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ABSTRACT

Substrate cycles constructed from a deoxyribonucleoside kinase and a
deoxyribonucleotidase contribute to the metabolism of deoxyribonucleo-
tides in cultured cells. The two enzymes catalyze in opposite directions
the irreversible interconversion between a deoxyribonucleoside and its
S'-phosphate. Depending on the balance between the two reactions the
net result of the cycle's activity will be synthesis or degradation of the

deoxyribonucleotide, and favor import or export of the deoxyribonucleo
side. With genetically changed hamster cells (V79 and (I IO) deficient
in either deoxycytidine or thymidine kinase we now quantify by kinetic
isotope flow experiments the contributions of the two kinases to the
function of the respective cycles. For each, loss of the relevant kinase
was accompanied by an increased degradation of the deoxynucleotide, a
slower rate of DNA synthesis, and a longer generation time for the
mutant cells. The size of the corresponding deoxyribonucleoside triphos-
phate pool was apparently not decreased.

INTRODUCTION

Analogues of pyrimidine nucleosides are used to treat malig
nancies and virus infections and have recently gained added
interest in connection with attempts to treat patients infected
with human immunodeficiency virus (1). The analogues inter
fere more or less specifically with nucleic acid synthesis in
malignant or virus-infected cells. To this purpose they must
first be phosphorylated by nucleoside and nucleotide kinases.
These enzymes are often named "salvage" enzymes (2) to

indicate that they function in the reutilization of material
resulting from the degradation of nucleic acids. Considering
such a "cleaning up" function, it was surprising to find that the

two deoxynucleoside kinases phosphorylating thymidine and
deoxycytidine are tightly controlled enzymes, subject to both
allosteric inhibition and stimulation (3,4). Understanding these
controls in intact cells and how they may be manipulated to
phosphorv late nucleoside analogues used in the clinic becomes
an important concern.

Work in this laboratory, summarized in (5), aims at an
understanding of the regulation of deoxyribonucleotide synthe
sis in relation to DNA replication and repair. We use intact
cells in culture to measure the flow of isotope from trace
amounts of labeled pyrimidine nucleosides into various prod
ucts of deoxyribonucleotide metabolism. During steady state
conditions, the specific activity of dNTPs3 reaches a plateau

value and the accumulation of isotope in end products (DNA,
catabolic deoxyribonucleosides in the medium) can then be used
to measure absolute rates of various processes. It became ap
parent that in 3T6 cells the degradation of pyrimidine dNTPs
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as witnessed by excretion of deoxyribonucleosides into the
medium is significant and appeared to have a regulatory func
tion. In cycling 3T6 mouse fibroblasts as much as 28% of newly
synthesized dCDP was excreted as deoxynucleoside, mostly
deoxyuridine (6). When DNA synthesis was blocked, dNTP
synthesis continued, albeit at a reduced rate, with massive
excretion of deoxynucleosides. In contrast, a block of de novo
synthesis of dNTPs led to a decrease in the excretion with a
concomitant influx of deoxyribonucleosides from the medium
(7).

To explain these and other results we proposed the model
involving a substrate cycle, depicted in Fig. 1. The cycle is made
up from a deoxyribonucleoside kinase (3, 4) and a deoxyribo
nucleotidase (8) that catalyze in opposite direction the irrevers
ible interconversion between a pyrimidine deoxyribonucleoside
and its 5'-phosphate. The kinase is regulated by allosteric

effects exerted by dNTPs; the activity of the deoxynucleotidase
largely depends on the concentration of its substrate. Together,
the relative activities of the two enzymes set the intracellular
level of the deoxyribonucleoside and thereby determine its flux
in or out from the cell. This in turn affects the level of the
dNTP via the activities of deoxynucleoside mono- and diphos-
phate kinases. The model also indicates the relation between
the de novo synthetic pathway and the substrate cycle. In the
present context it is of interest to point out that a decrease in
ribonucleotide reduction may shift the balance of the cycle
towards synthesis, both via diminished allosteric inhibition of
the kinase and a decrease in the concentration of the deoxyri
bonucleoside 5'-phosphate. Such an approach, reviewed in Ref

erence 9, has been used to increase the effectiveness of nucleo
side analogues in therapy.

In this communication we evaluate how the loss of deoxycy
tidine or thymidine kinase affects the metabolism of dNTPs in
cycling hamster cells. Earlier work with mouse fibroblasts (10)
and human B- and T-lymphoblasts (11) indicated that loss of
either of the two deoxynucleoside kinases led to a large increase
in the excretion of deoxynucleosides. While these studies sup
port the concept of the model of Fig. 1 they were not designed
to give a quantitative evaluation of the importance of the kinases
for dNTP metabolism. To achieve this, we now use isotope
kinetic experiments and compare V79 and CHO hamster cell
lines and mutants of the same lines selected for a deficiency in
either deoxycytidine or thymidine kinase with respect to size
and turnover of dNTP pools as well as rates of DNA synthesis
and deoxyribonucleoside excretion.

MATERIALS AND METHODS

Materials. [5-3H]cytidine, [5-3H]uridine, [6-3H]uridine, and [methyl-
3H]thymidine were purchased from Amersham. The labeled nucleosides

had specific activities between 20 and 25 Ci/mmol and were purified
by HPLC immediately before use. Ara-C, 4-(2-hydroxyethyl)-l-piper-
azineethanesulfonic acid, and EMS were from Sigma; cell media were
from Flow Laboratories.

Cells. Two earlier characterized (12) hamster lung cell lines (V79
and V79/dC) were gifts from Dr. Vera Bianchi, University of Padova,
Padova, Italy. V79/dC cells lack the enzyme dCMP deaminase and
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Fig. I. Model for the interrelation between the de novo synthesis of a dNTP
and a substrate cycle. De novo synthesis occurs by reduction of a ribonucleoside
diphosphate to the corresponding deoxyribonucleotide. The substrate cycle in
volves the interconversion of a deoxyribonucleoside and its S'-phosphate by a

deoxyribonucleoside kinase and a deoxyribonucleotidase. The cycle is coupled to
de novo synthesis via a reversible deoxyribonucleoside monophosphate kinase.
The intracellular deoxyribonucleoside is in rapid equilibrium with extracellular
deoxyribonucleoside. The synthetic arm of the cycle is responsible for the import
of nucleoside analogues. The relative rates of the kinase and the deoxyribonucleo
tidase reactions decide whether the cycle operates towards synthesis or degrada
tion. This balance is affected by the supply of and demand for the dNTP. The
kinase is inhibited by the dNTP by feedback inhibition, the rate of the deoxyri
bonucleotidase reaction depends on dNMP concentration. A decrease in dNTP
(and dNMP) concentration will therefore poise the cycle towards synthesis and
favor import of nucleosides and nucleoside analogues.

show a low activity of cytidine deaminase (12). Three CHO lines were
gifts from Dr. W. E. C. Bradley, Institut du Cancer de Montreal,
Montreal, Canada. The various lines had been obtained by stepwise
selection for resistance to bromodeoxyuridine (13). Line B211, with
the lowest degree of resistance against the drug, contained a ribonucle-
otide reducÃasewith a decreased sensitivity to bromodeoxyUTP, but
with normal thymidine kinase activity (tk +/+); from this line a second
step mutant (21 BUI) was selected, after mutagenesis with EMS, with
partially reduced kinase activity, probably due to heterozygosity
(tk +/â€”); a third step, spontaneous mutant (8-160 then completely
lacked kinase activity (tk â€”/â€”).To simplify the understanding of our

results we will refer to the three CHO lines as indicated in the paren
theses above. All CHO lines lack dCMP deaminase.

Mutant cell lines, lacking deoxycytidine kinase, were obtained by
selecting for resistance against ara-C from the two V79 lines. In each
case a total of 5 x 10" cells on five 15-cm dishes in 45 ml of medium

were mutagenized with 200 Â¿ig/mlEMS for 16 h. After 1 week of
phenotypic expression, the cells were redistributed on 8-cm dishes (IO6
cells in 15 ml medium containing 5 Â¿tg/mlof ara-C). The drug-contain
ing medium was renewed after 2 and 4 days. Resistant clones (two
clones originating from V79 cells and four from V79/dC cells) were
isolated and recloned. The cells did not incorporate labeled deoxycyti
dine into their nucleotide fraction and are therefore considered to be
deficient in deoxycytidine kinase.

V79 cells were grown in a 7.5% COz atmosphere in Dulbecco's
modified Eagle's medium (DMEM) containing 5% FCS. CHO cells
were grown in Â«-modifiedEagle's medium with 10% PCS in a 5% COj

atmosphere.
Incorporation of Labeled Nucleosides into Cells. Details of the pro

cedures were described earlier (14). Briefly, cells were grown on parallel
5-cm dishes for 48 h to give a final density of 0.5-1.0 x IO6cells/dish.

With V79 cells, the experiment was started by reducing the medium
from 5 to 3 ml and addition of l M 4-(2-hydroxyethyl)-l-piperazineeth-
anesulfonic acid buffer (pH 7.4) to a final concentration of 20 HIM.
After 2 h, labeled cytidine (final concentration, 0.3 ^M) was added and
incubation continued for 70 min. At that time (time zero), the labeled
medium was replaced with cold conditioned medium and incubation
was continued for the indicated time periods. With CHO cells, the
spent medium was replaced with 3 ml fresh medium containing 10%
dialyzed PCS 2 h before the start of the experiment. Isotopie nucleoside
(final concentration, 0.3 /<M)was added at time zero and incubation
was continued for the indicated time periods.

Analyses of Isotope Incorporation into Various Compartments. Details
of the procedures were given earlier (14). After termination of the
incubations, the nucleotide fraction was extracted with 60% methanol

and pool sizes and specific activities of the pyrimidine ribo- and
deoxyNTPs were determined by HPLC (15) and the enzymatic DNA
polymerase assay (16-18), respectively. The cells remaining on the dish
were dissolved in 0.3 M NaOH, incubated for 16 h at room temperature
and incorporation of isotope into DNA was determined. Incorporation
of radioactivity into deoxyribonucleosides of the medium was deter
mined by HPLC that completely separated deoxyribonucleosides from
free pyrimidines (6). No radioactivity was recovered in pyrimidines.
Incorporation of isotope into water was determined after removal of
deoxyribonucleosides from the medium by adsorption to charcoal (14).
In experiments with deoxyuridine or cytidine labeled in the 5 position
of the pyrimidine ring incorporation of isotope into water was a measure
of thymidylate synthase activity (19, 20). All analyses were made on
duplicate dishes, usually with results varying by less than 10%. The
reproducibility of data is also exemplified by Tables 3 to 5 that give
results of measurements of DNA synthesis from the incorporation of
different labeled nucleosides. Where appropriate, all values in Tables
or Figures are normalized to 10'' cells.

RESULTS

V79 Cells Deficient in Deoxycytidine Kinase Activity. Two
lines of V79 cells were the parents of mutants deficient in
deoxycytidine kinase: "normar V79 cells, with an apparently

complete set of enzymes involved in pyrimidine dNTP metab
olism and V79/dC cells, lacking the enzyme dCMP deaminase
(12). The latter cells have a suboptimal synthesis of di TP and
their growth is stimulated by addition of pyrimidine deoxyri
bonucleosides to growth media containing dialyzed sera, ara-
C-resistant mutants were obtained, and one such mutant from
each line, lacking demonstrable activity of deoxycytidine kinase,
was used for the present experiments.

The growth characteristics of these two mutants, named V79-
8 and V79/dC-4b, are shown in Fig. 2B and compared with
those of their parent lines (Fig. 2A). Both mutants, as well as
other independently isolated ara-C mutants (not shown here),
had a longer generation time than the parent lines. This is a
matter of some concern when one wishes to compare dNTP
metabolism of cycling cells and must be remembered in the
interpretation of the data. However, Fig. 2 also shows that all
lines during the first two days after explanation contained

Fig. 2. Growth curves for the parent V79 and V79/dC cells (A) and for the
mutants V79-8 and V79/dC-4b lacking deoxycytidine kinase (B). Dashed lines,
results of autoradiograms (Ih pulse with 1 fiM labeled thymidine) and give the
percentage of cells in 5-phase. + or â€¢,V79; x or O, V79/dC; A or â€¢,V79-8; A
or D, V79/dC-4b.
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between 50 and 60% of the cells in .V-phase and that at least
from that point of view comparable results should be obtained
with cultures containing approximately 500,000 cells/dish and
grown under the conditions shown in Fig. 2.

Fig. 3 gives the sizes of pyrimidine dNTP pools during the
growth of V79-8 and V79/dC-4b cells determined in the exper
iment depicted in Fig. 2B. In V79-8 cells both the dTTP and
dCTP pools decreased during growth. Their size did not deviate
markedly from that of the corresponding pools of the parent
V79 line determined earlier (12). A further comparison of the
size of the dCTP pool of V79 and V79-8 cells can be made
from data in Table 1 below. The dCTP pool of the V79/dC-4b
line was greatly expanded, similar to results with the parent
V79/dC line and other cells lacking dCMP deaminase. Again,
the pyrimidine dNTP pools of the parent and the mutant line,
lacking the kinase, showed no clear differences.

In the following experiments, parent and mutant cells were
first labeled in parallel from [5-3H]cytidine for 70 min after

which time the dCTP pool, labeled via reduction of CDP, had
attained a constant specific activity. The radioactive medium
was then replaced with cold conditioned medium and during
the following chase the decaying specific activities of the dCTP
and CTP pools as well as the incorporation of label into DNA,
water, and deoxycytidine was determined at time intervals.
These three compartments harbor the end products of dCTP
metabolism (see Fig. 4). From the accumulation of isotope and
the specific activity of the dCTP pool we could calculate rates
of DNA synthesis, of dTMP synthesis, and of the degradation
of dCMP. dTMP synthesis was calculated from the accumula
tion of 3H in water since isotope is lost from the 5 position of

the pyrimidine ring during the methylation of dUMP (Fig. 4).
Finally, the sum of isotope accumulation in the three compart
ments gives the in situ activity of CDP reduction.

u
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â€¢fdCTP;V 7Â«-Â«
OdCTP; V7*/dC-4b
XdTTP; V79-8
Â¿dTTP; V7Â»/dC-4b

h 500
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Fig. 3. Variations in the size of dCTP and dTTP pools during growth of the
mutants V79-8 and V79/dC-4b lacking deoxycytidine kinase. Pool analyses were
made during the growth curves of the two cell lines shown in Fig. 211.

cytidine-*- CTP â€”Â»~dCTP â€”â€¢-dCMP â€”Â»-dUMP ^Ã§-(dTMP]

|H2O|

Fig. 4. Metabolism of [S-3H]cytidine in V79 cells. Boxes, end products that

accumulate isotope during incubation. V79/dC cells lack dCMP deaminase and
do not accumulate isotope in dUrd and H2O.

Fig. 5 shows the decay of the specific activities of the dCTP
and CTP pools in such an experiment. The decay of isotope
from dCTP is a function of both utilization and synthesis of
the nucleotide. During the chase, isotope was continuously
introduced into the dCTP pool from the much larger CTP pool.
The turnover of the CTP pool is therefore an important factor
and must be considered in a comparison of the isotope decay
of the dCTP pools of V79 and V79-8 cells. In order to simplify
the comparison all data in Fig. 5 are expressed as percentages
of radioactivity before the chase. It then appears that the CTP
pools of the two lines decayed at the same rate, but faster than
the dCTP pools. Since the decay of CTP was identical in both
lines differences in the decay of the two dCTP pools probably
reflect differences in turnover of the pools and suggest that
isotope disappeared more rapidly from V79-dC cells lacking
deoxycytidine kinase. The faster decay of CTP, compared to
dCTP, might be due to compartmentation caused by the het
erogeneity of the cycling cell population. In a second, less
complete chase experiment the dCTP pool of V79 cells retained
52% of its isotope content after 60 min while the corresponding
value for V79-8 cells was 41%. From these results we conclude
that deoxycytidine kinase contributes to the maintenance of the
dCTP pool.

A comparison of the rates of DNA synthesis, dTMP synthesis
from dCMP, and degradation of dCMP to deoxycytidine in the
two cell lines was made in two separate experiments (Table 1).
The first experiment also served to obtain the data shown earlier
in Fig. 5. Table 1 shows that in both experiments V79-8 cells
lacking deoxycytidine kinase excreted more deoxycytidine than
V79 cells. Both lines excreted very little deoxyuridine. In the
second experiment the dCTP pool was slightly larger in V79
cells, but the difference is hardly significant and was not found
in the first experiment. DNA synthesis was slower in V79-8
cells, in accordance with their longer generation time. The
values for the in situ activity of CDP reduction were slightly
lower in V79-8 cells, but the observed differences between the
two lines are not considered to be significant.

Results from a similar analysis of V79/dC and V79/dC-4b
cells, both lacking dCMP deaminase, are summarized as exper
iment 1 in Table 2. As demonstrated earlier, both these lines
contain large dCTP pools and already the parent line, with an

100

*L 10

I
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1 40

â€¢0
min
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Fig. 5. Comparison of the turnover of CTP and dCTP pools of V79 and V79-
8 cells. Both lines were labeled from 0.3 MM[5-3H]cytidine for 70 min after which
time the medium was replaced with cold medium (time 0). At the indicated time
intervals duplicate cultures were removed and the specific activities of dCTP and
CTP were determined. AH values are normalized to 100% at time zero. Absolute
values (cpm/pmol) were for CTP, 600 ( V79), and 960 ( V79-8); and for dCTP
510 (V79) and 800 (V79-8). +, dCTP (V79); x, dCTP (V79-8); â€¢,CTP (V79);
O,CTV(V79-8).
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Table 1 Metabolism ofdCTP in normal V79 cells and in V79-8 cells lacking deoxycytidine kinase
Dishes were incubated and treated as described in the text to Fig. 5. Where relevant, values are given for 10' cells.

dCTPpoolExp.

\"V79V79-8Exp.

2V79V79-8Cells/dish

x10-"0.870.710.550.51(pmol)20203325(cpm/pmol)"3904507001070DNA

synthesis
from dCMP*

(pmol/min)3.42.44.53.7dTMP

synthesis
from dCMf
(pmol/min)4.04.15.25.0Excretion

(pmol/min)ofDeoxyuridineND'ND'0.050.06Deoxycytidine0.390.910.671.00Totalreduction
ofCDP(pmol/min)7.97.510.59.8

" Average specific activities between 0 and 60 min of the chase.
h Determined from the accumulation of isotope in DNA during the first 60 min of the chase.
' Determined from the accumulation of isotope in water during the First 60 min of the chase.
'' Identical to the experiment of Fig. 5.
' ND, not determined.

Table 2 Metabolism ofdCTP in V79jdC cells, lacking dCMP deaminase, and in V79jdC-4b cells, lacking both dCMP deaminase and deoxycytidine kinase

Conditions are described in Fig. 5 and Table 1.

dCTPpoolExp.

1
V79/dC

V79/dC-4bExp.

2Â°V79/dC

V79/dC-4bCells/dish

x10''0.38

0.470.31

0.49(pmol)1000

94045

33(cpm/pmol)720

800940

1100DNA

synthesis
from dCMP
(pmol/min)3.5

2.64.44.8Excretion

(pmol/min)ofDeoxyuridine0.1

0.20.06

0.07Deoxycytidine17

151.0

1.5Total

reduction
ofCDP

(pmol/min)21185.5

6.4
" With Umiliili ni' (16 MM)present in the medium during growth of cells and during the experiment.

active deoxycytidine kinase, excreted huge amounts of deoxy
cytidine. This excretion was not increased by the loss of the
kinase. The dCTP pool of these cells can be decreased by
addition of thymidine to the growth medium since dTTP,
formed by phosphorylation of thymidine, inhibits the reduction
of CDP (21). We therefore carried out a second experiment
with cells grown in the presence of 16 Â¿Â¿Mthymidine (Table 2).
Now the dCTP pools of both lines were depressed to more
normal levels and V79-4b cells, lacking deoxycytidine kinase,

excreted more deoxycytidine than the parent line, even though
V79-4b cells contained a smaller dCTP pool. We will return to
the relation between pool size and deoxynucleoside excretion
in the "Discussion."

CHO Cells Deficient in Thymidine Kinase Activity. The three
cell lines used in our experiments were obtained by stepwise
selection for resistance to bromodeoxyuridine (13). tk +/+
contains an altered ribonucleotide reducÃase, but has normal
thymidine kinase activity. A second step mutant (tk +/â€”)was

selected, with partial reduction of kinase activity, probably due
to heterozygosity, and a third step mutant completely lacked
kinase activity (tk â€”/â€”).

Growth of the three lines in media containing dialyzed fetal
calf serum occurred with generation times of 13 h for the tk +/
+ and tk +/- lines, and with 16 h for the tk -/- line (data not

shown). Like the V79/dC line, all CHO lines lacked dCMP
deaminase, but, unlike V79/dC cells, addition of thymidine (20
MM)to the medium did not affect their generation times. Thus
the reduction of UDP sufficed to satisfy their dTTP require
ment. Pool analyses made in connection with growth curves
demonstrated that the dTTP pool of the tk +/+ cells was not
larger than that of the thymidine kinase deficient lines (data
not shown).

The main question was whether the deficiency in thymidine
kinase activity affected the excretion of deoxynucleosides, no
tably thymidine, into the medium. To test the validity of such
experiments we first compared rates of DNA synthesis calcu
lated from data obtained from parallel incubations of tk +/+

cells with [5-3H]cytidine, [5-3H]uridine, and [3H]thymidine (Ta
ble 3). The two 5-labeled ribonucleosides are incorporated into
DNA exclusively after transformation to dCTP, since isotope
is lost from the nucleotide during the methylation of dUMP to
dTMP (cf. Fig. 4). Their incorporation should give the same
value for the rate of DNA synthesis, once differences in specific
activities of the dCTP pool have been taken into account. The
third labeled nucleoside, thymidine is exclusively incorporated
via dTTP and should give a 1.3 times higher rate of DNA
synthesis since mammalian DNA contains a 1.3-fold excess of
thymine over cytosine. The results summarized in Table 3 agree
reasonably well with these predictions and show that labeled
uridine can be used to measure the metabolism of pyrimidine
dNTPs. There is, however, one exception: the amount of isotope
transformed to water was unexpectedly high. To investigate
whether isotope transfer occurred exclusively during methyla
tion of dUMP we compared the effect of amethopterin, an
inhibitor of thymidylate synthase, on the appearance of isotope
in water after incubation of tk +/+ cells in hypoxanthine-
amethopterin-thymidine medium (22) with 5-labeled uridine or
deoxyuridine. The drug completely abolished the transfer from
deoxyuridine but only gave a 70% inhibition for uridine (data
not shown). It seems possible that the remaining transfer oc
curred during amination of DTP to CTP. [5-3H]Uridine can

therefore not be used to measure thymidylate synthase activity.
In the next experiment parallel sets of the three CHO lines

were incubated with [3H]uridine labeled in either the 5 or 6

positions of the pyrimidine ring to measure the flow of isotope
from the two nucleosides via ribo- and deoxyribonucleotides
into DNA and excretion products. As indicated in Fig. 6 isotope
from either nucleoside is partitioned to the cytosine nucleotide
pool via amination of UTP and enters DNA from dCTP after
reduction of CDP. Reduction of UDP provides dUMP, but
only in the case of 6-labeled uridine does isotope reach dTTP
and enter DNA. Rates of DNA synthesis could be calculated
from the incorporation of either nucleoside, as described in
Fig. 6, legend. Thymidine excretion could only be determined
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Table 3 Rates ofDNA synthesis oftk +/+ cells measured with fmethyl-'Hithymidine, fS-'HJcytidine, or fS-'HJuridine
Parallel sets of tk +/+ cells (0.8 x 10" cells/5-cm dish) were incubated with 0.3 JIMof each of the three nucleosides for 60 and 120 min. Duplicate samples from

each time point were analyzed as described in "Materials and Methods." Pool measurements are given as the average of both time points, DNA and dTMP synthesis

was calculated from the increase in radioactivity incorporated between 60 and 120 min divided by the specific activity of the appropriate ilNTP pool.

dTTPLabeled

nucleoside (pmol) (cpm/pmol)(pmol)Thymidine

49 6500 81
|5-3H)cytidine 31 163
[5-3H]uridine 31136"

Incorporation of dTMP.
* Incorporation of dCMP.IdUrd

|IdThdlt

t , ,
[6-3H| uridine-Â»UTP-Â«-dUMP â€” dTMPâ€” dTTP -â€” |DNA|Â»

/IdUrd

||H2Â°|[5-3Hl

uridineâ€”UTP â€” dUMP^-dTMP

*CTP-Â«-dCTP
â€”- |DNA|

\Fig.

6. Metabolism of [6-3H]uridine and [5-3H]uridine in CHO cells. Boxes,
end products that accumulate isotope. Isotope is incorporated into DNA from[5-In

the latter casethe contributions of dCTP (a) and dTTP (1.3a) can becomputed
from the formula: (C x a) + (T x 1.3a) = D, where C is the specific activity of
dCTP, T the specific activity of dTTP, and D the total activity incorporated into
DNA during 1 min (12).dCTP(cpm/pmo810404~o

a."g-800-a.

uH

'>

'aSpecificÂ»

aoDNA

synthesis dTMPsynthesis) (pumi 'min)(pmol/min)5.0Â°

4.0* 4.0
3.3*15.5A

/xÂ°LIOOO/'//DNA

///

/ 2
/ /dCydâ€ž/

/
/ / dTTP7/

-AUTP1-500 |

/dCTPA

-ArTPII

. 1

deoxycytidine excretion was measured from the metabolism of
[5-3H]uridine.

The kinetics of isotope incorporation from the two nucleo
sides into the different compartments oftk +/+ cells are shown
in Fig. 7. Similar results were obtained with the two other cell
lines but are not shown here. With [6-3H]uridine, incorporation

of isotope into ribo- and deoxyNTPs had reached a steady state

after 90 min (Fig. 7A) while in the parallel experiment with the
S-labeled uridine specific activities showed a slight increase

between 90 and 150 min. In both experiments the specific
activities of dNTPs were higher than those of the corresponding
ribonucleotides. Fig. 7 also shows the accumulation of isotope
between 90 and 150 min in DNA and deoxycytidine and thy-

midine of the medium. Rates (pmol/min) given in the following
Tables 4 and 5 were calculated from data such as shown in Fig.
7 by dividing the accumulation of isotope per min by the specific
activity of a given dNTP, averaged between 90 and 150 min.

Results from the experiment with [6-3H]uridine are summa
rized in Table 4, those obtained with [5-3H]uridine in Table 5.

As mentioned earlier, loss of thymidine kinase did not decrease
the size of the dTTP pool. However, excretion of thymidine
was 10-fold faster in tk -/- cells than in tk +/+ cells, with tk
+/â€” taking an intermediate position (Table 4). The rate of
DNA synthesis was slower in tk -/- cells. In these cells as

much as 36% of the total dTMP synthesized was excreted as
thymidine into the medium, compared to 3% in tk +/+ cells.
Excretion of deoxyuridine (Table 5) was not significantly af
fected by the loss of the kinase. In all cell lines deoxycytidine
was the major excretion product, reflecting the large dCTP
pools. The only clear effect on deoxyribonucleoside excretion
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Fig. 7. Incorporation of isotope from [6-3H]uridine (A) and [5-3H]uridine (B)

into nucleotide pools, DNA, and deoxyribonucleosides of the medium of tk +/+
cells. Parallel cultures (0.59 x 10s cells/dish) were incubated with 0.3 pM labeled
nucleoside for 90 or 150 min and the specific activities of the ribo- and deoxyNTP
pools were determined as well as the total incorporation into DNA and deoxy-
nucleosides of the medium.
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Table 4 DNA synthesis and thymidine excretion of the three CHO lines measured from the metabolism of {6-}H]uridine
CHO cells (tk +/+, 0.59 x lO'/dish; tk +/-, 0.69 x lOVdish; tk -/-, 0.65 x lO'/dish) were incubated with isotope for 60 and 120 min and treated as described

in Table 3, legend.

dCTPCell

linetk+/+

tk+/-
tk-/-(pmol)375

195
250(cpm/pmol)345

350
305dTTP(pmol)537562(cpm/pmol)575

650
730dThd

excretion
(pmol/min)0.3

1.72.7DNA

synthesis(pmol/min)From

dCMP7.3

4.7
3.6From

dTMP9.5

6.14.7

Table 5 DNA synthesis and excretion ofdeoxyuridine and deoxycytidine of the three CHO lines measured from the metabolism of[5-3H]uridine
This experiment was run with parallel sets of cells described in Table 4, legend, and was identical to that experiment except for the use of [5-3H]uridine.

dCTPCell

linetk+/+

tk+/-
tk-/-(pmol)400

195265(cpm/pmol)410370
380dTTP(pmol)52

72
50dCyd

excretion
(pmol/min)31

2120dUrd

excretion
(pmol/min)0.56

0.42
0.56DNA

synthesis
from dCMP
(pmol/min)8.9

7.04.7

resulting from the loss of the thymidine kinase was the greatly
increased excretion of thymidine.

DISCUSSION

The model of a substrate cycle shown in Fig. 1 postulates
that deoxynucleoside 5'-phosphates continuously are degraded
and resynthesized. Degradation is catalyzed by a deoxyribonu-
cleotidase (8), synthesis by deoxyribonucleoside kinases (3, 4).
The balance between the two opposing reactions decides
whether the net result of the cycle's activity will be synthetic or

catabolic. The cycle adapts the activities of the two enzymes to
the requirements of the cell and is also instrumental for the
import of extracellular deoxyribonucleosides. Support for the
cycle concept came from experiments with genetically modified
hamster V79/dC cells lacking the enzyme dCMP deaminase
(12). In the parent V79 cells CDP reduction supplies both
dCTP and dTTP (via deamination of dCMP) for DNA repli
cation while in V79-dC cells CDP reduction is required only
for dCTP synthesis and dTTP is derived from UDP reduction.
In spite of this decreased demand, CDP reduction was not
diminished in the mutant cell line. As a result, the cells in
creased their dCTP pool and excreted huge amounts of deoxy
cytidine. The mutant cells had adapted to the new situation by
increasing the degradative activity of the cycle, not by decreas
ing the activity of ribonucleotide reducÃase.

Here we use genetically changed hamster cells lacking either
deoxycytidine kinase or thymidine kinase. These cells lack the
synthetic arm of the respective cycles and by comparing their
metabolism of pyrimidine dNTPs with that of the parent lines
we can quantify the contributions of the two deoxyribonucleo
side kinases to the function of the cycles. Table 6 integrates
data from the "Results" section to such a purpose. For each

cell line the excretion of thymidine and/or deoxycytidine is
related to (a) the size of the corresponding dNTP pool and (/>)
the total reduction of CDP or UDP. In this way we can calculate
deoxyribonucleoside excretion as percentage of (a) the pool
size of the corresponding dNTP or (b) the total amount of CDP
(UDP) reduction.

The parent V79 cells excreted during l min an amount of
deoxycytidine that corresponded to 2% of the size of the dCTP
pool or to 5-6% of the total amount of CDP reduced. In
contrast to mouse 3T6 cells the hamster cells excreted only
minimal amounts of deoxyuridine. Also their total deoxyribo
nucleoside excretion was small compared to 3T6 cells that
excreted 28% of the CDP reduced as deoxyribonucleosides (6).

The mutant hamster line (V79-8) lacking deoxycytidine kinase
excreted twice as much deoxycytidine, both when related to the
size of the dCTP pool or to total CDP reduction. The situation
changes drastically when the same comparison is made for the
two V79/dC lines that lack dCMP deaminase. In this case the
dCTP pool of both the parent line and the V79/dC-4b line that
lacks deoxycytidine kinase was 30- to 50-fold larger than the
dCTP pool of V79 cells. Over 80% of CDP synthesized was
degraded and the additional loss of deoxycytidine kinase had
no apparent effect. When the dCTP pool of V79/dC cells was
decreased by growth in the presence of thymidine (21), the
catabolism of dCTP was reduced greatly. Now the loss of the
kinase had a clearcut effect and, when related to the size of the
dCTP pool, the numbers (2.2% for V79/dC cells and 4.5% for
V79/dC-4b) became identical to those found for V79 and V79-
8 cells (Table 6). This supports our contention that increased
catabolism in both lines indeed arose from the loss of deoxy
cytidine kinase.

Turning now to the effect of the loss of thymidine kinase
seen in Table 6 we must first stress that all three CHO lines
lacked dCMP deaminase. This explains why approximately
80% of the total amount of CDP reduced was recovered as
deoxycytidine in the medium. Thymidine excretion was low in
the parent tk +/+ line and corresponded to 3% of total UDP
reduction. This value was increased more than 10-fold in the
tk -/- line, lacking thymidine kinase.

For both deoxyribonucleoside kinases there is good reason
to believe that loss of the enzyme resulted in an increased net
degradation of the corresponding deoxyribonucleotide. The
mutant cells had decreased their rate of DNA synthesis and
this may explain their slower growth rate. It is, however, not
certain that this decrease was linked to the loss of the kinase or

Table 6 Catabolism of pyrimidine dNTPs in various cell lines
Catabolism was measured by the excretion of labeled deoxynucleosides (pmol/

min) as percentage of the corresponding dNTP pool or of the amount of CDP
(UDP) reduction.

100 x dCyd excreted 100 x dThd excreted

CelllineV79V79-8V79/dCV79/dC-4bV79/dCÂ°V79/dC-4b"tk+/+tk+/-tk-/-dCTPpool2.0;

2.04.6;
4.01.71.62.24.57.710.87.5CDP

reduced4.9;

6.412.1;
10.281831823797883dTTP

pool0.62.34.4UDPreduced2.92134

1In this experiment cells were grown with 16 Â¿tMthymidine in the medium.
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was due to an additional unknown mutation. In favor of a
specific link is that a decrease in the rate of DNA synthesis was
found after loss of either kinase and that the tk -/- line was

isolated as a spontaneous mutant (13). There was no clearcut
change in the rate of de novo synthesis of dNTPs or in the size
of dNTP pools. Compared to the effects seen in cells that had
lost dCMP deaminase, the effects caused by the loss of the
kinases were moderate. One should remember, however, that
loss of the deaminase led to an extreme situation, with a huge
accumulation of dCTP. Together, the results with mutant cell
lines and earlier data lead us to the suggestion that substrate
cycles in the hamster cell lines studied here contribute to the
fine tuning of dNTP pools and that their importance increases
during various stress situations. For the further analysis, cell
lines lacking deoxyriho nÃºcleotidasc activity would be of consid
erable interest. The balance between kinase and nucleotidase
activities appears to vary widely in different cells (23). Cells of
the human immune system are a rich source of deoxyribonu-
cleoside kinases and their cycles appear to be geared to anabo-
lism (24). This may explain why the genetic loss of enzymes
involved in the catabolic activity of the cycle leads to severe
disturbances of dNTP metabolism and disease (25).
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