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ABSTRACT: The glutamic acid residue of the conserved PEWY motif of the Qo site of cytochromebc1 is
widely discussed as central to reversible Qo site catalysis of two-electron, two-proton hydroquinone-
quinone oxidation-reduction. Extensive mutation of this glutamate (E295) to A, V, F, H, K, and Q in
purple photosyntheticRhodobacter capsulatusresults in hydroquinone oxidation rates that are between 5
and 50-fold slower than that in the wild type. However, the mutants show little or no detectable effects
on hydroquinone or quinone exchange and binding at the Qo site nor on subsequent Qo site-mediated
redox equilibria in the c-chain and b-chain from pH 5-10. Lack of effects of mutations on theEm/pH
plots rules out involvement of E295 in the strong electron-proton coupling evident in either the FeS
center or hemebL. These detailed equilibrium and kinetic analyses demonstrate that E295 is not irreplaceable
in the Qo site catalytic mechanism. Rather, E295 and several other Qo site residues that can also be widely
varied and still support hydroquinone oxidation illustrate the considerable resilience of Qo site activity to
mutational change in Qo site environs. Residues and water molecules appear to cooperate in providing a
physical and chemical environment supporting hydroquinone oxidation rates comparable to those seen in
nonprotein aqueous environments at electrodes. We suggest that residues at the Qo site (and, possibly,
other respiratory and photosynthetic quinone and oxygen binding sites) are a product of natural selection
primarily acting not to lower catalytic barriers according to the traditional view of enzymatic catalysis
but rather to develop specificity by raising barriers in defense of semiquinone loss or energy wasting
short-circuit reactions.

The catalytic core of cytochromebc1, a common member
of respiratory and photosynthetic chains, consists of two
distinct electron transfer chains: the high-potential c-chain,
normally including hemec1 and the 2 iron-2 sulfur (FeS)1

center, and the low-potential b-chain, normally including two
hemesb and a quinone-binding Qi site. These two chains
meet at the quinone-binding Qo site to reversibly double-
oxidize hydroquinone in an unusual action that directs one
electron into the c-chain and the other electron into the
b-chain. The reaction at the Qo site is initiated by the joint
action of two flanking redox centers, the FeS center from
the c-chain and the hemebL from the b-chain. (See refs 1-4
(1-4) for recent reviews on cytochromebc complexes.)

The energetic efficiency of cytochromebc1 requires that
the Qo site is engineered to ensure that the two electrons
exchanged by oxidation of hydroquinone or reduction of
quinone cannot both pass to or from just one chain. It follows
that after this partitioning of the electrons into separate
chains, single electrons must be prevented from moving
directly from the low potential b-chain to the high potential
c-chain, a reaction that is highly favored thermodynamically.
There is still no useful mechanistic consensus on just how
the Qo site catalyzes hydroquinone/quinone oxidation/reduc-
tion and prevents such energy wasting short-circuit electron
transfer reactions (5-14).

X-ray crystal structures of cytochromebccomplexes from
a variety of sources have been presented over the past nine
years (15-21). These structures have confirmed the expected
close positioning of the electron-transfer cofactors within the
c- and b-chains that promote electron tunneling typically in
the tens of microseconds time range. They also revealed a
large separation between the b-chain and the c-chain at the
Qo site; the distance across the site from the edge of heme
bL to the FeS center is 23 Å (Figure 1). This provides a
simple way of slowing direct electron tunneling from the
b-chain to c-chain (5, 6). However, important structural
details about the position of the quinone substrate within the
Qo site remain unavailable because Qo site quinone has never
been resolved in the X-ray structures. Inhibitors cocrystallized
with cytochromebc1, such as stigmatellin, are often assumed
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to approximate the orientation of quinone when bound in
the Qo site and identify the amino acid side chains that
interact with quinone in redox catalysis. If anything, the
structures have amplified speculation about specific func-
tional roles played by individual amino acids of the Qo site.

Of these residues, the highly conserved PEWY loop of
cytochromeb has received much attention, with Glu-295
(bacterial numbering)2 assuming a central position in dis-
cussions of the Qo site mechanism (10, 11, 13, 18, 22-27).
Glu-295 gains notice as the only nearby protonatable
carboxylic residue, although, intriguingly, it is replaced by
nonprotonatable Val or Pro in certain bacteria (1, 28, 29). It
is located between the FeS center and hemebL, some 15.5
Å from the FeS center and 8.5 Å from hemebL (Figure 1).
Moreover, X-ray crystallography has shown that its side
chain can adopt different orientations depending on the
presence and type of Qo site inhibitor used (16, 18, 24). The
stigmatellin headgroup hydrogen-bonds to Glu-295 as well
as one of the two His that ligate the FeS cluster (12, 18).
Mechanistic postulates for Glu-295 include a partnership with
the His of the FeS cluster in binding quinone (10, 25), proton
release-binding coupled with hemebL oxidation-reduction
(10), critical involvement in the proton transfer as an essential
proton donor/acceptor immediately interacting with the
quinone bound in the Qo site (18, 23, 24), and essential
control in the movement of semiquinone intermediate through
rotation of the Glu-295 side chain during its protonation/
deprotonation (13, 22).

A common view of catalysis is that there are a few key
residues at a catalytic site, which individually provide
essential chemical functions, such as electrostatic polarity,
hydrogen-bond formation, and proton transfer, which by the
process of natural selection have been carefully assigned
unique roles and arranged in a special geometry that lowers
the energy for the catalytic transition state and speed the
reaction. The tool that is traditionally used to separate and
identify these essential residues and their role in catalysis is
site directed mutagenesis. This is usually done by using
conservative mutations that maintain the size of a residue
and, ideally, the structure of the site but change the residue’s

chemical function (e.g., proton transfer or hydrogen-bonding
ability). When such substitutions have a large change in the
catalytic rate, it is assumed that an essential residue has been
found, and its chemical role has been identified.

However, this traditional interpretation of site directed
mutagenesis tends to emphasize the role of that residue in
isolation and diverts attention from the often dynamic and
fundamentally cooperative nature of the roles of amino acids
in enzyme function and energetics (30), a cooperativity that
can obscure the quantitation of the contributions of specific
residues to catalysis (31). Indeed, it is becoming increasingly
apparent that catalytic sites can display a naturally selected
resilience in which any one residue may be able to play an
important role in catalysis by contributing chemical functions,
such as polarity, hydrogen bonding, or proton transfer ability,
but that the residue may not be essential because the dynamic
nature of the catalytic site allows ready replacement of these
functions by other residues and mobile water molecules when
the residue in question is changed. Catalytically resilient sites
will tend to be favored during the random mutational insults
of evolution. Clearly, when site-directed mutation causes
dramatic 104 to 106 changes in catalytic rates, these residues
earn the description of essential (31, 32). However, with rate
changes of 4-7, which have been described as relatively
small (33), the interpretation of residue significance is more
problematic. The 2 to 50-fold mutagenic rate changes for
Glu-295 (22, 34-36) are in this problematic range and have
stimulated a confusing range of interpretations.

To examine the role of Glu-295, we have extended the
existing data in the literature to broadly characterize a family
of Qo site mutants of Glu-295 in photosynthetic purple
bacteriumRhodobacter(Rba.) capsulatus. We have con-
ducted a detailed examination of the effects that these
substitutions have on equilibrium properties, hydroquinone-
quinone exchange and binding affinities, changes in reaction
driving force, and a possible role of Glu-295 in governing
the redox equilibrium and the time scale of Qo site catalysis.
We find that Glu-295 has little or no detectable contribution
to substrate binding and redox equilibria in the site; neither
does it appear to play an irreplaceable mechanistic role in
partnership with the FeS center or hemebL or in proton
management by the Qo site. We find that Glu-295 joins
several other residues within the Qo site, where hydro-
quinone-quinone oxidation-reduction catalysis displays
considerable resilience to mutational change. We propose
that Glu-295 may be part of a consortium that cooperates in
establishing a simple polar environment sufficient to promote
hydroquinone-quinone oxidation and reduction at rates that
are not very different from uncatalyzed rates of oxidation
and reduction by electrodes in water (37-39).

MATERIALS AND METHODS

Preparation of Mutated Cytochrome bc1 Complexes. Rba.
capsulatusstrains with mutated cytochromebc1 were gener-
ated as described previously (40). The mutations were
constructed by site directed mutagenesis using the QuikChange
system from Stratagene and the plasmid pPET1 (a derivative
of pBR322 containing a wild-type copy ofpetABC) as the
template DNA. After sequencing, the appropriate DNA
fragments bearing the desired mutation and no other muta-
tions were exchanged with their wild-type counterparts in

2 This corresponds to Glu-272 in mitochondrial cytochromebc1 and
Glu-78 in plant cytochromeb6f.

FIGURE 1: Close-up molecular view of the Qo site from the crystal
structure ofRba. capsulatuscytochromebc1 (19). The inhibitor,
stigmatellin (yellow, stick), is in hydrogen-bond distances from Glu-
295 (red stick) of the PEWY motif (red) of cytochromeb (blue
ribbon) and from His-165 (green stick) of the FeS subunit (green
ribbon).
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pMTS1 (the expression vector containing a copy ofpetABC
and a kanamycin resistance cartridge (41)) using the restric-
tion enzymesSfuI andXmaI. The mutated variants of pMTS1
were then introduced into the MT-RBC1 strain (petABC-
operon deletion background (40)) via triparental crosses as
described previously (40). The presence of engineered
mutations was confirmed by sequencing the plasmid DNA
isolated from the mutatedRba. capsulatusstrains.

Optical and EPR Analyses.Chromatophore membranes
and purified cytochromebc1 complexes were prepared as
described in refs 40 and 41 (40, 41). SDS-PAGE was
performed according to Laemmli using a 15% linear separat-
ing gel as described in ref 42 (42). Optical spectra were
recorded on Perkin-Elmer UV/Vis spectrophotometer (Lambda
20) fitted with an anaerobic redox cuvette when necessary.
Chemical oxidation-reduction midpoint potential titrations
of hemesb in chromatophores were performed as described
in ref 43 (43). The titrations were performed in 50 mM
Citrate (for pH 5.1), 50 mM MES (for pH 6.0), 50 mM
MOPS (for pH 7.0), 50 mM Tris (for pH 8.0 and 9.0), 50
mM CAPS (for pH 10.0) containing 100 mM KCl and redox
mediators 2,3,5,6-tetramethyl-1,4-phenylenediamine, 1,2-
naphthoquinone-4-sulfonate, 1,2-naphthoquinone, phenazine
ethosulfate, phenazine methosulfate, duroquinone, pyocya-
nine, 2-hydroxy-1,4-naphthoquinone, anthraquinone-2-sul-
fonate, and benzyl viologen, at concentrations of 15-30µM.
The optical changes that accompanied the redox potential
change were recorded in theR-band region (500-600 nm),
and theEm values were determined by fitting the 560-540
nm difference to the Nernst equation for two one-electron
couples.

CW EPR measurements were performed on a Brucker
ESP300E spectrometer with temperature control maintained
by an Oxford ESR 900 continuous-flow liquid helium
cryostat interfaced with an Oxford ITC4 temperature control-
ler. The frequency was measured by a Hewlett-Packard
5350B frequency counter. The EPR parameters were sample
temperature, 20 K; microwave frequency, 9.447 GHz;
microwave power, 2 mW; modulation frequency, 100 kHz;
modulation amplitude, 20.0 G; and time constant, 164 ms.

Potentiometric titrations of the FeS center in chromato-
phores were performed in 50 mM MOPS at pH 7.0,
containing 100 mM KCl and mediators 2,3,5,6-tetramethyl-
1,4-phenylenediamine, 1,2-naphthoquinone-4-sulfonate, 1,2-
naphthoquinone, 2,3,5,6-tetrachlorohyroquinone, and 1,4-
benzoquinone, each at a concentration of 100µM. At each
potential, the fraction of the reduced FeS center was
determined from the amplitude of thegy signal of the EPR
spectrum, and the data were fit to the Nernst equation for a
one-electron couple.

Redox titrations of thegx transition of the EPR of the FeS
center in chromatophores were performed in 50 mM MOPS
at pH 7.0, containing 100 mM KCl and mediators 2,3,5,6-
tetramethyl-1,4-phenylenediamine, 1,2-naphthoquinone-4-
sulfonate, 1,2-naphthoquinone, phenazine ethosulfate, phena-
zine methosulfate, duroquinone, pyocyanine, and 2-hydroxy-
1,4-naphthoquinone, each at a concentration of 50µM.
Normalizedgx amplitudes at 1.80 were fit to the Nernst
equation for a two-electron couple.

FTIR Analysis

Film Preparation. Production of stable films for ATR-
FTIR measurements required the depletion of detergent so
that the sample became sufficiently hydrophobic. Film
preparation and rehydration on a silicon microprism (3 mm
diameter, three-bounce, SensIR Europe) were essentially the
same as that described previously (44, 45). Stock cytochrome
bc1 (20-40 µM) (10-20 µL) was diluted into 3 mL of 20
mM potassium phosphate buffer (pH 7.5) containing 0.015%
(w/v) sodium cholate and 0.015% (w/v) octyl glucoside and
pelleted by centrifugation. The pellet was washed twice with
the same buffer, and once with 1mM potassium phosphate
buffer (pH 7.5) to form ATR-ready material, which was
dispersed into 10µL of distilled water and stored if necessary
at -80 °C. Films were formed by drying of 2µL of ATR-
ready material and 4µL of distilled water onto the prism
followed by rehydration with 200µL of 50 mM potassium
phosphate and 100 mM potassium chloride at pH 7.5.

Redox Cycling and Data Acquisition. All potentials are
quoted versus that of the standard hydrogen electrode.
Automated cycling between reduced and oxidized states was
achieved with an in-house constructed electrochemical cell
operating in conventional three-electrode mode (46). The
potential between working and reference electrodes was set
with a Model 704 PAR potentiostat and modulated with a
computer-controlled offset device. The working electrode
was a 9 mmglassy carbon disk, cleaned before use with a
paste of 0.03 mm alumina powder, which formed the top of
a sample chamber of less than 0.3 mm thickness. The
auxiliary electrode was a platinum sheet (40 mm2 surface
area) connected to the sample by a porous glass frit, and a
Ag/AgCl reference electrode provided a reference voltage
of + 204 mV versus SHE. Redox mediation between the
glassy carbon electrode and protein film was provided by a
buffer of 20 mM potassium phosphate, 100 mM potassium
chloride at pH 7.5 and with 25µM benzyl viologen (Em7 )
-350 mV), 50µM anthraquinone-2,6-disulfonate (Em7 )
-185 mV), and 50µM gallocyanin (Em7 ) + 20 mV). For
redox difference spectra of hemebL, the applied potential
was alternated between-340 and 0 mV, and 10 min was
allowed for equilibration.

IR spectra were recorded with a Bruker IFS 66S spec-
trometer fitted with a liquid nitrogen-cooled MCT-B detector.
All frequencies quoted are accurate to( 1 cm-1. Typically,
the reduced minus oxidized difference spectra shown con-
sisted of data averaged from 50 oxidative and 50 reductive
cycles, with individual spectra computed from 1000 inter-
ferograms at 4 cm-1 resolution. Where necessary, baseline
corrections due to protein swelling/shrinkage and contribu-
tions from mediators and buffer were removed by interactive
subtraction.

Flash-Induced Electron Transfer Measurements

Flash-activated turnover kinetics of cytochromebc1 were
performed essentially as described in refs 47 and 48 (47,
48) on a double wavelength spectrophotometer (Biomedical
Instrumentation Group, University of Pennsylvania). Chro-
matophore membranes were suspended in the appropriate
buffer (the buffers used for each pH were the same as those
used in the redox titrations) and redox poised in the presence
of 2.5 µM valinomycin and redox mediators 2,3,5,6-
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tetramethyl-1,4-phenylenediamine, 1,2-naphthoquinone, and
2-hydroxy-1,4-naphthoquinone, each at a concentration of
8 µM, and phenazine ethosulfate and phenazine methosulfate
at concentration of 1µM, and 60µM benzyl viologen. The
quantity of chromatophore membranes used in the assays
corresponded to the 0.2-0.35 µM reaction center, whose
concentration was determined from the flash-activated ab-
sorbance change of the bacteriochlorophyll dimer oxidation
at 602-540 nm in a sample poised at 380 mV and using an
extinction coefficient of 29.8 mM-1 cm-1 (47, 48). Transient
cytochromeb reduction kinetics initiated by a short saturating
flash (8µs) from a xenon lamp were followed at 560-570
nm. Inhibitors antimycin A, myxothiazol, and stigmatellin
were used at concentrations of 5, 5, and 1µM, respectively.

RESULTS

General Properties of Glu-295 Mutants.The family of
Glu-295 mutants generated inRba. capsulatusincludes side
chain replacements to both polar and nonpolar groups of
various bulkiness (Ala, Val, Gln, Phe) as well as side chains
oppositely charged when protonated and with pK values
several units higher than that of the carboxyl of glutamate
(Lys and His). For each mutant, cell strains showed a
photosynthetically competent (Ps+) phenotype with similar
growth rates as that of the wild type, indicating that mutated
cytochromesbc1 assemble correctly and are functionalin
ViVo. Cytochromebc1 purified from the membranes of
mutated strains (E295V and E295H) displayed typical wild-
type optical difference spectra and subunit composition on
SDS-PAGE gels (not shown), indicating that Glu-295
mutations did not affect the overall structure and stability
of the complex in its isolated form.

Testing Glu-295 Partnership with the FeS Cluster in
Binding Q/QH2 and Inhibitors, and in Controlling FeS
Cluster Redox Potentials.If Glu-295 and FeS cluster-ligated
histidine are critical anchors for quinone binding, mutating
these anchors may generally weaken quinone binding, or
there may be a differential change in reduced versus oxidized
quinone binding affinity. This could lead to observable
changes in the paramagnetic reduced FeS cluster EPR spectra
and/orEm values when the glutamate is mutated. Progressive
quinone extraction of chromatophore membranes indicates
a binding constant for quinone at the Qo site equivalent to a
ratio of between 1 and 3 quinones per cytochromebc1, about
5% of the full quinone pool complement, with approximately
equal binding affinities for oxidized and reduced quinones
(49). Ignoring possible compensating effects in a mutant
protein, the loss of a hydrogen bond should reduce the
binding affinity by 1-2 kcal/mol or about an order of
magnitude, leading to a predicted occupancy of the quinone
site of approximately 2/3 in unextracted membranes, which
should in principle be detectable by EPR spectroscopy.
Figure 2A provides information on the interaction of FeS
with oxidized Q in the Qo site in chromatophore membranes
from both wild-type and mutant strains. In the absence of
any other treatments, as is the case here, a characteristic sharp
gx transition close to 1.800 commonly signals FeS interacting
with a Qo site fully occupied by Q from the oxidized Q pool.
This transition shifts to 1.783 when the Q pool is partially
extracted or to 1.765 when fully extracted (49, 50). The FeS
cluster spectrum of the wild type is typical of a fully occupied
Qo site. The Glu-295 mutants Val, Ala, Phe and Gln, which

offer a simple avenue to examine the loss of the carboxyl
group against the gain of an aliphatic, aromatic, or amide
group, show no detectable differences in the FeS cluster
spectra. Although it is conceivable that Q still interacts with
FeS in these mutants but that both are displaced from the
Qo site, the simplest conclusion is that the loss of the carboxyl
group of Glu-295 has no observable effect on Qo site
occupancy. However, replacing acidic Glu with more basic
His causes a slight broadening ofgx transition suggesting
weakened binding, whereas replacing Glu with the much
more basic Lys induces a small shift to lower g-values (gx

1.792) indicating weakened affinity or, possibly, a rearrange-
ment of residues in the quinone/FeS environment, as seen
before in the F144K mutant (51).

Figure 2B shows an analogous series of measurements
after the addition of a slight stoichiometric excess of the high
affinity inhibitor stigmatellin, seen in X-ray crystal structures
to interact directly with both His-161 of the FeS subunit and
Glu-295 of cytochromeb (12, 18). The Figure compares the
wild-type spectrum with its characteristicgx transition close
to 1.782 with those of the mutants. In all mutants, the
addition of stigmatellin results in the same characteristic shift
of gx to 1.782. This indicates that the loss of the carboxyl
group on Glu-295 and the gain of an aliphatic, aromatic,
basic, or amide side chains does not detectably alter the
response of the FeS cluster to the presence of the inhibitor.

FIGURE 2: EPR spectra showinggy andgx features of the FeS center
in the wild type and in Glu-295 mutants. Chromatophores were
suspended in 50 mM MOPS and 100 mM KCl at pH 7 at a 20-30
µM concentration of cytochromebc1. Samples were reduced with
ascorbate in the absence of any inhibitor (A) or in the presence of
stigmatellin (B).
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However limitations to quantifying the effects of mutation
on the Qo site affinity for the inhibitor are more stringent
than that for quinone affinity because the concentrations of
cytochromebc1 used for EPR (30µM) are much greater than
the Kd (<nM) value for stigmatellin (52, 53). This restricts
measurement to effects of greater than several orders of
magnitude of the weakening of inhibitor binding; we note
that kinetic measurements performed at 0.15µM cytochrome
bc1 (such as those of Figures 9 and 10) still failed to reveal
the weakening effects in Glu-295 mutants to the addition of
1 µM stigmatellin.

It is well known that the FeS redox potential can change
when inhibitors are bound to the Qo site. Stigmatellin causes
a substantial rise in the FeSEm value of 250 mV (54), ortho-
hydroxyquinone analogues raiseEm by 45-70 mV (55, 56),
and even inhibitors such as myxothiazol and diphenylamine,
which interact with the hemebL side of the Qo site, shift the
FeS potential by about 30 mV down and up, respectively
(57-59). Moreover, the FeS redox potential has been
reported to change when mutations that restrict the motion
of the FeS head domain are introduced (57, 60, 61), and/or
the Q pool is chemically depleted of quinone (62). Yet, as
shown in Figure 3 for the E295V and E295Q mutants, the
removal of the carboxyl and the loss of a hypothetical
hydrogen-bond possibility to quinone has no detectable effect
on the redox midpoint potential of the FeS cluster at pH 7.0.
This indicates that the carboxyl group of Glu-295 and
putative H-bonding to a bound quinone in the Qo site plays
little or no role in controlling theEm value of the FeS cluster.

Quinone and hydroquinone from the quinone pool bind
at the Qo site with about equal affinity, as shown by the
similar redox midpoint potential of quinone in the Qo site
and in the pool (49). If deprotonated Glu-295 is energetically
important in hydrogen bonding and binding to the reduced
hydroquinone hydroxyl (a hydrogen bond that cannot be
made to oxidized quinone), then removing this hydrogen
bond by mutation may be expected to change the relative
affinity of oxidized and reduced quinone for the site, resulting
in a change in the quinone midpoint potential. This can be
tested by monitoring the Q-pool sensitivegx transition of
the EPR spectrum of the FeS center; the line shape changes
from a narrowg ) 1.80 trough when the Q pool is oxidized
to a broaderg ) 1.77 trough when the Q pool is reduced
(ref 49 (49) and Figure 4A). Redox titrations of the EPRgx

transition show no noticeable change in the redox midpoint
potential of Qo site quinone when Glu-295 is replaced by
the nonhydrogen-bonding Val or when the potentially
hydrogen-bond-accepting-COO- group of Glu is replaced
with -NH2 in Gln (Figure 4B). This suggests three pos-
sibilities: redox state sensitive hydrogen bonding of Glu to

FIGURE 3: Dark redox equilibrium potentiometric titration of the
FeS cluster of cytochromebc1 in the wild type and mutants E295V
and E295Q. Titrations were performed in chromatophores in 50
mM MOPS and 100 mM KCl at pH 7. Normalized amplitudes of
thegy signal in wild type (b), E295V (2), and E295Q (4) fit to an
n ) 1 Nernst equation. TheEm7 values obtained from the fitting
are 320 mV (for wild type), 332 mV (for E295V), and 312 mV
(for E295Q).

FIGURE 4: Dark redox equilibrium potentiometric titration of the
EPRgx transition of the FeS cluster in the wild type and mutants
E295V and E295Q. Titrations were performed in chromatophores
in 50 mM MOPS and 100 mM KCl at pH 7. (A) EPR spectra atEh
) +170 mV poising the Q-pool oxidized (s) and atEh ) - 40
mV poising the Q-pool reduced (---). (B) Normalizedgx amplitudes
at 1.80 in the wild type (b), E295V (2), and E295Q (4) fit to an
n ) 2 Nernst equation. TheEm7 values for the Qo site quinone
obtained from the fitting are 91 mV (for wild type), 98 mV (for
E295V), and 87 mV (for E295Q).

FIGURE 5: EPR spectra of hemesbL andbH of wild-type cytochrome
bc1 and mutants E295V and E295H. Isolated cytochromebc1
complexes were reduced with ascorbate. EPR conditions are
described in Materials and Methods.
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quinone is energetically relatively unimportant or that Glu
contributes an exactly balanced energetic contribution as a
hydrogen-bond donor for oxidized quinone and a hydrogen-
bond acceptor for reduced quinone, or, as seems more likely,
other residues or water molecules besides Glu provide
quinone-binding hydrogen bonds.

Testing Glu-295 Interaction with Heme bL for Proton
Coupling to Heme Oxidation/Reduction.HemebL in bacterial
cytochromebc1 displays a conspicuous pH dependency with
oxidized and reduced pK values of unknown origin at<5
and 9 (5). Glu-295 could be a reasonable candidate for the
protonation site and might even be part of a hemebL redox
state sensitive double-gating mechanism that controls quinone/
hydroquinone binding or electron-transfer energetics pro-
posed to prevent short circuits (5, 6, 10). If there is strong
and functionally important structural or electrostatic coupling
between the protonation of Glu-295 and the redox behavior
of heme bL, then its removal might be accompanied by

observable changes in the EPR spectra of the paramagnetic
ferric hemebL or, more likely, by changes in hemebL Em

and pK values and in FTIR redox spectral transitions.
Figure 5 compares the EPR spectra of oxidized hemesb

of cytochromebc1 isolated from the wild type and E295V
and E295H mutants. Characteristically shaped peaks with
maxima atgz 3.79 for hemebL and atgz 3.44 for hemebH

(63) are evident in both mutants and in the wild type. Thus,
the EPR spectra of the hemesb of the mutants show no signs
of Glu-295 influence on the environment of hemebL or the
more distant hemebH. This contrasts with mutations closer
to hemebL, such as G146A or G146V, that significantly
change the shape of the EPR spectrum of ferric hemebL

(64). Even distant Qi site inhibitors such as antimycin affect
hemebL EPR spectra more than Glu-295 mutants (65, 66).

Figure 6 compares theEm/pH profile of hemeb compo-
nents of the wild type with those of E295V and E295K
mutants. Clearly, the mutations change neitherEm values nor
pK values of the hemesb. This indicates that the carboxyl
group of Glu-295 is not responsible for strong proton
coupling that leads to a pH dependence of hemebL. Further,
the similar lack of effect on theEm/pH profile of hemebH

provides no support for long range effects from Glu-295 on
hemebH.

To more closely search for spectroscopic signatures of
acid-base transitions that accompany hemebL oxidation-
reduction, we have examined the redox difference FTIR
spectra of purified cytochromebc1 complexes (Figure 7).
The spectra are dominated by amide I and II polypeptide
backbone changes and redox-sensitive bis-histidine-heme
modes but also contain changes that arise from specific amino
acids. Particularly relevant to the present study is a peak/
trough at 1722/1743 cm-1, frequencies that are characteristic
of protonated carboxylic acids (Figure 7, inset) (67, 68). In
the heme bL spectra here, the change consists of an
overlapping peak/trough, indicating that the change most
likely arises from the environmental changes of a single,
protonated carboxylic residue or, possibly, the redistribution
of protons between several carboxylic residues. In any case,
the FTIR spectra accompanying hemebL oxidation/reduction
in mutants E295V and E295H reveal no significant changes
in the 2000-1000 cm-1 range (Figure 7). Thus, although a
clear signature of carboxylic acids that are coupled to heme
bL oxidation/reduction is present, the present data appear to

FIGURE 6: pH dependence of hemesbL andbH equilibrium redox
midpoint potentials in cytochromebc1 of the wild type (b) and
mutants E295V (]) and E295K (4).

FIGURE 7: Electrochemically induced reduced minus oxidized ATR-
FTIR difference spectra of hemebL of cytochromebc1 in the wild
type and mutants E295V and E295H. Data were obtained as
described in Materials and Methods. Trace a (black), wild type;
trace b (red), mutant E295H; trace c (blue), mutant E295V. The
wild-type data of trace a are redrawn over the mutant data for
purposes of comparison. The inset shows an expansion of the
1775-1700 cm-1 region of traces a-c.

FIGURE 8: Extent of flash-activated Qo site catalysis in wild-type
cytochromebc1 and E295V mutant. Hemeb reduction yields (wild
type (b); E295V (4)) were recorded in the presence of antimycin
with the Q-pool half-reduced (A) or the Q-pool oxidized. (B). The
line traces the extent of reduction expected on the basis of a Qo
site-mediated quasi-equilibrium between the high and low potential
chains using equilibrium redox midpoint determinations (5).
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rule out an involvement of Glu-295 and point instead to the
heme propionates or other nearby carboxylic acids.

Testing the Effect of Glu-295 in GoVerning the Q Pool
and c- and b-Chain Redox Equilibria. Using antimycin to
completely knock out Qi site activity and prevent electron
transfer out of the b-chain sets up a sensitive test for the
role of Glu-295 in modulating the redox potentials of any
component in the b- and c-chains and Qo site during catalysis
and subsequent equilibrium. In the light-activated chromato-
phore system, tests can be carried out over a wide range of
driving forces by changing ambient redox potential and pH
prior to activation. Here, two ambient redox potential poises
were examined over a wide range of pH. (1) Low redox
potential conditions set the Q pool half-reduced prior to
activation. This potential establishes substrate QH2 in or close
to the Qo site and essentially removes rate-limiting diffusion
and exchange with the Qo site. This initial condition also
strongly favors the net oxidation of QH2 and the reduction
of the c- and b-chain components in re-equilibration after
flash activation. (2) High redox potential conditions set the
Q pool essentially fully oxidized. This potential requires QH2

to be generated by the light-activated reaction center QB site
and then to diffuse through a Q pool dominated by Q before
exchanging with the Qo site. This becomes a rate-limiting
step in the overall process. These two initial conditions offer
two distinctly different views of the Qo site-mediated re-
equilibration after activation that can be easily measured by

the level of hemebH reduction. By varying pH from 5 to
10, we can systematically examine changes in the driving
force and the influence of any redox-coupled proton ex-
changes associated with side chains, oxidized FeS (pK ∼8),
or reduced hemebL (pK ∼9).

Figure 8 shows the yields of reduced hemebH generated
after a single flash. In the wild type, the yields follow the
expectations from the calculated equilibrium over the pH
5-10 range for both initial redox poises (5). With the Q
pool initially containing substrate QH2 (Figure 8A), the yield
of reduced hemebH diminishes at pH values below 6 and
above 9 (5). With the Q pool initially oxidized (Figure 8B),
as the pH is lowered, the yield starts to diminish at higher
pH values as expected from the diminished overall driving
force (5). Figure 8 compares the wild type with the mutant
E295V. The loss of the carboxyl function has essentially no
effect on the equilibrium redox distributions between the Q
pool and thec- and b-chains. Even in the particularly
sensitive region of partial hemebH reduction at the lower
pH values, the pH/yield profiles of wild type and E295V
are essentially the same.

These results indicate that Glu-295 does not influence the
Em values of any c- and b-chain component up to the 100
ms time scale of the measurements. The lack of effect in
the wild type and the E295V mutant over such a broad range
of initial poises of pH and redox conditions that encompass
pK values of the oxidized FeS center, the reduced pK value

FIGURE 9: Flash-activated hemeb reduction in the wild type and mutants E295V and E295Q. Kinetic transients at 560-570 nm were
recorded at pH 7 with the Q-pool half-reduced (A) or the Q-pool oxidized (B) in the presence of antimycin (black traces) or in the absence
of any inhibitors (grey traces).

FIGURE 10: Rates of flash-activated hemeb reduction in the wild type and Glu-295 mutants. Rates for the wild type (b), E295V (2),
E295K (3), E295H (]), E295A (O), and E295Q (9) were obtained from the exponential fits of the experimental traces recorded in the
presence of antimycin with the Q-pool half reduced (A) or the Q-pool oxidized (B).
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of hemebL and both oxidized and reduced pK values of heme
bH rules against any significant change in the thermodynam-
ics of the chains on mutation of Glu-295. This is consistent
with the conclusions from experiments of Figures 2-7 that
show no significant physical/chemical interacting partner-
ships of Glu-295 with either the FeS center or hemebL. This
view apparently extends to the other cofactors in the chains,
cytochromec1, and hemebH. Of course, an essential residue
can have an effect only on reaction transition states and not
on the equilibrium properties of the reactants and products;
this requires an examination of kinetic measurements.

Effect of Glu-295 Mutation on the Time Scales of QH2/Q
Oxidation-Reduction Catalysis in the Qo Site.Catalysis has
kinetic barriers associated with substrate binding and release
as well as those associated more directly with catalytic
transitions states. The ability to observe kinetics under
conditions of high and low concentrations of QH2 substrate
simply by changing the redox poise of the quinone pool helps
to separate the possible effects on binding dynamics from
those that are more closely linked to catalytic transition states.
Glu-295 is likely to play an important role in QH2/Q
exchange and binding at Qo if mutants minimally affect
catalytic rates at low redox poise (where QH2 is already
present at Qo before flash delivery of oxidants to start
catalysis) but make conspicuous rate changes at high redox
poise (where Q is present at the Qo site and must be displaced
to start catalysis upon flash delivery of QH2 from the reaction
center). However, if both rates are affected equally by
mutations, then Glu-295 is more likely to be influential in
steps of catalysis after quinone exchange and binding.

In Figure 9, the time-course of flash-induced hemebH

reduction was followed in the wild type and selected mutants
when reduced substrate QH2 was present in the Qo site prior
to flash activation or when QH2 arrival at the Qo site was
delayed by diffusion. With QH2 initially present in the Qo
site (Figure 9A, black), the rate of hemebH reduction in
E295V is slowed about 5-fold, whereas E295Q is slowed
about 50-fold relative to the wild-type. In the absence of
any inhibitor, the reduction of hemesb and their subsequent
oxidation by the Qi site takes place effectively in the
millisecond time domain (Figure 9A, gray). Table 1 sum-
marizes the rates and the degree of slowing displayed by all
Glu-295 mutants under the same conditions at pH 7.0.

Figure 9B presents parallel results obtained when product
oxidized Q is initially present in the Qo site at the time of
activation. Hydroquinone oxidation is slowed in the wild
type, and most of the mutants show a similar percentage of
slowing relative to the wild type under these oxidizing

conditions as they showed under reducing conditions (Table
1).

The relative slowing effects of Val, Lys, Ala, and His are
remarkably similar, considering the markedly different side
chain characters that replace the Glu-295 carboxyl function.
E295Q, which has the most dramatic inhibition, shows less
contrast in the rate between high and low potential conditions,
perhaps because Gln introduces structural changes at the site
that impede catalysis even though Glu to Gln is a conserva-
tive volume change. When added to the minimal effects on
the Q occupancy by EPR, the parallel rate effects of most
mutants at high and low substrate QH2 concentrations rules
against wild-type Glu-295 playing a unique role in substrate
quinone or hydroquinone binding and exchange.

One of the catalytic roles often suggested for Glu-295 is
that of accepting and donating protons to quinone and the
hydroquinone substrate (11, 13, 22-24). Indeed, the slowing
of hydroquinone oxidation below pH 7 under optimal
conditions has been suggested to reflect at least in part the
protonation of this Glu at low pH (11, 26), although others
suggest that it is mostly due to the protonation of the FeS
cluster histidine, which also takes a quinone proton (69-
71). If Glu-295 were to play a specific, irreplaceable role in
rate-limiting Qo site proton exchange, then we may expect
the wild-type pH profile (5) to be conspicuously altered by
mutation. However, if the rate at each pH is affected equally
by mutations and the same pH dependence of the rate
slowing is maintained, then we may suspect that Glu-295
itself does not have a unique rate-limiting proton exchange
role responsible for the pH rate dependence.

Figure 10 and Table 2 illustrate the rate of flash-induced
hemebH reduction in wild type and all Glu-295 mutants when
reduced QH2 or oxidized Q was present in the Qo site at the
time of activation over the pH range from 5 to 10. With
reduced QH2 present (Figure 10A), the wild type displays a
smooth characteristic overall∼15-fold change of rate as the
pH is decreased. With oxidized Q present at the time of the
flash (Figure 10B), the effect of pH on the rate is much less.
The general effect upon loss of the carboxyl in the mutants
is the systematic slowing down of the rates, although some
mutants show a delay in the leveling-off of the rate at higher
pH. If we were to classify these results in terms of possible
pK shifts, then the His and Lys mutants appear to have a pK
shifted to higher pH, whereas the Val mutant appears to have
the same pK as that of wild-type Glu. Once again, Gln, with
the slowest rates, has the most deviant behavior with what
might be described as two pK values. pH dependences of
wild-type and mutant rates at low redox potential are difficult
to interpret but could be related to pK values of protonatable

Table 1: Rates of Flash-Induced HemebH Reduction in the Wild
Type and Glu-295 Mutants at pH 7

QH2 Q

mutation
rate
(s-1)

relative
rate

(% of wt)
rate
(s-1)

relative
rate

(% of wt)

WT 1092 100 64 100
E295V 190 17 11 17
E295H 136 12 10 16
E295K 70 6 9 14
E295A 88 8 11 17
E295F 69 6
E295Q 20 2 4 6

Table 2: Rates of Flash-Induced HemebH Reduction in the Wild
Type (Bold, s-1) and the Relative Rates in Glu-295 Mutants (% of
Wild-Type)

pH 5.1 pH 6 pH 7 pH 8 pH 9 pH 10

mutation QH2 Q QH2 Q QH2 Q QH2 Q QH2 Q QH2 Q

WT 72 358 54 1092 64 1460 101 2010 108 1434 87
E295V 21 16 20 17 17 12 12 21 13 15
E295H 12 12 16 40 29 38
E295K 17 6 11 6 14 20 31 26 37 24 18
E295A 8 17 10 10
E295F 6
E295Q 24 5 5 2 6 7 6 9 4 7
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residues, with the possible contribution of wild-type Glu and
mutant Val obscured by a dominating pK effect of the FeS
His, whereas pK values of Lys and His at position 295
dominate the effect of the FeS His.

DISCUSSION

The scale and character of the observed effects of Glu-
295 mutants analyzed here under a very broad set of
experimental conditions consistently indicate that the Qo site
can accommodate substantial structural changes at this
position without impacting photosynthetic growth rates,
without interfering with cytochromebc1 assembly, without
significantly affecting the equilibrium properties of substrate
occupancy of the Qo site, and without noticeably affecting
any of the equilibrium oxidation-reduction and coupled
proton-release binding properties of the FeS, Q, and heme
bL redox partners. The remarkable absence of the effects of
replacement of the carboxyl function of Glu-295 with
aliphatic, aromatic, and base groups prompts comment on
some of the roles ascribed to Glu 295. For instance, it seems
difficult to envisage how a hydrophobic Val or basic Lys
can play the same role as acidic Glu in accepting a proton
from semiquinone bound in the Qo site and in allowing,
through the rotation of its own side-chain, the semiquinone
anion to rotate from the FeS-proximal to the hemebL-
proximal position (13, 22). Also, the observation that an
H-bond between Glu-295 is not required for quinone binding
and does not change the discrimination between oxidized
and reduced quinone binding strength, makes it more difficult
for such a bond to act as a catalytic gate that turns on or
turns off binding depending on the redox states of FeS, heme
bL, and quinone (10, 25). Likewise, the absence of any effect
of Glu-295 removal on theEm and pKred values of hemebL

argues against any mechanism that relies on redox and
proton-coupled charge interactions between hemebL and
Glu-295 (11, 18, 23). Furthermore, FTIR indicates that Glu-
295 is not the principle carboxylic acid residue that is
responsive to the redox changes in hemebL. Instead, another
as yet unidentified group appears to provide the charge
compensating redox-linked protonation site linked to heme
bL oxidation-reduction and contributes to the pKred 9 and
pKox <5 on hemebL revealed by potentiometry. This strong
coupling will tend to diminish any long-range electrostatic
coupling of hemebL with other components of the Qo site.

Even though the Glu-295 mutation consistently slows the
optimal Qo site catalytic rates within a range similar to the
2-50-fold observed in the related bacterial speciesRb.
sphaeroides(22, 34) and the 2-5-fold seen in photosynthetic
cytochromeb6f (35, 36), it appears to be neither essential
nor have an irreplaceable role in Qo site catalyzed two-
electron oxidation-reduction and two-proton exchange with
the external aqueous phase. This leaves us with no direct
experimental information that can convincingly assign a role
for Glu-295 in wild-type catalysis and proton management.

Qo Site Resilience.The fact that the Qo site can tolerate
elimination of its carboxyl group and still support significant
rates of hydroquinone oxidation suggests that the site is
resilient (30, 31) and that any role played by the acid group
can be largely taken over by other residues or water
molecules. A similar resiliency is seen in the QB site of
reaction centers, where multiple protonatable residues share

the task of proton management (reviewed in refs 72 and 73
(72, 73)). In the Qo site, such resiliency may be fostered by
the conspicuous structural flexibility of the site that includes
the large scale movement of one wall of the Qo site as the
FeS head domain swings away more than 10 Å and back
again on the time scale of turnover and the related movement
of the loop regions of cytochromeb (9, 57, 74, 75). During
this movement, the site is likely to be flooded with water
molecules, which may well be part of a redundant network
of hydrogen bond and proton donor/acceptors indicated by
our experiments. Qo site resiliency is also evident in other
residues that share the same mutational pattern, that is, slow
hydroquinone oxidation without impact on Qo site quinone/
hydroquinone binding and exchange (51, 76). One of these
is Tyr-147 ofRba. capsulatuscytochromebc1 (76) only a
few Å apart from Glu-295 (Figure 11A) and also part of the
cavity wall accommodating Qo site inhibitors (Figure 11B).
Certain mutants at other Qo site positions also display a
slowing without evidence of weakened substrate binding as
distinct from side chains observed to slow catalysis by
directly weakening quinone binding (Figure 11C and D and
see also ref (77)).

Further evidence of resilience in the Qo site is uncovered
by inhibitors such as diphenylamine (DPA) that repeat the
pattern of moderately slowing catalysis without displacing
quinone. DPA titrations slow the catalytic mechanism (Ki

35µM) by at least 10-fold before evidence of the elimination
of substrate quinone/hydroquinone is observed (58). The
related benzophenone (Ki 130 µM) has the same effect
(Sharp, R. E., and Dutton, P. L., unpublished results). At
this stage, we cannot identify the nature of the catalytic
barriers raised by the exchange of the Glu-295 carboxylate
or Tyr-147 hydroxyl to aliphatic, aromatic, amines, and
amide, or upon introduction of the noncompetitive inhibitors
diphenylamine or benzophenone, but it may be reasonable
to consider that the degree of mutational slowing may be
correlated with the degree of disruption of nonpolar/polar
patterns or significant H-bonded water molecules in the site,
which in the wild type support millisecond hydroquinone-
quinone oxidation-reduction. This view offers a simple basis
for the observed absence of effects of replacement of Glu-
295 on Qo site binding, redox, and coupled acid-base
properties and for the observed resilience in electron-
transferring and proton-exchanging catalysis. It is difficult
to reconcile the demonstrated resilience with a crucial role
of Glu-295 as that role becomes more critical and ultimately
unique in many proposed models.

DefensiVe Catalysis in the Qo Site? The traditional
biochemical view of catalytic sites emphasizes the ability
of protein to dramatically lower transition state barriers and
speed the reaction by many orders of magnitude compared
to the conventional reference rate of the reaction in aqueous
solution. This viewpoint may not hold for hydroquinone
oxidation and quinone reduction in the Qo site. Indeed,
relatively low barriers to catalysis in a watery site may be
the basis of the observed resilience. The polarity of a watery
environment supports the intermediate redox and protonation
states in quinone oxidation and reduction (78-80). Two
electron-two proton hydroquinone-quinone oxidation and
reduction in aqueous solution at an electrode surface that
provides a source or sink for electrons (37-39, 81, 82) can
be as fast as 500 s-1, only about two times slower than the
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maximum turnover of the Qo site. Thus, once redox partners
FeS and hemebL are placed within∼14 Å and, hence, in
rapid electron tunneling distance of substrate quinone,
oxidation-reduction may be naturally rapid in a sufficiently
water-like environment. There is some evidence that reaction
coordinates for hydroquinone oxidation may be similar in
protein and nonprotein biomimetic electron-transfer systems
(83). The role of natural selection in the engineering of the
Qo site may not be to lower catalytic barriers but to raise
barriers specifically against certain energy wasting short
circuit reactions (5, 6).

Although the nature of the barriers that prevent short
circuits in the Qo site remains unknown, the specific
introduction of barriers may be general in respiratory and
photosynthetic quinone sites. For instance, the semiquinone
formed in the QA and QB sites of reaction centers and the Qi

site of cytochromebc1 are all held as unprotonated anions
(73, 84). Recent work on the QA site (85) indicates that
neutral quinone species rapidly enter and leave the site,
whereas anionic quinones are slow. This prompts the
suggestion that these quinone sites may raise barriers to
impede protonation of the semiquinone anion in order to
avoid premature and deleterious loss of the neutral semi-
quinone from the site. In cytochromebc1, the analogous
barrier would impede semiquinone formation in certain short-
circuit prone redox states of FeS and hemebL. Thus, rather
than using mutagenesis to target residues that maylower
catalytic barriers to quinone oxidation and reduction, it may
be more revealing of the engineering of cytochromebc1 to
search for residues thatraisebarriers against counterproduc-
tive electron or proton transfer. These Qo site mutants would
have the unusual signature of speeding up short-circuit
reactions rather than slowing down the physiological reac-

tions. Whether this might be accomplished by altering
quinone binding or slowing electron transfer to/from bound
quinone remains to be seen.
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