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BIKE\'s JouR\AL 5.29.43 (1962)

Inhibition of Multiplication of Coliphage-T2 by Actinomycin

Tllc effect of actinom}, cin, a polypeptidc antibiotic, on the multiplication of bactcriophagc T2
was studied. At Ihc conccntraiions tested. actinomycin ncithcr prcvcnic(I the growlh or E$che, 1,111h
coll B, the host bactcrium or the phagc. nor Inactivatcd Ircc phagc particles. Tlle antibiotic in-
hibitccl Ihc inuliiplicatioil or the phage willTorii intrribring with Iysis or synthesis of deoxyribonuclcic
acid and protCin. Thc plopcriics or the tieoxyribonuclcic acicl libcraicd into Ihc actinoin\ cin-
Iysatc wetc sitidicd. 'rl, c facts Ihat it was lion-scclimcntal, IC on high-speed centrifugation, non-
precipiiablc by antiphagc scrum and scnsitivc to clcoxyi. ibonuclcasc, indicate that tile phagc clcoxy-
ribonticlcic acid proclticccl in Ihc presence or actinomycin is not asscmblccl in a coal or protein. Thc
sei'uru-blocking po\VCr test was performccl to asccriain \vhctllCT phagc-relatccl pro1Cin was prodlIcecl
by phagc-Infoctccl bactci. Ia inclibatccl willl actinomycin. Evidcncc was obtainccl Inat a I\, salc
exposecl to the antibiotic containccl as rutich phagc-rclatccl matci. iai willt scrum-blocking po\\. cr as
a control Iysatc. 11 was, therefore, concludecl that actinom\, cin cxcrtccl its inhibitory, action on
PITagc nTultiplication at Ihc slagc or Ihcir ntatuiaiioil

A complex formccl by actinomycin anti ticoxyribonLiclcic acid isolated Iron. I)haire particlcs,
or' 1,011T phagc-Infected cells, was clemonsti'atccl by 70nc-clccirophorcsis. 'rhc inhibition or malti-
ration caused by actinomycin is Ihoughi 10 bc due 10 inc formation or an antibiotic-pha, ,, dcoxy-
ribonuclcic acid complex

Departme"! of Chemo!he, RID, , Tile Re5, arch 111J!inite for
Jultrobia! Di$, a$e$, Orektt Uni, erri4y, OJak"
(Recei"ed/or publica!io", Febr!!ary 19,1962)

ATSuo NAKATA

SUA. I;\{ARY

11 is well knowiT that actinomycin is one of a sencs of polypcptide antil)jotics and
possesses cytostatic effects on various organisms. Recently, evidence ITas been oh-
tamed IJy blochemical or 1,1010uical means that it forms a complex witlT deox}. ril)0-
nu. 1.1. anId (DNA) I, ut nut with "Ib. nu. 1.1. atId (RNA) ." p". rein. Ki"k (1960)
has shown that DNA isolated from various sources has not only an anta. 'on1stIC effect
o11 the Inhibitory, action of actinomycin on a I)IOChemical reaction, IJut also chantres
the al, sorption spectrum of the antibiotic, and that the latter inhilJits thc transfor-
mation of Hneino/)hiluJ inn!,!lead CTaciae from sensitivity to resistance to streptom}, cin,
when it is added to transforming DNA of a resistant strain. Studiil^ the action of
nucleic acids on the inhibition of growth of r\', 111'off Die tiffJJn caused by actinom}, cin,
Kernsten at a/. (1960) suggested that actinom\, cin reacted directly witlT DNA, o1100-
nucleotides of DNA and to a much lesser extent witlt RNA, perhaps by formation
of dye-polymer complexes. Kawamata and Tmanishi (1960,1961) were al)Ie to
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isolate a DNA-actinomycin complex I>y zone-electrophoresis, whiclT was formed
in ajiio or withinlJacterialcells \\, hose gro\\, th was Inhil)ited by the antibiotic. They
assumed that the abnormal metabolism of DNA in a wide variety of organisms as
a result of its interaction with actinomycin caused the overall effects of the antiliiotic.

In view of the role of DNA in organisms, it seemed of Interest to study the action
of actinomycin on the reproduction of IJacteriophages, IJecause the bacteria-
I, acteriophage system offers many advantages for. study of the interaction of various
agents \-\, Ith nucleic acids.

The present paper, part of which has IJeen reported briefly by Nakata at of
(1961), descril, es in detailstudies on the effect of actinomycin on the multiplication
of IJacteriophages

NAKATA

I. SII'"!}if of batle!'lophage an, / bnc!, Ji"

The bactcriophagc sirain studiccl was T2r, rapid-Iysing mutant of T2, antl Elf/lei'ichi" coll strain
B(H\ was LISccl as Ihe host nackrium. Both \\, ere obtained fioit, Dr. A{. Sckiguclii or 1<aitaza\va
Uni\, ersitv

2. rlc!111,110, rin

The actinomycin LIScd in tllis silldy was crystaljinc aciinomycin S (Kawarnata and Fujita, 1960)
supplied by Daiichi Seiyaku Pharmaceutical Co. Ltd. Because or the \\, alei Insolubility of this
antibiotic, the stock SOILition (I Inglml) \\, as prepared by adding 0.2 inI or acetone to 10 ing or the
antibiotic anti then 9.8 in I of distillccl water to this solution. 11 was theIl stored in a Teijigeratoi

A{ATERIALS AND A, IETHODS

3. E\/1,111i, e"!"! conchiio, !$

AIDSt or the expcrimenis \\. CTe PCrfoi'men as follows; the bacteria inoculate, I Into a glucose-
salts s\. itthetic medium coniaining (perliteI') 2.5 g or(\H4)2HP0+, 1.5 g of KH2P0+, 5 g of\aCl,
3 g of sodium glutamate, 3 g orglucosc. antiO. I g or A1gS0+. 7H20 all, }17.0, \\. asincubated o\. ci-
night at 37'C. r\Iter tilluting 111c cullurc in rreslt IncdiLiiit. Ihc cells \VCIc furthci incul)alecl at 37'C
will, ritechanical shaking in a \\'atci I, ath. CIO\\111 was folio\\. CLIl, yi, tcastiring Ih, cliangcin optical
density at 660 In/I. \Vhci, Ihc hacici'Ia. gi'owing logarithmically. it acl allaiiiccl an optical tlt. nsii\ or
0.3. COT'responding to 5 x 108 cells!n, I, they \VCrc har\ested and \\. ashccl oncc \\jilt gincos, -fr, c
salts 51. ntheiicinecliuin antiihcn SLispen, CLIm a similar n. urnum. 'T2 baciciiopltagc \\, as arldcd to Ihc
cellsuspension (5 x 108 cclls!inI) at \, ajiotis n, tiltiplici:ics orinrccLion, as CICScribcdin cach cxpcri-

Artci 5 ntinutcsinciibation to allow adsorption. the I, ,INtuie \\. as diluted into incdiunT contain-n, cnI

ing o1ucosc and antibiotic and then CLIltLired with shaking at 37'C 101 Ihe desired time
The othcr techniqLies employcd VCI', standard phage ritethorls (AClams, 1950)

4. .'Ina!1'11'cal Ineihod, Jul' 1111c!e!'c acidJ anti pole!', I

For the determination of nucleic acids anti protein, the following PI DCcclures wet carried out;
aiT ajiquot or the bacterial suspcnsion or phagc Iysatc \\as chillcd in an ice \\. alet' bath and rapidly
acidified by adding 10 N perc1,10ric acid to gi\, e a final conceittiation of 0.5 \. After standing
for 30 In inutes in the cold, the irisolLible residue \\, as collected by centi'ifugation ancl the it heated
will, 0.5 \ pel chloric acid at 90'C for' 15 minutes in order to extract nucleic acicls. Tite amo11nt
of D\A and RNAin the extracts \\, as determined according to the methods of Burron (1956) and
itleibauin (1939), respecti\, ely. The I'esiduc remained \\as clissol\'ed in a small\'o1ume or I \ \aOH,
and protein was determined by the methocl of Lowr^ at a1. (1951)



5. Ser!, in-blotting POW, ' IeJ!

Tile serum-blocking power of the Iysaies was testccl bv a ITtodification or DC \iais' ritethocl
(1953), details or \vhiclt are desciibecl in the text

6. ,Weihod qf cone-,/erirophoit, it

For zone-electrophorcsis, a plastic cell (30 mm x 10 mm x 400 mm) of norizonial I\. PC \\. as
LISecl. The electrophoresis was PCI 101 mecl in buratc buffer, pH 8.3, ionic strength 0.1 \\, jilt p, tato
starch as the suppoi'ting SIIbstancc. .\liei running for approximately 17 hours at a constailt current
or3 mr\!cm2 at 5'0, tile starch was cutinio I cnt sections. Thcn each scciion \\as eluic, I with 0.1
A1 \aCl. The resuliing eluates were aiTalysccl for nucleic acids and actinomvcin.

EFFECT OF ACTi\0\-IYCi\ 0\ pHAGE REPRODUCTION

I. Elec/ of all/ibio/ic on giorri!A of/he froJ! bnc/ei'ia

The orowtlt of E. coli B was followed I, y parallel onservations of the increase in
optical dcnsity at 660 run and of colony forming vial, Ie cells after addition of the
antibiotic. Some 2 to 3 divisions of the bacteria occurred without any delay in
the division time at concentrations of antibiotic up to 100 11gjml. ExponentialIy
growing cells exposed to a concentratioiT of 30 14gjml of actinomycin for' 3 ITours
had the same ability to produce active phage particlcs on infection as cells grown
in the absence of the antiliiotic.

The synthesis of nucleic acids and protein in the I)acteria also occurred normal-
Iy in the prcsence of actinomycin (Table 2)

2. 1:1cc/ of drillbio/if oil Ihe nil!!/in!ICn/1011 of Ihe b, IC/, lionhrlge

Additioit of actinomycin to T2 I)ha, 'e-1nfcctcd cclls resulted in Ihc inhil)it ion
of pi^age multiplication, which was progressive I^ 11npaired I^, increasing concen-

RESULTS
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Table I. Effect of Actinomycin on the Multiplication of T2r BCCteriophage

The boclerio suspended in a glucose-free 5011s syniheiic medium o1 a concenlrolion of 5I

10s cells/inIwere infected with T2r phDge o1 a inuliipliciiy of inIeciion of 0.2. After 5 minutes
adsorption. a sample was diluled Iwo Ihousondf old and put in 10 growth Iubes conicining a

glucose-salts synlhelic medium with various conceniroiions of aciinomycin. OS shown in the loble
The mixtures were Ihen incubated o137' C for 60 minutes with shaking. The infective cenlers in
each Iube were assayed

Time of
incubation

jinin. I

o

60

60

60

60

60

60

Conceniroiion of

octino mycin
1/19/in 11

o

o

3

10

30

100

Titer of

phoge
11mll

74I I04

5.7 x I ou

2.6 I I on

I. 7 x I O"

68xI o5

5.8 I I0,

2.5 I I o3

Increase in

in Ieciiviiy
I% o1 controll

100

45

29

12

10

4
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trations of the antibiotic. One step growth experiments \\, ere performed in a glu-
cose-salts synthetic medium containing various concentrations of actinomycin.
TalJle I shows the results of one of the experiments, in whiclT re-adsorption of the
first growth progeny on uninfected bacteria or bacterial debris was avoided I, y
dilution. Below a level of 30 14glml of the antil, lotic, about 90 7, of the multipli-
cation of the phage was prevented as Judged from the antibiotic-free control. At
a concentration of 100 14glml, the antibiotic almost coinplctelyinhibited the repro-
duction of bacteriophage. The data from another type of experiment of this kind
are plotted in Fig. I. Little difference in the latent periods was observed, whereas
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Fig. I. One-step Growth Curve of T2r Phoge in a Glucose-salts Synthetic

Medium with and without Actinomycin

The bacteria were inIecled wilh T2r phoge o1 a multiplicity of 0.1. After incubaiion o1 37
C for 5 minutes, Ihe cullure was diluted and transferred 10 Iwo duplicate growth Iubes, contain-

ing glucose-salts synthetic medium with 1.1 and without 1.1 octinomycin o1 a concentration of 30
"91ml. All Iubes were incubated o1 37' C with shaking. Samples from Ihe duplicate cultures
were plated o1 various limes during incubation, and Ihe resulls were plotted on a linear scale
The control culture gave on average burst size of 43, and Ihe antibiolic culture one of 11

o

I
o. 0~.~0^-o1 o10

o

o

the rate of increase in the number of infective centers differed greatly in the I)re-
sence and al, sence of the antibiotic. The average IJurst size in the culture con-
taining antibiotic was about one-fourth of that of the control. It must be noted that

302010
Time after infection jinin. I

.^.
10

.

40



exposure of free phage particles to a concentration of actinom}, cin sufficient to pre-

vent phage multiplication (100 14gjml) for. 60 minutes at 37'C did not cause any
inactivation of the phage.

A single burst experiment at a concentration of 30 11glml of actinomycin \\, as
made in order to determine the actual yields of phage from individual cells. Less
than ten infective phage particles developed in Individual cells. In another type
of experiment, Iysis of the infected cells \\, as followed by me asurino' the optical density.
Clearing occurred at the same time in cultures with or without actinomycin.

Therefore it may IJe concluded that, in the presence of actinomycin, individual cells
infected with the phage produce only one-tenth or one-fourth as much active
phage as the controls.

3. 1:18c/ of all/ihio/it o11 Ihe 47/11h"if of 11wcleic itci/J a"d1101ein ill Ihnoe-firec/ed bac/erin

Since actinomycin inhibited multiplication of the PIMge but did not revent
growtl} of the host bacteria or in activate flee I, hage particles, the effect of the
antil)lotic Is thought to be primarily on phage reproduction. So its effect on the
synthesis of nucleic acids and protein in phaue-infected cells \\, as studied. The
results are illustrated in Table 2. The net incrcase of DNA in cells infected with the
phage was an out four times that of uninfected cells after 30 minutes incubation.
It should IJe noted that phage-infected Iiacteria synthesized DNA at the same rate
in the presence and absence of actinomycin. Moreover, little difference was observ-
ed in the synthesis of other components of infected cells in the presence and absence
of antil>lotic. That is, in I)oth cases, there was immediate cessation of net s ,ITthesis
of RNA and a slight Increase in protein in phage-infected I)acteria even at a concen-
tration of 100 14glml of actinomycin. An additional experiment showed 11tat the
infected IJacteria produced DNA in the same \\, a\, whether the antilJiotic was added

EFFECT OF ACTi\OA{Yci\ ON pHAGE REPRODUCTION 33

Effect of Actinomycin on the Synthesis of Nucleic Acids and Protein in T2r Phc a
infected and Uninfected E. coli B.

The bccleriol suspension containing 5 x 10s cells/in I was divided into two portions, one of
which was in{ecied wiih T2r phoge o1 a inuliip!iciiy of 7. The o1her was uninf ecied. Tubes con-
joining 10 in I of suspensions of in Iecied or uninf ecied cells were incubated wiih various conceniro-
lions of octinomycin, OS described in the table o137' C for 30 minutes, and anal sed for nuclei

ocids and protein. The values illusiroied in Ihe table represeni relative amounts of each coin.
ponenl

Table 2

Time of
incubation

jinin. I

o

30

30

30

30

Conc. of

octinomycin
1/19/in 11

o

o
10

30

100

Uninfecied cells

DNA RNA Protein

100

130
137

134

134

100

135
152

161

148

100

126
I23

122

125

PhDge-infected cells

DNA RNA Prolein

I00

220
217

213

204

100

106
107

106

98

100

110
111

110

110



NAKATA34

5 In mutes before or 5 minutes after infection. Paradoxical Iy, this suggests that
actinomycin does not prevent the synthesis of proteiil in phage-infected bacteria,
IJccause it is known that there is no synthesis of phage DNA in infected cell in \\ hich
protein synthesis has been suppressed from the I>eginning IJy the presence of chlo-
ra:riphenicol (Tomiza\va and Sunaka\\, a, 1956).

+. Plopeilief of DA'}I ill a b, rn/e made tuffh dciii!omyc!11

The above data indicate that, in the presence of actinomycin, the phage-infected
bacteria on Iysis liberate a large ITUmber of non-Infcctive phage particles. T-even
Iiacteriophages generally have the following characteristics ; they can I, e readily
separated from the general del>ris present in a Iysate by differential centrifugation,
and they can be precipitated specifically with antiphage serum by virture of their
antleren-antibody reaction. It was, therefore, expected that analysis of the pro-
perties of the DNA in the Iysate prepared in the presence of antibiotic might indi-
cate the nature of the non-Infective phage particles. The results are shown in Table
3. The Iysate made in the presence of 30 14gjml of the antilJiotic contained nearly

Table 3. Properties of DNA in a Lysa*e Prepared with Actinomycin

Lysoies wiih and without octinomycin were prepared OS follows; the cells were suspended
in a glucose-{ree solis synthetic medium o1 a conceniroiion of 5 x 108 cells/in I and then in Iecied
with T2r phoge o1 a multiplicity of I. 9. Aller 5 minules adsorption. the mixture was mixed wiih
glucose and divided in 10 Iwo portions. a control, and one wiih octinomycin o1 a conceniroiion o1
301491ml. The cullures were incubated at 37' C for 120 minuies with shaking. After storage
overnight o15' C, Ihe Iysoies were analysed for PIOque produclion and DNA. The antibiotic-{ree
control Iysoie conjoined octive phage o1 a concentration of I. 9 X 10 particles/in I. whereos the
actinomycin-Iysaie contained only I. 4 X I 091ml. The values in parentheses represent the per-
centoges of the amount of DNA in the initial Iysole

Fraction

in 11/01 Iysote
Low-speed cenlrif ugoiion super notoni
Sediment o120,000 g

Precipiioie wiih Grillserum
D eoxyribonucleose. r esisiont

the same amount of DNA as that of an antibiotic-free control Iysate, I)ut the infecti-
vity of the former Iysate was less than one-tenth of that of the latter. \, Vhen the
two Iysates were centrifuged at 3,000 g for. 15 nTinutes, the majority of the DNA
remained in the super natant fluid, both in the presence and in the absence of the
antibiotic. However there \\, as a significant differencc IJetweciT the control and
antil, lotic-treated Iysates in the amount of DNA in the sediment obtained I^, CGn-
trifTitration at 20,000 g. At this gravity, normal T2 I>acteriophage but Ilot free
nucleic acids were sediment al, Ie. Furthermore, the DNA \\, hich had I)eeli IJro-

DNA found 1/19-PIIO in 11

by sale with octinomycinconlrol Iysoie

24,911001210 11001

17.8 I 73118.8 I 901

0.5 I 217.1 I 341

0.51 2111.2 I 531

2.5 I 1018.1 I 391



duced I, y infected cells in the presence of the antiliiotic \\, as not precipital>Ie lay. anti-
T2 phage serum and \\, as sensitive to deoxyribonuclease. Thesc results indicate that
this DNA has no protein coat which reacts with the antiseruin and protects the
viral DNA from deoxyrilJonuclease.

EFFECT OF ACTiNOMYCi\ 0\ pHAGE REFRODucT'10N

5. DC1e(/ioii DIPh, !g, -it/n/ed 11'01ciii ill Ihe ac/1110no, ciii-!TJd/c

It ITad licen found that viral DNA is synthesized I)y T2 phagc infected I, actcria
exposed to actinomycin I, ut liberated \\, ithout asseml)led in a PTOteilT coat. Hence,
in the next experimcnts, the serum-I)locking 130wer and I)actericidal activity of a
Ivsate made tit the prescrcc of actinomvciiT \\, CTC tested in older to deter minc
whether the viral protein was produced in the I, resence of Ihc antiliiotic.

a) The serum-blocking po\\, er (combining a1)11it\, of phaoe or phao'e-related
materials for. I, hage-neuti. allzing antil)ody) of the Iysate I>repai. ed in the presence
of actinomycin \\, as assayed in connection \-\, ith the ITUmber of infective IJhaue
partial, ^. A1iqu. I, of 0.7 inI of co. h by^I, and th",, fold (." by, f. Id) diluti, us
of these were mixed \-\, illT 0.9 r, lI allquots of anti-T2 phaoe serunl diluted I : 1,500
and then inculiated at 37'C for. 141Tours to allo\\, completion of the reaction. The
anlQUITt of I, hage-nuetralizing activity 1'011laining In the mixture was assaycd I)\,
addiil^ 0.4 InI of T21t phagc (10' I)articlcsjml), the ITost rano'e Intitant of T2, as
test phage. After further incubation at ,}8' C for 2 hours, its activity \\, as assayed
on E. coli Bj2 in older that the results should not IJe complicated I)\, I>Iaque formin, '
abilit\, of the IJlocking phage (T2), if this rcmained 11T the Inixutui'e. 11T the data
assembled in Table +, a diffcrcnce is secn lieiween the Iysates I)1'0ducecl in the
presence and absence of actinom\, cin. TITe antil)lotic-treated Iysatc (in experiment
I) ITad only one-Ihiid 11Le infective pitage conccntraiioil of the control Iysate, I)ui
the tune witlt the formcr Iysate contained more survivin. u test I, haoc than did the
Iattcr. In experiincnt 11,11T \vhicl\ Ihc actinoinyciil-by^ale \vas made at a level of
100 11glml of actinomyciii, the same relation \\, as clearly sccn. Tlle actinoiitycin-
Iysaic contained only one-IWCntietlT of the infective phaue liarticles of the control,
I)ut there was ITluclT less Inactivation of test IJhaoe 11T the ITTixture containino the
foillT"' Iysate. Since Ihc sui'vival of test I)hade must vary \\. itI\ the anTo unt of
IJlocking agent liresent, in 1,011t cascs, the results Indicatc that a Iysate nTade in the
pi. esence of actinom\, cin contains not only Infective I>hage particles I, ut also othei
materials \\, itIT serum-IJlocking I>0'. ver. Parallel studies \\, ere made o11 the superna-
tants of the t\\, o I\, sales obtained IJy hioh-speed ccntriftiuation. The amount of I)lock-
ing agents and of infective I)hage pal. ticles in these SITowed 111o1'e clearly the I)To-
perties of the materials \-\, ith serum-IJlocking power. The super natant of the Iysate
made in the presence of actinomycin contained IllOSt of the I)lockin, ' agents from
the original Ivsate (before certrifLIDation), allhouo'I\ less infectivit},. On the other
I}and, the super natant of the control Iysate contained nTucl\ lower amounts of serum-
Iilocki, g aryents thail the initial Ivsate. The fact that the antibiotic-treated Iysatc
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contained more non-sediment able serum-blocking agents, suggests that phage-
infected bacteria incubated with actinomycin synthesize a normal amount of mate-
rials with serum-blocking power, most of whiclT is non-infective and non-sedimen-
table by high-speed centrifugation.

Table 4. Comparison of the Serum-Blocking Power of Lysofes mode with or without Actinomycin
The Iysoies with or without octimomycin were prepared OS follows: a bacterial suspension

containing 5 X 108 cells/in I was divided in 10 two portions, 10 one of which octinomycin was added
2 minutes before infection. The cultures were inIecled with T2r phoge o1 a inuliipliciiy of 0.11
and shaken o137' CIOr 120 minutes. The concentration of octinomycin was 30 Ag/inI in experi-
merit I, and 100 "91ml in experiment 11. All Iysales were 510red overnight o1 5 C and then OS-
saved for their serum-blocking power and PIOque forming ability. In experimeni I, the control Iy-
sole conjoined 2.4x1010 particles/inI of aclive phage and Ihe aciinomycin-Iysoie colained 8.1
X I 0'1ml. In experiment 11, the I ormer Iysole contained I. 4 x I 01" particles/in I, whereos Ih e 101-
Ier conjoined 1.4x108/inI. Super notonl fluids from each Iysoie were obioined by centrifugation
o1 36,000 g for 60 minutes, and their in Ieciive liters both showed unsedimenled phage particles in
Ihe super natonis. The details o1 Ihe assay me Ihod for Ihe serum-blocking power are described in
the text

Experimenl
Mixture

No

?

3

4

5

6

7

8

9

Lysaie

1.1XIO'Ocontrol-Iysoie
3.6 x I onI I3 dilution of No. 2
4.7 x I onoctinomycin -Iysole
I. 6 x I onI I3 dilution of No. 4
2.3 x I onsupe rnoio ni of conirol-Iysole
7.6 x I 08I I3 diluiion of No. 6

supernolonl of octinomycin-Iysole I. 2 X 10n
I I3 dilution of No. 8 4. 0 x I o8

11

2

3

4

5

6

7

8

9

in Ieclive
T2r liter

11mli

by The Iysates prepared in the presence and al}sence of actinomycin were
also tested for' PIaque production and bactericidal activity. Constant amount of
Iysates and successive twofold dilutions of them were put into tubes containing
an equal volume of Iiacterial suspension at the logarithmic phase of growth (5
x 107 cellsjml). After incubation at 37'C for 10 minutes, the survival of IJacteria
were assayed by plating an quots from each tube. As shown in Fig. 2, all the

2.8 x I o9conlrol-Iysoie
1.4x109I I2 dilution of No. 2
I. 5 x I o8DC1inomycin -Iysole
73xI o7I I2 dilution of No. 4
I . o x I o9su pernaioni of co nirol-Iysoie
5.2 x I OSI I2 dilution of No. 6

super not. nl of octinomycin-Iysoie 9.2 x I 07
4.6 x I o7I I2 dilulion of No. 8

Titer of

jest phoge
11mll

3.4 x I O"

9.4 X I 04

4.8 X I o2

,. 9' '''

I. 4 x I o4

I. 6 X I o3

4.4 x I 01

6.6 x I o5

6.4 x I o3

5.1xlou

3.9 I I o5

7.1 X I o4

4.9 x I o3

2. 0 X I o3

2.4 X I o3

2. 0 X I 02

I. 6 x I o5

I. 7 X I o3



bactericidal activity could be accounted for by the active phaoe resent. There
was not evidence of materials with host-killing activity, IJut not in ue formin
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Fig. 2. Comparison of BCCtericidol Activity of Lysofes mode with
and without Actinomycin

Lysoles wilh or wilhoui aclinomycin were prepared OS for Table 4. The octino*:VCIn-Iysole
contained a concentration of 30 1191m1 o1 aclinomycin. Alter 510roge overnight o15' C, the
Iysotes were assayed for PIOque forming particles and bcciericidol DC1iviiy; ..---.. control
Iysole; .-.. aciinomycin-Iysole. Th e conirol Iysoie conjoined I. 7 X I 010 pariicles o1 in Iec-
live phge/in I, Ihe antibiotic-Ireoied Iysote I. 2 x I 091ml. The d etails of Ihe procedure I or assay-
ing boclericidol aciiviiy ore described in the Iexi
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al>illty, in the actinom\, cin-Iysate. However, this does not neccssarily imply
that phage protein is not produced I}ormally by infectcd cells in the presence of
the antibiotic, liecause the host-killinu an 11ity in^, arise only from interrration of
some protein components, if not all, to an oroanized form.

6. The 181a/foil belroeei! Ihe rn/e of inhibi/1011 and Ih, lime of addi/ioi! of Ihe millhi0/16

From the above evidence, it is tentatively concluded that the inhibitor
action of actinomycin is on the maturation of pharre units. According to this
interpretation, the addition of the antibiotic at various intervals after infection

suppresses phage Inultiplication only to the extent that the reactions inhibited Iiy
the antibiotic have not yet taken place. F1, '. 3 shows a representative experiment
on this, in which the antibiotic \\, as added at various intervals after infection and
the tubes \\, ere assayed when the increase in infective centers in the control tube
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was complete. Actinomycin Inhibited the Inultiplicatiou of the phage most when
added within 6 minutes of infection. Introduction of the antibiotic within 9 to
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Fig. 3. Relation between the Rate of Inhibition and the Time of
Addition of Actinomycin

A culture of bocierio was in{ecicd with T2r phoge of a multiplicity of 0.1 and incubated o1
37' C for 5 minules. 11 was diluied and transferred into a glucose-5011s synthetic medium. The
mixture wos incubated o1 37' C with shaking. A1 various intervals during incubation, o11quols of
Ihe mixture were transferred 10 fresh medium containing octinomycin 130 1191mll. and shaking con-
tinued. Aller 101.1 of 40 minuies incubolion, o11 tubes were assayed for DC1ive phoge particles
The yield of aciive phDge lineosured clier a total of 40 minuies incubation I when the culture was
transferred to the medium containing antibiolic was PIOlied. The on libioiic-{ree conirol cullure
gove a burst size o140
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Time between In Ieciion and Addition of
jinin. IAClinomycin

12 minutes after infection resulted in a linear increase in phage that progressiveI\,
aproached the yield o1)tained in the al)sence of InhilJitor. when added 15 minutes
after infection, the growth of the phage could Ilo longer I)e prevented b\, the anti-
blotic. This seems to sho\\, that at this time the process of phage synthesis had
reached a stage when it \\, as no longer IntillJited by actinomycin, and suggests
that the inhibitory action of the antil, lotic is exerted on some early steps in the
nTaturation process

7. <011e-, Iec/1'01hoi'e/IC panel'!I of Ihe coinp!ex 101'med belttieeii ac/illomycin and liftage-
I', Idled D. \"

Attempts \\, ere Inade to detect the complex of actinomycin with DNA ISO-
lated from T2 I>acteriophage or from phage-infected cells by zone-electrophoresis
DNA isolated from the phage particles was mixed \-\, ith actinomycin In who and
subjected to zone-electrophoresis. Figure 4 shows the electrophoretic pattern of
the complex of actinomycin with viral DNA. The amount of each substance

30



was plotted against the distance travelled from the oriuin toward either electrode.
The DNA of the I>acteriophage was found in the same fractions as actinom\. cin,
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Fig. 4. Zone-electrophorelic Pattern of T2r Phage DNA Treofed with Actinomycin
1.8 ing o1 DNA Idissolved in disiilled waterlisoloied from T2r bccierioph. ge was mixed wiih

1.2 in I of actinomycin solution jin distilled woier o1 a conceniralion of I ing/in 11, and incuboled o1
Then. the mixiure was subjecied 10 zone-elecirophoresis for 18 hours37' C for 30 minutes

Each section was eluied wiih 9 inI o1 0.1 M NOCl. The absorbonces o1260 in/! I^ represenl.
ing 10/01 nucleic acids1. o1 440 init I- - - - aciinomycinl and o1 600m/I I- - -I after the diphenyl-
amine reaction o1 each eluaie were PIOiied. in iruciions of Nos. 31 10 33.1here ore found DNA
und aciinomycin. The aciinomycin IOUnd in Nos. I 103 is Ihoughi 10 be Ihe excess Ih. I did not
reacied wiih DNA, because 11 alone Irovelled 10 Ihese iruciions

o
-I I' 10

origin

39

willclt alone travelled to the cathode. Studies wei. e also madc on \\, he ther a

complex \\as formccl in phagc-Infectcd cclls in which \, 11'al DNA \\, as s\, nthesizcd.
200 nTl of cell suspcnsioit containin0 5I 10s cellslml was infected with T2 pha, 'c at
a multiplicity of infection of 6. I\ftei' 5 minutes incuiiatioiT foi' adsoi'PIion, acti-
nomyciiT was addccl to the mixture to givc a final conccntratioiT of I 00 11gjml
The culture \\, as incul)atcd for. a further 15 minutes. DuriiT^ this pel 10d, the DNA
cont cnt of the CLIlture Increased an out onc ancl ITalf time. Thc inICctcd cells

were chilled and hai. vestcd and oround willt alumina in the cold. XIatcrial \\, as

Gluted from the alumina \\, itIl 6IT, I of 0.1 Xi NaCl. After low-specd centi ifu-
galion to reinove alumina and I, actcrial debris, the resulting cluate \\'as centri-
furred in the cold for 30 nTinutes at 12,000 a. 2 in I of the I. CSulting super natant \vas
subjected to electrophoresis. As shown in Fig. 5, most of the cell constitLients
11'avel!ed to\\'ard tl}e anode. A similar' interaction was o1)servecl IJct\VCen

actinomyciiT and DNA in phage-infected I)actcria. However, it was I}ot possil, IC
to find actinomycin in the RNA and protein fractions.
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Fig. 5. Zone-electrophorefic Pottern of Extract of Phge-infec, ed E. coli B
Incubated with Actinomycin

Elecirophoresis was performed for 14 hours. Each seciion of starch was eluted with 5 in I of

The absorbonces o1 260 in, I^ representing total nucleic acidsi, o, 440 in"O. I M NOCl

I- - - - octinomycinl and o1 600 inn I- - -I offer Ihe diphenylomine reaction o1 each eluaie were
plotted. Froclions Nos. 19 10 22 conjoined a large amount of RNA, Nos. 24 and 25 contained
DNA. ACiinomycin was found only in Nos. 24 and 25. and not in Nos. 19 10 22. The dejails of
Ihe procedure for exirociion ore described in Ihe text
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Actinomycin is known to inhibit the growth of a wide variety of Gram-
positive bacteria strongly and that of Gram-negative bacteria to a limited extent
Papers on the mode of action of actinomycin D report that the synthesis of RNA
and protein by Baci!/it3 $116/illr (Slotnick, 1960) and Slap4ylococci!r u"18N$ (1<irk,
1960) is inhibited \\, hen the antibiotic is added at growth-inhil, iting concentra-
tions (0.25-0.75 14gjml) to cultures of these I, acteia in a logarithmic stage of growth.
However, the growth of E. coli B, a Gram-negative bacterium, was unaffected by
this antil)jotic. The net synthesis of nucleic acids and protein also occurred nor-
mally at concentrations of up to I 00 14gjml.

The present observations appear to provide the first information about the
effect of actinomycin on the bacteria-bacteriophage system. The inhil>itory action
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I I

30+

20

^-...-----.-

DISCUSSION

30+



of various chemical agents on the multiplication of IJacteriopharre has usual I
been Investigated in relation to their action on the growtl} of uninfected bacteria.
The results to be expected may be classified as follo\\, s: (1) the growth of both
bacteria and phage may be inhibited, (2) bacterial orowth may be inhibited with-
out any effect on phage reproduction, (3) phage multiplication may IJe inhibited
without affecting IJacterial growth. As already mentioned, the action of actino-
mycin on the T2 phage-E. coli B systeiii falls into the last cateoory. This antibiotic
neither. Inactivated free phage particles nor prevented adsorption of the phage by
the host Iiacterium. When bacteria \\, ere infected with T2 bacteriopha. e in the
presence of actinomycin, they synthesized phage protein and nucleic acid and
were Iysed normally, I)ut liberated fe\\, infective particles. Actinomycin is thus
tlTought to inhilJit some final step of phage reproduction, namely maturation. Only
one class of SUI)stances, the acridine dyes, are known to prevent the maturation
of phage units. It is supposed that actinomycin may act on the process of phaoe
growth at the same stage as these SUI)stances, so that below considerations of the
mechanism of the inhilJitory action of actinomycin will be made In coinparison

with that of pronavine, an acridine d\, e, \vhic}T has IJeen the subject of re orts b
many 11}vestigators. Scince the first o1Jservation of Foster (1948) that proHavine
inhibits phage multiplication while liermitting cellular Iysis after a normal latent
period, a series of experiments relevant to the problem of maturation have IJcen
performed to find the step at which proftavine is inhibitory. De Mars at a/. (1953)
found Incomplete phage particles in a Iysate produced in the presence of profla-
vine, which they, namcd "doughnuts" and later phaoe-related Inaterials with
serum-I)locking power (De Mars, 1955). Therefore, it seems clear that proHavine
inhibits phage productioi} without interfering \-vitlT Iysis or synthesis of phage
DNA and I)rotein. In the presence of proHavinc, phaae. infectecl I)acteria on
I}, SIS liberate \, ITal DNA and protein but ITot infective phaoe particles. These
observations, together witlT anotlicr line of evidence obtained ryenetically I)y
phenotypicinixing (Novick and Szilard, 1951; Streisinoer, 1956), Iecl to the o'eneral
belief that the enclosure of the phao'e precursoi. DNA in its plotein coat and its
endo\\, merit witl\ a complex tall structure occurs durino the maturation process
of phage synthesis. Proflavine is known to interact witlt DNA (Letman, 1961).
TITerefore it in a\, influence the utilization of I>hage DNA for. the process of ntatu-
ration. Kay (1959) studied the inhi1)11/01T of I)acteriophao'e nTultiplication Ii\,
proHavine and its revel. sal IJy certain polyamines, and thought that the prollavine
block was due to an interference in the incorporation of polyamines into the newl
synthesized phage DNA, \vhiclT then could not IJe orientated to form the core
of the phage head

As already mentioned, actinomycin tends to form a complex specifically
with DNA. This property seems to be unaffected by, the existence of an unusual
py"jinidine restdu. (5-byd". xym, thyl. yto, in, ) in T-,,, n phag, DNA. Tirere-
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fore, the complex formation of actinomycin with precursor DNA synthesized in
phage-infected bacteria may result in the abortion of the latter to form the core
of phage head.

There is, however, no convincing evidence for the direct precursor nature
of phage-related materials \\, itIT serum-blocking power (De i\Iars, 1955) ancl of
"doughnuts" (KGllenberger and Sechaud, 1957), much less for the participation
of nucleic acids and protein in the process of maturation. The possibilities could
not be excluded that these compounds inhibit the synthesis of an unknown phage
constituent or of an enzyme required for the assembly of eaclt precursor coinpo-
nent, or that they alter the biological activity of the nucleic acid produced. The
interfering action of actinomycin on the biological activity of DNA was showiT by
the o1Jservation that the infectivity of 4X174 bacteriophage DNA on spheroplasts
declined after treatment with the antil)lotic (Nakata and Kawamata, unpublish-
ed). However, IJecause of technical dimculties, It could not be decided whether
the DNA which \\, as synthesized in the presence of actinomycin, nut \vhicll did
not interacted with the antiliiotic, had normal 1,1010gical activity. Therefore the

prol)Iem of the mechanism of maturatioiT appears to involve many coinplica. ted
problems.

A few differences were found between the effects of prollavine and actino-
mycin o1T phage nTultiplication. At an appropriate concentration of prollavine,
not only did phage-Infected bacteria produce no active phage particles but also even
the original infective particles \\, ere lost (Foster, 1948). However, there was
no loss of original infective I, hage even at the ITighest concentration of actinomycin
tested. it{oreover, removal of profiavine by dilutioiT of the culture of growing
phage resulted, \\, Ithout any latent period, in the 111>eration of active phage
whereas, in the case of actinomycin, removal of the antil>lotic by dilution did not
cause atl Increase in infective phage particles. These differcnces in a}, lie caused
by differences in the interaction of these SUIJstances or IJy the number of itlo1ecules
of these substances which interact witlT one fttnctional DNA nTolecule

Althou. 'h more extensive studies on the mode of actioi, of actinom\, cin are

desirable, and comparative studies on the erect of actinomyci!T and proHavine on
various species of bacteriophage may give valuable Information on the mechanism

The modes of actioit of these two substances differof multiplicatioi} of the I, hage.
in several ways, IJut in particular, It should be I}oted that actinomyciil specifically
interacts with DNA but not with RNA.
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