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Abstract

Plexins are cell surface receptors that bind to semaphorins and transduce signals that regulate
neuronal development, immune responses, and other processes. Signaling through plexins has
been proposed to rely on specific GTPase activating protein (GAP) activity for R-Ras and M-Ras.
Activation of this GAP activity appears to require simultaneous binding of semaphorin to the
plexin extracellular domain and of a RhoGTPase to the cytoplasmic region. However, GAP
activity of plexins has eluded detection in several recent studies. We show that the purified
cytoplasmic region of plexin uses a non-canonical catalytic mechanism to act as a GAP for Rap,
but not for R-Ras or M-Ras. The RapGAP activity of plexins was normally autoinhibited and
could be activated by induced dimerization. Our biochemical and crystallographic analyses
demonstrate that binding of the RhoGTPases did not directly contribute to activation of plexin
RapGAP activity. Semaphorin stimulated the RapGAP activity of full-length plexin in cells, which
was required for plexin-mediated neuronal growth cone collapse. These findings together define a
pathway for plexin signaling and provide new insights into the mechanism for semaphorin-
induced activation of plexin.
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Introduction

Plexins are a large family of cell surface receptors for the axon guidance molecules
semaphorins (1, 2). Semaphorin-plexin signaling is essential for the regulation of neuronal
development and other processes. Dysfunction in plexin pathways has been implicated in
various diseases including neurological disorders and cancer (3, 4).

Semaphorins are secreted or membrane bound multi-domain proteins, containing an N-
terminal Sema domain that is responsible for both dimerization and binding to plexin (5, 6).
Dimerization of some semaphorins is further stabilized by an inter-chain disulfide bond (7,
8). Plexins are transmembrane proteins with a multi-domain extracellular region that also
contains an N-terminal Sema domain. Binding of semaphorin to the Sema domain of plexin
leads to activation of its cytoplasmic region, which relays the signal to downstream
pathways. Several lines of evidence suggest that plexin is activated by semaphorin-induced
dimerization or oligomerization (9, 10). Three structural studies have revealed how one
semaphorin dimer binds two plexin Sema domains simultaneously (11-13). However, the
mechanism by which this interaction leads to activation of the plexin cytoplasmic region
remains unclear, partly due to the absence of the multiple membrane proximal domains of
plexin in these structures. The distance between the C-termini of the two plexin extracellular
segments in the structures could be bridged by the missing membrane proximal domains,
allowing dimerization of the transmembrane and cytoplasmic regions for triggering
activation (12, 13). On the other hand, these structures do not exclude the possibility that in
the semaphorin-plexin complex the cytoplasmic regions from the two monomers remain
separated. This would be consistent with a mechanism in which the cytoplasmic region of
plexin forms a pre-formed autoinhibitory dimer, and is activated by semaphorin-induced
separation of this dimer (5, 14).

The cytoplasmic region of plexin contains two segments that show sequence similarity to
Ras guanosine triphosphatase (GTPase) activating proteins (RasGAPs) (15, 16), which fold
together to form an intact GAP domain with an overall fold virtually identical to canonical
RasGAPs such as p120GAP (17, 18). The segment between the two GAP homology regions
forms a RhoGTPase-binding domain (RBD) that resides at one side of the GAP domain. A
juxtamembrane segment that connects the transmembrane region to the GAP domain adopts
a helix-loop-helix-loop conformation and wraps around the GAP domain. The GAP domain
is essential for plexin signaling because mutating the conserved arginine residue
corresponding to the catalytic “arginine finger” in p120GAP abolishes plexin-mediated
changes in cell morphology (15, 19-21). The RBD binds to a group of Rho family GTPases,
such as Racl and Rnd1, in their GTP-bound active state (10, 15, 22, 23). Plexin activation
appears to require both binding of a RhoGTPase to the RBD and semaphorin to the
extracellular region (19, 24, 25). There is indirect evidence indicating that the RhoGTPases
contribute to activation by inducing a conformational change in the GAP domain (24).

Plexins has been reported to act as GAPs for the Ras homologues R-Ras and M-Ras and
inactivate them by catalyzing hydrolysis of the bound GTP to GDP (19, 20, 24, 25).
Inactivation of R-Ras by plexin GAP domains may contribute to neuronal axon growth cone
collapse by decreasing integrin-mediated adhesion (26). Intriguingly, although binding
between plexins and R-Ras has been observed (18, 21), detection of the R-Ras GAP activity
of plexins has proven to be challenging (17, 18, 21). Therefore plexins have been suggested
to inhibit R-Ras by sequestering it from downstream effectors, rather than converting it to
the GDP-bound inactive state (21).

In search of the enzymatic substrates of the plexin GAP domain, we noticed that SynGAP
and the GAP1 family proteins, whose GAP domains are structurally similar to those in
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plexins, display GAP activity towards both Ras and its homologue Rap (27, 28). As
exemplified by p120GAP, most GAPs for Ras, R-Ras and M-Ras catalyze GTP hydrolysis
for these Ras homologues by using the “arginine finger” residue, which stabilizes the
leaving y-phosphate group in GTP. (29). Canonical GAPs for Rap, however, are structurally
distinct and use a fundamentally different catalytic mechanism that requires an “asparagine
thumb” residue for orienting a catalytic water molecule. (30). Although the dual specific
GAPs apparently use the same mechanism as p120GAP for Ras GTP hydrolysis, they can
also act on Rap through a non-canonical mechanism that is yet to be structurally
characterized (31).

These analyses prompted us to test whether plexins possess RapGAP activity. Our results
demonstrate that purified plexin cytoplasmic regions exhibit GAP activity for Rap, but not
for R-Ras or M-Ras. RapGAP activity could be stimulated by induced dimerization of
plexin, suggesting an allosteric activation mechanism exerted by inter-molecular
interactions. We also showed that RBD-binding RhoGTPases did not affect the plexin
RapGAP activity in solution. Our crystal structure of the PlexinA1-Racl complex
demonstrated that Racl does not induce any obvious conformational change in plexin, nor is
it likely to facilitate binding of Rap to plexin by interacting with Rap directly. We further
showed that semaphorin stimulated plexin RapGAP activity in cells, which was required for
plexin-mediated neuronal growth cone collapse, supporting the notion that Rap is a critical
downstream transducer in plexin signaling pathways.

Purified plexin cytoplasmic regions exhibit GAP activity for Rap but not for R-Ras or M-

Ras

To investigate the GAP activity of plexin family members, we purified the cytoplasmic
regions (referred to as plexinscyyo) of Plexin Al to A4, B1, C1 and D1. The GAP activity of
these proteins towards purified, GTP-loaded R-Ras and M-Ras was measured with a
continuous photometric assay (32). GTP hydrolysis of either R-Ras or M-Ras was
accelerated by the GAP domain of p120GAP (0.05 pM) but not by the plexingy, proteins
(10 uM) (Fig. 1, A and B).

In the RasGAP family, SynGAP and three proteins of the GAP1 group exhibit dual
specificity towards both Ras and Rap (27, 28). The high degree of structural similarity of the
plexin GAP domain to that of SynGAP (17) led us to speculate whether plexins also possess
GAP activity towards Rap. Rap1B and Rap2A, two members of the Rap subfamily, were
used as substrates to measure the GAP activity of plexinscyt,. The photometric assays
showed that the plexingyt, proteins accelerated GTP hydrolysis of both Rap1B and Rap2A
(Fig. 1, C and D). These results were confirmed by an HPLC-based assay that assesses the
ratio of GTP and GDP bound to Rap after incubation with plexins (fig. S1). Among the
plexins we tested, PlexinClgy, displayed the highest activity (first order rate constant k =
0.013 51 for Rap1B). Class A plexins were less active (k =1.4~1.6x1074 s™1 for Rap1B),
but showed higher activity than the intrinsic activity of Rap (Rap1B: k = 9.1x107° s™1),

Dimerization stimulates the RapGAP activity of plexinscyto

Plexinscyto are predominantly monomeric in solution (fig. S2B) (17). To test whether their
RapGAP activity is regulated by dimerization, we fused PlexinAlcyy, to the C-terminus of a
modified FKBP (FK506-binding protein), which can be induced to homodimerize upon
binding to the bivalent compound AP20187 (the dimerizer) (33). We placed FKBP at the N-
terminus rather than the C-terminus of PlexinAlgyy,, because this topology is likely to better
mimic semaphorin-induced dimerization of full-length plexins (13). A flexible linker (3 or 9
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residues) was included between FKBP and PlexinAlcy, to avoid imposing constraints on
the distance and orientation between the two plexingyt, molecules in the induced dimer (Fig.
2A). These proteins are referred to as FKBP-L3-PlexinAlgy, and FKBP-L9-PlexinAlcyy,
respectively.

Similar to native PlexinAlgyo, the FKBP-PlexinAlgy, fusion proteins were predominantly
monomeric in solution (fig. S2A). Their RapGAP activities were also similar to that of the
native protein (Fig. 2B). As expected, adding the dimerizer induced robust dimerization of
the FKBP-PlexinAlgy, fusions (fig. S2A). Dimerized FKBP-PlexinAlgy, proteins showed
higher RapGAP activity (Fig. 2B). The dimerizer did not alter the activity of native
PlexinAlcyto (Fig. 2B), supporting the notion that the stimulated activities of the FKBP-
PlexinAlcyt, proteins can be attributed to formation of an activating dimer. To test the
generality of this dimerization-driven activation mechanism, we constructed a FKBP fusion
of PlexinClcyt, With the 3-residue linker, which showed three-fold higher activity when
dimerized (fig. S2C) compared to monomeric PlexinClgy, (Fig. 1C). We also tested the
dimerization-induced activation of FKBP-L3-PlexinClcyy, in cells by using a GST-RalGDS
pull-down assay (34). Although degradation of the protein after treatment with the dimerizer
obscured the expected increase in RapGAP activity, the basal activity of PlexinC1 was
readily detected by this cell-based assay (fig. S3).

FKBP-L3-PlexinAlcyt, Was activated by dimerization to a greater extent (4-fold) than was
FKBP-L9-PlexinAlcyy, (3-fold) (Fig. 2B), suggesting that closer proximity of the two
plexingyto monomers favors formation of the activating dimer. To further explore the effect
of the inter-monomer distance on plexin activation, we fused the PlexinAlgy, to the C-
terminus of the coiled-coil dimerization motif of the transcription factor GCN4 (general
control non-repressed 4) to enforce constitutive dimerization on plexins (35). The distance
between the two C-termini in the GCN4 coiled-coil helix dimer was ~7 A (PDB ID: 2ZTA),
smaller than that in the FKBP dimer (~16A) (PDB ID: 1BL4). We also included a flexible
linker of various lengths (1, 4 and 7 residues) between the coiled-coil and PlexinAlcyto to
enable sampling of a wider range of inter-monomer distances. The 1-residue linker
essentially restrains the two N-termini in plexinscy, within the range of direct contacts,
whereas the 7-residue linker allows more than 40 A distance between the two N-termini
(assuming ~3 A span per linker residue, 7 x 3 x 2 = 42 A).

Insertion of the coiled-coil motif induced robust dimerization of PlexinAlcyy, (fig. S2). The
coiled-coil PlexinAlcyt, dimer was more active than the dimerized FKBP-PlexinAlgyg
fusion (Fig. 2B). The construct with the 4-residue linker (CC-L4-PlexinAlcyy,) displayed the
highest RapGAP activity (k = 3.9 x 1073 s for Rap1B), which was 28-fold and 7-fold
higher than the native protein and FKBP-L3-PlexinAlcyy,, respectively. In contrast, none of
the dimerized FKBP- and coiled-coil-PlexinAlcyt, stimulated GTP hydrolysis for either R-
Ras or M-Ras under similar conditions (Fig. 2, C and D).

We also generated and purified coiled-coil fusions of PlexinA2 and A4. They both formed
constitutive dimers and displayed higher RapGAP activity than their respective native
proteins (fig. S2D). The degree of activation varied among different plexin family members,
which may be due to differences in their intrinsic catalytic capacity or the degree of
activating dimer formation induced by the coiled-coil motif.

These results together suggest that the RapGAP activity of monomeric plexins is
autoinhibited, and it can be activated by formation of the activating dimer. Previous studies
have suggested that SynGAP and other dual specificity GAPs interact with Rap in a binding
mode similar to that of the p120GAP-Ras complex (27, 31). Assuming that plexins also bind
Rap in the same way, the Rap binding sites in monomeric PlexinA3 and B1 structures are

Sci Signal. Author manuscript; available in PMC 2012 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 5

clearly narrower than that in SynGAP (17, 18). This might prevent Rap binding and serve as
the autoinhibition mechanism. Higher activity of the coiled-coilplexincyt, dimers compared
to the FKBP-plexingyto dimers suggests that close proximity of the two juxtamembrane
segments in plexin monomers promotes formation of the activating dimer. These findings
support the idea that semaphorin activates plexin by inducing dimerization of the plexin
cytoplasmic region, as opposed to separation of a preformed inhibitory dimer.

Plexins use a non-canonical mechanism for catalyzing GTP hydrolysis for Rap

Although Rap and Ras are close homologues, their respective canonical GAPs are
structurally unrelated and use different catalytic mechanisms. RasGAPs such as p120GAP
catalyze GTP hydrolysis for Ras, R-Ras, or M-Ras by using an arginine finger residue (29),
which neutralizes the developing negative charge of the leaving g-phosphate group in GTP.
The arginine residue also stabilizes GIn1 in Ras, which orients a nucleophilic water
molecule for catalysis. Rap lacks the ability to position the nucleophilic water because it
contains a threonine residue at the equivalent position (Thrb1). Canonical RapGAPs
facilitate GTP hydrolysis for Rap with an asparagine residue (“Asn thumb”), which plays a
role equivalent to that of GIn61 in Ras (30).

The dual specificity GAPs, such as SynGAP, can act as RapGAPs without an “Asn thumb”
(31, 36). They are structurally related to RasGAPs and also possess the arginine finger. This
arginine residue is required for GTP hydrolysis for Rap, although its precise role is unknown
(31). Mutation of GIn63 in Rap to either alanine (GIn83—Ala; Q63A) or glutamate
(GIn®3—Glu; Q63E) renders Rap insensitive to the dual specificity GAPs, but only slightly
affects GTP hydrolysis catalyzed by canonical RapGAPs (31). These observations have led
to the model that the dual specificity GAPs induce a conformational change in Rap, which
pulls GInB3 into the active site where it functions in catalysis in a manner similar to that of
GIn®l in Ras (31).

The structural similarity of plexins to SynGAP suggests that they use the same alternative
mechanism for catalyzing GTP hydrolysis for Rap. To test this idea, we measured the
activity of plexins towards the Rap1B Q63E and Q63A mutants. Both of these two
mutations inhibited GTP hydrolysis catalyzed by either monomeric or dimeric plexins (Fig.
3A and B). In addition, we constructed the Rap G12V mutant, which is also sensitive to the
canonical RapGAPs but not to SynGAP (27). This mutation impaired plexin-catalyzed GTP
hydrolysis. Similar to other dual specificity GAPs, mutating the arginine finger residue
(Arg1429) in PlexinAl to alanine rendered both monomeric and dimeric plexinscyto
catalytically inactive (Fig. 3C).

Racl does not induce notable conformational changes in plexingyto

The mechanism by which the RhoGTPase-RBD interaction contributes to plexin activation
remains largely unclear. Our previous structural comparison of PlexinA3,, and the Rnd1-
bound RBD of PlexinB1 indicated that RhoGTPases do not induce a substantial
conformational change in plexin (17). To validate this notion, we determined the crystal
structure of full-length PlexinAlgy, bound to the RhoGTPase Racl loaded with the
nonhydrolyzable GTP analogue GMP-PNP. The Rac1 protein contained the GIn61—Leu
(Q61L) mutation, which renders Racl constitutively active but does not affect plexin
binding (14). The asymmetric unit of the crystal contained one Rac1(GMP-PNP) and two
PlexinAl molecules. One of the PlexinAl molecules was bound to Racl in a mode similar
to that of the PlexinB1 RBD-Rnd1 complex. The RhoGTPase-binding site on the other
plexin monomer was empty (fig. S4B). The presence of both apo- and Rac1-bound plexins
in the same crystal provides an opportunity to directly compare these two states of plexin.
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The structure shows that the switch I and Il regions of Rac1, which are the structural
elements for binding both guanine nucleotides and effector proteins, interact with the
hydrophaobic patch on the plexin RBD that is distal to the GAP domain (Fig. 4, A and B). A
superimposition of this structure with the PlexinB1 RBD-Rnd1 complex based on the RBDs
leads to good alignment between Racl and Rnd1, especially in regions that interact with the
RBDs (Fig. 4B) (14). Regions distal to the interface deviate to larger extents due to both the
structural difference between the two proteins and a minor misalignment, which can be
described as a small rotation of Racl relative to Rnd1 along the axis of the switch I1 helix.
Many of the residues in the PlexinAl RBD-Racl interface overlap with their counterparts in
the PlexinB1 RBD-Rnd1 structure, underscoring the similarity between the two binding
interfaces (Fig. 4B).

A superimposition of the Racl-bound PlexinAl molecule with the apo-PlexinAl in the
crystal shows that they adopt the same conformation, with a root mean square deviation
(RMSD) of 0.89 A for the Ca atoms of the 519 residues that are ordered in both molecules
(Fig. 4C). They are also similar to the previously determined apo PlexinA3 structure (17).
The RMSD between Rac1-bound PlexinAl and apo PlexinA3 is 1.36 A for 529 aligned Ca
atoms, and that between apo-PlexinA1 and A3 is 1.82 A for 531 aligned Ca atoms. The only
obvious difference among the three structures resides in the last two helices in the proteins,
which are located on the side of the GAP domain that is distal to both the GAP active site
and the RBD. They are largely solvent exposed and likely flexible as indicated by their high
B-factors.

A structural study of the PlexinB1-Racl complex shows that in addition to the binding site
shown here, Racl simultaneously engages a different site on a second plexin molecule with
much lower affinity (37). These bivalent interactions lead to a trimeric arrangement of the
plexin-Racl complex in the crystal, which has been proposed to contribute to plexin
activation by facilitating its higher order oligomerization. Nevertheless, the plexin molecules
in this structure adopt the same inactive conformation as in our structure (37). The high
degree of structural similarity between apo- and Racl-bound plexins suggest that Racl, and
likely other RhoGTPases, do not induce either substantial local structural changes in the
RBD or large-scale reorientation between different domains in plexin. The large distance
between the bound Racl and the GAP active site suggests that Racl is unlikely able to
facilitate catalysis by binding to Rap directly (Fig. 4A).

Rac1 does not stimulate the RapGAP activity of plexinscyt in solution

To validate the structural observations, we tested whether Racl modulates the RapGAP
activity of plexingyto. The experiments were designed to measure the effect of the plexin-
Rac interaction as shown in the structure in the present study and previous structures (18),
but not the new potential secondary interaction in the PlexinB1-Racl structure, which is
weak and does not form stably in solution (37). We used PlexinB1y, to test the effect of
Rac1 on plexin monomers because it has relatively high basal activity and its binding to
Rac1 has been well characterized (14, 18, 37). To ensure sufficient binding between Racl
and plexin in the assay, the concentration of GTP-loaded Rac1l Q61L was 10-fold higher
than that of PlexinB1¢y, and ~2-5-fold higher than the dissociation constant (Kq) value
(~20-43 pM) (18, 37). Racl did not alter the RapGAP activity of PlexinBlcyy, (Fig. 4D) or
the activities of the FKBP or coiled-coil dimer of PlexinAlgy, (Fig. 4E). These results
together with the crystal structure demonstrate that Racl does not directly contribute to
activation of the RapGAP activity of plexin in solution. This likely holds true for the other
plexin-interacting RhoGTPases, which bind to plexin in the same mode with similar
affinities (14, 18).
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Biochemical assays have suggested that induced clustering of RhoGTPase-bound plexinscyt,
elicits their GAP activity to R-Ras (24, 25). We used R-Ras or M-Ras as the substrate in
GAP assays and found that dimerized plexinscyt, remained inactive to both RRas and M-Ras
in the presence of Rac1(GTP) (Fig. 4, F and G).

RapGAP activity of full-length plexins in cells is stimulated by semaphorin

To examine whether full-length plexins function as RapGAPs when activated by their
semaphorin ligands, we employed the Raichu-Rap reporter system to monitor the activity of
Rap in living cells (38). In this system, an increase in the amount of GTP-bound Raichu-Rap
leads to stronger fluorescence resonance energy transfer (FRET) between the reporter
fluorescent proteins CFP and YFP, and vice versa. We used PlexinB1 for these assays
because its activation by the Sema4D ligand has been well characterized, and unlike the
interaction between some class A plexins and class 3 semaphorins its interaction with
Sema4D does not require the presence of neuropilin as the co-receptor (1, 2).

COST7 cells cotransfected with full-length PlexinB1 and the Raichu-Rap reporter were
stimulated with Sema4D and subjected to time-lapse FRET imaging. The Raichu-Rap
protein is not localized exclusively at the cell membrane where plexin is activated by
semaphorin (38, 39), consequently plexin could only act on a fraction of the Raichu-Rap
reporter in the cell. In particular, we observed strong fluorescence signals in the perinuclear
region of the cell, consistent with previous reports that a large amount of Rap resides on the
Golgi apparatus and late endosomes (40-42). This pool of Rap is not accessible to plexin
and we therefore excluded it from FRET analyses. The mean FRET value of the peripheral
regions of cells transfected with wild-type PlexinB1 and the Raichu-Rap reporter decreased
within 5 minutes after Sema4D treatment (Fig. 5). PlexinB1 bearing the arginine finger
mutation R1677A, which inactivates RapGAP activity, did not decrease FRET of the
Raichu-Rap reporter (Fig. 5). In addition, cells transfected with the Raichu-Rap reporter
bearing the plexin-resistant Q63E mutations exhibited no FRET decrease after Sema4D
treatment (Fig. 5). We also performed the same FRET assays using the Raichu reporter for
R-Ras. FRET in cells expressing the Raichu-R-Ras reporter and PlexinB1 did not decrease
after Sema4D treatment (Fig. 5).

These results suggest that plexins can not only act as Rap-specific GAPs in solution, but also
in cells. We propose that semaphorins stimulates this activity, likely by inducing
dimerization of the plexin cytoplasmic regions in a mode similar to that in the FKBP and
coiled-coil dimerization systems, in which the juxtamembrane helices in the two plexin
monomers are brought close to each other.

Rap inactivation is essential in plexin-mediated neuronal growth cone collapse

To determine whether the plexin RapGAP activity is required for semaphorininduced
repulsive axon guidance, we cultured primary rat cortical neurons, which have endogenous
PlexinAl and its co-receptor Neuropilinl (43, 44), and analyzed Sema3A-induced growth
cone collapse. Sema3A promotes growth cone repulsion through the PlexinA1-Neuropilinl
holo-receptor complex (1). Under basal conditions, addition of Sema3A to the culture
medium induced a robust collapse (~70%) of the growth cones by 1 hour (Fig. 6, A and B).
If the plexin RapGAP activity is important for semaphorin-induced growth cone repulsion,
expression of Rap1B (Q63E), which is resistant to plexins but remains sensitive to canonical
RapGAPs (31), would be expected to reduce or block Sema3A-induced growth cone
collapse. Ectopically expressed Rap1B (Q63E) inhibited Sema3A-induced growth cone
collapse in a DNA concentration-dependent manner compared to vector only-transfected
neurons (Fig. 6, A and B). These findings indicate that inactivation of Rap by plexin plays
an essential role in semaphorin-induced growth cone collapse. Consistently, mutating the
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arginine finger in plexin, which abrogates its RapGAP activity, abolishes plexin-induced cell
morphological changes (15, 19-21).
Discussion

Identification of the RasGAP domain in plexins over a decade ago raised the critical
question which Ras family member they act on for signal transduction (15, 16). We show
here that plexins, although structurally homologous to the RasGAPs, possess GAP activity
specific for Rap. It appears that the RasGAP fold has evolved a spectrum of specificity for
the Ras family members. Although p120GAP and other proteins with the RasGAP fold are
only active to the Ras, M-Ras, and R-Ras group, SynGAP and some GAP1 proteins are dual
specificity GAPs that can also act on Rap. Plexins likely reside at the other end of the
spectrum, because they are active towards Rap but not Ras, R-Ras, or M-Ras under the
conditions examined here. Our mutational analysis suggests that plexin catalyzes GTP
hydrolysis for Rap by using the alternative mechanism proposed recently for the dual
specificity GAPs (31). Although plexins may also display GAP activity towards R-Ras and
M-Ras as reported earlier under certain conditions, it is possible that they inactivate R-Ras
and M-Ras through an indirect mechanism or by sequestering them from their downstream
effectors (21).

Together with previous analyses of the arginine finger mutants of plexins, our growth cone
collapse assays with the Rap Q63E mutant suggest that inactivation of Rap by plexin is
essential for plexin-mediated neuronal growth cone collapse and other changes in cell
morphology (15, 19-21). This inactivation of Rap is likely limited to the plasma membrane
regions where plexin is activated by semaphorin. The RapGAP activity of plexins as shown
by our kinetic assays is low when compared to other RapGAPs (45). This localized, low
RapGAP activity may allow plexin to trigger localized cell morphological changes without
perturbing other functions of Rap inside the cells such as vesicular transport (46). The
EphA4 receptor induces growth cone collapse by inactivating Rap, although EphA4 itself
does not possess GAP activity and does so by recruiting a canonical RapGAP called spine-
associated RapGAP (47). Conversely, activation of Rap by the Rap-specific guanine
nucleotide exchange factor Epac leads to axon growth (48, 49). It appears that multiple
signaling pathways converge on Rap, and its activity plays a key role in determining
whether the axon undergoes collapse or outgrowth. This is consistent with several studies
showing that active Rap promotes neurite outgrowth by regulating cell adhesion and
cytoskeleton dynamics through integrin and RhoA, respectively (47, 50, 51).

Structural studies of the plexin ectodomains have elucidated the binding mode between
plexin and semaphorin, but have not addressed how this binding triggers activation of the
plexin cytoplasmic region (11-13). We show that the RapGAP activity of purified plexin
cytoplasmic region can be activated by dimerization and the extent of activation increases as
the distance between the two monomers decreases. These results suggest an activation
mechanism that involves formation of an activating dimer (Fig. 7). Given that the GAP
activity does not modify plexins themselves, plexins cannot employ an activation
mechanism similar to that used by most receptor tyrosine kinases in which two kinases
activate each other by cross phosphorylation (52). Instead, activation of the plexin GAP
domain could be achieved by a specific inter-monomer interaction that triggers an activating
conformational change in the GAP domain (Fig. 7). The dualspecificity GAP CAPRI has
been suggested to be regulated by dimerization (53). The dimerization mode and the
conformational change required for activation await structural analyses of dimeric plexins
and related GAPs.
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This activation mechanism involving the activating dimer does not rule out the possibility of
a preformed, inactive dimer of plexin on the cell surface (5, 14). In this case, semaphorin
binding would trigger the switch from the inactive to the activating dimer. The structure of
the “head-on” dimer of PlexinA2 extracellular region is of particular interest in this regard
(13). The two C-termini in this dimer point to opposite directions, which may impose spatial
and orientational restraints that prevent formation of the activating dimer of the cytoplasmic
region.

The role of the RBD-binding RhoGTPases is another intriguing issue in plexin signaling.
Our biochemical and structural analyses suggest that the RhoGTPases are not involved
directly in the dimerization-driven activation mechanism of plexin. Given that RhoGTPases,
plexins and Rap are all associated with the plasma membrane, RhoGTPases may contribute
to plexin activation in the context of the membrane surface. Binding of RhoGTPases may
help restrain the plexin cytoplasmic region in the orientation that favors formation of the
activating dimer or increase the accessibility of the GAP active site to Rap. Structural
analysis of the PlexinB1-Racl complex suggests a mechanism in which Racl facilitates
higher order oligomerization of plexins on the cell surface by binding to two plexin
molecules through two distinct binding sites (37). Alternatively, RhoGTPases may
destabilize the inactive dimer of plexin formed on the cell surface as discussed above and
shift the equilibrium towards the active state. Moreover, the RBD-RhoGTPase interaction
has been suggested to sequester RhoGTPases from their downstream effectors, thereby
contributing to signaling without altering the activation state of plexins (54).

Materials and Methods

Protein expression and purification

The coding sequence for the cytoplasmic domain of mouse PlexinAl (residues 1269-1894),
A2 (1264-1894), A3 (residues 1247-1872), A4 (1263-1893), C1 (residues 975-1571), D1
(residues: 1297-1916) (provided by Dr. Masahiko Taniguchi) and human PlexinB1 (1515-
2315) were amplified by PCR. These cDNAs were sub-cloned into either a modified pET28
vector (Novagen) that contains a recognition site for the human rhinovirus C3 protease
following the Hisg-tag (His-tagged), or another modified pET28 vector that expresses the
target protein with an N-terminal Hisg-Sumo tandem tag (His-sumo-tagged). The constructs
of FKBP-plexinscyt, With either one of the two linkers (3-residue linker: GSG; 9-residue
linker: GSSGSGSSG) were generated by PCR by using the coding sequence for FKBP in
the pC4-F\1E plasmid (ARIAD) and those of plexins. The GCN4 coiled-coil sequence
(VKQLEDKVEELLSKNAHLENEVARLKKLV) with three different linkers (1-residue
linker: G; 4 residue linker: GSSG; 7-residue linker: GSSGSSG) were fused with plexinsgyyo
by PCR and subcloned into the same expression vectors. Mutants of plexins were generated
by Quickchange (Stratagene). Expression and purification of these proteins were conducted
as described previously (17). The oligomerization states of the proteins were assessed by gel
filtration chromatography using Superdex 200 10/300 GL columns (GE healthcare).

The GAP domain of p120GAP (residues 714-1047) was expressed by using the His-tagged
vector in the bacteria strain BL21(DE3) and purified with a 1 ml Histrap column (GE
Healthcare) followed by ion exchange chromatography (1 ml resource Q, GE Healthcare).
The small GTPases including Racl (residues 2-177), Rap1B (residues 2-167), Rap2A
(residues 2-167), R-Ras (residues 22-201) and M-Ras (residues 10-178) were all expressed
and purified through similar procedures. Mutations were generated by Quickchange.
Guanine nucleotide exchange was performed by incubating the purified small GTPases with
GTP or the nonhydrolyzable analogue guanylyl imidodiphosphate (GMP-PNP) at 40-fold
excess in the presence of 4 mM EDTA on ice for 2 hours. The reaction was terminated by 10
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mM MgCl,, and excess nucleotide was removed by gel filtration using a Superdex 75
10/300 GL column (GE Healthcare).

Crystallization and structure determination

PlexinAl and GMP-PNP loaded Racl Q61L were mixed at final concentrations of 3 mg/ml
and 1.3 mg/ml respectively (~1:1.5 molar ratio) and subjected to crystallization trials in 96-
well sitting drop plates. Crystals grew initially in 0.1 M SPG buffer, pH 7.0 and 25%
PEG1500 at 20°C. Larger crystals were grown by hanging drop vapor diffusion in the same
condition. Crystals were further improved by streak seeding in similar conditions with lower
concentrations of PEG1500 (12-20%). Crystals were flash frozen in liquid nitrogen in the
crystallization condition supplemented with 20% glycerol. Diffraction data were collected at
Beamline 191D at the Advanced Photon Source (Argonne National Laboratory) at 100 K.
Data were indexed and scaled with the HKL2000 package (55). The data are consistent with
the space group P43212 and extend to 3.6 A resolution. The detailed statistics are
summarized in Table 1.

The structure of PlexinA3 (PBD ID: 31G3) was used as the search model for molecular
replacement in the Phenix package (56), which located two plexin molecules in the
asymmetric unit. An electron density map calculated using phases from these two plexin
molecules showed clear density for Racl bound to one of the plexin molecules, allowing
Rac1 to be placed manually with the program Coot (57). The other plexin monomer was not
bound to Racl, and its RhoGTPase-binding site was partially blocked by two symmetry-
related plexin molecules (fig. S4B). Iterative model building and refinement were performed
by using Coot and Phenix, respectively. Due to the low resolution of the data, tight restraints
on the geometry and B-factors were applied in the refinement steps to prevent over-fitting.
Noncrystallographic symmetry restrains were not applied to avoid artificial suppression of
the differences between the two PlexinAl molecules in the asymmetric unit. Kicked maps
generated by the Phenix refinement program were used in model building to detect and
correct for model bias. The GMPPNP molecule was not included in the model until Rfyee
decreased below 37%. Maps calculated prior to including GMP-PNP in the model showed
strong difference density at the nucleotide binding site in Racl (fig. S4A), confirming the
validity of the structure. The detailed statistics of refinement is included in Table 1.

In solution GAP activity assays

The photometric GAP assays were performed as described with minor modifications (32).
Briefly, GTP-loaded small GTPases were added to the reaction solution containing 50 mM
Tris-HCI pH 7.6, 20 mM NaCl, 2 mM MgCl,, 10% glycerol, 4 unit/ml purine nucleoside
phosphorylase (Sigma) and 200 uM 7-methyl-6-thioguanosine (Berry & Associates). The
final concentration of all the small GTPases in the reactions was 50 uM. The absorbance at
360 nm was monitored continuously in a 1 cm path-length cuvette. In these conditions, an
increase of 1 O.D. unit was calibrated to be equivalent to release of 95 uM inorganic
phosphate from the GTP hydrolysis reaction

After 20-30 s of baseline reading with small GTPases in the reaction solution, plexins (10
uUM) or p120GAP (0.05 pM) was added and mixed, and GAP-catalyzed reactions were
monitored for 400 s in total. For assays involving dimerized FKBP-plexinsgyo, 10 M
FKBP-plexinsgyto were first incubated with 5 uM AP20187 at room temperature for 5 min.
Then 50 uM small GTPase was added and mixed to start the assay. To test the effect of Racl
on the GAP activity of plexinscyt, 100 UM GTP-loaded Racl (Q61L) was incubated with 10
UM plexinsgyo at room temperature for 5 min before the assay. The data were fit to the
single exponential decay model to obtain the rate constants k using the program Prism5.
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The HPLC-based GAP assay was performed similar to described in (58). Briefly, aliquots of
Rap were heat denatured to release the bound guanine nucleotides. Denatured proteins were
removed by centrifugation and following ultrafiltration using a 10 kD cut-off concentrator
(Amicon). The nucleotide containing flow-through was loaded onto an anion exchange
column (AX300,100 x 4.6mm, SynChropak), and eluted with a buffer gradient of KH,PO4
(pH 7.0) from 0 mM to 700 mM. Elution of the nucleotides was monitored by the
absorbance at 254 nm. Standard elution profiles of GTP and GDP were obtained by running
analytical grade GTP and GDP from Sigma on the same column.

RalGDS pull-down assay for the RapGAP activity of FKBP-PlexinCl¢yyo in cells

The FKBP-L3-PlexinClgyy, in the pIRES-EGFP2 vector (Clontech) expressed in cells failed
to reduce the abundance of GTP-bound Rap by this assay, likely due to cytosolic
localization of the protein which cannot act efficiently on the Rap substrate localized on the
membrane surface (59). FKBP-PlexinClgy, was therefore targeted to the membrane by
including the myristoylation signal sequence from the kinase Yes (residue 1-11:
MGCIKSKENKS) at the N-terminus (fig. S3A). A C-terminal Myc-tag was also included
for detection by Western blot. The assay was performed as described previously (34).
Briefly, HEK293T cells in 6-well plates were transfected with Myr-FKBPPIlexinClgy, alone
or together with Myc-tagged Rap1B in pcDNAS3.1 (Invitrogen) using Fugene HD
(Promega). Twenty-four hours after transfection, cells were washed once in PBS and treated
with 100 nM AP20187. Cells were washed with cold PBS and then lysed in the lysis buffer
(50 mM HEPES, pH 7.3, 200 mM NaCl, 2 mM MgCl,, 1% Triton X100, 5% glycerol, 2
mM DTT with a protease inhibitor cocktail (Roche)). The lysates were cleared by
centrifugation, and the supernatant was incubated with 5 pl pre-equilibrated GST beads
bound to 5 g purified GST-RalGDS at 4°C for 45 min. GST-beads were washed 4 times
and the bound GTP-loaded Rap were eluted with the SDS-PAGE sample buffer (50 mM
Tris-HCI, pH 6.8, 1% SDS, 10% glycerol, 5% B mercaptoethanol, 0.02% bromophenol blue)
and boiled for 1 min before SDS-PAGE and Western blot analyses with an anti-Myc
antibody (Cell Signaling) for transfected Myc-Rap1B or an anti-Rapl antibody (BD
Transduction) for endogenous Rapl. Loading amounts were normalized by the total protein
concentrations as determined with the Bio-Rad protein assay. A fraction of the lysates was
analyzed by Western blot directly to probe the total amounts of Rap and Myr-FKBP-
PlexinCleyto.

FRET-based RapGAP activity assays in cells

Full-length VSV-tagged PlexinB1 in pcDNAS3 (Invitrogen) was obtained from Dr. Kun-liang
Guan at UCSD. The Raichu-Rap and Raich-R-Ras constructs were provided by Dr.
Michiyuki Matsuda at Kyoto University. Various mutations of these constructs were
generated by Quickchange.

COS7 cells (~1.0 x 10%) in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) were plated onto 35mm glass bottom dishes (MatTek). Cells were
transfected with different combinations of the plexin constructs and Raichu reporters on the
next day with Fugene6 (Roche) following the manufacturer’s instruction with a Fugene:
plexin: Raichu ratio of 15:4:1. Two days after transfection, cells were washed with 1 ml
phosphate buffered saline (PBS) and then supplied with 600 pl DMEM/F-12(1:1) medium
(GIBCO) containing 25 mM HEPES but without serum or phenol red. Live imaging was
performed on a DeltaVisionRT microscope equipped with a 37°C chamber and a CoolSNAP
HQ CCD camera. Images were acquired using a 436/10 excitation filter together with
465/30 or 535/30 emission filters for the CFP or YFP channel, respectively. Cells with net
fluorescent signal intensities over one hundred for both channels were chosen for FRET
measurements. For each dish, 4—6 cells were imaged using a 40x/1.35 oil lens and 10%
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neutral density filter. Images were first acquired for 2-3 min to ensure stability of the focus
and fluorescence signals. Cells were then treated with Sema4D at the final concentration of
~5 nM, followed by refocusing and subsequent image acquisition. All the acquisitions were
performed at 20-s interval for 6 min, with the exposure time set to 400 ms. Images were
processed with the program ImageJ (60).

After background subtraction, an intensity threshold was chosen to define the boundary of
the cell. Pixels outside of this region were set to zero intensity. For each pixel the intensity
ratio between the YFP (FRET acceptor) and CFP (FRET donor) channels was calculated and
taken as the FRET value (61). FRET images were pseudo-colored according to the FRET
values. For quantification of the FRET data for each transfection combination, all the cells
in each group (8-12 cells) that remained in focus during the imaging process were included.
For each cell, we randomly selected 2—4 regions in the peripheral areas of the cell for
quantification. Strong fluorescence signals were observed in the perinuclear regions, which
likely represent Raichu-Rap localized on perinuclear membrane compartments (39). This
pool of Raichu-Rap is not accessible to plexin and was therefore excluded from the FRET
analyses. The mean FRET values of the regions of interest were calculated using ImageJ.
The changes in the mean FRET values with respect to that of the first time point were
plotted as a function of time.

Neuron growth cone collapse assay

Dissociated rat cortical neurons were generated from E18 embryos using standard methods
(62). Dissociated neurons were cultured on poly-D-lysine- and laminin-coated glass
coverslips in Neurobasal medium (Invitrogen) plus B27 supplement (Invitrogen), penicillin/
streptomycin and glutamine. After dissociation in papain, and before plating, the neurons
were cotransfected with pcDNA3.1-Rap1B (Q63E) or vector control together with a plasmid
expressing mCherry using Lipofectamine 2000. The total amount of DNA transfected was
held at 2 mg, and the titrated amount of Rap1B plasmid was balanced with empty vector
(pcDNAZ3.1). Two days after plating (100,000 neurons/well in a 24- well plate), neurons
were stimulated with Sema3A at 7.5 nM or conditioned media for 1 hour at 37°C and 5%
CO». The neurons were then fixed in PBS supplemented with 4% paraformaldehyde and 2%
sucrose for 8 min, F-actin was visualized using partial permeabilization and phalloidin-
Alexa-554 (Invitrogen) as described (62). Transfected neurons were identified by the
mCherry fluorescent signal. The relative percentage of collapsed growth cones was
determined under experimenter-blinded conditions using standard criteria as described (62).
Over 450 growth cones were counted for each experimental condition. Two-way ANOVA
showed a significant interaction between Rap1B (Q63E) transfection and semaphorin 3A
stimulation (F,, 12,=287.2, p<0.0001). Simple main effects were determined by multiple one-
way ANOVA and independent samples t-tests. One-way ANOVA of the stimulated group
alone showed a significant effect of Rap1B (Q63E) transfection (F, =337.2, p<0.0001).
Bonferroni post hoc analyses showed significant differences between vector-only and 0.5 g
Rap1B (Q63E) transfection (p<0.001), as well as between vector-only and 1.0 ug Rap1B
(Q63E) transfection (p<0.001). One-way ANOVA of the unstimulated group alone also
showed that Rap1B (Q63E) transfection affected growth cone collapse (F;,6=10.17, p<0.05);
Bonferroni analysis indicated this effect was significant between vector and 0.5 ug Rap1B
(Q63E) (p<0.05). Individual t-tests performed at each level of Rap1B (Q63E) transfection
showed that semaphorin stimulation significantly induced growth cone collapse when cells
were transfected either with vector (t,=33.09, p<0.0001) or 0.5 ug Rap1B (Q63E) (t4,=35.36,
p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Purified plexinseyto display GAP activity for Rap but not for R-Rasor M-Ras
(A to D) None of the tested plexinscyt, accelerate GTP hydrolysis for R-Ras (A) or M-Ras

(B).

Plexinsgyto show GAP activity towards both Rap1B (C) and Rap2A (D).
Data shown are representative of at least 3 independent experiments.
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Fig. 2. Effect of dimerization on the GAP activity of plexinsyyio

(A) Schematic diagrams of the FKBP or coiled-coil plexingy, fusions to enable induced or
constitutive dimerization.

(B) The RapGAP activity of PlexinAlcy, is stimulated by dimerization. “+dimerizer”
indicates pre-incubation of the FKBP fusions with the dimerizer.

(C to D) CC-L4-PlexinAlcyyo and dimerized FKBP-PlexinAlgyt, do not show GAP activity
for R-Ras (C) or M-Ras (D).

Data shown are representative of at least 3 independent experiments.
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Fig. 3. Mutational analysis of the RapGAP activity of plexinsgyto

(A to B) The G12V, Q63A or Q63E mutation in Rap1B inhibits GTP hydrolysis catalyzed
by PlexinCleytg (A) or CC-L4-PlexinAlcyy, (B).

(C) Mutation of the arginine finger (RA) abolishes the RapGAP activity of both
PlexinCleyto and CC-L4-PlexinAlcyyo.

Data shown are representative of at least 3 independent experiments.
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Fig. 4. Binding of Racl does not affect the structure or the GAP activity of plexinseyto

(A) Overall structure of the PlexinAlcyt,-Rac1(Q61L) complex. The second plexin molecule
in the asymmetric unit, which is not bound to Rac1, is not shown.

(B) Comparison of the PlexinAlgyt-Racl complex and the PlexinB1 RBD-Rnd1 complex
(PDB ID: 2REX). The superimposition is based on the RBDs in the two structures. The
juxtamembrane segment and the GAP domain of PlexinAl are omitted for clarity.

(C) Superimposition of Apo-PlexinA3 (PDB ID: 31G3), Apo-PlexinAl and Racl-bound
PlexinAl.

(D) Active Racl does not affect the RapGAP activity of PlexinBlcyt,. For GAP assays with
Rac1, plexin proteins were incubated with GTP-loaded Rac1(Q61L) before the assays.

(E) Active Racl does not affect the RapGAP activity of dimeric PlexinAlgyyq.
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(F to G) CC-L4-PlexinAlgyyo in the presence of Racl remains inactive towards R-Ras (F)

and M-Ras (G).
Data shown are representative of at least 3 independent experiments.
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Fig. 5. Semaphorin activatesthe RapGAP activity of full-length PlexinB1 in cells

FRET images were recorded after semaphorin treatment of the cells transfected with the
combinations of plasmids as indicated at the top panel. Each column contains three
timelapse images of one representative cell for each transfection combination. Scale bars: 10
pum. The images are pseudo-colored based on the FRET value of each pixel. The calibration
bars for the coloring schemes are shown below each column. In the bottom panels, the
changes in the mean FRET value of all the imaged cells in each group are plotted as a
function of time. The plots are combined data from at least 3 independent experiments (n =
8~12 cells). Error bars represent standard error of the mean.
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Fig. 6. The RapGAP activity of plexin isrequired for semaphorin induced neuronal growth cone
collapse

(A) Representative images of semaphorin-induced growth cone collapse of rat cortical
neurons. Growth cone morphology was visualized by staining of F-actin with Alexa-554
conjugated phalloidin (green). Transfected neurons were identified based on the mCherry
fluorescence signal (red). Uncollapsed and collapsed growth cones are indicated by stars and
arrows, respectively. Scale bars: 10 um.

(B) Quantification of growth cone collapse of the neurons that are transfected with empty
vector or various amounts of Rap1B Q63E mutant. Error bars represent standard error of the
mean. Asterisks (***) indicate significant differences (p<0.001) determined by analysis of
variance (ANOVA) followed by Bonferroni post-tests.
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Juxtamembrane
segment

Inactive (monomer or dimer) Activating dimer

Fig. 7. A schematic mode for the regulation of the RapGAP activity of plexin

Prior to semaphorin binding, plexin is an inactive monomer or dimer, in which the RapGAP
activity is autoinhibited. Semaphorin-induced dimerization of the plexin extracellular region
promotes formation of the activating dimer of the cytoplasmic region, which converts the
GAP domain to the active state through an allosteric mechanism. Racl or other activator
RhoGTPases are not involved in this allosteric activation process, and their roles in plexin
activation are not clear. Plexin inactivates Rap to promote neuronal growth cone collapse
and other changes in cell morphology, which may rely on the ability of Rap to regulate cell
adhesion and cytoskeleton dynamics through integrin and RhoA, respectively.
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Table 1
Data collection and refinement statistics.
Data collection
Space group P432,2
Unit cell (A) a=b=110.78, c=265.63

Resolution (A)

50-3.60 (3.73-3.60)2

Protein molecules/asymmetric unit
Number of protein atoms
Non-protein atoms

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot (favored, allowed, disallowed) (%)

Number of reflections 103,082
Number of unique reflections 20,090
Completeness (%) 99.7 (98.8)
llo 17.6 (2.4)
Reym (%)b 10.3 (64.7)
Refinement

Rwork/Rfree (%) 26.7/33.7

Plexin: 2; Racl: 1
9,083
Mg?* and GMP-PNP
0.003
0.490
82.9,17.1,0

a . . .
Numbers in parentheses refer to the highest resolution shell.
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Rsym = Z|I-<I>|/ZI, where | is the observed intensity of a reflection, and <I> is the average intensity of all the symmetry related reflections.
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