
In vivo assembly and single-molecule characterization of the
transcription machinery from Shewanella oneidensis MR-1

Natalie R. Gassmana,1,3, Sam On Hoa,2,3, You Korlanna, Janet Chiangb, Yim Wub, L. Jeanne
Perryb, Younggyu Kima,*, and Shimon Weissa,c,*

a Department of Chemistry and Biochemistry, University of California, 607 Charles E. Young Dr.
East, Los Angeles, CA 90095, USA
b UCLA-DOE Institute for Proteomics & Genomics, University of California, Los Angeles, CA
90095, USA
c Department of Physiology and California NanoSystems Institute, University of California, Los
Angeles, CA 90095, USA

Abstract
Harnessing the new bioremediation and biotechnology applications offered by the dissimilatory
metal-reducing bacteria, Shewanella oneidensis MR-1, requires a clear understanding of its
transcription machinery, a pivotal component in maintaining vitality and in responding to various
conditions, including starvation and environmental stress. Here, we have reconstituted the S.
oneidensis RNA polymerase (RNAP) core in vivo by generating a co-overexpression construct that
produces a long polycistronic mRNA encoding all of the core subunits (α, β, β′, and ω) and
verified that this reconstituted core is capable of forming fully functional holoenzymes with the S.
oneidensis σ factors σ70, σ38, σ32, and σ24. Further, to demonstrate the applications for this
reconstituted core, we report the application of single-molecule fluorescence resonance energy
transfer (smFRET) assays to monitor the mechanisms of transcription by the S. oneidensis σ70-
RNAP holoenyzme. These results show that the reconstituted transcription machinery from S.
oneidensis, like its Escherichia coli counterpart, “scrunches” the DNA into its active center during
initial transcription, and that as the holoenzyme transitions into elongation, the release of σ70 is
non-obligatory.
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Shewanella oneidensis MR-1 is a Gram-negative, facultative anaerobic, metal-reducing
bacterium, whose versatile metabolic and respiratory capabilities have made it a model
organism for bioremediation studies, due to its ability to reduce toxic metal and organic
pollutants, such as fumarate, nitrate, dimethyl sulfoxide (DMSO), trimethylamine N-oxide
(TMAO), Fe(III), Cr(VI), and U(VI) [1–3], to soluble complexes or solid phase associated
minerals, like U(IV) nanoparticles [4]. In order to utilize this vast array of electron
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acceptors, S. oneidensis has developed an expanded suite of regulatory genes that allow for
the organism’s rapid response to its diverse and fluctuating environment [5]. An extensive
amount of studies have focused on unraveling the S. oneidensis genome [5,6] and its gene
expression profile under various physiological conditions, such as pH [7], exposure to
terminal electron acceptors [8], and heat shock [9]. However, since transcription initiation is
the first step of gene expression and is an important check point of gene regulation, it is
imperative to characterize the S. oneidensis RNA polymerase (RNAP)4 complex and its
associated factors.

Like other prokaryotic systems, the S. oneidensis transcription machinery is composed of an
RNAP core, consisting of two αs, a β, a β′, and an ω subunits, and a suite of transcription
initiation factors (σ factors), of which six putative σ factor have been identified, σ70, σ54,
σ38, σ32, σ27, and σ24. As in Escherichia coli, the RNAP core interacts with one of its σ
factors to form an RNAP holoenzyme that is directed to a specific DNA promoter region by
the sequence specific determinants of the σ factor [10], forming a transcription initiation
complex. This initiation complex formation is a critical component of gene expression
regulation and allows S. oneidensis to adaptively respond to external stimuli.

Recent reports have demonstrated that S. oneidensis RNAP core can be purified by
immunoaffinity [11] and by FlAsH-ethylenediamine affinity [12]; however, yields for these
preparations were unsatisfactory because RNAP was not overexpressed in S. oneidensis for
the immunoaffinity method, and in the case of FlAsH affinity purification, the tagged-α
subunit was overexpressed, but the other subunits (β, β′, and ω) were endogenously
expressed at low levels. In addition, endogenous expression does not allow easy genetic
manipulation of the RNAP subunits. To establish a rapid and reliable method for significant
quantities of S. oneidensis RNAP core, we have created a polycistronic expression plasmid
that co-overexpresses all the RNAP subunits, using E. coli as a host. This multi-subunit co-
overexpression scheme has been successfully applied to the purification of RNAP of other
organisms [13–15], and this scheme allows large-scale production, facile genetic
manipulations, and produces in vivo assembled, fully functional, S. oneidensis RNAP core,
without the misfolding and loss of activity that can be associated with in vitro reconstitution
[16,17]. Additionally, we expressed and purified four of the six putative S. oneidensis σ
factors (σ70, σ38, σ32, and σ24), formed their respective holoenzyme transcription complexes,
and evaluated the activity and specificity of these complexes on predicted promoter
sequences. To demonstrate the myriad of applications for this reconstituted core, we
extended existing single-molecule fluorescence assays to primary holoenzyme of S.
oneidensis, σ70-RNAP, and examined the mechanism of transcription initiation and subunit
composition of this machinery during transcription initiation and elongation.

Recent single-molecule biophysical studies of E. coli σ70-RNAP have demonstrated that the
mechanism of transcription initiation proceeds through the “scrunching” of downstream
DNA into the active center of the RNAP [18,19]. During each cycle of abortive initiation,
RNAP pulls downstream DNA into itself, pulling in 1 bp per phosphodiester bond formed
and accommodating the accumulated DNA as single stranded bulges within the unwound
region. When the abortive RNA is released, the RNAP releases the “scrunched” DNA, and
the initial transcription state is recovered. While scrunching is thought to be a general

4Abbreviations used: RNAP, RNA polymerase; EMSA, electrophoretic mobility shift assay; DMSO, dimethyl sulfoxide; TMAO,
trimethylamine N-oxide; rbs, ribosome binding site; IMAC, immobilized metal ion affinity chromatography; SDS–PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; MALDI-MS, matrix-assisted laser desorption/ionization mass spectrometry;
IPTG, isopropyl β-D-1-thiogalactopyranoside; RACE, 5′-rapid amplification of cDNA ends; ORF, open reading frame; 2-ME, 2-
mercaptoethanol; CV, column volume; EDTA, ethylenediaminetetra-acetic acid; DTT, dithiothreitol; BSA, bovine serum albumin,
smFRET, single-molecule fluorescence resonance energy transfer; LE, leading edge; ALEX, alternating-laser excitation; nt,
nucleotide; SEM, standard error of mean.
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mechanism for all polymerases, it has only been observed for one other polymerase, T7
bacteriophage RNAP [20]. Additionally, single-molecule fluorescence assays have also been
utilized to determine the fate of σ70 during the transition from transcription initiation to
elongation. These studies of E. coli σ70-RNAP have demonstrated its non-obligatory release
of σ70 during the transition from transcription initiation to elongation [21–23], providing
support for a stochastic σ release model, where σ is released stochastically during elongation
rather than at a specific RNA nascent chain length [24,25].

Examining both the mechanism of transcription initiation and the extent of σ70 retention by
S. oneidensis highlights the applications for reconstituted transcription machinery and
provides evidence that the transcription mechanisms and σ release models found for these
organisms can be generalized to other bacterial species.

Material and methods
Design of the polycistronic co-overexpression plasmid

The co-overexpression plasmid pYK201 (Fig. 1A) consists of a polycistronic artificial
operon rpoA-rpoB-rpoC-rpoZ, under the control of a single IPTG-inducible T7 promoter
and T7 transcription terminator derived from pET-22b(+) (Novagen); a separate ribosome-
binding site (rbs) was inserted to proceed each open reading frame (ORF). First, expression
construct of each subunit were generated from clones of each ORF (gifts from Dr. M. Uljana
Mayer [PNNL]). The intermediate plasmids involved in the construction of pYK201 are
listed in Table 1. The plasmids were maintained in NovaBlue cells (Novagen). The primers
for PCR amplifications are listed in Supplementary Table 1; all PCR fragments were
generated by Pfu polymerase (Stratagene). The steps leading to the final 15 kb polycistronic
plasmid are described below.

The rpoA gene (SO0256) was modified to contain a 5′ NdeI site and a 3′ His6 tag sequence,
followed by a stop codon, PacI and NcoI sites sequentially, by add-on PCR using primers
0256F1 and 0256R1. The resulting PCR product was cloned as a NdeI/NcoI fragment
between the NdeI and NcoI sites of pET-22b(+), to generate pSH101. PCR product of the
rpoB gene (SO0224) flanked with a 5′ NcoI site and 3′ SacI/NdeI sites was produced by
add-on PCR using primers 0224F1 and 0224R1; this PCR product was inserted between the
NcoI and NdeI sites of pET-16b (Novagen) to create pSH102. Add-on PCR product of the
rpoC gene (SO0225) flanked with a 5′ NcoI site and 3′ NotI/NdeI sites was produced with
primers 0225F1 and 0225R1, then inserted between the NcoI and NdeI sites of pET-16b to
create pSH103; in concert, ATG was added in front of the endogenous GTG start codon for
higher translation yield, the ATG sequence was included in the add-on PCR primer 0225F1.
Then, add-on PCR product of the rpoZ gene (SO0360) flanked with a 5′ NcoI site and 3′
NotI/NdeI sites was inserted between the NcoI and NdeI sites of pET-16b to create pSH104;
primers for the PCR were 0360F1 and 0360R1.

For construction of the co-overexpression construct, each coding sequence (rpoB in
pSH102, rpoC in pSH103 and rpoZ in pSH104) including an upstream rbs site was
amplified by add-on PCR. The PCR products were flanked with unique restriction sites: 5′
PacI site and 3′ SacI site for rpoB (primers 0224F2 and 0225R2); 5′ SacI site and 3′ FseI/
NotI sites for rpoC (primers 0225F2 and 0225R2); and 5′ FseI site and 3′ NotI site for rpoZ
(primers 0360F2 and 0360R1). The PCR product of the rpoB gene was inserted between the
PacI and SacI sites of pSH101 to yield pSH202. Then, the PCR product of the rpoC gene
was inserted between the SacI and NotI sites of pSH202 to produce pSH203. Finally, the co-
overexpression plasmid pYK201 was created after the PCR product of rpoZ gene was
inserted between the FseI and NotI sites of pSH203.
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Construction of expression plasmids of the σ factors and single-cysteine σ70 mutant
For the construction of the σ factors’ expression plasmids, each σ subunit gene fragment was
PCR-amplified from the S. oneidensis genome with the primers listed in Supplementary
Table 1. The digested fragments were then inserted into the corresponding sites of pTrcHis
A (Invitrogen), pET-22b(+), pET-M11 (EMBL) [26], or pTrcHis-TOPO (Invitrogen). The
resulting expression vectors for the rpoD (SO1284), rpoS (SO3432), rpoH (SO4583), and
rpoE (SO1342) genes are listed in Table 1.

The single-cysteine mutant of σ70 (N399C) was prepared with the Quikchange site-directed
mutagenesis kit (Stratagene). A pET-DUET (Novagen) expression vector containing the σ70

gene (rpoD, SO1284) under control of the T7 promoter was used as a backbone for all
subcloning experiments. Prior to creating the single-cysteine derivative, the two native Cys
residues C294 and C343 of wild-type S. oneidensis σ70 were replaced with structurally
similar serine residues, creating a Cys(−) σ70, referred to as σ70ΔCys (pNG201), and no
negative effect on transcription activity was observed with the serine replacements (data not
shown), consistent with E. coli σ70ΔCys [27,28]. Then, a cysteine residues at residue 399 in
σ70 was introduced using the pNG201 as the template plasmid for site-directed mutagenesis,
creating σ70,N399C (pNG203). The DNA sequences of the single-cysteine σ70 mutant
constructs and that of σ70ΔCys were confirmed by DNA sequencing.

Co-overexpression and purification of the S. oneidensis RNAP core
The pYK201 plasmid was transformed into BL21 Star (DE3) cells (Invitrogen). An
overnight culture (10 ml) from a single colony was subcultured into 1 L of LB media
supplemented with 100 μg/ml of ampicillin at 37 °C and grown to an OD600 of 0.3–0.5; the
culture was cooled on ice to room temperature before induction by the addition of a final
concentration of 0.5 mM IPTG. The cells were grown for additional 5 h at room
temperature, then harvested by centrifugation for 15 min at 5000g at 4 °C. The cell pellet
was resuspended in 35 ml of nickel binding buffer (NBB: 50 mM sodium phosphate, 10 mM
Tris–HCl, 0.5 M NaCl, 5 mM imidazole, 4 mM 2-mercaptoethanol [2-ME], 5% glycerol, pH
8.0), disrupted by sonication, and the lysate was centrifuged for 30 min at 15,000 rpm at 4
°C; subsequent steps were carried out at 4 °C.

One milliliter of Ni-NTA agarose (Qiagen) was equilibrated with 10 ml of NBB in a 20-ml
disposable column (Econo-Pac, Bio-Rad), and the cleared lysate was passed through the
column by gravity flow, followed by a 10 ml NBB (plus 10 mM imidazole) wash. Proteins
were eluted with 3 column volume (CV) of NBB containing 20 mM, 40 mM, and 150 mM
imidazole, respectively, and fractions were collected at 1 CV each. The fractions were
analyzed by SDS–PAGE, and peak fractions containing RNAP were pooled, and diluted
with TGED buffer (20 mM Tris–HCl, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 5%
glycerol) to a final NaCl concentration of 0.15 M.

The resulting sample was loaded onto a MonoQ 10/10 (GE Healthcare) column pre-
equilibrated with TGED with 0.2 M NaCl, using Aktä purifier (GE Healthcare). Purification
using the anion exchange column was carried out as described [29]. Fractions containing
pure RNAP were pooled and dialyzed against storage buffer (10 mM Tris–HCl, pH 7.9, 50%
glycerol, 0.1 mM EDTA, 0.1 mM DTT, 0.1 M NaCl). The typical yield was about 20–30 mg
of purified RNAP from a 1L culture.

Overexpression and purification of the S. oneidensis σ subunits
Soluble σ70 (pSH001) were expressed in TOP10 cells (Invitrogen). The cells were grown in
LB media supplemented with 100 μg/ml ampicillin at 37 °C until OD600 0.7–0.9, cooled on
ice to room temperature, induced with 0.5 mM IPTG, then grew for another 5 h at room
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temperature. The purification procedure was the same as the steps described above.
Insoluble σ38 (pNG079), σ32 (pNG076), and σ70N399C (pNG103) were produced in BL21-
Gold (DE3) cells (Stratagene), growth conditions, and purification steps were described
previously [30]. Typical yields for σ70, σ70N399C, σ38 and σ32 are 2 mg/l, 10 mg/l, 20 mg/l,
and 15 mg/l, respectively.

The rpoE gene (pNG083) was expressed in soluble form by BL21-Gold (DE3) as previously
described [31]. The cell pellet was resuspended in 35 ml of buffer A (50 mM Tris–HCl, pH
7.4, 0.5 M NaCl, 10 mM MgCl2, 5 mM 2-ME, 10% glycerol), and lysed by sonication. The
lysate was centrifuged at 19,000g for 30 min at 4 °C. The soluble proteins in the supernatant
were applied onto a 1 ml Ni-NTA agarose column, and washed with 20 CV of buffer B
(buffer A at pH 8.0) plus 10 mM imidazole. The column was washed with 3 CV of buffer B
plus 20 mM, then 40 mM imidazole, and the protein was eluted with 8 ml of buffer B with
150 mM imidazole. The eluted protein was diluted to ~1 mg/ml and dialyzed in TGED with
0.15 MNaCl, then applied to a Resource Q column (GE Healthcare) pre-equilibrated with
TGED plus 0.15 M NaCl. A linear gradient of 0.15–1 M NaCl was run over 120 min at a
flow rate of 0.25 ml/min. Fractions of purified σ24, identified by SDS–PAGE, were pooled
and stored as an ~65% ammonium sulfate precipitate [32] at 4 °C. Yields were typically 1
mg/L.

5′-Rapid amplification of cDNA ends (RACE)
The 5′-RACE method [33] was used to extend partial cDNA clones by amplifying the 5′
sequences of S. oneidensis mRNAs. Total RNA was extracted from S. oneidensis cells
grown at 35 °C using the RiboPure-Bacteria kit (Ambion) with genomic DNA
contamination removed by DNase I. First strand cDNA synthesis was performed using 5 μg
of total RNA and 50 ng of gene specific primer GSP1 (Supplementary Table 2). The RNA
template was then degraded by the RNase H, and the first strand cDNAs were separated
from unincorporated nucleotides and primers using S.N.A.P. columns (Invitrogen) or
QIAquick spin filters (Qiagen), dependent on size of transcript. A homopolymeric dC- or
dA-tail was added (via terminal transferase) to the 3′ termini of the cDNAs. Tailed cDNAs
were subsequently amplified with Taq polymerase (Invitrogen) using a nested gene specific
primer, GSP2, and the oligo anchor primer (Supplementary Table 2). Resulting PCR
products were diluted 1:100 and subjected to a second PCR using the second nested gene
specific primer PM and an abridged oligo anchor primer (Supplementary Table 2). The
products of these reactions were sequenced.

Formation of RNAP holoenzyme
Micromolar concentrations of RNAP holoenzymes were prepared in a 4:1 molar ratio of σ
(σ70, σ38, σ32, or σ24) to RNAP core in a transcription buffer (TB: 50 mM Tris–HCl, 3 mM
MgCl2, 0.1 mM EDTA, 1 mM DTT, 100 mM KCl, 100 μg/ml BSA); incubated on ice for
several hours, then at 30 °C for 20 min (except in the case of σ32 where all steps were done
at 42 °C).

Electrophoretic mobility shift assay
Promoter regions of interest in the S. oneidensis genome were PCR-amplified with Pfu
polymerase and primers listed in Supplementary Table 3. Open complexes were formed by
incubating 50 nM holoenzyme (50 nM RNAP core: 200 nM σ) with 20 nM of promoter
DNA fragments in 20 μl of buffer TB at 30 °C for 10 min. Open complexes were then
challenged with a final concentration of 40 μg/mL heparin for 1 min at 30 °C, and loaded
onto a 5% non-denaturing polyacrylamide gel (37.5:1 acrylamide/bisacrylamide, 16.5 × 14.5
cm), and ran for 90 min at 150 V. The resulting gel was stained with SYBR® Green
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(Invitrogen) according to the manufacturer protocol, and imaged on a Molecular
Imager ®FX (Bio-Rad).

Single-round radioactive transcription assay
Promoter sequences were PCR-amplified with primers listed in Supplementary Table 3 and
inserted between the BamHI and HindIII restriction sites of the pTH8 vector (containing a
T7 early terminator, ~300 bp downstream of the HindIII site) [34]. One hundred nanomolar
of holoenzymes was incubated with buffer TB containing 13 nM of DNA template in a final
volume of 10 μl. After 15 min incubation at 30 °C (or 42 °C for σ32), a 1 μl of a NTP
mixture (1.5 mM ATP, CTP, GTP, 75 μM UTP, 3 μCi [α-32P]UTP, and 1 μg heparin) was
added into the pre-formed complex. Eight microliters of stop solution (98% deionized
formamide, 10 mM EDTA, 0.025% xylene cyanol FF, 0.025% bromophenol blue) was
added after 7 min, then samples were loaded onto a pre-run 6% denaturing PAGE gel (19:1
acrylamide/bisacrylamide, 6 M Urea, 0.5 × TBE, 22 × 20 cm), and ran for 90 min at 21 W.
RNA products were visualized using PhosphorImager (Molecular Dynamics, Inc.) and
ImageQuant Software (GE Healthcare).

Site-specific labeling of σ70 and DNA with fluorophores
Site-specific labeling of σ70,N399C was performed by the incorporation of Cy3B maleimide
using a solid state-based labeling (SSL) [35]. σ70,N399C incorporated the Cy3B maleimide
with 65–70% efficiency, while non-specific labeling of the σ70ΔCys derivative was 1% using
the same dye. DNA fragments of the lacCONS promoter derivatives [18] (Fig. 4A), end
labeled with Alexa647, (Invitrogen) were prepared as described [30].

Transcription complex formation for single-molecule biophysical studies
Reaction mixtures of 80 nM RNAP core and 100 nM wild-type or Cy3B-labeled σ70

derivative in TB were used for preparation of open complexes, similar to previously
described [21]. Samples were incubated 20 min at 30 °C; 20 nM dual-labeled or Alexa647-
labeled promoter dsDNA was then added and samples were further incubated 10 min at 30
°C. Heparin-Sepharose (GE Healthsciences, 0.8 μl of 1 mg/ml) was added to disrupt non-
specific RNAP-promoter complexes and to remove free RNAP [30]. After addition,
reactions were gently mixed for 15 s, and then centrifuged on a bench top centrifuge at
2000g for 10 s. Twenty microliters of aliquots were transferred to tubes containing 1 μL of
10 mM ApA (Ribomed Biotechnologies), pre-warmed at 30 °C, and incubated for 5 min at
30 °C.

Abortive products were prepared by adding 0.8 μl of 1.25 mM GTP and UTP to the prepared
RPo complex, while halted elongation complexes were prepared by adding 2 μl of 1.25 mM
ATP, GTP, and UTP in TB and incubating for an additional 5 min. Ability of halted
complexes to resume transcription elongation was tested with the addition of 2 μl of 1.25
mM ATP, GTP, and UTP with 6.25 mM CTP (chase reaction), and samples were incubated
a further 5 min at 30 °C.

Single-molecule fluorescence spectroscopy
Sample preparation, alternating-laser excitation-microscopy, data acquisition, and analysis
were as described in [18,21,36,37]. Alternating-laser excitation was achieved by using 532
and 638 nm laser light, with an alternation period of 100 μs, and duty cycle of 50%.
Excitation intensities were 150–200 μW for 532 nm excitation (donor excitation) and 120
μW for 638 nm excitation (acceptor excitation). Data collection occurred over 15 or 30 min
periods at 25 °C.
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Determination of σ70 retention
Fractional DNA occupancy, θ, was calculated for RPo, RDe, and chased RDe as described
[36]. θ = [donor–acceptor species]/([acceptor-only species] + [donor–acceptor species]). RPo
was measured first for 15 min, then RDe was measured for 30 min, and finally, the chased
RDe was measured for 15 min. The concentration of donor–acceptor and acceptor-only
species were determined by the molecule count using S thresholds [36].

Results
Co-overexpression and purification of in vivo assembled RNAP

The co-overexpression construct, pYK201, was designed for facile genetic manipulations.
As shown in Fig. 1A, the expression is driven by a single T7 promoter and produces a long
polycistronic mRNA encoding all of the core subunits (α, β, β′, and ω). Each RNAP core
subunit sequence was inserted as a cassette into the co-expression plasmid via unique
restriction sites (Fig. 1A). Therefore, each subunit sequence can be mutagenized before
substituting into the co-overexpression plasmid, providing numerous combinations for
mutational studies on RNAP. Above all, this co-overexpression construct was designed to
ensure high yield of the RNAP core. First, the translational enhancer element upstream of
the ribosome-binding site (rbs) is maintained such that all subunits are translated at high
levels [38,39]. Second, we introduced an ATG start codon in front of the wild-type rpoC
gene because the wild-type start codon (GTG) is not preferable for high level expression in
E. coli [40]. Third, a T7 expression vector and the BL21 Star (DE3) E. coli strain were
selected as the expression plasmid and host, respectively, since the T7 RNA polymerase has
excellent processivity, generating long (>10 kb) transcripts, and the BL21 Star (DE3) strain
has been reported to stabilize long mRNAs by suppressing endogenous RNase activity [41].

A hexahistidine tag fused to the C-terminus of the α subunit allowed complexes containing α
subunit(s) to be purified by immobilized metal ion affinity chromatography (IMAC), then
further purified by anion exchange chromatography. The subsequent fractions, resolved in
SDS–PAGE, showed that anion exchange chromatography can provide highly pure RNAP
core complexes (Fig. 1B). The typical yield of the fully assembled RNAP core was about
20–30 mg/L of E. coli culture, 10 times higher than immunoaffinity purification from S.
oneidensis [11].

Beyond ensuring high yield, the co-overexpression allows us to produce homogeneous S.
oneidensis RNAP core assembled by species- specific subunit interactions. Since S.
oneidensis and E. coli RNAP core subunits share ~80% identity in amino acid sequences
(Table 2), there may be inter-species subunit–subunit interactions in the E. coli host cell. We
tested subunit cross-reactivity between the two species by overexpressing C-terminal
hexahistidine tagged S. oneidensis α (pSH101 in Table 1) in E. coli. SDS–PAGE after
IMAC showed no detectable E. coli subunits associated with the overexpressed S.
oneidensis α (Fig. 1C). In addition, mass spectroscopy data through nanoLC/MS/MS of β
and β′ subunits from the purified S. oneidensis RNAP core confirmed that there is no
detectable cross-reactivity (analyzed by Midwest Bio-Services, Supplementary Material).
Thus, we conclude that the co-overexpression system produces large quantities of highly
pure S. oneidensis RNAP.

Expression and stability of S. oneidensis σ factors
To generate S. oneidensis RNAP holoenzymes, we created expression constructs of the S.
oneidensis σ factors, σ70 (rpoD), σ38 (rpoS), σ32 (rpoH), and σ24 (rpoE). Among these
factors, σ70 is the primary initiation factor responsible for the expression of housekeeping
genes [42]. In this study, we solubly expressed σ70 under a trc-promoter expression system
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[43] since it was reported that the robust T7 promoter expression system drives the
overexpressed E. coli σ70 into formation of insoluble inclusion bodies [16]. Insoluble σ70

requires refolding steps [44], reducing the yield of active protein [45]. Soluble S. oneidensis
σ70 was produced using the milder trc-promoter expression system, induced at room
temperature. The resulting purified S. oneidensis σ70 after anion exchange chromatography
is shown in Fig. 1D.

Soluble production of the other σ factors, including the mutant σ70 described later, using the
trc promoter was not possible because the expression level and purity were much lower than
that of wild-type σ70 under the same conditions. In order to produce large quantity of highly
pure mutant σ70, σ38, σ32, and σ24, we reverted to the T7 expression system. Previous
reports have established that soluble overexpression of E. coli σ24 by the T7 promoter can be
achieved by high concentration isopropyl-β-D-thiogalactopyranoside (IPTG) induction of
expression at low cell density in E. coli culture [31]. Using this method, we were able to
overexpress soluble, highly pure S. oneidensis σ24 (Fig. 1D). No detectable amounts of
soluble protein could be produced for the other σ’s, mutant σ70, σ38, and σ32, using these
conditions. The overexpression of these proteins under the T7 promoter resulted in their
localization to inclusion bodies; therefore, these insoluble σ factors were purified and
refolded from insoluble inclusion bodies as described in [30].

Identification of σ specific promoters and characterization of transcriptional activity
Putative promoter sequences for σ70, σ32, and σ24 were found in the S. oneidensis genome
by examining available S. oneidensis microarray data [8,9,46–48], and by comparing known
promoters from E. coli [49,50] and Salmonella enterica [51]. Upstream sequences of
predicted genes were analyzed with AlignACE [52] to find potential regulatory motifs with
E. coli sequences as a reference. Conserved motifs for both σ32 and σ24 were found to be
nearly identical to the E. coli binding sites (Supplementary Material), and comparison of
predicted sites for S. oneidensis σ32 were found to be in good agreement with previously
predicted sites [9]. Upstream regions of dnaK for σ32 and rpoE for σ24, which have the
strongest correlation to known E. coli promoters, were selected for further characterization.
The dmsAB-1 promoter was selected for the study of σ70 due to its significance in the
reductive function of S. oneidensis [53]. Since σ38 can recognize some σ70 promoters [54],
we utilized the dmsAB-1 promoter for the study of both σ70 and σ38.

The transcription start site of dmsAB-1, dnaK, and rpoE were determined using 5′-rapid
amplification of cDNA ends (RACE) [33]. A combination of homopolymeric dC- or dA-
tailing was utilized to accurately locate the transcription start site. The mapped
transcriptional start sites for dmsAB-1, dnaK, and rpoE are shown in Fig. 2A; the upstream
−35 and −10 promoter elements were found to be in good agreement with our predicted
motifs.

The promoters of dmsAB-1, dnaK, and rpoE were then amplified by PCR, and their
interaction with holoenzyme containing σ70/σ38, σ32, and σ24, respectively, was tested by
electrophoretic mobility shift assay (EMSA, Supplementary Material). For each promoter, a
specific interaction of the holoenzyme and its predicted promoter was observed and this
interaction survived a challenge with heparin [55], which reduces non-specific interactions
(Supplementary Material). Additionally, our EMSA result validated that σ38 can recognize
the σ70 promoter, dmsAB-1.

To further evaluate the functionality of the recombinant S. oneidensis RNAP holoenzymes,
we examined their ability to transcribe specific mRNA products by performing single-round
in vitro transcription on plasmid templates containing the promoters described above. The
RNAP of each σ factor was shown to yield specific transcription products from these
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templates (Fig. 2B). Control experiments of RNAP core only transcriptions were performed
on each promoter with no detectable specific transcription product, and we also observed a
decrease in σ70 transcription activity when rifampicin [56], a known transcription inhibitor,
was added (Supplementary Material).

Single-molecule characterization of transcription initiation by σ70-RNAP
Transcription initiation requires the presence of the RNAP core enzyme and its initiation
factor, σ70. In the E. coli system, this complex binds to promoter DNA and unwinds ~14
base pairs (bp) surrounding the transcription start site to yield a catalytically competent
RNAP-promoter open complex (RPo) [57–59]. In subsequent steps of transcription
initiation, RNAP enters into initial synthesis of RNA as an RNAP-promoter initial
transcribing complex (RPitc), typically engaging in abortive cycles of synthesis and release
of short RNA products, and, upon the synthesis of an RNA product of 9–11 nucleotides (nt),
it breaks its interactions with promoter DNA, leaves the promoter, and enters into processive
synthesis of RNA as an RNAP-DNA elongation complex (RDe) [57–60].

To determine if S. oneidensis σ70-RNAP complex, like its E. coli counterpart, “scrunches”
DNA during transcription initiation, we monitored the fluorescence resonance energy
transfer (FRET) between a fluorescent donor incorporated at a site in the −10/−35 spacer
DNA (position −15) and a fluorescent acceptor incorporated at a site in downstream DNA
(position +15), similar to previous E. coli studies [18,19] (Fig. 3A). As in those studies, we
utilized confocal optical microscopy with alternating-laser excitation (ALEX) [18,21,36,37]
to detect and quantify the fluorescence from single molecules as they diffuse through the
detection volume. For each single molecule, we extract two parameters: a donor–acceptor
stoichiometry parameter, S, which reports on the association state of the molecule, and an
observed efficiency of donor–acceptor energy transfer, E*, which reports on the proximity of
the fluorescent probes [36,37]. With these two parameters, we are able to detect the
colocalization of the two fluorophores on the DNA and to monitor the distance changes
within single molecules of RPo and RPitc.

We first attempted to monitor the transcription initiation of S. oneidensis RNAP on its native
promoter, dmsAB-1, identified in experiments described above; however, we found that the
binding affinity of this promoter was lower than that required by singlemolecule
measurements [61]. We have not been able to overcome this limitation to date, and the
requirement for strong S. oneidensis promoters combined with the lack of mapped S.
oneidensis makes the selection of appropriate S. oneidensis promoters very difficult at this
time. However, we observed significant cross-reactivity of the S. oneidensis σ70-RNAP with
E. coli promoters during the ensemble characterization described above (Supplementary
Material), and specifically, the S. oneidensis holoenzyme was shown to bind with high
affinity to an E. coli promoter, lacCONS, which has been utilized for previous single-
molecule studies of E. coli transcription [18,21,30].

Using this promoter, we performed measurements that monitored the formation of the open
complex, RPo, and then upon the addition of a subset of nucleotides, UTP and GTP, to RPo,
monitored the structural changes of DNA during iterative abortive synthesis of RNA
products up to 7 nt in length (RPitc≤7, Fig. 3B, left). The results indicated that, upon
transition from RPo to RPitc,≤ 7, mean E* significantly increases (Fig. 3B, right), which
implies that the mean donor–acceptor distance, mean R, significantly decreases. This
distance changes are consistent with previous E. coli experiments and verifies that S.
oneidensis does indeed “scrunch” the DNA segment between −10/−35 spacer DNA and
downstream DNA (Fig. 3B, left).
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Single-molecule characterization of σ70 retention during the transition from early to mature
elongation

Beyond examining the RNAP complex during transcription initiation, we can also examine
the fate of the σ70-RNAP complex as it transitions into elongation. The retention of σ70

during elongation challenges proposals hypothesizing that there are distinct subunit
composition states for initiation and elongation and indicates that σ factors may influence
elongation or regulate other stages of the transcription cycle [24].

In order to monitor the subunit composition of the σ70-RNAP complex during the transition
from initiation to elongation, we needed to fluorescently label σ70 and the promoter DNA.
We exploited the high sequence identity between S. oneidensis and E. coli σ70 (~80%
overall, and ~98% in the region of interest, amino acids 362–613) to select an amino acid
residue for labeling that has the highest probability of being solvent-accessible and
compatible with FRET, based on known E. coli labeling sites. Given the extensive amount
of fluorescent work done with E. coli σ70, selection of an appropriate position was relatively
straight-forward and the S. oneidensis σ70 asparagine residue at 399 (residue 396 in E. coli
σ70) was chosen, and a single-cysteine derivative, N399C was created, expressed, and
purified. The shift in the S. oneidensis σ70 labeling position relative to its E. coli counterpart
is due largely to the insertion of three unique amino acids at positions 198–200 in the S.
oneidensis σ70 sequence, which lie in the linker region between the evolutionary conserved
regions, 1.2 and 2, of σ70 [62] (Supplementary Material). The DNA-binding and
transcriptional activity of this single-cysteine derivative was examined, and the σ70,N399C

had DNA-binding and transcriptional activity comparable to the wild-type σ70, consistent
with E. coli mutant σ70,N396C [63] (determined by abortive initiation studies, data not
shown), making it appropriate for single-molecule studies.

For these experiments, we incorporated the FRET donor, Cy3B, at σ70 position 399, which
has a high probability of being at the leading edge of the RNAP, and we incorporated a
FRET acceptor on the downstream DNA (Fig. 4B). In a single experiment using ALEX-
FRET, we are able to detect the interaction of fluorescently labeled σ70-RNAP complex with
fluorescently labeled DNA by extracting the donor–acceptor S (the stoichiometry term
defining the presence of one or both fluorophores as previous described [64,65]), which
allows us to simultaneously define the σ70 content of the elongation complex, and we are
also able to define the translocational position of a fluorescently labeled transcription
complex, by monitoring efficiency of donor–acceptor energy transfer, E*, which reports on
the proximity of the transcription complex and the downstream DNA.

Stable elongation complexes were formed using three derivatives of the lacCONS promoter
as in the previous experiment. Each derivative allows for a distinct static elongation
complex to be probed, two in the early transition from initiation to early elongation (+11 and
+14) and one in mature elongation at +50. The static elongation points are reached by
halting elongation with nucleotide starvation. CTP is omitted from the nucleotide mixture,
and the elongation halts at the first template-strand guanine at position +12, +15, or +51
(Fig. 4A) [18,21,30,66].

Fig. 4 and Table 3 present the representative ALEX results for the open complex (RPo) and
the static elongation complex (RDe,11) of the lacCONS promoter. For RPo, two observable
species corresponding to the donor–acceptor complex (σ70-RNAP-DNA, S ≈ 0.55, and E* ≈
0.3) and acceptor-only species (DNA-only, S < 0.3) are indicated. The addition of the NTP
subset (ATP, GTP, UTP) permits elongation and the formation of the stable elongation
complex at +11, RDe,11. Approximately 80% of the complexes are converted to a species
that exhibits the same S value but a higher FRET efficiency (S ≈ 0.52 and E* ≈ 0.49), which
can be chased with the addition of all four NTPs. These results are consistent with previous
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studies in E. coli and indicate that a majority of the complexes are functional and competent
to undergo the transition from initiation to elongation under these conditions.

The kinetics and stability of the RDe,11 complex were also examined and the results are
shown in Fig. 5A and Table 3. The extent of σ70 retention as a function of time is presented,
and the initial retention and half-life of the complex are determined. σ70 retention was
monitored by examining the fractional DNA occupancy ratios as a function of time for the
open complex, after NTP addition, and during chase. The retention ratios for the open
complex and chase experiments are virtually constant as a function of time (data not shown)
and can be scaled to 100% for the open complex and 0% or baseline for the chase complex.
Using these corrections, the results indicate the initial extent of retention in RDe,11 is ~100%
with a half-life of σ70 retention of 80 min.

Two other elongation points were examined in this manner, RDe,14 and RDe,50. At RDe,14,
the RNA exit channel becomes completely filled [67–71], and the interactions between the
exiting nascent RNA chain and σ70 as elongation continues may disrupt contacts between
the σ70 and the RNAP, contributing to the σ release [72,73]. The initial retention of σ70 in
RDe,14 is ~59% with a half-life of ~75 min (Fig. 5B and Table 3). These results indicate that
in a portion of the transcription complexes σ70 remains associated with RNAP upon the
formation of RDe,14; however, a significant portion of the σ70 was released at a time-scale
faster than our measurements resolution (less than 10 min). Finally, RDe,50 represents a
mature elongation complex, and the initial retention of σ70 in RDe,50 is ~45% with a half-life
of ~43 min (Fig. 5C and Table 3). These results indicate that in approximately half of the
transcription complexes, σ70 remains associated with and translocated with RNAP upon the
formation of RDe,50, consistent with RDe,14 experiments and previous studies in E. coli [21].

Discussion
We have described the establishment of a co-overexpression system of the S. oneidensis
core RNAP in E. coli, its activity with four σ factors, and the single-molecule
characterization of its transcription initiation and subunit composition during elongation.
The design of the multi-subunit expression system yields milligrams of active RNAP core
enzyme, a 10-fold increase from previously reported S. oneidensis RNAP core purification
[11]. Mass spectrometry and S. oneidensis α-only overexpression experiment shows no
detectable cross-reactivity between S. oneidensis and E. coli RNAP core subunits, under co-
overexpression condition even though there is a strong sequence similarity between S.
oneidensis and E. coli (72–88% for RNAP core subunits, as shown in Table 2).
Additionally, each subunit was inserted into the co-overexpression construct via unique
restriction sites, this cassette design simplifies genetic manipulations of subunits, e.g.,
deletions, insertions, point-mutations, etc., thus facilitating the creation of RNAP mutants
that may otherwise be difficult to generate. Our approach provides a reliable source of
RNAP for biological studies of S. oneidensis transcription machinery.

Existing reports on global transcriptome response to various stimuli have provided important
insights into the complex nature of regulatory mechanisms in S. oneidensis. Most relevant to
the utilization of S. oneidensis as a bioremediation tool is the response of its transcriptome to
different terminal electron acceptors [8]. In the presence of metals and thiosulfate, an
upregulation of σ factors σ32 and σ24 was observed, while σ54 and σ38 were downregulated
[8]. Elucidation of the role of these σ factors in S. oneidensis could provide new insights into
regulation schemes involved with respiration. To date, in vitro characterization of S.
oneidensis σ factors has not been reported. In this study, we have produced recombinant S.
oneidensis σ factors (σ70, σ38, σ32, and σ24) with high purity and yield, which allows us to
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characterize the interaction of these holoenzymes with their specific S. oneidensis
promoters.

The selection of individual promoters (dmsAB-1, dnaK, and rpoE) for each σ factor (σ70,
σ32, and σ24, respectively) was based on S. oneidensis microarray data. We verified these
promoters through bioinformatics and biochemical assays. Previous work by Saffarini et al.
[53] indicated the presence of a binding site for the transcription regulator, CRP, upstream
of the DMSO reductase operon. Given the interest in alternative electron acceptor utilization
by S. oneidensis, we chose this promoter for ourσ70 studies, although strongerσ70 promoters
with higher similarity to E. coli promoters may exist. Additionally, in our assays, we have
utilized the same promoter, dmsAB-1, for both σ70 and σ38. Overlap in σ70 and σ38

promoters has been noted previously in E. coli through the recognition of a canonical −10
hexamer sequence [54]. While identification of a set of unique σ38 promoters is desirable,
overlap at this promoter provided the most expedient means for examining the specificity
and activity of the RNAP holoenzyme containing σ38. While strength and specificity of a
promoter consensus sequence can vary throughout the genome, strong promoters such as
dnaK and rpoE, demonstrate the similarity between the S. oneidensis and E. coli σ factors.
Elucidation of the individual regulons associated with the S. oneidensis σ factors,
particularly σ32 and σ24, could illuminate the unique functions of these σ factors in
respiration and anaerobic growth of this organism, and provide important evolutionary clues
to the development of robust metabolisms in S. oneidensis.

Finally, we have reported the application of existing single-molecule fluorescence assays to
the characterization of the newly reconstituted transcription machinery from S. oneidensis.
Using smFRET, we were able determine that “scrunching” was the underlying mechanism
by which S. oneidensis RNAP translocates relative to DNA during abortive initiation. This
mechanism has been observed in both E. coli and T7 RNAP [18–20], and the conservation
of this mechanism by S. oneidensis indicates that is may be a general mechanism for
transcription initiation. In another smFRET assays, we were also able to determine the fate
of the S. oneidensis σ70 during early and mature elongation, and verify that σ70 release is
non-obligatory in S. oneidensis, again providing evidence for the generality of this
mechanism to other bacterial species. These assays have not only provided insight into the
underlying transcription mechanism of S. oneidensis, but also indicate that singlemolecule
characterization of other bacterial organism and more importantly other transcription
components, like the alternative σ factors produced here, could also be achieved using a
similar expression and purification strategy.

We have demonstrated that the reconstitution of functional holoenzymes from S. oneidensis
provides an excellent path for biochemical and biophysical characterizations, and that we
can extend transcriptional studies beyond well-characterized systems into new transcription
components and/or new bacterial organisms, and that with continued efforts, comparative
studies between E. coli and S. oneidensis could reveal important information about how
environmental stress and evolutionary processes effect transcription in these organisms and
help to elucidate the role RNAP plays in gene regulation under stress conditions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cloning and purification of S. oneidensis RNAP. (A) Schematic diagram of the S. oneidensis
RNAP co-overexpression construct. (B) SDS–PAGE gel of the purified S. oneidensis RNAP
core. (Lane M) Protein molecular weight marker (New England Biolabs); (lanes 1–8) S.
oneidensis RNAP core fractions from anion exchange chromatography; (lane 9) purified S.
oneidensis σ70. (C) SDS–PAGE gel of IMAC-based pull-down assay from cell extract
containing overexpressed α subunits. (Lane M) Protein molecular weight marker; (lane 1) S.
oneidensis α overexpression; (lane 2) E. coli α overexpression; (lane 3) S. oneidensis RNAP
core. (D) SDS–PAGE gel of purified σ factors. (Lane M) Protein molecular weight marker;
(lane 1) σ70; (lane 2) σ38; (lane 3) σ32; (lane 4) σ24. Gels were Coomassie stained.
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Fig. 2.
In vitro transcription assay. (A) Transcriptional start site mapped by 5′-RACE; start sites are
in bold and italic font, predicted −35/−10 elements are underlined. (B) Single-round in vitro
transcription reactions with different holoenzymes were performed with specific promoter
sequences (inserted into the pTH8 vector). Transcription products using dmsAB-1 DNA are
shown in lanes 1–3 (325 bps); dnaK DNA in lanes 4–5 (316 bps); and rpoE DNA in lanes
6–7 (354 bps); transcription products using core only are shown in lanes 1, 4, and 6. Gels
were visualized by PhosphorImager.
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Fig. 3.
Initial transcription by S. oneidensis RNAP involves scrunching of promoter DNA. (A)
Derivative of lacCONS promoter utilized to monitor the contraction of DNA between
positions −15 (Cy3B, as donor) and +15 (Alexa647, as acceptor). The promoter −35 and
−10 elements are grey-colored, as is the start site, which is boxed and indicated with an
arrow. (B) Left, schematic of DNA scrunching by RNAP. Right, two representative E*

histograms compromising of the free DNA (lowest E* value, solid black line), RPo (dashed
black line) or RPitc,≤ 7 (higher E* values, corresponding to DNA bending by the RNAP,
solid red line).

Gassman et al. Page 20

Protein Expr Purif. Author manuscript; available in PMC 2011 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
smFRET measurement to monitor subunit composition of S. oneidensis RNAP during early
and mature elongation. (A) Derivatives of lacCONS promoter used in this study. The
promoter −35 and −10 elements are boxed in each construct, as is the start site, which is
boxed and indicated with an arrow. The first guanine residue on the template strand at
position +12, +15, or +51 is bolded, indicating the halt site in the elongation complex, and
the downstream position of the Alexa647 fluorescent label is indicated. (B) Top, overview
of ALEX-FRET. ALEX-FRET assesses the σ70 content and translocational position of the
transcription complex as it transitions from open complex (RPo, left) to the elongation
complex (RDe,11, middle) after the addition of the nucleotide subset, and finally, to the
dissociated chase after the addition of all four nucleotides (right). Bottom, ALEX histograms
of FRET experiments with RPo, RDe,11, and chased RDe,11.
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Fig. 5.
Kinetics of σ release during early and mature elongation. (A) Fractional occupancy θ (t) for
RPo on lacCONS-11 template DNA. Five independent measurements are fitted with a
single-exponential (solid line) and errors bar reflect the standard error of mean (SEM). (B)
σ70 retention in early elongation complex, RDe,11. The same as (A), with the y intercept
corresponding to 5 min after the addition of the NTP subset (ATP, GTP, UTP) to RPo. (B)
Early elongation complex with filled RNA exit channel, RDe,14. (C) Mature elongation
complex, RDe,50.
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Table 1

Plasmids for the polycistronic overexpression plasmid pYK201, and the σ subunits.

Plasmid Description His6 tag position

pSH101 α + C-terminal His6 tag + PacI inserted between NdeI and NcoI of pET-22b(+) C

pSH102 β + SacI inserted between NcoI and NdeI of pET-16b

pSH103 β′ + NotI inserted between NcoI and NdeI of pET-16b, changed start codon from GTG to ATG

pSH104 ω + NotI inserted between NcoI and NdeI of pET-16b

pSH202 rbs site + β from pSH102 inserted between PacI and SacI of pSH101

pSH203 rbs site + β′ + FseI from pSH103 inserted between SacI and NotI of pSH202

pYK201 rbs site + ω of pSH104 inserted between FseI and NotI of pSH203 C (of α)

pSH001 σ70 inserted between NheI and XhoI of pTrcHis A N

pNG045 σ70 inserted between NheI and EcoRI of pET-28b N

pNG201 σ70ΔCys inserted between EcoRI and NotI of pET-DUET N

pNG203 σ70, N399C inserted between EcoRI and NotI of pET-DUET N

pNG079 σ38 inserted between NcoI and EcoRI of pETM-11 N

pNG080 σ38 inserted between NheI and EcoRI of pTrcHis A C

pNG076 σ32 inserted between NdeI and NotI of pET-22b(+) C

pNG077 σ32 inserted between NheI and EcoRI of pTrcHis A C

pNG083 σ24 inserted between NcoI and NotI of pETM-11 N

pNG126 σ24 in pTrcHis-TOPO N
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Table 2

Amino acid sequence comparison of S. oneidensis and E. coli RNAP subunits.

RNAP subunit Amino acid percentage identity (%)

α 88

β 80

β′ 80

ω 72

σ70 79

σ38 80

σ32 69

σ24 73
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Table 3

Summary of the σ70 retentions and half-lives for the three elongation complexes.

Halted elongation point Initial σ70 retention (%) σ70 Retention half-life (min)

RDe,11 100 ± 7 80 ± 16

RDe,14 59 ± 4 75 ± 23

RDe,50 45 ± 9 43 ± 13
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