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Abstract. The evolution of the Metalloproteinase Dis-
integrin Cysteine-rich (MDC) gene family and that of
the mammalian Matrix-degrading Metalloproteinases
(MMPs) are compared. The alignment of snake venom
and mammalian MDC and MMP precursor sequences
generated a phylogenetic tree that grouped these pro-
teins mainly according to their function. Based on this
observation, a common ancestry is suggested for mam-
malian and snake venom MDCs; it is also possible that
gene duplication of the already-assembled domain struc-
ture, followed by divergence of the copies, may have
significantly contributed to the evolution of the function-
ally diverse MDC proteins. The data also suggest that the
structural resemblance of the zinc-binding motif of
venomMDCs and MMPs may best be explained by com-
mon ancestry and conservation of the proteolytic motifs
during the divergence of the proteins rather than through
convergent evolution.
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Introduction

Matrix-degrading metalloproteinases (MMPs) are a
group of related enzymes involved in extracellular deg-

radation of the protein components of the connective
tissue. They are involved in the tissue remodeling which
occurs during embryogenesis, development, and wound
healing. They may also be involved in certain diseases
such as arthritis, periodontitis, and tumor metastasis. The
proteolytic activity of these enzymes is dependent on the
presence of a consensus zinc-binding motif in their cata-
lytic domain (Blundell 1994). The same zinc-binding
motif is present in certain toxins of viper venoms which
induce hemorrhage in the prey or victims of snake bite.
They act on similar substrates to MMPs present in the
basement membrane of the endothelium (Bjarnason and
Fox 1994). Both snake venom and matrix metallopro-
teinases are classified in the Astacin family of zinc me-
talloproteinases based on the structure of the catalytic
domain and zinc-binding motif; however, the sequence
and structure of the surrounding areas are variable (Blun-
dell 1994).

Other components of viper venoms that interfere
with hemostasis are the disintegrins. These comprise a
family of RGD-containing peptides with high affinity for
the platelet glycoprotein GP IIb/IIIa integrin receptor
(Gould et al. 1990). They prevent platelet aggregation by
inhibiting the binding of fibrinogen and von Willebrand
factor to platelets (Huang et al. 1989).

Interestingly, like MMPs both hemorrhagic toxins and
disintegrins are coded by cDNAs that predict zymogen
molecules containing a large precursor pro-peptide do-
main followed by a metalloproteinase domain. These
precursor proteins differ from MMPs in having a car-Correspondence to:J.M. Crampton
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boxy-terminal disintegrin domain of varying length
which replaces the hemopexin domain present in MMPs
(Paine et al. 1992). The pro-peptide domain is apparently
involved in the inactivation of the proteolytic activity
prior to the secretion of the enzymes by venom gland
cells. This process is thought to occur through a cysteine
switch mechanism, as also proposed for the MMPs
(Woessner 1991), and is correlated with the sequence
PRCGV in MMPs, and with PKMCGV in the snake
toxins. The metalloproteinase domain has a zinc-binding
sequence, HEXXHXXGXXH, characteristic of the Asta-
cin family described above (Blundell 1994). The dis-
integrin domain is capable of binding to the platelet
integrins through the RGD motif that is classically rep-
resented in venom disintegrins (Huang et al. 1989).
Large hemorrhagins contain a region of sequence simi-
larity with the disintegrins, with a substitution of the
RGD motif with E/DCD at the same position, and a
cysteine-rich extension of the carboxy-terminus (Paine et
al. 1994).

It has recently become apparent that a number of cys-
teine-rich proteins with similar structural organizations
occur in the mammalian male reproductive tract. The
best characterized of these are Fertilin (formerly PH-30),
a guinea pig sperm surface protein involved in sperm–
egg fusion (Blobel et al. 1992), and the androgen-
regulated epididymal apical protein-I, EAP-I (Perry et al.
1992). These proteins include a carboxy-terminal exten-
sion linked to a venom-like long hemorrhagin sequence
comprising an epidermal growth factor (EGF) repeat, a
transmembrane domain, and a cytoplasmatic tail
(Weskamp and Blobel 1994). Representatives of this
protein family were also detected in other tissues, includ-
ing the MS-2 antigen present on the surface of certain
lineages of macrophages (Yoshida et al. 1990) and the
protein predicted by the MDC gene, which has been
associated with tumor suppression (Emi et al. 1993).

All the mammalian proteins possess a non-RGD dis-
integrin domain, characteristic of the large hemorrhag-
ins. The zinc-binding motif is present only in EAPs,
Fertilin a, and the monocyte surface antigen metallopro-
teinase domains, and is not yet fully correlated with the
function of these proteins. The cysteine switch motif is
absent in all the mammalian pro-domains. These cyste-
ine-rich mammalian proteins plus the snake venom hem-
orrhagins and disintegrins make up the metalloprotein-
ase, disintegrin, cysteine-rich (MDC) family (Fig. 1).

The evolutionary aspects of the complex MDC gene
family are still poorly understood. Paine et al. (1994)
suggested that accelerated evolution may apply to the
snake toxins, specifically with regard to their high vari-
ability occurring mainly in the metalloproteinase do-
main. They also suggested that the generation of the
RGD disintegrins might be associated with a deletion in
the DNA region that codes for the cysteine-rich domain
in long hemorrhagins. Recently, Wolfsberg et al. (1993)

suggested, based on phylogenetic trees, that the indi-
vidual domains of the MDCs may have been assembled
before the divergence of the members of the family. This
last report does not, however, adequately explain the
close functional similarity between the venom metallo-
proteinases and MMPs as opposed to the mammalian
MDCs. We now report an analysis of MMP and MDC
sequences undertaken precisely to address this issue. The
aim was to study the evolutionary aspects of the MDCs
in comparison to MMPs in order to provide new insights
into the evolution of these gene families.

Materials and Methods

The sequences used in this paper were obtained by scanning GenBank,
Swiss-Prot, and PIR databases using the BLAST program (Altschul et
al. 1990). The sequences of the following proteins, predicted from
cDNA sequences, were used: Human Matrilysin (gb L22524), colla-
genase 3 (gb X75308), and tumor suppressor gene product MDC (gb
D17390); mouse cyritestin (pir S18968) and monocyte surface antigen
(pir A60385); rat Stromelysin-2, MMP-10 (sp P07152), and epididymal
protein, EAP (pir S28259); guinea pig Fertilina (gb Z11719) andb (gb
Z11720); monkey epididymal protein, EAP (pir S28258), tMDC-I (gb
X76637) and II (gb X77619); Rhodostomin (pir S33792) fromCal-
loselasma rhodostomasnake venom; Atrolysin E (pir A43296), B (pir
S41608), C (pir S41609), and Catrocollastatin (gb U21003) fromCro-
talus atroxvenom; Trigramin (pir A30065) fromTrimeresurus gramin-
eusvenom; Jararhagin (pir S24789) fromBothrops jararacavenom;
Trimucin (pir S43125) fromTrimeresurus mucrosquamatusvenom; a
hemorrhagin (gb U18234) fromAgkistrodon contortrixvenom; Halys-
tatin (gb D28870) fromAgkistrodon halysvenom; EcH I (gb X78970),
and EcH II (gb X78971) fromEchis pyramidum leakeyivenom. Be-
cause of recent taxonomic reorganisation, it is likely thatTr. gramineus
andA. halysreferred to here now correspond toTr. stejnegeriandA.
blomhoffi brevicaudus,respectively (D.A. Warrell, personal commu-
nication).

Percentage similarity and frequency of codon usage have been cal-
culated using the GCG software, bestfit, and codon usage program
(Genetics Computer Group 1991). Phylogenies were constructed using
the Clustal V program (Higgins et al. 1992). Progressive alignments
used the multiple alignment algorithms described by Higgins and Sharp
(1989), with a fixed gap penalty of 10 and the Dayhoff PAM 250
protein weight matrix (Dayhoff et al. 1978). Alignments were finally
refined by eye and differ very slightly from those generated by com-
puter. The phylogenetic trees according to distances were generated
from the above alignments using a neighbor-joining method (Saitou
and Nei 1987) and rooted using the Thermolysin sequence (pir
M21663) fromBacillus stearothermophilus.The degree of error was
calculated for each branch by bootstrapping (Felsenstein 1985) and the
values are shown in the tree. Trees were constructed using the whole
protein sequence, as well as for the pro-protein, metalloproteinase, and
disintegrin domains. In all cases phylogenies constructed with sites
where gaps occurred in any one sequence of the alignment being de-
leted and not deleted were compared.

Results and Discussion

Sequence Similarity Between MDCs and MMPs
Appears to Be Restricted to the Functional Motifs

This study has been carried out using the precursor se-
quences predicted by the cDNAs coding for three MMPs,
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nine mammalian MDCs, and 12 snake venom MDCs.
The criteria used to select these sequences was based on
a wider representation of the functional diversity among
these proteins and also a number of representatives from
different genera/species of snakes. Figure 2 shows two
representative fragments extracted from the alignment of
the whole precursor sequences, containing, respectively,
the cysteine-switch and zinc-binding motifs. The simi-
larity between snake and mammalian MDCs is recog-
nized by the conservation of most cysteines and other

residues throughout all the MDC sequences (Fig. 2,
stars). Some conserved positions among snake toxins are
also shared with few, but not all, mammalian MDCs
(Fig. 2, dots). Therefore, MDCs may be considered a
family of proteins with high sequence similarity. How-
ever, the comparison of MDCs with MMPs reveals little
sequence similarity (below 45%), this being confined to
the zinc-binding and cysteine switch motifs, the latter
being observed only in MMPs and snake venom MDCs.
These observations also apply to the conformation of

Fig. 1. Schematic representation of mammalian matrix-degrading metalloproteinases (MMPs) and snake venom and mammalian proteins be-
longing to the metalloproteinase-like, disintegrin-like, cysteine-rich (MDC) gene family: () Pro-peptide domain; (h) metalloproteinase domain;
( ) disintegrin domain; ( ) hemopexin; (j) EGF repeats; ( ) transmembrane domain. The presence of the cysteine-switch and zinc-binding motifs
is represented by Cys and Zn, respectively. RGD and ECD represent the potential integrin binding peptides in the disintegrin domain.
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these proteins. A comparison of the crystal structure of
Adamalysin II, a snake venom metalloproteinase, with
the crayfish Astacin reveals some topologically equiva-
lent residues (Gomis-Ruth et al. 1993). However, only
the active site environment, comprising the zinc-binding
consensus region and the active site basement, appears to
exhibit identical conformation (Table 1).

The Evolutionary History of MDCs

Evolutionary trees have been constructed using the align-
ments of the complete precursor proteins (Fig. 3) or the
regions comprising the distinct domains of the sequences
described above (data not shown). The tree constructed
using the complete sequences (Fig. 3) shows two primary
divergent groups comprising the MMPs and MDCs, re-
spectively. The MDC cluster is apparently monophyletic
and the sequences are distributed mainly according to
their function. The first group contains the sperm pro-
teins related to Fertilin, and the second group includes
the EAPs. The tumor suppressor gene and the monocyte
surface antigen are located in the first and second groups,

respectively. Snake venom sequences are also distributed
according to function, the first group representing the
long-chain hemorrhagic toxins, the second clustering the
RGD-disintegrins, and the third enclosing the short hem-
orrhagins. Clearly, some of these sequences are quite
dissimilar, and it is important to note that the clustering
of the different molecules in the tree remains essentially
the same even when all sites containing alignment gaps
are removed from the data set during tree construction. In
this situation, the analysis to some extent favors the com-
bined pro- and metalloproteinase domains of the mol-
ecules.

Trees corresponding to the pro-, metalloproteinase or
disintegrin domains were also constructed using the
alignments corresponding to the relevant fragment of
each toxin. The same clustering characteristics are sug-
gested by the trees generated using whole sequences
(Fig. 3) or independent domains (data not shown). The
only exceptions were the long-chain hemorrhagins,
Jararhagin and Catrocollastatin, from pit vipers, which
appear to cluster preferentially with other pit viper se-

Table 1. Frequency of codon usage for the essential residues for the catalytic activity in cDNAs regions coding for the zinc-binding motif (Zn)
and the whole precursor molecules (WP) of MMPs and proteolytic MDCsa

His Glu Gly

WP Zn WP Zn WP Zn

AGH cat 0.87 1.0 gag 0.5 1.0 ggg 0.16 —
cac 0.13 — gaa 0.5 — gga 0.44 —

ggt 0.28 —
ggc 0.12 1.0

JAR cat 0.68 1.0 gag 0.36 1.0 ggg 0.09 —
cac 0.32 — gaa 0.64 — gga 0.51 —

ggt 0.19 —
ggc 0.21 1.0

TRG cat 0.82 1.0 gag 0.33 1.0 ggg 0.13 —
cac 0.18 — gaa 0.67 — gga 0.48 —

ggt 0.16 —
ggc 0.23 1.0

ECHI cat 0.69 1.0 gag 0.38 1.0 ggg 0.13 —
cac 0.31 — gaa 0.62 — gga 0.49 —

ggt 0.15 —
ggc 0.23 1.0

EAPM cat 0.69 1.0 gag 0.32 — ggg 0.16 1.0
cac 0.31 — gaa 0.68 — gga 0.56 —

ggt 0.14 —
ggc 0.14 —

FERa cat 0.27 0.33 gag 0.46 1.0 ggg 0.24 —
cac 0.73 0.67 gaa 0.54 — gga 0.31 —

ggt 0.27 1.0
ggc 0.18 —

COL cat 0.67 0.33 gag 0.41 1.0 ggg 0.14 —
cac 0.33 0.67 gaa 0.59 — gga 0.29 —

ggt 0.31 1.0
ggc 0.26 —

MAT cat 0.60 0.33 gag 0.22 — ggg 0.19 —
cac 0.40 0.67 gaa 0.78 1.0 gga 0.33 —

ggt 0.14 1.0
ggc 0.33 —

aAbbreviations as in Fig. 1
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quences in metalloproteinase and pro-domain align-
ments, and Fertilina, whose disintegrin domain does not
cluster with other sperm proteins.

The apparent monophyletic distribution of MDC pro-
teins and their independent domains suggests that both
mammalian and snake venom proteins have evolved
from a common ancestor gene (already assembled as the
multidomain structure) both by speciation and by gene
duplication. The evolution of a gene family with differ-
ent functions is currently associated with rapid amino
acid divergence among duplicated copies of the genes,
thus increasing the functional diversity of the gene fam-
ily (Ohta 1994). Certainly in the case of snakes, such
diversity would seem to be of real benefit because it may
result in rapid variation in venom toxicity which could
broaden the spectrum of available prey (Daltry et al.
1996). In some cases, a single amino acid change in these

molecules could significantly alter their toxicity in
venom, and an accumulation of such changes may ac-
count for a rapid amino acid divergence. An example of
this is the functionally distinct members of venom phos-
pholipases A2 (Moura-da-Silva et al. 1995) and mem-
bers of the serine proteinase family (Creigton and Darby
1989), which are thought to have arisen through gene
duplication followed by divergence of the copies through
positive Darwinian selection causing sequence hyper-
variability. However, serine proteinases present a
slightly different evolutionary history since the different
domains of the molecules appear to have evolved as
independent units rather than as an already-assembled
block (Ikeo et al. 1995).

With regard to points in the tree at which gene dupli-
cations may have occurred, it seems reasonable to sug-
gest that gene duplications generating thea andb chains

Fig. 2. Segments extracted from the alignments of the MMP and MDC complete precursor sequences comprising the cysteine-switch and
zinc-binding motifs (bold). The positions corresponding to residues conserved among all MDCs (*) or among snake toxins and at least two
mammalian MDCs (•) are indicated. The zinc-binding motif and its homologue in nonproteolytic MDCs areboxed.Thenumberscorrespond to the
amino acid position in the consensus sequence of the original alignment.Abbreviationsas in the legend to Fig. 1.
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of Fertilin and RGD and non-RGD venom disintegrins
may have occurred. Gene duplications may also have
taken place between EAPs and Fertilin and between
short-chained hemorrhagins and RGD-disintegrins. The
generation of the different venom MDC proteins has
been correlated with post-translational proteolytic pro-
cessing or RNA splicing (Bjarnason and Fox 1994).
However, if these were the only mechanisms operating,
a taxonomically related duplication would be expected,
at least for the trees generated with the sequences com-
prising the metalloproteinase and pro-domains. The dis-
tribution of sequences showed by the trees does not
eliminate the possible occurrence of different processing
of RNA and translated proteins; however, if this is the
case, alternative processing may be occurring on prod-
ucts generated by different gene copies.

The trees also suggest that the venom toxins arose
relatively late during the evolution of MDCs. According
to this data, venom metalloproteinases have appeared
from a common ancestor gene only after mammals and
reptiles diverged; copies of the gene having evolved in
snakes to become venom toxins and, perhaps, proteins
with some function in the male reproductive tract. How-
ever, no work has yet been carried out to identify MDC
proteins in snake sperm cells or in the epididymis.

MDCs and MMPs: Evolutionary Conservation of the
Proteolytic Motifs or Sequence Convergence?

With regard to the evolutionary history of the MDCs,
how can one explain the similarity of the zinc-binding

and cysteine-switch motifs of venom MDCs with
MMPs? The similarity mainly confined to the proteolytic
motifs has already been shown for microbial and mam-
malian metalloproteinases (Jongeneel et al. 1989), and
Woessner (1991) considered that convergent evolution
could explain such similarity. Convergent evolution
could also be applied to explain the structural resem-
blance of the proteolytic motifs between snake venom
MDCs and mammalian MMPs. Considering this possi-
bility, the zinc-binding motif may have arisen after a
gene duplication, during the early divergence of the re-
productive tract MDCs. One copy might have accumu-
lated point mutations introducing the histidines, confer-
ring a selective advantage and resulting in the proteolytic
MDCs, which became fully functional in the venon pro-
teins. The other unmutated copy evolved as the nonpro-
teolytic MDCs. In favor of this hypothesis, two out of the
three histidines critical for the zinc-binding replace very
conserved residues in nonproteolytic MDCs, glutamine,
and tyrosine. A single point mutation is needed to change
the triplet codon that codes for both amino acids to his-
tidines. The third histidine shares a very variable position
in nonproteolytic MDCs, where substitutions might be
expected. The cysteine-switch motif may have arisen
later due to the need to regulate the proteolytic activity.
The mammalian proteolytic MDCs containing a cysteine
in the same position of the pro-domain that might pos-
sess functional activity, but lack other postulated con-
sensus regions between MMPs and venom MDCs that
consist of four residues, PXCGV (Fig. 2).

Fig. 3. Phylogenetic tree of the MDC proteins: All amino acid positions predicted by the cDNA regions coding for the whole protein have been
included in the analysis. Thehorizontal scaleis proportional to the calculated distance. Thenumbersindicated at nodes represent the percentage
confidence limits by bootstrapping. Only those values less than 95% are indicated.Abbreviationsas in the legend to Fig. 1.
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However, we have to consider a second possibility in
which a common ancestor gene to MDCs and MMPs
may have carried the proteolytic motifs which were later
lost in the nonproteolytic MDCs. This hypothesis is sup-
ported by the similarity between microbial and mamma-
lian metalloproteinases. De Souza and Brentani (1993)
suggest that the similarity of the zinc-binding motifs
arose in these molecules by conservation of sequences
present in ancestral genes, while other domains of the
molecule, such as the hemopexin-like domain, could be
a recent acquisition of the eukaryotic metalloproteinases.
The topology of the phylogenetic tree presented in this
paper would support the hypothesis that MMPs and
MDCs are derived from a common ancestor bearing the
zinc-binding motif. The recent assembly of the disinte-
grin domain on MDCs generated a new functional pos-
sibility for the molecules, possibly independent of the
proteolytic activity. The selective pressure on mamma-
lian MDCs could therefore be attributed to a cell-matrix/
cell-cell adhesion function, thus explaining the loss of
the proteolytic motif. On the other hand, the main tox-
icity of certain viper venoms seems to be proteolytic.
This observation would suggest a high selective pressure,
and hence conservation, of the proteolytic motifs in the
venom MDCs, despite the marked divergence of the re-
maining parts of the molecules, presumably enhanced by
positive Darwinian selection. This hypothesis therefore
explains why only the proteolytic motif appears to be
shared between MMPs and MDCs in relation to both
their sequence and conformation (Fig. 2).

In conclusion, the functional diversity of the MDC
proteins may have been generated by gene duplication
and divergence of common ancestor genes. The func-
tional proximity of venom MDCs and MMPs can best be
explained by evolutionary conservation of the proteolytic
motifs rather than by sequence convergence.
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