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Restricted Lateral Diffusion of PH-20, a PI-Anchored

Sperm Membrane Protein

BoNNIE M. PHELPS, PAUL PRIMAKOFF, DENNIS E. KOPPEL,

MARTIN G. Low, D1aNnA G. MYLES

The rate of lateral diffusion of integral membrane proteins is constrained in cells, but
the constraining factors for most membrane proteins have not been defined. PH-20, a
sperm surface protein involved in sperm-egg adhesion, was shown to be anchored in
the plasma membrane by attachment to the lipid phosphatidylinositol and to have a
diffusion rate that is highly restricted on testicular sperm, being more than a thousand
times slower than lipid diffusion. These results support the hypothesis that lateral
mobility of a membrane protein can be regulated exclusively by interactions of its

ectodomain.

THE LATERAL DIFFUSION COEFFI-
cients (D) of most integral mem-
brane proteins are much smaller than
would be predicted on the basis of hydrody-
namic size alone. Interactions beyond those
mediated by lipid bilayer viscosity must be
at work. The first indication of the possible
nature of these interactions came out of
studies on erythrocyte membranes; this
work demonstrated the constraints on mo-
bility imposed by interactions of cytoplas-
mic portions of the proteins with underlying
cytoskeletal structures (I). Studies that
made use of artificial lipopolysaccharides
and genetically engineered plasma mem-
brane proteins with shortened cytoplasmic
domains indicated that noncytoplasmic in-
teractions might be responsible for restrict-
ing the lateral diffusion of membrane mole-
cules (2—4). The discovery that some pro-
teins are anchored to the outer leaflet of the
lipid bilayer by phosphatidylinositol (PI)
rather than by a membrane-spanning stretch
of hydrophobic amino acids suggested the
possibility of measuring the mobility of
proteins that are completely free from direct
interaction with the cytoskeleton. Measure-
ments on Thy-1, alkaline phosphatase, and
decay accelerating factor, all PI-anchored,
show that these proteins are freely diffusing
at rates comparable to those of lipid probes
(5-7). We show that the guinea pig sperm
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protein PH-20 is anchored in the plasma
membrane by PI but that its rate of diffusion
is highly restricted on testicular sperm. Be-
cause PH-20 is localized to surface domains
at some stages of sperm differentiation,
these findings also show that direct interac-
tion with the cytoskeleton is not required
for membrane protein localization.

The PH-20 membrane protein is involved
in sperm adhesion to the glycoprotein coat
of the egg, the zona pellucida, during the
initial steps of fertilization (8). A potential
connection has been pointed out between
the function of certain proteins involved in
cell adhesion and PI-anchoring in the mem-
brane (9, 10). To determine whether PH-20
is anchored in the bilayer by PI, we treated
cells treated with a PI-specific phospholipase
C (PI-PLC), which has been shown to
cleave PI-anchored plasma membrane pro-
teins from other cells (9-13). Sperm were
surface-iodinated and the release of PH-20
into the medium after treatment with PI-
PLC was detected by immunoprecipitation
(14, 15). Sperm at three progressive stages
of differentiation were used: (i) testicular
sperm, (ii) cauda epididymal sperm before
sperm exocytosis (the acrosome reaction),
and (iii) cauda epididymal sperm after the
acrosome reaction. PH-20 was immunopre-
cipitated from the supernatants of sperm at
all three stages after treatment of the cells
with PI-PLC; little or no PH-20 protein
was detected in the supernatants of untreat-
ed controls (Fig. 1).

A comparison of '®I counts found in
immunoprecipitable PH-20 released by PI-
PLC into the medium with the total PH-20
extracted by NP-40 from untreated testicu-

lar sperm indicates that ~60% of the pro-
tein is released by 1 hour of exposure to PI-
PLC. Incomplete release from intact cells
might result from inaccessibility of some of
the protein molecules to the enzyme, or it
could indicate a population of PH-20 that is
cither not PI-anchored or has a PI anchor
that is insensitive to this particular PI-PLC.
Other Pl-anchored proteins have also
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Fig. 1. Immunoprecipitation of PH-20 released
from the surface of guinea pig sperm after expo-
sure to PI-PLC. (Lanes 1 and 2) Immunopre-
cipitates of supernatants from 3 X 10° testicular
(T) sperm per lane. (Lanes 3 and 4) Supernatants
from 2 x 107 acrosome-intact (A-I) epididymal
sperm per lane. (Lanes 5 and 6) Immunopre-
cipitates of supernatants from 2 x 107 acrosome-
reacted (A-R) epididymal sperm per lane. Lanes
1, 3, and 5 are from sperm exposed to PI-PLC;
lanes 2, 4, and 6 are from control sperm incubated
without PI-PLC. Male Hartley guinea pigs
(>700 g) were killed by CO, asphyxiation, and
live sperm at 1 x 107 to 7 x 107 per milliliter
were surface-iodinated with 1 to 4 mCi of Na'*I
with Iodogcn (15). The labeled cells were washed
with Mg?*-Hepes buffer and evenly distributed
to each of two flasks containing either buffer or
buffer plus Bacillus thuringiensis PI-PLC (13) for 1
hour at 37°C. PH-20 was immunoprecipitated
from the separated supernatants with either a
rabbit polyclonal antiserum to PH-20 plus pro-
tein A-Sepharose beads or with a monoclonal
antibody (PH-22) bound to Sepharose 4B beads.
After boiling and removal of the beads, the sam-
ples were run on 10% SDS—polyacrylamide gel
electrophoresis (24, 25).
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shown less than 100% release from intact
cells by PI-PLC (6, 9, 11, 16, 17).

To verify that the release of PH-20 into
the medium after exposure to PI-PLC was
due to a specific enzyme-substrate reaction
and not to a generalized disruption of the
plasma membrane, we looked at the effect of
PI-PLC on three other integral membrane
proteins of guinea pig sperm. Little or no
protein was detected in the supernatants of
cither PI-PLC—treated or untreated sperm
(Fig. 2A), whereas all three proteins could
be immunoprecipitated from the cell pellet
after detergent extraction, regardless of ex-
posure to PI-PLC (Fig. 2B).

The mobility of PH-20 was measured by
fluorescence redistribution after photo-
bleaching (FRAP) (18) on the anterior and
posterior regions of the head of testicular
sperm (19). No appreciable difference in the
mobilities or the percent recovery was found
between the two head regions. The mea-
sured diffusion coefficients of PH-20 ranged
from 2.9 x 107 to 2.9 x 107" cm?s,
with most of the measurements clustered
between 9 x 107'2 and 4 x 107" cm?s
(see box in Fig. 3A). The average D for the
points within this grouping Wwas
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Fig. 2. Immuno‘gorccipitation of three other mem-
brane proteins from testicular sperm after expo-
sure to PI-PLC. (A) Immunoprecipitates from
supernatant. (B) Immunoprecipitates from deter-
gent extract of cell pellet. (Lanes 1 and 2) PH-30
protein; (lanes 3 and 4) WH-1 protein; and (lanes
5 and 6) AH-20 protein. Testicular sperm cell
pellets and supernatants were obtained as in Fig.
1. Cell pellets were extracted with 1% NP-40. The
PH-30 protein was immunoprecipitated with a
rabbit polyclonal antibody raised against affinity-
purified PH-30 protein (26). The immunoprecip-
itation was done as described in Fig. 1; 3 x 10°
input counts per minute were immunoprecipitat-
ed per lane. The AH-20 and WH-1 proteins were
immunoprecipitated with their respective mono-
clonal antibodies (I4, 15) as described (8);
1.75 x 10° input counts per minute were im-
munoprecipitated per lane.
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(1.9 £ 0.31) x 107" cm?s (Fig. 3B). The
percent recovery of fluorescence for these
cells was 72 * 7.1, that is, 28% of the PH-
20 molecules were immobile within the time
scale of the experiment.

In contrast to PH-20’s slow diffusion on
testicular sperm, we had previously found
much faster diffusion rates for PH-20 on
sperm that have completed epididymal mat-
uration. Prior to the acrosome reaction, PH-
20 on epididymal sperm diffuses at a rate
typical of integral membrane proteins
[D=(1.8%0.5) x 107" cm?%s; percent
recovery, 73 = 3], and after the acrosome
reacion PH-20 is freely diffusing
[D = (4.9 = 2) x 10™° cm?¥s; percent re-
covery, 78 = 9] (20). Thus, PH-20 diffu-
sion on testicular sperm is, respectively, 10-
fold and 250-fold slower than PH-20 diffu-
sion at these two later stages of develop-
ment, although it is PI-anchored at all three
stages.

During the course of sperm maturation
the surface distribution of PH-20 changes.
PH-20 is found over the entire surface of
testicular sperm, but is localized to the pos-
terior head region of acrosome-intact epi-
didymal sperm (21). After the acrosome
reaction, PH-20 migrates to the newly ex-
posed inner acrosomal membrane on the
anterior head region (22). This demon-
strates that a PI-anchored membrane pro-
tein, free from direct cytoskeletal con-
straints, can be localized. PH-20 diffusion is
most restricted on testicular sperm where

the protein is uniformly distributed and is
less restricted or unrestricted when it is
localized.

To test whether the restricted diffusion of
PH-20 measured on testicular sperm could
result from limited lateral diffusion of the
membrane lipids compared to that of epi-
didymal sperm, we measured the mobility of
the lipid probe Cj4dil on testicular sperm.
The probe diffused at a rate of
D = (3.3 £ 0.69) X 107® cm?s, three or-
ders of magnitude faster than the lipid-
linked PH-20 protein (Fig. 3). This rate of
diffusion is exceptionally fast for a lipid
probe in a cell membrane. C,4dil diffusion
on testicular sperm (3.3 X 107 cm?%s) is
almost four times as fast as that found with
the same probe on the posterior head region
of acrosome-intact sperm [(8.9 % 2.1) X
10~° cm?¥s] where PH-20 is localized and
approximately seven times the rate found
over the anterior head region on acrosome-
reacted sperm [(5 = 1.7) x 107° cm?s]
(20). Thus, the rate of diffusion of the lipid
probe is fastest on testicular sperm where
PH-20 exhibits slow diffusion and slowest
on acrosome-reacted sperm where PH-20 is
freely diffusing. Figure 3B shows the differ-
ence in the rate of FRAP between the frecly
diffusing C,4dil lipid probe and the slowly
diffusing lipid-anchored protein PH-20 on
testicular sperm. These results indicate that
changes in the phase state of the membrane
lipids (gel to liquid crystalline) are not re-
sponsible for changes in the mobility of PH-
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Fig. 3. Diffusion of PH-20 (squares) and C,4dil (circles) on testicular sperm. (A) Distribution of the
measured rates of diffusion of C,,dil (# = 5) and PH-20 (% = 16) on testicular sperm. The FRAP
apparatus and methods of data analysis have been described (18, 20). Immunofluorescent staining of
PH-20 and labeling with the lipid probe C,4dil was as previously described (20). The C,4dil was used at
2.5 pg/ml. Only live cells, as evidenced by tail movement, were analyzed. (B) Decay of fluorescence
depletion after photobleaching on testicular sperm averaged over all of the C,dil data and all of the
PH-20 data clustered in the box in (A). After the first 12.5 seconds the time scale for PH-20 was
expanded 31-fold to cover the appropriate time range for the slow recovery. The solid lines are the
computer-generated three-parameter (percent bleach, rate of recovery, and percent recovery) least-

squares fitting of the data.
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20 dvring sperm maturation. It is unlikely
that changes in the density of PH-20 are
responsible for the change in its mobility,
since diffusion is fastest on acrosome-reacted
sperm where PH-20 is the most dense (23).
Rather, the present results indicate that re-
striction of lateral mobility of a membrane
protein can be mediated exclusively by inter-
actions of its ectodomain.
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The a Subunit of the GTP Binding Protein Activates
Muscarinic Potassium Channels of the Atrium

E. CerBal, U. KLOCKNER, G. ISENBERG

It has been debated whether the potassium channel of the atrium is activated by the a
subunit or by the By subunits of guanine nucleotide binding (G) proteins, which
dissociate on activation with guanosine triphosphate (GTP). Therefore, the channel-
activating effectiveness of these subunits on isolated guinea pig atrial cells was tested.
The activated ek subunit from human erythrocytes activated the channel in subpico-
molar concentrations. The By dimer from bovine brain activated the channel in
nanomolar concentrations. These results support the view that, physiologically, the «

subunit activates the channel.

HEN ACETYLCHOLINE (ACH) OR

adenosine activates the sarcolem-

mal potassium channel (Kicy
channel) of mammalian or chicken atria,
receptor occupation is coupled to channel
opening via guanine nucleotide binding (G)
proteins (1-4). These G proteins are com-
posed of three subunits, o, B, and v, and it is
thought that binding of the agonist to the
receptor leads to binding of guanosine tri-
phosphate (GTP) to the o subunit and that
activated o (¥) in turn dissociates from the
By dimer (5, 6). After dissociation of the
aBy trimer, the channel is opened (1), but
whether opening results from interaction
with the a* subunit or with the By dimer is
a matter of controversy. Logothetis et al.
unexpectedly failed to demonstrate activa-
tion of the Kicy channel (from chicken)
with the a subunit, but they were able to
show K* channel opening with nanomolar
concentrations of the By dimer (7). Brown
and co-workers reported activation of mam-
malian KZch channels by picomolar concen-
trations of the a subunit (o) from human
erythrocytes (6, 8, 9). Whether Kicy, chan-
nels are activated by a or By, or both, is
important for understanding receptor-effec-
tor coupling.

We therefore studied activation of Kicy
channels in atrial myocytes from adult guin-
ea pigs (10). The isolated cells were bathed
in a medium containing 140 mM KCl, 1
mM K;EGTA, and 3 mM magnesium aden-
osine triphosphate (ATP) that was adjusted
to pH 7.4 by 5 mM Hepes-tris buffer. Single
channel currents were recorded at room
temperature (22° to 23°C) by gigaohm-seal
patch clamping (11). The patch pipettes
were filled with the bath medium but with-
out MgATP.

In a first series of control experiments, we
activated the Kicp, channels in cell-attached
patches by adding 0.1 wM carbachol, the
muscarinic agonist, to the pipette. From 12
experiments, we evaluated an open channel
conductance of 41 + 5 pS (slope conduc-
tance between —40 and —100 mV) and a
mean lifetime of the open state of 2.9 = 0.4

ms (mean + SEM). For the second series of
control experiments, we excised the patch
from the cell. In the resulting inside-out
configuration, channel activity gradually dis-
appeared within 1 to 5 min, but it reap-
peared when we added 100 pM GTPvS
[guanosine-5'-O-(1-thiotriphosphate)]  to
the bath (1, 7, 8). The GTPyS-activated
channel (n =10) had a conductance of
37 = 3 pS and a mean channel open time of
2.1 = 0.2 ms. Thus, the KXy, currents acti-
vated by GTPyS are indistinguishable from
those resulting from receptor occupation by
carbachol (1). Because GTPyS activated the
Kich channels very reliably, we used
GTP~S activation as a criterion to decide if
the protein was ineffective or if the channel
was lost, for example, by vesicle formation
in the patch. The GTPyS concentrations
below 0.1 wM did not activate the Kicp
channel; this result seems to exclude the
possibility that picomolar amounts of
GTPvS, contaminating the preactivated o,
are responsible for activation of endogenous
G proteins and KXcp, channels.

The activating effect of 0.4 pM af is
shown by the on-line registration of Fig.
1A. The computer trace (Fig. 1C) demon-
strates that the currents have a unitary am-
plitude of about 4 pA (patch potential —80
mV). In six patches treated with 4 pM af,
we evaluated amplitude at potentials be-
tween —40 and —100 mV, plotted them in
a current-voltage (I-V) curve and obtained
from the slope a conductance of 41 * 4 pS.
The mean channel open time evaluated from
histograms (Fig. 1E) was 2.2 = 0.2 ms.
Conductance and open time are indistin-
guishable from their counterparts measured
under activation by carbachol or by GTPyS
or from the values reported in the literature
(1, 4, 7, 9). Thus the a subunit of the G
protein effectively opens the Kicp, channel
at picomolar concentrations.

This conclusion confirms the results of
Brown and colleagues (9). We have seen this
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