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1 Introduction

The cytochrome bc, complex and its relatives are the central enzymes of respiratory
and photosynthetic chains, and catalyze the oxidation of hydroquinones in the mem-
brane by small mobile aqueous redox proteins. The redox work is coupled to transfer
of protons across the membrane. For the bc, complex, which oxidizes ubihydro-
quinone (quinol, QH,), the reaction equations can be written to represent the overall
reaction by its scalar and vectorial components:

QH, + 2 cyt > s Q + 2 cyt 2 + 2H} catar) (1)
2H} & 2H; )
QH, + 2 cyt ¢ + 2H{ s Q + 2 eyt ¢ + 2H{ oy + 2HS 3)

The mechanism through which this overall reaction is accomplished has been the
subject of extensive work from many labs, which has led to a consensus represented
by a modified Q-cycle!= (Figure 1, see* for a historical review). The mechanism
appears at first sight to be so complicated as to discourage detailed physicochemical
description. As the structures have shown,>® the three catalytic subunits contain five
catalytic interfaces, three of them concerned with processing external substrates, and
these are connected through two separate-electron transfer chains. The complex is a
homodimer, and much speculation about interaction between monomers has opened
the possibility of even higher levels of complexity.” *-14
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Figure 1 The modified Q-cycle shown in the context the structure. The three catalytic subunits

of a functional monomer of the bc, complex (PDB 2bcc) from chicken mitochondria
are shown with a quinol modeled in the Q,-site to replace stigmatellin, and quinone
at the Qy-site. The cyt b subunit is shown by its transparent cyan surface, and the cyt
¢, subunit by a transparent yellow surface. The Rieske iron sulfur protein is shown
as a ribbon cartoon, docked at the b-interface (blue) or at the c-interface (red). The
approximate position of the membrane is shown by the dashed lines. The b-hemes are
shown in blue, heme c, in green. The [2Fe-2S] clusters are shown as spacefilling
models, colored as for the protein. Two additional positions for the cluster are shown
(in CPK colors) to indicate the trajectory of movement between b- and c-interfaces.
Binding and unbinding of quinone species, and docking of cyt c, are shown by broad
curved arrows (gray-blue). Electron transfers are shown by small green arrows, H*
release and uptake are shown by curved blue arrows. The sites of action of inhibitors
are shown by dotted gray arrows. For each turnover, two QH, molecules are oxidized
to Q at the Q,-site, and two successive electrons are passed down the pathways indi-
cated. The two electrons going down the high-potential chain (ISP, cyt ¢, cyt ¢) are
passed to a terminal oxidant. The two electrons going through the b-heme chain
reduce Q to QH, at the Q-site through a two-electron gate, with storage of one elec-
tron as a SQ at the site. The modified Q-cycle in this form predated the structure by
~10 years, and the alignment here brings out the structural predictive power of the
kinetic studies leading to the scheme

In this review, I want to show that this complicated mechanism can be presented in
terms of simple partial processes representing kinetic steps. For each of these, the
parameters for a formal description (rate constants, equilibrium constant, activation
barrier, efc.) can be measured, or constrained to well-defined ranges. For the critical

o



RSC _Bsab Ch006.gxd 9/26/2005 11:50 AM Pag@,ZS

The bc, Complex: What is There Left to Argue About? 125

rate-determining reaction, the bifurcated reaction leading to oxidation of QH, at the
Q,-site, we can offer a detailed description that explains the general properties, and
several anomalous features that have been identified as problematic by other workers.

The Q-cycle mechanism appears to be essentially the same (with changes in param-
eters appropriate to species difference, efc.) whether observed in the isolated complex,
in the mitochondrial respiratory chain, or in bacterial respiratory or photosynthetic
chains. The photosynthetic bacteria offer many experimental advantages, and much of
the work providing the formal descriptions presented here has been done in these sys-
tems, where turnover can be initiated in sifu by activation of the photosynthetic chain.
A brief saturating flash drives the photochemical reaction centers (RC) to generate the
substrates for the bc, complex in <10 ps. In both Rhodobacter species commonly used,
the stoichiometry of the photosynthetic chain (~2 RC/bc, complex) is such that, under
uncoupled conditions, each bc; complex turns over once in returning the system to the
initial state. The kinetics of electron transfer associated with turnover can be followed
spectrophotometrically by watching the elementary redox events associated with each
of the three heme centers and RC, which have distinct spectra. In addition, elec-
trochromic responses of carotenoid pigments of the light-harvesting complex make it
possible to measure the electrogenic events associated with turnover, facilitating explo-
ration of the relation between electron transfer and protonpumping (reviewed in'3).
Dissection of the partial processes has been facilitated by inhibitors that bind specifi-
cally at either of the two quinone-processing sites. These can be used to limit the set of
partial reactions and simplify interpretation. In addition, the use of redox potentiome-
try'® makes it possible to poise the system so that the effects of change in substrate con-
centration can be assayed over a wide range. Using these approaches, the modified
Q-cycle was dissected into partial processes as summarized in Table 1. The rate and
equilibrium constants shown are essentially those from work in the 1980s," 2% updated
where more complete data are now available.

A remarkable feature of the work from the 1980s was the demonstration that the
equilibrium constants calculated from measurements of E,, values accounted for the
dynamic distribution of electrons in the antimycin-inhibited complex (Fig. 2). The
initial concentrations of substrate could be varied through reduction of the quinone
pool, or by applying one or two saturating flashes, and the metastable state estab-
lished 10-100 ms after each flash was then measured and the electron distribution
compared to that expected from E,, values. In the context of measured stoichiometries
and the linked electrogenic processes, a match was found, but only for a particular
formulation of the basic Q-cycle? * 2628 that had been largely ignored.! % 2% 3% The
modified Q-cycle emerging from this work has stood the test of time,*' and will be
our basis for further discussion. Recent work from Osyczka er al.?? has extended the
equilibrium approach developed in this earlier work to analysis of the behavior in
mutant strains in which the redox chains have been further truncated by mutagenesis.

One important conclusion from this extensive set of data is that the thermodynamic
driving forces for the different partial processes are not markedly modified by hidden
interactions; there was no evidence for long-range control of electron transfer by con-
formational or allosteric interactions.!83!:32 A few qualifications are necessary:

(i) Direct measurement of electron exchange between hemes by and b, in response
to the transmembrane electric field generated by the photochemical reactions
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enabled Shinkarev ef al.** to explore the equilibrium constant under conditions
in which only a single electron populated the chain, which was isolated from
input or output by inhibitors. This worked confirmed an earlier suggestion,** that
the measured redox potential of heme b, reflected both an intrinsic £, and an
interaction with ferroheme by, likely coulombic in nature. The apparent £, when
heme by was oxidized, or removed by mutation of ligands, was ~60-80 mV
higher than that measured by direct titration. Nevertheless, in kinetic experi-
ments, heme by, becomes reduced before b, , and the E, | values appropriate to the
metastable state after flash activation are the ones measured by redox titration.

(ii) Equilibration between the oxidized RC and the high potential chain occurs
rapidly, but the apparent equilibrium constant is considerably lower than that
expected from the E_ values.*> Two mechanisms have been proposed, one
based on supercomplexes (**-3%), and the other on a heterogeneity in distribu-
tion of the components of the photosynthetic chain in the chromatophore vesi-
cles.® Supporting evidence for supercomplexes is weak,*** but the
explanation in terms of heterogeneity seems to work quite naturally. The the-
oretical fits to the data depend on assumptions about the size of chro-
matophores and the stochastic distribution. The distribution function becomes
much coarser for smaller numbers of entities per vesicle, and is therefore
dependent on whether or not complexes are in dimeric association. Using the
fact that both RC/LH13% #!- 42 and bc, complexes* are now known to be
dimeric, application of the simple algorithm previously suggested®® gives a
quantitative fit to the data.

A second important conclusion, implicit in the equilibrium treatment, is that the
partial processes are reversible in the ms range; recent attention has been drawn to
this feature by Osyczka et al.,>? and will be discussed in detail below.

A third conclusion from this treatment is also important. The bifurcated oxidation
of QH, separates the two electrons, delivering one to the high potential chain of ISP,
cyt ¢, and cyt ¢,, and the other to the low potential b-heme chain. The high and low
potential chains come rapidly to their own internal equilibria, and the two are in
equilibrium, through the Q, site, with the Q pool. However, the two chains do not
otherwise exchange electrons in the ms range. This means that there are, on the
timescale of normal turnover, no rapid bypass or short-circuit processes to lower the
efficiency of the bifurcation or of the proton-pumping reactions that depend on it.
Indeed, under static head conditions, the same equilibrium constants, modified only
by the electrical backpressure along the low potential chain, were shown also to
account for the redox poise of the photosynthetic chain.*>*® However, although the
bifurcated reaction occurs with high efficiency, bypass or short-circuit reactions rep-
resenting 1-3% of the maximal rate can be readily demonstrated in the presence of
inhibitors.*’- 8 These are thought to involve the semiquinone intermediate formed at
the Q, site.**-!

Several recent publications have aimed to address the complexity of the bc, com-
plex, 3252755 in some cases by simplifying assumptions about the mechanism of the
Q, site. As noted above, Osyczka et al.* extended the equilibrium approach to show
that the values for equilibrium constants calculated from redox measurements still
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Figure 2 The partial reactions of the Q-cycle in the presence of antimycin. By limiting the
turnover at the Q; site by the inhibitor antimycin, the reactions are constrained to
the simpler scheme shown here, involving only the turnover of the Q, site. The let-
ters identify reactions shown in Table 1

explained the distribution of electrons in chains truncated by mutagenesis. They
emphasized the reversibility of the bifurcated reaction in the ms range, and discussed
implications for mechanism in the context of rate constants expected from distances
revealed by structures. They identified difficulties arising from attempts to account
for forward, reverse, and bypass rates at calculated occupancies of the intermediate
SQ, which has a putative role of in all these processes. To overcome these, they pro-
posed a bold hypothesis that rejected all mechanisms involving SQ intermediates,
and replaced them with two possibilities, a genuinely ‘concerted’ mechanism or a
double-gated sequential mechanism in which SQ formed would be immediately con-
sumed. However, in simplifying the problem, they overlooked complexities that
allow alternative explanations. I will demonstrate that both of their mechanisms have
problematic aspects, but that one of the rejected mechanisms involving a weakly
populated SQ intermediate,!”- 3% 3336 57 can account quite naturally for the experi-
mental observations. A recent review by Rich ** has a useful discussion of mecha-
nism using a simple treatment through rate and equilibrium constants based on redox
properties of the Q/SQ/QH, system, following earlier treatments involving an unsta-
ble SQ intermediate.'”- 3% 38 The reaction pathway discussed is similar to that previ-
ously proposed,®® but the discussion also ignores complexities.
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2 Control of Turnover by the Bifurcated
Reaction at the Q, Site

Oxidation of QH, at the Q, site is the rate-limiting step, and tight control of
the bifurcation of electrons is essential. With additional physicochemical data,
and the availability of structures from crystallography starting about seven years
ago,> 7> 11: 13, 44,55, 59-65 we now have important information that has allowed a deeper
exploration of this central catalytic function. Several key features from structural
analysis bear on the question of how the bifurcated reaction is controlled:

(i) The modified Q cycle maps naturally onto the structures.

(ii)

(iii)

(iv)
)

The Q, site can be identified as the binding site for two main classes of inhibitors:

(a) Those forming H-bonds to His-161 of ISP. They include stigmatellin,
HHDBT, UHDBT, NQNO, and atovaquone (model structure). These nec-
essarily occupy the domain of the Q, site near the b-interface, distal from
heme b; (distal domain). Biophysical evidence has shown that the
reduced ISP (ISPH), in which His-161 is protonated, is the active form.
The >C=0 group of stigmatellin,® or a >C-O~ group of HHDBT,®?
serves as H-bond acceptor from the imidazole >N_H of the reduced ISP.
Stigmatellin is additionally H-bonded by Glu-272 (chicken numbering)
from cyt b, with an —OH (across the chromone ring from the H-bond with
His-161) acting as H-bond donor.3

(b) Inhibitors binding in the domain proximal to heme b, and forming H-
bonds with the peptide —NH of Glu-272.57 These include myxothiazol,
azoxystrobin, famoxazone, MOA-stilbene and related MOA inhibitors.
With the exception of famoxazone,% all structures containing these
inhibitors show the ISP displaced towards the c-interface.

The Q;-site is identified through occupancy by inhibitors (antimycin, NQNO),
or quinone. The binding pocket allows van der Waals contact with the heme by
edge, and H-bonding of quinone or SQ that may be through sidechains (Asn-
221, His-217, Asp-252 in Rb. sphaeroides) or water.5'65-68
Structures showing cyt ¢ at a binding interface on cyt ¢, confirm the location
of the third catalytic interface.%%-7
The extrinsic domain of the iron—sulfur subunit (ISP) is found in several dif-
ferent positions in different structures (at least eight to date). Berry and col-
leagues®’!72 suggested that the domain must act as a mobile shuttle of
reducing equivalents between the Q, site and cyt c¢,. This conclusion has been
amply supported by biophysical, biochemical and molecular engineering
studies” 8. The two interfaces for electron transfer are:

(a) A concave external surface of cyt b (the b-interface) from which an access
port allows N, of His-161 of ISP (beef numbering) to form H-bonds with
certain occupants (inhibitors,® and likely also Q and QH, ¢7-81-84) of the Q,
site. His-161 is one of the ligands to the [2Fe-2S] cluster.

(b) The c-interface on cyt ¢, at which N, of His-161 forms an H-bond bridge
to a heme ¢, propionate, with a distance appropriate for rapid electron
transfer.’
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(vi) Mutations giving rise to resistance to inhibitors for the most part map to the
internal surfaces of the two inhibitor-binding domains.'!> 37 6

(vii) Inthe Q, site, mutations giving rise to myxothiazol resistance also give rise,
in the absence of inhibitor, to a slowing of electron transfer to the b-heme
chain, suggesting that these mutations block occupancy of this proximal
domain by some quinone species during the catalytic cycle, and thus inhibit
turnover.>’

(viii) None of the structures has shown any well-defined quinone occupant for
the Q, site. However, a recently deposited data set (PDB ID 1ntz) included
coordinates for ubiquinone, albeit with B-factors that indicate a rather weak
degree of confidence in assignment of electron density. The quinone was in
the distal domain, but the distance from the quinone >C=0 to N, of His-
161 (4.54 A) was greater than expected for the H-bond suggested from
EPR-studies.®’

3 The ES Complex

The structural features summarized above have opened a flood of new experimentation,
discussion, and speculation about mechanism, much of it reviewed earlier. 10-12 14, 52. 64,
69.75 Rather than repeat this discussion, I will focus on aspects that remain controversial.
Perhaps most pertinent to the present discussion is the suggestion that the ES complex,
from which electron transfer proceeds, is formed at the distal end of the Q, site, with the
QH, forming two H-bonds. In one of these, -OH is a donor to the dissociated N, of His-
161 from the oxidized ISP (ISP, ), and in the other -OH is a donor to Glu-272 of cyt
b.3%36:35 A quinol can be modeled in place of stigmatellin without significant distortion
of the structure, to provide distances appropriate to these H-bonds.>> % Independent evi-
dence in support of such a configuration comes from kinetic measurements to assay the
binding forces involved in formation of the ES complex, and changes in these values
found in mutant strains.>® 3¢ The main enthalpic contributions are likely to come from
the H-bonds above. Since QH, and His-161 of ISP form a mutual H-bond, it might be
expected from simple mass-action considerations that formation of the ES complex
would pull QH, ‘out of solution’ in the lipid phase, and the dissociated active form of
ISP, ‘out of solution’ from the mixed states of occupancy of the extrinsic domain in the
P phase. Two effects quantified in a number of different labs can be associated with this
mutual binding (reviewed in>®). These are an apparent shift in the E,, of the Q/QH, cou-
ple involved in formation of the ES complex, and an apparent shift in the pK of ISP_,
both assayed kinetically through [ES], measured by the rate of reduction of heme by, in
the presence of antimycin. These two displacements show similar driving forces.> 8
The configuration of the ES complex suggested has important mechanistic impli-
cations. Indeed, the success with which the kinetic properties can be accounted for
in terms of this starting configuration could be taken as additional justification for
its validity. This configuration is shown in Figure 3 (top). The model provides a start-
ing point for discussion of mechanism. Most importantly, because of the structural
context, the discussion can be framed in light of the dependence of rate constant on
distance demonstrated by Dutton’s group.8”-%° In order to bring out the utility of this
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Figure 3 Different states of occupancy of the Q, site by ubihydroquinone and semiquinone.
Top. The ES complex. The structure of the chicken complex in the presence of stig-
matellin (from 2bcc) was modified as follows: the stigmatellin coordinates were
stripped from the file. A ubiquinone molecule (ball-and-stick model with C-atoms in
green) was then docked in the Q, site as described in ref.> The model was allowed
to relax with constrains on the position of ubiquinone through tethers to the two pro-
posed ligands, to remove van der Waals clashes, followed by relaxation without con-
straints. Ligands are shown as tube models, with His-161 of ISP on the left, and
Glu-272 of cyt b on the right. Heme b, is shown as a ball-and-stick model, with C-
atoms in blue. In all models, the protons associated with the mechanism of QH, oxi-
dation are shown as van der Waals radius spheres, colored orange. Middle. The state
from which the second electron transfer occurs. Heme b, is oxidized (Fe colored red),
and the Q~ intermediate can access the proximal domain. For this model, the
quinone was relaxed in the context of a structure from which the myxothiazol occu-
pant was replaced. Bottom. The bypass state. When heme b, is reduced (Fe colored
blue), oxidation of SQ cannot occur, and coulombic repulsion prevents formation of
Q™ and coulombic attraction discourages H" exit down the water chain. Both effects
contribute to keeping QH- in the distal domain. The strong positive AG®" keeps the
occupancy of SQ at < 107. Stereo pairs for crossed-eye viewing

approach, note that electron transfer events in the pseudo-solid-state of the protein
interior are first order, with rates dependent on fractional occupancy:

v=k

cat

[occupancy] (D
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This relationship is familiar from classical enzyme kinetics, where the fractional occu-
pancy of the ES complex is assayed through the steady-state rate. The term [occu-
pancy] here refers to the fraction of centers in the state from which reaction proceeds;
for redox reactions, this will be determined by the product of donor and acceptor occu-
pancies. In light of the above relationship, a distance from the structure can provide
constraints, either if v or [occupancy] is known. A value for log,qk, is calculated from
the distance, R (see Equation 2), using the first two terms from the Moser—Dutton
equation (with 8 = 1.4), and k_, can then be estimated if appropriate values are avail-

able for the other parameters, AG® (standard free-energy change for the reaction, or
driving force), and A (Marcus reorganization energy), included in the right-hand term.

al B _ _ (AG°+2)?
log,o ke = 13 —2'303(R 3.6) }/f 2)

The latter values are related to the activation energy though the Marcus expression,
AG* = (AG® + 1)*/42, suggesting several experimental routes for determination.
Note that Equation 2 is an expanded form of the Arrhenius equation in log,, form,
with the right-hand term replacing the Arrhenius activation barrier. The factor ¥ is
either (F/(4 X 2.303 RT) ~ 4.23 at 298 K) in the classical Marcus treatment,”" ° or
a similar term modified by quantum mechanical contributions due to tunneling, with
a value of 3.1 in the Moser—Dutton treatment. The Marcus value gives lower rate con-
stants than the Moser—Dutton term, especially for high values of A. The Arrhenius
equation and its various derivatives also provide constraints on rate. Under conditions
of substrate saturation, k., = keexp{-AG*/RT} = k,[ES*]. This is because, in the stan-

dard treatment, —AG*/RT = InK*, and K¥ = [ES*]/[ES], so that [ES*] becomes equal
to the fractional occupancy of the activated state if [ES*] < [E,].

4 Constraints from the ES-complex Model

Rate constants and activation barriers measured for the partial processes are shown
in Table 1. In discussion of their results, Hong ef al. °* assumed that the bifurcated
reaction occurred through two separate one-electron transfer reactions, with a finite,
though low, occupancy of the intermediate bound SQ state (QH").E.b; .

QH, + ISP, + E.b, < ISP, .QH,.E.b, < ISPH.(QH").E.b,

s ISPH + (QH").E.b; 3)
(QHH.Eb, s Q + Eby + HF (4)

This assumption was based on a number of observations. A dependence of rate on
driving force is predicted from the Marcus relationship. Although the E, values of the
SQ couples involved are unknown, on the assumption that these do not change, the
driving forces for the two one-electron steps could be varied through changes in E,,
values for their electron acceptors. The dependence of rate on the E, of ISP, the
acceptor in the high potential chain, has been studied in several labs through use of
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ISP mutant strains with modified E_.>382869495 The results showed that the rate of the
overall reaction decreases with lowered driving force, as expected from Marcus the-
ory if the first electron transfer is limiting. A remarkable uniformity in behavior
across the bacterial-mitochondrial divide, and among different bacteria, provides a
high level of confidence that the results are not due simply to non-specific effects. In
contrast, no simple Marcus behavior has been reported on modification of the £, of
heme b, , the acceptor in the low potential chain.”® In all reported cases, the rate was
lowered or unaffected when the E,, of heme b, was raised by mutation. From this, it
seems reasonable to conclude that transfer of the first electron from QH, to ISP deter-
mines the overall rate of the bifurcated reaction. In this sequential mechanism, SQ is
an intermediate product, removed on transfer of the second electron to heme b .

An important lesson from these results is that they are in contradiction with any
genuinely ‘concerted’ reaction.’ %3 The two electron transfers to two distinct chains
would have to occur from a common activated state with the same intrinsic rate con-
stant and other Marcus parameters. If such a reaction did occur, both steps would be
under the same constraint of driving force, and, apparently, they are not.

The alternative is some sort of sequential mechanism. What constraints are pro-
vided by the two hypotheses above, that the first electron transfer is rate limiting, and
that the ES complex has the structural configuration proposed? A consequence of
these two hypotheses is that the first (limiting) electron transfer occurs through the
~7 A distance from the O atom of the quinol —OH to the nearest Fe atom of the clus-
ter. The distance is bridged by the H-bond to His-161 and the histidine ring, provid-
ing a plausible though-bond path of this distance. With values for the Moser—Dutton
variables in conventional ranges (8 ~1.4, 1 ~0.7 V, y = 3.1), the expected rate con-
stant would be in the sub-us range. Even with the endergonic AG® appropriate for an
unstable SQ, the expected rate is at least three orders of magnitude faster than meas-
ured. The problem is therefore how to explain the slow rate observed. The rate can
be accounted for only if a value for A >2.0'V is used. This is consistent with the high
activation barrier for the overall reaction (AG*~550-650 mV), supporting the
hypothesis that this barrier is in the first electron transfer.!”** However, this is not
altogether satisfactory, because there are no obvious features of the structure that
might explain the high value for reorganization energy, 4, and the linked high AG*.

5 Proton-coupled Electron Transfer

In order to proceed further, we now have to consider several complicating factors. The
first of these is the involvement of a proton in the first electron transfer. In order to form
the proposed H-bond, either His-161 of ISP, or the quinol ~OH would have to lose a
proton. It now seems well established that the pK of 7.6 on ISP is due to dissociation
of one of the histidine ligands to the cluster, likely His-161.% If so, the probabilities
for dissociation are easily calculated from the pKs, and they favor by a factor of ~1000
the dissociation of His-161. However, on reduction, the pK of ISP is shifted from 7.6
to 12.4, and this would lead to uptake of H*. At the same time, the pK of the quinol
would shift on oxidation from >11.3 to the acid range for QH"", favoring release of
a H* to yield QH". The net result would be transfer of both the electron
and a proton to ISP. What does this entail mechanistically? If the configuration of the
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protein interface in the ES-complex state is similar to that in the stigmatellin complex,
then the interface around the H-bond is anhydrous and apolar; there are no groups
immediately available for proton exchange. The electron and the proton must therefore
both be transferred across the H-bond joining the two groups. Similar reactions in
chemistry are discussed as proton-coupled electron transfer reactions.!® 1! We then
have two obvious possibilities for the sequence of the partial processes: electron first
or proton first.> % Since the proton transfer probability is determined by the pKs of
donor and acceptor groups (QH,, ISP_,) through a Brgnsted relationship, the different
probabilities can be calculated from the pKs using a thermodynamic square and the
overall free-energy change.® For the endergonic first electron transfer expected, trans-
fer of the proton first is strongly favored, despite the fact that this step is itself ender-
gonic (AG® = 2.303RT(pK,—pK,) > 21-27 kJ mol ™!, depending on choice of bound
or free pK values for ISP_ ). The slow rate can then be readily explained by the fact
that electron transfer occurs from this weakly occupied intermediate state. The elec-
tron transfer rate constant, ki, has the value expected from the distance and a con-
ventional value for 4, but the observed rate constant, given by k,, = kgrK, 0, Where
K roon 18 between 107* and 107°, is lowered by the weak occupancy. The first electron
transfer can now be dissected into the partial processes shown in Figure 4, with
approximate AG” values (in electrical units), and rate constants, as shown in the leg-
end. Expanding the relationship for &, into the Moser-Dutton equation gives:

B (AGy+4)°

13—=——(R — 3.6) — e (pKp — PKy)

10810 K = 1375303

In addition to explaining the paradoxical properties of the first electron transfer, this
equation also accounts for the previously unexplained kinetic behavior of an ISP
mutant strain in which the pK was changed from 7.6 to 8.5.%% 8

A third possibility for the sequence of partial processes is simultaneous transfer of
H" and e”, essentially along the diagonal of the thermodynamic square.?®!%
Although not excluded, such mechanisms have the disadvantage that the diagonal
pathway would necessarily be of lower energy than the alternatives, removing the
explanation for the slow rate provided by the proton-first mechanism.

6 The Second Electron Transfer, From SQ to Heme b

Consideration of the second electron transfer brings up another complicating factor.
Attempts to measure the intermediate SQ state through EPR have failed to detect any
species with the expected properties.'”->® It might be argued that this is not surprising.
In order to reduce heme b;, the Q/SQ couple would have to have an £, < —90 mV.
Substitution of values in this range into the standard equations (using an E,, of 90 mV
for the quinone pool), give values for the SQ/QH, couple appropriate for reduction of
ISP atan E,, of 300. A stability constant for the disproportionation reaction, Kg =< 107,
can be calculated from these E,, values, giving an equilibrium occupancy in the range
of 107* — 1073 monomer~!, which would be undetectable. Osyczka et al 3 discussed
the mechanistic occupancy at the Q_ site in terms of K. However, the stability constant
is clearly not appropriate for calculation of mechanistic occupancies. The reaction
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Reaction coordinate
Figure 4 An energy landscape for the Q,-site reactions. In order to keep track of the ther-
modynamic interplay in this complex set of reactions, a computer program to
model the Q,-site reactions was written that balances the terms within appropri-
ate physicochemical constraints, and allows the user to explore how each of the
parameters discussed in the text effects the rate. Variables include driving forces
for both electron transfer steps, relative binding constants for Q and QH,, stabil-
ity of the SQ, A for each electron transfer reaction, contributions of the Bronsted
term, distances, activation barriers, pK values, etc. The Visual Basic program in
executable and source form is available for downloading.’® The data are pre-
sented as free-energy differences, but it should be obvious that conventional con-
versions allow alternative presentation in terms of equilibrium constants and rate
constant, using the data from Table 1 and below. The inserted scale to the right
shows occupancies for the SQ state, based on equilibrium constants for the one-
electron transfer reactions, in units of [SQ] [bc, monomer] ™. Partial reactions for
the first electron transfer are:
Reaction Process AG” Kypyur reverse
QH, + ISP, + E.b; = ISP_,.QH,. E.b; (1-3)  —80* 14 X 10°M Is7! ~10*s7!
ISP,,.QH,. E.b;, s ISPH'.QH ™. E.b 4) 360 10°s7! 101 ¢!
ISPH".QH . E.b; & {ISPH'QH }*E.b,  (5) 300 100s7! 10" s7!
{ISPH"QH }*.E.b, & ISPH + (QH").E.b; (6) —300 10 s7! 100s7!
QH, + ISP, + E.b, < ISPH + (QH").E.h, (Iste™) 280 1.3 X 10°s7! 6 X 107 s7!

In these equations heme by, has been omitted for clarity, ISP ,.QH,. E.b, is the ES-
complex, and {ISPH*QH}*.E.b, is {ES*} in the Figure. Equation identifiers refer to
numbers in the Figure. Values are approximate within the ranges shown by arrows
on the scheme (see % for details).

*Note. The value in electrical units is derived from apparent binding constants and is not nor-
malized to concentration.>
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under consideration is not the equilibrium disproportionation of Q and QH,, but the
bifurcated electron transfer to two separate acceptors. This does not occur at redox
equilibrium, but only under the metastable conditions in which the quinone pool is
reduced and ISP oxidized. For the sequence of reactions shown by Equations 3 and 4,
the equilibrium constants could in principle be calculated separately, but with the con-
straint that KJ,. K3 = K, the equilibrium constant for the bifurcated reaction. The
value for K, is between 1 and 20 (depending on species, and choice between bound
and free Q/QH,). If the £ values were as above, K, would be ~1 for each process in
Rb. sphaeroides, and a SQ occupancy of ~0.33 monomer™! would be expected, well
within the range of detectability.

Nevertheless, a much lower occupancy is expected for a different reason. The bc,
complex, when operating in the presence of antimycin, or under other conditions
(high proton motive force, mutation in the Q; site) leading to an inhibition of flux out
of the Q, site, generates superoxide, a precursor to the reactive oxygen species that
lead to DNA damage and cellular aging.*® %° The reductant for O, is thought to be
the SQ generated at the Q, site.* In order to minimize this deleterious reaction, it is
likely that evolution has designed the site to keep the SQ at as low a concentration
as possible compatible with rapid forward electron transfer, and to insulate it from
reaction with O,.%’

7 Kinetic Estimation of SQ Occupancy

In order to find limiting values for the lowest kinetically compatible SQ occupancy,
Hong er al.”* explored a range of scenarios for the second electron transfer, based on
use of Equation 1 in consideration of the parameters noted above, the constraints on
rate constant from distances shown by the structures, and the occupancy. They con-
sidered three possibilities:

(i) That the SQ remained in the location at the distal end of the site where it was
formed.
(i1) That the SQ could move from this site to the proximal domain close to heme b, .
(iii) That a second quinone could bind in the domain proximal to heme bL and
facilitate electron transfer between the Q/SQ generated in the distal domain
and heme b, .

The reaction configuration summarized under (i) would strongly constrain the
kinetic values because of the long distance for transfer of the second electron from SQ
to heme b, . For example, with A = 0.75 V, AG° = —.38V, and a distance of 12.4 A,
k. is ~ 1.22 X 107 s™!. As a consequence, any SQ occupancy lower than ~107*
would give a rate lower than that measured, and was therefore considered to be unre-
alistic in this scenario.

Mechanisms in which the intermediate state is constrained to the distal domain
include variants of that proposed by Link,!%? and discussed by Hong et al.”3 Berry and
Huang® have also discussed a version of this mechanism, in which the ISP_,.QH, <

ISPH.QH- equilibrium mix acts as the electron transfer state from which heme b, is
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reduced. The fractional occupancy of the right-hand state would be the critical term,
and could be determined by an equilibrium constant higher than allowed in models in
which dissociation occurs. Kinetic measurements provide constraints on the highest
possible occupancy of intermediate states.>? The ~120 s lag in reduction of heme by,
following flash activation of turn-over in Rb. sphaeroides chromatophores must be
accounted for in terms of all delays in delivery of substrates to the Q, site following the
flash. With the quinone pool partly reduced, these delays are in the high-potential
chain, and in the population of intermediate states in the bifurcated reaction. If, as we
have demonstrated, the intermediate SQ state is after the activation barrier, it must be
formed at the limiting rate. Since lags in the high potential chain account for ~100 ps,
maximal occupancy is given approximately by (unaccounted lag)/(limiting lifetime),
or 20/770 ~ 0.025 (lag and lifetime values are in ps). Thus, mechanisms in this class
are constrained to occupancies between ~1072 and 10~* SQ/monomer.

7.1 Estimation of SQ Occupancy from Bypass Rates

From the importance of occupancy of SQ in this discussion, it is clear that an alter-
native method for estimation of this value would be useful. A number of potential
bypass (or short-circuit) reactions have been previously discussed, all of which
involve SQ as donor or acceptor of electrons.’! In view of this, Osyczka et al.?? sug-
gested an approach based on the rate of these reactions. The general idea follows the
method already discussed in ** and above. Using Equation 1, occupancy can be cal-
culated from a rate constant estimated from the structures, and from the measured
short-circuit rate. The four pathways discussed are shown in Table 2. In estimation
of rate constants, Osyczka et al.3? assumed that the SQ was positioned in the domain
occupied by stigmatellin (the distal domain), and that the appropriate distances were
either 6.8 A to ISP for oxidation of SQ, or 12.4 A for reduction by heme by . The first
reaction discussed was the reduction of ISP, by the SQ formed after the first elec-
tron transfer (Table 2 (a)). From the limited information presented, it seems likely
that they used a distance of ~7 A, a value for A ~1.0 V, and an assumed AG®' ~0,
to give k ~7 X 107 s~ 1. Using the rate they measured (0.3 s™1), this gives a SQ occu-
pancy of ~4 X 107° monomer~!, from which Kg ~ 107'6, the value they gave.
However, as noted above, the equilibrium constant, K, although a convenient short-
hand for the E, values of the one electron couples, is not related to the actual equi-
librium constant for the electron transfer reactions, and its use could be misleading.
A second complication is that the short-circuit rates they measured were an order of
magnitude slower than those reported in the literature (cf.*% 5! and see Table 3).
Using a more realistic rate of 3 s7!, and otherwise similar assumptions, occupancy
would be ~4 X 10~% monomer~'. Thirdly, the reaction equations all involve elec-
tron transfer between donor and acceptor pairs; the calculated occupancy of SQ
would have to be greater if the occupancy of its reaction partner were < 1. With
these caveats, we can use the occupancy of SQ and the arguments above to calculate
a rate for the second electron transfer required for QH, oxidation. The rate using a
rate constant of ~1.22 X 107 s~! (calculated as above) is then incompatible with the
observed overall rate of turnover; the maximal rate would be <1 s~ ! instead of 1.3
X 103 s71. In light of the argument leading to this rate constant, and as previously
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noted,” we can effectively eliminate from consideration hypotheses in which a reac-
tion intermediate is constrained to the distal domain, and has an occupancy in this
range. A similar constraint applies to ‘concerted’ reactions, for which an occupancy
for [ES*] ~ 1071 monomer ™' is determined by AG*.

Osyczka et al. 3 framed their main discussion around the lower occupancy they
calculated, the difficulties that even this low occupancy gave rise to in understand-
ing how short-circuits are avoided, and how the rapid rate for back reactions needed
to explain the reversibility could be accounted for. Indeed, if the rate constant for
reduction of Q by heme b is calculated assuming occupancy of the distal position,
and the highly endergonic reaction implied by the value of £, Q/SQ derived by cal-
culation from their K value, the back-reaction rates would certainly be much too
slow to explain reversibility. However, Berry and Huang® made the interesting point
that their equilibrium mix could be a potential substrate for the backreaction from
heme b, . The (ISP,,.QH, < ISPH.QH.) state differs from the enzyme-product com-
plex represented by the g, = 1.800 complex (ISPH-Q) by one reducing equivalent.
The latter is stabilized in the distal domain by the binding constant involved in its
formation, with occupancy ~0.5 under physiological conditions."-1%1% Any value
for AG” for formation of ISPH.QH- <0.3 V (with A ~ 0.7 V) would give a rapid
enough back reaction. However, since this complex is constrained to the distal
domain, the arguments above place limits on the occupancy of this SQ state for
viable forward rates.

8 Mobility in the Q, site

The second possibility considered by Hong et al.? ((ii) above), opens up a wider
range of possibilities, but requires particular characteristics of the reaction mecha-
nism. They suggested that, after formation of SQ, the intermediate EP complex dis-
sociates to liberate ISPH and SQ. A mechanism in which ISPH dissociates from the
intermediate ISPH.SQ complex also seems to be required to account for bypass reac-
tions.*>! Dissociation to liberate SQ in the Q, site allows movement close to heme
b, (Figure 3, middle), and this can change the rate constant dramatically. Taking a
distance of <6.3 A (the distance from myxothiazol to heme b, ), but otherwise the
same parameters as above, k., has a value > 6.5 10'° s7!. The calculated rate using
the occupancy above is then in the range observed experimentally.

Arguments similar to those developed above can be used in consideration of the
back reaction. The electron acceptor from heme by is Q, which would also likely be
mobile in the Q, site, and therefore able occupy the proximal domain. Assuming an
endergonic AG® of <0.48 V, the reverse rate constant, k_, = 1.2 X 10° s™!, would
certainly be adequate to explain reversibility, even with an occupancy of Q < 1.

From this discussion, it is clear that the scope for plausible mechanisms is greatly
increased by allowing consideration of mobility for SQ and Q in the Q, site.

The values used in outlining the arguments above are approximations. In particu-
lar, we have used the Moser—Dutton term in all calculations, rather than the classi-
cal Marcus term, and contributions of protolytic processes (except for the first
electron transfer) have not been separated out. The calculations should therefore be
seen as illustrative rather exact. Hong er al.”® discussed a wider range of scenarios,
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and the limitations on the approximations they used. I will not elaborate further here,
except to reiterate that values for K, for the reactions involving SQ are more appro-
priately calculated from the E| of the bound rather than free couples (£, (Q/QH,-
bound) ~130 mV rather than 90 mV for the pool). We have used the same equation
for both exergonic and endergonic processes, since, if a value for y of 4.23 (appro-
priate to the Marcus treatment) is used, the same result is obtained with equations
recommended for exergonic® or endergonic® reactions. However, the endergonic
treatment recommended by Page et al.”® gives a change in slope at the exergonic to
endergonic transition, because the quantum mechanical correction leading to y = 3.1
is applied to only a part of the endergonic activation barrier (see Appendix 1).

The energy landscape of Figure 4 summarizes the results of an exploration of the
Q, site reactions compatible with low SQ occupancy, using the computer program
described in the legend. The free-energy differences between different intermediate
states of the bifurcated reaction are shown plotted against an arbitrary reaction coor-
dinate. The dependence of all rates on occupancy, and the interdependence of the
bound Q, SQ, QH, system parameters, introduce some interesting play-offs between
driving force and occupancy that have to be considered in the context of the differ-
ent choices for distance and standard thermodynamic constraints, as discussed at
length by Hong er al.®® Since values for several parameters are unknown except
within limits, some energy levels are shown by ranges. These represent values that
allow forward and reverse rates compatible with the data as summarized in Table 1,
assuming the mobility of quinone species in the Q, site discussed above.

It seems clear from the above that some of the problems hinted at by Osyczka
et al. 3> depend on choice of constraints. If the reactions of the quinone species are
all limited by occupancy of the distal domain, rates involving the intermediate SQ
state are problematic because of conflicting values needed to match measured rates
of forward, reverse and bypass reactions.

9 Other Problematic Short Circuits and
Their Prevention

Osyczka et al.3? concluded that a value for Kg << 10716 (for bypass reactions (a) and (b),
Table 2), or Ky < 10722 (for (c) and (d)) would be required to slow the short-circuits to
the seconds range. They provided no detailed justification for these values, but they cor-
respond to SQ occupancies of <5 X 107% and <5 X 10~'2, respectively, and reflect the
slow rate of bypass they measured, as discussed above. Because we have used short-cir-
cuit (a) as the basis for calculation of SQ occupancy, this provides a reference point
rather than a problem. However, using the occupancy of 4 X 1078, some of the other
short-circuits resulting from reduction of Q or SQ by heme b; ((b)-(d)) do appear to
provide difficulties. Two of these, (b) and (d), involve the reduction of Q by heme b; to
form SQ. These would occur in competition with the normal reverse reaction. The reac-
tion would occur only under metastable conditions, would be strongly endergonic in the
first step, and would lead to a low occupancy of the SQ state. In (b), the second elec-
tron transfer through heme b; would occur from a low occupancy of the b, state due to
the large equilibrium constant with heme b;. The product of occupancies is in the range
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107", compensating for even the highest rate constant expected (see below), to give a
low net rate. In short-circuit (d), leading to the subsequent oxidation of SQ by ISP_, the
latter rate would be limited by the constraints, already considered above, arising from
the low occupancy of the SQ state. Reaction (c) involves the reduction of SQ, generated
in the first electron transfer of the forward reaction, by heme b; . This was previously
considered by Chen® and by Muller et al.>' as a bypass reaction leading to net oxida-
tion of QH,, as shown by the partial reactions in Table 2. The strongly exergonic reduc-
tion of SQ by heme b; leads to a calculated rate constant much higher than that for
reduction of Q. This would certainly be problematic if the SQ intermediate could be
reduced in the proximal domain. For example, with SQ in the proximal domain, a value
for k., ~ 1 X 10" is calculated using AG* ~ 0.5V, and A ~.75V, and this would allow
rates in the 10° s™! range even at the low occupancies suggested above. A similar situ-
ation would arise on reduction of Q through heme b; (reaction (b)) if electron transfer
between the b, hemes across the dimer interface could occur. For comparison, the
experimental rate, determined from the fraction of bypass that could be attributed to
reduction of SQ by heme b, was about 30% of the total bypass in the presence of
antimycin,’' giving a rate of ~1 e~ monomer™~'s~!. Clearly, the thousand-fold discrep-
ancy between the calculated and observed rates needs to be addressed.

9.1 Double-gating

As an alternative to their ‘concerted’ reaction, Osyczka er al.?* considered solutions
in which the bifurcated reaction operated with a SQ intermediate, but with double-
gating to ensure that no reaction generating the SQ could take place unless the com-
plementary reaction removing it also occurred. This would ensure that no build-up
of SQ could occur, neatly explaining the low rates for short-circuit reactions they had
observed, while allowing a higher occupancy of intermediate states than the ‘con-
certed” mechanism. Criticism of this solution is difficult because the authors pro-
vided no specific suggestion as to how it might work; the justification provided was
the low rate of bypass reactions. Since the short-circuit rates they measured were 10-
fold slower than those measured by other groups, this justification is somewhat
weakened. The relatively rapid rates of generation of superoxide by the bc; complex
(1-3% maximal rate) have been the subject of an extensive literature, in which SQ
at the Q, site has been considered as the reductant for O,* (see Table 2, reaction a’).
Similar rates are observed under anaerobic conditions, when the second electron is
transferred to cyt c rather than to O,*"! (reaction a). It might therefore be fruitful to
discuss mechanisms in which the SQ is generated as a natural component of the
reaction mechanism, even under inhibited conditions, rather than to reject all such
mechanisms. In order to decide between these options, we must look more carefully
at possible constraints on short-circuit rates.

9.2 Coulombic Gating in a Sequential Mechanism

If the mechanism is sequential, and involves SQ in the distal domain, the value of k_,,
calculated for reduction of SQ by heme b; is ~ 5 X 107, which would match rates in
the experimental range if occupancy was ~10~% SQ monomer~!. We should note
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however that if the SQ in the distal domain were at an occupancy in the >10"* range
(required for rapid electron transfer in the forward direction from this domain), this
short-circuit would be in the range >107 s~!. That such bypass rates are not observed
means that mechanisms with high SQ occupancy fail this critical test. It seems there-
fore that an explanation for the slow bypass rates observed in the context of the mod-
els involving SQ must be sought in terms of constrains that prevent the SQ from
accessing the proximal domain under circumstances in which heme b, might be pres-
ent, while maintaining an occupancy < 10~° monomer~" in the distal domain.

The sequential mechanism previously suggested,’>% 3 involving a mobile SQ, pro-
vides a natural explanation for these otherwise paradoxical properties. To show how,
we need to consider the fate of the second H*, and the interplay of charges in the site.
The structures show that Glu-272 can occupy two different configurations. When
involved in H-bonding with the distal domain occupant (stigmatellin in known struc-
tures, QH, initially in our model of the ES-complex), it points away from heme b, .
When not so involved, the side-chain rotates >120° so that the carboxylate group
forms a H-bonding contact with a water molecule at the terminus of a water chain lead-
ing along the heme edge past one of the propionates to the P-phase water,® % 105 A
natural pathway for proton exit from the site involves transfer of the H* from QH-
(generated after the first electron transfer) to the Glu-272 carboxylate through the H-
bond, to liberate the SQ anion, Q°~. This would be followed by rotation of the Glu-272
side chain (now in the acid form) to the configuration in contact with the water chain,
followed by release of H' to allow exit to the P-phase.’*® In the configuration before
rotation, Glu-272 and two H-bonded waters occupy most of the Q_-site volume prox-
imal to heme b, . Rotation would open up the domain to occupancy by movement of
Q" close to heme b, . Rotation of Glu-272 and mobilization of Q"~, with the potential
for movement to the proximal domain, would therefore be linked processes:

ISP, .Q,H,00C-glu < ISPH, + Q,;H~00C -glu  ISPH,
+ Q' + HOOC-glu (5)

Q™ + HOOC-glu + heme b; +{water chain}s Q,".heme b; + ~OO0C-glu
{water chain + H"} 6)

(where subscripts b and ¢ to ISPH indicate location at the b- and c-interfaces, respec-
tively, and subscript d and p to SQ species indicate location in the distal and proxi-
mal domains of the Q, site, respectively). In considering how this plays out in
relation to bypass reactions, we need to take account of two effects:

(i) The location of Q*~ would likely depend on the state of heme b, . With the heme
reduced, coulombic repulsion of Q*~ by heme b, would favor location in the
distal domain, and ensure that the Q'™ remained there unless the oxidized heme
was available as an acceptor. With heme b, oxidized, movement of Q" to the
proximal domain to facilitate rapid electron transfer would be unconstrained, but
a new set of coulombic interactions would couple the transfer of the electron on
to heme by to release of the H* from Glu-272 to the water chain.
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(ii) In order to reduce Q via heme b, , reversal of the H" transfer would be neces-
sary. Although the neutral Q could access the domain proximal to heme b
without coulombic consequence, generation of Q"™ on reduction of Q by heme
b would have obvious consequences on re-reduction of the heme. In addition,
reduction by a second electron would not be favorable until protonation could
occur (this sequence has been well characterized in the Qj site of bacterial
reaction centers'%), and this would require movement to the distal domain.

In general, the choreography of the second electron transfer in both directions will
reflect the coulombic interactions between Q' ™, the glutamate carboxylate, the H* in
the water chain, and the electron on heme b, . The two effects above provide the con-
straints necessary to prevent excessive bypass rates, and with this natural extension
of the hypothesis, the kinetic problems seem to be satisfactorily explained. Gating
reflects both the coulombic effects, and the proton exchanges involving Glu-272.
The gating is not to prevent formation of SQ, but to ensure that it is constrained to
the distal domain unless heme b, is oxidized (Figure 3, bottom).

9.3 Double Occupancy

Recent reports in favor of a double occupancy of the Q, site by quinone have been
reviewed elsewhere. 284107108 Although this issue was not addressed by Osyczka
et al.,** a second quinone in the Q, site could introduce rate constants that in princi-
ple would overcome the objections, developed above, to mechanisms in which the
intermediate state from which the second electron transfers is constrained to the dis-
tal domain. By introducing an additional redox center in the otherwise too long path,
rate constants in both directions could be raised by >103. However, the kinetic argu-
ments *? leading to rapid short-circuits would then apply, giving bypass rates much
greater than those observed. The double-occupancy solution therefore seems unten-
able for reactions involving a SQ intermediate in the distal domain.

9.4 Location of the ES Complex or Activated
State at Some Alternative Position

As noted above, the difficulties in accounting for the rates observed arise from the pos-
tulated location of the ES-complex at the distal domain, constrained by its H-bonds.
Hong et al. ®* overcame these problems by allowing the SQ to move. An alternative is
to suggest that the ES complex is located elsewhere and that the Q_ site reaction occurs
through a ‘concerted’ process. In the reaction proposed,®? both electron transfers would
have to occur from a state with no SQ property, at the top of the activation barrier, and
with both electrons leaving within a single vibrational frequency. This would preclude
nuclear movement, so both electrons would have to transfer from the same position. By
locating the intermediate state halfway between ISP, and heme b, (R = 9.6 A, giving
k,~ 225X 10°), and assuming that AG®" ~ 0 for both electron transfers, and that A ~
AANG#= 2.0V, the k,,, < 1.5 X 103 s7! calculated (using the Moser—Dutton term) pro-
vides the rate observed. There are five problems with this scenario. The first is that such
a location has no structural justification. The second is the difficulty of accounting for
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the linked H* transfers that must occur. The third is the abundant evidence that, in con-
trast to the expectations of this mechanism, short-circuits do occur. The fourth is the
experimental evidence showing that the first electron transfer, but not the second, is rate
limiting, as discussed above. Finally, Kramer and colleagues,'” in a detailed study of
the yeast bc, complex, have shown that electron transfer in the absence (normal forward
QH, oxidation) and presence (bypass reaction) of antimycin showed essentially the
same activation barriers and kinetic isotope effects. The characteristics strongly sug-
gested that both involved the same mechanism, generation of a SQ intermediate at low
occupancy.

10 Studies Using Glu-272 Mutants to Explore the Role
of This Residue in Control of the Q, site Reaction
and Protection Against Excess ROS Production

The critical role we have suggested for Glu-272 in the mechanism of the Q, site reac-
tion can be tested by mutagenesis. Effects predicted from the above hypothesis are:
(i) an involvement in the binding of stigmatellin, (ii) an involvement in binding of
QH, (but not Q), and (iii) a critical role in transfer of the second electron. We have
previously reported experimental evidence in favor of some of these effects on muta-
tion of Glu-295, the equivalent residue in Rb. sphaeroides, to glutamine, aspartate or
glycine.”® The overall electron transfer was slowed, the binding constant for QH, was
lowered (K, was increased), and the site became weakly resistant to stigmatellin.
Moreover, in the two most inhibited strains (E295G, E295Q) a normal g, = 1.80 line
was seen in the EPR spectrum of ISPH, indicating that its interaction with Q at the
distal domain could still occur. From these results, we concluded that in the forward
reaction, it might still be possible for the ES complex to form in these mutant strains,
but that further progress would be blocked by inhibition of the second electron trans-
fer, and by the strongly endergonic nature of the first electron transfer reaction. We
have more recently constructed additional mutants at this site, and assayed these
strains to explore the role of this residue further (see Figure 5 for example traces). In
these experiments, chromatophores were suspended under aerobic conditions in a
reaction medium containing 1 mM sodium ascorbate as reductant, and 1 mM potas-
sium cyanide to block cyt ¢ oxidase activity. Redox mediators were omitted to avoid
their contribution to electron transfer. Valinomycin and nigericin were added so as to
minimize the development of any proton gradient or contribution to absorbance
changes from electrochromic effects. In a series of experiments with each strain, elec-
tron transfer kinetics of cyt ¢, plus c,, hemes by and b;, and the reaction center
(BChl)f (RC) were followed after one or six saturating actinic flashes. The experi-
ments were performed in the absence of inhibitors (left column), in the presence of
antimycin (middle column), or in the presence of both antimycin and myxothiazol
(right column). In the presence of antimycin, activation by six flashes fully oxidized
the high potential chain, and introduced several additional QH, into the pool, to set
up conditions for maximal ‘oxidant-induced reduction of cyt &°.!'° These are also the
conditions for maximal bypass activity at the Q site, assayed through the rate of re-
reduction of RC. In Rb. sphaeroides, myxothiazol eliminates >90% of this activity,
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so the right-hand traces show this myxothiazol-insensitive component. Much of this
residual activity can be attributed to back reactions of RC. All mutant strains showed
inhibited electron transfer through the Q_site, as assayed either by re-reduction of RC
in the absence of inhibitor, or by reduction of heme by, in the presence of antimycin.
However, all strains also showed rates for bypass reactions that accounted for a sub-
stantial fraction of the residual turnover of the site (Table 3). These were in some
cases in excess of bypass rates in the wild type. These results show clearly that the
first electron transfer could still occur to generate SQ, but that the second electron
transfer is inhibited when Glu-295 is mutated. Furthermore, the slowed reduction of
heme by in the mutant strains shows that SQ formed in the distal end of the Q, site
cannot transfer electrons to heme b; at a normal rate. Since the distance is that from
the distal domain discussed above, it seems clear that at this occupancy, the actual rate
constant is too low. However, the rate constant estimated from the distance (as dis-
cussed above) is of about the right magnitude to account for the slow rates observed.
It is noteworthy in the kinetic traces, but especially apparent in the presence of
antimycin, that the mass action effects expected from the equilibrium constants oper-
ating within the separate chains, and between these and the Q pool catalyzed through
the bifurcated reaction, are always in evidence. In the highly inhibited mutants, the
consequence is that the quasi-equilibrium condition is not yet attained until some time
after the last of the six flashes, so that the h-hemes continue to be reduced in the dark.
In the seconds ensuing after maximal reduction is attained, the relaxation shows the
pattern expected from the equilibria discussed in the introductory sections above; the
reversible bifurcated reaction is still at play, but with much reduced rate constants.
This is nicely explained by the hypothesis above; the SQ is now constrained to the
distal domain, and movement of SQ (or Q) in the site has been lost, and with that, so
have the rapid rates in both forward and reverse directions.

11 Conclusions

The critical problems identified by Osyczka et al.*? certainly apply to mechanisms that

invoke a SQ intermediate and restrict it to the distal domain of the Q, site. However,
one of the solutions they propose, the ‘concerted’ reaction, seems quite improbable,
and the doubly gated mechanism that prevents any SQ from accumulating seems ten-
able only with additional ad hoc hypotheses to explain the bypass reactions. On the
other hand, the sequential mechanism we have proposed,® in which an intermediate
semiquinone is transiently formed during ubihydroquinone oxidation, but can move
within the Q_ site, can provide a satisfactory explanation for the properties observed.
The gating functions discussed above represent a natural extension of the original
hypothesis. Conclusions as to the demise of such hypotheses therefore seem prema-
ture. Notwithstanding the obvious utility of the Moser—Dutton approach,®- and the
elegant simplification of electron transfer kinetics in the context of distance, our under-
standing of the Q, site reactions has advanced through recognition of paradoxes
revealed when application of the equations have showed an apparent contradiction
with observed rates. A paradox has been defined as ‘Truth standing on her head to get
attention’,''" and this seems an appropriate take-home lesson from the above. The
movement of the ISP extrinsic domain, the slowness of the rate-limiting step in relation
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to the distance for electron transfer, and the difficulty in explaining rates pointed out
by Osyczka et al.? all appear paradoxical, but can be explained by mobility or recog-
nition of reaction complexity.’® "> The roadmaps provided by successful paradigms
are the very stuff of science, but new understanding sometimes evolves when we are
forced to look again.

Although the mechanism of the Q, site seems well explained, several other areas
remain controversial. The H-bonding of quinone at the Q; site varies between struc-
tures.5!: 66 8 Different crystal-packing forces could possibly stabilize configurations
involved in different stages of the catalytic cycle.''® The liganding of the relatively sta-
ble SQ at this site has been explored by high-resolution pulsed EPR and ENDOR, but
again with differences, this time between species (°® '3 and F. MacMillan, personal
communication). Since an understanding of the liganding is needed before a detailed
mechanism can be justified, this controversy is still unresolved. Another critical ques-
tion is that of electron transfer between monomers. Application of the Moser—Dutton
equation to the dimeric structures suggests that electron transfer between the b, hemes
should be rapid.*>® This would allow both Q, sites to communicate with both Q; sites,
so that in the presence of excess antimycin, titration of the Q, site activity through inhi-
bition of heme by reduction using myxothiazol or stigmatellin would give rise to
strongly convex titration curves. In our hands, although the convex titration curves
expected could be obtained when delivery of substrates was limiting, the titrations
were linear when QH, was saturating. The convexity under limiting conditions seems
better explained by a model of the sort suggested by Kroger and Klingenberg.'!*
Perhaps this is another paradox. Other kinetic experiments on mitochondrial com-
plexes have been interpreted as showing dramatic interactions both across the dimer
interface, and between the Q, and Q, sites,'*’*!15 which seem in contradiction to the
experimental data in the bacterial systems'#3'3? and the simple model discussed
above. Further work will be needed to sort out this apparent discrepancy between
mitochondrial and bacterial complexes.
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Appendix 1

Marcus Treatment of Endergonic Reactions

An alternative form of the Marcus equation has been suggested for treatment of
endergonic processes [1], using the equation:

log,o k4 = 13.0 — 0.6(R — 3.6) — 3.1(—=AG + VYA — AG/0.06  (A.1)

In addition to what appears to be a conventional Marcus term, this equation seems
to contain an extra Boltzmann term contributing to the energy barrier (the right-most
term). This representation is misleading and unnecessary. The ‘additional term’
arises when estimating the activation barrier and rate-constant in the endergonic
direction (which cannot be measured easily) using the reaction properties measured
in the exergonic direction. It can be derived in its simplest form as follows (using
electrical units for AG):

Kona = K Ik = K§/ke (A.2)
ked = koK, (A3)

logo k& = log,ok & + log,oK..q = log,jk* — AG® , F/2303RT  (A.4)

end

This expression can be extended using classical Marcus treatment [4, 5], and substitu-
tion using the Arrhenius expression, k§* ~ koexp(—AG#.F/RT), the Marcus term, AG* =
(AG® + A)*/4A, and the Moser er al. [2] expression for k, in terms of distance, R.

logo k™ = 13.0 — 0.6(R — 3.6) — Y(AGY, + 2,0 A — AGY

end

F/2.303RT (A.5)

The Moser—Dutton [1, 2] formulation, in which quantum-mechanical corrections
modify the pre-exponential factor, has y = 3.1 instead of 4.23. The Page et al. [1]
version is then obtained by substituting —AG?,, for AGS,. The A used here is actu-
ally that for the exergonic reaction; the value is the same in both directions if the
parabolas have the same shape (the same ‘spring constant’), but not otherwise.

An alternative treatment can be framed in terms of a set of Marcus parabolas [4,
5]. The endergonic energy barrier, AG? , is calculated by adding AG?, the energy
barrier in the exergonic direction, to the energy difference in the endergonic direc-
tion (the Boltzmann term in question). AG? is estimated using the Marcus expres-
sion, with AG?, for the exergonic reaction direction, and a value for A, A, obtained

in principle from measurement of the exergonic rate. The tricky factor is again the
replacement of AG¢, by —AG?,, its numerical equivalent. The underlying rate
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equation in the endergonic direction has the same conventional Arrhenius form as
that in the exergonic direction.

ko = ko exp(—AG* /RT) = koexp(—(AGE + AG® )/RT) (A.6)

end

Derivation of the Marcus term for AG* from Hookes’ Law, using parabolas drawn to
represent either the exergonic or endergonic direction, results in the same equation.

0.8
0.6

0.4

Energy (eV)

0.2+
0.0+
-0.24

0.4

0.6 . . . . . . .

Reaction coordinate

Figure A1 Marcus parabolas for an endergonic process, labeled to show the terms discussed

in the text.
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Figure A2 Curves showing the dependence of rate constant on driving force using different
versions of the Moser-Dutton equation
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The “additional Boltzmann term” of the Page et al. [1] equation is not an extra term
contributing to the barrier, and the treatment used in (3) and this review, in which the
endergonic region is treated using the standard Marcus term, is perfectly appropriate.

AGY 4+ Ana)?
logy ™ = 13— o (R — 3.6)—y(e}i’7“d)

2.303 (AD

end

The identity of the two equations can most easily be demonstrated by numerical sub-
stitution, as in Figure A2. Identical Marcus curves are generated using the exergonic
or endergonic forms of the Page—Moser—Dutton equation, as long as a simple
Marcus treatment (giving y of 4.23 at 298 K) is used. However, it should be noted
that with the Page et al. [1] equation, although AG? ; and (AG* + AG?,,) have the
same numerical value, the quantum mechanical correction implicit in y= 3.1 is
applied only to the part of this value corresponding to AG* . As a consequence, dif-
ferent values are generated for k& when using the two equations, and the Marcus
curve resulting from the treatment recommended in [1] (in which the ‘endergonic’
equation is used only for the endergonic part) shows a discontinuity in slope at the
exergonic to endergonic transition, which is clearly unnatural.
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