
482 R. OKAZAKI, T. OKAZAKI VOL. 9.8 (1958) 

9 W. C. SCHNEIDER AND L. W. BROWNELL, J. Natl. Cancer Inst., 18 (1957) 579- 
lO W. C. SCHNEIDER, J. Biol. Chem., 216 (1955) 287. 
11 W. C. SCHNEIDER, J. Natl. Cancer Inst., 18 (1957) 569. 
12 E .  HOFF-JORGENSEN, Biochem. J.,  5 ° ti952) 4oo. 
i s  E .  HOFF-JORGENSEN AND E. ZEUT~EN, Nature, 169 (1952) 245. 
14 E. HOFF-JORGENSEN, in J.  A. KITCHING, Recent Developments in Cell Physiology, B u t t e r w o r t h  

Scientific Publ.,  London, 1954, p. 79. 
is j .  R. GREGG AND S. LOVTRUP, Biol. Bull., to8 (1955) 29. 
le S. LOVTRUP, Compt. rend. tray. lab. Carlsberg, Set. chim., 29 (1955) 261. 
17 it{. G. LARK AND O. MAALOE, Biochim. Biophys. Acta, 2I (1956) 448. 
18 B. SOLOMON, Biochim. Biophys. Acta, 23 (1957) 211. 
19 W. C. SCHNEIDER AND R. L. POTTER, Proc. Soc. Exptl. Biol. Med., 94 (1957) 798. 
20 y .  SUGINO, ~hT. SUGINO, R. OKAZAKI AND T. OKAZAKI, Biochim. Biophys. Acta, 26 (1957) 453- 
21 y .  SUGIN0 ' j .  Am. Chem. Soc., 79 (1957) 5074 • 
2~ y .  KURIKI A~D R. OKAZAKI, (in preparat ion) ,  
23 W. S. MACNUTT, Biochem. J.,  5 ° (1952) 384. 
2~ W. C. SCHNEIDER, J. Biol. Chem., 161 (1945) 293. 
2s R. B. HURLBERT, H. SCHMITZ A. F. BRUMM AND V. R. POTTER, J. Biol. Chem., 209 (1954) 23. 
2e j .  M. WEBB AND H. 13. LEVY, J. Biol. Chem., 213 (1955) 213- 
27 M. LEVY AND A. H. PALMER, j r  Biol. Chem., 136 (194 o) 57. 
2s Z. DlSCHE, Proc. Soc. Exptl. Biol. Med., 55 (1944) 217. 
29 C. TAMM, H. E. HODES AND E. CHARGAFF, J. Biol. Chem., 195 (1952) 49. 

Received November 28th, 1957 

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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site of a t tack  by  both mustards and radiation. While the mode of action of these agents 
need not be the same, studies on "the biological effects of the mustards m a y  contribute 
also to our understanding of radiation injury. 

The emergence, in recent years, of strong evidence identifying deoxyribonucleic 
acid (DNA) as the genetic material  of the cell, has directed the at tention of investi- 
gators in the field of radiobiology to the effects of radiation and radiomimetic drugs 
on this substance. There appears to be considerable support for tile view that  the 
physiological basis of the nucleotoxic action of the mustards (as that  of radiation) is 
to be sought in their interaction with DNA. These substances reduce the viscosity 
of DNA, perhaps by  partial  degradation of the molecule 1. The biological act ivi ty of 
transforming principle is lost upon t rea tment  with nitrogen mustard,  even in con- 
centrations which do not affect the viscosity 2. fn  vivo, inhibition of DNA synthesis 
after mustard t rea tment  has been observed both in bacteria 3, 4 and in mammals  5. 

The present s tudy is an a t tempt  to extend our knowledge of the effect of mustards  
on the metabolism of the nucleic acids. 

MATERIALS AND METHODS 

Chemicals 
Two mus t a rd s  were selected for invest igat ion:  
(a) Sulfur mus ta rd ,  bis (fl-chloroethyl) sulfide, abbrevia ted  HD,  was furnished by  Dr. M. D. 

GAON of the Rocky Mountain  Arsenal, U. S. Army  Chemical Corps, Denver,  Colorado. 
(b) Ni t rogen mus ta rd ,  me thy l  bis (fl-chloroethyl) amine hydrochloride ("Mustargen")  was 

purchased  f rom Sharp & Dohme,  Inc. This mater ia l  is henceforth referred to as HN2. 
Purines  and pyr imidines  were purchased  from Nutr i t ional  Biochemicals Corporation, and 

were recrystallized before use. 6-Methylaminopur ine  was a gift f rom Dr. G. HITCHINGS Of the 
Wellcome Research Laboratories ,  Tuckahoe,  N.Y., to  whom our  t hanks  are due. 

A sample of purified sa lmon-sperm DNA, obtained from Prof. I. L. CHAIKOFF of the Universi ty  
of California, Berkeley, served as s t andard  for the DNA determinat ions.  For ribonucleic acid (RNA), 
a Sample of commercial  yeast  R N A  was purified as described by  VISCHER AND C H A R G A F F  6. 

Bacterial strains 
Escherichia coli, s t ra in  ]3, was  obtained from Prof. S. S. COHEN of the  Univers i ty  of Penn- 

sylvania  School of Medicine, Philadelphia. Strain B/r, a radiat ion res is tant  m u t a n t  of t3 first 
described by  W I T K I N  7, w a s  obtained f rom the collection of the D e p a r t m e n t  of 13iophysics, 
Univers i ty  of Colorado School of Medicine. The bacteria were mainta ined on slants  of nutr ient  
agar  and were t ransfer red  at  intervals  of four to six weeks. 

Growth experiments 
Unless otherwise stated,  g rowth  exper iments  were conducted as follows: Bacteria were taken 

f rom the  slants,  inoculated into 20 ml of the  glucose-sal ts  medium of COHEN AND ARBOGAST 8, and 
the  cul tures  were incubated at 37 ° overnight .  They were then  diluted with an appropr ia te  volume 
of the med ium and incubated at  37 ° wi th  vigorous aeration. Growth  was followed by measurement  
of the optical densi ty  at  6oo m/2 in a Beckmann  DU spec t rophotomete r  and by  viable cell count.  
The generat ion t ime was  6o-65 min. When  the  bacteria, growing logarithmically, had undergone 
at  least one division and had a t ta ined an  optical densi ty of abou t  0.3 (corresponding to 4-5" Io8 
cells/ml), they  were harves ted  by  centrifugation,  washed once with the  medium lacking glucose 
and resuspended in the  same. The desired quan t i t y  of H D  (dissolved in a trace of ethanol) or of 
I-IN2 (aqueous solution) was then  added*; the  mix ture  was incubated for 15 rain and the cells were 
again collected by  centr ifugat ion.  They  were then  resuspended in pre -warmed glucose-sal ts  mediu m 

o * *  . . . .  and aerated at  37 as before . Samples were wi thd rawn  a t  f requent  intervals  for chemical analysis 
and for de te rmina t ion  of the viable cell count.  \Vhenever possible, control  and exper imental  
cul tures were run  concurrent ly .  

* Concentrat ions  of mus ta rd  t h roughou t  this  paper  refer to the concentrat ion of mus ta rd  in the 
cell suspension.  

* * This point  corresponds to o minutes  in Fig. i--6. 
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A nalytical methods 
Viable cell counts  were performed by  plat ing on nu t r ien t  agar  supplemented  wi th  0. 5 % 

sodium chloride. The bacteria  were incorporated into soft agar  before plating. 
For  the  de te rmina t ion  of nucleic acids, 25 ml al iquots of the  bacterial  suspension (optical 

densi ty  0.06 or higher) were chilled and centrifuged. The cells were then  extracted wi th  0.25 N 
perchloric acid for 20 rain in the cold to isolate the  acid-soluble fraction (when this  fract ion was  
not  needed, the cell suspension was  precipitated directly w i th  0.25 N perchloric acid). Nucleic 
acids were then  extracted f rom the  cell residue by  heat ing it wi th  two successive 5-ml port ions  of 
o. 5 N perchloric acid at  95 ° for io rain. The pooled ext rac ts  were b rough t  to volume. DNA was 
determined by  BURTON'S method 9 and R N A  by  t h a t  of CERIOTTI 1°. The ul traviolet  absorp t ion  of 
the  ext rac ts  at  26o m #  agreed very  well wi th  t ha t  of artificial mix tures  of nucleic acids in the  pro- 
por t ions  indicated by  the  analysis.  

In  order  to determine deoxyribose and ribose in the  acid-soluble fraction, g rowth  exper iments  
had to be conducted on a larger scale. Samples of 40o ml (optical densi ty  abou t  0.5) were centri- 
fuged. The cells were washed wi th  saline and ext rac ted  in the  cold wi th  two por t ions  of 0.25 N 
perchloric acid, to  give a final volume of 5 ml. Under  these condit ions about  7 ° % of the  acid- 
soluble fraction was  recovered. Ribose and deoxyribose were determined as before; hydrolysis  of 
the ex t rac t  proved unnecessary.  

Determination of the base composition of DN~I 

Bacteria were grown on a large scale, ei ther on the  surface of agar  or in liquid medium.  DNA 
was isolated either by  a modification of the  method  of ZAMENHOF et al. n or by  t h a t  of SMITH AND 
V~TYATT TM. In  ei ther case, RNA was removed by alkaline digestion. The RNA content  of our  DNA 
prepara t ions  did not  exceed 4 % as determined by  analysis  for uracil on an ion-exchange column 13. 

Adenine, guanine, thymine ,  and cytosine were determined after  digestion wi th  perchloric 
acid 14. They were separated by  paper  chromatography ,  eluted and es t imated by  means  of their  
ultra-violet  absorp t ion  15. 6-Methylaminopurine was  determined as described by  Du~rN AND 
SMITH 16. Phosphorus  was  determined after  digestion of the  DNA 17 by the  method  of ALLEN TM. 
Some of the  methods  applied in this  phase  of the  s t udy  have been described in greater  detail 
elsewhere ]9. 

RESULTS 

I .  Growth and viability o/E .  coli after mustard treatment 

Survival curves for E. coli B and B/r after treatment with mustards are presented 
in Fig. I. These were obtained by treating the bacteria with mustard in the loga- 
rithmic phase of growth as described in the experimental section, and plating them 
onto nutrient agar 15-2o min after addition of the mustard. It  will be noted that 
survival of B/r was much higher than that of B, in agreement with the previous work 
of  BRYSON 2°. 

When E. coli B, treated with a concentration of HD or HN2 sufficient to in- 
activate 9 ° % or more of the cells, were resuspended in the growth medium, growth* 
began immediately. The turbidity increased exponentially for some 3 to 4 h, after 
which growth slowed down. The rate of turbidity increase depended on the concentra- 
tion of mustard used, diminishing as the dose of mustard was increased. Typical 
turbidity-doubling times after treatment with various concentrations of HD and 
HN2 are shown in Table I. I t  must be emphasized that the bulk of the bacteria in 
these and subsequent experiments were unable to give rise to colonies. The only 
viable bacteria in the system were the few which had survived the mustai-d treatment. 
These multiplied at the normal rate (generation time 6o-65 min) but were never 
sufficiently numerous to contribute significantly to the optical density or to the 
chemical determinations. 

* Growth is here defined as an increase in the turb id i ty  of the  suspension at  600 mt~. This is 
considered to be a measure  of the increase of cell pro toplasm,  whether  or not  accompanied by  cell 
division. 

Re/erences p. 491. 



VOL. 28 (1958) EFFECT OF N AND S MUSTARD ON DNA SYNTHESIS IN E. cull 485 
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CONCENTRATION OF MUSTARD IN THE CELL 
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F i g .  I .  E f f e c t  o f  n i t r o g e n -  a n d  s u l f u r  
m u s t a r d  o n  v i a b i l i t y  o f  E. cull B a n d  B / r .  

T A B L E  I 

APPROXIMATE TURBIDITY-DOUBLING TIMES OF E. Cull B 
AND B / r  AFTER TREATMENT WITH MUSTARD COMPOUNDS 

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

a n d  r e s u s p e n d e d  in  g r o w t h  m e d i t i m  

Mustard Concentration, 
gg/ml 

Turbidity-doubling time, 
(minutes) 

E. coli B E. coli B/r 

H D  

H N 2  

o 6 0  6 0  
85  8 0  85 

I i O  9 5 - 1 o o  IOO 

o 6 0  6 0  

5 ° 6 o  - -  
2 5 0  7 5 - 8 0  75 
5 0 0  85--90 85 

Microscopic examination of the cultures after several hours revealed that the 
majority of the organisms, having lost the ability to divide, had grown into long 
filaments. Cultures of B/r treated with mustards showed the same reduction of the 
growth rate observed with B. However,  filament formation was much less pronounced 
than with B and the number of viable cells was much higher. 

2. Nucleic acid content 0 /E .  coli B and B/r 

It has been reported 21 that the nucleic acid content of some strains of B/r is higher 
than that of B. We were unable to confirm this report with our strains. In both the 
logarithmic and stationary phases of growth, the nucleic acid content of 13 and B/r 
were the same (Table II). 

T A B L E  n 

N U C L E I C  A C I D  C O N T E N T  P E R  C E L L  O F  E .  Co l i  B A N D  ] 3 / r  

Strain 

DNA, #g/cell RNA , #g/cell 

Logarithmic Stationary phase Logarithmic qt~tionary phase 
phase (aerated/or z4 h) phase (aerated for 2 4 h) 

B 1 6 - 1 8 -  lO -9  2 4 - 2 6 -  lO -9  l O O - 1 2 o ,  lO -9  6 5 - 7 5 "  lO -9  

B / r  1 6 - 1 8 .  lO -8  22-27. lO -9  lOO--12o,  lO -9  5 0 - 6 5  • lO  -9  

We also compared the base compositions of DNA samples isolated from the two 
strains. In agreement with previous reports 2~, the molar ratios of adenine to thymine, 
guanine to cytosine, purines to pyrimidines and 6-amino groups to 6-keto groups 
were all close to one. The molar ratio of thymine plus adenine to cytosine plus guanine 
was selected as a measure of the ratio of the two base pairs. Statistical analysis of the 
results shown in Table I I I  revealed no significant difference (at the 1% level) between 
the DNA's of the two strains. 
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T A B L E  I I I  

BASE COMPOSITION OF D N A  FROM E .  coli B, B / r  A N D  H D - T R E A T E D  B 

Bacterial Growth medium 
strain 

Proportion in moles o] bases per 4 gram-atoms o/ 
phosphorus corrected for zoo % recovery Percent Ratio o/b:~se pairs : 

actual 
6-Methyl. recovery o/ Thymine + Adenine 

Thymine Cytosine Adenine Guanine amino- phosphorus Cytosine }- Guanine 
purine 

B N u t r i e n t  0.92 i . o i  0.95 i . i o  0.02 i o o  0 .89 
N u t r i e n t  o.92 1.o6 o .94 i .o8 o.o2 lO8 o.87 
G l u c o s e - s a l t s  o.91 i .08 0 .94 i .05 0.02 88 0 .87 
G l u c o s e - s a l t s  0.91 1.06 0.95 i .06 o.o2 88 0 .88 

B,  T r e a t e d  
w i t h  8 5  G l u c o s e - s a l t s  o.91 1.o9 0.92 1.o8 o.02 113 0.85 
/~g/ml  H D  G l u c o s e - s a l t s  0.95 1.02 0 .96 i .09 0.o2 88 0 .9o 

B/r N u t r i e n t  1 .oo i .oo 0 .98 i .oo 0.02 IOO o.99 
N u t r i e n t  o-94 i .oo o.97 1.09 o.02 90 0.92 
G l u c o s e - s a l t s  o.89 1.o4 I .Oi  i .04 - -  86 o.91 
G l u c o s e - s a l t s  o.97 1.o6 0.93 1.o2 0.02 lO 4 o.91 
G l u c o s e - s a l t s  0.95 i .o6 o.93 1.o 4 o.02 lO8 0.90 

3. E#ect o~ mustard on nucleic acid synthesis 

Under the conditions of logarithmic growth used in the present study, the rates 
of DNA and RNA synthesis equaled that of turbidity increase (growth) (Fig. 2, A). 
Treatment of E. coil ]3 with a concentration of HD or HN2 (e.g., IO /,g/ml) just 
sufficient to reduce the viable count by 9 ° % had no detectable effect on the synthesis 
of these cell constituents. However, with higher concentrations of mustard a specific, 
albeit transient, inhibition of D N A  synthesis was observed (Fig. 2, B and C). 

It will be noted that after treatment of E. coli B with 85 vg/ml HD (viable count 
less than 0.5 % of untreated controls) the growth rate was but slightly reduced. The 
synthesis of RNA paralleled turbidity as in the untreated cells, but DNA synthesis 
was inhibited for about 20 min. D N A  synthesis then resumed and its rate returned 
to normal (Fig. 2, B). 

A B C 
Z.5- No HD 8 5 ~ g / m l  HD fl I lO#g /ml  HD /o / ~O o TURBIDITY, OD600 

2,0" ~ X RNA 
~-- x A D N A  
Z 

d In° 1.5- / • o A  

; , / AS ¢. ° / .../ 
o 

,.o 4 , /  
6 zb 4b eb eb 6 zb 4b 6b ~ 6 z~ 45 ~ s'o 

MINUTES OF INCUBATION IN GROWTH MEDIUM 

Fig .  2. Ef fect  of sul fur  m u s t a r d  on  g r o w t h  a n d  nuc le ic  ac id  s y n t h e s i s  in E .  coli B. T h e  b a c t e r i a  w e r e  
t r e a t e d  w i t h  H D  as descr ibed  in t h e  t e x t  a n d  r e s u s p e n d e d  in g r o w t h  m e d i u m  at  o m i n u t e s .  

c o n c e n t r a t i o n  of cel ls  a n d  nucle ic  ac ids  a t  t i m e  = t 
O r d i n a t e s  = p l o t t e d  o n  a l o g a r i t h m i c  scale .  

c o n c e n t r a t i o n  of  cei ls  a n d  nuc le ic  ac ids  a t  t i m e  = o 
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If  the bacteria were treated with still higher concentrations of HD, DNA syn- 
thesis was inhibited for a longer period of time. Thus, IIO Fg/ml HD inhibited DNA 
synthesis for about 4 ° min (Fig. 2, C). Some inhibition of RNA synthesis was generally 
observed after t reatment  with concentrations of HD greater than IOO Fg/ml, after 
which RNA synthesis again paralleled the increase of turbidity. 

Transient inhibition of DNA synthesis was also demonstrated after t reatment  
with HN2, although the concentration required was considerably higher (Fig. 3). 

Z 
0 

l- 
Z 

Z 
0 (,) 

F- 

_.1 
W 
rr 

2.5 

2 . 0  

1.5 ! 

I.(3 

A 8 
No HN2 / i  5 0 0 # g / m l  HN2 

o T U R B I D I T Y  00600 
J~ x R N A  / / A D N A  

/ 
l / x  

/ . 

o 20 4o 6o eo a ~o 48 io sb t6o 
MINUTES OF INCUBATION IN GROWTH MEDIUM 

Fig .  3- E f f e c t  of n i t r o g e n  m u s t a r d  o n  g r o w t h  a n d  n u c l e i c  a c i d  s y n t h e s i s  in  E. coli B. E x p e r i m e n t a l  
t e c h n i q u e  a n d  p l o t  as  i n  F ig .  2. 

A 
3.0- No HD 

A 

2.5 

. / 
I- 2.0 z 

z 

w 1 . 5  > 
I- 
g 
. 

O. 

8 io 4'o go do 

B C 
80..ug/ml HD 470#g/ml HN2 

TURBID TY, OD6c ~ 

x RNA / 
• DNA 

x / 
/ 

A ,'/ / 

_ ,/2_.,/ 
8 2tO 48 60 80 8 20 4~ 60 8ZO 

MINUTES OF INCUSATION IN GROWTH MEDIUM 

Fig .  4- E f f e c t  of  s u l f u r -  a n d  n i t r o g e n  m u s t a r d s  o n  E. coli ]3/r. E x p e r i m e n t a l  t e c h n i q u e  a n d  p l o t  
a s  in  F ig .  2. 

Of great interest is the observation that  a given concentration of HD or HN2 induced 
about the same inhibition of DNA synthesis in B/r as in B. Thus, in Fig. 4, B, 80 
Fg/ml HD inhibited DNA synthesis in B/r for 20 rain, which is the same result as 
shown for B in Fig. 2, B. 

I t  seemed of interest to characterize more fully the DNA that  is synthesized 
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after treatment with HD. To this end DNA was isolated as described above from 
E. coli B which had been treated with 85/xg/ml HD and which had then been permitted 
to grow for 3-4 h. About 80 % of the DNA in this system had been synthesized after 
the mustard treatment. The material was readily isolated in good yield in fibrous form 
and gave a viscous solution when dissolved in saline 11. The base composition, deter- 
mined after removal of RNA by alkaline digestion, is shown in Table I I I  and appears 
the same as that of DNA from untreated E. coli B. 

4. Accumulation o/ deoxyribose in the acid-soluble/raction after mustard treatment 

The observation that DNA synthesis is inhibited after mustard treatment 
prompted us to search for effects on the intracellular nucleotide pool. In experiments, 
conducted as described in the experimental section, it proved feasible to measure 
approximately the deoxyribose and ribose content of the acid-soluble fraction of 
E. coli. Deoxyribose and ribose, both free and purine-bound, would be found in this 
fraction. 

In untreated, growing E. coli B the acid-soluble deoxyribose and ribose contents 
paralleled turbidity. By contrast, in HD-treated cells the intracellular deoxyribose 
level rose rapidly (much of the increase took place prior to the start of incubation), 
reaching a peak after about 15 rain of incubation, and then dropped. The ribose content 
was not increased over that of untreated cells and parallelled growth (Fig. 5). Treat- 
ment of the cells with HN2 also raised the level of intracellular deoxyribose without 
affecting that of ribose. However, with this mustard the deoxyribose level rose 
steadily throughout the period of incubation (Fig. 5). 

o 

~3 
z 

U- t 

B 
R IBOSE 

A 
DEOXYRIBOSE 

j • 

/ o / °  ° 

0 15 3~0 4~5 
MINUTES 

o UNTREATED E coli B 
2oo/~g/m, . o  

J 550/J 9/ml HN2 

o j o 
j ~  

J~t t t t t 5 
ILl 0 15 3 0  4 
¢ OF INGUB ATION 

F i g .  5. F f f e c t  of  n i t r o g e n -  a n d  s u l f u r  m u s t a r d s  o n  t h e  a c i d - s o l u b l e  d e o x y r i b o s e  a n d  r i b o s e  c o n t e n t  
of  E .  roll B .  E .  coli B w a s  t r e a t e d  w i t h  m u s t a r d  as  d e s c r i b e d  in  t h e  t e x t  a n d  r e s u s p e n d e d  in  g r o w t h  

m e d i u m  a t  .o m i n u t e s .  T h e  o r d i n a t e s  a r e  c o r r e c t e d  t o  t h e  s a m e  cel l  d e n s i t y  a t  o m i n u t e s .  

5. Excretion o/ ultraviolet-absorbing material into the medium after mustard treatment 

In addition to the transient accumulation of deoxyribose inside HD-treated 
E. eoli B we also noted a rapid release into the medium of acid-soluble, ultraviolet- 
absorbing material from such cells. The ultraviolet absorption spectrum of the ex- 
creted material showed a strong peak about 260 m~, suggesting that it consisted of 
compounds related to the nucleic acids. The initial rate of accumulation of this sub- 
stance in the medium increased with increasing concentrations of HD (Fig. 6). 
Excretion of ultraviolet-absorbing material from HD-treated E. coli B also occurred 
if the cells were suspended in buffer, but at a reduced rate. 
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By contrast, treatment of E. cell B with HN2 did not induce an increased ex- 
cretion of ultraviolet-absorbing material over that of untreated cells (Fig. 6), even 
when the dose of HN2 was sufficient to inhibit DNA synthesis for 50 min. The 
behavior of E. coil B/r with respect to excretion of ultraviolet-absorbing material 
paralleled that of B. 

• UNTREATED E coil B 
o 660,Ug/ml HN2 

0.200" & 85~'g/ml HD A 
• I27./-,g/rnl HD J 

w O. 1 5 0 -  / 
a 

o 
-- 0.100" • / A  

/ 
o . o s o .  

, 
0 20 40 60 80 

MINUTES OF INCUBATION 

Fig. 6. Excre t ion  of ul t raviole t -absorbing 'materials 
by  mus ta rd - t r ea t ed  E. cell B. E.  cell B was t reated 
wi th  m u s t a r d  as decribed in the t ex t  and resus- 
pended in g rowth  medium at  o minutes .  The ordinate 
represents  optical densi ty  of the  g rowth  medium at  
26o mF, using the  med ium at o minutes  as blank. 
All the  curves  are corrected to the  same initial cell 

density.  
L6o 

DISCUSSION 

There appears to be general agreement that nitrogen- and sulfur mustards block cell 
division in bacteria and lower the viable count. However, as is also the case with 
both ultraviolet and ionizing radiations, bacteria inactivated by mustards may 
continue to enlarge giving rise to long filaments 3, 4, 20, 2s, 2,, 25. Our observations are in 
full agreement with these previous reports. I t  is of interest that filament formation 
in the mustard-resistant strain, B/r, is much less pronounced than in B. A similar 
effect has been reported with respect to induction of filamentous growth in B and B/r 
by ultraviolet light ~ and by furacin 26. 

The literature dealing with the effect of mustards on nucleic acid metabolism of 
E. coli presents a more confusing picture. HERRIOTT 3 and PARDEE 4 found that E. coli 
inactivated with HD are unable to synthesize DNA. On the other hand, KATCHMAN 
et al. 25 reported normal amounts of DNA in filamentous E. coli resulting from treat- 
ment of bacteria with low doses of the mustard triethylene melamine. Under our 
experimental conditions we found that both HD and HN2 induce a transient in- 
hibition of DNA synthesis, the duration of which depends on the concentration of 
mustard. Ultimately DNA synthesis resumed'and its rate returned to normal. In 
agreement with previous work 3, 4, 2~ the synthesis of RNA and of protein (i.e., growth) 
continued even while DNA synthesis is blocked. 

The pattern of growth and of nucleic acid synthesis presented here bears a striking 
resemblance to that reported by K\NAZlR .\ND ERRERA 27, who demonstrated transient 
inhibition of DNA synthesis in E. cell subjected to ultraviolet irradiation. Surprisingly, 
a given dose of ultraviolet light 2v or of mustard inhibits I)NA synthesis to the same 
extent in both B and B/r. Transient inhibition of I)NA synthesis has also been ob- 
served after X-irradiation of E. coli under special conditions "s. K.\x.\zIR .'xl) ERRH¢.~, 
in their investigation of nucleic acid metabolism of ultraviolet-irradiated E. coli, 
demonstrated an accumulation of deoxyribonucleotides inside the irradiated cells and 
have presented evidence for the view that these represent precursors of DNA accu- 
mulating behind the block 27, 29, 30. In the experiments reported here, accumulation of 
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acid-soluble, deoxyribose-containing compounds was observed in E. coli B treated 
with quite high concentrations of HD or HN2. However, pending more detailed 
investigation, it is not possible to state whether these represent precursors of DNA 
or acid-soluble degradation products. In this connection, we wish to point out an 
apparent difference between the actions of HD and HN2: in HD-treated E. coli, the 
intracellular, acid-soluble deoxyribose level rises to a peak, followed by a drop. 
Concomitantly, material with an ultraviolet-absorption peak at 26o m~ appears in 
the growth medium. By contrast, the intracellular deoxyribose content of E. coli 
treated with HN2 rises steadily and no ultraviolet-absorbing material is excreted into 
the medium. While these observations must be interpreted with great caution, they 
suggest that HD (but not HN2) may act upon the cell wall to cause leakage of cell 
constituents. It  is of interest that leakage of nucleic acid derivatives from E. coli 
has also been observed after irradiation with X-ray and ultraviolet light 31. 

It  remains to consider the possible relationship between the cytotoxic and 
mutagenic actions of the mustards and the effects of these substances upon nucleic 
acid metabolism. COHEN AND gARNER 32 have suggested that the lethal action of the 
mustards on bacteria might be a consequence of "unbalanced growth" resulting from 
an inhibition of DNA synthesis while cytoplasmic growth continues. The present 
results do not lend support to this proposal, at least in its original form. Thus it was 
found possible to inactivate E. coli B with concentrations of mustard which have no 
detectable effect on DNA synthesis. Moreover, inhibition of DNA synthesis was found 
to be transient, showing that the inactivated bacteria are still capable of extensive 
DNA synthesis. Finally, DNA synthesis in B/r is as sensitive to inhibition by mustards 
as is that  of B, but survival is much higher. 

On the other hand, our results should not be construed as disproving the view 
that the lethal action of the mustards is due to their interaction with nucleic acids. 
The degree of survival of E. coli after mustard treatment appears to depend upon 
subsequent treatment*, which renders it difficult to correlate inactivation (measured 
on solid, nutrient medium after 18 h) with the inhibition of DNA synthesis (measured 
immediately in liquid, glucose-salts medium). Further, while the DNA synthesized 
by E. coli inactivated by HD grossly resembles that from normal cells, there is no 
evidence that it is genetically competent. Synthesis of an incomplete DNA, for 
instance, might not permit continued cell division. 
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SUMMARY 

I. Treatment of Escherichia colt with nitrogen- or sulfur mustard resulted in a cessation of 
cell division and a marked reduction of the viable count. Strain B/r was much more resistant to 

* For instance, survival is higher on glucose-salts agar than on nutrient agar. 
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mus t a rd s  t h a n  was  B. Bacteria inact ivated wi th  mus t a r d  could still grow for several hours,  giving 
rise to  filaments. 

2. The nucleic acid content ,  per  cell, of E. coli B and  B]r was found to be the same. Samples 
of DNA isolated f rom these two s t ra ins  were found to have  the  same base composit ion.  

3. Nitrogen- and  sulfur  m us t a rd s  induced a t r ans ien t  inhibit ion of DNA synthes is  in bo th  
E. coli B and B/r. The dura t ion  of the  inhibit ion depended on the concentra t ion  of mus ta rd .  
Ult imately,  D N A  synthes is  resumed and  the rate  of DNA synthes is  of the filaments re turned  to 
normal.  

4- Growth  (increase of turbidi ty)  and R N A  synthes is  cont inued while DNA synthes is  was  
blocked. 

5- Deoxyribose accumula ted  in the  acid-soluble fraction of E. coli t rea ted  wi th  ei ther sulfur-  
or ni t rogen mus ta rd .  

6. E. coli B and B/r, t rea ted  wi th  sulfur mus ta rd ,  excreted into the g rowth  med ium acid- 
soluble material ,  whose absorp t ion  spec t rum showed a peak at  260 m/*. Bacteria t rea ted  wi th  
ni t rogen mus t a rd  did not  release such substances.  
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