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ABSTRACT. Three membrane-bound redox complexes have been reporedsufaibrio spp., whose
genes are not found in the genomes of other sulfate reducers sudbsaffotalea psycrophiland
Archaeoglobus fulgidug-hese complexes contain a periplasmic cytochrorsgbunit of the cytochrome

cs family, and their presence in these organisms probably correlates with the presence of a pool of
periplasmic cytochromes;, also absent in the two other sulfate reducers. In this work we report the
isolation and characterization of the first of such complexes, Tmc Bomulgaris Hildenborough, which

is associated with the tetraheme type Il cytochramé he isolated Tmc complex contains four subunits,
including the Tplts (TmcA), an integral membrane cytochrorbe(TmcC), and two cytoplasmically
predicted proteins, an irersulfur protein (TmcB) and a tryptophan-rich protein (TmcD). Spectroscopic
studies indicate the presence of eight hemesd two hemed in the complex pointing to aSyd
composition (TmcABCD). EPR analysis reveals the presence of a [4Fe4&nter and up to three other
iron—sulfur centers in the cytoplasmic subunit. Nearly full reduction of the redox centers in the Tmc
complex could be obtained upon incubation with hydrogenasedTslipporting the role of this complex

in transmembrane transfer of electrons resulting from periplasmic oxidation of hydrogen.

Sulfate-reducing organismg)(are anaerobic prokaryotes ulfotalea psychrophilg5), and one archaeoArchaeoglobus
found ubiquitously in nature. They employ a respiratory fulgidus(6)] reveals that only two membrane-bound electron
mechanism with sulfate as the terminal electron acceptortransfer complexes are strictly conserved among them,
giving rise to sulfide as the major metabolic end product. suggesting that only these are essential for sulfate respiration.
As energy source, they can generally use organic acids,They are the three-subunit Qmo compl&} &nd the five-
alcohols, or molecular hydrogen for sulfate reduction. These subunit Dsr complex encoded by tldetMMKJOP genes in
organisms play an important role in global cycling of sulfur Desulfaibrio (8, 9) and named Hme im. fulgidus (10).
and other elements, as for example carbon, since they formThe Qmd complex is likely to be involved in electron
part of microbial consortia that completely mineralize organic transfer from the quinone pool to APS reductages( 11),
carbon in anaerobic environmen®).( whereas the Dsr complex is likely to channel electrons from

Sulfate reduction is a true respiratory process, which leadsthe periplasm and quinone pool to the sulfite reduct@se (
to oxidative phosphorylation through a still incompletely 9, 11).
understood electron transfer pathway. This electron transport Most research on the metabolism and biochemistry of
chain links dehydrogenases to the terminal reductases locatedulfate reducers has been done with members of the genus
in the cytoplasm and displays significant differences from Desulfaibrio (of the d-subgroup of proteobacteriales-
other modes of anaerobic respiration like the reduction of ulfovibrio spp. have some characteristics that are not shared
nitrate or methanogenesis. Energy conservation mechanismsvith other sulfate-reducing organisms, including a pool of
require that cytoplasmic sulfate reduction is coupled to numerous periplasmic cytochromeé), of which the most
membrane-associated electron transport, and several memabundant is the well-known type | cytochrorog (Tplcs)
brane-bound electron transfer complexes have been identifiedreviewed in refl2). These cytochromes act as electron

that are likely to be involved in this functior8); Analysis acceptors for periplasmic hydrogenases and formate dehy-
of available genomes for sulfate-reducing organisms [three drogenases. lDesulfaibrio these two classes of proteins
bacteria,Desulfaibrio vulgaris Hildenborough 4), Des- lack the hemeb-containing membrane subunit typically
ulfovibrio desulfuricansG20t (www.jgi.doe.gov), andes- present in such enzymes and which transfers electrons to

the quinone pool. The electrons resulting from periplasmic
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bound electron transfer complexes found only Des- Bacterial Growth Cells of D. wulgaris Hildenborough
ulfovibrio, which include a cytochrome subunit also (DSM 644) were grown in lactate/sulfate medium as previ-
belonging to the cytochrome family (reviewed in ref3). ously described24). The cells were suspended in 10 mM

These membrane redox complexes are not presebt.in  Tris-HCI (pH 7.6) buffer and ruptured by passing twice
psychrophilaandA. fulgidus which have hydrogenases and through a APV 750 homogenizer. The resulting extract was
formate dehydrogenases with a cytochromenembrane centrifuged at a force of 100QGor 15 min to remove cell
subunit. The first of suclbesulfaibrio complexes to be  debris, and the supernatant was centrifuged at a force of
identified was the six-subunit Hmc complex Bf vulgaris 10000@ for 2 h to obtain the crude membrane fraction.
(13). Sequence analysis indicates that this complex includes Protein Purification.All purification steps were conducted

a cytoplasmic FeS protein (HmcF), two integral membrane aerobically and performed at pH 7.6 and@. The crude
proteins of which one is likely to bind hemégHmcC and membrane fraction fronD. pulgaris was washed by sus-
HmcE), a periplasmic ferredoxin-like protein (HmcD), and pending in 20 mM Tris-HCI with 20% glycerol and 1 mM

a periplasmic 16-heme cytochromméHmcA) composed of ~ EDTA and ultracentrifuging at 1400@Gor 2 h. The pellet
four cytochromecs-like domains 14, 15). Expression of the  obtained was solubilized in a 20 mM Tris-HCI buffer
Hmc complex is higher in growth with H16), and studies  containing 20% glycerol and 4%-dodecyl 5-p-maltoside
with knock-out mutants1(7, 18) and on reduction of HmcA  (DDM), in the presence of Complete protease inhibitor
by hydrogenase/Tp} (19) indicate that the Hmc complex  cocktail tablets (Roche Diagnostics GmbH, Germany). Solu-
is involved in electron transfer from periplasmic hydrogen bilization was carried out for 1.5 h in an ice bath with gentle

oxidation to cytoplasmic sulfate reduction. stirring. The solubilized protein was separated by ultracen-
Two homologous, but smaller complexes have since beentrifugation at 14000 for 2 h, and the pellet was used for a
identified in Desulfaibrio spp. The 9Hc complex ob. second solubilization using the same conditions as described

desulfuricansATCC 27774 R0) lacks the hemeb and before. The total solubilized protein was applied to a
cytoplasmic FeS subunits of Hmc but is formed by an Q-Sepharose fast-flow column (5 30 cm; Pharmacia)
integral membrane subunit (9HcC) and a periplasmic FeS equilibrated with 20 mM Tris-HCI buffer with 20% glycerol,
subunit (9HcB) that display high sequence identity to the 0-1% DDM (buffer A), and a quarter of a Complete tablet
corresponding subunits of Hmc. It is also associated with a Per liter. A stepwise gradient of increasing NaCl concentra-
nine-heme cytochrome (9HcA), whose sequence and struc-ion was performed. Fractions were analyzed by-tisible

ture are very similar to the C-terminal domain of the HmcA SPectroscopy to search for the presence of both heraes
cytochrome 21). In D. vulgaris andD. desulfuricansG20, ¢ in the same samplé fraction with such characteristics
another transmembrane complex, Tmc, was identified that &/uted at around 350 mM NaCl. This fraction was concen-
includes a cytochromie integral membrane subunit homolo-  rated and dialyzed against buffer A and then loaded on a
gous to HMCE, a cytoplasmic FeS subunit homologous to Pharmacia Q-Sepharose high-performance column (Hiload
HmcF and of the same family as DsrK, and a periplasmic 26/10, flow rate 2 mL min‘) equilibrated with buffer A and
tetraneme cytochrome, named as type Il cytochrome a quarter of a Complete tablet per liter. A stepwise gradient
(Tplics), which differs from the Tpds in reactivity and of increasing NaCl concentration was performed, and two
structural characteristic&2, 23). The cytochrome subunits ~ heme-containing fractions were selected: one eluted at 100
of the Hmc, 9Hc, and Tpts complexes have already been MM NaCl and the other eluted & M NaCl. These fractions
purified and characterized, but a whole complex of this Were pooled and concentrated in an Amicon ultrafiltration
family had hitherto not been isolated. The three cytochromes, Cell using membranes with molecular cutoffs of 30 kDa.
HmcA, 9HcA, and Tplts, can receive electrons from Analytical MethodsProtein concentration was determined
periplasmic hydrogenases via the &pfreviewed in ref3), with the bicinchoninic acid assay from Pierce, using bovine
supporting the idea that the corresponding complexes transfe§erum albumin as standard. Blue-native PAGE was per-
electrons from the periplasmic oxidation of hydrogen (and formed as described in r@6 with the modification that the
possibly also formate) to the membrane quinone pool or the &-@minocaproic acid was not used in the gel buffer since
cytoplasm. In this paper, we describe the purification and this did not affect the electrophoresis pattern observed.
detailed characterization of tHe. vulgaris Tmc complex ~ Coomassie blue-stained SBBAGE was performed to

associated with Tpts and studies that corroborate its determine the protein purity. For band quantification the
proposed involvement in transmembrane electron transfer inSDS—PAGE stained with Coomassie blue was scanned and

hydrogen metabolism. analyzed by densitometry using Quantity One software (Bio-
Rad). To normalize the signal intensities, the low molecular
MATERIALS AND METHODS mass markers (GE Healthcare) were used for a calibration

curve. For N-terminal sequencing the subunits were separated

Sequence Analysis TooBlast searches were performed by SDS-PAGE and blotted to a PVYDF membrane (Milli-
at the NCBI website (http://www.ncbi.nim.nih.gov/BLAST/ pore) using a Trans-Blot SD semidry electrophoretic transfer
). Sequence data were retrieved and analyzed at The Instituteell (Bio-Rad). Sequencing was conducted in an Applied
for Genomic Research website (http://www.tigr.org), at the Biosystems model Procise 491 HT sequencer. The pyridine
DOE Joint Genome Institute website (http://www.jgi.doe.gov/ hemochrome derivative was prepared as described Rbref
JGI_microbial/html/index.html), and at the VIMSS Com- Spectroscopic Method®Room temperature U¥Vvisible
parative Genomics website (http://www.microbesonline.org/ spectra were obtained using a Shimadzu UV-1603 spectro-
). Multiple alignments were performed using CLUSTALX. photometer. Liquid nitrogen temperature spectra were ob-
Sequence analysis and transmembrane helix predictions weréained in an OLIS DW-2 instrument. EPR spectra were
done using programs available at http://us.expasy.org/. recorded using a Bruker EMX spectrometer equipped with
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an ESR 900 continuous-flow helium cryostat from Oxford stopped by adding ammonium acetate (pH 5) to 100 mM
Instruments, as described?). For reduction experiments, final concentration. The cross-linking reactions were analyzed
the Tmc complex was flushed with hydrogen and reduced by electrophoresis on polyacrylamide gel under denaturing
with preactivated [NiFeSe] hydrogenase fr@n vulgaris conditions on a 12% gel (Hoefer SE 260). For identification,
or, alternatively, with sodium dithionite. the gel was stained with Coomassie blue.

Quinone-Tmc Interaction Experiment§he interaction Biosensor AnalysisThe interaction between the Tmc
was measured as the rate of quinone reduction by the reducedomplex with Tpts, APS reductase, and sulfite reductase
Tmc complex using an OLIS DW-2 spectrophotometer. All was investigated by surface plasmon resonance with the
of the experiments were performed in anaerobic stirred cells, biosensor-based BlAcore analytical system. All experiments
with a hydrogen overpressure of 15 kPa flowing through the were performed at 25C. The Tmc complex in 10 mM
cell. The buffer used in all cases was 100 mM Tris-HCI (pH  sodium acetate (pH 4.5) was immobilized on a CM5 sensor
7.6). An ethanolic solution of 2,3-dimethyl-1,4-naphtho- chip (BIAcore) through amine coupling. The carboxylic acid
quinone (DMN) (140uM) was incubated in the cell in  groups of a dextran matrix were activated with /70 (10
degassed buffer with 115 unjid/ catalase, 4 units of glucose uL/min) of a mixture of 0.2 M EDC and 0.05 M NHI\¢
oxidase, and 450 mg/mL glucose during 10 min. The Tmc hydroxysuccinimide). The complex was injected over the
complex was reduced using active [Fe], [NiFe], or [NiFeSe] course of 7 min (1QuL/min), resulting in approximately
hydrogenases from. vulgaris and added to the cellata20 18000 resonance units of immobilized protein, and the
nM concentration. Reduction of DMN was followed using reaction was stopped by the injection of 70 (10 uL/min)
the optical density difference between 290 and 270 nm asof 1 M ethanolamine hydrochloride in order to transform
described in the literature2g). the remaining active esters into amides. This procedure

For the reverse reaction, DMN was reduced to DMNH  allows the Tmc complex to be covalently bound to the
in a Braun MB 150 glovebox with sodium borohydride, carboxymethyl dextran-modified gold surface via the exposed
according to ref29. The borohydride was added stepwise amino groups. The continuous flow cell was equilibrated with
until full reduction occurred, following the process spectro- the running buffer that contains 10 mM HEPES (pH 7.4),
photometrically. DMNH was added to the protein solution 150 mM NaCl, 3 mM EDTA, and 0.005% P20. Tp) APS
(2.8uM) inside the anaerobic chamber to the final concen- reductase, and sulfite reductase were diluted in running buffer
tration of 237uM. Spectra were recorded in a Shimadzu and injected using a constant flow rate of 20/min (30
UV-1203 spectrophotometer. Afterward, an excess of sodium 4L). The resulting sensorgrams were evaluated using the
dithionite was added. As a control experiment an identical bjomolecular interaction analysis evaluation software (BIA-
protein solution was treated with the same excess of sodiumcore) in order to calculate the kinetic constants of the
borohydride, in the absence of DMNH complex formation.

Redox Titration Redox titrations monitored by visible
spectroscopy were performed in the glovebox in 100 mM RESULTS
Tris—maleate, pH 7.0, buffer, following the changes in o
absorbance at the and Soret bands of the reduced hemes, ~None of the Desulfaibrio membrane-bound electron
corrected for the corresponding isosbestic points, and usingtf@nsfer complexes associated with a cytochrome of the
buffered sodium dithionite (pH 8.5) as the reductant. The cytochromecs family had been isolated thus far. With the
following redox mediators were used (at a final concentration &m to study the function of these complexes in the
of 2.7 uM each): phenazine methosulfate, phenazine etho- 'éSpiratory chain obesulfaibrio spp., we decided to attempt
sulfate, methylene blue, indigo tetrasulfonate, indigo trisul- iSelation of the Tme complex i. vulgaris, since it shows
fonate, indigo disulfonate, 2-hydroxy-1,4-naphthoquinone, higher levels of expression than the Hmc complé®) @nd
anthraquinone-2-sulfonate, safranine-O, benzyl viologen, and@S0 has a simpler subunit composition. For this process it
methy! viologen. The reduction potentials were measured IS first essential to conduct a thorough analysis of the
with a combined Pt/Ag/AgCl electrode calibrated against a S€duences predicted by genes of the Tmc gene cluster.
saturated quinhydrone solution at pH 7 and are referenced Desulfaibrio TmcABCD-Encoded Proteinsthe gene
to the standard hydrogen electrode. To discriminate the cluster coding for the Tmc complex is present in the genomes
contribution of hemes andc to the overall titration of the ~ of D. wulgaris Hildenborough and. desulfuricansG20,
Tmc, the analysis of the redox titration was performed at Where it is identical, but is not found iDt. psycrophilaor
552 and 561 nm using the absorbance of isosbestic points afA- fulgidus This gene cluster includes nine genes (DVU0258
540 and 561 nm and 504 and 570 nm, respectively, to DVU0266, Figure 1) and is predicted to form an operdd) (
deconvolute the optical contribution of the redox mediators Gene DVU0258 is predicted to encode a signal transduction
from that of the two types of hemes. histidine kinase; genes DVU0259 and DVUO0260 are both

Cross-Linking ReactionsCross-linking reactions were  predicted to encode DNA-binding response regulators, and
performed aerobically with the oxidized Tmc complex or DVUO0261 is also predicted to code for a DNA-binding
inside a glovebox with the Tmc complex in the reduced state. universal stress protein.

This state was obtained by adding a stoichiometric amount Thus, genes DVU0258DVU0261 are all likely to be
of dithionite to the Tmc complex (4&M). Tmc was involved in regulation of the Tmc expression. Gene DVU0262
incubated for 1.5 h at room temperature in the reaction encodes for a hypothetical protein, and DVU0263 encodes
mixture containing 10 mM cacodylate buffer (pH 6), 10 mM for TmcA, the periplasmic tetraheme Tg@jl that was
EDC [1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hy-  previously characterized2®). DVU0264 encodes for a
drochloride], and either APS reductase () or sulfite hydrophilic protein, named as TmcB, predicted to be
reductase (4«M) from D. wpulgaris. The reactions were cytoplasmic due to the lack of a signal peptide. TmcB is
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0258 0259 02860 0261 0262 0263 0264 0285 0266
Sensory box histidine kinase divk mirA Universal stress Hypothetical TmcA TmcB TmeC TmcD
protein family protein

Ficure 1: Schematic representation of the genes enconding the Tmc comp@esinfaibrio. The genes represented correspond to
DVU0258-DVU0266 of D. vulgaris Hildenborough and Dde37+8707 ofD. desulfuricansgz20.
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M M 1 2 Ficure 3: UV-—visible spectra of the Tmc complex at room

temperature and at 77 K (inset): dashed line, as-isolated oxidized

Ficure 2: SDS-PAGE of the Tmc complex fronD. vulgaris protein: solid line, reduced with dithionite.

Hildenborough. (A) Basic fraction containing the truncated form
of the complex. (B) Acidic fraction containing the Tmg2CD is a preferred amino acid found in the regions of membrane
complex, stained with Coomassie Blue (1) and heme staining (2). . .

Lanes M are the molecular mass markers. proteins that are close to the membram@ater interface35).

Its hydrophobic, yet polar, aromatic ring is particularly suited
closely related to the HmcF subunit of tBe vulgaris Hmc for interacting with the polarapolar border. TmeD is thus
complex, with which it shares 31% identity and 50% likely to be a peripheral membrane protein of the Tmc
similarity. Both TmcB and HmcF belong to a very interesting complex.
family of FeS proteins that also includes DsrK, the cyto-  Purification and Biochemical Characterization of the Tmc
plasmic subunit of the Dsr complex, and of which the best Complex.The cytochromec subunit of the Tmc complex,
studied member is HdrD, the catalytic subunit of membrane- the Tpllcs, has previously been isolated using a strong
bound heterodisulfide reductases (Hdr) of methanodgé&®)s (  detergent, which probably causes it to dissociate from the
Numerous proteins belonging to this family are found in complex @2). To try to isolate the whole complex, we
protein databases and the genomes of many organismsextracted the membrane fractiondf yulgaris using a mild
although their function is unknown. They are usually detergent to avoid separation of the subunits. After purifica-
associated with membrane-bound and redox cofactor-tion of the detergent extract on two consecutive Q-Sepharose
containing subunits, indicating that they are involved in columns, two fractions were identified that displayed UV
respiratory electron transfer chains. Thus, TmcB is a visible absorption for botlp- and c-type hemes and also a
representative of a whole family of widespread proteins of 14 kDa band on SDS gel electrophoresis that stained positive
which not much is known to date. All proteins in this family for hemec. The first fraction was more basic and eluted at
have two [4Fe4ST** binding sites at the N-terminus and 100 mM NaCl, whereas the second fraction was very acidic
one or two conserved five-cysteine motifs OCX,CX,C. and eluted only 81 M NaCl. The fraction eluted at 100
In HArD some of these cysteines are involved in binding an mM NaCl displayed two bands on a SDS gel with apparent
unusual [4Fe4S] center that is the catalytic site of the molecular masses of 14 and 20 kDa and a weak band at 50
heterodisulfide reduction3@). DVU0265 encodes for an  kDa (Figure 2A).
integral membrane protein, named as TmcC, that belongsto N-Terminal sequences were obtained for the 14 and 50
the family of hemeb-containing subunits of respiratory kDa bands, whereas the 20 kDa band gave no sequence
oxidoreductases. It is homologous to the HmcE subunit of possibly because of a blocked N-terminus. The two se-
the Hmc complex (32% identity and 50% similarity) and is quences obtained enabled identification of the corresponding
predicted to contain four transmembrane helices. TmcC andgenes as DVU0263 (14 kDa band; TmcA) and DVU0265
HmcE of D. vulgaris andD. desulfuricang520 share four (50 kDa band; TmcB), which are both part of the predicted
conserved histidines that are likely candidates to bind two tmcoperon. The more acidic fraction displayed also the two
hemesb, and two of them align with the histidines that are bands at 14 and 20 kDa, but weaker, and two strong bands
the ligands to the hemds in Escherichia coliNarl (34). at 45 and 50 kDa (Figure 2B). The N-terminal sequence of
DVU0266 encodes for a protein named as TmceD that showsthe 50 kDa band in this fraction confirms that it also
no similarity to any proteins in the databases, except the corresponds to the TmcB protein. The N-terminal sequence
homologous protein iD. desulfuricansG20. The start of  obtained for the 45 kDa band was MRSPTAW, which
its N-terminal sequence is not correctly predicted in the revealed that this band corresponds to the hypothetical protein
genome (see below). It has no transmembrane helices oiin the tmcoperon predicted by gene DVU0266 but that the
signal peptide, but a conspicuously high number of tryp- start of the N-terminal sequence is not correctly predicted
tophan residues (22 in 418 amino acids, 5.3%). Tryptophanin the genome. Since both fractions display visible absorption
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Ficure 4: Redox titration of the Tmc hemes followed by visible ; r r . : .
spectroscopy. The points represent the oxidat@®nand reduction 100 200 300 400 500 600
(O) at 552 nm (dominated by the contribution of the herjeand Magnetic field (mT)

the oxidation M) and reduction[{) at 561 nm (dominated by the
contribution of the heme$) of Tmc following changes at the
o-band. The solid line corresponds to a theoretical simulation
obtained by adding four Nernst equations with redox potentials of
—160, —245, —250, and—350 mV, considering equal optical
contribution for all hemes, and two Nernst equations for hemes

b with redox potentials 0f~155 and—45 mV in a 1:1 ratio. 2|.023

6.02

Reduced fraction

FiIGure 5: EPR spectrum of the as-prepared oxidized Tmc complex
from DyH at 10 K. Experimental conditions: microwave frequency,
9.64 GHz; microwave power, 2.4 mW; modulation frequency, 100
kHz; modulation amplitude, 1 mT.

corresponding to the presence of herbed is likely that
the 20 kDa band corresponds to the TmcC protein.

A densitometric analysis of the bands in the more acidic
fraction yielded the following ratio for the four subunits: 50
kDa:45 kDa:20 kDa:14 kD& 1:1.3:1.1:2.1, suggesting that
this fraction corresponds to a native form of the Tmc complex
with anafyo composition of the TmcA, TmeB, TmcC, and
TmcD subunits (TmcABCD). The less acidic fraction seems
to correspond to a truncated version of the complex (TmcAC) I
that contains mainly the two heme proteins TmcA and TmcC 1.939
(and very little of the TmcB protein), indicating that TmcB
and TmceD can dissociate from the other two subunits and Magnetic field (mT)
pOSSIny.h.ave a weaker interaction Wlth.the membranes. FIGURE 6: EPR spectrum of the rhombic signal in the oxidized

UV—Visible SpectroscopyrheD. vulgarisTme complex  Tmc complex at 17 K. Experimental conditions: microwave
has a strong absorbance in the visible region in agreemenﬁ‘requency, 9.64 GHz; microwave power, 2.4 mW; modulation
with a protein containing several hemes and FeS centersfrequency, 100 kHz; modulation amplitude, 1 mT.

(Figure 3) At room temperature, the as-isolated oxidized the Soret region (data not ShOWﬂ). The heroessart to be
complex has a heme Soret peak with a maximum at 409 reduced at~ —100 mV and are fully reduced at —500
nm. In the reduced state, the Soret peak shifts to 419 nmmy, and the heme$ start at~ +50 mV and are fully
and the heme. and3 peaks are observed at 551.5 and 522 reduced at~ —200 mV (Figure 4). The experimental data
nm, respectively. At room temperature, the hewaeand of  could be simulated by adding a minimum of four Nernst
the reduced complex presents a small shoulder at higherequations with redox potentials ef160, —245, —250, and
wavelengths, probably due to the hemies When the  —350 mV for the hemes and two Nernst equations for the
spectrum is run at liquid nitrogen temperature, this shoulder hemesb with redox potentials of-155 and—45 mV in a

is more pronounced, supporting the presence of the two1:1 ratio. These simulations considered an equal optical
distinct types of hemes, as the shoulder is not observed incontribution for all hemes and that no interactions were

I1.988

T T T
300 320 340 360

the low-temperature spectrum of the isolated pll present. Comparison of the redox potentials of the hemes

Sequence analysis of the Tmc complex predicts the in isolated Tplts (—170,—235,—260, and—325 mV) 22)
presence of four hemesin TmcA and two heme$ in and in the Tmc complex shows only small differences
TmcC. We estimated the concentration of hefesidc in between them.

the Tmc complex using the method described by Berry and EPR Spectroscopylhe low-temperature EPR spectrum

Trumpower 26) and observed a ratio of five hemesper of the as-prepared oxidized Tmc complex shows features

heme b, which agrees with the presence of two TmcA typical of low-spin ferric hemes Wwitlgmax = 2.96, Omed ~

subunits and one TmcC subunit in the complex. A similar 2.24, andgi, = 1.51 (Figure 5). A signal witlg,ax = 6.02

ratio was observed for the TmcAC fraction. is also observed that probably corresponds to a heme in the
Measuring the absorbance changes at 552 and 561 nm irhigh-spin state. The intensity of this signal is about 10% of

redox titrations followed by visible spectroscopy, it is thegmax= 2.96 signal, suggesting that one heme (in the total

possible to obtain curves that are dominated by the titration of 10) in the complex may be five coordinated.

of c-type andb-type hemes, respectively. The data obtained As expected from sequence analysis, a rhombic signal with

in the a-band region are corroborated by data measured in gmax= 2.023,gmed= 1.998, andmin = 1.939 is also present,
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FIGURe 7: EPR spectra of the reduced Tmc complex: (i) reduced with dithionite, 10 K, (ii) reduced with dithionite, 20 K, and (iii) reduced
with H, and 0.6uM [NiFeSe] hydrogenase/0&M Tplcs, 10 K.

T T
300 320

observed with maximum intensity at 17 K (Figure 6). This been shown that Tpd, the cytochromes subunit of Tmc,
characteristic signal is also present in the Dsr complex from is reduced by periplasmic-facing hydrogenases with thesTpl
D. desulfuricang(9) and A. fulgidus(10) and also in Hdr as mediator2, 39), suggesting that the Tmc complex is a
after binding of a thiol substrat€). In Hdrs it has been  receptor for electrons resulting from periplasmic hydrogen
shown that this signal is due to a [4Fe#Stluster that is oxidation. To evaluate whether electrons can flow from the
the catalytic site of the enzym@&3, 36—38). As observed TmcA subunit to the cytoplasmic TmcB subunit, we ran an

for the Dsr complexes, this signal is detected in Tmc in the
oxidized native state without addition of any exogenous
substrate, indicating the presence of a similar [4F&€4S]
center in the TmcB subunit. This signal titrates with a redox
potential of+115 mV, which is close to the redox potential
observed for the Dsr complex-030 mV).

Upon reduction of Tmc with dithionite a complex signal
is observed indicative of the presence of [4F€4&nters
(Figure 7, i and ii). The sequence of TmcB includes two
canonical binding sites for [4Fe4SIt+ centers. However,

EPR spectrum of the Tmc complex reduced with hydrogen
by catalytic amounts ob. vulgaris [NiFeSe] hydrogenase
and Tpks. The spectrum shows complete reduction of all of
the hemes and of the rhombic signal and also almost
complete reduction of the FeS centers of the TmcB subunit
(Figure 7, iii), indicating that indeed electrons can flow
through the complex to the cytoplasmic subunit. The
interaction between the Tmc complex and Gplvas also
analyzed by surface plasmon resonance (Biacore), whereby
the Tmc complex was immobilized in a CM5 sensor chip.

the signal observed seems to be too complex to be caused\ specific interaction between the two proteins was observed
by only two such centers, even if magnetic interactions are (Figure 8), but the high level of unspecific interaction
likely to exist. The EPR spectrum suggests that a fourth FeSbetween Tpt; and the activateddeactivated matrix of the
center may be present in TmcB. There are seven cysteinesontrol channel precluded us from calculating kinetic con-

(apart from the eight of the two canonical [4Fe%ST

stants for association/dissociation (the values that would be

binding sites), one histidine, and one aspartate conserved irobtained would have no real physical meaning).
TmcB and related proteins. Four of these cysteines are likely Wwe also tested the possibility of electron transfer between

to be involved in the binding of the [4Fe£SE+ center, but

the Tmc complex and menaquinone. For this, the complex

this still leaves enough conserved residues to account for awas reduced usind. wulgaris hydrogenases and then

third center of the [4Fe48}*+ or [2Fe4St* type. A signal
due to a radical specieg & 2.00) of unknown origin may

incubated with the menaquinone analogue DMN, and this
resulted in reduction of DMN. However, when this experi-

also be present in the reduced EPR spectrum. No signalsment was repeated with the isolated TmcA subunit at the

were detected at temperatures above 60 K.
Functional Analysis of the Tmc Complébhe structural

same concentration, a similar reduction rate of DMN was
observed, suggesting that the membrane subunit TmcC is

arrangement of the Tmc complex suggests that it may interactnot involved in the quinone reduction. Reduceddgmould

with redox partners in the periplasm (through the cytochrome also efficiently transfer electrons to DMN. This reduction is

¢ subunit, TmcA), with the membrane-associated menaquino-probably the result of a nonspecific electron transfer driven
ne pool (through the TmcC subunit), or with redox partners by the difference in redox potential between the cytochromes
in the cytoplasm (through the FeS subunit, TmcB). It has ¢ and menaquinones and may have no biological significance.
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3000 kDa subunit was identified as Tl (TmcA) by heme
staining and N-terminal sequence. The 50 and 45 kDa bands
were identified by N-terminal sequence as the TmcB and
TmcD subunits, respectively. The 20 kDa band was not
identified by N-terminal sequence, but the detection of hemes

2500

2000 -

2 b by UV—visible spectroscopy indicates that it corresponds
£ 15004 to the TmcC subunit. The evidence obtained suggests that
g’- the isolated Tmc complex has a Tm@&CD composition.

A truncated form of the complex constituted mainly by
TmcA and TmcC was also obtained, suggesting a weaker
interaction with the TmcB and TmcD subunits. The genes
enconding these proteins are part of a nine-gene cluster
predicted to form an opero3{). Downstream of the TmcA
gene there are three genes coding for three response
Time (sec) regulators (DVU258, divK, and mtrA) and one gene coding
FiGURE 8: Concentration dependence curves for binding okFpl  for @ protein that belongs to a universal stress protein family.

to the Tmc complex immobilized onto a CM5 sensor chip, analyzed This suggests an intricate regulation of the Tmc complex
by surface plasmon resonance. The sensorgrams are the subtractiogxpression.

of the response for the Tmc immobilized channel minus the control ; ;
channel (activateddeactivated matrix). Tjg was injected at Molecular hydrogen plays a central role in the metabolism

concentrations of 0 nM (a), 50 M (b), 200 nM (c), 400 nM (d), of sulfate-reducing bacterié8), The couple hydrogenase/
600 nM (e), 800 nM (f), and 1000 nM (g) at a flow rate of 10 Tplcs is the key system for hydrogen oxidation Des-
uL/min for 3 min at 25°C. The sensorgrams show binding of &pl ulfovibrio. The two components work together, hydrogenase
LO the iT]mObi|i§¢d Tmc ComF"ethU””g the injection, followed  catalyzing the splitting or the synthesis of molecular hydro-
styo?;t.oc rome dissociation from the receptor surface after injection gen and Tpts acting as the electron and proton transport
protein @0). Desulfaibrio spp. contain some membrane-
Nevertheless, it is interesting to consider the possibility of P0Und electron transfer complexes (Hmc, Tme, and 9Hc)
direct electron transfer between the abundant cytochi@me that are not found In other suh_‘ate. reducers Sl.JchaS.
pool and the menaquinone pool, since it is known that some psychrophilaor A. fu]gldusand which include a periplasmic
of the Tpis is found to be membrane associat@®)( We cytochromec subunit of the cytochrome; family (3). The
tested also the reduction of the Tmc complex by borohydride- ©ther subunits of these complexes also show a high degree
reduced DMN inside the anaerobic chamber. No reduction Of Séquence similarity between them indicating their homol-
of the hemes could be observed, which is in agreement with 0gy. T_he larger I_—l_mc complex shows a striking S|m|Iar|.ty n
the redox potentials determined for the complex and the subunit composition to the Dsr complex clon.ser'ved in all
higher redox potential of DMN-£60 mV). These results  Sulfate reducers, but the actual sequence similarity between
suggest that the hemds of the Tmc complex are not subunlts_ is quite low 9). Functional studies of thes_e
involved in electron transfer with the menaquinone/menaquinol Pesulfaibrio complexes have been mostly performed with
pool in the membrane, and thus their role is likely to be as Hmc and indicate its role in transmembrane electron transfer

a conduit for electrons from the TmcA subunit to the TmcB when hydfoge” is the electron donor for growﬂ[ﬁ(—lB)..
subunit. Several studies have also shown that €plthe periplasmic

The cytoplasmic TmcB subunit is likely to fuel electrons ?;; Lilnl't_ig)thgumgsﬁﬂmﬂ:’tﬁg(}eﬂfCﬂemCt[gﬂsmfgorﬂi,pe' a
to the sulfate reduction pathway. We tested whether a direct™. . » SU9g g . P y
interaction between the Tmc comolex and some enz mes;S|m|lar function to Hmc in accepting electrons from hydrogen
involved in the sulfate reductionppathway could oc)éur oxidation. Our results showing that nearly full reduction of

Initially, cross-linking reactions between the Tmc complex the Tmc complex can be attained in the presence of

(in oxidized and reduced forms) and APS reductase and hydrogen_ase/ij; are a strong evidence in favor of this
. . : hypothesis. In proteomic studies, we also observed@hat
sulfite reductase ofD. wulgaris were carried out. No

conclusions could be obtained from these experiments vulgar?s cells grown with hydrogen as so[e energy source
because the complex aggregates in the presence of EDC angave increased amounts of Tgyl(unpublished results),

does ot un 1 SDPAGE, Surface plsion resonance o2 UCSlanialng e ol o T n ycrogen metabo-
analysis of the interaction between the immobilized Tmc : 9 P

complex and APS reductase and sulfite reductase Wasat present, the arrangement of the subunits relative to the

performed. No specific interaction could be detected under membrane shqws_ a grad_lent n thg reduction potgntlals .Of
the conditions used. the cofactors with increasing potentials from the periplasmic

to cytoplasmic side. This downhill pathway may serve to
DISCUSSION commit the electrons to this route of entry into the cytoplasm.
In terms of subunit composition, the Tmc complex is a
In this study we report the isolation and characterization simplified version of the larger Hmc complex. During
of the Tmc complex fromD. wulgaris, a transmembrane  purification of the Tmc complex no Hmc complex or HmcA
complex proposed to be involved in the sulfate respiratory could be detected. It is thus tempting to suggest that the Tmc
pathway. The Tmc complex was isolated from the mem- complex may substitute for Hmc and that, for some reason
branes oD. vulgaris displaying four subunits in a SDS gel, not fully understood, the conditions used here to grow the
with molecular masses of 14, 20, 45, and 50 kDa. The 14 cells induced expression of Tmc and repressed Hmc. Further

1000 -

500
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work will be necessary to evaluate whether regulation of
Hmc and Tmc expression is linked.

The isolation of the simpler Tmc complex permitted an
analysis of some of its subunits that would be more difficult
to carry out with Hmc. For example, the evidence shown
here suggests that the role of the cytochrobesubunit,
TmcC, is in electron transfer between TmcA and TmcB and
probably not in electron transfer with the quinone pool,

although this cannot be ruled out. The FeS clusters of the

TmcB subunit could also be analyzed without the confound-

ing presence of other FeS proteins. We observed the

characteristic EPR signal in the oxidized Tmc complex that
is attributed to the [4Fe48] cluster, observed also in Hdr

and the Dsr complex, which confirms the sequence-predicted

similarity between TmcB, DsrK, and HdrD. In addition, EPR

analysis suggests that TmcB may include another FeS center 7.
not predicted by sequence analysis. The precise function of

this cytoplasmic subunit present in the Tmc, Hmc, and Dsr
complexes remains unknown, but it is likely to be involved
in the electron transfer for the cytoplasmic sulfate reduction.

We could not observe a direct interaction between the Tmc
complex and APS reductase or sulfite reductase, suggesting o

the involvement of other proteins or cofactors. A likely
possibility, discussed befor8)( is the involvement of a thiol/
disulfide in this process due to the similarities to HdrD. The

Tmc complex also includes one subunit (TmcD) that is not 1o

present in Hmc or any other complex and shows no

relationship to any protein in the databases. The function of

this protein is presently unknown. It is not predicted to

contain cofactors but includes an unusually high number of

tryptophans which may be involved in membrane binding.
In conclusion, a novel membrane-bound redox complex

was isolated and characterized from the sulfate-reducing

bacteriunD. vulgaris Hildenborough. The evidence obtained
indicates that this complex is involved in transferring
electrons from the periplasmic oxidation of hydrogen to a
still unidentified electron acceptor involved in sulfate reduc-

tion. Further studies are necessary to clarify the important
role of the transmembrane complexes in the sulfate respira-

tory pathway.
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