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INDUCED CHANGES IN THE RATES OF

URIDINE-3H UPTAKE AND INCORPORATION

DURING THE G l AND S PERIODS OF

SYNCHRONIZED CHINESE HAMSTER CELLS

PETER J . STAMBROOK and JESSE E . SISKEN

From the Department of Cell Biology, University of Kentucky Medical Center, Lexington,
Kentucky 40506 . Dr. Stambrook's present address is the Department of Embryology, Carnegie
Institution of Washington, Baltimore, Maryland 21202 .

ABSTRACT

The rates of uridine-5- 3H incorporation into RNA and the rates of uridine uptake into the
acid-soluble pool during the cell cycle of V79 Chinese hamster cells were examined . Cells
cultured on Eagle's minimal essential medium supplemented with fetal calf serum, lactal-
bumin hydrolysate, glutamine, and trypsin displayed rates of incorporation and uptake
which increased only slightly during G 1 and accelerated sharply as DNA synthesis com-
menced . In contrast, cells cultured on minimal essential medium supplemented only with
calf serum exhibited rates of incorporation and uptake which increased linearly through
both G l and S. The transition from one pattern to the other can be induced within 24 hr
and is completely reversible . The nonlinear pattern exhibited by cells grown on the sup-
plemented fetal calf serum medium can also be overcome with high exogenous uridine
concentrations. In the presence of 200 .sM uridine, these cells display a linear pattern of
increase in rates of uridine incorporation and uptake . It is concluded that at lower uridine
concentrations the pattern of increase in the rate of uridine incorporation into RNA during

the cell cycle for a given population of cells is dependent upon the rate of uridine entry into
the cell, and that this pattern is not rigidly determined but can be modified by culture
conditions.

INTRODUCTION

The progression of cells through the mitotic cycle
is characterized by ordered temporal changes in
macromolecular synthesis. At metaphase there is
no DNA synthesis, protein synthesis is greatly
reduced (1), and RNA synthesis appears to be
restricted to the synthesis of 4S and 5S RNA (1, 2) .
The synthesis of DNA is limited to a discrete por-
tion cf interphase, whereas proteins as a class of
macromolecules appear to be synthesized through-
out the cell cycle (3) . The synthesis of RNA during

the cell cycle has been extensively studied, and
the common conclusion has been reached that
cells synthesize RNA at all times during inter-
phase, but at a greater over-all rate during the
latter part of interphase .

There are conflicting reports regarding the
kinetics by which the rates of RNA synthesis in-
crease as cells traverse the cycle . Several incorpora-
tion studies (4, 5, 6) have indicated that the rate
of RNA synthesis increases only slightly during G1
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and that a marked acceleration occurs at the onset
of the S phase. Others (7, 8, 9) have described a
linear increase in the rate of RNA synthesis during
G t and at least the early part of the S period, with
no acceleration of the increase in RNA synthetic
rate at the time DNA synthesis begins . Seed (10),
furthermore, has claimed that rapidly dividing
cells from normal tissue exhibit the nonlinear pat-
tern of increase in RNA synthetic rate, whereas
cells derived from tumors display a linear in-
crease in RNA synthesis during both the G l and
S periods. The present study shows that cells may
be induced to incorporate uridine 3H into RNA
in a manner consistent with either of the above
postulated patterns of RNA synthesis, depending
upon the constitution of the culture medium . This
finding indicates that the pattern of uridine
incorporation is not a rigidly defined character-
istic of cells . The study also demonstrates that the
respective patterns of increase in rate of uridine
incorporation into RNA are closely paralleled by
the changes in the rate of uridine 3H uptake into
the acid-soluble pool . The transition from one
pattern of incorporation or uptake to the other is
reversible .

MATERIALS

Materials

The thymidine- 3 H and uridine-5- 3H were obtained
from Schwarz Bio Research, Orangeburg, N . Y . and
Mann Research Labs Inc ., New York. Minimal es-
sential medium (MEM) was obtained from Grand
Island Biological Co ., Berkeley, Calif., and the calf
serum and fetal calf serum were purchased from Flow
Laboratories, Rockville, Md. and Grand Island Bio-
logical Co .

Cell Line and Growth Conditions

A subline of the V79 line of female Chinese ham-
ster lung cells, originally cultured by Ford and Yer-
ganian (11) and kindly provided by Dr . M. Elkind,
was used . Stock cultures were grown as monolayers
in Blake bottles at 37 °C. Two different growth media
were used . One was a minimal essential medium
(MEM) (12) supplemented with fetal calf serum
(15%), lactalbumin hydrolysate (2%), glutamine
(0 .4 mm), 1 : 250 trypsin (50 sg/ml), and penicillin
(100 units/ml) and neomycin (100 µg/ml) . This me-
dium will be referred to as the supplemented fetal
calf serum medium . The other, which will be referred
to as the calf serum medium, consists of MEM con-
taining 157 calf serum .

AND METHODS

Cell Synchronization

Populations of synchronous cells were obtained by
growing cells as monolayer cultures in Bellco roller
bottles (Bellco Glass, Inc ., Vineland, N. J.) (280 X
110 mm) . Loosely attached mitotic cells were shaken
off the glass surface (4) and were collected by cen-
trifugation . In several experiments, Colcemid (0.06
µg/ml) was added 1 .5 hr before agitation to increase
the size of the mitotic population (13) . The addition
of Colcemid and subsequent removal of the drug had
no effect on the level of isotope incorporation or on
the duration of G t , which is defined in this paper as
the time required for the population of cells to com-
mence DNA synthesis . The medium containing the
Colcemid was poured off and the mitotic cells were
collected directly into serumless medium (12) . The
cells were gently centrifuged in a clinical centrifuge
at 1500 rpm for 2 min, resuspended, and thoroughly
dispersed in the appropriate medium . The mitotic in-
dex of the synchronous population was roughly 957
as determined by phase-contrast microscopy .

Isotopic Experiments

5-ml samples of the freshly suspended cells were
transferred to a series of 25 cm2 plastic T-flasks (Fal-
con Plastics, Division of B-D Laboratories, Inc ., Los
Angeles, Calif.) and were incubated at 37 °C under
an atmosphere of 95 (7,j air and 5 0, 0 CO2 . In different
experiments, the final cell number varied from 0.5 X
10 6 cells to 2 X 106 cells per flask . The rate of incor-
poration of labeled uridine into RNA was studied by
exposing cells to uridine-5- 3 H (1 .5 zCi/ml, 8 Ci/mM)
for 10-min periods at various times after collection of
the mitotic cells . In parallel experiments, DNA syn-
thesis was monitored by pulse labeling a separate
series of duplicate flasks with thymidine- 3 H (1 .0 j.Ci/
ml, 14.3 Ci/mmole) . After the labeling period, the
radioactive medium was quickly aspirated and cells
were removed from the plastic surface with a Tris-
buffered, 0,05°>o trypsin solution (14) . The cells were
transferred to a conical centrifuge tube and were sedi-
mented at 4 °C. The supernatant was removed and
the pelleted cells were precipitated with 57 trichloro-
acetic acid (TCA) at 4 °C. The precipitates were
washed three times with ice-cold TCA, once with a
1 : 4 mixture of ethanol-ether, and once with anhy-
drous ether . The dried precipitates were then dis-
solved in I ml of 0.3 N KOH. In preliminary experi-
ments, DNA and RNA were separated and radio-
activity in each was determined . This was done by
incubating samples in 1 .0 nil of 0.3 N KOH for 18 hr
at 37 °C. This treatment hydrolyzes the RNA and
allows precipitation of DNA upon addition of 0.12 ml
of 50 0/0 TCA. More than 95% of the counts due to
uridine-5- 3H was found in the KOH hydrolysate,
while greater than 95% of the radioactivity due to
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thymidine- 3H remained in the non-KOH hydrolyz-
able material . Hence, in subsequent experiments, cells
were incubated separately with uridine- 3H or thymi-
dine- 3H, and 0 .1 ml of each 0 .3 N KOH sample was
introduced directly into counting vials without sepa-
rating RNA from DNA . In experiments where the
uptake of labeled uridine into the acid-soluble pool
was determined, the labeled medium was aspirated,
the cells were taken up in 8 ml of a buffered trypsin
solution, and the samples were centrifuged to pellet
cells. After the trypsin solution was removed, 1 .0 ml
of ice-cold 5"/c TCA was added to the cells, and the
samples were allowed to stand in the cold for 15 ruin .
The pellet was dispersed and the samples centrifuged .
The supernatant was transferred to a separate tube
and 0 . 1 ml was assayed for radioactivity. Label incor-
porated into RNA was determined from the remain-
ing pellet. All samples were counted in 10 ml of
scintillation fluid (0 .2 g P-bis[2-(5-phenyloxazolyl)]-
benzene (POPOP) and 5 .0 g 2 , 5-diphenyloxazole
(PPO) per liter toluene) and 0 .2 ml Beckman solu-
bilizer BBS 3 in a Packard Tri-Carb scintillation
counter .

RESULTS

Rates of Uridine Incorporation into RNA
during the Cell Cycle

CELLS CULTURED IN SUPPLEMENTED FETAL
CALF SERUM MEDIUM : When this series of ex-
periments was initiated, the cells had been con-
tinuously cultured in supplemented fetal calf
serum medium. The rate of incorporation of
uridine into RNA during the cell cycle of cells
grown in this medium was examined ; the results
of one such experiment are illustrated in Fig . 1 a .
Mitotic cells were collected and pulse labeled
with either uridine-5- 3 H or thymidine- 3H at inter-
vals after synchronization . The solid triangles
represent amounts of labeled uridine incorporated
during 10-min periods at different times during the
cell cycle, while the open circles reflect thymidine
incorporation into DNA over the same period of
time. As indicated by the data, the rate of uridine
incorporation into RNA increases only slightly
during G, and accelerates sharply at the time DNA
synthesis commences .

The results of five such experiments are sum-
marized in Table I a . For each experiment, the
slopes of the uridine incorporation curve, calcu-
lated by the method of least squares, describes the
change in rate of uridine incorporation during
the period examined . The ratios of the slopes be-
tween the S phase and the G, phase are presented
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in the last column . The values in this column show
that the rate of uridine incorporation increases two
to 14 times more rapidly during the first part of the
S period than during G, .
CELLS CULTURED IN SUPPLEMENTED FETAL

CALF SERUM MEDIUM AND TRANSFERRED TO
CALF SERUM MEDIUM : When cells were grown
in the supplemented fetal calf serum medium, the
rate of uridine incorporation increased markedly
at about the time DNA synthesis was initiated . To
see whether this acceleration in uridine incorpora-
tion could be dissociated from the initiation of
DNA synthesis, the cells were transferred for 24 hr
to a less-supplemented medium (calf serum
medium) containing only MEM and 15% calf
serum which was expected to lengthen the dura-
tion of G, . 24 hr after transfer to calf serum
medium, mitotic cells were collected, seeded in T-
flasks, and then pulse labeled with uridine-5 3H
at intervals during the cell cycle . The cells dis-
played the incorporation pattern described by the
experiment in Fig . 1 b. The incorporation of
thymidine-5H into DNA, represented by open
circles, indicates that the duration of G, under
these growth conditions is the same as in the pre-
vious set of experiments . The pattern of uridine
incorporation into RNA, however, is quite dif-
ferent . In this case, it increases linearly through-
out G I and the early part of the DNA synthetic
phase, and, unlike that for cells cultured in the sup-
plemented fetal calf serum medium, it displays no
change in the slope at the onset of DNA synthesis .
"Table I b summarizes the results of three such
experiments in which the ratio of the slopes be-
tween the early S phase and G, approaches unity .
CELLS CULTURED IN CALF SERUM ME-

DIUM : To exclude the possibility that the induc-
tion of the continuous pattern of increase in uridine
incorporation is not simply a transitory metabolic
adjustment, the cells were cultured in calf serum
medium for 2 months . After that period of time,
the cells were synchronized by collection of mitotic
cells, and were pulse labeled with uridine-5- 3H at
intervals during the cell cycle. The experiment
illustrated in Fig . 2 shows that, after the cells were
cultured for this period of time in calf serum, there
is little or no change in the duration of the G, or
S phases, and that the linear pattern of uridine
incorporation during G, and the first part of S is
maintained . Four experiments performed with
cells cultured in calf serum medium are described



TABLE I

Slopes Calculated from Curves Showing Changes in Rates of Uridine-5- 3H Incorporation into
RNA during G, and Early S

Cell number
per flask at
beginning of

Culture medium

	

experiment

	

Slope (Gt) Slope (S) Slope S/slope Gi

Synchronized cells were pulse labeled with uridine-5- 3 H at different times during the
cell cycle after they had been cultured in (a) fetal calf serum medium, (b) fetal calf
serum medium and transferred to calf serum medium for 24 hr, (c) calf serum medium,
(d) fetal calf serum medium, transferred to calf serum medium for 24 hr, and returned
to fetal calf serum medium for 24 hr, (e) MEM + 15% fetal calf serum only, and (f)
fetal calf serum medium and labeled for 10 or 30 min . The slopes of all uridine- 3 H in-
corporation curves during the G, and early S phases were calculated by the method
of least squares .
* FCS refers to the supplemented fetal calf serum medium .
$ CS refers to calf serum medium .

in Table I c. Consistently, the ratios of the slopes cultured in supplemented fetal calf serum medium
between S and G, approximate one .

	

were transferred to calf serum medium for 24 hr .
They were then returned to fresh supplemented

Reversibility of the Patterns

	

fetal calf serum medium for an additional 24 hr .
To see whether the patterns of uridine incorpora- The cells were synchronized and pulse labeled at

tion rates are reversible, cells which had been different times in the cell cycle as before, and the
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a

FCS* 0 .9 X 10 6 12 178 14 .8
1 .0 X 106 70 310 4 .4
1 .3 X 106 130 243 1 .8
1 .6 X 10 6 63 447 7 .0
2 .0 X 10 6 34 247 7 .2

Mean t standard error 5 .1 t 3 .35

FCS* --+ CS1 (24 hr)
b
0 .6 X 10 6 42 27 0 .6
1 .2 X 10 6 270 260 0 .9
1 .8 X 10 6 550 825 1 .5

Mean ± standard error 1 .0 f 0 .27

CS$
c

10 6 102 71 0 .61 .4 X
1 .6 X 10 6 410 286 0 .6
2 .0 X 10 6 1173 690 0 .5
2 .0 X 10 6 2082 1571 0 .7

Mean dz standard error 0 .6 t 0 .13

FCS - CS (24 hr) --> FCS (24 hr)
d

11 217 19 .70 .8 X 10 6

MEM + 156]0 fetal calf serum only
e
1 .2 X 10 6 31 223 7 .1

FCS (10 min pulse)
f

10 6 712 2455 3 .4
FCS (30 min pulse) 10 6 2498 7246 2 .9
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rates of uridine and thymidine uptake were de-
termined. It had previously been shown (Fig . I b
and Table I b) that 24 hr of culture in calf serum
medium resulted in a linear increase in rate of
uridine incorporation during G I and early S. When
these same cells were returned to supplemented
fetal calf serum medium, they reverted to their
original pattern of incorporation as demonstrated
by the calculated slopes presented in Table I d .
This indicates that the cells can assume either
pattern of uridine incorporation within 24 hr when
cultured in the appropriate medium .

Medium Constituent Responsible for the
Changes in Uridine Incorporation Patterns

Cells cultured in the supplemented fetal calf
serum medium were transferred for 30 hr to MEM
containing only 15% calf serum with none of the
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10
HOURS AFTER COLLECTION OF MITOTIC CELLS

	

HOURS AFTER COLLECTION OF MITOTIC CELLS

FIGURE 1 Cells cultured in (a) supplemented fetal calf serum medium or (b) supplemented fetal calf
serum medium and then transferred to calf serum medium for 24 hr were synchronized by collection of
mitotic cells . Equal portions of cells were labeled for 10 min with either thymidine- 3H or uridine-5- 3H
at different times during the cell cycle . Triangles represent incorporation of uridine-5- 3H into RNA ;
circles represent incorporation of thymidine-3H into DNA .
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-100

other additives normally present in the supple-
mented fetal calf serum medium . Fig . 1 b and
Table I b show that within 24 hr of culture in calf
serum medium, the cells exhibit a linear increase in
their rate of uridine incorporation . The calculated
slopes shown in Table I e demonstrate that in a
medium containing 15% fetal calf serum but
lacking the lactalbumin hydrolysate, glutamine,
and trypsin, these cells, in contrast to cells trans-
ferred to calf serum medium, continue to display
the sharp acceleration in rate of uridine incorpora-
tion as DNA synthesis commences . Under the
experimental conditions used, the presence of 15%
fetal calf serum alone in the medium, therefore,
appears sufficient to maintain the pattern of
uridine incorporation into RNA exhibited by cells
cultured in the supplemented fetal calf serum
medium .
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The Pattern of Uridine-3H Incorporation

after a 10 or 30 Min Labeling Period

The possibility that the 10 min pulse time was
too short to allow equilibration of the labeled
uridine with the endogenous uridine nucleotide
pool was examined . The absence of such equilibra-
tion could contribute to the patterns observed .
Cells cultured in fetal calf serum medium were
synchronized and were pulse labeled during the
cell cycle with uridine-5- 3H for either 10 or 30 min .
For both labeling periods, the patterns were non-
linear (Table If) .

Levels and Patterns of Uridine Incorporation

into RNA and Uptake of Uridine into the

Acid-Soluble Pool

Comparisons were made of the uptake of uri-
dine into the acid-soluble pool and of the levels of
uridine incorporation into RNA between cells
that had been continuously cultured in fetal calf
serum medium and cells from parallel cultures
that had been transferred for 22 hr to calf serum
medium. Examination of Fig . 3 a and 3 b reveals
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HOURS AFTER COLLECTION OF MITOTIC CELLS

FIGURE 2 Cells cultured in calf serum medium were synchronized by collection of mitotic cells . Equal
portions of cells were labeled for 10 min with either thymidine- 3H or uridine-5- 3 H at different times during
the cell cycle . Triangles represent incorporation of uridine-5 3H into RNA ; circles represent incorporation
of thymidine- 3H into DNA.

that on a per cell basis both the rate of uridine
incorporation into RNA and the level of labeled
uridine in the acid-soluble pool are about three
times greater in cells transferred to calf serum
medium than in those maintained on supple-
mented fetal calf serum medium . In both cases,
the rate of uridine- 3H incorporation into RNA
increases six- to sevenfold over 8 hr, and is closely
paralleled by the rate of uptake of uridine-3H into
the acid-soluble pool . The pattern of increase in the
rate of uridine-3H incorporation into RNA is also
similar to the pattern of increase of uridine-'H
uptake into the acid-soluble pool in the respective
calf serum and fetal calf serum media (Figs . 3 a,
3 b) . These results suggest that under the experi-
mental conditions used, the rate of uridine in-
corporation into RNA is not a measure of the rate
of RNA synthesis but rather a measure of the rate
of entry of uridine into the cell .

Effect of Exogenous Uridine Concentrations

upon the Patterns of Uridine Uptake

and Incorporation

The similarities between the patterns of increase
in rate of uridine incorporation into RNA and
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rate of uridine uptake into the acid-soluble pool
suggested that a transport mechanism for uridine
might be operative . In an attempt to overcome
any such transport system, experiments were
carried out using very high exogenous uridine
concentrations so that the primary mode of uridine
entry into the cell would be by diffusion rather
then transport . Synchronized cells in supple-
mented fetal calf serum medium were divided
into two series of samples . One series was pulse
labeled at different times during the cell cycle with
2 gCi/ml of uridine-5-'H at a final concentration
of 0.25 µM uridine . The parallel series was treated
simultaneously but with a final uridine concen-
tration of 200 gm . The results of one such experi-
ment are presented in Fig . 4. Cells pulse labeled
with 0 .25 µM uridine displayed the expected non-
linear pattern of increase in the rate of uridine-
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TIME (HR)

8

FIGURE 3 Incorporation of uridine-5 3H into RNA (a) and uptake of uridine-5- 3 H into the acid-soluble
pool (b) were compared for cells growing on calf serum medium (triangles) and supplemented fetal calf
serum medium (circles) . Cells which had been grown on supplemented fetal calf serum medium were sub-
cultured into six roller bottles. 24 hr before mitotic cells were collected, the medium in three of the bottles
was replaced with calf serum medium while the medium in the other three bottles was replaced with fresh
supplemented fetal calf serum medium . Mitotic cells were collected, suspended in the appropriate medium,
and portions of each were labeled for 10 min at different times up to 8 hr .

3H incorporation into RNA (Fig . 4 a) and of
uridine-3H uptake into the acid-soluble pool
(Fig . 4 b) . In contrast to the control population,
cells pulse labeled with 200µM uridine exhibited a
linear pattern of increase in the rate of uridine- 3H
incorporation into RNA (Fig . 4 a) and of uridine-
3H uptake into the acid-soluble pool (Fig . 4 b) .
The induction of a linear pattern of both uridine
incorporation into RNA and uptake into the acid-
soluble pool with 200 µM uridine is consistent with
the presence of a uridine transport system such that
at low exogenous uridine concentrations the rate
of entry of uridine into the cell limits the rate of
uridine incorporation into RNA .

DISCUSSION

Two apparent patterns of increase in RNA syn-
thetic rate during the cell cycle have been described
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FIGURE 4 Incorporation of uridine-5- 3 11 into RNA (a) and uptake of uridine-5-3H into the acid-soluble
pool (b) . Cells were cultured in supplemented fetal calf serum and synchronized by collection of mitotic
cells . Equal portions of cells were labeled for 10 min at different times during the cycle with 2 •Ci/ml of
uridine-5 3H at a final uridine concentration of either 0 .25 •/M (triangles) or 200 gm (circles) .
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in the literature . Several authors (7, 8, 9), using
radioactive precursors of RNA, have reported a
linear increase in synthetic rate during G I and S,
whereas others (4, 5, 6) have claimed a relatively
constant rate of synthesis during Gl with a marked
acceleration at about the time DNA synthesis is
initiated . Suggested sources for the differences in
RNA synthetic patterns have included differences
in cell type (5), the duration of interphase (6), the
neoplastic or normal origin of the cells (15), or
volume differences in the cells examined (16) . The
present study demonstrates that when uridine-5-
3H is used as a precursor of RNA, patterns of
incorporation resembling both reported patterns of
increase in synthesis can be induced without ap-
parent changes in the cell cycle . Under the ex-
perimental conditions used, the pattern of increase
in rate of uridine uptake into the acid-soluble pool
is similar to the observed pattern of incorporation
into RNA .

The transition from the biphasic pattern to the
linear pattern of uridine incorporation or uptake
can be induced within 24 hr by transferring cells
growing in the supplemented fetal calf serum
medium to the calf serum medium. These same
cells, when transferred back to supplemented fetal
calf serum medium, revert to their original non-
linear pattern . To exclude the possibility that
observed changes in the kinetics of uridine in-
corporation resulted from a transiently perturbed
metabolism of cells adapting to a new environ-
ment, cells were grown on calf serum medium for
a minimum of 2 months . These cells retained the
linearly increasing rate of incorporation that they
had acquired within the first 24 hr of growth on
the calf serum medium . When cells which had
been cultured on supplemented fetal calf serum
medium were transferred to MEM containing
only 15 % fetal calf serum for 30 hr, the cells still re-
tained their nonlinear pattern of increase in RNA
synthetic rate . These results suggest that under the
culture conditions used the fetal calf serum may
play some role in maintaining the nonlinear pat-
tern of uridine uptake and incorporation rates
during the cell cycle .
Although serum content appears to play a

critical role in determining the pattern of uridine
uptake and incorporation in these experiments,
there seems to be no such correlation for the
patterns reported in the literature . Pfeiffer and
Tolmach (6) (10 % calf serum and 5 % fetal calf
serum) observed a nonlinear pattern in HeLa S3
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cells, whereas Scharff and Robbins (7) (3.5% calf
serum and 3.5 0/0 fetal calf serum) observed a
linear pattern also using HeLa S3 cells . Klevecz
and Stubblefield (5) (20% fetal calf serum) found
a nonlinear pattern of increase in the Chinese
hamster Don line, while Enger and Tobey (9)
(10 0/,, calf serum and 5 0/c fetal calf serum) found a
linear mode of increase in a Chinese hamster
ovarian line . Seed (10) observed a nonlinear
increase in chromatin (nuclear) RNA synthetic
rate in normal monkey kidney cells and a linear
increase in HeLa cells, using the same medium
(20% human serum) in both cases . That the pat-
tern of uridine incorporation is not altered by
growing cells as monolayers rather than in sus-
pension culture was shown by Enger and Tobey
(9) who found similar patterns (linear) in each
case .

The possibility that differences in cell density
in the separate experiments influenced the pattern
of increase of uridine uptake and incorporation
was ruled out . The cell concentration between
experiments varied from 0 .6 X 10 6 cells per flask
to 2 X 10 6 cells per flask, but even at the higher
concentration the cells were not confluent . There
is considerable overlap in cell concentration be-
tween experiments in which calf serum medium
was used and those in which supplemented fetal
calf serum medium was used, but in each case the
pattern of increase in uridine uptake and in-
corporation correlated with the type of serum used
and not with cell density (Table I) .

The results reported in the literature are pri-
marily data from isotope incorporation experi-
ments and must be interpreted with caution .
Changes in rates of uridine incorporation may not
be entirely due to changes in rates of RNA syn-
thesis but might also be attributed to changes in
the specific activity of the uridine triphosphate
(UTP) precursor pool. An increase in the perme-
ability of the cells to exogenous uridine- 3H or a
natural decrease in the endogenous UTP pool size
during the cell cycle could result in a higher specific
activity of the internal UTP pool when uridine 5H
is added to the medium. That a marked increase in
the uptake of uridine- 3H into the acid-soluble pool
as well as in incorporation into RNA occurs during
the cell cycle is consistent with this possibility .
Misinterpretation of such incorporation studies
has been discussed by Plagemann (17) who found
that addition of phenethyl alcohol to cultured cells
resulted in a decrease of labeled uridine incorpora-



tion into RNA, not because of inhibition of RNA
synthesis but because the permeability to uridine
had been significantly reduced. Similar observa-
tions have been reported by Cunningham and
Pardee (26) and Hersko et al. (27) upon adding
or removing serum from cultured cells and by
Ceccarini and Eagle (28) by adjusting the pH of
the culture medium .
Aside from changes in cell permeability and

endogenous UTP pool sizes, disparities between
uridine-3H incorporation data and true rates of
RNA synthesis could arise from variations in
uridine kinase activity. Naturally increasing
levels of uridine kinase activity during the cell
cycle or the induction of uridine kinase during the
cell cycle would likely result in elevated specific
activities of the UTP pool with concomitant
increases in rates of uridine- 3H incorporation .
Hausen et al. (18) have demonstrated that uridine
kinase is induced in lymphocytes stimulated with
phytohemagglutinin and that the increased level
of uridine incorporation reflects an elevated uridine
kinase activity as well as an increased rate of RNA
synthesis . To explore the relationship between our
uridine incorporation data and the relative rates
of RNA synthesis, we are currently examining
how ribonucleoside triphosphate pool sizes and
specific activities behave during the cell cycle and
whether changes in uridine kinase activities occur
under conditions used in these experiments .

Circumventing the use of radioactive precursors,
Seed has examined the rate of accumulation of
RNA by using a combination of microcinematog-
raphy and microspectrophotometry and found that
the total amount of RNA per cell doubles over the
cell cycle (19, 20, 21, 22) . In view of the existence
of large amounts of rapidly turning-over nuclear
RNA (23), one cannot interpret Seed's data as a
measure of rate of RNA synthesis, but rather as a
measure of net increase in RNA content .

In this strain of Chinese hamster V79 cells, and
under the culture conditions employed, the rates of
uridine incorporation into RNA increase six- to
10-fold over the cell cycle in either calf serum
medium or fetal calf serum medium . On a per cell
basis, cells transferred to calf serum medium
incorporate about three times as much uridine
into RNA as cells cultured on fetal calf serum
medium (Fig. 3 a) . Likewise, the amount of
labeled uridine that enters the acid-soluble pool
during a 10 min pulse is about three times greater
in cells that had been transferred to calf serum

medium (Fig . 3 b) . Changes in the pattern of
increase in the rate of uridine uptake into the acid-
soluble pool closely follow the changes in the pat-
tern of increase in the rate of uridine incorporation
into RNA (Figs . 3 a, 3 b) . This suggests that,
under the conditions used, the rates of uridine
incorporation into RNA may reflect the rates of
transport of uridine into the cell rather than the
rate of RNA synthesis . Consistent with this ob-
servation is the finding that when cells cultured in
supplemented fetal calf serum medium are incu-
bated with very high uridine concentrations, they
display a linear rather than nonlinear pattern of
increase in the rate of uridine incorporation and
uptake. The high uridine concentrations should
saturate the transport system so that the primary
mode of uridine entry into the cell is by diffusion
rather than by any transport mechanism . Pfeif-
fer and Tolmach (6) reported the same nonlinear
pattern with 0 .2 µM uridine and 20 µM uridine,
but it is possible that they did not use a suffi-
ciently high uridine concentration to effect a change
in pattern. Under the conditions used in the
present experiments, the cells continued to display
a nonlinear pattern with uridine concentrations
as high as 100 µM (unpublished results) .

The rate of uridine uptake and incorporation is
enhanced for cells in medium containing calf
serum. One could postulate an inducer in calf
serum which stimulates the rate of uridine trans-
port and, therefore, the rate of uridine incorpora-
tion . An alternate argument can be made, how-
ever, for an inhibitor of the uridine transport
mechanism in fetal calf serum which produces the
diminished rates of uridine uptake and incorpora-
tion . If cells in G, were more sensitive to the in-
hibitor than cells later in the cell cycle, one would
predict the nonlinear increase in rate of uptake
and incorporation that is displayed by cells in
supplemented fetal calf serum . The fact that high
exogenous uridine concentrations (200 ,um), which
favor uridine entry by diffusion rather than by
transport, induce a linear pattern of increase in
rate of uridine uptake and incorporation support
the notion that an inhibitor of uridine transport
exists in fetal calf serum and that cells in G, are
differentially sensitive to this inhibitor .

That changes in uridine transport are re-
sponsible for the two patterns of uridine incorpora-
tion is supported by the report of Plagemann and
Roth (24) who noted that transport of uridine into
Novikoff hepatoma cells is the rate-limiting step
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in the incorporation of uridine into RNA . Peters
and Hausen (25), using stimulated lymphocytes,
have come to the same conclusion . Several in-
vestigators have reported transport systems for
several different nucleic acid precursors ( 1, 26,
27), and two of these reports have demonstrated
that the transport of adenosine and uridine is
differentially affected upon changes in serum
content (26, 27) . Changes in transport efficiency
during the cell cycle and in the presence of different
sera are currently being investigated .
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