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SUMMARY 

The effect of radiatitm on the incorporation of a2p into cold trichloroacetic ,:cid- 
soluble fraction, lipid and nucleic acid has been studied in Escherichia colt. The 
fraction of the total celL~ capable of giving rise to visible colonies after a dose 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 s)aathesis in 
E. coli. Incorporation of radioactivity in lipid and acid-soluble phosphate was even 
less sensitive to radiation than nucleic acid s~mthesis. It has b2en suggested that 
radiation possibly breaks the DNA-enzvme 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 :;ensitivity of 
cohmv formation than that of nucleic acid synthesis. 

INTRODVCTION 

The cause of the inhibition of cell divisi(m 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 radia*_!-m on various metabolic processes in cells are 
now being increasingly used as a 1,leans of understanding the radiation effects in 
microorganism 1-s. Metabolic processes in cells can be studied from the uptake of 
various radioactive elements '~n *~hc different fractions of the cells. An exte':n~l agent 
which cal~ses inbtry to cells, disturbs these processes and it is possible that a differential 
study of these (,stcrI ances will lead to tbe origin of the damage. 

In the present work, the influence of radiation on the uptake of phosphorus in the 
different fractions of E. coli has been studie?. For this purpose the experiments have 
been carried out in two ways: (a) by growing t:, ~ re!Is in a growth medium containing 
radioactive phosphorus a.-~ noting the rates of inc~.,-~oration of radioactixity ~, lipid, 
acid-sol,J~,le phosphates and nucleic acid, both in the control and the irradiated cells, 
and (b) by growing tagged cells in non-radioactive medium and measuring the loss in 
activity from, the above cell constituents. The results have be*n cnmpared ~ t h  the 
radiation sensit;,vity of E. cell to give rise to a macro-colony on agar plates after 
exposure to ionizing radiations. 

B,oc~im. Biop~,s . .4~a,  66 ~i~3~, ,23- t31 
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THEORETICAL CONSIDEP ~'rln~c S 

Equatioiis for the study of biosynthetic activities in E. coli have been de,-elot~d by 
ROBERTS a a/. s. Fig. I 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 a tagged medium. It  is assumed that the cell mass per tr! of +.. e 
medium is increasing exponentially with time at the rate Q = Q0 eat. At time t ---- o, 
the radioactive phosphorus (~P) is added to the growth medium, in the model, X rep- 
resents the total phosphorus atoms in the lipid pool, a product directly formed from 
the nutriment containing radioactive phosphorus. Y and 2' represent the total 
phosphorus atoms in acid-soluble phosphorus and nucleic acid pools respectively. 

I 

z / . ] ,  + 
i / / + "  Z 
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F~g t ~implified mode l  for the  d i s t r ibu t ion  of r ad ioac t iv i ty  in cells. 

Acid-soluble phosphorus is assumed to be the precursor of the final product Z. X*, Y* 
and Z* are the total radioactive phosphorus atoms in the lipid, acid-soluble phospho- 
rus and nucleic acid respectively at any subsequent instant t. K x and K z art "he rate 
constants per unit mass at which the lipid and the acid-soluble phosphorus draw the 
radioactive atoms from the medium, Kz 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 from tile acid-soluble phosphorus pool is equal to the gain 
by the nucleic acid pool. 

The equation~ relating to the i~di~active atoms in different com~mnds per ml 
of the growth medium are 

X *  = K I Q o  (eat - -  I)  ( I )  
a 

y .  K ~ o  ( eat ___ e _ K  t} (2) 
a-~ Kt  

KtQ0 ( e - ' - - x  e - ' , ' -  x) (,) 
Z" = Ks o -~ ~'~ a h+,  

Eqn. 2 contains two terms, one increasing with time, the other decreasing. I f  ! i~ 
sufficiently large, the contribution of e -x,' is negligibie and Y* increa~s approxi- 
mately according to the relation 

.B~.+.r.~/t+tm B:+,',ph.;.; .4.+-++.+'a. +'¢, ~t~,x> tt.,' 3 t31 
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y ,  ~ K~_____~o e ~t (4)  
a - '  /'(3 

Thus from the slope of the curve log. Y* vs. t, when t is large one can de te rmine  a, 
both  for the  control  and  i r rad ia ted  cells. 

I f  the acti~dties are expressed as fract ions of the to ta l  activi*ies in phosphol ipid,  
acid-soluble phosphorus  and nucleic acid pools (x, 3' and  z respect ; re ly) ,  Eqns  r 
and 3 can be wri t ten  as follows: 

X* K,. 

X -- X* -+- Y* -t- Z* K1 + K2 ~3/ 

Y *  11"2 a f a t  _ _  e - K ~ t  

Y X* + Y* + Z* K~ ' r.- ~ . v_ ~"' - i -7- -''-= ~ ± ' ~  
(6) 

Z* KsKz I ( a e-K J - - x )  
Z - -  . y ,  "~ V *  -{- Z *  = /~' ,  L - - ] : o  a - J ~ ' 3  I .; ~ ~ t - - -  I - ( 7 )  

Bv adding Eqns. 6 and 7, it  is found tha t  (y + z) is independen t  of t ime and is given 
by  y + z = K J ( K  1 + K2). Hence when t is large 

K2 
~ ' ~  + * :o  = K-q--~--h'~. (8) 

Also from Eqn. 6 it can be seen tha t  when t is very  large, y approaches  the l imit ing 
value 

K2 a 
"~'~ = KI + K2 a + Kz (9) 

By combinii~g Eqns.  8 and 9, one gets  

y ~ ,  a 
-- - -  ( t o )  

"VgC ., -r ZOC~ a ~ -  -/(3 

Since a has a l ready  been obta ined  from Eqn.  4, Ka is de te rmined .  
The equat ions governing the flow of rad ioac t ive  mater ia l  from one compound to 

another  in the  prelabel led cells grown in ncn-radioact ive  medium have been develolxed 
by  COWIE AND WALTON 7 and are given by  

K . - - K  3 
_ r , .  " __. t  (IX) 

Y* = Yo* e 

Kt  - _ K t \ 
_ K .  

Z* = Z0* + Y0* I - - - e  . .__~___.t)  (I2) 

where Yo* and Zo* are the  ini t ial  act ivi t ies  in acid-soluble phosphorus  and nucleic 
acid, respect ively.  The cons tants  

K,, - -  h.~ 
K 3 - -  

a 

can be de te rmined  with the  help ," Eqn.  Ix from the  decreasing slope of the  curve 
log. Y* vs. t. a and  K t are a l ready  known from Eqns.  4 and  !o  re :pec t ive ly ,  so t ha t  
K t. the ra te  a t  which the  ac t iv i ty  is drawn b y  acid-soluble phosphorus  from the 
medium,  is also de termined.  

Biochim. Bioptys. Ad,,. 66 (1963)  t z 3 - t 3 t  
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M A T E R I A L S  AND M E T H O D S  

Specim~m and groulti~ medium 
E. coil cells for the inoculation were obtained from xz-h-old Morton and EngOy 

slants (tryptone 2 %, NaCI o.5 °o, glucose 0.5 %, KHtPO4 o.z5 °o, yeast extract o.2 °o 
aad agar 2 %). Inoculum was either in non-radioactive or radioactiv_ Mr;,, , ,  . : :c ,  

Engely medium (composition as given above, but excluding agar). Radioactive M and 
E medium contained I uC carrier-free a2p, in the form of isotonic orthophosphate 
solution at pH 7.00, per ml of the medium. 

Growth 
Ceils wele grown 'or  z.5 h in non-radioactive medium to obtain non-taggoa ~l ls .  

To obtain tagged ceils, ceils were gro~aa in radioactive medium for 3 h at 37 °. Col- 
lected cells were washed with cold normal saline. 

Source of irradiation and the mahod of exposure 
The source of irradiation was a Picker Army Medical X-ray unit, run at 70 kV, 

4 mA with an aluminum filter of o.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 
3oo rads pc. ~in. Both tagged and non-tagged cells were exposed to X-rays, 4 in 
from the centre in 2-cm-wide glass tubes. 

The general scheme of experiments is given in Table I. 

.~," ~ u v e  ol 
l'veatmc-at the sample 

S o n - t a g g e d  
E .  coli 

C o n t r o l  

E x p o s e d  t o  15oo,  3oo0 .  
4 5 0 0  ~ n d  G~,,r~, i~,Is 

C o n t r o l  

T a g g e d  E x p o s e d  t -  t 500, 3ooo ,  
E.  coli 4 5 0 0  a n d  , ,ooo  r a d s  

T A B L E  1 

S C H E M E  OF T H E  E X P E R I M E N T  

Pro~t'dure a/te~ treatmt'm Trrtws ~] u,*tk£rawtttq the No. of s a S  
~amplrs 

Gro~3n in r a d i o a c t i v e  At  i n t e r v a l s  of 5 o r  4 
3I a n d  E a t  37 ° x 5 n l in  

G r o w n  in  r a d i o a c t i v e  M A t  i n t e r v a l s  of 5 c r  E a c h  
a n d  E a t  37 = i m m e d i  :5  .m.,.'n 3 ~pt~ 
a t e l y  a f t e r  i r r a d i a t i o n  

( ; r o w n  in n o n - r a d i o -  At  i n t e r v a l s  of 5 or- 4 
act- ;ve M a.nd E 20 m i n  
m e d i u m  a t  37"  

G r o w n  in  n o n - r a d i o -  .Xt i n t e r v a l s  ,,f 5 o r  E a c h  
a c t i v e  M a n d  E zo mira 3 set~ 
m e d i u m  a t  37-  i m m e -  
d i a t e l y  a f t e r  i r r a d i a -  
t i o n  

CoUectwn o[ samples and chemical.#actions 
Control non-tagged cells were rmxed with radioactive 31 and E medium and 

allowed to grow at 37 °. Ceils were collected at definite intervals as given in Table I 
and washed free of radioacti~'ity with cold normal saline. Radiated non-tagged cells 
were mixed with radioactive medium immediately after the radiation. Collection of 

cells was shnilar to that  of control cells. 
Control tagged ceils were mixed with non-radioactive M and E medium and 

B ~ g h l m  B~,p/~xs A c . . ' , 6 0  ~t~,3~ t2J 13t 
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allowed to grow at 37 °. Ceils were collected at definite intervals as given in Table I. 
Radiated tagged cell.- were similarly mixed with non-radioactive medium immediately 
after radiation. Cells were collected as before. 

Chemical f, actionat'~on of the collected cells was done by the method of KATCIt- 
MAN AND FETTY s. 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 tha t  
protein' contained vet 3" little 3,p. 

Measurement of radioactivity 

Radioactivity measurements were done with a TGC-I end-window Geiger- 
Mi~,ller counter (Tracerlab). For expressing the activity, as activi ty at the t ime per ml 
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 o i 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 ac tkdty  with time in the acid-soluble phosphorus of all bacteria in I ml of 
growth medium i.e. Y* vs. t is shown in Fig. 2. The various curves in this figure are 
for control cells and for cells exposed to  different doses 6f radiation from 15oo to  
600o fads; since it was the aim of these expeiiments to determine the growth constant  a 

J . J J  
! - / / / / /  
!,o 

/ , /  / 
~ l  d i / o co,,'r*loL 

• r / ~ _" :t °°~'~, 
/ / . I  - m . I o o o  = 

i ---=! 

Tl~,t£ I N  ' .~tHMI~$ 

Fig, z. Growth of activity with t/me in the acid- 
soluble irlctiun ul the non-LEadiated and 

irradiated non-tagged bacteria. 

10o r A S / }  NUCLEIC  ACID 
CA L CUL A TED . . . .  CAL CUL A TED - -  
CONTROL 0 CONZROL 0 
t 5 0 0  r o d s  0 1500 . 'od$ 8 
3 0 0 0 . ,  ® 3 0 0 0  . a 
4 5 0 0  ,, @ 4 5 0 0  . Im 

6000 ,. • 6 0 0 0  . • 

~ID 0 

Qc 

~, 20 

I , ,  I I I I i 

# ' t l d~  # #  ~ i I ~ ' E S  

Fill. 3- Ac t iv i ty  in I . i d -~ lub te  mid nucle~ 
fract/on of the a~n-i.radiated and irradiated 
bacteria, expressed ~i per cent of the total 
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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 normali:cd at :m'c particular 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 all cases was found to be ex- 
ponential. The slope of the exponential region gave the growth constaJ~¢ - ~ tt 
control and the i:aadiated cells according to Eqn. 4. It was found that a decreased 
from o.o22/min to o.oI4]min when the dose of exposure ~f the cells varied from o to 
6 krads (Table II, column 2). The value of a = o.o22/min for the control cells cor- 
responded to a time of 3I rain required for doubling the: cell mass. 

Fig. 3 shows a plot of 

Y* Z* 
and 

X* = Y* +Z*  X* -- Y* .=-Z* 

as a function of time, i.e. the variation in the activity in acid-soluble phosphorus and 
nucleic acid for irradiated and non-irradiated ceils, expressed as per cent of the total 
acti,Aty in bacteria. It  was found that the points for the irradiated and control cells 
fell almost on the same curve, so that y~ -+- z~ = o.9 ° and y:~ --= o.19, both for 
control and irradiated cells. With 3%/y(y~ m z~) = o.21, K3 for varying doses of 
exposure was calculated with the help of Eqn. Io from the pre~iously obtained values 
of a. The values of K s so calculated are given in column 5 of Table II. 

' "  

_:. y* + 

was at all times found to be about o. l for botl: cuntro! a~'~d irradiated cells, and hence 
is not shown in the figure. From Eq;s. 5, 6 and 7, x / (y  ~ z) ~ K f f K  z : o.1/o.9 i.e 
Kt  ---- 9 K1 for the control as well a~ the irradiated cells. 

T A B L E  11 

D E T E R M I N A T I O N  OF T I l E  C O N S T A N T S  (/, /X'3, /X" 2 FOR C O N T R O L  A N D  I R R A I ) I A T E D  C E L L S  

I" t, take c o . . r a n t / o r  auclctc Uptake con~tant ]e* 
Dose o f  Cell growth con . 'an t  - " " acul axtd-soluble phospkaI t  

g f f a d i a l t ~  P ,n . . -~ to~  Y~c ~ z ~  ) ' ~  . . . . . . . . . . . . . . . . . . .  
(r~'45) al'M;n lh¢ co~lrol K ,  m;n 1"i¢ LiMI~ of Kt'rmtn tYt't ¢ ~  ¢~ 

th t  L o~trOl " th~ COnt*ol 

C 0.022 100 0 .90 O. lq  o . cSI  IO0 0 .3 l  I00  

1500 r, 0~'0 '~b 0 .90  O. ~9 0.071 ~"g 0-3 ° 97 

3O00 0.0173 79 0-9 ° 0, I 9 0.005 ,gO 0.294 9.5 

45o0  o .o155 70 '~.9o o.19 0 .0578 71 0.28 90 

6000  o . o I  4 63 0 .90 o.19 o . o 5 :  ~4 o . . 7  87 

Results with pre,iously labelled cells when placed in non-radioactive me ,u rn  
have been presented in Fig. 4. where the l~s  of activity of the acid-soluble phosphate 
of the prelabelled bacteria in counts per m] of the om, ov,*h medium, i.e. Y"  of Eqn. xx. 
has been plotted semilogarithmically against the time of growth. The various curves 
in the figure are for control cells and cells exw, sed to different doses of radiation from 

Btoc~m. Bwpl~v*. ,4aa, ~J 119o3~ ] :Y-I31 
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15o0 to 6000 rads. Here also no normal izat ion was done thus  accoutering for the  re la t ive  
shift  in the different fi~ares represent ing results  of different ex_oenments. All  curves  
were s t ra ight  lines on a semilogar~thmic plot.  The ra te  constants  de te rmined  from the  
decreasing slepe cf the~e log. Y* ~'s. t curves gave the  values of Ka[K t - -  K3)/a. The 
values of the  constant  K ,  under  the  different conditioI, s were then  ob ta ined  from a 

~ 0  ~" CONTIPOL 

~ t  &n''SGOr°as.SCC,O00 . 

¢z I ! =b 
. 

~ , '00 

. fO 

IO ~O 30 40 .~0 60 "10 80 90 100 I10 
TIME IN MINUTES 

Fig. 4. I. ~s of radioactivity with time from the acid-soluble fraction of the irradiated and non- 
irradiated tagged cells. 

and  K a de termined previously for those condit ions of the  cells. The values  of the  
constant  K , ,  thus  de te rmined  for the  various values  of exposure doses, are shown in 
column 8 of Table I I  and  are found to va ry  from o .3I /min  to  o.27/min for exposure  
doses from o to 6 krads.  Thus K x ( =  K2/9) varied from o.o34/min to  o.o3/min for 
the  saane range of doses (not shown in Table II) .  

DISCUSSIONS 

Fig.  5 shows the  var ia t ion of the  cons tan ts  a, K t, K t and  K a ~4th increasing doses of 
radlat lol i ,  l he  constaalts are p lo t ted  as per  cent  of the  control  value  i.e. the  a[a °. 
K t K t  °, A t / K t  ° and K d K I  ° where a and a °. K 1 and  K t  °, K t and  K t  °, K a and  Ka ° 
axe the values  of the  cons tants  a t  doses D and  o rads  respect ively.  These curves showed 
t h a t  a t  a dose of 6 k rads  KI]Kt  ° and  h t /K t °  were 0.87 whereas bo th  Kt /Ka  o and a/a# 
were about  0.63. The ab i l i ty  of the  cells to  g ; :o  rise to  a macro-colony on an agar  p la te  
was reduced to  x8 %. These results  indica ted  tr, a t  K t was more sensi t ive to  radia t ion  
t han  K t and  K t or, in o ther  words, rad ia t ion  r e t a rded  the  process of phosphorus  
incmpora t ion  into  nucleic acid (i.e. nucleic acid  synthesis!  to a grea ter  degree t han  
the other  biochemical  processes s tudied,  d=. phosphorus  incorpora t ion  into  phospho-  
l ipid or  acid-soluble compounds.  The colony-forming ab i l i ty  of t he  cells was the  most  

B~Aim B~ophys. Aa~. 66 0963) tz3-1$t 
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sensitive amongst all the processes L, lcluding nucleic acid s}~nthesis, i.e. about four 
times as sensitive as the latter. Similar observations have also been reported by 
eoI  LARD AND KENNEDY 1. 

If  one considers that  the radiation-induced dam_age to DNA was in some way 
responsible for the inhibition of cell division 1o.ll the sensitive volume of cells, de- 
termined from the survival of colony-forming ability, was about o.o2 of i .~ - ~ - t V"" ~ 
volume in the celP, it. Thus a control part  of DNA, roughly 0.o2 ot the total DNA 
chain, is effective as the control region for the colony-forming ability of the cell. The 

!°t 
I l I ! I I | 

0 f 2 3 4 5 6 

D O S E  t l v  K I L O R A t ~ 5  

Fig. 5- Variation of the survival fractions for different processes with increasing doses of irradiation 
to the cel]. 

concept of this control region in DNA was also supported by studies, both in vitro and 
in v/vo, of the inhibition of inch,oe~ enzyme synthesis by irradiation of ',)NA or by its 
inactivation due to the decay ol r2.p incorporated in DNA (,v,  i e[. x3). 

As bacterial RN.~ is supposed to be synthesized through PNA (see ~ .. I4) any 
damage to DNA would soon be reflected by the loss of enzyme-fo ,rzr, mg capacity of 
the cell. This idea has been presented in another way by ORb Ann STOCKEN Is and 
LAJTHA eta/ .  11 wh,.; postulated that  inhibition of DNA synthesis was due to (a) a 
block in certain e~azyrnes responsible for DNA synthesis, and (b) damage to DN?t 
molecules preventing them from serving as templates fc, r replication. The radiation- 
induced inhibition of mito*dc activity of the cell is thus a seconda," T effect ef the dam- 
age to DNA. 

If the contention is correct that  DNA coils, in contact with an enzyme, cart T on 
their synthetic activities t?. the control region of DNA may be that portion of the 
chain which is in c.Tntact with the enzyme. 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 p o s h l y  why m the pre2mnt work radiation has been found to inhibit colony 2orma- 
tion to  a greater degree than nucleic acid ~ynthesis. 

hwckJN,. Bwpty~ ,4aa, ~ ~t963~ t~3-1jl 
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