role for tyrosine phosphorylation in medi-
ating human fertilization. The homology of
hu9 with PTKSs provides a basis for evaluat-
ing tyrosine kinase signaling paradigms in
ZP3-triggered acrosomal exocytosis, mech-
anisms that may have implications in fertil-
ity control strategies.
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Tissue- and Species-Specific Expression of
sp56, a Mouse Sperm Fertilization Protein

L. H. Bookbinder, A. Cheng, J. D. Bleil*

Mouse sperm recognize and bind to ZP3, one of three glycoproteins in the egg’s zona
pellucida. A mouse sperm protein, sp56, was identified that has the characteristics
expected of the sperm protein responsible for recognition of ZP3. The complementary
DNA encoding sp56 was isolated, and its primary sequence indicates that sp56 is a
member of a superfamily of protein receptors. It was shown that sp56 expression is
restricted to mouse spermatids and that the presence or absence of sp56 on sperm from
different species accounts for species specificity of sperm-egg recognition in mice.

The mouse sperm protein sp56 was identi-
fied on the basis of its specific, high affinity
for ZP3, the zona pellucida (ZP) protein
recognized by sperm (I, 2). sp56 is a homo-
multimeric peripheral membrane protein
confined to the plasma membrane overlying
the sperm’s acrosome (3), and it has a spe-
cific affinity for ZP3’s functional domain
oligosaccharide (FD-oligo), the part of ZP3
recognized by sperm (3). Purified sp56,
which binds to the ZP of unfertilized mouse
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eggs but not to fertilized embryos, blocks
sperm-egg recognition (Fig. 1). Although a
number of proteins have been proposed to
function as the mouse sperm’s ZP3 recogni-
tion protein (2—4), only sp56 has all of the
characteristics required of that protein.
The complementary DNA (cDNA) en-
coding sp56 was isolated (Fig. 2). Nested
polymerase chain reaction (PCR) of reverse-
transcribed mouse testes polyadenylated
[poly(A)*] RNA was performed with degen-
erate primers derived from the sp56 NH,-
terminal amino acid sequence and with a
primer derived from a fragment of the pro-
tein. Sequencing of a 1-kb PCR product
confirmed that this polynucleotide encoded
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sp56, because it encoded all six, indepen-
dently identified stretches of sp56 amino
acid sequence (indicated in Fig. 2). The 1-kb
PCR product was then used to screen a
mouse testes cCDNA library. The full-length
cDNA clone that was isolated included the
entire 1-kb PCR product along with up-
stream bases encoding the sp56 NH,-termi-
nal amino acids 1 through 10, confirmation
that the clone encodes sp56 (Fig. 2).

The amino acid sequence encoded by
this cDNA predicts the biochemical char-
acteristics of the protein. The sp56 cDNA
encodes a 547-amino acid open reading
frame (Fig. 2). A presumptive 32-amino
acid signal peptide is located between the
first in-frame methionine and the experi-
mentally determined NH,-terminus of
sp56, as one would predict from the extra-
cellular location of sp56 (3). The protein
sequence contains no obvious transmem-
brane-spanning domain, which is consistent
with our finding that sp56 is a peripheral
membrane protein (3). The polypeptide
molecular mass of sp56 calculated from the
cDNA sequence is 62 kD. The discrepancy
between the molecular mass of sperm sp56
(56 kD) and a calculated molecular mass of
62 kD appears to be due to posttranslational
truncation of sp56 polypeptide in spermat-
ogenic cells. The sp56 amino acid sequence
derived from the cDNA does not indicate
the presence of regions having significant
homology to carbohydrate recognition do-
mains (CRDs) of previously characterized
lectins. The presence of CRDs within the
sp56 polypeptide sequence is expected, be-
cause sp56 is a lectin that has an affinity for
a-galactose and a specific affinity for ZP3’s
FD-oligo (2, 3).

Comparison of the sp56 amino acid se-
quence to the GenBank (version 82) and
Protein Information Resources (version 40)
databases indicates that sp56 is a member of
a superfamily of protein receptors that con-
tain multiple consensus repeats of approxi-
mately 60 amino acids in length, termed
Sushi domains (5). The sp56 open reading
frame contains six contiguous Sushi do-
mains, followed by 44 amino acids specific to
sp56, a seventh Sushi domain, and a highly
basic COOH-terminal domain of 70 amino
acids. The presence of seven Sushi repeats in
sp56, each of which contains two disulfides,
is consistent with protein electrophoretic
studies that showed that sp56 contains nu-
merous intramolecular disulfides (3). sp56 is
most closely related to one member of the
superfamily, the alpha subunit of comple-
ment 4B-binding protein (C4BPa) (6).

Nucleic acid and immunological probes
were used to determine which tissues ex-
press sp56. A 2-kb sp56 mRNA was de-
tected by Northern (RNA) blot analysis in
testes, but not in other tissues (Fig. 3A).
Protein immunoblot analysis with mono-

clonal antibody 7C5 to sp56 (3) revealed
that sp56 polypeptide was present in testes
and epididymus, but not in other mouse
tissues (Fig. 3B). Note that 7C5 does not
recognize reduced, denatured sp56 on pro-
tein immunoblots, but it does recognize
the nonreduced 40-kD protein (3). 7C5,
as expected, recognized nonreduced sp56
(40 kD) in epididymal proteins (3); how-
ever, it also recognized a series of nonre-
duced protein bands ranging in size from
40 to 44 kD in testes. Gel electrophoretic

Fig. 1. Purified sp56 binds A
to mouse egg ZP and 1 2

and NH,-terminal amino acid sequencing
studies demonstrated that this higher mo-
lecular mass testicular protein was as large
as 62 kD under reducing conditions (the
size predicted by translation of sp56
cDNA) and confirmed the identity of this
protein as sp56 (7). It is likely that the
decreasing size of sp56 (from 62 to 56 kD
under reducing conditions) observed in
testis represents posttranslation truncation
of the protein.

In situ hybridization and immunohisto-

blocks sperm-egg binding. kd -
Unfertiized mouse eggs 200-
and two-cell embryos [in- 97.4-
ternal controls, indicated =
by () in (B) and (C)] were 46—
isolated, fixed, and pre- - -
pared for competition as- 30—
say as previously de- :12‘11 ‘g—

scribed (7). Biochemically

purified sp56 (3) was dia-
lyzed extensively to remove
detergent and incubated
[at a concentration (6 nM) at which soluble ZP3 blocks 50% of sperm-egg binding (7)] for 8 hours with
eggs and embryos in medium at 25°C. The eggs and embryos were then washed by serial transfer to
remove unbound sp56. Protein immunoblot analysis (A) of SDS-extracted eggs or embryos revealed
that purified sp56, like mouse sperm, bound to unfertilized eggs but not to fertilized embryos. Lane 1,
90 eggs; lane 2, 90 eggs exposed to purified sp56; lane 3, 90 embryos exposed to purified sp56; and
lane 4, purified sp56 standard (10 ng). Whereas capacitated mouse sperm bound to the ZP of fixed,
unfertilized mouse eggs (B) (76 * 4 sperm bound per egg, where n = 5 eggs), sperm were blocked
from binding to the ZP of eggs that had been preincubated with purified sp56 (C) (7 = 5 sperm bound
per egg, where n = 6 eggs). Cell culture and competition assays, with fixed eggs and embryos, were
performed in the presence of quinuclidonol benzoate to inhibit ZP-induced acrosome reactions, as
previously described (7). Protein immunoblots were developed with monoclonal antibody 7C5 to sp56
as previously described (3).

Fig. 2. Sequence of the -32 MITWSFIDLWRTSHSTLFQMTLATVLMAPVLGDCGPPPLLPFASPTNQLYESTTFPSGTVLK
sp56 cDNA clone. Bio- 31 YTCHHGFKRVNSSHLSCDENGSWVYSTFCARKRCKNPGELVNGKVEIPSDLLVGSIIEFSCS
chemically purified sp56, 93 KGYLLIGSATSRCEVQGKGVDWSDSLPECVIATCEPPPPISNGKHSGRDDDLYTFGSVVIYN

which is identical to sp56

! ; 155 CDPTFTLLGNASIVCTVVNRTVGVWRPHPPACOKIVCHRPOIPRGYLAPGFROFYAYRDALE
purified by ZP3 affinity chro-

217 IRCKKGFILRGSSVIHCEANGEWFPSIPTCEPNGCTNIPDISYASWEGYKFPLRNFEVFEIG
matography (3), was sub-
jected to amino acid se- 279 AKLRYQCKPGYRASLNDPQTVTCOENLTWSSTNGCERICCPTPDMEKIKIVSERRDFTGTCI
quencing. The NH,-termi- 341 YAYGDYVFYICNEGSYPMSTDGRSSCOADGKWDPAIPSCOADSGLONRLALFTFPNISETNV
nus was determined as pre- 403 TNKTYLFGHEENSTEHAMKGVCLKPMVINGNLSVERVIYAELENITIQCDPGYTIVGSPNIT
viously described (3). The 463 CSNRTWYPEVPSCOMEVLEDCRIVSRGAQLLHCLSSPEDVHRALKVYKLFLEIERLEHQKEK
internal  amino acid  se- 525 WIQLHRKPQSMKINRSFRLCN

quence was obtained by se-
quencing proteolytic fragments of the protein. Endo Arg C, tryptic, and chymotryptic fragments of sp56
were subjected to solid-phase automated Edman-degradation peptide sequencing. Quantitation of the
starting material and the amino acids released confirmed that only sp56 sequences were obtained.
Degenerate PCR primers (10) designed from peptide sequences were used to amplify a fragment of sp56
cDNA. Nested PCR was performed on a single-stranded cDNA template made from mouse testes
poly(A)* RNA by using oligo(dT)-primed paramagnetic particles (70), with degenerate primers N4 and
F5W, followed by another round of PCR of 1/100 of the original amplification product with primers N5 and
FSW. The 1-kb amplicon that was generated contained a sequence encoding part of the sp56 NH,-
terminus (amino acids 11 to 18, encoded by PCR primer N5), Endo Arg C peptide 1 (amino acids 271 to
294), Endo Arg C peptide 2 (amino acids 291 to 303), tryptic peptide 1 (amino acids 199 to 205),
chymotryptic peptide 1 (@amino acids 12 to 18), and chymotryptic peptide 2 (amino acids 342 to 349,
encoded by PCR primer F5W). The full-length sp56 cDNA clone was obtained by screening an oligo(dT)-
primed mouse testes Lambda-Zap cDNA library with 32P-labeled, random-primed 1-kb PCR product
and 32P-labeled primers specific to the 1-kb PCR product. The seven underlined sequences are Sushi
domains, which begin and end with C. The GenBank accession number for the entire cDNA sequence is
U17108. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
and Y, Tyr.
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Fig. 3. Detection of sp56 and its MRNA in mouse tissues A
and spermatogenic cells. (A) Northern blot analysis of
mouse tissues. Mouse poly(A)* RNA (1 pg from heart, liver,

total epididymus, testes, abdominal muscle, lung, brain,

and kidney, lanes 1 to 8, respectively) was electropho-
resed, transferred and cross-linked to nylon transfer mem-
brane, and probed with a 32P hybridization probe prepared i
from a 104-base pair (bp) Sph I-Stu | fragment from the
sp56 clone, corresponding to amino acids 385 through

418 (10). The blot was prehybridized, hybridized, and de-
veloped according to the specifications of the membrane
manufacturer. A ~2.1-kb band was detected only from
mouse testes. Mouse ovaries contained no hybridizable
band (7). Reprobing with a 780-bp 32P-labeled polynucle-

otide encoding human glyceraldehyde-3-phosphate dehy-
drogenase (American Type Culture Collection 57091) con-
firmed the presence of RNA in each lane. (B) Protein im-
munoblot analysis of mouse tissues. Mouse tissues [same
lanes as in (A)] were homogenized, and protein was ex-
tracted with SDS and subjected to protein immunoblotting

with monoclonal antibody 7C5, as previously described (3). ;.
sp56 was detected as a nonreduced *‘doublet” of 40 kD in :
blotted epipidymal proteins. A series of nonreduced protein T s
bands, ranging from 40 to 44 kD, were detected from L g »
blotted testes proteins. (C) Detection of sp56 mRNA by in S
situ hybridization. Testes were fixed overnight in Z-fix (Ana-

tech, Battle Creek, Michigan), processed, and embedded with paraffin. Dried
sections (5 um) were prepared, blocked, hybridized with either digoxigenin-
labeled sp56 sense or antisense RNA probes [full-length probes were frag-
mented to ~300 bp as recommended by the manufacturer (Boehringer
Mannheim)], and detected as previously described (77). Slides were counter-
stained with eosin and haematoxylin. Antisense probe staining is apparent in
round spermatids (r.s.). Serial sections hybridized with sense RNA probes

demonstrated no binding (7). (D) Detection of sp56 polypeptide by immuno-  no binding (7).

Table 1. Correlation between species specificity of sperm-egg binding and species specificity of sp56.

Sperm Binding of Biochemical Immunological Identification
sc?u rce sperm to the identification of identification of sp56-like
mouse egg* sp56t of sp56% transcripts$§
Mouse Yes 2.3 pg per sperm 40 kD (—-DTT) 2-kb band
56 kD (+DTT)
Hamster Yes >2.3 pg per sperm 40 kD (—=DTT) 2-kb band
56 kD (+DTT)
Guinea pig No Not detected Not detected Not detected
Human No Not detected Not detected Not detected

*The binding assay was performed as previously described (7). These results confirmed previous studies (9). tTwo-
dimensional SDS—polyacrylamide gel electrophoresis (SDS-PAGE) of proteins from 2 X 107 sperm, performed as
previously described (3). $Biochemically purified sp56, prepared as described (3), was used to raise antiserum
against the protein. Protein immunoblotting and immunoadsorption of proteins from 107 sperm were performed as
described (3). -DTT and +DTT refer to SDS-PAGE performed in the absence or presence of dithiothreitol,
respectively. §Northern blot analysis of RNA from mouse, hamster, guinea pig, and human testes. Methods are
described in Fig. 3. Blots were probed with 32P-labeled, random-primed DNA developed from full-length sp56 cDNA.
Fresh hamster and guinea pig testes were provided by the Scripps Research Institute Department of Animal Resources.
A human testis section, frozen in liquid nitrogen, was provided by the Scripps Clinic Department of Urology, as an
orchiectomy product. Reprobing with the glyceraldehyde-3-phosphate dehydrogenase probe confirmed presence of
RNA in each lane.

chemistry of serial testes sections were
used to identify cells containing sp56
mRNA and polypeptide, respectively. The
sp56 mRNA was detected with an sp56-
specific antisense RNA probe in the nu-
clei and cytoplasm of round spermatids,
and in no other cells (Fig. 3C). The de-
tection of sp56 mRNA in round sperma-
tids may indicate that transcription acti-
vation of the sp56 gene occurs in a haploid
cell. sp56 polypeptide was detected in
round and elongating spermatids and in
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testicular spermatozoa, but it was not de-
tected in earlier stages of spermatogenesis
(Fig. 3D). A number of previously identi-
fied proteins are expressed during late
stages of spermatogenesis (8). Of these
proteins, only sp56 and protamines are
restricted to sperm.

Sperm-egg recognition and binding in

mammals is largely species-specific (9),
suggesting that molecular recognition be-
tween the sperm head plasma membrane
and the ZP surface involves different mol-
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histochemistry. Testes sections (3 um), from the same tissue blocks used in
(C), were blocked and probed with monoclonal antibody 7C5, and the
bound antibody was detected by silver-enhanced colloidal gold staining as
described (3). Sections were counterstained with hematoxylin and eosin.
sp56 was localized in round spermatids (r.s.) and testicular spermatozoa
(t.s.). Pachytene spermatocytes (p.s.) did not contain detectable sp56.
Serial sections probed with normal mouse immunoglobulin demonstrated

ecules in different species. Protein and
nucleic acid probes for sp56 were used to
determine whether the presence or ab-
sence of sp56 correlated with an ability of
sperm from other species to recognize and
bind to the mouse egg. Mouse and hamster
sperm, which bind to the ZP of mouse
eggs, contained sp56. However, sp56 was
not detected in guinea pig sperm or human
sperm, which do not bind to mouse egg ZP
(Table 1). These results were confirmed
by Northern blot analysis of testes, with an
sp56 cDNA probe. Because no antigen
cross-reactive with the polyclonal antiser-
um to sp56 was identified in guinea pig or
human sperm (confirmed at the nucleic
acid level by Northern blotting of testic-
ular RNA), we conclude that these sperm
either contain no sp56 or a protein dis-
tantly related to sp56. Therefore, if sp56
mediates sperm-egg recognition in mouse,
its presence or absence accounts for the
species specificity of that event.
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In Vivo Transfer of GPI-Linked Complement
Restriction Factors from Erythrocytes
to the Endothelium

D. L. Kooyman,* G. W. Byrne, S. McClellan, D. Nielsen,
M. Tone, H. Waldmann, T. M. Coffman, K. R. McCurry,
J. L. Platt, J. S. Logan

Many proteins are associated with the outer layer of the cell membrane through a
posttranslationally added glycosyl phosphatidylinositol (GPI) anchor. The functional sig-
nificance of this type of protein linkage is unclear, although it results in increased lateral
mobility, sorting to the apical surface of the cell, reinsertion into cell membranes, and
possibly cell signaling. Here evidence is presented that GPI-linked proteins can undergo
intermembrane transfer in vivo. GPI-linked proteins expressed on the surface of trans-
genic mouse red blood cells were transferred in a functional form to endothelial cells in
vivo. This feature of GPI linkage may be potentially useful for the delivery of therapeutic

proteins to vascular endothelium.

Proteins can be anchored to cell mem-
branes through the posttranslational at-
tachment of a covalently linked glycosy-
lated form of phosphatidylinositol. Proteins
with GPI anchors exhibit a diversity of
activities including complement regulation
[for example, human decay accelerating fac-
tor (DAF) and human CD59], cell interac-
tion (for example, lymphocyte functional
antigen—3), and enzymatic activity (for ex-
ample, alkaline phosphatase and acetylcho-
linesterase) (1). Proteins with a GPI tail are
characterized by diffusion coefficients great-
er than most transmembrane proteins (2)
and apical cell surface expression (3). Fur-
thermore, DAF and GPl-linked T cell
marker protein (Thyl), after isolation from
a cell membrane, can reinsert into heterol-
ogous cell membranes in vitro and retain
biological function (4).
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Because GPl-anchored proteins are
broadly distributed and are easily extracted
from and reinserted into cell membranes,
we hypothesized that a GPI anchor might
enable in vivo protein transfer from one cell
to another under physiological conditions.
To test this hypothesis we made transgenic
mice that expressed two GPl-anchored
complement restriction factors - (CRFs),
CD59 and DAF, in an erythroid-specific
manner and then assayed for their presence
on endothelial cells (ECs). Both of these
glycoproteins regulate complement activa-
tion and are thought to protect against
homologous lysis. DAF is a ~70-kD GPI-
anchored glycoprotein that prevents the
formation of C3 convertases [for example,

Fig. 1. Constructs used
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activated C3 (C3b) associated with factor B
and activated C4 (C4b) associated with C2]
or dissociates the convertases once they are
formed (5). CD59 is a ~19-kD GPl-an-
chored glycoprotein that binds to C8 and
C9 of the assembling membrane attack
complex (MAC), blocking both comple-
ment pathways at the terminal stage (6—8).

High level tissue-specific expression of
human globin genes can be readily obtained
in transgenic mice (9, 10). We designed
two expression constructs, #506 and #463
(11), that contain sequences encoding DAF
and CD59 linked to the regulatory sequenc-
es of the globin gene (Fig. 1). Transgenic
mice were produced from these constructs
and bred to generate transgenic offspring for
analysis.

The expression of human CD59 and
DAF protein was detected on red blood
cells (RBCs) of #506 transgenic mice by
quantitative flow cytometry with appropri-
ate monoclonal antibodies (12). We detect-
ed approximately 40,000 molecules of
CD59 per RBC, about two times the
amount found on human RBCs. DAF ex-
pression on the transgenic RBCs more
closely resembled that observed on human
RBCs (estimated to be about 3000 mole-
cules per RBC). Similar amounts of expres-
sion were detected with both constructs.
Transgenic RBCs were resistant to lysis by
human complement, indicating that the
proteins were functional. No deleterious ef-
fects of the CRF expression were detected
in the transgenic mice even after multiple
generations of breeding.

We examined the cellular distribution of
these proteins in various tissues by immu-

to make transgenic mice. #463 LCR

NS
NN

In construct #463, the
cDNAs for CD59 and DAF
were inserted into the first
exon of the human a-glo-

o-globin gene o-globin gene

bin gene, and the ATG #506 LCR

codon used for the syn-
thesis of a-globin protein

B-globin gene

o-globin gene €A

was simultaneously removed (7 7). For construct #506, the DAF cDNA was inserted into the ATG start site
of the human B-globin gene. A deletion mutant (e,) of the human e-globin gene was used in conjunction
with the CRF:globin fusion genes and LCR to make a miniglobin locus (77).
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