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SUMMARY

The effects of 5-fluorouracil on bacteriophage production in E. coli, strain B, have
been studied. In the presence of the fluoropyrimidine the phage yields are less than
0.5 % of the control in Tzr infection, whereas as much as 8 %, of the control yield is
obtained in T3 infection. The addition of uracil does not affect the inhibition of Tzr
multiplication, but restores T3 formation to 40-509%, of normal. Supplementation
with thymidine has little effect on T3, but raises the yield of T2r to more than one
fifth of the control. Essentially complete restoration of phage reproduction is observed
when both uracil and thymidine are present together with fluorouracil.

Orienting experiments with phages T1 and T4r are also described.

INTRODUCTION

The nature of the control mechanisms that guarantee the unaltered reproduction
of the various high polymers of the cell is among the most important problems in
chemical biology'. There are many ways in which the study of this question may
be undertaken, just as there must exist many such cellular controls; but it is clear
that no direct approach to their description is discernible at present. We have, in the
recent past, repeatedly discussed the conceptual basis of the problem-3 and attempted
to define it through experimental studies?~®. Of particular interest, in this connection,

* Present address: State Serum Institute, Helsinki, Finland.
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are those chemical agents that, by interfering with the strict coordination of the
synthetic abilities of the cell, are able to disconnect the reproduction of one cellular
polymer from that of the others. One such “uncoupling” agent, 5-fluorouracil’, is
studied in this and the following communication® in its effect on bacteriophage
multiplication.

The action of this fluoropyrimidine on the synthesis of protein and nucleic acid
in various strains of E. coli has been studied previously in this laboratory. In a
uracil-requiring mutant, the substitution of fluorouracil for uracil has been shown
to inhibit the formation of deoxyribonucleic acid and almost entirely that of ribo-~
nucleic acid, but to permit a considerable increase in protein®. The synthesis of
several constitutive enzymes continued in the presence of the agent, but no formation
of inducible enzymes could be observed®®. In E. coli, strain B, as well as in the
uracil auxotroph in the presence of uracil, 5-fluorouracil inhibited the synthesis
of deoxyribonucleic but not of ribonucleic acid; it was even found to be incorporated
into the latter in a considerable quantity??.

The shunt in the cellular controls attendant upon the infection of a cell by a
bacteriophage particle or a virus is far-reaching in its consequences. New protein
and nucleic acid molecules are produced and there must become operative several
enzymes that were either dormant or non-existent in the host. It may be expected
that much could be learned about the nature of the normal cellular control mecha-
nisms through a study of the effect of uncoupling agents on the eventsleading to phage
multiplication. In view of the observations on s5-fluorouracil mentioned before, it
appeared of interest to compare the effect of this agent on the formation of the
even-numbered coliphages of the T series, which require the synthesis of a new
nucleic acid component, 5-hydroxymethylcytosine!?, and of the odd-numbered
phages, in which no such requirement is apparent.

MATERIALS AND METHODS

5-Fluorouracil was obtained through the courtesy of Dr. J. A. AESCHLIMANN,
Hoffmann-La Roche Inc., Nutley, New Jersey. Uracil, 5-bromouracil, thymine and
thymidine were commercial preparations of checked purity.

The bacterial strain used in all studies was E. colz B which is sensitive to the T
phages. The bacteriophage stocks used were T1, T2r, T3 and T4r; they were kindly
given us by Prof. F. J. RYAN of this University. The methods used for the preparation
of phage stocks of high titer and for the assay of infective particles were adapted
from the literature!®.

For each experiment, cells from an overnight culture in synthetic medium??
or Difco “Penassay” broth were inoculated into tubes containing 5 ml of the particular
medium. The tubes were incubated at 37°, with aeration, until an O.D. (read in a
Klett-Summerson colorimeter with the use of the 660-mp-filter) corresponding to
2-108 cells per ml was reached. At this time, the various supplements were added to
the cultures, as noted in the description of the experiments, and the tubes reincubated.
30 min later, when no further increase in the turbidity of the cultures containing

.only fluorouracil was noticeable, phage were added. Turbidity readings were taken
at intervals until no further changes were noted. The lysates were assayed for plaque-
forming units after being kept at 4° overnight.
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RESULTS AND DISCUSSION
Inkibition of lysis
The effects of fluorouracil on phage growth in the synthetic medium are shown
in Fig. 1. It is apparent that phage production, as measured by the loss of turbidity
of infected cultures, is inhibited only in the even-numbered strain tested. It was

found that the multiplicity of infection used, affected the shape of the lysis curves.
In cultures infected with T3, a decreasing multiplicity of infection resulted only
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Fig. 1. Effect of s-fluorouracil on bacterial lysis by phage. FU (50 ug/ml) was added to loga-

rithmically growing cultures of E. coli B at the time indicated by arrows. 30 min later, each culture

was infected at a ratio of approx. 1 phage particle per 1o bacteria. A, x — X, control; B, 0—0,
infected in absence of 5-fluorouracil; C, @ —@, infected in presence of 3-fluorouracil.

TABLE I
EFFECT OF 5-FLUOROURACIL ON MULTIPLICATION OF Tzr

In each experiment 50 ug of 5-fluorouracil/ml of logarithmically growing culture of E. coli were
employed. 0.5 h later, phage were added to the cultures. At completion of lysis, cells and debris
were removed by centrifugation and the supernatant fluids were assayed for plaque-forming units.

Phage particles per ml (as multiples of 107)

Yield Yield ratio
5-fAucrouraciljcontrol

Input Control
(without With 5-fluorouracil
5-fluorowracil)

6 220 1 0.004
60 140 0.7 0.005
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in an increase in the time needed for the onset of lysis. On the other hand, infection
with a high multiplicity of Tzr produced lysis, whereas a low multiplicity of infection
resulted in the complete inhibition of lysis. In order to test the production of infective
particles under conditions of multiple infection with Tzr, samples of a logarithmically
growing culture were infected at two different ratios of phage to bacteria, namely,
1:5 and 2:1. Table I indicates that the lysis caused by multiple infection with Tzr
in the presence of fluorouracil is not accompanied by the release of infective particles.

Since under these conditions the lysis of a cell does not release infective phage,
a noticeable drop in turbidity is not to be expected when only a small proportion of
the cell population is infected with T2r. If, on the other hand, the first cells to be
infected do give rise to infective particles, these will infect the remainder of the
population and cause visible lysis regardless of whether new phage particles are or
are not synthesized in this second cycle of infection. In all subsequent experiments
on lysis, infection was performed at a ratio of one phage per ten bacteria so that less
than 10 %, of the cells would be infected in the first cycle.

In order to test the effects of the duration of fluorouracil treatment, the substance
was added (a) 10 min before the addition of phage, (b) together with the phage, or
{c) 12 min after the addition of phage. Fig 2 indicates that the effect of fluorouracil on
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Fig. 2. Effects of duration of treatment with 5-fluorouracil. A, X — x, control; B, 0—0Q, infected
in absence of 5-fluorouracil; C, 50 ug/ml 5-fluorouracil added: A—A, 10 min before infection;
V—V, at time of infection; Q— O, 12 min after infection.

lysis induced by T3 is only due to the depression of cell growth. In cultures infected
with Tzr—although fluorouracil completely inhibits lysis when added simultaneously
with phage or before phage addition—some lysis does occur when the compound is
added after the phage. This interval—12 min after infection—is about the time of
appearance of the first intracellular phage particles'*:!%; and this may be taken to
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mean that fluorouracil inhibits the formation of phage rather than its maturation
or release from the cell. The difference between the effects on T3 and Tzr is not due
simply to the shorter latent period of the former, since the addition of fluorouracil to
cells as much as 60 min before infection with T3 does not result in the inhibition of

lysis.

Reversal of lysis inhibition in T2r infection

One of the effects of 5-fluorouracil appears to be the interference with the
enzymic synthesis of thymidylic acid?16. If the block to phage formation were
due solely to the inhibition of the production of this nucleotide, supplementation
of the medium with thymine or thymidine might be expected to abolish the inhibition.
This was not found to be the case. Cells infected with Tzr in synthetic medium, in
the presence of fluorouracil, required the presence of both thymidine and uracil in
order to exhibit lysis (Fig. 3). Several concentrations of uracil up to 20 pg/ml and of
thymidine up to 50 ug/ml were tested. The combination of 20 ug of uracil and 40 ug
of thymidine/ml was the lowest concentration to support full lysis. Thymidine alone,
however, in a concentration as high as 100 pg/ml, was ineffective in overcoming lysis
inhibition. It is of interest to note that thymidine alone has no effect on the turbidity
of a culture treated with fluorouracil, whereas uracil alone causes an appreciable
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Fig. 3. Reversal of lysis inhibition in Tzr infection. A, X— X, control; B, 0— 0, cells infected in
absence of pyrimidines; C, @ —@®, cells infected in presence of 5-fluorouracil ; C’, @ —@, uninfected
cells in presence of 5-fluorouracil; D, (§ — [4, cells infected in presence of 5-fluorouracil and uracil;
E, ¥l— ¥, infection in presence of 5-fluorouracil and thymidine; F, lf— M, infection in presence of
5-fluorouracil, uracil and thymidine. Concentrations of pyrimidines per ml: 50 ug 5-fluorouracil;
20 pug uracil; 50 ug thymidine. Time of addition of s5-fluorouracil indicated by arrow; phage
added 30 min later.
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increase in turbidity (Fig.3). Thymine can replace thymidine, but slightly higher
concentrations of the free pyrimidine are necessary. 5-Bromouracil also showed limited
activity as a reversing agent: it could replace thymidine in abolishing the inhibiting
action of fluorouracil on lysis and was partially effective in supporting phage growth
in the presence of fluorouracil.

The effects of uracil and thymidine on cells treated with fluorouracil appear to
be different: both are needed for the full production of phage. We proceeded, therefore
to stagger the order and the periods of supplementation. In all cases, actively growing
cells received fluorouracil (50 ug/ml) 0.5 h before the addition of phage. The cells then
were divided into three series of cultures. To the first series, uracil and thymidine
were added simultaneously with fluorouracil or 15, 30, 60 min after the inhibitor. The
second series received fluorouracil and thymidine at the same time, and only uracil
was added at the noted intervals. In the third series, fluorouracil and uracil were
added together, the supplementation with thymidine being staggered. It will be
gathered from Fig. 4 that the effects differ. It is clear that in the order of events uracil
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Fig. 4. Effects of delayed addition of supplements on lysis induced by T2r. 50 ug/ml 5-fluorouracil
added at time indicated by arrows. Phage added at a ratio of 1 phage per 10 bacteria 30 min
after 5-fluorouracil addition. Turbidity curves: I, no supplements present. II, delayed addition
of uracil (20 pug/ml) plus thymidine (50 ug/ml). III, delayed addition of uracil to cells treated
simultaneously with s5-fluoroucil and thymidine IV, delayed addition of thymidine to cells treated
simultaneously with 5-fluorouracil and uracil. A, x— X, uninfected control, B, 0—0, infection
in absence of pyrimidines; C, @ —@®, infection in presence of 5-fluorouracil; ¢/, @ —@, uninfected
cells in presence of 5-fluorouracil; G, A— A, supplements added simultaneously with 5-fluorouracil ;
H, v— v, supplements added 15 min after 5-fluorouracil; J, &—<, supplements added 30 min
after 5-fluorouracil. K, ¢—4«, supplements added 60 min after 5-fluorouracil.

comes before thymidine. In the presence of uracil, no appreciable delay in lysis is
caused by later supplementation with thymidine. In the presence of thymidine, the
delayed addition of uracil approximates the effects of the simultaneous addition of
both supplements at the various times indicated.

Viability of cells
In order to test the effect of the various supplements in the concentrations used
here on the viability of noninfected cells, fluorouracil was added to logarithmically
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growing cultures in the synthetic medium simultaneously with either thymidine or
uracil or both. Samples of the cultures were removed at intervals, diluted with
distilled water and plated on ““Penassay” plates. The results are presented in Table II.
Fluorouracil has a bactericidal effect which is partially abolished by uracil; thymidine
allows some increase in viable cells, whereas both pyrimidines are required for
normal increase.

TABLE II

EFFECTS OF SUPPLEMENTS ON VIABILITY OF E. ¢oli CELLS

Viable cells (per mi) x 1078, after treatment
Supplements (ug/mi) (in minutes )'
Fluorouracil Uracil Thymidine o 30 60 120 320

o o o 200 330 530 1400 5400
50 o [ 160 140 26 1.5
50 20 o 270 220 84 54
50 o) 50 280 260 230 530
50 20 50 200 360 690 3300

Abolition of fluorouracil effect.: quantitative data

In the penultimate section some of the conditions were described that lead to
the abolition of the lysis inhibition exerted by fluorouracil. It was of interest to
follow the production of infective particles under these conditions. For this purpose
lysates obtained by infecting cultures with Tzr or T3 in the presence of the pyrimidines
were assayed for phage by the agar layer method!?. The results are presented in
Table III.

The quantitative data on the yield of Tzr are, with one exception, in good agree-
ment with our previous observations on lysis. It will be seen that fluorouracil inhibits
the production of infective particles completely. The addition of uracil and thymidine
entirely reverses this inhibition, whereas uracil alone is ineffective. It would, however,
not have been predicted, on the basis of our previous observations, that thymidine
as the only supplement to the fluorouracil system does have some effect on the
inhibition. Under conditions of low phage input, similar to those followed in the
experiments in Fig. 3, it restores phage production only to about 3 9%, of the control
value, but with multiple infection the phage yield is about !/; of that of the control.
The presence of fluorouracil was not found to inhibit the adsorption of phage ap-
preciably, only 1 to 2 9, of the phage input remaining unadsorbed after 5 min under
all conditions tested. It was also found that the various pyrimidines, alone and in
combination, are without effect on the free phage.

Phage T3 is inhibited, but to a much lesser extent than is Tzr by fluorouracil.
Addition of uracil results in the production of about one-half the normal phage yield,
whereas supplementation with both thymidine and uracil abolishes the inhibition
almost completely. Thymidine alone appears to have no effect when all cells are in-
fected in the first cycle of infection, but increases the phage yield when only a small
proportion of cells are infected originally.

It has been suggested that the inhibitory effect of fluorouracil on Lactobacilius
leichmanii is reversed non-competitively by thymine or thymidine and competitively
by uracil’. We tested the effects of varying concentrations of these compounds on

Biochim. Biophys. Acta, 44 (1960) 458—468



465

BACTERIOPHAGE REPRODUCTION I

3ndur mof 3e urw og ‘yndur o8eyd ySiy 3e uonippe yusurajd
-dus 10358 urwz of SIN0O0 UOIJORFUL 3B} PauInsse sem 1] *(IT 91qRI, 99) UOIIOSFUT JO dWI] JE S[[3D d[qera JO IdqUINU 813 Aq poprarp o8eyd jo 1931 §
‘001 s® uaye} (seseyjuered ur s1ajny afeyd [enjoe) SPATA [OIFUCO AU YIM ‘syuowiradxs juspuadopul 9913 JO suBIW jussordal Sp[e1A eanyeey
-uoryd1ospe y1ruiad 03 peppe ueydoydAny Tw/8n oor
‘1190/a8eyd z weyy sxow , 3ndur ysuy,,
‘s[199 z[aSeyd 1 ueyy ssoy , 3ndur moy,, ‘107e] urwt of pappe ofeyg ‘syuowarddns Jo UOHIPPE JO SWI} Y3 3T [w/got -z Aeyewrxordde Apsusp (190

S91 ob1 Lg o€ €11 16 [+34 og of 0z oS
€1 vio S €€ €1 €z z€ b1 oS o oS
zz'o 1000 6z A~ g9t'o ZI0°0 6g°0 650 o oz oS
91’0 Lgoo'o 6 I'1 6¥-o 9100 Y90 1¥oo o o o o§
2.3 QS 119 €z 6V [+34 144 144 o o o

§ 1199 2190t 49¢ saprgevd advyd

ol L1 96 16 b1 991 Y9 ool oS oz oS
gl'o 290’0 8L €4 zz 8’z €9 €1 oS o oS
€z1'0 So00°0 %44 [$14 19°0 €10°0 €9°1 S¥o o oz oS
¥Soo £000°0 €g €I 6v-o 110°0 1.0 200°'0 o o oS
(or01-L°8) (yro1.1°€) (pr0I:8°1) (pr01-2°T) (p01:9°I) (or01-1°2) (pro1 - ¥°1) (o101:6°2)
o001 001 001 001 001 001 001 ooI o o o
wan D12V 330y G o3 1010Y
mdur YL mduy @07 mduy y3r mdur moq maur Y3y mgus mo7 mdut yStH mduy @o7 ausprndy I nova a§§§?
L £r 4 1r (1ae3n1) spuownddng

«th anNv .M,H. ‘Iz], ‘1] SADVHd 40 NOILDNAO¥d NO SINIADV DNISYTATE 40 ANV TIOVIAOYONTA-§ J0 I0IIIH

111 97T1dVL

Biochim. Biophys. Acta, 44 (1960) 458—468



466 F. GOODMAN, J. J. SAUKKONEN, E. CHARGAFF

phage Tzr production. The results of one experimental series are shown in Table IV.
It will be seen that in the presence of 50 ug/ml of fluorouracil, thymidine as the only
supplement, regardless of its quantity, permitted only 2 %, of the phage yield of the
control. Thymine alone was much less effective than thymidine, but only slightly
less so when compared with the nucleoside in the presence of uracil. In systems
supplemented with uracil the phage yield increased very noticeably with increasing
concentrations of thymidine or thymine. A limited, but definite, effectiveness of
5-bromouracil in overcoming the inhibitory action of the fluoro compound is also
evident.
TABLE IV

T2r PRODUCTION IN PRESENCE OF 5-FLUOROURACIL AS A FUNCTION OF
DIFFERENT SUPPLEMENT CONCENTRATIONS *

Supplements (ugimi) Phage per mi
5-Fuorouracil Uracil Thymidine Thymine 5-Bromouracil (x 1077}
o o o o o 580

50 o o o] o 0.013

50 o 20 o o 9.0

50 o 50 o o 12

50 o 100 o o 11

50 o [¢) 20 o 0.60

50 o o 50 [ 4.4

50 [ o] [} 50 0.64

50 20 20 s} o 79

50 20 50 o o 930

50 20 o 20 [o} 66

50 20 o 50 [ 530

50 20 o [o} 50 61

* All supplements were added 30 min before infection with 1 phage per 1o bacteria.

In an additional series of experiments the competitive reversal by uracil alone
at different levels of fluorouracil was examined. At concentrations of 10 or 20 ug/ml
of the inhibitor, equal quantities of uracil permitted a partial restoration of phage
production (3% or more of the control yield). At the fluorouracil level employed in
most of the present studies, 50 ug/ml, almost no restitution by uracil as the only
supplement was observed.

Effect of 5-fluorouracil on other phages

In view of the remarkable difference in the effectiveness of fluorouracil in
inhibiting the production of T2zr and T3 phages, it was of interest to obtain orienting
quantitative data on some other members of the T series. The effects of fluorouracil
and of the various supplements on the multiplication of phages Tt and T4r are also
included in Table III. Although large quantitative differences in the response of the
various phage strains to the supplements are apparent, the findings are consistent
qualitatively. Fluorouracil inhibits the production of all the phage strains tested
to some extent: most markedly that of the even phages, least of T3. Phage T1 appears
to be intermediate. Supplementation with thymidine alone partially reverses the
inhibition ; the addition of both thymidine and uracil greatly stimulates the production
of all phages. The effect of uracil alone differentiates between the odd and the even
phages tested. In the case of Tzr and T4r there is no stimulatory effect by uracil,
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whereas the production of the odd-numbered phages, especially T3, is markedly
stimulated by this pyrimidine.

Additional remarks

The order of events taking place during the “eclipse” period of infectivity,
when the reorganization of the synthetic apparatus of the host brings about the
production of viral components is less well known than some of the events them-
selves!”. Among these there appears to be, at any rate in the case of Tzr, the synthesis
of new proteins and of a small amount of a specific ribonucleic acid. It was, in the
light of our previous findings on the effects of 5-fluorouracil on E. coli%:%:19, not
without interest to compare the effects of this pyrimidine on the multiplication of
some of the even- and odd-numbered T phages.

5-Fluorouracil appears to exert at least two distinguishable effects on the cell:
it interferes with the normal synthesis of ribonucleic acid!® and inhibits the formation
of thymidylic acid6.18. To take the specific case of E. coli B, the host of the phages
under consideration here: in the presence of the fluoro compound, the synthesis of
deoxyribonucleic acid is blocked completely while that of protein and ribonucleic
acid continues®. The addition of uracil to the inhibition system results in a stimulation
of the formation of the two polymers mentioned last, but not of deoxyribonucleic
acid; that of thymine, on the other hand, permits the resumption of deoxyribonucleic
acid synthesis toa very limited extent without affecting the synthetic rates of the other
compounds. Full supplementation (uracil and thymine) largely overcomes all blocks.

The findings described in the following paper® do, in fact, indicate that 5-fluoro-
uracil blocks the synthesis of deoxyribonucleic acid completely in cells infected with
Tzr+. Uracil is without effect on this inhibition ; thymidine permits synthesis, but at a
considerably slower than normal rate. When the system containing the fluoro com-
pound is supplemented with both uracil and thymidine the degree of formation of
deoxyribonucleic acid equals, or even surpasses, that of the controls.

In view of the great differences between phages Tzr and T3 as regards the re-
spective origins and quantities of required precursor material’?, a difference in the
effects of 5-fluorouracil was to be expected; and this is borne out by the findings
presented here. Different phages are affected differently. The multiplication of phage
Tezr is paralyzed most efficiently by the fluoro compound; an inhibition that is
partially abolished by the simultaneous presence of thymidine, but not at all by uracil
alone (Table III). According to the few results available for T4r the trend seems simi-
lar, but this phage is even more sensitive to the inhibitor. In contrast, phage T3 is
much less affected by fluorouracil and rehabilitated to a large extent by uracil alone,
but not by thymidine. In its response to inhibitor and reversal agents phage Tt is
more similar to the even-numbered phages than to T3. Full supplementation with both
uracil and thymidine largely abolishes the inhibition of all phages.

If one were to distinguish between a “‘uracil step” and a “thymidine step” in
the pattern of the reversal of the fluorouracil effects by pyrimidine supplements,
the results summarized in Table III and in Fig. 4, taken together with the findings
presented in the following paper$, would seem to indicate that the first step is con-
cerned with the synthesis of “initial protein” (including newly arising enzymes),
the second with that of deoxyribonucleic acid. In phages requiring the massive
formation of the latter compound (e.g., Tzr and T4) uracil is ineffective, presumably
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because it is unable to reinstate the capacity of synthesizing thymidylic acid. On
the other hand, thymidine as the only supplement exhibits a limited effectiveness
in the same phages which is perhaps due to a more decisive inhibition, by fluoro-
uracil, of the methylation step leading to the thymine component of deoxyribonucleic
acid than of the metabolism of ribonucleic acid. The depression of the production
of phage T3, however, appears to concern primarily the “uracil step”.

It is not inconceivable that bacteria infected with Tzr phage in the presence of
fluorouracil and uracil are able to produce some phage protein. Preliminary tests for
the presence of phage “ghosts”? in lysates of such cells have failed to provide evidence
of the formation of killing particles. We are, however, continuing these experiments,
including the use of immunological tests for the production of phage protein.
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