REGIONAL DIFFERENTIATION OF THE SPERM SURFACE AS
STUDIED WITH "*’I-DIIODOFLUORESCEIN ISOTHIOCYANATE,
AN IMPERMEANT REAGENT THAT ALLOWS ISOLATION OF
THE LABELED COMPONENTS
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ABSTRACT

The regional differentiation of the sperm surface has been studied with the aid of
a novel covalent labeling technique that permits concurrent cytological, biochem-
ical, and immunological analyses. For these studies isothiocyanate derivatives of
fluorescein (FITC) and diiodofluorescein (IFC) were employed: the latter can be
prepared with radioiodine to high specific activity (**’IFC) and is an impermeant
reagent for the erythrocyte surface. Sperm of sea urchin (Strongylocentrotus
purpuratus), medaka (Oryzias latipes), and golden hamster bind the fluorescent
chromophores with a nonuniform distribution, most of the fluorescence being
associated with the midpiece. The radioactive derivative *’IFC permits an analysis
of the proteins that are responsible for most of the binding. Additionally, **IFC-
labeled sperm are capable of fertilizing eggs, as assessed by autoradiography.

That IFC labels the surface of the sperm was inferred from the following: (a)
the labeling of the surfaces of other cells by fluorescein isothiocyanate and its
derivatives; (b) the agglutination of labeled sperm by antibodies directed against
IFC; (c) the use of a peroxidase-dependent immunocytochemical reaction using
anti-IFC antibodies, with analysis by electron microscopy; and (d) extraction of
labeled sea urchin sperm with Triton X-100 under conditions that preferentially
solubilize the plasma membrane. The antiserum directed against IFC was used to
isolate the labeled surface components from Triton X-100 extracts of whole sperm,
by immunoprecipitation, with Staphylococcus-A protein serving as a coprecipitant.

The results support previous data showing that the sperm surface is a hetero-
geneous mosaic of restricted domains, one notable zone being the midpiece, where
common molecular properties may be shared by sperm with distinctly different
morphologies. In addition, IFC-mediated covalent alteration of specific cell surface
proteins may be used to label, to identify, and, with the use of anti-IFC antibodies,
to isolate such proteins from other cellular constituents.
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Many cells have regionally differentiated surfaces:
for example, microvilli are present on the apical
surface of gut epithelial cells, enzymes are re-
stricted to the basal infoldings of kidney proximal
tubule cells, neurons have specific synaptic re-
gions, and liver cells form bile canaliculi between
their lateral membranes. The sperm is a particu-
larly good example of a cell with a regionally
differentiated surface. Distinct regions have been
identified by lectin binding (1, 4, 11, 17, 18, 30,
31), charge distribution (40), intramembrane par-
ticle arrangement (8, 9, 20), and surface antigen
localization (6, 19, 21, 29). The patterns of local
differentiation often correlate topographically
with morphologically distinct portions of the
sperm, suggesting that the sperm surface is a het-
erogeneous mosaic of restricted domains. This het-
erogeneity may reflect different functions of the
sperm surface at different loci; the molecular basis
of the regional differences have not been exten-
sively explored.

Noncovalent probes that are used to determine
the existence of surface heterogeneity do not per-
mit identification of the molecular components
involved. Some reagents, such as lectins and anti-
bodies, additionally may be cytotoxic (23) or can
cause redistribution of labeled components, due to
reagent-induced crosslinking (32, 36). To allow
identification of surface components responsible
for topographic heterogeneity of the sperm, we
have used a novel covalent labeling agent, '*I-
diiodofluorescein isothiocyanate ("**IFC). This re-
agent (10), like its congener fluorescein isothiocy-
anate (FITC), is fluorescent, allowing one to de-
termine the location of labeled components by
fluorescence microscopy, as well as to identify
these components by biochemical fractionation of
the radioactive material. In addition, the radioac-
tive reagent '“IFC, like FITC (28, 33), labels
Abbreviations used in this paper are: IFC, diiodoflu-
orescein isothiocyanate; FITC, fluorescein isothiocya-
nate; Tris, Tris(hydroxymethyl)aminomethane; HEPES,
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic  acid;
PBS, phosphate buffered saline; MSW, Millipore filtered
seawater; SDS, sodium dodecy! sulfate; TX-100, Triton
X-100; DAB, diaminobenzidine; TCA, trichloroacetic
acid; HRP, horseradish peroxidase; BSA, bovine serum
albumin; Staph A, Staphylococcus-A protein adsorbent;
LCl, lactoperoxidase-catalyzed iodination.
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mammalian sperm with no deleterious effect on
morphology or motility. This paper shows that
IFC labels a restricted set of proteins on the surface
of the midpiece of spermatozoa. Labeled sperm
are viable, as assessed by their ability to fertilize
eggs. The IFC-labeled components may be iso-
lated by immunoprecipitation using anti-IFC an-
tibodies. The results expand our understanding of
sperm surface differentiation and demonstrate the
utility of ’IFC as a covalent label for studying
cell surfaces.

MATERIALS AND METHODS

Materials

IFC and its radioactive derivative, ""IFC, were syn-
thesized as previously described (10). FITC was obtained
from Baltimore Biological Laboratories. Tris(hydroxy-
methyl)aminomethane (Tris), N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid (HEPES), lactoperoxidase,
and diaminobenzidine (DAB) were purchased from
Sigma Chemical Co., St. Louis, Mo. Goat anti-rabbit
IgG and goat anti-rabbit IgG conjugated to horseradish
peroxidase (HRP), were obtained from Miles-Yeda, as
were the porcine-y-globulins. Staphylococcus protein A-
antibody adsorbent was purchased from Calbiochem,
Behring Corp., American Hoechst Corp., San Diego,
Calif.

Gametes

Sperm and eggs from the sea urchin, Strongylocentro-
tus purpuratus, were obtained as described (37). Sperm
were washed twice before use, by suspending them in a
100-fold excess of Millipore-filtered sea water (MSW)
and centrifuging at 3,000 g for 10 min. Golden hamster
sperm were isolated from caudae epididymides in a small
volume of Ringer’s solution (25) containing 6 mM glu-
cose (glucose-Ringer’s) and were stored at 37°C in 5%
CO, and 95% air.

Covalent Modification of Sperm

(a) Labeling sperm for fluoresence microscopy. Sea
urchin sperm were labeled at a final concentration of
10°-10° cells/ml in 10 mM Tris (pH 7.7) in MSW con-
taining 30 uM FITC. After 30 min at 12°C, cells were
diluted into a large volume of MSW, collected by cen-
trifugation at 3,000 g for 10 min, and washed three times
with MSW. Hamster sperm (~10"/ml) were incubated
in glucose-Ringer’s containing 13 uM FITC for 5 min at
37°C, then the suspension was layered onto 3% Ficoll in
phosphate-buffered saline (PBS) and collected by cen-
trifugation at 400 g for 10 min. The pellet was washed
twice with PBS by centrifuging in a similar manner.
Fluorescence was visualized with a Zeiss Universal epi-
fluorescence microscope using a FITC exciter filter, a
FL 500 beam splitter, and a No. 50 barrier filter. The
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fluorescence micrographs shown in Fig. 1 are 3-min
exposures taken with Kodak Tri-X film.

(b) Labeling sperm with '"*IFC. "*IFC (11 uM) was
dissolved in 10 mM HEPES in MSW, pH 7.7 (HEPES-
MSW), 3 x 10® sea urchin sperm/ml were added, and
after incubation for 30 min at 12°C, the reaction mixture
was applied t0 a 1.5 X 10 cm Sephadex G-25 column,
equilibrated in MSW. Labeled sea urchin sperm pass
directly through the column, whereas free IFC is ad-
sorbed to Sephadex. The eluted sperm were collected by
centrifugation (10 min, 3,000 g) and resuspended in a
small volume of MSW. Hamster sperm were labeled
with '"®IFC in a protocol identical to that with FITC.

(¢) Enzymatic iodination of sperm with "I and lac-
toperoxidase. Enzymatic iodination of sperm was carried
out by a modification of a previously described proce-
dure (35). Sea urchin sperm (2 X 10° cells/ml) or hamster
sperm (4 X 107 cells/ml) in 10 mM HEPES-MSW or
glucose-Ringer’s (respectively) were incubated with 2.3
x 107 mM KI, 0.5 mCi of Na'”I, and 50 pg/ml of
lactoperoxidase. Aliquots of 18 uM HyO: were added at
0,7, and 14 min. At 20 min, cells were layered onto 3%
Ficoll (in MSW or PBS for sea urchin or hamster sperm,
respectively), collected by centrifugation as described
above, and washed twice. When human erythrocytes
were substituted for hamster sperm in the above reaction,
'] was incorporated only into membrane proteins and
hemoglobin was not labeled, indicating that under these
conditions labeling is restricted to the surface of intact
cells.

Fractionation of Labeled Sperm

Labeled sperm were suspended in 50 mM Tris, pH
6.8, containing 0.1% sodium dodecyl sulfate (SDS), 0.2
mM phenylmethyl sulfonylfluoride, 30% glycerol (dis-
aggregation buffer) containing 10 ug/ml deoxyribonucle-
ase (Type 1) for 5 min on ice. Samples were then made
1% in SDS and 1% in B-mercaptoethanol and heated for
3 min at 100°C. The protein concentration was deter-
mined after precipitation by addition of 9 vol of acetone;
precipitated proteins were redissolved in 0.5 M NaOH
and analyzed by a modified Lowry assay (13) with
porcine-y-globulin as standard. Chloroform/methanol
extraction of 'IFC-labeled sperm was carried out as
described for bacteria (2). For electrophoresis, the ex-
tracted material was solubilized in disaggregation buffer
containing 1% SDS and 1% B-mercaptoethanol. "*IFC-
labeled sea urchin sperm (1 X 10° /ml) were extracted
with 3.3% (vol/vol) Triton X-100 (TX-100) in MSW,
using 35 pg of detergent/sperm. After 30 min at room
temperature, the mixture was diluted eightfold with PBS
and centrifuged at 27,000 g for 30 min to remove insol-
uble material. Before electrophoresis, proteins were pre-
cipitated with 9 vol of acetone and disaggregated as
above. SDS polyacrylamide slab ge! electrophoresis and
autoradiography were done as previously described (22,
37).
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Preparation of Rabbit Anti-1FC

Antiserum against IFC was prepared by a procedure
described for the isolation of antibodies against FITC
(24), using IFC coupled to porcine-y-globulin. The de-
rivatized protein contained 22 mol of IFC per mol of
protein, determined from the absorbance at 511 nm (10)
and the protein concentration (13). Anti-IFC antiserum
was prepared by ammonium sulfate fractionation of the
serum, obtained after cardiac puncture of immunized
rabbits. Control serum, taken before immunization, was
similarly fractionated. To isolate specific antibodies
against IFC, anti-IFC was further fractionated by affin-
ity chromatography on IFC-labeled bovine serum albu-
min coupled to CNBr activated Sepharose 4B (26). Anti-
IFC was applied to the affinity column and, after exten-
sive washing with 0.3 M NacCl in 50 mM phosphate, pH
8, the bound antibody was eluted with 0.1 M glycine, pH
3, and dialyzed against PBS. Specificities of the antisera
were determined by double immunodiffusion on 1%
agarose plates (12).

Immunocytochemical Electron Microscopy

The distribution of IFC binding sites on hamster
sperm was demonstrated at the electron microscope level
with an indirect immunocytochemical assay (39). IFC-
labeled hamster sperm (2 X 107/ml), suspended in glu-
cose-Ringer’s containing a 36-fold dilution of anti-IFC,
were incubated for 30 min at 37°C, washed twice by
centrifugation in glucose-Ringer’s containing 1 mg/ml
BSA, and then suspended in 1 m! of glucose-Ringer’s
containing a 21-fold dilution of goat anti-rabbit IgG
conjugated to horseradish peroxidase for 30 min at 20°C.
Sperm were washed as before, then with 50 mM Tris,
pH 7.6, containing 0.15 M NaCl, and finally suspended
in 1 ml of the same solution containing 0.5 mg/ml
diaminobenzidine (DAB) and 0.01% H.O, (15). After 7
min at 20°C, sperm were collected by centrifugation,
washed twice with glucose-Ringer’s, resuspended in [ ml
of glucose-Ringer’s, and fixed in 0.2 mi of 4% OsO, for
30 min. Sperm were then washed twice with distilled
water, dehydrated with three changes of 2,2-dimethoxy-
propane, and processed for electron microscopy. Ham-
ster sperm were TX-100 extracted by suspending them
in glucose-Ringer’s containing 0.6 (low TX-100 extract)
or 12 (high TX-100 extract) ng of detergent/sperm and
incubating for 20 min at 20°C. Extracted cells were
collected by centrifugation, washed twice with glucose-
Ringer’s, and treated as described above.

Immunoprecipitation

The affinity purified anti-IFC (4 mg/ml in PBS) was
diluted 37-fold with the TX-100 extract of *IFC-labeled
sea urchin sperm and incubated at 37°C for 60 min. To
precipitate the antigen/antibody complexes, Staphylo-
coccus-A protein (Staph A) was used as previously de-
scribed (16): 0.3 ml of a 10% (wt/vol) solution in PBS,
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was added to the affinity purified anti-IFC treated TX-
100 extract, the mixture was incubated at 5°C for 20
min, and a pellet, containing the immunoprecipitate, was
collected by centrifugation (1,000 g for 20 min), washed
in PBS, and layered onto a shelf of 5% sucrose, 0.1% TX-
100, in PBS. The precipitate was collected by centrifu-
gation washed with PBS, suspended in disaggregation
buffer containing 3% SDS and 3% B-mercaptoethanol,
and treated for SDS gel electrophoresis as above. Recov-
ery of radioactive antigen was determined on aliquots of
the TX-100 extract, before and after the addition of

FIGURE 1

Staph A, and on the material eluted from the adsorbent
with SDS in a Beckman Model 4000 Gamma-counter.

RESULTS
Fluorescence Localization

Hamster or sea urchin sperm treated with FITC
(Fig. 1) or IFC show identical patterns of labeling,
but IFC is less fluorescent. Labeling is nonuniform
for both species, with most of the fluorescence

Fluorescence micrographs of hamster (4) and sea urchin (B) sperm after treatment with

FITC. When these are compared to the corresponding scanning electron micrographs, in C and D, the
majority of the fluorescence is found localized to the midpiece of both cell types; in sea urchin sperm,
some labeling occurs in the acrosomal region as well. (4) Bar, 10 uM, x 1,000; (B) Bar, 5 uM, X 2,200;

(C) Bar, 10 uM, x 1,300; (D) Bar, 5 uM, X 5,300.
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occurring over the midpiece (Fig. 1). There is some
fluorescence over the acrosome of sea urchin
sperm but little on the remainder of the head or
tail. In addition, sperm from a teleost fish (Oryzias
latipes), bull, mouse, and guinea pig also show
preferential binding of FITC over the midpiece.
The regional differentiation of covalent labeling
probably reflects the presence of an abundance of
accessible amino groups over the sperm midpiece.
Isothiocyanates react principally with amino
groups to produce covalent thiourea derivatives.
Sulfhydryl groups also can react with isothiocya-
nates (3), but pretreatment of sea urchin sperm
with 20 mM 5-5’-dithio-bis(2-nitrobenzoic acid),
a sulfhydryl group blocking reagent (27), for 15
min at 12°C and pH 7.6, did not alter the pattern
of fluorescence, while treatment with 20 mM acetic
anhydride, an amino group blocking reagent (27),
for 15 min at 12°C and pH 7.6, prevented binding
of FITC to the midpiece. In addition, pretreatment
of sea urchin sperm with 2.5 mM dinitrophenol
for 5 min at 12°C reduced their motility but did
not change the pattern of labeling.

Characterization of the Covalently
Labeled Sperm

Labeled sperm retained viability, as assessed by
their ability to fertilize. When sea urchin sperm
were labeled with 'IFC, they incorporated radio-
activity (Fig. 2) without losing viability, when
limiting quantities of sperm were tested in a ferti-
lization assay. To see whether labeled sperm were
responsible for the fertilization seen in Fig. 2,
rather than a population of unlabeled, but highly
fertile sperm, we examined sections of fertilized
eggs by autoradiography (Fig. 3). Silver grains
were present over the midpiece of sperm, and at
the site of sperm-egg fusion. The eggs used in this
experiment were treated to allow them to become
polyspermic, and thus facilitate observation of
sperm-egg fusion. All the sperm in a population
were labeled, as determined by autoradiography
of sperm, in agreement with the fluorescence data.
'®JFC-labeled mouse sperm also retained the abil-
ity to fertilize mouse eggs after artificial insemi-
nation (Gabel and Eddy, unpublished data).

Sea urchin sperm labeled with '*’IFC were an-
alyzed by polyacrylamide gel electrophoresis, to
determine the number and size of the labeled
components. Although several major sperm pro-
teins (Fig. 4 A) were labeled by "’IFC (Fig. 4 B),
the majority of the polypeptide bands of sperm
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FIGURE 2 The kinetics of the reaction between sea
urchin sperm and "IFC. Sperm were incubated with
"PIFC as described in Materials and Methods and, at
various times after the addition of sperm, aliquots of the
reaction mixture were removed, spotted onto glass fiber
filter discs, and dropped into 10% TCA (0°C). The filters
were washed twice with cold 5% TCA, then once each
with 5% TCA, 95% ethanol, acetone, and ether at 20°C,
then air dried and radioactivity (-@-@-@-) determined
in a liquid scintillation counter, using Liquifluor scintil-
lant. The viability of the sperm was assessed with a
limiting concentration of sperm by removing aliquots of
the reaction mixture containing just enough sperm to
give 100% fertilization in untreated controls and adding
them to a 5% egg suspension (vol/vol, as determined by
the egg volume after settling at unit gravity for 30 min).
The percent fertilization (-lHB-) was determined from
the number of eggs with fertilization membranes.

were not radioactive. Sea urchin sperm were la-
beled by lactoperoxidase catalyzed iodination
(LCI) (35) and analyzed in the same manner as
'IFC-labeled sperm (Fig. 4 C). Several polypep-
tides of the same size were labeled by *’IFC and
LCI, while each technique also labeled some
unique species. LCI labeled many more high mo-
lecular weight components than *IFC.

Some radioactivity associated with '*IFC-la-
beled sea urchin sperm migrated as low molecular
weight material not stained by Coomassie blue
(Fig. 4 B). Extraction of '*’IFC-labeled sea urchin
sperm with chloroform/methanol solubilized 25%
of the radioactivity. The material extracted in this
manner, when analyzed on SDS gels, migrated at
the front and did not show Coomassie brilliant
blue staining, but did show radioactivity (Fig. 4
D), indicating that it was probably lipid; it was not
characterized further.

'IFC-labeled hamster sperm analyzed by SDS
gel electrophoresis also showed many radioactive
polypeptide bands (Fig. 5 B) that were a restricted
class of the total sperm proteins (Fig. 5 4). When
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FIGURE 3 Autoradiography of '”IFC-labeled sea urchin sperm and of eggs fertilized with these sperm.
To induce polyspermy, eggs were pretreated for 2 min with 1 M glycerol, 0.1 mM CaCl. (adjusted to pH
9 with NH,OH) then resuspended in MSW and inseminated with BIFC-1abeled sperm. After 3 min, the
eggs were added to 1% glutaraldehyde, in Ca** and Mg" free artificial seawater, and fixed for 20 min at
12°C. The fixed eggs were osmicated, dehydrated with dimethyoxypropane, and embedded in Epon.
Thick sections were coated with Kodak NTB2 emulsion and, after developing, were stained with Toluidine
blue. (4) Section of an '*"IFC-labeled sperm; note silver grains in the midpiece region and along the tail.
(B and C) Sections of fertilized eggs with the penetrating sperm and associated silver grains visible in the

egg cortex (X 1,600).

this pattern of radioactivity is compared to one
obtained for LCI-labeled hamster sperm (Fig. 5
C). polypeptides of similar size were labeled by
both techniques, but as with sea urchin sperm,
there were substantial differences in the patterns.
Chloroform/methanol extraction of '*IFC-la-
beled hamster sperm solubilized only 0.2% of the
bound radioactivity, in contrast to the case with
the sea urchin,

Immunological Analyses of Binding Loci

The antiserum to IFC-conjugated porcine-y-
globulin crossreacted with porcine-y-globulin and
IFC-BSA in a double immunodiffusion test (Fig.
6A), but not with BSA or unbound IFC. When
affinity purified anti-IFC was used in place of
crude antiserum, precipitates formed only with the
IFC-coupled proteins, and not with the proteins
themselves (Fig. 6 B). Control preimmune sera did
not react with any of the antigens. Thus, the
antisera had the requisite specificity for the follow-
ing analyses.

To demonstrate the site of IFC binding, we
labeled hamster sperm with IFC, and then sequen-
tially exposed them to anti-IFC and goat anti-
rabbit IgG conjugated to HRP, as described in

GaBEL, EDDY, AND SHAPIRO  Topographic Heterogeneity of Sperm

Materials and Methods. The DAB reaction prod-
uct formed a uniform dense layer over the sperm
midpiece but was patchy and faint over the prin-
cipal piece and head (Fig. 74-C). Hamster sperm
that were not labeled with IFC, but treated with
all the antisera and reagents, in a control experi-
ment, did not have reaction product over the
midpiece (Fig. 7D and E). Occasional small
patches of reaction product presumably repre-
sented nonspecific binding of the antiserum. Since
the DAB reaction product was over the midpiece,
as was the fluorescence (Fig. 1), the nonuniform
distribution of label seen by fluorescence could be
accounted for by a nonuniform distribution of
label on the sperm surface, for antisera are imper-
meant reagents. To further substantiate the surface
localization of the label, IFC-labeled hamster
sperm were extracted with TX-100 and then se-
quentially exposed to the immunocytochemical
reagents, as described above. Sperm extracted with
a low concentration of TX-100 had reaction prod-
uct over the sperm midpiece (Fig. 84), but no
cytoplasmic staining. However, labeled sperm ex-
tracted at a higher TX-100 concentration had no
reaction product over the midpiece or other re-
gions of the cell (Fig. 8 B and C). The plasma
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FIGURE 4 Fractionation of labeled sea urchin sperm
by SDS gel electrophoresis. Channel A shows the poly-
peptides detected after Coomassie brilliant blue staining
of the gel, while channels B and C show the radioauto-
grams obtained from gels of sea urchin sperm labeled
with '"PIFC and by LCI respectively. The radioautogram
in channel D was obtained from a gel of the chloroform/
methano! extract of *IFC-labeled sea urchin sperm.
The numbers on the left indicate approximate molecular
weights in kilodaltons (Kd). The gel was composed of a
linear acrylamide gradient (12% at the bottom and 7.5%
at the top) 25 cm in length. The gels were stained with
0.1% Coomassie brilliant blue R 250 in 25% TCA for 30
min, destained in 8% acetic acid overnight, dried, and
analyzed by autoradiography as described (37). The lines
between channels B and C indicate bands of similar
molecular weight.

membrane was not detected at either TX-100 con-
centration. 'PIFC-labeled hamster sperm ex-
tracted with TX-100 under the same conditions
released 30% of the total bound radioactivity at
the lower TX-100 concentration, and 60% at the
higher. There was presumably additional loss of
labeled componen:s from sperm during the proc-

748

_

94 kd -~
: —,
67 kd >~ é ; ‘
< . 4
& ¥
29 kd~ B o
z -

17 kd >~

A B C

FiGURe 5 Fractionation of labeled hamster sperm by
SDS gel electrophoresis. The polypeptides detected after
Coomassie brilliant blue staining of the gel are shown in
channel A, while the radicautograms of hamster sperm
labeled by "IFC and LCI are shown in channels B and
C respectively. The gel composition was as in Fig. 4. The
lines between channels B and C indicate bands of similar
molecular weight.

essing for immunocytochemistry and electron mi-
croscopy. Sperm were also extracted with TX-100
and then exposed to IFC and the immunocyto-
chemical reagents. This resulted in a uniform dis-
tribution of reaction product over the entire sperm
(Fig. 8D and E). Unlabeled extracted cells were
similar to unlabeled intact cells in that no appre-
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FIGURE 6 Immunodiffusion plate showing the speci-
ficities of crude anti-IFC (4) and the affinity purified
anti-IFC (B). The wells in both plates received 10 ul of
the following solutions: (/) IFC-y-globulin; (2) y-glob-
ulin; (3) IFC-BSA; (4) BSA (all proteins at 1 mg/ml); or
(5) 10 pg/ml IFC. 15 pl of the appropriate antisera were
in the center wells.

ciable reaction product was visible after exposure
to immunocytochemical reagents. These observa-
tions indicate that there are cytoplasmic sites ca-
pable of reacting with IFC, but that an intact
sperm plasma membrane presents a permeability
barrier to IFC.

Sea urchin sperm treated with IFC and then
with affinity purified anti-IFC were agglutinated
by goat anti-rabbit IgG, whereas unlabeled cells
treated with antisera in a similar fashion were not
agglutinated. This indicates that at least a portion
of the IFC is bound to the surface of sea urchin
sperm, where it is accessible to antibodies. Further
evidence that surface components are involved
was obtained by extracting '*IFC-labeled sea ur-
chin sperm with 3.3% TX-100. Such extraction
conditions demembranate sea urchin spermatozoa
without disrupting the nucleus or tail structure
(14). Extraction with 3.3% TX-100 in MSW solu-
bilized 96% of the total radioactivity. SDS gel
electrophoresis of material released by TX-100
indicated that many of the radioactive components
of the sperm (Fig. 94) were found in the TX-100
extract (Fig. 9 C). Additionally, the TX-100 ex-
traction enriched for a group of proteins that were

GABEL, EDDY, AND SHAPIRO  Topographic Heterogeneity of Sperm

not detectable after disaggregation of whole sperm.
The TX-100 insoluble material still contained
some labeled proteins (Fig. 9B), but they ac-
counted for <5% of the total radioactivity.

The TX-100 extract of labeled sea urchin sperm
was treated with affinity purified anti-IFC and
Staph A (16) to precipitate labeled proteins. Less
than 2% of the radioactivity was precipitated by
Staph A alone, but 50% was precipitated when
anti-IFC was present during the incubation. SDS
gel electrophoresis of the precipitated material
confirmed that all of the labeled sperm compo-
nents present in the TX-100 extract were precipi-
tated by this technique (Fig. 9 D). Some '*IFC-
labeled components present as minor species in
the TX-100 extract were enriched by Staph A
precipitation.

DISCUSSION

The studies reported above cast additional light
on the nature of the regional differentiation of the
sperm surface and demonstrate the utility of '*IFC
as a reagent for studying molecular components of
cell surfaces. An important feature of this labeling
technique is that it is a gentle one, in which sperm
viability is preserved. We have tried repeatedly to
label sea urchin sperm by lactoperoxidase cata-
lyzed iodination, while preserving fertilizing abil-
ity, without success (B. M. Shapiro, unpublished
data). In every attempt, radioactivity was incor-
porated along with a loss of viability of the sperm
population; we never could obtain direct evidence,
as in Fig. 3, that radiolabeled sperm could fertilize.
This observation was in keeping with others sug-
gesting that sperm may be killed by peroxidase-
mediated halogenation (38), but of course such a
negative result does not imply that all attempts at
labeling sperm with lactoperoxidase need fail, for
other conditions may be more gentle. Since the
sperm is sensitive to manipulation, and yet can be
labeled with '*IFC, other cells are likely to be
labeled with similar success. Thus, with the ability
1o label surface components of a living cell, one
can follow the fate of specific labeled macromo-
lecular components in that cell’s future experience.
In our case, we are using the technique to follow
the fate of sperm surface components in develop-
ing sea urchin and mouse embryos (Gabel, Eddy,
and Shapiro, manuscript in preparation).

The evidence that "IFC labels the sperm sur-
face is several-fold. In the first place, both "*IFC
and its congener FITC (10, 34) label membrane
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proteins of the erythrocyte without labeling he-
moglobin, and FITC-labeling is restricted to the
surface of viable muscle cells (5). In the second
place, the regional labeling of the sperm surface
seen by fluorescence microscopy of both IFC and
FITC-labeled cells is also seen when IFC is de-
tected with an immunocytochemical technique
(Fig. 7). Since such a test relies on the properties
of antibodies to be excluded from the cell by the
plasma membrane, we conclude that the regionally
differentiated fluorescence pattern reflects the dis-
tribution of components on the sperm surface. An
alternate interpretation of the fluorescence distri-
bution would have been that the labels penetrate
the plasma membrane to label mitochondrial ele-
ments, as was seen with anilinonaphthalene sul-
fonate (7) which labels the midpiece region of
dead sperm. However, the sperm in our study are
viable (Figs. 2 and 3) and surface labeling can
account for the regional heterogeneity (Fig. 7).
When the permeability barrier of the labeled
sperm was removed (Fig. 8 4-C), no additional
cryptic labeled sites were exposed, either in the
mitochondria or elsewhere.

When low TX-100 concentrations were used to
disrupt the sperm surface, the plasma membrane
was removed from other areas of the sperm, but
labeling persisted over the midpiece (Fig. 8 4). We
interpret this to mean that an additional feature of
the regional differentiation of the midpiece is a
tight association between the plasma membrane
and underlying components. This may be one of
the reasons why the midpiece regions from sperm
of diverse phyla react with the fluorescein isothi-
ocyanate derivatives, and may reflect the presence
of unusual structural components in that area (see
below). In any event, the mitochondrial and
plasma membranes are tightly apposed in this
region, a distinct array of intramembrane particles
is found there (9), and this particle array is dis-
rupted by inhibitors of mitochondrial activity and

by displacement of the plasma membrane away
from the mitochondria. Thus, the midpiece surface
has unusual properties that might reflect a func-
tional association between the plasma and mito-
chondrial membranes (8). Other evidence that sup-
ports the surface localization of "’IFC is the find-
ing that sea urchin sperm labeled with the reagent
agglutinate when treated with anti-IFC, and that
most of the radioactivity may be extracted under
conditions previously shown to remove the plasma
membrane. Although 96% of the radioactivity of
'"IFC-labeled sea urchin sperm was extracted
with TX-100, the mitochondria were disrupted, so
that any association between surface components
and mitochondria would have been destroyed.

A comparison of the proteins labeled by '*IFC
(Figs. 4 and 5) and lactoperoxidase catalyzed io-
dination (LCI) shows important similarities and
differences. In both sea urchin and hamster sperm,
some proteins of the same size are labeled. How-
ever, especially in the case of sea urchin sperm,
there are substantial differences; few proteins
>50,000 daltons are labeled by '*’IFC in sea urchin
sperm (Fig. 4), whereas most of the LCI labeling
is found in much larger components. Some differ-
ences are to be expected, since the two techniques
modify different amino acid residues, and, under
the vectorial labeling conditions we employed (see
above and Materials and Methods), labeling
should be restricted to exposed tyrosyl and amine
residues, for LCI and '"PIFC, respectively. The
differences may also relate to the regional distri-
bution of IFC and could indicate that certain
proteins (e.g., the 35,000 dalton band of Fig. 4 B)
are localized on the midpiece surface. However,
since no information exists on the topographic
localization of LCI-dependent iodination sites on
the sperm surface, this point will need to be pur-
sued further. The experiments reported above also
raise the question of whether components labeled
by "IFC exist in higher concentration in the

FiGure 7  Thin sections of hamster sperm after treatment with antisera and DAB 1o localize 1FC binding.
sites on intact sperm. Sections A-C are from IFC-labeled sperm and D and E are from unlabeled cells.
(4) Longitudinal section through the midpiece and anterior portion of the principal piece. Note that the
DAB reaction product is dense and uniform over the midpiece but becomes patchy and random posterior
to the annulus. (B) Cross section through a sperm midpiece. (C) Cross section through the head region of
a labeled sperm. Longitudinal section through the midpiece (D) and cross section through the head ( E) of
unlabeled sperm: all the antisera were used as in A-C, but there was no initial IFC labeling. Note the
absence of the DAB reaction product. Bars, 0.5 uM. (4) X 31,000; (B) X 51,600; (C) X 33,250; (D) x

25,800; (E) x 25,300.
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midpiece region of sperm, or whether they are
homogeneously distributed but only exposed to
the labeling reagent at that site. The resolution of

67 kd—>-
.
-
ey . ]
14kd>

FIGURE 9 Analysis of the Triton extract from "*IFC-
labeled sea urchin sperm and the Staph A immunopre-
cipitate of this extract by SDS gel electrophoresis. The
channels show the radioautograms from 12 cm, 12.5%
acrylamide gels after separation of whole '*IFC-labeled
sperm, (A); the Triton insoluble material, (B); the com-
ponents solubilized by Triton, (C); and the components
precipitated by Staph A adsorbent after treatment of the
TX-100 extract with affinity purified anti-IFC, (D). The
same amount of radioactivity (2 X 10° cpm) were applied
for each sample.

such questions will be facilitated by the ability to
perform specific immunoprecipitation of IFC-la-
beled components with affinity purified anti-IFC
antiserum, as shown in Fig. 9. We are presently
extending this immunoprecipitation technique,
that enriches for [FC-labeled surface components
(Fig. 9), to develop it into a general scheme for
the purification of labeled cell surface proteins.
Thus, by using IFC-labeling and antibody precip-
itation of solubilized cell preparations, one should
be able to purify surface proteins without first
purifying the plasma membrane, which has not
been accomplished in sperm.

The studies in this paper have shown that IFC
binds to the surface of the midpiece of sperm,
perhaps because of a high density of exposed
amino residues. The nonuniform distribution of
labeling occurs in sperm from diverse phyla, sug-
gesting that the property may have general signif-
icance for sperm function. Additionally, '*IFC-
labeling of surface components is a useful tech-
nique, not only because it complements the more
commonly employed lactoperoxidase-catalyzed
iodination, but also because it expands the exper-
imental possibilities for subsequent analysis. The
technique is gentle, so that living cells may be
studied after labeling. Labeled components can be
localized by fluorescence microscopy or electron
microscope immunocytochemistry. Finally, the la-
beled components can be isolated by using specific
immunoreagents directed against IFC. Thus,
"IFC surface labeling should provide a valuable
tool for studying the biology of diverse cell types.
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FiGURe 8 Triton X-100 extraction of hamster sperm affects the distribution of IFC. IFC-labeled cells
were first treated with detergent, then exposed to the antisera and DAB. (4) Longitudinal section through
the midpiece of a sperm extracted at the lower TX-100 concentration (0.6 ng/sperm). The DAB reaction
product is still present. Cross sectional (B) and longitudinal (C) sections through the midpiece of labeled
sperm after extraction at the higher TX-100 concentration (12 ng/sperm). There is no DAB reaction
product associated with these cells. (D and E) Sections from sperm which were first extracted with TX-
100 (either the high or low concentration) then labeled with IFC and treated with the antisera. The DAB
reaction product forms a uniform layer over all regions of the cell. Bars, 0.5 gM. (4) X 26,000; (B) X

57,000; (C) X 32,300; (D) x 30,000; (E) x 24,300.

GABEL, EDDY, AND SHAPIRO  Topographic Heterogeneity of Sperm

753



Received for publication 18 December 1978, and in revised
form 3 May 1979.

REFERENCES

~

IS

o

~

oe

o

I~

754

. AKETA, K. 1975. Physiological studies and the sperm surface compo-

nents responsible for the sperm-egg bonding in sea urchin fertilization.
Exp. Cell Res. 90:56-62.

. AMmes. G. F. 1968. Lipids of Salmonella typhimurium and Escherichia

coli: structure and metabolism. J. Bacteriol. 95:833-843.

. Ceci, R and J. R. MCPHEE. 1962, The sulfur chemistry of proteins.

Adv. Protein Chem. 14:255-390.

. EpttMan, G. M., and C. F. MiLLeTTE. 1971, Molecular probes of

spermatozoan structures, Proc. Natl. Acad. Sci. U. S. A. 68:2436-2440.

. EDIDIN, M., Y. ZAGYANSKY. and T. S. LARDNER. 1976. Measurement

of membrane protein lateral diffusion in single cells. Science (Wash. D.
C.). 191:466-468.

. FELLous, M.. G. GacHELIN, M. H. Buc, and F. JacoB. 1975. Similar

location of an early embryonic antigen on mouse and human sperma-
10zoa. Dev. Biol. 41:331-337.

. FinkGowp, L., E. A, Baker, and D. EpPEL. 1974. Sea urchin egg

fertilization studied with a fluorescent probe (ANS). Exp. Cell Res. 86:
248-252.

. FRIEND, D. 8. [977. The organization of the spermatozoal membrane.

In Immunobiology of Gametes. M. Edidin and M. H. Johnson, editors.
Cambridge University Press, N. Y. 5-30.

. Frienn, D. S.. and D. W. FawcEerT. 1974. Membrane differentiations

in freeze-fractured mammalian sperm. J. Cell Biol. 63:641-664.

. GaBEL, C. A., and B. M. Suapiro. 1978. ['*I}Diiodofluorescein isothi-

ocyanate: its synthesis and use as a reagent for labeling cells and
proteins to high specific radioactivities. Anal. Biochem. 86:396-406.

. GaL, W. E.. C. F. MiLLETTE, and G. M. EDELMAN. 1974. Chemical

and structural analysis of mammalian spermatozoa. /n Physiology and
Genetics of Reproduction. E. M. Coutinho and F. Fuchs, editors.
Plenum Press, N.Y. 241-257.

. GARvey, I. S, N. E. CremeRr, and D. H. Sussporr. 1977. Methods in

Immunology. W. A. Benjamin, Inc. Reading, Mass. Chap. 36.

. GEIGER, P. J., and S. P. BEssmMaN. [972. Protein determination by

Lowry's method in the presence of sulfhydryl reagents, Anal. Biochem.
49:467-473,

. GiBeons, B. H., and 1. R. GiBBoNs. 1972. Flagellar movement and

adenosine triphosphatase activity in sea urchin sperm extracted with
Triton X-100. J. Cell Biol. 54:75-97.

. GrataM, R. C, Jr., and M. J. KARNOVSKY. 1966. The early stages of

absorption of injected horseradish peroxidase in the proximal tubules
of mouse kidney: ultrastructural cytochemistry by a new technique. J.
Histochem. Cytochem. 14:291-302.

. KESSLER, S. W. 1976. Cell membrane antigen isolation with the staph-

ylococcal protein A-antibody adsorbent. J. Immunol. 177:1482-1490.

. Kinsey, W, H., and J. K. KoEHLER. 1976. Fine structural localization

of concanavalin A binding sites on hamster spermatozoa. J. Supramol.
Struct. 5:185-198.

. KogHLEer, J. K. 1978, The mammalian sperm surface: studies with

specific labeling techniques. Int. Rev. Cytol. 54:73-108.

. KOEHLER, J. K. 1975, Studies on the distribution of antigenic sites on

the surface of rabbit spermatozoa. J. Cell Biol. 67:647-659.

2

21.

22.

[

23.

24,

25.

26.

27.

28.

3

29.

30.

3L

32.

2

33.

w

34,

35.

36.

37

=

38.

3

39.

°

40.

=

KOEHLER, J. K., and P. GapDUM-RossE. 1975, Media induced altera-
tions of the membrane associated particles of the guinea pig sperm tail.
J. Ultrastruct. Res. 51:106-118.

Koo, G. C.. C. W. Stacxpork, E. H. Boyse, U. HAMMERLING, and M.
P. Larpis. 1973. Topographical location of H-Y antigen on mouse
spermatozoa by immunoelectronmicroscopy. Proc. Natl. Acad. Sci. U.
S. A. 70:1502-1505.

Laemmir, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (Lond.). 227:680-
685.

L1 E., and S. KoanreLp, 1977, Effects of wheat germ agglutinin on
membrane transport. Biochim. Biophys. Acta 469:202-210.

LopatiN. D. E.. and E. W. Voss. JR. 1971. Fluorescein. Hapten and
antibody active-site probe. Biochemistry 10:208-213.

ManN, T. 1964. The Biochemistry of Semen and of the Male Repro-
ductive Tract. Methuen and Company, London.

Marcn, 8. C., L Parikn. and P. CuaTRECASAS. 1974, A simplified
method for cyanogen bromide activation of agarose for affinity chro-
matography. Anal. Biochem. 60:149.152.

Means, G. E. and R. E. Feeny. 1971, Chemical Modification of
Proteins. Holden-Day, Inc. San Francisco, Calif.

MELLisH, K. §., and R. D. Bakkr. 1970. Marking boar spermatozoa
with fluorochromes for evaluating spermatozoan transport in gilts. J.
Anim. Sci. 31:917-922.

Mgz, C. B. 1967. Gamete surface components and their role in
fertilization. /n Fertilization. Vol. . C. B. Metz and A. Monroy, editors.
Academic Press, Inc., N. Y, 163-236.

MILLETTE, C. F. 1977, Distribution and mobility of lectin binding sites
on mammalian spermatozoa. /n Immunobiology of Gametes. M. Edi-
din and M. H. Johnson. editors. Cambridge University Press, N. Y. 51—
71

NicoLson, G. L.. N. Usur, R, YANAGIMACHI, H. YANAGIMACHT, and J.
R. SmiTH. 1977. Lectin-binding sites on the plasma membranes of
rabbit spermatozoa. J. Cell Biol. 74:950-962.

Nicorson, G. L., and R. YanaGimacHl. 1974, Mobility and the restric-
tion of mobility of plasma membrane lectin-binding components. Sci-
ence (Wash. D. C.). 184:1294-1296.

OvVERSTREET, J. W, and J. M. BEDFORD. 1974. Transport, capacitation,
and fertilizing ability of epididymal spermatozoa. J. Exp. Zool 189:
203-213.

Perers, R, J. PETERS, K. H. TEws, and W. BAHR. 1974. A microfluor-
imetric study of translation diffusion in erythrocyte membranes.
Biochim. Biophys. Acta 367:282-294.

PriLLIps, D. R.. and M. MORRISON. 1970. The arrangement of proteins
in the human erythrocyte membrane. Biochem. Biophys. Res. Commun.
40:284-289.

RoOMRELL, L. J.. and M. G. O’RaND. 1978. Capping and uitrastructural
localization of sperm surface isoantigens during spermatogenesis. Dev.
Biol. 63:76-93.

SHAPIRO. B. M. [976. Limited proteolysis of egg surface components is
an early event following fertilization of the sea urchin, Strongylocentro-
tus purpuratus. Dev. Biol. 46:88-102.

SmiTh, D. C, and S. Y. KLEBANOFE. 1970. A uterine fluid-mediated
sperm-inhibitory system. Biol. Reprod. 3:229-235.

STERNBERGER, L. A. 1974, Immunocytochemistry. Prentice-Hall, Inc.
Englewood Cliffs. N. J.

YANAGIMACHL R., Y. D. Nopa, M. FuniMoto, and G. L. N1coLson.
1972, The distribution of negative surface charges on mammalian
spermatozoa. Am. J. Anat. 135:497-520.

THE JOURNAL OF CELL B1oLoGY - VOLUME 82, 1979



