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Cytosine deaminase is an attractive candidate for anticancer gene

therapy through its catalysis of the deamination of the prodrug

5-¯uorocytosine to 5-¯uorouracil. Recombinant yeast cytosine

deaminase has been crystallized with the inhibitor 2-hydroxy-

pyrimidine in 10% 2-propanol, 20% polyethylene glycol 4000,

0.1 M HEPES pH 7.5. The crystals belong to space group P21, with

unit-cell parameters a = 45.31, b = 53.33, c = 64.29 AÊ , � = 99.98� and

one dimer per asymmetric unit. The crystals diffract X-rays beyond

1.5 AÊ resolution and an initial atomic model has been built based on

selenomethionyl multiwavelength anomalous data at 2 AÊ resolution.
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1. Introduction

Cytosine deaminase (EC 3.5.4.1) catalyzes the

deamination of cytosine to uracil and

5-methylcytosine to thymine. The enzyme has

been found in bacteria and fungi, where it

plays an important role in pyrimidine salvage.

However, it is not present in mammalian cells,

which instead utilize cytidine deaminases

(Nishiyama et al., 1985). The bacterial and

fungal cytosine deaminases are distinct and

have evolved separately: the 426-residue

hexameric Escherichia coli enzyme belongs to

the (�/�)8-barrel amidohydrolase superfamily

(Ireton et al., 2002; Liaw et al., 2003), while the

158-residue dimeric yeast counterpart does not

display any sequence homology to the bacterial

enzymes (Erbs et al., 1997).

The antimetabolite 5-¯uorouracil (5-FU) is

one of the most active chemotherapeutic

agents for the treatment of colorectal cancer,

but has limited ef®cacy owing to its gastro-

intestinal and haematological toxicity

(Vauthey et al., 1996). Owing to its ability to

convert the relatively non-toxic 5-¯uoro-

cytosine (5-FC) into 5-FU and its absence in

mammalian cells, cytosine deaminase becomes

an attractive candidate for enzyme-prodrug

gene therapy because of its ability to reduce

the toxicity of 5-FU toward normal distal

tissues (Greco & Dachs, 2001). Currently, a

combination of 5-FC with cytosine deaminases

has proved effective in controlling tumour

growth in animals and is being evaluated in

several human clinical trials (Miller et al., 2002;

Nyati et al., 2002). Previous studies have also

suggested that the single tested yeast cytosine

deaminase is a better candidate for gene

therapy, perhaps owing to the yeast enzyme's

higher ef®ciency of conversion of 5-FC into

5-FU (Kievit et al., 1999, 2000). To provide

structural insights into the catalytic

mechanism, evolution and gene-therapy

applications of the yeast cytosine deaminase,

we have obtained protein crystals and have

solved the phase problem using the seleno-

methionyl multiwavelength anomalous disper-

sion method.

2. Protein preparation, crystallization
and X-ray data analysis

The 158-residue Saccharomyces cerevisiae

cytosine deaminase was expressed using the

vector pET-6H (a gift from Dr C. H. Hu at the

National Marine University, Taiwan) in E. coli

BL21 pLysS and in E. coli B834 (DE3) for the

selenomethionyl labelled protein. The recom-

binant protein contains eight additional vector

residues at the N-terminus including a six-His

tag. 1 l cultures were grown at 298 K to an

OD600 of 0.5 and were induced by the addition

of 1 mM isopropyl-�-d-thiogalactopyranoside

(IPTG). The cells were grown at 298 K for

another 4 h prior to harvest. The cells were

resuspended in 10 ml of buffer containing

50 mM NaH2PO4 pH 7.8, 300 mM NaCl,

10 mM imidazole and protease inhibitors

(Calbiochem) and were lysed by sonication.

After removal of cellular debris by centrifu-

gation at 13 000g at 277 K for 15 min, 0.5 ml

Ni±NTA resin (Qiagen) was added to the

supernatant and incubated at 277 K for 1 h.

The resin was washed and the protein was

eluted with 2 ml of buffer containing 50 mM

NaH2PO4 pH 8.0, 300 mM NaCl and 250 mM

imidazole. To purify the selenomethionyl

labelled protein, the cells were incubated

overnight at 310 K in LB medium containing

100 mg mlÿ1 ampicillin and then inoculated

into 7 l LeMaster medium supplemented with
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50 mg lÿ1 seleno-dl-methionine (Hen-

drickson et al., 1990). After IPTG induction,

the cells were grown for another 16 h at

298 K. The selenomethionyl protein was

puri®ed in a similar way to the native

protein.

Initial crystallization screening was

performed with Hampton Crystal Screens

using the hanging-drop vapour-diffusion

method at 295 and 277 K. The crystals were

grown in 10% 2-propanol, 20% poly-

ethylene glycol 4000 and 0.1 M Na HEPES

pH 7.5, with a combination of 2 ml reservoir

solution and 2 ml protein solution

(30 mg mlÿ1) in the presence of various

amounts (0±20 mM) of the transition-state

analogue 2-hydroxypyrimidine (Aldrich).

Crystals appeared after 3±5 d and reached

their ®nal dimensions in 1±2 weeks at

295 K (Fig. 1). A seeding experiment was

employed to enlarge the crystal size and

reduce the crystallization time to 2±3 d. The

selenomethionyl protein was crystallized

under the same conditions.

X-ray diffraction data were collected at

100 K with the addition of 5% glycerol as a

cryoprotectant. The crystals diffract to 2.5 AÊ

resolution using in-house radiation, but

diffract to beyond 1.5 AÊ resolution using

synchrotron radiation. Data were collected

using an ADSC Quantum 4 CCD camera at

beamlines BL-6A and BL-18B at the Photon

Factory and beamlines BL12B and BL41XU

at SPring-8. Data were processed using the

program HKL (Otwinowski & Minor, 1997).

The phase problem was solved by multi-

wavelength anomalous diffraction using

selenomethionines as the anomalous

diffractor using SOLVE; initial dimeric

models were built by RESOLVE (Terwil-

liger & Berendzen, 1999).

3. Results and discussion

To date, the recombinant enzyme could not

be crystallized in the absence of inhibitors.

The selenomethionyl protein required an

even higher concentration of inhibitors.

Autoindexing and consideration of system-

atically absent re¯ections revealed the

crystals to belong to the space group P21.

Crystals grown at varying inhibitor concen-

trations have slightly different unit-cell

parameters. For example, selenomethionyl

crystals grown in 15 mM 2-hydroxy-

pyrimidine had unit-cell parameters a = 45.31,

b = 53.33, c = 64.29 AÊ , � = 99.98�, while

the parameters of the native crystals with

2 mM 2-hydroxypyrimidine were a = 47.11,

b = 53.68, c = 68.08 AÊ , � = 105.33�. Changes

in the unit-cell parameters as the concen-

tration of inhibitor increases suggest that

there may be conformational changes in the

enzyme structure on binding of substrate or

inhibitor. The packing density suggests that

there is one dimer per asymmetric unit

(VM = 2.4 AÊ
3

Daÿ1), with a solvent content

of 48%. Both native and selenomethionyl

multiple anomalous data have been

collected; the data statistics are summarized

in Table 1.

Ten Se positions were identi®ed with

SOLVE based on the selenomethionyl

anomalous data; an initial dimeric model

with 168 polyalanine residues in 19 chains

was then built by RESOLVE, revealing a

similar structural core to that of cytidine

deaminase, made up of one long helix (�A)

and a ®ve-stranded �-sheet (�1±�5). The

partial model was then compared with cyti-

dine deaminases from Bacillus subtilis (PDB

code 1jtk; Johansson et al., 2002) and from

E. coli (PDB code 1aln; Betts et al., 1994),

revealing a possible structural homology

despite the lack of sequence similarity. The

cytidine deaminase structures were used to

assist in sequential assignment of the 19

chains in the model, in addition to the Se

peaks (Fig. 2). For example, chain 2 with

residues 202±220 near to the Se-7 peak and

Figure 1
Yeast cytosine deaminase crystals. Two crystal
morphologies were commonly observed: prismatic
crystals with typical dimensions of 0.2 � 0.2 �
0.15 mm and long thin rod-shaped crystals with
dimensions of 0.5 � 0.1 � 0.05 mm. The rod crystals
appeared more often, but diffracted X-rays poorly.

Table 1
Statistics for native and selenium multiwavelength anomalous data collection.

Values in parentheses are for the highest resolution shell.

Se peak Se in¯ection Se remote Native

Wavelength (AÊ ) 0.9793 0.9795 0.9717 0.71
Resolution (AÊ ) 50±2.0 (2.03±2.0) 50±2.0 (2.03±2.0) 50±2.0 (2.03±2.0) 50±1.6 (1.63±1.6)
Observed re¯ections 75997 76810 75274 176022
Unique re¯ections 16223 16284 16258 38939
Completeness (%) 79.0 (45.4) 79.1 (45.6) 79.1 (45.5) 90.1 (90.9)
Averaged I/�(I) 16.9 17.7 19.7 11.9
Rmerge (%) 8.6 (16.8) 7.2 (15.5) 7.5 (17.5) 4.9 (24.4)
Overall ®gure of merit 0.49

Figure 2
The C� trace of dimeric yeast cytosine deaminase, with the Se anomalous difference Fourier map contoured at
10� showing the ten selenium and two zinc peaks. The enzyme contains seven methionines per subunit; Met1 and
Met6 were disordered and only the Se peaks of Met15, Met52, Met93, Met100 and Met141 were observed. Met93
is so close to Met1000 of the adjacent subunit that the Se peak of Met93 was incorrectly grouped with that of
Met1000 during the initial NCS search with RESOLVE.
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chain 4 with residues 402±418 near to the

Se-9 peak were assigned as the N-terminal

long helix (�A) containing Met15; chains

12 (1202±1209) and 15 (1502±1508) were

assigned as strand �1, followed by �2, �B,

�3, �C, �4 and �5. The assignment suggested

three �-strands (�1, �2 and �5) were

modelled in the opposite direction,

N-terminus to C-terminus instead of

C-terminus to N-terminus. In addition,

Met93 appears closer to Met1000 of the

adjacent subunit than to Met100 (Fig. 2).

The short distance between Met93 and

Met1000 led to the incorrect grouping of

their Se peaks, resulting in incorrect non-

crystallographic symmetry axes (NCS) for

the search using RESOLVE. A more

complete dimeric model with 218 poly-

alanine residues was generated by

RESOLVE after a correct NCS analysis and

the overall NCS correlation increased from

0.56 to 0.78.

Based on the Fourier electron-density

map generated by the selenomethionyl data,

52 further residues, mostly side chains, the

inhibitor 2-hydroxypyrimidine and two zinc

ions were introduced into the model.

Further structural re®nement based on a

higher resolution data set is still in progress.

This should provide new information on the

enzyme with respect to substrate speci®city,

its evolution and its potential gene-therapy

applications.
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