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SUMMARY

The effect of radiation on the incorporation of 32P into cold trichloroacetic «cid-
soluble fraction, lipid and nucleic acid has been studied in Escherichia coit. The
fraction of the total cells capable of giving rise to visible colonies after a dosc of
X-rays was determined from the agar plating. It was observed that the process of
colony formation was about four times as sensitive as the nucleic acid synthesis in
E. coli. Incorporation of radioactivity in lipid and acid-soluble phosphate was even
less sensitive to radiation than nucleic acid synthesis. It has bcen suggested that
radiation possibly breaks the DNA-enzyme complex, one such break resulting in the
inhibition of cell division but in only a slight decrease in nucleic acid synthesis. This
was considered to be the reason for the observed greater radiation sensitivity of
colony formation than that of nucleic acid synthesis.

INTRODUCTION

The cause of the inhibition of cell division by radiation in microorganisms is still
uncertain. But it has definitely been established that the process is very sensitive to
ionizing radiation. The effects of radiati~n on various metabolic processes in cells are
now being increasingly used as a 11eans of understanding the radiation effects in
microorganism!~5. Metabolic processes in cells can be studied from the uptake of
various radioactive elements in the Jifferent fractions of the cells. An exteranl agent
which canses injnry to cells, disturbs these processes and it is possible that a differential
study of these «uster! ances will lead to the origin of the damage.

In the present work, the influence uf radiation on the uptake of phosphorus in the
different fractions of E. coli has been studic.! For this purpose the experiments havc
been carried out in two ways: (a) by growing 1.~ rells in a growth medium containing
radioactive phosphorus and noting the rates of inc..rnoration of radioactivity in lipid,
acid-solv:le phosphates and nucleic acid, both in the control and the irradiated cells,
and (b) by growing tagged cells in non-radioactive medinm and measuring the loss in
activity from the above cell constituents. The results have been corapared with the
radiation sensitivity of E. coli to give rise to a macro-colony on agar plates after
exposure to ionizing radiations.
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THEORETICAL CONSIDERATIONS

Equatious for the study of biosynthetic activities in E. coli have been developed by
ROBERTS ¢t al.%. Fig. 1 is a simplified model of phosphorus kinetics for the study of the
increase in activities in the lipid, acid-soluble and nucleic acid phosphorus of cells
growing in 2 tagged medium. It is assumed that the cell mass per m! of . ¢
medium is increasing exponentially with time at the rate Q = @, e%t, At time ¢ = o,
the radioactive phosphorus (¥P) is added to the growth medium. In the mode!, X rep-
resents the total phosphorus atems in the lipid pool, a product directlv formed from
the nutriment containing radioactive phosphorus. Y and Z represent the total
phosphorus atoms in acid-soluble phasphorus and nucleic acid poois respectively.

BACTERIUM

Fig 1. Simnplified model for the disinbution of radioactivity in cells.

Acid-soluble phosphorus is assumed to be the precursor of the final product Z. X*, ¥™*
and Z* are the total radioactive phosphorus atoms in the lipid, acid-soluble phospho-
rus and nucleic acid respectively at any subsequent instant f. K, and K, ar. *he rate
constants per unit mass at which the lipid and the acid-soluble phosphorus draw the
radioactive atoms from the medium, K is the rate constant at which the radioactivity
is drawn from the acid-soluble phosphorus pool by the nucleic acid pool. It is assumed
that the loss of radioactivity trom the acid-soluble phosphorus pool is equal to the gain
by the nucleic acid pool.

The equations relating to the 1adicactive atoms in different compounds per ml
of the growth medium are

K
x* 2_192(@::__,) (1)
a
K.
Y* — Keo (eat — e-K,1 (2)
a + K;
KeJo (ew — 1 e-Kt — 1
e (L
T, " K {3)

Egn. 2 contains two terms, one increasing with time, the other decreasing. If f is
sufficiently large, the contribution of e~*+ is negligible and Y* increases approxi-
mately according to the relation
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Y* & K?QO
Na—'-Ka

eat (4)

Thus from the slope of the curve log. Y us. ¢, when £ is large one can determine q,
both for the control and irradiated cells.

If the activities are expressed as fractions of the total artivities in phospholipid,
acid-soluble phosphorus, and nucleic acid pools (x, y and z respectively), Eqns 12
and 3 can be written as follows:

x* K

FTXC UYL K+ K +
)" h'._, a eat — e-Kt
VXTIV S T K s Ka Ky e 1 (©)
z* K3K; 1 ( a e Kt ) )
P — . I + ————
X4 Y+ Z" K +Isa—~ K Ka est—1 (7

By adding Eqns. 6 and 7, it is found that (v + 2) is independent of time and is given
bv vy -+ z = K,/(K, - K,). Hence when ¢ is large

Yoo + 2o — (8
Also from Eqn. 6 it ran be seen that when fis very large, y approaches the limiting
value
o = (0)
By combining Eqns. 8 and g, one gets

v a
= . (10)
Voo -+ 2o a-+~ R

Since a has already been obtained from Eqn. 4, K, is determined.

The equations governing the flow of radioactive material from one compound to
another in the prelabelled cells grown in nen-radioactive medium have been developed
by Cowie AND WALTON? and are given by

—t (II)

K, -~K
( _I\';.__‘_~’.l) (12)
Z' =Zo" + Yo' \1 —¢ a

where Y,* and Z,* are the initial activities in acid-soluble phosphorus and nucieic
acid, respectively. The constants
K2 — h

a

K,

can be determined with the help + Eqn. 11 from the decreasing slope of the curve
log. Y* vs. t. a and K, are already known from Eqns. 4 and 10 recpectively, so that
K,. the rate at which the activity is drawn by acid-soluble phosphorus from thc
medium, is also determined.
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MATERIALS AND METHODS

Specimen and growth wedium

E. cols cells for the inoculation were obtained from 12-h-old Morton and Engely
slants (tryptone 2 %, NaCl 0.5 %, glucose 0.5 %, KH,PO, 0.25 %, yeast extract 0.2 %
aad agar 2 %). Inoculum was either in non-radioactive or radioactiv. Mu.. .. .t
Engely medium (csinposition as given above, but excluding agar). Radioactive M and
E medium contained 1 xC carrier-free 3P, in the form of isotonic orthophosphate
solution at pH 7.00, per ml of the medium.

Growth

Celis were grown for 1.3 h in non-radioactive medium to obtain non-tagged cells.
To obtain tagged cells, cells were grown in radioactive medium for 3 h at 37°. Col-
lected cells were washed with cold normal saline.

Source of irradiaiion and the method of exposurc

The source of irradiation was a Picker Army Medica! X-ray unit, run at 70 kV,
4 mA with an aluminum filter of 0.25 mm thickness. The dose rate at a distance of
4 in from the centre of the tube, measured with a Victoreen radiation meter, was
300 rads pe. in. Both tagged and non-tagged cclls were exposed to N-rays, 4 in
from the centre in 2-cr-wide glass tubes.

The general scheme of experiments is given in Table L.

TABLE 1

SCHEMEL OF THE EXPERIMENT

Nature of

Trimes of witk Jrauing the

Treatment the sample Procedure after treatment samples No. of sets
Non-tagged Control Grown in radioactive At intervais of 5 or 4
E. coli M and E at 37° 15 min
Exposed to 1500, 3000, Grown in radioactive M At intervals of 5 cr Each
4500 and Looo iads and E at 377 immedi 12 min 2 srts
ately after irradiation
Control Grown in non-radio- At intervals of 5 or 4
active Mand E 20 min
medium at 37°
Tagged Exposed to 1500, 3000, Grown in non-radio- At intervals of 5 or Each
E. coli 4500 and »oo00 rads active M and E 20 miit 3 sots

medium at 37" imme-
diately after irradia-
tion

Collection of samples and chemical fractions

Control non-tagged cells were mixed with radicactive M and E medium and
allowed to grow at 37°. Ceils were collected at definite intervals as given in Table I
and washed free of radioactivity with cold normal saline. Radiated non-tagged cells
were mixed with radioactive medium immediately after the radiation. Collection of
cells was similar to that of control cells.

Control tagged cells were mixed with non-radioactive M and E medium and
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allowed to grow at 37°. Cells were collected at definite intervals as given in Table 1.
Radiated tagged cells were similarly inixed with non-radicactive medium immediately
after radiation. Cells were collected as before.

Chemical fractionation of the cnllected cells was done by the method of KATCH-
MAN AND FETTYS. The cold trichloroacetic acid-soluble fraction was regarded as the
acid-soluble phosphate, the ether—alcohol extract as the lipid, and the rest as the
nucleic acid. Protein was not separated from nucleic acid, as it was known that
protein contained very little 32P,

M easurement of radioactivity

Radioactivity measurements were done with a TGC-1 end-window Geiger—
Miiller counter (Tracerlab). For expressing the aciivity, as activity at the time per mi
of the growth medium. these measurements were multiplied by the volume of the
sample and divided by the volume of the growth medium taken.

Determination of the number of viable cells

The number of viable cells was determined from the visible colonies developed
on agar plates after suitable dilutions of the sample®.

-

RESULTS

The rise in activity with time in the acid-soluble phosphorus of all bacteria in 1 ml of
growth medium z.e. Y* vs. ¢ is shown in Fig. 2. The various curves in this figure are
for control cells and for cells exposed to different doses &f radiation from 1500 to
6000 rads; since it was the aim of these experiments to deternnine the growth constant a
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Fig. 2. Growth of activity with time in the acid-
soluble iraction of the non-irradiated and
irradiated non-tagged bacteria.

TIME 1v MINUTES
Fig. 3. Activity in acid-soluble and nucleic acid
fraction of the non-iradiated and irradiated
bacteria, expressed 23 per cent of the total
activity in cells.
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from the slopes of these curves, the activities {(in counts per ml »f growth medium)
found in experiments on different dates were not normalized at anyv pariicular time.
The concentration of bacteria per ml of growth medium varied somewhat from day to
day thus causing the relative shifts of these growth curves with respect to each other.
After a short period of growth the rise in activity in zll cases was found to be ex-
ponential. The slope of the exponential region gave the growth constant - ¥ tt
control and the irradiated cells according te Eqn. 4. It was found that a decreased
from 0.022/min to 0.014/min when the dose of exposure of the cells varied from o to
6 krads (Table II, column 2). The value of 2 = 0.022/min for the control cells cor-
responded to a time of 31 min required for doubling the cell mass.

Fig. 3 shows a piot of
Z‘

yi_“ e '{-'c_":fi

Y *
P

vz
as a function of time, ¢.e. the variation in the activity in acid-soluble phosphorus and
nucleic acid for irradiated and non-irradiated cells, expressed as per cent of the total
activity in bacteria. It was found that the points for the irradiated and contrsl cells
fell almost on the same curve, so that v, -+ z 0.90 and v, = 0.19, both for
control and irradiated cells. With y./y(v, <+ z.) = o.21, K; for varving doses of
exposure was calculated with the help of Eqn. 10 from the previously obtained values
of a. The values of K, so calculated are given in column 5 of Table I1.

() -

and irradi

[ 124

ed cells, and hence

was at all times found to be about 0.1 for both contre iate
= K,;/K, = 0.1/0.q9 i.¢

5
is not shown in the figure. From Eqgss. 5, 6 and 7, /(v + 2)
K, = 9 K, for the control as well as the irradiated cells.

TABLE 11

DETERMINATION OF THE CONSTANTS @, A3, A, FOR CONTROL AND IRRADIATED CELLS

Uptake constant for

Cell growth com.ant U ptake comstant for nucicsc

Dose of acd acd-soluble phosphate
irradiation  —-—— e e Yoy T I Yr e e
frads) ajmin l};:m:t!r:)l; Ky min :‘I‘:"fl‘(f;i rol Kymm :;:("i::;'g

[ 0.022 100 0.90 0.19 0.051 100 0.31 100
1500 norn %6 0.0 0.19 0.071 83 0.30 97
3000 0.0175 79 0.90 0.19 0.065 8o 0.294 95
4500 0.0155 70 n Qo 0.19 0.0578 71 0.28 90
6000 0.014 63 0.90 0.19 0.05: 04 0.7 87

Resuits with previously labelled cells when placed in non-radioactive medsum
have been presented in Fig. 4, where the loss of activity of the acid-soluble phosphate
of the prelabelled bacteria in counts per mi of the growth medium, s.e. Y° of Eqn. 11,
has been plotted semilogarithmically against the time of growth. The various curves
in the figure are for contro! cells and cells exposed to different doses of radiation frem
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1500 to 6000 rads. Here also no normalization was done thus accounting for the relative
shift in the difierent figures representing results of difterent experiments. All curves
were straight lines on a semilogarithmic plot. The rate constants determined from the
decreasing slepe of these log. Y* os. £ curves gave the values of K4(K, — Kyj/a. The
values of the constant K, under the different conditions were then obtained from a
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Fig. 4. 1. ss of radioactivity with time from the acid-soluble fraction of the irradiated and non-
irradiated tagged celis.

and K determined previously for those conditions of the cells. The values of the
constant K,, thus determined for the various values of exposure doses, are shown in
column 8 of Table 1I and are found to vary from 0.31/min to 0.27/min for exposure
doses from o to 6 krads. Thus K, (= K,/g) varied from 0.034/min to 0.03/min for
the same range of doses (not shown in Table IIj.

DISCUSSIONS

Fig. 5 shows the variation of the constants 4, K,, K, and K, with increasing doses of
radiadon. {he constants are plotted as per cent of the control value s.e. the afa®,
K/K\®, Ky/Kg® and KoK, where a and a°, K, and K% K, and K,° K, and K,°
are the values of the constants at doses D and o rads respectively. These curves showed
that at a dose of 6 krads K /K ® and K ,/K,® were 0.87 whereas both K,/K,? and a/a®
were about 0.63. The ability of the cells to g:  ~ rise to a macro-colony on an agar plate
was reduced to 18 %,. These results indicated that K, was more sensitive to radiation
than K, and K, or, in other words, radiation retarded the process of phosphorus
incorporation into nucleic acid (i.e. nucleic acid synthesis) to a greater degree than
the other biochemical processes studied, viz. phosphoius incorporation into phospho-
lipid or acid-soluble compounds. The colony-forming ability of the cells was the most
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sensitive amongst all the processes including nucleic acid synthesis, i.e. about four
times as sensitive as the latter. Similar observations Lave also been reported by
PoiLarD AXD KENNEDYL

If one considers that the radiation-induced damage to DNA was in some way
responsible for the inhibition of cell division19.1! the sensitive volume of cells, de-
termined from the survival of colony-forming ability, was about 0.0z of it -+~ 17774
volume in the ccli®?2. Thus a control part of DNA, roughly 0.02 ot the total DNA
chain, is effective as the control region for the colonv-forming ability of the cell. The

§or
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Fig. 5. Variation of the survival fractions for different processes with increasing doses of irradiation
to the celi.

concept of this control region in DNA was also supported by studies, both ix zifro and
s vivo, of the inhibition of indnced enzyme synthesis by irradiation of DNA or by its
inactivation due to the decay of #P incorporated in DNA (sce ief. 13).

As bacterial RNA is supposed to be synthesized through DPNA (sre ;.. 14) any
damage to DNA would soon be reflected by the loss of enzyme-forming capacity of
the cell. This idea has been presented in another way by ORD AND STOUKEN!® and

block in certain enzymes responsible for DNA synthesis, and (b) damage to DNA
molecules preventing them from serving as templates for replication. The radiation-
induced inhibition of mitotic activity of the cell is thus a secondary effect of the dam-
age to DNA.

If the contention is correct that DNA coils, in contact with an enzyme, carry on
their synthetic activities?, the control region of DNA may be that portion of the
chain which is in contact with the enzvme. Radiation then may be supposed to act
on any of these contact regions of DNA in such a way as to disrupt the DNA-enzyme
complex. Whereas a change in any of the contact regions might lead to the inhibition
of cell division, such damage might not equally inhibit nucleic acid synthesis. That
is possibly why in the present work radiation has been found to inhibit colony Jorma-
tion to a greater degree than nucleic acid synihesis.

Eiockim. Brophys Acla, 66 (1963} 123-131



RADIATION AND RADIOACTIVITY UPTAKE IN CELL 131

ACKNOWLEDGEMENTS

‘This work was carried out under the financial sponsorship of the Council of Scientific
and Industrial Research, India. One of the authors (M.S.) is indebted to the Ministry
of Scientific research and Cultural affairs, Govt. of India for a Research Training

Scholarship.
REFEREXCES

1 E, C. PoLLarD AND J. KENNEDY, in R. B. RoBERTS. Microsomal particles and protein synthesis,
Washingron Academy Press, 1958, p. 136.

2 & SporRre, D. LoONEY AND J. E. KazM1ERCZAK, Radiation Research, 11 (195G) 793.

3 P, HANAWALT AND R. SETLOW, Biochim. Biophys. Acia, 41 (1960) 283.

4+ H. HARRINGTON, Riochim. Biophyvs. Acta 41 (1960) 461.

5 E. C. PoLLArRD AND C. VOGLER, Radiation Research, 15 (1961} 109.

¢ R. B. RoBerts, D. Cowig, P. ABeLsoNn, E. T. BoLtox axp R. B. BRITTEN, Studies on the bio-
svnihesis of E. coli, Carnegie Inst., Wash., 1957, Publ. No. 607.

7 D. B. Cowie anp B. P. WaLroN, Biochim. Biophys. Acta, 21 (1956) 211.

8 B. j. KatcumaN aND W. O. FETTY, J. Bacteriol., 69 (1955} 607.

9 S. B. BHATTACHARJEE, Radiation Research, 14 (1961} 50.

10 . HowaRD-FLANDERS, in Advances in Biol. Med. Phys., Vol. 6, Academic Press, 1958, p. 553.

11 . HUTCHINSON AND J. ARENA, Radiation Research, 13 (1960) 137.

12 S, B. BHATTACHARJEE AND N. N. Das Gupra, Nafure, 101 {1561) 1015,

13 E. McFALL, A. B. PARDEE AND G. STENT, Biochim. Biophys. Acta, 27 (1958) 2382.

M C. A. ToBias, Rev. of Med. Phys., 31 (1959) 289.

13 M. U. Uxp AND L. A. STOCKEN, Nature, 182 (1958) 1787.

181 G. LayTHA, R. OLIvER, T. KUuMATORI AND P. ELLIS, Radiation Research, 8 (1938) 1.

17 E. C. POLLARD, Am. Naturalist, 94 (1960) 71.

Biochim. Biophys. Acta, 66 (1063) 123-131



