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Differential Membrane Proteome Analysis
Reveals Novel Proteins Involved in the
Degradation of Aromatic Compounds in
Geobacter metallireducens*s

Dimitri Heintzt§, Sébastien Gallien§Y], Simon Wischgoll, Anja Kerstin Ullmann**,
Christine Schaefferq], Antje Karen Kretzschmar**, Alain van Dorsselaerq],

and Matthias Boll|+$

Aromatic compounds comprise a large class of natural
and man-made compounds, many of which are of consid-
erable concern for the environment and human health. In
aromatic compound-degrading anaerobic bacteria the
central intermediate of aromatic catabolism, benzoyl co-
enzyme A, is attacked by dearomatizing benzoyl-CoA re-
ductases (BCRs). An ATP-dependent BCR has been char-
acterized in facultative anaerobes. In contrast, a previous
analysis of the soluble proteome from the obligately an-
aerobic model organism Geobacter metallireducens iden-
tified genes putatively coding for a completely different
dearomatizing BCR. The corresponding BamBCDEFGHI
complex is predicted to comprise soluble molybdenum or
tungsten, selenocysteine, and FeS cluster-containing
components. To elucidate key processes involved in the
degradation of aromatic compounds in obligately anaer-
obic bacteria, differential membrane protein abundance
levels from G. metallireducens grown on benzoate and
acetate were determined by the MS-based spectral
counting approach. A total of 931 proteins were identified
by combining one-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis with liquid chroma-
tography-tandem mass spectrometry. Several mem-
brane-associated proteins involved in the degradation of
aromatic compounds were newly identified including pro-
teins with similarities to modules of NiFe/heme b-contain-
ing and energy-converting hydrogenases, cytochrome bd
oxidases, dissimilatory nitrate reductases, and a tung-
state ATP-binding cassette transporter system. The tran-
scriptional regulation of differentially expressed genes
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was analyzed by quantitative reverse transcription-PCR;
in addition benzoate-induced in vitro activities of hydro-
genase and nitrate reductase were determined. The re-
sults obtained provide novel insights into the poorly
understood degradation of aromatic compounds in ob-
ligately anaerobic bacteria. Molecular & Cellular Pro-
teomics 8:2159-2169, 20009.

Aromatic compounds comprise the second most abundant
class of natural compounds that can be fully degraded to CO,
by aerobic and anaerobic microorganisms. In aerobic bacteria
and fungi the key reactions involved in the degradation path-
ways of low molecular weight aromatic growth substrates are
catalyzed by oxygenases that have been extensively studied
in the past 50 years. In contrast, anaerobic microorganisms
use a completely different enzyme inventory for the activation
of chemically inert side chains or the dearomatization and
cleavage of the aromatic ring. In the past 10-15 years, initial
insights into the function of novel enzyme reactions involved
in the catabolism of aromatic growth substrates in facultative
anaerobes have been obtained (for recent reviews, see Refs.
1-4). In contrast, much less is known about the catabolism of
aromatic compounds in obligate anaerobes such as Fe(lll)-
reducing, sulfate-reducing, or fermenting bacteria.

Benzoyl coenzyme A is a key intermediate in the anaerobic
degradation of aromatic compounds in both facultative and
obligate anaerobes. It serves as substrate for dearomatizing
benzoyl-CoA reductases (BCRs)' that dearomatize the aro-
matic ring by two-electron reduction yielding cyclohexa-1,5-
diene-1-carboxyl-CoA (Fig. 1 and Refs. 5-7). A BCR enzyme
has so far only been isolated and studied in the denitrifying,
facultatively anaerobic Thauera aromatica (8). The extremely
oxygen-sensitive enzyme has an «fyé composition and har-
bors three [4Fe-4S]'*/2* clusters (9). It couples the mecha-

" The abbreviations used are: BCR, benzoyl-CoA reductase; ABC,
ATP-binding cassette; 2D, two-dimensional; 1D, one-dimensional;
ETF, electron-transferring flavoprotein; gPCR, quantitative PCR;
Bam, benzoic acid metabolism.
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FiG. 1. Gene products involved in the benzoyl-CoA degradation
pathway in facultative and obligate anaerobes. Abbreviations for
enzymes from facultative anaerobes are: Bcr, benzoyl-CoA reductase
(ATP-dependent); Dch, dienoyl-CoA hydratase; Had, 6-hydroxycy-
cloxenoyl-CoA dehydrogenase; Oah, 2-oxocyclohexonyl-CoA hydro-
lase. The abbreviation for an enzyme from obligate anaerobes is:
Bam, benzoic acid metabolism. Additional abbreviations are: Adh,
alcohol dehydrogenase (3-OH-acyl-CoA dehydrogenase); Ech, enoyl-
CoA hydratase; Acd, acyl-CoA dehydrogenase; Thi, thiolase; EtfAB,
electron-transferring flavoprotein subunits A and B; Oxr, oxidoreduc-
tase homologous to membrane-bound heterodisulfide reductases.

nistically difficult reduction of the aromatic ring to a stoichio-
metric ATP hydrolysis (10). The coupling of electron transfer to
an exergonic reaction is suggested to be essential to over-
come the high redox barrier for electron transfer to the aro-
matic ring. Initial evidence for a mechanism comprising single
electron transfer and protonation steps according to the Birch
reduction in chemical synthesis has been obtained (11, 12).
The further conversion of the dienoyl-CoA product proceeds
by enzymes of the so-called benzoyl-CoA degradation path-
way yielding the CoA ester of an aliphatic dicarboxylic acid
(usually 3-hydroxypimelyl-CoA), which is then further con-
verted to three acetyl-CoA and CO, by p-oxidation and a
decarboxylating glutaryl-CoA dehydrogenase (Fig. 1). No ho-
mologues of ATP-dependent BCR enzymes are present in
genomes of aromatic compound-degrading, obligately anaer-
obic Geobacter species or Syntrophus aciditrophicus (13, 14).

A previous analysis of the benzoate-induced soluble pro-
teome of the Fe(lll)-respiring Geobacter metallireducens sep-
arated by 2D gel electrophoresis revealed two benzoate-in-
duced gene clusters (IA/B and Il with one IA and IB separated
by a transposon element (14)). They comprise genes coding
for enzymes of the benzoyl-CoA degradation pathway (bam
(benzoic acid metabolism) genes, clusters IA and Il) and B-ox-
idation reactions (cluster IB). Heterologous expression and
characterization of BamY (14), BamR (15), and BamA (16)
from several strict anaerobes suggested that the benzoyl-CoA
degradation pathways are identical in both facultative and
obligate anaerobes (Fig. 1). However, a putative protein com-
plex consisting of eight soluble protein components, Bam-

BCDEFGHI (BamB-l), was suggested to replace the ATP-de-
pendent BCR from facultative anaerobes. This assumption
was supported by the finding that the genes coding for similar
BamB-I complexes are only present in the genomes of obli-
gately anaerobic bacteria that use aromatic growth substrates
(18, 14). The individual proteins of the BamB-I complex show
similarities to soluble components of NADH:quinone oxi-
doreductases (BamGHI), electron-transferring components of
hydrogenases (BamC and selenocysteine-containing BamF),
soluble heterodisulfide reductases (BamDE), and to molybde-
num or tungsten-containing aldehyde:ferredoxin oxidoreduc-
tase-like proteins (BamB). In accordance, growth of G. met-
allireducens on benzoate depended on molybdenum/
tungsten and selenium, which confirmed the essential role of
the BamB-| complex in anaerobic aromatic metabolism of G.
metallireducens (14).2 BamB was considered as the active
site-containing component, whereas the BamC-l compo-
nents were suggested to be involved in electron transfer from
an unknown donor to BamB. No ATP-binding motif was found
in the BamB-| complex, suggesting that electron transfer to
benzoyl-CoA may be independent of ATP hydrolysis. Thus,
the presence of additional, so far unknown membrane protein
components putatively involved in energy conversion pro-
cesses was hypothesized (14).

To obtain a more complete picture of the processes and
protein components involved in the aromatic metabolism of
obligately anaerobic bacteria, the membrane proteome of the
model organism G. metallireducens grown on benzoate and
acetate was analyzed by combining one-dimensional (1D)
SDS-PAGE sample fractionation with an LC-MS/MS-based
protein identification. The differential protein expression levels
and the relative protein abundance levels were determined by
the spectral counting approach that is based on the empirical
observation that the MS/MS sampling rate of a particular
peptide is directly related to the abundance of this peptide in
the sample (17-22). The transcriptional regulation of selected
genes with annotated function was additionally analyzed by
RT-quantitative PCR (QPCR) analysis; where possible, in vitro
activities of benzoate-induced enzymes were determined.

MATERIALS AND METHODS

Cultivation of G. metallireducens—G. metallireducens (German
Collection of Microorganisms and Cell Cultures (DSMZ) number 7210)
was cultured anaerobically with acetate (30 mm) or benzoate (5 mm) as
carbon source and Fe(lll)-citrate as electron acceptor as described
previously (23). The growth was monitored by cell counting using a
Neubauer chamber. For all experiments, cells were always harvested
in the exponential growth phase at 1.5-2.5 X 10% cells mI™" by
centrifugation (20,000 X g) after which they were stored in liquid
nitrogen.

Sample Preparation and 1D SDS-PAGE Separation—Frozen cells
of G. metallireducens grown on either acetate or benzoate as carbon

2 D. Heintz, S. Gallien, S. Wischgoll, A. K. Ullmann, C. Schaeffer,
A. K. Kretzschmar, A. van Dorsselaer, and M. Boll, unpublished
results.
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source were suspended in buffer containing 50 mm NH,HCO,, pH 7.8,
and 3 mm DTT (1 g of cells in 2 ml of buffer). Cell lysates were obtained
by passage through a French pressure cell at 137 megapascals. After
centrifugation at 100,000 X g (1 h at 4 °C) the pellet was washed and
centrifuged twice using the same buffer. The pellet was suspended in
buffer containing 9 m urea, 50 mm NH,HCOg, pH 7.8, 3 mm DTT, and
PMSF. After ultracentrifugation the supernatant was discarded, and
the remaining pellet was suspended with 1% SDS, 50 mm Tris/HCI,
pH 8, and 3 mm DTT and centrifuged again. The supernatant was
used for proteome analysis. The protein content was determined
using a modified Bradford protocol as described previously (24). Five
hundred micrograms of protein resuspended in a solution of 1% SDS,
50 mm Tris-HCI, pH 8.3, and 3 mm DTT were diluted with an equal
volume of 1D SDS-PAGE sample buffer (62.5 mm Tris/HCI, pH 8, 2%
SDS, 30% glycerol, and 0.01% bromphenol blue (25)) and boiled for
5 min. The samples were cooled and vigorously shaken for 1 h at
room temperature. Prior to electrophoresis the samples were centri-
fuged at 19,000 X g for 5 min at 20 °C. The supernatants were loaded
onto a 1D SDS-PAGE gel using a 4% acrylamide stacking gel and a
15% acrylamide resolving gel. After electrophoretic separation the
gels were fixed in 50% ethanol and 3% phosphoric acid for 2 h,
washed three times with bidistilled water (10 min), and stained over-
night with colloidal Coomassie Brilliant Blue (0.08% Coomassie Bril-
liant Blue G-250, 1.6% ortho-phosphoric acid, 8% ammonium sul-
fate, and 20% methanol (26)).

In-gel Digestion and Mass Spectrometry Analysis— After gel image
analysis, the overall separating gel band of each lane containing the
different protein bands was excised in 96 slices (~1 X 10 mm) using
a custom-built grid. In-gel digestion was performed with an auto-
mated protein digestion system (MassPREP Station, Waters). The gel
slices were washed twice with 50 ul of 256 mm NH,HCO; and 50 ul of
acetonitrile. Cysteine residues were reduced by 50 ul of 10 mm DTT
at 57 °C and alkylated by 50 wl of 55 mm iodoacetamide. After
dehydration with acetonitrile, the proteins were cleaved in-gel with 10
wl of 12.5 ng ™' modified porcine trypsin (Promega) in 25 mm
NH,HCO; at 37 °C for 16 h. Tryptic peptides were extracted with 60%
acetonitrile in 0.5% formic acid followed by a second extraction with
100% acetonitrile. The peptide extracts obtained were analyzed by
micro-LC-MS/MS using an Agilent 1100 Series capillary LC system
(Agilent Technologies) coupled to a High Capacity Trap Ultra ion
trap (Bruker Daltonics). Peptide mixtures were loaded on a Zorbax
300SB-C,4 trap column (300 um X 5 mm; Agilent Technologies)
using 0.1% trifluoroacetic acid for 3 min at 50 wl min~'. After
washing, flow was reversed through the trap column, and the
peptides were eluted with a gradient of 10-70% acetonitrile in
0.05% trifluoroacetic acid delivered over 120 min at a flow rate of 4
wl min~" through a reverse phase capillary column (Zorbax 300SB-
C4g, 300-um inner diameter X 15 cm; Agilent Technologies). The
High Capacity Trap Ultra ion trap was externally calibrated with
standard compounds. The general mass spectrometric parameters
were as follows: capillary voltage, —4000 V; drying gas, 6 liters
min~"; drying temperature, 300 °C. The system was operated by
automatic switching between MS and MS/MS modes. MS scanning
was performed in the standard-enhanced resolution mode at a scan
rate of 8100 m/z s~' with an ion charge control of 100,000 in a
maximal fill time of 200 ms; five scans were averaged to obtain an
MS spectrum. The three most abundant peptides and preferentially
doubly charged ions were selected on each MS spectrum for
further isolation and fragmentation. The MS/MS scanning was per-
formed in the ultrascan resolution mode at a scan rate of 26,000
m/z s~' with an ion charge control of 300,000, and a total of six
scans were averaged to obtain the MS/MS spectrum. The complete
system was fully controlled by ChemStation Revision B.01.03 (Agi-
lent Technologies) and EsquireControl 6.1 Build 78 (Bruker Dalton-

ics) software. Mass data collected during LC-MS/MS analyses were
processed using the software tool DataAnalysis 3.4 Build 169 and
converted into *.mgf files.

Protein Identification—The MS/MS data were analyzed using the
Mascot 2.2.0 algorithm (Matrix Science, London, UK) for a search
against an in-house generated protein database composed of protein
sequences of G. metallireducens downloaded from NCBI (on Decem-
ber 20, 2007) concatenated with reversed copies of all sequences
(2 X 3532 entries). Spectra were searched with a mass tolerance of
0.5 Da for MS and MS/MS data, allowing a maximum of one missed
cleavage with trypsin and with carbamidomethylation of cysteines
and oxidation of methionines specified as variable modifications.
Protein identifications were validated when at least two peptides with
high quality MS/MS spectra (less than five points below the Mascot
threshold score of identity at 95% confidence level) were detected. In
the case of one-peptide hits, the score of the unique peptide had to
be greater (minimal “difference score” of 20) than the 95% signifi-
cance Mascot threshold. The estimated false discovery rate by
searching the target-decoy database (27) was found to lie below
0.8%.

Cellular component gene ontology annotation of G. metalliredu-
cens was downloaded from the Gene Ontology Annotation Database.
In silico transmembrane domain prediction was performed using the
Phobius Web server (28).

Differential Protein Expression and Relative Protein Abun-
dance—To estimate the differential expression of each protein i, the
differential absolute protein expression measurement scheme (21, 22,
29) was used. From all high quality MS/MS spectra (less than five
points below the Mascot threshold score of identity at 95% confi-
dence level) associated with each validated protein, we calculated the
fraction f; of interpreted spectra for a given protein i in the experiment
as f; = n/N where n; is the number of spectra from protein i and N is
the total number of observed MS/MS spectra in the experiment. On
the basis of these measures of f,, the test statistic for differential
expression of a protein was calculated as

fir = fio

Z/. =
Vol = fi)/Ny + fio(1 = fi)/N,

(Eq. 1)

where the numerator represents the difference in sampled propor-
tions of protein / in two proteomics experiments, f,; = n, /N, and
f.» = n; »/N,, and the denominator represents the standard error of the
difference under the null hypothesis in which the two sampled pro-
portions were drawn from the same underlying distribution with the
overall proportion f; , = (n; 1 + n; 5)/(N4 + N,). The abundance ratio (F)
of a protein i between the two experiments (two growth conditions)
was calculated as the ratio of the fraction of interpreted spectra
Fi = fi1/fi.

For proteins with no associated MS/MS spectra in one of the two
cell extracts used, the abundance ratio was arbitrarily set as greater
than 150 (no MS/MS spectra obtained in cells grown with acetate) or
less than Viso (no MS/MS spectra obtained from cells grown with
benzoate). Proteins with |Z| > 2.58 (99% significance level) and log
ratio (log,F) greater than 1 were considered significantly induced
during growth on benzoate. Proteins with [Z] > 2.58 (99% significance
level) and log ratio (log,F) less than —1 were considered as signifi-
cantly repressed during growth on benzoate. In this analysis, the
results from two biological replicates for extracts from cells grown on
benzoate and acetate were pooled and the Z-score and log ratio for
each validated protein were calculated.

For the comparison of protein abundances protein weights (W)
were taken into consideration (18); the relative protein abundance for
each of the k proteins was calculated as follows.

Molecular & Cellular Proteomics 8.9 2161
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nM/VV/
Fr, = Ki (Eq. 2)

2’7/,1/VV/

i=1

The relative protein abundance of succinate dehydrogenase (NCBI
database accession no. gi78194855) was set to 100 and used as
reference for the calculation of each relative protein abundance.

Quantitative PCR Analysis—One microgram of total RNA from G.
metallireducens grown on acetate or benzoate was reverse tran-
scribed using random hexamer primers and the High Capacity® Re-
verse Transcription kit (Applied Biosystems, Foster City, CA). The
cDNA was diluted 1:12.5 and served as the template for gPCR
analysis using the TagMan® 9700 System (Applied Biosystems) with
Fast SYBR® Green Master Mix (Applied Biosystems) according to the
manufacturer’s protocol. Melting curve and agarose gel analyses
were used to confirm the specificity of the amplification reactions. All
mRNA quantification data were normalized to mRNA levels of a
housekeeping enzyme (succinate dehydrogenase). As a positive con-
trol induction of bamF (coding for a putative methyl viologen-reducing
hydrogenase, & subunit) in bacteria grown on benzoate was verified
(induction, ~33-fold). Primer sequences for quantitative real time
expression analysis (QRT-PCR) of mRNA levels of different enzymes
are listed in supplemental Data 1. Genes were considered signifi-
cantly induced or repressed during growth on benzoate if the log ratio
(log,) of the mRNA abundance between the two growth conditions
was greater than 1 or less than —1.

Determination of Enzyme Activities—Hydrogenase and nitrate re-
ductase activities were analyzed at 30 °C under anaerobic conditions
using oxidized benzyl viologen as artificial electron acceptor (hydro-
genase) or the reduced form as electron acceptor (nitrate reductase).
Substoichiometric reduction of benzyl viologen was anaerobically
carried out by additions of dithionite from a 50 mm stock solution to
Asoo = 1.4-1.6 in the nitrate reductase and to Agyy = 0.05 in the
hydrogenase assay. The test buffer contained 1 mm benzyl viologen,
50 mm Tris/HCI, pH 7.8, and 100-150 pg of solubilized membrane
protein fraction obtained after ultracentrifugation of crude extracts
from G. metallireducens grown on acetate or benzoate. The reaction
was carried out in a gas-tight sealed cuvette (400 wl) under a nitrogen
atmosphere. For the hydrogenase assay, the reaction was started by
injection of 100 ul of H, via a gas-tight syringe followed by gentle
shaking of the cuvette. For the nitrate reductase activity test, the
reaction was started by addition of 0.5-2.5 mm sodium nitrate. As a
control, the membrane-bound succinate dehydrogenase activity was
determined spectrophotometrically using ferricenium as electron ac-
ceptor. Cytochrome bd oxidase activity was tested by oxygen deter-
mination using an optode (Fibox3, PreSens Precision Sensing GmbH,
Regensburg, Germany) and an oxygen sensor spot in a 1.5-ml gas-
tight glass vial at room temperature. Menaquinol (0.5-1.5 mm), NADH
(0.5-1 mwm), acetate (10-20 mwm), and benzoate (1-2 mm) were tested
as electron donors for cell extracts/whole cells.

RESULTS AND DISCUSSION

Differential Analysis of the Membrane Proteome of
G. metallireducens

In a recent study we analyzed and compared the soluble
proteomes of G. metallireducens cells grown on benzoate and
acetate by 2D gel electrophoresis coupled to mass spectro-
metric analysis. By combining the data obtained with results
from reverse transcription-PCR, 44 benzoate-induced genes
were found to be organized in the gene clusters IA/B and Il
(14). They comprise genes for all predicted enzymes involved

in the conversion of benzoyl-CoA to acetyl-CoA and CO,; an
eight gene-containing cluster (bamB-l) was proposed to code
for a novel BCR complex.

To reveal benzoate-induced membrane-bound/associated
proteins, the spectral counting approach was performed with
tryptic digests from membrane preparations obtained from
cells grown on benzoate and acetate. After thorough removal
of soluble or loosely membrane-attached proteins by wash-
ing/extraction steps, the membrane fractions were separated
by 1D SDS-PAGE, digested in-gel, and analyzed by LC-MS/
MS. Although the urea treatment step is generally accepted
for membrane protein preparations, one has to consider that
the chaotropic urea agent may break interactions between
some non-integral membrane protein subunits, which may
result in a loss of some proteins. MS/MS spectra analysis
identified 931 proteins in the genome of G. metallireducens
with a very low false positive rate (below 0.8% as estimated
by searching a target-decoy database (27)). Among these,
804 proteins were identified with at least two peptides, and
127 proteins were identified with one peptide; for the latter the
spectra associated with the best score identifications are
shown in supplemental Data 2. To date, 325 of these 931
proteins have a cellular component gene ontology annotation
(indicated in supplemental Data 7). 53% of them (173 pro-
teins) are annotated as membrane-bound/associated pro-
teins, which represents 40% of all annotated membrane-
bound/associated proteins from G. metallireducens. In
addition, in silico transmembrane domain prediction allowed
the identification of 250 proteins with at least one transmem-
brane domain (supplemental Data 7). About one-third of all
proteins identified in this study (303 proteins) contain at least
one predicted transmembrane domain and/or are predicted
as membrane-bound/associated despite the very incomplete
cellular component annotation of G. metallireducens.

The differential absolute protein expression measurement
method (21, 22, 29) was used to identify proteins with a
significant differential expression by performing a test statistic
(Z-test). To estimate abundance changes during growth on
benzoate and acetate, an abundance ratio was calculated for
each protein. To avoid overconsideration of small changes in
protein abundances and of changes in the abundances of
very minor proteins, we imposed |Z| to be greater than 2.58
(corresponding to 99% confidence) and the log, abundance
ratio to be greater than 1 to consider a protein as benzoate-
induced. To estimate potential biological and analytical vari-
abilities, preparations of the membrane fractions and analysis
of the tryptic peptides were carried out with extracts from two
different cell batches both harvested in the exponential
growth phase. The lists of all data obtained are available in
supplemental Data 2—-6; the spectral counting data are shown
in supplemental Data 7. Using the framework described
above, spectral counting analysis revealed 130 proteins with
an altered expression levels in cells grown on benzoate and
acetate. From the 100 benzoate-induced proteins, 23 were
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TABLE |
Abundance of membrane protein components involved in central energy metabolism in G. metallireducens cells grown on benzoate and acetate

. . Molecular NCBI database |0.92 ratio of Relative protein
Protein annotation . protein abundance abundance
mass accession no.
(benzoate/acetate)  (benzoate)
kDa gi
Proton-translocating NADH:quinone oxidoreductase, chain N 52.1 78195787 -0.7 8.4
Proton-translocating NADH:quinone oxidoreductase, chain M 57.2 78195788 -0.1 37.4
NADH:plastoquinone oxidoreductase, chain 5 73.3 78195789 -0.4 26.7
NADH:ubiquinone oxidoreductase, chain 4L 111 78195790 -0.6 42.3
NADH:ubiquinone/plastoquinone oxidoreductase, chain 6 18.2 78195791 -0.1 74.8
NADH:quinone oxidoreductase, chain | 15.1 78195792 -0.1 51.4
Respiratory chain NADH dehydrogenase, subunit 1 37.5 78195793 -0.5 55.5
NADH dehydrogenase |, G subunit, putative 89.0 78195794 -0.2 17.5
NADH dehydrogenase |, F subunit 64.3 78195795 -0.3 21.0
NADH dehydrogenase (ubiquinone), 24-kDa subunit 19.2 78195796 -0.1 9.3
NADH dehydrogenase |, D subunit 43.7 78195797 -0.7 35.0
NADH (or F,,0H,) dehydrogenase, subunit C 18.5 78195798 -0.3 60.6
NADH dehydrogenase (ubiquinone), 20-kDa subunit 18.3 78195799 0.0 34.3
NADH:ubiquinone/plastoquinone oxidoreductase, chain 3 13.3 78195800 -0.6 38.5
Fumarate reductase, iron-sulfur protein 27.2 78194853 1.0 164.4
Succinate dehydrogenase or fumarate reductase, flavoprotein ~ 70.7 78194854 0.5 330.6
Succinate dehydrogenase, cytochrome bggsg subunit 24.0 78194855 -0.1 100.0
H*-Transporting two-sector ATPase, A subunit 25.5 78195804 0.6 4.5
ATP synthase F,, C subunit 9.4 78195805 -1.0 73.9
H™*-transporting two-sector ATPase, &/e subunit 15.2 78195850 -0.1 17.7
ATP synthase F,, B subunit 51.0 78195851 0.4 87.7
H*-Transporting two-sector ATPase, y subunit 31.9 78195852 0.1 38.7
ATP synthase F;, a subunit 54.6 78195853 0.2 66.5
H*-Transporting two-sector ATPase, § subunit 19.4 78195854 -1.0 45.0
H*-Transporting two-sector ATPase, B/B’ subunit 22.6 78195855 -1.0 22.1
H*-Transporting two-sector ATPase, B/B’ subunit 15.6 78195856 -0.9 31.5
Inorganic H*-pyrophosphatase 70.1 78195685 0.0 126.2

identified as membrane-bound/associated proteins encoded
by genes of the bam clusters. Further 18 newly identified
proteins with a minimum of 4.5-fold change during growth on
benzoate were selected for further investigations.

Detection of Membrane Proteins Involved in Overall
Energy Metabolism

To demonstrate the efficiency and comparability of the
membrane proteome analysis in cells grown on benzoate and
acetate, the observed abundance ratio of components from
membrane complexes involved in general energy metabolism
are exemplarily discussed in the following. A non-differential
abundance of the housekeeping proteins in cells grown on
benzoate and acetate was expected.

All predicted components of NADH:menaquinone oxi-
doreductase, succinate dehydrogenase, and H"-F,F,-ATP
synthase were identified in cells grown on benzoate and ac-
etate at almost equal abundances (Table I). None of the 27
subunits of the three complexes passed the established fil-
tering thresholds to consider a protein as differentially ex-
pressed during growth on benzoate and acetate. These re-
sults indicate that both cell types were in comparable
physiological states (exponential growth phase) and that dif-
ferences in abundance of other membrane proteins cannot be

assigned to differences in cultivation or sample preparation
and demonstrate the reliability of the spectral counting ap-
proach for differential membrane proteome analysis.

The genome of G. metallireducens contains three copies of
a gene cluster annotated as components of (mena)quinol:
cytochrome ¢ oxidoreductases (usually termed cytochrome
bc, complexes consisting of four subunits). However, neither
of the corresponding components was identified in cells
grown on benzoate or acetate. This finding indicates that no
such respiratory complex is involved in electron transfer from
menaquinol to the terminal acceptor Fe(lll) and that a so
far unknown menaquinol-oxidizing membrane component
should exist. Thus, the predicted cytochrome bc, complexes
are considered to exhibit other functions. Recently a special
role of such a complex (gi78194581-gi78194584) in p-cresol
degradation was suggested (30, 31). The complex was pro-
posed to mediate electron transfer from the p-cresol methyl-
hydroxylase reaction to the menaquinone pool. Accordingly
the genes of this complex were only induced during growth on
p-cresol but not during growth on benzoate or acetate.

Interestingly in cells grown on both acetate and benzoate
the gene putatively coding for a proton-translocating pyro-
phosphatase was identified in equal amounts (Table I). This
finding is in line with the fact that during growth on both
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TaBLE Il
Differential identification of BamB-I components in the membrane and soluble protein fraction

Semiquantitative identification in the soluble fraction was carried in a previous analysis after separation on 2D gels (14).

NCBI database

- Gene product
accession no.

Amino acid similarities to

Relative abundance

Membrane fraction®  Soluble fraction

gl

78194549 BamB Aldehyde ferredoxin oxidoreductases 1.6 +++
78194548 BamC FeS subunit of hydrogenases <1 +4++
78194547 BamD Soluble subunit of heterodisulfide reductases <1 ++
78194546 BamE Soluble subunit of heterodisulfide reductases <1 +++
78194545 BamF SeCys-containing subunit of hydrogenases 19 -
78194543 BamG NADH:ubiquinone oxidoreductases (NuoG) 12 -
78194542 BamH NADH:ubiquinone oxidoreductases (NuoF) <1 —
78194541 Baml NADH:ubiquinone oxidoreductases (NuoE) 1 +++

2 Arbitrary units; the abundance of the structural gene of succinate dehydrogenase (gi78194855) was set to 100.

benzoate and acetate AMP + PP,-forming carboxylic acid-
CoA ligases are involved in initial ATP-dependent benzoate/
acetate activations. Obviously obligate anaerobes commonly
couple the exergonic hydrolysis of PP, to H*/Na™ ion trans-
location across the cytoplasmic membrane as it has been
demonstrated for the fermenting Syntrophus gentianae (32).

Identification of Proteins Encoded by the
Benzoate-induced Gene Clusters IA/B and I

A previous study revealed the benzoate-induced gene clus-
ters IA/B and Il (14). Analysis of the soluble proteomes only
identified 13 of the 44 predicted benzoate-induced gene
products, although RT-PCR analysis indicated that the 44
genes were all induced during growth on benzoate. The rea-
son for this discrepancy could be due to (i) the presence of
membrane/membrane-associated proteins that were not suit-
able for 2D gel electrophoretic analysis, (ii) very low expres-
sion level of these proteins, or (iii) posttranscriptional regula-
tory processes. In contrast, the membrane proteome analysis
of this work identified 23 of the 44 putative gene products as
benzoate-induced.

In Table ll, the differential identification of individual com-
ponents of the putative benzoyl-CoA dearomatizing BamB-|
complex in the soluble and membrane proteome is shown. To
compare abundances of the proteins in cells grown on ben-
zoate, we additionally calculated the relative protein abun-
dance of each protein by normalizing the spectral count by
the protein molecular weight (see “Material and Methods”).
BamBCDE and Baml had been identified in the soluble frac-
tion in the previous study (14).2 These components were also
identified in the membrane fraction of benzoate-grown cells
albeit at low (BamB) or very low amounts (BamC-E and Baml;
Table Il). Although topology prediction annotated the seleno-
cysteine-containing BamF and the BamG as soluble proteins,
they were only identified at relatively high abundance in the
membrane fraction, indicating that at least these components
of the putative BamB-I complex were attached to the mem-
brane. Obviously most of the BamB-E and BamHI compo-
nents were removed during the multiple washing steps of

sample preparation. In summary, the results obtained suggest
that the predicted BamB-I complex is at least partly associ-
ated to the membrane with BamFG apparently showing a
higher affinity to the membrane than the other components.
As expected components of the BamB-I complex were ab-
sent in the membrane fraction of cells grown on acetate (no
spectrum observed).

The benzoate-induced cluster IB contains a number of
genes coding for enzymes involved in B-oxidation reactions of
aromatic catabolism, nine of which were identified as benzo-
ate-induced in the membrane fraction (supplemental Data 2,
5, and 6). It has been reported that acyl-CoA dehydrogenases
and their in vivo electron acceptors, electron-transferring fla-
voproteins (ETFs), are often found to be attached to the
membrane by interaction with a membrane-bound ETF:qui-
none oxidoreductase (33). In accordance, two subunits of
ETFs (gi78194527-8) and glutaryl-CoA dehydrogenase
(BamM; gi78194537) were identified as benzoate-induced in
both the soluble and the membrane proteome (14). As G.
metallireducens contains no genes coding for homologues of
ETF:quinone oxidoreductases, the primary electron-accept-
ing membrane protein of reduced ETF was unclear. It has
been proposed that oxr genes (gi78194527 and gi78194532),
located adjacent to the genes coding for two subunits of ETF
(etfAB), code for an alternative ETF:quinone oxidoreductase
complex. Indeed both Oxr copies were identified as benzo-
ate-induced membrane proteins. They show similarities to
heme b/FeS cluster-containing, membrane-bound heterodis-
ulfide reductases from Methanosarcinales species. Topology
prediction revealed the presence of five to six transmembrane
helices, which explains why they were not identified after 2D
gel electrophoretic separation in the previous study. The role
of benzoate-induced proteins, annotated as two subunits of
succinyl-CoA synthetases, identified in both the soluble and
membrane fractions is unknown so far.

Identification of Novel Benzoate-induced Proteins

Some of the newly identified proteins showed similarities to
components of membrane-bound hydrogenases, cytochrome
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bd oxidase, nitrate reductase, transporter-related proteins,
and a number of proteins with unclear/unknown functions
(Table lll and supplemental Data 2, 5, and 6). To verify the
induction of the genes coding for benzoate-induced mem-
brane proteins, the transcriptional regulation of selected
genes was analyzed. For this purpose total RNA was isolated
from cells grown on benzoate and acetate in the exponential
growth phase and converted to cDNA by reverse tran-
scriptase reactions, respectively. Quantitative analysis of
gene expression was performed by RT-qPCR using appropri-
ate oligonucleotide primer pairs. Primers for amplifying cDNA
from the structural genes of succinate dehydrogenase and
inorganic H*-pyrophosphatase served as positive controls,
which are expressed in cells grown on benzoate and acetate
cells at equal amounts (Table Ill). Primers amplifying cDNA
from two benzoate genes, bamB and bamF (Table |l and Ref.
14), served as positive control for benzoate-induced genes
(Table 1. An intergenic, non-coding region served as nega-
tive control as described previously (14).

Overall the proteomics and transcription analysis data are in
good agreement. Of 29 benzoate-induced genes of the clus-
ters IA/B that were previously identified by RT-PCR (14), 23 of
the corresponding gene products (~80%) were also identified
in this work at higher abundance in cells grown on benzoate
(supplemental Data 7). In addition, a further 19 benzoate-
induced genes were newly identified by RT-qPCR analysis in
the study (Table Ill). For 11 of these proteins, proteomics and
RT-gPCR data were in full agreement. No opposite significant
change between mRNA and protein levels was observed.
However, a few genes showed a significant change only at the
mRNA or only at the protein level. These cases are presented
in Table Ill and are discussed in the following. In the case of
NiFe/heme b hydrogenase and nitrate reductase results from
in vitro enzyme activity determinations are presented (Table
IV); again succinate dehydrogenase activity measurements
served as a control.

NiFe/Heme b-containing Hydrogenase—All three subunits
of a putative NiFe/heme B-containing hydrogenase complex
(9i78195776-78) were identified at a clearly higher abun-
dance in cells grown on benzoate (Table Ill). Using oligonu-
cleotide primers deduced from the three subunits of hydro-
genase, a clear induction of gene transcription was observed
with cDNA from cells grown on benzoate when compared
with cDNA from acetate-grown cells (Table lll). Using a spec-
trophotometric assay monitoring the H, and cell extract-de-
pendent reduction of benzyl viologen, hydrogenase activities
were determined mainly in the membrane protein fraction of
extracts from cells grown on benzoate (Table 1V). The activity
was 15 times higher than in extract from cells grown on
acetate; this is in good accordance with data obtained from
proteome and RT-gPCR analysis. The genome of G. metalli-
reducens contains two further gene clusters coding for puta-
tive soluble hydrogenases (e.g. gi78193586 and gi78195766
annotated as the large NiFe-containing subunit of the putative

hydrogenase complexes). However, using oligonucleotide
primers for amplifying DNA fragments of the genes putatively
coding for the large subunits, expression was negligible and
non-differential in cells grown on benzoate and acetate (not
shown). Thus, only one of the three gene clusters in the
genome of G. metallireducens that putatively code for hydro-
genases was found to be induced during growth on benzoate.
Membrane-bound three subunit-containing NiFe/heme b
hydrogenases usually catalyze the oxidation of dihydrogen to
protons, and reducing equivalents are transferred to quinones
(menaquinone in the case of G. metallireducens). The induc-
tion of such a hydrogenase during growth on benzoate was
not expected. A possible function as a low potential electron
donor for benzoyl-CoA reduction is rather unlikely as the
presence of the heme b-containing transmembrane subunit
rather suggests electron transfer to menaquinone. The ques-
tion arises whether the enzyme uses external or endog-
enously produced H, as substrate in vivo. Notably the gas
phase of the culture medium did not contain dihydrogen.
Energy-converting Hydrogenases —Next to the 14 clustered
genes annotated as subunits of complex | of the respiratory
chain (Table 1), an additional protein assigned to a putative
NADH:quinone oxidoreductase subunit was identified as
more abundant in the membrane fraction in cells grown on
benzoate (gi78192847). The gene belongs to a cluster com-
prising seven open reading frames of which six are annotated
as putative subunits of NADH:quinone oxidoreductases/ener-
gy-converting hydrogenases and one is annotated as a tran-
scriptional regulator (Table Ill). Two additional products from
this cluster were identified with an abundance ratio above the
threshold (gi78192845 and gi78192848). However, the num-
ber of MS/MS spectra was too low to consider them as
significantly differentially expressed using the highly stringent
criteria established in this study. Topology prediction revealed
that gi78192848-51 contain 42 highly hydrophobic trans-
membrane domains, which may explain the low recovery in
the MS analysis. Highly hydrophobic proteins have been re-
ported to escape analysis due to the lack of tryptic digestion
sites close to the membrane domains (34). Interestingly an
additional highly similar gene cluster is present in the genome
(9i78195048-53) of which three proteins were identified (Ta-
ble Ill). To further test the induction of both gene clusters
during growth on benzoate, the induction of selected genes of
each cluster was tested by RT-qPCR analysis. The results
obtained indicate that transcription of genes from cluster
gi78195048-53 was clearly induced during growth on benzo-
ate, whereas expression of cluster gi78192845-51 was mod-
erately induced (Table Ill). The similarities between the six
genes of the two newly identified benzoate-induced gene
clusters were highest with putative proteins from other
Geobacter species and related Deltaproteobacteria (50-65%
amino acid sequence identity). When compared with enzymes
from Enterobacteriacaea or methanogens, similarities were
clearly higher to components of energy converting-hydroge-
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TABLE IV
Specific activities of hydrogenase and nitrate reductase in cell extracts of G. metallireducens

Activity was determined spectrophotometrically using reduced benzyl viologen as electron donor (nitrate reductase) or the oxidized form as
electron acceptor (hydrogenase). For the succinate dehydrogenase control, ferricenium was used as electron acceptor. One milliunit is referred

to as conversion of 1 nmol min '

H,/nitrate/succinate, respectively. Mean values = S.D. from three independent determinations are presented.

Extracts -Fold increase
Enzyme Benzoate-grown cells Acetate-grown cells benzoate/acetate
Soluble Membrane Soluble Membrane (membrane fraction)
milliunits mg ™"
Hydrogenase 47 =5 157 £ 12 104 10 £2 16
Nitrate reductase 146 = 8 450 = 50 48 + 12 125 = 20 4
Succinate dehydrogenase (control) 155 = 40 525 + 70 270 = 50 774 = 200 0.7

nases than to components of related complex | of the respi-
ratory chain.

Energy-converting hydrogenases usually couple the exer-
gonic reduction of protons to H, (e.g. with formate as electron
donor) to the transport of H"/Na" across the cytoplasmic
membrane (35). They usually consist of two soluble compo-
nents and two or more integral membrane protein compo-
nents and are homologous to the proton-translocating/ener-
gy-conserving modules of NADH:quinone oxidoreductases.
Examples are hydrogenases 3 and 4 from Escherichia coli or
the Ech hydrogenases from methanogens. Notably in G. met-
allireducens the benzoate-induced gene clusters putatively
coding for energy-converting complexes cannot be assigned
to “real” hydrogenases as the deduced large subunit (e.g.
gi78192847) does not contain the N- and C-terminal con-
served CXXC motif, which is involved in NiFe cofactor bind-
ing (35). In G. metallireducens such an energy-conserving
complex would represent an attractive candidate for a ben-
zoate-induced membrane complex that is involved in a
membrane potential-driven electron transport from an un-
known donor to BCR.

Cytochrome bd Oxidase and Rubrerythrin—Two membrane
proteins annotated as subunits of cytochrome bd oxidases
were identified at clearly higher abundance in cells grown on
benzoate when compared with cells grown on acetate (Table
Il). In contrast, RT-qPCR analysis revealed that the levels of
the corresponding mRNAs were almost equal in cells grown
on benzoate and acetate (Table Ill). This discrepancy sug-
gests the presence of additional posttranscriptional regulatory
elements. Attempts to verify the induction of cytochrome bd
oxidase by in vitro activity measurements were not feasible
because of very high background reactions caused by the
presence of high amounts of Fe(ll), which was derived either
from the growth medium or from the numerous cytochromes
in the dark reddish cell extracts.

Cytochrome bd oxidases usually catalyze the reduction of
dioxygen by (mena)quinol with a very high affinity to dioxygen
(86, 37). When part of a respiratory chain, such enzymes serve
as terminal oxidases and are usually expressed at low oxygen
concentrations in some aerobic organisms. In obligate anaer-
obes they rather serve as powerful oxygen-scavenging en-

zymes for protection from oxidative stress. It is conceivable
that the obligately anaerobic G. metallireducens has an in-
creased demand for an oxygen detoxification system during
growth on benzoate for protection of the assumed extremely
oxygen-sensitive BCR complex. The induction of an oxygen-
scavenging enzyme during anaerobic growth on an aromatic
substrate has recently been demonstrated in the facultatively
anaerobic T. aromatica: here a benzoate-induced dienoyl-
CoA oxidase with a high affinity to dioxygen as electron
acceptor was identified (38). The requirement for increased
oxygen protection when an extremely oxygen-sensitive en-
zyme complex has to be synthesized has been studied ex-
tensively in the case of nitrogenase (39).

Next to the cytochrome bd oxidase, rubrerythrin, another
protein supposed to be involved in oxygen protection (40),
was identified at clearly higher abundance in cells grown on
benzoate (log ratio >3; Table Ill). But as in the case of cyto-
chrome bd oxidase, transcription of the gene was similarly
induced in cells grown on benzoate and acetate. Thus, it
appears that the regulatory pattern of both putative oxygen-
scavenging proteins follows similar principles probably involv-
ing posttranscriptional regulation processes.

Dissimilatory Nitrate Reductase— Surprisingly the products
of three genes putatively coding for a membrane-bound, four
subunit-containing dissimilatory nitrate reductase complex
were identified at clearly higher abundance in cells grown on
benzoate than in cells grown on acetate (Table lll). In accord-
ance, a clear induction of three genes during growth on ben-
zoate was verified by RT-gPCR analysis. Moreover membrane
extracts from cells grown on benzoate exhibited a 4-fold
higher nitrate reductase activity than similarly prepared ex-
tracts from cells grown on acetate. Together these results
indicate an up-regulation on the transcriptional level, although
cells were always grown with Fe(lll)-citrate as terminal elec-
tron acceptor. On the first view the induction of dissimilatory
nitrate reductase during growth on benzoate appears curious.
A possible explanation is based on the assumption that both
nitrate reductase and BamB contain a molybdo-/tungstop-
terin cofactor. Thus, growth on an aromatic growth substrate
is expected to induce the genes coding for enzymes involved
in molybdenum/tungsten uptake and molybdo-/tungstopterin
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cofactor synthesis. A co-induction of several molybdo-/tung-
stopterin cofactor-containing enzymes when molybdo-/tung-
stopterin cofactor synthesis is induced is conceivable. E.g.
the modA gene codes for a molybdenum-sensing transcrip-
tional regulator of genes involved in molybdenum uptake,
synthesis of the molybdenum/tungsten cofactor, and molyb-
denum/tungsten cofactor-containing polypeptides (41).

Tungstate Uptake System—The products of the benzoate-
induced genes gi78193512 and gi78193514 belong to a clus-
ter of genes coding for a putative ABC transporter system
with the former representing the gene coding for the nucleo-
tide binding component and the latter gene coding for the
periplasmic binding protein (Table lll). The third permase com-
ponent of a typical ABC transporter system (gi78193513) was
identified with a too low number of MS/MS spectra to pass
the Z-test (despite an abundance ratio above threshold) most
probably because of its extreme hydrophobicity (more than
60% of the amino acids are predicted to be involved in
transmembrane helices formation). RT-gPCR analysis con-
firmed the induction of the corresponding genes (Table Ill).
The putative periplasmic binding protein component showed
exceptionally high similarities to tungstate-binding proteins of
ABC transporters referred to as TupA (42) from several bac-
teria (up to 87% amino acid sequence identity to other
Geobacter species and up to 56% identity to annotated TupA
proteins from Ralstonia species). In particular the unique typ-
ical features of TupA proteins that distinguish them from
molybdate-binding proteins were identified (e.g. the con-
served TTTS motif near the N terminus and the SRGDXSGT
motif (43)). The genes coding for the putative tungstate uptake
system are part of a cluster containing several further genes
coding for annotated enzymes involved in molybdo-/tung-
stopterin cofactor biosynthesis (gi78193508-19). Notably
both the molybdo- and tungstopterin cofactors are usually
synthesized by the same set of enzymes, whereas molybdate
and tungstate uptake systems are highly specific (42).

The identification of a putative tungstate uptake system is
remarkable as BamB, the proposed active site-containing
component of benzoyl-CoA reductase from G. metalliredu-
cens, is similar to aldehyde:ferredoxin oxidoreductases that
also often contain a tungstopterin cofactor (44, 45). Conse-
quently BamB is rather supposed to be a tungsten rather than
a molybdenum cofactor-containing protein.

Further Newly Identified Membrane Proteins That Were
More Abundant in Cells Grown on Benzoate—A number of
further benzoate-induced proteins were identified in the mem-
brane fraction (supplemental data). Although many of them
code for unknown proteins, some of them show similarities
to other proteins (Table Il and supplemental data). E.g. next
to the putative ABC transporter for tungstate uptake two
additional benzoate-induced transporter related proteins,
annotated as components of a Na*/proline transporter
(9i78193214-5) and an additional ABC transporter
(9i78193984-5), were identified. RT-gPCR analysis con-

firmed a high induction of the corresponding genes (Table
lll). Furthermore a benzoate-induced membrane-associ-
ated, AMP-dependent ligase was found at higher abundance
in cells grown on benzoate that was also slightly induced on
the transcriptional level (Table lll). The specific function of
these and other benzoate-induced unknown proteins remains
to be elucidated.

Conclusions: Membrane Proteins Involved in Aromatic
Catabolism of G. metallireducens

The integration of the data obtained from (i) membrane
proteome analysis by the spectral counting approach/1D
SDS-PAGE fractionation, (ii) quantitative gene expression de-
terminations, and (jiii) enzyme activity measurements enabled
a number of novel insights into key processes of aromatic
degradation in obligately anaerobic bacteria. The so far non-
characterized dearomatizing benzoyl-CoA reductase complex
is proposed to be membrane-associated possibly by interac-
tion with components similar to those of energy-converting
hydrogenases. This suggestion is first based on the presence
of the BamFG components of the putative dearomatizing
BamB-I complex in the membrane fraction and the inability to
identify them in the soluble proteome. Second two benzoate-
induced gene clusters putatively coding for proteins with high
similarities to components of energy-converting hydroge-
nases were identified. This finding implies that electron trans-
fer to the aromatic ring is not coupled to a stoichiometric ATP
hydrolysis but may rather be driven by a membrane potential
involving the energy-conserving hydrogenase modules. The
identification of benzoate-induced genes coding for an ABC
transporter that contains all characteristic and unique features
of tungstate uptake systems indicates that the putative active
site-containing component of benzoyl-CoA reductase, BamB,
contains rather a tungsten- than molybdenum-containing co-
factor. The induction of a dissimilatory nitrate reductase by
benzoate can be explained by common regulatory circuits of
molybdo-/tungstopterin-containing proteins, whereas the role
of benzoate-induced NiFe/heme b-containing uptake hydro-
genase remains to be studied. Growth on benzoate also in-
creased the level of oxygen-scavenging proteins most prob-
ably by posttranscriptional regulation. Thus, anaerobic
aromatic degradation appears to be associated with a higher
demand for protection from oxidative stress, a phenomenon
that is probably common for all anaerobic bacteria using
aromatic growth substrates.
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