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Summary

Methylmenaquinol : fumarate reductase (Mfr) is a
newly recognized type of fumarate reductase present
in some e-proteobacteria, where the active site
subunit (MfrA) is localized in the periplasm, but for
which a physiological role has not been identified. We
show that the Campylobacter jejuni mfrABE operon is
transcribed from a single promoter, with the mfrA
gene preceded by a small open reading-frame (mfrX)
encoding a C. jejuni-specific polypeptide of unknown
function. The growth characteristics and enzyme
activities of mutants in the mfrA and menaquinol : fu-
marate reductase A (frdA) genes show that the cyto-
plasmic facing Frd enzyme is the major fumarate
reductase under oxygen limitation. The Mfr enzyme is
shown to be necessary for maximal rates of growth by
fumarate respiration and rates of fumarate reduction
in intact cells measured by both viologen assays and
TH-NMR were slower in an mfrA mutant. As periplas-
mic fumarate reduction does not require fumarate/
succinate antiport, Mfr may allow more efficient
adaptation to fumarate-dependent growth. However, a
further rationale for the periplasmic location of Mfr is
suggested by the observation that the enzyme also
reduces the fumarate analogues mesaconate and
crotonate; fermentation products of anaerobes with
which C. jejuni shares its gut environment, that are
unable to be transported into the cell. Both MfrA and
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MfrB subunits were localized in the periplasm by
immunoblotting and 2D-gel electrophoresis, but an
mfrE mutant accumulated unprocessed MfrA in the
cytoplasm, suggesting a preassembled MfrABE
holoenzyme has to be recognized by the TAT system
for translocation to occur. Gene expression studies in
chemostat cultures following an aerobic-anaerobic
shift showed that mfrA is highly upregulated by
oxygen limitation, as would be experienced in vivo.
Our results indicate that in addition to a role in fuma-
rate respiration, Mfr allows C. jejuni to reduce analo-
gous substrates specifically present in the host gut
environment.

Introduction

Campylobacter jejuniis a human pathogen of major public
health and environmental significance. It is the leading
cause of acute bacterial gastroenteritis worldwide and is
acquired predominantly by ingesting contaminated food,
milk or water (Jacobs-Reitsma et al., 2008). As a common
commensal of the gastrointestinal tract of many bird
species, poultry serves as the primary source of human
infection (Wagenaar et al., 2008). Campylobacter jejuni
also has the ability to survive in a variety of environmental
niches outside of the host, but the factors contributing to
its adaptability are poorly understood, particularly since it
is an oxygen-sensitive microaerophile with a small
genome. Significantly, C. jejunihas a surprisingly complex
branched electron transport chain (Kelly, 2008), which
includes a number of terminal reductases allowing energy
conservation with alternative electron acceptors present
in various environments, such as nitrate, nitrite, hydrogen
peroxide, trimethylamine-N-oxide, dimethylsulfoxide and
fumarate (Sellars et al., 2002; Pittman et al., 2007; Wein-
garten et al., 2008; 2009).

Fumarate reduction is carried out by succinate :
quinone  oxidoreductases (SQORs), which are
membrane-bound multisubunit complexes that catalyse
the two-electron transfer between the succinate/fumarate
and quinone/quinol redox couples. Those which perform
succinate oxidation are defined as succinate : quinone
reductases (SQRs), commonly referred to as ‘succinate
dehydrogenases’, and those which perform fumarate
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reduction are termed quinol:fumarate reductases (QFR)
or ‘fumarate reductases’. It is difficult, however, on the
basis of sequence analysis alone, to predict whether a
given enzyme will function as an SQR or a QFR in vivo
(Lancaster, 2002). Succinate : quinone reductases are
key citric-acid cycle enzymes under aerobic conditions,
and QFRs operate in anaerobic respiration with fumarate
as the terminal electron acceptor. Both are comprised of a
soluble domain attached to or associated with the cyto-
plasmic membrane through one or two polypeptides. The
soluble domain is comprised of two subunits; subunit A
contains an FAD cofactor and is the site of fumarate
reduction and succinate oxidation, and subunit B contains
three iron—sulfur centres (Lancaster, 2002; Lemos et al.,
2002). The membrane-associated domain consists of two
hydrophobic subunits (C and D) or a single fusion protein,
and may contain one or two haems, which conduct elec-
trons from/to the quinone pool.

Succinate : quinone oxidoreductases are currently
classified as types A—E (Lancaster, 2002; Lemos et al.,
2002), based on mechanism, the type of membrane-
bound domain and number of haems present. Type A
SQOR enzymes are found in many archaea and contain
two hydrophobic subunits, each with two haem groups.
Type B enzymes contain a single large hydrophobic
subunit with two haem groups. The QFRs of the related
e-proteobacteria, C. jejuni, Helicobacter pylori and
Wolinella succinogenes are of this type (Lancaster and
Simon, 2002; Mileni et al., 2006), as is the SQR of Bacil-
lus subtilis. However, while the known B type enzymes
have an overall similar structure, they show significant
branching phylogenetically and may function with distinct
mechanisms (Lemos et al., 2002; Lancaster et al., 2005;
Zaunmller et al., 2006). Type C and D enzymes possess
two hydrophobic subunits with one or no haem group
respectively.

E-type SQORs were recently discovered in the Sulfolo-
bales order of the archaea, including some species in the
genera Acidianus (Lemos et al.,, 2001) and Sulfolobus
(Janssen etal., 1997), and characterized as unidirec-
tional SQRs (Lemos et al., 2002). They are structurally
very different from all other SQOR classes. First, instead
of the 3Fe-4S cluster found in the B subunit of all other
types of SQOR, E type enzymes contain an additional
4Fe-4S cluster. Second, the membrane-associated
domain of E type SQORSs (one or two subunits, SdhE and
SdhF) is weakly hydrophobic, does not span the mem-
brane and is unrelated in sequence to the SdhC/D sub-
units of other SQORs (Lemos et al.,, 2002). A further
unusual feature is the presence of a cysteine-rich motif
within SdhE, which is thought to have redox activity with
quinone (Lemos et al., 2002). The function of the smaller
SdhF subunit is unknown. Among bacteria, E-type
SQORs are rare but some e-proteobacteria including

C. jejuni and W. succinogenes possess enzymes anno-
tated as succinate dehydrogenases that have a similar
subunit organization and some sequence similarities to
the archaeal E-type SQRs. The latter enzymes donate
electrons to the electropositive caldariella quinone (En 7
+103 mV) and thus the reduction of this quinone by the
oxidation of succinate to fumarate (En7 +30 mV) is exer-
gonic. However, the presence of an E-type SQR in bac-
teria like C. jejuni and W. succinogenes would pose a
bioenergetic problem, as the reduction of the electrone-
gative menaquinone (MK, En,7; =75 mV) by succinate will
be endergonic and requires coupling to the proton-motive
force (Zaunmiller et al., 2006), but this cannot occur in
the absence of a membrane-spanning haem-containing
subunit. This paradox was solved recently when the
E-type ‘succinate dehydrogenase’ from W. succinogenes
was homologously overexpressed and identified as a
novel type of methylmenaquinol : fumarate reductase
(Mfr), in which the active site is located in the periplasm
by virtue of a twin-arginine translocation (TAT) signal
peptide sequence at the N-terminus of the flavoprotein
subunit (Juhnke etal., 2009). The enzyme does not
oxidize succinate and preferentially uses methyl-
menaquinol (mMMKH,, E,; -124 mV) rather than
menaquinol (MKH,) in fumarate reduction. Furthermore,
the FAD cofactor in the enzyme is non-covalently bound.
However, the activity of this enzyme in cell extracts of
wild-type W. succinogenes could not be detected in the
study of Juhnke and colleagues (2009), and its physi-
ological role is unknown.

Campylobacter jejuni also contains mMMKH,, in equimo-
lar amounts with MKH, (Carlone and Anet, 1986) and its
Mfr subunits are homologous to those of W. succino-
genes. Here, we show that Mfr-dependent fumarate
reductase activity can be detected in periplasmic fractions
of wild-type C. jejuni cells and we have constructed single
and double mutants in the frdA and mfrA genes, which
has allowed an assessment to be made of the physiologi-
cal role of each enzyme. Mfr makes a contribution to
fumarate-dependent growth under oxygen-limited condi-
tions, but the enzyme was also found to reduce mesacon-
ate and crotonate, substrates potentially present in the gut
environment but which do not appear to be transported
into the cell, thus providing a rationale for the periplasmic
location of Mfr. The characterization of the mfr genes of
C. jejuni revealed the presence of an additional gene of
unknown function, mfrX, upstream of mfrA. The expres-
sion of the mfrA gene was found to be highly upregulated
under oxygen limitation. In addition to C. jejuni and
W. succinogenes, an MfrABE-like complex is encoded in
the genomes of only a few other animal commensals and
pathogens (C. concisus, C. curvus and the unrelated gut
bacterium Mitsuokella multacida), indicating a specialized
role in the host.
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Results

Structure and transcriptional analysis of the mfr
operon of C. jejuni and distribution of similar
enzymes in other bacteria

The ¢j0437-0439 genes encode the annotated succinate
dehydrogenase of C. jejuniNCTC 11168, consisting of the
active site containing flavoprotein (Cj0437), iron—sulfur
subunit (Cj0438) and cysteine rich SdhE homologue
(Cjo439), characteristic of an E-type SQOR. There is no
gene encoding an SdhF homologue. We initially tried to
determine the transcription start site of the ¢j0437-0439
operon using 5 RACE with a primer located in the ¢j0437
gene, but were unable to obtain a specific product
(Fig. 1B, lanes 3 and 4), suggesting that the transcription
start site was further upstream. Examination of the 5
untranslated region upstream of ¢j0437 revealed a good
ribosome binding site preceding a small open reading
frame (ORF) not annotated in any C. jejuni genome
sequences, with the potential to encode a 60-residue
protein of predicted pl of 8.88 and a molecular weight of
7577 Da (see Fig. 1A and C). The deduced product, ten-
tatively named MfrX, is not homologous to SdhF or any
other protein in the GenBank/EMBL databases. It con-
tains three cysteine residues and a single predicted trans-
membrane helix. A mutant was constructed in the mfrX
ORF, but this showed no difference in growth compared

A
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with the wild-type under either microaerobic or oxygen-
limited growth conditions. This mutant still produced MfrA
as shown by immunoblotting with an MfrA-specific anti-
body (data not shown). Using a primer located in the
upstream sequences we were able to map a single, spe-
cific transcription start site 242 nt upstream of the ¢j0437
start codon (Fig. 1A), and 23 nt upstream of the predicted
mfrX start codon (Fig. 1A). Cloning of the non-specific
cDNA PCR product obtained when using the primer
located in ¢j0437 showed that this fragment starts 109 nt
upstream of the mfrA start codon, indicating that the
mfrX-mfrABE mRNA is post-transcriptionally processed
towards higher stability of a transcript containing only the
mifrABE genes (Fig. 1A and B). This post-transcriptional
processing was also noticed in a high-throughput
sequencing survey of the complete set of transcribed
sequences of C. jejuni (l. Porcelli, C.M. Sharma, M.
Reuter, J. Vogel and A.H.M. van Vliet, unpubl. data).
Like the W. succinogenes MfrA protein, the Cj0437
subunit possesses an N-terminal Twin Arginine Translo-
case (TAT) consensus sequence (SRRDFIK) within a
signal peptide region, which scores as a correct match
using the TatP 1.0 web server. BLAST searching of the
genome sequence databases for SdhA homologues that
also contain a TAT-like signal peptide revealed that, in
addition to W. succinogenes and other sequenced
strains of C. jejuni, the oral campylobacters C. concisus
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Fig. 1. The mfrABE genes are cotranscribed with a small open reading frame tentatively named mfrX, and the mf(X)ABE mRNA is likely to

be post-transcriptionally modified.

A. Schematic representation of the mfr(X)ABE promoter region. The promoter region including the —10 sequence, transcriptional start site (+1),
ribosome binding site (RBS) and translation initiation codon are shown.
B. 5" RACE determination of the mfr(X)ABE transcript start site. Lanes 1 and 2 are 5" RACE with a primer located in mfrX, lanes 3 and 4 with
a primer located in mfrA. Addition of tobacco acid phosphatase (TAP) is indicated above the lanes. The asterisk indicates a TAP-specific
cDNA product, corresponding with the transcription start site shown in Fig. 1A. The high level of product in lanes 3 and 4 is suggestive of
post-transcriptional modification of the mfr . X)ABE mRNA to one containing only mfrABE, starting at residue 405224 in the C. jejuni NCTC
11168 genome sequence (Parkhill et al., 2000; Gundogdu et al., 2007). Relevant marker sizes are shown on the left.

C. Features of the predicted MfrX protein sequence. Cysteines are underlined, the putative transmembrane domain is indicated.
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Fig. 2. Microaerobic growth (squares) or oxygen-limited growth (triangles) of wild-type (closed symbols) and mutants (open symbols) in
BHI-FCS media. For microaerobic growth, un-supplemented BHI-FCS was used, except where the dashed line with open diamonds shows
the effect of 20 mM sodium fumarate on microaerobic growth of the mutant strains indicated (B and C). For oxygen limited growth BHI-FCS
supplemented with 40 mM sodium fumarate was used. In the absence of fumarate, none of the strains was able to grow under oxygen
limitation (data not shown). All data are representative of at least two independent growth experiments.

and C. curvus also encode a similar enzyme. C. doylei
encodes mfrXABE homologues but only as pseudogenes.
Other than these e-proteobacteria, only the human gut
bacterium Mitsuokella multacida was found to possess an
obvious TAT signal peptide containing SdhA-like subunit.
In each of these cases an SAdhE homologue (MfrE) is also
encoded in the same operon.

Mutation of frdA, but not mfrA, causes a severe aerobic
and oxygen-limited growth defect

In order to study the role of the mfr gene products in
comparison to the type B fumarate reductase encoded by
the frdCAB operon in C. jejuni, single and double mutants
were created in the genes encoding the FAD and sub-
strate binding A-subunit of both complexes, frdA (cj0409)
and mfrA (cj0437). The frd operon is transcribed from the
same strand as the downstream gene, ¢j0411 (encoding a
putative ATP/GTP binding protein). Although we were
unable to obtain any C. jejuni transformants using a frdA
complementation plasmid, RT-PCR showed a small
increase in expression (2.7 + 0.1 fold) of the ¢j0411 gene
in the frdA mutant compared with the wild-type parent
strain, showing that there was no negative effect on this
gene resulting from the frdA insertion. The genes down-
stream of the mfr operon are transcribed from the oppo-
site DNA strand and so potential polar effects of the mfrA
mutation will not disrupt their transcription.

Disruption of mfrA had no effect on microaerobic growth
in complex media, with both growth rate and final cell
yields being identical to wild-type (Fig. 2A). In contrast,
growth of the frdA mutant strain was poor and stopped
after a few hours (Fig. 2B). However, the addition of
20 mM sodium fumarate to microaerobic cultures of the
frdA mutant resulted in slow exponential growth (doubling
time of 6 h) and a final cell yield similar to that of the
wild-type after 24 h (Fig. 2B). The growth of the wild-type
and mfrA mutant were unaffected in fumarate-
supplemented media (data not shown). Results with the
double frdA mfrA mutant (Fig. 2C) were identical to those
with the single frdA mutant, showing that the fumarate-
dependent growth stimulation is not due to the activity of
the Mfr enzyme.

To investigate the roles of the Mfr and Frd systems in
the utilization of fumarate as an alternative electron
acceptor, growth of the mutants was investigated under
oxygen-limited conditions generated in unshaken batch
cultures in filled culture bottles as described in Experi-
mental procedures and previously (Sellars et al., 2002;
Guccione et al., 2008). In the absence of fumarate in the
media, none of the strains showed any growth. In the
presence of 40 mM sodium fumarate as electron accep-
tor, the wild-type strain grew well (doubling time of 4 h),
while the mfrA mutant grew at a reproducibly slower rate
(doubling time of 7 h) than wild-type but reached a similar
final cell yield (Fig. 2A). In contrast, the frdA and frdA mfrA
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mutants showed no detectable growth above that of a
no-fumarate control (Fig. 2B and C).

Both Frd and Mfr have fumarate reductase activity but
succinate oxidation is catalysed by Frd alone

Total fumarate reductase activity was assayed in intact
cells using the membrane permeable benzyl viologen
radical (Sellars et al., 2002). Wild-type cells grown to early
stationary phase (16 h) in complex media showed a high
rate (~1 umol min~' mg protein=') of fumarate-dependent
oxidation of reduced benzyl viologen. Both the mfrA
mutant and the frdA mutant exhibited reductions in activity
but to significantly different extents. The mfrA mutant
showed an average 40% reduction in activity compared
with wild-type (P < 0.05), while the frdA mutant showed an
approximate 90% reduction compared with the wild-type
(see Fig. 3A). The frdA mfrA double mutant displayed no
activity in this assay. These data show that the Frd and the
Mfr complexes together account for all of the cellular
fumarate reductase activity, and that under the growth
conditions used, most of the activity in wild-type cells is
contributed by the Frd enzyme. However, the fact that the
frdA mutant still exhibits residual activity, and the mfrA
mutant shows a significant decrease, indicates that the
fumarate reductase activity of the Mfr enzyme is detect-
able in vivo in C. jejuni.

Succinate dehydrogenase assays were performed by
measuring succinate-dependent reduction of dichloro-
phenolindophenol (DCPIP) dye in cell-free extracts
(see Fig. 3B). The specific activity in the mfrA mutant
(112.1 = 4.7 nmol min~' mg protein-') was not statistically
different to the isogenic wild-type (122.6 + 3.1 nmol min™
mg protein™’; P> 0.05). However, the frdA mutant
showed a virtual complete loss of activity in this assay
(2.4 = 2.3 nmol min~" mg protein™'), as did the frdA
mfrA double mutant (1.3 = 1.6 nmol min~' mg protein~).
These data are consistent with those from succinate-
dependent oxygen respiration assays in intact cells (shown
in Fig. 3C). When succinate was provided as an electron
donor in an oxygen electrode, respiration rates of the mfrA
mutant were not significantly different to those of the
wild-type strain (P> 0.05), but neither the frdA mutant nor
the frdA mfrA double mutant respired succinate. All strains
respired formate at rates of > 300 nmol min~' mg protein~".
Taken together, the enzyme and oxygen uptake data show
that succinate respiration is dependent only on Frd and not
the Mfr complex.

Periplasmic localization of MfrA and MfrB subunits and
accumulation of unprocessed MIfrA in the cytoplasm of
an mfrE mutant

In order to confirm the cellular location of the Mfr enzyme
encoded by ¢j0437-0439 in C. jejuni NCTC 11168, we
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Fig. 3. Fumarate reductase and succinate dehydrogenase activities
in wild-type and mutant strains.

A. Fumarate reductase activities in intact wild-type and mutant
cells, which were grown to early stationary phase in BHI-FCS,
measured using reduced benzyl viologen as an artificial electron
donor.

B. Succinate dehydrogenase activities in cell-free extracts of
wild-type and mutant strains assayed using oxidized DCPIP as an
artificial electron acceptor.

C. Succinate-dependent oxygen respiration in wild-type and mutant
intact cells grown to early stationary phase in BHI-FCS. In all
cases, error bars represent the standard error of the mean of at
least three biological replicates. Statistical significance was
analysed by Student’s t-test.

fractionated cells to prepare periplasm as previously
described (Myers and Kelly, 2005; Atack et al., 2008)
using cells grown under standard microaerobic condi-
tions to stationary phase. As shown in Fig. 4A, periplas-
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Fig. 4. Periplasmic localization of MfrA/MfrB and mislocalization of MfrA in an mfrE mutant.
A. Fumarate reductase activity in wild-type and mutant periplasmic fractions. Benzyl viologen was utilized as an artificial electron donor.
B. Western blot analysis of wild-type, mfrA and mfrE mutant cell-free extracts (CFE) and periplasm with anti-MfrA antibody. Approximately

20 ug of protein was loaded in each lane.

C. Separation of wild-type periplasmic proteins by 2D-gel electrophoresis followed by mass spectroscopic identification of protein spots.
Mowse scores supporting the identification of MfrA isoforms were 203, 291, 169 and 344. Scores for identification of MfrB isoforms were 211

and 196. Mowse scores greater than 56 are significant (P < 0.05).

mic fractions of wild-type but not mfrA mutant cells
exhibited significant fumarate reductase activity, while
periplasm from frdA mutant cells retained about 20% of
the wild-type activity. As expected, periplasm prepared
from the frdA mfrA double mutant displayed no activity. It
is not clear why the Mfr-dependent activity in the frdA
mutant is lower than that of the wild-type, but this mutant
is very slow-growing. Western immunoblots using anti-
MfrA antibody prepared in rats showed that the MfrA
subunit was easily detectable in cell-free extracts of the
wild-type but not mfrA mutant (Fig. 4B). The antibody did
not cross-react with FrdA. In the corresponding periplas-
mic fractions, the same pattern was seen but the MfrA
band in the wild-type was weaker. Presumably, most of
the MfrA subunits are bound to the membrane via MfrB
and the membrane anchor MfrE, limiting the amount of
free MfrA in the periplasm detectable by blotting or activ-
ity measurements. Separation of wild-type periplasmic
proteins by 2D-gel electrophoresis (Fig. 4C), followed by
mass spectroscopic identification of protein spots after
tryptic digestion, identified both MfrA (4 isoforms) and
MfrB (2 isoforms) to be present, along with a number of

known marker proteins that have previously been estab-
lished by us to be located in the periplasm. These
include NapA (Pittman et al,, 2007) and the aspartate/
glutamate solute binding-protein PEB1a (Leon-Kempis
et al., 2006).

mfrE encodes the unusual membrane-associated elec-
tron transfer subunit that is unique to the E-type class of
SQORs. An mfrE insertion mutant was constructed and
tested for growth and production of MfrA by activity mea-
surements and immunoblotting. The mfrE mutant grew
normally microaerobically, but showed the same slight
growth defect under oxygen-limited conditions as the
mfrA mutant (Fig. 2D), which could be consistent with an
essential role of MfrE in electron transport through the
enzyme to MfrA. Interestingly however, imunoblotting with
anti-MfrA antibody showed a higher molecular mass form
of MfrA was present in total cell-extracts of the mfrE
mutant compared with the wild-type (Fig. 4B), but only a
faint band was present in the periplasm. This probably
represents a small amount of cytoplasmic contamination,
as essentially no viologen-dependent MfrA activity could
be detected in the mfrE mutant periplasm (Fig. 4A). These

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology
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Fig. 5. MfrA-dependent reduction of mesaconate and crotonate.
A. Assays of mesaconate and crotonate reductase activity in intact
wild-type and mfrA mutant cells, measured using reduced benzyl
viologen as an artificial electron donor.

B. Corresponding activities in cell-free extracts. In all cases, error
bars represent the standard error of the mean of three biological
replicates.

data and the ~3 kDa increased size of the MfrA protein in
the mfrE mutant suggests that the absence of MfrE
causes cytoplasmic accumulation of the unprocessed
form of MfrA, i.e. retaining its TAT signal sequence.

Mfr reduces the fumarate analogues mesaconate
and crotonate

Intact cells of the wild-type and mfrA mutant were tested
in the benzyl viologen assay for their ability to reduce a
range of unsaturated mono- and dicarboxylate analogues
of fumarate. In addition to fumarate, wild-type but not mfrA
mutant cells reduced mesaconate (2-methylfumarate)
and crotonate (2-butenoate). Glutaconate, cinnamate and
maleate were not reduced. The rates of mesaconate and
crotonate reduction were about 30-fold lower than fuma-
rate reduction at the same substrate concentrations
(Fig. 5A). Given the cytoplasmic location of the active site
of Frd, the observation that mfrA mutant cells were unable
to reduce these alternative substrates does not exclude
the possibility that they could be reduced by Frd, but are
unable to cross the cytoplasmic membrane. In order to
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test this, cells of the mfrA mutant were sonicated and
cell-free extracts assayed for reductase activity. As shown
in Fig. 5B, an increase in relative activity was noted in the
mutant versus wild-type extracts, but there remained a
significant difference in activities between wild-type and
mfrA cell-free extracts. The data suggest that although
Frd may be able to reduce mesaconate and crotonate to
some extent, these substrates are unlikely to be trans-
ported into the cell, and therefore in intact cells can only
be reduced by Mfr in the periplasm. This hypothesis was
further tested by 'H-NMR spectroscopy of supernatants
from cells of wild-type and mfrA mutants incubated with
fumarate or mesaconate under oxygen-limited conditions
and sampled at intervals (Fig. 6). As expected, fumarate
was reduced rapidly by wild-type cells and stoichiometric
amounts of succinate were produced, but the mfrA mutant
showed a clear reduction in the rate of fumarate
consumption and succinate production (Fig. 6A). In
agreement with the viologen activity assays, wild-type
cells reduced mesaconate more slowly than fumarate
but eventually accumulated the reduction product
2-methylsuccinate to a concentration stoichiometric with
the starting mesaconate concentration (Fig. 6B). Signifi-
cantly, over the time-course of the assay, no net mesa-
conate reduction or 2-methylsuccinate production could
be detected in the mfrA mutant supernatants (Fig. 6B),
confirming that mesaconate reduction in intact cells is
entirely due to the periplasmic Mfr enzyme.

mfrA is highly upregulated after an oxygen downshift in
chemostat culture

In many bacteria fumarate reductases are anaerobically
inducible enzymes due to their role in providing an
alternative electron transport pathway in the absence of
oxygen. The regulation of expression of the frdA and mfrA
genes with respect to oxygen was investigated by quan-
titative RT-PCR analysis before and after an oxygen
downshift, using cells maintained in steady-state under
carefully controlled continuous culture conditions in a
chemostat. The cells were grown at a dilution rate
(= growth rate) of 0.2 h™" in carbon (serine)-limited defined
media at an initial input gas composition of 10% v/v
oxygen/10% v/v carbon dioxide/80% v/v nitrogen (cell
density of 0.3 mg dry weight mI'; yield = 38 g cells mol™
serine). At time 0, the culture was made anaerobic by
switching the gas mixture to 0% v/v oxygen/10% v/v
carbon dioxide/90% v/v nitrogen. Cell samples were taken
prior to the shift and at timed intervals afterwards, and
processed for RNA extraction and RT-PCR analysis. The
results (Fig. 7A) reveal a dramatic increase in expression
of the mfrA gene upon anaerobiosis to > 200-fold
compared with preshift aerobic conditions. The frdA gene
was also anaerobically inducible, but to a much lesser
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Fig. 6. 'H-NMR analysis of (A) fumarate and (B) mesaconate
reduction in intact cells. An incubation mixture consisting of 20 ml
defined minimal media (Table S1) without serine but with 20 mM
sodium formate (electron donor) and either 5 mM fumarate (A) or
5 mM mesaconate (B) as electron acceptor was sparged with
oxygen-free nitrogen, incubated unshaken at 37°C in a sealed
vessel with minimal headspace and inoculated at time zero with an
equivalent cell mass (final cell density 2 mg dry weight ml-") of
either wild-type or mfrA mutant cells harvested from overnight
microaerobically grown cultures in MH-S media. At timed intervals,
samples (1 ml) were removed, centrifuged to remove cells, and the
supernatants frozen in liquid nitrogen for subsequent NMR analysis
to quantify substrate and product concentrations (see Experimental
procedures). Filled symbols; wild-type. Open symbols; mfrA mutant.
Circles show concentration of either fumarate (A) or mesaconate
(B) and squares show concentration of succinate (A) or
2-methylsuccinate (B).

maximal extent (c. sixfold). However, the absolute abun-
dance of the frdA mRNA was much higher than that of the
mifrA mRNA (Fig. 7B), reflecting the differences in activi-
ties seen in the enzyme assays described above. Cell
samples taken before and post shift were also assayed for
total fumarate reductase activity, which revealed a sixfold
increase after 2.5 h (Fig. 7C). In this experiment, no exog-
enous fumarate was present in the media, as we wanted
to specifically determine the effect of oxygen. However,
separate assays have shown that the presence or
absence of fumarate in growth media has a minimal effect
on the total fumarate reductase activity.

Discussion

The mutant growth data show that the Frd complex is
essential both for normal aerobic growth and also for
fumarate respiratory growth, while the Mfr complex is not
needed for growth with oxygen as terminal electron
acceptor but is necessary to allow maximal growth rates
to be achieved with fumarate as an electron acceptor
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Fig. 7. Upregulation of mfrA and frdA in wild-type C. jejuniin
response to a transition from microaerobic to anaerobic conditions
in chemostat culture. Quantitative RT-PCR was used to determine
the fold increase (A) and absolute concentration (B) of mfrA and
frdA cDNA in response to an aerobic to anaerobic transition in
defined media (serine-limited, no fumarate added) in a chemostat
at a dilution rate of 0.2 h™' (see Experimental procedures for
details). (C) Total fumarate reductase activity of intact cells after the
shift measured using reduced benzyl viologen as electron donor. In
all cases, error bars represent the standard error of the mean of
three biological replicates.
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under low oxygen conditions. An analysis of the abilities of
the mfrA and frdA mutants to reduce fumarate and oxidize
succinate confirmed that in C. jejuni, it is the Frd complex
and not the ‘Sdh’ complex, which is essential for succinate
oxidation, and therefore, functions as part of the TCA
cycle. This explains the marked growth defect of the frdA
mutant under microaerobic conditions. Thus, it appears
that in C. jejuni FrdABC is a bifunctional complex that
catalyses both fumarate reduction and succinate oxida-
tion in vivo. Although many SQORs are capable of catal-
ysing both fumarate reduction and succinate oxidation
(Cecchini etal., 2002; Hederstedt, 2002), they rarely
seem to function bidirectionally in vivo. However, Butler
and colleagues (2006) showed that Geobacter sulphurre-
ducens performs both functions with a single enzyme.
Supplying exogeneous fumarate to mutant strains of
G. sulphurreducens lacking this enzyme restored aerobic
growth because the bacterium uses the TCA cycle only for
anabolic purposes, while oxidizing iron for energy conser-
vation. Interestingly, fumarate was able to significantly
improve aerobic growth of the C. jejuni frdA mutant,
although it did not result in restoration of wild-type rates of
growth. This growth stimulation was independent of Mfr,
as the frdA mfrA double mutant showed the same pheno-
type as the frdA mutant. A catabolic pathway that converts
fumarate to pyruvate via malic enzyme and then to
acetate via the por, pta and ackA genes could be respon-
sible for the slow fumarate-dependent aerobic growth of
the frdA mutant. This pathway can generate up to one
mole ATP per mole of pyruvate (Kelly, 2008).

Unlike the situation reported in W. succinogenes by
Juhnke and colleagues (2009), viologen-linked fumarate
reductase activity due to catalysis by MfrA was detectable
in periplasmic extracts of C. jejuni, and immunoblot and
proteomic analysis of such extracts showed the presence
of MfrA and MfrB subunits. However, the MfrB subunit
does not contain a TAT sequence, so it is likely that it is
co-translocated along with MfrA by the ‘hitch-hiker’
mechanism that has been found in some other TAT sub-
strate enzyme complexes (Berks et al., 2005). Further-
more, an mfrE mutant accumulated unprocessed MfrA in
the cytoplasm, which would be consistent with MfrE being
essential for correct transport of MfrA through the TAT
system. Taken together, the data suggest an assembly
pathway for the holoenzyme in which the entire MfrABE
complex is formed in the cytoplasm, then recognized and
transported to the periplasm in a TAT-dependent manner
using only the MfrA twin-arginine sequence, followed by
association of the holoenzyme with the membrane via
MfrE.

The C. jejuni mfrABE operon is transcribed from a
single ¢’°-dependent promoter (Petersen et al., 2003),
which was located unexpectedly far upstream of the mfrA
start codon. Inspection of the mfrA 5° UTR sequence
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indicated that it contained an ORF putatively encoding a
small polypeptide of 60 amino acids, which contains
a single transmembrane domain. Initial annotation of
genome sequences often used a cut-off value of >100
amino acids for ORFs, and it has recently become appar-
ent that the intergenic regions in bacterial genomes can
contain many small ORFs encoding membrane proteins
(Hemm et al., 2008); this seems also to be the case
in C. jejuni. Homology searches with the polypeptide
encoded by the small ORF (tentatively named mfrX)
showed that it is conserved in all C. jejuni strains and in
C. doylei, but homologues are not present in other bacte-
rial genome sequences available. Whether the protein
encoded by the small ORF has any function in MfrABE
enzyme function or biogenesis is unclear, as we could find
no obvious phenotype for an mfrX mutant and the mutant
still produced MfrA. The 5 RACE experiments suggest
that there may be post-transcriptional processing of the
mifrX-mfrABE mRNA towards higher stability of a tran-
script containing only mfrABE, which may be required in
larger amounts than the polypeptide encoded by mfrX.

While the FrdABC complex clearly acts in both succi-
nate oxidation and in fumarate reduction, the physiologi-
cal role of the MfrABE complex as an additional fumarate
reductase and the rationale for a periplasmic location
was not immediately obvious. The reduction of fumarate
in the periplasm means that the Mfr enzyme is non-
electrogenic, but it is now clear that the Frd enzyme
in epsilon-proteobacteria also operates in a non-
electrogenic manner due to the un-coupling ‘E-pathway’
(Lancaster et al., 2005), and thus (with fumarate as sub-
strate) there appears to be no difference in the overall
energetics of the two complexes. We found, however,
that Mfr does contribute to fithess under fumarate-
dependent growth conditions, as evidenced by the slight
oxygen-limited growth defect of the mfrA and mfrE
mutants and slower fumarate reduction kinetics in the
absence of MfrA (Fig. 6A), although its activity in the frdA
mutant background appears insufficient alone to support
any significant growth. Possibly, the periplasmic Mfr
allows more rapid adaptation to fumarate-dependent
growth, as coupled fumarate transport and succinate
efflux through the DcuA and DcuB systems is required,
before fumarate reduction can be catalysed by Frd
(Fig. 8). The gene expression studies described above
clearly show that the mfr genes are very highly upregu-
lated by oxygen limitation, which would be consistent
with such a role. In addition, previous studies have
revealed that these genes are upregulated 15- to 30-fold
in bacteria growing in the caeca of 1-day-old chicks com-
pared with broth grown controls (Woodall et al., 2005),
suggesting a role in vivo.

We also considered the possibility that the Mfr enzyme
uses alternative substrates in addition to fumarate, which
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Fig. 8. A model for the operation of FrdABC and MfrABE in C. jejuni. The left hand side of the figure shows the role of the bifunctional
FrdABC complex under microaerobic conditions. FrdABC acts as a TCA cycle enzyme converting succinate to fumarate and donating
electrons to the menaquinone (MK) pool. Under oxygen-limited conditions (right hand side of diagram) the FrdABC complex acts as a
fumarate reductase, accepting electrons from the MKH pool. This is an electroneutral process due to the translocation of protons by the
‘E-pathway’ (Lancaster et al., 2005). As the MfrABE complex is periplasmic, substrate reduction coupled to quinol oxidation will also be
electroneutral. MfrABE is likely to be translocated as a preformed complex to the periplasm via the TAT system and acts as a
methylmenaquinol (MMKH,) dependent C4-mono/di-carboxylic acid reductase with a preference for fumarate. It is also able to reduce
mesaconate and crotonate, substrates that cannot easily cross the cytoplasmic membrane. Numbers within boxes in the FrdB and MfrB
subunits refer to differences in the iron—sulfur centres in these proteins, either 2Fe-2S [2], 3Fe-4S [3] or 4Fe-4S [4] (see Lemos et al., 2002).

might be consistent with the observation (Lemos
etal., 2002) that a normally highly conserved residue
at the subunit A dicarboxylate binding site, Phe141,
is changed to Met in C. jejuni and to Ala in W. succino-
genes. The C4-dicarboxylate mesaconate and the
C4-monocarboxylate crotonate were clearly identified as
alternative substrates. Mesaconate is an intermediate
in glutamate fermentation via the 3-methylaspartate
pathway in various common gut anaerobes such as
Clostridium, Fusobacterium and Eubacterium species
(Buckel, 2001). Crotonate is also an intermediate in
anaerobic substrate transformations that is known to be
utilized by a range of anaerobic bacteria (Bader et al.,
1980). These substrates are thus potentially available to
C. jejuniin the avian caecum or mammalian intestine as a
result of the activity of anaerobic commensals with which
C. jejuni shares its niche. Interestingly, our data suggest
that although Frd can reduce mesaconate and crotonate
to some extent, these electron acceptors do not appear to
be transported across the cytoplasmic membrane of
C. jejuni, providing a further rationale for the periplasmic
location of a reductase able to reduce such compounds.
In addition, although the midpoint redox potentials of the
fumarate/succinate and mesaconate/methylsuccinate
couples are likely to be very similar (about +30 mV), that
of the crotonate/butyrate couple can be calculated to be

—24 mV, using the AG® value of —75 kJ mol" for crotonate
reduction given in Thauer and colleagues (1977). This is
only about 50 mV higher than the MK/MKH. couple
(=75 mV), but 100 mV higher than the mMK/mMKH,
couple (-124 mV). Therefore, there may well be some
kinetic advantage in having a greater driving force for
crotonate reduction by mMKH, than by MKH.. Our data
also do not exclude the possibility that Mfr can use addi-
tional substrates with redox potentials approaching or
even below that of the MK/MKH, couple, in which case
only reduction by mMKH, would be thermodynamically
favourable.

During preparation of this manuscript, a study on
the C. jejuni Frd enzyme was published (Weingarten
etal., 2009). These authors independently noticed the
microaerobic growth defect of an frdA mutant and the role
of Frd as a succinate dehydrogenase, but did not test
growth under oxygen-limited conditions. Although their
frdA mutant colonized chickens slightly less well than the
wild-type, given its large growth defect these results are
difficult to interpret. Interestingly, an mfrA mutant did not
have a chicken colonization defect (Weingarten et al.,
2009). However, in view of our data, it would be worth-
while to test the colonization of an frdA mfrA double
mutant, as this will not have any alternative fumarate
reductase pathway.

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



A model of the function and organization of the Frd and
Mfr complexes of C. jejuni, based on the work described
here and our previous work (Guccione et al., 2008), is
shown in Fig. 8. This model shows the dual functionality of
the cytoplasmic facing Frd enzyme, which acts as a suc-
cinate dehydrogenase under conditions of adequate aera-
tion but is also responsible for the majority of fumarate
reduction in cells that are oxygen-limited. The periplasmic
facing Mfr complex is highly inducible under low-oxygen
conditions and acts as an additional fumarate reductase
that may allow more rapid adaptation to fumarate respi-
ration, but may also have a role in the reduction of alter-
native substrates such as mesaconate and crotonate,
which are unable to be transported across the cytoplas-
mic membrane. Our data add to an emerging picture of a
surprising complexity in periplasmic electron transfer
reactions in C. jejuni (Kelly, 2008), many of which appear
to be crucial to growth in the host, for example gluconate
oxidation (Pajaniappan et al., 2008), nitrate and nitrite
reduction (Pittman et al., 2007; Weingarten et al., 2008),
and hydrogen and formate oxidation (Weerakoon et al.,
2009).

Experimental procedures
Bacterial strains, media and batch culture conditions

Campylobacter jejuni strain NCTC 11168 was routinely grown
at 37°C under microaerobic conditions [10% (v/v) O, 5%
(v/v) CO, and 85% (v/v) N3] in a MACS-VA500 incubator (Don
Whitley Scientific, UK) on Columbia agar (CA) containing 5%
(v/v) lysed horse blood and 10 ug ml~" each of amphotericin B
and vancomycin. To select C. jejuni mutants, kanamycin (Km)
or chloramphenicol (Cm) was also added, to a final concen-
tration of 30 ug mi~". Liquid cultures of C. jejuni for growth
curves were grown in Mduller-Hinton (MH), or brain—heart
infusion (BHI) broth supplemented with 5% (v/v) foetal calf
serum (BHI-FCS), and appropriate antibiotics at 37°C, under
(i) standard microaerobic conditions (gas concentrations as
above) with 50 ml of medium contained in 250 ml conical
flasks, mixed by continuous orbital shaking at 120 r.p.m., or
(i) oxygen-limited conditions, where the gas atmosphere was
as in (i) but where the diffusion of oxygen was severely
restricted by using 500 ml medium contained in a 500 ml
conical flask as described previously (Sellars et al., 2002).
Fumarate was added to the media from filter-sterilized stock
solutions to a final concentration of 20-40 mM. Growth
curves shown are representative of single experiments, but
all growth experiments were repeated several times with
similar results. Media for all growth experiments was pre-
incubated in a microaerobic gas-atmosphere for 24 h at 37°C
before inoculation with a microaerobically grown BHI-FCS
starter culture. Growth was monitored by measuring optical
density at 600 nm in an Ultrospec 2000 spectrophotometer
(Amersham Pharmacia Biotech, UK). Escherichia coli DH5c
(Stratagene, UK) and Origami™ B(DE3) (Novagen, UK)
strains were cultured in Luria—Bertani (LB) medium supple-
mented with appropriate antibiotics at 37°C.
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Continuous chemostat culture

Campylobacter jejuni NCTC 11168 cells were grown in a
carbon (serine)-limited chemostat (Infors HT Labfors 3 moni-
tored and controlled using Infors Iris 5 software; Infors, Swit-
zerland) in a specially designed defined medium based on
MEM-o. medium (see Table S1) initially under microaerobic
conditions (input gas composition: 10% v/v oxygen, 10%
carbon dioxide and 80% nitrogen) at 37°C. The culture
volume was 885 ml, the gas sparging rate was 0.5 | min~" with
a stirring rate of 350 r.p.m and the pH was maintained at
7 + 0.1 with automatic addition of 1 M NaOH or H,SO,. Dis-
solved oxygen was measured using a Broadley James D100
probe. After inoculation, cells were initially grown as a batch
culture for 6 h, reaching an ODgy of ~0.6; at this point fresh
media were fed into the vessel at a dilution rate of 0.2 h™,
until steady state was reached, defined by a stable cell
density for >5 vessel volumes of fresh media supplied to the
chemostat. Samples were taken from the chemostat in
steady state, then the gas mixture changed to 10% CO./90%
N., and further samples taken at 1, 5, 15, 30, 60 and 150 min
after anerobiosis was imposed. The changes in expression of
frdA and mfrA in these samples were measured using SYBR
green quantitative RT-PCR (qRT-PCR) as described below.

DNA isolation and manipulation

Plasmid DNA was isolated using Qiagen Miniprep kits
(Qiagen, UK). Campylobacter jejuni genomic DNA was
extracted using a MicroLysis kit (Web Scientific, UK). Stan-
dard techniques were employed for the cloning, transforma-
tion, preparation and restriction analysis of plasmid DNA from
E. coli (Sambrook et al., 1989).

Overexpression and purification of MfrA

PCR primers mfrAOE-F and mfrAOE-R (Table S2) were
designed to amplify the entire coding region of Cj0437 for
cloning into pET21a (Merck Chemicals, UK) under the control
of the isopropyl-f3-D-thiogalactopyranoside (IPTG) inducible
T7 promoter. The gene was amplified from C. jejuni NCTC
11168 chromosomal DNA using Accuzyme DNA polymerase
(Bioline, UK). The PCR product was cloned into the EcoRlI
site of pGEM®3Zf(-) (Promega, UK), excised with a Ndel-
Xhol digest, then directionally cloned into similarly restricted
pET21a. Automated DNA sequencing (MRC Centre for
Developmental and Biomedical Genetics, Sheffield, UK)
showed that the sequence of the cloned gene was correct.
Plasmids were transformed into E. coli Origami™ B(DES3)
(Novagen, UK), which was grown aerobically at 37°C in LB
medium containing carbenicillin (50 ug mi™") and riboflavin
(5 mg ml™"). At an ODgy of 0.6, 1 mM IPTG was added, and
the induced cells were grown for 24 h at 25°C before har-
vesting by centrifugation (8000 g, 10 min, 4°C). Cell pellets
containing overexpressed protein were disrupted by sonica-
tion with a MSE Soniprep 150 (Sanyo, UK) using 3x20 s
bursts of ultrasound (amplitude ~16 microns peak to peak)
with 30 s intervals between bursts and the soluble fraction
isolated as the supernatant after centrifugation (16 000 g,
15 min, 4°C). FAD was added at this step to a final concen-
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tration of 500 uM along with a protease inhibitor cocktail
(Sigma, UK; 0.5 ml g' of cell paste). Cell extracts were frac-
tionated on a HisTrap FF crude 1 ml column (GE Healthcare,
UK) by affinity chromatography. Protein was bound to the
column in 50 mM Tris-HCI buffer pH 8.0 containing 0.5 M
NaCl and eluted from the resin by a linear gradient from 0 to
250 mM imidazole in the same buffer. Fractions were pooled
and adjusted to 1.5 M ammonium sulfate and further fraction-
ated by hydrophobic interaction chromatography usinga 1 mi
Resource™ [SO column (GE Healthcare, UK). Elution was
achieved by a salt gradient of 1 to 0 M ammonium sulfate.
Protein was concentrated as desired using a VivaSpin
column with a 30 000 molecular weight cut off (VivaScience,
UK) and ammonium sulfate was removed using a diafiltration
cup or dialysis. The MfrA protein was judged to be pure by
Coomassie blue staining on overloaded SDS-PAGE gels.

Construction and complementation of C. jejuni mutants

The frdA gene (1992 bp) was amplified using the frdAM-F
and frdAM-R primers (Table S2) creating a 2047 bp product
that was inserted at the Xbal and Sphl sites of pPGEM3ZF
(Promega, UK) to create pEJG8. A non-polar chlorampheni-
col acetyl-transferase (caf) cassette derived from Campylo-
bacter coli (contained in plasmid pAV35; van Vliet et al.,
1998) was inserted at a unique EcoRYV site in the frdA coding
region in the same transcriptional orientation to create
pEJGY. For mutagenesis of mfrA, the coding region was
amplified by PCR using the primers mfrAM-F and mfrAM-R
(Table S2) to give a 1.9 kb PCR product that was inserted at
the Xbal and Sphl sites of pGEM3ZF. The resulting plasmid
(PEJG10) was linearized with EcoRV, which cuts uniquely
within the mfrA gene, and, the cat cassette from pAV35
inserted as above, creating the 6 kb pEJG11 plasmid. In
order to construct a double mfrA frdA mutant, a further
plasmid (pEJG12) was made by inserting the non-polar
aphAlll (kan) gene from C. coli (Wang and Taylor, 1990; van
Vliet et al., 1998), encoding kanamycin resistance, into the
EcoRV site of pEJG10. The mfrE gene and flanking upstream
sequence was amplified using primers mfrEM-F and
mfrEM-R (Table S2) to generate a 1258 bp product that was
inserted into the Xbal and BamHI sites of pET-9a (Merck
Chemicals, UK), creating plasmid pAH439a. The non-polar
cat cassette from pAV35 was inserted as above at a unique
Scal site in the mfrE coding region to create the construct
pAH439b. Transformation of C. jejuni NCTC 11168 with plas-
mids pEJG9, pEJG11 and pAH439b was carried out by elec-
troporation, and transformants were selected on CA plates
supplemented with chloramphenicol at a final concentration
of 30 ug mI~'. A double frdA mfrA mutant was constructed by
electrotransformation of the frdA::cat mutant with pEJG12
and selection on CA plates with both kanamycin and chloram-
phenicol. Putative transformant colonies were re-streaked
onto CA plates and correct insertion of the antibiotic resis-
tance cassettes into the target genes was verified by extrac-
tion of chromosomal DNA by the MicroLYSIS kit (Web
Scientific, UK) according to manufacturer’s instructions. PCR
using the gene-specific primers listed above confirmed allelic
exchange by double cross-over, as demonstrated by an
increase in amplicon size of approximately 0.9 or 1.4 kb
for the chloramphenicol or kanamycin cassette insertions

respectively. For complementation of frdA and mfrA mutants,
primers frdACOMP-F and frdACOMP-R, and mfrACOMP-F
and mfrACOMP-R (Table S2), were used to amplify the wild-
type NCTC 11168 genes, which were cloned into the Xbal site
of plasmid pRRK (Karlyshev and Wren, 2005), such that
transcription was driven by the promoter of the kanamycin
resistance gene. The plasmids were electrotransformed into
mutant strains with selection on CA plates plus kanamycin.

For construction of an mfrX mutant, primers mfrX5-F and
mfrX5-R (Table S2) were used to PCR amplify 12 bp of the 5
end of mfrX plus 430 bp of upstream DNA (fragment A). The
reverse primer included a linker region with a BamH]I restric-
tion site. Primers mfrX3-F and mfrX3-R (Table S2) were used
to amplify 140 bp of the 3’ end of mfrX plus 304 bp of down-
stream DNA (fragment B). The forward primer contained a
linker complementary to that used in the amplification of
fragment A. A second PCR, using both fragments A and B as
template with primers mfrX5-F and mfrX3-R, resulted in a
single amplicon, in which 31 bp of mfrX were replaced with a
linker containing a BamHI restriction site. This amplicon was
cloned into pGEM®-T Easy (Promega, UK), the resulting
plasmid cut with BamHI and the C. coli aphAlll (kan) cassette
(Wang and Taylor, 1990; van Vliet et al., 1998) inserted. The
resulting plasmid (pNC032) contained the kanamycin cas-
sette in the same orientation as the interrupted mfrX gene.
Plasmid pNC032 was introduced into C. jejuni NCTC11168
via electroporation and transformants selected as above.
Potential mfrX mutants were confirmed by PCR using flank-
ing primers mfrX-F and mfrX-R (Table S2).

Reverse transcriptase-PCR analysis

For analysis of cj0411 expression in the frdA mutant and for
the analysis of expression of frdA and mfrA in chemostat
culture in response to anaerobiosis, the extraction of RNA,
cDNA synthesis and gRT-PCR experiments followed the
general methods previously described in Guccione and col-
leagues (2008). Culture samples were harvested directly into
a mix of 62.5 ul prechilled phenol made up in 1.2 ml of 100%
ethanol, to stabilize the RNA. Samples were then centrifuged
(8000 g for 4 min, 4°C). Total RNA was purified from cell
pellets using an RNeasy Mini kit (Qiagen, UK) as recom-
mended by the suppliers. The RNA concentration and purity
were determined using a Beckman DU 650 spectrophotom-
eter. cDNA was synthesized using 4 ug of DNase treated
RNA as described previously (Guccione et al., 2008). Gene-
specific primers (see supporting information in Table S2)
were designed to amplify 50—150 nucleotide fragments of the
target genes and the gyrA gene as an internal control, using
PRIMER 3 software (Untergasser et al., 2007). Reactions
(15 ul) contained 7.5 pl Quantace sensimix buffer (Bioline,
UK), 0.3 ul SYBR green solution (Bioline), 0.2 uM of each of
the two primers for each gene and 3 ul cDNA in a MX3005P
thermal cycler (Stratagene, UK). The thermal cycling condi-
tions were as follows: 95°C for 10 min; 35 cycles of 95°C for
15, 61°C for 30 s. A standard curve was established for
each gene studied using genomic DNA and the data analy-
sed as previously described in Guccione and colleagues
(2008), with target gene expression normalized to gyrA
expression. No-template reactions were included as negative
controls.
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5 RACE

The transcription start site of the mf{X)ABE operon was
determined using 5" RACE as described previously (Wagner
and Vogel, 2005). Briefly, 12 ug of RNA isolated from a mid
log phase culture of C. jejuni NCTC 11168 using the RNeasy
kit (Qiagen, UK) was treated with tobacco acid pyrophos-
phatase (TAP) and RNA oligonucleotide adaptor A3
(Table S2) was ligated to the 5” end of the treated RNA. TAP
cleaves the 5’-triphosphate of primary transcripts to a mono-
phosphate, thus making them available for ligation of the
RNA adaptor. This results in an enrichment of 5’-RACE prod-
ucts for primary transcripts in TAP-treated RNA, in compari-
son with an untreated control. First strand cDNA synthesis
was performed using gene-specific primers [mfrX5’'RACE1
or mfrA5’'RACE1 (Table S2)] followed by PCR amplification
with nested gene-specific primers [mfrX5’RACE2 or
mfrA5’'RACE2 (Table S2)] and 5’-Adaptor-specific DNA
primer B6. (Table S2). The resulting PCR products were
cloned into the pGEM-T..s, cloning vector (Promega, UK) and
the nucleotide sequence of the inserts was determined using
standard protocols.

Succinate-dependent oxygen uptake rates

Succinate oxidation was determined by measuring the
change in dissolved oxygen concentration of cell suspen-
sions in a Clark-type oxygen electrode, linked to a chart
recorder and calibrated using air saturated 25 mM phosphate
buffer (pH 7.5) (219 nmol dissolved O, mI™" at 37°C). Cells
were grown under microaerobic conditions in 200 ml BHI-
FCS or MH overnight, and harvested by centrifugation at
10 000 g for 15 min at 4°C. The pellet obtained was then
resuspended in 25 mM phosphate buffer (pH 7.5). A zero
oxygen baseline was determined by the addition of sodium
dithionite. The cell suspension was maintained at 37°C and
stirred at a constant rate. Sodium succinate was added to a
final concentration of 5 mM, by injection through a fine central
pore in the airtight plug. Rates were expressed as nmol O,
utilized min™" mg protein'.

Enzyme assays

All assays were performed at 37°C using a Shimadzu
UV-2401PC spectrophotometer.

The 2,6-dichlorophenolindophenol (DCPIP) linked succi-
nate dehydrogenase assays were performed aerobically in a
1 ml reaction mixture containing 20 MM potassium phos-
phate buffer pH 7.2, 2 mM KCN, 0.01 mM DCPIP, 4 mM
phenazine methosulfate and an appropriate volume of
C. jejuni cell-free extract. The reaction was started with 1 mM
sodium succinate and the reduction of the DCPIP dye was
followed at 600 nm. Any endogenous background rate was
determined before the addition of succinate. Specific activi-
ties were calculated using an extinction coefficient for DCPIP
of 21 mM~' cm™ at 600 nm. Benzyl viologen-linked fumarate
reductase assays were carried out with intact cells or peri-
plasmic extracts (see below) in a 1 ml assay mixture con-
tained in a screw top glass cuvette with a silicone seal. All
buffers and solutions were made anaerobic by sparging with
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oxygen-free nitrogen. The final assay mixture contained
25 mM sodium phosphate buffer pH 7, 1 mM benzyl viologen
and 5 mM sodium fumarate. After addition of cells or extract
to the sparged buffer plus viologen mixture alone, aliquots of
freshly prepared sodium dithionite solution were injected into
the cuvette until a steady absorbance at 578 nm was
achieved. The assay was initiated by the injection of an
anaerobic solution of sodium fumarate. Activities with the
fumarate analogues mesaconate and crotonate were mea-
sured using the same assay. Specific activities for all sub-
strates were calculated using an extinction coefficient for
benzyl viologen of 8.6 mM~' cm™" at 578 nm.

'H nuclear magnetic resonance spectroscopy

Samples (1 ml) from cell suspensions incubated with 5 mM
fumarate or mesaconate were centrifuged to remove cells
(13800 g, 5min) and the supernatants used directly for
nuclear magnetic resonance (NMR) analysis. 'H-NMR was
carried out using a Bruker DRX500 spectrometer operating
at 500 MHz, as described by Leon-Kempis and colleagues
(2006). Spectra were acquired into 4096 complex points
over a spectral width of 12.5 kHz and the solvent (H.O)
signal reduced by presaturation for 2 s. Samples (0.45 ml
supernatant plus 0.05 ml of D,O) were run in 5-mme-in-
diameter tubes at 25°C. Chemical shifts and concentrations
were established by reference to 1 mM trimethylsilylpropi-
onate (TSP; 0 p.p.m) added to all samples. For quantifica-
tion of peak area, integration was performed using FELIX
(Accelrys, San Diego, CA), and the following signals were
used: fumarate, 6.49-6.55 p.p.m.; succinate, 2.35-2.45
p.p-m.; 2-methylfumarate (mesaconate) 1.86—1.96 p.p.m.;
2-methylsuccinate 1.06—1.13 p.p.m.

Preparation of periplasmic extracts

For 2D-gel proteomic analysis, the osmotic shock method
of Myers and Kelly (2005) was used. Cells were grown
microaerobically at 37°C in 200 ml BHI-FCS broth overnight.
The cell suspension was centrifuged (15 000 g, 20 min at
4°C) and the resulting pellet was resuspended in 10 ml of
20% (w/v) sucrose, 30 mM Tris-HCI pH 8 at room tempera-
ture. EDTA was added to a final concentration of 1 mM and
the suspension was poured into a 100 ml conical flask and
stirred at 180 r.p.m. in a 25°C constant temperature room for
10 min. The suspension was the centrifuged (10 000 g,
10 min at 4°C) and the pellet was resuspended in ice-cold
10 mM Tris-HCI pH 8 to a volume of 10 ml and stirred at
180 r.p.m. in a 4°C constant temperature room for 10 min.
The suspension was then centrifuged again (18 000 g,
15 min at 4°C) and the supernatant collected as the peri-
plasmic fraction. For detection of periplasmic fumarate
reductase activity and Western blotting, C. jejuni periplasm
was isolated by the more rapid polymyxin-B treatment
of whole cells, as described previously (Sommerlad and
Hendrixson, 2007; Atack et al., 2008). Contamination of the
periplasm by cytoplasmic proteins was assayed using
cytochrome c¢ content as the periplasmic marker and isoci-
trate dehydrogenase (ICDH) activity as the cytoplasmic
marker, using the assays described by Myers and Kelly

© 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



14 E. Guccione et al.

(2005). These assays showed that with both methods the
cytoplasmic fraction routinely contained < 5% of the total
cytochrome c content, while the periplasm contained < 10%
of the total ICDH activity.

SDS-PAGE and immunoblotting

Proteins were separated by SDS-PAGE using the Mini-
PROTEAN 3 apparatus (BIO-RAD, California, USA) on 10%
(w/v) acrylamide gels. Transfer of proteins was carried out
using a Mini Trans-Blot Cell (BIO-RAD). The gel-blot sand-
wich was constructed according to manufacturer’s instruc-
tions and the proteins transferred to a nitrocellulose
membrane (Hybond-C Extra, Amersham Biosciences) at a
constant voltage of 100 V for 90 min at 4°C. All immuno-
detection steps were carried out at room temperature with
constant agitation. TBS-T (25 mM Tris-HCI pH 7.4, 130 mM
NaCl, 0.1% Tween 20) was used as both a base for blocking
agent (5% dried skimmed-milk powder dissolved in TBS-T)
and for washing. Primary polyclonal antibodies to MfrA were
raised in rats from protein purified as above, and produced by
Dr Simon Smith, BioServ UK, University of Sheffield. Crude
serum was diluted in blocking agent (1:2000) and applied to
the membrane. Membranes were reacted for approximately
1 h and washed in TBS-T before the secondary antibody
(peroxidase-linked Anti-Rat IgG, Sigma UK) was diluted
(1:2000) and applied to the membrane. Antibody binding
was visualized by means of enhanced chemi-luminescence
(ECL Kit, GE Healthcare, UK), according to manufacturer’s
instructions.

2D-gel electrophoresis and proteomics

Methods for the analysis of C. jejuni proteins on 2D-gels
closely followed those described in Holmes and colleagues
(2005) and Leon-Kempis and colleagues (2006). For the
first dimension, 200 g total sample protein was mixed with
IPG rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS,
18 mM dithiothreitol (DTT), bromophenol blue and 2% pH
3-10 NL non-linear IPG buffer; final volume 370 pl) before
loading onto 18cm pH 3-10NL Immobiline DryStrips
(Amersham Biosciences, UK). Following overnight rehydra-
tion, IEF was performed for 80 kVh at 20°C over 24 h using
the pHaser system (Genomic Solutions, UK). The focussed
strips were treated as described previously (Leon-Kempis
etal., 2006). Second dimension 10% duracryl gels
(28 x23 cm, 1 mm thick) were prepared for use in the
Investigator 2nd Dimension Running System (Genomic
Solutions, UK), with electrophoresis at 500 V or 20 W per
gel. Proteins were stained by Sypro-Ruby (Bio-Rad, UK)
and the gels imaged using the Pharos FX+ Molecular
Imager with Quantity One imaging software (Bio-Rad, UK).
Protein spots were excised from the gel using the ProPick
excision robot (Genomic Solutions, UK) and in-gel tryptic
digestion performed as described by Holmes and col-
leagues (2005). Tryptic digests were analysed using a
Reflex 1l MALDI-TOF instrument (Bruker, UK). Proteins
were identified by the Protein Mass Fingerprint technique
using the MASCOT search tool (Matrix Science; http://
matrixscience.com).
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