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SUMMARY

Peptide neuromodulators are released from a unique
organelle: the dense-core vesicle. Dense-core vesi-
cles are generated at the trans-Golgi and then sort
cargo during maturation before being secreted. To
identify proteins that act in this pathway, we per-
formed a genetic screen in Caenorhabditis elegans
for mutants defective in dense-core vesicle function.
We identified two conserved Rab2-binding proteins:
RUND-1, a RUN domain protein, and CCCP-1, a
coiled-coil protein. RUND-1 and CCCP-1 colocalize
with RAB-2 at the Golgi, and rab-2, rund-1, and
cccp-1 mutants have similar defects in sorting solu-
ble and transmembrane dense-core vesicle cargos.
RUND-1 also interacts with the Rab2 GAP protein
TBC-8 and the BAR domain protein RIC-19, a RAB-
2 effector. In summary, a pathway of conserved pro-
teins controls the maturation of dense-core vesicles
at the trans-Golgi network.

INTRODUCTION

The nervous system has twomodes of chemical signaling at syn-

apses. Fast signaling occurs by the release of small-molecule

neurotransmitters that activate ligand-gated ion channels.

Slow signaling occurs by the release of neuromodulators, such

as neuropeptides or monoamines, that activate G protein-

coupled receptors. Fast neurotransmitters are released from

synaptic vesicles, whereas many neuromodulators are released

from dense-core vesicles (DCVs). A wide variety of biological

processes are regulated by DCV secretion, including cell sur-

vival, neuronal development, synaptic plasticity, and excitability.

The pathway for the generation of DCVs in neurons is likely to

be related to the generation of secretory vesicles in neuroendo-

crine cells such as chromaffin cells or the insulin-secreting cells

of the pancreas (Borgonovo et al., 2006; Kim et al., 2006; Park

and Loh, 2008; Tooze et al., 2001). The secretory granules are

generated at the trans-Golgi and undergo several maturation
steps, including the homotypic fusion of immature secretory

granules, and removal of some soluble and transmembrane

cargo (Ahras et al., 2006; Dittie et al., 1996; Kakhlon et al.,

2006; Klumperman et al., 1998; Tooze et al., 1991; Urbé et al.,

1998; Wendler et al., 2001). Cargo sorting relies on poorly

defined motifs that probably interact with multiple sorting recep-

tors (Dikeakos and Reudelhuber, 2007; Dikeakos et al., 2009). It

is likely that DCVs in neurons undergo similar maturation pro-

cesses at the Golgi, but some mechanisms may differ since

these cells have a very different architecture.

The rich variety of small Rab GTPase proteins provides

vesicles in all trafficking pathways with identity. Rabs orches-

trate numerous aspects of vesicle trafficking including vesicle

budding, transport, tethering, uncoating, and fusion (Stenmark,

2009; Zerial and McBride, 2001). There are about 60 different

Rabs in humans and 26 in C. elegans (Lundquist, 2006; Per-

eira-Leal and Seabra, 2001). Rabs are localized to different intra-

cellular compartments and help provide specificity to vesicular

trafficking (Chavrier et al., 1990). In C. elegans, Rab2 (RAB-2)

localizes to the Golgi (Sumakovic et al., 2009) and rab-2mutants

(also known as unc-108) have defects in sorting soluble and

transmembrane DCV cargos (Edwards et al., 2009; Sumakovic

et al., 2009). Thus, there are likely to be Rab2 effectors involved

in DCV cargo sorting.

Here we use a genetic screen to identify proteins involved in

DCV function. We identify two proteins that are Rab2 interactors:

RUND-1 and CCCP-1. RUND-1 and CCCP-1 are conserved pro-

teins that colocalize with RAB-2 at the trans-Golgi. RUND-1 and

CCCP-1 bind to activated RAB-2, and like rab-2mutants, rund-1

and cccp-1 mutants exhibit defects in sorting soluble and

transmembrane DCV cargo. We conclude that RUND-1 and

CCCP-1 may function as RAB-2 effectors in DCV maturation at

the trans-Golgi.

RESULTS

A Genetic Screen for Regulators of Dense-Core Vesicle
Function
In C. elegans, loss-of-function mutants in the trimeric G protein

Gaq (encoded by egl-30) have a straight posture and are almost

immobile on food (Brundage et al., 1996). ActivatedGaqmutants
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Figure 1. rund-1 and cccp-1 Encode

Conserved Proteins

(A) Gene structures of rund-1 and cccp-1. Colored

boxes show coding segments. White boxes show

UTRs. cccp-1 has two transcripts.

(B) Domain structures of RUND-1 and CCCP-1.

RUND-1 is a 549 amino acid protein with two

coiled-coil (CC) domains and a RUN domain.

ox328 is a missensemutation in the second coiled-

coil domain. ox281 is a splice site mutation. The

tm3622 deletion is marked, but because this

deletion starts in an intron (A), its effect on the

protein is unknown. CCCP-1b is a 743 amino acid

protein with multiple coiled-coil (CC) domains. The

ox334 and e1122mutations lead to premature stop

codons.

(C) Alignment of the second coiled-coil domain of

RUND-1 and its orthologs from Trichoplax adhae-

rens (Trichoplax), C. elegans (worm), Drosophila

melanogaster (fly), andHomo sapiens (human). The

position of the ox328 T237P mutation is shown by

an asterisk.

(D) Alignment of the RUN domain of RUND-1. The

six conserved blocks A–F of the RUN domain

(Callebaut et al., 2001) are marked with black bars.

The tm3622 deletion removes the A block but

ends before the beginning of the B block. See also

Figures S1 and S2.
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exhibit the opposite phenotype; these mutants are hyperactive

and exhibit tightly coiled body bends (Bastiani et al., 2003). Mu-

tants in the DCV secretion protein CAPS (encoded by the unc-31

gene) have a straight posture and are almost immobile on food

(Avery et al., 1993), similar to egl-30(lf) mutants. Mutations in

CAPS suppress activated alleles of Gaq (Charlie et al., 2006),

suggesting that these proteins act in a pathway. Thus, mutations

in other genes involved in DCV biogenesis and secretion should

also suppress activated alleles of egl-30. We screened for ge-

netic suppressors of the activating Gq mutation egl-30(tg26)

(Doi and Iwasaki, 2002). egl-30(tg26) mutants have hyperactive,

loopy locomotion and are smaller and slower growing than the

wild-type (Movies S1 and S2 available online). We searched for

less hyperactive animals among the F2 progeny of ENU-muta-

genized egl-30(tg26). We isolated six independent alleles of

unc-31, validating the strategy of the screen. In addition, we iso-

lated recessive mutations in six complementation groups with

locomotion phenotypes reminiscent of unc-31, though some-

what weaker. These mutants exhibit a novel locomotion pheno-

type, which we call ‘‘unmotivated.’’ When separated from the

activated Gq mutation, the unmotivated mutants have a fairly

normal posture but exhibit little spontaneous movement on

food (Movie S3). However, they are capable of coordinated loco-
168 Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc.
motion when stimulated. Conditions that

stimulate movement include starvation,

harsh touch, and UV light (Movies S3

and S4). Thus, these genes appear to

function in the regulation of movement

rather than the execution of coordinated

movements.
We mapped and characterized in detail two of the six strong

unmotivated mutants, rund-1 and cccp-1. Two mutations

(ox281 and ox328) define the gene rund-1. Mutations at a second

locus, conserved coiled-coil protein-1 (cccp-1), caused a similar

phenotype. The mutation cccp-1(ox334) was isolated in the

screen, and we found that it failed to complement an existing

locomotion mutant e1122 (previously known as unc-81).

rund-1 and cccp-1 Encode Conserved Proteins
We cloned rund-1 and cccp-1 by standard methods (Experi-

mental Procedures). The rund-1 phenotype is fully rescued by

the single gene T19D7.4. This open reading frame encodes a

protein of 549 amino acids that has two coiled-coil domains in

its N-terminal half and a RUN domain (RPIP8, UNC-14, and

NESCA) near the C terminus (Figures 1A and 1B). RUN domains

have been found in several proteins that bind to activated small

GTPases of the Rab and Rap families and have been proposed

to be effectors of these small G proteins (Callebaut et al.,

2001). The mutation ox281 is a splice site mutation; ox328 intro-

duces a proline into the second coiled-coil domain. We sub-

sequently obtained a deletion allele tm3622 that deletes the

entire A block of the RUN domain (Figures 1A–1D). RUND-1

has a single conserved ortholog in other metazoans, including



Figure 2. rund-1 Mutants Exhibit Unmoti-

vated Locomotion, but Respond to Stimula-

tion

(A and B) Locomotion of wild-type (A) and rund-1

mutants (B). The graphs plot mean speed during

the 30 min after transfer to a new plate. Wild-type

locomotion is stimulated by transfer and decays to

baseline in 20 min. rund-1 mutants are stimulated

by transfer, but less than wild-type, and have

a reduced baseline locomotion rate. n = 21–24

animals.

(C) Left: mean crawling speed during the first 2 min

after transfer to a new plate. All three rund-1 mu-

tants exhibit reduced speed (***p < 0.001 versus

wild-type) and the rund-1(tm3622) mutant is fully

rescued by a rund-1(+) single-copy transgene.

Right: expression of rund-1(+) in the nervous

system rescues the rund-1 mutant. The rund-1

cDNA was expressed in either the nervous system

(Prab-3) or the intestine (Pvha-6). Expression in the

nervous system rescued (**p < 0.01), but expres-

sion in the intestine did not (p > 0.05). Error bars,

SEM; n = 21–27 (left) and n = 9 (right).

(D) The rund-1 locomotion defect is rescued by

expression of a rund-1(+) transgene in mature an-

imals. The frequency of body bends wasmeasured

during the first 2 min after transfer to a new plate.

Heatshock-induced expression of rund-1(+) fully

rescued the rund-1 mutant defect (***p < 0.001

versus no heatshock). Heatshock did not affect

rund-1 (p > 0.05). +hs, heatshock; �hs, no heat-

shock. Error bars, SEM; n = 10.

(E) rund-1 and rab-2 act in the same genetic

pathway to regulate locomotion. Mean speed was

measured for 2 min after transfer to a new plate.

The rab-2 rund-1 double mutant is similar to the

rab-2 single mutant. Error bars, SEM; n = 24–31.

(F) rund-1 and cccp-1 act in the same genetic

pathway to regulate locomotion. Frequency of body

bends (‘‘thrashes’’) in liquid was reduced for rund-

1(ox281), cccp-1(ox334) and cccp-1(ox334); rund-

1(ox281)mutantscompared towild-type (p<0.001).

The cccp-1 rund-1 double mutant is similar to the

single mutants (p > 0.05). Error bars, SEM; n = 8–9.

(G) rund-1 and ric-19 act in parallel to regulate locomotion. Frequency of body bends was measured for two minutes after transfer to a new plate. ric-19(pk690)

rund-1(tm3622) animals show amore severe defect than either single mutant (***p < 0.001; **p < 0.01). ric-19 is not significantly different fromwild-type (p > 0.05).

The wild-type and rund-1 data are identical to (D); these experiments were performed together. Error bars, SEM; n = 10.

See also Figures S3 and S7 and Table S2.
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humans and Drosophila, and even the primitive metazoan

Trichoplax adhaerens (Figure S1). RUND-1 shows conservation

throughout the length of the protein; the second coiled-coil

domain and the RUN domain are especially well conserved (Fig-

ures 1C and 1D).

RUND-1 and its human ortholog RUNDC1 are about 32%

identical (Figure S1). We found that human RUNDC1 could

rescue the worm rund-1 mutants (Table S1; two-tailed p <

0.0001 for both strains, Fisher’s exact test). RUNDC1 was

tagged with tagRFP and exhibited a cellular localization pattern

similar to the native RUND-1 (data not shown). Thus, the function

and localization of RUND-1 are conserved in the human ortholog

RUNDC1.

cccp-1 corresponds to the open reading frame Y49E10.23.

cccp-1 has two alternatively spliced transcripts, cccp-1a and
cccp-1b, which encode proteins of 734 or 743 amino acids

with multiple coiled-coil domains (Figures 1A and 1B). Like

RUND-1, CCCP-1 has a single conserved ortholog in other

metazoans including flies and humans and is not found outside

metazoans (Figure S2). cccp-1(ox334) and cccp-1(e1122) both

carry mutations leading to early stop codons.

rund-1 Mutants Exhibit Unmotivated Locomotion
The unmotivated phenotype is typified by inactivity on food

(Movie S3).We used a computer-tracking system to characterize

the movement of animals over a 30 min period. The speed of

wild-type animals is highest immediately after a harsh mechani-

cal stimulation and then decays over approximately the next

20 to 30 min to a stable baseline rate (Figure 2A). For rund-1

mutants, the speed after stimulation is about half that of the
Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc. 169
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wild-type (Figures 2B and 2C; Figures S3B–S3D) and the animals

become mostly inactive after 15 min; the phenotype is fully

rescued by a single-copy insertion of the wild-type rund-1(+)

gene (Figure 2C; Figure S3E).

The unmotivated phenotype is reminiscent of the locomotion

of unc-31/CAPS mutants. CAPS is required for DCV fusion

(Ann et al., 1997; Gracheva et al., 2007; Speese et al., 2007;

Walent et al., 1992; Zhou et al., 2007) and may also regulate syn-

aptic vesicle exocytosis (Gracheva et al., 2007; Jockusch et al.,

2007). Mutants lacking CAPS/UNC-31 are paralyzed on food but

not off food (Avery et al., 1993; Speese et al., 2007); rund-1 mu-

tants also exhibit increased speed off food. rund-1 and unc-31

mutants also have defects in egg laying and defecation and enter

the dauer diapause stage at high temperature (Ailion et al., 1999;

Avery et al., 1993; Speese et al., 2007; data not shown). Also,

both unc-31 and rund-1 mutants can be suppressed by an

activating mutation in the Gas ortholog gsa-1 (Charlie et al.,

2006; data not shown). Thus, rund-1 probably regulates a DCV

pathway shared by CAPS.

Although the unmotivated phenotype resembles a worm

behavior called ‘‘quiescence,’’ the resemblance is superficial

(Van Buskirk and Sternberg, 2007; Gaglia and Kenyon, 2009;

Singh et al., 2011; You et al., 2008). First, unlike rund-1mutants,

quiescent animals do not forage for food or eat. Second, quies-

cence can be suppressed by mutations in the cyclic GMP-

dependent protein kinase egl-4, but rund-1 mutants are not

suppressed by egl-4 (data not shown). Third, quiescence

depends on function of the ALA neuron and is suppressed by

mutations that affect ALA development such as ceh-17. rund-1

mutants, however, are not suppressed by ceh-17 (data not

shown). We conclude that unmotivated locomotion is a novel

worm phenotype.

rund-1 Acts in Mature Neurons to Regulate Locomotion
We determined the cellular expression patterns of the rund-1

and cccp-1 genes by fusing their promoters to GFP. Prund-

1::GFP was expressed in most or all neurons, the pharynx, the

intestine, the spermatheca, and the uterus (Figures S4A and

S4B) but was not seen in skin or muscle cells. Pcccp-1::GFP

was also expressed in most or all neurons, the intestine, and

the spermatheca but was not observed in the pharynx, skin, or

muscle (Figure S4C).

To determine the cellular focus of the locomotory phenotype,

we expressed rund-1 and cccp-1 under the control of tissue-

specific promoters. Expression of rund-1(+) under the neuronal

specific rab-3 promoter rescued rund-1 mutant locomotion,

but expression of rund-1 in the intestine using the vha-6 pro-

moter did not rescue (Figure 2C; Figures S3G–S3I). Under its

own promoter, the tagged cccp-1 cDNA rescued the cccp-1

mutant locomotion defect (data not shown). This transgene

was primarily expressed in the nervous system but at low levels.

Interestingly, the cccp-1 gene caused defects in locomotion in

wild-type worms when expressed under the more highly ex-

pressed rab-3 promoter (data not shown). Thus, both reduced

expression and overexpression of cccp-1 in neurons cause

defects in locomotion.

To determine whether rund-1 affects the development of neu-

rons, we first examined neuronal architecture using the GABA
170 Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc.
neuron marker Punc-47::GFP (McIntire et al., 1997). No defects

were seen in the rund-1 mutant, indicating that rund-1 is not

generally required for axon guidance or maintenance (data not

shown). Second, we examined the distribution of synaptic vari-

cosities by imaging fluorescently tagged synaptobrevin, a syn-

aptic vesicle protein (Punc-129::mCherry::SNB-1). No defects

were observed in rund-1 mutants, indicating that rund-1 is not

required for synapse development (Figures S5A and S5B).

The lack of a role in development was confirmed by rescuing

the phenotype postdevelopmentally. We expressed the rund-1

cDNA fused to tagRFP under a heat shock promoter. rund-1

mutant animals carrying this construct were heat shocked at

various stages of larval development. Twenty-four hours after

heat-shock, adults were fully rescued for locomotion on food

or in liquid (Figure 2D and data not shown). However, 5 hr after

heat-shock, animals exhibited no discernible rescue, even

though RFP expression was detected in neurons. Thus, rund-1

acts in mature neurons but in a rather slow process.

RUND-1 and CCCP-1 Act in the Same Genetic Pathway
as RAB-2
The presence of a RUN domain suggested that RUND-1 may

interact with a small GTPase in either the Rab or Rap family.

RAB-2 is a Golgi Rab that functions in DCV maturation in

C. elegans (Edwards et al., 2009; Sumakovic et al., 2009). Mu-

tants lacking the rab-2 gene (also called unc-108) exhibit similar

but somewhat stronger locomotion defects than rund-1 (Chun

et al., 2008; Edwards et al., 2009; Sumakovic et al., 2009). Like

rund-1, rab-2 mutants exhibit little spontaneous movement on

food but move normally when stimulated by UV light (Edwards

et al., 2009). Unlike rund-1, rab-2 mutants cannot be stimulated

by a harsh mechanical stimulus (Figure S7A).

The phenotypic similarity between rund-1, cccp-1, and rab-2

mutants suggests that they may act in the same pathway, and

analysis of double mutants supports this conclusion. First,

rab-2, rund-1, and cccp-1 mutations all suppress the hyperac-

tive locomotion of the activated Gq mutant egl-30(tg26) (data

not shown). Second, double mutants among rab-2, rund-1,

and cccp-1 do not show enhanced locomotion defects (Figures

2E and 2F; Figure S7A; data not shown). These data suggest

that RAB-2, RUND-1, and CCCP-1 function together in DCV

maturation.

DCV maturation involves the sorting of neuropeptide precur-

sors into vesicles; the vesicles are then acidified, which activates

the endopeptidases that cleave the precursors into mature neu-

ropeptides. In C. elegans, there are four proprotein convertases

that process neuropeptides. Most peptides in neurons are pro-

cessed by the convertase EGL-3 (Husson et al., 2006; Kass

et al., 2001), though other convertases can contribute to the pro-

cessing of peptides and some peptides are not processed at all

(Leinwand and Chalasani, 2013; Pierce et al., 2001). Interest-

ingly, egl-3 mutants have a weaker locomotion defect than the

unmotivated mutants rab-2, rund-1, and cccp-1. However,

when egl-3 is combined with rab-2, rund-1, or cccp-1, the dou-

ble mutants are essentially paralyzed (Figures S7B and S7C and

data not shown), indicating that egl-3 acts in parallel to these

genes. The double mutants are both qualitatively and quantita-

tively similar to unc-31/CAPS mutants (Edwards et al., 2009;



Figure 3. RUND-1 Is Not Required to Make

DCVs

(A) Electron microscopy of synapses in the ventral

nerve cord of wild-type and rund-1(tm3622).

White arrowheads point to DCVs. Black arrow-

heads point to the presynaptic density. Scale bar,

200 nm.

(B) Quantification of synaptic vesicles (SVs) and

dense-core vesicles (DCVs) at synapses in the

ventral cord (V) or dorsal cord (D). Values are

represented as mean ± SEM.
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Sumakovic et al., 2009; Figures S7B–S7D and data not shown).

These data support a model in which the unmotivated class of

proteins, RAB-2, RUND-1, and CCCP-1, act in parallel to EGL-

3 to regulate locomotion, perhaps via different DCV cargos;

both pathways may require UNC-31/CAPS for secretion.

RUND-1 and CCCP-1 Are Required to Sort Dense-Core
Vesicle Cargo
To test whether rund-1 affects synaptic or dense-core vesicle

transport, we examined the ultrastructure of rund-1(tm3622)

using electron microscopy. rund-1 does not exhibit defects in

synaptic vesicle number (Figure 3) or localization of synaptic

vesicle cargo (Figures S5A and S5B). Nor is synaptic function

defective in rund-1 and cccp-1 mutants as determined by elec-

trophysiological recordings (Figures S5C–S5G). Also, DCVs of a

normal size and appearance are present at synapses in both the

ventral and dorsal nerve cords of the rund-1(tm3622) mutant

(Figure 3). In fact, there is actually a small increase in the number

of DCVs. Thus, RUND-1 is not required for synaptic vesicle

or DCV biogenesis or transport to synapses. These data sup-

port the idea that RUND-1 and CCCP-1 are required for sorting

of DCV cargos.

We tested whether rund-1 and cccp-1 play a role in DCV

cargo trafficking. IDA-1 is the C. elegans ortholog of the DCV

transmembrane protein phogrin (Cai et al., 2004). rund-1 and

cccp-1 mutants exhibit a defect in axonal trafficking of IDA-

1::GFP (Figure 4F), but it is weaker than that observed in rab-2

mutants (Edwards et al., 2009).

We followed soluble components of DCVs by tagging the

Venus fluorescent protein to the processed propeptides NLP-

21 and FLP-3 and the nonprocessed peptide INS-22. During

vesicle maturation, the processed propeptides are cleaved and

the fluorescent protein is released within the vesicle. The mature

vesicle is then transported into the axon. rund-1 and cccp-1mu-

tations reduced axonal fluorescence of Venus (Figures 4A–4C

and 4E; Figure S6A). The loss of fluorescence in the axons was

not caused by a defect in polarity since there was no increase
Neuron 82, 167–
of fluorescence in the dendrites (Fig-

ure 4D). Expression of the rund-1 cDNA

in the same cells fully rescued the rund-

1 trafficking defect (Figure 4C), indicating

that RUND-1 acts cell autonomously.

rab-2mutants show soluble cargo traf-

ficking defects similar to rund-1 and

cccp-1 mutants (Edwards et al., 2009;
Sumakovic et al., 2009). To determine whether these genes act

in the same pathway, we built double mutants and measured

axonal fluorescence. In all cases, double mutants showed

defects comparable to the single mutants (Figures 4A, 4B, and

4E), providing additional evidence that rab-2, rund-1, and

cccp-1 function in the same genetic pathway.

Despite the loss of soluble fluorescent proteins from vesicles

in these mutants, neuropeptide trafficking into axons does not

seem to be blocked. The Venus tag can be forced to remain

with neuropeptides by mutation of the egl-3 proprotein conver-

tase. In the absence of the convertase, Venus cannot be cleaved

from the condensed peptides. In the rund-1 egl-3 doublemutant,

Venus-tagged NLP-21 and FLP-3 is observed in the axons (Fig-

ure 4C), as was previously observed in rab-2 egl-3 double mu-

tants (Edwards et al., 2009; Sumakovic et al., 2009). However,

in both rab-2 egl-3 and rund-1 egl-3 double mutants, there is still

a reduction in axonal fluorescence compared to egl-3 single

mutants (Edwards et al., 2009; Sumakovic et al., 2009; data

not shown), suggesting that there is also reduced trafficking of

unprocessed cargo in rab-2 and rund-1 mutants.

To assay the release of DCV cargo, wemeasured the accumu-

lation of Venus fluorescence in coelomocytes, scavenger cells

residing in the body cavity of the worm (Sieburth et al., 2007;

Speese et al., 2007). cccp-1 mutants have reduced fluores-

cence in coelomocytes, suggesting that missorted cargo is not

released in cccp-1 mutants. rund-1 mutants lack fluorescence

in axons but accumulate fluorescence in the coelomocytes

at wild-type levels (Figure 4D), suggesting that an alternative

release pathway in the cell body is still intact in rund-1 mutants.

This may be due to missorting of cargo to the constitutive secre-

tory pathway.

RUND-1 and CCCP-1 Are Localized to the trans-Golgi in
Neuronal Cell Bodies
The rund-1 gene was tagged at its C terminus with GFP, tagRFP,

or tdEos and inserted as a single copy in the genome. These

constructs fully rescued the rund-1 mutant locomotion defect
180, April 2, 2014 ª2014 Elsevier Inc. 171



Figure 4. rund-1 and cccp-1 Mutants Have

Defects in Trafficking DCV Cargos

(A) Images of NLP-21::Venus fluorescence

in motor neuron axons of the dorsal nerve

cord. rab-2, rund-1, and cccp-1 mutants have

decreased levels of fluorescence in the dorsal

cord, indicative of an NLP-21::Venus trafficking

defect. The final two panels (WT and cccp-1) were

from a separate experiment. Scale bar, 5 mm.

(B) NLP-21::Venus fluorescence levels are

decreased in the dorsal cord in rab-2, rund-1,

and cccp-1 mutants. The mean fluorescence

intensity per mm is given in arbitrary units. All single

mutants are defective in trafficking NLP-21::Venus

to the dorsal cord (***p < 0.001; *p < 0.05 versus

wild-type). The rab-2 rund-1 double mutant is

not significantly different from the single mutants

(p > 0.05). Error bars, SEM; n = 9–22.

(C) Trafficking of NLP-21::Venus and FLP-

3::Venus is rescued by egl-3 mutants. The pep-

tide processing mutant egl-3 suppresses NLP-

21::Venus and FLP-3::Venus trafficking defects of

the rund-1(tm3622) mutant (**p < 0.01, ***p <

0.001, respectively). The rund-1 NLP-21::Venus

defect is rescued by expression of the wild-type

rund-1 cDNA in the dorsal motor neurons (***p <

0.001). Error bars, SEM; n = 6–11.

(D) Secreted NLP-21::Venus fluorescence levels

in coelomocytes. cccp-1(ox334) has decreased

coelomocyte fluorescence (***p < 0.001) but rund-

1(tm3622) has no defect (p > 0.05). Neither rund-1

nor cccp-1 has decreased fluorescence in the

ventral cord (p > 0.05). Error bars, SEM; n = 13–21.

(E) rab-2, rund-1, and cccp-1 act in the same ge-

netic pathway. Double mutants of rab-2(nu415),

rund-1(tm3622), and cccp-1(ox334) are similar to

single mutants in trafficking NLP-21::Venus to the

dorsal cord (p > 0.05 for all pairwise comparisons

except cccp-1; rund-1 versus cccp-1, p < 0.05). All

mutants exhibit significant defects compared to

wild-type (p < 0.001). Error bars, SEM; n = 10–13.

(F) IDA-1::GFP fluorescence levels in the dorsal

cord. The rab-2(nu415), rund-1(tm3622), and

cccp-1(ox334) mutants are defective in trafficking

IDA-1::GFP (***p < 0.001 and **p < 0.01 versus

WT). Error bars, SEM; n = 9–13.
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(Figure 2C; Figure S3E). RUND-1 localized mainly to two or three

perinuclear puncta in neuronal cell bodies; only extremely faint

fluorescence was observed in axons (Figure 5; Figure S8A).

We examined colocalization of RUND-1::tagRFP with GFP-

tagged markers for various compartments (Figure 5A). All

markers were expressed as single-copy insertions since over-

expression of some markers can change the size of the corre-

sponding compartment (Bucci et al., 1992, 2000). RUND-1 did

not localize to compartments that communicate with the Golgi,

including the ER (TRAM-1), the early endosome (RAB-5), recy-

cling endosome (RAB-11.1), late endosome (RAB-7), or with

the general endosome marker syntaxin-13 (SYN-13). RUND-1

showed partial overlap with a cis-Golgi marker (the COP I

vesicle marker ε-COP) and more overlap with a medial-Golgi

marker (AMAN-2, mannosidase II). In neuronal cell bodies,

RUND-1 showed almost perfect colocalization with the

trans-Golgi markers RAB-6.2 and syntaxin 6 (SYX-6). RAB-6.2
172 Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc.
is localized predominantly to the trans-Golgi and is also found

on exocytotic vesicles leaving the Golgi (Goud et al., 1990; Gri-

goriev et al., 2007); syntaxin 6 is a trans-Golgi SNARE also found

on immature secretory granules in neuroendocrine cells (Bock

et al., 1997; Klumperman et al., 1998). We conclude that

RUND-1 localizes to the trans-Golgi or to vesicles closely asso-

ciated with the trans-Golgi. Localization of RAB-6.2 and syn-

taxin 6 were not altered in a rund-1 mutant background (data

not shown), suggesting that rund-1 is not required for normal

Golgi structure.

To confirm that RUND-1 localized to the Golgi, we performed

correlative nanometer-resolution fluorescence electron micro-

scopy (Watanabe et al., 2011). Fluorescence from the tdEos-

tagged RUND-1 was localized using superresolution PALM

imaging and superimposed on scanning electron micrographs.

RUND-1 was localized to the Golgi in neuronal cell bodies (Fig-

ure 5B) and in pharyngeal cells (data not shown).



Figure 5. RUND-1 Colocalizes with RAB-2 at the trans-Golgi Network

(A) RUND-1 colocalizes with RAB-2 and trans-Golgi markers. Each panel shows a single slice of a confocal image of motor neuron cell bodies in the ventral cord of

young adult animals. The top boxes show the localization of a single-copy rescuing RUND-1::tagRFP-T fusion protein (oxIs590). RUND-1 localizes almost

exclusively to two or three perinuclear puncta per cell. The middle boxes show the localization of single-copy GFP-tagged compartment markers. The bottom

boxes show the merged images. Scale bar, 5 mm, applies to all panels. RUND-1 shows tightest colocalization with RAB-6.2, a trans-Golgi Rab protein, and with

SYX-6, the ortholog of the trans-Golgi SNARE syntaxin 6. RUND-1 puncta also colocalize well with RAB-2 puncta. RUND-1 partially overlaps with the medial-

Golgi marker mannosidase II (AMAN-2) and the cis-Golgi marker εCOP. RUND-1 is not colocalized with the rough ER marker TRAM-1 or with the endosomal

markers RAB-5, RAB-11.1, RAB-7, and SYN-13.

(B) RUND-1 localizes to the Golgi. Left: a backscatter scanning electron micrograph of the cell body of a neuron in the nerve ring. Right: the same image overlaid

with the corresponding fluorescence PALM image of RUND-1::tdEos. Scale bar, 1 mm.

(C) CCCP-1 colocalizes with RUND-1 and RAB-2. CCCP-1 colocalizes with RUND-1 and RAB-2(GTP). CCCP-1 is still punctate when coexpressed with RAB-

2(GDP), which is diffusely expressed.

(D) The RUN domain of RUND-1 mediates its localization. Full-length RUND-1, the coiled-coil domain, and the RUN domain were tagged at their C termini with

tagRFP-T and integrated in the genome. The truncated proteins were expressed at lower levels. See also Figure S8.
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To determine which part of RUND-1 mediates its localization,

we split RUND-1 into two pieces and tagged each with tagRFP.

The coiled-coil domain of RUND-1 was spread diffusely

throughout the cell body and axons (Figure 5D). In contrast,

the RUN domain of RUND-1 was sufficient for localization

to perinuclear puncta (Figure 5D). Neither truncation rescued

a rund-1 mutant, suggesting that both domains are required

for normal function but that the RUN domain is sufficient for

localization.

We also tagged CCCP-1 with GFP and expressed it using the

Prab-3 neuronal promoter. CCCP-1 is localizedmainly to perinu-
clear puncta in neuronal cell bodies (Figure 5C) but unlike RUND-

1 is alsomore diffusely spread throughout cell bodies and axons.

This pattern resembles that of RAB-2 (Edwards et al., 2009;

Sumakovic et al., 2009). To confirm the broader localization of

RAB-2, we inserted a GFP::RAB-2 single-copy transgene in

the genome (Figure S8C). Like CCCP-1, RAB-2 was found at

perinuclear puncta and also diffusely in the cell body and axons.

RUND-1 and RAB-2 colocalize at perinuclear puncta in neuronal

cell bodies (Figure 5A).

The localization of RUND-1 andCCCP-1 to theGolgi is not dis-

rupted in rab-2mutants (Figures S8A, S8B, S8D, and S8E), nor is
Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc. 173
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CCCP-1 localization affected by GTP-bound or GDP-bound

RAB-2 (Figure 5C). Conversely, RAB-2 is not mislocalized in

rund-1 and cccp-1 mutants (Figure S8C). Finally, RUND-1 is

localized normally in a cccp-1 mutant and CCCP-1 is localized

normally in a rund-1 mutant (Figures S8A and S8B). Thus,

RUND-1, CCCP-1, and RAB-2 are not required for each other’s

localization.

RUND-1 and CCCP-1 Bind RAB-2 Specifically
Using yeast two-hybrid assays, we examined the interactions

of full-length RUND-1 and CCCP-1 with three different forms

of RAB-2: (1) the constitutively active GTP-bound form

RAB-2(Q65L), (2) the constitutively inactive GDP-bound form

RAB-2(S20N), and (3) the wild-type RAB-2. RUND-1 interacted

with GTP-bound RAB-2 but not with the GDP-bound RAB-2 or

the wild-type RAB-2 (Figure 6A). Thus, like other RUN-domain

proteins, the interaction of RUND-1 with RAB-2 is specific to

the activated GTP-bound form of the Rab. CCCP-1 interacted

with both the GTP-bound and wild-type RAB-2 but not with the

GDP-bound RAB-2 (Figure 6A). This suggests a stronger interac-

tion of RAB-2 and CCCP-1 that is still GTP dependent, given

that some of the wild-type RAB-2 is expected to be GTP bound.

RUND-1 and CCCP-1 did not interact with each other in two-

hybrid assays (data not shown).

To test for specificity of these interactions, we performed

yeast two-hybrid assays with RUND-1 or CCCP-1 and GTP-

bound versions of other members of the Rab, Rap, Ras, and

Ral families of small GTPases. RUND-1 and CCCP-1 showed

an interaction only with RAB-2 (Figure 6B; data not shown).

Thus, RUND-1 and CCCP-1 are specific RAB-2 interactors.

We split RUND-1 into two pieces and assayed binding to RAB-

2. The coiled-coil domain fragment did not interact with GTP-

bound RAB-2. The RUN domain fragment interacted robustly

with GTP-bound RAB-2 (Figure 6C). This construct carries the

entire RUN domain and a putative upstream a-helix that is

needed for proper folding of other RUN domains (Kukimoto-

Niino et al., 2006; Recacha et al., 2009). A shorter construct lack-

ing the upstream a-helix and the beginning of the conserved

A block of the RUN domain did not show an interaction with

RAB-2 (data not shown). Thus, it seems likely that the RUN

domain is required for the interaction of RUND-1 with RAB-2.

RUND-1 Binds RIC-19 and TBC-8
RAB-2 binds TBC-8, a putative RAB-2 GAP, and RIC-19, a BAR

domain protein (Hannemann et al., 2012; Sumakovic et al.,

2009). RUND-1 also interacts with TBC-8 in yeast two-hybrid as-

says and with both TBC-8 and RIC-19 when coexpressed in

HEK293 cells (Figures 6D and 6E). In contrast, CCCP-1 did not

interact with TBC-8 or RIC-19 in two-hybrid assays (data not

shown). Thus, RUND-1, but not CCCP-1, independently binds

RAB-2 and other RAB-2 partners including RIC-19 and TBC-8.

TBC-8 consists of an N-terminal RUN domain and a C-termi-

nal TBC domain responsible for the GAP activity. A fragment of

TBC-8 carrying its RUN domain binds RUND-1, but fragments

carrying only the TBC GAP domain do not bind (Figures 6E

and 6F). The TBC-8 RUN domain also binds RIC-19 (Hannemann

et al., 2012). The RUND-1 coiled-coil domains do not interact

with TBC-8, but the RUND-1 RUN domain exhibited a weak
174 Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc.
interaction with TBC-8 (data not shown). Thus, RUND-1 and

TBC-8 interact via regions containing their RUN domains.

To determine whether ric-19 and tbc-8 exhibit genetic interac-

tions with rund-1, we built double mutants and assayed locomo-

tion andDCV cargo trafficking. Although ric-19 had little effect on

locomotion on its own (Sumakovic et al., 2009), it significantly

enhanced the locomotion defect of rund-1 (Figure 2G). Similarly,

ric-19 enhanced the NLP-21::Venus trafficking defect of rund-1

(Figure S6B). These data indicate that RIC-19 acts in parallel

to RUND-1, possibly as two distinct effectors of RAB-2. tbc-8

mutants also have defects in sorting vesicle cargo (Hannemann

et al., 2012). However the sorting defects in rund-1mutants were

not enhanced in rund-1 tbc-8 double mutants (Figure S6B), indi-

cating that tbc-8 and rund-1 act in the same pathway.

DISCUSSION

We performed a genetic screen for mutants defective in dense-

core vesicle function and identified two proteins, RUND-1 and

CCCP-1. RUND-1 and CCCP-1 are required for proper sorting

of DCV cargo but are not required for DCV morphology or trans-

port. Genetic and biochemical data show that these proteins are

probably Rab2 interactors at the trans-Golgi. RUND-1 also inter-

acts with the BAR domain protein RIC-19 and the RAB-2 GAP

TBC-8, both of which individually interact with RAB-2. These

results identify a set of interacting proteins that function in the

trafficking of DCV cargos.

RUND-1 and CCCP-1 Interact with RAB-2 at the Golgi
The function of a Rab protein is defined by its localization to

a specific cellular compartment and by its effector proteins.

Rab2 was originally localized to the ER-Golgi intermediate

compartment (Chavrier et al., 1990) and was thought to function

in ER-to-Golgi anterograde trafficking (Tisdale et al., 1992), but

Rab2 is distributed more broadly across the Golgi and may

have additional roles (Chun et al., 2008; Sumakovic et al.,

2009). Known effectors of Rab2 include several coiled-coil pro-

teins associated with the Golgi (Hayes et al., 2009; Short et al.,

2001; Sinka et al., 2008) and the BAR domain protein ICA69/

RIC-19 (Buffa et al., 2008; Sumakovic et al., 2009).

Here we demonstrate that the RUN domain protein RUND-1

and the conserved coiled-coil protein CCCP-1 are possible

novel effectors of RAB-2. Five lines of evidence support this

conclusion. First, rund-1, cccp-1, and rab-2 mutants exhibit a

similar locomotory phenotype. Second, rund-1, cccp-1, and

rab-2 mutants exhibit similar defects in trafficking DCV cargo.

Third, rund-1, cccp-1, and rab-2 act in the same genetic

pathway. Fourth, RUND-1, CCCP-1, and RAB-2 colocalize at

the trans-Golgi network. Fifth, RUND-1 and CCCP-1 bind to

the active GTP-bound form of RAB-2 but not the inactive GDP-

bound form.

Classical Rab effectors are recruited to a compartment by

binding to the active GTP-bound Rab. For example, RIC-19 is re-

cruited to the Golgi by GTP-RAB-2 and dispersed into the cyto-

plasm byGDP-RAB-2 (Sumakovic et al., 2009). However, neither

RUND-1 nor CCCP-1 localization is dependent on RAB-2.

RUND-1 localization is mediated by its RUN domain but inde-

pendently of RAB-2 binding. Recently, the RAB-10 effector



Figure 6. RUND-1 and CCCP-1 Interact Physically with Activated RAB-2

(A) RUND-1 interacts specifically with GTP-bound RAB-2 (RAB-2 GTP) in a yeast two-hybrid assay. RUND-1 did not show an interaction with wild-type RAB-2

(RAB-2 WT) or inactive GDP-bound RAB-2 (RAB-2 GDP). CCCP-1 interacts with RAB-2 GTP and RAB-2 WT, but not with RAB-2 GDP. Growth without histidine

(� his) indicates a physical interaction.

(B) The RUND-1 and CCCP-1 interactions with RAB-2 are specific. The interactions of RUND-1 and CCCP-1 with C. elegans RAB proteins were examined by

yeast two hybrid. Numbers indicate the number of the RAB gene inC. elegans (e.g., 1 = RAB-1). RUND-1 andCCCP-1 interact only with RAB-2. RAB-27 could not

be tested because of self-activation.

(C) RUND-1 interacts with RAB-2 via the RUN domain. Two truncations of RUND-1 were used: RUND-1 (CC) consists of amino acids 1–261 and RUND-1 (RUN)

consists of amino acids 262–549.

(D) RUND-1 interacts with RIC-19 and TBC-8. V5-tagged RUND-1 was coexpressed with GFP, GFP::RIC-19, or GFP::TBC-8 in HEK293 cells. Immunoprecip-

itation of GFP::RIC-19 or GFP::TBC-8 pulled downRUND-1. Immunoprecipitation of untaggedGFP did not pull downRUND-1. IN, input; IP, immunoprecipitation;

IB, immunoblotting.

(E) RUND-1 interacts with TBC-8 outside of its TBC domain. Truncations of TBC-8 were examined for interactions with RUND-1 by yeast two hybrid.

(F) RUND-1 interacts with TBC-8 outside of its TBC domain. V5-tagged TBC-8 (1–597 aa) was coexpressed with GFP or GFP::RUND-1 in HEK293 cells.

Immunoprecipitation of GFP::RUND-1 pulled down TBC-8 (1–597). IN, input; IP, immunoprecipitation; IB, immunoblotting.
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EHBP-1 has been shown instead to mediate localization of its

cognate Rab (Shi et al., 2010). However, RAB-2 localization

does not depend on either RUND-1 or CCCP-1. Nor are

RUND-1 and CCCP-1 required for each other’s localization.

Thus, RUND-1, CCCP-1, and RAB-2 all appear to localize inde-

pendently or have multiple binding partners at the Golgi.
RUND-1 Is a Member of the RUN Domain Protein Family
RUN domain proteins were originally proposed to be potential

Rab and Rap effectors (Callebaut et al., 2001). Clear physical

interactions with Rab and Rap proteins have been shown

for some of these proteins (Bayer et al., 2005; Cormont et al.,

2001; Fouraux et al., 2004; Janoueix-Lerosey et al., 1995,
Neuron 82, 167–180, April 2, 2014 ª2014 Elsevier Inc. 175



Figure 7. Model for RUND-1 and CCCP-1 Action in DCV Maturation

(A) RUND-1 may be in a complex with activated RAB-2, RIC-19, and TBC-8

since all of thesemolecules bind each other in pairwise combinations. CCCP-1

binds activated RAB-2 but does not bind RUND-1, RIC-19, or TBC-8, so it may

be in a separate complex.

(B) RUND-1 and CCCP-1 localize near the trans-Golgi and are involved in

regulating cargo sorting during the formation of mature DCVs. Soluble cargo

(green dots) are retained in the mature vesicle and released at the plasma

membrane. In the absence of rund-1 and cccp-1, immature DCVsmay have an

improper identity (denoted by ‘‘?’’), causing them to lose soluble cargo to the

endolysosomal system. However, insoluble cargo is not lost, including pep-

tides that aggregate and form the characteristic dense core seen by EM. The

process of aggregation is depicted as a gradual graying and condensation of

the vesicle center during the maturation process. Though axonally localized

DCVs carry reduced amounts of certain cargos in rund-1 mutants, overall

release is normal as assayed by coelomocyte uptake, suggesting that the

‘‘lost’’ cargos are still secreted, perhaps as a result of their missorting to the

constitutive secretory pathway. In cccp-1 and rab-2 mutants, release of such

cargos is reduced, suggesting that they may be misdirected to the lysosome

and degraded.
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1998; Kukimoto-Niino et al., 2006; Miserey-Lenkei et al., 2007;

Recacha et al., 2009). Moreover, the crystal structure of the

RUN domain of Rab6 IP1 in complex with Rab6 provides evi-

dence that the RUN domain is sufficient to mediate binding to

Rabs in at least some cases (Recacha et al., 2009). However,

there are few functional studies that tie RUN domains to Rab

function. Our data provide in vivo support to the conclusion

that RUN domains mediate Rab protein functions.
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We demonstrate that the RUN domain of RUND-1 is sufficient

to interact with RAB-2. Like for other RUN domains, this interac-

tion is specific to GTP-bound RAB-2. Moreover, RAB-2 is prob-

ably the only small GTPase that interacts with RUND-1. Most

RUN domain proteins studied interact with at most a single

Rab protein, although this has not been exhaustively analyzed

(Bayer et al., 2005; Fukuda et al., 2011; Miserey-Lenkei et al.,

2007; Recacha et al., 2009). A recent genome-wide analysis

detected Rab interactors for only six of 19 mammalian RUN

domain proteins by yeast two-hybrid assays (Fukuda et al.,

2011). However, this study did not detect an interaction between

themammalian orthologs of RUND-1 andRAB-2, so it is possible

that weaker interactions were missed.

In addition to the RUN domain, most RUN domain proteins

have other interaction domains (Callebaut et al., 2001). RUND-

1 has two N-terminal coiled-coil domains. Coiled-coil domains

typically mediate protein-protein interactions and are especially

common in RUN domain proteins (Cormont et al., 2001; Fouraux

et al., 2004; Janoueix-Lerosey et al., 1998; Lan et al., 2005; Mat-

sunaga et al., 2009; Mori et al., 2007; Yang et al., 2002; Zhong

et al., 2009). Unlike the coiled-coil domains of some Rab effec-

tors such as the golgins (Burguete et al., 2008; Hayes et al.,

2009; Short et al., 2001; Sinka et al., 2008), the coiled-coil do-

mains of RUND-1 are not required for binding to RAB-2. How-

ever, the coiled-coil domains of RUND-1 are conserved, and

the ox328 missense mutation in the second coiled-coil domain

is a severe allele. It seems likely that the coiled-coil domains of

RUND-1 mediate important interactions with other proteins

acting in the RAB-2 pathway.

Function of RAB-2 and Its Interactors
RAB-2 appears to have at least three interacting proteins in the

DCVmaturation pathway: RUND-1, CCCP-1, and RIC-19. These

proteins could act separately as independent interactors of

RAB-2, or they could act together in a single complex. The

data are consistent with the possibility that RAB-2 forms a single

complex with RUND-1, RIC-19, and TBC-8 since these proteins

exhibit direct pairwise interactions and are colocalized at the

Golgi (Figure 7A). In contrast, CCCP-1 interacts only with RAB-

2 andmay act as an independent effector. Interestingly, the loco-

motion and DCV cargo trafficking phenotypes of rab-2, rund-1,

and cccp-1 are similar but not identical, indicating that there

are distinct functions for each protein. The locomotion and traf-

ficking defects of rund-1 and cccp-1 mutants are generally

weaker than the rab-2 mutant defects, indicating that RUND-1

and CCCP-1 may participate in only certain aspects of RAB-2

function or to only a partial degree. Also, rund-1 mutants do

not impair cargo secretion as assayed by coelomocyte uptake,

suggesting a different final destination for missorted cargos in

rund-1 mutants versus cccp-1 and rab-2 mutants (Sumakovic

et al., 2009). However, the overt phenotypic similarities of these

mutants as well as the genetic interactions suggest that these

proteins act in the same process during cargo sorting into DCVs.

The primary cellular defect that we observe in thesemutants is

the reduced trafficking of fluorescent proteins targeted to DCVs,

with no major effects on the morphology or transport of vesicles

themselves. It is not clear which class of cargo accounts for the

behavioral defects. The fact that the locomotion defects of rab-2,



Table 1. Mutants Isolated as Gq Suppressors

Gene Protein Function

Number of

Alleles

egl-30 Gq alpha Gq-alpha GTPase 6

ric-8 synembryn G-protein GEF 1

egl-8 PLCbeta Gq effector, DAG synthesis 4

unc-13 Munc13 DAG binding, MUN domain,

SV + DCV exocytosis

1

unc-31 CAPS MUN domain, DCV exocytosis 6

pkc-1 Protein

kinase C

DAG binding, DCV exocytosis 1

unc-73 Trio Gq-alpha effector, Rho GEF 2

rund-1 Rundc1 Golgi Rab2 effector 2

cccp-1 C10orf118 Golgi Rab2 effector 1

13 others – – 15
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rund-1, and cccp-1 mutants are enhanced by mutations in the

proprotein convertase egl-3 indicates that the behaviorally rele-

vant missorted cargos are not processed by EGL-3 but rather

may be peptides processed by other convertases or cargos

that do not require processing at all.

What are the functions of RAB-2, RUND-1, and CCCP-1 at the

Golgi during maturation of DCVs? There are several possibilities,

not all mutually exclusive, such as specifying vesicle identity,

tethering, budding, or cargo sorting. First, vesicle identity is often

conveyed by Rab proteins (Stenmark, 2009), and RAB-2 and its

interactors could provide identity to maturing DCVs. In the

absence of markers of identity, the vesicles may become endo-

somal in character and fuse with the endolysosomal system,

thereby losing some of their cargos (Figure 7B). Second,

RUND-1 and CCCP-1 may tether vesicles via the ‘‘tentacular

matrix’’ that moves vesicles processively through the Golgi

(Munro, 2011; Sinka et al., 2008; Yu and Hughson, 2010). The

tentacular matrix is posited to be formed by the golgins, long

coiled-coil proteins that localize to theGolgi and capture vesicles

by binding Rab proteins. Third, RUND-1 may act directly in the

formation of vesicles. RUND-1 and RAB-2 interact with RIC-

19, which contains a crescent-shaped BAR domain that may

induce membrane curvature (Frost et al., 2009). Finally, RAB-2

and its interactors could be involved more directly in sorting.

Since none of the proteins have a transmembrane domain,

they are unlikely to serve as a sorting receptor per se but may

be involved in the retrograde retrieval of a sorting receptor.

The possible RUND-1 complex may consist not only of the

RAB-2 interactors RIC-19 and RUND-1 but the RAB-2 GAP

protein TBC-8, which should turn off the Rab. The combination

of positive and negative factors suggests that the complex

may be quite dynamic. The binding of interactors to RAB-2

may simultaneously recruit the GAP that will hydrolyze GTP

and cause dissolution of the complex. Such fine temporal control

of RAB-2 activation may help deliver vesicles to their trans-Golgi

acceptor and then release them from the acceptor complex as

maturation proceeds.

The human ortholog of RUND-1 is RUNDC1, which is highly

conserved in both the coiled-coil and RUN domains. When

RUNDC1 is expressed in rund-1 mutants, the human protein is
localized to the Golgi and rescues the mutant phenotype, indi-

cating a strong conservation of function. Human RUNDC1 has

been identified as an inhibitor of the tumor suppressor p53

(Llanos et al., 2006), and RUNDC1 expression is used as a prog-

nostic marker of metastasis in breast cancer tumors (van ’t Veer

et al., 2002). Thus, RUNDC1 is a possible oncogene. RUNDC1

has not been reported to have any function in the nervous system

but maps to chromosomal position 17q21, in the same region of

a likely autism gene (Cantor et al., 2005). An individual with

autism has also been found to carry a de novo nonsense muta-

tion in Rab2A, the human ortholog of RAB-2 (Sanders et al.,

2012). Because Rundc1 and Rab2A are expressed in the mouse

brain (Allen Brain Atlas), it is possible that RUND-1 and its inter-

actors function in DCV cargo trafficking in the vertebrate brain as

well as in nematodes.

EXPERIMENTAL PROCEDURES

Strains

Worm strains were cultured andmaintained using standardmethods (Brenner,

1974). A complete list of strains and mutations used is provided in the Supple-

mental Experimental Procedures.

Screen for Suppressors of Activated Gq

egl-30(tg26) encodes an activating mutation in Gaq. We mutagenized egl-

30(tg26)wormswith 0.5 mMENU (N-ethyl-N-nitrosourea) for 4 hr as described

in De Stasio and Dorman (2001). We screened the F2 generation for suppres-

sion of the hyperactive locomotion phenotype of egl-30(tg26). From screens

of �18,000 mutagenized haploid genomes, we isolated 43 mutants. Most of

these mutants suppressed not only the hyperactivity of egl-30(tg26) but also

the small size and slower growth rate, indicating that they specifically suppress

Gq and do not affect locomotory function indirectly. To more generally test for

the specificity of suppression, we built double mutants between egl-30(tg26)

and a number of mutations that impair movement by affecting function of the

neuromuscular junction: the N-type calcium channel unc-2, the synaptic

vesicle docking/priming protein unc-18, the synaptic vesicle kinesin unc-104,

the ryanodine receptor unc-68, the proprotein convertaseegl-3, and the acetyl-

choline receptor assembly factors unc-50 and unc-74. In all cases, the double

mutants exhibitedphenotypes that resembled acombinationof the two individ-

ual mutants, indicating additive effects with egl-30(tg26). Locomotion rates

were reduced, but double mutants were uncoordinated, small, and slower

growing than either of the parents. Thus, general disruptions of neuronal or

muscular function do not nonspecifically suppress egl-30(tg26).

We mapped 39 of the suppressors and assigned them to 22 different

complementation groups (Table 1). Several were known to act in the Gq

pathway, including loss-of-function mutations in egl-30/Gqa, ric-8/Ga GEF,

unc-73/Trio, egl-8/phospholipase Cb, and the DAG-binding synaptic protein

UNC-13. Others included genes thought to be involved in DCV secretion,

including unc-31/CAPS, and pkc-1/protein kinase C (Sieburth et al., 2007).

The remaining 18 unidentifiedmutants comprised 15 complementation groups

with one or two alleles each. Mutants in six genes had a strong unmotivated

locomotion phenotype. We characterized two of these in detail, rund-1 and

cccp-1.

Mapping and Cloning rund-1 and cccp-1

The rund-1(ox281)mutation was mapped to the left arm of chromosome X us-

ing SNPs in the Hawaiian strain CB4856 (Davis et al., 2005). Fine mapping,

facilitated by picking recombinants between rund-1(ox281) and dpy-3, nar-

rowed the rund-1 interval to a 60 kb region with nine predicted genes, most

on cosmid T19D7. Injection of cosmid T19D7 into rund-1(ox281) rescued the

mutant phenotype. RNAi of the gene T19D7.4 caused a defecation defect

reminiscent of rund-1 mutants. We sequenced the T19D7.4 gene in the

rund-1 mutants ox281 and ox328. rund-1(ox281) is a G to A transition in the

splice acceptor of the sixth intron. rund-1(ox328) is an A to C transversion
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that causes a T237P missense mutation in the second coiled-coil domain. We

rescued rund-1mutants with a transgene containing only T19D7.4, confirming

the gene identification.

The cccp-1(ox334) mutation was mapped to a 126 kb region on the left arm

of chromosome III with 16 predicted genes. Because no C. elegans cosmids

covered this region, we obtained two C. briggsae BACs (from CHORI) carrying

orthologs of the genes in this region and injected them into cccp-1(ox334)mu-

tants. The BAC RPCI94_09N13 rescued the cccp-1 locomotion defect, while

the BAC RPCI94_26P21 did not. RPCI94_09N13 carries orthologs of two

C. elegans genes in this region, Y49E10.23 and Y49E10.24. Both cccp-1

alleles introduce early stop mutations in Y49E10.23: cccp-1(ox334) carries a

T to A transversion in exon 7 and cccp-1(e1122) carries a C to T transition in

exon 9, leading to stop mutations at L343 and Q482, respectively. We subse-

quently rescued cccp-1(ox334) with a transgene containing only Y49E10.23.

Locomotion Assays

We performed tracking assays by videotaping worms and processing the

movies using a custom-made plugin for ImageJ (White et al., 2007). Assays

were initiated by transferring three to five well-fed worms with a platinum

worm pick to a tracking plate with a spot of food. Movies were taken for

30 min. For the rare periods in which a worm left the food, the data were

omitted. For all experiments except the tissue-specific rescue of rund-1,

data were collected on 2 different days for each strain and combined. There

was no significant day-to-day variation.

Tomeasure stimulated locomotion on food, body bends were counted in the

first 2 min after placing animals on thin lawns of bacteria. A body bend was

defined as the movement of the tail from maximum to minimum amplitude of

the sine wave (Miller et al., 1999). For heatshock expression, animals were

exposed to 34� for 1 hr and assayed 24 hr later as adults. To measure locomo-

tion in liquid, we assayed thrashing as described in Hobson et al. (2011). We

placed animals in a drop of M9 on an unseeded plate, waited for 1 min, and

then counted thrashes for 90 s. A thrash was defined as a change in the direc-

tion of the bend in the middle of the animal. All body bending and thrashing

assays were performed on at least 2 different days for each set of strains,

but each graph shows the data from a single representative experiment.

Imaging and Image Analysis

Worms were mounted on 2% agarose pads and anesthetized with 50 mM so-

dium azide. Images were obtained using a Zeiss Pascal confocal microscope,

a Leica SP2 confocal microscope, or a Nikon 80i wide-field compound micro-

scope. To image the dorsal or ventral nerve cords, we oriented young adult an-

imals with dorsal or ventral side up by exposure to the anesthetic for 10 min on

the slide before placing the coverslip. For quantitative imaging of dorsal cord

fluorescence, all strains in a given experiment were imaged on the same days

and all microscope settings were kept constant. The same section of the dor-

sal cord posterior of the vulva was imaged in all worms. Maximum intensity

projections were quantified using ImageJ software, measuring the total fluo-

rescence in a region of interest encapsulating the cord and subtracting the

background fluorescence of a region of identical size adjacent to the cord.

For colocalization images, Pearson’s correlation coefficients were calculated

using Nikon Elements software by selecting a circular region of interest around

individual cell bodies in the ventral cord.

Statistics

p values were determined using InStat 3.1a and GraphPad Prism 5.0d

(GraphPad Software). Data sets were analyzed by a one-way ANOVA to test

for differences among the set followed by a Bonferroni posthoc test to examine

selected comparisons, or by the Kruskal-Wallis nonparametric ANOVA to test

for differences among the set followed by Dunn’s test to examine selected

comparisons. For categorical data, we calculated a two-sided p value using

Fisher’s exact test.

For other methods see Supplemental Experimental Procedures.
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