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SUMMARY 

Mutants resistant to lethal concentrations of caffeine (Caf R) were derived from 
Escherichia coli KI2. Caffeine resistance conferred on the mutants enhanced by 
a factor of I . I  2.2 the resistance spontaneously shown by the wild-type strain. 

Caffeine was not found to behave as a purine analogue in the biosynthetic 
pathway of purines. Neither cross-resistance to other purine analogues nor excretion 
or requirement in purine bases was observed. 

Caffeine-resistant bacteria derived from UV repair deficient strains appeared 
to acquire an increased resistance to UV irradiation. Some of these mutants could 
partially repair the UV damage produced in the bacterial DNA whereas for phage 
DNA they were either fully or not at all able to perform host-cell reactivation of 
UV-irradiated phage 2. 

In some Caf ~ mutants there was a correlation between acquisition of caffeine 
resistance and suppression. About 80~o of Caf R mutants derived from E.  coli KI2 
substrain 112-12 carried the amber suppressor su- I I+.  It  is suggested that selection 
of Caf R mutants might be a way of collecting bacteria with suppressors. 

INTRODUCTION 

In bacteria and bacteriophages, ultraviolet irradiation of wavelength 2537 A 
is selectively absorbed by nucleic acids which are then damaged by UV-irradiation. 
Pyrimidine dimers are formed by UV light in the irradiated DNA (refs. 4, 34). The 
UV-damaged DNA can be repaired in the absence of visible light by enzymic processes 
which lead to the excision of pyrimidine dimers and to the restoration of the continuity 
of the DNA strands 3°& These enzymes not only operate on bacterial DNA but also on 
double-stranded phage DNA such as TI  (ref. 28), 2 (ref. I6), RF4~X 174 (ref. 17). 

First LIEB ~2, then SAUERBIER 28 and METZGER ~4, showed that caffeine inhibits 
the repair processes in UV-damaged DNA. The mechanism of caffeine's action is not 
yet established. It  was recently proposed by ROULLAND-DUSSOIX 2~ that caffeine could 
directly block the activity of repair enzymes. This hypothesis is based upon the fact 
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t ha t  caffeine inhibi ts  tile ac t iv i t \ ,  of a few nucieases in ,'itro. A('c,)r(linR to SnLxI..\I~.\ 
AND TAKAG129, t hymine  dimers  are not excised from tile [7\, '-damagt,d I)NA in tile 
presence of caffeine. 

From Escherichia coli K 12, we isolated bac te r ia l  m u t a n t s  more res is tant  than  
the original  t ype  to the toxic  act ion of caffeine. Many of these mu ta n t s  at)t;)eared 
also to be more res is tan t  to the  le thal  effect of UV i r radia t ion.  The same result  was 
i ndependen t ly  found by  GRI(;O ~ using E. eoli B. If caffeine-resis tant  mu ta n t s  were 
selected not  from the  wi ld - type  s t ra in  bu t  from host-cell  reac t iva t ion  deficient ( H e r )  
s t rains ,  a pa r t i a l  res tora t ion  of the  capac i ty  to repai r  UV lesions was obta ined.  
Bac te r ia l  surv iva l  as well as host-cell  r eac t iva t ion  of UV- i r rad ia ted  2 phage could 
be restored.  

We have  shown tha t  res tora t ion  of the  capac i ty  to repai r  UV lesions in cwf- 
fe ine-res is tant  m u t a n t s  der ived  from repair-def ic ient  s t ra ins  was \ ' e r r  l ikely due to 
the  correct ion b y  a suppressor  of the  original  m u t a t i o n  responsible for the UV repai r  
deficiency. We showed tha t  in a bac te r ia l  s t ra in  ca r ry ing  amber  nmta t ions ,  selection 
for caffeine resis tance could lead to suppression of these amber  muta t ions .  Therefore,  
select ion for caffeine res is tance m a y  resul t  in indirect  selection for suppressors  and  
thus  m a y  permi t  us to de te rmine  whe ther  a m u t a t i o n  is suppressible.  

MATERIAL AND METHODS 

Bacterial strains 
The caffeine-res is tant  (Caf R) bac te r ia l  m u t a n t s  were der ived  from the E. eoli 

K I 2  subs t ra ins  shown in Table  I. S t ra ins  CA 85, CA 5Ol 3, CA 16I and  QD 5003 were 
used as control  for suppress ion tests  a2 (Table I). 

Selection of Car 1~ mutants; level of caffei~w resistance 
Caffeine gradient preparation. The technique  used to p repare  caffeine grad ien ts  

was der ived  from t h a t  of SZYBALSKI AND BRYSON 31. Io -em d iame te r  pe t r i  dishes 
were s l an ted  (IO~'o decl iv i ty)  and  poured  with  25 ml nu t r i en t  or L agar  conta in ing  
caffeine (usually 16 g/l).  As soon as the  b o t t o m  layer  had  hardened ,  dishes were laid 
hor i zon ta l ly  and a second 25-ml nu t r i en t  or L agar  layer  wi thou t  caffeine was poured.  
Such caffeine g rad ien t s  a p p e a r e d  to  be s table  for a t  least  3 days.  

Selection of car R mutants. Samples  conta in ing lO 9 cells of an overnight  cul ture  
of the  s t ra in  to be tes ted  were p l a t ed  wi th  3 ml soft agar  on to caffeine g rad ien t  
plates .  Unde r  such condi t ions  cells grew on the side of the  p la te  where caffeine was 
below the le tha l  concen t ra t ion  for the  s t rain.  Caf R m u t a n t s  appea red  on a s t r ip  along 
the  l imi t  of no rma l  cell growth.  

Caffeine resistance. The caffeine resis tance level was measured  by  e i ther  or both 
of the  following techniques.  (a) The resis tance was e s t ima ted  by  the wid th  of bacter ia l  
g rowth  on grad ien t  p la tes  and  expressed in cm along the concent ra t ion  gradient .  
(b) Le tha l  caffeine concent ra t ions  were de te rmined  by  using plain caffeine nu t r ien t  
agar  p la tes  conta in ing  concent ra t ions  of caffeine ranging  from 0.2 to 0.8°0. Drops  
of Io  a bac te r ia  were depos i ted  on to  these plates .  Af ter  overnight  incuba t ion  at 37 ° 
visible colonies grew only at  permiss ible  caffeine concent ra t ion  levels. S t ra in  GY 514, 
for instance,  grew on ly  in a concen t ra t ion  up to 3.5 g/t. 

Caffeine gradient pattern. In order  to  es tabl ish  the  p a t t e r n  of caffeine concen- 
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t r a t i o n  g r a d i e n t  and  to re la te  the  2 m e t h o d s  desc r ibed  ab(~vc for the  n l e a s n r e m c n t  
of the  caffeine res i s t ance  level ,  we e x a m i n e d  the  g r o w t h  r ange  of bac te r ia l  s t ra ins  

GY 514, GY 515 and  M BI~ 40 on va r ious  p la tes  c o n t a i n i n g  increas ing  c o n c e n t r a t i o n s  
of caffeine in t h e  b o t t o m  aga r  laver .  In so do ing  we inves t i ga t ed  the  d i s t r i bu t ion  of 

k i l l ing  c o n c e n t r a t i o n s  of caffeine at  3.5 and  4 g / l  at  t he  sur face  of va r ious  g r a d i e n t  

p l a t e s  (Iqg. z). This  e x p e r i m e n t  showed  t h a t  caffeine was not  l inea r ly  d i s t r i b u t d  

a long  the  c o n c e n t r a t i o n  axis.  The  caffeine c o n c e n t r a t i o n  g r a d i e n t  was no t  cons tan t .  

T h e  caffeine c o n c e n t r a t i o n  at  a g iven  po in t  on a p l a t e  c a n n o t  be d e r i v e d  f rom 

an a r i t h m e t i c a l  f o r m u l a  b u t  can  on ly  be a sce r t a ined  f rom the  e x p e r i m e n t a l  cmwe  

es t ab l i sh ing  the  g r a d i e n t  c o n c e n t r a t i o n  p a t t e r n .  There fo re ,  in the  fo l lowing  we shall  

de s igna t e  caffeine res i s t ance  levels  by  the i r  e x p e r i m e n t a l  va lues  g iven  in cm. 
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Fig. 1. Caffeine-concentration-gradient pattern. Caffeine-gradient plates were prepared with vari- 
ous caffeine concentrations ranging from 4 g/1 to 24 g/1 in the bottom agar layer as shown on the 
ordinate. Samples containing io ~ cells of an overnight culture of the strain to be tested were plated 
with 3 ml soft agar on the gradient plates. On the abscissa are represented the width in cm of 
the bacterial lawn formed by strains MBL 49 (A), GY 514 (V) and GY 515 (c). The general shape 
of a caffeine concentration gradient is represented without allowance for the fact that KMBL 49 
is more sensitive than GY 514 and GY 515 . 

Fig. 2. Caffeine-resistance test on gradient plates. On gradient plates containing increasing caf- 
feine concentrations in the bottom agar layer as plotted on the ordinate were plated IO 9 cells of 
strain GY 515 ( : )  and of its caffeine-resistant derivative GY I 2 I I  (~) .  The width of the bacterial 
lawn is plotted on the abscissa for both strains. 

Test of amber suppressors 
A m b e r  suppressors  were  first  t e s t e d  b y  the  ab i l i t y  of phage  2 susR5  to  g row 

on the  Caf R b a c t e r i a  6. La t e r ,  a m o r e  e x t e n s i v e  t e c h n i q u e  was  used  as desc r ibed  b y  

VAN MONTAGU et al. 33 and  THOMAS et al. "~2. 
T h e  fo l lowing  phages  were  used :  2 su sE43 ;  2 susN7;  2 susP3 (CAMPBEI~L6); 

s u s R 2 1 6 ;  2 s u s N 2 I  3 (THOMASa2); ~.t57 (FUERST c i t ed  in ref. 32). D r o p s  of va r ious  
c o n c e n t r a t i o n s  of ~. sus phages  were  d e p o s i t e d  on a l aye r  of soft  aga r  c o n t a i n i n g  IO 9 

b a c t e r i a  pe r  ml .  Suppres so r s  were  e v i d e n c e d  b y  lyr ic  spots.  

Other techniques 
Microbiological techniques. B a c t e r i a  were  g r o w n  in w e l l - a e r a t e d  bubb le r s  a t  37 ° 

f r o m  o v e r n i g h t  cu l tu res  d i l u t e d  I in 20. P l a t i n g  of phages  and  b a c t e r i a  were  ca r r i ed  
o u t  as de sc r ibed  b y  ADAMS 1. Me tabo l i c  r e q u i r e m e n t s  were  t e s t e d  b y  the  rep l ica  p l a t i n g  

m e t h o d  21. H o s t - c e l l  r e a c t i v a t i o n  was  p e r f o r m e d  w i t h  phage  2 c72 (ref. 18). 
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UV irradiation. A General  Elec t r ic  germic ida l  l amp  (15 W) was used. The  expo-  
sure dose expressed in e rg /mm ~ was measured  b y  means  of a LATARJET 19 dosimeter .  A t  
a d is tance  of 71 cm from the  tube,  the  exposure  dose was IO e rg /mm ~ per  sec. The  
th ickness  of the  bac te r i a l  cell suspension was less than  I rnm. E x p e r i m e n t s  were 
per formed  in a semi -da rk  room to avoid  pho to reac t iva t ion .  

Media 
(z) The  following nu t r i en t  agar  med ium was pa r t i cu l a r ly  su i ted  for the  selec- 

t ion of caffeine-res is tant  m u t a n t s  and  the p repa ra t ion  of caffeine concent ra t ion  gra-  
d ients :  pep tone  8 g; bac to  t r y p t o n e  5 g; NaC1 5 g; agar  15 g; d is t i l led  wa te r  I 1. In  
most  ins tances  the  add i t ion  of ga lac tose  io  g/1 to  this  med ium ve ry  much improved  
ti le selection of mu tan t s .  Nevertheless ,  some caffeine-resis tant  m u t a n t s  could only  
be i so la ted  on L agar  a. 

(2) Ceria 1~ minera l  med ium supp lemen ted  with  glucose pernf i t t ed  the  demon-  
s t r a t ion  of caffeine res is tance in l iquid medium.  

(3) NB (ref. I I )  was used for bac te r i a l  cul tures  and phage  2 stocks. 
(4) M 63 (ref. 9) wi thou t  glucose was used as buffer;  supp lemen ted  with  glucose, 

i t  was employed  as a basic minera l  med ium to test  auxo t roph ic  s trains.  
(5) EMB m e d i u m  ~° was used to tes t  sugar  fe rmenta t ion .  
(6) Caffeine was purchased  from Touzar t  and  Matignon (Paris), and  Merck 

(Darmstad t ) .  

RESULTS 

Isolation of caffeine-resistant mutants 
Iso la t ion  of bac te r ia l  m u t a n t s  res is tan t  to le tha l  concent ra t ions  of caffeine 

(Caf R) was  conduc ted  as descr ibed  in MATERIAL AND METHODS. 
Caf R m u t a n t s  were first i so la ted  from GY 514 and  GY 515, der ived  respec t ive ly  

f rom K i 2 s  and  K I 2 s  hcr (Table I) which is UV sensi t ive and  host-cel l  r eac t iva t ion  
deficient.  Bo th  s t ra ins  are p ro to t roph ic  and  have  a r ap id  growth  rate .  

Mutan t s  from GY 514 and  GY 515 genera l ly  appea red  af ter  a 2 -day  incuba t ion  
and  could easi ly  be removed.  However ,  Caf R m u t a n t s  from other  bac te r ia l  s t ra ins  
showed up  only  af te r  a few more  days.  Never  could second-s tep m u t a n t s  be isolated.  
A tes t  for UV sens i t iv i ty  showed tha t  some of the  Caf R d i sp layed  an a l te red  suscep- 
t i b i l i t y  to UV i r radia t ion .  Thei r  pheno type  will be descr ibed more  ex tens ive ly  below. 
The  above  resul ts  made  i t  desirable  to  tes t  fur ther  whe ther  Caf ~ m u t a n t s  could be 
der ived  from any  bac te r i a l  s t ra in  and also whether  a corre la t ion might  f requent ly  
be found be tween caffeine res is tance and  a modif ied UV sensi t ivi ty .  

52 E. coli K I 2  subs t ra ins  were s tudied.  All  bu t  a few, such as GY 169, spor ted  
Caf R mutan t s .  Caf R der iva t ives  of 6 of the  52 subs t ra ins  of E. coli K I 2  are descr ibed 
in this  pape r ;  the  proper t ies  of o ther  Caf R m u t a n t s  will be descr ibed elsewhere. 

The range of caffeine resistance 
Above  a given caffeine concen t ra t ion  in the  growth  medium,  wi ld - type  bac te r i a  

can no longer divide.  Such concen t ra t ion  is the  upper  to lerable  caffeine concent ra t ion  
which corresponds  to the  backg round  level of caffeine res is tance for wi ld - type  bac-  
ter ia .  In  caffeine-res is tant  m u t a n t s  the  to lerable  concent ra t ion  can be more than  

Mutation l~es., 7 (1969) 273 285 



2 7 8  A N N K - M A R I E  DELVzkUX, RAYMtINI)  I)i=\'()I,~1 1 

doubled.  For  the  5 2 subs t ra ins  s tudied,  the  bac kg round  levels of caffeine resistance 
could not  be d iv ided  into  definite classes nor could the  range of resis tance acquired 
b y  the  Car ~ nmtan t s .  However ,  for the  s t ra ins  shown in Table  II  the  max ima l  level 
of caffeine res is tance acqui red  by  the m u t a n t s  was i .  5 t imes  higher  than  the 1)a('k 
g round  level. 

T A B L E  l i  

B A C K G R O U N D  L E V E L  O F  C A F F E I N E  R E S I S T A N C F .  C A F F E I N E - R E S I S T A N T  MUTANT,%:  M U T A T I O N  F R E -  

Q U E N C Y ,  R A N G E  O F  R E S I S T A N C E ;  

S a m p l e s  c o n t a i n i n g  i o  9 cei ls  of  t h e  o v e r n i g h t  c u l t u r e s  of  t h e  s t r a i n s  t o  be  t e s t e d  w e r e  p o u r e d  
w i t h  3 ni l  s o f t  a g a r  o n  t o  g r a d i e n t  p l a t e s  c o n t a i n i n g  16 g ca f f e ine / I  in  t h e  b o t t o m  a g a r  l a y e r .  
T h e  w i d t h s  of  t h e  b a c t e r i a l  l a w n s  a r e  e x p r e s s e d  in  c m  as  wel l  a s  t h e  r a n g e  of  i n c r e a s i n g  c a f f e i n e  
c o n c e n t r a t i o n s  w h e r e  t h e  C a f  R c o l o n i e s  a r i se .  M u t a t i o n  f r e q u e n c y  t o  c a f f e i n e  r e s i s t a n c e  is t h e  r a t i o  
o f  r e s i s t a n t  c o l o n i e s  t o  t h e  t o t a l  n u m b e r  of  p l a t e d  cells .  

Strains Caffeine resistance: Range of appearance Mutatioll 
background level of Car R mutants frequency 

G Y  514 5 .0  5. 0 5. 6 5 . 1 o  6 
G Y  515 5.1 5 -1 5 .6 5" 1o '~ 
K M B L  49 2 .6  2 .6  4.1 io  ~ 
G Y  169 3.5 4 .0 o 
K M B L  IOO 3.0  3 . 0 - 4 . 0  IO ~ 
1 1 2 - 1 2  2 .6  2 . 6 - 3 . 0  l o s  

In Fig. 2, the extent  of caffeine resistance displayed by GY 1211, one of the 
Caf R derivat ives  of GY 515, is shown by plott ing the range of bacterial growth over 
the plate v e r s u s  the caffeine concentrat ion in the b o t t o m  agar layer. The increment 
of the bacterial  lawn is 1.2 cm; this value corresponds to a caffeine concentration 
increase of I g/1. 

The spontaneous  caffeine resistance level  was  variable with  the strains studied, 
the range in which Caf a mutants  were found was narrow and the mutat ion  frequency 
to caffeine resistance was  rather high as shown in Table II .  

Table I I I  i l lustrates the var ie ty  of the extent  of the caffeine resistance increase 

T A B L E  n I  

C A F F E I N E  R E S I S T A N C E  L E V E L  O F  V A R I O U S  C a f  R M U T A N T S  

F r o m  g r a d i e n t  p l a t e s  in  t h e  e x p e r i m e n t  i l l u s t r a t e d  in  T a b l e  I I ,  C a f  R m u t a n t  c o l o n i e s  w e r e  r e m o v e d ,  
p u r i f i e d  o n c e  a n d  t h e n  g r o w n  o v e r n i g h t  a t  37 ° in  n u t r i e n t  m e d i u m .  T h e  c u l t u r e s  w e r e  p l a t e d  as  
d e s c r i b e d  in  T a b l e  I I o n  g r a d i e n t  p l a t e s  c o n t a i n i n g  16 g ca f fe ine /1  in  t h e  b o t t o m  a g a r  l a y e r .  M e a s u r e -  
m e n t  of c a f f e i n e  r e s i s t a n c e  is e x p r e s s e d  in  c m .  

Strain No. Derived from Width of lawn growth 
on gradient plates (cm) 

Increased caffeine resistance 
over background (cm) 

G Y  12Ol G Y  514  6.2 1.2 
G Y  12o2  G Y  514  6.5 ~-5 
G Y  12o 3 G Y  514  6.2 1.2 
G Y  12o  4 G Y  514  5.2 0.2 
G Y  1211 G Y  515  6.5 1.4 
G Y  1214  G Y  515  5 .8  0-7 
G Y  1216  G Y  515  5.2 o . i  
G Y  1231 G Y  515  5.2 o . i  
G Y  1265 K M B L  49  6 3 .4  
G Y  1268  K M B L  49  5.5 2 .9  
G Y  1273  K M B L  49 5 2 .4  
G Y  1278  K M B L  49  6 3.4 
G Y  1279  K M B L  4 9  5 2 .4  
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of several  Caf ~ m u t a n t s  as compared  wi th  the  spontaneous  level of the  original  s t ra in  
from which t h e y  were der ived.  

Up  to th is  point ,  caffeine res is tance has  been defined b y  tes ts  pe r formed  on 
solid medium.  However ,  i t  was difficult to demons t r a t e  the  ex ten t  of caffeine resist-  
ance in l iquid m e d i u m  unt i l  the  Ceria syn the t i c  med ium was found to be par t icu-  
l a r ly  sui table .  On inocula t ing  this  m e d i u m  conta in ing  2.5 g caffeine/1 wi th  50o bac-  
t e r ia /ml ,  a t o t a l  g rowth  inhib i t ion  was observed for GY 515 bac te r i a  whereas i ts 
de r iva t ive  GY I 2 I I  bac te r i a  seemed to be far less affected. Fo r  the  l a t t e r  s t ra in  
however  the  l a t en t  per iod and growth  ra te  were respec t ive ly  3 and  2.5 t imes  longer 
when caffeine was omi t ted .  

Caffeine resistance and purine base metabolism 
Cross-resistance to var ious  pur ine  base analogues  was tes ted  among Caf R 

m u t a n t s  der ived  from GY 514 and MBL 49- 
Cross-resis tance agains t  8-azaguanine  (0.5 g and 5 g/l),  6 -mercap topur ine  

(o.15 and 1. 5 g/l) and  2 ,6-d iaminopur ine  (0.325 and 3.25 g/l) was not  found for the  
Caf R m u t a n t s  s tudied.  Fu r the rmore ,  40 Car R m u t a n t s  der ived  from s t ra ins  GY 514 
and  GY 515 were s tud ied  to tes t  whe ther  some of t hem were r egu la to ry  m u t a n t s  in 
the  pur ine  b iosyn the t i c  pa thway .  None of them excre ted  pur ine  bases. Moreover,  
the  Car R pheno type  was never  cor re la ted  wi th  a pur ine  requ i rement  as verified for 
32 Caf n m u t a n t s  der ived  from GY 514 and  GY 515, IO Car a m u t a n t s  der ived  from 
MBL 49 and  15 Caf R m u t a n t s  der ived  from MBL IOO. 

UV susceptibility of Car R mutants 
This s t u d y  a imed  at  inves t iga t ing  the possible correla t ion between an a l te red  

UV suscep t ib i l i ty  and  the  acquis i t ion  of caffeine resistance.  
P re l imina ry  tests  showed tha t  20% of the  der iva t ives  of GY 514, 30% of GY 515 

and  20% of K M B L  49 showed an a l te red  rad iosens i t iv i ty .  These resul ts  were con- 
f i rmed b y  inves t iga t ing  fur ther  the  UV surv iva l  and  the  host-cel l  r eac t iva t ion  of a 
few Caf R der iva t ives  from GY 514 and  GY 515 (Table IV). Mutan t s  GY 1211 and  GY 
1214 d i sp layed  a pa r t i a l  r ecovery  of the  bac te r ia l  surv iva l  af ter  UV i r rad ia t ion  
as well as full r e s to ra t ion  of the  hos t -ce l l - reac t iva t ion  p r o p e r t y  as shown in Fig. 3. 
However ,  surv iva l  of GY 1216 was much more rad iores i s tan t  t han  GY 515 whereas  
host-cel l  r eac t iva t ion  was stil l  lacking.  Moreover  s t ra in  GY 1231 was found to 
be more  UV sensi t ive than  i ts  ances tor  and  stil l  unable  to per form host-cel l  react i -  
va t ion.  

Thus,  s t a r t ing  from an H c r -  s t ra in  we could find caffeine-resis tant  m u t a n t s  
which d i sp layed  a modif ied UV suscept ib i l i ty .  Bac te r ia l  su rv iva l  was pa r t i a l l y  
recovered  bu t  host-cel l  r eac t iva t ion  was res tored  e i ther  ful ly or not  a t  all (Fig. 4)- 

I so la t ion  of Caf ~ m u t a n t s  de r ived  from GY 514 led to  a surpr is ing  finding. 
Many  of t hem were e i ther  more radiosens i t ive  or more rad io res i s t an t  t han  the  original  
s t rain.  However  af ter  r a the r  long subcu l t iva t ions  t hey  all lost  the  acqui red  pheno type .  
This is in con t ras t  wi th  GRIGG'S resul ts  who i so la ted  Caf ~ m u t a n t s  in E. coli B which 
a p p e a r e d  to be s tab le  UV-sensi t ive  bacter ia .  

Caffeine resistance and suppressors 
The resul ts  descr ibed  above  indica te  t ha t  a few Caf ~ m u t a n t s  d i sp layed  a 

Mutation Res., 7 (1969) 273-285 



2 8 0  ANNE-MARII , :  I )F .LVAI 'X,  IC.\Y.Mt)NI)I}I,i\{H,:I "l 

T .k  t~Ll.2 iX" 

[7V SENSITIV/T'Y OF S{)M]~ ( ' ; i f  I/ MUI'.kN'I SIR:\INS: SI.:RVIV.\I. XNI) lI{)SI Ct21.L I¢]/\(VI'IV'CII{)X {)t" 
l ~ r  IRRAI)I\Tb:I} I}HAGP; ~. 

21"o t e s t  11\: s u r v i v a l  a n d  h o s t - c e l l  r e a c t i v a t i o n  {}f t h e  i s o l a t e d  { 'afR s t r a i n s  cxpe r in ]{ .n t s  w~rc  ~;]l- 
r i ed  o u t  a c e o r { l i u g  to t h e  l e g e n d s  of l : igs.  4 an(1 5. In o r d e r  t o  c ( } m p a r c  t h e  v a r i o u s  s e n s i t i v i t i e s  
of t h e  l n u t ~ i l t s  t h e  i{)0; ~ s u r v i v a l  d o s e s  for  C(}](}i]y f(}r lnat iol l  ~tll(1 fo r  h o s t  cell r e a c t i v a t i o n  w c r c  
c a l c u l a t e d  f r o m  t h e  c u r v e s .  (t)  \ f i e f  a f ew  s i a l ) c u l t i v a t i o n s  t h e s e  b a c t e r i a  r e c o v e r e d  t h e i r  o r i o i n a l  
p h e n o t y p e .  (2) S u r v i v a l  c u r v e s  w e r e  r echeck{M a f t e r  n u l n e r o u s  s u b c u l t i v a t i i m s .  In c o n t r a s t ,  1 I ( ' k  
p r o p e r t i e s  d i d  no t  chan~4e. 

. l lu lanls  ( a f  R sh'ai~s lCach'rla/ suYuival ttosl-c¢// 
derived f rom (2) m, activali(m 

G Y  514 [375  1375 3 ° o o  
(;5" [ 2 o i  zoo  (l)  [75 o 3 0 o o  
G Y  12o2 5oo  (I) [ 2 5 o  " 3 7 5  
( ; Y  12o 3 4 o o ( i )  [ b o o  265o  
( ; Y  [ 2 0 8  12oo ~2oo 2.t_,.5 
( r Y  I 2 0 0  13OO [ 3 0 0  2280  
( ; Y  1218  1225 1225 3 o o o  

G Y  515 15o i 5 o  95 ° 
G Y  [ 211  800 875 265 o 
G Y  1214 625  025 245o  
( ; f  1216  425  525 IOOO 
G Y  1231 75 75 05 ° 
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Fig .  3. U V  s u r v i v a l  of  C a f  R d e r i v a t i v e s  of G Y  515  . O v e r n i g h t  c u l t u r e s  d i l u t e d  t in  20 in f r e s h  
n u t r i e n t  n l e d i u n l  w e r e  g r o w n  a t  37 ° f o r  5 h t o  r e a c h  lO 9 c e l l s / m l .  S a m p l e s  d i l u t e d  a h u n d r e d f o l d  
in  o . o i  ~,T/ M g S ( %  w e r e  i r r a d i a t e d  w i t h  i n c r e a s i n g  U V - d o s e s  s h o w n  o n  t h e  a b s c i s s a ,  t h e n  d i l u t e d  
a g a i n ,  p l a t e d  a n d  i n c u b a t e d  o v e r n i g h t  a t  37-'- S u r v i v a l  of  G Y  514  (A) a n d  G Y  515  (V) a n d  of  t h e  
c a f f e i n e - r e s i s t a n t  d e r i v a t i v e s  G Y  1211 ( : ) ,  G Y  I 2 I  4 (/x), G Y  1231 (V), G Y  1216  ( x ) a r e  s h o w n  o n  
t h e  o r d i n a t e .  

F ig .  4- H o s t - c e l l  r e a c t i v a t i o n  of  p h a g e  Z b y  C a f  R d e r i v a t i v e s  of  G Y  515  . O v e r n i g h t  c u l t u r e s  d i l u t e d  
I in  2o in  f r e s h  n u t r i e n t  m e d i u m  w e r e  g r o w n  a t  37 ° t o  r e a c h  lO 9 ce l l s /ml .  P h a g e  ~ (;72 (ref. 18) a t  
lO 7 p a r t i c l e s / m l  w a s  U V  i r r a d i a t e d ,  o . i - m l  s a m p l e s  of  p h a g e  d i l u t i o n s  w e r e  a d s o r b e d  o n  t o  o .3  1111 
b a c t e r i a  f o r  2o  m i n  a t  37 ° a n d  t h e n  p l a t e d  a n d  i n c u b a t e d  o v e r n i g h t  a t  377. O n  t h e  o r d i n a t e  a r e  
r e p r e s e n t e d  t h e  p h a g e  s u r v i v a l  o n  s t r a i n s  G Y  515 (W) G Y  514  (&) a n d  c a f f e i n e - r e s i s t a n t  d e r i v a -  
t i v e s G Y  1211 (<) ,  G Y  1214  (A),  G Y  1216  ( × ) .  O n  t h e  a b s c i s s a  is s h o w n  t h e  I JV close g i v e n  t o  
t h e  s t r a i n s .  
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pheno typ ic  revers ion of thei r  UV sensi t iv i ty .  This can be i n t e rp re t ed  by  assuming 
e i ther  a suppress ion or a revers ion in si tu of the  hcr-  muta t ion .  

(z) The l a t t e r  hypothes i s  seems unl ike ly  because of the  ex t r eme ly  low prob-  
ab i l i ty  of so f requen t ly  ob ta in ing  double  m u t a n t s  t ha t  are caffeine res is tan t  as 
well as UV res is tant .  Moreover,  the  absence of para l le l i sm between the recovery  
of bac te r ia l  su rv iva l  af ter  UV i r rad ia t ion  and the host-cell  r eac t iva t ion  of i r r ad ia t ed  
phage  ,~ is aga ins t  a revers ion of the  hcr-  muta t ion .  

(2) Our  resul ts  can be exp la ined  b y  a suppressor  type  mu ta t i on  which often 
produces  a pa r t i a l  recovery  of the  missing p r o p e r t y  or function.  To tes t  this  hypothes is  
we a t t e m p t e d  to show tha t  known suppressors  would arise in m u t a n t s  selected for 
caffeine resistance.  

F o r  this  s tudy ,  s t ra in  112-12 was chosen for 2 reasons. F i r s t ly ,  s t ra ins  GY 514 
and  GY 515 used as basic s t ra ins  were found to ca r ry  suppressor  su I + and K M B L  49 
suppressor  su I I+.  Secondly,  in s t ra in  112-12 i t  is known * tha t  in t roduc t ion  of sup- 
pressor  su I I+  permi t s  the  correct ion of the  2 amber  mu ta t ions  cvs- and  gal-  as well 
as mul t ip l i ca t ion  of condi t ional  defect ive ~ sus phages,  whereas the  cys-  m u t a t i o n  
alone and a few condi t ional  defect ive phages  are correc ted  by  suppressor  su I+. 

4o Caf R m u t a n t s  were der ived  from 112-12 on caffeine grad ien t  p la tes  with or 
wi thou t  galactose.  The n m t a t i o n  f requency was ra ther  low: I0 -8 of the  p l a t ed  
bacter ia .  The caffeine resis tance of the  m u t a n t s  over  the  spontaneous  level of the  
or iginal  s t ra in  was ve ry  va r iab le :  i t  ranged from values close to the  spontaneous  
level to  twice as much.  

When  the 4 ° Caf R m u t a n t s  were checked for the  presence of suppressors  i t  was 
s t r ik ing  to see how the cys-  and  gal -  muta t i ons  were corrected.  As much as 28 of the  
CaP t m u t a n t s  became pheno typ ica l l y  Cys + Gal+, I0  became Cys + and 2 m u t a n t s  still  
kep t  the  original  pheno type .  The presence of suppressors  in the  m u t a n t s  was fur ther  
cor re la ted  with  the  finding t h a t  several  m u t a n t s  could grow phage  2 sus R5. The type  
of suppressor  involved  was defined more precisely la ter  on when the technique  
descr ibed b y  VAN MONTAGU et al. 3" was used. The Caf R m u t a n t s  could be d iv ided  into  
5 classes as shown in Table  V. More than  80% of the Caf R m u t a n t s  from I12-12  had  
acqui red  suppressor  su I I  + so tha t  pheno typ ic  reversion of O,s and  gal-  nmta t ions  
was s t rong ly  cor re la ted  with  the  presence of this  suppressor.  

T A B L E  V 

SUPPRESSION PATTERN IN Car tL MUTANTS FROM I I2--I2 

Caf • m u t a n t s  of s t r a in  i t 2 - i 2  were t e s t ed  for the  acqu i s i t ion  of suppressors  by  the  me thod  of VAN MONTAGU 
et al. 33. The suppress ion  p a t t e r n  is deduced from the  p l a t i n g  efficiency of the  var ious  condi t iona l  phages  on 
s t r a ins  C 6oo, CA 5o13, CA 16i, QD 5003, CA 85, which were used as controls.  Requ i r emen t s  for his t idine,  cys te ine  
and  ga lac tose  f e rmen ta t i on  were checked for each m u t a n t  by  the  repl ica  p l a t i ng  method2L 

Phenotype Plating of phages ;t sus Suppressor pattern Number of Car R 
His Cys Gal N7 P3 R216 N2z3 E43 T57 ÷ su -- ~ u  i s~u I ~ s u  1il  mutants of strain 

1 1 2 - - 1 2  r i 2 - - I 2  in each 
class 

m 

m 

+ ~ ~- + + + + - -  + + - -  + 2 7  

+ - -  ÷ ÷ ÷ ÷ ÷ - -  ÷ + - -  + 5 

- -  + + - -  --  + ~ - -  5 
÷ + + - -  - + ÷ - -  - -  r 

- -  + + - -  - -  ÷ q - C o n t r o l  I i 2  I 2  
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Sonie unexpected results were fimnd; certain bacteria in which suppressor 
su I I  + could be detected by growth of 2 sus phages were still unable to ferment galac- 
tone. Moreover, some other Cvs '  mutan ts  seemed to carry no amber suppressor. 

To check a possible fortuitous correlation between the CafR phenotype and 
the presence of su I I  +, Cys~ Gal-  revertants  were first selected on miniinal medium 
and tested for the presence of suppressor su I I  ~ ; they  were then tested for caffeine 
resistance. All the isolated bacteria were found to have an increased resistance to caf- 
feine as compared with the original strain. Moreover, the caffeine-resistance levels 
paralleled those found in the mutan ts  selected for caffeine resistance. 

All the above results obtained with strain I I 2 - 1 2  were fully confirmed when 
caffeine-resistant mutan t s  were derived from strain CA 8 5. The lac mutat ion was 
found to be corrected by suppressors such as su I I .  

In  summary,  the above data  strongly indicate tha t  there is a relationship be- 
tween the caffeine-resistant phenotype and the acquisition of suppressors. These find- 
ings were confirmed by R6RSCH (personal communicat ion) who obtained phenotypic  
reversions of the Hcr character  in Caf~ mutan t s  isolated from various Her-s t ra ins .  

DISCUSSION 

Caffeine and purine metabolic pathway 
Caffeine is considered as an analogue of adenine and guanine, ttle purine bases 

found in DNA. Analogues of m a n y  biological compounds  are known to be toxic 
agents, because they  subst i tute for physiological metabolites. However,  it was shown 
in the s tudy  of amino acid biosynthetic  pa thways  tha t  bacterial mutan t s  resistant to 
the amino acid analogue could be isolated. Among analogue-resistant mutants ,  m a n y  
regulatory mutan t s  can be foundT,s: some produce enzymes at a very higt~ level 
(derepressed mutants) ,  others synthesize enzymes insensitive to feed-back inhibition 
(de-inhibited mutants) .  

Selection for bacterial mutan t s  resistant to caffeine was expected to lead to the 
isolation of various types of mutan t s  among which one could anticipate finding: 
(a) regulatory mutan t s  in the purine biosynthetic  pa thway  (derepressed or de-inhib- 
ited mutan ts ) ;  and (b) permeation mutants .  This was not observed at all in Car R 
derivatives of GY 514 and GY 515 . Our data  provided no evidence tha t  caffeine is a 
true metabolic analogue of purine bases. 

Al though cell permeation to caffeine was not specifically studied, some data  
(DELVAUX AND ERRERA, unpublished results) indicate tha t  the uptake  of radioactive 
caffeine is increased in the Caf R mutan t s  studied. 

Caffeine resistance and U V  repair 
ROULLAND-DussoIx 21 demonst ra ted  tha t  in vitro a few nucleases were inhib- 

i ted by  caffeine. She put  forward the hypothesis  tha t  the UV repair enzymes could 
be directly blocked by  caffeine. As the isolation of amino acid analogue resistant 
bacteria led to the selection of regulatory mutan t s  in the biosynthesis of amino acids 
we anticipated tha t  similarly selection of Caf R mutan t s  would permit us to isolate 
regulatory mutan t s  in the UV repair enzymic activity.  Were this so, Car t~ mutan ts  
with a modified UV susceptibility should be easily collected. We obtained UV 
resistant mutan t s  which did not  appear  to display the expected properties of regu- 
la tory  nmtants .  
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Caf ~ mutants GY 1211 and GY 1214 recovered only a partial UV repair 
activity, mostly exhibited as restoration of the host-cell reactivation capacity. One 
can explain such results by the hypothesis that  only a small quanti ty of functional 
repair enzymes is present in these cells, just sufficient for the complete repair of 
phage ;t DNA whose size is about 2~o of the bacterial DNA. In contrast, UV survival 
of GY 1216 was higher than that of the original type but host-cell reactivation was 
not restored at all. In such event there is a net dissociation between the two repair 
capacities that are usually correlated: repair of bacterial DNA and repair of phage 
DNA. One can envisage that if recognition of the UV damage sustained by a specific 
DNA could play a role, the repair enzymes would have a better affinity towards 
bacterial DNA than phage DNA. 

Caffeine resistance and suppression 
The fact that  selection for caffeine resistance in bacteria GY 515 devoid of 

dimer excision activity leads to a partial and variable restoration of the UV repair 
capacity suggests that  the mutation hcr responsible for the UV repair deficiency is 
a suppressible one. Moreover, the hypothesis that suppressors could be selected by 
caffeine appears to be demonstrated in strain 112-12 whose Caf R phenotype was 
accompanied in 8o}g of the nmtants by the acquisition of suppressor su II÷. 

In strain I I 2 - I2 ,  mutations cys- and gal- are usually corrected by suppressor 
su 11% This was also found for its Caf R derivatives. However, in some Caf R mutants 
the presence of suppressor su I I  + was insufficient to correct the gal- mutation. 
Moreover, Cys ÷ Gal- derivatives were obtained which did not appear to carry any 
tested suppressor: one can argue that, in these bacteria, caffeine, by its inutagenic 
effect has reversed the original mutation. An alternative explanation is that suppres- 
sors other than amber could be selected by caffeine. 

Caffeine and selection of suppressors 
I t  is known that caffeine has a mutagenic action on bacteriophages 25 as well 

as on bacteria TM. If one explained the acquisition of suppressors by a mutagenic action 
of caffeine, one would have to admit that  the part of DNA coding for suppressor 
genes would be more specifically sensitive to the mutagenic action of caffeine. This 
hypothesis seems unlikely. 

In its action on cells, caffeine probably produces reversible cellular alterations 
when removed after a short time. In a bacterial culture to which caffeine is added 
whose concentration is high enough to block cellular functions, a few cells only will 
survive that have escaped the inhibitory action of caffeine. Some of the bacteria that 
survive at caffeine lethal concentrations have acquired suppressors. One may suppose 
that caffeine acts either directly upon the genetic code or indirectly on the reading 
or translation of the genetic message. 

A few experiments with radioactive caffeine show that 6o-7O~o of the caffeine 
which goes into the bacterial cell is found with the cellular fraction where DNA 
is present (DELVAUX AND ERRERA, unpublished results). Yet the nature of the 
binding between caffeine and DNA is still unknown. One may suppose that caffeine 
could stick to the DNA and would thus permit the selection of CafR mutants able 
to read an altered code, so that it would allow the selection of suppressors. One cannot 
exclude, however, a physiological effect of caffeine on transfer RNA or ribosomes. 
Experiments to test these hypotheses are in progress. 
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