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Induction of Bacteriophage and Colicin by 
Means of Acridine Orange 

Acr id ine  de r i va t i ve s  a n d  s imi la r  t r icycl ic  dyes  c an  in-  
f luence  t he  biological  p rope r t i e s  of m i c r o o r g a n i s m s ;  t h e y  
can  in p a r t i c u l a r  i n a c t i v a t e  t h e m  a n d  induce  m u t a t i o n s  
etc.  L I t  ha s  been  p r o v e d  for  some dyes  t h a t  t h e s e  bio-  
logical effects  are  cond i t i oned  b y  t h e  p a r t i c i p a t i o n  of 
v is ib le  l ight .  T h e  p h o t o d y n a m i c  m e c h a n i s m  for  i n a c t i v a -  
t ion  and  m u t a g e n i c  effect  on  b a c t e r i a  was  d e m o n s t r a t e d  
b y  WACKER et  al. ~ for  m e t h y l e n e  b lue  and  t h i o p y r o n i n e ,  
a n d  b y  KOUDELKA e t  al. 3 for  ac r id ine  o range  (AO). Th i s  
m e c h a n i s m  can  be exp l a ined  b y  the  ene rgy  t r a n s f e r  f rom 
the  exc i ted  dye  molecule  a t t a c h e d  to  i m p o r t a n t  ce l lu la r  
s t ruc tu res ,  especia l ly  to  nucle ic  acids,  w i t h  t h e  r e su l t  t h a t  
these  s t r u c t u r e s  are  d e s t r o y e d  4,5. Accord ing  to  PEACOCKE 
a n d  SKERRETT 1 t h e  bac t e r i c ida l  a n d  b a c t e r i o s t a t i c  effects  
of ac r id ine  dyes  are exp l a ined  b y  t he  s ame  m e c h a n i s m ,  

I n  t he  p r e sen t  work  we used  t h e  p h o t o d y n a m i c  effect  
of AO on t he  i n d u c t i o n  of p h a g e  a n d  colicin p r o d u c t i o n  in 
lysogenic  a n d  col ic inogenic  E.  cell cells. 

T h e  fol lowing s t r a i n s  of E .  cell, f i rs t  descr ibed  b y  
SMARDA 6, were  used :  s t r a i n  18 (bo th  lysogenic  a n d  
col icinogenic) ,  I I  ( sens i t ive  to  p h a g e  p r o d u c e d  b y  s t r a i n  
18), a n d  B:  (sensi t ive  to  i t s  colicin).  

The  cells of s t r a i n  18 were  h a r v e s t e d  f rom a b r o t h  cul-  
t u r e  t o w a r d s  t he  end  of t h e  l oga r i t hm i c  phase  of g rowth .  
T h e y  were r e s u s p e n d e d  i n  s y n t h e t i c  m e d i u m  M-97 a n d  
d i l u t ed  w i t h  t h e  s ame  m e d i u m  to o b t a i n  a b o u t  107 cells 
pe r  rot. To 5 ml  of suspens ion  a I O - a M  so lu t ion  of ac r id ine  
o range  h y d r o c h l o r i d e  was  added ,  to  a f ina l  c o n c e n t r a t i o n  
of 2 . 1 0 - ~ - 2 - 1 0 - S M .  T h e  s ame  suspens ion ,  to  w h i c h  t h e  
c o r r e s p o n d i n g  v o l u m e  of M-9 was  added ,  se rved  as con-  
trol.  All s amples  were i n c u b a t e d  1 h a t  37°C. F r o m  each  
pa i r  of samples  w i t h  t he  same  dye  c o n c e n t r a t i o n  one por-  
t ion  was t r a n s f e r r e d  i n to  a P e t r i  d i sh  a n d  i r r a d i a t e d  for 
30 ra in  w i t h  a 200-W l a m p  a t  a d i s t ance  e l  20 cm. The  
con t ro l  was also i r r a d i a t e d  a t  the  s ame  t ime.  T h e  o t h e r  
po r t i on  of s amples  w i t h  AO was  i n c u b a t e d  in t h e  dark .  
All samples ,  b o t h  i r r a d i a t e d  a n d  n o n - i r r a d i a t e d ,  were 
carefu l ly  cen t r i fuged .  The  cells f rom t h e  pe l le t  were 
t r a n s f e r r e d  to  su i t ab l e  vo lumes  of b r o t h  a n d  i n c u b a t e d  
a t  37°C. 

2-ml samples  were r e m o v e d  a t  i n t e rva l s  v a r y i n g  f rom 
0 to 6 h a n d  t h e  n u m b e r  of l iv ing  cells (colony formers)  
in  t h e m  coun ted .  T h e  t i t r e  of p h a g e  a n d  colicin was t h e n  
e s t i m a t e d  in  th~  u t t r a f i l t r a t e s  or  s u p e r n a t a n t  f luids ob-  
t a i n e d  a f t e r  cen t r i fuga t ion .  

In  these  e x p e r i m e n t s  we obse rved  an  increase  of free 
p h a g e  t i t r e  to  4 t imes  t h e  con t ro l  v a l u e  ( t i t re  in  t h e  sus-  
pens ion  w i t h o u t  t he  dye) a t  i n t e rva l s  r a n g i n g  f rom 1.5-5 h 
a f t e r  i r r ad ia t ion .  The  e f fec t ive  c o n c e n t r a t i o n  of AO was 
1 .6 .10 -SM.  T h e  colicin t i t r e  was  increased  to twice  the  
con t ro l  va lue  b y  m e a n s  of 2 . 1 0 - e M  AO. T he  re su l t  of 
t h i s  e x p e r i m e n t  was  no t ,  however ,  ful ly conv inc ing .  W e  
d id  n o t  d e t e c t  a n y  t i t r e  increase  in t h e  suspens ions  incu-  
b a t e d  in t he  dark .  

In  all e x p e r i m e n t s  we obse rved  a d rop  in t h e  n u m b e r  of 
l iv ing cells in  i r r a d i a t e d  suspens ions  (wi th  AO) in com-  
par i son  w i t h  t he  control .  Th i s  was n o t  d e m o n s t r a t e d  in 
n o n - i r r a d i a t e d  cu l tures .  T he  doses  of l igh t  used exer ted  
t he  p h o t o d y n a m i c  bac te r i c ida l  effect  on  E .  cell ceils. T h e  
d rop  in t he  n u m b e r  of l iv ing  cells causes,  of course,  a 
d r o p  in p h a g e  a n d  colicin p r o d u c t i o n  as well. F o r  t h i s  
r ea son  we d e t e r m i n e d  t he  r e l a t i ve  t i t r e  of p h a g e  a n d  
colicin pe r  l iv ing  cell. 

On c o m p a r i n g  these  r e l a t ive  t i t r e  va lues  w i t h  those  in a 
con t ro l  cu l t u r e  w i t h o u t  dye,  we f o u n d  a n  11-fold (maxi -  
m u m )  increase  in  t h e  p r o d u c t i o n  of p h a g e  in  t h e  cu l tu res  

i r r a d i a t e d  w i t h  AO. Th i s  increase  was d e t e c t a b l e  up  to 
5 h a f t e r  i n d u c t i o n  (Figure) .  As fa r  as colicin is con- 
cerned,  we aga in  obse rved  a n  increase  of i t s  t i t r e  t h r o u g h  
the  p h o t o d y n a m i c  ac t ion  of 2 . 1 0 - 6 M  AO to  o n l y  twice 
t h e  con t ro l  va lue .  

F o r  t h e  i n d u c t i o n  of p h a g e  in  tysogenic  a n d  of colicin 
in  col ic inogenic  b a c t e r i a  m a n y  phys ica l  a n d  chemica l  
a g e n t s  h a v e  been  used  (for r ev i ew see 8). Most  of 
t h e m  are  s i m u l t a n e o u s l y  m u t a g e n s .  Of t he  ac r id ine  dyes  
on ly  p ro f l av ine  g a n d  ac r i f l av ine  :° h a v e  been  used for the  
i n d u c t i o n  of phage ,  b u t  no  pos i t ive  resu l t s  were achieved.  
P h a g e  p r o d u c t i o n  due  to  t he  s i m u l t a n e o u s  e f fec t  of  AO 
a n d  vis ib le  l igh t  was  successful ly  p e r f o r m e d  in our  ex- 
pe r imen t s .  The  i n d u c t i o n  effect  in  t he  n o n - i r r a d i a t e d  
con t ro l  g roup  was  n o t  s ign i f i can t ;  here  t h e  m i n u t e  
changes  in p h a g e  t i t r e  (max.  2-fold increase)  d id  no t  ex- 
ceed t h e  r a n g e  of e x p e r i m e n t a l  dev ia t ions .  

The  i n d u c t i o n  effect  t h u s  o b t a i n e d  is r e l a t ive ly  low in 
c o m p a r i s o n  w i t h  t h a t  of U V - i r r a d i a t i o n  or o t h e r  i nduc ing  
agents .  However ,  i t  is possible  t h a t  p h a g e  i n d u c t i o n  by  
t he  p h o t o d y n a m i c  ac t ion  of AO could  be  inc reased  by  
v a r y i n g  t h e  e x p e r i m e n t a l  cond i t ions .  W e  suppose  t h a t  
t h e  nega t i ve  r e su l t  in p r o i l a v i n e  and  acr i f l av ine  induc-  
t i on  9, :0 was  due  to  neglec t  of t h e  p h o t o d y n a m i c  ac t ion  of 
t h e  dye.  As nucle ic  ac ids  are  t he  s i te  of r e a c t i o n  of AO, 
p ro f l av ine  a n d  o t h e r  s imi la r  dyes  in  t h e  cell, we sugges t  
t h a t  r egu la t i ve  m e c h a n i s m s  of t h e  cell me t abo l i sm ,  
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directed b y  nucle ic  acids,  a re  in f luenced  b y  t h e  p h o t o -  
dynamic  a c t i o n  of dyes.  P h a g e  i n d u c t i o n  c a n  t h e n  be  
expla ined  in t he  s ame  way.  

Af ter  t h e  e x p e r i m e n t s  desc r ibed  a b o v e  h a d  b e e n  
finished, t he  p a p e r  of GEISSLER a n d  WACKER 11 appea red .  
These a u t h o r s  obse rved  i n d u c t i o n  of b a c t e r i o p h a g e  ~ in 
E. coli K12 b y  m e a n s  of t h i o p y r o n i n e  on ly  a f t e r  v is ib le  
l ight  i r r ad ia t ion .  I n  c o n t r a s t  to  AO, i t  is well  k n o w n  t h a t  

i ° p y r o n i n e  p h o t o o x i d i z e s  t h e  g u a n i n e  res idues  in  t h e  
A molecule .  

Zusammen/assung. Es  wird  f iber E rgebn i s se  bei  de r  In -  
duk t ion  de r  P h a g e -  u n d  Col i c insyn these  in E. coli (S ta tu re  
18) d u r c h  p h o t o d y n a m i s c h e  W i r k u n g  des A c r i d i n o r a n g e  

be r i ch t e t .  D e r  P h a g e n t i t e r  w u r d e  1 l m a l ,  de r  Col ic in t i t e r  
k a u m  2mal  e rbSh t .  A c r i d i n o r a n g e  zeigte  o h n e  B e l i c h t u n g  
ke inen  d e u t l i c h e n  Ef fek t .  
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Charge-Transfer Complexattons among 
Btochemically Reactive Compounds: 

The  t h e o r y  of c h a r g e - t r a n s f e r  s pec t r a  was  deve loped  
b y  M:JLLIKEN* a n d  a r ev i ew p u b l i s h e d  b y  ORGEL ~. As 
po in ted  o u t  b y  KOSOWER 4, a necessa ry  consequence  of 
the  ex i s t ence  of e l ec t ron  d o n o r - a c c e p t o r  complexes  
Stabil ized b y  cha rge  t r a n s f e r  is t he  ab i l i ty  of t he  g r o u n d  
s t a t e  to  a b s o r b  l ight ,  u n d e r g o i n g  a n  e lec t ronic  t r a n s i t i o n  
to a n  exc i ted  s t a t e  for wh ich  t h e  m a j o r  c o n t r i b u t i n g  form 
is t he  complex .  

S tud ies  on  t h e  c o m p t e x a t i o n  of f l av ins  h a v e  b e e n  re- 
v iewed b y  ]~EINERT 5. Complex ing  r eagen t s  cause  a de-  
crease of i n t e n s i t y  a n d  a s l igh t  b a n d  sh i f t  t o w a r d  longer  
Wavelengths  in b o t h  a b s o r p t i o n  a n d  f luorescence spec t r a  
of f lavins .  Indeed ,  c h a r g e - t r a n s f e r  i n t e r a c t a n t s  in  bio- 
c h e m i s t r y  inc lude  pu r ine  a n d  p y r i m i d i n e  de r iva t ives ,  
a r o m a t i c  a m i n o  acids,  ho rmones ,  v i t a m i n s  a n d  coen-  
zymes,  a n d  a g e n t s  w h i c h  a re  k n o w n  to uncoup le  e lec t ron  
t r a n s p o r t  f r om o x i d a t i v e  p h o s p h o r y l a t i o n L  

The  p r e s e n t  work  was  d o n e  to e x t e n d  genera l ly  our  
recogn i t ion  of t h e  p h e n o m e n o n  of c h a r g e - t r a n s f e r  com-  
p lexa t ions  a m o n g  b iochemica l l y  s ign i f i can t  c o m p o u n d s ,  
especial ly  in  t h e  p r e s e n t  case w i t h  complexer s  of t h e  
v i t amin ,  r ibof lav in ,  w h i c h  p a r t i c i p a t e s  as c o e n z y m e  forms 
m ox ida t ions  ca t a lyzed  b y  f l avopro te ins ,  a n d  w i t h  com- 
plexers  of a r e c e n t l y  recognized  u n c o u p l e r  of ox ida t i ve  
p h o s p h o r y l a t i o n ,  1,1, 3 - t r i c y a n o - 2 - a m i n o - l - p r o p e n e  7. 

Experimental. S p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  were 
Inade  w i t h  a B e c k m a n  Mode l  D.U.  w i t h  p h o t o m u l t i p l i e r  

t u b e  us ing  fused  sil ica c u v e t t e s  a t  room t e m p e r a t u r e ,  The  
w a v e l e n g t h s  se lec ted  for n o t i n g  changes  in op t ica l  d e n s i t y  
of a n y  g iven  c o m p o u n d  were  those  n e a r  a cha r ac t e r i s t i c  
c h r o m o p h o r e  whe re  m a x i m a l  decreases  were  seen u p o n  
c o m p l e x  f o r m a t i o n .  

T h e  r e l a t i ve  m a g n i t u d e  of c o m p l e x a t i o n  of seve ra l  re- 
p r e s e n t a t i v e  c o m p o u n d s  w i t h  r i bo f l av in  is s h o w n  b y  t he  
d a t a  in  t h e  Table .  Mos t  of t he  c o m p l e x i n g  r eagen t s  s h o w n  
are  p r e s u m e d  to  u n d e r g o  z b o n d  i n t e r ac t i ons .  T h o u g h  ~, 

complexes  p r o b a b l y  p r e d o m i n a t e ,  n, ~ i n t e r a c t i o n  is also 
possible  in  c e r t a i n  in s t ances .  As is t r ue  w i t h  c h a r g e - t r a n s -  
fer  complexes  in  genera l ,  t h e  degree  of a ssoc ia t ion  of these  
complexes  is t e m p e r a t u r e  d e p e n d e n t .  

T h e  spec t r a l  c h a n g e s  w h i c h  a c c o m p a n y  c o m p l e x a t i o n  
of r i b o f l a v i n  w i t h  1, 1, 3 - t r i c y a n o - 2 - a m i n o - l - p r o p e n e  a re  
s h o w n  in F i g u r e  1. As seen  in  p a r t  A of t h e  Figure ,  ab -  
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Complexation of various compounds with D-riboflavin ~ 

Complexing compound 
64/tM compound alone 130/*M riboflavin added 
~m~ O.D. O.D. A O.D. % decrease 

a-Tryptophan 275 0.36 0.03 0.33 92 
P'Aminobenzoic acid 265 0.90 0.22 0.68 76 
Triethylenemelaminc 225 2.70 11.64 2.06 76 
Flavianie acid 225 1.27 0.43 0.84 67 
Pieric acid 220 0.89 0.30 0.59 66 
*n'Dinitrobenzene 240 0.97 0.52 0.45 46 
Caffeine 275 0.60 0.33 0.27 45 
°'Phenylenediamine 290 0.20 0.14 0.06 31 
3, 5-Ditfitrosalicylic acid 215 0.76 0.6 l 0.15 20 
A~:thranilic acid 210 1.45 1,16 0,29 20 
Carbonylcyanide p-chlorophenylhyd razone 230 0.50 0.41 0.09 18 
L'Phenylalanine 205 0.55 0.52 0.03 5 

Values for 2m/~ and O.D. of complexing compounds were measured in 0.1M sodium phosphate buffer, pH 7, against a buffer blank. 
Vahms for O.D. of complexing compounds in the presence of riboflavin were measured in the buffer against a buffer plus riboflavin blank. 


