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Abstract

ATP-binding cassette protein E (ABCE) gene has been annotated as an RNase L inhibitor in eukaryotes. All eukaryotic species

show the ubiquitous presence and high degree of conservation of ABCEs, however, RNase L is present only in mammals. This indi-

cates that ABCEs may function not only as RNase L inhibitors, but also may have other functions that have yet to be determined.

As an initial investigation into the novel functions of ABCE, we characterized the gene (Y39E4B.1) in Caenorhabditis elegans by a

combination of data mining and functional assays. ABCE promoters drove GFP expressions in hypoderm, pharynx, vulvae, head,

and tail neurons at all developmental stages. Three genes, rpl-4, nhr-91, and C07B5.3, were previously found to interact with ABCE.

Our expression data showed overlapping expression patterns of ABCE and rpl-4 and nhr-91, but not C07B5.3. RNAi against ABCE

resulted in embryonic lethality and slow growth. These data suggest that ABCE protein might be involved in the control of trans-

lation and transcription, work as shuttle protein between cytoplasm and nucleus, and possibly as a nucleocytoplasmic transporter.

In addition, RNAi data suggest that ABCE and NHR-91 may function in vulvae development and molting pathways in C. elegans.

Furthermore, our data suggest that ABCE, along with its interacting components, functions in a well-conserved pathway.

� 2004 Elsevier Inc. All rights reserved.
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ATP-binding cassette (ABC) proteins constitute one

of the largest protein families in both prokaryotes and
eukaryotes. Most ABC proteins are transporters and

are involved in the transport of various molecules across

plasma membranes and intracellular membranes of

organelles like endoplasmic reticulum, peroxisome, and

mitochondria [1,2]. A functional ABC transporter gen-

erally consists of at least one evolutionarily conserved

ABC domain, also known as a nucleotide binding do-

main (NBD) with approximately 200 amino acids, and
several a-helical transmembrane domains (TMD). The

NBD contains three conserved domains: Walker A

and B motifs which can be found in all ATP-binding
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proteins, and a signature (C) motif, located just up-

stream of the Walker B site [3]. The C motif is diagnostic
of ABC transporters and distinguishes them from other

ATP-binding proteins. Twenty-nine yeast ABC trans-

porter genes were reported in yeast [4]. Sixty ABC trans-

porter genes have previously been identified in the

nematode Caenorhabditis elegans� genome [5]. They are

classified into eight subfamilies, i.e., ABCA to ABCH.

Many of these subfamilies include multiple duplicated

paralogues. However, only one member of the ABCE
subfamily, i.e., Y39E4B.1, has been identified in C.

elegans. Unlike typical ABC proteins, the ABCE pro-

tein, together with ABCF proteins, contains two NBDs

but no TMD, suggesting it is not a transmembrane

transporter. Sequences of ABCE proteins are highly

conserved among all eukaryotic species, especially in

their NBD domains, which show over 90% identity
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across all eukaryotes [6]. Similar to C. elegans, ABCE

has been found to have only one subfamily member in

most eukaryotes, except in Arabidopsis thaliana (Table

1). No obvious ABCE homologues were found in bacte-

ria [6], suggesting its fundamental role in eukaryotes.

ABCE genes of eukaryotes are commonly annotated
as RNase L inhibitor which was first identified in human

[7]. It is implicated in the antiviral mechanisms of IFN

and might regulate RNA turnover and stability [8].

IFN induces four different forms of human 2–5A-syn-

thetase which, upon activation by double-stranded

RNA (dsRNA), converts ATP into an unusual series

of oligomers known as 2–5A. 2–5A-dependent RNase

L is the effector enzyme of this system. Its activation
by subnanomolar levels of 2–5A leads to the inhibition

of protein synthesis by cleavage of mRNA at the 3 0 side

of UpNp sequences [9–11]. RNase L appears to have

homologues only in mammals such as human, mouse,

and rat. No apparent RNase L homologues have been

identified in other eukaryotes or in the archaea which

possessed a candidate ABCE gene [6]. Classically,

ABCE�s (present in all eukaryotic organisms) main func-
tion was thought to be as an RNase L inhibitor. How-

ever, most eukaryotic organisms do not contain

RNase L, therefore, the ABCE genes very likely have

other functions. The search for the novel functions of

these proteins constitutes the main focus of this paper.

Caenorhabditis elegans as a model system provides

an opportunity to study ABCE functions within the

context of a developing multicellular organism. As an
initial step into identifying ABCE�s functions, we char-

acterized this gene in C. elegans by a combination of

data mining and expressional and functional assay.

Like in rice [12], ABCE is constitutively expressed in

C. elegans. Our results suggest that ABCE is involved
Table 1

Conservation of ABCE across eukaryotes

Protein

length

Length of

aligned regiona
Identity (%) No. of

paralogs

C. elegans 610 610 100 1

C. briggsae 610 610 95 1

D. melanogaster 611 603 67 1

M. musculus 599 594 66 1

H. sapiens 599 594 65 1

S. cerevisiae 608 605 63 1

A. thalianab 605 599 65 2

C. elegansc 1431 169 24 7 [5]

Protein sequences are retrieved from GenBank or EMBL, aligned

against C. elegans ABCE protein sequence by online pairwise BLAST

program from NCBI with default parameters except the filter is turned

off (see Materials and methods).
a Alignment against C. elegans sequence.
b The sequence used for alignment is TrEMBL: Q8LPJ4 otherwise

retrieved from GenBank.
c C. elegans homologue (F55G11.9) with highest identity to

ABCE.
in translation and transcriptional control, regulation

of growth and vulvae development, and very possible

functions in well-conserved pathways among all

eukaryotes.
Materials and methods

Strains. All strains were maintained and cultured using standard

techniques. N2 (Bristol); KR3532, dpy-5(e907); GR1373 eri-1(mg366)

IV; BC10798, dpy-5(e907), sEX10798[dpy-5(+) + rCesY39E4B.1-

GFP + pCes361]; BC06518, dpy-5(e907), sEX1050[dpy-5(+) + rCes rpl-

4::GFP + pCeh361]; BC06519, dpy-5(e907), sEX1051[dpy-5(+) +

rCesC07B5.3-GFP + pCes361]; BC06495, dpy-5(e907), sEX1029[dpy-

5(+) + rCes-nhr-91-RFP + pCes361]; BC12778, dpy-5(e907),

sEX12778[dpy-5(+) + rCesC26C6.5-GFP + pCes361]; BC11724, dpy-

5(e907), sEX11724[dpy-5(+) + rCesF36H1.2-GFP + pCes361].

Sequence analysis and data mining. All protein sequences were de-

rived from NCBI, EMBL or Wormbase (WS126). Pair-wise alignments

against C. elegans ABCE protein sequence were done with NCBI on-

line pairwise BLASTP program: BLAST 2 SEQUENCES using the

default parameters except with ‘‘Filter’’ turned off. The ABCE protein

sequences from different species were also subjected to multiple

alignment using CLUSTALX [13] with Gonnet protein weight matrix.

SAGE data were retrieved from BC Genome Science Center site:

http://elegans.bcgsc.bc.ca.

Construction of promoter:reporter fusion PCR products. Promoter

or full-length green fluorescence protein/red fluorescence protein

(GFP/DsRed) fusion constructs were built basically as described [14].

GFP coding sequence for promoter fusion was derived from A. Fire�s
vector pPD-95-67. The primer sequences used for GFP amplification

are exactly the same as those used previously [14]. Similar C, D, and D*

primers were used to amplify DsRed with sequences: 5 0-CGC TCA

TCA AGA GAA AAA TGG-3 0, 5 0-AAA CGC GCG AGA CGA

AAG-3 0, and 5 0-GGAAACAGTTATGTTTGGTATATTGGG-30,

respectively. The full-length protein fusion with DsRed was generated

using similar methods, i.e., by fusion PCR [14] using the same D and

D* primers but a different C primer sequence unique to DsRed: CCA

TTT TTC TCT TGA TGA GCG G.

Microinjection. Dpy-5 gene was used as a selectable marker to

screen for transgenic worms. The dpy-5 rescuing plasmid, pCes-361

(kindly provided by Dr. Ann Rose and Dr. Colin Thacker), was co-

injected with a fusion construct into dpy-5 (e907) mutant worms at

concentrations of 100 and 10 ng/ll, respectively. Wild type F1 worms,

after a 3-day, 20 �C incubation were transferred to a fresh NGM plate

and after another 3-day, 20 �C incubation, were scored for wild type

progeny to isolate a heritable transgenic line.

Microscopy. The transgenic lines were first examined for GFP or

RFP expression using a ZESIS Stemi SV11 dissecting microscope with

GFP and RFP filters. All pictures were taken with a QIMAGING

digital camera mounted on a ZESIS Axioskop compound microscope.

Of the dozens of worms photographed, only those showing the same

expression patterns were counted due to the mitotic loss of some

transgenes.

RNAi using eri-1(mg366) mutant [15]. Given the expression of

ABCE and its interacting proteins in neurons, RNAi feeding was done

with mutant eri-1(mg366) as described previously [16]. RNAi bacteria

(kindly provided by Dr. J. Ahringer) were streaked onto NGM plates

containing ampicillin, tetracycline, and IPTG, and incubated overnight

at room temperature. Ten L4 eri-1(mg366) worms were seeded onto

the plates and incubated at room temperature for another 24 h. Three

(eri-1mg366) worms were transferred onto the three replica plates and

scored for RNAi phenotypes every 8 h for 3 consecutive days. The

RNAi worms were subjected to second round RNAi using the same

bacteria to score the phenotypes.

http://elegans.bcgsc.bc.ca
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Results

ABCEs are well conserved across all eukaryotic species

The protein sequences of eukaryotic ABCE are well

conserved. There is over 65% identity between human
and worm ABCE protein sequences. They also have

comparable numbers of amino acids in each protein,

ranging from 594 to 610 (Table 1). Surprisingly, the

ABCE subfamily has only one member in most species

except for A. thaliana, which has two members (Table

1). This indicates there have been few gene duplications

or that, in general, no functional redundancy, or separa-

ble noval function ABCE proteins have evolved. The C.
elegans homologue with highest similarity to ABCE is a

member of the ABCF subfamily, i.e., F55G11.9. How-

ever, the percentage of identity between worm ABCE

and F55G11.9 is significantly lower than that between

worm ABCE and its orthologues. In addition,

F55G11.9 encodes 1431 as opposed to 610 amino acids

for worm ABCE and only 169 amino acids can be

aligned between worm ABCE and F55G11.9 (Table 1).
The ubiquitousness and high degree of conservation

suggest the significant functions of ABCE among all

eukaryotes.

ABCEs function as more than RNase L inhibitors

ABCEs in all eukaryotic species are commonly anno-

tated as RNase L inhibitors because they were first iso-
lated from an expression library by binding to 2–5ApCp

and associated with and inhibited RNase L [7]. Given

the ubiquitous nature and high conservation of ABCEs

across eukaryotes, we expect the proteins involved in the

same pathway with ABCE to be conserved and co-local-

ized. However, BLAST searches of the non-redundant

sequence database identified hits only in human, mouse,

and rat sequence, using human ABCE sequence as a
query, and employing low complexity filtering to mask

the ankyrin repeats of RNase L. No putative RNase L

homologues were identified in any eukaryotes in which

the ABCE gene was identified [6]. From this we argue

against ABCE functioning as an RNase L inhibitor in

eukaryotes because RNAse L is absent in species in

which ABCE is present. Presence of RNase L in mam-

mals suggests an immune system which has evolved to
fight viruses unique to these species. So ABCE may

function partly in antiviral pathway in mammals, the

remaining functions in all eukaryotes having yet to be

determined.

Expression patterns of ABCE in C. elegans

As an initial step in investigating the role of ABCE, a
promoter::GFP fusion construct was generated by PCR

(see Materials and methods). The promoter contained a
2965 bp sequence upstream of the start ATG. The

resulting PCR product was co-injected with dpy-5(+)

plasmid into dpy-5 hermaphrodite to generate a trans-

genic line. The 2965 bp ABCE promoter drove GFP

expressions in the majority of tissues and developmental

stages, including hypoderm, anterior and posterior neu-
rons, muscle, pharynx, and vulva in adults, larvae, and

embryos (Fig. 1 and Table 2). The worm homologue

with the lowest E value for human RNase L is ankyrin

protein (F36H1.2), with an unknown function. Similar

promoter::GFP transgenic lines were generated for the

F36H1.2. It expressed mostly in the excretory cell and

the intestine, but it had few overlapping patterns as

those of ABCE (Table 2), suggesting different pathways
for the two genes in C. elegans.

Proteins that interact with ABCE are completely or

partially co-localized

A large scale yeast two-hybrid screen was done in C.

elegans [17], in which several proteins (RPL-4, NHR-91,

and C07B5.3) were found to interact directly with the
worm ABCE protein. This significantly advanced our

understanding of the potential functions of ABCE.

The interactions of ABCE with two of the three proteins

were confirmed by our transgenic report assay which

showed that worm ABCE is completely or partially

co-expressed with rpl-4, nhr-91 but not C07B5.3 (Fig. 1).

Both ABCE and RPL-4 can be seen in hypoderm, mus-

cle, pharynx, and neurons (Fig. 1). rpl-4 encodes a large
ribosomal subunit L4 protein. Yeast RPL4 may be one

of the first ribosomal proteins that bind to the 35S pre-

rRNA molecule during ribosome biogenesis [18]. The

interaction and co-expression of ABCE with RPL-4

strongly suggests that ABCE is involved in protein

translation control. This is consistent with observations

that human ABCE interacts with the initiation factor 2

[19]. Lower number of SAGE tags for ABCE than for
rpl-4 (Table 2) suggests that ABCE is not a constitutive

part of ribosomes but more likely a regulatory compo-

nent. The exact biochemical mechanisms of ABCE

in protein translation regulation require further

investigation.

nhr-91 is a member of the nuclear receptor (NR)

superfamily. This family has undergone a dramatic

expansion and diversification in C. elegans but not in
other phyla [20]. The complete C. elegans genome con-

tains 284 confirmed or predicted NR genes, over 5-fold

more than the number found in the human or Drosoph-

ila melanogaster genomes [21]. Among these 284 NR

genes, 15, including nhr-91, are conserved among the

metazoa [22]. A promoter: DsRed construct of nhr-91

gave expression in embryos, larvae, and adults. DsRed

was observed in adult head and tail neurons, hypoderm,
vulvae, seam cells, and excretory duct cell. These obser-

vations were consistent to what was reported previously



Fig. 1. Localization of ABCE and its interacting components by transgenic report assay. Normaski and fluorescent pictures were taken and

superimposed to each other. ABCE promoter drove GFP expressions in hypoderm, vulvae, muscle, pharynx, head, and tail neurons. Rpl-4 promoter

drove GFP expressions in hypoderm, muscle, pharynx as well as head, and tail neurons. Nhr-91 promoter drove DsRed expressions in hypoderm,

vulvae, seam cell, excretory duct cell as well as head and tail neurons. C07B5.3 promoter only drove weak GFP expressions in posterior intestine.

Overlapping expression patterns were observed between ABCE, rpl-4, and nhr-91, but not C07B5.3.

Table 2

Comparison of expression pattern and RNAi phenotypes of Y39E4b.1

and its related genes

Gene name Expression patterns RNAi

phenotypes

No. of

SAGE

tagsc

Y39E4B.1 Hypoderm, muscle,

pharynx, neurons, vulva

Embd Groe 1

rpl-4a Hypoderm, muscle,

pharynx and neurons

Emb Stef 23

nhr-91a Neurons, vulva, seam

cells, excretory duct cell

WTg Emb Gro

Vulk
0

C07B5.3a Weak in posterior gut WT 0

F36H1.2b Intestine, excretory cell Dpyh Pvli Rupj 3

a Genes that interact with Y39E4B.1 [16].
b Highest score BLASTP hit in WormPep using human RNAse L

sequence as query.
c Number of long SAGE tags in embryo [26].
d Embryonic lethality.
e Slow growth.
f Sterile.
g Wild type.
h Dumpy.
i Protruding vulva.
j Exploded body.
k Phenotypes (in bold font) were observed by RNAi with eri-1

mutant only.
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[22] (Table 2). Expression was also observed in larval

intestine. Both ABCE and nhr-91 expressed in vulvae,

hypoderm, and neurons (Fig. 1). Interaction and co-ex-

pression of ABCE and nhr-91 suggests that the two
genes are involved in the same conserved pathway. Since

NHR-91 is a transcription factor interaction of ABCE

protein and NHR-91 suggests the potential role of

ABCE in gene transcription.

Given the interaction of ABCE protein with both

NHR-91 and RPL-4, it is possible that ABCE may func-

tion not only in protein translation control, but also in

communications between gene transcription and trans-
lation, possibly encoding a shuttle protein between cyto-

plasm and nucleus. Since both the ABCE protein and

NHR-91 are well conserved across species, it is plausible

that the pathway in which the two proteins are involved

should also be conserved across all other eukaryotic

species.

No obvious orthologues were identified for C07B5.3

in other phyla (data not shown), suggesting its unique
roles in nematodes. It is expressed weakly in adult pos-

terior gut (Fig. 1). Few overlapping expression patterns

were seen between ABCE and C07B5.3, suggesting a
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possible false positive interaction between the two gene

products in yeast two-hybrid [17]. But this is a tentative

conclusion because our GFP expression data for

C07B5.3 are inconsistent with previous in situ hybridiza-

tion patterns [23]. We have yet to determine the reason

for the discrepancies.
We tried generating full-length protein fusion of

ABCE (including 2.7 kb of its upstream sequence) and

DsRed. The fusion construct was too toxic to get suc-

cessful transgenic lines, implying overproduction of

ABCE causes lethality during worm development.

RNAi using eri-1 mutant captured extra phenotypes for

nhr-91

Both ABCE and RPL-4 are essential for normal

development based on existing RNAi data [16]. In order

to further investigate the potential roles of ABCE and its

interacting proteins, RNAi was done for ABCE and its

interacting proteins using eri-1(mg366) due to its RNAi

susceptibility in nerve systems (Table 2) [15]. In addition

to the phenotypes previously observed, additional phe-
notypes were observed for nhr-91 (Fig. 2, Table 2 in bold

font). The progeny of worms after RNAi against nhr-91

showed severely slow growth: 70% of eggs developed

into L2 to L4 stage after 3 day incubation on RNAi

plates in 20 �C. In addition, slight embryonic lethality

was also observed. Slow growth and embryonic lethality

suggest that NHR-91, together with ABCE protein, are

involved in the transcription control of genes involved in
development and growth. Microscopic examination of

the morphology of slow-growing worms demonstrated

that many of them had defects in vulvae development
Fig. 2. RNAi phenotypes for nhr-91. RNAi against nhr-91 was done

with eri-1 mutant for consecutive two generations (see text). (A) A

slow-growing worm after 3 day incubation at 20 �C, underdeveloped
vulvae was shown. (B) Some worms showed defects in molting. (C) A

dead embryo was shown inside the uterus of a young adult. (D) Cysts

were observed around the intestine for a RNAied young adult.
and molting (Figs. 2A and B). Embryonic lethality was

also observed as previously seen [16,24]. Some worms

produced few dead embryos inside the uterus (Fig.

2C). Expression of both ABCE and NHR-91 in vulvae

and hypoderm suggests that two proteins function in

molting and vulvae development pathways in C. elegans.
Cyst was also observed around the intestine (Fig. 2D).
Discussion

ATP-binding cassette protein E protein has been

annotated as RNase L inhibitor in all sequenced eukary-

otes because it has been demonstrated in vitro that this
protein reversibly associates and inhibits RNase L [7].

This is probably not biologically significant for non-

mammalian species because only mammals have RNase

L. All eukaryotic species show a high degree of conser-

vation of ABCEs. This indicates that ABCEs have func-

tions other than as RNase L inhibitors.

As an initial step in investigating the potential roles of

ABCE in other eukaryotic organisms, we performed
both in silico and functional experiments to identify

roles in which ABCE might be involved. Scanning C.

elegans ABCE protein sequence with Pfam yields four

domains, which include a possible metal-binding do-

main, a 4Fe–4S-binding domain as well as two ABC do-

mains from the N-terminal to the C-terminal (Fig. 3A).

The full-length protein sequences of ABCEs are well

conserved eukaryotes (Fig. 3B, Table 1). The function
of the metal-binding domain remains to be determined.

Proteins containing 4Fe–4S-binding domains include

bacterial ferredoxins, various dehydrogenases, and vari-

ous reductases. It is speculated that the 4Fe–4S-binding

domain may mediate the interaction with DNA or RNA

due to the two conserved positively charged lysines with-

in the domain [25]. Two ABC domains are well con-

served across all species. However, the absence of
transmembrane domains makes ABCE unlikely to be a

transmembrane transporter. These transmembrane do-

mains are typical for most ABC transporter proteins.

Its extremely high conservation and lack of para-

logues (Table 1) suggest ABCE plays an essential role

among all eukaryotic species. This was supported by

RNAi data in C. elegans, i.e., embryonic lethality. The

fusion PCR products of the ABCE promoter with either
GFP or RFP are so toxic that their concentrations in

injection mixture had to be diluted to 100 times lower

(100 pg/ll) than those normally used for regular mi-

cro-injection, i.e., 10 ng/ll (data not shown), suggesting

the essential functions of ABCE. This implies that tran-

scription factors might be taken by the transgenic array,

thus are not available to activate the endogenous expres-

sion of ABCE. Lack of sufficient endogenous ABCE
expressions might lead to problems for normal worm

growth.



Fig. 3. ABCE proteins are well conserved across species. (A) Schematic representation of domain organization for ABCE based on Pfam

annotations. C. elegans ABCE protein contains 610 residues. Residue 17–48 (red) at N-terminus is annotated as metal-binding domain, 59–68 as

4Fe–4S binding domain (blue), and 114–303 and 381–548 as two ABC domains (pink). (B) ABCE protein sequences from different species are aligned

by CLUSTALX (see Materials and methods). Except for A. thaliana, there is only one ABCE in each species. The GeneDoc was used to edit the

resulted alignment. The corresponding domains in (A) are boxed accordingly. Sequences are strongly conserved not only for annotated domains, but

also for sequences outside these domains.
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Three components were found to interact with ABCE

protein (Y39E4B.1), namely, RPL-4, NHR-91, and

C07B5.3 [17]. Co-localization of ABCE with two out

of the three proteins confirms the interaction of ABCE

protein and RPL-4 and NHR-91. rpl-4 encodes a large

ribosomal subunit L4 protein. About 2/3 of the mass

of the ribosome consists of RNA and 1/3 of protein.

The proteins are named in accordance with the subunit
of the ribosome to which they belong—the small (S1 to
S31) and the large (L1 to L44). RPL-4 is the number

four protein of the large ribosomal subunit and may

be involved in direct binding of rRNA because it is

the most basic ribosomal protein [26]. RPL-4 was dem-

onstrated in yeast as one of the first ribosomal proteins

that bind to the 35S pre-rRNA molecule during ribo-

some biogenesis [18]. Human RPL-4 has been shown

to aggregate in importin free cytoplasm and import of
RPL-4 to nucleus is Ran-GFP dependent [26]. Given
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the interaction of ABCE with RPL-4, a cytoplasmic

component, and NHR-91, a nuclear transcription fac-

tor, we speculate that ABCE might also be involved in

the transport of the two proteins in opposite directions

in an ATP dependent way. Since the RPL-4 protein is

a component of ribosome, a protein translation machin-
ery, the interaction and co-localization of ABCE protein

with RPL-4 suggests that ABCE is involved in protein

translation control through RPL-4. The observations

that human ABCE interacts with initiation factor 2 also

suggest ABC�s roles in protein translation [19]. How-

ever, low level expression of ABCE compared to that

of RPL-4 by SAGE analysis data [27] suggests that

ABCE functions not as a constitutive component of
ribosomes also as a regulator. The exact mechanism of

ABCE in protein translation regulation needs to be fur-

ther investigated. nhr-91 is a member of the nuclear

receptor (NR) superfamily which encodes the zinc finger

transcription factor. The NR superfamily has undergone

a dramatic expansion and diversification in C. elegans

and this not been observed in other phyla [20]. The com-

pleted C. elegans genome contains 284 confirmed or pre-
dicted NR genes, over 5-fold more than the number

found in the human or D. melanogaster genomes [21].

Among these 284 NR genes 15 are conserved among

the metazoan. Nhr-91 is one of these 15 conserved NR

genes [22], suggesting its significant roles in gene expres-

sion regulation. Interaction and co-expression of ABCE

and NHR-91 (Fig. 1) suggests that the two genes are in-

volved in the same conserved pathway of gene expres-
sion regulation in C. elegans.

All NRs share a common structure with specific, con-

served domains that function in DNA binding, ligand

binding, and transcriptional activation [28]. The exact

mechanisms of NHR-91 in transcriptional regulation re-

main to be determined, but because of its conservation

across species, it is reasonable to speculate that NHR-

91may function as a transcription factor in a conserved
pathway [22]. Given the interaction of ABCE protein

and NHR-91, in addition to protein translation control,

ABCE may also function in transcription regulation and

communications between gene transcription and trans-

lation, possibly mediating feedback regulation between

two gene transcription and translation because of inter-

action with both cytoplasmic protein RPL-4 and nuclear

protein NHR-91. This hypothesis is supported by
PSORT [29] prediction of worm ABCE: 37% possibility

in nucleus and 20% in cytoplasm, suggesting it be a shut-

tle protein between cytoplasm and nucleus. Evidences

from conserved co-regulation are also in agreement with

the hypothesis. For example, Saccharomyces cerevisiae

and C. elegans ABCEs are both co-expressed with a

number of proteins involved in the processing of rRNA

such as the nucleolar protein SIK1 (NOP56) from yeast
that is involved in rRNA methylation [30], implying

ABCE�s role in ribosome biogenesis (protein transla-
tion). Genomic context data and homology also predict

the possible functions for ABCE in both translation and

transcription. Among the 44 orthologous groups, which

have an identical phylogenetic distribution with ABCE,

most of them are either involved in translation or ribo-

some biogenesis (33, 60%), in transcription (7, 16%), and
in DNA replication, recombination, and repair (3, 7%)

[25]. Recent investigation of mRNP movement from

the chromatin to the nuclear pore showed that there is

an active component involved in the nuclear motion of

these mRNP particles, and also that mRNP mobility is

ATP dependent [31]. Combining this with our expres-

sion data, we suggest that ABCE is involved in the

transport of mRNA from nucleus to cytoplasm.
nhr-91 RNAi using eri-1(mg366) strain gave signifi-

cantly slower-growing worms than those with either

wild type N2 strain or the rrf-3 strain. Expression of

both ABCE and nhr-91 was seen both in hypoderm

and vulvae. RNAi with nhr-91 on eri-1 mutant worms

also causes defects in vulvae development and molting.

The external surface of C. elegans is formed by hypoder-

mis which establishes the basic body form of the animal,
acts in nutrient storage, secretes the cuticles, and takes

up apoptotic cell bodies by phagocytosis. Together,

the two genes may function together in vulvae develop-

ment and molting pathway. Phenotypes captured using

eri-1 but not N2 suggest functional association of

NHR-91 with neurons. The underlying mechanisms of

the association need to be further investigated.

No obvious orthologues were identified for C07B5.3
other than in nematode (data not shown), indicating it

has unique roles in nematodes. It showed weak expres-

sions in adult gut, which is different from what was re-

ported previously [23]. It remains to be determined

what causes the discrepancy. Based on our data, we be-

lieved that interaction of ABCE and C07B5.3 is false po-

sitive result from yeast two-hybrid screening due to lack

of overlapping expression data between the two genes.
Like ABCE, ABCF proteins contain two ABC do-

mains but no transmembrane domains. It has been pro-

posed that ABCF is involved in translation initiation

and elongation [6]. Investigation of functional correla-

tion of the structurally related ABCE and F proteins will

provide new insights the roles of both subfamilies in

eukaryotic species.
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