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The gammaproteobacterium Shewanella oneidensis MR-1 utilizes a complex electron transfer network com-
posed primarily of c-type cytochromes to respire under anoxic conditions a variety of compounds, including
fumarate, nitrate, and dimethyl sulfoxide (DMSO), in addition to the minerals Fe(III) and Mn(IV). Central to
several respiratory pathways is CymA, a cytoplasmic membrane-bound tetraheme c-type cytochrome that
functions as the major hydroquinone dehydrogenase. To investigate functional redundancy and plasticity in S.
oneidensis MR-1 electron transport, we isolated AcymA suppressor mutants and characterized one biochemi-
cally and genetically. Interestingly, in the characterized AcymA suppressor mutant, respiration of fumarate,
ferric citrate, and DMSO was restored but that of nitrate was not. The suppression was found to be due to
transcriptional activation of sirC and sirD, encoding a periplasmic iron sulfur protein and an integral
membrane hydroquinone dehydrogenase, respectively. Biochemical ir vifro reconstitution experiments con-
firmed electron transport between formate and fumarate via fumarate reductase by suppressor membrane
fractions. The suppression was found to be caused by insertion of an ISSod1 element upstream of the sirCD
transcriptional start site, generating a novel, constitutively active hybrid promoter. This work revealed that
adaptation of an alternative electron transfer pathway from quinol to terminal oxidoreductases independent

of CymA occurs rapidly in S. oneidensis MR-1.

Utilization of a wide range of electron acceptors, including
fumarate, dimethyl sulfoxide (DMSO), nitrate, trimethyl-N-
amine oxide (TMAOQ), manganese oxides, and ferric oxides, in
the dissimilatory metal-reducing bacterium (DMRB) She-
wanella oneidensis MR-1 is mediated by a complex respiratory
network. This network extends electron transfer from the cy-
toplasmic membrane to the periplasm and outer membrane
and includes 42 putative c-type cytochromes (9, 16, 33, 34).
Such c-type cytochrome-based electron transport is character-
istic of many DMRBs, including Geobacter, Anaeromxyobacter,
and Shewanella spp., and reflected in their genome composi-
tion (19, 27, 46). The core of an anaerobic electron transport
chain in S. oneidensis MR-1 involves reduction of quinone by a
membrane-associated NADH dehydrogenase and oxidation of
quinol by the quinol dehydrogenase CymA, a cytoplasmic
membrane-bound tetraheme c-type cytochrome. Reduced
CymA transfers electrons either to periplasmic terminal reduc-
tases, such as fumarate reductase (FccA) or nitrate reductase
(NapAB), or to periplasmic c-type cytochrome proteins DmsE
or MtrA, which extend electron transport to an outer mem-
brane-localized DMSO reductase or OmcA/OmcB (MtrC)
Fe(III) reductase, respectively (11, 12, 31).

Despite the abundance of electron transfer components en-
coded in the S. oneidensis MR-1 genome, FccA, NapB, DmsE,
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and MtrA are believed to directly interact with CymA as the
sole quinol dehydrogenase (12, 15, 16, 32, 41, 42). This is in
contrast to findings with other c-type cytochrome quinol dehy-
drogenases, such as NapC of Escherichia coli and NrfH of
Wolinella succinogenes, that exhibit a more commonly found
high specificity to cognate terminal oxidoreductases, while
CymA apparently couples to multiple terminal reductases and
periplasmic electron transfer proteins (3, 38). The molecular
basis of how CymA functions in transferring to several differ-
ent oxidoreductases is unknown. Here, we report that the
SO0484 gene product (previously annotated as SirD), via a
SO0483/0484-encoded  quinol  dehydrogenase  complex
(SirCD), can functionally replace the c-type cytochrome CymA
in several but not all of these respiratory pathways. The
SO0484 gene encodes an NrfD/PsrC-like protein, and SO0484
is predicted to encode an integral membrane protein with no
associated prosthetic group, while the SO0483 gene encodes a
putative periplasmic CooF family iron sulfur protein (8, 45).
Recently, Shirodkar et al. identified SO0479 as encoding the
octaheme c-type cytochrome SirA, the terminal reductase for
sulfite reduction in S. oneidensis MR-1, and also showed that
deletion of the downstream genes SO0482 to SO0484 con-
tained within a putative 10-gene operon (SO0479 to SO0488)
from S. oneidensis MR-1 resulted in the inability to reduce
sulfite (43). In accordance with the nomenclature in this study,
SO0483 and SO0484 are referred to here as sirC and sirD,
respectively. Similar organization of genes encoding SirA ho-
mologs in other bacteria has been documented (i.e., mccA in
W. succinogenes), and it has been suggested that the corre-
sponding quinol dehydrogenase encoded by downstream genes
(i.e., SO0483 and SO0484 in S. oneidensis MR-1) may directly
couple to SirA and MccA, respectively (17, 18, 43, 45). SirD
and other members of the NrfD/PsrC family, in association
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TABLE 1. Strains used in this study
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Strain mutation and/or

Relevant phenotype”

Reference or

L Strain Relevant genotype
designation Fumarate Nitrate DMSO source
WT (AS84) Shewanella oneidensis MR-1 thrB1004 pro thi rpsL hsdS + + + 49a
lacZDM15
AcymA (AS435) Shewanella oneidensis MR-1 AcymA - - - 15
AcymA® (AS747) Shewanella oneidensis MR-1S4~"1 AcymA 504749::1SSod1 + - + This study
AS753 Escherichia coli WM3064 pDS3.0-sirCD  thrB1004 pro thi rpsL hsdS ND ND ND  This study, 49b
lacZDM15 RP4-1360
(araBAD)567 dapA1341:[erm
pir(wt)]
AsirCD (AS754) Shewanella oneidensis MR-14<P AsirCD + + + This study
AcymA® AsirCD (AS755)  Shewanella oneidensis MR-1SA" A8 CD AcymA AsirCD 504749:1SSod 1 - - - This study
AcymA** (AS756) Shewanella oneidensis MR-1S(I1T)2™1 AcymA 504748::1SSod 1 + - + This study
AcymA** AsirCD (AS758)  Shewanella oneidensis MR- AcymA AsirCD 504748::ISSod1 - - - This study
1S(H)AcymA_\sirCD
WT pJD (AS763) Shewanella oneidensis MR-1 pID ND ND ND  This study, 18a
WT pJDIS (AS765) Shewanella oneidensis MR-1 pJDIS ND ND ND  This study
WT pIDIS' (AS766) Shewanella oneidensis MR-1 pJDIS* ND ND ND  This study
AcymA™" (AS767) Shewanella oneidensis MR-1S AS755 with chromosomal + - + This study
insertion of sirCD
WT pIDISRE (AS768) Shewanella oneidensis MR-1 pIDISRE ND ND ND  This study
WT pJDISRE* (AS769) Shewanella oneidensis MR-1 pJDISRE* ND ND ND  This study
AS772 Escherichia coli WM3064 pGP704_sirC ~ Noted above ND ND ND  This study
AS773 Escherichia coli WM3064 pGP704_sirD ~ Noted above ND ND ND  This study
AS774 Escherichia coli WM3064 pGP704_sirC,,; Noted above ND ND ND  This study
AS781 Escherichia coli WM3064 Noted above ND ND ND  This study
pGP704_sirC,, AsirD
AS789 Escherichia coli WM3064 pDS3.0_sirC™/  Noted above ND ND ND  This study
sirD™*
AcymA® AsirC (AS811) Shewanella oneidensis MR-1 AcymA AsirC 504749::1SSod1 - - - This study
AcymA® AsirD (AS812) Shewanella oneidensis MR-1 AcymA AsirD 504749::1SSod1 - - - This study
AcymA?® sirC(His) (AS813)  Shewanella oneidensis MR-1 AcymA 504749::1SSod1 sirC(His) + ND ND  This study
AcymA® AsirD sirC(His) Shewanella oneidensis MR-1 AcymA AsirD 504749::1SSod1 - ND ND  This study

(AS815)

sirC(His)

“ +, positive; —, negative; ND, not determined.

with a iron-sulfur redox partner, have been hypothesized or
shown to couple to a terminal reductase, including the struc-
turally characterized polysulfide reductase complex PsrCBA
from Thermus thermophilus (22). However, to our knowledge,
the substitution of CymA by SirC and SirD is the first time that
a member of the NrfD/PsrC family of quinol dehydrogenases
can function as an electron relay in an extended electron trans-
port network (44).

In addition to the large number of c-type cytochromes and
other electron transfer enzymes in the extensive respiratory
network of S. oneidensis MR-1, its genome also contains an
unusually high number (>200) of insertion sequences (IS) (2,
10, 39). Several IS subgroup types present in S. oneidensis
MR-1, including ISSod1, are associated with IS families that
have been shown to contain a —35 hexamer and a —10 hex-
amer nucleotide sequence in their conserved right and left
ends, respectively (4). For integrated IS elements, transcrip-
tional activation of adjacent, non-IS genes can arise due to the
outward-directed —35 hexameric nucleotide sequence in con-
junction with a local —10 hexameric nucleotide sequence (24,
25). Here we show that IS-mediated expression of the sirCD
genes resulted in partial functional substitution of CymA by
SirCD.

MATERIALS AND METHODS

Growth conditions and media. E. coli strains were grown in Luria broth (LB)
medium at 37°C. S. oneidensis MR-1 strains are described in Table 1 and were
grown at 30°C in LB medium or minimal medium (4M) supplemented with 50

mM sodium lactate. When required for growth under anoxic conditions, minimal
medium was supplemented with 50 mM sodium fumarate, 50 mM DMSO, 5 mM
sodium nitrate, or 25 mM ferric citrate. Anaerobic cultures were prepared in
125-ml serum bottles and treated as previously described (15). Cells for fraction-
ation were grown first in LB medium overnight (~12 h) and then resuspended in
anoxic minimal medium containing lactate as an electron donor and carbon
source and fumarate as an electron acceptor and were incubated for 4 h before
harvesting. If necessary, 2,6-diaminopimelic acid (100 pg ml~"), kanamycin (50
pg ml~ 1), tetracycline (10 pg ml~"), and gentamicin (10 pg ml~") were added to
the medium. Growth was determined by optical density measurements (Ag)-
Growth experiment data and subsequent analysis are presented using Prism
version 4 (Graphpad Software, La Jolla, CA). For ferric iron assays and CFU
measurements, a linear scale is shown to indicate correlation between reduced
iron levels and CFU counts.

Determination of CFU and iron reduction measurements. From S. oneidensis
MR-1 cultures grown in 4M minimal medium with 50 mM lactate and 25 mM
ferric citrate, two parallel 1-milliliter samples were taken at the corresponding
time points. CFU were counted as described by Gescher et al. (15), and ferrous
iron was determined using the ferrozine assay described by Ruebush et al. (40).

Mutant construction: sirC, sirD, and sirCD deletions and affinity tag insertions
into the g of S. idensis MR-1. Strains containing a AsirC, AsirD, or
AsirCD mutation or affinity tag insertion were constructed according to the
protocol of Thormann et al. with minor modifications (48). All primers used in
this research are described in Table SA1 in the supplemental material. Primers
1, 2, 3, and 4 were used to amplify 500-bp regions upstream of sirC and down-
stream of sirD. These fragments were then ligated after digestion of an intro-
duced EcoRI site and cloned into the Smal site of pDS3.0 (13), resulting in
pDS3.0_sirCD. Primers 1, 5, 6, and 7 were used to construct pGP704_sirC, and
primers 4, 8, 9, and 10 were used for the construction of pGP704_sirD. For
construction of the knock-in construct pDS3.0_sirC(Wt)/sirD(Wt), primers 1 and
4 were used to amplify the entire region. The vector pGP704_sirC(His) was made
using primers 7, 8, 11, and 12. A C-terminal histidine tag was introduced via
overlapping PCR extension between an ~500-bp upper fragment and an
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~500-bp lower fragment. The same cloning procedure was used for construction
of pGP704_sirC(His)_AsirD (with primers 4, 8, 12, and 13). WM3064 was used as
the conjugal donor strain for the mating with S. oneidensis MR-1 strains as
described previously (50).

Cell fractionation. Membrane fractions were prepared as previously reported
(15) with minor modifications. Fresh cell pellets were suspended in an equal
volume of 100 mM HEPES, pH 7.5, containing 0.1 mg ml~ ! DNase I and 0.4 mg
ml ! lysozyme. Membrane fractions were resuspended in 100 mM HEPES, pH
7.5. For isolation of the S. oneidensis MR-1 periplasmic fraction, the following
procedure based on a previous study (36) was used. Whole cells were resus-
pended in 20 mM HEPES, pH 7.5 (0.4 g ml~ ). Polymyxin B (Sigma-Aldrich, St.
Louis, MO) was added (1 mg ml™') to the wet cell suspension, and the sample
was incubated at 30°C for 1 h. The sample was then centrifuged at 15,000 X g for
45 min, and the resulting soluble fraction was defined as the periplasmic fraction.
Liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis, in-
cluding identification of protein hits, was conducted by the Stanford University
Mass Spectrometry (SUMS) core research facility.

Purification of FccA. The following simplified purification procedure was de-
veloped based on a previous study (28). Enriched periplasmic fraction in 10 mM
Tris buffer, pH 8.4, was loaded onto a DEAE HiTrap FF column (GE Health-
care, Piscataway, NJ). The column was washed with 8 column volumes of 10 mM
Tris buffer, pH 8.4. The column was washed subsequently with 10 column vol-
umes with the same buffer containing 50 mM NaCl. FccA was eluted with buffer
containing 125 mM NaCl. Several fractions were collected, and pure fractions
were pooled upon analysis via SDS-PAGE.

UV/visible spectroscopy of FccA. Absorption spectra of purified FecA (7 wM)
were recorded in anoxic, rubber stopper-sealed quartz cuvettes using a Cary 50
Bio UV-Vis spectrophotometer. FccA as isolated from ion-exchange chroma-
tography was considered to be in the oxidized state. Preparation of all sealed
vials containing reagents/buffers and anoxic cuvettes with protein samples were
carried out in an anoxic glove box (N,:H,, 90%:10%). Reactions were initiated
by addition of 10 mM formate where indicated using Hamilton syringes. One
milligram of membrane fraction from the wild-type (WT) strain or the AcymA*
mutant suspended in anoxic 100 mM HEPES, pH 7.5, was added. Heme content
of ~4 pmol per wmol protein was calculated for FccA using an extinction
coefficient of 15.9 mM~! ecm™! (523 nm) as reported by Morris et al.

Immunodetection of SirC(His) content in membrane fractions. For detection
of SirC(His) through immunoblotting, fractions were run on 15% SDS polyacryl-
amide gels and blotted onto a nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA) using a TE 70 semidry transfer blot (GE Healthcare, Piscataway,
NJ) according to the manufacturer’s instructions. Blots were visualized using the
AP detection kit (IBA Bio, Goettingen, Germany) after treatment with mouse
monoclonal tetra-His antibody (Qiagen) and goat anti-mouse IgG AP conjugate
secondary (Fisher Scientific, Pittsburgh, PA) according to the manufacturer’s
instructions.

Reverse transcription (RT)-PCR for detection of sirC(His) expression. Prim-
ers 38 and 52 were used to amplify the entire DNA fragment from the end of
nrfG to the end of the 3’ extension (His tag) of sirC(His) in the AcymA*® sirC(His)
and AcymA*® AsirD sirC(His) mutant strains. cDNA (50 ng) was used for ampli-
fication.

RNA extraction and cDNA synthesis. Total RNA was isolated from triplicate
samples using the enzymatic lysis and mechanical shearing protocol with
RNAprotect Bacteria (Qiagen, Valencia, CA), lysozyme (Sigma-Aldrich, St.
Louis, MO), acid-washed glass beads (Sigma-Aldrich, St. Louis, MO), and an
RNeasy minikit (Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. RNA samples were treated with DNase I amplification grade (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions to remove genomic
DNA, with subsequent purification performed with an RNeasy minikit (Qiagen,
Valencia, CA). Electrophoretic analysis was performed with an Agilent 2100
bioanalyzer (Agilent Technologies Inc., Palo Alto, CA), and A,/A,g, ratios
were used to assess RNA integrity. Absence of PCR amplification of a genomic
region of 100 bp using primers and Phire polymerase (NEB, Ipswich, MA)
according to the manufacturer’s instructions was determined for verification of
the lack of genomic contamination. Using SuperScript III reverse transcriptase
(Invitrogen, Carlsbad, CA), cDNA synthesis from total RNA was carried out
according to the manufacturer’s instructions. Reverse transcription control re-
actions were performed on triplicate samples with and without reverse transcrip-
tase enzyme.

Quantitative PCR (qPCR) was performed with the following primer pairs (see
Table SA1 in the supplemental material): 14/15, 16/17, 18/19, 20/21, 22/23, and
24/25 for SO3186, sirC, sirD, sirJ, recA, and gyrB, respectively, using equal
amounts of cDNA (added in 1 pl volume to a 25-pl reaction) for amplification
of each gene region (100 bp). Triplicate reactions were run on a single qPCR
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experiment using iQ Sybr green super mix (Bio-Rad Laboratories, Hercules,
CA). All reactions were performed with the following program: 95.0°C for 3 min,
50 cycles of 95.0°C for 30 s, 55.0°C for 30 s, and 72.0°C, and a melt curve to
determine primer specificity: 95.0 for 1 min, 55.0 C for 1 min, and 80 cycles of a
stepwise increase by 0.5°C starting at 55.0°C for 10 s. PCR amplification and
detection were conducted in an iCycler (Bio-Rad Laboratories, Hercules, CA).
Each real-time PCR was performed in triplicate based on three independent
RNA extractions. An 100-bp fragment from the dnaK gene (amplified from
genomic DNA using primers 26 and 27) was amplified using primers 28 and 29
and used for derivation of the standard curve. Expression ratios are given as the
log, fold difference in quantity of product from the experimental samples (the
AcymA?® strain) versus that from the control samples (WT). Normalization of all
expression ratios was conducted using normalization factors generated through
amplification of three internal control genes (gyrB, dnaK, and recA) analyzed with
geNORM (49).

Amplification of insertion site. Primers 30 and 35 were used to amplify the
region flanking the insertion site in the WT strain and in the AcymA mutant, the
AcymA mutant carrying a suppressor (the AcymA°® strain), and the AcymA mutant
carrying the same suppressor and an additional suppressor (the AcymA®* strain).

mRNA transcript length analysis via PCR. PCR was performed using 60 ng of
cDNA from the AcymA® mutant prepared as stated above. The primer pairs
31/32, 32/33, 34/35, 36/37, 38/39, and 40/41 were used to amplify overlapping
regions spanning the region from the 3’ end of ISSod1 to SO0485 in the AcymA*®
mutant. Genomic DNA from the AcymA® mutant was used as a control for all
PCRs.

Promoter prediction. Virtual Footprint version 3.0 was used to identify puta-
tive —10 regions recognized by sigma 70 using a specific weight position matrix
(E. coli based) (http://www.prodoric.de/vfp/) (29). The BPROM bacterial pro-
moter predictor was used to identify entire (—35/—10) putative promoter regions
(SoftBerry, Mt. Kisco, NY). E. coli-based predictions were deemed suitable due
to the recent study of single-molecule characterization of the sigma 70 transcrip-
tion factor of S. oneidensis MR-1 indicating that it recognizes —35/—10 regions
with a motif similar to that of E. coli (14).

Putative ISSod1 promoter fusions to lacZ and promoter activity assay. The
lacZ gene was amplified from E. coli genomic DNA using primers 42 and 43. The
resulting fragment and pME6041 were then digested using PstI and SphI (NEB,
Ipswich, MA) and ligated. Primers 44 and 45 were used to introduce an Xbal site
between the Sphl and the start codon of the lacZ gene. The pMEG6041 vector
containing the lacZ gene, renamed pJD, was further modified as follows. A
500-bp region spanning the 3’ end of ISSod1 and the upstream region before the
start codon of SO0480 was amplified using primers 46 and 47 to create pJDIS.
Primer 47 included a ribosome binding site (RBS) upstream of mxdA (47). The
ISSod1 region was excluded via amplification of the region using primers 47 and
48 to generate pJDIS'. The ISSod1 region was truncated to a 50-bp region using
primers 47 and 49 to create pJDISRE. The pJD vector and the resulting frag-
ments were digested using SphI and Xbal (NEB) and ligated. A site-directed
mutagenesis of a putative —35 hexamer in the 50-bp region construct was made
via amplification of the entire vector using primers 50 and 51 followed by ligation
and transformation to generate pJDISRE*. A beta-galactosidase assay was per-
formed as described in a previous study with minor modifications (51). Wild-type
cells containing each construct were harvested at an optical density at 600 nm
(ODg) of ~0.7, and a 20-pl aliquot from each culture was added to 80 pl of
permeabilization solution (80 mM dibasic sodium phosphate [Na,HPO,], 20 mM
KCl, 2 mM MgSO,, 0.8 mg/ml hexadecyltrimethylammonium bromide, 0.4 mg/ml
sodium deoxycholate, 5.4 pl/ml beta-mercaptoethanol). Samples were pre-
warmed to 30°C, and then 600 pl substrate solution (60 mM Na,HPO,, 40 mM
NaH,PO,, 1 mg/ml ONPG, 2.7 ul/ml beta-mercaptoethanol) was added. After
samples were incubated for 45 min, the reaction was stopped with 700 pl 1 M
sodium carbonate. Calculations were made using the previously described for-
mula.

Images. Images were created using Geneious (version 4.8; A. J. Drummond et
al.; Biomatters, Auckland, New Zealand) and Inkscape (version 0.47; http://www
.inkscape.org).

RESULTS

Identification of extragenic suppressors of a AcymA muta-
tion. The goal of this study was to probe for plasticity of S.
oneidensis MR-1 electron transfer components to substitute for
the quinol dehydrogenase CymA in mediating electron trans-
port from the single quinol pool to several different respiratory
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FIG. 1. Anaerobic growth of AcymA suppressor strains (AcymA®
and AcymA**) in 4M minimal medium supplemented with 50 mM
lactate and 50 mM DMSO (A) or 50 mM fumarate (B). Symbols: e,
WT strain; A, AcymA® strain; V¥, AcymA®* strain; @, AcymA strain.
Growth is indicated by optical density at 600 nm [Abs (600nm)].

pathways. Serum vials containing anoxic 4 M minimal medium
supplemented with 50 mM lactate as the electron donor and 50
mM fumarate as the electron acceptor were inoculated in
triplicate with the AcymA strain. After an incubation of 13
days, turbidity appeared in one of the serum vials, and aliquots
were plated on LB plates for isolation of apparent suppressor
mutants. After microbiological purification, one suppressor
strain, referred to as the AcymA®* mutant, was retained and
characterized for growth. The AcymA® mutant grew anaerobi-
cally using fumarate, DMSO, and ferric citrate as the electron
acceptor; however, growth with nitrate as the electron acceptor
was significantly attenuated (Fig. 1, data not shown). These
growth phenotypes were indistinguishable from those of an-
other suppressor mutant, the AcymA®* mutant, that we had
isolated earlier during this study under the same conditions
(Fig. 2). The AcymA® and AcymA®* strains both had growth
rates of ~0.08 h™! compared to ~0.24 h™* for the WT strain
with fumarate or DMSO as the electron acceptor, indicating
~3-fold faster growth by the WT. The parental strain of the
AcymA® mutant, obtained from earlier experiments, carried a
AcymA mutation and a truncated, nonfunctional cymA allele
with the insertion sequence ISSod9 integrated after nucleo-
tide 57 (relative to the translational start site of cymA) in
pBADcymAH]I (data not shown). Loss of the plasmid after 10
serial transfers and microbiological purification was confirmed
by antibiotic sensitivity and PCR analysis and did not affect
the suppressor phenotype (data not shown). These findings
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FIG. 2. Anaerobic growth of strain AcymA® in 4M minimal medium
supplemented with 50 mM lactate and 25 mM ferric citrate (A) and 5
mM nitrate (B). Symbols: ®, WT strain; A, AcymA® strain; ®, AcymA
strain. Dashed lines in panel A represent CFU/ml counts, while solid
lines represent reduced Fe(II). Optical density at 600 nm [Abs
(600nm)] was measured to determine growth in panel B.

showed that extragenic suppressors of a AcymA mutation can
be obtained in S. oneidensis MR-1.

Identification of enhanced expression of sirCD in the
AcymA?® strain. To identify genes involved in the suppression of
the AcymA mutation, protein composition in the membranes
and periplasm was determined in the AcymA® strain as this
suppressor was isolated and pursued prior to isolation of the
AcymA** strain. Both the AcymA® mutant and the WT strain
were cultured under fumarate-respiring conditions, harvested
at mid-log phase, and fractionated to isolate the periplasmic
and membrane fractions. Figure 3 shows the Coomassie-
stained protein profiles of the membrane and periplasmic frac-
tions, revealing different band patterns in both fractions in the
WT and AcymA°® strains. We focused on one prominent protein
band (~17 kDa) in the periplasmic fraction of the AcymA®
strain which was absent in the wild type. In order to identify the
protein(s) contained in the band, the gel section was excised,
in-gel trypsin digested, and subjected to LC-MS/MS analysis.
The resulting MS/MS data were searched against all proteins
encoded by the S. oneidensis MR-1 genome. The most abun-
dant protein in the 17-kDa protein band, according to total
peptides identified (43), was SirJ (previously annotated as
NosL) (see Table SA2 in the supplemental material). sirJ
(SO0485) is a gene in a cluster including sirK, sirL, and sirM,
previously annotated as nosDFY, which are required for the
assembly of the copper-containing active site in nitrous oxide
reductase in E. coli (26, 52). Sequence analysis of S. oneidensis
MR-1 has not revealed the presence of nitrous oxide reductase
(9). We identified, however, upstream of sir/, a SO0483/0484
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FIG. 3. Coomassie-stained SDS-PAGE gels of the periplasmic and
total membrane fractions from WT and AcymA® strains. Cells were
grown anaerobically in 4 M minimal medium with 50 mM lactate
(electron donor) and 50 mM fumarate (electron acceptor) and har-
vested at mid-log phase. The lanes were loaded with 30 pg of protein.
Band sizes of the protein ladder are indicated on the left. The gel band
selected for LC-MS/MS analysis is indicated with an arrow.

(sirCD) gene cluster, which was identified previously as a
quinol dehydrogenase linked to sulfite reduction. SO0483
(sirC) of S. oneidensis MR-1, previously annotated as a NrfC-
type protein, is a member of the CooF family of iron sulfur
proteins, which are involved in anaerobic electron transfer (8).
SirC shows sequence similarity to NrfC of E. coli K-12 with an
expected value of 7 X 10~** over 226 amino acids. SO0484
(sirD) of S. oneidensis MR-1 also shows sequence similarity to
NrfD from E. coli K-12 (expected value, 7 X 1073? over 307
amino acids). While NrfC and NrfD of E. coli are involved in
formate-dependent nitrite respiration, past genetic and physi-
ological studies on nitrate and nitrite, as well as the recent
study on sulfite reduction in S. oneidensis MR-1, have indicated
a role for the quinol dehydrogenase encoded by sirCD in res-
piration of sulfur compounds only (12, 43). Nevertheless, we
hypothesized that the appearance of SirJ in the periplasmic
fraction could have been due to a polar effect resulting from
the transcriptional activation of the upstream sirCD genes,
which may be required for suppression of the AcymA pheno-
type. In order to test for such transcriptional activation, WT
and AcymA?® strains were grown anaerobically to mid-log phase
in 4M medium with fumarate as the electron acceptor, and
total RNA was extracted. cDNA was prepared and amplified
from the harvested RNA, and mRNA levels of sirC, sirD, sir]
(SO0485), and as controls dnaK (SO1126), gyrB (SO0011), and
recA (SO3430) were quantified by qRT-PCR. As shown in Fig.
4, sirC, sirD, and sirJ were significantly upregulated in the
suppressor strain (the AcymA® mutant) and to similar levels
(9.6 = 0.6, 9.7 = 0.5, and 9.3 = 0.5, respectively), which
suggested that these genes might form a transcriptional unit. In
contrast, recA expression (—0.5 = 0.6) shows a minimal differ-
ence. Therefore, the level of expression of sirCD was elevated
in the AcymA® strain, which suggested a possible role for SirCD
in the observed suppression.

Elucidation of sirCD genes as essential for the suppressor
phenotype. In order to conclusively show that the sirCD genes
are required for suppression, we constructed in-frame dele-
tions of both genes (AsirCD) in WT and AcymA® strains and
tested the resulting mutants, the AsirCD and AcymA® AsirCD

J. BACTERIOL.

ih-

1kb

FIG. 4. qRT-PCR-derived expression ratios of sirC, sirD, sirJ, recA,
and SO3186. Log, ratios represent gene expression at mid-logarithmic
phase in the AcymA"® strain compared to those in the WT strain. Ratios
were normalized as described in Materials and Methods.
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strains, respectively, for growth. Figure 5a,b shows that dele-
tion of sirCD abolished growth on fumarate and DMSO in the
AcymA® AsirCD strain but not in the AsirCD strain. Figure 5C
and D show that single gene deletion strains, the AcymA® AsirC
and AcymA® AsirD mutants, also showed a loss in growth with
either fumarate or DMSO as the electron acceptor, similarly to
a AcymA mutant (AS435). Thus, we concluded that expression
of both sirC and sirD is required for the observed suppression
in the AcymA® strain. Complementation by a knock-in of wild-
type sirCD into the genome of the AcymA® AsirCD strain (re-
sulting in the AcymA®™" strain) restored growth with fumarate
and DMSO as an electron acceptor, respectively (see Fig. SA1
in the supplemental material). These data conclusively dem-
onstrated that sirC and sirD were essential for suppression of
the AcymA mutation.

Immunolocalization of SirC. Since both sirC and sirD were
required for the suppressor phenotype, we hypothesized that
sirCD encoded a membrane-bound quinol dehydrogenase
complex similar to that observed for the polysulfide reductase
PstCBA from T. thermophilus and hypothesized for the for-
mate-dependent nitrite quinol dehydrogenase NrfCD from E.
coli (45). To enable immunodetection of SirC, we introduced a
C-terminal His tag as a 3" extension to sirC to form the AcymA®
sirC(His) and AcymA® AsirD sirC(His) mutant strains. Both
strains were grown under oxic conditions in 4M medium (with
lactate as the electron donor) to the onset of stationary phase;
in addition, the AcymA°® sirC(His) strain was also grown under
fumarate-respiring conditions. All samples were harvested and
fractionated to isolate the soluble (cytoplasmic), membrane
and periplasmic fractions. Immunodetection of SirC(His) by
Western blotting showed that SirC(His) primarily localized to
the membrane fraction under fumarate-respiring conditions
(Fig. 6A). Under oxic conditions SirC(His) could be detected
chromogenically in comparable amounts in the membrane and
periplasmic fractions harvested from the AcymA® sirC(His)
strain (Fig. 6A). Figure 6B indicates that in the AcymA® AsirD
sirC(His) strain, deletion of sirD resulted in a lower level of
SirC(His) with only a minimal amount localized to the mem-
brane and not in the periplasmic or soluble (cytoplasmic) frac-
tions. Equal amounts of protein (15 ng) were loaded in all
samples. Immunogenic detection of SirC(His) in the AcymA®
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FIG. 5. Effect of AsirC, AsirD, and AsirCD deletions on growth with fumarate and DMSO as the electron acceptor in the AcymA® strain.
(A) Growth of WT, AcymA®, AsirCD, AcymA, and AcymA® AsirCD strains in 4M minimal medium supplemented with 50 mM lactate (electron
donor) and 50 mM fumarate (electron acceptor). (B) DMSO (50 mM) was substituted as the electron acceptor. Growth was measured by optical
density at 600 nm [Abs (600nm)]. (C) Growth of WT, AcymA® AsirC, AcymA® AsirD, AcymA, and AcymA® strains with 100 mM lactate and 100 mM
fumarate. (D) Growth of WT, AcymA® AsirC, AcymA® AsirD, AcymA, and AcymA® strains with 50 mM lactate and 50 mM DMSO. Symbols: ®, WT
strain; [, AsirCD strain; A, AcymA® strain; A, AcymA® AsirCD strain; €, AcymA strain; *, AcymA AsirC strain; ¥, AcymA AsirD strain.

strain (untagged negative control) and RT-PCR of sirC(His) in
the AcymA® sirC(His) and AcymA® AsirD sirC(His) strains in-
dicated that a lower level of SirC(His) was not an artifact of
immunodetection or due to lower expression of sirC(His) in
the AcymA® AsirD sirC(His) strain (Fig. 6C). Therefore, these
results suggest that expression of sirD is required for protein
stability of SirC(His), as the level of SirC(His) produced in the
AcymA?® sirC(His) strain in all fractions under fumarate-respir-
ing conditions or oxic conditions is greater than that observed
in the AcymA® AsirD sirC(His) strain. However, expression of
sirD was not an absolute requirement for sirC expression.

In vitro electron transfer between membranes from AcymA®
and FccA, the fumarate terminal reductase. In order to di-
rectly test for the proposed new electron transfer pathway from
the putative quinol dehydrogenase complex encoded by sirCD
to FccA in vitro, we examined whether membrane fractions
from the AcymA® strain could transfer electrons directly to
FccA in the absence of other periplasmic oxidoreductase com-
ponents. Assays were performed using membrane fractions
from WT and AcymA?® strains that were prepared under anoxic
conditions from fumarate-grown cells. For purification of
FccA, WT cells were harvested and treated with the antibiotic
polymyxin B in order to permeabilize the outer membrane,
thus releasing and enriching for the periplasmic fraction. The
resulting protein fraction was then passed over a weak anion-
exchange column, and FccA was eluted using a NaCl gradient
in 10 mM Tris buffer, pH 8.4. Elution of the protein occurred

with 125 mM NaCl (see Fig. SA2 in the supplemental mate-
rial). We used formate as an in vitro electron donor for our
electron transfer activity assays similarly to experiments that
previously characterized electron transfer to FccA with S. one-
idensis MR-1 wild-type (CymA) membrane fractions (28). By
monitoring the redox status of FccA spectrophotometrically,
we found that formate (10 mM), membrane fraction (1 mg),
and FccA (7 pM) were required for FccA reduction as re-
vealed by the characteristic absorption maxima of a reduced
c-type cytochrome at 523 and 552 nm (Fig. 7E and F). Omis-
sion of the electron donor formate resulted in an oxidized
FccA in the presence of either membrane fraction from the
AcymA°® or WT strains (Fig. 7A and B). In the absence of FccA,
only weak background absorption of one or more c-type cyto-
chrome(s) was observed from both formate-reduced mem-
brane fractions (Fig. 7C and D). FccA was not reduced by
formate alone (data not shown). The AcymA and AcymA
AsirCD mutants cannot grow using fumarate, and an alterna-
tive menaquinone-dependent, CymA-independent electron ac-
ceptor is unavailable. As a result, these strains were not suit-
able as a negative control due to the possible absence of
components, including formate dehydrogenase and menaquin-
one, when grown under differing conditions. Ultimately, these
biochemical experiments showed that membrane fractions of
the AcymA?® strain containing SirCD could functionally substi-
tute for CymA-containing membrane fractions in an in vitro
electron transfer pathway from formate to FccA.
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FIG. 6. Immunolocalization of SirC(His) and sirC(His) expression
in AcymA® sirC(His) and AcymA® AsirD sirC(His) strains. The AcymA®
sirC(His) and AcymA® mutant strains were grown with 50 mM lactate
in 4M minimal medium with 50 mM fumarate. The AcymA*® sirC(His)
and AcymA® AsirD sirC(His) mutant strains were grown with 50 mM
lactate in 4M minimal medium under oxic conditions. Cells were frac-
tionated as described in Materials and Methods for isolation of total
membrane (MF), periplasmic (PF), and soluble (cytoplasmic) (SF)
fractions. SirC(His) was detected chromogenically using a monoclonal
tetra-His antibody. A 15-ug sample of the above fractions was applied
to each lane. (A) SirC(His) immunodetection in fumarate and O,-
grown AcymA® sirC(His) strain samples. (B) SirC(His) immunodetec-
tion in O,-grown AcymA® AsirD sirC(His) strain samples and fumarate-
grown AcymA® strain samples. (C) RT-PCR of sirC(His) in AcymA®
sirC(His) and AcymA® AsirD sirC(His) strains. Left: PCR amplification
from AcymA® sirC(His) genomic DNA (genomic control). Right: RT-
PCR amplification of sirC(His) is shown using AcymA® sirC(His) and
AcymA® AsirD sirC(His) RNA samples with (+) and without (—) re-
verse transcriptase.

Identification of ISSodl-mediated transcriptional activa-
tion of sirCD as the genetic basis of suppression. Transcrip-
tional activation of sirCD has not been observed under CymA
dependent-respiring conditions (1). Thus, we reasoned that in
the suppressor strains a mutation may have occurred that
caused the upregulation of sirCD. Sequence analysis of the
genomic region spanning genes SO0479 (sirA) through sirD by
PCR analysis revealed that an ISSod1 element had inserted at
chromosomal positions 504748 and 504749 within sirA4 in the
AcymA®* and AcymA® strains, respectively (see Fig. SA3 in the
supplemental material). To test whether the IS element was
affecting expression of sirCD, RT-PCR analysis was used to
map the approximate transcriptional start of the operon con-
taining sirCD in the AcymA*® strain. Through overlapping PCR
amplification of cDNA from the AcymA® strain, we determined
that the mRNA transcript includes the genes SO0480 to sirJ
(SO0485) and does not include the ISSod1 insertion sequence
or the associated terminal reductase gene sird (SO0479) (see
Fig. SA4 in the supplemental material).

Based on the observation that ISSod1 was not part of the
mRNA transcript yet appeared to be required for suppression,
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FIG. 7. In vitro formate-dependent reduction of terminal fumarate
reductase FccA by membrane fractions of AcymA® and WT strains.
UV-visible spectra are shown. (A) FccA (7 M) and 1 mg membrane
fraction (AcymA* MF). (B) FccA (7 M) and 1 mg membrane fraction
(WT MF). (C) AcymA® membrane fractions (1 mg) and 10 mM for-
mate (electron donor). (D) WT membrane fractions (1 mg) and 10
mM formate (electron donor). (E) FccA (7 uM), 1 mg membrane
fraction (AcymA® MF), and 10 mM formate. (F) FccA (7 uM), 1 mg
membrane fraction (WT MF), and 10 mM formate. Reduction was
observed by the presence of specific c-type cytochrome peaks for FccA
at 523 nm and 552 nm.

we hypothesized that the insertion sequence contained at least
part of a new promoter region required for transcriptional
activation of the operon containing sirCD. Analysis of the
entire region of ISSodl suggested the presence of a sigma
70-associated promoter element: a putative —35 hexameric
nucleotide sequence within the 50-bp conserved right end of IS
at an appropriate distance from a genomic region that contains
a recognizable —10 hexamer nucleotide sequence. To test
whether the region upstream of SO0480, including the ISSod1
right end, had promoter activity, truncations of a 500-bp frag-
ment from the AcymA® strain (immediately upstream to the
translational start site of SO0480 at chromosomal position
504866) were constructed and fused transcriptionally to lacZ.
Constructs were cloned into pJD and introduced into the WT
strain. Promoter activity was detected via beta-galactosidase
assays of aerobically grown mid-log-phase cells (ODg,, ~0.7).
Beta-galactosidase activity of 650 = 20 Miller units (MU) was
measured in cells harboring the entire 500-bp region (pJDIS).
Deletion of the entire ISSod1 fragment (pJDIS") dramatically
reduced beta-galactosidase activity to 24 = 2 MU, indicating in
our assays its requirement for transcription (Fig. 8). Subse-
quently, we modified the 500-bp promoter region to include
only the conserved 50-bp ISSod1 right end region (162 bases
total; pJDIS®F). We observed a similar degree of activity
(610 = 10 MU) to that of the 500-bp construct containing the
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FIG. 8. Insertion of ISSod1 within the 3" region of sir4 and identification of a hypothetical hybrid promoter formed at the insertion site. lacZ
was cloned downstream of several genomic regions containing truncations of ISSod1 and the region upstream of sirB (SO0480) in order to test
for promoter activities. The constructs are as follows (top to bottom): pJDIS, 300-bp right end of ISSod1 and the entire upstream region of SO0480
(sirB); pIDIS", upstream region of sirB only; pJD, no genomic region (negative control); pJDIS®E, 51-bp (conserved) right end of 1SSod1 and
upstream region of sirB; and pJDIS®E*, 51-bp ISSod1 right end with a site-directed mutation (TTGACC — CCCGGG) and sirB upstream region.
WT cells containing each of the constructs on a plasmid were grown to an ODy, of ~0.7 and assayed for beta-galactosidase activities. Activity was
limited to inclusion of a 50-base region (conserved right end) of ISSodl and was abolished through a site-directed mutagenesis (TTGACC —

CCCGGG). Predicted promoter region is shown.

larger ISSod1 region, and we also observed that the associated
activity could be abolished (9 = 1 MU) through a site-directed
mutation of the putative —35 region (TTGACC — CCCGGG;
pJDISRE*) (Fig. 8). Taken together, the predicted and ob-
served promoter activity as well as the narrow insertion site
confined to a 1-base difference in independently isolated
AcymA suppressor mutants show that insertion of ISSodl
forms a putative hybrid promoter, which leads to transcrip-
tional activation of genes SO0480 to SO0485, including sirCD.

DISCUSSION

c-type cytochromes play a critical role in the coupling of the
electron transport chain from membrane-bound quinols to ter-
minal oxidoreductases in the outer membrane in S. oneidensis
MR-1 as well as in other DMRB. Previously, we showed that as
members of the same protein family, CymA from S. oneidensis
MR-1 and NapC from E. coli were functionally interchange-
able in their activity to transfer electrons to fumarate reductase
FccA (15). The results of this work demonstrate that a struc-
turally distinct NrfD/PsrC-type quinol dehydrogenase, SirD, in
association with its putative iron sulfur redox partner, SirC, can
transfer electrons from quinols to the same respiratory path-
ways as CymA, except for nitrate (Fig. 9). Our genetic exper-
iments indicate that both sirC and sirD are required for the
growth of the suppressor mutant with the CymA-dependent
electron acceptors DMSO and fumarate. Immunodetection
localized SirC primarily to the membrane fraction under fu-
marate-respiring conditions, while under aerobic conditions,
SirC is more evenly distributed between the periplasm and
membrane fraction. Interestingly, deletion of sirD affected the
levels of SirC protein but not sirC gene expression, suggesting
that sirD expression is required for SirC stability. Given the
evidence of SirC localization to the membrane fraction of
AcymA?® cells grown with fumarate, we found that membrane

fractions from AcymA*® or wild-type strains could transfer elec-
trons to FccA in vitro.

The observed functional complementation of a AcymA mu-
tation by SirCD, while novel, is not surprising. Common to all
members of the NrfD/PsrC family, including PsrC (polysulfide
respiration), TtrC (tetrathionate respiration), and NrfD (ni-
trite respiration) is a predicted or experimentally shown cou-
pling to a CooF family iron sulfur protein (20-22). However, in
tetrathionate respiration by Salmonella enterica serovar Typhi-
murium LT2 and polysulfide respiration by T. thermophilus,
electrons are subsequently transferred to iron sulfur molyb-
doenzymes. As has also been proposed for the iron sulfur
proteins encoded by the sirC and mccC genes from S. oneiden-
sis MR-1 and W. succinogenes, respectively, E. coli NrfC cou-
ples instead to a c-type cytochrome protein, NrfB (17, 21, 43).
In E. coli, NrfD, via the iron sulfur protein NrfC, has been
proposed to reduce the pentaheme c-type cytochrome NrfB via
a putative NrfAB (20-heme) heterotetrameric complex in vivo
(5, 6). Interestingly, Clarke et al. showed that a truncation of
an N-terminal MtrA polypeptide, which shares significant ho-
mology and similar heme organization to NrfB from E. coli,
forms a mature c-type cytochrome, supporting the idea that
larger cytochromes may be modular extensions of smaller ones
(7). Given the documented similarity between heme position-
ing and possible structural modularity of c-type cytochromes,
we propose the model shown in Fig. 9, whereby the NrfD/PsrC-
type quinol dehydrogenase SirCD transfers electrons either
directly or indirectly to the various c-type cytochrome contain-
ing periplasmic oxidoreductases, including the terminal reduc-
tases.

Our results indicate that the transcriptional activation of
sirCD was the consequence of an insertion sequence-depen-
dent gene activation. Such rare IS element-based transcrip-
tional activation has been documented previously in the up-
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FIG. 9. Model of CymA-dependent (black solid arrows) and the proposed CymA-independent (gray dashed arrows) respiratory pathways in

AcymA® and AcymA®* strains. See text for details.

regulation of phenol-degrading genes (pheBA) in Pseudomonas
sp. strain EST1001 (23, 35) and in the expression of the silent
bgl operon in Escherichia coli (37). Here, we found that sirCD
expression was due to the insertion of ISSod1 within the 3’ end
of sirA and the formation of a putative hybrid promoter. Based
on our data, the octaheme terminal reductase SirA as a
possible (intermediate) electron acceptor for SirCD is not
necessary for the suppression in AcymA® (Fig. 9). The un-
coupling of sirCD expression from that of its cognate oxi-
doreductase and its constitutive expression (observed under
oxic and anoxic conditions), closely resembles the unique
monocistronic expression of cymA and elevated expression
under microaerobic conditions, both conditions that have
been suggested to allow CymA to transfer electrons to mul-
tiple periplasmic oxidoreductases (1, 30). Thus, we propose
that the insertion sequence-mediated transcriptional activa-
tion led to an alternative route of electron transfer whereby
SirCD was accessible to several reductases.

It is important to note that while our experiments showed
that expression of sirCD is essential for the suppression of a
AcymA mutation, these experiments have not determined
the entire set of required genes for the observed suppression
or seek to address the overall metabolic efficacy (i.e., dif-
ference in growth rates compared to that of the wild type) of
suppression in both AcymA suppressor strains isolated (Fig.
2). Those points we will address in future studies. In addi-
tion, the inability of the suppressor strains to grow with
nitrate as electron acceptor is an interesting finding and
remains unresolved so far.
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