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Abstract: The binding motifs for the structural zinc and calcium ions in matrix metalloproteases (MMPs) were
investigated by analyzing the three-dimensional structural models of 23 representative MMPs.
© 1998 Elsevier Science Ltd. All rights reserved.

Matrix metalloproteinases (MMPs) constitute a major group of proteases that carry out a myriad of
physiological and pathological functions. These functions include embryogenesis, angiogenesis, wound healing,
inflammation, arthritis, and cancer metastasis."> These enzymes are zinc-dependent endopeptidases known for
their ability to cleave extra-cellular matrix constituents, as well as non-matrix proteins. MMPs have developed
into a unique group of zinc-dependent proteinases characterized by the incorporation of various protein domains
in their structures, which mediate interactions with substrates and inhibitors.> The implication of MMPs in cancer
metastasis and angiogenesis has raised considerable interest in the MMP family since they represent attractive
targets for development of novel anticancer drugs. Therefore, understanding of the structure and function of
these key enzymes would have significant implications toward these efforts.

Figure 1. Stereo view of the ribbon drawing of the backbone of the
catalytic domain of MMP-19. The red sphere represents the catalytic zinc
ion, the green sphere represents the structural zinc ion and the orange
sphere represents the calcium ion,

A total of 64 MMPs have been sequenced to date, of which 15 are from human. These human enzymes
have counterparts in other vertebrates. Furthermore, MMPs have even been identified in invertebrates*® and three
have recently been sequenced from plant sources.” MMPs, in general, possess a propeptide domain (N-terminal),
a catalytic domain and a hemopexin-like domain (C-terminal; except for MMP-7 which lacks it).* MMP-2 and -9
further possess a fibronectin-like domain and membrane-type MMPs (MT-MMPs) have acquired a
transmembrane domain. In the catalytic domain, there are two zinc ions and at least one calcium ion coordinated

to various residues (Figure 1). One of the two zinc ions is present in the active site, and is intimately involved in
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the catalytic processes of these enzymes. The second zinc ion (structural zinc) and the calcium ion are present in
the catalytic domain in proximity to the catalytic zinc (approximately 12 A away). The catalytic zinc ion is
essential for the proteolytic activity of MMPs and the three histidine residues that coordinate with the catalytic zinc
are conserved among MMPs. However, there is litle known about the roles of the second zinc ion and the
calcium ion within the catalytic domain. It was noted that the MMPs have high affinities for the structural zinc
and the calcium ions.”'® Tt has been suggested that these metal ions keep the structural elements together in the
catalytic domains of the MMPs, contributing to its stability.'" We have compared amino-acid sequences of 64
MMPs from various sources. Whereas the catalytic zinc and its coordinating residues are well conserved,
structural zinc and the calcium ions show differences in their corresponding binding motifs. In an effort to
understand the coordination patterns of the structural zinc and calcium ions in the catalytic domains of various
MMPs, we have modeled the three-dimensional structures of several representative members of the MMPs. A
clear insight into these coordination sites is important due to the fact that the structural zinc-binding motif as well
as the calcium-binding motif are unique to the matrix metalloproteases and are not present in other metzincin

"' This comprehensive analysis of the three-dimensional models of the

proteases like astacin and adamalysin.
structural zinc and calcium ion binding regions has been performed here for the first time to expand our
knowledge of this important family of enzymes.

Amino-acid sequences of MMPs were obtained from the GenBank, TREMBL, and SwissProt data banks.
We utilized a total of 64 MMP sequences from various sources for the multiple-sequence alignment and then, a
separate analysis was run using the representative 23 MMP sequences (vide infra). The human enzymes were
selected where possible. Four human MMPs, fibroblast (MMP-1, lcgl)'? and neutrophil (MMP-8, lmnc)'
collagenases, matrilysin (MMP-7, Immq),"” and stromelysin-1 (MMP-3, Islm)'® have recently been crystallized.
The 17 modeled MMPs are the human MMP-10, MMP-11, MMP-12, MMP-13, MT1-MMP (MMP-14), MT2-
MMP (MMP-15), MT3-MMP (MMP-16), MT4-MMP (MMP-17), MMP-19 (same as MMP-18). pig enamelysin,
sea urchin envelysin (SwissProt accession number P22757), stromelysin-like MMP from newt (GenBunk
accession number D82053), vollagenase-4 from frog, nematode MMP (GenBank accession number UQ0038),
chicken CMMP, frog XMMP, and MMP from mouse-ear cress (TREMBL accession number 004529). 'The
multiple-sequence alignments were performed using the program PileUp from the Wisconsin package version 9.
We used the existing X-ray crystal structural information to predict the three-dimensional structures for the
catalytic domains of 17 homologous metalloproteases using the program COMPOSER."" Water molecules that
occupy the average positions in the crystallized MMPs and the two zinc and one calcium ions were added to the
folded structures, and the entire complexes were allowed to undergo 10000 cycles of energy-minimization
according to the methodology reported by us earlier.' We have reported recently on such computational
structures for the catalytic domains of gelatinases A (MMP-2) and B (MMP-9)."*  After modeling the catalytic
domains of the 17 MMPs, we utilized this information in conjunction with the four X-ray crystal structures of
MMPs and previously modeled MMP-2 and MMP-9 structures to compare the structural zinc-binding and
calcium-binding regions.

Figure 2 shows the multiple-sequence alignment for the structural zinc-binding and calcium-binding sites
of the catalytic domains of the representative 23 MMPs. These metal-binding sites are formed by B-strands and

turns. Analysis of the second zinc-binding site revealed that the MMPs developed at least four different motifs for
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binding to this structural zinc ion. For the majority of MMPs (except for MMP-11, MMP-17, CMMP and
XMMP), this site consists of the side chains of an aspartic acid and three histidine residues; which are consistent
with the existing crystal structures. Two of the coordinating histidine imidazoles are bound as His; and one as
His, (Figure 2; the three-dimensional structure of this site is shown in Figure 3A). The signature for this site in
the 60 MMPs is the sequence(s) H z[GN]-D-X(2)-[PAS]-F-D-[GA]-X(4)-[LIRV]-[AG]-H 4 [AV]-[FYS]-P-
X(5,7,9)-H -[FL]-D-X(2)-E-X-W, where residues that provide side chains for coordination to zinc and calcium
are shown in bold italics, X (5,7,9) indicates 5, 7, or 9 variable residues in between the flanking sites (H;is a
histidine protonated at Ny, and H, is a histidine protonated at N_,). The first phenylalanine and the second
phenylalanine/tyrosine (i.e., the FYS sequence) in this pattern are brought close to the coordinated histidines by
the enzyme fold. This creates an increased hydrophobic environment, which presumably would enhance the
binding affinity for the metal ions. The human MMP-11 has an aspartic acid instead of one of the His;. This is in
contrast to the MMP-11 from rabbit and mouse, which still have a histidine at this position (data not shown).
Therefore, we conclude that MMP-11 (compared to those from human, rabbit and mouse) does not have a unique

motif for binding of the structural zinc.

MMP-1 human DIMISFVRGDHRDNSP-FDG PGGNLAHAFQPGPGIGGD-AHFDEDERWTNN~———=~~——
MMP-2 human DIMINFGRWEHGDGYP-FDG KDGLLAHAFAPGTGVGGD-SHFDDDELWTLGEGQVVRVKY
MMP-3 human DIMISFAVREHGDFYP-FDG PGNVLAHAYAPGPGINGD-AHRFDDDEQWTKD= =~ ———-
MMP-7 human DIMIGFARGAHGDSYP-FDG PGNTLAHAFAPGTGLGGD-AHFDEDERWTDG - = — === ==~
MMP-8 human DINIAFYQRDHGDNSP-FDG PNGILAHAFQPGQGIGGD-AHFDAEETWTNT -~ = - ==~~~
MMP-9 human DIVIQFGVAEHGDGYP-FDG KDGLLABAFPPGPGIQGD-AHFDDDELWSLGKGVVVETRE

MMP-10 human DIMISFAVKEBGDFYS-FDG PGHSLABAYPPGPGLYGD-IHFDDDEKWTED~ == m= ===~
MMP-11 human DIMIDFARYWDGDDLP-FDG PGGILAHAFFPKTHREGD-VHFDYDETWTIGDDQ--~~~~
MMP-12 human DILVVFARGAHGDFHA-FDG KGGILAHAFGPGSGIGGD-AHFDEDEFWTTH-~~—-—~-~
MMP-13 human DIMISFGIKEHGDFYP-FDG PSGLLABAFPPGPNYGGD-ARFDDDETWTSS—~——~===-
MT1-MMP human DIMIFFAEGFHGDSTP-FDGEGGELAHAYFPGPNIGGD-THFDSAEPWTVRNEDL-—--~
MT2-MMP human DIMVLFASGFHGDSSP-FDGTGGFLAHAYFPGPGLGGD-THFDADEPWTIFSSTDL-—~—-
MT3-MMP human DIPIIFASGFHGDSSP-FDGEGGELAHAYFPGPGIGGD-THFDSDEPWTLGNPNH-———-~
MT4-MMP human DIQIDFSKADHNDGYP-FDA -RRERAHAFFPGHHHTAGYTHFNDDEAWTFRSSDA~-—-~

MMP19 human DIRLSFHGRQSSYCSNTFDG PGRVLAHADIPELG~--~-SVHFDEDEFWTEGT Y~ =~~~
Collagenase-4 frog DIEISFTAGDHKDNSP-FDG SGGILAHAFQPGNGIGGD-AHFDEDETHTKT -~ ~——— —=-
MMP newt DIQISFGAREHGDFNP-FDG PYGTLAHAFAPGTGIGGD-ARFDEDEKWSKV - -~
CMMP chicken CIMVAFGTKAHGHCPRYFDG PLGVLAHAFPPGSGFGGD-VEFDEDEDWTMG =~ ===~ = —
Enamelysin pig DIMISFETGDHGDSYP-FDG PRGTLAHAFAPGEGLGGD-THFDNAEKWTMG -~ == ===~
Envelysin DIRIKFGSYDEGDGIS-FDG RGGVLAHAFLPRNG-~~-DARFDDSETWTEGTR= - =~~~
MMP nematode DIYIAFEKGEBSDGFP-FDGQDGVVAHRAFYPRDG~~--RLEFDAEEQWSLNSV-~————~
XMMP frog DIKLGFGRGRHLGCSRAFDG SGQEFAHAWFLGD~————— IHFDDDEHFTAPS ~—~—~— =
MMP cress DITIGFYTGDHGDGEP-FDG VLGTLAHAFSPPSG~-~~-KFHLDADENWVVSGDL—~ -~~~

Figure 2. Multiple-sequence alignment of the structural zinc and calcium binding regions in the catalytic
domains of 23 representative MMPs. The structural zinc binding residues in majority of MMPs are given in blue
- three histidines and one aspartic acid; the structural zinc binding domain in MMP-19, CMMP, and XMMP are in
green. The residues that coordinate to the calcium ion are in pink; “underlined” amino acids chelate to the calcium
ion via their backbone carbonyl moiety; the variation which was observed in the calcium binding site of MMP-17
(MT4-MMP) is given in cyan.

The remaining MMPs, those of chicken CMMP, the frog XMMP, and the human MMP-19 (Figure 2),
each possess unique motifs for binding to the structural zinc ion. The chicken CMMP has a histidine where the
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majority of MMPs have an aspartic acid coordinated to the second zinc ion. Consequently, the structural zinc ion
in this enzyme is coordinated by four histidine residues (His-171, His-173, His-187 and His-200; Figure 3B).
Such coordination would force the cysteine adjacent to the fourth coordinated histidine (Cys-174) to point to the
outside milieu. This cysteine may provide a site for protein dimerization, as it is entirely exposed and available.
Such active dimer formation has been reported for MMP-9, for example.'”” We also investigated the possibility
for the existence of another binding mode for the second zinc ion, where the three original histidines and the
cysteine are coordinated to the zinc ion (Figure 3C). Such structural alternative is a distinct possibility, and it
would still be a novel motif for coordination to the structural zinc. The frog XMMP has a cysteine residue at the
same position as in the sequence of CMMP. However, it is missing the aspartic acid at the usual location typical
for most MMPs for coordination to the second zinc ion. This enzyme has a glycine in the place of aspartic acid,
which obviously cannot provide metal coordination (Figure 2). Therefore, for XMMP the only possibility is to
have three histidines (His-270, His-286 and His-294) and the cysteine (Cys-273) side chains to coordinate to the
second zinc ion (Figure 3D).

Figure 3. Stereo views of the structural zinc
binding motif in the catalytic domain of the
majority of MMPs (A); in CMMP - coordi-
nation with all four histidine residues (B); in

- CMMP -the alternative coordination of one
cysteine and three histidine residues (C); in
XMMP - coordination of one cysteine and
three histidine residues (D); and in MMP-19 (E).
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Analysis of the structure for MMP-19 showed that this enzyme has two histidines for metal coordination
at the usual places and one cysteine at the corresponding position already discussed in the sequences for CMMP
and XMMP. However, MMP-19 possesses a non-coordinating serine (Ser-163) at the position where the
majority of MMPs have the third histidine. Interestingly, the third coordinating histidine (His-159, Figure 3E) in
this enzyme is provided at an entirely distinct position, four residues to the N-terminus. Whereas the position of

the amino acid is different and indeed on a different f-strand, it provided the side chain for the fourth coordination

site in a perfectly acceptable orientation in space (for example, compare the positions of His-159 and His-270 in
Figures 3E and 3D, respectively).

Binding of the calcium ion brings six specific elements of MMP catalytic domain for coordination in an
octahedral fashion. Three of these elements are the side chains of two aspartic acids and one glutamic acid, which
are conserved in all 23 MMPs except in MT4-MMP (vide infra, Figure 2). The remaining three calcium ligands
are provided by the backbone carbonyl oxygens of three residues within a turn made up of five amino acids
(Figure 2). A typical calcium-binding motif is shown in Figure 4A. The only exception to this general picture
would appear to be MT4-MMP (MMP-17), which has undergone one amino acid deletion in this turn (i.e., it has
a four-amino acid turn). In human MMP-17 (MT4-MMP), an asparagine residue is observed instead of the
second aspartic acid (Figure 2). The coordination to the calcium ion for MT4-MMP (MMP-17) is shown in
Figure 4B.

Figure 4. Stereo views of the calcium binding motif in majority of MMPs, except for MMP-17 (A);
that for MMP-17 (B).

In conclusion, there are at least four different motifs for the binding to the structural zinc ion that are
discernible from the three-dimensional structure analysis. However, the calcium binding motif is more strictly
conserved. These variations in the metal-binding motifs preserve the topology of the structural zinc-binding site,
as well as the calcium-binding site, and hence the general fold for the catalytic domain is highly preserved. The
second zinc binding site is present in all MMPs and is important for the activity of these enzymes. Hence, the
structural variations that are noted here in the coordination to the structural zinc ion may be indicative of the

different outcomes for selection of novel enzymic activities. Furthermore, dendrogram analysis of the catalytic
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domain sequence alignment for MMPs indicates that these variations in the zinc-binding motif came about as a
consequence of independent evolutionary processes, unrelated to one another.”” Since these motifs are absent in
other members of the metzincin family of enzymes, we venture to say that the existence of these metal-binding
sites in MMPs must have arisen in response to specific needs unique to MMPs with reference to their substrate
specificities. The information provided herein is intended to stimulate interest in exploring the role of these motifs
in MMPs geared toward understanding the substrate specificities for these enzymes, which are not understood to
any appreciable degree at the present. Our understanding of the actual functions of the MMPs is at a rudimentary
stage at the present and as more sequences of MMPs become available, the analysis presented here should be
updated and correlated with the new structural information to shed light on the various properties of these
important enzymes.
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