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ABSTRACT

The ubiquinol:cytochrome (cyt) ¢ oxidoreductase (or cyt bcy) is an important membrane protein complex in
photosynthetic and respiratory energy transduction. In bacteria such as Rhodobacter capsulatus it is constituted
of three subunits: the iron-sulfur protein, cyt b and cyt c;, which form two catalytic domains, the Q, (hydroqui-
none (QH,) oxidation) and Q; (quinone (Q) reduction) sites. At the Q,, site, the pathways of bifurcated electron
transfers emanating from QH, oxidation are known, but the associated proton release routes are not well defined.
In energy transducing complexes, Zn?* binding amino acid residues often correlate with proton uptake or release
pathways. Earlier, using combined EXAFS and structural studies, we identified Zn coordinating residues of mito-
chondrial and bacterial cyt bc;. In this work, using the genetically tractable bacterial cyt bcy, we substituted each
of the proposed Zn binding residues with non-protonatable side chains. Among these mutants, only the
His291Leu substitution destroyed almost completely the Q,, site catalysis without perturbing significantly the
redox properties of the cofactors or the assembly of the complex. In this mutant, which is unable to support pho-
tosynthetic growth, the bifurcated electron transfer reactions that result from QH, oxidation at the Q, site, as well
as the associated proton(s) release, were dramatically impaired. Based on these findings, on the putative role of
His291 in liganding Zn, and on its solvent exposed and highly conserved position, we propose that His291 of cyt b
is critical for proton release associated to QH, oxidation at the Q, site of cyt bc;.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The ubihydroquinone:cytochrome (cyt) c oxidoreductase (cyt bc; or
complex III of mitochondrial respiratory chain) catalyzes oxidation of
hydroquinone molecules (QH,) and reduces c-type cyts. The enzyme
is an integral, homodimeric membrane complex formed of species-
specific number of subunits (e.g., mitochondrial complex III contains
up to 11 proteins). Three of these subunits, the Rieske iron-sulfur pro-
tein (ISP) with a high potential [Fe,S,] cluster, cyt c; with a c-type
heme, and cyt b with one low and one high potential b-type (by an by,
respectively) heme, always constitute the catalytic core of the enzyme
[1]. These subunits also form two active domains, referred to as the

Abbreviations: cyt, cytochrome; DBH,, decylbenzohydroquinone; Ej,, ambient redox
potential; E;,, midpoint redox potential; EXAFS, extended X-ray absorption fine structure;
Fe,S, cluster, iron-sulfur cluster; Q, ubiquinone; QH,, ubihydroquinone; Q,, hydroquinone
oxidation site; Q;, quinone reduction site; R., Rhodobacter; RC, photochemical reaction cen-
ter; SQ, seminquinone.
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QH, oxidation (Q,) and quinone (Q) reduction (Q;) sites, located at or
near the p and n faces of energy transducing membranes, respectively.
According to the Q-cycle mechanism [2], electrons resulting from QH,
oxidation at the Q, site are delivered to two different acceptor chains,
while protons are released to the bulk water. The first electron is
transferred to the high-potential electron acceptor chain, reducing
sequentially the ISP Fe,S, cluster and cyt ¢; heme. The second electron
enters the low-potential chain located on cyt b, and is delivered to a Q
(or a semiquinone, SQ) molecule at the Q; site, via sequential reduction
of the hemes by and by of cyt b [3]. Two turnovers of cyt bc; are required
for the reduction of a Q molecule at the Q; site, via the oxidation of two
QH, at the Q, site. This bifurcated electron transfer mechanism
increases proton translocation efficiency of cyt bcy, leading to the
release of four protons per QH, oxidized, and uptake of two protons
per Q reduced. Thus, the electron transfer reactions at the Q, site couple
the free energy difference between Q/QH, and electron acceptor c-type
cyts to generate both a proton gradient and a membrane potential
across the membrane, which are subsequently used for ATP
biosynthesis.

Chromatophores (intracytoplasmic membrane vesicles) of non-
sulfur purple bacteria, such as Rhodobacter (R.) capsulatus, which is
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readily amenable to genetic manipulations, contain a cyt bc; that is
structurally similar and functionally analogous to that operating in
mitochondria. In bacterial chromatophores, reducing and oxidizing
substrates (QH, and ferricyt c,, respectively) can be supplied to cyt bcy
via the photosynthetic reaction center (RC). Following photo-
activation, RC catalyzes vectorial electron transfer from the primary
electron donor P (bacteriochlorophyll special pair) to the final electron
acceptor Q bound at its Qg site. The photo-oxidized P is re-reduced by
ferrocyt ¢, on the periplasmic side, and upon a second photo-
activation, a QH, is formed at the Qg site with the uptake of two protons
from the cytoplasmic side, and released to the membrane. The
redox coupling between the RC and cyt bc; is mediated by the
membrane Q/QH, pool and cyt ¢,. Electron transfer steps of this cyclic
pathway have been resolved by light activated kinetic spectrophotome-
try, performed under controlled ambient redox potential (E,) (for
reviews, see e.g. [4,5]).

Inhibitors of cyt bc; have been powerful tools in deciphering the
electron transfer events of its catalytic cycle. These inhibitors are often
Q analogs that bind competitively to the Q, or Q; sites, and their
mechanisms of action have been characterized at both structural and
functional levels [6-9]. Although several aspects of the catalytic mecha-
nism of cyt bc; have been elucidated, structural identification of the
pathways leading to proton uptake and release by cyt bc; is still unclear.
Aside the Q analogs, another group of cyt bc; inhibitors are divalent
metal ions such as Zn?* and Cd®* [10,11]. These ions are inhibitory
not only for cyt bcy but also for other proton translocating membrane
enzymes, such as the NADH:ubiquinone oxidoreductase [12,13],
transhydrogenase [14,15], cyt c oxidase [16] and the bacterial RC [17],
for which the inhibitory mechanism of Zn?>* and Cd?* has been well
characterized. The metal binding site is located at the cytoplasmic
surface and is formed of His and Asp residues, involved in the proton
transfer reactions required for reduction of Q at the Qg site of the RC
[18,19]. Accordingly, binding of the metal ion obstructs the proton
entry point, directly competing with binding of protons to the His
residues. Studies on other proton translocating membrane complexes
showed that at least one His residue is always present among the
metal binding ligands, suggesting a common mechanism for metal ion
mediated inhibition [20-22].

The X-ray structure of the mitochondrial cyt bc;-Zn?* complex,
obtained by soaking pre-formed crystals of avian complex with Zn?*
revealed two metal binding sites [23]. One of them has high binding
affinity, is located in a hydrophilic area between the cyt b and cyt ¢,
subunits in the vicinity of the Q, site, suggesting that it interferes with
proton egress from this site. Extended X-ray absorption fine-structure
(EXAFS) spectroscopy studies of non-crystallized cyt bc;-Zn?* com-
plexes provided results consistent with the crystal structure of the
avian mitochondrial cyt bc;-Zn?™ complex, and allowed identification
of the residues forming a tetrahedral binding cluster [20]. The EXAFS
studies were also extended to the bacterial enzyme, and showed that
the Zn?" binding site of cyt bc; purified from the photosynthetic
bacterium R. capsulatus is structurally superimposable with those of the
avian and bovine complexes, but had a different pseudo-octahedral
coordination. On the basis of EXAFS and superimposition of the 3D
structures of bacterial cyt bc; with that of Zn?>* containing avian
counterpart, we proposed that the bacterial binding cluster is formed of
His276, Asp278, Asn279, and Glu295 residues of cyt b (R. capsulatus
numbering) and two water molecules (Fig. 1) [20]. Moreover, we showed
that the EXAFS data were also compatible with an alternative cluster,
which in addition to His276 and Asp278, involved a second His residue
(His291) and three water molecules possibly participating in a pseudo-
octahedral coordination [20]. Interestingly, these residues are located in
a highly hydrophilic portion of the Q, site, with His291 residue facing di-
rectly the water phase, thereby suggesting an exit pathway for protons
released by QH, oxidation [26].

In order to experimentally probe the catalytic role (if any) of the cyt
b His276, Asp278, Asn279, Glu295 and His291 residues highlighted by

Fig. 1. Putative amino acid residues involved in binding Zn?* to bacterial cyt bc;. The side
chains of Glu295, Asn279, His276 and Asp278 of cyt b of R. capsulatus cyt bc,, which are
proposed to be the potential Zn?* ion ligands, are colored in CPK. The critical
His291residue, which might also be involved in Zn?* binding, is shown together with
the iron sulfur (Fe,S,) center of the ISP subunit and stigmatellin (SMA) bound to the Q,
site. The cyt b and cyt ¢ subunits are depicted in green and blue, respectively, but the ISP
subunit is omitted for visual clarity. One of the propionate groups of cyt b; heme is
visible in the lower left corner. Zn?>* ion (blue sphere) was superimposed after
alignment of the R. capsulatus bc; structure (PDB entry 1ZRT [24]) with that of the Zn
crystal of the chicken complex (PDB entry 3H1K [23]). As indicated by sequence
alignments, R. capsulatus cyt b residues E295, H291, N279, D278, H276 correspond to
residues E271, H267, N255, D254, D252 respectively in the B. taurus sequence, and to
residues E272, S268, N256, D255, H253 in the S. cerevisiae sequence [25].

the EXAFS studies, we substituted each of them with a non-proton
accepting side chain. Among these residues, Glu295Val mutation had
already been studied earlier [27-29]. Using Zn?* inhibition kinetics,
isothermal titration calorimetry and Fourier transformed IR spectrosco-
py we had shown that this residue bound Zn?>* which decreased cyt bc;
activity, suggesting that it could be involved in proton efflux coupled to
electron transfer at the Q, site. However, its function has been found to
be not essential, inferring that in its absence some other residues could
still carry out partly its role in QH, oxidation [27].

In the present work, we determined the effects of similar mutations
at the remaining putative Zn>* ligands, and showed for the first time
that the cyt b His291Leu mutant was completely unable to support pho-
tosynthetic growth of R. capsulatus. By characterizing the properties of
His291Leu mutant, including the spectral and redox properties of its
cyt by and by hemes, as well as its light-activated cyt b reduction and
cyt ¢ re-reduction kinetics, we established that this mutation dramati-
cally inhibited electron transfer from QH, oxidation to both the high
and low potentials chains, yielding an assembled but almost inactive en-
zyme. Importantly, we showed that the kinetics of proton ejection asso-
ciated with QH, oxidation at the Q, site was also drastically inhibited in
the His291Leu mutant. Based on overall data, the location and the highly
conserved nature of H291, we concluded that this residue is essential for
cyt bey Q, site catalysis, and suggest that it may be critical for proton-
coupled electron transfer reactions during QH, oxidation.

2. Materials and methods
2.1. Bacterial strains, growth conditions, and genetic crosses

Escherichia coli strains harboring the pMTS1-derivative plasmids
[30] with cyt b mutations were in HB101 background (F~ A(gpt-
proA)62 araC14 leuB6(Am) glnV44(AS) galK2(0Oc) lacY1 A(mcrC-mrr)
rpsL20(Str") xylA5 mtl-1 thi-1). They were grown at 37 °C in LB medium
supplemented with 12.5 pg/ml tetracycline (Tet), as appropriate. The
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PMTS1-derivative plasmids expressing the cyt bc; mutants were intro-
duced into the R. capsulatus strain MT-RBC1 [A(petABC::spe)], which
has a complete chromosomal deletion of petABC [31] using triparental
mating, as described earlier [32]. These mutants were grown at 35 °C
(except His291Leu which grew better at 28-30 °C) under respiratory
(Res, aerobic dark) or photosynthetic (Ps, anaerobic light) conditions
in liquid (one liter culture in two liters flasks) or solid (Petri dishes)
MPYE enriched medium, supplemented with 10 pg/ml kanamycin
(Kan), as described earlier [33]. Plates were incubated in temperature-
controlled incubators (Percival, Inc.) in the dark (Res) or in anaerobic
jars with H, + CO, generating gas packs (Becton Dickinson Inc., MD)
in the light (Ps).

2.2. Molecular genetic techniques

Molecular genetic techniques were performed using standard proce-
dures [34], as described earlier [35]. All constructs were verified by DNA
sequencing, and analyzed using MacVector (Accelerys, San Diego, CA).
Cyt b mutations were obtained via the “QuickChange™ Site-Directed
Mutagenesis kit” (Stratagene Inc., La Jolla, CA), using the plasmid
PPET1 carrying the wild type petABC operon [31] as a template, and
the pairs of forward (F) and reverse (R) mutagenic primers H276L-F:
5’-CGA ACT ACC TCG GCC TCC CGG ACA AC and H276L-R: 5'-GTA GTT
GTC CGG GAG GCC GAG GTA G; D278V-F: 5'-CTC GGG CAC CCG GTC
AAC TAC GTC CA and D278V-R: 5'-CTG GAC GTA GTT GAC CGG GTG
GCC G; N279L-F: 5'-GGC CAC CCG GAC CTC TAC GTC CAG GC and
N279L-R: 5'-GGC CTG GAC GTA GAG GTC CGG GTG G; H291L-F: 5'-
CTC GAC CCC GGC GCT TAT CGT TCC GG and H291L-R: 5’-CAT TCC
GGA ACG ATA AGC GCC GGG G to yield the plasmids pPET1-B:H276L,
pPET1-B:D278V, pPET1-B:N279L and pPET1-B:H291L, respectively. The
Xmal-Stul fragment of pMTS1 was then exchanged with its counterparts
from appropriate pPET1 derivatives with the desired mutations to yield
the plasmids pMTS1-B:H276L, pMTS1-B:D278V, pMTS1-B:N279L and
PMTS1-B:H291L, respectively.

2.3. Biochemical techniques

Chromatophore membranes were prepared as described in [36] and
routinely resuspended in small volumes of 50 mM MOPS, pH 7.00, kept
at 4 °C, and used within a maximum of six days. At variance, for mea-
surements of proton release, as probed by the pH-indicator Neutral
red (see Section 3.5), cells were washed in 10 mM MOPS, pH 7.5, and
the chromatophores pellet was washed twice in a 2 mg/ml bovine
serum albumin solution at pH 7.5. The bacteriochlorophyll content
was estimated upon extraction with methanol/acetone (7:2), as de-
scribed in [37]. Protein concentrations were determined using the
bicinchoninic acid with bovine serum albumin as a standard [38] and
SDS-PAGE (12.5%) was conducted as described in [39]. Prior to loading,
samples were solubilized in a loading buffer at a final concentration of
62.5 mM Tris-HCl pH 6.8, 2% SDS, 0.1 M dithiothreitol, 25% glycerol,
and 0.01% bromophenol blue by incubation at room temperature for
10 min. Immunoblot analyses were carried out as in [40] using rabbit
polyclonal antibodies specific for R. capsulatus cyt bcq subunits. Alkaline
phosphatase conjugated anti-rabbit IgG antibodies (Sigma Inc.) were
used as secondary antibodies, and signal detection was via the BCIP/
NBT-purple liquid substrate (Sigma, Inc.).

Steady-state cyt bcy; activity was measured using
decylbenzohydroquinone (DBH;) as an electron donor and horse
heart cyt c as an electron acceptor at 25 °C [41]. The reaction was
initiated by addition of chromatophore membranes, monitored at
550 nm for 1 min, and the portion of the initial rate that is sensitive to
famoxadone (a Q, site inhibitor) was taken as the enzyme activity.
Optical spectra were recorded on a Cary 60 spectrophotometer (Agilent
Technologies Inc.).

2.4. Spectroscopic techniques and data analysis

For dark equilibrium redox titrations, chromatophore membranes
were resuspended in 50 mM MOPS, 100 mM KCl, pH 7.00 in the
presence of 50 uM 2,3,5,6-tetramethyl-p-phenylenediamine (DAD),
40 pM duroquinone, and 20 uM each of phenazine ethosulfate,
phenazine methosulfate, 1,2-naphthoquinone, 1,4-naphthoquinone,
and 2-hydroxy-1,4-naphthoquinone used as redox mediators. Optical
spectra of chromatophore membranes, between 530 and 590 nm,
were acquired with a Jasco V-550 spectrophotometer, as a function of
the ambient redox poise (E,) of the sample kept anaerobic under a
stream of argon. The ambient redox potential E,, measured by a plati-
num electrode against an external calomel electrode, was changed by
addition of a concentrated solution of potassium ferricyanide as an
oxidant, and sodium ascorbate or sodium dithionite as reductants. The
values of the midpoint potential (E,) of the cyt b hemes were
determined by fitting the absorbance A(E;) (recorded at 560-540 nm
as a function of Ey,) to the sum of three Nernstian components (i = 3),
according to:

3 nF]) !
() = 2= {1+ exp (Er—Ewi | | 1)

1

where for each component i, A; and E,,;; are the absorbance of the totally
reduced form and the midpoint potential, respectively, and n = 1 is the
number of electrons. T refers to the absolute temperature, and R and F to
the gas and Faraday constants. Confidence intervals within two
standard deviations (0) in the determination of the contribution (A;)
and midpoint potentials (E,;) of the different cyt b hemes were
evaluated numerically as described earlier [42].

For kinetic spectrophotometry of flash-induced cyt c and cyt b redox
changes, as well as of carotenoid electrochromic signals, chromatophore
membranes were resuspended in 50 mM MOPS, 100 mM KCl, pH 7.00,
at controlled E;, conditions under an atmosphere of nitrogen. The
redox mediators 1,2-naphthoquinone, 1,4-naphthoquinone and p-
benzoquinone at 8 uM, and phenazine methosulfate and phenazine
ethosulfate were used at 1 pM. When appropriate, 10 pM valinomycin,
5 uM antimycin, 2 uM myxothiazol and 1 pM stigmatellin were added
to the samples.

In proton release measurements, absorption transients of Neutral
red after a single flash were measured at 546 nm in chromatophore sus-
pensions buffered (pH = 7.5) by the membrane impermeable bovine
serum albumin (2 mg/ml) in the presence of 1 mM Na-Ascorbate,
10 uM DAD, 1 mM KCN, 1 pM oligomycin, 50 mM KCl, 5 uM valinomycin.

The electron transfer chain was activated by a Xenon flash lamp
(EG&G, Inc,, FX201), discharging a 3 pF capacitor previously charged to
1.5 kV. The flash light (duration ~4 ps at half maximal intensity) was
filtered through two layers of Wratten 88A gelatin filters (Kodak, Inc.).
Absorbance changes were measured using a single-beam spectropho-
tometer of local design as described in [43]. Flash-induced electrochromic
carotenoid band shift kinetics was measured at 503 nm [44], the kinetics
of total cyt ¢ (cyt ¢; + cyt ¢, + cyt ¢y) redox changes were monitored at
550-540 nm [45], and those of cyt b were recorded at 560-543 nm. Spec-
tra of flash-induced absorption changes, measured both in wild-type and
mutant chromatophores (not shown) indicated that this wavelength
couple minimized optical interference due to other redox components
of the electron transfer chains in chromatophore membranes. The
concentration of the primary electron donor P of the RC photoxidized
by a single flash was estimated from the absorbance changes induced at
542 nm using an extinction coefficient €54, = 10.3 mM~' cm~! [46].
To avoid fast, unresolved re-reduction of P* by cyt ¢, following a flash
of light, measurements were performed at an ambient redox potential
of E;, = 420 mV, at which the main endogenous electron donor to P,
cyt ¢ (Em, = 350 mV [47]), is completely pre-oxidized in the dark. For
the P*/P couple, a Ey, value of 440 mV was assumed [48] for correcting
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the fraction of the primary donor pre-oxidized at the redox poise of the
measurement.

Figs. 1 and 7 were generated using the Swiss-PdbViewer software
(http://www.expasy.org/spdbv/) [49].

3. Results and discussion
3.1. Mutations of the Zn>™ binding ligands of cyt bc;

The possible Zn?" liganding residues located in R. capsulatus cyt b
have been identified earlier (Fig. 1) [20]. Of these residues the Glu295
was studied by various groups [27-29], and its implications into the
proton release from the Q, site was probed [50]. In this work, using
R. capsulatus we substituted the remaining Zn?* liganding residues
(His276, Asp278, Asn279, and His291) with no proton donor/acceptor
side chains (e.g., Leu or Val) in order to assess their role(s) in QH,
oxidation at the Q, site (Fig. 1). Initial characterizations of these cyt b
mutants, including their ability to support Ps growth of R. capsulatus
(which requires an active cyt bcy), SDS-PAGE/immunodetection with
subunit-specific antibodies and the steady-state DBH,: cyt c reductase
activity indicated that only the His291Leu substitution yielded a cyt
bc, variant that was assembled but unable to support Ps growth and
that exhibited extremely low enzymatic activity (< 5% of wild type)
(see Supplementary material, Fig. S1A and B). These findings led us to
examine in detail the salient properties of the cyt b H291Leu mutant,
which are described below. The remaining cyt b His276Leu, Asp278Val
and Asn279Leu mutants that yielded partly active cyt bc; variants will
be discussed elsewhere.

WT

absorbance

+231 mv

540 550 560 570
wavelength (nm)

0.03

absorbance

550 560 570 580

540

530
wavelength (nm)

1799

3.2. Spectral and redox properties of the cyt b hemes in wild type and
His291Leu mutant

The redox difference absorption spectra recorded between 530 nm
and 585 nm during reductive titrations of chromatophore membranes
from wild type (WT) and His291Leu mutant (H291L), at comparable
bacteriochlorophyll (Bchl) concentrations, are shown in Fig. 2A and B,
respectively. The spectra recorded at the highest value of ambient
redox potential (E;, = 371 mV for WT, E;, = 331 mV for H291L mutant)
were subtracted from each spectrum measured at lower Ej, values,
between ~230 mV and ~— 190 mV, and the difference spectra offset to
zero absorbance at 540 nm for visual clarity. In the wild type (WT) spec-
tra, upon lowering E;, below ~230 mV, spectral contribution of the c-type
cyts that peak at 550 nm increased slightly, and a second band (centered
at 560 nm) appeared progressively, corresponding to the reduced cyt b
hemes [51]. Upon decreasing Ej,, the His291Leu mutant also exhibited
an increasing spectral contribution centered at 560 nm, consistent with
the progressive reduction of b-type cyts. The maximal absorbance change
detected at 560 nm was about three times lower in the mutant, as
compared to WT chromatophores, suggesting a lower content of cyt
bcy. Note that in the His291Leu mutant, the smaller amplitude of the
cyt ¢ peak at 550 nm relative to that at 560 nm, was due to the lower
redox potential (E;, of 331 mV) of the spectrum used as a baseline, as
compared to that (Ey of 371 mV) subtracted from the wild type spectra.
Assuming a differential extinction coefficient of 20 mM~! cm™! for the
560-570 nm wavelength couple [41], a total b-heme concentration
~3.4 1M and ~0.9 uM was estimated using the spectra recorded at the
lowest Ej;, values for the wild type and the His 291Leu, corresponding to
cyt b/BChl ratios of ~0.045 and ~0.014, respectively.

B H291L
0.02
- -201 mv Vo,
g .
c
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e
o
]
& -
0.00 4=
530 540 550 560 570 580
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D H291L
-201 mV
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Fig. 2. Full spectrum dark redox titrations of cyt b hemes in wild type and cyt b His291Leu mutant strains. Spectra were obtained using wild type (WT, panel A) and His291Leu (H291L,
panel B) chromatophore membranes suspended at 76 and 63 UM Bchl, respectively. The spectra were offset to zero at 540 nm for visual clarity, and red arrows indicate the direction of the
reductive titrations. The Ej, values reported in black and red in each panel refer to the difference spectra obtained under the most oxidizing and reducing conditions respectively,
considered when analyzing the redox titrations (see Fig.3). Spectral contributions of heme b, were extracted from the titration data, and presented in panels C (WT) and D (H291L).

See Section 3.2 for further details.
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Spectra of the low potential heme b; were extracted from the
titration data set by subtracting the spectrum recorded at an Ey,
value of —27 mV from each of the spectra recorded at lower Ey,
values. The E,, values reported in the literature [27] for heme by
(Em = 45 mV) and for heme by (E,, = — 130 mV) indicated that at
this E}, value the latter should be totally oxidized, and the former
already pre-reduced. As expected, the spectra obtained by this pro-
cedure using wild type chromatophores (Fig. 2C, WT) exhibited the
typical features of heme by, i.e. a peak at 566 nm and a lower one
around 558 nm [46]. In contrast, the spectra obtained using mutant
chromatophores showed a major peak between 562 and 564 nm
and a second one of lower amplitude, at ~574 nm (Fig. 2D, H291L).
Additionally, in the case of the mutant spectra, the absorption
bands were much broader than those seen with the wild type
spectra. The spectral broadening due to the His291Leu mutation
suggested that the cyt b hemes environments in the mutant cyt
bcy were perturbed [52]. This implied that the local structural perturba-
tion induced by the His291Leu mutation propagates through long-
range intramolecular interactions from the surface of the complex
(see below) to the cyt b heme transmembrane region. The possibility
that a single-site mutation can reverberate through the protein struc-
ture over long distances (up to 20 A) resulting in dynamic and structural
changes to distal sites is well documented in the literature (see, e.g.,
[53-57)).

Next, the dependence of the absorbance changes at 560-540 nm
upon the redox potential (E,) was fitted to the sum of three
one-electron Nernst components, as described above in Eq. (1)
(Materials and methods) in order to compare the E,, values of the
cyt b hemes in the wild type (WT) and His291Leu mutant chromato-
phore membranes (Fig. 3). The values obtained by the “best fit”
procedure for the relative amplitudes A; and E,; of the different
components are summarized in Table 1. The highest E;, component
(Em1 = 105 mV and E,; = 123 mV for wild type and His291Leu,
respectively) was attributed to the so-called cyt b;5o component of
cyt bcq [58]. The cyt byso was suggested to arise from the mechanism
of reduction of Q at the Q; site of cyt bcy. Namely, the equilibrium
constant for cyt byso formation is known to depend on the
association (binding) constants of QH; and Q, and the equilibrium
between heme by and the semiquinone SQ/QH, couple at the Q;
site of cyt bcy [59]. No major difference was seen between the wild
type and the His291Leu mutant chromatophores in respect to this
component (Fig. 3A and B). Similarly, the second redox component,
ascribed to heme by [27,58] is present in both wild type and
His291Leu titrations, with E.,, values of about 36 mV and 40 mV,
respectively. The third spectral component, characterized by
the lowest midpoint potential, was attributed to heme b; [27,58],
and showed E,,3 values of —133 mV and — 141 mV in the case of
the wild type and mutant His291Leu, respectively. The amplitude
of the third Nernstian component is larger in the mutant, as
compared to wt (Table 1). This is related to the broadening and
distortion of the corresponding spectrum in the mutant (see Fig. 2
C and D). Since the extinction coefficients for heme by and b;
individually at the wavelength couple used are not known in the
mutant, the amplitude of the respective Nernstian components cannot
be taken as reflecting the effective stoichiometries of the b hemes
within the complex.

Overall, analyses of dark redox equilibrium titrations data indi-
cated that the E,;, values obtained using wild type chromatophores
for the hemes by and by of cyt bc; were in good agreement
with earlier reported values [27]. Moreover, within the calculated
confidence intervals, the mutant His291Leu exhibited E,, values
not significantly different from those of wild type for both these
cofactors of cyt bc; (Table 1). We therefore concluded that
although the His291Leu mutation affected the environments
of cyt by and by hemes, it did not modify significantly their Ep,
values.
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Fig. 3. Equilibrium redox titrations of cyt b hemes in wild type and cyt b His291Leu mutant
strains. The titration data derived from the spectra shown in Fig. 2 were used. Absorbance
changes at 560-540 nm, plotted as a function of the ambient redox potential (Ey), were
fitted to the sum of three, one-electron, Nernstian components, according to Eq. (1) (see
the text). Best fitting curves are shown as continuous red lines. The corresponding E,,
values are indicated, with 20 confidence intervals shown in brackets. The relative
contributions of the three different cyt b components are summarized in Table 1.

3.3. Effects of His291Leu mutation on flash-induced electrochromic
carotenoid signals

The membrane potential resulting from electrogenic events that
occur during the photo-activated cyclic electron transfer chain in
chromatophores can be followed by monitoring the electrochromic re-
sponse of carotenoids embedded in the light harvesting complex (LH)
I [60]. Upon activation of dark-adapted, freshly prepared chromato-
phore membranes of a wild type strain (WT) by a single turnover
flash under E controlled and reducing conditions, a carotenoid
electrochromic signal formed of three kinetic phases can be detected
(Fig. 4A, black trace) [4,60]. The first two phases (I and II), completed
within a few microseconds (not kinetically resolved in the traces
shown in Fig. 4A) reflect the electrogenic events within, and the electro-
genic oxidation of cyt c; + cyt ¢, by the photo-oxidized primary elec-
tron donor P of, the RC. Accordingly, phase (I + II) is totally
unaffected by electron transfer inhibitors of cyt bc, (Fig. 4A, blue
trace). In the ms time scale, a third slower phase (phase III), which is
due to the electrogenic events occurring in cyt bcy, can also be detected
[60,61]. Using the Q; site inhibitor antimycin, which blocks electron
transfer from heme by to Q bound at this site, phase Ill can be further re-
solved into antimycin-sensitive and antimycin-insensitive phases [62].


Image of Fig. 3

F. Francia et al. / Biochimica et Biophysica Acta 1857 (2016) 1796-1806

Table 1

1801

Relative contribution (A;) and midpoint potential (E.;) obtained for each redox component by fitting the equilibrium dark redox titrations of cyt b hemes shown in Fig. 3 to Eq. (1). Values
indicated between the parentheses refer to the extremes of the confidence intervals within 2 standard deviations (20). WT and H291L correspond to the wild type and the cyt b His291Leu

mutant strains, respectively.

Al (%) Em (mV) AZ (oﬂ) Ema (lTlV) A3 (%) Ems (mV)
WT 13 105 63 36 24 —133

(7, 24) 20 (83, 129) 20 (51- 68) 20 (28, 42) 20 (21v 28) 20 (_ 148, — 120) 20
H291L 26 123 18 40 56 —141

(14,35) 26 (107,145) 26 (9.28) 20 (—=6,70) 20 (50, 61) 26 (=152, —132) 25

Addition of the Q, site inhibitor myxothiazol, which blocks electron
transfer to heme by, totally eliminates phase III (Fig. 4A, red trace).

In contrast to the wild type (WT), in chromatophores from the
His291Leu mutant, the amplitude of phase III, relative to phase
(I + 1), was highly reduced (Fig. 4B, black trace). Moreover, the onset
kinetics of phase IIl were severely slowed down in the His291Leu mu-
tant, with the half time of the myxothiazol sensitive phase IIl (~2.5 ms
in WT) increasing to values larger than 13 ms. Indeed, the two compo-
nents of phase III (Figs. 4C and D) were both retarded in the mutant: the
half-time of the antimycin-sensitive phase (blue trace), that is ~2.7 ms
in WT, was larger than 13 ms in H291L chromatophores, and the half-
time of the antimycin-insensitive (myxothiazol sensitive) phase (red
trace), ~1.8 ms in WT, increased to values larger than 11 ms in the mu-
tant. The data clearly indicated that the rates of the electrogenic events
occurring in cyt bc; following a single turnover photo-excitation of the
RC were markedly inhibited in the His291Leu mutant, even though
the E,,, values of the cofactors were unchanged.

3.4. Effects of His291Leu mutation on cyt ¢ and cyt b reduction single
turnover kinetics

The kinetics of cyt ¢ and cyt b redox changes following flash photo-
activation of RC under reducing conditions, and their responses to inhib-
itors of cyt bc; provide insights into the decreased enzyme turnover, as
seen by the lower steady-state cyt bc; enzymatic activity (see

Supplementary material, Fig. S1A), and the slower kinetics of phase III
of the carotenoid signal in the His291Leu mutant (Fig. 4). In chromato-
phores that are redox poised at an Ey, value of about 110 mV, the high
potential chain cofactors of cyt bcy (ISP Fe,S; cluster, cyt ¢; and cyt ¢;)
are pre-reduced in the dark, while the low potential chain cofactors
(hemes by and by) are pre-oxidized. Following photo-activation by an
actinic flash, the photo-oxidized primary electron donor P* of RC rapid-
ly oxidizes ferrocyt c,, which receives an electron derived from the high
potential chain of cyt bc;, namely from cyt ¢; that in turns receives it
from the ISP Fe,S, cluster. The Fe,S, cluster thus oxidized then oxidizes
QH, [63], receiving its first electron to form a transient SQ at the Q, site.
The large-scale movement of the extrinsic domain of the ISP conveys
this electron from the Q, site at the surface of cyt b to near cyt c; to
reduce it [7,64]. The total cyts ¢ (c¢q, ¢z and ¢y in R. capsulatus [65])
redox changes monitored at 550-540 nm upon flash excitation of chro-
matophores derived from the wild type strain (Fig. 5A, WT) reflect this
sequence of redox events. In the absence of inhibitors (Fig. 5A, black
trace) the fast, unresolved oxidation of cyt c is followed by its
re-reduction in the ms timescale, via electron donation from the Fe,S,
cluster, which in turn receives electrons from QH, oxidation at the Q,
site. In agreement with earlier works (e.g. [63]), addition of antimycin
had a minimal slowing effect (blue trace) on cyt c re-reduction. Since
antimycin inhibits all processes at the quinone reduction (Qj;) site, this
inhibitor is not expected to affect markedly the re-reduction of cyt c
after the first flash, which reflects mainly the delivery of the first
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Fig. 4. Kinetics of carotenoid electrochromic signals in wild type and cyt b His291Leu mutant strains. The absorption change recorded at 503 nm after a single turnover flash using wild type
(WT, panels A and C) and His291Leu (H291L, panels B and D) chromatophores suspended at 40 uM Bchl. The ambient redox potential E, was poised at 125 mV. The assay conditions were
as described in detail under Materials and methods. Panels A and B show the signals obtained in the absence of inhibitors (control, black traces), after addition of 5 pM antimycin (blue
traces) and after further addition of 2 uM myxothiazol (red traces), and panels C and D show the phase IIl components of the carotenoid signals, i.e. the antimycin-sensitive phase
(control minus antimycin) (blue traces), and the antimycin-insensitive (but myxothiazol-sensitive) phase (antimycin minus myxothiazol) (red traces). Traces were the average of 16

(WT) and 32 (H291L) events.
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Fig. 5. Flash-induced cyt c re-reduction kinetics following a single turnover in wild type
and cyt b His291Leu mutant strains. Using chromatophore membranes of wild type
(WT, panel A) and His291Leu mutant (His291L, panel B) strains, kinetics were recorded
at 550-540 nm at an E;, value of 110 mV. Experimental conditions were as in Fig. 4,
except that valinomycin was added (at a concentration of 10 uM) to collapse the light-
induced membrane potential and avoid any interference with electrochromic effects.
Black traces: control in the absence of inhibitors; blue traces: after addition of 5 pM
antimycin; red traces: in the presence of 5 pM antimycin and 2 pM myxothiazol; green
traces: in the presence of 5 uM antimycin plus 1 uM stigmatellin. Traces were the
average of 16 (WT) and 32 (H291L) events.

electron from QH, oxidation at the Q, site (see Introduction and [63]).
At variance, addition of myxothiazol (red trace) strongly inhibited cyt
c reduction kinetics, even stimulating the extent of resolved cyt c oxida-
tion, by blocking electron donation to the high-potential chain from the
Q, site. A complete inhibition of cyt c reduction on the ms timescale,
resulting in a further increase of the flash-induced extent of cyt ¢
oxidation (green trace), can be observed upon addition of stigmatellin.
This Q, site inhibitor is known to form an H-bonded complex with the
reduced ISP Fe,S, cluster to impede its movement towards, and block
electron donation to, cyt ¢; [59,64,66].

Quite different cyt c reduction kinetics were observed in chromato-
phores from the H291L mutant (Fig. 5B). In the absence of inhibitors
(black trace), cyt ¢ reduction kinetics were drastically slowed down, as
compared to wild type chromatophores (Fig. 5A), indicating that in
the mutant the electron flow through the high potential chain of the
complex was strongly impaired. Consistently, while in the wild type
chromatophores the addition of myxothiazol (red traces) resulted in a
dramatic slowing of cyt ¢ re-reduction, and a significant stimulation of
its resolved oxidation amplitude, in the mutant (Fig.5B, red trace)
myxothiazol had a much smaller slowing effect on the reduction
kinetics, as compared to the control (Fig.5B, black trace). Interestingly,
at variance with what observed in the wild type, antimycin alone
seems to induce a slight retardation of cyt c re-reduction in the mutant,
accompanied by a slight stimulation of cyt ¢ photoxidation (Fig.5B, blue
trace). This might be explained by considering that when the
semiquinone at the Q; site is reduced to UQH, through the cyt b chain,
further reducing equivalents are available at the Q, site in the absence
of antimycin, which can contribute to cyt c re-reduction. The small effect

of antimycin on cyt c re-reduction kinetics, due to the suppression of
these additional reducing equivalents, is expected to be better resolved
in the mutant, where the electron flow along the high potential chain of
the cyt bc; complex is drastically slowed down already in the absence of
inhibitors.

Both in wild type and in the mutant, stigmatellin increased clearly
the extent of cyt c oxidized after the flash (green trace), as compared
to the trace in the presence of myxothiazol, although this effect was
smaller in the mutant chromatophores. The fact that such stimulation
is clearly observed in chromatophores from the H291L mutant indicated
that the ISP extrinsic domain retained a significant mobility in the
mutant. However, in view of the slow re-reduction of cyt c observed
in the mutant even in the absence of inhibitors, as well as in the
presence of myxothiazol, we cannot exclude the possibility that this
mutation could also slow down the movement of the ISP extrinsic
domain, without eliminating it. Therefore, overall data showed that
the extremely slow cyt ¢ reduction kinetics seen after a single turnover
flash in the His291Leu was mainly a consequence of drastically impaired
QH, oxidation at the Q, site of cyt bc;. This agrees with the slowed
kinetics of electrogenic events associated with cyt bc,, as probed by
the carotenoid phase III signal (Fig. 4).

Delivery of the second electron derived from QH, oxidation at the Q,
site to the low potential chain of cyt bc; can be monitored by the heme
by reduction kinetics induced by a single flash (Fig. 6A and B). The kinet-
ics of this reaction in chromatophores from wild type and His291Leu
mutant strains in the presence of antimycin, which blocks electron
transfer from reduced cyt by to Q (or SQ located at the Q; site, depending
on the first or the second turnover of the Q, site [67], and on the mea-
suring conditions), were monitored at 560-543 nm (blue traces) at an
E, value of 110 mV (see Materials and methods). Under these
conditions, the rate of cyt by reduction approaches its maximum, due
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Fig. 6. Kinetics of flash-induced cyt by reduction in wild type and cyt b His291Leu mutant
strains. Using chromatophore membranes of wild type (WT, panel A) and His291Leu
(H291L, panel B) strains, kinetics were monitored at 560-543 nm. Experimental
conditions and ambient redox poise (E;) used were as in Fig. 5. Black traces: control in
the absence of inhibitors; blue traces: after addition of 5 uM antimycin; red trace: in the
presence of 5 uM antimycin and 2 pM mixothyazol. Traces are the average of 16 (WT) or
32 (H291L) events.
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to the availability of pre-reduced QH> in the quinone pool and pre-
oxidation of heme by of cyt b [68]. Compared to the wild type, both
the extent of cyt by reduced after the flash, and the initial rate of this
reduction were strongly inhibited in His291Leu mutant, with the half
time of cyt by reduction increasing from ~2 ms in the wild type to
~8 ms in the His291Leu mutant, again closely paralleling carotenoid
band shift phase III kinetics.

Similar to above, assuming a differential extinction coefficient
(&s560-543) for reduced cyt by of 19.5 mM~! cm™ !, and taking into
account the amount of P of RC photo-oxidized by a single flash, the max-
imal extent of cyt by reduction upon photo-excitation corresponded
roughly to 0.51 and 0.14 cyt by reduced per photo-oxidized RC in the
wild type and the His291Leu mutant strains, respectively. An estimate
of the initial rate of cyt b reduction yielded values of ~300 and ~60
(cyt by reduced) (RC oxidized) ™! s~ in wild type and His291Leu chro-
matophores, respectively. Indeed, addition of myxothiazol completely
abolished the reduction of heme by in both cases (Fig. 6, red traces).
Interestingly, in the absence of inhibitors, a small transient of cyt by
reduction was detectable only in the wild type (Fig. 6, WT, black traces),
in agreement with the slowing of cyt by reduction observed in the mu-
tant strain in the presence of antimycin. Indeed, the transient reduction
of cyt by results from the competition between reduction of the cyt by
heme via the Q, site/heme b; and its re-oxidation by Q (or SQ) at the
Q; site. Thus, in a mutant where delivery of electrons from the Q, site
to the cyt b chain is slowed down, the latter reaction is expected to bet-
ter compete with the former, precluding observation of a transient cyt
by reduction, which is the case in His291Leu mutant strain.

Taken together, the effects of mutation on the kinetics of cyt c re-
reduction (Fig. 5), of cyt b reduction in the presence of antimycin
(Fig. 6), and of phase III of carotenoid shift (Fig. 4) indicate clearly that
oxidation of QH, at the Q, site is strongly inhibited in the mutant. The
slower kinetic rates observed (unlike the amplitudes of oxidation and
reduction) cannot be explained in terms of a diminished expression of
the cyt bcy in the mutant, or defective assembly of the cyt bc; subunits,
as these measurements are integral to the complex. In fact, the
observation that in the presence of stigmatellin the same extent of cyt
¢ oxidation was detected after the flash in wt and in the mutant
(Fig. 5) implied that comparable concentrations of total cyts c (i.e., cyt
¢y + cyt ¢z + cyt ¢y) were photo-oxidized in the examined samples. In
spite of this, the re-reduction kinetics of cyt c is drastically slowed
down in the mutant, demonstrating that the delivery of the first
electron from the Q, site is dramatically inhibited. Consistently, due to
the bifurcated nature of the reaction at the Q, site, a substantial
retardation of cyt b reduction in the presence of antimycin is seen
because the delivery of the first electron is almost blocked in the
mutant. In full agreement, a similar effect is also observed for phase IIl
of the carotenoid signal.

The defect in electron transfer events initiated by QH, oxidation at
the Q, site of cyt bc, in the His291Leu mutant explained why it was
unable to support the Ps growth of R. capsulatus. Additionally, our
results showed that the molecular defect in this mutant was not linked
to the mobility of the ISP Fe,S, head domain, or the redox characteristics
of the cyt b hemes b; and by cofactors, suggesting that it might be more
elaborate than the simpler electron transfer events between the
cofactors.

Considering that during QH, oxidation at the Q, site of cyt bc;, the bi-
furcated cyt ¢ re-reduction and cyt b reduction involve proton-coupled
electron transfer reactions, and that the cyt b His291 mutant is a puta-
tive Zn ligand [20], a possibility is that during QH, oxidation this residue
might be critically involved in releasing proton(s) outside of cyt bc;. In
agreement with this notion, in wt chromatophores, Zn>* was found to
inhibit cyt ¢ re-reduction and phase III of the electrochromic
carotenoid signal after a single flash [69], reminiscent of the His291Leu
mutant (Fig. 5 and Fig. 4, respectively). Consistently, Zn?" inhibited
decylbenzohydroquinone:cyt ¢ oxidoreductase activity in purified wt
R. capsulatus cyt bcq [29], again reminiscent of the steady-state activity

Fig. 7. Surface image of the region of cyt bc; where the cyt b His291 residue is located. The
putative Zn binding residues analyzed for their degrees of conservation (Table 2) are
shown by rendering the surface transparent. Among these residues, based on the index
of accessibility to the solvent provided by the Swiss-PdbViewer, the His 291 appears to
be the most exposed residue (surface colored in red), followed by the considerably less
accessible H276 (in blue) and D278 (yellow) residues. SMA and by stand for stigmatellin
and cyt by respectively. The image was obtained using the Swiss-Pdb Viewer and the
PDB file 1ZRT.

of His291Leu mutant seen in the absence of Zn (see Supplementary
material, Fig. S1).

Additionally, as depicted in Fig. 7, among the putative Zn?>* ligands,
His291 is the most solvent-exposed residue, and being in contact with
bulk water, might act as the exit residue for proton(s).

3.5. Effects of His291Leu mutation on the flash-induced proton release into
the lumen of chromatophores

To further probe the possibility that His291 might be involved in
proton(s) egress associated with the oxidation of QH, at the Q, site of
cyt bcq, we studied the kinetics of lumenal acidification after a single
turnover flash, as probed by the amphiphilic pH-indicator Neutral red
[70]. As detailed in Materials and methods, measurements were
performed in the presence of Na-ascorbate and of the redox mediator
DAD to establish reducing conditions, comparable to those employed
in measurements of the electron transfer kinetics, monitored at Ey,
values between 110 and 125 mV (Figs. 5 and 6). The terminal oxidase
was inhibited by KCN to prevent the oxidation of the redox-buffering
system, and oligomycin was added to avoid the rapid escape of protons
from the lumen through the ATPase under reducing conditions. The ab-
sorbance changes recorded after a flash at 546 nm include, besides the
response of Neutral red to pH changes, transient spectral contributions
mainly attributable to photo-oxidation and subsequent re-reduction of
the RC primary donor P [70]. In order to obtain absorption transients
which reflect only the proton release associated with the cyt bcy activity,
absorption changes after a flash have been recorded in the absence and
in the presence of the cyt bc; inhibitors myxothiazol and antimycin, and
the difference between these signals has been taken to indicate flash-
induced pH-transients in the lumen due to QH, oxidation at the Q,
site of the cyt bcy, as previously established with chromatophores
from R. capsulatus [70] and thylakoids [71]. In Fig. 8 the kinetics of
proton release obtained following this procedure were compared over
two different time scales in chromatophores from the wt and from the
H291L mutant. The absorbance increase observed upon single flash
excitation reflects the acidification of the lumen.

The H291L mutation resulted in a strong retardation of the proton
release kinetics (Fig. 8A). As shown in Fig. 8B the half-time of lumen
acidification, approximately 2.5 ms in the wt chromatophores,
increased by almost an order-of-magnitude in the H291L mutant.
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Fig. 8. Kinetics of proton release after a single flash (at t = 0) in wt (black traces) and H291L (red traces) chromatophores. Panel B shows the same transients of panel A over an expanded
time-scale. Each trace is the difference between flash-induced absorption changes measured at 546 nm in the absence and in the presence of the cyt bc; inhibitors antimycin A (5 uM) and

myxothiazol (3 pM). Assay conditions are described in Materials and methods.

Such a drastic impairment is fully compatible with the involvement of
His291 in proton(s) egress coupled to QH, oxidation at the Q, site of
the cyt bc;.

In view of the proposed role of His291 in proton release from the cyt
bcy, the degree of conservation of this residue in respect to other highly
conserved cyt b residues [72,25] was assessed by providing as an input
the sequence of R. capsulatus cyt bc; (PDB file 1ZRT, chain C) to the
ConSurf server (http://consurf.tau.ac.il/) [73]. From the ConSurf output
the degree of conservation of a given residue can be evaluated on the
basis of its relative evolutionary rate calculated after Multiple Site
Alignment (MSA), which was performed by using the MAFFT-L-INS-i
software. Using this method, a negative normalized score with a large
absolute value indicates a highly conserved residue. The computed
conservation degrees (i.e., normalized scores) of the putative Zn ligands
His276, Asp278, Asn279, His291 and Glu295 [20], and of the known to
be highly conserved PEWY (Pro294, Glu295, Trp296, Tyr297) loop
residues, are shown in Table 2.

Remarkably, the conservation degree of His291 matched closely
those of the residues that form the PEWY loop, which are known to be
highly conserved in mitochondria, a- and B-Proteobacteria, Aquificae,
Chlorobi, Cyanobacteria, and chloroplasts [75], indicating that a His res-
idue in this position is highly favored (Table 2). This observation is in

Table 2

The degree of conservation of selected cyt b residues located in the vicinity of His291
expressed as relative evolutionary rate, calculated by using the ConSurf server (http://
consurf.tau.ac.il/). Homologous sequences retrieval from the database UniRef90 was per-
formed with a 80% maximal identity cutoff.

Residue Normalized score® Confidence interval® MSA data®
His276 —0.792 —0.889, —0.722 77]77
Asp278 —0.559 —0.772, —0.462 77]77
Asn279 —1.008 —1.032, —0.992 77]77
His291 —1.005 —1.032, —0.992 77]77
Pro294 —0.990 —1.032, —0.976 77]77
Glu295 —1.000 —1.032, —0.992 77/77
Trp296 —0.941 —1.026, —0.914 77]77
Tyr297 —0.982 —1.032, —0.958 77/77

2 The conservation score is normalized so that the average score for all residues is zero,
and the standard deviation is one.

> When using the Bayesian method for calculating evolutionary rates, a confidence in-
terval is assigned to each of the inferred evolutionary conservation scores [74].

¢ The number of aligned sequences having an amino acid (non-gapped) from the
overall number of sequences at each position.

line with the proposal that this residue is involved in proton release to
bulk water. If indeed the critical role of His291 is linked to a proton
egress pathway from the Q, site, then the latter path appears to be dis-
tinct from an earlier proposed route [76]. This earlier route was based on
a high-resolution yeast cyt bc; structure, and would involve a propio-
nate on the porphyrin ring of heme by, Arg79 of cyt b and several fixed
water molecules in their vicinity, but not the homologue of
R. capsulatus H291 residue, which corresponds to Ser at position 268
of yeast cyt b.

4. Conclusions

This work described for the first time a detailed characterization of
the solvent exposed His291 residue of cyt b, which is absolutely
required for Q, site catalysis. Its substitution by a non-protonatable
side chain led to drastic loss of Q, site activity, which was much more
pronounced than that earlier observed upon substitution of cyt b
Glu295 thought to be involved in proton release during QH, oxidation,
and located in the same region of cyt bc; [27-29]. Although the exam-
ined His291Leu mutation did not significantly affect the redox potential
of cyt b; and cyt by hemes, as determined in chromatophore vesicles,
the kinetics of cyt ¢ re-reduction, cyt by reduction, and proton release
to the chromatophore lumen after a single flash were dramatically
impaired. The kinetics of cyt ¢ re-reduction retained however a signifi-
cant sensitivity to stigmatellin, suggesting that the drastic impairment
of QH, oxidation could not be ascribed to the loss of the extrinsic ISP
mobility. The electrogenicity of the cyt bc; turnover, probed by phase
Il of the carotenoid phase, was correspondingly inhibited, thus
explaining the inability of the mutant to sustain photosynthetic growth.
Based on the above summarized observations, on the degree of conser-
vation of His291 as compared to other highly conserved cyt b residues in
its vicinity, on its large solvent accessibility, and on its putative role in
liganding Zn?", we propose the involvement of this residue in the
proton release at the periplasmic surface of cyt bc;. Undoubtedly, future
studies using both membrane-embedded and purified His291Leu
variant of cyt bc; will address further its critical role in proton egress
associated to QH, oxidation at the Q, site.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2016.08.007.
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