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UTILIZATION OF PHOSPHORUS DURING THE SYNTHESIS OF 
STRj PTOMYCES GRISEUS PHAGE 

INTRODUCTION 

The cycle of event contributing to the multiplication 

of bacteriophage must be regarded as a phenomenon of some 

magnitude. Phage adsorption, penetration, host lysis and 

the intracellular srìthesis of phage are important fea- 

tures of the growth scheme. Past studies on the Strepto- 

rnyces griseus host-phage system, conducted in this 
laboratory, emphasized pliage adsorption, lysis of the 

host cells and the general rutrients required for phage 

multiplication. These studies showed that the source 

material for S. griseus phage progeny is largely obtained 

from the host cells and need not be supplied in the ex- 

tamal medium. Tbis has been explained on the basis of 

the rather hii endogenous reserves of the host cells. 
Yet one exception to this observation remained. Inorganic 

phosphate was required in the infecting medium. This 

result provided the opportunity to studï a rather basic 

aspect of the whole multiplication scheme, namely the 

mode of utilization and origtn of viral phosphate. 

Specific objectives adhered to were: 

1. To estimate the relative contribution of 

phosphorus fri the host cells and external 
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medium. 

2. To study the mechanism whereby phosphate 

upon entering the cell is diverted to phage 

progeny. 

In order to conduct such studies, standard phage 

assay procedures and radioactive tracer techniques were 

used. 
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HISTORICAL 

The Lement phosphorus is essential for the propaga- 

ti and. maintainance of all forms of life. Its role in 

the structure of the nucleic acids, phospholipids and in 
the production of high energy compouncis such as adenosine 

triphosphate and the phosphorylated sugars attests to 

this conclusion. It is not surprising therefore to find 
that phosphorus also plays en important role in the syn- 

thesis of bacterial viruses. These ultramicroscopic 
particles are composed chiefly of nucleic acid and pro- 
tein. In most instances, past studies have centered on 

the contribution of phosphorus by the host, the infecting 
phage or by the medium. Thus the question of the origin 
of phage phosphorus has become of paramount interest. 

Extensive sid1es on bacteriophage have been carried 
out on the so-called T-coliphages, lytic for the host 
bacterium Eschericnj a coli. Wh coliphages are added 

to E. coli in a suitable medium, the phage particles are 
adsorbed upon the bacteria. They adhere to the cells 
through their httailstt. Antisera which react with the 

tail protein can prevent this attachment if it is added 

in advance. In a Unoritial adsorption is fol- 
lowed by the entry of the phage nucleic acid fraction; 
almost all tne protein remains outside the cell (7, p.39). 
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After a latent period the cell lyses and liberates a 

large number of new phage particles. The latent period 
or phage generation time is in part determined by the 

growth medium, the temperature, aii. varies of course with 

the different host-phage systems. The cycle of bacterio- 
phage multiplication includes then, adsorption, penetra- 
tion of the cell, multiplication within the host, and 

lysis of the cell with release of newly formed virus 
particles. 

In 1948 Cohen (2, pp.295-303) studied the problem 

of the origin of phage phosphate by using the isotope P32. 

The host-phage system used was E. coli and the T2r 

T4r phages. Two types of experiments were carried out; 

bacteria were grown in media containing P32-phosphate, 

washed and infected in media containing nonradioactive 
phosphorus. Secondly, bacteria were grown in media free 
of P32-phosphate and infected in the presence of P32- 

phosphate. The radioactivity of the virus phosphorus 

after sjnthesis in P32 labeled cells was much lower than 

the radioactivity of the host phosphorus. Cohen con- 

clIed that the major part of the phosphorus in the virus 
was derived from the medium after infection. However, 

the anthor also considered it likely that a small part 
of the phosphorus could arise from the intracellular pool 

of acid-soluble inorganic phosphorus or low molecular 
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weight organic phosphorus, which can equilibrate with 

phosphorus assimilated after infection (2, p.O2). 

Conclusions in accordance with the above observation 

were also made by Kozioff and Futnam (11, p.241) using 

E. C011_T6r host phage system, and isotopic methods. 

These investigators found that the medium was the source 

of 70-80 per cent of the phosphorus of T6r bacteriophage. 

In addition, these workers suggested that bacterial DNA 

is the main source of phosphorus contributed by the host 

cells, and not the "intracellular pool of inorganic phos- 

phorus or low molecular weight organic phosphorus. 

Putnam and Kozioff used labeled virus particles on 

non-labeled cells. By infecting unlabeled bacteria in 

non-radioactive media with labeled T6r phage, these 

workers found that 30 per cent of the phosphorus of the 

infecting particles were transmitted to the progeny (16, 

p.250). It should be noted here that this work was a 

"first generation experiment", that is only the first 
generation of phage was studied. If a genetic system 

exists in phage, the phage may be looked upon as having 

a bipartite structure, a genetic and a non-genetic part, 

the genetic fraction being the transmitted one. The 30 

per cent transfer of phosphorus might then arise frcn 
this genetic material. 

In 1951 Maal8e id Wats (13, p.513) studied the 



transfer of radioactive phosphorus from parental to 

progeny phage using P2-phosphate labeled T2r & phage. 

This phage was carried through two successive cycles of 

reproduction in labeled bacteria. If the theory of phage 

having a genetic transmittable part and a non-genetic 

fracticn is true, then the second generation of phage 

should give 100 per cent transmission, since the parental 

particles of this experiment would be specifically 

labeled in the genetic transmissible part. However, 

MaalBe and Watson found that this was not the case. When 

phage progeny from a "first generation experiment't were 

used to infect unlabeled bacteria, again 30 per cent of 

the radioactive phospborus was transferred to the progeny. 

This indicates, then, that as far as the localization of 

the phosphorus label goes the progeny particles are sinii- 

lar to the parental particles. 
Cohen (2, p.295) observed that infection caused a 

marked stimulation of DNA synthesis. This observation 

focused attention on the DNA fraction of the infected 

cell. Marshak (14, p.300) discovered that unlike the 

host DNA, the DNA of E. coli phage T2 lacked cytosine. 

Somewhat later Wyatt and Cohi (17, p.775) established 

that cytosine was replaced by 5-hydroxymethyl-cytosine 

in T2 T4 and T6 coliphages. This permitted for the first 
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time a reliable approach of tracing the phage DNA. 

Hershey et al. (8, p.788), working with E. coli phage 

T2 found that phage DNA increased in the infected cells, 
while IA characteristic of the host decreased corres- 
pondingly during viral multiplication. The sum of the 

two remained fairly constant. The phage DNA seemed to 

go through an intermediary stage. In the infected cells 
lt existed in two forms, one consisting of infective 
particles and one not. The non-infective part (viral 
precursor DNA) was sensitive to desoxyribonuclease, 

whereas the infective particles were not. 
At about the sane time Hershey (6, p.22) found that 

during the first ten minutes after infection in broth, a 

pool of DNA was built up. This pool contained phosphorus 

which later was to be incorporated into phage. It re- 
ceived phosphorus from, but did not contain bacterial 
DNA. He observed further that neither the precursor nor 
the intracellular phage populati exchanged phosphorus 

with the phosphate in the medium. Moreover, the phos- 

phorus in the mathre phage did not exchange with phos- 

phoms in the precursor. This indicated then that phage 

maturation is an irreversible process. About 90 per cent 

of labeled phosphorus introduced early in the precursor 
pool was found to be irc'porated in the phage. In the 



same year Labaw (12, p.436), working with T1-T5-T6--T7 

bacteriophages of E. coli , found that the average unit 
of bacterial phospiaoxus comes from phosphorus in the 

medium taki up by the cells just prior to 5nfection with 

T5 phage. Ci the other hand, phosphorus labeled sim!- 

larly to the cell nucleic acid phosphorus apparently 
stood as the principal source of Ti T6 and T7 phages. 

The author also stated that the bacterial phosphorus con- 

tributes ipproxiniately 100 per cent of the total phos- 

phorus for the T7 phage and about 30 per cent in the case 

of T5 d T6. 

The studies reported reflect the rather extensive 
variation among the E. coli phages in respect to the 

origin of phosphorus. However, it is probable that cur- 

rent research will serve to clarify this aspect of viral 
research. 



EXPERIMI'T TA L METHODS 

Bacterial viruses may be studied by a variety of 

methods. In the present investigation two approaches 

were used. The first involved classical procedures for 
the estimation of phage duplication by cultural methods. 

The second part of the study was biocbemical in nature. 

Phage Multiplication in Minimal Media 

Previous data (3, pp.14-27) indicated that the phage 

under study multiplied in the absence of growth factors, 
carbohydrates and amino-acids, It was concluded that the 

host cells supplied tb greater part of the essential 
components for phage synthesis. For this reason, initial 
experiments were designed to follow more closely the net 
contribution of the host cells and the surrounding medium. 

Treatment of Cultures. 

A streptomycin producing culture of Streptomyces 

iseus (Waksinan collection 3475) was used. Spore-stock 
cultures were maintaird in sterile soil. Aliquots of 

the soil spore-stock were streaked on slants of glucose 

nutrient agar (0.5% glucose, 0.3% beef extract, 0.5% 

peptone, 1.5% agar and traces of yeast extract) contained 

in 200 ml bottles. These inoculated bottle slants were 
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incubated at room temperature for several days. After 

sporulation reached a maximum, the spores were scraped 

off into approximately 15 to 20 ml of nutrient broth. 

The resulting spore-suspension was filtered through ster- 
ile gauze and the optical density recorded. A Beckman 

model B spectrophotometer, set at a wavelength of 570m 

was used. 

A phage specific for Streptomyces griseus, desiìated 
as 514-3 was used throughout the study (4, p.17). High 

titer pliage stocks (lxlO'°) were prepared by the agar 

layer technique (1, p.12) and on occasion wh&ì larger 
quantities were required, by lysis of large cell masses 

in liquid media. All filtrates were passed through a 

Seitz S-I filter. 

Assay for Phage Multiplication. 
The assay procedure consisted of a determination of 

the number of infectious units by the standard plaque 

method. This involved seeding 3 ml of semi-solid agar 

with 0.2 ml of spores, adding one ml of the diluted pliage 

(broth) and pouring this mixture over a solid layer of 

nutrient agar contained in a petri-dish (1, p.12). After 

24 hours at 30°C, the areas of lysis (plaques) were 

counted. 

Phage assays were carried out on host-phage systems 
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suspended in minimal media. This medium contained 0.005 

M KH2PO4 and K211PO4 and 0.001 M CaC12, pH 6.8-7.0. One 

ml of S. griseus sporesre added to 10 mi of glucose 

nutrient broth and incubated on the sha1r for 6 hours. 
The resulting cells were centrifuged, washed and resus- 
pended in 10 ini of the above minimal salt medium. One 

mi of stock phage (1x107--1x108) was then added and ad- 

sorption allowed to continue for 10 minutes at 0OC. The 

infected cells were spun down and the residual phage in 

the supernatant discarded. The centrifuged and infected 
cells were washed several times and resuspended in the 
minimal salt medium. The multiplication or synthesis of 

new phage was then followed by removing aliquots, dilut- 
ing and assaying for the number of release plaque-forming 

particles. 
In order to ascertain whether the host cells ci1d 

be depleted to a point where the cells won.not support 
phage synthesis, it was decided to repeat the previously 
described experiment, using starved cells. In this in- 
stance the host cells were shaken in the minimal medium 

for 12 hours, then spun down and resuspended in 10 ml of 

fresh media. The multiplication or synthesis of new 

phage was then followed by removing aliquots, diluting 
and assaying for the released plaque-forming particles. 
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Radioactive Tracer Studies 

The results from cultural experiments indicated that 
phosphorus was essential for the multiplication of S. 

griseus phage. The purpose of the second part of this 
study was therefore to attempt titracingil this elem&ìt in 
the series of events that takes place when S. griseus is 
infected with its homologous phage. This was done with 

the radioactive P32. A schematic diagram of the test 
procedure has been provided. 

Treathient of Cultures. 

Ten to fifteen ml of a spore-suspension obtained as 

outlined previously were added to 100 ml of 0.1 per cent 
glucose broth, d shaken for about 7 hours at a tempera- 

ture of 28-32°C. This period was called the growth 

period or the first phase. The cells were then centri- 
fuged, washed several times and resuspended in 400 ml of 
the desired medium. The optical density of the suspension 

was recorded. At this time 20 ml of the phage solution 
were added; the titer of the phage was usually 5x109/ml. 

The phage-cell mixture was then incubated on the shaker 

at 30°C for 12 to 24 hours. This part of the experiment 

was called the second phase. Aliquota of 25 ini were 

removed at selected time intervals during this period for 
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treatment with trichioroacetic acid (TCA), radioactive 
assay and phosphorus determination. Larger aliquots (90 

IR]) were removed for phage sedimentation. 

Incorporation of P32 

p32 labeled cells; non-infected. 

A preliminary experiment was conducted on non- 

infected cells. The cells were grom in 0.1 per cent 

glucose nutrient broth with P32 phosphate during the 

first phase. The level of radioactivity was about i 
,c/imi. After 8 hours the cells were spun down, washed 

until essentially free of radioactivity and then resus- 
pended in 100 ml of fresh non-radioactive broth. From 

this moment aliquots were taken at certain time intervals 
over a period of 24 hours, to detect any release of P32- 

containing compounds into the medium from the labeled 
cells. 

A further experiment was carried out to see if any 

appreciable amount of P32 phosphate would show up in 
fractions other than the TCA insoluble part. Two ml of 

spore-suspension were germinated in 100 mi of glucose 

nutrient broth containing p32 phosphate at a level of 

* P32 was added as H3P3204 in dilute 11Cl, obtained from 
Oak Ridge National Laboratory. 
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0.4-0.51'c/ml. Samples of 10 ml were removed and centri- 
fuged after 3, 6, 10 and 24 hours. Radioactive counts 

were made n tha supernatant. To the centrïfuged cells 
were added 5 ml of 10 per cent TCA plus 5 ml chilled 
water. The TCA soluble fraction was kept for assay of 

soluble organic phosphorus and radioactivity. The TCA 

insoluble fraction of the cells was treated with 10 ml 

of water and i ml of 5 N NaOH. Radioactive counts were 

also made on this latter fraction. 

p32 labeled cells; infected. 

In these experiments 10 to 15 ml of spore-solution 
were added to 100 ml glucose nutrient broth containing 

P32 phosphate at a level varying from 1 c/mi to almost 

5c/m1. The cells were allowed to grow for 7 hours and 

then centrifuged, washed, resuspended in 400 ml fresh 

non-radioactive broth and infec ted wi th 20 ml of phage 

solution. Aliquots of 25 ml were taki out during this 
second phase at regular time intervals, usually up to 12 

hours. A final amp1e was often taken at 24 hours. The 

smaller, 25 ml samples were centrifuged at 3-4000 rpm. 

The sediment consisting of cells and cell-debris was 

washed with water and treated with 5 per cent TCA. The 

TCA insoluble fraction was digested with H2SO4 for the 

determination of phosphate and radioactivity. 
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Total phosphate and radioactivity of the obtained 
supernatant atter centrifuging at -4OOO rpm were deter- 
mined in a sulfuric acid digested sample (one ml plus 

2.5 ml of 5N H2SO4). In addition, 20 ml of the super- 
natant were mixed with equal parts of 10 per cent TCA and 

centrifuged. The precipitate was washed with 5 per cent 

TCA and then digested with H2SO4 for determination of 

phosphate and radioactivity in this fraction. Phosphate 

and radioactivity were also determined on the TCA soluble 
part. 

The 90 ml aliquot was first centrifuged at 3-4000 

rpm, cells discarded and then the supernatant was centri- 
fuged at 30,000 rpm for 18-24 hours by means of the 

Spinco ultracentrifuge. A phage assay was carried out 

on this supernatant to check on the efficiency of phage 

sedimentation. 'he phage pellet was washed, recentri- 
fuged and then digested as described under analytical 
methods. Radioactive assay and phosphorus determination 

were made on this digested solution. 

p32 phosphate in tt medium. 

In this approach the cells were grown for 7 hours 

in non-radioactive glucose nutrient broth, then for the 

second phase centrifuged resuspended and infected in glu- 

cose nutrient broth containing p32 phosphate at a level 



16 

of 0.45 - 0.5Otc/ml. Samples of 25 ini were taken as 

usual during this second phase, treated with TCA, digested 

and subjected to radioactive assay and phosphorus deter- 
niination. Aliquots of 90 mi for phage sedimentation were 

removed at 8 and 24 hours. 

Depleted P52 labeled cells. 
A final experiment was carried out by infecting P32 

labeled ana starved cells. To 100 ml of glucose nutrient 
broth containing 1.6 c/mi were added 15 ml of spore- 

suspension. The cells were grovi on a shaker for 7 hours. 

A 5 ml sample (0 time) and 10 ml sample (7 hours) were 

taken out for counting and phosphorus determinations. 

At the end of this growth period the cells were centri- 
fuged, washed with buffer untii essentially free of ac- 

tivity and resuspended in 30 ml of a CaC12-containing 

phosphate buffer (isotonic). The 30 ml suspension was 

subsequently divided as follows: 10 ml were transferred 
to a flask A containing 150 mi of the CaC12- containing 

buffer and 20 mi were added to another flask B containing 
300 ml of the sanie buffer. Both flasks were put on the 

shaker; flask A was not disturbed, while 10 mi samples 

were removed fran flask B every hour for 8 hours, plus a 

final sample at 13 hours. Flask A was taken off the 

shaker after 8 hours, the starved cells centrifuged arid 
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washed with CaC12-containing broth. After resuspending 
the starved cells in 200 ml glucose nutrient broth con- 

taining CaC12 the optical density was checked and 10 ml 

of phage solution added. A zero sample (10 ml) was taxen 

and the flask was then left on shaker overnight (12 hours). 

At this time a 25 ml sample was removed arid also 90 ml 

for phage sedimentation. The 25 ml sample was used as 

previously described for radioactive and phosphonis 

analysis of the various fractions. 

Analytical Procedures 

Assay Radioactivity. 
In the first experiments 1/lo ml of neutralized 

liquid samples in aluminum planchiets was evaporated to 

dryness under an mfra-red lamp. In later experiments 

1 ml of liquid sample was counted as such in small glass- 
cups. With both methods the samples were counted using 
a scintillaticr counter equipped with a beta-sensitive 
crystal and a thin aluminum window. All counting were 

carried out at a standard deviation of 3 per cent and 

corrected for background. Because of the short half life 
of P32 (14.3 days) care was taken to count each series 
of samples within a duraticai which was insignificant in 
respect to the half-life of this isotope. 



Determination of Inorganic Phosphate. 

Samples containing 4---6Ophosphate were assayed for 
phosphorus according to Fiske-SubbaRow's method (5, p. 

630). Sufficient TCA was added to a tube containing the 

sample so as to obtain a final acid concentration of ap- 

proximately 0.5 N. One ml of Molybdate II and 0.4 ml 

aminonaphtolsulfonic acid reagent were added and the vol- 

urne made up to lO imi. The developed blue color (whose 

intensity is proportional to the phosphate content) was 

read after 5 minutes in a Bausch and Lomb photoelectric 
coloriìneter using a filter with a maximal transmission 

at 6O 

Molybdate II was made by dissolving 25 gin of reagent 

grade aimnonium molybdate in about 200 ml of water. The 

molybdate solution was added to a 1 liter volumetric 

flask contain 300 ml of 10 N sulfuric acid, and made 

up to volume. 

Aininonaphtolsulfonic acid reagent. This reagent was pre- 

pared as follows: 195 ml of 15 per cent sodium bisulfite 
solution were poured into a glass-stoppered cylinder, 
0.5 gin of l,2,4-aminonaphtolsulfonic acid and 5 ml of 

20 per cent sodium sulfite added. flie mixture was shaken 

until dissolved. When solution was not complete more 

sulfite was added, i ml at a time with shaking. The 
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solution was stored in the dark. 

Detenninatiori of Total Phosphate. 

The organic matter was destroyed by digestion with 

sulfiric acid and subsequit oxidation with 30 per cent 

hydrogen peroxide. The phosphate-containing solution was 

then analyzed for phosphate by Fiske-SubbaRow's method. 

The sample to be digested was transferred to pyrex test 
tubes, 2.5 ml of 5 N H2SO4 added and the mixture heated. 

After the mixture turned brown with no further change, 

one drop of 30 per cent H202 was added snd the heating 

continued. If the mixture did not beccrie colorless the 

addition of peroxide was repeated. Wnen colorless, the 

contents of the tube were cooled, a few ml of water added 

and the tube reheated to boiling for a few minutes to 

convert any dehydrated phosphates into ortho-phosphate. 

After cooling, theccntents were transferred with 

washings to a 25 ml volumetric flask, 2.5 ml of a 2.5 

per cent ainmonium-molybdate in water, and i ml suìÍonic 

acid added and the volume made up to 25 ml with water. 

After mixing and waiting for 5 minutes the samples were 

read in the colorimeter. 

Determination of Acid-Soluble Organic Phosphate. 

The acid-soluble organic phosphate was carried out 
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according to a method described b Nielsen and Lehninger 

(15, p.559). 

One ml aliquots of the TCA cell extracts were trans- 

ferred to separatory-funnels, and 2 ml of acetone added. 

About ten minutes later ml of water saturated with iso- 
butanol and 12 ml of equal parts of Isobutanol and ben- 

zene saturated with water were added. The mixture was 

shaken well and the layers allowed to separate. Then 1.4 

ml of Martin and Doty's acid molybdate reagent was care- 
fully added to the aqueous layer, mixed gently and allowed 

to stand for 5 minutes. The funnels were thou shaken 

vigoroasly for 30 seconds and again allowed to separate. 
The aqueous layer was removed and transferred to a new 

separatory funnel, after filtration through a Whatman 

No. 50 paper. 0.1 ml of 0.02 N KH2PO4 solution was added 

and then 6 ml of the isobutanol/benzene mixture and the 

cylinder was shakai again. 0.1 ml of the aqueous layer 
was taken for radioactivity assay. 
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EXPERIMENTAL RESULTS 

Phage Multiplic ation 

In Minimal vIedia. 

22 

The medium used in tbis particular study was composed 

of potassium-, calcium-, phosphate-, and chloride-ions. 

Reference to plaque counts given in Table 1 discloses 

that considerable pliage mulplication did occur in this 
minimal salt medium. Presumably both carbcu and nitrogen 

sources are derived from the host cells. Since no multi- 

plication was observed in a solution of distilled water 

plus CaC12 (3, p.25a), the principal requirement for 
phage synthesis in the above medium appears to be phos- 

phorus. Calcium was previously shown to be essential for 

maximum absorption of the phage under study (3, p.19). 

Influence of Cell Depletion. 

Because o1 the considerable contribution of essential 
intermediates by the host cells, it was considered that 

cell starvation night possibly decrease phage synthesis. 

The data in Table 2 does not provide complete support for 

this contention. However, the observed decrease in phage 

output by depleted cells does give some credence to this 
idea. It is likely that a longer starvation period would 

have brought about a more striking decrease in phage 
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TABLE 1 
Niultiplication of S. griseus phage in a minimal salt 
medium. Medium was composed of: CaC1 ----- 0.001 M, 
and K2HPO4, KH2PO ----- 0.005 M. 

Experiment ________- Pl aque counts ______________ 
0 hour 2.5 hrs. 4.5 hrs. 24 hrs. 48b.rs. 

1 55 190 4700 TNC TNC 

2 110 67 270 50,400 68,600 

TABLE 2 

Influence of cell starvation on multiplication of S. 
griseus phage in a minimal salt medium 

Experiment Plague counts 
0 hour 2.5 hrs. 4.5 hrs. 24 hrs. 48 hrs. 

1 108 81 90 1000 24,600 

2 84 48 70 3200 22,600 
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multipli cati on. 

All of the previously described data attest to the 

important contribution of the host cells and to the need 

for phosphate and calcium n the external medium. The 

following experiments were designed to investigate the 

utilization and fate of the medium phosphate. 

Radloac tt ve Tracer-studie s 

Non-infected Cells. 
It was considered necessary to determine whether P2 

labeled cells release any labeled compounds into the 

medium during growth. Reference to the total activities 
given in figure 1 indicates that there is only small 

amounts of radioactive compounds released into the medium 

durir the growth of the labeled cells. The indicated 
trend in radioactivity of the medium is approximately oem- 

stant after tne first 4 hours. Reference to figure 2 

shows that continued growth and uptake of phosphate from 

the medium, effects a gradual decrease in the specific 
activity of the cells. 

S. griseus cells were labeled by growth in the 

presence of P32-phosphate. Under such conditions phos- 

phorus is incorporated into various cell fractions, 
notably nucleoprotein, phospholipids and acid-soluble 



-J 

N 
o 
X 

Q- 

o 

300 

200 

o 
I 

o o 

o - CELLS 

- SUPERNATANT 

)48 :4 

TIME IN HOURS 

FIG.I GROWTH OF P32 LABELED CELLS IN NON-RADIOACTIVE 

GLUCOSE NUTRIENT BROTH. 

t\D 

t:), 



400 

I 
'2OO 
X 

Q- 

C) 

bIi 

4 8 12 24 
TIME IN HOURS 

FIG.2 TRENDS IN SPECIFIC ACTIVITY VALUES OBSERVED DURING 

GROWTH OF P5LABELED CELLS. 



27 

organic ana inorganic phosphate. The aata in table 3 and 

figure 3 show that as the activity decreases in the 

medium, the cells' TCA insoluble fraction, consistingly 
mainly of nucleoprotein, is the fraction which has the 

greatest content of radioactive phosphorus. Over the 

indicated 24 hours period this insoluble fraction contains 

75 to 85 per cent of the total cell phosphorus. However, 

a considerable part of the cell pnosphate was found to be 

acid soluble. The TCA-extracts were therefore analyzed 

for organically bound and total phosphate. The results 
in table 3 show that the greatest part of the phosphorus 

In the TCA-extract is Inorganic phosphate. 

Infected Cells. 

p32 labeled cells. 
S. griseus cells were grrn in a P32 phosphate con- 

taming medium, harvested, resuspded in a fresh non- 

radioactive medium and infected with phage. During lysis 
of the cells, samples were removed for determination of 

phosphate and radioactivity in the different fractions as 

described under Experimental Methods. 

The progressive decrease in total radioactivity con- 

tent of the cells (table 4a, b, and figure 4) presumably 

reflects lysis and release of P32 labeled substances from 

the cells into the medium. A corresponding sharp rise in 
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TABLE 3 

Observed incorporation and distribution of radioactivity 
in growing cells of S. griseus 

Counts per minute (cpm) x 103/ml 
Frac tion 3 hours 6 hours 10 hours 24 hours 

"Superna tant" 174 171 117 4.3 

Cell-TCA 
insoluble F. 13 8.9 60 136 

Cell-TCA 
soluble F. 1.7 2.8 10.6 23 

Soluble orgì1c-P 0.16 0.72 3.0 7.2 

Soluble inorganic*.P 1.5 2.0 7.6 15.9 

Calculated by difference 
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TABLE 4a 
Radioactivity and hospnorus determinations on infected 

and P° labeled S. !seus cells 
Fraction T.me Total P-content Specific 

hours activity activity 
cpm/ml PJmi cpm/P 

Cell-TCA O 6.4x104 14.9 4280 
insoluble 4 6.6x103 5.6 1194 

8 9.2x102 3.7 246 
12 l.8x102 3.2 56 

'Supenìatant1' O 22x102 93 24 
untreated 4 575x102 89 647 
(total) 8 688x102 93 739 

12 708x102 96.5 734 

Supernatant" O -- -- 
TCA insoluble 4 29.5x103 8.1 3670 

8 32,38x103 10.3 3130 
12 31,26x103 11 2840 

Supernatant 8 32385 10.33 3212 
TCA insoluble - 642 -0.45 
corrected 31743 9.88 
for phage 

"Supernatant" O 20.4x102 82.6 25 
TCA soluble 4 23,2x103 59.5 388 

8 26.6x103 59.5 448 
12 28 xlO3 56.2 370 

Phage 8 642 0.45 1400 
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TABLE 4b 
Radioactivity and phosphorus determinations on infected 

and P52 labeled S. griseus cells 
Fraction Time 

hours 
Total 

activity 
cprn/ml 

P-content 

'P/m1 

Specific 
activity 
cpm/'P 

Cell-TCA O 31.8x103 7.4 4274 
insoluble 3 18.9x103 10.6 1790 

6 11.4x103 1.1 1034 
9 4.7x102 0.6 769 

12 2,2x102 -- -- 

"Supernatant O 6.3x102 1.6 7 
untreated" 3 83 x102 86,8 95 

6 18,9x103 94.1 200 
9 19.7x103 93.4 210 

12 19,7x103 85.6 230 

Supernatant O -- _ 

TCA-insoluble 3 43.4x102 1.4 3165 
6 90.3x102 4.6 1948 
9 92,3x102 5.4 1698 

12 101,4x102 6.2 1634 

Supernatant 12 101.4x102-l.53x102 1684 
TCA insoluble 6.2 - 0.27 
corrected 
for phage 

Phage 12 0.27 584 
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the "supernat ant" (lysa te minus "cells") was found. At 

any one point up to 12 hours, the sum of the sup ernatant 
activity and the activity of the "cells" was found to 

remain approximately constant. Also the sum of the ac- 

tivities of the two fractions in the supernatant, TCA 

soluble and TCA insoluble, approach the activity shon 
for the nOEl-treated supernatant. 

The corresponding trends in specific activities 
(cpm/P) are presented in figure 5. These values have a 

more direct bearing on the primary objective of this in- 
vestigation, since both total counts and phosphorus con- 

tent are inc1ied. As miit be expected the specific 
activity of the TCA insoluble cell fraction decreases 

markedly, frcan 4280 cpm/'P at O time to 56 cpm/P at B 

hours, apparently because of continued cell growth. As 

labeled compounds are released into the medium during 

lysis, the specific activity of the total supenìatant 
increases, but remains relatively low due to the presence 
of large amounts of non-labeled inorganic phosphate in 

the medium. The TCA insoluble fraction of the superna- 

tant consisting of phage and other P32 containing coin- 

pounds released from the cells, had a high specific 
activity comparable to that of the cells fran wnich it 
was released. The specific activity of this fraction 
decreases slightly with time due to the formation and 
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lysis of cells with low activity phosphate. The isolated 
phage (8 horn's) showed a specific activity of 1400 cpm/P. 

The sample of the supernatant taken at the same time ard 

precipitated with TCA showed a specific activity of 3130 

cpm/P. As tbis fraction contains phage plus other TCA 

insoluble matter tbe given va1i was corrected for total 
activity and phosphorus cmtent contributed by the phage. 

The corrected specific activity then, now referring to 

TCA insoluble matter derived from cells exclusive of 

phage, is 3212 cpm/P. The latter fraction is made up 

of cell material, principally protein and nucleoprotein. 

A comparisai of the two specific activities, namely for 

the phage and for the cell material, allows for conclu- 

sions relative to the net contribution by the host cells. 

P32 phosphate in the medium. 

As only two sources of phosphate for phe s1'nthesis 

are possible, namely host cell or medium phosphate , it 
seemed desirable to study the phenomenon fri both view- 

points, by using labeled cells, and as in the present 

experiment, by adding P32 phosphate to the meum during 

the second phase. Essentially similar results should be 

obtained by both metho. The data in table 5 and figure 

6 show that the total radiotivity of the supernatant 

remains hii during the entire experiment. This is to be 
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TABLE b 
Radioactivity and phosphorus determinations on inVected 

and non-labeled S. griseus cells 
Fraction Time Total P-content Specific 

hours activity activity 
cpm/ml P/mi cpm/ P 

Cell-TCA 
insoluble F. 

I, Superna tan t 
untreated" 

Supernatan t 
TCA insoluble 

Supernatan t 
TCA insoluble 
corrected for 
pha ge 

o 
4 
8 

12 

o 

4 
8 

12 

o 
4 
8 

12 

74.3 5 15 
2.3x103 2.9 800 
4,3x102 0.67 640 
1.4x102 0.23 600 

84.4x103 88.3 350 
76.4x103 91 840 
84.1x103 101 834 
87,1x106 103 840 

35,7x102 
85 x102 
78. 5x102 

85x102-435 

6.1 
11.8 
11 

11.8-0.57 

Supernatant O 88 x103 93 
TCA soluble 4 71.4x103 72 

8 73.2xl0 72.9 
12 75,4x106 71.3 

Phage 8 435 0.57 

580 
720 
710 

718 

940 
990 

1000 
1060 
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expected in a system containing P32 phosphate in the in- 

fecting medium. Phosphate incorporaticti by the growing 

cells remains low because of the gradual decrease in cell 

count. Ttie small amount of radioactivity found in the 

TCA insoluble fraction is incorporated in this mariner. 

The specific activity values listed in table 5 and figure 
7 indicate only a slight difference between the specific 
activity for the phage and that of the TCA insoluble 

fraction of the supernatant. This result was considered 

misleading inasmuch as the described approach does not 

rule out the possible contribution of phosphate to the 

phage via the TCA soluble pool. 

Depleted P2 labeled cells. 
In the previous experiments the phosphate in the TCA 

insoluble fraction (minus phage) has been used as a 

sample of the non-phage phosphate released into the 

medium by lysis. According to table 3 the cells contain 

considerable amounts of inorganic phosphate and also 

organic TCA soluble phosthate. The previous experiments 

give no information on the possible role of this "internal 

pool" of low molecular weight phosphate in phage synthests. 

An indication that this pool may be important was given 

by the high contribution from the host cell phosphate 

to the phage in the experiment with P32 phosphate in the 

medium, where the cells were transferred without washing 
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to the infecting medium. In the experiments with labeled 

cells, the cells were washed several times and this 

treatment may have served as a depletion period. There- 

fore, an attempt was made to deplete the radioactive 

cells of the low molecular phosphates by starving the 

cells extensively in non-labeled phosphate buffer. 

During the depletion period, sniples were removed for 

determination of TCA soluble P32 compounds remaining in 

the cells. Radioactivity released into the buffer does 

not parallel the decrease in the TCA soluble cell activ- 

ity (figure 8). This is not surprising, as the TCA 

soluble phosphates might be expected to exchange with 

other phosphorous-containing substances in the cell. 
The cells were depleted until the radioactivity of the 

TCA soluble fraction seemed to approach a minimum value 

(g-10 hours). At this point the cells were resuspended 

in glucose nutria-it broth. The cells were then infected 

with phage. Reference to the data in table 6 discloses 

that the specific activity of the phage (324 cpm/'P) is 
much lower than the specific activity of the TCA in- 

soluble fraction corrected for phage (3040 cpm/P). The 

low value obtained for the phage reflects the uptake of 

phosphorus from the medium via the TCA soluble pool. 



-J 

6C 
'4 

o 

X 

4C 
û- 

o 

Oc 

FIG. 8 

. ( IO 

TIME IN HOURS 
OBSERVED DEPLETION F THE TCA SOLUBLE FRACTIO 

OF LABELED S.GRISEUS CELLS IN BUFFER SOLUTION. 



NÌ1N 
Radioactivity and phosphorus detenninations on depleted 

and labeled S. riseus cells 
Fraction Time Total P-content Specific 

hours activity activity 
cpm/rnl 'P/mi cpm/ P 

Cell-TCA O 48.1x102 1.52 3170 
insoluble 

12 2. 74x102 0.45 603 

Supernatant O -- -- -- 
TCA-in solubi e 
F 12 2 x106 2.4 830 

TCA insoluble 12 2000-638 2.4-1.96 3040 
corrected for 
phage 

Supernatant 0 536 76.9 7 
TCA soluble 

12 63.6x102 77.6 82 

Total 12 61 xlO2 84.3 73 

Phage 638 1.96 324 
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DISCUSS I N 

In model host-phage systems such as i. coli snd Its 
"T series", external sources of phosphate, nitrogen, 

carb and energy are required for phage synthesis. How- 

ever, this observation does not apply Lor the S. griseus 

host-phage system. Multiplication occurred in the ab- 

sence of external carbon and nitrogen (3, p.25a). Evi- 

dently, S. griseus as is reflected in the high endogenous 

metabolism, has ample carbon and nitrogen reserves for 

the synthesis of its homologous phage. As was demon- 

strated in the present study, starvation of the cells for 

12 hours reduced the endogenous reserves but did not com- 

pletely halt phage synthesis. It is probable that extended 

starvation of the host cells would have effected a more 

striking decrease in phage multiplication. 
In the present investigation phosphate had to be in- 

c1ixed in the external medium in order for phage synthesis 

to take place. Thus, the origin of the phage phosphorus 

became the primary objective of this study. Several 

problems associated with studies on the origin of phage 

phosphorus were immediately apparent. The the E. coli - 

phage system, infection of the cells by the phage DNA is 

immediate and growth ceases. This effect may be ex- 

plained on tk basis of a change in the normal metabolic 

pattern of the host cells over to one initiated by the 
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infectious unit. 

. griseus cells contain a number of major phosphate 

fractions: nucleoprotein containing DNA and RNA, low 

molecular weight phosphate esters, inorganic phosphate 

and others. When the cell undergoes lysis, phage is re- 

leased into the medium. The phage released can account 

for only a portion of the total nucleoprotein in the 

lysate. In the case of . coli, the non-phage nucleo- 

protein is taken as a valid sample of the host nucleo- 

protein prior to infectil, and provides therefore an 

excellent basis for comparison of phage aid host nucleo- 

protein. With S. griseus, infection is not complete, 

this results in several cycles of multiplication; and 

subsequently growing aid infected cells exist together 

in the medium. In this case the TCA insoluble fraction 

corrected for phage has been used as a sample of cell- 

specific TCA insoluble matter. 

In the present study the question posed was: Do the 

cell-specific nucleic acids contribute significantly to 

phage phosphate? 

In order to analyze the results the ollowing equa- 

tions were used: 

p=q4r --------------- (1) 

where p - phosphorus found in phage 

q = phosphorus derived from inorganic 
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phosphate in the medium 

r (phosphorus derived from cell TCA 

insoluble matter. 

The total activities are then: 

a.p b.q ¿ c.r ------------- (2) 

where a specific activity of phage 

phosphorus 

b specific activity of medium 

inorgard. c phosphate 

c specific activity of phosphorus in 

TCA insoluble matter in supernatant, 

corrected for phage. 

To introduce fractional units equation (2) is divided by 

p 
q r q r a b.- + c.-. ; and substituting x for - , and y for - ; 
p p p p 

ab.x+ c.y ----------------- (3) 

Here x is the fraction of phosiorus found in phage that 
Is derived from inorganic phospbate in the medium, and y 

is the fraction derived from cell TCA insoluble matter. 
From (i) then: x i y i ----------- (5) 

Combining () and (5) and solving for x and y: 

x = (a - c)/(b - c), and y = (a - b)/(c - b) 

Final calculations have been expressed on a percentage 

basis. It may be seen that in the experiments with 



labeled cells, b O as the medium in this case is non- 

radioactive. The fraction of phage phosphorus coming 

from TCA insoluble matter is then tt ratio between the 

specific activity of phage phosphate and the specific 

activity of the phosphorus, the "TCA insoluble matter" 

fraction, y = In the experiment with labeled medium, 

b was greater than zero and therefore was included in 

equation 3. 

In this calculation the intracellular pool of in- 

organic and low molecular organic phosphate is not con- 

sidered, and any radioactivity introduced from this 

source will be expressed as originating from cell TCA 

insoluble matter. As is shown in table 3 this TCA 

soluble fraction should not be ignored. In yeast (9) 

and Acetobacter suboxydans it has been shoì (lo) that 

the intracellular phosphate is not in free equilibrium 

with the phosphate in the medium, ar therefore the possi- 

bility exists that this fraction may have a diiferent 

specific activity from that of the medium. This fraction 

would probably be an intermediate in the incorporation 

of inorganic phosphate frcn the medium into any fraction 

of the infected and non-infected cells. When S. griseus 

cells were grown in radioactive medium the cells were 

subsequtly subjected to a thorough washing procedure 

before being transferred into the non-radioactive medium. 
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This may have acted, as mentioned before, as a depleticn 

period. The contribution of the phosphorus by the host 

TCA insoluble matter was in these cases shown to be 34 

and 43 per cent. However, when the washing procedure was 

omitted as in the case of the experiment with the non- 

labeled cells, this percentage figure was increased to 

approximately 80 per cent. These calculations are given 

in table 7. It was therefore considered probable that 

the observed variation was caused by a specific role 

played by the intracellular TCA soluble pooi of inorganic 

and low molecular weight organic phosphate esters. In 

order to examine this possibility, labeled cells were 

extensively starved so as to deplete the reserve of TCA 

soluble matter. As may be observed in the afornentioned 

sunirnary of the data (table 7), only 10 per cent of phag 

phosphate could thi be traced to host TCA insoluble 

ma t ter. 
it is believed that the TCA soluble pool in the 

depleted cells has a low specific activity. The phosphor- 

us used for synthesis of phage coming from the medium via 

this pooi would then result in low specific activity of 

the phage. This was in accordance with the presented 

observation. This and other results of the present in- 

vestigation undoubtedly require further study to verify 

arid elucidate the "overall mechanism11 in phage 



TABLE 7 

Summarized data of calculations for relative contribution of phosphorus from medium 
and cell-TCA insoluble matter to phage (approximate values) 

Contribution 

Treatment Medium Bacteria Phage to Phage 
(TCA-soL) (TCA-insol.) Medium-P Cell-P 
Sp. Act. Sp. Act. Sp. Act. 
(cpm/' P) (cpm/ P) (cpm/d P) 

Labeled cells in non-radioactive 3210 1400 (57)* 43 

medium -- 1680 580 34 

Unlabeled cells in radioactive 
medium 100C 720 79(,) (20) 80 

Depleted, labeled cells in 
non-radioactive medium -- 3040 524 (90) 10-11% 

*Figures in parentheses obtained by difference. 
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multipli ca ti an. 
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SUMMARY 

Studies were conducted on the incorporation of phos- 

phorus during the synthesis of phage specific for S. 

griseus. Particular emphasis was placed on the relative 
contribution of phosphorus from the host nucleoprotein 

and the medium supporting the host-phage system. Phos- 

phorus was shown to be essential for the multiplication 
of phage. 

The origin of phage phosphorus was studied by means 

of P32 phosphate. It was found that in growing and un- 

washed cells, the phage received the major portion of its 
phosphorus from the cells. By washing the cells this 
contribution decreased considerably. With labeled cells 
that had been depleted in a non-radioactive phosphate 

buffer the phage received only 10 per cent of its phos- 

phorus from the host. It may therefore be concluded that 
the greater part of phage phosphorus was incorporated 

into the phage under study via an intracellular pool of 

soluble organic and inorganic phosphate. 
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