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Membrane-Bound Electron Transfer Chain of the Thermohalophilic Bacterium
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ABSTRACT. A novel multihemic cytochrombc complex was isolated from the membrane®bbdothermus
marinus It is a complex with a minimum of three subunits (43, 27, and 18 kDa), containing five low-spin
heme centers of the B and C types, in a 1:4 ratio. All the C-type hemes are in the same subunit (27 kDa).
Three distinct redox transitions, at 235, 80, ands mV, were observed by visible redox titrations. The

first involves one B- and one C-type hemes, and in the other two transitions one and two C-type hemes
are involved, respectively. Spectroscopic data strongly suggest that the two hemes intervening in the last
transition are in van der Waals contact, yielding a split Soret band. Electron paramagnetic resonance
spectra of the oxidized complex show resonances of five low-spin ferric heme centers. Upon reduction
with ascorbate, all these resonances vanish and a new one attributed to the last pair of hemes appears. A
[BFe-4S}0 center copurifies with this complex, having a high reduction potentiat®40 mV. No
Rieske-type centers are detectedRinmarinusand no effect is observed in the respiratory rates when the
typical bc; complex inhibitors are present, suggesting that such a complex is abs&nharinugPereira

et al. (1994)FEBS Lett. 352327—330]. The newly isolated cytochronbe complex has quinol:cytochrome

c or high-potential iror-sulfur protein (HiPIP) oxidoreductase activity, being a functional analogue of
the canonicabc, complexes; i.e., it is the complex Il iR. marinus This complex plays a central role

in this bacterium’s electron-transfer chain, coupling the electron transfer between the quinols reduced by
the dehydrogenases and the HiPIP, the final electron donor to the terminal oxidases [Pereira, M. M.,
Carita, J. N., and Teixeira, M. (1998jiochemistry 381276-1283].

Rhodothermus marinuselongs to the small number of (complex I), succinate:quinone oxidoreductase (complex 1),
known thermophilic aerobic bacteria. It is a strict aerobic and quinol:cytochrome oxidoreductase (complex IlI). This
and moderate halophilic Gram-negative bacterium, with an similarity can also be extended to complex IV, although
optimal growth temperature of 6% (1, 2). It was classified bacteria can express multiple and diverse terminal oxidases
as a new genus of the heterogeneous groupl@fibacter, that vary in terms of substrates and metal centers as well as
Bacteroids and Cytophagaspecies (FBC group)3j. A affinity toward oxygen.
preliminary analysis of its membrane-bound electron trans- The branching of bacterial electron transport chains can
port chain suggested some unique propertis rfamely, also occur at the level of complex Il when the electron flow
the finding of the first membrane-bound high-potential iron  is processed directly to the terminal oxidases that use quinol
sulfur protein (HiPIP). Soluble cytochromes have not been as substrate. In all bacteria reported to date, the role of
detected irR. marinusand the characteristic fingerprint for  complex lll, i.e., quinol:cytochrome oxidoreductase, is
a Rieske center has not been observed in the membranes bperformed by thebc; complex, which contains a dihemic
EPR spectroscopy. These findings led us to propdsthét cytochromeb, a Rieske protein, and a cytochromas major
R. marinuscontains an unusual respiratory chain, in which and essential subunits for electron trans@®r (
the HiPIP may substitute for a Rieske-type center or be a  Studies on organisms from phylogenetically distant branches
direct electron donor for a terminal oxidade. marinus revealed in recent years the presence of new families of elec-
contains menaquinone 7 as the major quind)e ( tron-transfer complexes. The archaeal domain is such an

Most aerobic microorganisms studied in bioenergetics example where unique complexes have been described (
terms belong to the group of purple bacteria. Due to their 11), which appear to consist of supercomplexes containing
phylogenetic relation to mitochondria, these bacteria contain a bc;-like subunit and a terminal oxidase. The finding of
membrane-bound electron-transfer complexes rather similartwo terminal oxidases iR. marinusreported in the literature
to the mitochondrial onesNADH:quinone oxidoreductase as cytochrome oxidases, demanded the presence of a cyto-

chromec reductase in this bacterium. However, the absence
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of the characteristic fingerprint for a Rieske center and the (13). Noncovalently bound hemes were extracted according

inefficiency of the typical inhibitors dfic; complex suggested
the presence of a different complex IIl.

to ref 14.
Electrophoresis.The cytochromebc complex is highly

In this paper we report the physicochemical properties of hydrophobic, showing a strong tendency to aggregate.

an alternative complex Hta novel multihemic cytochrome
bc complex with menaquinol:HiPIP oxidoreductase activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditionk this work a
spontaneous nonpigmented mutant Rf marinus strain

PRQ-62B, was used. This strain, isolated from the beach

Praia da Ribeira Quente at the island 66 $4iguel, Azores,
was shown to be almost identical to the type strain DSM
4253 Q). The cells were grown on Degryse medium 162

(12), supplemented with 0.25% yeast extract, 0.25% tryptone,

and 1% NacCl, at 683C and pH 7.5. Reactors of 30 or 300
L were used, at the IBET/ITQB Fermentation Plant, usually
with an aeration of 380 L/min and 42 rpm stirring. Different

Different types of SDSPAGE (Laemmli system, tricine
SDS-PAGE, and gradient acrylamide) and different sample
preparation procedures were assayed, namely, to clarify the
minimal number of subunits. The best procedure was
achieved with a tricine SDSPAGE as described by Saira

ger and von Jagowlf) with 10% T/2% C in the presence

of 0.1% DM in the gel as well as in the running buffer; the
samples were incubated overnight with the sample loading
buffer containing als 8 M urea. The heme staining procedure
followed Goodhew et al.1{).

Spectroscopic TechniqueElectronic spectra were ob-
tained on a Beckman DU-70 or on an OLIS DW2 spectro-
photometer, at room and liquid nitrogen temperatures. EPR
spectra were measured with a Bruker ESP-380 spectrometer

aeration conditions were also tested. Cell density, dissolved€duipped with an Oxford Instruments ESR-900 continuous-
oxygen, and pH were continuously monitored. The cells were flow helium cryostat. Parallel-mode EPR was performed with
harvested at the midexponential phase, at the beginning of2 Bruker dual-mode cavity. EPR spectra obtained under non-

the stationary phase, or at the late stationary phase, byS

aturating conditions were theoretically simulated by the

microfiltration on a Sartocon Il system and subsequently @PProach of Aasa and viagard (7). For the analysis of

centrifuged at 10009and frozen at-70 °C until use.
Membrane Preparation and SolubilizatioRrozen cells

were thawed and suspended in 20 mM Tris-HCI, pH 8, and

then disrupted by passing through a Mant@aulin pressure

cell at 12000 psi. Unbroken cells were separated by ©NY Gmin iS not observed,

centrifugation at 10009 for 15 min and the suspension
obtained was then centrifuged at 2009G0r 1 h at 4°C.

the low-spin heme centers’ spectra, several assumptions were
made: (i) when onlygmax is detected, the values generally
encountered fogmed and gmin for this type of heme (e.g.,
refs 18 and19) were used for the simulation; and (ii) when
it was assumed thgt, g2
= 16 (20).

Catalytic Activity Assays Decylubiquinol:cytochrome

The membranes were successively washed with 1 mM EDTA oxidoreductase activity was measured by monitoring anaero-

in 20 mM Tris-HCI, pH 8, then 1.5 M NaCl in 20 mM Tris-
HCI, pH 8, and finally 20 mM Tris-HCI, pH 8. The

bically the change in absorbance of horse heart cytochrome
c at 550 nm at room temperature. Quinols were prereduced

supernatants as well as the membrane pellets after each stepith dithiothreitol. All assays were carried out in 20 mM
were studied by visible and EPR spectroscopies. The Tris-HCI buffer, pH 8, containing 0.1% DM.
membranes were resuspended in the last buffer with a Redox TitrationsAnaerobic potentiometric titrations were

concentration of approximately 20 mg/mL. The membrane
fraction thus obtained was solubilized with dodegyb-
maltoside in the proportionf@ g of detergent/g of protein.
This suspension was centrifuged at 2009@# 1 h at 4°C.
Protein Purification All chromatographic steps were done
on Pharmacia HiLoad or LKB HPLC systems, at@. The
detergent-solubilized extract was applied to a fast flow DEAE
column, using as buffer 20 mM Tris-HCI, pH 8, and 0.1%
DM, and eluted in a linear gradient of-®0% 1 M NacCl.

followed by visible spectroscopy, at room temperature and
pH 7, with the following as redox mediators, each at a final
concentration of ZM: N,N-dimethylp-phenylenediamine,
1,2-naphthoquinone-4-sulfonic acid, 1,2-naphthoquinbhe,
methyldibenzopyrazine methosulfate, 5-hydroxy-1,4-naph-
thoquinone, duroquinone, indigo tetrasulfonate, indigo trisul-
fonate, indigo disulfonate, and 2-hydroxy-1,4-naphthoquinone.
Redox titrations were performed for the cytochrofe
fractions eluted from the Q-Sepharose and the Superose 6

The heme-containing fraction was then applied to a chelating columns (two independent titrations for each fraction). The

Sepharose fast flow column saturated with 2Cuand
equilibrated with 20mM Tris-HCI, pH 8, and 0.1% DM. The
fraction containing the cytochronie was eluted in a ©10%
125 mM imidazole linear gradient and then applied to a
Q-Sepharose column. This column was eluted in 20 mM
Tris-HCI, pH 8, and 0.1% DM with a linear gradient of
0—50% 1 M NacCl. The fraction containing cytochrorhe
complex was finally purified in a gel-filtration Superose 6
column, eluted with 20 mM Tris-HCI, pH 8, 0.1% DM, and
200 mM NacCl. By this procedure, 75 mg of complbg
was obtained frm 8 g oftotal protein in crude membranes.

Heme DeterminationExtraction, and HPLC Analysis

redox potentials are quoted in relation to the standard
hydrogen electrode.

The titrations were performed 5 mV reduction steps,
monitoring the entire visible spectra from 400 to 700 nm
(total of ~100—-150 spectra for each titration). The data sets
were first analyzed by following the absolute and differential
absorptions at the Soret armgtbands, which allowed a
preliminary determination of the redox transitions. The data
sets were then deconvoluted manually, by use of MATLAB
software, by visual inspection of each individual spectrum
and by selective subtractions from the total data set of redox
spectra. This analysis allowed the determination of the optical

Heme content was measured by pyridine hemeochrome, withspectrum for each heme center. Once all optical components

molar absorptivities o0&, 550-535 = 23.97 mM cm* for
heme C and—o556-540 = 23.98 mM* cm* for heme B

were deconvoluted, the changes in absorbance at the corre-
sponding maxima at the Soret anebands as a function of
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the solution redox potential were used to determine the m:';%”k‘*s’ B Molec(u'gA)
H H mass
reduction potentials of each heme center. Due to the

complexity of the system, the data were fitted to single Nernst 94
equations, without taking into consideration homotropic 67
(electron-electron) or heterotropic (electrefproton) inter-
actions. Although this approach is an approximation, par- 43— 43
ticularly for multihemic proteins, it would be completely 30
arbitrary at this stage to introduce more variables. The 27—
assignment of each optical species was then confirmed by

. . . . 18— 20
selective chemical reductions and by a complete reproduction

14.4

of the full spectra from the sum of the individual components.
The relative contributions of each species were deduced both
from the relative absorbances at each maximum as well asFIGURE 1. (A) Subunit composition of the purifie®. marinus

by the area underneath theband obtained by weighting. ~ cYtochromebc complex on SDSPAGE. (B) Molecular mass
This last procedure is much more precise, as the transitionstandards (Pharmacia-Biotech, low molecular weight calibration kit).
probabilities are proportional to the spectral area and not to
the absorbance values, and avoids the error associated with
different line widths.

RESULTS

Biochemical PropertiesOur previous studies strongly
suggested that no typicéic; complex was present iR.
marinus(4). This result has now been confirmed by a careful
screening of both intact membranes and solubilized frac-
tions: EPR resonances characteristic of a Rieske center are
not detected, a result corroborated by the absence of any
effect on the respiratory rates upon addition of typical
inhibitors of this complex. Soluble Rieske proteins, as in
Sulfolobus spstrain 7 @1), are also not observed iR.
marinus However, not only are the two terminal oxidases Wavelength (nm)
isolated fromR. marinusanalogous to cytochrome oxidases FIGURE 2: Visible spectra of oxidized (- - -) and reduced)(R.

(our unpublished data) but also preliminary experiments marinuscytochromebc complex, at room temperature.

showed that all heme centersi marinusare reduced by )

quinols, namely, menadiol, which requires the presence of Th_e: complex_h_as no TMPD or cytochrpnmeomdase

a menadiol oxidizing complex. Hence, this activity was act!v!ty bu_t exhibits _qw_nol:cytochrome oxidoreductase
searched for in the heme complexes isolated fRormarinus ~ @ctivity. With decylubiquinol and horse heart cytochrome
leading to the identification of a novéc complex. as elgctron donor and acceptor, respectively, an activity of

Visible and EPR spectroscopies were used to monitor all 22 Mim* (mol of cyt ¢ /mol of heme) was determined at
the heme-containing fractions during the purification, leading "00M temperature. Moreover, the complex is fully reduced
to the identification of a fraction with characteristic finger- Py menadiol (see below) and is able to couple menadiol
prints in each spectroscopy (see below). It was not possibleox'd?t'on to H|PI_P_re(_juct|on, directly trgnsferrl_ng el_ectrons
to further purify this complex, i.e., its spectroscopic and redox 0 HIPIP; the activity is at least 2-fold higher with HiPIP as
properties, heme content, and subunit composition remainedth® €lectron acceptob{).
constant after the two last chromatographic steps. The pyridine hemochrome difference spectrum shows

The expression of this complex under the different growth a-peaks at 550 and 555 nm, indicating the presence of C-
conditions, or growth phases, tested is constant, as judgec®nd B-type hemes. However, the relative stoichiometry is
by EPR spectra of the membrane extracts, indicating a centralrather uncertain, due to the very similar spectral properties
role of this complex in th&®. marinugespiratory chain. Most ~ of the B- and C-type hemes. On the basis of the visible
important in what concerns its integrity, the visible, EPR, Spectroscopic data, a stoichiometry of 1 heme B: 4 heme C
and redox properties of the isolated complex remained is proposed (see below). Nevertheless, the presence of B-

AAbs=0.2

400 500 600 700

constant from the whole membrane extract. type hemes was unambiguously demonstrated by heme
This complex contains C- and B-type hemes, and so it is €xtraction and subsequent HPLC analysis (data not shown).
named cytochrombc complex. Tricine SDSPAGE of this Visible Spectral DataThe visible spectrum of the oxidized

complex reveals at least the presence of three subunits withcytochromebc complex is characteristic of low-spin heme
apparent molecular masses of 43, 27, and 18 kDa (Figurecenters of the B or C types, with major bands~a10 nm

1), and TMBZ staining shows the presence of C-type hemes(Soret band) and at520 nm (Figure 2A). A very low

on the 27 kDa subunit. Only these three bands are alwaysintensity shoulder at-695 nm is present (data not shown),
detected, independently of the sample or gel preparations;indicating that a methionine is a ligand to at least one of the
the bands at higher molecular masses are due to aggregatioheme centers. Taking into account the usual molar absorp-
since its proportion in relation to the other three subunits tivities for this band as well as for the-bands of ferric
depended strongly on the preparation of the sample for thehemes 22), no more than one heme in the complex may
gel assay. have such axial coordination. Features characteristic for high-
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Ficure 3: Visible redox titration ofR. marinuscytochromebc complex. (A) Redox spectra at selected redox potentials. (B) Difference
spectra at each transition.

1 Table 1: Maxima of Redox Visible Spectra of Each Cytochrome
Component and Respective Reduction Potential®foMarinus
08 Cytochromebc Complex, at pH 7
8 cytochrome type Soret (nm) o (nm) E (mV)
0.6
2 c 422.5 552.5 235
5 04 b 422.5 557.5 235
o™ c 422 551.5 80
02 c 426/419 555 —45
' aShoulder.
0 Ixt-2
-200 -150 -100 -50 0 E50V 100 150 200 250 300 titrations ofbc; complexes Z3—25) and were observed in
(mv) the titration of the membrane extract (data not shown). As
Ficure 4: Redox titration curves foR. marinuscytochromebc judged by the EPR data (see below), the second redox

complex. The data were obtained at the Soret band maxima; solidy 5 nsition 'is most probably associated with a protein con-
lines correspond to Nernst equations with the redox potentials

presented in Table 1. formational change. _ _ .
Integration of thex-bands associated with each transition
spin heme centers were not observed, corroborating the EPRyives a relative intensity of 2:1:2. In the first transition, one
spectral data (see below) and the absence of reactivity uporncytochromec and one cytochromie are involved (Table 1),
incubation of the reduced complex with CO. The same level since at the end of this transition a redox spectrum with a
of reduction is obtained with menadiol or sodium dithionite, Soret maximum at 422.5 nm and arband peak at 552.5
indicating that the complex is fully reduced with the quinol. nm with a shoulder at 557.5 nm is observed (Figure 3A,B,
An a-band at 554 nm with a shoulder at 558 nm and a Soret spectrum A). The corresponding spectrum at liquid nitrogen
band at 423 nm are observed for the reduced complex (Figuretemperature, obtained by substoichiometric reduction of the
2B). A complete deconvolution of the reduced spectrum was complex with sodium ascorbate, has a much higher resolution
obtained on the basis of the redox titration data and by (Figure 5A,B): twoa-bands with maxima at 549 and 554
selective chemical reductions using sodium ascorbate (nextnm are clearly observed. The two hemes have the same
section). reduction potential, withinrE10 mV. The second transition
Visible Redox TitrationRedox titrations were performed yields a redox spectrum characteristic of low-spin cyto-
for the cytochromdoc fractions obtained from the two last chromec (Figure 3A,B, spectrum B, and Table 1). One of
chromatographic steps. They both yielded identical redox the hemes with the highest reduction potential may be
profiles, in terms of midpoint redox potentials and spectro- tentatively assigned to that with the iron ion axially bound
scopic signatures. Moreover, the same redox potentials couldto a methionine 42, 26).
be determined from redox titrations of the entire membrane The last transition corresponds to an optical species whose
extract (data not shown). The visible redox titration of the assignment is complex. The Soret band has a maximum at
cytochromebc complex at pH 7 reveals three redox transi- 426 nm, with a pronounced shoulder at 419 nm, while the
tions (Figures3 and 4), with reduction potentials of 235, 80, o-band has a maximum at 555 nm (Figure 3A,B, spectrum
and—45 mV. The second and third transitions show a shift C). At liquid nitrogen temperature, the-band is highly
from n = 1 Nernst equations. This shift may be intrinsic to asymmetric with a maximum at 549 nm and a broad tail
the system, i.e., a result of homotropic or heterotropic extending to higher wavelength (Figure 5, spectrum-C
interactions, or it may be due to a bad equilibration with the B); moreover, a hyperchromic shift is observed at that
electrode, although several mediator concentrations weretemperature. In contrast to the first transition, two well
tested. Similar shifts have been repeatedly reported in redoxseparated.-bands are not observed. The absorbance changes
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Ficure 5: Visible spectra oR. marinuscytochromebc complex G
at liquid nitrogen temperature. (A, B) Successive reduction with
sodium ascorbate; (C) total reduction with sodium dithionite.
140 200 260 320
Magnetic field (mT)

at all the three wavelengths (419, 426, and 555 nm), observed
at room temperature, follow exactly the same redox behavior.
Since the relative area of tlreband, as well as thellntensny FiGure 6: (A—F) EPR spectrum oR. marinusoxidized cyto-
of the Soret peak, at room temperature are identical to thosechromebce complex (A), simulation of the total spectrum (B), and
of the first optical transition and the double of the second deconvolution of the different components <€), using the

one, this last transition is assigned to two hemes (see belowparameters shown in Table 2. (G, H) EPR spectrum of the

the EPR analysis). Possible artifacts due to the redoxcytoihtr.om?&(;c&mplex redlchced with %sggrgi'te (G) and respective
. . simulation (H). Microwave frequency 9. Z; microwave power
mediators may be excluded, as the independent SpeCtraZA mW; modulation amplitude 0.9 mT, temperature 10 K.

obtained with sodium ascorbate and sodium dithionite as
reductant; show e)_(aCt.ly the same I'ne shapes..Moreover, thg’able 2: EPR Components and Respective Stoichiometrirfor
same optical species is observed with the entire membranemarinusCytochromebc Complex

solubilized extract (data not shown).

simulatior?
EPR Spectroscopythe EPR spectrum of the as-isolated redox state  Qmax Omed  Omn Stoichiometry (Figure 6)
(oxidized) cytochroméc complex shows several resonances o ;qizeq 332 (2.04) (L.0) 1 =
characteristic of low-spin ferric heme centers, vgghx from 3.02 225 (1.3) 2 E
3.32 to 2.78 (Figure 6, spectrum A). This spectrum is 280 230 (1.50) 1 D
remarkably similar to that of the entire membrane extract 278 230 (1.55) 1 c
(data not shown), showing that indeed this complex is one partially reduced 2.88 2.30 (1.72) b2 H
of the major components &. marinusmembranes. A very aValues in parentheses were used for the simulatibhsrelation

minor intensity high-spin ferric heme center resonance was to the oxidized spectrum.
detected in some preparations wigh~ 6. The low-spin
resonances were deconvoluted by theoretical simulation ofthese resonances vanish upon reduction with sodium dithion-
the spectrum obtained under nonsaturating conditions (Figureite or excess menadiol, they are assigned to the two heme
6, Table 2). A total of five low-spin heme centers describes centers associated with the third redox transition detected in
well the overall line shape. However, it is difficult to the visible redox titration. The same behavior was obtained
ascertain an exact stoichiometry, since several assumptionsvith the membrane extract (data not shown).
had to be made, as described in the Materials and Methods In the EPR spectrum of the oxidized complex, another
Section. Moreover, thgmax = 3.32 and the other two sets  strong resonance is observedyat 2.027, 1.940, and 1.830
of heme resonances have different relaxation properties; a(Figure 7), which is optimally detected at 4.6 K and starts
microwave power of 0.24 mW was used for the spectral broadening at-10 K. With the above-discussed limitations,
simulation, a value at which thg.x= 3.02, 2.80 and 2.78  this resonance integrates+t.5 spin per five low-spin heme
species are slightly saturated. centers. Hence, at present, it is not possible to decide if this
Upon reduction with sodium ascorbate or menadiol, all center is in fact a component of the whole complex or if it
these heme resonances vanish; a new set of resonances witlepresents a copurified contaminant, although it is always
Omax = 2.88 andgmed = 2.30 develops (Figure 6, spectrum present in the same proportion in several preparations studied
G), which disappears upon reduction with sodium dithionite and has not been detected isolated. This center is also reduced
or excess menadiol. The intensity of these new resonancesn the presence of menadiol, yielding an EPR spectrum at
in relation to the native spectra was determined both by parallel mode, characteristic of &~ 2 ground state (data
manual integration and by theoretical simulation of the new not shown). The magnetic properties of both the oxidized
species, with the same assumptions as above. By eitherand reduced forms are characteristic of [3Fel#Stenters
approach, these new resonances account for two hemes. Sinc@7). The midpoint redox potential was determined to be 140
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R. marinuscytochromebc complex. In such a situation,
hyper- or hypochromic shifts may occur. While for thlit
Soretcytochrome these effects seem to be absent (possibly
due to the very peculiar geometric arrangement of the four
hemes in the dimer3Q)), for the R. marinuscytochrome a
hyperchromic effect is detected at liquid nitrogen tempera-
ture. Hence, the quantification of two hemes for the last
transition relies mainly on the EPR data. The apparent split
at the Soret andi-bands and the hyperchromic effect, as
well as the fact that the two heme centers have the same
‘ ' - g-values and redox behaviors, which strongly points to the
345 370 395 same heme structure (i.e., either of the C or B type), lead us
Magnetic field (mT) to prefer the hypothesis that the third transition involves a
heme-heme electronic interaction.
In the EPR spectrum of cytochronbe complex there is
no evidence for a magnetic hembeme interaction. How-
ever, such interaction is also not observed in the EPR spectra
of D. desulfuricans split Soretytochrome 81) and of other
multihemic cytochromes (e.g., ref83—35). A detailed
theoretical study of dipolar interactions in multihemic
cytochromes has shown that the dipolar interaction vanishes
at certain relative orientations of the g-tensor of the para-
magnetic heme center3@). It remains to be explained why
the resonances withnax = 2.88 are not observed either in

2,027

295 320

FIGURE 7: EPR spectrum of the oxidized [3Fe-4S] center copurified
with the complex, at 4.5 K. Other experimental conditions were as
in Figure 6.

mV by an EPR redox titration, performed in both the re-
ductive and oxidative directions (data not shown).

DISCUSSION

Besides complexes | and Il analogué&d)( two distinct
terminal oxidases of theag and cbh; types and a cyto-
chromec (our own unpublished data), a novel cytochrome
bccomplex is expressed in tle marinus This cytochrome  the oxidized membrane extract or in the oxidized cytochrome
is proposed to be complex Il &. marinugrespiratory chain, bc. At present, it can only be speculated that a redox-linked
appearing as a novel type of electron-transfer component withconformational change occurs. Similar behavior has been
a rather uniqgue heme organization. The same level of observed in multihemic proteins, such as the hexaheme cyto-
expression of this cytochrome under different growth condi- chromes fromDesulforomonas acetoxidak35), Nitrosomo-
tions, or growth phases, indicates a central role of this nas europedydroxylamine oxidoreductas&7), and tetra-
complex in theR. marinusrespiratory chain. hemic cytochromes; from Desulfaibrio species (e.g., refs

The cytochromdoc complex contains five low-spin heme 20 and 38). Unfortunately, no three-dimensional structures
centers, of the B and C types, with all the C-type hemes in are available for these proteins in different oxidation states.
the same single subunit. While the three heme centers with  As theR. marinuscytochromebc complex exhibits quinol:
higher redox midpoint potentials have well-defined optical cytochromec oxidoreductase activity, it is a functional
spectra, the third optical species observed in the visible analogue of the typicddc; complexes, which were thought
spectra of cytochroméoc is more complex to analyze. either to be absent or to have distinct characteristics in this
Essentially two interpretations can be proposed. The first andorganism 4, 39). The R. marinuscytochromebc complex
most straightforward is to tentatively assign the Soret reduces the HiPIP (see r&t) acting as a menaquinol:HiPIP
“shoulder” at 419 nm and the maximum at 426 nm to two oxidoreductase. This type of activity had already been
distinct heme centers. These two cytochromes would haveindirectly suggested in the case of photosynthetic electron
exactly the same individual redox midpoint potentials and transport chains where HiPIP could be substituting for
o-bands but quite different Soret bands, in terms of maxima cytochromec; transferring electrons between the complex
and line shape. A second alternative interpretation is to assignand the bacterial reaction centdg). To our knowledgeR.
the shoulder at the Soret optical band to a strong electronicmarinuscytochromebc bears no similarities with any heme
interaction between the heme centers, which would yield the complex so far described. This complex is unique in terms
split of this band. Due to the low transition probability of of heme composition and also it most probably contains a
the a-band, no splitting in this region is observed at room pair of hemes in close contact. Its difference from boe
temperature, but at liquid nitrogen temperature this band is complex is also reflected in the absence of any effect of the
highly asymmetric. This splitting effect is widely observed typical inhibitors of this complex, such as antimycin A,
in chromophore dimers, a particular example being chloro- mixothyazol, and DBMIB.
phyll dimers @8). Such an interaction occurs when the  The heme centers iR. marinuscytochromebc complex
distance between the chromophores is short and the transitiorcover a wide redox potential range, frond5 to+235 mV,
dipole moments are aligned within a certain angle range. In at pH 7. Having the lower reduction potentials, the pair of
heme proteins it was first described in polymers of horse hemes in contact may represent the electron entry site from

heart undecapeptid®9) and is particularly well depicted
in the Desulfaibrio desulfuricans(ATCC 27774) dimeric
split Soretcytochrome 80, 31; our own unpublished data).

the quinols. The functional implications of this geometric
arrangement remains to be determined, but a strong redox
interaction between the two redox centers is certainly opera-

In this cytochrome the two hemes within each monomer are tive. Although in simple electrostatic terms an anticooperative
in van der Waals contact, having an interiron distance of 9 effect would be expected, positive redox cooperativity has
A (32). The redox spectrum of the fully reduced cytochrome been shown to occur in multihemic cytochromes, linked to
is almost identical to that of the last optical transition of the protonation and conformational changd$)( Very interest-
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ingly, a recently published three-dimensional structure of

mitochondrialbc; complexes42) shows that a large confor-

EPR spectrum of th&. marinuscytochromebc complex.

The EPRg-values for each heme center show a wide
spread of ligand fields at the heme iron; however, the
g-values have proven rather ambiguous in unequivocally

identifying the heme iron axial ligand43—45). The heme

center withgmax = 3.32 has a quasi-axial ligand field, which
in the case of a bishistidinyl coordination would result from

a coplanarity of the histidine imidazoles (e.g., 48). All

the other heme centers have a rhombic ligand field and the
low g-values of~2.8 suggest a partial deprotonation of the
axial histidine(s) for the corresponding heme centers, eventu-

ally through a hydrogen bond involving thedN of the

imidazole ligand 47, 48). The possible role of the [3Fe-
4S]+0 center remains to be determined, as well as whether

it is an integral component of the complex.
With the exception of the typicddc; complex, no other
heme complex with quinol:cytochrome oxidoreductase

activity has been reported to date in aerobic microorganisms.

A cytochromebc complex fromNatrobacterium pharaonis
was partially characterizedd). However, no enzymatic

activity has been reported for this complex and both its
subunit composition and heme content are very different from

those of theR. marinuscytochromebc complex. Apart from

these complexes, and the tetrahemic subunit of the photo-
synthetic reaction cente4®), multihemic proteins have been
found mainly in anaerobic bacteria (for a recent review, see
ref 22]. Although in almost all cases the actual physiological
function of such proteins is not known, it is nevertheless
clear that a rather sophisticated electron-transfer network is
operative in these multihemic proteins, enabling an efficient
and controlled transfer of electrons within the protein and

to or from their physiological partners (e.g., rdfsand50).

In conclusion, the present data provide the characteriza-
tion of a quinol:cytochrome (HiPIP) oxidoreductase, which
couples menadiol oxidation to oxygen reduction, via HiPIP
and the terminal oxidaseS1), being most probably complex

Il in the R. marinusrespiratory chain.
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