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Oxidative Phosphorylation
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Oxidative Phosphorylation
Learning goals:

» Function of electron-transport chain in mitochondria......
make water (finish the reaction: csH,,0s + 60, > 6CO, + 6H,0)

* Building up the proton-motive force
« Synthesis of ATP in mitochondria, chloroplasts, & bacteria

» Fuels for the cell, in the form of reduced carbon
compounds (sugars), have been burned to carbon

dioxide.
« Electrons from reduced fuels are transferred to
cofactors, which get reduced as NADH or FADH..

+ In oxidative phosphorylation, energy from NADH
and FADH, is used to make ATP. BUt how?




Oxidative Phosphorylation

Energy of the reduced cofactors
Is there enough energy in NADH & FADH: to drive the synthesis of ATP?

Each ATP synthesis is about +7.3 kcal/mol (opposite of hydrolysis)

We can do this calculation two ways:
1. Calculate the AE, needed to get 1 ATP made: compare to AE, of NADH->O,
2. Calculate the AG® for the NADH->O,: compare to the AG for ATP synthesis

AE, of ATP 2 AE, of NADH=> ¥ O,
AG%=-n FAE” ) ) )
AG = AEO’ AE, = E, (reduction) — E, (oxidation
NI =+0.82 V - (-0.32 V)
+7.3kealmol  _ _g 44y = +1.14V

—(2)(23.06V-kcalmol™)

7.1 times more energy in 2e-
than needed to drive the

AE, of ATP = -0.16V synthesis of ATP

Oxidative Phosphorylation
AG°=-n FAE,’
Nernst Equation

Energy of the reduced cofactors




Oxidative Phosphorylation

Energy of the reduced cofactors

Is there enough energy in NADH & FADH: to drive the synthesis of ATP?
Each ATP synthesis is about +7.3 kcal/mol (opposite of hydrolysis)
We can do this calculation two ways:

1. Calculate the AE, needed to get 1 ATP made: compare to AE, of NADH->O>
2. Calculate the AG for the NADH->O,: compare to the AG° for ATP synthesis

#2

AG° of NADH- ; O, AG “of ATP

’

AEo,= Eo,(reduction) - Eo (oxidation)
- +0.82V - (-0.32 V)

7.2 times more energy in 2e~
going from NADH to oxygen
than needed to drive the

-+1.14V synthesis of ATP
, , 6.5 times more energy in 2e~
AGO =-n (q‘AEo going from FADH,to oxygen

—(2)(23.06V-"kcalmol ") (+1.14V)
AG® = -52.6 kcal/mol

than needed to drive the
synthesis of ATP

AG? = +7.3 kcal/mol

Oxidative Phosphorylation

Structure of ATP synthase
Mitochondria cnge. 2

Double membrane leads to four
distinct compartments:

Outer membrane

- Freely permeable to
- .‘-\smdlmolxuhundlons

. Inner membrane

"/ Impermeable to most

/. small molecules and ions,
1. Outer membrane: Indiding H!
— relatively porous membrane;

allows passage of metabolites

2. Intermembrane space (IMS):
— similar environment to cytosol
— higher proton concentration
(lowerpH) 4+

Contains:

3. Inner membrane -:!mm e
- relatively impermeable, with e
proton gradient across it » || *Citricacid
— location of electron transport ? || cycleenzymes
chain complexes S| e Fattyacid
— Convolutions called cristagfServe LSS f’n‘;’;::':"‘
to increase the surface gfea. Y | Amino acid
° ' oxidation

/

4. Matrix -
— location of the citric aid cycle  Ribesemes /7y

and parts of lipid and\gmino-acidporin channels
metabolism
— lower proton concentratio
(higher pH)

pL, enzymes
. *DNA,ribosomes
* Many other enzymes

& ATP, ADP, POMg?*, Ca?*, K*
* Many soluble metabolic
intermediates

A =~—0.06 V




Oxidative Phosphorylation

Adenine nucleotide  Phosphate * These translocases cost the

14% of protein in the  translocase translocase membrane potential, which

ADP/ATP translocase  (@antiporter) (symporter) must be restored; costs 25%
+

Intermembrane ATP?~ A of Electron Transport.
space A ADP3~ H,PO, :
¥kt + ik S hdEd » These translocases require
CEREEEEEEEEEeE0cee0at Tl Leeeeecceeoce s energy from both the
Al/) = —0 06 Vv electrochemical gradient
across inner mitochondrial
ITII _t T ————————— - membrane plus the proton

i gradient. Together they are

This antiporter works much :

like GLUT. The import of called the Proton Motive

ADP and export of ATP is Force.

favored by 1) the [ATP] .

concentrations, and 2) the » What generates this

charge difference. gradient’?

ADP3— HZPO; H+
This symporter has to combat  « How much energy does it

p4— the charge difference of P;going
AT to a more negative space, but its take to pump H* out?

favored by the overwhelming
high [H*] and [P] on the outside.

Oxidative Phosphorylation

Energy required to pump a single proton
[H'.]  againsta pH gradient

+
P Outside H*in = Hout

Switch the sign here
AY =—-0.06 V , [H+]0ut because reaction is
AG =RTIn + Zg-Al/) ‘r opposite that of transport

Inside

Top [Hin =z
In[H*Jout = 2-’ut = (+1 )(96480) Al/)
=8.3 PHout = (+1)(96480)(+0.06
Bottom — RT2 3 ( )( )( )
In(1/[H*J) = 2. - 3(pHin
(11H]0) = 5.8 kJ/mol
= +2.3 pHn =57(7.5-6.7 '
pHou = 6.75 = 1.4 kcal/mol

Hin = 75 ey ’
P 5.7(0.75) AG =1.0 + 1.4 = 2.4 kcal/mol
=4.3kJ/mol  As a consequence, it will
= 1.0 kcal/mol  take ~3 protons per ATP.




Oxidative Phosphorylation
P/O ratios

Using tissues rich in mitochondria like pigeon muscle, and eventually using
isolated mitochondria, biochemists would add different carbon compounds and
measure two things:

1) Oxygen consumption

2) Amount of ATP made

The ratio of ATP synthesized to the oxygen (120) consumed was termed the P/O ratio

The 40> represents 2e~ going through electron transport. The P/O ratio for various
fuel molecules provided to cells/mitochondria were measures as:

NADH was ~3
Pyruvate was ~3
Succinate was ~2
Ascorbate was 1

AG® of NADH-> % O, .
, 22/53 = 42% efficient
AGO =-52.6 kcal/mo' This is the energy recovered

o = _ from the complete
AG° = +7.3 kcal/mol 7.3 x P/O of 3 = 22 kcal/mol e e

What makes this proton motive force?

Electron
Transport




Electron Transport

Electron-Transport Chain Complexes Contain a Series of Electron Carriers

* When it was realized that isolated mitochondria are capable of
respiration (oxygen consumption when provided fuels), biochemists
began purifying them and their components.

* The first things purified were redox compounds and small stable
proteins:

— NADH

— flavin mononucleotide (FMN)

— flavin adenine dinucleotide (FAD)(bound to protein; flavoproteins)
— iron-sulfur clusters

— Coenzyme Q (Ubiquinol) Erar i e e e

- CytOChromes a, b, orc Redox reaction (half-reaction) E’ V)
* Once purified, they NAD® + H' + 26" —» NADH Z0320
FAD-E + 2 H+ + 2e-> FADH.-E -0.02
were analyzed,by mea- NADH dehydrogenase (FMN) + 2H" + 2¢ —> NADH dehydrogenase (FMNH,) -0.30
Suring their E Big Drop! | ybiquinone+ 2H* + 26 —+ ubiquinol 0.045
o- Big Drop'} Cytochrome b (Fe'*) + &~ — cytochrome b (Fe®*) 0.077
: Cytochromec, (Fe’') + e* — cytochrome ¢, (Fe®') 0.22
* Order Of tranSfer Of Cytochrome ¢ (Fe*) + e — cytochromec (Fe®*) 0.254
electrons |S dependent Cytochromea (Fe®') + & — cytochrome a (Fe*) 0.29
’ . , Cytochrome ay (Fe **) + ¢ — cytochrome a, (Fe **) 0.35
on Eo : Big Drop! %0, + 2H' + 2¢ —> H,0 0.817

NADH —— Q — Cyt b — Cyt ¢; —> Cyt ¢ —> Cyt (a + a3)

Electron Transport

* NAD+, FMN, and FAD accept electrons. The flavin nucleotides
can accept one or two electrons, and can also donate one
electron at a time to acceptors that can only accept single

electrons o
HyC0 {CH;—CH= C—CH,) o —H
Ubiquinone (Q)

+ Ubiquinone, also called WO TNty oidaed
Coenzyme Q, is an isoprene o s _
lipid that readily accepts. ):; R  Natcrehade)
electrons. Upon accepting two v Casi0 j
electrons, it picks up two : P 3
protons to give an alcohol, oo 3%
ubiquinol (CoQH). lts found IN LT,
the inner membrane. R S .

s X ‘;-.)‘),\,

« Iron-sulfur complexes (Fe-S) that Pa' X, 9 %
can only carry one electron at et
a time (role is different than in B T B s I E

aconitase). o oo il " i

Protein




Electron Transport

+ Small one-electron carrier proteins Cytochromes
* Iron-coordinating porphyrin-ring derivatives
* blb,, ¢, or a/as differ by ring additions

S—Cys
CH3 CH=CH; CH3 CHCH3
Cys—i
CHy=CH CH3 CH3 CH3
CHs CH,CH,C00™ CHs CH,CH,C00 ™
CHs CH,CH,C00"~ CHs CH,CH,C00™
Iron protoporphyrin IX Heme C
(in b-type cytochromes) (in c-type cytochromes)
CH3 CH=CH;
(I)N
‘W“"‘“ o
Hs Hs Hs
CHs CH,CH,C00™
Heme A
(in a-type cytochromes) CHO CH2CH,C00™

Electron Transport

» Mobile electron carrier; a peripheral

membrane protein
— Cytochrome ¢ moves through the
intermembrane space (IMS).

* A soluble heme-containing protein

* Heme iron can be either ferrous (Fe?+,
reduced) or ferric (Fe3+, oxidized).

+ Cytochrome c carries a single
electron.

» The two redox forms have different
spectra:

* Intense Soret band
near 400 nm
absorbs blue light
and gives
cytochrome ¢ an
intense red color. %

Relative light absorption (%)

{in c-type cytochromes)

Wavelength (nm)




Electron Transport

NADH ——Q —> Cytb —> Cyt ¢, —> Cytc —> Cyt (a+a;) > O;
L] L] rotenone
Inhibitors of -?
NADH —/ Q—> Cytb — Cyt¢; —> Cytc —> Cyt (a+ a;) — O
Electron e ‘ T
Transport 5
+ Inhibitors all stop ET s gesems. S D s s — o,
and ATP synthesis:
very toxic!

Spectral work

NADH

Big Drop!

NADH —»Q—»c;nb—»(ytc,—»Cytc—»Cyt(a+a,)@>02

Big Drop!

Fully reduced
+ rotenone

+ antimycin A

l l ‘—i + CN-

600 650

Electron Transport

Electron-Transport Chain Complexes Contain a Series of Electron Carriers

Treatment
with X
digitonin

Outer membrane

fragments ATP
discarded synthase ..

/

&,

Osmotic rupture
Nl

Inner |
membrane
fragments \

" |
m
v o

Solubilization with detergent
followed by ion-exchange chromatography

&N
NADH Q Suc- Q

)

w

N\
Q Cytc Cytc O3

clqalo . ” .
rotenone malonate Antimyciin A cyanide
Reactions catalyzed by isolated fractions in vitro

+ Better techniques for isolating and handling
mitochondria, and isolated various fractions of the
inner mitochondrial membrane

- Measure E.”

* They corresponded to these large drops, and they
contained the redox compounds isolated
previously.

* When assayed for what reactions they could

perform, they could perform certain redox
reactions and not others.

* When isolated, including isolating the individual
redox compounds, and measuring the E. for
each, it was clear that an electron chain was
occurring; like a wire!

+ Lastly, when certain inhibitors were added, some
of the redox reactions could be inhibited and
others not. Site of the inhibition could be
mapped.




