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We Are Here



Coupling Oxidation with Phosphorylation



Standard Reduction Potentials



Go' = - nF Eo' 
acceptor- donor=  Eo´ 

F  =  23000 cał /V mole



But what transfers electrons?



The cytochrome system

David Keilin, 1925!!! Discovered cytochromes, Ochoa, 1945
linked Oxidation with Phosphorylation



From KEGG database



Chemiosmotic Theory: Peter Mitchell 1961

Pmf (volts) = ΔΨ + (RT ln10/F ) ΔpH

More usefully, for ejection of one H+ from the matrix:
ΔG (kJ or kcal /mol) = RT ln ([H+]cytosol/[H+]matrix) + F ΔΨ
= 2.3 RT (pHmatrix - pHcytosol) + F ΔΨ 
Pmf (volts) = ΔΨ + (RT ln10/F ) ΔpH



Chemiosmotic Theory: Charged Mitochondria are easily labeled



Chemiosmotic Theory Principles:
The membrane as capacitor

• V= q/c
q= charge (in Coulombs, 1e-=1.6 x 10-19 C/electron

charge)
V=voltage in Volts
(F, Farads)
c= capacitance



Chemiosmotic Theory:The membrane as capacitor

• Q: How many H+’s need to
be pumped by an ATP’ase
across a spherical bacterium
(r=1.0 µm) to get a
transmembrane voltage of
–60. mV? Bilayer
capacitance = 1.0 x 10-6

F/cm2. Area of a sphere=4π
r2 Volume of a sphere=4/3π
r3

H+

H+



The proof: Racker and
Stoeckenius, 1974
J Biol Chem--

Also a Frankenstein
experiment! Knox and Tsong



BACK to the DETAILS!

http://bcs.whfreeman.com/stryer/pages/bcs-
main.asp?s=00010&n=99000&i=99010.01&v=category&o=&ns=0&uid=110354&rau=110354

Overview animation

Overview of ETS-see Conceptual Insight



BACK to the DETAILS! ETS supramolecular organization??

http://www.jbc.org/cgi/content/fulł
282/1/1

J. Biol. Chem., Vol. 282,
Issue 1, 1-4, January 5, 2007







NADH Dehydrogenase or NADH-Q
oxidoreductase



The b-c complex or 
Q-cytochrome c oxidoreductase



C-type cytochromes











Overall





The Danger of using Oxygen as an
oxidizing agent !

SOD takes off the Edge



ROS

 



Oxygen Radical Damage

 



Oxygen Radical Scavengers:
small molecules

Vitamin C
Vitamin e

glutathione
Beta carotene



Oxygen Radical
Scavengers:Enzymes

• Superoxide dismutase

• Catalase: finishes the job

• Glutathione peroxidase
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The Danger of using Oxygen as an
oxidizing agent !

SOD takes off the Edge



The Final Payoff: the ATP ase





Boyer’s Nobel Prize-winning model



Probing Nature's Nanoscale
Machines with Microscale Probes

Kazuhiko Kinosita

Waseda University

Tokyo, Japan

"Mechanically driven ATP synthesis by F1-ATPase"
Hiroyasu Itoh, Akira Takahashi, Kengo Adachi, Hiroyuki Noji, Ryohei
Yasuda, Masasuke Yoshida, and Kazuhiko Kinosita, Jr.
Nature, 427 (2004) 465-468.





F1-ATPase Attached to an Actin
Filament

   The F1 portion of ATP
synthase consists of six
stator subunits (green
and blue) surrounding a
central rotor driveshaft
(orange).  Here a
fluorescent actin filament
(red) is attached to the
driveshaft via a
streptavidin linkage
(purple).



How Did they Stick the ATPase to the
Glass Slide in the 1st Place?

• The F1 complex from a
thermophilic bacterium
was expressed in E coli
with 10 histidines linked to
the N terminus of each
beta subunit

• Glass plate was coated
with horseradish
peroxidase conjugated
with Ni2+ nitrilotriacetic
acid



How did they stick the actin to it?

• Through site directed mutagenesis of the
gamma subunit they replaced Ser107
with Cys193 (the only Cys in the wild
type gamma)

• They biotinylated the Cys and the
fluorescent actin

• The two were attached through
streptavidin which has 4 binding sites for
biotin



What did they see?

Rotation of the actin filaments

Propeller-type rotation was key to showing
this is a true rotary motor

http ://www .k2 .phys.waseda.ac. jp/F1movies/F1Prop .htm



Smallest Known Rotary Motor

• Central rotor, the gamma subunit, is 1
nm in radius and the barrel in which it
rotates, made up of the beta and alpha
subunits, is 5nm in radius

• In the presence of 2 mM ATP, the F1
ATPase rotated the actin filament
CCW 100+ revolutions and produced
a constant torque of about 40 pN nm



Back to Kazuhiko Kinosita

"Coupling of rotation and catalysis in F1-ATPase revealed by single-
molecule imaging and manipulation"
Kengo Adachi, Kazuhiro Oiwa, Takayuki Nishizaka, Shou Furuike, Hiroyuki
Noji, Hiroyasu Itoh, Masasuke Yoshida, and Kazuhiko Kinosita Jr.
Cell 130 (2007) 309-321.

http://www.k2.phys.waseda.ac.jp/Publications.html



Mechanically Driven ATP Synthesis
by F1-ATPase

• Attached a magnetic bead
to the gamma subunit of
the F1 ATPase

• Rotated the bead using
electrical magnets to apply
torque in medium
containing ADP & Pi



Mechanically Driven ATP Synthesis
by F1-ATPase

• CW rotation leads to the production of
ATP

• ATP was detected using luciferin-
luciferase, which emits a photon of
light when it captures and hydrolyzes
ATP and by simply turning off the
electromagnetic force and observing a
change in direction of rotation which
requires the hydrolysis of ATP









Glycerol-3-Phosphate shuttle

“Loses” part of an NADH



Malate/Aspartate shuttle-in heart and liver

“Saves” an ATP



Getting it out! The ATP translocase





Common Structure of Mito Transporters



Problem

For, summing up synthesis of ~P bonds via oxidative
phosphorylation, assume:
2.5 ~P bonds synthesized during oxidation of NADH produced
via Pyruvate Dehydrogenase & Krebs Cycle (10 H+ pumped; 4
H+ used up per ATP).
1.5 ~P bonds synthesized per NADH produced in the cytosol in
Glycolysis (electrons transferred via FAD to coenzyme Q).
1.5 ~P bonds synthesized during oxidation of FADH2 produced
in Krebs Cycle (Succinate Dehydrogenase – electrons transferred
to coenzyme Q).



Pathway 
NADH 

produced  

FADH 2 

produced 

(QH2) 

~P bonds 

ATP or 

GTP direct  

~P bonds  

1.5 or 2.5 

per NADH 

in oxphos  

~P bonds  

1.5 per 

FADH2 in 

oxphos  

Total ~P 

bonds 

Glycolysis 

Pathway 
            

Pyruvate 

Dehydrogenase  
            

 

Krebs Cycle  
            

Sum of 

Pathways  
            

 

All Quantities Per Glucose





Above is represented an O2 electrode recording while mitochondria
respire in the presence of Pi and an e− donor (succinate or a substrate
of a reaction to generate NADH).
The dependence of respiration rate on availability of ADP, the ATP
Synthase substrate, is called respiratory control.

 

[O2] 

time 

ADP added 

ADP all 
converted 
to ATP 

a 

b 
c 

An oxygen electrode
may be used to record
[O2] in a closed vessel.

Electron transfer, e.g.,
NADH  O2, is
monitored by the rate
of O2 disappearance.



Chemiosmotic explanation of respiratory control:
Electron transfer is obligatorily coupled to H+ ejection from the
matrix. Whether this coupled reaction is spontaneous depends on
pH and electrical gradients.

Reaction ΔG
e− transfer (NADH  O2) negative value*
H+ ejection from matrix positive; depends on H+

                               gradient**
e- transfer with H+ ejection algebraic sum of above

*ΔGo' = −nFΔEo' = −218 kJ/mol for 2 e− NADH  O2.
**For ejection of 1 H+ from the matrix:
    ΔG = RT ln ([H+]cytosol/[H+]matrix) + FΔΨ
    ΔG = 2.3 RT (pHmatrix − pHcytosol) + FΔΨ



Respiratory control ratio is the ratio of slopes after and before
ADP addition (b/a).

P/O ratio is the moles of ADP divided by the moles of O consumed
(based on c) while phosphorylating the ADP.

 

[O2] 

time 

ADP added 

ADP all 
converted 
to ATP 

a 

b 
c 



With no ADP, H+ cannot flow through Fo. ΔpH & ΔΨ are maximal.
As respiration/H+ pumping proceed, ΔG for H+ ejection increases,
approaching that for e− transfer.
When the coupled reaction is non-spontaneous, respiration stops.
This is referred to as a static head.
In fact there is usually a low rate of respiration in the absence of
ADP, attributed to H+ leaks.
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When ADP is added, H+ enters the matrix via Fo, as ATP  is
synthesized. This reduces ΔpH & ΔΨ.
ΔG of H+ ejection decreases.
The coupled reaction of electron transfer with H+ ejection becomes
spontaneous.
Respiration resumes or is stimulated.
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Inhibitors of electron transport:
Tools and Poisons



Uncouplers: Mitchell’s revenge!!



Uncouplers: Mitchell’s revenge!!



Thermogenesis for dieting:
enough biochemistry to be dangerous???

http://www.sea-thin.com/

fucoxanthin



Thermogenesis for dieting???

Upregulation of UCP-1 normally found mostly in Brown Fat?




