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When protein synthesis was blocked by chloramphenicol in vivo, transcription
initiation of lac mMRNA was severely inhibited. In a promoter mutant (L8-UVS5) or
in wild-type cells supplemented with adenosine 3',5'-phosphate (=5 mM), nearly
normal initiation could be achieved, and when the mRNA chains formed were
extracted, they coded for the S'-terminal a-peptide of the lacZ gene in vitro.
However, even under such conditions, only a fraction of RNA polymerases
proceeded to the end of the Z gene in the presence of chloramphenicol; as a
consequence, a wide range of sizes of mRNA was produced, and very few
transcripts were formed all the way to the natural termination site of the operon.
In other words, premature transcription termination occurred in chloramphenicol-
treated cells, as current models predict, but terminations occurred to variable
extents at several intragenic sites and apparently at least one intergenic site.
Termination at intragenic sites occurred far less in cells bearing a mutation in the

transcription termination factor rho.

When protein synthesis is blocked, bacterial
mRNA metabolism is greatly affected. Preexist-
ing mRNA, for example, is stabilized in the
presence of chloramphenicol (8, 40). More unex-
pectedly, the formation of some mRNA species
is inhibited (12, 19, 28, 30, 45). In those cases,
transcription of mRNA is tightly coupled to its
translation. Transcription of trp and lac mRNA,
for example, is reduced more than 20-fold when
translation is stopped by any of a number of
means, including protein synthesis inhibitors,
amino acid starvation, or temperature inactiva-
tion of thermolabile components of the transla-
tion machinery (6, 19, 22, 30, 45). A phenome-
non similar to this coupling is polarity:
termination of translation at a nonsense codon in
a gene often severely inhibits the formation of
distal mRNA (2, 13).

Recent studies have suggested a mechanism
for both coupling and polarity that involves
mainly the premature termination of nascent
mRNA beyond blocked ribosomes, mediated by
the rho termination factor (reviewed in 2, 13).
For example, when chloramphenicol is added to
cells in which the rho factor is altered by muta-
tion, or when such a mutation is introduced into
cells with a nonsense lesion in lac, trp, or gal
genes, the levels of operon-specific mRNA are
not reduced as much as in cells with wild-type
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rho factor (2, 9, 23, 30, 45). On the other hand, it
was recently found that certain promoter muta-
tions could alleviate part of the inhibition of
RNA synthesis by chloramphenicol (18). Thus,
at least part of the nearly total inhibition of lac
transcription by chloramphenicol seemed to oc-
cur at the initiation rather than solely at the
elongation of RNA chains.

Even in cases in which the block at mRNA
initiation can be bypassed, it has not been clear
how far RNA transcription proceeds. For exam-
ple, in vitro studies with RNA polymerase and
rho factor suggested that lac transcription in the
absence of translation (10) proceeds about 1,000
nucleotides to a major termination point in the
initial lacZ gene (2, 10). In contrast, in vivo
studies of polarity gradients implied the possibil-
ity of a number of termination sites (48). Similar
uncertainties about the extent of transcription
have arisen in studies of other operons (2; see
Discussion).

We wanted to refine the analysis of the extent
of lac transcription. The lacZ gene provides
especially favorable material, because (i) the
block at transcription initiation in chlorampheni-
col-treated cells can be specifically bypassed in
vivo in the L8-UVS5 strain (or in normal strains;
see below); (ii) the lacZ gene is very long, and as
a result, by using composite gel electrophoresis
(1), one can easily resolve major truncated
mRNA species that might be formed within the
gene; (iii) DNA fragments corresponding to vari-
ous segments of the operon are available as
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hybridization probes to verify the sequence con-
tent of mRNA species; and (iv) the coding
activity of mRNA from the initial 300 nucleo-
tides of the mRNA can be assayed directly in
vitro (24-26).

The functional assay and the available probes
have enabled us to confirm that for lac mRNA,
the major block of transcription when transla-
tion stops is at initiation. However, when this
coupling block is bypassed, termination at a
number of sites further in the lacZ gene is ob-
served. Much of the chain termination does not
occur, as expected, in cells containing a defec-
tive rho factor.

MATERIALS AND METHODS

Strains, media, and growth condition. Table 1 lists
the strains used. The growth medium contained mini-
mal salts (29) supplemented with 0.8% Casamino Ac-
ids, 0.4% glycerol, and 1 pg of thiamine per ml. For
experiments, cultures were freshly grown to mid-log
phase at 30°C with shaking.

Preparation of RNA. Five milliliters of culture was
mixed with an equal volume of ice-cold or frozen
killing buffer (0.1 M sodium acetate, pH 5.5, 0.02 M
NaNj3, and 0.01 M NaF). Cells were pelleted at 12,000
X g for 10 min and suspended in a mixture of 2.5 ml of
10-fold-diluted killing buffer, 50 pl of 20% sodium
dodecyl sulfate, and 1 ml of freshly distilled phenol.
Suspensions were heated at 60°C with occasional
agitation for 5 to 10 min. They were then centrifuged at
12,000 X g for 15 min, and the upper aqueous phase
was carefully removed and extracted with 0.5 ml of
phenol twice more as above. To the final aqueous
phase, 0.2 ml of sodium acetate (1 M, pH 5.5) and 2.5
volumes of ethanol were added. The suspension was
chilled overnight at —18°C (or 1 h at —70°C), and the
precipitate was collected at 12,000 x g for 30 min.

When the RNA was to be used for translation of the
a-peptide of B-galactosidase (24), 5 ml of 95% ethanol
was added to wash the RNA precipitate. After 1 h at
room temperature, the ethanol phase was discarded
and the process was repeated with 66% ethanol. The
final precipitate was dissolved in 1 ml of water,
lyophilized, redissolved in 120 pl of water, and used
immediately.

When the RNA was to be used for DNA:RNA
hybridization, the pellet from the first ethanol precipi-
tation was dissolved in 1 ml of water. Then 0.2 ml of 1
M sodium acetate was added, and the RNA was
ethanol precipitated once again. The final precipitate
was dissolved in 1.2 ml of hybridization buffer contain-
ing 50% formamide, 3x SSC (SSC is 0.15 M NaCl plus
0.015 M sodium citrate), and 0.1% sodium dodecyl
sulfate.

For hybridization assays with RNA from gel slices,
a milder and faster RNA extraction procedure, which
involves high-salt precipitation in an extract of cells
lysed with EDTA-lysozyme, was used to minimize the
breakdown of RNA (1, 18).

Functional assay of 5'-lacZ mRNA. The assays were
modified from an earlier procedure (20, 21). Each 100
pl of reaction mixture contained 30 pul of S30 extract
from strain 514K2, 30 pl of RNA (about 20 to 80 pg)
prepared as above, and 2.3 pmol of phospho(enol)pyr-
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uvate (Sigma Chemical Co.); 0.02 pmol of each of 20
amino acids (Sigma); 10 pg of tRNA (GIBCO Labora-
tories); 4.4 pmol of Tris-acetate (pH 8.2); 7 pmol of
potassium acetate; 3 pg of folinic acid; 0.22 wmol of
ATP and 0.05 pmol of GTP (Sigma); 2 mg of polyethyl-
ene glycol 6000; 1.2 pmol of magnesium acetate; 0.14
wmol of dithiothreitol; and DNase as previously de-
scribed (20).

The reaction mixture was incubated at 37°C for 10
min. Then 25 pl of DZ291 (26) extract (a-acceptor) was
added, followed by 1 ml of 0.25 M phosphate buffer,
pH 7, 0.1 M B-mercapthoethanol, 400 pg of o-nitro-
phenyl-B,D-galactoside (Sigma), and 50 pg of chloram-
phenicol (Sigma). This mixture was incubated at 30°C
until sufficient yellow color was developed. The reac-
tion was stopped by adding 1 drop of glacial acetic
acid. The tubes were centrifuged at 2,000 x g for 10
min. To the clear supernatant, 0.6 ml of 1 M Na,CO,
containing 0.005 M EDTA was added, and the absor-
bance at 420 nm was measured. Reaction mixtures
lacking RNA were used as blanks, and their spectral
reading, usually less than 2% of the total absorbance,
was subtracted.

DNA:RNA hybridization. Phage and plasmid DNAs
were prepared as previously described (29, 42); DNA
filters were prepared by an established method (29).
For a 27-mm nitrocellulose filter, 50 ug of phage DNA
or 5 ug of plasmid DNA was used. For each hybridiza-
tion, 200 pl of RNA solution prepared as described
above was incubated with a 1/16 sector of a filter at
53°C for 40 to 48 h. Both probe and corresponding
background DNA filters were included in each hybrid-
ization mixture. DNAs of phages A placS, plasmid
pMC3, and plasmid pTE21 were used as probes for
lacZ; for the 5'-terminal portion of the lacZ gene; and
for lacY and lacA mRNA, respectively; DNAs of
phage \ cI857 $7 and plasmid vehicles pMB9 (for
pMC3) and pBR322 (for pTE21) were used to deter-
mine corresponding background levels of hybridiza-

TABLE 1. Bacterial strains

Ref-
Name Genotype Provenance | er-
ence
E8027 (L8- |F' lac L8-UVS pro/  |W. Rezni- 3
uUvs) A(lac-pro) thi koff
ES014 F' lac pro/A(lac-pro) |W. Rezni- 3
(Wild thi koff
type)
U118 lacZU118 trpR trpE  |C. Yan- 23
trpA ofsky
CSH1 lacZ(Am) trp rpsL thi |Cold Spring| 29
Harbor
Collec-
tion
CSH2 lacZ(Am) trp rpsL thi |Cold Spring| 29
Harbor
Collec-
tion
514K2 rpsL Alac Ksg" K. Jacobs |20
DZ291 F' lacI2 AM15/lacl2  |I. Zabin 26
AM15
AD1600 F~ galE3::1S2 his rpsL|S. Adhya 9
rho-15
SA1030 F~ galE3::1S2 his rpsL|S. Adhya 9
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tion. Each hybridization was done at least in duplicate.
(Plasmid pMC3 has an insert extending from the end of
the lacl gene through the initial one-sixth of lacZ. The
Hinll insert in pMB9 totals 789 base pairs and covers
the region that codes for the N-terminal a-peptide of -
galactosidase [24]. Plasmid pTE21 has a 1.76-megadal-
ton EcoRlI insert, in pBR322, including lac sequences
with lacZ almost completely deleted [R. Teather,
personal communication]; therefore, the lac portion of
this plasmid represents mainly the lac YA region of the
operon and serves as a good probe for promoter distal
lacY and lacA mRNA.)

Gel electrophoresis and hybridization with RNA
from gel slices were modified from references 1 and
18.. RNA labeled as indicated in the figures was
electrophoresed in a 2.2% polyacrylamide-0.5% agar-
ose slab gel at S V/cm for 5 h. Each slot was sliced into
1-mm slices; RNA was then eluted from each slice and
hybridized in 300 pl of hybridization mix with DNA
filters as described above (1, 18).

After the RNA:DNA hybridization, filters were
treated with 20pg of RNase per ml at 37°C for 1 h and
washed four times with 2x SSC. Dry filters were
treated with 0.3 N NaOH for 40 min to render RNA
soluble, and the liquid was mixed and counted in
Ready-Solv (Beckman Instruments, Inc.).

RESULTS

In wild-type Escherichia coli, less than 5% as
much lac mRNA is made in cells treated with
chloramphenicol (12, 45). Here we characterize
further both the block at initiation (18) and the
mRNA formed when the block at initiation is
bypassed.

Initiation of functional lac mRNA in chloram-
phenicol-treated cells. Hirschel et al. (18) found
that in contrast to wild-type cells, strains bearing
a class III-type lac promoter (38) formed some
lac mRNA even in the presence of chloramphen-
icol. When a DNA probe for the entire lacZ gene
was used, 30 to 40% of the mRNA formed in the
absence of the drug was induced in its presence.

Because it is specifically the promoter that is
altered in class III mutants, at least part of the
block of transcription in wild-type cells should
be at or near the initiation step. Transcription
from distal portions of the very long lacZ gene in
the class III strains might still be prematurely
arrested (2), or the mRNA might be hyperlabile
(13, 17). The relative relief of an initiation block
could therefore probably be better assessed by
hybridization to a DNA probe for the initial
segment of the lacZ gene. We used a probe for
*“5'-lacZ’’ mRNA that contained the first 479
nucleotides of the lac operon mRNA sequence
(24). The amount of 5'-lacZ mRNA formed in
the presence of chloramphenicol was as much as
80% of that in control cells (Table 2, row 1).
Presumably, even more relief of the apparent
inhibition by chloramphenicol would be detect-
ed with an even shorter promoter-proximal
DNA probe; and extrapolating to the start of
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transcription, there would be scarcely any inhi-
bition of chain initiation in chloramphenicol-
treated L8-UVS cells.

The class III promoter mutation L8-UVS was
originally selected as a strain insensitive to ca-
tabolite repression of the lac operon (41). Resto-
ration of lac mRNA formation in the presence of
chloramphenicol could be related to this lack of
arequirement for CAMP. Earlier studies, includ-
ing our own, showed no significant restoration
of lacZ message formation (or only a small
effect) when cAMP was added to chlorampheni-
col-treated cells (12, 18, 45). However, we found
that the estimate of mRNA formation in the
presence of chloramphenicol depended on (i)

TABLE 2. 5'-Proximal lacZ-, lacZ-, and lacYA-
specific RNA formed in the presence and absence of

chloramphenicol®
s % Hybridization with given
Expt Addition probe

Cm IPTG S'-lacZ lacZ lacYA
A - - 0.014 0.004 0.018
B - -
C — —
A - + 0.065 0.194 0.088
B - + 0.061 0.209 0.069
C - + 0.084 0.444 0.144
A + - 0.007 —0.003 0.026
B + - 0.004 -0.002 0.008
C + - 0.003 0.006 0.019
A + + 0.045 0.068 0.029
B + + 0.050 0.087 0.008
C + + 0.009 0.010 0.027

“ Where indicated, 100 p.g of chloramphenicol (Cm)
per ml was added to an exponentially growing culture
of a wild-type strain or one bearing the L8-UVS
mutation. Five minutes later, the B-galactosidase in-
ducer isopropyl-B-D-thiogalactopyranoside (IPTG)
was added to 1 mM. After another 5 min, [*H]uridine
(New England Nuclear Corp.; specific activity, 29 Ci/
mmol) was added to 50 nCi/ml to label the RNA for 1
min for A (L8-UVS; average of four to eight indepen-
dent experiments) and for C (wild type; average of two
independent experiments). For B, the L8-UVS strain
was labeled as in the legend to Fig. 4 (with rifampin
and [*H]uridine added for 3 min before the cells were
killed). After labeling, RNA was extracted from the
pulse-labeled cells. Hybridizations to various DNA
probes were then carried out (see Materials and Meth-
ods) to estimate the levels of 5'-lacZ, lacZ, and lacYA
RNA. The values are expressed as the percentage of
input counts over background which were hybridiza-
ble. (The input for each hybridization reaction was
usually 1 X 10° to 2 X 10° cpm. The backgrounds,
which were subtracted before the calculation of per-
centage of hybridization, were 0.010 to 0.013% of
input counts for A S7 and <0.001% for pMB9 and
pBR322).
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FIG. 1. Restoration of mRNA synthesis in the
presence of chloramphenicol by cAMP. A culture of
ES014 (wild-type lac promoter) was induced and la-
beled, and the hybridizations were expressed as in
Table 2, except that cAMP at the indicated concentra-
tions was added along with IPTG. Uninduced back-
grounds were substracted. Symbols: (O, without
chloramphenicol; @, with chloramphenicol. (A) 5'-lac
probe; (B) lacZ probe; C: lacY A probe.

cAMP concentration and (ii) the specific region
of mRNA assayed (Fig. 1). If the 5'-lacZ mRNA
was assayed by hybridization and the concentra-
tions of cAMP were high enough (=5 mM),
restoration of 5'-lacZ message up to 70% of the
level of mRNA formed in the absence of chlor-
amphenicol was achieved in a wild-type strain.
This level is comparable to that in the strain
bearing the L8-UVS5 mutations.

It is possible to test whether the 5'-lac mRNA
formed is functionally intact. Activity can be
determined by translating the mRNA into the 5'-
“‘a-peptide’’ of B-galactosidase (no more than 81
amino acids long), which can be assayed by a-
complementation (44). In the experiments de-
picted in Fig. 2, cells were induced for B-
galactosidase for brief times at intervals after the
addition of chloramphenicol. The mRNA was
then extracted and tested for its capacity to code
for the a-peptide in vitro. The level of inducibil-
ity of a-coding mRNA changed very slowly in
the L8-UVS5 promoter mutant. Thus, the 5'-
proximal segment of the messages formed in the
cells was functionally intact. As expected, the
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inducibility of active mRNA dropped very rapid-
ly in the wild-type strain, to a negligible level
within 3 min.

Chloramphenicol affects protein synthesis by
blocking ribosome movement along the mRNA
molecule (8). Other protein synthesis inhibitors
which act differently are also known to inhibit
transcription (12, 19), and it was of interest to
see their effect on the formation of functional 5'-
lacZ mRNA in the E8027 strain. Puromycin,
which causes release of any ribosomes bound to
mRNA (32), and kasugamycin, which prevents
the addition of any ribosomes to the mRNA (33),
were chosen for this purpose. They were as
effective as chloramphenicol in inhibiting
mRNA synthesis in the wild-type cells (data not
shown). Again, when they were added to L8-
UVS cells, the synthesis of functional a-message
did not seem to be affected (Fig. 3).

These results indicate that when protein syn-
thesis is inhibited by any of a variety of means,
lac mRNA becomes uninducible; but in the
presence of sufficient exogenous cAMP, or with
a promoter that needs no cAMP, a similar num-
ber of mRNA chains are initiated in the presence
and in the absence of translation.

Transcription termination sites in the lac oper-
on in chloramphenicol-treated cells. Even when
5'-lacZ mRNA was formed at high levels in the
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FIG. 2. lac transcription capability of cells after
addition of chloramphenicol. Sixty milliliters of expo-
nentially growing bacteria was supplemented at zero
time with 3 ml (2 mg/ml) of chloramphenicol. At the
times indicated, 6-ml portions were transferred to vials
containing 60 wl of IPTG (0.1 M). After a 2-min period
to permit enzyme induction, the bacteria were killed
and RNA was prepared as described in Materials and
Methods. A modified Zubay-type system (see Materi-
als and Methods) supplemented with DNase was used
for the translation of the lac mRNA synthesized in
vivo. The activity is expressed as absorbancy at 420
nm X 1,000 per 10 pg of RNA input per 10 min of
incubation at 30°. Symbols: O, E8027 (L8-UVS lac
promoter); @, E5014 (wild-type lac promoter).
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FIG. 3. lac transcription capability of cells after
addition of various antibiotics. One hundred twenty
milliliters of exponentially-growing L8-UVS cells were
washed twice in 0.12 M Tris, pH 8, and treated with
EDTA according to reference 1. For the experiment,
the bacteria were suspended in Casamino Acids medi-
um (supplemented with 0.4% glycerol) at concentra-
tions comparable to those in the starting culture.
cAMP was then added to a final concentration of 1
mM. After 5 min of preincubation, puromycin, kasuga-
mycin, or chloramphenicol was added to give a final
concentration of 600 wg/ml, 82 mg/ml, or 300 pg/ml,
respectively, at the times indicated. Portions of 4 ml
were then transferred to vials containing IPTG at a
final concentration of 2 mM. After a 2-min induction
period, the bacteria were killed and RNA was pre-
pared as described under Materials and Methods. The
protocol for the Zubay system and the expression of
the activity were as described in the legend to Fig. 2.
(A) Control without antibiotics; (B) chloramphenicol-
treated cells; (C) kasugamycin-treated cells; (D) puro-
mycin-treated cells.

presence of chloramphenicol, total lacZ mRNA
was found at lower levels (Table 1). When we
used a DNA hybridization probe that corre-
sponded to the distal genes of the operon (Y and
A mRNA), the deficit was even more marked.
As in wild-type cells, scarcely any Y and A
mRNA above uninduced levels was observed in
chloramphenicol-treated L8-UVS cells (Table 2,
row 3).

To assess the size and sequence content of lac
mRNA formed, we fractionated the messages
made in the presence of chloramphenicol by gel
electrophoresis and then tested them for hybrid-
ization to probes for different parts of the oper-
on: 5'-lacZ, lacZ, and lacYA (Fig. 4). Labeling
was done in the presence of rifampin to prevent
further transcription initiation while RNA syn-
thesis was completed. Thus, RNA chains would
be accumulated as finished products. In the
control cells in the absence of chloramphenicol,
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the labeled RNA hybridizable to all three probes
was almost entirely associated with large species
of messages (23S to 30S, corresponding to the
chains expected for lacZ-size to full lacZYA-size
RNA (27, 40)). When chloramphenicol was pres-
ent, both 5'-lacZ and total Z mRNA sequences
were found in RNA chains over a range of
smaller sizes (6S to 16S). Although some full-
size lacZ-length message was observed (22S to
25S), there was very little RNA larger than that
size. That these were the largest transcripts
formed was consistent with the lack of signifi-
cant hybridization to the lacYA DNA probe
across the gel; i.e., few if any transcripts extend-
ed into the Y and A genes. (These results are
somewhat reminiscent of earlier findings in
which cells recovering from chloramphenicol
treatment showed some ‘‘polarity’’ effects even
after chloramphenicol had been removed [35].)
Even though mRNA is generally more stable
in chloramphenicol-treated cells (8), and endo-
nuclease cleavage of preformed lac mRNA is
inhibited when the drug is added (40), it still
seemed possible that the shorter messages ob-
served were degradation products of longer tran-
scripts, especially because the first ribosome
can bind to mRNA in chloramphenicol-treated
cells but is immediately prevented from any but
slow movement (8); hence, the mRNA is mostly
“‘naked.”’ However, Fig. S confirms that even
for 5'-lacZ and total lacZ mRNA formed after
the addition of chloramphenicol, half-lives were
about threefold longer than in untreated cells (10
min compared with 3.5 min). (The low level of Y
and A mRNA formed in the presence of chlor-
amphenicol made meaningful determination of
its half-life difficult.) Consistently, the functional
half-life of 5'-lacZ message formed in the pres-
ence of chloramphenicol was also 10 min in both
L8-UVS5 and wild-type strains (data not shown).
Thus, the short transcripts seen in chloramphen-

TABLE 3. Partial relief of the blockage of lac
transcription by chloramphenicol (Cm) in a mutant
defective in rho factor®

% Hybridization
Probe SA1030 (wild type) AD1600 (rho-15)
Ratio, Ratio,
—Cm | +Cm +Cm/—Cm —Cm | +Cm +Cm/—Cm
5'-lacZ)0.18110.012] 0.11 0.10710.059| 0.55
lacZ 10.337]0.020| 0.04 |0.222/0.111 0.50
lacYA [0.167| <O 0.178(0.019{ 0.11

“ Protocols as in Table 2, except that 7 mM cAMP
was included. The tabulated values are the percentage
of hybridization from at least two independent experi-
ments and were corrected for the background ob-
served in corresponding cultures to which no inducer
was added.
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FIG. 4. Size distributions of mRNA synthesized in the L8-UVS strain in the absence and presence of
chloramphenicol. L8-UVS5 cells were prelabeled with 0.05 uCi of [*“Cluridine per ml for two to three generations
before the experiments to provide internal markers. Chloramphenicol and IPTG were then added to exponential-
ly growing cultures, at time zero and 5 min, respectively, as in Table 2. [*H)uridine at 100 p.Ci/ml and rifampin at
200 pg/ml were added at the 10th min. The cells were killed 3 min later, and RNA was extracted. Gel
electrophoresis and hybridization were as described in Materials and Methods. Background levels are not
subtracted; they were about 30 cpm for each slice. (A) 5'-lac; (B) lacZ; (C) lacYA; message synthesized in the

absence of chloramphenicol. (D) 5'-lac; (E) lacZ;
chloramphenicol (100 pg/ml).

icol-treated cells were unlikely to result from
rapid degradation of longer RNA chains.
Experiments with a strain defective in the
termination factor rho support the notion that
the short transcripts result from premature tran-
scription termination. A mutation in the chain
termination factor rho (suA; 39, 45) is knpown to
relieve partially the effects of chloramphenicol
on transcription. We used such a strain to test
for a reversal of putative premature termination
events. In strain rho-15, rho factor function is
diminished (9). The levels of inducible 5'-lacZ
and total lacZ mRNA made in the rho-15 strain
treated with chloramphenicol were as much as

(F) lacYA; message synthesized in the presence of

50% those in untreated cells (Table 3). The
increased levels of mRNA were found in larger,
lacZ-sized chains (Fig. 6). We noted, however,
that even in the rho-15 mutant, little full-size lac
mRNA (lacZ plus lacY plus lacA) was formed
(Fig. 6 and Table 3).

mRNA in polar mutants. We also determined
the message levels in three polar mutants: U118,
CSH1, and CSH2. These provide another case
in which no block of chain initiation occurs, but
one can expect the termination of transcription
beyond the ribosome at the termination codon.
The nonsense codons are all located within the
initial 10% of the lacZ gene, but at progressively
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FIG. 5. Decay of lac mRNA made in the presence or in the absence of chloramphenicol. L8-UVS cells were
induced either in the absence of chloramphenicol or after 5 min in its presence. Five minutes later, [*H]uridine
(50 uCi/ml) was added to the cells. Rifampin (200 pg/ml) was added after another 1 min. The first portion of
culture (5 ml) was sampled 1 more min later (zero time), and the rest was sampled at the indicated times. The cells
were killed immediately and processed as in Materials and Methods. Symbols: O, without chloramphenicol; @,
with chloramphenicol. (A) 5'-lac probe; (B) lacZ probe; (C) lacYA probe.

more distal positions (6, 7, 26, 46). The measure-
ments shown in Table 4 were made on RNA
from cells induced for 5 min in the absence of
chloramphenicol. The levels of mRNA in strains
CSH1 and CSH2 were considerable and rather
comparable to that in chloramphenicol-treated
L8-UVS cells. U118 is the earliest known non-
sense mutant, with a lesion at the 17th amino
acid of B-galactosidase (46). Its message levels
were higher than those of wild-type cells treated
with chloramphenicol, although lower than
those of the L8-UVS mutant. As one might
expect, the level was not much stimulated by
cAMP and could be further lowered to the value
observed in uninduced cells when chloramphen-
icol was added to the cells (data not shown).

DISCUSSION

The effects of chloramphenicol on transcrip-
tion in E. coli cells vary for different transcripts.
For rRNA and ribosomal protein gene mRNAs
(11), and for lambda phage early mRNA (13),
blockage of translation has no effect on RNA
formation. Also for trp mRNA, chain initiation
seems to occur at a very similar rate in growing
and chloramphenicol-treated cells; however,
only very short transcripts containing leader
sequences are formed in the presence of chlor-
amphenicol (22). Thus, the inhibition of trp
mRNA formation occurs at RNA chain elonga-

tion. For lac mRNA, the effects of chloramphen-
icol are more complex and result in an inhibition
of initiation as well as elongation.

Effect of chloramphenicol on transcript initia-
tion. In a wild-type strain treated with chloram-
phenicol, very little mRNA from any part of the
lac operon was detected. In contrast, in an L8-
UVS promoter mutant treated with chloram-
phenicol, hybridizable and functional 5'-lacZ
mRNA was induced at at least 80% the level of
untreated cells. The L8-UV5 mutant does not
require cAMP for lac induction, and relief of a
cAMP requirement in chloramphenicol-treated
cells explains the difference in the behavior of

TABLE 4. lac mRNA made in polar mutants®

% Hybridization with given probe

Strain

§'-lac lacZ lacYA
uU118® 0.020 0.018 —0.013
CSH1 0.059 0.056 0.002
CSH2 0.159 0.123 0.023

“ The experimental protocols were as in Table 2.
Cells were again induced for 5 min and then pulse-
labeled for 1 min in the absence of chloramphenicol.
Strains U118, CSH1, and CSH2 are nonsense mutants
(see text). The numbers shown are the percentage of
hybridization with respect to total input after the
uninduced level of mMRNA has been substracted.

b Average from three independent experiments.
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FIG. 6. Size distributions of mRNA synthesized in the rho-15 strain in the absence and presence of
chloramphenicol. The experiments were done as in Fig. 4, except that the rho-15 strain was used and 7 mM
cAMP was included. (A) 5'-lac; (B) lacZ; (C) lacYA; mRNA synthesized in the absence of chloramphenicol. (D)
S'-lac; (E) lacZ; (F) lacYA; mRNA synthesized in the presence of chloramphenicol 100 p.g/ml.

the mutant and wild-type strains: added cAMP
permitted wild-type cells to form lac mRNA as
well in the presence of chloramphenicol. Either
the level of cAMP falls in chloramphenicol-
treated cells, or the cAMP requirement for in-
duction increases (for example, cAMP receptor
protein might otherwise become unstable).
Earlier efforts to assess the contribution of
‘‘catabolite repression’ and altered cAMP lev-
els to the inhibition of transcription in wild-type
cells by chloramphenicol concluded that there is
only a small effect (12, 45). However, the relief
of transcription initiation in those studies was
largely masked by premature termination of

initiated transcripts, since entire lac or lacZ
message content was measured (see below).
When a 5'-lacZ probe was used and a higher
concentration of cAMP was added, relief of up
to 70% could be achieved (Fig. 3). Moreover,
messages made in wild-type cells in the presence
of cAMP showed the same sequence content as
those made in L8-UVS5 when both were treated
with chloramphenicol (i.e., more 5'-lacZ than Z;
little Y and A mRNA). cAMP seems to act at
chain initiation in this case, with no action at
chain elongation (43), nor is there any apparent
need for ppGpp (36, 37, 47), which is destroyed
rapidly in chloramphenicol-treated cells (15).
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Effect of chloramphenicol on lac RNA chain
elongation. Once mRNA chains are started,
translation blockage leads to the well-known
polar effects. In operons like lac, trp, and gal,
RNA polymerase tends to stop some distance
beyond the point at which ribosomes are
stopped, whether ribosome progression is
blocked by chloramphenicol or by a nonsense
codon (cf. Tables 2 and 4).

Many suggestions have been made about how
many transcription termination points there are
and how efficient they are. From experiments
with trp operon nonsense mutants, for example,
it seemed possible from one study that the
polymerase may continue to the end of the gene
containing the nonsense allele (17), whereas
other studies have suggested a number of weak
termination sites within a gene (22, 31).

For lac mRNA, the three hybridization probes
we used (Tables 2 to 4) and the length of the lacZ
gene facilitated the analysis. The results are in
agreement for this case with the notion of a
number of weak intragenic termination sites.
Several peaks ranging from 6S to 16S were seen,
and even a peak corresponding to the full-size
lacZ transcript was formed in chloramphenicol-
treated cells (Fig. 4). In other words, a fraction
of transcripts would terminate at each of several
sites, but some nascent transcripts still reached
the end of the Z gene. In the rho-15 strain, in
which rho-dependent termination occurs less
efficiently, the shorter transcripts were largely
not seen, and most of the transcripts were
correspondingly longer (Fig. 6). In no case did
we observe a single peak of 12S (about 1,000
nucleotides long) to correspond to the major lac
mRNA transcript made in the presence of rho
factor in vitro (2, 10).

In mutants bearing early Z nonsense alleles
(U118, CSH1, and CSH2), the amounts of both
5'-lacZ and total lacZ mRNA increased roughly
in proportion to the positions of the mutations.
These data are in general agreement with earlier
results that the closer the nonsense mutation to
the end of the Z gene, the larger the mRNAs that
were formed (6, 7, 48). Multiple termination
sites are thus consistent with the observations
on polar mutants as well.

In contrast to the relief of rho-dependent
termination within the lacZ gene, little lacY and
lacA mRNA was observed even in the rho-15
strain. This suggests that a stronger barrier to
transcription may be present just before the
lacY-coding sequence (e.g., in the intercistronic
region). From the DNA sequence in the lacZ-
lacY junction region (4), some potential hairpin
loops can be hypothesized, but whether these
potential structures are related to strong tran-
scription termination is not clear at present.

Basis of coupling. Why does RNA polymerase
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stop distal to blocked ribosomes? And why does
it stop on only some transcripts? Two major
factors seem to affect the extent of chain termi-
nation. One is the sequence of the RNA; pre-
sumably a number of sites exist in the lacZ gene
at which the conformation of the mRNA or the
neighboring sequence in DNA, or both, can
promote chain termination in the absence of
ribosomes (Fig. 4). Many of these termination
events require rho factor (Fig. 6).

The other important factor is the nature of the
transcribing RN A polymerase: it can function in
such situations when bound to lambda N protein
(13) or ‘L factor” (‘‘nusA protein’’; 16, 25), or
both, which promote continued transcription on
lambda DNA. L factor was discovered by its
capacity to promote the elongation of lac tran-
scripts in vitro (25).

Thus, RNA polymerase might not stop on
some transcripts because it is associated with
factors that inhibit termination or because the
transcripts contain no sequences at which tran-
scription arrest is likely. Viewed in this way, the
requirement of translation for continued lac
RNA transcription in vivo and in vitro (20, 21)
can be understood in at least two ways. In one,
ribosomes interact actively with RNA polymer-
ase, either as a modulating factor (2) or by the
formation of a regulatory molecule like ppGpp
(15). Such an interaction has been suggested by
the observations that mutations in ribosomal
proteins can affect RNA polymerase action (5,
14). Alternatively, ribosomes may affect the
structure of mRNA, in analogy to their proposed
role in attenuation (34). They could, for exam-
ple, prevent the formation of a loop or RNA
hairpin that would otherwise promote rho fac-
tor-mediated termination.

These mechanisms are not mutually exclu-
sive, and both suggest the teleological function
of coupling. When mRNA cannot be translated,
the effective reduction of intracellular cAMP
blocks even the initiation of more lac mRNA
transcripts, and very likely of all catabolite-
repressible mRNAs. The blocks in mRNA chain
elongation then also help to reduce further the
production of untranslatable mRNA.
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