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Two gene clusters on the Escherichia coli chromosome were induced at early
times after T4 infection when >99% of the cells were infected: the lactose (lac)
operon and prophage X. Their messenger ribonucleic acid (mRNA) was detected by
hybridization to 480 dlac deoxyribonucleic acid (DNA) and XDNA, respectively.
Synthesis of host mRNA could be initiated during the first few minutes after T4
infection, although no #3-galactosidase activity could be detected. Hybridization
analyses of selected fractions from sucrose gradients revealed that most of this lac
mRNA induced at very early times of T4 infection was not associated with ribo-
somes. In contrast, virtually all lac mRNA in uninfected bacteria was associated
with polysomes. This exclusion affected all host mRNA; about 70% of E. coli
3H-mRNA, labeled from 2 to 3 min after T4 infection, was excluded from polysomes.
Infection even reduced the yield of,-galactosidase from lac mRNA induced
before infection. Gradients from rifampicin-inhibited cells showed the normal
growth of lac mRNA polysomes; in contrast, T4 infection prevented growth of the
preinduced lac polysomes. It is concluded that T4 infection interferes within seconds
with the reassociation of ribosomes to host mRNA.

Infection of Escherichia coli by certain viruses
such as the T-even phages causes an immediate
block in the induction of host-specific enzymes
(3, 4, 26, 32). This inhibition has generally been
attributed to a sudden decline in host nucleic acid
synthesis (6, 15, 30, 37). However, by using im-
proved detection procedures, it was concluded
that measurable host ribonucleic acid (RNA) is
synthesized for several minutes after infection
(21, 25); this RNA appears to contain stable and
messenger RNA (mRNA) in normal proportions
(21). The relationship of this host RNA synthesis
to the failure to form host proteins is investigated
in this paper to further our understanding of the
mechanism of "takeover" of an infected cell by
these viruses.

Synthesis of bacterial mRNA during infection
could represent transcription of one or both of
two classes of molecules: mRNA initiated before
infection and completed in the first minutes of
infection or molecules initiated as well as tran-
scribed only after infection. Since it is probable
that transcription of long operons requires min-

utes (2, 27, 29, 40), the former class cannot be
excluded without more information regarding the
size distribution of E. coli mRNA. However, the
capacity to initiate mRNA during infection can
be measured by inducing a host gene whose
RNA product can be detected by hydridization to
its complementary deoxyribonucleic acid (DNA)
strand. We have estimated RNA synthesis from
two inducible gene clusters: RNA induced from
the lactose operon (lac mRNA), detected by
hybridization to 480dlac DNA, and RNA
induced from the resident prophage x, detected
with x DNA. In both cases, significant amounts of
new mRNA can be induced at times when the
infection is complete as judged by other criteria.
However, this induced lac mRNA, as well as

most host mRNA, appears to be excluded from
polysomes. The results suggest that infection
interferes immediately with the association of
ribosomes with host mRNA and that this effect
can account for the very early inhibition of
enzyme induction.
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INDUCTION OF HOST RNA IN T4 INFECTION

MATERIAILS AND METHODS

Bacteria, phage, and growth conditions. For lac
mRNA induction studies, E. coli K-12 was the same
strain used in the initial study (21). It is not infected
by R17 phage, suggesting an F- phenotype. It was
grown at 37 C in an inorganic salts medium (23)
supplemented with either glucose (0.2%) or a mixture
of amino acids (1%) derived from a hydrolysate of
vitamin-free casein (amino acids; Difco) or amino
acids plus glycerol (0.2%). The mass doubling times
were 45, 56, and 35 min, respectively, in each of the
above media. Bacteriophage T4B was used in all
experiments. L-Tryptophan was present at about 10
jug/ml at the time of infection.
DNA, enriched for the lac operon, was derived from

the double lysogen of E. coli CA5004 (HfrH lac
Rdeletion X74, B-Tl,5) that contains XCI857hn° plus

the defective hybrid 480 phage containing XCI8571ac+.
Both 480 hybrid phages carry the heat-inducible CI
region of X(C1857) and induction yields a mixed burst.
This strain can be induced to synthesize ,3-galacto-
sidase (EC 3.2.1.23) and ,B-galactoside transacetylase
(EC 2.3.1.18), thus showing that it contains the entire
lac operon in the defective phage. CA5004 was
kindly supplied by Helen Revel, Department of
Biology, Massachusetts Institute of Technology, from
the collection of Ethan Signer of that department.

For X induction studies, XC1857 ind+, E. coli 594
(F, SmR derivative of W 3350 that we found to be
lac-), and E. coli Y10 (HfrH, leir) were from William
Sly, Division of Medical Genetics; E. coli AB301-1
(Hfr, met-) was from David Apirion of this depart-
ment. CI857 ind+ lysogens of these strains were made
by plating survivors of infection at 30 C and testing
for immunity to X infection.

Bacteria were grown at 30 C in the above inorganic
salts glucose medium plus required amino acid. To
induce the prophage, cultures were brought to 40 C
by transfer to a shaking water bath at 40 C. The
induction of X plaque-forming units (PFU) during T4
infection was estimated on K-12/4 indicator cells.
Rabbit antiserum to X was added to cultures 30 min
before induction to inactivate free X (about 1% of the
cell count in these cultures). The antiserum, a pool
from several rabbits, was prepared by John Courtney
of this department and has K values exceeding 100.

Preparation of phage stock. E. coli lysogens of X
CI857 ind+ or CA 5004 were grown at 30 C in 40 liters
of broth. When at about 5 X 108 cells/ml, they were
induced by bringing the temperature to 42 C for 12
min. After 2 hr at 33 C, the turbidity had decreased
about fivefold. The culture was then chilled and
centrifuged through Sharples centrifuges to remove
unlysed cells and debris. The supernatant phage titer
was estimated, and, if > 2 X 1010/ml, the phage were
concentrated about 200-fold with Carbowax. (The
procedure was suggested by Norman Melechen, St.
Louis University Medical School.) (i) Solid NaCl
(0.3 M final concentration) was added and mixed for
1 hr. (ii) Dextran sulfate, 80 g, and polyethylene glycol
(Carbowax), 2,770 g in 8 liters of solution, were
added and mixed for 1 hr. The mixture was allowed
to separate by standing for 2 days at 4 C. Recovery

was > 99% and the phage were further purified by
cycles of slow-fast centrifugation.

Preparation of 480 dlac phage. After the centrifu-
gation cycles, the mixed phage liberated by induction
of strain CA 5004 were mixed with CsCl (1.500 g/ml)
and centrifuged at 68,500 X g in an SW39 Spinco
rotor for 30 hr. A band of the defective 480 dlac phage
(p = 1.501) was clearly resolved from the upper band
of the active phage (p = 1.485). Best separations were
achieved by pumping CsCl out from the top of the
gradient while slowly lowering a steel collecting tube.
Enrichment of the defective phage was estimated from
the absorbancy at 260 nm per PFU. Enrichments were
3.5 times or more. Thus, if the two phage were present
in equal numbers in the mixed lysate, this would indi-
cate about 85% purity in the final 480 dlac prepara-
tion.

Denaturation of DNA. E. coil T4 and calf thymus
DNA were purified and denatured as described pre-
viously (24). DNA from X or 480 dlac were purified by
the same procedures. However, because of their
greater homogeneity, the smaller phage DNA were
brought to 0 C after alkaline denaturation and
neutralized at a final concentration of only 2 ,g/ml to
minimize reannealing before trapping on nitrocellulose
filter.

Hybridization ofRNA to DNA. The procedures have
been described in detail (24). Unless specified other-
wise, all reactions were performed with the following
amounts of DNA trapped to a filter: 25 gg of 480
dlac, 50 ,g of T4, 50 ,g of X, 50 jug of calf thymus, or
100 jg of E. coli. Thus, all DNA sites were in excess
except for the reaction ofE. coil RNA to itsDNA (22).

Preparation and analyses of lysates containing
polysomes. E. coli K-12 cells were lysed by the pro-
cedure of Godson (9) and centrifuged through 15 to
30% sucrose made in 0.01 M tris(hydroxymethyl)-
aminomethane (Tris)-hydrochloride (pH 7.3), 0.01
M MgSO4, and 0.05 M KCl or NaCl as specified in
each figure. Centrifugation was 110,000 X g in the
S110 swinging bucket rotor of the model B60 Inter-
national centrifuge. After centrifugation, the contents
were collected in fractions by pumping from the
bottom through a stainless-steel tube. (This procedure
was kindly demonstrated to us by L. Luzzatto in the
laboratory of D. Schlessinger.) Usually three gradients
were collected simultaneously. Odd-numbered frac-
tions were brought to 5% trichloroacetic acid, whereas
the even-numbered fractions (twice the volume of the
odd-numbered) were brought to 0.1% sodium dodecyl
sulfate (SDS) and saved. The dry pellet remaining in
the tube was resuspended in buffer containing 0.1%I
SDS for analyses.

After the acidified fractions had been plated and
counted to show the patterns of radioactive 14C- and
3H-RNA, even-numbered fractions were pooled to
give fast, intermediate, and slowly sedimenting poly-
somes, monosomes, and nonpolysomal material. The
pooled fractions were dialyzed overnight against
0.001 M Tris-hydrochloride (pH 7.3) plus 0.001 M
Mg2+ to remove sucrose, freeze-dried, and brought to
3 ml with water. From each sample, RNA was
purified by the phenol, deoxyribonuclease, and
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Pronase steps used to prepare highly-purified RNA
for RNA-DNA hydribization (24).

Rifampicin treatment. Rifampicin (gift of David
Apirion of this department) was prepared fresh at
5 mg per ml of 50%O ethanol. Inhibition was maximal
at 200 ,ug/ml as judged by both 3H-uracil incorpora-
tion and inhibition of ,-galactosidase induction.

RESULTS
Extent of infection at the time of induction.

Different rates of killing by T4 for different E.
coli K-12 strains have been observed. The lac
niRNA studies were done with a strain that is
infected very quickly and in this respect behaves
more like E. coli B. Judged by the following
criteria, infection was extremely rapid in any of
the above media, although it might be somewhat
slower in the medium unsupplemented with casein
hydrolysate. (i) About 99% of the cells absorbed
> one phage particle within 1 min (21). (ii)
There was no detectable synthesis of f-galacto-
sidase when bacteria were induced and infected
simultaneously (reference 21; Fig. 1). (iii) Less

160!
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FIG. 1. Induction by isopropyl-fl-D-thiogalactoside of
,3-galactosidase in E. coli K-12 growing in different
media in the absence (closed symbols) or in the presence
(open symbols) of T4 added simultaneously with
inducer at a multiplicity of infection of 10. Inorganic
salts plus amino acids (1% derived from a hydrolysate
of casein; 7, V), the same plus 0.2% glycerol (A,
AL), and inorganic salts plus 0.2% glucose (0, 0).
There were 5 X 108 bacteria/ml at time zero.

than 1% of the bacteria were viable within 1 to
2 min after infection. Inhibition of 3-galactosidase
induction was always measured, as well as killing
in most experiments, to be sure that the infection
was complete.

Infection is defined as complete at a certain
time if events resulting from infection are irrevers-
ible. It does not mean that these events occur at
the time the infection is complete. For example,
the bacteria are not killed until some later time,
but, if 99%0 cannot produce colonies at 1 min, it
means that 99% are infected irreversibly at 1
min; the dilutions made at this time to measure
viability preclude further adsorption (1). Similarly,
the complete inhibition of j-galactosidase syn-
thesis means the absence of the enzyme activity
which appears 2 or 3 min after induction of unin-
fected cells. Since induction 30 sec before infec-
tion results in a measurable burst of this activity
(21), it means that infection prevents the expres-
sion of "30-sec worth" of normal induced enzyme.
The X induction studies were done with strains

that are killed more slowly (with or without
prophage) by T4 than the above strain. Therefore,
to ensure that virtually all bacteria were infected
when the X mRNA was induced, the bacteria
were superinfected with a higher multiplicity at
2 min to infect any cells surviving the initial
infection. Under these conditions, very few of the
initially infected cells are lysed from without
even with such a high multiplicity of infection
because of the exclusion of the superinfecting
phage (36). The viable cell count and number of
bacteria capable of giving a x plaque after T4
infection of E. coli 594xCI857 are shown in Fig.
2. By both criteria, < 1% of the cells were not
infected at 4 min; at this time, the temperature
was raised to induce the x prophage.

Induction of lac mRNA during T4 infection.
Induction of lac mRNA was measured in differ-
ent media during T4 infection (Table 1) under
conditions in which no f-galactosidase activity
could be detected (Fig. 1). Uninfected cells with-
out inducer (sample 1) had a low but detectable
level of lac mRNA which reflects the basal
level of enzyme synthesis. The level of lac mRNA
increased very rapidly after inducer addition;
RNA labeled between 1 and 3 min (sample 2)
had almost as much 3H-lac RNA as did RNA
labeled 12 to 14 min after induction (sample 3).
Induction during T4 infection is shown for sam-
ples 4, 6, and 9. In these experiments, RNA was
labeled soon after inducer was added (0.5 to 1.5
min). Even at such a short time after induction
and at a time when infection was complete, it is
clear that a high level of lac RNA could be in-
duced in any of the media.

Induction at later times of infection was not
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FIG. 2. Effects of T4 infection on the viability of E.

ccli K-12 S94 (XCI857 ind+), and its capacity to produce

X plaques. Rabbit antiserum against X was added to

the cultures 30 min before infection to inactivate free X.

The lysogen was induced at the times shown by transfer

of the growth flask to a water bath at 40 C. X PFU

were estimated on K-12/4h indicator cells. Symbols:

A~, 'X PFU/ml; 0, viable bacteria/ml.

measured because the level of host mRNA that

can be synthesized does decrease progressively

with time and thus such measurements become

less significant. It should be noted that, although

as much as half of the RNA synthesized after 2

or 3 min of infection is transcribed from the host

genome (22), a part of this RNA is presumably

composed of long molecules that were initiated

just before infection.

Synthesis of x mRNA during T4 infection of a x

lysogen. A second system investigated was the
synthesis of mRNA by a x prophage that is

integrated in the bacterial chromosome (18).

Lysogens of the heat-inducible xCI857 inda were

selected. Measurements of the levels of x mRNA

in this strain during or in the absence of T4

infection are summarized in Table 2. Infected

cells were heat-induced at 4 min after infection

when > 99% of the bacteria were not viable or
capable of producing x plaques (Fig. 2). Non-
induced bacteria had a low but measurable
amount of X mRNA (cultures 1 and 2); most of
this was probably mRNA for the CI immunity
and rex region.
The level of x mRNA increased very soon after

bringing the culture to 40 C; close to 1% of the
RNA labeled from 2 to 3 min after induction
annealed to x DNA (culture 3). When the lysogen
was induced 4 min after T4 infection, almost as
much of the RNA synthesized from 2 to 3 min
later was X-specific (culture 4). In the uninfected
bacteria, the X-specific RNA increased rapidly
with time of induction (culture 5). However, x
mRNA synthesis was shut-off late in T4 infection
(culture 6); this was expected since there is very
little, if any, E. coli RNA synthesized at these
late times after infection (21). This could explain
why no X mRNA synthesis was detected during
T4 infection in an earlier study; the RNA was
labeled 7 to 8 min after infection (14).
The same measurements were made with two

other lysogens (AB301-XCI857 and Y1O-XCI857)
with similar results. The significant conclusion is
that almost normal amounts of X mRNA can be
induced at an early time after T4 infection, but it
is at a time nonetheless when virtually all of the
bacteria are irreversibly infected. It is probable
that the X genome is still integrated at this early
time since excision requires the protein products
of at least the int (8, 10) and xis (11) genes of X.
Thus, in this respect, the induction of X mRNA
is comparable to induction of a specific host
RNA.

Exclusion of newly synthesized E. coli RNA from
polysomes during T4 infection. An effort was
made to determine why host mRNA induced
during infection was not translated. The associa-
tion of ribosomes with host mRNA was examined
in polysome gradients. Figure 3 shows the sedi-
mentation of stable and newly synthesized RNA
components from uninfected bacteria. About 60%
of the stable RNA (70% of the ribosomal mate-
rial) sedimented in the polysome region with
about 50% of the newly synthesized RNA (3H-
RNA). This value (50%) corresponds to the
fraction of newly synthesized RNA that is mRNA
(22), indicating that the total mRNA is in poly-
somes (28).
The distribution of newly synthesized E. coli

RNA was very different in T4-infected cells.
RNA was labeled from 2 to 3 min after infection;
at this time, 30 to 40% of the exogenous uracil is
entering host RNA while the remainder is incor-
porated into T4 RNA (21). The fraction of total
E. coli and T4 3H-RNA that is present in each
region of a gradient is shown in Fig. 4. Only 15%
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TABLE 1. Induction of lac mRNA durintg T4 inifectionz

Culture conditionsa Per cent of 3H-RNA hybridized to given DNAb

Growth
Sample me- T4 Inducer |3H-uracil E. coli T4 lac Calf X Blank

dium0

Inin~~~~~~I?7in wRin woinl

1 A 0-2 0.026 0.082 0.018 0.087
2 A 0 1-3 0.066 1.91 0.036 0.040
3 A 0 12-14 0.035 2.33 0.12
4 A 0 0.5 1-2 0.41 0.047
5 B 0 0.5-1.5 33.1 0.041 0.70 0.074
6 B 0 0.5 1-2 9.82 35.0 0.47 0.15
7 B 0.5-1.0 0 0 22.0 1.15 0.26 0.15
8 C 0 0.5-1.5 23.3 0.080 0.35 0.060
9 C 0 0.5 1-2 14.0 37.2 0.25 0.087
10 C 0 - 1-2 24.0 0.084 0.03

a C-r-wth wq firminntt-rI hv nn-irina hrta.riqnan I vnlnm-.q of rriqht-d icer with 0.0l M cvanide. In- %_JUWIL1 wan LU1111111aL;U uy XUU1111r, UCtwLA1a Ull J VL)UltIE-l3 U1 l3lZI1CUI%A WlILL UAV1 IVJl }1u. ^X&

sample 4, at 1.2 and 2.5 min, the viable counts were 0.5 and 0.08%o, respectively, of that at zero time.
Viable counts were not made in sample 6. In samples 4, 6, and 9, there was no detectable induction of
,3-galactosidase.
bThe percentages given were not normalized so that the maximum values attainable in the hybridiza-

tion reaction (about 75%O) would be 100%. These values represent averages of several determinations
made over a range of RNA/DNA inputs (about 0.01 to 1). In this range, the T4 and X DNA types are
in excess, but the E. coli DNA is limiting and the values for E. coli DNA should all be multiplied by
about two to give expected values with excess DNA in the reaction.

c Growth medium A is minimal salts medium plus 1% casein hydrolysate. Medium B is the same as
medium A plus 0.2% glycerol. Medium C is minimal salts medium plus 0.2% glucose.

TABLE 2. Hybridizationi ofRNA from E. coli 594 (XCI857ind+) after the treatmenits indicateda

Time (min) Per cent of 3H-RNA hybridizedb

Culture
No T4 (MOI-6) (MOI 18) 40 C 3H-uracil' E. coli T4

1 0 0-1 51.2 0.02 0.22
2 0 2 6-7 2.4 55.7 0.22
3 0 4 6-7 44.1 0.04 0.92
4 0 2 4 6-7 2.2 67.8 0.82
5 0 4 10-11 50.7 0.09 5.92
6 0 2 4 10-11 2.7 61.0 0.14

a Bacteria were grown at 30 C and either infected or not infected with phage T4 [multiplicity of in-
fection (MOI) = 6] at the time defined as zero. Thus, cultures to compare are identified more easily;
e.g., cultures 3 and 4 show the results for RNA labeled from 2 to 3 min after raising the temperature to
40 C either with (4) or without (3) prior T4 infection. At the time the temperature was raised to 40 C
in the infected cultures (4 min), the number of viable cells and cells giving X plaques were 0.5 and 0.6%,
respectively, of the values at zero time.
bThe percentages given were not normalized so that the maximum values attainable in the hybridiza-

tion reaction (about 75%) would be 100%. These values represent averages of several determinations
made over a range ofRNA/DNA inputs (about 0.01 to 1) and after subtraction of the percentage bound
to calf thymus DNA (about 0.04%). In this range, the T4 and X DNA types are in excess, but the E.
coli DNA is limiting and the values for E. coli DNA should all be multiplied by about two to give ex-
pected values with excess DNA in the reaction.

c 3H-uracil (26 Ci/mmole) incorporation was terminated by pouring cells on 3 volumes of crushed
ice.

of the newly synthesized E. coli RNA was asso-
ciated with polysomes, whereas the remainder was
not. In contrast, about 65 to 70% of the 3H-T4
RNA sedimented with polysomes.

Since 50%0 of the pulse-labeled RNA of the
uninfected bacteria sedimented with p9lysomes
(Fig. 3), it can be concluded that at this time of
infection (50 - 15) /50 X 100 or 70% of the host
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14C 50.3% Poyoe
3H 44.3%

FIG. 3. Distribution of stable and newly synthesized
RNA in polysoine and nonpolysome fractions ofE. coli.
Bacteria were exposed to a limited amount of 14C-
uracil and grown for at least two generations so that
14C was present only in stable components. At the end
of this time (- 5 X 108 cells/ml), the cultures were
exposed to a 1-min pulse of 3H-uracil terminated by
pouring the culture on ice. Lysates were prepared and
centrifuged through 15 to 30% sucrose gradients for 2
hr at 2 C in an Sl1O rotor of the International B60
ultracenitrifuge. Fractions were collected and brought
to 5% trichloroacetic acid at 0 C, plated, and then
counted. '4C-stable RNA (0); 3H-pulse-labeled RNA
(0)-

0 9- 34% 108% 123%

63% 16.1% 333% 12 5%

56%- 44%
Pol ysom es

3H
(TCA)

mRNA is excluded from polysomes. In contrast,
only 30 to 35% of the T4 RNA is not associated
with ribosomes.
The same experiment was repeated, but the

gradients were centrifuged for a longer time to
estimate the sedimentation rates of the host
mRNA that is free from ribosomes (Fig. 5).
Again, only 15% of the host 3H-RNA was in the
polysome region, and, of the remainder, close to
half sedimented at about 30S and the other half
in a separate peak centered at about 16S. No
further studies have been done to determine if,
for instance, the heavier material is E. coli
mRNA bound to 30S ribosomal subunits.

Effect of T4 infection on lac mRNA-polysome
complex. Lysates from uninfected bacteria, grown

in amino acids medium and pulse-labeled from
30 to 90 sec after induction, are shown in Fig. 6.
In this and subsequent figures, the values given in
each region show: (a) the 3H-RNA (per cent of
total) in the region, (b) the percentage of the 3H-
RNA that is lac-specific, and (c) the amount of
3H-lac RNA (per cent of total lac RNA). The

latter figure is derived from (ai) (bi)/X(ai) (bi)
X 100. The most important observation is that
shortly after induction of uninfected cells little
if any lac mRNA can be observed in the top
fraction, i.e., in the region of the gradient that is
free from complete 70S monosomes. It is probable
that synthesis ofmRNA does not occur normally
in the absence of an associated ribosome.
A parallel gradient from T4-infected cells is

shown in Fig. 7. The bacteria were induced at
30 sec, and 3H-uracil was added from 1 to 2 min

FRACTION NUMBER

FIG. 4. Distribution of E. coli and T4 RNA, syn-
thesized during T4 infection, in polysome and nonpoly-
some fractions of E. coli. Bacteria were grown and
labeled as outlined in Fig. 3, except that 3H-uracil was

added 2 min after T4 infection and the culture was

brought to 0 C 0.5 min later. Thle lysate was centrifuged
for 3.5 hr, and alternate one-third fractions were

acidified to measure labeled RNA whereas the two-
thirds fractions were saved. These latter fractions were

later pooled into the regions shown, and their RNA was

purified for hybridization analyses. The values at the
top give the fraction of E. coli or of T4 3H-RNA that
is in a givenz region; 56% of the 3H-RNA was with
polysomes. 14C-stable RNA (0), H-pulse-labeled
RNA (0).

FRACTION NUMBER

FIG. 5. Distribution of E. coli and T4 RNA,
synthesized during T4 infection, in polysome and non-
polysome fractions of E. coli. Bacteria, grown on a

different day, were treated and analyzed exactly as
described in Fig. 5, except that centrifugation was for
6 hr. 14C-stable RNA (0); 3H-pulse-labeled RNA
(0).
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FIG. 6. Distribution of lac mRNA in polysome and
nonpolysome fractions of E. coli grown in amino acids
medium. 14C-stable RNA was labeled as described in
Fig. 4. Bacteria were induced with isopropyl-f3-D-
thiogalactoside at 5 X 108 cells/ml and exposed to
3H-uracil 30 sec later. The culture was brought to 0 C
at 90 sec. Lysates were centrifuged for 3 hr, and
alternate fractions were acidified for radioactivity
measurement or RNA purification (see legend of
Fig. 4). The values given in the figure are discussed
in the text. 14C-stable RNA (0); 3H-RNA (0).

TOTAL 3H IN REGION (%) 52 3 47 7
3H HYBRIDIZED TO (LAC-CALF) DNA % 0.24 0.53
LAC mRNA IN REGION (x) 33 0 670 -

1 8 3 o90 54 66 78 90 (02 114

3H
cts/min

2800

2400

2000

1200

800

400

P 6 18 30 42 54 66 78 90 102 114
FRACTION NUMBER

FIG. 7. Distribution of induced lac mRNA in poly-
some and nonpolysome fractions of T4-infected E. coli
grown in amino acids medium. Bacteria were grown,
labeled, and analyzed as described in Fig. 6, except
that the cells were infected with T4 30 sec before in-
duction with isopropyl-g-D-thiogalactoside. "4C-stable
RNA (0); 3H-pulse-labeled RNA (0).

after infection. Thus, the infected cultures were
labeled for the same period after induction as
were the uninfected bacteria. The resulting
gradient was divided into only two regions, poly-
some and nonpolysome, since only limiting
amounts of radioactivity could be incorporated
during infection in that growth medium. How-

J. VIROL.

ever, this division is adequate to demonstrate
that both the specific activity (per cent of 3H
hybridized to lac DNA) and the amount of lac
mRNA are much higher in the nonpolysome
region than in the region of polysomes. About
two-thirds of the total 3H-lac RNA is not asso-
ciated with ribosomes.

Similar results were observed when induction
and infection occurred in salts-glucose medium
(Fig. 8). That some lac mRNA was found in
polysomes probably reflects the fact that infection
occurred somewhat slower in salts-glucose than
in amino acids medium.

Effect of infection on preinduced mRNA. The
effects of rifampicin inhibition and phage infec-
tion on the translational yield of preinduced lac
mRNA have been compared. Since rifampicin
inhibits the initiation of RNA synthesis but not
continued transcription (7, 38), it should affect
expression of the lac operon in an identical fashion
as does inducer removal (35). However, as
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'H-pulse-labeled RNA (0).
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opposed to inducer removal, rifampicin affected
all operons as well as lac. Rifampicin completely
prevented the induction of 3-galactosidase but
allowed a "burst" of enzyme synthesis when
added very soon after inducer. This burst was
significantly higher than that observed when T4
was added after inducer. Thus, as shown in
earlier studies (19, 31), infection decreases the
normal translational yield of the preexisting
mRNA; this suggests that infection affects the
translation of all host mRNA, including those
molecules initiated before T4 adsorption.
We compared the distribution of preinduced

lac mRNA on polysomes in T4-infected versus
rifampicin-inhibited bacteria. Isopropyl-3-D-thio-
galactoside and 3H-uracil were added to each of
three parallel cultures at zero time. At 1 min, T4
and unlabeled uracil were added to one culture,
rifampicin and unlabeled uracil were added to a
second, and unlabeled uracil was added to a third
(control). All three were chilled 1 min later.
Polysome gradients from the cell lysates are
shown in Fig. 9. If we assume that rifampicin pre-
vents new transcriptional initiations whereas T4
prevents or decreases new translational initiations
at the 5' ends of mRNA, several predictions can
be made.

(i) There should be an enrichment (percentage
of 3H that is lac-specific) for lac mRNA on the
polysomes of rifampicin versus control bacteria.
(ii) There should be an enrichment for lac mRNA
on the polysomes (especially the smallest) of T4-
infected versus control bacteria. (iii) The total
amount of 3H-lac mRNA should be significantly
lower on polysomes of T4-infected compared to
rifampicin-inhibited bacteria.

First, the lac mRNA is very large compared to
the bulk of E. coli messages (5, 17, 34, 39) and all
other types of mRNA are in various phases of
synthesis and breakdown; in contrast, all of the
lac mRNA had been initiated from 0 min on.
Therefore, in rifampicin-treated bacteria, many of
the other mRNA types are chased off the poly-
somes from 1 to 2 min to give an enrichment for
lac RNA. This is observed in that the percentage
of 3H that is lac-specific is two to three times
higher in the rifampicin compared to the control
cultures (prediction one).

If no new ribosomes attached to host mRNA in
the T4-infected culture, then no new polysomes
would develop and polysomes existent at the time
of infection would either stay the same size or
actually become smaller; if the chase were suffi-
ciently long to complete transcription of the
operon and allow the first ribosomes to cycle off
the 3' end, they would become smaller. Further-
more, without ribosomes on the 5' side of the
mRNA to protect it, that side might either be

FRACTION NUMBER

FiG. 9. Distribution of 3H-lac mRNA on polysome
and nonpolysome fractions of E. coli after a "chase"
with 'H-uracil alone (top), plus T4 (middle), or plus
rifampicin (bottom). 3H-uracil plus isopropyl-,f-D-
thiogalactoside were added to cultures at zero time. At
I min, 'H-uracil, with or without inhibitor, was added;
the cultures were brought to 0 C at 2 min. Stable
RNA was labeled as described (Fig. 3). Lysates of the
bacteria were analyzed as described in Fig. 6. 11C-
stable RNA (0); 3H-pulse-labeled RNA (0).

degraded by a 5' exonuclease or be detached from
the polysome by an endonuclease. In the latter
case, 3H-lac RNA would appear at the top region
of the gradient, and, in fact, there is lac-specific
RNA in the nonribosome region. In either case,
there would be an enrichment of lac mRNA,
especially on the smallest polysomes, since not
only will other host mRNA be chased out of these
structures but much more lac mRNA will ac-
cumulate in polysomes of this size-class because of
this inability to grow in size; as shown, the lac
mRNA is five times enriched (0.80/0.16) in this
region (prediction two).
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Finally, if the 5' sides of the unprotected 3H-lac
mRNA were attacked by nuclease, the total
amount of 3H-lac mRNA should be significantly
lower on polysomes of T4-infected compared to
rifampicin-inhibited bacteria. In the case of the
drug-inhibited cells, new ribosomes would be
added onto the preinduced lac mRNA; this would
protect the 5' ends to give them a normal lifetime
and also to increase their average size up until the
initial attack on the 5' end prevented further
ribosomes from attaching. Since the total 3H-
RNA per milliliter is about the same in both cul-
tures, the amount of 3H-lac RNA per region is
given by the product of the 3H per region (per
cent) and the percentage of 8H that is lac-specific.
From this, it can be shown that there is 2.5 times
more 3H-lac RNA on the two heavy polysome
classes of the rifampicin-treated compared to the
T4-inhibited bacteria and about twice as much lac
mRNA on the total polysome population (pre-
diction three).

DISCUSSION
The experiments reported in this paper show

that the transcription of mRNA from the E. coli
chromosome can be initiated during the early
minutes of T4 infection. However, this mRNA
cannot be translated into active enzyme. Thus, the
immediate block in the capacity to induce
enzymes is not due to inhibition of either tran-
scription or its initiation but to a later step. An
effort was made to identify this step.

It was observed that most of the lac mRNA
induced during infection did not sediment with
the fast-moving polysome structures. That this
was not unique to the lac RNA was shown by
the fact that about 70% of the host mRNA syn-
thesized early in infection was excluded from poly-
somes. Furthermore, lac mRNA induced before
infection gave an abnormally low yield of enzyme.
This suggested that the immediate effects of in-
fection on translation were not only on mRNA
initiated during infection but also on host mRNA
that was in the process of being transcribed and
translated at the time of infection.
To investigate this possibility, the effects of T4

infection on the translation of preinduced lac
mRNA were compared to the effects of rifampicin
on its translation. For these studies, rifampicin
inhibition was preferable to inducer removal
because, like T4 infection, it acted not only on the
lac operon but on all bacterial transcriptions, thus
allowing a more direct comparison of the dis-
tributions of lac mRNA on polysomes in the
two cases. Large polysomes were attained when
further transcription-initiations were prevented
by rifampicin since this inhibitor did not interfere
with transcriptions already in progress. However,

T4 infection appeared to prevent preinduced lac
mRNA from becoming a part of larger polysome
structures.
One interpretation of these results would be

that infection greatly reduces the capacity of ribo-
somes to attach to the 5' end of host RNA. Such
a defect could result from any of a number of
causes which would have to be specific to host but
not to phage mRNA expression, e.g., (i) release of
a 5' exonuclease that degraded the ends of host
mRNA; (ii) some alteration in ribosomes (16;
F. L. Smith and R. Haselkorn, Cold Spring
Harbor Symp. Quant. Biol., in press) or transfer
RNA (20) such that they could not attach; (iii)
loss, perhaps by permeability changes (33), of a
specific cofactor required to initiate host transla-
tion; or (iv) some structural change of the host
DNA-ribosomes-membrane complex that would
make the ribosomes less accessible to host mes-
sengers. These alternatives are being examined.
What process in infection is responsible for this

early inhibition? Adsorption of DNA-less phage
ghosts is sufficient to inhibit host protein synthesis
although it produces only a partial inhibition of
transcription (R. Fabricant and D. Kennell, in
preparation). This finding, along with the fact that
the effects on translation-initiation are so imme-
diate, makes it seem likely that the effects on
translation observed in the early minutes of infec-
tion are caused by the attachment process itself
rather than by expression of a phage gene.

It should be noted that in vitro studies of pep-
tide synthesis by extracts from T4-infected cells
suggest a second translational control that is
dependent on a phage protein. Inhibition of R17
RNA-directed peptide synthesis by extracts from
T4-infected cells had been reported by Salser
and Gesteland, as cited by Hattman and Hof-
schneider (13), whereas Smith and Haselkorn
(Cold Spring Harbor Symp. Quant. Biol., in
press) have observed several new proteins in
ribosomes from T4-infected bacteria. In extracts
from 12-min T4-infected cells, Hsu et al. (16)
reported reduced translational yields from E. coli
and MS2 RNA but not from T4 RNA. This selec-
tive inhibition was found to be due to a heat-labile
factor that did not appear until several minutes
after infection. Furthermore, it was not made in
the presence of chloramphenicol (16). Thus, it
seems clear that the very early translational con-
trol observed in the present paper results from a
different mechanism.
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