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ABSTRACT: The Q-cycle mechanism of the bc; complex is
now well enough understood to allow application of advanced
computational approaches to the study of atomistic processes.
In addition to the main features of the mechanism, these
include control and gating of the bifurcated reaction at the Q,-
site, through which generation of damaging reactive oxygen
species is minimized. We report a new molecular dynamics
model of the Rhodobacter sphaeroides bc, complex imple-
mented in a native membrane, and constructed so as to
eliminate blemishes apparent in earlier Rhodobacter models.
Unconstrained MD simulations after equilibration with
ubiquinol and ubiquinone respectively at Q,- and Qsites

show that substrate binding configurations at both sites are different in important details from earlier models. We also
demonstrate a new Q,-site intermediate, formed in the sub-ms time range, in which semiquinone remains complexed with the
reduced iron sulfur protein. We discuss this, and a spring-loaded mechanism for modulating interactions of the iron sulfur protein
with occupants of the Q,-site, in the context of control and gating roles. Such atomistic features of the mechanism can usefully be
explored through simulation, but we stress the importance of constraints from physical chemistry and biology, both in setting up

a simulation and in interpreting results.

B INTRODUCTION

The central role played by enzymes of the bc; complex family in
the energy metabolism of the biosphere has been supported by
half a century of progress summarized in the Q-cycle
mechanism.' ™ Crystallographic structures show that the
complex in both mitochondria and bacteria is a homodimer,
with a catalytic core of three subunits in each monomer,
cytochrome (cyt) b, cyt ¢;, and the Rieske iron—sulfur protein
(ISP).”~'* Each monomer has four metal centers, hemes by
and by in cyt b, the 2Fe2S cluster in ISP, and heme ¢, in cyt ¢;.
In some bacterial complexes, no other subunits are structurally
defined, but in Rhodobacter sphaeroides, the complex expressed
under photosynthetic §rowth has an additional subunit IV of
uncertain function.'”'® Mitochondrial complexes have up to
eight additional subunits. For some the function is known and
for many it is uncertain,”'>'”'® but since none contain redox
centers, or impinge on the catalytic sites, they are unlikely to be
involved directly in the mechanism.
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The interest of the Q-cycle (Figure 1) is that it doubles the
energy saved from each photon compared to that if the
ubiquinol (QH,) generated in the photochemistry directly
reduced the cytochrome (cyt) ¢, oxidized. Instead, QH, is
oxidized in a bifurcated reaction at the ubiquinol oxidizing site
(Q,-site) that directs one electron via a high-potential chain,
2Fe2S cluster and heme ¢, to cyt c,, leaving an intermediate
semiquinone (SQ) at the Q,-site (SQ,). This is oxidized by a
different, low-potential chain, hemes b; and by, which delivers
the electron to reduce ubiquinone (Q) at the quinone-reducing
site (Q,-site). Since this takes two electrons, the Q,-site reaction
must turn over twice, with the electron from the first stored as
SQ, which is then reduced to QH, on the second turnover.
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Each of these main processes may involve several
partial reactions, as represented in the kinetic model.

Figure 1. Consensus version of the Q-cycle. Left, the redox centers of a monomer of the Rb. sphaeroides bc, complex (taken from the MD). The
reactions of the Q-cycle (equations to the right) are shown by magenta arrows (H-transfers), green arrows (Q, QH, exchange at catalytic sites), cyan
arrows (electron transfers), and red arrows (H* transfers). QH, bound at the Q,-site shows the ES complex of the bifurcated reaction. The mobile
head of ISP provides the binding domain for the 2Fe2S cluster (space-filled lower left), the site of redox exchange. This moves from the position
shown here (where the electron is transferred from QH, at the Q,-site to ISP,.) to H-bond with heme ¢, (where the ISPH is oxidized), an ~30 A

rotational displacement.

This QH, is recycled to replace one of those oxidized at the Q,-
site. Since protons are released on one side and taken up on the
other, and electrons cross the insulating phase through the low-
potential chain (Figure 1), the Q-cycle pumps 2H'/QH,
oxidized across the membrane, with the following overall
reaction:

QH, + 2ferricyt ¢, + 2H+N = Q + 2ferrocyt ¢, + 4H+P
(1)

Despite its “textbook” status, many features of the Q-cycle
model remain controversial. The sites at which ubiquinone is
reduced and oxidized involve four different proton-coupled
electron transfer (PCET) reactions, in which the different
properties of the semiquinone intermediate confer very
different patterns of reaction. These are exploited both in the
reaction mechanism and in control and gating functions. Our
recent kinetic model for the reaction at the Q-site in the
antimycin-inhibited complex includes kinetic and thermody-
namic parameters for 14 partial processes, most of them
determined directly using conventional physicochemical
approaches.”® The model takes account of existing thermody-
namic constraints but is already under revision to include
control processes revealed in recent work in two related areas.

First, collaboration with the Kaeberlein lab on understanding
the longevity in C. elegans following mutation of ISP (strain isp-
1(qgm150)), and suppressor strains in the same subunit, has
suggested a spring-loaded mechanism.'”*° To understand why
this is interesting, note in Figure 1 the large distance between
the 2Fe2S cluster, to which the electron from QH, is
transferred, and heme ¢;, to which the electron is next
delivered. Structures show that the ISP extrinsic domain
containing the cluster can rotate on a tethering span to close
the distance."**"** The spring-loading involves the counter-
action of forces associated with formation of the enzyme—
substrate (ES) complex, which pull on the tether span to extend
a helical segment, and the forces trying to remake the helix.
These involve additional partial processes, and their thermody-
namic parameters need to be accommodated by redistribution
of work terms among existing equilibrium constants. Longevity
relates to a darker side of the enzyme—its production of
reactive oxygen species (ROS)—which makes it an important
player in the aging process.”'””*** The SQ, intermediate can
reduce O, to generate superoxide, the precursor of ROS, and

much of the current interest lies in how the mechanism has
evolved to minimize such processes.

The second new set of information relating to gating
mechanisms comes from development in collaboration with the
Kenis lab of a rapid mix/freeze quench apparatus based on a
microfluidic mixer. The approach has allowed us to characterize
an intermediate product of the QH, oxidation reaction,
proposed to involve SQ, in complex with the reduced ISP
(ISPH®), a novel state with interesting properties.”* These
include spectroscopic features, the sub-ms kinetics, thermody-
namic parameters, and incorporation into the kinetic scheme.
High resolution EPR approaches should allow us to establish
molecular parameters for the spin coupling that can be directly
compared to outcomes from quantum chemical (QC)
calculation.

In this paper, we review recent progress on understanding
partial processes of the bc; complex mechanism at the atomistic
level, discuss what remains to be achieved, and focus attention
on those aspects of importance from the perspective of a
biologist. In several recent studies, the interest has been in the
application of state-of-the-art computational approaches and
the biology has sometimes taken second place. These studies
have arrived at important conclusions, but these might be
suspect if the starting computational models have defects. The
main impetus in developing a new model comes from this
obvious starting point; modeling of mechanism through
simulation is necessarily conjectural, and success in relating
the outcome to the experimental base through which
computation can be validated must depend on how realistic
the model is.

The Role of Spring Loading in Control. The mutations
in C. elegans above have focused attention on the role of ISP
and movement of its extrinsic cluster binding domain in control
and gating of ROS production. From previous work in bacterial
systems,” >’ the primary mutation in isp-1(qgm150) (Pro-225
— Ser, in the cluster binding domain, equivalent to P146
(bovine), P166 (yeast), P136 (Rb. sphaeroides)) likely
introduces distortion of structure at the surface of the cluster
domain that interfaces with cyt b. This would result in a steric
hindrance to impede formation of the enzyme—substrate (ES)
complex, and hence limit ROS production. Then, the
suppressor mutants (eight different point mutations in the
tether) would relieve the inhibition. The fact that all of the
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simulation suppressor mutations were in the same subunit as
the primary lesion but were well-separated from that site in the
sequence and in the structure. This localizes the underlying
mechanisms for both longevity and its suppression to this
subunit and the involvement of these specific regions. When
the extrinsic head of ISP docks on cyt b, the driving force is
associated with binding (predominantly, the H-bond between
the occupant and His-152) and the protein interfaces involved.
The work from binding contributes one set of the forces in the
spring-loaded scenario. The other set of counteracting forces is
associated with a change from helical to elongated chain in the
tether span where the suppressor mutations are located; the
binding force pulls on the tether to extend it. The loss of
binding energy for formation of the ES complex from the
primary mutation is likely overcome in the suppressor
mutations by weakening the helical forces in the tether (Figure
2). Values of direct relevance to the spring-loaded scenar-

The intermediate product
state ISPH.SQoat the Qqsite

With no H-bonding partners,
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Figure 2. The ISP subunit from structures of mitochondrial bc,
complexes showing conformations that change with the occupancy
of the Q,-site (adapted from refs 21, 22, 30, and 83). The structures
show ISP with the fully extended tether (left) on binding at the Q,-site
(here with stigmatellin) and with the fully relaxed tether (right) when
no bond is formed with a Q,-site occupant. In the spring-loaded
mechanism,'¥?%** the experimentally determined binding free energy
(~ —6 kJ/mol) is the difference between the work involved in binding
(=23 kJ/mol) and the work needed to extend the tether (—17 kJ/
mol), referred to the relaxed state (AG° = 0 for both). The values
shown are estimated from work on ISP mutants in Rb. capsulatus and
Rb. sphaeroides.”>>7* The curved arrow shows the first electron
transfer reaction after formation of the ES complex. When SQ,.ISPH®
separates by spatial displacements to allow interaction with acceptors,
the binding force is lost, and the energy stored in the extended spring
is available to drive displacement.

i0'”?%%° have been estimated for both forces from studies of
Rhodobacter mutants, though these were originally constructed
to test the role of the tether in movement.”*~>’ Complexes of
reduced ISP (ISPH®) are formed with several different
inhibitors, or with quinone (Q). In binding of ISPH® with
different occupants, the paramagnetic property allows charac-
terization of the interaction through changes in the EPR
spectrum. Displacement of values for E 1sp when ISPH® is
pulled out of the equilibrium mix allows estimation of binding
free energies,””>*" which depend on occupant and vary with
mutation. Simple thermodynamic considerations then provide
values for changes in the counteracting forces, as detailed in the
Supporting Information for ref 19, summarized in Figure 2. In
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the ES complex, ISP, is not paramagnetic, so this “handle”
cannot be used, but binding information can be determined
from similar displacements through kinetic characteriza-
tion.”"*"** In considering the role of spring-loading, the
critical point of interest is that the binding to form the ES
complex involves similar counteracting forces, but on electron
transfer to the intermediate products, ISPH®* and SQ,, these
must dissociate for further progress. The force stored in the
tether on extension of the “spring” when the ES complex is
formed is available to drive the dissociation of ISPH® from SQ,.
This would favor the forward chemistry, minimize SQ,
occupancy, and thus help to explain protection against ROS
production. However, the new SQ,.ISPH® complex introduced
above does not dissociate on a ms time scale, as would be
necessary for rapid forward chemistry. The intermediate state is
trapped, a feature of obvious interest to be discussed further
below.

Examples of Some Problems in Computational
Simulation of the bc; Complex. Most molecular dynamics
(MD) simulations start from the crystallographic structures.
The atoms are frozen in a lattice constrained by contacts with
neighboring components of the unit cell, and information on
dynamic features is limited to the mobility shown by B-factors.
For membrane proteins, the prison is even more unnatural.
There is no membrane, but instead, ancillary lipids, detergent
molecules, waters, etc., fill the interstices. The MD simulation is
set up to liberate the native structure from this prison, an
essential preliminary to mechanistic exploration. Crystallo-
graphic models of the bc; complex from vertebrate mitochon-
dria or bacteria show a dimeric structure with a substantial
empty volume in the dimer interface to the N-side of the
closely packed protein interface between the by hemes. It is
unlikely that this void represents a vacuum. In support of this,
in higher resolution structures of the yeast mitochondrial
complex, electron density in the site has been resolved, and
specific phospholipids identified.”> One cardiolipin molecule
occupies the central cavity, and tails from other lipids
contribute more peripherally.”*** The volume is defined by a
protein scaffolding, symmetrical about the vertical axis of the
dimer, consisting of transmembrane helices, and transverse
(amphipathic) helices at the level of phospholipid head groups.
The scaffolding restricts access at this level but allows access
from the hydrophobic lipid phase. The former restriction might
be expected to impede ready diffusion of phospholipid from the
membrane into the volume. The scaffolding helices screen the
two Q;-site volumes from the “void”, but substrate access is
from a contiguous volume so that the quinone tails mingle with
the lipids in the void. These features can be seen in our model,
with the “void” volume now partly occupied by two
phosphatidylglycerol (PG) molecules (Figure 3, Figure SI-1).

In two previous MD simulations of Rhodobacter complexes
accessible to the authors, it was assumed that the problem of
the void would be addressed by “the physics”, as explored in
MD simulation. In practice, the MD eliminated the void but in
one case by partial collapse of the protein. Significantly, during
350 ns of simulation, although lipid tails explored and partly
filled the volume, no phospholipid molecule diffused in. In
another case, the void was filled by flooding with waters.
Neither of these physical solutions is likely to be natural. In the
former case, a partial unfolding from the crystallographic
configuration of one of the transverse scaffolding helices
occurred, which also disrupted the volume around one Q;-site
of the complex, precluding realistic simulations involving that
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Figure 3. Cross section through the MD model of the Rb. sphaeroides bc; complex after 31 ns of a production run. (A) The initial occupants were
replaced by parametrized molecules, with ubiquinone (Q;) in the Q;-site and ubiquinol (Q,H,) in the Q,-site. A slice through the protein, shown as a
cartoon, reveals the prosthetic groups colored by chain, embedded in the membrane between aqueous phases, with lipids and waters represented by
lines for the bonds. The redox centers are shown by VDW spheres (for hemes and 2Fe2S-cluster) or by licorice bonds, colored as below. The “void”
is the V-shaped space defined by a scaffold of membrane spanning and transverse amphipathic helices (center, top of protein), here occupied by
lipid. (Stereo pair for crossed-eye viewing.) (B) The protein stripped away to show the redox centers, to facilitate identity: all redox groups except
2Fe2S are shown by licorice bonds, the hemes are in CPK colors; QH, at the Q,-site is yellow; Q_at the Q;-site is cyan; the 2Fe2S cluster is shown by
VDW spheres. (C) The same view of the protein but zoomed to highlight two lipids (PG, shown by van der Waals spheres) occupying the void, with
the b-type hemes (licorice bonds, CPK colors) for reference, and the scaffolding helices, showing how exchange of phospholipids would be impeded
at the headgroup level. Structure taken from the trajectory exploring formation of the ES complex, at a frame of ~31 ns, when the bond to H152 had
stabilized.

volume. In the latter, the waters would have introduced a high the former. The problem of eliminating the void has been
dielectric phase in a volume lined by hydrophobic residues averted in simulations from the Rog group by introduction of a
suitable for lipid interactions. Because of the proximity of the cardiolipin molecule to occupy the void,*>*® effectively
Q-sites, occupation by waters would significantly change the simulating in a Rhodobacter capsulatus bc; complex the yeast
physical chemistry of the site. However, the focus in both configuration.
papers was the Q,-site reaction, and since this is on the other A second set of problems lies in representation of the native
side of the protein from the Qsite, it was supposed that membrane. Early MD simulations of the mitochondrial b,
disruption of structure at the latter would have little effect on complex had used a simple 1-palmitoyl-2-oleoyl-sn-glycero-3-
3704 DOI: 10.1021/acs.jpcb.6b10524
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phosphocholine (POPC) membrane,”” still preferred in a
recent effort using a Rhodobacter complex.”® A more natural
membrane model was introduced by Postila et al,*” with a
composition based on that of mitochondrial membranes, also
adopted in our own recent simulation.® Unfortunately, in
equilibrating the membrane model, forces came into play that
converted the cis fatty acid side chains to the unnatural trans
configuration, thereby substantially altering the membrane
properties. Whether this was important or not to simulation of
function is not clear. The Rhodobacter are versatile bacteria, like
many others, and can adapt their membrane composition to
cope with environmental stress. For example, under phosphate-
limited growth, much of the phospholipid component of the
Rb. sphaeroides membrane (though not cardiolipin or PG) was
substituted by nonphosphorus glycolipids.”’ Strains can be
engineered by mutation to eliminate synthesis of cardiolipin
from PG (CL— strain*'), and these conditions have been
combined to explore the dependence of growth, expression of
cytochromes, and activity of respiratory and photosynthetic
chains on membrane composition. The tested parameters were
not attenuated, even when the CL— strain was grown under
phosphate limiting conditions.”*' The only phospholipid
present under the latter conditions was PG, from which it is
obvious that no other common phospholipid could be required.
Although it is not obvious that modifications in lipid content
would alter the protein behavior, a natural membrane is
obviously preferable. Of special interest is the high ubiquinone
content of the native membrane.”””** Any natural simulation
should at least include this component, even though the second
order processes involved in substrate or product binding are
not readily accessible on the MD time scale.

It seems likely that the void is accounted for by disorder in
lipids naturally incorporated on assembly of the complex which
were not detected by X-ray diffraction. Indeed, as noted above,
a more stable structure has been achieved in Rb. capsulatus
models by populating the void with a cardiolipin,***° as seen in
the yeast complex. These and other possibilities are readily
explored by simulation.

The Limitations of Conventional Approaches to
Atomistic Understanding of Mechanism. In a complex
mechanism like the Q-cycle, it is widely recognized that the
parameters determined experimentally (rate and equilibrium
constants, driving forces, reorganization energy, etc.) reflect
interplay of many “invisible” partial processes at the atomistic
level, even when a reaction can be well-defined by a chemical
equation. For these processes, direct measurements are not
available, so feasible parameters must be estimated within
constraints from conventional measurements.”® We have
pioneered exploration of some of these atomistic features
more quantitatively through previous collaborations with the
Schulten group, applying MD and QC approaches to several
different mechanistic problems using MD models based on
mitochondrial or Rhodobacter be, complexes.”®*” Building on
this experience, we here introduce a new MD model using the
Rb. sphaeroides be, complex, in which the protein environment
has been modeled in a native membrane, including ubiquinone,
and are currently running unconstrained MD simulations
(production runs) to explore the mechanism at the atomistic
level under XSEDE support, discussed below.

B METHODS

Classical Molecular Dynamics Simulations. MD simu-
lations are performed using NAMD,"* a highly parallel, publicly
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available MD program, with demonstrated scalability on many
platforms. Currently, the molecular systems presented here can
be modeled for 10—15 ns/day when run at 2 ns/step on 400
STAMPEDE processors. Simulations involving lipids use the
latest CHARMM36 force field in which the problem with
consistency of lipid density has been resolved.** The
simulations with proteins and prosthetic groups use the
CHARMMS36 force field with CMAP corrections,”’ supple-
mented by custom built topologies from collaborators. Water
molecules are represented explicitly by the TIP3P model.” In
all simulations, the temperature was maintained constant at 310
K using Langevin dynamics with a damping coefficient of 1 ps™
and the pressure at 1 atm using the Langevin Nosé—Hoover
method.”*” Long-range electrostatic forces will be calculated
without truncating using the particle mesh Ewald (PME)
method.®’ For all simulations, 2 fs will be used as the
integration time step. Umbrella sampling (US)** with replica
exchange molecular dynamics” will be used in some projects to
calculate the potentials of mean force (PMF) associated with
the studied processes. The weighted histogram analysis method
(WHAM)*>*™>° will be used to construct the PMF from the
calculated trajectory files. All of these methods are standard and
fully implemented in NAMD. Collaborations will allow us to
extend the range to include application of more specialized
approaches.

Rapid Mix/Freeze Quench Protocol. To poise bc,
complex with heme by reduced and b; oxidized, 11 uM bc,
complex in a buffer of S0 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) at pH 8.5, 100 mM KCl, with
0.1% dodecylmaltoside (DDM) and 10% glycerol (buffer A)
was incubated in the presence of 65 uM 6-(10-hydroxydecyl)-
2,3-dimethoxy-5-methyl-1,4-benzoquinone (OH-decylUQ, ide-
benone), 70 nM NDH-2 (NADH.ubiquinone reductase from E.
coli), and saturating antimycin A. The mixture was flushed with
argon for 2 h in a Thunberg cuvette before mixing with 0.5 mM
NADH held in the bulb, and then allowed to incubate for 30
min. The redox state of the b-hemes and NADH was
monitored spectrophotometrically. Heme by became reduced
with a lag on reduction of the Q-pool (t,;, ~ 6 min), but
somewhat remarkably, heme b; remained oxidized (at least out
to 90 min), despite the strongly reducing conditions provided
by the excess NADH (E, ~ —350 mV). In a separate anaerobic
chamber, 800 M equine ferricyt ¢ in buffer A was flushed with
argon to keep it anaerobic. Other mixtures could be used to
explore different starting states. The two mixtures were
transferred to the reaction syringes under strictly anaerobic
conditions before mixing to start the reaction.

The reaction progress was assayed using a rapid-mix, freeze-
quenching approach.”” ™" An ultrafast microfluidic mixer was
used to rapidly mix the reactants and eject the mixed solution in
the form of a jet onto supercooled rotating copper wheels to
quench the reaction within ~30 ps. The Z-shaped mixing
channel was designed to enable sub-millisecond mixing,60 and
the operating conditions were optimized (on the basis of the
physics of fluid mechanics and surface tension) to eject the
mixed solution in a jet as opposed to droplets. A myoglobin/
sodium azide reaction was used to calibrate our apparatus as in
Appleyard et al,®" calibrated to an instrumental dead time of
~30 ps, similar to the S0 us observed in ref 60.

Bl RESULTS AND DISCUSSION
The Bifurcated Reaction at the Q,-Site. The finer

features of control and gating cannot be appreciated without
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some deeper insights into the Q-cycle mechanism through
which the complex operates (Figure 1). Our current picture for
the Q,-site reaction involves mobile dancers (ISP extrinsic
domain, SQ,, several side chain rotations) in a molecular ballet
of reactions linked to the chemistry, driven by overall work
terms well characterized by conventional approaches. However,
the ballet is choreographed by atomistic forces. Recent evidence
suggests that, at the Q,-site, control and gating of the first
electron transfer involves the spring-loaded mechanism
mentioned above,'”*° while that of the second electron transfer
involves Coulombic couplings that come into play as H" and
electron separate on oxidation of SQ, (initially formed as the
neutral SQ (QH®) by heme b;). Such Coulombic effects are
complex, especially so when electrostatic forces from the
neighboring protein and solvent perturb electronic orbitals, and
vice versa. Additional complexity is introduced by equilibration
between dimers. Kinetic data suggest that electron transfer
across the dimer interface (between the b; hemes) does not
contribute a significant fraction of the normal forward
flux,>*>* but certainly, Coulombic effects and slow electronic
equilibration can occur.”®* To explore such systems requires
application of several different areas of physicochemical
expertise, and the field has recently attracted such diverse
interest.

The Rate Limiting Process. The first electron transfer at
the Q,-site is rate-limiting overall,"*** with the rate constant
determined by the unique properties of the proton-coupled
electron transfer mechanism, which can be summarized in the
following Marcus—Brensted form:

}/(AGJCE)T + Agr)’

p
log k=13 — ——(R - 3.6) —
810 2.303( ) Apr

- (pI<ClH2 - P‘Kapp) (2)

Here 8/2.303 is the slope of dependence of log;, k on electron
transfer distance® with # = 1.4 A7Y, y is F/(4 X 2.303RT) =
4.23 in this treatment,’® and Agy is the Marcus reorganization
energy for the electron transfer component. The terms to the
right can be seen as log), probabilities whittling away the
limiting rate constant (k ~ 10" s™" at bond vibrational rates).
The observed rate constant is k ~ 10° s7%, but models based on
structures suggested that the distance for electron transfer is ~7
A, for which the expected value would be very much faster
(~10% s using typical values for reorganization energy, A ~ 0.7
V). The rate constant is lowered from the value expected for
simple electron transfer (the Marcus value, the first three terms
on the right in eq 2) by the improbability of finding the proton
in the favorable position along the H-bond through which both
electrons and protons are transferred (the rightmost Bronsted
term). This explanation for the rate constant discrepancy came
from clues provided by structures. Although none of them have
shown a quinone species in the catalytic site, structures with
some types of inhibitor (stigmatellin, S-n-undecyl-6-hydroxy-
4,7-dioxobenzothiazole (UHDBT)) all showed specific H-
bonding from a ring >C=0 (or >C=0") to ISPH*, involving
one of the histidine ligands to the 2Fe2S cluster (His-152 in Rb.
sphaeroides). With pK, 4 ~ 12.5, this side chain is protonated at
physiological pH, and would serve as a H-bond donor. Since
the inhibitors were thought of as quinone analogues, it was
natural to suggest a similar pattern for binding of ubiquinone,
involving ISPH® and one of the redox active >C=0 groups of
the quinone ring in the g, = 1.800 complex.”" Extrapolating
from this to the quinol form then provided an obvious model
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for the ES complex. However, this involves QH, and the
oxidized ISP (ISP,,), for which the polarity would demand that
the ring >C—OH acted as a donor to the H-bond to N, of the
dissociated H152 of ISP >*"%® (pK,, ~ 7.6). This
configuration provides an obvious pathway for both proton
and electron transfer, through the H-bond, to histidine and the
cluster, respectively. A second clue then came from the redox
chemistry of ISP, which showed that, over the physiological
range, the E value varied with pH, indicatin7g that reduction
involved both an electron and a proton.”**~"" We suggested
that the changes in pK,,, in the physiological range seen on
redox titration of mutant strains, and reflected in the pH
dependence of electron transfer,”””* could be well explained as
resulting from the changes in pKs of the two histidine li%ands
(H131 and H152 in Rb. sphaeroides) to Fe2 of the cluster. 6971
This hypothesis has now been validated by direct measurement
by NMR spectroscopy on the Thermus therm(;philus ISP.”* A
third clue came from work in the Nocera group’” on the rate of
electron transfer between H-bonded partners in a model
system, in which the groups involved (a diamine on one side H-
bonded to a carboxylate on the other) could be exchanged
without much effect on the photochemically generated driving
force. Surprisingly, the observed rate in aprotic solutions was
strongly dependent on the donor—acceptor configuration of the
H-bond through which the electron and proton had to pass.
They recognized that the proton-coupled electron transfer
depended on the difference between the pK values of the
groups forming the H-bond, which defined a Brensted term
specifying the probability that the H" would be favorably
situated for electron transfer. By combining these hints, we
could propose not only a simple model for the ES complex but
also a simple explanation for the pH dependence of electron
transfer in the physiological range, and the simple explanation
for why the reaction was so slow, summarized in eq 2 and
discussed extensively elsewhere."*>%"7?

Previous Computational Studies. In the recent collab-
orative work® with the Schulten and Solov’yov groups, we have
used molecular dynamics, supplemented by snapshots of critical
states treated through QC calculation to examine the ES
complex of the bifurcated reaction in the bc; complex from Rb.
capsulatus. Modeling by MD simulation suggested a novel
configuration, consistent with previously unexplained outcomes
of mutagenesis studies of the key residue, Tyr-147,° and in
marked contrast to the direct participation of E295 previously
expected.”” In subsequent studies,” " polar residues con-
tributing to binding of QH, and the 2Fe2S cluster were
approximated through density function theory (DFT) to
provide a QM model in which QC calculations were used to
explore this state. In extending these calculations to an
investigation of the first electron transfer, they used an
approach based on the intrinsic reaction coordinate to explore
potential pathways to product states, starting with different
protonation states of HI156 (equivalent to HI1S52 in Rb.
sphaeroides).”® Although configurations with His-156 either
protonated or not can be represented by competent QC
models, only the complex in which ISP, has His-156 initially
dissociated at N, provided a productive forward chemistry.”*
Several other recent papers®>®*””” have included QC
calculations of the first step of the bifurcated reaction at the
Q,-site. This is rate limiting under substrate saturation, and
therefore of special mechanistic interest. Critical to the reaction
profile is the configuration of the ES complex; conclusions
about the PCET reactions involved depended on the model
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chosen. In all models, the ES complex involved QH, in the site,
H-bonded to the same histidine of ISP, docked at its interface
with cyt b. In Martin et al,*® the electron transfer was treated in
a somewhat truncated QC model, with parallel studies of the
dielectric response of the protein and environment. In
determination of the latter, the reaction was considered as
starting with QH™.ISPH'®, unencumbered by the Brensted
term, and treated as if the proton transfer was separate, so that
the electron was transferred with full Coulombic consequence.
However, the reaction is intrinsically neutral: QH,.ISP,, =
QH®* + ISPH". In the PCET mechanism above,"”*>%7"%! with
the ES complex formed with QH, H-bonded with N, of His-
152 of ISP, dissociated (pK,,; ~ 7.6 in the isolated protein70) ,
formation of the complex (and hence the rate of reaction)
depends on pH, as shown by the strong correlation between
change in pK,,, for electron transfer rate and change in pK,,, in
ISP mutant strains.”® Since the >C—OH of QH, (with pK ~
11.5) donates the H atom to the H-bond, electrons and
protons would follow the same path on oxidation by ISP,
Most of dielectric response needed would then be accom-
modated by electronic redistribution in the cluster and its
ligands (as seen in the pK change of the histidines on
reduction”*”~""*), In the model considered by Postila et al.,*
the electron transfer also occurred though the H-bond to
histidine (H156 in Rb. capsulatus, H152 in Rb. sphaeroides) but
with the histidine N, initially protonated, so that the histidine
was not able to serve as a proton acceptor. Release of the
proton therefore had to involve the other quinol >C—OH, and
a pathway, separate from that of the electron, via a bound water
molecule, to which they assigned a key role. The MD model
used by Barragan et al.* was initially parametrized following that
of Postila et al.*” but then was adapted so as to allow a testing
of the Crofts et al. model,"”***7"%! with the histidine N,
initially dissociated.

This simulation revealed unexpected features of the ES
complex configuration, already noted above. Previous guesses
based on the binding of stigmatellin had assumed that Glu-295
would provide a H-bond to the >C—OH of the quinol distal
from ISP. Since E295 mutations had a profound effect on
function, a critical role had been assumed as acceptor for the
second HY, released on oxidation of the intermediate SQ,. This
was reinforced by the striking rotational displacement of E295,
seen in structures with myxothiazol (or E-f-methoxyacrylate
(MOA) type inhibitors), that both opened a volume for
diffusion of SQ, and brought the carboxylate group into contact
with a water chain to the aqueous exterior, thus providing a
pathway for proton release.”"”®’ Barragan et al.® found instead
that Tyr-147 spontaneously rotated from the position in the
stigmatellin structure to serve the H-bonding function to QH,.
In their new model, Y147 also H-bonded to E295, and this
allowed it to serve a relay function with the glutamate, so that
the latter could still act as a proton acceptor. Reinterpretation
of results from earlier literature on mutations at this residue,”®
and our recent detailed analysis® of additional mutations at Glu-
295, seemed to provide support for this novel configuration. In
Y147F,”° in which the H-bonding potential was lost, the
apparent K determined from the dependence of the rate of
QH, oxidation on the degree of reduction of the Q pool
indicated a substantially reduced affinity for the Q,-site,
consistent with a binding function in the native strain. On
the other hand, the small increase in K, on mutation of E295
to D or G observed in earlier studies,*> confirmed in later work,
was found to be spread to either side of the wild-type value in
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other strains when additional mutants were included,
suggesting that Glu-295 had little if any effect on binding of
QH,.° In addition, at least one structure (PDB ID 1sqv) has
been published in which the equivalent tyrosine (Y131 in beef)
H-bonds to the inhibitor UHDBT at the Q,-site.'” This
arrangement has been discussed in detail by Berry et al.” They
were also able to identify such a configuration in electron
densities for some of their own UHDBT-occupied structures.
These results are of obvious importance in supporting the new
configuration.

QC Simulations of the First Electron Transfer. Both the
ES complex and its transition through the first electron transfer
have recently been simulated in MD/QC calculations in a
continuation of our collaboration with the Schulten and
Solov'yov laboratories.””® The outcomes of these calculations
show a gratifying agreement with the mechanism suggested
above but with a new wealth of atomistic detail. Free-energy
profiles of the reaction coordinate from ref 78 are similar to that
expected from eq 2, including energy levels, and endergonic
nature. In the physicochemical profile (Figure 4), the

600 — N . !
activation barrier TS
400
'y
B red i {QH"..ISPH} intermediate
A ronste H--H-ISP,, - products of
G term Q \ ord {Q..ISPH} + H* first electron
(mV) ) {Q" + ISPH} + H* transfer
200+
second
electron
transfer
substrates
0 - {QHz + ISPy} {bub1}+Q
reduction
{QH,-ISPy} of heme byy
ES-complex
200 4 b} +Q

Reaction coordinate

Figure 4. Marcus—Bronsted reaction profile of the Q,-site reaction
(updated from refs 1 and 7). Values for AG are calculated from
experimental data. The vertical dotted arrows show limits on estimated
values. The reaction follows the path expected from the Marcus—
Bronsted treatment. The profile is similar to that generated by QC
simulation in Barragan et al,’”® set up with the ES complex (ISP--
QH,) as the starting state, in which QH, is the H* donor to H152 N,
in the H-bond, so that the reaction would be expected to follow the
same path as that from the Marcus—Bronsted approach.

contribution of the Brensted barrier is shown as a distinct
state, but in the equivalent linear form of eq 2, the last two
terms would represent the product of probabilities, and, with
the rapid rate constants for H" transfer in H-bonds,** would
therefore behave as a composite term. The approach through a
QM superposition of states simulates not only the profile but
also this composite feature, in the landscape from QC
calculations.”

In an interesting investigation of the diffusion of O, into the
Q,-site, and its reduction to generate super oxide, Husen and
Solov'yov® have also extended the model from ref 8 to
approximate the product state in which the first electron
transfer has generated Q°®".ISPH®. In another extension,
Barragan et al.”® have explored the QC trajectory between ES
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complex and this product state. We will discuss these models
later in the context of new insights from the SQ,.ISPH® state
introduced above. Two additional recent papers have
considered the role of cardiolipin in stabilizing the structure,*®
and in facilitating delivery of protons to the Q-site
mechanism,** also discussed later.

A New MD Model Using the Rb. sphaeroides bc,
Complex. Biochemical approaches can validate (or otherwise)
quantum calculations, and insights from quantum chemistry
can guide mutational and spectroscopic efforts. For the new
model discussed above, the bc, complex from Rb. sphaeroides
has been embedded in a native membrane with the
physiological complement of lipids, including ubiquinone, to
fit the computational model better to the experimental reality.
In designing this model, we have taken note of the two
problems introduced above: (1) the void in crystallographic
structures (Figure 3) and (2) the non-native membrane used in
previous work. Since interpretations of the outcome in these
previous simulations might have been distorted by these
architectural blemishes, an important preliminary task has been
to test alternative scenarios for dealing with the void. We have
stabilized the complex by insertion of two phospholipid
molecules (PG in Figure 3c), simulating what might be
expected on population of the void from the membrane on
assembly of the complex. The Rog group has shown in their
simulation of the Rb. capsulatus complex’® a similar
improvement in stability when cardiolipin occupies the void.
We chose two PG instead of the cardiolipin because function of
the bc, complex in Rb. sphaeroides does not require cardiolipin
(see below). These are important improvements, because they
minimize structural displacements of protein or water in
response to the void. No population of the hydrophobic
volume by waters occurred in the model containing the two
lipids. As already noted, although the POPC membranes of
earlier models have been replaced by more natural ones, for
example, the composition of the mitochondrial membrane,**”
in setting up these models, the membrane was relaxed by
procedures that allowed the natural cis fatty acid side chains to
isomerize to the unnatural trans form. In our present model, we
have used the published composition (including ubiquinone) of
the Rb. sphaeroides chromatophore membrane determined
under conditions of growth similar to our own,** to implement
a more natural simulation environment, and taken care to avoid
artificial isomerization.

Preliminary simulations after relaxation of the model with all
constraints removed (short runs ~5 ns) showed that all three
phases (protein, lipid, and water) behaved naturally. In longer
trajectories, free diffusion of lipids was observed in the bulk
membrane; diffusion of phospholipids was limited to 2D within
the constraints of the polar heads, but ubiquinone and
ubiquinol also explored the lipid phase through 3D excursion,
except when bound at the catalytic sites. The two PGs placed in
the initially void volume were retained for at least 125 ns. The
behavior in the membrane will allow direct estimation of
diffusion coefficients over the time course of a trajectory (to be
discussed elsewhere). Water chains previously observed
crystallographically were populated by waters, but these
exchanged rapidly with the bulk. No waters were found in
the “void” volume, except at the headgroup/water interface.
These results provide some confidence that modifications to
correct previous defects have been effectively implemented.
Both the overall structure and layout of the Q.- and Q;-sites
retained configurations close to those seen in the starting model
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(occupied in the initial crystallographic model (PDB ID 2gjy)
respectively by stigmatellin and ubiquinone), when occupied by
UQ, respectively, in reduced or oxidized form at Q.- and Q-
sites (Figure 3) (this redox poise would be appropriate to the
pool initially 90% oxidized). The stable configuration of the Q;-
site confirms that in ref 35, in which features of the Q;site
mechanism were simulated in a Rb. capsulatus model of the b,
complex with cardiolipin in the void. However, our initial
unconstrained production run, exploring a continuous
trajectory of ~12S5 ns, revealed significant differences from
those previously reported in configuration of reaction
complexes at both sites (Figures 3 and Figure SI-1). The
basis of these differences obviously needs to be resolved.

In the Barragan et al.”® complex leading to productive
forward chemistry, three H-bonds stabilized the quinol: from
H156 N, to QH, —OH (02), from Y147 —OH to QH, —OH
(0S), and from Y147 —OH to E295 —COO™. In our
simulations, these three residues were all found to participate
in H-bond pairings of the Barragan et al. model, suggesting that
drastic revision of previous work might not be necessary. Figure
S shows (in part A) the state of the Q,-site in frame 153 of the
trajectory (at ~30 ns), in which important H-bonds are
highlighted, and (in part B) the distances for the H-bonds
above, read from the trajectory as it evolves. In the time course
shown, ISP, and QH, are initially separate, but over the first 90
frames (18 ns), the H-bond from QH, —OH to ISP, N, of
H152 forms, dissociates, and then reforms and stabilizes the ES
complex. During the entire trajectory, Y147, E295, and N279
explore configurations in which Y147 rarely visits QH,. Mostly,
E295 is busy swapping its association between the other two
residues. However, no configuration in which all three H-bonds
were simultaneously engaged (which formed the basis of their
QC calculations) has yet been reached in our simulation. This
volume of the protein also includes several exchangeable waters
which are involved in H-bonding with the polar residues, and
connecting to the heme by propionates and Arg-94, likely
providing H* conducting pathways, including one to the P-
phase water. Over the remaining time captured in this
trajectory, Y147 occasionally (about only 10% of the time;
see time course in part B) H-bonds with QH,, as shown in part
A. In the frame captured in part A, the two primary H-bonds to
QH, stabilizing the ES complex (from H152 and Y147) are
both present, but E295 is distant. In a continuation of this run,
with the sampling interval decreased to 1 fs, the pattern persists
at longer times (currently to ~125 ns). If this pattern is
confirmed in additional runs, it would require at least a modest
change in interpretation of the previous result, that the release
of a H" from QH® involves collisional exchange with Y147,
E295, and N279 via stochastic H-bonding, rather than the
direct relay previously suggested.”® The Barragan et al. model”®
included Y147 and E295 in the QC calculation, and they found
that, without E29S5 included, the forward chemistry was
thwarted. This may capture an important feature of the
mechanism. The same role could be implemented in the
stochastic mechanism above but, unfortunately, not in a self-
contained QC calculation. On the positive side, a smaller
model, omitting Y147 and E29S, would be more tractable in
QC calculations. More difficult to implement would be QC
evolution along the reaction profile using snapshots,
interrupted by MD simulation allowing equilibration with the
stochastic possibilities from structural dynamics.

More extensive revision could be justified; it is possible that
the earlier modeling”***** of the ES complex as involving
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Figure S. Formation of the ES complex. (A) The configuration of the
ES complex after stabilization (at 31 ns). The bond to His-152 (at the
left of the image) is stable after ~18 ns, and over the remaining time
simulated, the bond from QH, to Tyr-147 (center) forms about 10%
of the time. Throughout the trajectory, Glu-295 (right) remains too far
from QH, to form a H-bond. (Stereo pair for crossed-eye viewing.)
(B) Time course of stabilization. Details of the trajectory stabilizing
the ES complex, as seen in the distance between non-H atoms of
potential H-bonding groups. Bond distances are as follows: H152—
QH, shows His-152 Ne to QH, 02; Y147—QH, shows Tyr-147 OH
to QH, OS; E295—QH, shows Glu-295 OE1 to QH, O5; E295-Y147
shows Glu-295 OEl to Tyr-147 OH; E295—N279 shows Glu-295
OEl to Asn-279 ND2. The changes in H152—QH, distance reflect
predominantly excursions of QH, out of the site, and therefore
provide information on diffusional kinetics in the entrance channel.

E295 as a direct ligand to QH, has biased thinking toward an
emphasis on a direct role in H" release. If so, an alternative
scenario in which the product state QH®*.ISPH® dissociates to
release the neutral SQ to diffuse in the site needs to be
considered. E295 would then be involved only in transfer of the
H" to the heme propionate after the QH® is close enough to
transfer the electron, thus facilitating an electrostatically linked
PCET. The stochastic proton exchanges among this group of
residues would enable transfers fast enough to make these last
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two models indistinguishable experimentally from the earlier
model. Possible scenarios are discussed further below. One
consideration in deciding between these scenarios is the need
to constrain the SQ in the Q,-site. Preference might depend on
a simple physical principle; the low probability (high energy
cost) of solvating a charged species favors mechanisms
involving Q°” as the liberated form, rather than QH®, since
the former would have a much lower probability of escape into
the lipid phase via the hydrophobic entrance channel.

In parallel, we have also run a preliminary simulation with
antimycin occupying the Qsite, a commonly used exper-
imental situation, since it allows ready measurement of turnover
of the Q,-site through reduction of heme by. The measured
rate of QH, oxidation (in the first turnover) when heme by is
initially oxidized is the same in the absence or presence of
antimycin.”*® In line with this, the configuration of the ES
complex examined followed essentially the same pattern as that
in the absence of inhibitor (not shown).

Control and Gating in the Oxidation of SQ,. The need
for control/gating of the reaction was first noted explicitly by
Oscyzka et al,”” who pointed out that, if rate constants for
electron transfer were determined by distance, similar values
would apply to oxidation of SQ, in forward chemistry, and
bypass reactions involving reduction of SQ, by heme by, if both
reactions occurred from the location at which it was generated
from QH,. Consequently, the bypass reactions, and those
associated with ROS production, could occur at rates
comparable to the normal forward reaction. To account for
the observed slow rates, the reaction would have to be gated.
Quite how this happens is under debate.

Although turnover is constrained by the limiting process, it is
widely recognized that the second electron transfer must occur
with a rate constant intrinsically much more rapid than the first.
In normal forward chemistry, intermediate product states of the
Q,-site reaction must have a low occupancy (<0.02 per
monomer, as judged by the <20 us lag phase before the rate of
reduction of heme by reaches its maximal value)."*®738
These states include SQ, (in all forms) and ferroheme b;. The
rate constant for electron transfer to heme by in strains with
E295 (the proton acceptor group) mutated to glutamine, lysine,
or tryptophan can be directly determined because occupancies
of both reactants, ferriheme b; and SQ,, can be measured. The
rate is so slow that the heme remains oxidized over the time
scale in which SQ, becomes maximally populated.® Calculation
of rate constant from measurement of ferriheme b; and SQ,
occupancy in E29SW then showed a value of k¢ ~ 10° s™". If this
rate constant applied in normal forward chemistry, the
occupancy calculated above would be much too low to explain
the observed rate. The highest occupancy measured, under
conditions of high driving force, was ~0.01, but under normal
forward chemistry, a much lower value would be expected.
Consideration of other scenarios is constrained by similar
limitations on possible mechanisms. As proposed earlier,
electron transfer to heme by could be increased 10°-fold by
migration of SQ to shorten the distance,"”’** and this seems
an economic explanation for the rates observed in the forward
reaction.

In normal forward chemistry, the acceptor heme by is
maintained in the oxidized form by electron transfer through
heme by and the Qgsite to reduce Q, and under these
circumstances, electron transfer is so rapid that no SQ,
accumulates.””*” Because the first step is endoergic, the back
reaction is more rapid than the forward, and the second step
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must compete with that. Many parameters enter into this
competitive scenario, as explored by Hong et al.”> Under any
scenario for the forward reaction, the intermediate complex
must dissociate rapidly into ISPH® and SQ,. However, this
depends on a coordinated set of processes. The tethered
extrinsic domain of ISPH® must leave the association with the
Q,-site, and move close to heme ¢, to facilitate the subsequent
transfer of the first electron. The SQ_remains associated with
the Q,-site but, from the above, must move to initiate the
second electron transfer of the bifurcation. All of these
events—dissociation of the SQ,.ISPH® state, electron transfer
from SQ, to ferroheme by, displacements of ISP and SQ,—
occur over a time scale of a few ys. On the other hand, if heme
by is reduced, either initially or on turnover in the presence of
antimycin, the SQ,.ISPH® accumulates. Under these conditions,
the complex turns over at ~1% of the uninhibited rate through
bypass reactions, including generation of ROS if O, is present.
In all earlier reports, the EPR properties of the SQ, species
reported showed no complexities in the spectrum, and no
detectable association with H-bonding partners, suggesting that
a loose binding might allow movement in the site. This is in
contrast with the new SQ,ISPH® complex now to be discussed.

A New Intermediate SQ,.ISPH* Trapped by Rapid-
Mix/Freeze Quench. An important new set of data has been
provided from our more recent work exploring kinetics of SQ,
accumulation. The microfluidic mix/freeze-quench approach
for preparation of samples for EPR developed in collaboration
with the Kenis lab has made it possible to measure of kinetics of
formation of SQ, in the sub-ms range, revealing a new
intermediate SQ,.ISPH® state (Figure 6). The fate of
intermediate states depends on the availability of acceptors
for the electron and the proton. Under conditions in which
heme by was initially oxidized, no SQ, signal was detected,
indicating that the rate of oxidation was much greater than the
rate of formation. This result confirms earlier kinetic studies,”’
although in that report, the failure to detect SQ was attributed
to a concerted mechanism in which no intermediate state
occurred. Turnover leads to formation of the newly identified
state only when heme by has become reduced, either by redox
poising prior to mixing with substrates or by preliminary
turnovers of the Q,-site when electrons are prevented from
leaving the low potential chain. The features of interest are the
kinetics of formation and a novel electronic structure, which
shows new lines in the CW spectrum, changed saturation, and
interaction through H-bonding to a neighboring N atom
revealed through ESEEM experiments. We interpret these
properties as showing that SQ,, is still in the H-bonded complex
with His-152 (in Rb. sphaeroides) of ISPH®. In the forward
chemistry, the SQ,.ISPH® intermediate dissociates rapidly,
perhaps aided by the spring-loading, but when heme b is
reduced, it does not. What forces are in play under these
conditions?

The features above show a new state, trapped by rapid
freezing to liquid N, temperatures, in which SQ, is associated
with a neighboring paramagnetic center. SQ, accumulates only
as heme b; becomes reduced, so neither oxidized b-heme is
likely to be the spin partner. Although the c-hemes were likely
oxidized, both would be quite distant, and all of the heme
species have peaks far removed from this range (cf. ref 57).
Since only ISPH® has a peak (at g, = 2.02) in the region of the
new SQ, species, it seems likely that this is both the H-bonding
and local spin partner. This is revealed through the appearance
of additional lines, including a broad line at g = 2.06
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Figure 6. Semiquinone intermediate formed on turnover of the Q,-site
with heme by initially reduced. (A) CW X-band EPR spectra of a
sample trapped early in the accumulation of SQ (at 280 us after
mixing), as heme b, initially oxidized, became reduced by turnover
when heme by was initially reduced. The shape of the signal shows
that the normal symmetrical narrow line shape of the SQ_signal is
distorted by electron spin—spin interaction with a neighboring
paramagnetic metal center. The temperature dependence determined
at S and 30 K (the 30 K trace at the top is offset by S00 units for
clarity) shows that this substantially enhances the spin relaxation. The
interaction is also seen in power saturation studies, and in the
temperature and time dependence of field-sweep spectra (not shown).
(B) The ESEEM spectra are presented as two-dimensional contours of
the set of three-pulse ESEEM spectra of the bc; complex (sampled 4
ms after mixing), collected at g = 2.06 (top) and g = 2.005 (bottom).
The spectra show contour plots of frequencies, v (from the modulus of
Fourier transform as time T increases), at different times, 7, using a
three-pulse sequence 7/2...7..7/2...T...t/2...t...echo. The initial time, 7,
was 100 ns and was increased by 16 ns in successive traces. The lines
at ~1.6 and 0.8 MHz in the spectra are from '*N, and likely produced
by interaction with a histidine nitrogen. The 'H line in these spectra
(at ~14.5 MHz) is produced by protons. The periodical variations of
line intensity are due to dependence on time 7 at stable frequencies.
For both samples, the microwave frequency was 9.633 GHz and the
temperature was 15 K. The magnetic field was 334.1 mT (top) and
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Figure 6. continued

3432 mT (bottom). The spectra show small differences in
temperature sensitivity and different kinetics of decay, but nuclear
spin interactions for '*N, likely through H-bonding, were at the same
frequencies (~1.6 and 0.8 MHz), and thus were likely with the same N
atom. These values are consistent with the pure nuclear quadrupole
frequencies of the protonated nitrogen in an imidazole residue, and
suggest that the spin—spin interaction involves N, of His-152 of
ISPH?®, the same N atom as involved in the H-bond stabilizing the ES
complex. This set of characteristics is very different from those of the
dissociated SQ determined in earlier work.%*>"!!

(dominated by ISPH®), seen in the CW spectrum (left) and in
field-sweep three-pulse ESE spectra (not shown). Both
temperature dependence (Figure 6, top) and saturation effects
(to be published elsewhere), also obvious in field-sweep three-
pulse ESE spectra, show enhanced relaxation expected from
interaction with a metallic center.

Further details are revealed by pulsed EPR (Figure 6,
bottom). The stacked plots show three-pulse ESEEM spectra in
the frequency domain (MHz, bottom scale) at different times 7
(z-axis, right-hand scale in ns), starting at zero = 100 ns and
advancing by 16 ns from front to back. The data were measured
at the g = 2.00S and g = 2.06 peaks of the CW EPR spectrum,
the former dominated by SQ,, the latter by ISPH®. Two spin
interactions with '*N are observed with frequencies of ~1.6 and
0.8 MHz but with differential evolution in 7. ESEEM spectra
taken at g = 2.005 and at g = 2.06 report the same frequencies
but small differences in temperature sensitivity and different
kinetics of decay. The ESEEM frequencies (lines at ~1.6 and
0.8 MHz) are consistent with pure nuclear quadrupole
frequencies of protonated N, (cf. ref 90). Since ESEEM
spectra at the two g values show the same "N frequencies, they
were likely with the same N atom, most probably that from N,
of His-152 of ISPH®. The ESEEM spectra also showed a line at
~15 MHz from 'H, which suggests that the interaction with N,
of His-152 of ISPH® involves a H-bond, as would be expected
from its involvement in the H-bond stabilizing the ES complex
from which the SQ, state is formed in the first electron transfer.

An additional feature of interest is that the signal amplitudes
are considerably higher than expected from an S = '/, free
radical, due to spin sharing with a neighboring center. A likely
candidate, consistent with the configuration above, is the S =
3/, spin of the nearest Fe atom (FE2) of the cluster, to give a
mean of S = 3, leading to significant amplitude gain. The
amplification means that high-resolution pulsed-EPR techni-
ques can be applied even with the state at low occupancy.
Unfortunately, without a deeper understanding of the quantum
chemistry of the superposition of states involved, a more
complete quantification of the spin amplitude is not possible.
However, this should certainly be tractable in QC calculations
planned for the future.

How Does the New Complex Fit into the Forward
Chemistry? The papers by Barragan et al>*" exploit the
important ES complex model, with QH,.ISP_, in association
with Y147 and E29S. Although this complex may be subject to
revision, it remains an excellent starting point for exploring the
role of these residues in release of the H'. Any revision of the
model must provide the basis for QC calculations of the
reaction profile for the first electron transfer, and provide a
reliable guide to intermediate product states. The initial
intermediate product of the first electron transfer must involve
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a semiquinone that remains bound at the site. This is likely
QH°.ISPH®, but in normal forward chemistry, that state is
expected to rapidly dissociate to Q*~ and H* (or QH"), and
ISPH?, free to separate, to reach the respective acceptors. The
more recent studies from the Schulten/Solov’yov collabora-
tion”**” have involved dissociation of the H* to give Q*".ISPH*
as a transitional state which remains in association. However,
the lifetime of intermediate states is uncertain in the time range
explored in these calculations, and direct experimental evidence
provides constraints only at much longer times. What different
scenarios discussed need to be considered? Three possibilities
are summarized in the following schemes:

Barragan, Solov’'yov, Schulten mechanism:

heme b, ..QH, ISP, .E295 — heme b, ..QH".ISPH" E295

heme b, ..QH".ISPH*.E295
< heme b;..Q" .ISPH*E295(H™)

heme b;...Q"".ISPH*.E295(H")
< heme b;..Q °*..ISPH®
— heme b~ (H")..ISPH® + Q _ + E295
This paper:
heme b, ..QH, ISP, ...E295
— heme b, ..QH"ISPH"...E295

heme b;..QH".ISPH"...E295
< heme b;..Q" .ISPH"...E295(H")

heme b;..Q °".ISPH® + E295(H")
— heme b~ (H")..ISPH® + Q  + E295

or

heme b;..QH, ISE, — heme b...QH"ISPH*

heme b;..QH".ISPH® < heme b;..Q H"..ISPH*

heme b;..Q H°..ISPH"

— (E295-mediated)
— heme b~ (H")..ISPH® + Q

Barragan et al.”® observed no dissociation of the
Q*.ISPH*.E295(H") state in the 350 ns of their trajectory,
so the partial processes in the third line of the first reaction
scheme are conjectural. The authors emphasize that, although
dissociation of ISPH® had not occurred on that time scale, this
might be unremarkable in view of the ms range of experimental
turnover. The experimentally determined lag in the kinetics of
heme by reduction limits SQ, occupancy to <0.02 in forward
chemistry, making it very likely that dissociation and movement
of SQ, occur in the <10 ps range. In our kinetic model, 7 ~
1077 s is needed. One additional point to note is that the
spring-loaded effect noted above would favor dissociation.'”*’
This work-term, and its mechanistic expression, can be explored
by the physics of the MD simulation if properly implemented,
an obvious target for future studies. If the SQ,ISPH®* complex
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is produced immediately after electron transfer from the ES
complex of Figure 3, its lifetime in forward chemistry is much
shorter than under the conditions in which we detect it. This
state is formed only when the electron from SQ has nowhere to
go, because the acceptor, heme by, is reduced. The proton
would also have nowhere to go if E295(H*) had been unable to
pass on its H" during the previous turnover. Either or both
could prevent SQ, oxidation.

The reaction conditions under which the SQ_.ISPH®
complex accumulates are similar to those present in the
ischemic condition, a physiological state arising when tissues go
anaerobic because the blood supply is interrupted (for example,
in stroke or heart attack). The critical pathology comes into
play during recovery, when oxygen is introduced to restart the
bioenergetic pathways, and generates damaging ROS. Turnover
of the be, complex starts as oxidizing equivalents arrive via cyt c,
and initiate the Q_-site reaction with the b-hemes reduced,
essentially the state in which SQ, is generated in our
experiments. It is also worth noting in the context of ROS
production that, if the new state is indeed QH®ISPH?®, then the
properties of the SQ_species will be different from the free Q*~
state characterized in earlier experiments. To bring the spring-
loading contributions into the picture, we note that, since both
intermediate states evolve from the same ES complex, the same
counterforces are initially in play. When the complex dissociates
in forward chemistry, the binding force is lost, but in the new
complex, a binding force must still be in play. This will affect
the redox properties of both SQ, and ISPH®. The reaction of
SQ, with O, is strongly dependent on the E,, values of the two
couples involved; a change in E,, 5q/qu, might reduce the rate

so that ROS production is substantially reduced. In addition to
a less favorable E,, value, the kinetic constraint from association
with the ISPH® will also provide an impediment. Perhaps these
effects could account for the slower rate of O, reduction
observed compared with that calculated.*" Sarewicz et al.**!
have demonstrated an O,-insensitive state with some properties
in similarity, discussed in the Supporting Information. In our
own experiments, the jet formed after mixing, in which the
reaction evolves, is exposed to the open air, allowing a similar
conclusion, that the state is O,-insensitive.

At present, some features of the mechanism proposed and
the properties required are hypothetical but could be
constrained in the light of parameters from MD/QC
simulation. The exciting prospect is that this important state
can be simulated in a quantum mechanical model derived from
a physical model of the ES complex (for which abundant data
are available), to give an atomistic physicochemical mechanism
directly relevant to the medically important ischemic condition.

Aficionados will recognize a similarity between our
SQ,ISPH" state and a state proposed 20 years ago by Link”’
as a well-populated intermediate in forward chemistry. Because
no such state was seen in EPR at the time, it was assumed that
the complex was EPR invisible because of quenching between
spins. That model was abandoned because detailed examination
of the heme by kinetics precluded the high occupancy
suggested, but the protective function by occlusion from
reaction with O, that Link also suggested is now perhaps found
in a complex with the EPR signal enhanced by spin sharing,
formed only when protection is needed.

The Enzyme—Product Complex. The final EP complex
after oxidation of the SQ (with Q.ISPH®) has not previously
been modeled in any detail. However, it is a sensible starting
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state for characterization of native occupancies, since the
complex is thermodynamically stable. It also results in
perturbation of the g = 1.800 EPR spectrum of Q.ISPH".
Characterization of this state and its occupancy has engendered
a substantial literature,”***”**?*** showing the thermody-
namic forces associated with formation of the complex in wild-
type and mutant strains.

Simulation of the Q;-Site Reaction. The more stable
model of the be, complex studied by the Rég group,®>® with
cardiolipin in the interfacial cavity and associated with each Q-
site, allowed them to populate a series of model states for the
reaction at the Q;-site. The Q;-site mechanism discussed was
similar in outline to a previous model suggested by Kolling et
al.”> based on EPR/ESEEM studies, in which they pointed out
the need for different patterns of H-bonding from the likely
ligands (His-202, Asp-229, and Ser-206 in yeast or chicken;
His-217, Asp-252, and Asn-221 in Rhodobacter), for the
different states of the mechanism, site empty or with waters,
or with Q, Q*~, or QH, bound. Their discussion®*”® was in the
context of crystallographic models from mitochondrial
complexes in which the pattern of H-bonding showed several
variants. These have provided information on the liganding of
the Q;-site occupant, but the possibility of radiative reduction in
the X-ray beam left some uncertainty as to the redox state of
the quinone species in the crystallographic models. However, in
EPR studies,”””””® the occupant is unequivocally semiquinone,
and the data therefore more secure. The recent application of
MD/QC approaches to the Q;-site mechanism has provided
new detail, and in particular has focused attention on the role of
cardiolipin in facilitating access of protons to the reaction site,
as originally proposed by Lange et al.*’ for the yeast bc,
complex. The simulation was constructed using the Rb.
capsulatus complex, in which the lipid constitution was based
on the mitochondrial membrane that included cardiolipin in
the lipid complement. In this model, binding sites equivalent to
those observed in the yeast complex were spontaneously
populated. Their simulation therefore provides a nice model
(apart from obvious differences in protein sequence) for the
important mitochondrial reaction, and with some interesting
chemical insight in which a specific role of cardiolipin is
discussed in detail. However, Kuleta et al.”® recognized from
their own and previous work’*”>*?~'% on strains mutated at
the site that some plasticity in proton exchange pathways must
be recognized. We would suggest that some caution should be
observed in application of the Postila et al. model to the Rb.
sphaeroides bc, complex. The suggested role for cardiolipin
would require specific interaction with the protein, and might
in turn be taken as indicating a specific functional requirement
for cardiolipin. The crystallographic models available for the Rb.
sphaeroides complex include some lipids but not cardiolipin.
The structures are of good resolution (2.4 A), so electron
densities at sites stabilized by specific binding might have been
expected to allow modeling of structure.

The question of specificity for cardiolipin as a function of the
Rb. sphaeroides bc, complex has been addressed in the context
of a similar argument made for a role for cardiolipin in
cytochrome oxidase function, and investigated experimentally
in this system. Since the complex turns over rapidly in the
absence of cardiolipin, there can be no such requirement.”'
This interesting case and the outcome of our own simulation of
the Q;-site complex are discussed in detail in the Supporting
Information.
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Role of Asn-221 in the Two-Electron Gate Mechanism.
One of the differences between mitochondrial and bacterial Q;-
sites is in the third potential ligand to the quinone occupants;
Ser-206 is replaced by Asn-221. Mutation of the latter (N211
changed to T, H, I, S, P, D) was used to explore its role in the
Rb. sphaeroides system. In N221 mutants, the reduction of heme
by occurs at wild-type rates, but oxidation is slowed, in some
cases dramatically. This inhibition was substantial even in the
N2218S strain (as in mitochondrial complexes). Earlier results
had suggested that mutation to proline (N221P) had little
effect on function, interpreted as showing that H-bonding could
not play a significant role.””* However, in later work, we found
that frozen stocks of this strain when grown photosynthetically
reverted to wild-type, and we could grow no authentic mutants
without reversion.”® Contrary to our previous suggestion, we
have now concluded that the N221P mutation was nonfunc-
tional, and that, since other mutant strains all showed an
inhibited rate of electron transfer to the Qsite, a H-bonding
function at this residue was essential. However, although
inhibition was marked in N211I, with a nonpolar side chain,
some mutants with polar side chains (N211D, H) showed
similar inhibition, so other factors must be considered.
Involvement of N211 in several H-bonding functions to the
Q;-site occupants was included in the Postila et al.*> model.
This residue is also within H-bonding distance of other side
chains of the N-side structure, forming a potential proton-
conducting network connecting the volume in which the H-
bond between the Q;-site occupant and His-217 is formed, the
polar head groups of the void-filling PGs, and the N-phase
waters (Figure SI-1, Supporting Information). It is perhaps also
noteworthy that the isoprene tails of the ubiquinones interact
extensively with the tails of the void-filling lipids.

Involvement of N221, and K251/D252, in H-bonded
networks connecting to the heme by propionates brings into
the discussion the features of the Q;-site mechanism associated
with the thermodynamic coupling between heme by and
SQ,.'”1* 1% With the Q,-site blocked by myxothiazol and
with heme by initially oxidized, introduction of QH, to the
previously oxidized Q-pool (by redox titration, by generation
on activation of reaction center turnover, or by addition of
ascorbate as reductant) leads to generation of SQ; and to
reduction of heme by. In redox titrations, this is seen as “cyt b-
1507, a fraction of heme by titrating with an anomalously high
potential (E,,; ~ 150 mV).

QH, + [vacant] ferriheme by

—_
~

[Q*7] (H+).ferroheme by + H*

The reaction represents the reverse of the second step of the
two-electron gate. Addition of antimycin induces a reversal of
this reaction (“antimycin-induced oxidation of cyt b-150”),
pulling the reaction to the left by binding to the vacant Q;-site.
Although no fully satisfactory treatment of the two-electron
gate at the Qsite is yet available, the pH dependence of
formation of SQ indicates the importance of coupling to
protonation of groups other than the SQ itself, which has the
characteristics of the anionic form. The interest in N221
mutants comes from the observation that in many strains the
mutation changes the redox properties of the heme (most
dramatically in N2111) but only in the presence of antimycin.’
Although these aspects were not discussed by Postila et al.,”
there can be little doubt that coordination between the redox
states of the Q;-site occupant and heme by is important to the
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mechanism. The most obvious channel for equilibration
between the heme, quinone species in the site, and the N-
side aqueous phase would be through the “bent” propionate
(see the Supporting Information). However, the reduction of Q
to QH, takes a proton at each end; it seems likely from the
behavior of the N221 mutants that the H-bonded network
linking quinone species to H217 and N221 is important in
equilibration of the other proton.

Problems Immediately Accessible to Study Using the
New Model. Now that our model is constructed and tested,
simple MD simulations can access important problems. In
addition to exploring Q-site binding, our initial efforts will
address these “low hanging fruits”.

a. Dynamics of Water Chains Associated with H* Transfer.
Previously studies of water chains populated on MD
equilibration in the bc; complex were of prime importance in
formulating our current Q,-site mechanism.””* A proton
channel could be traced from E29S (as proton acceptor from
SQ,) to the P-phase water, which included Y147, and linked to
the heme by propionates. More recently, we have examined
these in more detail,* and have looked at their stability on in
silico mutagenesis. MD simulation of N279 mutants showed a
broken continuity, thereby explaining the observed inhibition
and validating the conjectural role of this residue. In the
mechanism proposed, the properties of the intermediate state
are determined by the redox state of heme by, and a coupling
with the protonation of E295 through dynamics of the water
chains. Similar problems can be addressed at the Q;-site. The
general approach of exploring the role of specific residues
though in silico mutagenesis comparison to experimental
outcomes will be continued, and extended to other water
chains, residues likely to stabilize them.

b. The Marcus Reorganization Energy Explored through
MD. Dielectric response to redox change and dielectric
compensation on electron and proton transfer are critical
components of the reorganization energy, 4, at the heart of
theory of electron transfer, but values are often simply guessed.
In the classical Marcus approach, the term to which A makes the
main contribution represents the activation free energy,
describing the probability of reaching the activation barrier
for forward chemistry. For biochemical reactions in the ms
range, this is a thermal equilibrium state; the question of a time
range for different components of A is not applicable, although
it would obviously be pertinent to photochemically driven
reactions.'””'*®® Matyushov has introduced a computational
approach to estimation of local dielectric response from MD
trajectories, which also addresses the time scales over which
these operate. The approach was recently applied by Martin et
al. in studies of the b, complex.’®'”” Unfortunately, in the
treatment of the Q_-site reaction, they failed to take account of
the coupled transfer of electron and proton in the first electron
transfer, which determines that the process is electroneutral.
The calculation of dielectric response for a simple electron
transfer (with full electrostatic impact) was therefore
inappropriate to the actual process. In using our new MD
model, we will extend this work to calculation of dielectric
response to redox changes on electron transfer, taking account
of electrostatic imbalance only when charges separate (for
example, in the second but not the first e-transfer from QH,). A
similar approach can be applied to transfer of H" through H-
bonded pathways, which usually contain water chains to
provide a Grotthuss proton-conducting channel. Both stabiliza-
tion and dielectric compensation can be achieved via polarity
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along the chain, but no detailed study of H" transfer in the bc,
complex system has explored these roles.

c. Testing the Spring-Loaded Model for Control of the Q,-
Site Reaction. The counteracting forces involved in control of
the Q,-site reaction are determined by conformation changes of
the ISP tether span, and by binding forces involving the
catalytic interface with cyt b and the Q. -site occupant.
Mutations of the tether region interfere with the former, and
mutations of interfacial residues in the ISP head (the mobile
cluster binding domain) interfere with the latter. The effects of
these mutations lead to changes in the balance between forces,
and have been explored though thermodynamic and kinetic
measurements on strains with mutations at these loca-
tions.'”***7*"1% To understand the atomistic underpinnings
of these changes, we can determine the energetics and examine
the consequence of in silico mutagenesis on MD behaviors, with
pathways explored through umbrella sampling of intermediate
states.

d. Mobility of Q, QH, QH*, and Q°~ in the Quinone-
Processing Sites. Exchange of QH, and Q at catalytic sites
involves a diffusional path, often through a significant distance.
From simulation of ES complex formation at the Q,-site, QH,
can diffuse rapidly in the entrance channel (as fast as ~4 A/ns,
Figure SB). In facilitating the second electron transfer of the
bifurcated reaction, Q°*~ likely moves 5—7 A in the Q,-site. The
rate for QH, diffusion provides an estimate of the diffusional
rate of SQ,. No previous studies have reported how fast these
diffusional processes are, or explored the constraints on rate
from spontaneous reorganization of local structure at the site.
The Q°~ movement could be gated by Coulombic effects
linked to the redox status of heme by, which we have previously
suggested might be important in control of bypass reactions.”
These features will be explored by MD simulations and
umbrella sampling of energy profiles at points along the
putative path.

e. Exploration of the Effects of in Silico Mutagenesis.
Molecular engineering has been used extensively to probe
features of the mechanism, but few of the mutant strains have
been structurally characterized. Interpretation of effects of
mutagenesis has therefore often been conjectural. It is
straightforward to implement such mutations in silico, and to
use MD to explore possible reconfiguration of the local protein
structure. Mutation can often have longer-range -effects,
especially if changes in polarity or charge are involved, but
MD simulation is driven by calculation of local forces, and can
therefore be readily adapted to calculation of energy changes
and local reconfiguration on mutation. Such approaches can
provide useful insights to underlying mechanistic changes (see
also section c above).
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