
1)  The tunneling rate is proportional to  
the 'tunneling matrix element' which 
depends on distance by exp(-ßr)  
where r is in Å and ß = 1.4/Å 
 
Using this expression is it faster to go by 2 
hops (of 6.9 and 11.5 Å) or by one long 
step of 13.4 Å?   
 
If the rate is 1013/s* exp(-ßr) what is the 
rate by the 2 paths?  (The slowest step will 
be what you will see).   
 
 
 
 
2)  The reaction rate will also depend on 
the ∆G° of the reaction.  (We are using 
∆G° because all cofactors are fixed in a 
1:1 stoichiometry by the protein).   
The expression for the activation energy 
is:  
 
 
The rate can be estimated as 

 
 

 
 
a) If λ is 500 meV at what ∆G° will the 
reaction be fastest? 
b) Let Tab gives a value 106/s for the maximum rate.  What is the distance between the electron 
donor and acceptor (question 1).   
c) Given these values of l and Tab, give me the rate at ∆G° = 0, 250, 500, 750 and 1000 meV.  (A 
plot would be nice).   
 

similar to that of the quinone pool, 0.09 V at neutral pH [25].
Because the SQo has not been observed by EPR, the log
stability constant should be less than !7 [22,26]. Fig. 5 shows
that a log Kstab for Qo of !16 will lead to electron tunneling
reactions that match the observed rates, using the generic 0.7 eV
reorganization energy of Eq. (3) and using quinone analogue
inhibitor stigmatellin to estimate the position of ubiquinone,
which has so far not been crystallized in the Qo site.

Fig. 5A shows the case of all components oxidized except for
Qo, with the 10!16 Kstab providing for millisecond catalysis of
quinone oxidation. This is an even lower Kstab than the 10!10

indicated by Mitchell for free quinone in the membrane pool
[27]. FeS is modeled as moving between two sites, distal and
proximal to the Qo site, as shown in various crystal structures
[28–30], with a rate of about 105 s!1 [31]. Heme bL is only
transiently reduced as the electron comes to reside on heme bH
and Qi. Here we have been using universal midpoint potentials
and ignoring the redox midpoint influencing interactions
between the redox states of Qi and heme bH. These interactions
have been the subject of many conflicting reports[20,32–34]
and will be addressed by us in a future report. When the electron
can get as far as Qi, short-circuit through reverse reactions and
SQo is safely slowed to a minute timescale. These simulations
use equilibrium redox potentials without considering the trans-
membrane potential. Under physiological conditions, the !"H+

will tend to disfavor Qi reduction and back up the electrons onto
the hemes b.

When the redox center Qi is knocked-out in the simulation,
analogous to the experimental case in which Qi inhibitor
antimycin is added (Fig. 5B), the heme bH reduction is domi-
nant, with short-circuits still taking place relatively slowly on
the order of tens of seconds timescale under non-membrane-
energized conditions. However, when heme bH is knocked-out,
as has been done genetically [10], then in these simulations the
electron cannot escape from heme bL and is prone to milli-
second short-circuit reactions that are comparable to the rate of
catalysis. Because rapid short-circuit reactions are not observed
experimentally in heme bH knock-outs, Qo site catalysis was
proposed to be either a concerted mechanism or a double-redox
gated mechanism [10,35], in which the redox couples of Qo and
the stability constant were modulated to allow catalysis in cer-
tain redox states, but to make the semiquinone inaccessible in
others.

Complex III is a dimer. Indeed, the FeS subunit from one
dimer reaches across the dimer interface and interacts exclu-
sively with the heme Qo site of the other half. With a heme bL
edge-to-edge spacing of 14.7Å (Fig. 4), functionally significant
electron tunneling between halves of the dimer is to be ex-
pected. This is shown in Fig. 5D–F, as the dimer kinetics cor-
responding to the monomer wild-type and knock-outs of panels
A–C. Redox equilibration of the low potential chains is ex-
pected to take tens of seconds or seconds, depending upon the
activity of Qi. Short-circuit reactions occur in both halves of the
dimer, even though reduced quinone has been introduced to
only one of the Qo sites. However, with the same fixed stability
constant of 10!16, the heme bH knockout allows the electron to
linger on heme bL, with cross-dimer redox equilibration on the

millisecond timescale of catalysis, and both sides of the dimer
short-circuit on this same timescale. These simulations show
that electrical contact across the dimer interface is significant on
the catalytic timescale, and that in a certain sense, by acting as a
functional dimer, Complex III has effectively increased the
concentration of activatable Qo sites when the Complex is
partly reduced.

These simulations show that distances between redox centers
in Complex III have been selected to be short enough to permit
rapid enough inherent tunneling rates to allow millisecond
catalysis at the Qo site, despite endergonic reactions associated
with Qo catalysis, and to guide electrons in opposite directions
from the Qo catalytic site to implement energy conversion. At
the same time, distances have been selected to be long enough
to minimize the problem of short-circuit energy wasting reac-
tions. This is most clearly seen in the near perfect alignment of
the three redox centers that make up the Qo catalytic site, FeS,
Qo and heme bL. The distances between Qo and its two redox
partners at about 7 and 12 Å are relatively short, so catalysis is
fast enough; however, the direct distance between heme bL and
FeS at 23 Å is nearly as long as possible given the first two
distance constraints. Thus, direct short-circuit reactions that do
not involve semiquinone and would be a danger even to a
concerted Qo catalysis mechanism are minimized as much as
possible. The distance between the two bL hemes in a dimer also

Fig. 6. Edge-to-edge distances between pairs of redox co-factors in Complex II
taken from PDB structure file 1ZOY of pig heart succinate dehydrogenase at
2.4 Å resolution [37]. The distal quinone (Qd) is missing from the structure but
the site is well enough defined to obtain a tunneling distance from the heme.
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