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The Rab3 GDP/GTP exchange factor homolog AEX-3
has a dual function in synaptic transmission
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Guanine nucleotide exchange is essential for Rab
GTPase activities in regulating intracellular vesicle
trafficking. This exchange process is facilitated by
guanine nucleotide exchange factor (GEF). Previously,
we identified Caenorhabditis elegans AEX-3 as a
GEF for Rab3 GTPase. Here we demonstrate that
AEX-3 regulates neural activities through a second,
previously unrecognized pathway via interactions
with the novel protein CAB-1. CAB-1 is 425 amino
acids long and has an 80 amino acid motif in common
with the mouse neural protein NPDC-1. cab-1 and
rab-3 mutants have different behavioral defects, and
RAB-3 localization and function are apparently
normal in cab-1 mutants, indicating that the CAB-1
pathway is distinct from the RAB-3 pathway. The
aex-3 mutant phenotype resembles the sum of the
rab-3 and cab-1 mutant phenotypes, indicating that
AEX-3 regulates two different pathways for neural
activities. We propose that connection of multiple
pathways may be an important feature of Rab GEFs
to coordinate various cellular events.

Keywords: Caenorhabditis elegans/guanine nucleotide
exchange/neurotransmission/Rab GTPases/secretion

Introduction

Rab GTPases regulate intracellular vesicle traffic from
yeast to mammals (Novick and Zerial, 1997). Rab proteins
are involved in membrane tethering and are thought to
function upstream of the SNARE [soluble N-ethylmale-
imide sensitive factor (NSF) attachment protein receptor]
components (Lian et al., 1994; Sogaard et al., 1994;
Lupashin and Walters, 1997). The SNARE proteins are
essential in various membrane trafficking processes and
are also conserved from yeast to mammals (Sudhof, 1995).
These proteins include members of the syntaxin, synapto-
brevin/VAMP and SNAP-25 families, and form stable
ternary complexes. The formation of these complexes is
proposed to be a prerequisite for membrane fusion
(Hanson et al., 1997, Hohl et al., 1998; Poirier et al.,
1998; Sutton er al., 1998; Weber et al., 1998). Rab
GTPases regulate the formation of complexes between
v-SNAREs and their cognate t-SNAREs. For example,
recent studies have shown that Rab5 and its effector EEA1
mediate the docking/fusion of early endosomes by
interacting with syntaxin 13 and NSF (Christoforidis
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et al., 1999; McBride et al., 1999). In addition, Rab3 is
implicated in the fine-tune control of synaptic vesicle
release. In Caenorhabditis elegans rab-3 mutants, synaptic
vesicle clustering is partially disrupted at pre-synaptic
terminals (Nonet et al., 1997). In Rab3a-deficient mice,
pre-synaptic activities were quickly attenuated following a
train of repetitive stimuli (Geppert et al., 1994). Further-
more, Rab3a is also implicated in synaptic plasticity, since
Mossy fiber long-term potentiation was reduced in Rab3a-
deficient mice (Castillo et al., 1997; Lonart et al., 1998).
These observations support the idea that Rab GTPases are
necessary for regulating docking/fusion in membrane
trafficking pathways, in conjunction with the SNARE
components.

GDP/GTP exchange is essential for Rab GTPase
activities. The GTP-bound form of the Rab proteins
recruits their effector proteins, and this exchange process
is regulated by guanine nucleotide exchange factors
(GEFs). GEFs for various Rab proteins have been
identified including those for Rab3, Rab5 and Sec4
(Horiuchi et al., 1997, Iwasaki et al., 1997, Wada et al.,
1997; Walch-Solimena et al., 1997). Surprisingly, these
proteins show little similarity in amino acid sequence,
implying that they have evolved from different ancestral
genes. This raises the interesting question of why Rab
GEFs are very diverse in spite of their common GEF
function for conserved Rab GTPases.

Rab3 GEF was biochemically purified from rat and
demonstrated to stimulate specifically the guanine
exchange activity of Rab3, but not of other Rab proteins
(Wada et al., 1997). The C.elegans protein AEX-3 is
highly homologous to rat Rab3 GEF and is required for
Rab3 function in vivo (Iwasaki et al., 1997). In aex-3
mutants, RAB-3 aberrantly accumulated in neural cell
bodies instead of synapse-rich axons, and a variety of
behavioral defects was observed (Iwasaki et al., 1997).
These observations indicate that Rab3 GEF functions as a
regulator of Rab3 both in vitro and in vivo.

Genetic analysis using C.elegans implied that AEX-3
has other functions in addition to that of a Rab3 GEF.
aex-3 mutants showed defects in the defecation motor
program that were not observed in rab-3 mutants (Iwasaki
et al., 1997; Nonet et al., 1997). Furthermore, identific-
ation of the human protein MADD (MAP kinase activating
protein containing death domain), an ortholog of rat
Rab3 GEF and C.elegans AEX-3, which interacts with
tumor necrosis factor receptor I (TNFR I) (Schievella et al.,
1997), implies that AEX-3 may interact with other
proteins besides RAB-3.

Here we show that the novel protein CAB-1
(C-terminus of AEX binding) is necessary for synaptic
regulation by AEX-3. CAB-1 and AEX-3 bind to each
other in the yeast two-hybrid system and in vitro. Both
genes are expressed in a variety of neurons and their
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Fig. 1. Defecation motor program and mutant phenotypes. (A) Schematic representation of the defecation motor program. (1) Intercycle; (2) pBoc,
posterior body wall muscle contraction; (3) aBoc, anterior body wall muscle contraction; (4) Exp, enteric muscle contraction with expulsion of gut
contents, then return to the intercycle. (B) Ethograms of defecation behavior in wild-type and mutant animals. Each dot or character represents 1 s.
Seconds elapsed are indicated above each ethogram. p, a and x represent pBoc, aBoc and Exp, respectively. Ten animals were observed for each
strain. The expulsion frequency (% = SD) and defecation cycles (s = SD) are as follows: 90.0 = 6.3% and 48.8 = 3.9 s for wild type; 91.6 * 3.5%
and 51.1 * 3.7 s for rab-3; 23.3 = 4.2% and 39.8 = 2.9 s for aex-3; 19.8 = 5.7% and 42.4 * 7.6 s for rab-3; aex-3; and 8.9 * 3.1% and

42.5 = 4.5 s for cab-1.

mutants show the same defecation defects, which are not
seen with rab-3 mutants. aex-3 mutants show all the
phenotypes of cab-1 and rab-3 mutants. Therefore, we
conclude that the Rab3 GEF homolog AEX-3 is a regulator
of multiple pathways for neural activities. We also propose
that connection of multiple pathways may be an important
feature of Rab GEFs, and that their sequence diversity may
have arisen from a necessity to interact with different
partners in addition to Rab GTPases.

Results

rab-3 and aex-3 mutants are different in the
defecation behavior

The defecation motor program consists of a stereotyped
series of three muscle contractions (Figure 1A): the
posterior body-wall muscle contraction (pBoc); the anter-
ior body-wall muscle contraction (aBoc); and the enteric
muscle contraction (Exp) (Thomas, 1990; Liu and
Thomas, 1994). aex-3 mutants failed to express the aBoc
and Exp steps (Aex standing for aBoc and Exp defective)
while the wild type and rab-3 mutants showed all three
steps regularly (Figure 1B, also see Figure 7A). We

considered two possible explanations for the aex-3
phenotype being more severe than the rab-3 phenotype.
First, the GDP-bound form of RAB-3 may inappropriately
accumulate in the aex-3 mutant and interfere with other
protein interactions. Alternatively, AEX-3 may have
functions in addition to that of a Rab3 GEF.

To test the first hypothesis, we examined the phenotype
of rab-3; aex-3 double mutants. If GDP-bound RAB-3
interferes with other protein interactions, the loss of
RAB-3 in the aex-3 mutant should convert the Aex
phenotype to that of the rab-3 mutant. However, rab-3;
aex-3 double mutants still showed the Aex phenotype
(Figure 1B), indicating that this hypothesis is incorrect.
Therefore, we pursued the second hypothesis that AEX-3
has functions in addition to that of a Rab3 GEF.

Identification of a novel AEX-3-binding protein

The human AEX-3 homolog MADD interacts with
TNFR I through its C-terminus (Schievella et al., 1997),
which is 52% identical in amino acid sequence to the
AEX-3 C-terminus. We hypothesized that AEX-3 might
also bind another protein (or proteins) via this domain, and
that this interaction might be important for defecation
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regulation. To identify potential AEX-3-binding proteins,
we used the yeast two-hybrid system with the 320 amino
acid AEX-3 C-terminus as a bait (Fields and Song, 1989).
After screening 1.6 X 10° clones, we recovered and
sequenced 62 clones, of which 41 were derived from a
single gene. This gene, which lies near [in-2 on
chromosome X (Figure 2), is named cab-I (C-terminus
of AEX binding). cab-1 comprises 7 exons and is trans-
spliced to the SL1 leader at the 5" end (Figure 2). The
predicted CAB-1 protein has 425 amino acids and contains
two hydrophobic domains (Figure 3). An 80 amino acid
domain at the C-terminus is weakly homologous to a
region of mouse NPDC-1, whose expression correlates
with differentiation of neurons (Galiana et al., 1995), the
Drosophila melanogaster CG3749 translate and the
human DKFZp586J0523 translate (Figure 3). We there-
fore named this region the NCH domain (NPDC-1 and
CAB-1 homologous domain). To date, a biochemical
function for this domain is unknown.

We previously reported that aex-3 is expressed in a
variety of neurons (Iwasaki et al., 1997); if CAB-1
interacts with AEX-3 in vivo, then cab-1 should also be
expressed in neurons. We constructed a reporter gene
containing the green fluorescence protein (GFP) coding
region under the control of the cab-1 promoter (Figure 2),
and established transgenic lines carrying this gene. GFP
fluorescence was detected in various neurons of transgenic
animals, including the major ganglia near the nerve ring,
ventral cord neurons and tail ganglion neurons (Figure 4).
We also observed variation in fluorescence intensity
between different neurons; for example, in the ventral
cord only 1/3 of neurons were strongly fluorescent
(Figure 4E). We are uncertain as to whether this variation
reflects endogenous cab- 1 expression levels. However, the
expression of cab-1 in various neurons is consistent with
the notion that CAB-1 and AEX-3 interact in vivo.

AEX-3- and CAB-1-interacting domains

MADD and TNFR 1 interact via their death domains, a
class of protein—protein interaction domain (Schievella
et al., 1997). To determine whether the death domain-like
motif in AEX-3 is responsible for binding to CAB-1, we
constructed bait vectors containing different AEX-3
C-terminal domains, and prey vectors containing various
CAB-1 domains for a yeast two-hybrid binding assay
(Figure 5). The AEXAL1 construct (the original bait) and
the CABAL1 construct (the longest clone isolated from the
screen) were used as positive controls. The AEXA2 and
AEXA3 constructs both contained the death domain-like
motif but had no detectable interaction with CABAI
(Figure 5B). In contrast, AEXA4 (the C-terminal 233
amino acids) and AEXAS5 (the C-terminal 178 amino
acids), which did not contain the death domain-like motif,
did interact with CABA1. AEXAG6 (the central 142 amino
acids) did not interact with CABAl (Figure 5). These
results indicate that AEX-3 does not bind to CAB-1
through its death domain-like motif. We defined the
CAB-1-interacting domain (CID) as amino acids 1217-
1405 in AEX-3.

All 41 CAB-1 clones isolated from the yeast two-hybrid
screen contained the C-terminus in full while their
N-terminal ends varied between amino acids 23 and 136
(the shortest isolate, CABA2 in Figure 5). To define further
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Fig. 2. Map position and gene structure of cab-1. The top bar shows a
genetic map of a region of chromosome X. The scale bar represents
one map unit (m.u.). cab-1 lies on the cosmid C23H4, which is three
cosmids left from lin-2. The cab-1 gene is transcribed from right to left
on the genetic map; the physical map below is reversed. Exons are
represented on the physical map by boxes; the black boxes are coding
regions and the white box is a non-coding region. The splice leader
sequence of cab-1 is SL1. The n2220 and tg46 deletion mutations are
represented under the physical map by bars and are 72 and 1269 nt,
respectively. pcab-1::gfp is a fusion of a cab-1 promoter fragment, a
nuclear localization signal (small white box) and the GFP coding
region (hatched box).

the AEX-3-binding domain, we constructed prey vectors
containing CAB-1 subdomains (Figure 5). Removal of the
C-terminus (CABA3 and CABA4) eliminated binding to
AEXAI1. The C-terminal 220 amino acids (CABA5) bound
to AEXATI, although CABAS binding was ~1/6 of CABALI
binding (Figure 5, legend). The smaller constructs,
CABA6 (159 amino acids) and CABA7 (146 amino
acids), did not bind AEXAI1. Therefore, the minimum
AEX-3-binding domain of CAB-1 resides in the
C-terminal 220 amino acids. We named this binding
domain AID (AEX-3-interacting domain).

CAB-1 and AEX-3 interact in vitro

To determine whether CAB-1 binds directly to the AEX-3
C-terminus, we performed an in vitro binding assay using
bacterially expressed proteins. The AEXA1 domain was
cloned into the pMAL expression vector to generate an in-
frame fusion (MAL::AEX-3) with maltose-binding protein
(MAL). We also cloned the CABA2 domain into the pQE
vector, which encodes a histidine hexamer peptide
(H6::CAB-1). MAL::AEX-3, MAL and H6::CAB-1 were
purified using affinity columns and analyzed by SDS-
PAGE (Figure 6A). To test the interaction between AEX-3
and CAB-1, purified H6::CAB-1 was incubated for 18 h
with amylose resin bound to either MAL::AEX-3 or MAL.
After extensive washing, proteins bound to these resins
were eluted and separated by SDS-PAGE. Both
MAL::AEX-3 and MAL were visible on a Coomassie
Blue-stained gel (Figure 6B). However, H6::CAB-1 bands
were faint; therefore, immunoblot analysis was performed
using an anti-HS antibody (Figure 6C). Purified
H6::CAB-1 protein was included in this gel as a reference.
H6::CAB-1 was detected when MAL::AEX-3, but not
MAL, was present in the binding mixture. The band
intensity of H6::CAB-1 depended on the concentration of
H6::CAB-1 added (lanes 1-3 in Figure 6C). The molar
ratio between MAL::AEX-3 and H6::CAB-1 was <10:1
under these conditions (Figure 6B and C). These results
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Fig. 3. Sequence of the predicted CAB-1 protein. (A) CAB-1 amino acid sequence. The underlined sequence is the NCH domain (see C). The AEX-3-
interacting domain (AID) is from amino acids 205—424. (B) Hydropathy of CAB-1. The y axis indicates the hydropathic scale; top to bottom is
hydrophobic to hydrophilic. (C) Alignment between a region of CAB-1, Drosophila CG3749 translate, mouse NPDC-1 and human DKFZp586J0523

translate. Amino acid numbers are shown with the sequences. The human clone is a partial cDNA, the entire sequence is unknown. We named this
region the NCH domain (NPDC-1 and CAB-1 homologous domain). The BLAST score between mouse NPDC-1 and CAB-1 was 70 and the

probability was 6e!1.

demonstrate that AEX-3 directly interacts with CAB-1
without additional factors in C.elegans.

cab-1 functions in rab-3-independent pathways

To test whether CAB-1 functions in the same pathway as
AEX-3, we analyzed the phenotype of cab-I mutants.
Wild-type animals were treated with EMS (ethylmethane-

sulfonate), and animals carrying cab-I deletions were
identified by PCR (Jansen et al., 1997). The cab-1(tg46)
mutant carried a deletion of exons 4, 5 and 6, which was
necessary for AEX-3 binding (Figure 2), and showed
defects in defecation (an Aex phenotype), suggesting that
CAB-1 functions in the AEX-3 pathway (Figures 1B and
7A). A new aex (n2220) mutant isolated by E.Jorgensen

4809



K.lwasaki and R.Toyonaga

A

E

F

Fig. 4. Expression of a cab-1::gfp fusion construct. (A—C) Nomarski images of animals carrying pcab-1::gfp (see Figure 2). (D-F) Epifluorescence
images of the corresponding Nomarski images. (A) and (D) show the head ganglia surrounding the nerve ring. (B) and (E) show a middle body
segment with the ventral nerve cord on the ventral aspect. (C) and (F) show a posterior tail ganglion. In the head ganglia and the tail ganglia, the
observed fluorescence haze arises from many fluorescent neurons positioned out of the focal plane of the photograph.

(personal communication) was mapped near lin-2, there-
fore we tested whether n2220 is an allele of cab-1. The
1g46/n2220 heterozygote showed the Aex phenotype (data
not shown) and, furthermore, n2220 carried a 72 nt
deletion at the third cab-I exon—intron boundary
(Figure 2). Therefore, we conclude that 72220 is an allele
of cab-1. Both tg46 and n2220 strains showed nearly
identical phenotypes.

cab-1 mutants had no detectable defects in pharyngeal
pumping, body thrashing or male mating in adult animals;
however, they exhibited altered dauer motility in addition
to defecation defects (Figure 7). In contrast, rab-3
mutations affected pharyngeal pumping, body thrashing
and male mating in adult animals, slightly affected dauer
motility, but did not affect the defecation motor program
(Figure 7), suggesting that rab-3 is required for behaviors
that differ from those regulated by cab-1. aex-3 mutants
were defective in all these behaviors, suggesting that aex-3
regulates both cab-I and rab-3 pathways. Furthermore,
rab-3; cab-1 double mutants showed a combination of
both rab-3 and cab-1 phenotypes, again consistent with the
notion that these two pathways are distinct (Figure 7).

It has been shown that rab-3 and aex-3 mutations affect
synaptic transmission and confer resistance to the
acetylcholinesterase inhibitor aldicarb (Iwasaki et al.,
1997; Nonet et al., 1997); such resistance is well
correlated with defects in synaptic transmission (Nonet
et al., 1993; Miller et al., 1996). We found that cab-1
mutants were also resistant to aldicarb, indicating reduced
acetylcholine transmission (Figure 8A). Interestingly,
rab-3; cab-1 double mutants were far more resistant to
aldicarb than either single mutant, suggesting that rab-3
and cab-1 mutations affect different pathways in synaptic
transmission, consistent with their different behavioral
phenotypes.

To determine whether the cab-1 defect is pre-synaptic
or post-synaptic, we measured the sensitivity of cab-1
mutants to levamisole, an acetylcholine receptor agonist in
nematodes (Lewis et al., 1980). If cab-1 mutations cause
post-synaptic defects in synaptic transmission, cab-1
mutants would be expected to be resistant to levamisole.
However, cab-1 mutants were slightly more sensitive to
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levamisole than wild-type animals (Figure 8B). This
suggests that cab-1 mutations most likely cause pre-
synaptic defects. As a control for post-synaptic defects, a
lev-1 mutant showed strong resistance to levamisole
(Figure 8B); lev-1 encodes a non-alpha subunit of nicotinic
acetylcholine receptor (Fleming et al., 1997).

Previously, we observed that RAB-3 protein is aber-
rantly localized in neural cell bodies instead of synapse-
rich axons in aex-3 mutants (Iwasaki et al., 1997), and the
same RAB-3 mislocalization was observed when the GTP-
binding domain of RAB-3 itself was mutated (Nonet et al.,
1997). Therefore, RAB-3 localization correlates well with
its GTP-bound state or the GEF function of AEX-3. Using
immunostaining we observed that in cab-I mutants,
RAB-3 was distributed along synapse-rich axons in the
ventral cord, which was indistinguishable from wild type
(Figure 9). This suggests that CAB-1 is not required for
RAB-3 function or AEX-3 GEF function.

Discussion

AEX-3 regulates two different pathways

Here we report the identification and characterization of a
novel C.elegans gene, cab-1. cab-1 was isolated in a yeast
two-hybrid screen aimed at the identification of AEX-3-
binding proteins. A physical interaction between AEX-3
and CAB-1 was confirmed, both in a yeast two-hybrid
binding assay and in an in vitro binding assay. We also
demonstrated that the C-terminal 178 amino acids of
AEX-3 are minimally required for CAB-1 binding in
yeast; we named this domain CID (CAB-1-interacting
domain). The similar expression patterns of aex-3 and
cab-1 provide support for interaction between their gene
products in vivo. Furthermore, this interaction is likely to
be functionally relevant because their mutant phenotypes
overlap.

Studies of rat Rab3 GEF demonstrated that almost the
entire protein (1409 out of 1602 amino acids) is necessary
for GEF activity (Oishi et al., 1998). The following
evidence supports the theory that AEX-3 directly interacts
with, and facilitates the GDP/GTP exchange of RAB-3.
First, amino acids 355-371 of AEX-3 contain the
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Fig. 5. Binding domains of AEX-3 and CAB-1. (A) Schematic
diagrams of AEX-3 and CAB-1 domains used for the yeast two-hybrid
binding assays. Construct AEXAI contained the 340 C-terminal amino
acids of AEX-3 (amino acids 1066-1405); AEXA2, 1066—-1309;
AEXA3, 1066-1259; AEXA4, 1163-1405; AEXAS, 1217-1405;
AEXA6, 1163-1309. Construct CABAI contained amino acids 23-425
of CAB-1; CABA2, 136-425; CABA3, 138-353; CABA4, 138-299;
CABAS, 205-424; CABAG6, 266-424; CABA7, 205-353. Hatched
boxes, death domains; horizontally striped boxes, hydrophobic
domains; vertically striped boxes, NCH domain. (B) Results of binding
assays. + and — indicate positive and negative results, respectively.
N.D., not determined. The B-galactosidase units (* standard errors),
which were detected by liquid assays using chlorophenolred-D-galacto-
pyranoside (CPRG), were 2.6 = 0.2 for AEXA1/CABAL; 7.5 £ 0.7 for
AEXA1/CABA2; 0.4 = 0.0 for AEXA1/CABAS; 4.1 = 0.2 for
AEXA4/CABAL; and 1.5 £ 0.1 for AEXAS/CABAL.

G-protein binding consensus sequence. Secondly, AEX-3
and RAB-3 are expressed in the same cells, i.e. nearly all
neurons (Iwasaki et al., 1997; Nonet et al., 1997). Thirdly,
aex-3 and rab-3 mutants share similar phenotypes includ-
ing pharyngeal pumping defects, reduced male mating and
low body-thrashing frequency (Figure 7; Iwasaki et al.,
1997; Nonet et al., 1997). Finally, RAB-3 aberrantly
localized in neural cell bodies instead of synapse-rich
axons in aex-3 mutants. The same RAB-3 mislocalization
was observed when the GTP-binding domain of RAB-3
itself was mutated, indicating that RAB-3 in aex-3 mutants
fails to exchange GDP with GTP (Nonet et al., 1997).

Dual function for Rab3 GEF in neurons
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Fig. 6. In vitro binding between AEX-3 and CAB-1. (A) Purified
MAL::AEX-3 (lane 1), MAL (lane 2) and H6::CAB-1 (lane 3) were
separated by SDS-PAGE, and the gel was then stained with Coomassie
Blue. The positions of molecular size markers (kDa) are shown to the
left of the gel. The predicted molecular weights of MAL::AEX-3,
MAL and H6::CAB-1 were 79.4, 50.7 and 33.6 kDa, respectively.

(B) Amylose-resin bound to either MAL::AEX-3 or MAL was
incubated with purified H6::CAB-1. After extensive washing, proteins
were eluted from the resin, separated by SDS-PAGE, and subjected to
Coomassie Blue staining. Lane 1, MAL::AEX-3 (resin-bound)
incubated with a mock buffer; lane 2, MAL::AEX-3 with 7 uM
H6::CAB-1; lane 3, MAL::AEX-3 with 21 pM H6::CAB-1; lane 4,
MAL with 21 uM H6::CAB-1; lanes 5 and 6, 39 and 13 pmol of
purified MAL::AEX-3, respectively. (C) Eluted proteins were subjected
to immunoblot analysis using an anti-H5 antibody. Lanes 14, elutants
as described for lanes 1-4 in (B), respectively; lanes 5-7, 1.7, 0.4 and
0.07 pmol of purified H6::CAB-1, respectively.

Thus, AEX-3 has at least two distinct domains for
protein binding, one interacts with RAB-3 and the other
with CAB-1. This notion is supported by the finding that
Drosophila CRAG (calmodulin-binding protein related to
a Rab3 GDP/GTP exchange protein) also has two distinct
domains, one similar to Rab3 GEF and the other, absent in
Rab3 GEF, which is the calmodulin-binding domain (Xu
et al., 1998).

RAB-3 and CAB-1 seem to regulate different pathways
for neural activities even though they interact with AEX-3;
cab-1 and rab-3 mutants have different behavioral defects.
Interestingly, the aex-3 mutant phenotype resembles the
sum of the rab-3 and cab-1 mutant phenotypes, suggesting
that AEX-3 regulates these two different pathways.
However, either rab-3 or cab-1 mutants showed more
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Fig. 7. Phenotypic analysis of cab-1 mutants. (A) Expulsion frequency.
The x axis shows the percentage of Exp relative to pBoc. The error
bars show the standard error. Ten animals were observed for each
strain. An asterisk indicates statistical significance at P <0.05.

(B) Pharyngeal pumping rate. Pharyngeal pumping in well-fed animals
was counted for 1 min; n = 10 for each strain. (C) Body thrashing
frequency. Body thrashing was counted in M9 solution for 1 min;

n = 10 for each strain. (D) Male mating efficiency. Six males of each
strain were mated with six dpy-11(e224) hermaphrodites for 24 h. All
cross progeny (non-Dpy) were counted. Three trials were performed for
each strain. The efficiency is expressed as the percentage of the wild-
type mean. In all strains containing rab-3 mutations, him-8(el489) was
included in trans to the wild-type locus, therefore, him-8(e1489)/+. The
mating efficiency of him-8/+ males was indistinguishable from that of
the wild-type males (data not shown). (E) Dauer motility. Dauer
motility was defined as the distance the dauer moved in 15 s, which
was measured using a motion recorder system (Flovel Co., Japan);

n >16 for each strain. These values are also expressed as a percentage
normalized to wild type.

severe defects in some phenotypes than the aex-3 mutant.
Loss of AEX-3 may not completely abolish RAB-3
function, since RAB-3 without AEX-3 could still
exchange GDP with GTP at a slower rate and, similarly,
CAB-1 may still have residual function without AEX-3.

AEX-3, RAB-3 and CAB-1 are commonly expressed in
many neurons, implying that these two pathways co-exist
in a single cell; however, only one pathway seems to be
active at a time because of the phenotypic difference
between rab-3 and cab-1 mutants. AEX-3 might function
as a switch to activate either pathway, depending on
environmental or developmental conditions. For example,
locomotion of dauer larva is mainly controlled by CAB-1,
while that of non-dauers is controlled by RAB-3 (see
Figure 7C and E).

To test whether the CAB-I-interacting domain of
AEX-3 functions independently of RAB-3 binding, we
expressed a truncated AEX-3 protein (amino acids 333 to
the C-terminus) in the aex-3(sa5) mutant under the control
of the aex-3 promoter (see Materials and methods). This
region contains the CAB-1-binding domain but should
have little GEF activity (Oishi et al., 1998). We observed
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Fig. 8. cab-1 mutations confer pre-synaptic defects. (A) Aldicarb
sensitivity of wild-type and mutant strains. Animals were exposed to
1.0 mM aldicarb, and paralyzed animals were counted periodically.
Twenty-five animals/plate were tested (three trials/strain). The standard
error is shown at each point. (B) Levamisole sensitivity of wild-type
and mutant strains. Animals were exposed to 200 uM levamisole.
Twenty-five animals/plate were tested (three trials/strain).

that 2/10 transgenic animals carrying this truncated
AEX-3 protein showed potenital rescue for defecation
(expulsion frequency at 70 and 50%) but not for
pharyngeal pumping (180 and 174 pumps/min). This
observation may indicate that two AEX-3 domains
function independently. However, the frequency of
obtaining transgenic animals was very low: 10 transgenic
animals were isolated out of 203 parental animals injected
and no heritable lines were established. We previously
encountered difficulties in obtaining rescued transgenic
animals using aex-3 genomic DNAs (Iwasaki et al., 1997);
this effect was more pronounced with this truncated gene
than with the full-length gene.

Sequence diversity and bridging function of GEFs

Rab GEFs are very diverse in their amino acid sequences.
Such diversity is surprising since they all interact
with conserved Rab GTPases and stimulate GDP/GTP
exchange. For example, while Rab3 and Rab5 are 53%
homologous in amino acid sequence, their GEFs have
almost no similarity (Horiuchi et al., 1997; Wada et al.,
1997). One possible explanation is that a diverse sequence
confers interaction with a specific Rab partner. Moreover,
as seen in AEX-3, if Rab GEFs also interact with unique
non-Rab partners, then additional sequence diversity
becomes important for these interactions. Another
example is found with the Rab5 GEF, Rabex-5. This
protein also interacts with Rabaptin-5, a proposed Rab5
effector, and this interaction presumably contributes to
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Fig. 9. Localization of RAB-3 in the nervous system. Animals were stained with an anti-RAB-3 (a-RAB-3) antibody. DAPI staining shows the cell
bodies. Animal genotypes are shown above each panel. In each photograph, the ventral nerve cord is at the bottom. In both wild-type and cab-1
mutants, RAB-3 immunoreactivity was restricted primarily to the ventral cord where many neuromuscular synapses are found. In contrast, in aex-3
animals much of the RAB-3 immunoreactivity was located in neural cell bodies.

effective signal transduction (Horiuchi et al., 1997).
Although it is not known whether other Rab GEFs interact
with non-Rab proteins, many GEFs of other ras super-
family G-proteins have been shown to do so. The Racl—
RhoA-GEEF trio interacts with the membrane-bound form
of phosphotyrosine phosphatase LAR and seems to
participate in signal transduction between LAR and
Rac1-RhoA (Debant et al., 1996). Ral GDS is a GEF for
Ral G-protein as well as an effector of another G-protein,
TC21 (Lopez-Barahona et al., 1996). Interaction of Ral
GDS with TC21 only occurs when TC21 is in the active
GTP-bound state. Epac, a GEF for Rapl G-protein, also
binds cAMP and is proposed to integrate the cAMP
pathway with the Rapl pathway for cell proliferation/
differentiation (de Rooij et al., 1998). These findings
support the hypothesis that GEFs interact with specific
non-Rab partners, including small signaling molecules.
Such interactions bridge, and presumably coordinate,
multiple regulatory pathways. We propose that connection
of multiple pathways is an important function of Rab
GEFs, and that their sequence diversity may have arisen
from a necessity to interact with different partners in
addition to Rab GTPases. Interaction of Rabex-5 with
Rabaptin-5 can be considered to be a derivative of the
bridging function, but within the same pathway. Further
investigation is necessary to test whether other Rab GEFs
interact with non-Rab partners or bridge multiple path-
ways.

How similar are the AEX-3 and the MADD
pathways?

The human protein MADD was identified as a TNFR I-
binding protein, and its over-expression activated the
ERK- and JNK-MAP kinases in COS cells (Schievella
et al., 1997). These observations indicate that MADD is a
component of the TNF signaling cascade. Intriguingly,
MADD is an ortholog of AEX-3 and rat Rab3 GEF
(Iwasaki et al., 1997; Schievella et al., 1997; Wada et al.,
1997). Thus, it is possible that Rab3 GEF/AEX-3/MADD
functions in both synaptic transmission and TNF path-
ways.

In C.elegans, however, several lines of evidence
indicate that AEX-3 does not function in the TNF
pathway. First, our BLAST search failed to find homologs
for TNF, TNFR or the TNFR-interacting protein TRADD

in the C.elegans genome. Secondly, no abnormal apopto-
sis was observed in aex-3 mutants (M.Hengartner, per-
sonal communication.). Thirdly, all phenotypes of aex-3
mutants are so far consistent with defects in synaptic
transmission (Iwasaki et al., 1997).

Another interesting question is whether or not MAP
kinases function in the AEX-3 pathway for defecation. In
addition to MADD-activating MAP kinases (Schievella
et al., 1997), JNK3 physically interacted with, and
phosphorylated, an alternatively spliced form of MADD
(Zhang et al., 1998). However, we observed that defeca-
tion of mek-2(n2678) and jkk-1(km2) mutants (Kornfeld
et al., 1995; Kawasaki et al., 1999), in which the expulsion
frequencies were 93.0% (=£3.8, standard error) and 92.8%
(*£3.8), respectively (n =10 for both), suggests that
neither MAPK kinase is involved in the AEX-3/CAB-1
pathway for defecation. Kawasaki er al. (1999) also
reported no defecation defects in jkk-1 mutants. We also
observed that mpk-1(0z140) mutants were not defective in
defecation (98.3 = 1.7%, n = 5), although this mutation
was unlikely to be null (Lackner et al., 1994). We failed to
obtain solid evidence for the involvement of MAP kinases
in the AEX-3/CAB-1 pathway for defecation.

Materials and methods

Genetics

Methods for C.elegans culture, genetic analysis and nomenclature were as
previously described (Horvitz et al., 1979; Sulston and Hodgkin, 1988).
The following mutations were used: LGI, mek-2(n2678), sup-11(n403)
dpy-5(e61); LGIL, rab-3(js49, y250, y251), clr-1(el745), rol-1(e91),
LGIIL, mpk-1(0z140), dpy-17(el64), unc-79(el1068); LGIV, him-8-
(e1489); LGV, dpy-11(e224); LGX, aex-3(ad418, sa5, ad696, n2166,
v255), lin-2(el453), lon-2(e678), lin-15(n765ts), cab-1(1g46, n2220),
Jkk-1(km2).

Isolation of cab-1 mutants

Deletion of the cab-1 locus (tg46) was generated following a standard
gene knock-out protocol (Jansen et al., 1997). cab-1(n2220) was isolated
based on the Aex phenotype by Erik Jorgensen (personal communic-
ation). We sequenced these cab-1 loci and found a 1269 nt deletion for
tg46 (including exons 4, 5 and 6) and a 72 nt deletion for n2220 (at the
third exon—third intron junction). We also confirmed that n2220 failed to
complement #g46 for the Aex phenotype.

Construction of double mutant strains

For rab-3; aex-3 double mutants, clr-1 rol-1/+ males were mated with
aex-3 hermaphrodites. From doubly heterozygous F1 hermaphrodites,
F2 Aex progeny were picked singly and at the F3 generation Rol progeny
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were then cloned (the Clr phenotype was confirmed at the next
generation), resulting in the clr-1 rol-1; aex-3 triple mutant. Then,
rab-3; him-8 males were mated with the triple mutants, producing rab-3/
clr-1 rol-1; him-8/+; aex-3/+ heterozygotes. rab-3; aex-3 animals were
picked from their progeny, and their genotypes were confirmed based on
progeny phenotypes.

The same method as that used for rab-3; aex-3 strain construction was
used for generation of the first rab-3; cab-1 mutant. Once the phenotypes
of rab-3; cab-1 were known, a second construction method was used.
cab-1 males were mated with rab-3 mutants. From F1 cross progeny, pale
and starved-looking F2 animals were singly picked. After confirming
their Aex phenotype, F3 progeny with slow pharyngeal pumping were
cloned. Their genotypes were confirmed by immunostaining for rab-3,
and by PCR for cab-1.

Behavioral assays

Defecation assays were performed as previously described (Liu and
Thomas, 1994). Ten cycles from 10 animals were observed for each
strain. For the mek-2(n2678) mutant, sterile animals from the mek-2/
sup-11 dpy-5 heterozygotes were used for the defecation assay. The
mek-2(n2678) mutant showed a longer defecation cycle of 57.1 = 8.9 s
(n = 10). Similarly, for the mpk-1(0zi140) mutant, sterile animals from
mpk-1(0z140)/dpy-17(el164) unc-79(el068) heterozygotes grown at 25°C
were used for the defecation assay. The mpk-1(0z140) mutant at 25°C
showed stronger vulva-developmental defects (Lackner et al., 1994). The
defecation cycle of the mpk-1(0z140) mutant was 54.6 = 9.9 s (n = 5).
The expulsion frequency (%) and defecation cycles (s) of the rab-3; cab-1
mutant were 1.7 = 1.2 and 59.2 = 12.3, respectively (n = 10). These
numbers for other strains are described in the legend of Figure 1. Male
mating assays were also performed as previously described (Hodgkin,
1983). Briefly, six males of the genotypes described in Figure 7 were
mated with six dpy-11(e224) hermaphrodites for 24 h, and then the males
were removed. The dpy-11 hermaphrodites were transferred to fresh
plates every day. Cross progeny on these plates were counted 3 days later.
The experiment was performed in triplicate for each strain. For strains
containing rab-3, him-8(e1489) was included in trans to the wild-type
locus, therefore, him-8/+. him-8/+ males were mated as efficiently as the
wild-type males (data not shown).

For body-thrashing activity, young adults were placed in M9 solution
and their body thrashing was observed for 1 min (Miller et al., 1996).
Pharyngeal pumping was counted for 20-60 s using young adults that
were well fed. Dauer motility was measured as follows. Starved animals
were treated with 1% SDS to isolate dauers (Riddle, 1988). Dauers were
washed three times with distilled water, and then placed on agar plates
with no bacteria. The motility of these animals was observed for 15 s
using the Motion Recording system (Flovel Co., Japan) and their tracks
were traced using the Image Filing System (Flovel Co., Japan).

Pharmacological assays

Just before pouring 35 mm plates, aldicarb (100 mM in 70% ethanol) or
levamisole (100 mM in water) was added to NGM agar at the appropriate
concentration (Nonet ef al., 1993). After seeding the plates with bacteria,
25 young adult worms were placed on each of triplicate plates. Acute drug
effects were assessed in a blind paralysis assay (Iwasaki et al., 1997).

Microinjection

Microinjection was performed as previously described (Mello et al.,
1991). To generate strains carrying the cab-1::gfp construct, lin-15
(n765ts) animals were injected with pcab-1::gfp and pbHL98 (lin-15
marker) at 200 and 20 ng/ul, respectively (Huang et al., 1994). The
progeny were grown at 25°C to isolate non-LIN animals. To generate
strains carrying the truncated aex-3: gene construct, aex-3(sa5) animals
were injected with pKI150 and pRF4 (rol-6 marker) at 10 ng/ul and 80—
150 ng/ul, respectively (Mello et al., 1991).

Immunocytochemistry

Immunocytochemistry was performed after methanol—-acetone fixation as
previously described (Duerr et al., 1999). Rabbit antiserum against
RAB-3 was raised using the synthetic peptide L-6-1A DKDPQQ-
QPKGQKLEAC. The antibody was affinity-purified using this peptide,
and its specificity was confirmed by analysis of the rab-3(js49) mutant; no
staining in the nervous system was observed.

Yeast two-hybrid screening and assay

Yeast two-hybrid screening was after the method of Fields and Song
(1989) and was carried out using the Matchmaker System (Clontech). The
Y190 yeast strain was co-transformed with pJ1 1-1 (pAS2-1 plasmid
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containing an aex-3 fragment), and C.elegans cDNAs cloned into the
pACT vector. This cDNA library was a generous gift from Robert
Barstead.

To identify AEX-3 domains that bind CAB-1, and CAB-1 domains that
bind AEX-3, the Y190 yeast strain was transformed (Frederick, 1987) in
appropriate combinations with bait and prey constructs (see Figure 5).
Transfected cells were grown on selection plates [SD —Leu, —Trp —His
+3AT (3-amino-1,2,4-triazole)]. Ten to 14 days later, the resulting
colonies were re-plated on fresh plates with the same selection medium.
Colonies from the second plates were assayed for B-gal activity. The
criteria for scoring an interaction between bait and prey constructs were
that >80% of the first-plate colonies grew on the second plates and turned
blue in the B-gal assay.

Liquid assays for PB-gal were performed using chlorophenolred-
D-galacto-pyranoside as previously described (Kokkola et al., 1998).

Nucleic acid analysis

Molecular biological methods were essentially as described (Frederick,
1987; Sambrook et al., 1989). Reverse transcription PCR (RT-PCR) was
performed using a 5" RACE system (Life Technologies) following the
manufacturer’s protocol. First strand cDNAs were generated using 5 ug
of total C.elegans RNA and the cab-1 specific primer OLGY (ATG-
CACTGGAGCCAAAGCAC), and then amplified by PCR OLGI10
primer (CGGGATCCAAAGGTGCCTTCTGTTCAG) with either the
SL1, SL2, SL3, SL4 or SL5 primer (Ross et al., 1995). Only the primer
combination OLG10 and SL1 generated a DNA fragment suitable for
cloning; this fragment was cloned into the Bluescript SK* plasmid and
sequenced. Sequences of both PCR and sequencing primers will be
provided upon request.

The cab-1::gfp fusion plasmid pcab-1::gfp was constructed as follows.
A cab-1 promoter fragment was generated by PCR using the OLG25
(TGACATCGACACACGCTATC) and OLG26 (TCCCCCGGGCTA-
GCTGCTCGGCGGTAG) primers, which contained Xhol and Smal
enzyme sites. The cab-1 promoter fragment was cloned into pPD95.69 (a
GFP expression vector, gift from A.Fire) using Smal and Sall restriction
enzyme sites. Sequencing confirmed that the 36th codon of cab-1 was
fused in-frame with gfp.

Plasmids used for the yeast two-hybrid assay were constructed as
follows. Using either aex-3 or cab-1 cDNA as a template, PCR was
performed with primers containing either a Ncol, EcoRI or BamHI site,
and the resulting PCR products were cloned into the appropriate site of
the pAS2-1 or pACT vector. The amino acids included in AEXA and
CABA constructs series are described in the legend of Figure 5. Primers
used for plasmid construction will be provided upon request.

Plasmids used for the in vitro binding assays were constructed as
follows. Using either aex-3 or cab-1 cDNA as a template, PCR was
performed using primers containing either a BamHI or EcoRlI site. These
PCR products were cloned into either the pQE30 or pMAL-c2 expression
vector using the appropriate enzyme sites. All inserts were sequenced to
confirm no mutations. pMAL::AEX-3 contained amino acids 1066—
1394 of AEX-3, and pQE::CAB-1 contained amino acids 137423 of
CAB-1.

The plasmid pKI150, containing a truncated aex-3 gene, was
constructed as follows. An aex-3 DNA fragment was generated by PCR
using aex-3 cDNA as a template. The fragment was cloned into the
pDONOR vector by recombinational cloning following the manu-
facturer’s protocol (Life Technologies). A 1.3 kb aex-3 promoter
fragment was cloned into pPD97.77 (a gift from A.Fire) using the Sphl
and BamHI sites, resulting in paex-3p::gfp. The aex-3 cDNA fragment
was transferred to the Smal site of paex-3p::gfp using recombinational
cloning. More details including primer sequences will be provided upon
request. The resulting construct was named pKI150, which encoded
amino acids 333-1409 of AEX-3 and also contained an insertion of 10
amino acids at the N-terminus as a cloning by-product (Gateway System
of Life Technologies).

In vitro binding assay

For in vitro binding assays, the QIAexpressionist (Qiagen) and pMAL
protein fusion and purification (New England BioLabs) systems were
used. The MI15[pREP4] Escherichia coli strain was transformed with
pQE30-based constructs, and XL-1 Blue with pMAL-c2-based con-
structs. Column purification was performed following the manufacturer’s
protocol (New England BioLabs and Qiagen). The concentration of
MAL::AEX-3, MAL and H6::CAB-1 was calculated prior to mixing
using the Bradford method (Frederick, 1987). The ratio between the main
band and minor binds in SDS-PAGE was determined using densitometry
(Bio-Rad Gel Doc) and the accurate concentration of the main-band



proteins was calculated. MAL::AEX-3 and MAL proteins were applied to
amylose-resin columns using column buffer [20 mM Tris—HCI pH 7.4,
200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF)]. After extensive washing with
column buffer, the amylose-resin bound to proteins was mixed with
purified H6::CAB-1 protein in binding buffer (20 mM Tris—HCI pH 7.4,
230 mM NaCl, 5 mM NaH,PO, pH 8.0, 1 mM EDTA, | mM DTT, 1 mM
PMSF, 25 mM imidazole). After incubation at 4°C for 18 h, the amylose-
resin was washed with column buffer (10X volume of the resin bed), and
bound proteins were eluted with column buffer containing 10 mM
maltose. The eluted proteins were examined using SDS-PAGE followed
by Coomassie Blue staining, and immunoblotting analysis using anti-
Penta His (Qiagen) and anti-MBP (maltose binding protein) (New
England BioLabs) antibodies as primary antibodies (Frederick, 1987).
Approximately 1/100 of the eluted peak was applied to SDS-PAGE for
analysis.
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