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mall GTPases play critical roles in

diverse biological events including
regulating both the cytoskeletal and
adhesive properties of cells. The impor-
tance of small GTPases to these events
stems from their ability to be turned on
and off, respectively, by specific GEFs
and GAPs. In neurons, for example,
regulation of small GTPase activity by
extracellular guidance cues controls axo-
nal and dendritic process shape, exten-
sion and navigation. Here, we discuss
recent findings that indicate a specific
regulator of small GTPase signaling,
the Plexin transmembrane GAP, is dif-
ferentially controlled by specific extra-
cellular cues to guide growing axons.
In particular, Plexins are receptors for
one of the largest families of axon guid-
ance cues, Semaphorins and negatively
regulate cell morphology and motility
by serving as GAPs for Ras/Rap fam-
ily GTPases. Recent observations reveal
that Plexin’s GAP activity is controlled
by the cAMP-dependent protein kinase
(PKA), which phosphorylates Plexin and
generates a binding site for the phospho-
serine/threonine binding protein 14-3-
3e. This PKA-mediated Plexin-14-3-3¢
interaction prevents Plexin from asso-
ciating with its GTPase substrate, and
thus antagonizes Semaphorin signaling.
We now further examine these interac-
tions and how they provide a new logic
by which axon guidance signaling path-
ways over-ride one another to steer grow-
ing axons. We also further explore how
Plexin interacting proteins, including
Ras, PKA and 14-3-3 may interact with
the Plexin GAP domain. Our observa-
tions also further indicate that 14-3-3
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proteins may have conserved roles in the
regulation of GTPase activity.

Cells and their elongating processes
require the concerted function of cyto-
skeletal and adhesive complexes in order
to change their shape, move and correctly
navigate.! A simplified view of this move-
ment is that initial cellular protrusions
such as filopodia and lamellipodia develop
by actin 24
These protrusions are stabilized by attach-

nucleation/polymerization.

ing to the extracellular matrix (ECM)
or adjacent cells, which are connected to
the actin cytoskeleton and provide “feet”
for migration.*® These steps cycle in the
course of motility.

Guiding Axons

Our interests are to understand the cel-
lular, molecular and biochemical mecha-
nisms underlying cellular shape change,
motility and guidance. In particular, we
are very interested in how the cellular
extensions/processes of cells, including,
the axonal processes of neurons, per-
form these functions. At early stages of
nervous system development, the lead-
ing edge of a growing axon, the growth
cone, begins its elongation toward its final
target, which is often located a long dis-
tance away. The growth cone is a highly
motile structure comprised of spike-like
filopodia and web-like lamellipodia.**
Filopodia are supported in part by bun-
dled, parallel-organized filamentous actin,
while lamellipodia are comprised of a
mesh-like network of actin. In addition
to these actin structures, microtubules
strengthen the long axon shaft and also
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stabilize growth cones. Likewise, axonal
growth and guidance also depends on the
ability of the growth cone to adhere to
a substrate, which may take the form of
the ECM, other cell types and even other
axons.*” Environmental cues direct the
organization of these actin, microtubule
and adhesive components by triggering the
activation of specific receptors present on
the membranous surface of growth cones.
These receptors then activate intracellular
signaling cascades that specify a change—
either growth/elongation-promoting or
effects—
in cytoskeletal dynamics and adhesion.®

inhibitory/retraction-inducing

Thus, by expressing different sets of guid-
ance receptors, or by modulating cellular
signaling states, each growth cone dif-
ferentially regulates cytoskeletal dynam-
ics and adhesion and so extends further,
steers in another direction, or stops grow-
ing.”® While much has been learned of
the cellular aspects of axon guidance, our
understanding of the molecular and bio-
chemical mechanisms enabling precise
axon guidance is still far from complete.

Small GTPases Are Key
Regulators of Cytoskeletal
and Adhesive Dynamics

In neurons, as in other cells, small GTP
binding proteins (small GTPases) have
emerged as key players in multiple cell bio-
logical processes including the regulation
of cell shape, movement and navigation.”
Among the five Ras superfamily GTPases,
Ras, Rho, Rab, Arf and Ran, Rho family
proteins have been best characterized as reg-
ulators of the actin cytoskeletal structures
that allow for changes in cell morphology
and motility (reviewed in refs. 9 and 10).
For example, classic microinjection studies
using fibroblast cells revealed that RhoA
induces actin stress fibers and focal adhe-
sion. Likewise, loading of Rac with GTP
results in the formation of lamellipodia, as
does Cdc42 for the formation of filopodia.
Small GTPases have GTP hydrolysis activ-
ity, thereby working as molecular switches
thatare functional in the GTP bound form
and turned-off in the GDP bound form.
GTP bound GTPases preferentially asso-
ciate with downstream effectors such as
Rho kinase (ROCK), p21-activated kinase
(PAK), phosphatidylinositol-4-phosphate
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5-kinase (PI4P5K) and N-WASP (neuro-
nal Wiskott-Aldrich Syndrome protein)
and activate these proteins to regulate
cytoskeletal dynamics by, among other
means, recruiting them to the cell mem-
brane and/or by inducing conformational
changes.”!?

In addition to the regulation of cyto-

skeletal Ras
GTPases also regulate cell-cell and cell-

dynamics, superfamily
substrate adhesion by associating with
among other proteins, Cadherins and
Integrins.*"" Cadherins cluster together
through  Ca**-dependent
dimerization, which results in cell-cell

homophilic

adhesion. Likewise, integrins are recep-
tors for extracellular matrix (ECM) pro-
teins including laminin, fibronectin and
collagen.’ Integrins consist of a and 3
subunits, which form heterodimers, bind
to their ligands and enable substrate
adherence. Binding to ECM components
activates Integrins, which initiate down-
stream signaling through diverse proteins
such as focal adhesion kinase (FAK) to
regulate cell-cell adhesion and reorganize
the actin cytoskeleton.’ Integrins also con-
nect with the actin cytoskeleton through
the
involving talin, paxillin and vinculin.>®
Small GTPases in the Ras family includ-
ing R-Ras and Rapl have also emerged
as key regulators of Integrin-mediated
cell adhesion. Although the molecu-
lar mechanisms of how R-Ras and Rapl
activate Integrin-mediated adhesion is not
completely understood, the activation of
Ras family GTPases increases Integrin-
mediated cell adhesion by inducing clus-
tering of Integrins and conformational
changes in the extracellular domains of
Integrins, which consequently enhances
affinity toward the ECM." Likewise,
R-Ras has also been linked to enhancing
Integrin activity by regulating endocytosis
of Integrins through increasing membrane
dynamics."” Furthermore, Rapl activates
its effectors, RIAM and RAPL, which
directly associate with Integrin complex
and enhance Integrin activity."

formation of protein complexes

Semaphorins: Key Regulators of
GTPase-Mediated Axon Guidance

More than half-a-century of intense study
has now resulted in the identification of a
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number of axon guidance cues and their
receptors.” The Semaphorin (Sema) fam-
ily of secreted and membrane-associated
proteins has emerged as one of the largest
families of these axon guidance cues, and
also function in similar events in multiple
other cell types.””® Plexin family trans-
membrane proteins serve as receptors for
Semas, activating critical downstream sig-
naling in the growth cone." Interestingly,
Semas combine with their Plexin receptors
to push-away (repel) axons, and thus serve
to guide axons by preventing their exten-
sion into inappropriate areas.”” In particu-
lar, to avoid Sema repellents, the growth
cone shifts its orientation by reorganiz-
ing the actin cytoskeleton and decreas-
ing its substrate adhesion on the side of
the growth cone contacting Semas. Thus,
Sema/Plexin guidance is thought to work
by regulating both cytoskeletal and adhe-
sive interactions through its downstream
signaling proteins.

Significant advances have been made
by a number of groups over the past 15
years into the identification of the intracel-
lular molecules that mediate the repulsive
responses of Semas/Plexins. As summa-

1314 these studies

rized in recent reviews,
have revealed that prominent components
in Sema/Plexin axon guidance signaling
are small GTPases. In particular, Plexins
have been found to interact with a num-
ber of different small GTPases, and some
of these small GTPases appear to work
in Sema/Plexin signaling by serving to
activate different effector proteins.”!41¢
Plexin binding may also sequester these
small GTPases from interacting with
their downstream effectors.’*'* In par-
ticular, Plexins have a RhoGTPase bind-
ing domain (RBD) and different classes
of Plexins have been found to interact
with members of Rho GTPase family.
For example, as reviewed in references
14—16, some Plexins associate with Rnd
GTPases, which regulate Plexin activity.
Other small GTPases like RhoD, compete
with Rnd family GTPases for binding to
Plexin. Plexins also bind to Rac and RhoA
and this binding has been postulated to
sequester Rac from its downstream effec-
tor PAK and enhance the effects of RhoA.
Racl-Plexin interactions have also been
found to promote surface expression of
Plexin.
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An increasing amount of literature indi-
cates that Plexins not only directly bind to
several different small GTPases, but they
also regulate GTPase activity by function-
ing as GTPase activating proteins (GAPs)
(reviewed in refs. 14, 16 and 17). In par-
ticular, the intrinsic rate of GTP hydroly-
sis by GTPases is typically slow and GAPs
function to accelerate this chemical step
and thereby control the signal duration of
GTPases. The role of GAP:s is therefore in
contrast to guanine nucleotide exchange
factors (GEFs), which stimulate the release
of bound GDP and allow for replacement
with GTP, which is abundantly present
in the cytoplasm. Therefore, GEFs turn-
on and GAPs turn-off GTPase function.
The cytoplasmic region of Plexins exhibit
sequence similarity to GAPs for Ras and
Rap family GTPases, and an overview of
a number of recent studies suggests that
different Plexins regulate the activity of
several Ras and Rap family members.'#1¢17
Likewise, crystal structure of the Plexin
cytoplasmic region reveals that the Plexin
GAP structure is comparable to that of
canonical RasGADPs.’®? While much
remains to be learned of this Plexin GAP
activity and the differences in GAP speci-
ficity/activity between different Plexin
family members, these results are exciting
in light of the role of small GTPases in
cytoskeletal regulation and adhesive inter-
actions. For example, both Ras and Rap
family small GTPases are known to acti-
vate Integrin-mediated cell adhesion,'"'*"
and results indicate that Plexins decrease
the level of active GTP-bound forms of
these GTPases (reviewed in ref. 14). These
effects result in decreased Integrin adhe-
sion (de-adhesion) and contribute to the
repulsive guidance effects seen with Sema/
Plexin signaling. This Plexin RasGAP
activity has also been found to underlie
Sema/Plexin repulsive signaling by regu-
lating other intracellular proteins includ-
ing phosphatidylinositol-3 kinase (PI3K)
and phosphatase and tensin homolog
(PTEN) (reviewed in ref. 14).

These exciting observations on the
Plexin GAP domain have led us and
others to question how the Plexin GAP
domain is activated and inactivated.
The Plexin GAP homology domain is
unusual in that it is divided by Plexin’s

Rho GTPase binding domain (RBD)."
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In at least some contexts, direct binding
of a GTPase to the RBD has been found
to be important for the stimulation of the
Plexin GAP activity (reviewed in refs. 14
and 16). It is also thought that activation
of the Plexin GAP requires binding of
Plexin to its Sema ligand and/or perhaps
even a combination of Sema binding to
the extracellular region and Rho family
GTPase binding to the RBD in the cyto-
plasmic region.® Although a complete
understanding on how Semas and Rho
family GTPases contribute to the acti-
vation of the Plexin GAP awaits further
study, Sema binding likely induces clus-
tering of Plexins and GAP activity,'s***
while GTPase binding also induces a
conformational change in Plexin and
increases the amount of Plexin at the cel-
lular membrane.!" These studies suggest
that the Plexin GAP functions as a coinci-
dence detector whose activity depends on
both extracellular stimulus by a Sema and
intracellular status, which is regulated
by other guidance cues and the cellular
capacity to respond to those cues.

Regulating Sema/Plexin-Mediated
Small GTPase Signaling
to Guide Axons

To better understand the mechanisms
of Sema signaling and its component
parts, we along with other groups have
been using the simple model system of
Drosophila to find and characterize these
molecules. Using these strategies, a num-
ber of new molecules have been found
that have furthered the understanding of
Sema-mediated signaling. For example,
we have recently characterized a new
family of enzymes, the MICALs, which
interact with cytoplasmic region of Plexin
A (PlexA) (Fig. 1A)."* MICALs are multi-
domain oxidoreductase (Redox) enzymes
whose activity is required for the propa-
gation of PlexA- mediated repulsion.'>**
Our recent results also reveal that Mical
directly binds and disassembles F-actin by
oxidation of the Met-44 residue of actin,
a residue that is within the Subdomain 2
portion of actin that is critical for actin
monomer-monomer contact (Fig. 1A).2>*
Hence, Mical directly links Sema repulsive
activity to actin reorganization. Moreover,

PlexA has also been found to physically
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interact with Nervy/MTG family proteins,
which among other roles have been found
to function as protein kinase A (A kinase)
anchoring proteins (AKAPs)»#¢ and link
protein kinase A (PKA) to the Plexin
A receptor (Fig. 1A).”7*® Interestingly,
in contrast to Mical, multiple genetic
interaction experiments indicate that
Nervy and PKA antagonize Sema/PlexA-
mediated repulsive axon guidance.”?
These cAMP-dependent protein kinase
(PKA)-mediated antagonistic effects on
PlexA-dependent repulsion is reminiscent
of observations revealing that increasing
cAMP can silence the repulsive effects of
specific Semas on cultured Xenopus and
chick growth cones (Reviewed in®%).
Thus, this conserved role of cAMP signal-
ing raises interesting questions about the
substrates of PKA and how PKA inacti-
vates Sema/Plexin repulsive signaling.

Recently, while further investigating
proteins that might direct Sema/Plexin
signaling, we were particularly intrigued
by a new Plexin binding protein, 14-3-3¢,
that had been identified in a yeast two-
hybrid screen.” Members of the 14-3-3
family of proteins are well-known for their
interactions with phosphorylated serine/
threonine residues in target proteins and
play important roles in cellular signal-
ing.*¥ Interestingly, our analysis of the
interaction between PlexA and 14-3-3¢
revealed that a single serine residue situ-
ated within the Plexin RasGAP domain
was critical for the PlexA-14-3-3¢ interac-
tion.?”? Thus, we wondered if this interac-
tion between PlexA and 14-3-3& could
regulate Plexin RasGAP-mediated axon
guidance.

14-3-3 proteins have long been known
to be highly expressed in the nervous
system (discussed in ref. 29) but their
in vivo roles in axon guidance have only
been poorly defined. Using the Drosophila
nervous system as a model, we found
that 14-3-3¢ is highly expressed within
developing neurons and their axonal pro-
cesses and can be co-immunoprecipitated
with neuronal PlexA in vivo.”” Turning
to genetic assays in Drosophila, we found
that loss of 14-3-3& generated axon guid-
ance defects, as did raising the neuronal
levels of 14-3-3£.% These results revealed
that 14-3-3¢ is both necessary for correct
axon guidance and sufficient to alter the
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Figure 1. Working model of the mechanisms underlying Drosophila Sema-1a/PlexA-mediated repulsive axon guidance. (A) Drosophila Sema-1a exerts
repulsive guidance effects by activating PlexA, which then induces repulsion. In particular, the cytoplasmic region of PlexA interacts with Mical, a
novel F-actin disassembly factor that directly oxidizes the Met44 residue of actin to disassemble F-actin and limit actin polymerization. Plexin fam-

ily proteins also have a GAP domain within their cytoplasmic region, which inactivates members of the Ras/Rap family of small GTPases to inhibit

Integrin-mediated cell adhesion (De-Adhesion). Our recent results indicate that this Sema/Plexin “De-Adhesion” can be turned-off by phosphorylation
of the GAP domain of PlexA by protein kinase A (PKA), which allows binding of 14-3-3¢ to PlexA and disrupts the interaction of the PlexA GAP domain
with its Ras substrate. These interactions effectively allow Integrin-mediated adhesion to be turned back on (see also B). Several other molecules in-
cluding Off-track, Gyc76C and Plexin B have also been implicated in this signaling pathway but their mechanistic role in this pathway is not yet clear.*’
The circled numbers (1, 2 and 3) refer to the panels in (B) which provide more detail. (B) (1) Plexin RasGAP facilitates GTPase activity of its substrate
Ras/Rap family GTPases. Subsequently, GDP-bound inactive Ras is unable to activate Integrin-mediated cell adhesion. (2) PKA phosphorylates a serine
residue in the Plexin RasGAP domain and generates a binding site for 14-3-3¢. (3) The interaction between 14-3-3g and Plexin inhibits Plexin GAP activ-

ity by preventing it from associating with its Ras substrate. GTP-bound active Ras is able to activate Integrin-mediated adhesion.

guidance of axons. Interestingly, further
analysis revealed that the guidance defects
that resulted from manipulations of 14-3-
3e levels were opposite in effect to simi-
lar manipulations of Sema-la or PlexA.*
This potential antagonistic relationship
between 14-3-3¢ and Sema/PlexA was
confirmed

using  enhancer-suppressor

genetic interaction assays and revealed,
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for example, removing 14-3-3¢ increased
the severity of Sema/PlexA-mediated
axonal repulsion.”” These results were
similar to the effects that had previously
been observed with PKA and Nervy,”
and revealed that 14-3-3¢, despite directly
interacting with PlexA, functioned to
antagonize Sema/PlexA repulsive guid-
ance signaling.

Small GTPases

To better understand the mechanisms
underlying this antagonistic relationship
between 14-3-3e and Sema/PlexA sig-
naling, we looked further at the site of
interaction between 14-3-3g¢ and PlexA.
In particular, we wondered if the single
serine residue situated within the GAP
domain of PlexA that was required for
the interaction with 14-3-3e might be
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phosphorylated. Indeed, this PlexA serine
residue exhibited the consensus hallmarks
of a PKA phosphorylation site.? Likewise,
using in vitro kinase assays, a phospho-
specific antibody (phospho-Serine 1794),
and in vivo analyses of PKA mutants, we
found that the single serine residue within
PlexA that is critical for its interaction
with 14-3-3¢ is selectively phosphory-
lated by PKA.? Furthermore, we found
that this phosphorylation is critical for the
interaction between PlexA and 14-3-3¢.”
Moreover, mutating this single serine resi-
due to prevent PKA phosphorylation and
subsequent 14-3-3¢ binding, generated
a hyperactive PlexA in vivo. Thus, these
results indicated that PKA-mediated phos-
phorylation of PlexA and 14-3-3¢ binding
antagonize Sema/PlexA-mediated repul-
sive axon guidance.”

In light of the position of this phosphor-
ylated serine residue within Plexin’s GAP
domain, we wondered if PKA-mediated
phosphorylation and subsequent 14-3-3¢
binding to this serine residue might pro-
vide a mechanism to limit PlexA’s ability to
associate with its small GTPase substrate.
Using in vitro binding assays and purified
14-3-3¢ and Ras family GTPases, we found
that the association between PlexA and its
Ras substrate was significantly reduced in
the presence of 14-3-3e.” Moreover, this
disruptive ability of 14-3-3e was depen-
dent on the single 14-3-3¢-interacting set-
ine residue in the GAP domain of PlexA.”
Likewise, the GAP activity of PlexA
toward its Ras family GTPase substrate
was also reduced in the presence of 14-3-
3e (but not by phosphorylation alone).”
Thus, our results are in agreement with a
hypothesis that the specific interaction that
occurs between 14-3-3¢ and PlexA inhib-
its Plexin GAP function.

To further test this “GAP inhibition”
hypothesis we turned to genetic assays
and reasoned that if 14-3-3¢ functions to
occlude PlexA’s access to its small GTPase
substrate then the axon guidance defects
that result from loss of 14-3-3& might be
rescued by increasing the levels of active/
GTP-bound Ras (i.e., in this situation
where the levels of 14-3-3¢ are decreased,
the amount of bound Ras/Plexin GAP
activity would be predicted to be higher
and result in more inactive/ GDP-bound
Ras). Indeed, we found that raising the

38

levels of a specific GTP-bound Ras family
GTPase (using a constitutively active Ras)
rescues the axon guidance defects pres-
ent in 14-3-3e mutants.”’ Furthermore,
increasing the activity of this Ras family
GTPase reverses the effects of hyperactive
Sema/PlexA signaling that occur with a
loss of 14-3-3¢.%” Moreover, we reasoned
that since activation of Ras/Rap family
GTPases is known to increase cellular
adhesion through Integrins, the effects
we see in 14-3-3e mutants might result
from loss of Integrin-mediated adhe-
sions. Indeed, increasing the levels of
specific Integrins also rescues the axon
guidance defects present in 14-3-3¢
mutants and reverses the hyperactive
Sema/PlexA repulsive axon guidance
signaling that occur in the absence of
14-3-3£.% Thus, our recent results indi-
cate a cAMP-PKA-14-3-3g-dependent
signaling pathway that functions to
tightly
RasGAP-mediated axon repulsion and

control/turn-off Sema/Plexin/

restore  Integrin-mediated  adhesion

(Fig. 1A and B).

PKA-Mediated
Phosphorylation/14-3-3¢
Binding as a Molecular Switch
to Turn-Off Sema/Plexin
GAP-Mediated Signaling

These recent results identify the novel
Plexin-interacting protein 14-3-3¢ as a
site of convergence for cAAMP and GTPase
signaling. Interestingly, this interaction
between PlexA and 14-3-3¢ functions to
turn off the GAP activity of the Plexin
receptor (and this consensus 14-3-3 bind-
ing motif is also conserved in mamma-
lian Plexins that signal for Semas within
classes 3, 4, 5, 6 and 7). Controlled
inactivation of receptor signaling is criti-
cal for normal physiological function
and prevents the prolonged activation of
a receptor that may result in pathologies
including cancer and degenerative dis-
eases. Likewise, growing axons require
coordinated activation and inactivation
of multiple guidance receptors to precisely
wire the nervous system.” For instance,
persistent repulsive guidance signaling
would alter the ability of a growth cone
to extend toward its target in vivo. Thus,

the Plexin RasGAP-mediated repulsive
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response needs to be tightly regulated.
Guidance receptors are inactivated by
various mechanisms including recep-

8,32,33

tor endocytosis, ubiquitin-mediated

degradation,* decreases in surface lev-
els,%” and changes in receptor com-
positions.®*®¥ Our study indicates that
cAMP/PKA-mediated posttranslational
modification in conjunction with binding
to an adaptor protein can also inactivate
receptor function in axon guidance. This
relatively rapid second messenger/phos-
phorylation-mediated inhibition of Sema/
Plexin signaling also suggests that Sema/
Plexin-dependent repulsive responses may
only be activated for a short period of time
in vivo or even quickly silenced depend-
ing on the context.

Conserved Roles for 14-3-3
Proteins in the Regulation
of GTPase/GAP activity

The mechanism of 14-3-3¢ in the inhibi-
tion of the Plexin RasGAP, although very
specific in nature, is in line with previous
roles of 14-3-3 proteins in regulating the
function of enzymes in a phospho-specific
manner.’”" In particular, the function
of 14-3-3 as a regulator in multiple cel-
lular processes can be summarized by its
mechanisms of action, none of which are
mutually exclusive (reviewed in refs. 30
and 31). For example, 14-3-3 can serve as
a scaffolding protein by binding to two
target proteins through its homo/hetero
dimerization. Likewise, by binding to two
sites in the same target protein, 14-3-3 can
induce conformational changes and mod-
ulate enzymatic activity. Furthermore,
14-3-3 binding can protect phosphory-
lated residues from phosphatase-mediated
dephosphorylation. 14-3-3 binding can
also sequester specific binding sites from
both association with other proteins and
further post-translational modifications
such as ubiquitination. 14-3-3 binding
has also been found to regulate surface
expression of target proteins. The spe-
cific effect of 14-3-3 proteins appears to
depend on the particular 14-3-3 protein
mediating the interaction, the function
of the specific target proteins and the spa-
tiotemporal context of its involvement.*
For example, we find no evidence that
14-3-3¢ changes the surface expression
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Cytoplasmic region

mC1720 (dS1794)

mR1724 (dR1798)

mR1407 (dR1467)

Phospho-serine binding pocket

14-3-3

Figure 2. Structural comparison of proteins interacting with the Plexin GAP domain. Our results indicate that Ras family GTPases, 14-3-3¢, and a cata-
lytic subunit of PKA (Pka-C) share a binding site within the GAP domain of Plexin A. The conserved arginine residues that are critical for Plexin RasGAP
activity are labeled in red. The residue corresponding to a 14-3-3¢ binding site is labeled in yellow, which is veiled by the arginine residues. The amino
acid residues for these arginine and serine in both mouse Plexin A3 (m) and Drosophila PlexA (d) are indicated by arrows. The structural model of the
Plexin A3 cytoplasmic region (some portions of the cytoplasmic region were not resolved in the crystal structure) is oriented with the concave surface
of RasGAP domain facing downward. Active sites for proteins that interact with the Plexin RasGAP domain are indicated such as GTP for R-Ras and
ATP for Pka-C. The phospho-serine-binding pocket of 14-3-3 is also indicated (14-3-3 is thought to often function as a dimer and bind two different
phosphorylated residues. For clarity, a monomer of 14-3-3 is depicted). Protein data bank identification numbers: 31G3 for mouse Plexin A3, 2FN4 for
human R-Ras, 2F7X for cow catalytic subunit of PKA and 2BR9 for human 14-3-3¢.

level of Plexin on axons.?” Instead, our
results reveal a competition between 14-3-
3e and Ras for binding to PlexA. Likewise,
the proximity between the 14-3-3& bind-
ing Serine residue on Plexin and the con-
served Arginine residue that is necessary
for Plexin GAP activity" indicate that
14-3-3¢ binding sequesters the active site
of the Plexin GAP domain. In this regard,
it is interesting that the RasGAP NF1, and
a regulator of G protein signaling, RGS7,
both employ a similar mechanism to regu-
late their GAP activity.*# In particular,
the Ser-424 residue in RGS7 is located
near the contacting residues for the inter-
action with its substrate Ga, subunit and
has been found to bind to 14-3-37, which
silences RGS GAP activity.’

www.landesbioscience.com

Further Investigations
into the Regulation
of the Plexin GAP Activity

The cytoplasmic region of A class Plexins
has been found to interact with several dif-
ferent proteins. In Drosophila, for exam-
ple, evidence indicates that Mical, Nervy,
Ras2 and 14-3-3¢ directly interact with
PlexA.?»*? In addition, PKA interacts
with and phosphorylates the PlexA cyto-
plasmic region.””?’ Among these interact-
ing proteins, Ras2, 14-3-3& and PKA share
the same interacting region within the
Plexin GAP domain. As mentioned above,
activation of the Ras/Rap GAP activ-
ity of Plexin is thought to occur in vivo
by a conformational change brought on

Small GTPases

by Sema binding, Rho GTPase binding,
and/or some other modification (Fig. 2;
reviewed in refs. 14, 16 and 17). Likewise,
the Plexin structures determined thus far
suggest that the Plexin GAP domain also
needs to undergo a conformational change
in order to be phosphorylated at the Serine
1794 residue (the site we find to be critical
for 14-3-3¢ binding) (Fig. 2). Thus, it is
reasonable to predict that Sema binding,
Rho GTPase binding, and/or some addi-
tional post-translational modifications in
the cytoplasmic region of PlexA induces
the conformational change that also
allows the catalytic subunit of PKA access
to its Serine 1794 substrate residue within
the Plexin GAP domain. Interestingly,
structural examination of Ras, 14-3-3¢
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and the catalytic subunit of PKA reveals
that they are similar in size but are differ-
ent in shape (Fig. 2). This analysis sug-
gests that each of them must access the
Plexin GAP domain in a unique manner.
For example, 14-3-3¢ is longer and nar-
rower than the ball-shaped Ras family
GTPase. Therefore, while the ball-shaped
Ras may fit into the GAP domain directly,
the saddle-shaped 14-3-3e may access
the GAP domain from the side (Fig. 2).
Future studies should be aimed at further
exploring the conformational changes that
occur when Plexin is activated and how
these different proteins access the PlexA
GAP domain.

Integration of Different Axon
Guidance Signals

These results also uncover a critical axon
guidance integration point subject to
control by different guidance signaling
pathways. For example, silencing Plexin
RasGAP activity by a phosphorylation-
mediated interaction with 14-3-3¢ sug-
gests that distinct molecular pathways
antagonize the repulsive response of Sema/
Plexin signaling by increasing the level of
cAMP. Thus, what are these antagonizing
pathways that increase cAMP levels? One
candidate is Netrin, which is a phylogenet-
ically conserved attractive guidance cue,’
that seems to be expressed in the right
place to perform this function in devel-
oping Drosophila embryos.*>% At least
some Netrin-dependent axon guidance
has been linked to increases in cAMP/
PKA signaling,* although additional
work is needed to fully define its involve-
ment. cAMP is produced by adenylate
cyclase (AC) and among the members of
the AC family in vertebrates, at least AC1
and AC8 are known to be activated by cal-
cium/calmodulin as well as heterotrimeric
Ga_ proteins."** Intracellular calcium sig-
naling is an important mediator of growth
cone guidance® and Sema activity is also
regulated by calcium signaling.'*** Thus,
extracellular signals that lead to calcium-
stimulated AC activity should also be
further investigated. In addition, one pos-
sibility is that Semas may not only activate
the Plexin GAP but also inactivate Plexin
as a feedback inhibition through calcium
signaling®®—such that Semas also control
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the duration of repulsive signaling in vivo.
Further studies will focus on which antag-
onizing factors decrease Sema/Plexin
repulsive signaling.
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