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1. Introduction

Wild-type Escherichia coli do not efficiently
incorporate exogenously added thymine or thymidine
unless deoxyribosyl donors are also supplied [1-4].
Thymidine incorporation can also be increased in
these cells by inhibiting thymidine phosphorylase
thus preventing thymidine breakdown [3] . In contrast,
T4-infected cells readily incorporate exogenous
and thymidine, apparently due to an intracellular
accumulation of deoxyribosyl donors [5]. The latter
are probably breakdown products of host DNA. Catab-
olism of deoxyribose-1-Pis inhibited after T4 infection

compared to uninfected cells, or cellsinfected with T-odd

phages [6] . It seems clear, since about 30% of newly
synthesized T-even phase DNA nucleotide is derived
from host chromosome breakdown products [7],
that salvage pathways for nucleotide biosynthesis are
of importance in this system.

During the course of our studies on the patterns of
DNA synthesis in the T4 non-lethal recombination
deficient mutants [8] we observed that the apparent
T4 DNA synthetic rate was critically dependent upon
the concentration of label supplied to measure it.
Also, deoxyadenosine, sometimes used in phage experi-
ments to ‘stimulate’ uptake of label was found to
inhibit incorporation under certain circumstances.
Variations in experimental conditions have in many
cases led to conflicting interpretations of T4 DNA
synthetic rates. Specifically, in the case of the T4x
and y mutants, one group reports T4x to synthesize
DNA at the same rate as wild-type T4 [9], while
others [10,11] claim T4x and y to be ‘DNA arrest’
mutants. In this communication evidence is presented
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that thymidine incorporation in T4-infected cells is
affected by exogenously-added deoxyribonucleosides
in at least two separate ways. First, when low concen-
trations of labeled thymidine are used, incorporation
is inhibited by exogenous pyrimidine deoxyribo-
nucleosides and deoxyadenosine. Secondly, when
high concentrations of labeled thymidine are supplied
early in infection, incorporation of this label late in
infection is stimulated by exogenous deoxyadenosine.

2. Materials and methods

The preparation of T4-infected cells and incorpora-
tion of [°H]thymidine and [*H]thymidine into the
acid-soluble fraction has been detailed [9]. [*H]-
Deoxyadenosine was obtained from International
Chemical and Nuclear, and incorporation was
measured as described for [*H]thymidine [8]. Un-
labeled deoxyribonucleosides were purchased from
P&L Biochemicals. In these experiments, O time
corresponds to the addition of phage to the bacteria.
All incubations were performed at 37°C.

3. Results and discussion

In fig.1A it can be seen that incorporation of
[®H]thymidine at conc. 0.19 ug/ml can be inhibited
by low concentrations (4—32 ug/ml) of exogenously-
added deoxyadenosine. In this experiment, incorpora-
tion into the acid insoluble fraction was measured at
15 s intervals after 15 min T4 infection. Higher con-
centrations (50—200 ug/ml) of deoxyadenosine are
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needed to inhibit the incorporation of 15 ug [*H]-
thymidine/ml as shown in fig.1B, This experiment is
similar to the one described for fig.1 A except that
incorporation was measured at 5 min intervals after
15 min T4 infection. Note that at the time when
incorporation ceases at 20 min after the addition of
label in the absence of deoxyadenosine, the presence
of exogenous deoxyadenosine allows for continued
incorporation. Figure 1C depicts the long-term incor-
poration of 25 ug [*H]thymidine/ml in the absence
or presence of deoxyadenosine. In one case, tritium-
labeled precursor and deoxynucleoside were added
with the phage; while in the other they were added

4 min after the phage. When [3H]thymidine is added
at the time of infection, incorporation continues
until 20 min infection. When [3*H]thymidine is added
4 min after infection incorporation continues until
30 min infection. In both cases, the presence of

200 ug deoxyadenosine/ml appears to be slightly
inhibitory early in infection and stimulates incorpora-
tion at the time when incorporation usually levels off.
Other concentrations tested, SO ug and 100 ug deoxy-
adenosine/ml (data not shown), also stimulate [*H]-
thymidine incorporation at this time.

Figure 2A shows that incorporation of [*H]-
thymidine (0.24 ug/ml) at 15 min after infection with
T4 is inhibited by 0.125 mM deoxycytidine, deoxy-
uridine and deoxyadenosine but not 0.125 mM
deoxyguanosine. Similarly, in fig.2B it can be seen
that incorporation of 0.27 ug [*H]deoxyadenosine/
ml is inhibited by all deoxyribonucleosides tested
(0.125 mM), but deoxyguanosine is somewhat less
effective.

Although little is known about mechanisms of
nucleoside transport in T4-infected cells, studies with
uninfected E. coli indicate that pyrimidine nucleosides
and adenosine (or deoxyadenosine) share a common

Fig.1. Effect of deoxyadenosine on [*H]thymidine incor-
poration in T4-infected cells. (1A) [*H]thymidine, 33 uCi/
0.19 pug/ml, was added 15 min after infection. Deoxyadeno-
sine was added at the same time at the concentrations in
pg/ml indicated in the graph. (1B) Same as 1A except [*H]-
thymidine, 33 uCi/15 ug/ml, was used. (1C) [*H]Thymidine,
33 pg/ml, was added either at the time of infection (o), or

4 min after infection (e). Deoxyadenosine, 200 ug/ml, was
added at the time of infection (o), or 4 min after infection

™).

13



Volume 87, number 1

A agof 0
d6

351

30

25

COUNTS PER MINUTE x 10~4

du
dT

COUNTS PER MINUTE x 1073

2 A L L L A

15 30 45 60 75 90
SECONDS AFTER I5 MINUTES OF INFECTION

Fig.2. Effect of deoxyribonucleosides on [*H]thymidine and
[*H]deoxyadenosine incorporation in T4-infected cells.

Label and 0.125 mM deoxyribonucleosides were added

15 min after infection. Symbols: (0) no exogenous deoxy-
ribonucleoside; (#) deoxyguanosine; (2) deoxyuridine; (»)
deoxycytidine (&) deoxyadenosine; (v) deoxythymidine.

(2A) [*H]Thymidine incorporation, 50.8 uCi/0.24 ug/ml.
(2B) [*H]Deoxyadenosine incorporation 16.5 uCif0.27 ug/ml.

channel of transport, whereas guanosine (or deoxy-
guanosine) does not [12—15] . We therefore have
interpreted these results as indicating that exogenous-
ly supplied deoxycytidine, deoxyuridine, and deoxy-
adenosine inhibit thymidine transport whereas
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exogenously supplied deoxyguanosine does not.
Correspondingly, exogenously supplied pyrimidine
deoxynucleosides could inhibit deoxyadenosine
transport. Deoxyguanosine also inhibits deoxyadeno-
sine incorporation, however to a lesser extent. Thus,
it might appear that in T4-infected cells, thymidine
seems to be taken up by the primary transport system
established for uninfected cells [12—15]. Since
deoxyguanosine does inhibit [*H]deoxyadenosine
incorporation, the latter must be taken up in T4-
infected cells in a more complex, or less well-under-
stood manner. It is possible, that exogenous deoxy-
ribonucleosides are exerting their effect by inhibiting
the direct phosphorylation of thymidine by thymidine
kinase or possibly at a subsequent step. We feel that
this is less likely than the above interpretation for
the following reasons:

(i) Deoxyadenosine is a competitive inhibitor of
thymidine phosphorylase [3] and should cause
an accumulation of thymidine precursor and thus
stimulate incorporation

(ii) Deoxycytidine has been shown to have no effect
on host thymidine kinase

(iii) TMP and GMP are common substrates for T4-
induced deoxyribonucleotide kinase [16] and
deoxyguanosine does not inhibit thymidine
incorporation as measured above.

Although in the above short-term experiments
where low concentrations of thymidine were used,
incorporation measurements could have reflected the
direct phosphorylation of thymidine by thymidine
kinase, the conversion of 2.5 ug thymidine/ml by
thymidine phosphorylase to thymine and deoxyribose-
1-phosphate [5] is complete 5 min after thymidine
addition to T4-infected cells at 3 min infection.
Incorporation of thymine into T4-infected cells [5]
can be stimulated by the simultaneous addition of
deoxyribonucleosides. Similar results depicting the
stimulatory effect of exogenous deoxyribonucleo-
sides on thymine incorporation are shown in fig.3.
Thymidine does not stimulate thymine incorporation,
and would not be expected to since thymidine break-
down to thymine and deoxyribose-1-phosphate
would dilute the radioactive pool. Figure 4 depicts an
experiment where 10 ug/ml thymidine was added at
10 min after T4 infection. Under these conditions,
incorporation levels off after 20 min infection. If
200 ug/ml deoxyadenosine is added at 22 min infection,
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Fig.3. Effect of deoxyribonucleosides on [*H]thymine incor-
poration in T4-infected cells. [*H]thymine, 33 uCi/2 ug/ml,
and various deoxyribonucleosides as indicated in the graph
(80 ug/ml), were added 15 min after infection.

a further increase of incorporation is observed. Similar
results were obtained when deoxyadenosine was
added at 30 min infection (data not shown). We have
interpreted these data as indicating that thymidine
incorporation ceases when the intracellular pools of
deoxyribosyl donors are depleted, and that deoxynu-
cleosides present at this time stimulate incorporation
by replenishing these pools. This phenomenon can
explain the stimulation of thymidine incorporation
when exogenous deoxyribonucleosides are present

at times when incorporation usually ceases, as

seen in fig.1B,C. Stimulation by exogenous deoxy-
ribonucleosides under these conditions is analogous
to the stimulation observed when incorporation of
thymine is directly measured as in fig.3, or to the
stimulation observed when endogenous deoxyribosyl
pools are normally small as in uninfected E. coli
[1—4]. Thus, in T4-infected cells, incorporation of
low concentrations of [*H]thymidine into the acid-
insoluble fraction is inhibited by deoxyribonucleo-
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Fig.4. Reincorporation of *H-label after addition of deoxy-
adenosine to T4-infected cells. [*H]Thymidine, 33 uCi/10
ug/ml, was added 10 min after infection. Deoxyadenosine,
200 ug/ml, was added at 22 min after infection. Symbols:
(o) no deoxyadenosine; () 200 ug/ml deoxyadenosine.

sides involved in a common pathway(s) of transport;
deoxyadenosine, deoxycytidine, deoxyuridine but
not deoxyguanosine. The effect is concentration
dependent, that is, the higher the concentration of
labeled thymidine supplied, the higher the concentra-
tion of added deoxyadenosine necessary to inhibit its
uptake. Similar results have recently been reported
for uninfected E. coli [15]. Incorporation of deoxy-
adenosine behaves in a somewhat similar manner. In
contrast, incorporation of thymine in T4-infected
cells is stimulated by exogenous deoxyribonucleosides
as has been found [5]. When the T4-infected cells
have converted [*H]thymidine to [*H]thymine plus
deoxyribose-1-P, and when intracellular supplies of
the latter have been exhausted, exogenously supplied
deoxyribonucleosides stimulate incorporation by
supplying deoxyribosyl donors to the [*H]thymine
product of [*H]thymidine as when incorporation of
the former is directly measured.

In conclusion, in T4-infected cells, exogenously
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supplied deoxyribonucleosides inhibit thymidine
incorporation when short-term, high specific activity,
low thymidine concentrations are used for labeling.
Deoxyribonucleosides stimulate long-term incorpora-
tion when low specific activity, high thymidine con-
centrations are used for labeling. Therefore, depend-
ing on the measurement desired, careful examination
of the effects of exogenously added deoxyribonucleo-
sides on thymidine incorporation in T4-infected cells
is required.
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