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Two cytidine deaminases (CDDs) from the free-living nematode

Caenorhabditis elegans have been cloned and characterized. Both

Ce-CDD-1 and Ce-CDD-2 are authentic deaminases and both

exhibit RNA-binding activity towards AU-rich templates. In

order to study their temporal and spatial expression patterns

in the worm, reporter gene constructs were made using approx.

2 kb of upstream sequence. Transfection of C. elegans revealed

that both genes localized to the cells of the intestine, although

their temporal expression patterns were different. Expression of

INTRODUCTION

Cytidine deaminases (CDDs) belong to a family of enzymes that

catalyse the deamination of cytidine to uridine and, as such, have

an important role in the pyrimidine salvage pathway in many cell

types. In mammals, one member of the family (apobec-1) has

acquired an additional role in the editing of apolipoprotein B

(apoB) mRNA [1]. In this process, a cytidine (C6666) is deaminat-

ed to a uridine, resulting in the production of two proteins

(apoB100 and apoB48) with differing functions from a single

mRNA. In most mammals, apoB editing is tissue-specific,

occurring in the small intestine, but not the liver. The catalytic

subunit responsible for the deamination reaction is a CDD

(apobec-1). C!U RNA editing is dependent upon several

additional proteins [2] that are only now being characterized at

a molecular level [3–5]. Previous studies have documented the

presence of apobec-1 in cells and tissues that do not express

apoB, leading to the hypothesis that additional templates for

editing might exist. However, despite many efforts, only a few

other likely substrates for CDD-catalysed RNA editing have

been described (reviewed in [6,7]). Transfection of yeast cells with

apoB and apobec-1 results in the editing of apoB C6666,

suggesting that the necessary complementation factors are pres-

ent in yeast [8]. More recently, an endogenous CDD from yeast

was shown to have C!U editing activity on a reporter mRNA,

but the native substrate has not been identified [9].

We have described previously [10] a cDNA encoding a CDD

from the parasitic nematode Brugia pahangi (Bp-cdd ) that is

highly up-regulated as the parasite transfers from the mosquito

vector to the mammalian definitive host. Because genes that are

Abbreviations used: apoB, apolipoprotein B; ACF, apobec-1 complementation factor ; 5-AU, a radiolabelled cRNA template containing five tandem
repeats of AUUUA; (Ce-/Bp-)CDD, cytidine deaminase (derived from Caenorhabditis elegans/Brugia pahangi respectively) ; GFP, green fluorescent
protein ; L1, L2 etc., first-stage larva, second-stage larva, etc. ; MBP, maltose-binding protein ; 5«-RACE, 5«-rapid amplification of cDNA ends; ORF, open
reading frame; RNAi, RNA interference ; RT, reverse transcription ; THU, tetrahydrouridine.

1 To whom correspondence should be addressed (e-mail e.devaney!vet.gla.ac.uk).

Ce-cdd-1 peaked in the early larval stages, whereas Ce-cdd-2 was

expressed in all life cycle stages examined. RNA-interference

(RNAi) assays were performed for both genes, either alone or in

combination, but only cdd-2 RNAi produced a consistent visible

phenotype. A proportion of eggs laid from these worms were

swollen and distorted in shape.

Key words: developmental regulation, intestinal localization,

reporter gene.

triggered by the transition from vector to mammal might have

important roles in the establishment of the infection, Bp-cdd has

been the focus of extensive characterization [11,12]. Although

phylogenetic analysis grouped the Brugia CDD with the cytosine

nucleoside deaminases of prokaryotes [11,13] that neither bind

nor edit RNA, the temporal expression pattern of the Brugia

molecule was not consistent with a role in the salvage pathway.

In addition, the recombinant Brugia CDD was shown to possess

RNA-binding activity with an affinity for AU-rich RNA tem-

plates [11], in contrast with the Escherichia coli and Bacillus

subtilis molecules, which fail to bind RNA. However, Bp-CDD

displayed no editing activity towards an apoB substrate. The

ability of some CDDs to bind AU-rich sequences has led to

the hypothesis that some members of the family might have

acquired a more general role in RNA metabolism, in a manner

analogous to that described for other RNA-binding proteins that

affect RNA stability by interacting with AU-rich elements in the

3« untranslated region of target genes [14]. Recent studies [15]

with apobec-1 supported this hypothesis, and demonstrated that

transfection of a mammalian cell line with apobec-1 resulted in

a significant increase in the half life of c-myc RNA.

Because of the difficulties inherent in defining gene function in

parasitic nematodes such as Brugia, in which it is not possible

to carry out transfection or to knock out genes, we sought to

identify CDDs in the genetically tractable free-living nematode

Caenorhabditis elegans. Screening of the C. elegans database,

ACeDB, identified two genes annotated as CDDs, which we

named cdd-1 and cdd-2. In the present study, we report the

biochemical and molecular characterization of Ce-cdd-1 and Ce-

cdd-2.
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MATERIALS AND METHODS

PCR amplification of Ce-cdd-1 and Ce-cdd-2

Cosmids C47D2 and F49E8 were supplied by the C. elegans

genome consortium. Cosmid DNA was extracted by standard

methods [16], and the genomic copy of each gene was generated

by PCR. Reactions were performed using 100 µM of each gene-

specific primer (Ce-cdd-1 primers C and D, and Ce-cdd-2 primers

E and F; Table 1) on 100 ng of cosmid DNA using AmpliTaqTM

(PerkinElmer, Norwalk, CT, U.S.A.). Cycle conditions were as

follows: denaturation at 95 °C for 2 min; 30 cycles of 94 °C for

1 min, 55 °C for 1 min and 72 °C for 3 min; and a final extension

for 10 min at 72 °C. The resulting products were cloned into

the pCRTM 2.1 vector (Invitrogen, Carlsbad, CA, U.S.A.), and the

sequence was confirmed using the Sequi-Therm EXCEL IITM

Long-ReadTM DNA sequencing Kit-LC (Epicentre Technologies,

CambioLtd., Cambridge,U.K.)with fluorescently labelled (using

the tricarbocyanine dye, IRD800) T7 and T3 primers on an

automated sequencer (both from MWG-Biotech, Milton Keynes,

U.K.). cDNA fragments were amplified by PCR (primers and

conditions as above) using first-strand cDNA, generated from

RNA isolated from mixed-stage worms. The cDNA fragments

were similarly cloned into the pCRTM 2.1 vector (Invitrogen), and

the sequence was confirmed.

Phylogenetic analysis

The catalytic domains of Ce-CDD-1 and Ce-CDD-2 were used

to generate a distance matrix with the RNA-editing enzymes and

other known cytosine nucleoside and nucleotide deaminases

using the PHYLIP analysis program, as described previously

[17]. The distance matrix was generated using the PROTDIST

program, followed by the generation of a tree by the KITSCH

programme, which was plotted using the DRAWTREE program

[18].

Expression of recombinant proteins

A second set of gene-specific primers with suitable restriction

sites to allow directional in-frame cloning of each cDNA molecule

were designed (Ce-cdd-1 primers G and H, and Ce-cdd-2 primers

I and J; Table 1). Each fragment was amplified by PCR (as

described above), digested (using XbaI–PstI or PstI–BamHI for

Ce-cdd-1 and -2 respectively), and subcloned into pMAL (New

England Biolabs, Beverly, MA, U.S.A.). Recombinant proteins

[maltose-binding protein (MBP)–CDD-1 and MBP–CDD-2]

were expressed following the manufacturer’s protocol. The

proteins were purified on amylose columns, eluted with 10 mM

maltose, and dialysed into the appropriate buffer. Where re-

quired, the MBP portion was cleaved by Factor X digestion

(New England Biolabs).

Biochemical analysis of recombinant proteins

Recombinant proteins were assayed for enzyme activity and

RNA binding, as described previously [11]. MBP-fusion proteins

were used in all experiments, and compared with MBP alone.

Enzyme activities were measured using [$H]deoxycytidine as a

substrate, and analysed by TLC [19]. UV cross-linking of Ce-

CDD-1 and Ce-CDD-2 was performed using a synthetic RNA

template, as described previously [11].

Temporal expression pattern of the cdd mRNA in C. elegans

A panel of cDNAs was used to analyse the temporal expression

pattern of cdd-1 and cdd-2 mRNA throughout the C. elegans life

cycle, using RNA isolated from synchronous populations of

Table 1 Primers used in this study

For the A­B Ce-cdd-1 PCR fragments the size of the genomic DNA is 285 bp, and the cDNA

is 170 bp ; for the E­F Ce-cdd-2 PCR fragments, the genomic DNA is 642 bp in size, and

the cDNA is 500 bp.

Primer Sequence (5«! 3«)

A CAAGTATAGCAACTTCAAAG

B CAACAACAATGTACTTAAA

C ATGACTACAACAAAGGCAAACC

D CTATTCCTTATTGTTGTGATC

E ATGGCCGCGAATAGTCTTCCTC

F TTAAGAGACGACTGTAACGTTATG

G GCCGTCTAGAATGACTACAACAAAGGC

H GCCGCTGCAGCTATTCCTTATTGTTGTG

I GCCGGGATCCATGGCCGCGAATAGTCTTCCTC

J GCCGTCTAGATTAAGAGACGACTGTAACGTTATG

K AGGCGCGCCTTTGGAAAAAGTCAAACCAGAAA

L AGGCGCGCCTTGACTATCCGATTCATTTGCTT

M AGGCGCGCCGGAATGGCGGGAAATGTGGAAAGG

N AGGCGCGCCCACTTTGCATGCGTTCCACAACGC

P CTATTCCTTATTGTTGTGATC

Q GCGCTTCTCTCTGCACAAATCG

R CACCAGCGCAGCTCCAACTTTG

S TTAAGAGACGACTGTAACGTTATG

T GCACTACGCTCAGCGCAGATAG

U GAGAAGCGCTGCACCAACTGG

V GCCGCTGCAGCCTGCGAAGAACTTC

W GCCGGGATCCAGCGCAGCTCCAAC

X GCCGCTGCAGCCTATTTGTCTATACG

Y GCCGGGATCCCTGTAGTTAACTATGAC

Z GCCGGGATCCTGAACTAGTTCCACATC

worms harvested at 2 h intervals [20]. Gene-specific primers (Ce-

cdd-1, primers A and B; Ce-cdd-2, primers E and F) were

designed to span an intron, so that the resulting cDNA and

genomic fragments could be clearly distinguished on 4% (w}v)

agarose gels (see Table 1 for sizes). Following 35 cycles of PCR,

the products were blotted on to nylon membranes [Osmonics

(formerly Micron Separation Incorporated), Westborough, MA,

U.S.A.], probed with a [γ-$#P]ATP end-labelled primer [16] and

subjected to autoradiography. The ama-1 gene (for RNA poly-

merase II) was used to check the integrity of the mRNA in these

experiments [20]. The resulting autoradiographs were analysed

on a Kodak Digital Image Station (Rochester, NY, U.S.A.).

5«-Rapid amplification of cDNA ends (5«-RACE)

5« RACE was performed exactly as described in the manufac-

turer’s instructions (5« RACE System Version 2; Gibco BRL,

Gaithersburg, MD, U.S.A.). Briefly, first-strand cDNA was

generated from mixed-stage RNA using gene-specific primers

(Ce-cdd-1 primer P and Ce-cdd-2 primer S). These products were

then tailed and used in nested PCR reactions (cdd-1 primers Q

and R, and cdd-2 primers T and U) to amplify the 5« end of each

molecule. The products were cloned into pCRTM 2.1, and

sequenced as described above.

Promoter analysis

For the Ce-cdd-1 gene, the region amplified included approx.

2 kb of upstream sequence and extended into the second exon of

the Ce-cdd-1 open reading frame [(ORF); 83 bases of the first

exon, 46 bases of the first intron and 33 bases of the second exon,

2167 bases in total, primers V and W; Table 1). Primers were

designed to amplify either approx. 2 kb upstream of the Ce-cdd-

2 gene (primers X and Y), or 2 kb of upstream sequence and 40
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Figure 1 Alignment of the active site of nematode CDDs with the RNA editing deaminases and representative members of the CDD family (upper panel),
and phylogenetic relationship of the CDD family (lower panel)

Upper panel : sequences were aligned using the ClustalW program of MacVector. Identical amino acids are boxed and shown in bold ; similar amino acids are merely emboldened. Gaps have

been introduced to maximize the alignment. Zinc binding amino acids are indicated with asterisks. Lower panel : the catalytic domains of Ce-CDD-1 and Ce-CDD-2 were used to generate a distance

matrix with the RNA-editing enzymes and other known cytosine nucleoside and nucleotide deaminases using the PHYLIP analysis program. The distance matrix was generated using the PROTDIST

program, followed by the generation of a tree by the KITSCH program, which was plotted using the DRAWTREE program. A. nidulans, Aspergillus nidulans ; ARCD, apobec-1-related CDD ; AID,

activation-induced deaminase ; B. cereus, Bacillus cereus ; B. subtilis, Bacillus subtilis ; H. sapiens, Homo sapiens ; hApobec-1, human Apobec-1 ; M. pirium, Mycobacterium pirium ; mApobec-1,

mouse Apobec-1 ; raApobec-1, rat Apobec-1 ; S. cerevisiae, Saccharomyces cerevisiae.

bases of Ce-cdd-2 ORF (primers X and Z). The resulting PCR

products were digested (with PstI and BamHI), gel-purified and

cloned into the plasmid pPD96.04, which contains both green

fluorescent protein (GFP) and LacZ reporter genes, and a

nuclear localization signal [21]. Cloning sites and orientation

were confirmed by ABI sequencing. Each construct was used to

transform C. elegans N2, essentially as described previously [22].

In brief, purified plasmid DNA was injected into the distal arm

of the hermaphrodite gonad at a concentration of 50 µg}ml,

together with plasmid pRF4 at 100 µg}ml (containing a dominant

mutant allele of the rol-6 gene) [23]. Lines in which F2 and

subsequent generations showed a right roller phenotype were

analysed for GFP expression by UV microscopy. Alternatively,

worms were fixed and stained for LacZ expression exactly as

described previously [24]. At least two separate lines were

analysed for each construct. Images were recorded using an

Olympus BX60 fluorescence microscope.

RNA interference (RNAi) by injection

Both cDNAs were excised from pCRTM2.1 (BamHI and EcoRV)

and subcloned into the pBSc vector (Stratagene, La Jolla, CA,

U.S.A.). Qiagen plasmid preparations were generated and

linearized as described previously ([25] ; also see http:}}www.
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ciwemb.edu), then single-stranded RNA was generated from the

T7 and T3 promoters as directed in the manufacturer’s protocol

(Promega, Madison, WI, U.S.A.). The complementary RNA

strands were annealed, purified and re-suspended at 1 mg}ml

([25] ; also see http:}}www.ciwemb.edu), and used to transform

C. elegans N2 strain by micro-injection. Controls were injected

with water alone. In some experiments, RNA was synthesized

using the MEGAscript T3 and T7 kits (Ambion, Austin, TX,

U.S.A.), the resulting RNA was cleaned on Qiagen RNeasy

columns (Qiagen, Chatsworth, CA, U.S.A.), and then annealed

and used for injection exactly as described above. Worms were

left for 24 h at 20 °C, before moving on to new OP50-seeded

plates, and then progeny were examined for any RNAi mutant

phenotype.

RNAi by feeding

Fragments of both Ce-cdd-1 and -2 were amplified by PCR

(conditions as above) from genomic DNA using gene-specific

primers containing AscI sites (Ce-cdd-1 K and L, Ce-cdd-2 M

and N; Table 1). For Ce-cdd-1, the fragment was 2250 bp in size ;

for Ce-cdd-2, the fragment was 827 bp. PCR fragments were

digested with AscI, gel-purified [16] and cloned into the MluI site

of the L4440 vector [26]. Plasmids were maintained in DH5α cells

(Gibco BRL). Qiagen Mini-preps of each plasmid were made,

and used to transform competent HT115 cells [26]. The RNAi

feeding protocol used was exactly as described in [27]. In brief,

bacteria were seeded on to plates containing 1 mM isopropyl β-

-thiogalactoside (‘IPTG’), induced overnight at approx. 22 °C,

and then worms at a specific stage of development were placed

on to plates containing L4440 without an insert (negative

control), plates with L4440 containing the appropriate insert, or

L4440 containing an embryonic lethal double-stranded RNA

(kindly provided by B. Roberts, University of Glasgow). Plates

were incubated at three different temperatures (16, 21 and 25 °C),

and worms were monitored at frequent intervals.

RESULTS

Cloning Ce-cdd-1 and Ce-cdd-2

The C. elegans database, ACeDB, was screened for homologies

with Bp-cdd and two potential CDDs were identified. These were

named Ce-cdd-1 (cosmid position C47D2.2; X chromosome) and

Ce-cdd-2 (F49E8.4; chromosome IV). Both genes were amplified

by reverse transcription (RT)-PCR on mixed-stage C. elegans

RNA or by PCR on cosmid DNA using gene-specific primers

and oligo (dT). The resulting PCR products were cloned into

pCRTM 2.1, and the sequence of each gene was confirmed. The

two C. elegans genes are approx. 60% identical with each other

and with Bp-cdd at the DNA level, and 55% identical at the

amino acid level. The ORF for each of the C. elegans genes

predicts a protein of approx. 17.5 kDa. Sequence analysis of the

active site of the C. elegans enzymes demonstrated that both

amino acid sequences contain the motif for the zinc-binding

region of CDDs and deoxycytidylate deaminases (Figure 1,

upper panel), and a number of sites that might function in post-

translational modification. Phylogenetic analysis using the cata-

lytic domain of the enzymes indicates that the C. elegans CDDs

are clustered with the cytosine nucleoside deaminases (Figure 1,

lower panel).

Ce-CDD-1 and Ce-CDD-2 are authentic deaminases

The ORF of both Ce-cdd-1 and Ce-cdd-2 were expressed as

fusion proteins in an MBP vector, purified by amylose-affinity

Figure 2 Enzymic activity of Ce-CDDs

CDD activity was determined by in vitro incubation of purified Ce-CDD-1 and Ce-CDD-2 at 37 °C
using [3H]deoxycytidine as a substrate. The percentage conversion of C into U was determined

by TLC. (A) Deaminase activity with increasing amounts of protein (0–60 ng, 4 h incubation).

(B) Inhibition of CDD activity by zinc chelation using increasing concentrations (10, 20 nM) of

1,10-o-phenanthroline (1, 10) and its inactive isomer, 1,7-o-phenanthroline (1, 7). Control CDD

reactions lacking the inhibitors were also performed, and the value was taken as 100% (results

not shown). (C) Inhibition of CDD activity with increasing concentrations of THU. Incubations

were performed with 20 ng of either Ce-CDD-1 or Ce-CDD-2 for 4 h, with increasing

concentrations (0–30 µM) of THU.

chromatography and used as fusion proteins in a variety of

assays. Both fusion proteins demonstrated saturable CDD ac-

tivity (Figure 2A), with a K
m

of 1.5¬10−& M for both enzymes,
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Figure 3 Ce-CDDs are AU-rich RNA-binding proteins

Upper panel : electromobility shift assay. A radiolabelled cRNA (5-AU) was incubated with

250 ng of recombinant protein, as indicated. The complex was separated on a 5% (w/v) native

polyacrylamide gel, and subjected to autoradiography. The location of shift by apobec-1 is

shown by the arrow, that of the Ce-CDDs is shown by the arrowhead. Lower panel : RNA-binding

competition assay. A UV-cross-linking assay was performed with the radiolabelled 5-AU

template and Ce-CDDs. Where indicated, competition for binding to the radiolabelled template

was performed by addition of 2–10-fold-higher levels of non-labelled 5-AU RNA. The

complex was separated by SDS/PAGE (10% gels), and subjected to autoradiography. Migration

of molecular-mass standards in the gel is shown to the left.

and a V
max

of 30 units}mg for Ce-CDD-1 and 15 units}mg for

Ce-CDD-2. CDDs are Zn#+-dependent enzymes, and the activity

of both of the C. elegans enzymes could be inhibited by the Zn#+

chelator 1,10-o-phenanthroline, but not the inactive analogue,

1,7-o-phenanthroline (Figure 2B), with CDD-1 being more

Figure 4 RT-PCR analysis of Ce-cdd-1 (A) and Ce-cdd-2 (B) expression
throughout the C. elegans life cycle

First-strand cDNA was synthesized from RNA isolated from synchronous cultures of C. elegans
at 2 h intervals. PCR was performed using gene-specific primers, as described in the Materials

and methods section. Products were run on 4% (w/v) agarose gels, blotted, probed with 32P-

labelled probes and then subjected to autoradiography.

sensitive to inhibition than CDD-2 (P! 0.001). Addition of

increasing amounts of tetrahydrouridine (THU), a competitive

inhibitor of CDDs, inhibited both enzymes (Figure 2C). Again,

CDD-1 was more sensitive to inhibition than CDD-2, with 50%

inhibition achieved at 2.5 µM THU for CDD-1 and 7.5 µM

THU for CDD-2 (P! 0.001).

Ce-CDD-1 and Ce-CDD-2 are RNA-binding molecules

Previous studies using UV-cross-linking assays have indicated

that both apobec-1 and Bp-CDD are RNA-binding molecules

with an affinity for AU-rich templates. To investigate whether

the C. elegans CDDs demonstrated similar activity, UV-cross-

linking was undertaken using a radiolabelled cRNA template

containing five tandem repeats of AUUUA (5-AU). As shown in

the upper panel of Figure 3, both C. elegans recombinant

proteins bound the radiolabelled template, as did the positive

control, apobec-1. Furthermore, the binding of both recombinant

proteins to the 5-AU template could be competed using a 10-fold

excess of non-labelled 5-AU template (Figure 3, lower panel).

Ce-cdd-1 and Ce-cdd-2 are differentially expressed throughout
the lifecycle

Bp-cdd is first expressed following the transfer of third-stage

larvae (L3) from the mosquito vector to the mammalian host [12]

and thereafter is highly expressed throughout the post-infective

L3 and fourth (L4) stages only. To investigate the transcription

pattern of the C. elegans genes, RT-PCR was performed using

gene-specific primers on a panel of cDNAs prepared from synch-

ronized worms at 2 h intervals throughout the life cycle [20].

In our hands, both mRNAs were undetectable by ethidium

bromide staining of PCR products, and could only be detected

by Southern blotting of a 35-cycle PCR, as described in the

Materials and methods section. In these experiments, Ce-cdd-1

and Ce-cdd-2 showed very different patterns of expression: Ce-

cdd-1 was detected in the L1 stage, between 2 and 10 h of

development, with levels of transcription decreasing in the L2

stage, and no signal apparent thereafter (Figure 4A). In contrast,

Ce-cdd-2 first appeared in the 8 h sample (late L1), and then was

more or less constitutively expressed up to the 34 h sample

(young adult), after which expression increased in the 36–40 h

samples (Figure 4B). The integrity of the RNA in each sample

was assessed by RT-PCR using primers for the ama-1 gene [20],

which was visualized by ethidium bromide staining (results not

shown).
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Figure 5 The Ce-cdd-1 reporter construct is expressed predominantly in the early larval stages

N2 worms were transfected with the Ce-cdd-1 translational fusion reporter gene construct, and stained for LacZ expression for 10 min. Worms were viewed on an Olympus BX60 fluorescence

microscope. (A) Bagged adults containing eggs and hatched L1 (magnification ¬14) ; (B) L3 (magnification ¬28) ; and (C) L4 and adult (magnification ¬14). Especially noteworthy is staining

of the intestinal cells, and intense staining of the pharyngeal bulbs.

Figure 6 The Ce-cdd-2 reporter construct is expressed throughout the life cycle

N2 worms were transfected with the Ce-cdd-2 translational fusion reporter gene construct and stained for LacZ expression for 4.5 h. Worms were viewed on an Olympus BX60 fluorescence

microscope. (A) Egg, ¬20 ; (B) L2, ¬20 ; (C) L4, ¬10 ; (D) adult, ¬10. Note staining is confined to the intestinal cells.

Ce-cdd-1 and Ce-cdd-2 are expressed in the cells of the gut

In order to generate reporter constructs containing the ap-

propriate signals for authentic gene expression, the transcrip-

tional start site for each gene was determined using 5«-RACE.

Subsequent sequencing of the products revealed that both

transcripts were trans-spliced to the conserved 22 nt nematode

spliced leader sequence SL-1. There was a single base between

the 3« end of SL-1 and the ATG in Ce-cdd-1, but no untranslated

region (‘UTR’) in Ce-cdd-2. These results, together with sequence

information in ACeDB, were used to design primers to amplify

approx. 2 kb of upstream sequence. In the case of Ce-cdd-1, a

translational fusion construct was generated containing 2 kb of
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upstream sequence and 162 bases of gene sequence. With Ce-cdd-

2, a transcriptional fusion containing only upstream sequence

and a second translational fusion were analysed. Considering

that both gave similar results, only the translational fusion is

discussed. These fragments were cloned into the plasmid

pPD96.04 and used to transform C. elegans in order to define the

temporal and spatial expression patterns dictated by the putative

promoter elements.

In lines transformed with the cdd-1 reporter gene construct,

faint staining was first detected in the egg, but the most intense

staining was observed in the L1 and L2 stages (Figure 5). In the

adult worm, transfection with the cdd-1 construct resulted in a

higher incidence of ‘bagging’ (eggs hatching within the parent),

and in these animals intense staining of the newly hatched L1 in

utero was observed (Figure 5A). This phenotype was only

observed in transformed worms. Staining in the L1 and L2 stages

was confined to the gut cells and to the pharyngeal bulbs.

Between the L2 and the L3 stages, most of the intestinal cells

ceased to express the reporter gene, except for a few cells towards

the tail of the worm (Figure 5B). In later life cycle stages (L4 and

adult), staining was largely confined to the pharynx and a cluster

of cells at the tail of the worm (Figure 5C). For the cdd-2

construct, reporter gene expression was confined to the cells of

the intestine with no staining in the pharynx. The temporal

expression pattern of cdd-2 also differed from that of cdd-1 :

staining for the cdd-2 reporter construct was first observed in the

egg, but the number of positive cells increased through successive

larval stages and was maintained into the adult worm (Figure 6).

In the Figures shown, the LacZ staining was allowed to develop

for 10 min for cdd-1, and for 4.5 h for cdd-2. The pattern of GFP

expression for both reporter gene constructs was very similar to

that described for LacZ.

RNAi with Ce-cdd-1 and Ce-cdd-2 results in a minimal phenotype

Sense and anti-sense single-stranded RNAs were produced for

Ce-cdd-1 and Ce-cdd-2, the corresponding strands were annealed,

and the double-stranded RNA molecules were injected into the

worms. In initial experiments no visible phenotype was observed,

with the exception that the transformed worms appeared to be

slightly longer and thinner than the wild-type ones. Subsequent

experiments produced variable results : in two out of three ex-

periments in which double-stranded RNA for cdd-2 was in-

jected, a significant proportion of injected worms died, whereas

the water controls or worms injected with cdd-1 double-stranded

RNA were viable. The surviving P
!
and F

"
worms injected with

cdd-2 double-stranded RNA laid eggs, some of which were

visibly abnormal. These eggs appeared to have very fragile

eggshells, and were swollen and distorted in appearance at all

temperatures. Micro-injection was also performed using both

double-stranded RNAs for cdd-1 and cdd-2 together, but no

additive effect was observed (results not shown).

Several different experiments were then performed using the

RNAi feeding vector. In these experiments, worms at different

stages of development were placed on plates expressing the

appropriate construct or on control plates with E. coli containing

L4440 vector alone. Plates were incubated at 16 °C, 21 °C or

25 °C, and observed at frequent intervals. No consistent pheno-

type in terms of gross morphology or development of the worm

was observed at any temperature with either cdd-1 or cdd-2, and

RNAi had no effect upon viability or fertility of worms. However,

in several experiments it was noted that eggs laid from F1 worms

that had been fed L4440 containing the cdd-2 insert were unable

to hatch properly. These eggs looked very similar to those

described above from worms micro-injected with cdd-2 double-

Figure 7 RNAi with Ce-cdd-2 results in abnormal eggs

(A) Worms grown on a control plate seeded with HT115 cells containing the L4440 plasmid.

The arrowhead shows a normal egg. (B) Worms grown on plates seeded with HT115 cells

containing L4440 with the cdd-2 insert. Eggs are from the F3 generation. Note the swollen

appearance of the eggs (shown by an arrow). Both panels were photographed at a ¬35

magnification.

stranded RNA (Figure 7). No such phenotype was observed with

the cdd-1 construct at any temperature.

DISCUSSION

In this paper we describe the characterization of two CDDs from

the nematode C. elegans. Biochemical analysis of the C. elegans

recombinant proteins demonstrated that these were active deami-

nases that could be inhibited by Zn#+ chelation or with the

reversible inhibitor THU. Even though all the nematode CDDs

analysed to date cluster with the cytosine nucleoside deaminases

rather than the RNA-editing family of enzymes, they do display

RNA-binding activity towards AU-rich RNA templates, in

contrast with other members of the cytosine nucleoside cluster.

The significance of this observation in the worm is the focus of

ongoing study. Neither of the C. elegans recombinant proteins

bound to an apoB RNA template (results not shown), and

therefore it is unlikely that either protein has RNA-editing

activity, at least towards apoB. We attempted to define further

the role of these proteins in C. elegans using double-stranded

RNAi assays [25,28–30], a powerful tool for defining gene

function in C. elegans. However, RNAi failed to give a definitive

phenotype for either cdd-1 or cdd-2, or for both genes together.

In both the feeding experiments and by micro-injection, it was

clear that a proportion of eggs laid from adult worms exposed to
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the cdd-2 construct were abnormal and failed to hatch. This

phenotype was specific to cdd-2. In two out of three micro-

injection experiments, there was a higher rate of mortality in

worms injected with cdd-2 double-stranded RNA compared with

those injected with either cdd-1 or water alone, but no visible

phenotype was observed in the surviving worms or in their

progeny, making it difficult to conclude that this effect is related

to inhibition of cdd-2. It is known that not all genes tested by

RNAi have visible phenotypes when inhibited [27], and a cdd

knock-out gene might fall into this category. In the mouse,

deletion of apobec-1 did not provide any gross phenotype, except

for the absence of apoB48 in the serum [31]. Recent studies on

mammalian CDDs have revealed the existence of a family of

related proteins [6], and in the C. elegans genome there is at least

one other predicted protein that could potentially compensate

for any phenotype obtained by RNAi with Ce-cdd-1 and -2. This

gene, Ce-cdd-3, is located on chromosome II (cosmid position

C29F5.3), and was detected initially by scanning ACeDB with a

PROSITE CDD signature motif [13]. In addition, there are three

other predicted proteins in Worm Pep that share the active site

motif of CDDs and deoxycytidylate deaminases.

Given the tight temporal and spatial expression of the Bp-

CDD [12], we anticipated that the C. elegans CDDs might be

similarly expressed at defined points in the life cycle and perhaps

also expressed in the hypodermis. RT-PCR analysis demons-

trated that Ce-cdd-1 was most abundantly expressed in the early

larval stages, whereas Ce-cdd-2 was more highly expressed in

later life cycle stages. These expression patterns broadly confirm

results from microarray experiments, in which Ce-cdd-2 was

reported to be more highly expressed in adult worm mRNA

compared with mixed-stage mRNA, and to be more abundant in

hermaphrodite than in male worms [32]. Ce-cdd-1 has also been

analysed in whole genome microarray studies [33], and was

shown to be expressed at extremely low levels in all stages

analysed. The temporal expression patterns obtained with the

reporter gene constructs confirmed these observations.

For both reporter constructs, approx. 2 kb of upstream

sequence was sufficient to drive expression in the cells of the

intestine. Consistent with the results of RT-PCR, Ce-cdd-1 was

most abundant in the early larval stages, while in the L3 and later

stages, only the pharynx and a cluster of cells at the posterior of

the gut were stained for reporter gene expression. In contrast,

with the cdd-2 reporter the intestinal cells were still strongly

positive in the adult worm. Analysis of the upstream sequence of

both genes revealed several potential control elements, which

might direct gut-specific expression, including GATA elements,

Skn-1 elements and, in Ce-cdd-2, an E-box domain [34–37].

Further analysis will be necessary to identify the functional

elements that define tissue-specific expression in the intestine of

C. elegans.

The localization of the CDDs to the intestinal cells of C.

elegans is an interesting observation, particularly since apobec-1

is restricted to epithelial cells lining the gastrointestinal tract in

humans [38]. The gut in C. elegans is an extremely active tissue,

and the presence of CDDs in the cells of the intestine might

reflect the requirement for nucleic acid synthesis in this com-

partment, and a role for CDD in the salvage pathway. However,

gut function in C. elegans is not restricted to the digestion of

food. For example, the major secretory products of the C.

elegans intestine are the vitellogenins, or yolk proteins, that are

secreted into the pseudocolem for uptake into the developing

oocyte [39,40]. Intriguingly, vitellogenins are distantly related to

apoB, and it is generally accepted that apoB arose from a

vitellogenin precursor after the nematode}vertebrate divergence

[41,42]. Thus the co-localization of the ancestral apoB (vitello-

genin) and apobec-1 (CDD) to the intestine of C. elegans might

hold clues for understanding the mechanisms by which apoB

editing evolved in higher organisms. However, it is relevant to

note that there is no evidence to date that the vitellogenins of C.

elegans are either edited or provide a substrate for binding of

CDD. Preliminary experiments in which RNAi was carried out

in a transgenic reporter line that expressed a yolk protein (yp170)

fused to GFP [40] showed no visible phenotype or differences in

fertility.

Although we have yet to provide evidence that RNA editing

catalysed by a CDD occurs in nematodes, it is interesting to note

that the related family of editing enzymes, adenosine deaminases

active on RNA (‘ADARs’) are found in C. elegans and have

known editing substrates [43,44]. Recent studies in the mam-

malian editing field have identified an essential co-factor for

apobec-1 activity, namely apobec-1 complementation factor

(ACF). ACF contains multiple RNA-binding domains [3,4] and,

in �itro, apobec-1 and ACF are sufficient for editing. A gene

homologous with that of ACF is present in the C. elegans

genome, and it will be of interest to characterize possible

interactions between the C. elegans CDDs and the ACF in future

studies.
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