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In prokaryotes, the synthesis of RNA and protein occurs simulta-
neously in the cytoplasm. A number of studies indicate that
translation can strongly impact transcription, a phenomenon often
attributed to physical coupling between RNA polymerase (RNAP)
and the lead ribosome on the nascent mRNA. Whether there
generally exists a mechanism to ensure or promote RNAP–ribo-
some coupling remains unclear. Here, we used an efficient ham-
merhead ribozyme and developed a reporter system to measure
single- versus multiple-round translation in Escherichia coli. Six
pairs of cotranscribed and differentially translated genes were
analyzed. For five of them, the stoichiometry of the two protein
products came no closer to unity (1:1) when the rounds of trans-
lation were severely reduced in wild-type cells. Introduction of
mutation rpoB(I572N), which slows RNAP elongation, could pro-
mote coupling, as indicated by stoichiometric SspA and SspB prod-
ucts in the single-round assay. These data are consistent with
models of stochastic coupling in which the probability of coupling
depends on the relative rates of transcription and translation and
suggest that RNAP often transcribes without a linked ribosome.
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In Bacteria and Archaea, transcription and translation occur
together in time and space. Ribosomes can load onto mRNA

as soon as the translation initiation region (TIR) emerges from
the elongating RNA polymerase (RNAP) (1). Consequently,
translation can have large effects on transcription. One well-
known example is transcriptional polarity, when a block in trans-
lation leads to Rho-dependent transcription termination (2). An-
other example is transcription attenuation, whereby a slow-moving
ribosome promotes the formation of an RNA antiterminator
structure to allow continuation of transcription (3).
Several studies have suggested a direct physical link between

RNAP and the lead ribosome. Vogel and Jensen (4) showed a
tight correlation between transcription and translation elonga-
tion rates of lacZ under different growth conditions. Later work
by Nudler and coworkers showed that the transcription rate of
lacZ is dependent on the translation rate in vivo. Namely, a re-
duction in the translation elongation rate due to either an anti-
biotic or a ribosomal mutation resulted in a corresponding
reduction in the transcription elongation rate (5). They also
provided evidence that the ribosome can prevent RNAP back-
tracking or stalling and proposed that this tight relationship
between transcription and translation helps maintain genome
stability (6).
Structural studies have suggested several possible ways that

RNAP and the ribosome might interact. The transcriptional
factor NusG (or its paralog RfaH) can act as a linker for physical
coupling (7–9). The N-terminal domain of NusG interacts with
RNAP, while the C-terminal domain binds to protein S10 of the
ribosome (also known as “NusE”). The interaction between
NusG and the ribosome was suggested to prevent NusG from
binding or activating the termination factor Rho. Other studies
indicate that RNAP can interact directly with the ribosome. An

“expressome” complex, determined by cryo-EM, revealed ex-
tensive interaction between RNAP and the 70S ribosome (10).
Four of the five subunits of RNAP contact the 30S subunit of the
ribosome, with the RNA exit region of RNAP docked onto the
mRNA entry tunnel of the ribosome, resulting in seamless pro-
tection of the bound mRNA. Another cryo-EM structure showed
RNAP bound to the isolated 30S subunit in a different way (11).
In this complex, which lacks mRNA, the RNA exit region of
RNAP lies near the mRNA exit tunnel of the ribosome, close to
the anti-Shine–Dalgarno sequence of the 16S rRNA. In vitro
binding studies have shown that core RNAP binds the ribosome
or either subunit with a similar affinity (Kd ∼0.9 μM) in the ab-
sence of mRNA (12). While these studies are generally consis-
tent with a physical link between RNAP and the ribosome, it
remains unclear which, if any, of these interactions are involved
in coupling RNAP and the ribosome in the cell.
Whether a mechanism typically exists to ensure or promote

the coupling of transcription and translation remains an open
question. One can imagine, for example, that RNAP is pro-
grammed to pause downstream of the TIR to wait for the lead
ribosome to catch up and connect with it (13, 14). Alternatively,
RNAP could actively recruit the ribosome to the site of trans-
lation initiation, for example with the help of other factors (8,
15). In this study, we developed a reporter system to compare
single-round translation and multiple-round translation. Our
results provide no evidence for a mechanism to ensure coupling.
They suggest instead that coupling is stochastic and that RNAP
often transcribes without a linked ribosome.

Significance

It has been appreciated for decades that translation can
strongly impact transcription in bacteria. A popular view is that
RNA polymerase and the lead ribosome tend to be physically
coupled, explaining how translation can influence transcrip-
tion. Here, we investigate this model by comparing single-
versus multiple-round translation of genes in six representative
operons of Escherichia coli. Our data lend no support for a
mechanism to ensure or promote coupling between RNA po-
lymerase and the lead ribosome, implying that in these cases
any physical coupling occurs stochastically. This work provides
important insight on a fundamental aspect of gene expression
in bacteria.
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Results
Experimental Rationale. Coupling of transcription and translation
requires an interaction between the elongating RNAP and the
first ribosome to translate the nascent mRNA. As only this lead
ribosome can potentially engage RNAP, we reasoned that a
means to distinguish first-round and multiple-round translation
would inform on the phenomenon of coupling. Consider, for
example, the case of an operon in which genes A and B are
transcribed at a ratio of 1:1 and are translated at a ratio of 3:1
(Fig. 1A). If a mechanism exists to ensure RNAP–ribosome in-
teraction throughout transcription, one would expect the ratio of
first-round translation products to match that of transcription,
1:1. On the other hand, if there is no such mechanism, any
coupling would be stochastic, and the ratio of cotranscriptional
translation products would match that of multiple-round trans-
lation, 3:1 (Fig. 1C).

A Reporter System to Measure Single- Versus Multiple- Round
Translation. A reporter system was developed to compare
cotranscriptional (single-round) translation and multiple-round
translation (Fig. 2). DNA encoding a self-cleaving hammerhead
ribozyme derived from Schistosoma mansoni (16, 17) was inser-
ted into a translational lacZ reporter after codon 581, a position
corresponding to a solvent-exposed loop (residues 578–584) of
the β-gal protein (Fig. 2B). During expression of this construct,
the coupled ribosome should, in theory, be able to complete
synthesis of LacZ, but trailing ribosomes will not due to rapid
folding and cleavage of the ribozyme (Fig. 2A). In other words,
the hammerhead ribozyme effectively limits translation to one
round. To measure multiple-round translation, three mutations
were introduced in the catalytic core of the ribozyme without
altering the polypeptide sequence encoded (Fig. 2).
To assess the feasibility of the system, we first moved the

hammerhead sequence into lacZ on a high-copy plasmid, pJC27
(18), generating pMC55 (with the inactive hammerhead sequence,
lacZ-HH−) and pMC56 (with the active hammerhead sequence,
lacZ-HH+). Transformants carrying pMC55 had β-gal activity
(1.5 × 104 units) similar to those carrying pJC27 (1.9 × 104 units),
consistent with earlier evidence that loop 578–584 can tolerate
various insertions (19) and showing that the hammerhead sec-
ondary structure has no appreciable effect on LacZ production.
Transformants carrying pMC56 had about 40-fold lower β-gal
activity (4.3 × 102 units), consistent with rapid ribozyme cleav-
age. Total RNA was isolated from cells harboring pJC27, pMC55,

or pMC56 and was subjected to primer extension analysis (Fig. 3).
When the active ribozyme was present (lacZ-HH+), a predomi-
nant cDNA product corresponding to the ribozyme cleavage site
was observed, and virtually no larger cDNA products were seen.
By contrast, in the lacZ-HH− and the wild-type lacZ cases, mul-
tiple longer cDNA products were seen throughout the lanes.
These data are consistent with rapid cleavage of lacZ-HH+

mRNA, which substantially limits the rounds of translation.

Operon Choice and Strain Construction. The first two genes of six
operons were chosen for analysis (SI Appendix, Fig. S1). For each
operon (i) the mRNA levels of the genes are similar, based on
RNA-sequencing coverage (20); (ii) the translation rates of the
genes are substantially different, based on ribosome profiling
(ribo-seq) coverage (20); and (iii) the protein products of the
genes are cytosolic (21), avoiding potential problems caused by
cotranslational membrane insertion. Two reporter fusions were
made for each gene. A DNA fragment extending from the op-
eron promoter to about the 50th codon of the particular gene
was cloned upstream of the engineered lacZ in pMC95 (lacZ-
HH−) and pMC120 (lacZ-HH+), derivatives of the suicide vector
pNPTS-lacZ (22). Each resulting plasmid was integrated into the
chromosome of strain CSH142 (23) by single cross-over re-
combination. This yielded a set of strains, each having an intact
copy of the operon downstream of the engineered translational
fusion (SI Appendix, Fig. S2). None of the strains exhibited
a growth defect.

The Stoichiometry of Protein Products from Differentially Translated
Genes Is Typically Unaltered by Limiting the Rounds of Translation.
β-Gal activity was measured in exponentially growing cells, with
lacZ-HH− and lacZ-HH+ fusions reporting on multiple- and
single-round translation, respectively (Table 1). For operon
sspAB, multiple-round translation of sspA was over three times
higher than that of sspB (3.2:1), consistent with the ribo-seq data
(4:1). When measuring single-round translation, ∼30-fold drops
in β-gal activity were seen, consistent with ribozyme cleavage
limiting translation rounds substantially. However, the ratio of
protein products remained basically the same (3.8:1), a result
contrary to that predicted by the strict coupling model (Fig. 1A).
Similar results were seen for four other operons. In the case of
purMN, the ratio of products from multiple-round translation
(2.7:1) was in line with that predicted by ribo-seq (3:1). The
presence of the active hammerhead ribozyme reduced trans-
lation by ∼50-fold for both fusions, leaving the product ratio

Fig. 1. Models of strict versus stochastic coupling. (A and B) Scenarios in which transcription and translation are strictly coupled. (A) Genes A and B are
cotranscribed, resulting in stoichiometric levels of A and B mRNA (1:1). First-round translation generates equivalent amounts of proteins A and B (1:1, striped
symbols), whereas multiple-round translation yields different levels of total proteins (3:1, all symbols). (B) A hypothetical case: Partial reduction of translation
rounds yields a product ratio of 2:1 clearly distinct from the original 3:1 ratio. (C) A scenario in which transcription and translation are uncoupled or sto-
chastically coupled. In this case, RNAP has effectively no impact on the lead ribosome, and hence the ratio of protein products made during transcription (3:1,
striped symbols) matches that of multiple-round translation (3:1, all symbols).
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virtually unchanged (3:1). In the case of moeAB, the product
ratio from multiple-round translation was 3.2:1. This ratio is
somewhat smaller than that expected from ribo-seq coverage
(6:1), which could be a consequence of the particular fusion
junctions. Substantial drops (∼40 fold) in protein production
were observed in corresponding strains reporting on single-
round translation, which increased the product ratio slightly
(3.8:1). For operon purHD, the multiple-round translation re-
porters gave a product ratio of 3.4:1. The corresponding single-

round translation reporters yielded a somewhat higher product
ratio (5.5:1) due to a 49-fold and 80-fold decrease in purH′-lacZ
and purD′-lacZ translation, respectively. In the case of aceBA,
the multiple-round translation reporters indicated a product ratio
of 1:4, in line with the ribo-seq data. Translation of aceB′-lacZ and
aceA′-lacZ decreased by 150-fold and 55-fold, respectively, in the
presence of the active hammerhead, leading to a somewhat larger
difference in protein production (1:11). Thus, a consistent trend
was observed for these five operons. Limiting the rounds of
translation failed to change the product ratio toward unity
(1:1). These data argue against the strict coupling model.
One gene pair analyzed, frmRA of the frmRAB operon, be-

haved differently. The product ratio based on multiple-round
translation reporters was 1:11, quite different from the 1:4 ra-
tio predicted by ribo-seq. In the context of single-round trans-
lation, the product ratio given by the corresponding reporters
changed to 1:2.8. While this change toward unity is consistent
with a mechanism to promote coupling, there are caveats to this

Fig. 2. A reporter system to measure single-round versus multiple-round
translation. (A) DNA encoding the hammerhead ribozyme was inserted in-
to lacZ. Due to rapid cotranscriptional folding and cleavage of the ribozyme,
only the lead (coupled) ribosome should be able to translate the entire
mRNA, providing a measure of single-round translation (left pathway). An
analogous reporter with an inactive hammerhead provides a measure of
multiple-round translation (right pathway). (B) Sequence of the inserted
hammerhead ribozyme between codons 581 and 582 of lacZ mRNA. The
catalytic core of the ribozyme is boxed, with critical nucleotides indicated in
bold. Mutated bases are labeled in red.

Fig. 3. Ribozyme cleavage is efficient in vivo. Total RNA was isolated from
strains expressing lacZ-HH+ mRNA (lane 1), lacZ-HH− mRNA (lane 2), or wild-
type lacZ mRNA (lane 3) and was subjected to primer extension analysis.
DNA sequencing of pMC55 (lacZ-HH−) was performed, and reactions were
run in adjacent lanes (G, C, T, and A). A portion of the cDNA complementary
to the hammerhead sequence is shown, with the cleavage site indicated by
the arrow. This experiment was performed twice with virtually identical
results.
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experiment. The translation of frmR′-lacZ-HH− was considerably
lower than expected, based on ribo-seq coverage (SI Appendix,
Fig. S3), and the difference in β-gal activity between frmR′-lacZ-
HH+ and frmR′-lacZ-HH− was unusually small (ninefold).

A Mutation That Slows RNAP Can Promote Transcription–Translation
Coupling. The data above provide no direct evidence for physical
coupling. The lacZ-HH+ activity detected may be the product of

RNAP-coupled ribosomes and/or uncoupled ribosomes fast
enough to translate the hammerhead RNA before cleavage oc-
curs. In fact, our data are consistent with either stochastic cou-
pling or no coupling and cannot distinguish these possibilities.
We reasoned that transcription–translation coupling might

become evident if the elongation rate of RNAP was reduced. To
test this, we moved reporters for the sspAB, purMN, and moeAB
operons into strains containing rpoB(H526Y) (24) or rpoB
(I572N) (25), mutations that increase or decrease the intrinsic
speed of RNAP, respectively (Table 2). For all three operons,
increasing the rate of transcription elongation had little bearing
on the results. Product ratios of single-round translation were
similar to those of multiple-round translation and were no closer
to unity, data comparable to that seen in the wild-type (rpoB+)
strain (Table 1). By contrast, slowing RNAP elongation had an
obvious effect on sspAB (Table 2). In the presence of rpoB
(I572N), multiple-round translation yielded SspA and SspB at a
ratio of 2.9:1, whereas single-round translation yielded near-
stoichiometric products (1:1.1). These data are consistent with
tight coupling between transcription and first-round translation,
as depicted in Fig. 1A. While slowing transcription clearly im-
pacted sspAB translation, mutation rpoB(I572N) had no such
effect on purMN or moeAB. While the basis of this idiosyncrasy
remains unclear, we suspect that only in the case of sspAB is
RNAP slowed sufficiently by rpoB(I572N) to allow the lead ri-
bosome translating sspB to catch up and associate with RNAP.

Discussion
It is widely thought that ribosomes inhibit premature transcrip-
tion termination by blocking potential rut (Rho utilization) sites,
blocking Rho’s access to RNAP, and/or preventing the formation
of intrinsic RNA terminator structures (2, 26, 27). Models depicting
physical coupling between RNAP and the lead ribosome are
attractive, as they can rationalize the effects of translation on
transcription in a straightforward way. An implication of such
models is that RNAP is usually linked to a ribosome to avoid
premature termination. In this study, we examined cotranscribed
gene pairs in six operons, testing the hypothesis that first-round
translation is normally coupled to transcription. For five of them,
we found that the difference in protein production between the
two genes becomes no smaller when hammerhead-catalyzed
mRNA cleavage substantially limits the rounds of translation.
These data argue against the idea that there generally exists a

Table 1. Protein production from multiple- and single-round
translation reporters for six representative operons in wild-type
(rpoB+) E. coli

Operon Reporter design Fusions* β-Gal activity† Product ratio‡

sspAB Multiple-round sspA′-lacZ-HH− 403 ± 6.0 3.2:1
sspB′-lacZ-HH− 125 ± 8.9

Single-round sspA′-lacZ-HH+ 15 ± 0.7 3.8:1
sspB′-lacZ-HH+ 3.9 ± 0.3

purMN Multiple-round purM′-lacZ-HH− 59 ± 3.8 2.7:1
purN′-lacZ-HH− 22 ± 0.6

Single-round purM′-lacZ-HH+ 1.2 ± 0.1 3.0:1
purN′-lacZ-HH+ 0.4 ± 0.1

moeAB Multiple-round moeA′-lacZ-HH− 58 ± 0.9 3.2:1
moeB′-lacZ-HH− 18 ± 0.4

Single-round moeA′-lacZ-HH+ 1.5 ± 0.1 3.8:1
moeB′-lacZ-HH+ 0.4 ± 0.1

purHD Multiple-round purH′-lacZ-HH− 54 ± 5.4 3.4:1
purD′-lacZ-HH− 16 ± 0.3

Single-round purH′-lacZ-HH+ 1.1 ± 0.1 5.5:1
purD′-lacZ-HH+ 0.2 ± 0.1

aceBA Multiple-round aceB′-lacZ-HH− 30 ± 3.7 1:4.0
aceA′-lacZ-HH− 121 ± 6.2

Single-round aceB′-lacZ-HH+ 0.2 ± 0.1 1:11
aceA′-lacZ-HH+ 2.2 ± 0.1

frmRAB Multiple-round frmR′-lacZ-HH− 4.5 ± 0.1 1:11
frmA′-lacZ-HH− 50 ± 1.6

Single-round frmR′-lacZ-HH+ 0.5 ± 0.1 1:2.8
frmA′-lacZ-HH+ 1.4 ± 0.2

*HH−, inactive hammerhead ribozyme; HH+, active hammerhead ribozyme.
†β-Galactosidase activity based on cleavage of CPRG. Data represent mean ±
SEM (n ≥ 3). Background ≤0.1, based on measurements of CSH142 cells.
‡First gene:second gene.

Table 2. Protein production from multiple- and single-round translation reporters in rpoB
mutant strains

Operon Reporter design

rpoB(H526Y)* rpoB(I572N)†

β-Gal activity‡ Product ratio§ β-Gal activity‡ Product ratio§

sspAB Multiple-round 347 ± 55 3.7:1 408 ± 50 2.9:1
95 ± 5.7 143 ± 7.3

Single-round 12 ± 0.2 4.4:1 7.5 ± 0.8 1:1.1
2.7 ± 0.3 8.4 ± 0.1

purMN Multiple-round 49 ± 0.4 2.6:1 55 ± 1.6 2:1
19 ± 0.4 28 ± 0.8

Single-round 1.1 ± 0.1 3.7:1 1.2 ± 0.1 2.4:1
0.3 ± 0.1 0.5 ± 0.1

moeAB Multiple-round 47 ± 1.7 3.1:1 87 ± 0.7 2.6:1
15 ± 0.4 33 ± 2.1

Single-round 1.9 ± 0.1 6.3:1 3.2 ± 0.1 4:1
0.3 ± 0.1 0.8 ± 0.1

*Causes increased transcription elongation rate.
†Causes decreased transcription elongation rate.
‡β-Gal activity based on cleavage of CPRG. Data represent mean ± SEM (n ≥ 3). Background ≤0.1, based on
measurements of CSH142 cells.
§First gene:second gene.
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mechanism to ensure (or even promote) coupling between
RNAP and the lead ribosome. We infer that coupling is sto-
chastic, rather than ensured, and depends on the relative rates of
transcription and translation of the particular gene.
For our sixth gene pair (frmRA of the frmRAB operon), the

product ratio did become closer to unity when translation rounds
were limited. While this trend is consistent with a mechanism to
promote coupling (Fig. 1A), there are caveats to this particular
experiment. Namely, β-gal activity of the frmR′-lacZ-HH− strain
was considerably lower than expected, based on ribo-seq data, and
was only ninefold higher than that of the frmR′-lacZ-HH+ strain.
FrmR functions as a repressor that regulates frmRAB transcription
(28), a fact we initially overlooked. This could be related to the
anomalous β-gal data and in any event complicates the experiment,
so we are hesitant to draw conclusions regarding this gene pair.
One might be concerned about our lack of evidence confirming

that translation of HH+ mRNA is limited to one round. However,
our conclusions rely only on the assumption that translation rounds
are substantially reduced by the active hammerhead. For example,
even if several ribosomes manage to pass through the hammerhead
before its cleavage, the ratio of products would still move closer to
unity, according to the strict-coupling model (Fig. 1B). In other
words, if RNAP rate-limits the lead ribosome, this effect should be
detectable as long as translation rounds are substantially reduced.
With the sole exception of frmR (discussed above), the active ham-
merhead reduces β-gal production by 27- to 150-fold in wild-type
cells (Table 1). Based on bulk measurements of macromolecular
synthesis, Bremer and Dennis deduced that, on average, mRNA is
translated ∼60 times in rapidly growing Escherichia coli (29).
Quantitative analyses of specific genes lacZ and trpE showed that the
corresponding mRNA is translated ∼40 and ∼20 times, respectively
(30, 31). These values are on par with the fold reductions in trans-
lation caused by the active hammerhead, suggesting that translation
rounds are being limited to near 1 in our HH+ strains.
Recent studies on Rho-independent transcription termination

suggest that coupling between the ribosome and RNAP is gen-
erally stochastic (26), consistent with our current findings. Li
et al. (26) varied the position of an intrinsic terminator with
respect to the stop codon. They found that the efficiency of
transcription termination gradually increases with distance from
the end of the coding region, and their data fit well to the
stochastic-coupling model. They also showed that the position of
a terminator within a gene matters—terminators embedded at
the 5′ end are suppressed by translation to a lesser degree than
those at the 3′ end. These data can also be explained by sto-
chastic dynamics of the molecular machines involved. In the
latter (3′-end terminator) case, ribosomes have more time to
catch up with RNAP and inhibit transcription termination.
Nudler and coworkers (5) suggested that for most genes the

lead ribosome would catch up to RNAP by the time ≤200 nt of
nascent RNA are made. However, we see no evidence for cou-
pling in wild-type cells even though the hammerhead lies more
than 1,700 nt from the transcription start site. This indicates that
the probability of coupling is generally lower than what Nudler
and coworkers predicted and that RNAP often transcribes
without a linked ribosome. In our study, the operons chosen are
widely distributed across genome, and each measurement relied
on a single-copy lacZ reporter integrated at the endogenous
chromosomal locus of interest. Moreover, the translation rates of
the genes analyzed fall within the normal range, based on
ribosome-profiling data collected under analogous conditions (SI
Appendix, Fig. S4). Hence we believe that our data are quite
representative of gene expression in the cell. It is possible that
translation initiation is particularly rapid in the experimental
system of Nudler (5) and in the similar system of Kim and co-
workers (32), which allows highly efficient coupling.
One limitation of our study is that it involved only a handful of

genes, all of which lie in operons and encode cytoplasmic products.

It is possible—even probable—that some other genes normally do
exhibit tight transcription–translation coupling. Transcription of
such genes may be inherently prone to Rho-dependent termi-
nation, an issue remedied by coupling, as often envisaged. In-
deed, our current findings challenge only the view that tight
coupling represents the norm in the cell.
Finally, it should be mentioned that questions regarding

the basis of polarity remain. de Smit et al. (33, 34) varied the rate
of translation initiation and did not observe intracistronic tran-
scription termination unless the rate of ribosome loading was
very small (≤0.006/s). Recent ChIP–chip analyses revealed that
Rho associates with virtually all transcripts shortly after tran-
scription begins but does not cause termination in most cases
(35). These observations suggest that there must be other signals
that allow Rho to distinguish normal from abnormal translation
and promote termination only in response to the latter. Further
studies will be needed to understand Rho activation and the
ability of ribosomes to impact transcription processivity, as cou-
pling seems to be only part of the story.

Methods
Plasmid and Strain Construction. Two restriction sites (XhoI and XmaI) were
introduced at codon 581 of the lacZ gene of pJC27 (18) to generate pMC09.
Hammerhead ribozyme sequences were synthesized as described (36) using
primers US-HH− and DS-HH− or US-HH+ and DS-HH+ (SI Appendix, Table S1)
and Sequenase version 2.0 (Thermo Fisher Scientific). Fragments were cut
with XhoI and XmaI and cloned into pMC09 to generate pMC55 (lacZ-HH−)
and pMC56 (lacZ-HH+).

To make translational fusions, Bsu 36I-SacI restriction fragments from
pMC55 or pMC56 were subcloned to the suicide vector pNPTS-lacZ (22) to
generate pMC95 (lacZ-HH−) and pMC120 (lacZ-HH+), using the cloning strain
DH5α-λpir. For each gene of interest, a fragment extending from the operon
promoter to around codon 50 of the gene was amplified by PCR (SI Ap-
pendix, Table S1) and cloned into pMC95 and pMC120 via restriction sites
NcoI and EcoRI, resulting in a translational lacZ fusion. For moeAB, com-
patible restriction enzyme BspHI was used instead of NcoI. For purHD and
frmRA, BamHI was used instead of EcoRI.

Resulting plasmids were transformed into a diaminopimelic acid (DAP)
auxotrophic E. coli donor strain WM3064 [thrB1004 pro thi rpsL hsdS
lacZΔM15 RP4-1360 Δ(araBAD)567 ΔdapA1341::(erm pir)] and then were
moved into CSH142 [F− ara Δ(gpt-lac)5 thi] (23) by conjugation (37, 38).
Donor strains were mixed with CSH142 at a ratio of 1:2, spotted on LB + DAP
(0.3 mM) plates, and incubated at 37 °C for 3–5 h. Cells were collected and
plated on LB with kanamycin (50 μg/mL) and X-Gal (20 μg/mL) to select for
transconjugants. Strains harboring a single integrated plasmid at the
expected location were confirmed by PCR. Three or more independent iso-
lates of each strain were assayed for β-gal activity.

Mutations rpoB(H526Y) and rpoB(I572N) were moved into CSH142 sepa-
rately by P1 phage transduction, screening for rifampicin (50 μg/mL) re-
sistance. Fusions were then moved by conjugation as described above. Three
or more independent isolates of each strain were assayed for β-gal activity.

Primer Extension Analysis. Cultures (10 mL) of CSH142 (pJC27), CSH142
(pMC55), and CSH142 (pMC56) were grown in LB medium with chloram-
phenicol (30 μg/mL) to midlog phase and were induced with 1 mM isopropyl
β-D-thiogalactopyranoside for 2 h. Cells were collected, resuspended in TE
buffer [10 mM Tris·HCl (pH 8.0), 1 mM EDTA], and extracted with TRIzol
(Invitrogen). The aqueous phase was subsequently extracted with chloroform,
and total RNA was ethanol precipitated. RNA pellets were washed with 70%
ethanol and were dissolved in water. A radiolabeled reverse primer (5′-[32P]-
GACCAGACCGTTCATACAG-3′) was annealed to codons 602–608 of lacZmRNA
in AMV reaction buffer (Life Sciences Advanced Technologies, Inc.). AMV re-
verse transcriptase (2 U; Life Sciences Advanced Technologies, Inc.) and dNTPs
(0.25 mM each) were added, and reactions were incubated for 10 min at 37 °C
to allow primer extension. Products were resolved using 6% denaturing (7 M
urea) PAGE. In parallel, the same radiolabeled primer was used to sequence
pMC55, and reactions were run in adjacent lanes. Gels were visualized by a
Typhoon FLA 9000 phosphorimager (GE Healthcare).

β-Gal Assays. Cells were grown in LB with kanamycin (50 μg/mL) and grown to
midlog phase (OD600 ∼0.5). β-Gal assays were performed as described pre-
viously (39) using the substrate chlorophenol red-β-D-galactopyranoside
(CPRG; Roche).
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