
RADIOSENSITIVITY OF MAMMALIAN CELLS

II. RADIATION EFFECTS ON MACROMOLECULAR SYNTHESIS

R. A. WALTERS and D. F. PETERSEN

From the Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico 87544

ABsTRAcT Radiation effects on macromolecular synthesis essential for the Chinese
hamster cell to traverse the life cycle and to divide have been investigated. Life-
cycle analysis techniques employing inhibitors of macromolecular synthesis were
used in determining the kinetics of cell growth for specific segments of the popula-
tion following spontaneous recovery from radiation-induced division delay. The
results indicated that recovery does not occur in the absence of functional protein
synthesis. Under conditions which inhibit normal RNA and DNA synthesis, ir-
radiated cells can recover the capacity to traverse the life cycle and to divide. The
stability of mRNA species coding for proteins essential for division in irradiated
cells was also measured. The mean functional lifetime of these mRNA species was
1 hr. The data demonstrate the existence of a specific segment of the population con-
sisting of cells which have completed transcription related to division but not con-
comitant translation and which can recover from the radiation injury without
synthesis of additional RNA. Thus, initial recovery of the ability to divide has an
obligate requirement for protein synthesis but no corresponding requirement for
nucleic acid synthesis during the period when original messenger remains intact.

INTRODUCTION

Little is known of the biochemical nature of radiation-induced lesion(s) ultimately
resulting in a delay of division in mammalian cells. Although there very likely exists
a causal relationship between radiation damage to DNA and ultimate cell death,
genetic death generally occurs after the cell has successfully completed one or more
divisions. In the preceding report (Walters and Petersen, 1968) it was shown that the
radiation-induced division delay period was independent of position of the cell in
the life cycle at the time of irradiation and that, after recovery, cells divided at the
control rate for several generations. These observations suggested that the radiation
defect involved a process(es) common to all cells throughout the entire life cycle.
From previous studies, it is known that continued progress around the mammalian
life cycle is dependent upon concomitant RNA and protein synthesis (Tobey et al.,
1966 a) and, accordingly, radiation might be damaging to the cell's ability to syn-
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thesize these macromolecules. Direct implication of these macromolecules in
recovery may be demonstrated by determining the cell's ability to divide in the
presence of specific inhibitors of macromolecular synthesis.
The results presented in this paper indicate that spontaneous recovery from the

induced delay cannot occur in the presence of the inhibitor of protein synthesis,
cycloheximide; only after removal of the inhibitor can the recovery process continue.
From studies of populations of G2 cells having completed transcription of all
essential division-related RNA species but not concomitant translation of these
species into functional protein prior to treatment with actinomycin D and ir-
radiation, it was shown that recovery occurred in the absence of RNA synthesis.
The mean lifetime of mRNA coding for proteins essential for division in irradiated
cells was 1 hr. Furthermore, when G2 cells were simultaneously treated with 10 mM
thymidine (to inhibit DNA replication) and irradiated, the cells were delayed but
ultimately divided at the pretreatment rate suggesting that DNA synthesis is not a
necessary requirement in the recovery process.
Thus, initial recovery has an obligate requirement for protein synthesis but no

corresponding requirement for nucleic acid synthesis during the period when
original messenger remains intact. These results suggest that in irradiated mam-
malian cells defects leading to a delay in division differ substantially from those
leading to genetic death (Phillips and Tolmach, 1966; Elkind et al., 1967; Sinclair,
1967; Weiss and Tolmach, 1967). The radiation-induced delay period appears to
result from a defect in the ability of the cell to translate mRNA into functional
protein, rather than from direct damage to the nucleic acid species.

MATERIALS AND METHODS

Cell Culture and Synchronization

Propagation in suspension of Chinese hamster ovary (CHO) cells in F-10 medium and
synchronization of cell growth with excess thymidine or by selectively detaching mitotic cells
from monolayer cultures have been described in detail elsewhere (Tobey et al., 1967; Walters
and Petersen, 1968). Cell concentrations were measured with the automated cell counter pre-
viously employed by Walters and Petersen (1968). Cells were irradiated with a General
Electric Maxitron X-ray therapy unit (General Electric Company, X-Ray Dept., Milwaukee
1, Wis.) The details of irradiation have been described previously (Walters and Petersen,
1968). The mitotic index was determined by the method of Tobey et al. (1966 b). Autoradio-
graphs of 3H-thymidine labeled cells (0.1 juc/ml) were prepared by the method of Puck and
Steffan (1963) with the exception that cells were stained after the liquid emulsion was applied.

Chemicals

Cycloheximide (Acti-dione) was purchased from The Upjohn Co. (Kalamazoo, Mich.);
actinomycin D was a gift from Merck, Sharp, & Dohme (West Point, Pa.); and tritiated
thymidine (6 ,uc per mmole) was purchased from Schwarz Bio Research Inc., Orangeburg,
N.Y.
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RESULTS

Effect of Cycloheximide on CHO Cells

Cyclocheximide was chosen for this study because in addition to being an effective
inhibitor of protein synthesis it reduces the rate of breakdown of polyribosomes
(Noll et al., 1963; Wettstein et al., 1964). Its effect on protein synthesis is immediately
reversible and cell viability is unaffected (Colombo et al., 1965; DeKloet, 1966;
Tobey et al., 1966 a).
Cycloheximide (2 ug/ml) grossly reduces incorporation of "4C-leucine within

minutes and reduces the rate of incorporation of 8H-uridine in CHO cells after 60
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FIGURE 1 Effect of cycloheximide (CHM) on division in asynchronous Chinese hamster
ovary cells. The open circles denote the drug-free control, and the solid symbols represent
cycloheximide-treated cells.

min (Tobey et al., 1966 a). Concentrations greater than 2 ag/ml produce the same
effect on incorporation of precursor into protein and RNA, while lower concentra-
tions fail to inhibit cell division completely.
The time delay between cycloheximide addition and cessation of division (time of

action) was measured (Fig. 1) and found to be 56 at 3 min. The situation is indis-
tinguishable from that described in detail in the preceding paper for radiation
effects (Walters and Petersen, 1968); cells beyond the point of drug action have
completed protein biosynthesis essential for division and will divide despite presence
of the drug, while younger cells will be prevented from dividing.
The conditions for removal of cycloheximide were critical in fixing the time

interval between removal of the drug and resumption of cell division and in produc-
ing minimal perturbation in the pattern of cell growth after resumption of division.
Optimal release from the cycloheximide effect was obtained by washing the centri-
fuged cell pellets twice in resuspension medium and then resuspending the cells in
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"conditioned medium" (e.g., medium which had previously supported cell growth
from 1.0-1.3 X 105 cells/ml). All operations were performed at 37°C.

Reversibility of cycloheximide in these cells was established by measuring the
time interval between resuspension and resumption of division. Cells incubated for
2 hr in cycloheximide were resuspended in drug-free, conditioned medium. If the
effects of cycloheximide are completely reversible, division should resume approxi-
mately 56 min after resuspension. Cells closer to division have already divided in the
presence of the drug, resulting in an emptying of that 56 min portion of the life cycle
immediately preceding division. Cells resumed division from 60 to 73 min after
cycloheximide removal, in good agreement with the predicted time. Division con-
tinued at the pretreatment rate for long periods of time after drug removal (Fig. 1),
indicating that (a) progress of each cell about the life cycle was halted when cyclo-
heximide was added, and (b) essentially all cells treated with cycloheximide divided
for periods of time long in comparison to the duration of these experiments.

Effect of Protein Synthesis Inhibition on Recovery of the Ability of
Irradiated Cells to Divide

Chinese hamster cells were exposed to 200 rads (a dose from which all cells will
subsequently recover and divide a number of times) and incubated in cycloheximide
(2 ,Ag/ml) for 2 hr at various times after irradiation. Three control cultures were
included in each experiment: (1) an unirradiated drug-free control; (2) a drug-free
irradiated control; and (3) an unirradiated cycloheximide-treated control. The
results are summarized in Table I, where the values presented were measured from
controls run concurrently with each determination; Fig. 2 illustrates a typical

TABLE I

EFFECT OF INHIBITION OF PROTEIN SYNTHESIS ON
RECOVERY OF THE ABILITY OF IRRADIATED CELLS

TO DIVIDE

Time of addition of Time required for Total delay
CHM* after resumption of time minus time in Delay timne of
irradiation division after CHM CHM (col I t in untreated cells

removal GM(ol1+co.2 unraecls

hr hr hr hr

O 3.8 3.8 3.3
O 4.2 4.2 3.3
0.5 2.8 3.3 3.3
0.5 3.7 4.2 3.3
1.0 3.7 4.7 3.3
1.0 2.3 3.3 3.0
1.2 2.9 4.1 3.5
1.3 1.4 2.7 3.1
1.6 3.0 4.6 3.7

x = 3.8 x= 3.3

* CHM denotes cycloheximide.
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experiment. It is apparent that irradiated cells treated with cycloheximide subse-
quently recovered and divided at the control rate for long periods of time.
The total delay period, including incubation time in cycloheximide, is additive

under the described conditions. Clearly, the radiation-induced defect could not be
repaired in the absence of protein synthesis. It should be noted that the effect of
cycloheximide on recovery is independent of time of drug addition after irradiation,
indicating that, although recovery processes begin immediately after irradiation,
unimpaired protein synthesis must continue throughout the entire recovery period.
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FIGURE 2 Effect of inhibition of protein synthesis on recovery of the ability of irradiated
cells to traverse the life cycle and to divide. Cycloheximide (CHM) was added to irradiated
cultures (solid symbols), then removed 2 hr later. The times of respective treatments
are shown by the arrows, and the open circles denote the unirradiated, drug-free control.

Effect ofRNA Synthesis Inhibition on Recovery of the Ability of Irradiated
Cells to Divide

The effect of x-irradiation on division mimics, in many respects, the effect of in-
hibitors of protein synthesis. Indeed, it has been shown that cells did not recover the
ability to divide in the absence of protein synthesis. This observation suggested that
irradiation affected in some way the ability of the cell to synthesize functional
protein (i.e., impaired transcription or translation). To test for possible effects on
transcription, a series of experiments was designed to measure the functional
stability of mRNA related to division in irradiated cells.

It has been reported previously that the actinomycin D time marker (i.e. end of
RNA synthesis essential for division) was 1.9 hr prior to division in the Chinese
hamster cell (Tobey et al., 1966 b). Actinomycin D, an irreversible inhibitor of
DNA-dependent RNA synthesis (Reich et al., 1961; Collins, 1965), grossly reduces
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uridine-8H incorporation into RNA of CHO cells within minutes, while only slightly
affecting leucine-'4C incorporation (Tobey et al., 1966 b). The effect of adding
actinomycin (2 jg/ml) to both thymidine-synchronized and asynchronous popula-
tions of Chinese hamster cells is shown in Fig. 3. Division was inhibited 2 hr after
addition of actinomycin in each case, in good agreement with Tobey et al. (1966 b).
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FIGuRE 3 Effect of actinomycin D (2 gg/ml) on division in Chinese hamster ovary cells.
Actinomycin D was added at times indicated by the arrows to asynchronous (part a) and
thymidine-synchronized (part b) cells.
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If actinomycin is added simultaneously with irradiation, three distinct portions of
the population can be classified: (1) cells which have passed both the actinomycin
and X-ray markers, where actinomycin-sensitive and radiosensitive division-related
synthesis is complete; (2) cells which have passed the actinomycin marker but not the
X-ray marker, have completed all transcription related to division but not con-
comitant translation, and are reversibly inhibited from dividing by irradiation
(hereafter referred to as A-X cells); and (3) cells which are located before the A
marker and are lacking RNA essential for division. In the presence of both actino-
mycin and X-ray inhibition, cells of class 1 will complete division and leave a 0.9 hr
"gap" (i.e. time of action of x-irradiation) in the population distribution, since
their ability to divide is not affected by either treatment. Since actinomycin inhibition
is irreversible, cells of class 3 will never be able to divide. The only cells of class 2
capable of division will be those which have recovered from radiation effects in the
absence of additional RNA synthesis.
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FIGURE 4 Effect of an inhibitor of RNA synthesis on recovery of the ability of irradiated
A-X cells to divide (see text for the details). A culture synchronized with thymidine (Fig. 4 a)
was irradiated (75 rads) and treated simultaneously with actinomycin D (squares), while a
second culture was treated with actinomycin alone (triangles). A drug-free, unirradiated cul-
ture served as a control. A series of asynchronous cultures (Fig. 4 b) was irradiated (100 rads)
and at varying times thereafter during the delay period was treated with actinomycin D
(AMD).

The fraction of A-X cells capable of division after exposure to both inhibitors was
determined using cells synchronized with 10 mm of thymidine to increase the
proportion of A-X cells in the population. Exposure doses ranging from 25 to 200
rads were used to produce increasingly longer delay periods while ensuring that all
cells would divide a number of times after irradiation. Cells were irradiated and
simultaneously treated with actinomycin (one such experiment shown in Fig. 4 a).
The number of trapped A-X cells was determined from the appropriate control, and
the number of these actinomycin-treated cells actually dividing after irradiation was
measured. A similar experiment was performed with asynchronous cells, where
actinomycin was added at several times after irradiation so that the drug was present
for varying times during the delay period (Fig. 4 b). Fig. 5 summarizes the results
obtained in a number of experiments like those of Fig. 4 a and b, where the fraction
of trapped cells dividing is plotted as a function of division delay time. The fraction
of A-X cells recovering the ability to divide can thus be expressed as a function of
time during the radiation-induced delay period in which actinomycin was present.
This fraction dropped to 50 % for a 1 hr delay period. The data clearly demonstrate
the existence of a specific segment of the population consisting of cells (A-X) which
have completed transcription related to division but not concomitant translation
and which can recover from radiation injury without additional RNA synthesis.
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FIGURE 5 Fraction (%) of trapped A-X cells that divided in the presence of actinomycin.
Cells were irradiated with exposures ranging from 25 to 200 rads. The fraction of trapped
A-X cells capable of recovery in the absence ofRNA synthesis is expressed as a function of
the induced division delay period for thymidine-synchronized (circles) and random (triangles)
Chinese hamster ovary cells.

Thus, cells which have been irradiated and treated with actinomycin can recover the
ability to divide if the radiation-induced delay time following RNA inhibition is less
than the lifetime of the messengers coding for division proteins.

Effect ofDNA Synthesis Inhibition on Recovery of the Ability of Irradiated
Cells to Divide

It appears that the initial recovery process has an obligate requirement for protein
synthesis but no corresponding requirement for RNA synthesis during the period
when original messenger remains intact. This suggests, of course, the corollary that
damage to the genome and/or repair of genetic material need not necessarily be
involved in the processes leading to initiation of or recovery from the radiation-
induced delay period. The ability of cells to recover under conditions where normal
semiconservative DNA replication is inhibited can be examined by simultaneously
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iffadiating and treating exponentially growing cells with excess thymidine (10
mm). In the presence of excess thymidine, cells initially in G2 and M divide and
eventually accumulate at the Gi/S boundary, while cells in the other portions of
the life cycle are unable to divide. The data obtained by irradiating cells with and
without thymidine are shown in Fig. 6. Cells treated with thymidine alone con-
tinued dividing for 3 hr (the duration of G2 + M in these cells), then division
ceased. Cells irradiated with 200 rads but not treated with thymidine exhibited
a delay period of 3 hr, followed by resumption of division at the control rate.
Cells that were irradiated and treated with thymidine gave an identical delay
period and resumed division at the control rate. The number of cells dividng was
equivalent to that of the unirradiated thymidine control. Thus, cells in G2 that were
prevented from dividing by x-irradiation recovered the ability to traverse the life
cycle and divide under conditions which inhibit normal DNA replication.
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Time after Irradiation that Cellular Delay is Expressed

Fixed temporal biochemical events about the life cycle enable one to determine the
point in the life cycle at which the delay of an irradiated cell is expressed. Synchroni-
zation by treating with excess thymidine or by selectively detaching mitotic cells
from a monolayer culture was employed to produce cells in close temporal proximity
to existing biochemical markers. Cells irradiated in different phases of the life cycle
were then examined for their ability either to synthesize DNA (i.e. time of entry into
S) or to complete transcription of essential division-related RNA species (i.e. to
cross the actinomycin marker).

Thymidine-synchronized cells were irradiated with 150 rads to produce a mean
division delay period of 120 min. In this case, rather than simultaneously irradiating
and treating with actinomycin as before, actinomycin was added at varying times
(0.6-1.4 hr) before resumption of division. Such an experimental protocol enables
one to examine (a) the ability (or inability) of an irradiated G2 cell to traverse a
portion of the life cycle during the delay period, and (b) the ability of A-X cells to
resynthesize messenger RNA species during the delay period. Determination of the
cell number increase after addition of actinomycin at different times before resump-
tion of division can establish when, after irradiation, the cell was delayed. If progress
of the cell about the life cycle was inhibited immediately upon irradiation and
remained inhibited during the entire delay period, then the number of A-X cells
capable of dividing after recovery should be constant. If, on the other hand, cells
younger than the actinomycin marker were either not inhibited or gained the ability
to traverse a portion of the life cycle during the delay period, then the number of
A-X cells should be greater than that calculated from the control. This is a necessary
corollary since, during the interval from irradiation to addition of actinomycin,
cells would have been capable of crossing the actinomycin marker and becoming
A-X cells insensitive to treatment with actinomycin during the period when mes-
senger RNA remains intact. The only limitation on such an experiment is a consid-
eration of the messenger stability. Actinomycin D must be present for less than 1 hr
(0.7 hr) during the delay period to avoid a reduction in number of A-X cells capable
of division (see Fig. 5).

Theoretically, actinomycin can be added up to 1.6 hr prior to resumption of
division with no loss of A-X cells due to messenger instability. Although, at first
glance, 1.6 hr appear to be inconsistent with the data on messenger stability, such is
not the case. Because cells continue dividing for 0.9 hr after irradiation, the delay
period ends, in fact, -0.9 hr before division is resumed. This is the time required
for cells to traverse the "gap" emptied of cells after irradiation. If actinomycin is
added to these cells at any time up to 1.6 hr before resumption of division, the drug
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will at most be present during only 0.7 hr of the actual delay period and would not be
expected to affect the number of A-X cells capable of division (Fig. 5). The results of
the study are presented in Table II. When actinomycin was added for 0.6-1.4 hr
prior to resumption of division, the cell number increase was constant and division
continued at the control rate for -1. 3 hr in all cells. In addition, all of the A-X cells
divided (--99 %). These results are consistent only with the interpretation that
upon irradiation cells were immediately inhibited from proceeding about the life
cycle and remained inhibited during the entire division delay period. Thus, ir-
radiated cells did not cross the actinomycin marker during the delay period, even in
the absence of actinomycin. These results also indicate that irradiated cells maintain

TABLE II

CELL NUMBER INCREASE AFTER TREATING IRRADIATED CELLS WITH
ACTINOMYCIN D AT VARYING TIMES BEFORE RESUMPTION

OF DIVISION

Time before Time during which Cell increase
resumption of cell increase was Cdl increase observed expected from control A-X cells dividingdivisilon that observed after resump- (A-X Cells)

AMD was added tion of division

hr hr % % %
0.6 1.25 18 17 106
0.6 1.17 19 17 111
0.8 1.33 16 17 94
0.9 1.33 14 17 83
0.9 1.25 15 17 88
1.2 1.33 19 17 111
1.4 1.33 17 17 100
1.4 1.42 17 17 100

x = 1.30 x= 99

* AMD denotes actinomycin D.

a capacity to resynthesize mRNA during the delay period. Had actinomycin been
added simultaneously with a radiation exposure sufficient to induce a 2 hr delay
period, messenger instability would have precluded the recovery of all A-X cells. It
appears that irradiated cells synthesized mRNA during the interval from irradi-
ation to subsequent addition of actinomycin D.
To test for similar effects on cells irradiated in another portion of the life cycle,

mitotic cells were selected by mechanical detachment from monolayer cultures. As
shown previously (Walters and Petersen, 1968), cells irradiated in mitosis completed
mitosis at the control rate but were delayed in reaching the subsequent division
point. The question of where in the life cycle the delay occurred becomes pertinent.
To obtain such information, synchronized mitotic cells were irradiated with 150 rads
at 00, then resuspended at 37°C. After completion of mitosis (--0.5 hr), 3H-
thymidine (0.1 ,uc/ml) was added to both irradiated and control cultures. Samples
were taken simultaneously from the same culture for both autoradiography and cell
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counting. Results obtained from the continuous labeling procedure are shown in
Fig. 7, where the fraction of labeled cells is a measure of rate of entry of cells into S.
It is obvious that irradiated cells entered S at the same rate as control cells and that
essentially all of the cells incroporated label; however, the irradiated cells trailed the
controls by 1.4 hr. These same cells were delayed 1.6 hr in reaching division. Thus,
it appears that delay occurred before the cells entered S and that the cells traversed S,
G2, and M at the same rate as control cells. These results, coupled with those

0.91-

0.8k

C

-J

co

-o
U)

-i

IL.

0

z

0

u

LA.

Q6F

Q51-

0.4

0.2k

0l.1

.I . . .
0 2 4 6 8. 1 12 14 16 1i

HR IN SUSPENSION CULTURE AT 370

FiGuRE 7 Effect of irradiation of synchronized mitotic cells on the rate of entry of the cells
into S. Cells were treated with thymidine-3H (0.1 ,uc/ml) 0.5 hr after completion of mitosis.
The circles denote the unirradiated control, and the squares represent cells irradiated in mito-
sis (at 0°) with 150 rads.

obtained from the actinomycin marker in G2, indicate that (a) irradiated cells are

delayed at the time of irradiation, (b) cells do not age biochemically during the
induced delay period, and (c) upon resumption of progress about the life cycle, cells

proceed at the same rate as control cells and experience no additional delays in
other portions of the life cycle.

DISCUSSION

The initial effect of x-irradiation on Chinese hamster cells is a nonspecific one in
which the duration and location of the radiation-induced division delay period are

independent of the position of the cell in the life cycle at the time of irradiation
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(Walters and Petersen, 1968). The final point of X-ray inhibition occurs in late G2
but is temporally well in advance of initiation of prophase, and it has been pro-
posed that the final point of inhibition coincides with the time at which synthesis of a
product essential for division is completed. At this time, the cell has completed all
preparation for division and will complete division at the control rate despite
exposure to increasingly larger doses of x-irradiation (Walters and Petersen, 1968).
The process of synthesis, rather than the product, clearly is the radiosensitive
component.

Results reported here from the study of effects of selected antibiotics on recovery
of the ability of irradiated mammalian cells to divide suggest that the biosynthetic
defect is intimately associated with the ability of the cell to translate mRNA into
functional proteins essential for continued traverse of the life cycle and ultimate
division. Studies with cycloheximide, an inhibitor of protein synthesis, indicate an
obligate requirement for protein synthesis throughout the recovery period. Since
additivity of the total delay period of irradiated cells treated with cycloheximide was
independent of time of drug addition, recovery apparently began immediately after
irradiation (see also Lockart et al., 1961) and continued until inhibited by cyclo-
heximide. Upon removal of the drug, the recovery process resumed at the point
attained when cycloheximide was added. This eliminates the possibility that the
observed effect was due to the drug itself, rather than an effect of the drug on the
recovery process.
The results also argue against the possibility that inhibition of protein synthesis

allows a recovery process to repair defects before they are expressed in the cell.
Inhibition of recovery by cycloheximide apparently occurs in all phases of the life
cycle, since division continued in a smooth, exponential function at the control rate,
approaching one generation time after recovery (Fig. 2). Had cells recovered in the
presence of cycloheximide, one would expect to see no additional delay in resump-
tion of division after drug removal. If recovery only in specific segments of the
population were inhibited by cycloheximide, deviations from exponential growth
should have resulted when uninhibited cells divided at the same time as cells in
which recovery was inhibited. Such responses were never seen. As noted earlier, the
final point of X-ray inhibition coincides with the time of action of cycloheximide
0.9 hr prior to division. These observations suggest that irradiation interferes with
translation of functional proteins in cells distributed about the life cycle. When cells
become insensitive to cycloheximide, having completed all protein synthesis essential
for traverse of the life cycle and division, they also become insensitive to x-irradi-
ation.

It is difficult to separate effects on transcription ofRNA from those on translation,
since the end result is likely to be the same in either case (i.e. inhibition of functional
protein synthesis). However, this is not the case for cells which have completed all
transcription related to division but not concomitant translation; the A-X cells.
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Irradiating these cells with increasingly larger doses in the presence of actinomycin
led to a decreased fraction of A-X cells capable of division (Fig. 5). In view of the
known instability of mRNA, additional synthesis of which was prevented by
actinomycin, the decreased fraction of A-X cells capable of division is interpreted as
a measure of instability of mRNA species coding for essential division proteins.
Using this criterion, a mean functional lifetime of 1 hr was obtained for division-
related mRNA's in irradiated cells. This value is in agreement with other estimates of
the mean lifetime of mammalian mRNA (Villa-Trevion et al., 1964; Trakatellis
et al., 1965 a; Trakatellis et al., 1965 b) and suggests that irradiating the cells does
not affect the stability of mRNA. Thus, messengers synthesized at the time of
irradiation (as established by simultaneous irradiation and actinomycin addition)
are functional in coding for division proteins if the radiation-induced delay period
following RNA inhibition is less than the lifetime of the messengers. Therefore, the
recovery process has no obligate requirement for RNA synthesis during the period
when original messenger remains intact. However, once the messengers have been
degraded by processes within an actinomycin-free cell, it is apparent that resynthesis
of the messengers must occur if the cell is to recover the ability to divide.
The absence of any recovery requirement for RNA synthesis during the period

when original messengers remain intact suggests that damage to or repair of the
genetic material may not be initially involved in the recovery process. The data
(Fig. 6) show clearly that irradiated G2 cells recovered the ability to traverse the
life cycle and to divide under conditions which inhibit normal DNA replication
(10 mm of thymidine). Although this does not preclude the possibility that "un-
scheduled" reparative DNA synthesis is different from normal synthesis (Painter
and Cleaver, 1967; Evans and Norman, 1968), it does place an added restriction on
such a process. Excess thymidine is thought to inhibit the reductive conversion of
cytidylic acid to deoxycytidylate (Morris and Fischer, 1963; Whittle, 1966), thereby
preventing DNA synthesis by depriving the cell of necessary precursors. Since
deoxynucleotide triphosphates would presumably be needed for repair synthesis as
well as for semiconservative replication, it seems that any DNA synthesis would be
affected by depriving the cell of precursors, regardless of possible differences in the
enzyme systems responsible for polymerization of deoxynucleotide triphosphates
into DNA molecules.

It has been shown that Chinese hamster cells in G2 did not cross the actinomycin
marker during the division delay period, even in the absence of actinomycin (Table
II). In addition, cells irradiated in mitosis were delayed in entry into S (Fig. 7) by the
same time that they were delayed in reaching division, although the two events are
separated by about 8 hr. These data support not only our previous prediction that
cells irradiated at any phase of the life cycle are delayed immediately upon irradiation
and not at some later time (Walters and Petersen, 1968) but also show that cells do
not age biochemically during the delay period (e.g. do not traverse the life cycle).
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Although these results differ from observations by Terasima and Tolmach (1963),
where HeLa cells irradiated in mitosis were not delayed in entering S but were
delayed in the following G2 period, they are consistent with the observation in a
number of other cell lines that initiation of DNA synthesis is delayed as a conse-
quence of irradiation (Bollum et al., 1960; Lieberman et al., 1963; Mak and Till,
1963; Little, 1968). It is apparent that x-irradiation affects the ability of the cell to
traverse the life cycle in a highly reproducible manner. An irradiated cell cannot
proceed to the next biochemical step in the life cycle until recovery is complete.
Once recovery is complete, the cell can proceed around the life cycle at the control
rate. This is true for all cells in the population-both the surviving and nonsurviving
fractions.
Data presented here suggest that the initial radiation effect is on some process(es)

involved in translating a coded message into functional protein. Although ionizing
radiations are thought to affect the ability of some systems to transcribe mRNA
from DNA (Novelli et al., 1961; Clayton and Adler, 1962; Uchiyama et al., 1965;
Pollard and Barrone, 1966; Yatvin and Lathrop, 1966), such an interpretation here
seems insufficient for a number of reasons. If transcription were completely elimi-
nated by irradiation, as suggested by Pollard (1964) in E. coli, then the end of the
recovery period should be fixed by the ability of the cell to reinitiate synthesis of
functional mRNA. In this event, adding actinomycin at any time before resumption
of division might then be expected to inhibit all A-X cells from regaining the ability
to divide, which is obviously not the case here. Furthermore, if transcription alone
were affected, one might expect that cells should divide for 2 hr after irradiation,
the time at which all RNA synthesis essential for division is complete. Instead, we
found that (a) irradiated cells divided 0.9 hr after irradiation (the time corresponding
to the end of protein synthesis essential for division), and (b) messengers present in
the irradiated A-X cells were capable of coding for division proteins if the induced
delay period were sufficiently short (less than 1 hr). Irradiation must, therefore,
interfere with a process basic to normal cellular control, possibly synthesis of
specific proteins. Doida and Okada,' employing a different cell line and different
analytical techniques, have also concluded that the block involves interference with
the synthesis of a protein or proteins necessary for entry into mitosis. We are in
agreement that protein synthesis is somehow involved, but these data and the results
of the preceding paper (Walters and Petersen, 1968) make the synthesis of a specific
protein unique to a particular part of the life cycle unattractive.

It is thought that progress about the life cycle occurs as a series of sequential
events (Halvorson et al., 1964; Halvorson et al., 1966; Tobey et al., 1966 a, 1966 b;
Petersen et al., 1968). If RNA is sequentially transcribed from DNA at a rate
tightly coupled to or controlled by the translation of functional proteins (Bautz et
al., 1966; Cline and Bock, 1966) any interference (or uncoupling) with the operation

1Doida, Y., and S. Okada. Personal communication.
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of one might be expected to affect the other secondarily. If, indeed, the initial radia-
tion effect is on a translational process and the cell must successfully complete each
biochemical step before it can proceed to the one following, then one would predict
that during the radiation-induced delay period the cell would be prevented from
aging biochemically and traversing the life cycle, even though it may still be capable
total macromolecular synthesis. Further, one might also expect the cell to proceed at
the normal rate about the life cycle after recovery from the radiation-induced block.
We find that such is, indeed, the case with irradiated Chinese hamster ovary cells.

The authors wish to thank Drs. E. C. Anderson, R. A. Tobey, W. C. Dewey, and A. H. Dahl for
their many helpful discussions and Drs. Y. Doida and S. Okada for making their results available
prior to publication.

This work was performed under the auspices of the U. S. Atomic Energy Commission.
Receivedfor publication 4 June 1968 and in revisedform 29 August 1968.

REFERENCES

BAUTZ, E. K. F., T. KASAI, E. REILLY, AND F. A. BAUTZ. 1966. Proc. Nat!. Acad. Sci. U. S. 55:1081.
BOLLUM, F. J., J. W. ANDREGG, A. B. MCELYA, AND V. R. PoTTER. 1960. Cancer Res. 20:138.
CLAYTON, R. K., AND H. I. ADLER. 1962. Biochim. Biophys. Acta. 56:257.
CLINE, A., AD R. M. BOCK. 1966. Cold Spring Harbor Symp. Quant. Biol. 31:321.
COLLINS, J. F. 1965. Brit. Med. Bull. 21:223.
COLOMBO, B., L. FELICETrI, AND C. BAGLIoNI. 1965. Biochem. Biophys. Res. Commun. 18:389.
DEKLOET, S. R. 1966. Biochem. J. 99:566.
ELKIND, M. M., H. SUTTON-GILBERT, W. B. MOSES, AND C. KAMPER. 1967. Nature. 214:1088.
EVANS, R. G., AND A. NoRMAN. 1968. Nature. 217:455.
HALVORSON, H., R. M. BOCK, P. TAURO, R. EPSTEIN, AND M. LABERGE. 1966. In Cell Synchrony. I. L.
Cameron and G. M. Padilla, editors. Academic Press, Inc., New York. 102.

HALVORSON, H., J. GoRMAN, P. TAURO, R. EPSTEIN, Am M. LABERGE. 1964. Federation Proc. 23:1002.
LIEBERMAN, I., R. ABRAMS, N. HuNT, AND P. OVE. 1963. J. Biol. Chem. 238:3955.
LITTLE, J. B. 1968. Nature. 218:1064.
LOCKART, R. Z., M. M. ELKIND, AND W. B. MosES. 1961. J. Natl. Cancer Inst. 27:1393.
MAK, S., AND J. E. TILL. 1963. Radiation Res. 20:600.
MORRIS, N. R., AND G. A. FiSCHER. 1963. Biochem. Biophys. Acta. 68:84.
NOLL, H., T. STABHELIN, AND F. WErrrSTN. 1963. Nature. 198:632.
NOVELLI, G. D., T. KAMEYAMA, AND J. M. EISENSTADT. 1961. J. Cell. Comp. Physiol. Suppl. 1. 58:225.
PAINTER, R. B., AMD J. E. CLEAVER. 1967. Nature. 216:369.
PETERsEN, D. F., R. A. TOBEY, AND E. C. ANDERSON. 1968. Cancer Res. 28.
PHILLIPS, R. A., Am L. J. TOLMACH. 1966. Radiation Res. 29:413.
POLLARD, E. C. 1964. Science. 146:927.
POLLARD, E. C., AND T. F. BARoNE. 1966. Radiation Res. Suppl. 6:194.
PUCK, T. T., AND J. STEFAN. 1963. Biophys. J. 3:379.
REICH, E., R. M. FRANKLIN, A. J. SHATKIN, AND E. L. TATUM. 1961. Science. 134:556.
SINCLAIR, W. K. 1967. Proc. Natl. Acad. Sci. U. S. 58:115.
TERASIMA, T., AND L. J. TOLMACH. 1963. Biophys. J. 3:11.
TOBEY, R. A., E. C. ANDERSON, AND D. F. PETERsEN. 1966 a. Proc. Natl. Acad. Sci. U. S. 56:1520.
TOBEY, R. A., D. F. PTERSEN, E. C. ANDERSON, AND T. T. PUCK. 1966 b. Biophys. J. 6:567.
TOBEY, R. A., E. C. ANDERSON, AND D. F. PETERSEN. 1967. J. Cell. Physiol. 70:63.
TRAKATELLIS, A. C., E. HENLE, M. MONTJAR, A. E. AXELROD, AND W. N. JENSEN. 1965 a. Arch.

Biochem. Biophys. 112:89.

R. A. WALTERS AND D. F. PmRsEN Radiosensitivity of Mammalian Cells. II 1503



TRAKATELLIS, A. C., M. MONTJAR, AND A. E. AXELROD. 1965 b. Biochemistry. 4:2065.
UCHIYAMA, T., N. FAUSTO, AND J. L. VAN LANCKER. 1965. Arch. Biochem. Biophys. 110:191.
VILLA-TREVINO, S., E. FARBER, T. STASHELIN, F. 0. WETTsTEIN, AND H. NOLL. 1964. J. Biol. Chem.

239:3826.
WALTERS, R. A., AND D. F. PETERSEN. 1968. Biophys. J. 8:1475.
WEIS, B. G., AND L. J. TOLMACH. 1967. Biophys. J. 7:779.
WErrSTEIN, F., H. NOLL, AND S. PENMAN. 1964. Biochem. Biophys. Acta. 87:525.
WHrrTLE, E. D. 1966. Biochem. Biophys. Acta. 114:44.
YATVIN, M., AND T. P. LATHROP. 1966. Biochem. Biophys. Res. Commun. 25:535.

1504 BIOPHYSICAL JouRNAL VOLUME 8 1968


