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S U M M A R ~ t  " 

The n u m b e r  of survivors  of E. cell strains B/ r  or I5T- following X- ray  exposure was 
increased if the  log phase cells h a d  been previously grown in the  presence of chloram- 
phenicol. B y  omission of t h y m i n e  in the  g rowth  med ium of E. coli s t ra in  I5T_ tile 
chloramphenicol  effect failed to materialize.  Under  these condi t ions  net  DNA syn-  
thesis was prevented  while R N A  cont inued  to be accumula ted .  Since protein synthes is  
was inhibi ted b y  chloramphenicol  under  all condit ions employed it  would  appear  
t h a t  the  " su rp lus"  DNA was responsible ior the enhanced  survival  of cells so t rea ted .  

I N T R O D U C T I O N  

While numerous  irtvestigations have  been made  oft the relative roles of  the nuclear 
and cytoplasmic  nucleic acids in radiosensit iv i ty  of animal  and plant  cells, similar 
information on bacterial cells has been difficult to obta in  because of the  refractory 
n - t u r e  of such cells to the usual  physical  manipulat ions  found successful  with the  
larger cells. Recent ly ,  however ,  several means  of altering the ribonucleic acid (RNA) ,  
deoxyribonucle ic  acid (DNA) ,  and protein (P) contents  of  bacteria have  been de- 
scribed x, 2. In  the  present work a l tera t ions  in macromolecular  components  have  been 
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: induced in an a t t empt  to determine the relative roles of these components  in bacterial  
:cell radiosensitivity_ 

M E T H O D S  

Organisms and conditions o/growth 

Esehvridda col i strain B/r  was grown with aerat ion a t  37 ° for I6 h in a minimal-  
salts medium of the following composit ion per liter distilled water:  x g KHzPO~, 
o,7 g MgSO4"7H20, x g NaCl, 4 g (NH0~HPO4,  o.5 g sodium citrate,  o .I  ml  of a 
o.5% solut ion of FeCI~, and  xo g of glucose sterilized separately.  The final pH was 

: 6,8 following the  necessary ad jus tments  wi th  HC1 and  NaOH. The t h y m i n e  requiring 
E. coli s t ra in  I5T- was similarly grown with  the addi t ion  of t hymine  (2o /~g/ml 
final concentrat ion)  to the  mim,.~al medium. For  every xoo ml  of fresh med ium a 
2. 5 ml inoculmn of the  16 h cul tures  was used. This provided an init ial  popula t ion  

o f  1- 4- IO ~ cells/ml. Such a cul ture  upon re- incubat ion with aerat ion a t  37 ~ ,:eached 
log phase b y  2 h. This was de te rmined  b y  tu rb id i ty  measurements  as well as platings. 
All plat ings were done on the min imal  medium supplemented with  Difco Noble Agar  
unless otherwise indicated.  W h e n  the  poplflation reached an  optical dens i ty  of ap- 
p roximate ly  o.5o at  42o m/~ as measured  by a Bausch and  Lomb,  Spectronic 2o 
Colorimeter using a tube  of I6.8 m m  I.D.,  a sample of the  cul ture  was wi thdrawn 
for the de te rmina t ion  of the number  of viable cells as well as protein ni t rogen (Np), 
RNA,  and  DNA. The number  of viable cells at  this  t ime was of the  order of 2-  5- io  s 

! cclls/ml. To the  remaining cultures were added  the several chemicals desired a n d  the 
: : incubat ion cont inued.  These cultures were t e rmina ted  at  the end of an hour.  In the 
::::i exper iments  concerned wi th  the  influence of t hymine  s ta rva t ion  on E. colt x5,r- the 
,::cells were harves ted  and  washed before add i t ion  of the several compounds.  Upon 
:: complet ion of g rowth  all cultures were chilled in an ice ba th  and  the cells harves ted  in 
::: a refr igerated centrifuge. 2"he cells were washed once in minimal  med ium and re-sus- 

pended in I/IO the original volume of frcsh minimal .  For  radiosensi t iv i ty  studies 
::::! a t -ml  al iquot  was removed and  d i lu ted  twenty-fold .  Aliquots of this  diluted sus- 
(: pension were exposed to the Several doses of X-rays  described or served as controls. 
; T h e  remaining concent ra ted  cell suspensions were used for the  chemical analysis. 

:!i R N A ,  D N A ,  a.nd Nt,  d~lermi.uation 

.... The IO :.:: concent ra ted  washed cell suspension was made to I0 % TCA at ice 
ba th  tempera ture .  Following one hour 's  incubat ion in the refrigerator the  precipi ta te  
was centr i fuged out  and  the nucleic acids ex t rac ted  by hydrolys is  in 5 °o TCA at  

::: O o :: Io for 30 mina. The remaining precipi tate  was washed once with  5 % T C A  and  the  
i:: ~ superna tan t s  pooled. Aliquots of the supe rna t an t  were tes ted for RNA by  the  orcinol 
:i me thod  and  for DNA wi th  d iphenylamine.  Yeast nucleic acid served as the  s t andard  
:::: RNA prepara t ion  and  polymerized salmon sperm DNA was used as the  DNA s tandard .  
::: Both  were commercial  preparat ions  obta ined  from California Founda t ion  for Bio- 
::i chemical Research. The remaining precipi tate  was t akcn  to be protein and  its ni t rogen 

content  ana lyzed  by  the  micro-kjeldahl  method.  
:i 
i::: Irradiation ~roeedure 

:::: Suspensions of E. coli were exposed to X-rays  as follows: x ml of ceil suspension 
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was added  to a 2-ml pyrex glass tube and  a cork s topper  applied. The tube  was then  
inserted into a plastic container  packed in ice as previously described a. The  radia t ion 
factors for the West inghouse machine used were as follows : zoo KVP ; x 5 mA cons tan t  
potent ia l ;  x m m  of a luminum added f i l t rat ion:  h v 1 0.8 mm Cu. The dose rate  in air 
~,vas I I O 0  R / i n i n .  

R E S U L T S  

The it~ffttence o/nucleia acid accumulation relative to protein conic,it oJ~ radiosensitivity 
o[ E. coli l~/r 

When chloramphenicol  (IO txg/ml final concentrat ion)  is added to a log p h a s e  
cul ture  of E. coli B/r synthesis  of both  R N A  and DNA cont inues while the format ion  
of protein is inhibi ted ~,2. In  our exper iments  incubat ion was l imited to z h. The results  
given are calculated on a per cell basis since some division occurred dur ing  the hour ' s  
growth  in the presence of chloramph~nicol.  This cell division was more pronounced 
for the thymineless  s t rain as will be discussed later  on. Dur ing this  in te rva l  the  
RNA conten t  of E. coli B/r was approx ima te ly  doubled while the DNA con ten t  
increased over 50 % (Table I). There was also some increase in Np: In most  experio 
meuts ,  however,  tlm R N A  and DNA to protein ratios were increased considerably  
following incubat ion  of the  cells in the chloramphenicoi  (Table I). When  such cells 
were harves ted  and washed free of exogenous chloramphenicol  t hey  showed a grea te r  
number  of colony-forming survivors following X- ray  exposure t h a n  did the  control  
ceils (Fig. x). 

T A  B L F .  I 

N U C I - I ~ I C  A C l l )  A N D  P R O T E I N  CONTI~-NT O F  /~ .  ¢Oli~ ~ / T  F O L L O W I N G  
C I I L O R A . ' ~ I P I I ~ N I C O L  T R E A T M E N T  F O R  O.~1~ H O U R  

Pcrec~xl o] incre lge ove~" Ratios 
initial ~ .  ;u¢ (per ceil) 

E.t'pcritue,,, . . . .  -----le.'~\a DN.4 leNA ,',,'1, I ) N A t N  p 
. V p  R N A  D3,'A 

hli t iat  Fiu~*l Initial Fined lmitful F i n a l  

t 043  ~ 3 I U7 78 8 ,4  14 ,o  2 .9  7 .6  o . 3 5  0 . 5 4  
s~4t~ 4 I x -, 55 9 , 6  I 3 . [  3 - - '3  7-o5 ° . 3 5  o . 5 4  
i o57  8 ~ t ~8 8 .9  9 . 8  3.,~5 5 .8  0 . 4 3  0 . 6 7  

To determine if eh!o~:~inpl:enicol could exert  its effect w i thou t  in i t ia t ing  " u n -  
ba lanced"  growth,  s t a t iona ry  phase ceils incuba ted  for an hour  in the presence of 
chloramphenicol  were also exposed to  X-rays.  Dur ing this  incubat ion  period in the  
presence of chloramphenicol ,  s t a t ionary  phase cells showed li t t le g rowth  and  main-  
ta ined normal  RNA,  DNA, and  Np values. The radiosens i t iv i ty  of chloramphenicol  
pre-treated,  s t a t iona ry  phase ceils was equivalent  to tha t  of the  control  group.  
Plat ing on nut r ien t  agar  wi th  or wi thou t  yeast  ex t rac t  (x %) supplement  did not  
abolish the  chloramphenicol  effect on log phase cells relative to t h a t  of the controls,  
a l though a nu t r ien t  effect on survival  was observed ~-~. 

The influence o / D N A  synthesis on the radiosensitlvity 0 / E .  coil I52~ 

Ifi order to facili tate manipula t ion  of the nucleic acid contertt of the bacter ia l  
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Fig .  2. L i I e c t  o f  pre-incubation in c h l o r a m -  
p h e n i c o l  (m r a d i o s e n s i t i v i t y  o f  E. coti 15T . 
I n c u b a t i o n  a n d  g u b g e q n e n t  t r e a t m e n t  a s  de- 

scril.~etl in t e x t .  

cel ls ,  the  t h y m i n e - r e q u i r i n g  E. coli 15w- m u t a n t  i so la ted  b y  BARNER .~ND COHE~ 7 
was  a lso  s tud ied .  W h e n  s u c h  celL~ were s u s p e n d e d  in m i n i m a l  m e d i u m  w i t h o u t  
t h y m i n e ,  D N A  s y n t h e s i s  was  arrested,  a n d  a loss of c o l o n y - f o r m i n g  cells  ensued .  
(Table  II) .  C h l o r a m p h e n i c o l  w a s  f o u n d  to  a n t a g o n i z e  "ths,  mine less"  d e a t h  (Table  II) .  
In  Fig .  2 are presen ted  s u r v i v a l  d a t a  s h o w i n g  increased  surv ivors  w h e n  X - r a y  
exposure followed incubation of growing log phase cells in a minimal medium con- 
taining t h y m i n e  (2o ,~g/ml f inal  c o n c e n t r a t i o n )  plus  c h l o r a m p h e n i c o l .  

T A B L E  1I 

C H A N G E . %  I N  N U M t g F ~ R  OF- C O [ . O N Y - F O R M I S G  ['~. t:oli  1 S T _  C E L L N  F O L L O W . r I N G  ,t. 

O . N ' E - H O L I R  I N C U B A T I O . N  %VITH A N I )  " ~ V I T H O U T  THS='MIN!~- P.N [ ) / O R  C H ] . O R A M P H E = X ~ [ C O L  

Mediutn compos ition 

Minimal plt, s thymine 
Minimal plug thymine pius 

i chloramphenieo! 
:; Minimal only 
i. Minimal plus chtoramphenicol 
". 

... 

l~litia2 ( × r,, "j Filaat ( < ro "-~) l 'eregnl ot ¢h:mge 
Eltp#7~'iD'#tt'tlt 1:~.I- pt'¥l't]~ 121| t E.xpcriment 

ge,oo Io72 I*~¢~0 to72  I069  rt~72 

2 . 2 9  2 . 0 2  4 . . 5 o  3 . 0 o  + 9 b  F o 3  

2 . z < )  2 . o ~  3 , 0 0  - ' . 4 8  + 31 + 2 3  
2 . 2 0  2 . 0 2  0 . 7 3  1 , 2 2  - - -  6 8  - -  4 ° 

2 . 2 9  - . o z  1 . 8 9  z . 9 5  - -  I 7  - -  4 
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A n  a n a l y s i s  of the  r e l a t i v e  p r o t e i n ,  R N A  a n d  D N A  c o n t e n t  of s u c h  cells fo l lowing  
i n c u b a t i o n  for  r h u n d e r  the  c o n d i t i o n s  d e s c r i b e d  is g i ve n  in  T a b l e  I I I .  O n  a pcr  m l  
bas i s  t he  i n c r e m e n t  in  R N A  a n d  D N A  foUowing I h of i n c u b a t i o n  in  c o m p l e t e  m e d i u m  
plus  c h l o r a m p h c n i c o l  a p p r o a c h e d  t h a t  f o u n d  w i t h  B/r. H o w e v e r ,  w h e n  c a l c u l a t e d  
on  a pe r  celt bas i s  t h e  inc rease  in  R N A  a n d  D N A  was  n o t  ,us p r o n o u n c e d  a n d  s 

dec reased  p r o t e i n  c o n t e n t  per  c o l o n y  f o r m e r  was  obse r ve d .  Th i s  m a y  be a c c o u n t e d  
for  b y  t he  s u r p r i s i n g l y  large  n u m b c r  of cells  d i v i d i n g  in  thc  p re sence  of c h l o r a m -  
phcu ico l  ( 'Fable I I ) .  

I n  t he  a b s e n c e  of t h y m i n e ,  R N A  s y n t h e s i s  c o n t i n u e d  in  all  cells i n d e p e n d e n t  of 
t he  p resence  or  a b s e n c e  of c h l o r a m p h c n i c o l  whi le  D N A  s y n t h e s i s  was  i n h i b i t e d  

(Tab le  IX'). T h e  R N A  c o n t e n t  was  t h u s  g r e a t l y  i nc r e a se d  r e l a t i v e  to  t h a t  of t he  D N A  

T A t ¢ I  .F+ l i t  

N 1 T C I . N I C  ACII : ,  A N D  I ' R O T I ~ I N  C O N T I ~ N T  ( I F  /~'.  c t t l i  S ' r R [ ~ I N  i ~ ' F -  F ( I L L O ~ , V I N G  

C H L O R A M P H N N I C O L  T R E A " f . ~ I E N T  F O R  O N E  f l O U R  

lJ+'i't'e'Jtl ¢+I~+01~.': .I++;+<'r Dli/Jr+l l'lJlll~" 
/gmil. O f F  i jtl ~'1 [ f . . . . . . . . . . . .  

N p  = ICVJ.4* 

IO71 - 30 (+  z , I I  "" + tfl (+  <)6) 
Io74 - - 2 5 ( +  II) 4. ,54(+ 1 2 7 )  
Io63 ~ 2 8 ( +  I3) + 2 2  ( ~ -  t ) l ]  

* Calculated per vialHe cell. 

12, N : I  * 
+i~.~C4)>:.(';i . . . . . .  ~+,~'~,;+p - ) , X ~ + ' x e  
Initia~ FDIa!  lp l i f la l  F i n a l  IJJtlial F i n a l  

-F 7 ( .~' Or) 8.w 8.', .5+2 8.35 0.65 1+oo 
+ 3t ( +  <..18) 7-7 8.8 3*4 7.0 o.45 o.8o  
+ 33 (d- 9.5} 8.5 8.4 4,15 7,o 0.49 o.8.5 

* * Figures ia parenthesis calculated |m a per mi b~sis, 

'I'.Xl?,I.E IX .+ 

A L T I £ 1 C a . T I O N  t N  N U C I .  I-'LC ACII+  AN-D P R O ' r I ' : I N  C O N T E N T  O F  ]~,  (o[,~ S T R A I N  1 5 T  

leg cd t  ' (  ~ .~,u") 
3h+dtr.n comp+~itbm 

. ' f p  /¢.",'.'1 D N + |  

.Minimal plus thyt+tine 3,4 O l 2.oo J .58 
M i n i m a l  p | t t s  thymine and chhn-ampheni¢ol 2.65 20.80 2.10 
-Minimal only" 6+,J5 25.4u n ,-t5 
Minimal plus chiorampl,euicol * 3,32 25.80 L53 

* Initial numl)cr of viable cells u s e d  in calculai.ions since thymineless death cmcurs under this 
c|)nditi<)n. 

'l':k I~I.E V 

C O M P A R I G O N  CIF t ~ I r F E C T G  CIF P R I r . - T R b ~ A T M ~ N T  O X  T H E  R A I ) I . X I ' I O N  s I r ~ N S I T I ~ d l T " f  

O F  13. CO+|i" ~TR~I~ 1 5 , 1 -  

Aled+l~m c*Jolposilio~ . . . . . . . . . . . . . . . . . . . . . .  
l o k R  . 'o kI~ 

Minimal plus thymine 
Minimal plus thymine and chloramphenicol 
Minimal only 
Minimal [)ills chloramphenictfl 

3 , 3  " 1 0 - 2  [ , , ~ 9 '  I O - 8  

3 . 2  " I O  "1 I . [  " I O  -2. 

0.35" to -a 6. I5- IO -a 
1 . 1 2 "  1 0  -'~ 4 . 5 3 " 1 0  --4 
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and  protein when the  cells were incubated  itt a medium lacking thymine ,  bu t  con- 
taining chlorampbenico[. Protein  synthesis  cont inued unaba ted  for this hour  period 
in the  absence of chlorampheuicoL Cells main ta ined  in the absence of t h y m i n e  were 
found to be more radiosensit ive that t  thyminc-grown cells (Table V). Cont ra ry  to 
the results observed for thymine-grown cells the addit ion of chloramphenicot  did not  
al ter  the  radiosensi t ivi ty  oi such cul+~- ,"Fable V). As summarized in Table VI, analysis 
of the  radiosensi t ivi ty  of the ceils foliowing the several trcatmerLts showed t h a t  
growth in the presence of chloramphenicoi  induced radioresistarme. This resistance 
was lost when the cells were unable to synthesize DNA in the  thymiueless  medium. 
Alterat ions in the  protein and  RNA const i tuents  of the cells were apparen t ly  unre la ted  
to the induct ion of radiorcsistance. 

" t ' A  t:~L I.:, V I  

Rt':L.XTI<]N+~IIIP [$1ur~,YEI':+N ,XI+TIdTtATION IN I ' ,  R N . % ,  I ) N A  CON+FE,~'P, 
.%,N'I) X - R A Y - I N I ) L T ( ? I ~ I )  I ) t~ATH O F  ./'~+ g o l f  I~T._ 

tit,,+m, i,, cell c,mtent ;4 
1+ ~ r~ .~' re.~ i .~ +.1 [ c.., [ 2 

p h'+x'+-I De%" .! 

: ( T h y r n i n ( -  a d d i t i ¢ m )  ,o o o 
z ( C h l o r a m p h c n i c o l  a n d  t h y m i n e  a d d i t h m )  - -  + + 
3 ( T h y m i n e  o m i s s i o n )  ' -  + o 
4 ( C o n d i t i t , n  3 p h l S  c h h ~ r a m p h e n i c o l  a ( h i i t i o n )  o + o 

• o l . i t t l e  o r  n o  c h a n g e .  
+ I n c r e a s e d  c ( m t c n t  t J r  s u r v i v o r s .  

l l e c r e + t s e d  c o n t e n t  t ) r  x u r v i x ' t ) r s .  

P; (]#(.I. o+++ mtmbct  

o 
+ 

1 ) t S C l . S ~ l ( + X  

The d a t a  suggest tha t  al tering tim I)NA content  of a ccql influences its respoD_~,- to 
X-ray  exposure. When DNA synthesis  was blocked by witholding t h y m i n e  from 
E+ coil I5T_ the chloramphenicol- induced radioresistance did not  materialize. Non- 
t r ea ted  cells grown in thymine-def ic ient  medium were found to be more radiosensitive 
t h a n  cells grown in the presence of thymine .  

The implicat ion of an  increased cellular DNA content  being responsible for the 
enhanced resistance following chloramph~nicot pre- t rea tment  m a y  be a for tut ious 
one. Metabolic changes, o ther  than  those reported here and in the l i terature,  for the 
several macromolccular  components  studied,  probably  take place. Indeed ALL}+++ 
AND POWELSON report  such changes in glucose metabol ism a l though higher concen- 

: t ra t ions  of ehloramphenicol  were employed in their  stud)*, The possibili ty tha t  the 
! induced division delay  of chloramphenicol  pre- t reated cells 9 m a y  contr ibute  to the  
:: response cannot  be overlooked. " R e c o v e r y "  or " res to ra t ion"  could occur dur ing  the  
:! increased lag phase. Invest igat ions  have been described which showed t h a t  sub- :: 
}:: op t imal  growth  conditions,  i.e. low tempera ture  ~, or the presence of inhibitors 6, 
:::i following X-i r radia t ion of 15. cell enhanced the number  of survivors.  The absence of 
:: a chloramphenicol  effect on radiosensi t iv i ty  of s t a t i ona ry  phase cells would suggest 
!:!: t ha t  ant ibiot ic  ca r ry  over is p robably  not involved. The observat ion t h a t  cells " u n -  

balat tced" on ly  in their  R N A  content  do not show the  chloramphenicol  effect, would 

:i::::Re~erences p .  r r6 .  
; :? 
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imply  a more  specific role for the  surplus DNA if in fact  a pos t - i r rad ia t ion  " res to ra -  
t i on"  were occurr ing,  

A sufficient n u m b e r  of repor t s  concerning o the r  a t t e m p t s  to mod i fy  sens i t iv i ty  
expe r imen ta l ly  have  been recorded to establish t h a t  condi t ions  and  stages of  g rowth  
pr ior  to exposure  influence the  rad ia t ion  response of ceils. In a n u m b e r  of these in- 
ves t igat ions  the increased resistance would appea r  to  be the result  of e i ther  increased 
ploidya°, xx or nuclear  n u m b e r  ~ -~'L In  e i ther  case a re la ted  increase in prote in ,  R N A  
and  D N A  would be expec ted .  MORSE AND CARnqr.R a found t h a t  the rad iores i s tan t  
E.  cell st ra in  B/ r  con ta ined  three  to  four  t imes as much  DNA as its sensi t ive pa ren t ,  
s t ra in  B. HOLL:XE~I)ER eg a/.., showed tha t  E .  coil B/r  grown anaerobica l ly  were; more  
res is tant  to  X- rays  than  aerobica l ly  grown cells ~n. In  l ight of the findings of COHI~ ~* 
tha t  anaerobic  f e rmen ta t ion  of glucose favors  de0xyr ibose  fo rmat ion  it would  be of 
in teres t  to de t e rmine  the  re la t ive  D N A  con ten t  of such cells. E n h a n c e d  res is tance 
to  u l t rav io le t  l ight has been r epor t ed  in E.  0oli cells wi th  increased DNA con ten t  
b rough t  a bou t  by  g rowth  e i ther  in the  presence of copper  xr or  the  presence of the  
amino acid analog B-z- th ieny la lan ine  x8. McF.~LL and  col labora tors  ~'~, as a resul t  of  
thei r  studie~ on ~-~P decay  in bac ter ia l  D N A  and  RNA,  conc luded  t h a t  it was the  dis- 
in tegra t ions  occurr ing in the  D N A  t ha t  was p r imar i l y  responsible  for t he  decay-  
induced  loss of v iab i l i ty  in E.  coll. The results of ou r  s tudies  would  lead to  a s imilar  
conclusion wi th  regard to the invo lvemen t  of DNA in r ad ia t ion  dea th .  
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