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The origin of matrix metalloproteinases and their familial relationships
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New computer comparisons of the sequences cf mammalian matrix metalloproteinases have established for the first time strong links with bacterial
metalloproteinases. We also propose that there are five groups in the family of matrix metalloproteinases, although only three are as yet
well-characterized as proteins, and discuss their origin and relationships with other zinc containing proteases.

Matrix metalloproteinase; Sequence alignment: Phylogeny

The family of matrix metalloproteinases (MMPs),
which are synthesized primarily by connective tissues,
is of great importance in the initial events leading to
tissue degradation, both in physiological and pathologi-
cal situations. Three major groups of MMPs have been
well-characterized, each group having more than one
distinct gene product, which can be distinguished on
immunological and biochemical criteria as well as se-
quence data [1-3]. The specific collagenases have inter-
stitial collagens almost uniquely as substrates; the sec-
ond group of MMPs are often referred to as gelatinases
because they degrade denatured collagens very effi-
ciently, but are also known as type IV collagenases,
degrading native type IV collagen in a relatively specific
fashion; members of the third family group, which are
now generally referred to as stromelysins, are MMPs
which have quite broad proteolytic action but which
were originally described as proteoglycanases. Another
less clearly characterized metalloproteinase, PUMP,
has been described and its sequence indicates that it may
be the first member of a fourth group.

Very recently Basset et al. [4] described in detail their
interesting findings of a novel putative metalloprotei-
nase gene expressed in stromal cells of human breast
carcinomas. Although this putative proteinase was not
itself isolated, the mRNA was also found to be ex-
pressed in the uterus, placenta and embryouic limb bud,
as well as phorbol ester of growth factor stimulated
fibroblasts. Based on its sequence and possible function
in the progression of malignancy Basset et al. (4] pro-
posed that this gene codes for a new member of tl-e
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family of MMPs, nam:d ‘stromelysin 3. However, no
data on its substrate specificity is available.

Many mammalian v.MPs have now been cloned and
sequenced and they show a highly exiended degree of
similarity with each other (reviewed in [1]). Metallopro-
teinases with other functions than MMPs, and from
many species, have been similarly characterized. At-
tempts at identification of the basic features of MMP
sequences that might be involvad in the catalytic mecha-
nism have been based on the detailed studies of the
better known bacterial metalloendopeptidases, notably
thermolysin, and have preceded any analyses of the
MMPs themselves.

In an earlier analysis [5] we suggested that the only
feature of MMPs in common with thermolysin was the
zinc binding motif HEXXH. With currently published
data, within all the known zinc metalloprotease sequen-
ces, three groups of enzymes can be delineated accord-
ing to the presence of absence of identifiable catalytic
site motifs. Proteases derived from Bucillus sp. and
Pseudomonas elastase, as well as forms of amino-pepti-
dase N, LTA, hydrolase, enkephalinases and angioten-
sin converting enzymes [9, and references therein], have
both the HEXXH motif identified in thermolysin as the
two histidine Zn** binding ligands and the glutamic acid
involved in the catalytic mechanism, and a second se-
quence containing the glutamic acid corresponding to
a third Zn®* ligand [9]. A second group including Serra-
tig proteinase, bone morphogenetic protein I and the
Erwinia proteinases B and C contain these motifs as well
as a third motif adjacent to the zinc binding site,
(HEXXH)XXGXXH, whose function is not known.
The third group, which includes the MMPs, Astacus
proteinasc and the snake venom proteinases. contain
the zinc box and the adjacent motif of the second group

Published hy Elsevier Science Publishers B.V,



Volume 289, number 1

FEBS LETTERS

September 1991

Table 1
Alignments of metalloproteinases with the new gene product [4].

Region homologous to PUMP

Full length sequence

No. of residues used  No. identical SD No. of residues used  No. identical SD
Stromelysin 3 168 484
Stromelysin 1 172 86 20.0 378 171 19.9
Stromelysin 2 172 86 22.6 377 166 222
Collagenase 170 85 22.6 370 163 220
72 kDa Gelatinase 176 86 214 382 173 24.6
95 kDa gelatinase 172 73 19.6 431 174 16.5
PUMP 172 73 19.6 172 82 5.6
Erwinia B 222 61 7.1 434 121 37
Thermolysin 202 47 3.8 315 93 0.3

The metalloproteinases were aligned with ‘stromelysin 3' [4], using either the regions homologous to PUMP or with the full length sequence. SD
is the number of standard deviations of the rcal score above the random scores. The higher the value the greater the similarity to MMPIT.

but have no identifiable glutamic acid corresponding to
the third Zn** ligand in thermolysin. Consequently a
great deal of speculation currently surrounds the iden-
tity of the third Zn** ligand in these proteinases [6-10]
and their possible relationships.

Using computer analyses we have now extended the
comparison between the MMPs and other metallo-pro-
teases in an attempt to gain further information on the
origin and relationships of these enzymes. Thermolysin
was included in the comparisons, together with the se-
quence of the metalloproteinase B derived from the
plant bacterium Erwinia chrysanthemi [11]. The cata-
lytic domain of the MMPs can be defined by that of the
punctuated (previously putative) metalloproteinase,
PUMP, which lacks the C-terminal domain present in
all the other known MMPs (reviewed in [1,3]). The re-
gions corresponding to the sequence of PUMP in both
stromelysin-1 and interstitial collagenase have been
shown to retain catalytic activity [1]. Since we wished to
compare only the catalytic domains, the fibronectin-like
domains of the gelatinases were not included in the
sequence comparison, since these appear to have arisen
by recombination of a common ancestor with fibronec-
tin [12]. Comparison of the sequence of the catalytic
domain of the proposed new ‘stromelysin 3’ [4] with
those of the other members of the family (Table I) indi-
cates that it might better be described as the first mem-
ber of a new sub-group. The similarity between pairs of
sequences was tested using the program ALIGN [13],
employing the PAM250 matrix and with a gap penalty
of three. To test the statistical significance of the align-
ments the sequences were randomized and realigned 100
times. The matrix bias parameter was varied until the
number of standard deviations of the real score over the
random score (SD) reached a maximum. Stromelysin 1
(MMP3) and stromelysin 2 (MMPI10) are very similar,
in that when compared with the methods used to pro-
duce Tabic | the pairwise SD valuc is 45 for the catalytic

domain and 62.8 for the full-length sequence. In con-
trast the catalytic region of ‘stromelysin 3’ shows signi-
ficant similarity to all the other known matrix metallo-
proteinase sub-groups, with the highest homology, as
indicated by the SD value, being to collagenase and
stromelysin 2. This was also true when the full-length
sequence was compared, with the highest homology
being to the 72 kDa gelatinase rather than to the stro-
melysins. The homology to thermolysin and the Erwinia
protease was lower, though still statistically significant.
Since the precise biochemistry and function of the new
enzyme are unknown we suggest that it be systemati-
cally named matrix metalloproteinase 11 (MMPI11), al-
though future work may suggest a more descriptive title.

The conclusion that ‘stromelysin 3° (MMP11) repre-
sents the first member of a new subgroup was reinforced
when the sequences of the catalytic domains were subse-
quently used to derive a phylogenetic tree. The tree was.
constructed using TREFALIGN [14], with a gap pe-
nalty function of 1 + (length of insertion or deletion) x3
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Fig. 1. Phylogenetic tree for metalloproteinases. The most parsimo-
nious tree is shown here, with the branch lengths being indicated on
cach branch, The tree is rooted ai the midpoint of the longest branch
and is caleulated assuming that all branches evolve at the sume rate.
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Fig. 2.
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Strom 3 (MMPLl) FVLSGG--RWEKTDLTYRILRFPWQLVQEQVRQTMAEALKVWS DVTPLTFTEVHEGRADI

Strom 1 FRTFPGIPKWRKTHLTYRIVNYTPDLPKDAVDSAVEKALKVWEEVTPLTFSRLYEGEADI
Strom 2 FSSFPGMPKWRKTHLTYRIVNYTPDLFRDAVDSAIEKALKVWEEVTPLTFSRLYEGEADI
Collag FVLTEGNPRWEQTHLTYRIENYTPDLPRADVDHAIEKAFQLWSNVTPLTFTKVSEGQADI
72kD Gelat YNFFPRKPKWDKNQITYRIIGYTPDLDPETVDDAFARAFQVWSDVTPLRFSRIHDGEADI
95KkD Gelat FQTFEGDLKWHHHNITYWIQNYSEDLPRAVIDDAFARAFALWSAVTPLTFTRVYSRDADI
PUMP 1 YSLFPNSPKWTSKVVTYRIVSYTRDLPHITVDRLVSKALNMWGKEIPLHFRKVVWGTADI

+ +% kb b R + + Kb ok kk k4 % %

Strom 3 (MMP1l) MIDFARYWDGDDLPFDGPGGILAHAFFPKTHREGDVHFDYDETWTIGDDQGTDLLQVAAH

Strom 1 MISFAVREHGDFYPFDGPGNVLAHAYAPGPGINGDAHFDDDEQWT-KDTTGTNLFLVAAH
Strom 2 MISFAVKEHGDFYSFDGPGHSLAHAYPPGPGLYGDIHFDDDERWT-EDASGTNLFLVAAH
Collag MISFVRGDHRDNS PFDGPGGNLAHAFQPGPGIGGDAHFDEHERWT-NNFTEYNLHRVAAH
72KkD Gelat MINFGRWEHGDGYPFDGKDGLLAHAFAPGTGVGGDSHFDDDELWTLGEGQGYSLFLVAAH
95kD Gelat VIQFGVAEHGDGYPFDGKDGLLAHAFPPGPGIQGDAHFDDDELWSLGKGVGYSLFLVAAH

PUMP 1

MIGFARGAHGDSYPFDGPGNTLAHAFAPGTGLGGDAHFDEDERWTDGSSLGINFLYAATH

+% + ke kwk 4 kkwk4d Kk o+ Wk *kk hk kF b o d R

Strom 3 (MMPll) EFGHVLGLQHTTAAKALMSAFYTFRYP----LSLSPDDCRGVQHLYGQP-~-WPTVT

Strom 1 EIGHSLGLFHSANTEALMYPLYH-SLTCLTRFRLSQDDINGIQSLYGPPPDSPET-
Strom 2 ELGHSLGLFHSANTEALMYPLYN=-SFTELAQFRLSQDDVNGIQSLYGPPPASTEEP
Collag ELGHSLGLSHSTDIGALMYPSY-=-TFSG--DVQLAQDDIDGIQAIYGRS~QNPVQP
72kD Gelat EFGHAMGLEHSQDPGALMAPIVYT--YTK--NFRLSQDDIKGIQELYGASPD-IDLG
95KkD Gelat EFGHALGLDHSSVPEALMYPMYR--FTE--GPPLHKDDVNGIRHLYGPRPE~PEPR
PUMP 1 ELGHSLGMGHSSDPNAVMYPTYG-N- GDPQNFKLSQDDIKGIQKLYGKRSNSRKK—
Fepdk 4Rt R4 Rk oW ke K FRE 4
Multiple alignments of metalloproteinases. The regions of the matrix metalloproteinases homologous to PUMP-1 were aligned.
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Fig. 3. Comparison of stromelysin 3 (MMPI11) with bacterial metalloproteinases. The sequences aligned were: A. Stromelysin 3 (MMPLI): B,
thermolysin and C, Erwiniu proteasc B, aligned as in Fig. 2. Residues identical in all three sequences are marked with an * below the sequences.
while those in which conservative substitutions have occurred are indicated by +. Residues in MMPI11 common 1o all MMPs are indicated above
the sequence with a #., while conservative substitutions are indicated by ~. The ungapped residue numbers are indicated on the left and right margins,

Residues conserved across al sequences are in bold.
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Fig. 1 indicates that in the most parsimonious iree, the
new MMP [4] did not group with any of the other MMP
sequences, forming instead a separate branch between
the thermolysin and Erwinia sequences and those of the
other MMPs, It thus provides a link between the MMPs
previously known [1] and the well-known bacterial me-
talloproteinase, thermolysin. Previously, algorithms
used to detect evolutionary relationships between zid
proteases failed to define the presence of such a link [15].
We have also compared in more detail the predicted
amino acid sequence of a number of human MMPs
including the new gene product [4] in a multiple align-
ment, using regions corresponding to PUMP. Multiple
alignments were carried out using CLUSTAL [16]. A
pairwise gap penalty of | was used, with mulitiple align-
ment gap penalties of 7 (fixed) and 9 (varying). The
alignments (Fig. 2) clearly demonstrate that the simi-
larities extend over far greater regions of the molecules
than just the zinc binding motif previously identified.
Since the phylogenetic tree suggests that MMP11 is the
MMP nearest to thermolysin in an evolutionary sense,
it was aligned with thermolysin and the Erwinia
protease (Fig. 3). Although only twelve residues are
conserved throughout the sequences, a distinct clus-
tering of conservatively replaced residues can be ob-
served. These comparisons establish for the first time an
extended relationship between the mammalian MMPs
and a bacterial metalloproteinase, although it does not
involve the other catalytic site motifs identified in ther-
molysin [17]. Thermolysin has other regions of simi-
larity with the E. chrysanthemi enzymes but not all of
these have similarity with the mammalian MMPs.
Furthér detailed computer analysis should be reward-
ing now that the human MMPs can clearly be related
back to enzymes of primitive origin. Such work could
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not only give new insights intc thc molecular mecha-
nisms of action of MMPs and their functions but also
provide a considerable challenge to the computer ex-
pert.
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