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Arabidopsis thaliana Cytidine Deaminase 1 Shows More Similarity 
to Prokaryotic Enzymes Than to Eukaryotic Enzymes 1 

Chris Kafer and Robert W. Thornburg 
Department of Biochemistry, Biophysics, and Molecular Biology, 2212 Molecular 

Biology Building, Iowa State University, Ames, Iowa 50011, USA 

Two Expressed Sequence Tagged (EST) clones were identified from the Arabidopsis database as encoding putative 
cytidine deaminases. Sequence analysis determined that the two clones overlapped and encoded a single cDNA. This 
cytidine deaminase corresponds to the Arabidopsis thaliana gene, cda 1. The deduced amino acid sequence was more 
closely related to prokaryotic cytidine deaminases than to eukaryotic enzymes. The cDNA shares 44% amino acid 
identity with the Escherichia coil cytidine deaminase but only 26 and 27% identity with human and yeast enzymes. A 
unique zinc-binding domain of the s coli enzyme forms the active site. A similar putative zinc-binding domain was 
identified in the Arabidopsis enzyme based upon primary sequence similarities. These similarities permitted us to 
model the active site of the Arabidopsis enzyme upon that of the E. coil enzyme. In this model, the active site zinc is 
coordinated by His ~, Cys 1~ Cys 1~ and an active site hydroxyl. Additional residues that participate in catalysis, Asn 64, 
Glu ~, Ala TM, Glu ~, and Pro 1~ are conserved between the Arabidopsis and s coil enzymes suggesting that the Arabi- 
dopsis enzyme has a catalytic mechanism similar to the E. coil enzyme. The two overlapping ESTs were used to pre- 
pare a single, full-length clone corresponding to theA. thallana cdal cDNA. This cDNA was subcloned into pProExHtb 
and expressed as a fusion protein with an N-terminal His6 tag,. Following purification on a Ni-NTA-Agarose column, 
the protein was analyzed for its kinetic properties. The enzyme utilizes both cytidine (Km = 226 IbM) and 2'-deoxycyti- 
dine (1~ = 49 IJM) as substrates. The enzyme was unable to deaminate cytosine, CMP or dCMP. 
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Pyrimidines are at the core of cellular metabolism. 
They are components of DNA and RNA, they activate 
monosaccharides, they modify regulatory proteins, 
and they are involved in basic aspects of cellular phys- 
iology. Deficiencies in pyrimidine metabolism com- 
pletely block cellular growth and development in both 
bacteria (Yamanaka et al., 1992) and yeast (Prakash et 
al., 1979; Jong and Campbell, 1984). 

Cytidine deaminase (EC 3.5.4.5) catalyzes the first 
step in the salvage of pyrimidine nucleotides by hydro- 
lyric deamination of cytidine into uridine. Cytidine 
deaminase has been identified and characterized from 
a wide variety of sources from bacteriophage (Maley, 
1978) to mammals (Rothman et al., 1978). Our inter- 
est in cytidine deaminase stems from its role in pyrimi- 
dine salvage; however, cytidine deaminase also 
generates significant interest due to a variety of other 
observations. This makes a comparative analysis of the 
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plant enzyme important in understanding the role of 
this enzyme in cell biology. First, in humans, cytidine 
deaminase is responsible for the inactivation of useful 
chemotherapeutic agents such as cytidine arabinoside 
that are widely used in the treatment of leukemia 
(Steuart and Burke, 1971; Meyers et al., 1973). Sec- 
ond, cytidine deaminase catalyzes RNA editing. The 
best characterized example of RNA editing is the C to 
U editing of nucleotide 6666 of apolipoprotein B (apo- 
B) RNA in mammalian intestine catalyzed by a novel 
cytidine dearninase (Navaratnam et al., 1993; Teng et 
al., 1993). This modification generates a new stop 
translation codon (UAA) from a glutamate codon (CAA) 
producing a truncated protein (Powell et al., 1987). 
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RNA editing also occurs in both the mitochondria 
and chloroplasts of plants from bryophytes (Malek et 
al., 1996) to gymnosperms (Wakasugi et al., 1996) 
and angiosperms including both monocots (Freyer et 
al., 1997) and dicots (Lippok et al., 1996). RNA edit- 
ing has been shown to completely modify the coding 
region of genes by creation of new stop codons (Zan- 
lungo et al., 1995), new start codons (Kadowaki et al., 
1995), and even creating entirely new open reading 
frames (Wakasugi et al., 1996). 

MATERIALS AND METHODS 

Bacterial Strains 

s coli strains XL1 Blue or DH50c were 
used for routine subcloning and sequencing DNA 
preparations. E. coli BL21 was used for expression of 
the recombinant protein due to the lack of omp and 
Ion proteases. 

DNA Sequencing 

DNA sequence reactions were performed at the 
Iowa State University Nucleic Acid Facility using the 
Applied Biosystems Prism Dye-deoxy Cycle Sequenc- 
ing Kit. The reactions were run on an Applied Biosys- 
tems Prism 377 DNA sequencer (Perkin-Elmer Corp., 
Norwalk, CT). Sequencing was initiated from known 
vector sequences. On the basis of these runs, primers 
specific to the cytidine deaminase sequence were 
constructed. Both strands were sequenced in dupli- 
cate or triplicate. RNA structural calculations were 
conducted with the program RNAdraw (Matzura and 
Wennborg, 1996). 

Construction of Expression Cassette 

Two Espressed Sequence Tagged (EST) clones 
(150P17T7 and 149H23T7) were identified as potential 
cytidine deaminase cDNAs by Blast searches (Altschul 
et al., 1990) and obtained from the Arabidopsis Biologi- 
cal Resource Center stock center (ABRC, 1995). The 
complete sequence of each clone showed that they 
were partial cDNAs that together encoded a single 
open reading frame of a putative cytidine deaminase. 

A single, full-length cytidine deaminase clone was 
constructed from these two cDNAs. The 150P1 7T7 
EST was digested with Xbal and Bglll and ligated into 
the Xbal/Bglll sites of pRT146 (a pUC derivative in 
which a Bglll linker had been inserted into the Hincll 

site). This resulting plasmid was named pRT428. The 
EST clone, 149H23T7, was digested with Bglll and 
Sphl and ligated into the Bglll/Sphl sites of pRT428. 
The resulting clone, pRT429, contained the full- 
length cytidine deaminase cDNA. 

The expression plasmid, pRT439, was constructed 
by PCR amplification of the coding region with the 
pair of oligonucleotides CYDP2 and CYDP3; CYDP3 
(5'-GCGCGGATCCATCCAAGGTCGTATGGATAAGCC- 
AAGCTTCGTA-3') contained the start codon (bold), a 
Factor Xa protease site (italicized), and a BamHI site 
(underlined); CYDP2 (5'-CGGGATCCCTCGAGCTAG- 
CTTCATAGCAATGAAACAC-3') was complementary 
to the cDNA, included the stop codon (bold), and 
contained BamHI and Xhol sites (underlined). The 
resulting PCR product was digested with BamHI and 
Xhol and ligated into the BamHI/Xhot sites of 
pProEXHtb (Gibco, Gaithersburg, MD). 

Expression of Cytidine Deaminase and Purifica- 
tion of Recombinant Protein 

Individual E. coil BL21 transformants carrying 
pRT439 were picked from ampicillin selection plates 
and used to inoculate liquid media. The culture was 
grown in 50 to 100 mL NZCYM media (10 g/L casein 
hydrolysate, 5.0 g/L yeast extract, 1.0 g/L casamino 
acids, 2.0 g/L MgSO47H20) w/75 ~g/mL ampicillin 
at 37~ until approximately 0.6 A600. A 1 mL aliquot 
was taken to serve as an uninduced control. IPTG 
was then added to a final concentration of 1 mM, 
and the cultures were incubated for another 4 h. 

Cells were harvested by centrifugation at 5000g for 
10 rain at 4~ The pellet was resuspended in 10 mL 
binding buffer (5 mM imidazole, 0.5 M NaCI, 20 mM 
Tris-CI pH 8.0) containing 1 mg/mL tysozyme and 
sonicated on ice for 30 s. Cellular debris was removed 
by centrifugation at 10,000g for 20 min at 4~ The 
supernatant was applied to a 1 mL Ni-NTA-affinity 
column (Quiagen). The column was washed exten- 
sively (20 to 30 column volumes) with wash buffer 
(60 mM imidazole, 0.5 M NaCI, 20 mM Tris-CI pH 
8.0) to remove nonspecifically bound proteins. The 
bound, recombinant Hi% tagged protein was eluted 
with 1.5 mL of column-stripping buffer (100 mM 
EDTA, 20 mM Tris-CI pH 8.0, 0.5 M NaCI). The pro- 
tein was stored at -20~ until used and was stable 
through several freeze/thaw cycles. 

Cytidine Deaminase Assay 

The cytidine deaminase assay was performed 
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essentially as described (Wentworth and Wolfenden, 
1978). Each reaction included 0.1 mL 1.67 mM cyti- 
dine, 0.5 mL 0.1 M Tris-HCI pH 8.0, enzyme, and 
water to 1 mL final vol for specific activity measure- 
ments. The decrease in absorbance at 290 nm was 
followed with time. As was observed for the E. coil 
enzyme (Wentworth and Wolfenden, 1978) no loss 
of activity was found when the enzyme was treated 
with high levels of EDTA. Assays for 2'-deoxycytidine 
deaminase were performed essentially as described 
(Ipata and Cercignani, 1978). One unit of activity is 
defined as the amount of enzyme required to cata- 
lyze the deamination of 1 I~Mol of substrate per min 
at 27~ in the above assay. 

RESULTS 

Characterization of the Cytidine Deaminase mRNA 

The full sequence of the Arabidopsis thaliana cyti- 
dine deaminase mRNA was constructed from two 
independent EST clones. Initially, we determined the 
entire nucleotide sequence of each clone. The com- 
parison of these two clones, 149H23T7 and 
150P17T7, revealed an identical overlapping region 
of 672 nucleotides (see Fig. 1, Panel A). Clone 
150P17T7 is incomplete at the 3' end. It contains the 
5' untranslated region, start codon and the majority of 
the coding region extending to nucleotide 1003 
(Ser288). Clone 149H23T7 is incomplete at the 5' end. 
It begins in the coding region at nucleotide 331 (Val 6s) 
and extends through the stop codon and a short 3' 
untranslated region to the poly A tail of the cytidine 
deaminase. A full-length clone was prepared from the 
two incomplete cytidine deaminase clones as out- 
lined in the Materials and Methods section (Fig. 1, 
Panel B). 

mRNA Features 

The mRNA encoding the putative cytidine deami- 
nase deduced from the overlapping clones is 1161 
nucleotides long. Based upon DNA matrix analysis, 
there were no significant internal duplications within 
the mRNA. A 141-nt 5' untranslated region was iden- 
tified. There was no nucleotide bias of either AT 
(52%) or GC (48%) within the 5' untranslated region. 
The first ATG was found at nucleotides 142 to 144 of 
the mRNA. The identification of a purine nucleotide 
at nucleotide 139 and a G at nucleotide 145 (-3 and 
+4 relative to the ATG start codon) indicate that this 

Figure 1. A. thaliana cytidine deaminase cDNAs. Panel A. 
Physical structure of the cytidine deaminase EST clones 
150P17T7 and 149H23T7 are presented as black lines. 
Conserved restriction enzyme sites between the two clones 
are indicated. The stippled box below the clones shows the 
structural features (5' UTR, coding region, and 3' UTR) of the 
cDNA. A scale showing the size of the clones in nucleotides 
is presented below. Panel B. Construction of the full-length 
cytidine deaminase cDNA. Features of this panel are the 
same as in Panel A. 

mRNA is likely to be efficiently translated (Kozak, 
1986). 

The mRNA contains a single, 301 codon-long open 
reading frame that encodes a protein with high iden- 
tity to the E. coli cytidine deaminase (see below). An 
amber stop codon (TAG) is located at nucleotides 
1045 to 1047 of the mRNA and a 113 bp 3' untrans- 
lated sequence extends beyond. The polyadenyla- 
tion site was found at nucleotide 1136. A consensus 
polyadenylation signal (AATAAA) was observed 46 
nucleotides upstream from the polyadenylation site at 
nucleotides 1085 to 1090 of the mRNA. Further anal- 
ysis of this region of the mRNA revealed that an 
unusual hairpin structure overlapped this polyadeny- 
lation signal (Fig. 2). The AG of formation of this hair- 
pin structure was -38.64 kJ/mol at 20~ indicating 
that this structure is likely to form spontaneously 
within the mRNA. Thus, this polyadenylation signal is 
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Figure 2. Stem-loop structure forms a novel polyadenylation 
signal. The sequence of the A. thaliana cytidine deaminase 
mRNA from 1029 to 1090 is presented. This structure was 
calculated to form with a AG of -38.64 kJ/mol at 20~ 

likely to be located within a hairpin structure. 
Uniquely, this hairpin structure results in the forma- 
tion of a new consensus polyadenylation site that 
spans the base of the hairpin. This bipartite polyade- 
nylation signal is located only 14 nucleotides from the 
polyadenylation site (see Fig. 2). 

Protein Features 

A single open reading frame was identified within 
the putative cytidine deaminase mRNA that encodes 
a 301 amino acid protein. The full-length protein has 
a calculated molecular weight of 32,582 and a pl of 
5.52. To identify this protein, BLAST searches (Alts- 
chul et al., 1990) were performed using the translated 
amino acid sequence. This analysis identified the 
most closely related sequences in the databases as 
cytidine deaminases. Interestingly, the most closely 
related sequence was the E. coli cytidine deaminase 
rather than other eukaryotic homologues (Fig. 3). 
Recently a family of seven cytidine deaminase cDNAs 
from Arabidopsis was deposited in the GenBank. All 
of these proteins show greater similarity to the E. coli 
enzyme than to other eukaryotic enzymes. The cyti- 
dine deaminase cDNA identified in this report corre- 
sponds to the cytidine deaminase cdal gene. 

To further verify the relationship between the Arabi- 
dopsis and other enzymes, we performed a protein 
matrix analysis comparing the Arabidopsis cDNA with 
sequences from E. coli (GenBank Accession Number 
M60916), Homo sapiens (L27943), and Saccharomy- 
ces cerevisiae (U20865). This analysis is shown in Fig- 
ure 4. While identity is clearly present between the 
Arabidopsis enzyme and all other cytidine deami- 
nases, the most extensive identity is with the E. coli 

I i 
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Figure 3. Phylogenetic analysis of cytidine deaminases. 
GenBank Accessions for the individual sequences used in 
this analysis are: E. coil GenBank Accession M60916; S. cer- 
evisiae U20865; H. sapiens L27943; Bacillus subtili~ 
P19079; Cenorhabditis elegans U61949; Brugia pahangJ 
X91065; B. malayi U80980, A. thaliana CYD1 AF134487; A. 
thaliana CYD2 through CYD7, AF080676. 
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Figure 4. Protein identity matrix comparison of the A. thaliana 
cytidine deaminase (GenBank Accession AF1334487) with 
cytidine deaminase from E. coil (M60916), H. sapiens 
(L27943), and S. cerevisiae (U20865). The analysis was per- 
formed with 30% identity in a window of 23 amino acids. 

enzyme, and this identity extends throughout the full 
length of the enzyme. Further, the length of these 
enzymes differs significantly. Other eukaryotic cyti- 
dine deaminases are approximately half the size of 
the E. coli and Arabidopsis enzymes. 

There are seven cysteine residues in the Arabidop- 
sis cytidine deaminase, so there must be at least one 
unpaired cysteine residue in the cytidine deaminase 
protein as is found in other cytidine deaminases 
(Ipata and Cercignani, 1978). Both acidic and basic 
residues are scattered throughout the protein; how- 
ever, the distribution of the negatively charged resi- 
dues is a bit unusual. Both the N-terminal third 
(amino acids 1 to 120) and the C-terminal third of the 
protein (amino acids 225 to 301) are rich in 
glutamate (7/9 and 8/10 residues respectively). In 
contrast the middle third (amino acids 121 to 224) 
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contains 16 negatively charged amino acids of which 
15 are aspartates. 

This protein does not contain readily discernible N- 
terminal targeting sequences that would direct the cyti- 
dine deaminase towards the secretory pathwa~ 
nucleus, or mitochondria. However, this protein does 
contain some features of a chloroplast protein including 
a high percentage of serine and alanine (27%) in the N- 
terminal 30 amino acids (Nakai and Kanehisa, 1992). 

It has previously been suggested that the mRNA 
editing cytidine deaminase in mammalian cells forms 
a heterodimer with the 60 kDa RNA binding compo- 
nent by virtue of a leucine zipper (Navaratnam et al., 
1993). Numerous leucine residues are present 
throughout the middle portion of the Arabidopsis 
protein (amino acids 143 to 179). The spacing; how- 
ever, of these residues in the Arabidopsis cytidine 
deaminase does not form a perfect heptad repeat, 
suggesting that this portion of the protein may not 
form a leucine zipper. Further, structural predictions 
(Rostet al., 1994) on this portion of the cytidine 
deaminase indicate that this region is not likely to 
form an s-helix. 

Model of the Active Site 

Other cytidine deaminase enzymes contain a zinc- 
binding, active site that is required for catalysis 
(Driscoll and Zhang, 1994). This active site has been 
best studied in the E. coil enzyme (Betts et al., 1994; 
Xiang et al., 1995; Carlow et al., 1996; Xiang et al., 
1996; Xiang et at., 1997; Carlow et al., 1998). In the 
E. coil enzyme a zinc-binding pocket exists between 
two alpha helices. In the E. coil  enzyme the zinc is 
coordinated by His 1~ Cys 129, Cys u2, and an active 
site water molecule (Betts et al., 1994; Xiang et al., 
1995; Carlow et al., 1996; Xiang et al., 1996; Xiang 
et al., 1997; Carlow and Wolfenden, 1998). An align- 
ment of the Arabidopsis sequence with that of the E. 
coli enzyme and other cytidine deaminases is pre- 
sented in Figure 5, Panel A. The zinc-binding amino 
acids are indicated with arrows. These zinc-binding 
residues are conserved in the Arabidopsis enzyme as 
residues His 77, Cys 1~ and Cys 1~ 

Structural predictions on the Arabidopsis cytidine 
deaminase were performed using the PredictProtein 
server at EMBL-Heidelberg. The region from amino 
acids 77 to 1 10 was predicted to contain two (z-heli- 
ces separated by a 13-sheet. This same pattern is 
observed in the 3D structure of the E. coli cytidine 
deaminase [5]. Therefore, a 24 amino acid sequence 
corresponding to the zinc-binding domain was mod- 

Figure 5. A. thaliana cytidine deaminase active site. Panel 
A. Alignment of zinc-finger domains from various cytidine 
deaminases. GenBank Accessions for the individual 
sequences used in this analysis are presented in the legend 
to Figure 3. Panel B. Model of the A. thaliana cytidine 
deaminase zinc-finger domain from amino acids 77 to 111. 
The alpha carbon chain for the peptide is presented. The 
side chains of the amino acids that participate in the enzyme 

:~77 mechanism are presented. The zinc-coordinating His is 
shown in black, and Cys 1~ and Cys 1~ are stippled. The 
active site Glu 79 is shown in hatched. Panel C. Structural 
elements at the cytidine deaminase active site. The active 
site of the E. coli is taken from [5]. The conserved active site 
residues of the Arabidopsis enzyme are shown interacting 
with the tetrahedral active site reaction intermediate. 

eled using the E. coil cytidine deaminase crystal struc- 
ture (PDB accession # 1AF2) using a "first approach" 
method with the Swiss Model program at http:// 
expasy.hcuge.ch/swissmod/SWlSS-MODEL.html. The 
results of this are shown in Figure 5 panel B. In this 
model, the sidechains of selected amino acids are 
shown. As indicated above, His 77, Cys 1~ and Cys 1~ 
are involved in the coordination of the active site zinc 
atom. In addition, a hydrogen bond between the car- 
boxylate group of the conserved Glu 79 and zinc- 
bound hydroxyl group apparently is critical in the sta- 
bilization of the transition state intermediate. It also 
serves as a proton shuttle from the zinc-bound 
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hydroxyl group to the leaving amino group (Carlow et 
al., 1996; Xiang et al., 1997). As can be seen by com- 
paring the model with the E. coil  enzyme structure, 
each of these functional sidechains in the Arabidop- 
sis enzyme is in the appropriate location to mediate 
the hydroxylation/deamination reaction. In addition, 
several other amino acids that are known to partici- 
pate in substrate binding in the E. coil  enzyme such as 
the Ala l~ backbone amide that forms a hydrogen 
bond with the 2-keto'group of cytidine, Asp89 and 
Glu 91 that form hydrogen bonds with the ribosyl 3' 
hydroxyl, and Pro 128 that orients the amino leaving 
group are all conserved in the Arabidopsis enzyme as 
Ala 78, Asn 64, Glu 66, and Pro 1~ Thus, based upon the 
high degree of conservation of structure and amino 
acids that are involved in the active site chemistry, we 
postulate that the mechanism of cytidine deamina- 
tion in the Arabidopsis enzyme is similar to that of the 
E. coil enzyme. Figure 5, Panel C shows the conserva- 
tion of interacting residues between the E. coil  and 
the Arabidopsis enzyme. 

Expression, Purification, and Analysis of Recombi- 
nant Cytidine Deaminase 

To conclusively demonstrate that this cDNA encodes 
a cytidine deaminase, we expressed a recombinant 
form of the protein in E. coil, purified it, and evalu- 
ated its enzymatic activity. A full-length cytidine 
deaminase clone was constructed as described in 
Materials and Methods. This construct contained a 32 
amino acid extension at the N-terminus of the 
recombinant protein that contains a His6 affinity tag 
to facilitate purification. A secondary structural analy- 
sis of the recombinant protein with this N-terminal 
extension was performed. This extension was not 
expected to significantly alter the protein structure or 
its localization in E. coll. This clone was placed under 
the control of the powerful Trc promoter. This plas- 
mid, pRT439, was then transformed into E. coil  BL21 
cells, and the recombinant cytidine deaminase was 
expressed. After an initial growth to log phase, the 
cells were induced with 1 mM IPTG for 4 h. The 
resulting cells were concentrated by centrifugation, 
resuspended, and broken by sonication. After 
another centrifugation to pellet cell debris, the crude 
lysate was applied to a Ni-NTA column and allowed 
to flow through under gravity. The column was 
washed and subsequently eluted with 100 mM 
EDTA. The purity of the protein preparation was eval- 
uated by SDS PAGE as shown in Figure 6. This figure 
shows the specific induction of a 36 kDa protein fol- 

Figure 6. Purification of the recombinant cytidine deami- 
nase on the Ni-NTA-affinity column. Lane 1, proteins from 
uninduced E. coil BL21 cells containing pRT439; Lane 2, 
proteins from IPTG-induced BL21 cells containing pRT439; 
Lane 3, purified recombinant cytidine deaminase. Molecu- 
lar weight marker sizes in kDa are indicated to the left of the 
figure. Molecular weight markers used were, Myosin, 200 
kDa; ~-galactosidase, 116 kDa; Phosphorylase B, 97 kDa; 
BSA, 66 kDa; Ovalbumin, 45 kDa; Carbonic Anhydrase, 31 
kDa; Soybean Trypsin Inhibitor, 21.5 kDa; Lysozyrne, 14.4 
kDa; Aprofinin, 6.5 .kDa. 

lowing IPTG treatment (compare lanes 1 and 2). The 
recombinant protein expressed from pRT439 is pre- 
dicted to have a molecular mass of 36.4 kDa. Lane 3 
shows the protein fraction bound to the Ni-NTA affin- 
ity column and specifically eluted with imidizole. This 
purified enzyme fraction was utilized for all subse- 
quent protein methods. 

Initially we evaluated the deamination of the 
cytosine-free base, cytidine nucleosides, and cytidine 
nucleotides. This analysis, shown in Table 1, demon- 
strates that the recombinant enzyme shows no activ- 
ity against either the free base, cytosine, or the 
cytidine nucleotides, CMP or dCMP. The lack of activ- 
ity in deaminating cytosine has been previously 
reported for the E. coil  enzyme where the removal of 
the ribose reduces catalytic activity by 108 (Carlow et 
al., 1998). These authors indicated that the electron- 
withdrawing nature of the substituent ribose activates 
the cytosine ring for nucleophilic attack. The lack of 
activity for CMP and dCMP also can be explained by 
the enzyme structure. An important hydrogen bond is 
formed between the ribose 5'-hydroxyl and the back- 
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lable 1. Substrate specificity: The standard enzyme reaction 
contained 167 ~M cytidine analog, 0.05 M Tris-HCl pH 8.0, 
enzyme, and water in a final volume of I mL. The decrease 
in absorbance at 290 nm was followed with time. 
Experiments were performed in triplicate or quadruplicate. 
For determination of the Km values the standard enzyme 
reaction contained variable amounts of cytidine or 2'- 
deoxycytidine ranging from 50 to 500 ~M. One unit of 
cytidine deaminase is defined as the amount of enzyme 
required to deaminate I ~tMole of cytidine per minute in the 
above standard reaction mixture at 25~ Specific activity is 
units per milligram of protein as determined by the method 
of Bradford (Bradford, 1976). 

specific 
substrate activity~ Km b Vmax c 

cytidine 12.0+1.6 226.1 + 4 5  39.7+3.8 
2'-deoxycytidine 20.3 + 3.6 49.3 + 6.7 24.4 + 1.3 
CMP nd d 
dCMP nd 
cytosine nd 
a units per mg protein, b t~Molar, c I~Moles/min 
d no deaminase activity was detected 

bone carbonyl oxygen atom Ala631 of the other 
monomer [5]. The presence of a phosphate group on 
the ribose 5'-hydroxyl would therefore not permit this 
substrate to fit the binding pocket. 

In contrast, the Arabidopsis enzyme showed high 
activity in the deamination of cytidine and an almost 
twofold higher activity in the deamination of 2'-deox- 
ycytidine (see Table 1). This also was observed with 
the E. coli enzyme (Ashley and Bartlett, 1984) and 
can be explained from the crystal structure. The 2'- 
hydroxyl does not make hydrogen bonds within the 
active site. In order for cyfidine to bind, the 2'- 
hydroxyl must be desolvated, and this desolvation of 
the 2'-hydroxyl destabilizes the cytidine protein com- 
plex. Consequently, the deoxycytidine is more 
strongly bound [5]. To assess this with the Arabidopsis 
enzyme, we also determined kinetic constants for the 
recombinant enzyme with both of the active sub- 
strates. As shown in Table 1, the Km values for cyti- 
dine and deoxycytidine indicate that deoxycytidine 
binds approximately fivefold more tightly to the Ara- 
bidopsis enzyme than does cytidine (49 ~M vs 226 
[.uM). Again, this is similar to the E. coil  enzyme. 

Based upon these analyses, we conclude that this 
cDNA does indeed encode a cytidine deaminase 
with similar structure and enzymatic activity to the E. 
coli cytidine deaminase. Further, this cDNA appears 
to be a member of a closely related gene family with 
at least seven members that are all more similar to the 
prokaryotic cytidine deaminase than to the eukary- 
otic enzymes. 

DISCUSSION 

We have identified two overlapping EST clones as 
Arabidopsis cytidine deaminase clones. From these 
two clones we have reconstructed the full-length 
cDNA and analyzed the mRNA and protein. We 
have expressed the cDNA in E. coil  and verified that 
the expressed protein has cytidine deaminase activity. 
The mRNA encoding the cytidine deaminase has an 
unusual feature in its 3' end that may function as a 
novel polyadenylation site. Such structural features 
are not common, and to our knowledge this unusual 
hairpin appears to be unique. 

Structurally, the Arabidopsis protein is more similar 
to the E. coil  than it is to either the yeast or the 
human cytidine deaminase. The E. coil enzyme is 
known to be a dimer of 31 kDa subunits [5], while 
the human enzyme is a tetramer of 13 kDa subunits 
(Cacciamani et al., 1991). In our case, the Arabidop- 
sis protein is translated with a molecular weight of 
32.5 kDa and has identity with the E. coli enzyme 
throughout its sequence. 

The substrate specificity also is similar to that found 
in the E. coil enzyme. Both enzymes are unable to 
use cytosine as a substrate. It has been previously 
demonstrated that plants, like animals and unlike 
microorganisms, lack a cytosine deaminase activity 
(Stougaard, 1993). This lack of cytosine deaminase 
points to the inability of plants to salvage the cytosine- 
free base. Indeed, because of this inability to salvage 
the free base, fluorinated cytosine cannot be metabo- 
lized in higher eukaryotes and is an effective antimi- 
crobial compound. This has been very effectively 
utilized in animal systems, but has been widely over- 
looked in plant systems, especially plant tissue cul- 
tures. 

The inability of this enzyme to deaminate CMP or 
dCMP is also noteworthy and leads to several unan- 
swered metabolic questions. The Arabidopsis UMP/  
CMP kinase is very effective in converting CMP to 
CDP (Zhou et al., 1998). Thus, it appears that cyti- 
dine nucleotides are recycled to CDP and subse- 
quently CTP rather than to uridine nucleotides. This, 
however, does not appear to be the case for dCMP. 
The Arabidopsis UMP/CMP kinase is 30-fold less 
effective in the conversion of the dCMP into dCDP 
than in the conversion of CMP into CDP (Zhou et al., 
1998). Whether dCMP is metabolized into dUMP or 
dCDP remains unresolved. The cytidine deaminase, 
however, is twice as active in the conversion of deox- 
ycytidine into deoxyuridine than in the conversion of 
cytidine into uridine. It also is unclear whether deox- 
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yuridine is metabolized to uracil and deoxyribose, to 
dUMP, or both, as is the case in E. coli (Neuhard and 
Nygaard, 1987). Conversion to dUMP via phospho- 
rylation with thymidine kinase would provide an 
alternative route to TMP biosynthesis. Deribosyla- 
tion to uracil would recycle the ring system to either 
UMP by way of uracil phosphoribosyltransferase 
(Weers and Thornburg, 1999) or to degradation by 
dihydrouracil dehydrogenase. In bacteria, deoxyri- 
bose-5-phosphate is metabolized to glyceraldehyde- 
3-phosphate and acetaldehyde (Ackermann et al., 
1974). Whether eoxyribose metabolism occurs in 
plants has not, to our knowledge, been evaluated. 
Resolution of these metabolic questions will require 
further investigation and isolation of additional sal- 
vage enzymes. 

That all of the Arabidopsis cytidine deaminases are 
much more similar to the E. coil enzyme than to the 
eukaryotic enzymes from either humans or Saccharo- 
myces is surprising. This similarity is both structural 
and functional. The structural similarities have permit- 
ted us to model the active site of the Arabidopsis 
enzyme based on the active site of the E. coli 
enzyme. Based upon this analysis, all features of the 
E. coli enzyme that have been identified to partici- 
pate in the bacterial enzymatic mechanism are con- 
served in the Arabidopsis enzyme. The functional 
similarities between the bacterial and plant enzyme 
also are quite remarkable and lead us to the conclu- 
sion that the bacterial form of the cytidine deami- 
nase has been conserved in plants. 
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