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SUMMARY

The phosphorylation of l-fl-D-arabinofuranosylcytosine
(ara-C) and 5-azacytidine (5-aza-C) by A(T1)Cl-3 hamster
fibrosarcoma cells and L5178Y murine leukemic cells was
studied, using intact cells. The cellular phosphorylation of
both these nucleoside analogs appears to follow Michaelis
Menton kinetics. The apparent Km value for ara-C in the
fibrosarcoma and leukemic cells was about 40 MM,whereas
the apparent Km values for 5-aza-C in these cells were about
1.3 and 0.41 mM, respectively. Deoxycytidine and cytidine
were found to be potent competitive inhibitors of the
phosphorylation of ara-C and 5-aza-C, respectively. ara-C
and 5-aza-C were found to be weak competitive inhibitors of
the phosphorylation of deoxycytidine and cytidine, respec
tively. A clone isolated from the fibrosarcoma cells that was
partially resistant to the cytotoxic effects of ara-C exhibited
a higher Km value for both ara-C and deoxycytidine than the
wild-type fibrosarcoma cells.

iNTRODUCTION

Nucleoside analogs must be converted to their respective
nucleotide forms in reactions catalyzed by specific kinases
in order to be active inhibitors in cells. Each specific
nucleoside kinase can only catalyze the phosphorylation of a
certain class of nucleosides. For example, the phosphoryla
tion of 5-aza-C3 is catalyzed by uridine-cytidine kinase (5),
whereas the phosphorylation of ara-C is catalyzed by CdR
kinase (8). The kinetic properties of these enzymes are
important because they determine how much ofthe analogs
are converted to active inhibitors in the cell. Cells with low
amounts of unidine-cytidine kinase or CdR kinase are more
resistant to the cytotoxic action of 5-aza-C or ara-C,
respectively, than cells that have high amounts of these
enzymes (4, 11). Most of the kinetic data obtained on these
kinases have come from studies with either purified enzymes
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or crude cell extracts. Unless checked, these data may not
reflect what actually goes on in the cell. In this report we
have studied the phosphorylation of ara-C and 5-aza-C
in intact cells. Most of the kinetic data obtained from these
cellular studies are in good agreement with the published
data from enzymatic studies.

MATERIALS AND METHODS

Materials. 5-aza-C and [â€˜4C]-5-aza-C (4.6 mCi/mmole)
were obtained from the Chemical Drug Procurement Sec
tion, Chemotherapy, National Cancer Institute. [â€˜4CJ-5-
aza-C was filtered through DEAE-cellulose discs immedi
ately prior to its use for the kinetic study of cellular
phosphorylation. [3H]cytidine (6 Ci/mmole), [3H]CdR (25
Ci/mmole), and [3H}unidine (31 Ci/mmole) were obtained
from New England Nuclear, Boston, Mass. [3H]ara-C (13.6
Ci/mmole) was obtained from Schwarz/Mann, Orange
burg, N. Y. For all the tritium-labeled nucleotides and
nucleoside analogs, the purity was greater than 98%. The
unlabeled nucleosides were obtained from Sigma Chemi
cal Co., St. Louis, Mo.

Cell Culture.Hamsterfibrosarcomacells,the A(T1)Cl-3
line, generously donated by Dr. W. F. Benedict ( I), were
maintained in suspension culture in minimum essential
medium (F14) (Grand Island Biological Co., Grand Island,
N. Y.) containing 10% fetal calf serum (Flow Laboratories,
Rockville, Md.) and antibiotics. The fibrosarcoma cells had
a doubling time of about 12 hr. L5178Y munine lympho
blastic leukemic cells generously donated by Dr. M. Y. Chu
were maintained in suspension culture in Fischer's medium
(Grand Island Biological Co.) containing 10% fetal calf
serum and antibiotics. The leukemic cells had a doubling
time of about 12 hr.

BiochemicalStudies.Cultures of fibrosarcomaor leu
kemic cells in logarithmic growth were centrifuged at 800 x
g for 3 mm at 22Â°.The cell pellet was washedoncewith
McCoy's 5a-HEPES medium (Grand Island Biological
Co.) at 37Â°and suspended in the same medium at a cell
density of 5 to 20 x l0@cells/ml. Aliquots of 5 ml ofthe cell
suspension were placed in 15-mI plastic tubes, gassed with
5% CO2 and 95% air mixture for 15 sec, and tightly capped.
The tubes were preincubated in a 37Â°water bath and shaken
for 5 to 10 mm. The radioactive and cold nucleosides were
then placed in the tubes and the incubation was continued
for an additional 30 mm. After the addition of 5 ml of cold
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medium, the tubes were placed in ice water and then
centrifuged at 800 x g for 3 mm at 2Â°.The supernatant was
discarded and the cell pellet was washed 3 times by
centrifugation with 5 ml of cold 0.9% NaCI solution. The
cell was suspended in 0.5 ml of cold 5% TCA and
centrifuged at 2000 x g for 5 mm. The supernatant (0.5 ml)
was mixed with 10 ml of Aquasol (New England Nuclear)
and assayed for radioactivity in -a scintillation counter.
Under the conditions described above, the rate of cellular
phosphorylation of uridine, CdR, and TdR at concentra
tions ranging from 5 to 100 zM was linear for 60 mm. For
each kinetic study on the rate of cellular phosphorylation,
the.experiment was performed at least twice, with duplicate
samples for each point of the Lineweaver-Burk plot. The
variation was generally less than 10%. The formula used for
calculation of the rate of nucleotide (nucleoside monophos
phate) formation is as follows. V = radioactivity in TCA
fraction x total pmoles of cold nucleoside added to the
culture per total radioactivity per number of cells per tube
per 30 mm.

For analysis of the nucleotide composition of the TCA
soluble fraction of the cells, TCA was extracted with equal
volumes of ether until the pH of the aqueous phase was
neutral. The aqueous phase was concentrated by evapora
tion in a stream of air, and a lO-@zlaliquot was spotted on
DEAE-cellulose-coated glass plates along with cold carrier
nucleoside and nucleotides for thin-layer chromatographic
analysis (3). The plate was developed in 0.25 N HCI, dried,
and the UV spots corresponding to the nucleoside, mono-,
di-, and triphosphates were detected with UV. The spots
were scraped off the plates, dissolved in I ml of 1 N HC1,
mixed with 10 ml of Aquasol, and assayed for radioactivity
in the scintillation counter.

Drug-resistant cells. The ara-C-resistant clone of
A(T1)Cl-3 hamster fibrosarcoma cells was obtained by
single-cell isolation from a population of wild-type cells
maintained in the presence of 200 @zMara-C for 14 days. The
ara-C resistance of this clone was established by cytotoxic
ity and biochemical measurements. Treatment of the wild
type fibrosarcoma cells with 300 zMara-C for 2 hr produced
about 55% cell kill. Under the same conditions, only 12%
kill was obtained with the ara-C-resistant line. In the
biochemical study, ara-C at a concentration of I .0 zM
produced 50 and 26% inhibition of DNA synthesis in the
ara-C-sensitive and -resistant cell lines, respectively.

RESULTS

The effect of different concentrations of ara-C on the rate
of cellular phosphosphorylation of this nucleoside analog by
fibrosarcoma cells and leukemic cells is shown in Chart I.
The data in both cases have been plotted according to the
method of Lineweaver and Burk (6). The apparent Km
for ara-C was estimated to be about 40 @iMin both these
cell types. The Vmaz values for the phosphorylation of ara-C
were estimated to be 30 and 100 pmoles nucleotide formed
per 30 mm per 10 cells for the fibrosarcoma cells and
leukemic cells, respectively. CdR was a potent competitive
inhibitor of the phosphorylation of ara-C; the apparent K1

value for CdR was estimated to be about 2 @tMfor both
cell types.

In Chart 2, data on the effect of different concentra
tions of the natural substrate CdR on the rate of cellular
phosphorylation are shown. The apparent Km values for
CdR in the fibrosarcoma cells and leukemic cells were
estimated to be about 8 and 9 @tM,respectively. The Vmax
values for the phosphorylation ofCdR were estimated to be
7 and 3 pmoles ofnucleotide formed per 30 mm per 106cells
for the fibrosarcoma cells and leukemic cells, respectively.

An analysis of the distribution of radioactivity in the
TCA-soluble nucleotides in the fibrosarcoma cells was
made by thin-layer chromatography on DEAE-cellulose.
After incubation of the cells with [3H]TdR, the percentage
of radioactivity in the nucleoside, nucleoside monophos
phate, nucleoside diphosphate, and nucleoside triphosphate
was 9.9, 10.4, 6.2, and 73.5, respectively. After incubation
with [3H]uridine, the percentage was 0.8, 3.3, 1.3, and 36.0,
respectively. After incubation with [â€˜4C]-5--iza-C, the per
centage was 3.8, 5.0, 2.2, and 36.0, respectively. About 45%
of the radioactivity in the TCA fraction of the [3H}uridL@
and [â€˜4CJ-5-aza-C experiments was found to associate with
a substance of unknown nature which migrated more slowly
than either UTP or CTP. The unknown substance could
possibly have been an oligonucleotide.

In the Lineweaver-Burk plot of Chart 3 is shown the
effect of different concentrations of 5-aza-C on the rate of

Chart 1. Effect of different concentrations of ara-C on rate of cellular
phosphorylation of ara-C and inhibition produced by CdR. The reaction
mixture (5 ml) contained S x l0@A(T,)Cl-3 fibrosarcoma cells (A) or 8 x
106 LSI78Y leukemic cells (B) in serum-free McCoy's-HEPES medium

(37Â°)and the indicated concentrations of [3H]ara-C (S @iCi)and CdR. The
mixture was incubated at 37Â° for 30 mm and assayed as described in
â€œMaterials and Methods.â€•
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I/s(S-pM ora-C)

2507SEPTEMBER 1975

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2395234/cr0350092506.pdf by guest on 19 M

ay 2023



T. Lee et a!.

phosphorylation of this analog by fibrosarcoma cells and
leukemic cells. The apparent Km values of 5-aza-C were
estimated to be 1.3 and 0.41 mrvi, respectively, for these 2
types of cells. The Vmax values for the phosphorylation of
5-aza-C were estimated to be about 830 and 1600 pmoles of
nucleotide formed per 30 mm per 106 cells for the fibrosar
coma cells and leukemic cells, respectively. Cytidine and
uridine were potent competitive inhibitors of the phospho
rylation of 5-aza-C; for the fibrosarcoma cells and leukemic
cells, the apparent K1 values for cytidine were estimated to
be 40 and 4 MM,respectively, and the apparent K1 values for
uridine were 20 and 5 @zM,respectively.

The effect of different concentrations of cytidine on the
rate of phosphorylation of this nucleoside is shown in Chart
4. The apparent Km values for cytidine in the fibrosarcoma
cells and leukemic cells were estimated to be 40 and 9 @M,
respectively. The Vmax values for the phosphorylation of
cytidine were estimated to be 45 and 334 pmoles nucleotide
formed per 30 mm per 106 cells for the fibrosarcoma cells
and leukemic cells, respectively.

The kinetic data for the cellular phosphorylation of
nucleosides are summarized in Table I. Included in this
table are the data obtained on the phosphorylation of CdR
and ara-C by the ara-C-resistant fibrosarcoma cells. The
apparent Km values for CdR and ara-C in these cells were
estimated to be about 22 and 80 @zM,respectively. These Km
values were about 2-fold greater than the Km values for CdR
and ara-C in the wild-type fibrosarcoma cells. The apparent
Vmax values were about 30% higher in the ara-C-resistant
cells, as compared with the wild-type cells.

DISCUSSION

In order to be active inhibitors in the cell, nucleoside
analogs must first be phosphorylated in enzymatic reactions

0 OP

@â€˜s(S-@MCYTIDINE)

0 DI 0.2

@â€˜s(S@pMDEOXYCYTIDINE)

Chart 2. Effect of different concentrations of CdR on rate of cellular
phosphorylation of CdR and inhibition produced by ara-C. The reaction
mixture (S ml) contained S x l0@A(T,)C 1-3 fibrosarcoma cells (A ) or S x
10 LSI78Y leukemic cells (B) in serum-free McCoy's-HEPES medium
(37Â°)and the indicated concentrations of [3HJCdR (5 .tCi) and ara-C. The
mixture was incubated at 37Â° for 30 mm and assayed as described in
â€œMaterials and Methods.â€•

I/s(S=@jM 5-aza-C)

Chart 3. Effect of different concentrations of 5-aza-C on rate of
cellular phosphorylation of S-aza-C and inhibition produced by cytidine
(CR) or uridine(UR). The reactionmixture(S ml) contained3 x I0@
A(T,)Cl-3 fibrosarcoma cells (A), 6 x 10' LSI78Y leukemic cells (B) in
serum-free McCoy's-HEPES medium (37Â°), and the indicated concentra
tions of [â€˜4C]-S-aza-C (3.7 jsCi in A and 5.2 @iCiin B) and cytidine or
uridine. The mixture was incubated at 37Â°for 30 mm and assayed as
described in â€œMaterials and Methods.â€•
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Chart 4. Effect of different concentrations of cytidine on rate of
cellular phosphorylation of cytidine and inhibition produced by 5-aza-C.
The reaction mixture (5 ml) contained 5 x l0@ A(T,)Cl-3 librosarcoma
cells (A) or I x l0@ L5178Y leukemic cells (B) in serum-free McCoy's-
HEPES medium (37Â°)and the indicated concentrations of [3H)cytidine(5
zCi) and S-aza-C. The mixture was incubated at 37Â° for 30 mm and
assayed as described in @â€˜Materialsand Methods.â€•
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Vmax(pmolesnucleotideKm

formed/30
Cell type Substrate (@M) min/ 10' cells)K Inhibitor(jiM)Fibrosarcoma

ara-C 40 30CdR2Leukemia
ara-C 40 100CdR2Fibrosarcoma
CdR 8 7ara-C420Leukemia
CdR 9 3ara-C590Fibrosarcoma
S-aza-C I300 830Cytidine 40

Uridine20Leukemia
S-aza-C 410 1600Cytidine 4

Uridine5Fibrosarcoma
Cytidine 40 45S-aza-C1500Leukemia
Cytidine 9 334S-aza-C1750Fibrosarcoma

(ara-C resistant) ara-C 8039Fibrosarcoma
(ara-C resistant) CdR 2210Table

2Kinetic

data of pvrimidine nucleosidekinasesV

max(mmolesnucleotideformed/SKm

min/@gK1Enzyme
Substrate (jzM) protein) Inhibitor(jiM)ReferenceCdRkinase

CdR 14 21 ara-C3606CdR
kinase ara-C 40 16 CdR1.36Uridine

kinase Uridine SO 496 Cytidine404Uridine
kinase Cytidine 40 390 S-aza-C2004Uridine
kinase 5-aza-C 200 100 UridineSO4Cytidine40

Cellular Phosphory!ation of ara-C and 5-aza-C

catalyzed by specific nucleoside kinases. Since most of the
data on the nucleoside kinases have come only from studies
with purified enzymes or crude cell extracts, we have studied
the phosphorylation of nucleoside analogs in intact cells in
order to correlate the published enzymatic data with our
cellular data. For these studies we choose 5-aza-C and
ara-C, nucleoside analogs which are phosphorylated specifi
cally by uridine-cytidine kinase (5) and CdR kinase (8),
respectively.

There appears to be a good correlation between the
enzymatic data (Table 2) and our cellular data (Table I) on
the phosphorylation of ara-C. For example, the apparent
Km of ara-C for purified CdR kinase was reported to be
about 40 @M,which is the same value that was obtained
from our cellular studies with fibrosarcoma and leukemic
cells. In enzymatic studies, the apparent K, value ofCdR, a
potent competitive inhibitor of the phosphorylation of
ara-C, was reported to be I .3 sM for purified CdR kinase (8)
which is very close to the value of 2 @iMobtained in our
cellular studies. A good correlation in the enzymatic and
cellular kinetic data on the phosphorylation of the natural
occurring substrate CdR was also obtained in our studies.

The higher Vmax value obtained for ara-C, compared with
the Vmax value ofCdR in the cellular studies, may have been
due to the fact that ara-CTP is a weak feedback inhibitor,

compared with dCTP for CdR kinase (7). Since ara-C is
incorporated into DNA to only a limited extent (2), under
these conditions a higher intracellular pool of ara-C was
obtained in the cellular studies than CdR, which was rapidly
incorporated into DNA after its phosphorylation.

The correlation between the data on the enzymatic and
cellular phosphorylation of 5-aza-C is not as good as the
data obtained with ara-C. The apparent Km of 5-aza-C for
purified uridine-cytidine kinase was reported to be about
200 @M,whereas in this report we obtained Km values of
1300 and 410 @Mfor the fibrosarcoma and leukemic cells,
respectively. The reason for this difference is not known and
may have been related to the chemical instability of 5-aza-C
(9) or the effect of this analog on other areas of cellular
metabolism (10). On the other hand, it is interesting to note
that the apparent Km of cytidine reported for purified
uridine-cytidine kinase is the same as the Km value found for
the fibrosarcoma cells.

Under the circumstance when incorporation of nucleo
side or nucleoside analog into DNA or RNA material
(TCA-insoluble fraction) is very substantial, the Vmax
value for nucleoside phosphorylation should take into
account both TCA-soluble and -insoluble radioactivity.
When the amount of nucleoside incorporated into nucleic
acids is taken into consideration, the Vmax value for cytidine

Table I

Kinetic data on cellular phosphorviation of nucleosides
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and CdR was estimated to be 3- and 2-fold greater than
reported in Table I (unpublished data).

The apparent Km and Vmax values for nucleoside analogs
are very useful in a detailed pharmacokinetic analysis of
drug distribution in the body fluids. These kinetic values can
be used to estimate what fraction ofdrug present in the body
fluids is taken up by the neoplastic cells in the form of
phosphorylated derivatives. The facility in which the cellular
phosphorylation can be performed makes this system useful
for predictive drug testing. For example, we found that
ara-C-resistant fibrosarcoma cells had a higher Km value for
ara-C and CdR, compared with the wild-type cells. Such
data may be useful to the chemotherapist who may want to
modify drug dosage or choice of drug during the course of
therapy of malignant diseases. However, one should always
exercise some caution in accepting the kinetic data obtained
from cellular studies. Although there was an excellent
correlation between the enzymatic and cellular data on the
phosphorylation for ara-C, the correlation was not so good
for 5-aza-C. Enzymatic studies on nucleoside analogs such
as 5-aza-C should be performed before any attempts are
made to make interpretation of the cellular data.

REFERENCES

I. Benedict, W. F., Rucker, N., Mark, C., and Kouri, R. E. Correlation
between the Balance of Specific Chromosomes and Expression of
Malignancy in Hamster Cells. J. Natl. Cancer Inst., 54: 1@7-162,
1975.

2. Chu, M. Y., and Fischer, G. A. The Incorporation of 3H-Cytosine
Arabinoside and Its Effects on Murine Leukemic Cells (LSI78Y).
Biochem.Pharmacol.,17:753-769,1968.

3. Grippo, P., laccarino, M., Rossi, M., and Scarano, E. Thin-Layer
Chromatography of Nucleotides, Nucleosides, and Nucleic Acid
Bases. Biochim. Biophys. Acta, 95.- 1 @7,1965.

4. Kreis, W., Drahousky, D., and Borberg, H. Characterization of
Protein and DNA in P815 Cells Sensitive and Resistant to l-$-D
Arabinofuranosylcytosine. Cancer Res., 32: 696-701, 1972.

5. Lee, T., Karon, M., and Momparler, R. L. Kinetic Studies on
Phosphorylation of 5-Azacytidine with the Purified Uridine-Cytidine
Kinase from Calf Thymus. Cancer Res., 34: 2482-2488, 1974.

6. Lineweaver, H., and Burk, D. The Determination ofEnzyme Dissocia
tion Constants. J. Am. Chem. Soc., 56: 658-666, 1934.

7. Momparler, R. L., Brent, T. P., Labitan, A., and Krygier. V. Studies
on the Phosphorylation ofCytosine Arabinoside in Mammalian Cells.
Mol. Pharmacol.,7:413-419,1971.

8. Momparler, R. L., and Fischer, G. A. Mammalian Deoxynucleoside
Kinases. I. Deoxycytidine Kinase: Purification, Properties, and Ki
netic Studies with Cytosine Arabinoside. J. Biol. Chem., 243:
4298-4304, 1968.

9. Pithova, P., Piskala, A., and Pitha, J. Nucleic Acid Components and
their Analogues. LXVI. Hydrolysis of 5-Azacytidine and Its Connec
tion with Biological Activity. Collection Czech. Commun., 30:
2801-2811,1965.

10. Sayeeda Zain, B., Adams, R. L. P., and Imrie, R. C. Effect of
S-Azacytidine on Phytohemagglutinin-stim ulated Horse Lymphocytes
and Cultured Mouse L929 Cells. Cancer Res., 33: 40-46, 1973.

11. Vesely, J., Cihak, A., and Sorm, F. Association of Decreased Uridine
and Deoxycytidine Kinase with Enhanced RNA and DNA Polymerase
in Mouse Leukemic Cells Resistant to S-Azacytidine and S-Aza-2'-
deoxycytidine. Cancer Res., 30: 2 180-2 186, 1970.

2510 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2395234/cr0350092506.pdf by guest on 19 M

ay 2023




