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A B S T R A C T

Cytidine deaminase (CDA, also designated CDD) is a zinc-dependent enzyme involved in the pyrimidine

salvage pathways and becoming very important in anticancer and antiviral therapy. Here we report the

identification and characterization of a CDA homologue in abalone, which we named ab-CDA. The

analysis of the amino acids sequence revealed that the ab-CDA shares conserved signature motifs and

belongs to homotetrameric class of CDA family. Real-time PCR analysis indicated that the ab-CDA was

ubiquitously expressed in various tissues of abalone and relatively higher expressed in hemocyte.

Significant up-regulation of ab-CDA was also observed after LPS or Poly I: C challenge. The biological

activity of ab-CDA was identified by spectrophotometry analysis and the intracellular localization

displayed that ab-CDA was largely concentrated in the cytoplasm and partially in the nuclei. These

results strongly suggest that ab-CDA is a CDA homologue and it is involved in the immune response of

gastropod abalone.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cytidine deaminase (CDA) is a salvage pathway enzyme
catalyzing the hydrolytic deamination of cytidine (CR) and
deoxycytidine (CdR) to the corresponding uracil nucleosides [1–
4]. CDA also plays an important role in the metabolism of a number
of antitumoral and antiviral cytosine nucleoside analogs, causing
their pharmacological inactivation [5,6].

Based on crystal structures and deduced amino acid sequences
of CDAs from different species, CDAs have been organized into two
classes. One is the homodimeric class, such as Escherichia coli CDA
[7], Arabidopsis thaliana CDA [8] and Haemophilus influenzae CDA
[9]. Homodimeric CDA consists of two symmetrical (2 � 31.5 kDa)
monomers, each monomer has a molecular weight of about 31 kDa
and contains three domains: a small N-terminal domain, a catalytic
domain equipped with a zinc atom and a C-terminal domain. The
other is the homotetrameric class, such as Bacillus subtilis CDA [10],
human CDA [11,12] and chicken CDA [13]. A high level of structural
conservation is observed between the homotetrameric members,
although they do not have high identity at the amino acid level
[11]. The homotetramer is known biochemically to be the
functional unit of human CDA which has 2-fold symmetry [1].
The homotetrameric CDA monomer has a molecular weight of
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approximately 15 kDa which is structurally similar to the catalytic
domain of the E. coli CDA. Each of the four subunits links an
essential zinc atom coordinated with three negatively charged
cysteine residues: C65, C99 and C102 [10,11]. The zinc is essential
for the enzymatic activity and the active site of one monomer is
formed by the contribution of residues coming from the other
three monomers [14]. In addition, there is a special family of CDA
called mammalian APOBEC3 (Apolipoprotein B Mrna-Editing
enzyme catalytic polypeptide-like editing complex 3). Mammalian
APOBEC3 includes several members that possess potent antire-
troviral activity [15,16] by acting through CDA enzymatic activity
and though less-well-understood nonenzymatic nechanisms [17].

Abalone is an important mollusc species for commercial
production in the world including Australia, China, Japan, Korea,
Mexico, South Africa, and the United States [18]. Since the late
1990s, the global industry of abalone has been gradually decreased
due to diseases and environmental pollution [19,20]. Therefore,
more investigation is required to aid in understanding the innate
immune system of abalone for aquaculture development.

CDA-related genes have been reported in several mollusc
species. For example, Bouchut et al. [21] showed that biomphalaria

glabrata CDA (DQ117977) is differentially represented in hemo-
cytes between susceptible and resistant strains to the parasite,
Echinostoma caproni at the protein level. Boutet et al. [22]
discovered a CDA EST sequence (ES469341) when they investi-
gated genes involved in gonad maturation of the scallop,
Argopecten purpuratus. Wang et al. [23] reported a CDA EST
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(EU244406) from a SSH cDNA libray of hemocyte in Haliotsis

diversicolor reeve. However, these studies were just limited to the
CDA gene investigations and little is known about the sequence
property, biochemical or physiological functions of the CDA. In this
report, a cDNA nucleotide sequence was selected from the abalone,
Haliotis diversicolor supertexta, cDNA library. After sequence
analyses, examination on expression pattern, identification of
biological activity and determination of intracellular localization,
we demonstrate that this gene is a novel CDA homologue, which
we named ab-CDA.

2. Materials and methods

2.1. Animals, immune challenge and tissues collection

Healthy abalones (H. diversicolor supertexta) 3 years of age were
collected from an abalone farm in Xiamen (Fujian, China) and kept
in artificial seawater with a cycling system at 23 8C [24]. A
minimum of 5 individuals was used in each experimental
condition. Abalones were challenged by injecting 50 mL E. coli

lipopolysaccharide (LPS) or viral mimic Polyriboinosinic poly-
ribocytidylic acid (Poly I: C) (1 mg/mL diluted in sterile saline: 0.9%
sodium chloride). In addition, abalones challenged with 50 mL
autoclaved 0.9% sodium chloride were used as control. Hemocytes
were collected at different times (0, 6, 12, 18, 24 h) post injection
by centrifugation (700 � g, 10 min, 4 8C). Gills, digestive glands,
foot muscle and mantle margin were also collected from healthy
abalone without injection.

2.2. Preparation and screening of abalone cDNA library

Total RNA was isolated from challenged-abalone hemocytes
using TRIzol reagent (Invitrogen, USA). Abalone cDNA library was
constructed by a SMARTTM cDNA library construction kit
(Clontech, USA) according to the manufacture’s instruction with
a few modifications. Briefly, the isolated RNA was reverse-
transcribed to synthesize first strand cDNA at 42 8C for 1 h. Then
first strand cDNA was mixed with 50PCR primer and other PCR
reagents at 95 8C for 30 sec followed by 20 cycles of 95 8C for 10 s,
68 8C for 6 min to synthesize double-strand DNA. After digestion
and purification, double-strand DNA was ligated to TriplEx2
Vectors. Then the resulting Ligation reaction was packed using the
Lambda DNA Packaging System (Promega, USA) following the
manufacturer’s specifications. Screening of abalone cDNA library
was based on polymerase chain reaction (PCR) with the pTriplEx2
sequencing primers shown in Table 1. Positive plasmid clones were
grown in liquid cultures and induced to a high copy number for
direct sequencing.

2.3. Sequence analysis and phylogenetic construction

Sequence analysis was carried out by BLAST software
(www.ncbi.nlm.nih.gov/blast). Deduced amino acid sequences
were aligned using ClustalW (http://npsa-pbil.ibcp.fr) software.
Domain prediction was performed with SMART (http://smar-
t.embl-heidelberg.de) software [25]. A phylogenetic tree was
constructed based on full length amino acid sequences using the
neighbor-joining method [26] and was drawn using MEGA version
3.1 [27].

2.4. Real-time PCR

Total RNAs from different tissues of healthy abalones or
hemocytes of abalones challenged with LPS, Poly I: C, or equal
volume of autoclaved 0.9% sodium chloride which were used as
control were isolated using TRIzol reagent (Invitrogen, USA). The
specific primers for ab-CDA and 28 s rDNA (Table 1) were designed
by primer 3.0 software. Real-time PCR was performed using the
SYBR Premix Ex TagTM KIT (Takara, Japan). Briefly, the RNA was
reverse transcribed into cDNA with M-MLV reverse transcriptase
and the PCR reaction was performed in a 25 mL volume using a
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2.7. Biological activity

The enzymatic activity of the recombinant fusion protein was
determined by spectrophotometry as described previously with
slight modification [29]. The reaction mixture (1 ml) containing
100 mM KHPO4 (PH 7.5), 500 mM KCl, 0.2 mM cytidine (which is
the natural substrate of CDA) and the appropriate ab-CDA fusion
protein after purification was incubated at 37 8C for 1 h, and the
reaction was terminated by adding 100 ml methanol and cooling
on ice for 10 min. The concentration of substrate was determined
at the wavelength of 286 nm.

2.8. Antibody preparation

Antibodies were prepared as previously reported [30]. In brief,
purified proteins were homogenized in complete Freund’s
adjuvant (Sigma, USA). New Zealand White rabbits were immu-
nized with purified proteins (2 mg for each rabbit) three times at 2-
week intervals. Booster injections were given after another week
with 1 mg purified proteins (diluted with incomplete Freund’s
adjuvant). Rabbit serum was collected 10 days after the last
immunization. Antiserum was prepared according to the method
described [31] and the titer was determined by enzyme-linked
immunosorbent assay (ELISA), and stored at �80 8C.

2.9. Western blot analysis

25 mg purified recombinant proteins or proteins extracted
from abalone hemocytes, gills and digestive glands were
Fig. 1. Nucleotide and deduced amino acid sequences of ab-cDA from abalone, H. diversico

mRNA instability motif ATTTA is underlined. The nucleotides are numbered along the
separated on 12% SDS/PAGE gels respectively and then transferred
onto a polyvinylidene difluoride (PVDF) membrane by an
electrophoretic transfer system (Bio-Rad, USA). Membranes were
blocked for 1 h at room temperature with 5% skim milk in PBST
and probed with prepared anti-CDA antibody or pre-immunized
rabbit serum at 4 8C overnight respectively. Subsequently, the
membranes were incubated with HRP-conjugated sheep anti-
rabbit IgG antibody (Sigma, USA) for 1 h at room temperature.
Immunoreactivity was detected with HRP-DAB Detection Kit
(Tiangen, China). The anti-28 s antibody (Jingtian, China) was
used as loading control.

2.10. Immunohistochemistry

Immunohistochemistry was performed as previously
reported [32] with some modifications. Briefly, Paraffin-
embedded sections were air dried at room temperature for
1 h, fixed in acetone for 10 min and then air dried for another
10 min. The sections were rinsed and rehydrated in phosphate-
buffered saline (PBS) for 5 min. An indirect immunoperoxidase
staining technique was performed with the ABC method by a
commercial immunohistochemistry kit (BOSTER, China). Briefly,
endogenous peroxidase was inhibited by treatment with 3%
H2O2 in PBS for 30 min at 37 8C. Then blocking solution with
1.5% bovine serum albumin in phosphate-buffered (BSA/PBS)
was applied to the sections for 20 min at room temperature to
avoid non-specific binding of the biotinylated antibody. The
prepared anti-CDA antibody and pre-immunized rabbit serum
were added to the slides and incubated overnight at 4 8C
lor supertexta. The translation start (ATG) and stop (TGA) codon are shaded. Possible

left margin and amino acids are numbered along the right margin.



Fig. 2.Multiple amino acid sequences alignments between ab-CDA and other CDA members. Deduced amino-acid sequences of Escherichia coli, ECOL (NCBI accession number,

P13652), Arabidopsis thaliana, ATHA (NCBI accession number, AJ005261), Caenorhabditis elegans, CELE (NCBI accession number, U64861), Homo sapiens, HSAP (NCBI accession

number, P32320) and Abalone (NCBI accession number, EU101721) were aligned by Clustal program, version 1.83. Conserved amino acids are shaded and each shade

represents a degree of conservation (black, 100%; gray 70%) The conserved active site domains are denoted by arrows above the sequences and the conserved cysteine/

histidine residues involved in the Zn binding are denoted by asterisks. The conserved glutamate is denoted by triangle.
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respectively. Goat anti-rabbit IgG antibody was added to the
slides for 30 min at room temperature and peroxidase activity
was visualized using a DAB kit (BOSTER, China). The reaction
was stopped by rinsing in PBS after 15 min. Finally, the slides
were mounted in aqueous-based mounting medium and
examined by light microscopy.
Fig. 3. Phylogenetic tree of representative CDA superfamily proteins. The neighbor-joinin

of CDA superfamily proteins. Branch confidence levels (% based on 1000 bootstrap repli

member branches. NCBI accession numbers: Escherichia coli (P13652), Arabidopsis thalia

Bacillus subtilis (P19079), Mycoplasma pneumoniae (P75051), Brugia malayi (U80980), H
3. Results

3.1. Sequence analysis of ab-CDA

A 1752-bp full length cDNA was obtained by screening an
abalone cDNA library. The nucleotide and deduced amino acid
g distance tree was constructed based on the entire amino acid sequence alignments

cates) reveal an evolutionarily ancient split into the ab-CDA branch and other CDA

na (AJ005261), Haemophilus influenzae (P44325), Caenorhabditis elegans (U64861),

omo sapiens (P32320), Biomphalaria glabrata (DQ117977) and Abalone (EU101721).
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sequences of the full length cDNA are shown in Fig. 1. This cDNA
has an ORF of 447 bp encoding 149 amino acid residues which has
a predicted molecular weight of 16.6 kDa and PI of 7.3,
respectively. The 50 and 30 untranslated regions (UTR) contain
50 and 1255 bp, respectively. A possible mRNA instability motif
ATTTA at nucleotides 1492–1497 bp and a polyA tail in the 30 UTR
were identified. This cDNA sequence has been submitted to
GenBank with accession no EU101721.

3.2. Characterization and homology comparison of ab-CDA

Based on the entire amino acid sequence, multiple
alignments were performed using CDA homologues from
Fig. 4. (A) Expression levels of ab-CDA were detected in various tissues by real-time P

Expression levels were assessed using the 28 s rDNA as endogenous control and the data w

CDA in hemocyte at 0, 6, 12, 18 and 24 h after LPS challenge were detected by real-time PC

challenges were detected by real-time PCR. (D) Expression levels of ab-CDA in hemocyte

time PCR and were used as control. The expression levels of 28 s rDNA were used as end

Student’s t-test. Asterisk indicates statistically significant difference (P < 0.05). (E) Expression

by Western blot analysis. Lanes 1 and 2: expression level of ab-CDA in hemocyte before LPS

challenge; Lane 4: expression level of ab-CDA in hemocyte at 18 h after Poly I: C challeng

challenge were detected by Western blot analysis and were used as control. Lanes 1 and 2: ex

of ab-CDA in hemocyte at 18 h after challenge; 28 s was used as loading control.
different species (Fig. 2). Alignments with Homo sapiens

CDA (62% similarity), Caenorhabditis elegans CDA (46% similar-
ity), Escherichia coli CDA (15% similarity) and Arabidopsis

thaliana CDA (17% similarity) show that the abalone
protein contains two conserved active site domains and
conserved cysteine/histidine residues involved in the Zn
binding, which are the characteristics of CDA proteins.
Thus, we believe that this abalone protein encodes a CDA
homologue, which we named ab-CDA. The construction of
an unrooted phylogenetic tree using the neighbor-
joining method showed that the ab-CDA branched with
Caenorhabditis elegans CDA and clustered with Arabidopsis

thaliana CDA (Fig. 3).
CR. H: hemocyte; G: gills; D: digestive glands; M: mantle margin; F: foot muscle.

ere normalized by mRNA expression in the foot muscle. (B) Expression levels of ab-

R. (C) Expression levels of ab-CDA in hemocyte at 0, 6, 12, 18 and 24 h after Poly I: C

at 0, 6, 12, 18 and 24 h after 0.9% sodium chloride challenge were detected by real-

ogenous control. The values were presented as mean � SEM (n = 3) and analyzed by

levels of ab-CDA in hemocyte before and after LPS or Poly I: C challenges were detected

or Poly I: C challenge; Lane 3: expression level of ab-CDA in hemocyte at 18 h after LPS

e. (F) Expression levels of ab-CDA in hemocyte before and after 0.9% sodium chloride

pression level of ab-CDA in hemocyte before challenge; Lanes 3 and 4: expression level



Fig. 5. (A) SDS-PAGE analysis of recombinant ab-CDA expressed in E. coli. Lane 0: lysate of E. coli without induction; Lane 1: recombinant ab-CDA expression induced by

0.5 mM IPTG; Lane 2: recombinant ab-CDA expression induced by 1 mM IPTG; M: unstained protein standards. The specific band of recombinant ab-CDA is indicated by lines.

(B) SDS-PAGE analysis of purified recombinant ab-CDA. Lanes 1 and 2: purified recombinant ab-CDA; M: unstained protein standards. The protein separation was visualized

with Coomass brilliant blue R-250.

Fig. 6. Characterization of ab-CDA by MS analysis. The peptide fragments of the protein identified by analysis of mass spectrometry data are underlined.

Fig. 7. Deaminase activity with increasing amounts of fusion protein. The activity

was determined in vitro incubation with purified ab-CDA at 37 8C. The efficiency of

deamination was increased with the accession of ab-CDA fusion protein until 60 ng.
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3.3. Expression analysis of ab-CDA

Real-time PCR analysis was performed to examine the
expression of the ab-CDA transcript in different tissues:
hemocyte, gills, digestive glands, foot muscle and mantle
margin. It was shown that the ab-CDA was ubiquitously
expressed in abalone tissues and a relatively high amount of
ab-CDA transcript was observed in hemocyte (Fig. 4A). Real-time
PCR analysis was also performed to examine whether LPS and
Poly I: C had effects on the expression of ab-CDA in hemocytes.
We observed that the expression levels of ab-CDA increased
quickly after LPS and Poly I: C challenge (Fig. 4B and C) and
reached their peak levels at 18 h. Furthermore, Poly I: C was
more potent than LPS in up-regulating ab-CDA expression as the
expression level was increased by three folds at 18 h during LPS
challenge while the expression level was increased by four and a
half folds at 18 h after Poly I: C challenge. Meanwhile, the
difference is not significant in control group (Fig. 4D). Moreover,
the results of Western blot analysis showed that the post-
transcription level of ab-CDA was also increased after LPS and
Poly I: C challenge (Fig. 4E) and no remarkable changes were
revealed in control group (Fig. 4F).

3.4. Recombinant protein expression, purification and

characterization

With the aim of identifying the function of ab-CDA, the ab-CDA
protein was expressed as a fusion protein in E. coli (Fig. 5A) and
purified by affinity chromatography. One single band with an
apparent molecular mass of 20 kDa was shown by SDS-PAGE
analysis (Fig. 5B). This is consistent with the predicted size of ab-
CDA (16.6 kDa) and HIS (3.8 kDa) fusion protein. The protein was
further confirmed by MS analyses. Thus four peptide fragments
were unambiguously identified as tryptic fragments of the
recombinant protein (Fig. 6). The sequence coverage of the
matched protein was 35% overlapping with the amino acid
sequence deduced from the ab-CDA.
3.5. Enzymatic activity

The ab-CDA showed conserved active site domains. We
investigated whether ab-CDA had the characteristic of enzymatic
activity as other CDA members using a spectrophotometric assay.
The results showed that the efficiency of deamination was
increased with increasing amounts of ab-CDA fusion proteins
and leveled off at a concentration of 60 ng fusion proteins (Fig. 7).
Thus we have demonstrated that the ab-CDA fusion protein can
deaminate cytidine effectively.

3.6. Antibody preparation and Western blot analysis

We obtained a good antibody response with titers around
1:6000 (data not shown).

The specificity of the antibody was further analyzed by Western
blotting. The results showed that a consensus protein of 20 kDa
was detected in abalone tissues using the anti-CDA antiserum



Fig. 8. (A) Western blotting analysis of ab-CDA in abalone tissues using the anti-CDA antibody. Lane 1: digestive glands; Lane 2: mantle margin; Lane 3: hymocyte; Lane 0:

control. (B) Western blotting analysis of recombinant ab-CDA fusion protein using anti-CDA antibody. Lane 1 and 2: purified ab-CDA fusion protein; Lane 0: control. The

expected bands of 20 kDa were detected using the anti-CDA antibody. No band was detected using the pre-immunized rabbit serum.

Fig. 9. Immunohistochemical labelling in digestive glands (A, B) and mantle margin (C, D) of abalone with the antibody against ab-CDA. (B) and (D) show the presence of ab-

CDA in nucleus (asterisks) and cytoplast (arrows). Negative controls show no immunostaining signal (A, C). Scale bars: A, C, D, 80 mm; B, 100 mm.
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(Fig. 8A). An immunoreaction was also detected against recombi-
nant ab-CDA fusion protein (Fig. 8B). No immunoreactive band was
detected in the control group using pre-immune rabbit serum. This
demonstrated that the antibody was highly specific for ab-CDA.

3.7. Intracellular localization of native ab-CDA

Immunohistochemistry was performed using prepared anti-
serum to detect the intracellular localization of native ab-CDA in
abalone tissues. The results exhibited strong staining in the
cytoplast and relatively light staining in the nuclei (Fig. 9B and D).
No immunostaining was detected in control samples (negative
control) (Fig. 9A and C). These results suggested that ab-CDA is
largely concentrated in the cytoplast and partially in the nuclei.

4. Discussion

In the present study, a full-length cDNA encoding ab-CDA
protein was isolated from an abalone (H. diversicolor supertexta)
cDNA library. We believe that ab-CDA is a CDA homologue for the
following reasons: (1), ab-CDA shares high amino acid similarity
with other CDA members; (2), ab-CDA shares conserved signature
motifs with other CDA family proteins, including the zinc-binding
region and active site domain; (3), ab-CDA has similar expression
pattern to that of other CDA members; and (4), ab-CDA has a
similar biological activity, catalyzing the model substrate of CDA.

The analysis of the ab-CDA amino acid sequence revealed that
the abalone protein contains two conserved active site domains
and conserved cysteine/histidine residues involved in the Zn
binding, which are the characteristics of CDA protein family.
Compared with other CDA members, the ab-CDA shares high
amino acid similarity with homotetrameric members (62%
similarity with Homo sapiens CDA and 46% similarity with
Caenorhabditis elegans CDA) but relatively low amino acid
similarity with homodimeric members (15% similarity with
Escherichia coli and 17% similarity with Arabidopsis thaliana). In
addition, the homodimeric members have one histidine and two
cysteine residues liganding the zinc ion at the active sites while the
three zinc ligands of the homotetrameric members are all cysteine
residues [33]. We have shown that all cysteine residues liganding



the zinc ion at the active sites of ab-CDA are present (Fig. 2).
Therefore, we suggest that the ab-CDA is a homotetramer protein
that belongs to the homotetrameric class of CDA superfamily.

Real-time RT-PCR analysis revealed that ab-CDA was ubiqui-
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