specificity loop creating a more rigid S1’ pocket.
The shallow specificity pocket of MMP-1 can accommodate a diphenylether
backbone of 1 (Terp et al. 2002; Browner et al. 1995).

0 CHy O  CH,
N NH\)-LNH 0. CH,
O i_ _CHy O

In case of MMP-2, MMP-8, and MMP-9, the intermediate pockets are present
and, among this, MMP-8 belongs to collagenase family and shares similar substrate
specificity as MMP-1 (Skiles et al. 2004). MMP-8 has a larger opening to the S1’
pocket to accommodate the similar substrates with different pocket sizes (Aureli
et al. 2008). The catalytic domains of MMP-2 and MMP-9 are highly homologous
with hydrophobic S1’ pockets and differ from each other in residues 425-431,
which form a loop in the S1’ pocket of MMP-9 (Skiles et al. 2004; Rowsell et al.
2002). The orientation of residues Thr426 and Arg424 of MMP-2 and MMP-9,
respectively, causes variation in shape and size of the S1’ pocket (Rowsell et al.
2002). Some MMPIs with long P1’ substituent inhibit MMP-2 but fail to inhibit
MMP-9 due to the occlusion by the Arg424 residue. Due to small differences in the
S1’ cavity, it is challenging to achieve MMPI selectivity between the gelatinases
MMP-2 and MMP-9 (Tochowicz et al. 2007).

In MMP-3, MMP-11, MMP-12, MMP-13, and MMP-14, the S1’ specificity
pockets are characterized as large and open channels. The MMP-12 pocket is
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unique as it can accommodate binding of polar groups due to the Thr215 residue
within the S1’ pocket, while Val or Ala residues are generally present in other
MMPs. In MMP-13, the highly flexible S1’ specificity loop of residues 245-253
plays major role in binding of large P1’ substituents. The Leu218 residue present to
the side of the pocket creates an open space (Lovejoy et al. 1999; Nar et al. 2001).

Almost all synthetic inhibitors that could bind with MMPs were found to contain
a chelating group, such as hydroxamic acid, a carboxylate, or a thiol group, to
interact with the Zn** ion, and a peptidic or peptidomimetic moiety mimicking
peptide substrate binding to the substrate recognition site. In the majority of
synthetic inhibitors studied so far, this peptidic moiety has been found to interact
in an extended manner with the primed right-hand subsites with an L-configured P1’
side chain substituent perfectly arranged to extend into the hydrophobic bottleneck
of S1” pocket (Grams et al. 1995a, b).

This rough classification of S1’ specificity pockets according to the shape and
size and the flexibility can aid in the development of selective MMPIs. The
selectivity over MMP-2 was achieved by considering the steric limitations of the
shorter S1’ loop. It was considered in the designing of a series of biphenyl
sulfonamide carboxylate MMPIs for the treatment of osteoarthritis. Compound 3,
a potent inhibitor of MMP-13, is reasonably selective over MMP-2, MMP-3, and
MMP-8 and highly selective over MMP-1, MMP-7, MMP-9, and MMP-14. During
development of the carboxylic acid scaffold for the treatment of COPD, MMP-12
has been suggested as a variable target. The MMP-13 selectivity was improved by
using a fused ring system, and restriction of rotation of the biphenyl group favors
binding in the less flexible MMP-12 S1’ pocket. Inhibitor 4 has shown 60-fold
selectivity for MMP-12 over MMP-13 and also over MMP-1, MMP-3, MMP-7,
MMP-9, and MMP-14 (Mitchell et al. 1996).
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In case of hydroxamic acids, the steric bulk (sulfonamide group) was added as it
favors the large opening of the S1’ pocket in MMP-3 and thus selectivity over
MMP-1, MMP-2, MMP-9, and MMP-14. Specific inhibitors for MMP-13 have
been designed with elongated backbones to probe deep into the S1’ pocket, and the
rigid backbones show improved targeting of MMP-12. Also opening of the S1’
pocket is more important for the development of MMP-3 selective inhibitors
(Whitlock et al. 2007).

In case of phosphinate inhibitors, targeting MMP-11 vs. MMP-2, MMP-§,
MMP-9, MMP-13, and MMP-14, the selectivity is due to the P1’ interactions
with the protein at the entrance of the S1’ site and other protein—inhibitor
interactions. The selectivity can be further improved by targeting MMPIs toward
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the entrance of the S1’ pocket rather than deep in the pocket (Matziari et al. 2004).
More recently, pyrimidine-2,4,6-trione, spiropyrrolidine barbiturate, and aryl
oxazoline derivatives of diphenylether have been optimized to inhibit MMP-13
(Kim et al. 2005; Blagg et al. 2005; Reiter et al. 2006; Freeman-Cook et al. 2007).

Most of the non-zinc-binding MMPIs (which do not bind to the catalytic Zn>* ion)
show remarkable MMP-13 selectivity and bind deep within the S1’ pocket to induce a
specific protein conformation (Johnson et al. 2007; Li et al. 2008). These are long
molecules linked with ring structures and are generally hydrophobic; carbonyl oxygen
atoms and NH groups are involved in hydrogen bonding interactions with the S1’
pocket. The Gly227 is rotated to a main-chain conformation, which opens the S1’
pocket to accommodate the inhibitor. The crystal structure of inhibitor 5 shows
binding in the deep S1’ site where there is no overlap with the natural substrate-
binding space (Li et al. 2008; Morales et al. 2004; Dublanchet et al. 2005).

Among the various non-zinc-binding MMPIs, 6 shows remarkable selectivity for
MMP-13 due to shorter S1’ specificity pocket, which is not able to accommodate the
especially long P1’ substituent of 6 but displays substantial flexibility. Rotation of
certain glycine residues opens the S1’ pocket to an exosite and extends the pocket
length for accommodating long inhibitors. The major reason behind the selectivity of §
and 6 is due to their ability to induce a unique conformation in the S1’ specificity loop of
MMP-13 that is not accessible in other MMPs (Johnson et al. 2007; Engel et al. 2005).
The use of non-zinc-binding MMPIs is based on intrinsic flexibility of the S1” specific-
ity loop and hence most useful for the development of selective MMP-13 inhibitors.

OH clH3
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The mode of binding of several synthetic inhibitors in the active site of MMPs
has been determined by X-ray crystallography and NMR spectroscopy. A zinc-
binding group (ZBG) is found to be present in the inhibitors which chelate the
catalytic zinc ion bound to a substrate-like fragment designed to fit the S’ primary
specificity subsite and adjacent subsites. The most effective zinc-binding group, the
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hydroxamate moiety, shows lack of selectivity, possesses poor pharmacokinetic
properties, and may cause toxicity. To overcome the nonselective toxicity, novel
MMP inhibitors, which do not bind with catalytic zinc ion, have been designed.
These include micromolar inhibitors of MMP-13, highly selective pyrimidine
dicarboxamides characterized by the absence of interactions with the catalytic
zinc ion. Some of these inhibitors are located halfway down the S’ subsite, and
the potent ones extend deeply into the pocket without removing the floor formed by
the F252 side chain (Johnson et al. 2007; Li et al. 2008; Engel et al. 2005).

Pochetti et al. reported the binding mode of first two non-zinc-chelating
inhibitors 7 and 8 of human neutrophil collagenase and their selectivity toward
MMP-8 S1’ pocket and other MMPs, and concluded that their high selectivity
profile is due to the conformational change induced in S1’ loop.

NH,

//%mﬁg O A,

7 © 8

The two inhibitors have similar shape and size except the squaramide moiety
bound to one terminal end of 7 and the carbamoylmethyl substituent present at the
asymmetric carbon atom at the opposite end of 8. The monoclinic and orthorhombic
crystal forms were found after cocrystallization of 7 and 8 with MMP-8. The central
scaffold of the two inhibitors showed similar mode of binding into the primary
specificity pocket S1’ and similar interactions with the enzyme in all complexes.
The similar interactions are the m-stacking interactions of the aromatic cloud of
the H197 imidazole with that of the isoquinolone of 7 and the benzoxazinone of
(8)-8 and the H-bondings of L214CO and A220NH with the NH and CO moieties,
respectively, of the central carboxamide group. The different binding interactions
include formation of bifurcated H-bond with one carbonyl of the squaramide ring of 7
and the benzoxazinone ring of (S)-8. The P217CO present at the entrance of S1’ pocket
is H-bond acceptor from the amino group of the squaramide ring or from that of the
benzoxazinone ring. The S228NH present at the end of the S1’ loop engages both
sulfonyl oxygens of 7 through a bifurcated H-bond. The terminal carbamoyl group of
()-8 forms a complex H-bonding with R222CO and 2270H (Pochetti et al. 2009).

Some micromolar inhibitors occupying the S1’ pocket of MMP-13 require
introduction of zinc-binding moiety for improved selectivity against MMP-1,
MMP-9, and TACE (Jacobsen et al. 2010). Engel et al. reported binding of
pyrimidine dicarboxamide 9 in the S1’ pocket, protruding into the additional S1’
side pocket, which is unique to MMP-13. It exhibits a bent conformation. The
central scaffold and the distal pyridyl group of 9 form intricate interactions with the
specificity loop of MMP-13. The specificity loop of MMP-13 shows significant
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flexibility when it is in contact with inhibitors, and it is critical for binding. The
particular conformation of specificity loop defines the shape and size of the S1’
pocket and the exact geometry of polar interactions between them. The role of
specificity loop conformation for MMP selectivity of 9 was investigated by
superimposition of MMP-13 with 11 MMPs. It was observed that conformational
restrictions appear obvious for those MMPs with specificity loops shorter than that
of MMP-13, but for those with similar or longer specificity loops, based on the
loops’ sequence. The nature of residues in position 218 and 248 and the sequence
conformation of the specificity loop are the structural determinants for the high
MMP selectivity. Also inhibitors with low nanomolar affinity have shown
improved hydrophobic interactions (Jacobsen et al. 2010).
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2.4.2 Mechanism of Binding at S1' Subsite

Novel MMPIs were designed which do not bind to the catalytic zinc ion and
overcome the nonselective toxicity. The micromolar inhibitors of MMP-13
occupying the S1’ subsite without interacting with the catalytic zinc ion were
reported by Chen et al. (2000). The pyrimidine dicarboxamide inhibitors of MMP-
13 (Engel et al. 2005), non-zinc-chelating selective inhibitors of MMP-12 (Morales
et al. 2004), and some selective inhibitors of MMP-13 reported by Johnson et al.
(2007) and Li et al. (2008) were found to be located halfway down the S1’ subsite and
the most potent to bind deeply into the pocket by removing the floor formed by the
F252 side chain (Johnson et al. 2007; Li et al. 2008; Engel et al. 2005).

The study of crystal forms of the uninhibited MMP-8 and the inhibitor-bound
complexes reveals the structural changes of the S1’ specificity loop. The Zn-
coordinated H207 and two consecutive turns remain practically unaltered, and the
large conformational changes are on segment 219-229 and sequence R222-N226,
and this leads to change in the position of Y227 side chain in both complexes. But
on examining the other MMP-8 inhibitors on the PDB, the position of Y227 was
found to be the same in the uninhibited and inhibited MMP-8, forming the floor of
the S1’ pocket, and conformation of S1’ loop to remain same as the inhibitors were
not long enough to approach the side chain of Y227. But in case of phosphate
inhibitors, the rearrangement of the S1’ loop in the region R222-Y227 was
observed and the extra-binding region to become available. The MMP-8 inhibition
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takes place through an induced fit mechanism operating on the loop surrounding the
S1’ subsite and defines the shape and size of the pocket. Thus, the Y227 residue
plays the role of “selective gatekeeper” by rendering accessible the extra-binding
region of the S1’ specificity subsite if the interaction with the catalytic zinc ion has
not to take place.

Pochetti et al. (2009) further investigated the role of the S1’ specificity loop for
MMP-8 by aligning the amino acid sequence of this loop with that of other MMPs.
The MMP-8 differs from the other members for two residues R222 and Y227
forming the floor, and the phenylalanine residue replaces the tyrosine residue
in the other MMP members. The key position in the loop of these two residues
offers interesting hints for designing new and more selective inhibitors of MMP-8
(Pochetti et al. 2009).

2.5 Catalytic Mechanism

The catalytic mechanism involves the zinc ion, the signature glutamic acid, and
zinc-bound water molecule, and the substrate binds in a groove extending across the
face of a protein. Effective inhibitors show extensive van der Waals contacts within
the largely hydrophobic interior of S1’ and have strong electrostatic interactions
with zinc ion (Kester and Matthews 1977). In the active-site cleft, the “bulge-edge
segment” is of great importance for substrate and inhibitor binding, and a hydro-
phobic S1’-substrate-binding site or specificity pocket shows large variations in all
the MMPs. In specificity loop, the initial segment Pro217-Asn-Tyr219 in MMP-8 is
termed “S1’-wall-forming segment.” The catalytic mechanism involves nucleo-
philic attack of a polarized catalytic solvent molecule so that the substrate must
bind to form a Michaelis complex. The binding occurs in an extended conformation
through S1’-wall-forming segment and the bulge-edge segment on the primed side
and upper-rim strand BIV on the non-primed side. The carbonyl group coordinates
the catalytic zinc ion and further ligands the three protein histidines and a solvent
molecule in a pentameric fashion (Bertini et al. 2006). The specificity pocket
accommodates the scissile NH bonds to a main-chain carbonyl of the upper-rim
strand and the hydrophobic P1’-chain. A hydroxide formed by glutamate base
attacks the scissile carbonyl carbon following the tetrahedral mechanism (Solomon
et al. 2007). Therefore, the planar carbonyl group becomes negatively charged
tetrahedral-reaction intermediate centered on an sp’-hybridized gem-diolate group
(Fig. 2.4). The latter interacts with the zinc ion, and the glutamate acts as a general
acid catalyst (March 1985). The gem-diolate proton transfer to the secondary
ammonium results in two products containing new carboxylate and o-ammonium
groups and remains in the form of a double-product complex (Bertini et al. 2006).
The product release step is a rate-limiting step of the reaction (Hangauer et al.
1984). An incoming solvent molecule binds with the zinc ion and separates the new
C terminus from the general acid/base glutamate carboxylate group and facilitates
the release of the nonprimed-side product half, and the primed-side half remains
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Fig. 2.4 Catalytic mechanism of MMPs: the figure represents the cleavage mechanism proposed
for MMPs. The catalytic zinc ion is shown by sphere, and the binding with it and the H-bonds by
dashed lines. The three histidine ligands are represented by sticks. Reprinted with permission from
Tallant et al. (2010). Copyright 2011 Elsevier

bound to the enzyme. Repulsion between the zinc ion and the new N terminus leads
to a subtle rearrangement of the P1’ side chain within the specificity pocket. Thus,
the main-chain interactions of product and enzyme are weakened, leading to
product release (Tallant et al. 2010).

The determination of affinity of inhibitors and the cleavage position of peptide
substrates is mainly based on P1’-S1’ interaction (the L-configured P1’-like side
chain extends into the hydrophobic bottleneck of the S1’ pocket) (Grams et al.
1995a, b). The size of the S1’ pocket differs considerably among the MMPs
depending on the length and character of harbored residue 214 in the active-site
helix hB. The side chains of Arg214 (MMP-1) and Tyr214 (MMP-7) extend into the
S1’ opening with a size and shape in agreement with peptide cleavage studies on
model peptides (Netzel-Arnett et al. 1991, 1993; Niedzwiecki et al. 1992). The
recent MMP-1 structures allow binding of synthetic inhibitors with larger P1’ side
chains, as the Arg214 side chain can swing out of its normal site. In MMP-3 and
MMP-14, the smaller Leu214 residues do not bar the internal S1’ “pore,” while the
S1’ pocket of MMP-8 is of medium size and is closed at the bottom by extending
Arg243 side chain into the S1’ space.
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2.6 TIMP-MMP Inhibition Mechanism

The endogenous tissue inhibitors of metalloproteinases (TIMPs) precisely regulate the
degenerative potential of the MMPs, and the MMP-TIMP balance results in serious
disorders (Nagase et al. 1997; Yong et al. 1998; Beckett and Whittaker 1998).
Therefore, the MMP structures and their TIMP complexes are attractive targets
for rational inhibitor design (Beckett and Whittaker 1998; Bottomley et al. 1998).
The wedge-shaped TIMPs bind into the entire length of the active-site cleft of their
cognate MMPs through N-terminal segment (Cysl-Pro5), the sC-connector loop
(residues Alal68 to CysI72, center), and the connecting disulfide bridge. The Cysl-
Pro5 residues bind to the active-site cleft in a substrate- or product-like manner,
and the sC-connector loop interacts in a somewhat substrate-inverse manner
(Fernandez-Catalan et al. 1998; Gomis-Ruth et al. 1997). The Cysl1 located directly
above the catalytic zinc coordinates it together with the three imidazole rings from the
cognate MMP. The Thr/Ser side chain of the second TIMP residue extends into the
S1’ pocket, and the Ser2 of TIMP2 is bonded with the catalytic Glu219. The remaining
Cys3, Val/Ser4, and Pro5 side chains contact subsites S2’, S3’, and S4’ similar to
P2/, P3/, and P4’ side chains of the substrate. In the MMP-TIMP complexes of “non-
inhibited” MMP-1 catalytic domain and serralysins, a “substrate-like” interaction is
observed in which the opened-out-N-terminal segment of one molecule inserts into
the S1 to S3’ subsites (Lovejoy et al. 1994).

The P1’-S1’ interaction is the main determinant for the affinity of inhibitors and
the cleavage position of peptide substrates.

2.7 Conclusion

In conclusion, the chapter presents the X-ray crystallographic and NMR studies on
three-dimensional structures of a number of MMPs to reveal their catalytic site,
subsites, specificity of binding with substrate and inhibitors, and catalytic mecha-
nism. According to these studies, the catalytic domain of MMPs consists of
5-stranded B-pleated sheets, three a-helices and connecting loops, two zinc ions
(structural and catalytic), and three calcium ions, which stabilize the structure.
A hydrophobic “S1 pocket” is found to be present in the substrate-binding site,
which contributes to MMPs substrate specificity. In addition to catalytic site in
MMPs, there are several other active sites in them, known as subsites (S), which
interact with substrate or inhibitors. These subsites are designated as S1, S2,
S3, ...Sn on the left side of the Zn** ion and as S1’, S2, S3', ...Sx’ on the right
side of the Zn”* ion. A variety of residues present in these subsites offer substrate
specificity to different MMPs.

The most efforts in the design of MMP inhibitors (MMPIs) have been focused on
the primed subsites. Such inhibitors are called “right-hand side” inhibitors. These
inhibitors have amino acid residues on only the right-hand side of ZBG to interact
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with only S’ subsites. The right-hand side inhibitors were reported to be potent
MMPIs, while the corresponding left-hand side inhibitors were reported to possess
only the modest inhibitory potency. Thus, mostly the right-hand side inhibitors
were developed, although a few left-hand inhibitors were also found to be important
for drug design.

The S1’ pocket offers selective inhibition of MMPs due to variation in size and
depth and has drawn considerable attention in the design of MMPIs. The X-ray
crystallographic, NMR analysis, and homology modeling studies have classified
MMPs into two broad structural classes, those with a broad S1’ pocket (MMP-2,
MMP-3, MMP-8, MMP-9, and MMP-13) and those with a shallow S1’ pocket
(MMP-1 and MMP-7). We may call them as class 1 and class 2 MMPs, respec-
tively. The S2’ subsite located above the opening to S1’ pocket has a secondary role.
However, the inhibitors with bulky hydrophobic P2’ substituent exhibit selectivity
for MMPs of class 1 over those of class 2, and other MMPs have shown improved
pharmacokinetic properties, as the S2’ cavity is hydrophobic in MMPs except
MMP-1 and MMP-7, where it contains Ser and Thr residues. The S3’ subsite
forms the outer rim of S1’ pocket entrance and has a lesser role in design of MMPIs.

In MMPs, the main subsites for substrate recognition are the specificity pocket
S1’ and, to a lesser extent, S2. The specificity pocket S1’ originates immediately to
the right of catalytic Zn>* ion and considerably differs in size and shape among the
various MMPs. The S1’ pocket varies the most among the different MMPs in both
the amino acid makeup and depth of the pocket, and the MMPs can be classified
based on the depth of this pocket into shallow, intermediate, and deep pocket
MMPs; the deep S1’ pocket is generally characterized as being large and an open
channel. While the rough classification of S1’ specificity pockets into shallow,
intermediate, and deep ones can greatly help develop the selective MMPIs, their
flexibility can be exploited to design the compounds for targeting a given MMP
which does not have the desired S1’ specificity pocket for the compounds.

The inhibitors’ specificity to MMPs depends on two important molecular
features: (1) a chelating moiety which interacts with the catalytic zinc ion and
(2) hydrophobic extensions protruding into the large and hydrophobic S1’ pocket.
As the structure of S1’ subsite varies between MMP family members, modifications
of the P’ group can be used to introduce substrate specificity. Among the known
zinc-chelating moieties, the hydroxamate group has been correlated with unfavor-
able pharmacokinetics and chronic toxicity. Thus, alternate zinc-binding groups are
needed.

The rough classification of S1’ specificity pockets according to the shape and
size and the flexibility can aid in the development of selective MMPIs. Most of the
non-zinc-binding MMPIs (which do not bind to the catalytic Zn** ion) show
remarkable MMP-13 selectivity and bind deep within the S1’ pocket to induce a
specific protein conformation.

The mode of binding of several synthetic inhibitors in the active site of MMPs
has been determined by X-ray crystallography and NMR spectroscopy. A zinc-
binding group (ZBG) is found to be present in the inhibitors which chelate the
catalytic zinc ion bound to a substrate-like fragment designed to fit the S’ primary
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specificity subsite and adjacent subsites. The most effective zinc-binding group, the
hydroxamate moiety, shows lack of selectivity, possesses poor pharmacokinetic
properties, and may cause toxicity. To overcome the nonselective toxicity, novel
MMP inhibitors, which do not bind with catalytic zinc ion, have been designed.
Effective inhibitors show extensive van der Waals contacts within the largely
hydrophobic interior of S1’ and have strong electrostatic interactions with zinc
ion. The size of the S1’ pocket differs considerably among the MMPs depending on
the length and character of harbored residue 214 in the active-site helix hB. The
P1’-S1’ interaction is the main determinant for the affinity of inhibitors and the
cleavage position of peptide substrates.

The endogenous tissue inhibitors of metalloproteinases (TIMPs) precisely regu-
late the degenerative potential of the MMPs, and the MMP-TIMP balance results in
serious disorders. Therefore, the MMP structures and their TIMP complexes are
attractive targets for rational inhibitor design. In the MMP-TIMP complexes of
“non-inhibited” MMP-1 catalytic domain and serralysins, a “substrate-like” inter-
action is observed in which the opened-out-N-terminal segment of one molecule
inserts into the S1 to S3’ subsites.

The catalytic mechanism of substrate-MMP interaction involves nucleophilic
attack of a polarized catalytic solvent molecule so that the substrate must bind to
form a Michaelis complex. The binding occurs in an extended conformation
through S1’-wall-forming segment and the bulge-edge segment on the primed
side and upper-rim strand BIV on the non-primed side. The carbonyl group
coordinates the catalytic zinc ion and further ligands the three protein histidines
and a solvent molecule in a pentameric fashion.

References

Aureli L, Gioia M, Cerbara I, Monaco S, Fasciglione GF, Marini S, Ascenzi P, Topai A, Coletta M
(2008) Structural basis for substrate and inhibitor recognition by matrix metalloproteinases.
Curr Med Chem 15:2192-2222

Babine RE, Bender SL (1997) Molecular recognition of protein-ligand complexes: applications to
drug design. Chem Rev 97:1359-1472

Beckett R, Whittaker M (1998) Matrix metalloproteinase inhibitors. Exp Opin Ther Pat 8:259-282

Bertini I, Calderone V, Fragai M, Luchinat C, Maletta M, Yeo KJ (2006) Snapshots of the reaction
mechanism of MMP. Angew Chem Int Ed Engl 45:7952-7955

Blagg JA, Noe MC, Wolf-Gouveia LA, Reiter LA, Laird ER, Chang SPP, Danley DE, Downs JT,
Elliott NC, Eskra JD, Griffiths RJ, Hardink JR, Haugeto Al, Jones CS, Liras JL, Lopresti-
Morrow LL, Mitchell PG, Pandit J, Robinson RP, Subramanyam C, Vaughn-Bowser ML,
Yocum SA (2005) Potent pyrimidinetrione-based inhibitors of MMP-13 with enhanced selec-
tivity over MMP-14. Bioorg Med Chem Lett 15:1807-1810

Bode W, Fernandez-Catalan C, Grams F, Gomis-Ruth F, Nagase H, Tschesche H, Maskos K
(1999) Insights into MMP-TIMP Interactions. Ann N 'Y Acad Sci 878:73-91

Borkakoti N, Winkler FK, Williams DH, D’Arcy A, Broadhurst MJ, Brown PA, Johnson WH,
Murray EJ (1994) Structure and the catalytic domain of human fibroblast collagenase
complexed with an inhibitor. Nat Struct Biol 1:106-110



2 Specificity of Binding with Matrix Metalloproteinases 53

Botos I, Scapozza L, Zhang D, Liotta LA, Meyer EF (1996) Batimastat, a potent matrix
metalloproteinase inhibitor, exhibits an unexpected mode of binding. Proc Natl Acad Sci
USA 93:2749-2754

Bottomley KM, Johnson WH, Walter DS (1998) MMP inhibitors in arthritis. J Enzyme Inhib
13:79-101

Brew K, Dinakarpandian D, Nagase H (2000) Tissue inhibitors of metalloproteinases: evolution,
structure and function. Biochem Biophys Acta 1477:267-283

Browner MF, Smith WW, Castelhano AL (1995) Matrilysin-inhibitor complexes: common themes
among metalloproteinases. Biochemistry 34:6602-6610

Chen JM, Nelson FC, Levin JI, Mobilio D, Moy FJ, Nilakantan R, Zask A, Powers R (2000)
Structure-based design of a novel, potent, and selective inhibitor of MMP-13 utilizing NMR
spectroscopy and computer-aided molecular design. ] Am Chem Soc 122:9648-9654

Dublanchet AC, Ducrot P, Andrianjara C, O’Gara M, Morales R, Compere D, Denis A, Blais S,
Cluzeau P, Courte K, Hamon J, Moreau F, Prunet ML, Tertre A (2005) Structure based design
and synthesis of novel non-zinc chelating MMP-12 inhibitors. Bioorg Med Chem Lett
15:181-189

Engel CK, Pirard B, Schimanski S, Kirsch R, Habermann J, Klinger O, Schlotte V, Weithmann
KU, Wendt KU (2005) Structural basis for the highly selective inhibition of MMP-13. Chem
Biol 12:181-189

Fernandez-Catalan C, Bode W, Huber R, Turk D, Calvete JJ, Lichte A, Tschesche H, Maskos K
(1998) Crystal structure of the complex formed by the membrane type 1-matrix metalloproteinase
with the tissue inhibitor of metalloproteinases-2, the soluble progelatinase A receptor. EMBO J
17:5238-5248

Foley LH, Palermo R, Dunten P, Wang P (2001) Novel 5,5-disubstituted pyrimidine-2,4,6-triones
as selective MMP inhibitors. Bioorg Med Chem Lett 11:969-972

Freeman-Cook KD, Reiter LA, Noe MC, Antipas AS, Danley DE, Datta K, Downs JT, Eisenbeis S
et al (2007) Potent, selective spiropyrrolidine pyrimidinetrione inhibitors of MMP-13. Bioorg
Med Chem Lett 17:6529-6534

Gall A-L, Ruff M, Kannan R, Cuniase P, Yiotakis A, Dive V, Rio C-M, Basset P, Moras D (2001)
Crystal structure of the stromelysin-3 (MMP-11) catalytic domain complexed with a
phosphinic inhibitor mimicking the transition state. ] Mol Biol 307:577-586

Ganea E, Trifan M, Laslo AC, Putina G, Cristescu C (2007) Matrix metalloproteinases: useful and
deleterious. Biochem Soc Trans 35:689-691

Gomez DE, Alonso DF, Yoshiji H, Thoegeirsson UP (1997) Tissue inhibitors of metallopro-
teinases: structure, regulation and biological functions. Eur J Cell Biol 74:111-122

Gomis-Ruth FX (2003) Structural aspects of the metzincin clan of metalloendopeptidases. Mol
Biotechnol 24:157-202

Gomis-Ruth FX, Maskos K, Betz M, Bergner A, Huber R, Suzuki K, Yoshida N, Nagase H, Brew K,
Bourenkov GP, Bartunik H, Bode W (1997) Mechanism of inhibition of the human MMP
stromelysin-1 by TIMP-1. Nature 389:77-81

Gooley PR, O’Connell JF, Marcy Al, Cuca GC, Salowe SP, Bush BL, Hermes JD, Esser CK,
Hagmann WK, Springer JP, Johnson BA (1994) The NMR structure of the inhibited catalytic
domain of human stromelysin-1. Nat Struct Biol 1:111-118

Grams F, Crimmin M, Hinnes L, Huxley P, Pieper M, Tschesche H, Bode W (1995a) Structure
determination and analysis of human neutrophil collagenase complexed with a hydroxamate
inhibitor. Biochemistry 34:14012-14020

Grams F, Reinemer P, Powers JC, Kleine T, Pieper M, Tschesche H, Huber R, Bode W (1995b) X-
ray structures of human neutrophil collagenase complexed with peptide hydroxamate and
peptide thiol inhibitors. Implications for substrate binding and rational drug design. Eur J
Biochem 228:830-841

Gross J, Lapiere CM (1962) Collagenolytic activity in amphibian tissues: a tissue culture assay.
Proc Natl Acad Sci USA 48:1014-1022



54 S.P. Gupta and V.M. Patil

Gupta SP (2007) Quantitative structure-activity relationship studies dies on zinc-containing
metalloproteinase inhibitors. Chem Rev 107:3042-3087

Hangauer DG, Monzingo AF, Matthews BW (1984) An interactive computer graphics study of
thermolysin-catalyzed peptide cleavage and inhibition by N-carboxymethyl dipeptides. Bio-
chemistry 23:5730-5741

Hooper NM (1994) Families of zinc metalloproteases. FEBS Lett 354:1-6

Jacobsen EJ, Mitchell MA, Hendges SK, Belonga KL, Skaletzky LL, Stelzer LS, Lindberg TJ,
Fritzen EL, Schostarez HJ, O’Sullivan TJ et al. (1999) Synthesis of a series of stromelysin-
selective thiadiazole urea matrix metalloproteinase inhibitors. J] Med Chem 42:1525-1536

Jacobsen JA, Jourden JLM, Miller MT, Cohen SM (2010) To bind zinc or not to bind zinc: An
examination of innovative approaches to improved metalloproteinase inhibition. Biochim
Biophys Acta 1803:72-94

Johnson AR, Pavlovsky AG, Ortwine DF, Prior F, Man CF, Bornemeier DA, Banotai CA, Mueller
WT, McConnell K, Guzman R, Han HK, Dyer RD (2007) Discovery and characterization of a
novel inhibitor of matrix metalloproteinase-13 that reduces cartilage damage in vivo without
joint fibroplasias side effects. J Biol Chem 282:27781-27791

Kester WR, Matthews BW (1977) Crystallographic study of the binding of dipeptide inhibitors to
thermolysin: implications for the mechanism of catalysis. Biochemistry 16:2506-2516

Kim SH, Pudzianoeski AT, Leavitt KJ, Barbosa J, McDonnell PA, Metzler WJ, Rankin BM, Liu R,
Vaccaro W, Pitts W (2005) Structure based design of potent and selective inhibitors of
collagenase-3 (MMP-13). Bioorg Med Chem Lett 15:1101-1106

Li JJ, Nahra J, Johnson AR, Bunker A, O’Brien P, Yue WS, Ortwine DF, Man CF, Baragi V,
Kilgore K, Dyer RD, Han HK (2008) Quinazolinones and pyrido[3,4-d]pyrimidin-4-ones as
orally active and specific matrix metalloproteinase-13 inhibitors for the treatment of osteoar-
thritis. J Med Chem 51:835-841

Li NG, Shi ZH, Tang YP, Duan JA (2009) Selective matrix metalloproteinase inhibitors for
cancer. Curr Med Chem 16:3805-3827

Lopez-Otin C, Overall CM (2002) Protease degradomics, a new challenge for proteomics. Nat Rev
Mol Cell Boil 3:509-519

Lovejoy B, Cleasby A, Hassell AM, Longley K, Luther MA, Weigl D, McGeehan G, McElory AB,
Drewry D, Lanbert MH, Jordan SR (1994) Structure of the catalytic domain of fibroblast
collagenase complexed with an inhibitor. Science 263:375-377

Lovejoy B, Welch AR, Carr S, Luong C, Broka C, Hendricks RT, Campbell JA, Walker KAM,
Martin R, Van Wart H, Browner MF (1999) Crystal structures of MMP-1 and -13 reveal the
structural basis for selectivity of collagenase inhibitors. Nat Struct Biol 6:217-221

March J (1985) Advanced organic chemistry-reactions, mechanisms and structure, 3rd edn. Wiley,
New York

Matter H, Schudok M (2004) Recent advances in the design of matrix metalloproteinases
inhibitors. Curr Opin Drug Discov Devel 7:513-595

Matziari M, Beau F, Cuniasse P, Dive V, Yiotakis A (2004) Evaluation of P1’-diversified
phosphinic peptides leads to the development of highly selective inhibitors of MMP-11.
J Med Chem 47:325-336

Mitchell PG, Magna HA, Reeves LM, Lopresti-Morrow LL, Yocum SA, Rosner PJ, Geogpegan
KF, Hambor JE (1996) Cloning, expression, and type II collagenolytic activity of MMP-13
from human osteoarthritic cartilage. J Clin Invest 97:761-768

Morales R, Perrier S, Florent JM, Beltra J, Dufour S, De Mendez I, Manceau P, Tertre A, Moreau F,
Compere D, Dublanchet AC, O-Gara M (2004) Crystal structures of novel non-peptidic,
non-zinc chelating inhibitors bound to MMP-12. J Mol Biol 341:1063-1076

Murphy G, Gavrilovic J (1999) Proteolysis and cell migration: creating a path? Curr Opin Cell
Biol 11:614-621

Nagase H, Das SK, Dey SK, Fowlkes JL, Huang W, Brew K (1997) Matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs). Physiological roles and structural



2 Specificity of Binding with Matrix Metalloproteinases 55

basis of MMP inhibition by TIMP-1. In: Hawkes SP, Edwards DR, Khokha R (eds) Tissue
inhibitors of metalloproteinases in development and disease. Harwood, Lausanne, pp 3-10

Nagase H, Visse R, Murphy G (2006) Structure and function of matrix metalloproteinases and
TIMPs. Cardiovasc Res 69:562-573

Nar H, Werle K, Bauer MMT, Dollinger H, Jung B (2001) Crystal structure of human macrophage
elastase (MMP-12) in complex with a hydroxamic acid inhibitor. J] Mol Biol 312:743-751

Netzel-Arnett S, Fields G, Birkedal-Hansen H, Van Wart HE (1991) Sequence specificities of
human fibroblast and neutrophil collagenase. J Biol Chem 266:6747-6755

Netzel-Arnett S, Sang QX, Moore WGI, Narve M, Birkedal-Hansen H, Van Wart HE (1993)
Comparative sequence specificities of human 72- and 92-kDa gelatinases (type IV
collagenases) and PUMP (matrilysin). Biochemistry 32:6427-6432

Neurath H, Walsh KA (1976) Role of proteolytic enzymes in biological regulation. Proc Natl Acad
Sci USA 73:3825-3832

Niedzwiecki L, Teahan J, Harrison RK, Stein RL (1992) Substrate specificity of the human matrix
metalloproteinase stromelysin and the development of continuous fluorometric assays. Bio-
chemistry 31:12618-12623

Overall CM, Kleifeld O (2006) Towards third generation matrix metalloproteinase inhibitors for
cancer therapy. Br J Cancer 94:941-946

Park HI, Ni J, Gerkema FE, Liu D, Belozerov VE, Sang QX (2000) Identification and characteri-
zation of human endometase (MMP-26) from endometrial tumor. J Biol Chem 275:
20540-20544

Park HI, Jin Y, Hurst DR, Monroe CA, Lee S, Schwartz MA, Sang QX (2003) The intermediate
S1’ pocket of the endometase/matrilysin-2 active site revealed by enzyme inhibition kinetic
studies, protein sequence analyses, and homology modeling. J Biol Chem 278:51646-51653

Pikul S, Dunham KM, Almstead NG, De B, Natchus MG, Taiwo YO, Williams LE, Hynd BA,
Hsieh LC, Janusz MJ, Gu F, Mieling GE (2001) Heterocycle-based MMP inhibitors with P2’
substituents. Bioorg Med Chem Lett 11:1009-1013

Pochetti G, Montanari R, Gege C, Chevrier C, Taveras AG, Mazza F (2009) Extra binding region
induced by non-zinc chelating inhibitors into the S1’ subsite of matrix metalloproteinase
8 (MMP-8). J Med Chem 52:1040-1049

Puerta DT, Lewis JA, Cohen SM (2004) New beginnings for matrix metalloproteinase inhibitors:
Identification of high affinity zinc-binding groups. J] Am Chem Soc 126:8388-8389

Reiter LA, Freeman-Cook KD, Jones CS, Martinelli GJ, Antipas AS, Berliner MA, Datta K,
Downs JT, Eskra JD, Forman MD, Greer EM, Guzman R, Hardink JR, Janat F, Keene NF,
Laird ER, Liras JL, Lopresti-Morrow LL, Mitchell PG, Pandit J, Robertson D, Sperger D,
Vaughn-Bowser ML, Waller DM, Yocum SA (2006) Potent, selective pyrimidinetrione-based
inhibitors of MMP-13. Bioorg Med Chem Lett 16:5822-5826

Roeb E, Schleinhofer K, Kernebeck T, Potsch S, Jansen B, Behrmann I, Matern S, Grotzinger J
(2002) The matrix metalloproteinase 9 (MMP-9) hemopexin domain is a novel gelatin binding
domain and acts as an antagonist. Biol Chem 277:50326-50332

Rowsell S, Hawtin P, Minshull CA, Jepson H, Brockbank SMV, Barratt DG, Slater AM, McPheat
WL, Waterson D, Henney AM, Pauptit RA (2002) Crystal structures of human MMP9 in
complex with a reverse hydroxamate inhibitor. J Mol Biol 319:173-181

Schechter I, Berger A (1967) On the size of the active site in proteases. I. Papain. Biochem
Biophys Res Commun 27:157-162

Schroeder J, Henke A, Wenzel H, Brandsteller H, Stammler HG, Stammler A, Pfeiffer WD,
Tschesche H (2001) Structure-based design and synthesis of potent matrix metalloproteinase
inhibitors derived from a 6H-1,3,4-thiadiazine scaffold. J Med Chem 44:3231-3243

Skiles JW, Gonnella NC, Jeng AY (2001) The design, structure, and therapeutic application of
matrix metalloproteinase inhibitors. Curr Med Chem 8:425-474

Skiles JW, Gonnella NC, Jeng AY (2004) The design, structure, and clinical update of small
molecular weight MMPIs. Curr Med Chem 11:2911-2977



56 S.P. Gupta and V.M. Patil

Solomon A, Akabayov B, Frenkel A, Milla ME, Sagi I (2007) Key feature of the catalytic cycle of
TNF-o0 converting enzyme involves communication between distal protein sites and the
enzyme catalytic core. Proc Natl Acad Sci USA 104:4931-4936

Stams T, Spurlino JC, Smith DL, Wahl RC, Ho TF, Qoronfleh MW, Banks TM, Rubin B (1994)
Structure of human neutrophil collagenase reveals large S1’ specificity pocket. Nat Struct Biol
1:119-123

Sternlicht MD, Werb Z (2001) How matrix metalloproteinases regulate cell behavior. Ann Rev
Cell Dev Biol 17:463-516

Suzuki K, Enghild JJ, Morodomi T, Salvesen G, Nagase H (1990) Mechanism of activation of
tissue procollagenase by MMP 3 (stromelysin). Biochemistry 29:10261-10270

Tallant C, Marrero A, Gomis-Ruth FX (2010) Matrix metalloproteinases: fold and function of their
catalytic domains. Biochim Biophys Acta 1803:20-28

Terp GE, Cruciani G, Christensen IT, Jorgensen FS (2002) Structural differences of MMPs with
potential implications for inhibitor selectivity examined by GRID/CPCA approach. J Med
Chem 45:2675-2684

Tochowicz A, Maskos K, Huber R, Oltenfreiter R, Dive V, Yiotakis A, Zanda M, Bode W, Goettig P
(2007) Crystal structures of MMP-9 complexes with five inhibitors: contribution of the flexible
Arg424 side-chain to selectivity. J Mol Biol 371:989-1006

Uria JA, Lopez-Otin C (2000) Matrilysin-2, a new MMP expressed in human tumors and showing
the minimal domain organization required for secretion, latency, and activity. Cancer Res
60:4745-4751

Waller CL, Marshall GR (1993) Three-dimensional quantitative structure-activity relationship of
angiotensin-converting enzyme and thermolysin inhibitors. II. A comparison of CoMFA
models incorporating molecular orbital fields and desolvation free energies based on active-
analog and complementary-receptor-field alignment rules. J] Med Chem 36:2390-2403

Welch AR, Holman CM, Huber M, Brenner MC, Browner MF, Van Wart HE (1996) Understand-
ing the P1’ specificity of the matrix metalloproteinases: effect of S1’ pocket mutations in
matrilysin and stromelysin-1. Biochemistry 35:10103—10109

Whitlock GA, Dack KN, Dickinson RP, Lewis ML (2007) A novel series of highly selective
inhibitors of MMP-3. Bioorg Med Chem Lett 17:6750-6753

Whittaker M, Floyd CD, Brown P, Gearing AJ (1999) Design and therapeutic application of matrix
metalloproteinase inhibitors. Chem Rev 99:2735-2776

Woessner JF Jr (1991) Matrix metalloproteinases and their inhibitors in connective tissue
remodeling. FASEB J 5:2145-2155

Woessner JF (1998) The matrix metalloproteinase family. In: Parks WC, Mecham RP (eds) Matrix
metalloproteinases. Academic, San Diego, CA, pp 1-13

Wyvratt MJ, Patchett AA (1985) Recent developments in the design of angiotensin-converting
enzyme inhibitors. Med Res Rev 5:483-531

Yong VW, Krekoski CA, Forsyth PA, Bell R, Edwards DR (1998) MMP and diseases of the CNS.
Trends Neurosci 21:75-80



2 Springer
http://www.springer.com/978-3-0348-0363-2

Matrix Metalloproteinase Inhibitors
Specificity of Binding and Structure-Activity
Relationships

Gupta, S.P. (Ed.)

2012, ¥, 286 p., Hardcowver

ISBEN: 978-3-0348-0363-2



	Chapter 2: Specificity of Binding with Matrix Metalloproteinases
	2.1 Introduction
	2.2 Classification of MMPs
	2.2.1 Collagenases
	2.2.2 Gelatinases
	2.2.3 Stromelysins
	2.2.4 Matrilysins
	2.2.5 Membrane-Type MMPs

	2.3 3D Structures of MMPs
	2.3.1 Subsites

	2.4 Specificity of Binding with MMPs
	2.4.1 Inhibitors´ Specificity to S1 Subsite
	2.4.2 Mechanism of Binding at S1 Subsite

	2.5 Catalytic Mechanism
	2.6 TIMP-MMP Inhibition Mechanism
	2.7 Conclusion
	References


