
Molecular Biology of the Cell
Vol. 12, 2011–2021, July 2001

RME-8, a Conserved J-Domain Protein, Is Required for
Endocytosis in Caenorhabditis elegans
Yinhua Zhang, Barth Grant, and David Hirsh*

Department of Biochemistry and Molecular Biophysics, Columbia University, College of Physicians
and Surgeons, New York, New York 10032

Submitted December 1, 2000; Revised March 27, 2001; Accepted April 9, 2001
Monitoring Editor: Judith Kimble

By genetic analysis of Caenorhabditis elegans mutants defective in yolk uptake, we have identified
new molecules functioning in the endocytosis pathway. Here we describe a novel J-domain–
containing protein, RME-8, identified by such genetic analysis. RME-8 is required for receptor-
mediated endocytosis and fluid-phase endocytosis in various cell types and is essential for C.
elegans development and viability. In the macrophage-like coelomocytes, RME-8 localizes to the
limiting membrane of large endosomes. Endocytosis markers taken up by the coelomocytes
rapidly accumulate in these large RME-8–positive endosomes, concentrate in internal subendo-
somal structures, and later appear in RME-8–negative lysosomes. rme-8 mutant coelomocytes fail
to accumulate visible quantities of endocytosis markers. These observations show that RME-8
functions in endosomal trafficking before the lysosome. RME-8 homologues are found in multi-
cellular organisms from plants to humans but not in the yeast Saccharomyces cerevisiae. These
sequence homologies suggest that RME-8 fulfills a conserved function in multicellular organisms.

INTRODUCTION

Intracellular trafficking of endocytosed molecules requires
an elaborate network of organelles (Mellman, 1996; Mukher-
jee et al., 1997). The compartments within the endocytic
network were established in mammalian cells by studying
the trafficking kinetics of ligands and receptors (such as
transferrin and transferrin receptor, epidermal growth factor
[EGF], and EGF-receptor, and low-density lipoprotein [LDL]
and LDL receptor) and of fluid-phase markers. Ligands and
receptors are often internalized through clathrin-coated pits
and vesicles and then are targeted to early or sorting endo-
somes by vesicle fusion. In the sorting endosome, many
ligands can dissociate from their receptors because of a low
pH environment. The ligands bound for degradation are
then sorted and targeted to the late endosome (Dunn and
Maxfield, 1992). Recycling receptors are sorted to an endo-
cytic recycling compartment, from which they recycle back
to the plasma membrane (van der Sluijs et al., 1992). In the
late endosome, ligands and other lysosome targeted mole-
cules are further sorted, concentrated, and delivered to the
lysosome for enzymatic degradation (Futter et al., 1996).

Each of these trafficking steps occurs in a specific vesicular
compartment. Despite the continuous flow of endocytosed
molecules, these compartments are characterized by unique
morphologies, sizes, intravesicular pH levels, membrane
proteins, and lipid compositions, although these character-
istics can vary with different cell types (Mellman, 1996;

Mukherjee et al., 1997; Odorizzi et al., 2000). In mammalian
cells, sorting endosomes have a tubular-vesicular morphol-
ogy with an internal pH ;6.0 (Mukherjee et al., 1997). Late
endosomes are similar in size to sorting endosomes but have
characteristic internal vesicles formed by the invagination of
late endosomal membranes (Hirsch et al., 1968; Futter et al.,
1996). Two alternative models were proposed to describe the
transport of contents from sorting endosomes through late
endosomes to lysosomes. According to the maturation
model, sorting endosomes mature to become late endo-
somes by losing sorting endosome markers and by acquiring
late endosome markers (Dunn and Maxfield, 1992; van
Deurs et al., 1993). Late endosomes further mature to become
lysosomes. A vesicular transport model predicts that endo-
somes are stable subcellular compartments and that the
endosomal contents move from one compartment to another
by means of small transport vesicles (Gruenberg et al., 1989;
Gruenberg and Maxfield, 1995). In both models, many mac-
romolecules are expected to function together in the forma-
tion and maintenance of these unique membrane structures
and in the trafficking of endocytic contents through them.
Most of these macromolecules remain to be identified, par-
ticularly in multicellular organisms.

A few molecular markers are found to label each of these
compartments, and they are frequently used to define spe-
cific compartments in mammalian cells (Mellman, 1996;
Mukherjee et al., 1997). Studies of a class of small GTPases
called Rabs that are associated with different vesicular com-
partments provide a framework for understanding mem-
brane trafficking mechanisms (Olkkonen and Stenmark,* Corresponding author. E-mail address: dih1@columbia.edu.
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1997). It has been proposed that Rabs provide the specificity
for the targeting of vesicles from one compartment to an-
other by regulating specific fusion of homo- or heteroge-
neous vesicles. For example, Rab5 primarily associates with
early endosomes in mammalian cells and functions in the
fusion of endocytic vesicles with early endosomes (Gorvel et
al., 1991). Rab5 regulates the specificity of membrane fusion
by recruiting another early endosome-associated protein
EEA1 (Simonsen et al., 1998; Christoforidis et al., 1999).

Studies of yeast mutants defective in endocytosis and
intracellular trafficking have defined trafficking compart-
ments similar to those in mammalian cells (Bryant and
Stevens, 1998; Wendland et al., 1998). Taking advantage of
the ease of genetic manipulation and biochemical analysis in
yeast, many genes have been assigned to functional steps in
the trafficking pathway. Some of these yeast genes have
sequence homologues in multicellular organisms. For exam-
ple, the yeast homolog of rab5, VPS21, and the yeast ho-
molog of EEA1, Vac1, function in a similar molecular mech-
anism to rab5 and EEA1, albeit in a different transport
pathway in the Golgi-to-endosome stage of protein trans-
port (Peterson et al., 1999; Odorizzi et al., 2000). Drosophila
sequence homologues of the yeast VPS18 and VPS33, Deep
orange and Carnation, function in a protein complex in the
late endosome in both species (Sevrioukov et al., 1999). How-
ever, the full extent of the mechanistic similarities of endo-
cytic trafficking between yeast and multicellular organisms
remains to be determined.

To gain more insights into the molecular mechanisms of
these trafficking steps in multicellular organisms, we per-
formed genetic screens for mutants defective in endocytosis
in Caenorhabditis elegans (Grant and Hirsh, 1999). These
screens were based on an assay that monitors the receptor-
mediated endocytosis of yolk proteins by growing oocytes.
Several mutant strains were isolated that contain mutations
in the yolk receptor, a member of the LDL receptor–related
protein family (Grant and Hirsh, 1999). Several other mutant
strains were isolated that show defective endocytosis in
many cell types in addition to the oocyte, indicating that
these genes encode endocytosis factors common to many
cell types.

Here, we describe the molecular and phenotypic charac-
terization of one of these mutants, rme-8. We found that
RME-8 is required for both receptor-mediated and fluid-
phase endocytosis and that it is likely to function in an
endocytic trafficking event before transport into lysosomes.
Because RME-8 is conserved in multicellular organisms, the
mechanisms of endosomal trafficking revealed by studying
it in C. elegans are likely to be generally applicable to other
multicellular organisms. The discovery of RME-8 also indi-
cates that our genetic screens can readily identify new genes
required for endocytosis.

MATERIALS AND METHODS

General Methods and Microscopy
Worm cultures, genetic crosses, and other C. elegans methods were
performed according to standard protocols (Brenner, 1974; Wood,
1988). Strains carrying rme-8(b1023) were grown at the permissive
temperature (15°C) at which the only phenotype observed was the
defect in YP170::GFP (green fluorescent protein) uptake. The other
phenotypes of rme-8 (defective fluid-phase endocytosis, molting

defect, and lethality) were examined when worms were shifted to
the restrictive temperature (25°C). Strains without rme-8(b1023)
were grown at 20°C. Confocal images were obtained on a Zeiss LSM
410 confocal microscope (Carl Zeiss, Inc, Thornwood, NY) and
processed with Adobe PhotoShop 5.0 (Adobe Systems, San Jose,
CA).

Endocytosis Assays
Two assays were used to monitor the steady-state endocytosis in C.
elegans: YP170::GFP endocytosis and GFP fluid-phase endocytosis.
The YP170::GFP endocytosis assay detects the receptor-mediated
endocytosis of yolk protein into oocytes (Grant and Hirsh, 1999).
The GFP fluid-phase endocytosis assay detects the endocytosis of
pseudocoelomic GFP (Fares and Greenwald, 2001). In this assay, a
secreted form of GFP is synthesized in the body wall muscle from an
integrated transgenic array arIs37[pmyo-3::ssGFP] and secreted into
the body cavity, where the GFP is nonspecifically endocytosed
primarily by coelomocytes.

The trafficking kinetics of fluid-phase markers in coelomocytes
was performed as follows. Texas Red–conjugated BSA (TR-BSA;
Sigma, St. Louis, MO) was injected at 1 mg/ml into the pseudocoe-
lomic space in the pharyngeal region of adult worms that were
semidehydrated on a dried agarose pad immersed in oil (Mello et
al., 1991). Injected worms were then rehydrated in M9 buffer and
transferred to a seeded NGM plate at 20°C. At different time points
(e.g., 5 min, 10 min, etc.), the injected worms were transferred to an
ice-chilled NGM plate. This incubation on ice efficiently stops the
intracellular trafficking of endocytosed molecules. Worms were then
mounted in 1% paraformaldehyde on agarose pads for confocal
microscopy. Separate injected worms were used for different time
points. For each time point, similar results were obtained with more
than five coelomocytes of different worms.

Genetic Mapping and Molecular Cloning
rme-8(b1023) was isolated in a genetic screen for ts mutants defective
in YP170::GFP uptake with the use of N-ethyl-N-nitrosourea (ENU)
as the mutagen (Grant and Hirsh, 1999). ENU was known to induce
a higher frequency of transversions than that of EMS (De Stasio et
al., 1997). rme-8 was first mapped around stP124 on chromosome I
by STS mapping (Williams et al., 1992). rme-8 was placed between
unc-13 and lin-10 by the following three 3-factor mapping results:
dpy-5 (57) rme-8 (22) unc-29; SEM-4 (6) rme-8 (0) unc-13; and unc-13
(29) rme-8 (5) lin-10. At the same time, rme-8 was also localized to the
same region by mapping with five deficiencies on chromosome I:
nDf24, nDf25, mnDf111, and hDf9 deleted rme-8. qDf16, ozDf5, and
sDf6 did not delete rme-8. In these genetic mappings, both
YP170::GFP endocytosis and lethality phenotypes were scored, and
they were found to cosegregate, indicating a tight genetic linkage.

Eight predicted genes (D20005.1, R11A5.1, T22C1.6, H05L14.2,
F18C12.1, F18C12.2, C09H6.1, and K04G2.3; The C. elegans Sequenc-
ing Consortium, 1998) located between unc-13 and lin-10 were se-
lected to test their endocytosis functions with the YP170::GFP en-
docytosis assay. The activity of each of these genes was disrupted by
RNA interference (RNAi; Fire et al., 1998) in worms expressing
YP170::GFP. Representative EST clones (kindly provided by Y. Ko-
hara, National Institute of Genetics, Mishima, Japan) derived from
each of these predicted genes were used to make dsRNA by in vitro
transcription. dsRNA was injected at 200–400 mg/ml into the syn-
cytial region of the hermaphrodite gonad. Injected hermaphrodites
were assayed for YP170::GFP uptake defects, and their progeny
were analyzed for other phenotypes such as developmental arrest
or morphological defects.

To identify rme-8 containing DNA fragments, cosmids (C54G4,
T22C1, F22E4, F20G4, T04A2, D1085, F18C12, and K04G2; 10–20
mg/ml; clones kindly provided by A. Coulson, Sanger Center,
United Kingdom) together with the dominant transgenic marker
rol-6(su1006) (plasmid pRF4, 50 mg/ml) were microinjected into
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rme-8(b1023) worms to establish transgenic strains at 15°C (Mello et
al., 1991). Several independent extrachromosomal arrays for each
cosmid were tested for rescue of the lethal phenotype at 25°C. Only
F18C12 rescued the lethality (2/2 lines rescued). A subcloned
16.3-kb FspI fragment (plasmid F18C12.2FspI), containing only
F18C12.2 and its promoter region, rescued the lethal phenotype of
rme-8(b1023) (3/3 lines rescued) as well as the coelomocyte GFP
endocytosis defect. To identify mutations in rme-8(b1023), the
F18C12.2 genomic region was amplified by PCR in five fragments
with a Hi-Fidelity PCR kit (Boehringer Mannheim, Indianapolis, IN)
and sequenced by automated DNA sequencing. The sequence was
compared with the wild-type genomic sequence from the C. elegans
Genome Sequencing Project. The A to T transversion in b1023 was
confirmed by sequencing a different PCR product with the use of
different primers.

The RME-8 cDNA sequence was determined by comparing the
genomic sequence from the Genomic Sequencing Project and the
sequences obtained by sequencing EST clone yk212c7, reverse tran-
scription (RT)-PCR fragments and 59-RACE (rapid amplification of
59 cDNA ends) products. By RT-PCR, the trans-spliced leader SL1
(Krause and Hirsh, 1987) but not SL2 (Spieth et al., 1993) together
with an internal primer (R3653: 59-CGAAGACCAGAATATG-
GAAC-39) amplified a 1.2-kb fragment. Sequencing this RT-PCR
product revealed that SL1 was spliced to an exon that follows a
consensus splice acceptor sequence. Similar result was obtained by
performing 59-RACE (Life Technologies-BRL, Rockville, MD) with
the same internal primer. The assembled RME-8 coding region is
6837 bp, with a 420-bp 39UTR, derived from 23 exons. Based on the
sequences from two other ESTs, yk250d6 and yk398h12, an alterna-
tively spliced form of RME-8, may exist that lacks the 24-bp-long
exon 19. The J-domain was identified by searching the Pfam protein
motif database. The IWN repeats were identified by with the use of
the MEME program (http://meme.sdsc.edu/meme/website/
meme.html), which was designed to recognize repeats.

The RME-8 homologues were identified by performing BLASTP
and TBLASTN searches with RME-8 sequence against the nonre-
dundant sequences in the GenBank. Homology was found in EST
KIAA0678, which contains the C-terminal half of putative human
RME-8. No genomic sequence for this clone is available presently.
The Drosophila Genome Sequencing Project predicted only the first
two exons for Drosophila RME-8 (Adams et al., 2000). The full-length
Drosophila RME-8 was identified by TBLASTN, with C. elegans
RME-8 against the complete Drosophila genomic sequence (Adams et
al., 2000). The intron–exon boundaries of Drosophila RME-8 were
predicted on the basis of its identity and similarity to C. elegans
RME-8. This splicing pattern was further confirmed and refined
based on the gene prediction program GeneMark (http://gen-
emark.biology.gatech.edu/GeneMark). This prediction is sup-
ported by the presence of several matching Drosophila EST se-
quences in GenBank (LD15941, LD11777, LD41107, LP02307,
LD15569, GM07668, and LD15941). The predicted Drosophila
RME-8 coding region is 7221 bp long derived from 21 exons. The
plant RME-8 from Arabidopsis thaliana was from the predicted gene
AC005168 in GenBank.

The C. elegans RME-8 cDNA was deposited in GenBank (Acces-
sion number AF372457).

Antibody Production, Immunochemistry, and
RME-8::GFP Reporter Constructs
An RME-8 C-terminal fragment that contains amino acids from
positions 2064 to 2270 was amplified by PCR from yk212c7 (forward
primer: F212BAM2, 59-GCATGGATCCAGCCTTTGTTGAACTG-
GTCC-39; reverse primer: R212XHO2, 59-GCATCTCGAGTTGATG-
CATTGGTGTGTGCTG-39) and cloned into the 6xHis expression
vector pET24b (Novagen, Madison, WI) at BamHI and XhoI sites.
The His-tagged recombinant protein was expressed in Escherichia
coli strain BL21 and purified with a Nickel agarose column under
denaturing conditions according to the manufacturer’s instructions

(Qiagen, Chatsworth, CA). The protein was further gel-purified by
SDS-PAGE. Gel slices containing the denatured protein from the
SDS-PAGE were excised and used for antibody production in rab-
bits at Covance Immunological Services (Denver, PA). Specific an-
tibodies were affinity-purified on a Nickel agarose column (Gu et al.,
1994). Total worm proteins were extracted in 2 volumes of SDS
loading buffer by boiling for 15 min and used for SDS-PAGE.
Western blot analysis was performed with the use of the ECL
system (Amersham, Arlington Heights, IL).

Two protocols were used for immunofluorescence staining. For
staining gonads, ovaries were dissected from adult hermaphrodites
and processed for staining as in Grant and Hirsh (1999). For whole
mount staining, mix-staged worms were collected for fixation and
permealization (Bettinger et al., 1996). In both protocols, purified
primary antibody against RME-8 was applied to samples at 1:50
dilution for overnight incubation at 20°C. Anti-yolk protein mouse
monoclonal antibodies (01C103 and pIIaA3, kindly provided by S.
Strome, University of Indiana, Bloomington, IN)) were used as 1:100
dilutions. Secondary antibodies that are conjugated with Cy3 (Jack-
son ImmunoResearch Laboratories, West Grove, PA) were applied
at 1:500 dilutions at 20°C. Stained samples were mounted in Slow-
fade Light (Molecular Probes, Eugene, OR) on an agarose pad and
examined immediately.

RME-8::GFP reporters were constructed by inserting GFP into two
existing unique restriction enzyme sites in the RME-8 coding region:
AgeI in exon 9 or MluI site in exon 21. PCR-amplified GFP (S65C
variant from plasmid pPD117.01, Fire et al., personal communication)
engineered with AgeI or MluI sites were inserted into the correspond-
ing unique sites of plasmid F18C12.2FspI. The resulting RME-8 gene
fusions (RME-8::GFP/AgeI and RME-8::GFP/MluI) contain the full-
length RME-8 protein. Extrachromosomal arrays carrying each of these
fusions (20 mg/ml) were established with rol-6(su1006) (50 mg/ml) as
the transgenic marker in rme-8(b1023) worms to test their abilities to
rescue the lethal phenotype. RME-8::GFP/AgeI failed to rescue (0/5
lines rescued), whereas RME-8::GFP/MluI rescued the lethal pheno-
type (2/3 lines rescued). Each of these fusions (20 mg/ml) together with
rol-6(su1006) (50 mg/ml) were also introduced into wild-type N2
worms to establish both extrachromosomal arrays and integrated
transgenic lines. Worms carrying RME-8::GFP/AgeI, either extrachro-
mosomal arrays or integrated lines, showed diffuse GFP expression in
the cytoplasm (integrated line: strain DH1334: bIs32[rme-8::GFP/AgeI;
rol-6]; our unpublished results). Worms carrying RME-8::GFP/MluI,
both extrachromosomal arrays and integrated lines, showed GFP ex-
pression localized to punctate structures similar to those observed with
antibody staining. This construct is referred to as RME-8::GFP, and an
integrated line (strain DH1336: bIs34[rme-8::GFP/MluI; rol-6]) was used
in experiments described in the text. When crossed into rme-8(b1023)
background, this transgene rescued the coelomocyte GFP endocytosis
defect (our unpublished results).

RESULTS

rme-8 is an Essential Gene Required for Multiple
Cell Types in C. elegans
As in many animals, C. elegans yolk proteins are synthesized
in somatic tissues and are taken up into vesicles of the
oocyte by receptor-mediated endocytosis (Schneider, 1996).
Taking advantage of this phenomenon, we used a transgene
carrying a fusion of the C. elegans major yolk protein YP170
with GFP (YP170::GFP) to monitor endocytosis in live ani-
mals (Grant and Hirsh, 1999). Like the endogenous yolk
proteins, YP170::GFP is synthesized in the adult intestine,
secreted into the pseudocoelom from which it is endocy-
tosed by growing oocytes, and stored in yolk granules. With
the use of classical genetic screens for mutants defective in
YP170::GFP uptake, both viable and temperature-sensitive
(ts) lethal mutants were isolated (Grant and Hirsh, 1999).
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Here, we have analyzed one ts lethal mutant, b1023, which
we assigned the gene name rme-8 (rme for receptor-mediated
endocytosis defective).

rme-8(b1023) is defective for yolk protein uptake. In wild-
type animals, YP170::GFP was efficiently cleared from the
pseudocoelom by growing oocytes (Figure 1A). In rme-
8(b1023) worms, YP170::GFP accumulated in the pseudocoe-
lomic space, suggesting that the YP170::GFP uptake by oo-
cytes was defective (Figure 1B). This uptake defect was not
specific to YP170::GFP; the uptake of endogenous yolk pro-
teins was also reduced, as evidenced by abundant
pseudocoelomic yolk was visible as oily fluid in rme-8 mu-
tants (our unpublished results). In contrast to other pheno-
types described below, the YP170::GFP and endogenous
yolk uptake defect was not ts. The defect in yolk endocytosis
led to the formation of fewer and smaller yolk-containing
vesicles (Figure 1, C and D). This defective yolk granule
biogenesis indicates that RME-8 is required for the forma-
tion of yolk granules, which are specialized lysosomal com-
partments. These small yolk-containing vesicles could be
small mature yolk granules equivalent to lysosomes or im-
mature yolk granules equivalent to an earlier endocytic com-
partment.

rme-8(b1023) is defective in fluid-phase endocytosis in a ts
manner as determined in an in vivo assay. In this assay, GFP
protein is secreted from the body wall muscle into the
pseudocoelom (Fares and Greenwald, 2001). This
pseudocoelomic GFP is efficiently endocytosed by coelomo-
cytes of wild-type worms and degraded in lysosomes, and
therefore GFP does not accumulate in the pseudocoelom
(Figure 1E). The presence of intracellular GFP-containing
vesicles in coelomocytes reflects the balance between con-
tinuing endocytosis and lysosomal degradation. In rme-
8(b1023) mutants, GFP uptake was normal at the permissive
temperature. After rme-8(b1023) worms were shifted to the
restrictive temperature, GFP accumulated in the pseudocoe-
lom, indicating a reduction in GFP uptake (Figure 1F).

rme-8(b1023) worms also show a ts lethal phenotype. We
analyzed the developmental functions of rme-8 by perform-
ing temperature shift experiments with rme-8(b1023) mu-
tants. At the permissive temperature, rme-8(b1023) worms
displayed normal development, morphology, and a normal
brood size (our unpublished results). When shifted to the
restrictive temperature, rme-8(b1023) embryos and larvae
soon arrested their development, suggesting a continuous
requirement for rme-8 activity. Adult hermaphrodites
shifted to the restrictive temperature produced only dead
embryos (Figure 1G). Larvae shifted to the restrictive tem-
perature usually successfully molted once and then arrested
during the next molt (Figure 1H). After 2 d at the restrictive
temperature, adult worms became sluggish, and many of

Figure 1. rme-8 is an essential gene required for endocytosis in
multiple cells. rme-8(b1023) mutants display defects in receptor-
mediated endocytosis (A–D) and fluid-phase endocytosis (E and F)
and show developmental arrest (G and H). In all experiments,
worms were increased at the permissive temperature and shifted to
the restrictive temperature for 24 h. (A and B) Adult hermaphro-
dites of wild-type (A) and rme-8(b1023) (B) carrying the YP170::GFP
transgene. Arrows point to the three most full-grown oocytes (as-
terisks labeling the positions of nuclei) with the most mature one on
the right. In wild-type, YP170::GFP is efficiently endocytosed and
stored in oocytes with the highest level in the most full-grown
oocyte. In rme-8(b1023), YP170::GFP has reduced storage in oocytes,
and an accumulation in the pseudocoelomic space (e.g., the large
white patches indicated by the bracket). (C and D) Confocal micro-
graphs of yolk granules in wild-type (C) and rme-8(b1023) (D)
oocytes. Wild-type oocytes have abundant yolk in dense large yolk
granules. In contrast, rme-8(b1023) oocytes have much reduced yolk
in sparse small vesicles. Yolk proteins were visualized by immuno-
fluorescence staining. Confocal micrographs were taken by focusing
on the cortical region of the most mature oocytes. (E and F) Endo-

cytosis of pseudocoelomic GFP in wild-type (E) and rme-8(b1023)
worms (F). In wild-type, the body cavity is dark and void of GFP.
Two adjacent coelomocytes (cc, cell boundaries marked with circles)
have abundant vesicles containing GFP. In rme-8(b1023), GFP accu-
mulated in the body cavity. The single coelomocyte (cc, cell bound-
ary marked with a circle) in this focal plane has some GFP-contain-
ing vesicles. (G and H) Developmental defects in rme-8(b1023).
Adult hermaphrodites often contain a few dead embryos (G), and
larvae usually arrest in the next molt (H, an arrested L3 larva;
arrows point to the unshed cuticle).
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their cells began to show morphological abnormalities as
judged by Nomarski optics. Most adults died 3 to 4 d after
an upshift to the restrictive temperature. Thus, RME-8 is
essential for cellular functions and development.

RME-8 is a Conserved J–Domain-containing Protein
We identified the rme-8 gene by positional cloning. We
mapped rme-8 between unc-13 and lin-10 on chromosome I
(see MATERIALS AND METHODS). The expression of pre-
dicted genes residing in the unc-13 to lin-10 interval were
disrupted by RNAi (Fire et al., 1998) in hermaphrodites
carrying a YP170::GFP transgene. Only disruption of the
expression of F18C12.2 reduced the uptake of YP170::GFP by
oocytes and increased the accumulation of YP170::GFP in
the pseudocoelom, defects also seen in rme-8(b1023) mu-
tants. Most progeny of hermaphrodites subjected to
F18C12.2 RNAi died as embryos. Some of the F18C12.2
RNAi embryos hatched before the RNAi effect reached its
full potency but arrested in molting. The similarity of these
RNAi phenotypes to those observed with rme-8(b1023) mu-
tants suggested that F18C12.2 corresponds to the rme-8 gene.
Three additional lines of evidence have confirmed this iden-
tification. First, transgenes carrying either the entire cosmid
F18C12 or a subclone containing only F18C12.2 rescued the
coelomocyte endocytosis defect, as well as the lethality and
molting phenotypes associated with the mutant strain rme-

8(b1023) (see MATERIALS AND METHODS). Second, we
identified an A-to-T transversion in F18C12.2 from rme-
8(b1023) worms. This mutation resulted in a Ser substituting
Arg 916, which is a conserved residue among RME-8 homo-
logues. Third, we found reduced levels of RME-8 protein in
b1023 mutants at the restrictive temperature (see below).

We determined the sequence of the rme-8 coding region by
analyzing different cDNAs (see MATERIALS AND METH-
ODS). The rme-8 message is trans-spliced with trans-spliced
leader sequence SL1 and encodes a predicted protein of 2279
amino acids (Figure 2A). RME-8 has a J-domain in its central
region (Figure 2, A and C). The J-domain is ;60 amino acids
containing an invariant core tripeptide (HPD) flanked by
additional conserved amino acids (Silver and Way, 1993;
Kelley, 1998). The J-domain was first identified in the E. coli
DnaJ protein and since then in many other proteins with
diverse functions. RME-8 falls into a group of J-domain–
containing proteins that lack a glycine-rich spacer and Cxx-
CxGxG repeats found in canonical DnaJ proteins. The
RME-8 group of J-domain proteins includes yeast Sec63,
which is a transmembrane protein required in protein secre-
tion, and auxilin, which is a cytoplasmic protein required for
uncoating clathrin-coated vesicles (Kelley, 1998; Ungewick-
ell et al., 1995). There is no sequence similarity between
RME-8 and Sec63 or RME-8 and auxilin outside the J-do-
main. C. elegans does have a true auxilin homolog with

Figure 2. RME-8 structure and sequence conservation. Conserved residues for sequence alignments (B–D) are shaded black and similar
amino acids are shaded gray. (A) Domain structure of RME-8, showing a central DnaJ-domain (filled box) and four novel IWN repeats
(circles). rme-8(b1023) has an amino acid substitution (R916S), as shown on top. In the RME-8::GFP fusion reporter, GFP (inverted triangle)
is inserted after the fourth IWN repeat. (B) Alignment of the four IWN repeats in C. elegans RME-8. Invariant amino acids present in all IWN
repeats are marked with asterisk at the bottom. These residues are also conserved in IWN repeats of other RME-8 homologues (see D for
IWN1). (C) Sequence conservation among the J-domains of RME-8 homologues from C. elegans (CeRME-8), humans (HsRME-8EST),
Drosophila (DmRME-8), and Arabidopsis (AtRME-8). The J-domain from E. coli DnaJ protein (EcDnaJ) is shown for comparison at the bottom.
(D) Sequence conservation of the IWN1 region of RME-8 homologues.
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function similar to mammalian auxilin (Greener et al., 2001).
We also identified a repeated sequence in RME-8 that is
present in four copies. Each repeat is ;90 amino acids long
with seven invariant residues (Figure 2, A and B) that are
also conserved among RME-8 homologues (Figure 2D). We
named these repeats IWN repeats with the use of symbols of
the first three invariant residues.

We found RME-8 homologues in the genomes of Arabi-
dopsis, Drosophila, and humans, but not in genomes of S.
cerevisiae or S. pombe. RME-8 homologues contain a J-domain
and IWN repeats located at positions similar to those in C.
elegans RME-8. The amino acid sequence identity among
these homologues extends throughout the entire protein but
with a higher degree of identity around the J-domain, the
IWN repeats, and several other distinct regions (Figure 2, C
and D; our unpublished results). The C-terminal region of
RME-8 has 42% identity and 61% similarity to a human EST,
KIAA0678, encoding 1047 amino acids. This EST includes
the J-domain (Figure 2C), IWN3, and IWN4, and thus it
likely represents the C-terminal part of human RME-8. The
full-length RME-8 has 37% identity and 56% similarity to
Drosophila RME-8, whereas it has 26% identity and 42%
similarity with Arabidopsis RME-8. None of these RME-8
homologues has been studied functionally. These RME-8
homologues form a new family of J-domain proteins that are
conserved among multicellular organisms.

RME-8 is Ubiquitously Expressed and Localized to
Vesicular Structures
We studied the expression pattern and subcellular localiza-
tion of RME-8 by immunofluorescence staining with specific
anti–RME-8 antibodies and by with the use of an
RME-8::GFP reporter expressed under the control of the
rme-8 promoter (Figure 2A). By Western blot analysis, the
anti–RME-8 antibodies specifically recognized a protein
band in total worm lysates similar in size to the predicted
RME-8 protein (Figure 3A). This band was greatly reduced
in the b1023 mutant worms shifted to the restrictive temper-
ature. An additional larger band corresponding to the size of
the predicted RME-8::GFP protein was observed in the
RME-8::GFP strain. Transgenes carrying the RME-8::GFP
fusion protein rescued multiple rme-8(b1023) phenotypes
(see MATERIALS AND METHODS). Similar expression pat-
terns and subcellular localizations were observed by both
antibody staining and RME-8::GFP reporter expression, ex-
cept that RME-8::GFP was not expressed in the germline,
most likely because of a general silencing of transgenes in
the C. elegans germline (Kelly and Fire, 1998). These obser-
vations suggest that this RME-8::GFP fusion is an accurate
reporter of endogenous RME-8 expression and subcellular
localization.

We examined RME-8 expression in dissected adult ovaries
by immunofluorescence. Consistent with the requirement of
RME-8 in yolk endocytosis, RME-8 was highly expressed in
oocytes (Figure 3). RME-8 staining was concentrated in the
cortex of oocytes beneath the plasma membrane (Figure 3B).
At high magnification, RME-8 staining was localized to
punctate structures that were 0.2–0.4 mm in diameter (Fig-
ure 3C). RME-8 staining in the rme-8(b1023) missense mu-
tants was diminished and mostly diffuse in the oocyte cyto-
plasm with little localization to cortical punctate structures

(Figure 3, D and E). Similar mislocalization was also ob-
served in other cell types in the mutant worms (our unpub-
lished results).

Figure 3. Detection of RME-8 by Western blot analysis (A) and
RME-8 localization in ovary by indirect immunofluorescence staining
(B–E). A protein band (*) corresponding to the size of the predicted
RME-8 (260 kDa) was detected in wild type (A). This band was present
in rme-8(b1023) worms reared at the permissive temperature, but it was
greatly reduced (,) in rme-8(b1023) worms that were shifted to the
restrictive temperature for 48 h. In addition to the wild-type band, a
larger band (No.) corresponding the size of the predicted RME-8::GFP
protein (290 kDa) was observed in the RME-8::GFP strain. Equal
amounts of total worm proteins were loaded on each lane. (B–E)
Confocal images of wild-type (B and C) and rme-8(b1023) (D and E)
ovaries stained with anti–RME-8 antibodies. Images were obtained
with the same exposure parameters focusing on the middle focal plane
at low magnification (B and D) or on the cortical focal plane at high
magnification (C and E). Wild-type RME-8 is localized to the oocyte
cortex (B) on punctate structures (C). Mutant RME-8 carrying the b1023
mutation shows a diffuse cytoplasmic staining (D) and less localization
to the punctate structures (E). Worms are shifted to the restrictive
temperature for 24 h.
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We examined RME-8 expression in other cell types by
whole mount immunostaining. Consistent with our genetic
analysis, which showed that rme-8 activity is required in
many cells, RME-8 is expressed in almost all cells (Figure
4A). In all the cells examined, RME-8 staining was localized
to cytoplasmic punctate structures similar to those seen in
the oocytes. RME-8 was highly expressed in the lateral hy-
podermis, muscle (Figure 4B), and the developing germ cells
in larvae (Figure 4C). RME-8 staining was extremely abun-
dant in the developing uterus of L4 worms (Figure 4D),

suggesting that the developing uterus may require an espe-
cially high level of RME-8 activity.

Similar expression patterns of RME-8 in somatic cells were
observed with the RME-8::GFP reporter. In most cells,
RME-8::GFP-labeled small puncta with sizes similar to the
puncta stained with RME-8 antibodies (our unpublished
results). In live coelomocytes, RME-8::GFP labeled the lim-
iting membranes of larger vesicles, with diameters ranging
from 0.5 to 4.0 mm (Figure 4E). By serial thin-section confocal
microscopy, these vesicles appeared to be round regardless
of their sizes, but after fixation (Bettinger et al., 1996), these
RME-8::GFP-labeled vesicles appeared smaller, as if they
had collapsed (Figure 4F).

RME-8 Functions in Endosomal Trafficking
The localization of RME-8 to the limiting membrane of ves-
icles in coelomocytes suggests that RME-8 may function in
endosomes. We tested this hypothesis by studying the in-
tracellular trafficking of endocytosis markers in the coelo-
mocytes of live worms. Coelomocytes are macrophage-like
cells that presumably function as scavengers in the
pseudocoelom (Wood, 1988). Coelomocytes actively take up
endocytosis markers, such as free GFP and fluorescently
labeled proteins or dextrans, when they are delivered into
the pseudocoelom by targeted gene expression or microin-
jection (for an example of free GFP, see Figure 1C). Once
taken up by coelomocytes, these markers travel through the
endocytic compartments and eventually reach lysosomes,
where the digestible peptides are degraded and the indigest-
ible fluorescent molecules persist. This process is analogous
to the endocytosis and trafficking of similar fluid-phase
markers in mammalian and Drosophila cells (van Deurs et al.,
1993; Sevrioukov et al., 1999).

We microinjected the fluid-phase endocytosis marker TR-
BSA into the pseudocoelom of adult worms and monitored
its trafficking in coelomocytes at sequential time points.
Similar trafficking kinetics were observed in wild-type
worms either expressing (Figure 5) or not expressing
RME-8::GFP (our unpublished results; Figure 6A). At early
times, TR-BSA was rapidly endocytosed and accumulated in
the RME-8::GFP-labeled vesicles of different sizes (Figure 5,
A and B, 5 and 10 min after injection). During these early
time points, TR-BSA accumulated exclusively in RME-8::GFP-
labeled vesicles, indicating that all endocytosed TR-BSA
passed through RME-8::GFP-labeled vesicles before reach-
ing its final destination. Concurrent with the endocytosis of
TR-BSA, a few small areas (;0.5 mm in diameter) of concen-
trated TR-BSA gradually appeared inside the RME-8::GFP-
labeled vesicles (arrowheads in Figure 5, A and B). We
presume that these areas of concentrated TR-BSA are asso-
ciated with membrane structures, and we refer to them as
concentrating vesicles. Twenty minutes after injection, these
concentrating vesicles became brighter and larger, indicat-
ing that more TR-BSA accumulated in them, whereas the
surrounding area enclosed by RME-8::GFP still had only a
low level of TR-BSA (Figure 5C). These observations sug-
gested that the endocytosed TR-BSA is continuously concen-
trated into the concentrating vesicles. Also ;20 min after
injection, some of the concentrating vesicles appeared out-
side of the RME-8::GFP-labeled vesicles (arrow in Figure
5C). Thirty minutes after injection, more of these concentrat-
ing vesicles appeared outside of the RME-8::GFP vesicles

Figure 4. RME-8 is expressed in many cell types throughout de-
velopment. RME-8 expression was detected by immunofluorescence
antibody staining with affinity-purified antibodies (A–D) or by GFP
signal from an RME-8::GFP reporter (E and F). RME-8 staining is
present in many cells in an L3 larva (A). Particularly, RME-8 stain-
ing is abundant in the hypodermis and muscle (B), the developing
hermaphrodite gonad (C), and the developing uterus (D). The ex-
posure for the image in D was ;10-fold lower than in other images
to show the RME-8 staining in the uterus; consequently, staining in
other cells was underexposed. RME-8::GFP is localized to heteroge-
neously sized large vesicles in a coelomocyte in a live animal (E).
These RME-8::GFP-labeled large vesicles collapse to small puncta
after a standard antibody staining process (F). The cell boundaries
of coelomocytes are outlined in E and F. DTC, distal tip cell of the
developing gonad.

C. elegans RME-8 in Endosomal Trafficking

Vol. 12, July 2001 2017



Figure 5. Endocytic trafficking in
wild-type coelomocytes. Endocytosis
marker TR-BSA was microinjected into
the body cavity (where coelomocytes
are located), and TR-BSA taken up by
coelomocytes was examined by confo-
cal microscopy at 5, 10, 20, 30, and 60
min after injection (A–E). Cross sec-
tions of a single coelomocyte (cell
boundary outlined on the left image) at
a given time point are shown in each
row, with TR-BSA (red) on the left,
RME-8::GFP (green) in the middle, and
the merged image on the right. Endo-
cytosed TR-BSA appears rapidly in-
side RME-8::GFP-labeled vesicles (A, 5
min; best viewed in red only). Some
TR-BSA fills RME-8::GFP-labeled vesi-
cles at a low level, whereas some TR-
BSA is concentrated into small areas
(arrowheads; A, 5 min; B, 10 min).
These areas containing concentrated
TR-BSA increase in size over time and
begin to appear in RME-8::GFP-negative
vesicles (arrow) by ;20 min after injec-
tion (C). Over a longer time, more TR-
BSA appears in RME-8::GFP-negative
vesicles (arrows; D, 30 min; E, 60 min).
At these time points, newly endocytosed
TR-BSA appears in RME-8::GFP-labeled
vesicles that have characteristic concen-
trating vesicles (arrowheads).
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(arrows in Figure 5D). These concentrating vesicles outside
of the RME-8::GFP vesicles were larger than those inside the
RME-8::GFP vesicles, and they were usually smaller than the
RME-8::GFP vesicles. These RME-8::GFP-negative, late-
stage, TR-BSA–containing vesicles had uniformly concen-
trated TR-BSA. Their morphologies and the endocytosed
contents remained constant over time, indicating that they
were lysosomes. By 60 min after injection, TR-BSA filled
lysosomes were predominant. Meanwhile, RME-8::GFP-
labeled vesicles contained a low level of TR-BSA and a few
concentrating vesicles (Figure 5E), indicating a continued
endocytosis and delivery of TR-BSA into RME-8::GFP-
labeled vesicles. After 24 h, TR-BSA was depleted from the
pseudocoelom and was found only in the lysosomes (our
unpublished results). The transient accumulation of fluid-
phase markers inside the RME-8::GFP-labeled vesicles
shows that RME-8 labels an intermediate endosomal com-
partment between the plasma membrane and the lysosome.

To determine how RME-8 functions in the endosomes, we
analyzed the trafficking of TR-BSA in rme-8(b1023) worms.
b1023 is a ts loss-of-function allele of rme-8. Longer exposure
of b1023 worms to restrictive temperature leads to lower
levels of RME-8, as can be seen by the disappearance of
RME-8 in a Western blot (Figure 3A). rme-8 worms shifted to
the restrictive temperature for 48 h failed to accumulate
TR-BSA in their coelomocytes 30 min after injection (Figure
6B). By contrast, at the same time after injection, abundant
TR-BSA–containing vesicles accumulated in coelomocytes
of wild-type worms (Figure 6A). Even several hours after
injection, TR-BSA failed to accumulate in coelomocytes of
mutants (our unpublished results). These experiments show
that the block of endocytosis in rme-8(b1023) occurs early,
before or during the formation of RME-8–labeled endo-
somes.

rme-8(b1023) mutants expressing secreted GFP started to
accumulate GFP in their pseudocoeloms 24 h after a shift to
the restrictive temperature, consistent with a reduction in
endocytosis. Coelomocytes in these animals still contained

GFP-filled vesicles similar to those seen in the wild type
(Figure 1F). Similarly, analysis of TR-BSA uptake in the
coelomocytes of rme-8 mutants shifted to the restrictive tem-
perature for 24 h as opposed to 48 h failed to identify a
kinetic difference from wild type (our unpublished results).
A more sensitive endocytosis assay will be necessary to
detect subtle reductions in those trafficking steps that result
from partial reduction of RME-8 activity.

DISCUSSION

RME-8–mediated Endocytic Functions in C. elegans
RME-8 is a newly identified protein that is required for
endocytic functions in many cells in C. elegans. It is required
for receptor-mediated yolk endocytosis in the oocyte and for
fluid-phase endocytosis in the coelomocyte. RME-8 is essen-
tial for viability and is expressed in many cell types during
development. These observations indicate that RME-8 is
important for endocytosis in many different processes.

RME-8 activity may be more critical in certain cell types
than in others, as reflected in the differential temperature
sensitivity of mutant phenotypes and the different expres-
sion levels of RME-8 in various cell types. At the permissive
temperature, the ts mutant strain rme-8(b1023) is healthy and
displays normal fluid-phase endocytosis by coelomocytes,
but it has defective yolk uptake by oocytes. RME-8 carrying
the b1023 mutation probably functions at the permissive
temperature at a reduced level that is sufficient for fluid-
phase endocytosis in coelomocytes but insufficient for yolk
endocytosis in oocytes. Yolk endocytosis is one of the more
dramatic examples of endocytosis (Schneider, 1996). Oocytes
probably require high RME-8 activity for the rapid uptake of
large amounts of yolk. At the restrictive temperature, rme-
8(b1023) is defective in endocytosis in the coelomocyte and
shows both embryonic and larval lethality.

A molting defect is also associated with the developmen-
tal arrest of rme-8 mutants. In C. elegans, the advance of one
larval stage to the next requires the growth of a new cuticle
and shedding of the old one. Arrested rme-8 mutants usually
fail to shed their cuticle. Thus, RME-8 may be required for
the detachment or degradation of old cuticle from the hy-
podermis. LRP-1, an LDL receptor–related protein similar to
mammalian gp330/megalin, is known to be required for
molting. Like RME-8, LRP-1 is expressed in the hypodermal
cells (Yochem et al., 1999). Mutants lacking either RME-8 or
LRP-1 show similar molting defects. Thus, RME-8 and
LRP-1 may both perform endocytic functions required for
molting.

RME-8 in Endosomal Trafficking
Endocytosis is a complex cellular function that involves a
network of intracellular vesicular structures. RME-8 is local-
ized to the periphery of large vesicles in coelomocytes. These
vesicles appear to be endosomes, based on the transient
accumulation of fluid-phase markers in them (see a model in
Figure 7). Fluid-phase markers begin to accumulate in these
RME-8 vesicles in ;5 min and by 20 min become highly
concentrated into smaller compartments inside the RME-8–
labeled vesicles. By 30 min, most of the endocytosed fluid-
phase marker appears in lysosomes that are not labeled by
RME-8. These trafficking kinetics resemble those seen in the

Figure 6. Endocytic trafficking is blocked in rme-8(b1023) mutant
coelomocytes. Similar trafficking experiments were done as in Fig-
ure 5, but in worms that did not carry the RME-8::GFP reporter.
Worms were shifted to the restrictive temperature for 48 h before
being used for the trafficking experiments. At 30 min after injection,
there was little or no uptake of TR-BSA in rme-8(b1023) mutant
coelomocytes (B), whereas abundant TR-BSA–containing vesicles
(arrows) were present in wild-type coelomocytes (A). Coelomocyte
boundary is outlined.

C. elegans RME-8 in Endosomal Trafficking

Vol. 12, July 2001 2019



uptake of LDL into late endosomes by CHO cells or Hep2
cells (Dunn and Maxfield, 1992; Ghosh et al., 1994).

It remains unresolved whether RME-8 functions in the
early or late endosomes or both. In the absence of RME-8
activity in rme-8(b1023) mutants, endocytosis markers fail to
accumulate in endosomes. This suggests that RME-8 is re-
quired either for a very early uptake function or for the
formation or function of endosomes. Because RME-8 is
present on the surface of endosomes that contain low levels
of endocytosed markers as well as endosomes that contain
concentrating vesicles, RME-8 may also function in a later
step, such as the formation of the concentrating vesicles or
the exit of endocytic contents to the lysosome.

The formation of concentrating vesicles in RME-8–labeled
endosomes resembles an endosomal concentration process
observed in multivesicular bodies (MVBs) in mammalian
cells (Dunn and Maxfield, 1992; van Deurs et al., 1993; Futter
et al., 1996). MVBs are late endosomes that contain internal
vesicles with concentrated endocytosed molecules. These
internal vesicles together with aggregated endocytosed mol-
ecules are most abundant in late stage endosomes that are
about to be delivered to lysosomes. The similarity of these
two concentration processes suggests that the concentrating
vesicles inside RME-8–labeled endosomes may be equiva-
lent to the aggregates of internal vesicles observed in late
MVBs. Electron microscopic studies in the C. elegans coelo-
mocyte will be necessary to substantiate this proposal.

The exit of concentrating vesicles from RME-8–labeled
endosomes remains mechanistically unresolved. Two alter-
native mechanisms can be envisioned (Figure 7). Concen-
trating vesicles could bud off from the RME-8–labeled en-
dosomes and be targeted to the lysosomes, as described in
the vesicular transport model (Gruenberg et al., 1989; Gru-
enberg and Maxfield, 1995). In this model, RME-8–labeled
endosomes would be expected to be stable compartments, or
the entire RME-8–labeled endosome including its concen-
trating vesicles could mature into a lysosome, which is con-
sistent with the maturation model (Dunn and Maxfield,
1992; van Deurs et al., 1993). In this case, RME-8 would be
transiently associated with the endosome.

Molecular Function of RME-8 and Its Evolutionary
Conservation in Multicellular Organisms
The central J-domain is the most distinctive feature of the
RME-8 sequence. J-domains are found in many proteins
from bacteria to humans. They perform a variety of subcel-
lular functions that involve protein unfolding or refolding
(Silver and Way, 1993; Kelley, 1998). J-domains interact with
proteins belonging to the heat shock 70 (Hsc70) family. For
example, the J-domain protein auxilin functions with an
Hsc70 to disassemble the clathrin coat of coated vesicles
(Ungewickell et al., 1995). By analogy, perhaps the J-domain
of RME-8 functions in protein folding or unfolding and
catalyzes the shedding of endosomal protein coats. Because
RME-8 is primarily localized to the limiting membrane of
endosomes, RME-8 itself could be a protein coat, and its
J-domain could function to stimulate the removal of RME-8
from the endosome.

We found highly conserved RME-8 homologues in mul-
ticellular organisms from animals to plants. These homo-
logues share conserved domains, for example, the J-domain
and the IWN repeats, a high percentage of sequence identity,
and a relatively constant length and positioning of the var-
ious domains. These conserved features suggest that RME-8
functions in a process that is common to various multicel-
lular organisms. The absence of an RME-8 homolog in yeast
is striking and suggests that fundamental differences in en-
docytic trafficking may exist between yeast and multicellular
organisms, perhaps to accommodate the special require-
ments for intercellular communication in multicellular or-
ganisms during development and homeostasis.
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