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S U M M A R Y  

The formation of protein and deoxyribonucleic acid in E. coli cells infected with T2r + 
phage in the presence of 5-fluorouracil without or with the addition of pyrimidine 
supplements (uracil, thymidine) was studied. The fluoro compound completely 
inhibited the synthesis of deoxyribonucleic acid in infected cells; protein still was 
produced, though at a diminished rate. In the presence of this inhibitor, uracil 
stimulated only the synthesis of protein, thymidine also that of deoxyribonucleic 
acid; with both supplements figures surpassing those of control preparations were 
recorded. 

The purine and pyrimidine composition of the deoxyribonucleic acid present in 
the various systems was determined and the fate of the nucleic acid of the infecting 
phage was followed through the use of 14C-labeled phage and the estimation of total 
and specific radioactivity of the nucleic acid components. 

INTRODUCTION 

The effects of 5-fluorouracil on the multiplication of even- and odd-numbered T phages 
were studied in the preceding paper 1. In the present communication an at tempt is 
made to gain some insight into the biochemical phenomena underlying the inhibition 
caused by the fluoro pyrimidine. The formation of protein and nucleic acids in E. coli 
cells infected with phage T2r + was followed under conditions simulating those ob- 
served in the preceding study and the composition of the deoxyribonucleic acid re- 
maining or synthesized in these systems was determined. In some of the experiments 
14C-labeled phage was employed. 

EXPERIMENTAL 
Materials 

The pyrimidines employed have been mentioned before 1. The puri ty of all 
preparations was checked spectrophotometrically and by means of paperchromato- 
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graphy in several solvent systems. In the case of 5-fluorouracil use was also made of 
chromatography on an anion exchange column (Dowex-2, formate; gradient elution 
with 0.2 M ammonia-o.2 M ammonium formate) which permits a good separation 
of fluorouracil and uracil. 

Strains and media 

The bacterial strain used was E. coli, strain B. In all experiments phage T2r + 
was employed which was obtained through the courtesy of Prof. F. J. RYAN. The 
synthetic medium and the general methodology were mentioned in the preceding 
paper 1. 

Radioactive phage was prepared by  growing the bacteria in the presence of E14CI - 
glucose (255,000 counts/min/~mole; 6.5 ~moles/ml of culture) followed by  infection 
with a low multiplicity of phage. Marked lysis occurred within 4 to 5 h, when the 
phage preparation was concentrated and purified by  several cycles of alternating 
centrifugations at low and high speeds 2. The purified phage had a titer of 8.4" Ion/ml  
and gave 35,600 counts/min/ml. 

Experimental arrangements 

The bacterial cells were grown in the synthetic medium with aeration at 37 ° . 
When a density of about 2. lO 8 cells/ml was reached, the culture was divided into 
portions to which the various supplements, as specified later, were added and the 
incubation at 37 ° was continued for 3 ° min. Infection was then carried out with 
T2r+ at a ratio of IO to 15 phage per bacterium. The samples removed at intervals for 
various determinations were chilled, brought to a 5 ~o concentration with respect to 
trichloroacetic acid by the addition of a 5 ° ~o solution, and kept at 4 ° for I h. 

For the estimation of total protein and nucleic acids the precipitates were collected 
by centrifugation and washed once with cold 5 % trichloroacetic acid, twice with 
ethanol-ether (1:3, v/v) and once with ether s. The residues were dissolved in 0.2 M 
sodium hydroxide and kept at 3 °0 for 18 h. Samples of the centrifuged solutions served 
for the estimation of the nucleic acids and of protein. 

For the study of the composition of the deoxyribonucleic acid encountered 
under various conditions the arrangement of HERSHEY et al. 4 was followed. Bovine 
serum albumin was added to the infected cultures to a final concentration of 0.3 % 
before precipitation with cold trichloroacetic acid. 

In experiments designed to detect the synthesis of small amounts of phage 
precursor deoxyribonucleic acid, the cells were grown to a density of 3 to 4" IO8/ml 
and the culture was divided into portions which, after receiving the various pyrimidine 
supplements, were kept at 37 ° for 30 min. The samples then were centrifuged and 
the sediments suspended in the adsorption medium 2 (one-quarter of the original 
volume) containing the same concentrations of pyrimidine supplements. After the 
addition of 14Cdabeled phage in a ratio of 15 phage per bacterium, the suspensions 
were kept for IO min at 37 ° and the cells were collected by centrifugation and sus- 
pended in the growth medium (about three-quarters of the original volume) again 
containing the pyrimidines employed in the particular experiment. Samples removed 
at the beginning of the experiment and 3 h later served for the study of deoxyribonul 
cleic acid composition. The individual purines and pyrimidines, separated by  paper 
chromatography, were eluted with o.oi N HC1; the extracts were, after spectrophoto- 
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merry, neutralized with NaOH, transferred quantitatively to stainless steel planchets, 
evaporated to dryness, and their radioactivity was determined. 

A nalyticalprocedures 

The bacterial and phage assays were mentioned in the preceding paper 1. Deoxy- 
ribonucleic acid was estimated by the DISCHE procedure 5 with a preparation from 
calf thymus as the reference standard, ribonucleic acid by means of the orcinol 
reaction*, an ox liver preparation serving as the standard. The modification of the 
biuret reaction for the estimation of protein 7 employed bovine serum albumin as the 
standard. Phosphorus was determined colorimetrically s. The radioactive specimens 
were counted at infinite thinness in a Nuclear-Chicago D47 gas flow counter equipped 
with a Micromil end window. 

RESULTS AND DISCUSSION 

Changes in nucleic acid and protein contents 

The global effects of the presence of 5-fluorouracil in the growth medium on the 
synthesis of deoxyribonucleic acid and protein are shown in Fig. I. The fluoro com- 
pound completely inhibits the formation of deoxyribonucleic acid by cells infected 
with T2r + phage during the observation period of 4 h. This block is not abolished by 
supplementation with uracil; but thymidine permits a four-fold increase in this 
nucleic acid: an increase which is, however, significantly lower than in the untreated 
culture. The addition of both uracil and thymidine to the system containing fluoro- 
uracil results in the restoration of the capacity to make deoxyribonucleic acid in 
amounts that, in fact, often surpass those formed under comparable conditions in 
untreated phage-bearing cultures. Whether the slight initial rise observed even under 
conditions of inhibition (Sections II and III  of Fig. I) is meaningful cannot be said. 

Protein is accumulated in the cells treated with 5-fluorouracil at a much slower 
rate than in the absence of the inhibitor, the total amounting to only about one-half 
of that formed by the untreated cells. The presence of thymidine improves the yield 
slightly, that  of uracil appears to increase both rate of synthesis and total amount 
considerably. When both supplements are added, a complete reversal of the in- 
hibition, or even an increase over the control cultures, is again recorded. 

The observation that thymidine as the only supplement of fluorouracil is able 
to stimulate the synthesis of considerable amounts of phage deoxyribonucleic acid 
(Section IV of Fig. I and Table I to be discussed below) and even of phage particles 1 
could lead to the surmise that the administration of thymidine made some uracil 
available to the cellular system. We are, however, not aware of any evidence of such 
a demethylation reaction, except for a recent, equally indirect, suggestion with respect 
to Bacillus cereus 9. That such a conversion, if it occur indeed, cannot be massive is 
demonstrated by the inability of thymidine to replace uracil effectively in the uracil- 
deficient E. coli mutant 63-86 (see ref. IO, II). (Unpublished observations by Dr. 
J. HOROWlTZ.) It  should also be remembered that, as we have shown in the preceding 
paper 1, thymidine is unable to replace uracil as a requisite for the multiplication of 
T3 phage in cells treated with fluorouracil. 

We have omitted, from Fig. I, observations on changes in ribonucleic acid 
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content under the conditions of this experiment. I t  is generally stated that the syn- 
thesis of this component ceases immediately upon infection of the bacterium by 
phage 12, although a metabolically active species of ribonucleic acid 13, differing in 
composition from the ribonucleic acid of the host celP 4, has been observed in infected 
cells. (Compare the interesting discussion of this problem on p. 56 of ref. 15.) We 
noticed occasionally slight increases in ribonucleic acid in the initial stages of infection 
(within 60 rain), especially in the systems containing, in addition to fluorouracil, 
either uracil alone or uracil and thymidine. 

• Proleln 
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Fig. I. Formation of protein and deoxyribonucleic acid in E. coli, strain B, infected with T2r + 
phage in the presence of various pyrimidines (5-fluorouracil, 5o/~g/ml; uracil, 2o/zg/ml ; thymidine, 
5 °/zg/ml). See text  for experimental conditions. The addition of phage occurred at zero time. 
The systems represented are: I, no additions; II, fluorouracil; III,  fluorouracil and uracil; IV, 

fluorouracil and thymidine; V, fluorouracil, uracil and thymidine. 

I t  should be mentioned that,  under the experimental conditions followed here, 
approx. 99 % of the cells were infected within IO min after phage addition. 

The findings on T2r + described here may be correlated with the results on the 
production of T2r phage particles summarized in Table I I I  of the preceding communi- 
cation 1. In that  table it was shown that  under conditions of high phage input only 
about o.5 % of the normal phage yield was obtained in the presence of 5-fluorouracil; 
that  this figure did not change materially when uracil was added; but  that the 
supplementation of the fluoro compound with thymidine raised the yield to about 
one-fifth of the normal. These observations are in good agreement with the trend in 
the formation of deoxyribonucleic acid under the various conditions studied in the 
present paper. A rise in protein, on the other hand (compare Section I I I  of Fig. z), 
is not in itself indicative of the ability to produce phage particles. 
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Composition of deoxyribonucleic acid 

The nature of the deoxyribonucleic acid found in the bacterial cells under various 
conditions was studied by analyzing the base composition of the preparations; the 
results are summarized in Table I. The findings on the nucleic acid composition in 
untreated bacteria (Expt. I) are in good agreement with previous work in which the 
same, relatively crude analytical method was used 4, as well as with observations on 
the composition of the intact deoxyribonucleic acid of different E. coli strains TM,I~. 
The recovery of purines and pyrimidines was very satisfactory when compared with 
the figures for the nucleic acid contents of the extracts (based on the determination 
of deoxy sugar). Much less satisfactory was the agreement between the deoxy sugar 
values of the total preparations and the extracts, particularly in the experiments 
(Nos. I I I  and IV) employing fluorouracil alone or together with uracil. 

The procedures used in the present study seem to have a tendency to yield too 
high values for thymine, but even so the characteristic, nearly equimolar base 
distribution in the deoxyribonucleic acid of E. coli is apparent in the results of Expt.  I. 
After 3 h, in the untreated infected cells (Expt. II) about 17 times as much nucleic 
acid is found as in noninfected bacteria at the start, but  this nucleic acid now has 
nearly the composition of that of phage TM, and the almost complete disappearance 
of polymer-bound cytosine demonstrates the destruction of the bacterial nucleic 
acid during this period. In the systems infected with phage in the presence of 5-fluoro- 
uracil and supplemented with both uracil and thymidine or only with the latter 
(Expts. V and VI) 85 to 9 ° % of the deoxyribonucleic acid shows the characteristics 
of phage nucleic acid although, as expected, the absolute amount of nucleic acid formed 
is much greater in the first instance. The decrease in the cytosine content of these 
preparations was somewhat smaller in Expt.  II; and this may mean that the break- 
down of host nucleic acid did not quite go so far in the inhibited systems. 

Under conditions of infection in the presence of fluorouracil alone or together 
with uracil (Expts. I I I  and IV) no increase in deoxyribonucleic acid beyond the 
control value is recorded; and in these systems both cytosine and hydroxymethyl-  
cytosine, in almost equal quantities, are found*. From the figure for the latter 
pyrimidine it can be calculated that more than one-half of the total deoxyribonucleic 
acid consisted of phage nucleic acid. There must, consequently, have occurred con- 
siderable degradation of bacterial nucleic acid under these circumstances. 

It  appeared of some interest to reinvestigate the stages in which no net synthesis 
of deoxyribonucleic acid was apparent, i.e. in cells infected with phage in the presence 
of fluorouracil alone or together with uracil, by a different technique permitting a 
more direct decision about the fate of the components of the infecting phage. In this 
series of studies ~4Cdabeled phage was employed and special care was taken to 
remove excess phage, as described above. The results are shown in Table II. We 
shall first consider the findings on the composition of the total nucleic acid of the 
preparations and then those relating to the fate of the infecting phage nucleic acid. 
Expts. VII and IX describe the state of the internal deoxyribonucleic acid immediately 
after the uptake of phage in the presence of fluorouracil either alone or together with 
uracil. On the basis of the hydroxymethylcytosine content, about one-sixth of the 

* A minor  component ,  p robably  identical with the one ment ioned by  HERSHEY" et al. 4, was 
f requent ly  seen on the ch romatograms  of the hydrolysates  of these preparat ions .  I t  moved in 
propanol-HC1 together  with adenine, in p r o p a n o l - N H  3 with cytosine. 
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total nucleic acid is attributable to the phage. This proportion increases considerably 
after 3 h (Expts. VIII  and X) which could, superficially, be taken to mean that more 
bacterial than phage nucleic acid is destroyed during this period; it could, however, 
be simply due to a more complete extraction of the latter in these preparations. But 
the content in deoxyribonucleic acid unquestionably is much lower after 3 h. The 
figures for hydroxymethylcytosine can also be used to compute the composition of 
that portion of the total nucleic acid that is attributable to the host; and when this 
is done, proportions are found that are not too far from those expected for E. cull 
nucleic acid. We have also included in this table some of the characteristic molar 
proportions of the nucleic acid which, considering the crudeness of the methods, are 
not unsatisfactory. 

Turning now to the findings on radioactivity we notice first in Table II that some 
of the total radioactivity is lost in the course of 3 h: about 33 % when going from 
Expt.  VII to VIII  ; 17 % when Expts. IX and X are compared. This drop is, however, 
inferior to that shown by the balances of total recovered purines and pyrimidines 
which amounts to 51 and 37 ~o, respectively, in the two sets of experiments. This 
may again be taken to signify that relatively more bacterial than phage nucleic acid 
has disappeared during the experimental period. With one exception, the specific 
activities of the individual components rose during the interval of 3 h. Only the 
specific activity of hydroxymethylcytosine decreased; and this, could, perhaps, 
indicate that some synthesis of this pyrimidine took place even in the presence of 
the inhibitor: a conclusion to be treated with caution in view of the low concentration 
of this component. Some differences between cells treated with fluorouracil alone and 
those supplemented also with uracil are noticeable, but  need not be discussed in detail. 

The observation that synthesis of some 5-hydroxymethylcytosine may occur 
even in the presence of 5-fluorouracil (Table II) and the effect of thymidine in per- 
mitting a limited resumption of the synthesis of phage precursors and of phage 
could, perhaps, be reconciled by the assumption that  fluorouracil did not completely 
block the formation of "deoxycytidylate hydroxymethylase" and "thymidylate  
synthetase,,19,20, but only the action of the latter enzyme. 

It  may be of some interest to tabulate the percentage contribution of the in- 
dividual nucleic acid constituents to the total radioactivity observed in the various 

T A B L E  III 

DISTRIBUTION OF TOTAL RADIOACTIVITY AMONG DEOXYRIBONUCLEIC ACID CONSTITUENTS IN 
E .  cull CELLS INFECTED WITH 14C-LABELED T 2 r  + IN PRESENCE OF 

5-FLUOROURACIL AND URACIL 

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

% o/total radioactivity 

DNA constituent Experiment No. 

VI I  VI I I  I X  X 

A d e n i n e  32 25 32 28 
G u a n i n e  17 21 15 14 
5 - H y d r o x y m e t h y l c y t o s i n e  16 15 16 19 
T h y m i n e  36  39 37 4 ° 
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e x p e r i m e n t s ;  a n d  such  a c o m p a r i s o n  is p r o v i d e d  in T a b l e  I I I .  I n  t he  samples  t a k e n  

i m m e d i a t e l y  a f t e r  in fec t ion ,  i.e., in E x p t s .  V I I  a n d  I X ,  e s sen t i a l ly  t h e  p r o p o r t i o n s  

c h a r a c t e r i s t i c  for  T2r  + p h a g e  nuc le ic  ac id  18 are  observed ,  t h o u g h  he re  aga in  ( compare  

t h e  d iscuss ion of Tab l e  I) t he  c o n t r i b u t i o n  of t h y m i n e  is s o m e w h a t  high.  A f t e r  3 h 
(Exp t s .  V I I I  a n d  X)  t h e  r a d i o a c t i v i t y  p a t t e r n s  b e c o m e  seve re ly  d i s t o r t e d ;  b u t  i t  

c a n n o t  be  dec ided  w h e t h e r  t he  a p p a r e n t l y  g r ea t e r  c o n s e r v a t i o n  of p y r i m i d i n e  nuc leo -  

t ides  is mean ing fu l .  I n  a n y  even t ,  i t  m a y  be  c o n j e c t u r e d  t h a t  t h e  p h a g e  nucle ic  ac id  

is no t  p r e s e r v e d  i n t a c t  du r ing  th is  per iod .  
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