If an idea presents itself to us, we must not reject it simply because it
does not agree with the logical deductions of a reigning theory.

—Claude Bernard, An Introduction to the Study of Experimental

Medicine, 1813

The aspect of the present position of consensus that | find most remark-

able and admirable, is the altruism and generosity with which former

opponents of the chemiosmotic hypothesis have not only come to
accept it, but have actively promoted it to the status of a theory.

—Peter Mitchell, Nobel Address, 1978
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energy-yielding metabolism in aerobic organ-
isms. All oxidative steps in the degradation of
carbohydrates, fats, and amino acids converge at this fi-
nal stage of cellular respiration, in which the energy of
oxidation drives the synthesis of ATP. Photophosphory-
lation is the means by which photosynthetic organisms

Oxidative phosphorylation is the culmination of

capture the energy of sunlight—the ultimate source of
energy in the biosphere—and harness it to make ATP.
Together, oxidative phosphorylation and photophospho-
rylation account for most of the ATP synthesized by
most organisms most of the time.

In eukaryotes, oxidative phosphorylation occurs in
mitochondria, photophosphorylation in chloroplasts.
Oxidative phosphorylation involves the reduction of Oy
to HoO with electrons donated by NADH and FADH,; it
occurs equally well in light or darkness. Photophospho-
rylation involves the oxidation of HyO to Og, with
NADP™ as ultimate electron acceptor; it is absolutely
dependent on the energy of light. Despite their differ-
ences, these two highly efficient energy-converting
processes have fundamentally similar mechanisms.

Our current understanding of ATP synthesis in mi-
tochondria and chloroplasts is based on the hypothesis,
introduced by Peter Mitchell in 1961, that transmem-
brane differences in proton concentration are the reser-
voir for the energy extracted from biological oxidation
reactions. This chemiosmotic theory has been ac-
cepted as one of the great unifying principles of twenti-
eth century biology. It provides insight into the processes
of oxidative phosphorylation and photophosphorylation,
and into such apparently disparate energy transduc-
tions as active transport across membranes and the
motion of bacterial flagella.

Oxidative phosphorylation and photophosphoryla-
tion are mechanistically similar in three respects. (1)
Both processes involve the flow of electrons through a
chain of membrane-bound carriers. (2) The free energy
made available by this “downhill” (exergonic) electron
flow is coupled to the “uphill” transport of protons
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across a proton-impermeable membrane, conserving the
free energy of fuel oxidation as a transmembrane elec-
trochemical potential (p. 390). (3) The transmembrane
flow of protons down their concentration gradient
through specific protein channels provides the free en-
ergy for synthesis of ATP, catalyzed by a membrane pro-
tein complex (ATP synthase) that couples proton flow
to phosphorylation of ADP.

The chapter begins with oxidative phosphorylation.
We first describe the components of the electron-trans-
fer chain, their organization into large functional com-
plexes in the inner mitochondrial membrane, the path
of electron flow through them, and the proton move-
ments that accompany this flow. We then consider the
remarkable enzyme complex that, by “rotational cataly-
sis,” captures the energy of proton flow in ATP, and the
regulatory mechanisms that coordinate oxidative phos-
phorylation with the many catabolic pathways by which
fuels are oxidized. We also describe the roles that mito-
chondria play in thermogenesis, steroid synthesis, and
apoptosis. With this understanding of mitochondrial ox-
idative phosphorylation, we turn to photophosphoryla-
tion, looking first at the absorption of light by
photosynthetic pigments, then at the light-driven flow
of electrons from H,O to NADP™ and the molecular ba-
sis for coupling electron and proton flow. We also con-
sider the similarities of structure and mechanism
between the ATP synthases of chloroplasts and mito-
chondria, and the evolutionary basis for this conserva-
tion of mechanism.

OXIDATIVE PHOSPHORYLATION

19.1 Electron-Transfer Reactions in
Mitochondria

The discovery in 1948 by Eugene Kennedy and Albert
Lehninger that mitochondria are the site of oxidative phos-
phorylation in eukaryotes marked the beginning of the
modern phase of studies in biological energy transductions.
Mitochondria, like gram-negative bacteria, have two
membranes (Fig. 19-1). The outer mitochondrial mem-
brane is readily permeable to small molecules (M, <5,000)
and ions, which move freely
through transmembrane chan-
nels formed by a family of inte-
gral membrane proteins called
porins. The inner membrane is
impermeable to most small mol-
ecules and ions, including pro-
tons (H"); the only species that
cross this membrane do so
through specific transporters.
The inner membrane bears the
components of the respiratory
chain and the ATP synthase.

Albert L. Lehninger,
1917-1986
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FIGURE 19-1 Biochemical anatomy of a mitochondrion. The convolu-
tions (cristae) of the inner membrane provide a very large surface area.
The inner membrane of a single liver mitochondrion may have more
than 10,000 sets of electron-transfer systems (respiratory chains) and
ATP synthase molecules, distributed over the membrane surface. The
mitochondria of heart muscle, which have more profuse cristae and
thus a much larger area of inner membrane, contain more than three
times as many sets of electron-transfer systems as liver mitochondria.
The mitochondrial pool of coenzymes and intermediates is function-
ally separate from the cytosolic pool. The mitochondria of inverte-
brates, plants, and microbial eukaryotes are similar to those shown
here, but with much variation in size, shape, and degree of convolu-
tion of the inner membrane.

The mitochondrial matrix, enclosed by the inner
membrane, contains the pyruvate dehydrogenase com-
plex and the enzymes of the citric acid cycle, the fatty
acid B-oxidation pathway, and the pathways of amino
acid oxidation—all the pathways of fuel oxidation except
glycolysis, which takes place in the cytosol. The selec-
tively permeable inner membrane segregates the inter-
mediates and enzymes of cytosolic metabolic pathways



from those of metabolic processes occurring in the ma-
trix. However, specific transporters carry pyruvate, fatty
acids, and amino acids or their a-keto derivatives into the
matrix for access to the machinery of the citric acid cycle.
ADP and P; are specifically transported into the matrix as
newly synthesized ATP is transported out.

Electrons Are Funneled to Universal
Electron Acceptors

Oxidative phosphorylation begins with the entry of
electrons into the respiratory chain. Most of these elec-
trons arise from the action of dehydrogenases that col-
lect electrons from catabolic pathways and funnel
them into universal electron acceptors—nicotinamide
nucleotides (NAD* or NADP™) or flavin nucleotides
(FMN or FAD).

Nicotinamide nucleotide-linked dehydroge-
nases catalyze reversible reactions of the following gen-
eral types:

Reduced substrate + NAD" —
oxidized substrate + NADH + H*

Reduced substrate + NADP* —
oxidized substrate + NADPH + H™

Most dehydrogenases that act in catabolism are specific
for NAD™ as electron acceptor (Table 19-1). Some are
in the cytosol, others are in mitochondria, and still oth-
ers have mitochondrial and cytosolic isozymes.
NAD-linked dehydrogenases remove two hydrogen
atoms from their substrates. One of these is transferred
as a hydride ion (:H™) to NAD™; the other is released as
H™ in the medium (see Fig. 13-24). NADH and NADPH
are water-soluble electron carriers that associate rev-
erstbly with dehydrogenases. NADH carries electrons

19.1 Electron-Transfer Reactions in Mitochondria [709]

from catabolic reactions to their point of entry into the
respiratory chain, the NADH dehydrogenase complex
described below. NADPH generally supplies electrons to
anabolic reactions. Cells maintain separate pools of
NADPH and NADH, with different redox potentials. This
is accomplished by holding the ratio of [reduced
form]/[oxidized form] relatively high for NADPH and rel-
atively low for NADH. Neither NADH nor NADPH can
cross the inner mitochondrial membrane, but the elec-
trons they carry can be shuttled across indirectly, as we
shall see.

Flavoproteins contain a very tightly, sometimes
covalently, bound flavin nucleotide, either FMN or FAD
(see Fig. 13-27). The oxidized flavin nucleotide can ac-
cept either one electron (yielding the semiquinone
form) or two (yielding FADH, or FMNH,). Electron
transfer occurs because the flavoprotein has a higher
reduction potential than the compound oxidized. The
standard reduction potential of a flavin nucleotide, un-
like that of NAD or NADP, depends on the protein with
which it is associated. Local interactions with func-
tional groups in the protein distort the electron orbitals
in the flavin ring, changing the relative stabilities of ox-
idized and reduced forms. The relevant standard reduc-
tion potential is therefore that of the particular
flavoprotein, not that of isolated FAD or FMN. The
flavin nucleotide should be considered part of the flavo-
protein’s active site rather than a reactant or product in
the electron-transfer reaction. Because flavoproteins
can participate in either one- or two-electron transfers,
they can serve as intermediates between reactions in
which two electrons are donated (as in dehydrogena-
tions) and those in which only one electron is accepted
(asin the reduction of a quinone to a hydroquinone, de-
scribed below).

Reaction* Location"
NAD-linked

a-Ketoglutarate + CoA + NAD* == succinyl-CoA + CO, + NADH + H* M
L-Malate + NAD" == oxaloacetate + NADH + H* M and C
Pyruvate + CoA + NAD™ == acetyl-CoA + CO, + NADH + H* M
Glyceraldehyde 3-phosphate + P; + NAD" == 1,3-bisphosphoglycerate + NADH + H™" ©
Lactate + NAD" == pyruvate + NADH + H* ©
B-Hydroxyacyl-CoA + NAD" == B-ketoacyl-CoA + NADH + H* M
NADP-linked

Glucose 6-phosphate + NADP" == 6-phosphogluconate + NADPH + H™" ©
NAD- or NADP-linked

L-Glutamate + H,O + NAD(P)" == a-ketoglutarate + NH,” + NAD(P)H M
Isocitrate + NAD(P)" == a-ketoglutarate + CO, + NAD(P)H + H™" M and C

*These reactions and their enzymes are discussed in Chapters 14 through 18.
™™ designates mitochondria; C, cytosol.
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Electrons Pass through a Series of Membrane-Bound
Carriers

The mitochondrial respiratory chain consists of a series
of sequentially acting electron carriers, most of which
are integral proteins with prosthetic groups capable of
accepting and donating either one or two electrons.
Three types of electron transfers occur in oxidative
phosphorylation: (1) direct transfer of electrons, as in
the reduction of Fe®" to Fe?*; (2) transfer as a hydro-
gen atom (H" + e7); and (3) transfer as a hydride ion
(:H™), which bears two electrons. The term reducing
equivalent is used to designate a single electron equiv-
alent transferred in an oxidation-reduction reaction.

In addition to NAD and flavoproteins, three other
types of electron-carrying molecules function in the
respiratory chain: a hydrophobic quinone (ubiquinone)
and two different types of iron-containing proteins
(cytochromes and iron-sulfur proteins). Ubiquinone
(also called coenzyme Q, or simply Q) is a lipid-soluble
benzoquinone with a long isoprenoid side chain
(Fig. 19-2). The closely related compounds plasto-
quinone (of plant chloroplasts) and menaquinone (of
bacteria) play roles analogous to that of ubiquinone,
carrying electrons in membrane-associated electron-
transfer chains. Ubiquinone can accept one electron to
become the semiquinone radical ("QH) or two electrons
to form ubiquinol (QH,) (Fig. 19-2) and, like flavoprotein
carriers, it can act at the junction between a two-electron
donor and a one-electron acceptor. Because ubiquinone
is both small and hydrophobic, it is freely diffusible within
the lipid bilayer of the inner mitochondrial membrane
and can shuttle reducing equivalents between other, less

0 (Hs
CHgo (CH2 *CH:C*CHz)lofH
Ubiquinone (Q)
CH0 CH, (fully oxidized)
(6]
w ? H +e”
O.
CH;0 R
Semiquinone radical
(*QH)
CH30 CH,3
OH
1 % H" +e”
OH
CH30 R
Ubiquinol (QHs)
(fully reduced)
CH;0 CH;
OH

FIGURE 19-2 Ubiquinone (Q, or coenzyme Q). Complete reduction
of ubiquinone requires two electrons and two protons, and occurs in
two steps through the semiquinone radical intermediate.

mobile electron carriers in the membrane. And because it
carries both electrons and protons, it plays a central role
in coupling electron flow to proton movement.

The cytochromes are proteins with characteristic
strong absorption of visible light, due to their iron-con-
taining heme prosthetic groups (Fig. 19-3). Mitochon-
dria contain three classes of cytochromes, designated a,

S—Cys
Cys—S
CH,=CH CH; CH,CH CH,
CH; CH,CH,CO0™ CH, CH,CH,COO"™
CH;  CHCH.COO CH,  CH,CH;COO"
(I.rorél, grotopo:pl;lyrin I)% Heme C

1m b-type cytochromes (in c-type cytochromes)
FIGURE19-3 Prosthetic groups of cytochromes. Each group
CH, CH=CH, consists of four five-membered, nitrogen-containing rings in
?H a cyclic structure called a porphyrin. The four nitrogen atoms
CHg CH,—CH CH; are coordinated with a central Fe ion, either Fe** or Fe3*.
W Iron protoporphyrin IX is found in b-type cytochromes and in
CH; CH; CH; hemoglobin and myoglobin (see Fig. 4-16). Heme c is cova-
lently bound to the protein of cytochrome c through
CH; CH,CH5COO " thioether bonds to two Cys residues. Heme a, found in a-
type cytochromes, has a long isoprenoid tail attached to one
CHO CH,CH,COO~ of the five-membered rings. The conjugated double-bond
Heme A system (shaded pink) of the porphyrin ring accounts for the

(in a-type cytochromes)

absorption of visible light by these hemes.
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FIGURE 19-4 Absorption spectra of cytochrome c (cyt ¢) in its oxidized
(red) and reduced (blue) forms. Also labeled are the characteristic «, B,
and y bands of the reduced form.

b, and ¢, which are distinguished by differences in their
light-absorption spectra. Each type of cytochrome in its
reduced (Fe?") state has three absorption bands in the
visible range (Fig. 19-4). The longest-wavelength band
is near 600 nm in type a cytochromes, near 560 nm in
type b, and near 550 nm in type c. To distinguish among
closely related cytochromes of one type, the exact ab-
sorption maximum is sometimes used in the names, as in
cytochrome bsgo.

The heme cofactors of a and b cytochromes are
tightly, but not covalently, bound to their associated
proteins; the hemes of c-type cytochromes are cova-
lently attached through Cys residues (Fig. 19-3). As
with the flavoproteins, the standard reduction potential
of the heme iron atom of a cytochrome depends on its
interaction with protein side chains and is therefore dif-
ferent for each cytochrome. The cytochromes of type a
and b and some of type ¢ are integral proteins of the in-
ner mitochondrial membrane. One striking exception is

(a) (b)

Cys 8\ B Cys Cys—S\Fe/S\ e/S—Cys
e S \S/F//,’

Cys ®  ©7Cys cp@ S—Cys

Protein

FIGURE 19-5 Iron-sulfur centers. The Fe-S centers of iron-sulfur pro-
teins may be as simple as (a), with a single Fe ion surrounded by the
S atoms of four Cys residues. Other centers include both inorganic and
Cys S atoms, as in (b) 2Fe-2S or (c) 4Fe-4S centers. (d) The ferredoxin
of the cyanobacterium Anabaena 7120 has one 2Fe-2S center (PDB ID
1FRD); Fe is red, inorganic S is yellow, and the S of Cys is orange.
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the cytochrome ¢ of mitochondria, a soluble protein
that associates through electrostatic interactions with
the outer surface of the inner membrane.

In iron-sulfur proteins, the iron is present not in
heme but in association with inorganic sulfur atoms or
with the sulfur atoms of Cys residues in the protein, or
both. These iron-sulfur (Fe-S) centers range from sim-
ple structures with a single Fe atom coordinated to four
Cys—SH groups to more complex Fe-S centers with
two or four Fe atoms (Fig. 19-5). Rieske iron-sulfur
proteins (named after their discoverer, John S. Rieske)
are a variation on this theme, in which one Fe atom
is coordinated to two His residues rather than two
Cys residues. All iron-sulfur proteins participate in one-
electron transfers in which one iron atom of the iron-
sulfur cluster is oxidized or reduced. At least eight Fe-S
proteins function in mitochondrial electron transfer.
The reduction potential of Fe-S proteins varies from
—0.65 V to +0.45 V, depending on the microenviron-
ment of the iron within the protein.

In the overall reaction catalyzed by the mitochond-
rial respiratory chain, electrons move from NADH, succi-
nate, or some other primary electron donor through
flavoproteins, ubiquinone, iron-sulfur proteins, and cy-
tochromes, and finally to O,. A look at the methods used
to determine the sequence in which the carriers act is
instructive, as the same general approaches have been
used to study other electron-transfer chains, such as
those of chloroplasts.

First, the standard reduction potentials of the indi-
vidual electron carriers have been determined experi-
mentally (Table 19-2). We would expect the carriers to
function in order of increasing reduction potential, be-
cause electrons tend to flow spontaneously from
carriers of lower £'° to carriers of higher £'°. The order
of carriers deduced by this method is NADH — Q —
cytochrome b — cytochrome c¢; — cytochrome ¢ —
cytochrome a — cytochrome as — O,. Note, however,
that the order of standard reduction potentials is not
necessarily the same as the order of actual reduction
potentials under cellular conditions, which depend on
the concentration of reduced and oxidized forms (see

(c) & (d)
_S8—Cys &
Fe |
S

{
= S
Cys —S Fe/?/ C N‘\‘.". %_r’ 7
.S, :
Cys—S—Fe| ™, = .
N /Fe— S—Cys Z
S o i

(Note that in these designations only the inorganic S atoms are
counted. For example, in the 2Fe-2S center (b), each Fe ion is actually
surrounded by four S atoms.) The exact standard reduction potential of
the iron in these centers depends on the type of center and its interac-
tion with the associated protein.



[71 2] Oxidative Phosphorylation and Photophosphorylation

Redox reaction (half-reaction) E”° (V)
OH* + 2¢~ — H, —0.414
NAD'" + H" + 2¢° —— NADH —0.320
NADP* + H" + 2¢ —— NADPH —0.324
NADH dehydrogenase (FMN) + 2H" + 26 —— NADH dehydrogenase (FMNHS,) —0.30
Ubiquinone + 2H" + 2¢- —— ubiquinol 0.045
Cytochrome b (Fe®™) + ¢~ —— cytochrome b (Fe?h) 0.077
Cytochrome ¢, (Fe**) + e~ —— cytochrome ¢, (Fe?") 0.22
Cytochrome ¢ (Fe**) + e — cytochrome ¢ (Fe®™) 0.254
Cytochrome a (Fe*™) + e~ — cytochrome a (Fe?™) 0.29
Cytochrome a5 (Fe®™) + ¢~ —— cytochrome a5 (Fe?™) 0.35
10, + 2H™ + 2~ — H,0 0.8166

Eqn 13-5, p. 515). A second method for determining the
sequence of electron carriers involves reducing the en-
tire chain of carriers experimentally by providing an
electron source but no electron acceptor (no O5). When
Oy is suddenly introduced into the system, the rate at
which each electron carrier becomes oxidized (mea-
sured spectroscopically) reveals the order in which the
carriers function. The carrier nearest O, (at the end of
the chain) gives up its electrons first, the second carrier
from the end is oxidized next, and so on. Such experi-
ments have confirmed the sequence deduced from stan-
dard reduction potentials.

In a final confirmation, agents that inhibit the flow of
electrons through the chain have been used in combina-
tion with measurements of the degree of oxidation of
each carrier. In the presence of Oy and an electron
donor, carriers that function before the inhibited step
become fully reduced, and those that function after this
step are completely oxidized (Fig. 19-6). By using
several inhibitors that block different steps in the chain,
investigators have determined the entire sequence; it is
the same as deduced in the first two approaches.

rotenone

Electron Carriers Function in Multienzyme Complexes

The electron carriers of the respiratory chain are
organized into membrane-embedded supramolecular
complexes that can be physically separated. Gentle
treatment of the inner mitochondrial membrane with
detergents allows the resolution of four unique electron-
carrier complexes, each capable of catalyzing electron
transfer through a portion of the chain (Table 19-3;
Fig. 19-7). Complexes I and II catalyze electron trans-
fer to ubiquinone from two different electron donors:
NADH (Complex I) and succinate (Complex II). Com-
plex III carries electrons from reduced ubiquinone to cy-
tochrome ¢, and Complex IV completes the sequence by
transferring electrons from cytochrome ¢ to Os.

We now look in more detail at the structure and
function of each complex of the mitochondrial respira-
tory chain.

Complex I: NADH to Ubiquinone Figure 19-8 illus-
trates the relationship between Complexes I and II and
ubiquinone. Complex I, also called NADH:ubiquinone

NADH Q Cyt b Cyt ¢y Cyt c Cyt (@ + az) —> O,
NADH Q Cyt b ® Cyt ¢y Cyt ¢ Cyt (@ + ag) —> Oy
NADH Q Cyt b Cyt ¢y Cyt c Cyt (@ + az) —> O,

FIGURE 19-6 Method for determining the sequence of electron carri-
ers. This method measures the effects of inhibitors of electron transfer
on the oxidation state of each carrier. In the presence of an electron

donor and O,, each inhibitor causes a characteristic pattern of oxidized/
reduced carriers: those before the block become reduced (blue), and
those after the block become oxidized (pink).



TABLE 19-3
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Enzyme complex/protein Mass (kDa) Number of subunits* Prosthetic group(s)
I NADH dehydrogenase 850 43 (14) FMN, Fe-S
II Succinate dehydrogenase 140 4 FAD, Fe-S
III Ubiquinone:cytochrome ¢ oxidoreductase 250 11 Hemes, Fe-S
Cytochrome ¢’ 13 1 Heme
IV Cytochrome oxidase 160 13 (3-4) Hemes; Cu,, Cug
*Numbers of subunits in the bacterial equivalents in parentheses.
TCytochrome ¢ is not part of an enzyme complex; it moves between Complexes Il and IV as a freely soluble protein.
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FIGURE19-7 Separation of functional complexes of the respiratory chain.
The outer mitochondrial membrane is first removed by treatment with the
detergent digitonin. Fragments of inner membrane are then obtained by os-
motic rupture of the mitochondria, and the fragments are gently dissolved
in a second detergent. The resulting mixture of inner membrane proteins is
resolved by ion-exchange chromatography into different complexes (I
through 1V) of the respiratory chain, each with its unique protein composi-
tion (see Table 19-3), and the enzyme ATP synthase (sometimes called
Complex V). The isolated Complexes | through IV catalyze transfers be-
tween donors (NADH and succinate), intermediate carriers (Q and cy-
tochrome ¢), and O, as shown. In vitro, isolated ATP synthase has only
ATP-hydrolyzing (ATPase), not ATP-synthesizing, activity.

ETF:Q
oxidoreductase

Succinate

Fumarate ETF

NADH + H+ Acyl-CoA

Matrix (N side)
Enoyl-CoA

FIGURE 19-8 Path of electrons from NADH, succinate, fatty acyl-CoA,
and glycerol 3-phosphate to ubiquinone. Electrons from NADH pass
through a flavoprotein to a series of iron-sulfur proteins (in Complex I)
and then to Q. Electrons from succinate pass through a flavoprotein
and several Fe-S centers (in Complex Il) on the way to Q. Glycerol 3-
phosphate donates electrons to a flavoprotein (glycerol 3-phosphate
dehydrogenase) on the outer face of the inner mitochondrial membrane,
from which they pass to Q. Acyl-CoA dehydrogenase (the first enzyme of
B oxidation) transfers electrons to electron-transferring flavoprotein
(ETF), from which they pass to Q via ETF:ubiquinone oxidoreductase.

oxidoreductase or NADH dehydrogenase, is a large
enzyme composed of 42 different polypeptide chains,
including an FMN-containing flavoprotein and at least six
iron-sulfur centers. High-resolution electron microscopy
shows Complex I to be L-shaped, with one arm of the L in
the membrane and the other extending into the matrix.
As shown in Figure 19-9, Complex I catalyzes two simul-
taneous and obligately coupled processes: (1) the exer-
gonic transfer to ubiquinone of a hydride ion from NADH
and a proton from the matrix, expressed by

NADH + H* + Q — NAD™" + QH, (19-1)

and (2) the endergonic transfer of four protons from the
matrix to the intermembrane space. Complex I is there-
fore a proton pump driven by the energy of electron
transfer, and the reaction it catalyzes is vectorial: it
moves protons in a specific direction from one location
(the matrix, which becomes negatively charged with the
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Intermembrane
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Membrane

Matrix oH* arm
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FMN
\

departure of protons) to another (the intermembrane
space, which becomes positively charged). To empha-
size the vectorial nature of the process, the overall reac-
tion is often written with subscripts that indicate the

FIGURE 19-9 NADH:ubiquinone oxidoreductase (Complex I). Com-
plex | catalyzes the transfer of a hydride ion from NADH to FMN, from
which two electrons pass through a series of Fe-S centers to the iron-
sulfur protein N-2 in the matrix arm of the complex. The domain that
extends into the matrix has been crystallized and its structure solved
(PDB ID 2FUG); the structure of the membrane domain of Complex |
is not yet known. Electron transfer from N-2 to ubiquinone on the
membrane arm forms QH,, which diffuses into the lipid bilayer. This
electron transfer also drives the expulsion from the matrix of four pro-
tons per pair of electrons. The detailed mechanism that couples elec-
tron and proton transfer in Complex | is not yet known, but probably
involves a Q cycle similar to that in Complex IIl in which QH, partic-
ipates twice per electron pair (see Fig. 19-12). Proton flux produces an
electrochemical potential across the inner mitochondrial membrane (N
side negative, P side positive), which conserves some of the energy re-
leased by the electron-transfer reactions. This electrochemical poten-
tial drives ATP synthesis.

location of the protons: P for the positive side of the in-
ner membrane (the intermembrane space), N for the
negative side (the matrix):

NADH + 5Hy; + Q —> NAD' + QH, + 4H (19-2)

Amytal (a barbiturate drug), rotenone (a plant product
commonly used as an insecticide), and piericidin A (an
antibiotic) inhibit electron flow from the Fe-S centers of
Complex I to ubiquinone (Table 19-4) and therefore
block the overall process of oxidative phosphorylation.

Ubiquinol (QHs, the fully reduced form; Fig. 19-2)
diffuses in the inner mitochondrial membrane from
Complex I to Complex III, where it is oxidized to Q in a
process that also involves the outward movement of H*.

Type of interference Compound* Target/mode of action

Inhibition of electron transfer Cyanide . } Inhibit cytochrome oxidase
Carbon monoxide
Antimycin A Blocks electron transfer from cytochrome b to cytochrome ¢y
Myxothiazol
Rotenone .
il Prevent electron transfer from Fe-S center to ubiquinone
Piericidin A
DCMU Competes with Qp for binding site in PSII

Inhibition of ATP synthase Aurovertin Inhibits F;
Olisomyen Inhibit F, and CF,
Venturicidin
DCCD Blocks proton flow through F, and CF,

Uncoupling of phosphorylation FCCP Hydrophobic proton carriers

from electron transfer DNP
Valinomycin K* ionophore
Thermogenin In brown adipose tissue, forms proton-conducting pores in
inner mitochondrial membrane
Inhibition of ATP-ADP exchange Atractyloside Inhibits adenine nucleotide translocase

*DCMU is 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DCCD, dicyclohexylcarbodiimide; FCCP, cyanide-p-trifluoromethoxyphenylhydrazone; DNP, 2,4-dinitrophenol.
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FIGURE 19-10 Structure of Complex Il (succinate dehydrogenase).
(PDB ID 1ZQY) This complex (shown here is the porcine heart en-
zyme) has two transmembrane subunits, C and D; the cytoplasmic ex-
tensions contain subunits A and B. Just behind the FAD in subunit A is
the binding site for succinate. Subunit B has three sets of Fe-S centers;
ubiquinone is bound to subunit B; and heme b is sandwiched between
subunits C and D. Two phosphatidylethanolamine molecules are so
tightly bound to subunit D that they show up in the crystal structure.
Electrons move (blue arrows) from succinate to FAD, then through the
three Fe-S centers to ubiquinone. The heme b is not on the main path
of electron transfer but protects against the formation of reactive oxy-
gen species (ROS) by electrons that go astray.

Complex II: Succinate to Ubiquinone We encoun-
tered Complex II in Chapter 16 as succinate dehy-
drogenase, the only membrane-bound enzyme in the
citric acid cycle (p. 628). Although smaller and simpler
than Complex I, it contains five prosthetic groups of two
types and four different protein subunits (Fig. 19-10).
Subunits C and D are integral membrane proteins, each
with three transmembrane helices. They contain a heme
group, heme b, and a binding site for ubiquinone, the fi-
nal electron acceptor in the reaction catalyzed by Com-
plex II. Subunits A and B extend into the matrix; they
contain three 2Fe-2S centers, bound FAD, and a binding
site for the substrate, succinate. The path of electron
transfer from the succinate-binding site to FAD, then
through the Fe-S centers to the Q-binding site, is more
than 40 A long, but none of the individual electron-
transfer distances exceeds about 11 A—a reasonable
distance for rapid electron transfer (Fig. 19-10).
? The heme b of Complex II is apparently not in the
direct path of electron transfer; it may serve in-
stead to reduce the frequency with which electrons “leak”
out of the system, moving from succinate to molecular
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oxygen to produce the reactive oxygen species (ROS)
hydrogen peroxide (H50,) and the superoxide radical
("O5), as described below. Humans with point mutations
in Complex II subunits near heme b or the quinone-bind-
ing site suffer from hereditary paraganglioma. This inher-
ited condition is characterized by benign tumors of the
head and neck, commonly in the carotid body, an organ
that senses Oy levels in the blood. These mutations result
in greater production of ROS and perhaps greater tissue
damage during succinate oxidation. m

Other substrates for mitochondrial dehydrogenases
pass electrons into the respiratory chain at the level of
ubiquinone, but not through Complex II. The first step
in the B oxidation of fatty acyl-CoA, catalyzed by the
flavoprotein acyl-CoA dehydrogenase (see Fig. 17-8),
involves transfer of electrons from the substrate to the
FAD of the dehydrogenase, then to electron-transfer-
ring flavoprotein (ETF"), which in turn passes its elec-
trons to ETF:ubiquinone oxidoreductase (Fig. 19-8).
This enzyme transfers electrons into the respiratory
chain by reducing ubiquinone. Glycerol 3-phosphate,
formed either from glycerol released by triacylglycerol
breakdown or by the reduction of dihydroxyacetone
phosphate from glycolysis, is oxidized by glycerol 3-
phosphate dehydrogenase (see Fig. 17-4). This en-
zyme is a flavoprotein located on the outer face of the
inner mitochondrial membrane, and like succinate de-
hydrogenase and acyl-CoA dehydrogenase it channels
electrons into the respiratory chain by reducing
ubiquinone (Fig. 19-8). The important role of glycerol
3-phosphate dehydrogenase in shuttling reducing
equivalents from cytosolic NADH into the mitochondrial
matrix is described in Section 19.2 (see Fig. 19-30). The
effect of each of these electron-transferring enzymes is
to contribute to the pool of reduced ubiquinone. QHs
from all these reactions is reoxidized by Complex III.

Complex III: Ubiquinone to Cytochrome ¢ The
next respiratory complex, Complex III, also called cy-
tochrome bc, complex or ubiquinone:cytochrome c
oxidoreductase, couples the transfer of electrons from
ubiquinol (QHs) to cytochrome ¢ with the vectorial
transport of protons from the matrix to the intermem-
brane space. The determinations of the complete struc-
ture of this huge complex (Fig. 19-11) and of Complex
IV (below) by x-ray crystallography, achieved between
1995 and 1998, were landmarks in the study of mito-
chondrial electron transfer, providing the structural
framework to integrate the many biochemical observa-
tions on the functions of the respiratory complexes.

The functional unit of Complex III is a dimer, with
the two monomeric units of cytochrome b surrounding a
“cavern” in the middle of the membrane, in which
ubiquinone is free to move from the matrix side of the
membrane (site @y on one monomer) to the intermem-
brane space (site Qp of the other monomer) as it shuttles
electrons and protons across the inner mitochondrial
membrane (Fig. 19-11b).
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FIGURE 19-11 Cytochrome bc; complex (Complex Il1). The complex
is a dimer of identical monomers, each with 11 different subunits.
(@) The functional core of each monomer is three subunits: cytochrome
b (green) with its two hemes (by; and by); the Rieske iron-sulfur protein
(purple) with its 2Fe-2S centers; and cytochrome c¢; (blue) with its
heme (PDB ID 1BGY). (b) This cartoon view of the complex shows
how cytochrome ¢, and the Rieske iron-sulfur protein project from the
p surface and can interact with cytochrome c (not part of the functional
complex) in the intermembrane space. The complex has two distinct
binding sites for ubiquinone, Qy and Qp, which correspond to the sites
of inhibition by two drugs that block oxidative phosphorylation. An-
timycin A, which blocks electron flow from heme by, to Q, binds at
Qu, close to heme by, on the N (matrix) side of the membrane. Myxoth-

Based on the structure of Complex III and detailed
biochemical studies of the redox reactions, a reasonable
model, the Q cycle, has been proposed for the passage
of electrons and protons through the complex. The
net equation for the redox reactions of the @ cycle
(Fig. 19-12) is

QH, + 2 cyt ¢ (oxidized) + 2Hy —
Q + 2 cyt cq (reduced) + 4Hg (19-3)

The Q cycle accommodates the switch between the two-
electron carrier ubiquinone and the one-electron
carriers—cytochromes bsgs, bsgs, €1, and c—and explains
the measured stoichiometry of four protons translocated
per pair of electrons passing through Complex III to cy-
tochrome c. Although the path of electrons through this
segment of the respiratory chain is complicated, the net
effect of the transfer is simple: QH, is oxidized to Q and
two molecules of cytochrome ¢ are reduced.

Cytochrome c is a soluble protein of the intermem-
brane space. After its single heme accepts an electron

(b)

Intermembrane Cyte
space (P side)

Rieske iron-
sulfur proteins

Matrix
(N side)

Cytochrome b

iazol, which prevents electron flow from QH, to the Rieske iron-sulfur
protein, binds at Qp, near the 2Fe-2S center and heme b on the P side.
The dimeric structure is essential to the function of Complex Ill. The in-
terface between monomers forms two caverns, each containing a Qp
site from one monomer and a Qy site from the other. The ubiquinone
intermediates move within these sheltered caverns.

Complex Il crystallizes in two distinct conformations (not shown).
In one, the Rieske Fe-S center is close to its electron acceptor, the heme
of cytochrome ¢y, but relatively distant from cytochrome b and the
QH,-binding site at which the Rieske Fe-S center receives electrons. In
the other, the Fe-S center has moved away from cytochrome ¢; and to-
ward cytochrome b. The Rieske protein is thought to oscillate between
these two conformations as it is first reduced, then oxidized.

from Complex III, cytochrome ¢ moves to Complex IV to
donate the electron to a binuclear copper center.

Complex IV: Cytochrome c to O, In the final step of
the respiratory chain, Complex IV, also called cy-
tochrome oxidase, carries electrons from cytochrome
¢ to molecular oxygen, reducing it to H,O. Complex IV is
a large enzyme (13 subunits; M, 204,000) of the inner
mitochondrial membrane. Bacteria contain a form that
is much simpler, with only three or four subunits, but
still capable of catalyzing both electron transfer and pro-
ton pumping. Comparison of the mitochondrial and bac-
terial complexes suggests that three subunits are critical
to the function (Fig. 19-13).

Mitochondrial subunit II contains two Cu ions com-
plexed with the —SH groups of two Cys residues in a
binuclear center (Cuy; Fig. 19-13b) that resembles the
2Fe-2S centers of iron-sulfur proteins. Subunit I con-
tains two heme groups, designated a and as, and an-
other copper ion (Cug). Heme a5 and Cug form a second
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‘Q + Q + 2Hp + cyt cq (reduced)
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2H*

QH, +°Q + 2Hy; + cyt cq (oxidized) —>

QH, + 2H$ + Q + cyt ¢; (reduced)

)

Net equation: QH, + 2 cyt ¢, (oxidized) + 2Hy ——> Q + 2 ¢yt ¢, (reduced) + 4Hp

FIGURE 19-12 The Q cycle, shown in two stages. The path of electrons
through Complex 11 is shown by blue arrows. In the first stage (left), Q
on the N side is reduced to the semiquinone radical, which in the sec-
ond stage (right) is converted to QH,. Meanwhile, on the p side of the
membrane, two molecules of QH, are oxidized to Q, releasing two
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FIGURE 19-13 Structure of cytochrome oxidase (Complex IV). This
complex from bovine mitochondria has 13 subunits, but only four core
proteins are shown here (PDB ID TOCC). (a) Complex IV, with four
subunits in each of two identical units of a dimer. Subunit I (yellow) has
two heme groups, a and a;, near a single copper ion, Cug (green
sphere). Heme a3 and Cug form a binuclear Fe-Cu center. Subunit Il
(purple) contains two Cu ions complexed with the —SH groups of two
Cys residues in a binuclear center, Cuy, that resembles the 2Fe-2S cen-
ters of iron-sulfur proteins. This binuclear center and the cytochrome

protons per Q molecule (four protons in all) into the intermembrane
space. Each QH, donates one electron (via the Rieske Fe-S center) to
cytochrome ¢y, and one electron (via cytochrome b) to a molecule of
Q near the N side, reducing it in two steps to QHy. This reduction also
uses two protons per Q, which are taken up from the matrix.

(b)
Met His
180° Cys
Cys
Glu
His

c-binding site are located in a domain of subunit Il that protrudes from
the p side of the inner membrane (into the intermembrane space). Sub-
unit 11 (light blue) is essential for rapid proton movement through sub-
unit I1. The role of subunit IV (green) is not yet known. (b) The binuclear
center of Cua. The Cu ions share electrons equally. When the center is
reduced, the ions have the formal charges Cu' *Cu'"; when oxidized,
Cu'>"Cu'". Six amino acids residues are ligands around the Cu ions:
two His, two Cys, Glu, and Met.
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binuclear center that accepts electrons from heme a
and transfers them to Oy bound to heme as.

Electron transfer through Complex IV is from cy-
tochrome ¢ to the Cu, center, to heme a, to the heme
as—Cug center, and finally to O, (Fig. 19-14). For every
four electrons passing through this complex, the en-
zyme consumes four “substrate” H" from the matrix (N
side) in converting Oy to 2H50. It also uses the energy of
this redox reaction to pump one proton outward into the
intermembrane space (P side) for each electron that
passes through, adding to the electrochemical potential
produced by redox-driven proton transport through
Complexes I and III. The overall reaction catalyzed by
Complex 1V is

4 Cyt ¢ (reduced) + 8Hy + O, —>
4 cyt c (oxidized) + 4Hp + 2H,0 (19-4)

This four-electron reduction of O, involves redox centers
that carry only one electron at a time, and it must occur

4 Cytc
4H* 4e~
Intermembrane .
space
(p side)
Heme ag
0,
Subunit
il Cup
Subunit
=
Matrix
(N side)
4H*
(substrate)
A 4
4H* 2H,0
(pumped)

FIGURE 19-14 Path of electrons through Complex IV. The three pro-
teins critical to electron flow are subunits I, I, and Ill. The larger green
structure includes the other 10 proteins in the complex. Electron trans-
fer through Complex IV begins with cytochrome ¢ (top). Two mole-
cules of reduced cytochrome ¢ each donate an electron to the
binuclear center Cua. From here electrons pass through heme a to the
Fe-Cu center (cytochrome a; and Cug). Oxygen now binds to heme a;
and is reduced to its peroxy derivative (O3; not shown here) by two
electrons from the Fe-Cu center. Delivery of two more electrons from
cytochrome c (top, making four electrons in all) converts the O3 to
two molecules of water, with consumption of four “substrate” protons
from the matrix. At the same time, four protons are pumped from the
matrix by an as yet unknown mechanism.

without the release of incompletely reduced intermedi-
ates such as hydrogen peroxide or hydroxyl free
radicals—very reactive species that would damage cellu-
lar components. The intermediates remain tightly bound
to the complex until completely converted to water.

Mitochondrial Complexes May Associate in Respirasomes

There is growing experimental evidence that in the in-
tact mitochondrion, the respiratory complexes tightly
associate with each other in the inner membrane to
form respirasomes, functional combinations of two
or more electron-transfer complexes. For example,
when complex III is gently extracted from mitochon-
drial membranes, it is found to be associated with
Complex I and remains associated during gentle elec-
trophoresis. Supercomplexes of Complex III and IV
can also be isolated, and when viewed with the elec-
tron microscope are of the right size and shape to ac-
commodate the crystal structures of both complexes
(Fig. 19-15). The kinetics of electron flow through
the series of respiratory complexes would be very dif-
ferent in the two extreme cases of tight versus no as-
sociation: (1) if complexes were tightly associated,
electron transfers would essentially occur through a
solid state; and (2) if the complexes functioned sepa-
rately, electrons would be carried between them by
ubiquinone and cytochrome c. The kinetic evidence
supports electron transfer through a solid state, and
thus the respirasome model.

Cardiolipin, the lipid that is especially abundant in
the inner mitochondrial membrane (see Figs 10-9 and
11-2), may be critical to the integrity of respirasomes;
its removal with detergents, or its absence in certain
yeast mutants, results in defective mitochondrial elec-
tron transfer and a loss of affinity between the respira-
tory complexes.

The Energy of Electron Transfer Is Efficiently Conserved in a
Proton Gradient

The transfer of two electrons from NADH through the
respiratory chain to molecular oxygen can be written as

NADH + H* + }0, —> NAD" + H,0 (19-5)

This net reaction is highly exergonic. For the redox pair
NAD*/NADH, E"°is —0.320 V, and for the pair O5/H50,
E'° is 0.816 V. The AE’° for this reaction is therefore
1.14 V, and the standard free-energy change (see
Egn 13-7, p. 515) is

AG'’® = —nJAE'® (19-6)

—2(96.5 kJ/V - mol)(1.14 V)

—220 kJ/mol (of NADH)

This standard free-energy change is based on the as-
sumption of equal concentrations (1 M) of NADH and



(a)

FIGURE 19-15 A putative respirasome composed of Complexes Il
and V. (@) Purified supercomplexes containing Complexes Il and IV,
from yeast, visualized by electron microscopy after staining with
uranyl acetate. The electron densities of hundreds of images were av-
eraged to yield this composite view. (b) The x-ray structures of one

NAD™. In actively respiring mitochondria, the actions of
many dehydrogenases keep the actual [NADH]/[NAD "]
ratio well above unity, and the real free-energy change for
the reaction shown in Equation 19-5 is therefore substan-
tially greater (more negative) than —220 kJ/mol. A simi-
lar calculation for the oxidation of succinate shows that
electron transfer from succinate (E’° for fumarate/succi-
nate = 0.031 V) to O, has a smaller, but still negative,
standard free-energy change of about —150 kJ/mol.
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(b)

molecule of Complex IlI (red; from yeast) and two of Complex IV
(green; from bovine heart) could be fitted to the electron-density map
to suggest one possible mode of interaction of these complexes in a
respirasome. This view is in the plane of the bilayer (yellow).

Much of this energy is used to pump protons out of
the matrix. For each pair of electrons transferred to Os,
four protons are pumped out by Complex I, four by
Complex III, and two by Complex IV (Fig. 19-16). The
vectorial equation for the process is therefore

NADH + 11HF + 30,—— NAD" + 10Hg + H,0O (19-7)

The electrochemical energy inherent in this difference
in proton concentration and separation of charge

Intermembrane .
space (P side) 2H
111
4H* 1I :
/\‘
T
)
‘q.. 'y
oy
Fumarate
Succinate
NAD+
NADH + H+

Matrix (N side)

FIGURE19-16 Summary of the flow of electrons and protons through
the four complexes of the respiratory chain. Electrons reach Q
through Complexes | and II. The reduced Q (QH,) serves as a mobile
carrier of electrons and protons. It passes electrons to Complex IlI,
which passes them to another mobile connecting link, cytochrome c.
Complex IV then transfers electrons from reduced cytochrome c to O,.
Electron flow through Complexes I, 11I, and IV is accompanied by pro-

ton flow from the matrix to the intermembrane space. Recall that elec-
trons from B oxidation of fatty acids can also enter the respiratory
chain through Q (see Fig. 19-8). The structures shown here are from
several sources: Complex |, Thermus thermophilus (PDB ID 2FUQG);
Complex Il, porcine heart (PDB ID 1ZQY); Complex Ill, bovine heart
(PDB ID 1BGY); cytochrome c, equine heart (PDB ID THRC); Com-
plex IV, bovine heart (PDB ID 10CC).
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FIGURE 19-17 Proton-motive force. The inner mitochondrial mem-
brane separates two compartments of different [H™], resulting in differ-
ences in chemical concentration (ApH) and charge distribution (Ay)
across the membrane. The net effect is the proton-motive force (AC),
which can be calculated as shown here. This is explained more fully in
the text.

represents a temporary conservation of much of the
energy of electron transfer. The energy stored in such
a gradient, termed the proton-motive force, has two
components: (1) the chemical potential energy due
to the difference in concentration of a chemical
species (H") in the two regions separated by the
membrane, and (2) the electrical potential energy
that results from the separation of charge when a pro-
ton moves across the membrane without a counterion
(Fig. 19-17).

As we showed in Chapter 11, the free-energy
change for the creation of an electrochemical gradient
by an ion pump is

Cy
AG = RTln(a) + ZF Ay (19-8)
where C, and C; are the concentrations of an ion in two
regions, and Cy > C; Z is the absolute value of its elec-
trical charge (1 for a proton); and Ay is the transmem-
brane difference in electrical potential, measured in
volts.
For protons at 25 °C,

Cz + +
1n<07) = 2.3(log [H"1p — log [H" 1)
1

= 2.3(pHy — pHp) = 2.3 ApH
and Equation 19-8 reduces to

AG = 2.3RT ApH + FAy
= (5.70 kJ/mo)ApH + (96.5 kJ/V-mol) Ay

(19-9)

In actively respiring mitochondria, the measured Ay is
0.15 to 0.20 V and the pH of the matrix is about 0.75
units more alkaline than that of the intermembrane
space.

I WORKED EXAMPLE 19-1

Energetics of Electron
Transfer

Calculate the amount of energy conserved in the proton
gradient across the inner mitochondrial membrane per
pair of electrons transferred through the respiratory
chain from NADH to oxygen. Assume Ay is 0.15 V and
the pH difference is 0.75 units.

Solution: Equation 19-9 gives the free-energy change
when one mole of protons moves across the inner mem-
brane. Substituting the measured values for ApH
(0.75 units) and Ay (0.15 V) in this equation gives AG =
19 kJ/mol (of protons). Because the transfer of two elec-
trons from NADH to O is accompanied by the outward
pumping of 10 protons (Eqn 19-7), roughly 200 kJ (of
the 220 kJ released by oxidation of 1 mol of NADH) is
conserved in the proton gradient.

When protons flow spontaneously dowmn their elec-
trochemical gradient, energy is made available to do
work. In mitochondria, chloroplasts, and aerobic bacte-
ria, the electrochemical energy in the proton gradient
drives the synthesis of ATP from ADP and P;. We return
to the energetics and stoichiometry of ATP synthesis
driven by the electrochemical potential of the proton
gradient in Section 19.2.

Reactive Oxygen Species Are Generated during
Oxidative Phosphorylation

Several steps in the path of oxygen reduction in mito-
chondria have the potential to produce highly reactive
free radicals that can damage cells. The passage of elec-
trons from QH, to Complex III, and passage of electrons
from Complex I to QH,, involve the radical ‘Q™ as an in-
termediate. The Q™ can, with a low probability, pass an
electron to Oy in the reaction

Oy +e” —> Oy

The superoxide free radical thus generated is highly re-
active; its formation also leads to production of the even
more reactive hydroxyl free radical, ‘OH (Fig. 19-18).

These reactive oxygen species can wreak havoc, re-
acting with and damaging enzymes, membrane lipids,
and nucleic acids. In actively respiring mitochondria,
0.1% to as much as 4% of the O, used in respiration
forms ‘Og —more than enough to have lethal effects
unless the free radical is quickly disposed of. Factors
that slow the flow of electrons through the respiratory
chain increase the formation of superoxide, perhaps by
prolonging the lifetime of ‘O generated in the Q cycle.

To prevent oxidative damage by "Og , cells have sev-
eral forms of the enzyme superoxide dismutase,
which catalyzes the reaction

2°'05 +2H" — H,0, + O,
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FIGURE19-18 ROS formation in mitochondria and mitochondrial de-
fenses. When the rate of electron entry into the respiratory chain and
the rate of electron transfer through the chain are mismatched, super-
oxide radical (‘O3) production increases at Complexes | and IIl as the
partially reduced ubiquinone radical (‘Q™) donates an electron to O,.
Superoxide acts on aconitase, a 4Fe-4S protein, to release Fe?*. In the
presence of Fe’", the Fenton reaction leads to formation of the highly
reactive hydroxyl free radical ("OH). The reactions shown in blue de-
fend the cell against the damaging effects of superoxide. Reduced glu-
tathione (GSH; see Fig. 22-27) donates electrons for the reduction of
H,0; and of the oxidized Cys residues (—S—S—) of enzymes and
other proteins, and GSH is regenerated from the oxidized form (GSSG)
by reduction with NADPH.

The hydrogen peroxide (Hy05) thus generated is ren-
dered harmless by the action of glutathione peroxi-
dase (Fig. 19-18). Glutathione reductase recycles the
oxidized glutathione to its reduced form, using electrons
from the NADPH generated by nicotinamide nucleotide
transhydrogenase (in the mitochondrion) or by the pen-
tose phosphate pathway (in the cytosol; see Fig. 14-20).
Reduced glutathione also serves to keep protein
sulfhydryl groups in their reduced state, preventing
some of the deleterious effects of oxidative stress
(Fig. 19-18). Nicotinamide nucleotide transhydroge-
nase is critical in this process: it produces the NADPH
essential for glutathione reductase activity.

Plant Mitochondria Have Alternative Mechanisms for
Oxidizing NADH

Plant mitochondria supply the cell with ATP during
periods of low illumination or darkness by mecha-
nisms entirely analogous to those used by nonphoto-
synthetic organisms. In the light, the principal source
of mitochondrial NADH is a reaction in which glycine,
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produced by a process known as photorespiration, is
converted to serine (see Fig. 20-21):

2 Glycine + NAD" — serine + CO, + NH; + NADH + H*

For reasons discussed in Chapter 20, plants must carry
out this reaction even when they do not need NADH for
ATP production. To regenerate NAD" from unneeded
NADH, plant mitochondria transfer electrons from NADH
directly to ubiquinone and from ubiquinone directly to
0y, bypassing Complexes III and IV and their proton
pumps. In this process the energy in NADH is dissipated
as heat, which can sometimes be of value to the plant
(Box 19-1). Unlike cytochrome oxidase (Complex IV),
the alternative QHy oxidase is not inhibited by cyanide.
Cyanide-resistant NADH oxidation is therefore the hall-
mark of this unique plant electron-transfer pathway.

SUMMARY 19.1 Electron-Transfer

Reactions in Mitochondria

= Chemiosmotic theory provides the intellectual
framework for understanding many biological
energy transductions, including oxidative
phosphorylation and photophosphorylation. The
mechanism of energy coupling is similar in both
cases: the energy of electron flow is conserved by
the concomitant pumping of protons across the
membrane, producing an electrochemical gradient,
the proton-motive force.

m In mitochondria, hydride ions removed from
substrates by NAD-linked dehydrogenases donate
electrons to the respiratory (electron-transfer)
chain, which transfers the electrons to molecular
0O,, reducing it to HyO.

= Shuttle systems convey reducing equivalents from
cytosolic NADH to mitochondrial NADH. Reducing
equivalents from all NAD-linked dehydrogenations
are transferred to mitochondrial NADH
dehydrogenase (Complex I).

m  Reducing equivalents are then passed through a
series of Fe-S centers to ubiquinone, which
transfers the electrons to cytochrome b, the first
carrier in Complex III. In this complex, electrons
take two separate paths through two b-type
cytochromes and cytochrome c; to an Fe-S center.
The Fe-S center passes electrons, one at a time,
through cytochrome ¢ and into Complex IV,
cytochrome oxidase. This copper-containing
enzyme, which also contains cytochromes a and as,
accumulates electrons, then passes them to Og,
reducing it to HyO.

= Some electrons enter this chain of carriers through
alternative paths. Succinate is oxidized by
succinate dehydrogenase (Complex II), which
contains a flavoprotein that passes electrons
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through several Fe-S centers to ubiquinone.
Electrons derived from the oxidation of fatty acids
pass to ubiquinone via the electron-transferring
flavoprotein.

= Potentially harmful reactive oxygen species
produced in mitochondria are inactivated by a set

BOX 19-1

Many flowering plants attract insect pollinators by re-
leasing odorant molecules that mimic an insect’s natural
food sources or potential egg-laying sites. Plants polli-
nated by flies or beetles that normally feed on or lay
their eggs in dung or carrion sometimes use foul-
smelling compounds to attract these insects.

One family of stinking plants is the Araceae, which in-
cludes philodendrons, arum lilies, and skunk cabbages.
These plants have tiny flowers densely packed on an
erect structure, the spadix, surrounded by a modified
leaf, the spathe. The spadix releases odors of rotting flesh
or dung. Before pollination the spadix also heats up, in
some species to as much as 20 to 40 °C above the ambient
temperature. Heat production (thermogenesis) helps
evaporate odorant molecules for better dispersal, and be-
cause rotting flesh and dung are usually warm from the
hyperactive metabolism of scavenging microbes, the heat
itself might also attract insects. In the case of the eastern
skunk cabbage (Fig. 1), which flowers in late winter or
early spring when snow still covers the ground, thermo-
genesis allows the spadix to grow up through the snow.

How does a skunk cabbage heat its spadix? The mito-
chondria of plants, fungi, and unicellular eukaryotes have
electron-transfer systems that are essentially the same as
those in animals, but they also have an alternative respira-
tory pathway. A cyanide-resistant QH, oxidase transfers
electrons from the ubiquinone pool directly to oxygen, by-
passing the two proton-translocating steps of Complexes
Il and IV (Fig. 2). Energy that might have been conserved
as ATP is instead released as heat. Plant mitochondria also

NADP)*
Intermembrane

space (P side) NAD(P)H

Alternative

NADH NADH NAD™*

dehydrogenase Alternative
oxidase

of protective enzymes, including superoxide
dismutase and glutathione peroxidase.

= Plants, fungi, and unicellular eukaryotes have, in
addition to the typical cyanide-sensitive path for
electron transfer, an alternative, cyanide-resistant
NADH oxidation pathway.

Hot, Stinking Plants and Alternative Respiratory Pathways

FIGURE T Eastern skunk cabbage.

have an alternative NADH dehydrogenase, insensitive to
the Complex I inhibitor rotenone (see Table 19-4), that
transfers electrons from NADH in the matrix directly to
ubiquinone, bypassing Complex I and its associated proton
pumping. And plant mitochondria have yet another NADH
dehydrogenase, on the external face of the inner mem-
brane, that transfers electrons from NADPH or NADH in
the intermembrane space to ubiquinone, again bypassing
Complex I. Thus when electrons enter the alternative res-
piratory pathway through the rotenone-insensitive NADH
dehydrogenase, the external NADH dehydrogenase, or
succinate dehydrogenase (Complex II), and pass to Oy via
the cyanide-resistant alternative oxidase, energy is not
conserved as ATP but is released as heat. A skunk cabbage
can use the heat to melt snow, produce a foul stench, or at-
tract beetles or flies.

External NAD(P)H
dehydrogenase Cytc

III v

FIGURE 2 Electron carriers of the inner membrane of plant mitochondria. Electrons can flow through Complexes 1, lI,

Matrix (N side)

and IV, as in animal mitochondria, or through plant-specific alternative carriers by the paths shown with blue arrows.




19.2 ATP Synthesis

How is a concentration gradient of protons transformed
into ATP? We have seen that electron transfer releases,
and the proton-motive force conserves, more than
enough free energy (about 200 kJ) per “mole” of elec-
tron pairs to drive the formation of a mole of ATP, which
requires about 50 kJ (p. 503). Mitochondrial oxidative
phosphorylation therefore poses no thermodynamic
problem. But what is the chemical mechanism that cou-
ples proton flux with phosphorylation?

The chemiosmotic model, proposed by Peter
Mitchell, is the paradigm for this mechanism. According
to the model (Fig. 19-19), the electrochemical energy
inherent in the difference in proton concentration and
the separation of charge across the inner mitochondrial
membrane—the proton-motive force—drives the syn-
thesis of ATP as protons flow passively back into the
matrix through a proton pore associated with ATP syn-
thase. To emphasize this crucial role of the proton-mo-
tive force, the equation for ATP synthesis is sometimes
written

ADP + P; + nHf — ATP + H,0 + nHy (19-10)

Mitchell used “chemiosmotic” to describe enzymatic reac-
tions that involve, simultaneously, a chemical reaction and
a transport process. The operational definition of “cou-
pling” is shown in Figure 19-20. When isolated mito-
chondria are suspended in a buffer containing ADP, P;, and
an oxidizable substrate such as succinate, three easily
measured processes occur: (1) the substrate is oxidized
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(succinate yields fumarate), (2)
0, is consumed, and (3) ATP is
synthesized. Oxygen consump-
tion and ATP synthesis depend
on the presence of an oxidizable
substrate (succinate in this case)
as well as ADP and P;.

Because the energy of sub-
strate oxidation drives ATP
synthesis in mitochondria, we
would expect inhibitors of the
passage of electrons to Oy (such
as cyanide, carbon monoxide,
and antimycin A) to block ATP synthesis (Fig. 19-20a).
More surprising is the finding that the converse is also
true: inhibition of ATP synthesis blocks electron transfer
in intact mitochondria. This obligatory coupling can be
demonstrated in isolated mitochondria by providing O
and oxidizable substrates, but not ADP (Fig. 19-20b).
Under these conditions, no ATP synthesis can occur and
electron transfer to O, does not proceed. Coupling of ox-
idation and phosphorylation can also be demonstrated
using oligomycin or venturicidin, toxic antibiotics that
bind to the ATP synthase in mitochondria. These com-
pounds are potent inhibitors of both ATP synthesis and
the transfer of electrons through the chain of carriers to
Oy, (Fig. 19-20b). Because oligomycin is known to inter-
act not directly with the electron carriers but with ATP
synthase, it follows that electron transfer and ATP syn-
thesis are obligately coupled: neither reaction occurs
without the other.

Peter Mitchell,
1920-1992

Intermembrane
space (P side)

(N side)

Succinate Fumarate

. Chemical ATP Electrical
St L potential synthesis potential 000>
ApH » driven by <« AY
(inside proton-motive (inside
alkaline) force negative)

FIGURE 19-19 Chemiosmotic model. In this simple representation of
the chemiosmotic theory applied to mitochondria, electrons from
NADH and other oxidizable substrates pass through a chain of carriers
arranged asymmetrically in the inner membrane. Electron flow is ac-
companied by proton transfer across the membrane, producing both a

chemical gradient (ApH) and an electrical gradient (A). The inner mito-
chondrial membrane is impermeable to protons; protons can reenter the
matrix only through proton-specific channels (F,). The proton-motive
force that drives protons back into the matrix provides the energy for ATP
synthesis, catalyzed by the F; complex associated with F,,.
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FIGURE 19-20 Coupling of electron transfer and ATP synthesis in mi-
tochondria. In experiments to demonstrate coupling, mitochondria are
suspended in a buffered medium and an O, electrode monitors O,
consumption. At intervals, samples are removed and assayed for the
presence of ATP. (a) Addition of ADP and P; alone results in little or no
increase in either respiration (O, consumption; black) or ATP synthesis
(red). When succinate is added, respiration begins immediately and

Chemiosmotic theory readily explains the dependence
of electron transfer on ATP synthesis in mitochondria.
When the flow of protons into the matrix through the pro-
ton channel of ATP synthase is blocked (with oligomycin,
for example), no path exists for the return of protons to the
matrix, and the continued extrusion of protons driven by
the activity of the respiratory chain generates a large pro-
ton gradient. The proton-motive force builds up until the
cost (free energy) of pumping protons out of the matrix
against this gradient equals or exceeds the energy released
by the transfer of electrons from NADH to O,. At this point
electron flow must stop; the free energy for the overall
process of electron flow coupled to proton pumping be-
comes zero, and the system is at equilibrium.

Certain conditions and reagents, however, can un-
couple oxidation from phosphorylation. When intact mi-
tochondria are disrupted by treatment with detergent or
by physical shear, the resulting membrane fragments
can still catalyze electron transfer from succinate or
NADH to O, but no ATP synthesis is coupled to this res-
piration. Certain chemical compounds cause uncoupling
without disrupting mitochondrial structure. Chemical
uncouplers include 2,4-dinitrophenol (DNP) and car-
bonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) (Table 19-4; Fig. 19-21), weak acids with hy-
drophobic properties that permit them to diffuse readily
across mitochondrial membranes. After entering the
maftrix in the protonated form, they can release a pro-
ton, thus dissipating the proton gradient. Ionophores
such as valinomycin (see Fig. 11-45) allow inorganic
ions to pass easily through membranes. Ionophores un-
couple electron transfer from oxidative phosphorylation by
dissipating the electrical contribution to the electrochemi-
cal gradient across the mitochondrial membrane.

A prediction of the chemiosmotic theory is that, be-
cause the role of electron transfer in mitochondrial ATP
synthesis is simply to pump protons to create the elec-
trochemical potential of the proton-motive force, an ar-

Time

ATP is synthesized. Addition of cyanide (CN™), which blocks electron
transfer between cytochrome oxidase (Complex 1V) and Oy, inhibits both
respiration and ATP synthesis. (b) Mitochondria provided with succinate
respire and synthesize ATP only when ADP and P; are added. Subse-
quent addition of venturicidin or oligomycin, inhibitors of ATP synthase,
blocks both ATP synthesis and respiration. Dinitrophenol (DNP) is an un-
coupler, allowing respiration to continue without ATP synthesis.

tificially created proton gradient should be able to re-
place electron transfer in driving ATP synthesis. This
has been experimentally confirmed (Fig. 19-22). Mito-
chondria manipulated so as to impose a difference of
proton concentration and a separation of charge across
the inner membrane synthesize ATP in the absence of
an oxidizable substrate; the proton-motive force alone
suffices to drive ATP synthesis.

OH o~
N02 N02
p— + H'
N02 N02
2,4-Dinitrophenol
(DNP)
N N N N
X Z X Z
c__C c\c/c/
l [
\ |
NH N
PN + H+
| |
F*(‘J*F F*(‘}*F
F F
Carbonylcyanide-p-
trifluoromethoxyphenylhydrazone
(FCCP)

FIGURE19-21 Two chemical uncouplers of oxidative phosphorylation.
Both DNP and FCCP have a dissociable proton and are very hydropho-
bic. They carry protons across the inner mitochondrial membrane, dissi-
pating the proton gradient. Both also uncouple photophosphorylation
(see Fig. 19-63).
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FIGURE 19-22 Evidence for the role of a proton gradient in ATP syn-
thesis. An artificially imposed electrochemical gradient can drive ATP
synthesis in the absence of an oxidizable substrate as electron donor.
In this two-step experiment, (a) isolated mitochondria are first incu-
bated in a pH 9 buffer containing 0.1 m KCI. Slow leakage of buffer
and KCl into the mitochondria eventually brings the matrix into equi-
librium with the surrounding medium. No oxidizable substrates are
present. (b) Mitochondria are now separated from the pH 9 buffer and
resuspended in pH 7 buffer containing valinomycin but no KCI. The
change in buffer creates a difference of two pH units across the inner
mitochondrial membrane. The outward flow of K*, carried (by valino-
mycin) down its concentration gradient without a counterion, creates
a charge imbalance across the membrane (matrix negative). The sum of
the chemical potential provided by the pH difference and the electri-
cal potential provided by the separation of charges is a proton-motive
force large enough to support ATP synthesis in the absence of an oxi-
dizable substrate.

ATP Synthase Has Two Functional Domains,
F,and F,

Mitochondrial ATP synthase is an F-type ATPase (see Fig.
11-39) similar in structure and mechanism to the ATP
synthases of chloroplasts and bacteria. This large enzyme
complex of the inner mitochondrial membrane catalyzes
the formation of ATP from ADP and P;, accompanied by
the flow of protons from the P to the N side of the mem-
brane (Eqn 19-10). ATP synthase, also called Complex V,
has two distinct components: Fy, a peripheral membrane
protein, and F, (o denoting oligomycin-sensitive), which
is integral to the membrane. F, the first factor recognized
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as essential for oxidative phos-
phorylation, was identified and
purified by Efraim Racker and
his colleagues in the early 1960s.

In the laboratory, small mem-
brane vesicles formed from in-
ner mitochondrial membranes
carry out ATP synthesis coupled
to electron transfer. When F; is
gently extracted, the “stripped”
vesicles still contain intact respi-
ratory chains and the F, portion
of ATP synthase. The vesicles
can catalyze electron transfer from NADH to O but cannot
produce a proton gradient: F, has a proton pore through
which protons leak as fast as they are pumped by electron
transfer, and without a proton gradient the F-depleted
vesicles cannot make ATP. Isolated F'; catalyzes ATP hy-
drolysis (the reversal of synthesis) and was therefore
originally called F;ATPase. When purified F, is added
back to the depleted vesicles, it reassociates with F,
plugging its proton pore and restoring the membrane’s
capacity to couple electron transfer and ATP synthesis.

Efraim Racker, 1913-1991

ATP Is Stabilized Relative to ADP on the
Surface of F,

Isotope exchange experiments with purified F; reveal a
remarkable fact about the enzyme’s catalytic mecha-
nism: on the enzyme surface, the reaction ADP + P,
== ATP + H,0 is readily reversible—the free-energy
change for ATP synthesis is close to zero! When ATP
is hydrolyzed by F, in the presence of *0-labeled wa-
ter, the P, released contains an **0 atom. Careful meas-
urement of the %0 content of P; formed in vitro by
F-catalyzed hydrolysis of ATP reveals that the P; has
not one, but three or four %0 atoms (Fig. 19-23). This
indicates that the terminal pyrophosphate bond in ATP
is cleaved and re-formed repeatedly before P; leaves the
enzyme surface. With P; free to tumble in its binding
site, each hydrolysis inserts 180 randomly at one of the
four positions in the molecule. This exchange reaction
occurs in unenergized F,F; complexes (with no proton
gradient) and with isolated F;—the exchange does not
require the input of energy.

Kinetic studies of the initial rates of ATP synthesis
and hydrolysis confirm the conclusion that AG'® for ATP
synthesis on the enzyme is near zero. From the mea-
sured rates of hydrolysis (k; = 10 s~ !) and synthesis
(k_, = 24 s 1), the calculated equilibrium constant for
the reaction

Enz-ATP =— Enz—(ADP + P;)
is
ko, 245!

Kiy=-—
4 kl 10 S_1

=24

From this K¢, the calculated apparent AG'® is close to
zero. This is much different from the K7, of about 10°
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FIGURE19-23 Catalytic mechanism of F,. (a) '®O-exchange experiment.
F, solubilized from mitochondrial membranes is incubated with ATP in
the presence of '®0-labeled water. At intervals, a sample of the solution is
withdrawn and analyzed for the incorporation of '®O into the P; produced
from ATP hydrolysis. In minutes, the P; contains three or four 'O atoms,
indicating that both ATP hydrolysis and ATP synthesis have occurred sev-
eral times during the incubation. (b) The likely transition state complex for

(AG'® = —30.5 kJ/mol) for the hydrolysis of ATP free in
solution (not on the enzyme surface).

What accounts for the huge difference? ATP syn-
thase stabilizes ATP relative to ADP + P; by binding ATP
more tightly, releasing enough energy to counterbalance
the cost of making ATP. Careful measurements of the
binding constants show that F F; binds ATP with very
high affinity (K5 = 10~ ' M) and ADP with much lower
affinity (K4 = 10~° M). The difference in K4 corresponds
to a difference of about 40 kJ/mol in binding energy, and
this binding energy drives the equilibrium toward for-
mation of the product ATP.

The Proton Gradient Drives the Release of ATP from the
Enzyme Surface
Although ATP synthase equilibrates ATP with ADP + P;,

in the absence of a proton gradient the newly synthesized
ATP does not leave the surface of the enzyme. It is the

FIGURE 19-24 Reaction coordinate diagrams for ATP 80
synthase and for a more typical enzyme. In a typical
enzyme-catalyzed reaction (left), reaching the transition 60
state (¥) between substrate and product is the major en-

ergy barrier to overcome. In the reaction catalyzed by =)
ATP synthase (right), release of ATP from the enzyme, & 40
not formation of ATP, is the major energy barrier. The @
free-energy change for the formation of ATP from ADP S 99

and P; in aqueous solution is large and positive, but on
the enzyme surface, the very tight binding of ATP pro-
vides sufficient binding energy to bring the free energy
of the enzyme-bound ATP close to that of ADP + P;, so
the reaction is readily reversible. The equilibrium con-
stant is near 1. The free energy required for the release of
ATP is provided by the proton-motive force.

E+8S

ATP hydrolysis and synthesis by ATP synthase (derived from PDB ID
1BMF). The « subunit is shown in green, B in gray. The positively charged
residues B-Arg'® 376 coordinate two oxygens of the pentavalent
phosphate intermediate; 8-Lys'>® interacts with a third oxygen, and the
Mg®" ion (green sphere) further stabilizes the intermediate. The blue
sphere represents the leaving group (H,O). These interactions result in the
ready equilibration of ATP and ADP + P; in the active site.

and a-Arg

proton gradient that causes the enzyme to release the
ATP formed on its surface. The reaction coordinate dia-
gram of the process (Fig. 19-24) illustrates the differ-
ence between the mechanism of ATP synthase and that of
many other enzymes that catalyze endergonic reactions.
For the continued synthesis of ATP, the enzyme
must cycle between a form that binds ATP very tightly
and a form that releases ATP. Chemical and crystallo-
graphic studies of the ATP synthase have revealed the
structural basis for this alternation in function.

Each 3 Subunit of ATP Synthase Can Assume Three
Different Conformations

Mitochondrial F; has nine subunits of five different
types, with the composition asB3yde. Each of the three
B subunits has one catalytic site for ATP synthesis. The
crystallographic determination of the F; structure by
John E. Walker and colleagues revealed structural details

ATP
(in solution)

i \
p ADP+P;

ES [E -ATP]

E-ADP+P,

Reaction coordinate

Typical enzyme ATP synthase



very helpful in explaining the catalytic mechanism of the
enzyme. The knoblike portion of F'; is a flattened sphere,
8 nm high and 10 nm across, consisting of alternating «
and B subunits arranged like the sections of an orange
(Fig. 19-25a, b, ¢). The polypeptides that make up the
stalk in the F; crystal structure are asymmetrically
arranged, with one domain of the single vy subunit mak-
ing up a central shaft that passes through F;, and an-
other domain of vy associated primarily with one of the
three B subunits, designated B-empty (Fig. 19-25c). Al-
though the amino acid sequences of the three 8 subunits
are identical, their conformations differ, in part be-
cause of the association of the vy subunit with just one of
the three. The structures of the 6 and e subunits are not
revealed in these crystallographic studies.

The conformational differences among B sub-
units extend to differences in their ATP/ADP-binding
sites. When researchers crystallized the protein in the
presence of ADP and App(NH)p, a close structural ana-
log of ATP that cannot be hydrolyzed by the ATPase ac-
tivity of Fy, the binding site of one of the three B

John E. Walker

ADP——

ATP

(b)
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subunits was filled with App(NH)p, the second was
filled with ADP, and the third was empty. The correspon-
ding B subunit conformations are designated B-ATP, B-
ADP, and B-empty (Fig. 19-25c). This difference in
nucleotide binding among the three subunits is critical
to the mechanism of the complex.

NH,
a B Y
N7 ‘N> o o0 0
Iy [ ] =]
N CH2O—‘—O—‘— —‘—O
0 o 0 [o
H H
H H Nonhydrolyzable
B-ybond
OH OH

App(NH)p (B,y-imidoadenosine 5’-triphosphate)

The F, complex making up the proton pore is com-
posed of three subunits, a, b, and ¢, in the proportion
abyCig_12. Subunit c is a small (M, 8,000), very hydrophobic

FIGURE19-25 Mitochondrial ATP synthase complex. (a) Structure of the
Fi complex, deduced from crystallographic and biochemical studies. In
F;, three & and three B subunits are arranged like the segments of an or-
ange, with alternating & (shades of gray) and 8 (shades of purple) subunits
around a central shaft, the y subunit (green). (b) Crystal structure of
bovine F; (PDB ID 1BMF), viewed from the side. Two « subunits and one
B subunit have been omitted to reveal the central shaft (y subunit) and the
binding sites for ATP and ADP on the B8 subunits. The 8 and & subunits are
not shown here. (c) F; viewed from above (that is, from the N side of the
membrane), showing the three B and three a subunits and the central
shaft (y subunit, green). Each B subunit, near its interface with the neigh-
boring a subunit, has a nucleotide-binding site critical to the catalytic ac-
tivity. The single y subunit associates primarily with one of the three a8
pairs, forcing each of the three B8 subunits into slightly different conforma-
tions, with different nucleotide-binding sites. In the crystalline enzyme,
one subunit (B-ADP) has ADP (yellow) in its binding site, the next (3-ATP)
has ATP (red), and the third (8-empty) has no bound nucleotide.

(figure continued on next page)
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(d)

FIGURE 19-25 (continued) (d) Side view of the F,F; structure. This is a
composite, in which the crystallographic coordinates of bovine mito-
chondrial F; (shades of purple and gray) have been combined with
those of yeast mitochondrial F, (shades of yellow and orange) (PDB ID
1QO1). Subunits a, b, 8, and & were not part of the crystal structure
shown here. (e) The F,F; structure, viewed end-on in the direction p
side to N side. The major structures visible in this cross section are the
two transmembrane helices of each of 10 ¢ subunits arranged in con-

polypeptide, consisting almost entirely of two transmem-
brane helices, with a small loop extending from the matrix
side of the membrane. The crystal structure of the yeast
F.Fy, solved in 1999, shows the arrangement of the ¢ sub-
units. The yeast complex has 10 ¢ subunits, each with two
transmembrane helices roughly perpendicular to the plane
of the membrane and arranged in two concentric circles
(Fig. 19-25d, e). The inner circle is made up of the amino-
terminal helices of each c¢ subunit; the outer circle, about
55 A in diameter, is made up of the carboxyl-terminal he-
lices. The e and vy subunits of F; form a leg-and-foot that
projects from the bottom (membrane) side of F; and
stands firmly on the ring of ¢ subunits. The schematic

(e)

®

centric circles. (f) Diagram of the F,F; complex, deduced from bio-
chemical and crystallographic studies. The two b subunits (b,) of F,, as-
sociate firmly with the @ and B subunits of F;, holding them fixed
relative to the membrane. In F,, the membrane-embedded cylinder of
¢ subunits (cy) is attached to the shaft made up of F; subunits y and &.
As protons flow through the membrane from the P side to the N side
through F,, the cylinder and shaft rotate, and the B subunits of F,
change conformation as the y subunit associates with each in turn.

drawing in Figure 19-25f combines the structural informa-
tion from studies of bovine F'; and yeast FF;.

Rotational Catalysis Is Key to the Binding-Change
Mechanism for ATP Synthesis

On the basis of detailed kinetic and binding studies of
the reactions catalyzed by F F;, Paul Boyer proposed a
rotational catalysis mechanism in which the three
active sites of F; take turns catalyzing ATP synthesis
(Fig. 19-26). A given B subunit starts in the 8-ADP con-
formation, which binds ADP and P; from the surrounding
medium. The subunit now changes conformation, as-



suming the B-ATP form that
tightly binds and stabilizes
ATP, bringing about the ready
equilibration of ADP + P; with
ATP on the enzyme surface. Fi-
nally, the subunit changes to
the B-empty conformation,
which has very low affinity for
ATP, and the newly synthe-
sized ATP leaves the enzyme
surface. Another round of
catalysis begins when this sub-
unit again assumes the g-ADP form and binds ADP and
P;.

The conformational changes central to this mechanism
are driven by the passage of protons through the F, portion
of ATP synthase. The streaming of protons through the F,
“pore” causes the cylinder of ¢ subunits and the attached y

Paul Boyer

ATP
3 Hy,

ATP

3H,  3H:

FIGURE 19-26 Binding-change model for ATP synthase. The F; com-
plex has three nonequivalent adenine nucleotide-binding sites, one
for each pair of @ and B subunits. At any given moment, one of these
sites is in the B-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-motive force
causes rotation of the central shaft—the y subunit, shown as a green
arrowhead—which comes into contact with each a8 subunit pair in
succession. This produces a cooperative conformational change in
which the B-ATP site is converted to the B-empty conformation, and
ATP dissociates; the B-ADP site is converted to the B-ATP conforma-
tion, which promotes condensation of bound ADP + P; to form ATP;
and the B-empty site becomes a B-ADP site, which loosely binds ADP +
P; entering from the solvent. This model, based on experimental find-
ings, requires that at least two of the three catalytic sites alternate in
activity; ATP cannot be released from one site unless and until ADP
and P; are bound at the other.
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subunit to rotate about the long axis of vy, which is perpendi-
cular to the plane of the membrane. The vy subunit passes
through the center of the a38s spheroid, which is held sta-
tionary relative to the membrane surface by the by and 6
subunits (Fig. 19-25f). With each rotation of 120°, y comes
into contact with a different 8 subunit, and the contact
forces that 8 subunit into the B-empty conformation.

The three B subunits interact in such a way that
when one assumes the B-empty conformation, its neigh-
bor to one side must assume the B-ADP form, and the
other neighbor the B-ATP form. Thus one complete
rotation of the vy subunit causes each 8 subunit to cycle
through all three of its possible conformations, and for
each rotation, three ATP are synthesized and released
from the enzyme surface.

One strong prediction of this binding-change model
is that the y subunit should rotate in one direction when
F,Fy is synthesizing ATP and in the opposite direction
when the enzyme is hydrolyzing ATP. This prediction
was confirmed in elegant experiments in the laborato-
ries of Masasuke Yoshida and Kazuhiko Kinosita, Jr. The
rotation of vy in a single F; molecule was observed micro-
scopically by attaching a long, thin, fluorescent actin
polymer to y and watching it move relative to asBs im-
mobilized on a microscope slide, as ATP was hydrolyzed.
When the entire F F; complex (not just F';) was used in
a similar experiment, the entire ring of ¢ subunits ro-
tated with y (Fig. 19-27). The “shaft” rotated in the
predicted direction through 360°. The rotation was not
smooth, but occurred in three discrete steps of 120°. As
calculated from the known rate of ATP hydrolysis by one
F; molecule and from the frictional drag on the long
actin polymer, the efficiency of this mechanism in con-
verting chemical energy into motion is close to 100%. It
is, in Boyer’s words, “a splendid molecular machine!”

Chemiosmotic Coupling Allows Nonintegral
Stoichiometries of 0, Consumption and ATP Synthesis

Before the general acceptance of the chemiosmotic
model for oxidative phosphorylation, the assumption
was that the overall reaction equation would take the
following form:

xADP + «xP; + 30, + H* + NADH —>
xATP + H,0 + NAD"  (19-11)

with the value of x—sometimes called the P/O ratio or
the P/2e™ ratio—always an integer. When intact mito-
chondria are suspended in solution with an oxidizable
substrate such as succinate or NADH and are provided
with Oy, ATP synthesis is readily measurable, as is the
decrease in O,. Measurement of P/O, however, is compli-
cated by the fact that intact mitochondria consume ATP
in many reactions taking place in the matrix, and they
consume O for purposes other than oxidative phosphor-
ylation. Most experiments have yielded P/O (ATP to
10,) ratios of between 2 and 3 when NADH was the elec-
tron donor, and between 1 and 2 when succinate was the
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Actin
filament

FIGURE 19-27 Experimental demonstration of rotation of F, and v. F; genetically
engineered to contain a run of His residues adheres tightly to a microscope slide
coated with a Ni complex; biotin is covalently attached to a ¢ subunit of F,,. The pro-
tein avidin, which binds biotin very tightly, is covalently attached to long filaments
of actin labeled with a fluorescent probe. Biotin-avidin binding now attaches the
actin filaments to the c subunit. When ATP is provided as substrate for the ATPase
activity of Fy, the labeled filament is seen to rotate continuously in one direction,
proving that the F,, cylinder of c subunits rotates. In another experiment, a fluores-
cent actin filament was attached directly to the y subunit. The series of fluorescence
micrographs (read left to right) shows the position of the actin filament at intervals of
133 ms. Note that as the filament rotates, it makes a discrete jump about every
eleventh frame. Presumably the cylinder and shaft move as one unit.

His residues

residues

Ni complex

donor. Given the assumption that P/O should have an in-
tegral value, most experimenters agreed that the P/O ra-
tios must be 3 for NADH and 2 for succinate, and for
years those values appeared in research papers and
textbooks.

With introduction of the chemiosmotic paradigm for
coupling ATP synthesis to electron transfer, there was no
theoretical requirement for P/O to be integral. The rele-
vant questions about stoichiometry became, How many
protons are pumped outward by electron transfer from
one NADH to O,, and how many protons must flow in-
ward through the F_F; complex to drive the synthesis of
one ATP? The measurement of proton fluxes is techni-
cally complicated; the investigator must take into account
the buffering capacity of mitochondria, nonproductive
leakage of protons across the inner membrane, and use of
the proton gradient for functions other than ATP synthe-
sis, such as driving the transport of substrates across the
inner mitochondrial membrane (described below). The
consensus values for number of protons pumped out per
pair of electrons are 10 for NADH and 6 for succinate. The
most widely accepted experimental value for number of
protons required to drive the synthesis of an ATP mole-
cule is 4, of which 1 is used in transporting P;, ATP, and
ADP across the mitochondrial membrane (see below). If
10 protons are pumped out per NADH and 4 must flow in
to produce 1 ATP, the proton-based P/O ratio is 2.5 for
NADH as the electron donor and 1.5 (6/4) for succinate.
We use the P/O values of 2.5 and 1.5 throughout this
book, but the values 3.0 and 2.0 are still common in the
biochemical literature. The final word on proton stoi-
chiometry will probably not be written until we know the
full details of the F F; reaction mechanism.

The Proton-Motive Force Energizes Active Transport

Although the primary role of the proton gradient in mi-
tochondria is to furnish energy for the synthesis of ATP,
the proton-motive force also drives several transport

processes essential to oxidative phosphorylation. The
inner mitochondrial membrane is generally imperme-
able to charged species, but two specific systems trans-
port ADP and P; into the matrix and ATP out to the
cytosol (Fig. 19-28).
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FIGURE 19-28 Adenine nucleotide and phosphate translocases. Trans-
port systems of the inner mitochondrial membrane carry ADP and P;
into the matrix and newly synthesized ATP into the cytosol. The adenine
nucleotide translocase is an antiporter; the same protein moves ADP
into the matrix and ATP out. The effect of replacing ATP*~ with ADP>~
in the matrix is the net efflux of one negative charge, which is favored
by the charge difference across the inner membrane (outside positive).
At pH 7, P; is present as both HPO3;™ and H,PO, ; the phosphate
translocase is specific for H,PO, . There is no net flow of charge during
symport of H,PO; and H™, but the relatively low proton concentration
in the matrix favors the inward movement of H*. Thus the proton-mo-
tive force is responsible both for providing the energy for ATP synthesis
and for transporting substrates (ADP and P;) into and product (ATP) out
of the mitochondrial matrix. All three of these transport systems can be
isolated as a single membrane-bound complex (ATP synthasome).



The adenine nucleotide translocase, integral to
the inner membrane, binds ADP?~ in the intermem-
brane space and transports it into the matrix in exchange
for an ATP*" molecule simultaneously transported
outward (see Fig. 13-11 for the ionic forms of ATP and
ADP). Because this antiporter moves four negative
charges out for every three moved in, its activity is fa-
vored by the transmembrane electrochemical gradient,
which gives the matrix a net negative charge; the pro-
ton-motive force drives ATP-ADP exchange. Adenine
nucleotide translocase is specifically inhibited by
atractyloside, a toxic glycoside formed by a species of
thistle. If the transport of ADP into and ATP out of mito-
chondria is inhibited, cytosolic ATP cannot be regener-
ated from ADP, explaining the toxicity of atractyloside.

A second membrane transport system essential to
oxidative phosphorylation is the phosphate translo-
case, which promotes symport of one H,PO,; and one
H™ into the matrix. This transport process, too, is favored
by the transmembrane proton gradient (Fig. 19-28).
Notice that the process requires movement of one
proton from the p to the N side of the inner membrane,
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consuming some of the energy of electron transfer. A
complex of the ATP synthase and both translocases, the
ATP synthasome, can be isolated from mitochondria
by gentle dissection with detergents, suggesting that the
functions of these three proteins are very tightly
integrated.

Shuttle Systems Indirectly Convey Cytosolic NADH into
Mitochondria for Oxidation

The NADH dehydrogenase of the inner mitochondrial
membrane of animal cells can accept electrons only from
NADH in the matrix. Given that the inner membrane is not
permeable to NADH, how can the NADH generated by gly-
colysis in the cytosol be reoxidized to NAD* by O, via the
respiratory chain? Special shuttle systems carry reducing
equivalents from cytosolic NADH into mitochondria by an
indirect route. The most active NADH shuttle, which func-
tions in liver, kidney, and heart mitochondria, is the
malate-aspartate shuttle (Fig. 19-29). The reducing
equivalents of cytosolic NADH are first transferred to cy-
tosolic oxaloacetate to yield malate, catalyzed by cytosolic
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FIGURE 19-29 Malate-aspartate shuttle. This shuttle for transporting
reducing equivalents from cytosolic NADH into the mitochondrial
matrix is used in liver, kidney, and heart. (1) NADH in the cytosol
(intermembrane space) passes two reducing equivalents to oxaloac-
etate, producing malate. (2} Malate crosses the inner membrane via
N

the malate—a-ketoglutarate transporter. (3) In the matrix, malate

passes two reducing equivalents to NAD™, and the resulting NADH is
oxidized by the respiratory chain; the oxaloacetate formed from
malate cannot pass directly into the cytosol. (4) Oxaloacetate is first
transaminated to aspartate, and (5) aspartate can leave via the gluta-
mate-aspartate transporter. (6) Oxaloacetate is regenerated in the
cytosol, completing the cycle.
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malate dehydrogenase. The malate thus formed passes
through the inner membrane via the malate—a-ketoglu-
tarate transporter. Within the matrix the reducing equiva-
lents are passed to NAD™ by the action of matrix malate
dehydrogenase, forming NADH; this NADH can pass elec-
trons directly to the respiratory chain. About 2.5 mole-
cules of ATP are generated as this pair of electrons passes
to Og. Cytosolic oxaloacetate must be regenerated by
transamination reactions and the activity of membrane
transporters to start another cycle of the shuttle.

Skeletal muscle and brain use a different NADH shut-
tle, the glycerol 3-phosphate shuttle (Fig. 19-30). It
differs from the malate-aspartate shuttle in that it deliv-
ers the reducing equivalents from NADH to ubiquinone
and thus into Complex I1I, not Complex I (Fig. 19-8), pro-
viding only enough energy to synthesize 1.5 ATP mole-
cules per pair of electrons.

The mitochondria of plants have an externally ori-
ented NADH dehydrogenase that can transfer electrons
directly from cytosolic NADH into the respiratory chain
at the level of ubiquinone. Because this pathway
bypasses the NADH dehydrogenase of Complex I and
the associated proton movement, the yield of ATP from
cytosolic NADH is less than that from NADH generated
in the matrix (Box 19-1).
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FIGURE 19-30 Glycerol 3-phosphate shuttle. This alternative means of
moving reducing equivalents from the cytosol to the mitochondrial ma-
trix operates in skeletal muscle and the brain. In the cytosol, dihydrox-
yacetone phosphate accepts two reducing equivalents from NADH in a
reaction catalyzed by cytosolic glycerol 3-phosphate dehydrogenase.
An isozyme of glycerol 3-phosphate dehydrogenase bound to the outer
face of the inner membrane then transfers two reducing equivalents
from glycerol 3-phosphate in the intermembrane space to ubiquinone.
Note that this shuttle does not involve membrane transport systems.

SUMMARY 19.2 ATP Synthesis

= The flow of electrons through Complexes I, III, and
IV results in pumping of protons across the inner
mitochondrial membrane, making the matrix
alkaline relative to the intermembrane space. This
proton gradient provides the energy (in the form of
the proton-motive force) for ATP synthesis from
ADP and P; by ATP synthase (F,F; complex) in the
inner membrane.

m  ATP synthase carries out “rotational catalysis,” in
which the flow of protons through F, causes each
of three nucleotide-binding sites in F'; to cycle
from (ADP + P;)-bound to ATP-bound to empty
conformations.

m ATP formation on the enzyme requires little
energy; the role of the proton-motive force is to
push ATP from its binding site on the synthase.

= The ratio of ATP synthesized per %Oz reduced to
H50 (the P/O ratio) is about 2.5 when electrons
enter the respiratory chain at Complex I, and 1.5
when electrons enter at ubiquinone.

= Energy conserved in a proton gradient can drive
solute transport uphill across a membrane.

m  The inner mitochondrial membrane is impermeable
to NADH and NAD ™", but NADH equivalents are
moved from the cytosol to the matrix by either of
two shuttles. NADH equivalents moved in by the
malate-aspartate shuttle enter the respiratory chain
at Complex I and yield a P/O ratio of 2.5; those
moved in by the glycerol 3-phosphate shuttle enter
at ubiquinone and give a P/O ratio of 1.5.

19.3 Regulation of Oxidative
Phosphorylation

Oxidative phosphorylation produces most of the ATP
made in aerobic cells. Complete oxidation of a molecule
of glucose to CO,, yields 30 or 32 ATP (Table 19-5). By
comparison, glycolysis under anaerobic conditions (lac-
tate fermentation) yields only 2 ATP per glucose.
Clearly, the evolution of oxidative phosphorylation pro-
vided a tremendous increase in the energy efficiency of
catabolism. Complete oxidation to CO, of the coenzyme
A derivative of palmitate (16:0), which also occurs in the
mitochondrial matrix, yields 108 ATP per palmitoyl-CoA
(see Table 17-1). A similar calculation can be made for
the ATP yield from oxidation of each of the amino acids
(Chapter 18). Aerobic oxidative pathways that result in
electron transfer to Oy accompanied by oxidative phos-
phorylation therefore account for the vast majority of
the ATP produced in catabolism, so the regulation
of ATP production by oxidative phosphorylation to
match the cell’s fluctuating needs for ATP is absolutely
essential.
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[ULEEES ATPYield from Complte Oddation of Gucsse.

Process Direct product Final ATP

Glycolysis 2 NADH (cytosolic) 3 or 5*
2 ATP 2
Pyruvate oxidation (two per glucose) 2 NADH (mitochondrial matrix) 15
Acetyl-CoA oxidation in citric acid cycle 6 NADH (mitochondrial matrix) 15
(two per glucose) 2 FADH, 3
2 ATP or 2 GTP 2

Total yield per glucose 30 or 32

*The number depends on which shuttle system transfers reducing equivalents into the mitochondrion.

Oxidative Phosphorylation Is Regulated by Cellular
Energy Needs

The rate of respiration (Oy consumption) in mitochon-
dria is tightly regulated; it is generally limited by the
availability of ADP as a substrate for phosphorylation.
Dependence of the rate of Oy, consumption on the avail-
ability of the P; acceptor ADP (Fig. 19-20b), the accep-
tor control of respiration, can be remarkable. In some
animal tissues, the aceceptor control ratio, the ratio of
the maximal rate of ADP-induced O, consumption to
the basal rate in the absence of ADP, is at least 10.

The intracellular concentration of ADP is one measure
of the energy status of cells. Another, related measure is
the mass-action ratio of the ATP-ADP system,
[ATP]/([ADP][P;]). Normally this ratio is very high, so
the ATP-ADP system is almost fully phosphorylated.
When the rate of some energy-requiring process (pro-
tein synthesis, for example) increases, the rate of break-
down of ATP to ADP and P; increases, lowering the
mass-action ratio. With more ADP available for oxidative
phosphorylation, the rate of respiration increases, caus-
ing regeneration of ATP. This continues until the mass-
action ratio returns to its normal high level, at which
point respiration slows again. The rate of oxidation of
cellular fuels is regulated with such sensitivity and pre-
cision that the [ATP]/(JADP][P;]) ratio fluctuates only
slightly in most tissues, even during extreme variations
in energy demand. In short, ATP is formed only as fast as
it is used in energy-requiring cellular activities.

An Inhibitory Protein Prevents ATP Hydrolysis
during Hypoxia

We have already encountered ATP synthase as an ATP-
driven proton pump (see Fig. 11-39), catalyzing the re-
verse of ATP synthesis. When a cell is hypoxic (deprived
of oxygen), as in a heart attack or stroke, electron trans-
fer to oxygen slows, and so does the pumping of protons.
The proton-motive force soon collapses. Under these
conditions, the ATP synthase could operate in reverse,
hydrolyzing ATP to pump protons outward and causing a
disastrous drop in ATP levels. This is prevented by a small

FIGURE 19-31 Structure of bovine F;-ATPase in a complex with its
regulatory protein IF;. (Derived from PDB ID 1OHH) Two F; mole-
cules are viewed here as in Figure 19-25c. The inhibitor IF; (red) binds
to the aB interface of the subunits in the diphosphate (ADP) conforma-
tion (a-ADP and B-ADP), freezing the two F; complexes and thereby
blocking ATP hydrolysis (and synthesis). (Parts of IF; that failed to re-
solve in the crystals of F; are shown in white outline as they occur in
crystals of isolated IFy.) This complex is stable only at the low cytoso-
lic pH characteristic of cells that are producing ATP by glycolysis;
when aerobic metabolism resumes, the cytosolic pH rises, the in-
hibitor is destabilized, and ATP synthase becomes active.

(84 amino acids) protein inhibitor, IF;, which simultane-
ously binds to two ATP synthase molecules, inhibiting
their ATPase activity (Fig. 19-31). IF, is inhibitory only
in its dimeric form, which is favored at pH lower than 6.5.
In a cell starved for oxygen, the main source of ATP be-
comes glycolysis, and the pyruvic or lactic acid thus
formed lowers the pH in the cytosol and the mitochondr-
ial matrix. This favors IF; dimerization, leading to inhibi-
tion of the ATPase activity of ATP synthase and thereby
preventing wasteful hydrolysis of ATP. When aerobic me-
tabolism resumes, production of pyruvic acid slows, the
pH of the cytosol rises, the IF; dimer is destabilized, and
the inhibition of ATP synthase is lifted.

Hypoxia Leads to ROS Production and Several Adaptive
Responses

In hypoxic cells there is an imbalance between the input
of electrons from fuel oxidation in the mitochondrial
matrix and transfer of electrons to molecular oxygen,
leading to increased formation of reactive oxygen
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FIGURE 19-32 Hypoxia-inducible factor (HIF-1) regulates gene ex-
pression to reduce ROS formation. Under conditions of low oxygen
(hypoxia), HIF-1 is synthesized in greater amounts and acts as a tran-
scription factor, increasing the synthesis of glucose transporter, gly-
colytic enzymes, pyruvate dehydrogenase kinase (PDH kinase), lactate
dehydrogenase, a protease that degrades the cytochrome oxidase

species. In addition to the glutathione peroxidase sys-
tem (Fig. 19-18), cells have two other lines of defense
against ROS (Fig. 19-32). One is regulation of pyruvate
dehydrogenase (PDH), the enzyme that delivers acetyl-
CoA to the citric acid cycle (Chapter 16). Under hypoxic
conditions, PDH kinase phosphorylates mitochondrial
PDH, inactivating it and slowing the delivery of FADH,
and NADH from the citric acid cycle to the respiratory
chain. A second means of preventing ROS formation is
the replacement of one subunit of Complex IV, known as
COX4-1, with another subunit, COX4-2, that is better
suited to hypoxic conditions. With COX4-1, the catalytic
properties of Complex IV are optimal for respiration at
normal oxygen concentrations; with COX4-2, Complex
IV is optimized for operation under hypoxic conditions.

The changes in PDH activity and the COX4-2 content
of Complex IV are both mediated by HIF-1, the hypoxia-
inducible factor. HIF-1 accumulates in hypoxic cells and,
acting as a transcription factor, triggers increased synthe-
sis of PDH kinase, COX4-2, and a protease that degrades
COX4-1. Recall that HIF-1 also mediates the changes in

ROS production is
reduced.

subunit COX4-1, and cytochrome oxidase subunit COX4-2. These
changes counter the formation of ROS by decreasing the supply of
NADH and FADH, and making cytochrome oxidase of Complex IV
more effective. Thick gray arrows signify reactions stimulated by HIF-1;
thin, broken arrows show reactions slowed by HIF-1.

glucose transport and glycolytic enzymes that produce
the Pasteur effect (see Box 14-1).

When these mechanisms for dealing with ROS are
A? insufficient, due to genetic mutation affecting
one of the protective proteins or under conditions of
very high rates of ROS production, mitochondrial func-
tion is compromised. Mitochondrial damage is thought
to be involved in aging, heart failure, certain rare cases
of diabetes (described below), and several maternally in-
herited genetic diseases that affect the nervous system. m

ATP-Producing Pathways Are Coordinately Regulated

The major catabolic pathways have interlocking and
concerted regulatory mechanisms that allow them to
function together in an economical and self-regulating
manner to produce ATP and biosynthetic precursors.
The relative concentrations of ATP and ADP control
not only the rates of electron transfer and oxidative
phosphorylation but also the rates of the citric acid cy-
cle, pyruvate oxidation, and glycolysis (Fig. 19-33).
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FIGURE 19-33 Regulation of the ATP-producing pathways. This dia-
gram shows the interlocking regulation of glycolysis, pyruvate oxida-
tion, the citric acid cycle, and oxidative phosphorylation by the relative
concentrations of ATP, ADP, and AMP, and by NADH. High [ATP] (or
low [ADP] and [AMP]) produces low rates of glycolysis, pyruvate oxi-
dation, acetate oxidation via the citric acid cycle, and oxidative phos-
phorylation. All four pathways are accelerated when the use of ATP and
the formation of ADP, AMP, and P; increase. The interlocking of glycol-
ysis and the citric acid cycle by citrate, which inhibits glycolysis, sup-
plements the action of the adenine nucleotide system. In addition,
increased levels of NADH and acetyl-CoA also inhibit the oxidation of
pyruvate to acetyl-CoA, and a high [NADHJ/[NAD™] ratio inhibits the
dehydrogenase reactions of the citric acid cycle (see Fig. 16-18).

Whenever ATP consumption increases, the rate of
electron transfer and oxidative phosphorylation in-
creases. Simultaneously, the rate of pyruvate oxidation
via the citric acid cycle increases, increasing the flow
of electrons into the respiratory chain. These events
can in turn evoke an increase in the rate of glycolysis,
increasing the rate of pyruvate formation. When con-
version of ADP to ATP lowers the ADP concentration,
acceptor control slows electron transfer and thus ox-
idative phosphorylation. Glycolysis and the citric acid
cycle are also slowed, because ATP is an allosteric in-
hibitor of the glycolytic enzyme phosphofructokinase-1
(see Fig. 15-14) and of pyruvate dehydrogenase (see
Fig. 16-18).

Phosphofructokinase-1 is also inhibited by citrate,
the first intermediate of the citric acid cycle. When the
cycle is “idling,” citrate accumulates within mitochon-
dria, then is transported into the cytosol. When the con-
centrations of both ATP and citrate rise, they produce a
concerted allosteric inhibition of phosphofructokinase-1
that is greater than the sum of their individual effects,
slowing glycolysis.

SUMMARY 19.3 Regulation of Oxidative
Phosphorylation

= Oxidative phosphorylation is regulated by cellular
energy demands. The intracellular [ADP] and the
mass-action ratio [ATP]/([ADP][P;]) are measures of
a cell’s energy status.

= In hypoxic (oxygen-deprived) cells, a protein
inhibitor blocks ATP hydrolysis by the reverse
activity of ATP synthase, preventing a drastic drop
in [ATP].

= The adaptive responses to hypoxia, mediated by
HIF-1, slow electron transfer into the respiratory
chain and modify Complex IV to act more
efficiently under low-oxygen conditions.

= ATP and ADP concentrations set the rate of
electron transfer through the respiratory chain via
a series of interlocking controls on respiration,
glycolysis, and the citric acid cycle.

19.4 Mitochondria in Thermogenesis, Steroid
Synthesis, and Apoptosis

Although ATP production is a central role for the mito-
chondrion, this organelle has other functions that, in
specific tissues or under specific circumstances, are also
crucial. In adipose tissue, mitochondria generate heat to
protect vital organs from low ambient temperature; in
the adrenal glands and the gonads, mitochondria are
the sites of steroid hormone synthesis; and in most or
all tissues they are key participants in apoptosis
(programmed cell death).
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Uncoupled Mitochondria in Brown Adipose Tissue
Produce Heat

We noted above that respiration slows when the cell is
adequately supplied with ATP. There is a remarkable
and instructive exception to this general rule. Most new-
born mammals, including humans, have a type of adi-
pose tissue called brown adipose tissue (BAT; p. 917)
in which fuel oxidation serves, not to produce ATP, but
to generate heat to keep the newborn warm. This spe-
cialized adipose tissue is brown because of the presence
of large numbers of mitochondria and thus high concen-
trations of cytochromes, with heme groups that are
strong absorbers of visible light.

The mitochondria of brown adipocytes are much
like those of other mammalian cells, except in having a
unique protein in their inner membrane. Thermogenin,
also called the uncoupling protein (the product of the
UCP1 gene), provides a path for protons to return to
the matrix without passing through the F F; complex
(Fig. 19-34). As a result of this short-circuiting of pro-
tons, the energy of oxidation is not conserved by ATP
formation but is dissipated as heat, which contributes to
maintaining the body temperature (see Fig. 23-17). Hi-
bernating animals also depend on the activity of uncou-
pled BAT mitochondria to generate heat during their
long dormancy (see Box 17-1). We will return to the

Matrix (N side)

Intermembrane

space (P side) m
IV

/
Cytec

H+

Uncoupling protein —C 3
(thermogenin)

Heat

FIGURE 19-34 Heat generation by uncoupled mitochondria. The un-
coupling protein (thermogenin) in the mitochondria of brown adipose
tissue, by providing an alternative route for protons to reenter the mi-
tochondrial matrix, causes the energy conserved by proton pumping to
be dissipated as heat.

role of thermogenin when we discuss the regulation of
body mass in Chapter 23 (pp. 931-932).

Mitochondrial P-450 Oxygenases Catalyze Steroid
Hydroxylations

Mitochondria are the site of biosynthetic reactions that
produce steroid hormones, including the sex hormones,
glucocorticoids, mineralocorticoids, and vitamin D hor-
mone. These compounds are synthesized from choles-
terol or a related sterol in a series of hydroxylations
catalyzed by enzymes of the cytochrome P-450 family,
all of which have a critical heme group (its absorption at
450 nm gives this family its name). In the hydroxylation
reactions, one atom of molecular oxygen is incorporated
into the substrate and the second is reduced to HyO:

R—H + O, + NADPH — R—OH + H,0 + NADP"*

There are dozens of P-450 enzymes, all situated in the
inner mitochondrial membrane with their catalytic site
exposed to the matrix. Steroidogenic cells are packed
with mitochondria specialized for steroid synthesis; the
mitochondria are generally larger than those in other
tissues and have more extensive and highly convoluted
inner membranes (Fig. 19-35).

The path of electron flow in the mitochondrial P-450
system is complex, involving a flavoprotein and an iron-
sulfur protein that carry electrons from NADPH to the
P-450 heme (Fig. 19-36). The detailed structure of a
P-450 enzyme confers its substrate specificity, and its
heme group, which interacts directly with Oy, anchors
the catalytic activity shared by all P-450 enzymes.

*is‘ Another large family of P-450 enzymes is found in

the endoplasmic reticulum of hepatocytes. These
enzymes catalyze reactions similar to the mitochondrial
P-450 reactions, but their substrates include a wide va-
riety of hydrophobic compounds, many of which are
xenobiotics—compounds not found in nature but
synthesized industrially. The P-450 enzymes of the ER
have very broad and overlapping substrate specificities.

FIGURE 19-35 Mitochondria of adrenal gland, specialized for steroid
synthesis. As seen in this electron micrograph of a thin section of adre-
nal gland, the mitochondria are profuse and have extensive cristae, pro-
viding a large surface for the P-450 enzymes of the inner membrane.
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NADPH Adrenodoxin Adrenodoxin P-450 R—OH
4 reductase [2Fe-2S] hydroxylase
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FIGURE 19-36 Path of electron flow in mitochondrial cytochrome P-
450 reactions in adrenal gland. Two electrons are transferred from
NADPH to the FAD-containing flavoprotein adrenodoxin reductase,
which passes the electrons, one at a time, to adrenodoxin, a small,

Hydroxylation of the hydrophobic compounds makes
them more water soluble, and they can then be cleared
by the kidneys and excreted in urine. Among the sub-
strates for these P-450 oxygenases are many commonly
used prescription drugs. Metabolism by P-450 enzymes
limits the drugs’ lifetime in the bloodstream and their
therapeutic effects. Humans differ in their genetic com-
plement of P-450 enzymes in the ER, and in the extent
to which certain P-450 enzymes have been induced,
such as by a history of ethanol ingestion. In principle,
therefore, an individual’s genetics and personal history
could figure into determinations of therapeutic drug
dose; in practice, this precise tailoring of dosage is not
yet economically feasible, but it may become so. m

Mitochondria Are Central to the Initiation of Apoptosis

Apoptosis, also called programmed cell death, is a
process in which individual cells die for the good of the
organism (for example, in the course of normal embry-
onic development), and the organism conserves the
cells’ molecular components (amino acids, nucleotides,
and so forth). Apoptosis may be triggered by an external
signal, acting at a plasma membrane receptor, or by in-
ternal events such as a DNA damage, viral infection, ox-
idative stress from the accumulation of ROS, or another
stress such as a heat shock.

Mitochondria play a critical role in triggering apop-
tosis. When a stressor gives the signal for cell death, one
early consequence is an increase in the permeability of
the outer mitochondrial membrane, allowing cy-
tochrome c¢ to escape from the intermembrane space
into the cytosol (Fig. 19-37). The increased permeabil-
ity is due to the opening of the permeability transi-
tion pore complex (PTPC), a multisubunit protein in
the outer membrane; its opening and closing are af-
fected by several proteins that stimulate or suppress
apoptosis. When released into the cytosol, cytochrome ¢

FIGURE 19-37 Role of cytochrome c in apoptosis. Cytochrome c is a
small, soluble, mitochondrial protein, located in the intermembrane
space, that carries electrons between Complex Ill and Complex IV dur-
ing respiration. In a completely separate role, as outlined here, it acts
as a trigger for apoptosis by stimulating the activation of a family of
proteases called caspases.

soluble 2Fe-2S protein. Adrenodoxin passes single electrons to the cy-
tochrome P-450 hydroxylase, which interacts directly with O, and the
substrate (R—H) to form the products, H,O and R—OH.
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interacts with monomers of the protein Apaf-1 (apop-
tosis protease activating factor-1), causing the for-
mation of an apoptosome composed of seven Apaf-1
and seven cytochrome ¢ molecules. The apoptosome
provides the platform on which the protease procaspase-
9 is activated to caspase-9, a member of a family of
highly specific proteases (the caspases) involved in
apoptosis. They share a critical Cys residue at their ac-
tive site, and all cleave proteins only on the carboxyl-
terminal side of Asp residues, thus the name “caspases.”
Activated caspase-9 initiates a cascade of proteolytic
activations, with one caspase activating a second, and it
in turn activating a third, and so forth (see Fig. 12-51).
(This role of cytochrome ¢ in apoptosis is a clear case of
“moonlighting,” in that one protein plays two very differ-
ent roles in the cell; see Box 16-1.)

SUMMARY 19.4 Mitochondria in
Thermogenesis, Steroid
Synthesis, and Apoptosis
= In the brown adipose tissue of newborns, electron
transfer is uncoupled from ATP synthesis and

the energy of fuel oxidation is dissipated as
metabolic heat.

= Hydroxylation reaction steps in the synthesis of
steroid hormones in steroidogenic tissues (adrenal
gland, gonads, liver, and kidney) take place in
specialized mitochondria.
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= Mitochondrial cytochrome c, released into the
cytosol, participates in activation of caspase-9, one
of the proteases involved in apoptosis.

19.5 Mitochondrial Genes: Their Origin and
the Effects of Mutations

Mitochondria contain their own genome, a circular,
double-stranded DNA (mtDNA) molecule. Each of the
hundreds or thousands of mitochondria in a typical cell
has about five copies of this genome. The human mito-
chondrial chromosome (Fig. 19-38) contains 37
genes (16,569 bp), including 13 that encode subunits
of proteins of the respiratory chain (Table 19-6); the
remaining genes code for TRNA and tRNA molecules
essential to the protein-synthesizing machinery of mi-
tochondria. The great majority of mitochondrial pro-
teins—about 900 different types—are encoded by
nuclear genes, synthesized on cytoplasmic ribosomes,
then imported into and assembled in the mitochondria
(Chapter 27).

FIGURE 19-38 Mitochondrial genes and mutations. (a) Map of
‘? human mitochondrial DNA, showing the genes that encode
proteins of Complex I, the NADH dehydrogenase (ND1 to ND6); the
cytochrome b of Complex IlI (Cyt b); the subunits of cytochrome oxi-
dase (Complex 1V) (COI to COIll); and two subunits of ATP synthase
(ATPase6 and ATPase8). The colors of the genes correspond to those of
the complexes shown in Figure 19-7. Also included here are the genes
for ribosomal RNAs (rRNA) and for some mitochondrion-specific trans-
fer RNAs; tRNA specificity is indicated by the one-letter codes for
amino acids. Arrows indicate the positions of mutations that cause
Leber’s hereditary optic neuropathy (LHON) and myoclonic epilepsy
and ragged-red fiber disease (MERRF). Numbers in parentheses in-
dicate the position of the altered nucleotides (nucleotide 1 is at
the top of the circle and numbering proceeds counterclock-
wise). (b) Electron micrograph of an abnormal mitochon-
drion from the muscle of an individual with MERRF,
showing the paracrystalline protein inclusions sometimes
present in the mutant mitochondria.

(b)
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Number Number of subunits encoded
Complex of subunits by mitochondrial DNA
I NADH dehydrogenase 43 7
II Succinate dehydrogenase 4 0
IIT Ubiquinone:cytochrome ¢ oxidoreductase 11 1
IV Cytochrome oxidase 13 3
V' ATP synthase 8 2

Mitochondria Evolved from Endosymbiotic
Bacteria

The existence of mitochondrial DNA, ribosomes, and
tRNAs supports the hypothesis of the endosymbiotic
origin of mitochondria (see Fig. 1-36), which holds that
the first organisms capable of aerobic metabolism, in-
cluding respiration-linked ATP production, were bacte-
ria. Primitive eukaryotes that lived anaerobically (by
fermentation) acquired the ability to carry out oxidative
phosphorylation when they established a symbiotic rela-
tionship with bacteria living in their cytosol. After much
evolution and the movement of many bacterial genes
into the nucleus of the “host” eukaryote, the endosymbi-
otic bacteria eventually became mitochondria.

This hypothesis presumes that early free-living bac-
teria had the enzymatic machinery for oxidative phos-
phorylation and predicts that their modern bacterial
descendants must have respiratory chains closely simi-
lar to those of modern eukaryotes. They do. Aerobic
bacteria carry out NAD-linked electron transfer from
substrates to Oy, coupled to the phosphorylation of cy-
tosolic ADP. The dehydrogenases are located in the bac-
terial cytosol and the respiratory chain in the plasma
membrane. The electron carriers translocate protons
outward across the plasma membrane as electrons are
transferred to O,. Bacteria such as Escherichia coli
have F F; complexes in their plasma membranes; the F;
portion protrudes into the cytosol and catalyzes ATP
synthesis from ADP and P; as protons flow back into the
cell through the proton channel of F,.

The respiration-linked extrusion of protons across
the bacterial plasma membrane also provides the driving
force for other processes. Certain bacterial transport
systems bring about uptake of extracellular nutrients
(lactose, for example) against a concentration gradient,
in symport with protons (see Fig. 11-42). And the ro-
tary motion of bacterial flagella is provided by “proton
turbines,” molecular rotary motors driven not by ATP
but directly by the transmembrane electrochemical po-
tential generated by respiration-linked proton pumping
(Fig. 19-39). It seems likely that the chemiosmotic
mechanism evolved early, before the emergence of eu-
karyotes.

Mutations in Mitochondrial DNA Accumulate throughout
the Life of the Organism

The respiratory chain is the major producer of reactive
oxygen species in cells, so mitochondrial contents, in-
cluding the mitochondrial genome, suffer the greatest
exposure to, and damage by, ROS. Moreover, the mito-
chondrial DNA replication system is less effective than
the nuclear system at correcting mistakes made during
replication and at repairing DNA damage. As a conse-
quence of these two factors, defects in mtDNA accumu-
late over time. One theory of aging is that this gradual
accumulation of defects with increasing age is the pri-
mary cause of many of the “symptoms” of aging, which
include, for example, progressive weakening of skeletal
and heart muscle.

A unique feature of mitochondrial inheritance is
the variation among individual cells, and between one
individual organism and another, in the effects of a
mtDNA mutation. A typical cell has hundreds or thou-
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FIGURE 19-39 Rotation of bacterial flagella by proton-motive force.
The shaft and rings at the base of the flagellum make up a rotary mo-
tor that has been called a “proton turbine.” Protons ejected by electron
transfer flow back into the cell through the turbine, causing rotation
of the shaft of the flagellum. This motion differs fundamentally from the
motion of muscle and of eukaryotic flagella and cilia, for which ATP
hydrolysis is the energy source.
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FIGURE 19-40 Single cells contain many mitochondria. A typical ani-
mal cell has hundreds or thousands of mitochondria, some fraction of
which may contain genomes with mutations that affect mitochondrial
function. This ovine (sheep) kidney epithelial cell was cultured in the
laboratory, fixed, and then stained with fluorescent probes that show
mitochondria as gold, microfilaments of actin red, and nuclei green
when observed in the fluorescence microscope.

sands of mitochondria, each with its own genome copy
(Fig. 19-40). Suppose that, in a female organism,
damage to one mitochondrial genome occurs in a germ
cell from which oocytes develop, such that the germ
cell contains mainly mitochondria with wild-type genes
but one mitochondrion with a mutant gene. During the
course of oocyte maturation, as this germ cell and its
descendants repeatedly divide, the defective mitochon-
drion replicates and its progeny, all defective, are ran-
domly distributed to daughter cells. Eventually, the
mature egg cells contain different proportions of the
defective mitochondria. When an egg cell is fertilized
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and undergoes the many divisions of embryonic develop-
ment, the resulting somatic cells differ in their propor-
tion of mutant mitochondria (Fig. 19-41a). (Keep in
mind that a developing embryo derives all of its mito-
chondria from the egg, none from the sperm cell.) This
heteroplasmy (in contrast to homoplasmy, in which
every mitochondrial genome in every cell is the same)
results in mutant phenotypes of varying degrees of
severity. Cells (and tissues) containing mostly wild-type
mitochondria have the wild-type phenotype; they are es-
sentially normal. Other heteroplasmic cells will have in-
termediate phenotypes, some almost normal, others
(with a high proportion of mutant mitochondria) abnor-
mal (Fig. 19-41Db). If the abnormal phenotype is associ-
ated with a disease (see below), individuals with the
same mtDNA mutation may have disease symptoms of
differing severity—depending on the number and dis-
tribution of affected mitochondria.

Some Mutations in Mitochondrial Genomes Cause Disease

ﬂir A growing number of human diseases have been
attributed to mutations in mitochondrial genes
that reduce the cell’s capacity to produce ATP. Some tis-
sues and cell types—neurons, myocytes of both skeletal
and cardiac muscle, and B cells of the pancreas—are
less able than others to tolerate lowered ATP production
and are therefore more affected by mutations in mito-
chondrial proteins.
A group of genetic diseases known as the mito-
chondrial encephalomyopathies affect primarily the
brain and skeletal muscle. These diseases are invariably

FIGURE 19-41 Heteroplasmy in mitochondrial genomes. (a) When a
mature egg cell is fertilized, all of the mitochondria in the resulting
diploid cell (zygote) are maternal; none come from the sperm. If some
fraction of the maternal mitochondria have a mutant gene, the random
distribution of mitochondria during subsequent cell divisions yields
some daughter cells with mostly mutant mitochondria, some with
mostly wild-type mitochondria, and some in between; thus the daughter
cells show varying degrees of heteroplasmy. (b) Different degrees of
heteroplasmy produce different cellular phenotypes. This section of
human muscle tissue is from an individual with defective cytochrome
oxidase. The cells have been stained to make wild-type cells blue and
cells with mutant cytochrome oxidase brown. As the micrograph
shows, different cells in the same tissue are affected to different
degrees by the mitochondrial mutation.

(b)



inherited from the mother, because, as noted above, a
developing embryo derives all its mitochondria from the
egg. The rare disease Leber’s hereditary optic neu-
ropathy (LHON) affects the central nervous system,
including the optic nerves, causing bilateral loss of vi-
sion in early adulthood. A single base change in the mi-
tochondrial gene ND4 (Fig. 19-38a) changes an Arg
residue to a His residue in a polypeptide of Complex I,
and the result is mitochondria partially defective in elec-
tron transfer from NADH to ubiquinone. Although these
mitochondria can produce some ATP by electron trans-
fer from succinate, they apparently cannot supply suffi-
cient ATP to support the very active metabolism of
neurons. One result is damage to the optic nerve, lead-
ing to blindness. A single base change in the mitochon-
drial gene for cytochrome b, a component of Complex
III, also produces LHON, demonstrating that the pathol-
ogy results from a general reduction of mitochondrial
function, not specifically from a defect in electron trans-
fer through Complex I.

A mutation (in ATP6) that affects the proton pore
in ATP synthase leads to low rates of ATP synthesis
while leaving the respiratory chain intact. The oxidative
stress due to the continued supply of electrons from
NADH increases the production of ROS, and the damage
to mitochondria caused by ROS sets up a vicious cycle.
Half of individuals with this mutant gene die within days
or months of birth.

Myoclonic epilepsy and ragged-red fiber dis-
ease (MERRF) is caused by a mutation in the mito-
chondrial gene that encodes a tRNA specific for lysine
(tRNA™®). This disease, characterized by uncontrol-
lable muscular jerking, apparently results from defec-
tive production of several of the proteins that require
mitochondrial tRNAs for their synthesis. Skeletal
muscle fibers of individuals with MERRF have abnor-
mally shaped mitochondria that sometimes contain
paracrystalline structures (Fig. 19-38b). Other muta-
tions in mitochondrial genes are believed to be re-
sponsible for the progressive muscular weakness that
characterizes mitochondrial myopathy and for en-
largement and deterioration of the heart muscle in
hypertrophic cardiomyopathy. According to one hy-
pothesis on the progressive changes that accompany
aging, the accumulation of mutations in mtDNA dur-
ing a lifetime of exposure to DNA-damaging agents
such as *Og results in mitochondria that cannot sup-
ply sufficient ATP for normal cellular function. Mito-
chondrial disease can also result from mutations in
any of the 900 nuclear genes that encode mitochondr-
ial proteins. m

Diabetes Can Result from Defects in the Mitochondria of
Pancreatic 3 Cells

‘%»" The mechanism that regulates the release of in-

sulin from pancreatic 8 cells hinges on the ATP
concentration in those cells. When blood glucose is high,
B cells take up glucose and oxidize it by glycolysis and
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the citric acid cycle, raising [ATP] above a threshold
level (Fig. 19-42). When [ATP] exceeds this threshold,
an ATP-gated K channel in the plasma membrane
closes, depolarizing the membrane and triggering in-
sulin release (see Fig. 23-28). Pancreatic 8 cells with
defects in oxidative phosphorylation cannot increase
[ATP] above this threshold, and the resulting failure of
insulin release effectively produces diabetes. For exam-
ple, defects in the gene for glucokinase, the hexokinase
IV isozyme present in B cells, lead to a rare form of dia-
betes, MODY2 (see Box 15-3); low glucokinase activity
prevents the generation of above-threshold [ATP],
blocking insulin secretion. Mutations in the mitochon-
drial tRNA'® or tRNA™" genes also compromise mito-
chondrial ATP production, and type 2 diabetes mellitus
is common among individuals with these defects (al-
though these cases make up a very small fraction of all
cases of diabetes).

When nicotinamide nucleotide transhydrogenase,
which is part of the mitochondrial defense against ROS
(see Fig. 19-18), is genetically defective, the accumula-
tion of ROS damages mitochondria, slowing ATP
production and blocking insulin release by B cells
(Fig. 19-42). Damage caused by ROS, including damage
to mtDNA, may also underlie other human diseases;
there is some evidence for its involvement in Alzheimer’s,
Parkinson’s, and Huntington’s diseases and in heart fail-
ure, as well as in aging. m
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FIGURE 19-42 Defective oxidative phosphorylation in pancreatic 8
cells blocks insulin secretion. Normally, when blood glucose rises, the
production of ATP in B cells increases. ATP, by blocking K™ channels,
depolarizes the plasma membrane and thus opens the voltage-gated
Ca®* channels. The resulting influx of Ca®" triggers exocytosis of
insulin-containing secretory vesicles, releasing insulin. When oxida-
tive phosphorylation in B cells is defective, [ATP] is never sufficient to
trigger this process, and insulin is not released.
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SUMMARY 19.5 Mitochondrial Genes:
Their Origin and the
Effects of Mutations

= A small proportion of human mitochondrial proteins,
13 in all, are encoded by the mitochondrial
genome and synthesized in mitochondria. About
900 mitochondrial proteins are encoded in nuclear
genes and imported into mitochondria after their
synthesis.

= Mitochondria arose from aerobic bacteria that
entered into an endosymbiotic relationship with
ancestral eukaryotes.

= Mutations in the mitochondrial genome accumulate
over the life of the organism. Mutations in the
genes that encode components of the respiratory
chain, ATP synthase, and the ROS-scavenging
system, and even in tRNA genes, can cause a
variety of human diseases, which often most
severely affect muscle, heart, pancreatic 8 cells,
and brain.

PHOTOSYNTHESIS: HARVESTING LIGHT ENERGY

We now turn to another reaction sequence in which the
flow of electrons is coupled to the synthesis of ATP:
light-driven phosphorylation. The capture of solar en-
ergy by photosynthetic organisms and its conversion to
the chemical energy of reduced organic compounds is
the ultimate source of nearly all biological energy. Pho-
tosynthetic and heterotrophic organisms live in a bal-
anced steady state in the biosphere (Fig. 19-43).
Photosynthetic organisms trap solar energy and form

Photosynthetic
cells

€O, H,0 O, Carbohydrate

Heterotrophic
cells

FIGURE 19-43 Solar energy as the ultimate source of all biological
energy. Photosynthetic organisms use the energy of sunlight to manu-
facture glucose and other organic products, which heterotrophic cells
use as energy and carbon sources.

ATP and NADPH, which they use as energy sources to
make carbohydrates and other organic compounds from
COy and H50; simultaneously, they release Oy into the
atmosphere. Aerobic heterotrophs (humans, for exam-
ple, as well as plants during dark periods) use the Oy so
formed to degrade the energy-rich organic products of
photosynthesis to COy and H,O, generating ATP. The
COg returns to the atmosphere, to be used again by pho-
tosynthetic organisms. Solar energy thus provides the
driving force for the continuous cycling of CO, and
Oy through the biosphere and provides the reduced
substrates—fuels, such as glucose—on which nonpho-
tosynthetic organisms depend.

Photosynthesis occurs in a variety of bacteria and in
unicellular eukaryotes (algae) as well as in vascular
plants. Although the process in these organisms differs
in detail, the underlying mechanisms are remarkably
similar, and much of our understanding of photosynthe-
sis in vascular plants is derived from studies of simpler
organisms. The overall equation for photosynthesis
in vascular plants describes an oxidation-reduction
reaction in which HoO donates electrons (as hydrogen)
for the reduction of CO4 to carbohydrate (CH50):

CO, + Hy0 —2%5 0, + (CH,0)

19.6 General Features of
Photophosphorylation

Unlike NADH (the major electron donor in oxidative
phosphorylation), HO is a poor donor of electrons; its
standard reduction potential is 0.816 V, compared with
—0.320 V for NADH. Photophosphorylation differs from
oxidative phosphorylation in requiring the input of en-
ergy in the form of light to create a good electron donor
and a good electron acceptor. In photophosphorylation,
electrons flow through a series of membrane-bound car-
riers including cytochromes, quinones, and iron-sulfur
proteins, while protons are pumped across a membrane
to create an electrochemical potential. Electron transfer
and proton pumping are catalyzed by membrane
complexes homologous in structure and function to
Complex III of mitochondria. The electrochemical po-
tential they produce is the driving force for ATP synthe-
sis from ADP and P;, catalyzed by a membrane-bound
ATP synthase complex closely similar to that of oxidative
phosphorylation.

Photosynthesis in plants encompasses two processes:
the light-dependent reactions, or light reactions,
which occur only when plants are illuminated, and the
carbon-assimilation reactions (or carbon-fixation
reactions), sometimes misleadingly called the dark reac-
tions, which are driven by products of the light reactions
(Fig. 19-44). In the light reactions, chlorophyll and other
pigments of photosynthetic cells absorb light energy and
conserve it as ATP and NADPH; simultaneously, Oy is
evolved. In the carbon-assimilation reactions, ATP and
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FIGURE 19-44 The light reactions of photosynthesis generate energy-
rich NADPH and ATP at the expense of solar energy. NADPH and ATP
are used in the carbon-assimilation reactions, which occur in light or
darkness, to reduce CO, to form trioses and more complex com-
pounds (such as glucose) derived from trioses.

NADPH are used to reduce CO, to form triose phosphates,
starch, and sucrose, and other products derived from
them. In this chapter we are concerned only with the light-
dependent reactions that lead to the synthesis of ATP and
NADPH. The reduction of CO, is described in Chapter 20.

Photosynthesis in Plants Takes Place in Chloroplasts

In photosynthetic eukaryotic cells, both the light-
dependent and the carbon-assimilation reactions take
place in the chloroplasts (Fig. 19-45), intracellular or-
ganelles that are variable in shape and generally a few
micrometers in diameter. Like mitochondria, they are
surrounded by two membranes, an outer membrane
that is permeable to small molecules and ions, and an

Outer membrane

Inner membrane

Thylakoids

]
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inner membrane that encloses the internal compart-
ment. This compartment contains many flattened, mem-
brane-surrounded vesicles or sacs, the thylakoids,
usually arranged in stacks called grana (Fig. 19-45b).
Embedded in the thylakoid membranes (commonly
called lamellae) are the photosynthetic pigments and
the enzyme complexes that carry out the light reactions
and ATP synthesis. The stroma (the aqueous phase en-
closed by the inner membrane) contains most of the en-
zymes required for the carbon-assimilation reactions.

Light Drives Electron Flow in Chloroplasts

In 1937 Robert Hill found that when leaf extracts con-
taining chloroplasts were illuminated, they (1) evolved
Oy and (2) reduced a nonbiological electron acceptor
added to the medium, according to the Hill reaction:

light

2H,0 + 2A —25 9AH, + O,

where A is the artificial electron acceptor, or Hill
reagent. One Hill reagent, the dye 2,6-dichlorophenolin-
dophenol, is blue when oxidized (A) and colorless when
reduced (AH,), making the reaction easy to follow.

fealies
<liNe

Ox1dlzed form Reduced form
(blue) (colorless)

Dichlorophenolindophenol

When a leaf extract supplemented with the dye was
illuminated, the blue dye became colorless and Oy was
evolved. In the dark, neither O5 evolution nor dye reduc-
tion took place. This was the first evidence that absorbed

Grana (thylakoids)

7 Stroma

(b)

FIGURE 19-45 Chloroplast. (a) Schematic diagram. (b) Electron mi-
(a) crograph at high magnification showing grana, stacks of thylakoid

membranes.
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light energy causes electrons to flow from HyO to an elec-
tron acceptor. Moreover, Hill found that CO, was neither
required nor reduced to a stable form under these condi-
tions; Oy evolution could be dissociated from CO, reduc-
tion. Several years later Severo Ochoa showed that
NADP™ is the biological electron acceptor in chloro-
plasts, according to the equation

9H,0 + 2NADP* —2**;, 9NADPH + 2H" + O,

To understand this photochemical process, we must
first consider the more general topic of the effects of
light absorption on molecular structure.

SUMMARY 19.6 General Features of
Photophosphorylation

= The light reactions of photosynthesis are those
directly dependent on the absorption of light; the
resulting photochemistry takes electrons from
H50 and drives them through a series of
membrane-bound carriers, producing NADPH
and ATP.

m  The carbon-assimilation reactions of
photosynthesis reduce CO, with electrons from
NADPH and energy from ATP.

19.7 Light Absorption

Visible light is electromagnetic radiation of wavelengths
400 to 700 nm, a small part of the electromagnetic spec-
trum (Fig. 19-46), ranging from violet to red. The en-
ergy of a single photon (a quantum of light) is greater at
the violet end of the spectrum than at the red end;
shorter wavelength (and higher frequency) corresponds
to higher energy. The energy, F, in a single photon of vis-
ible light is given by the Planck equation:

E = hv = he/A

where £ is Planck’s constant (6.626 X 1072*J « s), v is
the frequency of the light in cycles/s, ¢ is the speed of
light (3.00 X 10®m/s), and A is the wavelength in meters.

The energy of a photon of visible light ranges from
150 kJ/einstein for red light to ~300 kJ/einstein for violet
light.

I WORKED EXAMPLE 19-2

The light used by vascular plants for photosynthesis has
a wavelength of about 700 nm. Calculate the energy in a
“mole” of photons (an einstein) of light of this wave-
length, and compare this with the energy needed to syn-
thesize a mole of ATP.

Solution: The energy in a single photon is given by the
Planck equation. At a wavelength of 700 X 10~ m, the
energy of a photon is

Energy of a Photon

E = he/A
= [(6.626 x 10734 J - $)(3.00 X 10® m/s)]/(7.00 X 10~ " m)
=284 x1079J

An einstein of light is Avogadro’s number (6.022 X 10%%)
of photons, thus the energy of one einstein of photons at
700 nm is given by

(2.84 x 1071° J/photon)(6.022 X 10?2 photons/einstein)
= 17.1 X 10* J/einstein

= 171 kdJ/einstein.

So, a “mole” of photons of red light has about five times
the energy needed to produce a mole of ATP from ADP
and P; (30.5 kJ/mol).

When a photon is absorbed, an electron in the ab-
sorbing molecule (chromophore) is lifted to a higher en-
ergy level. This is an all-or-nothing event; to be
absorbed, the photon must contain a quantity of energy
(a quantum) that exactly matches the energy of the
electronic transition. A molecule that has absorbed a
photon is in an excited state, which is generally unsta-
ble. An electron lifted into a higher-energy orbital usu-
ally returns rapidly to its lower-energy orbital;, the
excited molecule decays to the stable ground state,
giving up the absorbed quantum as light or heat or using

Typ_e O.f Gamma rays | Xrays | UV | |Infrared| Microwaves Radio waves
radiation
Wavelength <lnm 100 nm <1 millimeter 1 meter Thousands of meters
Visible light
Yellow
Violet Blue Cyan Green Orange Red
Wavelength 380 430 500 560 600 750 FIGURE 19-46 Electromagnetic radiation. The
(nm) spectrum of electromagnetic radiation, and the en-
Energy 300 240 200 170 ergy of photons in the visible range. One einstein
(kd/einstein) is 6.022 X 10?* photons.



it to do chemical work. Light emission accompanying
decay of excited molecules (called fluorescence) is al-
ways at a longer wavelength (lower energy) than that of
the absorbed light (see Box 12-3). An alternative mode
of decay important in photosynthesis involves direct
transfer of excitation energy from an excited molecule
to a neighboring molecule. Just as the photon is a
quantum of light energy, so the exciton is a quantum of
energy passed from an excited molecule to another mol-
ecule in a process called exciton transfer.

19.7 Light Absorption [745]

Chlorophylls Absorb Light Energy for Photosynthesis

The most important light-absorbing pigments in the
thylakoid membranes are the chlorophylls, green
pigments with polycyclic, planar structures resembling
the protoporphyrin of hemoglobin (see Fig. 5-1), ex-
cept that Mg®*, not Fe?™, occupies the central position
(Fig. 19-47). The four inward-oriented nitrogen
atoms of chlorophyll are coordinated with the Mg2+. All
chlorophylls have a long phytol side chain, esterified to
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FIGURE 19-47 Primary and secondary photopigments. (a) Chloro-
phylls a and b and bacteriochlorophyll are the primary gatherers of
light energy. (b) Phycoerythrobilin and phycocyanobilin (phycobilins)
are the antenna pigments in cyanobacteria and red algae. (c) B-

Carotene (a carotenoid) and (d) lutein (a xanthophyll) are accessory
pigments in plants. The areas shaded pink are the conjugated systems
(alternating single and double bonds) that largely account for the ab-
sorption of visible light.
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FIGURE 19-48 Absorption of visible light by photopigments. Plants
are green because their pigments absorb light from the red and blue re-
gions of the spectrum, leaving primarily green light to be reflected or
transmitted. Compare the absorption spectra of the pigments with the
spectrum of sunlight reaching the earth’s surface; the combination of
chlorophylls (a and b) and accessory pigments enables plants to har-
vest most of the energy available in sunlight.

a carboxyl-group substituent in ring IV, and chloro-
phylls also have a fifth five-membered ring not present
in heme.

The heterocyclic five-ring system that surrounds
the Mg2+ has an extended polyene structure, with
alternating single and double bonds. Such polyenes
characteristically show strong absorption in the vis-
ible region of the spectrum (Fig. 19-48); the
chlorophylls have unusually high molar extinction
coefficients (see Box 3-1) and are therefore partic-
ularly well-suited for absorbing visible light during
photosynthesis.

Chloroplasts always contain both chlorophyll a and
chlorophyll b (Fig. 19-47a). Although both are green,
their absorption spectra are sufficiently different
(Fig. 19-48) that they complement each other’s range of
light absorption in the visible region. Most plants con-
tain about twice as much chlorophyll a as chlorophyll b.
The pigments in algae and photosynthetic bacteria in-
clude chlorophylls that differ only slightly from the plant
pigments.

Chlorophyll is always associated with specific bind-
ing proteins, forming light-harvesting complexes
(LHCs) in which chlorophyll molecules are fixed in
relation to each other, to other protein complexes, and
to the membrane. One light-harvesting complex (LHCII;
Fig. 19-49) contains seven molecules of chlorophyll a,
five of chlorophyll b, and two of the accessory pigment
lutein (see below).

Cyanobacteria and red algae employ phycobilins
such as phycoerythrobilin and phycocyanobilin (Fig.
19-47b) as their light-harvesting pigments. These open-

The relative amounts of chlorophylls and accessory pigments are
characteristic of a particular plant species. Variation in the proportions
of these pigments is responsible for the range of colors of photosyn-
thetic organisms, from the deep blue-green of spruce needles, to the
greener green of maple leaves, to the red, brown, or purple color of
some species of multicellular algae and the leaves of some foliage
plants favored by gardeners.

chain tetrapyrroles have the extended polyene system
found in chlorophylls, but not their cyclic structure or
central Mg2+. Phycobilins are covalently linked to spe-
cific binding proteins, forming phycobiliproteins,
which associate in highly ordered complexes called

Chlorophyll a

Lutein
Chlorophyll &

FIGURE 19-49 A light-harvesting complex, LHCII. (PDB ID 2BHW)
The functional unit is an LHC trimer, with 36 chlorophyll and 6 lutein
molecules. Shown here is a monomer, viewed in the plane of the mem-
brane, with its three transmembrane a-helical segments, seven chloro-
phyll a molecules (light green), five chlorophyll b molecules (dark
green), and two molecules of the accessory pigment lutein (yellow),
which form an internal cross-brace.
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FIGURE 19-50 A phycobilisome. In these highly structured assemblies
found in cyanobacteria and red algae, phycobilin pigments bound to
specific proteins form complexes called phycoerythrin (PE), phyco-
cyanin (PC), and allophycocyanin (AP). The energy of photons absorbed
by PE or PC is conveyed through AP (a phycocyanobilin-binding
protein) to chlorophyll a of the reaction center by exciton transfer, a
process discussed in the text.

phycobilisomes (Fig. 19-50) that constitute the primary
light-harvesting structures in these microorganisms.

Accessory Pigments Extend the Range of Light Absorption

In addition to chlorophylls, thylakoid membranes con-
tain secondary light-absorbing pigments, or accessory
pigments, called carotenoids. Carotenoids may be
yellow, red, or purple. The most important are -
carotene, which is a red-orange isoprenoid, and the
yellow carotenoid lutein (Fig. 19-47c, d). The
carotenoid pigments absorb light at wavelengths not ab-
sorbed by the chlorophylls (Fig. 19-48) and thus are
supplementary light receptors.

Experimental determination of the effectiveness of
light of different colors in promoting photosynthesis
yields an action spectrum (Fig. 19-51), often useful
in identifying the pigment primarily responsible for a bi-
ological effect of light. By capturing light in a region of
the spectrum not used by other organisms, a photosyn-
thetic organism can claim a unique ecological niche. For
example, the phycobilins in red algae and cyanobacteria
absorb light in the range 520 to 630 nm (Fig. 19-48), al-
lowing them to occupy niches where light of lower or
higher wavelength has been filtered out by the pigments
of other organisms living in the water above them, or by
the water itself.

Chlorophyll Funnels the Absorbed Energy to Reaction
Centers by Exciton Transfer

The light-absorbing pigments of thylakoid or bacterial
membranes are arranged in functional arrays called
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FIGURE 19-51 Two ways to determine the action spectrum for pho-
tosynthesis. (a) Results of a classic experiment performed by T. W.
Englemann in 1882 to determine the wavelength of light that is most
effective in supporting photosynthesis. Englemann placed cells of a
filamentous photosynthetic alga on a microscope slide and illumi-
nated them with light from a prism, so that one part of the filament re-
ceived mainly blue light, another part yellow, another red. To
determine which algal cells carried out photosynthesis most actively,
Englemann also placed on the microscope slide bacteria known to
migrate toward regions of high O, concentration. After a period of il-
lumination, the distribution of bacteria showed highest O, levels (pro-
duced by photosynthesis) in the regions illuminated with violet and
red light.

(b) Results of a similar experiment that used modern techniques
(an oxygen electrode) for the measurement of O, production. An ac-
tion spectrum (as shown here) describes the relative rate of photosyn-
thesis for illumination with a constant number of photons of different
wavelengths. An action spectrum is useful because, by comparison
with absorption spectra (such as those in Fig. 19-48), it suggests which
pigments can channel energy into photosynthesis.

photosystems. In spinach chloroplasts, for example,
each photosystem contains about 200 chlorophyll and
50 carotenoid molecules. All the pigment molecules in
a photosystem can absorb photons, but only a few
chlorophyll molecules associated with the photo-
chemical reaction center are specialized to trans-
duce light into chemical energy. The other pigment
molecules in a photosystem are called light-harvest-
ing or antenna molecules. They absorb light energy
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FIGURE 19-52 Organization of photosystems in the thylakoid mem-
brane. Photosystems are tightly packed in the thylakoid membrane,
with several hundred antenna chlorophylls and accessory pigments sur-
rounding a photoreaction center. Absorption of a photon by any of the
antenna chlorophylls leads to excitation of the reaction center by exci-
ton transfer (black arrow). Also embedded in the thylakoid membrane
are the cytochrome bef complex and ATP synthase (see Fig. 19-60).

and transmit it rapidly and efficiently to the reaction
center (Fig. 19-52).

The chlorophyll molecules in light-harvesting com-
plexes have light-absorption properties that are subtly
different from those of free chlorophyll. When isolated
chlorophyll molecules in vitro are excited by light, the
absorbed energy is quickly released as fluorescence
and heat, but when chlorophyll in intact leaves is excited
by visible light (Fig. 19-53, step (1)), very little fluores-
cence is observed. Instead, the excited antenna chloro-
phyll transfers energy directly to a neighboring
chlorophyll molecule, which becomes excited as the first

FIGURE 19-53 Exciton and electron transfer. This generalized scheme
shows conversion of the energy of an absorbed photon into separation
of charges at the reaction center. The steps are further described in the
text. Note that step (1) may repeat between successive antenna mole-
cules until the exciton reaches a reaction-center chlorophyll. The
asterisk (*) represents the excited state of an antenna molecule.
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molecule returns to its ground state (step (2). This
transfer of energy, exciton transfer, extends to a third,
fourth, or subsequent neighbor, until one of a special pair
of chlorophyll @ molecules at the photochemical reaction
center is excited (step @)). In this excited chlorophyll
molecule, an electron is promoted to a higher-energy or-
bital. This electron then passes to a nearby electron
acceptor that is part of the electron-transfer chain, leav-
ing the reaction-center chlorophyll with a missing elec-
tron (an “electron hole,” denoted by + in Fig. 19-53)
(step @)). The electron acceptor acquires a negative
charge in this transaction. The electron lost by the
reaction-center chlorophyll is replaced by an electron from
a neighboring electron-donor molecule (step5)), which
thereby becomes positively charged. In this way,
excitation by light causes electric charge separation
and matiates an oxidation-reduction chain.

SUMMARY 19.7 Light Absorption

= Photophosphorylation in the chloroplasts of green
plants and in cyanobacteria involves electron flow
through a series of membrane-bound carriers.

= In the light reactions of plants, absorption of a
photon excites chlorophyll molecules and other
(accessory) pigments, which funnel the energy into
reaction centers in the thylakoid membranes. In the
reaction centers, photoexcitation results in a
charge separation that produces a strong electron
donor (reducing agent) and a strong electron
acceptor.

19.8 The Central Photochemical Event:
Light-Driven Electron Flow

Light-driven electron transfer in plant chloroplasts dur-
ing photosynthesis is accomplished by multienzyme sys-
tems in the thylakoid membrane. Our current picture of
photosynthetic mechanisms is a composite, drawn from
studies of plant chloroplasts and a variety of bacteria
and algae. Determination of the molecular structures of
bacterial photosynthetic complexes (by x-ray crystal-
lography) has given us a much improved understanding
of the molecular events in photosynthesis in general.

Bacteria Have One of Two Types of Single Photochemical
Reaction Center

One major insight from studies of photosynthetic bacte-
ria came in 1952 when Louis Duysens found that illumi-
nation of the photosynthetic membranes of the purple
bacterium Rhodospirillum rubrum with a pulse of
light of a specific wavelength (870 nm) caused a tempo-
rary decrease in the absorption of light at that wave-
length; a pigment was “bleached” by 870 nm light. Later
studies by Bessel Kok and Horst Witt showed similar
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bleaching of plant chloroplast pigments by light of 680
and 700 nm. Furthermore, addition of the (nonbiologi-
cal) electron acceptor [Fe(CN)g]? ™ (ferricyanide) caused
bleaching at these wavelengths without illumination.
These findings indicated that bleaching of the pigments
was due to the loss of an electron from a photochemical
reaction center. The pigments were named for the wave-
length of maximum bleaching: P870, P680, and P700.

Photosynthetic bacteria have relatively simple pho-
totransduction machinery, with one of two general types
of reaction center. One type (found in purple bacteria)
passes electrons through pheophytin (chlorophyll lack-
ing the central Mg** ion) to a quinone. The other
(in green sulfur bacteria) passes electrons through a
quinone to an iron-sulfur center. Cyanobacteria and
plants have two photosystems (PSI, PSII), one of each
type, acting in tandem. Biochemical and biophysical
studies have revealed many of the molecular details of
reaction centers of bacteria, which therefore serve as
prototypes for the more complex phototransduction sys-
tems of plants.

The Pheophytin-Quinone Reaction Center (Type
II Reaction Center) The photosynthetic machinery
in purple bacteria consists of three basic modules
(Fig. 19-54a): a single reaction center (P870), a cy-
tochrome bc; electron-transfer complex similar to Com-
plex III of the mitochondrial electron-transfer chain, and
an ATP synthase, also similar to that of mitochondria. Il-
lumination drives electrons through pheophytin and a
quinone to the cytochrome bc; complex; after passing
through the complex, electrons flow through cytochrome
cq back to the reaction center, restoring its preillumina-
tion state. This light-driven cyclic flow of electrons pro-
vides the energy for proton pumping by the cytochrome
bc, complex. Powered by the resulting proton gradient,
ATP synthase produces ATP, exactly as in mitochondria.

The three-dimensional structures of the reaction
centers of purple bacteria (Rhodopseudomonas
viridis and Rhodobacter sphaeroides), deduced from
x-ray crystallography, shed light on how phototrans-
duction takes place in a pheophytin-quinone reaction
center. The R. viridis reaction center (Fig. 19-55a)
is a large protein complex containing four polypeptide
subunits and 13 cofactors: two pairs of bacterial
chlorophylls, a pair of pheophytins, two quinones, a
nonheme iron, and four hemes in the associated c-type
cytochrome.

The extremely rapid sequence of electron transfers
shown in Figure 19-55b has been deduced from physical
studies of the bacterial pheophytin-quinone centers, using
brief flashes of light to trigger phototransduction and a va-
riety of spectroscopic techniques to follow the flow of
electrons through several carriers. A pair of bacterio-
chlorophylls—the “special pair,” designated (Chl),—is
the site of the initial photochemistry in the bacterial reac-
tion center. Energy from a photon absorbed by one of the
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FIGURE 19-54 Functional modules of photosynthetic machinery in
purple bacteria and green sulfur bacteria. (a) In purple bacteria, light
energy drives electrons from the reaction-center P870 through pheo-
phytin (Pheo), a quinone (Q), and the cytochrome bc; complex, then
through cytochrome ¢, and thus back to the reaction center. Electron
flow through the cytochrome bcy complex causes proton pumping, cre-

many antenna chlorophyll molecules surrounding the re-
action center reaches (Chl), by exciton transfer. When
these two chlorophyll molecules—so close that their
bonding orbitals overlap—absorb an exciton, the redox
potential of (Chl), is shifted, by an amount equivalent to
the energy of the photon, converting the special pair to a
very strong electron donor. The (Chl), donates an elec-
tron that passes through a neighboring chlorophyll
monomer to pheophytin (Pheo). This produces two radi-
cals, one positively charged (the special pair of chloro-
phylls) and one negatively charged (the pheophytin):

(Chl)y + 1 exciton — (Chl)} (excitation)

(ChD)% + Pheo —> "(Chl); + "Pheo~  (charge separation)

The pheophytin radical now passes its electron to a
tightly bound molecule of quinone (Q,), converting it to
a semiquinone radical, which immediately donates its
extra electron to a second, loosely bound quinone (Qg).
Two such electron transfers convert Qg to its fully re-
duced form, QgHs, which is free to diffuse in the mem-
brane bilayer, away from the reaction center:

2 'Pheo” + 2H" + Qg —> 2 Pheo + QgH,
(quinone reduction)

Excitons

P840* —) Fd

‘\

RC
P840

Proton
gradient

Green sulfur bacteria
(Fe-S type)
(b)

ating an electrochemical potential that powers ATP synthesis. (b) Green
sulfur bacteria have two routes for electrons driven by excitation of
P840: a cyclic route through a quinone to the cytochrome bc; complex
and back to the reaction center via cytochrome ¢, and a noncyclic route
from the reaction center through the iron-sulfur protein ferredoxin (Fd),
then to NAD™ in a reaction catalyzed by ferredoxin:NAD reductase.

The hydroquinone (QpHs), carrying in its chemical
bonds some of the energy of the photons that originally
excited P870, enters the pool of reduced quinone (QHs)
dissolved in the membrane and moves through the lipid
phase of the bilayer to the cytochrome bc,; complex.

Like the homologous Complex III in mitochondria,
the cytochrome bc; complex of purple bacteria carries
electrons from a quinol donor (QHs) to an electron ac-
ceptor, using the energy of electron transfer to pump
protons across the membrane, producing a proton-motive
force. The path of electron flow through this complex is
believed to be very similar to that through mitochon-
drial Complex III, involving a @ cycle (Fig. 19-12) in
which protons are consumed on one side of the mem-
brane and released on the other. The ultimate electron
acceptor in purple bacteria is the electron-depleted
form of P870, *(Chl)," (Fig. 19-54a). Electrons move
from the cytochrome bc, complex to P870 via a soluble
c-type cytochrome, cytochrome cs. The electron-trans-
fer process completes the cycle, returning the reaction
center to its unbleached state, ready to absorb another
exciton from antenna chlorophyll.

A remarkable feature of this system is that all the
chemistry occurs in the solid state, with reacting species
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FIGURE 19-55 Photoreaction center of the purple bacterium
Rhodopseudomonas viridis. (PDB ID 1PRC) (a) The system has four com-
ponents: three subunits, H, M, and L (brown, blue, and gray, respectively),
with a total of 11 transmembrane helical segments, and a fourth protein,
cytochrome c (yellow), associated with the complex at the membrane sur-
face. Subunits L and M are paired transmembrane proteins that together
form a cylindrical structure with roughly bilateral symmetry about its long
axis. Shown as space-filling models (and in (b) as ball-and-stick structures)
are the prosthetic groups that participate in the photochemical events.
Bound to the L and M chains are two pairs of bacteriochlorophyll mole-
cules (green); one of the pairs—the “special pair,” (Chl),—is the site of the
first photochemical changes after light absorption. Also incorporated in
the system are a pair of pheophytin a (Pheo a) molecules (blue); two
quinones, menaquinone (Q,) and ubiquinone (Qg) (orange and yellow),

held close together in the right orientation for reaction.
The result is a very fast and efficient series of reactions.

The Fe-S Reaction Center (Type I Reaction Center)
Photosynthesis in green sulfur bacteria involves the same
three modules as in purple bacteria, but the process dif-
fers in several respects and involves additional enzymatic
reactions (Fig. 19-b4b). Excitation causes an electron to
move from the reaction center to the cytochrome bc;
complex via a quinone carrier. Electron transfer through
this complex powers proton transport and creates the
proton-motive force used for ATP synthesis, just as in pur-
ple bacteria and in mitochondria. However, in contrast to
the cyclic flow of electrons in purple bacteria, some elec-
trons flow from the reaction center to an iron-sulfur pro-
tein, ferredoxin, which then passes electrons via
ferredoxin:NAD reductase to NAD™, producing NADH.
The electrons taken from the reaction center to reduce
NAD™ are replaced by the oxidation of H,S to elemental S,
then to SO, in the reaction that defines the green sulfur
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also arranged with bilateral symmetry; and a single nonheme Fe (red) lo-
cated approximately on the axis of symmetry between the quinones.
Shown at the top of the figure are four heme groups (red) associated with
the c-type cytochrome of the reaction center. The reaction center of an-
other purple bacterium, Rhodobacter sphaeroides, is very similar, except
that cytochrome c is not part of the crystalline complex.

(b) Sequence of events following excitation of the special pair of
bacteriochlorophylls (all components colored as in (a)), with the time
scale of the electron transfers in parentheses. (1) The excited special
pair passes an electron to pheophytin, (2) from which the electron
moves rapidly to the tightly bound menaquinone, Q4. 3) This quinone
passes electrons much more slowly to the diffusible ubiquinone, Qg,
through the nonheme Fe. Meanwhile, (4 the “electron hole” in the
special pair is filled by an electron from a heme of cytochrome c.

bacteria. This oxidation of HyS by bacteria is chemically
analogous to the oxidation of H,O by oxygenic plants.

Kinetic and Thermodynamic Factors Prevent the
Dissipation of Energy by Internal Conversion

The complex construction of reaction centers is the prod-
uct of evolutionary selection for efficiency in the photo-
synthetic process. The excited state (Chl)% could in
principle decay to its ground state by internal conversion,
a very rapid process (10 picoseconds; 1 ps = 107 s) in
which the energy of the absorbed photon is converted to
heat (molecular motion). Reaction centers are con-
structed to prevent the inefficiency that would result from
internal conversion. The proteins of the reaction center
hold the bacteriochlorophylls, bacteriopheophytins, and
quinones in a fixed orientation relative to each other, al-
lowing the photochemical reactions to take place in a vir-
tually solid state. This accounts for the high efficiency and
rapidity of the reactions; nothing is left to chance collision
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or random diffusion. Exciton transfer from antenna
chlorophyll to the special pair of the reaction center is ac-
complished in less than 100 ps with >90% efficiency.
Within 3 ps of the excitation of P870, pheophytin has re-
ceived an electron and become a negatively charged radi-
cal; less than 200 ps later, the electron has reached the
quinone Qg (Fig. 19-65b). The electron-transfer reactions
not only are fast but are thermodynamically “downhill”;
the excited special pair (Chl)% is a very good electron
donor (E'° = —1V), and each successive electron transfer
is to an acceptor of substantially less negative £'°. The
standard free-energy change for the process is therefore
negative and large; recall from Chapter 13 that AG'® =
—nFAE'®; here, AE'° is the difference between the stan-
dard reduction potentials of the two half-reactions

(1) (Chl)s — *(ChDy + e~ E°=-10V
(2) Q+2H" + 2~ — QH, E°=-0.045V

Thus
AE'® = —-0.045V - (-1.0V) =095V
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FIGURE 19-56 Integration of photosystems I and Il in chloroplasts. This
“Z scheme” shows the pathway of electron transfer from H,O (lower left)
to NADP™ (far right) in noncyclic photosynthesis. The position on the
vertical scale of each electron carrier reflects its standard reduction po-
tential. To raise the energy of electrons derived from H,O to the energy
level required to reduce NADP™ to NADPH, each electron must be
“lifted” twice (heavy arrows) by photons absorbed in PSIl and PSI. One
photon is required per electron in each photosystem. After excitation,

Cyclic

and
AG'® = —2(96.5 kJ/V - mol)(0.95 V) = —180 kJ/mol

The combination of fast kinetics and favorable thermody-
namics makes the process virtually irreversible and highly
efficient. The overall energy yield (the percentage of the
photon’s energy conserved in QHs) is >30%, with the re-
mainder of the energy dissipated as heat and entropy.

In Plants, Two Reaction Centers Act in Tandem

The photosynthetic apparatus of modern cyanobacte-
ria, algae, and vascular plants is more complex than the
one-center bacterial systems, and it seems to have
evolved through the combination of two simpler bacte-
rial photocenters. The thylakoid membranes of chloro-
plasts have two different kinds of photosystems, each
with its own type of photochemical reaction center and
set of antenna molecules. The two systems have dis-
tinct and complementary functions (Fig. 19-56). Pho-
tosystem II (PSII) is a pheophytin-quinone type of
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PQg = second quinone

A, = electron acceptor chlorophyll
A; = phylloquinone

the high-energy electrons flow “downhill” through the carrier chains
shown. Protons move across the thylakoid membrane during the water-
splitting reaction and during electron transfer through the cytochrome
bef complex, producing the proton gradient that is essential to ATP for-
mation. An alternative path of electrons is cyclic electron transfer, in
which electrons move from ferredoxin back to the cytochrome byf com-
plex, instead of reducing NADP™ to NADPH. The cyclic pathway pro-
duces more ATP and less NADPH than the noncyclic.



system (like the single photosystem of purple bacte-
ria) containing roughly equal amounts of chlorophylls
a and b. Excitation of its reaction-center P680 drives
electrons through the cytochrome bgf complex with
concomitant movement of protons across the thy-
lakoid membrane. Photosystem I (PSI) is struc-
turally and functionally related to the type I reaction
center of green sulfur bacteria. It has a reaction center
designated P700 and a high ratio of chlorophyll a to
chlorophyll b. Excited P700 passes electrons to the
Fe-S protein ferredoxin, then to NADP", producing
NADPH. The thylakoid membranes of a single spinach
chloroplast have many hundreds of each kind of pho-
tosystem.

These two reaction centers in plants act in tandem
to catalyze the light-driven movement of electrons from
H,0 to NADP™ (Fig. 19-56). Electrons are carried be-
tween the two photosystems by the soluble protein
plastocyanin, a one-electron carrier functionally simi-
lar to cytochrome c¢ of mitochondria. To replace the elec-
trons that move from PSII through PSI to NADP™,
cyanobacteria and plants oxidize H,O (as green sulfur
bacteria oxidize H,S), producing O, (Fig. 19-56, bottom
left). This process is called oxygenic photosynthesis
to distinguish it from the anoxygenic photosynthesis of
purple and green sulfur bacteria. All Oy-evolving photo-
synthetic cells—those of plants, algae, and cyanobacte-
ria—contain both PSI and PSII; organisms with only one
photosystem do not evolve O,. The diagram in Fig-
ure 19-56, often called the Z scheme because of its
overall form, outlines the pathway of electron flow be-
tween the two photosystems and the energy relation-
ships in the light reactions. The Z scheme thus describes
the complete route by which electrons flow from H;0 to
NADP™, according to the equation

2H,0 + 2NADP* + 8 photons —> O, + 2NADPH + 2H "

For every two photons absorbed (one by each photosys-
tem), one electron is transferred from HyO to NADP ™. To
form one molecule of O, which requires transfer of four
electrons from two H,0 to two NADP™, a total of eight
photons must be absorbed, four by each photosystem.

The mechanistic details of the photochemical reac-
tions in PSII and PSI are essentially similar to those of
the two bacterial photosystems, with several important
additions. In PSII, two very similar proteins, D1 and D2,
form an almost symmetric dimer, to which all the
electron-carrying cofactors are bound (Fig. 19-57).
Excitation of P680 in PSII produces P680*, an excellent
electron donor that, within picoseconds, transfers an
electron to pheophytin, giving it a negative charge
("Pheo ™). With the loss of its electron, P680* is trans-
formed into a radical cation, P6S0™. "Pheo” very rapidly
passes its extra electron to a protein-bound plasto-
quinone, PQ, (or Q,), which in turn passes its electron
to another, more loosely bound plastoquinone, PQg (or
Qp). When PQg has acquired two electrons in two such
transfers from PQ, and two protons from the solvent
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FIGURE 19-57 Photosystem I of the cyanobacterium Synechococcus
elongates. The monomeric form of the complex shown here has two
major transmembrane proteins, D1 and D2, each with its set of cofac-
tors. Although the two subunits are nearly symmetric, electron flow oc-
curs through only one of the two branches of cofactors, that on the
right (on D1). The arrows show the path of electron flow from the Mn
ion cluster (Mny) of the water-splitting enzyme to the quinone PQpg.
The photochemical events occur in the sequence indicated by the step
numbers. Notice the close similarity between the positions of cofactors
here and the positions in the bacterial photoreaction center shown in
Figure 19-55. The role of the Tyr residues is discussed later in the text.

water, it is in its fully reduced quinol form, PQgH,. The
overall reaction initiated by light in PSII is

4P680 + 4H" + 2 PQg + 4 photons —>
4P680T + 2PQgH, (19-12)

Eventually, the electrons in PQgH, pass through the cy-
tochrome bg f complex (Fig. 19-56). The electron ini-
tially removed from P680 is replaced with an electron
obtained from the oxidation of water, as described below.
The binding site for plastoquinone is the point of action
of many commercial herbicides that kill plants by block-
ing electron transfer through the cytochrome bg f com-
plex and preventing photosynthetic ATP production.
The photochemical events that follow excitation of
PSI at the reaction-center P700 are formally similar to
those in PSII. The excited reaction-center P700* loses
an electron to an acceptor, A, (believed to be a special
form of chlorophyll, functionally homologous to the
pheophytin of PSID), creating A, and P700* (Fig. 19-56,
right side); again, excitation results in charge separation
at the photochemical reaction center. P700™ is a strong
oxidizing agent, which quickly acquires an electron from
plastocyanin, a soluble Cu-containing electron-transfer
protein. A,y is an exceptionally strong reducing agent
that passes its electron through a chain of carriers that
leads to NADP ™. First, phylloquinone (A,) accepts an
electron and passes it to an iron-sulfur protein (through
three Fe-S centers in PSI). From here, the electron
moves to ferredoxin (Fd), another iron-sulfur protein
loosely associated with the thylakoid membrane.
Spinach ferredoxin (M, 10,700) contains a 2Fe-2S cen-
ter (Fig. 19-5) that undergoes one-electron oxidation
and reduction reactions. The fourth electron carrier in
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the chain is the flavoprotein ferredoxin:NADP™ oxi-
doreductase, which transfers electrons from reduced
ferredoxin (Fd,eq) to NADP™:

2Fd,.q + 2H* + NADP* — 2Fd,, + NADPH + H*

This enzyme is homologous to the ferredoxin:NAD re-
ductase of green sulfur bacteria (Fig. 19-54b).

Antenna Chlorophylls Are Tightly Integrated with
Electron Carriers

The electron-carrying cofactors of PSI and the light-
harvesting complexes are part of a supramolecular com-
plex (Fig. 19-58a), the structure of which has been
solved crystallographically. The protein consists of three

(a) .
Light L
c umen
Plastocyanin (P side)
Subunit B Subunit A
R, o~
\ AR Chl o
S !
Exciton
transfer (Chl) A, (Chl) A,
QK\ -
PSI -
FX \
Subunit ¢'p Stroma
C A (N side)
FB [ ]
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\

FIGURE 19-58 The supramolecular complex of PSI and its associated
antenna chlorophylls. (a) Schematic drawing of the essential proteins

and cofactors in a single unit of PSI. A large number of antenna chloro-
phylls surround the reaction center and convey to it (red arrows) the
energy of absorbed photons. The result is excitation of the pair of
chlorophyll molecules that constitute P700, greatly decreasing its re-
duction potential; P700 then passes an electron through two nearby
chlorophylls to phylloquinone (Qy; also called A;). Reduced phyllo-
quinone is reoxidized as it passes two electrons, one at a time (blue
arrows), to an Fe-S protein (Fx) near the N side of the membrane. From
Fx, electrons move through two more Fe-S centers (F5 and Fg) to the
Fe-S protein ferredoxin in the stroma. Ferredoxin then donates electrons

to NADP™ (not shown), reducing it to NADPH, one of the forms in
which the energy of photons is trapped in chloroplasts.

(b) The trimeric structure (derived from PDB ID 1JBO), viewed
from the thylakoid lumen perpendicular to the membrane, showing
all protein subunits (gray) and cofactors. (c) A monomer of PSI with
all the proteins omitted, revealing the antenna and reaction-center
chlorophylls (green with dark green Mg?" ions in the center),
carotenoids (yellow), and Fe-S centers of the reaction center (space-
filling red and orange structures). The proteins in the complex hold
the components rigidly in orientations that maximize efficient exci-
ton transfers between excited antenna molecules and the reaction
center.



identical complexes, each composed of 11 different pro-
teins (Fig. 19-568b). In this remarkable structure the many
antenna chlorophyll and carotenoid molecules are pre-
cisely arrayed around the reaction center (Fig. 19-58c).
The reaction center’s electron-carrying cofactors are
therefore tightly integrated with antenna chlorophylls.
This arrangement allows very rapid and efficient exciton
transfer from antenna chlorophylls to the reaction
center. In contrast to the single path of electrons in PSII,
the electron flow initiated by absorption of a photon is be-
lieved to occur through both branches of carriers in PSI.

19.8 The Central Photchemical Event: Light-Driven Electron Flow [755]

The Cytochrome bgf Complex Links Photosystems Il and |

Electrons temporarily stored in plastoquinol as a result of
the excitation of P680 in PSII are carried to P700 of PSI
via the cytochrome bg f complex and the soluble protein
plastocyanin (Fig. 19-56, center). Like Complex III of mi-
tochondria, the cytochrome bg f complex (Fig. 19-59)
contains a b-type cytochrome with two heme groups
(designated by and b;), a Rieske iron-sulfur protein
(M, 20,000), and cytochrome f (named for the Latin
Sfroms, “leaf”). Electrons flow through the cytochrome bg f

! —\,‘— Plastocyanin
e’/\\--’/
”
)&é Heme f %
\e— /Fe-S center
v’ 2H* Lumen
et ooe (p side)
e
%&
H* Stroma
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(a) (b)
FIGURE 19-59 Electron and proton flow through the cy-
tochrome byf complex. (a) The crystal structure of the complex
(PDB ID 1TUM3) reveals the positions of the cofactors involved
4H*Y in electron transfers. In addition to the hemes of cytochrome b
(heme by and by; also called heme by and by, respectively, be-
Rieske iron- cause of their proximity to the N and p sides of the bilayer) and
sulfur protein cytochrome f (heme f), there is a fourth (heme x) near heme by;
there is also a B-carotene of unknown function. Two sites bind
Plasifo— Cytf plastoquinone: the PQH, site near the p side of the bilayer, and
cyanin Thylakoid lumen  the PQ site near the N side. The Fe-S center of the Rieske protein
Cu (p side) lies just outside the bilayer on the p side, and the heme f site is
on a protein domain that extends well into the thylakoid lumen.
Cyt b (b) The complex is a homodimer arranged to create a cavern
= e Q cycle connecting the PQH, and PQ sites (compare this with the struc-
/_\ pd ture of mitochondrial Complex Il in Fig. 19-11). This cavern al-
b lows plastoquinone to move between the sites of its oxidation
L PQ PQH, .
and reduction.
(c) Plastoquinol (PQH,) formed in PSII is oxidized by the
cytochrome byf complex in a series of steps like those of the
Q cycle in the cytochrome bc; complex (Complex 11I) of mito-
by chondria (see Fig. 19-12). One electron from PQH, passes to
/ the Fe-S center of the Rieske protein, the other to heme b, of
Subunit IV 2H* Stroma (N side) cytochrome bg. The net effect is passage of electrons from PQH,
(c) to the soluble protein plastocyanin, which carries them to PSI.
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complex from PQgHs to cytochrome f, then to plasto-
cyanin, and finally to P700, thereby reducing it.

Like Complex III of mitochondria, cytochrome bg f
conveys electrons from a reduced quinone—a mobile,
lipid-soluble carrier of two electrons (Q in mitochondria,
PQg in chloroplasts)—to a water-soluble protein that
carries one electron (cytochrome ¢ in mitochondria,
plastocyanin in chloroplasts). As in mitochondria, the
function of this complex involves a @ cycle (Fig. 19-12)
in which electrons pass, one at a time, from PQgHs to cy-
tochrome bg. This cycle results in the pumping of pro-
tons across the membrane; in chloroplasts, the direction
of proton movement is from the stromal compartment to
the thylakoid lumen, up to four protons moving for each
pair of electrons. The result is production of a proton
gradient across the thylakoid membrane as electrons
pass from PSII to PSI. Because the volume of the flat-
tened thylakoid lumen is small, the influx of a small
number of protons has a relatively large effect on lume-
nal pH. The measured difference in pH between the
stroma (pH 8) and the thylakoid lumen (pH 5) repre-
sents a 1,000-fold difference in proton concentration—a
powerful driving force for ATP synthesis.

Cyclic Electron Flow between PSI and the Cytochrome bgf
Complex Increases the Production of ATP Relative to
NADPH

Electron flow from PSII through the cytochrome bgf
complex, then through PSI to NADP™, is sometimes
called noncyclic electron flow, to distinguish it from
cyclic electron flow, which occurs to varying degrees
depending primarily on the light conditions. The non-
cyclic path produces a proton gradient, which is used to
drive ATP synthesis, and NADPH, which is used in re-
ductive biosynthetic processes. Cyclic electron flow in-
volves only PSI, not PSII (Fig. 19-56). Electrons passing
from P700 to ferredoxin do not continue to NADP™, but
move back through the cytochrome bg f'complex to plas-
tocyanin. (This electron path parallels that in green
sulfur bacteria, shown in Fig. 19-54b.) Plastocyanin
then donates electrons to P700, which transfers them to
ferredoxin. In this way, electrons are repeatedly recy-
cled through the cytochrome bg f complex and the reac-
tion center of PSI, each electron propelled around the
cycle by the energy of one photon. Cyclic electron flow
is not accompanied by net formation of NADPH or evo-
lution of Oy. However, it 4s accompanied by proton
pumping by the cytochrome bg f complex and by phos-
phorylation of ADP to ATP, referred to as cyeclic pho-
tophosphorylation. The overall equation for cyclic
electron flow and photophosphorylation is simply

ADP + P, —2%5 ATP + H,O
By regulating the partitioning of electrons between
NADP™ reduction and cyclic photophosphorylation, a
plant adjusts the ratio of ATP to NADPH produced in the
light-dependent reactions to match its needs for these
products in the carbon-assimilation reactions and other

biosynthetic processes. As we shall see in Chapter 20,
the carbon-assimilation reactions require ATP and
NADPH in the ratio 3:2.

This regulation of electron-transfer pathways is part of
a short-term adaptation to changes in light color (wave-
length) and quantity (intensity), as further described below.

State Transitions Change the Distribution of LHCII between
the Two Photosystems

The energy required to excite PSI (P700) is less (light of
longer wavelength, lower energy) than that needed to ex-
cite PSIT (P680). If PSI and PSII were physically contigu-
ous, excitons originating in the antenna system of PSII
would migrate to the reaction center of PSI, leaving PSII
chronically underexcited and interfering with the opera-
tion of the two-center system. This imbalance in the sup-
ply of excitons is prevented by separation of the two
photosystems in the thylakoid membrane (Fig. 19-60).
PSII is located almost exclusively in the tightly appressed
membrane stacks of thylakoid grana; its associated light-
harvesting complex (LHCII) mediates the tight associa-
tion of adjacent membranes in the grana. PSI and the ATP
synthase complex are located almost exclusively in the
nonappressed thylakoid membranes (the stromal lamel-
lae), where they have access to the contents of the
stroma, including ADP and NADP™. The cytochrome b f
complex is present primarily in the grana.

The association of LHCII with PSI and PSII depends
on light intensity and wavelength, which can change in
the short term, leading to state tramsitions in the
chloroplast. In state 1, a critical Ser residue in LCHII is
not phosphorylated, and LHCII associates with PSII.
Under conditions of intense or blue light, which favor
absorption by PSII, that photosystem reduces plasto-
quinone to plastoquinol (PQHs) faster than PSI can oxi-
dize it. The resulting accumulation of PQHs activates a
protein kinase that triggers the transition to state 2 by
phosphorylating a Thr residue on LHCII (Fig. 19-61).
Phosphorylation weakens the interaction of LHCII with
PSII, and some LHCII dissociates and moves to the stro-
mal lamellae; here it captures photons (excitons) for
PSI, speeding the oxidation of PQH, and reversing the
imbalance between electron flow in PSI and PSII. In less
intense light (in the shade, with more red light), PSI ox-
idizes PQH, faster than PSII can make it, and the result-
ing increase in [PQ] triggers dephosphorylation of
LHCII, reversing the effect of phosphorylation.

The state transition in LCHII localization is mutually
regulated with the transition from cyclic to noncyclic
photophosphorylation, described above; the path of
electrons is primarily noncyclic in state 1 and primarily
cyclic in state 2.

Water Is Split by the Oxygen-Evolving Complex

The ultimate source of the electrons passed to NADPH in
plant (oxygenic) photosynthesis is water. Having given up
an electron to pheophytin, P680™ (of PSI) must acquire



Cytochrome N F

Photosystem II

bgf complex 5

19.8 The Central Photochemical Event: Light-Driven Electron Flow [757]

ATP synthase

Ferredoxin:
NADP*
oxidoreductase - o

4fp

Ferredoxin _,
b

S

TN
4

y

. Photosystem I
)
.%2; Plastocyanin
(a) )
Light-harvesting
Cytochrome  complex II Stroma
b complex Photosystem I

Q=2

Appressed
membranes <
(granal

e ——
rewn) ..

ATP synthase

Lumen

lamellae) éjl : % @ %
m Nonappressed
membranes
@ (stromal lamellae)
) 1] ﬂl o

FIGURE 19-60 Localization of PSI and PSII in thylakoid membranes.
(@) The structures of the complexes and soluble proteins of the pho-
tosynthetic apparatus of a vascular plant or alga, drawn to the same
scale. The PDB ID for the structure of PSIl is 2AXT; for PSI, 1QZV; for
cytochrome b¢f, 2E74; for plastocyanin, 1AG6; for ferredoxin, 1A70;
for ferredoxin:NADP™" reductase, 1QGO. The ATP synthase structure
shown is a composite of that from yeast mitochondria (PDB 1D
1QO1) and bovine mitochondria (PDB ID 1BMF). (b) Light-harvest-

FIGURE 19-61 Balancing of electron flow in PSI and PSII by state
transition. A hydrophobic domain of LHCII in one thylakoid lamella
inserts into the neighboring lamella and closely appresses the two
membranes (state 1). Accumulation of plastoquinol (not shown) stimu-
lates a protein kinase that phosphorylates a Thr residue in the hy-
drophobic domain of LHCII, which reduces its affinity for the
neighboring thylakoid membrane and converts appressed regions to
nonappressed regions (state 2). A specific protein phosphatase reverses
this regulatory phosphorylation when the [PQ]/[PQH,] ratio increases.

an electron to return to its ground state in preparation for
capture of another photon. In principle, the required elec-
tron might come from any number of organic or inorganic
compounds. Photosynthetic bacteria use a variety of elec-
tron donors for this purpose—acetate, succinate, malate,

ing complex LHCII and ATP synthase are located both in appressed
regions of the thylakoid membrane (granal lamellae, in which several
membranes are in contact) and in nonappressed regions (stromal
lamellae), and have ready access to ADP and NADP™ in the stroma.
PSIl is present almost exclusively in the appressed regions, and PSI
almost exclusively in nonappressed regions, exposed to the stroma.
LHCII is the “adhesive” that holds appressed lamellae together (see

Fig. 19-61).
Thylakoid
membrane
() protein
kinase
ATP ADP

Nonappressed
(state 2)

Appressed
(state 1)

or sulfide—depending on what is available in a particular
ecological niche. About 3 billion years ago, evolution of
primitive photosynthetic bacteria (the progenitors of the
modern cyanobacteria) produced a photosystem capable
of taking electrons from a donor that is always available—
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FIGURE 19-62 Water-splitting activity of the oxygen-evolving complex.
Shown here is the process that produces a four-electron oxidizing
agent—a multinuclear center with several Mn ions—in the water-splitting
complex of PSII. The sequential absorption of four photons (excitons),

water. Two water molecules are split, yielding four elec-
trons, four protons, and molecular oxygen:

2H2O - 41‘14r + 4e” + 02

A single photon of visible light does not have enough en-
ergy to break the bonds in water; four photons are re-
quired in this photolytic cleavage reaction.

The four electrons abstracted from water do not
pass directly to P680", which can accept only one elec-
tron at a time. Instead, a remarkable molecular device,
the oxygen-evolving complex (also called the water-
splitting complex), passes four electrons one at a
time to P6S0™ (Fig. 19-62). The immediate electron
donor to P680* is a Tyr residue (often designated Z or
Tyry) in subunit D1 of the PSII reaction center. The Tyr
residue loses both a proton and an electron, generating
the electrically neutral Tyr free radical, "Tyr:

4P680" + 4 Tyr —> 4P680 + 4 "Tyr  (19-13)

The Tyr radical regains its missing electron and proton by
oxidizing a cluster of four manganese ions in the water-
splitting complex. With each single-electron transfer, the Mn
cluster becomes more oxidized; four single-electron trans-
fers, each corresponding to the absorption of one photon,
produce a charge of 4+ on the Mn complex (Fig. 19-62):

4 "Tyr + [Mn complex]® — 4 Tyr + [Mn complex]* ™ (19-14)

In this state, the Mn complex can take four electrons
from a pair of water molecules, releasing 4 H" and O,:

[Mn complex]** + 2H,0 —>
[Mn complex]® + 4H* + Oy (19-15)

Because the four protons produced in this reaction are
released into the thylakoid lumen, the oxygen-evolving
complex acts as a proton pump, driven by electron
transfer. The sum of Equations 19-12 through 19-15 is

9H,0 + 2PQp + 4 photons — O, + 2PQpH, (19-16)

The oxygen-evolving complex is associated with a
peripheral membrane protein (M, 33,000) on the lume-
nal side of the thylakoid membrane that stabilizes the
cluster of four Mn ions (in various oxidation states),
one Ca®" ion, five O atoms, and a Cl™ ion, with precise
geometry. The chemical changes that take place in this

each absorption causing the loss of one electron from the Mn center, pro-
duces an oxidizing agent that can remove four electrons from two mole-
cules of water, producing O,. The electrons lost from the Mn center pass
one at a time to an oxidized Tyr residue in a PSII protein, then to P680™.

cluster are not fully understood, but this chemistry is
essential to life on Earth and of great interest both for
its biological significance and as a challenge in bioinor-
ganic chemistry. Manganese can exist in stable oxida-
tion states from 2+ to 7+, so a cluster of Mn ions can
certainly donate or accept four electrons. Determina-
tion of the structure of the polymetallic center has in-
spired several reasonable and testable hypotheses.
Stay tuned.

SUMMARY 19.8 The Central Photochemical
Event: Light-Driven
Electron Flow

Bacteria have a single reaction center; in purple
bacteria, it is of the pheophytin-quinone type, and
in green sulfur bacteria, the Fe-S type.

Structural studies of the reaction center of a purple
bacterium have provided information about
light-driven electron flow from an excited special
pair of chlorophyll molecules, through pheophytin,
to quinones. Electrons then pass from quinones
through the cytochrome bc; complex, and back to
the photoreaction center.

An alternative path, in green sulfur bacteria, sends
electrons from reduced quinones to NAD™.

Cyanobacteria and plants have two different
photoreaction centers, arranged in tandem.

Plant photosystem I passes electrons from its
excited reaction center, P700, through a series of
carriers to ferredoxin, which then reduces NADP*
to NADPH.

The reaction center of plant photosystem II, P680,
passes electrons to plastoquinone, and the
electrons lost from P680 are replaced by electrons
from Hy0O (electron donors other than H,O are used
in other organisms).

Flow of electrons through the photosystems
produces NADPH and ATP, in the ratio of about
2:3. A second type of electron flow (cyclic flow)
produces ATP only and allows variability in the
proportions of NADPH and ATP formed.



= The localization of PSI and PSII between the granal
and stromal lamellae can change and is indirectly
controlled by light intensity, optimizing the
distribution of excitons between PSI and PSII
for efficient energy capture.

= The light-driven splitting of H5O is catalyzed by a
Mn-containing protein complex; O is produced.
The reduced plastoquinone carries electrons to the
cytochrome bg f complex; from here they pass to
plastocyanin, and then to P700 to replace those
lost during its photoexcitation.

= Electron flow through the cytochrome bg f complex
drives protons across the plasma membrane,
creating a proton-motive force that provides the
energy for ATP synthesis by an ATP synthase.

19.9 ATP Synthesis by Photophosphorylation

The combined activities of the two plant photosystems
move electrons from water to NADP™, conserving some of
the energy of absorbed light as NADPH (Fig. 19-56). Si-
multaneously, protons are pumped across the thylakoid
membrane and energy is conserved as an electrochemical
potential. We turn now to the process by which this proton
gradient drives the synthesis of ATP, the other energy-
conserving product of the light-dependent reactions.

In 1954 Daniel Arnon and his colleagues discovered
that ATP is generated from ADP and P; during photo-
synthetic electron transfer in illuminated spinach
chloroplasts. Support for these findings came from the
work of Albert Frenkel, who detected light-dependent
ATP production in pigment-containing membranous
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structures called chromatophores,
derived from photosynthetic bacte-
ria. Investigators concluded that
some of the light energy captured by
the photosynthetic systems of these
organisms is transformed into the
phosphate bond energy of ATP. This
process is called photophosphory-
lation, to distinguish it from oxida-
tive phosphorylation in respiring
mitochondria.

Daniel Arnon,
1910-1994

A Proton Gradient Couples Electron Flow and
Phosphorylation

Several properties of photosynthetic electron transfer
and photophosphorylation in chloroplasts indicate that
a proton gradient plays the same role as in mitochond-
rial oxidative phosphorylation. (1) The reaction centers,
electron carriers, and ATP-forming enzymes are located
in a proton-impermeable membrane—the thylakoid
membrane—which must be intact to support pho-
tophosphorylation. (2) Photophosphorylation can be
uncoupled from electron flow by reagents that promote
the passage of protons through the thylakoid mem-
brane. (3) Photophosphorylation can be blocked by ven-
turicidin and similar agents that inhibit the formation of
ATP from ADP and P; by the mitochondrial ATP syn-
thase (Table 19-4). (4) ATP synthesis is catalyzed by
F,F, complexes, located on the outer surface of the thy-
lakoid membranes, that are very similar in structure and
function to the F F; complexes of mitochondria.

Electron-transferring molecules in the chain of carriers
connecting PSII and PSI are oriented asymmetrically in the
thylakoid membrane, so photoinduced electron flow results
in the net movement of protons across the membrane, from
the stromal side to the thylakoid lumen (Fig. 19-63). In
1966 André Jagendorf showed that a pH gradient across the
thylakoid membrane (alkaline outside) could furnish the
driving force to generate ATP. His early observations pro-
vided some of the most important experimental evidence in
support of Mitchell's chemiosmotic hypothesis.

NADP*+H*

NADPH

FIGURE 19-63 Proton and electron circuits in thy-
lakoids. Electrons (blue arrows) move from H,O
through PSII, through the intermediate chain of carri-
ers, through PSI, and finally to NADP™. Protons (red
\ arrows) are pumped into the thylakoid lumen by the

Thylakoid
membrane

flow of electrons through the carriers linking PSIl and
PSI, and reenter the stroma through proton channels
formed by the F, (designated CF,) of ATP synthase.
The F; subunit (CF,) catalyzes synthesis of ATP.
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Jagendorf incubated chloro-
plasts, in the dark, in a pH 4
buffer; the buffer slowly pene-
trated into the inner compart-
ment of the thylakoids, lowering
their internal pH. He added ADP
and P; to the dark suspension of
chloroplasts and then suddenly
raised the pH of the outer
medium to 8, momentarily creat-
ing a large pH gradient across the
membrane. As protons moved out of the thylakoids into the
medium, ATP was generated from ADP and P;. Because the
formation of ATP occurred in the dark (with no input of en-
ergy from light), this experiment showed that a pH gradient
across the membrane is a high-energy state that, as in mito-
chondrial oxidative phosphorylation, can mediate the trans-
duction of energy from electron transfer into the chemical
energy of ATP.

André Jagendorf

The Approximate Stoichiometry of Photophosphorylation
Has Been Established

As electrons move from water to NADP™ in plant chloro-
plasts, about 12 H™ move from the stroma to the thy-
lakoid lumen per four electrons passed (that is, per Oy
formed). Four of these protons are moved by the oxygen-
evolving complex, and up to eight by the cytochrome bg f
complex. The measurable result is a 1,000-fold difference
in proton concentration across the thylakoid membrane
(ApH = 3). Recall that the energy stored in a proton gra-
dient (the electrochemical potential) has two compo-
nents: a proton concentration difference (ApH) and an
electrical potential (Ay) due to charge separation. In
chloroplasts, ApH is the dominant component; counter-
ion movement apparently dissipates most of the electrical
potential. In illuminated chloroplasts, the energy stored
in the proton gradient per mole of protons is

AG = 2.3RTApH + ZFAy = —17 kJ/mol

so the movement of 12 mol of protons across the thylakoid
membrane represents conservation of about 200 kJ of

energy—enough energy to drive the synthesis of several
moles of ATP (AG'® = 30.5 kJ/mol). Experimental meas-
urements yield values of about 3 ATP per O, produced.

At least eight photons must be absorbed to drive
four electrons from H,O to NADPH (one photon per
electron at each reaction center). The energy in eight
photons of visible light is more than enough for the syn-
thesis of three molecules of ATP.

ATP synthesis is not the only energy-conserving re-
action of photosynthesis in plants; the NADPH formed
in the final electron transfer is also energetically rich.
The overall equation for noncyclic photophosphoryla-
tion (a term explained below) is

2H,0 + 8 photons + 2NADP" + ~3ADP + ~3P, —>
O, + ~3ATP + 2NADPH (19-17)

The ATP Synthase of Chloroplasts Is Like
That of Mitochondria

The enzyme responsible for ATP synthesis in chloro-
plasts is a large complex with two functional compo-
nents, CF, and CF; (C denoting its location in
chloroplasts). CF, is a transmembrane proton pore com-
posed of several integral membrane proteins and is ho-
mologous to mitochondrial F,. CF; is a peripheral
membrane protein complex very similar in subunit com-
position, structure, and function to mitochondrial F;.

Electron microscopy of sectioned chloroplasts
shows ATP synthase complexes as knoblike projections
on the outside (stromal, or N) surface of thylakoid mem-
branes; these complexes correspond to the ATP syn-
thase complexes seen to project on the inside (matrix,
or N) surface of the inner mitochondrial membrane.
Thus the relationship between the orientation of the
ATP synthase and the direction of proton pumping is the
same in chloroplasts and mitochondria. In both cases,
the F; portion of ATP synthase is located on the more al-
kaline (N) side of the membrane through which protons
flow down their concentration gradient; the direction of
proton flow relative to F; is the same in both cases: P to N
(Fig. 19-64).

Mitochondrion Chloroplast Bacterium (E. coli)
_ 0 _ o O _
Matrix (N side) Thylakoid Cytosol (N side)

FIGURE 19-64 Comparison of the topology of pro-
ton movement and ATP synthase orientation in the H*
membranes of mitochondria, chloroplasts, and the
bacterium E. coli. In each case, orientation of the
proton gradient relative to ATP synthase activity is
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The mechanism of chloroplast ATP synthase is also
believed to be essentially identical to that of its mito-
chondrial analog; ADP and P; readily condense to form
ATP on the enzyme surface, and the release of this
enzyme-bound ATP requires a proton-motive force.
Rotational catalysis sequentially engages each of the
three B subunits of the ATP synthase in ATP synthesis,
ATP release, and ADP + P; binding (Figs 19-26, 19-27).

SUMMARY 19.9 ATP Synthesis by
Photophosphorylation

= In plants, both the water-splitting reaction and
electron flow through the cytochrome bg f complex
are accompanied by proton pumping across the
thylakoid membrane. The proton-motive force thus
created drives ATP synthesis by a CF,CF; complex
similar to the mitochondrial F F; complex.

= The ATP synthase of chloroplasts (CF,CF)) is very
similar in both structure and catalytic mechanism
to the ATP synthases of mitochondria and bacteria.
Physical rotation driven by the proton gradient is
accompanied by ATP synthesis at sites that cycle
through three conformations, one with high affinity
for ATP, one with high affinity for ADP + P;, and
one with low affinity for both nucleotides.

19.10 The Evolution of Oxygenic
Photosynthesis

The appearance of oxygenic photosynthesis on Earth
about 2.5 billion years ago was a crucial event in the
evolution of the biosphere. Until then, the earth had
been essentially devoid of molecular oxygen and lacked
the ozone layer that protects living organisms from solar
UV radiation. Oxygenic photosynthesis made available a
nearly limitless supply of reducing agent to drive the pro-
duction of organic compounds by reductive biosynthetic
reactions. And mechanisms evolved that allowed organ-
isms to use Oy as a terminal electron acceptor in highly
energetic electron transfers from organic substrates, em-
ploying the energy of oxidation to support their metabo-
lism. The complex photosynthetic apparatus of a modern
vascular plant is the culmination of a series of evolution-
ary events, the most recent of which was the acquisition
by eukaryotic cells of a cyanobacterial endosymbiont.

Chloroplasts Evolved from Ancient Photosynthetic Bacteria

Chloroplasts in modern organisms resemble mito-
chondria in several properties, and are believed to
have originated by the same mechanism that gave rise
to mitochondria: endosymbiosis. Like mitochondria,
chloroplasts contain their own DNA and protein-syn-
thesizing machinery. Some of the polypeptides of
chloroplast proteins are encoded by chloroplast genes
and synthesized in the chloroplast; others are encoded
by nuclear genes, synthesized outside the chloroplast,
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and imported (Chapter 27). When plant cells grow and
divide, chloroplasts give rise to new chloroplasts by di-
vision, during which their DNA is replicated and di-
vided between daughter chloroplasts. The machinery
and mechanism for light capture, electron flow, and
ATP synthesis in modern cyanobacteria are similar in
many respects to those in plant chloroplasts. These
observations led to the now widely accepted hypothe-
sis that the evolutionary progenitors of modern plant
cells were primitive eukaryotes that engulfed photo-
synthetic cyanobacteria and established stable en-
dosymbiotic relationships with them (see Fig. 1-36).

At least half of the photosynthetic activity on Earth
now occurs in microorganisms—algae, other photosyn-
thetic eukaryotes, and photosynthetic bacteria.
Cyanobacteria have PSII and PSI in tandem, and the
PSII has an associated water-splitting activity resem-
bling that of plants. However, the other groups of photo-
synthetic bacteria have single reaction centers and do
not split H,O or produce O,. Many are obligate anaer-
obes and cannot tolerate Oy; they must use some com-
pound other than HyO as electron donor. Some
photosynthetic bacteria use inorganic compounds as
electron (and hydrogen) donors. For example, green
sulfur bacteria use hydrogen sulfide:

2H,S + CO, 2 (CH,0) + H,0 + 28

These bacteria, instead of producing molecular O, form
elemental sulfur as the oxidation product of H,S. (They
further oxidize the S to SO3 .) Other photosynthetic
bacteria use organic compounds such as lactate as elec-
tron donors:

2 Lactate + COy ﬂ) (CH30) + Hy0 + 2 pyruvate
The fundamental similarity of photosynthesis in plants
and bacteria, despite the differences in the electron
donors they employ, becomes more obvious when the
equation of photosynthesis is written in the more gen-
eral form

2H,D + COy —£% (CH,0) + Hy0 + 2D
in which HyD is an electron (and hydrogen) donor and D
is its oxidized form. HyD may be water, hydrogen sulfide,
lactate, or some other organic compound, depending on
the species. Most likely, the bacteria that first developed
photosynthetic ability used HsS as their electron source.

The ancient relatives of modern cyanobacteria
probably arose by the combination of genetic material
from two types of photosynthetic bacteria, with systems
of the type seen in modern purple bacteria (with a PSII-
like electron path) and green sulfur bacteria (with an
electron path resembling that in PSI). The bacterium
with two independent photosystems may have used one
in one set of conditions, the other in different condi-
tions. Over time, a mechanism to connect the two pho-
tosystems for simultaneous use evolved, and the
PSII-like system acquired the water-splitting capacity
found in modern cyanobacteria.
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Modern cyanobacteria can synthesize ATP by oxida-
tive phosphorylation or by photophosphorylation, al-
though they have neither mitochondria nor chloroplasts.
The enzymatic machinery for both processes is in a highly
convoluted plasma membrane (see Fig. 1-6). Three pro-
tein components function in both processes, giving evi-
dence that the processes have a common evolutionary
origin (Fig. 19-65). First, the proton-pumping cy-
tochrome bg f complex carries electrons from plasto-
quinone to cytochrome cg in photosynthesis, and also
carries electrons from ubiquinone to cytochrome cg in
oxidative phosphorylation—the role played by cy-
tochrome bc; in mitochondria. Second, cytochrome cg,
homologous to mitochondrial cytochrome c, carries elec-
trons from Complex III to Complex IV in cyanobacteria;
it can also carry electrons from the cytochrome bg f com-

NADH + H* NAD*
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y Complex
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FIGURE 19-65 Dual roles of cytochrome b,f and cytochrome c; in
cyanobacteria reflect evolutionary origins. Cyanobacteria use cy-
tochrome bgf, cytochrome ¢4, and plastoquinone for both oxidative
phosphorylation and photophosphorylation. (a) In photophosphoryla-
tion, electrons flow (top to bottom) from water to NADP™. (b) In oxida-
tive phosphorylation, electrons flow from NADH to O,. Both
processes are accompanied by proton movement across the mem-
brane, accomplished by a Q cycle.

plex to PSI—a role performed in plants by plastocyanin.
We therefore see the functional homology between the
cyanobacterial cytochrome bg f complex and the mito-
chondrial cytochrome bc; complex, and between
cyanobacterial cytochrome cg and plant plastocyanin.
The third conserved component is the ATP synthase,
which functions in oxidative phosphorylation and pho-
tophosphorylation in cyanobacteria, and in the mito-
chondria and chloroplasts of photosynthetic eukaryotes.
The structure and remarkable mechanism of this enzyme
have been strongly conserved throughout evolution.

In Halobacterium, a Single Protein Absorbs Light and
Pumps Protons to Drive ATP Synthesis

In some modern archaea, a quite different mechanism
for converting the energy of light into an electrochemical
gradient has evolved. The halophilic (“salt-loving”) ar-
chaean Halobacterium salinarum is descended from
ancient evolutionary progenitors. This archaean (com-
monly referred to as a halobacterium) lives only in brine
ponds and salt lakes (Great Salt Lake and the Dead Sea,
for example), where the high salt concentration—which
can exceed 4 M—results from water loss by evaporation;
indeed, halobacteria cannot live in NaCl concentrations
lower than 3 M. These organisms are aerobes and nor-
mally use O to oxidize organic fuel molecules. However,
the solubility of O5 is so low in brine ponds that some-
times oxidative metabolism must be supplemented by
sunlight as an alternative source of energy.

The plasma membrane of H. salinarum contains
patches of the light-absorbing pigment bacteri-
orhodopsin, which contains retinal (the aldehyde deriv-
ative of vitamin A; see Fig. 10-21) as a light-harvesting
prosthetic group. When the cells are illuminated, all-
trans-retinal bound to the bacteriorhodopsin absorbs
a photon and undergoes photoisomerization to 13-cis-
retinal, forcing a conformational change in the protein.
The restoration of all-trans-retinal is accompanied by
the outward movement of protons through the plasma
membrane. Bacteriorhodopsin, with only 247 amino acid
residues, is the simplest light-driven proton pump
known. The difference in the three-dimensional struc-
ture of bacteriorhodopsin in the dark and after illumina-
tion (Fig. 19-66a) suggests a pathway by which a
concerted series of proton “hops” could effectively move
a proton across the membrane. The chromophore retinal
is bound through a Schiff-base linkage to the g-amino
group of a Lys residue. In the dark, the nitrogen of this
Schiff base is protonated; in the light, photoisomerization
of retinal lowers the pK;, of this group and it releases its
proton to a nearby Asp residue, triggering a series of pro-
ton hops that ultimately result in the release of a proton
at the outer surface of the membrane (Fig. 19-66b).

The electrochemical potential across the membrane
drives protons back into the cell through a membrane
ATP synthase complex very similar to that of mitochon-
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FIGURE19-66 Evolution of a second mechanism for light-driven proton
pumping in a halophilic archaean. (a) Bacteriorhodopsin (M, 26,000) of
Halobacterium halobium has seven membrane-spanning « helices (PDB
ID 1C8R). The chromophore all-trans-retinal (purple) is covalently at-
tached via a Schiff base to the £-amino group of a Lys residue deep in the
membrane interior. Running through the protein are a series of Asp and
Glu residues and a series of closely associated water molecules that to-
gether provide the transmembrane path for protons (red arrows). Steps (1)
through (5) indicate proton movements, described below.

(b) In the dark (left panel), the Schiff base is protonated. lllumina-
tion (right panel) photoisomerizes the retinal, forcing subtle conforma-
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tional changes in the protein that alter the distance between the Schiff
base and its neighboring amino acid residues. Interaction with these
neighbors lowers the pK, of the protonated Schiff base, and the base
gives up its proton to a nearby carboxyl group on Asp®” (step (1) in (a)).
This initiates a series of concerted proton hops between water molecules
(see Fig. 2-13) in the interior of the protein, which ends with 2) the
release of a proton that was shared by Glu'® and Glu?®* near the
extracellular surface. (3) The Schiff base reacquires a proton from
Asp”®, which (@) takes up a proton from the cytosol. (5) Finally, Asp®®
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gives up its proton, leading to reprotonation of the Glu pair.

The system is now ready for another round of proton pumping.
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dria and chloroplasts. Thus, when Oy is limited, halobac-
teria can use light to supplement the ATP synthesized
by oxidative phosphorylation. Halobacteria do not evolve
O, nor do they carry out photoreduction of NADP™;
their phototransducing machinery is therefore much
simpler than that of cyanobacteria or plants. Never-the-
less, its proton-pumping mechanism may prove to be
prototypical for the many other, more complex, ion
pumps. @ Bacteriorhodopsin

SUMMARY 19.10 The Evolution of
Oxygenic Photosynthesis

= Modern cyanobacteria are derived from an ancient
organism that acquired two photosystems, one of
the type now found in purple bacteria, the other
of the type found in green sulfur bacteria.

= Many photosynthetic microorganisms obtain
electrons for photosynthesis not from water but
from donors such as HyS.

= Cyanobacteria with the tandem photosystems and a
water-splitting activity that released oxygen into
the atmosphere appeared on Earth about 2.5 billion
years ago.

= Chloroplasts, like mitochondria, evolved from
bacteria living endosymbiotically in early
eukaryotic cells. The ATP synthases of bacteria,
cyanobacteria, mitochondria, and chloroplasts
share a common evolutionary precursor and a
common enzymatic mechanism.

= An entirely different mechanism for converting
light energy to a proton gradient has evolved in the
modern archaea, in which the light-harvesting
pigment is retinal.
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An intermediate-level description of the proteins that orient
chlorophyll molecules in chloroplasts.

Kargul, J., Nield, J., & Barber, J. (2003) Three-dimensional
reconstruction of a light-harvesting Complex [-Photosystem I
(LHCI-PSI) supercomplex from the green alga Chlamydomonas
reinhardtii. J. Biol. Chem. 278, 16,135-16,141.

Zuber, H. (1986) Structure of light-harvesting antenna complexes
of photosynthetic bacteria, cyanobacteria and red algae. Trends
Biochem. Sci. 11,414-419.

Light-Driven Electron Flow

Amunts, A., Drory, O., & Nelson, N. (2007) The structure of a
plant photosystem I supercomplex at 3.4 A resolution. Nature 447,
58-63.

Determination of PSI structure by crystallography.

Barber, J. (2002) Photosystem II: a multisubunit membrane
protein that oxidizes water. Curr. Opin. Struct. Biol. 12, 523-530.
A short, intermediate-level summary of the structure of PSII.

Barber, J. & Anderson, J.M. (eds). (2002) Photosystem II: Molec-
ular Structure and Function. Proceedings of a Meeting, 13—-14 March
2002. Philos. Trans. R. Soc. (Biol. Sci.) 357 (1426).

A collection of 16 papers on photosystem II.
Biochim. Biophys. Acta Bioenerg. (2007) 1767 (6).

This journal issue contains 10 reviews on the structure and
function of photosystems.

Chitnis, P.R. (2001) Photosystem I: function and physiology. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 52, 593-626.
An advanced and lengthy review.

Dau, H. & Haumann, M. (2007) Eight steps preceding O-O bond
formation in oxygenic photosynthesis—a basic reaction cycle of the
photosystem II manganese complex. Biochim. Biophys. Acta 1767,
472-483.

One of several papers in this issue dealing with models for the
water-splitting mechanism.

Deisenhofer, J. & Michel, H. (1991) Structures of bacterial
photosynthetic reaction centers. Annu. Rev. Cell Biol. 7, 1-23.

Description of the structure of the reaction center of purple
bacteria and implications for the function of bacterial and plant
reaction centers.

Further Reading [767]

Ferreira, K.N., Iverson, T.M., Maghlaoul, K., Barber, J., &
Iwata, S. (2004) Architecture of the photosynthetic oxygen-evolving
center. Science 303, 1831-1838.

Fromme, P., Jordan, P., & Krauss, N. (2001) Structure of photo-
system I. Biochim. Biophys. Acta 1507, 5-31.

Hankamer, B., Barber, J., & Boekema, E.J. (1997) Structure and
membrane organization of photosystem II in green plants. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 48, 541-571.

Advanced review.

Heathcote, P., Fyfe, P.K., & Jones, M.R. (2002) Reaction centres:
the structure and evolution of biological solar power. Trends.
Biochem Sct. 27, 79-87.

Intermediate-level review of photosystems I and II.

Huber, R. (1990) A structural basis of light energy and electron
transfer in biology. Fur. J. Biochem. 187, 283-305.

Huber’s Nobel lecture, describing the physics and chemistry of
phototransductions; an exceptionally clear and well-illustrated dis-
cussion, based on crystallographic studies of reaction centers.

Jensen, P.E., Bassi, R., Boekema, E.J., Dekker, J.P., Jansson,
S., Leister, D., Robinson, C., & Scheller, H.V. (2007) Structure,
function and regulation of plant photosystem 1. Biochim. Biophys.
Acta 1767, 335-352.

Jordan, P., Fromme, P., Witt, H.T., Klukas, O., Saenger, W., &
Krauss, N. (2001) Three-dimensional structure of cyanobacterial
photosystem I at 2.5 A. Nature 411, 909-917.

Kamiya, N. & Shen, J.-R. (2003) Crystal structure of oxygen-
evolving photosystem II from Thermosynechococcus vulcanus
at 3.7 A resolution. Proc. Natl. Acad. Sci. USA 100, 98-103.

Kargul, J., Nield, J., & Barber, J. (2003) Three-dimensional
reconstruction of a light-harvesting complex [-photosystem I
(LHCI-PSI) supercomplex from the green alga Chlamydomonas
reinhardtii: insights into light harvesting for PSI. J. Biol. Chem.
278, 16,135-16,141.

Kok, B., Forbush, B., & McGloin, M. (1970) Cooperation of
charges in photosynthetic Os evolution: 1. A linear 4-step
mechanism. Photochem. Photobiol. 11, 457-475.

Classic experiment showing the need for four photons to split
water.

Kramer, D.M., Avenson, T.J., & Edwards, G.E. (2007)

Dynamic flexibility in the light reactions of photosynthesis governed
by both electron and proton transfer reactions. Trends Plant Sci.
9, 349-357.

Intermediate-level review of regulation of state transitions.
Vink, M., Zer, H., Alumot, N., Gaathon, A., Niyogi, K.,
Herrmann, R.G., Andersson, B., & Ohad, I. (2004) Light-
modulated exposure of the light-harvesting complex IT (LHCII)
to protein kinase(s) and state transition in Chlamydomonas
reinhardlii xanthophyll mutants. Biochemistry 43, 7824-7833.

Yano, J., Kern, J., Sauer, K., Latimer, M.J., Pushkar, Y.,
Biesiadka, J., Loll, B., Saenger, W., Messinger, J., Zouni, A.,
& Yachandra, V.K. (2006) Where water is oxidized to dioxygen:
structure of the photosynthetic Mn,Ca cluster. Science 314,
821-825.

ATP Synthesis by Photophosphorylation

Jagendorf, A.T. (1967) Acid-base transitions and phosphorylation
by chloroplasts. Fed. Proc. 26, 1361-1369.

Classic experiment establishing the ability of a proton gradient to
drive ATP synthesis in the dark.

The Evolution of Oxygenic Photosynthesis

Allen, J.F. & Martin, W. (2007) Out of thin air. Nature 445,
610-612.

Short, intermediate-level discussion of how the modern Z
scheme evolved.



[768] Oxidative Phosphorylation and Photophosphorylation

Luecke, H. (2000) Atomic resolution structures of bacterio-
rhodopsin photocycle intermediates: the role of discrete water
molecules in the function of this light-driven ion pump. Biochim.
Biophys. Acta 1460, 133-156.

Advanced review of a proton pump that employs an internal
chain of water molecules.

Luecke, H., Schobert, B., Richter, H.-T., Cartailler, J.-P., &
Lanyi, J.K. (1999) Structural changes in bacteriorhodopsin during
ion transport at 2 angstrom resolution. Science 286, 255-264.

This article, accompanied by an editorial comment in the same
Science issue, describes the model for H* translocation by proton
hopping.

Poole, A.M. & Penny, D. (2007) Evaluating hypotheses for the ori-
gin of eukaryotes. BioEssays 29, 74-84.
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Problems

1. Oxidation-Reduction Reactions The NADH dehydro-
genase complex of the mitochondrial respiratory chain pro-
motes the following series of oxidation-reduction reactions, in
which Fe®" and Fe?" represent the iron in iron-sulfur centers,
Q is ubiquinone, QH, is ubiquinol, and E is the enzyme:

(1) NADH + H" + E-FMN — NAD* + E-FMNH,
(2) E-FMNH, + 2Fe?" — E-FMN + 2Fe?* + 2H™
(8) 2Fe?" + 2H" + Q — 2Fe®" + QH,

Sum: NADH + H* + Q — NAD" + QH,

For each of the three reactions catalyzed by the NADH dehy-
drogenase complex, identify (a) the electron donor, (b) the
electron acceptor, (¢) the conjugate redox pair, (d) the reduc-
ing agent, and (e) the oxidizing agent.

2. All Parts of Ubiquinone Have a Function In electron
transfer, only the quinone portion of ubiquinone undergoes
oxidation-reduction; the isoprenoid side chain remains un-
changed. What is the function of this chain?

3. Use of FAD Rather Than NAD™" in Succinate Oxida-
tion All the dehydrogenases of glycolysis and the citric acid
cycle use NAD" (£'° for NAD"/NADH is —0.32 V) as electron
acceptor except succinate dehydrogenase, which uses cova-
lently bound FAD (E'° for FAD/FADH,, in this enzyme is 0.050 V).
Suggest why FAD is a more appropriate electron acceptor than
NAD" in the dehydrogenation of succinate, based on the E'°
values of fumarate/succinate (£'° = 0.031), NAD"/NADH, and
the succinate dehydrogenase FAD/FADHs.

4. Degree of Reduction of Electron Carriers in the Res-
piratory Chain The degree of reduction of each carrier in
the respiratory chain is determined by conditions in the mito-
chondrion. For example, when NADH and O, are abundant,
the steady-state degree of reduction of the carriers decreases
as electrons pass from the substrate to O,. When electron
transfer is blocked, the carriers before the block become more
reduced and those beyond the block become more oxidized
(see Fig. 19-6). For each of the conditions below, predict the

state of oxidation of ubiquinone and cytochromes b, ¢, ¢, and
a + as.

(a) Abundant NADH and O,, but cyanide added

(b) Abundant NADH, but O, exhausted

(¢) Abundant Os, but NADH exhausted

(d) Abundant NADH and O,

5. Effect of Rotenone and Antimycin A on Electron
Transfer Rotenone, a toxic natural product from plants,
strongly inhibits NADH dehydrogenase of insect and fish mito-
chondria. Antimycin A, a toxic antibiotic, strongly inhibits the
oxidation of ubiquinol.

(a) Explain why rotenone ingestion is lethal to some in-
sect and fish species.

(b) Explain why antimycin A is a poison.

(c) Given that rotenone and antimycin A are equally effec-
tive in blocking their respective sites in the electron-transfer
chain, which would be a more potent poison? Explain.

6. Uncouplers of Oxidative Phosphorylation In normal
mitochondria the rate of electron transfer is tightly coupled to
the demand for ATP. When the rate of use of ATP is relatively
low, the rate of electron transfer is low; when demand for ATP
increases, electron-transfer rate increases. Under these condi-
tions of tight coupling, the number of ATP molecules produced
per atom of oxygen consumed when NADH is the electron
donor—the P/O ratio—is about 2.5.

(a) Predict the effect of a relatively low and a relatively
high concentration of uncoupling agent on the rate of electron
transfer and the P/O ratio.

(b) Ingestion of uncouplers causes profuse sweating and
an increase in body temperature. Explain this phenomenon in
molecular terms. What happens to the P/O ratio in the pres-
ence of uncouplers?

(¢) The uncoupler 2,4-dinitrophenol was once prescribed
as a weight-reducing drug. How could this agent, in principle,
serve as a weight-reducing aid? Uncoupling agents are no
longer prescribed, because some deaths occurred following
their use. Why might the ingestion of uncouplers lead to death?

7. Effects of Valinomycin on Oxidative Phosphorylation
When the antibiotic valinomycin is added to actively respiring
mitochondria, several things happen: the yield of ATP
decreases, the rate of Oy consumption increases, heat is re-
leased, and the pH gradient across the inner mitochondrial
membrane increases. Does valinomycin act as an uncoupler or
as an inhibitor of oxidative phosphorylation? Explain the ex-
perimental observations in terms of the antibiotic’s ability to
transfer K™ ions across the inner mitochondrial membrane.

8. Mode of Action of Dicyclohexylcarbodiimide (DCCD)
When DCCD is added to a suspension of tightly coupled, ac-
tively respiring mitochondria, the rate of electron transfer
(measured by Oy consumption) and the rate of ATP production
dramatically decrease. If a solution of 2,4-dinitrophenol is now
added to the preparation, Oy consumption returns to normal
but ATP production remains inhibited.

(a) What process in electron transfer or oxidative
phosphorylation is affected by DCCD?



(b) Why does DCCD affect the O, consumption of
mitochondria? Explain the effect of 2,4-dinitrophenol on the
inhibited mitochondrial preparation.

(¢) Which of the following inhibitors does DCCD most re-
semble in its action: antimycin A, rotenone, or oligomycin?

9. Compartmentalization of Citric Acid Cycle Compo-
nents I[socitrate dehydrogenase is found only in the mito-
chondrion, but malate dehydrogenase is found in both the
cytosol and mitochondrion. What is the role of cytosolic malate
dehydrogenase?

10. The Malate-a-Ketoglutarate Transport System The
transport system that conveys malate and a-ketoglutarate
across the inner mitochondrial membrane (see Fig. 19-29) is
inhibited by n-butylmalonate. Suppose 7-butylmalonate is
added to an aerobic suspension of kidney cells using glucose
exclusively as fuel. Predict the effect of this inhibitor on
(a) glycolysis, (b) oxygen consumption, (c¢) lactate formation,
and (d) ATP synthesis.

11. Cellular ADP Concentration Controls ATP Forma-
tion Although both ADP and P; are required for the synthesis
of ATP, the rate of synthesis depends mainly on the concentra-
tion of ADP, not P;. Why?

12. Time Scales of Regulatory Events in Mitochondria
Compare the likely time scales for the adjustments in respira-
tory rate caused by (a) increased [ADP] and (b) reduced pOs,.
What accounts for the difference?

13. The Pasteur Effect When O, is added to an anaerobic
suspension of cells consuming glucose at a high rate, the rate
of glucose consumption declines greatly as the Oy is used up,
and accumulation of lactate ceases. This effect, first observed
by Louis Pasteur in the 1860s, is characteristic of most cells
capable of both aerobic and anaerobic glucose catabolism.

(a) Why does the accumulation of lactate cease after O, is
added?

(b) Why does the presence of O decrease the rate of glu-
cose consumption?

(c) How does the onset of Oy consumption slow down the
rate of glucose consumption? Explain in terms of specific
enzymes.

14. Respiration-Deficient Yeast Mutants and Ethanol
Production Respiration-deficient yeast mutants (p—; “pe-
tites”) can be produced from wild-type parents by treatment
with mutagenic agents. The mutants lack cytochrome oxidase,
a deficit that markedly affects their metabolic behavior. One
striking effect is that fermentation is not suppressed by Og—
that is, the mutants lack the Pasteur effect (see Problem 13).
Some companies are very interested in using these mutants to
ferment wood chips to ethanol for energy use. Explain the ad-
vantages of using these mutants rather than wild-type yeast
for large-scale ethanol production. Why does the absence of
cytochrome oxidase eliminate the Pasteur effect?

15. Advantages of Supercomplexes for Electron Trans-
fer There is growing evidence that mitochondrial Complexes
I, II, I, and IV are part of a larger supercomplex. What might
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be the advantage of having all four complexes within a super-
complex?

16. How Many Protons in a Mitochondrion? Electron
transfer translocates protons from the mitochondrial matrix to
the external medium, establishing a pH gradient across the in-
ner membrane (outside more acidic than inside). The ten-
dency of protons to diffuse back into the matrix is the driving
force for ATP synthesis by ATP synthase. During oxidative
phosphorylation by a suspension of mitochondria in a medium
of pH 7.4, the pH of the matrix has been measured as 7.7.

(a) Calculate [H*] in the external medium and in the ma-
trix under these conditions.

(b) What is the outside-to-inside ratio of [H*]? Comment
on the energy inherent in this concentration difference. (Hint:
See Eqn 114, p. 396.)

(c) Calculate the number of protons in a respiring liver mi-
tochondrion, assuming its inner matrix compartment is a
sphere of diameter 1.5 pum.

(d) From these data, is the pH gradient alone sufficient to
generate ATP?

(e) If not, suggest how the necessary energy for synthesis
of ATP arises.

17. Rate of ATP Turnover in Rat Heart Muscle Rat heart
muscle operating aerobically fills more than 90% of its ATP needs
by oxidative phosphorylation. Each gram of tissue consumes O
at the rate of 10.0 wmol/min, with glucose as the fuel source.

(a) Calculate the rate at which the heart muscle consumes
glucose and produces ATP.

(b) For a steady-state concentration of ATP of 5.0 umol/g
of heart muscle tissue, calculate the time required (in seconds)
to completely turn over the cellular pool of ATP. What does this
result indicate about the need for tight regulation of ATP pro-
duction? (Note: Concentrations are expressed as micromoles
per gram of muscle tissue because the tissue is mostly water.)

18. Rate of ATP Breakdown in Insect Flight Muscle
ATP production in the flight muscle of the fly Lucilia sericata
results almost exclusively from oxidative phosphorylation.
During flight, 187 mL of Oy/hr « g of body weight is needed to
maintain an ATP concentration of 7.0 umol/g of flight muscle.
Assuming that flight muscle makes up 20% of the weight of the
fly, calculate the rate at which the flight-muscle ATP pool turns
over. How long would the reservoir of ATP last in the absence
of oxidative phosphorylation? Assume that reducing equiva-
lents are transferred by the glycerol 3-phosphate shuttle and
that O, is at 25 °C and 101.3 kPa (1 atm).

19. Mitochondrial Disease and Cancer Mutations
in the genes that encode certain mitochondrial pro-
teins are associated with a high incidence of some types of
cancer. How might defective mitochondria lead to cancer?

‘?‘ 20. Variable Severity of a Mitochondrial Disease

Individuals with a disease caused by a specific defect in
the mitochondrial genome may have symptoms ranging from
mild to severe. Explain why.

21. Transmembrane Movement of Reducing Equiva-
lents Under aerobic conditions, extramitochondrial NADH
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must be oxidized by the mitochondrial electron-transfer chain.
Consider a preparation of rat hepatocytes containing mito-
chondria and all the cytosolic enzymes. If [4-°H]NADH is intro-
duced, radioactivity soon appears in the mitochondrial matrix.
However, if [7-'*C]NADH is introduced, no radioactivity ap-
pears in the matrix. What do these observations reveal about
the oxidation of extramitochondrial NADH by the electron-
transfer chain?
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22. High Blood Alanine Level Associated with

Defects in Oxidative Phosphorylation Most indi-
viduals with genetic defects in oxidative phosphorylation are
found to have relatively high concentrations of alanine in their
blood. Explain this in biochemical terms.

23. NAD Pools and Dehydrogenase Activities Although
both pyruvate dehydrogenase and glyceraldehyde 3-phosphate
dehydrogenase use NAD™ as their electron acceptor, the two
enzymes do not compete for the same cellular NAD pool. Why?

‘%’ 24. Diabetes as a Consequence of Mitochondrial

Defects Glucokinase is essential in the metabolism of
glucose in pancreatic B8 cells. Humans with two defective
copies of the glucokinase gene exhibit a severe, neonatal dia-
betes, whereas those with only one defective copy of the gene
have a much milder form of the disease (mature onset dia-
betes of the young, MODY2). Explain this difference in terms
of the biology of the B cell.

25. Effects of Mutations in Mitochondrial Com-
ﬂf’ plex IT Single nucleotide changes in the gene for suc-
cinate dehydrogenase (Complex II) are associated with
midgut carcinoid tumors. Suggest a mechanism to explain this
observation.

26. Photochemical Efficiency of Light at Different
Wavelengths The rate of photosynthesis, measured by O,
production, is higher when a green plant is illuminated with
light of wavelength 680 nm than with light of 700 nm. However,
illumination by a combination of light of 680 nm and 700 nm
gives a higher rate of photosynthesis than light of either wave-
length alone. Explain.

27. Balance Sheet for Photosynthesis In 1804 Theodore
de Saussure observed that the total weight of oxygen and dry
organic matter produced by plants is greater than the weight
of carbon dioxide consumed during photosynthesis. Where
does the extra weight come from?

28. Role of H,S in Some Photosynthetic Bacteria Illumi-
nated purple sulfur bacteria carry out photosynthesis in the
presence of H,O and *CO,, but only if HyS is added and O, is
absent. During the course of photosynthesis, measured by for-

mation of [**C]carbohydrate, HyS is converted to elemental
sulfur, but no Oy is evolved. What is the role of the conversion
of HsS to sulfur? Why is no Oy evolved?

29. Boosting the Reducing Power of Photosystem I by
Light Absorption When photosystem I absorbs red light at
700 nm, the standard reduction potential of P700 changes
from 0.40 V to about —1.2 V. What fraction of the absorbed
light is trapped in the form of reducing power?

30. Electron Flow through Photosystems I and IT Predict
how an inhibitor of electron passage through pheophytin would
affect electron flow through (a) photosystem II and (b) photo-
system I. Explain your reasoning.

31. Limited ATP Synthesis in the Dark In alaboratory ex-
periment, spinach chloroplasts are illuminated in the absence
of ADP and P, then the light is turned off and ADP and P; are
added. ATP is synthesized for a short time in the dark. Explain
this finding.

32. Mode of Action of the Herbicide DCMU When
chloroplasts are treated with 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU, or diuron), a potent herbicide, Oy evo-
lution and photophosphorylation cease. Oxygen evolution, but
not photophosphorylation, can be restored by addition of an
external electron acceptor, or Hill reagent. How does DCMU
act as a weed killer? Suggest a location for the inhibitory action
of this herbicide in the scheme shown in Figure 19-56.
Explain.

33. Effect of Venturicidin on Oxygen Evolution Venturi-
cidin is a powerful inhibitor of the chloroplast ATP synthase,
interacting with the CF, part of the enzyme and blocking
proton passage through the CF,CF; complex. How would
venturicidin affect oxygen evolution in a suspension of well-
illuminated chloroplasts? Would your answer change if the
experiment were done in the presence of an uncoupling
reagent such as 2,4-dinitrophenol (DNP)? Explain.

34. Bioenergetics of Photophosphorylation The steady-
state concentrations of ATP, ADP, and P; in isolated spinach
chloroplasts under full illumination at pH 7.0 are 120.0, 6.0,
and 700.0 uM, respectively.

(a) What is the free-energy requirement for the synthesis
of 1 mol of ATP under these conditions?

(b) The energy for ATP synthesis is furnished by light-
induced electron transfer in the chloroplasts. What is the
minimum voltage drop necessary (during transfer of a pair
of electrons) to synthesize ATP under these conditions?
(You may need to refer to Eqn 13-7, p. 515.)

35. Light Energy for a Redox Reaction Suppose you have
isolated a new photosynthetic microorganism that oxidizes
H,S and passes the electrons to NAD'. What wavelength of
light would provide enough energy for H,S to reduce NAD™
under standard conditions? Assume 100% efficiency in the
photochemical event, and use E'° of —243 mV for H,S and
—320 mV for NAD™. See Figure 19-46 for the energy equiva-
lents of wavelengths of light.



36. Equilibrium Constant for Water-Splitting Reactions
The coenzyme NADP™ is the terminal electron acceptor in
chloroplasts, according to the reaction

2H,0 + 2NADP* — 2NADPH + 2H" + O,

Use the information in Table 19-2 to calculate the equilibrium
constant for this reaction at 25 °C. (The relationship between
K., and AG'® is discussed on p. 492.) How can the chloroplast
overcome this unfavorable equilibrium?

37. Energetics of Phototransduction During photosyn-
thesis, eight photons must be absorbed (four by each photo-
system) for every Oy molecule produced:

2H,0 + 2NADP" + 8 photons —> 2NADPH + 2H" + O,

Assuming that these photons have a wavelength of 700 nm
(red) and that the light absorption and use of light energy are
100% efficient, calculate the free-energy change for the
process.

38. Electron Transfer to a Hill Reagent Isolated spinach
chloroplasts evolve O, when illuminated in the presence of
potassium ferricyanide (a Hill reagent), according to the
equation

2H,0 + 4Fe®" —— Oy + 4H" + 4Fe?™"

where Fe®* represents ferricyanide and Fe2+, ferrocyanide. Is
NADPH produced in this process? Explain.

39. How Often Does a Chlorophyll Molecule Absorb a
Photon? The amount of chlorophyll a (M, 892) in a spinach leaf
is about 20 pLg/cm2 of leaf surface. In noonday sunlight (average
energy reaching the leaf is 5.4 J/em® « min), the leaf absorbs
about 50% of the radiation. How often does a single chlorophyll
molecule absorb a photon? Given that the average lifetime of an
excited chlorophyll molecule in vivo is 1 ns, what fraction of the
chlorophyll molecules are excited at any one time?

40. Effect of Monochromatic Light on Electron Flow
The extent to which an electron carrier is oxidized or reduced
during photosynthetic electron transfer can sometimes be ob-
served directly with a spectrophotometer. When chloroplasts
are illuminated with 700 nm light, cytochrome f, plastocyanin,
and plastoquinone are oxidized. When chloroplasts are illumi-
nated with 680 nm light, however, these electron carriers are
reduced. Explain.

41. Function of Cyclic Photophosphorylation When the
[NADPHJ/[NADP*] ratio in chloroplasts is high, photophos-
phorylation is predominantly cyclic (see Fig. 19-56). Is Oq
evolved during cyclic photophosphorylation? Is NADPH pro-
duced? Explain. What is the main function of cyclic pho-
tophosphorylation?

Data Analysis Problem

42. Photophosphorylation: Discovery, Rejection, and
Rediscovery In the 1930s and 1940s, researchers were begin-
ning to make progress toward understanding the mechanism of
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photosynthesis. At the time, the role of “energy-rich phosphate
bonds” (today, “ATP”) in glycolysis and cellular respiration was
just becoming known. There were many theories about the
mechanism of photosynthesis, especially about the role of light.
This problem focuses on what was then called the “primary
photochemical process”—that is, on what it is, exactly, that the
energy from captured light produces in the photosynthetic cell.
Interestingly, one important part of the modern model of pho-
tosynthesis was proposed early on, only to be rejected, ignored
for several years, then finally revived and accepted.

In 1944, Emerson, Stauffer, and Umbreit proposed that
“the function of light energy in photosynthesis is the formation
of ‘energy-rich’ phosphate bonds” (p. 107). In their model
(hereafter, the “Emerson model”), the free energy necessary
to drive both COy fixation and reduction came from these
“energy-rich phosphate bonds” (i.e., ATP), produced as a
result of light absorption by a chlorophyll-containing protein.

This model was explicitly rejected by Rabinowitch
(1945). After summarizing Emerson and coauthors’ findings,
Rabinowitch stated: “Until more positive evidence is provided,
we are inclined to consider as more convincing a general argu-
ment against this hypothesis, which can be derived from energy
considerations. Photosynthesis is eminently a problem of energy
accumulation. What good can be served, then, by converting
light quanta (even those of red light, which amount to about 43
kcal per Einstein) into ‘phosphate quanta’ of only 10 kcal per
mole? This appears to be a start in the wrong direction—toward
dissipation rather than toward accumulation of energy” (Vol. I,
p. 228). This argument, along with other evidence, led to the
abandonment of the Emerson model until the 1950s, when it was
found to be correct—albeit in a modified form.

For each piece of information from Emerson and coau-
thors’ article presented in (a) through (d) below, answer the
following three questions:

1. How does this information support the Emerson model,
in which light energy is used directly by chlorophyll to
make ATP, and the ATP then provides the energy to
drive CO, fixation and reduction?

2. How would Rabinowitch explain this information, based on
his model (and most other models of the day), in which light
energy is used directly by chlorophyll to make reducing
compounds? Rabinowitch wrote: “Theoretically, there is no
reason why all electronic energy contained in molecules ex-
cited by the absorption of light should not be available for oxi-
dation-reduction” (Vol. I, p. 152). In this model, the reducing
compounds are then used to fix and reduce CO,, and the
energy for these reactions comes from the large amounts of
free energy released by the reduction reactions.

3. How is this information explained by our modern under-
standing of photosynthesis?

(a) Chlorophyll contains a Mg®" ion, which is known to be
an essential cofactor for many enzymes that catalyze phospho-
rylation and dephosphorylation reactions.

(b) A crude “chlorophyll protein” isolated from photosyn-
thetic cells showed phosphorylating activity.
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(¢) The phosphorylating activity of the “chlorophyll pro-
tein” was inhibited by light.

(d) The levels of several different phosphorylated com-
pounds in photosynthetic cells changed dramatically in re-
sponse to light exposure. (Emerson and coworkers were not
able to identify the specific compounds involved.)

As it turned out, the Emerson and Rabinowitch models
were both partly correct and partly incorrect.

(e) Explain how the two models relate to our current
model of photosynthesis.

In his rejection of the Emerson model, Rabinowitch
went on to say: “The difficulty of the phosphate storage
theory appears most clearly when one considers the fact
that, in weak light, eight or ten quanta of light are sufficient
to reduce one molecule of carbon dioxide. If each quantum
should produce one molecule of high-energy phosphate,

the accumulated energy would be only 80-100 kcal per
Einstein—while photosynthesis requires at least 112 kcal
per mole, and probably more, because of losses in irre-
versible partial reactions” (Vol. 1, p. 228).

() How does Rabinowitch’s value of 8 to 10 photons per
molecule of CO5 reduced compare with the value accepted to-
day? You need to consult Chapter 20 for some of the informa-
tion required here.

() How would you rebut Rabinowitch’s argument, based
on our current knowledge about photosynthesis?
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to carbohydrate.

... the discovery of the long-lived isotope of carbon, carbon-14, by
Samuel Ruben and Martin Kamen in 1940 provided the ideal tool for
the tracing of the route along which carbon dioxide travels on its way

—Melvin Calvin, Nobel Address, 1961
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e have now reached a turning point in our study

of cellular metabolism. Thus far in Part II we

have described how the major metabolic fuels—
carbohydrates, fatty acids, and amino acids—are de-
graded through converging catabolic pathways to enter
the citric acid cycle and yield their electrons to the res-
piratory chain, and how this exergonic flow of electrons
to oxygen is coupled to the endergonic synthesis of ATP.
We now turn to anabolic pathways, which use chemical
energy in the form of ATP and NADH or NADPH to syn-
thesize cellular components from simple precursor mol-
ecules. Anabolic pathways are generally reductive
rather than oxidative. Catabolism and anabolism pro-
ceed simultaneously in a dynamic steady state, so the
energy-yielding degradation of cellular components is
counterbalanced by biosynthetic processes, which cre-
ate and maintain the intricate orderliness of living cells.
Plants must be especially versatile in their handling

of carbohydrates, for several reasons. First, plants are au-
totrophs, able to convert inorganic carbon (as CO,) into
organic compounds. Second, biosynthesis occurs prima-
rily in plastids, membrane-bounded organelles unique to
photosynthetic organisms, and the movement of interme-
diates between cellular compartments is an important as-
pect of metabolism. Third, plants are not motile: they
cannot move to find better supplies of water, sunlight, or

nutrients. They must have sufficient metabolic flexibility
to allow them to adapt to changing conditions in the place
where they are rooted. Finally, plants have thick cell walls
made of carbohydrate polymers, which must be assem-
bled outside the plasma membrane and which constitute
a significant proportion of the cell’s carbohydrate.

The chapter begins with a description of the process
by which COy is assimilated into trioses and hexoses,
then considers photorespiration, an important side re-
action during CO, fixation, and the ways in which cer-
tain plants avoid this side reaction. We then look at how
the biosynthesis of sucrose (for sugar transport) and
starch (for energy storage) is accomplished by mech-
anisms analogous to those employed by animal cells to
make glycogen. The next topic is the synthesis of the
cellulose of plant cell walls and the peptidoglycan of
bacterial cell walls, illustrating the problems of energy-
dependent biosynthesis outside the plasma membrane.
Finally, we discuss how the various pathways that share
pools of common intermediates are segregated within
organelles yet integrated with one another.

20.1 Photosynthetic Carbohydrate Synthesis

The synthesis of carbohydrates in animal cells always
employs precursors having at least three carbons, all of
which are less oxidized than the carbon in CO,. Plants
and photosynthetic microorganisms, by contrast, can
synthesize carbohydrates from CO, and water, reducing
COs at the expense of the energy and reducing power fur-
nished by the ATP and NADPH that are generated by the
light-dependent reactions of photosynthesis (Fig. 20-1).
Plants (and other autotrophs) can use COy as the sole
source of the carbon atoms required for the biosynthesis
of cellulose and starch, lipids and proteins, and the
many other organic components of plant cells. By con-
trast, heterotrophs cannot bring about the net reduction
of COs to achieve a net synthesis of glucose.
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