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Abstract: The biochemical characterization of the bacterial transcription cycle has been greatly
facilitated by the production and characterization of targeted RNA polymerase (RNAP) mutants.
Traditionally, RNAP preparations containing mutant subunits have been produced by reconstitution
of denatured RNAP subunits, a process that is undesirable for biophysical and structural studies.
Although schemes that afford the production of in vivo-assembled, recombinant RNAP containing
amino acid substitutions, insertions, or deletions in either the monomeric g or ' subunits have
been developed, there is no such system for the production of in vivo-assembled, recombinant

RNAP with mutations in the homodimeric a-subunits. Here, we demonstrate a strategy to generate
in vivo-assembled, recombinant RNAP preparations free of the o« C-terminal domain. Furthermore,
we describe a modification of this approach that would permit the purification of in vivo-
assembled, recombinant RNAP containing any a-subunit variant, including those variants that are

lethal. Finally, we propose that these related approaches can be extended to generate in vivo-
assembled, recombinant variants of other protein complexes containing homomultimers for

biochemical, biophysical, and structural analyses.
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Introduction
The Escherichia coli (E. coli) RNA polymerase
(RNAP) holoenzyme is a large (~450 kDa), multisu-
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bunit enzyme consisting of an a-subunit homodimer,
single B, p’, and ® subunits, and one of seven c-sub-
units. The major form of holoenzyme, ¢’’-associated
holoenzyme, locates promoters upstream of coding
regions and at many promoters recognizes three ele-
ments: the —10 and the —35 elements, bound by the
6" subunit, and the UP element, bound by the o
subunit.! The ~37 kDa, 329 amino acid o-subunit
(encoded by the rpoA gene), is organized into two
domains, the ~25 kDa N-terminal domain («INTD;
residues 8-231) and the ~9 kDa C-terminal domain
(aCTD; residues 249-329),%3 that are separated by a
flexible linker of at least 13 amino acids in length.*
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The oNTD is the scaffold for RNAP assembly, con-
tains determinants for dimerization, and at some
promoters facilitates transcription activation.®”” By
interacting with a plethora of transcription factors
or by binding the A+T-rich UP element, the aCTD
plays a major role in transcription initiation.® ! The
flexibility and length of the linker ensure that the
oCTD can contact DNA and transcription factors at
upstream positions distant from the transcription
start site.48911-14

Central to our understanding of the bacterial
transcription cycle has been the preparation and in
vitro characterization of E. coli RNAP variants, the
most notable example being E. coli RNAP bereft of
the aCTD (AaCTD RNAP).1%15:16 Traditionally, RNAP
variants, including lethal RNAP mutants, have been
prepared in functional form by reconstitution of dena-
tured individual subunits.'®'8 Although these meth-
ods are rapid and afford the production of multiple,
biochemically active variants alongside one another,
the preparations can suffer from assembly defects
and loss of activity due to the use of denaturants.'® To
ameliorate these complications, Landick and co-
workers developed a recombinant E. coli RNAP coex-
pression system that permits the production of in
vivo-assembled, recombinant E. coli RNAP prepara-
tions.2® Although more labor intensive, this method
generates RNAP samples suitable for biochemical,
biophysical, and structural studies because of the
omission of a denaturation/renaturation step. Not-
withstanding the usefulness of the coexpression sys-
tem to generate recombinant wild-type (WT) RNAP
and variants with mutations in the  and ' subunits,
in its current format it does suffer from one major li-
mitation: the inability to generate E. coli RNAP prep-
arations with homogenous a-subunit variants. As o is
assembled as a homodimer in RNAP, the system will
yield mutant oo RNAP preparations containing sub-
stantial amounts of genomically encoded contaminat-
ing WT o. This contamination results in sample heter-
ogeneity that is prohibitive to biochemical,
biophysical, and structural studies, which are highly
dependent on homogenous protein preparations.

Here, we demonstrate the use of a novel o vari-
ant, a-Xo34 941H, where residues 235-238, 240, and
241 of the interdomain linker are substituted to cre-
ate a PreScission protease recognition site (encom-
passing residues 234-241) and a noncleavable deca-
histidine [(His),o] tag is appended to the C-terminus
of the protein (Fig. 1), which permits efficient pro-
duction of in vivo-assembled, recombinant AaCTD
RNAP (an RNAP variant that contains a lethal o-
mutant?!). We show by use of Western blot and
in vitro transcription assays that the in wvivo-
assembled, recombinant AaCTD RNAP preparation
is completely devoid of contaminating WT o or
oCTD. Furthermore, we suggest a modification of
this strategy that would afford the purification of
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Figure 1. RNAP a-subunit variants. (A) Schematic diagram
illustrating the WT o and o-X»34-041H variants. WT o
interdomain linker, black rectangle; the PreScission
protease site substituted in the o-X534-241H interdomain
linker, red rectangle; (His)1o tag, blue rectangle. The
numbers beneath indicate the amino acid position.

(B) Amino acid sequence alignment of the WT o and
0-Xo34-241H interdomain linker. The numbers at the
beginning and end of each line indicate the amino acid
position. The PreScission protease recognition site in
o-Xo34-241H is shown in emboldened red text, and the
cleavage site is indicated with a red arrow.

in vivo-assembled, recombinant RNAP containing
any o-subunit variant, including other o-variants
that are lethal. Finally, these related approaches can
be applied to generate variants of other macromolec-
ular complexes that contain homomultimers for bio-
chemical, biophysical, and structural analyses.

Results

Overexpression of in vivo-assembled,
recombinant AaCTD RNAP
To facilitate in vivo-assembly of recombinant AaCTD
RNAP, we constructed a coexpression plasmid, pEcr-
poA(-Xo34 941H)BCZ, that expresses o-Xss4 041H, B,
f’, and o from a single bacteriophage T7 RNAP pro-
moter. In the 0-Xo34 041H variant, a segment of the
interdomain linker is substituted by a recognition
site for the PreScission protease,?2? denoted here
as X, and a noncleavable (His),o tag is appended to
the C-terminus, denoted here as H (Fig. 1). Critical
to our strategy was the generation of a derivative of
the E. coli BL21(DE3) overexpression strain,*
BL21(DE3)T-X534 241H, where the WT chromosomal
copy of rpoA was replaced by DNA encoding o-Xp34
241H using an rpoA allelic replacement technique.?®
Thus, in BL21(DE3)T-X34 241H, the sole source of
cellular-derived o 1is the o-Xg34 041H variant.
Although some alterations of the linker are tolerated
in vivo, gross alteration of the linker can result in
significantly reduced growth rates.?’ This would be
an undesirable characteristic in a recombinant pro-
tein production strain. Therefore, we examined the
effect of the a-Xy34 941H allele on bacterial growth in
both minimal salts and rich media at 37°C (Table I).
The results show that the growth rate of the
BL21(DE3)T-X934 241H strain is decreased by ~16%
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Table 1. Effects of the o-Variants on the Growth Rate
of E. coli

Growth rate (doublings per hour)

Minimal medium

Strain (M9 minimal Rich medium

(o-variant) medium) (LB medium)
BL21(DE3)T 1.10 1.96
BL21(DE3)T-X534 941 0.90 1.66
BL21(DE3)T-H 1.08 1.80
BL21(DE3)T-X534 041 H 0.92 1.56

and ~20% in rich and minimal medium, respec-
tively, when compared with the derivative harboring
the WT rpoA (Table I). Comparison of the growth
rate of the BL21(DE3)T-X534 241H strain with those
of BL21(DES3)T encoding either o-X334 247 or o-H on
the chromosome [generated during the same allelic
replacement procedure used to construct the
BL21[DE3]T-X534 241H strain] show that most, if not
all, of the growth retardation is due to the six amino
acid substitution in the o-interdomain linker.
Regardless of the small decrease in the growth rate
of BL21(DE3)T-Xs34 041H, we were able to use this
strain containing the pEcrpoA(-Xss34 041H)BCZ plas-
mid to overexpress recombinant RNAP.

Purification of in vivo-assembled,

recombinant AuCTD RNAP

In vivo-assembled, recombinant E. coli AaCTD
RNAP was purified from BL21(DE3)T-X534 0241H cells
harboring pEcrpoA(-Xs34 241H)BCZ according to the
scheme shown in Figure 2(A). As an initial purifica-
tion step to remove nucleic acids and some protein
contaminants, the clarified soluble fraction contain-
ing recombinant RNAP was treated with polyethyle-
neimine (PEID).22% Subsequent to elution from the
pellet, the RNAP sample was applied to an immobi-
lized metal affinity chromatography (IMAC) col-
umn?® and developed with a step gradient of imidaz-
ole. Crucial to the success of our procedure was the
overnight protease-dependent cleavage of the RNAP
sample obtained from the first IMAC step followed
by a second subtractive IMAC step. As the PreScis-
sion protease site is encoded within the interdomain
linker, cleavage with the protease releases the ~11
kDa oaCTD-(His),o fusion protein that, together with
any uncleaved RNAP-(His);y, is removed from the
AaCTD RNAP population by the subtractive IMAC
step. Afterward, the partially purified AaCTD RNAP
sample was applied to a Bio-Rex 70 anion exchange
column to remove residual endogenous c’°. Finally,
the peak fractions containing AaCTD RNAP eluted
from the Bio-Rex 70 column were applied to a
Sephadex 200 gel filtration column to remove any
supramolecular mass aggregates prior to storage at
—80°C. The resulting AaCTD RNAP preparation was
judged to be ~95% pure [Fig. 2(B)], and the yield
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was estimated to be ~2.5 mg of protein per liter of
bacterial culture.

Characterization of the AaCTD RNAP
preparation

To ensure the absence of oCTD from the AaCTD
RNAP preparation, samples were probed with anti-
bodies specific for either aNTD or oCTD. A mem-
brane blot of a denaturing gel loaded with in vivo-
assembled, recombinant WT E. coli RNAP [purified
from BL21[DE3] cells harboring pEcrpoABC(-XH)Z
using the scheme shown in Fig. 2(A)] and AaCTD
RNAP was stained with amido black to confirm
equivalent protein transfer [Fig. 3(A), lanes 1 and
3]. The membrane was then probed with antibodies
specific for aNTD [Fig. 3(A)]. A band corresponding
in size to full-length o was observed in the WT E.
coli RNAP sample [Fig. 3(A), lane 2], but not in the
AaCTD RNAP sample [Fig. 3(A), lane 4]. Although
these data are strongly suggestive of the absence of
full-length o from the AaCTD RNAP preparation,
they do not directly disclose the absence, or pres-
ence, of «CTD in the sample. Therefore, we repeated
the experiment and probed the samples with anti-
bodies specific for aCTD [Fig. 3(B)]. The results
reveal the presence of a band due to full-length o in
the lane loaded with WT E. coli RNAP [Fig. 3(B),
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Figure 2. Purification and denaturing gel analysis of the

in vivo-assembled, recombinant E. coli AaCTD RNAP
preparation. (A) Flow diagram highlighting the steps used to
purify the in vivo-assembled, recombinant AaCTD RNAP
preparation. (B) A denaturing 4-12% (w/v) polyacrylamide
Bis-Tris gel loaded with 2 ng of recombinant AaCTD RNAP.
The gel was calibrated with molecular mass standards
ranging from 250 to 10 kDa; numbers at the side of the gel
indicate the molecular mass values of the standards in
kilodaltons, and arrows indicate bands due to aNTD, B, f/,
and o.
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Figure 3. Western blot analysis of the in vivo-assembled, recombinant E. coli WT and AaCTD RNAP preparations. Purified
recombinant RNAPs were fractionated by denaturing gel electrophoresis and electroblotted onto membrane. (A) The figure
shows a membrane stained with amido black post-transfer of WT and AaCTD RNAP preparations and a photographic film
developed after exposure to the membrane probed with anti-oNTD antibody and horse radish peroxidase conjugated anti-
mouse IgG antibodies. Lanes were loaded as follows: (1) 1 pg of recombinant WT RNAP (membrane); (2) 1 pg of recombinant
WT RNAP (photographic film); (3) 1 ng of recombinant AaCTD RNAP (membrane); (4) 1 ug of recombinant AuCTD RNAP
(photographic film). (B) The figure shows a membrane stained with amido black post-transfer of WT RNAP, AaCTD RNAP and
oCTD preparations and a photographic film developed after exposure to the membrane probed with anti-aCTD antibody and
horse radish peroxidase conjugated anti-mouse IgG antibodies. Lanes were loaded as follows: (1) 1 ng of recombinant WT
RNAP (membrane); (2) 1 ug of recombinant WT RNAP (photographic film); (3) 1 pg of recombinant AaCTD RNAP (membrane);
(4) 1 ng of recombinant AaCTD RNAP (photographic film); (5) 1 ng of recombinant «CTD (membrane); (6) 1 pug of recombinant
aCTD (photographic film). The membranes were calibrated with molecular mass standards ranging from 250 to 10 kDa;
numbers at the side indicate the molecular mass values of the standards in kilodaltons, and arrows indicate bands due to o,

aNTD, oCTD, B, and .

lane 2], but not in the lane loaded with AaCTD
RNAP [Fig. 3(B), lane 4]. Furthermore, no band due
to aCTD alone was detected in any of the RNAP
preparations [Fig. 3(B), lanes 2 and 4], although as
a control, a band due to purified a«CTD was observed
[Fig. 3(B), lane 6].

The aCTD is the target for both the cis-acting
UP element and myriad transcription factors,
including CRP5 ! Therefore, we used multiple-
round in vitro transcription experiments at pro-
moters dependent on the UP element or CRP to fur-
ther corroborate the absence of oCTD from our in
vivo-assembled, recombinant AaCTD RNAP prepara-
tion. Initially, the activities of recombinant WT and
AaCTD RNAP preparations [purified using the same
scheme; Fig. 2(A)] were compared with the activity
of endogenous WT RNAP with a defined specific ac-
tivity at the constitutive (i.e., aCTD-independent)
lacUV5 promoter to ensure comparable activities of
RNAP enzyme were used in subsequent experiments
[Fig. 4(A)]. To investigate the activity of the recombi-
nant WT and AaCTD RNAP samples, UP element-
dependent stimulation of transcription from an rrnB
P1 promoter derivative that contains the consensus
UP element was examined.? The results are shown
in Figure 4(B). The samples of RNAP containing WT
o exhibited high levels of UP-dependent transcrip-
tion at the WT rrnB P1 promoter [Fig. 4(B), lane 1],
whereas the AoaCTD RNAP preparation exhibited

Twist et al.

~10% of the activity of WT RNAP [Fig. 4(B), lane 2],
indicating that the aCTD is absent from our AoaCTD
RNAP preparation, but not from the WT RNAP sam-
ple. As a control to check the contribution of the UP
element to stimulation of rrnB P1 transcription, the
transcriptional activity of RNAP containing either
WT o or lacking aCTD was determined at the rrnB
P1 core promoter that has the UP element replaced
by a sequence devoid of UP element-like activity.? At
this promoter, both WT and AaCTD RNAP samples
exhibited similar activities, which in the case of WT
RNAP was significantly reduced in comparison with
its activity at rrnB P1, that is, ~10% of the activity
at UP element-dependent rrnB P1, whereas the ac-
tivity of AaCTD RNAP was similar at both pro-
moters [Fig. 4(B), lanes 3 and 4]. Next, we deter-
mined the activity of the RNAP samples at
the synthetic CC(—61.5) promoter that is dependent
on both oCTD and the cAMP/CRP complex.::3°
The CRP dependence of CC(—61.5) was substanti-
ated as neither RNAP preparation elicited trans-
criptional activity in the absence of the cAMP/CRP
complex [Fig. 4(C), lanes 1 and 3]. However, on addi-
tion of cAMP/CRP to the reaction mixtures, CRP-de-
pendent transcription was observed in the presence
of WT RNAP [Fig. 4(C), lane 2], whereas no
enhancement of transcriptional activity was
observed in the presence of AuCTD RNAP [Fig. 4(C),
lane 4].
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Figure 4. In vitro activity of in vivo-assembled, recombinant E. coli WT and AaCTD RNAP preparations. Multiple-round
transcription reactions were performed to assess the response of recombinant WT and AaCTD o’ -associated holoenzymes
to the promoter UP element and the transcription factor CRP. (A) Multiple-round transcription assays were performed at the
lacUV5 promoter to determine the concentration of recombinant WT and AaCTD RNAPs that gave rise to levels of transcript
equivalent to WT endogenous RNAP [E-RNAP (Epicenter); specific activity, 1.4 x 10% U/mg]. (B) Multiple-round transcription
assays were performed at the WT rrnB P1 promoter and a derivative of the rrnB P1 promoter lacking an UP element. (C)
Multiple-round transcription assays were performed at the synthetic CRP-dependent CC(—61.5) promoter. The different
RNAPs are indicated below the gel in each panel. Concentrations of RNAP used are as follows: endogenous WT RNAP, 9.2
nM; in vivo-assembled, recombinant WT RNAP, 9.2 nM; and in vivo-assembled, recombinant AaCTD RNAP, 20 nM.
Concentrations of supercoiled DNA template used are as follows: lacUV5, 0.2 nM; rrnB P1, 0.6 nM; rrnB P1 core, 0.6 nM; and
CC(—61.5), 0.2 nM. The identities of specific transcripts are indicated by arrows [the vector-encoded replication repressor,
RNA-I, 108 nucleotides; lacUV5, 131 nucleotides; rrnB P1 promoters, 202 nucleotides; and CC[—61.5], 123 nucleotides]. The
abundance of transcripts originating from the lacUV5, rrB P1, rrmB P1 core, and CC(—61.5) promoters was quantified from
three experiments and plotted. In (A), the values were calculated as a percentage of transcript obtained with E-RNAP,
whereas in (B) and (C), the values were calculated as a percentage of transcript obtained with WT RNAP and in all cases are
presented (with standard deviations) above the appropriate gel, aligned with the corresponding gel lane. Transcription was
measured from promoters harbored in the following plasmids: pSR/lacUV5, lacUV5 promoter; pRLG3278, rrnB P1 promoter;
pRLG4210, rrnB P1 core promoter; and pSR/CC(—61.5), CC(—61.5) promoter.

The results of the multiple-round in vitro tran-
scription assays clearly indicate that our AoaCTD
RNAP preparation is devoid of aCTD and together
with the results of the Western blot analysis
unequivocally demonstrate that the purification pro-
cedure described herein yields active in vivo-
assembled, recombinant RNAP bereft of «CTD.

Discussion

Biochemical characterization of the bacterial tran-
scription cycle has been greatly facilitated by the
production and characterization of targeted RNAP
mutants. Traditionally, RNAP preparations contain-
ing mutant a-subunits have been produced by recon-
stitution and renaturation of denatured RNAP subu-
nits, a process that is highly undesirable for
biophysical and structural studies. Although systems
that afford the production of in vivo-assembled,
recombinant RNAP encoding mutations in either the
B or B/ subunits have been developed,?®?! these sys-
tems are not amenable to the generation of in vivo-
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assembled, recombinant RNAP samples containing
homodimeric mutant o-subunits. Here, we have
described a scheme for the production of in vivo-
assembled, recombinant AaCTD RNAP that over-
comes these restrictions and demonstrated that the
sample is free of detectable aCTD.
Considering E. coli RNAP further,
assembled, recombinant enzyme containing any type
of homodimeric a-variant could be obtained by intro-
ducing the desired substitution into the rpoA gene
contained on the expression plasmid pEcrpo(HX-)
ABCZ (unpublished data). In this plasmid, o is pro-
duced with a PreScission protease-cleavable N-ter-
minal (His);q tag. Following recombinant protein
overexpression in the BL21(DE3)T-H strain [that
encodes WT o with a noncleavable (His);, tag
appended to the C-terminus as the sole source of cel-
lular alpha], RNAP containing either or both chro-
mosome- and plasmid-encoded o is purified by
IMAC. Subsequently, PreScission protease cleavage
of the RNAP preparation and a subtractive IMAC

in vivo-

Purification of Recombinant, In Vivo-Assembled Delta «CTD RNAP



step is performed to remove RNAP molecules con-
taining WT o homodimers and WT/mutant o hetero-
dimers, thus, yielding homogenous preparations of
in vivo-assembled, recombinant RNAP containing
any desired o-subunit variant, including variants
that would be lethal if expressed in the absence of
WT o (Fig. 5).

Finally, these approaches can be easily manipu-
lated to generate homogenous recombinant, in vivo-
assembled variants of other homomultimers for bio-
chemical, biophysical, and structural analyses.
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Materials and Methods

Bacterial strains and plasmids

The bacterial strains and plasmids used or described
are listed in Table II. Standard molecular biology
techniques for plasmid isolation and DNA manipula-
tion were used throughout. The rpoA allelic replace-
ment plasmid, pRecEcrpoA-Xs34 241H, encodes an E.
coli RNAP a-subunit variant (0-Xo34 941H), in which
residues 235-238, 240, and 241 of the interdomain
linker are substituted to create a PreScission prote-
ase (GE Healthcare) recognition site encompassing
residues 234241 (Fig. 1), and 12 amino acids, that
include a (His) o tag, are appended to the C-termi-
nus. Located downstream of rpoA on this plasmid is
the rpl@ gene, which is also located downstream of
rpoA on the E. coli chromosome and is required to
provide homologous sequences for the allelic replace-
ment technique (see below). The pRecEcrpoA-Xos,
241H plasmid was constructed in five steps. First,
megaprimer polymerase chain reaction (PCR)*? was
used to substitute the DNA encoding amino acid res-
idues 235-238, 240, and 241 of the RNAP a-subunit
with the DNA encoding a PreScission protease rec-
ognition site and append Ndel and BamHI sites at
the 5 and 3’ ends of the PCR product, respectively.
The resultant PCR product was cleaved with Ndel

Figure 5. Schematic diagram illustrating the procedure to
purify in vivo-assembled, recombinant E. coli RNAP
containing any homodimeric a-variant, including those
variants that are lethal in vivo. In the example shown above,
a variant of E. coli RNAP harboring a mutant «CTD is
overexpressed and isolated from other E. coli RNAP
variants that arise due to in vivo assembly between
plasmid- and chromosome-encoded o. The desired rpoA
mutation is introduced into the bacteriophage T7 RNAP-
dependent overexpression plasmid, pEcrpo(HX-)ABCZ, that
encodes N-terminal (His)io-tagged o with a PreScission
protease tag between the (His);o tag and the o ATG start
codon; B, B/, and w. The resultant plasmid is used to
transform the E. coli overexpression strain, BL21(DE3)T-H,
that encodes WT a with an uncleavable C-terminal (His)1q
tag as the sole source of cellular o. Cells containing
overexpressed recombinant RNAP are lysed, and the
resultant cell lysate is treated with PEI to precipitate nucleic
acids and proteins. After an initial IMAC step to enrich the
(His)10-tagged RNAP complexes, the sample is incubated
with PreScission protease to remove the (His) o tag
appended to the N-terminus of the plasmid-encoded a-
mutant. Subsequently, a subtractive IMAC step is used to
fractionate the different RNAP complexes; RNAP harboring
the desired mutant o homodimer will flow through the
column, whereas the RNAP enzymes containing either WT/
mutant o heterodimers or WT o homodimers will be
retained on the column. WT oCTD, orange outlined
rectangle; mutant aCTD, green outlined rectangle; (His)o
tag, blue-colored rectangle; PreScission protease site, red-
colored rectangle; o interdomain linker, black-colored
rectangle; bacteriophage T7 RNAP promoter, black dart;
bacteriophage T7 RNAP terminator, black circle.
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Table II. Bacterial Strains and Plasmids

Strain/plasmid Relavent characteristics Source or reference
Strains
VH1000 MG1655 lacZ lacl pyrE* 25
VH1000T VH1000 rpoA™ zhc::Tn10 This study
VH1000T-K271E VH1000 rpoA341 zhc::Tnl0 This study
VHIOOOT—X234,241 VH1000 rpoA-X234,241 zhe:Tnl0 This study
VH1000T-H VH1000 rpoA-H zhc::Tn10 This study
VH1000T-Xg934 941H VH1000 rpoA-Xs34 24:H zhe::Tnl10 This study
BL21(DE3) F~ ompT hsdS (rg mp~) gal A\DE3 lysogen 24
BL21(DE3)T BL21(ADES3) rpoA™ zhc::Tn10 This study
BL21(DE3)T-X534 241 BL21(ADE3) rpoA-Xs34 247 zhc::Tnl10 This study
BL21(DE3)T-H BL21(ADE3) rpoA-H zhc::Tn10 This study
BL21(DE3)T—X234,241H BL21(7\.DE3) rpoA—X234,241H zhe:Tnl0 This Study
Plasmids
pET21aEcrpoA-Xos4 o041 pET21a derivative encoding E. coli o with residues 234— This study
241 of the interdomain linker specifying a PreScission
protease site
pET21aEcrpoA-Xo34 041H pET21aEcrpoA-Xg34 o041 derivative with the DNA This study
encoding a (His),( tag appended to the C-terminus of
0-Xo34-241
pET21aEcrpoA-Xo34 041H-rplQ pET21aEcrpoA-Xg34 041H derivative with the DNA This study
encoding RplQ (L17) immediately downstream of rpoA-
Xos4 241H
pET21aEcrpoA-Xg34 041 HABK-rplQ pET21aEcrpoA-Xg34 o41H-rplQ derivative with the This study
kanamycin resistance cassette removed
pRecEcrpoA-Xgs4 041H pET21aEcrpoA-Xo34 241 HABK-rplQ derivative with the This study
first 157 codons of rpoA removed
pEcRNAP1 pET21c derivative encoding E. coli o, B, B/, and o. 31
pEcrpo(HX-)ABCZ pEcRNAP1 derivative with the DNA encoding a (His)1o This study
tag and PreScission protease site appended to the N-
terminus of o
pEcrpoA(-Xy34 24H)BCZ pEcRNAP1 derivative encoding E. coli 0-Xy34 241H, B, B, This study
and ®
pEcrpoABC(-XH)Z pEcRNAP1 derivative with the DNA encoding a This study
PreScission protease site and (His);o tag appended to
the C-terminus of B
pSR/lacUV5 pBR322 derivative carrying lacUV5 (—60 to +40) 11
promoter
pSR/CC(-61.5) pBR322 derivative carrying CC(—61.5) promoter 11
pRLG4210 pRLG770 containing core rrnB P1 (—66 to +52) promoter 8
pRLG4238 pRLG770 containing the rrnB P1 promoter, including the 8

UP element

and BamHI and cloned between the Ndel and

the rpl@ gene encoding ribosomal protein L17, was

BamHI sites of a pET21a-based plasmid that enco-
des both ampicillin and kanamycin resistance cas-
settes, creating pET21aEcrpoA-Xss4 241. Second, the
rpoA allele encoded by pET2laEcrpoA-Xsss 041 wWas
PCR amplified using primers that retained the Ndel
site at the 5 end and appended DNA encoding an
Ala-Ser dipeptide linker and a (His);(, tag, a TAA
translation termination codon, and Ncol and BamHI
sites to codon 329 of rpoA-Xs34 24;. The resultant
PCR product (rpoA-Xs34 04;H) was cleaved with
Ndel and BamHI and cloned between the Ndel and
BamHI sites of pET2laEcrpoA-Xgs4 041, creating
pET21aEcrpoA-Xss4 041H. Third, PCR was used to
amplify 500 bp of the E. coli chromosome immedi-
ately downstream of rpoA using primers that
appended a Kpnl site to the 5’ end and I-Scel and
Blpl sites to the 3’ end. The PCR product, containing
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cleaved with Kpnl and BlpI and cloned between the
Kpnl and Blpl sites of pET2laEcrpoA-Xss4 04:1H,
creating pET21aEcrpoA-Xss34 941H-rplQ. Fourth, the
kanamycin resistance cassette, which separates the
rpoA and rpl@ sequences and was not required for
the rpoA allelic replacement step, was removed
from pET2laEcrpoA-Xoss 9241 H-rplQ by cleavage
with BamHI and Kpnl, followed by treatment with
DNA polymerase I Klenow fragment, resulting in
pET21aEcrpoA-Xs34 041 HABK-rplQ. Finally, the first
157 codons of rpoA in pET21laEcrpoA-Xg34 041 HABK-
rplQ was removed by cleavage with Xbal and EcoRI,
treatment with DNA polymerase I Klenow fragment,
and self-ligation, creating pRecEcrpoA-Xs34 94:H.
The plasmid encoding WT E. coli (His),o-tagged core
RNAP, pEcrpoABC(-XH)Z [in which a PreScission
protease cleavage site, -Ser-Ser-Gly- linker and
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(His);o tag are appended to the C-terminus of the B’
subunit], was constructed from plasmid pEcRNAP1
(Ref. 31) by introduction of an annealed pair of com-
plementary oligonucleotides encoding the protease
recognition site, Ser-Ser-Gly linker and (His)(, tag
between the Xhol and HindIII sites of pEcRNAP1. A
protein overexpression plasmid encoding o-Xg34-
241H, B, B, and ® was constructed by cleaving
pET21aEcrpoA-Xss4 041H with Ndel and Ncol and
cloning the Ndel-Ncol fragment (encoding o-Xssz4
241H) between the Ndel and Ncol sites of pEcR-
NAP1, creating pEcrpoA(-Xos4 041H)BCZ. All DNA
manipulations were confirmed to be correct by DNA
sequencing.

rpoA allelic replacement

The procedure was performed essentially as
described previously?® except that strain VH1000T-
K271E was used to select recombinants. VH1000T-
K271E was constructed by bacteriophage P1 trans-
duction of the rpoA341 allele from WAM123 (Ref. 33)
using selection for the linked Tn10 (20 pg/mL tetra-
cycline). Transductants containing the rpoA341 al-
lele were identified by virtue of their inability to use
melibiose as a carbon source. Subsequently,
VH1000T-K271E was transformed with pRecEcrpoA-
Xo34-041H, and the transformants were streaked on
M9 minimal salts agar supplemented with 0.2% (w/
v) melibiose and 5 pg/mL thiamine and grown at
30°C for 2 to 3 days without antibiotic selection.
Melibiose-positive recombinants were screened for
the transfer of the rpoA-Xs34 04;H allele to the chro-
mosome (resulting in VH1000T-X534 94:H) by PCR
amplification of full-length rpoA. The presence of
the PreScission cleavage site and (His);, tag was
confirmed by DNA sequencing. During the screening
procedure, recombinants were also identified in
which rpoA sequences encoding either the PreScis-
sion cleavage site or (His);( tag were transferred to
the E. coli chromosome (VH1000T-X534 947 and
VH1000T-H, respectively). Again, by selecting for
the linked TnI0, bacteriophage P1 transduction
was used to transfer the mutant alleles from
the VH1000T background into BL21(DE3), resulting
in BL21(DE3)T-X334 241, BL21(DE3)T-H, and
BL21(DE3)T-X534 241H [although it was necessary to
reduce the selection concentration to 2 pg/mL tetra-
cycline for the BL21(DE3) strains]. To confirm the
presence of the desired allele, in each case, the chro-
mosomal rpoA gene was amplified and the resultant
PCR product was sequenced.

Measurement of bacterial growth rate

BL21(DE3) derivatives, each encoding a chromo-
somal rpoA allele linked to zhc::Tnl0, were inocu-
lated from freshly struck colonies into either Luria-
Bertani (LB) medium or M9 minimal medium con-
taining 0.2% (w/v) glucose and thiamine (5 pg/pL).
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Cultures were inoculated at an Aggo nm of 0.015 and
grown with vigorous agitation at 37°C. Growth was
monitored by periodically measuring the Agoo nm,
and the rate of growth was calculated during the ex-
ponential phase of growth.

Overexpression and purification of proteins

To purify WT or AaCTD RNAP preparations, pEcr-
poABC(-XH)Z and pEcrpoA(-Xos34 041H)BCZ were
introduced into BL21(DE3) or BL21(DE3)T-X534 941 H
cells, respectively. BL21(DE3)/pEcrpoABC(-XH)Z trans-
formants were selected in the presence of ampicillin
(100 pg/mL), whereas BL21(DE3)T-Xg34 241H/pEcr-
poA(-Xp34 941 H)BCZ transformants were selected in the
presence of ampicillin (100 pg/mL) and tetracycline (10
ug/mL). Cultures supplemented with ampicillin (200
ug/mL) were grown at 37°C to an Agog nm ~0.6, and
recombinant protein expression was induced with 1
mM isopropyl B-p-thiogalactopyranoside for 4 h at
30°C. Cells containing overexpressed recombinant pro-
teins were harvested by centrifugation and stored as
pellets at —80°C.

Cell pellets were resuspended in lysis buffer [50
mM Tris-HCI (pH 8), 5% (v/v) glycerol, 1 mM ethyle-
nediaminetetraacetic acid (EDTA), 5 mM dithiothre-
itol (DTT), 1 mM phenylmethanesulfonyl fluoride]
supplemented with complete, EDTA-free protease in-
hibitor cocktail tablets (Roche Applied Science) and
lysed using a continuous-flow homogenizer (Avestin).
The cell lysate was clarified by centrifugation to
remove insoluble debris, and 10% (v/v) PEI (pH 7.9)
was added to a final concentration of 0.6% (v/v) to
induce the precipitation of nucleic acids and pro-
teins. The mixture was centrifuged, and the pellet
was washed twice with TGED buffer [10 mM Tris-
HCI (pH 8), 5% (v/v) glycerol, 0.1 mM EDTA, 1 mM
DTT] + 0.5M NaCl. RNAP was eluted from the pel-
let by washing the pellet with TGED buffer + 1M
NaCl. Solid ammonium sulfate was added to the
eluted sample to a final concentration of 350 g/L,
and then the precipitate was pelleted by centrifuga-
tion. The pellet was resuspended in IMAC buffer A
[20 mM Tris-HCI (pH 8), 5% (v/v) glycerol, 0.5 mM
B-mercaptoethanol, 1M NaCl] and applied to a
nickel-charged HiTrap column (GE Healthcare) equi-
librated in IMAC buffer A. The column was washed
with 20 column volumes (cv) of IMAC buffer A + 5
mM imidazole, 5 cv of IMAC buffer A + 20 mM im-
idazole, 5 cv IMAC buffer A + 40 mM imidazole, 5
cv IMAC buffer A + 60 mM imidazole, 5 cv IMAC
buffer A + 80 mM imidazole, and 5 cv IMAC buffer
A + 100 mM imidazole. Proteins bound to the col-
umn were eluted with IMAC buffer A + 250 mM im-
idazole. Subsequently, during dialysis against IMAC
buffer A, fractions containing in vivo-assembled,
recombinant RNAP eluted from the nickel-charged
HiTrap column were incubated overnight with Pre-
Scission protease (GE Healthcare), a fusion of
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glutathione S-transferase and the rhinovirus 3C pro-
tease, at a ratio of 1:5 (w/w) PreScission protease to
RNAP, to enzymatically remove either the (His);o
tag or the oCTD-(His);o. Afterward, a subtractive
IMAC chromatographic step removed uncleaved
RNAP and, depending on the RNAP preparation, ei-
ther the cleaved (His),o tag or the cleaved oCTD-
(His),o fusion protein. The flow through the column,
containing RNAP, was dialysed against TGED buffer
+ 0.1M NaCl and applied to a Bio-Rex 70 column
(Bio-Rad) equilibrated in TGED buffer + 0.1M NacCl,
and the column was developed with a linear gradi-
ent from 0.2 to 1M NaCl. RNAP in the peak frac-
tions was precipitated with ammonium sulfate
(added to a final concentration of 350 g/L), and then
the precipitate was pelleted by centrifugation. The
pellet was resuspended in TGED buffer + 0.5M
NaCl to give a final protein concentration of ~10
mg/mL. The protein sample was applied to a Super-
dex 200 gel filtration column (GE Healthcare) equili-
brated in TGED buffer + 0.5M NaCl, and the peak
fractions containing RNAP eluted from the column
were dialysed against RNAP storage buffer (TGED
+ 0.1M NaCl) prior to storage at —80°C.

Recombinant full-length ¢’° was purified using
a combination of IMAC, anion-exchange, and gel fil-
tration resins, whereas recombinant aCTD was puri-
fied as described previously.2!

Western blot analysis

Purified preparations of WT RNAP (1 pg), AaCTD
RNAP (1 pg), and oCTD (1 pg) were resolved on gra-
dient 4-12% (w/v) polyacrylamide Bis-Tris gels (Invi-
trogen) and transferred to membrane overnight at
4°C. The membrane was stained with Amido black
to ensure that protein transfer had been successful
and subsequently incubated for 1 h at room temper-
ature in blocking buffer [20 mM Tris-HCI (pH 7.6),
137 mM NaCl, 0.1% (v/v) Tween 20, 5% (w/v) dry
milk]. The blocking buffer was decanted, and the
membrane was incubated for 1 h at room tempera-
ture with the primary antibody, either anti-aNTD or
anti-aCTD (Neoclone), diluted 1:1,000 in blocking
buffer. The primary antibody was decanted, and the
membrane was washed with wash buffer [20 mM
Tris-HCl (pH 7.6), 137 mM NaCl, 0.1% (v/v)
Tween 20] three times for 5 min each wash. The sec-
ondary antibody, horse radish peroxidase conjugated
anti-mouse IgG (GE Healthcare), was diluted
1:10,000 in blocking buffer and incubated with the
membrane for 45 min at room temperature. After
secondary antibody incubation, the membrane was
washed with wash buffer (three times for 5 min
each wash) and then incubated in SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scien-
tific) for 5 min prior to exposure to photographic
film.
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In vitro transcription assays

All RNAP holoenzymes were reconstituted from the
corresponding core enzyme and purified ¢’° in the
ratio 1:5 (RNAP:6"°) in holoenzyme storage buffer
[10 mM Tris-HC1 (pH 8.0), 50% (v/v) glycerol, 0.1
mM EDTA, 1 mM DTT, 0.1M NacCl], as described
previously.>* Multiple-round transcription reactions
were performed in a final volume of 25 pL and con-
tained either KCI or NaCl (see below). Reconstituted
RNAPs were titrated at the lacUV5 promoter: RNAP
was incubated with 0.2 nM supercoiled pSRlacUV5
plasmid DNA in reaction buffer [Tris-acetate (pH
7.9), 100 mM KCl, 10 mM MgCl,, 1 mM DTT, 100
ng/mL acetylated BSA] for 15 min at 30°C. The in
vitro transcription reactions were initiated by the
addition of 200 pM each of CTP, GTP, and ATP, 10
uM of UTP, and 5 pCi of o->?P UTP [800 Ci/mmol
(10 mCi/mL)], and incubated for 20 min at 30°C.
The activities of recombinant WT and AaCTD RNAP
preparations were compared with the activity of en-
dogenous WT RNAP (Epicenter; specific activity, 1.4
x 10% U/mg); 9.2 nM of endogenous WT RNAP, 9.2
nM of recombinant WT RNAP, and 20 nM of
recombinant AaCTD RNAP resulted in equivalent
activities at the constitutive lacUV5 promoter, and
these concentrations were used in subsequent
experiments at the rrnB P1 and CC(-61.5) pro-
moters. Multiple-round transcription from rrnB P1
promoters was performed exactly as described previ-
ously®® in reaction buffer supplemented with 150
mM NaCl. Transcription from the CC(—61.5) pro-
moter was performed in reaction buffer supplanted
with 100 mM KCl as described previously®®; except
template DNA was preincubated for 5 min with
cAMP (0.2 mM), CRP (20 nM), and NTPs. All reac-
tions were terminated by the addition of 25 uL of
stop solution [95% (v/v) deionized formamide, 20
mM EDTA, 0.05% (w/v) bromophenol blue, 0.05% (w/
v) xylene cyanol]. Samples were electrophoresed in a
denaturing 5.5% (w/v) polyacrylamide gel containing
7M urea, and transcript abundance was quantified
using a FuyjiFilm FLA-3000 Phosphorimager.
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