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Carbohydrates Fat

carbohydrate
(high chemical energy)
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energy

Ch(oroplasl Mitochondrion

ATP usable
energy
+H,0 for ceﬂs

CO,
(low chemlca) energy)

External sources of energy =» biologically
energy : ATP

* prokaryotic cells: cell membrane
« eukaryotic cells : mitochondria, chloroplast

Energy

Cytosol

source Mitochondrion
Stage | Stage Il Stag‘ e lll Stage IV
Chemical Lipid or Substrate —> NADH —> Electron —> Proton- —> ATP
bond sugar oxidation FADH, transport motive
(in glycolysis (citric acid cycle) (electron force
glucose prruvate) carriers) 0, H,0 (H* gradient)
CO, ATP(GTP)
ATP NADH
Chloroplast
Stage 1 Stang2 Stage 3 Stage 4
Photons » Energy absorption —> Electron — Proton-—> ATP Carbon
(sunlight) by pigments and transport motive fixation
direct transfer o\ force r>
to electrons H,0 0, | (H" gradient) co,
NADPH

Sugar

Aerobic oxidation & photosynthesis

ATP
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ADP + Pi = ATP
=>chemiosmotic coupling > proton
electrochemical gradient

* Electron transport chain
* Proton motive force

Low pH
Radiant H* H H*
energy
(light) Positive
electric
% + potential
High pH

electric
Pigment potential
(chlorophyll)

NADH

FADH,

f

Catabolism

ADP +P; ATP

Cytosolic face Membrane

Chemical impermeable
bonds in Exoplasmic face ¥, to H*
carbohydrates H
and lipids Synthesis

of ATP

GLUCOSE OXIDATION IN EUCARYOTES

4 steps:
AEROBIC METABOLISM
cyTosoL * Glycolysis
e « 6-Cglucose > 2 3-C pyruvate + 2 ATP

« Cytosol

N 2 ADP + 2 NAD" + 2 P
Glycolysis !
2 ATP + 2 NADH + 2 P,

90 2O CoHp,0p + 2NAD" + 2ADP3- + 2P2- > 2 C3H,0;5 + 2NADH + 2 ATP*
CH;—C—C—0OH
Pyruvic acid

« Citric acid cycle

ml{':c';i:é‘r?;g\ * Inmitochondrion
MITOCHONDRION * Pyruvate > CO, + NADH + FADH,
o 0o
\ .
CHg;m‘C’;tOH + Electron transport chain
+ High energy electrons from NADH and FADH, >0,
— o0 * Convert energy released into a proton motive force
dehydrogenase | - NAD* (H+ gr‘udlen'r)
NADH
9 + ATP synthesis
LT + Proton motive force powers the synthesis of ATP as

protons flow down their concentration and voltage
gradients through the ATP synthesis enzyme

MNADH ~ | Citric acid cycle
NAD* Oxidative phosphorylation

~28 ADP +~28 P; Overall reaction of aerobic metabolism:
30,
Z ~28 ATP + ~28 H,0 Glucose + 6 O, +~30 ADP + ~30 P; —>
6 CO, + 36 Hy0 +~30 ATP
2¢co,
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i o H H
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Mo . + Inhibited by its reaction product :
e =72 H
Phosphoenclpyruvate - koL glucose 6-phosphate
2 mollenlﬁ) .
— 0,00 + Pyruvate kinase
o C 21 o o + Inhibited by ATP
‘z;v;':;;ﬂ oc ccwu * Phosphofructokinase-1
to
co, Intermembrane space
el = | Inner mitochondrial membrane.
Glucose e
2NAD* Stage Il | -
2 NADH 2ATP €O,
2 Pyruvate Pyruvate Acetyl CoA —+200,——dF —2¢0,
Fatty acid Tranggarter NAD® NADH NADH ! o
ATP + L
HSCoA
AMP + FADH,
PP,
iyl ./ rver 3NADH Mitochondrial matrix
CoA
Stage ll
» NADH NAD*
Succinate
4 20 +2H'+10,—> H,0

H H
Electron transport chain FyF, complex
FoF ) complexes
. . 9 Intermembrane
Krebs/Citric acid cycle Ghboscon wo GO0 B
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é—o HO—C—CO0™ o €00 membrane
go0” Wz i i He i Inner
HO—C—H [ ‘-—Kc_cnu membrane
7 B oo o B i
s Osakoscetate Citrate e
coo Coo
Maate AT
a
H,0 €00
i
coo ™
L H—f—coo
™ wo—t—n
e, B,
a §=0"T g
1 €00
NAD”  grKeto- €O, + NADH + H
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GTP + HSCoA  Susimil CO, + NADH + H R
con P el



NAD+ & NADH CYTOSOL Vs
MITOCHONDRIAL MATRIX

Inner membrane of mitochondria: impermeable to
NADH=> how to transfer energy (electrons) from
cytosolic NADH into mitochondria?

several electron shuttles: malate-aspartate shuttle

* 2 antiports:
malate /
a-ketoglutarate
antiport
and
glutamate/
aspartate
antiport
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+
Cytosol NADHcylosoI NAD cytosol
) 1
Transaminase
Aspartate NPT %% 5 Oxaloacetate Malate
ﬂ Malate
dehydrogenase
a-Ketoglutarate Glutamate varoger
!Vlltochondnal
inner membrane
a-Ketoglutarate Glutamate Malate
dehydrogenase
Aspartate . Oxaloacetate Malate
Transaminase
- +
Matrix NADH 1 atrix NAD™ 1 atrix

MITOCHONDRIAL & PEROXISOMAL
OXIDATION OF FATTY ACID

(a) MITOCHONDRIAL

OXIDATION

Electrons

Il
R—CH,—CH,—CH,—C—SCoA
Fatty acyl CoA

FADH;

0, & FAD
espiratory, Dehvdr genase %) Cataase
chain FADI
HOX /N

(b) PEROXISOMAL

OXIDATION

Peroxisome =2
lack of electron

from FADH2 " aop TP 9 M0+ 120, transport
+P1 . .
& NADH are oy 1 C—SCoA Oxidation of
used to H,0 ST 0 fatty acids in
[0}
enerate I i
g R—CH,—CH—CH,—C—SCoA perOXIsomes
ATP o yields no ATP
02
7 NAD* NAD* «——— L _NADH
)Rssg]ﬂ;iarl‘orv DehydPggenase )expo_necj for
H,0 /\ NADH NADH reoxidation
ADP  ATP
+P, I
i R—CHz—(“?—CHZ—C—SCoA
CoASH Thidlase CoASH
R—CH,—C—SCoA
g
Acyl CoA shortened
by two carbon atoms
+
T
Gite acido— p.c—c—scon Arac con

Acetyl CoA




ELECTRON TRANSPORT CHAIN AND GENERATION
OF THE PROTON MOTIVE FORCE

Free energy (kcal/mol)

- 60
. o NADH-CoQ reductase
QLIRS A Electron-Carrying Prosthetic Groups ~400 = (complex 1)
in the Respiratory Chain NAD“\-/N:\D +H*
FAD +2 H*
Protein Component Prosthetic Groups* Zf Fumarates2'h* -50
~200 | ey Succinate FADH,
NADH-CoQ reductase FMN
(complex I) Fe-S i *Hout 2 T i)e Succinate-CoQ
Succinate-CoQ reductase FAD \ e S reductass (complex ) 440
(complex II) Fe-S 0 —/w
. Cytb
CoQH,~cytochrome ¢ reductase Heme b,
(complex I11) Heme by, Hin - Fs*-s e HY it
Fe-S 5656 1 T <30
L 0QH,~cytochrome ¢
Heme c, Cytcy| reductase (complex Il
Cytochrome ¢ Heme ¢ m
Cu,
Cytochrome ¢ oxidase Gyt & 420
S 400
(complex IV) Heme a B
Gy 2t ., Cyta
Hc‘mc a, Hin Hout
*Not included is coenzyme Q, an electron carrier that is not perma- 600 | c‘;::) <10
nently bound to a protein complex. 3
SOURCE: J. W. De Pierre and L. Ernster, 1977, Ann. Rev. Biochem. Cytochrome c oxidase 1
46:201. (complexIV) 2&
800 120,+2H H,0 0
Translocation 10 protons from matrix through
electron transfer from NADH to O2
(a) From NADH (b) From succinate
Intermembrane space
(exoplasmic)
o & Exoplasmic
fi“?/‘n;,, = =
‘\ 0Q
\
b CoOH%
4 H* 1| Cytosolic
Matrix . 2H
(cytosolic) i B + "
H' H0
2H f20p+2 2 ZH Succinate Fumarate + 2 H'
NADH  NAD* + H* . N )
NADH-CoQ Cottiy ey “f) - c:"’l‘;d'” Succinate-CoQ reductase Complex il
(complex I) {a) Complex | {b) Complex I ===plex )

Intermembrane space
(exoplasmic)

Matrix M H Cytosolic

{eytosolic) N
2H
Coa=§ FMNor=
: bl
FeS= ¢ Succinate  Fumarate + 2H
NADH  NAD' +H
Succinate-CoQ reductase
N‘D'::,ﬁ":::;““' (complex 1)
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FIGURE 12.18 THE Q CYCLE.

space
+——- coQ
0QH,
2°e7)
Matrix

CoQH,-cytochrome ¢
reductase (complex lll)

At Q, site: 2 CoQH, + 2 Cyt ¢ —

4H%4e) 2CoQ+2Cyt 2 +2 & +4 H puside)
(2e7)
At Q; site: CoQ + 2 e + 2 H' (atrix side) — COQH,
(2H%, 2¢€)

Net Q cycle (sum of reactions at Q, and Q;):
COQH, +2 Cyt ¢** + 2 HY (matrix side) —
(2H" 2¢) CoQ +2 Cyt ¢ + 4 H¥ gutside)
(2e7)

Per 2 e transferred through complex lll to cytochrome ¢, 4 H*
released to the intermembrane space

+ Multiprotein complexes (Complex O, lll, IV) assemble into
supercomplexes

* Unigue phospholipid : cardiolipin (diphosphatidyl glycerol) ->

play an important role :
* inthe assembly and function of these supercomplexes
* Influence inner membrane’s binding
* Permeability to protons
* Proton motive force

(0] Cardiolipin
b O HO o o
Na O\%/O%OYV\/\MM
0 0]
HO

i 0
+Na—o/ﬁ\o/>(\o)\W
0 H OWW

(0]
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ROS : TOXIC BY-PRODUCT

Generation and Cm%‘:)'g"'
inactivation toxic ROS et2c ﬂ
2H"+ 05— | Oxidative
and free
radical
HzOz damage to
&) lipids,
H,0, 3 2. proteins, and
g OH- DNA
02 Q,

ATP SYNTHESIS

ADP + P,

Mediated by ATP
synthase

Cytosolic [ static

medium Rotates

Exoplasmic ) .
medium Rotation of ¢ ring
. Proton half Proton bound
A Reaction channel to aspartate
Rotatio 5\ (no rotation)
_—
Reaction
""\Eli(no rotation)
By Reaction
g (no rotation)
¢ ) Rotation
h—
/Aoy a




Phosphate and
ATP/ADP
transport system
in the inner
mitochondrial
membrane

H" concentration

gradient
Membrane [ +
electric P
potential *

H'\H‘

H,0
OH

ADP®~
ATP*™

Intermembrane

space
P 3H"

-
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Inner mitochondrial
membrane
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Translocation of H”
during electron transport
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_ t Phosphate transporter
HPO,’ }
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P } ATP/ADP antiporter
ATP™™
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3H'
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MEMBRANE ORIENTATION
AND PROTON MOVEMENT
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Cuticle u
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PHOTOSYNTHESIS
AND LIGHT b
ABSORBING Gl

PIGMENTS

Stroma: enzymes that
catalyze CO, fixation
and starch synthesis

Chloroplasts

Inner membrane:
transporters for
phosphate and
Sucrose precursors

Thylakoid membrane:

absorption of light by Outer
chlorophyll, synthesis membrane:
of ATP*, NADPH, and  Intermembrane permeable to

electron transport space small molecules
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Thylakoid
membrane

Stage 4

FOUR STAGES OF PHOTOSYNTHESIS. Carboniipeon;

carbohydrate synthesis

Sucrose
Cytosol
oll!er
m,
”"br.,,o
Inn,
Stage 1 Stage 2 Stage 3 ol "”'hb,,
p A p A . A 6 CO,—> 2 Glyceraldehyde e
. . . 3-phosphate
Light absorption, Electron transport, formation ATP synth et
generation of high- of proton-motive force  naApp + H*
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&
S
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H0 2H'+0,
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EXPERIMENTAL FIGURE 12.34 THE RATE OF PHOTOSYNTHESIS IS GREATEST AT WAVELENGTHS OF LIGHT

ABSORBED BY THREE PIGMENTS.
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0 |
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of photosynthesis
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B-Carotene
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LIGHT-HARVESTING COMPLEXES AND PHOTOSYSTEMS IN CYANOBACTERIA AND PLANTS.

Primary electron Strong reducing
Light Reaction acceptor agent (electron donor)
center
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/
Charge
o . separation
(a) Light Bridging Reaction Energy resonance —_
9 chlorophyll center transfer
Thylakoid
S membrane
()
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V
Chlorophyll a Strong oxidizing
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P # vogl o8 e “
N B BT o L
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Q cycle: additional
proton transport ..

Cytosol
” Cyclic electron flow in the
membrane single photosystem of
photons )
purple bacteria

Perplasmic
space Special-pair

chlorophylls

Bacterial reaction Cytochrome be, FoF, complex

center complex

LINEAR ELECTRON FLOW IN PLANTS, WHICH REQUIRES BOTH CHLOROPLAST

PHOTOSYSTEMS PSI AND PSII. e
erredoxin= NADF*
"i’*’%( Pt
: NADPH  ADP ATP

Q cycle: additional

2 H* proton transport  py+ Ferrgdoxin <l
Fe-S
Stroma
Thylakoid (e)
membrane
2 photons 2 photons \
1 (&)
e Plastocyanin 4H"
Lumen complex
Pego 2H H* ) P70g
chlorophyll chlorophyll
H0 2H'+ 120, Cytochrome bf PSI reaction FoF; complex
PSlI reaction center complex center

ELECTRON FLOW AND O, EVOLUTION IN CHLOROPLAST PSII.

PSll reaction
center

Stroma
Thylakoid
membrane
Special-pair
4 photons chlorophylls
Thylakoid
lumen 5
O,-evolving
complex
2H,0 4H+0,
=
8
g
©
[
2
[}
3
A single PSII absorbs a photon S
and transfers an electron four

times to generate one 0,. T e 4 T R e

Flash number
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“+IN DROUGHT, HIGH LIGHT INTENSITY, OR LOW CARBON DIOXIDE
LEVELS -> NEED GREATER AMOUNTS OF ATP

CYCLIC ELECTRON FLOW IN PLANTS, WHICH GENERATES A PROTON-
MOTIVE FORCE AND ATP BUT NO OXYGEN OR NET NADPH.

Q cycle: additional NADPH
NADPH NADP*+H' proton transport 4+

Stroma 4H
Wl PR 4 H*
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membrane Zphotons
++++ ‘ Plastocyanin 4 H*
Lumen 4H* / g P
“H* L 700
i e chlorophyll
NAD(P)H dehydrogenase Cytochrome bf PSl reaction FoF; complex
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complex center
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PHOSPHORYLATION OF LHCII AND THE REGULATION OF LINEAR VERSUS

CYCLIC ELECTRON FLOW.
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FIGURE 12.47 CO, FIXATION AND PHOTORESPIRATION.
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FIGURE 12.48 LEAF ANATOMY OF C, PLANTS AND THE C, PATHWAY.
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