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The cellular origin of a soluble phospholipid-binding protein
(PBP) in rat testicular and epididymal secretions has been
investigated genetically and immunologically. PBP is ubiquitous
in tissue cytosols but is not present in blood serum, lymph or
milk. The relatively large amounts present in cauda epididymal
plasma (CEP) and rete testis fluid suggested therefore that it may
be secreted specifically by these tissues. However, when PBP
cDNAs from testis and epididymis were cloned and sequenced,
they did not contain a signal peptide and only one size of
transcript was obtained on Northern blots of RNAs from liver,
brain, placenta, testis and epididymis. Moreover, PBP could not
be detected in sperm-free CEP from castrated, androgen-

INTRODUCTION

The plasma membrane of spermatozoa, in common with that of
other mammalian cells, contains a wide variety of proteins and
glycoproteins, some of which are integral to the membrane
whereas others are extrinsic or are only loosely attached
(Voglmayer et al., 1980; Myles et al., 1981; Jones et al., 1983;
Russell et al., 1983). In previous work on rat sperm plasma
membranes we purified and characterized a major protein
component with an Mr of 23000 on SDS/PAGE (Jones et al.,
1983; Jones and Brown, 1987). This protein is also present in
secretions collected from the testis and epididymis, prompting
the interpretation that it can exist both as a soluble secreted form
and as a membrane-bound form (Brooks, 1985; Jones and
Brown, 1987). However, the protein is not present in other
extracellular fluids (e.g. blood serum, milk and saliva) or eryth-
rocyte membranes, although it is present in cytosols from a wide
range of tissues taken from male and female rats (Jones and
Brown, 1987). Subsequent N-terminal amino acid sequence
analysis of CNBr-generated peptides revealed 85 % sequence
identity with a phosphatidylethanolamine (PE)-binding protein
first isolated from bovine brain (Bernier et al., 1986). Further
experiments established that the sperm Mr 23000 protein, now

referred to as phospholipid-binding protein (PBP), also has
preferential affinity for PE (Jones and Hall, 1991).

Notwithstanding this information, the presence of such a

protein on spermatozoa and in secreted fluids from testis and
epididymis remains an enigma. Two hypotheses have been

stimulated animals or in medium from Sertoli cell cultures.
Spermatozoa, on the other hand, contained significant amounts
of PBP that could be solubilized by washing cells in dissociating
reagents or high-salt solutions. These results indicate that,
contrary to previous interpretations, PBP is not secreted by
classical pathways in either the testis or epididymis but that its
presence in CEP and rete testis fluid is attributable largely to
release from spermatozoa. Thus, spermatozoa have a significant
influence on the composition of CEP as well as on the secretory
and absorptive activity of the epididymal epithelium. A possible
role for PBP in membrane biogenesis and maintenance of antigen
segregation in spermatozoa is discussed.

suggested to explain its distribution. One states that the protein
is secreted specifically in the testis and/or the epididymis and
that it is adsorbed onto the sperm surface during spermiogenesis
and epididymal maturation. If so, then one would expect that
two classes ofPBP transcript exist in these tissues: one possessing
a region encoding a signal peptide (secreted form) and one
without a leader sequence (cytoplasmic). The second hypothesis
states that the protein is not secreted but during spermatogenesis
is sequestered by different pathways into the sperm plasma
membrane and cytoplasm and that its presence in testicular and
epididymal secretions is attributable to release from spermatozoa.

In this paper we have investigated these possibilities from
several different stand-points: by cloning and sequencing PBP
cDNA from testis and epididymis to obtain genetic evidence for
a secreted form of the protein; by examining the presence ofPBP
in epididymal secretions obtained from animals that had been
castrated and stimulated with androgen, conditions which have
been shown to induce the accumulation of secreted components
in the lumen of the duct; and by investigating the release and
cellular distribution of PBP during preparation of washed
spermatozoa. The results obtained indicate that, contrary to
previous assertions, PBP is not secreted by classical pathways in
either the testis or epididymis and that spermatozoa are a major
source of the soluble protein. That PBP is normally a major
component of epididymal fluid suggests that substances emana-
ting from spermatozoa have a significant influence on the
composition of their surrounding milieu as well as the secretory
and absorptive activity of the epididymal epithelium.

Abbreviations used: CEP, cauda epididymal plasma; FITC, fluorescein isothiocyanate; IIF, indirect immunofluorescence; NP-40, Nonidet-P40; PBP,
phospholipid-binding protein; PE, phosphatidylethanolamine; RTF, rete testes fluid.

I To whom correspondence should be addressed.
The nucleotide sequence data reported appear in the EMBL Nucleotide Sequence Database under the accession numbers X71873 (rat PBP) and

X73137 (monkey PBP).
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MATERIALS AND METHODS

Materials
All restriction endonucleases were purchased from Pharmacia
LKB. Hybond-N nylon membranes were obtained from
Amersham International. [y-32P]ATP (> 3000 Ci/mmol), [y-
32P]dCTP (> 3000 Ci/mmol) and random hexamer DNA-label-
ling kits were obtained from Du Pont-NEN. Nitrocellulose filters
were supplied by Schleicher & Schuell. All other reagents were of
AnalaR grade or the purest grade available.

Testes and epididymides were collected from neonatal and
normal adult Wistar rats (Rattus norvegicus) following CO2
asphyxiation and stored at -80 °C until required. Surgical
procedures for castration, artificial cryptorchidism (transfer of
testis and epididymis from scrotum to body cavity) and testos-
terone replacement have been described in detail previously
(Walker et al., 1990; Perry et al., 1992). It has been shown that
castration for 4 weeks followed by administration of 1.0 mg of
testosterone per day subcutaneously for another 2 weeks pro-
duces an actively secreting epididymis devoid of spermatozoa
(Jones et al., 1980). A similar result is achieved by 4 weeks of
artificial cryptorchidism which destroys spermatogenesis
(Setchell, 1978). Construction and storage of cDNA libraries
from rat and monkey (Macaca fascicularis) have been reported
(Luzio et al., 1990; Perry et al., 1992, 1993).

Purmcation of PBP and production of polyclonal antisera

PBP protein was purified to homogeneity from sperm-free cauda
epididymal plasma (CEP) and polyclonal antisera raised in
rabbits as described previously (Jones and Brown, 1987). The
antibody was affinity purified against the original antigen coupled
to CNBr-activated Sepharose-4B, dialysed against distilled water
and freeze-dried.

Collection of spermatozoa and secretions from testis and
epididymis
Testicular fluid was collected from the rete testis 18-20 h after
ligation of the efferent ductules (Jones and Brown, 1987). Rete
testicular fluid (RTF) was centrifuged at 1000 g, the supernatant
was removed, and detergent-soluble proteins were extracted
from the sperm pellet with 1.0% (v/v) Nonidet-P40 (NP-40) in
PBS, pH 7.4, at 4°C for 45 min. Extracts were clarified by
centrifugation at 12000 g for 10 min. Luminal contents from the
cauda epididymidis of normal rats were either collected without
dilution into capillary tubes and subsequently centrifuged at
12000 g for 120 min [the resultant supernatant is referred to as
'neat' cauda epididymal plasma (CEP)] or collected and diluted
into 20 vol. of PBS after which the spermatozoa were pelleted by
centrifugation at 1000 g for 15 min. Supernatants were removed
and spermatozoa extracted with 1% (v/v) NP-40 as described
above.

Sperm-free CEP was collected from castrated androgen-
stimulated epididymides by flushing the duct via the vas deferens
with mineral oil and drawing the fluid extruded from the cauda
region into capillary tubes. In experiments to investigate release
of PBP from spermatozoa, cells were washed 4 times by centri-
fugation in PBS. Successive wash fluids were collected, re-

centrifuged at 100000 g for 60 min at 4 °C and stored frozen until
analysis. Alternatively, after the first wash, sperm pellets were

resuspended in 0.5 M KCl, pH 7.4, or 0.1 M Na2CO3, pH 11.0,

Suspensions were incubated for 30 min at 20 °C, centrifuged at
1000 g for 10 min and the supernatants were removed. Sperm
pellets were re-extracted with 1% (v/v) NP-40 as described
above. Supernatants were then clarified by re-centrifugation at
100000 g for 60 min at 4°C and dialysed against 6.25 mM
Tris/HCl, pH 7.4, containing 0.2 % (w/v) SDS before analysis
by SDS/PAGE.

Electrophoresis and Western blotting
Proteins (60 ,ug/track) were separated by reducing SDS/PAGE
on 8.5-15% (w/v) polyacrylamide gels and either stained directly
with 0.5 % (w/v) Coomassie Blue R-250 in methanol/acetic
acid/water (40:7:53, by vol.) or electroblotted on to polyvinyl-
idene difluoride (Immobilon) membranes (Millipore). Blots were
probed with an anti-PBP polyclonal antibody (20 /tg/ml)
followed by peroxidase-conjugated goat anti-(rabbit IgG) (1: 400,
v/v; Dako Ltd.) as described previously (Jones and Brown,
1987). 4-Chloronaphthol was used as the dye reagent.

Indirect immunofluorescence
Spermatozoa from the cauda epididymidis were prepared for
visualization by indirect immunofluorescence (IIF) microscopy
by two different procedures. In both cases, spermatozoa were
washed once in PBS by centrifugation, resuspended in 0.1%
(w/v) BSA in PBS, and either mixed directly with affinity-
purified anti-PBP IgG (100 ,tg/ml) or fixed in 40% p-formal-
dehyde in PBS for 30 min at 4 'C. Fixed sperm were then washed
twice in PBS/BSA and resuspended in antibody solution as
described above. Suspensions were incubated for 40 min at 4 'C,
washed twice in PBS/BSA and mixed with a 1: 50 dilution of
fluorescein isothiocyanate (FITC)-conjugated goat anti-(rabbit
IgG). After incubation for 40 min at 4 'C and two PBS/BSA
washes, spermatozoa were resuspended in CITIFLUOR antifade
medium (City University, London) and viewed with u.v. light at
x 400 magnification using a Zeiss Axiophot photomicroscope.
Frozen sections of testis tissue were cut on a cryostat at

-20 'C, air-dried on to glass slides and blocked with 5% (w/v)
BSA/5% (w/v) normal goat serum in PBS for 1 h at room
temperature. Sections were then probed with affinity-purified
anti-PBP IgG (100 /tg/ml) followed by 1: 50-diluted FITC-
conjugated goat anti-(rabbit IgG) and viewed as described above.

RNA isolation and Northern blot analysis
Isolation of RNA from tissues was carried out as previously
described (Girotti et al., 1992). Total RNA was subjected to
Northern blot analysis following fractionation by electrophoresis
through a formaldehyde-containing, 1.1 % (w/v) agarose gel.
Following capillary transfer to a Hybond-N nylon membrane,
samples were prehybridized and hybridized as described pre-
viously (Walker et al., 1990) using a cDNA insert labelled with
32P to high specific radioactivity by a random priming protocol
(Feinberg and Vogelstein, 1984). Equivalent track loadings were
verified by reprobing filters with mouse a-actin cDNA
(Humphries et al., 1981).

Isolation and sequence analysis of rat and monkey PBP cDNA
clones
Epididymal or testicular cDNA clones (- 5 x 104) were trans-
ferred to nitrocellulose filters and probed for clones possessing
PBP cDNA inserts. Hybridization with oligonucleotide probes
(see the Results section) was performed for 40 h under conditionsor 0.2% (w/v) trypsin in PBS or I % (v/v) NP-40 in PBS or PBS.
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Figure 1 Identfficaflon of PBP In (a) epidWymal secreffons, (b) testicular secretions and (c) Sartoll cell culture mnedium by SOS/PAGE and Western blotting
Proteins in lanes 1-5, 8 and 9 were stained with Coomassie Blue. Lanes 6, 7, 10 and 1 1 represent Western blots probed with anti-PBP antibody followed by detection with peroxidase-conjugated
goat anti-(rabbit IgG) and 4-chloronaphthol dye reagent. (a) CEP: lane 1, sperm-free CEP 4 weeks after castration and after 2 weeks of testosterone stimulation; lane 2, sperm-free CEP from a 4-
week cryptorchid epididymis; lane 3, CEP collected from normal epididymis; spermatozoa were separated from CEP by centrifugation without dilution, i.e. to yield 'neat' CEP. (b) RTF: lane 4,
RTF collected from normal testis; lane 5, sperm-free RTF collected from 4-week cryptorchid testis; lanes 6 and 7, Western blot from parallel gel to lanes 4 and 5. (c) Lane 8, proteins solubilized
from cauda spermatozoa with 1% (v/v) NP-40; lane 9, Sertoli cell culture medium; lanes 10 and 11, Western blot from parallel gel to lanes 8 and 9. On all gels, the arrow indicates the position
of PBP. Arrowheads in lane 1 indicate the position of three epididymal-specific, androgen-dependent secretory proteins (Brooks et al., 1986a; Walker et al., 1990). Values of Mr were calculated
from the mobility of proteins of known size (Pharmacia low Mr kit).

of moderate stringency [6 x SSC at 45 °C (1 x SSC is 0.15 M
NaCl/0.015 M sodium citrate)]. Following two rounds of clone
purification by re-screening under identical conditions, plasmid
DNA from persistently hybridizing clones were isolated and
characterized. Screening of libraries with cloned cDNA probes
was performed for 40 h at a higher stringency (6 x SSC, 65 °C).
Where appropriate, cDNA inserts were sequenced on both

DNA strands using a custom primer walking strategy and
employing a Du Pont Genesis 2000 automated sequencer. All
PBP cDNA sequence data obtained in this way were compiled
and aligned using the LASERGENE suite of programs
(DNASTAR Ltd.).

Other procedures
Total protein was measured by dye binding (Bradford, 1976)
using BSA as standard. Serum-free Sertoli cell culture medium
collected from 4-day-old cultures was a generous gift of Dr. Yan
Cheng (Population Council, New York, NY, U.S.A.). The Sertoli
cell culture medium, which had a protein concentration of
90 ,tg/ml, was concentrated 10-fold on Centricon 10 (Amicon)
membranes and then was analysed by SDS/PAGE and Western
blotting. Cytosolic fractions from neonatal testes were prepared
as described previously (Jones and Brown, 1987).

RESULTS
Is PBP actively secreted by the testis and epididymis?
In initial experiments designed to test the hypothesis that PBP is
a secreted protein, we endeavoured to produce sperm-free fluids
from testis and epididymis while maintaining the secretory
activity of both organs as close to normal as possible, thereby
eliminating spermatozoa as a source of soluble PBP. A sperm-
free epididymis can be produced by manipulating the androgen
status of the animal. Approximately 4 weeks after castration, all
spermatozoa are lost from the epididymis and the gland atro-
phies. Testosterone administration (1 mg/day subcutaneous) for
2 weeks subsequently restores epididymal secretory activity
(Walker et al., 1990). SDS/PAGE analysis of proteins in this
sperm-free CEP and in normal CEP, in which spermatozoa had
been present, revealed the presence ofPBP in the normal but not

the sperm-free secretions (Figure la). Confirmation that the
epididymis had responded to exogenous androgen treatment is
shown by the re-induction and secretion of three testosterone-
dependent secretory proteins in the sperm-free CEP (Figure la)
(Jones et al., 1980; Brooks and Higgins 1980; Brooks et al.,
1986a,b; Walker et al., 1990). These three proteins were also
found to be present in sperm-free CEP from the cryptorchid
epididymis, but again PBP was absent (Figure 1).
RTF, containing 106 spermatozoa per ml, was collected under

acute conditions following ligation of the efferent ductules for
18-20 h (which causes fluid to accumulate within the seminiferous
tubules). After collecting this fluid by puncturing the extra-
testicular rete testis and removing spermatozoa by centrifugation,
the resultant supernatant was analysed by SDS/PAGE and
Western blotting. As shown in Figure 1(b), PBP was consistently
found to be present in this fluid, albeit as a minor component,
and gave a strong reaction upon Western blotting with anti-PBP
antibody. To investigate whether Sertoli cells were the source of
this PBP, rats were artificially cryptorchidized for 4 weeks to
disrupt spermatogenesis, leaving only spermatogonia and Sertoli
cells present in the seminiferous tubules. In cryptorchid testes,
Sertoli cells continue to secrete fluid at near normal rates (Setchell,
1978). However, the sperm-free RTF collected from these animals
did not contain any detectable PBP when analysed by
SDS/PAGE and Western blotting (Figure 1), suggesting that
PBP is not a secretory product of Sertoli cells.

This conclusion is further supported by an analysis of the
medium from Sertoli cells cultured in vitro under conditions
where they have been shown to secrete proteins such as trans-
ferrin, clusterin, androgen-binding protein, etc. (Cheng et al.,
1986). SDS/PAGE of proteins in this Sertoli cell culture medium
showed a major component at Mr - 75000 when stained with
Coomassie Blue but a protein could not be detected that was
coincident with the mobility of PBP (Figure 1c). Although a
Western blot of Sertoli cell culture medium revealed a very weak
signal at Mr 23000 when probed with anti-PBP antibody (Figure
lc), this could represent a small amount of cell lysis during
culture and collection of medium, bearing in mind that immuno-
detection systems offer - 100 times the sensitivity of Coomassie
Blue.

Evidence that PBP is present in Sertoli cells and germ cells in
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Figure 2 Immunocytochemical localization of PBP in rat testis

Frozen sections of adult testis were probed with anti-PBP antibody followed by FITC-goat anti-
(rabbit IgG) and viewed with u.v. light. (a) Control section incubated with second layer antibody
only. (b) Test section probed with anti-PBP antibody. Note that fluorescence is present in all
cell-types throughout the seminiferous epithelium as well as on spermatozoa in the lumen of
the duct. Magnification x 520.
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Figure 3 Neonatal development of tesflcular PBP

Testicular cytosols prepared from 10-day-old (lane 1), 20-day-old (lane 2), 30-day-old (lane 3)
and adult (lane 4) animals were analysed by reducing SDS/PAGE, blotted and probed with anti-
PBP antibody as described in the legend to Figure 1. The arrow indicates the position of PBP.

the testis is shown in Figures 2 and 3. Frozen sections of adult
testis probed with anti-PBP antibody gave a diffuse reaction in
the cytoplasm of all cell-types in the interstitial tissue and in the
seminiferous epithelium, most noticeably in spermatogonia,
spermatocytes, spermatids and spermatozoa in the lumen (Figure

2). Control sections were negative. The antigen, however, is not
restricted to post-meiotic germ cells, as testicular cytosols from
10-day-old neonates (at this age only Sertoli cells and spermato-
gonia are present in the seminiferous tubules) contained similar
amounts ofPBP as did cytosols from adult testes (Figure 3). This
confirms our earlier observations that PBP is ubiquitous in its
cellular distribution (Jones and Brown, 1987).
Taken together, these data suggest that PBP is not secreted by

the testis or epididymis. Therefore, genetic evidence for a secreted
form of PBP was sought by cloning and sequencing PBP cDNA
from testicular and epididymal libraries.

Cloning and sequence analysis of rat and monkey epididymal PBP
cDNA
Rat epididymal cDNA clones (- 5 x 104) were screened for those
possessing cDNA inserts that hybridized to a 96-fold redundant
oligonucleotide (5'-CARGCBGARTGGGAYGAYTAYGT-3')
corresponding to amino acid residues 169-176 (DQAEWDDYV)
of bovine brain PBP (Glatz and Veerkamp, 1983). Following
clone purification, plasmid DNAs from eight persistently hybrid-
izing clones were isolated and the sizes of their cDNA inserts
were determined. Those clones with the three largest inserts
were sequenced. The same rat epididymal cDNA library was
subsequently rescreened with a non-redundant 27-base
oligonucleotide complementary to nucleotides 146-172 of the
compiled rat PBP cDNA sequence (Figure 4), and a further 13
clones were identified and subjected to DNA sequence analysis.

Overall, the 16 sequenced independent rat epididymal cDNA
clones were of similar size (900-1037 bp) and were completely
superimposable except for a single sequence discrepancy: a C/T
polymorphism at nucleotide position 766 in the compiled se-
quence (Figure 4).
The nucleotide sequence of rat epididymal PBP cDNA pos-

sesses an open reading frame that encodes a translational product
of 187 amino acid residues (predicted Mr 20803), and which
commences with the 5'-proximal ATG codon (nucleotides 29-31;
Figure 4). The partial amino acid sequences of two peptides
produced by CNBr cleavage of rat CEP PBP showed good
alignment with the sequence deduced from the cloned cDNA
(Jones and Hall, 1991).
Grandy et al. (1990) have reported the sequence of a single rat

brain PBP cDNA clone which, apart from five single base
differences, is identical to the epididymal sequence shown in
Figure 4. These minor differences, all of which occur in non-
coding regions, may represent genuine polymorphisms, rat strain
differences (Sprague-Dawley versus Wistar) or sequencing arte-
facts (four of the five differences in the rat brain cDNA occur in
regions sequenced on only one DNA strand).

In addition to isolating rat epididymal PBP clones, a cyno-
molgus monkey epididymal cDNA library was screened with the
complete cDNA insert of a rat PBP clone, and 11 independent,
strongly hybridizing clones were isolated and purified. Six of
these were subsequently sequenced and although none was
derived from sibling clones, each contained the complete coding
sequence of monkey PBP (Figure 5).
Alignment of rat and monkey epididymal PBP predicted

amino acid sequences with each other and with that of the bovine
brain protein revealed a very high degree of sequence con-
servation (Figure 6). However, the two epididymal PBP sequences
appeared to lack a signal peptide (characteristic of proteins
destined for secretion) on the basis of N-terminal sequence
alignment with the cytosolic brain homologue (Schoentgen et al.,
1987). To confirm this finding in a single species, rat liver
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1 50 100
CGCGCGTGTGTCTGTTCTCTCCATCGTC ATG GCC GCC GAC ATC AGC CAG TGG GCC GGG CCG CTG TCA TTA CAG GAG GTG GAT GAG CCG CCC CAG CAC GCC CTG AGG GTC

Met Ala Ala Asp Ile Ser Gln Trp Ala Gly Pro Leu Ser Leu Gln Glu Val Asp Glu Pro Pro Gln His Ala Leu Arg Val
1 10 20

150 200
GAC TAC GGC GGA GTA ACG GTG GAC GAG CTG GGC AAA GTG CTG ACG CCC ACC CAG GTC ATG AAT AGA CCA AGC AGC ATT TCA TGG GAT GGC CTT GAT CCT GGG AAG
Asp Tyr Gly Gly Val Thr Val Asp Glu Leu Gly Lys Val Leu Thr Pro Thr Gln Val Met Asn Arg Pro Ser Ser Ile Ser Trp Asp Gly Leu Asp Pro Gly Lys

30 40 50 60
250 300

CTC TAC ACC CTG GTC CTC ACA GAC CCC GAT GCT CCC AGC AGG AAG GAC CCC AAA TTC AGG GAG TGG CAC CAC TTC CTG GTG GTC AAC ATG AAG GGC AAC GAC ATT
Leu Tyr Thr Leu Val Leu Thr Asp Pro Asp Ala Pro Ser Arg Lys Asp Pro Lys Phe Arg Glu Trp His His Phe Leu Val Val Asn Met Lys Gly Asn Asp Ile

70 80 90
350 400

AGC AGT GGC ACT GTC CTC TCC GAM TAC GTG GGC TCC GGA CCT CCC AAA GAC ACA GGT CTG CAC CGC TAC GTC TGG CTG GTG TAT GAG CAG GAG CAG CCT CTG AAC
Ser Ser Gly Thr Val Leu Ser Glu Tyr Val Gly Ser Gly Pro Pro Lys Asp Thr Gly Leu His Arg Tyr Val Trp Leu Val Tyr Glu Gln Glu Gln Pro Leu Asn

100 110 120 130
450 500

TGT GAC GAG CCC ATC CTC AGC AAC AAG TCT GGA GAC AAC CGC GGC AAG TTC AAG GTG GAG TCC TTC CGC AAG AAG TAC CAC CTG GGA GCC CCG GTG GCC GGC ACG
Cys Asp Glu Pro Ile Leu Ser Asn Lys Ser Gly Asp Asn Arg Gly Lys Phe Lys Val Glu Ser Phe Arg Lys Lys Tyr His Leu Gly Ala Pro Val Ala Gly Thr

140 150 160
550 600

TGC TTC CAG GCA GAG TGG GAT GAC TCT GTG CCC AAG CTG CAC GAT CAG CTG GCT GGG AAG TAG GGGCGCTGCAGAGCCCGCAGCCCCGGGGACCCCACAGTACAGTCAAGTCGTATAA
Cys Phe Gln Ala Glu Trp Asp Asp Ser Val Pro Lys Leu His Asp Gln Leu Ala Gly Lys

170 180 187
650 700 750 T
AGCATGTGCTGTGGGGTGTCCCCCCACGCCCATCCTTCCTTCCCACCCTCTCATAGGGAGTTCTCAGTTGTGCTAGGTTACAGCTCTAGGATGTCTTCCACTTTGTCCAGGACCAGGCCCAGTAACATCTTTTGGGGTG

800 850 900
GGCTTATCAATCCTCCCATCTCGGCTGAGCCCTGACCGCCCAGGTCAGATGGCTGCATAGTTATCAATATTCCTGGGCTGCTGCTCAGCAGTGCTGCTGTGTGGAGGCCAGGCTGTGGAGAGAGACCCTGTTAGCCCCT

950 1000 1037
TACATCCCAGTGGGATAAGCAAAAGTCACCGGAGTTGCTGGGCGTGTTAAACCTCATCAAATACAAATAAAGGGCATTGCATTCAAAAAAAAAMAAAAAAAAAAAuMAA

Figure 4 Complete nucleotide and deduced amino acid sequence of cloned rat epididymal cDNA

This sequence was compiled from 16 independent rat epididymal cDNA clones. The partial amino acid sequences of two peptides produced by CNBr cleavage of rat epididymal PBP which show
good alignment with the deduced amino acid sequence of cloned PBP cDNA are underlined. A C/T polymorphism at nucleotide position 766 is indicated.

1 50 100
CTCCGTGTCGCTGCTGCCGCCTGCGCCTAGCCTGCCGCTGCCGCCCGCGCCTAGCCTGCCGCGGCACGCCCGGCTGCACGCTTTGCTTGGCCTCGCC ATG CCG GTG GAC CTC AGC AAG TGG TCC GGG

Met Pro Val Asp Leu Ser Lys Trp Ser Gly
1 10

150 T 200
CCC TTG AGC CTG CAA GAA GTG GAC GAG CAG CCG CAG CAC CCG CTG CAT GTC ACC TAC GCC GGG GCG GCG TTG GAC GAG CTG GGC AAA GTG CTG ACG CCC ACT CAG
Pro Leu Ser Leu Gln Glu Val Asp Glu Gln Pro Gln His Pro Leu His Val Thr Tyr Ala Gly Ala Ala Leu Asp Glu Leu Gly Lys Val Leu Thr Pro Thr Gln

20 30 40
250 300

GTT AAG AAT AGA CCC ACC AGC ATT TCG TGG GAT GGT CTT GAT TCA GGG AAG CTC TAC ACC TTG GTC CTG ACA GAC CCG GAT GCT CCC AGC AGG AAG GAT CCC AAA
Val Lys Asn Arg Pro Thr Ser Ile Ser Trp Asp Gly Leu Asp Ser Gly Lys Leu Tyr Thr Leu Val Leu Thr Asp Pro Asp Ala Pro Ser Arg Lys Asp Pro Lys

50 60 70 80
350 400

TAC AGG GAA TGG CAT CAT TTC CTG GTG GTC AAC ATG AAG GGC AAT GAC ATC AGC AGT GGC ACA GTC CTC TCC GAT TAT GTG GGC TCA GGG CCT CCC AAG GGC ACA
Tyr Arg Glu Trp His His Phe Leu Val Val Asn Met Lys Gly Asn Asp Ile Ser Ser Gly Thr Val Leu Ser Asp Tyr Val Gly Ser Gly Pro Pro Lys Gly Thr

90 100 110
450 500

GGC CTC CAC CGC TAC GTC TGG CTG GTT TAC GAG CAG GCC AGG CCG CTA AAG TGT GAC GAG CCC ATC CTC AGC AAC CGA TCT GGA GAC CAC CGT GGC AAA TTC AAG
Gly Leu His Arg Tyr Val Trp Leu Val Tyr Glu Gln Ala Arg Pro Leu Lys Cys Asp Glu Pro Ile Leu Ser Asn Arg Ser Gly Asp His Arg Gly Lys Phe Lys

120 130 140 150
550 600 650
GTG GCG TCC TTC CGT AAA AAG TAC GAG CTC GGG GCC CCG GTG GCC GGC GCG TGT TAC CAG GCC GAG TGG GAC GAC TAT GTG CCC AAA CTG TAC GAG CAG CTG TCT
Val Ala Ser Phe Arg Lys Lys Tyr Glu Leu Gly Ala Pro Val Ala Gly Ala Cys Tyr Gln Ala Glu Trp Asp Asp Tyr Val Pro Lys Leu Tyr Glu Gln Leu Ser

160 170 180
700 750

GGG AAG TAG GGGGTTAGCTTGGGGATCTGAAGTGTCCTGGAGGCCCCAAGCCCTGTTCCCTAGTTCAGTGTTGCATGTATAATAGATTTCTCCTCTTCCTGCCCCCCTTGGCACAGACGACACCTGGCCAGTCAGA
Gly Lys

187
800 850 900

TGGTGTTTGAGGGTGGCTTTTCCTGCTGCCTGACCTTTCTAATTTTACTCACTCACTCTGATTTATGTTTTGATCAAATTTGAACTTCGTTTTGGGGGATATGTTGGTACTGTGATGGGGTCATCAAATTGTTCATCTG

950 1000 1050
AAAATAGCAACCCAGAATGTAAAAAAGAAAAAATCGGGGAGGTGGGGGAGAAAGACCAGTTCTACAGTGACAGAGCAAAGCGTCAAATAATCGTTAAGGGAGGTTAAAAAMAAAAAAAAAAGATTGGTTGCCTCTGCCT

1100 1150 1200
TTGTGAACCTGAGTCCAGAATGGTACACAATGTGTTTTTATGGTGATGTCGCTCACCTAGACAAGCAGAGGCTGGCATTGAGGCTGACCCCCAACACGGTACATCTCAGATGCCTCGACAGGCATCAGCATGTCGCTGT

1250 1300
GCCCCCTTTAAAGAGCAGTCCTGGAAGAGGCAGGAGGCAGAGTAGCTTTGCTGCCGTTGGGACGTGGCCATGGAGACCAGCAGCAGCGCTCGCAGACAGCTTAGGAGGAATCCTTACATCTTTGTCTGTTAAATTGATC

1350 1400 1444
GTTCTCATGGGGGTCAGAAGCTGGTCTGGAATCGCTGAATGTTGCATTAATTGTGCTGTTTGCTTATAGTTGAATAAAAATAGAAACCTGAATGGAAA

Figure 5 Complete nucleotide and deduced amino acid sequence of monkey epididymal cDNA

This sequence was compiled from six independent monkey epididymal cDNA clones and five independent monkey testicular cDNA clones. A C/T polymorphism at nucleotide position 166 is indicated.
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1 10 20 30 40 50 60 70 80
Rat epididymal PBP MAADISQWAGPLSLQEVDEPPQHALRVDYGGVTVDELGKVLTPTQVMNRPSSISWDGLDPGKLYTLVLTDPDAPSRKDPK

Monkey epididymal PBP MPVDLSKWSGPLSLQEVDEQPQHPLHVTYAGAALDELGKVLTPTQVKNRPTSISWDGLDSGKLYTLVLTDPDAPSRKDPK
1111111111111111111111II 11 11111111111111111111111111111111111111111111I

Bovine brain PBP PVDLSKWSGP LSLQEVDERPQHPLQVKYGGAEVDELGKV LTPTQVKNRPTSITWDGLDPGKLYTLVLTDPDAPSRKDPK

90 100 110 120 130 140 150 160 170 180 187
FREWHHFLVVNMKGNDISSGTVLSEYVGSGPPKDTGLHRYVWLVYEQEQPLNCDEPI LSNKSGDNRGKFKVESFRKKYHLGAPVAGTCFQAEWDDSVPKLHDQLAGK
1111111111111111111111111111111111111111I 11 iiiil I111 111111111111 1111111 I1111111HM ii1111

YREWHHFLVVNMKGNDISSGTVLSDYVGSGPPKGTGLHRYVWLVYEQARPLKCDEPI LSNRSGDHRGKFKVASFRKKYELGAPVAGACYOAEWDDYVPKLYEQLSGK
illlljiIiilIiil i11ii1iiiiiiiiii111i1iiiiiiii1 11111111111 111111111iiII 1111111111111iii Ilillilll lllllllllll
YREWHHFLVVNMKGNNISSGTVLSDYVGSGPPKGTGLHRYVWLVYEOEGPLKCDGPI LSNRSGDHRGKFKVASFRKKYELGAPVAGTCYQAEWDDYVPKLYEQLSGK

Figure 6 Alignment of the deduced amino acid sequences of rat and monkey epididymal PBP with that of bovine brain PBP

The sequence of bovine brain PBP is taken from Schoentgen et al. (1987).
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Figure 7 Northern blot analysis of the tissue distribution of rat PBP
transcripts

Total RNA (10 /ag/lane) was isolated from frozen rat tissues, electrophoresed on a denaturing
agarose gel, blotted and probed with a rat epididymal PBP cDNA insert (see the Materials and
methods section). The sources of the RNA samples were as follows: lane 1, liver; lane 2, brain;
lane 3, placenta; lane 4, testis; lane 5, epididymis from a 14-day castrated animal; lane 6,
epididymis from a 14-day castrated animal subsequently treated with testosterone for 14 days;
lane 7, normal epididymis; lane 8, cauda epididymidis; and lane 9, caput epididymidis.

cytosolic PBP was cloned from a rat liver cDNA library and was

found to have an identical sequence to its epididymal counterpart
throughout the entire coding and non-coding regions (results not
shown). Such sequence identity, together with the lack of a signal
peptide sequence in the many clones examined here, argues
against the secretion of PBP by the epididymis via a classic
secretory pathway. Although it is possible that PBP is secreted by
an unusual pathway that does not involve an N-terminal signal
peptide (Muesch et al., 1990), such a possibility would imply that
the non-classical secretory mechanism would be epididymis-
specific, because PBP with an identical sequence is apparently
cytosolic in other tissues. Alternatively, PBP found in epididymal
fluid might be derived from the testis despite the evidence to the

contrary shown in Figure 1. If so, significant amounts of PBP
mRNA would be expected in the testis. A preliminary analysis
was therefore sought of the tissue distribution and abundance of

rat PBP transcripts.

Tissue distribution of rat PBP transcripts
Northern blot analysis of total RNA isolated from rat liver,
brain, placenta, testis and epididymis revealed the testis to be a

major site of PBP expression (Figure 7), with a higher steady-
state PBP transcript level than that found in the epididymis or
the brain. In all tissues examined, PBP mRNAs migrated as a
single band, although this does not preclude the possibility that
secreted and non-secreted forms of PBP are encoded by similarly
sized transcripts. Figure 7 also demonstrates that castration
resulted in a marked reduction in epididymal PBP transcript
levels which was only partially reversed by subsequent tes-
tosterone treatment. This latter finding is consistent with earlier
work on protein synthesis in the epididymis, assayed by
[35S]methionine incorporation (Jones et al., 1980). Analysis of
RNA isolated from the caput and cauda regions ofthe epididymis
(Figure 7) indicates that PBP is expressed throughout the
epididymis, unlike many epididymis-specific transcripts which
are often much more highly expressed in one region (Girotti et
al., 1992; Perry et al., 1992, 1993).

Cloning and sequence analysis of testis PBP cDNA
The availability of a cynomolgus monkey testis cDNA library
enabled cloned monkey testicular PBP transcripts to be isolated
and characterized using a non-redundant oligonucleotide probe
under moderately stringent hybridization conditions. This probe
sequence, which is highly conserved in rat and monkey epidi-
dymal PBP cDNA, corresponded to an internal peptide sequence
(Figure 4, amino acid residues 40-48) identified in PBP isolated
from rat CEP (Jones and Hall, 1991). In total, five monkey
testicular PBP clones were isolated and their cDNA inserts
sequenced. In each case, the DNA sequence was identical to that
of monkey epididymal PBP, and although the clones were
completely or almost full-length, there was no indication of a
signal peptide sequence (see Figure 5).

Evidence that PBP is derived from spermatozoa
Previous work has shown that PBP constitutes a major com-
ponent of the total detergent-solubilized protein from testicular
and cauda epididymal spermatozoa (Jones et al., 1983). In
addition, an enriched plasma membrane fraction prepared from
caudal spermatozoa contains PBP as a major component when
analysed by SDS/PAGE (Jones and Brown, 1987). Spermatozoa,
therefore, are a potential source of PBP, and as the foregoing
results indicated that PBP is not actively secreted by either the
testis or epididymis, the possibility was investigated that PBP
found in normal RTF and CEP is derived from spermatozoa
themselves. To this end, once-washed caudal spermatozoa were
resuspended in PBS (control) or 0.5 M KCl, or 0.1 M Na2CO3,
pH 11.0, or 0.2 mg/ml trypsin in PBS or 1% NP-40 in PBS.
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Figure 8 Extraction of PBP from rat spermatozoa with detergents and
dissociating reagents

Western blot analysis shows the relative amounts of PBP solubilized from cauda spermatozoa
with various reagents (lanes 1-5) together with PBP remaining in the treated sperm pellets
(lanes 6-10). The second extraction was carried out with 1 % (v/v) NP-40. Reagents: lanes 1
and 6, PBS; lanes 2 and 7, 0.5 M KCI; lanes 3 and 8, 0.2% (w/v) trypsin; lanes 4 and 9,
0.1 M Na2C03, pH 1 1.0; lanes 5 and 10, 1 % (v/v) NP-40.

Suspensions were incubated at room temperature for 30 min,
centrifuged at 12000 g and supernatants removed. These super-
natants (first extracts) were re-centrifuged at 100000 g for 60 min
at 4 'C. Sperm pellets were then re-extracted in 1 % (v/v) NP-40
at 4 'C for 45 min, centrifuged at 12000 g for 10 min and the
supernatants (second extracts) were stored frozen. Western blot
analysis (Figure 8) revealed the presence of PBP in all of the first
extracts, the 0.5 M KCl and 0.1 M Na2C03, pH 11.0, extracts
being especially rich in the protein. Densitometric analysis of the
proportion of PBP from spermatozoa remaining in the second
extracts indicated that 0.5 M KCl solubilized 68 % of PBP,
trypsin 74%, 0.1 M Na2C03, pH 11.0, 87% and 1% (v/v)
NP-40 98%.

Attempts to localize PBP on spermatozoa by IIF proved
difficult and results were equivocal irrespective of the fixing and
staining procedure. When unfixed spermatozoa in suspension
were incubated at 4 'C, < 10 % of cells showed any fluorescence.
Those spermatozoa that were positive had patchy fluorescence
along the tail and were probably damaged, as areas of plasma
membrane appeared to be detached from the surface. Cyto-
plasmic droplets were also fluorescent on these spermatozoa.
Fixation in 4% (v/v) paraformaldehyde in PBS for 30 min
followed by incubation with antibodies at 4 'C did not increase
the incidence, or alter the appearance, of labelled spermatozoa.
Similar results were obtained when incubations were carried out
at room temperature.

DISCUSSION
PBP is one of five or six major proteins present in normal rat
CEP and detergent extracts of cauda epididymal spermatozoa
(Jones et al., 1983; Brooks, 1985; Klinefelter and Hamilton,
1985). It is also synthesized by epididymal epithelial cells as
shown by [35S]methionine incorporation (Brooks and Higgins,
1980; Jones et al., 1980). Because the epididymis is known to
secrete a wide variety of proteins and glycoproteins into the
luminal fluid (Cooper, 1986), many of which are regulated
specifically by androgens and integrate into or 'coat' the plasma
membrane of spermatozoa, it was logical to presume that PBP
was one such protein and that it would be secreted by classic
pathways. However, the evidence obtained in the present work
points to a different interpretation; namely, that PBP is not
actively secreted by the epididymis but is derived principally
from spermatozoa. The reasons for arriving at this conclusion
are as follows. Firstly, the genetic evidence indicates that PBP is
a non-secreted protein. PBP does not contain a classic N-
terminal signal peptide and is identical throughout its entire
sequence to cytosolic PBP from liver. Also, similar-sized mRNA

suggesting that there is only one form of the protein. Although
the absence of an obvious signal peptide cannot, in itself, be
regarded as definitive evidence that a protein is not exported
from a cell, as there is a growing list of proteins that are secreted
by non-classic pathways (e.g. lipocortin and interleukin 1;
Muesch et al., 1990), there is no indication from the present
work, or elsewhere, that PBP belongs to this category.

Secondly, PBP cannot be detected in CEP from an epididymis
rendered sperm-free by castration/androgen replacement or by
artificial cryptorchidism. Under these circumstances, CEP does
not contain any sperm components and can be regarded as

representing 'pure' epididymal secretions. Support for this view
comes from the presence in sperm-free CEP of three epididymal-
specific androgen-dependent glycoproteins previously referred to
as B, C and D/E (Brooks and Higgins, 1980; Jones et al., 1980;
Walker et al., 1990). All three proteins are accepted as being
secreted because: (a) they are not present in the testis or testicular
spermatozoa; (b) they are consistently found in sperm-free CEP
from castrated androgen-stimulated animals; and (c) their
cDNAs have been sequenced and found to contain classic signal
peptides. PBP does not meet any of these criteria.

Thirdly, the fact that PBP can be solubilized from spermatozoa
with trypsin and dissociating reagents strongly suggests that
germ cells are the primary source of the protein in CEP and RTF.
Luminal contents collected directly from the cauda epididymidis
are highly viscous (comparable with 10 M glycerol) and are

usually diluted 20-30-fold in PBS before removal ofspermatozoa
by centrifugation. From the results shown in Figure 8 this
treatment would dissociate significant amounts of PBP from
spermatozoa causing it to appear in the dilute CEP. However,
the fact that PBP is also present in CEP collected without
dilution ('neat' CEP) suggests that it is normally released from
spermatozoa during their maturation process. If so, this repre-
sents some of the first evidence that spermatozoa have a direct
influence on the composition ofCEP in addition to the epididymal
epithelium.
PBP is also present in testicular spermatozoa (Jones and

Brown, 1987) and can be solubilized from them in the same way
as described above for cauda spermatozoa (R. Jones, unpublished
work). As PBP could not be detected in sperm-free RTF from
cryptorchid testes and the small amounts detected by Western
blotting in Sertoli cell culture medium are not consistent with it
being a major secretory product of Sertoli cells, all the evidence
suggests once again that PBP is derived from germ cells. PBP in
'normal' RTF may, in fact, be an artifact of the collection
technique. Testicular spermatozoa are usually allowed to ac-

cumulate in the testis over a period of 18-20 h following ligation
of the efferent ducts and it is possible that during the time they
reside in the rete area some degenerate and release PBP, especially
as RTF contains - 120 mM NaCl.
The cellular localization of PBP on spermatozoa remains an

enigma. The fact that it is present in preparations of plasma
membranes (Jones and Brown, 1987) and has affinity for PE
suggests that it is associated (however loosely) with the lipid
bilayer on either the external or internal face. However, it could
not be visualized by IIF irrespective of the labelling protocol,
and we are forced to conclude either that PBP is inaccessible to
the antibody or that it is leached off the membrane during the
washing steps that are necessary to remove unbound antibodies.
Accessibility is undoubtedly a problem given that the protein is

cytoplasmic in other tissues. Moore et al. (1987) reported similar

difficulties with immunodetection of a Mr 24000 antigen on rat

spermatozoa with monoclonal antibody B109. This antibody
localized to cytoplasmic droplets and along the inner face of their

transcripts are present on Northern blots of all tissues examined,
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surrounding plasma membrane but only faint staining could be
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observed along the tail of a small proportion of fixed sperm-
atozoa. Fresh, unwashed spermatozoa did not stain. It is not
clear whether PBP and B109 antigen are identical, but clearly the
properties ofsome proteins make them difficult to detect immuno-
logically.
A more precise comparison can be made with a mouse

epididymal protein (MEP9) that, from peptide sequence data,
appears to be the homologue ofPBP (Vierula et al., 1992). MEP9
was detected immunocytochemically on tissue sections in elon-
gating spermatids, principal epithelial cells in the distal caput,
corpus and cauda epididymidis and sperm cytoplasmic droplets
but not in spermatogonia, spermatocytes, Sertoli cells, the
proximal caput epididymidis or sperm plasma membranes. The
testicular distribution of MEP9 contrasts with our own obser-
vations on PBP in the rat. PBP is present in testicular cytosols
from neonates as early as 5 days, an age when only Sertoli cells
and spermatogonia are present in the seminiferous tubules. Thus,
it is not hormonally induced and is present in somatic cells in the
testis as well as in germ cells. The explanation for these
discrepancies between rat PBP and mouse MEP9 is not clear but
may reside in the nature of the antibodies.

Loss of PBP during antibody labelling is also a legitimate
explanation. Antibody-induced shedding of surface antigens has
been reported in the parasitic worm Toxocara canis, where it is
thought to function as a defence mechanism against immune
attack by the host (Page et al., 1992). One such antigen, the TES-
32 glycoprotein, can be detected on the cuticle by IIF with
monoclonal antibodies if incubations are performed at 4 °C but
at 37 °C the antigen-antibody complexes are shed into the
medium. TES-32 glycoprotein is especially interesting as it shows
significant sequence similarity (30%) with PBP. It differs from
PBP, however, in having an N-terminal extension that contains
a signal peptide (D. Gems and R. M. Maizels, personal com-
munication). The existence of a secreted homologue of PBP may
be an important precedent and raises the possibility that soluble
PBP in the male reproductive tract could have an extracellular
role.
The widespread tissue distribution of PBP suggests that it has

a role as a lipid carrier protein during membrane biogenesis in
the cytoplasm (Schoentgen et al., 1987). Such a protein would
clearly be important in spermatogenesis when different auto-
antigenic determinants, characteristic of mature spermatozoa,
are directed towards separate surface domains. How these
domains are formed and maintained is currently one of the
fundamental questions in sperm biology. Fluorescent recovery
after photobleaching (FRAP) measurements have indicated that
many membrane lipids are segregated into fluid and gel phases
and that these phases are established early on during spermio-
genesis (Wolf et al., 1990). If so, then PBP could be involved in
directing lipids towards different surface compartments. Further
work is required to establish whether other PBPs are present in
spermatozoa and whether they have an extracellular role during
maturation in the epididymis.
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