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Influence of Hydroxyurea, Ellman's Reagent and Potassium Ferricyanide on the Radiosensitivity of 
Escherichia coli 

The  p r i m a r y  chemica l  lesions in D N A  invo lved  w i t h  
r a d i a t i o n  l e t h a l i t y  of b a c t e r i a  are  now  be l ieved  to  be  
s ing le - s t r and  a n d  d o u b l e - s t r a n d  b r e a k s  in D N A  as well  as 
chemica l  changes  of t h e  bases  x,2. Di rec t  chemica l  ev idence  
exis ts  for t h e  r epa i r  of s ingle s t r a n d  a n d  doub le  s t r a n d  
b r e a k s  in  bac t e r i a l  D N A  3,4, a l t h o u g h  t he  r e l a t i onsh ip  be-  
t w e e n  repa i r  of b r e a k s  a n d  r a d i a t i o n  su rv iva l  is no t  ye t  
clear.  

As is well  known,  t h e  p resence  of chemica l  p r o t e c t o r s  or  
sens i t izers  d u r i n g  X - r a d i a t i o n  can  m a r k e d l y  in f luence  t he  
degree  of bac t e r i a l  s u r v i v a l  as s h o w n  b y  changes  in t he  
slope of t h e  i r r a d i a t i o n  dose - su rv iva l  cu rve  5,e. T h e  resul t -  
ing dose m o d i f y i n g  f ac to r  (dmf), or r a t i o  of slopes of t h e  
t r e a t e d  to  u n t r e a t e d  s u r v i v a l  cu rves  is usua l ly  of t he  o rde r  
of a f ac to r  of 2 -4  for b o t h  p r o t e c t i o n  or sens i t i za t ion .  The  
be s t  k n o w n  chemica l  r ad io -p ro t ec to r s  are  a m i n o  thiols ,  
t he  m e c h a n i s m s  of a c t i o n  of w h i c h  h a v e  b e e n  r ecen t l y  
d iscussed  b y  BROWN v, w ho  sugges ts  t h e y  b i n d  to  a n d  
s tab i l ize  D N A  n o t  cove red  b y  h is tones ,  t h u s  r e d u c i n g  t h e  
D N A  rep l i ca t ion  r a t e  so t h a t  r epa i r  processes  can  ac t  be-  
fore t h e  cell is cal led u p o n  to  divide ,  whi le  t h e  r e l a t i ve  
e f fec t iveness  a n d  m e c h a n i s m s  of ac t ion  of va r ious  rad io-  
sens i t izers  h a v e  b e e n  rev iewed  b y  BRIDGES 6. T h e  be s t  
k n o w n  chemica l  rad iosens i t i ze rs  inc lude  i odoace t a t e  (I AA), 
i o d o a c e t a m i d e  (IA), N - e t h y l m a l e i m i d e  (NEM),  a n d  hy -  
d r o x y m e r c u r i b e n z o a t e  (HMB),  wh ich  all h a v e  t h e  c o m m o n  
fea tu re  of b i n d i n g  w i t h  th io l  (SH) groups .  

Thio l  b i n d i n g  agen t s  m a y  serve  as rad iob io log ica l  sensi-  
t i zers  b y  b lock ing  e n d o g e n o u s  t h i o l - c o n t a i n i n g  repa i r  
enzymes ,  t h u s  r educ ing  e n z y m a t i c  r epa i r  s of r a d i a t i o n  
damage .  Accord ing  to  th i s  hypo thes i s ,  sens i t izers  shou ld  
be  equa l ly  ef fec t ive  a d d e d  e i the r  before  or  a f t e r  i r r ad ia t ion ,  
b u t  th i s  is n o t  usua l ly  t h e  case, a n d  sens i t izers  are  m o s t  
ef fec t ive  on ly  w h e n  a d d e d  before  i r r ad ia t ion .  Those  bac-  
te r ia l  s t r a i n s  possess ing  e n z y m a t i c  r epa i r  s y s t em s  shou ld  
be  m o s t  c a p a b l e  of sens i t i za t ion ,  a n d  t h i s  h a s  genera l ly  
b e e n  found  to  be  t rue .  

Chemica l  sens i t izers  m a y  also cause  t h e  f o r m a t i o n  of a 
s t ab l e  n e g a t i v e  rad ica l - ion  b y  r e a c t i o n  w i t h  t h e  r a d i a t i o n  
p r o d u c e d  h y d r a t e d  e lect ron,  a l lowing a g r ea t e r  n u m b e r  of 
l e tha l  r e ac t i ons  to  t a k e  place  a, or  t h e r e  m a y  be  f o r m a t i o n  
of shor t - l ived ,  tox ic  r ad io ly t i c  p r o d u c t s  f rom t h e  sens i t izer  
molecule  w h i c h  can  kill  t h e  b a c t e r i a  1% 

U p o n  e x a m i n i n g  t he  l is t  of th io l  b i n d i n g  a g e n t s  found  to  
be  sensi t izers ,  i t  puzz led  us to  no t e  t h a t  2 c o m p o u n d s  
wide ly  used  in t h e  q u a n t i t a t i v e  ana lys i s  of p r o t e i n  t h io l  
g roups  i.e., 5, 5 ' -d i th iob i s (2 -n i t robenzo ic  acid) ( D T N B )  or  
ELLMAN'S r e a g e n t  11, a n d  p o t a s s i u m  fe r r i cyan ide  (PF)a*, 
h a v e  n o t  ye t  been  r e p o r t e d  for  poss ible  r ad iosens i t i z ing  
ac t i v i t y .  These  2 c o m p o u n d s  a re  s t r o n g  ox id iz ing  a g e n t s  
c apab l e  of c o n v e r t i n g  t he  t h io l  g roups  in  p r o t e i n  to  di- 
sulfides,  t h e y  in  t u r n  be ing  reduced ,  as s h o w n  in e q u a t i o n s  
1 a n d  2 ( u n b a l a n c e d ) :  

1 
COOH COOH 

i ~-----~/NO¢ + RSH ~* R S - - S ~ N O 2 +  

S~NO2 HS~ NO2 
COOH COOH 

2 KaFe(CN)e + 2 R S H - ~  R S - S R  + K4Fe(CN)e 

I n  o rde r  to  f u r t h e r  t e s t  t h e  gene ra l i t y  of r ad iosens i t i za -  
t i on  b y  th io l  b i n d i n g  agents ,  we h a v e  e x a m i n e d  D T N B  
a n d  P F  as poss ible  radiosens i t izers ,  a n d  r e p o r t  here  ou r  
resu l t s  w i t h  t h e  r a d i o r e s i s t a n t  b a c t e r i a  E. coli B / r  (CSH), 
a n d  w i t h  t he  r ad iosens i t i ve  b a c t e r i a  E. coli Bs_ 1 (Hill), 
2 s t r a in s  sens i t ized  b y  N E M  u n d e r  anox ic  cond i t i ons  13. 

Since i n h i b i t o r s  of D N A  syn thes i s  m a y  be  expec t ed  to  
h a v e  a n  effect  on  cel lular  r epa i r  processes  wh ich  also can  
inf luence  r a d i a t i o n  surv iva l ,  we inc lude  here  some pre-  
l i m i n a r y  resu l t s  w i t h  h y d r o x y u r e a  (HU) as a bac t e r i a l  
rad iosens i t izer .  S inc la i r  ha s  found  t h a t  h y d r o x y u r e a  sensi-  
t izes  Chinese  h a m s t e r  cells to  X - r a y s  x*, whi le  JACOBSON 
repo r t s  H U  is a r a d i o p r o t e c t o r  of E. coli K 12 is. 

Solu t ions  of these  c o m p o u n d s  were i n d i v i d u a l l y  f resh ly  
p r e p a r e d  in  sa l ine  p h o s p h a t e  buf fe r  (pH 6.8) a n d  pre l imi-  
n a r y  t o x i c i t y  s tud ies  w i t h  E. coli B/ r  (CSH) a n d  Bs_ 1 were  
ca r r i ed  o u t  to  assure  use of a d r u g  c o n c e n t r a t i o n  w i t h o u t  
toxic  effect  on  u n i r r a d i a t e d  or  i r r a d i a t e d  bac te r i a .  F r o m  
th i s  s t u d y  c o n c e n t r a t i o n s  emp loyed  were 1 0 - 2 M  w i t h  
D T N B  a n d  H U ,  a n d  1 0 - 3 M  w i t h  PF .  E x p e r i m e n t s  w i t h  
i r r a d i a t e d  so lu t ions  of these  c o m p o u n d s  a d d e d  to  un-  
i r r a d i a t e d  b a c t e r i a  were  also ca r r ied  o u t  to  d e t e r m i n e  
w h e t h e r  r ad io ly t i c  p r o d u c t s  toxic  to  t h e  b a c t e r i a  were 
p r o d u c e d  t he  resu l t s  be ing  n e g a t i v e  for all 3 c o m p o u n d s .  
E. coli B/ r  (CSH), h a v i n g  a D 0, or  dose to  i n a c t i v a t e  63% 
of t h e  bac te r i a l  p o p u l a t i o n  (anoxic)  of 23 krads ,  a n d  
E. coli Bs_l, w i t h  a D o (anoxic)  of 3 krads ,  were g rown  f rom 
a loop in n u t r i e n t  b r o t h  (Difco) w i t h  a e r a t i o n  a t  37 °C to  
t he  midd le  or  end  of log p h a s e  (4 h) y ie ld ing  an  a p p r o x i m a t e  
t i t e r  of 5 × 10 s cells/ml.  The  cells were  r e f r ige ra ted  over -  
n igh t ,  s p u n  down,  washed ,  r e s u s p e n d e d  in sa l ine  p h o s p h a t e  
buf fe r  (pH 6.8) a n d  s t a r v e d  a t  37 °C w i t h  a e r a t i o n  before  
i r r a d i a t i o n  for  dose - su rv iva l  s tudies .  The  a p p r o p r i a t e  
v o l u m e  of sens i t izer  so lu t ion  or buf fe r  for t h e  con t ro l s  was  
a d d e d  to  a t o t a l  v o l u m e  of 2 ml  a n d  t he  m i x t u r e s  held  a t  
0 °C for 30 m i n  pr io r  to  i r r a d i a t i o n  in screw cap  glass vials .  
P r e - i r r a d i a t i o n  b u b b l i n g  w i t h  e i t h e r  o x y g e n  or  n i t r o g e n  
was ca r r ied  o u t  d u r i n g  t h i s  ho ld ing  period.  T h e  v ia ls  were  
t h e n  exposed  a t  i c e b a t h  t e m p e r a t u r e  to  280 K V P  X - r a y s  
f rom a dua l  b e a m  P i c k e r  V a n g u a r d  Uni t ,  o p e r a t i n g  a t  
280 K V  a n d  20 mA,  a t  a dose r a t e  of 1.24 k r a d s / m i n ,  w i t h  
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Fig. 1. Dose-survival curve for log phase E. coli B/r (CSH) and Bs_ 1 
irradiated in saline-phosphate buffer at 0 °C with 280 KV X-rays in 
the presence (filled symbols) and absence (open symbols) of 10-2M 
5,5"-dithiobis (2-nitrobenzoic acid) (DTNB) or 10-SM potassium 
ferricyanide (PF), under anoxic and aerobic conditions. 
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Fig. 2. Dose-survival curve for log phase E. coli B/r (CSH) and 
E. coli Bs_ 1 irradiated in saline-phosphate buffer at 0 °C with 280 KV 
X-rays in the presence (filled symbols) or absence (open symbols) of 
10-*M hydroxyurea (HU) under anoxie and aerobic conditions. 

c o n t i n u o u s  gas  bubb l ing .  Samples  were  w i t h d r a w n  a f t e r  
g r a d e d  X - r a y  doses, a n d  a f t e r  a p p r o p r i a t e  d i l u t i o n  t h e  
n u m b e r  of s u r v i v i n g  b a c t e r i a  was  d e t e r m i n e d  b y  p l a t i n g  
o n  n u t r i e n t  agar ,  i n c u b a t i n g  a t  37 °C o v e r n i g h t ,  a n d  c o u n t -  
ing t h e  n u m b e r  of v is ib le  colonies  p roduced .  

Typ i ca l  su rv iva l  cu rves  o b t a i n e d  for  anox ic  a n d  aerobic  
E. coli Bs_ 1 a n d  B / r  (CSH) suspens ions  in t he  p resence  or  
absence  of 1 0 - * M  D T N B  or 1 0 - 3 M  P F  are  s h o w n  in  
F igu re  1. U n d e r  t h e  cond i t ions  of t h i s  e x p e r i m e n t  i t  is 
seen t h a t  t h e  th io l  b i n d i n g  a g e n t  D T N B  is n o t  a rad io-  
sens i t izer  for e i t he r  s t r a i n  u n d e r  e i t h e r  aerobic  of anox ic  
condi t ions ,  whi le  P F  is a r ad iosens i t i ze r  u n d e r  a n o x i a  for  
B / r  w i t h  a d m f  of 2.4. T he  s l igh t  s ens i t i za t ion  of B~_ 1 w i t h  
a d m f  of 1.2 is n o t  cons idered  s igni f icant .  D T N B  a p p e a r e d  
to  r educe  t h e  shou lde r  of t h e  Bs_ 1 anox ic  s u r v i v a l  curve ,  
b u t  t he  f ina l  slope was  u n c h a n g e d .  Hence ,  of t h e  2 t h io l  
b i n d i n g  a g e n t s  i n v e s t i g a t e d  P F  was  a r ad iosens i t i ze r  whi le  
D T N B  was  no t .  I r r a d i a t e d  so lu t ions  of P F  or  D T N B  were  
f o u n d  to  h a v e  no  effect  on  bac t e r i a l  s u r v i v a l  of e i t h e r  
s t r a i n  w h e n  b a c t e r i a  were  a d d e d  w i t h i n  i0  sec a f t e r  d r u g  
i r r ad ia t ion .  W e  m a y  obs e r ve  t h a t  a m a j o r  d i f fe rence  be-  
t w e e n  the se  2 th io l  po i sons  is t h e  r e l a t i ve ly  large  size of t h e  
D T N B  molecule  c o m p a r e d  w i t h  P F .  D T N B  m a y  n o t  a c t  
as  a r a d i a t i o n  sens i t i ze r  desp i t e  i t s  t h io l  b i n d i n g  c a p a c i t y  
because  of i t s  size w h i c h  m a y  i n h i b i t  p e n e t r a t i o n  to  sensi-  
t i ve  s i tes  in  t h e  b a c t e r i u m .  W e  h a v e  no  d i r ec t  ev idence  o n  
t h i s  p o i n t  however .  I n  t h e  p resence  of oxygen ,  t h e  r e d u c i n g  
rad ica l  H -  or e - a q  becom es  a n  ox id iz ing  species, HO,-  o r  
O,,  a n d  ox id iz ing  rad ica l s  a re  be l i eved  more  l e t h a l  to  cells 
t h a n  r educ ing  radicals ,  poss ib ly  b y  p r o d u c i n g  a g r ea t e r  
a m o u n t  of base  d a m a g e  in  t h e  bac t e r i a l  ch romosome .  T h e  
r e q u i r e m e n t  for  a n o x i a  b y  P F  a n d  o t h e r  rad iosens i t i ze r s  
m a y  ref lect  t h e i r  i n a b i l i t y  to  e i t he r  e n h a n c e  base  d a m a g e  
or  i n h i b i t  t he  r epa i r  of base  damage ,  s ince  on ly  base  de-  
s t r u c t i o n  is more  eff ic ient  u n d e r  aerobic  t h a n  anox ic  ir-  

r a d i a t i o n  c o n d i t i o n s  2 b u t  n o t  s ingle  s t r a n d  b r e a k s  in DNA,  
w h e n  t h e  ef fec t  of r a d i a t i o n  is d i r ec t  le. 

H y d r o x y u r e a  (HU)  a t  1 0 - 2 M  (Figure  2) was  also f o u n d  
t o  be  a n  ef fec t ive  r ad iosens i t i ze r  u n d e r  anox ic  c o n d i t i o n s  
for  E .  coli B / r  (CSH) w i t h  a d m f  of 3.6, a n d  a w e a k  rad io-  
sens i t izer  for  E. coli Bs_ 1 u n d e r  anoxia ,  w i t h  a d m f  of J. 7. 
H y d r o x y u r e a  is n o t  cons ide red  to  be  a t h i o l b i n d i n g  agei, t ,  
y e t  i t  r e sembles  t h io l  b i n d i n g  a g e n t  r ad iosens i t i ze r s  such  
as P F  a n d  N E M  in h a v i n g  a r e q u i r e m e n t  for  a n o x i a  in  
o rder  to  sensit ize,  a n d  a l a rger  d m f  w i t h  E. coli B / r  (CSH) 
t h a n  w i t h  E. coli Bs_ 1. I f  i n h i b i t i o n  of r epa i r  e n z y m e s  is 
i n v o l v e d  in  r ad io sens i t i z a t i on  t h e n  sens i t izers  shou ld  be  
less ef fec t ive  w i t h  r epa i r  de f ic ien t  bac te r i a ,  wh ich  is i ndeed  
obse rved  he re  for  P F  a n d  H U  17. 

Zusammen/assung. Zwei t h i o l b i n d e n d e  Agen t i en ,  
K3Fe(CN)~ u n d  ELLMANS Reagens  wie a u c h  de r  die D N A -  
S y n t h e s e  h e m m e n d e  O x y h a r n s t o f f  w u r d e n  als m6gl i che  
bak te r i e l l e  Sens ib i l i s a to ren  ftir R 6 n t g e n s t r a h l e n  u n t e r -  
such t .  K3Fe(CN)8 u n d  O x y h a r n s t o f f  i m  M e d i u m  k 6 n n e n  
die B a k t e r i e n  ffir die I n a k t i v i e r u n g  d u t c h  R 6 n t g e n s t r a h l e n  
b e s o n d e r s  sens ib i l i s ie ren  (stArker m i t  E. coli B / r  als  m i t  
E.  coli B,_0. 
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