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 Though cytochrome c is not itself an enzyme of the electron transfer chain, its 

significance is hardly overstated. The 12 kDa heme protein functions primarily as a 

mobile electron shuttle between complexes III and IV, but is also the electronic recipient 

in numerous other physiological redox pathways.  Cytochrome c is discussed further in 

chapters 2 and 3. 

 Complex IV (cytochrome c oxidase) is at the sequential end of the mitochondrial 

electron transfer chain. The reducing equivalents passed from complexes I or II through 

complex III are the terminal recipients of molecular oxygen, producing H2O. Complex 

IV has a mass of over 160 kDa and consists of more than 10 subunits [2]. It contains two 

different heme and copper cofactors (hemes a and a3, and CuA and CuB). Reducing 

equivalents are passed sequentially from CuA to heme a, then to the binuclear center of 

heme a3 and CuB. Stoichiometrically, complex IV pumps four protons across the 

membrane for every four electrons passed through the complex, additionally taking up 

four protons from the matrix side to reduce one equivalent of molecular oxygen [2]. 

 The proton gradient established by the electron transfer chain yields an energetic 

potential consisting of both an electrical (!) and concentration difference across the 

inner membrane. As originally proposed by Peter Mitchell [3] (who later won the nobel 

prize for this significant theory), the free energy difference across the inner membrane 

may be expressed as a term accounting for both factors of the electrochemical potential 

as:
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4where c1 and c2 are the concentration of the species across the membrane, Z is the charge 

on the species, and F is Faradays constant. Since the concentration gradient is that of 

single-positively charged protons, equation 1.1 can be simplified as:
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In this manner, the proton gradient established by the electron transfer chain is readily 

utilized by ATP synthase to produce ATP [2].  
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1.2 Introduction to electron transfer

 In the preceding section, the significance of electron transfer events within and 

between the protein complexes of the electron transfer chain is made apparent. In 

addition to these processes, electron transfer between protein cofactors is a salient feature 

of several other metabolic conversions [1]. Moreover, since catalysis of any kind involves 

the making or breaking of chemical bonds, which fundamentally involves the movement 

of electrons from one chemical species to another, electron transfer is in a sense a 

fundamental feature of all biochemical processes. Typically, the rate of a chemical 

reaction may be related to the Arrhenius equation through the idea of overcoming some 

initial thermodynamic hurdle towards an activated transition state. This may be 

represented as: 
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where EA is the activation energy, and A is a proportionality constant called the pre-

exponential term.  However, for reactions limited to true electron transfer between two 

species, the making and breaking of chemical bonds is not a factor (i.e., the reaction is 

non-adiabatic) [4]. In other words, for electron transfer between two species in solution, it  

is assumed that the actual charge transfer is rapid compared to any nuclear 

rearrangements which follow [1, 5], and a theoretical description of a true electron 

transfer event must take into account the energetics of this type of reaction [5-7].  Almost 

fifty years ago, Rudolph Marcus realized that for an electron transfer event, application of 

the typical Arrhenius theory was incompatible with energy conservation [7, 8]. For 

instance, for an electron transfer reaction proceeding in the dark, and following charge 
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transfer, the atomic nuclei immediately surrounding each redox center (!in) as well as the 

long range nuclear configurations influenced by the charge at the redox center (!out) were 

in configurations necessary to accommodate the charge at the redox center prior to 

electron transfer (since the electronic event is assumed to be rapid relative to subsequent 

nuclear reconfigurations) [8, 9]. In this manner, energy would have to be further supplied 

to the system in order to allow the necessary nuclear rearrangements, and for such 

reactions proceeding the in the dark, the typical description was incomplete [8, 9]. 

 Marcus’s reconciling theorem involved viewing both the product and reactant 

states, and all the nuclear configurations contributing to both, as an energetic parabola as 

a function of  nuclear configurations, and in accordance with Hooke’s law [9] (as 

discussed by Marcus, this is a much simplified view of the many hundreds of coordinates 

of the system [7, 9]).  Thus, both states of the system are described by the same basic 

function, only displaced along both axes.  Part of the beauty of Marcus’s theorem is it’s 

simplicity, as shown and derived in figure 1.2-1.  From the figure, it is easily seen that the 

activation energy described by the Arrhenius equation may be quantified as:   

      

 

!E
A

=
"(!G + #)2

4#RT
$ 

% 
& 

' 

( 
) 

and thus the rate of electron transfer may be related as:    

            

 

k = Aexp
!("G + #)2

4#RT
$ 

% 
& 

' 

( 
) 

In a simplified sense, the pre-exponential term may also be expressed as the rate of 

activation-less electron transfer, k0, as follows:
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where k0 is that rate of electron transfer when -!G = ! [4, 10].  Given this description, it 

is easy to see that Marcus’s theorem makes an unusual prediction for increasing values of 

-!G [10]. Namely, when -!G is greater than !, Marcus theory predicts the rate of electron 

transfer will actually decrease, and such a case is denoted as the Marcus inverted region 

[5, 10]. The qualitative significance of this finding is that biological redox proteins must 

tune and balance both the free energy of the redox reaction as well as the reorganizational 

energy in order for efficient electron transfer to occur [1, 5, 11].  

 In addition, since biological redox reactions often occur between redox centers 

separated by some distance, the pre-exponential term may be expressed  as:
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where HAD is an electronic coupling term which represents the probability of an electron 

tunneling between the redox donor, D, and acceptor, A [1]. Thus the full expression of the 

semiclassical Marcus theorem is as follows:
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Furthermore, since the electronic coupling term is itself a function of the distance 

between the two redox centers, the HAD term may be represented, as originally proposed 

by Hopfield [12]:
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where k0 is that rate of electron transfer when -!G = ! [4, 10].  Given this description, it 

is easy to see that Marcus’s theorem makes an unusual prediction for increasing values of 

-!G [10]. Namely, when -!G is greater than !, Marcus theory predicts the rate of electron 

transfer will actually decrease, and such a case is denoted as the Marcus inverted region 

[5, 10]. The qualitative significance of this finding is that biological redox proteins must 

tune and balance both the free energy of the redox reaction as well as the reorganizational 

energy in order for efficient electron transfer to occur [1, 5, 11].  

 In addition, since biological redox reactions often occur between redox centers 

separated by some distance, the pre-exponential term may be expressed  as:
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where HAD is an electronic coupling term which represents the probability of an electron 

tunneling between the redox donor, D, and acceptor, A [1]. Thus the full expression of the 

semiclassical Marcus theorem is as follows:
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Furthermore, since the electronic coupling term is itself a function of the distance 

between the two redox centers, the HAD term may be represented, as originally proposed 

by Hopfield [12]:
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where k0 is that rate of electron transfer when -!G = ! [4, 10].  Given this description, it 

is easy to see that Marcus’s theorem makes an unusual prediction for increasing values of 

-!G [10]. Namely, when -!G is greater than !, Marcus theory predicts the rate of electron 

transfer will actually decrease, and such a case is denoted as the Marcus inverted region 

[5, 10]. The qualitative significance of this finding is that biological redox proteins must 

tune and balance both the free energy of the redox reaction as well as the reorganizational 

energy in order for efficient electron transfer to occur [1, 5, 11].  

 In addition, since biological redox reactions often occur between redox centers 

separated by some distance, the pre-exponential term may be expressed  as:
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where HAD is an electronic coupling term which represents the probability of an electron 

tunneling between the redox donor, D, and acceptor, A [1]. Thus the full expression of the 

semiclassical Marcus theorem is as follows:
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Furthermore, since the electronic coupling term is itself a function of the distance 

between the two redox centers, the HAD term may be represented, as originally proposed 

by Hopfield [12]:
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tunneling between the redox donor, D, and acceptor, A [1]. Thus the full expression of the 
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Furthermore, since the electronic coupling term is itself a function of the distance 

between the two redox centers, the HAD term may be represented, as originally proposed 
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initially fully reduced in the presence of carbon monoxide to
form the CO complex of heme a3. RuBiPy was also present to
allow light flash-induced electron injection into the enzyme (11,
12, 14). The novel rationale here is first to induce the oxidative
phase by CO photolysis in the presence of O2 (flash no. 1; Fig.
3A) and then to induce the reductive phase by photoinjection of
electrons soon after (flashes 2–16). As shown in Fig. 3A (blue),
the oxidative phase is accompanied by fast generation of mem-
brane potential (see ref. 13). A subsequent train of flashes injects
electrons into the recently oxidized enzyme with a yield of !20%
per flash (see Materials and Methods). The enzyme enters the
reductive phase, which is also associated with formation of
membrane potential (Fig. 3A, red; see below). Mutation of the
conserved lysine-354 in subunit I to methionine (K354M mu-
tant) or its equivalent is known to have little effect on the
oxidative phase of the catalytic cycle but to dramatically inhibit
the reductive phase (17–19). Membrane potential generation in

the mutant enzyme is indeed not affected during the oxidative
phase (Fig. 3B, blue) but is strongly inhibited during reduction
(Fig. 3B, red), which confirms that the wild-type enzyme indeed
enters the reductive phase during the electron photoinjections.

Fig. 3C shows membrane potential formation on electron
injection in more detail. In wild-type enzyme that has previously
undergone the oxidative phase, membrane potential is generated
(second flash in Fig. 3A) in three kinetically distinguishable
phases (Fig. 3C, red): an !17-!s event (see Fig. 3C Inset) is
followed by two slower phases with characteristic time constants
of 0.2 and 1.4 ms (see ref. 20) and roughly equal amplitudes. In
contrast, when the first electron is injected into oxidized wild-
type enzyme that has not recently undergone oxidation by O2,
only the fast phase is observed (Fig. 3C, green; see ref. 11).
Similarly, in the K354M mutant enzyme (Fig. 3C, blue), there is
only very little formation of membrane potential beyond the fast
phase. Clearly, formation of membrane potential during the

Fig. 1. Cytochrome c oxidase. (A) Conventional catalytic cycle. The squares show different states of the binuclear heme a3–CuB site and how electrons and
substrate protons are taken up during activity. Proton translocation is not shown. (B) Overall reaction scheme and location of redox centers. Blue arrows show
the redox reaction and its orientation with respect to the membrane. Red arrows depict proton translocation coupled to the redox reaction. The heme groups
and CuB lie within the membrane at a relative dielectric depth d from the positively charged P surface. Electron transfer across d, proton consumption across
1-d, and proton pumping across the entire membrane contribute to generation of electric membrane potential (adapted from ref. 9). (C) Modified catalytic cycle.
Yellow squares depict the main cycle. White squares show a side path initiated by decay of the metastable OH intermediate to O. Red arrows indicate proton
translocation, and blue arrows show uptake of substrate protons. For details, see text.

530 ! www.pnas.org"cgi"doi"10.1073"pnas.0306036101 Bloch et al.
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69#!9'8%*6+)$!*$8R)%!9*3#!)$#!)%!-*$'!19*$&#,!+$!*6)-+1!)%+#$6*6+)$.!!?$'!,219!,6%2162%*0!
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! jG!

Cc3+  +  CcO2+ Cc3+:CcO2+

Cc2+  +  CcO2+ Cc2+:CcO2+ Cc3+:CcO1+

h! h!
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kf
kd

kf
kd
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Ru-39-Cc Cytochrome Oxidase 

CuA 

Heme a Heme a3 

h! 

Ru 
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84"!9:4-!,"!*#;0"$<!3!/4/##
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69*<#8!*$8!69#+%!1)$1#$6%*6+)$!<*,!8#6#%-+$#8!+$!69#!,*-#!-*$$#%4!2,+$&!%"eZ!p!aZ!
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*&*%!70*6#,!*$8!+$12:*6#8!)3#%$+&96.!F+$&0#!1)0)$+#,!<#%#!*,#76+1*00'!%#-)3#8!*$8!70*1#8!
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