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Barriers to Diffusion of Plasma Membrane Proteins Form Early During
Guinea Pig Spermiogenesis
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ABSTRACT The plasma membrane of the mature guinea pig sperm is segregated into at least four domains of different
composition. Previous studies have shown that some proteins localized within these domains are free to diffuse laterally,
suggesting that barriers to protein diffusion are responsible for maintaining the nonuniform distribution of at least some
surface proteins in mature sperm. The different membrane domains appear sequentially during sperm morphogenesis in the
testis and during later passage through the epididymis. To determine when diffusion barriers become functional during sperm
development, we examined the diffusion of two proteins that are expressed on the cell surface of developing spermatids and
become segregated to different plasma membrane domains during the course of spermiogenesis. Both proteins exhibited
rapid lateral diffusion throughout spermiogenesis, even after they become localized to specific regions of the surface
membrane. These results suggest that barriers to membrane diffusion form concomitantly with membrane domains during

spermiogenesis.

INTRODUCTION

The formation of membrane domains of discrete protein and
lipid composition is a fundamental aspect of differentiation
in many cell types. In several cases, for example, epithelial
cells (Dragsten et al.,, 1981; van Meer and Simons, 1986;
reviewed in Gumbiner, 1987), photoreceptors (Poo and
Cone, 1974; Leibman and Entine, 1974; Papermaster et al.,
1985, reviewed in Gumbiner and Louvard, 1985), and neu-
rons (Dotti et al., 1991; Kobayashi et al., 1992; de Hoop and
Dotti, 1993; but see Futerman et al., 1993, for an alternative
viewpoint), there is evidence that barriers to diffusion at
domain boundaries are responsible at least in part for
maintaining the asymmetrical distribution of membrane
components.

The tight junction between adjacent epithelial cells is
currently the most well-characterized site that contains a
diffusion barrier between plasma membrane domains. Pro-
teins localized to tight junctions include the transmembrane
protein occulin, intracellular peripheral membrane proteins
ZO-1 and ZO-2, the cell adhesion molecule cadherin, and
proteins that associate with the underlying cytoskeleton
(Citi, 1993; Furuse et al., 1993; Gumbiner, 1993; Jesaitis
and Goodenough, 1994). How these components are struc-
turally integrated to form a diffusion barrier, however, is not
yet well understood. The structural organization of domain
boundaries that function as diffusion barriers in other cells
remains largely unknown.

The mammalian sperm cell provides a useful system for
investigating the nature of barriers to protein diffusion. The
plasma membrane of guinea pig sperm is a remarkable
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mosaic. Four distinct membrane domains have been identi-
fied on the cell surface, termed the posterior tail (PT)I1,
anterior tail (AT), posterior head (PH), and anterior head
(AH) domains (Primakoff and Myles, 1983). By using flu-
orescence redistribution after photobleaching (FRAP) tech-
niques, several proteins localized to specific domains of
mammalian sperm have been shown to be free to diffuse
within their domain, with diffusion coefficients (D) of (1-5)
X 107% cm?/s and 80-100% of the protein exhibiting lateral
mobility (Myles et al., 1984; Koppel et al., 1986; Cowan et
al.,, 1987; Nehme et al., 1993). Because these are among the
highest D values measured for proteins in biological mem-
branes, these results provide strong evidence that membrane
protein localization in these cases is maintained by some
property of the domain boundary that prevents proteins
from diffusing into adjacent regions of the membrane, i.e.,
a diffusion barrier. Based on these findings, it has been
proposed that each of the boundaries that demarcate mem-
brane domains on the sperm surface contains a diffusion
barrier (Myles et al., 1987; Bartles, 1995), and specializa-
tions of the membrane and underlying cytoskeleton that
may represent sites of diffusion barriers align precisely with
boundaries between membrane domains (Friend, 1989; Ce-
sario and Bartles, 1994).

The development of cell surface domains during sperm
morphogenesis is a complex process. By following the
surface localization of several proteins during spermiogen-
esis, we have shown that three plasma membrane domains
appear sequentially during guinea pig sperm development in
the testis (Cowan and Myles, 1993; see Fig. 1) in concert
with morphological changes of the developing spermatid.
Plasma membrane proteins may be segregated to the pos-
terior tail (PT domain), anterior tail (AT domain), or whole
head (WH) domain of the plasma membrane when the
sperm exits the testis. The WH domain becomes further
segregated into the anterior head (AH) and posterior head
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FIGURE | Summary of the surface localization of seven different
plasma membrane proteins during spermatogenesis in the guinea pig. [,
PT-1 and PT-10 proteins, which become localized to the posterior tail
plasma membrane domain of testicular sperm (PT domain). @, tAT-1
protein, which is restricted to the anterior tail plasma membrane domain of
testicular sperm (AT domain). A, A, Five proteins restricted to the whole
head domain of testicular sperm (WH domain). Some of these proteins will
be further restricted to either the posterior head (PH) domain (A) or
anterior head (AH) domain (A) in sperm taken from the cauda epididymis.
Steps refer to the 15 steps of spermiogenesis in the guinea pig (Leblond and
Clermont, 1952). See text for details. (Reprinted from Carroll et al., 1995.)

(PH) domains as the sperm passes through the early regions
of the epididymis (Phelps et al., 1990; G. Hunnicut et al.,
manuscript in preparation).

In the present study we have attempted to determine
when diffusion barriers are formed during sperm develop-
ment by examining the lateral diffusion of two proteins,
PT-1 and tAT-1, that are progressively localized to the
posterior tail and anterior tail, respectively, during spermio-
genesis. Both proteins were found to exhibit rapid lateral
diffusion at all stages of spermiogenesis, even after they
became localized to specific domains. These results imply
that barriers to diffusion at domain boundaries are formed as
soon as the domains themselves are generated, and may be
a prerequisite for the formation of membrane domains dur-
ing spermiogenesis.
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MATERIALS AND METHODS
Cells

Spermatogenic cells were isolated from Hartley male retired breeder
guinea pigs (Elm Hill, Chelmsford, MA) by flushing the cells from slices
of testis using a stream of Hanks’ balanced salt solution lacking calcium
(HBSS — Ca’") as previously described (Cowan and Myles, 1993). This
mechanical method of cell isolation is relatively gentle and avoids the use
of enzymes for cell dissociation. Measurements on testicular sperm were in
some cases made on Percoll-purified sperm, using a modification of the
method described by Cowan and Myles (1993). Briefly, a decapsulated
testis was chopped into fine pieces in 10 ml HBSS — Ca®*. The material
was strained through a 100-m nylon mesh, and the cell suspension was
layered over 10 ml of 3% bovine serum albumin in HBSS — Ca®* and
centrifuged at 200 X g for 5 min. The cell pellet was resuspended in 5 ml
HBSS — Ca®*, and the cells were layered on a Percoll step gradient
consisting of two steps of 90% and 40% Percoll prepared in HEPES-
buffered saline. The cells were spun at 12,000 X g for 15 min, and the band
of testicular sperm at the 90%—40% interface was recovered. The cells
were diluted 10-fold in HBSS — Ca®* and washed once to remove the
Percoll.

Antibodies and cell staining

Immunofluorescence staining was done as described previously (Myles et
al., 1981). PT-1 and tAT-1 proteins were stained using culture supernatants
containing the PT-1 monoclonal antibody (mAb) (subclass 1gG,,) or the
tAT-10 mAb (subclass IgG,,; evidence that the tAT-10 mAb recognizes
the tAT-1 protein is given in Results, Fig. 2), respectively, and a rhodam-
ine-conjugated Fab fragment of goat anti-mouse IgG was prepared as
described previously (Cowan and Myles, 1993). For some experiments, an
Fab fragment of purified tAT-10 IgG, followed by the rhodamine-conju-
gated Fab fragment of goat anti-mouse IgG, was used. Incorporation of the
lipid probe 1,1'-dihexadecyl-3,3,3’,3’-tetramethylindocarbocyanine per-
chlorate (diIC,¢) (Molecular Probes, Eugene, OR) was done as described
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FIGURE 2 Identification of PT-1 and tAT-1 antigens by immunopre-
cipitation of biotinylated surface proteins. Lane I, PT-1 mAb; lane 2,
tAT-1 mAb; lane 3, tAT-10 mAb; lane 4, control mouse IgG; lane 5, total
biotinylated proteins present in detergent extract from 10° cells. An arrow-
head denotes the position of PT-1 protein; a small arrow denotes the
position of the tAT-1 protein.
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previously (Cowan et al., 1987), except that HBSS — Ca®* was used as the
cell medium.

Production of Fab fragment of tAT-10 IgG

tAT-10 IgG was purified from ascites fluid by using a protein A affinity
column (Affigel; Pierce, Rockville, IL), following the manufacturer’s
instructions. The 1gG was digested with papain coupled to agarose beads
(Pierce), and the Fab fragment was purified as the eluate from a second
protein A column.

Cell surface biotinylation
and immunoprecipitation

Percoll-purified testicular sperm were suspended at 1 X 107/ml in HEPES-
buffered saline (10 mM HEPES, pH 7.4, 0.15 M NaCl, and 2.7 mM KCI)
and 600 g sulfo-NHS biotin (Pierce) added from a freshly prepared stock
solution at 100 mg/ml in dimethyl sulfoxide. After incubation for 30 min,
the cells were layered on 5% Percoll and pelleted for 30 s in a microfuge.
The cells were resuspended in 1% Triton X-100, 5 mM EDTA in Tris-
buffered saline, pH 7.4, containing a protease inhibitor cocktail consisting
of 1 pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 2 pg/ml
antipain, 10 pg/ml benzamidine, 1 pg/ml chymostatin, and 1 pg/ml
pepstatin, and extracted for 30 min on ice. The extract was cleared of
insoluble material by centrifugation at 100,000 X g for 1 h. Immunopre-
cipitations were done as previously described (Cowan and Myles, 1993),
using extract from 10° cells per immunoprecipitation.

Fluorescence redistribution after photobleaching

The apparatus used for multipoint photobleaching measurements has been
described previously (Koppel, 1979). We utilized a line photobleaching
protocol, in which the laser beam is defocused along one axis to generate
a focused line on the cell. The line photobleaching protocol reduces the
analysis of diffusion to a one-dimensional problem. The line is sequentially
positioned at 12 discrete points on the cell by using a galvanotropic mirror.
A photomultiplier tube is used to obtain fluorescence intensity measure-
ments at each of the 12 positions in a series of scans before and after the
sample is bleached at one position with a high-intensity laser beam. For
spermatocytes and round spermatids, the scan axis was randomly posi-
tioned on the cell; for elongating spermatids and sperm, the scan axis was
generally at 90° to the anterior-posterior axis of the cell. The redistribution
of fluorescence was analyzed by a new method based on analysis in Fourier
space, as described below, using the software system MLAB (Civilized
Software, Bethesda, MD).

The data were first analyzed in the spatial domain by using Gaussian
fluorescence scans. This analysis allows one to extrapolate the data, the-
oretically, to long distances relative to the position of the bleach, which is
necessary for the Fourier analysis that followed. This analysis follows the
protocol described previously (Koppel, 1979; Nehme et al., 1993), except
that it calibrated the prebleach scans with a nonlinear fit, to set up the
postbleach scans with a second nonlinear fit, which contained a velocity
drift. After analysis in the spatial domain, we fit the data with a new
method of analysis based on Fourier transform space (Berk et al., 1993).
The analyses in normal space and Fourier space are described in detail
below.

The analysis in the spatial domain allows us to fit prebleach scans that
show a combination of 1) an inhomogeneous intensity and 2) a slow drift
that becomes apparent with the postbleach scans. We take this into account
by first applying the Marquardt-Levenberg iterative curve-fitting algorithm
(described in the MLAB reference manual; Civilized Software) to fit the
prebleach scans to some function, like a six-parameter Fourier function,
that fits the data. This Fourier function is then used as a mulitiplier in fitting
the postbleach scans, with only the drift velocity as a single floating
parameter to make the prebleach scans fit the rest of the normalized
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postbleach data. The Marquardt-Levenberg algorithm then fits the post-
bleach scans,

F\(x;, t) = Folx;, t[1 — f(x;, t)] n

where Fo(x;, #,,) is the Fourier transform of the prebleach data, with fx;, £,)
taking the functional form of Koppel (1979) and Nehme et al. (1993),

(x5 — xo + vi)Hw?
(1 + 4Dtk/W2)

A
fx, n) = (1 + 4Dt /w?)"@ CXP[ -

. — xo + vt)?
(5 — %o Vk):|+c,

+B exp[ - W

®
where v is the postbleach drift velocity, D is the diffusion coefficient, w is
the width of the bleaching beam, C takes into account the possible offset
of the bleaching beam by scattering, d is the dimensionality (1 equals
one-dimensionality provided by the cylindrical lens) of the bleaching
configuration, and the percentage recovery, %R, equals 100 X A/(A + B).
The weights are computed dynamically during the fit. Before each itera-
tion, the vector of weight functions is computed and used. We use the
function

olx;, 1) = (vt + 5 <mA) N\ (v + x> Ax), (3)

a logical AND function of two statements which ensure that the x value of
each postbleach point falls within the range of the prebleach points before
the drift occurs, where Ax is the space between points, and m is the number
of points in a scan (= 12).

For the analysis in Fourier space, each postbleach scan [f(x;, #)] is
extended in space by the theoretical form (Eq. 2). In this way, the Fourier
transform of the whole scan is calculated as follows:

|2jf(xj’ tk)exp(“z’”i#nxj)|
2jf(xj, n)

The Marquardt-Levenberg algorithm then fits the postbleach scans
individually,

g(fn, 1) = afexp(—47°ulDt) + b] (5)
with %R = 100/(1 + b).

g(#’n ’ tk) = (4)

RESULTS

The PT-1 and tAT-1 proteins are progressively restricted to
specific plasma membrane domains during spermiogenesis.
In previous work, we have surveyed the surface localization
of a number of plasma membrane proteins, including PT-1
and tAT-1, on spermatocytes and developing spermatids
(Cowan and Myles, 1993). The results of this work are
depicted in Fig. 1 to illustrate the plasma membrane local-
ization of PT1 and tAT-1 in relation to other sperm plasma
membrane proteins during development. The PT-1 protein
(depicted as open squares in Fig. 1) is expressed on the
surface of pachytene spermatocytes. After meiosis and elon-
gation of the axoneme in step 1 of spermgenesis, the PT-1
protein is present in the flagellar plasma membrane, but is
also still found on the entire cell surface of early round
spermatids. The tAT-1 protein (depicted as closed circles in
Fig. 1) can first be detected on the surface of live cells at the
cap phase of development. When it first appears on the
surface, tAT-1 protein is restricted to the plasma membrane
of the cell body, and is not observed on the flagellar plasma
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membrane. The appearance of tAT-1 in the plasma mem-
brane of the cell body of cap-phase spermatids marks the
earliest time that plasma membrane proteins have been
shown to be restricted to a specific domain in guinea pig
spermatids. When the spermatid begins to elongate, the PT
and tAT proteins are absent from the plasma membrane that
is closely apposed to the acrosome at the anterior surface of
the cell. This region of the plasma membrane will become
the WH domain. The tAT-1 protein is restricted to the lobe
of cytoplasm that forms posterior to the nucleus, and the
PT-1 protein is found in the membrane of the cytoplasmic
lobe and the flagellum. Four proteins that will become
localized to the WH domain (open and filled triangles in
Fig. 1) do not appear on the cell surface until the maturation
phase, when they are found in the plasma membrane over
the acrosome, and in the cytoplasmic lobe plasma mem-
brane. The final step in spermiogenesis is the removal of the
cytoplasmic lobe as the residual body. This event, called
spermiation, separates the sperm cell from its association
with the seminiferous epithelium, and the sperm is released
into the lumen of the seminiferous tubule. After this event,
tAT-1 remains in the AT domain, PT-1 protein is present
exclusively in the PT domain, and the WH proteins are
restricted to the WH plasma membrane domain.

Identification of the PT-1 mAb and tAT-10
mAb antigens

The PT-1 antigen has previously been defined as a protein,
based on its sensitivity to protease and sedimentation be-
havior on sucrose gradients (Myles et al., 1984), but a
polypeptide has not yet been identified by immunoprecipi-
tation or immunoblotting. The tAT-1 antigen was identified
as a 115-kDa protein in immunoprecipitates of surface
125_]abeled cells using the tAT-1 mAb (Cowan and Myles,
1993), which is an IgM and therefore is not useful for FRAP
experiments. We used biotin to label surface proteins of
testicular sperm and prepared detergent extracts for immu-
noprecipitation with the PT-1 mAb and the tAT-10 mAb, an
IgG class mAb that exhibits immunofluorescence staining
similar to that of the tAT-1 mAb. The PT-1 mAb immuno-
precipitates a polypeptide of M, 29,000 from detergent
extracts of surface-biotinylated testicular sperm (Fig. 2, lane
I). The tAT-10 mAb immunoprecipitates a M, 115,000
polypeptide from these extracts (Fig. 2, lane 2), which
comigrates with the tAT-1 protein immunoprecipitated by
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the tAT-1 mAb (Fig. 2, lane 3). To demonstrate the speci-
ficity of the mAbs, total biotinylated proteins present in the
detergent extract of testicular cells is shown in lane 5.

Because neither the PT-1 or tAT mAbs recognize dena-
tured antigen in immunoblots, it has not been possible to
establish whether these two proteins are integral to the
plasma membrane or if they are peripheral membrane pro-
teins associated with other integral membrane components.
However, as demonstrated in the results of Cowan and
Myles (1993, and see Discussion here), these two proteins
are highly specific to a discrete membrane domain; if they
themselves are not integral to the membrane, they must be
bound to a localized membrane component.

Diffusion of the PT-1 protein
during spermiogenesis

The lateral mobility of the PT-1 protein at different times
during spermatogenesis was determined using fluorescence
redistribution after photobleaching (FRAP). On spermato-
cytes and round spermatids, the PT-1 protein is found on the
entire cell surface (see Fig. 1). The protein was found to
diffuse rapidly both on spermatocytes [D = (7.7 = 4.7) X
107'° cm?/s; percentage recovery, %R = 81 = 12] and on
the cell body of round spermatids [D = (7.1 + 3.7) X 107'°
cm?/s; %R = 78 * 11; Table 1 and Fig. 3A,A’, and B, B'].
When spermatid elongation begins at step 8 of spermiogen-
esis, the PT-1 protein becomes restricted to the plasma
membrane of the flagellum and the cytoplasmic lobe that
protrudes from the posterior region of the cell body. Both D
and %R for the PT-1 protein measured on the cytoplasmic
lobe of elongating spermatids remain essentially unchanged
[D = (9.8 = 4.6) X 107" cm%s; %R = 78 =+ 11, Table 1 and
Fig. 3, C, C'], even though the distribution of the protein
changes from a nonlocalized to a localized distribution.
After release of the developing spermatid from the sem-
iniferous epithelium, the PT-1 protein is localized exclu-
sively to the PT domain of the sperm that exits the testis. On
testicular sperm, D for PT-1 protein in the PT domain was
approximately twofold slower than on the cytoplasmic lobe
plasma membrane of spermatids [D = (3.3 * 1.5) X 10710
cm?/s; Table 1 and Fig. 3 D, D'], although the percentage
recovery was unchanged (%R = 78 *+ 14). The value of D
measured on testicular sperm is approximately sevenfold
less than previously reported for PT-1 on cauda sperm (D =
2.4 X 107° cm?/s; Myles et al., 1984). To verify that this

TABLE 1 Diffusion coefficients (D) and percentage recovery (%R) for PT-1 protein at different stages of spermatogenesis

Stage of Localization of Site of D x 10'°
development PT-1 measurement (cm?/s)* %R* n
Spermatocytes Whole cell Whole cell 7.7+47 81 +12 14
Round spermatids Whole cell Cell body 71x37 78 =11 20
Elongating spermatids Cytoplasmic lobe and tail Cytoplasmic lobe 9.8 £4.6 78 =11 22
Testicular sperm Posterior tail Posterior tail 33x15 78+ 14 19
Cauda sperm Posterior tail Posterior tail 15*5 88 + 12 7

*Mean * SD.
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FIGURE 3 Diffusion of PT-1 during spermatogenesis. Data from representative photobleaching experiments show the redistribution of PT-1 protein in
the plasma membrane of a pachytene spermatocyte (4, A’), the cell body of a round spermatid (B, B’), the residual cytoplasm of an elongating spermatid
(C, C'), and the posterior tail of a testicular sperm (D, D). (A-D) Fluorescence intensity (O) monitored at 12 discrete lines separated by 0.5 wm. In the
middle of the experiment, the time between scans was increased by a factor of 11. The solid line shows the fit to Eq. 2 (see Materials and Methods). Crosses
beneath the curves show the residuals from the fit. (A’~D’) Three lowest spatial frequencies of the Fourier transform of the data.

difference in D between testicular sperm and the previously cauda sperm, and results [D = (1.5 = 0.5) X 107% %R =
reported value on cauda sperm does not reflect differences 88 * 12, Table 1] similar to those reported by Myles et al.
in the methods utilized, measurements were also made using (1984) were obtained.
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Diffusion of the tAT-1 protein
during spermiogenesis

When the tAT-1 protein is first detected in the plasma
membrane, it is already localized; it is found on the cell
body but not on the tail of round spermatids. FRAP mea-
surements using the tAT-10 IgG to label round spermatids
show that the tAT-1 protein diffuses laterally in the plasma
membrane of the cell body at the earliest stages where
measurements can be made [D = (8.8 * 4.0) X 107!°
cm?/s; %R = 71 * 9; Table 2 and Fig. 4 A, A’']. Similar
results were obtained by using the Fab fragment of the
tAT-10 IgG (data not shown), although the fluorescence
intensity was substantially lower when the Fab fragment
was used.

As the new WH domain emerges in elongating sperma-
tids, the tAT-1 protein becomes restricted to the cytoplasmic
lobe. Similar to the results obtained for the PT-1 protein, the
tAT-1 protein continues to exhibit substantial lateral diffu-
sion, even though it has become further restricted to the
plasma membrane of the cytoplasmic lobe [D = (8.2 + 4.9)
X 107'° cm?s, %R = 69 + 15; Table 2 and Fig. 4 B, B’ and
C, C’']. Even in early (step 8) elongating spermatids, we find
no evidence for a transient immobilization of the protein on
the cytoplasmic lobe as it initially becomes localized (Table
2 and Fig. 4 C, C').

After the sperm is released from the seminiferous epithe-
lium at spermiation, tAT-1 protein is restricted to the AT
domain. The tAT-1 protein on testicular sperm is mobile,
but exhibits a slower recovery than observed at earlier
stages, with D = (3.9 = 3.0) X 107'° cm?/s and %R =
53 £ 15 (Table 2 and Fig. 4, D, D') when measured using
the using the Fab fragment of the tAT-10 IgG. When the
intact tAT-10 IgG was used to label testicular sperm, the
probe was found to be essentially immobile on the time
scale of the FRAP experiments (data not shown).

Diffusion of the lipid probe dilC,¢

We also examined the lateral mobility of a lipid probe,
diIC¢, in spermatids and testicular sperm. We observed a
threefold decrease in D for dilC,¢4 in the plasma membrane
of testicular sperm (D =~ 0.8 X 10~% cm?s; Table 3)
compared to the cell body of round spermatids [D = (2.5 *
1.9) X 10 cm?/s] or the cytoplasmic lobe of elongating
spermatids [D = (2.9 + 2.3) X 1078 cm?/s). No evidence
for differences in lipid mobility in different regions of the
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testicular sperm plasma membrane was found. D for dilC,¢
in testicular sperm was similar to previous measurements of
D for diIC,, in sperm retrieved from the cauda epididymis
(Cowan et al., 1987). In testicular sperm, essentially com-
plete recovery of fluorescence was observed (%R ~ 90;
Table 3). However, in spermatids the %R was somewhat
lower (%R =~ 70). We observed that some diIC,4 appeared
to be internalized over time during the FRAP experiments
using spermatids. It therefore seemed possible that the lower
%R observed with spermatids might reflect internalization
of diIC, 4 by endocytosis in spermatids, but not in testicular
sperm. When spermatids were maintained at 4°C after la-
beling with diIC, ¢ to reduce the rate of internalization, the
%R increased to 88 = 8%, whereas D was unchanged [D =
(1.6 * 0.8) X 107% cm’s, n = 11].

DISCUSSION

Barriers to membrane protein diffusion are thought to be an
important mechanism for maintaining the diversity of
plasma membrane domains in the guinea pig sperm. By
analyzing the diffusion of membrane proteins during sper-
matogenesis, we have found that localized proteins are free
to diffuse in the plasma membrane at the earliest times that
they exhibit a localized distribution. These results are con-
sistent with the interpretation that diffusion barriers exist at
domain boundaries when membrane domains can first be
identified during development.

On mature sperm, localized membrane proteins exhibit
lateral diffusion coefficients in the range of (1-5) X 10~°
cm?/s (Myles et al., 1984; Koppel et al., 1986; Cowan et al.,
1987; Nehme et al., 1993), with 80—100% of the protein
diffusing. These values of D are among the highest observed
for proteins in biological membranes, and thus indicate that
barriers to lateral diffusion of membrane proteins exist at
the domain boundaries. D values measured for tAT-1 and
PT-1 on spermatids approach these values, but are slightly
lower, in the range of (0.7-1.0) X 10™° cm?%/s, with 70—
90% recovery. Slower diffusion cannot, in itself, explain the
maintenance of localized distributions of proteins in sper-
matids. For example, PT-1 would be expected to equilibrate
into the head plasma membrane region of early elongating
spermatids in 1.5-4 min (calculated as d%2D + 1 SD,
assuming d, the diameter of the head region, is 5 pm).

The slight decrease in D does suggest, however, the
existence of interactions that impede the lateral diffusion of

TABLE 2 Diffusion coefficients (D) and percentage recovery (%R) for tAT-1 protein at different stages of spermiogenesis

Localization of Site of D x 10"

Stage of development tAT-1 measurement (cm?/sy* %oR* n
Round spermatids Cell body Cell body 8.8 +4.0 719 10
Step 8 elongating spermatids Cytoplasmic lobe Cytoplasmic lobe 88 *+33 799 13
Steps 9-11 elongating spermatids Cytoplasmic lobe Cytoplasmic lobe 82+*49 69 = 15 12
Testicular sperm Anterior tail Anterior tail 3930 53*15 10

*Mean *+ SD.
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FIGURE 4 Diffusion of tAT-1 protein during spermiogenesis. Data from representative photobleaching experiments show the redistribution of tAT-1
protein in the plasma membrane of the cell body of round spermatids (A, A’), the residual cytoplasm of early (step 8) elongating spermatids (B, B’), later
(step 9—-11) elongating spermatids (C, C’), and the anterior tail region of a testicular sperm (D, D'). The left and right panels are as described in the legend

to Fig. 3.

tAT-1 and PT-1. Hypotheses accounting for the observation
that many proteins exhibit less than theoretical “free” lateral
diffusion coefficients include either transient binding inter-

actions with immobilized elements, or transient diffusion
barriers that result from a submembraneous or extracellular
matrix (reviewed in Saxton, 1990). Could such interactions
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TABLE 3 Diffusion coefficients (D) and percentage recovery (%R) for C,.dil at different stages of spermiogenesis

Site of D x 10®
Stage of development measurement (cm?/s)y* %o R* n
Round spermatids Cell body 2519 69 * 14 18
Elongating spermatids Cytoplasmic lobe 29*23 71 + 14 10
Testicular sperm Anterior head 0.86 = 0.34 % 9 10
Posterior head 0.76 £ 0.21 917 13
Anterior tail 0.89 +0.20 90+ 8 10
Posterior tail 0.99 = 0.40 90 =7 12

*Mean * SD.

reflect a localization mechanism other than a diffusion
barrier? If immobilized binding elements were localized to
a specific membrane domain, they could potentially serve to
concentrate a membrane protein within that domain. Con-
sider a cell with two membrane domains, one of which
contains immobilized binding components for a given mem-
brane protein. At equilibrium, some of the membrane pro-
tein is unbound and diffuses at the theoretical limit through-
out both domains, whereas bound protein (D = 0) exists
only in one domain. Assuming that the exchange of bound
and free protein is fast relative to the measurement, the mea-
sured D reflects a time average of D for freely diffusing protein
and for bound protein (see Koppel, 1981). From Koppel
(1981) it can be shown that, when the exchange of bound
and free is rapid compared to the diffusion measurement,

D(free+bound)c(free+bound) = C(free)D(free) + C(bound)D(bound) (6)

and therefore,

D (free +bound) _ C( free)

D (free)

C(free+bound) (7)
where Cigee Csree + boundy TEPTESENL the concentrations of
protein, and Digee + bouna) iS the apparent D of the protein as
measured by FRAP.

According to this scenario, at equilibrium the concentra-
tion of free protein will be equal in the two domains, and the
1atio Cgreey/Citree + boundy 1S the degree to which the protein
is concentrated in one domain. For example, transient in-
teractions in one domain that reduce D by a factor of 10
could conceivably result in a 10-fold concentration of the
protein, assuming that all of the interactions that restrict
diffusion are localized to one domain.

For PT-1 in elongating spermatids, D e + bounay = 9-8 X
1071° cm?/s. If D gy, is assumed to be 5 X 10™° cm?/s (the
largest D measured for a protein in a biological membrane),
the ratio of D(gee + boundyDifreey = 0.2. From Eq. 7, then, the
protein could be concentrated by a factor of 5 in one domain
by this mechanism. In confocal images of elongating sper-
matids stained with PT-1 mAb and Rh-Fab second anti-
body, fluorescence intensity associated with the plasma
membrane of the cytoplasmic domain was, on average,
13-fold higher than fluorescence intensity in the whole-head
domain (average of eight cells measured; unpublished re-
sults). Because the fluorescence associated with the whole-
head domain could not be distinguished from background,

this represents a lower limit for the degree of concentration
of PT-1 protein in the PT domain. Similarly, D for tAT-1 on
round spermatids was measured to be 8.8 X 107° cm?s,
which would yield a maximum concentration effect of six-
fold by the transient interaction hypothesis. Confocal im-
ages of elongating spermatids stained with tAT-1 mAb
staining showed no fluorescence above background in the
whole-head domain, whereas fluorescence associated with
the cytoplasmic lobe plasma membrane was 13 times back-
ground levels (average of 10 cells; unpublished results).
Thus, based on the measured D, it seems unlikely that
localized transient interactions could account for the local-
ized distributions of either PT-1 or tAT-1 on elongating
spermatids. The most straightforward interpretation of the
experimental results is that the barriers to diffusion at the
domain boundaries are created early in spermiogenesis,
when the membrane domains are first created.

The first indication that plasma membrane domains exist
on guinea pig spermatids is the appearance of the tAT-1
protein on the cell body plasma membrane. Our results
suggest that a diffusion barrier exists at the boundary be-
tween the flagellum and the cell body at this stage of
development. This boundary is the developmental anteced-
ent of the boundary between the posterior tail and anterior
tail region (refer to Fig. 1), which in mature sperm is
characterized by the annulus, a circumferential ring of in-
tegral membrane proteins associated with submembranous
fibrous material (Fawcett et al., 1970; Friend and Fawcett,
1974). 1t has previously been proposed that the annulus
represents a barrier to protein diffusion (Myles et al., 1987;
Friend, 1989), and a precursor to the annulus is present at
the junction between the flagellum and cell body in round
spermatids (Fawcett et al., 1970; Baccetti et al., 1978). Thus
the appearance of this structure correlates with the devel-
opment of separate membrane domains and a barrier to
diffusion.

A third plasma membrane domain, the tWH domain, can
first be distinguished by the absence of the PT-1 and tAT-1
proteins from the plasma membrane overlying the develop-
ing acrosome at step 8. The finding that both the tAT-1 and
PT-1 proteins diffuse rapidly in the membrane of the cyto-
plasmic lobe, even though they are restricted from entering
the tWH domain, suggests that a barrier to diffusion also
exists at the boundary between these domains. This bound-
ary is the developmental antecedent of the head/tail junction
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in mature sperm; in elongating spermatids it is characterized
by a structure termed the nuclear ring (Fawcett et al., 1971;
Rattner and Olson, 1973), which anchors a sheath of mi-
crotubules (the manchette) to the plasma membrane. During
spermatid elongation, the nuclear ring migrates caudally to
the head/tail junction. At present it is not clear how the
structures present at this domain boundary in spermatids are
developmentally related to the structure of the head/tail
junction in the mature spermatozoon.

The PT-1 protein and the tAT-1 protein exhibited slower
diffusion in their respective domains on testicular sperm. In
addition, D for PT-1 in testicular sperm is 4.1-fold lower
than D for cauda sperm measured here and 7.6-fold lower
than cauda sperm as reported by Myles et al. (1984). Be-
cause only the intact IgG was available to examine PT-1
diffusion, the reduced D could result from increased cross-
linking by the divalent probe on testicular sperm. For tAT-1
protein, however, a monovalent probe was used to measure
diffusion of tAT-1 in testicular sperm; thus the lower D, in
fact, reflects a decrease in the mobility of the protein. It is
interesting that the GPI-anchored PH-20 protein, present in
the entire plasma membrane of testicular sperm, exhibits
highly restricted lateral mobility on testicular sperm (Phelps
et al., 1988), whereas in cauda sperm, PH-20 exhibits rela-
tively rapid diffusion (Cowan et al., 1987; Phelps et al.,
1988). The lipid probe C dil also showed a threefold
reduction in D in testicular sperm compared to spermatids.
It may be that there is a general decrease in the mobility of
surface molecules on testicular sperm. In light of the many
changes in the sperm plasma membrane and extracellular
matrix that occur during late stages of spermiogenesis and
epididymal passage (Eddy, 1988), it is interesting and per-
haps not surprising that relatively large differences in lateral
mobility of different components are observed. Exactly how
these changes in lateral mobility reflect differences in
plasma membrane composition and structure remains to be
clucidated, as does how changes in lateral mobility relate to
changes in localization and the functional state of specific
membrane proteins.

In other species of mammalian sperm, such as ram and
mouse, lipid probes such as dilC,, have been shown to
exhibit regionalized differences in both D and %R in tes-
ticular and mature sperm (Wolf and Voglmayr, 1984; Wolf
et al., 1986). These results suggested that differences in lipid
miscibility in the different plasma membrane domains
might be a factor in maintaining the distinct compositions of
different regions of the sperm plasma membrane. However,
we found no evidence for regionalized differences in D for
diIC¢ in the testicular sperm plasma membrane in the
guinea pig, nor did we observe evidence of an immobile
fraction of the lipid probe.

Significant immobile fractions (10-30%) of PT-1 and
tAT-1 were observed at all stages of testicular development.
In the case of spermatocytes and spermatids, endocytosis
may well have contributed to the immobile fractions, as was
found to be the case for C,¢dil. It is unlikely, however, that
endocytosis is a significant factor in testicular sperm. It is
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also possible that some of the immobile fraction could result
from trace amounts of divalent probe in the second anti-
body, although this same probe yields high percentage re-
coveries (88 £ 12%) in the case of PT-1 measured in cauda
sperm.

The development of barriers to diffusion during sperm
development is likely to play an integral role in the devel-
opment of membrane domains. The question of how mem-
brane proteins are delivered to the correct domain during
sperm development has only recently been explored (re-
viewed in Bartles, 1995), and several different mechanisms
for localization have been proposed. The GPI-anchored
PH-20 protein in guinea pig initially appears over the entire
surface of the sperm cell in round spermatids and remains
unlocalized through the remainder of testicular develop-
ment. During epididymal passage it becomes restricted to
the posterior head domain by a mechanism that involves
directed migration of the protein into the posterior head
domain (Phelps et al., 1990). The simultaneous appearance
of different proteins in different plasma membrane domains
implies that an intracellular sorting mechanism, similar to
that known to exist in epithelial cells, targets insertion of
proteins to the correct membrane domain. Vectorial target-
ing has been proposed to account for both the appearance of
the CE9 protein in rat (Cesario et al., 1995) and an isoform
of angiotensin-converting enzyme in mouse and rat (Sibony
et al.,, 1994) in the tail plasma membrane domain late in
spermiogenesis, at about the same time that fertilin and
other head proteins appear in the WH and cytoplasmic lobe
membrane in guinea pig.

Based on the finding that proteins destined for different
regions of the plasma membrane first appear on the sperm
surface at different times in sperm development, Cowan and
Myles (1993) (see Fig. 1) have speculated that targeting of
some membrane proteins to the correct surface domain may,
in part, rely on coordinating when specific proteins are
inserted into the plasma membrane with the development of
barriers to diffusion. This hypothesis suggests that a diffu-
sion barrier is erected to generate a boundary, and the bulk
of new plasma membrane components are then primarily
directed to one side of the boundary. The result that diffu-
sion barriers are likely to exist early in spermiogenesis is at
least consistent with this model. It is necessary, however, to
point out that the appearance of a protein in a restricted
domain does not necessarily reflect targeted insertion, but
could also result from random membrane insertion and
rapid removal from inappropriate domains, by either trans-
cytosis or degradation in inappropriate domains. Both trans-
cytosis (Mostov et al., 1993) and domain-specific degrada-
tion (Wang et al., 1990) have been observed in epithelial
cells, but it has not yet been possible to address whether
these mechanisms occur in spermatids.

Clearly, additional studies are needed to identify what
mechanisms are utilized to target plasma membrane com-
ponents to specific domains in sperm. In addition, although
the present results suggest that diffusion barriers exist when
protein localization to specific domains can first be identi-
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fied, they do not indicate whether barriers might be present
at earlier times. Experiments to address this possibility are
currently in progress. Finally, it is not at all clear what the
nature of the diffusion barriers in sperm might be, and future
work will be directed toward achieving a molecular under-
standing of the construction of diffusion barriers in sperm.

This work was supported by National Institues of Health grants GM 23585
(D.K.) and HD 16580 (D.M.).
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