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ABSTRACT. Flash-induced absorption changes arising fletgpe hemes were studied on whole cells of
Heliobacillus mobilisunder physiological and redox-controlled conditions. The sensitivity of the monitored
redox changes to inhibitors of cytochrofmecomplexes and the redox potential dependence of reduction
and oxidation reactions of cytochroneehemes demonstrate that the respecbveemes are part of a
cytochromebc complex. Both the half-time and the extent of flash-induced reduction of cytochibome
titrated with apparent potentials of abou60 and—50 mV (bothn = 2), respectively, i.e., close to the

Em 7 value of the menaquinone (MK) pool, indicating a collisional interaction between menaquinol and
the Q site of the cytochroméc complex. At strongly reducing ambient potentialts{150 mV), a net
flash-induced oxidation ob-hemes was observed in agreement with Eqg; values of the individual
hemes of—90 mV (b,) and —190 mV () determined in equilibrium redox titrations on membrane
fragments. From the extent of photooxidizedand c-type hemes as well as;§g", a stoichiometry of
0.6—0.75 cytochroméc complexes per photosynthetic reaction center was estimated. The kinetic behavior
and also the energy profiles for Q-cycle turnover of the heliobacterial complex are compared to those of
cytochromebc; complexes from purple bacteria and of cytochrobsiecomplexes from chloroplasts.

The study of cytochrombc complexes in prokaryotes has respectively, are lipophilic derivatives of the benzoquinone
for a long time focused on the proteobacteria (formerly called moiety. UQ and PQ, although distinguished by different ring
“purple bacteria and relatives”, Stackebrandt et al., 1988) substituents, share very similar spectral and electrochemical
with their cytochroméoc; complex, and on the cyanobacteria properties and especially a common redox midpoint potential
with their cytochromeosf complex? In terms of evolution, at pH 7.0 of around+100 mV (Rich & Bendall, 1983). The
these two classes of eubacterial enzymes are closely relate@ccurrence in the bacterial world of UQ or PQ is largely
to the respective enzymes in mitochondria and chloroplastsyestricted to the proteo- and cyanobacteria, whereas the vast
[for reviews, see Gray and Daldal (1995) and Kallas (1994)]. majority of eubacteria (and a large part of the archaebacteria)
Ubiquinone (UQJ and plastoquinone (PQ), the physiological s the significantly different menaquinone (MK) for the
electron donors to cytochrombe, and bsf complexes, guinone pools of their electron transport chains (Collins &
Jones, 1981). Chemically, menaquinones are derivatives of
T Supported by the European Commission (EEC BIO2CT-930076 the naphthalene moiety and are characterized by a redox

and ERBCHBGCT930253, W.N., by a NATO/NSF postdoctoral i ; ; -
fellowship (D.M.K.), and by the WSU Plant Biochemistry Research midpoint potential of around-60 mV (Kroger & Unden,

and Training Center (DOE DE-FG06-94ER20160, D.MK.) and the 1985; Zannoni & Ingledew, 1985; Liebl et al., 1992), i.e.,
USDA (D.M.K.). about 150 mV more negative than that of UQ and PQ.
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1 The termsbc; and bsf complex will in the following exclusively Firmicutes (formerly called the “Gram-positive” phylum;

be used for the purple bacteria/mitochondrial and cyanobacterial/ \Wayne et al., 1987), was initiated (Kutoh & Sone, 1988;
chloroplast enzymes. The homologous complexlirmobilis will be Liebl et al., 1990, 1992; Nitschke & Liebl, 1992; Riedel et

referred to as abic’ complex to emphasize its unique features. al., 1993). The results obtained so far show that these
2 Abbreviations: 2Fe2S, 2-iron-, 2-sulfur-containing redox-active "’ )

cluster; DBMIB, dibromothymoquinon&,, midpoint potential at pH MKHZ_'OXidiZ_ing cytochromebc ?Omplexes have p_ro_p_erties
x; EPR, electron paramagnetic resonance; Fd, ferredoxin; LED, light- that differentiate them from their UQtand PQH-oxidizing

emitting diode; MK and MKH, menaquinone and menaquinol, respec- i _ i
tively; Pzosand Pos', reduced and oxidized primary chlorophyll donor counterparts in proteo- and cyanobacteria.

in the Heliobacillus mobilisreaction center, respectively; PQ and PQH The significant differences of the Firmicutes cytochrome
plastoquinone and plastoquinolz @uinone reductase site of photosys- ¢ complex with respect to protein composition (Yu et al.,
tem Il and bacterial photosynthetic reaction centefsgQ@none reduc- . S N .

tase site obc complex: Q, quinol oxidase site obc complex; RC, 1995; Sone et al., 1996), inhibitor sensitivity (Riedel et al.,

reaction center; UQ and UQHubiquinone and ubiquinol, respectively.  1993), and the chemical nature and redox midpoint potentials
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of substrates (Nitschke et al., 1995a,b) might raise doubts
whether these enzymes fulfill a functional role comparable
to their counterparts in proteobacteria, mitochondria, cyano-
bacteria, and chloroplasts. Only limited data with respect
to the functional properties of these enzymes have been
presented so far (Kutoh & Sone, 1988; Liebl, 1993).
Heliobacteria represent the only known photosynthetic spe-
cies within the phylum of the Firmicutes. In photosynthetic
organisms, the electron transport events can be triggered and
synchronized by single-turnover actinic flashes of light. The
heliobacteria thus provide a well-suited system for the study
of the function of a cytochroméc complex within an
electron transfer chain based on a MK pool. We have, -3200 250 500 550 500
therefore, studied then vivo electrochemical and kinetic
parameters of the cytochronlse complex ofHeliobacillus
mobilis The relative stoichiometries of the cytochrobe
complex and some of its electron transport partners have been
estimated, and a tentative model of the photoinduced cyclic
electron transport chain in heliobacteria is proposed. Im-
plications of this model for the comparative bioenergetics
of cytochromebc complexes are discussed.

EXPERIMENTAL PROCEDURES

Cultures of H. mobilis [kindly provided by Drs. M.
Madigan (Carbondale, IL) and R. E. Blankenship (Tempe,
AZ)] were grown as described by Liebl et al. (1990). Using
5% inocula, the cultures were found to achieve late loga-
rithmic growth phase after about 1.5 days. At 2 days, the . s :
stationary growth phase was reached accompanied by the 400 450 500 550 600
appearance of large numbers of lysed cells and rapid loss of A (nm)
photoinduced absorbance changes (in 2.5-day-old culturesficure 1: Light-induced redox changes in whole cells frotn
only 10% of the maximal signals observable after 1.5 days mobilisrecorded under anaerobic and aerobic conditions. (A) Trace
remained). All experiments on whole cells described in this & (solid line) represents a difference spectrum obtained by subtract-

ing a spectrum taken after dark-adaptation under anaerobic condi-
work were therefore performed on cultures of 1105 days tions for at least 10 min (solid line) from a spectrum taken during

of age [see also Nitschke et al. (1995b)]. In this time range, jjjumination by red light (approximately 15@mol of photons m*
cultures showed an average @pof 0.5 in the measuring  s9). In traceb (dashed line), the sample was aerated for 1 min,
cuvette (path length of 1.6 cm). The pH of the medium after followed by dark base line and illuminated traces as above. Trace
1.5 days of growth was between 6.9 and 7.0. Aliquots of c (dotted line) represents the difference between tracawdlb, or

I ; t f d via air-tiaht svri f the difference in light-induced difference spectra taken under
cell suspensions were transierred via air-ignt syringes Irom 5, aer0hic and aerobic conditions. (B) Traaerepresents the

the rubber-stoppered culture bottles into the Ar-flushed aerobic-anaerobic difference spectrum of whole cells-ofmobilis

cuvette compartment for measurements. (conditions as in panel A). Tracédsd show the appearance of a
Flash-induced optical absorbance changes were measuref-type cytochrome spectrum after subtraction of contributions from

in whole cells on a flash-kinetic spectrometer as described ¢YPe cytochromes as described in the text. The fraction of the

. . ) - . representative-type cytochrome spectrum subtracted from trace

in Jphpt et al. (1980) and |n_JoI|o§ and Joliot (1984) and on 5 yas 0.1, 0.3, and 0.5 for tracésc, andd respectively.

a similar instrument described in Kramer (1990). Both

instruments were fitted with anaerobic cuvettes which were  gatyrating single-turnover flashes were obtained using

flushed with water-saturated high-purity, Nir Ar gas. lasers (ruby and/or Candela dye lasers) as described in

Equilibrium redox titrations on membranes were per- pjtschke et al. (1995b) or xenon flashes as described by
formed on a Shimadzu MPS2000 spectrophotometer fitted K yamer (1990).

with an anaerobic redox cuvette as described in Dutton
(1971). Redox titrations of kinetics were performed on the
flash kinetic spectrophotometers described above. Ambient
potentials En) were measured by a bare platinum electrode rResyLTS

versus a standard silver/silver chloride electrode and cor-

rected to reflect standard hydrogen electrode (SHE) poten- Changes in the Redox States of Cytochromes Induced by
tials. Redox titration of cells and membranes was performed Continuous lllumination in \lio. Whole cells were allowed
under a flow of water-saturated Ar gas, in the presence of to dark adapt for 10 min and were then exposed to continuous
the redox mediators indicated under Results. In the case ofred light (approximately 15@mol of photons m? st 670
whole cells, about 5 min was required to attain stable nm light from a LED). A light-dark difference spectrum
potentials. This measured ambient redox potential remainedof whole cells under anaerobic conditions (Figure 1A, trace
constant withink=5 mV (with superimposable kinetic traces a) was dominated by contributions from cytochromes that
at all wavelengths measured) for up to 10 min, subsequentlyhad become reduced by metabolic processes in darkness and
starting to drift, probably as a result of metabolic processes. that were transiently oxidized after the onset of continuous

-Al/13X 1000

A (nm)

-A1/1,X 1000

DBMIB and stigmatellin were obtained from Sigma and
Fluka, respectively.
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illumination. After switching the continuous light off, the

cells reversed to the dark-adapted state within about 5 min. 2
The spectrum of the oxidized cytochromes is characterized
by a-, §-, andy-band bleachings at 553.5, 523, and 422 nm,
respectively. They-band wavelength of 422 nm together
with the long-wavelength isosbestic point of théband at
441 nm was unusually high for a redox difference spectrum
of c-type cytochromes (expected to be around 418 and 432
nm, respectively). This suggested that oxidibdgipe hemes
might contribute to the observed spectrum.

When cells were aerated for 1 min by bubbling air through
the sample, a significantly different lightlark spectrum was
obtained (Figure 1A, track). The extent of bleaching in
the a-band region decreased by 15%, and the trough
wavelength of thes-band was shifted to 420 nm. Further-
more, the isosbestic point was observed at 434 nm, i.e., close o1
to that expected for a pure-type cytochrome. These
changes in the light-induced difference spectrum indicate a
relatively lower contribution from light-oxidized-type -2
hemes under aerobic conditions. The difference between the
light—dark spectra in the aerobic and anaerobic states (Figure
1A, tracec) shows that botle-type andb-type hemes could 41
be additionally oxidized by light in the anaerobic state.

This interpretation is substantiated by the dark difference
spectrum between anaerobic and aerobic states (Figure 1B,
tracea). This spectrum has broawt andy-band features T ¥ T 7 o
(a-band peak at 556 nm with bandwidth of approximately 0.0 u\u.\% 4
16 nm andy-band peak at 427 nm with bandwidth of
approximately 17 nm), suggesting that a significant amount 1 \
of cytochromeb was oxidized by the introduction of air. 9
Subtraction of various amounts of trabeof Figure 1A,
which we assume to be largely due to oxidationcef/pe
cytochromes, resulted in red-shifting and narrowing of the '

o- andy-bands of the aerobieanaerobic difference spectrum !
(see Figure 1B, tracds-d), and the resulting curves strongly e b
resemble the spectra bftype cytochromes. -1.5- L]

Time—Resoled Redox Changes of Hemes Induced by T —— It T
Single-Turneer Flashes Obseed in Vio. After a flash, 200 O 200 2000
photooxidized Ry was found to be re-reduced bycess time (ms)
heme in several hundreds of microseconds, as describeq:IGURE 2 Time-resolved flash-induced absorbance s

. - : - - pectra of
previously (Vos et al., 1989; Nitschke et al., 1995b) (data 4naerobiH. mobiliscells. Dark-adapted cells were illuminated at
not shown). The oxidized heme was subsequently re-reducedime zero with a saturating single-turnover laser pulse, and the light-
in the several hundreds of milliseconds time range in whole induced absorbance changes were followed at wavelengths from
cals under anaerobic condilons (see Figure 28). During 102100011 G EX0ei T iocea s O o e
this re-reductlon Process, however,.tjlf}@an'd peak vv.ave.- experi%ents at 2.5, 20, 100, 200,pand 500 ms, respectively, after
length shifted from 421 to 428 nm, indicating an oxidation fjash excitation. Panel B represents the spectrum df-type
of a b-type cytochrome concomitant with the reduction of cytochrome obtained by subtracting contributions frarype
cytochromecsss (Figure 2A). Whereas in the spectral region cytochromes from the time-resolved difference spectrum at 200 ms
of the y-band contributions from cytochronteand cyto- (see text for details). The dashed vertical lines in panels A and B

. . are at approximately 421, 432, 554, and 564 nm. Panel C shows
chromec are strongly superimposed, there is only a small the kinetics of absorbance changes after flash excitation representa-

contribution from cyi[ochromtb at theo-band Wavele_ngth tive of redox changes iortype cytochromes (553 nm, traagclosed
of 553 nm. The kinetics at 553 nm together with the squares) ant-type cytochromesfAl/lgassnm~+ 0.93(Al/lg502nm),

spectrum at 2.5 ms (which was essentially free of contribu- traceb, open squares].

tions from Pgg™ and cytochromé) could therefore be used

to subtract-type cytochrome contributions from the spectra ¥-band maxima were found at 564 nm, between 530 and
measured at longer times. Such a spectrum, obtained afte©35 nm and at 432 nm, respectively.

subtraction of the contributions from photooxidized cyto-  Since they-band maximum of thig-type cytochrome (432
chromecss; at 200 ms after the flash, is shown in Figure nm) is close to the isosbestic points of thaype cyto-

2B. This spectrum corresponds to the oxidized minus chromes, well-resolved kinetic traces of the redox changes
reduced difference spectrum ofbatype cytochrome with of cytochromeb can be obtained at wavelengths around 435
no or only very low contributions from other spectral species, nm, at least at times longer than 2.5 ms, i.e., when con-
and is very similar to the dark difference spectrum between tributions from Bggt have become negligibly small. Time-
anaerobic and aerobic samples (Figure 1B).akss-, and resolved spectra in the range between 400 and 480 nm were

A

-Al/14X 1000

-0.5 B

-1.0-

-A1/14X 1000
a
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FiGURe 3: Flash-induced cytochrontechanges irH. mobiliscells Ficure 4: Equilibrium redox titration ofo-type cytochromes in

at varying cellular redox states. Samples were aerated as in Figuréémbrane fragments dd. mobilis Membrane fragments dff.

1A, and the flow of argon was reestablished to allow the redox Mobiliswere prepared and placed in an anaerobic redox cuvette as
potential of the cells to drop by metabolic processes. Single-turnover described under Experimental Procedures with the following redox
flash-induced absorbance changes at 435 nm, indicating changegnediators (all at 5uM): 1,4-naphthoquinone, 5-hydroxy-1,4-

in the redox state di-type cytochromes at 1, 3, 5, 10, and 45 min _n@phthoquinone, duroquinone, 2,5-dihydrgxppenzoquinone,
under argon, are shown in traces, respectively. Tracé shows 2-amino-1,4-naphthoquinone, anthroquinone-1,5-disulfonate, and

the flash-induced 435 nm absorbance kinetics after 45 min under@nthroguinone-2-sulfonate. Ambient potentials were adjusted as
argon with the addition of 1QM stigmatellin to block the described under Experimental Procedures. Shown are the absor-

cytochromebe complex. bance changes at 563 nm, after taking a base line between 545 and
575 nm (closed squares). The resulting titration data were fit to

recorded for all redox states discussed below (not shown), ither one (solid line) or two (dashed linej= 1 components. The
demonstrating that apart fromhemesh-hemes, and Bs" one-component fit showed &y of — 127 m\/_, while the two-
) component fit showed components-692 and—186 mV.

no other redox components measurably contributed to the
absorption changes at 435 nm. From the data in Nitschke Stigmatellin (10xM) and DBMIB (20 M) inhibited the
et al. (1995b), the absorbance change at 592 nm representdescribed absorption transients at 435 nm under both aerobic
Pz0dP7os™ With practically no significant contributions from  and anaerobic conditions (see Figure 3 trafer addition
other species. Therefore, the kinetics of absorbance changesf 10 uM stigmatellin under anaerobic conditions). This
at 592 nm were scaled by0.93 [i.e., the ratio of absorbance strongly suggests that the descrilietype cytochromes are
contributions of PogPros™ at 435 and 592 nm (Nitschke et part of a cytochroméc complex. A detailed description of
al., 1995b)] and used to subtract ou§dPsest contributions the respective effects of various inhibitors on beecomplex
from the 435 nm signals. With this procedure, cytochrome will be published elsewhere.
b redox kinetics could be resolved at times as short as 0.5 Redox Titrations of Cytochrome b in Membrane Frag-
ms after a flash. A kinetic trace of cytochronberedox ments. The-type cytochromes in whole cells and membrane
changes measured in this way is shown in Figure 2c togetherfragments fromH. mobiliswere found to titrate in the range
with the kinetics of the-type cytochrome measured at 553 of ambient potentials betweei250 and—100 mV [see
nm. The oxidation of thd-heme is closely correlated to  Nitschke et al. (1995b, 1996)]. Since thdype hemes were
the rapid re-reduction phase of cytochromsg; indicating found to be reduced only below50 mV, their contribu-
that the electrons re-reducing cytochromeg are ultimately tions could be subtracted out from the dominartype
provided by a process involving redox changes of cyto- cytochromes, allowing reliable determination of signal
chromeb. Assuming that thei- andy-bands of cytochromes  intensities. The titration curves of thetype hemen-peak
b andc have respectively similar extinction coefficients at measured at 563 nm are shown in Figure 4. The data were
their peaks, and that the-band absorbance change for fit with either a singlen = 1 species or the sum of two=
cytochromeb at 435 nm is approximately 4-fold larger than 1 species. The fit to one = 1 component was poor, but a
at itsa-band (see Figure 2B), it can be estimated that at 200 satisfactory fit was obtained with two = 1 components,
ms after the actinic flash 0.25 cytochrorhevas oxidized indicating the likely presence of two electrochemically
for each cytochrome re-reduced. distinct cytochromeb species with respectivie, values at

Aeration of the sample as described above resulted in aapproximately—92 and—190 mV. Within the noise level,
flash-induced absorption increase at 435 nm, indicating theo-band absorbance spectra of the high- and low-potential
reduction of cytochromé followed by a slow reoxidation =~ components were indistinguishable (data not shown).
on the order of hundreds of milliseconds (Figure 3, trace Redox Titration of the Flash-Induced Changes in the
During the subsequent metabolism-induced decrease of theRedox State of Cytochrome bRedox titrations were
ambient redox potential within the cell, the extent of the performed on cells using a cocktail of lipophilic, membrane-
reduction phase was attenuated, and a net oxidation ofpermeable mediators (see legend to Figure 5). At each stable
cytochromeb at long times was observed (Figure 3, traces potential, RC turnover was initiated by a short, saturating
b—f). After about 5 min of anaerobiosis, the transient xenon flash, and the kinetics of cytochrolmevere observed
reduction was replaced by a slow, nearly monotonic oxidation at —Al/lg 435nm + 0.93(Al/lg 592nm)-
and the kinetics resemble those shown in Figure 2C. After At ambient redox potentials above50 mV, a nearly
extensive anaerobiosis, a more rapid cytochrbrogidation constant level of flash-induced reduction of cytochrome
phase {3, of about 6-8 ms) appeared. was observed (Figure 5A). The reduction kinetics under



Cyclic Electron Transfer irHeliobacillus mobilis

20

-
[3,]
1

-
o
N

°©
0

~A 171, X 1000 (435 nm)

2.0 0.2
3
S 15, =
Lo -
N4 (o
o £
S 1.0 {01g
x ®
_O
= 051
<
0.04+— : . . 0.0
100 -50 0 50 100
E,, (MV vs. SHE)
2.04m E
b (o4
15 \o\
£
c 10 \ i
g 0\.
€ 05 \ J
(=}
g 00p\— ]
b Y v, A A
c
20586V, ]
= A SN 4
<-1.0 \.\/4
e
15 . .
500 1000
time (ms)

Ficure 5: Redox titration of flash-induced cytochronberedox
changes in whole cells dfi. mobilis Cells were incubated in the
dark under flowing argon gas with the following redox mediators
(all'at 500 nM): 2,5-dimethyp-benzoquinone, 1,2-naphthoquinone,
1,4-naphthoquinone, 5-hydroxy-1,4-naphthoquinone, duroquinone,
2,5-dihydroxyp-benzoquinone, 2-amino-1,4-naphthoquinone, an-
throquinone-1,5-disulfonate, and anthroquinone-2-sulfonate. Ambi-
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these conditions were characterized by half-times in the range
of 20—25 ms. Below 0 mV, both an acceleration and an
increase in the extent of the reduction phase were observed
(Figure 5A). At about—90 mV, the half-time for cyto-
chromeb reduction reached a maximum of about 6 ms. In
the region betweer-100 and—120 mV, the dependence
on ambient redox potential of the extent of reduction and
half-time could be described hy = 2 Nernst curves with
En values of—50 and—60 mV, respectively (Figure 5B).
Below —100 mV, where significant chemical reduction
of cytochromeby, is expected in the dark (see Figure 4), the
extent of flash-induced reduction of cytochrotndecreased,
but the half-time for reduction remained constant (Figure
5C). At—172 mV, a small transient cytochrorbeeduction,
peaking at about 20 ms, was followed by a net oxidation.
At very low potentials (e.g.,.—329 mV), where both
cytochromedh, and b, are expected to be fully reduced in
the dark, a large oxidation of cytochronbewas observed
with ty, of 6—8 ms, following a short lag of about G:-&
ms. If a second flash was given approximately 200 ms after
the first, a small transient cytochrome reduction was
followed by a further oxidation (not shown).

DISCUSSION

The presence of a cytochrorhe complex in heliobacteria
was demonstrated by the detection of the characteristic EPR
signal of the 2Fe2S cluster contained in cytochrobee
complexes, i.e., of the so-called Rieske centéd.ichlorum
(Liebl et al., 1990). Subsequently, this 2Fe2S cluster was
studied inH. mobilis (Liebl, 1993), and its redox midpoint
potential was determined to bel50 mV, a potential about
150 mV lower than those found for the 2Fe2S clusters in
cytochromebc complexes occurring in cyanobacteria and
purple bacteria, but consistent with the presence of MK as
the sole quinone redox carrier in heliobacteria (Hiraishi,
1989). In the present work, both thg dependence of redox
changes ob-type cytochromes (e.g., reduction lmhemes
in the presence of MKEKinduced by positive charges from
Pz9s") and the effects of cytochromige inhibitors, charac-
teristic for cytochroméoc complexes, demonstrate that the
observed absorbance changeshdfpe cytochromes arise
from a cytochroméoc-type complex. The data obtained on
whole cells in this work therefore provide insights concerning
the function of this complex within the photosynthetic
electron transfer chain of heliobacteria.

Cytochrome:RC Stoichiometries in H. mohilisrom the
spectra shown in Figure 1A,B a stoichiometry etype
hemesp-type hemes, and RC was estimated. Assuming that

ent potentials were adjusted as described under Experimentalg|| photooxidizable cytochromeappears in the lightdark

Procedures. After equilibration, single-turnover flashes were given,
and the absorbance changes reflecting redox changbésyipe
cytochromes [i.e.;-Al/lg 435nm+ 0.93(Al/lg s92nm); SEE tEXt] Were

difference spectrum (anaerobic conditions, Figure 1A), and
all oxidizable cytochrombé appears in the anaerobiaerobic

recorded. High and low ambient potential traces are shown in panelsdark difference spectrum (Figure 1B), a ratio of cytochrome

A and C. In panel A, traces taken at 75 mV (tracelosed squares),

40 mV (traceb, open circles)-27 mV (tracec, closed triangles),
—43 mV (traced, open triangles), and-84 mV (tracee, closed
diamonds) are shown. Panel B represents the dependence of th
extent (closed squares) and rate (open circles) of cytochiome
reduction on ambient redox potential. These curves were fit to the
Nernst equation, yielding = 2 titration curves withE,, values of
—50 mV for the rate (dashed line) areb0 mV for the extent (solid
line) of cytochromeb reduction. In panel C, kinetic traces taken at
—84 mV (traces, closed squares); 143 mV (traceb, open circles),
—172 mV (tracec, closed triangles)—204 mV (traced, open
triangles), and-329 mV (tracee, closed diamonds) are shown.

b to cytochromec o-band absorbance extents is ap-
proximately 1:4. Assuming approximately equal extinction
goefficients for cytochrome$ and c at their respective
o-bands, we obtained a ratio of 1 cytochrorheper 4
cytochromec hemes photooxidized, or ic complex per 8
cytochromec hemes. Previously, a ratio of about-6
cytochromec hemes per RC was determined (Nitschke et
al., 1995b), yielding 0.60.75 cytochroméc complexes per

RC. A possible source of error could be that not all
cytochromes were reduced in the anaerobic state in darkness.



4208 Biochemistry, Vol. 36, No. 14, 1997

This does not seem likely, however, since addition of 1 mM
sodium dithionite at pH 7.0 in the presence @il each of

Kramer et al.

cytochrome b oxidation kinetics at highE, appear to
contradict the Q-cycle, since, in this scheme, cytochrbme

phenazine methosulfate and 1,2-naphthoquinone did notis oxidized at the Qsite by PQ, which is abundant at high

induce further reduction of cytochromes (not shown). A
small amount ofc-type cytochrome appears to have been
oxidized upon aeration (Figure 1B). However, the fact that
similar amounts ot-type cytochromes were photooxidized

E,. However, this behavior has recently been reconciled
within the framework of a Q-cycle mechanism by assuming
that the semiquinone at the Qite is relatively unstable in
cytochromebsf complexes (Kramer & Crofts, 1992). The

under both aerobic and anaerobic conditions (see above)cytochromebc complex inH. mobilis behaves similarly to
suggests that the high-potential chain of redox componentscytochromebsf complexes in that cytochromie reduction

reached a similar oxidation state under constant illumination
in both cases. The cytochromes oxidized upon addition of
air may not be photooxidizable. The values given above
represent a first approximation of the stoichiometries of some
of the electron carriers in thel. mobilis electron transfer
chain.

Electrochemical Potentials of the Redox Centers Contained
in the Heliobacterial Cytochrome bc Complekquilibrium
redox titrations orH. mobilismembranes show the presence
of two, electrochemically-distinct cytochrorbespecies, with
midpoint potentials of approximately92 and—190 mV
(Figure 4), i.e., very close to those measured on the purified
cytochromebc complex from the Gram-positivigacillusPS3
(Kutoh & Sone, 1988). This corroborates the close related-
ness of the cytochromec complex in the photosynthetic

heliobacteria to those operating in respiring representatives

of the Firmicutes. The heliobacteriattype cytochromes
haveE,, values approximately 40 mV lower than those found
for the bsf complex of higher plants and algae [reviewed in
Kallas (1994); forEy, values ofC. reinhardtii bsf complex
components, see Pierre et al. (1995)], and about 140 mV
lower than those found for the cytochrorhe complex of
Rb. sphaeroidefsee review by Crofts and Wraight (1983)].
The E,, value of the Rieske 2Fe2S centerHn mobilishas
been determined previously a&t150 mV (Liebl, 1993). A
number ofc-type hemes were found to titrate in the range
of +90—180 mV in membrane fragments frobh mobilis
(Nitschke et al., 1996). The&-120 mV redox species from
this set of hemes is considered to represent dtgpe
cytochrome of the heliobacterial cytochrotmecomplex [as
discussed in Nitschke et al. (1996)].

Light-Induced Redox Changes of b-Type Cytochrondgs.
potentials where the MK pool is oxidized{ > 0 mV), a
small but measurable reduction of cytochrorhewas
observed. A second flash given after a period of time
sufficient to re-reduce Bs" yielded roughly twice as much
reduction of cytochromd than when only one flash was
given (not shown). This indicates that, under these condi-
tions, a two-electron-gate mechanism is not involved on the
reducing side of the reaction center, or that if such a
mechanism does operate, it is in a “scrambled” state in the

is quite stable at higky, and therefore we conclude that the
Qi site semiquinone in the heliobacterial complex also has a
significantly lower stability constant than that of typical
cytochromebc; complexes.

The minimal half-times for reduction of cytochrorbeat
high to moderatee, were found to be close to 7 ms and
titrated with the state of reduction of the MK pool in a way
that would be in line with a collisional process between the
MK pool and the complex (see Figure 4). In some respects,
this behavior is similar to the caseb. sphaeroidesvhere
interaction of UQH with the Q site has been shown to be
controlled by a collisional process (Prince & Dutton, 1977,
Prince et al., 1978; Meinhardt & Crofts, 1983; Venturoli et
al., 1986). However, in purple bacterial chromatophores,
flash-induced cytochromlec; complex turnover appears at
ambient potentials significantly above the midpoint potential
of the UQ pool (Prince & Dutton, 1977; Prince et al., 1978;
Meinhardt & Crofts, 1983), suggesting that thg of the
UQ/UQH; couple bound at the {Xite has been shifted by
preferential binding of UQHK [Crofts & Wang, 1989; but
see Ding et al. (1992) and references cited within for a
contrary view]. In contrast, both the rate and the extent of
cytochromeb reduction inH. mobilis cells closely follow
the expected titration of the MK pool [compare Figure 4
with an En, ;7 for MK of about —60 mV (Kroger & Unden,
1985; Liebl et al.,, 1992)]. This would indicate that the
binding constants for MK and MKFinto theH. mobilisQ,
site are approximately equal.

Upon lowering the ambient potential, either by progressive
anaerobiosis (Figure 3) or by redox poising (Figure 5),
resulting in the presence of partially reduced cytochrdme
prior to the flash, a net oxidation of cytochronewas
observed. The half-time for the oxidation was about-30
50 ms, and was preceded by a small, transient increase in
absorbance, peaking at about®ms, that we interpret as a
reduction in cytochromeb. Similar behavior has been
observed in chromatophoresi®b. sphaeroide@vieinhardt
& Crofts, 1983) and spinach thylakoids (Joliot & Joliot, 1986;
Moss & Rich, 1987; Kramer & Crofts, 1990) when cyto-
chromeby, was prereduced prior to flash excitation. When

dark (i.e., approximately half of the gates are in the singly- reducing conditions were set by the metabolic pathways of
reduced state, while the others are in the fully oxidized state). the cells, without the addition of mediators, an additional,
Most likely, the one-electron transfer events induced by the very slow cytochromeb oxidation phase was observed
light-induced charge separations are equilibrated with the (Figure 3). As the redox potential became lower, this phase
two-electron reduction of MK (ultimately reducing cyto- was replaced by a more rapid phase of cytochrdme
chromeb) via some ill-determined intermediate electron oxidation. The slow phase was kinetically similar to
carriers (such as Fd, NAD. cytochromeb oxidation under aerobic conditions, which we
Cytochromeb behaves similarly at higk, in higher plant ascribe to the oxidation of centers with reduced cytochrome
and algal cytochromebsf complexes. In these cases, byand oxidized cytochromb. This state could have been
electrons are introduced into the PQ pool by turnover of produced either by multiple turnovers in a fraction of centers
photosystem I, and cytochroniids observed to be reduced or by single turnovers in centers with boliatype hemes
in the 10-15 ms time scale, followed by a slow reoxidation oxidized prior to the flash excitation. This slow phase was
in the 500-800 ms range. At first glance, the slower not seen in the presence of mediators, most likely because
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equilibration of the redox state of cytochrorbewith the 1 2 3 4 5
mediators occurred on a similar time scale. ' ' ' '
The redox changes of cytochrorh@t moderately lovE, 1504
can be readily interpreted in the framework of existing
Q-cycle models. When cytochroni® is prereduced, the
MK pool is expected to be predominantly in the MKférm, 100+
and the following series of reactions is predicted [see
discussion in Meinhardt and Crofts (1983)]. Cytochrotne
is oxidized by the turnover of the reaction center and, in
turn, oxidizes the Rieske irersulfur center. Quinol is then
oxidized at the Qsite, transiently reducing cytochronie 0
and releasing a quinone. This quinone can then migrate to
a Q site and oxidize both cytochromi® and cytochrome
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b. The small extent of the cytochronbeeduction transient 1 i . . . . 140

implies that release of quinone_, its_migration to thes@e, @, b b, o, by 12aH,

and subsequent cytochrorbeoxidation must be relatively FeS  FeS  opme ofc,/ Roy ROIPSI

rapid compared to quinol oxidation. The sum of times for pC pst

quinone release from Qand its migration to Qwas FiGURE 6: Energetic profiles for Q-cycle catalysis by complexes.

esumated, from klnenc expenments on Chromatophores Of Profiles are shown for Complexes frarh mObiliS(Closed CirCleS),

: : Rb. sphaeroidegclosed squares), spinach thylakoids (open dia-
Rb. sphaeroidesto be about 0.5 ms or less (Meinhardt & monds), andC. reinhardtii (open triangles). The&-axis is labeled

Crofts, 1983). A similar rate can explain the dataHn with the high- and low-potential chain components possessing the
mobilis quinol electrons at each step in the Q-cycle. & values were

In H. mobilis under conditions where cytochrorbavas calculated by the equatioAE’ = {[ En(low-chain component}-
substantially or completely reduced before the flash, only a fErgg]]I?r?écl?tglrgtﬁ(r)éngr?g?r?itg]ﬁ;k%ﬁgeln\(/)er;lﬁ)ésufilrn%zgséal—uezs
net oxidation of Cytochromb was Observgd with a half- (i.e., 2 electrons are involved) procesqses are estimated for room
time of about 15-20 ms (Figure 3, trace f; Figure 5€,329 temperature as followsKeq ~ 104E730mY) The midpoint potential
mV trace). This behavior is typical of the cytochrorog values for theRb. sphaeroidesystems were taken from Crofts and
complexes of higher plants and algae, where an oxidationWr:lighht (19:)33)- FtOF ﬁpinacgl, tHi;:n vr?luesffor Ithet 2Fe2S C%nter,

: P ; cytochromeby, cytochromeb, cytochromef, plastocyanin, Ro,
}I}V;tsh l?elgﬁt:g];o?tfe%b(?\/tlj(tjszso g‘ ;iioglofvégg-%fﬁor?; I;)g"gth EZILSS)%6' and the PQ pool were taken to 5300 mV (Nitschke et al., 1992),

’ ' ' » —50 mV (Kramer & Crofts, 1990);-145 mV (Kramer & Crofts,

Kramer & Crofts, 1990, 1995). 1990),+360 mV (Rich & Bendall, 198014370 mV (Katoh, 1982),

Comparatve Energetics of Cytochrome bc Complexes. +475 mV (Drepper et al., 1996), arell20 mV (Golbeck & Kok,
The midpoint potential values of cytochrorbadetermined ~ 1979), respectively. FaE. reinhardtii the values used were300

; ; : ; ; mV (W. Nitschke and D. M. Kramer, unpublishee)84 mV (Pierre
in this work, together with those obtained previously for the et al., 1995)—158 mV (Pierre et al., 1995)%330 mV (Pierre et

MK pool, cytochromec, and the Rieske center (Liebl etal., 5 “1995) Y365 mv (Kramer, unpublished), and470 mv
1992; Liebl, 1993; Nitschke et al., 1995b, 1996), allow the (Kramer, unpublished) ane-120 mV (Golbeck & Kok, 1979),
energetics of cytochroméc turnover to be compared respectively. Midpoint potential values fet. mobilis cytochrome
between species. Figure 6 represents a compilation of theP»and cytochromé, are from this work, and those for the reaction
changes in free energy upon €lte turnover in cytochrome ;:enter primary donor, cytochronug, and cytochrome are taken
. . . rom Nitschke et al. (1995, 1996).

bc complexes from four distinct photosynthetic organisms,
i.e.,H. mobilis Rb. sphaeroides, C. reinhardtand spinach,  per electron K.y of about 100) with the exception of the
for the possible steps of electron transfer from Qough reduction of cytochrome by the Rieske 2Fe2S center (step
the complex and on to the ultimate electron sink, i.€., P 3). This similarity in energetic profiles for Q-cycle turnover
As can be seen in Figure 6, the total Q-cycle free energy in H. mobilisandRb. sphaeroideéhe curves deviate by a
changes are strikingly similar in the different species, about maximum of only 25 mV per electron) is remarkable in light
+200 mV for each electron transferred from quinol to the of the phylogenetic distance between these species and the
reaction center, despite the large differences in quinone redoxprofound difference in electrochemical properties of the
properties. This probably reflects similar requirements for substrate quinones. We consider this to be strong evidence
energy input into proton pumping and subsequent ATP for evolutionary conservation of the basic Q-cycle mecha-
synthesis reactions in all species. A second striking feature nism between these distant species. As discussed in Nitschke
illustrated by Figure 6 is the strong conservation of the etal. (1995a), this further implies that evolution has “tuned”
difference inEq, values between cytochrombsandby, (in the electrochemical properties of each redox component of
the range of 1086130 mV, see steps 2 and 3 in Figure 6). the cytochromebc complex to match the electrochemistry

Figure 6 furthermore reveals two distinct groupings with of the donor quinol, and this, in turn, strongly suggests that
respect to Q-cycle energetics, classing together the cyto-the specific energetic profile seen in Figure 6 has functional

chromebc complexes oRb. sphaeroideandH. mobilison importance.
one side, and the cytochronief complexes of algae and The cytochromdysf complexes of higher plants and algae
higher plants on the other side. differ from the other types of cytochroni@ complexes in

In the case of theRb. sphaeroidesand H. mobilis key aspects of their energy profiles. First, the reduction of
complexes, quinol oxidation by cytochrormeand the Rieske  cytochromeb, and the 2Fe2S center (step 1) in these
center (step 1) liberates about 10 mV per electron (20 mV complexes appears to be thermodynamically unfavoréhle (
total, equivalent to &g of approximately +10). Each of of about 0.1), due to the lo®,, of the cytochromdy hemes.
the following electron transfer steps liberates about 50 mV The extent of free energy released upon each of the
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Scheme 1 the cytochromebc complex, resulting in cytochromé
oxidation, or, in competition, at the MK reductase, depending
upon the stoichiometries, binding kinetics, and affinities of
the respective quinone binding sites. In other words, whereas
in spinach thylakoids most of the quinones produced at the
Q. site are re-reduced at the §te, a significant fraction of
the MK produced at the Qsite of the heliobacterial
cytochromebc complex may become re-reduced by the
quinol reductase, which could, at least in part, explain the
relatively small extent of photoinduced cytochromexida-
tion. In order to account for the observed differences in
behavior betweeil. mobilison one side and higher plants
and algae on the other side, we suggest that PQ molecules
RC-bound released from @sites of cytochromésf complexes encoun-
cytochrome(s) ter Q sites more readily thangites, whereas MK released
(atleast 2 hemes/RC) from the Q sites of cytochroméoc complexes fromH.
mobilis encounter MK reductase sites about as frequently
as Q sites. This seems reasonable considering the fact that
subsequent electron transfer steps ranges from about 50 t@S|| centers are located in the stromal region of the thylakoid
80 mV, but the total free energy release remains lower thanand are furthermore shielded by extensive antenna com-
that for the analogous step in the cytochrobceeomplexes plexes.
until the final reduction of quinone to quinol at the Ste Conclusions In the present study, the electron transport
(step 6). Second, in contrast to all other cytochramee  eyents involving the cytochrontec complex ofH. mobilis
complexes studied, the reduction of ttype cytochrome 3 photosynthetic representative of the Firmicutes, have been
(cytochromef) by the 2Fe2S center (step 3) appears to be stydiedin vivo and under redox-controlled conditions. The
energetically favorableK(, of about 10). The fact that the  yesuits provide for the first time detailed data on a cyto-
energetic profiles of cytochromiesf complexes from such  cpromebc complex operating in an electron transport chain
distinct organisms &8. reinhardtiiand spinach are so similar  pased on a MK pool. The most obvious conclusion to be
again argues in favor of a physiological importance for their grawn from the results described above is the fact that the
specific redox properties. basic mode of functioning of cytochronte complexes is
The Cyclic Electron Transfer Chain of H. mobiligfter conserved between the MK and the UQ/PQ systems. Subtle
a saturating single-turnover flash, one positive charge per differences in kinetic details can be rationalized within the
RC is introduced into the high—potential chainkbfmobilis concept of current functional models.
The primary donor is stoichiometrically reduced by the  \yith respect to the stability constant of the semiquinone
intermediate cytochrome chain, i.e., thecsss hemes [see  at the Q site, the cytochroméc complex in heliobacteria
Nitschke et al. (1995b)], and, in turn, these cytochra@e  appears to be closely related to cytochrobgecomplexes
hemes are re-reduced by turnover of the cytochrdioe  fom cyanobacteria and chloroplasts.
complex. Under conditions where all cytochrorbeis In contrast, the heliobacterial complex differs from cy-
prereduced (see Figure 3, tréf,gurnover of the cytochrome 5 ohacteriabef complexes with regard to redox poises during
bc complex results in cytochrorieoxidation. However, it onzyme turnover and resembles typical bacterial cytochrome
is clear from Figure 2C that only about 0.25 cytochrome o, complexes. The midpoint potentials of the redox centers
heme was oxidized for each cytochromethat was re-  rgjative to their respective substrate quinones are conserved
reduped (see Results), despite the fact that roughly stoichio-patweenH. mobilis and purple bacteria, maintaining the
metric amounts of RC and cytochrorbe complexes were  qriving forces for quinol oxidation. This suggests a con-

found (see above). This behavior differs from that obs_eryed vergent evolution of energy-conserving systems employing
in chloroplasts of plants or algae, where, under similar jitferent substrate quinones.

conditions, nearly all positive charges introduced into the
high-potential chain were transferred to cytochrdm{doliot

& Joliot, 1986; Kramer, 1990; Kramer & Crofts, 1993a,b).

In order to fully understand the cyclic electron pathway of

H. mobilis the fate of these positive charges must therefore Since low cytochromeb heme potentials appear to be

be accounted for. _ conserved across species as diverse as spinachCand
We therefore suggest that the cyclic nature of Hie reinhardtii, they are likely to be of mechanistic importance

mobilis electron transfer system may account for the data g the function of the cytochronizf complexes within linear
(see Scheme 1). As proposed earlier (Kolpasky et al., 1995),a(actron transfer chains.

the photosynthetic electron transport cycleHn mobilis

would start with charge separation in the RC, resulting in REFERENCES
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