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Glucose metabolism of phage-infected Streptomyces griseus

was examined by using the specific radioactivities of the amino

acids from the extracted protein of the host and phage as an index

of the catabolic pathways of glucose metabolism. Conventional

methods for the study of phage-infected bacteria did not suit the

host-actinophage system due to the filamentous nature of the host

and the poor adsorption properties of the phage. The present

method measured the specific activities of selected amino acids

arising from glucose-1-14C and compared them to those of the

amino acids synthesized from glucose-6-14C. A C6/C1 (ratio of

the specific activity of the amino acid arising from glucose-6-14C

to that arising from glucose-1-14C) specific activity ratio of 1.0

reflected the primary catabolism of glucose via the glycolytic

pathway. A considerably higher ratio was expected if the pentose



phosphate pathway constituted the major catabolic route since carbon

one of glucose is lost at an early stage in the latter pathway. The

specific activities were obtained on protein hydrolysates by automatic

chromatographic procedures using the Beckman/Spinco Model 120B

amino acid analyzer connected to a Packard Series 320E Flow Monitor.

The procedure was tested on two cultures, Saccharomyces

cerevisiae and Pseudomonas stutzeri whose widely divergent

catabolic pathways had been already established elsewhere. The

former dissimilates glucose primarily by glycolysis while the latter

exhibits strong Entner-Doudoroff and pentose phosphate pathway

activity. Using glutamic acid as a reference amino acid, a C6/C1

ratio of 1.13 and 16.3 were obtained for S. cerevisiae and P.

stutzeri, respectively. These results indicated that the ratios could

be used as a measure of the route of carbohydrate metabolism.

Prior to determining the specific activity ratio for uninfected

S. griseus, the route of glucose catabolism employed by this organism

was ascertained by high-resolution radiorespirometry and the re-

sults indicated a predominant glycolytic activity. The pattern ob-

served was similar to that found nine years earlier. The predom-

inating glycolysis corresponded well to the C6/C1 ratio of 1. 23

obtained for S. griseus using glutamic acid as the reference amino

acid.



To compare the route involved in the glucose catabolism of

the S. griseus phage-infected system, the specific activity ratios

for the amino acids from purified actinophage protein were deter-

mined. A complete amino acid composition (with the exception of

tryptophan) was determined for this actinophage; however, for

specific activity ratio determinations, only the acidic amino acids

were analyzed. Again using glutamic acid for reference a ratio of

1. 74 for the phage was obtained. The higher ratios obtained for

phage protein as compared with host protein indicated an increased

loss of C-1 after phage infection and during biosynthesis. The in-

creased loss of C-1 in the phage infected system may have re-

flected a change in the metabolic patterns of the host to meet the

demands for materials necessary for phage biosynthesis, pri-

marily pentose for viral DNA. The direction of the switch in glu-

cose dissimilation differs from that reported in the phage-infected

Escherichia coli system and may be attributed to differences in

the mechanisms by which the two systems meet the demand for

pentose synthesis.
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Effect of Actinophage Infection on Glucose

Metabolism in Streptomyces griseus

I. INTRODUCTION

One of the most observable consequences of a bacteriophage

infection of homologous host cells is the lysis of the cell which

ensues in a rather short period of time. The interval between in-

fection and the time of lysis has been extensively examined (52).

Such studies have shown an intricate interrelationship to exist

between the infecting virus and its host. The ultimate result of

infection was the mass reproduction of progeny viruses and with

their release, the simultaneous destruction of the bacterial cell.

Changes undergone by the infected host have been examined by

various methods. That a change takes place in the cell's metabolic

activity upon the entrance of viral DNA was first observed with

the electron microscope on sectioned infected bacteria (35). With

improved techniques, a detailed picture of the intracellular mul-

tiplication process emerged (23).

However, the study of the physiological changes in relation to

the formation of progeny viruses has required other methods. For

a period of time, considerable attention has been focused on the

characterization of the virus particle to gain insight to the problem
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of infection. However, Cohen has been responsible for shifting

the emphasis to the study of host-virus interaction by applying a

metabolic approach (11-14) . Since the host must provide the

major part of the substance and energy essential for virus syn-

thesis, he has approached the problem by studying the metabolism

of an infected system.

Respiration studies

Conventional Warburg manometric techniques were used by

Cohen and Anderson (13) to study the effect of T2 and T4 infection

upon Escherichia coli B. Examination of the rate of respiration

would indirectly give the over-all energy supply furnished to the

cell by its enzymic ensemble involved in the uptake of oxygen,

transport of electrons, oxidation, fermentation of carbohydrate

substrates, and formation of energy-rich phosphate bonds. They

found that uninfected cells exhibited the normal increase of respir-

ation due to growth, division, and synthesis of respiratory en-

zymes. When the cells were phage infected, there was no in-

crease in respiration. Thus it appeared that although cell multi-

plication and the further production of respiratory enzymes was

halted immediately following infection, biosynthetic energy re-

quiring mechanisms were still active.

Oxygen consumption studies of phage infected bacteria have
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also been made by Joklik (22) using phage T1 and T2 and E. coli B.

He too found that phage infection resulted in a leveling off of the

rate of oxygen uptake as bacterial multiplication was inhibited.

The rate then decreased as the bacteria lysed.

Monod and Wollman (37) extended the studies of bacteriophage

virulent for E. coli B to bacteriophage SU. Their results were

similar to that obtained for the T phages. Infection of cells by

virulent phage led to the cessation of growth and the interference

with the normal synthetic processes of the host. In an effort to

determine whether such a generalization was applicable to the

development of phage in lysogenic cultures, Siminovitch (48)

studied the changes in metabolism arising upon induction of pro-

phage in lysogenic Bacillus megatherium. His studies showed

that unlike the virulent phage systems studied previously, oxygen

uptake continued to increase and the growth of bacteria was ob-

served to continue during phage development. The results there-

fore indicated that phage development in lysogenic bacteria did not

block synthesis of the respiratory enzymes as was in the case of

the virulent E. coli systems. He also noted that despite the con-

tinued synthesis of RNA, respiratory and adaptive enzymes, and

the growth of lysogenic bacteria during phage development, DNA

synthesis was temporarily blocked in the early part of the latent

period. A temporary (7-10 min.) halt in DNA accumulation was
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also noted earlier by Cohen (11) for a virulent phage-infected sys-

tem. However, RNA synthesis was blocked upon infection and no

increase in quantity was observed throughout the latent period.

Similar results were obtained with other virulent T-phage infected

systems and the rate of the resumed DNA synthesis was observed

to vary with the phage being used, i. e., with T2, T4, and T6, the

rate was very rapid (14) while with T3, it was rather slow (42).

Enzyme studies

Studies on the general metabolism of infected bacteria have

been reinforced by enzymatic studies. That phage infection inter-

fered with the normal synthetic processes of the host had been

shown by Monod and Wollman (37) upon examining the adaptive

capability of the cell. When E. coli B was grown in a glucose

medium and infected with bacteriophage $11, the bacteria could

not then adapt to utilize lactose. Joklik (22) also found the

adaptation of Bacterium coli (E. coli) towards the oxidation

of acetate, alanine, and lactose was completely inhibited by

infection with T1 and T2. Thus infection appeared to prevent the

production of several enzymes.

While most of the studies involved in the investigation of

changes in metabolic reactions of the infected host had been pur-

sued with intact cells, Pardee (41) examined the enzyme activities
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in cellular extracts in conjunction with intact cells. The adenosine

triphosphatase activities of normal and infected bacteria were

compared. Although the activity increased in the latter case, the

problem of increased cell permeability to ATP shortly before lysis

prevented appraisal of the significance of the change in enzyme

activity. Later work (42) showed no increase in apyrase activity

after cell infection as contrasted to earlier work. At this time,

it was also noted that while synthesis of many bacterial enzymes

ceased upon infection by T- even phage, an apparent exception

was the increase in the activity of desoxyribonuclease (DNase).

The post-infection stimulation of DNase activity was later found

to be the first instance of "virus-induced acquisition of metabolic

functions" (17). In subsequent studies, Flaks and Cohen (17) and

Kornberg and his collaborators (28, 29) discovered a series of

new enzymes concerned with the intermediary metabolism of

the constituents of T-even phage DNA. These enzymes appear

immediately after phage infection and are synthesized under the

direction of phage DNA.

Use of inhibitors and measurement of substrate uptake

Inhibitors of enzyme activities have been extensively used for

studies on carbohydrate metabolic pathways (18). Similar com-

pounds have also been used to study metabolic changes in host
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cells during viral infection. By this method the importance of

glycolysis for animal viral growth had been shown (7, 58). M/1000

concentration of potassium cyanide, an inhibitor of oxidative re-

actions, did not affect the viability of the human amnion cell cul-

tures nor synthesis of polio virus therein. Instead, the addition

was found to stimulate glucose utilization in infected cultures.

This was true also when azide or sodium fluoroacetate was used.

In contrast, iodoacetate, an inhibitor of glycolysis, depressed

glucose uptake in both controls and infected cell cultures. In

the presence of inhibitors of oxidative reactions, glucose was

utilized more rapidly by infected cells as compared with non-

infected cultures. Similar results were obtained when monkey

kidney cell cultures were used (32). The increase in glucose up-

take was attributed to an increase in the rate of glycolysis of

infected cells induced by the inhibition of the Krebs cycle reactions

and thus it appeared that glycolysis constituted the primary route

for viral synthesis.

The metabolism of porcine kidney cells infected with foot and

mouth disease virus was also studied by use of inhibitors (44).

Normal cells possessed the conventional glycolytic Krebs cycle,

and terminal oxidative pathways of metabolism. With increasing

lengths of time that the cells had been in tissue culture, there

was a progressive decrease in oxidative reactions and an
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increase in glycolysis. When cells were infected with foot and

mouth disease virus, the addition of glucose was found to stimulate

virus synthesis. In the absence of glucose, oxidation of endogenous

fat via the Krebs cycle supplied the energy for virus synthesis.

When cyanide and dinitrophenol, inhibitors of oxidative reactions,

were added in the presence of glucose, virus synthesis still

took place and so it appeared that while the oxidative reactions

can supply the energy for virus synthesis, the reactions could be

completely replaced by glycolysis.

Many of the cells in tissue cultures used in studying metabo-

lism of virus synthesis had been dependent upon glycolysis and

thus the emphasis on utilization of glycolysis for virus synthesis

could have reflected the cells' dependence upon this pathway.

However, Zemla (58) has found that regardless of the type of cell

metabolism, glycolysis still seems to play an essential role. He

examined viral infection in two different cells; 1) He la cells which

have high aerobic glycolysis and 2) fresh, trypsinized chick embryo

cells which metabolize mainly by oxidative pathways. When

sodium-iodoacetate, an inhibitor of glyceraldehyde-P-dehydro-

genase, was present, virus growth in either cells was inhibited

thus indicating that glycolysis still seemed to be essential for

virus growth.

In contrast to the work on animal viruses, inhibitor studies
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with plant viruses indicated increased activity of the hexose

monophosphate shunt (HMP) in infected tissues (46). The HMP

shunt was examined by measuring its resistance to inhibition by

malonic acid, a structural inhibitor of succinic dehydrogenase.

Since malonic acid would block re-cycling of the TCA cycle, a

tissue that oxidizes glucose in part or entirely via the HMP shunt

would show partial or complete resistance to malonic acid inhi-

bition. Rubin and Zeleneva (46) observed in cucumber leaf tis-

sues infected with cucumber mosaic virus, that there was some

malonic acid resistance relative to healthy control tissues. This

observation indicated functioning of the HMP shunt and the workers

concluded that this pathway was more active in infected than in

the healthy tissues.

However, Bauer et al. (4) noted that tobacco mosaic virus

(TMV) infection of Nicotianum tabacum var. Samsum leaf tissue

treated with malonic acid was not accompanied by an increase in

HMP activity. There was no difference in the degree of inhibition

of respiration induced by malonic acid in healthy or TMV infected

tissues. These workers thereby concluded that TMV infection

does not alter the catabolic pathways of glucose.



Radiotracer studies

Another approach to the study of metabolic changes in host

tissues upon viral infection is the application of radiochemicals

and use of radiorespirometry. By this method, recovery of

respiratory 14CO2 from labeled substrates fed to virus-infected

and healthy tissues is used as a measure of respiration. For the

study of plant metabolism upon viral infection, Bell (8) used the

ratio of

9

14CO2 recovered from glucose-6-14C and glucose-1-14C

(C6/C1 ratio) as an indicator for measuring shifts in metabolism.

From these studies and others (34, 54), it appeared that the HMP

shunt activity increased upon viral infection of the plant. Such

increases have been demonstrated in Great Northern bean tissue

infected with alfalfa mosaic and southern bean mosaic virus

(SBMV) (8), TMV-infected Datura stramonium L. leaves (34) and
11

TMV-infected leaves of N. tabacum L. var Huangmiaoyu (54).

These increases in HMP shunt activity seemed to occur only in

plant tissues that responded to viral infection with the production

of local lesions.

When Bell (8) used Bountiful bean as host for SBMV, a sys-

temic invasion occurred, respiratory increases were slight,

and decreases in the C6/C1 ratio did not occur indicating no

increase in the HMP shunt activity. This work was substantiated
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with more sophisticated techniques for obtaining C6/C1 ratios

which were used in studying another systemic host, N. tabacum

var. Samsum, of TMV (3). The results with the specifically

labeled glucoses arid HMP shunt intermediates showed that no

changes occurred in this system upon infection with TMV, i, e.,

no increase in HMP shunt activity. This work was also supported

by the studies of malonic acid induced respiratory inhibition

described earlier (4) and also by the assay of the HMP shunt

enzyme activity (5). Based on these findings, Bauer et al.

(3-5) suggested that changes in the pathways of glucose degrada-

tion were peculiar to local lesion host-virus combinations.

The radioactive end product, other than 14CO2 arising from

a labeled substrate may also be used as an index of changes in

host carbohydrate metabolism. The specific activities of the

deoxyribose moiety of viral DNA arising from labeled glucose has

been used by Cohen and co-workers (12, 31, 33) in combination

with CO2 measurements for studying the pattern of synthesis of

bacteriophage material. The results using these techniques had

shown that while the rate of respiration did not change in infected

E. coli, the pattern of synthesis, primarily of nucleic acid, was

altered upon infection (12). There was a decrease in the utilization

of the oxidative route but the deoxyribose was synthesized by some

pathway other than the Ernbden- Meyerhof - Parnas (EMP) route.



11

It involved a nonoxidative pathway through the transketolase-

transaldolase (T-K) sequence (33).

The biosynthesis of deoxyribose and glucose of phage DNA by

E. coli, infected with bacteriophage T2H had been studied with

14C tracer techniques by other workers (57). The glucose bound

glycosidically to hydroxymethylcytosine and the deoxyribose in

phage DNA were isolated, degraded and the 14C distribution pat-

terns in these moieties were determined. The proportions of

deoxyribose synthesized via, oxidative decarboxylation through

6-phosphogluconate and via the T-K reactions were calculated. The

results with infected (57) and uninfected cells (2) were the same, i. e.,

phage infection did not alter the proportion of the pathways by

which deoxyribose was synthesized.

Specific activity of amino acids

The problems associated with the investigation of an actinomy-

cete, as contrasted to the true bacteria, called for an alternate

methodology in the metabolic study of Streptomyces griseus 3475

phage 514-3 system. Due to the structural characteristics of

actinomycetes, it is not possible to attain a multiplicity of infection

of 1:1, i.e., one phage per bacterium, as with the coli system.

Adsorption studies (40) indicated a maximum of 20 percent adsorp-

tion after a 20-minute period, the value of which did not increase
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significantly upon lengthening the adsorption period. This fact pre-

sented difficulties to any enzymological study where the quantity

and quality of metabolic enzymes from uninfected cells is to be com-

pared with those obtained from phage-infected cells.

In 1958, Stern (53) applied radiorespirometric techniques to study

the metabolism of infected S. griseus. However, her results were so

complicated by the lack of adequate control of a dying system (under-

going burst) that no significant deduction could be obtained.

The approach presented in this thesis is to study the changes in

glucose metabolism of phage infected bacteria by examining pathway

participation deduced from the radioactivity comparisons in selected

amino acids, arising from glucose-1-14C and glucose-6-14C. The

rationale of the approach is as follows. If all the energy require-

ments of the cultures are obtained via the EMP and tricarboxylic acid

(TCA) cycle, both aspartic and glutamic acid (as the selected amino

acids) should have identical specific activities with glucose-1-14C

and glucose-6-14C as the initial substrates. A value of 1.0 as the

ratio of the specific activity of amino acids from glucose-6-14C to

that from glucose-1-14C (C6/C1) may be expected since carbons 1

and 6 of glucose become indistinguishable as the methyl group of

pyruvate. Hence, identically labeled acetate would be fed into the

TCA cycle. However, if the Entner-Doudoroff (ED) or the pentose

phosphate pathway (PPP) constituted the major route, one would
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expect a considerable loss of the C-1 position and the specific acti-

vities of the amino acids derived from glucose-1-14C would be much

lower than that arising from glucose-6-14C. Then, the C6/C1

specific activity ratio of the amino acids would be expected to have

a value considerably higher than 1.0 as indicated for the EMP. Thus

the specific activity ratio of the amino acids could conceivably be

used to determine the relative participation of routes involved in

glucose catabolism.

Before approaching the investigation of the infected system,

the rationale was tested on cultures whose routes of glucose dis-

similation were already known by some other methodology. Thus,

the test organisms have been selected accordingly. Pathway of

glucose catabolism by Saccharomyces cerevisiae strain 1 has been

investigated by Jacobsen by high resolution radiorespirometry (20,

21) and found to utilize glucose predominantly via EMP. Pseudomo-

nas stutzeri, investigated by Spangler and Gilmour (51) actively

dissimilates glucose by participation of the ED and PPP. While the

selected test cultures represent the two extremes, uninfected S.

griseus was found by Wang et al. (56) to utilize glucose primarily

via EMP with a minor participation of the HMP.

The methodology has been facilitated by the application of the

continuous scintillation counting of labeled amino acids in the

effluent of the automatic amino acid analyzer (6, 43). Earlier
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attempts to obtain specific activities of individual amino acids were

by paper chromatography. Dual chromatograms were developed,

one set for quantitation by the ninhydrin method (30) and an iden-

tical set for the determination of the radioactivity by scintillation

counting of chromatography paper strips (55). The procedure of

handling each amino acid separately subjected individual amino acid

analyses to considerable error. This in turn made it difficult to

adequately compare the specific activity data.

In contrast, radiotracer methodology with the amino acid

analyzer has reduced the number of handling steps by separating

the labeled amino acids on an ion-exchange column, then determining

the radioactivity in the effluent with a scintillation flow detector,

and finally quantitating the amino acids by ninhydrin reaction. All

the amino acids in one protein preparation are identically handled and

subject to identical sources of error. Thus, with the aid of improved

instrumentation, the study of the metabolism of phage-infected S.

griseus was pursued.
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II. MATERIALS

Bacteria and bacteriophages

Saccharomyces cerevisiae strain I (kindly provided by D. W.

Jacobsen) and Pseudomonas stutzeri were employed as test or-

ganisms and were cultivated and maintained on the appropriate

media described below. The Streptomyces griseus phage-host

system was the phage -infected system examined. Spores of S.

griseus 3475 were harvested from week old agar slants of glycerol-

asparagine medium into the yeast extract-glucose broth (0. 5 per-

cent yeast extract and 0.01 percent glucose) and maintained at 7o C..

Stock spore cultures necessary for inoculation of slant cultures

were maintained in sterile soil.

Phage strain 514-3 isolated by Gilmour and Buthala (19) and

specific for S. griseus 3475 was obtained in high titer by the soft-

agar layer method as described by Adams (1). One-tenth of a

milliliter of phage from a high titer lysate produced in synthetic

medium and diluted to about 1 x 106 phage/ml was added to

3 ml of semi-solid agar containing 0.2 ml of S. griseus spores,

from a stock with a titer of 5 x 108 spores/ml and poured di-

rectly over a plate of glucose nutrient agar. Ten plates so

inoculated were allowed to incubate for 15 hours after which 5 ml

of glucose-yeast extract broth were added to each plate. The
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confluently lysed cells on the agar were collected and centrifuged

for 10 minutes at 5000 rpm using a Servall SS-34 rotor to remove

cellular debris and agar. The supernatant was sterilized by

Seitz filtration. Phage stocks of about 1-3 x 1010 plaque forming

units (pfu)/mi were obtained and maintained at 7° C.

Culture media

The media employed for the propagation of the organisms

varied with the individual culture. For the growth of P. stutzeri,

the medium described by Spangler and Gilmour (51) was used,

P. stutzeri Medium

Reagent grams /liter

Yeast extract 1. 0

(NH4)2 HPO4 0. 5

KH
2
PO4 1. 14

KZHPO4 1.45

MgSO4. 7H20
0.1

MoO3 0. 001

FeSO4 0. 001

Glucose 5. 0

Distilled water 1 liter

pH adjusted to 7.0
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With the radiotracer experiments, the cold glucose content was

decreased to 250 mg in order to maximize glucose -14G incor-

poration.

The synthetic medium necessary for the propagation of

S. cerevisiae was developed by Jacobsen (20) and is as follows:

S. cerevisiae, strain 1 Medium

Reagent grams /liter

(NH4)2 SO4 2.5

NaC1 2. 0

KH
2
PO4 2. 0

MgSO4. 7H20 0. 25

CaC1 2.
2H20

0. 25

H
3
B03 0. 001

ZnS0
4

0. 001

MnSO4' 4H 20
0. 001

FeC 13 0. 001

CuSO4. 5H20
0. 0001

KI 0.0001

Yeast extract 1. 0

Glucose 10. 0

Distilled water 1 liter

pH adjusted to 5.6
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For the labeled experiments, the cold glucose content was re-

duced to 500 mg of glucose per liter of medium.

Sporulating cultures of S. griseus were maintained on a semi-

synthetic medium of the following content:

Glucose-Glycerol-Asparagine agar

Reagent grams/liter

Glycerol 10 ml

K2HPO4 1.0

Asparagine 1.0

Glucose 1.0

Agar 20

Distilled water 1 liter

S. griseus spores were added to the following medium to

adapt them prior to a labeled experiment.

S. griseus Medium

Reagent grams /liter

NaCl 2.5

K2HPO4 1.0

(NH ) HPO4 2 4
1.0

MgS04.7H 20
0.05
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FeS04*7H 20
0. 0005

Glucose 1. 0

CaC12 0. 1

Yeast extract 0. 05

Distilled water 1 liter

pH adjusted to 6.8

When labeled glucose was incorporated into the medium, cold

glucose content was reduced to 80 mg/liter.

When it was necessary to produce high-titered lysates of

bacteriophage 514-3, 100 ml of a 13 hour germinated culture of

S. griseus was employed as host inoculum. The medium for the

inoculum consisted of 250 mg yeast extract, 200 mg glucose,

1 liter of distilled water with pH adjusted to 7. 0. The synthetic

medium (HTL-1) to which the germinated culture was added for

production of high-titered lysates was as follows:

HTL Media

Reagent (HTL-1) (HTL-2) (HTL -3)
grams /liter

Peptone 0. 1

K
2
HPO4 1.0 - -- -

FeSO4 0. 0005 trace

(NH4)2 HPO4 1. 0 0. 5

CaC1
2

0.1 0. 2 0.12
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Yeast extract 0.05 5.0 0.1

Glucose 0.5 0.4

Distilled water 1 liter 1 liter 1 liter

pH adjusted to 7.0

When HTL-2 or HTL-3 was used, spores were added directly to

a liter of HTL-2 or HTL-3 and allowed to germinate.

For the production of phage stock, glucose nutrient agar and

semisolid agar was employed:

Glucose nutrient agar

Reagent grams/liter

Peptone

Glucose

Beef extract

Yeast extract

Agar

Distilled water

5.0

5.0

3.0

0.01

15

1 liter

7.5 grams, instead of 15 grams of agar was added to the glucose

nutrient broth for preparation of the semisolid agar.

Radionuclides

Carbon 14 in the form of glucose-1-14C or glucose-6-14C
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was employed. All radioactive compounds were obtained from

New England Nuclear Company, Boston, Massachusetts. The

isotopes were diluted with distilled water to prepare solutions

containing an activity of 5 microcuries/ml. The solutions were

sterilized in the autoclave for 10 min. at 2500 F., 15 pounds

pressure. Calibration of the labeled substrates was accomplished

by internal standardization (24). Fluor solution consisted of

6 g/liter of 2, 5-diphenyloxazole (PPO) and 100 mg/liter of 1,

4-bis-2-(5-phenyloxazole) -benzene (POPOP) in scintillation

grade toluene. The scintillation samples were counted in the

Model 3214 Packard Tri-Carb Liquid Scintillation Spectrometer

using flat spectrum conditions.
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III. METHODS

Preparation of 14C labeled bacterial proteins

To label the proteins of S. cerevisiae, P. stutzeri, and S.

griseus with 14C arising from glucose-1-14C and glucose-6-14C,

cells from the cultured agar slants were inoculated into 100 ml

of the appropriate cold medium in a 250 ml Erlenmeyer flask and

grown for 24 hours at 30o C. on a Model G76 New Brunswick

Gyrorotary, water bath shaker. One ml of the 24-hour culture

was transferred to fresh medium containing 15 microcuries of

standardized glucose-1-14C or glucose-6-14C. The cells were

allowed to grow for 12 hours in the presence of the specifically

labeled glucose after which time, the cells were washed three

times with M/15 phosphate buffer. Proteins were then obtained by

trichloroacetic acid (TCA) extraction (see Figure 2).

It was important that the level of glucose-1-14C and glucose-

6-14C utilized by the cultures in each set be identical and so the

radioactivity of the medium at zero time and after the 12-hour

growth period was determined. The zero-time determinations

were made prior to the addition of the 24-hour cultures by removing

appropriate aliquots into vials containing solution for liquid scin-

tillation counting. The solution consisted of 10 ml of fluor solu-

tion and 5 ml of freshly prepared ethanol -ethanolamine (2:1, v/v).
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To determine the activity remaining after the allotted growth period,

the cells were spun down and aliquots of the supernatant were re-

moved for counting. All the samples were counted in the Model

3214 Packard Liquid Scintillation Spectrometer. The incorporated

radioactivity vris represented by the difference between the input

level and the level remaining in the medium after the 12-hour

growth period.

Preparation of radioactive high-titered lysates

Study of the infected system required the preparation of high-

titered lysates from phage infected S. griseus cells. To ensure

incorporation of the label into phage protein for adequate specific

activity determination of the amino acids, the following procedure

was applied: One ml of a 5 x 108 spore stock was added to a 250 ml

Erlenmeyer flask containing 100 ml of glucose-yeast extract

broth. The spores were allowed to germinate and grow for 13 hours

at 30o C. with shaking. The entire content of the 13-hour culture

was added to one liter of synthetic medium (HTL-1). A 2800 ml

Fernbach flask was used for these experiments and constant aera-

tion was accomplished by sparging with air. An outlet to trap

14 CO2 was also connected to the flask and four such flasks were

placed on a reciprocating shaker. The host was allowed to grow

in the HTL-1 medium under the new conditions for one and one-half



24

hours at 30-32o C. Then 8 x 1010 phage particles and the

appropriately labeled glucose were added. An aliquot of the mix-

ture was immediately removed, the cells were spun out, and the

supernatant was set aside for radioactivity determination of the

input level. Lysis occurred within 12-15 hours and titers of

1-5 x 10 10 pfu /ml were obtained. Cellular debris was removed

by centrifugation and the radioactivity of the lysate was determined.

Radioactivity counts were made according to the procedure des-

cribed in the previous section. Quantitative glucose analyses were

performed at the initiation of host growth, at time upon phage

addition, and after completion of lysis.

The radioactivity levels of 14 CO2 trapped in 10 ml of absolute

ethanol-ethanolamine (2:1, v/v) were analyzed at hourly intervals.

Samples were removed and diluted to 15 ml with absolute ethanol.

A five ml portion was added to ten ml fluor solution in a 20 ml

glass counting vial and counted by means of the liquid scintillation

spectrometer.

A simple shake method using a New Brunswick shaker with-

out sparging with air was also used to prepare lysates. This

method was used when the HTL-2 and HTL-3 media were employed.

In these runs, 20 ml of 5 x 108 spore stock were added initially

and allowed to germinate for six hours at 300 C. in 2-liter

Erlenmeyer flasks containing 1 liter of the medium. 2 x 1010
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phage particles and labeled glucose were added and lysis was com-

pleted within 12-15 hours. The titers obtained by the shake

method (0. 5 1.0 x 101 0 pfu/ml) were not as high as with the

sparging-shake method described earlier.

Phage purification

Proper interpretation of amino acid analyses of phage pro-

tein required that no host protein contaminate the phage protein.

The purification procedure used was developed in collaboration

with Dr. Dorothy South (49) for the same phage and is shown on

Figure 1. It involved a series of differential centrifugation steps

and a final purification by density-gradient centrifugation in Cs Cl.

A distinct phage band visible below the half-way mark of the tube

was sliced out with a Beckman tube slicer. Contaminating pro-

tein banded at a significant distance above the phage which faci-

litated the removal of the desired band. The CsC1 was removed by

dialysis at 10 o C. with O. 01 M Tris HC1 buffer, pH 8 plus 0.001

M Ca++ and Mg++ for 12 hours to prevent osmotic shock of the

phage particles. Finally, the Tris buffer was removed by dialysis

against distilled water for 36 hours.
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High-titered lysate
Spin 6, 000 rpm in GSA rotor for 1 hr.
in Servall RC2B.

Sediment (discard) Supernatant

Filter through No. 3
Whatman paper.

Filtrate

Sin 90 min., 16, 000 rpm,
5 C. in #21 rotor, Beck-
man L-2 centrifuge.

it

Se iment Supernatant (discard)

To each tube, add 2 ml
resuspension solution
(1-1/2% glycerol + 0. 001 M

Ca++ and Mg+++ ).

Let sit 24-36 hrs.
Spin for 5 min. at 3, 000 rpm in Servall SS-34 rotor

II f

Sediment (discard) Supern tant
Spin for 2 his., Beckman

#30 rotor, 5 C. , 19, 000 rpm.

Sediment Supernatant (discard)

Suspend in 5 ml resuspension solution. Let sit overnight.
Spin for 5 min. , 3, 000 rpm in SS-34 rotor.

Supernatant
To 2-1/2 ml supernatant,
add 2-1/2 ml saturated,
cold filtered CsCl solution.
Spin for 20 hrs. , 10° C., on
SW-39 rotor, at 29, 000 rpm.

Sediment (discard)

Figure 1. Flow diagram of phage purification scheme
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Protein extraction

Bacterial protein was extracted with hot TCA by the method of

Roberts et al. (45). Approximately 300 mg of cells (wet weight) were

subjected to the procedure as indicated on Figure 2.

The prt ipitate which was insoluble in hot TCA was washed

free of residual TCA by rinsing with 40 ml of 70 percent alcohol,

then with 40 ml of alcohol/ether (1:1), and finally with 40 ml of

ether. The dried pellet constituted the principal cell protein

fraction.

The procedure for extraction of actinophage protein was based

on the method described by Fitch and Sussman (16) for the T phages.

To a volume of the dialyzed phage preparation was added an equal

volume of 10 percent TCA. After heating at 90° C. for 15 minutes,

and subsequent cooling, the preparation was spun at 8000 x g for

30 minutes. The resulting TCA precipitate was rinsed three times

with 5 percent TCA and the TCA was removed from the protein

solution by exhaustive dialysis against distilled water. The protein

was then dried by lyophilization.

Preparation of acid hydrolysate for amino acid analysis

Hydrolysis of proteins for amino acid analysis has been

described by Moore and Stein (39) and their general methodology
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Culture
Spin for 20 min. at 8, 000 rpm
in Servall GSA rotor

Pellet Supernatant (discard)

Resuspend in 100 ml M/15 phosphate
buffer, pH 7. Spin at 8, 000 rpm in GSA
rotor for 20 min. Repeat 2 more times.

I

Pellet Supernatant (discard)

Suspend in 40 ml 5% TCA.
Let stand 30 min. at 5° C.
Spin in Servall SS-34 rotor, 8, 000 rpm for

10 min.

II

Pellet Supernatant (discard)

Resuspend in 75% ethanol. Let stand 30 min. at
40-50 C. Spin for 10 min. at 8, 000 rpm in SS-34

rotor.
Supernatant (discard)

Resuspend in 40 ml solution containing ether and 75% ethanol
(1:1). Let stand for 15 min. at 40-50 C. Spin for 10 min.
at 8, 000 rpm in SS-34 rotor.

Supernatant
(discard)

Pellet
Resuspend in 40 ml of 5% TCA.. Keep in
boiling water bath for 30 min. Spin for 10 min.
at 8, 000 rpm in SS-34 rotor.

Supernatant
(discard)

Pellet = hot TCA insoluble
fraction.

Figure 2. Flow diagram of bacterial protein extraction
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was followed. Purified protein samples weighing 1. 5 - 3 mg were

transferred to lyophilization tubes (Kontes Glass Co. , 5 ml capa-

city) and 1 ml of constant boiling HC1 (5. 7N) was then added.

The oxygen in the vials was displaced by nitrogen, the vials were

evacuated and sealed, and the protein was hydrolyzed for 20 hours

in a refluxing toluene bath (110°C.) HC 1 was removed by rotary

evaporation from the hydrolyates which were then rinsed with

distilled water and resuspended in one or two ml (depending on the

amount of protein hydrolyzed) of pH 3.48 citrate buffer.

Complete amino acid content determination of phage protein

A complete amino acid analysis was obtained for the phage.

Samples were hydrolyzed for 8, 16, and 24 hours in order to correct

for the varying rates of destruction of the individual amino acids

as well as the varying rates of release of the amino acids. The

hydrolysates were chromatographed on the Beckman-Spinco Model

120B amino acid analyzer with accelerated system (50) and both

acidic and basic amino acids were determined. Cysteic acid by

the method of Moore (38). Tryptophan was not determined.
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Amino acid specific activity determination

The acidic amino acids in the protein fractions of the three

bacterial cultures and one phage strain were analyzed for their

concentration and radioactivity levels. The amino acids were

chromatographically separated on the column of the Model 120B,

then fed into a Packard Flow Detector (anthracene fluor), Model

317 with a Model 320E scaler whose output was recorded on a

2-channel recorder (Ester line-Angus). After passing through the

flow monitor, the effluent returned to the analytical system of the

Model 120B and the amino acids were quantitated. The amino acid

analyzer was adapted with accelerated systems making it possible

to complete an analysis within six hours as compared to 22 hours

by the "standard" system. Details of the accelerated method of

amino acid analysis have been recently published by Spackman (50).

Since the initiation of the present study, there has recently appear-

ed a review article on radio-tracer methodology with amino acid

analyzers by Becker (6). Figure 3 diagrams the components in-

volved in the coupled instrumentation. Valves on the Model 120B

controlled the entry of the effluent from the chromatography column

to the flow monitor and back to the analyzer. The valves were

important in preventing sodium hydroxide, which was used to re-

generate the chromatography column from entering the anthracene



Anthracene
cartridge

1

41111.0 4.

Beckman/Spinco 120B System

Sample

7171
Buf-
fer

Column

Ninhydrin

P. M.
tube

(green)

r ---

r
T 1 I

I *:

Recorder

L
Colori-

meter

Reaction
bath

P. M.
tube

(red)
Flow-cel r
Liquid

scintillation
spectrometer

2-channel
recorder

Packard 320E I

system I

Drain

31

Figure 3. Diagram of flow monitor coupled to the amino
acid analyzer
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fluor cartridge in the flow monitor.

Radioactivity peaks were integrated by the triangulation

method as described in the operational manual (Packard Model

317 Continuous Flow Detector Manual 2008). 14C labeled

glutamic acid, aspartic acid, glycine, and leucine as standard

amino acids were also employed as an alternate method for de-

termining radioactivity peaks.

An example of the amino acid concentration and radioactivity

chromatographs obtained by the described method is shown on

Figure 4 which was obtained from an acid hydrolysate of S. griseus

phage protein derived from glucose-1-14C. The lower chart

represents the amino acid concentration at 440 and 570 mµ after

reaction with ninhydrin, while the radioactivity is recorded on a

separate chart illustrated on the upper half of the figure. During

the analysis, the radioactivity is recorded before the ninhydrin

color but to facilitate the identification of the 14C data with amino

acid quantitation, the two tracings have been lined up.

Glucose analysis

A colorimetric determination for glucose concentration as

developed by Dubowski (15) was used for measuring the rate of

glucose utilization in the phage-infected system. The method is

dependent upon condensation of glucose with o-toluidine in glacial
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acidic acid which leads to formation of a compound yielding a stable

green color which adheres to the Beer-Lambert law over a wide

range of concentration.

High resolution radiorespirometry

The high resolution radiorespirometry system designed by

Jacobsen (21), which included an ion-chamber-vibrating reed electro-

meter detector system, provided a means of checking and confirming

the metabolic route of glucose dissimilation in S. griseus as obtained

by radiorespirometry in 1958 by Wang et al. (56). For examining the

glucose pathway participation, one ml of a 24-hour old culture of

S. griseus grown in yeast extract-glucose broth was inoculated into

S. griseus medium. After 24 hours, the cells were harvested and

resuspended into the latter medium. Cell concentration was deter-

mined by dry weight measurements (corrected for salt concentration

in the medium). Twenty mg of cells in 10 ml volume were used for

each radiorespirometric flask. The flask was a modified 25 ml

micro-Fernbach with an additional entry port for substrate and with

an air-flow inlet. Four flasks were employed for glucose-1-14C,

glucose-6-14C, glucose-3(4)-14C and glucose-u- 14C, respectively.

The cells were allowed to equilibrate with shaking at 30°C for 10

minutes in the vigorously aerating system and then the respective

glucose substrates were added. Counts were obtained at 2-minute

intervals for 160 minutes.
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IV. RESULTS AND DISCUSSION

Amino acid composition of actinophage 514-3

Since the investigation was concerned with the amino acids of

the phage protein, one of the first determinations included the

total amino acid composition of the phage protein. Table 1 repre-

sents the constituent amino acids present in actinophage 514-3. The

8, 16, and 24 hour hydrolysates were utilized since the various

amino acids were found to exhibit different rates of destruction or

of release during acid hydrolysis. The estimated values recorded

in the last column were obtained either by averaging the results of

the hydrolysis time values, as with aspartic acid, or by extrapo-

lating back to zero hydrolysis time as with lysine and histidine

which were destroyed upon longer times of hydrolysis. In cases

similar to valine where the concentration increased with time, the

24 hour values were used.

Aspartic acid, glutamic acid, glycine, alanine, and leucine

appear to be present in the greatest quantity. The very low cysteine

concentration indicates that the protein has little or no -SH groups

or disulfide (-S-S-) bridges. The amino acid content has been

determined for many viruses, some of which include the plant

viruses (25), the T phages (10, 16), a thermophilic phage of

Bacillus stearothermophilus (47), an actinophage of Streptomyces
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Table 1. Amino acid composition (mole percent) of S. griseus
phage 514-3 protein.

Amino acid
Hydrolysis time (hours) Estimated

value8 16 24

Lysine
Histidine
Arginine
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Valine
Me thionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
1/2 Cystine

5.07
2.. 20
5.72

13.28
7.61
4.94

10.41
3.36
9.87

11.49
6.57
1.54
3.56
8.55
2.60
3.13

4.53
1.21
5.31

12.44
7.51
4.75

10.92
3.03
9.82

11.68
7.55
1.43
4.08
8.96
3.05
3.56

4.33
0.91
4.63

11.82
7.53
4.78

10.95
3.14

10.17
11.89
8.14
0.97
4.48
9.69
2.99
3.52
0.33

5.381
2.701
6.301

12.512
27.552

4.82
10.943

23.182
9.95

11.894
48.145

1.484
4.484
9.693
3.02
3.543
0.33

1 Extrapolated to zero hydrolysis time.
2 Average of 8, 16 and 24 hour values.
3 Average of 16 and 24 hour values.
4 24 hour value.
5 Average of 8 and 16 hour values.
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venezuelae (26), and Zinderts f
2

bacteriophage (27). The amino

acid composition of S. griseus could not be correlated to any of

the compositions presented for the organisms mentioned above.

This may be expected since with the exception of S. venezuelae, S.

griseus represents a quite unrelated species. In nearly all other

phage protein analyses, with the exception of S. venezuelae phage,

the cysteine content is much lower than for the other amino acids.

The cysteine residues usually amount to about 1-2 residues.

This suggests that most of the viral proteins have little or no

disulfide cross-links to help maintain their tertiary structure. The

best example comes from the work of Konigsberg et al. (27) who

found that the coat protein of the f
2

virus is a single polypeptide

chain of 130 amino acids with no disulfide cross-links.

In view of the high cysteine content in the S. griseus host pro-

tein (unpublished results), the low values obtained for the actino-

phage protein indicates that it is pure and free of host protein con-

tamination.

Testing the rationale

The comparative specific activity determinations to measure

participation of pathways involved in glucose metabolism, are

given in Tables 3-14. The results were obtained from prepara-

tions in which equivalent amounts of glucose-1-14C and



39

glucose-6-14C were utilized by each set of cultures. The data in

Table 2 show theincorporatedactivities obtained from the repre -

sented cultures.

Table 2. Comparative utilization of glucose-1-14C and glucose-

6-14C in growth of S. cerevisiae, P. stutzeri S.
griseus and in the preparation of high-titered lysates
of actinophage.

Culture

Percent incorporated radioactivity

Glucose -1 -14C Glucose-6-14C

S. cerevisiae 12.4 12.4
P. stutzeri 7. 6 7.4
S. griseus 20.1 20. 0
Lysate 26. 3 26.1

The data for the lysate represent activity remaining in the medium

and in the released phage particles.

The specific activities (sp. act.) represented in Tables 3-14

are described in units of counts/ p.mole of the individual amino

acids. C6/C1 represents the ratio of the specific activity of the

amino acids labeled with 14C from glucose-6-14C to that obtained

from glucose-1-14C. S. cerevisiae and P. stutzeri were used to

test the rationale. The data shown in Tables 3-5 were obtained

from analyses of S. cerevisiae protein.
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Table 3. Specific activities of amino acids from protein of
S. cerevisiae grown in the presence of glucose-1-14C.

Amino acid

Radio-
activity
(counts)

Concentration
(4moles)

Sp., act.
/ count

1.1 mole

Aspartic acid 458 0.949 483
Threonine 107 0.622 172
Serine 274 0.607 452
Glutamic acid 610 0.991 615
Alanine 592 0.826 717
Valine 606 0.674 899
Methionine 98 0.125 782
Isoleucine 85 0.526 161
Tyrosine 889 0.270 1,441
Phenylalanine 282 0.382 737

Table 4. Specific activities of amino acids from protein of
14S. cerevisiae grown in the presence of glucose -6- C.

Amino acid

Radio-
activity
(counts)

Concentration
(4moles)

Sp. act.
(counts
p,mole)

Aspartic acid 470 0.957 491
Threonine 130 0.579 224
Serine 273 0.595 458
Glutamic acid 701 1.007 697
Alanine 609 0.566 1,075
Valine 717 0.512 1,401
Isoleucine 70 0.522 134
Leucine 38 0.792 47
Tyrosine 955 0.265 3,604
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Table 5. Comparative specific activities of selected amino acids
from S. cerevisiae protein hydrolysate.

Amino acid

Sp. act. of ami- Sp. act, of ami-
no acid from

glucose-6-14C
grown cells
(counts/ p,mole

no acid from
glucose-1-14C
grown cells
(counts/ ilmole) C6/C1

Aspartic acid 491 483 1.01
Glutamic acid 697 615 1.13
Alanine 1,075 717 1.49
Tyrosine 3,604 1,441 2.50
Protein hydro-

lysate*
(total amino acids) 1,729 1,123 1.55

* Specific activity expressed in terms of cpm/0. 15 mg protein.

The amino acid radioactivity data for S. cerevisiae confirm

previous work that glucose is primarily catabolized via the EMP

pathway (20). Our expectation for the C6/C1 specific activity

ratio of 1.0 is realized for the TCA cycle derived amino acids

(glutamic and aspartic acids). In glycolysis, the 1 and 6 positions

of glucose become indistinguishable as the methyl group of pyruvate.

Identically labeled acetate would then be fed into the TCA cycle and

thus the amino acids directly derived from the pathway of glucose

dissimilation approach the theoretical value more closely than in

the case of tyrosine. The relationship of glucose catabolic path-

ways and amino acid biosynthesis is represented in Figure 5.
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Tyrosine is obtained from a side route introducing the carbon-

six of glucose, in the form of erythrose-4-phosphate (36). Thus

the C-6 content in tyrosine would be higher than in other amino

acids. The protein hydrolysate, containing all the amino acids

has a C6/C1 ratio which comes close to the theoretical value of 1.0.

Should the Entner-Doudoroff or pentose phosphate pathway con-

stitute the major catabolic route, one would expect a considerable

loss of the C-1 position of glucose. This should result in giving

an extremely low specific activity for glutamic or aspartic acids

when glucose -1 -14CC s used as the substrate. Conversely, when

using glucose-6-14C, because of the conservation of carbon-6 of

glucose, the specific activity of the above amino acids should be-

come relatively high. Then the resulting ratio of the specific

activities of the C-6 labeled amino acids over the C-1 labeled

amino acids should be much greater than the theoretical 1.0.

The results of P. stutzeri analyses (Tables 6-8) conform to the

expected high ratios for an organism whose primary route of glu-

cose dissimilation involves the ED and PPP.

For aspartic and glutamic acid, the specific activity ratio

(C6/C1) is 16 which is considerably higher than that observed for

S. cerevisiae which utilizes glucose primarily by glycolysis. The

high values are due to decarboxylation of C-1 of glucose via

6-P-gluconate while the pentose phosphate pathway is functioning.
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Table 6. Specific activities of amino acids from P. stutzeri
grown in the presence of glucose-1-, 14C,

Radio
activity Concentration

Sp. act.
(counts

Amino acid (counts) (p,mole)

Aspartic acid 35 0.467 74.5
Glutamic acid 41 0.511 79.8
Alanine 355 0.599 593.1
Methionine 36 0.130 274.8
Tyrosine 52 0.145 359.8

Table 7. Specific activities of amino acids from P. stutzeri
grown in the presence of glucose-6-14C.

Radio-
activity Concentration

Sp. act.
counts

Amino acid (counts) (y, mole) 4mole

Aspartic acid 1,057 0.888 1,190
Glutamic acid 1,405 1.072 1,301
Alanine 1, 168 1.273 917
Methionine 282 0.322 877
Tyrosine 1,751 0.275 6,367
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Table 8. Comparative specific activities of selected amino acids
from P. stutzeri protein hydrolysate.

Sp. act, of ami- Sp. act, of ami-
no acid from no acid from

glucose-1-14C glucose-6-14C
grown cells grown cells

Amino acid (counts /timole) (counts /y. mole) C6/C1

Aspartic acid 74 1,190 16.1
Glutamic acid 80 1,301 16.3
Alanine 594 917 1.55
Tyrosine 359 6, 367 18.0
Protein hydrolysate*

(total amino acids) 302 2,879 9. 2

* Specific activities expressed in terms of cpm/0. 15 mg protein.

The resulting pyruvate fed into the TCA cycle would then be labeled

primarily by carbon 6 of glucose.

Of side interest is the 1.5 specific activity ratio for alanine,

which may be attributed to the Entner-Doudoroff pathway as

illustrated below.
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= 14C - labeled carbon.

In this pathway, the C-1 label becomes the carboxyl carbon of

pyruvate and then alanine, arising from pyruvate would be labeled

in the carboxyl carbon. At the same time, alanine labeled with

carbon-6 in the methyl carbon can be formed via 3-P-glyceraldehyde

and pyruvate (see Figure 5). Then the specific activity of alanine

from glucose-1-14C and glucose-6-14C would be nearly equal.

When the carboxyl-labeled pyruvate arising from ED proceeds

to the TCA cycle, the C-1 label is lost (as CO2) upon the formation

of acetyl CoA and the amino acids arising from the TCA inter-

mediates would be labeled primarily with carbon 6 of glucose. In

this way, the ED contributes to the high values obtained for glutamic
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and aspartic acids.

Amino acid specific activities of noninfected and infected S. griseus

The characteristic patterns of specific activity ratios of the

amino acids have related quite well to the catabolic pathways of

glucose established by other methods. With these relationships

established in well characterized bacterial systems, it now became

possible to examine the changes in glucose catabolism of the S.

griseus phage-infected system. Analysis of the labeling pattern

in the amino acids extracted from the noninfected host should

establish the noninfected state. The 14C labeling patterns of the

amino acids obtained from the phage protein should reflect the

catabolic pathways in the infected host. Any difference in the

patterns between noninfected host and phage protein should reflect

changes Li catabolic pathways due to infection. Tables 9-11

contain results obtained from uninfected S. griseus cells.

The over-all ratios obtained for S. griseus are again close to

the theoretical 1.0 value and are slightly higher than those obtained

for the yeast culture. The low values indicate a strong similarity

of the participating metabolic pathways to that of the yeast culture.

Wang et al. (56) have shown that glycolysis is the major route of

glucose dissimilation in S. griseus. To ascertain that the metabolic

pattern of glucose in our cultures of this organism had not altered



Table 9. Specific activities of amino acids from S. Friseus
grown in the presence of glucose-1-14C.

Amino acid

Radio-
activity
(counts)

Concentration
(4,mole)

Sp. act.
counts
µmole

Aspartic acid 2, 641 0. 454 5, 818
Threonine 1, 509 0. 296 5, 097
Serine 423 0. 237 1, 785
Glutamic acid 5, 108 0. 478 10, 687
Alanine 2, 848 0. 890 3, 200
Valine 2, 981 0. 411 7, 253
Methionine 1, 372 0. 221 6, 210
Isoleucine 1, 786 0. 211 8, 464
Leucine 3, 497 0. 383 9, 130
Tyro sine 940 O. 107 8, 785
Phenylalanine 1, 520 O. 191 7, 958
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Table 10. Specific activities of amino acids from S. griseus

grown in the presence of glucose-6-14C.

Amino acid

Radio-
activity
(counts)

Concentration
(p.mole)

Sp. act.
counts
1.1 mole

Aspartic acid 3, 478 0. 406 8, 566
Glutamic acid 7, 642 0. 581 13, 153
Alanine 4, 178 0. 714 5, 851
Valine 3, 731 0. 370 10, 084
Methionine 1, 579 0. 154 10, 253
Isoleucine 2, 467 0. 194 12, 716
Leucine 5, 386 0. 394 13, 670
Tyro sine 1, 393 0. 093 14, 978
Phenylalanine 2, 740 0. 179 15, 307
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Table 11. Comparative specific activities of selected amino acids
from S. griseus protein hydrolysate .

Amino acid

Sp. act. of ami-
no acid from
glucose-6-14C
grown cells
(counts/ Ilmole)

Sp. act of ami-
no acid from
glucose-1-14C
grown cells
(counts / p. mole)

Aspartic acid
Glutamic acid
Alanine
Tyrosine
Protein

hydrolysate*
(total amino acids)

5, 818
10, 687

3, 200
8, 785

13, 425

8, 566
13, 153
5, 851

14, 978

21, 700

C6/C1

1.45
1. 23
1.83
1.70

1.61

* Specific activities expressed in terms of cpm /0. 15 mg protein.

significantly during the interval 1958-1967, the cells were re-

examined by high resolution radiorespirometry. The data are

illustrated on Figure 6. The rapid loss of carbons 3 and 4 is

indicative of glucose dissimilation via glycolysis and the patterns

obtained indicate that the mode of glucose dissimilation has not

changed. There is approximately 88 percent' activity attributable

1
Gg

r
g

r + r

r = G
P 1

r = G
g 1, 4

G1 =

1. 282
1. 282 + 0.168 x 100 = 88%

- G6 - Lbackground = 0. 17 0. 002 = 0. 168

background = 1. 30 -0. 018 = 1. 282

respiratory 14CO2 yield from glucose-1-14C.
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to glycolysis as compared to 92 percent for S. cerevisiae (20).

These results conform to the amino acid specific activity of data

obtained previously.

To determine whether there had been any changes in the host

metabolism upon phage infection, the route of carbohydrate cata-

bolism used for the synthesis of phage amino acids was then ex-

amined by measuring the specific activities of the viral amino acids.

The data in Tables 12, 13, and 14 give results from experiments

with different media and several levels of radioactivities.

Table 12. Comparative specific activities of selected amino acids
from S. griseus phage protein hydrolysate. (Experi-
ment 1).

Sp. act, of ami- Sp. act, of ami-
no acid from no acid from

glucose-6-14Cglucose-1-14C
grown phage grown phage

Amino acid (counts /4 mole) (counts/ ,..mole) C6/C1

Aspartic acid 6, 468 13, 536 2. 09
Glutamic acid 6, 806 12, 189 1. 78
Alanine 2, 764 5, 853 2.11

G6 = respiratory 14CO2 yield from glucose-6-14C.

G3,
4

= respiratory 14CO2 yield from glucose-3, 4-14C.

G = glycolytic activity.
g
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Table 13. Comparative
from
ment

specific activities
S. griseus phage protein

of selected amino acids
hydrolysate. (Experi-

2).

Sp. Act. of ami- Sp. act, of ami-
no acid from no acid from

glucose-1-14C glucose-6-14C
grown phage grown phage

Amino acid (counts/u. mole) (counts/p.mole) C6/C1

Aspartic acid 226 392 1.73
Glutamic acid 289 515 1.78
Alanine 114 245 1.71

Table 14. Comparative specific activities of selected amino acids
from S. griseus phage protein hydrolysate. (Experi-
ment 3).

Sp. act, of ami-Sp. act, of ami-
no acid from no acid from

glucose-1-14C glucose-6-14C
grown phage grown phage

Amino acid (counts/u. mole) (counts/p. mole) C6/C1

Aspartic acid 1, 260 2, 309 1.90
Glutamic acid 1, 898 3, 160 1.66
Alanine 676 1,101 1.63
Protein hydrolysate*

(total amino acids) 3, 199 6, 595 2. 06

* Specific activities expressed in terms of cpm/0. 3 mg protein.

Experiment numbers 1 and 2 were carried out in media HTL-3 and

HTL-2 with 70 and 25 u.curies of labeled glucose, respectively.

HTL-1 medium and 27 u.curies of labeled glucose was used in
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experiment 3 (Table 14). The specific activity of the total hydroly-

sate was determined for this experiment only. The pattern of

14CO2 release during the run is illustrated in Figure 7. The oscil-

lating pattern of 14CO2 release from S. griseus has been observed

several times. It has been noticed in both infected and noninfected

systems (however, not consistently) and appears to occur at hourly

intervals. The reason for this pattern of growth has not been ascer-

tained; however, both these experiments and in those using high

resolution radiorespirometry (unpublished results), the oscillating

phenomenon has been observed.

The results of the three experiments are fairly consistent and

the averages of the C6 /C1 values have been tabulated in Table 15.

Table 15. C6/C1 ratios of selected amino acids from S. griseus
phage protein hydrolysates. (Experiments 1-3)

Amino acid

C6/C1 ratio

1

Experiment number
2 3 Ave.

Aspartic acid 2.09 1.73 1.90 1.91
Glutamic acid 1.78 1.78 1. 66 1.74
Alanine 2.11 1.71 1.63 1.82
Hydrolysate 2.06

The averages as indicated in the last column approach a value of 2.

For noninfected S. griseus cellular proteins, the ratios for

aspartic and glumatic acids were 1.47 and 1.23, respectively.
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In contrast, the ratios for the same amino acids as shown in

Table 15 are 1.91 and 1.74, respectively. This constitutes about

a 40 percent increase in the value of the ratio and presumably

represents an increased utilization of the pentose pathway by the

host upon phage infection.

Table 16 gives a summary relationship between C6/C1 specific

activity ratios and accompanying glucose catabolic pathway. Using

glutamic acid as the selected amino acid, in a culture utilizing

glucose by a hypothetical 100 percent glycolytic route, a C6/C1

ratio of 1.0 is expected. The ratios increase as the participation

of glycolysis decreases and in the case of P. stutzeri where

glycolysis is absent, the ratio increases to a value of 16. This

value was obtained by the involvement of both the Entner-Doudoroff

and pentose phosphate pathways. The extent of the contribution of

each pathway is not known. Also, a value of the C6/C1 ratio for

the functioning of only one or the other pathway is not known. For

this reason, one cannot determine the nth value of the C6/C1

ratio in which no glycolysis is taking place. It would be interesting

to be able to correlate the numerical relationship between percent

glycolysis (100 0%) and C6/C1 ratio (1--+ n). Then from

the value of the ratios, one could directly determine the percent

reduction or increase in the glycolytic pathway. In comparing the

S. griseus data with the phage data on Table 16, the extent of the
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shift away from glycolysis cannot be quantitated, however, it may

be concluded qualitatively that during the biosythesis of phage pro-

tein, there is a decrease in the glycolytic route of glucose catabolism.

Table 16. Comparison of C6/C1 specific activity ratio for glutamic
acid and the primary pathways of glucose utilization.

Organism Primary pathway C6/C1 ratio

100% glycolysis

S. cerevisiae 92% glycolysis)

P. stutzeri Entner-Doudoroff and
pentose -phosphate pathway2

S . griseus 88% glycolysisl

1.00

1.13

16.3

1.23

Infected S. griseus
(phage) 1.74

1 Determined by high resolution radiorespirometry.
2 Determined by radiorespirometry.

Perusal of the literature on carbohydrate metabolism of viral

infected systems has shown diversity in the effects of viral infection

on host metabolism. The data had included changes from an oxida-

tive to a nonoxidative (33),, or nonoxidative to oxidative glucose

metabolism (34, 46, 54), to no change at all (3-5, 8, 57). With the

animal virus systems, it appears that glycolysis is the primary

route involved in virus growth. Regardless of the host's metabolic
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pattern prior to infection (e. g. , glycolysis or the direct oxidative

pathway), glycolysis appears to be essential for virus growth (58).

With plants on the other hand, the direct oxidative route plays the

more predominant role (8, 34, 46, 54). In a number of systems

examined, there is an increase in the HMP upon viral infection

(8, 34, 46, 54). This change, however, appears to be confined

to systems in which the plant tissues respond to viral infection

with the production of local lesions. When systems in which sys-

temic invasion occur were used, there appeared to be no change

in host carbohydrate metabolic pattern (3-5, 8).

In the bacteriophage-bacterial host systems examined, Cohen

and his co-workers have observed a shift from an oxidative to a

nonoxidative pattern of glucose utilization in the formation of

pentoses (33). Results of Wright et al. (57) on the other hand,

show ao change at all. However, their evidence for no-change

cannot be used as evidence against the conclusion of Loeb and

Cohen (33) that bacteriophage infection leads to increased parti-

cipation of the nonoxidative pathway since the latter workers used

glucose-grown cells while Wright et al. used acetate adapted cells.

In the glucose-grown cells which in the uninfected state utilized

glucose primarily by the oxidative pathway, a shift from the

oxidative to nonoxidative pathway would be more apparent than in
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the acetate grown cells.

The results obtained with the S. griseus system have indicated

a shift towards an oxidative from a nonoxidative pathway. The re-

sults are not necessarily in conflict with the coli systems grown in

glucose but may represent shifts which are necessary to meet the

increased demands of phage DNA synthesis. Cohen (11) has shown

that phage-infected bacteria synthesize DNA at an increased rate.

The E. coli strain he examined utilized glucose primarily by the

oxidative route. Perhaps the formation of pentoses by a non-

oxidative route via a series of transketolase-transaldolase re-

actions would provide a more efficient method for formation of

pentoses. In mammalian systems, a major amount of the ribose-

phosphate arises by this mechanism (9) . On the other hand, with

the S. griseus system, where in the noninfected state, the EMP

plays the major route, a shift away from glycolysis toward the

hexose monophosphate shunt may provide the required pentose

moieties. For more meaningful assessments or comparison

with the coli system, it would be necessary to determine the

pattern of carbohydrate metabolism for deoxyribose synthesis

in the uninfected S. griseus and the phage.
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V. SUMMARY

Specific activities of the amino acids obtained from cells

grown in glucose-1-14C and glucose-6-14C have been used as an

index of the route of carbohydrate catabolism. S. cerevisiae

and P. stutzeri have been used to test this approach and the

method was then applied to uninfected and phage-infected S.

griseus . The C6 /C1 specific activity ratios of selected amino

acids obtained for the yeast cells closely approached the theo-

retical value of 1.0 set for functioning of the EMP. The C6/C1

ratios obtainedfromP. stutzeri were considerably higher, re-

flective of ED and PPP involvement in glucose dissimilation.

The specific activities of the amino acids from uninfected

S. griseus cells indicated a predominant utilization of glucose via

the glycolytic pathway. Upon phage infection, there was a slight

shift towards the PPP from the EMP according to the C6/C1 ratios

obtained for the phage amino acids. The significance of the shift

in pattern was discussed in relation to results from other viral

systems. It was concluded that in bacteriophage infected systems,

that a shift might occur in the direction which would best provide

the demand for pentoses necessary for phage DNA systhesis.



60

BIBLIOGRAPHY

1. Adams, Mark H. Bacteriophages. New York, Interscience,
1959. 592 p.

2. Bagatell, F. K. , E. M. Wright and H. Z. Sable. Biosyn-
thesis of ribose and desoxyribose in Escherichia coli.
Journal of Biological Chemistry 234:1369-1374. 1959.

3. Bauer, Joseph R. , Robert S. Halliwell and Ruble
Langston. Effect of tobacco mosaic virus infection on
glucose metabolism in Nicotiana tabacum var Samsun.

I. Investigations with 14 C-labeled sugars. Virology
32:406-412. 1967.

4. Effect of tobacco mosaic virus infection
on glucose metabolism in Nicotiana tabacum L. var.
Samsun. II. Investigation of malonic acid inhibition on
respiration. Virology 32:413-415. 1967.

5. Bauer, J. R. et al. Effect of tobacco mosaic virus in-
fection on glucose metabolism in Nicotiana tabacum var.
Samsun. III. Investigation of the hexose monophosphate
shunt enzymes and steroid concentration and biosynthesis.
Virology 32:580-588. 1967.

6. Becker, R. R. Radiotracer methodology with amino acid
analyzers. In: Methods in enzymology, ed. by C. H. W.
Hirs. Vol 11. New York, Academic Press, 1967. p.
108-121.

7. Becker, Y. , N. Grossowicz and H. Bernkopf . Metabolism
of human amnion cell cultures infected with poliomyelitis
virus. I. Glucose metabolism during virus synthesis.
Proceedings of the Society for Experimental Biology and
Medicine 97:77-82. 1958.

8. Bell, Alois A. Respiratory metabolism of Phaseolus
vulgaris infected with alfalfa mosaic and southern bean
mosaic virus. Phytopathology 54:914-922. 1964.



61

9. Bernstein, I. A. Synthesis of ribose by the rat. Bio-
chimica et Biophysica Acta 19:179-180. 1956.

10. Brenner, S. et al. Structural components of bacteriophage.
Journal of Molecular Biology 1:281-292. 1959.

11. Cohen, Seymour S. The synthesis of bacterial viruses.
I. The synthesis of nucleic acid and protein in
Escherichia coli infected with T2r+ bacteriophage.
Journal of Biological Chemistry 174:281-293. 1948.

12. Utilization of gluconate and glucose
in growing and virus infected Escherichia coli. Nature
168:746-747. 1951.

13. Cohen, Seymour S. and Thomas F, Anderson. Chemical
studies on host-virus interactions. I. The effect of
bacteriophage adsorption on the multiplication of its host,
Escherichia coli B. Journal of Experimental Medicine
84:511-521. 1946.

14. Cohen, Seymour S. and Rachel Arbogast. Chemical
studies in host-virus interactions. VII. A comparison
of some propTrties of three Tutant pairs of bacrial
viruses, T2r and T2r, T4r and T4r, and T6r and T6r.
Journal of Experimental Medicine 91:619-636. 1950.

15. Dubowski, K. M. An o-toluidine method for body fluid
glucose determination. Clinical Chemistry 8:215-235.
1962.

16. Fitch, Walter M. and Millard Sussman. Amino acid
composition of some T phages. Virology 26:754-756.
1965.

17. Flaks, Joel G. and Seymour S. Cohen. Virus induced
acquisition of metabolic function. I. Enzymatic forma-
tion of 5-hydroxymethyldeoxycytidylate. Journal of
Biological Chemistry 234:1501-1506. 1959.

18. Fruton, Joseph S. and Sophia Simmonds. General
biochemistry. 2d ed. New York, John Wiley, 1958.
1077 p.



62

19. Gilmour, C. M. and P. Buthala. The isolation and
study of actinophage from soil. Bacteriological
Proceedings 50:17. 1950.

20. Jacobsen, Donald Weldon. Scripps Clinic and Research
Foundation. Personal communication. La Jolla, Calif-
ornia. October, 1966.

21. The estimation of glucose pathways
in Saccharomyces cerevisiae by the catabolic rate
method. Ph. D. thesis. Corvallis, Oregon State
University, 1968. 69 numb, leaves.

22. Joklik, W. K. The effect of phage infection on the
metabolic activity of the host cell. British Journal of
Experimental Pathology 33:368-379. 1952.

23. Kellenberger, E., J. SLhaud and A. Ryter. Electron
micros copal studies of phage multiplication. IV. The
establishment of the DNA pool of vegetative phage and the
maturation of phage particles. Virology 8:478-498.
1959.

24. Kerr, Vernon N., F. Newton Hayes and Donald G. Ott.
Liquid Scintillators. III. The quenching of liquid-
scintillator solutions by organic compounds. Inter-
national Journal of Applied Radiation and Isotopes 1:284-
288. 1957.

25. Knight, C.A. Preparation and properties of plant virus
proteins. In: Techniques in experimental virology,
ed. by R. J. C. Harris. London, Academic Press, 1964.
p. 1-48.

26. Kolstad, R. A. and S. G. Bradley. Biochemical char-
acterization of an actinophage for Streptomyces ven-
ezuelae. Journal of Bacteriology 91:1372-1373. 1966.

27. Konigsberg, W., et al. Isolation and characterization
of the tryptic peptides from the f2 bacteriophage coat
protein. Journal of Biological Chemistry 241:2579-2588.
1966.



63

28. Kornberg, Arthur. Biologic synthesis of deoxyribonu-
cleic acid. Science 131:1503-1508. 1960.

29. Kornberg, Arthur et al. Enzymatic syntheses of deoxy-
ribonucleic acid. VI. Influence of bacteriophage T2 on
the synthetic pathway in host cells. Proceedings of the
National Academy of Sciences 45:772-785. 1959.

30. Kornberg, H. L. and W. E. Patey. Quantitative deter-
mination of 0.5-54g of amino acid nitrogen on paper
chromatograms and in solution. Biochimica et
Biophysica Acta 25:189-193. 1957.

31. Lanning, M.C. and S. S. Cohen. On the ?rigin of
deoxyribose in Escherichia coli and T6r bacteriophage.
Journal of Biological Chemistry 216:413-423. 1955.

32. Levy, Hilton B. and Samuel Baron. The effect of animal
virus on host cell metabolism. II. Effect of poliomye-
litis virus on glycolysis and uptake of glycine by monkey
kidney tissue cultures. Journal of Infectious Disease
100:109-118. 1957.

33. Loeb, M.R. and S. S. Cohen. The origin of purine and
pyrimidine deoxyribose in Escherichia coli and T6r
bacteriophage. Journal of Biological Chemistry 234:
364-369. 1959.

34. Loebenstein, G. and N. Linsey. Effect of virus infection
on peroxidase activity and C6 /C1 ratios. Phytopathology
53:350. 1963.

35. Maal6e, 0., A. Birch-Andersen and F. S. SjOstrand.
Electron micrographs of sections of E. coli cells in-
fected with the bacteriophage T4. Biochimica et Bio-
physica Acta 15:12-19. 1954.

36. Mahler, Henry R. and Eugene H. Cordes. Biological
chemistry. New York, Harper and Row, 1966. 872 p.

37. Monod, Jacques and Elie Wollman. L' inhibition de la
croissance et de l' adaptation enzymatique chez les
bacteries infectees par le bacteriophage. Annales de
Lfinstitut Pasteur 73:937-956. 1947.



64

38. Moore, Stanford. On the determination of cystine as
cysteic acid. Journal of Biological Chemistry 238:235-
237. 1963.

39. Moore, S tanford and William H. Stein. Chromatographic
determination of amino acids by the use of automatic
recording equipment. In: Methods in enzymology, ed.
by Sidney P. Colowick and Nathan 0. Kaplan. Vol. 6.
New York, Academic Press, 1963. p. 819-831.

40. Nishikawa, Sumie Suzuki. The inhibitory effect of cysteine
on Streptomyces griseus phage reproduction. Master's
thesis. Corvallis, Oregon State University, 1966. 41
numb. leaves.

41. Pardee, Arthur B. Enzyme activity and bacteriophage
infection. I. Breakdown of adenosinetriphosphate.
Journal of General Physiology 34:619-626. 1951.

42. Pardee, Arthur B. and Ida Mae Williams. Enzymatic
activity and bacteriophage infection. III. Increase of
desoxyribonuclease. Anna les de L'institut Pasteur
84:147-156. 1953.

43. Piez, Karl A. Continuous scintillation counting of
carbon-14 and tritium in effluent of the automatic amino
acid analyzer. Analytical Biochemistry 4:444-458. 1962.

44. Planterose, D.N. Effect of inhibitors on the metabolism
and cells in tissue culture and on foot-and-mouth disease
virus synthesis. Biochimica et Biophysica Acta 53:186-
194. 1961.

45. Roberts, R. B. et al. Studies of biosynthesis in
Escherichia coll. Washington, D. C. , 1955. 521 p.
(Carnegie Institution. Publication 607)

46. Rubin, B.A. and I. V. Zeleneva. Action of some inhibitors
of the respiration of cucumber infected with cucumber
mosaic virus. Fiziologiya Rastenii 11:769-773. 1964.
(Abstracted in: Biological Abstracts 46:82129. 1965.)

47. Saunders, G. F. and L. L. Campbell. Characterization of
a thermophilic bacteriophage for Bacillus stearothermo-
philus. Journal of Bacteriology 91:340-348. 1966.



65

48. Siminovitch, L. Biochemical modifications of the bac-
terial host during bacteriophage development. Anna les
de L 'institut Pasteur 84:265-272. 1953.

49. South, Dorothy Jean. Purification and elementary anal-
ysis of Streptomyces griseus phage. Ph. D. thesis.
Corvallis, Oregon State University, 1966. 89 numb.
leaves.

50. Spackman, Darrel H. Accelerated methods. In: Meth-
ods in enzymology, ed. by C. H. W. Hirs. Vol. 1 L.
New York, Academic Press, 1967. p. 3-15.

51. Spangler, W.J. and C. M. Gilmour. Biochemistry of
nitrate respiration in Pseudomonas stutzeri. I.
Aerobic and nitrate respiration routes of carbohydrate
catabolism. Journal of Bacteriology 91:245-250. 1966.

52. Stent, Gunther S. Molecular biology of bacterial
viruses. San Francisco, Freeman, 1963. 474 p.

53. Stern, Maxine Lois. Studies on the biosynthesis of
Streptomyces griseus phage. Master's thesis.
Corvallis, Oregon State College, 1958. 52 numb.
leaves.

54. Tien, P. and P. S. Tang. Oxidative metabolism of
glucose in leaf tissue infected with tobacco mosaic
virus. Scientia Sinica (Peking) 12:565-573. 1963.
(Abstracted in: Biological Abstracts 45:48606. 1964.)

55. Wang, C. H. and D. E. Jones. Liquid scintillation
counting of paper chromatograms. Biochemical and
Biophysical Research Communications 1:203-205.
1959.

56. Wang, C. H. , et al. Studies on the biochemistry of
Streptomyces. III. Glucose catabolism in Streptomyces
griseus. Journal of Bacteriology 75:31-37. 1958.

57. Wright, Elmer M. , Henry Z. Sable and Joy L. Bailey.
Biosynthesis of pentose in Escherichia coli. Synthesis
of deoxyribose in cells infect ed with bacteriophage.
Journal of Bacteriology 81:845-851. 1961.



66

58. Zemla, J. The role of active cellular sulfhydryl
groups in virus reproduction. Life Sciences 2:
579-583. 1963.


