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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: c.H,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 d AE.” of NADH- % O,
AG%=-n FAE”
AG? = AE°' AEol= Eo’(reduction) - Eo,(oxidation
-n7 = +0.82 V — (-0.32 V)
+7.3kealmol!  _ _g 46y = +1.14V

—(2)(23.06V-kcalmol ')

7 times more energy in 2e~

v than needed to drive the
AE, of ATP =-0.16V synthesis of ATP

Oxidative Phosphorylation

Energy of the reduced cofactors AGT=-n7AE,
Nernst Equation




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

’

AE, = E,’ reduction) — Es (oxidation)
= +0.82 V — (-0.32 V)

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

=+1.14V synthesis of ATP
~5 times more energy in 2e~
AG% =-n FAE, ‘ going from FADH, to oxygen
than needed to drive the
=—(2)(23.06V'kcalmol')(+1.14V) synthesis of ATP
AG“ = -52.6 kcal/mol AG? = +7.3 kcal/mol

Oxidative Phosphorylation
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Oxidative Phosphorylation

Adenine nucleotide  Phosphate  * These translocases cost the

1% of proteininthe . translocase translocase membrane potential, which
ADP/ATP translocase ~ (@ntiporter) (symporter) must be restored; costs 25%
Intermembrane ATP*~ W of Electron Transport.
space A ADP3~ H,PO, .

P » These translocases require
+++++++ ++ ++ +
cooeeecescccccccceca Tl beccccoccsooas energy from both the

AY =-0.06 V electrochemical gradient

OO OO0 = across inner mitochondrial
;Il o | G T membrane plus the proton
A gradient. Together they are

This antiporter works much P
like GLUTT, The import of called the Proton Motive

ADP and export of ATP is Force.
favored by 1) the [ATP] i
concentrations, and 2) the » What generates this

charge difference.

= radient?
aDp>  HPO; HT 9

. ;his ;Ympog_‘:ff has to CfOFF,“baF + 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
against a pH gradient

+H+++ [H+out]oumd. H*n = Hout
RUI 4 * S:::ig:uhs:eh?ezig?ozei;e
i N AG = RTIn Ii:ll-—l""::llom + Z(qu/) ‘r k;pposite that of transport
in
..... \ D
oo =zFANY
In[H*Jout = 2. = (+1)(96480) Ay
=C2.3 PHout =
Bottom o — RT2.3(pHin = (+1 )(96480)(+006)
IN(1H0) _2. _ 5.8 ki/mol
= +2.3 pH;, =5.7(7.5-6.7 D
PHou = 6.75 = 1.4 kcal/mol
pHin = 7.5 =5.7(0.75)

AG =1.0 + 1.4 = 2.4 kcal/mol

@25°C,RT  =8.3J/mol-degkx298degk | — 4.3 kd/mol As a consequence, it will

=2.5kJ/mol

2.5 kJimol x 2.3 =5.7 = 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) Amount of ATP made

2) Oxygen consumption

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

The %05 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 o Of NADH 9 v 02 (2e~ going through electron transport) o
o 22/53 = 42% efficient
AG =-52.6 kca|/m0| This is the energy recovered
AG° = +7.3 kcal/mol 73xPi0of3=22kcalimol o the complete

oxidation

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)

- CytOChrOmeS a, b, orc Redox reaction (half-reaction) E’ V)
. OnCe purified’ they NAD' + H' + 26 —» NADH -0.320
FAD-E +2 H* + 2> FADH.-E —0.02
were analyzed,by mea' NADH dehydrogenase (FMN) + 2H* + 26 —» NADH dehydrogenase (FMNH,) -0.30
Surlng thelr E Big Drop! Ubiquinone+ 2H' + 2¢” — ubiquinol 0.045
o 8ig Dmp,} Cytochrome b (Fe®*) + * — cytochrome b (Fe?*) 0.077
: Cytochromec, (Fe®') + e~ — cytochrome ¢, (Fe®') 0.22
M Order Of tranSfer Of Cytochromec (Fe®') + e — cytochromec (Fe®") 0.254
e|ectrons iS dependent Cytochromea (Fe*') + & —> cytochrome a (Fe?*) 0.29
7 8ig Drop! Cytochrome ay (Fe **) + ¢ — cytochrome ay (Fe **) 0.35
onE, : 19 PTOPY 7 w0, + 2H* + 26 — Hy0 0817

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 (recall triplet-state O,)

« Ubiquinone, also called ﬁ;( uly oxdized)
Coenzyme Q, is an isoprene o e
lipid that readily accepts WU Lip—
electrons. Upon accepting two mﬁm, Car
electrons, it picks up two ¢ fois
protons to give an alcohol, e P
ubiquinol (CoQH,). Its found IN )il "

the inner membrane.

* Iron-sulfur complexes (Fe-S) that
can only carry one electron at
a time (role is different than in
aconitase).




Electron Transport

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

S—Cys
CH3 CH=CH, CH3 CHCH3
Cys—?
CHy=CH CH3 CH3f CH3
CH3 CH;CH,C00™ CH3 CH,CH,C00 "™
CH3 CH2CH,C00"~ CH3 CH,CH,C00"~
Iron protoporphyrin IX Heme C

(in b-type cytochromes and in (in c-type cytochromes)

hemoglobin and myoglobin)
9 vos CHj CH=CH,

OH
CHs Hz—tltn CH3
H3 H3 H3
CH3 CH,CH,C00™
Heme A
(in a-type cytochromes) CHO CH,CH,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 (%)
g

Heme C
{in c-type cytochromes)




Electron Transport

NADH —— Q —> Cytb —> Cyt¢;, —> Cytc —> Cyt (a+a3) > Oy

Inhibitors of
Electron

Transport

* Inhibitors all stop ET
and ATP synthesis:
very toxic!

Spectral work

NADH

Fully reduced

300 350 400 450 500 550 600 650 700

Electron Transport

NADH|——|Q —>|Cyt b —> Cyt ¢; |—> Cyt c —>|Cyt (a+a5) > |02
- t ]
Inhibitors of | )
NADH| — |Q —>{Cyt b —> Cyt ¢; —> Cyt c —>|Cyt (a+ a;) —> |0,
Electron A
Transport
« Inhibitors all stop ET NADH|——|Q —>|Cyt b @) Cyt ¢, }._; Cyt ¢ —>|Cyt (a+ a;) —> |0,
and ATP synthesis: =
very toxic! £
CN™ or €O
Spectral work = :é:]
NADH|——Q —>|Cyt b — Cyt ¢, }—» Cyt ¢ —>|Cyt (a+ a;) —> |0,
NADH ,-1-\
3
Fully reduced
+ rotenone

+ antimycin A

l —i + CN-

350 400 450 500 550 600 650 700




Electron Transport

Electron-Transport Chain Complexes Contain a Series of Electron Carriers

Treatment
with X
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Solubilization with detergent
followed by ion-exchange chromatography
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Reactions catalyzed by isolated fractions in vitro

rotenone malonate antimyciin A cyanide

» With better techniques for isolating and handling
mitochondria, various fractions of the inner
mitochondrial membrane were isolated: called
Complexes

+ Measure E,’

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

+ Assayed for redox reactions. They could perform,
only certain 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.
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