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In recent years, remarkable progress has been made in the experimental approach 
towards an understanding of the mechanism whereby DNA** is synthesized in the cell. 

KORNBERG et al. 1 succeeded in demonstrating incorporation of labeled thymidine 
or thymidine triphosphate into DNA-like polymers with the enzymes extracted from 
Escherichia coli. In their in vitro system, besides triphosphates of deoxyadenosine, 
deoxyguanosine and deoxycytidine and Mg++, the presence of a "primer" (poly- 
merized DNA) was required for the reaction. In agreement with this finding, the 
occurrence of di- and triphosphates of deoxycytidine and thymidine in calf thymus ~, 
and deoxyadenosine triphosphate in rat tumor 3, has been reported. The enzymes 
which catalyze the formation of some of these deoxyriboside polyphosphates were 
also found 4-7. 

Some attempts to elucidate the in vivo pathway of DNA synthesis have been 
reported also. HECHT AND POTTER s studied the utilization of labeled orotic acid and 
cytidine for DNA synthesis in regenerating rat liver; they failed, however, to detect 
any deoxynucleotide even during the period of active synthesis of DNA. Occurrence 
of deoxycytidine was found, but  its specific activity was not high enough to implicate 
deoxycytidine as a direct precursor of DNA. On the other hand, SCHNEIDER AND 
BROWNELL 9 observed, using the microbiological assay technique, an appreciable 
accumulation of deoxynucleotide-like compounds in regenerating liver. SCHNEIDER 1°, I1 

demonstrated, moreover, the occurrence of pyrimidine deoxyribosides in a wide 
variety of rat and mouse tissues. 

LactobaciUus acidophilus R-26 requires a deoxyriboside for its growth. Deoxy- 
nucleotides are also effective in supporting the growth of this bacterium while DNA 
is active only when added after depolymerization with deoxyribonuclease TM. The 
bacterium, therefore, has been used as the assay organism of DNA and other 
deoxyribosidic compounds 9-22. 

If one of the deoxyribosides which normally occur in DNA is added to the culture 
medium of this bacterium, the other three deoxyribosides may be formed by exchange 

* Suppor t ed  in pa r t  by  a g r a n t  f rom t he  Rockefel ler  F o u n d a t i o n  and  a subs idy  f rom the  Tokai  
Gaku ju t susho re ika i .  

** The  following abb rev i a t i ons  are used : DNA,  deoxyr ibonuc le ic  acid;  PCA, perchloric  acid;  
DPN,  d iphosphopyr id iue  nucteot ide ;  AMP,  adenos ine  m o n o p h o s p h a t e ;  UMP,  ur idine mono-  
p h o s p h a t e  ; A1)P; adenos ine  d i p h o s p h a t e  ; UI)P,  ur id ine  d iphospha t e .  
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of purine or pyrimidine base of the added deoxyriboside ~3. Accordingly, the deoxyribose 
moieties of both DNA and other deoxyribosidic compounds in this microorganism are 
derived exclusively from the deoxyriboside added to the medium. As a result, the rate 
of DNA synthesis and the level of intracellular pool of DNA-precursors could be 
controlled by changing the content of deoxyriboside in the medium. It will also be 
feasible to follow the process of DNA synthesis with labeled deoxyribosidic compounds 
in this microorganism. For these and other reasons, L. acidophilus R-26 appears to 
provide a favourable system for studying the mechanism of DNA synthesis and its 
relation to cell growth. In the present study, some features of acid-soluble deoxy- 
ribosidic compounds in this microorganism were investigated in an attempt to clarify 
the in vivo pathway of DNA synthesis. 

METHODS 
The microorganism and its growth 

Lactobacillus aeidophilus R-26 was  main ta ined  by  weekly t ransfer  in skimmed milk to which 
0. 5 % of t o m a t o  juice, 0.5 % of yeast  ex t rac t  (Daigo), and 3 % of CaCO 8, were added. 

The double-s t rength  basal med ium used bo th  for culture and for microbiological assay 
contained the  following const i tuents  per  I oo ml (slightly modified from tha t  of HOFF-J O R G E N S E N  14) " 

acid-hydrolyzed casein (Difco casamino acids), 2. 5 g; enzyme-hydrolyzed casein (Difco bacto 
casiton), I g; nL- t ryp tophan ,  20 mg; cysteine-hydrochloride,  26 mg;  KH2PO 4, I g; Fe(NH4)3" 6H~O, 
o.ooo 3 g; NaC1, 0.002 g; MnSO4, 0.008 g; MgSO~. 7HzO, 0.04 g; po ta s s ium acetate, 2. 5 g; cytidylic 
acid, 5 mg;  adenine sulfate, 2 mg;  guanine hydrochloride,  2 nag; uracil, 2 mg;  thymine,  2 mg; 
P-aminobenzoic  acid, o.25 rag; riboflavin, o.25 rag; nicotinic acid, o.25 rag; calcium panto thena te ,  
0.25 mg;  v i tamin  B6, 0.25 mg;  folic acid, o.o25 mg;  thioglycolic acid, io  rag; glucose, 3 g; tween 80, 
o. I g. The med ium was adjus ted to p H  6.7 wi th  KOH.  Enzyme-hydrolyzed casein was t reated with 
charcoal before use. 

A loopful of the  stock milk cul ture was  t ransferred to a test  tube  containing 4 ml of the 
inoculum medium, which was prepared by  adding 5 to 25 m/2moles thymidine  per  ml to the basal 
medium.  After  incubat ion  at  37 ° for 22 to 26 h, the  bacter ia  were sedimented by  centr ifugat ion 
and resuspended in 4 ml of sterile saline. The nu t r ien t  medium was inoculated wi th  approximate ly  
lO -3 vol. of this  Suspension, and incubated at  37 °. Growth  was followed by turbid i ty  measurement  
a t  65 ° m/~ in a Beckman model DU spec t rophotometer .  The n u m b e r  of cells per  uni t  volume of 
culture was  determined by  count ing the cells in an appropr ia te ly  diluted suspension in a Thoma 
haemocytometer .  To collect bacteria,  the  cul ture was  chilled at  5 ° and cells were centrifuged down, 
washed twice in saline, and frozen wi th  dry  ice-ethanol  mixture .  An aliquot of cell suspension in 
saline was  w i thd rawn  for the  es t imat ion of total  nitrogen. 

Preparation o] acid-soluble and nucleic acid #actions 
The frozen cells were thawed  and extracted wi th  ice-cold o. 5 N PCA, precipitated and washed 

twice wi th  o.2 N PCA. The washings  were combined wi th  the  original supe rna t an t  solution to give 
the  acid-soluble fraction. The ext rac t  was  neutralized wi th  K O H  to p H  7.o, and the result ing pre- 
cipitate of KC10 4 was  removed by centrifugation.  After removal  of lipids wi th  ethanol  and hot  
e thano l -e the r  (3: i) f rom the  cold PCA-insoluble residue, nucleic acids were extracted with hot  
5 % trichloroacetic acid according to the  method of SCHNEIDER $4. The result ing residue was used 
for the  determinat ion  of protein  nitrogen. 

Assay of deoxyribosidic compounds in acid-soluble ]faction 
Prior  to the  assay, an al iquot of neutralized sample was t reated with crude snake venom 

(Aghistrodon blomho~fii) 3° at  the  concentrat ion of o. 5 mg per  ml in maleic ac id -NaOH buffer (pH 
6.5) containing lO -3 M MgSO 4. The enzyme digestion was  carried out  for IO to 15 h at  37 °, under  
a layer of hexan.  The reaction was  s topped by  hea t ing  at  ioo ° for io rain. The venom-t rea ted  and 
un t rea ted  acid-soluble ext rac ts  of L. acidophilus were assayed for their  deoxyribosidic growth  
effects using the  same bacteria  as the  tes t  organism. 

For  the microbiological assay, a loopful of the stock cul ture of the bacter ia  was  pu t  into 4 ml 
of the  inoculum medium containing 5 m/*moles thymidine  per  ml. After 20 to 26 h incubat ion at  
37 °, the bacter ia  were centrifuged and resuspended in 2 ml of sterile saline. One drop of the sus- 
pension was diluted in io  ml of saline. Each tube  containing a total  volume of 4 ml of medium 
was inoculated wi th  one drop of this  diluted suspension.  After 36 to 4 ° ia incubat ion at  37 °, 
tu rb id i ty  was  measured  at  650 m #  in the Beckman model 0[7 spect rophotometer .  :\ s tandard  
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response  curve  to g raded  levels of t h y m i d i n e  was  p repa red  each t ime.  The  a m o u n t  of deoxyr ibos id ic  
c o m p o u n d s  was de t e rmi ned  f rom t he  s t a n d a r d  curve,  and  was  expressed  as m/~moles t h y m i d i n e  
equ iva len t .  Each value  p resen ted  is t he  ave rage  of a t  least  th ree  t ubes  run  in parallel .  

Chromatographic/rac[ionalion o/acid-soluble nucleotides 
An acid-solnble  ex t rac t  was prepared  f rom IO li tres of cu l tu re  a t  t he  late loga r i thmic  phase .  

The  neut ra l ized  ex t r ac t  was lyophilized. The  res idue  was  t a k e n  up  in a smal l  vo lume  of cold water ,  
and  the  precipi ta te  of K('IO 4 was  r emoved  by cent r i fuga t ion .  The  s u p e r n a t a n t  so lu t ion  was  
ad ju s t ed  to pH 7.5 with a smal l  a m o u n t  of aqueous  a m m o n i a .  Pa r t  of t he  concen t r a t ed  ex t r ac t  
was used for the  m e a s . r e m e n t  of u l t ravio le t  abso rp t ion  and  the  a s say  of deoxyr ibos id ic  com-  
pcmnds. 

\ large a l iquot  was added  to a co l umn  (o.8 cm 2 × i8 cm) of Dowex- i  (formate) an ion -exchange  
r e s i n  (X- to ,  20o 4OO mesh).  Adsorbed nucleot ides  were f r ac t iona ted  by  us ing  the  e x t e n d e d  
g rad ien t - e lu tmn  c h r o m a t o g r a p h y  with the  " formic  acid s y s t e m "  of HURLBERT el al. 2a. After  wash ing  
the  co lumn  with -'5 ml water ,  e lut ion was  carr ied ou t  by  in t roduc ing  success ive ly  t he  following 
e luen ts  inO, a 5oo ml mix ing  flask p rev ious ly  filled wi th  wa te r ;  12o ml of t N formic acid;  45 ° ml 
,~t 4 IN' formic acid; 5oo ml of o.2 ~1. r a m m o n i u m  fo rma te  in 4 N formic acid;  3oo ml of o. 4 31 am-  
m o n i u m  f iwmate in 4 N formic acid; 54 ° ml of I M a m m o n i u m  fo rma te  in 4 N formic acid. The  
flmv rate  was 15 to -,o ml per h, and  samples  of effluent con ta in ing  a p p r o x i m a t e l y  5 ml were 
collected au toma t i ca l ly .  The  ex t inc t ion  a t  26o m/t  and  28o m/* were m e a s u r e d  for each t ube  in the  
lgeckman l) / :  spec t ropho tome te r .  Eff luent  f rac t ions  cor respond ing  to the  peaks  or por t ions  of 
peaks  were p .o led  and  lyophilized to remove  formic acid and  a m m o n i u m  formate .  The  resu l t ing  
res idues  were dissolved in a g iven  vo lume  of water ,  and  b r o u g h t  to p H  7.o with a small  a m o u n t  
of di lute  NaOH.  The  ul t raviole t  abso rp t ion  of each pooled fraction was  de te rmined ,  and  the  
deoxvribosidic  c o m p o u n d s  were a s sayed  microbiological ly as descr ibed above.  

l l e e h r o m a t o ~ r a p h y  of t he  f rac t ion  con ta in ing  t he  bulk  of deoxvr ibos id ic  c o m p o u n d s  was 
per formed by ex t ended  g rad ien t -e lu t ion  c h r o m a t o g r a p h y  wi th  a m m o n i u m  fo rma te  (pH 5) as the  
e luen t  '~. The  resin co lumn,  Dowex- i  (formate)  X- lo ,  2oo-4oo mesh ,  o.39 cm * × io cm and  i6o ml 
mix ing  flask were used. The  following e luen ts  were in t roduced  success ively  into t he  mix ing  flask: 
2(~o ml vt~lumes of t ,1/ a m m o n i u m  formate ,  2 M a m m o n i u m  formate ,  and  0.75 N formic acid in 
2 3/ a m n u m i u m  formate .  Samples  of effluent con ta in ing  5 ml  were collectcd a t  ,o  to 3 ° rain 
i n t e r v a l s  F rac t ions  were pooled, lyophilized, and  used for the  de t e rmina t ion  of the i r  c o n t e n t s  of 
deoxvr ibos id ic  compounds ,  spec t ropho tome t r i c  analyses ,  etc. 

Chemical a~mlvses 
1)N .\ wa.~ e s t i ma t ed  by the  P -n i t r opheny l  hvdraz ine  reac t ion  according to \VEgn a.~ l~ I~p;vv 2n. 

l:or the  de t e rmina t ion  of n i t rogen the  m e t h o d  of I.EvY ANO PALMER 27 was used.  

RESULTS AND DISCUSSION 

I.  T h e  r e s u l t s  o f  a s s a y  o f  a c i d - s o l u b l e  d e o x y r i b o s i d i c  c o m p o u n d s  in  t h e  c u l t u r e  g r o w n  

i n  t h e  m e d i u m  c o n t a i n i n g  a s u f f i c i e n t  q u a n t i t y  o f  t h y m i d i n e  (25 m v m o l e s  p e r  m l )  

a r e  s h o w n  in  F i g .  I * .  I t  wi l l  b e  n o t e d  f i r s t  t h a t  t h e  m a j o r i t y  o f  t h e  d e o x y r i b o s i d i c  

c o m p o u n d s  p r e s e n t  i n  t h e  a c i d - s o l u b l e  f r a c t i o n  o f  L. acidophilus w e r e  i n  s u c h  a s t a t e  

t h a t  t h e y  w e r e  a c t i v e  fo r  t h e  g r o w t h  t e s t  o n l y  w h e n  a d d e d  e x t e r n a l l y  a f t e r  s n a k e -  

v e n o m  d i g e s t i o n .  T h e  s a m e  r e m a r k a b l e  s i t u a t i o n  w a s  f o u n d  p r e v i o u s l y  in  t h e  a c i d -  

s o l u b l e  e x t r a c t s  o f  s e a  u r c h i n  e g g s  ~°, ~x. D N A  a l s o  b e c o m e s  a c t i v e  t o w a r d s  t h e  g r o w t h  

o f  L. acidophilus i f  t r e a t e d  w i t h  s n a k e  v e n o m .  S e c o n d l y ,  t h e  c o n t e n t  o f  t h e  d e o x y -  

r i b o s i d i c  c o m p o u n d s  r e l a t e d  t o  n i t r o g e n  w a s  h i g h e r  in  a c t i v e l y  g r o w i n g  ce l l s  t h a n  in  

ce l l s  w h i c h  h a d  c e a s e d  p r o l i f e r a t i n g .  I n  t h e  l o g a r i t h m i c  p h a s e  t h e  p r o p o r t i o n  o f  

a c i d - s o l u b l e  d e o x y r i b o s i d i c  c o m p o u n d s  c o r r e s p o n d e d  t o  a p p r o x i m a t e l y  5 % of  t h e  

d e o x y r i b o s i d e s  c o n t a i n e d  i n  D N A .  

I t  w o u l d  b e  i n f e r r e d  t h a t  t h e  d e o x y r i b o s i d e  a d d e d  t o  t h e  m e d i u m  is  i n c o r p o r a t e d  

i n t o  t h e  ce l l  a n d  c o n v e r t e d  t o  t h e  m o r e  c o m p l e x  a c i d - s o l u b l e  d e o x y r i b o s i d i c  c o r n -  

* In  the  bac te r i a  g rown  in a m e d i u m  con ta in ing  only  a smal l  q u a n t i t y  of t h y m i d i n e  (o.75 
m/~mole per  ml) t he  c o n t e n t  of acid-soluble  deoxyr ibos id ic  c o m p o u n d s  expressed  per  mg  N as  
well as t h a t  expressed  per  litre cu l tu re  were s igni f icant ly  lower. 
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Fig. I. Content  of acid-soluble deoxyribosidic 
compounds ill a culture grown in the medium 
containing excess thymidine  (25 re#moles 
per ml). u : assayed before venom-t rea tment  
and expressed per  litre culture, t :  assayed 
after venom-t rea tment  and expressed per 
litre culture, u/N: assayed before venom- 
t r ea tmen t  and expressed per mg total  nitro- 
gen. t /N:  assayed after venom-treatment  

and expressed per mg total  nitrogen. 

p o u n d s ,  w h i c h  a re  i n a c t i v e  as  e x t e r n a l  g r o w t h  f a c t o r s  u n l e s s  d i g e s t e d  w i t h  s n a k e  

v e n o m .  T h e  d e o x y r i b o s i d i c  c o m p o u n d s  t h u s  f o r m e d  in  t h e  cell  m i g h t  s e r v e  as t h e  

b u i l d i n g  b l o c k s  of c e l l u l a r  D N A ,  in  v i e w  of t h e  f ac t  t h a t  t h e i r  c o n c e n t r a t i o n  in t h e  

g r o w i n g  cells  s i g n i f i c a n t l y  e x c e e d s  t h a t  in  t h e  r e s t i n g  cells.  

2. F o r  t e s t i n g  t h i s  p o s s i b i l i t y ,  t h e  fo l l owing  e x p e r i m e n t  was  p e r f o r m e d .  T h e  

b a c t e r i a  w e r e  g r o w n  u p  to  t h e  l a t e  l o g a r i t h m i c  p h a s e  in  a m e d i u m  c o n t a i n i n g  excess*  

t h y m i d i n e .  T h e y  w e r e  t h e n  w a s h e d  w i t h  s a l ine  a n d  r e s u s p e n d e d  in  a l a r g e r  v o l u m e  of 

t h e  f r e s h  m e d i u m  c o n t a i n i n g  a " l i m i t i n g "  * q u a n t i t y  of t h y m i d i n e .  W h e n  t h e  b a c t e r i a  

w e r e  t r a n s f e r r e d  to  s u c h  a m e d i u m ,  g r o w t h  e n s u e d .  H o w e v e r ,  t h e  r a t e  of D N A  

s y n t h e s i s  a n d  cel l  d i v i s i o n  w e r e  f o u n d  to  b e  m u c h  s lower  t h a n  in  t h y m i d i n e - r i c h  

m e d i u m  b e c a u s e  of t h e  l i m i t e d  s u p p l y  of  d e o x y r i b o s i d e  f r o m  t h e  m e d i u m * * .  U n d e r  

s u c h  c o n d i t i o n s ,  t h e  l eve l  of i n t r a c e l l u l a r  poo l  of D N A - p r e c u r s o r s ,  if a n y ,  is e x p e c t e d  

t o  b e  l o w e r e d  as  t h e  D N A  s y n t h e s i s  p r o c e e d s .  

F igs .  2 (a) a n d  (b) s h o w  t h e  c h a n g e s  in  t h e  a m o u n t  of a c i d - s o l u b l e  d e o x y r i b o s i d i c  

c o m p o u n d s  w h e n  cells  w e r e  t r a n s f e r r e d  f r o m  t h e  t h y m i d i n e - r i c h  (25 m F m o l e s  

t h y m i d i n e  p e r  ml)  to  t h y m i d i n e - p o o r  (1.75 m t z m o l e s  t h y m i d i n e  p e r  ml)  m e d i u m .  

I n  Figs. 3 a n d  4 a r e  p r e s e n t e d  t h e  i n c r e a s e  in  D N A  a n d  t o t a l  n i t r o g e n  in  t h e  s a m e  

• Under these experimental  conditions the amount  of DNA synthesized when the cells were 
suspended in a fresh medium with large quanti t ies of thymidine corresponded to approximately 
15 m/~moles deoxyriboside per ml culture. Further,  if graded quanti t ies of thymidine were tested, 
the  maximum DNA synthesis was reached at about  15 m/tmoles thymidine per ml. Therefore, a 
quan t i ty  of thymidine above 15 m~moles per ml culture medium was considered to be "excess". 
A quant i ty  of thymidine much lower than  this value may safely be regarded as the "l imit ing" 
quant i ty .  

• * The increase in mass and in protein content  was little affected (see Fig. 4). Even if the 
bacteria were suspended in a fresh medium free of deoxvriboside an increase in total  nitrogen or 
in turbidi ty  as much as approximately 70 % of tha t  found in the medium containing excess 
thymidine  was observed. This is quite different from what  was observed when the culture media 
were lightly inoculated, as in the microbiological assay of deoxyribosidic compounds (test for 
deoxyribosidic growth effect). In the lat ter  case the increase in turbidi ty  was approximately 
proportional  to the  concentrat ion of thymidine in the medium up to about  2 m/zmoles thymidine 
per  ml. 
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Figs. 2 (a) and (b). Changes in the intracellular pool level of acid-soluble deoxyribosidic compounds  
upon incubat ion in the medium with  a limiting quan t i ty  of thymidine.  200 ml of bacterial  cul ture 
grown to about  lO 8 cells per ml in the medium containing 25 m/zmoles thymidine  per  m], were 
washed wi th  saline, resuspended in 960 ml of the fresh medium containing 1.75 m/tmoles thymidine  
per  ml, and incubated at  35 °. Fig. 2 (a) : quan t i ty  of deoxyribosidic compounds  per  litre culture. 
Fig. 2 (b) : quan t i ty  of deoxyribosidic compounds  per  mg nitrogen, t : venom-treated,  u : untreated.  

t - - u  : venom t rea ted  minus  untreated.  

3 

z 
a 

70 

25m/~ moles thymidine~ml 

6 0  

5C 

~ 4 c  
E 

g 

Z 
moles thymidine/ml 

. . . . . . . . . . . . . . .  x 2C 

i 

1c 

Time in hours 

Fig. 3. DNA synthesis  upon incubat ion in the 
thymidine-r ich and thymidine-poor  media. 
The bacteria previously grown in the  medium 
containing 25 m/2moles thymidine  per  ml were 
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XXl I ~ 25 m/~moles thymidine ml 
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Time in houPs 

Fig. 4. Increase in total  ni t rogen in the thymidine-  
rich and thymidine-poor  media. The same ex- 

per iment  as Figs. 2 (a), (b) and 3. 

t ransferred either to the medium containing excess thymidine  (25 m#moles  per ml) or to the  
medium with the limiting quan t i ty  of thymidine  (i.75 m/zmoles per  m]). The same exper iment  

as Figs. 2 (a) and (b) and 4. 
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cul ture ,  toge ther  wi th  those observed  when cells were t ransfer red  to the  fresh m e d i u m  
wi th  excess t h y m i d i n e  (25 m/zmoles t h y m i d i n e  per  ml). Fig.  3 shows t h a t  dur ing  the  
per iod  from 30 to I3O rain af te r  t ransfer  to the  t hymid ine -poor  medium,  the  t h y m i d i n e  
con ten t  of the  med ium was l imi t ing  the  ra te  of D N A  synthesis .  Prec ise ly  dur ing  this  
period,  as seen in Figs.  2 (a) and  (b), a m a r k e d  decrease was observed  in the  con ten t  
of acid-soluble  deoxyr ibos id ic  compounds  inac t ive  in the  growth  tes t  unless t r e a t e d  
wi th  the  venom (t - -  u) as well as of those ac t ive  wi thou t  the  p r e t r e a t m e n t  (u). 

I f  cells were t rans fe r red  to the  m e d i u m  conta in ing  0.5 m/zmole t h y m i d i n e  per  ml,  
the  pool  level  of acid-soluble  deoxyr ibos id ic  compounds ,  which were inac t ive  unless 
d iges ted  wi th  venom (t - -  u), began  to d rop  i m m e d i a t e l y  (Figs. 5 ( a ) a n d  (b)). I n  this  
case, the  r a t e  of synthes i s  of D N A  also became  l imi ted  i m m e d i a t e l y  a f te r  t ransfer  to 
the  new med ium.  
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Figs. 5 (a) and (b). Changes in the intracellular pool level of acid-soluble deoxyribosidic compound 
upon incubation in the medium with a limiting quantity of thymidine. 20o ml of bacterial culture 
grown to about lO 8 cells per ml in the medium containing 25 m#moles thymidine per ml, were 
washed with saline, resuspended in 960 ml of tile fresh medium containing 0.5 m/~mole thymidine 
per ml, and incubated at 35 °. Fig. 5 (a) : amount of deoxyribosidic compounds per litre culture. 
Fig. 5 (b) : amount of deoxyribosidic compounds per mg nitrogen, t : venom-treated, u : untreated. 

t - - u :  venom-treated minus untreated. 

These observa t ions  are  wha t  would  be expec ted  from the reac t ion  sequence:  

Thymidine --+ X --~ DNA (a) 

where  X represents  the  acid-soluble  deoxyr ibos id ic  compounds  t ha t  are  ful ly ac t ive  
in the  g rowth  tes t  on ly  af te r  enzymic  digest ion.  However ,  the  poss ib i l i ty  is not  
necessar i ly  exc luded  t ha t  X and  D N A  are  i n de pe nde n t l y  formed from thymid ine ,  i.e. 

Thymidine ~ X (fl) 
DNA 

3. Agsuming t e a t  the  acid-soluble  deoxyr ibos id ic  compounds  which are  ac t ive  
for the  g rowth  tes t  on ly  af te r  v e n o m - t r e a t m e n t  represent  in t e rmed ia te s  in D N A  

Re/erences p. 48z/482. 
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synthesis (as shown in scheme a), it might be asked why they are incapable of sup- 
porting the growth when added to the medium. I t  is conceivable that  these deoxy- 
ribosidic compounds fail to penetrate into the bacterial cell. However, in view of the 
observation described below, this appears not to be the case. 

The bacteria were grown with excess thymidine until the late logarithmic phase. 
An aliquot of the bacterial culture was centrifuged, and the cells were washed and 
resuspended in a fresh medium containing an amount  of acid-soluble extract  of 
L. acidophilus. Another aliquot was treated in the same way and suspended in a 
medium containing the same amount of acid-soluble extract  previously digested 
with venom. Parallel microbiological assay showed that  this amount of untreated 
acid-soluble extract revealed the growth effect equivalent to 0.5 m/zmole thymidine 
per ml, whereas the treated one had the growth effect equivalent to 8.0 m/zmoles 
thymidine per ml. 

As already mentioned, the transfer of bacteria from the thymidine-rich medium 
to thymidine-deficient medium causes a marked decrease in acid-soluble deoxyribosidic 
compounds in the cell. If  the added acid-soluble deoxyribosidic compounds do not 
penetrate into the bacterial cell, the intracellular level of acid-soluble deoxyribosidic 
compounds should be depressed upon transfer of bacteria from the thymidine-rich 
medium to the medium containing only untreated acid-soluble extract. On the other 
hand, the amount  of acid-soluble deoxyribosidic compounds in the cell should be 
increased when the bacteria are transferred to the medium containing venom-treated 
acid-soluble extract, because of the ample supply of activated deoxyribosidic com- 
pounds. 

The results of assay of intracellular deoxyribosidic compounds at 13o rain after 
transfer of bacteria to the new media are given in Table I. I t  is evident that  a marked 
accumulation rather than depression of acid-soluble deoxyribosidic compounds took 
place when cells were incubated in the medium containing the untreated acid-soluble 
extract. I t  is also noted that  the intracellular level of deoxyribosidic compounds was 
rather.higher in the cells incubated with untreated acid-soluble extract than in the 
cells incubated in the medium containing the venom-treated extract. These results are 
contrary to what is expected on the basis of impermeabili ty of the cell membrane to 
these acid-soluble deoxyribosidic compounds. I t  appears that  the failure of the 

T A B L E  I 

C H A N G E S  I N  T H E  C O N T E N T  O F  I N T R A C E L L U L A R  A C I D - S O L U B L E  D E O X Y R I B O S I D I C  C O M P O U N D S  U P O N  

I N C U B A T I O N  I N  T H E  M E D I U M  C O N T A I N I N G  U N T R E A T E D  O R  V E N O M - T R E A T E D  A C I D - S O L U B L E  E X T R A C T  

Samples 

The amounts o/the intracellular acid-soluble deoxyribosidic compounds 
revealed by the growth test (rnbtmoles thymidine equivalent) 

Per liter culture Per unit optical density 
(at 650 mlO 

Alter Be/ore Alter Be/ore 
venom-treatment venom-treatment venom treatment venom-treatment 

Befo re  i n c u b a t i o n  13.1 
I n c u b a t e d  for  2 h io  ra in  in t h e  m e d i u m  

c o n t a i n i n g  u n t r e a t e d  a c i d - s o l u b l e  
e x t r a c t  32.9 

I n c u b a t e d  for  2 h IO ra in  in t h e  m e d i u m  
c o n t a i n i n g  v e n o m - t r e a t e d  ac id - so lub l e  
e x t r a c t  28. I 

1. 3 4 .86 0.47 

5-3 8.08 1. 3 

4.3 6.54 I.O 
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deoxyribosidic compounds in question to support the growth is due to some other 
reason. 

4. Another possible explanation of the situation may  be that  the acid-soluble 
deoxyribosidic compounds which are inactive as external growth factors serve only as 
the building blocks of special parts of a DNA molecule, and therefore fail to show 
growth effect if they are added alone. When L. acidophilus is furnished with one sort of 
deoxyriboside, the other three deoxyribosides normally contained in DNA are formed 
by  utilizing the deoxyribose of the added deoxyriboside, so that  the DNA synthesis 
and cell growth are supported. Consequently, if the above assumption be true, upon 
simultaneous addition of a deoxyriboside, the deoxyribosidic compounds in question 
should be incorporated into DNA, resulting in an increase in the growth effect which 
cannot be accounted for by  the added deoxyriboside alone. 

The growth effect of the acid-soluble extract  not pretreated with the venom was 
tested in the presence of graded amounts of thymidine. The results are shown in 
Table II .  I t  will be seen that  simultaneous addition of thymidine and the acid-soluble 
extract  resulted in a noticeable augmentation of the growth. For example, the amount  
of the acid-soluble extract that  showed the growth effect equivalent to o.17 m/~mole 
thymidine when tested alone, plus 3.5 m/~moles thymidine, caused a growth equivalent 
to 5.11 m/~moles thymidine. This value (5.11) was 1.44 m~moles thymidine higher 
than the sum of the growth effects observed when thymidine and the acid-soluble 
extract  were tested separately (3.67). 

The results may  be taken to indicate that  the acid-soluble deoxyribosidic com- 
pounds which are less active in the ordinary growth test unless digested with the 
venom become more active in supporting the growth by simultaneous addition of 
thymidine. According to this interpretation, in the presence of sufficient thymidine, 
the growth effect of the acid-soluble extract  was approximately ten times as much 
as that  obtained in its absence (compare i(d) and 4(d) in Table II). I t  can be also seen 
that  the growth-supporting activity of the acid-soluble extract  observed upon addition 
of a sufficient amount of thymidine reached above 60 % of its full activity revealed 
after snake venom digestion (compare 4(d) and 5(a) in Table II) .  

T A B L E  I I  

GROWTH EFFECT REVEALED UPON SIMULTANEOUS ADDITION OF THYMIDINE AND 
THE ACID-SOLUBLE EXTRACT 

( E x p r e s s e d  as  m , u m o l e s  t h y m i d i n e  e q u i v a l e n t )  

Samples 

(a) (b) Co) (d) 
Calculated 

sum o] the Difference Growth effect 
Observed grozvth effects between observed attributable to 

growth effect obtained re,hen growth effect acid-sohtbh, 
thymidine and 

acid-soluble and calculated eMract 
extract were sum ((a) --- (b)) ((O ;- z(a)) 

tested separately 

t. U n t r e a t e d  a c i d - s o l u b l e  e x t r a c t  
2. U n t r e a t e d  a c i d - s o l u b l e  e x t r a c t  

+ o . i  m H r n o l e  t h v m i d i n e  
3. U n t r e a t e d  a c i d - s o h l b l e  e x t r a c t  

+ 0 .26  m / , r n o l e  t h v m i d i n e  
4. U n t r e a t e d  ac id-so lu i ) le  e x t r a c t  

+ 0.35 m / , m o l e  t h v m i d i n e  
5. V e n o m - t r e a t e d  a c i d - s o l u b l e  e x t r a c t  

o .o i  7 o .o i  7 o .ooo  O.Ol 7 

o. 146 o. i 17 0 .029 0.046 

o .397 0 .267 o .13o  o. t47 

o . 5 I i  0 .367 o.144 o i~t  
o. 2()3 

R e ] e r e n c e s  p .  4 8 1 / 4 8 2 .  
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I t  is suggested that  the acid-soluble deoxyribosidic compounds, which show little 
growth effect in the ordinary growth test unless enzymically digested, are utilized for 
the synthesis of DNA if a deoxyriboside is added simultaneously. Although further 
substantial  evidence is required for a definite conclusion, it is likely that  these 
deoxyribosidic compounds serve as the building blocks of some definite parts of a 
DNA molecule. The scheme shown in Fig. 6 illustrates this hypothesis. 

(Medlum) I I ( Cell} 

I i i  7 
tie + . 1 -  ~ f '  _~_ Iw- e 

I I - J _ - ?  . . . . . . . .  Thymidine-1 -i- - ~ 2 ~ + . - 2 ~  ~ 

II 
1t 

i I 

Fig. 6. Scheme to illustrate the possible role of the intracellular pool of acid-soluble deoxynbosidic 
compounds X which reveal little growth effect unless added together with thymidine or added 

after venom-digestion. 

In the experiments mentioned in section 2 regarding the effect of deoxyriboside 
starvation on the intracellular deoxyribosidic compounds, it was observed that  
depression of the pool level of acid-soluble deoxyribosidic compounds was less 
remarkable upon incubation in the medium completely devoid of deoxyriboside than 
in the medium containing a small amount of thymidine. This fact may  also be explained 
on the basis of the above hypothesis. 

5. In order to s tudy the chemical nature of deoxyribosidic compounds in 
L. acidophilus, an acid-soluble extract was prepared from IO 1 of a late logarithmic- 
phase culture grown in the medium containing 25 m/~moles thymidine per ml. 18 ml 
of the neutralized and concentrated extract  were applied to a column of Dowex-I  
(formate), 0.8 cm ~ × 18 cm, and washed well with water  to remove lightly adsorbed 
material. More than 9 8 % of the deoxyribosidic compounds present in the acid-soluble 
extract  were adsorbed on the resin column, indicating that  most of the acid-soluble 
deoxyribosidic compounds in this microorganism are not nucleosides. 

The adsorbed material was fractionated by the extended gradient-elution 
chromatography developed by  HURLBERT et al. 25. The ion-exchange chromatography 
was carried out in the cold room at 3-5 °, in view of the lability of purine deoxy- 
nucleotides with respect to acid 29. Effluent fractions represented by  peaks or portions 
of peaks were pooled, lyophilized, and assayed for their content of deoxyribosidic 
compounds. In Fig. 7 the elution pat tern and the amounts of deoxyribosidic com- 
pounds in each pooled fraction are given. Although no special effort was made to 
identify the fractions containing only small quantities of deoxyribosidic compounds, 
the following main components in some of the fractions may  be suggested from the 
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Fig. 7- Ex tended  gradient  ch rom a t og raphy  of t h e  acid-soluble ext rac t  of L. acidophilus with  
"formic acid sys tem ''25. Columns indicate the  quan t i t y  of deoxyribosidic compounds  found in 
each pooled fraction. Exchanger :  Dowex-I  (formate), X- io ,  200-400 mesh, 0.8 cm 2 × i8 cm. 
Volume of the  mixing flask: 5oo ml. Eluents  were introduced successively into the  mixing flask 

as indicated. 

ratio of E2s 0 to Ea60 and the location in the chromatogram: C, DPN; D, AMP; 
G, UMP; H, ADP; M, UDP. 

It  was found that 82 % of the deoxyribosidic compounds were recovered in 
fraction K, which was eluted in the region approximately corresponding to the 
location of uridine diphosphate N-acetylglucosamine and/or uridine diphosphate 
glucose contained in the acid-soluble fraction of rat liver 25. Also in fraction K the full 
deoxyribosidic growth effect was revealed only after venom-digestion. However, the 
activity found before digestion expressed as percentage of the full activity, 27.8 %, 
was noticeably higher than 9.7 % found for the unfractionated acid-soluble extract. 
The location of fraction K in the chromatogram is different from those of di- or tri- 
phosphates of deoxycytidine and thymidine that have been isolated from the acid- 
soluble extract of the calf thymus 2. The chromatographic behaviour of fraction K is 
also entirely different from that  of deoxycytidine diphosphate choline recently found 
in sea urchin eggs 2°, 21; the latter would be eluted near fraction B. It  should be further 
noted that the nucleotides contained in fraction K cannot be any known simple 
nucleoside monophosphate which should be eluted faster than fraction I. In fraction 
M, which seems to contain UDP as the mare component, 6 % of other deoxyribosidic 
compounds in the acid-soluble extract of the bacteria were found. 

An aliquot of fraction K was adsorbed again on a smaller Dowex-I column and 
rechromatographed by using the "ammonium formate system" of HURLBERT et al. 25. 
As shown in Fig. 8, approximately 9 2 % of the deoxyribosidic compounds in fraction K 
added to the column were found in the main peaks designated as fraction Ke ' .  The 
absorption spectrum of this fraction revealed some similarities to that of uridylic 
acid, but the ratio of E~s 0 to E~s 0 (0.45 in acid and 0.425 in alkali) was considerably 
higher than that of uridylic acid. 

SCHNEIDER AND POTTER 19 have recently reported that di- or triphosphates of 

* The occurrence of deoxyribose in this  fraction was confirmed by the  cysteine-sulfuric acid 
test  2s. 
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Fig. 8. Rechromatography of fraction K by "ammonium formate system ''es. Columns indicate the 
quantity of deoxyribosidic compounds found in each pooled fraction. Exchanger: Dowex-i 
(formate), X-io, 2oo--4oo mesh, o.39 cm 2 × io cm. Volume of the mixing flask: 16o ml. Eluents 

were introduced successively into the mixing flask as indicated. 

TABLE III 
E F F E C T  O F  T H E  T R E A T M E N T  W I T H  I N P E R C H L O R I C  A C I D  A T  I O O  ° 

F O R  I N M I N  O N  T H E  G R O W T H  E F F E C T  O F  F R A C T I O N  t ~ c  

Growth effects 

Samples  Be[ore venom-treatment A l t e r  venom-treatment t - -  
(u) (0 

Fraction Kc not treated with PCA 39.9* (ioo)** i39.I* (ioo)** 99.z* (ioo)** 

Fraction Kc treated with PCA I3.6" (34.i)** ii5.2 (82.8)** Ioi.6" (Ioz.2)** 

* Expressed as m#moles thymidine equivalent. 
* *  Expressed as % of growth effects observed in the sample not treated with perchloric acid. 

thymid ine  and  deoxycyt idine failed to show the growth effect towards L. acidophilus 
unless dephosphorylated to monophosphates  by  acid-hydrolysis. 

In  order to test whether a similar s i tuat ion is found in the deoxyribosidie com- 
pound present in fraction Kc, an al iquot of the fraction was t rea ted wi th  I N PCA 
at IOO ° for 15 min*. After cooling in an ice-water ba th  it was neutral ized with KOH,  
and the result ing KC104 was removed by  centr ifugation.  The supe rna tan t  solution 
was assayed for its growth effects before and after venom- t rea tment .  The da ta  given 
in Table I I I  reveal tha t  the ac id- t rea tment  caused no increase in the growth effect, 
bu t  on the contrary  a considerable decrease. Fur ther ,  by  a subsequent  venom- 
t rea tment ,  the hot PCA-treated sample was ac t ivated  to the same extent  as the one 
not pretreated with hot PCA (see t - -  ¢~ in Table  I I I ) .  Thus  it is clear tha t  the treat-  
ment  with I N PCA at IOO ° for 15 min  ent i rely failed to replace the venom digestion 
in ac t iva t ing  the deoxyribosidic compound in this fraction. 

This fact may  imply,  in agreement  with what  was suggested from the chromato-  
graphic l)ehaviour tha t  the deoxyribosidic compound in fraction Kc differs from the 
known pyr imidine deoxyriboside polyphosphates which were tested by  SCHNEIDER 
et aI. However, the above exper imental  results also indicate tha t  at least most  of the 

* This treatment was found to be sufficient to split the labile phosphates from adenosine 
triphosphate. 
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bases occurring in the deoxyribosidic compound in fraction Kc are pyrimidines, since 
the purine-deoxyribose linkage is expected to be completely broken during hot PCA- 
treatmenO2,17, 29. Further, as has already been mentioned, the deoxyribosidic com- 
pound in fraction Kc can be identical neither with deoxycytidine diphosphate choline 
nor with any simple deoxyriboside monophosphate. Thus it seems likely that the 
main deoxyribosidic compound in the acid-soluble extract of L. acidophilus is a 
deoxynucleotide-like compound but differs from hitherto reported deoxymono- 
nucleotides, including triphosphates of deoxyadenosine, deoxyguanosine, deoxy- 
cytidine, and thymidine, which have been reported to be the immediate precursors of 
DNA in the in vitro systemL 

Further efforts for the purification and identification of this microbial deoxy- 
ribosidic compound are being made. 
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SUMMARY 

Deoxyribosidic compounds  in the acid-soluble fraction of the deoxyriboside-requir ing bacteria,  
Lactobacillus acidophilus R-26,  were studied using tha t  bacter ia  as the test  organism. I t  was sl]own 
tha t  the major i ty  of acid-soluble deoxyribosidic compounds  in the cell were not  nucleosides, and 
revealed a g rowth- suppor t ing  act ivi ty  only af ter  digestion with crude snake venom. 

The contents  of these deoxyribosidic compounds  were higher  in the growing cells than  in the 
rest ing cells. When  cells were t ransferred to the medium with  a limiting a moun t  of deoxyriboside, 
a decrease in the level of the intracellular pool of these deoxyribosidic compounds  was  observed as 
DNA synthesis  proceeded. These deoxyribosidic compounds  revealed little growth effect before 
venom- t r ea tmen t  if tested alone, bu t  if adminis tered wi th  sufficient thymidine  they  showed a 
growth  effect abou t  ten t imes as great  as t ha t  observed in the absence of thymidine.  These observa-  
t ions are taken to suggest  t ha t  these deoxyribosidic compounds  are intermediates  in DNA synthesis.  

A pre l iminary  a t t e m p t  was  made to isolate these compounds  by  using anion-exchange 
chromatography .  Some propert ies  of the deoxyribosidic compounds  in a chromatographic  fraction 
were studied. I t  is suggested tha t  the main deoxyribosidic compound in the acid-sohtble fraction 
of L. acidophilus is a deoxynucleotide-like compound  which differs from the deoxymononucleot ides  
hi ther to  found in the living material .  
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Note added in proo/ 
Fur the r  ch roma tog raphy  of fraction Kc on a cellulose column revealed t ha t  this  fraction 

consisted of two components .  The one component ,  having the absorpt ion which was closely similar 
to t ha t  of thymidine  within the  range between 25o m/z and 29o m/~ bu t  much higher  tha,n thymidine  
at  shor ter  wavelengths,  showed a deoxyribosl~tic growth  ac t iv i ty  after  snake-venom digestion. 
On the other  hand,  authent ic  TMP, T D P  and T T P  were eluted, upon  ch roma tography  on Dowex-I  
with the formic acid system, at the posit ions corresponding to those of fraction H, M and O, 
respectively. I t  is evident,  therefore,  t ha t  the  compound  under  considerat ion is not  identical wi th  
those thymidine  nucleotides. I t  is suggested t ha t  the main deoxyribosidic compound  in the  
acid-soluble ext rac t  of L. acidophilus is a derivative of one of the  thymidine  nucleotides. The other  
compound  present  in fract ion Kc appears  to be a derivative of uracil ribonucleotide. 

E F F E C T  OF N I T R O G E N  AND S U L F U R  M U S T A R D  ON N U C L E I C  ACID 

S Y N T H E S I S  IN ESCHERICHIA COLI* 

F. M. H A R O L D * *  AND Z. Z. Z l P O R I N  

U. S. Army  Medical Nutrition Laboratory, Denver, Colo. ( U.S.A,) 

INTRODUCTION 

The mustards are prominent members of that  group of substances whose biological 
activities are described as "radiomimetic". On the cellular level, both mustards and 
radiation inhibit cell division, induce chromosome fragmentation and gene mutation 
and may ultimately kill the cell. Thus it appears that the nuclear apparatus of the 
cell is particularly susceptible to the action of these agents and may well be the primary 

* The opinions expressed in this  paper  are those of the  authors ,  and do not  necessarily represent  
the official views of any  governmenta l  agency. 

** Present  address:  Division of Biology, California Ins t i t u t e  of Technology, Pasadena,  Calif. 
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