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A bstract 
Enzym e/prodrug approach is  one of the actively  
developing areas for cancer therapy. In  an  effort 
to  develop m ore effective enzym e/prodrug sys -
tem s, cell-perm eable cytosine deam inase was pro -
duced by fusing yeast cytosine deam inase (yC D ) 
in  fram e w ith  R K K R R Q R R R  dom ain  of H IV-1 Tat 
which is an efficient delivery peptide of the foreign  
proteins in to  cells. The purified Tat-yC D  fusion  
protein  expressed in  Escherichia coli w as readily  
transduced into m am m alian  cells  in  a tim e- and  
dose-dependent m anner. A  significant level of the  
transduced Tat-yC D  protein  w as recovered in  the  
cell and w as stable for 24 h as indicated by both  
results of the enzym atic assay of 5-fluorocytosine  
(5-FC ) conversion to  5-fluorouracil (5-FU ) and  
W estern b lot analysis. The cells  transduced w ith  
Tat-yC D  becom e h ighly sensitive to  the cyto -
toxicity  of 5-FC , w hile cells  treated w ith  yC D  are  
unaffected by 5-FC. In addition, a strong bystander 
effect w as observed w ith  conditioned m edia from  
cells transduced w ith Tat-yCD added to non-trans-
duced cells . Tat-yC D  fusion  protein  dem onstrated  
here for its ability to transduce into cells and con -
vert nontoxic prodrug 5-FC  to  the toxic antim eta -

bolite 5-FU , m ay be a useful approach for cancer 
therapy. 

K eyw ords: cancer; cytosine deaminase; prodrug; 
transduction; Tat

In troduction  
Enzyme/prodrug therapy is being developed as treat-
ment for cancer and other pathological conditions. Cy-
tosine deaminase/5-fluorocytosine (5-FC) strategy is 
one of most widely tested enzyme/prodrug strategies, 
either in animal models or clinical trials (Connors, 
1995; Greco and Dachs, 2001). Cytosine deaminase 
(CD) (EC 3.5.4.1) is an enzyme found in many bac-
teria and fungi, but not in mammalian cells that do 
not ordinarily metabolize cytosine to uracil. CD has 
the ability to deaminate the nontoxic prodrug 5-fluo-
rocytosine (5-FC) into the highly toxic compound 5- 
fluorouracil (5-FU) which eventually inhibits DNA syn-
thesis leading to cell death (Mullen et al., 1992). 
  Both bacterial and yeast CDs have been exploited 
in CD/5-FC enzyme prodrug gene therapy. Although 
bacterial CD in gene-directed CD/5-FC therapy has 
been tested in various tumor models, the limited 
therapeutic effects of bacterial CD were obtained, 
possibly due to the low conversion efficiency of 5-FC 
to 5-FU (Kievit et al., 1999). Recently, CD derived 
from yeast has been exploited in enzyme/prodrug 
strategy, based on its conversion efficieny of 5-FC to 
5-FU. Previous studies demonstrated that yeast CD 
is superior at deaminating 5-FC into 5-FU comparing 
to that of bacterial CD, thus improving the efficacy 
of the CD/5-FC treatment strategy (Hamstra et al., 
1999; Kievit et al., 1999). In addition, the enhanced 
conversion efficiency for 5-FC by yeast CD increased 
the bystander effect as well as the efficacy of radio-
therapy (Kievit et al., 2000). These data suggested 
that the use of yCD increase the therapeutic potential 
of the CD/5-FC treatment strategy. 
  Current CD/5-FC enzyme prodrug therapy has 
been focused on the development of gene therapy 
utilizing bacterial or yeast CD gene. Because of some 
constraints, including gene delivery, prolonged gene 
expression in cancer gene therapy, the potential of 
protein therapy could be considered (Verma and 
Somia, 1997). However, one of the major limitations 
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of protein therapy is the difficulty of efficient intracel-
lular delivery of target proteins. CD enzyme was mo-
dified to obtain targeting specificity by conjugation 
with antibodies that were able to direct enzyme to the 
tumor cell surfaces (Senter et al., 1991; Wallace et 
al., 1994; Deckert et al., 2003). These modifications 
have been shown to increase antitumor activities in 
combination with prodrug 5-FC partly due to increase 
in intratumoral drug concentrations. In vivo delivery of 
CD enzyme has been tried by exploiting implanted 
capsules containing bacterial or yeast CD (Katsuragi 
et al., 1987). Significant reduction of the tumor growth 
and cytotoxic changes were observed in the im-
planted experimental animals. These results suggest 
that CD enzyme can be used to remove tumors by 
regional delivery. Therefore, efficient cellular delivery 
of CD enzyme may result in enhanced therapeutic 
efficacy in treatment of cancers.
  Previous studies have shown that the entire HIV-1 
Tat protein or parts of it can deliver foreign functional 
proteins into cells, when added extracellularly. A basic 
sequence (RKKRRQRRR) from the HIV-1 Tat protein 
has been reported to be responsible for intracellular 
delivery of proteins (Watson and Edwards, 1999; re-
viewed in Schwarze et al., 2000). This basic domain 
from HIV-1 Tat has been shown to have an ability 
to deliver several proteins of sizes up to 120 kDa into 
cells, both in vitro and in vivo (Fawell et al., 1994; 
Nagahara et al., 1998; Schwartze et al., 1999; Vocero- 
Akbani et al., 1999). We also have reported that the 
genetic in-frame Tat-green fluorescent fusion protein 
(Tat-GFP), human Tat-catalase and human Tat-Cu,Zn 
superoxide dismutase (Tat-SOD) were efficiently trans-
duced into HeLa cells (Kwon et al., 2000; Jin et al., 
2001; Park et al., 2002). 
  For potential use of cell-permeable cytosine deami-
nase in the chemotherapy of cancer by a combination 
of CD enzyme and 5-FC, recombinant cytosine deami-
nase fusion protein, Tat-yCD, was obtained by ex-
pressing yeast CD in frame with HIV-1 Tat basic do-
main. The transduction profile of Tat-yCD into mam-
malian cells was then determined by Western blot 
analysis and enzymatic activity assay. The cells 
treated with Tat-yCD exhibited a dose- and time- 
dependent increase in their intracellular level of the 
protein as well as enzymatic activity. It was found that 
the prodrug 5-FC had significant cytotoxic effects on 
tumor cells transduced with Tat-yCD in vitro, but not 
with yCD lacking Tat basic domain. The bystander 
effect was also observed when nontransduced cells 
were cultured with supernatant from cells transduced 
with Tat-yCD in the presence of 5-FC.

M ateria ls and M ethods
V ecto r constructio n
The pTat-yCD expression vector was constructed to 
express the basic domain (amino acids 49-57) of 
HIV-1 Tat as a fusion with yCD as followings. Com-
plete yeast cytosine deaminase gene (FCY1, 477 bp) 
sequence was amplified from a Saccharomyce cerevi-
siae genomic DNA as template using polymerase 
chain reaction (PCR) by Pfu DNA polymerase (Clon-
tech). The sense primer was: 5'-CTCGAGGTGACAG-
GGGGAATGGCAAGC-3' and antisense primer: 5'- 
CTCGAGCTACTCACCAATATCTTC-3'. The PCR pro-
duct was digested with XhoI and subcloned into XhoI 
site of pHisTat (Jin et al., 2001). We also constructed 
pET-yCD expression vector which expresses the yCD 
fusion protein without the basic domain of HIV-1 Tat 
by inserting the same PCR product digested with 
XhoI into XhoI-digested pET15-b (Invitrogen, Carls-
bad, CA). Clones with the expected insert were se-
lected using XhoI restriction analysis and then ana-
lyzed by sequencing (Sambrook et al., 1989). 

E xpressio n  and  pu rifica tio n  o f recom b inan t
fus ion  enzym es 
BL21 E. coli (Pharmacia) transformed with plasmids 
encoding the yCD or Tat-yCD fusion proteins were 
grown overnight at 37oC in LB broth supplemented 
with 100 mg/ml ampicillin (Park, 2001). The overnight 
culture was diluted ten-fold with fresh LB media and 
cultured at 37oC with shaking at 250 rpm until O.D600 
= 1.0. Protein expression was induced by addition of 
IPTG to a final concentration of 0.5 mM for 4 h. To 
prepare the denatured Tat-yCD fusion proteins, the 
induced cells were harvested and lysed by sonication 
in binding buffer (5 mM imidazole, 500 mM NaCl, 20 
mM Tris-HCl, pH 7.9) containing 6 M urea. After 
removal of cell debris by centrifugation, the clarified 
cell extract was then loaded onto the N i++-IDA 
column. The column was washed first with binding 
buffer without 6 M urea and then with wash buffer 
(80 mM imidazole, 0.5 M NaCl, and 20 mM Tris-HCl, 
pH 7.9). Proteins were eluted by elute buffer (1 M 
imidazole, 0.5 M NaCl and 20 mM Tris-HCl pH 7.9), 
followed by desalting with a PD10 column (Amer-
sham). The native Tat-yCD fusion protein was ob-
tained by the same procedure mentioned above 
without denaturing agent. The protein concentration 
was determined with Bradford protein assay (Biorad) 
using bovine serum albumin as a standard (Bradford, 
1976). The purified yCD fusion proteins dissolved in 
PBS containing 20% glycerol were aliquoted and 
stored at -80oC.
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C ell cu ltu re  and  transduction  o f fus ion  p ro te ins
HeLa cells used in these studies were grown in 
Dulbecco's Modified Eagle's Medium (DMEM) con-
taining 20 mM HEPES/NaOH (pH 7.4), 5 mM 
NaHCO3, 10% fetal bovine serum (FBS) and antibi-
otics (100 mg/ml streptomycin, 100 U/ml penicillin) at 
37oC. For the transduction of yCD fusion proteins, 
HeLa cells were grown to confluence in 6-well plate. 
Then, HeLa cells were treated with various concen-
trations of yCD fusion proteins for indicated time 
intervals. Then, the cells were washed with phosphate 
buffered saline (PBS) and trypsinized for 10 min 
(Gibco BRL). Cell lysates were prepared by incu-
bating with lysis buffer (150 nM NaCl, 0.02% sodium 
azide, 100 mg/ml PMSF, 1% triton X-100, 50 nM Tris- 
HCl, pH 8.0.) at 4oC for 30 min to perform Western 
blot analysis and enzyme assay. 

W estern  b lo t an alys is  
Fifty mg of proteins from each whole cell lysate were 
run on to an SDS-12% polyacrylamide gel. Proteins 
were electrotransferred to a nitrocellulose membrane, 
which was then blocked with 10% dry milk in PBS. 
For detection of yCD fusion proteins, the membrane 
was probed with rabbit anti-tagged histidine polyclonal 
antibody (Clontech, dilution 1:2,000), followed by incu-
bation with horseradish peroxidase-conjugated goat 
anti-rabbit antibody (Sigma, dilution 1:10,000). The 
bound antibodies were visualized by enhanced che-
miluminescence according to the manufacturer's in-
struction (ECL; Amersham) (Kwon et al., 2000; Eum 
et al., 2003). For detection of cellular proteins, primary 
antibodies against PARP (mouse monoclonal anti-
body, Biomol), Bcl-2 (mouse monoclonal antibody, 
Santa Cruz), p53 (mouse monoclonal antibody, Neo-
marker), p21 (mouse monoclonal antibody, Pharmin-
gen) and actin (mouse monoclonal antibody, Onco-
gene research products) were used (Draus et al., 
2001). 

D eterm in ation  o f yC D  activ ity  
The deamination activity of purified yCD fusion protein 
or transduced yCD in cell extracts was measured by 
monitoring conversion of 5-FC to 5-FU (Kuriyama et 
al., 1999). To determine the activity of transduced 
enzyme, 100 ml of cell lysate was added to 200 ml 
of PBS containing 5-FC (30 mM, Sigma Co.) and 
incubated for 24 h at 37oC. Then 50 ml of this solution 
was quenched with 1 ml of 0.1 N HCl. The millimolar 
concentrations of 5-FC and 5-FU were measured by 
an UV spectrophotometer (Uvikon 930, Kontron, Ins.) 
at 290 nm and 255 nm: 

5-FC [mmol/l] = 0.119×A290-0.025×A255
5-FU [mmol/l] = 0.185×A255-0.049×A290

C yto tox ic  assay 
The cytotoxic activity of transduced yCD was as-
sessed by measuring cell viability of HeLa cells in the 
presence or absence of 5-FC. The cells were plated 
at the density of 1×104 cells per well in 24 well 
plates. The following day the media were removed 
and fresh complete media were added. The cells 
were treated with fusion proteins for 2 h and washed 
with PBS. The transduced cells were incubated in the 
complete media containing 5-FC for 24 h. These 
procedures were repeated every 24 h. Cell viability 
was estimated after 96 h by colorimetric assay using 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (Sigma Co.) (Song and Boyce, 2001). 

A nalys is  o f the  b ystan der e ffect
HeLa cells were plated at 6×105 cells/well in six-well 
plates. When they were 70% confluent, cells were 
treated with yCD fusion proteins (0.01-50 mg/ml) for 
2 h and washed with PBS to remove non-transduced 
yCD. The transduced cells were then incubated for 
24 h in the presence of 5-FC (0.01-50 mM). To ana-
lyze the bystander effect, 0.5 ml of conditioned media 
from the transduced cells was collected and trans-
ferred to non-transduced cells every 24 h for 4 days 
and viable cells were determined by the MTT assay.

R esu lts
E xpressio n  and  pu rifica tio n  o f Ta t-yC D  
fus ion  p ro te in  expressio n  vecto rs
To develop an expression system for over-expression 
and ready purification of the cell permeable yeast 
cytosine deaminase (yCD) protein, pTat-yCD expres-
sion vector containing consecutive DNA sequences 
encoding yeast CD, HIV-1 Tat basic domain (Tat49- 
57) and six consecutive histidine residues at the 
amino-terminus was constructed (Figure 1A) and also 
constructed was a pET-yCD expression vector to 
produce control yCD protein without HIV-1 Tat basic 
domain (Figure 1A). 
  Following the induction of expression, the cell 
lysates containing either Tat-yCD or yCD were pre-
pared under denaturing conditions or native condi-
tions. The yCD fusion proteins containing six histidine 
residues at the N terminus were purified by metal 
chelate chromatography. The purification results of the 
chromatographic fractions are shown in Figure 1B. An 
analysis of the purified Tat-yCD protein by SDS- 
PAGE showed that Tat-yCD migrated at a higher 
apparent molecular mass than control yCD protein, 
which lacked the Tat sequence, due to the presence 
of the Tat basic domain. The protein was found to 
be nearly homogeneous and ＞80% pure, as deter-
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mined by an SDS-PAGE analysis with Coomassie 
Brilliant blue staining (Figure 1B). The purified pro-
ducts were further confirmed by Western blot analysis 
using a rabbit polyclonal antibody to histidine (Figure 
1C). Tat-yCD and yCD fusion proteins were detected 
at the corresponding bands, respectively. 
  To determine whether recombinant fusion proteins 
expressed in E. coli were enzymatically active and 
able to sensitize to prodrug, the ability of yCD and 
Tat-yCD purified in a native form to deaminate 5-FC 
were analyzed. Enzymatic activity of purified yCD and 

Tat-yCD was measured by conversion of 5-FC to 
5-FU. In an enzyme assay, either purified yCD or 
Tat-yCD in native form converted 5-FC to 5-FU at a 
similar efficiency (data not shown). However, purified 
fusion proteins denatured with 6 M of urea did not 
show any detectable levels of yCD activity (data not 
shown). These results indicate that the expressed and 
refolded yCD and Tat-yCD fusion proteins in E. coli 
had been renatured into native structural conformation 
and were possessed of enzyme activity as native CD, 
respectively. 

F ig u re  1 . Expression and purification of Tat-yCD and yCD fusion 
proteins. (A) Schematic representation of Tat-yCD and yCD expression
vectors. Tat-yCD and yCD expression vectors were constructed by in-
serting the coding sequence for yeast cytosine deaminase into pHisTat
(Jin et al., 2001) and pET-15b, respectively. (B) Analysis of purified
yCD and Tat-yCD fusion proteins. yCD fusion proteins purified by 
affinity chromatography on a nickel column were separated by 12%
SDS-PAGE and stained with Coomassie Brilliant blue. Lane M, molec-
ular mass marker. (C) W estern blot analysis of purified yCD fusion
proteins. The purified fusion proteins were separated by 12% SDS-
PAGE and then transferred to nitrocellulose membranes. The mem-
branes were incubated with a rabbit anti-histidine antibody as the first
antibody and then anti rabbit IgG as the secondary antibody. The blot
was developed by the ECL method. 
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F ig u re  2 . Transduction kinetics of Tat-yCD fusion protein. (A) Dose-
dependent transduction of yCD fusion proteins into cultured HeLa 
cells. HeLa cells were treated with various concentrations of Tat-yCD
or yCD for 2 h. Cellular lysates were prepared for Western blot anal-
ysis for determining the levels of transduced protein. (B) Time- 
dependent transduction of Tat-yCD into HeLa cells. The cells were
transduced with 30 mg of the Tat-yCD for indicated time. To examine
stability of transduced Tat-yCD, the cells were incubated with 30 mg
of the Tat-yCD for 2 h and washed twice with serum-free media. The
cells were incubated with new culture media and harvested at indi-
cated time. Cell lysates were analyzed by W estern blotting (C) and 
by measuring the enzyme activity (D), as described in "Materials and
Methods". C, non-transduced cell lysates. 
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Transdu ction  p ro files  o f yC D  fus ion  p ro te ins
in to  m am m alian  ce lls  
To test the efficiency of Tat-fusion for intracellular 
transfer, the kinetics of the  denatured Tat-yCD fusion 
proteins transduction into cells was carried out. The 
denatured yCD fusion proteins were added to culture 
media of HeLa cells at various concentrations for 2 
h and the resulting transduced protein levels were 
analyzed by Western blotting. As shown in Figure 2A, 
the level of the transduced proteins in the cells 
treated with denatured Tat-yCD increased concom-
itantly with the amount of protein treated into the 
cells. In contrast, the yCD lacking the Tat basic do-
main was not transduced into the cells under the 
same experimental conditions. Thereafter, the dena-
tured Tat-yCD proteins were added to culture media 
of HeLa cells at a concentration of 30 mg per ml for 
various time periods and the resulting levels of trans-
duced proteins were analyzed by Western blotting. As 
shown in Figure 2B, the intracellular level of trans-
duced Tat-yCD into the cultured cells was initially 
detected after 5 min, peaked after 2 h, and then 
remained same over a further 1 h of observation. This 
dose- and time-dependent manner of transduction 
indicates that Tat-yCD was efficiently transduced into 
the cells. The intracellular stability of tranceduced Tat- 
yCD into HeLa cells were shown in Figure 2C. The 
apparent degradation of transduced Tat-yCD was ob-
served as a function of incubation time. However, 
significant levels of transduced protein were persisted 
in HeLa cells during 24 h. In addition, significant lev-
els of enzyme activity were maintained in the HeLa 

cells transduced with Tat-yCD for 24 h, indicating the 
stability of the transduced Tat-yCD in cells (Figure 
2D). These results demonstrate that transduced Tat- 
yCD into cells is biologically active and able to con-
vert the nontoxic prodrug 5-FC to the toxic metabolite 
5-fluorouracil. 

C yto tox ic ity  o f transdu ced  Tat-yC D  fu s io n
p ro te in  in  th e  p resence  o f 5 -FC  
To determine whether transduced Tat-yCD can exert 
its cytotoxic effect on the tumor cells, we evaluated 
the viability of the cells transduced with Tat-yCD in 
the presence or absence of prodrug 5-FC. In the 
presence of 10 mM 5-FC, the viability of the cells was 
significantly decreased by treatment of Tat-yCD in a 
dose-dependent manner, while control yCD was not 
toxic to the target cells (Figure 3A). The cell viability 
of HeLa cells treated with 5 mg of Tat-yCD and 10 
mM 5-FC was decreased by approximately 80% com-
pared with that of control. We further analyzed the 
susceptibility of transduced cells to 5-FC. The cells 
were incubated with 5 mg of yCD fusion proteins in 
the presence of various concentrations of 5-FC. The 
cells transduced with Tat-yCD were susceptible to 
5-FC in a dose-dependent manner, while the cells 
transduced with control yCD were not (Figure 3B). 
The decreased viability of cells transduced with 
Tat-yCD suggests that this fusion protein has an 
antitumor effect on cells in the presence of 5-FC. 

F ig u re  3 . Analysis of cell viability of HeLa cells transduced with Tat-yCD in the presence of 5-FC. (A) HeLa cells were transduced with the 
various concentrations of yCD fusion proteins in the presence of 10 mM 5-FC in 0.5 m l medium every 24 h. Percentage of viable cell was 
measured after 96 h by MTT. (B) HeLa cells were transduced with 5 mg of the fusion protein in the presence of various concentrations of
5-FC. Percentage of viable cell was measured by MTT. The results are the mean of three separate experiments and are shown with standard
deviation. 
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A ctiva tion  o f apop to tic  p athw ay  in  ce lls  
tran sd uced  w ith  T at-yC D  fus ion  p ro te in  
in  th e  p resence  o f 5 -FC  
To further investigate the cell death in the HeLa cells 
treated with Tat-yCD and 5-FC, the cellular proteins 
involved in the apoptotic signaling pathway such as 
PARP and Bcl-2 were analyzed. Bcl-2 protein regu-
lates the apoptotic cascade and protects cells from 
apoptosis. The cleavage of PARP and Bcl-2 expres-
sion was analyzed in the cells transduced with yCD 
or Tat-yCD in the presence of 5-FC (Figure 4). When 
the cells were treated with control yCD (1 mM) in the 

presence of 10 mM 5-FC for 24 h, the level of PARP 
or Bcl-2 protein was not significantly altered (Figure 
4, lane 5). However, treatment of cells with Tat-yCD 
in the presence of 5-FC resulted in the cleavage of 
PARP and a decrease in the level of Bcl-2 protein 
(Figure 4, lane 6). 
  Since p53 and p21 are known to participate in the 
apoptosis path, the expression of both p53 and p21 
during cell death was examined in the prodrug 5-FC 
activated cells following transduction with Tat-yCD. 
Western blot analysis showed that treatment of the 
HeLa cells with control yCD did not change the level 
of p53 or p21 protein in the cells in the presence 
of 5-FC (Figure 4, lane 5). However, treatment of the 
cells with Tat-yCD in combination with 5-FC resulted 
in the induction of p53 as well as p21 protein expres-
sion (Figure 4, lane 6). These results suggest that 
the cell death by prodrug 5-FC activation is partially 
mediated by the induction of p21 expression in a 
p53-dependent manner. 

A nalys is  o f the  b ystan der e ffect 
The bystander effect was evaluated by culturing non- 
transduced cells with the conditioned media from cells 
transduced with either Tat-yCD or control yCD in the 
presence of 5-FC. Cells treated with various concen-
trations of fusion proteins for 2 h were washed with 
PBS and incubated in a media containing 5-FC for 
24 h. The supernatant from cells transduced with yCD 
fusion proteins was added to non-transduced cells 
and cytotoxic effects on the non-transduced cells 
were measured with the MTT assay. As shown in 

Figure  4 . Biochemical analysis of cell death induced by Tat-yCD/5-FC
system. HeLa cells were treated with 1 mM of yCD fusion proteins
in the absence or presence of 10 mM of 5-FC for 24 h. Cellular pro-
teins were extracted from the transduced cells, then separated by a
SDS-PAGE, and subjected to W estern blot analysis with antibodies
recognizing p53, p21, PARP, Bcl-2 or actin. The membrane was 
stripped and reprobed with an indicated antibody. Lane 1, untreated
cell; lane 2, yCD; lane 3, Tat-yCD; lane 4, 5-FC; lane 5, yCD and
5-FC; lane 6, Tat-yCD and 5-FC. 
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Figure 5A, viability of the nontrasduced cells was not 
affected by supernatant from cells transduced with 
control yCD in the presence of 5-FC. However, the 
viability of the non-transduced cells cultured with 
supernatant from cells transduced with Tat-yCD at the 
various concentrations decreased in a dose-depen-
dent manner, reaching -60% at the maximum con-
centration used. Similar patterns in the viability of the 
non-trasduced cells were observed when incubated 
with supernatant from cells transduced with yCD in 
the presence of 5-FC at the various concentrations 
(Figure 5B). The decreased viability of cells trans-
duced with Tat-yCD and its bystander effect suggests 
that Tat-yCD fusion proteins have an antitumor effect 
on cells in the presence of 5-FC. 

D iscussion
Various macromoleculs such as enzymes and func-
tional proteins are considered to be a new class of 
therapeutic agents due to recent progress in protein 
transduction technology. Prodrug activating system is 
one of the promising approaches that have been 
developed to treat cancers. As an approach to im-
prove current enzyme prodrug therapy, yeast cytosine 
deaminase (yCD) was generated as fusion protein 
with Tat basic domain which has been shown to 
efficiently deliver foreign proteins into cells (Schwarze 
et al., 2000). Tat-yCD fusion protein purified in E. coli 
was efficiently transduced into cells. Cells transduced 
with Tat-yCD were highly sensitive to 5-FC prodrug, 
indicating efficient conversion of prodrug to drug. In 
addition, a strong bystander effect was observed 
when supernatant from cells treated with 5-FC and 
Tat-yCD was added to non-transduced cells. 
  Analysis of the transduction profiles of Tat-yCD 
fusion protein into the cells revealed that the levels 
of CD in HeLa cells transduced with Tat-yCD were 
increased in a time- and dose-dependent manner 
(Figure 2). The intracellular concentration of trans-
duced Tat-yCD into cultured cells was detected after 
5 min and gradually increased by 2 h. This time- 
dependent manner of transduction indicated that 
Tat-yCD was efficiently transduced into cells. The 
restoration of enzymatic activities of transduced pro-
teins in the cells is a key point in the enzyme/prodrug 
therapy for cancers. When deamination activities of 
CD in the cells treated with Tat-yCD were determined, 
the enzyme activitiy of CD in HeLa cells transduced 
with Tat-yCD was increased in a time- and dose- 
dependent manner (data not shown). As shown in 
Figure 2D, significant levels of enzyme activity were 
maintained in the HeLa cells transduced with Tat-yCD 
till 24 h, indicating that the transduced Tat-yCD into 
cells is able to convert the nontoxic prodrug 5-FC to 

the toxic metabolite 5-FU. 
  In vitro studies showed that treatment of cells with 
5-FC combined with cell-permeable Tat-yCD resulted 
in significant cytotoxicity to tumor cells, probably due 
to the efficient conversion of 5-FC to 5-FU by yeast 
CD (Figure 3). Transduction of yCD lacking Tat basic 
domain in cells did not affect the survival rate of 
these cells. However, introduction of Tat-yCD into 
cells did increase the sensitivity of these cells to the 
nontoxic prodrug, 5-FC. The cell viability of HeLa cells 
treated with 0.25-2 mM Tat-yCD and 10 mM 5-FC 
were decreased by approximately 40-80% compared 
with that of control. This effect was also observed in 
both the p53 wild-type (HepG2) and p53 null (PC3) 
cell lines (data not shown), indicating that the cyto-
toxic effect exerted by 5-FC/Tat-yCD system on can-
cer cells is independent of p53 status. Thus, it would 
be interest to test the benefit of 5-FC/Tat-yCD system 
in combination with chemotherapy or radiation therapy 
(Hanna et al., 1997; Gabel et al., 1998). In CD/5-FC 
system, activation of prodrug 5-FC to 5-FU may result 
in a bystander effect, since 5-FU can efflux from the 
transduced cells and enter into nontransduced cells. 
Consistent with previous results (Lawrence et al., 
1998), when the supernatant of cells transduced with 
Tat-yCD in the presence of 5-FC was transferred to 
nontransduced cells, significant cytotoxicity to the 
nontransduced cells was observed (Figure 5). These 
results suggest that significant cytotoxicity of 5-FU 
converted from 5-FC on transduced cells as well as 
nontransduced cells provide a more efficient antitumor 
effect on tumor cells. This strong bystander effect will 
potentiate the therapeutic efficacy of 5-FC/Tat-yCD 
system. In vivo experiments are going to evaluate the 
potential antitumor activity. Intratumoral conversion of 
5-FC into 5-FU by locally applied cell-permeable Tat- 
yCD when combined with systemic administration of 
5-FC may induce antitumor activity at a local site 
without apparent side-effects. 
  It has been suggested that the apoptosis induced 
by 5-FC may be a primary mechanism in CD en-
zyme/5-FC therapy of cancers (Wang et al., 1998). 
The apoptotic features of the transduced cells induced 
by Tat-yCD/5-FC system were confirmed by mea-
suring the level of apoptosis related molecules, such 
as Bcl-2 expression, and PARP cleavage (Figure 4). 
In addition, the levels of p53 and p21, which partic-
ipate in apoptosis, were elevated in the cells treated 
with Tat-yCD and 5-FC. These data demonstrate that 
Tat-yCD/5-FC system can induce cell death by 
apoptosis through these mediators in transduced 
HeLa cells. 
  In summary, we demonstrated that in vitro delivery 
of yeast CD enzyme mediated by Tat basic domain 
into cells resulted in significant cytotoxic effects on 
the transduced cells as well as nontransduced cells. 
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Therefore, efficient cellular uptake of yeast CD en-
zyme mediated by Tat basic domain may result in 
enhanced therapeutic efficacy in treatment of cancers. 
Further development of the selective targeting of 
either Tat-yCD or 5-FC will facilitate to develop an 
effective approach to the treatment of cancer 
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