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The small GTPase Rac has been implicated in growth cone guidance mediated by semaphorins and their
receptors. Here we demonstrate that plexin-B1, a receptor for Semaphorin4D (Sema4D), and p21-activated
kinase (PAK) can compete for the interaction with active Rac and plexin-B1 can inhibit Rac-induced PAK
activation. We have also demonstrated that expression of active Rac enhances the ability of plexin-B1 to
interact with Sema4D. Active Rac stimulates the localization of plexin-B1 to the cell surface. The
enhancement in Sema4D binding depends on the ability of Rac to bind plexin-B1. These observations support
a model where signaling between Rac and plexin-B1 is bidirectional; Rac modulates plexin-B1 activity and
plexin-B1 modulates Rac function.
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During embryonic development emerging neurons are
guided to their targets by extracellular cues in the envi-
ronment (Tessier-Lavigne and Goodman 1996). Sema-
phorins have been identified as one of these chemo-re-
pulsive cues (Puschel 1996). Many semaphorins have
been shown to cause growth cone collapse and repulse
neurons away from a semaphorin gradient (Luo et al.
1993; Messersmith et al. 1995; Puschel et al. 1995; Cu-
lotti and Kolodkin 1996). Recently it was shown that
transmembrane neuropilins in complex with transmem-
brane plexins form functional receptors for the soluble
class of semaphorins while another subset of plexins act-
ing alone function as receptors for the membrane-bound
class of semaphorins (Takahashi et al. 1999; Tamagnone
et al. 1999; Rohm et al. 2000a). Signaling downstream of
plexins is mediated by their intracellular domain as de-
letion of this domain abolishes semaphorin-induced
growth cone collapse/repulsion (Takahashi et al. 1999;
Tamagnone et al. 1999).

Growth cone collapse/repulsion is the result of dra-
matic actin cytoskeletal reorganization involving actin
disassembly and withdrawal of lamellipodia and filopo-
dia (Fan et al. 1993; O’Connor and Bentley 1993; Bentley
and O’Connor 1994; Jin and Strittmatter 1997; Kuhn et
al. 1999). This has implicated the Rho family of small
GTPases (Rho, Rac, and cdc42) in signaling downstream

of plexins. Insight into the role of Rho GTPases in sema-
phorin signaling came from initial experiments where
trituration of dorsal root ganglia (DRG) with active Rac
caused growth cone collapse, whereas dominant nega-
tive Rac was able to block Sema3A-induced growth cone
collapse (Jin and Strittmatter 1997). However, these re-
sults suggest that Rac activity is required in growth cone
collapse and conflict with the view that Rac is inacti-
vated during cytoskeletal disassembly. Hence the precise
role of Rac in semaphorin-mediated growth cone col-
lapse is not fully understood.

We and others have previously identified and charac-
terized the interaction between active Rac and the intra-
cellular domain of plexin-B1, a receptor for Sema4D
(Rohm et al. 2000b; Vikis et al. 2000; Driessens et al.
2001). At present, the functional consequence of the
plexin-B1/Rac interaction is not understood. In this re-
port, we have shown that plexin-B1 can compete with
p21-activated kinase (PAK) for binding to active Rac.
This competition results in the ability of plexin-B1 to
inhibit Rac-induced PAK activation. Furthermore, we
observed that active Rac enhances the binding of
Sema4D to plexin-B1. This is mediated by direct binding
of Rac to plexin. We have also shown that endogenous
Rac is required for basal levels of plexin-B1 ligand bind-
ing. The enhancement of ligand binding caused by active
Rac is a result of an increase in the amount of receptor at
the cell surface. Our observations suggest that the
plexin-B1/Rac interaction has two functions: to inhibit
Rac stimulation of PAK by sequestration of Rac, and to
enhance the interaction with Sema4D ligand.
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Results

Plexin-B1 and PAK compete for Rac binding

To study the functional significance of the plexin-B1 in-
teraction with Rac we postulated that plexin-B1 may
compete with known Rac effectors for Rac binding. PAK
is a known Rac effector whose kinase activity is en-
hanced by the binding of Rac to its N-terminal Rac-bind-
ing domain (RBD) (Knaus and Bokoch 1998). We found
that a glutathione-S-transferase (GST)-fusion of the N-
terminal RBD of PAK (residues 71–151 of mouse PAK-A)
was able to effectively inhibit the interaction of plexin-
B1 and the activated Rac mutant, RacL61, in vitro,
whereas GST alone was not able to (Fig. 1A). Mutations
of residue 37, but not 40, in the Rac effector domain
eliminated plexin-B1 binding (Fig. 1B, upper panel; Vikis
et al. 2000; Driessens et al. 2001) whereas mutation of
residue 40 abolishes the interaction with PAK (Lamarche
et al. 1996). Consistent with these data, we found that
RacL61C40 interacts with plexin-B1 and this interaction
cannot be competed for by PAK–RBD (Fig. 1B, lower
panel).

Plexin-B1 inhibits Rac-induced PAK activation

Coexpression of active Rac or Cdc42 and PAK in mam-
malian cells results in the enhancement of PAK kinase
activity (Lim et al. 1996). Binding of Cdc42–GTP to the
N-terminal domain, induces conformational changes
that result in kinase activation (Buchwald et al. 2001).
We postulated that expression of the cytoplasmic do-
main of plexin-B1 (plexin-B1cyto, amino acids 1512–2135)
would inhibit Rac-induced PAK activation by competi-
tion and sequestration of active Rac. Expression of
RacL61 significantly enhanced PAK activity in mamma-
lian HEK293 cells as measured by in vitro kinase assay
and �-phospho-PAK antibody that recognizes phosphory-
lated active PAK (Fig. 1C). Coexpression of plexin-B1cyto

effectively inhibited RacL61-induced PAK activity (Fig.
1C). These data suggest that plexin-B1 is able to seques-
ter active Rac from interacting with PAK and effectively
inhibit Rac-induced PAK activity. While this manuscript
was in preparation, Hu et al. (2001) reported that Dro-
sophila Plexin B (PlexB) competes with PAK for Rac
binding and that the inhibition of Rac activity is impor-
tant for PlexB mediated axon guidance in Drosophila (Hu

Figure 1. (A) The Rac-binding domain (RBD) of p21-activated kinase (PAK) competes with plexin-B1 for RacL61. In vitro binding was
performed using purified glutathione S-transferase (GST)–RacN17 (5 µg, lane 1) or GST–RacL61 (lane 2) and incubated with MBP–
plexin-B1 (10 µg) prebound to amylose resin in the absence or presence of increasing amounts of GST–PAK–RBD (lane 3, 0.5 µg; lane
4, 1 µg; lane 5, 5 µg; lane 6, 15 µg; lane 7, 25 µg, left panel). Similarly, 15 µg of GST or GST–PAK–RBD were used (right panel).
Associated GST–Rac was isolated and subject to Western blot with �-GST antibody (Zymed). (B) The RBD of PAK can compete with
plexin-B1 for RacL61G37, but not RacL61C40. MBP-B1 (10 µg) prebound to amylose resin was subjected to in vitro binding with
GST–RacL61/N17/L61G37/L61C40 (5 µg) (upper panel). Bound GST–Rac was determined by �-GST Western blot. GST–RacN17/L61
(5 µg) was incubated with MBP–plexin-B1 (10 µg) prebound to amylose resin in the presence or absence of GST–PAK–RBD (lane 3, 1
µg; lanes 4 and 7, 15 µg) (lower panel). (C) Plexin B1 inhibits RacL61-induced PAK activation. HEK 293 cells were transfected with 200
ng of HA-PAK, 500 ng plexin-B1cyto, and 25 ng or 50 ng myc–RacL61. HA-PAK was immunoprecipitated with �-HA (BAbCO). Kinase
activity was determined by in vitro kinase assay using histone H2B as a substrate or by �-phospho PAK antibody.
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et al. 2001). Our data confirm and extend these observa-
tions in the mammalian system.

Active Rac enhances the interaction of plexin-B1
with Sema4D

Previous studies have established that Sema4D is the
ligand for the plexin-B1 receptor (Tamagnone et al.
1999). We also observed that an alkaline phosphatase
(AP)-Sema4D fusion protein bound plexin-B1 expressed
in COS-7 cells (Fig. 2A). We found that coexpression of
RacL61 dramatically enhanced Sema4D binding (Fig.
2A). The enhanced binding caused by RacL61 was also
observed in a number of cell lines including COS-1 (data
not shown) and HEK293 (Fig. 2B). We also tested the
effect of RhoA on plexin-B1/Sema4D binding. Interest-
ingly, active RhoA (RhoAL63) was not able to enhance
plexin-B1/Sema4D binding (Fig. 2C).

We have shown previously that the effector domain
mutant, RacL61C40 is able to interact with plexin-B1,
but that RacL61G37 does not (Fig. 1B). Consistent with
their ability to bind plexin-B1, RacL61C40 enhanced the
receptor/ligand interaction and RacL61G37 did not (Fig.
2D). This suggests that the ability of Rac to enhance
plexin-B1/Sema4D binding is associated with its ability
to bind the receptor.

Rho family GTPases have been implicated to function
downstream of NP-1/plexin-A1 receptor complex (Liu

and Strittmatter 2001). Although Rac does not interact
directly with the plexin-A family of receptors (Rohm et
al. 2000b; Vikis et al. 2000; Driessens et al. 2001), we
tested whether expression of active Rac in COS-7 cells
could affect the interaction between Sema3A and NP-1/
plexin-A1. We found that expression of either active or
dominant negative Rac did not affect the interaction of
Sema3A with NP-1/plexin-A1, consistent with the ob-
servation that plexin-A1 does not interact with Rac (Fig.
2E). These observations suggest that the direct interac-
tion of plexin-B1 and RacL61 is responsible for the en-
hanced binding of Sema4D with plexin-B1.

Rac enhances plexin-B1 affinity and localization
to the cell membrane

The ability of active Rac to enhance the plexin-B1/
Sema4D interaction can occur via two mechanisms: (1)
increasing the receptor’s affinity for ligand, and/or (2)
increasing the number of receptors at the cell membrane.
To test these hypotheses, COS-7 cells were transfected
with plexin-B1 in the presence and absence of RacL61
and incubated with varying concentrations of AP-
Sema4D ligand. We observed that cells coexpressing
RacL61 bound more Sema4D as measured by an increase
in the amount of alkaline phosphatase activity (Fig. 3A)
that was also observed in 293 cells (data not shown). This
suggested that RacL61 may enhance the amount of

Figure 2. (A) Expression of RacL61 enhances the binding of Sema4D to plexin-B1 in COS-7 cells. COS-7 cells were transfected with
expression vectors for VSV–plexin-B1, mycRacL61, or pcDNA3. Binding of AP-Sema4D was performed. Pictures were taken at 100×
magnification and show staining over the course of 24 h (panels 1–3), 48 h (panels 4–6), and 72 h (panels 7–9). The expression level of
plexin-B1 from a duplicate plate was determined by �-VSV Western blot. Lanes 1–3 correspond to panels 1–3, respectively. Differences
in background color are attributable to differences in shutter speed of the digital camera. (B) Expression of RacL61 enhances the binding
of Sema4D to plexin-B1 in HEK293 cells. Cells were transfected as in A, however staining is shown after 5 h. (C) RhoL63 does not
enhance the binding of Sema4D to plexin-B1. COS-7 cells were transfected with the indicated expression vectors and subject to the
same staining procedures as in A. (D) Mutations in RacL61 ablate the ability to stimulate binding of plexin-B1 to Sema4D. Trans-
fections and staining were carried out as in A. (E) Rac does not affect the interaction of Sema3A with NP-1/Plexin-A1. COS-7 cells were
transfected with the indicated expression vectors. Cells were treated with Sema3A for 1 h prior to fixation and staining as described
in A. Sema4D ligand was used in panel 4 and 400× magnification was used to take the photos.
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plexin-B1 receptor at the cell surface. Scatchard analysis
of the binding revealed that cells expressing both plexin-
B1 and RacL61 also indicated a trend towards enhanced
affinity for Sema4D compared to cells expressing plexin-
B1 alone (Fig. 3A; data not shown). These binding data
suggest that expression of active Rac results predomi-
nantly in enhanced plexin-B1 localization to the cell sur-
face with a minor enhancement of receptor affinity.

If RacL61 enhances plexin-B1 localization to the cell
surface we postulated that these receptors would be
more susceptible to cleavage of the extracellular domain
by proteinase K. Treatment with proteinase K revealed
that in the presence of RacL61, plexin-B1 is more sensi-
tive to proteinase K cleavage than cells in the absence of
RacL61 (Fig. 3B). We observed that the full-length recep-
tor is cleaved into a smaller form whose appearance is
detected by plexin-B1 antibody that was raised against
the plexin-B1 cytosolic domain. Furthermore, expression
of RacL61 enhanced cell surface biotinylation of the
plexin-B1 receptor (Fig. 4B). These data are consistent
with the model that RacL61 binds plexin-B1 and en-
hances plexin-B1 expression at the cell surface.

The Rac-binding deficient mutant plexin-B1–GGA
is defective in Sema4D binding and cannot
be stimulated by RacL61

We have shown previously that mutation of residues
L1849,V1850, and P1851 (plexin-B1–GGA), which are lo-
cated in the plexin-B1 cdc42/Rac interactive binding mo-
tif (CRIB, residues 1843–1889), ablate the interaction
with active Rac (Vikis et al. 2000). It is possible that the
inability of RacL61G37 to stimulate the plexin-B1/
Sema4D interaction is not attributable to loss of binding,
but is caused by a defect in signaling to other down-
stream events that modulate plexin-B1/Sema4D binding.
To further test the role of Rac binding in modulation of
the plexin-B1/Sema4D interaction, we examined the ef-
fect of RacL61 on the binding of Sema4D to plexin-B1–
GGA. Our results show that the binding of Sema4D to
plexin-B1–GGA was not stimulated by RacL61 (Fig. 4A).
However, mutation of R1677 and R1678 (residues which
are conserved in all plexin family members and corre-
spond to the catalytic arginine found in RasGAP like
domains) to methionine (plexin-B1-MM) still permitted
RacL61 to stimulate the interaction with ligand. These
observations further support that a direct interaction is
required for Rac to stimulate plexin-B1/Sema4D binding.

We also observed that plexin-B1–GGA transfected
cells displayed much lower basal Sema4D binding com-
pared to wild-type plexin-B1, although the plexin-B1–
GGA mutant was expressed at similar levels (Fig. 4A).
This suggests that the interaction of plexin-B1 with en-
dogenous Rac is important for the proper function/local-
ization of the receptor. To further determine the cell
surface localization of plexin-B1, biotinylation of cell
surface proteins was performed with membrane imper-
meable sulfo-NHS-LC-biotin. We observed that plexin-
B1–GGA was more weakly cell surface biotinylated than

wild-type plexin-B1 which suggests that less of it is lo-
calized at the cell surface (Fig. 4B). Consistent with pre-
vious results (Figs. 2,3), RacL61 enhanced the biotinyla-
tion of plexin-B1 (Fig. 4B). To further test the role of
endogenous Rac on plexin-B1 function, we blocked en-
dogenous Rac activity by coexpression with dominant
negative Rac (RacN17). Expression of RacN17 signifi-
cantly inhibited the binding of plexin-B1 to Sema4D (Fig.
4C). Together our data demonstrate that plexin-B1/
Sema4D binding is regulated by endogenous Rac–GTP.

PAK inhibits Rac stimulated plexin-B1 binding
to Sema4D

We have shown that expression of the intracellular do-
main of plexin-B1 interferes with PAK activation by se-
questration of active Rac (Fig. 1) and expression of active
Rac can promote the binding of plexin-B1 with Sema4D
(Fig. 2). Therefore, we tested whether expression of the
N-terminal domain of PAK (residues 1–251) could inter-
fere with the RacL61-induced plexin-B1/Sema4D inter-
action. We observed that expression of the N-terminal
domain of PAK (amino acids 1–251), which encompasses
the RBD was able to inhibit the enhancement of Sema4D
binding caused by active Rac (Fig. 4D). These data fur-
ther support that the binding of Rac to PAK or plexin-B1
is mutually exclusive in vivo.

Discussion

We have reported previously that Rac–GTP interacts
with the intracellular domain of plexin-B1 (Vikis et al.
2000). The intracellular domain of plexins share signifi-
cant sequence homology with the RasGAP family of
GTPase activating proteins (GAPs) (Rohm et al. 2000b).
However, we have been unable to demonstrate that
plexin-B1 directly affects the nucleotide status of Rac
(data not shown). In this study we observed that plexin-
B1 competes with PAK for binding to active Rac in vitro.
In vivo, we observed that overexpression of the cytoplas-
mic domain of plexin-B1 inhibited the activation of PAK
by Rac. This suggests that one function of plexin-B1 is to
inhibit PAK activation through sequestration of Rac. In-
terestingly, PAK has been implicated in mediating vari-
ous cytoskeletal changes in both neuronal and nonneu-
ronal cells. PAK protein has been shown to be involved
in regulation of filopodia and membrane ruffles (Sells et
al. 1997; Frost et al. 1998) and localize to membrane
ruffles and edges of lamellipodia in fibroblast cells (Dhar-
mawardhane et al. 1997). In Drosophila, PAK plays a
critical role in photoreceptor axon guidance (Hing et al.
1999; Newsome et al. 2000). Hence, down-regulation of
PAK by Sema4D/Plexin-B1 correlates with processes
found in collapsing/turning growth cones, i.e., the rapid
disassembly of cytoskeletal structures. Recently, Hu et
al. (2001) reported genetic evidence that Drosophila
plexB mediates axon guidance by inhibiting Rac activity
and simultaneously enhancing Rho activity. They ob-
served that overexpression of PAK antagonized a plexB
gain of function phenotype, a phenotype that is aug-
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mented by active Rac. Our biochemical analysis using
the mammalian proteins is consistent with their genetic
observations.

We have demonstrated previously that Sema4D en-
hances the interaction between plexin-B1 and active Rac
(Vikis et al. 2000). This observation allows us to propose
a model by which Sema4D binds the plexin-B1 receptor
and stimulates the recruitment of Rac–GTP (Fig. 5A).
Sequestration of Rac results in the inactivation of PAK
and growth cone collapse/turning. This model is sup-
ported by genetic data by Hu et al. (2001). However, this
model conflicts with studies on the role of Rac down-
stream of the plexin-A1 receptor where dominant nega-
tive Rac inhibits collapse in response to Sema3A, which
suggests that Rac activation is required for Sema3A-me-
diated growth cone collapse (Jin and Strittmatter 1997).
Perhaps plexin-A and -B signal via different mechanisms
as plexin-A does not interact with active Rac. However,
Hu et al. (2001) have shown that in Drosophila Rac func-
tions downstream of plexA even though it does not in-

teract with plexA. It is possible that a yet unidentified
protein couples plexin-A with Rac.

The regulation of Rho family GTPases in response to
various ligands has become a central theme in growth
cone repulsion/attraction studies. Recently, Shamah et
al. (2001) have shown how the EphrinA ligand and EphA
receptor mediate short-range repulsive cues through
small GTPases. Similarly, the repulsive signals mediated
by the Slit ligand and ROBO receptor were found to
down-regulate the small GTPase, Cdc42 (Wong et al.
2001). It is now becoming clear that down-regulation of
either Rac or Cdc42 are common features resulting in
growth cone repulsion/collapse.

Our results indicate that another consequence of the
plexin-B1/Rac interaction is to modulate Sema4D ligand
binding. This effectively classifies plexin-B1 as a down-
stream effector of Rac and is the first example of a small
GTPase that directly regulates receptor function. An en-
hancement in the quantity of receptor at the cell mem-
brane and minor changes in affinity for ligand contribute

Figure 3. (A) RacL61 enhances the affinity and
number of plexin-B1 receptors at the cell surface.
COS-7cells were transfected as described in Materi-
als and Methods. AP-Sema4D binding was assayed
as described in Materials and Methods. Background
activity of vector-transfected cells was subtracted.
Scatchard plots are shown and linear regression
analysis was used to determine the line of best fit.
The data shown is an average of three replicates
with error bars indicating the calculated standard
deviation. (B) RacL61 recruits plexin-B1 to the cell
surface. HEK293 cells were transfected with VSV–
plexin-B1 (1 µg) and myc–RacL61 (25 ng or 100 ng) in
the combinations indicated. Cells were treated with
0.2 mg/mL proteinase K and lysates were analyzed
by Western blot with anti-plexin-B1 antibody.
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Figure 4. (A) The Rac binding deficient mutant plexin-B1–GGA is deficient in Sema4D binding and cannot be stimulated by RacL61.
COS-7 cells were transfected with the indicated expression plasmids and treated with Sema4D as described in Figure 2A. Plexin-B1–
GGA showed lower basal and RacL61-stimulated Sema-4D binding (panel 1 vs. 3 and 4 vs. 5). (B) Cell surface expression of plexin-
B1–GGA is diminished. HEK293 cells were transfected with the indicated expression plasmids. Cells were biotinylated with Sulfo-
NHS-LC-Biotin as described in Materials and Methods. Plexin-B1 and plexin-B1–GGA were immunoprecipitated with �-VSV and
detected by Western blot with streptavidin-HRP and �-VSV Western blots. (C) RacN17 inhibits the Sema4D/plexin-B1 interaction.
HEK293 cells were transfected as indicated and subject to the same Sema4D treatment and detection as described in Figure 2A. (D)
The N-terminal domain of p21-activated kinase (PAK) inhibits RacL61-induced Sema4D/plexin-B1 binding. HEK 293 cells were
transfected as indicated and subject to the same Sema4D treatment and detection as described in Figure 2A.
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to this enhancement. Whether this is a result of en-
hanced recruitment to the cell surface and/or inhibition
of receptor endocytosis is presently unclear. RhoA does
not interact with plexin-B1 and does not stimulate
Sema4D ligand binding, yet it has been reported to be
activated by clustering of plexin-B1 receptor (Driessens

et al. 2001). In Drosophila, plexB interacts with Rho and
stimulates its activity (Hu et al. 2001). It appears that
humans and flies use different mechanisms for plexin-B
stimulation of Rho activity.

Our data also suggests that endogenous Rac–GTP is
necessary for the maintenance of plexin-B1 at the cell
surface. This is based on the observation that dominant
negative Rac (RacN17), which inhibits endogenous Rac
activation, effectively inhibited the plexin-B1/Sema4D
interaction. Furthermore, the Rac binding defective mu-
tant plexin-B1–GGA is compromised in the interaction
with Sema4D. This lead us to postulate that factors that
modulate Rac activation can enhance the sensitivity of
the receptor/ligand interaction. It is possible that activa-
tion of a Rac-specific GEF and/or inactivation of a GAP
may modulate the levels of plexin-B1 at the cell surface
and its affinity for ligand (Fig. 5B). Hence, this suggests
that engagement of plexin-B1 by Sema4D may be regu-
lated by intracellular levels of Rac–GTP. What the bio-
logical consequence of this is is unknown, however this
may be a mechanism by which Rac activation by one
axon guidance cue can modulate the responsiveness of
the axon growth cone to another guidance cue, such as
Sema4D. It is worth noting that whether this model (Fig.
5) operates in axon growth cone guidance requires fur-
ther analysis in neurons. Under physiological conditions
the axon growth cone is exposed to multiple guidance
cues. Therefore, Rac may act as a mediator for cross-talk
between different axon guidance cues. Furthermore, our
data suggest that signaling between plexin-B1 and Rac is
bidirectional. Ligand-gated plexin-B1 can sequester Rac
from activating other downstream effectors whereas ac-
tive Rac can enhance the activity of plexin-B1.

Materials and methods

Plasmids

Cloning and bacterial expression of maltose binding protein
(MBP)-plexin-B1, GST–RacN17/L61, and GST–PAK–RBD have
been described previously (Vikis et al. 2000). pcDNA3-
plexB1cyto was constructed by PCR amplification of the cyto-
plasmic domain of plexin-B1 (amino acids 1512–2135).
pcDNA3-HA-PAK was subcloned from pJ3H-hPAK1 (J. Cher-
noff, Fox Chase Cancer Center, Philadelphia, PA) and pcDNA3-
HA-PAK-1–251 was constructed by PCR amplification. The
mammalian expression constructs pRK5-mycRhoL63, were
kind gifts from A. Hall (University College London, UK). pRK5-
myc-RacN17/L61 was subcloned from pZIP-RacN17/L61 pro-
vided by C. Der (University of North Carolina, Chapel Hill).
pcDNA3–VSV-plexin-B1, –VSV-plexin-A1 and –Flag-NP-1 were
kind gifts from Z. He and P.M. Comoglio (Tamagnone et al.
1999). VSV–plexin-B1–GGA (L1849G,V1850G, and P1851A) and
VSV–plexin-B1-MM (R1677M, R1678M) were constructed by
PCR mutagenesis. Sema4D-SEAP and Sema3A-SEAP were gifts
from Z. He (Harvard Medical School, Boston, MA) and A. Pus-
chel (Max-Planck-Institute for Brain Research, Frankfurt, Ger-
many), respectively.

Cell culture and transfections

HEK293, COS-7, and COS-1 cells were maintained in DMEM
(GIBCO) supplemented with 10% fetal bovine serum (FBS).

Figure 5. (A) Sema4D inhibits p21-activated kinase (PAK) ac-
tivity and promotes growth cone collapse. Treatment of plexin-
B1 expressing neurons with Sema4D results in the recruitment
and sequestration of active Rac. This inhibits the ability of Rac
to activate PAK and thus results in the disassembly of cytoskel-
etal structures associated with growth cone collapse/turning.
(B) Active Rac enhances the affinity of plexin-B1 for Sema4D
and its localization at the cell surface. Expression of plexin-B1 at
the cell surface requires endogenous GTP–Rac levels. Stimula-
tion of Rac by signals acting on RacGEFs and/or RacGAPs result
in enhanced localization of plexin-B1 at the membrane in addi-
tion to an enhanced affinity for Sema4D.
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Transfections were performed using Lipofectamine (Invitrogen)
as recommended by the manufacturer.

In vitro binding

In vitro binding experiments were performed as described pre-
viously (Vikis et al. 2000). Briefly, 10 µg of MBP-B1 pre-bound to
amylose beads were incubated in buffer containing 5 µg of either
GST–RacN17 or GST–RacL61/L61G37/L61C40 in the presence
of increasing amounts of GST–PAK–RBD.

PAK activity assay

HEK293 cells were transfected with different combinations of
200 ng of HA-PAK, 500 ng plexin-B1cyto, and 25 ng or 50 ng
myc–RacL61. Forty-eight hours posttransfection cells were
lysed in RIPA buffer (0.1% SDS, 1% Triton X-100, 0.5% deoxy-
cholate, 50 mM Tris-Cl at pH 7.5, 150 mM NaCl, 50 mM NaF,
1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluo-
ride, 5 µg/mL aprotinin, 5 µg/mL leupeptin, and 1 mM sodium
vanadate) and HA-PAK was immunoprecipitated with �-HA
(BAbCO). The kinase assay was carried out in 50 mM HEPES
(pH 7.4), 10 mM MgCl2, 2 mM MnCl2, 0.2 mM DTT, 0.2 mM
ATP, 10 µCi [�-32P]ATP and 10 µg of histone H2B. Purified
MBP-B1cyto protein was used to immunize rabbits for �-plexin-
B1 antibody production (Pocono Rabbit Farm & Laboratory,
Inc., Canadensis, PA). Myc–RacL61 was detected with
�-myc9E10 (Covance). Phosphorylated PAK was detected by
anti-phospho PAK (J. Chernoff, Fox Chase Cancer Center, Phila-
delphia, PA).

Semaphorin staining assays

COS-7, COS-1, and HEK293 cells were transfected in multi-well
plates in duplicate with 1 µg of VSV–plexin-B1 and 0.1 µg of
myc–RacL61 expression constructs. Forty-eight hours post-
transfection, cells were treated with 0.5–5 nM AP-Sema4D for 1
h in serum-free DMEM media (GIBCO BRL). Cells were washed
three times with buffer (Hanks’ Balanced Salt Solution, GIBCO
BRL), 20 mM HEPES at pH 7, 0.5 mg/mL BSA) and fixed with
4% paraformaldehyde, 10% sucrose in PBS for 5 min. Cells were
placed at 65°C for 1 h to inactivate endogenous phosphatases.
Cells were developed in TMNT buffer (100 mM Tris-Cl at pH
9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween-20) with 0.17
mg/mL 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 0.33
mg/mL nitrotetrazolium blue (NBT). Photos of stained cells
were taken with a Leica DM IRB light microscope over the
course of 1–3 d for COS-7 cells and 2–12 h for 293 cells. A
duplicate plate of cells was lysed in RIPA buffer and plexin-B1
was detected by �-VSV (Boehringer Mannheim) Western blot.

Alkaline phosphatase semaphorin fusion proteins were ex-
pressed by transfection of HEK293 cells with Sema4D-SEAP or
Sema3A-SEAP expression constructs. Cells were grown in 1%
FBS/DMEM and media were collected and concentrated prior to
determination of concentration by pNPP activity (Flanagan and
Leder 1990).

Sema4D binding assays

COS-7 and HEK293 cells were transfected in triplicate similar
to the staining assays. Forty-eight hours posttransfection cells
were incubated with varying concentrations of Sema4D for 1 h.
Cells were washed with buffer (Hanks’ Balanced Salt Solution,
20 mM HEPES at pH 7, 0.5 mg/mL BSA) and then lysed in 10
mM Tris-Cl (pH 8), 1% TX-100. Cell lysates were then cleared
at 15,000g and heated to 65°C for 20 min. Alkaline phosphatase
activity was measured by para-nitrophenyl phosphate (pNPP)

hydrolysis in a reaction buffer containing 10% diethanolamine
(pH 9.8), 0.5 mM MgCl2, and 10 mM pNPP. Absorbance at 405
nM was measured. Absorbance values from vector-transfected
cells were subtracted.

Proteinase K treatment

HEK293 cells were transfected with 1 µg of VSV–plexin-B1 and
0.1 µg of myc–RacL61 expression constructs. Forty-eight hours
posttransfection cells were washed in PBS and incubated in PBS
with 0.2 mg/mL proteinase K for 1 h at 37°C. Cells were then
washed with PBS (plus 1 mM PMSF), lysed in NP-40 buffer (20
mM Tris-Cl at pH 7.5, 100 mM NaCl, 1% NP-40) and subject to
SDS-PAGE and Western blot with �-B1 antibody.

Cell surface biotinylation

HEK293 cells were transfected as indicated. Forty-eight hours
posttransfection, cells were washed with PBS (pH 8) and incu-
bated with 0.5 mg/mL Sulfo-NHS-LC-Biotin (Pierce) in PBS (pH
8) for 40 min at room temperature. Cells were washed in PBS
(pH 8), 50 mM Tris-Cl (pH 8). Cells were then lysed in NP-40
buffer plus 0.1% TX-100 and subject to immunoprecipitation
with �-VSV. Samples were subject to SDS-PAGE and Western
blot with �-VSV and streptavidin-HRP (Amersham).
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