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Abstract. Evidence has been presented that the PH-20 
protein functions in sperm adhesion to the egg zona 
pellucida (Primakoff, P., H. Hyatt, and D. G. Myles, 
1985, J. Cell Biol., 101:2239-2244). The PH-20 pro- 
tein migrates from its original surface domain to a 
new surface domain after the acrosome reaction 
(Myles, D. G., and P. Primakoff, 1984, J. Cell Biol., 
99:1634-1641). The acrosome reaction is an exocytotic 
event that results in insertion of a region of the secre- 
tory granule membrane, the inner acrosomal mem- 
brane (IAM), into the plasma membrane. After the 
acrosome reaction, PH-20 protein migrates to the IAM 
from its initial domain on the posterior head surface. 
We have now found a new dynamic feature of the 
regulation of PH-20 protein on the sperm surface; exo- 
cytosis increases the surface expression of PH-20 pro- 
tein. After the acrosome reaction there is an approxi- 
mately threefold increase in the number of PH-20 

antigenic sites on the sperm surface. These new anti- 
genic sites are revealed on the surface by insertion of 
the IAM into the plasma membrane. Our evidence in- 
dicates that before the acrosome reaction an intracellu- 
lar population of PH-20 antigen is localized to the 
IAM. When migration of the surface population of the 
PH-20 protein is prevented, PH-20 protein can still be 
detected on the IAM of acrosome-reacted sperm. Also, 
PH-20 protein can be detected on the IAM of permea- 
bilized acrosome-intact sperm by indirect immunofluo- 
rescence. Thus, the sperm cell regulates the amount of 
PH-20 protein on its surface by sequestering about 
two-thirds of the protein on an intracellular membrane 
and subsequently exposing this population on the cell 
surface by an exocytotic event. This may be a general 
mechanism for regulating cell surface composition 
where a rapid increase in the amount of a cell surface 
protein is required. 

C 
ELL surface function can be regulated by controlling 
the level of expression of surface molecules, their 
time of appearance, and their localization in the 

membrane. Our laboratory has been studying the function 
and localization of a guinea pig-sperm surface antigen, the 
PH-20 protein. We have obtained evidence that this protein 
has a role in sperm binding to the egg zona pellucida 
(Primakoff et al., 1985). Furthermore, we have found that 
the PH-20 protein is localized to the posterior head surface 
of acrosome-intact sperm, but after the acrosome reaction its 
pattern of localization is altered (Myles and Primakoff, 
1984). The acrosome reaction is an exocytotic event that 
results in insertion of a region of the secretory granule mem- 
brane, the inner acrosomal membrane (IAM), ~ into the 
plasma membrane. After the acrosome reaction, the PH-20 
antigen migrates rapidly and completely to the IAM. This is 
an example of a dynamic regulation of the localization of a 
cell surface molecule. The PH-20 migration is a specific pro- 
cess, since other antigens localized to the posterior head 
surface remain on the posterior head after the acrosome 
reaction. 

1. Abbreviations used in this paper: FITC, fluorescein isothiocyanate; IAM, 
inner acrosomal membrane; MAb, monoclonal antibody; OAM, outer 
acrosomai membrane. 

In this paper we report a second mechanism for the control 
of the surface expression of the PH-20 antigen that acts to 
regulate the amount of PH-20 on the cell surface. Initially, 
the PH-20 protein is found on both an intracellulax mem- 
brane, the acrosomal membrane, and on the plasma mem- 
brane. We term the acrosomal membrane population PH- 
2 0 ~  and the plasma membrane population PH-20pM. 
When the acrosome reaction occurs, PH-20~ is added to 
the cell surface and serves to increase surface expression of 
the PH-20 protein. Thus, sperm exocytosis, which is re- 
quired for fertilization (Noda and Yanagimachi, 1976) results 
in both an "upregulation" of the PH-20 antigen and a dra- 
matic alteration in its surface localization. We speculate that 
these changes in the surface expression of PH-20 protein may 
be important in regulating sperm-zona interaction. 

Materials and Methods  

Antibodies 

The three monoclonal antibodies (MAbs) used in this study (PH-20, PH-21, 
and PH-22) are described in Primakoff and Myles (1983) and Primakotf et 
al. (1985). All three MAbs recognize the PH-20 protein and belong to the 
subclass IgG1 (Primakoff et al., 1985). Competition experiments and tests 
for inhibition of sperm-zona binding show that at least two and probably 
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three different epitupes are recognized by the three MAbs (Primakoff ct al., 
1985). 

The PH-22 MAb was purified from culture supernatants by protein 
A-affinity chromatography using the BioRad Monoclonal Antibody Puri- 
fication System as described in the suppliers instructions (Bio-Rad Labora- 
tories, Richmond, CA). The Fab' fragment of the PH-22 MAb was produced 
by pepsin digestion to produce a F(ah02 fragment that was subsequently re- 
duced to produce the Fall (Parham, 1983). Purified PH-22 IgG (5 mg) was 
incubated for 8 h at 37°C with 125 ~l of pepsin-coated agarose beads (Bio- 
Rad Laboratories) in 0.1 M citrate buffer (pH 3.5) in a total volume of 0.5 
mi to completely digest the IgG into P(ab')2. The pH was neutralized by 
addition of 1/10th volume 0.3 M Tris (pH 8.6), and the pepsin-coated beads 
removed by centrifugation. The F(at02 was reduced with 20 mM cysteine 
for 1 h at 37°C, and alkylated with 30 mM iodoacetamide for 15 min at room 
temperature. Fab' was purified from residual F(aht)2 by Sephadex G-100 
chromatography. The FalY was completely free of contaminating material as 
determined by nonreducing SDS-polyacrylamide gels stained with Coomas- 
sic Blue. 

The PH=22 Fab' was iodinated using the Bolton-Hunter reagent (New En- 
gland Nuclear, Boston, MA), as detailed in the suppliers instructions, t2sI- 
Labeled Fal~ was separated from hydrolysis products and unreaeted reagent 
by Sephadex G-50 chromatography. 

Rhodamine labeling of the purified PH-22 MAb was done using 
tetraethyl rhodamine isothiocyanate (RITC; Sigma Chemical Co., St. 
Louis, MO) in 0.1 M sodium carbonate buffer (pH 9.5) at a ratio of 25 I~g 
RITC/mg protein (Goding, 1976). The rhodamine conjugate was separated 
from free dye by chromatography on a Sephadex G-25 column. 

Second antibodies used were fluorescein isothiocyanate (FITC)- or RITC 
F(ab)2 goat anti-mouse IgG and Fah goat-anti-mouse IgG (Cooper Bio- 
medical, Malvern, PA). The latter antibody was conjugated with rhodamine 
as described above for purified PH-22 MAb. 

lmmunofluorescence 
Immunotluorescence staining was carried out on live sperm or sperm fixed 
in 1.5% formaldehyde (made fresh from paraformaldehyde) as previously 
described (Myles ct al., 1981). For immunefluorescence of permeabilized 
sperm, sperm were isolated from the cauda epididymis in Mg 2+ Hepes 
medium (0.14 M NaCl, 4 mM KCI, 4 mM Hepes (pH 7.4) 10 mM glucose, 
and 2 mM MgCl2; modified from Green, 1978) and a small drop of sperm 
placed on a polylysine-coated slide. A coverslip was applied and the slide 
immediately frozen on dry ice. While still frozen, the coverslip was removed 
and the slide submerged in 1.5% formaldehyde at room temperature and 
fixed for 20 rain. The slides were washed with several changes of PBS. Sub- 
sequent incubations with antibody-containing solutions were carried out 
directly on the slide, and unbound antibody removed by washing in several 
changes of PBS. 

Number of Antigenic Sites per Cell 

The number of antigenic sites per cell was determined by measuring the 
amount of iodinated Fab' PH-22 bound to the cell at saturating FOb' concen- 
trations, as described by Mason and Williams (1980). Sperm at 5 x 1051mi 
were first incubated with culture supernatant containing PH-22 MAb (con- 
trol for nonspecific binding) or irrelevant MAb (PT-I; described in Myles 
and Primakoff, 1984) (experimental). Duplicate aliquots containing ~5 x 
105 sperm were then incubated for 30 rain at room temperature with either 
150 or 300 ng of mI-Fal~ PH-22 (L9 x 105 cpm/l~g) in 100 Ltl PBS con- 
taming 1% BSA. Two concentrations of Faht were used to ensure that the 
level of mI-Fab' was sufficient to saturate all available antigenic sites. The 
sperm were pelleted through 2 mi horse serum, resuspended in 200 ttl PBS, 
and counted in a gamma counter. Background values were determined from 
the control sperm preineubated with culture superuatant containing PH-22 
MAb. Background for acrosome-intact cells was 4,097 and 7,517 epm/106 
cells at 150 and 300 ng Fall, respectively; background for acrosome-reacted 
cells was 6,620 and 10,745 cpm/105 cells at 150 and 300 ng Fab', respec- 
tively. The number of antigenic sites per cell was determined from the cpms 
bound, the specific activity of the FalY, and the molecular weight of the PH- 
22 FalY determined by SDS PAGE. 

Acrosome Reaction 

different methods were used to induce the acrosome reaction. In the 
first method, the aerosome reaction was induced by the addition of 1 Ig/ml 
calcium ionophore A2318"/(Calbiochem-Behring Corp., La Jolla, CA) to 
freshly obtained sperm at 1 x 107/mi in Ca 2+ Hepes medium (0.14 M 

NaCI, 4 mM KC1, 4 mM Hepes (pH 7.4), 10 mM glucose, and 2 mM 
CaC12) at 37"C (Green, 1978). Previous results have shown that migration 
of PH-20 protein from the posterior head to the IAM occurs rapidly (within 
5-10 rain after A23187 addition) when sperm are acrosome-reacted by this 
method (Myles and Pfimakoff, 1984). Alternatively, sperm were incubated 
for 1 h in modified Tyrode's medium lacking calcium (109 mM NaCi, 2.8 
mM KC1, 0.5 mM MgCI2, 25 mM NaI-ICO3, 5.6 mM glucose, 10 mM lac- 
tic acid, 1 mM Na-pyruvate, pH 7.6, and 0.3% BSA [fraction V, Calbio- 
chem-Behring Corp.]) supplemented with 75 ktg/mi lysophosphatidyl cho- 
line (Sigma Chemical Co.) at 37"C, and the acrosome reaction induced by 
the addition of an equal volume of modified Tyrode's medium containing 
4 mM Ca 2+ (Fleming and Yanagimachi, 1981). In contrast with sperm 
acrosome-reacted using A23187, sperm acrosome-reacted using lysophos- 
phatidyl choline are hypermotile and capable of fertilizing eggs. This 
method for inducing the acrosome reaction resulted in a much slower rate 
of PH-20 migration (see Fig. 2). Sperm were scored as acrosome-intact or 
acrosome-reacted using phase-contrast optics. 

Protease Treatment 
Sperm at 5 x 107/mi in Mg 2+ Hepes were digested with 2 mg/ml Prunase 
(Calbioehem-Behring Corp.) at 37°C for 30 rain. The sperm were washed 
once, resuspended at 2 x 107/ml for Ca 2+ Hepes medium at 37°C, and 
acrosome-reacted by the addition of 1 Ig/ml A23187. The sperm were 
washed, fixed in formaldehyde, and stained for immunefluorescence. 

Assay of  Antigenic Activity 

The amount of antigenic activity in cell fractions was measured by determin- 
ing the ability of the fraction to inhibit an indirect solid-phase radioactive 
binding assay. The indirect binding assay has been described previously 
(Myles et al., 1981). Briefly, an octylghicoside extract of acrosome-intact 
sperm was bound to the wells of a 96-well plate. The plates were washed, 
unbound sites blocked with 3 % ovalbumin in PBS, and MAb to be tested 
was incubated in the wells. After washing, MAb bound to the wells was de- 
tected using an l~I-rabhit anti-mouse IgG (New England Nuclear). For 
the inhibition experiments, an appropriate dilution of MAb was chosen that 
was not saturating in the solid-phase assay. 100 I.tl of this dilution of MAb 
was incubated with 100 ttl of serial twofold dilutions of the cell fraction to 
be tested for inhibition. Aliquots of the preincubated MAb-cell fraction 
mixture were used in the solid-phase binding assay to determine residual 
MAb binding. One unit of antigenic activity was defined as the amount of 
antigen needed to give 50% inhibition of the indirect radioactive-binding 
assay, as defined by Brown et al., (1981). Membrane-bound PH-20 was solu- 
bilized from acrosome-intact sperm and acrosomal vesicles with 30 mM oc- 
tylglucoside. The detergent concentration was adjusted to 3 mM octylgluco- 
side by dilution before incubation with MAb. Soluble PH-20 antigen that 
might be present in the acrosomal contents was also assayed for. Acrosomal 
contents were prepared as the 96,000 g superuatant after the acrosome reac- 
tion. The concentration of each cell fraction was adjusted so that within a 
series of six twofold dilutions, inhibition of antibody binding ranged from 
~20  to 80%. 

Purification of Membrane Vesicles Released 
by the Acrosome Reaction 

The hybrid plasma-outer acrosomal membrane (OAM) vesicles released by 

Table I. Quantitation of the Number of PH-22 MAb Binding 
Sites on Acrosome-intact and Acrosome-reacted Sperm 

Cpm bound/10 ~ cells Sites/cell 

Acrosome-intact 19,763 1.2 4- 0.4 x l06 
Acrosome-reacted 49,562 3.1 + 0.1 x 106 

Duplicate aliquots of acrosome-intact or acrosome-reacted sperm were labeled 
with PH-22 MAb or irrelevant MAb, then with ~251-1abeled Fab' fragment of 
the PH-22 MAb (sp act = 1.9 x 105 cpm/ttg) under saturating conditions 
(300 and 600 ng/lO ~ cells) of the Fab' fragment. The cells were washed to re- 
move unbound antibody and counted in a gamma counter. The number of sites 
per cell was calculated from the cpm bound and the specific activity of the ~251 
Fab'. Background values were obtained from the cells preincubated in the 
PH-22 MAb and have been subtracted from the data. Each value represents the 
average of three experiments + / -  SD. 
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Figure L Indirect immunofluorescence surface-labeling of live 
sperm by the PH-22 MAb and a RITC-conjugated Fab second anti- 
body. (a and b) A sperm stained before the acrosome reaction. (c 
and d) A sperm stained after the acrosome reaction, a and c are 
fluorescence images printed at identical exposures, b and d are 
phase images. Bar, 5 gm. 

the acrosome reaction were purified on a sucrose gradient as described by 
Primakoff et al., (1980). 

Fluorescence-activated Cell Sorter 

Fixed and immunofluorescently stained sperm were adjusted to a concentra- 
tion of 3-5 x 106/ral in PBS and analyzed by continuous flow fluorimetry 
using a FACS IV fluorescence-activated cell sorter (Becton Dickinson Lab- 
ware, Paramus, NJ). 

Immunoprecipitation 

Immunoprecipitation, SDS PAGE, and autoradiography were carried out as 
previously described (Myles et al., 1981). 

Results 

Increased Binding of  a MAb Directed against 
the PH-20 Protein Is Observed on the Sperm Surface 
after the Acrosome Reaction 

We compared the number of  antigenic sites on the surface of  

acrosome-intact and acrosome-reacted sperm, using one of 
the three MAbs that recognizes the PH-20 protein (see 
Materials and Methods). An t~5I-labeled Fab' fragment of  
the PH-22 MAb was bound to the surface of  live, acrosome- 
intact and acrosome-reacted sperm under saturating condi- 
tions of  the ~25I-Fab. The number of antigenic sites was de- 
termined from the amount of  t~5I-Fab' bound and the 
specific activity of  the Fab' fragment (Table I). The results 
show that there are approximately three times as many anti- 
genic sites on the surface of  acrosome-reacted sperm (3.1 × 
106 sites/cell) as there are on acrosome-intact sperm (1.2 x 
106 sites/cell). 

Some of the PH-20 Protein on the IAM 
of  Acrosome-reacted Sperm Results from Migration 
of  PH-20 Protein from the Posterior Head of  
Acrosome-intact Sperm 

The surface localization of  the PH-20 antigen is also different 
on acrosome-intact and acrosome-reacted sperm (Fig. 1 and 
Primakoff et al., 1985). On live sperm stained before the 
acrosome reaction, PH-20 protein is localized to the pos- 
terior head surface, whereas on live sperm stained after the 
acrosome reaction it is localized exclusively to the IAM. Be- 
cause there is an apparent increase in the amount of  PH-20 
antigen on acrosome-reacted sperm, and all of  this antigen 
is localized to the IAM, we sought to define the sources of  
the PH-20 antigen found on acrosome-reacted sperm. In 
previous studies we have presented evidence that the PH-20 
protein originally present on the posterior head migrates to 
the IAM, and therefore must account for at least some of the 
PH-20 protein observed on the IAM of acrosome-reacted 
sperm (Myles and Primakoff, 1984). To confirm and extend 
the experiments that led to this conclusion, we performed 
further experiments in the present study. 

Migration of  PH-20 protein from the posterior head to the 
IAM was observed under conditions where the migration oc- 
curs more slowly than previously described, allowing a 
demonstration of  the intermediate stages. Acrosome-intact 
sperm were prelabeled with PH-20 MAb and an RITC-con- 
jugated Fab second antibody, then acrosome-reacted using 
lysophosphatidyl choline (see Materials and Methods). Fig. 2 
presents intermediate stages, showing the progressive move- 
ment of  labeled PH-20 protein from the posterior head to the 
IAM. 

A bright ring of fluorescence was observed in the equa- 
torial region, even 30 min after the acrosome reaction (Fig. 

Figure 2. Migration of the PH-20 protein after the acrosome reaction. Acrosome-intact sperm were labeled with PH-20 MAb and an RITC- 
conjugated Fab second antibody, incubated in modified Tyrode's medium containing 75 ~tg/ml lysophosphatidyl choline, and induced to 
undergo the acrosome reaction by the addition of Ca 2+. Aliquots of sperm were fixed in formaldehyde at different times after the addition 
of Ca 2+ and the migration of PH-20 protein assessed by fluorescence microscopy, a, 5 min; b, 8 min; c, 15 min; d, 30 min. The bright 
fluorescence on the sperm tail in a is an adherent piece of cellular debris. All micrographs are printed at identical exposures. Bar, 5 Ixm. 
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Figure 3. Dissociation rate of PH-22 MAb from acrosome-reacting 
(o) and acrosome-intact sperm (e). Acrosome-intact sperm were 
labeled with intact t~5I-PH-22 MAb (2 x 104 cpm and 20 ng 
IgG/106 sperm) and washed to remove unbound IgG. Half the 
sperm were acrosome-reacted in Ca 2+ Hepes medium containing 
1 pag/ml A2318"/ and 100 ~tg/ml unlabeled PH-20 MAb at 37"C. 
When sperm are acrosome-reacted by this method, migration of 
PH-20 protein to the IAM is completed in 5-10 rain. The other half 
was resuspended in Mg 2+ Hepes medium containing 100 rtg/ml 
unlabeled PH-20 MAb at 3"/°C. At different times, duplicate ali- 
quots of sperm were pelleted and the bound cpm as percentage of 
the value at time zero (,~1,700 cpm/106 sperm) determined. Back- 
ground values were determined from sperm preincubated with un- 
labeled PH-20 MAb before labeling with mI-PH-20 MAb, and 
have been subtracted from the data. Each point represents the aver- 
age of three experiments. Error bars indicate 1 SD. 

2 d). Bright fluorescence in this region was not previously 
observed in the final stages of migration after A23187- 
induced acrosome reaction (Myles and Primakoff, 1984). It 
is not clear which of these conditions more closely reflects 
the in vivo situation with respect to PH-20 migration, as the 
in vivo stimulus for the acrosome reaction in guinea pig 
sperm is unknown. The bright ring of equatorial region 
fluorescence seen after the lysophosphatidyl choline-in- 
duced acrosome reaction could result from incomplete 
migration and may reflect the presence of labeled PH-20 pro- 

tein on the three overlapping layers of surface membrane 
(plasma membrane, OAM, and IAM, see Fig. 7) that are 
present in this region. Alternatively, bright fluorescence 
could result from unique properties of the equatorial region 
membrane. 

The observed movement of fluorescently labeled PH-20 
MAb to the IAM cannot be accounted for by dissociation of 
the labeled MAb from sites on the posterior head region and 
reassociation to new sites revealed on the IAM (these sites 
are described in the next section). Previously, we tested for 
dissociation and reassociation by staining acrosome-intact 
sperm with PH-20 MAb and FITC-Fab second antibody, and 
inducing the acrosome reaction in the presence of excess un- 
labeled PH-20 MAb (Myles and Primal{off, 1984). To avoid 
the complication of the indirect label, acrosome-intact sperm 
were prelabeled with RITC-PH-22 MAb, and acrosome- 
reacted in the presence of a 100-fold excess of unlabeled PH- 
22 Mab. Fluorescence was still observed on the IAM of 
>95 % of the acrosome-reacted cells. Under these condi- 
tions, unlabeled PH-22 Mab will compete with any rebind- 
ing of the labeled PH-22 Mab to IAM, so the appearance of 
fluorescence on the IAM results from the movement of the 
antibody-antigen complex. Further, we have used eSI-la- 
beled PH-22 MAb to demonstrate quantitatively that a high 
percentage of the PH-22 MAb remains bound to the sperm 
during the change in localization. Fig. 3 shows the dissocia- 
tion of bound mI-PH-22 MAb from sperm undergoing the 
acrosome reaction in the presence of a 50-fold excess of un- 
labeled MAb. The results of this experiment show that in 
sperm acrosome-reacted using A23187 at 3"/°C, <30 % of the 
antibody dissociates from the sperm head (Fig. 3) during the 
10 min in which all of the PH-20 protein migrates to the IAM 
(Myles and Primakoff, 1984). Therefore, >70 % of the anti- 
body remains bound to the sperm surface during the migra- 
tion. In addition, the dissociation rate was identical for 
acrosome-intact sperm, in which no migration occurs, and 
acrosome-reacting sperm, in which PH-20 protein is migrat- 

Figure 4. Presence of PH-20 protein on the IAM of acrosome-reacted sperm in which PH-20 migration from the posterior head has been 
blocked. Acrosome-intact sperm were labeled with the PH-20 MAb and an FITC-conjugated F(ab')2 second antibody. The sperm were 
acrosome-reacted, fixed, and restained with the PH-20-MAb followed by an RITC-conjugated second antibody. (a) Phase image of 
acrosome-reacted sperm. The fluoreseein fluorescence (b) is localized to the posterior head, indicating that PH-20 migration from the 
posterior head to the IAM has been prevented. The fluorescein image appears patchy due to crosslinking by the divalent second antibody. 
The rhodamine fluorescence (c) reveals PH-20 on the entire surface of the IAM, even though migration is blocked, as b shows. Identical 
results were obtained regardless of whether the sperm were fixed before restaining with the PH-20 MAb or were stained live. Some rhoda- 
mine fluorescence is observed on the posterior head, probably as a result of some additional binding of the rhodamine second antibody 
to the fluorescein second antibody-PH-20 MAb complexes. Bar, 5 stm. 
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ing to the IAM. This result shows that the acrosome reaction 
does not significantly alter the dissociation of the antibody 
from the posterior head antigen. 

PH-20 Protein Can Be Observed on the IAM 
of  Acrosome-reacted Sperm in the Absence of  PH-20 
Migration from the Posterior Head 

The observed increase in the number of PH-20 antibody 
binding sites on the surface of acrosome-reacted sperm sug- 
gests that there is a source of PH-20 protein in addition to 
the migrating PH-20 protein on the plasma membrane. (For 
clarity, the population of migrating PH-20 protein on the 
posterior head plasma membrane has been termed PH- 
20vM). One way tO test this hypothesis is tO determine if 
PH-20 protein can still be detected on the IAM surface of live 
acrosome-reacted sperm in the absence of PH-20pM migra- 
tion. Two different experimental approaches were used to 
eliminate the contribution of PH-20pM on the IAM of acro- 
some-reacted ceils. 

The first method made use of the observation that migra- 
tion of PH-20VM protein from the posterior head to the IAM 
can be inhibited by crosslinking the protein using the PH-20 
MAb and an FrrC-labeled divalent second antibody (Myles 
and Primakoff, 1984). When sperm labeled in this manner 
were acrosome-reacted, none of the FITC-labeled MAb was 
observed to migrate to the IAM (Fig. 4 b), thus demonstrat- 
ing that migration of PH-20 from the posterior head region 
was prevented. If the sperm were then relabeled with PH-20, 
PH-21, or PH-22 MAb and an RrrC-conjugated second anti- 
body, the RITC label was observed on the entire surface of 
the IAM in >95 % of the acrosome-reacted sperm (Fig. 4 c). 
No RITC label was observed on the IAM when the acro- 
some-reacted sperm were relabeled with a control Mab, PH- 
30, or myeloma supernatant. 

The second method of eliminating the contribution of 
PH-20vM to the [AM fluorescence on acrosome-reacted 
cells entailed proteolytically removing PH-20 protein from 
the posterior head surface. Treatment of live, acrosome- 
intact sperm with pronase abolished immunofluorescence 
labeling of the PH,20 protein on the posterior head surface. 
When pronase-treated sperm were acrosome-reacted and 
then immunofluorescently labeled with the PH-22 MAb, 
staining was nevertheless observed on the entire surface of 
the IAM of >95 % of the cells. No IAM staining was ob- 
served using the control MAb PH-30 or myeloma superna- 
tant. Thus, the PH-20 protein observed on the surface of the 
IAM of acrosome-reacted sperm must arise from an addi- 
tional source besides the migration of PH-20pM from the 
posterior head. 

PH-20 Protein Pre-exists on the IAM 
of Acrosome-intact Sperm 

We found that when acrosome-intact sperm were extensively 
permeabilized, PH-20 antigen could be detected in the re- 
gion of the IAM. If acrosome-intact sperm were permeabi- 
lized by freezing before formaldehyde fixation, PH-22 MAb 
staining was detected on the posterior head region and in the 
region of the IAM (Fig. 5, a and b). All three of the MAbs 
that recognize the PH-20 protein exhibited this pattern of 
staining, which appeared on >90% of the cells in the prepa- 
ration. We have called the intracellular population of PH-20 

Figure 5. Indirect immunofluorescence staining of permeabilized, 
acrosome-intact sperm by the PH-22 MAb. Acrosome-intact sperm 
were permeabilized, fixed, and stained with either the PH-22 MAb 
(a and b), PH-30 MAb, (c and d), or myeloma culture supernatant 
(e and f) .  The PH-22 MAb stains the posterior head region and a 
narrow band on the anterior tip of the IAM. In controls, neither the 
PH-30 MAb, which recognizes a different antigen localized to the 
posterior head domain, or myeloma supernatant stain the IAM. a, 
c, and e, fluorescence optics; b, d, and f, phase optics. Fluorescence 
micrographs are printed at identical exposures. Bar, 5 ~tm. 

antigen that pre-exists on the IAM of acrosome-intact sperm 
PH-20AU, tO distinguish it from the population originally 
on the posterior head surface, PH-20pM. 

Two controls were performed tO demonstrate the speci- 
ficity of PH-20 antibody binding tO the IAM in these prepa- 
rations. First, another MAb, PH-30, that recognizes a differ- 
ent antigen localized to the posterior head domain (Prirnakoff 
and Myles, 1983), did not stain the IAM under these condi- 
tions (Fig. 5, c and d). In addition, no staining was observed 
by the second antibody alone (Fig. 5, e and f ) .  

Two features of the immunofluorescence staining pattern 
observed on permeabilized acrosome-intact sperm (Fig. 5, a 
and b) warranted further investigation because they bear on 
the precise location of the newly identified intracellular PH- 
20 antigen. First, while bright specific staining occurred 
only in the immediate area of the IAM, a halo of staining was 
observed in the rest of the acrosomal region (Fig. 5, a and 
b). This halo may simply be due to a higher background 
staining by the PH-22 MAb relative to control MAb (Fig. 5, 
c and d), or could indicate the presence of PH-20 antigen 
in the acrosomal contents or in the OAM. Second, only a thin 
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band, or horseshoe, in the region of the tAM that overlies 
the anterior tip of the nucleus was stained in permeabilized 
acrosome-intact cells. However, 15 min after the acrosome 
reaction, PH-20~a-specific staining was observed on the 
entire surface of the tAM (see Fig. 4 c). We have addressed 
these issues in the following sections. 

PH-20 Protein Is Absent or Present at a Low Level 
in the Acrosomai Contents or OAM 

We have investigated whether the intracellular population of 
the PH-20 antigen is restricted to the tAM, or whether the 
antigen also exists in the OAM or acrosomal contents, by as- 
saying for PH-20, PH-21, and PH-22 antibody binding activ- 
ity in the material released by the acrosome reaction. Sperm 
were acrosome-reacted, pelleted, and the supernatant con- 
tainlng the released acrosomal contents and hybrid plas- 
ma-OAM vesicles centrifuged at high speed to separate the 
soluble acrosomal contents from the membrane vesicles 
(Primakoff et al., 1980). The soluble acrosomal contents 
were then assayed for the ability to compete for antibody 
binding in an indirect solid-phase radioimmune assay. As Ta- 
ble II shows, the acrosomal contents contained on average 
only 9% of the binding activity for the three anti-PH-20 
MAbs found in detergent extracts of acrosome-intact sperm. 
Similar results were obtained when hybrid plasma-OAM 
vesicles were purified from the supernatant (Primakoff et al., 
1980), and PH-20, PH-21, and PH-22 MAb binding activity 
in detergent extracts of these vesicles determined. The 
amount of PH-20, PH-21, and PH-22 MAb binding activity 
observed in the extracts was only 9 % of that observed in de- 
tergent extracts of whole sperm. To determine background 
values, the extracts were also tested for binding activity to 
the PT-1 MAb (Myles and Primakoff, 1984), which recog- 
nizes an antigen localized to the sperm tail and thus is not 
specifically released by the acrosome reaction. The amount 
of anti-PH-20 antibody binding activity (9%) was only 
slightly greater than the background value obtained for PT-1 
binding activity (7%). These results suggest that PH-20 anti- 
gen is absent or present only in low amounts in either the 
acrosomal contents or the OAM. 

Table I1. Amount of PH-20 Antigen Released by 
the Acrosome Reaction 

Units of antigenic activity/106 cells* 

Detergent 
extract of Detergent 
acrosome-intact Acrosomal extract of 
sperm contents purified vesicles 

PH-20 MAb 22.5 0.8 (4%) 1.8 (8%) 
PH-21 MAb 27 2.2 (8%) 2.1 (8%) 
PH-22 MAb 20.5 2.9 (14%) 2.2 (11%) 
PT-I MAb* 9.9 ND 0.7 (7%) 

ND, not determined. 
* One unit of antigenic activity is defined as the amount of antigen needed to 
give 50% inhibition of an indirect radioactive binding assay, as defined by 
Brown et al. (1981). Numbers in parentheses give the amount of antigenic ac- 
tivity as a percentage of that found in detergent extracts of acrosome-intact 
sperm. The results are the average of two experiments. 
~t The PT-1 MAb recognizes a protein localized to the sperm tail, and thus 
serves as a control for antigen not specifically released by the acrosome 
reaction. 

Some of the PH-20~ May Not Be Accessible 
to MAb Binding in Acrosome-intact Sperm 

The "horseshoe" pattern of staining observed on the IAM of 
permeabilized cells (Fig. 5 a) is also observed on acrosome- 
reacted cells at early times (1-3 min) after induction of the 
acrosome reaction (not shown) under conditions where PH- 
20pM migration is blocked (using the protocol in Fig. 4). At 
later times (>5 rain), the entire IAM is stained on these 
acrosome-reacted cells (see e.g., Fig. 4 c). A possible expla- 
nation for the different staining patterns is that the PH-20AM 
is not accessible to antibody in specific regions of the IAM 
either on permeabilized cells or during the earliest stages of 
the acrosome reaction. This hypothesis predicts an increase 
in the amount of anti-PH-20 antibody bound to PH-20^M as 
the acrosomal contents are released. We therefore used a 
fluorescence-activated cell sorter to quantitate the amount of 
fluorescent antibody bound to individual sperm stained 
specifically for PH-20^M (see legend to Fig. 4), and com- 
pared the staining intensity on cells exhibiting either the 
"horseshoe" pattern or complete staining of the tAM. The 
peak in the cell number vs. fluorescence intensity plot ob- 
tained from sperm exhibiting complete IAM staining of the 
PH-20^M (5 rain after inducing the acrosome reaction) was 
found to be increased ,~1.6 arbitrary fluorescence units com- 
pared with sperm exhibiting the horseshoe pattern of PH- 
20AM staining (1 min after the acrosome reaction). Thus, 
the different patterns of PH-20^M staining correspond to 
different amounts of antibody bound. This result suggests 
that PH-20AM is present on the entire region of the IAM on 
acrosome-intact sperm, but is masked from antibody binding 
in some regions. As the acrosome reaction proceeds, new 
PH-20 MAb binding sites are exposed on the IAM. 

Comparison of  PH-2OA~ and PH-2OpM Antigens 
by SDS-polyacrylamide Gels 

The fact that all three MAbs directed against the PH-20 an- 
tigen immunofluorescenfly stained both the PH-20pM and 
PH-20AM antigens suggests that these two antigens are the 
same or closely related proteins. However, it is also possible 
that there are in fact two distinct antigens that share antigenic 
determinants. To examine this question we have compared 
the immunoprecipitates obtained from detergent extracts of 
sperm surface-labeled with t25I before the acrosome reac- 
tion, where only the PH-20p~ antigen can be labeled, and 
after the acrosome reaction, where both the PH-2OpM and 
PH-20^M antigens can be labeled. A diffuse band of '~Mr 
62,000 was obtained from both acrosome-intact and acro- 
some-reacted surface-labeled cells, and no additional bands 
were detected from the extract of acrosome-reacted sperm 
(Fig. 6). Furthermore, there was an increase in the amount 
of the Mr 62,000 band obtained from acrosome-reacted 
sperm, as would be expected if the PH-20~ antigen is 
closely related structurally to the PH-20pM antigen. Further 
studies are in progress to determine if relatively subtle struc- 
tural differences exist between PH-20pM and PH-20AM. 

Discussion 

In the experiments presented here we have discovered that 
exocytosis in guinea pig sperm results in a change in the 
amount of PH-20 on the sperm cell surface. The increase in 
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Figure 6. Comparison of the immu- 
noprecipitates of mI-surface-labeled 
PH-20 protein from acrosome-intact 
or acrosome-reacted sperm. 3 x 107 
acrosome-intact or acrosome-reacted 
sperm were each surface-labeled 
with 0.33 mCi usI, washed, ex- 
tracted with Triton X-t00, cleared by 
ultracentrifugation, and dialyzed. 
Each dialyzed extract contained 1 x 
107 cpm/400 pl of extract from 3 × 
107 sperm. 40 pl of each extract was 
used for immunoprecipitation, and 
the entire immunoprecipitate loaded 
on the gel. Immunoprecipitates ob- 
tained from acrosome-reacted sperm 
using any of the three MAbs directed 
against PH-20 protein consistently 
contained 2-5-fold higher cpms 
compared with immunoprecipitates 
obtained from equal numbers of ac- 
rosome-reacted sperm. Lanes 1 and 
2 show the immunoprecipitates ob- 
tained from acrosome-intact sperm 
using PH-21 MAb (lane 1) or my- 
eloma culture supernatant (lane 2); 
lanes 3 and 4 show the immunopre- 
cipitate from acrosome-reacted sperm 
using PH-21 MAb (lane 3) or my- 
eloma supernatant (lane 4). 

surface expression of the PH-20 protein coincides with a 
change in its localization. As summarized in the model di- 
agrammed in Fig. 7, these changes are brought about by both 
the insertion of a secretory granule membrane containing 
PH-20 protein into the surface and a directed movement of 
PH-20 protein from one surface domain to another. On 
acrosome-intact sperm, there are two distinct populations of 
the PH-20 protein. One population, PH-20vu, is localized 
to the posterior head surface. The second population, PH- 
20^u, is localized to an intracellular membrane, the [AM. 
The acrosome reaction, which is the Ca2+-dependent exocy- 
tosis of a single large secretory granule, results in joining of 
the [AM and plasma membrane via the equatorial segment. 

This event exposes PH-20~  on the sperm surface, result- 
ing in an increase in the amount of PH-20 protein on the 
sperm surface. The continuity of the plasma membrane and 
[AM also allows migration of the PH-20rM to the IAM. As 
a result, PH-20 protein from two different sources is concen- 
trated on the surface of the anterior half of the acrosome- 
reacted sperm. 

Two lines of evidence suggest that the PH-20~  protein is 
closely related structurally to the PH-20pM protein. First, 
inununoprecipitates of detergent extracts from both acro- 
some-intact and acrosome-reacted sperm contain the same 
surface-labeled band of 62 kD. No labeled polypeptides in 
addition to the 62-kD band are immunoprecipitated using 
surface-labeled acrosome-reacted sperm. Rather, there is an 
increase in the amount of the 62-kD polypeptide, consistent 
with the increased number of sites observed on acrosome- 
reacted sperm. Second, the three antibodies directed against 
the PH-20 protein give the same immunoprecipitate and ap- 
parently recognize three different epitopes (Primakoff et al., 
1985). All three antibodies label both the posterior head and 
[AM populations of PH-20 protein by indirect immunofluo- 
rescence, which also suggests a substantial degree of homol- 
ogy between the two populations of PH-20 antigen. 

The evidence we have presented shows that one mecha- 
nism for regulating the amount of surface proteins on a cell 
is the localization of the protein to a secretory granule mem- 
brane and subsequent exocytosis. Traditionally the function 
of Ca2+-regulated exocytosis has been viewed as the release 
of soluble components into the extracellular medium. Our 
results indicate a second function for sperm exocytosis- 
regulating the level of expression of a surface protein. A 
similar mechanism for regulating cell surface composition 
has been proposed in several other systems. Borregaard et al. 
(1983) have provided convincing evidence that the b-cyto- 
chrome component of the human neutrophil microbial oxi- 
dase is associated with intracellular vesicle membranes of 
unstimulated neutrophils and becomes transported to the 
surface when the neutrophils are stimulated to undergo exo- 
cytosis. In addition, the increase on stimulated neutrophils 
in the f-met-leu-phe receptor (Fletcher and Gallin, 1980, 
1983; Fletcher et al., 1982) and possibly the receptor for the 
C3b complement factor (Fearon and Collins, 1983) may be 
regulated by exocytosis. Rapid changes in the rate of cellular 
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Figure 7. Diagram of PH-20 
localization on acrosome- 
intact and acrosome-reacted 
sperm. Two populations of 
PH-20 protein are detected on 
acrosome-intact sperm. PH- 
20pM is localized to the sur- 
face of the posterior head re- 
gion, whereas PH-20^M is 
intracellular, and localized to 
the IAM. After the acrosome 
reaction, the posterior head 
plasma membrane becomes 
continuous with the IAM, al- 
lowing the migration of the 
PH-20pM to the IAM. On 
acrosome-reacted sperm, all 
the PH-20 protein is concen- 
trated on the IAM. 
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transport functions upon hormonal stimulation in a variety 
of cell types has also been proposed to occur by exocytosis 
of vesicles containing transporter proteins (reviewed in Lein- 
hard, 1983). The variety of these systems implies that exocy- 
tosis may be a general mechanism for regulating cell surface 
composition. Such a mechanism is particularly attractive in 
cases where a rapid increase in the amount of cell surface 
protein is required, where increases in protein synthesis and 
processing rates would be insufficient to meet the cell's 
needs. 

The presence of PH-20 protein on both an external and in- 
ternal membrane in acrosome-intact sperm raises questions 
about how this protein is targeted to two different mem- 
branes. The acrosome is derived from vesicles of the Golgi 
complex in the developing sperm (Burgos and Fawcett, 
1955). In other systems, sorting of most membrane proteins 
occurs in the Golgi apparatus and is thought to require 
specific receptors that recognize an "address" signal con- 
tained either in the amino acid sequence or in the pattern of 
glycosylation of a membrane protein (Sabatini et al., 1982; 
Garoff, 1985; Farquhar, 1985). If this is true, there are at 
least two hypotheses that could account for the targeting of 
the PH-20 protein to two different membranes. One hypothe- 
sis would predict the existence of two isoforms of the PH-20 
protein that differ in the address sequence. A second hypoth- 
esis would predict a single form of the PH-20 protein con- 
taining an address sequence that would be recognized by two 
different receptors. 

The restricted localizations of both PH'20AM and PH- 
20PM protein and the migration of PH-20PM dramatically il- 
lustrate the complexities involved in the regulation of mem- 
brane topography. Both populations of the PH-20 protein on 
acrosome-intact sperm are restricted to a limited region of 
a continuous membrane system. PH-2(bM is localized to a 
restricted region of the plasma membrane, while PH-20AM 
is restricted to a discrete region of an organelle membrane, 
the acrosomal membrane. The acrosomal membrane has 
previously been hypothesized to contain specific membrane 
domains, based on the different functional roles of the OAM 
and IAM (Holt, 1984; Olson and Winfrey, 1985). In addi- 
tion, these two regions of the acrosomal membrane show dis- 
tinct differences in stability; the OAM is easily disrupted by 
changes in ionic strength and sonication, whereas the IAM 
remains intact under a variety of conditions (Wooding, 1973; 
McRorie and Williams, 1974; Dudkiewicz et al., 1979). Mor- 
phological differences between the OAM and IAM have been 
observed by freeze-fracture electron microscopy (Olson and 
Winfrey, 1985). Furthermore, an antiserum raised against 
purified OAM does not stain the IAM (Hinrichsen et al., 
1985). The localization of specific proteins to a discrete re- 
gion of a continuous intracellular membrane system has been 
observed in other systems. In chloroplasts, components of 
Photosystem II are restricted to the grana partitions and com- 
ponents of Photosystem I are excluded from this region (Stae- 
helin 1976; Anderson and Andersson, 1980, 1982). Lateral 
segregation of intracellular membrane proteins is also neces- 
sary for protein sorting in the endoplasmic reticulum and 
Golgi apparatus. 

The functional consequences of these complex patterns of 
localization and redistribution are unknown. In view of the 
evidence that the PH-20 antigen has a role in sperm binding 
to the egg zona pellucida (Primakoff et al., 1985), it can be 

speculated that the change in amount and location of PH-20 
protein on the sperm surface might serve to control 
sperm-zone interaction. The acrosome reaction results in a 
change in the amount of the PH-20 protein on the sperm sur- 
face, in the environment of the protein, and in the positioning 
of the PH-20 protein on the sperm surface. These changes 
may result in an altered strength of sperm-zona binding, or 
could be important in creating the proper orientation of 
sperm binding to facilitate subsequent sperm penetration 
through the zona. 
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