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Abstract

Regulation of SLIT-Robo Signaling by Scaffolding Proteins
Bret K. Samelson
Chair of the Supervisory Committee:
Professor John D. Scott
Department of Pharmacology
Axon guidance receptors in the growth cone respond to secreted molecular cues,
directing axons towards their appropriate targets of innervation. Many of these
receptors complex with scaffolding proteins which recruit protein kinases and
protein phosphatases to control the efficacy, context, and duration of neuronal
phosphorylation events. The A-Kinase Anchoring Protein AKAP79/150 interacts
with protein kinase A (PKA), protein kinase C (PKC), and protein phosphatase
2B (PP2B, calcineurin) to modulate second messenger signaling events. In a
mass spectrometry based screen for additional AKAP79/150 binding partners,
we have identified the Roundabout axonal guidance receptor Robo2 and its
ligands Slit2 and Slit3. Biochemical and cellular approaches confirm that a linear
sequence located in the cytoplasmic tail of Robo2 (residues 991-1070) interfaces
directly with sites on the anchoring protein. Additional studies show that
AKAP79/150 interacts with the Robo3 receptor in a similar manner.
Immunofluorescent staining detects overlapping expression patterns for murine
AKAP150, Robo2, and Robo3 in a variety of brain regions including hippocampal

region CA1 and the islands of calleja. In vitro kinase assays, peptide spot array



mapping, and proximity ligation assay staining approaches establish that human
AKAP79-anchored PKC selectively phosphorylates the Robo3.1 receptor
subtype on serine 1330. In a parallel set of experiments, we also identified an
interaction between Robo3 and the 14-3-3 family of adaptor proteins. Binding
between these proteins can be disrupted using the R18 14-3-3 competitor
peptide, confirming the specificity of this interaction. In addition, PKC activation
decreases the binding of 14-3-3 to the Robo3 receptor. These finding suggest
that scaffolding proteins interact with specific Robo receptor subcomplexes,

providing enhanced regulation of this family of axon guidance molecules.
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Chapter 1: Introduction to Slit-Robo Signaling

As the nervous system develops, large numbers of neurons send out projections
that must migrate to precise locations and synapse onto other cells. Secreted
guidance cues either attract or repel axons by binding to receptors in axonal and
dendritic growth cones (1). Attractive cues promote actin polymerization and
stimulate growth cones to move towards a given target. Cues signaling repulsion
collapse the growth cone and cause axons to turn away from the gradient of

secreted protein.

Roundabout receptors were among the first proteins discovered to play a role in
axonal repulsion. Robos were initially identified in a forward genetic screen
looking for genes regulating midline crossing in drosophila (2). During midline
crossing, axons are drawn to the midline by chemoattractants such as Netrin that
are secreted by the floor plate (3). However, after entering the midline migrating
axons must be directed away from this potent source of attractive cues and
subsequently prevented from recrossing. Loss of Robo function leads to a
number of defects in midline crossing (4). First, many ipsilateral axons that would
normally project along the midline now cross this structure. In addition, a large
number of axons exhibited repeated crossing and recrossing behavior. It was
subsequently determined that the Slit family of proteins are the ligands for Robo
receptors (5,6). Three mammalian Slit proteins have been identified. While the

Slit homologs differ in expression patterns and proteolytic processing, all share



the ability to bind Robos. Slit binding to Robo receptors triggers actin

depolymerization in the growth cone and repels migrating axons (7).

The Robo family consists of four members: Robo1, Robo2, Robo3, and Robo4
(8). The functions of Robo1-3 have been extensively characterized in the
nervous system. In contrast, Robo4 expression appears to be restricted to the
vascular endothelium where it inhibits cell migration (9). Robo1 and Robo2
function in a similar manner and are conventional Robo receptors involved in
repulsive signaling. While mice lacking these receptors do not survive to
adulthood, much has been learned by examining the embryonic phenotypes of
Robo1 and Robo2 KO animals. Robo1 KO mice exhibit guidance defects such as
the dorsal projection of axons out of the floor plate (10). In addition, both Robo1 -
/- and Robo2 -/- animals show alterations in the development of the lateral and
ventral funiculi. As Robo1 and Robo2 can partially compensate for loss of the
other receptor, more dramatic phenotypes are evident in Robo1/2 double
knockout mice (11). This work has revealed that loss of both of these receptors
causes a substantial number of axons to aberrantly project into the contralateral

grey matter of the developing spinal cord.

Characterization of Robo1 and Robo2 receptors raised the question of how Slit-
Robo signaling is suppressed prior to midline crossing. Without some system to
block premature repulsion, axons would not be able to properly respond to the

chemoattractants drawing them to the midline. Early proposals included



downregulation of Robo1/2 expression prior to crossing as well as the presence
of additional signaling pathways that could inhibit repulsive Robo signaling (12).
Both of these explanations appear to be correct. In vertebrates, Robo3 functions
to suppress Robo1/2 signaling prior to crossing (13). Vertebrate Robo3 functions
in a completely distinct manner from the other Robo receptors. Firstly, Robo3
does not have the ability to bind Slit ligands (14). In mice and other vertebrates,
Robo3 serves to inhibit repulsive signaling through Robo1 and Robo2 through an

unknown mechanism.

In addition to their role in controlling midline crossing for commissural axons,
Robos also function in longitudinal pathway selection. Postcrossing axons
migrate along a series of tracts parallel to the ventral midline. Work in Drosophila
has revealed that the combination of Robo receptors expressed in an axonal
growth cone determines whether that axon will travel to the medial, intermediate,
or lateral longitudinal fascicle (15). Expression of Robo1 alone directs axons
medial to the midline, whereas Robo2 and Robo3 promote increasingly lateral
positioning. Thus, Robos are involved in guiding axons to their ultimate

destinations even after the process of midline crossing is complete.

Allele swapping experiments in Drosophila suggest that the apparent differences
in function between Robo family members are due to a number of factors. These
include distinct expression patterns, differing ectodomains, as well as divergent

intracellular C-termini (16-18). Differences in expression patterns and



ectodomain structure are largely responsible for each Robo family member’s
ability to direct axons to distinct longitudinal pathways. However, there is strong
evidence that the unique ability of Robo3 to silence Slit-Robo repulsion is
dependent on its C-terminus (19). Furthermore, C-terminal differences likewise
contribute to subtle differences between Robo1 and Robo2 in regulating midline

crossing.

Slit and Robo proteins are also expressed in other regions of the developing
nervous system. For instance, they play an essential role in guiding retinal
ganglion cell axons as they negotiate crossing of the optic chiasm (20). Other
areas shown to contain axons responsive to Slit include the olfactory bulb, cortex,
and hippocampus (7). In many of these brain regions, Robo expression is not
restricted to axons and these receptors have been found to play an important
role in the regulation of dendritic development. Slit treatment of cortical neurons
results in the stimulation of dendritic branching (21). Studies using dominant
negative mutants of Robo1 and Robo2 confirm that both receptors are involved
in this Slit-induced effect. Recent work has also suggested that Slit-Robo
signaling is required for dendritic self-avoidance (22). In cerebellar Purkinje cells,
this is due to signaling through Robo2. Thus, Robos seem to play a role in

multiple aspects of synaptic development.

Intriguingly, Robo receptors continue to be expressed in many brain regions after

development is complete (23). While it has been proposed that these proteins



may regulate synaptic plasticity, this hypothesis has not been extensively tested.
Outside of the nervous system, Robo receptors have been shown to direct bud
formation in the kidney and misregulation of Slit-Robo signaling has also been

implicated in cancerous transformation (24,25).

Efforts to characterize Slit-Robo signaling in the nervous systems have utilized a
number of model organisms including drosophila, zebrafish, and mice. While
studies in each species have yielded critical results, it is important to note that
differences in Robo signaling exist between species. These are particularly
striking for the function of the Robo3 receptor. In drosophila, Robo3 does not
silence Slit repulsion, but instead functions similarly to Robo1 and Robo2 (12).
Another protein, Commissureless, inhibits Robo1 and Robo2 prior to midline
crossing (26). Commissureless is not present in vertebrates. These results
highlight the need to interpret data on receptor function within the context of Slit-

Robo signaling for each model organism.

Roundabout receptors are single pass transmembrane proteins belonging to the
immunoglobulin superfamily and consist of an ectodomain and intracellular C-
terminus (27). The ectodomain of vertebrate Robos consists of three fibronectin
(FN) three repeats and five immunoglobulin (Ig) domains. Slit binding is mediated
by interactions between the first two |g domains of Robo and the second leucine
rich-repeat (LRR) domain of Slit (28). Heparan sulfate proteoglycans also

function in stabilizing this interaction (29). The intracellular tails of Robo receptors



consist of a series of up to four conserved regions (CCO0-3) and are considerably
more divergent than the ectodomains. For example, vertebrate Robo3 lacks the

CC1 region (30).

Slits are large secreted glycoproteins present in the extracellular matrix. They
can be proteolytically processed into an N-terminal 140 kDa fragment and a 60
kDa C-terminal cleavage product (31). Only the N-terminal fragment appears to
retain the ability to repulse axonal growth cones. Slits are composed of four
amino-terminal LRR domains involved in Robo binding, as well as a variable
number of EGF repeats, and an Agrin-Laminin-Perlecan-Slit (ALPS) spacer (32).
Slit proteins in solution exist predominantly in a dimeric form and the dimerization
interface has been mapped to the fourth LRR domain. While dimerization is not

essential for Slit repulsion, it appears to enhance this effect (33).

Mouse studies utilizing Slit -/- animals have demonstrated that the three Slit
proteins have functional redundancies. Individual Slit1, Slit2, or Slit3 null animals
exhibit minor axonal guidance defects in specific regions of the brain and spinal
cord. However, it is only in Slit double or triple KO mice that axons fail to leave

the midline or exhibit recrossing defects (10).

Slit1/2/3 -/- animals phenocopy many of the defects found in Robo1/2-deficient
mice. However, there are some differences. For example, the degree of axonal

stalling observed when commissural axons attempt to cross the midiline is less



severe in Robo1/2 knockouts compared to Slit TKO animals (11). In addition,
defasciculation of precrossing axons is observed for Slit TKO, but not Robo1/2
null mice. These discrepancies suggest the presence of one or more additional
neuronal receptors capable of binding Slit proteins. Recent work has

demonstrated that the Plexin A1 receptor may also bind Slit (34).

A combination of in vitro and in vivo studies have led to a better understanding of
the signaling cascades downstream of Robo receptors. Since Robos do not
possess any intrinsic enzymatic activity, they depend on other binding partners to
mediate their effects. Many members of the Robo complex are involved in
regulating the function of Rho family GTPases such as RhoA, Rac1, and Cdc42
(35). These include Slit-Robo Rho Gtpase-activating proteins (SRGAPSs),
CrossGAP (CrGAP), and the adaptor protein Dock (36). Dock further recruits
p21-activated kinase (PAK) and Son of sevenless (SOS) as additional Rac
effectors (37). Changes in the activity of these small GTPases leads to
reorganization of the actin cytoskeleton and growth cone collapse. Robo
receptors are also targets of phosphorylation. Sites within the CC0O and CCA1
domain of Robos can be phosphorylated by the kinase Abl, inhibiting Slit-Robo
signaling (38). Finally, the actin-associated proteins Ena/\VASP and Adenylyl
cyclase-associated protein 1 (CAP1) bind Robos and further mediate cytoskeletal

reorganization (39).



Robos receptors also participate in homo- and heterodimeric interactions in vitro
(40,41). Dimerization is mediated through binding between ectodomains (16).
However, Slit binding does not appear to be dependent on receptor dimerization
and the determination of the precise importance of multimeric Robo complexes

awaits further in vivo studies (42).

Many questions remain about the regulation of Roundabout signaling in the
growth cone. It is worthy to note that second messenger signaling events impact
neuronal migration. Classic studies have shown that altering the levels of cyclic
nucleotides and calcium in the growth cone can interfere with axon guidance
signals (43,44). For example, increasing the ratio of CAMP/cGMP can switch the
action of guidance molecules from neuronal repulsion to attraction (45). Added to
this, it has been demonstrated that elevation of intracellular cAMP and the
subsequent activation of PKA can suppress Robo signaling (46). Activation of
Robo receptors triggers the release of calcium from intracellular stores (47).
Inhibition of calcium release does not prevent growth cone collapse, but does

interfere with the subsequent reversal in the direction of migration.

Thus, although it has been clearly demonstrated that Robo receptors interface
with second messenger pathways, the mechanisms for ensuring precise
regulation of this process are not fully understood. A growing body of work
suggests that scaffolding proteins may function to recruit additional signaling

enzymes to receptors and cellular locations important for axonal migration (48).



For example, 14-3-3 proteins have been shown to regulate PKA activity during
growth cone turning (49). The scaffolding protein WAVE1 is also expressed at
the leading edge of growth cones, where it controls actin dynamics to facilitate
axonal protrusions (50-53). Finally, the Drosophila anchoring protein Nervy
coordinates signaling at the Plexin family of Semaphorin receptors (54). Plexins
are an additional family of guidance receptors that have been implicated in
growth cone repulsion and the promotion of dendritic arborization (55). Nervy is
purported to cluster PKA at the Plexin receptor, thereby facilitating the
termination of Semaphorin signaling through the phosphorylation of these
receptors (54). Taken together, these studies provide a precedent for the notion
that scaffolding proteins govern dynamic aspects of neuronal guidance and

development.

WAVE1 and Nervy are both members of a class of protein scaffolds known as A-
kinase anchoring proteins (AKAPs). A-kinase anchoring proteins (AKAPs) were
first identified by their ability to bind the regulatory subunits of protein kinase A
(56). Subsequent work has shown that AKAPs are capable of assembling
complexes containing PKA and other signaling molecules at specific receptors
and subcellular regions (57). By scaffolding these enzymes near both upstream
activators and downstream targets, they provide both enhanced specificity and

sensitivity to numerous signaling pathways.



The data presented here provides the first evidence that AKAP-associated
enzymes may regulate Robo receptors. We propose that the interaction of
AKAP79/150 with Robos may position PKC for a role in the fine-tuning of axonal
and dendritic guidance. In addition, we present evidence that 14-3-3 proteins
also complex with Robo receptors. The interaction of scaffolds with only specific
members of the Robo family may contribute to signaling differences between
receptors. Hence, scaffold-mediated modulation of Roundabout signaling may

provide enhanced regulation of neuronal guidance.
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Chapter 2: AKAP79/150 interacts with Robo2 and Robo3

Introduction:

One of the best studied neuronal scaffolds is AKAP79/150 (note: AKAP79 is the
human form and AKAP150 is the murine ortholog). This anchoring protein
localizes protein kinase A (PKA), protein kinase C (PKC), and the phosphatase
calcineurin to the postsynaptic density (58). AKAP79/150 tethers these enzymes
to a number of neuronal receptors to provide enhanced control of signal
activation and termination. These include the a-amino-3-hydroxy-5-
methylisooxazole-4-propionic acid (AMPA) and N-methyl D-aspartate (NMDA)
families of glutamate receptors, L-type calcium channels, potassium channels,

GABA receptors as well as a number of G protein-coupled receptors (59-62).

Anchored signaling through AKAP79/150 at AMPA and NMDA receptors in the
hippocampus regulates changes in synaptic strength that are believed to
underlie learning and memory (63). Long-term potentiation (LTP) and long-term
depression (LTD) are two forms of synaptic plasticity commonly used to model
memory storage in the hippocampus (64). Both of these processes are
dependent on NMDA receptor activation. The subsequent modulation of synaptic
strength is due to altered levels of extrasynaptic and synaptic AMPA receptors.
High frequency stimulation, leading to significant levels of calcium entry through
NMDA receptors, results in LTP and an increase in synaptic strength. The
elevated calcium levels activate protein kinases such as PKA, PKC, and CamKII

to phosphorylate AMPA receptors and stabilize their accumulation at the plasma

11



membrane. LTD results from low frequency stimulation that triggers persistent
low levels of calcium entry. This instead activates the protein phosphatases
calcineurin and PP1 to dephosphorylate AMPA receptors and promote their

endocytosis.

The ability to precisely activate each of these pathways following NMDA receptor
opening requires signaling enzymes to be assembled in proximity to the site of
calcium entry. Numerous studies have demonstrated that scaffolds such as
AKAP79/150 are essential to this process. For example, 8 week old mice
expressing a form of AKAP150 unable to bind RIl exhibit deficits in hippocampal
LTP (65). Staining for RIl in anchoring-deficient animals reveals that PKA is
dramatically relocalized from dendritic spines into the dendritic shafts (66). These
results demonstrate that AKAP150 is the predominant AKAP responsible for

anchoring PKA at dendritic spines.

AKAP150 knockout animals also have impaired LTD (66,67). Furthermore,
studies in mice specifically lacking the conserved PxIxIT region of AKAP150 also
show LTD deficits (68,69). As the PxIxIT motif in AKAP150 is responsible for
calcineurin binding, this suggests that phosphatase anchoring is required for

functional LTD (70).

PKC anchoring through AKAP79/150 has likewise been shown to be important

for the function of a number of receptors (71). For example, this anchoring

12



protein tethers PKC to M-channels (72). M-channels are a subtype of potassium
channel involved in regulating membrane excitability. AKAP79/150-anchored
PKC at the M-channel enhances suppression of channel conduction following

muscarinic receptor activation.

Finally, AKAP79/150 is capable of complexing with numerous adenylyl cyclases.
AC2,3,5,6, 8, and 9 have all been found to bind this anchoring protein (73). By
bringing the enzymes responsible for cAMP production together with the cAMP-
dependent protein kinase (PKA), AKAP79/150 ensures a rapid response to the
production of this second messenger. In addition, AC8 is one of the calcium-
stimulated cyclases, and is activated following localized calcium entry through

NMDA receptors (74,75).

ACS5 anchoring by AKAP79/150 also contributes to AMPA receptor regulation
following activation of NMDA receptors. Loss of AC5 anchoring decreases AMPA
receptor phosphorylation and leads to receptor internalization (76). This suggests
that both kinase and AC anchoring through this AKAP are required for
maintaining receptor phosphorylation. AKAP79/150-anchored PKA is also
capable of phosphorylating ACs themselves, suppressing cAMP synthesis (77).
Therefore, AKAP79/150 may both assemble an AC-kinase complex for rapid
signal activation, but also participate in termination to maintain highly localized

signaling domains.

13



Overall, these studies demonstrate that AKAP79/150 enhances regulation of
neuronal receptors through the anchoring of a variety of signaling enzymes.
AKAP79/150 complexes integrate second messenger signaling through calcium
and cAMP to enhance crosstalk between pathways. The use of these same
second messenger pathways by Roundabout receptors raises the question of
whether scaffolds such as AKAP79/150 also contribute to the regulation of SLIT-

Robo signaling.

Results:

Mass spectrometry identifies Robo2 as a putative AKAP79/150 binding
partner: Previous work has shown that AKAP79/150 is a multifunctional
anchoring protein that interacts with a range of neuronal binding partners (58,78-
80). Therefore, we conducted a proteomic screen to look for additional proteins
interacting with the murine ortholog, AKAP150. Protein complexes were
immunoprecipitated from mouse brain extracts using a polyclonal antibody
against AKAP150 and separated by SDS gel electrophoresis ((81); Fig. 1A, lane
2). Control immunoprecipitations were performed with 19G (Fig. 1A, lane 1).
Silver stained bands that were enriched in the AKAP150 immunoprecipitation
were excised and subjected to protein identification using MALDI-TOF mass
spectrometry. Known members of the AKAP150 complex were detected,
including the NR2A subunit of the NMDA receptor, thereby validating this
approach (59,82-84). In addition, we identified several previously unknown
AKAP150 binding partners (Fig. 1B). These included key elements of neuronal

guidance pathways such as the Roundabout receptor Robo2 and its ligands Slit2

14



and Slit3 (2,5). These results imply that AKAP150 signaling complexes have the
potential to interface with the axon guidance machinery and dendritic ion

channels.

AKAP79 interacts with the Robo2 receptor: In order to validate the results
from our proteomics screen, it was important to determine whether AKAP79/150
interacts with Robo2 inside cells. Therefore, HEK293 cells were transfected with
plasmids encoding FLAG-tagged AKAP79, the human ortholog of the anchoring
protein, and V5-tagged Robo2. Cells were harvested after 48 hours and cell
lysates were subjected to immunoprecipitation with anti-FLAG antibody. Western
blot analysis of AKAP79 immune complexes detected the Robo2 receptor (Fig.
1C, top panel, lane 1). Control experiments performed from cells transfected with
only Robo2 plasmid were negative (Fig. 1C, top panel, lane 2). Immunoblot
analysis evaluated the expression levels of both proteins in HEK293 cell lysates
(Fig. 1C, bottom two panels). Further validation of this protein-protein interaction
was provided by reciprocal immunoprecipitation experiments. Immunoblots
revealed the presence of AKAP79 in Robo2 immune complexes, but not control
immunoprecipitations (Fig. 1D, top panel). Inmunoblot analyses evaluated the
expression levels of both proteins in HEK293 cell lysates (Fig. 1D, bottom two
panels). Collectively, these results allow us to conclude that heterologously

expressed AKAP79 and Robo2 interact in HEK293 cells.

15



Immunofluorescence staining further suggests that Robo2 and AKAP79 reside in
the same subcellular compartment (Fig. 1, E-G). Confocal imaging revealed that
recombinant AKAP79 (Fig. 1E, red) and Robo2 (Fig. 1F, green) have overlapping
regions of expression and accumulate near the plasma membrane in HEK293
cells. This is best observed in the composite image of the merged signals (Fig.

1G). These results imply that AKAP79 and Robo2 co-distribute inside cells.

Robo2 is expressed throughout the developing murine hippocampus, a region of
the brain that is enriched with AKAP79/150 (7,66). Thus, a more pertinent
validation of the interaction between these two proteins was to be found in
primary cultures of mouse hippocampal neurons grown for 15 days in vitro (DIV
15). Endogenous AKAP150 (Fig. 1, H and J, red) was found to overlap with
recombinant Robo (Fig. 1, I and J, green). Higher magnification confocal images
reveal that both proteins accumulate at the tips of neuronal processes (Fig. 1, K-
M, arrows). Further experiments revealed that endogenous AKAP150 (Fig. 1, N
and P, red) co-distributed with endogenous Robo2 (Fig. 1, O and P, green) in
discrete clusters. These regions of signal overlap were located in both the cell
body and dendrites of mouse hippocampal neurons that had been cultured for 4
days. At higher magnification, it was evident that both proteins co-clustered at the

tips of neuronal processes, including putative dendritic growth cones (Fig. 1, Q-

V).
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Figure 1. AKAP79/150 interacts with Robo2. A, mass spectrometry screening
to identify AKAP 150 binding proteins. Immune complex complexes were isolated
from mouse brain lysates. Silver stained SDS-PAGE gels of control (lane 1) and
AKAP150 (/ane 2) immune complexes. Molecular weight markers are indicated.
Bands present in AKAP150 immunoprecipitations were excised (bands indicated)
and protein determination was by MALDI-TOF mass spectrometry. B, table of
proteins identified in AKAP150 complexes. Columns indicate the name,
molecular weight, mass error, number of peptides detected, and percent
coverage of each protein. C and D, validation of AKAP150 association with
Robo2. HEK293 cells were transfected with FLAG-AKAP79 and V5-Robo?2.
FLAG immune complexes were immunoblotted for Robo2 (top) and AKAP79
(upper middle). Loading controls for Robo2 (lower middle) and AKAP79 (bottom)
are included. D, reciprocal immunoprecipitation of Robo2 immune complexes
blotted for AKAP79 (top) and Robo2 (upper middle). E-G, confocal imaging of
AKAP79 (E and G, red) and Robo (F and G, green) in HEK293 cells. H-P, DIV 15
mouse hippocampal neurons were transfected with Robo and immuno-stained
for Robo and endogenous AKAP150. The staining patterns of AKAP150 (H and
K, grayscale and J and M, red) and Robo (/ and L, grayscale and J and M, green)
were assessed by confocal microscopy. Details of the dendritic arbor are shown
at higher magnification, and co-distribution of AKAP150 and Robo at tips of
neuronal processes is indicated with arrows (K-M). N-P, neonatal mouse
hippocampal neurons cultured for 4 DIV were stained for endogenous AKAP150
(N and P, red) and endogenous Robo2 (O and P, green). The staining patterns of
both proteins were assessed by digital-deconvolution microscopy. Q-V, higher
magnification images of dendritic processes showing co-clustering (yellow) of
AKAP150 (Q, S, T, V, red) and Robo2 (R, S, U, V, green) in putative growth
cones.
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Mapping the AKAP79-Robo2 binding interface: On the basis of mass
spectrometry identification and biochemical analyses, we postulate that
AKAP79/150 and Robo2 can exist as a macromolecular complex. The next
phase of these studies was to determine what regions of AKAP79 and Robo2
participate in this protein-protein interaction. To map the Robo2 binding site on
AKAP79, we split the anchoring protein into amino-terminal (residues 1-153),
central (residues 154-296), and carboxyl-terminal (residues 297-427) fragments.
Each AKAP79 fragment was expressed as a GST fusion protein (Fig. 2A, middle
panel). This family of deletion fragments was used to pull down Robo2 from
HEK293 cell lysates. Immunoblot analysis revealed that Robo2 selectively bound
to the amino-terminal fragment of AKAP79, suggesting that its principal binding
site lies between residues 1-153 of the anchoring protein (Fig. 2A, top panel, lane
2). It should be noted that Robo2 weakly interacted with the carboxyl terminal
regions of the anchoring protein (Fig. 2A, top panel, lane 4). Control experiments
confirmed that equivalent amounts of Robo2 were used in all binding
experiments (Fig. 2A, bottom panel). These experiments suggest that multiple

regions of AKAP79 may interface with Robo2.

In reciprocal experiments, a similar approach was used to map the region of

Robo2 that binds to the anchoring protein. The cytoplasmic tail of Robo2 was
split into three fragments (Fig. 2B, middle panel). These GST-fusion proteins
were then used to pull down FLAG-AKAP79 from HEK293 cell lysate. The

anchoring protein bound strongly to a central portion of Robo2 that encompasses
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residues 991-1141 (Fig. 2B, top panel, lane 3), although weaker binding of
AKAP79 was also detected to a fragment of Robo2 that is immediately proximal
to the membrane-spanning segment (residues 881 to 990; Fig. 2B, top panel,
lane 2). This led us to conclude that the primary AKAP79 binding site lies
between residues 991-1141 of Robo2. Control experiments confirmed that
equivalent amounts of AKAP79 were used in all binding experiments (Fig. 25,

bottom panel).

To further narrow down the AKAP79 binding sites, we generated an additional
family of truncations in the cytoplasmic tail of Robo2 (Fig. 2C). AKAP79 binding
was analyzed as described above. These studies revealed that a Robo2 receptor
expressing the first 1070 residues was still competent to bind AKAP79. This
represents a region of approximately 190 residues that reside in the cytoplasm of
cells (Fig. 2C). Further truncation of the cytoplasmic tail of Robo2 prevented
interaction with the anchoring protein (Fig. 2D, top panel, lane 5). Thus, we can
conclude that residues 991-1070 of Robo2 are necessary for interaction with
AKAP79. Control experiments confirmed that equivalent amounts of Robo2 and
AKAP79 were used in all binding experiments (Fig. 2D, middle and bottom

panels).

AKAP79/150 binds directly to the cytoplasmic tails of Robo2 and Robo3:

Studies in the previous sections indicate that human AKAP79 and its murine

ortholog AKAP150 have the capacity to interact with Robo2. Next, we
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investigated whether Robo2 is capable of interacting with endogenous AKAP150
and its anchored enzymes. A GST-tagged Robo2 881-1378 fragment was used
to perform pull-downs from mouse brain lysate. Overlay with labeled RIl revealed
that an AKAP of the molecular weight of AKAP150 was bound to this Robo2
fragment (Fig. 2E, upper panel, lane 2). Western blotting confirmed that this band
corresponded to endogenous AKAP150 (Fig. 2E, top panel, lane 2). The
anchoring protein was not detected in control pull-downs using GST alone (Fig.
2E, top two panels, lane 1). Analysis of mouse brain lysates verified that
equivalent amounts of AKAP150 were present in both samples (Fig. 2E, lower
two panels). Related experiments established that the AKAP79/150 binding
partners Rlla, the phosphatase PP2B (B subunit), and conventional PKCs co-
purify with the Robo2 881-1378 fragment (Fig. 2F, top three panels, lane 2).
Collectively, these findings strengthen our view that Robo2 associates with
AKAP150 complexes containing a range of anchored signaling enzymes.
Additional experiments revealed that GST-Robo2 also binds human AKAP79

from HEK293 cell lysates (Fig. 2G, top panel, lane 4).

AKAP79/150 binds directly to certain membrane proteins, such as the L-type
calcium channel and the KCNQ2 subunits of the M-channel (60,66,80,85-87). In
contrast, NMDA and AMPA receptors interact with AKAP79/150 through a
bridging interaction with membrane-associated guanylate kinase (MAGUK)
proteins (59,71,82). To determine if AKAP79 can interface directly with Robo2,

we repeated our GST-Robo2 pull-downs using His-tagged AKAP79 purified from
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E. coli. These experiments confirmed that AKAP79 binds directly to Robo2,
without the need for an adaptor protein (Fig. 2H, top panel, lane 4). Purified
recombinant RIl was used as a negative control for these binding studies (Fig.

2H, bottom panel, lane 2).

There are four members of the Robo family of chemotactic guidance receptors
(27). Therefore, it seemed logical to explore the possibility that AKAP79/150 may
associate with other Robo receptor isoforms. However, only Robo1, 2, and 3 are
expressed in neurons (27). Therefore, AKAP79 pull-down experiments were
conducted with GST-fusion proteins encompassing the cytoplasmic tails of
Robo1, Robo2, and Robo3. These binding studies revealed that Robo3 also
associates with AKAP79 (Fig. 2/, top panel, lane 4). GST-Robo2 binding to
AKAP79 served as an internal control (Fig. 2/, top panel, lane 3). Immunoblot
analysis confirmed that equivalent amounts of each binding partner were present
in these experiments (Fig. 2/, middle and lower panels). Sequence homology
between Robo2 and Robo3 within the region that spans the AKAP binding site
may explain why the AKAP is capable of binding both of these receptors. In
contrast, the Robo1 isoform contains an insertion within this region, potentially
explaining why it does not associate with this anchoring protein (Fig. 2/, top panel,

lane 2).
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Figure 2
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Figure 2. Biochemical characterization of the Robo2-AKAP79/150
interaction. A, purified GST-AKAP79 fragments containing GST alone (/ane 1),
aa1-153 (lane 2), 154-296 (lane 3), and 297-427(lane 4) were used to isolate
Robo2 from HEK293 cell lysates. Molecular weight markers are indicated. B,
GST-tagged fragments including GST alone (lane 1), aa 881-990 of Robo2
(lane2), 991-1141 of Robo2 (/ane3), and 1142-1378 of Robo2 (/ane 4) were used
to pull down overexpressed AKAP79 from HEK293 cell lysates. C, diagram
depicting progressive truncation of the Robo2 receptor used for fine mapping of
the AKAP79 binding site. The first and last residues of each fragment are
denoted. D, AKAP79 and truncated Robo2 receptors were overexpressed in
HEK?293 cells. AKAP79 immune complexes were immunoprecipitated and Robo2
binding was assessed by immunoblot. E, purified Robo2 C-terminus (Robo2-CT)
fused to GST was incubated with mouse brain lysate. Immunoblots were probed
for AKAP150 (top) and overlaid with digoxigenin-labeled RIl (upper middle). F,
GST-Robo2CT pull-downs from mouse brain lysate were immunoblotted for Rlla
(top), PP2B (second from top), and PKC (third from top). G, GST-Robo2CT pull-
downs from HEK293 cell lysate containing overexpressed AKAP79 were probed
for AKAP79 (top). H, GST-Robo2CT was incubated with either purified His-
AKAP79 or His-RIl. GST-Robo2CT complexes were immunoblotted for AKAP79
(top) and RII (upper middle). I, the C-termini of Robo1, Robo2 and Robo3 were
each fused to GST and purified from bacteria. Purified His-AKAP79 was
incubated with the GST-RoboCT proteins and immunoblots of the GST-Robo
complexes were probed for AKAP79 (top).
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Much of the knowledge of Roundabout receptors has been gleaned from the
investigation of axonal guidance in the developing spinal cord. Signals processed
by Robo1 and Robo2 expel axons from the floor plate of the spinal cord and
prevent inappropriate recrossing of the midline (11). In contrast, signaling
through Robo3 promotes midline crossing (13). Therefore, we reasoned that
association with AKAP150 might influence aspects of axonal guidance in mouse
spinal commissural axons. As a prelude to these studies, we examined whether
AKAP150 is expressed in the developing spinal cord of E11.5 mice.
Immunostaining revealed that AKAP150 is broadly expressed throughout the
developing spinal cord (Fig. 3A, green). In keeping with published reports, Robo2
expression was restricted to the ventral and lateral funiculi ((10); Fig. 3, B and C,
red). These two regions of the spinal cord were re-examined at higher
magnification by confocal microscopy (Fig. 3, D-J). Co-distribution of both signals
was most apparent in the ventral and lateral funiculi (Fig. 3, D-F, yellow), but
some overlap of staining was also observed in the cell bodies of commissural
neurons (Fig. 3, H-J, yellow). Control experiments using the same antibodies
confirmed that the AKAP150 signal was absent in equivalent sections from E11.5
AKAP150 -/- mice ((66) Fig. 3, K, N, and Q). Robo2 staining appeared normal in
these sections (Fig. 3, L-P). Normal patterns of midline crossing were observed
when wildtype and AKAP150 -/- sections were stained for neural cell adhesion
molecule L1, a post-crossing axonal marker ((88); Fig. 3, T and U). Thus, it would

appear that although AKAP150 and RoboZ2 are co-distributed in the developing
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spinal cord, their association does not influence midline crossing of spinal

commissural axons in mouse embryos.
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Figure 3
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Figure 3. AKAP150 is expressed in the developing spinal cord where it co-
distributes with Robo2 in specialized regions. Transverse sections of E11.5
spinal cords from wildtype and AKAP150 -/- mice were stained for AKAP150 and
Robo2, and imaged using widefield fluorescence microscopy (wildtype; A-C and
AKAP150 -/-; K-M). AKAP150 is shown in green and Robo2 is shown in red.
Higher magnification spinning disc confocal images provide more detailed
localization of these proteins in the funiculi (wildtype; D-F and AKAP150 -/- N-P)
and commissural neuron cell bodies (wildtype; H-J and AKAP150 -/-; Q-S). T and
U, Sections of spinal cord from wildtype (7) and AKAP150 -/- mice (U) stained for
neural cell adhesion molecule L1, a marker for midline crossing.
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Robo2 and Robo3 co-distribute with AKAP150 in the adult mouse brain:
Robo receptors are expressed in the adult brain (23). Likewise, neuronal
AKAP150 expression peaks later in development (83). Therefore, we wondered if
AKAP150 co-distributed with Robo receptors in the brains of mature mice. To
test this possibility, brains from 4-month-old wildtype and AKAP150 -/- mice were
isolated and paraffin embedded. Sagittal sections were prepared and
immunofluorescent staining with antibodies to AKAP150, Robo2, and Robo3 was
completed. Fluorescent microscopy of intact sagittal sections at low magnification
revealed distinct but overlapping staining patterns for AKAP150 and Robo2 and
Robo3 in a variety of brain regions (data not shown). Widefield fluorescent
images (40x objective) show overlapping expression patterns for AKAP150 (red)
with both Roundabout receptors (green) in hippocampal sections (Fig. 4, A and
E). Upon higher magnification (63x) analysis on a confocal microscope, the co-
distribution of the anchoring protein with Robo2 (Fig. 4, B-D) and Robo3 (Fig. 4,
F-H) was evident in the CA1 region of the hippocampus. Likewise, analysis of
lower magnification images detected both Roundabout receptors co-distributed
with AKAP150 in the islands of calleja in the olfactory tubercle (Fig. 4, / and M,
yellow). Overlapping staining patterns between AKAP150 and both Robo2 and
Robo3 were also evident in this same tissue at higher magnification (Fig. 4, J-L
and N-P). Staining patterns of Robo2 and Robo3 were unchanged in brain

sections from AKAP150 -/- mice (data not shown).
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Figure 4. AKAP150 co-distributes with Robo2 and Robo3 in the adult brain.
Sagittal paraffin-embedded sections from 16 week old mouse brains were
immunostained for AKAP150 (A-C, E-G, I-K, M-0O, red) and either Robo2 (A, B, D,
I, J, L, green) or Robo3 (E, F, H, M, N, O, green). A-H, staining in the CA1 region
of the hippocampus. /-P, staining of the islands of calleja in the olfactory tubercle.
Images from top panel were collected at low magnification, while lower panels
represent high magnification confocal images from same region.
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Discussion:

Our findings demonstrate that AKAP79/150 binds to Robo2 and Robo3,
localizing signaling molecules to these receptors. However, it is unknown how
AKAP-anchored enzymes might regulate Robo function. One possibility is
through modulating crosstalk between Robo receptors and other signaling
pathways. Work from the Raper lab has demonstrated that the cytokine SDF-1 is
capable of inhibiting axonal repulsion mediated by Slit-Robo signaling (46,89).
SDF-1 binding to the CXCR4 receptor activates a number of downstream
effectors, including PKA. Interestingly, PKA appears to be required for SDF-1
silencing of SLIT-Robo signaling. The particular PKA targets involved in this
process have not been comprehensively investigated, but preliminary evidence
using specific inhibitors of small GTPases suggests that this effect is at least

partially due to the phosphorylation and subsequent inactivation of Rho.

Furthermore, the sensitivity of Robo signaling to SDF-1 is dependent on the
calcium-sensitive adenylyl cyclase AC8 (90). Loss of AC8 renders axons
insensitive to SDF-1-mediated silencing of SLIT-Robo signaling. In zebrafish, this
results in axons aberrantly failing to crossing the midline. As AKAP79/150 binds
both PKA and ACS8, it is possible that localization of these enzymes to Robo
receptors may be important for ensuring sensitivity to SDF-1 inhibition. By
tethering the signaling machinery responsible for cAMP production in proximity to
PKA, this scaffold may promote rapid but highly specific crosstalk with the SDF-

1/CXCR4 pathway.
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In addition, the activation of many axon guidance receptors triggers a release of
intracellular calcium, which can in turn modulate cAMP levels in the growth cone.
The extent of calcium release alters the equilibrium of kinase and phosphatase
activity in the developing axon (91). High levels of calcium result in the
preferential activation of kinases and triggers axonal protrusion. Lower levels of
calcium promote phosphatase activity and lead to growth cone collapse and
axonal repulsion. This balance of kinase and phosphatase activation is
reminiscent of the opposing regulation of LTD and LTP in the hippocampus. Just
as AKAP79/150 is able to scaffold kinases and phosphatases to provide bi-
directional control of synaptic plasticity, this AKAP may also serve a similar

function during axonal and dendritic development.

There is already some evidence that the calcium-activated protein phosphatase
calcineurin functions downstream of Robo receptors. Inhibition of calcineurin
blocks SLIT-induced reorganization of the actin cytoskeleton in migrating
olfactory ensheathing cells (47). Calcineurin appears to activate cofilin, removing

a phosphate at serine 3 and stimulating actin depolymerization.

While this is currently no evidence implicating PKC as a downstream effector of
Robo signaling, many second messengers produced following receptor activation
are also capable of activating this kinase. Firstly, SLIT binding triggers elevations

in intracellular calcium, an activator of PKC. This SLIT-induced release of
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calcium from intracellular stores has been shown to be dependent on IP3
receptors. As production of IP3 also generates the PKC activator diacylglycerol,
AKAP79/150-anchored PKC localized to Robo receptors would be positioned for

rapid activation following SLIT binding.

Potential targets for AKAP79/150-anchored kinases include numerous Robo
binding proteins, as well as the receptors themselves. Currently, Abl and Src are
the only kinases known to phosphorylate the Robo family. However, many
receptors that bind AKAP79/150 are direct targets of phosphorylation by
anchored kinases. Determining whether Robos contain additional

phosphorylation sites may yield insights into the regulation of these receptors.

Our results demonstrating co-distribution between AKAP79/150 and Robo
receptors in hippocampal neurons suggests a potential role for AKAP regulation
of Slit-Robo signaling in this brain region. Data from figure 1 raises the possibility
that AKAP79/150 may regulate Robo2 signaling in the dendritic growth cones of
neonatal hippocampal neurons. As Roundabout signaling has been found to
control the development of dendritic arbors, it may be worth investigating whether

this process is perturbed in AKAP150 -/- animals.

In addition, we observe co-expression of AKAP79/150 with Robo2 and Robo3 in

multiple regions of the adult brain. These include the hippocampus, striatum, and

olfactory tubercle. Previous work also supports expression of Robo receptors in
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mature animals . However, post-developmental roles for Slit-Robo signaling are

currently unknown.

A potential clue may be found in recent work on the function of the DCC receptor
in adult mice. This receptor for the attractive guidance cue netrin regulates axon
guidance during development. New data suggests that DCC is also expressed in
the postsynaptic densities of mature neurons, where it helps to mediate changes
in synaptic plasticity (92). Future experiments may be able to determine whether
Slit-Robo signaling is likewise involved in the regulation of synaptic plasticity. As
AKAP79/150 already is known to provide precise control over signaling in the
PSD, Robo receptors may represent additional targets of AKAP-anchored

enzymes in this subcellular location.
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Chapter 3: AKAP79 enhances PKC phosphorylation of Robo3.1

Introduction:

Vertebrate Robo3 occupies a unique role within the Roundabout family. First, it is
unable to bind Slit ligands. Additionally, Robo3 does not mediate axonal
repulsion, but instead silences signaling through Robo1 and Robo2 (13). Itis
expressed prior to midline crossing and blocks repulsive signaling to facilitate
attraction to the floor plate. Postcrossing, Robo3-mediated silencing is
immediately lost, and Robo1 and Robo2 are again capable of triggering axonal
repulsion. Robo3 appears to accomplish this inhibition through unknown

mechanisms that do not alter protein expression levels of other Robo receptors.

Recent work has shown that Robo3 may in fact actively promote axonal
attraction following netrin activation of the DCC receptor (14). Robo3 can
complex with DCC through an interface located between its CC2 and CC3
domains. DCC activation leads to phosphorylation of Robo3 at Y1019. Previous
studies have suggested that tyrosine phosphorylation of other Robo receptors

may inhibit repulsive signaling (38).

An explanation for how Robo3-mediated silencing is lost following midline
crossing was provided by analyses of alternatively spliced Robo3 isoforms (19).
The Robo3.1 isoform is expressed precrossing and functions to silence signaling
through other Robos. Postcrossing axons instead express the Robo3.2 isoform.

Robo3.2 is unable to inhibit other members of the Robo family, thus allowing Slit
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repulsion to occur. These two isoforms differ only in their distal C-termini, with
Robo3.1 containing a unique 78 amino acid arginine/serine rich region. It is clear
that this region is required for Robo3’s ability to silence SLIT-Robo signaling.
However, it is unknown whether this is due to conformational changes in Robo3,
differential interaction with binding partners, altered phosphorylation of the

receptor itself, or other factors.

Results:

Robo3 is phosphorylated by anchored PKC: AKAP150 expression in the
hippocampus peaks at postnatal day 14 in mice (83), a developmental stage
when Robo receptors, their Slit ligands and other axon guidance molecules are
also present in the hippocampus (10). For instance, the Netrin receptor Deleted
in Colorectal Cancer is enriched in the postsynaptic density where it is required
to facilitate long-term potentiation, an electrophysiological paradigm for learning
and memory (92). Therefore, it seemed plausible that Robo receptors might
contribute to acute neuronal signaling events that control synaptic strength. An
attractive feature of this hypothesis is that AKAP79/150 signaling complexes also
populate the postsynaptic density where they provide local control of synaptic
strength (81,93). In keeping with this notion, deletion of AKAP150 in mice impairs
long-term depression due to the loss of PKA, PKC, and PP2B anchoring

(66,72,94).

In light of these findings, we performed in vitro kinase assays to determine if any

Robo receptors are targets of AKAP150-anchored kinases. Purified GST-tagged
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cytoplasmic tails of Robo1, Robo2, and Robo3 were immobilized on beads and
phosphorylated in vitro with a mixture of conventional PKCs and [*2P] ATP.
Autoradiography revealed that only Robo3 was phosphorylated by PKC (Fig. 5A,
top panel, lane 3). Analogous experiments showed that Robo1 was
phosphorylated by protein kinase A whereas Robo3 was labeled to a lesser
extent (Fig 5B, top panel, lane 2 and 8). However, we were unable to recapitulate
PKA phosphorylation of either Robo receptor inside cells. Since Slit-Robo
signaling can mobilize intracellular calcium (47), we reasoned that the selective
phosphorylation of Robo3 by PKC might contribute to the unique function of this
receptor. For these reasons, we focused on investigating PKC phosphorylation of

Robo3.

Next, we performed experiments in the presence of AKAP79 to investigate the
role of the anchoring protein in this phosphorylation event. Formation of a Robo3-
AKAP79-PKC ternary complex enhanced phosphorylation of the substrate (Fig.
5C, top panel, lane 2) as compared to experiments performed in the absence of
the anchoring protein (Fig. 5C, top panel, lane 1). This suggests that AKAP79-
anchored PKC preferentially phosphorylates Robo3. A more stringent validation
of this concept was performed in HEK293 cells as they express high levels of
endogenous AKAP79. Cells were transfected with plasmids encoding full length
V5 tagged-Robo3 and PKC activity was stimulated upon application of phorbol
12,13-dibutyrate (PDBu). Robo3 immune complexes were probed with an

antibody that detects phosphorylated PKC substrates. Immunoblot analysis
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revealed robust phorbol ester-dependent phosphorylation of Robo3 (Fig. 5D, top
panel, lane 2) as compared to unstimulated controls (Fig. 5D, top panel, lane 1).
Immunoblot analysis of whole cell lysates using the phospho-PKC substrates
antibody confirmed kinase activation, and additional controls established that
equivalent levels of Robo3 were present in each sample (Fig. 5D, middle and

bottom panels).

We subsequently probed a family of Robo3 truncation fragments in an attempt to
locate the sites of PKC phosphorylation. These mapping studies indicate that the
extreme carboxyl terminus of Robo3 (residues 1236-1386) contained the site(s)
of PKC phosphorylation (Fig. 5E, top panel, lane 2). This region of the Robo3
gene is subject to differential splicing and results in the expression of two
subtypes, Robo3.1 and Robo3.2 (Fig. 5F). Plasmids encoding both Robo3
subtypes were expressed in HEK293 cells (Fig. 5G). Cell based phosphorylation
experiments demonstrate that only the Robo3.1 form is phosphorylated by PKC

inside cells (Fig. 5G, top panel, lane 1).

Unfortunately, quantitative analysis by mass spectrometry was unsuccessful in
obtaining more precise information about the identity of these putative
phosphorylation sites. Therefore, we utilized peptide spot arrays as an alternate
means to approach this problem (Fig. 5, H-L). There are twenty serine or
threonine residues in the unique cytoplasmic region of Robo3.1 (Fig. 5H). Given

the number of possible phosphosite combinations, we focused on three
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segments of Robo3.1 sequence that contain consensus PKC substrate motifs
(peptides A, B and C are denoted in Fig. 5, H and /). A total of sixteen
immobilized peptides were evaluated (Fig. 5, I-K). These included wildtype
sequences and peptides where alanine was substituted for putative target
serines (Fig. 5/). UV analysis confirmed equivalent spotting efficiency for all

peptides (Fig 5L).

In vitro phosphorylation of wild type peptides with purified PKC revealed that only
peptide A was labeled (Fig 5/). This peptide contains Ser1330, which conforms to
a consensus PKC substrate site (Fig 5M). Importantly, an alanine-substituted
peptide analog of this sequence was not phosphorylated by this kinase (Fig. 5, /-
K). Cell-based validation of this result was provided by analysis of a Robo3.1
S1330A mutant. As expected, wildtype Robo3.1 was efficiently phosphorylated
upon stimulation of PKC (Fig. 5N, top panel, lane 2). In contrast, the Robo3.1
S1330A mutant was not phosphorylated by phorbol ester-mediated stimulation of
endogenous PKC (Fig. 5N, top panel, lane 4). Loading controls confirmed equal
expression of both Robo3.1 forms and immunoblot analysis using phospho-
substrate antibodies detected phorbol ester stimulation of PKCs (Fig. 5N, middle
and bottom panels). Taken together the data in figure 5 identifies Ser1330 on

Robo3.1 as a target for PKC in vitro and inside cells.
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Figure 5. PKC phosphorylates $S1330 in the cytoplasmic tail of Robo3.1. A,
GST-Robo1CT, -Robo2CT, and -Robo3CT were phosphorylated by PKC in vitro.
%P incorporation was assessed by autoradiography. B, GST-Robo1CT, -
Robo2CT, and -Robo3CT were phosphorylated using PKA in vitro and *P
incorporation was assessed by autoradiography. C, GST-Robo3CT was
phosphorylated by PKC in vitro plus or minus purified AKAP79. D, Robo3 was
overexpressed in HEK293 cells. Cells were stimulated with vehicle (DMSO) or 2
pgM PDBu for 10 minutes. Robo3-V5 immunoprecipitations were probed using an
antibody that recognizes phosphorylated consensus p-(Ser) PKC
phosphorylation sites (top). E, Robo3 receptors containing progressive C-
terminal truncations were expressed in HEK293 cells and stimulated with PDBu.
V5 immunoprecipitations were immunoblotted with the phospho-PKC substrates
antibody. F, diagram depicting the differing distal C-termini of Robo3.1 and
Robo3.2. G, Robo3.1 and Robo3.2 were expressed in HEK293 cells. Cells were
treated with PDBu and V5 immunoprecipitations of cell lysates were
immunoblotted with the PKC-substrates antibody (top). H, Unique Robo3.1 C-
terminal amino acid sequence. Three Robo3.1 peptides containing putative PKC
phosphorylation sites are indicated. /, Peptides containing putative PKC sites
from Robo3.1 and serine to alanine substituted peptides. J, Peptides 1-16 in /
were synthesized using peptide spot array according to template. K, Peptide
array membrane was in vitro phosphorylated with PKC and *?P-ATP.
Autoradiograph shows phosphorylated peptide. L, UV illumination of membrane
shown in K validates equal spotting efficiency for all peptides M, Sequence
surrounding S1330 phosphosite from peptide A. N, HEK293 cells expressing full
length wildtype or S1330A Robo3.1 were treated with vehicle alone (DMSO) or
PDBu. Robo3.1 immunoprecipitates were immunoblotted using the phospho-
PKC substrates antibody to show phosphorylation of Robo3.1.
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Cellular analysis of Robo3.1 phosphorylation was further examined by proximity
ligation assay (PLA), a sensitive method that detects protein-protein interactions
or local posttranslational modification of proteins in situ (95). The conceptual
basis of this approach depends on the dual proximal binding of distinct antibody
probes that are conjugated to complementary oligonucleotides. When the probes
are within range of each other, ligation occurs to generate an amplifiable DNA
circle. The resulting incorporation of fluorescent nucleotides following multiple
rounds of amplification serves as a visible marker for protein-protein interactions
or covalent modification of proteins that occur within a radius of 40 to 60 nm.
Cells were transfected with Robo3.1 and stimulated with PDBu to activate PKCs.
Proximity ligation allowed us to use the phospho-PKC substrates antibody to
selectively monitor PKC activity in the vicinity of Robo3.1. Accordingly we were
able to show that Robo3.1 was efficiently phosphorylated by PKC (Fig. 6, A-C
and G) as compared to unstimulated controls (Fig. 6, D-F and G). Quantitation of
this result is shown as the ratio of PLA signal to the single stain for Robo3.1 (Fig.

6G).

Finally, gene silencing was utilized to discern a role for the anchoring protein in
the phosphorylation of Robo3.1 (Fig. 6, H and /). A well-characterized shRNA to
AKAP79 was used to deplete the anchoring protein in HEK293 cells ((72): Fig 6H,
lower middle panel, lanes 3 and 4). In order to accentuate the physiological
relevance of this anchored phosphorylation event, we used the my muscarinic

receptor agonist oxotremorine-M (Oxo-M) as an activator of anchored PKC (61).
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Cells expressing both Robo3 and the m4 receptor and transfected with either
control or AKAP79 shRNA were incubated for 72 h. Following treatment with
vehicle or Oxo-M, Robo3 immune complexes were isolated. Phospho-Robo3.1
levels were evaluated by immunoblotting (Fig. 6H, top panel, lanes 2 and 4).
Analysis of data from four independent experiments showed that depletion of
AKAP79 significantly reduced PKC phosphorylation of Robo3.1 as assessed by
densitometry (Fig. 6/, columns 2 and 4). Overall the data in figure 6 demonstrates
that AKAP79 facilitates PKC phosphorylation of Robo3.1 in response to a

physiological agonist.
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Figure 6
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Figure 6. AKAP79 regulates the phosphorylation of Robo3.1 by PKC.

A-F, HEK293 cells were transfected with Robo3 and treated with PDBu (A-C) or
vehicle (DMSO, D-F) for 10 minutes. Cells were incubated with a Robo3 antibody
and the phospho-PKC substrates antibody and a proximity ligation assay (PLA)
reaction was carried out between these two antibodies (B, C, E, F, orange). Cells
were subsequently stained using a V5 antibody to recognize Robo3.1 (A, C, D, F,
green). G, analysis of PLA signal normalized to Robo3 expression (means *
SEM, n=3, >100 cells, p<0.05, one sample t-test). H, Robo3 and the m4
muscarinic receptor were coexpressed in HEK293 cells with control or AKAP79
shRNA. Cells were treated with vehicle (H20) or 10 uM oxotremorine-M (Oxo-M)
for 2 minutes. V5 immunoprecipitations of cell lysates were immunoblotted with
the PKC-substrates antibody (fop). Robo3.1 expression (top middle), AKAP79
knockdown (bottom middle), and m4 receptor expression (bottom) were
confirmed by immunoblotting. /, quantification of phospho-Robo3 signal present
in immunoprecipitations normalized to Robo3 expression (means + SEM, n=4,
p=<0.05, unpaired t-test).
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Discussion:

The data presented in figure 5 demonstrates that Robo receptors are targets for
AKAP79/150-anchored enzymes. Strikingly, Robo3 is the only member of the
Roundabout family phosphorylated by PKC. The Ser1330 PKC site we identified
lies within the differentially spliced C-terminus of Robo3.1. Thus, it is possible
that phosphorylation at this site may contribute to Robo3.1’s unique ability to
silence axonal repulsion mediated by Slit-Robo signaling. Phosphorylation of
Robo3.1 by AKAP79/150-anchored PKC may provide a mechanism to regulate
this isoform independently from the rest of the Robo family. Further testing of
S1330A mutant Robo3.1 will be needed to determine the precise importance of
this site in vivo. In addition, we demonstrate that AKAP79 is required for maximal
PKC phosphorylation of Robo3.1 in HEK293 cells. Once the functional
significance of S1330 phosphorylation has been established, the contribution of
kinase anchoring via AKAP79/150 can be investigated in vivo using existing lines

of mice lacking the PKC binding site for this AKAP.

There is also some evidence that the Arg/Ser rich region present exclusively in
the Robo3.1 isoform may contain additional phosphosites for other basophilic
kinases. Preliminary experiments indicate that Robo3.1, but not Robo3.2 can
also be phosphorylated by Akt (unpublished observations). As Robo3.1 can
likewise be phosphorylated by PKA, additional work is required to assess
whether these site(s) similarly lie within this region. Collectively, these results

point to the C-terminus of Robo3.1 as a target for signaling pathways involving
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PKC and potentially other kinases. Phosphorylation of Robo3.1 may induce
conformational changes or affect interactions with binding partners. Determining
these effects, as well as determining the upstream pathways that induce Robo3.1
phosphorylation, is necessary to achieve a better understanding of Robo3-

mediated silencing.

Our results also show that PKA is able to phosphorylate the Robo1 receptor. As
discussed in chapter 2, this kinase is required for SDF-1 inhibition of Slit-Robo
signaling. While a portion of this inhibitory effect is due to PKA phosphorylation of
Rho, other targets are likely involved as well. Further investigation into the effects
of PKA phosphorylation on Robo1 signaling are needed to demonstrate whether
this process plays a role in SDF-1 silencing. While no direct binding of AKAP79
to Robo1 was observed, our data does not rule out the presence of this
anchoring protein in Robo1 complexes. For example, Robo1 and Robo2 are able
to form heterodimeric complexes. Thus, multimeric protein complexes containing
Robo2, AKAP79, as well as Robo1 could be assembled and may contribute to
crosstalk between Robos and other pathways. This hypothesis could be tested
by investigating the ability of SDF-1 to inhibit SLIT repulsion in AKAP150 -/-

animals.
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Chapter 4: Robo3 interacts with 14-3-3 proteins

Introduction:

The 14-3-3 family of adaptor proteins comprises a set of seven mammalian
isoforms that regulate many aspects of cellular signaling (96). They are highly
rigid, helical proteins that exist primarily as dimers (97). 14-3-3s interact with
binding partners containing motifs incorporating phosphorylated serine or
threonine residues (98). Binding of these adaptor proteins can modulate ligand
function in a number of ways (99,100). Due to their dimeric nature, 14-3-3s can
serve as adaptors between multiple members of a signaling complex. They can
also occlude binding sites for other proteins and disrupt interactions. Similarly,
14-3-3 binding can mask targeting sequencing and result in altered target
localization. In addition, 14-3-3 proteins can directly alter the activity of their
binding partners. This is often achieved by inducing conformational changes in

their bound ligand.

While most attention has been focused on ligand phosphorylation events leading
to 14-3-3 binding, these scaffolding proteins are themselves also targeted by
kinases. For instance, JNK can phosphorylate 14-3-3 proteins and disrupt their
interaction with c-Abl (101). This in turn leads to an alteration in the cellular
localization of c-Abl. Thus, kinase activation can also lead to disruption of 14-3-3
binding. Other kinases, including PKC, have likewise been shown to

phosphorylate 14-3-3s (102).
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14-3-3 proteins are widely expressed and are required for the proper regulation
of many diverse processes such as cell cycle progression, apoptosis, adhesion,
and cell migration (103). Recent work has also demonstrated that they play an
important role in axon guidance (49). In particular, these adaptor proteins appear
to modulate the balance between growth cone attraction and repulsion. PKA
phosphorylation of plexin receptors generates a 14-3-3 binding site (104). The
subsequent recruitment of 14-3-3 to these receptors inhibits semaphoring
mediated repulsion. This is due to the displacement of the Ras2 GTPase from
PlexA and subsequent inability of the receptor to inhibit Integrin-mediated

adhesion.

14-3-3 expression also inhibits repulsive signaling through the Slit-Robo pathway.
Inhibition of 14-3-3 interactions using the R18 competitor peptide increases the
sensitivity of Xenopus retinal ganglion cell growth cones to Slit (105). This in turn
results in decreased axonal growth. However, the mechanism for this effect is
currently unclear as no interactions between Roundabout receptors and 14-3-3

proteins have been reported.

Results:

Due to our previous results indicating that AKAP79/150 can recruit PKC to the
Robo3 receptor, we were curious whether PKC activation altered the makeup of
this protein complex. To answer this question, we used proteomics to identify

Robo3 interactors whose binding was altered following PKC activation. V5-
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tagged Robo3 was expressed in HEK293 cells. After 48 hours, cells were treated
with either vehicle or the PKC activator PDBu. Cell lysates were harvested and
Robo3 immune complexes were purified. Following trypsin digestion and mass
spectrometry analysis, a number of proteins were identified whose interaction
with Robo3 was lost following PKC activation (Fig. 7). These included multiple
14-3-3 isoforms. A loss of binding was also detected to phospholipase C and the
Annexin-like protein Axa2L, as well as the known Roundabout receptor binding

partner Nck2.
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Figure 7
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Figure 7. Mass spectrometry screen identifies Robo3 interactions
modulated by PKC. HEK293 cells were transfected with empty vector or Robo3-
V5. Cells were treated with either DMSO or 2 uM PDBu for 10 minutes and
Robo3-V5 immune complexes were isolated. Trypsin digestions were performed
and peptides were analyzed by LC-MS. Columns indicate protein name and
number of peptides detected for each condition.
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To confirm the putative interaction between 14-3-3 and Robo3 we overexpressed
tagged versions of both proteins in HEK293 cells. Robo3 immune complexes
contained 14-3-3 as assessed by western blotting (Fig. 8A, top panel, lane 2). In
addition, Robo3 was unable to interact with the R132E 14-3-3 mutant, which is
unable to form dimers (Fig. 8A, top panel, lane 4). This loss of interaction with
monomeric 14-3-3 is consistent with many other 14-3-3 binding partners (ref).
Reciprocal immunoprecipitations also confirmed the presence of Robo3 in 14-3-3

but not control immune complexes (Fig. 8B).

Most 14-3-3 ligands interact with an amphipathic groove present in each
monomer (106). R18 peptide is an optimized disruptor that strongly binds to this
binding cleft, displacing 14-3-3 binding partners. We repeated a series of Robo3
immunoprecipitations from HEK293 cell lysate in the presence and absence of
this disruptor peptide. Western blotting demonstrated that R18 impaired the

ability of 14-3-3 to interact with the Robo3 receptor (Fig. 8C).

Our previous works suggests that scaffolds such as AKAP79 often interact with
only specific members of the Robo family to form distinct signaling complexes.
Therefore, it was essential to investigate whether 14-3-3 was also capable of
interacting with other Robo receptors. To answer this question, 14-3-3 was
overexpressed along with tagged Robo1, Robo2 or Robo3 in HEK293 cells. Cell
lysates were prepared and western blotting revealed that only Robo3 immune

complexes contained 14-3-3 (Fig. 8D, top panel, lane 4). Loading controls
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confirmed equal expression of all Robo family members (Fig. 8D, lower middle
panel). These results suggest that 14-3-3 interacts exclusively with the Robo3

receptor.
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Figure 8
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Figure 8. Robo3 interacts with 14-3-3 proteins. A, HEK293 cells were
transfected with Robo3-V5 and either WT FLAG-14-3-3 or R132E FLAG-14-3-3.
V5 immunoprecipitations were blotted for 14-3-3 (top) and Robo3 (upper middle).
Loading controls for 14-3-3 (lower middle) and Robo3 (botfom) are included. B,
HEK293 cells were transfected with Robo3-V5 and either FLAG-14-3-3 or control
FLAG-Trim63. Reciprocal immunoprecipitations of FLAG-14-3-3 immune
complexes were blotted for Robo3 (top) and 14-3-3 (upper middle). C, Robo3-V5
immunoprecipitations were treated with either H20 or R18 peptide and blotted for
14-3-3 (top) and Robo3 (upper middle). A, HEK293 cells were transfected with
14-3-3 and either Robo1-V5, Robo2-V5, or Robo3-V5. V5 immunoprecipitations
were blotted for 14-3-3 (top) and V5 (upper middle).
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14-3-3 proteins most commonly bind to motifs containing phosphorylated serine
or threonine residues in their target ligands. As Robo3 contains a number of
putative 14-3-3 binding sites, we first conducted mapping experiments using
versions of the receptor containing progressive truncations of the intracellular C-
terminus. The shortened forms of Robo3 were expressed with 14-3-3 in HEK293
cells and binding was evaluated by western blotting analysis of Robo3 immune
complexes. A Robo3 construct truncated at residue 1236 retained the ability to
bind 14-3-3 (Fig. 9A, top panel, lane 6). However, another containing only
residues 1-1215 was deficient in 14-3-3 binding (Fig. 9A, top panel, lane 5). This
suggested that the 14-3-3 binding site on Robo3 lies between between aa 1215-
1236. To confirm this hypothesis, we generated a mutant version of Robo3
lacking this region. Immune complexes of this mutant also lacked the ability to
interact with 14-3-3 (Fig. 9B, top panel, lane 3). Scansite predicted that this
region contained one high confidence 14-3-3 binding site centered around
Ser1226. Site-directed mutagenesis was subsequently used to generate a Robo3
S1226A mutant, disrupting this putative binding motif. Immunoprecipitations from
HEK293 cell lysate confirmed that the S1226A mutant was unable to bind 14-3-3
(Fig. 9B, top panel, lane 4). This data suggests that serine 1226 on Robo3 may

be phosphorylated to form a 14-3-3 binding site.
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Figure 9
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Figure 9. Ser1226 of Robo3 is required for interaction with 14-3-3 proteins. A,
HEK293 cells were transfected with FLAG-14-3-3 and either full length (1-1386)
or progressively truncated Robo3-V5 receptors. Numbers denote first and last
amino acid present in truncated Robo3 receptors. V5 immunoprecipitations were
blotted for 14-3-3 (fop) and Robo3 (upper middle). B, FLAG-14-3-3 was
expressed with either full length Robo3-V5, a version of the receptor lacking aa
1215-1236, or S1226A Robo3-V5. Immunoprecipitations of Robo3-V5 immune
complexes were blotted for 14-3-3 (fop) and Robo3-V5 (upper middle).
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Finally, we tested whether activation of PKC was able to disrupt the interaction of
14-3-3 with the Robo3 receptor in cells. HEK293 cells were transfected with
Robo3 and 14-3-3 prior to treatment with the PKC activator PDBu. Phorbol ester
stimulation significantly reduced binding of 14-3-3 to Robo3 as compared to
immunoprecipitations from control cells treated with vehicle (Fig. 10, top panel,
lanes 2 and 3). This effect could be blocked by treatment with the PKC inhibitor
Bisl (Fig. 10, top panel, lane 4). These results suggest that PKC activation may

dynamically reorganize the Robo3 reorganize the Robo3 signaling complex.

Preliminary experiments suggest that this loss of 14-3-3 Robo3 binding is not due
to PKC phosphorylation of S1330 on Robo3 (data not shown). Other studies
have shown that 14-3-3 is also a PKC substrate and that phosphorylation of 14-
3-3 can disrupt its binding to other target proteins (107). Thus, we propose that
the loss of 14-3-3 binding to Robo3 upon PKC activation may be due to the
phosphorylation of 14-3-3 itself. However, further experiments are need to

confirm this hypothesis.
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Figure 10
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Figure 10. PKC activation disrupts Robo3/14-3-3 binding. A, HEK293 cells
were transfected with FLAG-14-3-3 Robo3-V5. Cells were treated with DMSO, 2
puM PDBU for 10 minutes, or pretreated with 1 uM BIS | for 10 minutes prior to
PDBu application. V5 immunoprecipitations were blotted for 14-3-3 (top) and
Robo3 (upper middle).
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Discussion:

Expression of 14-3-3 proteins has been shown to render growth cones less
sensitive to Slit repulsion. In Xenopus retinal ganglion cell axons, 14-3-3 protein
levels progressively decrease throughout development. The initial period of high
14-3-3 expression correlates with a stage of rapid axonal growth. Thus, it has
been hypothesized that these adaptor proteins may function to dampen signaling
through Roundabout receptors and promote axon elongation. Our data
demonstrates that 14-3-3 proteins specifically interact with Robo3 receptor

subcomplexes.

Due to Robo3’s opposing function compared to Robo1 and Robo2, we are
especially interested in binding partners unique to the Robo3 receptor. The ability
of 14-3-3 to bind Robo3, but not other Roundabout receptors, raises the
possibility that these scaffolds may contribute to Robo3’s unique ability to silence
conventional repulsive Slit-Robo signaling. This hypothesis is also consistent with
reports showing that 14-3-3 binding to other axon guidance receptors can inhibit

growth cone repulsion.

While we have demonstrated that Ser1226 is required for Robo3 binding, it
remains to be shown whether S1226 must in fact be phosphorylated to create a
14-3-3 binding site. Scansite predictions suggest that possible kinase(s)
responsible for phosphorylating Robo3 at this site may include Erk1 and CK1. In

vitro phosphorylation of purified Robo3 using these kinases, followed by 14-3-3
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pull-downs, would likely be the quickest way to demonstrate whether this
interaction depends on phosphorylation of Ser1226. Elucidation of any kinases
responsible for phosphorylating this site may also aid in the determination of
other signaling pathways that participate in crosstalk with the Robo3 receptor. In
addition, the precise mechanism leading to PKC activation and disruption of the
14-3-3 complex must still be determined. While Robo3 phosphorylation at
Ser1330, a known PKC site, does not appear to play a role in this process, this

kinase may instead directly phosphorylate 14-3-3 proteins to block binding.

Previous work has shown that 14-3-3 proteins regulate cytoskeletal dynamics
through modulating activity of the actin-binding protein cofilin (105). 14-3-3s
directly interact with cofilin, and overexpression of these scaffolds leads to
increases in phosphorylated, inactive cofilin (108). As Slit-Robo signaling instead
triggers phosphatase activation and dephosphorylation of cofilin, antagonism of
this downstream effector may represent the mechanism of Robo3 silencing. 14-
3-3 recruitment to Roundabout signaling complexes may therefore block cofilin

activation, reducing the sensitivity of growth cones to Slit.
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Chapter 5: Conclusion

Research on Slit-Robo signaling has elucidated many aspects of Roundabout
receptor function in the decade and a half since their discovery. As Robos have
no intrinsic enzymatic activity, these receptors depend on binding partners to
effect changes in the actin cytoskeleton. In this thesis, | present evidence that
scaffolding proteins interact with specific Robo receptor subcomplexes. This may

contribute to some of the functional differences between Robo family members.

We report a novel interaction between the scaffolding protein AKAP79 and the
Robo2 and Robo3 receptors. AKAP79 recruits complexes including PKA, PKC,
and PP2B to these transmembrane proteins. Furthermore, immunostaining
reveals that AKAP79/150 appears to co-distribute with Robo2 and Robo3,
particularly at the dendritic growth cones of developing neurons. Thus, this
scaffold may function to regulate dendritic development. Coexpression of
AKAP79/150 with Robo2 and Robo3 is also found in the hippocampus, striatum,
and olfactory tubercle of adult mice. A number of other axon guidance receptors
regulate synaptic plasticity in mature neurons after their development role is
complete. As AKAP79/150 plays a key role in regulating changes in synaptic
strength, it will be interesting to assess whether its regulation of Slit-Robo

signaling also contributes to this process.
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In addition, the Robo3.1 isoform contains a PKC phosphorylation site at Ser1330
in its distal C-terminus. Data from chapter 3 demonstrates that AKAP79
facilitates the phosphorylation of Robo3.1 by PKC. Depletion of the anchoring
protein suppresses phosphorylation of Robo3.1 in response to muscarinic
agonists. Although little is known about Robo3 receptor subtypes there is reason
to believe that Robo3.1 and Robo3.2 have divergent functions. In the developing
spinal cord, Robo3.1 antagonizes repulsive axonal migration events that proceed
through Robo1 and Robo2 receptors. This ability to repress canonical Slit-Robo
signals is not shared by the Robo3.2 isoform. While the mechanism that
accounts for the opposing functions of Robo3.1 and Robo3.2 is not clear, our
data raise the possibility that PKC phosphorylation at Ser1330 of Robo3.1 may

play a role in this process.

We have also determined that 14-3-3 proteins interact specifically with the Robo3
receptor. These adaptor proteins bind to Ser1226 on Robo3. Previous work in
retinal ganglion cells revealed that 14-3-3s affect the sensitivity of growth cones
to Slit. When 14-3-3 interactions are disrupted, axons become more responsive
to Slit-Robo signaling. Our results suggest that this effect could be due to the
formation of Robo3/14-3-3 complexes. Furthermore, S1226A Robo3 mutants
may have an impaired ability to silence Slit-Robo signaling. Activation of PKC
disrupts 14-3-3 binding to the Robo3 receptor. Therefore, this kinase may

represent a mechanism through which Robo3-mediated silencing is controlled.
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Taken together, these results suggests that the recruitment of scaffolding
proteins to certain Robo receptor subcomplexes may confer an added element of
spatiotemporal control to Slit-Robo signaling. The presence of AKAP79/150 and
14-3-3 at Robo3 receptors may also contribute to the unique signaling properties
of this Robo subtype. Incorporation of these scaffolds into higher order
macromolecular assemblies containing Robo receptors may expand the potential
for signal integration and enzyme crosstalk between second messenger

cascades and the neuronal guidance machinery.
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Chapter 6: Materials and Methods

Antibodies

Antibodies used for immunoblotting included mouse anti-FLAG (Sigma-Aldrich),
mouse anti-V5-HRP (Invitrogen), rabbit anti-Robo2 (Abcam), rabbit anti-
AKAP150 (V088), mouse anti-Rlla (BD biosciences), mouse anti-PP2B B subunit
(Abcam), mouse anti-PKCa (BD biosciences), mouse anti-His-HRP (GenScript),

and rabbit anti-Phospho-Ser PKC Substrate (Cell Signaling).

Plasmid Constructs

Full length and truncated Robo1, Robo2, Robo3.1, and Robo3.2 were generated
by PCR amplification and subcloned into pcDNA3.1/V5-His (Invitrogen). FLAG-
AKAP79, GST-AKAP79 fragment (58,109-111), HA-muscarinic M4 receptor,
pSilencer, and AKAP79 shRNA constructs have been previously described (72).
Robo1, Robo2, and Robo3.1 C-termini were cloned into pGEX6P-1 (GE) for
bacterial expression. FLAG-14-3-3y, FLAG-14-3-3y R132E, and FLAG-Trim63
have been previously described (ref). Robo3.1 containing PreScission protease

cleavage V5 tag was generated by site-directed mutagenesis.

Mass Spectrometry

Bands of interest from silver stained gels were excised and analyzed using

MALDI-TOF by the OHSU proteomics shared resource.
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Immunoprecipitations

HEK293 cells were transiently transfected using Mirus Transit-LT1. After 48
hours, cells were washed with cold PBS and lysed in HSE buffer (20 mM HEPES
(pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and protease inhibitors).
For PKC phosphorylation experiments, cells were treated with DMSO or 2 uyM
PDBu for 10 minutes prior to harvesting and lysis buffer also contained NaF
(Sigma-Aldrich) and okadaic acid (Millipore). Lysates were centrifuged at 15,000
x g for 20 minutes. Supernatants were incubated on nutator overnight at 4
degrees with either FLAG-agarose (Sigma-Aldrich) or anti-V5 antibody
(Invitrogen) and Protein A/G-agarose (Millipore). Beads were washed 2X with
HSE buffer supplemented with 10% glycerol and 500 mM NaCl and another 2X
with regular HSE buffer. LDS buffer (Invitrogen) was added and samples were

run on NuPage gels (Invitrogen).

HEKZ293 Staining

HEK293 cells were transfected with V5-Robo2 and FLAG-AKAP79 constructs.
After 24 hours, coverslips were washed 3X in PBS and fixed for 20 minutes in
4% paraformaldehyde (in PBS) at room temperature. Cells were permeabilized in
PBS containing 0.1% Triton X-100 and blocked for 1 hour in PBS supplemented
with 10% donkey serum and 0.1% fish gelatin (Sigma). Cells were incubated with
antibodies against V5 (Invitrogen; 1:1000) and FLAG (Sigma; 1:1000) overnight
at 4 degrees. Coverslips were washed 3X with PBS and then incubated with

Alexa Fluor-conjugated secondary antibodies for 1 hour prior to mounting.
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Imaging was performed using 40x and 63% objectives on a LSM 510 META

confocal microscope (Zeiss).

Immunofluorescent Staining of DIV 4 Mouse Hippocampal Neurons

For preparation of cultured hippocampal neurons, hippocampi were dissected
from postnatal day 1 mice and plated at a density of 100,000 cells/well (94). After
culture for 4 days in vitro (DIV), neurons were fixed in 4% paraformaldehyde for
10 minutes, washed 4X with PBS, permeabilized, and then blocked overnight in
10% donkey serum + PBS. Cells were stained with goat anti-AKAP150 (Santa
Cruz; 1:200) and rabbit anti-Robo2 (Abcam; 1:500) antibodies. Cells were
washed 3X with PBS and incubated for one hour at room temperature with Alexa
Fluor-conjugated secondary antibodies before mounting. Neurons were imaged
using an Axiovert 200M microscope (Zeiss) with a 63x objective (1.4 NA; plan-
Apo) and a CoolSNAP2 (Photometrics) CCD camera. Acquisition and off-line
processing were conducted using Slidebook 5.5 (Intelligent Imaging Innovations,
Denver, CO). Focal plane z-stacks (spaced 0.2 um apart) were acquired and
deconvolved to discard out of focus light. Deconvolved 3D z-stacks were then

collapsed to generate 2D-maximume-intensity projections.

Transfection of Hippocampal Neurons
DIV 14 mouse hippocampal neurons were transfected with V5-Robo using
calcium phosphate. Cells were incubated for 24 hours prior to fixation and

staining with anti-V5 (Invitrogen; 1:1000) and anti-AKAP150 (V088; 1:1000)
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antibodies. Coverslips were imaged on a LSM 510 META confocal microscope

(Zeiss) using 40x and 63x objectives.

GST Pull-downs

GST-Robo fusion proteins were purified from E. coli and left on glutathione beads.
Mouse brains were homogenized in cold HSE buffer using a Polytron and
cleared by centrifuging at 15,000 x g for 30 minutes. Brain lysate or purified
protein was added and rocked overnight at 4 degrees. Beads were washed 3X
with HSE buffer supplemented to contain 1M NaCl, 2X with regular HSE, and
finally with PBS prior to addition of sample buffer. For PP2B pull-downs, lysates
were prepared as described above and rocked with glutathione beads for 1 hour
at 4 degrees. Beads were washed 3X with buffer containing 150 mM NacCl, 50
mM Tris (pH 7.5), 0.5% NP-40, and protease inhibitors before adding sample
buffer. For PKC pull-downs, glutathione beads were rocked overnight with brain
lysate and washed with HSE buffer as described above. 100 ng PKCpII was
added to beads and incubated in 100 uL buffer containing 150 mM NaCl, 50 mM
Tris (pH 7.5), 0.5% NP-40, and protease inhibitors for 1 hour. Samples were

washed 3X with the same buffer prior to addition of LDS sample buffer.

RII Overlay
RII overlays were performed as described previously (79,112). In this far-western
technique proteins from GST pull-downs were resolved by SDS-PAGE,

transferred to nitrocellulose, and blots were subsequently overlaid with
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digoxigenin-labelled RII subunit. Proteins that bound the labeled RIl were

identified following incubation with anti-digoxigenin antibody (Abcam).

Immunohistochemistry of Spinal Sections

E11.5 embryos were fixed in 4% paraformaldehyde for 2 hours, washed 4X with
PBS, and cryoprotected in 30% sucrose in PBS overnight prior to embedding in
OCT. Frozen sections were cut at 20 um on a cryostat (Leica) and mounted onto
Superfrost-plus slides (Fisher Scientific). The sections were blocked and
permeabilized for 30 minutes in PBS + 0.1% Triton-X + 1% normal donkey serum
(Jackson ImmunoResearch) and stained overnight at 4°C with the following
primary antibodies: anti-L1Cam (Chemicon; 1:200), anti-AKAP150 (Santa Cruz;
1:500), and anti-Robo2 (Abcam; 1:500). The slides were then washed 3X in PBS
and incubated with the appropriate fluorescent secondary antibody (Jackson
ImmunoResearch) for 2 hours at 4°C. Finally, slides were washed 3X in PBS and
mounted with Fluromount-G (Southern Biotech). Images were collected using a
DMI6000B inverted microscope equipped for both widefield and spinning disc

confocal fluorescent microscopy (Leica).

Immunohistochemistry of Sagittal Brain Sections

Brains from 16-week-old wildtype and AKAP150 -/- mice were fixed in formalin
for 48 hours prior to paraffin embedding and sagittal sectioning at a thickness of
4 microns by the UW Pathology Research Services lab. Deparaffinized sections

underwent antigen retrieval in a pressure cooker before blocking and staining
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with anti-AKAP150 (V088; 1:1000 and Santa Cruz; 1:500), anti-Robo2 (Abcam,;
1:500), or anti-Robo3 (R&D Systems; 1:500) antibodies. The sections were then
washed 3X in PBS prior to incubation with Alexa Fluor-conjugated secondary
antibodies for 1 hour at room temperature.. Sections were imaged using a
DMI6000B inverted microscope equipped for both widefield and spinning disc

confocal fluorescent microscopy (Leica).

Kinase Assays

For PKA kinase assays, GST-Robo fusion proteins were phosphorylated in
kinase assay buffer containing 25 mM Tris pH 7.5, 0.1 mM EGTA, 10 mM MgCl,,
50 uM ATP, and 0.2 ug PKA. PKC kinase assays were performed using 0.2 ug
PKC, and the above buffer was supplemented with PKC activation mix (Millipore),
1 pg/mL diacylglycerol, and 10 pg/mL phosphatidylserine. Kinase reactions were
stopped by washing 3X with cold HSE buffer prior to addition of LDS sample

buffer.

Peptide Array

Peptides corresponding to regions of Robo3 containing potential PKC
phosphosites were synthetized using an Auto-Spot Robot ASP 222 as previously
described (113). Prior to phosphorylation, membranes were briefly wetted in
ethanol and then incubated overnight in preincubation buffer 20 mM HEPES (pH
7.2), 100 mM NaCl, 2mM MgClz, 1 mM EDTA, 1 mM DTT, and 0.2 mg/ml BSA].

Membranes were then blocked for 1 hour at 30 degrees in the same buffer
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supplemented with 1 mg/mL BSA and 30 yM ATP. Phosphorylation was carried
out by incubating membrane in kinase assay buffer [25 mM Tris pH 7.5, 0.1 mM
EGTA, 10 mM MgCI2, 50 uM ATP, PKC activation mix (Millipore), 1 ug/mL
diacylglycerol, 10 pg/mL phosphatidylserine, and 0.2 pg PKC] for 30 minutes at
30 degrees. Following phosphorylation, membranes were washed 4 times for 15
minutes in 1 M NaCl, 3 times for 5 minutes in H20, 3 times for 15 minutes in 5%
phosphoric acid and finally 3 times for 5 minutes in H20. Membranes were
blocked for 1 hour in 5% non-fat milk and 1% BSA and incubated overnight with

anti-Phospho-Ser PKC Substrate antibody (Cell Signaling).

Proximity Ligation Assay

HEK?293 cells were transfected with V5-Robo3, and cultured for 24 hours prior to
fixation and permeabilization in buffer containing 20 mM PIPES (pH 6.8), 10 mM
EGTA, 1 mM MgCI, 0.2% Triton X-100, and 4% paraformaldehyde. Coverslips
were blocked for 1 hour in PBS containing 10% donkey serum and 0.1% fish
gelatin (Sigma) and then incubated overnight with anti-Robo3 (R&D Systems;
1:500) and anti-phospho-Ser PKC substrates (Cell Signaling; 1:1000) antibodies.
The Duolink in situ proximity ligation reaction (Sigma-Aldrich) was carried out
according to manufacturer’s instructions. To identify transfected cells, coverslips
were then incubated overnight with anti-V5 antibody, washed, and incubated for
1 hour at room temperature with Alexa Fluor-conjugated secondary antibody
(Invitrogen). Coverslips were mounted using Prolong antifade mounting media

containing DAPI (Molecular Probes) and imaged using 63x objective lens on a
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DMI6000B inverted confocal fluorescent microscope (Leica). The amount of PLA
signal for each condition was quantified using Metamorph software (Molecular
Devices). Individual cells expressing V5-Robo3 were outlined and the integrated
intensities of both the V5-Robo3 and PLA signals were recorded. The average
ratio of PLA signal to V5-Robo3 was calculated for each experiment for both
control and PDBu treatments. The fold change in normalized PLA/Robo3 ratio
was determined and analyzed using a one sample t-test with .05 as the level of

significance.

ShRNA Knockdown of AKAP79

HEK293 cells were transfected with V5-Robo3, HA-m+, and either pSilencer or
AKAP79 pSilencer constructs. Cells were incubated for 72 hours post-
transfection and then treated with either vehicle (H20) or 10 yM oxotremorine-M
for 2 minutes at 37 degrees. Robo3 immunoprecipitations and western blotting
were performed as described above. Levels of phospho-Robo3 were determined
by densitometric analysis and normalized to total Robo3 expression.
Comparisons between pSilencer and AKAP79 pSilencer expressing cells were

made using an unpaired t-test with .05 as the level of significance.
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