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Abstract:

Inhibition of protein synthesis by chloramphenicol (CAP) was completely reversible on bacteriophage
T4 mRNA, nascent peptides, and host E. coli ribosomes after removal of CAP. This was established by
using T4D w.t. and T4 amber mutants amB17 and amN54 with density gradient polysome analysis and
polyacrylamide disc gel electrophoresis.

The mRNA continues to code for protein synthesis after transient treatment with CAP. This finding
was demonstrated by first treating T4 infected cells with rifampicin to prevent further mRNA synthesis,
which was followed by treatment with CAP to inhibit protein synthesis. The CAP was subsequently
removed and the utilization of mRNA which had been formed prior to rifampicin treatment was then
tested by observing the rate of C*14-arginine incorporation. This incorporation increased steadily
during the first 10 minutes after CAP removal, but 20 minutes later its rate had declined only slightly.
This result indicated that CAP treated mRNA remained functional and continued to code for protein
synthesis after removal of the antibiotic.

Messenger RNA-ribosome complexes which are subjected to CAP treatment do resume protein
synthesis after removal of the antibiotic. Nascent peptides labeled with C*14-leucine were trapped in
the polysome region of a sucrose density gradient if CAP was added to T4 infected cultures. With these
cells C*14-leucine could be chased out of the polysome region when C*I2-leucine was added after
CAP was removed. Eighty-five percent of this label was removed from this region in a 10 minute chase
indicating that ribosomal movement and function have been restored.

Nascent peptides are completed and form normal head coat protein after transient treatment with CAP.
This was demonstrated on polyacrylamide gels by the appearance of the head coat protein band when
labeled nascent peptides in CAP treated cells were completed after the removal of CAP to form normal
head coat protein.

This was demonstrated by a second method: incomplete head coat peptides of cells transiently treated
with CAP were chased into the protein aggregate region of polyacrylamide gels . Therefore, nascent
peptides in CAP treated cultures are completed and released normally after removal of the antibiotic.
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ABSTRACT

Inhibition of protein synthesis by chloramphenicol (CAP) was
completely reversible on bacteriophage T4 mRNA, nascent peptides,
and host E. coli ribosomes after removal of CAP. This was estab-
lished by using T4D w.t. and T4 amber mutants amBl7 and amN54 with
density gradient polysome analysis and polyacrylamide disc gel
electrophoresis.

The mRNA continues to code for protein synthesis after transient
treatment with CAP, This finding was demonstrated by first treating T4
infected cells with rifampicin to prevent further mRNA synthesgis,
which was followed by treatment with CAP to inhibit protein synthesis.
The CAP was subsequently removed and the utilization of mRNA which
had been formed. prior to rifampicin treatment was then tested by ob-
serving the rate of Cl4-arginine incorporation. This incorporation in-
creased steadily during the first 10 minutes after CAP removal, but 20
minutes later its rate had declined only slightly, This result indicated
that CAP treated mRNA remained functional and continued to code for
protein synthesis after removal of the antibiotic.

Messenger RNA~-ribosome complexes which are subjected to CAP
treatment do resume protein synthesis after removal of the antibiotic,
Nascent peptides labeled with cl4-leucine were trapped in the poly-
some region of a sucrose density gradient if CAP was added to T4 in-
fected cultures. With these cells C**~leucine could be chased out of
the polysome region when Cl2-leucine was added after CAP was re-

- moved. Eighty-five percent of this label was removed from this region
in a 10 minute chase indicating that ribosomal movement and functlon
have been restored.

Nascent peptides are completed and form normal head coat pro-
tein. after transient treatment with CAP, This was demonstrated on
polyacrylamide gels by the appearance of the head coat protein band
when labeled nascent peptides in CAP treated cells were completed
after the removal of CAP to form normal head coat protein.

This was demonstrated by a second method: incomplete head
coat peptides of cells transiently treated with CAP were chased into
the protein aggregate region of polyacrylamide gels. Therefore,
nascent peptides in CAP treated cultures are completed and released
normally after removal of the antlblotlc




INTRODUCTION

Chloramphenicol
.Ever since its discovery in 1947, chloramphenicol (CAP) has
eluded the biochemist in his attempt to understand its mechanism of
action. Since chloramphenicol was found to inhibit effectively .protein
synthesis in bacteria (1,2,3), its common use in molecular biology as )
biochemical tool madé it desirable that its action be understood in
precise molecular terms. The problem has been studied imaginatively

by many workers.using various bacteria, principally Escherichia coli.

Despite thege efforts its mechanism is rather poorly understood, per-
haps ‘because it acts on the complex 508 ribosomal subunit of bacteria
(4,5,6,7,8).

Chloramphenicel does not interfere with amino acid activation (9)
nor with the esterification of transfer ribonucleic acid with these ac-
-tivated amino-acids (10). It does not inhibit binding of amino acyl-
tRNA to ribosomes (11,12,13,14) nor the binding of messenger
ribonucleic acid (mRNA) to ribosomes (7,15,16,17,18).

In vitro studies with Cl4—C'AP have demonstrated a weak but
stereospecific binding to 708 ribosomes .(19,13). This binding was on
the 508 ribosomal particle and was readily reversible (4,20,13). A 1:1

equivalence between the number of ribosomes and the number of bound

CAP molecules suggested the presence of only one binding site for




CAP (13). Other workers find the 1:1 equivalence at concentrations
below 50 ug/ml CAP but show binding of approximately two molecules
of CAP/ribosome at 200 ug/ml (5).

Analysis of lysine peptides from a CAP inhibited polyadenylic
. acid in vitro protein synthesis system indicated the formation of larger
peptides (4-11 lysine residues) was inhibited (21). This was extended
when it was shown that nascent peptides did not form on E. coli poly-
somes. in the presence of CAP (5,17). These results have been inter-
preted to mean that CAP directly blocks some step.in peptide bond
formation.

The antibiotic puromycin, because of its structural resemblance
to aminoacyl~tRNA, enters the aminoacyl site of ribosomes and be-
comes incorporated into the growing peptide chain. This causes the
“release of the puromycin-polypeptide chain. from the ribosome. Many
workers have found CAP to inhibit this reaction (22,23,24,25,26) and
have argued that CAP inhibited the ribosomal peptidyl transferase re-
action. Careful analysis of the effect of guanosine triphosphate (GTP)
in a similar system caused Weber and DeMoss (27) to reject the
peptidyl transferase reaction as measured by the puromycin. induced
. release of peptides from tRNA, but rather inhibited some step in the
peptide synthesis cycle prior to this reaction.

When amino acid auxotrophs of E. coli Ee_i(RCSt) were starved

for required amino acids RNA synthesis stops and the polysome region




_in sucrose density gradients was found, to be reduced (18) or entirely
. depleted (16). The addition of CAP after étarv_at_ion in B_e_lj/cells re-
generated normal sedimenting polysomes: in one minute, whereas 8410
minutes were. required for an. equivalent regeneration wheﬁ the required
amino acid was added to starved cells in the absence of CAP:(16).

Gurgo, Apirion, and Schlessinger (28) suggest that CAP un-
couples ribosomal movement from peptide bond fermation because.it
allows the continued formation of polysomes in the absence of protein
synthesis. Other workers have demonstrated. that Cl.4—labeled nascent
peptides initiated in. the absence of CAP were not chased off these
. polysomes during a 90 second. chase With Clz—amino acids in_‘the pres~
ence of CAP _(17‘). Furthermore, CAP génerated polysomés in R_él_+
amino acid starved cells did not contain néscent peptides. (16), The
results of Weber and DeMoss and of Morris and DeMoss were con-
firmed. and extended to show that CAP proemoted 50S and 30S ribosomal
subunits into bolysomes , and that CAP generated polysomes did net
possess nascent peptides 5 minutes afte’r the removal of the antibiotic
(18),, However, aftér 25 minutes, large amounts of nascent peptides
were present in this polysome ref_jién. |

Analysis .of nascent peptides on E. coli polyso‘me.s to. resolve the
above controversies have encodntéred serious difficulties. Treatment
of E. coli with CAP allowed continued RNA synthesis and an accumula-

tion of CAP particles (29). These particles were completed .and became
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functienal after the remox;'al‘ of the antibiotic. 'I“her,e-fei’e , aﬁyv lab,eIed'
.amino acids added after CAP removal can beceme 1ncerporated inte
ribosomal protelns used to complete the CAP partlcles“ Tl"lese: 1—ab~el‘ed"
.ribesomal proteins would obscure nascent peptlde protein. synthesis ’
Although well defined,. the polysome regien of E. coll lacks a predem—
_1nant species..of mRNA during growth which would code for a single
- predominant protein. In general; E. coli polysomes. have not been use-
ful teols in the study of the_ mechariésm of action of CAP.
The use. of bacteriophage T4 'ci“rcumvents ,seme of.these difficul-
ties and was used in these studies. to contribute. te. knewledge about
the mechanism of action of CAP, 'Spe,cificallﬂ/ examined were. £he fate

of ribo_;so_ines , mRNA, and nascent peptides after transient treatment

with :GAP .

Ratmnale

When the phage T4 infects a host bacterlum several character—
istic events occur. After 1nJect10n of the viral B DNA ne further h@»st
DNA or RNA synthesis occurs. (30, 31) Synthe51s ef hest protein and
ribosbmes. is also stepped. shertly after pha,ge:- 1nfe_ctlen (32). Thus,
-one is allowed to treat T4 infected:E. coli with CAP and not. induce the -
formation of CAP particles. The fate of ribesemes, mRNA.and nascent
. peptides can now be studied ,by,.pelysome'-. analysis on su’crose density

gradients.
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© Cells infected with bacteriophage T4D produced polysomes near‘
the end of the eclipse period in the phage. intracellular life cycle.
These polysomes were observed as a peak migrating in density gradi-
ents at 280S.(33). Chymotr,ypti.c‘cleavage.of the. isolated nascent pep-
tides found in this peak.revealed that the major product .Was from
phage gene 23 (34). The gene 23 product (P23) (35) was shown to be |
the major head coat protein. of mature T4 (36).

' It was found that the head coat protein of T4 made up. 85% of the
tot;dl phage protein (37), and that 60-70% of protein synthesis occur-
ring late in the. phage life cycle was devoted to production of this pro-
duct.(38). Consistent with this was the finding that the magnitude of
the 2808 polysome peak increased with increasing time. after infection

_until a maximum was reached late in infection (34,39). |
It was therefore possible to study a pelysome, region which pos~
sessed. a well defined peak responsible for the synthesis of the majlc‘a-r
phage protein which itself was well characterized. |
P”ha‘ge proteins, specifically P23, were assayed by disc gel
' électrophoresis. (40,41, 42,43) and autoradiography (40,41). This
. allowed rapid high resolution analysis of phage. proteins by staining or
by. their incorporated radioactivity (44). Amber m_uténtg of T4 (45,46,
47) were used to establish gene function With discfete proteins. on poly-

.acrylamide gels (40,41) . The protein P23 was found to be the major
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.radioactive band in these gels during late.infectioen and was monitered

with relative ease.
In conclusien, the use of bacteriophage T4 to study:the mechan-

ism of action of CAP eliminated many problems which developed in. in

vitro E coli studies. The advantages.included: ne new host ribosome .

‘synthesis after infection and therefore no CAP particles, a well de-

fined polysome region which synthesized principally the phage head
coat protein, and polyacrylamide analysis of this coat protein. There-

fore,. it was possible to determine the fate.of mRNA, ribesomes and

.nascent peptides after treatment and removal of CAP.




MATERIALS AND METHODS

Bacterial and Bacteriophage Strains

The bacterial strains used were Escherichia coli B wild type
(w.t.), which is a restrictive host for T4 amber rﬁutants , Obtained
from Dr. P, D. Skaar, Montana State University, Bozeman, Montana
and.E. coli CR63, which is a suppressor host for T4 amber mutants,
obtained from Dr. G. Streisinger, University of Oregon, Eugene,
Oregon.

The phage strains used were T4D w,t. and amber mutants
T4amB17 and T4amN54. All were obtained from Dr. G. Streisinger,

University of Oregon, Eugene, Oregon,

Media and Supplements

-All media and supplements were sterilized in an autoclave for 20
minutes at 15 pounds pressure unless otherwise. indicated. Final con-
centrations.are given in grams (g) or milligrams (mg)/liter (1) of dis-

tilled water unless otherwise indicated.

M9 minimal (M9): NaZHPO4,5.9 g: KI—I2P04, 3.0q: NH4Cl, 1.0g;

MgSO4—7 HZO’ 0.25 g; .glucose,4.0g; L-tryptophan, Zémg; PeClB, 2.7 mg.

All experiments employing 014—i‘sotopes with T4 were conducted in M9

minimal: media.




M9S: Same as M9 media, except that the organic combounds .

glucose and L-tryptophan were.omitted. M9S was used in serial dilu-

tions of T4 for determining phage titers.

Nutrient broth (NB): Bacto Nutrient Broth, 10g; NaCl, 5 g

: 0
Nutrient agar (NA): Bacto Nutrient Broth, 10 g; Bacto-Agar,.12g;

NacLﬁg.

Top layer agar (TL): Bacto Nutrient Broth,10 g; Bacto-Agar,7 g;

NaCl, 5g.

Chloramphenicol (CAP): This was a gift from Parke Davis Co.
and was used in 2 mg/ml stock sblutions. This unaufoclavéd solution

was stored at 4°C and replaced at least once p:er' month,

Rifampicin (RIF): This is a macrocyclic antibio’tic used to inhibit
DNA dependent RNA polymerase. (48,49). Unautoclaved 2 mg/ml stock
solutions were stored at 4°C in the dark,

L-Arginine (C;z—arg): 2 mg/ml stock solutions used in 014—

1
arginine experiments, '

L-Leucine (Clz—leu): 2 mg/ml stock solutions used in 014-

leucine experiments,

Uracil (.Clz—uracil): 2 mg/ml stock solutions used in 014—uracil

experiments.




Bacterial and Bacteriophage Stock Preparation

Bacterial strains: E. coli B and CR63 were grown and stored at

.4°C on NA slants . Cultures were transferred to new slants once per

month to ensure rapid growth of the overnight M9 minimal cultures.

Baqteriop'hage strains: Phage stock solutions were obtained by
8

growing E. coli B to 5X10° cells/ml at 37°¢ and infection with T4D
w.t. at a multiplicity, of infection (MQOI) of 5. Five rﬁinutevs after in-
fection thesé cells were superinfected with a multiplicity of superin-
fection. (MOSI) of 5. Aeration at 37°C in.a New Brunswick gyratory
incubator shaker was éo‘ntinued for 4 hours when ‘l ml/1 of chloroform
was .ad'ded. The éuspension was _theh thoroughly mixed, and . allowed
to stand for 15 minutes at 4°¢., Tﬁe bacterial debris from this lysate
was removed by spinning in sterile centrifuge tubes for 15 minutes at
5000 rpm (4080Xg) in the Sorvall centrifuge GSA rotor at 4°C. This
supernatant was placed into new s;cerile centrifuge tubes. and sbun for
20 minutes at 5000 rpm in.the same rotor. This supernatént was care-
fully decanted and stored at 4°C over chloroform and -had én_ initial
titer of 2-8%10'0 T4D/m1.

Th!esa phage stock solutions were .concentratedyfurther when nec-
"essary, by pelleting at 12,000 rpm (21,500X g) for 60 minutes in the
Sorvall GSA rotor at 4°C. The .supernatant was decanted and the pellet

covered with 5ml of cold LB:buffer and allowed to dissolve for 12 hours

in the cold. The insoluble debris was removed by a final low speed
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spin. The .opalescent supernatant was. titered and diluted to a working

1 T4D/ml. This stock preparation maintained

concentration. of 2-4X 10
a stable titer for up, to 12 months.

The preparation of T4 amber mutant stock solutions was. identical
to the preceding 'methdg except that E. coli CR63 was-used: in:place of

E. coli B and these cultures were allowed to grow for 8 hours with

aeration at 3 7OC .

. Bacteriophage Assay

Phage titers were determined by the agar overlay method (50).
Sterile, 10 cm petri dishes were filfed with 20 ml of NA. When these
solidified they were dried at 37°C for at least 12 hours. Two and one-
half ml of soft 45°C TL agar was inoculated with 0,20 ml of a 5Xl'08
cells/ml culture of E. coli B for-titering T4D w.t. or E. coli CR63 for
.titering T4 amber mutants. Phage serial dilutions were made with
0.1 ml of the appropriate dilutien added to the T]'_; agar containing the

host bacteria. This TL agar was mixed and. poured onto the NA plates.

When it had hardened, the plate was detveqloped at 37°C for 12 hours.

Growth Temperatures

The preparation of phage stock solutions, growth of overnight cul-

tures ,. and phage titrations was carried out at 37°C. All other studies .

were conducted at 30°C in order to slow phage intracellular develop-

ment, thus-allowing more time to perform experimental procedures. At




11
8'OOC . spontaneous host lysis did not begin until 40 min after infection

Jin M9 minimal media.

One Step Growth Curves

These were carried out according to the method of Ellis and
Delbriuck (51), except that the'culture.samples were treated with -
chloroform to lyse the bacteria in which phage endolysin was bking
formed (52). Each sample was serially diluted.in M9S and titered by

the agar overlay method.

Biochemicals , Reagents, and Supplies

Hydrochloric acid: Reagent grade; E. I. Dupont Company.

Glacial acetic acid: Reagent grade; E. I. Dupont Company.

Trichloroacetic acid: Analytical reagent; Mallinckrodt Chemical

‘Works.
Sucrose: Mann Ultra Pure: Mann Research Laboratories, Inc.

Yeast RNA: Yeast nucleic acid; Mann Research Laboratories,

Inc.
PPO: 2,5—Diphen.ylaxozale; Packard Instljument Co., Inc,
Hyamine: Hydroxide of hyamine 10X; Packard Instrument Co.,
Inc.

Lysozyme: Egg white, 3X crystallized; Sigma Chemical Com-

pany.
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Trizma: Trizma Base, reagent grade; Sigma Chemical Company.

DNase I: Deoxyribonuclease, RNase free, 2150 U/ml; Worthington

Biochemical Corporation.

RNase B: Ribonuclease, chromatographically pure; Worthington

RBiochemical Corporation.
X-ray film: 8" X10", NS54T; Eastman Kodak Co.

Kodak liquid developer: Eastman Kodak Co.

Kodak liquid fixer: Eastman Kodak Co.

Millipore filters: HAWP, nitrocellulose; Millipore Corporation.

Radioisotopes

The following Cl4—isotopes were obtained in 50 uCi lots from
Amersham-Searle Corporation, They were diluted to a working concen-
tration of 1 uUCi/100 ul with glass distilled water and stored frozen

when not in use.

L-Arginine-Cl4(U) (C.l4—arg): 312 mCi/mM.

L-Leucine=Cl4(U) (014—leu): 312 mCi/mM.

Uracil-2-14 (014—uracil): 52.5mCi/mM.

Buifers
The following buffers were made with glass distilled water which

was house distilled water redistilled in a water distillation apparatus.
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The pH of these buffers was adjusted using glass distilled
hydrochloric acid which was the middle third distillate of a 1:1 dilu-
tion with glass distilled water of reagent grade hydrochloric acid.
These buffers were treated with 2 drops/1 of a bentonite suspen-
sion for 2 hours. This colloid was known to bind RNase and was

therefore used to remove this enzyme from the buffers.

B: Trizma base, 12.1l1g; KCI, 3.72 g; Mg(OAc), , 2.359g. These
crystalline compounds were dissolved in | liter -water and the pH
adjusted to 7.8 at 4°C. After treatment with bentonite, this buffer was
filtered with HAWP Millipore filters into heat treated reagent bottles

and stored at 4OC.

LB: Trizma base, 12.11g; NaCl, 5.84g; Mg(OAc),, 2.16g. This

2 I

buffer was treated and stored_ the same as Buffer B above.

Ribonuclease Removal

Ribonuclease (RNase) was removed from experimental hardware
by two methods: heating for 2 hours at 210°C in a hot air oven or auto-
claving for 15 minutes at 15 pounds pressure. RNase was removed from
buffers by adding 2 drops/] of a bentonite suspension which was re-
moved by filtration through Millipore filters.

This procedure was. particularly important in polysome analysis
because any residual RNase on glassware or in buffers contributed to

the 708 ribosome regions by degradation of mRNA—ribosome complexes.
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. Generél Experimental Procedure

An ‘overnight culture of E. coli B was diluted 1:10 with pre-
warmed M9 and. aérated gently at 30°C in a New Brunswick metabolyte
water bath shaker. The optical density (0O.D.) of tﬁis culture .was
measured, periodically with a Bausch and Lomb Spectronic 20 spectro-
photometer at 525 mu until 0.200.D. was reéched (approximately
2 x10° cells/ml) .

These cells were infected at O.D. =0.20 with T4D w.t. or T4
amber mutants at an MOI=5 and after 5 minuteés superinfected W1th an
MOSI=5. This culture was divided into 10 or 20 ml aliquots andu
aerated at 30°C until 15 or 20 minutes after infection. Carbonl4-
isotopes were added at these times since the synthesis oflhead coat
protein (P23) 'was. occurring at a near maximal rate and 20 minutes still
remained in the phage intracellular life cycle before sponianeous lé/sis
'began. One-half or one.MCi aliquots, of Cl4~arginine or dlg—leucine
- labeled these. infected cells adequately during a one minute. pulse.
This produced a well defined polysome region.

The antibiotics RIF and CAP were used at varying times after in-
fection.but alwayé at concentrations where mRNA or protein synthesis
were completely inhibited. Whenever 014—isotopes or CAP were re-
moved from these cells one of two methods was used: a 1:100 dilutien
of cells with prewarmed M9 or by pelleting the cells at 8000 rpm for 5

_minutes in the Sorvall S§8-1 rotor. These cells were chilled-before =
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centrifugation. to. 0°C with one~half volume of ice and were resuspend-
ed in prewarmed. M9.to continue the experiment.

14 14 14 . .
Carbon™ -arginine, C” =leucine, and C" -~uracil were effectively
chased with 50 ug/ml of the unlabeled corresponding compound, Cell
growth was stopped by pouring the cells over one-half volume of ice

and pelleting them in the Sorvall centfifuge.

Cell Lysis Procedure

All steps in this lysis procedure were carried out at 0-4°C un-
less otherwise indicated.

.The supernatant from pelleted cells was poured off and any re-
maining droeplets wiped from the upper half of the centrifuge tubes.
The, remaining cell pellet was resuspended with 0.7 ml cold LB:buffer
and then quantitatively transferred to. heat treated 12 ml conical cen-
trifuge tubes.

Egg white lysozyme (1.2 mg) was added in 0.3 ml of LB buffer
along, with 4 ug of deoxyribonuclease (DNase I). These cells were
frozen. in a —9OOC alcohol bath, thawed for 30 minutes.in an ice-water
bath, heated to 30°C for 2 minutes and then chilled to 0°C. This‘
freeze—thaw_.:creatment was repeated. These lysed cells were immedi-
ately layered on sucrose densify gradients with heat treated 1 ml sero-
logical pipettes, or made 8M with respect.to urea by adding 0.48 g of

crystalline urea to the cell lysate as the experiment.required.
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This lysis procedure was used for all T4D studies except for
amber mutant T4amN54 which was lysed by three cycles of freeze-
‘thawing without heating to 3OOQ for 2 minutes. These lysed cells were
spun at 4°C for 30 minutes. at high speed in the #221 swinging bucket
head of the International clinical centrifuge. ‘This supernatant wasy

then carefully layered on 15-30% sucrose gradients.

Ribonuclease Treatment

A classical method in characterizing polysome material -
found sedimenting faster -than 708 ribosome monomers in a sucrese
density gradient, is to demonstrate their sensitivity to low levels of
RNase (53). If this fast sedimenting material represents polysomes it
is degraded and found as a large peak in the 7QS region of a density
gradient. The cell lysate in these studies was treated with 2 Ug/ml
RNase B for 10 minutes at 30°C. This lysate was.immediately chilled

to 0°C and layered on sucrose gradients.

Sucrose Density Gradient Procedure

Preparation: Sucrose solutions of 15, 30 and. 50% (w/w) were
made by adding 150, 300 and 500 g respectively of sucrose to make one
- kilogram solutions. These were storeq in. sterile reagent bottles in the
4°c cold.room. where they were formed into.linear gradients. The ._graé—'_'\
dients were constructed by adding 0.5 ml 50% sucrese to the bottom of |

Spinco sw25.3 roter cellulese nitrate centrifuge tubes, then layering a
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- linear 13 ml, 15 to 30% (w/w) sucrose gradient into these tubes. The
gradients were made up at least six hours prior to centrifugation se

that slight density irregularities could equilibrate.

- Centrifugation: One ml of cell lysate was carefully layered onto

these gradients with heat-treated 1 ml serological pipettes. They were
spun 2.25 hours at 25,000 rpm in the Spinco L-2 ultracentrifuge sw25.3
rotor. At the conclusion of the run the roter was allowed to step with
the centrifuge brake in the OFF position. The centrifuge buckets were

removed from the roter and stored in a refrigerator until fractionation.

Fractionation: Sixteen drop,'fractions,of ‘the sucrose density

gradient were collected in heat-treated 12 X150 mm tubes with a drop~-
counting fraction collector by puncturing the bottom of the gradient’
tube, During fractionation the gradient was held in a 4°¢c Ceoling

jacket.

Precipitation and Plating Procedure for Density Gradient Fractions

Carrier yeast RNA (1 m_g/gradient fraction) was added. to each
fraction, theroughly mixed, and chilled to 0°C. Three~fourths ml of
cold 10% trichleroacetic acid (TCA) was added to each fraction, mixed,
and the resulting precipitate allowed to floculate at 4°C for at least
- 30 minutes.

The precipitate from each fraction was collected on Millipore

filters using a 30 sample Millipore manifold. These filters were
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washed, twice with 2-3 ml of 5% TCA in order to wash.out all unprecipi- °

fatgd, radioactivity.

These filters were mounted on copper discs which were_placed
.in disc holders, dried for 10 minutes at 16000, allowed to cool to room
temperature and counted in a Nuclear Chicago low background plan-

chette counter.

Acidic Polyacrylamide Urea Disc Gel Electrophoresis

These procedures were carried out according to the methods of
Davis (42) with the following modifications. Acidic polyacrylamide
gel procedures and solutions were adopted from Reisfield (54) and.the

_incorporation of 8M urea into these. gels from Hosoda and Levinthal

..(40). After separation of the T4 proteins, followed by staining and de- -

staining, these gels were sliced. longitudinally and dried by the meth-

‘ods of Fairbanks (44).

~ Liguid Scintillation Counting of Polyacrylamide Gels

The separation gel p'ortion}of polyacrylamide gels containing - !
‘Cl4—is‘otope_,to be assayed by liquid scintillation counting were sliced
_into 0.5 cm lengths. immediately at the conclusion of electrophoresis
~without fixing in 7% acetic acid or staining the protein. Each fraction
was placed in a 12 XlSO mm Pyrex tube and finely ground with a hemo-
genizer. One miilliliter of hyamine protein solubilizer was added to

each fraction and allowed to stand. for 12 hours.to extract all possible
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. protein, These hyamine ,s-éli;-tions were placed in ,viais with 10 ml of
scintillation. fluid confétinir{é 507 ml toluene, 415ml absolute eth‘énol,
77 ml formémide , and. 2".9"g PPO/liter. These samples were counted in

-a Nuclear Chicago liquid scintillation spectrometer.

. Autoradiogram Technique

Auteradiograms of'Cl_4—T4 prot_ei’r‘lsl ‘were made by drying the. poly-
acrylamide gelsl according to the m'etll'.lodic; of Fairbanks (44) .and, placing
. these flat, dried gel slices in X—ray‘film containers. The X-ray film
was exposed to the CM—isotope in..tﬂe dried gels for varying lengths of
-time, but commonly fer 24 hours when 1 uCi 'Cl4—leucine was pulséd, for
. Iminute into 20 ml of T4 infected E. coli B -at 30°C.

T'hese‘.fi.lms were developed with Kodak liquid developer for 4
minutes and.development stepped with dilute acetic acid tfeat‘ment for
Iminute. The films were fixed with Kodak liquid fixer for 10 minutes,

soaked in distilled water for 30 minutes, and air dried.

Terminelogy

Polysome: In this manuscript the térmpolﬁome sis applied to ma-
terial sedimenting faster than 708 -ribosomal monomers. in sucrose
density gradients. It was considered to contain.ribosemes held to-
gether by mRNA (55,56,57) which can be degraded. with pancreatic

_ribonuclease (RNase) for‘rn%:‘tng free 708 ribosomes but not degraded with

proteinases or DNase (53). The site of cellular protein. synthesis was




20

éonsideredjto be. the polysome because '014—amino acids could be
-pulsed into it and thén chased out with Clz—amino acids during protein

synthesis.

Amber mutants: These are mutations in T4 which cause polypep-

tide chain termination prematurely. They are the result of a base
mutation which converts an amino acid specifying cedon: into the base

. sequence UAG, which signals chain termination. |




EXPERIMENTAIL RESULTS

Effect of CAP and RIF on Mature Phage Formation

The continued growth of bacteria after a brief treatment with CAP
has been extensively studied (58,59,60) but little is known about the
reversibility of processes in phagg infected bacteria. The first step in
the present studies examines the sensitivitity of the phage growth to
CAP and RIF and the kinetics of phage formation after transient anti~
biotic treatment.

The data indicated in Figs.l and 2 show that formation. of mature
phage was completely inhibited by 8 ug/ml CAP or 40 ug/ml RIF. These
inhibition curves were used to select antibiotic concentrations where
the bulk of protein synthesis and virtually all the mature phage forma-
tion were inhibited.

The effect of 50 ug/ml CAP on phage production was completely
reversible (Fig. 3). By contrast, the effect of 50 ug/ml RIF on phage
production was irreversible (Fig. 4). No recovery in phage production
was found when RIF treated cells were diluted 1:100 iﬁto fresh pre-
warmed M9 media, or wHen. RIF was retained in the cultures throughout .

the experiment,

Effect of CAP-on T4 Polysomes

Inferences regarding the effect of CAP on polysomes and their

constituents (ribosomes, mRNA, and nascent peptides) could not be
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made from the preceding experiments. By using the T4 system, the
following questions could be posed: is mRNA allowed to code for fur-
ther protein after CAP inhibition; do transiently inhibited ribosemes
continue to synthesize protein; do nascent peptides complete normally
after removal of CAP?

Rapidly sedimenting polysomes were found in 15-30% sucrose
gradients when T4D infected E. coli B were lysed néar the end of the
eclipse period (33,34). This polysome. region contained a relatively
homogenous, well defined. peak at gradient fractions 10~15 as detected
by 01,4—labeled nascent peptides (Figs. 5, 13) or 014-.labeled mRNA
(Fig.9). This polysome region was extremely labile to low levels of
RNase B and was moved from gradient fractions 10-14 to fractions
21-22 which reéresented free 708 ribosomes (Figs. 5, 7,9, 14). The
presence of 708 ribosomes in fractions 21-22 was verified by sedi-
menting purified 708 préparations into 15-30% sucrose density
gradients.

Quantitative differences in reference polysome peaks resulted
from varied lysis procedures with egg white lysozyme (Fig. 6). Two
cycles of freeze~thaw lysis resulted in a smdll polysome peak, while
two cycles of freeze~thaw: lysis with two minutes of heat at 30°C dra-
matically incréased this peak. Howevér, when this heating was in-
creased to four minutes, degradation of polysomes and the appearance

_of a 708 peak occurred.
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‘When Cl4—arginine was pulsed into T4D w.t. polysome peaks
(Fig. 7), then chased for 10 minutes with 10 ug/ml Clz—arginine, an un-
unexpected result was found. Instead of being readily. removed, the
014—lev¢l in.the peak was increased dramatipally, as compared to the
I minute 014—arginine pulse. The unchased polysome peak was com-
pletely sensitive to RNase (Fig. 7), while the chased peak was en-
tirely RNase resistant (Fig. 8). Thus, T4D polysome 014—nascent
peptides were chased into an RNase resistant peak which was super-
imposed on the RNase sensitive polysome peak in the density
gradients (Fig. 8).

Only a small amount of 014—uracil was incorporated into mRNA in
-the presence of RIF. This was demonstrated with a culture containing
100 Yg/ml RIF with a 5 minute Cl4—uracil pulse (Fig. 9). The Cl4—uracil
incorporated into this polysome region both in the absence and pres-
ence of RIF was entirely RNase sensitive. Since RIF effectively
stopped synthesis of mRNA, it was used to examine protein synthesis
directed by mRNA made previous to the transient treatment with CAP in
order to answer the following question. Is mRNA allowed to code for
further protein synthesis after removal of CAP?

When 014—ar‘ginine was added at 1, 10, and 20 minutes after the
removal of RIF from cultures, a steady loss in.'CM—incorporation with
increasing time was observed (Figs. 10, 11, 12). After 20 minutes, no

014—arginine was found in.the polysome region. When cultures were
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treated with CAP and RIF the labeled polysome pattern was very differ—
ent (Figs. 10, 11, 12). Ihcorporation of isetope in these polysome re-
gions (Figs. 10, 11, 12) increased for 10 minutes after removal of the
drugs. While a slight drop was noted at 20 minutes (from 63% to 54%),
a large gmount of activity remained. A summary of data from this ex-
periment is found inl Table I of the discussion.

The infection of E. coli B with T4amN54 produced a polysome
region with distinct differences from T4D w.t. (Fig..13). A separate
species of polysome was seen at gradient fraction 4 along with the
major polyseme peak at fractions 10-14. When this 014—lecuine labeled
polysome region was chased for 10 minutes at 30°C with 50 ug/ml
Clz—leucine, virtually all of the radioactivity was moved into the
supernatant region of the gradient (Fig. 14). This polysome region was
also completely sensitive to RNase.

Polysome analysis of T4amN54 infected cultures allowed exami-
nation of the following question; do CAP inhibited ribosomes in mRNA-
ribosome complexes continue to synthesize protein after removal of
CAP?

These infected cultures were transiently treated with 50 ug/ml
CAP and then chased with 50 ug/ml Clz—leucine with the following re—
sults. After a 10 minute chase 85% of the CM—leucine was chased out
of the CAP treated polysome region (Fig. 13). This was increased to

97% after a 20 minute chase.
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The results from the RIF treated cultures indicated that mRNA
made prior to CAP treatment can be used in coding for protein synthe-
sis after removal of CAP, The finding that nascent peptides are
chased out of the T4amN54 polysome region when CAP was removed
indicates that ribosomal movement continues, and implies, but does

not prove, that the nascent peptides are released normally.

Effect of CAP on T4 Head Coat Protein

The preceding experiments did not provide convincing evidence
that transiently inhibited nascent peptides formed completed phage
protein after removal of CAP. The analysis of T4 proteins on poly-
acrylamide gel electrophoresis was undertaken to answer this®
guestion,

The proteins of T4 have been separated and many have been
identified as to gene function by subjecting T4 amber and temperature
sensitive mutant lysates to polvacrylamide gel electrophoresis (40,41,
35). Separatioﬁ of T4 phage proteins by acidic urea pélyacrylamide
gels was shown (Fig. 15). This diagram displays -duplicate gels,
stained with amido schwarz, the dried sections of these gels‘, and
autoradiograms of the same dried gels. Gel autoradiogram "c" shows
the intense radioactive band marked P23 which was chased out of gel
autoradiogram "f" with Clz—leucine.

The head coat protein P23 was identified by introducing Cl4—

leucine at increasing times after infection and observing the
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appearance of an intense radioactive ‘band (Fig. 16). The use.of
T4amBl7, an amber mutant in gene 23 which lacks the complete P23
protein, was also utilized to establish the position of this band in
the polyacrylamide gels.

Chleramphenicol or RIF treatment of cultures did not alter the
chasing of Clé]f-leucine from the P23 band by Clz—leucine (Fig. 18).
Cultures transiently treated with both CAP and RIF also‘allowed Cl4—
leucine to be chased from the P23 band (Figs. 17 and 18). The radio-
activity in P23 was completely chased with Clz—leucine in untreated'
cells in. 10 minutes and essentially completed in CAP and RfF treated
cells in 20 minutes.

Incomplete P23 peptides from amber mutants in gene 23 have
been shown. to possess characteristic mobilities in polyacr-ylamide
gels. This mobility is. in general inversely proportional to their length
(35,40). The uncompleted P23 peptides from CAP treated polysomes
are shown in Fig. 19. When the CAP was removed from these cells the
incomplete. peptides were chased out of polyacrylamide gel fractions
4-8 in 10 minutes and. appeared in fraction one. After a 20 minute Clz—
leucine chase the 014—leucine did not enter the gels at all.

A 15 second pulse of Cl4—leucine in T4amN54 infected E. coli B
produced a.diffuse radioactive region near P23 but after a. 10 minute

chase with Clz—leucine a sharp well defined band appeared at the P23

position (Fig. 20). Cells treated with 100 ng/ml CAP at the end of the
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15 second CH—leucine pulse also showed the absence of the P23 band.
After removal of the CAP and a 20 minute chase with Clzé-leucine the
P23 band appeared.
The data from these experiments suggest that the nascent pep-
tides whose elongation hag been inhibited by CAP are completed and

released normally after removal of the antibiotic.
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Figurel. Chloramphenicol Inhibition Curve. E. coli B was infected at
30°C in M9 media with T4D w.t. at an MQOI=5. Chloramphenicol was
added at varying concentrations at 2 min and growth continued to 90
min after infection when 0.5 ml samples were chilled and treated with

chloroform for 5min. Phage titers were determined by the agar layer

method (50).




29

10
|
=

120 ©
©
4
Q.

140 &
a]
¥
Q.
(Yo
o

160
L
)
o

eo =
Y

@
0 : — —&—— 00
0 20 60 100
Hag syml  Rifampicin

Figure 2. Rifampicin Inhibition Curve.

Method was the same as

Fig. 1, except that RIF was added at varying concentrations at 12 min

after infection.
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Figure 3. Chloramphenicol One Step Growth Curve. E. coli was in-
fected at 30°C in M9 with an MOI=5 and after 5min superinfected
with an MOSI=5. Fifty ug/ml CAP was added at 2 min and diluted
1:100 with prewarmed M9 at 10 min after infection. Samples of 0.5 ml
were removed at the indicated times, chilled, treated with chloroform
for 5min, and assayed by the agar layer method. Control single burst
curve (O—0); 50 ug/ml CAP added at 2 min, diluted 1:100 at 10 min

(@—®@); and 50 ug/ml CAP added at 2 min (O—0O).
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Figure 4. Rifampicin One Step Growth Curve. Method was the same
as Fig. 3, except that 50 ug/ml RIF was added at 12 min and diluted
with prewarmed M9 at 18 min after infection. Control single burst
curve (0—0); 50 ug/ml RIF added at 12 min, diluted 1:100 at 18 min
(—®@); 50 ug/ml RIF added at 12 min (O—0).
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Figure 5. T4D w.t. Polysomes. Ten ml of E, poli B at 30°C were in-
fected with T4D w.t. at an MOI=5 and superinfected at 5 min with an
MOSI=5. At 15 min after infection 0.5 UCj Cl4—Arg was added to a 1 min
pulse, cells chilled, pelleted, and lysed by 2 cycles of freeze-thaw-
2 min heating with lysozyme as in "Materials and Methods". The
lysate was spun for 2.25 hours at 25,000 rpm on 15-30% sucrose gradi-
ents, fractions collected, precipitated by cold 5% TCA, and the radio-
activity counted in a Nuclear Chicago planette counter. One min
Cl4—arg pulse (O—O); 1min Cl4—arg pulse followed by 2 Mg/ml RNase B

for 10 min at 30°C (e—e@).
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Figure 5. T4D w.t. Polysomes.




35

700

500

w
o
@)

Counts / minute ¢'¢ Arginine

100

g 10 18 26
Fraction No.

Figure 6. T4D w.t. Polysome Lysis Controls. Method was the same
as Fig. 5, except for the lysis procedure. The cells were frozen in a
-90°C ethanol bath and thawed in a 0°C ice-water bath for 2 cycles.
Two cycles freeze-thawing only (0—O); freeze-thaw-heating for 2 min

at 30°C, 2 cycles (6—@®); freeze-thaw-heating for 4 min at 30V
cycles (O—0).
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Figure 7. T4D w.t. Chased Polysomes. Method was the same as i,
5 except that 1 uCi Cl4—arg was added for a 1 min pulse 20 min after
infection. One min Cl4—arg pulse (O—0O); 1 min Cl4—arg pulse followed
by 2 ug/ml RNase B for 10 min at 30°C (@—®); 1 min CM—arg pulse fol-

2
lowed by 10 min chase with 10 ug/ml Cl -arg (O—0O).
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Figure 8 T4D w.t.Chased Polysomes. Method was the same as Fig.
7. One min Cl4—arg pulse followed by a 10 min chase with 10 ug/ml
Clz—arg (O—); one min Cl4—arg pulse (O—0); 1min Cl4—arg pulse
followed by 2 HUg/ml RNase B for 10 min at 30°C (H—H).
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Figure 9. Rifampicin Treated T4D w.t. Polysomes. Method was the
4
same as Fig. 5 except that 2 uCi C1 —-uracil was added at 20 min after

infection for 1 min in control cells and 5min in RIF treated cells. One

min Cl4-uracil pulse (6—@®); 1min pulse followed by a2 ug/ml RNase

B treatment for 10 min at 30°C (O—0); 100 ug/ml RIF added at 17 min

followed by a 5min Cl%-uracil pulse at 20 min ((3—); 100 ug/ml RIF

at 17 min, 5min Cl4~uracil pulse at 20 min and a 2 ug/ml RNase B

treatment at 30°C for 10 min (l—M).
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Figure 10. Protein Synthesis After Rifampicin and Chloramphenicol
Treatment. Method was the same as Fig. 5 except 20 ml cultures were
treated with 100 ug/ml RIF at 17 min, 10 Mg/ml CAP was added at 18 min
and the cells chilled and pelleted at 20 min after infection. All
samples were resuspended in prewarmed M9 media and labeled with

1 uCi C14—arg for 1 min at the proper time. RIF treated cells pulsed
with Cl4—arg at 21 min (O—O); RIF and CAP treated cells pulsed with

CM—arg at 21 min after infection (6—@).
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Figure 11. Protein Synthesis After Rifampicin and Chloramphenicol
Treatment. Method was the same as Fig. 10 except that the 1 min pulse

with Cl4—arg occurred at 30 min after infection. RIF treated cells

4—arg at 30 min (O—0O); RIF and CAP treated cells pulsed

with Cl4—arg at 30 min after infection (0—@).

pulsed with Cl
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Figure 12. Protein Synthesis After Rifampicin and Chloramphenicol
Treatment. Method was the same as Fig. 10 except that the 1 min
pulse with C14—arg occurred at 40 min after infection. RIF treated cells
pulsed with 014—arg at 40 min (O—O); RIF and CAP treated cells pulsed
with Cl4-arg at 40 min after infection (@—®).
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Figure 13. Protein Synthesis in T4amN54 Polysomes. Twenty ml of
E. coli B were infected at 30°C with T4amN54 at an MOI=5 and super-
infected at 5 min with an MOSI=5. At 20 min after infection 1 uCi
Cl4—leu was added for 30 seconds, cells chilled, pelleted and lysed
by 3 cycles of freezing and thawing with lysozyme. The lysate was
spun for 2.25 hours at 25,000 rpm on 15-30% sucrose gradients, frac-
tions collected, precipitated by cold 5% TCA, and the radioactivity
counted in a Nuclear Chicago planchette counter. Control (0—0):
50 ug/ml CAP added at 20 min 30 sec, washed out at 22 min 30 sec, and

chased for 10 min with 50 ug/ml Clz—leu (0—10); same as preceding

sample, except chased for 20 min with Clz—leu (0—e).
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Figure 14. Protein Synthesis in T4amN54 Polysomes. Method was the
same as Fig. 13. Cl4—1eu pulse chased with 50 ug/ml Clz—arg for 10 min
after the 30 sec Cl4—1eu pulse (0—®@); 30 sec Cl4—leu pulse, treated

with 2 ug/ml RNase B for 10 min at 30°C (O—0J).
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Figure 15. T4D Proteins in Polyacrylamide Gels. 20ml of E. coli B were
infected at 30°C with T4D or T4amB17 at an MOI=5 and superinfected at
an MOSI=5. At 20 min after infection 1 UCi 014—1eu was added to a 2 min
pulse. The cells were then chilled; pelleted, and lysed by 2 cycles of
freeze—‘tha:w—heating with lysozyme. Urea and B-mercaptoethanol were
added to the'lysate to make it 8M and 0.02M respectively for these in-
gredients. The urea lysate was stored at 4°C for 12 hours , then layered
on acidic 8M urea 7.5% polyacrylamide gels, and the proteins separated
by electrophoresis. These gels were stained with Amido Schwarz, de-
stained, scaked for 6 hours in 7% acetic acid, sliced longitudinally and
dried. Autoradiograms were made by exposure of the dried gel slices to
X~ray film for generally 24 hours. The following letters designate step's
involved in assaying T4 proteins with acrylamide gels. a, gel wiich Amido
Schwarz stained T4D proteins; b, dried longitudinal section of gel a;:

¢, autoradiogram of radioactive proteins; d, an electrophoresis duplicate
of gel a; e, dry longitudinal section of gel d; f, autoradiogram of the

radioactive proteins in gel d.
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Figure 15. T4D Proteins in Polyacrylamide Gels.
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Figure 16. Autoradiogram of T4D P23 Head Coat Protein. Method was the
same as Fig.15. Cont. is an uninfected Cl4—leu labeled E. coliB; B17 is
T4amB17, a mutant used to locate P23 head coat protein. The following
letters designate T4D infected cells pulsed with Cl4—leu for 2 min at the
indicated times after infection. a, 10min; b, 15min; ¢, 20 min; d, 25 min;

e, 30min; f, 35 min.
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Figure 17. Autoradiogram of T4D Proteins Resulting From Rifampicin and

Chloramphenicol Treatment. Method was the same as Fig. 15 except that
the designated cells were treated with 50 ug/ml RIF at 17 min, 1 uCi
Cl4-leu at 20 min, and 50 ug/ml CAP at 22 min after infection. At 24 min
the cells were chilled, pellefed, resuspended, and chased with 50 ug/ml
Clz—leu at 30°C. Bl7 is T4amBl17, a mutant used to identify P23; a, 2 min
014—pulse; b, 2min Cl4—pulse, 5 min Clz-leu chase; ¢, 2 min Cl4—1eu
pulse, 10 mih Clz-leu chase; d, 2 min Cl4—leu pulse, 15 min Clz—leu

chase; e, 2min 014—1eu pulse, 20 min Clz-leu chase.




Figure 18. Autoradiogram of Rifampicin and Chloramphenicol Treated T4D
Proteins. Method was the same as Fig. 15. Bl7 is T4amB17, a mutant

2 min Cl4-1eu pulse; b, 2 min 014-1eu pulse and
2 min Cl4—leu pulse and 20 min Clz-leu chase.

used to identify P23;

a,
10 min Clz-leu chase; c,

15
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Figure 19. Polyacrylamide Gel Fractions Showing Completion of T4D
w.t. Peptides After Chloramphenicol Removal. Method was the same
as Fig. 15, except that at the completion of electrophoresis the poly-
acrylamide gels were immediately sliced into 0.5 cm sections, finely
ground, and 1.0 ml of hydroxide of hyamine added to each section.
This was allowed to stand 12 hours, then 10 ml of scintillation fluid
was added, and the radioactivity counted in a Nuclear Chicago liquid
scintillation counter. A 2.5 uCi C14—leu pulse at 20 min with 50 ug/ml
CAP added at 22 min after infection (RX¥), cleu pulse at 20 min with
50 ug/ml CAP added at 22 min and removed at 24 min followed by a

10 min 50 ug/ml Clz—leu chase ([C1). Same as preceding method ex-
cept chased for 20 min (NNE_—).
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Figure 20. Autoradiogram Showing Completion of T4amN54 Peptides After
Chloramphenicol Removal. Method was the same as Fig. 15 except that
2.5 uCi Cl4-1eu was added for a 15 sec pulse in 20 ml infected cells. a, 15
secC Cl4-leu pulse; b, 15 sec Cl4—leu pulse, 10 min 50 ug/ml Clz—leu chase;
c, 15 sec CM-leu pulse followed by 100 ug/ml CAP; d, same as preceding
method but cells chilled, pelleted, and resuspended without CAP and

chased with Clz—leu for 20 min.




DISCUSSION

These data indicate that CAP inhibition of polyribosomal protein
synthesis is completely reversible at the mRNA ribosome-nascent
peptide level.

Mature phage formation was found to resume 7 minutes after re-
moval of CAP from T4D w.t. infected E. coli B and culminated in a
normal burst of mature infective phage (Fig. 3). This should be com-
pared to the irrevefsible eifect of RIF which prevents any new phage
formation after its removal (Fig. 4). The diagram shows a small
amount of phage formation when RIF was added at 12 minutes after in-
fection. This would be expected if late phage functions, such as P23
formation, were already being formed at 12 minutes. Support for this
was indicated by the presence of a small amount of P23 at 10 minutes
and a near maximal amount present at 15 minutes after infection in

_polyacrylamide gels (Fig. 16). Nevertheless, 50 Ug/ml RIF inhibited
formation of mature T4D by 97% when added 12 minutes after infection
(Fig. 4).

The bacteriosfatic action of CAP on T4D synthesis is in agree-

ment with studies conducted on E. coli, Salmonella typhosa, and other

bacteria where normal growth resumed when inhibitory concentrations
of CAP were removed (58,59, 60). Growth of E. coli and formation of

T4D exhibit the same sensitivity to CAP where 10 ug/ml completely
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inhibited further growth. The complete recovery after CAP treatment of

T4D infected E. coli implies that any continued. protein synthesis must
inlvolve previously_: inhibite-d ribosomes. This follows from the known
absence of further host ribosome synthesis aft'er. infection and the ab-
sence of significant levels of 708 monomers in the T4D polysome
preparations (Figs. 5, 7,13).

The continuing function of CAP inhibited ribosome—mRNA com-—
plexes after removal of CAP was demonstrated by sucrose density
ana'ly_s‘is of T4 w.t. and T4amN54 polysomes.

Nascent ribosomal peptides labéled with 01.4—lepcine in
T4amN54 infected E. coli which had been treated with 50 ug/ml CAP
were chased out of the polysome region with Cl.z—l_eucine (Figs..13 T
é}nd. 14). This radioactivity was 85%' chased after 10 minutes and 97%
cha;'séd.affer 20 minutes with Clz-_leucine. This polysome radioactivity
app,earéd in the supernatant portion of the density gradient after the
chase periods.,

The simplest explanation, and perhaps the most economical for
the cell, is that naturally initiated mRNA-ribosomal complexes with
CAP trapped incomplete peptides are allowed to complete nor'mally', be
released, and become associated into mature virus after removal of
the antibiotlc. The data did net, however, rule out the possibility’

that these peptides were not normally completed but might have been
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released in an abortive way. This release would be one step in free-
ing bound ribosomes so they could reinitiate on new mRNA.

The completion of these inhibited peptides was examined by
using observations of Hosoda and Levinthal (40). They found that T4
gene 23 amber mutant peptides migrated to different positions in poly-
acrylamide gels than did the wild type P23. In general, this migration
was inversely proportional to the peptide length and was confirmed by
Laemmli (35). As a result, it became feasible to look at partially com-
pleted P23 peptides on polyacrylamide gels. Hosoda and Levinthal
(40) also found that completed P23 subunits aggregate easily into
structures which migrated to the top of the separation gel but did not
enter this gel. These aggregates were later incorporated into mature
phages.

in the present system CAP trapped Cl4—1eucine labeled nascent
peptides were separated on a density gradient; isolated, and exam-
ined in polyacrylamide gels (Fig. 19), After a 10 minute Clz—leucine
chase the uncompleted 014—peptides found in gel fractions 4 -8 were
converted to a product located in gel .fraction one. When a 20 minute
chase was employed neither the peptides in fractions 4 - 8 nor the
014—label in fraction one were found in the separation.gels. These re-
sults are consistent with those of Hosoda and Levinthal (40) and

Laemmli.(35) and indicate that incomplete P23 peptides are completed




57

. after removal of CAP and then associate into structures or aggregates
which accumulate at the separation gel surface.

The completion of CAP inhibited P23 peptides was examined by a
second method. T4amN54 infected E. coli were pulsed for 15 seconds
with 01_4—leucine- in order to produce a large population of uncempleted
labeled P23 peptides (Fig. 20). Chasing with Clz-leucine produced a
radioactive band of completed P23 proteins. The conversion of CAP
trapped P23 peptides into completed P23 protein after transient treat-

"ment with CAP and a subsequent 20 minute Clz—le-ucine chase demon-
strated normal completion for the peptides (Fig. 20).

Inhibited T4D w.t. mRNA resumes its translational functions
after the remoeval of CAP. This conclusion was reached by inhibiting
RNA synthesis with the antibiotic rifampicin. This allowed examina-
tion of protein.synthesis directed by mRNA made prior to the addition
of RIF and CAP (Figs. 10,11, 12). The data from this experiment are

summarized in Table 1.

TABLE I: Recovery of Protein Synthesis in CAP Inhibited mRNA

(Figs. 10, 11, 12)

Minutes Following Percent Control Recovered
CAP and RIF Removal RIF RIF and CAP
1 100 .11
10 64 63

20 0 . 54
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The first column-indicates the time in minutes after removal of
RIF and CAP from inhibited cultures. These cells were pulsed for. 1
minutes with 1 uCi Cl4—arginine at 1,10, and 20 minutes. Column two
indicates the ability of RIF inhibited. cultures to continue protein syn-
thesis after RNA synthesis had been stopped. The radioactivity incor-
porated at one minute after the removel of RIF was selected as the
100% control. The amount of 014—arginine incorporated at other times
and after CAP treatment (column 3) were related to this control as a
percentage of it.

The ability of RIF treated cells to incorporate 014—arginine
steadily decreased until at 20 minutes after its removal no radioact
tivity was .found in the polysome region of the density gradient (Figs.
10, 11, 12 and Table I). The protein synthesis occurring in CAP treated
mRNA is markedly different than that occurring after RIF treatment.
The rate of CM—arginine incerporation increases during the first 10
minutes after the removal of CAP but has decreased slightly by 20 min-
utes. This is interpreted to mean that mRNA previously inhibited by
CAP resumes its ability to code normally during protein synthesis and
in fact remains functional after mRNA not treated with CAP has lost its
capacity to incoerporate 014—arginine. .'This was consistent with re-
sults of other workers (62) who demonstrated a protective action

imparted to polysomes by CAP.
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An interesting observation from these results is that CM—

arginine pulsed into T4D w.t. polysomes was not chased. out with
.C.lz—arginine (Figs. -7 and 8). This radioactivity 1s converted from an
RNase sensiti\}e speéies into an RNase resistant species after the 10
. minute Clrz—ar,ginine chase. These RNase sensitive and resistant
peaks were found to sediment to identical regions of sucrose density
gradients.

Padayatty and Rolfe (24) have shown that P23 head coat protein
was:the major component made on this 'i'4 polysome region late in in-
fection. Thus, tﬂe protein material found in this RNase resistant peak
is likely to be head coat protein (Figs. 7 and 8).

An explan,ation.for the devefl‘@pr'n'e'r_it of this peak may be the ob-
servation of Kiho and Rich (61) with B-galactosidase polysomes of
E. coli. ﬂThey observed an aggregation of iﬁd.ividual enzyme subunits
into a structure of 500,000 daltons which demonstrated enzyme abtivity
- while still attached to polysomes. It may be possible th:en, that the
. initial aggregation of P23 subunits; occurs on the he:ad coat protein '
polysome. If this is tru.e, these aggregates protéct the mRNA of these
- polysomes from RNase..On; the other hand, the presence of more com-
plete phage components such as empty éép-sids has not been elimin-
ated. This nonchasable RNase resistan{ region was eliminéted by
using the amber mutant T4arﬁN54. This phage is mutant in head

assembly gene 31 which. prevents aggregation of P23. into mature phage
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heads (63). I;c was consistent to find that a phage mutant in this
a.ssemblyigene did not develop the RNase resistaﬁt peak found with
T4D w.t. if this resistant peak represented an assemblage of P23 sub-
units.

The work of Cameron and Julian.(18) oh-E. coli Rel” amino acid

.auxotrophs indicated that the polysomes of this system regained the

ability to incorporate radioactivity when CAP was removed. Their de-
cision was carefully qualified because it was impossible to distin-
guish between newly forme‘d.labeled, nascent peptides and newly ...
formed labeled ribosomal structural proteins on CAP particles com-
pleted after removal of CAP. It appears from these T4 results that the
resumed activity in their polysomes (18) probably also included-the
formation of nascent peptides..

Gurgo, Apirion, and Schlessinger (28) proposed that CAP and
several other antibiotics uncouple polysome formation from peptide
bond formation. This they say allows continued ribosome movement in
the pres"en'ce of CAP. However, Weber and DeMoss (17) demonstrated
that CAP allowed the formation of new polysomes but not nascent pep-
tides. Morris and DeMoss (16) showed that polysomes were formed
ten times:as fast in amino acid starved _R_ef auxotrophs after the addi-
tion of CAP than after addition of the required amino acid. Further,
Cameron and Julian. (18) demonstrated that 50S and 30S ribosomal sub-

units were converted to nonfunctional polysomes which did not contain
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. nascent peptides in the presence of CAP. It was therefore concluded
" that CAP stopped the movement of ribosomes on mRNA. This was fur-
ther supported by the demonstration that amino acid started Be_i"' cells
when .treated with CAP generated a normal sedimenting polysome re-
gion.without nascent peptides ten times ag fast as when the poly-
someg$ were regenerated normally after the required amino acid was
added to the culture.

The present data do not substantiate the uncoupling model for

CAP proposed by Gurgo, Apirion, and Schlessinger (-2_8). Since un-~
coupling would presumably begin immediately updn the addition of CAP
to a culture one would expect that incompleted protein fragments
would accumulate. If uncoupling is to account for the rapid regenera-
tion of polysomes in an B_@l_-l- starved cell after addition of CAP it must
necessarily be a fast process, If any abnormal ribosomal movement
occurs with nermally initiated ribosome-mRNA complexes upon the
addition of CAP, the nascent peptides would not be expected to appear
as normal completed protein after removal of CAP. This is clearly in
_ oppo‘sition to the demonstrated completion. of normal P23 protein after

CAP treatment in this T4 system.




SUMMARY

Inhibition of protein synthesié by chloramphenicol (CAP) was
completely reversible on bacteriophage T4 mRNA, nascent peptides,
and host E. coli ribosomes after removal of CAP. This was established
. by using T4D w.t. and T4 amber mutants amBl7 and amN54 with «
density gradient polysome analysis and polyacrylamide disc gel
electrophoresis.

The mRNA continues to code for protein synthesis after transient
treatment with CAP. This finding was demonstrated by first treating T4
. infected cells with rifampicin to prevent further mRNA synthesis,
which was followed by treatment with CAP to inhibit protein synthesis.
The CAP was subsequently removed and the utilization of mRNA which
had been formed prior to rifampicin' treatment was then tested by ob-
serving the rate of 'Cl4-arginine incorporation, This incoerporation in-
creased steadily during the_ first 10 minutes after CAP removal, but 20
minutes later its rate had declined only slightly. This revsult indicated
that CAP treated mRNA remained functional and continued to code for
prdtein synthesis after removal of the antibiotic,

Messenger RNA-ribosome complexeé which are subjected to CAP
treatment do resume protein synthesis after removal of the antibiotic.
Nascent peptides labeled with CM—leucine were trapped in the poly-

some region of a sucrose density gradient if CAP was added to T4-
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infected cultures. With these cells 014—leuc-ine could be chased out
of the polysome region when Clz—leu‘cine was. added after CAP was-re-
moved. Eighty-five percent of this label was /re'moved_ ’frc;m this region
/in a 10minute chase, indicating that ribosomal movement and function
.have been restored.

Nasgent peptides are completed and form nermal head coat pro-
tein after transient treatment with CAP. This was demonstrated on
polyacrylafnide gels by tﬁe appearance of the Head coat protein band
when labeled nascent .pep*tideso in CAP treated cells were completed
after the removal of CAP to form normal head. coat protein.

This was demonstrated by a second methed: incomplete head
: éoat peptides of cells transiently treated with CAP were chased into
the protein aggregate region of polyacrylaﬁide gels., Therefore, '
nascent peptides in CAP treated cultures are completed and released

normally after removal of the antibiotic.
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