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Heme—copper oxidases use tunneling pathways
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lectron transfer (ET) reactions

in bioenergetics move electrons

10 A and more between redox

cofactors through insulating pro-
tein (1). Nowhere else does the wave
nature of matter control a biological
event in a more striking way: These
shifting electrons tunnel quantum me-
chanically from donor to acceptor.
Nature uses the physics of electron tun-
neling for good reason: Delocalized
charge would dissipate energy and in-
duce collateral redox damage. As de-
scribed in a recent issue of PNAS (2),
new studies of electron tunneling be-
tween hemes in the quinol-oxidizing cy-
tochrome bos, a heme—copper oxidase
in the same family as cytochrome ¢ oxi-
dase, find that a specific tunneling con-
duit, or tunneling pathway, mediates the
electron flow. This experiment, which
shows that a dominant coupling pathway
controls a physiological ET reaction,
reveals the limitations of coarse-grained
(average medium) models for protein
electron tunneling and indicates why
atomic-resolution descriptions can be
essential. The perspective emerging
from this study will help to determine
how evolution acts on the molecular
structure of electron tunneling pathways
in the biological ET chains.

The Electron and the Protein

A jewel of 20th-century theoretical
chemistry, ET theory (3-7), predicts
that long-range ET rates are controlled
by two factors: the propensity for ther-
mally induced geometry fluctuations to
bring the donor and acceptor into ener-
getic degeneracy and the probability of
electron tunneling between these degen-
erate states. The thermal fluctuations
are well described by Marcus theory (3):
these fluctuations depend on the cou-
pling of the environment to the shifting
electron charge. The electron tunneling
probability is determined by the chemi-
cal structure of the tunneling barrier
(3-7). Extensive theoretical and experi-
mental work over the last 20 years has
revealed fascinating symmetry, energy,
and distance dependences of these tun-
neling propensities (7-10).

The invention of selective metal-
lolabeling methods (8) paved the way
for experimental (9) and theoretical (10)
determinations of the protein medium
dependence of distant donor—acceptor
electronic couplings. Importantly, a
structure-dependent pathway model was
developed to describe how the protein
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structure affects the ET kinetics (10).
The pathway model predicts rates pro-
portional to the coupling strength along
the dominant through-bond and
through-space coupling routes for elec-
trons from donor to acceptor. The key
parameter in the pathway model is the
relative strength of through-bond and
through-space electronic propagation.
The through-space exponential decay
factor (=2 A™!) follows from the ~5-e¢V

The question of how
natural selection
manipulates electronic
couplings has remained
open for some time.

binding energy for electrons in biologi-
cal cofactors, and the softer through-
bond decay exponent (=1 A~') derives
from interactions among covalent bonds
(10, 11). The through-bond decay is as-
sociated with effective tunneling barriers
of ~1 eV, approximately the energy gap
between the frontier orbitals of the pro-
tein and the redox-active orbitals of the
cofactors. The pathway model accounts
for anomalously slow ET rates in spe-
cific Ru-modified derivatives of cyto-
chrome ¢, cytochrome bss,, myoglobin,
and high-potential iron protein (9, 12).
Recent analysis of these rates finds

that ET at long distances through

heme edges favors average exponential
distance dependence (here, simple
exponential distance models and path-
way models produce similar rate pre-
dictions), whereas coupling via axial
heme ligands favors pathway-specific
effects (12).

Hopfield’s (6) early semiclassical analy-
sis of protein electron transfer predicted
an average ET rate distance decay expo-
nent of 1.4 A~!. The approach of Dutton
and coworkers (13) to biological ET ini-
tially adopted Hopfield’s single decay
exponent, based on kinetics in the photo-
synthetic reaction center. Dutton and co-
workers (14) later modified the distance
decay constant—interpolating between
through-bond and through-space parame-
ters—to capture the average physical fea-
tures of the pathway model without using
a fully atomistic view of the tunneling
routes present in the pathway model (11)
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[the Dutton formulation is problematic in
the endergonic regime (15)].

Atomistic Pathways and Average
Packing Densities

The packing density and pathway mod-
els make similar predictions for many
proteins (10). However, the packing
density model makes many untested as-
sumptions about how best to quantify a
protein’s packing density. Indeed, Jas-
aitis et al. (2) show that alternative plau-
sible strategies can shift the computed
packing density by 50% for cytochrome
bosz heme o3—heme b ET. Pathway and
packing density methods will make qual-
itatively different ET rate predictions if
the structure of the strongest pathway is
not typical of the medium structure in
which it is embedded (11). The density
model only incorporates average charac-
teristics of the protein medium between
cofactors and it assigns a corresponding
penalty factor for tunneling along the
shortest line between the edges of the
cofactors; the dominant tunneling path-
way zigzags along the set of bonded and
nonbonded interactions among specific
atoms that establishes the strongest elec-
tronic route from donor to acceptor.

Coupling Routes and Tunneling Barriers
in Cytochrome c Oxidase

The physics of tunneling in folded pro-
teins is becoming clear, but the question
of how natural selection manipulates
electronic couplings has remained open
for some time. The distance between
cofactors certainly has an exponential
effect on the ET rates, and this distance
is a key control point for ET reactions.
Yet, a critical question is whether spe-
cific protein structures are selected to
accelerate or slow the rates at a given
distance. Indeed, pathway theory sug-
gests that such effects on the rates could
be as large as 10- to 100-fold (10).
Cytochrome ¢ oxidase, another heme—
copper oxidase, is a significant target
for the exploration of coupling pathway
selection. Gray and coworkers (16, 17)
identified a direct Cua-to-heme a cou-
pling pathway that would support effec-
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tive ET, as well as an axial-to-axial
heme a-to-heme a3 pathway. Stuche-
brukhov and coworkers (18) examined
the axial coupling route and also identi-
fied a direct heme-to-heme route (via
methyl groups on the D rings). Balabin,
Onuchic, and coworker (19) showed that
thermal fluctuations of the direct heme—
heme route likely cause it to dominate
the heme a-to-heme a3 interaction.

Cytochrome bos

Jasaitis et al. (2) report ET kinetics be-
tween CO-dissociated ferrous heme o3
and low-spin ferric heme b on the nano-
second time scale. Indeed, the structure
and heme-to-heme ET kinetics is very
similar in cytochrome bos; and in cyto-
chrome ¢ oxidase. The heme iron sepa-
rations differ in the two proteins by less
than 0.5 A, and the nearby methyl
groups distances differ by 0.8 A, based
on the x-ray structures [differences well
within the range of thermal fluctuations
(19)]; the coupling pathway structure is
nearly the same in the two proteins, in-
volving the bonded His-Phe-His path
linking irons and the direct methyl-to-
methyl through-space contact. Taking a
minimum donor-acceptor distance of
7.8 A, a (generic) packing density value
(2, 14), and a typical ET reorganization
energy (0.7 eV) places rates computed
with packing analysis in agreement with
experimental rates (20). However, re-
cent studies have found a reorganization
energy for cytochrome bos of <0.2 eV,
so the kinetics cannot be accommodated
with the packing density reported by
Dutton and coworkers (20).

To rationalize the cytochrome bos ET
kinetics by using average barrier height
models, the packing density must be de-
creased by more than a factor of 2. This
would make the tunneling barrier much
more “vacuum-like.” Fig. 1 shows why
the Dutton packing density prescription
overestimates the tunneling medium
density: It includes the axial-axial cou-
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Fig. 1. The dominant ET coupling pathway (10,
19) is shown with a thick dashed line, and those
atoms identified in packing density analysis are
shown as spheres (14) for the two hemes in cyto-
chrome bos [the position of the nearby Cu (orange)
appears for reference]. The dominant coupling
route involves a through-space jump between two
porphyrin methyl groups. Thin gray lines connect
all pairs of atoms of the porphyrin rings, and atoms
with van der Waals surfaces intersecting these lines
are drawn as spheres. The packing density model
includes almost all atoms of the protein bridge,
even those atoms that do not mediate ET to a
substantial degree. The number of atoms captured
in the packing density estimate is sensitive to small
changes in the protein conformation, the param-
eterization of the van der Waals radii, and the rules
for defining the tunneling volume.

pling residues, which are not relevant
because direct heme—heme (methyl-to-
methyl) interactions dominate (19).
Moreover, small changes in the model
parameters or medium sampling rules
will shift atoms in or out of the packing
density analysis. Jasaitis et al. (2) point
to the “large local variation of the pack-
ing density” in the space between the
hemes, meaning that the computed den-
sity is model dependent. Dominant sin-
gle pathways are particularly likely to
arise at short ET distances, so it is not
surprising that difficulties with “coarse-
grained” models occur for the cyto-
chrome bos and cytochrome ¢ oxidase
heme-to-heme reactions.

When and Why Is a High-Resolution
Theory of Tunneling Essential?

Dutton and coworkers (20) have argued
that “[a]ny variance in the packing den-
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sity of the tunnelling medium appears
unrelated to function. ...” This perspec-
tive seems to be at odds with what the
heme-copper oxidases are teaching us.
Evidence both from cytochrome bos;
and from the family of Ru-modified pro-
teins points to three accessible regimes:
(i) a single pathway limit, as in cyto-
chrome bos, where an average medium
view is of little use (2); (ii) a regime of
pathway-limited coupling through an
electronic bottleneck, as was recently
described for Ru-modified heme pro-
teins with axial-coupled tunneling path-
ways (12); and (iif) a multipathway
regime, common at longer distances,
involving edge-coupled macrocyclic
redox cofactors, where implementing
either an average medium or pathway
analysis produces similar results (12, 13).
Simple models hold great sway over
the design and interpretation of biophys-
ical experiments. The complexity of bi-
ology requires coarse graining in the
models, but the resolution or graininess
needs to match the scale of the phe-
nomena under investigation. In the case
of cytochrome bos; and cytochrome ¢
oxidase ET, average medium models
seem to fail because the methyl groups
that dominate the electron tunneling are
much smaller than the dimensions over
which the packing density model per-
forms its averaging. In this regime,
tunneling pathway analysis—or more
detailed electronic structure theory—is
essential to characterize the tunneling
process. If the rate of heme-to-heme
electron transfer in the heme copper
oxidases is of consequence to evolution,
evolution has confronted the atomic-
scale features of the tunneling barrier
structure in evolving the electron-
tunneling kinetics. At least in electron-
transfer proteins, “Darwin at the
molecular scale” (20) cannot escape
the rich and grainy atomic structure
of matter.
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