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ABSTRACT PH-30, a sperm surface protein involved in
sperm-egg fusion, is composed of two subunits, a and (3, which
are synthesized as precursors and processed, during sperm
development, to yield the mature forms. The mature PH-30
a/fl complex resembles certain viral fusion proteins in mem-
brane topology and predicted binding and fusion functions.
Furthermore, the mature subunits are similar in sequence to
each other and to a family of disintegrin domain-containing
snake venom proteins. We report here the sequences of the
PH-30 a and (3 precursor regions. Their domain organizations
are similar to each other and to precursors of snake venom
metalloproteases and disintegrins. The a precursor region
contains, from amino to carboxyl terminus, pro, metallopro-
tease, and disintegrin domains. The ,B precursor region con-
tains pro and metafloprotease domains. Residues diagnostic of
a catalytically active metalloprotease are present in the a, but
not the ,B, precursor region. We propose that the active sites of
the PH-30 a and snake venom metalloproteases are structurally
similar to that of astacin. PH-30, acting through its metallo-
protease and/or disintegrin domains, could be involved in
sperm development as well as sperm-egg binding and fusion.
Phylogenetic analysis indicates that PH-30 stems from a mul-
tidomain ancestral protein.

PH-30, a guinea pig sperm surface protein, is a candidate
sperm-egg membrane binding and fusion protein (1-5). The
PH-30 subunits found on fertilization-competent sperm, mature
a and mature (, share membrane topologies and other charac-
teristics with viral binding and fusion proteins. The (3 subunit
contains a potential receptor binding domain, a disintegrin
domain, related to soluble integrin ligands found in snake
venom. The a subunit contains a potential fusion peptide. In
addition, the two subunits share sequence similarity.
Snake venom disintegrins derive from precursors that also

contain zinc-dependent metalloprotease domains (6, 7). In-
terestingly, PH-30 a and , are present on testicular sper-
matogenic cells as larger precursors, termed here pro-a and
pro-,8 (2). Here we show that the precursor regions of PH-30
a and 3 (the regions amino-terminal to the mature proteins
and found on developing, but not fertilization-competent,
sperm) share further amino acid identity with each other as
well as with this family of metalloprotease and disintegrin
domain-containing snake venom proteins.tt

MATERIALS AND METHODS
Cloning. A portion of the a precursor region sequence was

obtained from a PCR product generated by the nested RACE
(rapid amplification of cDNA ends) protocol (3). The se-
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quences of the remainder of the a precursor region and the
entire ( precursor region were determined from clones of a
and (8 isolated at high stringency (3) from a guinea pig
whole-testis cDNA library (8).
Northern Analysis. RNA was isolated from adult male

guinea pig tissues (9), electrophoresed in a formaldehyde/
agarose gel, and transferred and cross-linked to a Hybond-N
nylon membrane (Amersham). High-stringency prehybrid-
ization and hybridization with -PH-30 a and 3832P-labeled
DNA probes was carried out at 65°C in 5x standard saline
citrate (SSC)/5x Denhardt's solution/0.1% SDS containing
salmon sperm DNA at 0.2 mg/ml. The membrane was
washed, 10 min per wash, in 2 x SSC/0.1% SDS once at room
temperature and twice at 65°C and then in 0.2x SSC/0.1%
SDS twice at 65°C. Hybridization with a mouse f-actin probe
was carried out in the same solution at 55°C, with identical
wash conditions.

RESULTS AND DISCUSSION
The amino acid sequences of the PH-30 a and (3 precursor
regions were deduced from cDNA sequences and are shown
in Fig. 1. Following their signal sequences, the a and P
precursor regions contain sequences similar to those in the
prodomains of disintegrin domain-containing snake venom
proteins, and then sequences which align with the snake
venom zinc-dependent metalloprotease domain (Figs. 1 and
2). a contains the consensus active-site residues for a me-
talloprotease (see below); (3 does not. Following the metal-
loprotease domain, both proteins contain a disintegrin do-
main (Figs. 1 and 2). The cleavage site which generates
mature a falls within the disintegrin domain (3) (arrows, Figs.
1 and 2). The cleavage site which generates mature , lies at
the amino terminus of the disintegrin domain (3) (arrow
before position 383, Figs. 1 and 2). The sequence alignment
of mature PH-30 a and 8 with the snake venom proteins
continues through the cysteine-rich domain (Figs. 1 and 2).
No snake venom proteins include either the epidermal growth
factor repeat or the transmembrane and cytoplasmic seg-
ments of a and (3(Figs. 1 and 2). Additional mammalian genes
encode proteins with domain organizations identical to those
of PH-30 a and 8 (Figs. 1 and 2). EAP I, cloned from rat and
monkey, is an androgen-regulated protein located on the
apical surface of epididymal epithelial cells (13). Cyritestin is
a mouse testis cDNA (GenBank accession no. X64227).
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followed by an obvious signal sequence (10). The methionine at position 7 is encoded by anAUG codon in the most optimal context for translation
initiation (11). The putative start methionine of B(underlined), encoded by anAUG codon in a good context to initiate translation (11), is followed
by a potential signal sequence (10). Potential sites for signal-sequence cleavage are marked with arrows. Stars mark cysteine residues which
may be involved in a matrix metalloprotease-like "cysteine switch" (12) activation of the metalloprotease domain. Metalloprotease domain.
PH-30 a and 8 are 27% identical (excluding gaps) over this region. The consensus snake venom metalloprotease active-site sequence,
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FIG. 2. Domain organization of disintegrin and metalloprotease
domain-containing proteins. SS, signal sequence; P, prodomain; M,
zinc-dependent metalloprotease domain; D, disintegrin domain; C,
cysteine-rich domain; E, epidermal growth factor-like repeat; TM,
transmembrane domain; T, cytoplasmic tail; AS, snake venom/
PH-30 a metalloprotease active-site consensus sequence HEXGHX-
LGXXHD. Mammalian members ofthis protein family sequenced to
date include all domains. Snake venoms contain three subfamilies of
this protein family, all of which begin with a signal sequence, but
which terminate with either the metalloprotease, the disintegrin, or
the cysteine-rich domain. The sequences ofmammalian PH-30 a and
,(, cyritestin (GenBank accession no. X64227), and EAP I (13), as
well as the sequences of snake venomjararhagin (14), trigramin (15),
Ht-e (12), rhodostomin (see ref. 14), and Ht-a, -b, -c, and -d (J. Fox,
personal communication) are known from cDNA cloning. The se-
quences ofthe snake venom proteins HR1B (see ref. 7), RVV-X (16),
and the soluble (see ref. 7) metalloproteases and disintegrins are
known from direct amino acid sequencing only. The amino termini
of mature PH-30 a and (, as determined by amino acid sequencing
(3), are indicated by arrows. The potential fusion peptide of PH-30
a is indicated by a black box.

Neither is the respective species homologue of PH-30 a or
(ref. 13; T.G.W., unpublished data). A Northern blot of
guinea pig tissue RNA, probed at high stringency, suggests
that PH-30 a and ,B are testis-specific in the adult (Fig. 3).

Like the mature PH-30 , subunit, the PH-30 a precursor
region contains a disintegrin domain. Soluble snake venom
disintegrins which contain an RGD binding sequence interact
with integrins on platelets and other cells (reviewed in refs.
6 and 7), presumably through a 13-amino acid RGD-
containing loop (17, 18). Disintegrins which are linked to a
carboxyl-terminal cysteine-rich domain (Fig. 2) lack the RGD
motif, but contain instead a unique tripeptide as well as an
adjacent cysteine (Fig. 1, stars). The latter snake venom
disintegrins, as well as the disintegrin domains of EAP I and
mature PH-30 3, maintain a negatively charged residue in the
position of the RG12 aspartic acid. The disintegrin domains of
PH-30 a and cyritestin lack an acidic residue in this position
(Fig. 1, stars).
The PH-30 a precursor region contains a metalloprotease-

like domain. The sequence HEXXH is the active-site signa-
ture of a large class of zinc-dependent metalloproteases (19).
As the structure of bacterial thermolysin demonstrates, the
glutamic acid probably acts as a catalytic base, and the two
histidines (underlined), which are adjacent on the same face

9.5 -
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4.4-

2.4-

1.4-

FIG. 3. Tissue distribution of PH-30 a (Upper) and (Lower). A
Northern blot containing total RNA from eight adult male guinea pig
tissues was probed at high stringency with PH-30 a or PH-30 ,BDNA.
Both hybridized to separate RNA species of -3000 nt in testis. These
sizes are in good agreement with the lengths ofPH-30 cDNAs (-3300
nt for a and -2900 nt for S). All samples contained about 10 pLg of
RNA, except for the two rightmost lanes on each gel (lung and testis),
which contained about 1 pg ofRNA. The exposure time for samples
containing less RNA was approximately 8-fold higher. (-Actin
message was intact in all samples (data not shown). Although
Northern analysis revealed only one mRNA species for both a and

3, we have found sequence variations in the 3' untranslated regions
of PH-30 a (T.G.W., unpublished data) and PH-30 C (C.P.B. and
P. D. Straight, unpublished data).

of a helix, help ligate the zinc (Fig. 4) (20). The PH-30 a and
sequence-similar snake venom metalloprotease domains fea-
ture an extended active-site signature motif (Fig. 1, box)
which is similar to the conserved active-site sequence,

HEXXUXXGXXHE, of a family of zinc-dependent metal-
loproteases homologous to the crayfish enzyme astacin (22,
26). The x-ray structure of astacin indicates that a glycine (in
italics) terminates a thermolysin-like HEXXH-containing
helix by making a tight turn, enabling the third underlined
histidine to serve as a third zinc ligand. We predict that the
histidine, glutamate, and glycine residues of the PH-30 a and
snake venom metalloprotease active sites play analogous
structural roles. The PH-30 and cyritestin metalloprotease
domains lack the critical histidine and glutamate residues but
maintain the conserved glycine and (carboxyl-terminal) as-
partic acid (Fig. 1, box). Thus, these latter proteins, although
probably not active metalloproteases, may fold similarly.

Outside ofthe active-site consensus motif, the PH-30 a and
snake venom metalloprotease domains share little sequence
similarity with the astacin-like proteases. To assess the
possibility that HEXXHj-containing metalloproteases share a

HEXGHXLGXXHD, is boxed. PH-30 a contains the metalloprotease consensus sequence; PH-30 (3 and cyritestin do not. EAP I contains all
residues of the consensus sequence except for the catalytic glutamic acid, suggesting that it may be able to ligate a zinc ion but be catalytically
inert. Disintegrin domain. PH-30 a and ,B are 47% identical (excluding gaps) over this region. Stars mark the position of the RGD tripeptide of
trigramin. Arrows indicate the amino termini of mature PH-30 a and (3. Cysteine-rich domain. PH-30 a and P are 29%o identical (excluding gaps)
over this region. EGF-like, transmembrane, and cytoplasmic domains. The epidermal growth factor (EGF) repeat is bracketed. The potential
transmembrane domains are underlined.
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Thermolysin

Astacin
FIG. 4. The zinc-dependent metalloproteases of the thermolysin

and astacin classes share an "50-amino acid core structural motif of
three p-strands and a catalytic a-helix. Shown are the principal
,B-sheets ofthermolysin (20, 21) and those we have located for astacin
[by inspection of the ribbon diagram of astacin (figure lb of ref. 22)
and by structural prediction algorithms (23, 24)] with distinct
ABCED and BACED strand topologies [corresponding to + 1, +lx,
+2, -1 and -lx, +2x, +2, -1 (-strand orders in Richardson
notation (25), respectively]. A shaded box delineates the shared CED
(+2, -1) three-,B-strand motif, and the subsequent a-helix 2 that
carries the signature HEXXH catalytic groups. The positions of
structurally equivalent histidine and distal glutamic acid ligands to
the zinc (black circle) are noted. Chain segments amino- and car-
boxyl-terminal to this common "50-amino acid supersecondary
structure exhibit different chain topologies.

core framework in which the active site is embedded, we
compared the x-ray structures of thermolysin-like bacterial
enzymes (20, 21) and astacin (22). Although there is meager
sequence identity, both structures are globally similar with an
active site sandwiched between an amino-terminal (-sheet
domain and a carboxyl-terminal helix/coil-rich structure.
Only one discrete section ofcontinuous chain is topologically
conserved, an =z50-amino acid core (Fig. 4) consisting of
three /-strands (sheets C, E, and D) and the following
catalytic a-helix (helix 2) that carries the HEXXH sequence.
The existence of this core fold, as well as the astacin-like
active-site geometry, in the PH-30 a and snake venom
metalloproteases is supported by the recently determined
x-ray structure of a protease from the venom of the snake
Crotalus adamanteus (L. Kress and W. Bode, personal
communication).

Analysis of the sequences of the snake venom and PH-30
a metalloprotease domains suggests at least two activation
mechanisms. In astacin, the final glutamic acid of the active-
site consensus sequence interacts with the amino-terminal
ammonium group of the mature, active protease (22). The
conserved aspartic acid of the mammalian and snake venom
metalloprotease domains (Fig. 1, box) may undergo a similar
interaction. However, an exactly analogous mechanism
would require that astacin and the PH-30 a and snake venom
metalloproteases have a similar protein fold outside of the
conserved core. But, like thermolysin, the amino- and car-
boxyl-terminal extensions of the PH-30 a and snake venom

enzymes may be structurally distinct from those of astacin.
Alternatively, activation of the snake venom metallopro-
teases could occur by a matrix metalloprotease-like "cys-
teine switch" mechanism, through a conserved cysteine in
the prodomain (12). The PH-30 a prodomain features a
cysteine in a similar location (Fig. 1, star), although it lacks
other postulated consensus residues.
To trace the history of the snake venom and mammalian

PH-30-like sequences, we subjected the individual domains
to phylogenetic analysis by maximum parsimony (27, 28).
The trees generated from the prodomain (not shown), the
metalloprotease domain (Fig. 5), and the cysteine-rich do-
main (not shown) contain three main branches. One branch
contains PH-30 a and 3 and cyritestin, one branch contains
EAP I, and one branch contains the snake venom proteins.
That the trees are largely congruent indicates that the indi-
vidual domains are evolving simultaneously and were prob-
ably all present in the progenitor gene.
Snake venoms contain soluble disintegrins and metallo-

proteases; by analogy, PH-30 a and 83 might be proteolyti-
cally processed at interdomain boundaries. The first proteo-
lytic processing event for ,B, the transition from pro-l3 (-88
kDa) to pro-,8* (75 kDa) (2), is consistent with removal of the
prodomain. Removal of the 3 metalloprotease-like domain
and subsequent exposure of its disintegrin domain may
render epididymal sperm fertilization-competent (2, 29). Al-

Monkey EAP I PH-30 a

Rat EAP I A P3

Ht-d 6

HRlB /\

+f ) 75 ~~~~~~~PH-30

FIG. 5. Phylogenetic analysis of the snake venom/PH-30 zinc-
dependent metalloprotease domain from a subset of available pro-
tease sequences. Numbers on the branches are proportional to the
number of nucleotide changes between sequences; branch lengths
are drawn to scale. Heavy lines indicate the three main branches of
the tree: one to PH-30 and cyritestin, one to EAP I, and one to the
snake venom proteins. EAP I is evolving separately from PH-30 and
cyritestin, as it lies on a separate branch of the tree and contains a
different linker module between its cysteine-rich and transmembrane
domains (Fig. 1). The zinc-dependent metalloprotease domains from
snake venom, Ht-e and Ht-d (12) (Crotalus atrox), HR1B (see ref. 7)
(Trimeresurus flavoviridis), RVV-X (16) (Vipera russelli), rhodos-
tomin (see ref. 14) (Calloselasma rhodostoma), and trigramin (15)
(Trimeresurus gramineus), and mammalian EAP I (13), cyritestin
(GenBank accession no. X64227), and PH-30 a and , were analyzed
by the program PAUP (27). The tree was generated by a heuristic
search algorithm, with 25 repetitions of random stepwise sequence
addition. Tree validity was tested with the bootstrap approach, using
100 replications of a heuristic search, itself composed of 10 replica-
tions of random sequence addition. The tree shown is the most
parsimonious, and conforms to criteria specified in ref. 28. Separate
trees generated from a sequence alignment of critical residues in the
conserved core domain (see Fig. 4) for bacterial thermolysin, astacin,
as well as the proteins shown here, indicate that the root of this tree
(the black dot) falls at the midpoint of the branch which joins PH-30
and cyritestin with EAP I and the snake venom proteins (J.F.B.,
unpublished data).
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though we have not detected release of the a metalloprotease
domain during the developmental processing of pro-a (2),
there is a potential dibasic cleavage site (R4 I A) in the short
linker between the a metalloprotease and disintegrin do-
mains.
The metalloprotease domain of the PH-30 a precursor

region may be active in early spermatogenesis in the testis,
either before or after proteolytic processing of pro-a. The
protease could help spermatocytes cross the tight junction
between adjacent Sertoli cells. It could be involved in the
restructuring which occurs as sperm migrate toward the
lumen of the seminiferous tubules. It might release sperma-
tozoa into the lumen of the seminiferous tubules. It could be
autocatalytic, as some snake venom proteins are autocata-
lytically processed at the boundary between the metallopro-
tease and disintegrin domains (12). Or it might process the 83
precursor.
The disintegrin domains of PH-30 pro-a or pro-l3 may also

play roles in spermatogenesis. Integrins appear to be present
at sites of attachment between spermatids and neighboring
Sertoli cells (30). Interaction of PH-30 disintegrins with
Sertoli cell integrins may be partially responsible for the
adhesion of spermatogenic cells to Sertoli cells.

In summary, we have shown that the precursor regions of
PH-30 a and (3 contain further similarity to each other as well
as to a family of snake venom proteins which contain
metalloprotease and disintegrin domains. PH-30 a and are
multidomain proteins which contain pro, metalloprotease,
disintegrin, cysteine-rich, transmembrane, and cytoplasmic
domains (Fig. 2). Their domain organization defines a family
of mammalian integral membrane proteins, which now in-
cludes additional members [cyritestin, EAP I, MS2 (Gen-
Bank accession no. X13335), HUMORF09 (GenBank acces-
sion no. D14665), and T.G.W. and P. D. Straight, unpub-
lished data]. The ancestors of these proteins may be the
progenitor molecules from which the snake venom proteins
evolved. These ancestors probably exist at least as far back
as invertebrates, as a PH-30 homologue has been found in
Caenorhabditis elegans (B. Podbilewicz and J. G. White,
personal communication). Furthermore, PH-30 appears to be
a multifunctional protein. The potential disintegrin and zinc-
dependent metalloprotease domains in the precursor regions
may play vital roles in early spermatogenesis. The disintegrin
domain and the potential fusion peptide in the mature sub-
units may be necessary for the binding and fusion of sperm
and egg plasma membranes. The putative functions of the
PH-30 a precursor region suggest novel contraceptive strat-
egies. Agents which inhibit metalloprotease or disintegrin
domain activity may interfere with sperm development and
be useful as male contraceptives.
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