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ABSTRACT: The mechanistic heart of the ubihydroquinone—cytochrome ¢ oxidoreductase (cyt be; complex)
is the catalytic oxidation of ubihydroquinone (QH) at the Q, site. QH; oxidation is initiated by ferri-cyt
¢, mediated by the cyt ¢; and [2Fe-28] cluster of the cytochrome bc; complex. QH; oxidation in turn
drives transmembrane electronic charge separation through two b-type hemes to another ubiquinone (Q)
at the Q; site. In earlier studies, residues F144 and G158 of the b-heme containing polypeptide of the
Rhodobacter capsulatus cyt be, complex were shown to be influential in Q, site function. In the present
study, F144 and G158 have each been singly substituted by neutral residues and the dissociation constants
measured for both Q and QH, at each of the strong and weak binding Q, site domains (Q.s and Qow).
Various substitutions at F144 or G158 were found to weaken the affinities for Q and QHj; at both the Qo
and Q,w domains variably from zero to beyond 103-fold. This produced a family of Q, sites with Qs and
Qow domain occupancies ranging from nearly full to nearly empty at the prevailing ~3 x1072 M
concentration of the membrane ubiquinone pool (Qpoo). In each mutant, the affinity of the Qg domain
remained typically 10—20-fold higher than that of the Q., domain, as is found for wild type, thereby
indicating that the single mutations caused comparable extents of the weakening at each domain. Moreover,
the substitutions were found to cause similar decreases of the affinities of both Q and QH, in each domain,
thereby maintaining the Q/QH, redox midpoint potentials (Er7) of the Q, site at values similar to that of
the wild type. Measurement of the yield and rate of QH> oxidation generated by single turnover flashes
in the family of mutants suggests that the Q. and Q. domains serve different roles for the catalytic
process. The yield of the QH; oxidation correlates linearly with Qo domain occupancy (QHz or Q),
suggesting that the Qs domain exchanges Q or QH» with the Qpoo at a rate which is much slower than
the time scale of turnover. On the other hand, the rate constants of the first QH; oxidation, ranging in the
mutants from 1620 to <5 s~1, correlate with the Kp values of QH; and Q at the Qo domain in a simple
kinetic model in which the Q.w domain exchanges Q or QH; with the Qo0 at a rate which is much faster
than the time scale of turnover as constrained by the ke, (approximately 1700 s~1). The second QH,
oxidation at the Q, site (required for completion of the catalytic turnover of the cyt bc; complex) proceeds
maximally at 350 s~! in the wild type, and the yield and rate are affected by the single substitutions at
F144 and G158 in parallel to those of the first QH, oxidation. A plausible mechanism is presented in
which the two ubiquinones of the Q, site cooperate in the primary steps of the catalytic action of the cyt
bcy complex. Key features of the mechanism are as follows: (1) The formation of ubisemiquinone in
both the Q. and Q. domains is highly unfavorable. This keeps the steady-state concentration of the
reactive semiquinone to vanishingly low levels, and hence diminishes wasteful side reactions. (2) The
Qos and Qo domains provide a conduit for the rapid movement of semiquinone away from the oxidizing
side (the [2Fe-2S] cluster, cyt ¢; and cyt ¢;) to reduce the cyt br. This process confers the directional
specificity of the reaction, and minimizes the lifetime of semiquinone and wasteful side reactions. (3) A
linear arrangement of the ubiquinones in the Q. and Qo domains allows the position of the cyt by to be
at a maximum distance from the [2Fe-2S] cluster and thus stabilizes ferro-cyt b1 with respect to the wasteful
back-reaction from ferro-cyt by, to reoxidized [2Fe-28] cluster. This strongly favors the physiologically
useful electron transfer from ferro-cyt by, to ferri-cyt by and the Q in the Q; site.
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the separation of charge and proton movement across the
supporting membrane (Dutton, 1986; Cramer & Knaff, 1989;
Prince, 1990; Trumpower, 1990). In photosynthetic bacte-
riasuch as Rhodobacter capsulatus, the reactions of the cyt

! Abbreviations: AG®, standard Gibbs free energy; 4, reorganization
energy—summed energies of structural rearrangements associated with
redox cofactors, protein, and solvent coupled to electron transfer; cyt,
cytochrome; cyt bc,, ubihydroquinone—cyt ¢, oxidoreductase; cyt by,
high potential cyt b of cyt bey; cyt b, low potential cyt b of cyt bey;
Ey, redox potential versus the standard hydrogen electrode; Ens,
electrochemical midpoint potential at pH 7.0; EPR, electron paramag-
netic resonance; Q, ubiquinone; QH,, ubihydroquinone; Q;, Q reducing
site of cyt bc; complex; Q, site, QH; oxidizing site of cyt bc; complex;
Qos, ubiquinone strongly binding domain of the Q; site; Qow, ubiquinone
weakly binding domain of the Q, site; SQ, ubisemiquinone.
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FIGURE 1: Arrangement of the redox centers in the cyt be; complex.
The arrangement of the redox centers ubiquinones, cyt by, cyt by,
[2Fe-2S] cluster and cyt ¢, of the cyt bey complex, and cyt ¢; is
based on the information from biophysical, biochemical, and genetic
characterizations of the protein (see text for descriptions). Part A
shows the electron transfer steps from QH, to ferri-cyt ¢; via the
[2Fe-2S] cluster and cyt ¢,. Part B shows the electron transfer from
the semiquinone (SQ) produced in part A to Q in the Q; site via
cyt by and cyt by. The gray arrow in part A suggests the release of
two protons from the Q, site. The arrows associated with cyt ¢>
indicate its lateral motion.

bcy complex are driven by the redox free energy difference
between ferri/ferro-cyt ¢z (En7 = 340 mV; Prince & Dutton,
1977) and ubiquinone/ubihydroquinone (Q/QH,) (E,; = 90
mV; Ding et al., 1992), as traditionally presented as follows:

2ferri-cyt ¢, + QH, (Qp,) =
2ferro-cyt ¢; + Q (Qpo) + 2H" (1)
AG® = =500 meV or —11.5 kcal/mol QH, oxidized

Figure 1 shows a schematic picture of the cyt b, complex
and the location of its redox cofactors in the membrane
profile as determined in R. capsulatus (Robertson & Dutton,
1988) and generalized in several recent reviews (Degli
Esposti et al., 1993; Brandt & Trumpower, 1994; Gray &
Daldal, 1995). The cyt bey complex protein is made up of
three subunits that accommodate one [2Fe-2S] cluster, one
cyt ¢j, and two cyts b [designated by and by, according to
their relatively high (E,; = 50 mV) and low (E,; = —90
mV) redox midpoint potentials (Dutton et al., 1970; Dutton
& Jackson, 1972; Petty & Dutton, 1976; Meinhardt & Crofts,
1983; Robertson & Dutton, 1988; Robertson et al., 1993)].
The cyt be, complex also accommodates two essential and
distinct ubiquinone binding sites for the interaction with the
ubiquinone pool (Qpu) in the membrane. The sites, called
the Q, and Q; sites, catalyze QH, oxidation and Q reduction,
respectively, and choreograph the exchange of protons with
the aqueous phases on either side of the membrane (Mitchell,
1976; Dutton, 1986; Robertson & Dutton, 1988; Cramer &
Knaff, 1989; Prince, 1990; Trumpower, 1990; Gennis et al.,
1993; Brandt & Trumpower, 1994; Gray & Daldal, 1995).

The overall reaction shown by eq 1 involves the sum of
two separate QH: to Q oxidations at the Q, site and the
reduction of one Q to QH; at the Q; site. The Q, site
exchanges Q for QH, drawn from the Qe with a AG® value
near zero (Ding et al., 1992). The first QH» oxidized at the
Q, site leads to the reduction (via the [2Fe2S] cluster and
cyt ¢;) of one ferri-cyt ¢; and the reduction (via cyt by and
cyt by) of a Q at the Q; site to a semiquinone (SQ). The
E.7 value of SQ/Q in the Q; site is 30 mV (Robertson et al.,

Ding et al.

1984). This is shown by

ferri-cyt ¢, + QH, (Q,) + Q Q) =
ferro-cyt ¢, + Q (Q,) + SQ (Q) + 2H" (2A)
AG®° = —190 meV or —4.38 kcal/mol

The product Q at the Q, site returns to the Qpuy but the
semiquinone at the Q; site is thought to stay in place like
that well established for the Qg site of the photosynthetic
reaction center (Wraight, 1979). A second QH, oxidized at
the Q, site leads to the reduction of another ferri-cyt ¢; and
the reduction of the SQ at the Q; site to QH,. The E7 of
the QH-/SQ in the Q; site is 270 mV (Robertson et al., 1984)
as shown in eq 2B. The catalytic cycle is completed when
the QH, produced in the Q; site exchanges with Q from the
Qpoor: this has a AG® penalty of +120 meV (Ding et al.,
1992):

ferri-cyt ¢, + QH, (Q,) + SQ (Q) =
ferro-cyt ¢, + Q (Q,) + QH, (Q,) (2B)
AG° = —430 meV or —9.92 kcal/mol

The driving force for these reactions comes in part from
the free energy in the electron transfer between the cyt ¢
and the [2Fe-25] cluster (about —70 meV or — 1.6 kcal/mol)
but predominantly from the electron transfer from cyt by to
cyt by and then to the Q in the Q; site (—120 meV or —2.76
kecal/mol for the first and —360 meV or —8.28 kcal/mol for
the second QH» oxidized). This free energy is harnessed for
the generation of the principal energetic product of the cyt
bey complex, a transmembrane potential.

In contrast to these large free energy reactions, the steps
which are primary to this energy conversion, catalyzed in
the Q, site, display an overall free energy that is surprisingly
close to zero (Ding et al., 1992) as shown in eq 3:

[2Fe2S]™ + QH, (Q,) + ferri-cyt b =

[2Fe2ST™ + Q(Qpoq) + ferro-cyt by (3)
AG® = —18 meV or —0.41 kcal/mol

Very little is known in any species about the Q, site
catalyzed primary events of energy conversion in the cyt b,
complex. A working model of the Q, site in the cyt bc
complex of photosynthetic bacteria has been drawn from the
ubiquinone extraction—reconstitution studies of Ding et al.
(1992). These studies showed that there are two ubiquinone
binding domains in the Q, site. One of the domains was
determined to have a strong affinity and the other a weak
affinity for Q/QH,, and accordingly they were designated
Q.. and Q. domains of the Q, site, respectively. Function-
ally, it was suggested that the two domains were present to
accommodate the requirement, described in eqs 2A and 2B,
for two QH» oxidized at the Q, site to complete the full
catalytic turnover. The ubiquinones of both domains were
considered by Ding et al. (1992) to be in rapid exchange
with the Qoo to initiate new turnovers. The present work
explores this idea further with a view to obtain a better
definition of the function of quinones in the two domains
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and to describe the individual steps of the primary electron
transfer sequences.

We examine the effects of substituting two amino acid
residues of the cyt b polypeptide that have previously been
shown to influence the activity of QH, oxidation in the Q,
site. One is phenylalanine at position 144 (F144) recognized
in an inhibitor resistance study (Robertson et al., 1990), and
the other one is glycine at position 158 (G158) originally
studied as the spontaneous mutant R126 (Zannoni & Marrs,
1981; Robertson et al., 1986) and later identified as G158D
(Daldal et al., 1989). The results demonstrate that the
principal effect in the majority of a wide range of simple
neutral substitutions at the F144 and G158 positions is the
parallel weakening of the affinity of QH, and Q for both the
Qo site domains. In this family of site-directed mutants,
correlation of the affinity data with flash-induced yields and
rates of QH, oxidation strongly suggests that the Q/QH, of
the Q.s domain remains in the Q, site throughout the catalytic
cycle while that of the Q.. domain is in rapid exchange with
the Qpoo. The family of mutants provides a thermodynamic
view of the ubiquinones of the two Q. and Qo domains
cooperating in the primary catalytic events in the cyt be;
complex.

MATERIALS AND METHODS

Cells and Routine Analyses of Chromatophore
Preparations

The single site-directed mutants used in this work were
constructed at F144 and G158 in the cyt b polypeptide of
the cyt be; complex from R. capsulatus as described in Atta-
Asafo-Adjei and Daldal (1991). The mutants chosen for the
study were simple neutral aliphatic and aromatic residue
substitutions; for others, see the accompanying paper (Ding
et al. 1995). Mutant strains of the F144 series were grown
anaerobically under photosynthetic conditions; under such
conditions the growth rates were perfectly adequate for the
production of experimental material. In the G158 series, only
G158A, S, and P could be grown photosynthetically, and
therefore all organisms in this group were grown microaero-
bically [see Atta-Asafo-Adjei and Daldal (1991) and Tokito
and Daldal (1993)]. Cells were harvested in late log phase,
and chromatophore membranes were prepared as described
in Robertson et al. (1986).

Most redox reactants in the chromatophore membranes
were assayed using a Johnson Research Foundation type
(University of Pennsylvania) dual-wavelength spectropho-
tometer equipped with an anaerobic cuvette under an argon
atmosphere. Xenon flash activation (half-width 8 us) was
delivered to the cuvette from underneath. The anaerobic
cuvettes and accompanying redox potentiometric poising for
kinetic work and EPR analysis was as described in Dutton
(1978) [see also Ding et al. (1992)]. In all work the
chromatophores were suspended in 100 mM KCl, 50 mM
MOPS buffer, pH 7.0. The reaction center concentration in
chromatophore suspensions was assayed by flash activated
oxidation of the bacteriochlorophyll dimer (BChl,™) mea-
sured at 605—540 nm (Dutton et al., 1975). The cyt bc;
complex concentration was commonly measured by flash
activated oxidation or reduction of its redox components (van
den Berg et al., 1979); in particular, cyt by was measured at
561—569 nm and cyt ¢; + ¢; + ¢, was measured at 550—
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540 nm. Throughout this paper, cyt ¢; + ¢ + ¢ is
designated simply as cyt c.

The apparent average concentration of the reaction center
within the chromatophore membrane is calculated to be 1.2
mM, based on the density of reaction centers in chromato-
phore membranes as determined by Packham et al. (1978)
and modified by Dutton (1986). After a single flash, the
ratio of the rapidly acting cyt bc; complex to reaction center
in the chromatophores of the various mutants was routinely
found to be close to 0.5 yielding an average membrane
concentration of cyt bc; complex of 0.6 mM. The total
ubiquinone content of chromatophore membranes was mea-
sured by acetone—methanol extraction after Kroger and
Klingenberg (1973) as described in Ding et al. (1992). A
ratio of 25 + 5 ubiquinone molecules per reaction center
was routinely found in the wild type strain, and similar values
were established in two selected mutants, F1441, and F144L
(see Results). Approximately 80% of the ubiquinone found
in chromatophore membrane is a homogenous pool (Qpoo1)
(Takamiya & Dutton, 1979; Ding et al., 1992). We estimate,
taking the thickness of the chromatophore membrane profile
available for the ubiquinone-10 hydrophobic tail and the
relatively polar headgroup to be approximately 40 A, that
the apparent average concentration of ubiquinone of the
homogeneous pool in chromatophores is 30 &= 6 mM. The
uncertainties in these estimates are well recognized, but we
believe that the use of a practical concentration rather than
a reactant ratio facilitates presentation and understanding of
the studies both conceptually and analytically without
significantly altering the conclusions drawn. A similar line
of approach has been made earlier (Crofts & Wang, 1989).

Determination of the Q, site Occupancy by Q or QH> by
EPR Spectroscopy

Determination of Q, site occupancy makes empirical use
of the EPR spectral line shape of the reduced [2Fe-25] cluster
to determine the Q, site occupancy by Q or QH: in the cyt
bc; complex (Ding et al., 1992; Robertson et al., 1993). All
EPR spectra were taken with the chromatophore suspension
poised at a redox potential of less than 230 mV to establish
the [2Fe-2S] cluster in the reduced paramagnetic form.
Further to this, the Qpoo Was either essentially oxidized (200—
230 mV) or reduced (—20 to 0 mV) so that the Qpool species
available to occupy the Q, site was clearly either Q or QHo.
The [2Fe-2S] cluster EPR spectra were taken on a Varian
E-109 X-band EPR spectrometer equipped with flowing
helium cryostat (Air Products LTD 3-110). Routine instru-
mental conditions were as follows: field set, 3600 G; scan
range, 1000 G; scan rate, 250 G/min; time constant, 0.25 s;
modulation frequency, 100 kHz; modulation amplitude, 12.5
G; microwave frequency, 9.32 GHz; microwave power, 2.0
mW; temperature, 20 K.

Occupancy by Q. The EPR spectra of the reduced [2Fe2S]
cluster of wild type R. capsulatus, obtained with different
levels of Q occupancy in the Q, site, are shown in Figure
2A. The spectra describe (a) a g, band at 1.800 when both
the Qo and Q,s domains in the Q, site are occupied by Q,
(b) a broadened g, band at 1.783 when the Q,s domain is
occupied by Q and the associated Q, domain is empty, and
(d) a considerably broadened g, band at 1.765 when the Qo
and Q,w domains are both empty of Q. These three spectra,
recorded under conditions which are as close as is experi-
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FIGURE 2: [2Fe-25] cluster EPR spectra of the R. capsulatus cyt
be; complex with different Q, site occupancy. Spectra were obtained
from chromatophores suspended in 100 mM KCl and 50 mM
MOPS, pH 7.0, containing 15 uM cyt bc; complex. The redox
potential was adjusted to 200 & 10 mV (for Q binding) or 0 £ 10
mV (for QH; binding). Part A shows EPR spectra of the [2Fe-2S]
cluster with different Q, site occupancies: (a) both Qq and Qow
domains are occupied (2Q/Q, site), (b) Q is present in the Qg
domain only (1Q/Q, site), (¢) one or two QH, are present in the
Qos and Q,w domains [1 or 2QH,/Q site; there is no apparent
difference in the [2Fe2S] EPR lineshape when the Q, site binds
one or two QH, [see Ding et al. (1992)]], and (d) no Q or QH, is
present in either domain (no Q/Q, site). Part B details the g, band
of the spectra in part A. The solid line drawn through each g, band
is a Gaussian component fitted with a nonlinear curve fit software
(Jandel Scientific Co.).

mentally possible for the achievement of single-species line
shapes, provided archetypal fits through the three g, bands
as shown in Figure 2B. We note that while fits can be
obtained to the entire spectrum for each state (Robertson et
al., 1993), it was established over many determinations that
a fit to the g, band alone was sufficient to quantitate
occupancy to a level suitable for our present purposes.
Deconvolution of the g, band of the [2Fe-25] cluster EPR
spectra of the mutants into the three archetypal components
was performed using nonlinear curve-fitting software (Jandel
Scientific Co.). The widths and the reasonably well-resolved
positions of the g, band archetypes yielded near unique fits.
The measured fractional occupancy of the Q. and Qgw
domains in the various batches of cells of wild type or
mutants was reproducible within a 5% standard deviation.

Occupancy by QH,. The EPR spectrum of the [2Fe-2S]
cluster when QH; is present in the Q, site is characterized
by a g, band at 1.777 as shown in Figure 2A (c). This is
also evident in other systems (Siedow et al., 1978; Matsuura
et al., 1983; de Vries et al., 1982, 1986). However, in the
analysis of the QH; occupancy, there is no clear discrimina-
tion in the [2Fe-25] cluster EPR spectra between occupancy
of the Q,s domain alone and occupancy of both the Qs and
Qow domains (Ding et al., 1992). Thus, the change in the g,
position from 1.777 to 1.765 follows the transition from the
doubly (Q.s and Q,y) or the singly (Qos) occupied state, to
the situation in which the Q, site is unoccupied. This means
that this assay only gives information about the QH,
occupancy of the Q, domain and does not report on whether
or not the associated Q,, domain is occupied. [We note
here that in the work of Ding et al. (1992) this point was
not well appreciated. In the reported redox titrations, the
transition from g, 1.800 to 1.777 was tentatively identified
with the reduction of Q to QH; in the Q. domain. Hence,
the reported redox midpoint potentials (Ey7) for Q/QH; in
the Q.. domain more correctly represented the reduction of
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FIGURE 3: EPR spectra of [2Fe-2S] cluster of selected mutants after
addition of Q, site inhibitors or after Q extraction and reconstitution.
All EPR spectra of the [2Fe-25] cluster were taken in chromato-
phores suspended in 100 mM KCl and 50 mM MOPS, pH 7
containing approximately 15 u#M cyt bc; complex. The redox
potential of the suspension was adjusted to 200 & 10 mV at pH
7.0. The final concentration of the Q, site inhibitors, stigmatellin
and myxothiazol, was 75 uM.

Q to QH; in the Q. domain when the Q,» domain was
occupied.] The reproducibility of the determination of QH,
occupancy of the Q,s domain (with the Qo domain either
occupied or unoccupied) from one batch preparation to
another was found to be within 10% experimental error.

Determination of the Dissociation Constants from the Q,
Site Occupancies. Dissociation constants (Kp values) for Q
or QH; in the Q. domain and Q in the Q.. domain of the
Q. site were calculated from the Q. and Q.. domain
occupancies as shown for Q in eq 4.

[Q,][Q]
Kpo = —— 4
o = 0.l 4

In eq 4, [Q] (or alternatively [QH:]) represents the Qpon
concentration of Q (or QHy) in the chromatophore membrane
(30 £ 6 mM) as described above; [Q,] represents the
concentration of empty Qs or Qo domain and [Q,Q] is the
concentration of the Qos or Qow domain occupied with Q (or
QH,). The Q. site concentration in the chromatophore
membrane is given by that of the cyt bc; complex which is
0.6 mM based on the calculations discussed above.

Preliminary EPR Analysis of the Mutants

The EPR line shapes of the [2Fe-2S] cluster of each mutant
were initially inspected to establish suitability for quantitative
analysis of the Q, site occupancy. Spectra were examined
in the presence of the Q, site-specific inhibitors myxothiazol
and stigmatellin, which are well-known to establish EPR
spectra of the [2Fe-2S] cluster that are characteristic of their
Q. site occupancy in cyt bc; complexes from a variety of
sources (de Vries et al., 1982; von Jagow & Ohnishi, 1985;
Tsai et al., 1985; Ohnishi et al., 1988; Ding et al., 1992;
Robertson et al., 1993). They were also examined when the
Qpoot Was poised in either the Q or QH: states and, in
representative cases, after extraction and reconstitution with
various levels of ubiquinone in chromatophore membranes.

Figure 3 shows some representative spectra of the mutants
and the wild type in the presence of inhibitors or when the
Qpoot Was completely extracted. In the presence of excess
Q. site-specific inhibitors, stigmatellin or myxothiazol, all
mutants displayed [2Fe-2S] cluster EPR line shapes identical
to those that are well established for the wild type when these
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inhibitors are bound to the Q, site (data not shown). When
representative mutants (F144W, F1441, F144S) were fully
extracted of their Qpoq complements, they displayed the same
broad EPR spectrum as that in the wild type with an empty
Q, site, as detailed in Figure 2d. Furthermore, as indicated
by the mutants F144W and F144I, reconstitution at various
levels with ubiquinone-10 were always found to be firm
composites of the archetypal line shapes. In no case was
there evidence that the mutations induced disturbances to
the inhibitor—Q, site—[2Fe-2S] cluster interaction or them-
selves directly caused any alterations of the [2Fe-285] cluster
EPR spectra.

Finally, while making empirical use of the [2Fe-2S] cluster
EPR spectra to determine the Q, site occupancy, we have
recognized (Ding et al., 1992) that the presence of certain
solvents diminishes or abolishes the sensitivity of the [2Fe-
28] cluster EPR line shape as an assay of the Q, site
occupancy by Q or QH,. Such solvents include the short
chain alcohols and polyols that are in common use as solvents
for solute addition or for storage of the chromatophore
membranes. In contrast, dimethyl sulfoxide (DMSO) at
concentrations well above that used in the experiments
reported here has proven to have little or no effect on the
[2Fe-2S] cluster EPR spectra. Because of this, DMSO was
used throughout as the solvent of choice for the redox
mediators and inhibitors.

Electron Transfer Kinetics in the Q, Site of the Cyt bc,
Complex

For all kinetic measurements described in this report,
valinomycin (2 M) was present to eliminate any energetic
feedback effects on the reaction yield or rate from the
generation of membrane electrochemical gradients [see
Robertson and Dutton (1988)].

QH, Oxidation Rates and Yields. The rate of the first QH,
oxidation was determined from the course of flash activated
reduction of cyt by in the presence of the Q; site inhibitor
antimycin [see Robertson et al. (1990)]. For rates measured
with the Quoo reduced and hence with only QH, at the Q,
site prior to activation, the chromatophores were poised at
redox potentials of 40 &= 10 mV. This potential ensures that
the Qpoa comprises >90% QH, but does, in fact, also
establish the cyt by 40—70% reduced prior to activation. This
means that the flash activated amplitude of cyt by reduction
is correspondingly diminished, but fortunately not prohibi-
tively. For rates measured with the Qpo, virtually fully
oxidized and hence with only Q at the Q, site prior to
activation, the redox potential was poised at 200—230 mV.
The kinetic traces were fit to a single-exponential component
plus a constant using a Q-Basic program.

The rate of the second QH; oxidation in the Q, site was
determined from the rate of the observable flash-oxidized
cyt ¢ re-reduction or the flash-reduced cyt by re-oxidation
measured in the absence of the Q; site inhibitor antimycin
(Robertson et al., 1990). For the rates measured with the
Qpoor comprising only QH, prior to activation, the kinetics
and analysis were as described above for the first QH»
oxidized. In contrast, kinetic analysis of the second QH,
oxidation measured with the Qpooi comprising only Q before
activation was not done. This is because under these
conditions the substrate QH, must be generated by the Qp
site of the flash activated reaction centers. As such QHj is
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produced in limiting quantities (i.e., ~1.0 QH, per cyt bc,
complex) and since two QH, oxidation are needed to
complete the full turnover of each cyt bc; complex, the
kinetics of the “second QH,” oxidized are expected to be
complex [see Matsuura et al. (1981)].

Reaction yields of the QH; oxidation following single flash
activation were obtained as a matter of course during the
rate determinations and found to vary in the mutants. Hence,
yields were obtained for the first and second QH, oxidized
when the Qpoot was all Q or QH; as described above.
However, yields measured when the Quoq was >90% QH,
(redox potential 40 = 10 mV), and which also established
the cyt by itself 40—70% reduced, was sensitive to small
variations in the values of poised redox potential. As a
backup therefore, the yield was additionally measured at
approximately 100 mV, a redox potential that poises the cyt
by 90% oxidized where it is relatively insensitive to variation
with redox potential but which is low enough to establish a
Qpoo! that approached about 30% reduced QHo,.

Estimations of Q, Site Dissociation Constants for QH,
from Rates and Yields. A simple pre-steady-state kinetic
model was considered in this work to serve as an exploratory
means to obtain Kp values for the QH, (substrate) at the Qs
and Q.. domains of the Q, site. A foothold into the kinetic
analysis was based on the previous finding (Ding et al.,
1992), and verified here, that the wild type Q, site operates
with both the Qs and Q. domains essentially fully occupied.
Thus, when the Qpool is fully reduced in wild-type chromato-
phores, the observed rate (ko) of QH; oxidation in the
catalytic cycle is expected to approach the value of k., for
the reaction and go to completion, approaching 100% yield.

For the case where QH, is exchanging between the Q,
site and the Qpoo at a rate faster than k., a Kp value can be
obtained from

_ kcat[QH2] _

Kogu, =~ — ~ [QH;] s)

obs

In eq 5 k. is the catalytic rate of the QH; oxidation and
kops 1s the flash activated QH; oxidation rate in the absence
of product Q. The concentration of [QH;] of the membrane
pool was taken to be 30 £ 6 mM as discussed above under
Cells and Routine Analyses of Chromatophore Proteins.

For the case where the QH, is exchanging between the
Q, site and the Qoo at a rate much slower than the k., value,
the Kp value can be obtained from single flash activated
reaction yields. Reaction yield of the first and second QH»
oxidized relative to the wild type provided fractional oc-
cupancies of the site at the time of activation and during the
entire sequence of catalysis; Kp values were obtained from
the fraction of occupanices applied to eq 4. This has been
done before for similar work on the Qa site of the
photosynthetic reaction center (Gunner et al., 1985; Gunner
& Dutton, 1989; Giangiacomo & Dutton, 1989).

Redox Midpoint Potentials of the Q, Site Q/QH> Couples

Midpoint potentials at pH 7 (Eny) for the Q, site Q/QH,
couples were determined in three ways. In the first method
the E,; values were calculated from the Kp values of Q and
QH; in the sites according to

1Og[(KDQHz)/ (Kpg)l = (Em7(onol) - Em7(Q0))/ 30 (6)
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FIGURE 4: Q, site Q occupancy of the mutants F144 and G158. The concentrations and conditions are as described as in the legend to
Figure 1. Parts A and B show EPR spectra of the [2Fe-28] cluster of wild type and mutants at F144 and G158, respectively. Part C shows
the representative deconvolutions of the selected g, band from parts A and B. Three g, components (1.800, 1.783, and 1.765) as shown in

Figure 2B were fitted to the g, bands of various mutants.

Equation 6 applies to the experimental temperature of 295
K; the Ey; value of the Q/QH: couple in the Qoo Of R.
capsulatus is 90 £ 10 mV (Ding et al., 1992).

The second method involved direct redox potentiometric
titration of the g, band of the [2Fe2S] cluster EPR spectrum
over the redox potential (Ey) range of 300 to —50 mV as
referred to above in Cells and Routine Analyses of Chro-
matophore Proteins; and for earlier work see Ding et al.
(1992). The change of the g, position as a function of Ej
follows the course of reduction of ubiquinone associated with
the Q,s domain in the Q, site domains as is discussed above
in Determination of the Q, Site Occupancy by Q or QH; by
EPR Spectroscopy.

In the third method, apparent E; values were obtained
from redox titration (300 to 40 mV) of the rate of cyt b
reduction in the presence of antimycin (first QH, oxidized)
and the rate of cyt ¢ re-reduction in the absence of the Q;
site inhibitor (second QH, oxidized) as described above in
Electron Transfer Kinetics in the Q, Site of the Cyt b,
Complex.

Chemicals

These were as described in Ding et al. (1992).
RESULTS

The Equilibrium Interaction of Q/QH, with the Q, site of
the F144 and G158

Mutants Determined by the EPR Method: (a) [2Fe-2S]
Cluster EPR Spectra (i) Spectra with Q Present. Figure 4
shows the [2Fe-2S] cluster EPR spectra of F144 and G158
substituted Q, sites poised so that the Qpoo Was entirely
comprised of Q. The spectra are arranged roughly in order

of decreasing Q occupancy of the Q, site as indicated by
comparison with spectra a, b, and d of Figure 2.

Figure 4A shows that when residue F144 is substituted
with other aromatic residues, tyrosine (Y) and tryptophan
(W), the resulting mutants share the same spectral charac-
teristic as the wild type with g, at 1.800, g, at 1.890, and g,
at 2.020. These spectra indicate that the Q. and Q,,, domains
in the Q, site remain nearly fully occupied. In contrast, the
spectra of F144S, T, V, I, N, and G yield increasingly
broadened spectra with the g, band moving toward and
beyond 1.783 until, with F144L, the g, band is shifted to
1.765. This indicates that, upon replacement of phenylala-
nine 144 with these neutral nonaromatic residues, the Qo
and Q,w domains both suffer major losses in affinity for Q
and become partially or severely depleted at the prevailing
native Qoo concentration of chromatophore membranes.

Figure 4B shows that the substitutions of G158 display a
similar set of variations in the [2Fe-2S] cluster EPR spectra.
G158A yields a g, band indicative of the Q. and Quy
domains that remain nearly fully occupied with Q. The g,
bands of the G158S and G158P suggest that the affinities of
the Qo and Q.. domains are lowered, thus leading to partial
occupancy. The other substitutions examined (G158V, L,
1, W, C, and N) displayed a g, at 1.765 suggesting that both
Qos and Q. domains are almost empty in these mutants. It
appears that the affinities of the Q at the Q. and Q,,, domains
in the Q, site are more sensitive to changes at position G158
than at F144.

Figure 4C shows examples of the quantitative analysis of
the [2Fe-28] cluster EPR spectra from selected F144 and
G158 substitutions and the wild type. In these and all other
mutants, fits to the observed g. band region could be
accommodated with no significant residuals by combinations
of archetypal g. bands a, b, and d as shown in Figure 2B.
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FIGURE 5: Q, site QH, occupancy of the mutants F144 and G158.
EPR spectra of the [2Fe-2S] cluster of the wild type and the
representative mutants of F144 and G158 are shown when the Qpoor
is reduced. Samples were prepared as in Figure 4 except the redox
potential was adjusted to 0 & 10 mV(pH 7.0) so that the Qpoo Was
comprised of only QH,. Part B shows representative deconvolutions
of the g, band from part A with two Gaussian components (g, at
1.777 and 1.765) as shown in Figure 2B.

(ii) Spectra with QH, Present. Figure 5A shows [2Fe-
28] cluster EPR spectra of some F144 and G158 substituted
Q, sites poised so that the Quo Was entirely comprised of
QH,. Figure 5B shows examples of the quantitative analysis
of [2Fe-2S] cluster EPR spectra using fits from the archetypal
gx bands ¢ and d of Figure 2B. In general, the occupancy
of QH; in the Qs domain of each mutant was similar to that
found for Q.

(b) Q and QH, Occupancies and Dissociation Constants
in the Q, Site. Table 1 columns A—E list the resolved
archetypal spectral components of the EPR spectra of the
wild type and mutants, and columns F—J list the calculated
fractional occupancies of Q and QH; in the Qo and Qo
domains. Columns K and L present the Kp values for Q
and QH; in the Qs domains and column M presents the Kp
values for Q in the Q,, domain calculated according to eq
4. Tt is evident that substitutions at F144 and G158 alter
the Kp values for both Q and QH; in the Q,; domain and Q
in the Q,y domain that span well over three orders of
magnitude. Despite this enormous range of effect between
the different mutants, the variance of the individual substitu-
tion effects on the three Kp values for a particular mutant
did not extend beyond a 5-fold range in each mutant.

(c) General Correlation of the Dissociation Constants from
the Q, Site with Cyt bc; Complex Activity. Table 1, column
N, lists the relative cyt bc; complex activities of the mutants.
It is evident that as the affinity of the Q, site for Q or QH,
becomes progressively weakened, the cyt bc; complex
displays decreased activity.

Yields and Rates of QH; Oxidation in Selected F144 and
G158 Mutants

Examples of the key flash activated QH; reaction kinetics
of nine mutants selected for detailed study from the neutral
substitutions in positions F144 and G158 are shown in Figure
6. This figure shows the time course of the first QH;
oxidation (cyt by reduction) and second QH, oxidation (cyt
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¢ re-reduction) at the Q, site measured when the Qpoq is
nearly fully reduced, about half oxidized and fully oxidized.
The striking result evident in Figure 6 is the finding that the
QH; oxidation reaction varies dramatically in the mutants,
not just in reaction rate, but also in reaction yield. The yields
and rates of the QH, oxidation after single flash activation
are listed in Table 2.

(a) Relative Yields, (i) Measurement. Columns A, B, and
C of Table 2 list the reaction yield relative to the wild type
measured under various conditions in the different mutants.
Columns A and B demonstrate that the relative yield in any
one mutant does not vary, despite the 5—12-fold difference
in the rates of QH, oxidation that are encountered when the
Qpool is all QH; or all Q prior to flash activation (columns E
and F). Moreover, the yield does not vary between the first
and second QH; oxidized (columns A, B, and C). In general,
although the relative yield diminishes from unity to near zero
as the rate slows, it is clear that the loss of yield is not the
result of a slowed forward QH, oxidation rate that fails to
compete with some characteristic decay rate of the activated
state at the Q, site. These data strongly suggest that the
occupancy of one of the domains of the Q, site by Q or
QH: is a prerequisite for catalysis and that the exchange rate
between this domain and the Qpoo must be slow compared
to the lifetime of the flash activated state and catalytic
turnover.

(ii) Correlation of the Relative Yields of QH, Oxidation
to the Occupancy of the Q,s and Q,, Domains. Figure 7
explores the relationship between the relative yield of QH;
oxidation and the occupancies of the Qs and Q. domains
established by EPR for the various mutants. Figure 7A
reveals a linear relationship between the relative yields of
first and second QH, oxidation reactions and the EPR
determined occupancy of the Q,, domain by either QH; or
Q at the time of activation. Figure 7B shows that the
relationship between relative yield and the Q.. domain
occupancy is strongly hyperbolic and, in comparison with
assignment to the Q,s domain occupancy, is far more difficult
to explain. Thus, the occupancy of the Q.s domain appears
to be the most likely possibility for explaining the variance
in yield. This identification suggests that the QH, in the
Q,, domain is in slow exchange with the Qp.q. Moreover, it
is evident that occupancy of this domain is mandatory for
initiation and completion of Q, site catalytic turnover of the
cyt bcy complex.

(iii) Kp Values for the Q,; Domain from the Relative
Yields. The most straightforward determination of K values
from the relative yields (see Estimations of Q, Site Dissocia-
tion Constants for QH, from Rates and Yields under
Materials and Methods) is for the first QH, oxidation when
there is only QH; present at the time of flash activation (Table
2, column A). Figure 8A presents these data graphically,
and Table 2, column D, lists the calculated Kpgu, (yield)
values.

Table 3 allows comparison of the Kp values determined
by EPR with those determined from reaction kinetics. The
table shows that the Kpqu, (yield) values are remarkably
similar to the independently determined Kpgu, (EPR) values
of the Q. domain, providing support for the idea that
occupancy of the Q,s domain controls the reaction yield. It
is concluded that the equilibrium occupancy of the Qs
domain, whether monitored directly by EPR or indirectly
from the flash activated QH; oxidation relative yield,
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Table 1: Q, Site Occupancy in the Mutants with Substitutions in F144 and G158
population of g transitions (%) Qos and Qow Occupancies Kp® (mM)
for Q for QH, for Q for QH, Qos Qow

A B C D E F H I J K L M Ne¢

1.800 1.783 1.765 1.777 1.765 Qos Qow no Q Qos no QH; Q QH, Q %

WT 98.3 0.0 1.7 98 2 098 098 0.02 0.98 0.02 <1.6¢ <1.64 <16 100
F144

Y 95.0 0.0 5.0 96 4 095 095 0.05 0.96 0.04 <16 <16 <16 92

W 96.9 1.6 1.5 92 8 098 097 0.02 0.92 0.08 <1.6 29 <16 94

S 37.6 524 10.0 72 28 090 0.38 0.10 0.72 0.28 34 11.7 50.0 30

T 24.3 55.0 20.7 68 32 079 024 0.21 0.68 0.32 8.0 14.8 93.5 17

\% 27.1 62.5 10.3 65 35 090 027 0.10 0.65 0.35 35 16.2 81.0 32

I 25.2 529 219 69 31 078 025 022 0.69 0.31 8.4 134 89.0 28

N 20.4 60.7 18.9 - - 0.81 0.20 0.19 - - 7.1 - 117.0 26

G 0.0 39.1 60.9 45 55 039 0.00 0.61 0.45 0.55 46.8 36.6 >10° 4

L 1.1 12.2 86.7 5 95 0.13 001 0.87 0.05 0.95 201.0 570 >10° 3
G158

A 96.5 0.1 34 95 5 097 097 0.03 0.95 0.05 <16 <16 <1.6 96

S 355 51.6 12.6 80 20 0.87 0.36 0.13 0.80 0.20 4.5 7.5 54.2 32

P 21.0 67.6 11.4 - - 0.8 021 0.11 - - 3.7 - 112.8 14

C 1.0 359 64.0 - - 037 0.01 0.64 - - 51.8 - >10° 6

\Y% 2.3 13.0 84.7 8 92 015 0.02 0.85 0.08 0.92 170.0 345.0 >10? 0

L 3.4 14.1 79.1 15 85 0.18  0.03 0.79 0.15 0.85 132.0 170.0 >10° 0

I 4.9 12.4 82.7 5 95 0.17  0.05 0.83 0.05 0.95 146.4 570.0 >103 0

A 2.0 5.0 93.0 8 92 0.07 002 0.93 0.08 0.92 398.6 345.0 >10° 0

N 3.6 7.6 88.8 12 88 0.11 0.04 0.89 0.12 0.88 2427 220.0 >10? 0

 The results presented in this table are from the analysis of EPR spectra (Figures 4 and 5) obtained from chromatophores from a single batch
of cells of each mutant strain. Dashed boxes indicate that the data was not determined. ® Kp values are determined from Q, site occupancies as
described in the Materials and Methods. Kp values for F144Y, F144W, and G158A are too small to measure and are given an upper limit. In some
other mutants, Kp values are too large to be estimated and are given a lower limit. < Cyt bc; complex relative activities were determined at a redox
potential of 100 mV. In each mutant, the initial slope of flash activated cyt b reduction (antimycin present) was compared to that of the wild type
(100). 4 Kp values for the wild type have been directly determined by measuring the occupancies of the Qos and Qow domains of the Q, site in
chromatophore membranes containing varied amount of ubiquinone (Ding et al., 1992). The determined Kp value of the Qos domain for Q or QH;
is 0.05 mM, while the Kp value of the Qow domain for Q is 0.9 mM in the wild type.

describes the same interaction between the Q. domain and
the QH: of the Qoo It follows that QH; binds strongly and
exchanges slowly with the Qs domain of the Q, site.

(b) Reaction Rates, (i) Measurement. Table 2, column E,
shows the rates of the first QH, oxidation when the Qpeol
was virtually all QH, prior to activation. The wild-type rate
was measured to be 1620 s~1. Mutants F144W and G158A
displayed rates comparable with the wild type strain, F1448
and I, and G158S were 4—5-fold slower, F144G was 18-
fold slower, and G158W was >300-fold slower (too slow
to measure). Table 2, column F, shows the rate of the first
QH; oxidation when the Qpoqt Was all Q before activation,
Under these conditions the rates for the wild type and each
mutant were generally 5—12-fold slower than when the Qoo
was fully QHa.

Table 2, column G, shows the rates of the second QH;
oxidized, measured when the Quoa was all QH; prior to
activation., These are generally slower than the first QH»
oxidized under the same conditions. The second QH;
oxidation rate measured when the Qpoo Was all Q rather than
all QH; prior to activation was again =10-fold slower, but
details of the rates are not presented here due to the
complications mentioned under Materials and Methods.

(ii) Provisional Assignment of Reaction Rates to Rapid
Exchange of Q and QH,, between the Q,,, Domain and Qpoo.
The interaction of the Q. domain with Q and QH, is
expected to contrast with that in the Qs domain not only in
the characteristic of weaker binding but also in an exchange
that is rapid relative to the catalytic turnover rate. The
simplest application of eq 5 in Materials and Methods for
the determination of Kp values from reaction rates is for the

first QH; oxidized when there is only QH, present at the time
of activation (Table 2, column E). Figure 8B presents the
expressions graphically with guidance from a value for the
kea of 1700 s71, chosen slightly higher than the 1620 s~}
measured for the wild type rate. The calculated Kpou, (rate)
values are listed in Table 2, column H.

Comparisons between the collected Kp values in Table 3
show that the provisionally assigned Q.w domain Kpqu, (rate)
values are consistently similar to the proposed companion
K, (EPR) values obtained for the Q,w domain in the wild
type and various mutants. If the provisional assignment of
the Kpgu, (rate) values to the Q.. domain is correct, this
provides an alternative way of measuring the Kpon, value
for the Qo domain, not possible by EPR analysis.

Redox Midpoint Potentials of the Q/QH, Couples in the
Qs and Qv Domains

(i) Redox Midpoint Potentials from the Kp Values. The
K, values of both Q and QH; in the Qo and Q.. domains
from the different F144 and G158 mutants allow the
calculation of the Ey,; values for the Q/QH; redox couple in
each domain (eq 6). Table 4 shows that the calculated En;
values fall within the 70—95 mV range and in no case is
there a large deviation from that of the Qpool (E7 = 90 £
10 mV). The up to 20 mV lowering effect on the Q, and
Qow domain E; values reflects the general trend of the site
having a somewhat enhanced affinity for Q over QHa.

In a limited number of cases, redox potentiometry com-
bined with EPR, as described in the Redox Midpoint
Potentials of the Q, Site Q/QH, Couples under Materials
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FIGURE 6: Kinetics of QH; oxidation in the cyt bc; complex from the wild type and selected mutants. Chromatophores from wild type and
selected mutants were suspended in 100 mM KCl and 50 mM MOPS, pH 7.0, at a concentration of 0.1 uM cyt bc; complex. Kinetics for
the first QH, oxidation (monitoring cyt by reduction) were measured at three redox potentials (60 £+ 10, 100 £ 10, and 200 £ 10 mV) in
the presence of the Q; site inhibitor antimycin. Kinetics for the second QH, oxidation (monitoring cyt ¢ re-reduction) were measured at the
redox potential of 100 £ 10 mV in the absence of Q; site inhibitor antimycin. The time course of the amplitudes of the kinetic traces were
recorded as follows. For the kinetics measured at redox potentials of 100 and 200 mV, traces were averaged 20 times with an interval of
1 min between flashes to allow relaxation back to the original state. For the kinetics measured at redox potential of 60 mV, traces were
averaged for 10 times with an interval of 5 min between flashes. The time scales are indicated in figure.

Table 2: Yield and Rate of QH, Oxidation in the Q, Site of the
Mutants?

reaction yield reaction rate (s™')

first second  Kpyielg) first second  Kpratey

QH, QH; (mM) QH, QH, (mM)

A B C D E F G H
Qua QH: Q QH; QH: QH: Q QH; QH:
WwT 1.00 1.00 1.00 <0.5 1620 152 353 1.5
F144W 095 096 1.00 1.6 1470 150 380 4.5
F144S 0.81 0.85 0.76 7.0 310 55 230 135
Fi441 0.74 0.72 0.71 10.5 295 47 195 140
F144G 041 0.35 048 432 95 9 73 510
F144L. 0.23 020 0.21 1004 S0 3 50  >1000
G158A 1.00 098 1.00 <0.5 1530 154 325 33
G158S 0.89 0.88 0.83 37 241 52 160 180
G158W 0.00 0.00 0.04 >1000 0 0 8 >1000

¢ The results presented in this table are from the analysis of kinetics
(Figure 6) performed on chromatophores from a single batch of cells
of each mutant strain.

and Methods, was used to check these calculated E; values
(eq 6) for the Q.s domain. Ding et al. (1992), working with
the wild-type strain, determined an E,; value of 80 £ 5 mV
when the Qs and Qo domains were fully occupied and an
Eny value of 95 £ 10 mV when only the Q,s domain was
occupied. Both values are close to that of the Qpea (90 +
10 mV) and to that calculated from the Kpgn, (EPR or yield)
and Kpq (EPR) values of the Q,s domain. This confirms and
completes the thermodynamic cycle of the binding and redox
interaction between the Qo and the Q. domain. It also
shows that the occupancy of the Q, domain has only a small
effect on the preference of Q,; domain binding to Q or QH..

These data and conclusions are supported by analysis of
F144W and F1441. F144I is noteworthy because its Q. and
Qow domains are partially occupied with 25% of the
population having both the Q.. and Q. domains fully
occupied, 50% having only Qs domains occupied and 25%
having both domains unoccupied (Table 1). Again, the Ey;
value obtained (85 & 10 mV) is close to the Ey7 of the Qpoal
and to the value derived from the Kp values for the Q and
QH, in the Qs domain (Table 4); the data for the redox
titration data is not presented but the quality is the same as
shown in Ding et al. (1992). Finally, as a control for the
redox titration method, the mutant F144L with less than 20%
occupancy of the Q. was examined, and, as expected, the
EPR spectrum of F144L. was dominated by the g, band at
1.765 over the entire redox potential range covered. This
result is the same as that presented by Ding et al. (1992) for
a wild-type Q, site rendered virtually devoid of Q/QH; by
solvent extraction.

(ii) Apparent Redox Midpoint Potentials from Kinetics.
Table 4 lists the apparent Ey,; values drawn from the redox
titration of the rates of the first and second QH; oxidation
reactions measured at the redox potential from 40 to 230
mV. Although the basis of the rate change as the Qoo is
changed from all QH; to all Q prior to flash activation is
not understood in any detail, it is clear that the apparent Ep;
values do not deviate far from one another or from that of
the Qpool. As such, they are consistent with the four Kp
values of the Q and QH, at the Q. and the Q,, domains
reported here. It is worth noting that the first QH, oxidation
indicates an Ey; value higher, and the second QH; oxidation
somewhat lower, than that of the Qu.. Such deviations
deserve further investigation.
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FiGUuRe 7: Correlation of the equilibrium Q/QH; occupancies of
the Qos and Qow domains and the flash induced yield of the QH,
oxidation in the Q, site. The yield of QH, oxidation in the Q, site
from various mutants relative to that of the wild type are listed in
Table 2. They are plotted as a function of the occupancy of the Qg
domain (part A) or Qo domain (part B) determined by EPR and
listed in Table 1. The first QH; oxidation yield was measured when
the redox potential was poised at 200 mV (O) or 100 mV (a). The
second QH; oxidation yield was measured when the redox midpoint
potential was poised at 100 mV (0O).

DISCUSSION

In this study, two families of neutral aromatic and aliphatic
mutants of F144 and G158 in the cyt b polypeptide of R.
capsulatus cyt bc; complex have provided a wide range of
binding affinities for Q and QH; at the Qs and Q. domains
in the Q, site. Changing only the binding affinities without
affecting the Q, site redox properties or the k.., value, these
families have provided a well quantified and perhaps unique
perspective on the primary steps of energy conversion in the
parent wild type cyt bc; complex. The following discussion
therefore focuses most attention on the Q, site function of
the wild type cyt bc; complex.

The Q,s and Q,,, Domains in the Q, Site Are Contiguous

The present investigation shows that the earlier recognized
two ubiquinone molecules in the Q. and Q. domains of the
Q, site (Ding et al., 1992) are essential for energy conversion
in the cyt bc; complex. One of the remarkable results is the
finding that single neutral substitution at either F144 or G158
of the cyt b polypeptide weakens the affinity of both the Qs
and Q,w domains to approximately the same extent relative
to the overall > 1000-fold range of change. The similar effect
on both the Qo and Q,y domains from a single mutation
complements the earlier indication that only one Q, site
inhibitor molecule (stigmatellin or myxothiazol) can elimi-
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FIGURE 8: Determination of the Kpqu, values of the Qus and Qow
domains from the relative yield and rate of the QH; oxidation in
the Q, site. The relative yields and rates of QH; oxidation for the
wild type and mutants are listed in Table 2. Part A describes the
determination of the Kpqy, values from the relative yield of QH,
oxidation. The solid line represents eq 4, where the measured
relative yield represents the fraction of the Q, site occupied and
[Q] is the Qpoor concentration, 30 + 6 mM, as indicated. The arrows
indicate the Kpgn, values corresponding to the QH; oxidation yields
displayed by the various mutants. Part B shows the determination
of the Kpgu, values from the QH, oxidation rate. The solid line is
the graphical representation of the eq 5 relationship between the
Kpgn, values in the Q, site domain and the QH, oxidation rates
(Kobs). Arrows indicate the apparent Kpgu, values corresponding
to the QH; oxidation rates displayed by the various mutants

nate both ubiquinone molecules from the Q, site (Ding et
al., 1992). It would appear then that the Q. and Qo domains
in the Q, site are part of a contiguous binding cavity, and
that the occupying ubiquinone molecules are in physical
contact, one ubiquinone contributing to and being dependent
on the binding of the other. One illustrative view of such
an arrangement could be that the residues F144 and G158
are part of the stronger Q/QH; binding Qs domain and any
effect on the Qo domain incurred by mutation has a similar
effect on the weaker Q/QH; binding Q.. domain. This
arrangement of the pair of ubiquinones has the potential to
confer special catalytic properties on the QH; oxidation
process in the Q, site.

Redox Properties of the Q,s and Qp, Domains

The Q,s and Q,w domain E,,; values for the Q/QH; couples
in the wild type and the mutants presented here, either
measured directly or calculated from the Kp values, fall
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Table 3: Kp Values of the Q. and Q. Domains of Q, Site”
Q.s domain Q. domain
Kpepg) (MM) Kpiyieiry (mM) Kpiepr) (mM) Kpirare) (MM)
Q]w.l Q QHE QH3 Q QHE
WT =1.6(0.05) =1.6(0.05) =0.5 =1.6(0.9) 2+1
Fld44w =1.6 31 105 =1.6 5+2
F1448 341 1242 5+2 50+ 15 135 £ 50
F1441 812 I1I5+3 12 £ 4 95 + 24 143 + 25
F144G 47+ 5 3745 56+ 10 = 1000 510 £ 45
F144L 200 + 35 570 + 60 100 £ 30 = 1000 990 + 100
GI58A =1.6 =1.6 =(.5 =1.6 442
G158S 4+ 1 T£3 4+£2 55+15 180 + 30
G158W 440 £+ 50 350+ 45 = 1000 = 1000 = 1000

“The data presented are average values and standard deviations from EPR and kinetic analyses calculated from separate experiments done on
chromatophores from three separate batches of cells of each mutant strain.

Table 4: E,; Values (mV) of Q/QH; in the Q., and Q.. Domains of Q, Site

Fl144 G158
WT W S T \% I G A S

Qos

from Kpo/Kpou,” 90 83 74 82 70 84 93 90 88

from EPR” 95 (85)° 92 - . = 84 - - -
Qow

from Kpo/Kpon,” 80 75 77 - - 85 99 78 75

from redox titration of first QH; oxidation rate 112 105 = - - 134 - 110 104

from redox titration of second QH, oxidation rate o8 80 69 79 72 70 75 103 85

@ Ey7 values are calculated from the Kpg and Kpon, values in Table 3. # E,,; values are determined from the redox titration of the g, band of the
[2Fe-25] EPR spectrum. “ In the wild type. the E for the Q,, domain is 85 £ 10 mV when only Q,, domain binds Q and is 95 + 10 mV when
both the Q. and Q,, domains bind Q [see Ding et al. (1992)]. ¢ E,; values are calculated from the Kpg and Kpou, values shown in Table 3.

Symbols (=) in table indicate that data were not determined.

FML/

OF14dG
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QG585
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Fl445

r GISSA_~ ol

-
G158A
Flaaw

Log(Kpgua}

— Epz=9%0mV
- Eny=10SmV

Log(Kpg)

FIGURE 9: Comparison of the Kpg and Kpgp, values from the Q
and Q. domains of the Q, site and their relationship with E;
values. The bold line drawn through the data points according to
eq 6 represents the situation where Kpgy, and Kpg are equal, and
hence the E,; value of the Q, site Q/QH: couple is the same as the
Qpoot (90 mV). The parallel limits (90 £ 15 mV) indicate the extent
of the variance of the E,; values for the Q, site Q/QH, couple of
the individual mutants of the family.

within a small range around that of the Qpoo (Ew7 = 90 +
10 mV) (Table 4). If anything, the values are on the low
side, consistent with an up to 3-fold higher affinity of Q
relative to QH,. These variances in the Kp values and the
resultant E7 values are summarized in Figure 9. It appears
that neither domain plays any role in altering, for some
catalytic purpose, the basic two-electron equilibrium redox
properties of the individual Q/QH: couples away from that
seen in the Qpoq (Ding et al., 1992). This rather plain result

shows that the binding affinity for the ubiquinone pair in
the Q.. and Q,, domains comes from forces that do not
significantly discriminate between Q and QH,. This may
be achieved, for instance, by the atomic level interactions
being predominantly directed to the packing of the ubiquino-
ne ring and the methoxyls (Gunner et al., 1985: Warncke &
Dutton, 1993a.,b) or the first one or two isoprene substituents
(McComb et al., 1990; Warncke et al., 1994). However, if
the interaction does include the keto/phenolate oxygen atoms
themselves, as is the case for the Q/QH; in the Q4 and Qg
sites of the reaction center (McComb et al., 1990; Warncke
et al.,, 1994; Ermler et al., 1994), then the interaction strength
for each structure must be the same to within a fraction of
a kcal/mol. This, for instance, can be envisaged as occurring
uniquely through hydrogen-bond donation from protein to
an available lone pair of the keto or phenolate oxygens, the
basicity of which remains unaltered in each form (Keske et
al., 1990). A further important consequence of the similarity
between the E,; values of Q/QH; in the two domains is the
absence of any pronounced specific cooperative redox state
interaction between Q and QH; in the adjacent domains. Such
cooperative interactions would lead to splitting in the redox
energy levels of the two Q/QH; couples that would be seen
in the redox titrations well described for dimers (Clark,
1960). The existence of splitting would have indicated that
the Q, site would stabilize the presence of one Q and one
QH; in the Q,, and Q,,, domains. Again, this is clearly not
the case for the ubiquinone pair in the domains of the Q,
site, and we can say that if there is a Q in one domain then
there is no preference to bind QH> over Q in the other
domain.
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FiGure 10: Possible arrangements of the ubiquinone occupants in the Q,, and Q,, domains in the (), site relative to the oxidants, [2Fe-25]
cluster, and cyt by heme of the cyt bey complex. Part A shows the Q,, domain ubiquinone oxygens positioned to receive hydrogen-bond
donations from each e-nitrogen of two histidine imidazoles of the [2Fe-25] cluster (Gurbiel et al., 1991: Davidson et al., 1992; van Doren
et al., 1993; Ohnishi et al., 1994), while one of the oxygens of the ubiquinone in the Q,. domain receives one hydrogen bond from the
o-nitrogen of the histidine imidazole of the cyt b. Part B shows the Q,,, domain positioned to receive hydrogen-bond donations from both
the [2Fe-25] cluster and cyt b histidines, while the Q.. domain ubiquinone receives one hydrogen bond from the [2Fe-2S] cluster. Parts
C and D present two other arrangements with only single hydrogen bonds from the [2Fe-2S] cluster and cyt by to each of the Q.. domain
and Q,,, domain ubiquinones. These arrangements extend the possible distance between the [2Fe-2S] cluster and the cyt b and permits the
[2Fe-25] cluster to be placed well outside of the lipid tail part of the membrane profile as indicated by Figure 1.

Structural Models of the Ubiguinones in the Q. and Q.
Domains

Figure 10 presents four variants of a working model of
the ubiquinones in the Q. and Q,, domains of the Q, site
based on the original suggestion shown in Figure 8 of Ding
et al. (1992). Each variant attempts to arrange the two
ubiquinone binding domains with respect to the [2Fe-25]
cluster and the cyt b heme in a manner that is consistent
with (a) the [2Fe-2S] EPR spectral phenomena, (b) the higher
affinity of the Q,, domain over the Q,, domain and the
cooperative nature of the binding reactions, and (c) the
position of the cofactors with respect to the membrane
dielectric profile (Glazer & Crofts, 1984; Robertson &
Dutton, 1988). From the available EPR spectral responses,
it is most logical to suggest that the ubiquinone in the Q.
domain has a more intimate association with the [2Fe-2S]
cluster. Figure 10 suggests that the two quinone molecules
are stacked cofacially as in a “quinhydrone™ structure but
with the exception of model B they could equally be
positioned edge to edge, affording a greater distance between
the [2Fe-2S] cluster and cyt b as shown in Figure 13. In

all the cases, for reasons that will become clearer below, we
propose that the two domains are functionally arranged to
promote a linear sequence of electron transfer between the
[2Fe-2S] cluster and cyt by as follows:

[2Fe-28] — Q,, — Q,,, —cyt b
Different Functional Roles for the Ubiquinones of the Q,,
and Q... Domains

In the wild type strain, the Kp values for QH: or Q in the
Q.. domain (0.05 mM) are some 20-fold smaller than the
corresponding values for the Q,,, domain (0.9 mM) (Ding et
al., 1992). These Kp values together with the prevailing Qpe
concentration (30 + 6 mM) dictates that both domains are
nearly fully occupied at equilibrium (Ding et al., 1992). The
results presented here provide compelling evidence that the
ubiquinones of the Q. and Q. domains serve in different
functional capacities. It is clear that the strongly ubiquinone
binding Q,; domain must be occupied by QH, or Q for the
Q. site to be functional, but, in contrast to our earlier
suggestion (Ding et al., 1992), the new evidence indicates
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that there will be no significant exchange of QH; or Q from
the Q,s domain with the Qo0 as an obligate part of a catalytic
cycle. On the other hand, the weaker binding ubiquinone
Q.w domain is, as before, viewed as being open for rapid
exchange of Q or QH; with the Qpo.1 and as such appears to
be the domain that brings in the substrate QH, and releases
the product Q.

Possible Reaction Sequences in the Q, Site

Conditions in the wild type which, upon activation, lead
to an QH, oxidation rate that approaches the k., value (1700
s~ are

(a) oxidized [2Fe-2S] — QH, (Q,,) —
QH, (Q,,,) — oxidized cyt b,

We proposed that the sequence for the first QH; oxidation,
involving semiquinone states (designated SQ without iden-
tifying the protonation state) is

(b) reduced [2Fe-2S] — SQ — QH, — oxidized cyt b;
(c) reduced [2Fe-2S] — QH, — SQ — oxidized cyt b,
(d) reduced [2Fe-2S] — QH, — Q — reduced cyt b,

At this point, there are two possibilities for the second
QH; oxidation, which occurs at a rate of approximate 350
s™! in the wild type strain. Which possibility prevails
depends on whether reactivation occurs before or after the
Q,, domain exchanges Q for a new QH; from the Qpeol.
Reactivation requires the reoxidation of the [2Fe-2S] cluster
by cyt ¢; [this can occur at least at 10° s~! (Meinhardt &
Crofts, 1983; Crofts & Wang, 1989)] and the reoxidation of
the cyt by by cyt by [this has been estimated from cyt by
kinetics to be >10* s~! (Crofts & Wang, 1989)]. It seems
likely that both possibilities will occur depending on the
prevailing conditions of reduction of the Qoo or the light
intensity during bacterial growth in vivo.

In the first possibility, when in “d” the exchange of the
Q,, domain Q for a new QH; from the Qe occurs before
reactivation, the system returns to “a” for the second QH;
oxidation and the cycle repeats.

In the second possibility, when “d” is reactivated for the
second QH; oxidation before exchange of Q for a new QH;
in the Qo domain will result in the generation of

(e) oxidized [2Fe-2S] — QH, — Q — oxidized cyt b

and the process will be followed by a new sequence, which
we propose is

(f) reduced [2Fe-2S] — SQ — Q oxidized cyt b,
(g) reduced [2Fe-2S] — Q — SQ — oxidized cyt b
or
(f") oxidized [2Fe-2S] — SQ — SQ — oxidized cyt b;
to produce

(h) reduced [2Fe-2S] — Q — Q — reduced cyt b

Biochemistry, Vol. 34, No. 49, 1995 15991

This second possibility is the sequence that was described
in thermodynamic detail by Ding et al. (1992). In that model,
after “h” the system was returned to “a” by exchange of both
Q molecules for two new QH; molecules from the Qpool.
However, since as already mentioned above, we now have
good reason to believe that the Q. domain does not exchange
with the Qpool rapidly, the short term exchange by Qv domain

1341

will form “i” and then perhaps by transhydrogenation, *j

(i) reduced [2Fe-2S] — Q — QH, — reduced cyt b
(j) reduced [2Fe-2S] — QH, — Q — reduced cyt b

and thus the system returns to “d”.

Another set of the conditions studied in this report was
the case where the Qpoo is Oxidized and hence both the Q,
and Q. domains are occupied by Q before activation. Thus
starting with

(k) reduced [2Fe-2S] — Q — Q — oxidized cyt b,
activation yields
(1) oxidized [2Fe-2S] — Q — Q — oxidized cyt b,

and exchange of the Q.. domain with a QH, from the
reaction center Qg site generates

(m) oxidized [2Fe-2S] — Q — QH, — oxidized cyt b,

which then proceeds after transhydrogenation through steps
“e” through “h”. In the wild-type strain, the apparent rate
of QH, oxidation under these conditions is 150 s~!. This
rate most likely corresponds to the exchanging process of Q
in the Q, domain for QH, coming from the Qg site. The
studies that address this question specifically will be
presented elsewhere (Ding, Moser, Daldal and Dutton,
manuscript in preparation).

Q,s and Q,,, Domain Semiquinone Barriers

The above proposed sequences highlight areas for new
work to obtain a more quantitative understanding of the
exchange rates of the Q and QH, in the Qs and Q. domains.
They also demonstrate the vital importance of the SQ state-
(s), about which we know little in the Q, site.

The SQ has long been considered to be the key to the
mechanism of the primary steps of energy conversion in the
cyt bey complex (Wikstrom & Berden, 1972; Mitchell, 1975).
Early equilibrium measurements in chromatophores isolated
from Rhodobacter sphaeroides indicated that the SQ stability
constant was less than 1077 in the Q, site (Takamiya &
Dutton, 1979), while pre-steady-state experiments with
mitochondria revealed a kinetically trapped free-radical signal
that was identified as a SQ in the Q, site (de Vries et al.,
1981).

Figure 11 suggests the barriers to the reaction sequence
utilizing the Q,s and Q,» domain SQ states to promote
efficient oxidation of QH; coupled to the reduction of
oxidized [2Fe-2S] cluster and ferri-cyt b.. The mechanism
is consistent with Mitchell’s original idea (1975) which
emphasized that the QH, oxidation is energetically highly
cooperative, requiring both oxidized [2Fe-2S] cluster and
ferri-cyt b1. The figure suggests that the initiating oxidation
of QH, by the oxidized [2Fe-2S] cluster occurs in the
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FiGure 11: Energetic pathways of the QH, oxidation in the Q,
site. Part A shows the QH; oxidation in the Q, site when both the
Qo and Qg domains are occupied by QH,. The semiquinone (SQ)
formation in the Q. domain by the [2Fe2S] cluster is considered
as the barrier for the QH; oxidation reaction. The favored SQ
transfer from the Qs domain to the Q,, domain is the key for the
unidirectionality of the electron-transfer process of the QHa
oxidation in the Q, site. Part B shows a similar pathway for the
QH: oxidation in the Q, site when only the Q. or Q. domain is
occupied by one QH; and one Q. Again, the SQ formation in the
Q.. domain is considered as the barrier for the reaction, and the
directionality of the SQ movement is the same as in part A. Part C
is a derivative of the model in part B and is considered as a
“quinhydrone™ model. In this case, the quinhydrone formation of
the QH: and Q in the Q. and Quw domains in the Q, site becomes
the barrier for the overall reaction. The energy level of the
semiquinone state in the Q. domain is presented as a shaded area
under each condition, indicating that it could be anywhere within
the area.

adjacent Q,, domain, and that it encounters a major thermo-
dynamic barrier presented by the SQ state. Such a barrier
will lower the steady-state equilibrium concentration of the
reduced [2Fe-25]-SQ state to vanishingly low levels, thereby
greatly diminishing the possibility of wasteful competing
reactions. The height of the barrier will be governed by the
degree of instability of the SQ state. The figure suggests
that the height of the SQ barrier of the Q,; domain proximal
to the [2Fe-2S] cluster might be higher (smaller stability
constant) than the one in the distal Q. domain. In this way,
a SQ state formed in the Q,s domain is promoted to a lower,
yet still unstable state in the more distant Q.. domain before
reducing ferri-cyt b.. The overall reaction is expected to
have a substantial activation energy, and, indeed, this has
been shown to be the case. Values in the range of 8—12
kcal/mol from 40 to —10 °C (K. M. Petty and P. L. Dutton,
unpublished determinations) for the QH, oxidation reaction
have been obtained in R. sphaeroides, which are consistent
with the recent measurements by Crofts and Wang (1989),
who obtained 7.9 keal/mol from 40 to 10 °C under a variety
of conditions. These points are presented more quantitatively
in Figure 12 and are detailed below.

(i) A Sequential SQ Barrier Model. In the initial step
involving the [2Fe-25] cluster oxidation of QH; in the Q,
site, we suggest a reasonable E,; value for the QH,/SQ in
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FIGURE 12: Semiquinone stability constants in the Q,, and Q,y
domains of the Q, site. The SQ stability constant is related to the
redox midpoint potentials of the QH./SQ and SQ/Q as expressed
in eq 8. The E; values of the single-electron oxidants ([2Fe-25]
cluster and cyt b) are also shown for comparison. The magnitude
of the SQ barrier for the reaction of the QH, to SQ by the [2Fe-
25] cluster is indicated on the top of the figure. In region a, the SQ
is thermodynamically stable. In region b, the SQ can be favorably
formed directly by the oxidized [2Fe2S] cluster, i.e., a negative
barrier for the reaction. Region ¢ is the upper limit of the SQ
stability constant in the Q, site directly measured by EPR (Takamiya
& Dutton, 1979). Region d is the SQ stability constant estimated
for the Qpqo (Mitchell, 1975). Regions e and f are suggested to be
the most likely range for SQ stability constants for the Q. and Qs
domains, respectively. Region g indicates the low limit of the SQ
stability constant in the Q,, domain, as suggested by Crofts and
Wang (1989), but the system could still work even at lower values.

the Q,: domain of +520 mV (circled 1 in Figure 12). This
SQ level contributes +230 meV (+5.3 kcal/mol) to the
barrier and hence an unfavorable equilibrium constant of 10"
for SQ formation in the Q,; domain. An E; value of +520
mV for the QH,/SQ couple taken together with the measured
E.7 value for the QHo/Q couple in the Q. domain (+90 mV;
Table 4) allows the calculation of the E.; value for the
companion SQ/Q couple to be —340 mV (circled 2 in Figure
12) as derived from

E.7 = Enyq 1sQ T E asqig)2 (7

and thus the SQ stability constant is close to 10™!* according
to

log K = (Enquyse) ~ Emrisong)/60 (®)

The second step involves the transfer of the SQ from the
Qos domain to the Q,, domain. Here there are two pos-
sibilities indicated by Figures 11AB. If the reaction
sequence proceeds as in steps a—d, starting with QH; in both
the Qs and Q... domains (Figure 11A), we propose that the
transfer of the SQ from the Q. to Q, domain is achieved
by virtue of a lower E,7 value of the QH»/SQ in the Q..
domain compared to that in the Q,, domain. In essence, the
SQ formed in the Q, domain will oxidize the QH; in the
Qow domain. For example, if we suggest an E,7 value of
+400 mV for the Q. domain QH./SQ, then the reaction
(circled 3 in Figure 12) for the movement of SQ from the
Qo to the Q. domain will be favored (AG®° = —120 meV)
while still maintaining a significant barrier. An E,; value



Ubiquinones of the Q, Site

for the QH»SQ of +400 mV together with the measured
E_, value for the QH,/Q couple in the Qo domain (+80 mV;
Table 4) provides (from eq 7) an E,; value for the companion
SQ/Q of —240 mV (circled 4 in Figure 12) and a stability
constant in the region of 10710 (from eq 8).

If the reaction sequence proceeds as in steps e—h starting
with QHs in the Qs and Q in the Q. domains (Figure 11B),
then in this case the SQ formed in the Q. domain (—340
mV) is transferred to the Q,y domain favorably (AG® = -
100 meV) in essence by reducing the Q in the Qo domain
(=240 mV). It is worth noting that while the reaction
pathways illustrated in Figure 11A,B and quantitated in
Figure 12 may be different, the character of the barrier is
predicted to be essentially the same.

The third and final step, like the first step, is common to
all cases and involves the reduction of the ferri-cyt by (Eny
= —90 mV). With an E,;; value for the SQ/Q —240 mV in
the Qo domain, this reaction is strongly favored with an
equilibrium constant of slightly more than 102 (AG® = —150
meV), driving the electron onto cyt br.

A consequence of the low stability SQ involvement in the
barriers is a weak binding affinity for the Q, site. The affinity
for semiquinone in the Q, site can be expressed as follows;

log Kpgq = [log(KQHzKQD)]/2 +{P-572] )

where, Kpsq is the dissociation constant for semiquinone;
Kpon, and Kpq are the dissociation constants for the QH;
and Q, respectively; the terms P and S are the logarithms of
the semiquinone stability constants in the Qpoo and in the
Q, site, respectively. If we take the above semiquinone
stability constants of 107! and 107! for the Qs and Qow
domains, and 1070 for the Qpoo as estimated by Mitchell
(1975), the calculated dissociation constants for semiquinones
in the Qos and Qv domains are 5 and 1 mM, respectively.
These values indicated that, under equilibrium conditions,
there will be a strong tendency for semiquinones to leave
the domains. Such wasteful action is clearly guarded against,
not only by very low steady-state levels of SQ but also by
the rapid interdomain reaction leading to the reduction of
ferri-cyt br.

(b) A Quinhydrone—Semiquinone Barrier Model. The
close structural arrangement of the Qs and Qo domains in
the Q, site invites the serious consideration that the ubiqui-
none pair may adopt the much studied quinhydrone state {see
Foster and Foreman (1974)] in its mechanism as follows:

Q—QH, = QH,~Q =S5Q—-SQ

The structural examples of Figure 10 serve to illustrate
the required ring overlapping character of the quinhydrone
pair (Q—QH,). The quinhydrone is indicated in the reaction
sequences delineated above in which reaction f’ is offered
as an alternate to f or both f and g. The state described by
f” will replace f in the initial barrier in Figure 11C as shown,
but if the oxidation of the two SQ in f” is simultaneous, the
barrier is simplified and the second level of the barrier (i.e.,
g) will be by-passed. At present, there are no indications
that the quinhydrone state is functional. Moreover, as already
mentioned, the rather similar binding properties of Q and
QH; in the Q. and Q. domains do not overtly indicate the
presence of any tendency to form the Q—QHj; pair in the Q,
site. The quinhydrone offers distinct spectral forms (Foster
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& Foreman, 1974) that may be worth searching for, but, as
with the SQ in the sequential mechanism, the SQ—SQ state
is likely to be present at vanishingly small levels. A similar
quinhydrone mechanism for the operation of the Q, site for
the QH, oxidation has been independently suggested for the
steady-state reaction in the cyt bc; complex (Dr. U. Brandt,
personal communication).

Protolytic and Hydrogen Transfer Reactions

Very little is known about the protolytic reactions associ-
ated with the Q, site (Petty & Dutton 1976; Jackson, 1988;
Brandt & Trumpower, 1994). Clearly, the distribution of
acid—base amino acid side chains, both within the Q, site
as well as outside it toward the aqueous phase, can be critical
in influencing the magnitude of the barrier heights and the
overall reaction kinetics and hence be additionally important
in conferring directional specificity on this vectorial catalysis.
As is evident in the reaction sequences discussed above, we
consider it most probable that oxidation of QH; in the Qs
domain by the [2Fe-2S] cluster produces the SQ anion and
that both protons are released from the electron transfer
system at this point. This proposal is based on prevailing
evidence from extensive equilibrium oxidation—reduction/
acid—base analysis of adjacent redox cofactors, detailed as
follows: The cyts ¢; and ¢; do not possess pK values that
differ significantly on the ferri- or ferro- forms (Prince &
Dutton, 1977) within the physiological pH range and so are
not expected to undergo proton exchange coupled to oxida-
tion and reduction. In contrast, the [2Fe-2S] cluster has a
pK of 8.0 at equilibrium on the oxidized form (Prince &
Dutton, 1976; Link et al., 1992), and hence, above pH 8§, a
single proton is expected to exchange upon oxidation and
reduction. However, because the E,, value of the [2Fe-2S]
cluster above this pX would remain maximally at +280 mV
independent of pH, the ferri cyts ¢z and cyt ¢ (En values
340 and 280 mV) are still able to oxidize the [2Fe-2S] cluster
above pH 8, with or without protons being released. An
analogous situation exists for the reduction of cyt b;. A ferro
cyt by pK at 7.5 (Petty et al.,1979; Meinhardt & Crofts, 1983)
yields a lower limit of —120 mV for the E, value. Again,
reduction of cyt by by the Q, site SQ is feasible (suggested
En, value —240 mV; see above) without binding a proton at
pH values lower than the pK. Thus, we consider redox
linked proton exchange and hydrogen transfer will be
normally contained within the Q. and Q. domains.

Reaction Rates and Designed Distances between the
Redox Centers in the Cyt bc; Complex

Interdomain hydrogen exchange (transhydrogenation) as
discussed above will be expected to occur between the Qo
and Q. ubiquinones in close contact as proposed in Figures
10 and 13 [see Cha et al. (1989)]. Similarly, the flanking
electron transfers between QH; in the Q. domain and the
oxidized [2Fe-2S] cluster and between the Q.. domain SQ
and cyt b are both proposed to be bridged by a single
histidine and hence take place over very short distances. If
these reactions were to be governed only by nonadiabatic
electron transfer, they would be expected to proceed in tens
of picoseconds (Moser et al., 1992). However, the high
endothermicity of the barrier to the SQ, which is perhaps
enhanced by the course of proton transfer from the QH,, is
most likely to limit the observed rate of these (adiabatic)
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FIGURE 13: Designed electron-transfer distances between the redox centers in the cyt be; complex. The basis for the organization of the

redox cofactors is discussed in the text.

reactions to that of the observed k.. The k., values for the
two QH, oxidation are relatively slow, measured to be 1700
s~! for the first and 350 s~ for the second QH, oxidation.
Nevertheless, while obscured by these adiabatic rate-limited
reactions, electron transfer reactions between cyt ¢, cyt ¢
and the [2Fe-2S] cluster, and between the Q,,, domain SQ,

cyt b and cyt by, may still be governed only by nonadiabatic
electron tunneling and, hence, occur at faster rates. If so,
electron transfer theory places significant restraints on the
possible distances between the bc; complex redox centers,
given that productive electron transfer must be faster than
unproductive electron transfer. A simple guideline to
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estimating the rates of nonadiabatic electron transfer is
provided by (Moser et al., 1992; Moser & Dutton, 1992)

log rate = 15 — 0.6R — [3.1(AG®° + MDA (10)

where R is the edge to edge distance (f\), AG" is the standard
free energy (negative when the reaction is favorable), and 4
is the reorganization energy (positive). These reactions are
discussed briefly below and the structural conclusions
summarized in Figure 13.

(i) Electron Transfer between Cyt ¢; and the [2Fe-25]
Cluster. This reaction takes place with a AG® of near 0 meV
and a rate of at least 10° s™! (Crofts & Wang, 1989). This
corresponds to an edge-to-edge distance of 11.5—13 A with
a A estimated to be in the 700—1000 meV range. Parallel
data suggest that a similar distance will prevail for the
reaction between cyt ¢; bound to the cyt bc; complex and
cyt ¢;. The direction of these electron transfers with respect
to the membrane is unknown; it could range from essentially
perpendicular to nearly parallel [see Robertson and Dutton
(1988)].

(ii) Electron Transfer from SQ (Q*~) in the Q,, Domain
to cyt by, 1If histidines bridge the cyt b, heme and the Qo
domain ubiquinone as proposed in Figure 10, then the edge-
to-edge distance will be approximately 4.9 A. In arelatively
nonpolar protein interior such as may prevail here, 4 may
be expected to be close to the 700 meV value found in
analogous ubiquinone binding sites (Gunner & Dutton, 1989;
Moser et al., 1992). With a AG® of approximately —120
meV as suggested in Figure 12, the nonadiabatic electron
transfer rate should be around 1.7 x 10'° s™! (60 ps).

(iii) Electron Transfer from Cyt by to Cyt by. The cyt b
to cyt by electron transfer is likely also to be well described
by nonadiabiatic electron-transfer theory. Recent modeling
of the inter-heme distance (Farid, Robertson, and Dutton,
manuscript in preparation) gives an edge-to-edge distance
between 13 and 16 A, depending on the orientations of the
relevant a-helices and hemes. At the shortest distance
between the cyt by and cyt by, together with the measured
AG® of —150 meV and a reorganization energy of about
700 meV, a rate between 8 x 10°s~ ' and 1.5 x 10*s~! may
be calculated. This range is consistent with estimation of
greater than 10* s7! by Crofts and Wang (1989).

(iv) Unproductive Electron Transfer from Cyt by to the
[2Fe-25] Cluster or Cyt ¢;. Physiologically useful energy
conversion in the cyt bc; complex requires electron transfer
from ferro-cyt by to ferri-cyt by to be competitive with
unproductive electron transfer from ferri-cyt by to a reoxi-
dized [2Fe-28S] cluster or cyt ¢;. A model in which a single
ubiquinone molecule in the Q, site spans the histidines that
ligate the [2Fe-2S] cluster and cyt b heme will have a [2Fe-
28] cluster to cyt by edge-to-edge distance no greater than
about 15 A, close to the separation between the hemes of
cyt by and cyt by. With a larger driving force of —380 meV
between cyt b and the [2Fe-2S] cluster, an electron-transfer
rate of at least 10° s™! is expected even if the reorganization
energy for this reaction rises to 1000 meV. Similarly, models
such as those shown in Figure 10A,B in which two
ubiquinones span the histidines, but with ring planes overlap-
ping each other, are expected to have roughly comparable
distances and electron-transfer rates. These unproductive
rates are close enough to the rate of productive electron
transfer from cyt bp to cyt by that a charge separation yield
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failure of 5—90% seems possible, especially under in vivo
conditions in which a transmembrane electric field would
decrease the driving force and hence the rate of heme by, to
by electron transfer. In contrast, the model shown in Figure
13 in which the pair of ubiquinones in the Q, site is arranged
linearly in the most extended configuration between the [2Fe-
2S] cluster and the ¢yt b heme gives a cyt b to the [2Fe-
2S] cluster separation of up to 21 A and an unproductive
electron transfer rate about 30 s~!, much slower than the
productive cyt by, to cyt by electron transfer. Depending on
the values of the reorganization energy, the [2Fe-2S] cluster/
cyt by edge-to-edge separation could indeed be as small as
17~18 A and still permit >99% quantum efficiency of
charge separation from the cyt by to cyt by, even when the
[2Fe-2S] cluster is reoxidized at a rate of 10° s~!. Thus, a
less extended arrangement shown in Figure 13 may be
permissible, perhaps more like that indicated in Figure
10C,D. Similarly the distance between cyt by and cyt ¢
must be larger than 17—18 A; indeed, using the distances
described, a nearly linear arrangement of cyt by, [2Fe-2S]
cluster and cyt ¢; would yield a separation of about 30 A,
assuring very stable charge separation.
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