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INTRODUCTION

Statement of the Problem

The objective of this research has been to investigate R17 phage
control of host macromolecular synthesis. Studies with both animal
viruses and bacteriophages have shown that various viral infections may
inhibit host DNA, RNA and/or protein synthesis. For example, infection
with Poliovirus inhibits host protein synthesis by the production of
double~stranded viral RNA (23,52). 1In a bacterial system, infection of
Escherichic coli with T4 bacteriophage inhibits host DNA, RNA and
protein synthesis (72), the host DNA is degraded (10,106) and RNA
synthesis is terminated within 2 min post infection (2,60).

In 1968 Watanabe (108,109) demonstrated that infection of E. coli
with an RNA bacteriophage resulted in "early and late' stages of inhi-
bition of host protein synthesis. The primary questions asked in this
thesis were: |

1. What event of phage infection was responsible for early

inhibition?

2. What influence does early inhibition exert on the production

of virus in infected cells?

3. During infection of E. coli with R17 bacteriophage does any

host transcription and translation occur during late inhibi-

tion?



4, Was there some proverty unique to R17 bacteriophage which
allowed replication of the R17 phage genome during late
inhibition, or could a similar phage be replicated at this

time?

Literature Review

1. Infectious Particle

Although the RNA bacteriophages of E. colil have been separated
into three serological groups (111,112), their physical and chemical
properties are very similar (92). The infectious particle consists of
a single-stranded fibonucleic acid genome which codes for three phage-
specific proteins (4.,42,45,46). The RNA genome is encased in an ico-
sahedran composed of coat protein (25). Each infectious particle
contains one molecule of maturation protein (M.W. 35-40,000) (47,85,
93).

The‘temperature sensitive and amber mutants of RNA phages belong
to one of three complementation groups (46,101). The amber mutants can
be replicated in an amber suppressor strain such as E. coli S26RIE
which inserts serine with 65% efficiency (94). Group A (am A31) has
been shown to code for the maturation protein; Group C (am C16) codes
for the RNA-dependent RNA polymerase (synthetase) which is synthesized
after entry of the viral genome into the host cell and is not found in
association with the infectious particle. Group B, am B22, is a non-

polar coat protein mutant which allows large amounts of synthetase to



Serological
groups (112,92)

Table 1

Properties of RNA Bacteriophages

Molecular Weight 106

RNA Protein

Density (g/ml)

Group L

R17
MS2
R23
M12
£

Group II

Qe
GA
MC
SB

Group III

fr

4
B

=
o w

3.6

3.6 (33)

1.5 {9) 4.2

1.33
1.46 (111)

1.46 (111)
1.44 (111)



be translated. The mutant am B24 is a polar mutant and restricts the

translation of viral synthetase.

2. Attachment and Entry of the Viral Genome

Although it was known from the original description that RNA
bacteriophages were male specific (68), the actual association of these
phages with the F pili was not demonstrated until 1964 (18). Valentine
and Strand (103) then showed that phage adsorbed to purified Fbpili.

Paranéhych has divided the infectious process into the following
events:

1. Association of the phage particle with the F pili

2. Alteration of the maturation protein

3. Entry of the viral genome into the host cell

4. Replication
At sufficient ionic strength (19) the association of the phage particle
is a temperature independent process (80). The phage particles
possessing a maturation protein can attach to the F pili with an
association constant of 1.37 (80). At 4 €, attachment is reversible
and does not alter the infective particle. However, at 37 C the host
provides energy (10 kcal/mole) and the maturation protein is irrevers-—
ibly altered (20). It has been shown that the alteration of the matura-
tion protein obeys first order kinetics (78). After the maturation

protein of the attached virus has been altered, the viral genome and at



least some of the maturation protein enter the host cell where replica-
tion begins (61,63). Then particles, deficient in maturation protein

(78), elute from the F pili (80).

3; Viral RNA Replication

The replication of viral RNA is independent of DNA synthesis (16,
21,88) and the host DNA-dependent-RNA polymerase (44). Thus, the viral
ENA must direct the synthesis of its own progeny RNA molecule. A
probable mechanism of RNA replication was suggested by the discovery
that ¢174 single-stranded phage DNA entered a double~stranded '"replica-
tive form' (89). Subsequént studies of F. coli infected with RNA
bacteriophage yielded a linear double-stranded "replicative form" of
viral RNA sedimenting at 16S. Although this replicative form was not
infectious by itself, infectious viral RNA was obtained upon heat
denaturation (57,113).

Further study revealed the presence of another viral specific RNA,
the "replicative intermediate" (3,29). Although this form of the viral
RNA was also a linear double-stranded molecule, sedimentation through
a sucrose gradient revealed a heterogenous profile of viral RNA
sedimenting between 16-23S (26,29,57). Upon treatment of the replica-
tive intermediate with ribonuclease only a homogenous 14S peak was
observed (27). Thus it was proposed that the replicative Intermediate

consisted of a double-stranded core with one or more nascent single-



stranded phage RNA attached. Kelley and Sinsheimer (58) have shown
that conservative and semi-conservative replication occurs, and both
the positive and minus strands can serve as templates (59) .

Synthesis of the complementary minus strand (56) yields the
replicative form (30,69,75) which is the precursor of the replicative
intermediate. Pulse-labeling experiments show label entering the
heterogenocus profile of the replicative intermediate which can be
chased into the 278 phage RNA (26). The completed RNAvstrands are
incorporated into virus particles 10-15 min after leaving the replica-
tive intermediate (17,24).

Infection of F. coli with a Qg phage produces a viral specific
RNA-synthesizing enzyme, which has been isolated and purified (5,115).
The QR synthetase has a molecular weight of 150,000 and is composed of
four subunits only one of which is coded for by the phage genome
(65,000) (64). Two of these host factors have been identified as the
elongation factors EF-tu and EF-ts (8); the third component is the
translation control factor i (40).

Viral synthetase is very specific and only accepts its own RNA
(43). Evidence that this enzyme was replicating infectious RNA mole-
cules was provided by Spiegelman et al. (21) and Pace and Spiegelman
(76). A small amount of QB RNA was added to the first of a series of
tubeé containing the QB synthetase reaction mixture. After incubation
a small aliquot of the first tube was transferred to the second tube,

etc. After 15 successive transfers the amount of parental RNA was less



than one molecule per tube and considerably less than the 1.4 x 1012
new strands Which‘had been produced by the enzyme.

One of the &ifficulties in accepting the replicative intermediate
as the precursor of viral RNA synthesis has been the fact that the
purified replicative form and intermediate are inactive as templates
in vitro (70). Weissmann has suggested that the replicative form and
replicative intermediates do not exist in the infected cell. Ribo~-
nuclease resistant structures are not detectable during the synthesis
of QB BNA in witro (114). Also, phenol extraction of the in vitro
product generates polynucleotides with the properties of the replica-
tive form znd intermediate. Thus it is suggested that the template and
products are single-stranded, except for a brief region of hydrogen
bonding nesr the growing point. Recently, this point has been
supported by the studies of Thach and Thach (100), who examined the
replication of R17 bacteriophage with an electron microscope. The
double-strended viral replicating complexes described by Granboulan
and Franklin (39) were only observed after treatment with phenol. If
the viral nucleic acid was extracted with lysozyme~EDTA, only poly-

somes and polysomal aggregates were observed.

4. Phage Specific Protein Synthesis
After entry of the viral genome into the host cell, the plus

strand virzl RY¥A is translated and found associated with the polysomes



(28,36); the minus strand does not code for viral proteins (54). At
25 min post infection the replicative intermediate was found in the
heavy polysomes, hexamers or larger (35;48,82,102). The single-
stranded viral RNA predominated in the smaller polyribosomes (35).

Transcription of the R17 RNA-dependent-RNA polymerase (synthetase)
begins 5-15 min after the viral genome enters the host cell (32). The
rate of synthesis of the viral synthetase increases until 25 min post
infection, when further synthesis is either discontinued or drastically
reduced (32,95). If the cell is infected with a temperature-sensitive
synthetase mutant at the non-permissive temperature, the viral synthe-
tase will be transcribed from the parental genome. Since coat and
maturation proteins are mnot detected, it appears that they are
transcribed from progeny viral RNA (62).

Coat protein is an important factor in controlling phage replica-
tion. During infection of F. coli by wild-type R17 phage, coat protein
synthesis begins after the appearance of synthetase and continues to be
translated at a maximum rate throughout phage replication (71,105). If
a non-permissive strain of E. coli is infected with a non-polar coat
protein mutant, excessive amounts of synthetase will be produced (41,
46,66,67). Conversely, infection with a polar mutant results in little
or no synthetase production. From the position of the nonsense codon,
it appears that part of the coat protein must be translated before

synthetase production begins. The presence of coat protein inhibits



éynthetase production; thus, in the absence of functional coat protein,
synthetase production was not inhibited during the late part of infec-
tion. This was verified in an <n vitro protein synthesizing system in
which it wes shown that the addition of coat protein inhibited the
translation of synthetase (22,84,95,96,97,98).

The synthesis of maturation protein begins later than synthetase
and continues later into the infectious cyecle. Since maturation
protein is transcribed from progeny viral RNA, the presence of viable
functional synthetase is essential for the production of maturation
protein (71). However, there is no alteration in maturation protein
synthesis when large amounts of synthetase are produced by infection of
a non~permissive strain of F. col? with a non-polar coat protein
mutant. Thus, translation of maturation protein appears to be
independent of the other two genes. Also, maturation protein mutants

do not alter the synthesis of synthetase or coat proteins.

5. Inhibition of Host Macromolecular Synthesis

The subjugation of E. coli host macromolecular synthesis by
infection with R17 phage was demonstrated by using high resolution
autoradiographic techniques (39). At 45 min post infection with R17
bacteriophage, DNA synthesis was strongly inhibited. At 20 min post
infection, RNA synthesis occurred predominately in the cytoplasm instead

of the nucleoid, and by 45 min post infection, labeled PNA was localized
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in the polar regions. At 25 min post iInfection, protein synthesis was
depressed and shifted from a generalized cytoplasmic incorporation of

labeled amino acids to a polar focus.

A. TInhibition of Host Nucleic Acid Synthesis

The inhibition of DNA synthesis was first demonstrated by
Paranchych and Graham (79) who showed that at 60 min post infection
with R17 phage, DNA synthesis was inhibited while both RNA and protein
synthesis continued. This inhibition of DNA synthesis was confirmed by
BRishop (6) and Granboulan and Franklin (39). Watanabe (110) has shown
that infection with the RNA phages 08 and £2 did not inhibit DNA synthesis
to the extent observed with RZ3 phage.

Tn addition to the inhibition of DilA synthesis, Paranchych's
laboratory observed that r-RNA synthesis was inhibited during the first
15 min of infection with R17 bacteriophage (24,50). This finding was
verified by Bishop (6,7) who studied the infection of Z. coli by ZIK/1
bacteriophage and by the work of Watanabe (110) with R23 bacteriophage.
In further studies with amber mutants of P17 phage, Spangler and
Tglewski (90) have shown that production of viral synthetase is essen-
tial for the inhibition of r-RNA synthesis.

Work with 1%C guanine (50) has shown a 30% inhibition of t-RNA
synthesis at 30 min post infection Qith R17 phage. This inhibition

has been verified by Bishop (7), TIgarashi (53) and Watanabe (110).
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Hung and Overby (51) have demonstrated that t-RNA extracted from QR
phage infected cells showed a decreased ability to support translation
of polyeytidylic acid. This slteration of prolyl-t RNA was specific

for QB phage and was not observed with cells infected with MS2 phage.

B. 1Inhibition of Host Protein Synthesis

.Sugiyama and Stone (99) have shown that during infection with MS2
phage there is a shift from host protein synthesis to viral specific
proteins. The decrease in host protein synthesié was followed by
obéerving the accumulation of P-galactosidase enzyme or by examining
the profiles of labeled proteins on polyacrylamide gels. By following
the synthesis of the host enzyme, B-galactosidase, the Watanabe's (108,
109) demonstrated two stages of inhibition of host prbtein synthesis.

' was encountered

The first stage of inhibition, "early inhibition,’
immediately after inoculating the culture with the phage preparation.
Studies with UV irradiated phage showed that this inhibition was
independent of the expression of the viral genome. At 10 min post
infection early inhibition had been relieved and the infected culture
accumulated B-galactosidase enzyme at the same rate observed in the
control cultufe. By observing early inhibition with 14¢ amino acid
pulse labeling studies, Yamazaki (116) demonstrated that early inhibi-

tion of host protein synthesis was the result of an inhibition of amino

acid transport into the host cell, and independent of the entry of the



12

viral genome into the host cell. Thus it was assumed that early inhibi-
tion was the result of an early event in viral infection. Therefore
Paranchych (20) suggested that amino acid transport and the alteration
of the maturation protein competed for a common energy intermediate.

The alteration of the maturation protein in the phage would deplete

the host of energy required for amino acid transport into the host cell.

The second phase of inhibition of host protein synthesis, "late
iphibition,"” occurred at 25-30 min post infection when the synthesis of
B-galactosidase was either discontinued or drastically reduced. Late
inhibition was also observed upon infection of constitutive mutants of
F. coli. TFurther, at 25 min post infection a decrease in the heavy
polyribosome region can be observed; as infection proceeds the decrease
in the heavv polyribosomes becomes more pronounced and there is an
increase in the monomer, dimer and trimer region (48). This alteration
in the polyribosome profile was also dependent on the production of
viral synthetase (82).

By using E. coli cells grown in a minimal medium, it was possible
to inhibit host protein synthesis immediately after the addition of R17
phage (53). Since r-RNA synthesis was not inﬁibited until 30 min post
infection, it appears that host protein synthesis is the primary site
of inhibition by R17 phage infection. Also, with the use of a tempera-
ture sensitive mutant of the viral synthetase Igarashi (53) has demon-

strated the inhibition of host protein synthesis without the production



of viral RNA. Thus, translation of the R17 synthetase polypeptide

rather than viral RNA was involved in late inhibition.

13



MATERTALS AND METHODS

Materials

Omnifluor scintillation fluid and !%C amino acid mixture were
purchased from New England Nuclear, 38 uridine and sucrose (enzymatic
grade) from Schwarz/Mann, Orangeburg, New York. With the exception of
the hybridization on nitrocellulose filters (type B6, Schleicher and
Schnell; Keene, New Hampshire), all filtrations were done ocn Millipore
filters type HA purchased from the Millipore Corporation, Bedford,
Mass. ONGP (o-nitro-phenyl-B-D-galactoside), IPIG (isopropyl-B8-D-
thiogalactopyranoside) and calf thymus DNA were purchased from Sigma
Chemical Company, St. Louis, Mo. Petri dishes (100 x 15 mm) were

obtained from Falcon Plastics, Oxnard, Calif.

Media

TCGl-t medium was a modification of the TCGl medium described by
Franklin (36) which was supplemented with thiamine: NaCl 0.6 g, KCl1 8 g,
NHHCl 1.1 g, MgClz-6H20 0:2 ‘g; KHZPOL+ 0.023 g, tris (hydroxymethyl)-
aminomethane 1.66 g, tris (hydroxymethyl) aminomethane hydrochloride
5.72 g, and casamino acids 1.5 g per liter. After autoclaving CaCl2
0D & s FeC13~6H20 1 ug, sodium pyruvate 0.8 g, thiamine hydrochloride

0.01 g, and glycerol 0.2% were added.
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Mineral salts—glucose medium was described by Lichstein and

Oginsky (65): K PO 1 g, K HPO 1 g, NaCl 1 g, Mg50 -7H 0 0.7 g,

2’ 2 B By —2
(NHq)ZSOLt 4 g, and sodium citrateLZHZO 0.5 g; after autoclaving 5 g
glucose was added.

Tryptone broth was used as described by Loeb and Zinder (68):
10 g Bacto-tryptone, 1 g Bacto-yeast extract, 8 g NaCl; after auto-
claving 1 g glucose and 0.005 M CaCl2 were added.

Agar was prepared by adding Bacto-agar, 8 g per 1liter for top
agar or 10 g per liter for bottom agar, to a liter of tryptone broth
before autoclaving. Bottom agar was allowed to cool to 47 C before
CaCl2 and glucose were added. Petri plates were made by dispensing
15 m1 of bottom agar into a 100 x 15 mm petri dish. Top agar was
stored without CaCl2 or glucose at room temperature.

Bacteria

Fscherichiaq coli 3000 is an Hfr strain which was obtained from
R. Sinsheimer of the California Institute of Technology. FE. coli
S26RIE and S26 which are permissive and non-permissive for amber
mutants of R17 bacteriophage were generously provided by M. Capecchi of
Harvard Universiﬁy. E. coli CA5004 which is 1ysogeni¢ for ACI  h8°

857

plus 2CIL lact a defective ¢80 phage was a generous gift of D. Kennell
857

of Washington University School of Medicine, St. Louis, Mo. E. coli

AB531 (F-) was originally obtained from V. Bryson of Rutgers
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University, New Brunswick, New Jersey. Salmonella typhtmurium LIZ, M4,
fla 52, was graciously provided by T. M. Joys of the University of

Oregon Medical School, Portland, Oregom.

Standard Agar Overlay Technique

1. Phage Titer

A. Preparation of top agar: Top agar was melted and cooled to 45 C
before adding CaCl and glucose.

B. E. coli cells: An F. coli culture was grown to 108 cells/ml in
tryptone broth in a shaking water bath at 37 C.

C. Plaquing: The number of infective particles was.determined by
making a series of 1/10 dilutions in tryptone broth. Aliquots
of phage (100 pl) were taken from each dilution, mized with
0.2 ml of an E. coli culture and 2 ml of the prepared top agar,
then spread on top of an agar plate. After the agar solidified

the petri dishes were incubated at 37 C.

2. Assay for Infected Cells

The number of infected cells was determined by diluting 10 pl of
an infected culture in 10 ml of tryptone broth at 4 C. The cells were
collected by centrifugation (10,000 g for 10 min at 5 C) and resus-—
pended in 10 ml of cold tryptome broth. The washed cells were then

serially diluted and plaqued as described in the previous section (1).
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Bacteriophages

R17 bacteriophage was originally provided by M. Capecchi of
Harvard University. BRNA bacteriophages were purified according to the
following procedure adapted from Vasquez, Granboulan and Franklin (104).
Crude lysates were obtained by infecting E. col? 3000 (5 PFU/cell)
grown in tryptone broth in a shaking water bath at 37 C. After a
3 hr incubation, ammonium sulfate (350 g per liter) was added to the
crude lysate and stirred overnight at 4 C. The precipitate was col-
lected by centrifugation at 10,000 g for 20 min., The pellet was
resuspended in 50 ml of ST buffer (0.1 M NaCl, 0.05 M Tris, pH 7.6 at
25 C) and cell debris was removed by centrifugation at 10,000 g for
30 min. The phage was pelleted by centrifugation in a Beckman type 30
rotor at 292,000 rpm for 3 hr. The pellet was resuspended in 5 ml of
ST buffer containing 1 mM MgCl and treated with ribonuclease (5 pg/ml)
and deoxyribonuclease (5 ug/ml) for 30 min at 37 C. Following a final
30 min treatment with pronase (25 ug/ml), the phage was again pelleted
by centrifugation and resuspended in ST buffer. The virus was banded
in a CsCl gradient (0.625 g/ml) by centrifugation to equilibrium for
48 hr at 12 C. The virus was twice dialyzed against 100 vol of ST
buffer at 4 C and suspended in either tryptone broth (Yamazaki, personal
communication) or phosphate buffer {0.1 M sodium phosphate, pH 7.2 at

25 C). The final titer of virus suspended in tryptone broth was
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adjusted to 1.5 x 1012 PFU/ml for storage at 4 C.’ Before using the
virus in an experiment, the phage was diluted to 3 x 101 PFU/ml with
fresh TCGl-t medium (R17 phage suspension).

The amber mutants of R17 bacteriophage (am A31l, am B22, am B24 and
am Cl6) were obtained from R. Kamen of Harvard University. Mutants
were replicated by using the techniques of Tooze and Weber (101). The
mutant stock was plated on E. coli S26RIE by using the agar overlay
technique (1).. One to ten small plaques, which suggested the presence
of mqtant phage, were isolated and used to inoculate 20 ml of £. coli
S26RIE culture (grown to 2 x 108 cells/ml in tryptone broth) which was
incubated in a shaking water bath for 2.5 hr. Reversion to wild~-type
phage was checked by plaque assay on the non-permissive strain of
B2 colle 826.

Viral particles deficient in maturation protein were obtained by
replicating am A3l in E. coli 3000 (2 x 108 cells/ml in tryptone broth).
Cell debris was removed by centrifugation at 10,000 g for 10 min, then
the phage particles were pelleted by centrifugation in a Beckman type
30 rotor at 29,000 rpm at 12 C for 190 min. Finally, the incomplete
particles were banded in a CsCl gradient (0.625 g/ml) by centrifugation
in a Beckmaﬁ SW 39 rotor at 35,000 rpm at 12 C for 48 hr. The incom-
plete particles were twice dialyzed against 100 vol of ST buffer and

suspended in tryptone broth.
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The defective lysogen ¢80 plac phage was prepared from a culture
of F. coli CA50Q4 gfown to 2 x 108 cells/ml in tryptone broth at 30 C
in a shaking water bath. The lytic cycle of the lysogenic phage Wasv
induced by heating to 40 C for 10 min, then incubated at 37 C for 4 hr.
The phage titer was determined with the standard agar overlay technique
using E. coli 3000 as an indicator. Phage was purified (13) by adding
Carbowax 6000 (0.0709 g/ml), dextran sulfate (0.002 g/ml) and NaCl
(0,0199 g/ml) to the lysate and allowed to stand overnight at 4 C,
After decanting the supernatant, the viscuous sediment was centrifuged
at 1,000 g for 15 min. The interphase was collected and resuspended
in 1% dextran sulfate. The dextran sulfate was precipitated by adding
0.15 ﬁl of 3 M KC1/ml. After 2 hr at 40 C the precipitate was removed
by centrifugation at 1,000 g for 10 min. The Mgtt concentration was
adjusted to 1 mM with Mg acetate and treated with DNase (25 ﬁg/ml) and
RNase (25 yg/ﬁl) for 30 min at 37 C or until viscosity decreased. Cell
debris was removed by centrifugation at 14,000 g for 10 min then the
phage was pelleted by centrifugation at 21,000 g for 3 hr at 12 C. The
phage was then centrifuged to equilibrium in CsCl (0.825 g/ml, 48 hr at
35,000 rpm at 12 C) in a Beckman SW 39 rotor. The two phage bands were
collected by slowly removing the CsCl from the top of the gradient with
a Pasteur pipet (60). The phage was dialyzed for 2 days against four
changes of 200 vol of 0.01X SSC (Standard Sodium Citrate buffer: NaCl

8.766 g, Na Citrate 4.411 g per liter).
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Pulse~Labeling Procedure

Control and test cultures of E, coli 3000 were grown to 2 x 108
cells/ml in TCGI-t medium. Before and after infection, multiple
samples were taken from each culture and pulse-labeled with a
14c amino acid mixture at 1 yCi/ml for 1.5 min. Incorporation was
terminated with trichloroacetic acid (TCA) 10% final concentration, and
the samples were heated at 90 C for 15 min; precipitates were collected
on Millipore filters and washed with 5% TCA and 95%Z ethanol. The
filters were dried at room temperature and suspended in Omnifluor-
toluene scintillation fluid (4 g Omnifluor per liter of toluene).
Radioactivity was counted in a Beckman LS-200 B liquid scintillation

counter.

Polyribosomes

The method used to obtain polyribosomes was a modification of the
procedure originally described by Hotham~Iglewski and Franklin (48).
Polyribosomes were extracted from E. coli 3000 grown to 2 x 108 cells/
ml in TCGl-t medium in a shaking water bath at 37 C. Before collecting
the cells by centrifugation at 10,000 g for 5 min, they were treated
‘with chloramphenicol (200 pg/ml), Na Azide (5 mM) and iced TCGl-t
medium. All further procedures were done at 4 C. The cells were
washed once with 20% tris-—sucrose (20% sucrose — ribonuclease free,

0.1 M tris pH 7.7 at 25 C) then resuspended in 1.8 ml of 20% tris-—

sucrose. Spheroplasts were made by treating the cells with 0.5 mg
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lysozyme (20 mg lysozyme dissolved in 5 ml of 20% tris—-sucrose) and
0.5 mM ethylenedinitrilo-tetraacetic acid (EDTA) for 4 min., The lyso-
zyme reaction was stopped by adding 0.01 M M’gSOL+ and spheroplasts were
collected by centrifugation at 10,000 g for 5 min. Spheroplasts were
lysed when suspended in TMS buffer (0.005 M tris, pH 7.4 at 5.
0.06 M NaCl and 0.01 M MgSOq). The lysates were treated with deoxy-
ribonuclease (1 yg/ml) for 1 min and the brij 58 for an.additional
minute. Cell debris was removed by centrifugation at 12,000 g for
5 min and polyribosomes were sedimented through 10-40Z sucrose
gradients at 40,000 rpm in an SW 41 rotor for 70 min at 5 C (no brake).
Optical density patterns were obtained by continuous mﬂniﬁoring of the
vgradient at 260 nm with a Beckman spectrophotometer containing a flow-
through cell, |

Labeled polyribosomes were obtained from an E. coli 3000 cultﬁre
grown in TCGl-t medium. The cells were harvested by centrifugation at
10,000 g for 5 min then resuspended in the original volume of fresh
TCGl~t medium containing 1/100 the normal casamino acid concentration.
After incubating at 37 C for 10 min in a shaking water bath, the
cultures were pulse-labeled with 1%C amino acid mixture (0.1 pCi/ml)
for 1 min and then chased for 2 min with a hundredfold excess of
casamino acids. At the end of the pulse or pulse-chase procedures,
incorporation of labeled amino acids was terminated by adding iced

TCG1-t medium, chloramphenicol (200 ug/ml) and 0.005 M Na Azide.



Polyribosomes were extracted and sedimented through 10-40% sucrose
gradients as described previously. After fractionating the gradients,

the incorporation of label into hot TCA precipitates was determined.

Beta-galactosidase

An F. coli 3000 culture grown in TCGl-t medium was induced to
produce f-galactosidase by adding TPTG (5 x 107% M). At various times
after induction samples were removed and suspended in cold tryptone
broth (4 C) with chloramphenicol (100 pg/ml). Cells were collected by
centrifugation at 10,000 g for 5 min and resuspended in 1 ml of STE
buffer. The cells were then lysed upon treatment with lysozyme (0.5 mg/
ml for 30 minutes at 28 C) (36). The substrate, ONPG (1 mM final con-—
centration), was added and incubated at 28 C until am amber color
appeared. The reaction was terminated with Na2C03 (0.1 M final concen-
tration) and cell debris was removed by centrifugation. The optical
density was determined at 420 nm. One enzymatic unit produced 1 mu-
mole per ml o-nitrophenol per minute at 28 C, pH 7.05 1 mp-mole/ml
lo—nitrophenol has the optical demsity of 0.0075 at 420 nm in a 10 mm
iight path (81).

Tf the functional half-life was to be observed, the synthesis of
the specific messenger was terminated by washing the cells on Millipore

filters and resuspending them in an inducer-free medium.
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Hybridization

The DNA-RNA hybridization procedure was a modification of the
method developed by Gillespie and Spiegelman (34) which has been

described by Kennell (60, and personal communications).

1. Preparation of Labeled RNA

E. coli 3000 cells (2 x 108 cells/ml in TCG1-t medium) wexe
induced for 8-galactosidase enzyme production with IPIG for 5 min
before labeling with 3H uridine (10 pCi/ml). After 30 sec, the incor-
poration of label was terminated with iced TCGl-t medium and chlor-
amphenicol (100 pg/ml). The cells were collected by centrifugation
(10,000 g for 5 min) and resuspended in 10 ml of ST buffer. The nucleic
acid was extracted with 2% SDS and an equal volume of freshly distilled
phenol saturated with ST buffer, pH adjusted to 7.2. After shaking
for 10 min, samples were centrifuged at 10,000 g for 5 min, nucleic
acid was in the aqueous phase. Extractions with buffer-saturated
phenol were repeated until the protein interphase was eliminated (87).
The nucleic acid was precipitated from the aqueous phase by adjusting
the NaCl concentration to 0.25 M and adding 2 vol of gbsolute ethanol.
After storage at -20 C for 2 hr, the precipitate was collected by
centrifugation at 12,000 g for 15 min at 5 C and resuspended in ST
buffer supplemented with Mgtt acetate (10 mM). DNA was removed by

treatment with DNase (5 ug/ml) for 30 min at 37 C. DNase was removed
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by another phenol extraction and ethanol precipitation. Finally the
labeled precipitated RNA was resuspended in 2X SSC (250 ug/ml) and

stored at —-20 C until hybridization.

2. Preparation of DNA Filters

Purified ¢80 plac phage was suspended in ST buffer and phenol
extracted with freshly distilled phenol saturated with ST buffer and
the pH was adjusted to 8.2 with sodium hydroxide. The aqueous phase
was dialyzed against 0,01 SSC for 48 hr (5 changes of 200 vol). The
DNA (8 pg/ml) was then alkali denatured with C.5 N NaOH for 1 hr at
5 C, neutralized with HCl, and the salt concentration was adjusted to
2% 88C with 20X SSC.

Nitrocellulose filters were soaked in 2X SSC before placing the
filters in a Millipore filtering épparatus. Filters were washed with
5 ml of 2X SSC before adding the DNA (50 pg/ml). The filters were
again washed with 5 ml of buffer and allowed to dry for & hr at room
temperature. Finally, the filters were baked at 80 C in an evacuated

desiccator for 2 hr and stored at -20 C.

5. Hybridization
The DNA filters were suspended in 2X SSC buffer (2 ml) to which
various concentrations of labeled RNA had been added and hybridized at

66 C for 12-15 hr. Filters were then Washed with 20 ml of 2X SSC and
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treated with pancreatic RNase (20 ug/ml) for 1 hr at room temperature.
After five washings with 2X SSC (20 ml) the filters were dried at room
temperature and suspended in Omnifluor-toluene scintillation fluid for

counting in a Beckman liquid scintillation counter (73,74).
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RESULTS

Lvtic Infection of Fecherichia coli Wwith R17 Bacteriophage

Infection of Fecherichia coli with R17 bacteriophage has been
shown to inhibit host protein synthesis and to result ultimately in
the lysis of the infected host (120). In Fig. 1 the growth and lysis
of 5. coli 3000 was observed by monitoring the turbidity at 610 nm in
a spectrophotometer. A parent culture of E. eoli (2 x 108 cells/ml
grown in TCGl-t medium) was divided into infected and control cultures.
One of these subcultures was infected with R17 bacteriophage (10 PFU/
cell) while the other remained uninfected as a control. Samples were
taken as the cultures were incubated at 37 C in a shaking water bath.
When the turbidity of the infected culture was compared with the
control, no alteration could be observed until thirty to forty min
post infection. The increasing turbidity of the infected culture
continued to lag behind the control until sixty min post infection
when no further growth (increase in turbidity) was observed. Finally

lysis began and the turbidity decreased ag the cells ruptured.

Continuous Labeling Experiments

e

In orcer to detect alterations in host protein synthesis during
infection, the incorporation of labeled amino acids into hot TCA

precipitates was followed. In Fig. 2, a 1kc amino acid mixture
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Figure 1

Lysis of infected cells. One of two identical Z. coli 3000
cultures was infected with R17 bacteriophage (10 PFU/cell). Samples
were taken as the cultures were incubated in a shaking water bath
(37 C) and the optical density was determined at 610 nm; control (Q),

infected with R17 bacteriophage ([2).
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Figure 2

Early inhibition of protein synthesis upon infection with R17
bacteriophage, continuous labeling. An F. colt 3000 culture was
divided into control and test cultures. The control culture remained
untreated (control Q) while the test culture (f) was inoculated
with R17 phage (30 PFU/cell) suspended in tryptone broth (1.5 x 1012
PFU/ml) and diluted with TCGl-t medium (3 x 1011 PFU/m1). At the
time of infection both cultures were labeled with '“C amino acid
mixture (0.01 pCi/ml). At various times post infection samples
were withdrawn and incorporation was terminated with 5% TCA (final
concentration). The incorporation of labeled amino acids was deter-
mined by heating samples at 90 C for 15 min then collecting the
precipitates on membrane filters and washing with 5%Z TCA and 95%
ethanol. After drying the filters were suspended in Omnifluor-
toluene scintillation fluid. Radioactivity was counted in a Beck-

man liquid scintillation counter.
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(0.1 yCi/ml) was added to control and infected cultures of Z. coli 3000
grown in TCGl-t medium. At various times post infection, samples were
removed and incorporation terminated with 5% TCA (£inal concentration).
The samplés were heated to 90 C for 15 min, precipitates were collected
on Millipore filters and washed with 5% TCA and 95% ethanol. The dried
filters were suspended in Omnifluor—-toluene scintillation fluid.
Radioactivity was counted in a Beckman LS-200 B liquid scintillation
counter. Immediately after infection there was a decrease in the
incorporation of labeled amino acids inte hot TCA precipitates; this
decrease has been termed "early inhibition" (108,109). Inhibition was
maximal, since increasing the phage inoculation did not increase or
prolong the inhibition (116). Inhibition was reversed during the sub-
sequent 10 min of infection, and the incorporation of label paralleled
that of the control culture, until late inhibition was encountered at
25-35 min post infection. These results agreed with those of Watanabe
(108,109) in which he studied the synthesis of B-galactosidase during

infection of F. coli with R23 bacteriorphage.

_Pulse-Labeling Experiments

Using a modification of the pulse-labeling pfocedures described by
Yamazaki (116), early inhibition and recovery were exsmined (Fig. 3).
Control and test cultures of Z. coli were grown to 2 x 10° cells/ml in

TCGl-t medium. Before and after infection, samples were taken from
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Figure 3

Early inhibition of protein synthesis upon infection with R17
phage, pulse-labeling. An E. coli 3000 culture was divided into
control and test cultures. The control culture remained untreated
(control-baseline &I ) while the test culture ( O ) was
inoculated with R17 phage suspended in tryptone broth and TCGl-t
medium. Samples were withdrawn at various times and pulse~labeled
with 1%C amino acid mixture (1 uCi/ml) for 1.5 min. Pulse-labeling
was terminated with 10Z TCA and incorporation of label into hot TCA

precipitates was determined as described in Fig. 2.
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Figure 4

Inhibition of uptake of %C amino acids during early inhibition.
Before and after inoculation with R17 phage suspension, control ([JE})
and test (O € ) cultures of E. coli 3000 were pulse-labeled with
1%C amino acid mixture (1 uCi/ml) for 1.5 min. Tnecorporation was
terminated with either TCGl-wash (Q [0 Fig. 4) or 10% TCA (@ B2

Fig. 3).
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each culﬁure and pulse-labeled with a 1%¢ amino zcid mixture (1 pCi/ml)
for 1.5 min; incerporation was terminated with 10% TCA (final concen-
tration). The incorporation of label was determined according to the
procedures described for the continuous lsgbeling experiment (see
Materials and Methods). Immediately after the addition of the phage
preparation, there was a 55% decrease in the incorporation of labeled
amino acids into hot TCA precipitates (Fig. 3). Recovery occurred as
infection proceeded; the rate of incorporation returned to the level
observed in the control by 10 min post infection.

It was further demonstrated that inoculation of the F, coli
culture with the R17 phage suspension inhibited the transport of amino
acids into the host cell. Amino acid uptake was estimated by labeling
an E. coli culture and washing the cells on Millipore filters with
TCGl-t medium from which the energy compounds, sodium pyruvate and
glycerol, had been omitted (TCGl-washj; 83,107). The pulse-labeling
experiment of Fig. 3 was modified; in addition to the hot TCA precipita-
tion the uptake of label was terminated by washing duplicate samples on
Millipore membrane filters with the TCGl-wash. The results showed that
the amount of label tsken up by the cells exceeded that which was
incorporated into the hot TCA precipitates (Fig. 4). Immediately after
infection both the amino acid uptake and incorporation of label dinto
hot TCA precipitates decreased; as recovery occurred the rates of uptzke

and incorporation returned to control levels.
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Verification of Early Inhibition

There are three possible interpretations of the experiments in
Fig. 2, 3 and 4 in which early inhibition was observed.

1. Neither host protein synthesis or amino acid transport haq
been inhibited and the decreased amount of label entering the
hot TCA precipitates was the result of diluting the specific
activity of the labeled amino acids with the amino acids in
the R17 phage suspension.

2. There was no inhibition of host protein synthesis and the
decreased amount of labeled amino acids entering the hot TCA
precipitates was the result of an inhibition of amino acid
transport into the host cell.

3. Host protein synthesis had been temporarily interrupted.

1. Dilution of Labeled Amino Acids

The viral inoculum consisted of R17 bacteriophage suspended in
tryptone broth and TCGl-t medium. Calculations of total nitrogen of
the IMC amino acid mixture by the addition of amino acids in the R17

phage suspension show that the dilution should be less than 5%.



34

Dilution Nitrogen in inoculum 9
= . = = x 100%
Nitrogen in medium

% Nitrogenm x Tryptone + % Nitrogen x Casamino Acids
% Nitrogen Casamino Acids

1.0 mg x 0.13 + 0.6 mg = 0.1 i 3
= 100% = 5%
37.5 mg x 0.1 Ui = Je

The inhibition observed in Fig. 2, 3 and 4 cannot be explained as a
dilution of the specific activity of the labeled amino acids when the
phage suspension containing amino acids was used to inoculate the host

culture.

2. Inhibition of Amino Acid Transport

A study of the polyribosome profiles immediately after infection
with the R17 phage suspension confirmed the inhibition of amino acid
transport during early inhibition of protein synthesis. Polyribosomes
were extracted from infected and control cultures of . coli 3000 at
0.5 and 13 min post infection according to the procedures described in
Materials and Methods. The results shown in Fig. 5 revealed that
immediately after the infection of the culture with the phage suspen-
sion thére was a small, consistent rise in the monomer peak. As
infection proceeded, the monomer pezk returned to the level observed
in the control. There was, however, no reproducible alteration in the

heavy polyribosome profile.
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Figure 5

Examination of polyribosome profiles during early inhibitionf
E. coli 3000 cells were grown in TCGl-t medium (2 x 108 cells/ml).
At either 30 sec (b) or 13 min (c) post infection polyribosomes were
extracted from control (a) and infected cultures and sedimented in

10-40% sucrose gradients.



PojuewWipag BouUDSIQ BA14D|3Y

% % » - [04}U0Y

0g 06 04 —— U01428j}u} }50d 2988 0O

gou0qI08qy %

09

08

00t



% Absobance

80 L.

60|

S

20

RELATIVE DISTANCE SEDIMENTED



36

Figure 6

Alterztion of polyribosome profiles during amino acid starvation.
E. coli 3000 cells were grown in TCGl-t medium and resuspended in
either TCGl-t medium from which the casamino acids had been omitted

or TCGl-t medium (control). Polyribosomes were extracted at the

indicated times.
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The next experiment demonstrated that the rise in the monomer
peak accompanied amino acid starvation. E. colz 3000 cells were
grovn to 2 x 108 cells/ml in TCGl-t medium. The cells were pelleted
by centrifugation and resuspended in TCGl-t medium from which the
casamino acids had been omitted. At various times after suspension in
an amino acid-free medium, the polyribosomes were extracted as before.
The results (Fig. 6) showed that 1 min after total amino acid starva-
tion there was an increase in the monomer peak and no alteration in the
heavy polyribosome profile. This finding was later published by Ron
(86) who showed that amino acid starvation increased the monomer peak

without altering the heavy polyribosome profile.

3. Inhibition of Polypeptide Release

Inhibition of polypeptide formation was observed by pulse-chase
experiments (Fig. 7) in which label was removed from the polyribosome
region during early inhibition. An E. coli 3000 culture was harvested
by centrifugation and resuspended in TCGl-t medium (1/100 the normal
casamino acid concentration). Two sets of control and infected
cultures were pulse-labeled with Itc amino acid mixtﬁre for 1 min
beginning at 0.5 min post infection. At this time, polyribosomes were
extracted from the first set of control and infected cultures. The
second set was chased with a hundredfold excess of cold amino acids

for 2 min and polyribosomes were extracted. The gradients were



38

Figure 7 (A,B)

Release of polypeptides from polysomes during early inhibition.
An E. coli 3000 culture was grown to 2 x 108 cells/ml in TCGl-t
medium and harvested by centrifugation. The cells were resuspended
in TCGl-t medium with one hundredth the normal casamino acid concen-
tration. Control and test cultures were incubated in a shaking
water bath for 5-10 min before infection with the R17 bacteriophage
suspension. Thirty sec after inoculation with R17 phage suspension,
control and test cultures of E. coli 3000 were labeled with l*C
amino acid mixture (0.1 uCi/ml) for 1 min then chased with a hundred-
fold excess of cold amino acids for 2 min. At the end of the pulse
and pulse~chase periods poljsomes were extracted and sedimented on
sucrose gradients. The gradients were fractionated and the incor-
poration of label into hot TCA precipitates was detérmined as described

in Fig. 2.
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fractionated and the amount of label incorporated into hot TCA pre-
cipitates was determined. As expected in the control, more labeled
amino acids were incorporated into the polyribosome region than were
observed in the infected culture. While chasing the control, 507 of
the labeled amino acids were removed. In the infected culture only

15% of the label was removed. Thus, it appears that amino acid starva-
tion Inhibited the release of polypeptides from polyribosomes. This
system is independent of the dilution of the specific activity of the
labeled amino acids by the phage inocuium.and supports the conclusion

that amino acid starvation inhibited protein synthesis (116).

Induction and Recovery from Early Inhibition

1. Early Inhibition is Temperature Independent

Preliminary experiments were designed to determine those factors
which alter inhibition and recovery during early inhibition of protein
synthesis., First, it was shown that early inhibition is temperature
independent. Viral attachment is a unique event of infection being
temperature independent (10). The basic pulse-labeling experiment
demonstrating early inhibition was repeated at 37 and 20 C; the data
is presented in Fig. 8. At both temperatures, inhibition occurred
immediately after infection, and the same degree of inhibition (CPM
infected culture/CPM control culture) was observed. This result

demonstrated that early inhibition was a temperature independent event.
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Figure 8

The influence of temperature on early inhibition and recovery.
E. colt 3000 cultures were grown to 2 x 10% cells/ml in TCEl-t
medium at 20 C and 37 C. The test cultures at 20 and 37 C were
inoculated with the R17 phage suspension and the !*C amino acid
pulse-labeling procedure of Fig. 3 was used to observe early

inhibition.
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At the lower temperature, recovery was significantly prolonged, which
was consistent with the reduced metabolic rate of the host cells at

20 c.

2. Massive Addition of Phage

Although it was known that inhibition is maximum at 30 PFU/cell
{116), it had not been determined if additions of more phage would
extend the recovery time. Therefore, the basic pulse-labeling experi-
ment was modified, the control was infected with R17 phage (30 PFU/
cell) and the test culture was inoculated with 300 PFU/cell. This
experiment (Fig. 9) verified that the inhibition was maximal at 30 PFU/

cell, and that recovery was not prolonged by larger additions of phage.

3. Repeated Infection with the R17 Phage Suspension

The basic pulse-labeling experiment shown in Fig. 3 demonstrated
that after infection of an E. coli culture, the cells regained their
ability to incorporate labeled amino acids into hot TCA precipitates.
Recovery was complete when the rate of amino acid incorporation of the
test culture was equivélent to the uninfected control culture. How-
ever, it was not known if the host was again susceptible to early
inhibition. In examining this possibility the basic pulse-labeling
experiment was again modified. Both the control and test cultures

were infected at time 0. After recovery occurred (10 min), the test
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Figure 9

Infection of E. coli with R17 bacteriophage (300 PFU/cell).
Identical cultures of E. coli 3000 were infected with R17 bacterio-
phage either 30 PFU/cell (EI) or 300 PFU/cell (Q). Before and
after infection cultures were pulse-labeled with a 1%¢ amino acid
mixture. The pulse was terminated with 10% TCA and the incorporation
of label into hot TCA precipitates was determined as described in

Fig. 3.



9 12

6

-3 0 3
Min Post Infection

-6



43

culture was again inoculated with the R17 phage susﬁension (30 PFU/
cell). A second inhibition was obhserved when the test culture was
again infected with the R17 phage suspension (Fig. 10). It was sur-—
prising that a second inhibition occcurred at all. According to the
kinetic studies of phage attachment (78), at the time of the second
inoculation viable phage should still have been present in the culture.
Recovery had occurred in the presence of infectious phage particles,

- and after recovery was complete the culture was again susceptible to
early inhibition even though infectious phage particles from the first
infection were still present. Thus the property which was responsible

for early inhibition was not always associated with viable phage.

4, Inoculstion with Phage Particles which can not Adsorb to the ¥ Pildi
It was confirmed that early inhibition was not associated with
phage adsorption. Non-attaching particles were obtained by infecting
E. coli 3000 (abnon~permissive strain) with amASI, a mutant that does
not synthesize the complete maturation protein which is responsible for
attachment. The purified defective particles were suspended in tryptone
broth and TCGl-t medium, then inoculated into a test culture of the
pulse~labeling experiment described in Fig. 3. The results in Table 2
show that the defective particles were capable of inducing early

inhibition.
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Figure 10

Repeated infection of E. coli with R17 bacteriophage. Identical
cultures of E. coli 3000 wefe infected with R17 bacteriophage
(30 PFU/cell O ). After 9 min the test culture was re-inoculated
with Rl7.phage (30 PFU/cell Bl ). Before and after infection cultures
Wére pulse-labeled with a 1%C amino acid mixture. The pulse was
terminated with 10%Z TCA and the incorporation of lgbel into hot TCA

precipitates was determined as described in Fig. 3).
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Tahle 2

The degree of inhibition was determined according to the procedures
described in Fig. 3. Incomplete particles were purified from a crude
lysate obtained by infecting E. coli 3000 (non-permissive) with the

amber mutant am A31.



Table 2

Farly Inhibition in F- Culture or Incomplete Particles

Phage Suspension Culture Degree Inhibition
Incomplete particles -+ E. coli 3000 57 %
R17 phage suspension - E. coli F- 46 %
R17 phage suspension - S. typhimurium 54 7
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The possibility that early inhibition was mediated by virus
attachment to the F pili was eliminated by infecting F- cultures of
E. coli or Salmonella typhimuriwnm.Upon inoculation with the phage
suspension early inhibition was observed in both cultures (Table 2).
Thus early inhibition was independent of the maturation protein and F
piiti.

From the repeated infection experiments described in Fig. 11, it
appeared possible for infective particles to be present without
inducing early inhibition. Further investigation was undertaken to

determine if a non-viral agent(s) was responsible for early inhibition.

Identification of the Agent Responsible for Early Inhibition

Since the previous work has shown that recovery occurs in the
presence of viable phage particles, it was decided to examine each of
the components of the virus inoculum in order to identify the agent
responsible for early inhibition. The R17 phage suspension consisted
of:

1. R17 bacteriophage

2. Posgsible unknown host contaminants

3. Tryptone broth and TCGIl-t medium
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1. R17 Bacteriophages

Studies with purified R17 phage showed that early inhibition was
not a function associated with R17 phage infection. The phage was
further purified by sedimenting the R17 phage suspension through a
5-20% sucrose gradient; the sucrose was removed by dialysis against
0.1 M ST buffer. The results in Fig. 11 showed that no early inﬁibi—
tion was observed when this purified virus was used to inoculate the
test culture of the pulse-labeling experiment described in Fig. 3.
Identical results were obtained with virus which had been purified on
a CsCl gradient and suspended in phosphate buffer (Fig. 14 and
Table 3).

Although the agent responsible for early inhibition could be
separated from the phage particle, it was still possible that this
agent was required for phage infectivity. The infectivity of purified
virus suspended in phosphate buffer (0.1 M, pH 7.2) was examined.
Plaque assays revealed no appreciable loss of infectivity during these
experiments. In Table 4, E. coli cultures were infected with either
R17 phage suspended in phosphate buffer or the R17 phage suspension.
Virus production was examined 2 hr after infection. Plaque assays
revealed that the presence or absence of early inhibition had no
influence on the amount of virus produced by infected cells. It was
also shown that the presence of early inhibition did not modify the

early stages of infection. After the virus attaches to the F pili,
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Figure 11

Infection of E. eoli with R17 phage purified on sucrose
gradients., The R17 phage suspension was sedimented on a 5-20%
sucrose gradient. Fractions containing virus were dialyzed against
0.1 M ST buffer (El). This virﬁs preparation was then used to
infect E. coli in the pulse—labeling experiment (30 PFU/cell) described

in Fig. 3. Control (QO).



cPM 10

I A N B

|

-6

-3 0 3 6 9
Min Post Infection



49

Table 3

The degree of inhibition was determined according to the procedures
iny Fdig. i,

CPM test culture

Maximum degree of inhibition = 1 -
CPM control-baseline

x 100%

1r17 bacteriophage total lysate was prepared by infecting a culture
of E. coli 3000 grown to 2 x 10% cells/ml in TCGl-t medium.

2TCGl~t medium was prepared immediately prior to use.

*Depleted TCGl-t medium was obtained from E. coli 3000 culture grown
to 2 x 108 cells/ml in TCGl-t medium, cells were removed by centri-
fugation. Protein determinations (7) revealed that the amino acid
concentration was depleted by less than 1% by the growing E. colt
3000 culture.

“Nineteen of the essential amino acids (0.1 mM - cysteine omitted)
were suspended in distilled water, pH adjusted to 7.2,



Table 3

Factors Causing Early Inhibition Of Protein Synthesis

Samples added to E. coli 3000 culture (25 ml) Degree of inhibition

1. R17 bacteriophage (30 PFU/cell) in TCGl-t 30 - 55%
medium containing tryptome broth

2. P17 bacteriophage (30 PFU/cell) in phosphate 0
buffer

3. R17 bacteriophage total lysate (30 PFU/cell)! 0

4. TCGl-t medium containing tryptone broth 30 - 55%

5. Tryptone broth 30 - 55%

6. TCGl-t medium? | 30 - 55%

7. TCGl-t medium (depleted)? 0

8. 19 amino acids't 70%

9. TCGl-t medium with casamino acids omitted 0
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Table 4

Virus production of E. coli 3000 infected with R17 phage. Two
cultures of E. coli 3000 were inoculated with R17 phage (10 PFU/cell)
suspended in either phosphate buffer (10! PPU/ml) or a mixture of
tryptone broth (5 x 10! PFU/m1) diluted with TCGl-t medium to a
titer of 101! PFU/m1l. Two hr post infection samples were withdrawn,
treated with chloroform and phage titer was determined by the

standard agar overlay technique (1).



R17 Bacteriophage
suspended in

Table 4

Early Inhibition

Titer
(PFU/ml)

Phosphate buffer

TCGl-t medium
containing
tryptone broth

1.2 x 1012

1.2 x 1012
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the maturation protein is altered and the viral RNA is then sensitive

to RNase until the nucleic acid enters the host cell (77,118). Thus

it is pbssible to examine the kinetics of eclipsing of phage infectivity
by inoculating virus in the presence of RNase. At various times post
infection samples were withdrawn and assayed for infectious virus.
Using this experimental procedure, virus suspended in ST buffer was
compared with the R17 phage suspension which produced early inhibition.
It was determined that early inhibition did not alter the eclipse of
Rl7'§hage (Fig. 12). Therefore purified virus does not induce early

inhibition, and the agent responsible for early inhibition does not

influence viral infectivity.

2. Host Contaminant

The possibility of some unknown host contaminant being responsible
for early inhibition was eliminated when it was observed that
inoculating an Z. coli culture with a crude lysate containing R17 phage
did not induce early inhibition. Watanabe (108,109) observed early
inhibition when an E. coli culture was inoculated with a crude lysate
of R23 phage obtained by infection of F. coli grown in tryptone broth.
Since tryptone broth was one of the components of the R17 phage sus~
pension which was being studied, crude lysates were obtained by repli-
cating R17 phage in either E. coli 3000 grown in TCGl-t medium or

E. coli 209 grown in a Minimal Salts Medium. When test cultures from
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Figure 12

Effect of early inhibition on the eclipse of R17 bacteriophage.
R17 phage was suspended in either 0,1 M ST buffef (FE) or tryptone
broth and TCGl~-t mediwm () and used to infect E. coli 3000 in the
presence of RNase (50 pg/ml). At various times post infection
samples were withdrawn and éssayed for infective units by plaquing

on E. coli 3000.
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the pulse~labeling experiment described in Fig. 3 were inoculated with

these lysates no early inhibition was observed (Fig. 13 and Table 3).

3. Tryptone Broth and TCGl-t Synthetic Medium

In the work of Yamazaki (116), Watanabe (108,109), and in the
previcus experiments in this paper, early inhibition was always
observed when an F. ¢ol7 culture was inoculated with tryptone broth.
In order to determine if tryptone broth was the agent responsible for
early inhibition, the test culture of the pulse~labeling experiment
described in Fig. 3 was inoculated with tryptone broth and TCGl-t
medium at a concentration equivalent to that of the wvirus suspension.
The results (Fig. 14) showed that in the absence of phage, the media
induced early iInhibition. When tryptone broth and TCGl-t medium were
examined separately, both induced early inhibition in the pulse-
labeling experiment (Table 3).

The cocincidence that both media induced early inhibition was
fortunate since tryptone broth does not lend itself to fractionation
procedures. Drop-out experiments with TCGl-t medium revealed that
inhibition was only encountered when casamino acids were present.
When the test cultures were inoculated with an amino acid mixture
(19 amino zcids 0.1 mM), a 70% inhibition of host protein synthesis was
ohserved (Tzble 3). The data presented in Table 3 shows that early

inhibition was observed upon the addition of TCGl-t medium to
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Figure 13

Infection of E. coli with a crude lysate of R17 bacteriophage.
A crude lysate of R17 phage was prepared from an E. coli 3000
culture grown in TCGl-t medium. The culture was inoculated with the
R17 phage suspension (10 PFU/cell) and incubated at 37 C in a shaking
water bath for 2 hr. At time 0, the test culture (E?) was infected
with the crude lysate (30 PFU/cell). The rate of incorporation of
14C amino acids into hot TCA precipitates was observed with the pulse-
labeling experiment described in Fig. 3 and compared to the control

culture (Q).
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Figure 14

Early inhibition of protein synthesis upon inoculation with
tryptone broth and TCGl-t medium. An E. coli 3000 culture was
divided into conftrol and test cultures. The control culture remained
untreated (control Ei). The trp-TCGL suspension test mixture
received a volume of tryptone broth and TCGl synthetic medium equivalent
to that used to suspend the phage (tryptone-TCGlL @ ). The test culture
(Q) was inoculated with R17 phage suspended in either (a) tryptone
broth and TCGl-t medium, or (b) sodium phosphate buffer. Early

inhibition was observed according to the procedures described in Fig. 3.
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E. coli cells growing in TCGl-t medium. The process of growing the

E. coli culture to the concentration of 2 x 108 cells/ml made a subtle

alteration in the medium. The amino acid concentration had been

decreased by less thaﬁ 1Z but the addition of fresh TCGl-t medium

immediately inhibited protein synthesis in the Z. ¢oli culture by 55%.
The preceding experiments have demonsitrated that infection of

E, colr with R17 phage does not induce early inhibition of protein

synthesis (Fig. 14). The agent responsible for early inhibition has

been identified as tryptome broth (Table 3). Apparently the mechanism

of inhibition involves a subtle alteration in the concentration of an

amino acid(s).

Late Inmhibition

Previous work has indicated that phage infection interrupts host
protein synthesis (38,99), the normal polyribosome distribution (48)
and the synthesis of ribosomal RNA (50). Watanabe (108) studied the
- synthesis of g-galactosidase after infection with R23 bacteriophage, a
close relative of R17 phage. His results showed that synthesis of the
viral synthetase and possibly other viral proteins was required to
inhibit the synthesis of B-galactosidase. Previous work by Iglewski
(55) identified heterogenous pulse-labeled RNA entering the heavy
polyriboscomes during late inhibition. This strongly suggested that

host-specific messenger RNA was transcribed and translated during late
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inhibition. The following experiments demonstrated that the host
messenger RNA specific for B-galactosidase was transcribed and trans-
lated dﬁring late inhibition. Preliminary work in the characterization
of late inhibition verified the inhibition of B-galactosidase synthesis
and showed that the functional half~life of the B-galactosidase

messenger RNA had not been significantly altered.

Messenger RNA Specific for B-galactosidase

The results in Fig. 15 showed the presence of messenger RNA
specific for B-galactosidase in infected cells during late inhibition.
Beta—-galactosidase messenger RNA was induced in infected and control
cells by adding IPTG (isoprooyl-thiogalactoside) at 30 min post
infection. After 5 min the cells were labeled with 3H uridine for
0.5 min. Further incorporation of label was terminated with iced
TCGl-t medium. RNA for hybridization was obtained by phenol extraction
of the control and infected cultures (see Materials and Methods).
Beta—galactosidase m~RNA was specifically identified by hybridization
to ¢80 plac DNA. The defective lysogen ¢80 plac contains virtually
the entire Zac operon (60), since E. coli 3000 is not lysogenic for ¢80
bécteriophage. The RNA extracted from E. coli 3000vwill only hybridize
to the lac operon and not to ¢80 DNA. The results described in Fig. 15
showed that labeled RNA specifically hybridized to ¢80 plac DNA. Thus
messenger RNA specific for B-galactosidase was present in both infected

and control cells during late inhibition.
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Figure 15

Detection of messenger RNA specific for f-galactosidase in R17
phage Infected cells. At the time of infection the test culture was
inoculated with 10 PFU/cell of R17 bacteriophage. Thirty min later
the cultures were induced for B-galactosidase with IPTG. After 5 min
of incubation, the cells were pulse labeled with 3 uridine (10 ucCi/
ml) for 0.5 min. Further incorporation was terminated with iced
TCGl-t medium and chloroamphenicol (200 pg/ml). RNA was obtained by
phenol extraction and hybridized to ¢80 plac DNA (see Materials and
Methodé}: Control culture (Q), R17 phage infected culture (@),

Calf thymus DNA comtrol ([J).
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Synthesis of g-galactosidase Enzyme

In addition to demonstrating the presence of a specific messenger
RNA it is also possible to identify the protein transcribed from this
m-RNA (81). Several of the amber mutants do not lyse host cells since
coat protein is not produced (am Cl6, am B22, and am B24) (119,120).
Using these amber mutants it was possible to observe the accumulation
of p-galactosidase in infected cells without terminating enzymatic
synthesis by rupturing the host cell. E. coli cultures were infected
with these mutants, then thirty min after infection, each culture was
induced for B-galactosidase with IPTG. The results in Fig. 16 showed
that the synthetase mutant am Cl6 did not inhibit the synthesis of
B-galactosidase. Also, am B24 which produced a reduced amount of
synthetase showed only.marginal inhibition. The greatest inhibition of
B~galactosidase synthesis was associated with infection by the mutant
which produced the greatest amount of viral synthetase, am B22. The
results in Table 5 suggest that the degree of inhibition is related to

the translation of the viral synthetase.

Functional Half-Life of B-galactosidase m—RNA

If infection with R17 phage inhibited host protein synthesis
during translation, it was possible that the functiomal half-life of
this messenger RNA would have been altered. Since R17 phage infection

did not completely inhibit host protein synthesis, it was possible to
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Figure 16

Beta~galactosidase synthesis in E. ¢ol? during infection with
various amber mutants of R17 bacteriophage. FE. coli 3000 was
infected with amber mutants of R17: am B22 and am B24 (coat protein
@ and £.);: and am Cl6 (polymerase EE) at 10 PFU/cell; control (Q).
Thirty min post infection the infected and control cultures were
induced for R-galactosidase production with IPTG. Samples were
collected at wvarious times post infection and assayed for enzyme

‘production (see Materials and Methods).
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Table 5

Beta-galactosidase synthesis in E. coli during infection with

various amber mutants of R17 bacteriophage. Data from Fig. 18 and

Philips et al. (82).



Table 5

Defective Synthetase Inhibition of
viral protein B-galactosidase
R17 phage none normal not done
am A31 maturation protein normal not done
am B22 coat protein >normal 60%
am B24 coat protein <normal 10%
am Cl8 synthetase none 0%
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examine the functional half-l1ife of the m—RNA specific for p-galactosi-
dase. This was déne by inducing cells for 1 min with IPTG then removing
the inducer by filtration. The cells were resuspended in medium devoid
of inducer, and samples removed periodically to assay for enzyme
production. By plotting the production of new enzyme against time, it
was possible to determine the rate of degradation of the m~RNA trans-—
lating B-galactosidase (functional half-life). When comparing the
functional half-lives of g-galactosidase m~RNA in infected and control
cells only a marginal inhibition was observed (Fig. 17). This suggested
that inhibition of host protein synthesis did not involve the degrada-
tion of messenger RNA actually involved in the translation of protein

synthesis.

Inhibition of Q8 Phage Production

During infection, R17 phage specific protein synthesis occurs
within a host cell in which the synthesis of host pfoteins has been
impaired (99). It was not known if the R17 phage was only capable of
insuring its own replication in the infected cell or if a similar phage
such as QR phage would have also been replicated. Toranswer this
question, an E. coli $26 culture was superinfected with am B22 at
various fimes after infection with QB phage. After two hr the titer of
_QB phage was determined. The results in Fig. 18 showed that during the
first 30 min of QB infection, superinfection by am B22 inhibited QB

phage production.
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Figure 17

Half-life of functional m~RNA in E. coli 3000 infected wiﬁh SR
bacteriophage. Thirty-five min post infection‘with R17 phage, an
E. coli culture was induced for B-galactosidase with IPTG. The cells
were rapidly filtered on Millipore filters and resuspended in TCGl-t
medium. At various times post infection samples were withdrawn and

assayed for enzyme production (control (O ; R17 phage ).

Il

Emax = Maximum production of f-galactosidase.

Et

B-galactosidase at time of assay.
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Figure 18

Inhibition of final QB phage titer by superinfection with am B22.
lon-permissive (for am B22) E. coli 3000 cells were infected with QB
phage (10 PFU/cell) at time 0. At various times post infection the
OB phage infected cultures were superinfected with am B22 (10 PFU/
cell). After a 2 hr incubation, all cultures were lysed with
chloroform and the final QB phage titer determined by plaque assay
with E. coli 3000. The results are compared to a control culture

which was only infected with QB8 phage.
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In order to determine which viral protein was responsible for
inhibition of QB8 phage replication, host cells were infected with QB8
phage for 5 min then superinfected with mutants of R17 phage. After
two hr of incubation at 37 C, the final QR phage titer was determined
on E, coli S26. In Table 6, an examination of the burst size showed
that QB phage production was inhibited by superinfection with mutants
of the coat and maturation proteins. Inhibition was always observed
if the viral synthetase genome was translated.

In addition to inhibiting the replication of QB phage, the R17
phage particle also competed with the QB phage particle for viral
attachment sites on the host cell. This phenomenon was observed by
inoculating E. coli S$26 cultures with either QB phage or a mixture of
QB phage and am Cl6, a ﬁutant of R17 phage. As iﬁfection proceeded,
szmples were‘withdrawn and the number of QB infected cells was
determined with the standard agar overlay technique described by
Adams (1). The results in Fig. 19 showed that fewer host cells were
infected with Q8 phage when the host culture was inoculated with both
QB phage and am Cl6, the polymerase mutant of R17 phage. The ability
of the mutant of R17 phage to protect host cells from Qf phage infec-
tion is similar to the report by Zavada and Koutecha (117) in which UV

irradiated R17 phage protected cells from infection by viable R17 phage.
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Table 6

The QB phzge-burst size of QP infected cells superinfected with
amber mutants of R17 phage. FE. coli S26 cultures were grown to

2 x 108 cells/ml in tryptone broth and infected with QB phage

(10 PFU/cell), then 5 min post infection these cultures were
superinfected with amber mutants of R17 phage. Samples were
removed at 15 min post infection and the number of infected cells
was determined by plaquing on EZ. coli S26. Total QB phage produc~
tion was determined at 120 min post infection by titering the QB

phage with E. coli S26 in the standard agar overlay technique (1).



Table 6

Superinfecting 0B Bacteriophage

Phage -
Infectious Titer Burst Inhibition of
Centers 108 1011 Size Phage Production

QB 2.6 2.4 935 -

am A31 1.0 2.0 500 467

am B22 2.8 0.16 58 PEYA

am C16 1.5 le2 962 0%




67

Figure 19

Protection of E. coli $26 cells from QB phage iInfection by
simultaneous infection with am Cl6. E. coli S$S26 cultures (2 x 108
cells/ml in tryptone broth) were infected with either QR phage
(10 PF¥U/cell Q) or a mixture of Qf phage and am C16 (10 PFU/cell
each @ ). At various times post infection samples were diluted a
thousandfold in cold tryptone hroth and collected by centrifugation.
The number of infected cells was determined with the standard agar

overlay technique described by Adams (1).
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DISCUSSION

Early Inhibition

Infection of E. coli with R23 bacteriophage results in "early and
lateﬁ stages of inhibition of host protein synthesis (108,109). 1In the
original description Watanabe demonstrated that early inhibition was:

1. Encountered immediately after infection

2. Reversed after 10-15 min with no apparent damage to the host

cell

3. Independent of the expression of the viral genome
Using amino acid pulse-labeling experiments, Yamazaki (116) demon-
strated that the inhibition of host protein synthesis was the result of
an inhibition of amino acid transport into the host cell. Since inhibi-
tion was independent of the expression of the viral genome, it was
assumed that early inhibition was involved in some early stage of phage

infection.

1. Confirmation of Early Inhibition

Yamazaki's (116) basic pulse-labeling experiment was repeated
except a control was added which served as a baseline. In the experi-
ment described in Fig. 3, it was established that during early inhibi-
tion there was a 50% decrease in the rate of incorporation of labeled
amino acids into hot TCA precipitates, and recovery required approxi-

mately 10 min at 37 C.
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Both the Inhibition of amino acid transport and protein synthesis
were verified in polyribosome studies.v Amino acid starvation of an
E. colt culture increased the monomer region without altering the heavy
polyribosomes (Fig. 6); this observation was later confirmed by Ron
(86). An examination of the polyribosome profile immediately after
infection with the R17 phage suspension (R17 phage, tryptone broth and
TCGl-t medium) revealed an increased monomer peak which subsided as
recovery occurred (Fig. 5). This is consistent with Yamazaki's con-
clusion that inoculation of an E. coli culture with the R17 phage
suspension decreased the rate of amino acid transport into the host
cell,

Direct confirmation of the inhibition of protein synthesis was
accomplished by observing the release of 1%C labeled polypeptides from
heavy polyribosomes. Polyribosomes were extracted from infected and
control cultures of E. coli which had been pulse-labeled with 1%C
amino acids, then chased with a hundredfold excess of casamino acids.
Chasing the control culture resulted in a 50% loss of labeled polypep—
tides associated with polyribosomes (Fig. 7a), while in the infected
culture (Fig. 7b) chasing removed 15% of the label from the polyribo-
some region. Therefore, during early inhibition there was a 65%
decrease in the release of nascent polypeptides from polyribosomes
which is in agreement with the pulse-labeling experiment in Fig. 3
showing 50% inhibition of incorporation of iabeled amino acids into hot

TCA precipitates.
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Because of the presence of tryptone broth in the viral suspension,
it could have been argued that the observed inhibition was the result
of a dilution of the specific activity of a lszbeled amino acid(s).

This argument is unlikely, since inoculation of host cells with the R17
phage suspension inhibited the release of *C labeled polypeptides from
the polyribosome region and altered the monomer peak. Both of these
observations are independent of the specific activity of the amino
acids present and are in total agreement with the work of Yamazaki
(110) who demonstrated that a decreased rate of amino acid transport

resulted in an inhibition of protein synthesis.

2. Early Inhibition is not a Function of Viral Infection

Tt is difficult to imagine that attachment of the virus particle
to the F pili, a thin tubular structure protruding from the host cell
(11), can inhibit thé amino acid transport systems located in the cell
membrane, Paranchych et al. (20) offered the hypothesis that there was
a common energy intermediate required for both the transport of amino
acidé and for the alteration of the maturation protein during infec-
tion. Thus the inhibition of amino acid transport was explained in
terms of an "energy crisis" in which altering the maturation protein
depleted the host of the energy intermediate required to transport
amino acids into the cell. Although this idéa was in agreement with

the published data, it did not explain the observation in Fig. 8 in
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which early inhibition was shown to be temperature independent and thus
can be distinguishéd from the temperature dependent eclipsing of phage
activity (20).

Repeated infection with R17 phage (Fig. 10) showed that after
recovery occurred, early inhibition could be induced a second time by
another addition of the R17 phage suspension. In a study of the
alteration of maturation protein Paranchych (20) showed that at 20 min
post infection only 50% of the phage was inactivated when an F, coli
culture was inoculated with R17 phage at 50 PFU/cell. Thus both the
first and second recoveries from early inhibition occurred in the
presence of viable phage. Therefore, it was conceivable that some
component other than R17 phage was the agent responsible for early
inhibition. Support for this hypothesis was obtained when early
inhibition was observed upon the inoculation of F. colz F- and
5. typhimurium with the R17 phage suspension (Table 2). Finally it was
observed that purification of the virus on sucrose gradients removed
the agent responsible for early inhibition (Fig. 11).

The importance of tryptone broth and TCGl-t medium in early inhi-
bition was demonstrated in the experiment described in Fig. 14. Early
inhibition was observed when F. coli cultures were inoculated with
only tryptone broth and TCGl-t medium (suspending medium). The
addition of R17 phage to the suspending medium had no influence on the
degree of inhibition or the time required for recovery, and early

inhibition was not observed when cultures were infected with
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purified virus suspended in phosphate buffer.

Although early inhibition was not a phage function, it was not
known if suspending R17 phage in tryptone broth would affect phage
replication. In order to protect phage infectivity, Yamazaki (personal
communication) suspended purified phage in tryptone broth. However,
R1l7 phage was suspended in phosphate buffer without inactivating
infectious particles (Table 4). Also, an examination of the eclipsing
of infectious phage (Fig. 12) failed to reveal any significant differ-—
ence between virus suspended in either phosphate buffer or tryptone
broth. Finally, infection of F, coli cultures with phage suspended in
either phosphate buffer or tryptone broth resulted in identical yields
of progeny phage (Table 5).

Early inhibition was not observed when the phage was suspended in
either phosphate or ST buffers (Fig. 11 and 14). Since phosphate
buffer did not alter the infectivity of the parental virus or the
yield of progeny phage (Table 4), early inhibition was not an intrinsic
event associated with phage infection or replication. In the works of
Yamazaki (116), Watanabe (108.109) and in all of the previous experi-
ments of this paper early inhibition was alwagys observed when an
E. eoli culture was inoculated with only tryptone broth. The presence
of R17 phage had no influence on either the degree of inhibition or the

time required for recovery.
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3. Possible Mechanism for Early Inhibition

The experiments described in Table 3 demonstrated that both
tryptone broth and TCGl-t medium induced the same degree of inhibition
and required the same recovery time. It was assumed that tryptone broth
and TCGl-t medium Induced early inhibition by the same general
mechanism. Further examination of TCGl-t medium revealed that its
ability to induce early inhibition depended upon the presence of
casamino acids (1.5 mg/ml). This suggested that the presence of amino
acid in the phage inoculum induced early inhibition. This hypothesis
was confirmed when a 70% inhibition was observed upon inoculation of an
E.vcoli culture with a mixture of amino acids.

The data presented in Table 3 showed that early inhibition was
observed upon the addition of TCGl-t medium to an F. coli culture
growing in TCGl-t medium. The process of growing the E. coli cells to
the concentration of 2 x 108 cells/ml made a subtle alteration in the
medium. The total amino acid concentration had been decreased by less
than 1% but the addition of fresh TCGl-t medium immediately inhibited
protein synthesis by 55Z. Apparently the difference between fresh and
depleted medium was due to the subtle changes in the relative concen-
trations of the amino acids.

In #. coli cells group-specific permeases transport amino acids
into the cell (83). TFor example, the neutral amino acids have been

placed into the following groups:



1. alanine, serine, glycine

2. leucine, isoleucine, valine

4, methionine
It has been shown in the case of valine and isoleucine that the altera-
tion of the relative concentrations of these amino acids inhibits
protein synthesis (12,14,15). Further, the addition of large amounts
of the two amino acids does not alter protein synthesis if their
relative concentrations remain the same., It is possible to explain
early dinhibition of protein synthesis as the result of an alteration in
the relative concentration of amino acids in TCGl-t medium when the
E. coli culture was inoculated with tryptone broth. This mechanism of
inhibition of protein synthesis is completely consistent with
Yamazaki's report that dinoculation of am E. coli culture with virus
suspended in tryptone broth resulted in an inhibition of amino acid

transport (116).

Late Inhibition

1. 1Inhibition of Host Macromolecular Synthesis

Since early inhibition is a function of tryptone broth in the
phage suspension, late inhibition is the only form of inhibition of
host protein synthesis associated with phage infection. Sugiyama and

Stone (99) have shown that during late inhibition there is a shift
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from host to viral protein synthesis. At 25-30 min post infection, the
synthesis of g-galactosidase was inhibited 50% (108,109). An examina-
tion of polyribosome profiles during late inhibitfon revealed a
decrease in the heavy polyribosomes and an increase in the monomer,
dimer and trimer regions (48). Iglewski (55) has shown that during
late inhibition pulse-labeled heterogenous RNA enters the heavy pol?—
ribosomes. This strongly suggested that host messenger RNA was synthe-
sized and translated into host proteins during late inhibition.

The hybridization experiment (Fig. 15) demonstrated that during
late inhibition it was possible to induce the infected cells to sy=mthe-
size p-galactosidase specific messenger RNA. Also, this messenger RNA
could be translated into an enzymatically active protein (Fig. 16). It
was possible to demonstrate the inhibition of host protein synthesis by
infecting host cells with mutants which‘did not lyse the cell (99,119).
When these infected cells were induced for B8-galactosidase, it was
observed that the mutants which produced little or no phage synthetase
showed only a marginal inhibition of B-galactosidase synthesis.
Conversely, the mutant (am B22) which produced the most viral synthe-
tase éhowed the greatest inhibition of the production of B-galactosi-
dase. Tnhibition of host protein synthesis required the translation of
R17 phage synthetase genome (53,82,99,108.109). Studies with tempera-
ture sensitive and amber mutants have shown that translation of the
synthetase polypeptide resulted in an alteration of the polyribosome

profile (82) and inhibited:
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1. The incorporation of labeled amino acids into hot TCA
precipitates (53)
2. Ribosomal RNA synthesis {80)

3. OB phage production (Table 5 and Fig. 18)

4. Beta-galactosidase synthesis (Fig. 16)

By using a temperature sensitive polymerase mutant of R17 phage,
Igarashi (53) demonstrated that it was possible to inhibit host protein
synthesis without producing viral RNA. However, the mechanism by
which the phage synthetase polypeptide inhibited host protein synthesis
is still unknown.

From the studies on the functional decay of m-RNA in infected
cells late inhibition is not simply a degradation of m-RNA which was
involved in the translation of host proteins (Fig., 17). Igarashi (53)
has also demonstrated that when host cells were grown in minimal media,
late inhibition of host protein synthesis occurred shortly after
infection and preceded the inhibition of r-RNA synthesis by 30 min.
This suggested that phage infection inhibited protein synthesis, then

through a feedhack control mechanism r-RNA synthesis was inhibited.

2. Inhibition of QB Phage Replication
Sugivama and Stone (89) demonstrated that during infection with
MSZ bacteriophage there is a shift from host protein to viral protein

synthesis. Tt was further demonstrated that this was not a simple
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shift from host protein synthesis. When the Z, c¢ol? host was infected
with a coat protein mutant of MS2 which overproduced viral synthetase,

host protein synthesis was still Inhibited even though the phage coat
protein was not produced (Fig. 16) (99). Thus during phage infection
host protein synthesis was inhibited at the same time that the coat
protein genome was translated.

The experiments with Q8 phage suggested that the tramslation of
the R17 phage genome was a very specific event which occurred during
late inhibition. When QB phage infected cells were superinfected with
am B22, an amber mutant of R17 phage, QB8 phage replication was
inhibited (Fig. 18). This inhibition of Qf phage replication was
associated with the production of R17 viral synthetase. F. coli
cultures which had been infected with QB phage were superinfected with
various amber mutants of R17 phage. An examination of the QB phage
burst size (Table 6) showed that superinfection with am Cl6, the mutant
which does not produce synthetase, did not inhibit QB phage replication.
Conversely, both am A31 (assembly mutant) and am B22 (coat protein
mutant) inhibited QB phage replication. The inhibition of QB phage
production was dependent on the expression of the gencme coding for the
R17 phage synthetase.

The fact that host protein synthesis and Qf phage replication both

were inhibited when the genome for R17 phage synthetase was translated

suggested that the mechanism of inhibition may be the same. If this
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assumption is valid, it is possible that informatfon relevant to the
inhibition of host protein synthesis may be obtained by studying the
fate of QB RNA and coat protein in host cells infected with QB8 phage
then superinfected with the temperature sensitive polymerase mutant of
R17 phage described by Igarashi (53). The possible advantage of this
system is that both Qf RNA and coat protein can be readily identified
on polyacrylamide gels. Also, if an in vitro system were desired to
study the inhibition of host protein synthesis, the QB phage offers
the advantage of already having a well-studied in vitro protein

synthesizing system available.



SUMMARY AND CONCLUSION

Only late inhibition of host protein synthesis is associated with
R17 bacteriophage infection. Early inhibition was encountered after
an F, coli culture was inoculated with tryptone broth. From the
studies with TCGl-t medium and the mixture of amino acids, it is
suggested that early inhibition was the result of a subtle alteration
in the relative .concentrations of the various amino acids. Previous
studies by Cohn (12,14,15) have shown that changing the relative
concentrations of isoleucine and valine results in an inhibition of
protein synthesis. This mechanism of inhibition is entirely consistent
with the data of Yamazaki (116) and Watanabe (108,109).

‘ Late inhibition was quantitatively relatea to the production of
R17 viral synthetase (53,82,90). Igarashi (53) presented evidence
that transcription of the R17 synthetase polypeptide directly or
indirectly inhibited host protein synthesis. This conclusion was also
arrived at by Watanabe (108), who was unable to prevent late inhibition
in constituative mutants of F. coli.

Late inhibition is not an absolute phenomenon. During late inhi-
bition both g-galactosidase messenger RNA and enzyme were synthesized.
Although the total enzyme production was inhibited by 60%, the observed
functional half-life of the message had not been significantly altered.

Superinfection of Q infected E. coli cells with amber mutants of R17
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phage inhibited the replication of Q8 phage. Although a transcription—
al control has not been excluded, it appears that synthetase was
capable of making the subtle distinction between R17 and Q8 viral RNA

and insured the translation of its own genome.
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