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Abstract. Matrix metalloproteinases (MMPs) are in-
volved in extracellular matrix degradation. Their pro-
teolytic activity must be precisely regulated by their
endogenous protein inhibitors, the tissue inhibitors of
metalloproteinases (TIMPs). Disruption of this bal-
ance results in serious diseases such as arthritis, tu-
mour growth and metastasis. Knowledge of the
tertiary structures of the proteins involved is crucial
for understanding their functional properties and in-
terference with associated dysfunctions. Within the
last few years, several three-dimensional MMP and

MMP-TIMP structures became available, showing the
domain organization, polypeptide fold and main spe-
cificity determinants. Complexes of the catalytic MMP
domains with various synthetic inhibitors enabled the
structure-based design and improvement of high-
affinity ligands, which might be elaborated into
drugs. A multitude of reviews surveying work done
on all aspects of MMPs have appeared in recent
years, but none of them has focused on the three-di-
mensional structures. This review was written to close
the gap.

Key words. Matrix metalloproteinases (MMPs); tissue inhibitors of metalloproteinases (TIMPs); crystal structures;
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The matrix metalloproteinases (MMPs, matrixins) form
a family of structurally and functionally related zinc
endopeptidases. Collectively, these MMPs are capable
in vitro and in vivo of degrading all kinds of extracellu-
lar matrix protein components such as interstitial and
basement  membrane  collagens, proteoglycans,
fibronectin and laminin; they are thus implicated in
connective tissue remodeling processes associated with
embryonic development, pregnancy, growth and wound
healing [1]. Normally, the degenerative potential of the
MMPs is held in check by the endogenous specific (the
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tissue inhibitors of metalloproteinases, TIMPs) and
nonspecific protein inhibitors (in particular o,-
macroglobulin). Disruption of this MMP-TIMP bal-
ance can result in pathologies such as rheumatoid and
osteoarthritis, atherosclerosis, tumour growth, metasta-
sis and fibrosis (for recent overviews, see e.g. [2—6]).
Therapeutic inhibition of MMPs is a promising ap-
proach for treatment of some of these diseases, and the
MMP structures and their TIMP complexes are there-
fore attractive targets for rational inhibitor design (for
recent literature, see [7, §]).

To date, 17 different human MMPs have been identified
and/or cloned which share significant sequence homol-
ogy and a common multidomain organization; several
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counterparts have been found in other vertebrates, in-
vertebrates and from plant sources (see [9]), together
forming the MMP or matrixin subfamily A of the
metalloproteinase M10 family [10]. According to their
structural and functional properties, the MMP family
can be subdivided into five groups: (i) the collagenases
(MMPs-1, 8 and 13), (ii) the gelatinases A and B
(MMPs-2 and 9), (iii) the stromelysins 1 and 2 (MMPs-
3 and 10), (iv) a more heterogeneous subgroup contain-
ing matrilysin (MMP-7), enamelysin (MMP-20), the
macrophage metalloelastase (MMP-12) and MMP-19
(together making up the ‘classical’ MMPs), and (v) the
membrane-type MMPs (MT-MMPs-1 to -4 and
stromelysin-3, MMP-11). These MMPs share a com-
mon multidomain structure, but are glycosylated to
different extents and at different sites. According to
sequence alignments [9, 11], the assembly of these do-
mains might have been an early evolutionary event,
followed by diversification [12].

All MMPs are synthesized with an ~ 20-amino acid
residue signal peptide and are (except probably the
MT-MMP-like furin-processed proteinases [13—15])
secreted as latent pro-forms; these pro-proteinases con-
sist of an ~ 80-residue N-terminal pro-domain followed
by the ~ 170-residue catalytic domain (see figs 1 and 2),
which in turn (except for matrilysin) is covalently con-
nected through a 10- to 70-residue pro-rich linker to an
~ 195-residue C-terminal haemopexin-like domain; in
the MT-MMPs, the polypeptide chain possesses an ad-
ditional 75- to 100-residue extension, which presumably
forms a transmembrane helix and a small cytoplasmatic
domain [14]. Removal of this haemopexin-like domain
in the collagenases eliminates their characteristic capa-
bility to cleave triple-helical collagen, but does not
significantly affect hydrolytic activity toward gelatin,
casein or synthetic substrates (see [16]). In both gelati-
nases, the catalytic domains have an additional 175-
amino acid residue insert comprising three fibro-
nectin-related type II modules conferring gelatin and
collagen binding.

The TIMP family currently includes four different
members (TIMPs-1 to -4), which after optimal topolog-
ical superposition exhibit 41-52% sequence identity (for
references, see [22, 23]). Besides their inhibitory role,
these TIMPs seem to have other functions such as
growth factor-like and antiangiogenic activity (see e.g.
[24, 25]). The TIMP complementary DNAs (cDNAs)
encode an ~ 25-residue leader peptide, followed by the
184- to 194-amino acid residue mature inhibitor. Virtu-
ally all TIMPs form tight 1:1 complexes with MMPs.
Except for the rather weak interaction between TIMP-1
and MT1- and 2-MMPs [14, 26-28], the TIMPs do not
seem to differentiate much between the various MMPs
(see [29]). TIMPs-1 and -2 are unique in that they also
bind to the pro-forms of gelatinase B and A, respec-

MMP structures

tively [30]; the complex between MTI-MMP and
TIMP-2 seems to act as a cell-surface-bound ‘receptor’
for progelatinase A activation in vivo, using these non-
inhibitory interactions between TIMP-2 and progelati-
nase A [27, 31, 32]. Removal of the C-terminal
one-third of the TIMP polypeptide chain gives rise to
so-called N-terminal TIMP domains (N-TIMPs), which
retain most of their reactivity toward their target
MMPs [33, 34].

Only in early 1994 did the first X-ray crystal structures
of the catalytic domains (blocked by various synthetic
inhibitors) of human fibroblast collagenase/MMP-1
[35-37] and human neutrophil collagenase/MMP-8 [38,
39], and a nuclear magnetic resonance (NMR) structure
of the catalytic domain of stromelysin-1/MMP-3 [40]
become available, which were later complemented by
additional catalytic domain structures of MMP-1 [41,
42], matrilysin/MMP-7 [43], MMP-3 [44-48], MMP-8
[49, 50] and MT1-MMP [22]. In 1995, the first X-ray
structure of an MMP pro-form, the C-terminally trun-
cated pro-stromelysin-1, was published [44, 47], and the

MT-MMP-
specific

Figure 1. Ribbon structure of the MMP catalytic domain
shown in standard orientation. The catalytic domain of the
Phel00 form of MMP-8 [39] shown together with the modeled
heptapeptide substrate (dark blue [49]) is superimposed with the
catalytic domains of MMP-3 (blue [48]), MMP-1 (red [35]),
MMP-14 (pink [22]) and MMP-7 (green [43]). The catalytic and
the structural zinc (center and top) and the three calcium ions
(flanking) are displayed as pink and blue spheres, respectively,
and the three His residues liganding the catalytic zinc, the
catalytic Glu in between, the characteristic Met, the Pro and the
Tyr of the S1’ wall-forming segment, the N-terminal Phe and the
first Asp of the Asp pair forming the surface-located salt bridge
are shown with all nonhydrogen atoms. The chain segment
forming the extra domain of both gelatinases will be inserted in
the sV-hB loop (center, right) and presumably extends to the
right side. Figure made with Setor [88].
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Figure 2. Sequence alignment of the catalytic domains of MMP-1 [17], MMP-3 [18], MMP-7 [19], MMP-8 [20] and MMP-14 [21], made
according to topological equivalencies [22]. The numbering is that of the biosynthetic MMP-1 [17]. Location and extent of «-helices and
p-strands are given by cylinders and arrows, and symbols show residues involved in main and side chain interactions with the catalytic
(Z1) and the structural zinc (Z2), the first (C1), second (C2) and third calcium ion (C3) of the catalytic domains. Figure made with

ALSCRIPT [89].

first and only structure of a mature full-length MMP,
namely of porcine fibroblast collagenase/MMP-1
[51], was described. At that time, structures of the
isolated haemopexin-like domains from human gelati-
nase A [52, 53] and from collagenase-3/MMP-13 [54]
were also reported [55]. Of the TIMPs, a first prelimi-
nary NMR model of human N-TIMP-2 was presented
in 1994 [56], which showed that the polypeptide
framework of the N-terminal part of the TIMPs re-

sembles so-called OB-fold proteins; a refined N-
TIMP-2 has recently been published, describing some
enhanced mobility of contacting inhibitor segments
[57, 58]. In 1997, the first structure of a complete
TIMP, human deglycosylated TIMP-1, in complex
with the catalytic domain of human MMP-3, was
published [48], followed by the X-ray structure of
TIMP-2 in complex with the catalytic domain of
MTI1-MMP [22].
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In the following sections, the structures of the MMPs
and TIMPs and their detailed interactions will be pre-
sented. On the basis of topological equivalencies, struc-
ture-based sequence alignments will be given for the
MMPs [22]. The MMP nomenclature used is based on
the cDNA sequence of (human) fibroblast collagenase/
MMP-1 [17] as the reference MMP (fig. 2). For the
assignment of peptide substrate residues and substrate
recognition sites on the proteinase, the nomenclature of
Schechter and Berger [59] will be used: for example, P1,
P2 and P1’, P2 indicate the residues in N- and C-termi-
nal direction of the scissile peptide bond of a bound
peptide substrate (analogue), and S1, S2 and S1’, S2’ the
opposite binding sites on the enzyme. TIMP residues
will be given with TIMP-1/TIMP-2 numbers.

The MMP catalytic domain

The catalytic domains of the MMPs exhibit the shape
of an oblate ellipsoid. In the ‘standard’ orientation,
which in this article as well as in most other MMP
papers is preferred for the display of MMPs, a small
active-site cleft notched into the flat ellipsoid surface
extends horizontally across the domain to bind peptide
substrates from left to right (see fig. 4). This cleft
harbouring the ‘catalytic zinc’ separates the smaller
‘lower subdomain’ from the larger ‘upper subdomain’.
This upper subdomain formed by the first three quar-
ters of the polypeptide chain (up to Gly225) consists of
a five-stranded f-pleated sheet, flanked by three surface
loops on its convex side and by two long regular a-he-
lices on its concave side embracing a large hydrophobic
core (fig. 1). The polypeptide chain starts on the molec-
ular surface of the lower subdomain, passes ff-strand sl,
the amphipathic «-helix hA, and ff-strands slI, slII, sIV
and sV, before entering the ‘active-site helix’ hB (for
nomenclature, see fig. 1). In the classical MMPs, strands
sIT and sIIT are connected by a relatively short loop
bridging sI; in the MT-MMPs, however, this loop is
expanded into the spurlike, solvent exposed ‘MT-
MMP-specific loop’ of hitherto unknown function. In
all MMPs, strands sIII and sIV are linked via an
‘S-shaped double loop’, which is clamped via the ‘struc-
tural zinc’ and the first of two to three bound calcium
ions to the f-sheet. This S-loop extends into the cleft-
sided ‘bulge’ continuing in the antiparallel ‘edge strand’
sIV; this bulge-edge segment is of prime importance for
binding of peptidic substrates and inhibitors (see fig.
3b). The sIV-sV connecting loop together with the sII-
sIII bridge sandwiches the second bound calcium. After
strand sV, the chain passes the large open sV-hB loop
before entering the active-site helix hB; this helix pro-
vides the first (218) and the second His (222) which
ligand the catalytic zinc, and the ‘catalytic Glu219’ in

MMP structures

between, all of them representing the N-terminal part of
the ‘zinc-binding consensus sequence’ HEXXH-
XXGXXH (see fig. 2) characteristic of the metzincin
superfamily [60, 61].

This active-site helix stops abruptly at Gly225, where
the peptide chain bends down, descends (presenting the
third zinc-liganding histidine, His228, and the following
MMP-invariant Ser229, the function of which is not
evident judged from the catalytic domain structure
alone) and runs through a wide right-handed spiral
(catalytic domain’s ‘chin’) terminating in the 1,4-tight
‘Met-turn’ (of the strongly conserved sequence Ala234-
Leu-Met236-Tyr237, with an obligatory methionine
residue at turn position 3). The chain then turns back to
the molecular surface to an (except in human
stromelysin-3) invariant Pro238, forms with a conserved
Pro238-X-Tyr240 segment (the ‘S1’ wall-forming seg-
ment’) the outer wall of the S1' pocket, runs through
another wide loop of slightly variable length and con-
formation (which due to fencing round the most impor-
tant S1’ pocket and codetermining its extension might
also be called the ‘specificity loop’, M. Browner per-
sonal communication), before it passes the C-terminal
a-helix hC, which ends with the conserved Tyr260-
Gly261 residue pair.

The overall structures of all MMP catalytic domains
known so far are very similar, with the collagenase
structures resembling one another most, and MMP-7
and the MT1-MMP structures deviating most (fig. 1).
Larger main chain differences occur: (i) in the N-termi-
nal segment up to Prol07 (depending on the length of
the N-terminus and the presence of a TIMP); (ii) in the
sII-sIII bridge (with the elongated and more exposed
MT loop in the MT-MMPs); (iii) in the sV-hB loop;
and (iv) in the specificity loop. With two (compared
with MMP-7) and three (MMPs-1, -3 and -8) additional
residues, the open sV-hB loop of MTI-MMP deviates
most, followed by MMP-7; in both gelatinases, the
approximately seven residues between Trp203—Thr204
and Leu/Phe/Ile212 are replaced by a 183-residue insert,
which probably forms a large adjacent domain consist-
ing of three tandem copies of fibronectin type II-like
modules [62]; furthermore remarkable is the unusual cis
conformation of the peptide bond preceding Tyr210 in
MMPs-1 and -8, caused by the possibility of forming a
favourable hydrogen bond with an adjacent strand [42,
49]. The specificity loop is shortest in MMP-1; those of
MMPs-3, -8 and -14 (with three and two additional
residues) resemble one another, whereas that of MMP-7
(two) deviates most (figs 1 and 2).

Besides the catalytic zinc, all MMP catalytic domains
possess another zinc ion, the structural zinc, and two
(MMP-8, MT1-MMP) or three bound calcium ions
(MMP-1, MMP-3, MMP-7) (figs 1 and 2). The struc-
tural zinc and the first (probably most tightly bound)
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Figure 3. Peptide substrate and inhibitor interaction and specificity. (¢) Comparison of the S1’ pockets (dot surface) of (from left to
right) MMP-1, MMP-3, MMP-7, MMP-8 and MMP14. Besides the Cu plots of the bulge-edge strand (dark-grey, top), of the active-site
helix (light grey, center) and the segment comprising the Met-turn and the S1’ wall-forming segment (dark grey, bottom), the full
structure of the inhibitor lead batimastat [4-(N-hydroxyamino)-2(R)-isobutyl-3(S)-[(2-thienyl-thiomethyl)succinyl]-L-phenylalanine-N-
methylamide] alias BB-94 (as bound to MMP-8 [49]), the catalytic zinc (sphere), the side chains of the three zinc-liganding His residues,
and the side chains of residues Arg214, Tyr214 and Arg243 restricting the S1’ pockets of MMP-1, MMP-7 and MMP-8, respectively,
in size are shown. (b) Schematic drawing of the putative encounter complex between (A) a modeled Pro-Leu-Gly-Leu-Ala-Gly-amide
hexapeptide substrate [48], (B) the pro-domain switch peptide [43], (C) the N-terminal segment and the C-connector loop of TIMP-1
[47] and (D) batimastat [49] and the MMP active site. The substrate polypeptide chain, the switch peptide, the N-terminal segment and
the inhibitor peptide mimic (bold connections) run antiparallel to the bulge-edge strand (top) and parallel to the S1' wall-forming
segment (bottom), forming several inter-main-chain hydrogen bonds (dashed lines). Dominant hydrophobic interactions are made
through the substrate’s P1 and P3 side chains with the S1' pocket and the S3 subsite (emphasized through two troughs). In the
enzyme-substrate encounter, the catalytic water activated by the catalytic Glu residue is suitably placed and activated to attack the
carbonyl group of the scissile P1-P1’ peptide bond. Figure made with InsightII.

calcium are sandwiched between the double-S loop and  classical and the furin-activatable MMPs, the structural
the outer face of the f-sheet. In the vast majority of the  zinc is coordinated by the imidazoyl N¢2 or NJ 1 atoms,
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respectively, of three His residues (provided by the
S-loop, sIV and sV) and by one carboxylate oxygen of
the Asp residue in the S-loop next but one to the
liganding His residue (see fig. 2). This zinc is completely
buried in the protein matrix; the impossibility of ex-
changing it in the MMP-8 crystals [38] suggested its
extremely tight binding. The second part of the S-loop
encircles the adjacent calcium ion and packs it against
the side chain carboxylate groups of an invariant Asp-
Glu couple protruding from strand sV; these carboxyl
oxygens, together with three carbonyl and one carboxyl
oxygen of the S-loop, coordinate this calcium in a
nearly octahedral manner. The second calcium ion,
sandwiched between the sIV-sV loop and slII, is octahe-
drally coordinated by three carbonyl groups, a bulk
solvent and one carboxylate oxygen of the invariant
Asp at the start of strand sV. The loop immediately
following sV encircles the third calcium and coordinates
it through two carbonyl groups (of residues 199 and
201, fig. 2) and one carboxylate oxygen of Aspl24,
whose presence seems to correlate with the existence of
a third calcium site.

For the fibroblast and the neutrophil collagenases, a
severalfold larger activity has been demonstrated for
active enzymes, starting with a highly conserved Phel00
residue compared with species truncated for one or two
residues (a phenomenon also called ‘superactivity’ or
‘superactivation’ [63, 64], reviewed in [65]). Position and
fixation of the N-terminus of the mature classical
MMPs seem indeed to depend on the presence of the
N-terminal amino acid Phe/Tyr100, that is on the accu-
rate processing/tailoring of the MMP precursor [38, 39].
In cases where it starts with (the highly conserved)
Phel00 (see fig. 2), the N-terminal heptameric segment
preceding the conserved Prol07-Lys/Arg-Trpl09 triple
is tightly packed against a hydrophobic surface groove
made by the C-terminal helix hC and the descending
segment centering around the third His ligand of the
catalytic zinc; the N-terminal Phel00 ammonium group
makes a surface-located salt bridge with the side chain
carboxylate of an Asp250, which is the first residue of a
strictly invariant helix hC-based Asp250-Asp251 pair
[39]. The side chain of the second of both Asp residues
is buried in a solvent-filled protein cavity and hydrogen-
bonded via the Met-turn to the first zinc-liganding His.
Along this path, formation of the Phel00...Asp250 salt
bridge might be signaled to the active center. In the
absence of an N-terminal Phe/Tyr100 (a state associated
with a lower catalytic activity), the N-terminal
(hexa)peptide preceding Pro107 is disordered and might
interfere with substrate binding, offering an alternative
explanation for the reduced activity of such N-termi-
nally truncated MMPs.

MMP structures

Specificity determinants

Bounded at the upper rim by the bulge-edge segment
and the second part of the S-loop, and at the lower side
by the third zinc-liganding imidazole and the S1’ wall-
forming segment, the active-site cleft of all MMPs is
relatively flat at the left (‘nonprimed’) side, but carves
into the molecular surface at the catalytic zinc and to
the right (‘primed’) side, leveling off again to the surface
further to the right (see fig. 4). In its center and to the
right side, this cleft exhibits a slightly negative potential.
In unliganded MMPs, the catalytic zinc residing in its
center is coordinated by the three imidazole N&2 atoms
of the three histidines (His218, 222 and 228) and by a
fixed water molecule, which simultaneously is in hydro-
gen bond distance to the carboxylate group of the
catalytic Glu219. In case of MMP complexes with
bidentate inhibitors (such as those with a hydroxamic
acid function, see figs 3a,b), this water is replaced by
two oxygen atoms, which together with the three imida-
zoles ligand the catalytic zinc in a trigonal-bipyrimidal
(pentacoordinate) manner [38]. As in all other metz-
incins [60, 61], the zinc-imidazole ensemble of the
MMPs is placed above the distal ¢-methyl-sulfur moiety
of the strictly conserved Met236 of the Met-turn, which
forms a hydrophobic base of still unclear function (see
fig. 1). An MMP-8 catalytic domain with this Met
replaced by a selenomethionine retained its catalytic
activity, and exhibited slightly decreased kinetic and
thermal properties but (except for a slight local distur-
bance) virtually no conformational differences com-
pared with the wild-type domain [66].

Immediately to the right of the catalytic zinc, the S1’
specificity pocket invaginates, which in size and shape
considerably differs among the various MMPs (fig. 3a).
This pocket is mainly formed (seen in standard orienta-
tion) by (i) the initial part of the active-site helix hB
(‘back side’), (ii) the somewhat mobile [45] phenolic side
chain of Tyr240 (‘right-hand flank’), (iii) the main chain
atoms of the underlying wall-forming segment Pro-X-
Tyr (‘front side’), (iv) the flat side of the first zinc-lig-
anding His218 imidazole (‘left side’) and (v) the
Leu(Ile/Val)235 residue of the Met-turn, which together
with the Leu/Tyr/Arg214 or the Arg243 side chain (if
present) form its ‘bottom’ or line it towards the second
exit opening at the lower molecular surface, respec-
tively. In all MMPs, the interior of the pocket has direct
water-mediated connections to the bulk water; this
pocket is, however, of quite different size and shape
depending on the presence of a Leu, a Tyr or an Arg at
position 214 (see below).

Nearly all of the synthetic inhibitors analyzed so far in
MMP complexes contain a chelating group (such as a
hydroxamic acid, a carboxylate or a thiol group) for
zinc ion ligation, and a peptidic or peptidomimetic
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moiety mimicking peptide substrate binding to the sub-
strate recognition site. Of the synthetic inhibitors pub-
lished in complex with an MMP, only the
Pro-Leu-Gly-hydroxamic acid inhibitor [38, 39] binds to
the left-hand subsites (the nonprimed subsites S3 to S1)
alone, antiparallel to the edge strand (‘left-side in-
hibitor’). A few synthetic inhibitors bind across the
active site, whereas in the majority of synthetic in-
hibitors studied so far this peptidic moiety interacts in

Catalytic

Prodomain L
; Domain

Hemopexin-
like
Domain

Figure 4. Modeled structure of the full-length proMMP. The
catalytic domain is shown in standard orientation. The pro-do-
main and the catalytic domain are taken from the experimental
proMMP-3 catalytic domain structure [44], whereas the linker
(blue spheres) and the haemopexin-like domain are taken from
and attached as seen in the crystal structure of full-length MMP-
1 [51]. The catalytic domain from the hinge residue, Prol07,
onwards is given as a solid surface colored according to the
electrostatic surface potential. In the center of the active-site cleft
running from left to right resides the catalytic zinc (pink half
sphere, center). The pro-segment is shown as a yellow ribbon
with its ordered segments only, that is with the first (only
apparently separated) helix, the second helix, the connecting
loop, the third helix and the switch loop (running across the
catalytic zinc liganding it via the conserved Cys side chain,
shown as a green CPK model), and the rocker arm (green color),
which swings to the bottom left after activation cleavage. The
haemopexin-like domain consisting of the four blades I to IV
and viewed at its exit side is shown as a golden ribbon; the single
calcium ion (blue sphere, back) located at the entry side (MMP-
1) is shown together with the second calcium (central blue
sphere) and the two chlorine ions (black spheres) found in the
haemopexin-like domains of gelatinase A and MMP-13. Figure
made with GRASP [77].
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an extended manner with the primed right-hand sub-
sites (‘right-side inhibitors’), inserting between the (an-
tiparallel) bulge-edge segment and the (parallel) S1’
wall-forming segment of the cognate MMP under for-
mation of a three-stranded mixed f-sheet (see panel D
in fig. 3b).

An L-configurated P1'-like side chain is perfectly ar-
ranged to extend into the hydrophobic bottleneck of the
S1’ pocket. This P1’-S1” interaction is the main determi-
nant for the affinity of inhibitors and the cleavage
position of peptide substrates. Depending in particular
on the length and character of residue 214 harboured in
the N-terminal part of the active-site helix hB, the size
of the S1" pocket differs considerably among the MMPs
(fig. 3a). In MMP-1 and MMP-7, the side chains of
Arg214 and Tyr214, respectively, extend into the S1’
opening, limiting it to a size and shape still compatible
with the accommodation of medium-sized P1’ residues,
but less for very large side chains, in agreement with
peptide cleavage studies on model peptides [67—69].
Some more recent MMP-1 structures show, however,
that the Arg214 side chain can swing out of its normal
site, thus also allowing binding of synthetic inhibitors
with larger P1’ side chains (M. Browner, personal com-
munication). The smaller Leu214 residues of MMP-3
and MMP-14 (and probably also of MMPs-2 and -9) do
not bar the internal S1' ‘pore’, which extends right
through the molecule to the lower surface, that is equals
more a long solvent-filled ‘tube’ (fig. 3a). In spite of a
small Leu214 residue, however, the S1’ pocket of MMP-
8 is of medium size and is closed at the bottom, due to
the Arg243 side chain extending into the S1’ space from
the specificity loop [38].

Second in importance for substrate specificity seems to
be the interaction of the P3 residue (in collagen cleavage
sites always a Pro residue), with the mainly hydropho-
bic S3 pocket (fig. 3b). The S2 site is a shallow depres-
sion extending on top of the imidazole ring of the
second zinc-liganding His; its polarity character might
be influenced by residue 227 preceding the third zinc-lig-
anding His, His228. Longer side chains of P1 residues
(in collagen cleavage sites mostly a Gly, for references
see [70]) are placed in the surface groove lined by the
His183 side chain of the edge strand together with the
last bulge residue 180 (marked with a ‘Y’ in fig. 3b);
depending on this latter side chain, one or the other P1
side chain might be preferred. P2’ side chains extend
away from the surface, squeezed between the bulge rim
and the side chain of the middle residue of the Pro-
X239-Tyr wall-forming segment; the quality of interac-
tion will be determined particularly by the nature of
bulge residue 180 and residue 239 (marked with an ‘X’
in fig. 3b), which in the MMPs-14, -15 and -16 and
MMP-11 is an exposed Phe [22]. Further to the right
side the molecular surface again has a hydrophobic/po-
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lar depression, which could accommodate P3’ side
chains of differing nature (see the accomodation of
residue 4 of bound TIMPs in panel C of fig. 3b).

By replacing the zinc-chelating groups of such peptidic
left- and right-side inhibitors by a normal peptide bond,
a contiguous peptide substrate was constructed, indicat-
ing the probable binding geometry of a normal sub-
strate-MMP encounter complex (panel A in fig. 3b) [49].
Accordingly, the peptide substrate chain is aligned in an
extended manner to the continuous bulge-edge segment,
under formation of an antiparallel two-stranded f-
pleated sheet, which expands on the right-hand side into
a three-stranded mixed parallel-antiparallel sheet due to
additional alignment with the S1” wall-forming segment.
The bound peptide substrate (such as the hexapeptide
shown in fig. 3b) forms five and two inter-main chain
hydrogen bonds, respectively, to both crossing-over
MMP segments. Similar to the reaction mechanism
previously suggested for the more distantly related zinc
endopeptidase thermolysin [71], the MMP catalyzed
cleavage of the scissile peptide bond will probably pro-
ceed via a general base mechanism [49]. The carbonyl
group of the scissile bond (Gly-Phe in fig. 3b) is directed
nearly toward the catalytic zinc and strongly polarized.
The zinc-bound water molecule is activated by the car-
boxylate/carboxylic acid of the catalytic Glu219, the pK
of which might (in particular after complete shielding
from the bulk water upon substrate/inhibitor binding)
be shifted to higher values, due to packing in the
protein matrix without charge-stabilizing internal hy-
drogen bonds (the importance of this Glu219 for prote-
olytic activity in MMPs has been demonstrated through
replacement with Asp, Ala and Glu residues [72, 73],
resulting in mutants with lowered or extremely low
catalytic activity, respectively). This activated water
molecule squeezed between the carboxylate group of the
catalytic Glu and the scissile peptide bond carbonyl
group is properly oriented to attack via its lone pair
orbital the electrophilic carbonyl carbon. The tetrahe-
dral intermediate is presumably stabilized by both the
zinc and the carbonyl group of the first Ala residue of
the edge strand sIV. Simultaneously, one water proton
could be transferred via the Glu carboxylate (acting as
a proton shuttle) to the amino group, which after break
of the peptide bond and transfer of a second proton
could leave the enzyme-substrate complex together with
the N-terminal substrate fragment. Remarkably, there
is no other electrophil (such as His231 in thermolysin
[71] or Tyr149 in astacin [74, 75]) in the catalytic zinc
environment of the MMPs, which could further stabi-
lize the carboxy anion of the presumed tetrahedral
intermediate; a frequently observed water molecule sug-
gested to be activated by the carbonyl group of Pro238
[43] does not seem to be able to take over this role.

MMP structures

The MMP Pro-domain

Currently, the only pro-MMP structure known to date
is that of the C-terminally truncated MMP-3 [44, 47].
The pro-peptide has an egglike shape, attached with its
rounded-off side to the active site of the catalytic do-
main. It essentially consists of three mutually perpendic-
ularly packed o-helices and a segment connecting it
with the catalytic domain (see fig. 4). The ~ 15-residue-
long solvent-exposed N-terminal segment is flexible; the
polypeptide chain is first defined in helix 1, which it
connects through a mostly disordered surface-located
segment with the four-turn o«-helix 2 directed toward
the ‘chin’ of the catalytic domain; the pro-chain then
deviates from the catalytic domain surface through a
defined multiple-turn loop, turns back through helix 3
to the conserved Pro90, where it kinks and enters the
active-site cleft as the almost invariant Pro90-Arg-Cys-
Gly-Val-Pro-Asp96 ‘switch segment’; this loop (with the
first three residues and the Asp strictly conserved, and
with only a very few variations in the residual three
residues) is similarly arranged as, but with opposite
direction to a bound P3’ to P2 peptidic substrate down
to the Val residue, that is it aligns parallel to the
bulge-edge segment and antiparallel to the S1’ wall-
forming segment under formation of five inter-main
chain hydrogen bonds (panel B in fig. 3b). At the
conserved Val residue, the pro-peptide chain kinks
away from the catalytic domain surface, turns back and
runs via the final X99-Phe/Tyr100 cleavage site (which
in this static structure is neither accessible nor in a
suitable proteinase-binding conformation) into the
‘rocker arm’ (see fig. 4), which terminates at the
strongly conserved Prol07. From this Pro residue on-
wards the polypeptide chain of the pro-MMP is in
register with that of the mature, that is activated,
MMPs. In MMP-11 and in the four MT-MMPs, up to
11 residues are inserted between the switch loop of the
pro-chain and the catalytic domain, and the pro-chain
terminates in an Arg-X-Arg/Lys-Arg sequence typical
for cleavage by furin-like convertases [14, 76]; intracel-
lular cleavage of the MT-MMPs and MMP-11 by
Golgi-associated furin-like enzymes results in expression
of the active enzymes [15].

The bent switch segment is bridged by the side chains of
the strictly conserved residues Arg91 and Asp96, whose
side chains are turned toward one another under forma-
tion of a symmetric 2N...20 salt bridge located on top
of the third zinc-liganding His228; from the propeptide
side, this salt bridge is sandwiched by the phenol side
chains of (up to) three strongly conserved Tyr residues
presented by helices 1 and 2, which shield it against the
bulk water and strengthen the pro-domain-catalytic do-
main interaction as long as the pro-domain is intact.
Somewhat similar to P2" and P1’ side chains of bound
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peptide substrates, the Arg and Cys side chains are
directed away from the active-site cleft and toward the
S1’ pocket, respectively, with the Sy of the latter turned
to the catalytic zinc, however, acting as the fourth
ligand in a tetrahedral coordination sphere (fig. 3b). In
spite of the bound pro-domain, the entire active-site
region of the catalytic domain of this pro-form is re-
markably similar in structure to that in the mature
enzyme.

Pro-MMP activation by (other) proteinases (see [65])
seems to proceed via a stepwise mechanism: some early
cleavages occurring in the flexible, exposed helix1-helix2
loop (the ‘bait’) not only might expose the hydrophobic
core of the pro-chain domain, but in particular also
destabilize this domain, thus exposing other (down-
stream) cleavage sites and weakening and finally de-
stroying the Cys-catalytic zinc interaction, eventually
leading to a liberation and flexibilization of the X99-
Phe/Tyr100 activation cleavage peptide bond (as origi-
nally predicted by the ‘cysteine switch hypothesis’ [78]);
this segment then might adapt and bind to the substrate
binding site of an approaching cleaving proteinase. In
the case of liberation of a Phe/Tyr100 N-terminus (in
the classical MMPs), the activation cleavage seems to be
accompanied by substantial rearrangement of the N-ter-
minal 100-107 rocker arm (see fig. 4) into the surface
crevice described above; the N-terminal residue moves
for about 17 A to form the above-mentioned surface-lo-
cated salt bridge with the carboxylate of Asp250 of the
helix C-based Asp250/Asp251 pair; in this movement,
the Pro107 residue acts as a flexible joint, with its main
chain angles changing from an «-helix-like (in the pro-
form) to a polyproline-II-like conformation (in the ma-
ture form).

It might be worth noting that the MMP pro-peptides
are not required for proper (re)folding of the catalytic
domains, in contrast to some other pro-proteinases [47].

The haemopexin-like MMP domain

Except for MMP-7, all vertebrate and human MMPs
are expressed with a C-terminal haemopexin-like do-
main. Some of these haemopexin-like domains have
been shown to be involved in substrate recognition and
to confer substrate specificity, most dramatically in the
collagenase subfamily, where the capability to cleave
native triple-helical collagen is associated with the cova-
lently bound haemopexin-like domain (for references,
see [16]). In the MT-MMPs, these haemopexin-like do-
mains have a 75- to 100-residue extension, which seems
to constitute a connecting peptide, a transmembrane
segment and a short cytoplasmatic fragment [14].

The haemopexin-like domains of the classical MMPs
exhibit the shape of an oblate ellipsoidal disc and ex-
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hibit very similar structures [51-54]. The haemopexin-
like domain polypeptide chain (with an early recognized
sequence similarity with haemopexin, a plasma haem
binding and transporting protein, see [79]) is essentially
organized in the four f-sheets (blades) I to IV, which
are arranged almost symmetrically around a central axis
in consecutive order, giving rise to the formation of a
four-bladed propeller of pseudo-fourfold symmetry (fig.
4). Each propeller blade is made by four antiparallel
f-strands connected in a W-like topology, and is
strongly twisted. The first innermost strands in all four
blades enter the propeller at one side (the ‘entrance
side’) and run almost parallel to one another along the
propeller axis, forming a central funnel-shaped tunnel,
which opens slightly toward the exit. The fourth strands
of blades II and IIT are interrupted by characteristic
f-bulges, which allow these strands to keep in phase
with the antiparallel third strands in spite of the overall
sheet curvature. In all four blades, the outer segments
loop around the periphery of the disc and end up in
short helical segments. The C-terminus of the blade IV
helix is tethered to the entering strand of blade I via the
single disulfide bridge, stabilizing the whole domain. In
spite of the strong volume increase in radial direction,
the haemopexin-like domain ellipsoid is evenly filled
with protein mass, mainly achieved by a general in-
crease in the size of the amino acid residues when going
from the center to the periphery.

Within the central tunnel, up to four heavier ions have
been identified. At the entrance to this tunnel a calcium
ion is placed (in the back of fig. 4), which is tetragonally
surrounded by the first carbonyl group of each of the
four inner strands. The center of the tunnel harbours an
ion pair, which has been interpreted as a chloride-cal-
cium couple. The calcium ion is octahedrally sur-
rounded by the four carbonyl oxygens of the four
residues positioned third in the innermost strands, and
by the chlorine and a second chlorine/water molecule
on both sides. The chlorine ion, situated between both
calcium ions, is tetrahedrally coordinated by the nitro-
gen atoms of the same amide groups, which also ligand
the second calcium [53]. The function of these ions is
not yet clear. In the three different haemopexin-like
domain structures known so far, the charge patterns
differ more than the surface contours (see [54]). In this
respect, the haemopexin-like domains from the collage-
nases show particularly strong similarities to one an-
other. In all haemopexin-like domains (up to four)
charge-uncompensated Asp residues are arranged
around the tunnel entrance. On the exit side of the
MMP-2 haemopexin-like domain, a surface patch of
positively charged residues is noteworthy, which might
be involved in binding to TIMP-2 [53]; however, some
novel mutagenesis studies locate the TIMP-2 binding
site to the junction of blades IIT and IV on the periph-
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eral rim of the MMP-2 haemopexin-like domain (C.
Overall, personal communication).

In the full-length MMP-1 structure [51], the catalytic
domain and the hemopexin-like domain make noncova-
lent contacts only along small domain edges, with the
outermost strand of the first blade of the haemopexin-
like domain propeller contacting the C-terminal helix
hC of the catalytic domain (fig. 4). The 17 (or 12
depending on counting) amino acid residue ‘linker’ be-
tween both domains bulges backwards and runs in a
loose manner antiparallel to helix hC, before it joins
(about four residues before the first Cys residue) the
haemopexin-like domain moiety. This linker is rich in
Pro residues, but is quite flexible and thus a preferred
target for hydrolytic cleavage [51]. Chimeric constructs
made to define the structural features encoding the
triple-helicase specificity of collagenases [80—82] show
that both the catalytic domain and the haemopexin-like
domain have important determinants, and that both
must be suitably linked to act in concert to confer
helicase specificity. It has been suggested that after
binding of the triple-helical substrate to the MMP-1
and -8 catalytic domains, the fully stretched linker (act-
ing like a spacer) would just allow the haemopexin-like
domain to fold over the catalytic domain, sandwiching,
trapping and (possibly) destabilizing the substrate [54].
However, MT1-MMP, also exhibiting triple-helicase ac-
tivity [83], exhibits a much longer linker (reviewed in
[16]). Alanine scanning experiments with MMP-8 [84]
indeed show that also the linker sequence motif, with
special emphasis on the Pro residues, is important to
retain the collagenolytic activity. Hopefully, structures
of full-length MMPs in complex with heterotrimeric
collagen-like peptides, which are preferentially cleaved
by full-length collagenases [85], will help to solve this
controversial issue in the future. Modeling experiments
have shown that collagen-like triple-helical structures
are far too bulky and that each constituent single strand
is not in an appropriate conformation to allow a pro-
ductive cleavage interaction with the MMP catalytic
site, and that the scissile strand of triple-helical collagen
must be freed for productive binding [38].

TIMP structure and TIMP-MMP interaction

The TIMPs have the shape of an elongated contiguous
wedge consisting of an N-terminal segment (Cysl to
Pro5), an all-f-structure left-hand part, an all-helical
center and a f-turn structure to the right (according to
the front view in fig. 5) [48]. The N- and the C-terminal
halves of the polypeptide chain form two opposing
subdomains. The N-terminal subdomain exhibits a so-
called OB-fold, known for a number of oligosaccharide/
oligonucleotide binding proteins [56]. This region

MMP structures

Figure 5. MMP-TIMP complex. The complex formed by the
MTI1-MMP catalytic domain (top) and TIMP-2 (bottom) [22] is
displayed in front view. All disulfide bridges are given, and the
zinc and calcium ions are represented as dark grey and light grey
spheres. The wedge-shaped inhibitor binds with its edge made by
six segments into the entire active-site cleft of the MMP-3, which
in this view is directed toward the bottom. The N-terminal Cysl
of TIMP-1 is located on top of the catalytic zinc, and the first five
N-terminal residues bind to the active site in a substrate-like
manner. Figure made with Setor [88].

consists of a five-stranded f-pleated sheet of Greek-key
topology rolled into a closed f-barrel of elliptical cross-
section. The narrower opening of this barrel is bounded
by the sB-sC loop, while its wider exit is, in contrast to
other OB-fold proteins, covered by an extended seg-
ment connecting strands sC and sD, designated as ‘con-
nector’ [48]. After leaving the barrel, the polypeptide
chain passes two helices, forms a two-stranded f-sheet,
runs through a wide multiple-turn loop and terminates
in a f-hairpin sheet. The last 3 (TIMP-1) to 10 (TIMP-
2) C-terminal residues do not exhibit a defined confor-
mation and presumably form a flexible tail on the
TIMP surface [22, 48].

The TIMP edge is formed by five sequentially separate
chain segments, namely the extended N-terminal seg-
ment Cysl-Pro5 flanked by the sA-sB loop and the
sC-connector loop on the left-hand side, and by the
sG-sH loop and the multiple-turn loop on the right-
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hand side (fig. 5). The N-terminal segment is tightly
connected to the adjacent sC-connector and to the
underlying sE-sF loop via disulfide bridges Cysl-
Cys70/72 and Cys3—Cys99/101. Particularly remarkable
features of TIMP-2 are the quite elongated sA-sB f-
hairpin loop, which does not follow the OB-barrel cur-
vature but is twisted and extends away, and the much
longer negatively charged flexible C-terminal tail.
TIMP-4 seems to share these features with TIMP-2,
whereas TIMP-3 should exhibit a short sA-sB loop and
a long but not negatively charged tail [22, 23]. Alto-
gether, the TIMP topologies differ considerably, in spite
of 40% overall sequence identities.

In complexes with MMPs, the wedged-shaped TIMPs
bind with their edge into the entire length of the active-
site cleft of their cognate MMPs [22, 48] (fig. 5), under
removal of about 1300 A2 surfaces of each molecule
from contact with bulk water and some rigidification of
the participating loops [58] upon complex formation.
The majority of all intermolecular contacts is made by
the N-terminal segment Cysl-Pro5, the sC-connector
loop and the connecting disulfide bridge; in case of
TIMP-2, the participation of the sA-sB loop in inter-
molecular contacts is considerable. The first five TIMP
residues Cysl to Pro5 bind to the MMP active-site cleft
in a substrate- or product-like manner, that is similar as
P1, P1’, P2, P3’ and P4’ peptide substrate residues insert
between the bulge and the wall-forming segments, form-
ing five intermolecular inter-main chain hydrogen
bonds (see panel C in fig. 3b). The sC-connector loop,
in particular residues Ser68/Ala70 and Val69/Leu71, in
contrast, interacts in a somewhat substrate-inverse man-
ner with the left-hand subsites S2 and S3 [22, 48].
Cysl is located directly above the catalytic zinc, with its
N-terminal «-amino nitrogen and its carbonyl oxygen
atoms placed directly above the catalytic zinc, coordi-
nating it together with the three imidazole rings from
the cognate MMP. The «-amino group of Cysl approx-
imately occupies the site of the bound ‘attacking’ water
molecule and forms a hydrogen bond to one carboxy-
late oxygen atom of the catalytic Glu219. In spite of
this close interaction, the GIlu219Asp mutation in
MMP-2 does not significantly affect TIMP-1 binding
[72]. The Thr/Ser side chain of the second TIMP residue
extends into the S1’ pocket of the cognate MMP, simi-
lar to the side chain of a P1’ peptide substrate residue
(fig. 3b), without filling this pocket properly; the Thr/
Ser2 side chain oxygen is hydrogen-bonded to the cata-
Iytic Glu219 carboxylate of the target MT1-MMP;
mutagenesis experiments with N-TIMP-1 have shown
that replacement of Thr2 by other natural amino acids
can lead to TIMP species, which are able to discrimi-
nate much more between different MMPs [33]. The
Cys3, Val/Ser4 and Pro5 side chains touch subsites S2’,
S3" and S4’ in a manner expected for substrate P2, P3’
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and P4’ side chains (see fig. 3b). It is noteworthy that a
very similar substrate-like interaction has been found in
two crystal forms of ‘noninhibited® MMP-1 catalytic
domains [40], where the opened-out N-terminal segment
(Leul02-Thr-Glu-Gly105) of one molecule inserts into
the S1 to S3’ subsites of a symmetry-related molecule,
utilizing identical subsite and intermolecular hydrogen
bond interactions as observed in the MMP-TIMP
complexes.

In the MTI-MMP-TIMP-2 complex (fig. 5), the quite
long sA-sB hairpin loop of TIMP-2 folds alongside the
S-loop over the rim of the active-site cleft and reaches
up to the f-sheet of its cognate MMP [22]; in spite of
the relatively large overall interface between the sA-sB
loop and the molecular MMP surface, most of the
intermolecular contacts do not seem to be designed for
optimal complementarity, however. The other edge
loops of TIMP are involved in a relatively small number
of intermolecular contacts, with both C-terminal edge
loops (in particular in TIMP-1) showing relatively high
flexibility. Binding data indicate, however, that the in-
teraction of the C-terminal TIMP subdomains with a
cognate MMP might be of much greater importance for
the TIMP inhibition of the gelatinases and MMP-13
[16], probably correlating with tighter intermolecular
contacts.

Superposition experiments with the structure of full-
length porcine MMP-1 [51] show that the C-terminal
haemopexin-like domain of full-length MMPs as posi-
tioned in that structure would be compatible with
TIMP binding [48]. In such a TIMP-full-length MMP
complex both domains, the TIMP and the haemopexin-
like domain would just touch one another, in agreement
with kinetic binding studies showing [except for gelati-
nases A and B and MMP-13 (see [16])] that the C-termi-
nal MMP domains contribute relatively little to TIMP
binding [29, 33]. The negatively charged C-terminal tail
of TIMP-2 seems to facilitate noninhibitory binding to
the progelatinase A haemopexin-like domain mainly via
electrostatic interactions. This specific TIMP-2 tail-
MMP-2 haemopexin-like domain interaction is impor-
tant for formation of the
MT1-MMP-TIMP-2-progelatinase complex implicated
in progelatinase activation [86, 87].
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