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£ ISFARBRIT IR B AN IR A S IR, L3 FENADH 2468, 532 F- ™=
Gl 2. 5AATP, —sd s F22FADH, e 26 8., 7= 1. 5-~ATP, 4 4REBR V3R A 2 =2
| |~ATP, 5 RUEIR™~4&
' 7.5+1. 5b+1=104~ATP.
BRI 2+ =124 ATP.

TABLE 16-1 Stoichiometry of Coenzyme Reduction and ATP Formation in the Aerobic Oxidation of Glucose via
Glycolysis, the Pyruvate Dehydrogenase Complex Reaction, the Citric Acid Cycle, and Oxidative Phosphorylation

Number of ATF or reduced Number of ATP
Reaction coenzyme directly formed ultimately formed*

Glucose —— glucoze G-phosphate —1 ATP
Fructose G6phosphate —— fructose 1,6-hisphosphate —1 ATP

2 Glyceraldehyde 3-phosphate —— 2 1,3-bisphosphoglycerate 2 NADH
2 1,3-Bisphosphoglycerate — 2 3-phosphoglycerate 2 ATP

2 Phosphoenolpyruvate — 2 pyruvate 2 ATP

2 Pyruvate ——s 2 acetyl-Cod 2 NADH
2 |socitrate — 2 ae-ketoglutarate 2 NADH
2 a-Ketoglutarate ——s 2 succinyl-Cold 2 NADH
2 Succinyl-CoA —— 2 succinate 2 ATP {or 2 GTP)
2 Succinate ——s 2 fumarate 2 FADH,
2 Malate — 2 oxaloacetate 2 NADH
Total

*This s calculated as 2.5 ATP per NADH and 1.5 ATP per FRDH.. & negative walue Indleabes corsumplion.

tThis rumber k elther 2 or 5, dependng on the medANkrKAOWANGASAR Tukaents from the criosol to the mitoehoncrial ma-
i, e Flgores 19-27 and 19-28.
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TABLE 13-7 Standard Reduction Potenti iologically
: (#) /_:E #@ 1 ZIK Important Haif-ﬂeacff:?un;, at pHHE.I'E{:md 2 {%&%ﬁpﬁg&ﬁg%ﬂ

Jﬂélzzﬁ‘ﬁ b = Half-reaction E" (W |
Elj/%—‘_fﬁ 30, + 2HY + 267 — H0 0.816
] A AY,-1h Fe®* + e~ — Fe?* 0.771

NO; + 2H" + 267 — NOz + Ha0 0.421
Cytochrome f (Fe'™*) + &~ — cytochrome f (Fe?™) 0.365
Fe(CN)2~ (femicyanide) + e~ — FelCN)E™ 0.36
Cytochrome a3 (Fe®™) + &~ —— cytochrome a3 (Fe* ™) 0.35
Dz + 2HY + 267 — H;0; 0.295
Cytochrome a (Fe®*) + &~ — cytochrome a (Fe™*) 0.29
Cytachrome ¢ (Fe™) + &~ — cytochrome ¢ (Fe**) 0.254
Cytochrome ¢y (F&” ) + &~ — cytochrome ¢, (Fe* ) 0.22
Cytockrome b (Fe?*) + e~ — cytochrome b (Fe®*) 0.077
Ubiquinone + 2H" + 2e~ — ubiguinol + H: 0.045
Fumarate” ™ + 2H* + 2e~ — succinate™" 0.031
ZH* + 267 — H; (at standard conditions, pH 0] 0.000
Crotoryl-Cof + 2HT + 27 — butyryl-CoA —0.015
Oxaloacetate”™ + 2H* + 26 — malate® —0.166
Pyruvate™ + 2H™ + 267 — lactate™ —0.185
Acetaldetyde + 2H™ + 2~ — ethanol —0.197
FAD + 2H" + 2e” — FADH; —[L215*
Glutathiore + 2HY + 26~ —— 2 reduced glutathione —0.23
54 2H" + 2e7 —s H:S —0.243
Lipoic acid + 2H" + 27 —— dihydrolipoic acid —0.29
NAD™ + H* + 287 — NADH —-0.320
NADP* + H* + 2e— — NADPH —0.324
Acetoacetate + 2HT + 267 —— B-hydronybutyrate —0.346
a-Ketoglutarate + C0; + 2HT + 267 — isocitrate —0.38
ZH* + 267 —s Hz (at pH 7) —0.474
-kabyanicas (fet') + e~ — temredaiin (Fe*) ~0.432
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TABLE 19-1 Some Important Reactions Catalyzed by NAD{P)H-Linked Dehydrogenases
Reaction” Location’ WWW.kaoyancas.net

MAD-linked

a-Ketoglutarate + Cod +NADT —= succinyl-Cod + C0s + NADH + H M
t-Malate + NADY —= owaloacetate + MADH + HT

Pyruvate + CoA + MADY =— acetyl-Cod + CO- + MADH + H* M
Glyceraldehyde 3-phosphate + P, + NADY = 13-bisphosphoglycerate + MADH + H* C
Lactate + NAD™ === pyruvate + NADH + H* C
B-Hydrowyacyl-CoA + NAD™Y —= p-ketoacyl-CoA + MADH + H* M
MADP-linked

Glucose G-phosphate + NADP* E-phosphogluconate + MADPH + H*

MAD- or NADP-linked
t-Glutamate + Ha0 + NADIPYY —= a-ketoglutarate + NH + MNAD{PIH
lsocitrate + NAD(P}Y = a-hetoglutarate + CO; + MAD(PH + H

“These reactions and ther enzymes are disossed In Chapters 14 though 18,

"M deslgnaies mitsehonarl C, cytosal.

Stereospecificity of Dehydrogenases That Employ NAD*
or NADP* as Coenzymes

Stereochemical

specificity for

nicotinamide
Enzyme Coenzyme ring (A or B)

Isocitrate dehydrogenase NAD' A
a-Ketoglutarate dehydrogenase NAD'
Glucose 6-phosphate dehydrogenase NADP®
Malate dehydrogenase NAD'
Glutamate dehydrogenase MAD" or NADP'
Glyceraldehyde 3-phosphate

dehydrogenase NAD'
Lactate dehydrogenase NAD'

MAD'




izoalloxazine ring
i}

MTHVTHJL‘TH B F""““-\.\,\_\___.o-' L "‘IH “‘m._
o R

FADH" (FMNH") FADH. (FMNH.!

(semigquinone| ffu]l_:l,r-rr;ld11{ﬂ{‘| |

Some Enzymes (Flavoproteins) That
Employ Flavin Nucleotide Coenzymes

Flavin
Enzyme nucleotide

Fatty acyl-CoA dehydrogenase FAD

Dihydrolipoyl dehydrogenase FAD

Succinate dehydrogenase FAD

Flavin adenine dinuclestide (FAD' and Glycerol 3-phosphate dehydrogenase  FAD
flavin monenuclestide (FMN) Thioredoxin reductase FAD

i ' NADH dehydrogenase (Complex 1) FMN
Glycolate dehydrogenase FMN
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(a) Cytochrome ¢ : reduced spectrum
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(b} Cytochrome ¢: oxidized spectrum
(e} Cytochrome ¢: reduced spectrum
minus oxidized spectrum
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bt {room temperature): reduced spectrum

minus oxidized spectrum

o

(e} Submitochondrial particles (77K):
reduced spectrum minus oxidized spectrum
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HLC CHCH OO0

Iron prooporphyrin I3
(found in cytochrome &,
myoglobin, and hemoglobin)

S
CHLCH.COO0™
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Heme C
{found in cytochrome )

L
CHLCH GO0

CHYCH OO0

Heme A
{found in cytochrome a)
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(a)

FIGURE 19-5 Iron-sulfur centers. The Fe-5 centers of iron-sulfur
proteins may be as simple as {a), with a single Fe ion surrounded
by the 5 atoms of four Cys residues. Other centers include both
inorganic and Cys S atoms, as in (b 2Fe-25 or ic) 4Fe-45 centars.
i) The ferredoxin of the cyancbacterium Anabaena 7120 has one
2Fe-25 center (PDB 1D 1FRD g Fe is red, inorganic 5; is vellow, and
the S of Cys is orange. (Note that in these designations anly the
inorganic S atoms are counted. For example, in the 2Fe-25 center
thy, each Fe ion is actwally surrcunded by four S atoms.) The exact
yancas_nétendard recuction potential of the iron in these centers depends on
the type of center and its interaction with the associated protein.
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Standard Reduction Potentials of Respiratory Chain and Related Electron Carriers

Redox reaction (half-reaction)

E™ (V)

2H" + 26 — H;

MAD™ + H" + 280 — NADH

NADP™ + H" + 260 — NADPH

NADH dehydrogenase (FMN) + 2H" + 2& . —— NADH dehydrogenase (FMNH.)
Ubiquinone + 2H" + 26 — ubiguinol

Cytochrome b {Fe®') + & — cytochrome b (Fe®")

Cytochrome ¢, (Fe*') + & — cytochrome ¢, (Fe®")

Cytochrome ¢ (Fe*') + &= — eytachrome ¢ (Fe®")
Cytochrome a (Fe'') + & — cytochrome a2 (Fe
Cytochrome a, (Fe®') + & — cytochrome & (Fa*')

s0s + 2H" + 287 — H.0

E'-:l

0.414
0.320
0.324
0.30
0.045
0.077
0.22
0.254
0.29
0.55
0.81&
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FIGURE 21.4 * An overview of the complexes and pathways in the

Succinate-coenzyme () www_kaoyancas.net mitochondrial electron transport chain. (Adapied from Nickolls, D). 6., and
oncielorresel e L Fergrivon, 8, [, 1992 Bioenergenes 2. London: Acadrnge Pre. |




Protein Components of the Mitochondrial Electron-Transfer Chain

Enzyme complex

Mass
(kDa)

Number of
subunits*

Prosthetic
group(s)

| NADH
dehydrogenase
Il Succinate
dehydrogenase
1 Ubiguinone:
cytochrome ¢
oxidoreductase

Cytochrome ¢

IV Cytochrome
oxidase

*Numbers of subunits in the bacterial equivalents in parentheses.

850

140

250

13

42 (14)

5

11

1
13 (3-4)

FMN, Fe-3

FAD, Fe-3

Hemes, Fe-5

Heme
Hemes; Cus, Cug

‘Cytochrome ¢ is not part of an enzyme complex; it moves between Complexes |11 and IV

as a freely soluble protein.

rge X!
&

!
i
g
|
E
E

Treatment with digitonin
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Inner
membrane
fragments

QOuter membrane
fragments
discarded

ATP
synthase

Solubilization with detergent
followed by ion-exchange chromatography
1

vy

v

N 7N 7N
Suc- Q Q Cytc Cytc Og

cinate

Reactions catalyzed by isolated
fractions in vitro

|

ATP
synthase

N
ATP ADP + Pj
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FIGURE 19-9 NADH :ul:niquhme oxidoreductase lEulﬂplr:l I). Com- & o e i 2
lex | catalyzes the transfer of a hydride ion from NADH 1o FMN, from Sl A B o
i T - - S otk M

which two electrons pass through a series of Fe-S centers to the iron- 3% V3 VAT
sultur protein N-2 in the matrix arm of the complex. Electron transter g %/ﬁ%ﬁk%/fl
from MN-2 1o ubiquinone on the membrane arm forms QH;, which dif-
fuses into the lipid bilayer. This electron wransfer also drives the ex-
pulsion from the matwix of four protons per pair of electrons. The de-
tailed mechanism that couples electron and proton transfer in Complex
| 1 is not yet known, bt [_r-_'l:mbi':.- imnvaolves a Q cycle similar o that in
Complex Il in which QH:z participates twice per electron pair (see

Fig. 19-12) Proton flux produces an electrochemical potential across |

E 4 the inner mitochondrial membrane (N side negative, P side positive), |

which conserves some of i erasyaneakemetd by the electron-transfer
reactions. This electrochemical potential drives ATP synthesis. x_ :
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Complex 11

Intermembrane
space

Suhstrate f“
binding ,

1
i)

Matrix

Succinate Fumarate
R T T e

AGURE 19-10 Structure of Complex Il (succinate dehydrogenase)
of E coli (PDB ID 1 NEK). The enzyme has two transmembrane sub-
units, C {green) and D blue); the cytoplasmic extensions contain sub-
units B (orange) and A (purple). Just behind the FAD in subunit A igold
is the binding site for succinate (occupied in this crystal structure by
the inhibitor cxaloacetate, green). Subunit B has thres sets of Fe-S cen-
ters fyellow and redy ubiquinone iyellow) is bound to subunit C; and
heme b ipurple) is sandwiched between subunits C and D. A cardi-
olipin molecule is so tightly bournd to subunit C that it shows up in
the crystal structure (gray spacefilling). Electrons move (blue arows)
from succinate to FAD, then through the three Fe-S centers 1o
ubiquinone. The heme b is not on the main path of electron transter
but protects against the formation of reactive coygen species (ROS) by
electrors that go astray.

- ' ; - B, e e
Periplasm 10lipi *v F'kaoyancas.ne fi‘.l S
(P side) | e
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FIGURE 19-11 Cwvtochrome bcy complex (Complex 1l). The com-
plex is a dimer of identical monomers, each with 11 different sub-
units. {al Structure of a monomer. The functional core is three sub-
units: cytochrome b igreen) with its bwo hemes by and by, light redj;
the Rieske iroresulfur protein (purple) with its 2Fe-25 centars fyellow);
and cytochrome ¢y (blue) with its heme (red) (PDE 1D 1BGY). ih) The
dimeric functional unit. Cytochrome cy and the Rieske iron-sulfur pro-
tein project from the P surface and can interact with cytochrome ©
imot part of the functional complex) in the intermembrane space. The
complex has bwo distinct binding sites for ubiquinone, Gy and Cpp,
which correspond to the sites of inhibition by two drugs that block
oxidative phosphorylation. Antirmecin A, which blocks electron flow

from heme by to O, binds at O, close tWWWTR&G\FHh@&ﬁ fatiri=
side of the membrane. Myxothiazad, which prevents electron flow from

OHz o the Rieske iron-sulfur protein, binds at Oy, near the 2Fe-25
center ard heme b on the P side. The dimeric structure is essential
to the function of Complex 1. The interface between monomers forms
two pockets, each containing a Cp site from one monomer and a Gy
site from the other. The ubiquincne intermediates mowve within these
sheltered pockets.

Complex 11 crystallizes in two distinct conformations (not shown).
In one, the Rieske Fe-5 center is close to its electron acceptor, the
heme of oytochrome o, but relatively distant from cytochrome b and
the QH;-binding site at which the Rieske Fe-5 center receives elec-
trore. In the ather, the Fe-5 center has mowved away trom oytochrome
oy ard toward oytochrome b, The Rieske protein is thought o oscil-
late between these two conformations as it is reduced, then oxidized.
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QH; + crt ¢ (ozidized) — QH,+'Q + 2Hy +ert o, fozidized) —
"G+ 2Hp + oyt oy ireduced) QHy + 2Hp + Q + eyt oy (reducad)

T

Met equation:
QH, + 2 et o, (oxidized) + 2Hy; —* @+ 2 eyt ¢, (reduced) + 4Hp
FIGURE 19-12 The ¢ cycle. The path of electrons through Complex }H; donates one electron ivia the Rieske Fe-5 center) to oytochrome
I is showen by Blue arrows, On the P side of the membrane, bwo mal- cq, and one electron (via cytochrome b) to a molecule of O near the

ecules of OH; are oxidized to O near Wk KdOyaRGASs RO pro- w side, reducing it in bwo steps to CH;. This reduction also uses bwo
tons per O (four pratons in ally int the intermembrane space. Each protons per O, which are taken up from the matrix




FIGURE 19-13 Critical subunits of cytochrome oxidase (Complex
IV). The bovine complex is shown here (PDB 1D 10CC). (a) The core
af Complex IV, with three subunits. Subunit | {yvellow) has two heme
groups, 2 and az (red), and a copper ion, Cug (green sphere). Heme
ay and Cup form a binuclear Fe-Cu center. Subunit 11 (Blug) contains
bwor Cu ions (green spheres) complexed with the —SH groups of twio
Cys residues in a binuclear center, Cua, that resembles the 2Fe-25 cen-

ters af iror-sulfur proteins. This binucleaw:gaa%mngﬁrn@ﬁ&me

www . kaoyancas. net

Jean
Gl -

c-binding site are located inoa domain of subunit 11 that protrudes
from the P side of the inner membrane {into the intermembrane space).
Subunit 1l {green) seems to be essential for Complex IV function, but
its role is not well understood. (B) The binuclear center of Cuy,, The
Cu jons (green spheres) share electrons equally. When the center is
reduced they have the formal charges Cu'"Cu'™; when oxidized,
Cu'*7Cu " Ligands arcund the Cu ions include two His idark blue),
two Cys (yellow), an Asp fred), and Met {orangs) residues.




Intermembrane
space - =~ e
(pside) 4yt | 4 www . kaoyancas . net

HEWIVE) #5153

4H* 4H* Matrixi

(substrate) (pumped) ~sidey ; FIGURE 19-14 Path of electrons through Complex IV. The three pro-

b
% teins critical to electron flow are subunits |, 11, and Il The larger green

5
B8 structure includes the other ten proteins in the complex. Electron trans-
| fer through Complex IV begins when two molecules of reduced oy-
# tochrome c (top) each donate an electron to the binuclear center Cu,,

! From here electrons pass through heme a o the Fe-Cu center (oy-
tochrome ay and Cug). Oxygen now binds to heme a; and is reduced

g 10 its peraxy derivative (037) by two electrore from the Fe-Cu center.
: A Delivery of two more electrons from cytechrome ¢ (making four elec-
trors in all) converts the O3~ to two molecules of water, with con

- sumption of four “substrate” protons from the matrix. At the same time,
four more protons are pumped from the matrix by an as yet unknown

fapvancas et
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Electron-filling
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A model for the
mechanism of O,
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A model of the F,afi-fa8esotdnts of the
ATP synthase .a rotation molecular

motor. The a,b,a,,and o subunits constiture
the stator of the motor,and the c,y,and ¢
subunits form the rotor.Flow of protons
through the structure turns the rotor and

drive the cycle of conformation changes in a
and B that synthesize ATP.
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Molecular graphic imag#¥'¢gjovancas-nets =
side view and (b) top view of F1- |
ATP synthase.The y-subunit is
the pink structure visible in the
center of view (b).
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FIGURE 19-24 Binding-change model for ATP synthase. The F, com-
plex has three nonequivalent adenine nuclectide-binding sites, one
for each pair of a and @ subunits. At any given moment, one of these
sites is in the g-ATP conformation (which binds ATP tightly), a second
is in the B-ADP {loose-binding) conformation, and a third is in the -
empty {very-loose-binding) conformation. The proton-mative force
causes rotation of the central shaft—the ¢ subunit, shown as a green
arrowhead—which comes into contact with each e subunit pair in
succession. This produces a cooperative conformational change in
which the g-ATP site is converted to the g-ermpty conformation, and
ATP dissociates; the B-ADF site is converted to the #-ATP conforma-
tion, which promotes condensation of bound ADP + Py o form ATF;
and the g-empty site becomes a B-ADP site, which loosely binds ADP
+ P, entering from the solvent. This madel, based on experimental
findings, requires that at least two of the three catalytic sites akernate
in activity; ATP cannot be released from one site unless and until ADP

| and P, are bound at the other.
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| The rotary motion of the

i bacterial flagella is energized
directly by the proton
gradient across the inner N

i plasma membrane. ) \

Flagellum
Outer membrane
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Add
succinate

Add
ADP + P,

O, consumed
ATP synthesized
0y, consumed

—
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i succinate

Add

Uncoupled
c-hgo mycm

ATP synthesized

FI{HJHE 19—13 Cnupllng of -:*Im:trnn transfer and ATP 51.-nlhi:5|5 in
mitechondria. In experiments to demonstrate coupling, mitcchondria
are suspended in a butfered medium and an Oz electrade monitors Oy

consumption. At imervals, samples are removed and assyved for the
presence of ATP. (a1 Addition of ADP and P; alone results in little ar no

increase in either respiration (05 consumption; black) or ATP synthe-
sis {red). When succinate is added, respiration begire immediately and

ATP is sym IJ'-e-E.lze-:I -"u'ln:lltn:-n of oya nlde ICH™), 'u"r'I'IIL'I'I |:||-'n:|=:5 elertr-:-n

rarefer between cytochrome oxidase and g, inhibits both respiration
and ATP synthesis. (b1 Mitochondria provided with succinate respire
and synthesize ATP only when ADFP and P; are added. Subsequent ad-
dition of venturicidin or aligemycin, inhibitors of ATP synthase, blodks
both ATF synthesis and respiration. Dinitrophencl (DMP) is an un-
coupler, allowing respiration to continue withaut ATP synthesis.
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~ Glucose 6-phosphate

'@AMP

phosphofructokinase-1
® ATP, citrate

Glyeolysis Fructose 1,6-bisphosphate
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Phosphoenolpyruvate
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pyruvate kinase
¥ X ATP, NADH
Pyruvate 2
pyruvate @ AMP, ADP, NAD &
dehydrogenase ®
complex 7 s 2 ® ATP, NADH
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synthase }
¥ 7 & ATP, NADH
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ATP Yield from Complete Oxidation of Glucose
Process Direct product Final ATP

Glycolysis 2 NADH (cytosolic) 3 OfhE
2 ATP i

Pyruvate oxidation (two per 2 NADH (mitochondrial 5
glucose) matrix)

Acetyl-CoA oxidation in & NADH (mitochondrial 15
citric acid cycle matrix)
(two per glucose)

2 FADH. 3
2 ATP or 2 GTP 2
Total yield per glucose 30 or 32

*The number depends on Wha%omg%ﬁ;@em transfers reducing equivalents into mitochondria.
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