Chapter 15--Oxidative Phosphorylation and Respiration
Why do you breathe?

x‘ y**TCA--to get energy by oxidizing C substrates

)

NADH+H* +1/2 O, +3ADP + 3 Pi —> NAD* +H,0 +3ATP

Summary
--2 electronsfrom NADH reduce O
--3 ADP are phosphorylated to ATP

**To get lots more energy via redox.



Thissimplereaction requires

* Reduced substrates and ADP (thereactants)
* Intact Membranes

* 5 Large Protein Complexes

* Many co-factorsincluding Fe/S, Hemes, CoQ



il

Under standing thisreaction required many biochemists
to use many experimental techniques (some new)
over several decades.

Electron microscopy

Cédll fractionation and purification

Reconstitution experiments

UV /visible differ ence spectr oscopy

M easurement of O, consumption vs ATP production (P/O)
M easur ement of reduction potentials

Use of electron donors and acceptors

X-ray diffraction

A new theory Ilu
“The chemiosmotic coupling theory”



What’s direct coupling?

Two processes that must go together --

ADP+ GTP—» ATP + GDP group transfer
ATP + Glucose—» G6P + ADP energy
2Fe?* + NAD* —» NADH + 2Fe3" Redox

How are these reactions coupled?

JADF + 2F, - —  3ATF
NADH+H*+1/20, —» NAD*+H,O



Reductant Oxidant n E”

Pyruvate + CO, + H Malate 2 —-0.33
NADT + HT MADH 2 =032
NADPT + HT MNALRPH 2 —032
FMN (enzyme-bound} + 2H™ FMNH. (enzyme-bound) 2 —0.30
Cytochrome ay ( +3) Cytochrome a; ( +2) 1 .55
Fe{+3) Fe(+2} 1 077
40, + 2H ™ H,O 2 082

NADH+H* +1/2 O, +3ADP + 3 Pi—> NAD* +H,0 +3ATP

1/2 reactions
NADH —— NAD*® + H* + 2e + .32V
1202+ 2H*+2e —» H.,O + .82V

1.14 Volts
DG® =-nFE® =-2x96500x 1.14= 220kJ OK for 3ATP



Nernst Equation

= & 303RT felectron accentor)
E'-cp o -
e [eleciron donor)

Suppose that the NAD*/NADH ratio is 1/10
=.32V + (2.3 x 8.3 x 310/2 x 96500) log 1/10

=.32V-03V =+29V



Reduced
electron carriers

Respiration

SIS LIRS R QS

Innar mambrane

Chyineal

Cristae Mgt P J*-— Intenmembirans
£ = .-/ B

Matm




INREF
MEMERANE

INTERME MBRARME
SPACE

from cytoecd MATHIX
Pyruvate,
fatly axcicls.
Acetyl-Cod amino acids
from cytozc

Arming acids

Products
of citric
acid cycle
feed into
respiration

Electrons
are “ passed”
thru five
membrane
protein
complexes.



Fe Cylbe )
(Fes) m| "=
A canters [
Fe Cowt
Fe Cytochrome ¢
Furnarate ~—
WOEAD Succinate Y
" Feizu Cyl a
I
Fa-5 rJ'H -
Fefou Lyl a,
COBnZyme Cy
LJ

“Static” and “mobile’ eectron carriers.



Complex | Summary

NADH + H' FMMN Fe’'S Co(}

NAD® FMNH, Fe''S CoQH.



Cytochrome b { +3)
Dehvdroascorbate + 2H™
Cytochrome oy {+3)
Cytochrome ¢ ( +3)
Cytochrome a (+3})

%0, + HLO

Ferricyanide

Mitrate + 2ZH™
Cytochrome a; (+3)
Fe{+3)

Fe(l)/Fe(lll)
Potentials
Depend on
Environment.

Cytochrome b (+2)
Ascorbate
Cytochrome oy (+32)
Cyitochrome ¢ (+2)
Cytochrome a ([ +2})
Hg'::'g

Ferrocyanide

Nitrite + H,O
Cytochrome a; { +2)
Fe(+1Z)
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CoQ diffusesfreely in membrane.
Semiquinone form of coenzyme @ BUTL COQ feeds electrons

Tocytochromes1 at atime.



Reduced Substrates from citric acid cycle

Succinate NADH

S\

On to Complex 111
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Thestrange story
of cytochrome
oxidase in trypanosomes

Some subunit genes
nuclear, other mitochondrial
variation accordingto
species.

But T. brucei appeared to
be missing CO genes!!
but mMRNA was found.

First known instance of
RNA editing.



DNA--no start, no good ORF CO |11 gene, but correct
Gene neighbors on chromosome

l
SN TN

Additions - Pre-mRNA
Deletions Editing
Lotsof U’'s Guide RNASs to template???
N, U MRNA
l Start AUG

ORF
co i proteir @i D




Go outside and enjoy
The Spring weather!!!
(and think about aer obic metabolism).
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How to order reactions?

** arrangein order of potential --all rxns exergonic

(but only know standard states...)

**|nhibit/activate pathway and see what isox’d or reduced.
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RICY

m— NOrmig
MADH mtachandra
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.h] Diffarence soactra continuad with

Technique invented by BrittorN\Chance (UPENN)
Goal--Find order of redox reactions from NADH to H,0.
Cyt bisreduced and c1 oxidized® (see 410 nm)

Black lineisfully reduced compared to fully oxidized.



Hespiratary

inhibitors: amyial Antirmacin A
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Artificial {et J [t

electron

acceptors:

Add antimycin A-- NADH etc will bereduced, all acceptors
following block will be oxidized.

Add methylene blue--NADH etc will bereduced, all electrons
Diverted to methylene blue to remaining acceptors ar e oxidized.



Antirmycin A




Decades of Fruitless Biochemistry

The Search for ATP “coupling sites’

Reconstitution Experiments-Complexes|, |11, IV alone
carry out enough respiration toform 1 ATP / electron pair
PIO =3
— - —_
P/O = 2
Succinate Ascorbate
FAD TMPD
B-Hydroxybutyrate '
1 Antimycin A | CN
\ € . : \ ©
. o S N &
NAD* —» FMN —-Fa—\s—-i::nq—- cyt b —» Fe-S —s cyt o, —» cylc —» cyla —» cyt a, —= O,
"5, S
Farricyanide Exogenous
cytochrome ¢
J _ | | I— -
PIO = 1 PIO = 1 PIO = 1

In real life these numbers need not be integers



H' INTERMEMBR ANE

Chemiosmotic Coupling Hypothesis (Mitchell 1961, Nobel 1978)



Chemiosmotic Coupling Hypothesis

Complexesl, I1, 111, & 1V areasymmetric within membrane.

Complexes|-1V take protons from the mt. matrix and deposit
them in the inter membrane space.

An electro (AW) chemical (A pH) gradient iscreated.
Energy is“stored” in the proton gradient.

Protons exergonically enter the mt. only thru Complex V driving
ATPproduction.



Proton Motive Force=PMF

+.224V 14V +.084 V
Ay = Ay  — 2 JRTApHSF
Elactro hermizal fermbrans PH gradient
H* gradien patantial

The pH is 1.4 units lower in the intermembrane space.

+.224 V correspondsto 21 kJ per mole of protonsout >> in
2-12 protons may crossthe membrane for each ATP synthesized.



Predictions and Experiments

If a proton gradient is made in the absence of respiration,
ATP synthesis should work.

If either the membrane potential or the pH gradient is reduced,
less ATP synthesis will occur.
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Chemiosmotic Coupling Hypothesis (Mitchell 1961, Nobel 1978)



Glycolysisthru TCA cycleyield

Net:
Glucose + 1OMADY + 2RAD + 4H20 + 4ADP + 4F, —=

- gioCs + 10MADH + 4HY + ZFADH- + 4ATP

\

About 3 ATPfromeach  About 2 ATP from each

Glycolysisthru respiration yield.
About 38 moles ATP per mole glucose
(about 40% efficientassuming standard states)
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Oxygen, yatoms

| Glutamate

— Decouplers
ATP synthesi §;, Valinomycin K*
Stimulated by ADP Nigericin K*/H*
Blocked by oligomycin Dinitrophenol H*

DNP
! OH
N

Oligomycin

Anaerobic ———

PEdbﬁ.NOZ NO,

Time, minutes

Protonated form is lipophilic
and traverses membrane bearing proton.



Production of a proton gradient (one example)

Cytochrome oxidase (based on xtal structures
Of oxidized and reduced proteins.)
Asp 51 delivers proton to “ outside”
Ser 441 and Asp 51 sidechainsrotate
Tyr 54 takesin a proton from theinside
How to “prove” this mechanism?

4 cyt c-Fe(l1) + 8H* (inside) + Os 4 cyt-c Fe(l11) + 2H,0 + 4H* (out)



ATP Synthase
EM--"knobs’ on matrix ssde of inner mt. Membrane

Removal--no ATP synthesis
Put them back--ATP synthesisrestored.

ADP + P, l:

Knobs = F1 subunit

Base= FO subunit




Complex V
ATP synthase

Knobs = F1 subunit

0Pz YO£
o433 “ 6-fold symmetry

Stalk - ye
Base-ab,c,,

Coupling

Protons passing thru FO
Drive A conformation
Rotation of y

A conformation of ADP
Binding sites.



Evidence that Complex V isarotating motor.
1) Therearelots of movieson the WWW.

2) Biotin labeled y protein /streptavidin/ long fluor escent actin
Histagged 3 bound to big Ni-bead immobilized.

Actin filament
Streptavidin
¥
. fly complex

1ag)

-MTA coated

What the movies|ook like
Cowverslip (uncol ori Zed)




Rotating Actin Observations
Rotation isquantized in 120° steps.
If ATP isused rotation isone way
(and hydrolysis occurs)

Original experimental observation

If ADP isused rotation isin the opposite direction
(and ATP synthesis occurs)



ATP synthase confor mational changes

3 ap sites-1 each in Loosg, tight, open confor mations

Proton movement drivesy rotation, ATP release (T to O A conf.)
Rotation of y subunit causes sequential aff conformational A’s.

ATP releaserequiresenergy (not ATP synthesis).

Walker and Boyer 1997 Nobel Prize



h’ Futai et al

Biochem et Biophys Acta
1458, 2000, pp. 276-88.

catalysis
T l v/o/PB
| nter action?
mechanical work
(rotation)
T l v/c interaction?
H* translocation

Three processes are normally coupled, but mutation can
disrupt thiscoupling.



Futai et al
Biochem et Biophys Acta
1458, 2000, pp. 276-88.

Mutants b Ser 174 Phe and a Arg 296 Cys catalyse but do not transmit
D conformation and don’t couple with proton translocation.
Both mutants together restore subunit cooperativity and coupling.



"he g subunit is

= .F:,'f 0 holding
pane complex
& /1) together
by (: Early evidence for
o %> vy rotation--form

Then removey/p
Disulfide link. Allow
ATP hydrolysisor
Synthesis. Reform

I ntroduction of + v/B S-Slink. Find

charge stops ener gy @232 Different
orientation.

. »,
Coupling but not rota |.



Mitochondriaimport electron pair of NADH indirectly
Gycerol 3 phosphateisimported and reoxidized.

LIJITEr INNEHR
MEMBRANE MEMBR ANE
- B
CYTOSOL Trans- | TL"JE :?&:;ﬁlﬁim
port
Dihydroxyacetone FADH,
NADH phosphate .
H (DHAP)
Glyceral
3-phosphate
NAD* GapP > dehydrogenase

(a)
Loss of efficiency
NADH to FADH,



Transport systemsfor malate (in) and aspartate (out)

QUTER IMMER
MEMBR AMNE MEMBR ANE
NADH / Joacelal \/. Glu | I+ Glu Oxaloacetat NADI
Transport
system
ASD ; : — Asp J
akiG -

; kG
: ! lranaport
I | syslem
MAD -/ Malate |f — —_—  » Malate \\ MAD*

NADH reduces oxa oacetate to form mal ate.

Malate is transported in, the re-oxidized to form oxal oacetate and NADH.
Oxal oacetate is transaminated & the resulting Asparate is transported out.




CYTOSOL CIUTER IMTER- IMMER MATRIX

MEMBRARE MEMBRARE MEMBRARE
SPACE
Freely permeable Impermealles to ons except
1o most small those farwhich there ane
malecules speciic transpon systams

Adening nuclactichke
translocase ~

ATPY — ATP+ = ATE-
ADPF ——— ADP* = 40P
Fl,_hll:1 ATP synthase
!
Ht ————  H* - H*
Fhaosphate translocase
antipor mode \\
|F — " -"I — ol —
H POy *HFC, = H, P,
DH~ —H - H-
FPhosphate translocase
i Syrmport mode S ~
HFC =~ ———— HF'IZ-f‘ = HFC ="

2H* ——— 2H -




Outer membraneisvery leaky, but inner membraneisnot--
Membrane proteins must transport small molecules.

P'_-,"fL,I'u'.EﬂE‘ franspon systam

Pyruvales —————= FPyruvate ™ w Fyruvate
DOH™ - IH"
Chicarbesylate
[I'.Ell'lEF,-DH
ocinata, malate, Succinate, malate, *a';r'atenh.,,__‘___ succinate, malate,
o TLMAT a1 e e—r fLMErate w= Of fumarate
F. succinate, < F. succinate, malate,
wlate, or fumarate o funarate
Tricarbasylate
transpaort
Ciitrata or 53"519'-”""“'“-..
Jtrate ar 1zocitrate ————w  130cIrake w Citrate or isocitrate
Citrate, Isocitrate, - Citrate, socitrate,

or dicarbaylate or dicarboxylate



90% of O, used in respiration

10% used to incorporate O
M onooxygenases--1 O (other to H,0)
Dioxygenases--both O’s

Cytochrome P450's

Family absorbs 450 nm

Binds O, and CO

Hemewith Cys-S (thiolate)

Hydroxylate normal metabolites (steroids)
and foreign molecules (aflatoxin)
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Oxidative Damage to membranes, proteins, DNA

~1-2% of respiration electronsdetour to form
Reactive, potentially dangerousfreeradicals (HO,
Peroxides (HOOH), superoxides O,)

Chemical Defenses
Glutathione--oxidizesto -S-S
Ascorbic Acid (vitamin C)--oxidizes OH to =0

HO
(||:H 0 0
HO—c”  ™cH o=
H \C_Ef
g
HO OH

Ascorbate



b\
4 g
HO OH
Ascorbate
CHs
HO
H,C

CH; Vitamin E

Magjor antioxidant

Collagen synthesis
(hydroxyproline)

Lipid freeradicals



Enzymatic Defenses
Superoxide Dismutase

O, +0, +2H* — O, + HOOH

Versatile co-factors according to species Fe, Mn, Cu, Zn

Per oxidases and catalases
2HOOH — H,0+0,

Phagocytosis (white blood cells killing the bad guys bacteria)
Uses free radical species, superoxide and respiratory bur st
(to get lots of O,)



