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7.5: Complex IV

Complex IV is the final destination in the electron transport chain. Here, the electrons that have been travelling through the other
members of the respiratory supercomplex are finally delivered to O, reducing it to water. That's an impressive feat, because a
number of reactive oxygen species must be formed between the initial addition of an electron and the final release of water, but the
reaction is controlled in such a way that the possibility of cell damage is minimised. At the same time, more protons are pumped
across the inner mitochondrial membrane.

¢ In Complex IV, electrons are delivered to their final destination, a molecule of O;.
e The O, is reduced to water.

Exercise 7.5.1

Write a balanced redox half-reaction to show how many electrons are needed to reduce an oxygen molecule to water.

Answer
0O, - HyO
0O, — 2 H,0 (O balanced)
O, + 4H" - 2 H,0 (H balanced)
0, + 4e” + 4H" - 2 H,0 (charge balanced)

The X-ray structure of Complex IV is shown below. Again, the matrix is at the lower end of the picture and the intermembrane
space is at the top. That's where the cytochrome c docks, at the top.

The mobile electron carrier, cytochrome c, binds at Complex IV and delivers an electron to a binuclear copper site called Cuy. We
can see that binuclear copper site when we look inside the protein, below. It is bound just to the protein and nothing else, so we just
see the two copper ions on their own at the top of the picture. This pair of copper atoms sends the electron on to a heme,
cytochrome a, which you can see below and to the left. From there, the electron proceeds to another binuclear cluster, this time
consisting of a heme-bound iron (cytochrome a3) and a nearby copper (Cug). This binuclear site carries out the reduction of
dioxygen to water. In the structure, there is a carbon monoxide molecule bound in the active site between cytochrome a3 and Cug.
The carbon atoms is attached to the iron and the oxygen is attached to the copper. That's where the oxygen molecule would bind,

waiting to be reduced to water.
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If you think about that, it means that electrons are traveling in the opposite direction from what we saw in the first three complexes.
In Complexes I and II, electrons were delivered from the mitochondrial matrix and traveled up toward the intermembrane space,
stopping at a ubiquinone in the mitochondrial membrane. In Complex III, electrons continued in that "upward" direction, from the
mitochondrial membrane to the cytochrome c in the intermembrane space. In Complex IV, electrons are reversing course, traveling
back toward the mitochondrial matrix. Remember, the mitochondrial matrix is n-doped because of proton pumping, so these
electrons are traveling from the positive side of the membrane to the negative side. That must be difficult.

¢ In Complex IV, electron transport is in the opposite direction from the other complexes.
o Electrons travel from the intermembrane space side to the mitochondrial matrix side, against the charge gradient.

Let's take another look at the important ligands for the complex. A cartoon is shown below. In the cartoon, the O, molecule is
shown binding in that position between the heme a3 and the Cug. That dinuclear metal site is where the oxygen molecule is reduced
to water.
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Because four electrons are needed to reduce O, to H»O, four cytochrome c molecules must bind at Complex IV before that
reduction can proceed. It is likely that the coordination environment of the oxygen molecule -- between two metals, rather than just
bound to one -- allows it be be more rapidly reduced all the way to water rather than forming reactive oxygen species that persist in
the cell, such as peroxides.

Exercise 7.5.2

Assume the iron in heme a3 starts in a reduced Fe(II) state and the CuB starts in a reduced Cu(I) state. Provide a mechanism
for the reduction of oxygen to water, with the addition of four electrons and four protons. Use Fe(II) as the electron donor and
lysine as the proton donor.

Answer
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In addition to those two metals, there is also a modified histidine-tyrosine conjugate bound to CuB. It has been suggested that this
tyrosine provides another source of immediate electrons that may be used in reduction.

HO
NAN

j__/N
His

Tyr

Exercise 7.5.3

Show why a tyrosine can be a source of both a proton and an electron in biochemical processes.

Answer
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In addition to the need to reduce oxygen to water, Complex IV also contributes to the proton gradient, pumping additional protons
across the mitochondrial membrane. That task presents additional challenges. A simple coupling mechanism is not possible,
because the electrons are moving in the opposite direction. It is though that the mechanism involves conformational changes in the
protein that occur as the metals change oxidation states. Subtle changes in coordination environment may result in displacement of
amino acid residues nearby. It is easy to imagine that if a particular amino acid shifts upward toward the intermembrane space, it
may pull a proton with it.

e Proton pumping and electron transport run in opposite directions in Complex I'V and must be uncoupled.
e Proton pumping in Complex I'V must rely on conformational changes.

Exercise 7.5.4

The Cu, site contains two coppers, boound by two bridging cysteines. Both are bound by terminal histidines. In addition, one
copper is bound by an additional methionine, whereas the other is bound by a carbonyl from the protein backbone.

a. Draw the coppers in their binding sites.

b. Describe the geometry of each copper.

c. If each copper is Cu(I), what is the coordinated electron count on each copper in the complex?
d. If each copper is Cu(I), what is the overall charge on the complex?

Answer a
a)
g R | R
His (Cys HN\(J\N,— = (Q‘S HN\H\N;
‘/.( S\ \lo H = /S : / (o] .
- an ..
N Sa
HN—Z  “Cu cul, /~NH o HN~Z “cu \Cuh'Nf:?“‘NH
\s N / N s N
vt o) Met”
3 Cys His % Cys His
Answer b
b) tetrahedral
Answer c

c) Cu(l) = d'°

4 donors = 8 e
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total = 18e”
Answer d

d) 2 x Cu(l) =2*

2xCys-S =2

All others neutral

Total =0

Exercise 7.5.5

The copper in the Cug site is bound by two histidines and the histidine-tyrosine conjugate.

a. Draw the copper in the binding site.

b. Describe the geometry of the copper.

c. If copper is Cu(I), what is the coordinated electron count in the complex?
d. If copper is Cu(I), what is the overall charge on the complex?

Answer a
a)
HO—Q—\ HO
His " Tyr His Ny Tyr
f( Nlr Y. " p
N ANy -
=L u or HN— \Cu/
/ His f His
/=N FN"
HN
\)\-His HN = His
Answer b

b) trigonal planar
Answer c
c) Cu(l) = d'°

3 donors = 6 e

total = 16 e~
Answer d
d) Cu(l) =1*

histidines neutral

Total = 1*

Exercise 7.5.6

It's difficult to measure the reduction potential of an individual site within a protein. However, researchers have been able to
estimate these values by measuring EPR spectra under various conditions. Assuming the reduction potentials below, draw a
reaction progress diagram for transport of an electron all the way from cytochrome c to molecular oxygen.
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Exercise 7.5.7

Answer
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Assuming the reduction potentials are:

Cup heme a

heme a(ox) + e~ —» heme a(red) E%eq = 0.20 V

heme a3(0x) + e” — heme az(red) E° .4 =0.38 V

The Faraday relation AG = - n F AE° gives
AG =-1x96,485] V-1 mol ! x 0.13 V = 17,367 J mol! = 17.4 kJ mol!

heme aj

Then the potential difference for the reaction, AE® = 0.38 - (0.20) V = 0.18 V.

0.

Using the values in the figure above, calculate the energy change when an electron is transferred from heme a to heme aj;.
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