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Abstract

Acidobacterium capsulatum is an acid-tolerant, encapsulated, Gram-negative member of the ubiquitous, but poorly understood Acidobacteria
phylum. Little is known about the genetics and regulatory mechanisms of A. capsulatum. To begin to address this gap, we identified the gene
encoding the A. capsulatum major sigma factor, rpoD, which encodes a 597-amino acid protein with a predicted sequence highly similar to the
major sigma factors of Solibacter usitatus Ellin6076 and Geobacter sulfurreducens PCA.

Purified hexahistidine-tagged RpoD migrates at ∼70 kDa under SDS-PAGE conditions, which is consistent with the predicted MW of
69.2 kDa, and the gene product is immunoreactive with monoclonal antibodies specific for either bacterial RpoD proteins or the N-terminal
histidine tag. A. capsulatum RpoD restored normal growth to E. coli strain CAG20153 under conditions that prevent expression of the endogenous
rpoD. These results indicate we have cloned the gene encoding the A. capsulatum major sigma factor and the gene product is active in E. coli.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Acidobacterium capsulatum ATCC 51196 is a high G+C,
acidophilic, Gram-negative rod originally isolated from acid
mine drainage (Kishimoto et al., 1991). A. capsulatum is a
member of the Acidobacteria phylum subgroup 1, which in-
Abbreviations: Km, kanamycin; Cm, chloramphenicol; GYE, glucose-yeast
extract; LB, Luria–Bertani medium; LBA, Luria–Bertani agar; IPTG, isopropyl
thiogalactoside; dNTP, deoxynucleoside triphosphates.
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cludes 16S rRNA gene sequences and only a few cultured
members (Joseph et al., 2003; Davis et al., 2005). Multiple
culture-independent microbial community analyses indicate
that the Acidobacteria are ubiquitous and abundant across a
wide variety of soil types, suggesting that they play important
roles in soil microbial communities (Barns et al., 1999). Abun-
dance in the environment is also indicated in metagenomic
libraries that contain DNA cloned directly from soil (Liles et al.,
2003; Quaiser et al., 2003). Although the Acidobacteria have
been described phylogenetically, the mechanisms by which they
regulate gene expression remain uncharacterized. In bacteria,
most housekeeping genes are regulated by the major sigma
factor, RpoD, which coordinates initiation of RNA polymerase
(RNAP)-dependent transcription through promoter recognition
and DNA melting (Burgess et al., 1969; Gross et al., 1998).
Although all bacterial major sigma factors share this regulatory
function, the breadth of promoter specificity differs substan-
tially between major sigma factors from phylogenetically
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distinct bacteria (Browning and Busby, 2004; Gruber and
Bryant, 1997). In this paper, we report that we have cloned the
major sigma factor from A. capsulatum, purified its gene
product, and demonstrated that A. capsulatum rpoD restores
normal growth to an rpoD mutant of E. coli under growth-
restrictive conditions.

2. Materials and methods

2.1. Bacterial strains and plasmids

Bacterial strains and plasmid constructs used in this study are
shown inTable 1.A. capsulatumATCC51196was grown at 28 °C
and maintained in glucose-yeast extract (GYE) media (Kishimoto
et al., 1991) or maintained on GYEmedia, pH 3.5, +8 g/L Gelrite
gellan gum.E. coli strains used for cloning and protein expression
were grown at 37 °C and maintained in Luria–Bertani (LB) broth
or agar (LBA) supplemented with 100 μg/mL of ampicillin,
50 μg/mL of kanamycin (Km), 25 μg/mL of chloramphenicol
(Cm), 200 μM indole acrylic acid, 1 mM IPTG, and 33 mM
arabinose as required.

2.2. Genomic DNA and plasmid isolation

Two milligrams per milliliter of genomic DNA was isolated
from 100 mg (wet weight) A. capsulatum cell pellet using the
EasyDNA kit (Invitrogen). Plasmids were isolated using
QIAprep Spin Miniprep kits (QIAGEN). DNA isolation kits
were used according to the manufacturers' protocols.

2.3. Degenerate PCR

The amino acid sequences of themajor sigma factors fromover
60 phylogenetically diverse prokaryotic species were aligned
using MegAlign (DNAStar) to identify highly conserved regions.
Primers (dsigmag F′: 5′-AGCTTTGGTGGATYMGNCARGC-
3′ and reverse sigma2_R′: 5′-TCGATCTGACGAA-
TACGTTCGCGGGTAAC-3′) were designed using the con-
served amino acid sequence from Region 2.4 (WWIRQA) and
Table 1
Bacterial strains and plasmids

Bacteria strain or plasmid Genotype

Acidobacterium capsulatum ATCC 51196
E. coli DH5α F−φ80dlacZΔM15 Δ(lac

(rk
− mk

+ phoA supE44 λ− t
E. coli BL21 Star F−ompT hsdSB (rB

−mB
−) ga

ACRPOD1 E. coli BL21 Star pZLS4
BL21-pET28b E. coli BL21 Star pET28
pGEM-T pGEM5Z-F(+) Ampr lacZ
pZLS1 pGEM-T+476 bp A. cap
pZLS2 pGEM-T+2.4 kb A. caps
pZLS3 pGEM-T+1794 bp A. ca
pET28b Plac-T7, Kan

r

pZLS4 pET28b+A. capsulatum
pCF430 Para Tet

r

pCF430AcRpoD pCF430+A. capsulatum
CAG20153 E. coli C600K-Ω CmR P
Region 4.2 (VTRERIRQIE), respectively, to amplify a nested
segment of the A. capsulatum rpoD by PCR (1× 95 °C for 2 min;
25× 95 °C for 30 s, 60 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min;
1× 72 °C for 5 min).The PCR reaction contained: 0.5 U Taq
polymerase, 2× reaction buffer, 0.2 mM concentration of all four
deoxynucleoside triphosphates (dNTPs), and 0.75 μM forward
and reverse primers in a 25-μL reaction volume. Standard gel
electrophoresis was used to confirm amplification of a 476-bp
PCR product that was subsequently cloned into pGEM-T to give
pZLS1, using a pGEM-T cloning kit (Promega), and transformed
into E. coli DH5α by electroporation (Ausubel et al., 1994).
Nucleotide sequencing was performed by a capillary automated
DNA cycle sequencing method using fluorescently labeled
dideoxy terminators and M13 primers (Integrated DNATechnol-
ogies) by the University of Wisconsin Biotechnology Center
(http://biotech.wisc.edu/).

2.4. Cloning A. capsulatum rpoD

Degenerate inverse PCR (Fig. 1) was used to amplify DNA
flanking the 476-bp PCR product. DNA template for inverse PCR
was prepared by treatment of 10 μg of A. capsulatum genomic
DNAwith 20 U of Apa I at 37 °C for 3 h, followed by an ethanol
precipitation. Apa I restriction endonuclease was chosen because
its recognition sequence was not found within the coding sequence
of the major sigma factors from 50 phylogenetically diverse
bacteria or the 476-bp fragment by MapDraw (DNAStar) analysis
(data not shown). One microgram of Apa I-treated DNA was
recircularizedwith T4DNA ligase (4 U) at 25 °C for 72 h followed
by ethanol precipitation. Nested primers used in inverse PCRwere
derived from the 476-bp product previously amplified from A.
capsulatum genomic DNA. Each 25-μL PCR mixture contained
100 ng of self-ligated A. capsulatum genomic DNA, 0.75 μM
forward and reverse primers (CON_SIG_F3 F′: ACACGCTC-
GAAGAAGTAGGCCAGA and CON_SIG_R3 R ′ :
TGATCGTCTCAATCATGTGCACCGGAATA) in addition to
the previously described quantities of PCR buffer, dNTPs and Taq
polymerase. DNA amplification conditions were as follows: (1×
95 °C for 1min; 25× 95 °C for 1min, 65 °C for 30 s, 59 °C for 45 s,
Reference

Kishimoto et al.
ZYA-argF)U169 deoR, recA1 endA1 hsdR17
hi-1 gyrA96 relA1

Invitrogen

l dcm rne131 (DE3) Invitrogen
This paper

b This paper
Promega

sulatum DNA-derived PCR amplified product This paper
ulatum DNA-derived PCR amplified product This paper
psulatum rpoD This paper

Novagen
rpoD This paper

Newman et al.
rpoD This paper

trp-rpoD zgh∷Tn10 Lonetto et al.

http://biotech.wisc.edu/


Fig. 1. Inverse PCR method. Genomic DNAwas digested with Apa I (1) and self-ligated with T4 DNA ligase (2). The first round of PCR used primers based on a
nested (light grey) region of A. capsulatum rpoD, which were used to amplify flanking region from the recircularized genomic DNA (3). Sequence of the PCR product
revealed an Apa I site, which was used as a point of reference to determine that the genomic DNA fragment containing rpoD had been completely sequenced. A second
round of PCR involvedHinD III- and Nhe I-linked primers designed to amplify rpoD (dark grey) using either self-ligated or genomic DNA template (4). PCR product
was TA-cloned into pGEM-T to produce pZLS3 (5).
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72 °C for 4 min; 1× 72 °C for 5 min). A single 2.4-kb PCR product
was cloned into a pGEM-T plasmid, pZLS2, and sequenced. A
final round of PCR was performed to amplify a 1794-bp ORF
using 100 ng of self-ligated or untreated A. capsulatum genomic
DNA , N h e I - l i n k e d f o r w a r d ( N h e - R p oD F ′ :
GCTAGCCTTTGGGGGAAGGTG) and HinD III-linked reverse
(HinDIII-RpoDR′: AAGCTTTTGCTTACATTTCGCGGGC)
primers in a 25-μL reaction under the following amplification
conditions (1× 95 °C for 1min; 25× 95 °C for 30 s, 55 °C for 1min,
72 °C for 2min; 1× 72 °C for 5min). PCR product was cloned into
pGEM-T, resulting in pZLS3, and sequenced using M13 primers.

2.5. Sequence alignment and analyses

Nucleotide sequence editing and PCR product alignments
were carried out using Chromas version 2.3 (www.technely-
sium.com.au) and SeqMan (DNAStar). Nucleotide homology
and deduced protein sequence homology and similarity
searches were performed using BLASTN and BLASTX
(http://www.ncbi.nlm.nih.gov/BLAST/) search engines, respec-
tively (Altschul et al., 1997). Web-based CLUSTALW (http://
www.ebi.ac.uk/clustalw/) program (Thompson et al., 1994) was
used to conduct multiple sequence alignments with the primary
sigma factors from the following bacteria as references
(GeneBank accession numbers): E. coli RpoD (P00579),
Caulobacter crescentus RpoD (AAK25009), Bacillus sp. C-
125 SigA (AB012852), and Solibacter usitatis sigma-70
Ellin6076 (ZP_00527478). The unfinished A. capsulatum
ATCC 51196 genome sequence is accessible for BLAST search
at the website http://tigrblast.tigr.org/ufmg/. Conserved protein
motif searches were performed using the NCBI Conserved
Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) (Marchler-Bauer and Bryant, 2004).

2.6. Overexpression and purification of A. capsulatum RpoD

A Nhe I–HinD III-linked fragment excised from pZLS3 by
double restriction digest with Nhe I and HinD III was

http://www.technelysium.com.au
http://www.technelysium.com.au
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ebi.ac.uk/clustalw/
http://www.ebi.ac.uk/clustalw/
http://tigrblast.tigr.org/ufmg/
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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unidirectionally ligated into identically treated pET28b (Nova-
gen) downstream of the T7 promoter and hexahistidine tag to
give pZLS4. Ten nanograms of pZLS4 DNA was transformed
into 50 μL of competent E. coli BL21-Star cells (Invitrogen)
and transformants were selected on LB agar+Km (40 μg/mL)
incubated overnight at 37 °C. Transformants were rapidly
screened for the presence of the insert by colony PCR using the
Nhe-RpoDF′ and HinDIII-RpoDR′ primers in 25-μL reactions.
Purified E. coli BL21(DE3) genomic DNA, pET28b plasmid
DNA and E. coli BL21(DE3) pET28b were included as controls
and were consistently negative in these screens (data not
shown). A positive clone, ACRPOD1, was selected for plasmid
Fig. 2. DNA sequence of A. capsulatum rpoD. Putative −35 and −10 regions are
indicated. The coding region of rpoD is indicated by uppercase letters and the start cod
single letter abbreviations above their corresponding codons. The inverted repeat r
letters.
preparation using the QIAprep kit to reconfirm the presence of
the insert by double digest with HinD III and Nde I.

Overexpression of RpoD was achieved by addition of 1 mM
IPTG (final concentration) to 1 L mid-log phase ACRPOD1
LB+Km liquid culture (OD600=0.6) followed by N5 h
incubation at 37 °C. SDS-PAGE analysis of previous small-
scale overexpression of A. capsulatum rpoD gene product
localized the protein in the insoluble phase. Higher concentra-
tions of IPTG did not result in higher amounts of protein, nor
did lower IPTG concentrations, alterations of media pH or
growth temperatures improve protein yield or solubility (data
not shown). We prepared 1-ml aliquots of inclusion bodies from
uppercased and indicated. A putative ribosome binding site is underlined and
on is italicized. Deduced amino acids of the rpoD coding region are indicated by
egion of the Rho-independent terminator is indicated by underlined uppercase



Fig. 3. Comparison of deduced amino acid sequences of bacterial major sigma factors. Sequence alignment was performed by CLUSTALW program (Thompson et al.,
1994). Gaps, indicated by dashes, were introduced to optimize alignment. Conserved regions of the major sigma factors are indicated by the numbers above the
sequences. Sequences used in these alignments are E. coli— Escherichia coli RpoD, C. crescentus— Caulobacter crescentus RpoD, Bacillus sp.— Bacillus sp. C-
125 SigA, and S. usitatus — Solibacter usitatis sigma-70 Ellin6076, A. capsulatum — Acidobacterium capsulatum. Percent identity is highlighted as follows: dark
grey — 100%, medium grey — 80% and light grey — 60%.

148 Z.L. Sabree et al. / Gene 376 (2006) 144–151
2.4 g of (wet weight) harvested cells using methods described
by Bergendahl and Burgess (2003). One milliliter of inclusion
bodies was solubilized in 10 mL NTGD buffer+6 M Gu-HCl
and 5 mM imidazole and incubated for 30 min at room
temperature. Following centrifugation to remove insoluble
material, solubilized inclusion bodies were slowly dripped
into 190 mL NTGD buffer+5 mM imidazole, stirred constantly
at room temperature. Proteins were allowed to refold for 1 h at
room temperature and centrifuged at 15,000 rpm for 10 min to
remove precipitate.

Ni-NTA metal affinity chromatography was used to concen-
trate and purify refolded hexahistidine-tagged A. capsulatum
RpoD according to methods accompanying the kit (QIAGEN).
Fractions containing high quantities of protein, as determined by
Bradford colorimetric assay, were concentrated using CentriCon
(Millipore) concentrators and then diluted with 50% glycerol to
a final concentration of 0.4 mg/mL and stored at −20 °C.

2.7. SDS-PAGE analyses and Western blot

Samples were taken throughout protein purification to track
progress and were visualized by Laemmli electrophoresis
methods (Ausubel et al., 1994) through pre-cast 4–12% SDS-
PAGE gels (Invitrogen) using 1× MES buffer at 200 constant
volts for 35 min. Gels were stained using Simply Stain
(Invitrogen) Coomassie blue dye. For Western blots, proteins
were transferred from gels to PVDF membranes using an XCell
II Blot module with 1× transfer buffer (25 mM Bicine, 25 mM
Bis–Tris, 1 mM EDTA)+10% methanol at 30 V for 1.25 h.
Immunodetection was performed using the WesternBreeze
(Invitrogen) Chromogenic kit with 2G10 (NeoClone) and anti-
His (Novagen) primary antibodies diluted 1:2000 and 1:5000,
respectively, in diluent supplied by the manufacturer. All protein
gels and blotted membranes were scanned using a Hewlett-
Packard ScanJet 3970.

2.8. Complementation of E. coli CAG20153

To determine whether the A. capsulatum rpoD gene product
was functional in vivo in E. coli, we cloned A. capsulatum rpoD
into pCF430 (Newman and Fuqua, 1999) at the Nhe I and HinD
III sites within the polylinker, resulting in pCF430AcRpoD. In
E. coli CAG20153, the chromosomal rpoD promoter has been
replaced with a trp promoter, placing it under the control of the
trp repressor complex (Lonetto et al., 1998). CAG20153 rpoD is
not expressed in the presence of tryptophan because the
tryptophan-trp repressor complex blocks transcription, prevent-
ing cell growth. Addition of the tryptophan analog, indole



Fig. 4. Protein purification and Western blot analyses. A. Purification of His-
tagged-AcRpoD. Lane 1, molecular weight size markers; Lane 2, no sample;
Lane 3, Gu-HCl-solubilized inclusion bodies; Lane 4, purified refolded His-
tagged-AcRpoD. The 80 and 60 kDa molecular weight bands are indicated on
the left. B. Immunoblot of AcRpoD with 2G10 mAb directed toward RpoD.
Lane 1, molecular weight size markers; Lane 2, purified refolded His-tagged-
AcRpoD.

Fig. 5. Complementation of E. coli CAG20153 with A. capsulatum RpoD.
Complementation of the CAG20153 strain harboring the chromosomal rpoD
under the control of the trp promoter with the pCF430AcRpoD construct
(middle row) containing the A. capsulatum rpoD. The CAG20153 pCF430,
bearing no insert, (top row) and CAG20153 (bottom row) are controls. Indole
acrylic acid induces expression from a trp promoter that drives expression of the
endogenous rpoD, producing a growth permissive condition (right panel). In the
absence of indole acrylic acid, cells require another source of active RpoD (left
panel); therefore, growth of CAG20153 pCF430AcRpoD in the absence of
indole acrylic acid indicates complementation. Absence of growth of
CAG20153 and CAG20153 pCF430 strains on LBA indicates repression of
expression of the endogenous rpoD by tryptophan in the media.
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acrylic acid, results in the formation of the indole acrylic acid-trp
repressor complex, which is unable to bind the trp operator,
thereby permitting transcription of the endogenous rpoD (Morse
et al., 1969). CAG20153 was transformed with pCF430AcR-
poD, plated onto LBA+Cm+ indole acrylic acid, and transfor-
mants were picked and screened by PCR and double restriction
digest with Nhe I and HinD III to ensure that pCF430AcRpoD
was stably maintained in CAG20153. CAG20153 with pCF430
served as a negative control. Two milliliters of LB+Cm+ indole
acrylic acid were inoculated with CAG20153 pCFAcRpoD,
CAG20153 pCF430 and CAG20153 and all three were
incubated overnight at 37 °C on a rotary shaker. Cells were
harvested, washed three times with LB and resuspended in 1 mL
LB. Serial dilutions up to 10−7 of CAG20153 pCFAcRpoD,
CAG20153 pCF430 and CAG20153 in LB were spotted onto
LBA, LBA+ indole acrylic acid and LBA+ arabinose. Growth
on all plates except LBA+ indole acrylic acid after 24 h
incubation at 37 °C indicated cell viability and complementation
of the mutant under growth-restrictive conditions.

3. Results and discussion

3.1. Cloning rpoD and sequence analyses

We cloned the A. capsulatum rpoD using the degenerate-
inverse method depicted in Fig. 1 (GenBank accession no.
DQ302476). Nucleotide sequence analyses indicate that the A.
capsulatum rpoD has a putative ribosome binding site within
8 nucleotides of the GTG start codon. ORF Finder did not resolve
any open reading frames, partial or complete, within 323 bp of the
5′-region of rpoD. Two hexanucleotide sequences, GTGAAG
and TATAAG, separated by 18 nucleotides were observed within
40 nt upstreamof the start codon thereby resembling−35 and−10
promoter elements. FindTerm identified a 29-nucleotide inverted
repeat located 21 nucleotides downstream of the TAA stop codon,
indicating a possible rho-independent termination stem-loop
structure. BLASTX analyses of 615 bp downstream of the
putative terminator stem-loop revealed 31% identity and 52%
similarity to the C-terminal portion of a protein of unknown
function, designated UPF0118, from S. usitatus Ellin6076. A 25-
nt inverted repeat located 22 nt downstream from the TGA stop
codon of this protein is also present, indicating that this ORF is
translated, and likely transcribed, independently from rpoD and in
the opposite direction (Fig. 2).

BLASTX analyses of the 1794-bp ORF indicated that it
encodes a protein of 597 amino acids, with a molecular mass of
69.2 kDa and 57% identity and 75% similarity to the S. usitatus
Ellin6076major sigma factor protein.We compared the predicted
amino acid sequence of rpoD to the major sigma factor protein
sequences from S. usitatus, E. coli, Bacillus subtilis and C.
crescentus by global alignment to identify sequence identities and
structural motifs typical of bacterial major sigma factors.
CLUSTALW analyses revealed that the A. capsulatum RpoD
(AcRpoD) shared significant sequence identity with all major
sigma factor protein sequences particularly in four highly
conserved regions. Conserved domain searches highlighted
subregions within AcRpoD that have been functionally de-
scribed: 1.1, autoinhibition of promoter binding (Camarero et al.,
2002); 1.2, involved in core polymerase association and
transcription initiation transitional states (Baldwin and Dom-
broski, 2001); 2.4/4.2, recognition of −10 and −35 promoter
elements, respectively (Gross et al., 1998); and 3.0, recognition of
the “extended-10” promoter element (Barne et al., 1997) (Fig. 3).

3.2. RpoD overexpression, purification and Western
blot analysis

To further characterize the A. capsulatum rpoD gene product,
we overexpressed the protein in an IPTG-inducible T7 polymer-
ase-based system. SDS-PAGE analyses of purified AcRpoD
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resolved a single band that migrates at 70 kDa (Fig. 4A, lane 4). A
Western blot of refolded, His-tagged RpoD indicated a 70 kDa
protein that was immunoreactive with RpoD-specific antibody
(2G10) (Fig. 4B, lane 2). 2G10 confirmed the presence of a helix-
turn-helix motif located in region 3.0 and 3.1 of the purified
protein (Breyer et al., 1997). A second Western blot, using anti-
polyhistidine mAb, confirmed the presence of the N-terminal
hexahistidine fusion tag, which was exploited to purify over-
expressed AcRpoD and distinguish it from contaminating host
sigma factors (data not shown). These results indicate that A.
capsulatum rpoD encodes a protein whose size and immunoge-
nicity are consistent with those of other bacterial RpoD proteins.

3.3. Complementation of E. coli CAG20153

To determine whether the A. capsulatum rpoD gene product
had an activity as a transcription factor, we introduced it into E.
coli CAG20153, whose endogenous rpoD has been modified
so that it is repressed by tryptophan. A. capsulatum rpoD res-
tored growth to strain CAG20153 in LBA containing try-
ptophan and lacking indole acrylic acid, conditions that restrict
growth of this strain (Fig. 5). The presence or absence of ara-
binose in the medium did not affect complementation. There-
fore, A. capsulatum rpoD is expressed and can rescue strain
CAG20153 under conditions when its endogenous rpoD is not
expressed, indicating that theA. capsulatumRpoD is functional
in E. coli.

4. Conclusion

As a first step toward understanding gene regulation mecha-
nisms in the Acidobacteria, we cloned and characterized the A.
capsulatum gene encoding the major sigma factor and character-
ized its gene product. The A. capsulatum RpoD was active in E.
coli and its deduced amino acid sequence revealed structural
motifs that are typical of bacterial major sigma factors, and the A.
capsulatum RpoD cross-reacted with a monoclonal antibody
specific for major sigma factors. Bacterial major sigma factors,
including A. capsulatum RpoD, share considerable amino acid
sequence conservation, which we exploited to amplify and clone
rpoD. Since the A. capsulatum RpoD rescued CAG20153 under
growth-restrictive conditions, it is likely that RpoD recognized the
E. coli promoters required for growth. Interestingly, some major
sigma factors are promiscuous in promoter element recognition
and therefore facilitate cross-species gene expression, which
suggests that the major sigma factor can play an important role in
heterologous gene expression (Hakimi et al., 2000; Wosten,
1998). The work reported here provides a foundation for study of
expression of genes from both cultured and not-yet-cultured
Acidobacteria (Liles et al., 2003; Quaiser et al., 2003).
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