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Previous studies in Caenorhabditis elegans showed that RPM-1 (Regulator of Presynaptic Morphology-1) regulates axon termination and
synapse formation. To understand the mechanism of how rpm-1 functions, we have used mass spectrometry to identify RPM-1 binding
proteins, and have identified RAE-1 (RNA Export protein-1) as an evolutionarily conserved binding partner. We define a RAE-1 binding
region in RPM-1, and show that this binding interaction is conserved and also occurs between Rael and the human ortholog of RPM-1
called Pam (protein associated with Myc). rae-1 loss of function causes similar axon and synapse defects, and synergizes genetically with
two other RPM-1 binding proteins, GLO-4 and FSN-1. Further, we show that RAE-1 colocalizes with RPM-1 in neurons, and that rae-1

functions downstream of rpm-1. These studies establish a novel postmitotic function for rae-1 in neuronal development.

Introduction
The Caenorhabditis elegans Regulator of Presynaptic Morphology
(RPM)-1 is a member of a conserved family of proteins called
Pam/Highwire/RPM-1 (PHR) proteins. PHR proteins are key
regulators of neuronal development. In C. elegans, RPM-1 (reg-
ulator of presynaptic morphology-1) regulates axon termination
and guidance in the mechanosensory neurons, and regulates syn-
apse formation in the mechanosensory and motor neurons (Po et
al., 2010). In adult C. elegans, RPM-1 also plays a role in axon
regeneration in motor neurons (Hammarlund et al., 2009). Im-
portantly, Drosophila Highwire, zebrafish Esrom/Phr1, and mu-
rine Phrl also regulate synapse formation and axon extension
highlighting the evolutionarily conserved function of the PHR
proteins (Po et al., 2010).

Previous studies showed that RPM-1 functions, in part, as an
E3 ubiquitin ligase by binding to the F box SyNaptic protein
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(FSN)-1 and negatively regulating a MAPK pathway that in-
cludes: the Dual Leucine zipper-bearing Kinase (DLK)-1, MAPK
Kinase Kinase-4, and p38 MAP Kinase family member (PMK)-3
(Liao et al., 2004; Nakata et al., 2005). The presence of several
conserved protein domains of unknown function in RPM-1, and
its enormous size suggested that RPM-1 is likely to function
through additional mechanisms. To better understand addi-
tional signaling pathways that mediate RPM-1’s function, we pu-
rified RPM-1 and used mass spectrometry to identify RPM-1
binding proteins. Using this approach, we previously found that
RPM-1 binds to a putative Rab GEF, GLO-4, and positively reg-
ulates the activity of a Rab GTPase pathway (Grill et al., 2007).
Here we report the identification of a novel RPM-1 binding
protein called RNA Export protein (RAE)-1. A number of studies
in yeast and mammals have shown that Rae-1 regulates mRNA
export, mitotic cell cycle progression, and chromosome segrega-
tion (Brown et al., 1995; Blevins et al., 2003; Blower et al., 2005;
Jeganathan et al., 2005; Wong et al., 2006). While relatively little is
known about the function of rae-1 in C. elegans, RNAi against
rae-1 causes sterility (Galy et al., 2003) consistent with a role for
rae-1 in mitosis. While Rael is expressed in postmitotic cells
including neurons (Kraemer et al., 2001), its postmitotic func-
tion remains unclear. Here we show the first postmitotic function
for rae-1 as a novel regulator of axon termination and synapse
formation in neurons. We have mapped the interaction of C.
elegans (Ce)RAE-1 to a conserved RAE-1 binding motif in
RPM-1, and shown that the human ortholog of RPM-1 [called
Protein Associated with Myc (Pam) or Myc-Binding Protein
(MYCBP)-2] interacts with rat Rael in a similar manner. rae-
17/~ animals have similar types of defects in axon termination as
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rpm-1~—"" mutants. Analysis of double mutants shows that rae-1
enhances fsn-1 and glo-4 loss-of-function (If) defects in axon ter-
mination and synapse formation.

Materials and Methods

Genetics. Strains were maintained as described previously (Brenner,
1974). Alleles used in this study are: rpm-1(jud4), glo-4(0k623), rae-
1(tm2784), fsn-1(gk429), and unc-29(e1072). rae-1 mutants were identi-
fied based on a clear vulval patch. All double mutants were constructed
following standard procedures, and were confirmed by the associated phe-
notypes or by PCR genotyping. The transgenic strains used in this study are:
muls32 (P, ,GFP), julsl [P, ,sSNB-1:GFP], juls58 [P,,, RPM-I:
GFP), juls77 [P,,.,sRPM-1:GFP], bggEx76 [P, ,smCherry:RAE-I;
juls77), bggFxI8 (Pppyy, RPM-1:GFP), bggEx37 [Pgpny; RPM-1:GFP,
P, FLAG:Rae-1], bggEx39 [Prppy, RPM-I(VIR to  AAA):GEP,
P,ger [FLAG::Rae-1]. A large number of transgenic lines were also generated
for rescue experiments. All RPM-1 transgenes were generated using the plas-
mid pCZ161 (RPM-1:GFP). RPM-1 (VIR to AAA) point mutants were
generated with an Mlul fragment from pCZ161 using site directed mutagen-
esis. The mutated Mlul fragment was subcloned back into pCZ161 to gen-
erate pBG-35. All other transgenic constructs were generated by using pCR 8
Topo GY clones containing either the gene or cDNA encoding C. elegans
rae-1 or rat Rael. These entry vectors were recombined using LR recombi-
nase with a destination vector containing the specified promoters.

Transgenics. Transgenic animals were generated using standard proce-
dures. Plasmid DNA of interest was injected at 5 or 25 ng/ul along with
PxsREP (50 ng/pl) or P, ,, ,mCherry (1.5-2.5 ng/pl), and pBluescript
(50 ng/ul). For rpm-1 rescue experiments, pCZ161 (wild-type
RPM-1::GFP) or pBG-35 (RPM-1::GFP (VIR to AAA) point mutant) was
injected at 2 ng/ul and 25 ng/ul.

Axon termination and synapse formation analysis. Analysis of GFP in
live animals was performed using an epifluorescent microscope (Nikon
Eclipse E400), 40X magnification and a CCD camera (Q-imaging Qicam
1394). To quantify defects in axon termination, animals were scored
manually. To quantify defects in synapse formation, images of dorsal
cord were collected using Qcapture Pro 6.0 software, and puncta
numbers were analyzed manually. Animals were anesthetized using
1% (v/v) 1-phenoxy-2-propanol in M9 buffer, and analyzed under
40X magnification.

Confocal microscopy. Colocalization of mCherry:RAE-1 (bggEx76)
and RPM-1::GFP ( juls77) was analyzed using an Olympus FLUOView
FV1000 laser scanning confocal microscope at 63X magnification. Im-
ages were acquired using Olympus FLUOVIEW software, and analyzed
using Image].

Protein biochemistry. For biochemistry from C. elegans, transgenic an-
imals were grown on HB101 Escherichia coli, harvested by low-speed
centrifugation, and lysed by sonication in lysis buffer (containing, in mm:
10 Tris, pH 7.4, 0.1% NP-40, 150 NaCl, 1 DTT, protease, and phospha-
tase inhibitors). Coimmunoprecipitations (coIPs) were performed from
2 to 10 mg of total protein extract with anti-FLAG antibody (M2 mouse
monoclonal, Sigma) and protein G agarose. GFP IPs were done with an
anti-GFP antibody (3E6 mouse monoclonal, Qbiogene). For IPs, one of
three transgenic strains were used: bggExI18 [Pgpy.; RPM-1::GFP],
bggEx37 [Pypppr.; RPM-1::GFP, P, ,FLAG::Rae-1], or bggEx39 [Pppa;.;
RPM-1(VIR to AAA)::GFP, P, ;FLAG::Rae-1]. For immunoblotting,
proteins were transferred to PVDF membrane, blocked, and probed with
anti-GFP (mouse monoclonal, Roche), anti-FLAG antibody (rabbit
monoclonal, Cell Signaling Technology), or anti-myc antibody (9E10
mouse monoclonal). Secondary antibodies coupled to HRP were used
with Supersignal FemtoWest enhanced chemiluminescent reagent and
visualized by autoradiography.

Results

Identification of a novel RPM-1 binding protein by mass
spectrometry

To understand how RPM-1 signal transduction is mediated, we
previously performed a proteomic screen to identify RPM-1
binding proteins (Grill et al., 2007). In brief, RPM-1::GFP was
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transgenically expressed in the neurons of C. elegans (using the
rpm-1 promoter), biochemically purified using an anti-GFP an-
tibody, and RPM-1 binding proteins were identified by liquid
chromatography-tandem mass spectrometry. Using this ap-
proach we identified the functional RPM-1 binding protein,
GLO-4 (Grill et al., 2007). Among the other candidate RPM-1
binding proteins, we also identified C. elegans (Ce)RAE-1 (also
called NPP-17) based on 13 unique peptide sequences obtained
from multiple rounds of purification of RPM-1::GFP and mass
spectrometry. CeRAE-1 is composed of 373 aa and has a ho-
molog in yeast, flies and mammals (50% identity and 63%
conservation between CeRAE-1 and human Rael). The crystal
structure of human Rael shows that it is composed of 7 WD
repeats that fold into a 7-bladed propeller structure (Ren et al.,
2010). Sequence comparison predicts a similar structure for
CeRAE-1 (Fig. 1 A).

To confirm our proteomic results, we generated transgenic
animals with extrachromosomal arrays that coexpress RPM-1::GFP
and FLAG::RAE-1. The rpm-1 promoter was used to drive RPM-1
expression, and RAE-1 expression was driven by Prgef-1, a pan-
neuronal promoter. As shown in Figure 1C, RPM-1::GFP coimmu-
noprecipitated with FLAG::RAE-1.

The human orthologs of RPM-1 and CeRAE-1 are called Pam
and Rael, respectively. To test whether the interaction between
RPM-1 and CeRAE-1 is conserved, we analyzed the biochemical
relationship between human Pam and rat Rael. Myc-tagged hu-
man Pam coprecipitated with FLAG-tagged rat Rael when ex-
pressed in HEK 293 cells (Fig. 1D). As a negative control, a
protein phosphatase of similar size and expression levels to Rael
did not bind to Pam (Fig. 1 D).

Human Pam and Rael interact biochemically via a conserved
protein motif

Previous studies in yeast have shown that Rael directly interacts
with its known binding proteins, such as Nucleoporin (Nup) 98,
through a conserved 14-20 aa motif (Wang et al., 2001). To
determine whether PHR proteins have a similar motif, we used
Clustal W to align the sequences of RPM-1, Highwire and Pam
with the Rael binding motif of Nup98. Our search identified six
amino acids that were highly conserved between Nup98 and the
PHR proteins. This motif was located in a conserved protein
domain in the PHR proteins with no known function, which we
now term the Rael binding domain (RBD) (Fig. 2A).

To test whether the putative RBD of PHR proteins is sufficient
to mediate binding to Rael, we performed coimmunoprecipita-
tion from transfected HEK 293 cells. An N-terminal domain, a
C-terminal domain, and the RBD of Pam (aa 1984-2512), as well
as the RBD of RPM-1 (aa 1766-2253) were cloned (Fig. 2A).
These constructs were coexpressed as GFP fusion proteins in 293
cells with rat Rael tagged with a FLAG epitope (FLAG-Rael).
Only the Pam RBD and RPM-1 RBD coprecipitated with FLAG-
Rael (Fig. 2B).

In yeast, three residues (LXXLR) in Nup98 are essential for
binding to Rael (Fig. 2A, underlined residues) (Pritchard et al.,
1999). To test whether similar residues mediate the interaction
between PHR proteins and Rael, we mutated the corresponding
residues in the RBD of RPM-1 (VIR to AAA), and found that
binding to Rael was reduced (Fig. 2C). Mutation of a single res-
idue in the RPM-1 RBD (R 2088 A) also abolished binding to
Rael (Fig. 2C). Similar results were observed for the RBD of Pam
(data not shown).

To determine whether similar point mutations in full-length
RPM-1 affect binding to CeRAE-1, we generated transgenic C.
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250K—

PHR proteins bind to RAE-1. 4, A schematic of the CeRAE-1 protein which is composed of an N-terminal domain and 7 WD repeats. Shown below is the segment of the RAE-1

protein thatis deleted by rae-1(tm2784). B, Shown is a 40 X DICimage of the vulval region of a wild-type animal and a rae- 1(tm2784) mutant. Note the absence of embryos and oocytes,
and the protruding vulva in the rae-7 mutant, which can be used to identify these animals. C, colP of RPM-1::GFP with FLAG::RAE-1. RPM-1::GFP was expressed transgenically alone or
in combination with FLAG::RAE-11in the neurons of C. elegans. D, colP of myc-Pam and GFP-Rae1. Myc-tagged human Pam and GFP-tagged rat Rae1 or GFP-rat PP2Ccx (a protein of similar
size to Rae1) were coexpressed in 293 cells. For B and C, a representative of at least three independent experiments is shown. For B, similar results were obtained using a minimum of

two transgenic lines.

elegans that used a pan-neuronal promoter (Prgef-1) to express
FLAG-tagged CeRAE-1 and GFP fusion proteins of wild-type or
point-mutated RPM-1 (VIR to AAA). As shown in Figure 2 D, the
binding of RPM-1 (VIR to AAA) to CeRAE-1 was greatly reduced
compared with wild-type RPM-1. Overall, our data show that the
RBD of PHR proteins are necessary and sufficient for binding to
Rael.

rae-1 mutants have defects in axon termination

Previous studies have shown that loss-of-function mutations
in rpm-1 or molecules that function downstream of rpm-1
result in defective axon termination in the mechanosensory
neurons (Schaefer et al., 2000; Grill et al., 2007). To determine
whether loss of function in rae-1 affects axon termination, we
analyzed the allele tm2784, which deletes amino acids 108 241
of CeRAE-1 (30% of rae-1 coding sequence) (Fig. 1 A). Based

on the crystal structure of human Rael (Ren et al., 2010), we
predict that tm2784 deletes the C-terminal half of WD repeat
2, all of repeats 3 and 4, and the N-terminal half of repeat 5 of
CeRAE-1 (Fig. 1A). rae-1(tm2784) animals are sterile in the F1
generation, and have a transparent vulval region (Fig. 1B),
which is consistent with vertebrate studies showing that Rael
is essential for mitosis and mitotic spindle assembly (Babu et
al., 2003; Blower et al., 2005). Presumably, maternal expres-
sion of RAE-1 may rescue mitosis in the F1 generation allow-
ing development of rae-1(tm2784) animals to adulthood.
Transgenic animals expressing GFP with a cell-specific pro-
moter, Pmec-7, were used to visualize the morphology of the
mechanosensory neurons. In wild-type animals, each anterior
lateral microtubule (ALM) neuron sends an axon toward the
anterior of the animal where the axon stops short of the nose
(Fig. 3A). rpm-1""" animals had a highly penetrant phenotype
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Identification of a Rae1 binding motif in the PHR proteins. 4, Schematic representation of human Pam and C. elegans RPM-1. RLD (RCC-1 like domain), PHR (Pam/Highwire/RPM-1

family-specific domains), RBD (Rae1 binding domain), MBD (myc binding domain), NLS (nuclear localization signal), and RING (RING-H2 ubiquitin ligase domain). Shown below is a sequence
alignment of the known Rae1 binding protein, Nup98, and the PHR proteins. Residues highlighted in blue are conserved between Nup98 and other previously described Rae1 binding proteins.
Residues in Nup98 that are underlined are essential for binding to Rae1. B, colP of the Pam RBD or the RPM-1RBD fused to GFP with Flag-tagged rat Rae1. (, Identification of point mutations in the
RPM-1RBD that reduce binding to FLAG-Rae1. D, colP of RPM-1::GFP or RPM-1::GFP (VIR to AAA) point mutant with FLAG::RAE-1 from transgenic C. elegans protein lysates. Note that the RPM-1::GFP
(VIR to AAA) point mutant has greatly reduced binding to FLAG::RAE-1 compared with wild-type RPM-1::GFP. A representative of at least three independent experiments is shown for B-D. For D,

at least two independently derived transgenic lines were analyzed for each genotype.

in which the ALM axon fails to terminate extension properly,
and overextends and hooks posteriorly (Fig. 3A,B). rae-1"'~
animals also had defective axon termination in the ALM neu-
rons, although the length of the overextension was generally
less, and the penetrance of overextension defects was milder
than in rpm-1 '~ mutants (Fig. 34, B).

In wild-type animals, each posterior lateral microtubule
(PLM) neuron extends a single axon that terminates extension
before the ALM cell body (Fig. 3C). In rpm-1 """ animals two
PLM phenotypes were observed: a severe, highly penetrant
phenotype in which the PLM axon extends beyond the ALM
cell body and hooks toward the ventral cord, and a milder, less
penetrant phenotype in which the PLM axon only overextends
beyond the ALM cell body (Fig. 3C,D). rae-1 '~ animals dis-

played primarily overextension defects, although infrequent
hooking defects were also observed (Fig. 3C,D).

In summary, axon termination in the ALM and PLM neurons
is defective in rae-1 '~ animals, although the defects are gener-
ally less severe and less penetrant than in rpm-1 '~ mutants.

rae-1 enhances axon termination defects caused by fsn-1

and glo-4

Our previous studies have shown that two RPM-1 binding pro-
teins, GLO-4 and FSN-1, function in parallel genetic pathways to
regulate axon termination (Grill et al., 2007). To test how rae-1
function relates to glo-4 and fsn-1, we generated rae-1 ' ;glo-
47"~ and rae-1"'";fsn-1"'~ double mutants. With regard to the
ALM neurons, the penetrance of defects in axon termination
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~/~ and (Figure legend continues.)
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were enhanced in rae-1~'";fsn-1"'" double mutants compared
with either single mutant (Fig. 3B). Likewise, the penetrance of
defects in rae-1~'";glo-4 '~ double mutants was increased com-
pared with either single mutant (Fig. 3B). With regard to the PLM
neuron, the penetrance of hooking defects was strongly enhanced
in rae-1~'";fn-1"'"" and rae-1"'";glo-4~'~ double mutants
(Fig. 3D).

Previous studies have shown that mutations in dlk-1 (a target
of RPM-1’s ubiquitin ligase activity), and pmk-3 (a p38 MAPK
that functions downstream of dlk-1) suppress the axon termina-
tion defects caused by rpm-1 (If) (Nakata et al., 2005; Grill et al.,
2007). To determine whether loss of function in rae-I suppresses
rpm-1""" phenotypes, we constructed rae-1 '~ ;rpm-1~"'"" dou-
ble mutants. rae-1~' ;rpm-1"'" animals showed a similar
severity and penetrance of phenotypes to those seen in rpm-1 "'~
single mutants (Fig. 3B, D). This observation is consistent with
rae-1 and rpm-1 functioning in the same genetic pathway. Be-
cause rae-1 ' ~;rpm-1—'" animals were not suppressed, it is un-
likely that RAE-1 is a target of RPM-1’s ubiquitin ligase activity.
Consistent with this interpretation, axon termination defects
caused by rae-1(tm2784) were not suppressed by dlk-1 or pmk-3
(If) (Fig. 3B,D).

rae-1 functions cell autonomously, downstream of rpm-1 to
regulate axon termination

Given that rpm-1 functions cell autonomously in the mechano-
sensory neurons to regulate axon termination, we sought to test
whether rae-1 also functions cell autonomously (Schaefer et al.,
2000; Grill et al., 2007). To do so, we generated transgenic ani-
mals that were rae-1 ' ~;fsn-1'~ double mutants and used cell-
specific promoters to express rae-1. We performed our rescue
analysis on rae-1 ' ";fsn-1~'~ double mutants to show that the
enhanced penetrance of defects in these animals was specifically
caused by loss of function in rae-1. As shown in Figure 3E, ex-
pression of rae-1 using a promoter that drives expression in the
mechanosensory neurons (mec-7 promoter) rescued the defects
in rae-1~'";fsn-1"'" animals, but expression of rae-1 in the sur-
rounding muscle cells (#1y0-3 promoter) showed no rescue. Im-

<«

(Figure legend continued.)  rae-1 '~ animals. The arrowhead highlights an example of the
hook and overextension (hook) defect in rpm-1 mutants and the arrow highlights the less
penetrant overextension defect in rpm-7 ~/~ mutants. D, Quantitation of PLM axon termina-
tion defects for the indicated genotypes. E, Expression of C. elegans rae-1or a cDNA encoding rat
Rae1 in the mechanosensory neurons rescues the axon termination defects (hook) in the PLM
neurons of rae-1 '~ ;fsn-1 '~ animals. Overexpression of rae-1 was also sufficient to par-
tially rescue defects in rpm-7 ~~ animals. For all extrachromosomal arrays, data from 4 to 10
independently derived transgenic lines was pooled. F, The presynaptic terminals of the DD
neurons (dorsal cord) were visualized using SNB-1::GFP. Arrows highlight examples of gaps
where presynaptic terminals are absent. G, Quantitation of synapse formation defects in the DD
neurons. H, Confocal microscopy was used to visualize the dorsal cord of transgenic animals that
express RPM-1::GFP ( juls77) and mCherry::RAE-1 (bggEx76) in the GABAergic motor neurons
using the unc-25 promoter. mCherry::RAE-1 forms discrete puncta in the dorsal cord that colo-
calize with RPM-1::GFP punctain the perisynatic zone of presynaptic terminals. /, Epifluorescent
microscopy was used to visualize RPM-1::GFP driven by its own promoter ( juls58) in the nerve
ring, dorsal cord, and SAB neurons of rae-1"" or rae-1 '~ animals. No difference in the
levels and localization of RPM-1::GFP were observed in rae- 7 mutants compared with heterozy-
gous animals. Analysis of axon termination was done at 23°C, and analysis of synapse formation
was done at 25°C. Scale bars are 10 wm. For B and D, n is the number of individual mechano-
sensory neurons that were scored. For G, nis the number of images of the dorsal cord that were
quantified. For axon termination defects, error bars represent the SE, and significance was
determined using a two-tailed Fisher's exact test. For synapse formation defects, error bars
represent SEM, and significance was determined using a ttest. **p << 0.005, ***p << 0.001, and
ns=not significant.
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portantly, expression of rat Rael was also sufficient to rescue the
defects in rae-1~'";fsn-1"'~ double mutants (Fig. 3E). These
results are consistent with rae-1 functioning cell autonomously
through an evolutionarily conserved mechanism to regulate axon
termination.

Our genetic observations suggested that rae-1 and rpm-1
function in the same pathway. The next step in our analysis was to
determine whether rae-1 functions downstream of rpm-1 by
transgenic expression of rae-11in rpm-1"'" animals. As shown in
Figure 3E, overexpression of rae-1 using the mec-7 promoter par-
tially reduced the penetrance of defects in rpm-1 "'~ animals. In
contrast, overexpression of the mec-7 promoter alone had no
effect on the defects in rpm-1 '~ mutants. These results are con-
sistent with rae-1 functioning downstream of rpm-1.

rae-1 functions in the rpm-1 pathway to regulate synapse
formation in motor neurons

Previous studies have shown that rpm-1 not only functions in
axon termination, but also functions in synapse formation (Zhen
et al., 2000). Presynaptic terminals in the GABAergic DD motor
neurons can be visualized using a transgene that expresses a fu-
sion protein of synaptobrevin (SNB)-1 and GFP (julsI). In wild-
type animals SNB-1::GFP was localized to discrete puncta that are
evenly distributed along the dorsal nerve cord (Fig. 3F). In rpm-
17’7 mutants, the organization of SNB-1::GFP puncta was dis-
rupted (Fig. 3F), and the number of puncta were reduced (Fig.
3G). In fsn-1"'" mutants, mild defects in SNB-1::GFP puncta
distribution and number were observed compared with rpm-
17/ animals. Both glo-4 '~ and rae-1 '~ single mutants had
wild-type distribution and numbers of puncta (Fig. 3 F,G). rae-
17'7;fsn-1""" and rae-1 '~ ;glo-4 '~ double mutants displayed
enhanced defects in the organization and number of
SNB-1::GFP puncta, although the defects were not as strong as
those observed in rpm-1"'" mutants, or glo-4 '~ ;fsn-1"'"~
double mutants (Fig. 3F,G). rae-1 ~“;rpm-1~""" double mu-
tants were not enhanced compared with rpm-1"~'" single mu-
tants. Overall, our data are consistent with rae-1 playing an
important role in synapse formation by functioning in the
same genetic pathway as rpm-1.

RAE-1 is localized to the perisynaptic zone of presynaptic
terminals

Given our observations that rae-I functions in the same pathway
as rpm-1 to regulate axon termination and synapse formation, it
was important to determine whether RAE-1 was localized to the
same subcellular compartment as RPM-1. Previous studies have
shown that RPM-1 localizes to a poorly understood region of the
presynaptic terminal called the perisynaptic zone (Abrams et al.,
2008). When RPM-1::GFP is transgenically overexpressed in the
GABAergic motor neurons using the unc-25 promoter, it is pres-
ent in both the cell bodies and at the perisynaptic zone of presyn-
aptic terminals (Zhen et al., 2000) (Fig. 3H; data not shown).
When a fusion protein of mCherry and RAE-1 (mCherry:RAE-1)
was coexpressed in GABAergic neurons with RPM-1:GFP,
mCherry:RAE-1 was present in the nucleus and cell body, ventral
cord, axon commissures and in the dorsal nerve cord. This
pattern of distribution is much broader than RPM-1, which is
consistent with RAE-1 having multiple functions in neurons.
Importantly, mCherry::RAE-1 was concentrated in puncta
along the dorsal nerve cord and colocalized with RPM-1::GFP
(Fig. 3H). This observation is consistent with RAE-1 binding
to RPM-1, and rae-1 functioning in the same genetic pathway
as rpm-1 to regulate synapse formation.
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Figure4. Binding of RAE-1to RPM-1is necessary for RPM-1to be fully functional. Transgenic

animals were generated on an rpm-1 /™ background to quantify rescue of rpm-1 (If) defects.
Rescue was analyzed for transgenic expression of wt RPM-1::GFP (Exrpm-T1::GFP), or a point
mutant of RPM-1::GFP (Exrpm-1::GFP VIR to AAA). A, ALM axon termination defects were quan-
tified for the indicated genotypes. B, PLM axon termination defects were quantified for the
indicated genotypes. Note, that data from 4—6 independently derived transgenic lines was
pooled for this analysis, and n is the number of ALM or PLM neurons that were scored. A
two-tailed Fisher exact test was used to determine significance. ***p < 0.0005.

Recent work in Drosophila showed that Highwire levels are
reduced in DRael mutants (Tian etal.,2011). To test whether this
was also the case in C. elegans, we used an integrated transgene,
juls58, that uses the rpm-1 promoter to drive expression of
RPM-1::GFP pan-neuronally. In wild-type or rae-1"/~ animals,
RPM-1::GFP is localized to perisynaptic puncta in many neu-
rons, and our analysis specifically focused on the nerve ring, the
dorsal cord, and the SAB neurons (Abrams et al., 2008) (Fig.
3I).In rae-1~'"~ animals, we observed no change in the punc-
tate localization or in the levels of RPM-1::GFP in the nerve
ring, dorsal nerve cord, or the SAB neurons (Fig. 3I). These
results demonstrate that rae-1 is not required for localization
of RPM-1, and are consistent with rae-1 functioning down-
stream of rpm-1.

Binding of RAE-1 to RPM-1 is required for RPM-1 function

Our biochemical studies identified point mutations in RPM-1
that reduced binding to CeRAE-1 (Fig. 2C,D). This observation
prompted the question of whether RPM-1 needs to bind to
RAE-1 to be fully functional. To test this question, we generated
transgenic rpm-1"—'" animals that used the rpm-I promoter to
express wild-type or point-mutated RPM-1::GFP. We found that
rpm-1 (If) phenotypes in the mechanosensory neurons were
strongly rescued by expression of wild-type RPM-1::GFP (Fig. 4).
In contrast, transgenic expression of RPM-1::GFP (VIR to AAA)
that was point-mutated to reduce binding to RAE-1 was less ef-

Grill et al. @ RAE-1 Regulates Neuronal Development

ficient at rescuing rpm-1 (If) phenotypes (Fig. 4). It is unlikely
that this effect is due to reduced stability or folding of the
RPM-1::GFP (VIR to AAA) point mutant, since it is expressed as
a similar size protein to RPM-1::GFP (Fig. 2 D), and it is localized
to perisynaptic puncta similar to RPM-1::GFP (data not shown).
Thus, RAE-1 mediates a portion of RPM-1’s function. It is im-
portant to note that the RPM-1 (VIR to AAA) point mutant only
has partially reduced capacity to rescue rpm-1 (If) defects because
this construct presumably still binds to FSN-1 and GLO-4. Our
genetic analysis discussed earlier indicates that reduced bind-
ing to RAE-1, as well as FSN-1 or GLO-4, would be required to
greatly reduce the function of RPM-1 and its ability to rescue
rpm-1 (If) defects. However, we remain unable to test this
prediction at present due to a lack of point mutations that
specifically abolish binding of GLO-4 or FSN-1 to RPM-1. It is
also plausible that we would observe greater differences be-
tween RPM-1::GFP (VIR to AAA) and wild-type RPM-1::GFP
in their ability to rescue rpm-1 (If) defects if transgenes were
inserted as single copies into the genome, rather than being
analyzed as extrachromosomal arrays. Nonetheless, our data
are consistent with the conclusion that RPM-1 needs to bind
to RAE-1 to be fully functional.

Discussion

PHR proteins are known to function in a wide-range of processes
in neurons including: axon extension and termination, axon
guidance, axon regeneration, and synapse formation. Here, we
provide new insight into how the PHR proteins function by iden-
tifying RAE-1 as a novel PHR binding protein that mediates
RPM-1’s function in axon termination and synapse formation.
Our findings are consistent with a recently published study show-
ing that Drosophila Rael regulates synapse formation at the neu-
romuscular junction by binding to RPM-1’s ortholog, Highwire
(Tianetal.,2011). This study in Drosophila and our work detailed
here demonstrate the first postmitotic function for Rael as a
regulator of neuronal development.

RAE-1 is a functional binding partner of RPM-1

In our report, we have used a combinatorial approach including
proteomics, and colP from transgenic C. elegans and a heterolo-
gous expression system to demonstrate that CeRAE-1 binds to
RPM-1. Our data show that human Pam also binds to rat Rael,
which suggests that binding to Rael is an important, conserved
function of the PHR protein family. Previous studies have shown
that Rael interacts directly with a conserved motif in its bind-
ing proteins, such as Nup98 (Pritchard et al., 1999; Ren et al.,
2010). We have found that a similar motif in the PHR proteins
is necessary and sufficient for binding to Rael. This suggests
that PHR proteins bind directly to Rael, and may compete
with other proteins for a single binding site on Rael. Whether
or not RAE-1 exists in unique protein complexes at the nuclear
pore and in the cytosol, and if RPM-1 is only associated with a
portion of RAE-1 in the cell remains an important question.
Our observation that RAE-1 and RPM-1 colocalize in the peri-
synaptic zone of presynaptic terminals suggests that at least a
portion of RAE-1 is likely to bind to RPM-1 and function
locally at presynaptic terminals. Importantly, RAE-1 is not
required for the localization or stability of RPM-1 in the neu-
rons of C. elegans.

rae-1 functions in the rpm-1 pathway
Previous studies have shown that two pathways function down-
stream of rpm-1: the DLK-1 MAPK pathway that is negatively
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regulated by FSN-1, and the GLO pathway. Our genetic anal-
ysis indicates that rae-1 enhances both glo-4 and fsn-1. This
observation demonstrates the important role of rae-1 in post-
mitotic neurons as a regulator of axon termination and syn-
apse formation. rae-1(tm2784) is likely to be a strong loss-of-
function allele, however, we cannot determine definitively if it
is a null allele. Additionally, we are not able to rule out if
maternal contribution of RAE-1 plays arole in development of
the mechanosensory neurons, as rae-1 '~ animals can only be
produced from heterozygous parents. We consider two inter-
pretations of our genetic analysis depending upon the nature
of the rae-1(tm2784) allele. If rae-1(tm2784) is a null muta-
tion, and not maternally rescued in the mechanosensory neu-
rons, our results are consistent with rae-1 functioning in a
parallel pathway to fsn-1 and glo-4. Alternatively, if rae-
1(tm2784) is maternally rescued or retains some RAE-1 activ-
ity, then rae-1 functions in the same pathway as glo-4 and
fsn-1. Given our data showing that rae-1 functions down-
stream of rpm-1, it remains unclear how rae-1 could be acting
in both the glo-4 and fsn-1 pathways. rae-1(tm2784) acting as
either a null or a strong, but partial loss of function allele is
compatible with our observations showing that rae-1 and
rpm-1 function in the same genetic pathway. Future experi-
ments using RNAi against rae-1 in combination with rae-
1(tm2784) may help to address whether rae-1(tm2784) is anull
allele. Identification of the mechanism of how RAE-1 func-
tions in C. elegans may also clarify its relationship with the
GLO and DLK-1 pathways.

How does CeRAE-1/Rael function in postmitotic neurons?
While it is presently unclear how RAE-1 functions in neurons
beyond binding to RPM-1, a number of possibilities exist. First,
work in yeast has established an essential role for Rael in mRNA
export (Brown et al., 1995; Whalen et al., 1997). While mRNA
export is not the principal function of Rael in flies or mammals
(Babu et al., 2003; Sitterlin, 2004), it is possible that some or all of
rae-I’s function in postmitotic neurons in C. elegans may be due
to effects on mRNA export.

Studies in Drosophila, Xenopus, and mice have revealed that
Rael also regulates mitotic spindle assembly and cell cycle pro-
gression by acting to stabilize microtubules (Babu et al., 2003;
Sitterlin; Blower et al., 2005; Wong et al., 2006). The murine
and fish orthologs of RPM-1 (called Phrl and Esrom) bind to
microtubules and regulate stability/disassembly (Lewcock et
al., 2007; Hendricks and Jesuthasan, 2009). Excess Dlk signal-
ing is also known to destabilize microtubule networks in Cos
cells (Hirai et al., 2002). Thus, PHR proteins may act via their
ubiquitin ligase activity to destroy DLK-1/DIk, thereby inhib-
iting a pathway that is known to destabilize microtubules, and
coordinately bind to Rael, a known microtubule stabilizer.

Our data do not rule out the possibility that RAE-1 may func-
tion in neuronal development by regulating mRNA export. How-
ever, we favor a model in which PHR proteins bind to Rael to
augment or fine-tune microtubule dynamics, rather than to reg-
ulate mRNA export for several reasons. First, we have shown a
strong biochemical relationship between PHR proteins and Rael,
and both are known to bind to and regulate microtubule organi-
zation (Blower et al., 2005; Wong et al., 2006; Lewcock et al.,
2007). Second, RAE-1 and RPM-1 colocalize at presynaptic ter-
minals suggesting they function locally at this subcellular loca-
tion. Third, in contrast to RAE-1, RPM-1 is excluded from the
nucleus of neurons and is not concentrated at the nuclear enve-
lope (Abrams et al., 2008) suggesting it is unlikely that RPM-1
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functions in mRNA export. Future experiments focused on Rael
binding proteins that specifically mediate mRNA export or mi-
crotubule stability may help to address whether rae-1 regulates
neuronal development by mitotic mechanisms, or by a novel
postmitotic mechanism.

Importantly, Rael and a growing number of cell cycle regula-
tory proteins have been shown to play important postmitotic
functions in neurons. Thus, it is plausible that many more mol-
ecules and protein complexes that control the cell cycle may also
function postmitotically to regulate axon and synapse develop-
ment. Given that mutants for mitotic regulatory proteins are
likely to be lethal/sterile, similar to rae-1, proteomic screens are
ideally suited to identifying novel, postmitotic functions for mol-
ecules with known functions in mitosis.
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