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Many early mRNA species of bacteriophage T4 are not synthesized after
infection of Escherichia coli in the presence of chloramphenicol. This has been
interpreted as a need for T4 protein(s) to be synthesized to allow expresssion of
some early genes, e.g., those for deoxycytidinetriphosphatase, deoxynucleoside-
monophosphate kinase and UDP-glucose-DNA ,8-glucosyltransferase. In the ex-
periments described here, early mRNA of bacteriophage T4 was allowed to
accumulate during chloramphenicol treatment. After the addition of rifampin to
inhibit further RNA synthesis, and subsequent removal of chloramphenicol, the
accumulated mRNA was permitted to express itself into measured enzyme
activities. It was shown that the early mRNA species coding for deoxycytidine-
triphosphatase and UDP-glucose-DNA f?-glucosyltransferase could be formed in
the presence of chloramphenicol if the E. coli host cell carried a mutation in the
structural gene for the RNA chain termination factor rho. This was interpreted
to mean that T4 protein(s) with anti-rho activity is normally required for the
expression of these two early genes. An altered rho-factor could not, however,
relieve the need of phage protein synthesis for the formation of another early
mRNA, that coding for deoxynucleosidemonophosphate kinase. In this case the
mot gene of T4 seemed to be involved, since the primary infection of E. coli cells
with the mot gene mutant tsG1 did not allow subsequent deoxynucleoside
monophosphate kinase mRNA synthesis after wild-type phage infection in the
presence of chloramphenicol. In control experiments, deoxynucleoside mono-
phosphate kinase mRNA synthesis induced by wild-type phage superinfecting in
the presence of chloramphenicol was facilitated by the primary infection with T4
phage containing an unmutated mot gene.

During the development of bacteriophage T4
in an Escherichia coli cell, several different
classes of T4 phage mRNA can be discerned.
Different requirements can also be defined for
the expression of many early T4 genes (2). If
protein synthesis is inhibited by the addition of
chloramphenicol before T4 infection, only a few
early mRNA species, among them that coding
for dCMP hydroxymethylase (EC 2.1.2.8) are
synthesized (15). An explanation for this would
be that phage protein(s) may be necessary for
the transcription of many early genes or that
chloramphenicol, by blocking translation, leaves
the promoter-distal transcripts exposed to nu-
cleolytic degradation, which would reduce the
expression of promoter-distal genes (2).

In previous work we have measured the tran-
scription of early T4 genes by an enzyme-form-
ing capacity method (11). Early messengers were
allowed to accumulate during infection in the
presence of chloramphenicol. Rifampin was then
added and chloramphenicol was removed by

filtration to permit the messengers formed in the
absence of protein synthesis to express them-
selves into enzyme activity. By this technique it
was observed that dCTPase (EC 3.6.1.12)
mRNA and dTMP kinase (EC 2.7.4.13) mRNA
could not be formed in the presence of chlor-
amphenicol. This was interpreted as a need for
phage-specific protein synthesis to allow tran-
scription of several early genes. The alleged
phage protein(s) was shown to have a trans
effect on a superinfecting phage genome, allow-
ing the transcription of the mentioned early
enzyme genes in the presence of chlorampheni-
col. The transcribed RNA was detected in a
double infection system where the primary in-
fection took place with a phage mutationally
deficient in the measured enzyme. Superinfec-
tion was then performed with wild-type phage
in the presence of chloramphenicol. By the en-
zyme-forming capacity method as described
above, it was then demonstrated that the pri-
mary infection had created conditions for the
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formation ofdTMP kinase mRNA and dCTPase
mRNA in the absence of protein synthesis.

In the experiments reported here, a similar
approach was used to investigate the relation of
the rho gene of the host to the early transcrip-
tional regulation of phage T4. It could be seen
that a mutation in the rho gene (17) of the E.
coli host permitted the synthesis ofT4 dCTPase
mRNA in the presence of chloramphenicol, i.e.,
the rhoul5 mutation (3) in the host seemed to
obviate the need for phage-specific protein syn-
thesis to permit dCTPase mRNA fornation.
Similar observations were made with the polar-
ity suppressor mutants of Korn and Yanofsky
(9, 10) for dCTPase mRNA and for UDP-glu-
cose-DNA f6-glucosyltransferase (,B-glucosyl-
transferase, EC 2.4.1.27) mRNA. These results
were interpreted to mean that normally one or
several phage proteins interact with the rho-
protein of E. coli to control the formation of
dCTPase and 8-glucosyltransferase mRNA, re-
spectively.
A new regulatory gene (mot), modifier of tran-

scription, mapping between genes 52 and t, was
defined by the regulatory mutant tsGl isolated
by Mattson et al. (13). By complementation
tests, the farP85 mutation, isolated by Johnson
and Hall (7), was also found to be located in the
mot gene. The mot gene mutations cause re-
duced synthesis of several early proteins, e.g.,
those of genes 1, 32, 43, 45, 46, and rnIB (14).

In the experiments reported here, a delay in
the initiation of dTMP kinase synthesis after
mot mutant infection was observed. It could also
be seen that, under nonpermissive conditions,
primary infection with tsGl was unable to create
conditions for the fornation of dTMP kinase
mRNA at superinfection in the presence of
chloramphenicol. This was interpreted as a di-
rect role of the mot gene product in the control
of dTMP kinase mRNA synthesis.

MATERIALS AND METHODS
Chemicals. The radioactive substrates [U-14C]-

dCTP (440 mCi/mmol), [2-'4C]dTMP (58 mCi/mmol),
and [glucose-'4C]UDP-glucose (300 mCi/mmol) were
purchased from the Radiochemical Centre, Amer-
sham, Great Britain. Unlabeled dCTP, dTMP, and
UDP-glucose were obtained from Sigma Chemical Co.,
St. Louis, Mo. Rifampin and chloramphenicol were
gifts from Gruppo Lepetit, Milano, Italy, and Parke,
Davis & Co., Hounslow, Great Britain, respectively.

Bacteria. The rifampin-sensitive E. coli B strain
AA446 (12) was provided by E. Lund; it requires
leucine for growth and is a derivative of AS19 (20).
The rho-deficient E. coli K-12 strain AD1704 (F- his-
sup° 8trgal57 val' rhot,,5) and its rho', but otherwise
isogenic, counterpart AD1766 were provided by A.
Das. Since the rhot.,5 mutation (3) is very unstable, it
was necessary to test frequently for its presence. In

such tests, the following pleiotropic properties of the
mutation were examined: temperature sensitivity, va-
line resistance, and galactose sensitivity (3). The rho
mutant E. coli K-12 derivatives W3110rholO2,
W3110rholO3, and W3110rholO4 and their parental
strain W3110 (rho+ trpR- trpE trpA- lacZ U118 valr
azir) (9, 10) were provided by C. Yanofsky. Phage
amber mutants were plated on the supD-containing E.
coli K-12 strain CR63 (21).

Bacteriophage.Wild-type T4D (am') and mutant
amN122 (gene 42-) were obtained from J. Wiberg.
Mutant imm2 was from J. D. Childs, and double
mutant amagt8am,8gt8 was from H. Revel. The bac-
teriophage double and triple mutants amEl4imm2
(gene 56- [dCTPase-] immn [23]), amC42imm2 (gene
1- [dTMP kinase-] imm-) and agtC,BgtCimm2
(amagt8am,fgt8 [a- and fi-glucosyltransferase-]
imm-) were constructed in the laboratory by phage
crossing. The T4 mutants farP85 (mot-) (7) and tsGl
(mot-) (13) were obtained from D. Hall and D. Ra-
bussay, respectively.

Media. Experiments with E. coli B were performed
in the glycerol Casamino Acids medium described by
Fraser and Jerrel (6). For the experiments with AA446,
the mineral salts medium M9 (5), supplemented with
glucose (5 mg/ml) and FeCI3 (10 uM) was used. Re-
quired leucine was added to 50,g/ml. The E. coli
strains AD1704 and AD1766 were grown in LB me-
dium (10 g of tryptone, 5 g of yeast extract, 10 g of
NaCl, and 1 g of glucose per liter).

Infected cells. For most experiments bacteria were
grown in bubbler tubes to about 2 x 108 cells/ml at
37°C. At infection (time zero), four phages per bacte-
rium were added. Phage adsorption was usually better
than 95%, and bacterial survival was usually less than
1% at 3 min after infection.
Enzyme assays. Extracts were prepared by sonic

disruption of the cells as described earlier (11).
dHIMP kinase or dTMP kinase. dHMP kinase or

dTMP kinase (4) was determined by the method of
Wiberg et al. (24). As a substrate, ["4C]dTMP was
used. The background activity in extracts from unin-
fected bacteria was subtracted. Each assay contained
0.025,uCi (85 nmol) of ['4C]dTMP.

dCTPase. dCTPase was determined as described
earlier (11). Each assay contained 0.025 ILCi (43 nmol)
of ["4C]dCTP.
tJDP-glucose-DNA /3-glucosyltransferase.

UDP-glucose-DNA ,B-glucosyltransferase was deter-
mined by a modification of the method of Baros and
Witmer (1). The reaction mixture contained (in 0.5
ml): extract; MgCl2, 3.8 iLmol; K2HPO4, 15 punol; dithi-
othreitol, 15.0 umol; T2 DNA, 60,tg; and [glucose-
'4C]UDP-glucose, 4.8 nmol (0.075 uCi). After 60 min
at 37°C, the amount of label incorporated into acid-
precipitable material was measured. (Activity was ex-
pressed as nanomoles of glucose transferred to DNA
per hour and 1.5 x 108 cells at 37°C.)

RESULTS
Deficiency of rho function in the host

relieves the need for phage-specific protein
synthesis during the formation of dCTPase
and ,B-glucosyltransferase mRNA. The rho
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protein of E. coli is involved in the normal
termination of bacterial transcription. The E.
coli strain XA7007 carries a mutation (suA) in
the rho gene (17). In experiments by Young (25),
it was shown that the presence of this mutation
in the host did not increase either the amount
or the number of species ofmRNA formed after
T4-infection in the presence of chloramphenicol.
In agreement with this, we observed (11) that
dTMP kinase mRNA was not synthesized in
XA7007 (suA-) infected with T4 in the presence
of chloramphenicol.
A conditional lethal mutation in the rho gene,

rhobM5, was later found and characterized by Das
et al. (3). The E. coli K-12 strain AD1704 carries
this mutation. Cells of this rho- mutant strain
were infected with amN122 (this phage mutant
was used to prevent lysis of the cells late in
infection) in the presence of chloramphenicol.
Early mRNA was allowed to accumulate for
various amounts of time, rifampin was then
added to block further RNA synthesis, and
chloramphenicol was finally removed to allow
the mRNA synthesized during the chloram-
phenicol treatment to express itself into enzyme
activity. It is shown (Fig. 1A) that under these
conditions dCTPase mRNA was formed to some
extent in the absence of protein synthesis. Sim-
ilar results were obtained for,B-glucosyltransfer-
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ase mRNA (data not shown). With dTMP ki-
nase mRNA, however, no synthesis could be
observed in the absence of protein synthesis as
could be seen in Fig. 1B. When strain AD1766
(rho') was used instead as host in a control
experiment, no dCTPase mRNA was formed
under otherwise identical conditions (Fig. 2).
Similar results were obtained for,B-glucosyl-
transferase mRNA (data not shown). The strain
AD1766 is isogenic with AD1704, except that it
has the wild-type allele of rho.
Mutants W3110rhol0l through 104 of E. coli

were isolated by Korn and Yanofsky (9, 10).
Their mutations induce suppression of polarity
and give a defective transcription, attenuation at
the tryptophan operon. These phenomena were
explained by a deficiency in transcription ter-
mination due to an altered rho factor (9, 10).
When experiments identical to those de-

scribed above were performed.with these mu-
tants as hosts, it was observed that, in both
W3110rholO2 and W3110rholO3, dCTPase
mRNA and f-glucosyltransferase mRNA, re-
spectively, could be formed in the absence of
protein synthesis. With W3110rho+ or
W3110rholO4, however, no synthesis of these
mRNA types could be detected in the presence
of chloramphenicol (Fig. 3 and Table 1). The
formation of dTMP kinase mRNA under chlor-
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FIG. 1. Synthesis of dCTPase mRNA in the presence of chloramphenicol in E. coli AD1 704 (rhot8.I) after
infection with amN122. (A) Cells ofE. coli AD) 704 were grown at 30°C and infected (time zero) at 36°C in LB
medium. At the indicated times, 2-mi samples were withdrawn and extracts were prepared and assayed for
dCTPase activity as described in the text. Ordinate: nanomoles ofdCMP formedper hour per 1.5 x 108 cells
at 37C. (B) The same extracts as in A were assayed for dTMP kinase activity as described above. Ordinate:
nanomoles of dTDP formed per hour per 1.5 x 108 cells at 37°C. Symbols: A, chloramphenicol (200 pg/ml)
added at 10 min before infection, rifampin (200 pg/ml) added at 9 min after infection, and chloramphenicol
removed by filtration at 10 min; *, sameprocedure but without rifampin; 0, chloramphenicol added at 10 min
before infection, rifampin added at 3 min after infection, and chloramphenicol removed by filtration at 4 min.
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FIG. 2. Inhibition ofdCTPase mRNA synthesis in
the presence of chloramphenicol in E. coli AD1766
(rho') after infection with amN122. Cells of E. coli
AD1766 were grown at 30°C and infected (time zero)
at 36°C in LB medium. At indicated times, sample
extracts were prepared and assayed for dCTPase
activity as described in the text. Ordinate: nanomoles
ofdCMP formed per hourper 1.5 x 108 cells at 37°C.
Symbols: A, chloramphenicol (200 pg/ml) added at 10

min before infection, rifampin (200X g/ml) added at
9 min after infection, and chloramphenicol removed
by filtration at 10 min; *, sameprocedure but without
rifampin.

amphenicol treatment could not be seen with
any of these mutants as hosts (data not shown).
A mutationally altered rho factor in the host

thus seems to allow synthesis of dCTPase
mRNA and,-glucosyltransferase mRNA but
not of dTMP kinase mRNA in the absence of
protein synthesis. The difference observed here
between mutants W3110rho102 and
W3110rho103 on the one hand and
W3110rho104 on the other could be explained
by a relatively smaller mutational change in the
rho function of W3110rho 104 as reflected in the
lower degree of polarity suppression seen with
this mutant (10).

Effect of mutations in the mot gene of
phage T4 on the formation of dTMP kinase
mRNA. The T4 phage mutant tsGl, isolated by
Mattson et al. (13) and defining the regulatory
gene mot, was shown by Sauerbier et al. to be
isogenic with the mutant farP85 (19) originally
studied by Johnson and Hall (7). These authors,
by enzyme determinations, also showed that

farP85 underproduces dTMP synthetase after
infection of E. coli (8).
When E. coli cells were infected at 370C with

the mutant tsGl or the mutant farP85 (tsGl is
phenotypically mot- at 37°C [19]) (Fig. 4), the
initiation ofdTMP kinase synthesis was delayed
and the final enzyme level was seen to reach
only about 50% of that in the wild-type infection.
The synthesis of dCTPase (Fig. 4B), however,
started at the normal time and rose to final
enzyme levels that were higher than those after
wild-type infection.
When the same experiment was performed at

250C (tsGl phenotypically mot' at 250C [19]),
another pattern was obtained. The mutant tsGl
induced about the same amount ofdTMP kinase
as wild-type phage, whereas farP85 hardly in-
duced any dTMP kinase synthesis at all (Fig.
40). This deficient kinase formation withfarP85
at low temperature was obtained repeatedly and
is unexplained. The initiation of dCTPase (Fig.
4D) and f)-glucosyltransferase formation (data
not shown) occurred at the same time as after
wild-type infection, and the final enzyme levels
were similar to those after wild-type infection.
Involvement of the mot gene product in

the control of dTMP kinase mRNA forma-
tion. To investigate the function of the mot gene
in the synthesis of dTMP kinase mRNA, the
double infection system described above was
used. It was demonstrated earlier that the for-
mation of dTMP kinase mRNA was inhibited
by chloramphenicol and that one or several
phage-specific proteins seemed to be involved in
this synthesis regulation (11). This is also shown
here in the experiment in Fig. 5A, where primary
infection took place with a mutant defective in
the structural gene for dTMP kinase and also
containing the imm- mutation (23) to diminish
the superinfection exclusion effect. After super-
infection with wild-type phage in the presence
of chloramphenicol, synthesis of dTMP kinase
mRNA could then be demonstrated by the en-
zyme-forming capacity determination. Without
primary infection there was no synthesis of
dTMP kinase mRNA (Fig. 5A). Very similar
results were obtained for dCTPase mRNA for-
mation (Fig. 5 B) and also for that of f,-glucosyl-
transferase mRNA (data not shown).
When the mot mutant tsG1 was used in the

primary infection, however (Fig. 6A), it was ob-
served that at 370C no dTMP kinase mRNA
was formed after wild-type superinfection in the
presence of chloramphenicol. When, however,
dCTPase activity is measured in the same ex-
periment, it can be seen (Fig. 6B) that the
mRNA for this enzyme was synthesized. The
latter observation was also made for f?-glucosyl-
transferase mRNA (data not shown). As a con-
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FIG. 3. Synthesis of /8-glucosyltransferase mRNA and dCTPase mRNA in the presence of chloramphenicol
in E. coli W3110rholO2 and E. coli W3110rholO4 after infection with amNl22. Cells of E. coli W3110rholO2
(A and B) or E. coli W3110rholO4 (C and D) were grown in LB medium at 37°C and infected with amN122
(time zero). At indicated times, samples were withdrawn, and extracts wereprepared and assayed for enzyme
activities as described in the text. Symbols: A, chloramphenicol (200 pg/ml) added at 1 min before infection,
rifampin (200 pg/ml) added at 9 min after infection, and chloramphenicol removed by filtration at 10 min
after infection; 0, same procedure but without rifampin. (A and C) /8-Glucosyltransferase activity; values
along the ordinates denote nanomoles ofglucose transferred to T2 DNA per hour per 1.5 x 108 cells at 37°C.
(B and D) dCTPase activity; ordinates are nanomoles of dCMP formed per hour per 1.5 x 108 cells at 37°C.

TABLE 1. Enzyme activities in strains W3110rho+
and W3110rholO3 at 40 min after infection with

amN122a
dCTPase b gt

Strain
-rif +rif -rif +rif

W3110rho+ 323 11 2.92 0.06
W3110rholO3 742 41 3.37 0.22

a Experiments were performed as described in the
legend to Fig. 3.

bEach value represents nanomoles ofdCMP formed
per hour per 1.5 x 108 cells at 37°C.

' Each value represents nanomoles of glucose trans-
ferred to T2 DNA per hour per 1.5 x 108 cells at 37°C.

trol, the same double-infection experiments were
performed at 25°C, which is a permissive tem-
perature for tsGl. It can be seen (Fig. 7) that in
this case both dTMP kinase and dCTPase
mRNA was formed after superinfection in the
presence of chloramphenicol. The accomplish-
ment of dTMP kinase mRNA synthesis thus
seems to be dependent on the allelic state of the
mot gene.

DISCUSSION
The temporal program of prereplicative tran-

scription after bacteriophage T4 infection seems
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FIG. 4. Effect of mot mutations on the formation of dTMP kinase and dCTPase. Cells of E. coli B were

grown at 37°C in glycerol-Casamino Acids medium to 2 x 108 cells/ml and infected with phage at time zero

and again at 2 min (to obtain lysis inhibition). At different times, sample extracts were prepared and assayed
for dTMP kinase and dCTPase, as described in the text. (A) dTMP kinase formation at 37°C. Ordinate:
nanomoles of dTDP formed per hour per 1.5 X 108 cells at 37°C. (B) dCTPase synthesis at 37°C. Ordinate:
nanomoles ofdCMP fornedper hourper 1.5 x 108 cells at 37°C. (C) dTMP kinase formation at 25°C. Ordinate
as in A. (D) dCTPase synthesis at 25°C. Ordinate as in B. Symbols: 0, infection with am'; *, infection with
farP85; A, infection with tsGl.

to comprise several different parts. The enzyme-

forming capacity method used in the experi-
ments presented here sheds light on the tran-
scriptional regulation of specific cistrons in these
different parts.
The chloramphenicol sensitivity of prerepli-

cative transcription could be regarded as a po-

larity effect restricting transcription to pro-

moter-proximal DNA segments due to nucleo-
lytic sensitivity of newly formed mRNA in the
absence of protein synthesis (2). In earlier work
we presented some evidence for an interpreta-
tion of the chloramphenicol effect as a reflection
ofan active, regulatory process, i.e., that positive
regulatory elements transcribed and translated
from early phage genes are necessary for the
expression of other early phage genes (11). Such
an active regulatory process could conceivably
be explained in two alternative ways. Either an
early gene could produce an antiterminator pro-
tein which counteracts the rho factor of the host
to permit continued transcription into promoter-
distal genes (18) or a product of a promoter-

proximal gene could stimulate the transcription
of other early genes (22).
The three genes, the transcriptional pattern

of which was studied in this investigation, all
code for enzyme proteins involved in the biosyn-
thesis of modified cytosine in T4 DNA. The
results, demonstrating a prevention of the chlor-
amphenicol effect in the presence of a rho mu-

tation in the host, indicated that transcription of
the genes for dCTPase (gene 56) and fl-gluco-
syltransferase (gene f3gt), respectively, were un-

der the control of an anti-rho mechanism, but
that of dTMP kinase (gene 1) was not. It could
be noted that genes 56 and ,Bgt are relatively
close on the genetic map of T4 (18.5 and 23
kilobases, respectively), whereas gene 1 is situ-
ated in a different area at 74 kilobases (16). The
mutation rho&115 in the host counteracted the
chloramphenicol effect both at the nonpermis-
sive temperature of 300C (Fig. 1) and at the
allegedly permissive temperature of 250C (data
not shown). This observation is consistent with
the original characterization of the mutant by
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FIG. 5. Formation of dTMP kinase and dCTPase mRNA by wild-type phage in the absence of protein
synthesis after primary infection with amC42imm2 and amE114imm2, respectively. Cells of E. coli AA446
were infected with either amC42imm2 (dTMP kinase-, imm-) or amE114imm2 (dCTPase_, imm-). Superinfec-
tion with wild type took place at 5 min. At indicated times, sample extracts were prepared and assayed for
dTMP kinase or dCTPase activity as described in the text. (A) Ordinate: dTMP kinase activity, nanomoles
of dTDP formed per hour per 1.5 x 108 cells at 37°C. (B) Ordinate: dCTPase activity, nanomoles of dCMP
formed per hour per 1.5 x 108 cells at 37°C. Symbols: 0, infection with amC42imm2 (A) or amE114imm2 (B)
(time zero), chloramphenicol (20 lg/ml) added at 4 min, superinfection with am' at 5 min, rifampin (20 pg/ml)
added at 14 min, chloramphenicol removed by filtration at 15 min; *, same procedure but without chloram-
phenicol; A, same procedure but without primary infection.
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FIG. 6. Absence ofdTMP kinase mRNA synthesis at wild-type infection in thepresence ofchloramphenicol
after primary infection with tsGl at 37°C. Cells of E. coli AA446 were infected at 37°C with tsGl (mot-).
Superinfection with wild-type phage took place at 5 min. At indicated times, sample extracts were prepared
and assayed for dTMP kinase or dCTPase activity as described in the text. (A) Ordinate: dTMP kinase
activity, nanomoles of dTDP formed per hour per 1.5 x 108 cells at 37°C. (B) Ordinate: dCTPase activity,
nanomoles of dCMP formed per hour per 1.5 x 108 cells at 37C. Symbols: 0, infection with tsGl (time zero),
chloramphenicol (20 pg/ml) added at 4 min, superinfection at 5 min, rifampin (20 pg/ml) added at 14 min,
chloramphenicol removed by filtration at 15s min; *, same procedure but without chloramphenicol.

Das et al. (3), who observed that the specific rho
function of the rhot815 mutant was defective also
at the low temperature of 250C, where the pleio-
tropic effects of the mutation, however, were

mild enough to allow bacterial growth. A further

support for the interpretation that chloram-
phenicol inhibits an anti-rho mechanism in the
early transcription process is that the drug effect
was counteracted also by the polarity suppres-
sion mutants of Korn and Yanofsky (9, 10), and
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FIG. 7. Formation of dTMP kinase and dCTPase mRNA by wild-type phage in the presence of chloram-
phenicol after primary infection with tsGI at 25°C. Cells of E. coli AA446 were grown at 37°C and infected
with tsGI at 25°C. Superinfection with wild-type phage at 10 min. At indicated times sample extracts were
prepared and assayed for dTMP kinase and dCTPase activity as described in the text. (A) dTMP kinase
activity, nanomoles ofdTDP formedper hourper 1.5 x 108 cells at 37°C. (B) dCTPase activity, nanomoles of
dCMPformedper hourper 1.5 x 10 cells at 37C. Symbols: 0, infection with tsGl (time zero), chloramphenicol
(20 pg/ml) added at 9 min, rifampin (20 pg/ml) added at 29 min, chloramphenicol removed by filtration at 30
min; *, same procedure but without chloramphenicol.

in such a way that a rough correlation was seen
between rescue of transcription and severity of
mutational change in rho function (10).
The idea that positive regulatory elements

coded for by early genes are needed for the
normal expression of other early genes is
strengthened by the finding and characterization
of the mot gene (13, 14). The effect of mutations
in this gene is to decrease the expression ofmany
early genes, among them gene 1 (dTMP kinase).
This mutational effect is, however, much milder
than that of chloramphenicol, since gene 1
expression is only delayed and diminished (Fig.
4), and many other early genes, the functions of
which are abolished by chloramphenicol, are
expressed normally in mot mutant infections
(14). An amber mutation was isolated in the mot
gene, indicating that it codes for a protein (14).
In the superinfection experiments reported here,
the mot protein seemed to have an effect in
trans on the superinfecting phage. When mot
was nontunctional by mutation the trans effect,
relieving the chloramphenicol inhibition of tran-
scription, was abolished for gene 1 but not for
gene 56 (dCTPase). This could be interpreted as
the mot-protein functioning at the initiation of
gene 1 transcription at a promoter recognized
only some time after infection and needed for
reaching the normal level ofmessage production.

In conclusion, the results show that there is a
phage-induced change in transcriptional termi-
nation which regulates the expression of the
genes for dCTPase and ,B-glucosyltransferase,
respectively. The regulatory element could be
an anti-rho protein synthesized some time after
infection, and the chloramphenicol effect would
then be explained by the inhibition of that syn-
thesis. The expression of the dTMP kinase gene,
however, seemed to be unrelated to the rho

function, but instead related to the function of
the mot protein. By inference, the mot protein is
thus unlikely to be involved in an attenuation
mechanism.

ACKNOWLEDGMENTS
We are very grateful to C. Thylen for the determinations of

/8-glucosyltransferase.
This research was supported by a grant to O.S. from The

Swedish Medical Research Council. C.L. gratefully acknowl-
edges fellowships from the Swedish Academy of Pharmaceu-
tical Sciences and from Sven Soderlundhs Minnesfond.

LITERATURE CITED
1. Baros, A., and H. J. Witmer. 1975. Effect of chloram-

phenicol and starvation for an essential amino acid on
the synthesis and decay of T4 bacteriophage-specific
messengers transcribed from early and quasi-late pro-
moters. Arch. Biochem. Biophys. 169:415-427.

2. Black, L W., and L M. Gold. 1971. Pre-replicative
development of the bacteriophage T4: RNA and protein
synthesis in vivo and in vitro. J. Mol. Biol. 60:365-388.

3. Das, A., D. Court, and S. Adhya. 1976. Isolation and
characterization of conditional lethal mutants of Esch-
erichia coli defective in transcription termination factor
rho. Proc. Natl. Acad. Sci. U.S.A. 73:1959-1963.

4. Duckworth, D. H., and M. J. Bessman. 1967. The
enzymology of virus-infected bacteria. X. A biochemi-
cal-genetic study of the deoxynucleotide kinase induced
by wild type and amber mutants of phage T4. J. Biol.
Chem. 242:2877-2855.

5. Edlin, G. 1965. Gene regulation during bacteriophage T4
development. I. Phenotypic reversion of T4 amber mu-
tants by 5-fluorouracil. J. Mol. Biol. 12:363-374.

6. Fraser, D., and E. A. Jerrel. 1953. Amino acid compo-
sition of T3 bacteriophage. J. Biol. Chem. 205:291-295.

7. Johnson, J. R., and D. Hall. 1973. Isolation and char-
acterization of mutants of bacteriophage T4 resistant to
folate analogs. Virology 53:413-426.

8. Johnson, J. R., and D. Hall. 1974. Characterization of
new regulatory mutants of bacteriophage T4. J. Virol.
13:666-676.

9. Korn,L J., and C. Yanofsky. 1976. Polarity suppressors
increase expression of the wild-type tryptophan operon
of Escherichia coli. J. Mol. Biol. 103:395-409.

10. Korn,L J., and C. Yanof8ky. 1976. Polarity suppressors

VOL. 33, 1980



732 LINDER AND SKOLD

defective in transcription termination at the attenuator
of the tryptophan operon of Escherichia coli have
altered rho factor. J. Mol. Biol. 106:231-241.

11. LUnder, C. H., and 0. Skold. 1976. Evidence for a diffu-
sible T4 bacteriophage protein governing the initiation
of delayed early RNA synthesis. J. Virol. 21:7-15.

12. Lund, E., and N. 0. Kjeldgaard. 1972. Metabolism of
guanosine tetraphosphate in Escherichia coli. Eur. J.
Biochem. 28:316-326.

13. Mattson, T. 1974. Mutant of bacteriophage T4D affecting
expression of many early genes. Nature (London) 250:
48-50.

14. Mattson, T., G. Van Houwe, and R. H. Epstein. 1978.
Isolation and characterization of conditional lethal mu-
tations in the mot gene of bacteriophage T4. J. Mol.
Biol. 126:551-570.

15. Peterson, R. F., P. S. Cohen, and H. L. Ennis. 1972.
Properties of phage T4 messenger RNA synthesized in
the absence of protein synthesis. Virology 48:201-206.

16. Rabussay, D., and E. P. Geiduschek. 1977. Regulation
of gene action in the development of lytic bacterio-
phages. In H. Fraenkel-Conrat and R. R. Wagner (ed.),
Comprehensive virology, vol. 8. Plenum Press, New
York.

17. Ratner, D. 1976. Evidence that mutations in the suA
polarity suppressing gene directly affect termination
factor rho. Nature (London) 259:151-153.

18. Richardson, J. P. 1970. Rho factor function in T4 RNA

transcription. Cold Spring Harbor Symp. Quant. Biol.
35:127-133.

19. Sauerbier, W., K. Hercules, and D. H. Hall. 1976.
Utilization of early promoters in mutant farP85 of
bacteriophage T4. J. Virol.19:668-674.

20. Sekiguchi, M., and S. lida. 1967. Mutants ofEscherichia
coli permeable to actinomycin. Proc. Natl. Acad. Sci.
U.S.A. 58:2315-2320.

21. Stretton, A. 0. W., and S. Brenner. 1965. Molecular
consequences of the amber mutation and its suppres-
sion. J. Mol. Biol. 12:456-465.

22. Travers, A. 1970. Positive control of transcription by a
bacteriophage sigma factor. Nature (London) 225:
1009-1012.

23. Vallee, M., and J. B. Cornett. 1972. A new gene of
bacteriophage T4 determining immunity against super-
infecting ghosts and phage in T4-infected Escherichia
coli. Virology 48:777-784.

24. Wiberg, J. S., M. L. Dirksen, R. H. Epstein, S. E.
Luria, and J. M. Buchanan. 1962. Early enzyme
synthesis and its control in E. coli infected with some
amber mutants of bacteriophage T4. Proc. Natl. Acad.
Sci. U.S.A. 48:293-302.

25. Young, E. T. 1975. Analysis of bacteriophage T4 chlor-
amphenicol RNA by DNA-RNA hybridization and by
cell-free protein synthesis and the effects ofEscherichia
coli polarity-suppressing alleles on its synthesis. J. Mol.
Biol. 96:393-424.

J. VIROL.


