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Trimeric array of photosynthetic
reaction centers from the
cyanobacterium Synechocystis showing
o helices and chlorophyll molecules
(see Fig. 23-33). Courtesy of Nobert
Krauss.

Segment of an extended “lampbrush”
chromosome from an oocyte of a newt.
See Fig. 27-6. Courtesy of L. M. Mays.

Transcription factor NF-xB, which
functions in many developmental
processes, bound to its DNA target.
See also Fig. 5-40. Courtesy of Stephen
C. Harrison.

Thin section of mitochondria showing
closely spaced cristae. Courtesy of
Kenneth Moore, University of lowa.

The ATP-binding site of the muscle
protein myosin with a bound
MgADP e BeFy complex mimicking
the true substrate. See Fig. 19-16.
Courtesy of Ivan Rayment.

Micrograph of one of the 21 midbody
ganglia of a leech. All cell bodies of
the ~ 400 neurons, including two large
serotonergic Retzius cells, are visible.
Cell bodies and axons are stained with
an antibody to the intermediate
filament protein filarin. Courtesy of
Kristen M. and Jorgen Johansen. (See
p-1762.)

Diagram of the 1.83 Mbp genomic
DNA of the bacterium Haemophilus
influenzae Rd. This genome sequence
was the first determined by random
sequencing of overlapping fragments
(shotgun strategy) by J. Craig Ventner
and associates. Reprinted with
permission from Science 269, 496 — 512,
1995; American Association for the
Advancement of Science.

Cellulose fibrils in the secondary plant
cell wall of a tracheary element of
Zinnia elegans. Courtesy of C. H.
Haigler and R. L. Blaton. See Fig. 20-
4D.

Ribbon drawing of the pentameric
lumazine synthase from S. cerevisiae
with reaction intermediates in the
active sites. See pp. 1462 — 1463.
Courtesy of Rudolf Ladenstein.
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When Volume I was published early in 2001 I
thought that Volume II would be ready by the end of
the same year. However, updating the first edition to
cover the major aspects of the rapidly expanding
scope of Biochemistry was more difficult than I had
imagined. This second volume brings many topics
up-to-date. The first chapter (Chapter 17), which has
been available on the Web, is an introduction to me-
tabolism, more extensive than that in Chapter 10.
This is followed by specialized chapters on oxidative
metabolism, muscle chemistry, and on selected as-
pects of the metabolism of carbohydrates, lipids, and
polyprenyl compounds. Chapter 23 deals with light,
photochemistry, and photobiology. Chapter 24 de-
scribes metabolism of nitrogen fixation, amino acid
synthesis and degradation and chemistry of other
nitrogenous compounds. Chapter 25 provides a
summary of biosynthesis and catabolism of aromatic
compounds including the nucleic acid bases. Chap-
ters 26-29 deal with molecular genetics and the bio-
synthesis and metabolism of DNA, RNA, and
proteins. Chapters 30-32 are introductions to the
chemistry of intercellular signaling, brain chemistry,
immunochemistry, and development.

Volume II contains a huge amount of information.

However, it represents only a tiny fraction of the
biochemical knowledge presently available. The
many references given may help the reader to get

xvii

Preface

started in consulting this literature. However, the
references provide neither a comprehensive review
of literature nor an accurate historical record. I hope
that my fellow biochemists will forgive me where I
have failed to cite their favorite articles. The main
purpose of the references is to document the material
that I used in preparing the text. The coverage is
limited. I used a selection of journals that I could
scan quickly, hoping to provide a broad view. How-
ever, there are now hundreds of journals that contain
biochemical information. An important entrance to
this literature is via the World Wide Web, which by
now may contain ~10!! pages of information. (See
D. Butler, Nature, 405, 112-115, 2000). I especially
recommend http://highwire.stanford.edu which provides
free of charges both abstracts and full articles from
many journals. I hope that you will read many origi-
nal papers and not only reviews. Above all I hope
that this book will help you to find excitement in the
many scientific discoveries that are reported week
after week. I am especially appreciative of the efforts
made by our artist David J. Sauke, who died suddenly
on November 6, 2002. He was designer, artist, com-
positor, and close friend. I am indebted to Robert R.
Louden, Emily L. Osam, and Kim McDermott for
taking over David’s responsibilities and allowing us
to complete the volume in a timely fashion.

David E. Metzler
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Citric Acid Cycle

Metabolism involves a bewildering array of chem-
ical reactions, many of them organized as complex
cycles which may appear difficult to understand. Yet,
there is logic and orderliness. With few exceptions,
metabolic pathways can be regarded as sequences of
the reactions considered in Chapters 12—-16 (and sum-
marized in the table inside the back cover) which are
organized to accomplish specific chemical goals. In
this chapter we will examine the chemical logic of the
major pathways of catabolism of foods and of cell
constituents as well as some reactions of biosynthesis
(anabolism). A few of the sequences have already
been discussed briefly in Chapter 10.

A. The Oxidation of Fatty Acids

Hydrocarbons yield more energy upon combus-
tion than do most other organic compounds, and it is,
therefore, not surprising that one important type of
food reserve, the fats, is essentially hydrocarbon in
nature. In terms of energy content the component
fatty acids are the most important. Most aerobic cells
can oxidize fatty acids completely to CO, and water,

a process that takes place within many bacteria, in the
matrix space of animal mitochondria, in the peroxi-
somes of most eukaryotic cells, and to a lesser extent
in the endoplasmic reticulum.

The carboxyl group of a fatty acid provides a point
for chemical attack. The first step is a priming reaction
in which the fatty acid is converted to a water-soluble
acyl-CoA derivative in which the o hydrogens of the
fatty acyl radicals are “activated” (step a, Fig. 17-1).
This synthetic reaction is catalyzed by acyl-CoA
synthetases (fatty acid:CoA ligases). It is driven by
the hydrolysis of ATP to AMP and two inorganic

phosphate ions using the sequence shown in Eq. 10-1
(p- 508). There are isoenzymes that act on short-,
medium-, and long-chain fatty acids. Yeast contains
at least five of these.! In every case the acyl group is
activated through formation of an intermediate acyl
adenylate; hydrolysis of the released pyrophosphate
helps to carry the reaction to completion (see discus-
sion in Section H).

1. Beta Oxidation

The reaction steps in the oxidation of long-chain
acyl-CoA molecules to acetyl-CoA were outlined in
Fig. 10-4. Because of the great importance of this §
oxidation sequence in metabolism the steps are shown
again in Fig. 17-1 (steps b—¢). The chemical logic
becomes clear if we examine the structure of the acyl-
CoA molecule and consider the types of biochemical
reactions available. If the direct use of O, is to be
avoided, the only reasonable mode of attack on an
acyl-CoA molecule is dehydrogenation. Removal of
the o hydrogen as a proton is made possible by the
activating effect of the carbonyl group of the thioester.
The B hydrogen can be transferred from the inter-
mediate enolate, as a hydride ion, to the bound FAD
present in the acyl-CoA dehydrogenases that cata-
lyze this reaction®~® (step b, Fig. 17-1; see also Eq.
15-23). These enzymes contain FAD, and the reduced
coenzyme FADH, that is formed is reoxidized by an
electron transferring flavoprotein (Chapter 15),
which also contains FAD. This protein carries the
electrons abstracted in the oxidation process to the
inner membrane of the mitochondrion where they
enter the mitochondrial electron transport system,>
as depicted in Fig. 10-5 and as discussed in detail in
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Chapter 18.

The product of step b is always
a trans-AZ-enoyl-CoA. One of the
few possible reactions of this unsat-
urated compound is nucleophilic
addition at the B position. The
reacting nucleophile is an HO~ ion
from water. This reaction step (step
¢, Fig. 17-1) is completed by addi-
tion of H™ at the o position. The
resulting B~hydroxyacyl-CoA
(3-hydroxyacyl-CoA) is dehydro-
genated to a ketone by NAD* (step
d).5b This series of three reactions is
the B oxidation sequence.

At the end of this sequence,
the B-oxoacyl-CoA derivative is
cleaved (Fig. 17-1, step ¢) by a
thiolase (see also Eq. 13-35). One
of the products is acetyl-CoA, which
can be catabolized to CO, through
the citric acid cycle. The other
product of the thiolytic cleavage is
an acyl-CoA derivative that is two
carbon atoms shorter than the original
acyl-CoA. This molecule is recycled
through the 3 oxidation process,

a two-carbon acetyl unit being
removed as acetyl-CoA during each
turn of the cycle (Fig. 17-1). The
process continues until the fatty
acid chain is completely degraded.
If the original fatty acid contained
an even number of carbon atoms in
a straight chain, acetyl-CoA is the
only product. However, if the
original fatty acid contained an
odd number of carbon atoms,
propionyl-CoA is formed at

the end.

For every step of the § oxidation
sequence there is a small family of
enzymes with differing chain length
preferences.®” For example, in
liver mitochondria one acyl-CoA
dehydrogenase acts most rapidly
on n-butyryl and other short-chain
acyl-CoA; a second prefers a sub-
strate of medium chain length such
as n-octanoyl-CoA; a third prefers
long-chain substrates such as pal-
mitoyl-CoA; and a fourth, substrates
with 2-methyl branches. A fifth
enzyme acts specifically on isovaleryl-
CoA. Similar preferences exist for
the other enzymes of the § oxida-
tion pathway. In Escherichia coli

Free fatty acids

o ATP
see Eq. 10-1, p. 508

(@]
> \C 7 C
( e N
R C ~ S— CoA
VRN
H H
Acyl-CoA
FAD
0 Acyl-CoA dehydrogenase
The B
Oxidation FADH,
Sequence H o
C C
~ ~
R™ Sc7 Ss—coa
H
Enoyl-CoA
H,0
o Enoyl-CoA hydratase
Shortened acyl-CoA
is recycled, a 2 C fragment
being cut off each time H OH ‘C‘)
r 3 P C"\ _ \
R CH, S— CoA

B-Hydroxyacyl-CoA
NAD?*
@ ([ p-Hydroxyacyl-CoA dehydrogenase
NADH + H*
.

C. _C
R// SSQCHZ SS—CoA
CoA—S  H*

B-Oxoacyl-CoA

o e Thiolase 1)
7 V4
— R — (CHy),—C CH; — c\
N\ S—CoA S—CoA
R'= R-2CH, Acetyl-CoA

When chain degradation is complete,
a short terminal piece remains:
Acetyl-CoAif R'= CH,
Propionyl-CoA if R' = CH,CH, Oxidation through
citric acid cycle

Figure 17-1 The B oxidation cycle for fatty acids. Fatty acids are converted to
acyl-CoA derivatives from which 2-carbon atoms are cut off as acetyl-CoA to
give a shortened chain which is repeatedly sent back through the cycle until
only a 2- or 3-carbon acyl-CoA remains. The sequence of steps b, c, and d also
occurs in many other places in metabolism.




most of these enzymes are present as a complex of multi-
functional proteins® while the mitochondrial enzymes
may be organized as a multiprotein complex.”1

Peroxisomal beta oxidation. In animal cells
oxidation is primarily a mitochondrial process,® but
it also takes place to a limited extent within peroxi-
somes and within the endoplasmic reticulum.!-14
This “division of labor” is still not understood well.
Straight-chain fatty acids up to 18 carbons in length
appear to be metabolized primarily in mitochondria,
but in the liver fatty acids with very long chains are
processed largely in peroxisomes.!® There, a very
long-chain acyl-CoA synthetase acts on fatty acids
that contain 22 or more carbon atoms.'> In yeast all §
oxidation takes place in peroxisomes,'>!¢ and in most
organisms, including green plants,'”182 the peroxi-
somes are the most active sites of fatty acid oxidation.
However, animal peroxisomes cannot oxidize short-
chain acyl-CoA molecules; they must be returned to
the mitochondria.'® The activity of peroxisomes in
B oxidation is greatly increased by the presence of a
variety of compounds known as peroxisome prolif-
erators. Among them are drugs such as aspirin and
clofibrate and environmental xenobiotics such as
the plasticizer bis-(2-ethyl-hexyl)-
phthalate. They may induce as much
as a tenfold increase in peroxisomal

A. The Oxidation of Fatty Acids 941

are freely permeable to NAD*, NADH, and acyl-CoA
molecules. However, genetic experiments with yeast
and other recent evidence indicate that they are imper-
meable in vivo and that carrier and shuttle mechanisms
similar to those in mitochondria may be required.!4?°

Unsaturated fatty acids. Mitochondrial B oxi-
dation of such unsaturated acids as the A%-oleic acid
begins with removal of two molecules of acetyl-CoA
to form a A%-acyl-CoA. However, further metabolism
is slow. Two pathways have been identified (Eq.
17-1).26-2% The first step for both is a normal dehydro-
genation to a 2-trans-5-cis-dienoyl-CoA. In pathway I
this intermediate reacts slowly by the normal  oxida-
tion sequence to form a 3-cis-enoyl-CoA intermediate
which must then be acted upon by an auxiliary enzyme,
a cis-A-trans-A*-enoyl-CoA isomerase (Eq. 17-1, step c),
before  oxidation can continue.

The alternative reductase pathway (Il in Eq. 17-1)
is often faster. It makes use of an additional isomerase
which converts 3-trans, 5-cis-dienoyl-CoA into the
2-trans, 4-trans isomer in which the double bonds are
conjugated with the carbonyl group.? This permits
removal of one double bond by reduction with NADPH
as shown (Eq. 17-1, step f).2%2?* The peroxisomal

o}
5
B oxidation.1112191% R W\)J\

Several other features also distin-
guish P oxidation in peroxisomes.
The peroxisomal flavoproteins that
catalyze the dehydrogenation of
acyl-CoA molecules to unsaturated
enoyl-CoAs (step b of Fig. 17-1) are
oxidases in which the FADH, that is
formed is reoxidized by O, to form
H,0,.1%2% In peroxisomes the enoyl-
hydratase and the NAD*-dependent
dehydrogenase catalyzing steps c and
d of Fig. 17-1 are present together
with an enoyl-CoA isomerase (next
section) as a trifunctional enzyme
consisting of a single polypeptide
chain.?! As in mitochondrial B oxida-
tion the 3-hydroxyacyl-CoA inter-
mediates formed in both animal
peroxisomes and plant peroxisomes
(glyoxysomes) have the L configura-
tion. However, in fungal peroxi-
somes as well as in E. coli they have
the D configuration.??? Further
metabolism in these organisms
requires an epimerase that converts
the p-hydroxyacyl-CoA molecules
to 1.2 In the past it has often been
assumed that peroxisomal membranes

B Oxidation continued l

Acetyl-CoA 4 o

A®, A>-Enoyl-CoA
isomerase

H

Enoyl-CoA
isomerase

(o) R 5 3
3 = S—CoA
R 3-trans-5-cis-Dienoyl-CoA
S— CoA
l o
O From O
NADPH — H-
0 M
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4 NS
R \2 S— CoA H
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O

3
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Enoyl-CoA isomerase l 8

(€]

Complete p oxidation <————— R W S— CoA

2
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pathway is similar.?! However, the intermediate
formed in step e of Eq. 17-1 may sometimes have the 2-
trans, 4-cis configuration.'” The NADH for the reduc-
tive step f may be supplied by an NADP-dependent
isocitrate dehydrogenase.?*® Repetition of steps a, d,

e, and f of Eq. 17-1 will lead to B oxidation of the

entire chain of polyunsaturated fatty acids such as
linoleoyl-CoA or arachidonoyl-CoA. Important addi-
tional metabolic routes for polyunsaturated fatty acid
derivatives are described in Chapter 21.

Branched-chain fatty acids. Most of the fatty
acids in animal and plant fats have straight unbranched
chains. However, branches, usually consisting of
methyl groups, are present in lipids of some micro-
organisms, in waxes of plant surfaces, and also in
polyprenyl chains. As long as there are not too many
branches and if they occur only in the even-numbered
positions (i.e., on carbons 2, 4, etc.) B oxidation proceeds
normally. Propionyl-CoA is formed in addition to
acetyl-CoA as a product of the chain degradation. On
the other hand, if methyl groups occur in positions 3,
5, etc., B oxidation is blocked at step d of Fig. 17-1. A
striking example of the effect of such blockage was

A CHj branch here
blocks B oxidation

l

4 3 2 1H
CH,— CH;— CH,— C—S—CoA

!

A CHj branch here
leads to formation
of propionyl-CoA

provided by the synthetic detergents in common use
until about 1966. These detergents contained a hydro-
carbon chain with methyl groups distributed more or
less randomly along the chain. Beta oxidation was
blocked at many points and the result was a foamy
pollution crisis in sewage plants in the United States
and in some other countries. Since 1966, only bio-
degradable detergents having straight hydrocarbon
chains have been sold.

In fact, cells are able to deal with small amounts of
these hard-to-oxidize substrates. The O,-dependent
reactions called o oxidation and w oxidation are used.
These are related also to the oxidation of hydrocarbons
which we will consider next.

Oxidation of saturated hydrocarbons. Although
the initial oxidation step is chemically difficult, the
tissues of our bodies are able to metabolize saturated
hydrocarbons such as n-heptane slowly, and some
microorganisms oxidize straight-chain hydrocarbons
rapidly.3%3! Strains of Pseudomonas and of the yeast
Candida have been used to convert petroleum into

edible proteins.’

The first step in oxidation of alkanes is usually an
O,-requiring hydroxylation (Chapter 18) to a primary
alcohol. Further oxidation of the alcohol to an acyl-CoA
derivative, presumably via the aldehyde (Eq. 17-2), is a
frequently encountered biochemical oxidation sequence.

O,
n-Octane ——— C;H;5— CH.

Hydroxylation 2~ OH
Octanol
C;Hi;5 — CHO

J

(@]

C7H157C757C0A

Acyl-CoA (17-2)

Alpha oxidation and omega oxidation. Animal
tissues degrade such straight-chain fatty acids as
palmitic acid, stearic acid, and oleic acid almost entirely
by B oxidation, but plant cells often oxidize fatty acids
one carbon at a time. The initial attack may involve
hydroxylation on the o-carbon atom (Eq. 17-3) to
form either the p- or the L-2-hydroxy acid.”1832322 The
L-hydroxy acids are oxidized rapidly, perhaps by dehy-
drogenation to the oxo acids (Eq. 17-3, step b) and
oxidative decarboxylation, possibly utilizing H,O, (see
Eq. 15-36). The p-hydroxy acids tend to accumulate
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and are normally present in green leaves. However,
they too are oxidized further, with retention of the o
hydrogen as indicated by the shaded squares in Eq. 17-3,
step e. This suggests a new type of dehydrogenation
with concurrent decarboxylation. Alpha oxidation also
occurs to some extent in animal tissues. For example,
when B oxidation is blocked by the presence of a
methyl side chain, the body may use o oxidation to get
past the block (see Refsum disease, Box 17-A). Asin
plants, this occurs principally in the peroxisomes3-3
and is important for degradation not only of poly-
prenyl chains but also bile acids. In the brain some of
the fatty acyl groups of sphingolipids are hydroxylated
to a-hydroxyacyl groups.® Alpha oxidation in animal
cells occurs after conversion of free fatty acids to their
acyl-CoA derivatives (Eq. 7-3, step a). This is followed
by a 2-oxoglutarate-dependent hydroxylation (step b,
see also Eq. 18-51) to form the 2-hydroxyacyl-CoA,
which is cleaved in a standard thiamin diphosphate-
requiring o cleavage (step ¢). The products are formyl-
CoA, which is hydrolyzed and oxidized to CO,, and

a fatty aldehyde which is metabolized further by 3
oxidation.34

Phytol

\ B Oxidation is blocked here

CH, CH,

O
| | 7
H{»CHZ—CH—CHZ—CHZ%CHZ—CH—CHZ—C
Phytanic acid OH
© | o Oxidation (Eq. 17-3)
CH.
\ ’ 2
R—CH,—C— C\
‘ S— CoA
H
o Degradation via B oxidation
O
V4
3 CH;—CH,—C
Si==CoA

//o
+3 CH;—C

S— CoA
//O
+ CH3— CH—C
| — CoA
CH, S Co

In this autosomally inherited disorder of lipid
metabolism the 20-carbon branched-chain fatty acid
phytanic acid accumulates in tissues. Phytanic acid
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In plants o-dioxygenases (Chapter 18) convert
free fatty acids into 2(R)-hydroperoxy derivatives (Eq.
7-3, step d).3%@ These may be decarboxylated to fatty
aldehydes (step ¢, see also Eq. 15-36) but may also give
rise to a variety of other products. Compounds arising
from linoleic and linolenic acids are numerous and
include epoxides, epoxy alcohols, dihydroxy acids,
short-chain aldehydes, divinyl ethers, and jasmonic
acid (Eq. 21-18).32

On other occasions, omega (w) oxidation occurs
at the opposite end of the chain to yield a dicarboxylic
acid. Within the human body 3,6-dimethyloctanoic
acid and other branched-chain acids are degraded largely
via o oxidation. The initial oxidative attack is by a
hydroxylase of the cytochrome P450 group (Chapter
18). These enzymes act not only on fatty acids but also
on prostaglandins, sterols, and many other lipids. In
the animal body fatty acids are sometimes hydroxylated
both at the terminal () position and at the next (o-2 or
®2) carbon. In plants hydroxylation may occur at the
02, ®3, and w4 positions as well.'”*” Dicarboxylates
resulting from o oxidation of straight-chain fatty acids

is normally formed in the body (step a4 in the accom-
panying scheme) from the polyprenyl plant alcohol
phytol, which is found as an ester in the chloro-
phyll present in the diet (Fig. 23-20). Although only
a small fraction of the ingested phytol is oxidized
to phytanic acid, this acid accumulates to a certain
extent in animal fats and is present in dairy products.
Because 3 oxidation is blocked, the first step (step b)
in degradation of phytanic acid is o oxidation in
peroxisomes.? The remainder of the molecule
undergoes 3 oxidation (step c) to three molecules

of propionyl-CoA, three of acetyl-CoA, and one of
isobutyryl-CoA. The disease, which was described
by Refsum in 1946, causes severe damage to nerves
and brain as well as lipid accumulation and early
death.°~¢ This rare disorder apparently results
from a defect in the initial hydroxylation. The
causes of the neurological symptoms of Refsum
disease are not clear, but it is possible that the iso-
prenoid phytanic acid interferes with prenylation
of membrane proteins.”

2 Singh, I, Pahan, K., Dhaunsi, G. S., Lazo, O., and Ozand, P.
(1993) J. Biol. Chem. 268, 9972—-9979

b Steinberg, D. (1995) in The Metabolic and Molecular Bases of
Inherited Disease, 7th ed., Vol. 2 (Scriver, C. R., Beaudet, A. L.,
Sly, W. S., and Valle, D., eds), pp. 2351-2369, McGraw-Hill,
New York

¢ Steinberg, D., Herndon, J. H., Jr., Uhlendorf, B. W., Mize, C. E.,
Avigan, J., and Milne, G. W. A. (1967) Science 156, 1740—1742

d Muralidharan, V. B., and Kishimoto, Y. (1984) . Biol. Chem. 259,
13021-13026
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can undergo P oxidation from both ends. The resulting
short-chain dicarboxylates, which appear to be formed
primarily in the peroxisomes,® may be converted by
further B oxidation into succinyl-CoA and free succi-
nate.* Incomplete B oxidation in mitochondria (Fig.
17-1) releases small amounts of 3(B)-hydroxy fatty
acids, which also undergo o oxidation and give rise

to free 3-hydroxydicarboxylic acids which may be
excreted in the urine.*’

2. Carnitine and Mitochondrial Permeability

A major factor controlling the oxidation of fatty
acids is the rate of entry into the mitochondria. While
some long-chain fatty acids (perhaps 30% of the total)
enter mitochondria as such and are converted to CoA
derivatives in the matrix, the majority are “activated”
to acyl-CoA derivatives on the inner surface of the
outer membranes of the mitochondria. Penetration of
these acyl-CoA derivatives through the mitochondrial
inner membrane is facilitated by L-carnitine.*! -4

HAC
N+
N oo~
HiC | ;
cu, H OH

L-Carnitine

Carnitine is present in nearly all organisms and in
all animal tissues. The highest concentration is found
in muscle where it accounts for almost 0.1% of the dry
matter. Carnitine was first isolated from meat extracts
in 1905 but the first clue to its biological action was
obtained in 1948 when Fraenkel and associates described
a new dietary factor required by the mealworm, Tenebrio
molitor. At first designated vitamin B,, it was identified
in 1952 as carnitine. Most organisms synthesize their
own carnitine from lysine side chains (Eq. 24-30).

The inner membrane of mitochondria contains a long-
chain acyltransferase (carnitine palmitoyltransferase I)
that catalyzes transfer of the fatty acyl group from
CoA to the hydroxyl group of carnitine (Eq. 17-4).45-472
Perhaps acyl carnitine derivatives pass through the
membrane more easily than do acyl-CoA derivatives
because the positive and negative charges can swing
together and neutralize each other as shown in Eq. 17-4.
Inside the mitochondrion the acyl group is transferred
back from carnitine onto CoA (Eq. 17-4, reverse) by
carnitine palmitoyltransferase II prior to initiation of

B oxidation.

Tissues contain not only long-chain acylcarnitines
but also acetylcarnitine and other short-chain acylcar-
nitines, some with branched chains.*! By accepting
acetyl groups from acetyl-CoA, carnitine causes the
release of free coenzyme A which can then be reused.

O

R—C—S5—CoA

Acyl-CoA
Carnitine
Acyltransferase
CoA —SH
(o) CH;
I Z
N— CHj;
R—C—O +\0
CHj
o-
H /
C
AN

Acyl carnitine

(17-4)

Thus, carnitine may have a regulatory function. In
flight muscles of insects acetylcarnitine serves as a
reservoir for acetyl groups. Carnitine acyltransferases
that act on short-chain acyl-CoA molecules are also
present in peroxisomes and microsomes, suggesting
that carnitine may assist in transferring acetyl groups
and other short acyl groups between cell compartments.
For example, acetyl groups from peroxisomal 3 oxida-
tion can be transferred into mitochondria where they
can be oxidized in the citric acid cycle.*!

3. Human Disorders of Fatty Acid Oxidation

Mitochondrial § oxidation of fatty acids is the
principal source of energy for the heart. Consequently,
inherited defects of fatty acid oxidation or of carnitine-
assisted transport often appear as serious heart disease
(inherited cardiomyopathy). These may involve heart
failure, pulmonary edema, or sudden infant death.

As many as 1 in 10,000 persons may inherit such prob-
lems.*8-502 The proteins that may be defective include
a plasma membrane carnitine transporter; carnitine
palmitoyltransferases; carnitine/acylcarnitine trans-
locase; long-chain, medium-chain, and short-chain
acyl-CoA dehydrogenases; 2,4-dienoyl-CoA reductase
(Eq. 17-1); and long-chain 3-hydroxyacyl-CoA dehydro-
genase. Some of these are indicated in Fig. 17-2.

Several cases of genetically transmitted carnitine
deficiency in children have been recorded. These
children have weak muscles and their mitochondria
oxidize long-chain fatty acids slowly. If the inner
mitochondrial membrane carnitine palmitoyltrans-
ferase Il is lacking, long-chain acylcarnitines accumu-
late in the mitochondria and appear to have damaging
effects on membranes. In the unrelated condition of
acute myocardial ischemia (lack of oxygen, e.g.,
during a heart attack) there is also a large accumulation
of long-chain acylcarnitines.”*> These compounds may
induce cardiac arrhythmia and may also account for



sudden death from deficiency of carnitine palmitoyl-
transferase II. Treatment of disorders of carnitine
metabolism with daily oral ingestion of several grams
of carnitine is helpful, especially for deficiency of the
plasma membrane transporter.’’> Metabolic abnor-
malities may be corrected completely.5%2

One of the most frequent defects of fatty acid
oxidation is deficiency of a mitochondrial acyl-CoA
dehydrogenase.”® If the long-chain-specific enzyme
is lacking, the rate of § oxidation of such substrates
as octanoate is much less than normal and afflicted
individuals excrete in their urine hexanedioic (adipic),
octanedioic, and decanedioic acids, all products of ®
oxidation.>* Much more common is the lack of the
mitochondrial medium-chain acyl-CoA dehydrogenase.
Again, dicarboxylic acids, which are presumably
generated by m oxidation in the peroxisomes, are
present in blood and urine. Patients must avoid fasting
and may benefit from extra carnitine.

A deficiency of very long-chain fatty acid oxidation
in peroxisomes is apparently caused by a defective
transporter of the ABC type (Chapter 8).>> The disease,
X-linked adrenoleukodystrophy (ALD), has received
considerable publicity because of attempts to treat it
with “Lorenzo’s oil,” a mixture of triglycerides of oleic
and the C,, monoenoic erucic acid. The hope has

Medium- and
short-chain
fatty acids

Long-chain

- Carnitine
fatty acids

*

N——r”

Acyl-CoA CoA

Carnitine

Acyl-CoA
Acyl-CoA Acetvl-CoA
dehydrogenase P/ * cetyl-Co
Beta
Enoyl-CoA oxidation  3-Oxoacyl-CoA
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Acylcarnitine

*
*
e
CoA
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been that these acids would flush out the very long-
chain fatty acids that accumulate in the myelin sheath
of neurons in the central nervous system and may be
responsible for the worst consequences of the disease.
However, there has been only limited success.?*>”

Several genetic diseases involve the development
of peroxisomes.!#35585% Most serious is the Zellweger
syndrome in which there are no functional peroxi-
somes. Only “ghosts” of peroxisomes are present and
they fail to take up proteins containing the C-terminal
peroxisome-targeting sequence SKL.%%02 There are
many symptoms and death occurs within the first
year. Less serious disorders include the presence of
catalaseless peroxisomes.®%

4. Ketone Bodies

When a fatty acid with an even number of carbon
atoms is broken down through B oxidation the last
intermediate before complete conversion to acetyl-CoA
is the four-carbon acetoacetyl-CoA:

C C CoA
HC” cH, s7

Acetoacetyl-CoA

Plasma membrane

Cytosol

Outer

Matrix

Mitochondrial
membranes

3-hydroxyacyl-CoA
dehydrogenase

3-Hydroxyacyl-CoA

Figure 17-2 Some specific defects in proteins of § oxidation and acyl-carnitine transport causing cardiomyopathy are
indicated by the green asterisks. CPT I and CPT II are carnitine palmitoyltransferases I and II. After Kelly and Strauss.*
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Acetoacetyl-CoA appears to be in equilibrium with
acetyl-CoA within the body and is an important meta-
bolic intermediate. It can be cleaved to two molecules
of acetyl-CoA which can enter the citric acid cycle.

It is also a precursor for synthesis of polyprenyl
(isoprenoid) compounds, and it can give rise to free
acetoacetate, an important constituent of blood.
Acetoacetate is a f-oxoacid that can undergo decar-
boxylation to acetone or can be reduced by an NADH-
dependent dehydrogenase to p-3-hydroxybutyrate.
Notice that the configuration of this compound is
opposite to that of L-3-hydroxybutyryl-CoA which is

OH -
|
CH;—C
AN
CH,; — COO~
p-3-Hydroxybutyrate

formed during f oxidation of fatty acids (Fig. 17-1).
D-3-Hydroxybutyrate is sometimes stored as a polymer
in bacteria (Box 21-D).

The three compounds, acetoacetate, acetone, and
3-hydroxybutyrate, are known as ketone bodies.*"
The inability of the animal body to form the glucose
precursors, pyruvate or oxaloacetate, from acetyl units
sometimes causes severe metabolic problems. The
condition known as ketosis, in which excessive
amounts of ketone bodies are present in the blood,
develops when too much acetyl-CoA is produced
and its combustion in the critic acid cycle is slow.
Ketosis often develops in patients with Type I diabetes
mellitus (Box 17-G), in anyone with high fevers, and
during starvation. Ketosis is dangerous, if severe,
because formation of ketone bodies produces hydrogen
ions (Eq. 17-5) and acidifies the blood. Thousands of
young persons with insulin-dependent diabetes die
annually from ketoacidosis.

Rat blood normally contains about 0.07 mM aceto-
acetate, 0.18 mM hydroxybutyrate, and a variable
amount of acetone. These amounts increase to 0.5 mM
acetoacetate and 1.6 mM hydroxybutyrate after 48 h
of starvation. On the other hand, the blood glucose
concentration falls from 6 to 4 mM after 48 h starva-
tion.®! Under these conditions acetoacetate and hydroxy-
butyrate are an important alternative energy source
for muscle and other tissues.®*%* Acetoacetate can be
thought of as a transport form of acetyl units, which
can be reconverted to acetyl-CoA and oxidized in the
citric acid cycle.

Some free acetoacetate is formed by direct hydrol-
ysis of acetoacetyl-CoA. In rats, ~11% of the hydroxy-
butyrate that is excreted in the urine comes from
acetoacetate generated in this way.** However, most
acetoacetate arises in the liver indirectly in a two-step
process (Eq. 17-5) that is closely related to the synthesis
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of cholesterol and other polyprenyl compounds. Step
a of this sequence is a Claisen condensation, catalyzed
by 3-hydroxy-3-methyl-glutaryl CoA synthase (HMG-
CoA synthase)®?< and followed by hydrolysis of one
thioester linkage. It is therefore similar to the citrate
synthase reaction (Eq. 13-38). Step c is a simple aldol
cleavage. The overall reaction has the stoichiometry
of a direct hydrolysis of acetoacetyl-CoA. Liver mito-
chondria contain most of the body’s HMG-CoA syn-
thase and are the major site of ketone body formation
(ketogenesis). Cholesterol is synthesized from HMG-
CoA that is formed in the cytoplasm (Chapter 22).

Utilization of 3-hydroxybutyrate or acetoacetate
for energy requires their reconversion to acetyl-CoA
as indicated in Eq. 17-6. All of the reactions of this
sequence may be nearly at equilibrium in tissues that
use ketone bodies for energy.®!

Acetone, in the small amounts normally present
in the body, is metabolized by hydroxylation to acetol
(Eq. 17-7, step a), hydroxylation and dehydration to
methylglyoxal (step b), and conversion to p-lactate and
pyruvate. A second pathway via 1,2-propanediol and
L-lactate is also shown in Eq. 17-7. During fasting the
acetone content of human blood may rise to as much
as 1.6 mM. As much as two-thirds of this may be
converted to glucose.®>~% Accumulation of acetone
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appears to induce the synthesis of the hydroxylases
needed for methylglyoxal formation,® and the pyru-
vate formed by Eq. 17-7 may give rise to glucose by
the gluconeogenic pathway. However, at high acetone
concentrations most metabolism may take place through
a poorly understood conversion of 1,2-propanediol to
acetate and formate or CO,.*° No net conversion of
acetate into glucose can occur in animals, but isotopic
labels from acetate can enter glucose via acetyl-CoA
and the citric acid cycle.
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B. Catabolism of Propionyl Coenzyme A and
Propionate

Beta oxidation of fatty acids with an odd number
of carbon atoms leads to the formation of propionyl-
CoA as well as acetyl-CoA. The three-carbon propionyl
unit is also produced by degradation of cholesterol
and other isoprenoid compounds and of isoleucine,
valine, threonine, and methionine. Human beings
ingest small amounts of free propionic acid, e.g., from
Swiss cheese (which is cultivated with propionic acid-
producing bacteria) and from propionate added to
bread as a fungicide. In ruminant animals, such as
cattle and sheep, the ingested food undergoes extensive
fermentation in the rumen, a large digestive organ
containing cellulose-digesting bacteria and protozoa.
Major products of the rumen fermentations include
acetate, propionate, and butyrate. Propionate is an
important source of energy for these animals.

1. The Malonic Semialdehyde Pathways

The most obvious route of metabolism of
propionyl-CoA is further B oxidation which leads to
3-hydroxypropionyl-CoA (Fig. 17-3, step a). This
appears to be the major pathway in green plants.!”
Continuation of the 3 oxidation via steps a—c of Fig.
17-3 produces the CoA derivative of malonic semialde-
hyde. The latter can, in turn, be oxidized to malonyl-
CoA, a B-oxoacid which can be decarboxylated to
acetyl-CoA. The necessary enzymes have been found
in Clostridium kluyveri,° but the pathway appears to be
little used.

Nevertheless, malonyl-CoA is a major metabolite.
It is an intermediate in fatty acid synthesis (see Fig.
17-12) and is formed in the peroxisomal B oxidation
of odd chain-length dicarboxylic acids.”® Excess
malonyl-CoA is decarboxylated in peroxisomes, and
lack of the decarboxylase enzyme in mammals causes
the lethal malonic aciduria.”’ Some propionyl-CoA
may also be metabolized by this pathway. The modi-
fied B oxidation sequence indicated on the left side of
Fig. 17-3 is used in green plants and in many micro-
organisms. 3-Hydroxypropionyl-CoA is hydrolyzed
to free B-hydroxypropionate, which is then oxidized to
malonic semialdehyde and converted to acetyl-CoA
by reactions that have not been completely described.
Another possible pathway of propionate metabolism
is the direct conversion to pyruvate via o oxidation
into lactate, a mechanism that may be employed by
some bacteria. Another route to lactate is through
addition of water to acrylyl-CoA, the product of step a
of Fig. 17-3. The water molecule adds in the “wrong
way,” the OH™ ion going to the o carbon instead of
the B (Eq. 17-8). An enzyme with an active site similar
to that of histidine ammonia-lyase (Eq. 14-48) could
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Figure 17-3 Catabolism of propionate and propionyl-CoA. In the names for methylmalonyl-CoA the R and S refer to the
methylmalonyl part of the structure. Coenzyme A is also chiral.

presumably catalyze such a reaction. Lactyl-CoA

could be converted to pyruvate readily. Clostridium o o
propionicum does interconvert propionate, lactate, and HC ! H,0 HaC (H:
pyruvate via acrylyl-CoA and lactyl-CoA as part of a S s Coa AN \,C <TG oA
fermentation of alanine (Fig. 24-19).”1-74 The enzyme H 5

HO H

that catalyzes hydration of acrylyl-CoA in this case is
a complex flavoprotein that may function via a free
radical mechanism.”17274

p-Lactyl-CoA (17-8)



In this hereditary disease up to 1-2 g of methyl-
malonic acid per day (compared to a normal of <5
mg/day) is excreted in the urine, and a high level
of the compound is present in blood. Two causes
of the rare disease are known.*4 One is the lack of
functional vitamin B;,-containing coenzyme. This
can be a result of a mutation in any one of several
different genes involved in the synthesis and trans-
port of the cobalamin coenzyme.® Cultured fibro-
blasts from patients with this form of the disease
contain a very low level of the vitamin B;, coenzyme
(Chapter 16), and addition of excess vitamin B, to
the diet may restore coenzyme synthesis to normal.
Among elderly patients a smaller increase in methyl-
malonic acid excretion is a good indicator of vitamin
B,, deficiency. A second form of the disease, which
does not respond to vitamin B,, arises from a defect
in the methylmalonyl mutase protein. Methyl-
malonic aciduria is often a very severe disease,
frequently resulting in death in infancy. Surprisingly,
some children with the condition are healthy and
develop normally.>f

A closely related disease is caused by a deficiency
of propionyl-CoA carboxylase.? This may be a result
of a defective structural gene for one of the two sub-
units of the enzyme, of a defect in the enzyme that
attaches biotin to carboxylases, or of biotinitase, the
enzyme that hydrolytically releases biotin from
linkage with lysine (Chapter 14). The latter two
defects lead to a multiple carboxylase deficiency and
to methylmalonyl aciduria as well as ketoacidosis
and propionic acidemia.8

Both methylmalonic aciduria and propionyl-CoA
decarboxylase deficiency are usually accompanied by
severe ketosis, hypoglycemia, and hyperglycinemia.
The cause of these conditions is not entirely clear.
However, methylmalonyl-CoA, which accumulates
in methylmalonic aciduria, is a known inhibitor of
pyruvate carboxylase. Therefore, ketosis may develop
because of impaired conversion of pyruvate to oxalo-
acetate.

Patients with propionic or methylmalonic
acidemia also secrete 2,3-butanediols (D-,L- or meso)
and usually also 1,2-propandiol in their urine.
Secretion of 1,2-propanediol is also observed during
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starvation and in diabetic ketoacidosis. Propanediol
may be formed from acetone (Eq. 17-7), and butane-
diols may originate from acetoin, which is a side
reaction product of pyruvate dehydrogenase. How-
ever, in the metabolic defects under consideration
here, acetoin may be formed by hydroxylation of
methylethyl ketone which can arise, as does acetone,
by decarboxylation of an oxoacid precursor formed
by B oxidation.
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Methylmalonic aciduria is rare and can be
diagnosed incorrectly. In 1989 a woman in St. Louis,
Missouri, was convicted and sentenced to life in
prison for murdering her 5-month-old son by
poisoning with ethylene glycol. While in prison
she gave birth to another son who soon fell ill of
methylmalonyl aciduria and was successfully treated.
Reexamination of the evidence revealed that the first
boy had died of the same disease and the mother
was released.i
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2. The Methylmalonyl-CoA Pathway of
Propionate Utilization

Despite the simplicity and logic of the B oxidation
pathway of propionate metabolism, higher animals
use primarily the more complex methylmalonyl-CoA
pathway (Fig. 17-3, step b). This is one of the two
processes in higher animals presently known to
depend upon vitamin B,,. This vitamin has never
been found in higher plants, nor does the methyl-
malonyl pathway occur in plants. The pathway
(Fig. 17-3) begins with the biotin- and ATP-dependent
carboxylation of propionyl-CoA. The S-methylmalonyl-
CoA so formed is isomerized to R-methylmalonyl-CoA,
after which the methylmalonyl-CoA is converted to
succinyl-CoA in a vitamin B;, coenzyme-requiring
reaction step d (Table 16-1). The succinyl-CoA is con-
verted to free succinate (with the formation of GTP
compensating for the ATP used initially). The succi-
nate, by B oxidation, is converted to oxaloacetate which
is decarboxylated to pyruvate. This, in effect, removes
the carboxyl group that was put on at the beginning of
the sequence in the ATP-dependent step. Pyruvate is
converted by oxidative decarboxylation to acetyl-CoA.

A natural question is “Why has this complex
pathway evolved to do something that could have
been done much more directly?” One possibility is
that the presence of too much malonyl-CoA, the prod-
uct of the  oxidation pathway of propionate metabo-
lism (Fig. 17-3, pathways a and c), would interfere
with lipid metabolism. Malonyl-CoA is formed in
the cytosol during fatty acid biosynthesis and retards
mitochondrial  oxidation by inhibiting carnitine
palmitoyltransferase 1.#670275 However, a relationship
to mitochondrial propionate catabolism is not clear.
On the other hand, the tacking on of an extra CO,
and the use of ATP at the beginning suggests that the
methylmalonyl-CoA pathway (Fig. 17-3) is a biosynthetic
rather than a catabolic route (see Section H,4). The methyl-
malonyl pathway provides a means for converting
propionate to oxaloacetate, a transformation that is
chemically difficult.

In this context it is of interest that cows, whose
metabolism is based much more on acetate than is
ours, often develop a severe ketosis spontaneously.

A standard treatment is the administration of a large
dose of propionate which is presumably effective
because of the ease of its conversion to oxaloacetate
via the methylmalonyl-CoA pathway. It is possible
that this pathway was developed by animals as a
means of capturing propionyl units, scanty though
they may be, for conversion to oxaloacetate and use
in biosynthesis. In ruminant animals, the pathway is
especially important. Whereas we have 5.5 mM glu-
cose in our blood, the cow has only half as much, and
a substantial fraction of this glucose is derived, in the
liver, from the propionate provided by rumen micro-

organisms.”® The need for vitamin By, in the formation
of propionate by these organisms also accounts for

the high requirement for cobalt in the ruminant diet
(Chapter 16).

C. The Citric Acid Cycle

To complete the oxidation of fatty acids the acetyl
units of acetyl-CoA generated in the B oxidation
sequence must be oxidized to carbon dioxide and
water.”” The citric acid (or tricarboxylic acid) cycle
by which this oxidation is accomplished is a vital part
of the metabolism of almost all aerobic creatures. It
occupies a central position in metabolism because of
the fact that acetyl-CoA is also an intermediate in the
catabolism of carbohydrates and of many amino acids
and other compounds. The cycle is depicted in detail
in Fig. 10-6 and in an abbreviated form, but with more
context, in Fig. 17-4.

1. A Clever Way to Cleave a Reluctant Bond

Oxidation of the chemically resistant two-carbon
acetyl group to CO, presents a chemical problem. As
we have seen (Chapter 13), cleavage of a C-C bond
occurs most frequently between atoms that are o. and
B to a carbonyl group. Such B cleavage is clearly
impossible within the acetyl group. The only other
common type of cleavage is that of a C—C bond
adjacent to a carbonyl group (o cleavage), a thiamin-
dependent process (Chapter 14). However, o cleavage
would require the prior oxidation (hydroxylation) of
the methyl group of acetate. Although many biological
hydroxylation reactions occur, they are rarely used in
the major pathways of rapid catabolism. Perhaps this
is because the overall yield of energy obtainable via
hydroxylation is less than that gained from dehydro-
genation and use of an electron transport chain.”®

The solution to the chemical problem of oxidizing
acetyl groups efficiently is one very commonly found
in nature; a catalytic cycle. Although direct cleavage is
impossible, the two-carbon acetyl group of acetyl-CoA
can undergo a Claisen condensation with a second
compound that contains a carbonyl group. The con-
densation product has more than two carbon atoms,
and a [ cleavage to yield CO, is now possible. Since
the cycle is designed to oxidize acetyl units we can
regard acetyl-CoA as the primary substrate for the
cycle. The carbonyl compound with which it condenses
can be described as the regenerating substrate. To
complete the catalytic cycle it is necessary that two
carbon atoms be removed as CO, from the compound
formed by condensation of the two substrates and that
the remaining molecule be reconvertible to the original
regenerating substrate. The reader may wish to play a
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Figure 17-4 The Krebs citric acid cycle. Some of its controlling interactions and its relationship to glycolysis. See also Figure
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by @ or (O . Some biosynthetic reaction pathways related to the cycle are shown in green. Steps are lettered to correspond to
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game by devising suitable sequences of reactions for
an acetyl-oxidizing cycle and finding the simplest
possible regenerating substrate. Ask yourself whether
nature could have used anything simpler than oxale-
acetate, the molecule actually employed in the citric
acid cycle.

The first step in the citric acid cycle (step a, Fig.
17-4) is the condensation of acetyl-CoA with oxalo-
acetate to form citrate. The synthase that catalyzes
this condensation also removes the CoA by hydrolysis
after it has served its function of activating a methyl
hydrogen. This hydrolysis also helps to drive the cycle
by virtue of the high group transfer potential of the
thioester linkage that is cleaved. Before the citrate can
be degraded through B cleavage, the hydroxyl group
must be moved from its tertiary position to an adjacent
carbon where, as a secondary alcohol, it can be oxidized
to a carbonyl group. This is accomplished through
steps b and ¢, both catalyzed by the enzyme aconitase
(Eq. 13-17). Isocitrate can then be oxidized to the
B-oxoacid oxalesuccinate, which does not leave the
enzyme surface but undergoes decarboxylation while
still bound (step d; also see Eq. 13-45).

The second carbon to be removed from citrate is
released as CO, through catalysis by the thiamin
diphosphate dependent oxidative decarboxylation
of 2-oxoglutarate (o-ketoglutarate; Chapter 15). To
complete the cycle the four-carbon succinyl unit of
succinyl-CoA must be converted back to oxaloacetate
through a pathway requiring two more oxidation
steps: Succinyl-CoA is converted to free succinate
(step f) followed by a B oxidation sequence (steps g—i;
Figs. 10-6 and 17-4). Steps e and f accomplish a substrate-
level phosphorylation (Fig. 15-16). Succinyl-CoA is an
unstable thioester with a high group transfer potential.
Therefore, step f could be accomplished by simple
hydrolysis. However, this would be energetically
wasteful. The cleavage of succinyl-CoA is coupled to
synthesis of ATP in E. coli and higher plants and to
GTP in mammals. Some of the succinyl-CoA formed
in mitochondria is used in other ways, e.g., as in Eq.
17-6 and for biosynthesis of porphyrins.

2. Synthesis of the Regenerating Substrate
Oxaloacetate

The primary substrate of the citric acid cycle is
acetyl-CoA. Despite many references in the biochemical
literature to substrates “entering” the cycle as oxalo-
acetate (or as one of the immediate precursors succinate,
fumarate, or malate), these compounds are not consumed
by the cycle but are completely regenerated; hence
the term regenerating substrate, which can be applied
to any of these four substances. A prerequisite for the
operation of a catalytic cycle is that a regenerating
substrate be readily available and that its concentration

be increased if necessary to accommodate a more
rapid rate of reaction of the cycle. Oxaloacetate

can normally be formed in any amount needed for
operation of the citric acid cycle from PEP or from
pyruvate, both of these compounds being available
from metabolism of sugars.

In bacteria and green plants PEP carboxylase
(Eq. 13-53), a highly regulated enzyme, is responsible
for synthesizing oxaloacetate. In animal tissues
pyruvate carboxylase (Eq. 14-3) plays the same role.
The latter enzyme is almost inactive in the absence of
the allosteric effector acetyl-CoA. For this reason, it
went undetected for many years. In the presence of
high concentrations of acetyl-CoA the enzyme is fully
activated and provides for synthesis of a high enough
concentration of oxaloacetate to permit the cycle to
function. Even so, the oxaloacetate concentration in
mitochondria is low, only 0.1 to 0.4 x 107° M (10-40
molecules per mitochondrion), and is relatively con-
stant.>7

3. Common Features of Catalytic Cycles

The citric acid cycle is not only one of the most
important metabolic cycles in aerobic organisms,
including bacteria, protozoa, fungi, higher plants, and
animals, but also a typical catalytic cycle. Other cycles
also have one or more primary substrates and at least
one regenerating substrate. Associated with every
catalytic cycle there must be a metabolic pathway that
provides for synthesis of the regenerating substrate.
Although it usually needs to operate only slowly to
replenish regenerating substrate lost in side reactions,
the pathway also provides a mechanism for the net
biosynthesis of any desired quantity of any intermediate in
the cycle. Cells draw off from the citric acid cycle
considerable amounts of oxaloacetate, 2-oxoglutarate,
and succinyl-CoA for synthesis of other compounds.
For example, aspartate and glutamate are formed
directly from oxaloacetate and 2-oxoglutarate, respec-
tively, by transamination (Eq. 14-25).7°2% Citrate itself
is exported from mitochondria and used for synthesis
of fatty acids. It is often stated that the citric acid cycle
functions in biosynthesis, but when intermediates in
the cycle are drawn off for synthesis the complete cycle
does not operate. Rather, the pathway for synthesis of the
regenerating substrate, together with some of the enzymes
of the cycle, is used to construct a biosynthetic pathway.

The word amphibolic is often applied to those
metabolic sequences that are part of a catabolic cycle
and at the same time are involved in a biosynthetic
(anabolic) pathway. Another term, anaplerotic, is
sometimes used to describe pathways for the synthesis
of regenerating substrates. This word, which was
suggested by H. L. Kornberg, comes from a Greek root
meaning “filling up.”%



4. Control of the Cycle

What factors determine the rate of oxidation by
the citric acid cycle? As with most other important
pathways of metabolism, several control mechanisms
operate and different steps may become rate limiting
under different conditions.8! Factors influencing the
flux through the cycle include (1) the rate of generation
of acetyl groups, (2) the availability of oxaloacetate,
and (3) the rate of reoxidation of NADH to NAD*" in
the electron transport chain. As indicated in Fig. 17-4,
acetyl-CoA is a positive effector for conversion of
pyruvate to oxaloacetate. Thus, acetyl-CoA “turns on”
the formation of a substance required for its own
further metabolism. However, when no pyruvate is
available operation of the cycle may be impaired by
lack of oxaloacetate. This may be the case when liver
metabolizes high concentrations of ethanol. The
latter is oxidized to acetate but it cannot provide
oxaloacetate. Accumulating NADH reduces pyruvate
to lactate, further interfering with formation of oxalo-
acetate.®? In some individuals the accumulating
acetyl units cannot all be oxidized in the cycle and
instead are converted to the ketone bodies (Section
A,4). Asimilar problem arises during metabolism of
fatty acids by diabetic individuals with inadequate
insulin. The accelerated breakdown of fatty acids in
the liver overwhelms the system and results in ketosis,
even though the oxaloacetate concentration remains
normal.®

The rates of the oxidative steps in the citric acid
cycle are limited by the rate of reoxidation of NADH
and reduced ubiquinone in the electron transport
chain which may sometimes be restricted by the avail-
ability of O,. However, in aerobic organisms this rate
is usually determined by the concentration of ADP
and/or P; available for conversion to ATP in the oxida-
tive phosphorylation process (Chapter 18). If catabo-
lism supplies an excess of ATP over that needed to
meet the cell’s energy needs, the concentration of ADP
falls to a low level, cutting off phosphorylation. At
the same time, ATP is present in high concentration
and acts as a feedback inhibitor for the catabolism
of carbohydrates and fats. This inhibition is exerted
at many points, a few of which are indicated in Fig.
17-4. Important sites of inhibition are the pyruvate
dehydrogenase complex 385 which converts pyru-
vate into acetyl-CoA; isocitrate dehydrogenase,5%
which converts isocitrate into 2-oxoglutarate; and
2-oxoglutarate dehydrogenase.®” The enzyme
citrate synthase, which catalyzes the first reaction
of the cycle, is also inhibited by ATP.588

Mitochondrial pyruvate dehydrogenase, which
contains a 60-subunit icosohedral core of dihydrolipoyl-
transacylase (Fig. 15-14), is associated with three mole-
cules of a two-subunit kinase as well as six molecules
of a structural binding protein which contains a
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lipoyl group that can be reduced and acetylated by
other subunits of the core protein. The binding protein
is apparently essential to the functioning of the dehydro-
genase complex but not through its lipoyl group.”%!
The specific pyruvate dehydrogenase kinase is thought
to be one of the most important regulatory proteins
involved in controlling energy metabolism in most
organisms.’>? Phosphorylation of up to three specific
serine hydroxyl groups in the thiamin-containing
decarboxylase subunit (designated E1) converts the
enzyme into an inactive form (Eq. 17-9). A specific
phosphatase reverses the inhibition. The kinase is
most active on enzymes whose core lipoyl (E2) sub-
units are reduced and acetylated, a condition favored
by high ratios of [acetyl-CoA] to free [COASH] and of
[NADH] to [NAD*]. Since the kinase inactivates the
enzyme the effect is to decrease the pyruvate dehydro-
genase action when the system becomes saturated and
NADH and acetyl-CoA accumulate. Conversely, a high
[pyruvate] inhibits the kinase and increases the action
of the dehydrogenase complex. This system also permits
various external signals to be felt. For example, insulin
has a pronounced stimulatory effect on mitochondrial
energy.®>*2% One way in which this may be accom-
plished is through stimulation of the pyruvate dehydro-
genase phosphatase, as indicated in Eq. 17-9. A kinase
activator protein (Eq. 17-9) may also respond to various
external stimuli and may be inhibited by insulin.”

Active pyruvate
dehydrogenase
El

ATP

Acetyl-CoA }_ . _@ P;
NADH
Ki Phosphatase, Mg*™*
inase
activator ----
protein

H,0

ADP
Inactive form

P-El (17-9)

The activities of 2-oxoglutarate dehydrogenase,®*

and to a lesser extent of pyruvate and isocitrate dehydro-
genases, are increased by increases in the free Ca?*
concentration.?” Calcium ions stimulate the phospha-
tase that dephosphorylates the deactivated phosphor-
ylated pyruvate dehydrogenase and activate the other
two dehydrogenases allosterically, increasing the
affinities for the substrates.®” Phosphorylation of the
NAD"-dependent isocitrate dehydrogenase also de-
creases its activity. In E. coli the isocitrate dehydro-
genase kinase and a protein phosphatase exist as a
bifunctional protein able to both deactivate the dehy-
drogenase and restore its activity.® For this organism,
the decrease in activity forces substrate into the glyoxy-
late pathway (Section J,4) instead of the citric acid cycle.
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The first use of isotopic labeling in the study of
the citric acid cycle and one of the first in the history
of biochemistry was carried out by Harland G. Wood
and C. H. Werkman in 1941.2® The aim was to study
the fermentation of glycerol by propionic acid bac-
teria, a process that was not obviously related to the
citric acid cycle. Some succinate was also formed in

Glycerol — propionate™ + H" + H,O
AG’ =-69 k] /mol

the fermentation, and on the basis of simple mea-
surements of the fermentation balance reported in
1938 it was suggested that CO, was incorporated
into oxaloacetate, which was then reduced to succi-
nate. As we now know, this is indeed an essential
step in the propionic acid fermentation (Section F3).
At the time '“C was not available but the mass spec-
trometer, newly developed by A. O. Nier, permitted
the use of the stable '3C as a tracer. Wood and
Werkman constructed a thermal diffusion column
and used it to prepare bicarbonate enriched in *C
and also built a mass spectrometer. By 1941 it was
established unequivocally that carbon dioxide was
incorporated into succinate by the bacteria.©

To test the idea that animal tissues could also
incorporate CO, into succinate Wood examined
the metabolism of a pigeon liver preparation to
which malonate had been added to block succinate
dehydrogenase (Box 10-B). Surprisingly, the accu-
mulating succinate, which arose from oxalocetate
via citrate, isocitrate, and 2-oxoglutarate (traced
by green arrows in accompanying scheme), con-
tained no 3C. Soon, however, it was shown that
CO, was incorporated into the carboxyl group of 2-
oxoglutarate that is adjacent to the carbonyl group.
That carboxyl is lost in conversion to succinate (Fig.
10-6) explains the lack of 1*C in succinate. It is of
historical interest that these observations were incor-
rectly interpreted by many of the biochemists of the
time. They agreed that citrate could not be a member of
the tricarboxylic acid cycle. Since citrate is a symmet-
ric compound it was thought that any *C incorpo-
rated into citrate would be present in equal amounts
in both terminal carboxyl groups. This would neces-
sarily result in incorporation of 13C into succinate.
It was not until 1948 that Ogston popularized the
concept that by binding with substrates at three
points, enzymes were capable of asymmetric attack
upon symmetric substrates.d In other words, an
enzyme could synthesize citrate with the carbon
atoms from acetyl-CoA occupying one of the two
—CH,COOH groups surrounding the prochiral
center. Later, the complete stereochemistry of the

citric acid cycle was elucidated through the use of a
variety of isotopic labels (see p. 704). Some of the
results are indicated by the asterisks and daggers in
the structures in Fig. 10-6.

The operation of the citric acid cycle in living
cells, organs, and whole animals has also been
observed using NMR and mass spectroscopy with
13C-containing compounds. For example, a heart
can be perfused with a suitable oxygenated per-
fusion fluid® containing various '3C-enriched sub-
strates such as [U-13C]fatty acids, [2-1*C]acetate,
[3-13C]i-lactate, or [2,3-*C]propionate.c =% NMR
spectroscopy allows direct and repeated observation
of the 1®C nuclei from a given substrate and its entry
into a variety of metabolic pathways. Because of the
high dispersion of chemical shift values for *C the
NMR resonance for the isotope can be seen at each
position within a single compound.

A compound that is especially easy to observe is
glutamate. This amino acid, most of which is found
in the cytoplasm, is nevertheless in relatively rapid
equilibrium with 2-oxoglutarate of the citric acid
cycle in the mitochondria. The accompanying
scheme shows where isotopic carbon from certain
compounds will be located when it first enters the
citric acid cycle and traces some of the labels into
glutamate. For example, uniformly enriched fatty
acids will introduce label into the two atoms of the
pro-S arm of citrate and into 4- and 5-positions of
glutamate whereas [2-1*CJacetate will introduce
label only into the C4 position as marked by @ in the
scheme. In the NMR spectrum a singlet resonance
at 32.4 ppm will be observed. However, as succes-
sive turns of the citric acid cycle occur the isotope
will appear in increasing amounts in the adjacent
3-position of glutamate. They will be recognized
readily by the appearance of a multiplet. The initial
singlet will be flanked by a pair of peaks that arise
from spin—spin coupling with the adjacent 3-3C of
the [2,3-13Clisotopomer (see accompanying figure).
After longer periods of time the central resonance
will weaken and the outer pair strengthen as the
recycling occurs.

Metabolism with [U-13C]fatty acids gives a
labeling pattern similar to that with [2,3-3CJacetate
and it has been deduced that heart muscle normally
metabolizes principally fatty acids for energy.

What will happen to the glutamate C4 resonance

if [3-13C]lactate is added to the perfusion solution?

It will enter both acetyl-CoA and oxaloacetate as
indicated by @ in the following scheme. That will
also intro-duce 13C at C3 of glutamate. By looking at
spectra at short times the relative amounts of lactate
being oxidized via the cycle and that being converted
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BOX 17-C (continued)
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biosynthetically (anaplerotically) to glutamate can be
estimated. There is a complication that has long been
recognized. Oxaloacetate can be converted by
exchange processes to succinate. Since succinate is
symmetric the effect is to put 50% of the label into
each of the central atoms of succinate (@ in scheme).
The exchange will then transfer label back into the
C2 position of oxaloacetate (0) and through citric
acid cycle reactions into C3 of glutamate. Now the
C4 NMR resonance will contain an additional pair of
peaks arising from spin—spin coupling with C2 but
which will have a different coupling constant than
that for coupling to C3.

If uniformly labeled [U-'3CJacetate is introduced
the additional isotopomers, [3,4 - 3C]glutamate and

COO~

[3,4,5 - 1¥C]glutamate, will be formed as will others
with 13C in the C1 and C5 positions but which will
not affect the C4 resonance. A total of nine lines will
be seen as illustrated in curve a of the accompanying
figure. We see that the multiplet patterns arising
from mass isotopomers are complex, but they can
be predicted accurately with a computer program.f
Isotopomers of succinate have also been analyzed.®
It is also of interest to introduce *C from
propionate labeled in various positions. One of
these is illustrated in the scheme. In this case the
appearance of multiplets arising from [3,4-13C]
glutamate verifies the existence of end-to-end
scrambling of the isotope in succinate. However,
is the scrambling complete or are some molecules
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A. BC-NMR spectrum of extracts of Langendorff-perfused
rat hearts perfused for 5 min with [1,2'3C] acetate, [3'3C]-
lactate and glucose. Only the glutamate C4 (left) and C3
(right) resonances are shown. B. Spectrum after perfusion
for 30 min. From Malloy et al.* C. The glutamate C4
resonance of an intact Langendorff-perfused rat heart
supplied with 2 mM [2-*CJacetate showing evolution of
the multiplet as a function of time after introducing the
label. The right panel shows glutamate C4 resonances
generated by a computer simulation after turnover of
citric acid cycle pools the indicated number of time. From
Jeffrey et al.f

efficiently “channeled” through enzyme—enzyme
complexes in such a way as to avoid scrambling?

As shown in the scheme, full scrambling would give
equal labeling of C2 and C3 of oxaloacetate and of
glutamate. Experimentally greater labeling was
seen at C3 than at C2 during the first few turns of

the cycle suggesting that some channeling does
occur.®

Isotopomer analysis can also be conducted by
mass spectroscopy, which is more sensitive than
NMR, using 3CM*! or 2H labeling) Making use
of a technique like that employed by Knoop (Box
10-A), a “chemical biopsy” can be performed on
animals or on human beings, who may ingest gram
quantities of sodium phenylacetate without harm.
The phenylacetate is converted to an amide with
glutamine (phenylacetylglutamine) which is
excreted in the urine, from which it can easily be
recovered for analysis.!™ This provides a non-
invasive way of studying the operation of the citric
acid cycle in the human body. Direct measurement
on animal brains®? and on human limbs or brain
has also been accomplished by NMR spectroscopy?
and may become more routine as instrumentation
is improved.
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Acting to counteract any drop in ATP level, accumu-
lating ADP acts as a positive effector for isocitrate
dehydrogenases.

Another way in which the phosphorylation state
of the adenylate system can regulate the cycle depends
upon the need for GDP in step f of the cycle (Fig. 17-4).
Within mitochondria, GTP is used largely to reconvert
AMP to ADP. Consequently, formation of GDP is pro-
moted by AMP, a compound that arises in mitochon-
dria from the utilization of ATP for activation of fatty
acids (Eq. 13-44) and activation of amino acids for
protein synthesis (Eq. 17-36).

In E. coli and some other bacteria ATP does not
inhibit citrate synthase but NADH does; the control is
via the redox potential of the NAD™ system rather
than by the level of phosphorylation of the adenine

Among the most deadly of simple compounds
is sodium fluoroacetate. The LDs, (the dose lethal
for 50% of animals receiving it) is only 0.2 mg/kg
for rats, over tenfold less than that of the nerve poi-
son diisopropylphosphofluoridate (Chapter 12).2P
Popular, but controversial, as the rodent poison
“1080,” fluoroacetate is also found in the leaves
of several poisonous plants in Africa, Australia,
and South America. Surprisingly, difluoroacetate
HCEF,-COO is nontoxic and biochemical studies
reveal that monofluoroacetate has no toxic effect on
cells until it is converted metabolically in a “lethal
synthesis” to 2R,3R-2-fluorocitrate, which is a com-
petitive inhibitor of aconitase (aconitate hydratase,
Eq. 13-17).b=8 This fact was difficult to understand
since citrate formed by the reaction of fluorooxalo-
acetate and acetyl-CoA has only weak inhibitory
activity toward the same enzyme. Yet, it is the
fluorocitrate formed from fluorooxaloacetate that
contains a fluorine atom at a site that is attacked by
aconitase in the citric acid cycle.

F\ [dolen
H 0 H.\/

N Va C 2
T No 3é

H / ~ YOH

~00C — CH2 ‘Coo—
2R,3R 2-Fluoroacetate

The small van der Waals radius of fluorine
(0.135 nm), comparable to that of hydrogen (0.12 nm),
is often cited as the basis for the ability of fluoro
compounds to “deceive” enzymes. However, the
high electronegativity and ability to enter into hydro-
gen bonds may make F more comparable to —OH in
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nucleotide system.” Succinic dehydrogenase may be
regulated by the redox state of ubiquinone (Chapter 15).
Another mechanism of regulation may be the forma-
tion of specific protein—protein complexes between
enzymes catalyzing reactions of the cycle.”**72 This
may permit one enzyme to efficiently have a product
of its action transferred to the enzyme catalyzing the
next step in the cycle.

5. Catabolism of Intermediates of the Citric
Acid Cycle

Acetyl-CoA is the only substrate that can be com-
pletely oxidized to CO, by the reaction of the citric
acid cycle alone. Nevertheless, cells must sometimes

metabolic effects. In the case of fluorocitrate it was
proposed that the inhibitory isomer binds in the
“wrong way” to aconitase in such a manner that the
fluorine atom is coordinated with the ferric ion at
the catalytic center.© However, 2R,3R-2-fluorocitrate
is a simple competitive inhibitor of aconitase but an
irreversible poison. It is especially toxic to nerves
and also appears to affect mitochondrial membranes.
Therefore, this poison may affect some other target,
such as a citrate transporter.d Fluoroacetate is only
one of many known naturally occurring fluorine
compounds.©

Another example of lethal synthesis is seen in
the use of 5-fluorouracil in cancer therapy (Box 15-E).
In this compound and in many other fluorine-
containing inhibitors the F atom replaces the H atom
that is normally removed as H* in the enzymatic
reaction. The corresponding F* cannot be formed."
Because of the high electronegativity of fluorine a
C-Fbond is polarized: C3*~F®~. This may have
very large effects on reactivity at adjacent positions.
For example, the reactivity of 2-fluoroglycosyl
groups toward glycosyl transfer is decreased by
several orders of magnitude (p. 597).
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oxidize large amounts of one of the compounds found
in the citric acid cycle to CO,.” For example, bacteria
subsisting on succinate as a carbon source must oxidize
it for energy as well as convert some of it to carbo-
hydrates, lipids, and other materials. Complete com-
bustion of any citric acid cycle intermediate can be
accomplished by conversion to malate followed by
oxidation of malate to oxaloacetate (Eq. 17-10, step a)
and decarboxylation (B cleavage) to pyruvate, or (Eq.
17-10, step b) oxidation and decarboxylation of malate
by the malic enzyme (Eq. 13-45) without free oxalo-
acetate as an intermediate. Pathway b is probably the
most important. It is catalyzed by two different malic
enzymes present in animal mitochondria. One is
specific for NADP* while the other reacts with NAD*
as well.!9101 They both have complex regulatory pro-
perties. For example, the less specific NAD*-utilizing
enzyme is allosterically inhibited by ATP but is activated
by fumarate, succinate, or isocitrate.!®” Thus, accumu-
lation of citric acid cycle intermediates “turns on” the
malic enzyme, allowing the excess to leave the cycle
and reenter as acetyl groups. Since the Michaelis
constant for malate is high, this will not happen unless
malate accumulates, signaling a need for acetyl-CoA.
The NADP*-dependent enzyme is activated by a high
concentration of free CoA and is inhibited by NADH.
Perhaps when glycolysis becomes slow the free CoA
level rises and turns on malate oxidation.!’! On the
other hand, rapid glycolysis increases the NADH
concentration which inhibits the malic enzyme. The
result is a buildup of the oxaloacetate concentration
and an increase in activity of the citric acid cycle. The
malic enzymes are also present in the cytoplasm,

where one of them functions as part of an NADPH-
generating cycle (Eq. 17-46).

D. Oxidative Pathways Related to the Citric
Acid Cycle

In this section we will consider some other catalytic
cycles as well as some noncyclic pathways of oxidation
of one- and two-carbon substrates that are utilized by
microorganisms.

1. The y-Aminobutyrate Cycle

A modification of the citric acid cycle which
involves glutamate and gamma (y) aminobutyrate
(GABA) has an important function in the brain (Fig.
17-5). Both glutamate and y-aminobutyrate occur
in high concentrations in brain (10 and 0.8 mM, re-
spectively). Both are important neurotransmitters,
y-aminobutyrate being a principal neuronal inhibitory
substance!?21% (Chapter 30). In the y-aminobutyrate
cycle acetyl-CoA and oxaloacetate are converted into
citrate (step a) in the usual way and the citrate is then
converted into 2-oxoglutarate. The latter is transformed
to L-glutamate either by direct amination (b) or by trans-
amination (c), the amino donor being y-aminobutyrate.

v-Aminobutyrate is formed by decarboxylation of
glutamate (Fig. 17-5, step d)!* and is catabolized via
transamination (step €)' to succinic semialdehyde,
which is oxidized to succinate!® and oxaloacetate.
The two transamination steps in the pathways may be

linked, as indicated in Fig. 17-5, to form

H a complete cycle that parallels the citric
~00C OH acid cycle but in which 2-oxoglutarate is
CH, — COO™ oxidized to succinate via glutamate and
L-Malate v-aminobutyrate. No thiamin diphosphate
\ NAD* is required, but 2-oxoglutarate is reductively
NAD* or aminated to glutamate. The cycle is some-
+ . .
Malate [ gny NADP times called the y-aminobutyrate shunt,
dehydrogenase d . 1 . f t 1 . th
NADH and it plays a significant role in the over-
all oxidative processes of brain tissue.
oo 7 Malic enzyme” This pathway is also prominent in green .
0 plants.'7-1% For example, under anaerobic
GTP CH, — COO™ conditions the radish Raphanus sativus ac-
PEPCK (Eq 13-46) Oxaloacetate cumulates large amounts of y-aminobutyr-
GDP 0o Oxaloacetate NADH ate.” Most animal tissues contain very
decarboxylase or . . .
(also spontaneous) NADPH little y-aminobutyrate, although it has been
found in the oviducts of rats at concentra-
o—p Co, o co : : in 111
| pyrvae H ‘/ 2 tions that exceed those in the brain.
-00C — C==CH, i » “00C—C
Phosphoenolpyruvate f CH;3
ADP  ATP i i i
Pyruvate 2. The Dicarboxylic Acid Cycle
ldoengfg&eylaﬁm Some bacteria can subsist solely on
lycolate, glycine, or oxalate, all of which
Acetyl-CoA (17-10) gy &Y ! ’
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Figure 17-5 Reactions of the y-aminobutyrate (GABA) cycle.
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are converted to glyoxylate (Eq. 17-11).
Glyoxylate is oxidized to CO, and
water to provide energy to the
bacteria and is also utilized for
biosynthetic purposes. The energy-
yielding process is found in the
dicarboxylic acid cycle (Fig. 17-6),
which catalyzes the complete oxida-
tion of glyoxylate. Four hydrogen
atoms are removed with generation
of two molecules of NADH which
can be oxidized by the respiratory
chain to provide energy.!'>!13 In the
dicarboxylic acid cycle glyoxylate is
the principal substrate and acetyl-
CoA is the regenerating substrate
rather than the principal substrate
as it is for the citric acid cycle.

The logic of the dicarboxylic
acid cycle is simple. Acetyl-CoA
contains a potentially free carboxyl
group. After the acetyl group of
acetyl-CoA has been condensed
with glyoxylate and the resulting
hydroxyl group has been oxidized,
the free carboxyl group appears in
oxaloacetate in a position f3 to the
carbonyl group. The carboxyl

Glyoxylate carboligase

Glyoxylate = (2 mol)

Y
Malate
( CH;—C synthase
S— CoA
Acetyl-CoA H
Coz‘\ HO — C — COO™
Oxidative CH, — COO~
decarboxylation
-2[H] Malate
o Cleavage
o= $ —C00~ B Cleavage 0=C—CO0"
CH;, f CH, — COO~
CO, Oxaloacetate

P—O COO~
7
C
Synthesis of regenerating substrate

2N
H CH,OH
2-Phosphoglycerate

Figure 17-6 The dicarboxylic acid cycle for oxidation of glyoxylate to
carbon dioxide. The pathway for synthesis of the regenerating substrate
is indicated by green lines. This pathway is also needed for synthesis of
carbohydrates and all other cell constituents.
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HO — CH, — COO~

Glycolate —2[H]
_ AN
H3tN — CH, — COO — C—COO~
Transamination //
Glycine (e}
Glyoxylate
/2[;1] yoxy
HO —CH; — COO™ —— Oxalyl-CoA
Oxalate (17-11)

donated by the glyoxylate is still in the o position.

A consecutive  cleavage and an oxidative o cleavage
release the two carboxyl groups as carbon dioxide to
reform the regenerating substrate. The cycle is simple
and efficient. Like the citric acid cycle, it depends upon
thiamin diphosphate, without which the o cleavage
would be impossible. Comparing the citric acid cycle
(Fig. 17-2) with the simpler dicarboxylic acid cycle, we
see that in the former the initial condensation product
citrate contains a hydroxyl group attached to a tertiary
carbon atom. With no adjacent hydrogen it is impossible
to oxidize it directly to the carbonyl group which is
essential for subsequent chain cleavage; hence the
dependence on aconitase to shift the OH to an adjacent
carbon. Both cycles involve oxidation of a hydroxy
acid to a ketone followed by B cleavage and oxidative
o cleavage. In the citric acid cycle additional oxidation
steps are needed to convert succinate back to oxalo-
acetate, corresponding to the fact that the citric acid
cycle deals with a more reduced substrate than does
the dicarboxylic acid cycle.

The synthetic pathway for the regenerating sub-
strate of the dicarboxylic acid cycle is quite complex.
Two molecules of glyoxylate undergo o condensation
with decarboxylation by glyoxylate carboligase!'*

(see also Chapter 14, Section D) to form tartronic
semialdehyde. The latter is reduced to p-glycerate,
which is phosphorylated to 3-phosphoglycerate and
2-phosphoglycerate. Since the phosphoglycerates are
carbohydrate precursors, this glycerate pathway
provides the organisms with a means for synthesis

of carbohydrates and other complex materials from
glyoxylate alone. At the same time, 2-phosphoglycerate
can be converted to pyruvate and the pyruvate, by
oxidative decarboxylation, to the regenerating substrate
acetyl-CoA.

E. Catabolism of Sugars

In most sugars each carbon atom bears an oxygen
atom which facilitates chemical attack by oxidation at
any point in the carbon chain. Every sugar contains a
potentially free aldehyde or ketone group, and the
carbonyl function can be moved readily to adjacent
positions by isomerases. Consequently, aldol cleavage
is also possible at many points. For these reasons, the
metabolism of carbohydrates is complex and varied.

A sugar chain can be cut in several places giving rise
to a variety of metabolic pathways. However, in the
energy economy of most organisms, including human
beings, the Embden-Meyerhof-Parnas or glycolysis
pathway by which hexoses are converted to pyruvate
(Fig. 17-7) stands out above all others. We have already
considered this pathway, which is also outlined in
Figs. 10-2 and 10-3. Some history and additional
important details follow.

1. The Glycolysis Pathway

The discovery of glycolysis followed directly the
early observations of Buchner and of Harden and
Young on fermentation of sugar by yeast juice (p. 767).
Another line of research, the study of muscle, soon
converged with the investigations of alcoholic fermen-
tation. Physiologists were interested in the process
by which an isolated muscle could obtain energy for
contraction in the absence of oxygen. It was shown
by A. V. Hill that glycogen was converted to lactate
to supply the energy, and Otto Meyerhof later demon-
strated that the chemical reactions were related to
those of alcoholic fermentation. The establishment of
the structures and functions of the pyridine nucleo-
tides in 1934 (Chapter 15) coincided with important
studies by G. Embden in Frankfurt and of J. K. Parnas
in Poland. The sequence of reactions in glycolysis
soon became clear. All of the 15 enzymes catalyzing
the individual steps in the sequence have been isolated
and crystallized and are being studied in detail.'!>

Formation of pyruvate. The conversion of glu-
cose to pyruvate requires ten enzymes (Fig. 17-7), and
the sequence can be divided into four stages: prepara-
tion for chain cleavage (reactions 1-3), cleavage and
equilibration of triose phosphates (reactions 4 and 5),
oxidative generation of ATP (reactions 6 and 7), and
conversion of 3-phosphoglycerate to pyruvate (reac-
tions 8-10).

In preparation for chain cleavage, free glucose is
phosphorylated to glucose 6-phosphate by ATP under
the action of hexokinase (reaction 1). Glucose 6-
phosphate can also arise by cleavage of a glucosyl unit
from glycogen by the consecutive action of glycogen
phosphorylase (reaction 14) and phosphoglucomutase,
which transfers a phospho group from the oxygen at
C-1 to that at C-6 (reaction 1b) (see also Eq. 12-39 and
associated discussion of the mechanism of this enzyme).
Why do cells attach phospho groups to sugars to initiate
metabolism of the sugars? Four reasons can be given:

(a) The phospho group constitutes an electrically
charged handle for binding the sugar phosphate
to enzymes.

(b) There is a kinetic advantage in initiating a reac-
tion sequence with a highly irreversible reaction
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Figure 17-7 Outline of the glycolysis pathway by which hexoses are broken down to pyruvate. The ten enzymes needed to
convert D-glucose to pyruvate are numbered. The pathway from glycogen using glycogen phosphorylase is also included, as is
the reduction of pyruvate to lactate (step 11). Steps 6a—7, which are involved in ATP synthesis via thioester and acyl phosphate

intermediates, are emphasized. See also Figures 10-2 and 10-3, which contain some additional information.
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such as the phosphorylation of glucose.

(c) Phosphate esters are unable to diffuse out of cells
easily and be lost.

(d) There is at least a possibility that the phospho
groups may function in catalysis.

Reaction 2 of Fig. 17-7 is a simple isomerization
that moves the carbonyl group to C-2 so that 3 cleav-
age to two three-carbon fragments can occur. Before
cleavage a second phosphorylation (reaction 3) takes
place to form fructose 1,6-bisphosphate. This ensures
that when fructose bisphosphate is cleaved by aldolase
each of the two halves will have a phosphate handle.
This second priming reaction (reaction 3) is the first
step in the series that is unique to glycolysis. The
catalyst for the reaction, phosphofructokinase, is
carefully controlled, as discussed in Chapter 11 (see
Fig. 11-2).

Fructose bisphosphate is cleaved by action of an
aldolase (reaction 4) to give glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate. These two triose
phosphates are then equilibrated by triose phosphate
isomerase (reaction 5; see also Chapter 13). As a result,
both halves of the hexose can be metabolized further
via glyceraldehyde 3-P to pyruvate. The oxidation of
glyceraldehyde 3-P to the corresponding carboxylic
acid, 3-phosphoglyceric acid (Fig. 17-7, reactions 6 and
7), is coupled to synthesis of a molecule of ATP from
ADP and P;. This means that two molecules of ATP
are formed per hexose cleaved, and that two molecules
of NAD* are converted to NADH in the process.

The conversion of 3-phosphoglycerate to pyru-
vate begins with transfer of a phospho group from the
C-3 to the C-2 oxygen (reaction 8) and is followed by
dehydration through an o, B elimination catalyzed by
enolase (reaction 9). The product, phosphoenolpyru-
vate (PEP), has a high group transfer potential. Its
phospho group can be transferred easily to ADP via
the action of the enzyme pyruvate kinase, to leave
the enol of pyruvic acid which is spontaneously con-
verted to the much more stable pyruvate ion (see Eq.
7-59). Because two molecules of PEP are formed from
each glucose molecule, the process provides for the
recovery of the two molecules of ATP that were expended
in the initial formation of fructose 1,6-bisphosphate
from glucose. Several isoenzyme forms exist in mam-
mals. Most of these are allosterically activated by
fructose 1,6-bisphosphate.!®*® However, the enzyme
from trypanosomes is activated by fructose 2,6-P,.!1>

The further metabolism of pyruvate. In the
aerobic metabolism that is characteristic of most tissues
of our bodies, pyruvate is oxidatively decarboxylated
to acetyl-CoA, which can then be completely oxidized
in the citric acid cycle (Fig. 17-4). The NADH produced
in reaction 6 of Fig. 17-7, as well as in the oxidative
decarboxylation of pyruvate and in subsequent reac-
tions of the citric acid cycle, is reoxidized in the electron

transport chain of the mitochondria as described in
detail in Chapter 18 (see Fig. 18-5). An important
alternative fate of pyruvate is to enter into fermentation
reactions. For example, the enzyme lactate dehydro-
genase (Fig. 17-7, reaction 11) catalyzes reduction by
NADH of pyruvate to L-lactate, or, for some bacteria,
to D-lactate. This reaction can be coupled to the NADH-
producing reaction 6 to give a balanced process by which
glucose is fermented to lactic acid in the absence of
oxygen (see also Eq. 10-3). In a similar process, yeast
cells decarboxylate pyruvate (o cleavage) to acetalde-
hyde which is reduced to ethanol using the NADH
produced in reaction 6. These fermentation reactions
are summarized in Fig. 10-3 and, along with many others,
are discussed further in Section F of this chapter.

2. Generation of ATP by Substrate Oxidation

The formation of ATP from ADP and P; is a vital
process for all cells. It is usually referred to as “phos-
phorylation” and includes oxidative phosphoryla-
tion associated with the passage of electrons through
an electron transport chain—usually in mitochondria;
photosynthetic phosphorylation, a similar process
occurring in chloroplasts under the influence of light;
and substrate-level phosphorylation. Only the last
is fully understood chemically. The dehydrogenation
of glyceraldehyde 3-P and the accompanying ATP
formation (reactions 6 and 7, Fig. 17-7; Fig. 15-6) is the
best known example of substrate-level phosphoryla-
tion and is tremendously important for yeasts and
other microorganisms that live anaerobically. They
depend upon this one reaction for their entire supply
of energy. The conversion of glucose either to lactate
or to ethanol and CO, is accompanied by a net synthesis
of only two molecules of ATP and it is most logical
to view these as arising from oxidation of glyceralde-
hyde 3-P. The formation of ATP from PEP and ADP
in reaction 10 of Fig. 17-7 can be regarded as the recap-
turing of ATP “spent” in the priming reactions of steps
1 and 3. With a gain of only two molecules of ATP for
each molecule of hexose fermented, it is not surprising
that yeast must ferment enormous amounts of sugar to
meet its energy needs.

Each glucose unit of glycogen stored in our bodies
can be converted to pyruvate with an apparent net gain
of three molecules of ATP. However, two molecules of
ATP were needed for the initial synthesis of each hexose
unit of glycogen (Fig. 12-2). Therefore, the overall net
yield for fermentation of stored polysaccharide is still
only two ATP per hexose. The fermentation of glycogen
accounts for the very rapid generation of lactic acid
during intense muscular activity. However, in most
circumstances within aerobic tissues reoxidation of
NADH occurs via the electron transport chain of mito-
chondria with a much higher yield of ATP. Substrate-



level phosphorylation can also follow oxidative decar-
boxylation of an o-oxoacid. For example, in the citric
acid cycle GTP is formed following oxidative decar-
boxylation of 2-oxoglutarate (Fig. 17-4, steps e and f).

3. The Pentose Phosphate Pathways

A second way of cleaving glucose 6-phosphate
utilizes sequences involving the five-carbon pentose
sugars. They are referred to as pentose phosphate
pathways, the phosphogluconate pathway, or the
hexose monophosphate shunt. Historically, the evidence
for such routes dates from the experiments of Warburg
on the oxidation of glucose 6-P to 6-phosphogluconate
(Chapter 15). For many years the oxidation remained
an enzymatic reaction without a defined pathway.
However, it was assumed to be part of an alternative
method of degradation of glucose. Supporting evidence
was found in the observation that tissues continue to
respire in the presence of a high concentration of
fluoride ion, a known inhibitor of the enolase reaction
and capable of almost completely blocking glycolysis.
Some tissues, e.g., liver, are especially active in respira-
tion through this alternative pathway, whose details
were elucidated by Horecker and associates.!10117 We
now know that the pentose phosphate pathways are
multiple as well as multipurpose. They function in
catabolism and also, when operating in the reverse
direction, as a reductive pentose phosphate pathway
that lies at the heart of the sugar-forming reactions of
photosynthesis.

The oxidative pentose pathway provides a means
for cutting the chain of a sugar molecule one carbon at a
time, with the carbon removed appearing as CO,. The
enzymes required can be grouped into three distinct
systems, all of which are found in the cytosol of animal
cells: (i) a dehydrogenation—decarboxylation system,
(ii) an isomerizing system, and (iii) a sugar rearrange-
ment system. The dehydrogenation—decarboxylation
system cleaves glucose 6-P to CO, and the pentose
phosphate, ribulose 5-P (Eq. 17-12). Three enzymes are
required, the first being glucose 6-P dehydrogenase!'!’2
(Eq. 17-12, step a; see also Eq. 15-10). The immediate
product, a lactone, undergoes spontaneous hydrolysis.
However, the action of gluconolactonase (Eq. 17-12,
step b) causes a more rapid ring opening. A second
dehydrogenation is catalyzed by 6-phosphogluconate
dehydrogenase (Eq. 17-12, step ¢),'”" and this reaction
is immediately followed by a 3 decarboxylation cata-
lyzed by the same enzyme (as in Eq. 13-45). The value
of AG® for oxidation of glucose 6-P to ribulose 5-P by
NADP* according to Eq. 17-12 is —=30.8 k] mol~}, a
negative enough value to drive the [NADPH]/[NADP*]
ratio to an equilibrium value of over 2000 at a CO,
tension of 0.05 atm.

The isomerizing system, consisting of two enzymes,
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c=o0 C‘HO
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HO—C—H R’
\ Ribose 5-P,

erythrose 4-P, or
Xylulose 5-P, glyceraldehyde 3-P
fructose 6-P,

or sedoheptulose 7-P Transketolase (TK),

a thiamin diphosphate
enzyme (Chapter 14)

H_ _O CH,OH
c |
| C=0
R |
HO—C—H
IL, (17-14)
(‘:HZOH
C=0
|
HO — (‘f —H (‘?HO
H—C—OH R’
|
R”
Transaldolase (TA)
(Chapter 13)
C‘HO CH,OH
R” C=0
|
HO — (‘f —H
H—C—OH
|
R’ (17-15)

interconverts three pentose phosphates (Eq. 17-13).

As a consequence the three compounds exist as an
equilibrium mixture. Both xylulose 5-P and ribose 5-P
are needed for further reactions in the pathways.

The ingenious sugar rearrangement system uses
two enzymes, transketolase and transaldolase.
Both catalyze chain cleavage and transfer reactions
(Egs. 17-14 and 17-15) that involve the same group of
substrates. These enzymes use the two basic types of
C-Cbond cleavage, adjacent to a carbonyl group (o)
and one carbon removed from a carbonyl group (B).
Both types are needed in the pentose phosphate path-
ways just as they are in the citric acid cycle. The en-
zymes of the pentose phosphate pathway are found
in the cytoplasm of both animal and plant cells.!!7
Mammalian cells appear to have an additional set that
is active in the endoplasmic reticulum and plants have
another set in the chloroplasts.!!’c

An oxidative pentose phosphate cycle. Putting
the three enzyme systems together, we can form a
cycle that oxidizes hexose phosphates. Three carbon

atoms are chopped off one at a time (Fig. 17-8A) leaving
a three-carbon triose phosphate as the product. Since
the dehydrogenation system works only on glucose
6-P, a part of the sugar rearrangement system must

be utilized between each of the three oxidation steps.
Notice that a C5 unit (ribose 5-P) is used in the first
reaction with transketolase but is regenerated at the
end of the sequence. This C; unit is the regenerating
substrate for the cycle. As indicated by the dashed
arrows, it is formed readily in any quantity needed

by oxidation of glucose 6-P. Before the C; unit that

is formed in each oxidation step can be processed by
the sugar rearrangement reactions, it must be isomer-
ized!17c1181182b from ribulose 5-P to xylulose 5-P; before
the C;5 unit, produced at the end of the sequence in Fig.
17-8, can be reutilized as a regenerating substrate, it
must be isomerized to ribose 5-P. Thus, the cycle is
quite complex. The same C; substrates appear at
several points in Fig. 17-8A and substrates from differ-
ent parts of the cycle become scrambled and the path-
way does not degrade all the hexose molecules in a
uniform manner. For this reason, Zubay described the
pentose phosphate pathways as a “swamp.” 1"

The oxidative pentose phosphate cycle is often
presented as a means for complete oxidation of hexoses
to CO,. For this to happen the C; unit indicated as the
product in Fig. 17-8A must be converted (through the
action of aldolase, a phosphatase, and hexose phosphate
isomerase) back to one-half of a molecule of glucose-6-P
which can enter the cycle at the beginning. On the
other hand, alternative ways of degrading the C; pro-
duct glyceraldehyde-P are available. For example, using
glycolytic enzymes, it can be oxidized to pyruvate and
to CO, via the citric acid cycle.

As a general rule, NAD" is associated with catabolic
reactions and it is somewhat unusual to find NADP*
acting as an oxidant. However, in mammals the en-
zymes of the pentose phosphate pathway are specific
for NADP*. The reason is thought to lie in the need
of NADPH for biosynthesis (Section I). On this basis,
the occurrence of the pentose phosphate pathway in
tissues having an unusually active biosynthetic func-
tion (liver and mammary gland) is understandable.

In these tissues the cycle may operate as indicated in
Fig. 17-8A with the C; product also being used in
biosynthesis. Furthermore, any of the products from
C, to C; may be withdrawn in any desired amounts
without disrupting the smooth operation of the cycle.
For example, the C, intermediate erythrose 4-P is
required in synthesis of aromatic amino acids by bac-
teria and plants (but not in animals). Ribose 5-P is
needed for formation of several amino acids and of
nucleic acids by all organisms. In some circumstances
the formation of ribose 5-P may be the only essential
function for the pentose phosphate pathway.'?

Several studies of the metabolism of isotopically
labeled glucose!?'-1222 have been in accord with
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Figure 17-8 The pentose phosphate pathways. (A) Oxi-
dation of a hexose (C,) to three molecules of CO, and a
three-carbon fragment with the option of removing C;, C,,
Cs, and C; units for biosynthesis (dashed arrows). (B) Non-
oxidative pentose pathways: 2 /2C; — 3 C50r 2 C; — 3 C, or
312C,—3C,.

operation of the pentose phosphate pathway as is
depicted in Fig. 17-8. However, Williams and associates
proposed a modification in the sugar rearrangement
sequence in liver!23-126 to include the formation of
arabinose 5-P (from ribose 5-P), an octulose bisphos-
phate, and an octulose 8-monophosphate. Many
investigators argue that these additional reactions are
of minor significance.!?122127 The measured concen-
trations of pentose phosphate pathway intermediates
in rat livers are close to those predicated for a near-
equilibrium state from equilibrium constants measured
for the individual steps of Fig. 17-8.128 Most of the
concentrations are in the 4- to 10-uM range but the
level of erythrose 4-P, which is predicted to be ~ 0.2 uM,
is too low to measure.

In contrast to animals, the resurrection plant
Craterostigma plantaginenm accumulates large amounts
of a 2-oxo-octulose. This plant is one of a small group
of angiosperms that can withstand severe dehydration
and are able to rehydrate and resume normal metabo-
lism within a few hours. During desiccation much of
the octulose is converted into sucrose. The plant has
extra transketolase genes which may be essential for
this rapid interconversion of sugars.!?
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Nonoxidative pentose phosphate pathways.
The sugar rearrangement system together with the
glycolytic enzymes that convert glucose 6-P to glycer-
aldehyde 3-P can function to transform hexose phos-
phates into pentose phosphates (Fig. 17-8B; Eq. 17-16)
which may be utilized for nucleic acid synthesis in
erythrocytes and other cells.!30/131

212 Cg—3Cs (17-16)

The reader can easily show that the same enzymes
will catalyze the net conversion of hexose phosphate
to erythrose 4-phosphate or to sedoheptulose 7-phos-
phate (Eq. 17-17):

2C;,—>3Cy 3Y2C,—>3C, (17-17)

An investigation of metabolism of the red lipid-
forming yeast Rhodotorula gracilis (which lacks phos-
phofructokinase and is thus unable to break down
sugars through the glycolytic pathway) indicated that
20% of the glucose is oxidized through the pentose
phosphate pathways while 80% is altered by the nonoxi-
dative pentose phosphate pathway.!®” However, it is
not clear how the C; unit used in the nonoxidative
pathway (Fig. 17-8B) is formed if glycolysis is blocked.
A number of fermentations are also based on the
pentose phosphate pathways (Section E5).

4. The Entner-Doudoroff Pathway

An additional way of cleaving a six-carbon sugar
chain provides the basis for the Entner-Doudoroff
pathway which is used by Zymomonas lindneri and
many other species of bacteria. Glucose 6-P is oxidized
first to 6-phosphogluconate, which is converted by
dehydration to a 2-oxo-3-deoxy derivative (Eq. 17-18,

COO~

CcC=0

CH,

6-Phosphogluconate |
; HCOH

H,0 \
HCOH

CH,0-P
2-Ox0-3-deoxy-6-phosphogluconate

‘o)Cildolase

(‘100* HC‘ =0
C=0 + HCOH

\ \

CH; CH,O-P

Pyruvate Glyceraldehyde 3-P  (17-18)
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step a). The resulting 2-oxo-3-deoxy sugar is cleaved
by an aldolase (Eq. 17-18, step b) to pyruvate and
glyceraldehyde 3-P, which are then metabolized in
standard ways.

F. Fermentation: “Life without Oxygen”

Pasteur recognized in 1860 that fermentation was
not a spontaneous process but a result of life in the
near absence of air.!3? He realized that yeasts decompose
much more sugar under anaerobic conditions than
they do aerobically, and that the anaerobic fermentation
was essential to the life of these organisms. In addition
to the alcoholic fermentation of yeast, there are many
other fermentations which have been attractive subjects
for biochemical study. If life evolved at a time when
no oxygen was available, the most primitive organisms
must have used fermentations. They may be the oldest
as well as the simplest ways in which cells obtain
energy. The enzymes of the glycolysis pathway are
found in the small genomes of Mycoplasma, Haemophila,
and Methanococcus. 133134

Fermentation is also a vital process in the human
body. Our muscles usually receive enough oxygen to
oxidize pyruvate and to obtain ATP through aerobic
metabolism, but there are circumstances in which the
oxygen supply is inadequate. During extreme exertion,
after most oxygen is consumed, muscle cells produce
lactate by fermentation. White muscle of fish and fowl
has little aerobic metabolism and normally yields L-lactic
acid as a principal end product. Likewise, a variety
of tissues within the human body, including the
transparent lens and cornea of our eyes, are poorly
supplied with blood and depend upon fermentation
of glucose to lactic acid. Red blood cells and skin and
sometimes adipose tissue are also major producers of
lactic acid.'® Of the ~115 g of lactic acid present in a
70-kg human body, about 29% comes from erythro-
cytes, 29% from skin, 17% from the brain, and 16%
from skeletal muscle.!® Because lactic acid lowers the
pH of cells it must be removed efficiently.

Some of the lactic acid formed in muscle and
most of the lactate formed in less aerobic tissues (e.g.,
adipose tissue)!%% enters the bloodstream, which
normally contains 1-2 mM lactate,'* and is carried to
the liver where it is reoxidized to pyruvate. Part of the
pyruvate is then oxidized via the citric acid cycle while
a larger part is reconverted to glucose (Section J,5).
This glucose may be released into the bloodstream and
returned to the muscles. The overall process is known
as the Cori cycle. Lactic acid accumulates in muscle
after vigorous exercise. It is exported to the liver slowly,
but if mild exercise continues the lactate may be
largely oxidized within muscle via the tricarboxylic
acid cycle. Recent NMR studies have shown that lactic
acid is formed rapidly during muscular contraction,

even when exercise is mild.!*® During the initial 15
ms of contraction the ATP utilized is regenerated from
creatine phosphate (Eq. 6-67). During the remainder of
the contraction (up to ~100 ms) glycogen is converted
to lactic acid to provide ATP and to replenish the
creatine phosphate. In the resting period following
contraction most of the lactate is either dehydrogenated
to pyruvate and oxidized in mitochondria or exported
to other tissues. The glycogen stores in muscle are
renewed by synthesis from blood glucose. Lactic acid
is a convenient energy carrier and a precursor for
gluconeogenesis which can be transferred between
tissues easily.'**¢ Cancer cells often take advantage of
this opportunity to grow rapidly using fermentation
of glucose to lactic acid as a source of energy.'30¢

Alcoholic fermentation allows roots of some plants
to survive short periods of flooding. Ethanol does not
acidify the tissues as does lactic acid, avoiding possible
damage from low pH.!37138 Goldfish can also use the
ethanolic fermentation for short times, excreting the
ethanol.!®

1. Fermentations Based on the Embden-
Meyerhof Pathway

Homolactic and alcoholic fermentations. The
reactions by which glucose can be converted to lactate
and, by yeast cells, to ethanol and CO, (Figs. 10-3 and
17-7) illustrate several features common to all fermenta-
tions. The NADH produced in the oxidation step is
reoxidized in a reaction by which substrate is reduced
to the final end product. The NAD alternates between
oxidized and reduced forms. This coupling of oxida-
tion steps with reduction steps in exact equivalence is
characteristic of all true (anaerobic) fermentations. The
formation of ATP from ADP and P; by substrate-level
phosphorylation is also common to all fermentations.
The stoichiometry is often nearly exact and simple. For
example, according to the reaction of Eq. 17-19, which is
outlined step-by-step in Fig. 17-7, a net total of two moles
of ATP is formed per mole of glucose fermented.

Energy relationships. If we disregard the syn-
thesis of ATP, the equations for the lactic acid and
ethanol fermentations are given by Egs. 17-19 and 17-20.

Glucose — 2 lactate™ + 2 H*
AG’ (pH 7) =-196 k] mol~! (- 46.8 kcal mol~1)
(17-19)
Glucose — 2 CO, + 2 ethanol
AG® =-235 k] mol~! (17-20)
The Gibbs energy changes are negative and of sufficient
magnitude that the reactions will unquestionably go to
completion. However, the synthesis of two molecules
of ATP from inorganic phosphate and ADP, a reaction



(Eq. 17-21) for which AG’ is substantially positive, is
coupled to the fermentation.

ADP3- + HPO,2~ + H* — ATP*" + H,0O
AG’ (pH7) = + 34.5 k] mol~! (Table 6-5) (17-21)

To obtain the net Gibbs energy change for the complete
reaction we must add 2 x 34.5 = +69.0 kJ to the values
of AG’ for Egs. 17-19 and 17-20. When this is done we
see that the net Gibbs energy changes are still highly
negative, that the reactions will proceed to completion,
and that these fermentations can serve as an usable
energy source for organisms.

Biochemists sometimes divide AG for the ATP
synthesis in a coupled reaction sequence (in this case
+69 kJ) by the overall Gibbs energy decrease for the
coupled process (196 or 235 k] mol 1) to obtain an
“efficiency.” In the present case the efficiency would
be 35% and 29% for coupling of Eq. 17-21 (for 2 mol of
ATP) to Egs. 17-19 and 17-20, respectively. According
to this calculation, nature is approximately one-third
efficient in the utilization of available metabolic Gibbs
energy for ATP synthesis. However, it is important to
realize that this calculation of efficiency has no exact
thermodynamic meaning. Furthermore, the utilization
of ATP formed by a cell for various purposes is far
from 100% efficient.

Why are the Gibbs energy decreases for Egs. 17-19
and 17-20 so large? No overall oxidation takes place;
there is only a rearrangement of the existing bonds
between atoms of the substrate. Why does this rear-
rangement of bonds lead to a substantial negative AG?
An answer is suggested by an examination of the
numbers of each type of bond in the substrate and in
the products. During the conversion from glucose
to two molecules of lactate one C—C bond, one C-O
bond, and one O-H bond are lost and one C—H bond
and one C=0 are gained. If we add up the bond
energies for these bonds (Table 6-6) we find that the
difference (AH) between substrate and products
amounts to only about 20 k] /mol. However, lactic
acid contains a carboxyl group, and carboxyl groups
have a special stability as a result of resonance. The
extra resonance energy of a carboxyl group (Table 6-6)
is ~117 kJ (28 kcal) per mole or 234 k] /mol for two
carboxyl groups. This is approximately the same as
the Gibbs energy change (Eq. 17-19) for fermentation
of glucose to lactate. Thus, the energy available results
largely from the rearrangement of bonds by which the
carboxyl groups of lactate are formed. Likewise, the
resonance stabilization of CO, is given by Pauling as
151 kJ/mol, again of just the right magnitude to explain
AG in alcoholic fermentations (Eq. 17-20).

On this basis we can state as a general rule that
fermentations can occur when substrates consisting of
largely singly bonded atoms and groups, such as the
carbonyl groups that are not highly stabilized by
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resonance, are converted to products containing car-
boxyl groups or to CO,. If we assume an efficiency of
~30%, the energy available will be about sufficient for
synthesis of one ATP molecule for each carboxyl group
or CO, created. Bear in mind that generation of ATP
also depends upon availability of a mechanism. It is of
interest that most synthesis of ATP is linked directly to
the chemical processes by which carboxyl groups or
CO, molecules are created in a fermentation process.
The most important single reaction is the oxidation

of the aldehyde group of glyceraldehyde 3-P to the
carboxyl group of 3-phosphoglycerate (steps 6a— 6¢
and 7 in Fig. 17-7; see alsoFig. 15-6).

Compare the fermentation of glucose with the
complete oxidation of the sugar to carbon dioxide and
water (Eq. 17-22), a process which yeast cells (as well
as our own cells) carry out in the presence of air. The
overall Gibbs energy change is over 10 times greater
than that for fermentation, a fact that permits the cell

Glucose + 6 O, — 6 CO, + 6 H,O
AG’ = -2872 K] (-686.5 kcal) mol~!  (17-22)
to form an enormously greater quantity of ATP. The
net gain in ATP synthesis, accompanying Eq. 17-22, is
usually about 38 mol of ATP—19 times more than is
available from fermentation of glucose. Thus, the
explanation of Pasteur’s observation that yeast decom-
poses much less sugar in the presence of air than in its
absence is clear. Also, we can understand why a cell,
living anaerobically, must metabolize a very large amount
of substrate to grow. (Recall from Chapter 6 that ~1 mol
of ATP energy is needed to produce 10 g of cells.)

Variations of the alcoholic and homolactic
fermentations. The course of a fermentation is often
affected drastically by changes in conditions. Many
variations can be visualized by reference to Fig. 17-9,
which shows a number of available metabolic sequences.
We have already discussed the conversion of glucose to
triose phosphate and via reaction pathway a to pyruvate,
via reaction c to lactate, and via reaction d to ethanol.

If bisulfite is added to a fermenting culture of
yeast, the acetaldehyde formed through reaction d is
trapped as the bisulfite adduct blocking the reduction
of acetaldehyde to ethanol, an essential part of the
fermentation. Yeast cells accommodate this change by
using the accumulating NADH to reduce half of the
triose-P to glycerol through pathway b. Two enzymes
are needed, a dehydrogenase and a phosphatase, to
hydrolytically cleave off the phosphate. The balanced
reaction is given by Eq. 17-23:

Glucose — glycerol + acetaldehyde (trapped) + CO,
AG’ (pH 7) = -105 k] mol ! (17-23)

In this reaction only one molecule of CO, is produced
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but the overall Gibbs energy change is still adequate
to make the reaction highly spontaneous. However
(referring to Fig. 17-9), we see that the net synthesis

of ATP is now apparently zero. The fermentation
apparently does not permit cell growth. Nevertheless,
it has been used industrially for production of glycerol.

Reduction of dihydroxyacetone phosphate to
glycerol phosphate also occurs in insect flight muscle
and apparently operates as an alternative to lactic acid
formation in that tissue. There is no net gain of ATP in
the conversion of free glucose to glycerol phosphate
and pyruvate, but using stored glycogen in muscle as
the starting material, the dismutation of triose-P to
glycerol-P and pyruvate provides one ATP per glucose
unit rapidly during the vigorous contraction of the
powerful insect flight muscle. During the slower recov-
ery phase, glycerol-P is thought to be reoxidized after
entering the mitochondria of these highly aerobic cells.
Thus, the transport of glycerol-P into mitochondria
serves as a means for transporting reducing equivalents
derived from reoxidation of NADH into the mitochon-
dria. Indeed, the significance of glycerol-P to muscle
metabolism may be more related to this function than
to the rapid formation of ATP (see Chapter 18).

Why does the glycolysis sequence begin with
phosphorylation of glucose by ATP? The phospho
groups probably provide convenient handles and
doubtless assist in substrate recognition. There may
be a kinetic advantage but also a danger. Unless there
is adequate regulation the “turbo design,” in which
ATP is used at the outset to drive glycolysis, may lead
to accumulation of phosphorylated intermediates and
to inadequate concentrations of ATP and inorganic
phosphate.'®*P Yeast cells guard against this problem
by synthesizing trehalose 6-phosphate, which acts as
a feedback inhibitor of hexokinase.!3* Trypanosomes
utilize a different type of control. The enzymes that
convert glucose into 3-phosphoglycerate are present
in membrane-bounded organelles called glycosomes.
Phosphoglycerate is exported from them into the
cytosol where glycolysis is completed.'**® Since inor-
ganic phosphate is essential for ATP formation, if the
P. concentration falls too low the rate of fermentation
by yeast juice is greatly decreased, an observation
made by Harden and Young!® in 1906.

2. The Mixed Acid Fermentation

Enterobacteria, including E. coli, convert glucose to
ethanol and acetic acid and either formic acid or CO,
and H, derived from it. The stoichiometry is variable
but the fermentation can be described in an idealized
form as follows:

Glucose + H,O — ethanol + acetate™~
+H*+2H,+2CO,

AG’ (pH 7) = -225 k] mol ™! (17-24)
The details of the process and the oxidation—reduc-
tion balance can be pictured as in Eq. 17-25. Pyruvate
is cleaved by the pyruvate formate—lyase reaction
(Eq. 15-37) to acetyl-CoA and formic acid. Half of
the acetyl-CoA is cleaved to acetate via acetyl-P with
generation of ATP, while the other half is reduced in
two steps to ethanol using the two molecules of NADH
produced in the initial oxidation of triose phosphate
(Eq. 17-25). The overall energy yield is three molecules
of ATP per glucose. The “efficiency” is thus (3 x 34.5)
+ 225 =46%. Some of the glucose is converted to
D-lactic and to succinic acids (pathway f, Fig. 17-9);
hence the name mixed acid fermentation. Table 17-1
gives typical yields of the mixed acid fermentation of
E. coli. Among the four major products are acetate,
ethanol, H,, and CO,, as shown in Eq. 17-25. How-
ever, at high pH formate accumulated instead of CO,.

Glucose

NS
oy

2 Pyruvate

Pyruvate
formate-lyase

2.CO,

Formic

2 Acetyl-CoA hydrogen-lyase

NADH
ATP‘“—// \/ NADH

TT0H,

Acetate Acetaldehyde —————> Ethanol (17-25)
TABLE 17-1
Products of the Mixed Acid Fermentation by
E. coli at Low and High Values of pH®
Product pH6.2 pH?7.38
(Millimole formed from
100 mmol of glucose)
Acetate 36 39
Ethanol 50 51
H, 70 0.3
CcO, 88 1.7
Formate 24 86
Lactate 79 70
Succinate 11 15
Glycerol 1.4 0.3
Acetoin 0.1 0.2
Butanediol 0.3 0.2

2 From Tempest, D. W. and Neijssel, O. M.!¥? Based on data of
Blackwood.4!
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Figure 17-9 Reaction sequences in fermentation based on the Embden-Meyerhof-Parnas pathway. Oxidation steps
(producing NADH + H*) are marked “O”; reduction steps (using NADH + H*) are marked “R.”

Over one-third of the glucose was fermented to lactate
in both cases.

In some mixed acid fermentations (e.g., that of
Shigella) formic acid accumulates, but in other cases
(e.g., with E. coli at pH 6) it is converted to CO, and
H, (Eq. 17-25). The equilibration of formic acid
with CO, and hydrogen is catalyzed by the formic
hydrogen-lyase system which consists of two iron—
sulfur enzymes. The selenium-containing formate
dehydrogenase (Eq. 16-63) catalyzes oxidation of

formate to CO, by NAD", while a membrane-bound
hydrogenase (Eq. 16-48) equilibrates NADH + H*
with NAD* + H,. Hydrogenase also serves to release
H, from excess NADH. Krebs pointed out that an
excess of NADH may arise because growth of cells
requires biosynthesis of many components such as
amino acids. When glucose is the sole source of
carbon, biosynthetic reactions involve an excess of
oxidation steps over reduction steps.!*? The excess
of reducing equivalents may be released as H, or
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may be used to form highly reduced products such as
succinate.

Among such genera as Aerobacter and Serratia part
of the pyruvate formed is condensed with decarboxyl-
ation to form S acetolactate,'**> which is decarboxyl-
ated to acetoin (Eq. 17-26; pathway g of Fig. 17-9).

The acetoin is reduced with NADH to 2,3-butanediol,
while a third molecule of pyruvate is converted to
ethanol, hydrogen, and CO, (Eq. 17-26). The reaction
provides the basis for industrial production of butane-
diol, which can be dehydrated nonenzymatically to
butadiene.

1Y2 Glucose

\> 3 ATP
3 NADH
3 Pyruvate
CO, H, + CO;
two
molecules
(¢]
[ Acetyl-CoA
C COO~ 2 NADH
SN L
H;C C\ 4
HO \CH3 Ethanol

Acetolactate

CO, %

‘ ‘ NADH

2,3-Butanediol

HO CH,
Acetoin

(17-26)

Mixed acid fermentations are not limited to bacteria.
For example, trichomonads, parasitic flagellated pro-
tozoa, have no mitochondria. They export pyruvate
into the bloodstreams of their hosts and also contain
particles called hydrogenosomes which can convert
pyruvate to acetate, succinate, CO,, and H,."** Hydro-
genosomes are bounded by double membranes and
have a common evolutionary relationship with both
mitochondria and bacteria. The enzyme that catalyzes
pyruvate cleavage in hydrogenosomes apparently
does not contain lipoate and may be related to the
pyruvate—ferredoxin oxidoreductase of clostridia
(Eq. 15-35). The hydrogenosomes also contain an
active hydrogenase.

Many invertebrate animals are true facultative
anaerobes, able to survive for long periods, sometimes
indefinitely, without oxygen.!#>-1% Among these are
Ascaris (Fig. 1-14), oysters, and other molluscs. Succi-
nate and alanine are among the main end products
of anaerobic metabolism. The former may arise by a
mixed acid fermentation that also produces pyruvate.

The pyruvate is converted to acetate to balance the
fermentation in Ascaris lumbricoides, which is in effect
an obligate anaerobe. However, in molluscs the pyru-
vate may undergo transamination with glutamate to
form alanine and 2-oxoglutarate; the oxoglutarate may
be oxidatively decarboxylated to succinate. The reactions
depend upon the availability of a store of glutamate or
of other amino acids, such as arginine, that can give
rise to glutamate.

3. The Propionic Acid Fermentation

Propionic (propanoic) acid-producing bacteria are
numerous in the digestive tract of ruminants. Within
the rumen some bacteria digest cellulose to form
glucose, which is then converted to lactate and other
products. The propionic acid bacteria can convert
either glucose or lactate into propionic and acetic acids
which are absorbed into the bloodstream of the host.
Usually some succinic acid is also formed.

The basis of the propionic acid fermentation is
conversion of pyruvate to oxaloacetate by carboxyla-
tion and the further conversion through succinate and
succinyl-CoA to methylmalonyl-CoA and propionyl-
CoA, reactions which are almost the exact reverse of
those for the oxidation of propionate in the animal
body (Fig. 17-3, pathway d). However, whereas the
carboxylation of pyruvate to oxaloacetate in the
animal body requires ATP, the propionic acid bacteria
save one equivalent of ATP by using a carboxyltrans-
ferase (p. 725). This enzyme donates a carboxyl group
from a preformed carboxybiotin compound generated
in the decarboxylation of methylmalonyl-CoA in the
next to final step of the reaction sequence (Fig. 17-10).
A second molecule of ATP is saved by linking directly
the conversion of succinate to succinyl-CoA to the
cleavage of propionyl-CoA to propionate through the
use of a CoA transferase (Eq. 12-50). To provide for
oxidation—reduction balance, two-thirds of the glucose
goes to propionate and one-third to acetate (Eq. 17-27):

11/2Glucose —
2 propionate~ + acetate™ + 3 H* + CO, + H,O
AG’ (pH 7) = - 465 K] per 1Y/2mol of glucose (17-27)

More carboxyl groups and CO, molecules are formed
in this fermentation (22/3 per glucose molecule) than
in the regular lactic acid fermentation. The yield of
ATP (also 2 2/3 mol/mol of glucose fermented) is corre-
spondingly greater and AG’ is more negative.

Using the same mechanism (Fig. 17-10), propionic
acid bacteria are also able to ferment lactate, the pro-
duct of fermentation by other bacteria, to propionate
and acetate (Eq. 17-28). The net gain is one molecule
of ATP. This reaction probably accounts for the niche
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Figure 17-10 Propionic acid fermentation of Propionobacte-
ria and Veillonella. Oxidation steps are designated by the
symbol “O” and reduction steps by “R.” The two coupled
reactions marked by asterisks are catalyzed by carboxyl-
transferase.

3 Lactate™ — 2 propionate~ + acetate™ + H,O + CO,
AG’ (pH 7) =-171 k] per 3 mol of lactate (17-28)

in the ecology of the animal rumen that is occupied by
propionic acid bacteria.

4. Butyric Acid and Butanol-Forming
Fermentations

A variety of fermentations are carried out by bac-
teria of the genus Clostridium and by the rumen organ-
isms Eubacterium (Butyribacterium) and Butyrivibrio.
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For example, glucose may be converted to butyric and
acetic acids together with CO, and H, (Egs. 17-29 and
17-30).

2 Glucose + 2 H,O — butyrate™ + 2 acetate~
+4CO,+6H,+3H*

AG’ (pH 7) =-479 K] per 2 mol of glucose ~ (17-29)

The yield of ATP (3%/2 mol/mol of glucose) is the
highest we have discussed giving an efficiency of 50%.
Another fermentation yields butanol, isopropanol,
ethanol, and acetone.

2 Glucose

\\>4NADH—>2H2

4 Pyruvate
Two used below

\4c02+4H2

4 Acetyl-CoA
2ATP

2 Acetate”
1 Acetoacetyl-CoA

( NADH

B-Hydroxybutyryl-CoA

Crotonyl-CoA

( NADH
Butyryl-CoA —/—> Butyrate™

S

ATP (17-30)

The fermentation of Eq. 17-31 is catalyzed by
Clostridium kluyveri. The value of —AG’ is one of the
lowest that we have considered but is still enough to
provide easily for the synthesis of one molecule of ATP.

2 CH,CH=CH-COO~ + 2 H,0 —»
Crotonate
butyrate™ + 2 acetate” + H*
AG’ (pH 7) = -105 k] mol~! (17-31)

The energy of the butyryl-CoA linkage and of one of
the acetyl-CoA linkages is conserved and utilized in
the initial formation of crotonyl-CoA (Eq. 17-32). That
leaves one acetyl-CoA which can be converted via
acetyl-P to acetate with formation of ATP.
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2 Crotonate

2 Crotonyl COA

NADH CoA
transferase
NAD*

Reactlons
linked by
energy-
conserving
CoA transferase

Acetoacetyl -CoA

Butyryl-CoA 2 Acetyl -CoA

____________ ,l J/

Acetyl-P

ATP‘Jl

Acetate”

Butyrate™ i
Acetate

(17-32)

5. Fermentations Based on the Phospho-
gluconate and Pentose Phosphate Pathways

Some lactic acid bacteria of the genus Lactobacillus,
as well as Leuconostoc mesenteroides and Zymomonas
mobilis, carry out the heterolactic fermentation (Eq.
17-33) which is based on the reactions of the pentose
phosphate pathway. These organisms lack aldolase,
the key enzyme necessary for cleavage of fructose
1,6-bisphosphate to the triose phosphates. Glucose is
converted to ribulose 5-P using the oxidative reactions
of the pentose phosphate pathway. The ribulose-
phosphate is cleaved by phosphoketolase (Eq. 14-23)
to acetyl-phosphate and glyceraldehyde 3-phosphate,
which are converted to ethanol and lactate, respectively.
The overall yield is only one ATP per glucose fermented.

Glucose

ATP —

Glucose 6-P

-

NADH
6-Phosphogluconate

co,<”

NADH
Pentose-P

Phospho- [\

ketolase

Acetyl-P Acetaldehyde —> Ethanol

Glyceraldehyde 3-P
2 ATP <~

J

Pyruvate NADH

i

Lactate

(17-33)

This is generated in the substrate level oxidative phos-
phorylation catalyzed by phosphoketolase. Metabolic
engineering of Zymomonas was accomplished by trans-
ferring from other bacteria two operons that provide
for assimilation of xylose and a complete set of enzymes
for the pentose phosphate pathway. The engineered
bacteria are able to convert pentose phosphates nonoxi-
datively (see Fig. 17-8) into glyceraldehyde 3-phosphate,
which is converted to ethanol in high yield and with
much greater synthesis of ATP than according to Eq.
17-33.148

A variation of the heterolactic fermentation is used
by Bifidobacterium (Eq. 17-34).4° Phosphoketolase and
a phosphohexoketolase, which cleaves fructose 6-P
to erythrose 4-P and acetyl-P, are required, as are the
enzymes of the sugar rearrangement system (Section
E,3). The net yield of ATP is 2 /> molecules per mole-
cule of glucose.

2 Glucose

2 ATP —

2 Fructose 6-P

Phospho-
hexoketolase

Erythrose 4-P
2 Pentose-P Acetyl-P
2PN
N> Acetyl-P AN 3 ATP
2 Triose-P 3 Acetate”

A ATD < > ) NADH

2 Pyruvate” ———> 2 Lactate™

(17-34)

G. Biosynthesis

In this section and sections H — K the general
principles and strategy of synthesis of the many carbon
compounds found in living things will be considered.
Since green plants and autotrophic bacteria are able to
assemble all of their needed carbon compounds from
CO,, let us first examine the mechanisms by which
this is accomplished. We will also need to ask how
some organisms are able to subsist on such simple
compounds as methane, formate, or acetate.



1. Metabolic Loops and Biosynthetic Families

As was pointed out in Chapter 10, routes of bio-
synthesis (anabolism) often closely parallel pathways
of biodegradation (catabolism). Thus, catabolism
begins with hydrolytic breakdown of polymeric mole-
cules; the resulting monomers are then cleaved into
small two- and three-carbon fragments. Biosynthesis
begins with formation of monomeric units from small
pieces followed by assembly of the monomers into
polymers. The mechanisms of the individual reactions
of biosynthesis and biodegradation are also often
closely parallel. However, in most instances, there are
clear-cut differences. A first principle of biosynthesis
is that biosynthetic pathways, although related to catabolic
pathways, differ from them in distinct ways and are often
catalyzed by completely different sets of enzymes.

The sum of the pathways of biosynthesis and
biodegradation form a continuous loop — a series of
reactions that take place concurrently and often within
the same part of a cell. Metabolic loops often begin in
the central pathways of carbohydrate metabolism with
three- or four-carbon compounds such as phospho-
glycerate, pyruvate, and oxaloacetate. After loss of
some atoms as CO, the remainder of the compound
rejoins the “mainstream” of metabolism by entering a
catabolic pathway leading to acetyl-CoA and oxidation
in the citric acid cycle. Not all of the loops are closed
within a given species. For example, human beings are
unable to synthesize the vitamins and the “essential amino
acids.” We depend upon other organisms to make
these compounds, but we do degrade them. Some
metabolites, such as uric acid, are excreted by humans
and are further catabolized by bacteria. From a chemi-
cal viewpoint the whole of nature can be regarded as
an enormously complex set of branching and inter-
connecting metabolic cycles. Thus, the synthetic path-
ways used by autotrophs are all parts of metabolic
loops terminating in oxidation back to CO,.

It is often not possible to state at what point in a
metabolic loop biosynthesis has been completed and
biodegradation begins. An end product X that serves
one need of a cell may be a precursor to another cell
component Y which is then degraded to complete the
loop. The reactions that convert X to Y can be regarded
as either biosynthetic (for Y) or catabolic (for X).

2. Key Intermediates and Biosynthetic
Families

In examining routes of biosynthesis it is helpful
to identify some key intermediates. One of these is
3-phosphoglycerate. This compound is a primary
product of photosynthesis and may reasonably be
regarded as the starting material from which all other
carbon compounds in nature are formed. Phospho-
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glycerate, in most organismes, is readily interconvertible
with both glucose and phosphoenolpyruvate (PEP).
Any of these three compounds can serve as the pre-
cursor for synthesis of other organic materials. A first
stage in biosynthesis consists of those reactions by
which 3-phosphoglycerate or PEP arise, whether it be
from CO,, formate, acetate, lipids, or polysaccharides.

The further biosynthetic pathways from 3-phos-
phoglycerate to the myriad amino acids, nucleotides,
lipids, and miscellaneous compounds found in cells
are complex and numerous. However, the basic features
are relatively simple. Figure 17-11 indicates the origins
of many substances including the 20 amino acids
present in proteins, nucleotides, and lipids. Among
the additional key biosynthetic precursors that can be
identified from this chart are glucose 6-phosphate,
pyruvate, oxaloacetate, acetyl-CoA, 2-oxoglutarate,
and succinyl-CoA.

The amino acid serine originates almost directly
from 3-phosphoglycerate. Aspartate arises from oxalo-
acetate and glutamate from 2-oxoglutarate. These
three amino acids each are converted to “families” of
other compounds.’® A little attention paid to establish-
ing correct family relationships will make the study of
biochemistry easier. Besides the serine, aspartate, and
glutamate—oxoglutarate families, a fourth large family
originates directly from pyruvate and a fifth (mostly
lipids) from acetyl-CoA. The aromatic amino acids are
formed from erythrose 4-P and PEP via the key inter-
mediate chorismic acid (Box 9-E; Fig. 25-1). Other
families of compounds arise from glucose 6-P and from
the pentose phosphates. These groups have been set
off roughly by the boxes outlined in green in Fig. 17-11.

H. Harnessing the Energy of ATP for
Biosynthesis

In the past it seemed reasonable to think that some
biosynthetic pathways involved exact reversal of
catabolic pathways. For example, it was observed that
glycogen phosphorylase catalyzed elongation of gly-
cogen branches by transfer of glycosyl groups from
glucose 1-phosphate. Likewise, the enzymes needed
for the B oxidation of fatty acid derivatives, when
isolated from mitochondria, catalyze formation of fatty
acyl-CoA derivatives from acetyl-CoA and a reducing
agent such as NADH. However, reactant concentrations
within cells are rarely appropriate for reversal of a
catabolic sequence. For catabolic sequences the Gibbs
energy change is usually distinctly negative and reversal
requires high concentrations of end products. However,
the latter are often removed promptly from the cells.
For example, NADH produced in degradation of
fatty acids is oxidized to NAD™" and is therefore never
available in sufficient concentrations to reverse the
oxidation sequence.



974 Chapter 17. The Organization of Metabolism
Nature’s answer to the problem of reversing a catabolic
pathway lies in the coupling of cleavage of ATP to the
biosynthetic reaction. The concept was introduced in
Chapter 10, in which one sequence for linking hydrol-
ysis of ATP to biosynthesis was discussed. However,
living cells employ several different methods of har-
nessing the Gibbs energy of hydrolysis of ATP to drive
biosynthetic processes. Many otherwise strange aspects
of metabolism become clear if it is recognized that they
provide a means for coupling ATP cleavage to biosyn-
thesis. A few of the most important of these coupling
mechanisms are summarized in this section.

1. Group Activation

Consider the formation of an ester (or of an amide)
from a free carboxylic acid and an alcohol (or amine)
by elimination of a molecule of water (Eq. 17-35).

The reaction is thermodynamically unfavorable with
values of AG’ (pH 7) ranging from ~ +10 to 30 k] mol
depending on conditions and structures of the specific
compounds. Long ago, organic chemists learned that
such reactions can be made to proceed by careful
removal of the water that is generated (Eq. 17-35).
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However, it is often better to “acti-
vate” the carboxylic acid by con-
version to an acyl chloride or an
anhydride:

O O
= =
R—cZ R—cZ _0
Cl 0—CcC
~
Acyl chloride
Acid anhydride

Nucleophilic attack on the carbonyl
group of such a compound results
in displacement of a good leaving
group, Cl~ or R-COO~. Nature
has followed the same approach in
forming from carboxylic acids acyl
phosphates or acyl-CoA deriva-
tives.

The virtue of these “activated”
acyl compounds in biosynthetic
reactions was considered in
Chapter 12 and Table 15-1. Just
as a carboxylic acid can be converted
to an active acyl derivative, so other
groups can be activated. ATP and
other compounds with phospho
groups of high group transfer poten-
tial are active phospho compounds.
Sulfate is converted to a phospho-
sulfate anhydride, an active sulfo
derivative. Sugars are converted
to compounds such as glucose 1-P
or sucrose, which contain active
glycosyl groups. The group trans-
fer potentials of the latter, though
not as great as that of the phospho
groups of ATP, are still high enough
to make glucose 1-phosphate and
sucrose effective glycosylating
reagents. Table 17-2 lists several
of the more important activated
groups.

Group activation usually takes
place at the expense of ATP cleavage.

TABLE 17-2
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“Activated” Groups Used in Biosynthesis

Group

Typical activated forms

O O . O
I fl : H IS
R—O—P—0—P—0" R—N—C—N—P—0O"
o i
O~ o~ NH,* o
Pyrophosphate Guanidine phosphate
cH, | o o o
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Glucosyl
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Carbamoyl [ C‘)‘
Carbamoyl phosphate
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P R— : H;C 7.__5 = R'
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As pointed out in Chapter 12, acyl phosphates play

a central role in metabolism by virtue of the fact that
they contain both an activated acyl group and an
activated phospho group. The high group transfer
potential can be conserved in subsequent reactions in
either one group or the other (but not in both). Thus, dis-
placement on P by an oxygen of ADP will regenerate
ATP and attack on C by an — SH will give a thioester.

(¢} O
I N SN
R—C—0 l‘j o phosphate
o
%/—J %/—J
Activated Activated
acyl group  phospho group

Several of the other compounds in Table 17-2 can

also be split in two ways to yield different activated
groups, e.g., the phosphosulfate anhydride, enoyl
phosphate, and carbamoyl phosphate. It is probably
only through intermediates of this type that cleavage
of ATP can be coupled to synthesis of activated groups.
Such common intermediates are essential to the
synthesis of ATP by substrate-level phosphorylation
(Fig. 15-6).

2. Hydrolysis of Pyrophosphate

The splitting of inorganic pyrophosphate (PP;)
into two inorganic phosphate ions is catalyzed by
pyrophoesphatases (p. 636)'°°*P that apparently occur
universally. Their function appears to be simply to
remove the product PP; from reactions that produce it,
shifting the equilibrium toward formation of a desired
compound. An example is the formation of aminoacyl-
tRNA molecules needed for protein synthesis. As
shown in Eq. 17-36, the process requires the use of
two ATP molecules to activate one amino acid. While
the “spending” of two ATPs for the addition of one
monomer unit to a polymer does not appear necessary
from a thermodynamic viewpoint, it is frequently
observed, and there is no doubt that hydrolysis of PP;

ensures that the reaction will go virtually to completion.

Transfer RNAs tend to become saturated with amino
acids according to Eq. 17-36 even if the concentration
of free amino acid in the cytoplasm is low. On the
other hand, kinetic considerations may be involved.
Perhaps the biosynthetic sequence would move too
slowly if it were not for the extra boost given by the
removal of PP;. Part of the explanation for the com-
plexity may depend on control mechanisms which
are only incompletely understood.

In some metabolic reactions pyrophosphate esters
are formed by consecutive transfer of the terminal
phospho groups of two ATP molecules onto a hydroxyl

H
O |
N N
c—cC Amino acid
e AN
O R
ATP
H,0
i Pyrophosphatase i
(@] (@] H
/ Hj+
1‘3‘ ﬂ ¢ »NHs Aminoacyl adenylate
Adenosine — O o N (activated amino acid)
tRNA (with free —OH)
(@] H
" JNH3*
AMP ﬂ _ ¢ P
ATP fRNA—O~ N

Activated amino acid
in final form ready for
protein synthesis

Adenylate kinase

2 ADP

Net: 2 ATP + amino acid + tRNA —>

aminoacyl tRNA + 2 ADP + 2 P; (17-36)

group. Such esters often react with elimination of PP;,
e.g., in polymerization of prenyl units (reaction type 6B,
Table 10-1; Fig. 22-1). Again, hydrolysis to P; follows.
Thus, cleavage of pyrophosphate is a second very general
method for coupling ATP cleavage to synthetic reactions.

Although pyrophosphatases are ubiquitous, there
are organisms in which PP; is conserved by the cell
and replaces ATP in several glycolytic reactions. These
include Propionibacterium,'®152 sulfate-reducing bac-
teria, ' the photosynthetic Rhodospirillum, and the
parasitic Entamoeba histolytica.'>>15* In the latter the
internal concentration of PP; is about 0.2 mM. Green
plants also accumulate PP; at concentrations of up to
0.2 mM.'% Apparently, pyrophosphate is not always
hydrolyzed immediately. Another mystery of metabo-
lism is the accumulation of inorganic polyphosphate
in chains of tens to many hundreds of phospho groups
linked, as in pyrophosphate, by phosphoanhydride
bonds. These polyphosphates are present in many
bacteria, including E. coli, and also in fungi, plants,
and animals.'>-15b They constitute a store of energy
as well as of phosphate. Various other functions have
also been proposed. A polyphosphate kinase transfers
a terminal phospho group from polyphosphate chains
onto ADP to form ATP. This source of metabolic energy
is evidently essential to the ability of Pseudomonas
aeruginosa to form biofilms.'®? Both endophosphatases
and exophosphatases, of uncertain function, can
degrade the chains hydrolytically. An exophosphatase
from E. coli can completely hydrolyze polyphosphate
chains of 1000 units processively without release of
intermediates.!>%
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In a few instances group activation is coupled to
cleavage of ATP at C-5' presumably with formation of
bound tripolyphosphate (PPP;). The latter is hydro-
lyzed to P; and PP; and ultimately to three molecules
of P;. An example is the formation of S-adenosyl-
methionine!® shown in Eq. 17-37. The reaction is a
displacement on the 5'-methylene group of ATP by the
sulfur atom of methionine. While the initial product
may be enzyme-bound PPP;, it is P; and PP; that are
released from the enzyme, the P; arising from the
terminal phosphorus (P,) of ATP!>” The S-adenosyl-
methionine formed has the S configuration around the
sulfur.!>

3. Coupling by Phosphorylation and
Subsequent Cleavage by a Phosphatase

A third general method for coupling the hydrolysis
of ATP to drive a synthetic sequence is to transfer the
terminal phospho group from ATP to a hydroxyl group
somewhere on a substrate. Then, after the substrate
has undergone a synthetic reaction, the phosphate is
removed by action of a phosphatase. For example,
in the activation of sulfate (Eq. 17-38),'® the overall
standard Gibbs energy change for steps a (catalyzed
by ATP sulfurylase'®*'%!) and b is distinctly positive
(+12 k] mol ). The equilibrium concentration of
adenylyl sulfate formed in this group activation
process is extremely low. Nature’s solution to this
problem is to spend another molecule of ATP to
phosphorylate the 3' — OH of adenosine phospho-
sulfate. As the latter is formed, it is converted to
3'-phosphoadenosine-5'-phosphosulfate (Eq. 17-38,
step c) by a kinase, which is often part of a bifunctional
enzyme that also contains the active site of ATP sulfuryl-
ase.'02716% Gince the equilibrium in this step lies far
toward the right, the product accumulates in a sub-
stantial concentration (up to 1 mM in cell-free systems)

H. Harnessing the Energy of ATP for Biosynthesis 977
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ATP
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ADP
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3’-Phosphoadenosine-
-5’-Phosphosulfate (PAPS)
0P —O OH
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H,0
Adenosine 3',5"- _\ . AMP + P,

bisphosphate

Acceptor-sulfate Phosp‘hatase

(17-38)

and serves as the active sulfo group donor in formation
of sulfate esters. The reaction cycle is completed by
two more reactions. In Eq. 17-38, step d, the sulfo
group is transferred to an acceptor, and in step e the
extra phosphate group is removed from adenosine
3',5'-bisphosphate by a specific phosphatase. Since
the reconversion of AMP to ADP requires expenditure
of still a third high-energy linkage of ATD, the overall
process makes use of three high-energy phosphate
linkages for formation of one sulfate ester.

An analogous use of ATP is found in photosyn-
thetic reduction of carbon dioxide in which ATP phos-
phorylates ribulose 5-P to ribulose bisphosphate and
the phosphate groups are removed later by phosphatase
action on fructose bisphosphate and sedoheptulose
bisphosphate (Section J,2). Phosphatases involved
in synthetic pathways usually have a high substrate
specificity and are to be distinguished from nonspecific
phosphatases which are essentially digestive enzymes
(Chapter 12).

4. Carboxylation and Decarboxylation:
Synthesis of Fatty Acids

A fourth way in which cleavage of ATP can be
coupled to biosynthesis was recognized in about 1958
when Wakil and coworkers discovered that synthesis
of fatty acids in animal cytoplasm is stimulated by
carbon dioxide. However, when *CO, was used in
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the experiment no radioactivity appeared in the fatty
acids formed. Rather, it was found that acetyl-CoA
was carboxylated to malonyl-CoA in an ATP- and
biotin-requiring process (Eq. 17-39; see also Chapter
13). The carboxyl group formed in this reaction is later
converted back to CO, in a decarboxylation (Fig. 17-12).

o)
I

CH;— C—S— CoA

Acetyl-CoA
HCO3~ ATP
ADP +P;

O
“O0C—CH;—C—5—CoA
Malonyl-CoA
Activated hydrogens

Group to be removed later
by decarboxylation

(17-39)

We know now that in most bacteria and green
plants both an acetyl group of acetyl-CoA and a malo-
nyl group of malonyl-CoA are transferred (steps a
and d of Fig. 17-12) to the sulfur atoms of the phospho-
pantetheine groups of a low-molecular-weight acyl
carrier protein (ACP; Chapter 14). The malonyl
group of the malonyl-ACP is then condensed (step f
of Fig. 17-12) with an acetyl group, which has been
transferred from acetyl-ACP onto a thiol group of the
enzyme (E in Eq. 17-40). The enolate anion indicated
in this equation is generated by decarboxylation of the
malonyl-ACP. It is this decarboxylation that drives the
reaction to completion and, in effect, links C-C bond
formation to the cleavage of the ATP required for the
carboxylation step. A related sequence involving multi-
functional proteins is used by animals and fung;i'®*
(Section J,6).
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P >
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o o
[ |
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RT >c” s—ace
FEAN
H H*

B-Oxoacyl-ACP (17-40)

Carboxylation followed by a later decarboxylation
is an important pattern in other biosynthetic pathways,
too. Sometimes the decarboxylation follows the carboxyl-
ation by many steps. For example, pyruvate (or PEP)
is converted to uridylic acid (Eq. 17-41; details are
shown in Fig. 25-14):

Pyruvate

ATP —~| — HCO,~
ADP + P, <

Oxaloacetate

Transamination

Aspartate

|
|
|

O

Hy

2-0,PO o)\ N
0

COO™

OH OH
Orotidine 5'-P

F Co,

5'-Uridylic acid (UMP) (17-41)

I. Reducing Agents for Biosynthesis

Still another difference between biosynthesis of
fatty acids and oxidation (in mammals) is that the
former has an absolute requirement for NADPH
(Fig. 17-12) while the latter requires NAD* and flavo-
proteins (Fig. 17-1). This fact, together with many
other observations, has led to the generalization
that biosynthetic reduction reactions usually require
NADPH rather than NADH. Many measurements
have shown that in the cytosol of eukaryotic cells the
ratio [NADPH]/[NADP*] is high, whereas the ratio
[NADH]/[NAD"] is low. Thus, the NAD*/NADH
system is kept highly oxidized, in line with the role of
NAD*" as a principal biochemical oxidant, while the
NADP*/NADPH system is kept reduced.

The use of NADPH in step g of Fig. 17-12 ensures
that significant amounts of the -oxoacyl-ACP deriva-
tive are reduced to the alcohol. Another difference
between 3 oxidation and biosynthesis is that the alcohol
formed in this reduction step in the biosynthetic process
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has the D configuration while the corresponding alcohol
in B oxidation has the L configuration.

1. Reversing an Oxidative Step with a Strong
Reducing Agent

The second reduction step in biosynthesis of fatty
acids in the rat liver (step 7) also required NADPH.
The corresponding step in B oxidation utilizes FAD,
but NADPH is a stronger reducing agent than FADH,.
Therefore, use of a reduced pyridine nucleotide again
provides a thermodynamic advantage in pushing the
reaction in the biosynthetic direction. Interesting
variations have been observed among different species.
For example, fatty acid synthesis in the rat requires
only NADPH, but the multienzyme complexes from
Mycobacterium phlei, Euglena gracilis, and the yeast
Saccharomyces cerevisiae all give much better synthesis
with a mixture of NADPH and NADH than with
NADPH alone.'®> Apparently, NADPH is required in
step g and NADH in step i. This seems reasonable
because the equilibrium in step i lies far toward the
product formation, and NADH at a very low concen-
tration could carry out the reduction.

2. Regulation of the State of Reduction of the
NAD and NADP Systems

The ratio [NAD*]/[NADH] appears to be main-
tained at a relatively constant value and in equilibrium
with a series of different reduced and oxidized substrate
pairs. Thus, it was observed that in the cytoplasm
of rat liver cells, the dehydrogenations catalyzed by
lactate dehydrogenase, sn-glycerol 3-phosphate dehy-
drogenase, and malate dehydrogenase are all at equi-
librium with the same ratio of [NAD*]/[NADH].1¢¢
In one experiment rat livers were removed and frozen
in less than 8 s by “freeze-clamping” (Section L,2)
and the concentrations of different components of
the cytoplasm determined!’; the ratio [NAD*]/
[NADH] was found to be 634, while the ratio of
[lactate]/[pyruvate] was 14.2. From these values an

Glyceraldehyde 3-P Lactate
A
P. NAD* 4j
NADH + H*
ADP
ATP

3-Phosphoglycerate === Pyruvate
Slower

v

Further
metabolism

(17-42)

apparent equilibrium constant for reaction c of Eq.
17-42 was calculated as K. = 9.0 x 10°. The known
equilibrium constant for the reaction (from in vitro
experiments) is 8.8 x 10° (Eq. 17-43). In a similar way
it was shown that several other dehydrogenation
reactions are nearly at equilibrium. This conclusion
has been confirmed more recently by NMR observa-
tions. 168

K (pH7, 38°C) = [lactate] [NAD*]
o \PEL [pyruvate] [NADH]
= 88x10° 17-43)

Now consider Eq. 17-42, step a, the ADP- and P;-
requiring oxidation of glyceraldehyde 3-phosphate
(Fig. 15-6). Experimental measurements indicated
that this reaction is also at equilibrium in the cyto-
plasm. In one series of experiments the measured
phosphorylation state ratio [ATP]/[ADP][P;] was 709,
while the ratio [3-phosphoglycerate]/[glyceraldehyde
3-phosphate] was 55.5. The overall equilibrium
constant for Eq. 17-42a is given by Eq. 17-44. That
calculated from known equilibrium constants is 60.

K, (pH?7, 38°C) = _IATP]
[ADP][P]
[3-phosphoglycerate] v [NADH]

[glyceraldehyde phosphate] [NAD]

= 709x55.5%1/634 =62 (17-44)

From these data Krebs and Veech concluded that the
oxidation state of the NAD system is determined largely
by the phosphorylation state ratio of the adenylate
system.'® If the ATP level is high the equilibrium in
Eq. 17-42a will be reached at a higher [NAD*]/[NADH]
ratio and lactate may be oxidized to pyruvate to adjust
the [lactate]/[pyruvate] ratio.

It is important not to confuse the reactions of Eq.
17-42 as they occur in an aerobic cell with the tightly
coupled pair of redox reactions in the homolactate
fermentation (Fig. 10-3; Eq. 17-19). The reactions of
steps a and ¢ of Eq. 17-42 are essentially at equilibrium,
but the reaction of step b may be relatively slow. Fur-
thermore, pyruvate is utilized in many other metabolic
pathways and ATP is hydrolyzed and converted to ADP
through innumerable processes taking place within
the cell. Reduced NAD does not cycle between the two
enzymes in a stoichiometric way and the “reducing
equivalents” of NADH formed are, in large measure,
transferred to the mitochondria. The proper view of
the reactions of Eq. 17-42 is that the redox pairs repre-
sent a kind of redox buffer system that poises the
NAD*/NADH couple at a ratio appropriate for its
metabolic function.



Somewhat surprisingly, within the mitochondria
the ratio [NAD*]/[NADH] is 100 times lower than in
the cytoplasm. Even though mitochondria are the site
of oxidation of NADH to NAD?, the intense catabolic
activity occurring in the B oxidation pathway and the
citric acid cycle ensure extremely rapid production
of NADH. Furthermore, the reduction state of NAD
is apparently buffered by the low potential of the
B-hydroxybutyrate—acetoacetate couple (Chapter 18,
Section C,2). Mitochondrial pyridine nucleotides also
appear to be at equilibrium with glutamate dehydro-
genase.'®

How is the cytoplasmic [NADPH]/[NADP*] ratio
maintained at a value higher than that of [NADH]/
[NAD]? Part of the answer is from operation of the
pentose phosphate pathway (Section E,3). The reac-
tions of Eq. 17-12, if they attained equilibrium, would
give a ratio of cytosolic [NADPH]/[NADP*] > 2000 at
0.05 atm CO,. Compare this with the ratio 1/634 for
[NADH/[NAD*] deduced from the observation on the
reactions of Eq. 17-42.

Consider also the following transhydrogenation
reaction (Eq. 17-45):

NADH + NADP* — NAD* + NADPH (17-45)

There are soluble enzymes that catalyze this reaction
for which K equals ~ 1. Within mitochondria an energy-
linked system (Chapter 18) involving the membrane
shifts the equilibrium to favor NADPH. However,
within the cytoplasm, the reaction of Eq. 17-45 is driven
by coupling ATP cleavage to the transhydrogenation
via carboxylation followed by eventual decarboxylation.
One cycle that accomplishes this is given in Eq. 17-46.
The first step (step a) is ATP-dependent carboxylation
of pyruvate to oxaloacetate, a reaction that occurs only
within mitochondria (Eq. 14-3). Oxaloacetate can be
reduced by malate dehydrogenase using NADH (Eq.
17-46, step b), and the resulting malate can be exported
from the mitochondria. In the cytoplasm the malate is
oxidized to pyruvate, with decarboxylation, by the

ADP
+
P, ATP HCO;,”
Oxaloacetate ;LL Pyruvate
NADH o

Mitochondria

Malic e

en@
co,
\—> Pyruvate —/

Cytoplasm

(17-46)
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malic enzyme (Eq. 13-45). The malic enzyme (Eq. 17-46,
step ¢) is specific for NADP*, is very active, and also
appears to operate at or near equilibrium within the
cytoplasm. On this basis, using known equilibrium
constants, it is easy to show that the ratio [NADPH]/
[NADP*] will be ~ 10° times higher at equilibrium than
the ratio NADH]/[NAD*].169170

Since NADPH is continuously used in biosynthetic
reactions, and is thereby reconverted to NADP~, the
cycle of Eq. 17-46 must operate continuously. As in Eq.
17-42, a true equilibrium does not exist but steps b and
c are both essentially at equilibrium. These equilibria,
together with those of Eq. 17-42 for the NAD system,
ensure the correct redox potential of both pyridine
nucleotide coenzymes in the cytoplasm.

Malate is not the only form in which C, compounds
are exported from mitochondria. Much oxaloacetate
is combined with acetyl-CoA to form citrate; the latter
leaves the mitochondria and is cleaved by the ATP-
dependent citrate-cleaving enzymes (Eq. 13-39). This,
in effect, exports both acetyl-CoA (needed for lipid
synthesis) and oxaloacetate which is reduced to malate
within the cytoplasm. Alternatively, oxaloacetate may
be transaminated to aspartate. The aspartate, after
leaving the mitochondria, may be converted in another
transamination reaction back to oxaloacetate. All of
these are part of the nonequilibrium process by which
C, compounds diffuse out of the mitochondria before
completing the reaction sequence of Eq. 17-46 and
entering into other metabolic processes. Note that the
reaction of Eq. 17-46 leads to the export of reducing
equivalents from mitochondria, the opposite of the
process catalyzed by the malate—aspartate shuttle
which is discussed in Chapter 18 (Fig. 18-18). The
two processes are presumably active under different
conditions.

While the difference in the redox potential of the
two pyridine nucleotide systems is clear-cut in mam-
malian tissues, in E. coli the apparent potentials of the
two systems are more nearly the same.”!

3. Reduced Ferredoxin in Reductive
Biosynthesis

Both the NAD* and NADP* systems have standard
electrode potentials E°” (pH 7) of —0.32 V. However,
because of the differences in concentration ratios, the
NAD* system operates at a less negative potential
(-0.24 V) and the NADP* system at a more negative
potential (-0.38 V) within the cytoplasm of eukaryotes.
In green plants and in many bacteria a still more power-
ful reducing agent is available in the form of reduced
ferredoxin. The value of E (pH 7) for clostridial ferre-
doxin is —0.41 V, corresponding to a Gibbs energy
change for the two-electron reduction of a substrate
~18 k] mol~! more negative than the corresponding
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value of AG’ for reduction by NADPH. Using reduced
ferredoxin (Fd) some photosynthetic bacteria and
anaerobic bacteria are able to carry out reductions that
are virtually impossible with the pyridine nucleotide
system. For example, pyruvate and 2-oxoglutarate
can be formed from acetyl-CoA (Eq. 15-35) and succinyl-
CoA, respectively (Eq. 17-47).17271732 In our bodies

the reaction of Eq. 17-47, with NAD" as the oxidant,
goes only in the opposite direction and is essentially
irreversible.

co,

Acetyl-CoA Pyruvate™ + CoA

Fdred Fdox

AG' (pH7) =+17K] mol ™! (17-47)

J. Constructing the Monomer Units

Now let us consider the synthesis of the monomeric
units from which biopolymers are made. How can
simple one-carbon compounds such as CO, and formic
acid be incorporated into complex carbon compounds?
How can carbon chains grow in length or be shortened?
How are branched chains and rings formed?

1. Carbonyl Groups in Chain Formation and
Cleavage

Except for some vitamin B,,-dependent reactions,
the cleavage or formation of carbon—carbon bonds
usually depends upon the participation of carbonyl
groups. For this reason, carbonyl groups have a central
mechanistic role in biosynthesis. The activation of
hydrogen atoms B to carbonyl groups permits 3 con-
densations to occur during biosynthesis. Aldol or
Claisen condensations require the participation of two
carbonyl compounds. Carbonyl compounds are also
essential to thiamin diphosphate-dependent condensa-
tions and the aldehyde pyridoxal phosphate is needed
for most C—C bond cleavage or formation within
amino acids.

Because of the importance of carbonyl groups to
the mechanism of condensation reactions, much of the
assembly of either straight-chain or branched-carbon
skeletons takes place between compounds in which
the average oxidation state of the carbon atoms is
similar to that in carbohydrates (or in formaldehyde,
H,CO). The diversity of chemical reactions possible
with compounds at this state of oxidation is a maximum,
a fact that may explain why carbohydrates and closely
related substances are major biosynthetic precursors
and why the average state of oxidation of the carbon in

most living things is similar to that in carbohydrates.!”*
This fact may also be related to the presumed occurrence
of formaldehyde as a principal component of the
earth’s atmosphere in the past and to the ability of
formaldehyde to condense to form carbohydrates.

In Fig. 17-13 several biochemicals have been
arranged according to the oxidation state of carbon.
Most of the important biosynthetic intermediates lie
within + 2 electrons per carbon atom of the oxidation
state of carbohydrates. As the chain length grows,
they tend to fall even closer. It is extremely difficult
to move through enzymatic processes between 2C, 3C,
and 4C compounds (i.e., vertically in Fig. 17-13) except
at the oxidation level of carbohydrates or somewhat
to its right, at a slightly higher oxidation level. On the
other hand, it is often possible to move horizontally
with ease using oxidation—reduction reactions. Thus,
fatty acids are assembled from acetate units, which lie
at the same oxidation state as carbohydrates and, after
assembly, are reduced.

Among compounds of the same overall oxidation
state, e.g., acetic acid and sugars, the oxidation states
of individual carbon atoms can be quite different.
Thus, in a sugar every carbon atom can be regarded as
immediately derived from formaldehyde, but in acetic
acid one end has been oxidized to a carboxyl group
and the other has been reduced to a methyl group.
Such internal oxidation-reduction reactions play an
important role in the chemical manipulations necessary
to assemble the carbon skeletons needed by a cell.
Decarboxylation is a feature of many biosynthetic
routes. Referring again to Fig. 17-13, notice that many
of the biosynthetic intermediates such as pyruvate,
oxoglutarate, and oxaloacetate are more oxidized than
the carbohydrate level. However, their decarboxylation
products, which become incorporated into the com-
pounds being synthesized, are closer to the oxidation
level of carbohydrates.

2. Starting with CO,

There are three known pathways by which auto-
trophic organisms can use CO, to synthesize triose
phosphates or 3-phosphoglycerate, three-carbon com-
pounds from which all other biochemical substances
can be formed.!”>-177 The first of these is the reductive
tricarboxylic cycle. This is a reversal of the oxidative
citric acid cycle in which reduced ferredoxin is used as
a reductant in the reaction of Eq. 17-47 to incorporate
CO, into pyruvate. Succinyl-CoA can react with CO,
in the same type of reaction to form 2-oxoglutarate,
accomplishing the reversal of the only irreversible step
in the citric acid cycle. Using these reactions photosyn-
thetic bacteria and some anaerobes that can generate a
high ratio of reduced to oxidized ferredoxin carry out
the reductive tricarboxylic acid cycle. Together with
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Figure 17-13 Some biochemical compounds arranged in order of average oxidation state of the carbon atoms and by

carbon-chain lengths. Black horizontal arrows mark some biological interconversions among compounds with the same
chain length, while green lines show changes in chain length and are often accompanied by decarboxylation.
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Eq. 17-47, the cycle provides for the complete synthesis
of pyruvate from CO,.178179

A quantitatively much more important pathway
of CO, fixation is the reductive pentose phosphate
pathway (ribulose bisphosphate cycle or Calvin-
Benson cycle; Fig. 17-14). This sequence of reactions,
which takes place in the chloroplasts of green plants
and also in many chemiautotrophic bacteria, is essen-
tially a way of reversing the oxidative pentose phos-
phate pathway (Fig. 17-8). The latter accomplishes the
complete oxidation of glucose or of glucose 1-phosphate
by NADP* (Eq. 17-48):

Glucose 1-P? + ATP*~ + 8 H,O + 12 NADP*—
6 CO, + 12 NADPH + ADP* + 2HPO,>~ + 13 H*
AG’ (pH 7) = -299 k] mol ! (17-48)

It would be almost impossible for a green plant
to fix CO, using photochemically generated NADPH
by an exact reversal of Eq. 17-48 because of the high
positive Gibbs energy change. To solve this thermo-
dynamic problem the reductive pentose phosphate
pathway has been modified in a way that couples ATP
cleavage to the synthesis.

The reductive carboxylation system is shown
within the green shaded box of Fig. 17-14. Ribulose
5-phosphate is the starting compound and in the first
step one molecule of ATP is expended to form ribulose
1,5-bisphosphate. The latter is carboxylated and
cleaved to two molecules of 3-phosphoglycerate. This
reaction was discussed in Chapter 13. The reductive
step (step c) of the system employs NADPH together
with ATP. Except for the use of the NADP system
instead of the NAD system, it is exactly the reverse of
the glyceraldehyde phosphate dehydrogenase reaction
of glycolysis. Looking at the first three steps of Fig.
17-14 it is clear that in the reductive pentose phosphate
pathway three molecules of ATP are utilized for each
CO, incorporated. On the other hand, in the oxidative
direction no ATP is generated by the operation of the
pentose phosphate pathway:.

The reactions enclosed within the shaded box of
Fig. 17-14 do not give the whole story about the cou-
pling mechanism. A phospho group was transferred
from ATP in step a and to complete the hydrolysis it
must be removed in some future step. This is indicated
in a general way in Fig. 17-14 by the reaction steps
d, e, and f. Step frepresents the action of specific phos-
phatases that remove phospho groups from the seven-
carbon sedoheptulose bisphosphate and from fructose
bisphosphate. In either case the resulting ketose
monophosphate reacts with an aldose (via transketolase,
step g) to regenerate ribulose 5-phosphate, the CO,
acceptor. The overall reductive pentose phosphate
cycle (Fig. 17-14B) is easy to understand as a reversal
of the oxidative pentose phosphate pathway in which
the oxidative decarboxylation system of Eq. 17-12 is

replaced by the reductive carboxylation system of Fig.
17-14A. The scheme as written in Fig. 17-14B shows
the incorporation of three molecules of CO,. The
reductive carboxylation system operates three times
with a net production of one molecule of triose phos-
phate. As with other biosynthetic cycles, any amount
of any of the intermediate metabolites may be with-
drawn into various biosynthetic pathways without
disruption of the flow through the cycle.

The overall reaction of carbon dioxide reduction
in the Calvin—Benson cycle (Fig. 17-14) becomes

6 CO,+ 12 NADPH + 18 ATP*~ + 11 H,0 —
glucose-1-P* + 12 NADP* + 18 ADP3-
17 HPO2- + 6 H*
(17-49)

The Gibbs energy change AG’ (pH 7) is now —357 k]
mol ! instead of the +299 k] mol~! required to reverse
the reaction of Eq. 17-48.

The third pathway for reduction of CO, to acetyl-
CoA is utilized by acetogenic bacteria, by methanogens,
and probably by sulfate-reducing bacteria.!7%-18!

This acetyl-CoA pathway (or Wood - Ljungdahl
pathway) involves reduction by H, of one of the

two molecules of CO, to the methyl group of methyl-
tetrahydromethanopterin in methanogens and of
methyltetra-hydrofolate in acetogens. The pathway
utilized by methanogens is illustrated in Fig. 15-22.182-
184 A similar process utilizing H, as the reductant is
employed by acetogens.!”%185-18%a In both cases a
methyl corrinoid is formed and its methyl group is
condensed with a molecule of carbon monoxide bound
to a copper ion in a Ni-Cu cluster.'®*® The resulting
acetyl group is transferred to a molecule of coenzyme
A asillustrated in Eq. 16-52.1%° The bound CO is
formed by reduction of CO,, again using H, as the
reductant.!®® The overall reaction for acetyl-CoA
synthesis is given by Eq. 17-50. Conversion of acetyl-
CoA to pyruvate via Eq. 17-47 leads into the glucogen-
ic pathway:.

6-Electron reduction .
CO, —> —= —= —= CH; — Pterin

(Fig. 15-22)
CHj3 — Co (Corrin)
26
CO, ——= CO Ni
<
CO-Cu CoA-SH
(Eq. 16-52)
Carbon monoxide
dehydrogenase

Overall: I
2CO,; +4Hy + COASH— CH3—C—S—CoA +3 H,O

(17-50)



An alternative pathway by which some acetogenic
bacteria form acetate is via reversal of the glycine decar-
boxylase reaction of Fig. 15-20. Methylene-THF is
formed by reduction of CO,, and together with NH,
and CO, a lipoamide group of the enzyme and PLP
forms glycine. The latter reacts with a second methylene-
THEF to form serine, which can be deaminated to pyru-
vate and assimilated. Methanogens may use similar
pathways but ones that involve methanopterin (Fig.
15-17).191

3. Biosynthesis from Other Single-Carbon
Compounds

Various bacteria and fungi are able to subsist on
such one-carbon compounds as methane, methanol,
methylamine, formaldehyde, and formate.!”>~'%7 Energy

The chemical nature of photosynthesis had
intrigued chemists for decades but little was learned
about the details until radioactive C became avail-
able. Discovered in 1940 by Ruben and Kamen, the
isotope was available in quantity by 1946 as a prod-
uct of nuclear reactors. Initial studies of photosyn-
thesis had been conducted by Ruben and Kamen
using "C but C made rapid progress possible. In
1946 Melvin Calvin and Andrew A. Benson began
their studies that elucidated the mechanism of incor-
poration of CO, into organic materials.

A key development was two-dimensional paper
chromatography with radioautography (Box 3-C).
A suspension of the alga Chlorella (Fig. 1-11) was
allowed to photosynthesize in air. At a certain time,
a portion of H*COj; was injected into the system,
and after a few seconds of photosynthesis with C
present the suspension of algae was run into hot
methanol to denature proteins and to stop the reac-
tion. The soluble materials extracted from the algal
cells were concentrated and chromatographed;
radioautographs were then prepared. It was found
that after 10 s of photosynthesis in the presence of
14CO,, the algae contained a dozen or more *C
labeled compounds. These included malic acid,
aspartic acid, phosphoenolpyruvate, alanine, triose
phosphates, and other sugar phosphates and diphos-
phates. However, during the first five seconds a single
compound, 3-phosphoglycerate, contained most of the
radioactivity.®® This finding suggested that a two-
carbon regenerating substrate might be carboxylated
by CO, to phosphoglycerate. Search for this two-
carbon compound was unsuccessful, but Benson,
in Calvin’s laboratory, soon identified ribulose
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is obtained by oxidation to CO,. Methylotrophic
bacteria initiate oxidation of methane by hydroxylation
(Chapter 18) and dehydrogenate the resulting methanol
or exogenous methanol using the PPQ cofactor (Eq.
15-51).1%8 Further dehydrogenation to formate and of
formate to CO, via formate dehydrogenase (Eq. 16-63)
completes the process. Some methylotrophic bacteria
incorporate CO, for biosynthetic purposes via the
ribulose bisphosphate (Calvin—Benson) cycle but
many use pathways that begin with formaldehyde

(or methylene-THF). Others employ variations of

the reductive pentose phosphate pathway to convert
formaldehyde to triose phosphate. In one of these, the
ribulose monophosphate cycle or Quayle cycle,9>1%
ribulose 5-P undergoes an aldol condensation with
formaldehyde to give a 3-oxo-hexulose 6-phosphate
(Eq. 17-51, step a). The latter is isomerized to fructose
6-P (Eq. 17-51, step b). If this equation is applied to the

Phosphoenolpyruvate
Dihydroxyacetone phosphate
Phosphoglycerate
Ribulose phosphate /
Ribose phosphate

Fructose phosphate & mannose phosphate
Glucose phosphate & sedoheptulose phosphate

Ribulose diphosphate & hexose diphosphate

Chromatogram of extract of the alga Scenedesmus after photosyn-
thesis in the presence of CO, for 10 s. Courtesy of J. A. Bassham.
The origin of the chromatogram is at the lower right corner.

bisphosphate,© which kinetic studies proved to be
the true regenerating substrate.“ Its carboxylation
and cleavage® represent the first step in what has
come to be known as the Calvin—Benson cycle (Fig.
17-14).f

a Benson, A. A., Bassham, J. A., Calvin, M., Goodale, T. C., Haas,
V. A., and Stepka, W. (1950) J. Am. Chem. Soc. 72,1710-1718

b Benson, A. A. (1951) J. Am. Chem. Soc. 73, 2971-2972

¢ Benson, A. A, Kawaguchi, S., Hayes, P., and Calvin, M. (1952)
J. Am. Chem. Soc. 74, 4477 —4482

d Bassham, J. A., Benson, A. A,, Kay, L. D., Harris, A. Z., Wilson,
A. T, and Calvin, M. (1954) J. Am. Chem. Soc. 76, 1760-1770

¢ Calvin, M., and Bassham, J. A. (1962) The Photosynthesis of
Carbon Compounds, Benjamin, New York

f Fuller, R. C. (1999) Photosynth Res. 62, 1-29
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Figure 17-14 (A) The reductive carboxylation system used in reductive pentose phosphate pathway (Calvin—Benson cycle).
The essential reactions of this system are enclosed within the dashed box. Typical subsequent reactions follow. The phosphatase
action completes the phosphorylation—dephosphorylation cycle. (B) The reductive pentose phosphate cycle arranged to
show the combining of three CO, molecules to form one molecule of triose phosphate. Abbreviations are RCS, reductive
carboxylation system (from above); A, aldolase, Pase, specific phosphatase; and TK, transketolase.

three C; sugars three molecules of fructose 6-phosphate
will be formed. One of these can be phosphorylated by
ATP to fructose 1,6-bisphosphate, which can be cleaved
by aldolase. One of the resulting triose phosphates
can then be removed for biosynthesis and the second,
together with the other two molecules of fructose 6-P,
can be recycled through the sugar rearrangement
sequence of Fig. 17-8B to regenerate the three ribulose
5-P molecules that serve as the regenerating substrate.

In bacteria, which lack formate dehydrogenase,
formaldehyde can be oxidized to CO, to provide energy
beginning with the reactions of Eq. 17-51. The result-
ing fructose 6-P is isomerized to glucose 6-P, which is
then dehydrogenated via Eq. 17-12 to form CO, and
the regenerating substrate ribulose 5-phosphate.

A number of pseudomonads and other bacteria
convert C; compounds to acetate via tetrahydrofolic
acid-bound intermediates and CO, using the serine
pathway!791921% gshown in Fig. 17-15. This is a cyclic
process for converting one molecule of formaldehyde
(bound to tetrahydrofolate) plus one of CO, into acetate.
The regenerating substrate is glyoxylate. Before
condensation with the “active formaldehyde” of meth-

ylene THEF, the glyoxylate undergoes transamination to
glycine (Fig. 17-15, step a). The glycine plus formalde-
hyde forms serine (step b), which is then transaminated
to hydroxypyruvate, again using step a. Glyoxylate
plus formaldehyde could have been joined in a thiamin-
dependent condensation. However, as in the y-amino-
butyrate shunt (Fig. 17-5), the coupled transamination
step of Fig 17-15 permits use of PLP-dependent C—-C
bond formation.

Conversion of hydroxypyruvate to PEP (Fig. 17-15)
involves reduction by NADH and phosphorylation by
ATP to form 3-phosphoglycerate, which is converted
to PEP as in glycolysis. The conversion of malate to
acetate and glyoxylate via malyl-CoA and isocitrate
lyase (Eq. 13-40) forms the product acetate and regen-
erates glyoxylate. As with other metabolic cycles,
various intermediates, such as PEP, can be withdrawn
for biosynthesis. However, there must be an indepen-
dent route of synthesis of the regenerating substrate
glyoxylate. One way in which this can be accomplished
is to form glycine via the reversal of the glycine decar-
boxylase pathway as is indicated by the shaded green
lines in Fig. 17-15.
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4. The Glyoxylate Pathways is readily converted to fat; because of the irreversibility
of this process, excess calories lead to the deposition
The reductive carboxylation of acetyl-CoA to of fats. However, in animals fat cannot be used to
pyruvate (Eq. 17-47) occurs only in a few types of generate most of the biosynthetic intermediates needed
bacteria. For most species, from microorganisms to for formation of carbohydrates and proteins because
animals, the oxidative decarboxylation of pyruvate those intermediates originate largely from C; units.
to acetyl-CoA is irreversible. This fact has many This limitation on the conversion of C, acetyl units

important consequences. For example, carbohydrate to C; metabolites is overcome in many organisms by
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the glyoxylate cycle (Fig. 17-16), which converts two
acetyl units into one C, unit. The cycle provides a way
for organisms, such as E. coli,""'1*° Saccharomyces,?*
Tetrahymena, and the nematode Caenorhabditis,*! to
subsist on acetate as a sole or major carbon source.

It is especially prominent in plants that store large
amounts of fat in their seeds (oil seeds). In the
germinating oil seed the glyoxylate cycle allows fat

to be converted rapidly to sucrose, cellulose, and other
carbohydrates needed for growth.

A key enzyme in the glyoxylate cycle is isocitrate
lyase, which cleaves isocitrate (Eq. 13-40) to succinate
and glyoxylate. The latter is condensed with a sec-
ond acetyl group by the action of malate synthase
(Eq. 13-38). The L-malate formed in this reaction is
dehydrogenated to the regenerating substrate oxalo-

Fatty acids

|

B oxidation

acetate. Some of the reaction steps are those of the
citric acid cycle and it appears that in bacteria there is
no spatial separation of the citric acid cycle and glyox-
ylate pathway. However, in plants the enzymes of the
glyoxylate cycle are present in specialized peroxisomes
known as glyoxysomes.’ The glyoxysomes also con-
tain the enzymes for B oxidation of fatty acids, allow-
ing for efficient conversion of fatty acids to succinate.
This compound is exported from the glyoxysomes and
enters the mitochondria where it undergoes 3 oxidation
to oxaloacetate. The latter can be converted by PEP
carboxylase (Eq. 13-53) or by PEP carboxykinase
(Eq. 13-46) to PEP.

An acetyl-CoA-glyoxylate cycle, which catalyzes
oxidation of acetyl groups to glyoxylate, can also be
constructed from isocitrate lyase and citric acid cycle
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Figure 17-16 The glyoxylate pathway. The green line traces the pathway of labeled carbon from fatty acids or acetyl-CoA

into malate and other products.




enzymes. Glyoxylate is taken out of the cycle as the
product and succinate is recycled (Eq. 17-52). The
independent pathway for synthesis of the regenerating
substrate oxaloacetate is condensation of glyoxylate
with acetyl-CoA (malate synthetase) to form malate
and oxidation of the latter to oxaloacetate as in the
main cycle of Fig. 17-16.

Acetyl-CoA
Oxaloacetate
Citrate
B oxidation l
Isocitrate
Succinate
Glyoxylate (17-52)

5. Biosynthesis of Glucose from Three-Carbon
Compounds

Now let us consider the further conversion of PEP
and of the triose phosphates to glucose 1-phosphate,
the key intermediate in biosynthesis of other sugars
and polysaccharides. The conversion of PEP to glucose
1-P represents a reversal of part of the glycolysis
sequence. It is convenient to discuss this along with
gluconeogenesis, the reversal of the complete glyco-
lysis sequence from lactic acid. This is an essential
part of the Cori cycle (Section F) in our own bodies, and
the same process may be used to convert pyruvate
derived from deamination of alanine or serine (Chapter
24) into carbohydrates.

Just as with the pentose phosphate cycle, an exact
reversal of the glycolysis sequence (Eq. 17-53) is pre-
cluded on thermodynamic grounds. Even at very high
values of the phosphorylation state ratio R, the reaction:

2 Lactate™ + 3 ATP*~ + 2 H,0 — C¢H; 05 (glycogen)
+3 ADP3~ + 3HPO,> + H*
AG’ (pH 7) = + 107 k] per glycosyl unit (17-53)
would be unlikely to go to completion. The actual
pathways used for gluconeogenesis (Fig. 17-17, green
lines) differ from those of glycolysis (black lines) in
three significant ways. First, while glycogen breakdown
is initiated by the reaction with inorganic phosphate
catalyzed by phosphorylase (Fig. 17-17, step a), the
biosynthetic sequence from glucose 1-P, via uridine
diphosphate glucose (Fig. 17-17, step b; see also Eq.
17-56), is coupled to cleavage of ATP. Second, in the
catabolic process (glycolysis) fructose 6-P is converted
to fructose 1,6-P, through the action of a kinase (Fig.
17-17, step c), which is then cleaved by aldolase. The
resulting triose phosphate is degraded to PEP. In
glucogenesis a phosphatase is used to form fructose P
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from fructose P, (Fig. 17-17, step d). Third, during
gly-colysis PEP is converted to pyruvate by a kinase
with generation of ATP (Fig. 17-17, step €). During
glucogenesis pyruvate is converted to PEP indirectly
via oxaloacetate (Fig. 17-17, steps f and g) using pyru-
vate carboxylase (Eq. 14-3) and PEP carboxykinase
(Eq. 13-46). This is another example of the coupling
of ATP cleavage through a carboxylation—decarboxyl-
ation sequence. The net effect is to use two molecules
of ATP (actually one ATP and one GTP) rather than one
to convert pyruvate to PEP.

The overall reaction for reversal of glycolysis to
form glycogen (Eq. 17-54) now has a comfortably
negative standard Gibbs energy change as a result
of coupling the cleavage of 7 ATP to the reaction.

2 Lactate™ + 7 ATP* + 6 H,O —
glycogen + 7 ADP*>~ + 7 HPO,>~ + 5H*

AG’ (pH 7) = - 31 k] mol ™ per glycosyl unit (17-54)
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Further
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Figure 17-17 Comparison of glycolytic pathway (left) with
pathway of gluconeogenesis (right, green arrows).
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Two enzymes that are able to convert pyruvate
directly to PEP are found in some bacteria and plants.
In each case, as in the animal enzyme system discussed
in the preceding paragraph, the conversion involves
expenditure of two high-energy linkages of ATP. The
PEP synthase of E. coli first transfers a pyrophospho
group from ATP onto an imidazole group of histidine
in the enzyme (Eq. 17-55). A phospho group is hydro-
lyzed from this intermediate (dashed green line in Eq.
17-55, step b), ensuring that sufficient intermediate
E-His—P is present. The latter reacts with pyruvate
to form PEP202203 Pyruvate-phosphate dikinase
is a similar enzyme first identified in tropical grasses
and known to play an important role in the CO,
concentrating system of the so-called “C, plants”
(Chapter 23).2 The same enzyme participates in
gluconeogenesis in Acetobacter. The reaction cycle
for this enzyme is also portrayed in Eq. 17-55. In this
case P, rather than water, is the attacking nucleophile
in Eq. 17-55 and PP; is a product. The latter is probably
hydrolyzed by pyrophosphatase action, the end result
being an overall reaction that is the same as with PEP
synthase. Kinetic and positional isotope exchange
studies suggest that the P; must be bound to pyruvate—
phosphate dikinase before the bound ATP can react
with the imidazole group.?? Likewise, AMP doesn’t
dissociate until P; has reacted to form PP;.

ATP
E-His 0
AMP*
E-His-PB-pY
Pyruvate- Pi
hat
Pdf)lgl;\g;ee A H20
reca;ctign 0 \.ITEP Synthase
B po
PP, —> 2P,
E-His-PP
Pyruvate
PEP (17-55)

6. Building Hydrocarbon Chains with
Two-Carbon Units

Fatty acid chains are taken apart two carbon atoms
at a time by  oxidation. Biosynthesis of fatty acids
reverses this process by using the two-carbon acetyl
unit of acetyl-CoA as a starting material. The coupling
of ATP cleavage to this process by a carboxylation—
decarboxylation sequence, the role of acyl carrier protein
(Section H,4), and the use of NADPH as a reductant
(Section I) have been discussed and are summarized
in Fig. 17-12, which gives the complete sequence of

reactions for fatty acid biosynthesis. Why does B
oxidation require CoA derivatives while biosynthesis
requires the more complex acyl carrier protein (ACP)?
The reason may involve control. ACP is a complex
handle able to hold the growing fatty acid chain and
to guide it from one enzyme to the next. In E. coli the
various enzymes catalyzing the reactions of Fig. 17-12
are found in the cytosol and behave as independent
proteins. The same is true for fatty acid synthases of
higher plants which resemble those of bacteria.20>20%

It is thought that the ACP molecule lies at the
center of the complex and that the growing fatty acid
chain on the end of the phosphopantetheine prosthetic
group moves from one subunit to the other.'%#20¢ The
process is started by a primer which is usually acetyl-
CoAin E. coli. Its acyl group is transferred first to the
central molecule of ACP (step 4, Fig. 17-12) and then to
a “peripheral” thiol group, probably that of a cysteine
side chain on a separate protein subunit (step b, Fig.
17-12). Next, a malonyl group is transferred (step d)
from malonyl-CoA to the free thiol group on the ACP.
The condensation (steps ¢ and f) occurs with the freeing
of the peripheral thiol group. The latter does not come
into use again until the f-oxoacyl group formed has
undergone the complete sequence of reduction reactions
(steps g—1). Then the growing chain is again transferred
to the peripheral —SH (step j) and a new malonyl unit
is introduced on the central ACP.

After the chain reaches a length of 12 carbon atoms,
the acyl group tends to be transferred off to a CoA
molecule (step k) rather than to pass around the cycle
again. Thus, chain growth is terminated. This tendency
systematically increases as the chain grows longer.

In higher animals as well as in Mycobacterium,?"’
yeast,?® and Euglena, the fatty acid synthase consists
of only one or two multifunctional proteins. The
synthase from animal tissues has seven catalytic
activities in a single 263-kDa 2500-residue protein.?
The protein consists of a series of domains that contain
the various catalytic activities needed for the entire
synthetic sequence. One domain contains an ACP-like
site with a bound 4'-phosphopantetheine as well as a
cysteine side chain in the second acylation site. This
synthase produces free fatty acids, principally the C;
palmitate. The final step is cleavage of the acyl-CoA
by a thioesterase, one of the seven enzymatic activities
of the synthase. See Chapter 21 for further discussion.

09

7. The Oxoacid Chain Elongation Process

As mentioned in Section 4, glyoxylate can be
converted to oxaloacetate by condensation with
acetyl-CoA (Fig. 17-16) and the oxaloacetate can be
decarboxylated to pyruvate. This sequence of reactions
resembles that of the conversion of oxaloacetate to
2-oxoglutarate in the citric acid cycle (Fig. 17-4). Both



are examples of a frequently used general chain elongation
process for a-oxo acids. This sequence, which is illustrated
in Fig. 17-18, has four steps: (1) condensation of the
o-oxo acid with an acetyl group, (2) isomerization by
dehydration and rehydration (catalyzed by aconitase
in the case of the citric acid cycle), (3) dehydrogenation,
and (4) B decarboxylation. In many cases steps 3 and
4 are combined as a single enzymatic reaction. The
isomerization of the intermediate hydroxy acid in step
2 is required because the hydroxyl group, which is
attached to a tertiary carbon bearing no hydrogen,
must be moved to the adjacent carbon atom before
oxidation to a ketone can take place. However, in the
case of glyoxylate, isomerization is not necessary
because R = H.

— COO~

e N

CoASH

Y

HyC — C—S— CoA
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It may be protested that the reaction of the citric
acid cycle by which oxaloacetate is converted to oxo-
glutarate does not follow exactly the pattern of Fig.
17-18. The carbon dioxide removed in the decarboxy-
lation step does not come from the part of the molecule
donated by the acetyl group but from that formed from
oxaloacetate. However, the end result is the same.
Furthermore, there are two known citrate-forming
enzymes with different stereospecificities (Chapter 13),
one of which leads to a biosynthetic pathway strictly
according to the sequence of Fig. 17-18.

At the bottom of Fig. 17-18 several stages of the
o-oxo acid elongation process are arranged in tan-
dem. We see that glyoxylate (a product of the acetyl-
CoA—-glyoxylate cycle) can be built up systematically to

— COO™

(:H2 — COO~
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dehydration and
rehydration

. H
NAD R—C—COO"
NADH
HO — C—COO~
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Figure 17-18 The oxoacid chain elongation process.
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pyruvate, oxaloacetate, 2-oxoglutarate, and 2-oxoadipate
(a precursor of lysine) using this one reaction sequence.
Methanogens elongate 2-oxoadipate by one and two
carbon atoms using the same sequence to give 7- and
8-carbon dicarboxylates.?!?

8. Decarboxylation as a Driving Force in
Biosynthesis

Consider the relationship of the following promi-
nent biosynthetic intermediates one to another:

COOH
CHj; H,C
C C
7\ 7\
O S-CoA O S-CoA
Acetyl-CoA Malonyl-CoA
COOH
CHjs CH, H,C
C C C
7N SN 7N
(@) COO P—O COO o COO
Pyruvate PEP Oxaloacetate (OAA)

Utilization of acetyl-CoA for the synthesis of long-chain
fatty acids occurs via carboxylation to malonyl-CoA.
We can think of the malonyl group as a B-carboxylated acetyl
group. During synthesis of a fatty acid the carboxyl
group is lost, and only the acetyl group is ultimately
incorporated into the fatty acid. In a similar way
pyruvate can be thought of as an o-carboxylated acetaldehyde
and oxaloacetate as an o- and B-dicarboxylated acetaldehyde.
During biosynthetic reactions these three- and four-
carbon compounds also often undergo decarboxylation.
Thus, they both can be regarded as “activated acetalde-
hyde units.” Phosphoenolpyruvate is an a-carboxylated
phosphoenol form of acetaldehyde and undergoes both
decarboxylation and dephosphorylation before con-
tributing a two-carbon unit to the final product.

It is of interest to compare two chain elongation
processes by which two-carbon units are combined.
In the synthesis of fatty acids the acetyl units are con-
densed and then are reduced to form straight hydro-
carbon chains. In the oxo-acid chain elongation
mechanism, the acetyl unit is introduced but is later
decarboxylated. Thus, the chain is increased in length
by one carbon atom at a time. These two mechanisms
account for a great deal of the biosynthesis by chain
extension. However, there are other variations. For
example, glycine (a carboxylated methylamine), under
the influence of pyridoxal phosphate and with accom-
panying decarboxylation, condenses with succinyl-CoA
(Eq. 14-32) to extend the carbon chain and at the same
time to introduce an amino group. Likewise, serine
(a carboxylated ethanolamine) condenses with

palmitoyl-CoA in biosynthesis of sphingosine (as in
Eq. 14-32). Phosphatidylserine is decarboxylated to
phosphatidylethanolamine in the final synthetic step
for that phospholipid (Fig. 21-5).

9. Stabilization and Termination of Chain
Growth by Ring Formation

Biochemical substances frequently undergo cycliza-
tion to form stable five- and six-atom ring structures.
The three-carbon glyceraldehyde phosphate exists in
solution primarily as the free aldehyde (and its cova-
lent hydrate) but glucose 6-phosphate exists largely
as the cyclic hemiacetal. In this ring form no carbonyl
group is present and further chain elongation is inhib-
ited. When the hemiacetal of glucose 6-P is enzymati-
cally isomerized to glucose 1-P the ring is firmly locked.
Glucose 1-P, in turn, serves as the biosynthetic precursor
of polysaccharides and related compounds, in all of
which the sugar rings are stable. Ring formation can
occur in lipid biosynthesis, too. Among the polyketides
(Chapter 21), polyprenyl compounds (Chapter 22),
and aromatic amino acids (Chapter 25) are many
substances in which ring formation has occurred by
ester or aldol condensations followed by reduction
and elimination processes. This is a typical sequence
for biosynthesis of highly stable aromatic rings.

10. Branched Carbon Chains

Branched carbon skeletons are formed by standard
reaction types but sometimes with addition of rear-
rangement steps. Compare the biosynthetic routes to
three different branched five-carbon units (Fig. 17-19)
The first is the use of a propionyl group to initiate
formation of a branched-chain fatty acid. Propionyl-
CoA is carboxylated to methylmalonyl-CoA, whose
acyl group is transferred to the acyl carrier protein
before condensation. Decarboxylation and reduction
yields an acyl-CoA derivative with a methyl group in
the 3-position.

The second five-carbon branched unit, in which
the branch is one carbon further down the chain, is
an intermediate in the biosynthesis of polyprenyl
(isoprenoid) compounds and steroids. Three two-
carbon units are used as the starting material with
decarboxylation of one unit. Two acetyl units are first
condensed to form acetoacetyl-CoA. Then a third
acetyl unit, which has been transferred from acetyl-
CoA onto an SH group of the enzyme, is combined
with the acetoacetyl-CoA through an ester condensa-
tion. The thioester linkage to the enzyme is hydrolyzed
to free the product 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA). This sequence is illustrated in Eq. 17-5.
The thioester group of HMG-CoA is reduced to the



alcohol mevalonic acid, a direct
precursor to isopentenyl pyro-
phosphate, from which the poly-
prenyl compounds are formed
(Fig. 22-1).

The third type of carbon-
branched unit is 2-oxoisovalerate,
from which valine is formed by
transamination. The starting units
are two molecules of pyruvate
which combine in a thiamin
diphosphate-dependent o. conden-
sation with decarboxylation. The
resulting o-acetolactate contains a
branched chain but is quite unsuit-
able for formation of an oe amino
acid. A rearrangement moves the
methyl group to the 3 position
(Fig. 24-17), and elimination of
water from the diol forms the enol
of the desired a-oxo acid (Fig. 17-19).
The precursor of isoleucine is
formed in an analogous way by
condensation, with decarboxylation
of one molecule of pyruvate with
one of 2-oxobutyrate.

K. Biosynthesis and
Modification of Polymers

There are three chemical prob-
lems associated with the assembly
of a protein, nucleic acid, or other
biopolymer. The first is fo overcome
thermodynamic barriers. The second
is to control the rate of synthesis, and
the third is to establish the pattern or
sequence in which the monomer units
are linked together. Let us look briefly
at how these three problems are
dealt with by living cells.

1. Peptides and Proteins

Activation of amino acids for
incorporation into oligopeptides
and proteins can occur via two
routes of acyl activation. In the first
of these an acyl phesphate (or acyl
adenylate) is formed and reacts with
an amino group to form a peptide
linkage (Eq. 13-4). The tripeptide
glutathione is formed in two steps
of this type (Box 11-B). In the second
method of activation aminoacyl

K. Biosynthesis and Modification of Polymers
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adenylates are formed. They transfer their activated
aminoacyl groups onto specific tRNA molecules dur-
ing synthesis of proteins (Eq. 17-36). In other cases
activated aminoacyl groups are transferred onto —SH
groups to form intermediate thioesters. An example
is the synthesis of the antibiotic gramicidin S formed
by Bacillus brevis. The antibiotic is a cyclic decapeptide
with the following five-amino-acid sequence repeated
twice in the ringlike molecule?!:

(-p-Phe-1L-Pro-1-Val-L-Orn-1-Leu-),

The soluble enzyme system responsible for its
synthesis contains a large 280-kDa protein that not only
activates the amino acids as aminoacyl adenylates and
transfers them to thiol groups of 4'-phosphopantetheine
groups covalently attached to the enzyme but also
serves as a template for joining the amino acids in
proper sequence.?124 Four amino acids—proline,
valine, ornithine (Orn), and leucine—are all bound.

A second enzyme (of mass 100 kDa) is needed for acti-
vation of phenylalanine. It is apparently the activated
phenylalanine (which at some point in the process is
isomerized from L- to D-phenylalanine) that initiates
polymer formation in a manner analogous to that of
fatty acid elongation (Fig. 17-12). Initiation occurs
when the amino group of the activated phenylalanine
(on the second enzyme) attacks the acyl group of the
aminoacyl thioester by which the activated proline is
held. Next, the freed imino group of proline attacks
the activated valine, etc., to form the pentapeptide.
Then two pentapeptides are joined and cyclized to
give the antibiotic. The sequence is absolutely specific,
and it is remarkable that this relatively small enzyme
system is able to carry out each step in the proper
sequence. Many other peptide antibiotics, such as the
bacitracins, tyrocidines,?'> and enniatins, are synthesized
in a similar way,?!3216217 a5 are depsipeptides and the
immunosuppresant cyclosporin. A virtually identical
pattern is observed for formation of polyketides,?'821
whose chemistry is considered in Chapter 21.

While peptide antibiotics are synthesized according
to enzyme-controlled polymerization patterns, both
proteins and nucleic acids are made by template
mechanisms. The sequence of their monomer units
is determined by genetically encoded information. A
key reaction in the formation of proteins is the transfer
of activated aminoacyl groups to molecules of tRNA
(Eq. 17-36). The tRNAs act as carriers or adapters as
explained in detail in Chapter 29. Each aminoacyl-
tRNA synthetase must recognize the correct tRNA
and attach the correct amino acid to it. The tRNA then
carries the activated amino acid to a ribosome, where
it is placed, at the correct moment, in the active site.
Peptidyltransferase, using a transacylation reaction,
in an insertion mechanism transfers the C terminus of
the growing peptide chain onto the amino group of

the new amino acid to give a tRNA-bound peptide one
unit longer than before.

2. Polysaccharides

Incorporation of a sugar monomer into a polysac-
charide also involves cleavage of two high-energy
phosphate linkages of ATP. However, the activation
process has its own distinctive pattern (Eq. 17-56).
Usually a sugar is first phosphorylated by a kinase
or a kinase plus a phosphomutase (Eq. 17-56, step a).
Then a nucleoside triphosphate (NuTP) reacts under
the influence of a second enzyme with elimination of
pyrophosphate and formation of a glycopyranosyl
ester of the nucleoside diphosphate, more often
known as a sugar nucleotide (Eq. 17-56, step b).

The inorganic pyrophosphate is hydrolyzed by pyro-
phosphatase while the sugar nucleotide donates the
activated glycosyl group for polymerization (Eq. 17-56,
step ¢). In this step the glycosyl group is transferred
with displacement of the nucleoside diphosphate.
Thus, the overall process involves first the cleavage of
ATP to ADP and P;, and then the cleavage of a nucleo-
side triphosphate to a nucleoside diphosphate plus P;.
The nucleoside triphosphate in Eq. 17-56, step b is
sometimes ATP, in which case the overall result is the
splitting of two molecules of ATP to ADP. However,
as detailed in Chapter 20, the whole series of nucleotide
“handles” serve to carry various activated glycosyl units.

What determines the pattern of incorporation of
sugar units into polysaccharides? Homopolysaccharides,
like cellulose and the linear amylose form of starch,
contain only one monosaccharide component in only
one type of linkage. A single synthetase enzyme can
add unit after unit of an activated sugar (UDP glucose
or other sugar nucleotide) to the growing end. However,
at least two enzymes are needed to assemble a branched
molecule such as that of the glycogen molecule. One
is the synthetase; the second is a branching enzyme,
a transglycosylase. After the chain ends attain a length
of about ten monosaccharide units the branching
enzyme attacks a glycosidic linkage somewhere in the
chain. Acting much like a hydrolase, it forms a glyco-
syl enzyme (or a stabilized carbocation) intermediate.
The enzyme does not release the severed chain frag-
ment but transfers it to another nearby site on the
branched polymer. In the synthesis of glycogen, the
chain fragment is joined to a free 6-hydroxyl group
of the glycogen, creating a new branch attached by an
o-1,6-linkage.

Other carbohydrate polymers consist of repeating
oligosaccharide units. Thus, in hyaluronan units of
glucuronic acid and N-acetyl-p-glucosamine alternate
(Fig. 4-11). The “O antigens” of bacterial cell coats
(p. 180) contain repeating subunits made up of a
“block” of four or five different sugars. In these and
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many other cases the pattern of polymerization is
established by the specificities of individual enzymes.
An enzyme capable of joining an activated glucosyl
unit to a growing polysaccharide will do so only if
the proper structure has been built up to that point.
In cases where a block of sugar units is transferred

it is usually inserted at the nonreducing end of the
polymer, which may be covalently attached to a
protein. Notice that the insertion mode of chain
growth exists for lipids, polysaccharides, and proteins.

3. Nucleic Acids

The activated nucleotides are the nucleoside
5'-triphosphates. The ribonucleotides ATP, GTP,
UTP, and CTP are needed for RNA synthesis and the
2'-deoxyribonucleotide triphosphates, dATP, dTTP,
dGTP, and dCTP for DNA synthesis. In every case,
the addition of activated monomer units to a growing
polynucleotide chain is catalyzed by an enzyme that
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binds to the template nucleic acid. The choice of the
proper nucleotide unit to place next in the growing
strand is determined by the nucleotide already in place
in the complementary strand, a matter that is dealt
with in Chapters 27 and 28. The chemistry is a simple
displacement of pyrophosphate (Eq. 17-57). The
3'-hydroxyl of the polynucleotide attacks the phos-
phorus atom of the activated nucleoside triphosphate.
Thus, nucleotide chains always grow from the 5" end, with
new units being added at the 3" end.

4. Phospholipids and Phosphate-Sugar
Alcohol Polymers

Choline and ethanolamine are activated in much
the same way as are sugars. For example, choline can
be phosphorylated using ATP (Eq. 17-58, step a) and
the phosphocholine formed can be further converted
(Eq. 17-58, step b) to cytidine diphosphate choline.
Phosphocholine is transferred from the latter onto a
suitable acceptor to form the final product (Eq. 17-58,
step ¢). The polymerization pattern differs from that
for polysaccharide synthesis. When the sugar nucleo-
tides react, the entire nucleoside diphosphate is
eliminated (Eq. 17-56), but CDP-choline and CDP-
ethanolamine react with elimination of CMP (Eq.
17-58, step c), leaving one phospho group in the final
product. The same thing is true in the synthesis of
the bacterial teichoic acids (Chapter 8). Either CDP-
glycerol or CDP-ribitol is formed first and polymeriza-
tion takes place with elimination of CMP to form the
alternating phosphate-sugar alcohol polymer.??

5. Irreversible Modification and Catabolism
of Polymers

While polymers are being synthesized continuously
by cells, they are also being modified and torn down.
Nothing within a cell is static. As discussed in Chapters
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10 and 29, everything turns over at a slower or faster
rate. Hydrolases attack all of the polymers of which
cells are composed, and active catabolic reactions de-
grade the monomers formed. Membrane surfaces are
also altered, for example, by hydroxylation and glyco-
sylation of both glycoproteins and lipid head groups.
It is impossible to list all of the known modification
reactions of biopolymers. They include hydrolysis,
methylation, acylation, isopentenylation, phospho-
rylation, sulfation, and hydroxylation. Precursor
molecules are cut and trimmed and often modified
further to form functional proteins or nucleic acids.
Phosphotransferase reactions splice RNA transcripts
to form mRNA and a host of alterations convert pre-
cursors into mature tRNA molecules (Chapter 28).
Even DNA, which remains relatively unaltered,
undergoes a barrage of chemical attacks. Only because
of the presence of an array of repair enzymes (Chapter
27) does our DNA remain nearly unchanged so that
faithful copies can be provided to each cell in our
bodies and can be passed on to new generations.

L. Regulation of Biosynthesis

A simplified view of metabolism is to consider a
cell as a “bag of enzymes.” Indeed, much of metabo-
lism can be explained by the action of several thousand
enzymes promoting specific reactions of their substrates.
These reactions are based upon the natural chemical
reactivities of the substrates. However, the enzymes,
through the specificity of their actions and through
association with each other,”0221-223 channel the reactions
into a selected series of metabolic pathways. The
reactions are often organized as cycles which are
inherently stable. We have seen that biosynthesis
often involves ATP-dependent reductive reactions.

It is these reductive processes that produce the less reactive
nonpolar lipid groupings and amino acid side chains so
essential to the assembly of insoluble intracellular structures.
Oligomeric proteins, membranes, microtubules, and
filaments are all the natural result of aggregation
caused largely by hydrophobic interactions with
electrostatic forces and hydrogen bonding providing
specificity. A major part of metabolism is the creation
of complex molecules that aggregate spontaneously
to generate structure. This structure includes the
lipid-rich cytoplasmic membranes which, together
with embedded carrier proteins, control the entry of
substances into cells. Clearly, the cell is now much
more than a bag of enzymes, containing several com-
partments, each of which contains its own array

of enzymes and other components. Metabolite con-
centrations may vary greatly from one compartment
to another.

The reactions that modify lipids and glycoproteins
provide a driving force that assists in moving mem-
brane materials generated internally into the outer
surface of cells. Other processes, including the break-
down by lysosomal enzymes, help to recycle mem-
brane materials. Oxidative attack on hydrophobic
materials such as the sterols and the fatty acids of
membrane lipids results in their conversion into more
soluble substances which can be degraded and com-
pletely oxidized. The flow of matter within cells tends
to occur in metabolic loops and some of these loops
lead to formation of membranes and organelles and to
their turnover. This flow of matter, which is responsible
for growth and development of cells, is driven both
by hydrolysis of ATP coupled to biosynthesis and by
irreversible degradative alterations of polymers and
lipid materials. It also provides for transient formation
and breakup of complexes of macromolecules, which
may be very large, in response to varying metabolic
needs.

Anything that affects the rate of a reaction involved
in either biosynthesis or degradation of any component
of the cell will affect the overall picture in some way.
Thus, every chemical reaction that contributes to a
quantitatively significant extent to metabolism has



some controlling influence. Since molecules interact
with each other in so many ways, reactions of metabolic
control are innumerable. Small molecules act on macro-
molecules as effectors that influence conformation and
reactivity. Enzymes act on each other to break covalent
bonds, to oxidize, and to crosslink. Transferases add
phospho, glycosyl, methyl, and other groups to various
sites. The resulting alterations often affect catalytic
activities. The number of such interactions significant
to metabolic control within an organism may be in the
millions. Small wonder that biochemical journals are
filled with a confusing number of postulated control
mechanisms.

Despite this complexity, some regulatory mecha-
nisms stand out clearly. The control of enzyme synthesis
through feedback repression and the rapid control of
activity by feedback inhibition (Chapter 11) have been
considered previously. Under some circumstances, in
which there is a constant growth rate, these controls
may be sufficient to ensure the harmonious and pro-
portional increase of all constitutents of a cell. Such
may be the case for bacteria during logarithmic growth
(Box 9-B) or for a mammalian embryo growing rapidly
and drawing all its nutrients from the relatively constant
supply in the maternal blood.

Contrast the situation in an adult. Little growth
takes place, but the metabolism must vary with time
and physiological state. The body must make drastic
readjustments from normal feeding to a starvation
situation and from resting to heavy exercise. The
metabolism needed for rapid exertion is different from
that needed for sustained work. A fatty diet requires
different metabolism than a high-carbohydrate diet.
The necessary control mechanisms must be rapid and
sensitive.

1. Glycogen and Blood Glucose

Two special features of glucose metabolism in
animals are dominant.??* The first is the storage of
glycogen for use in providing muscular energy rapidly.
This is a relatively short-term matter but the rate of
glycolysis can be intense: The entire glycogen content
of muscle could be exhausted in only 20 s of anaerobic
fermentation or in 3.5 min of oxidative metabolism.??®
There must be a way to turn on glycolysis quickly and
to turn it off when it is no longer needed. At the same
time, it must be possible to reconvert lactate to glucose
or glycogen (gluconeogenesis). The glycogen stores of
the muscle must be repleted from glucose of the blood.
If insufficient glucose is available from the diet or from
the glycogen stores of the liver, it must be synthesized
from amino acids.

The second special feature of glucose metabolism
is that certain tissues, including brain, blood cells,
kidney medulla, and testis, ordinarily obtain most of
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their energy through oxidation of glucose.????” For
this reason, the glucose level of blood cannot be allowed
to drop much below the normal 5 mM. The mechanism
of regulation of the blood glucose level is complex and
incompletely understood. A series of hormones are
involved.

Insulin. This 51-residue cross-linked polypeptide
(Fig. 7-17) is synthesized in the pancreatic islets of
Langerhans, a tissue specialized for synthesis and
secretion into the bloodstream of a series of small
peptide hormones. One type of islet cells, the {3 cells,
forms primarily insulin which is secreted in response
to high (> 5mm) blood [glucose].??® Insulin has a wide
range of effects on metabolism,??%2 which are discussed
in Chapter 11, Section G. Most of these effects are
thought to arise from binding to insulin receptors
(Figs. 11-11 and 11-12) and are mediated by cascades
such as that pictured in Fig. 11-13.2-232¢ The end result
is to increase or decrease activities of a large number
of enzymes as is indicated in Table 17-3. Some of
those are also shown in Fig. 17-20, which indicates
interactions with the tricarboxylic acid cycle and lipid
metabolism. Binding of insulin to the extracellular
domain of its dimeric receptor induces a conforma-
tional change that activates the intracellular tyrosine
kinase domains of the two subunits. Recent studies
suggest that in the activated receptor the two trans-
membrane helices and the internal tyrosine kinase
domains move closer together, inducing the essential
autophosphosphorylation.??”* The kinase domain of
the phosphorylated receptor, in turn, phosphorylates
several additional proteins, the most important of
which seem to be the insulin receptor substrates IRS-1
and IRS-2. Both appear to be essential in different
tissues.???d¢ Phosphorylated forms of these proteins
initiate a confusing variety of signaling cascades.???

One of the most immediate effects of insulin
is to stimulate an increased rate of uptake of glucose
by muscle and adipocytes (fat cells) and other insulin-
sensitive tissues. This uptake is accomplished largely
by movement of the glucose transporter GLUT4
(Chapter 8) from internal “sequestered” storage vesicles
located near the cell membrane into functioning
positions in the membranes.?3?I-™ Activation of this
translocation process apparently involves IRS-1 and
phosphatidylinositol (PI) 3-kinase, which generates
PI-3,4,5-P; (Fig. 11-9).232¢n¢ The latter induces the
translocation. However, the mechanism remains
obscure. The process may also require a second
signaling pathway which involves action of the insulin
receptor kinase on an adapter protein known as CAP,
a transmembrane caveolar protein flotillin, and a
third protein Cbl, a known cellular protooncogene.
Phosphorylated Cbl forms a complex with CAP and
flotillin in a “lipid raft” which induces the exocytosis
of the sequestered GLUT4 molecules.?320P
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TABLE 17-3
Some Effects of Insulin on Enzymes

Name of Enzyme Type of Regulation

A. Activity increased

Enzymes of glycolysis
Glucokinase Transcription induced
Phosphofructokinase via 2,6-fructose P,
Pyruvate kinase Dephosphorylation
6-Phosphofructo-2-kinase Dephosphorylation
Enzymes of glycogen synthesis
Glucokinase Transcription
Glycogen synthase (muscle) Dephosphorylation
Enzymes of lipid synthesis
Pyruvate dehydrogenase (adipose) Dephosphorylation (Eq. 17-9)
Acetyl-CoA carboxylase Dephosphorylation
ATP-citrate lyase Phosphorylation

Fatty acid synthase
Lipoprotein lipase

Hydroxymethylglutaryl-CoA reductase

B. Activity decreased
Enzymes of gluconeogenesis
Pyruvate carboxylase
PEP carboxykinase Transcription inhibited
Fructose 1,6-bisphosphate
Glucose 6-phosphatase
Enzymes of lipolysis
Triglyceride lipase
(hormone-sensitive lipase) Dephosphorylation
Enzymes of glycogenolysis

Glycogen phosphorylase

C. Other proteins affected by insulin

myo-Inositol
(numbered as D)

Plasma of such individuals contains
an antagonist of insulin action, an
inositol phosphoglycan containing
myo-inositol as a cyclic 1,2-phosphate
ester and galactosamine and man-
nose in a 1:1:3 ratio.?®> This appears
to be related to the glycosyl phos-
phatidylinositol (GPI) membrane
anchors (Fig. 8-13). It has been
suggested that such a glycan, perhaps
containing chiro-inositol, is released
in response to insulin and serves as a
second messenger for insulin.?3>-2%6a
This hypothesis remains unproved.??’
However, insulin does greatly stim-
ulate a GPI-specific phospholipase
C, at least in yeast.’2 Another
uncertainty surrounds the possible
cooperation of chromium (Chapter 16)
in the action of insulin.

How do the insulin-secreting
pancreatic f§ cells sense a high
blood glucose concentration? Two
specialized proteins appear to be
involved. The sugar transporter
GLUT?2 allows the glucose in blood
to equilibrate with the free glucose

Glucose transporter GLUT4 Redistribution in the B cells 2 while glucokinase
Ribosomal protein S6 Phosphorylation by p90 (hexokinase IV or D) apparently
IGF-II receptor Redistribution serves as the glucose sensor.?282%8
Transferrin receptor Redistribution Despite the faC.t th?t glucokinase
Calmodulin Phosphorylation 15 a MONOMeL, it displays a coopera-
tive behavior toward glucose bind-
ing, having a low affinity at low
[glucose] and a high affinity at high
A clue to another possible unrecognized mecha- [glucose]. Mutant mice lacking the glucokinase gene
nism of action for insulin comes from the observation develop early onset diabetes which is mild in hetero-
that urine of patients with non-insulin-dependent zygotes but severe and fatal within a week of birth for
diabetes contains an unusual isomer of inositol, homozygotes.?>240 These facts alone do not explain
D-chiro-inositol. 233234 how the sensor works and there are doubtless other

components to the signaling system.



A current theory is that the increased rate of glucose
catabolism in the f§ cells when blood [glucose] is high
leads to a high ratio of [ATP]/[ADP] which induces
closure of ATP-sensitive K* channels and opening of
voltage-gated Ca?* channels.?*! This could explain the
increase in [Ca?*] within B cells which has been associ-
ated with secretion of insulin?*>?*3 and which is
thought to induce the exocytosis in insulin storage
granules. The internal [Ca?*] in pancreatic islet cells
is observed to oscillate in a characteristic way that is
synchronized with insulin secretion.?*?

Glucagon. This 29-residue peptide is the principal
hormone that counteracts the action of insulin. Gluca-
gon acts primarily on liver cells (hepatocytes) and
adipose tissue and is secreted by the o cells of the
islets of Langerhans in the pancreas, the same tissue
whose B cells produce insulin, if the blood glucose
concentration falls much below 2 mM.2#-20 Like the
insulin-secreting B cells, the pancreatic a cells contain
glucokinase, which may be involved in sensing the
drop in glucose concentration. However, the carrier
GLUT?2 is not present and there is scant information
on the sensing mechanism.?#

Glucagon promotes an increase in the blood glu-
cose level by stimulating breakdown of liver glycogen,
by inhibiting its synthesis, and by stimulating gluco-
neogenesis. All of these effects are mediated by cyclic
AMP through cAMP-activated protein kinase (Fig. 11-4)
and through fructose 2,6-P, (Fig. 11-4 and next section).
Glucagon also has a strong effect in promoting the
release of glucose into the bloodstream. Adrenaline
has similar effects, again mediated by cAMP. However,
glucagon affects the liver, while adrenaline affects
many tissues. Glucocorticoids such as cortisol
(Chapter 22) also promote gluconeogenesis and the
accumulation of glycogen in the liver through their
action on gene transcription.

The release of glucose from the glycogen stores
in the liver is mediated by glucose 6-phosphatase,
which is apparently embedded within the membranes
of the endoplasmic reticulum. A labile enzyme, it
consists of a 357-residue catalytic subunit,?!?> which
may be associated with other subunits that participate
in transport.?>>2% A deficiency of this enzyme causes
the very severe type 1a glycogen storage disease
(see Box 20-D).»125% Only hepatocytes have significant
glucose 6-phosphatase activity.

2. Phosphofructo-1-Kinase in the Regulation
of Glycolysis

The metabolic interconversions of glucose 1-P,
glucose 6-P, and fructose 6-P are thought to be at or
near equilibrium within most cells. However, the
phosphorylation by ATP of fructose 6-P to fructose 1,6-P,
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catalyzed by phosphofructose-1-kinase (Fig. 11-2, step b;
Fig. 17-17, top center) is usually far from equilibrium.
This fact was established by comparing the mass
action ratio [fructose 1,6-P,] [ADP]/[fructose 6-P] [ATP]
measured within tissues with the known equilibrium
constant for the reaction. At equilibrium this mass
action ratio should be equal to the equilibrium constant
(Section I,2). The experimental techniques for deter-
mining the four metabolite concentrations that are
needed for evaluation of the mass action ratio in tissues
are of interest. The tissues must be frozen very rapidly.
This can be done by compressing them between large
liquid nitrogen-cooled aluminum clamps. For details
see Newsholme and Start,?® pp. 30 — 32. Tissues can be
cooled to —80°C in less than 0.1 s in this manner. The
frozen tissue is then powdered, treated with a frozen
protein denaturant such as perchloric acid, and analyzed.
From data obtained in this way, a mass action ratio of
0.03 was found for the phosphofructo-1-kinase reaction
in heart muscle.??® This is much lower than the equi-
librium constant of over 3000 calculated from the
value of AG’ (pH 7) = -20.1 k] mol~!. Thus, like other
biochemical reactions that are nearly irreversible thermo-
dynamically, this reaction is far from equilibrium in
tissues.

The effects of ATP, AMP, and fructose 2,6-bisphos-
phate on phosphofructokinase have been discussed
in Chapter 11, Section C. Fructose 2,6-P, is a potent
allosteric activator of phosphofructokinase and a strong
competitive inhibitor of fructose 1,6-bisphosphatase
(Fig. 11-2). Itis formed from fructose 6-P and ATP
by the 90-kDa bifunctional phosphofructo-2-kinase/
fructose 2,6-bisphosphatase. Thus, the same protein
forms and destroys this allosteric effector. Since the
bifunctional enzyme is present in very small amounts,
the rate of ATP destruction from the substrate cycling
is small.

Glucagon causes the concentration of liver fructose
2,6-P, to drop precipitously from its normal value.
This, in turn, causes a rapid drop in glycolysis rate
and shifts metabolism toward gluconeogenesis. At the
same time, liver glycogen breakdown is inceased and
glucose is released into the bloodstream more rapidly.
The effect on fructose 2,6-P, is mediated by a cAMP-
dependent protein kinase which phosphorylates the
bifunctional kinase/phosphatase in the liver.2>* This
modification greatly reduces the kinase activity and
strongly activates the phosphatase, thereby destroying
the fructose 2,6-P,. The changes in activity appear
to be largely a result of changes in the appropriate
K, values which are increased for fructose 6-P and
decreased for fructose 2,6-P,.2%
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3. Gluconeogenesis

If a large amount of lactate enters the liver, it is
oxidized to pyruvate which enters the mitochondria.
There, part of it is oxidized through the tricarboxylic
acid cycle. However, if [ATP] is high, pyruvate dehy-
drogenase is inactivated by phosphorylation (Eq. 17-9)
and the amount of pyruvate converted to oxaloacetate
and malate (Eq. 17-46) may increase. Malate may leave
the mitochondrion to be reoxidized to oxaloacetate,
which is then converted to PEP and on to glycogen
(heavy green arrows in Fig. 17-20). When [ATP] is
high, phosphofructokinase is also blocked, but the
fructose 1,6-bisphosphatase, which hydrolyzes one
phosphate group from fructose 1,6-P, (Fig. 11-2, step
d), is active. If the glucose content of blood is low, the
glucose 6-P in the liver is hydrolyzed and free glucose
is secreted. Otherwise, most of the glucose 6-P is
converted to glycogen. Muscle is almost devoid of
glucose 6-phosphatase, the export of glucose not being
a normal activity of that tissue.

Gluconeogenesis in liver is strongly promoted by
glucagon and adrenaline. The effects, mediated by
cAMP, include stimulation of fructose 1,6-bisphospha-
tase and inhibition of phosphofructo-1-kinase, both
caused by the drop in the level of fructose 2,6-P,.2542%
The conversion of pyruvate to PEP via oxaloacetate is
also promoted by glucagon. This occurs primarily by
stimulation of pyruvate carboxylase (Eq. 14-3).272%8
However, it has been suggested that the most impor-
tant mechanism by which glucagon enhances gluco-
neogenesis is through stimulation of mitochondrial
respiration, which in turn may promote gluconeo-
genesis.?’

The conversion of oxaloacetate to PEP by PEP-
carboxykinase (PEPCK, Eq. 14-43; Fig. 17-20) is
another control point in gluconeogenesis. Insulin
inhibits gluconeogenesis by decreasing transcription
of the mRNA for this enzyme.?*-2¢12 Glucagon and
cAMP stimulate its transcription. The activity of PEP
carboxykinase?® is also enhanced by Mn?* and by
very low concentrations of Fe**. However, the enzyme
is readily inactivated by Fe?* and oxygen.?®®> Any
regulatory significance is uncertain.

Although the regulation of gluconeogenesis in
the liver may appear to be well understood, some
data indicate that the process can occur efficiently
in the presence of high average concentrations of
fructose 2,6-P,. A possible explanation is that liver
consists of several types of cells, which may contain
differing concentrations of this inhibitor of gluconeo-
genesis.?®* However, mass spectroscopic studies
suggest that glucose metabolism is similar throughout
the liver.26

4. Substrate Cycles

The joint actions of phosphofructokinase and
fructose 1,6-bisphosphatase (Fig. 11-2, steps b and c;
see also Fig. 17-20) create a substrate cycle of the type
discussed in Chapter 11, Section F. Such cycles appar-
ently accomplish nothing but the cleavage of ATP to
ADP and P; (ATPase activity). There are many cycles
of this type in metabolism and the fact that they do not
ordinarily cause a disastrously rapid loss of ATP is a
consequence of the tight control of the metabolic path-
ways involved. In general, only one of the two enzymes
of Fig. 11-2, steps b and ¢, is fully activated at any time.
Depending upon the metabolic state of the cell, degra-
dation may occur with little biosynthesis or biosynthesis
with little degradation. Other obvious substrate cycles
involve the conversion of glucose to glucose 6-P and
hydrolysis of the latter back to glucose (Fig. 17-20,
upper left-hand corner), the synthesis and breakdown
of glycogen (upper right), and the conversion of PEP
to pyruvate and the reconversion of the latter to PEP
via oxaloacetate and malate (partially within the mito-
chondria).

While one might suppose that cells always keep
substrate cycling to a bare minimum, experimental
measurements on tissues in vivo have indicated sur-
prisingly high rates for the fructose 1,6-bisphosphatase—
phosphofructokinase cycle in mammalian tissues
when glycolytic flux rates are low and also for the
pyruvate — oxaloacetate — PEP — pyruvate cycle.
As pointed out in Chapter 11, by maintaining a low
rate of substrate cycling under conditions in which the
carbon flux is low (in either the glycolytic or gluco-
genic direction) the system is more sensitive to allos-
teric effectors than it would be otherwise. However,
when the flux through the glycolysis pathway is high
the relative amount of cycling is much less and the
amount of ATP formed approaches the theoretical 2.0
per glucose.?’

Substrate cycles generate heat, a property that is
apparently put to good use by cold bumblebees whose
thoracic temperature must reach at least 30°C before
they can fly. The insects apparently use the fructose
bisphosphatase—phosphofructokinase substrate cycle
(Fig. 11-2, steps b and c) to warm their flight muscles.?%
It probably helps to keep us warm, too.

266

5. Nuclear Magnetic Resonance, Isotopomer
Analysis, and Modeling of Metabolism

As as been pointed out in Boxes 3-C and 17-C,
the use of 1*C and other isotopic tracers together with
NMR and mass spectroscopy have provided powerful
tools for understanding the complex interrelationships
among the various interlocking pathways of metabo-
lism. In Box 17-C the application of *C NMR to the



citric acid cycle was described. Similar approaches
have been used to provide direct measurement of the
glucose concentration in human brain (1.0 + 0.1 mM;
4.7 + 0.3 mM in plasma)?*® and to study gluconeo-
genesis?®?71 as well as fermentation.?’!? Similar
investigations have been made using mass spectros-
copy.?’? The metabolism of acetate through the
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glycoylate pathway in yeast has been observed by

13C NMR.2% Data obtained from such experiments

are being used in attempts to model metabolism and
to understand how flux rates through the various

pathways are altered in response to varying condi-
tions.65.273-276
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6. The Fasting State

During prolonged fasting, glycogen supplies are
depleted throughout the body and fats become the
principal fuels. Both glucose and pyruvate are in short
supply. While the hydrolysis of lipids provides some
glycerol (which is phosphorylated and oxidized to
dihydroxyacetone-P), the quantity of glucose precursors
formed in this way is limited. Since the animal body
cannot reconvert acetyl-CoA to pyruvate, there is a
continuing need for both glucose and pyruvate. The
former is needed for biosynthetic processes, and the
latter is a precursor of oxaloacetate, the regenerating
substrate of the citric acid cycle. For this reason, during
fasting the body readjusts its metabolism. As much as
75% of the glucose need of the brain can gradually be
replaced by ketone bodies derived from the breakdown
of fats (Section A,4).”7 Glucocorticoids (e.g., cortisol;

The lactate concentration in blood can rise from
its normal value of 1-2 mM to as much as 22 mM
after very severe exercise such as sprinting, but it
gradually returns to normal, requiring up to 6-8 h,
less if mild exercise is continued. However, continu-
ously high lactic acid levels are observed when
enzymes of the gluconeogenic pathway are deficient
or when oxidation of pyruvate is partially blocked.2?
Severe and often lethal deficiencies of the four key
gluconeogenic enzymes pyruvate carboxylase, PEP
carboxykinase, fructose 1,6-bisphosphatase, and
glucose 6-phosphatase are known.P Pyruvate car-
boxylase deficiency may be caused by a defective
carboxylase protein, by an absence of the enzyme
that attaches biotin covalently to the three mitochon-
drial biotin-containing carboxylases (Chapter 14,
Section C), or by defective transport of biotin from
the gut into the blood. The latter types of deficien-
cy can be treated successfully with 10 mg biotin
per day.

Deficiency of pyruvate dehydrogenase is the
most frequent cause of lactic acidemia.®¢ Since
this enzyme has several components (Fig. 15-15), a
number of forms of the disease have been observed.
Patients are benefitted somewhat by a high-fat, low-
carbohydrate diet. Transient lactic acidemia may
result from infections or from heart failure. One
treatment is to administer dichloroacetate, which
stimulates increased activity of pyruvate dehydro-
genase, while action is also taken to correct the
underlying illness.? Another problem arises if a
lactate transporter is defective so that lactic acid
accumulates in muscles.®

Chapter 22) are released from the adrenal glands. By
inducing enzyme synthesis, these hormones increase
the amounts of a variety of enzymes within the cells
of target organs such as the liver. Glucocorticoids also
appear to increase the sensitivity of cell responses to
cAMP and hence to hormones such as glucagon.?8

The overall effects of glucocorticoids include an
increased release of glucose from the liver (increased
activity of glucose 6-phosphatase), an elevated blood
glucose and liver glycogen, and a decreased synthesis
of mucopolysaccharides. The reincorporation of amino
acids released by protein degradation is inhibited
and synthesis of enzymes degrading amino acids is
enhanced. Among these enzymes are tyrosine and
alanine aminotransferases, enzymes that initiate amino
acid degradation which gives rise to the glucogenic
precursors fumarate and pyruvate.

The inability of the animal body to form the glucose

A different problem results from deficiency of
enzymes of glycolysis such as phosphofructokinase
(see Box 20-D), phosphoglycerate mutase, and pyru-
vate kinase. Lack of one isoenzyme of phospho-
glycerate mutase in muscle leads to intolerance to
strenuous exercise.! A deficiency in pyruvate kinase
is one of the most common defects of glycolysis in
erythrocytes and leads to a shortened erythrocyte
lifetime and hereditary hemolytic anemia.®

Deficiency of the first enzyme of the pentose
phosphate pathway, glucose 6-phosphate dehydro-
genase, is widespread." Its geographical distribu-
tion suggests that, like the sickle-cell trait, it confers
some resistance to malaria. A partial deficiency of
6-phosphogluconolactonase (Eq. 17-12, step b) has
also been detected within a family and may have
contributed to the observed hemolytic anemia.!
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precursors pyruvate or oxaloacetate from acetyl units
is sometimes a cause of severe metabolic problems.
Ketosis, which was discussed in Section A,4, develops
when too much acetyl-CoA is produced and not
efficiently oxidized in the citric acid cycle. Ketosis
occurs during starvation, with fevers, and in insulin-
dependent diabetes (see also Box 17-G). In cattle, whose
metabolism is based much more on acetate than is
ours, spontaneously developing ketosis is a frequent
problem.

7. Lipogenesis

A high-carbohydrate meal leads to an elevated
blood glucose concentration. The glycogen reserves
within cells are filled. The ATP level rises, blocking

The most prevalent metabolic problem affecting
human beings is diabetes mellitus.*~ Out of a million
people about 400 develop type I (or juvenile-onset)
insulin-dependent diabetes mellitus (IDDM)
between the ages of 8 and 12. Another 33,000 (over
3%) develop diabetes by age 40-50, and by the late
70s over 7% are affected. A propensity toward
diabetes is partially hereditary, and recessive sus-
ceptibility genes are present in a high proportion
of the population. The severity of the disease varies
greatly. About half of the type I patients can be
treated by diet alone, while the other half must
receive regular insulin injections because of the
atrophy of the insulin-producing cells of the pan-
creas. Type I diabetes sometimes develops very
rapidly with only a few days of ravenous hunger
and unquenchable thirst before the onset of keto-
acidosis. Without proper care death can follow
quickly. This suggested that a virus infection might
cause the observed death of the insulin-secreting
B cells of the pancreatic islets. However, the disease
appears to be a direct result of an autoimmune
response (Chapter 31). Antibodies directed against
such proteins as insulin, glutamate decarboxyl-
ase, ¢ and a tyrosine phosphatasef of the patient’s
own body are present in the blood. There may also
be a direct attack on the 3 cells by T cells of the
immune system (see Chapter 31).5" The events
that trigger such autoimmune attacks are not clear,
but there is a strong correlation with susceptibility
genes, in both human beings'/ and mice.*!

Adults seldom develop type I diabetes but often
suffer from type II or non-insulin-dependent
diabetes mellitus (NIDDM). This is not a single
disease but a syndrome with many causes. There is
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the citric acid cycle, and citrate is exported from mito-
chondria (Fig. 17-20). Outside the mitochondria citrate
is cleaved by the ATP-requiring citrate lyase (Eq. 14-37)
to acetyl-CoA and oxaloacetate. The oxaloacetate can
be reduced to malate and the latter oxidized with
NADP* to pyruvate (Eq. 17-46), which can again enter
the mitochondrion. In this manner acetyl groups are
exported from the mitochondrion as acetyl-CoA which
can be carboxylated, under the activating influence of
citrate, to form malonyl-CoA, the precursor of fatty
acids. The NADPH formed from oxidation of the
malate provides part of the reducing equivalents
needed for fatty acid synthesis. Additional NADPH

is available from the pentose phosphate pathway.
Thus, excess carbohydrate is readily converted into

fat by our bodies. These reactions doubtless occur to
some extent in most cells, but they are quantitatively

usually a marked decrease in sensitivity to insulin
(referred to as insulin resistance) and poor uptake
and utilization of glucose by muscles.™ In rare
cases this is a result of a mutation in the gene for

the insulin molecule precursors (Eq. 10-8) or in the
gene regulatory regions of the DNA."° Splicing of
the mRNAP may be faulty or there may be defects in
the structure or in the mechanisms of activation of
the insulin receptors (Figs. 11-11 and 11-12).9 The
number of receptors may be too low or they may be
degraded too fast to be effective. About 15% of
persons with NIDDM have mutations in the insulin
substrate protein IRS-1 (Chapter 11, Section G) but
the significance is not clear.™" Likewise, the causes
of the loss of sensitivity of insulin receptors as well
as other aspects of insulin resistance are still poorly
understood.® In addition, prolonged high glucose
concentrations result in decreased insulin synthesis
or secretion, both of which are also complex processes.
After synthesis the insulin hexamer is stored as
granules of the hexamer (insulin),Zn, (Fig. 7-18)

in vesicles at low pH. For secretion to occur the
vesicles must first dock at membrane sites and
undergo exocytosis. The insulin dissolves, releasing
the Zn?*, and acts in the monomeric form.! Because
the mechanisms of action of insulin are still not fully
understood, it is difficult to interpret the results of
the many studies of diabetes mellitus.

A striking symptom of diabetes is the high blood
glucose level which may range from 8 to 60 mM.
Lower values are more typical for mild diabetes
because when the glucose concentration exceeds the
renal threshold of ~8 mM the excess is secreted into
the urine. Defective utilization of glucose seems to
be tied to a failure of glucose to exert proper
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feedback control. The result is that gluconeogenesis
is increased with corresponding breakdown of pro-
teins and amino acids. The liver glycogen is deplet-
ed and excess nitrogen from protein degradation
appears in the urine. In IDDM diabetes the products
of fatty acid degradation accumulate, leading to
ketosis. The volume of urine is excessive and tissues
are dehydrated.

Although the acute problems of diabetes, such
as coma induced by ketoacidosis, can usually be
avoided, it has not been possible to prevent long-
term complications that include cataract formation
and damage to the retina and kidneys. Most diabetics
eventually become blind and half die within 15-20
years. Many individuals with NIDDM develop
insulin-dependent diabetes in later life as a result of
damage to the pancreatic B cells. The high glucose
level in blood appears to be a major cause of these
problems. The aldehyde form of glucose reacts
with amino groups of proteins to form Schiff bases
which undergo the Amadori rearrangement to form
ketoamines (Eq. 4-8). The resulting modified proteins
tend to form abnormal disulfide crosslinkages.
Crosslinked aggregates of lens proteins may be a
cause of cataract. The accumulating glucose-modified
proteins may also induce autoimmune responses
that lead to the long-term damage to kidneys and
other organs. Another problem results from reduction
of glucose to sorbitol (Box 20-A). Accumulation
of sorbitol in the lens may cause osmotic swelling,
another factor in the development of cataracts.™*
Excessive secretion of the 37-residue polypeptide
amylin, which is synthesized in the B cells along
with insulin, is another frequent complication of
diabetes."V Amylin precipitates readily within islet
cells to form amyloid deposits which are character-
istic of NIDDM.

For many persons with diabetes regular injec-
tions of insulin are essential. Insulin was discovered
in 1921 in Toronto by Banting and Best, with a con-
troversial role being played by Professor J. J. R.
Macleod, who shared the Nobel prize with Banting
in 19237 In 1922 the first young patients received
pancreatic extracts and a new, prolonged life.” "
Persons with IDDM are still dependent upon daily
injections of insulin, but attempts are being made
to treat the condition with transplanted cells from
human cadavers.« Animal insulins are suitable for
most patients, but allergic reactions sometimes make
human insulin essential. The human hormone,
which differs from bovine insulin in three positions
(Thr in human vs Ala in bovine at positions 8 of the A
chain and 30 of the B chain and Ile vs Val at position
10 of the A chain), is now produced in bacteria using

recombinant DNA. Nonenzymatic laboratory syn-
thesis of insulin has also been achieved, but it is
difficult to place the disulfide crosslinks in the
proper positions. New approaches mimic the natu-
ral synthesis, in which the crosslinking takes place
in proinsulin (Fig. 10-7).

NIDDM is strongly associated with obesity,d4
and dieting and exercise often provide adequate
control of blood glucose. Sulfonylurea drugs such
as the following induce an increase in the number of
insulin receptors formed and are also widely used in
treatment of the condition.®*ff These drugs bind to
and inhibit ATP-sensitive K* channels in the B cell
membranes. A defect in this sulfonylurea receptor
has been associated with excessive insulin secretion

o
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in infants.!” New types of drugs are being tested.s8 ™k
These include inhibitors of aldose reductase, which
forms sorbitol; compounds such as aminoguanidine,
which inhibit formation of advanced products of
glycation and newly discovered fungal metabolites
that activate insulin receptors.j
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synthase of adipocytes.®”® Activity of fatty acid syn-

thase seems to be regulated by the rate of transcription

of its gene, which is controlled by a transcription

factor designated either as adipocyte determination

and differentiation factor-1 (ADD-1) or sterol

regulatory element-binding protein-1c (SREBP-1c).

This protein (ADD-1/SREBP-1c) may be a general
mediator of insulin action.?’”? The nuclear DNA-

binding protein known as peroxisome proliferator-
activated receptor gamma (PPARy) is also involved

in the control of insulin action, a conclusion based
directly on discovery of mutations in persons with
type Il diabetes.?””’¢ A newly discovered hormone

resistin, secreted by adipocytes, may also play a

role.””7d Another adipocyte hormone, leptin, impairs
Recent evidence suggests that both

insulin action.?’7¢

insulin and leptin may have direct effects on the
brain which also influence blood glucose levels.?””f
Malonyl-CoA, which may also play a role in insulin
secretion,278279
(CPT I; Fig. 17-2), slowing fatty acid catabolism.?%

inhibits carnitine palmitoyltransferase I
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Chapter 17. The Organization of Metabolism

Study Questions

1. Write out a complete step-by-step mechanism for

the reactions by which citrate can be synthesized
from pyruvate and then exported from mitochon-
dria for use in the biosynthesis of fatty acids.
Include a chemically reasonable mechanism for
the action of ATP—citrate lyase, which catalyzes
the following reaction:

ATP + citrate + CoA-SH — Acetyl-CoA +

oxaloacetate + ADP + P,
Show how this reaction can be incorporated into
an ATP-driven cyclic pathway for generating
NADPH from NADH.

. Show which parts (if any) of the citric acid cycle
are utilized in each of the following reactions and
what, if any, additional enzymes are needed in
each case.

Oxidation of acetyl-CoA to CO,

Catabolism of glutamate to CO,

Biosynthesis of glutamate from pyruvate
Formation of propionate from pyruvate

fn Op

. Here is a possible metabolic reaction for a fungus.

r-Leucine + 2-oxoglutarate’” +21/,0, —
L-glutamate™ + citrate’ + H,O + 2H*
AG®’ (pH 7) =—1026 kJ /mol

Suggest a metabolic pathway for this reaction.
Is it thermodynamically feasible?

. It has been suggested that in Escherichia coli pyru-
vate may act as the regenerating substrate for a
catalytic cycle by which glyoxylate, OHC-COO-,
is oxidized to CO,. Key enzymes in this cycle are
thought to be a 2-oxo-4-hydroxyglutarate aldolase
and 2-oxoglutarate dehydrogenase. Propose a
detailed pathway for this cycle.

. Some bacteria use a “dicarboxylic acid cycle”

to oxidize glyoxylate OHC-COO~ to CO,. The
regenerating substrate for this cycle is acetyl-CoA.
It is synthesized from glyoxylate by a complex
pathway that begins with conversion of two
molecules of glyoxylate to tartronic semialdehyde:
“OOC-CHOH-CHO. The latter is then dehydro-
genated to D-glycerate.

Write out a detailed scheme for the dicarboxylate
cycle. Also indicate how glucose and other cell
constituents can be formed from intermediates
created in this biosynthetic pathway.

6.

10.

Some bacteria that lack the usual aldolase produce
ethanol and lactic acid in a 1:1 molar ratio via the
“heterolactic fermentation.” Glucose is converted
to ribulose 5-phosphate via the pentose phosphate
pathway enzymes. A thiamin diphosphate-
dependent “phosphoketolase” cleaves xylulose
5-phosphate in the presence of inorganic phosphate
to acetyl phosphate and glyceraldehyde 3-phosphate.

Propose a mechanism for the phosphoketolase
reaction and write a balanced set of equations for
the fermentation.

. Bacteria of the genera Aerobacter and Serratia

ferment glucose according to the following
equation:

11/>Glucose — 2,3-butanediol + 3 CO, + H, +
ethanol

Write out a detailed pathway for the reactions.
Use the pyruvate formate—lyase reaction. What
yield of ATP do you expect per molecule of
glucose fermented?

. Some Clostridia ferment glucose as follows:

2 Glucose + 2 H,O — butyrate™ + 2 acetate™ +
4CO,+6H,+3H"
AG® (pH 7) =-479 kJ / mol of butyrate formed

Write out detailed pathways. How much ATP do
you think can be formed per glucose molecule
fermented?

. Propionic acid bacteria use the following fermen-

tation:

11/2 Glucose — 2 propionate + acetate™ + 3 H* +
CO, + H,O
AG®” = —464 kJ/ mol of acetate formed

Write out a detailed pathway for the reactions.
How much ATP can be formed per molecule of
glucose?

Consider the following reaction which can occur
in the animal body:

2 Lactate™ (C;H5057) + CoASH + 2 NAD* —
butyryl-CoA (C,H,0-5-CoA) +
2 CO, + 2 NADH + H,0O
AG® (pH 7) ~ 70 kJ/ mol of butyryl-CoA formed

Outline the sequence of reactions involved in this
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Study Questions

11.

12.

13.

14.

transformation. Do you think that any ATP will
either be used or generated in the reaction?
Explain.

Leucine, an essential dietary constituent for
human beings, is synthesized in many bacteria
and plants using pyruvate as a starting material.
Outline this pathway of metabolism and illustrate
the chemical reaction mechanisms involved in
each step.

Write a step-by-step sequence for all of the
chemical reactions involved in the biosynthesis
of L-leucine from 2-oxoisovalerate:

CH;
I
H;C — CH—C —COO~
Il
o)

Notice that this compound contains one carbon
atom less than leucine. Start by condensing
2-oxoisovalerate with acetyl-CoA in a reaction
similar to that of citrate synthase. Use structural
formulas. Show all intermediate structures and
indicate what coenzymes are needed. Use curved

arrows to indicate the flow of electrons in each step.

Some fungi synthesize lysine from 2-oxoglutarate
by elongating the chain using a carbon atom
derived from acetyl-CoA to form the 6-carbon
2-oxoadipate. The latter is converted by an ATP-
dependent reduction to the e-aldehyde. Write
out reasonable mechanisms for the conversion

of 2-oxoglutarate to the aldehyde. The latter is
converted on to L-lysine by a non-PLP-dependent
transamination via saccharopine (Chapter 24).

Outline the pathway for biosynthesis of L-leucine
from glucose and NH,* in autotrophic organisms.
In addition, outline the pathways for degradation
of leucine to CO,, water, and NH,* in the human
body. For this overall pathway or “metabolic
loop,” mark the locations (one or more) at which
each of the following processes occurs.

Synthesis of a thioester by dehydrogenation
Substrate-level phosphorylation
Thiamin-dependent o condensation

Oxoacid chain-elongation process
Transamination

Oxidative decarboxylation of an o-oxoacid
Partial  oxidation

Thiolytic cleavage

Claisen condensation

Biotin-dependent carboxylation

=7l om0 &0 TP

15.

16.

17.

18.

A photosynthesizing plant is exposed to “CO,.
On which carbon atoms will the label first appear
in glucose?

The Calvin—Benson cycle and the pentose phos-
phate pathway (Eq. 17-12) have many features in
common but run in opposite directions. Since the
synthesis of glucose from CO, requires energy,
the energy expenditure for the two processes

will obviously differ. Describe the points in each
pathway where a Gibbs energy difference is used
to drive the reaction in the desired direction.

Draw the structure of ribulose 1(**C), 5-bisphosphate.
Enter an asterisk (*) next to carbon 1 to show that
this position is *C-labeled.

Draw the structures of the products of the ribulose
bisphosphate carboxylase reaction, indicating the
radioactive carbon position with an asterisk.

A wood-rotting fungus is able to convert glucose to
oxalate approximately according to the following

equation:

Glucose + 5 O, — 2 Oxalic acid (C,0,H,) +
2CO, +4H,0

Propose a mechanism. See Munir et al.2%! for details.
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Electrons flowing through the electron transport chains in the membranes of the mitochondria,
(at the left) in this thin section through the retina of a kangaroo rat (Dipodonys ordi) generates
ATP. The ATP provides power for the synthesis and functioning of the stacked photoreceptor
disks seen at the right. The outer segment of each rod cell (See Fig. 23-40), which may be
15-20 mm in length, consists of these disks, whose membranes contain the photosensitive
protein pigment rhodopsin. Absorption of light initiates an electrical excitation which is sent
to the brain. Micrograph from Porter and Bonneville (1973) Fine Structure of Cells and Tissues,
Lea and Febiger, Philadelphia, Pennsylvania. Courtesy of Mary Bonneville.
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Electron Transport, Oxidative
Phosphorylation, and Hydroxylation

1.0 um

In this chapter we will look at the processes by
which reduced carriers such as NADH and FADH,
are oxidized within cells. Most familiar to us, because
it is used in the human body, is aerobic respiration.
Hydrogen atoms of NADH, FADH,, and other reduced
carriers appear to be transferred through a chain of
additional carriers of increasingly positive reduction
potential and are finally combined with O, to form
H,O. In fact, the hydrogen nuclei move freely as
protons (or sometimes as H™ ions); it is the electrons
that are deliberately transferred. For this reason, the
chain of carriers is often called the electron transport
chain. It is also referred to as the respiratory chain.

Because far more energy is available to cells from
oxidation of NADH and FADH, than can be obtained
by fermentation, the chemistry of the electron trans-
port chain and of the associated reactions of ATP
synthesis assumes great importance. A central ques-
tion becomes “How is ATP generated by flow of elec-
trons through this series of carriers”? Not only is most
of the ATP formed in aerobic and in some anaerobic
organisms made by this process of oxidative phos-
phorylation, but the solar energy captured during
photosynthesis is used to form ATP in a similar man-
ner. The mechanism of ATP generation may also be
intimately tied to the function of membranes in the
transport of ions. In a converse manner, the mecha-
nism of oxidative phosphorylation may be related to
the utilization of ATP in providing energy for the
contraction of muscles.

In some organisms, especially bacteria, energy
may be obtained through oxidation of H,, H,S, CO, or
Fe?* rather than of the hydrogen atoms removed from
organic substrates. Furthermore, some bacteria use
anaerobic respiration in which NO,~, SO,*, or CO,
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act as oxidants either of reduced carriers or of reduced
inorganic substances. In the present chapter, we will
consider these energy-yielding processes as well as the
chemistry of reactions of oxygen that lead to incorpo-
ration of atoms from O, into organic compounds.

The oxidative processes of cells have been hard
to study, largely because the enzymes responsible are
located in or on cell membranes. In bacteria the sites
of electron transport and oxidative phosphorylation
are on the inside of the plasma membrane or on mem-
branes of mesosomes. In eukaryotes they are found
in the inner membranes of the mitochondria and, to a
lesser extent, in the endoplasmic reticulum. For this
reason we should probably start with a closer look at
mitochondria, the “power plants of the cell.”

A. The Architecture of the Mitochondrion

Mitochondria are present in all eukaryotic cells
that use oxygen in respiration, but the number per cell
and the form and size vary.!'"* Certain tiny trypano-
somes have just one mitochondrion but some oocytes
have as many as 3 x 10>. Mammalian cells typically
contain several hundred mitochondria and liver cells®
more than 1000. Mammalian sperm cells may contain
50-75 mitochondria,® but in some organisms only one
very large helical mitochondrion, formed by the fusion
of many individual mitochondria, wraps around the
base of the tail. Typical mitochondria appear to be
about the size of cells of E. coli. However, study of
ultrathin serial sections of a single yeast cell by elec-
tron microscopy has shown that, under some growth
conditions, all of the mitochondria are interconnected.”

In every case a mitochondrion is enclosed by two
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concentric membranes, an outer and an inner mem-
brane, each ~5-7 nm thick (Figs. 18-1, 18-2). The inner
membrane is folded to form the cristae. The number
of cristae, the form of the cristae, and the relative
amount of the internal matrix space are variable. In
liver there is little inner membrane and a large matrix
space, while in heart mitochondria there are more
folds and a higher rate of oxidative phosphorylation.
The enzymes catalyzing the tricarboxylic acid cycle are
also unusually active in heart mitochondria. A typical
heart mitochondrion has a volume of 0.55 um?; for
every cubic micrometer of mitochondrial volume there
are 89 um? of inner mitochondrial membranes.’
Mitchondria can swell and contract, and forms
other than that usually seen in osmium-fixed electron
micrographs have been described. In some mitochon-
dria the cristae are swollen, the matrix volume is much
reduced, and the intermembrane space between the
membranes is increased. Rapidly respiring mitochon-
dria fixed for electron microscopy exhibit forms that
have been referred to as “energized” and “energized-
twisted.”!% The micrograph (Fig. 18-1) and drawing
(Fig. 18-2) both show a significant amount of inter-
membrane space. However, electron micrographs of
mitochondria from rapidly frozen aerobic tissues show
almost none.! Recent studies by electron microscopic
tomography show cristae with complex tubular struc-
tures. The accepted simple picture of mitochondrial

Figure 18-1 Thin section of mitochondria of a cultured
kidney cell from a chicken embryo. The small, dark, dense
granules within the mitochondria are probably calcium
phosphate. Courtesy of Judie Walton.
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structure (Fig. 18-1) is undergoing revision.!>?> The
isolated mitochondria that biochemists have studied
may be fragments of an interlinked mitochondrial
reticulum that weaves its way through the cell.'?®
However, this reticulum may not be static but may
break and reform. The accepted view that the mito-
chondrial matrix space is continuous with the internal
space in the cristae is also the subject of doubts. Perhaps
they are two different compartments.!?

1. The Mitochondrial Membranes and
Compartments

The outer membranes of mitochondria can be
removed from the inner membranes by osmotic rup-
ture.’® Analyses on separated membrane fractions
show that the outer membrane is less dense (density
~1.1 g/ cm?) than the inner (density ~1.2 g/ cm?). It
is highly permeable to most substances of molecular
mass 10 kDa or less because of the presence of pores of
~2 nm diameter. These are formed by mitochondrial
porins,'*'7 which are similar to the outer membrane
porins of gram-negative bacteria (Fig. 8-20). The ratio
of phospholipid to protein (~0.82 on a weight basis) is
much higher than in the inner membrane. Extraction
of the phospholipids by acetone destroys the mem-
brane. Of the lipids present, there is a low content of
cardiolipin, a high content of phosphatidylinositol and
cholesterol, and no ubiquinone.

The inner membrane is impermeable to many sub-
stances. Neutral molecules of <150 Da can penetrate
the membranes, but the permeability for all other
materials including small ions such as H*, K¥, Na*,
and CI~ is tightly controlled. The ratio of phospholipid
to protein in the inner membrane is ~0.27, and cardio-
lipin makes up ~20% of the phospholipid present.
Cholesterol is absent. Ubiquinone and other compo-
nents of the respiratory chain are all found in the inner
membrane. Proteins account for 75% of the mass of
the membrane.

Another characteristic of the inner mitochondrial
membrane is the presence of projections on the inside
surface, which faces the mitochondrial matrix. See
Fig. 18-14. These spherical 85-kDa particles, discovered
by Fernandez Moran in 1962 and attached to the mem-
brane through a “stalk”, display ATP-hydrolyzing
(ATPase) activity. The latter was a clue that the knobs
might participate in the synthesis of ATP during oxida-
tive phosphorylation. In fact, they are now recognized
as a complex of proteins called coupling factor 1 (F))
or ATP synthase.

In addition to bacterialike mitochondrial ribosomes
and small circular molecules of DNA, mitochondria
may contain variable numbers of dense granules of
calcium phosphate, either Ca,(PO,), or hydroxylapa-
tite (Fig. 8-34),%18 as well as of phospholipoprotein.*
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Quantitatively the major constituents of the matrix
space are a large number of proteins. These account
for about 56% by weight of the matrix material and
exist in a state closer to that in a protein crystal than in
a true solution.!2%2 Mitochondrial membranes also
contain proteins, both tightly bound relatively non-
polar intrinsic proteins and extrinsic proteins bound

___—Outer membrane

_— Inner membrane

Intermembrane space

5-7 nm membrane thickness

Outer membrane is
permeable to ATP, «_
ADP, sucrose, ~o
salts, etc.

~

Matrix
Inner membrane
is not freely
permeable

When negatively stained
with phosphotungstate
the matrix face of the
inner membrane appears
covered with knobs of
coupling factor F; (ATP
synthase, Fig. 18-14)
attached by stalks

Cytochromes, ubiquinone,
and nonheme iron carriers
are embedded in inner
membrane

Submitochondrial particles 3
usually have the matrix
side of the inner membrane

on the outside

Outer membrane
P fracture face
(2806 particles/um?)

Outer membrane
E fracture face
(770 particles/ um?)

.

Inner membrane
E fracture face
(2120 particles/um?)

Inner membrane
P fracture face

Outer membrane "
(4208 particles/um?)

Intermembrane space

Inner membrane

Cytosol

Figure 18-2 (A) Schematic diagram of mitochondrial structure. (B) Model
showing organization of particles in mitochondrial membranes revealed by
freeze-fracture electron microscopy. The characteristic structural features seen
in the four half-membrane faces (EF and PF) that arise as a result of fracturing
of the outer and inner membranes are shown. The four smooth membrane
surfaces (ES and PS) are revealed by etching. From Packer.?

to the membrane surfaces. The other mitochondrial
compartment, the intermembrane space, may normally
be very small but it is still “home” for a few enzymes.

2. The Chemical Activities of Mitochondria

Mention of mitochondria usually
brings to the mind of the biochemist
the citric acid cycle, the  oxidation
pathway of fatty acid metabolism,
and oxidative phosphorylation.
In addition to these major processes,
many other chemical events also
occur. Mitochondria concentrate
Ca?* ions and control the entrance
and exit of Na*, K*, dicarboxylates,
amino acids, ADP, P; and ATP, and
many other substances.!® Thus, they
exert regulatory functions both on
catabolic and biosynthetic sequences.
The glycine decarboxylase system
(Fig. 15-20) is found in the mito-
chondrial matrix and is especially
active in plant mitochondria (Fig.
23-37). Several cytochrome P450-
dependent hydroxylation reactions,
important to the biosynthesis and
catabolism of steroid hormones and
to the metabolism of vitamin D, take
place within mitochondria. Mito-
chondria make only a few of their
own proteins but take in several
hundred other proteins from the
cytoplasm as they grow and multiply.

Where within the mitochondria
are specific enzymes localized? One
approach to this question is to see
how easily the enzymes can be dis-
sociated from mitochondria. Some
enzymes come out readily under
hypotonic conditions. Some are
released only upon sonic oscillation,
suggesting that they are inside the
matrix space. Others, including the
cytochromes and the flavoproteins
that act upon succinate and NADH,
are so firmly embedded in the inner
mitochondrial membranes that they
can be dissociated only through the
use of non-denaturing detergents.

Because the enzymes of the citric
acid cycle?® (with the exception of
succinate dehydrogenase) and
oxidation are present in the matrix,
the reduced electron carriers must
approach the inner membrane from
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the matrix side (the M side). Thus, the embedded
enzymes designed to oxidize NADH, succinate, and
other reduced substrates must be accessible from

the matrix side. However, sn-glycerol 3-phosphate
dehydrogenase, a flavoprotein, is accessible from the
“outside” of the cytoplasmic (C side) of the inner
membrane.?! Fluorescent antibodies to cytochrome ¢
bind only to the cytoplasmic (intermembrane) side of
the inner membrane, but antibodies to cytochrome
oxidase label both sides, which suggested that this
protein complex spans the membrane.?> However,
oxidation of cytochrome ¢ by cytochrome oxidase
occurs only on the cytoplasmic surface.?? Antibodies
to the ATP synthase that makes up the knobs bind
strictly to the matrix side.

The outer mitochondrial membrane contains
monoamine oxidase, cytochrome bs, fatty acyl-CoA
synthase, and enzymes of cardiolipin synthesis?* as
well as other proteins. Cardiolipin (diphosphatidyl-
glycerol; Fig. 21-4) is found only in the inner mito-
chondrial membrane and in bacteria. It is functionally
important for several mitochondrial enzymes including
cytochrome oxidase and cytochome be;.2%2< Tt is also

TABLE 18-1
Catalog of Mitochondrial Genes®
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essential to photosynthetic membranes for which an
exact role in an interaction between the lipid mem-
brane and the associated protein has been revealed by
crystallography.??¢ In other respects the composition
of the inner mitochondrial membrane resembles that
of the membranes of the endoplasmic reticulum.
Isoenzyme III of adenylate kinase, a key enzyme in-
volved in equilibrating ATP and AMP with ADP (Eq.
6-65), is one of the enzymes present in the intermem-
brane space. A number of other kinases, as well as
sulfite oxidase, are also present between the mem-
branes.*

As mentioned in Box 6-D, mitochondria sometimes
take up calcium ions. The normal total concentration
of Ca?* is ~1 mM and that of free Ca?* may be only
~0.1 uM.22ef However, under some circumstances
mitochondria accumulate large amounts of calcium,
perhaps acting as a Ca®* buffer.??¢! The so called
ryanodine receptors (Fig. 19-21), prominent in the
endoplasmic reticulum, have also been found in heart
mitochondria, suggesting a function in control of calcium
oscillations.??/i On the other hand, accumulation of
calcium by mitochondria may be pathological and

the activation of Ca?*-dependent
proteases may be an initial step in
apoptosis.?2h22k

3. The Mitochondrial Genome

Name and symbol Homo Reclino- Saccharo- Arabi-
sapiens monas myces dopsis
americana cerevisiae  thaliana Each mitochondrion contains
several molecules of DNA (mtDNA),
Ribosomal RNA usually in a closed, circular form,
s IRNA (small, 125) 1 1 1 1 as well as the ribosomes, tRNA
molecules, and enzymes needed for
I TRNA (large, 16s) 1 1 1 1 protein synthesis.?3-2¢ With rare
5SRNA 1 1 exceptions almost all of the mito-
m chondrial DNA in a human cell is
Transfer RNAs 22 26 24 22 inherited from the mother.%?%2 The
size of the DNA circles varies from
NADH de‘hydrogenase 16—19 kb in animals? to over 200 kb
Subunits ND1-6, NDAL 7 12 0 9 in many higher plants. Complete
sequences of many mitochondrial
Cytochrome b ! ! ! ! DNAs are known.?82a Among
Cytochrome oxidase theIs)Ei\?;e;h;li’gg%gg hll;lma.n
. mt ,~7 the 16, p bovine
Subunits L, T, Il 3 3 3 3 mtDNA, the 16,896 bp mtDNA of
e e g8 g oA o e
. and the 17, p mt of the
Subunits 6, 8, others 2 > 3 4 amphibian Xenopus laevis.?*2 The
Total protein coding genes 13 62 8 o7 sea urchin Paracentotus lividus has
a smaller 15,697 bp genome. How-
Total genes 37 92 35 53 ever, the order of the genes in this
. and other invertebrate mtDNA is
Size of DNA (kbp) 16.59 69 75 367 different from that in mammalian

a Data from Palmer, J. D. (1997) Nature (London) 387, 454—455.1

b One for each amino acid of the genetic code but two each for serine and leucine.

mitochondria.?® Protozoal mtDNAs
vary in size from ~5900 bp for the



parasitic malaria organism Plasmodium falciparum3*3 to
41,591 bp for Acanthamoeba castellani®® and 69,034 bp for
the fresh water flagellate Reclinomonas americana.?>’

All of the mammalian mtDNAs are organized as
shown in Fig. 18-3. The two strands of the DNA can
be separated by virtue of their differing densities. The
heavy (H) strand has a 5'—=3' polarity in a counter-
clockwise direction in the map of Fig. 18-3, while the
light (L) strand has a clockwise polarity. From the
sequences 13 genes for specific proteins, 2 genes for
ribosomal RNA molecules, and 22 genes for transfer
RNAs have been identified. The genes are listed in
Table 18-1 and have also been marked on the map
in Fig. 18-3. The map also shows the tRNA genes,
labeled with standard one-letter amino acid abbrevia-
tions, and the directions of transcription. Most of the
protein genes are on the H-strand. One small region,
the D-loop, contains an origin of replication and control
signals for transcription (see Chapters 27 and 28).

The genes in mammalian mtDNA are closely
packed with almost no nucleotides between them.
However, the 19.5-kb mtDNA of Drosophila contains an

Direction of

A
transcription 75 R
from the
H strand @?’
o
NS
~ Transcription
from L strand
MELAS
Q LHON
= Human
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S DNA
é} 16,596 bp
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»
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2 of L strand
A
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replication
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(A+T)-rich region, which varies among species.® In
the much larger 78-kb genome of yeast Saccharomyces
cerevisine many (A+T)-rich spacer regions are present.
The yeast mitochondrial genome also contains genes
for several additional proteins. Mitochondria of
Reclinomonas americana contain 97 genes, including
those for 5S RN A, the RNA of ribonuclease P as well
as a variety of protein coding genes. Perhaps this
organism is primitive, resembling the original progeni-
tor of eukaryotic life.?6. The mtDNA of trypanosomes
is present in the large mitochondrion or kinetoplast as
40-50 “maxicircles” ~20-35 kb in size, together with
5000-10,000 “minicircles”, each of 645-2500 bp (see
Fig. 5-16). The latter encode guide RNA for use in
RNA editing (Chapter 28). The large mitochondrial
DNAs of higher plants, e.g., Arabidopsis (Table 18-1),
also contain additional protein genes as well as large
segments of DNA between the genes. The genome of
the turnip (Brassica campestris) exists both as a 218-kb
master chromosome and smaller 83- and 135-kb
incomplete chromosomes, a pattern existing for most
land plants.**-#> The muskmelon contains 2500 kb of
mitochondrial DNA (mtDNA). On
the other hand, most mtDNA of the
liverwort Marchantia polymorpha
consists of 186-kb linear duplexes.*?2

The compact size of the mam-
malian genome is dependent, in
part, on alterations in the genetic
code, as shown in Table 18-2, and a
modification of tRNA structures that
permits mitochondria to function
with a maximum of 22 tRNAs
(Chapter 28).43-%5 However, the
more primitive Reclinomonas utilizes
the standard genetic code in its

= mitochondria.?® The mammalian
= mitochondrial genes contain no
~_ Lstrand introns, but some yeast mitochon-
H strand

drial genes do. Furthermore, some
of the introns contain long open
reading frames. At least two of
these genes-within-genes encode
enzymes that excise the introns.
Why does mtDNA contain any
protein genes, or why does mtDNA
even exist? It seems remarkable that
the cells of our bodies make the 100

Figure 18-3 Genomic map of mammalian mitochondrial DNA. The stippled
areas represent tRNA genes which are designated by the single-letter amino
acid code; polarity is counterclockwise except for those marked by green
arrow heads. All protein-coding genes are encoded on the H strand (with
counterclockwise polarity), with the exception of ND6, which is encoded on
the L strand. COI, COII, and COIIL: cytochrome oxidase subunits I, II, and III;
Cyt b: cytochrome b; ND: NADH dehydrogenase; ATP:ATP synthase. Oy and
O, the origins of H and L strand replication, respectively. After Wallace*® and
Shoffner and Wallace.*> Positions of a few of many known mutations that
cause serious diseases are marked using abbrevations defined in Box 18-B.

or so extra proteins (encoded in the
nucleus) needed for replication,
transcription, amino acid activation,
and mitochondrial ribosome forma-
tion and bring these into the mito-
chondria for the sole purpose of
permitting the synthesis there of

13 proteins. The explanation is not
evident. What are the 13 proteins?
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TABLE 18-2
Alterations in the Genetic Code in the DNA of
Animal Mitochondria

Codons Nuclear DNA? Mitochondrial DNA
AGA, ACG Arg Termination

AUA Ile Met

UGA Termination Trp

2 See Table 5-5 for the other “standard” codons.

Three are the large functional subunits of cytochrome
oxidase, one is cytochrome b, and seven are subunits
of the NADH dehydrogenase system (Complex I).
Two are subunits of ATP synthase. These are all vitally
involved in the processes of electron transport and
oxidative phosphorylation, but so are other proteins
that are imported from the cytoplasm.

One gene in yeast mtDNA is especially puzzling.
The var 1 gene encodes a mitochondrial ribosomal
protein, whose sequence varies with the strain of
yeast. The gene is also involved in unusual recombi-
national events.*’” Another unusual aspect of yeast
mitochondrial genetics is the frequent appearance of
“petite” mutants, which grow on an agar surface as
very small colonies. These have lost a large fraction
of their mitochondrial DNA and, therefore, the ability
to make ATP by oxidative phosphorylation. The
remaining petite mtDNA may sometimes become
integrated into nuclear DNA.*8 A few eukaryotes
that have no aerobic metabolism also have no mito-
chondria.#

4. Growth and Development

Mitochondria arise by division and growth of
preexisting mitochondria. Because they synthesize
only a few proteins and RNA molecules, they must
import many proteins and other materials from the
cytoplasm. A mitochondrion contains at least 100
proteins that are encoded by nuclear genes.>>% The
mechanisms by which proteins are taken up by mito-
chondria are complex and varied. Many of the newly
synthesized proteins carry, at the N terminus, pre-
sequences that contain mitochondrial targeting
signals®'~>* (Chapter 10). These amino acid sequences
often lead the protein to associate with receptor pro-
teins on the outer mitochondrial membrane and sub-
sequently to be taken up by the mitochondria. While
the targeting sequences are usually at the N terminus
of a polypeptide, they are quite often internal. The
N-terminal sequences are usually removed by action
of the mitochondrial processing peptidase (MPP) in

the matrix, but internal targeting sequences are not
removed.”? Targeting of proteins to mitochondria may
be assisted by mRNA binding proteins that guide
appropriate mRNAs into the vicinity of mitochondria
or other organelles.”

In addition to targeting signals, polypeptides
destined for the inner mitochondrial membrane contain
additional topogenic signals that direct the polypep-
tide to its destination. These topogenic signals are
distinct from the targeting signals, which they some-
times follow. Topogenic signals are usually hydro-
phobic sequences, which may become transmembrane
segments of the protein in its final location.’>%* The
uptake of many proteins by mitochondria requires
the electrical potential that is usually present across
the inner membrane (Section E). The fact that mito-
chondrial proteins usually have higher isoelectric
points and carry more positive charges at neutral pH
favors uptake.®® In addition, chaperonins assist in

Preprotein

Outer
membrane

N + +

+ o+ o+ + o+ o+ o+
Inner
membrane

Figure 18-4 Schematic diagram of the protein transport
machinery of mitochondrial membranes labeled according to
the uniform nomenclature.”” Subunits of outer membrane
receptors and translocase are labeled Tom (translocase of
outer membrane) and those of the inner membrane Tim
(translocase of inner membrane). They are designated
Tom?70, etc., according to their sizes in kilodaltons (kDa).
Preproteins are recognized by receptor Tom70+Tom 37 and /
or by Tom22+Tom?20. Clusters of negative charges on many
components help guide the preprotein through the uptake
pores in one or both membranes.”*>® See Pfanner et al.,%’
Schatz,?%5% and Gabriel et al.5%




unfolding the protein to be taken up, assist in trans-
port of some proteins,®® and may help the imported
proteins to assemble into oligomeric structures.5!-5%%

Protein uptake also requires a set of special pro-
teins described as the translocase of the outer mito-
chondrial membrane (Tom) and translocase of the
mitochondrial inner membrane (Tim). Subunits
that form the receptor targets and transport pores are
designated, according to their approximate molecular
masses in kD as Tom70, Tim23, etc. (Fig. 18-4).5 Pre-
proteins are recognized by the receptor complexes
Tom70 * Tom37 and / or Tom22 » Tom20 on the mito-
chondrial surface. They then enter the general import
pore formed by Tom40, Tomé6, and Tom7 with the
assistance of a small integral membrane protein Tom5,
which has a positively charged C-terminal membrane
anchor segment and a negatively charged N-terminal
portion that may bind to the positively charged mito-
chondrial targeting sequences.>>° A number of other
translocase components, including Tom20 and Tom?22
of the outer membrane and Tim23 of the inner mem-
brane, also have acidic extramembranous domains.>®
This suggested an “acid chain” hypothesis according
to which the targeting signal interacts consecutively
with a series of acidic protein domains that help to
guide it across the two membranes.?%*5 A series of
small proteins, Tim8, 9, 10, 12, 13, function in yeast
mitochondria to mediate the uptake of metabolite
transporters. A defect in the human nuclear gene for a
protein that resembles Tim8 causes deafness dystonia,
a recessive X-linked neurodegenerative disorder.>%?

B. Electron Transport Chains

During the 1940s, when it had become clear that
formation of ATP in mitochondria was coupled to
electron transport, the first attempts to pick the system
apart and understand the molecular mechanism began.
This effort led to the identification and at least partial
characterization of several flavoproteins, iron-sulfur
centers, ubiquinones, and cytochromes, most of which
have been described in Chapters 15 and 16. It also
led to the picture of mitochondrial electron transport
shown in Fig. 10-5 and which has been drawn in a
modern form in Fig. 18-5.

1. The Composition of the Mitochondrial
Electron Transport System

Because of the difficulty of isolating the electron
transport chain from the rest of the mitochondrion, it
is easiest to measure ratios of components (Table 18-3).
Cytochromes g, a3, b, ¢;, and ¢ vary from a 1:1 to a 3:1
ratio while flavins, ubiquinone, and nonheme iron
occur in relatively larger amounts. The much larger
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TABLE 18-3
Ratios of Components in the Electron Transport
Chain of Mitochondria®?

Electron carrier Rat liver Beef heart
mitochondria mitochondria
Cytochrome a, 1.0 1.1
Cytochrome a 1.0 1.1
Cytochrome b 1.0 1.0
Cytochrome c, 0.63 0.33-0.51
Cytochrome c 0.78 0.66—-0.85
Pyridine nucleotides 24
Flavins 3 1
Ubiquinone 3-6 7
Copper 22
Nonheme iron 55

@ From Wainio, W. W. (1970) The Mammalian Mitochondrial Respiratory
Chain, Academic Press, New York, and references cited therein.

 Molecular ratios are given. Those for the cytochromes refer to the
relative numbers of heme groups.

amount of pyridine nucleotides is involved in carrying
electrons from the various soluble dehydrogenases of
the matrix to the immobile carriers in the inner mem-
brane, while ubiquinone has a similar function within
the lipid bilayer of mitochondrial membranes.

What are the molar concentrations of the electron
carriers in mitochondrial membranes? In one experi-
ment, cytochrome b was found in rat liver mitochon-
dria to the extent of 0.28 umol/g of protein. If we take
a total mitochondrion as about 22% protein, the average
concentration of the cytochrome would be ~0.06 mM.
Since all the cytochromes are concentrated in the inner
membranes, which may account for 10% or less of the
volume of the mitochondrion, the concentration of
cytochromes may approach 1 mM in these membranes.
This is sufficient to ensure rapid reactions with sub-
strates.

2. The Sequence of Electron Carriers

Many approaches have been used to deduce the
sequence of carriers through which electron flow takes
place (Fig. 18-5). In the first place, it seemed reason-
able to suppose that the carriers should lie in order of
increasing oxidation-reduction potential going from
left to right of the figure. However, since the redox
potentials existing in the mitochondria may be some-
what different from those in isolated enzyme prepara-
tions, this need not be strictly true.
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The development by Chance of a dual wavelength
spectrophotometer permitted easy observation of the
state of oxidation or reduction of a given carrier within
mitochondria.?’ This technique, together with the study
of specific inhibitors (some of which are indicated in
Fig. 18-5 and Table 18-4), allowed some electron trans-
port sequences to be assigned. For example, blockage
with rotenone and amytal prevented reduction of the
cytochrome system by NADH but allowed reduction
by succinate and by other substrates having their own
flavoprotein components in the chain. Artificial elec-
tron acceptors, some of which are shown in Table 18-5,

WETEERS Choline
g » FAD - Other
. #\. A\_complexes
? """"""" 9!
Glycerol-P- .
(from below) Succinate
Fumarate ‘

Rotenone
Amytal
Piericidin A
Progesterone

Intermembrane space

Fatty acyl-CoA
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were used to bypass parts of the chain as indicated in
Fig. 18-5.

Submitochondrial particles and complexes.
Many methods have been employed to break mito-
chondrial membranes into submitochondrial particles
that retain an ability to catalyze some of the reactions
of the chain.®! For example, the Keilin-Hartree prepa-
ration of heart muscle is obtained by homogenizing
mitochondria and precipitation at low pH.%* The
resulting particles have a low cytochrome ¢ content
and do not carry out oxidative phosphorylation.

ATR
synthase
(see E'ig. 158-14)

Cytochrome ¢
oxidase

TMPD Cytochrome ¢

CN™
Antimycin A Ascorbate CcO
N / N;~
Respiratory
inhibitors

Figure 18-5 A current concept of the electron transport chain of mitochondria. Complexes I, III, and IV pass electrons from
NADH or NADPH to O,, one NADH or two electrons reducing one O to H,O. This electron transport is coupled to the trans-
fer of about 12 H* from the mitochondrial matrix to the intermembrane space. These protons flow back into the matrix
through ATP synthase (V), four H* driving the synthesis of one ATP. Succinate, fatty acyl-CoA molecules, and other substrates
are oxidized via complex II and similar complexes that reduce ubiquinone Q, the reduced form QH, carrying electrons to
complex III. In some tissues of some organisms, glycerol phosphate is dehydrogenated by a complex that is accessible from
the intermembrane space.




However, they do transport electrons and react with
O,. Other electron transport particles have been pre-
pared by sonic oscillation. Under the electron micro-
scope such particles appear to be small membranous
vesicles resembling mitochondrial cristae.

Many detergents are strong denaturants of pro-
teins, but some of them disrupt mitochondrial mem-
branes without destroying enzymatic activity. A
favorite is digitonin (Fig. 22-12), which causes disinte-
gration of the outer membrane. The remaining frag-
ments of inner membrane retain activity for oxidative
phosphorylation. Such submitochondrial particles can
be fractionated further by chemical treatments. Sepa-
rate complexes can be obtained by treating the inner
membranes with the nondenaturing detergent cholate
(Fig. 22-10) and isolating the complexes by differential
salt fractionation using ammonium sulfate. The isolated
complexes I — IV catalyze reactions of four different
portions of the electron transport process®-% as indi-
cated in Eq. 18-1:

Succinate

NADH RN Q A, cytochrome ¢ AN O,

(18-1)

These complexes are usually named as follows: I,
NADH-ubiquinone oxidoreductase; II, succinate-
ubiquinone oxidoreductase; 11, ubiquinol-
cytochrome c oxidoreductase; IV, cytochrome c
oxidase. The designation complex V is sometimes
applied to ATP synthase (Fig. 18-14). Chemical analy-
sis of the electron transport complexes verified the
probable location of some components in the intact
chain. For example, a high iron content was found in
both complexes I and II and copper in complex IV.

We now recognize not only that these complexes
are discrete structural units but also that they are
functional units. Complete X-ray crystallographic
structures are available for complexes III and IV and
for much of the ATP synthase complex. As is indicated
in Fig. 18-5, complexes I - IV are linked by two soluble
electron carriers, ubiquinone and cytochrome c.

The lipid-soluble ubiquinone (Q) is present in both
bacterial and mitochondrial membranes in relatively
large amounts compared to other electron carriers
(Table 18-2). It seems to be located at a point of con-
vergence of the NADH, succinate, glycerol phosphate,
and choline branches of the electron transport chain.
Ubiquinone plays a role somewhat like that of NADH,
which carries electrons between dehydrogenases in
the cytoplasm and from soluble dehydrogenases in
the aqueous mitochondrial matrix to flavoproteins
embedded in the membrane. Ubiquinone transfers
electrons plus protons between proteins within the
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TABLE 18-4
Some Well-Known Respiratory Inhibitors?

OCH;

Rotenone, an insecticide and
fish poison from a plant root

OH . . . .
Piericidin A, a structural

analog of ubiquinone

H;CO # “CHs
CH; CH; CH; CH;,
o
CH,CH;
HN cH Amytal
)\ 3 (amobarbital)
0 N No CH,
H
Progesterone (See Fig. 22-11)

O R = n-butyl or n-hexyl

gﬁ Iﬁ M}’Zm

Antimycin A, a Streptomyces
antibiotic

Thenoyltrifluoroacetone
(TTB, 4,4,4-trifluoro-
1-(2-thienyl)-1,3-
butadione

F3C

Cyanide -C
Azide N
Carbon monoxide  CO

@ See Fig. 18-5 for sites of inhibition.
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Animal respiration has been of serious interest
to scientists since 1777, when Lavoisier concluded
that foods undergo slow combustion within the body,
supposedly in the blood. In 1803-1807, Spallanzani
established for the first time that the tissues were
the actual site of respiration, but his conclusions
were largely ignored. In 1884, MacMunn discovered
that cells contain the heme pigments, which are
now known as cytochromes. However, the leading
biochemists of the day dismissed the observations
as experimental error, and it was not until the present
century that serious study of the chemistry of bio-
logical oxidations began.®?

Recognition that substrates are oxidized
by dehydrogenation is usually attributed to H.
Wieland. During the years 1912-1922 he showed
that synthetic dyes, such as methylene blue, could
be substituted for oxygen and would allow res-
piration of cells in the absence of O,. Subsequent
experiments (see Chapter 15) led to isolation of the
soluble pyridine nucleotides and flavoproteins and
to development of the concept of an electron trans-
port chain.

Looking at the other end of the respiratory
chain, Otto Warburg®9 noted in 1908 that all aerobic
cells contain iron. Moreover, iron-containing char-
coal prepared from blood catalyzed nonenzymatic
oxidation of many substances, but iron-free charcoal
prepared from cane sugar did not. Cyanide was
found to inhibit tissue respiration at low concentra-
tions similar to those needed to inhibit nonenzymat-
ic catalysis by iron salts. On the basis of these
investigations, Warburg proposed in 1925 that aerobic
cells contain an iron-based Atmungsferment (respira-
tion enzyme), which was later called cytochrome
oxidase. It was inhibited by carbon monoxide.

Knowing that carbon monoxide complexes of
hemes are dissociated by light, Warburg and Negelein,
in 1928, determined the photochemical action
spectrum (see Chapter 23) for reversal of the carbon
monoxide inhibition of respiration of the yeast
Torula utilis. The spectrum closely resembled the
absorption spectrum of known heme derivatives
(Fig. 16-7). Thus, it was proposed that O,, as well as
CO, combines with the iron of the heme group in
the Atmungsferment.

Meanwhile, during 1919-1925, David Keilin,
while peering through a microscope equipped with
a spectroscopic ocular at thoracic muscles of flies
and other insects, observed a pigment with four
distinct absorption bands. At first he thought it
was derived by some modification of hemoglobin,
but when he found the same pigment in fresh
baker’s yeast, he recognized it as an important new
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substance. In his words:®

One day while I was examing a suspension of yeast
freshly prepared from a few bits of compressed yeast
shaken vigorously with a little water in a test-tube, |
failed to find the characteristic four-banded absorption
spectrum, but before I had time to remove the suspension
from the field of vision of the microspectroscope the four
absorption bands suddenly reappeared. This experiment
was repeated time after time and always with the same
result: the absorption bands disappeared on shaking the
suspension with air and reappeared within a few seconds
on standing.

I must admit that this first visual perception of an
intracellular respiratory process was one of the most
impressive spectacles I have witnessed in the course of
my work. Now I have no doubt that cytochrome is not
only widely distributed in nature and completely inde-
pendent of haemoglobin, but that it is an intracellular
respiratory pigment which is much more important than
haemoglobin.

Keilin soon realized that three of the absorption
bands, those at 604, 564, and 550 nm (a, b, and c),
represented different pigments, while the one at 521
nm was common to all three. Keilin proposed the
names cytochromes a, b, and c. The idea of an elec-
tron transport or respiratory chain followed® quickly
as the flavin and pyridine nucleotide coenzymes
were recognized to play their role at the dehydro-
genase level. Hydrogen removed from substrates
by these carriers could be used to oxidize reduced
cytochromes. The latter would be oxidized by
oxygen under the influence of cytochrome oxidase.

In 1929, Fiske and Subbarow,df curious about
the occurrence of purine compounds in muscle
extracts, discovered and characterized ATP. It
was soon shown (largely through the work of
Lundsgaard and Lohman)f that hydrolysis of ATP
provided energy for muscular contraction. At about
the same time, it was learned that synthesis of ATP
accompanied glycolysis. That ATP could also be
formed as a result of electron transport became clear
following an observation of Engelhardt™! in 1930,
that methylene blue stimulated ATP synthesis by
tissues.

The study of electron transport chains and of
oxidative phosphorylation began in earnest after
Kennedy and Lehninger,/ in 1949, showed that
mitochondria were the site not only of ATP synthe-
sis but also of the operation of the citric acid cycle
and fatty acid oxidation pathways. By 1959, Chance
had introduced elegant new techniques of spectro-
photometry that led to formulation of the electron
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BOX 18-A (continued)

transport chain as follows:

Substrate — pyridine nucleotides — flavoprotein —
cytb — cytc — cyta — cyta; - O,

Since that time, some new components have
been added, notably the ubiquinones and iron-
sulfur proteins, but the basic form proposed for the
chain was correct.

membrane bilayer. Membranes also contain ubiqui-
none-binding proteins, %’ which probably hold the
ubiquinone that is actively involved in electron trans-
port. Perhaps some ubiquinone molecules function
as fixed carriers. There is also uncertainty about the
number of sites at which ubiquinone functions in the
chain.

Mitochondrial electron transport in plants and
fungi. Plant mitochondria resemble those of mammals
in many ways, but they contain additional dehydro-
genases and sometimes utilize alternative pathways of
electron transport,®-73 as do fungi.”* Mitochondria are
impermeable to NADH and NAD*. Animal mitochon-
dria have shuttle systems (see Fig. 18-16) for bringing
the reducing equivalents of NADH into mitochondria

NADH
NAD

2 Kalckar, H. M. (1969) Biological Phosphorylations, Prentice-Hall,
Englewood Cliffs, New Jersey

Kalckar, H. M. (1991) Ann. Rev. Biochem. 60, 1-37

Edsall, J. T. (1979) Science 205, 384-385

Fiske, C. H., and Subbarow, Y. (1929) Science 70, 381—382
Keilin, D. (1966) The History of Cell Respiration and Cytochromnze,
Cambridge Univ. Press, London and New York

Kalckar, H. (1980) Trends Biochem. Sci. 5, 56—57

& Schlenk, E. (1987) Trends Biochem. Sci. 12, 367 -368

h Saraste, M. (1998) Science 283, 1488-1493

i Slater, E. C. (1981) Trends Biochem. Sci. 6, 226—227

I Talalay, P, and Lane, M. D. (1986) Trends Biochem. Sci. 11, 356358
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and to the NADH dehydrogenase that faces the matrix
side of the inner membrane. However, plant mito-
chondria also have an NADH dehydrogenase on

the outer surface of the inner membrane (Fig. 18-6).
This enzyme transfers electrons to ubiquinone, is not
inhibited by rotenone (see Fig. 18-5), and also acts on
NADPH. Inside the mitochondria a high-affinity
NADH dehydrogenase resembles complex I of animal
mitochondria and is inhibited by rotenone.”® There is
also a low-affinity NADH dehydrogenase, which is
insensitive to rotenone. Some plant mitochondria
respire slowly in the presence of cyanide. They utilize
an alternative oxidase that replaces complex III and
cytochome ¢ oxidase and which is not inhibited by
antimycin or by cyanide (Fig. 18-6).%717> Tt is especially
active in thermogenic plant tissues (Box 18-C). A

NADH

\ NAD"

Succinate

I II

Glycerol-P

O O.
Fumarate QHZO 2 H,0
D ] 11 v
b
G
FeS”

Dihydroxy-
acetone-P N AD(P)H

NAD(P)

Cytosol (Intermembrane)

Figure 18-6 Schematic diagram of some mitochondrial dehydrogenase and oxidase complexes of plants and also the glycerol
phosphate dehydrogenase of animals, which is embedded in the inner membrane. Complexes I-IV are also shown. (A) The
glycerol phosphate dehydrogenase of some animal tissues. It is accessible from the intermembrane space on the cytosolic
side. (B) The rotenone-insensitive NAD(P)H dehydrogenase of the external membrane surface of plants. (C) The rotenone-
insensitive NADH dehydrogenase facing the matrix side in some plants. (D) The plant alternative oxidase. Ubiquinone, Q.
The three green stippled dehydrogenases are not coupled to proton pumps or ATP synthesis. After Hoefnagel et al.”®
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A mutation in any of the 13 protein subunits, the
22 tRNAs, or the two rRNAs whose genes are carried
in mitochondrial DNA may possibly cause disease.
The 13 protein subunits are all involved in electron
transport or oxidative phosphorylation. The syn-
dromes resulting from mutations in mtDNA fre-
quently affect oxidative phosphorylation (OXPHOS)
causing what are often called “OXPHOS diseases.”*"8
Mitochondrial oxidative phosphorylation also de-
pends upon ~100 proteins encoded in the nucleus.
Therefore, OXPHOS diseases may result from defects
in either mitochondrial or nuclear genes. The former
are distinguished by the fact that they are inherited
almost exclusively maternally. Most mitochondrial
diseases are rare. However, mtDNA is subject to
rapid mutation, and it is possible that accumulating
mutants in mtDNA may be an important component
of aging.hk

The first recognition of mitochondrial disease
came in 1959. A 30-year old Swedish woman was
found to have an extremely high basal metabolic rate
(180% of normal), a high caloric intake (>3000 kcal /
day), and an enormous perspiration rate. She had
developed these symptoms at age seven. Examina-
tion of her mitochondria revealed that electron trans-
port and oxidative phosphorylation were very
loosely coupled. This explains the symptoms. How-
ever, the disease (Luft disease) is extremely rare and
the underlying cause isn’t known.! Its recognition
did focus attention on mitochondria, and by 1988,
120 different mtDNA defects had been described.®!

Some OXPHOS disorders, including Luft dis-
ease, result from mutations in nuclear DNA. A sec-
ond group arise from point mutations in mtDNA and
a third group involve deletions, often very large, in
mtDNA. Persons with these deletions survive be-
cause they have both mutated and normal mtDNA, a
condition of heteroplasmy of mtDNA. As these
persons age their disease may become more severe
because they lose many normal mitochondria.9¢

The names of mitochondrial diseases are often
complex and usually are described by abbreviations.
Here are a few of them: LHON, Lebers hereditary
optical neuropathy; MERRF, myoclonic epilepsy
and ragged-red-fiber disease; MELAS, mitochondri-
al encephalomyopathy, lactic acidosis, and strokelike
episodes; NARP, neurological muscle weakness,
ataxia, and retinitis pigmentosa; Leigh disease —
SNE, subacute necrotizing encephalomyelopathy;
KSS, Kearns-Sayre syndrome; CPEO, chronic
progressive external ophthalmoplegia. LHON is a
hereditary disease that often leads to sudden blind-
ness from death of the optic nerve especially among
males. Any one of several point mutations in sub-
units ND1, 2, 4, 5, and 6 of NADH dehydrogenase
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(complex [; Figs. 18-3 and 18-5), cytochrome b of
complex II, or subunit I of cytochrome oxidase may
cause this syndrome. Most frequent is an R340H
mutation of the ND4 gene at position 11,778 of mtD-
NA (Fig. 18-3).¢V™ It may interfere with reduction of
ubiquinone.™ Mutations in the ND1 gene at position
3460 and in the ND6 gene at position 14484 or in the
cytochrome b gene at position 15257 cause the same
disease.! The most frequent (80-90%) cause of MER-
RE, which is characterized by epilepsy and by the
appearance of ragged red fibers in stained sections of
muscle, is an A — G substitution at position 8344 of
mtDNA in the TyC loop (Fig. 5-30) of mitochondrial
tRNADY®. A similar disease, MELAS, is accompanied
by strokes (not seen in MERRF) and is caused in 80%
of cases by an A — G substitution in the dihydrouri-
dine loop (Fig. 5-30) of mitochondrial tRNALeu.©
CPEO, Leigh disease, and KSS often result from large
deletions of mtDNA.P NARP and related conditions
have been associated with an L156R substitution in
the ATPase 6 gene of ATP synthase.q

Can mitochondrial diseases be treated? At-
tempts are being made to improve the function of
impaired mitochondria by adding large amounts of
ubiquinone, vitamin K, thiamin, riboflavin, and
succinate to the diet.® One report suggests that mito-
chondrial decay during aging can be reversed by
administration of N-acetylcarnitine.
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TABLE 18-5

Some Artificial Electron Acceptors®®

Compound Structure E”(pH7)
30°C
Ferricyanide Fe(CN)6> +0.36 V
(25°C)
Oxidized form N L +0.260 V
of tetramethyl-p- /N = — N\
phenylenediamine H;C CH,
Cl
2,6-Dichlorophenol- +0.217V
indophenol (DCIP)
O N OH
Cl
. N
Phenazine N AN +0.080 V
methosulfate (PMS)
57 A 2sop
|
CH;
Ascorbate (See Box 18-D) +0.058 V
Methylene blue /©[N m +0.011V
HsC CH;
~ N S I-\‘FI ~
CHj; CH;
Menadione o +0.008 V
CH, (°25C)
O
Tetrazolium -0.125V
salts, e.g.,
“neotetrazolium _-N
chloride”

2 From Wainio, W. W. (1970) The Mammalian Mitochondrial Respiratory Chain, Academic
Press, New York, pp. 106-111.
b See Fig. 18-5 for sites of action.
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similar oxidase is present in try-
panosomes.”? Neither the rotenone-
insensitive dehydrogenases nor the
alternative oxidases are coupled to
synthesis of ATP.

Electron transport chains of
bacteria. The bacterial electron
transport systems are similar to that
of mitochondria but simpler. Bacte-
ria also have a variety of alternative
pathways that allow them to adapt
to various food sources and envi-
ronmental conditions.”®”” The
gram-negative soil bacterium Para-
coccus denitrificans, which has been
called “a free-living mitochondrion,”
has a mammalian-type respiratory
system. Its complexes I-IV resemble
those of animals and of fungi,’®”°
but Paracoccus has fewer subunits in
each complex. Complex I of E. coli
is also similar to that of our own
bodies.”8 However, other major
flavoprotein dehydrogenases in E.
coli act on p-lactate and sn-3-glycerol
phosphate.8! Pyruvate is oxidized
by a membrane-bound flavoprotein
(Fig. 14-2). All of these enzymes
pass electrons to ubiquinone-8 (Qg
Succinate dehydrogenase of E. coli
resembles that of mitochondria,®
and the ubiquinol oxidase of Para-
coccus resembles complexes III + IV
of mitochondria. It can be resolved
into a three-subunit bc; complex, a
three-subunit c;aa; complex, and
another 57-kDa peptide.3* The last
contains a 22-kDa cytochrome css,,
which is considerably larger than
mitochondrial cytochrome c.

The cytochrome aa; terminal
oxidase is produced constitutively,
i.e., under all conditions. However,
when cells are grown on succinate
or H, another set of enzymes is
produced with the b-type cyto-
chrome o5 as the terminal quinel
oxidase (Eq. 18-2).%

)‘82

Ifz

Succinate — Q — cytochrome b

cytochrome o,

0, (182
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Two terminal quinol oxidase systems, both related to
cytochrome ¢ oxidase, are utilized by E. coli to oxidize
ubiquinol-8. When cultured at high oxygen tensions,
cytochrome boj (also called cytochrome bo) is the major
oxidase. It utilizes heme o (Fig. 16-5) instead of heme
a. However, at low oxygen tension, e.g., in the late
logarithmic stage of growth, the second oxidase, cyto-
chrome bd, is formed.”6:80-88 [t contains two molecules
of the chlorin heme d (Fig. 16-5), which appear to be
involved directly in binding O,. This terminal oxidase
system is present in many bacteria and can utilize
either O, or nitrite as the oxidant. A simpler electron
transport chain appears to be involved in the oxidation
of pyruvate by E. coli. The flavoprotein pyruvate oxi-
dase passes electrons to Qgz, whose reduced form can
pass electrons directly to cytochrome d. Incorporation
of these two pure protein complexes and ubiquinone-8
into phospholipid vesicles has given an active recon-
stituted chain.®? Other bacteria utilize a variety of
quinol oxidase systems, which contain various combi-
nations of cytochromes: aas,, caas, cao, bos, and ba,.880<

3. Structures and Functions of the Individual
Complexes I - IV and Related Bacterial
Assemblies

What are the structures of the individual electron
transport complexes? What are the subunit composi-
tions? What cofactors are present? How are electrons
transferred? How are protons pumped? We will con-
sider these questions for each of complexes I-1V, as
found in both prokaryotes and eukaryotes.%d¢

Complex I, NADH-ubiquinone oxidoreductase.
Complex I oxidizes NADH, which is generated within
the mitochondrial matrix by many dehydrogenases.
Among these are the pyruvate, 2-oxoglutarate, malate,
and isocitrate dehydrogenases, which function in the
tricarboxylic acid cycle; the B-oxoacyl-CoA dehydro-
genase of the § oxidation system for fatty acids; and
2-hydroxybutyrate, glutamate, and proline dehydro-
genases. All produce NADH, which reacts with the
flavoprotein component of complex I. Whether from
bacteria,” fungal mitochondria,® or mammalian
mitochondria®®* complex I exists as an L-shaped
object, of which each of the two arms is ~23 nm long.
One arm projects into the matrix while the other lies
largely within the inner mitochondrial membrane
(Fig. 18-7). The mitochondrial complex, which has a
mass of ~1 MDa, has the same basic structure as the
530-kDa bacterial complex. However, the arms are
thicker in the mitochondrial complex. Analysis of the
denatured proteins by gel electrophoresis revealed at
least 43 peptides.”%" Bound to some of these are the
electron carriers FMN, Fe,S,, and Fe,S, clusters, ubi-
quinone or other quinones, and perhaps additional
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Figure 18-7 Three-dimensional image of bovine NADH-
Ubiquinone oxidoreductase (complex I) reconstructed from
individual images obtained by electron cyro-microscopy.
The resolution is 2.2 nm. The upper portion projects into the
mitochondrial matrix while the horizontal part lies within
the membrane as indicated. Courtesy of N. Grigorieff.”

unidentified cofactors.” Complex I from E. coli is
smaller, containing only 14 subunits. These are encoded
by a cluster of 14 genes, which can be directly related
by their sequences to subunits of mitochondrial com-
plex I and also to the corresponding genes of Paracoc-
cus denitrificans.81 Complex I of Neurospora contains
at least 35 subunits.®” The 14 subunits that are present
both in bacteria and in mitochondria probably form
the structural core of the complex. The other subunits
thicken, strengthen, and rigidify the arms. Some of
the “extra” subunits have enzymatic activities that are
not directly related to electron transport. Among these
are a 10-kDa prokaryotic type acyl carrier protein
(ACP), which may be a relic of a bacterial fatty acid
synthase, reflecting the endosymbiotic origin of mito-
chondria.??> Also present is a 40-kDa NAD(P)H depen-
dent reductase / isomerase, which may be involved in
a biosynthetic process, e.g., synthesis of a yet unknown
redox group.”>%?

In all cases, FMN is apparently the immediate
acceptor of electrons from NADH. From the results
of extrusion of the Fe—S cores (Chapter 16) and EPR
measurements it was concluded that there are three
tetranuclear (Fe,S,) iron—sulfur centers and at least
two binuclear (Fe,S,) centers’“* as well as bound
ubiquinone.”® Chemical analysis of iron and sulfide
suggested up to eight Fe—S clusters per FMN, while
gene sequences reveal potential sites for formation of
six Fe,S, clusters and two Fe,S, clusters.”® Treatment
of complex I with such “chaotropic agents” as 2.5 M
urea or 4 M sodium trichloroacetate followed by frac-
tionation with ammonium sulfate®® gave three fractions:



(1) A soluble NADH dehydrogenase consisting of a
51-kDa peptide that binds both the FMN and also one
tetranuclear Fe — S cluster (designated N3) and a 24-kDa
peptide that carries a binuclear Fe—S center designated
N1b. (2) A 75-kDa peptide bearing two binuclear Fe—-S
centers, one of which is called N1a and also 47-, 30-,
and 13-kDa peptides. One of these carries tetranuclear
center N4. (3) A group of insoluble, relatively nonpolar
proteins, one of which carries tetranuclear cluster N2.
It may be the immediate donor of electrons to a ubiqui-
none held by a ubiquinone-binding protein designated
QP-N. In bacteria seven of these are homologs of the
seven NADH dehydrogenase subunits encoded by
mtDNA (Fig. 18-3). A 49-kDa subunit of complex I in
the yeast Yarrowia lipolytica is strikingly similar to the
hydrogen reactive subunit of NiFe hydrogenases (Fig.
16-26).%2 These proteins are thought to lie within the
membrane arm and to form ~55 transmembrane o
helices. Ubiquinone may also function as a carrier
within complex 1,°%7 and there may be a new redox
cofactor as well.”’ The following tentative sequence
(Eq. 18-3) for electron transfer within complex I (with
apparent E” values of carriers) has been suggested.

By equilibration with external redox systems, the redox
potentials of these centers within the mitochondria
have been estimated and are given (in V) in Eq. 18-3.
The presence of a

rotenone

NADH — FMN — Nla — (N3, Nlb, N4) = N2 — QP-N —r> Q
Fe,S, Fe,S, Fe,S, Fe,S, Fe,S, ©

-0.32 -0.38 -0.24 -021 V

(18-3)

large fraction of the bound ubiquinone as a free radical
suggests that the quinone functions as a one-electron
acceptor rather than a two-electron acceptor. A charac-
teristic of complex I is inhibition by rotenone or pier-
icidin, both of which block electron transport at the site
indicated in Fig. 18-5.

Complex II, succinate-ubiquinone oxido-
reductase. Complex II, which carries electrons from
succinate to ubiquinone, contains covalently linked
8%-(N-histidyl)-FAD (Chapter 15) as well as Fe—S
centers and one or more ubiquinone-binding sites.
There are four subunits whose structures and proper-
ties have been highly conserved among mitochondria
and bacteria and also in fumarate reductases. The
latter function in the opposite direction during anaero-
bic respiration with fumarate as the terminal oxidant,
both in bacteria®®®°? and in parasitic helminths and
other eukaryotes that can survive prolonged anaerobic
conditions (Chapter 17, Section F2).1%° Complex II
from E. coli consists of 64-, 27-, 14-, and 13-kDa sub-
units, which are encoded by genes sdhCDAB of a single
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operon.!%1-10 The two larger hydrophilic subunits
associate to form the readily soluble succinate dehy-
drogenase. The 64-kDa subunit carries the covalently
bound FAD while the 27-kDa subunit carries three
Fe-S centers. The two small 13- and 14-kDa subunits
form a hydrophobic anchor and contain a ubiquinol-
binding site (QD-S)! as well as a heme that may
bridge the two subunits!®? to form cytochrome bss;.
The functions of the heme is uncertain. The soluble
mammalian succinate dehydrogenase resembles closely
that of E. coli and contains three Fe — S centers: binuclear
S1 of E°” 0V, and tetranuclear S2 and S3 of —0.25 to —0.40
and + 0.065 V, respectively. Center S3 appears to
operate between the —2 and -1 states of Eq. 16-17 just
as does the cluster in the Chromatium high potential
iron protein. The function of the very low potential 52
is not certain, but the following sequence of electron
transport involving S1 and S3 and the bound ubiqui-
none QD-S% has been proposed (Eq. 18-4).

Succinate — (FAD*, S1) - S3 - QP-S - Q
(18-4)

In addition to complexes I and II several other
membrane-associated FAD-containing dehydrogenase
systems also send electrons to soluble ubiquinone.
These include dehydrogenases for choline, sn-glycerol
3-phosphate, and the electron-transfer protein (ETF) of
the fatty acyl-CoA B oxidation system (Fig. 18-5). The
last also accepts electrons from dehydrogenases for
sarcosine (N-methylglycine), dimethylglycine, and
other substrates. The sn-glycerol 3-phosphate dehy-
drogenase is distinguished by its accessibility from the
intermembrane (cytosolic) face of the inner mitochon-
drial membrane (Fig. 18-6).

Complex III (ubiquinol-cytochrome c oxido-
reductase or cytochrome bc; complex). Mitochon-
drial complex Ill is a dimeric complex, each subunit
of which contains 11 different subunits with a total
molecular mass of ~240 kDa per monomer.!%4-17
However, in many bacteria the complex consists of
only three subunits, cytochrome b, cytochrome c;,
and the high potential (~0.3 V) Rieske iron-sulfur
protein, which is discussed in Chapter 16, Section A,7.
These three proteins are present in all bc; complexes.
In eukaryotes the 379-residue cytochrome b is mito-
chondrially encoded. Although there is only one
cytochrome b gene in the mtDNA, two forms of cyto-
chrome b can be seen in absorption spectra: b, (also
called bsg, or b,) and lower potential b, (also called bz
or bT)'107a,b

X-ray diffraction studies have revealed the complete
11-subunit structure of bovine be; complex!04106-107 a5
well as a nearly complete structure of the chicken bc,
complex (Fig. 18-8).19 The bovine complex contains
2166 amino acid residues per 248-kDa monomer and
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exists in crystals as a 496-kDa dimer and probably func-
tions as a dimer.'%1% The two hemes of cytochrome b
are near the two sides of the membrane, and the Fe-S
and cytochrome c; subunits are on the surface next to
the intermembrane space (Fig. 18-8). On the matrix
side (bottom in Fig. 18-8A) are two large ~440 residue
“core” subunits that resemble subunits of the mito-
chondrial processing protease. They may be evolu-
tionary relics of that enzyme.!961081082 Mitochondrial
cytochrome b, has an E°’ value of +0.050 V, while that
of b, is —0.090 V at pH 7.1 That of the Rieske Fe-S
protein is + 0.28 V.10

The sequence of electron transport within complex
III has been hard to determine in detail. For reasons
discussed in Section C, the “Q-cycle” shown in Fig. 18-9
has been proposed.!'-1142 As is indicated in Fig. 18-9,
complex II accepts electrons from QH, and passes
them consecutively to the Fe—S protein, cytochrome ¢;,
and the external cytochrome c. However, half of the
electrons are recycled through the two heme groups of
cytochrome b, as is indicated in the figure and explained
in the legend. The X-ray structure (Fig. 18-8) is consis-
tent with this interpretation. Especially intriguing is
the fact that the Fe,S, cluster of the Rieske protein
subunit has been observed in two or three different
conformations.!0-107114a-c Tn Fig. 18-8C the structures
of two conformations are superimposed. The position
of the long helix at the right side is unchanged but the
globular domain at the top can be tilted up to bring
the Fe,S, cluster close to the heme of cytochrome c;, or
down to bring the cluster close to heme b,. Movement
between these two positions is probably part of the
catalytic cycle.!'®

The simpler cytochrome bc; complexes of bacteria
such as E. coli,'? Paracoccus dentrificans,''® and the
photosynthetic Rhodobacter capsulatus''’ all appear to
function in a manner similar to that of the large mito-
chondrial complex. The bc; complex of Bacillus subtilis
oxidizes reduced menaquinone (Fig. 15-24) rather
than ubiquinol.!® In chloroplasts of green plants
photochemically reduced plastoquinone is oxidized by
a similar complex of cytochrome b, c-type cytochrome
f, and a Rieske Fe-S protein.!%1202 This cytochrome
b f complex delivers electrons to the copper protein
plastocyanin (Fig. 23-18).

The electron acceptor for complex Il is cytochrome
¢, which, unlike the other cytochromes, is water soluble
and easily released from mitochondrial membranes.
Nevertheless, it is usually present in a roughly 1:1 ratio
with the fixed cytochromes, and it seems unlikely that
it is as free to diffuse as are ubiquinone and NAD*.121122
However, a small fraction of the cytochrome ¢ may
diffuse through the intermembrane space and accept
electrons from cytochrome b5, which is located in the
outer membrane.'?® Cytochrome ¢ forms a complex
with cardiolipin (diphosphatidylglycerol), a character-
istic component of the inner mitochondrial membrane.!?
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Complex IV. Cytochrome c oxidase (ubiquinol-
cytochrome c oxidoreductase). Complex IV from
mammalian mitochondria contains 13 subunits. All of
them have been sequenced, and the three-dimensional
structure of the complete complex is known (Fig. 18-
10).125-127 The simpler cytochrome ¢ oxidase from
Paracoccus denitrificans is similar but consists of only
three subunits. These are homologous in sequence to
those of the large subunits I, II, and III of the mito-
chondrial complex. The three-dimensional structure
of the Paracoccus complex is also known. Its basic
structure is nearly identical to that of the catalytic core
of subunits I, II, and III of the mitochondrial complex
(Fig. 18-10,A).128 All three subunits have transmem-
brane helices. Subunit III seems to be structural in
function, while subunits I and II contain the oxido-
reductase centers: two hemes a (2 and 4;) and two
different copper centers, Cu, (which contains two
Cu?") and a third Cu?* (Cu,) which exists in an EPR-
silent exchange coupled pair with a;. Bound Mg?*
and Zn?* are also present in the locations indicated in
Fig. 18-10.

The Cu, center has an unusual structure.!30-132 Tt
was thought to be a single atom of copper until the
three-dimensional structure revealed a dimetal center,
whose structure follows. The Cu,-cytochrome a;
center is also unusual. A histidine ring is covalently
attached to tyrosine.!33-13% Like the tyrosine in the
active site of galactose oxidase (Figs. 16-29, 16-30),
which carries a covalently joined cysteine, that of
cytochrome oxidase may be a site of tyrosyl radical
formation.!®

Cytochrome c oxidase accepts four electrons, one
at a time from cytochrome ¢, and uses them to reduce
O, to two H,O. Electrons enter the oxidase via the Cu,
center and from there pass to the cytochrome a and on
to the cytochrome a; — Cu, center where the reduction
of O, takes place. A possible sequence of steps in the
catalytic cycle is given in Fig. 18-11. Reduction of O, to
two H,O requires four electrons and also four protons.
An additional four protons are evidently pumped
across the membrane for each catalytic cycle.!36-138
The overall reaction is:

4e”+8H " +0, — 2H,0+4H" p
(18-5)

The reaction of O, with cytochrome ¢ oxidase to form
the oxygenated species A (Fig. 18-11) is very rapid,
occurring with apparent lifetime t (Eq. 9-5) of ~8-10
us.% Study of such rapid reactions has depended
upon a flow-flash technique developed by Greenwood
and Gibson.13¢140141 Fylly reduced cytochrome oxidase
is allowed to react with carbon monoxide, which binds
to the iron in cytochrome a; just as does O,. In fact, it
was the spectroscopic observation that only half of the



Figure 18-8 Stereoscopic ribbon diagrams of the chicken
bc; complex (A) The native dimer. The molecular twofold
axis runs vertically between the two monomers. Quinones,
phospholipids, and detergent molecules are not shown for
clarity. The presumed membrane bilayer is represented by

a gray band. (B) Isolated close-up view of the two confor-
mations of the Rieske protein (top and long helix at right)

in contact with cytochrome b (below), with associated heme
groups and bound inhibitors, stigmatellin, and antimycin.
The isolated heme of cytochrome ¢, (left, above) is also shown.
(C) Structure of the intermembrane (external surface) domains
of the chicken bc; complex. This is viewed from within the
membrane, with the transmembrane helices truncated at
roughly the membrane surface. Ball-and-stick models repre-
sent the heme group of cytochrome c;, the Rieske iron-sulfur
cluster, and the disulfide cysteines of subunit 8. SU, subunit;
cyt, cytochrome. From Zhang et al.'%
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P (positive) side

To
cytochrome ¢
oxidase

Figure 18-9 Proposed routes of
electron transfer in mitochondrial
complex III according to Peter
Mitchell’s Q cycle. Ubiquinone (Q)
is reduced to QH, by complex I (left
side of diagram) using two H* taken
up from the matrix (leaving nega-
tive charges on the inner membrane
surface). After diffusing across the
bilayer (dashed line) the QH, is
oxidized in the two steps with
release of the two protons per QH,
on the positive (P) side of the membrane. In the two-step oxidation via anionic radical Q~ one electron flows via the Rieske Fe
—S protein and the cytochrome c; heme to external cytochrome c. The other electron is transferred to heme b, of cytochrome b,
then across the membrane to heme b,, which now reduces Q to Q. A second QH, is dehydrogenated in the same fashion and
the electron passed through the cytochrome b centers is used to reduce Q~ to QH, with uptake from the matrix of 2 H*. The
resulting QH, diffuses back across the membrane to function again while the other Q diffuses back to complex I. The net
result is pumping of 4 H* per 2 e~ passed through the complex. Notice that in the orientation used in this figure the matrix is

2¢” from
Complex I

at the bottom, not the top as in Figs. 18-4 and 18-5.

The Cu, center of cytochrome oxidase

H240

Y244

74

H376

The Cuy,e A; center of cytochrome oxidase

cytochrome a combined with CO that led Keilin to
designate the reactive component a;. This CO com-
plex is mixed with O,-containing buffer and irradiated
with a laser pulse to release the CO and allow O, to
react. The first rapid reaction observed is the binding
of O, (step cin Fig. 18-11). Formation of a peroxy
intermediate from the initial oxygenated form (A in
Fig. 18-11) is very fast. The O — O bond of O, has already
been cleaved in form P (Fig. 18-11), which has until
recently been thought to be the peroxy intermediate.
In fact, spectroscopic measurements indicate that form
P contains an oxo-ferryl ion with the second oxygen of
the original O, converted to an OH ion and probably
coordinated with Cug.136136¢142142a-¢ P may also con-
tain an organic radical, perhaps formed from tyrosine
244 as indicated in Fig. 18-11.

A second relaxation time of T = 32—45 us has been
assigned'® to the conversion of the peroxide interme-
diate P to P’. A third relaxation time (t = 100—140 ps)
is associated with the oxidation of Cu, by a (not shown
in Fig. 18-11).1% This electron transfer step limits the
rate of step f of Fig. 18-11. Another reduction step
with T ~1.2 ms is apparently associated with electron
transfer in step h. This slowest step still allows a first-
order reaction rate of ~800 s7%.

When O, reacts with cytochrome c oxidase, it may
be bound initially to either the a5 iron or to Cu,, but in
the peroxy intermediate P it may bind to both atoms.
Oxyferryl compound F (Fig. 8-11) as well as radical
species, can also be formed by treatment of the oxidized



Figure 18-10 Structure of
mitochondrial cytochrome ¢
oxidase. (A) Stereoscopic C,,
backbone trace for one mono-
meric complex of the core sub-
units I, I, and III. (B) Stereo-
scopic view showing all 13 sub-
units. The complete complex is
a dimer of this structure. From
Tsukihara et al.'? (C) MolScript
ribbon drawing of one mono-
meric unit. The horizontal lines
are drawn at distances of +1.0
and £ 2.0 nm from the center of
the membrane bilayer as estimat-
ed from eight phospholipid
molecules bound in the struc-
ture. From Wallin et al.1%”
Courtesy of Arne Elofsson.

(D) Schematic drawing of the
same complex showing positions
of the Cu, dimetal center, bound
Mg?*, heme g, the bimetal heme
a5 - Cu, center, and bound Zn?*.
The location of an 0.48-nm mem-
brane bilayer is marked. From
Tsukihara et al.'? (A), (B), and (D)
courtesy of Shinya Yoshikawa.
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HO-Y (Tyrosine 244)

<— Net charge on Fe(Il)a; is shown as zero

because the charge 2* shown by some
authors is balanced by 2~ from nitrogen

Il
Fe (IV)

(‘ HY, &~

atoms in heme ring.

O_

/_/Y

<~—— Structure originally proposed for form P.
Cup?t Movement of one electron to form tyrosinate
radical is indicated by single-headed arrows
(see p. 1030)

Very fast

*O-Y Figure 18-11 Possible catalytic cycle of cyto-
chrome c oxidase at the cytochrome a5 — Cu,
site. The fully oxidized enzyme (O; left center)
receives four electrons consecutively from the
cyt ¢ = Cu, — cyta chain. In stepsa and b both
heme a and Cu,, as well as the Cu, center and
cyt as, are reduced to give the fully reduced
enzyme (R). In the very fast step c the cyt a;
heme becomes oxygenated and in step d is
converted to a peroxide with oxidation of both
the Fe and Cu. Intermediate P was formerly
thought to be a peroxide but is now thought to
contain ferryl iron and an organic radical. This
radical is reduced by the third electron in step f
to give the ferryl form F, with Cu?t participating
in the oxidation. The fourth electron reduces
Cu, again (step g) allowing reduction to the
hydroxy form H in step k. Protonation to form
H,O (step i) completes the cycle which utilizes
4e +4H*+ O, to form 2 H,O. Not shown is
the additional pumping of 4 H* across the mem-
brane from the matrix to the intermembrane
space.

CI)H
Cug"

enzyme O with hydrogen peroxide.!#314 Use of
various inhibitors has also been important in studying
this enzyme. Cyanide, azide, and sulfide ions, as well
as carbon monoxide, are powerful inhibitors. Cyanide
specifically binds to the Fe3* form of cytochrome a;
preventing its reduction,'> while CO competes with
O, for its binding site. A much-used reagent that
modifies carboxyl groups in proteins, and which
inhibits many proton translocating proteins, is dicyclo-
hexyl carbodiimide (Eq. 3-10).14¢ The step-by-step
flow of electrons through cytochrome ¢ oxidase seems
quite well defined. However, one of the most impor-
tant aspects is unclear. How is the pumping of pro-
tons across the membrane coupled to electron
transport?!37/138142147,147a \any recent studies have
employed directed mutation of residues in all four
subunits to locate possible proton pathways or chan-
nels.#8-152 Most ideas involve movement through

hydrogen bonded chains (Eq. 9-94), which may include
the carboxylate groups of the bound hemes.!>®* Con-
formational changes may be essential to the gating of
proton flow by electron transfers.!#?

The surface of the matrix side of cytochrome
oxidase contains histidine and aspartate side chains
close together. It has been suggested that they form a
proton collecting antenna that contains groups basic
enough to extract protons from the buffered matrix
and guide them to a proton conduction pathway.!>
Calcium ions also affect proton flow.!>%2* We will
return to this topic in Section C,3 (p. 1040).

C. Oxidative Phosphorylation

During the 1940s when it had become clear that
formation of ATP from ADP and inorganic phosphate



was coupled to electron transport in mitochondria,
intensive efforts were made to discover the molecular
mechanisms. However, nature sometimes strongly
resists attempts to pry out her secrets, and the situation
which prevailed was aptly summarized by Ephraim
Racker: “Anyone who is not confused about oxidative
phosphorylation just doesn’t understand the situa-
tion.”1% The confusion is only now being resolved.

1. The Stoichiometry (P/O Ratio) and Sites of
Oxidative Phosphorylation

Synthesis of ATP in vitro by tissue homogenates
was demonstrated in 1937 by Kalckar, who has written
a historical account.’® In 1941, Ochoa'® obtained the
first reliable measurement of the P/O ratio, the number
of moles of ATP generated per atom of oxygen utilized in
respiration. The P/O ratio is also equal to the number
of moles of ATP formed for each pair of electrons
passing through an electron transport chain. Ochoa
established that for the oxidation of pyruvate to acetyl-
CoA and CO,, with two electrons passed down the
mitochondrial electron transport chain, the P/O ratio
was ~3. This value has since been confirmed many
times.!%8-1%0 However, experimental difficulties in
measuring the P/O ratio are numerous.'®! Many
errors have been made, even in recent years, and some
investigators!®? have contended that this ratio is closer
to 2.5 than to 3. One method for measuring the P/O
ratio is based on the method of determining the amount
of ATP used that is described in the legend to Fig. 15-2.

The experimental observation of a P/O ratio of ~3
for oxidation of pyruvate and other substrates that
donate NADH to the electron transport chain led to
the concept that there are three sites for generation of
ATP. It was soon shown that the P/ O ratio was only
2 for oxidation of succinate. This suggested that one
of the sites (site I) is located between NADH and
ubiquinone and precedes the diffusion of QH, formed
in the succinate pathway to complex III.

In 1949, Lehninger used ascorbate plus tetramethyl-
phenylene-diamine (TMPD, Table 18-4) to introduce
electrons into the chain at cytochrome c. The sequence
ascorbate — TMPD — cytochrome ¢ was shown to
occur nonenzymatically. Later, it became possible to
use cytochrome c as an electron donor directly. In
either case only one ATP was generated, as would be
anticipated if only site III were found to the right of
cytochrome c. Site I was further localized by Lardy,
who used hexacyanoferrate (III) (ferricyanide) as an
artificial oxidant to oxidize NADH in the presence of
antimycin a. Again a P/ O ratio of one was observed.
Finally, in 1955, Slater showed that passage of elec-
trons from succinate to cytochrome c also gave only
one ATDP, the one generated at site II. The concept of
three sites of ATP formation became generally accepted.
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However, as we shall see, these sites are actually
proton-pumping sites, and there may be more than
three of them.

Respiratory control and uncoupling. With
proper care relatively undamaged mitochondria can
be isolated. Such mitochondria are said to be tightly
coupled. By this we mean that electrons cannot pass
through the electron transport chain without generation
of ATP. If the concentration of ADP or of P; becomes
too low, both phosphorylation and respiration cease.
This respiratory control by ADP and P, is a property
of undamaged mitochondria. It may seem surprising
that damaged mitochondria or submitochondrial
particles are often able to transfer electrons at a faster
rate than do undamaged mitochondria. However,
electron transfer in damaged mitochondria occurs
without synthesis of ATP and with no slowdown as
the ADP concentration drops. A related kind of
uncoupling of electron transport from ATP syn-
thesis is brought about by various lipophilic anions
called uncouplers, the best known of which is
2,4-dinitrophenol. Even before the phenomenon
of uncoupling was discovered, it had been known that
dinitrophenol substantially increased the respiration
rates of animals. The compound had even been used
(with some fatal results) in weight control pills. The
chemical basis of uncoupling will be considered in
Section D.

“States” of mitochondria and spectrophoto-
metric observation. Chance and Williams defined
five states of tightly coupled mitochondria®1%3; of
these, states 3 and 4 are most often mentioned. If no
oxidizable substrate or ADP is added the mitochon-
dria have a very low rate of oxygen uptake and are in
state 1. If oxidizable substrate and ADP are added
rapid O, uptake is observed, the rate depending upon
the rate of flow of electrons through the electron trans-
port chain. This is state 3. As respiration occurs the
coupled phosphorylation converts ADP into ATP,
exhausting the ADP. Respiration slows to a very low
value and the mitochondria are in state 4. If the sub-
strate is present in excess, addition of more ADP will
return the mitochondria to state 3.

Chance and associates employed spectrophoto-
metry on intact mitochondria or submitochondrial
particles to investigate both the sequence of carriers
and the sites of phosphorylation. Using the dual
wavelength spectrophotometer, the light absorption
at the absorption maximum (A,,,,) of a particular
component was followed relative to the absorption at
some other reference wavelength (A,;). The principal
wavelengths used are given in Table 18-6. From these
measurements the state of oxidation or reduction of
each one of the carriers could be observed in the
various states and in the presence of inhibitors. The
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TABLE 18-6

Wavelengths of Light Used to Measure States of
Oxidation of Carriers in the Electron Transport
Chain of Mitochondria?

Carrier A (nm)P Ao (NM)

max (

NADH 340 374
Flavins 465 510
Cytochromes
b2+ 564(ct) 575
530(B)
430(y)
o2t 534(ar)
523(B)
418(v)
G 550(cv) 540
521(B)
416(y)
a?* 605(cr)
450(y)?
2 600(ar)?
445(y) 455

630(590)

a

a After Chance, B. and Williams, G. R. (1955) |. Biol. Chem, 217, 409—
427; (1956) Adv. Enzymol. 17, 409-427.

b The wavelengths used for each carrier in dual wavelength spec-
troscopy appear opposite each other in the two columns. Some
positions of other absorption bands of cytochromes are also given.

experiments served to establish that electrons passing
down the chain do indeed reside for a certain length
of time on particular carriers. That is, in a given state
each carrier exists in a defined ratio of oxidized to
reduced forms ([ox] / [red]). Such a result would not
be seen if the entire chain functioned in a cooperative
manner with electrons passing from the beginning to
the end in a single reaction. By observing changes in
the ratio [ox] / [red] under different conditions, some
localization of the three phosphorylation sites could be
made. In one experiment antimycin 2 was added to
block the chain ahead of cytochrome ¢;. Then tightly
coupled mitochondria were allowed to go into state

4 by depletion of ADP. Since the concentration of
oxygen was high and cytochrome a; has a low K, for
O, (~3 uM) cytochrome a5 was in a highly oxidized
state. Cytochrome 2 was also observed to be oxidized,
while cytochrome c; and c remained reduced. The
presence of this crossover point suggested at the
time that cytochrome ¢ might be at or near one of the
“energy conservation sites.” Accounts of more recent
experiments using the same approach are given by
Wilson et al.'4

2. Thermodynamics and Reverse Electron Flow

From Table 6-8 the value of AG’ for oxidation of
one mole of NADH by oxygen (1 atm) is —219 kJ. Ata
pressure of ~1072 atm O, in tissues the value is —213 kJ.
However, when the reaction is coupled to the synthesis
of three molecules of ATP (AG” = +34.5 k] mol™) the net
Gibbs energy change for the overall reaction becomes
AG’ =-110 k] mol™'. This is still very negative. How-
ever, we must remember that the concentrations of
ATP, ADP, and P; can depart greatly from the 1:1:1
ratio implied by the AG” value.

An interesting experiment is to allow oxidative
phosphorylation to proceed until the mitochondria
reach state 4 and to measure the phosphorylation
state ratio R, which equals the value of [ATP] /
[ADP][P;] that is attained. This mass action ratio,
which has also been called the “phosphorylation ratio”
or “phosphorylation potential” (see Chapter 6 and Eq.
6-29), often reaches values greater than 10*~10° M!in
the cytosol.!'®* An extrapolated value for a zero rate
of ATP hydrolysis of log R, = 6.9 was estimated. This
corresponds (Eq. 6-29) to an increase in group transfer
potential (AG of hydrolysis of ATP) of 39 kJ/mol. It
follows that the overall value of AG for oxidation of
NADH in the coupled electron transport chain is less
negative than is AG’. If synthesis of three molecules
of ATP is coupled to electron transport, the system
should reach an equilibrium when R, = 104 at 25°C,
the difference in AG and AG’ being 3RT In Rp =3 x
5.708 x 6.4 = 110 k] mol™. This value of Rp is, within
experimental error, the same as the maximum value
observed.!®> There apparently is an almost true equi-
librium among NADH, O, and the adenylate system
if the P/O ratio is 3.

Within more restricted parts of the chain it is
possible to have reversed electron flow. Consider the
passage of electrons from NADH, partway through
the chain, and back out to fumarate, the oxidized form
of the succinate—fumarate couple. The Gibbs energy
change AG’ (pH 7) for oxidation of NADH by fumarate
is —67.7 k] mol™!. In uncoupled mitochondria electron
flow would always be from NADH to fumarate.
However, in tightly coupled mitochondria, in which
ATP is being generated at site I, the overall value of
AG’ becomes much less negative. If R, = 10* M, AG’
for the coupled process becomes approximately zero
(-67.7 + 68 k] mol™). Electron flow can easily be
reversed so that succinate reduces NAD*. Such ATP-
driven reverse flow occurs under some physiological
conditions within mitochondria of living cells, and
some anaerobic bacteria generate all of their NADH
by reversed electron flow (see Section E).

Another experiment involving equilibration with
the electron transport chain is to measure the “observed
potential” of a carrier in the chain as a function of the
concentrations of ATP, ADP, and P;. The observed

7



potential E is obtained by measuring log([ox] / [red])
and applying Eq. 18-6 in which E®’ is the known mid-
point potential of the couple (Table 6-8) and # is the
number of electrons required to reduce one molecule
of the carrier. If the system is equilibrated with a

o —AG _ Eor 4 0.0592 log [ox]
nF n [red]
= observed potential of carrier (18-6)
TABLE 18-7

Electrode Potentials of Mitochondrial Electron Carriers and
Gibbs Energy Changes Associated with Passage of Electrons?
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“redox buffer” (Chapter 6), E can be fixed at a pre-
selected value. For example, a 1:1 mixture of succinate
and fumarate would fix E at +0.03 V while the couple
3-hydroxybutyrate-acetoacetate in a 1:1 ratio would
fix it at E% = -0.266 V. Consider the potential of cyto-
chrome bsg;, (b,,), which has an E®” value of 0.030 V.
Substituting this in Eq. 18-7 and using E = -0.266 V
(as obtained by equilibration with 3-hydroxybutyrate—
acetoacetate), it is easy to calculate that at equilibrium
the ratio [0x] / [red] for cytochrome bsg, is about 107°.
In other words, in the absence of O,
this cytochrome will be kept almost
completely in the reduced form in
an uncoupled mitochondrion.
However, if the electron trans-

port between 3-hydroxybutyrate

AG (kJ mol™) and cytochrome bsg, is tightly coupled
E” (pH72) for2e flow to to the synthesis of one molecule of
. E* (pH?7) inmito- O, at 10 atm, ATP, the observed potential of the
Electron carrier isolated chondria  carriers at pH 7 carrier will be determined not only
by the imposed potential E; of the
NADH / NAD+ -0.320 213 equilibrating system but also by the
phosphorylation state ratio of the
. adenylate system (Eq. 18-7). Here
Group ! [RElogoRusisl SalEl AG’ prp is the group transfer poten-
~-030V  Fe-Sprotein ~-0.305 tial (-AG’ of hydrolysis) of ATP at
B-Hydroxybutyrate— pH 7 (Table 6-6) , and n’ is the num-
acetoacetate ~0.266 203 ber .of elect.rons passing through the
chain required to synthesize one
Lactate-pyruvate 0185 -187 ATP. In the upper part of the equa-
Succinate-fumarate  0.031 -146 tion 1 is the number of electrons
required to reduce the carrier, namely
GroupTl | Flavoprotein ~ _0.045 one in the case of c.yt.ochrome b56?.
From Eq. 18-7 it is clear that in
-0V Cytochrome by —0.030 the presence of a high phosphoryla-
Cu 0.001 tion state ratio a significant fraction
Fe-S protein 0.030 of cytochrome b5, may remain in
Cytochrome by 0.030 the rec.luced form.at equilibrium.
o Thus, if R, = 10% if E*’ for cyto-
Ubiquinone 0.10 0.045 -132 chrome bs¢, is 0.030 V, if " =2, and
Cytochrome a, + ATP 0.155 the potential E is fixed at —0.25 V
using the hydroxybutyrate-aceto-
Group Il Cytochrome ¢, 0215 acetate couple, we c;.alculate, from
Eq. 18-7, that the ratio [ox] / [red] for
Cytochrome ¢ 0.254 0.235 102 cytochrome bsq, will be 1.75. Now, if
Cytochrome b + ATP 0.245 R, is varied the observed potential
Cytochrome a 0.29 0.210 of the carrier should change as pre-
Cu 0.245 dicted by Eq. 18-7. This variation
. has been observed.!®* For a tenfold
Fe-S protein 028 change in R, the observed potential
of cytochrome b5, changed by 0.030
Group v Cytochrome ay 0.385 =77 V, jUSt that predicted ifn”=2. On
0, (102 atm) 0.785 0.00 the other hand, the obsgrved poten-
tial of cytochrome c varied by 0.059
1 atm 0.815

@ Data from Wilson, D. E, Dutton, P. L., Erecinska, M., Lindsay, J. G., and Soto, N. (1972)
Acc. Chem. Res. 5,234-241 and Wilson, D. F,, Erecinska, M., and Sutoon, P. L. (1974)

Ann. Rev. Biophys. Bioeng. 3, 203-230.

V for every tenfold change in the
ratio. This is just as expected if n’ =2,
and if synthesis of two molecules of
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0.0592 [ox]
E(ob d)=E* + 1
(observed) 1081 [red]
E, AG L RT,  [ATP]
96.5n" n’F [ADP][P,]

0.358 + 0.05,92 log., R,
n

=E +

1 ’

n

(18-7)

ATP is coupled to the electron transport to cytochrome
c. Thus, we have experimental evidence that when
one-electron carriers such as the cytochromes are
involved, the passage of two electrons is required to
synthesize one molecule of ATP. Furthermore, from
experiments of this type it was concluded that the sites
of phosphorylation were localized in or related to
complexes I, III, and IV.

Another kind of experiment is to equilibrate the
electron transport chain with an external redox pair
of known potential using uncoupled mitochondria.

The value of E®’ of a particular carrier can then be
measured by observation of the ratio [ox] / [red] and
applying Eq. 18-7. While changes in the equilibrating
potential E will be reflected by changes in [ox] / [red]
the value of E will remain constant. The E®’ values
of Fe-S proteins and copper atoms in the electron
transport chain have been obtained by equilibrating
mitochondria, then rapidly freezing them in liquid
nitrogen, and observing the ratios [ox] / [red] by EPR
at 77K (Table 18-7).

The values of E° of the mitochondrial carriers fall
into four isopotential groups at ~—0.30, ~0, ~+0.22,
and ~+0.39 V (Table 18-7). When tightly coupled
mitochondria are allowed to go into state 4 (low ADP,
high ATP, O, present but low respiration rate), the
observed potentials change. That of the lowest iso-
potential group (which includes NAD*/ NADH) falls
to ~—0.38 V, corresponding to a high state of reduction
of the carriers to the left of the first phosphorylation
site in Fig. 18-4. Groups 2 and 3 remain close to their
midpoint potentials at ~—0.05 and +0.26 V. In this
condition the potential difference between each suc-
cessive group of carriers amounts to ~0.32 V, just
enough to balance the formation of one molecule of
ATP for each two electrons passed at a ratio R, = 10*
M (Eq. 18-7).

Two cytochromes show exceptional behavior and
appear twice in Table 18-7. The midpoint potential E*’
of cytochrome b5 (b,) changes from —0.030 V in the
absence of ATP to +0.245 V in the presence of a high
concentration of ATP. On the other hand, E*’ for cyto-
chrome a; drops from +0.385 to 0.155 V in the presence
of ATP. These shifts in potential must be related to the
coupling of electron transport to phosphorylation.

3. The Mechanism of Oxidative
Phosphorylation

It was natural to compare mitochondrial ATP
synthesis with substrate-level phosphorylations, in
which high-energy intermediates are generated by
the passage of electrons through the substrates. The best
known example is oxidation of the aldehyde group
of glyceraldehyde 3-phosphate to an acyl phosphate,
which, after transfer of the phospho group to ADP,
becomes a carboxylate group (Fig. 15-6). The Gibbs
energy of oxidation of the aldehyde to the carboxylate
group provides the energy for the synthesis of ATP.
However, this reaction differs from mitochondrial
electron transport in that the product, 3-phosphoglycerate,
is not reconverted to glyceraldehyde 3-phosphate. Electron
carriers of the respiratory chain must be regenerated in
some cyclic process. Because of this, it was difficult to
imagine practical mechanisms for oxidative phospho-
rylation that could be related to those of substrate
level phosphorylation. Nevertheless, many efforts
were made over a period of several decades to find
such high-energy intermediates.

Search for chemical intermediates. An early
hypothetical model, proposed by Lipmann,'® is
shown in Fig. 18-12. Here A, B, and C are three electron
carriers in the electron transport chain. Carrier Cis a
better oxidizing agent than B or A. Carrier B has some
special chemistry that permits it, in the reduced state,
to react with group Y of a protein (step b) to form Y-BH,,.
The latter, an unidentified adduct, is converted by
oxidation with carrier C (step ¢) to a “high energy”
oxidized form indicated as Y ~ B. Once the possibility
of generating such an intermediate is conceded, it is
easy to imagine plausible ways in which the energy of
this intermediate could be transferred into forms with
which we are already familiar. For example, another
protein X could react (step d) to form X ~ Y in which
the X ~ Y linkage could be a thioester, an acyl phos-
phate, or other high-energy form. Furthermore, it
might not be necessary to have two proteins; X and
Y could be different functional groups of the same
protein. They might be nonprotein components, e.g.,
Y might be a phospholipid.

Generation of ATP by the remaining reactions
(steps e and f of Fig. 18-12) is straightforward. For
example, if X ~Y were a thioester the reactions would
be the reverse of Eq. 12-48. These reaction steps would
also be responsible for observed exchange reactions,
for example, the mitochondrially catalyzed exchange
of inorganic phosphate (H3?PO,*) into the terminal
position of ATP. Mitochondria and submitochondrial
particles also contain ATP-hydrolyzing (ATPase)
activity, which is thought to depend upon the same
machinery that synthesizes ATP in tightly coupled
mitochondria. In the scheme of Fig. 18-12, ATPase
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Figure 18-12 An early proposal for formation of ATP via
“high-energy” chemical intermediates.

activity would be observed if hydro-
lysis of X ~ Y were to occur. Partial
disruption of the system would lead
to increased ATPase reactivity, as is
observed. Uncouplers such as the
dinitrophenolate ion or arsenate ion,
acting as nucleophilic displacing
groups, could substitute for a group
such as X. Spontaneous breakdown
of labile intermediates would permit
oxidation to proceed unimpaired.
Since there are three different sites

Expelled protons
raise [H1] in
intermembrane space

k} o H+ COX Cred
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compound X ~ OY” would be formed, and the carrier
would be left in step d in the form of B-OH. Elimination
of a hydroxyl group would be required to regenerate B.
Perhaps nature has shunned this mechanism because
there is no easy way to accomplish such an elimination.
Many variations on the scheme of Fig. 18-12 were
proposed,!®® and some were discussed in the first
edition of this textbook.!” However, as attractive as
these ideas may have seemed, all attempts to identify
discrete intermediates that might represent X ~ Y failed.
Furthermore, most claims to have seen Y ~ B by any means
have been disproved.

Peter Mitchell’s chemiosmotic theory. To
account for the inability to identify high energy inter-
mediates as well as the apparent necessity for an intact
membrane, Peter Mitchell, in 1961, offered his chemi-
osmotic theory of oxidative phosphorylation.!68-175a
aThis theory also accounts for the existence of energy-
linked processes such as the accumulation of cations
by mitochondria. The principal features of the Mitchell
theory are illustrated in Fig. 18-13. Mitchell proposed

Intermembrane Membrane Matrix
space (outside) (inside)

A,

ox A
red
2 H* <— Removal of protons
lowers [H*] of matrix space
“Proton pump” operated by
BH, B electron flow is arranged to

pick up protons from the inside
and to deposit them on the
outside of the membrane

of phosphorylation, we might expect ~ Accumulating H: X
to have three different enzymes of positive and negative  H X
. i charges on membrane ~ H X

the type Y in the scheme of Fig. 18-12, surface induce ~ HT X~
but it would be necessary to have “membrane potential”  H* X Oriented ATP
Ol’lly one X. i ADP +P; synthase couples

In Lipmann’s original scheme P HT 2 H* synthesis of ATP

roup Y was visualized as addin synthase fo flow of protons

& p 8 ATP back through

to a carbon—carbon double bond

to initiate the sequence. Isotopic
exchange reactions ruled out the
possibility that either ADP or P;
might serve as Y, but it was attrac-
tive to think that a bound phosphate
ion, e.g., in a phospholipid or coen-
zyme, could be involved. Y ~ B of
Fig. 18-12 would be similar in reac-
tivity to an acyl phosphate or thio-
ester. However, whatever the nature
of Y ~ B, part of group Y would be
left attached to B after the transfer of
Y to X. For example, if Y were Y'OH

the membrane

Counterion X~
may flow out to
balance positive
charge of protons
pumped permitting X~ X
accumulation of
H*X™ in bulk of
intermembrane
fluid Or cations such as Ca?*

Membrane is otherwise
impermeable to protons

may diffuse inward to
preserve electrical neutrality
when protons are expelled

Ca2+

Figure 18-13 Principal features of Mitchell’s chemiosmotic theory of oxida-
tive phosphorylation.
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that the inner membrane of the mitochondrion is a
closed, proton-impermeable coupling membrane,
which contains proton pumps operated by electron
flow and which cause protons to be expelled through
the membrane from the matrix space. As indicated

in Fig. 18-13, an oxidized carrier B, upon reduction

to BH,, acquires two protons. These protons do not
necessarily come from reduced carrier AH,, and
Mitchell proposed that they are picked up from the
solvent on the matrix side of the membrane. Then, when
BH, is reoxidized by carrier C, protons are released on
the outside of the membrane. On the basis of existing
data, Mitchell assumed a stoichiometry of two protons
expelled for each ATP synthesized. It followed that there
should be three different proton pumps in the electron
transport chain corresponding to the three phosphory-
lation sites.

The postulated proton pumps would lead either to
bulk accumulation of protons in the intermembrane
space and cytoplasm, with a corresponding drop in
pH, or to an accumulation of protons along the membrane
itself. The latter would be expected if counterions X
do not pass through the membrane with the protons.
The result in such a case would be the development of
a membrane potential, a phenomenon already well
documented for nerve membranes (Chapter 8).

A fundamental postulate of the chemiosmotic
theory is the presence of an oriented ATP synthase
that utilizes the Gibbs energy difference of the proton
gradient to drive the synthesis of ATP (Fig. 18-9).
Since AG’ (pH 7) for ATP synthesis is +34.5 k] mol™
and, if as was assumed by Mitchell, the passage of two
protons through the ATP synthase is required to form
one ATP, the necessary pH gradient (given by Eq. 6-25
or Eq. 18-9 with E, = 0) would be 34.5/(2 x 5.708) = 3.0
pH units at 25°C. On the other hand, if the phospho-
rylation state ratio is ~10* M}, the pH difference
would have to be 5 units. Most investigators now
think that 4 H* per ATP are needed by the synthase.

If so, a pH difference of 2.5 units would be adequate.
Various experiments have shown that passage of
electrons does induce a pH difference, and that an
artifically induced pH difference across mitochondrial
membranes leads to ATP synthesis. However, pH
gradients of the required size have not been observed.
Nevertheless, if the membrane were charged as indi-
cated in Fig. 18-13, without accumulation of protons
in the bulk medium, a membrane potential would be
developed, and this could drive the ATP synthase, just
as would a proton gradient.

The mitochondrial membrane potential E,, (or Ay)
is the potential difference measured across a mem-
brane relative to a reference electrode present in the
surrounding solution.!”® For both mitochondria and
bacteria E,, normally has a negative value. The Gibbs
energy change Ay, + for transfer of one mole of H* from
the inside of the mitochondrion to the outside, against

the concentration and potential gradients, is given by
Eq. 18-8. This equation follows directly from Egs. 6-25

AG, += 2303 RT ApH-E_F
= 5.708 ApH - 96.5 E_ kJ/ mol at 25°C
where ApH = pH (inside) — pH (outside)
(18-8)

and 6-63 with n = 1. The same information is conveyed
in Eq. 18-9, which was proposed by Mitchell for what
he calls the total protonic potential difference Ap.

p (volts) = E_(volts) — 2.303 % pH

Ap (mV) = E, (mV) - 59.2 ApH at 25°C
E. = Ay (18-9)
Mitchell was struck by the parallel between the force
and flow of electrons, which we call electricity, and

the force and flow of protons, which he named
proticity.'”* This led one headline writer in Nature!”’
to describe Mitchell as “a man driven by proticity,”

but if Mitchell is right, as seems to be the case, we

are all driven by proticity! Mitchell also talked about
protonmotive processes and referred to Ap as the
protonmotive force. Although it is a potential rather
than a force, this latter name is a popular designation
for Ap.

The reader should be aware that considerable con-
fusion exists with respect to names and definitions.”®
For example, the AGy;+ of Eq. 18-8 can also be called
the proton electrochemical potential Ay, +, which
is analogous to the chemical potential p of an ion (Eq.
6-24) and has units of k] /mol (Eq. 18-10).

-AG,+=Au+=FAp

=96.5 Ap k] / mol at 25°C (18-10)
However, many authors use Ay, + as identical to the
protonmotive force Ap.

From Eq. 18-9 or Eq. 18-10 it can be seen that a
membrane potential E | of —~296 mV at 25°C would be
equivalent to a 5.0 unit change in pH and would be
sufficient, if coupled to ATP synthesis via 2 H*, to raise
R, to 10* M™'. Any combination of ApH and E,, pro-
viding Ap of —296 mV would also suffice. If the ratio
H*/ATP = 4, Ap of -148 mV would suffice.

The chemiosmotic hypothesis had the great virtue
of predicting the following consequences which could
be tested: (1) electron-transport driven proton pumps
with defined stoichiometries and (2) a separate ATP
synthase, which could be driven by a pH gradient
or membrane potential. Mitchell’s hypothesis was
initially greeted with skepticism but it encouraged
many people, including Mitchell and his associate
Jennifer Moyle, to test these predictions, which were
soon found to be correct.!”®



Observed values of E,, and pH. One of the
problems!” in testing Mitchell’s ideas has been the dif-
ficulty of reliably measuring Ap. To evaluate the pH
term in Eq. 18-10 measurements have been made with
microelectrodes and indicator dyes. However, the
most reliable approach has been to observe the distri-
bution of weak acids and bases across the mitochon-
drial membrane.'® This is usually done with a
suspension of freshly isolated active mitochondria.
The method has been applied widely using, for example,
methylamine. A newer method employs an isotope
exchange procedure to measure the pH-sensitive
carbonic anhydrase activity naturally present in mito-
chondria.!®!

The measurement of E, (Av) is also difficult.!”
Three methods have been used: (1) measurement with
microelectrodes; (2) observation of fluorescent probes;
(3) distribution of permeant ions. Microelectrodes
inserted into mitochondria'®? have failed to detect a
significant value for E.,. Fluorescent probes are not
very reliable,'7%18 Jeaving the distribution of permeant
ions the method of choice. In this method a mitochon-
drial suspension is exposed to an ion that can cross
the membrane but which is not pumped or subject
to other influences that would affect its distribution.
Under such conditions the ion will be distributed
according to Eq. 18-11. The most commonly used ions
are K¥, the same ion that is thought to reflect the mem-
brane potential of nerve axons (Chapter 30), or Rb*. To
make the inner mitochondrial membrane permeable to
K*, valinomycin (Fig. 8-22) is added. The membrane
potential, with n = 1 in Eq. 9-1, becomes:

Em =-59.2 ([K+]inside/ [K+]outside) volts
(18-11)

In these experiments respiring mitochondria are
observed to take up the K* or Rb* to give a high ratio
of K* inside to that outside and consequently a nega-
tive E,. There are problems inherent in the method.
The introduction of a high concentration of ion perturbs
the membrane potential, and there are uncertainties
concerning the contribution of the Donnan equilibrium
(Eq. 8-5) to the observed ion distribution.!8

In most instances, either for mitochondrial suspen-
sions or whole bacteria, ApH is less negative than —0.5
unit making a contribution of, at most, -30 mV to Ap.
The exception is found in the thylakoid membranes of
chloroplasts (Chapter 23) in which protons are pumped
into the thylakoid vesicles and in which the internal
pH falls dramatically upon illumination of the chloro-
plasts.!®> The ApH reaches a value of —3.0 or more
units and Ap is ~180 mV, while E_, remains ~0. Reported
values of E_, for mitochondria and bacteria range from
-100 to —~168 mV and Ap from —140 to —230 mV.17217
Wilson concluded that E, for actively respiring mito-
chondria, using malate or glutamate as substrates,
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attains maximum (negative) values of E, = -130 mV and
Ap =-160 mV.'” However, Tedeschi and associates!8>184
argued that E, is nearly zero for liver mitochondria
and seldom becomes more negative than —60 mV for
any mitochondria.

A crucially important finding is that submitochon-
drial particles or vesicles from broken chloroplasts will
synthesize ATP from ADP and P;, when an artificial
pH gradient is imposed.'”%1% Isolated purified F,F,
ATPase from a thermophilic Bacillus has been co-
reconstituted into liposomes with the light-driven
proton pump bacteriorhodopsin (Chapter 23). Illumi-
nation induced ATP synthesis.!®” These observations
support Mitchell’s proposal that the ATP synthase is
both spatially separate from the electron carriers in
the membrane and utilizes the protonmotive force
to make ATP. Thus, the passage of protons from the
outside of the mitochondria back in through the ATP
synthase induces the formation of ATP. What is the
stoichiometry of this process?

It is very difficult to measure the flux of protons
across the membrane either out of the mitochondria
into the cytoplasm or from the cytoplasm through the
ATP synthase into the mitochondria. Therefore, esti-
mates of the stoichiometry have often been indirect.
One argument is based on thermodynamics. If Ap
attains values no more negative than -160 mV and R,
within mitochondria reaches at least 10* M1, we must
couple AG,, of -15.4 kJ/ mol to AG of formation of ATP
of +57.3 k] / mol. To do this four H* must be translo-
cated per ATP formed. Recent experimental measure-
ments with chloroplast ATP synthase!® also favor four
H*. It is often proposed that one of these protons is
used to pump ADP into the mitochondria via the
ATP-ADP exchange carrier (Section D). Furthermore,
if R, reaches 10°M™ in the cytoplasm, it must exceed
10*M! in the mitochondrial matrix.

Proton pumps driven by electron transport.
What is the nature of the proton-translocating pumps
that link Ap with electron transport? In his earliest
proposals Mitchell suggested that electron carriers,
such as flavins and ubiquinones, each of which accepts
two protons as well as two electrons upon reduction,
could serve as the proton carriers. Each pump would
consist of a pair of oxidoreductases. One, on the inside
(matrix side) of the coupling membrane, would deliver
two electrons (but no protons) to the carrier (B in Fig.
18-13). The two protons needed for the reduction
would be taken from the solvent in the matrix. The
second oxidoreductase would be located on the outside
of the membrane and would accept two electrons from
the reduced carrier (BH, in Fig. 18-13) leaving the two
released protons on the outside of the membrane. To
complete a “loop” that would allow the next carrier to
be reduced, electrons would have to be transferred
through fixed electron carriers embedded in the
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membrane from the reduced electron acceptor (C, 4 in
Fig. 18-13) to the oxidized form of the oxidoreductase
to be used as reductant for the next loop. These loops,
located in complexes I and III of Fig. 18-5, would
pump three protons per electron or six H*/ O. With

a P/ O ratio of three this would provide two H* per
ATP formed. Mitchell regarded this stoichiometry as
appropriate.

The flavin of NAD dehydrogenase was an obvious
candidate for a carrier, as was ubiquinone. However,
the third loop presented a problem. Mitchell’s solution
was the previously discussed Q cycle, which is shown
in Fig. 18-9. This accomplishes the pumping in complex
Il of 2 H*/ ¢, the equivalent of two loops.!'! However,
as we have seen, the magnitude of Ap suggests that 4
H*, rather than 2 H*, may be coupled to synthesis of
one ATP. If this is true, mitochondria must pump 12
H*/ O rather than six when dehydrogenating NADH,
or eight H*/ O when dehydrogenating succinate.

The stoichiometry of proton pumping was measured
by Lehninger and associates using a fast-responding
O, electrode and a glass pH electrode.’81% They
observed an export of eight H*/ O for oxidation of
succinate rat liver mitochondpria in the presence of a
permeant cation that would prevent the buildup of
E.,, and four H*/ O (2 H*/ ¢) for the cytochrome oxi-
dase system. These are equivalent to two H*/ e~ at
each of sites Il and III as is indicated in Fig. 18-4.

Some others have found lower H*/ e~ ratios.

If two H*/ e~ are pumped out of mitochondria,
where do we find the pumping sites? One possibility
is that protons are pumped through the membrane by
a membrane Bohr effect, so named for its similarity to
the Bohr effect observed upon oxygenation of hemo-
globin. In the latter case (Chapter 7), the pK, values
of certain imidazole and terminal amino groups are
decreased when O, binds. This may result, in part,
from an electrostatic effect of O, in inducing a partial
positive charge in the heme. This partial charge may
then cause a decrease in the pK, values of nearby
groups. Similarly, complete loss of an electronic charge
from a heme group or an iron—sulfur protein in the
electron transport chain would leave a positive charge,
an electron “hole,” which could induce a large change
in the pK, of a neighboring group. One manifestation
of this phenomenon may be a strong pH dependence
of the reduction potential (Eq. 16-19).

Protons that could logically be involved in a mem-
brane Bohr effect are those present on imidazole rings
coordinated to Fe or Cu in redox proteins. Removal of
an electron from the metal ion could be accompanied
by displacement of electrons within the imidazole,
within a peptide group that is hydrogen-bonded to an
imidazole, or within some other acidic group. A hypo-
thetical example is illustrated in Eq. 18-12 in which a
carboxyl group loses a proton when “handed” a second.
If the transiently enolized peptide linkage formed in
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Fe—N N---H—O0—C

Enolized peptide (18-12)

this process is tautomerized back to its original state
before the iron is reduced again, the proton originally
present on the carboxyl group will be released. It is
easy to imagine that a proton could then be “ferried”
in (as in Eq. 9-96) from the opposite side of the mem-
brane to reprotonate the imidazole group and complete
the pumping process.

In view of the large number of metal-containing
electron carriers in the mitochondrial chain, there are
many possible locations for proton pumps. However,
the presence of the three isopotential groups of Table
18-7 suggests that the pumps are clustered in complexes
I-1II as pictured in Fig. 18-5. One site of pumping is
known to be in the cytochrome ¢ oxidase complex.
When reconstituted into phospholipid, the purified
complex does pump protons in response to electron
transport, H* /e ratios of ~1 being observed.!36137/147,191
As mentioned in Section B,3 a large amount of experi-
mental effort has been devoted to identifying proton
transport pathways in cytochrome ¢ oxidase and also
in the cytochrome be; (complex I1).1%? Proton pumping
appears to be coupled to chemical changes occurring
between intermediates P and F of Fig. 18-11, between
F and O,!3¢1% and possibly between O and R.!%7/138
Mechanisms involving direct coupling of chemical
changes at the A;Cu, center and at the Cu, dimetal
center have been proposed.!47/194

How do protons move from the pumping sites to
ATP synthase molecules? Since protons, as H;O", are
sufficiently mobile, ordinary diffusion may suffice.
Because of the membrane potential they will tend to
stay close to the membrane surface, perhaps being
transported on phosphatidylethanolamine head
groups (see Chapter 8). According to the view of
R. J. P. Williams protons are not translocated across
the entire membrane by the proton pumps, but flow
through the proteins of the membrane to the ATP
synthase.'” There the protons induce the necessary
conformational changes to cause ATP synthesis. A
related idea is that transient high-energy intermediates



generated by electron transport within membranes are
proton-carrying conformational isomers. When an
electron is removed from an electron-transporting
metalloprotein, the resulting positively charged “hole”
could be stable for some short time, while the protein
diffused within the membrane until it encountered an
F, protein of an ATP synthase. Then it might undergo
an induced conformational change at the same time
that it “handed” the Bohr effect proton of Eq. 18-14

to the F, protein and simultaneously induced a con-
formational change in that protein. The coupling of
proton transport to conformational changes seems
plausible, when we recall that the induction of confor-
mational changes within proteins almost certainly
involves rearrangement of hydrogen bonds.

A consequence of the chemiosmotic theory is that
there is no need for an integral stoichiometry between
protons pumped and ATP formed or for an integral
P/ O ratio. There are bound to be inefficiencies in
coupling, and Ap is also used in ways other than syn-
thesis of ATP.

4. ATP Synthase

In 1960, Racker and associates!?®1%7 discovered
that the “knobs” or “little mushrooms” visible in
negatively stained mitochondrial fragments or fragments
of bacterial membranes possess ATP-hydrolyzing
(ATPase) activity. Earlier the knob protein had been
recognized as one of several coupling factors required
for reconstitution of oxidative phosphorylation by
submitochondrial particles.!”” Electron micrographs
showed that the submitochondrial particles consist of
closed vesicles derived from the mitochondrial cristae,
and that the knobs (Fig. 18-14A) are on the outside of
the vesicles. They can be shaken loose by ultrasonic
oscillation with loss of phosphorylation and can be
added back with restoration of phosphorylation. The
knob protein became known as coupling factor F,.
Similar knobs present on the outside of the thylakoids
became CF, and those inside thermophilic bacteria
TF,. The ATPase activity of F; was a clue that the
knobs were really ATP synthase. It also became clear
that a portion of the ATP synthase is firmly embedded
in the membranes. This part became known as F,.
Both the names F,F; ATP synthase and F,F, ATPase
are applied to the complex, the two names describing
different catalytic activities. The ATPase activity is
usually not coupled to proton pumping but is a
readily measurable property of the F; portion. In a
well-coupled submitochondrial particle the ATPase
activity will be coupled to proton transport and will
represent a reversal of the ATP synthase activity.
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The synthase structure. The F; complex has been
isolated from E. coli,?**?% other bacteria, 2’ yeast,2082P
animal tissues,'*?2%-2!1 and chloroplasts.?!?-214 In
every case it consists of five kinds of subunits with the
stoichiometry o;B5y3e.214P The F, complex of E. coli
contains three subunits designated a,b, and c. All of
these proteins are encoded in one gene cluster, the unc
operon (named for uncoupled mutants), with the
following order:

I B EFHAGD C--- Genesymbol
i acb d a1y B &-—- Subunitsymbol

Here 1 is the regulatory gene (as in Fig. 28-1). The
E. coli Fy appears to have approximately the unusual
stoichiometry ab,cy_1;. This suggested the possibility
that 12 ¢ subunits form a ring with D, or D;, symmetry,
the latter being illustrated in the structural proposal
shown in Fig. 18-14E. However, crystallographic
evidence suggests that there may be 10, not 12 sub-
units.2!4

Mitochondrial ATP synthase of yeast contains at
least 13 different kinds of subunits?*® and that of ani-
mals?!® 16, twice as many as in E. coli. Subunits o, B, ¥,
a, b, and c of the mitochondrial synthase correspond
to those of E. coli. However, the mitochondrial homo-
log of E. coli § is called the oligomycin-sensitivity-
conferring protein (OSCP).216-218 Tt makes the ATPase
activity sensitive to oligomycin. The mitochondrial &
subunit corresponds to € of E. coli or of chloroplasts.?72!?
Mitochondrial € has no counterpart in bacteria.???20
In addition,2%?215> mitochondria contain subunits called
d, e, f, g, A6L, F6, and IF; the last being an 84-residue
inhibitor, a regulatory subunit.??! The subunits of
yeast ATP synthase correspond to those of the animal
mitochondrial synthase but include one additional
protein (h).208

F F
E. coli o By 3 € abc
Mitochondria o B y OSCP & € IF, a b c d e f g A6L F6

Six of the relatively large (50-57 kDa) o and B
subunits associate to an 0,;3; complex that constitutes
the knobs.292210 Chemical crosslinking, directed
mutation, electron cryomicroscopy,??2%?22 and high-
resolution X-ray diffraction measurements!%%207,211,223,224
have established that the o and B subunits alternate in
a quasisymmetric cyclic head that contains active sites
for ATP formation in the three B subunits (Fig. 18-14C-E).
The o subunits also contain ATP-binding sites, but
they are catalytically inactive, and their bound MgATP
does not exchange readily with external ATP and can
be replaced by the nonhydrolyzable AMP-PNP (Fig.
12-31) with retention of activity. The o,p; complex is
associated with the F; part by a slender central stalk
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Figure 18-14 ATP synthase and vacuolar ATPase. (A)
“Knobs” of ATP synthase on mitochondrial membranes
negatively stained with phosphotungstate. (B) Vacuolar
proton-pumping ATPase from an intact vacuolar membrane
stained in the same way. Some images have been marked to
indicate well-resolved head groups (H), stalks (S), and basal
components (B). (A) and (B) are from Dschida and Bowman.!%
Courtesy of Barry J. Bowman. (C) Ribbon model of the atomic
structure of the F; part of bovine heart mitochondrial ATP
synthase. This section through the knob, which is drawn
schematially at the upper right, shows one o subunit, con-
taining bound ADP, o, to the left and one empty § subunit,
B,, to the right. In the center are the N and C termini of
subunit y. The arrow points to a disruption in the 3 sheet of
the subunit structure in the B, conformation. The asterisk
marks a loop that would collide with the C-terminal part of
subunit y if the latter were rotated. (D) View of the F; ATP
synthase from the membrane side. The section shown
contains the nucleotide binding sites. Subunits with empty
sites are labeled o, and B,. Those with bound ADP are
labeled o, and B, and those with bound ATP o, and B,,.
Deviation from perfect threefold symmetry can be seen in
this view. (C) and (D) are from Abrahams et al.'*® Courtesy
of John E. Walker. (E) A recent model of the E. coli ATP
synthase. The o,;B; head contains the ATP-synthesizing sites
in the B subunits. The o3B; complex and also subunits a, b,
and § remain stationary and form the stator for a protic engine,
whose rotor consists of 12 ¢ subunits and attached yand €
subunits. Rotation is induced by the membrane potential or
difference in H* activity on the two sides of the membrane.
The carboxylate group of Asp 61 in each ¢ subunit must be
protonated to —-COOH in order for it to move away from the
entrance channel in subunit a. The presence of the positively
charged Arg 210 near the exit channel in subunit a induces
release of the proton when the c subunit has rotated almost
360°. According to this picture, 12 protons are required for
one rotation with synthesis of three molecules of ATP. After
Elston et al.?% and Zhou et al.?®! See also Junge et al.?*> and
Engelbrecht and Junge.?%

L i
|
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Protonated on all
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or shaft. Much effort has gone into establishing the
subunit composition of the shaft and the F; parts of the
structure. As is indicated in Fig. 18-14E, subunits y
and ¢ of the E. coli enzyme are both part of the central
shaft.?19225226 The same is true for the mitochondrial
complex, in which the § subunit corresponds to bac-
terial €227 The role of this subunit is uncertain. Itis
part of the shaft but is able to undergo conformational
alterations that can permit its C-terminal portion to
interact either with F, or with the 0,35 head.??”??72 The
unique € subunit of mitochondrial ATPase appears also
to be part of the shaft.??0

The most prominent component of the central
shaft is the 270-residue subunit y, which associates
loosely with the 0,35 head complex but more tightly
with F;. About 40 residues at the N terminus and 60
at the C terminus form an o-helical coiled coil, which
is visible in Fig. 18-14E'2!! and which protrudes into
the central cavity of the o, complex. Because it is
asymmetric, the y subunit apparently acts as a rotating
camshaft to physically alter the oo and B subunits in a
cyclic manner. Asymmetries are visible in Fig. 18-14D.2!!
The central part of subunit y forms a more globular
structure, which bonds with the ¢ subunits of F;.2%
Exact structures are not yet clear.

The 6 subunit of E. coli ATP synthase (OSCP of
mitochondria) was long regarded as part of the central
stalk. However, more recent results indicate that it is
found in a second stalk, which joins the 0,3, complex
to Fy. The central stalk rotates, relative to the second
stalk. The second stalk may be regarded as stationary
and part of a stator for a protic engine.??22° This
stalk has been identified?* in electron micrographs
of chloroplast F;F; and by crosslinking studies. As is
depicted in Fig. 18-14E, a major portion of the second
stalk is formed by two molecules of subunit b. Recent
results indicate that bacterial subunit & (mitochondrial
OSCP) extends further up than is shown in Fig. 18-14,
and together with subunit F6 may form a cap at the
top of the aB; head.?30a 230

The F,, portion of bacterial ATP synthase, which is
embedded in the membrane, consists of one 271-residue
subunit a, an integral membrane protein probably
with five transmembrane helices, 21232 two 156-residue
b subunits, and ~twelve 79-residue ¢ subunits. The ¢
subunit is a proteolipid, insoluble in water but soluble
in some organic solvents. The structure of monomeric
¢ in chloroform:methanol:H,O (4:4:1) solution has been
determined by NMR spectroscopy. It is a hairpin
consisting of two antiparallel o helices.”?* Twelve of
the ¢ subunits are thought to assemble into a ring
with both the N and C termini of the subunit chains
in the periplasmic (or intermembrane) face of the
membrane.?#23> The ratio of ¢ to a subunits has been
difficult to measure but has been estimated as 9-12.
The fact that both genetically fused c, dimers and c;
trimers form function F; suggested that they assemble
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to a ¢y, ring as shown in Fig. 18-14E.2%¢ However, the
recent crystallographic results that revealed a C;,
ring?¢ raise questions about stoichiometry.

Since ATP synthesis takes place in F;, it has long
been thought that the F; part of the ATP synthase
contains a “proton channel,” which leads from the
inside of the mitochondria to the F, assemblage.!4
Such a channel would probably not be an open pore
but a chain of hydrogen-bonded groups, perhaps
leading through the interior of the protein and able to
transfer protons via icelike conduction. One residue
in the ¢ subunit, Asp 61, which lies in the center of
the second of the predicted transmembrane helices,
is critical for proton transport.?3¢2 Natural or artificial
mutants at this position (e.g., D61G or D61N) do not
transport protons. This carboxyl group also has an
unusually high reactivity and specificity toward the
protein-modifying reagent dicyclohexylcarbodiimide
(DCCD; see Eq. 3-10).1462%7 Modification of a single ¢
subunit with DCCD blocks the proton conductance.

An interesting mutation is replacement of alanine
62 of the ¢ subunit with serine. This mutant will sup-
port ATP synthase using Li* instead of H*.?>” Certain
alkylophilic bacteria, such as Propionigenium modestum,
have an ATP synthase that utilizes the membrane
potential and a flow of Na* ions rather than protons
through the ¢ subunits.?38-24¢ The sodium transport
requires glutamate 65, which fulfills the same role as
D61 in E. coli, and also Q32 and S66. Study of mutants
revealed that the polar side chains of all three of these
residues bind Na*, that E65 and S66 are needed to bind
Li*, and that only E65 is needed for function with H*.

The a subunit is also essential for proton translo-
cation.z31232241 Gtructural work on this extremely
hydrophobic protein has been difficult, but many
mutant forms have been studied. Arginine 210 is
essential as are E219 and H245. However, if Q252 is
mutated to glutamate, E219 is no longer essential 4!
One of the OXPHOS diseases (NARP; Box 18-B) is a
result of a leucine-to-arginine mutation in human
subunit a.#!2 The b subunit is an elongated dimer,
largely of o-helical structure.?422#* Its hydrophobic
N terminus is embedded in the membrane, 22?24
while the hydrophilic C-terminal region interacts with
subunit ¢ of F;, in the stator structure (Fig. 18-14E).
Some of the F, subunits (d, e, f, g, A6L) may form a
collar around the lower end of the central stalk.210ab

How is ATP made? No covalent intermediates
have been identified, and isotopic exchange studies
indicate a direct dehydration of ADP and P; to form
bound ATP.2#5 For the nucleophilic terminal phospho
group of ADP to generate a high-energy linkage
directly by attack on the phosphorus atom of P; an
OH ion must be eliminated (Eq. 18-13). This is not a
probable reaction at pH 7, but it would be reasonable
at low pH. Thus, one function of the oriented ATP
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synthase might be to deliver one or more protons
flowing in from F specifically to the oxygen that is to
be eliminated (Eq. 18-13). As we have seen (Section 2),
on thermodynamic grounds 3—4 protons would prob-
ably be needed. Perhaps they could be positioned
nearby to exert a large electrostatic effect, or they
could assist in releasing the ATP formed from the
synthase by inducing a conformational change. How-
ever, it isn’t clear how protons could be directed to the
proper spots.

Adenosine “

0 0—P—0~ ™P--O
Sp \ VAT
VAN ol 0 oHn
o o

. Mg£+
Nucleophilic phospho Proton delivered to this

group of ADP attacks point by —COOH side
P, to form ATP H.O chain makes oxygen more
i 2 . .
electrophilic and permits
MgATP™ displacement of H,0O

(18-13)

Paul Boyer’s binding change mechanism. Boyer
and associates suggested that ATP synthesis occurs
rapidly and reversibly in a closed active site of the
ATP synthase in an environment that is essentially
anhydrous. ATP would then be released by an energy-
dependent conformational change in the protein.245-249
Oxygen isotope exchange studies verified that a rapid
interconversion of bound ADP, P;, and ATP does occur.
Studies of soluble ATP synthase, which is necessarily
uncoupled from electron transport or proton flow,
shows that ATP is exceedingly tightly bound to F; as
expected by Boyer’s mechanism.?*® According to his
conformational coupling idea, protons flowing
across the membrane into the ATP synthase would in
some way induce the conformational change necessary
for release of ATP.

The idea of conformational coupling of ATP syn-
thesis and electron transport is especially attractive
when we recall that ATP is used in muscle to carry out
mechanical work. Here we have the hydrolysis of
ATP coupled to motion in the protein components of
the muscle. It seems reasonable that ATP should be
formed as a result of motion induced in the protein
components of the ATPase. Support for this analogy
has come from close structural similarities of the F;
ATPase B subunits and of the active site of ATP cleav-
age in the muscle protein myosin (Chapter 19).

A simple version of Boyer’s binding change
mechanism is shown in Figure 18-15. The three F; 8
subunits are depicted in three different conformations.
In O the active site is open, in T it is closed, and if ATP
is present in the active site it is tightly bound. In the
low affinity L conformation ligands are bound weakly.
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In step a MgADP and P; enter the L site while MgATP
is still present in the T site. In step b a protonic-energy-
dependent step causes synchronous conformational
changes in all of the subunits. The tight site opens and
MgATP is free to leave. At the same time MgADP and
P; in the T site are converted spontaneously to tightly
bound ATP. The MgATP is in reversible equilibrium
with MgADP + P;, which must be bound less tightly
than is MgATP. That is, the high positive value of AG’
for formation of ATP must be balanced by a correspond-
ing negative AG’ for a conformational or electronic
reorganization of the protein in the T conformation.
Opening of the active site in step b of Fig. 18-15 will
have a high positive AG” unless it is coupled to proton
flow throught F,. Of three sites in the subunits, one
binds MgATP very tightly (K4 ~ 0.1 uM) while the
other sites bind less tightly (K4 ~ 20 uM).25%251 How-
ever, it has been very difficult to establish binding
constants or K, values for the ATPase reaction.?8
Each of the three B sites probably, in turn, becomes

the high-affinity site, consistent with an ATP synthase
mechanism involving protein conformational changes.

Rotational catalysis. Boyer suggested that there
is a cyclic rotation in the conformations of the three
B subunits of the ATP synthase, and that this might
involve rotation about the stalk. By 1984, it had been
shown that bacterial flagella are rotated by a protonic
motor (Chapter 19), and a protic rotor for ATP synthase
had been proposed by Cox et al.?>? and others.?*>
However, the b subunits were thought to be in the
central stalk.???> More recently chemical crosslinking
experiments,?1?33 as well as electron microscopy,
confirmed the conclusion that an intact stator struc-
ture must also be present as in Fig. 18-14E.292 The
necessary second stalk is visible in CF,F; ATPase of
chloroplasts? and also in the related vacuolar ATPase,
a proton or Na* pump from a clostridium.?>* See also
Section 5. Another technique, polarized absorption
recovery after photobleaching, was applied after
labeling of Cys 322, the penultimate residue at the C
terminus of the y subunit with the dye eosin. After
photobleaching with a laser beam the polarization
of the light absorption by the dye molecule relaxed
because of rotation. Relaxation was observed when
ATP was added but not with ADPPNP.202255:256

The most compelling experiments were performed
by Noji et al.202257-260 They prepared the 5B,y sub-
complex of ATPase from a thermophilic bacterium.
The complex was produced in E. coli cells from the
cloned genes allowing for some “engineering” of the
proteins. A ten-histidine “tag” was added at the N
termini of the § subunits so that the complex could
be “glued” to a microscope coverslip coated with a
nickel complex with a high affinity for the His tags.
The y subunit shafts protrude upward as shown in
Fig. 18-16. The ysubunit was mutated to replace its
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Figure 18-15 Boyer’s binding change mechanism for ATP
synthase in a simple form. After Boyer?® but modified to
include a central camshaft which may drive a cyclic alter-
ation in conformations of the subunits. The small “pointer’
on this shaft is not to be imagined as real but is only an
indicator of rotation with induced conformational changes.
The rotation could occur in 120° steps rather than the smaller
steps suggested here.
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only cysteine by serine and to introduce a cysteine
in place of Ser 107 of the stalk region of y. The new
cysteine was biotinylated and attached to streptavidin
(see Box 14-B) which was also attached to a fluorescently
labeled actin filament (Fig. 7-10) ~1-3 um in length as
shown in Fig. 18-16. The actin fiber rotated in a counter-
clockwise direction when ATP was added but did not
rotate with AMPPNP. At low ATP concentrations
the rotation could be seen to occur in discrete 120°
steps. 258,261,262 Each 120° step seems to consist of ~90°
and ~30° substeps, each requiring a fraction of a milli-
second.?6?2 The ATPase appears to be acting as a
stepper motor, hydrolysis of a single ATP turning
the shaft 120°. Rotation at a rate of ~14 revolutions
per second would require the hydrolysis of ~42 ATP
per second. If the motor were attached to the F, part
it would presumably pump four (or perhaps three) H*
across a membrane for each ATP hydrolyzed. Acting
in reverse, it would make ATP. A modification of the
experiment of Fig. 18-16 was used to demonstrate
that the ¢ subunits also rotate with respect to the o35
head.?? Other experiments support rotation of the
c ring relative to subunit a.?62<d

Still to be answered are important questions.
How does ATP hydrolysis turn the shaft? Are four
H* pumped for each step, or are there smaller single
proton substeps? Is the simple picture in Fig. 18-15
correct or, as proposed by some investigators,?63-265
must all three B subunits be occupied for maximum
catalytic activity??°® How is the coupling of H* trans-
port to mechanical motion accomplished?2¢7:267a-d

5. ATP-driven Proton Pumps

Not all proton pumps are driven by electron trans-
port. ATP synthase is reversible, and if Ap is low, hydro-
lysis of ATP can pump protons out of mitochondria
or across bacterial plasma membranes.2®8 Cells of
Streptococcus faecalis, which have no respiratory chain

Figure 18-16 (A) The system used for observation of the

rotation of the y subunit in the o5y subcomplex. The

observed direction of the rotation of the y subunit is indicated
by the arrows. (B) Sequential
images of a rotating actin
filament attached as in (A).
(C) Similar images obtained
with the axis of rotation near
the middle of the filament.
The images correspond to
the view from the top in (A).
Total length of the filament,
2.4 um; rotary rate, 1.3 revolu-
tions per second; time inter-
val between images, 33 ms.
From Noji et al.?8
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and form ATP by glycolysis, use an F;F; ATP synthase
complex to pump protons out to help regulate cyto-
plasmic pH.2%® Similar vacuolar (V-type) H*-ATPases
or V,V, ATPases pump protons into vacuoles, Golgi
and secretory vesicles, coated vesicles, and lyso-
somes!?8269-270 in every known type of eukaryotic
cell.?’1272 These proton pumps are similar in appear-
ance (Fig. 18-14,B) and in structure to F,F, ATPases.?’?<
The 65- to 77-kDa A subunits and 55- to 60-kDa B
subunits are larger than the corresponding F;F; o. and
B subunits. Accessory 40-, 39-, and 33-kDa subunits
are also present in V;. The V, portion appears to
contain a hexamer of a 16-kDa proteolipid together
with 110- and 21-kDa subunits.?”! V-type ATPases are
also found in archaebacteria?’!*”3 and also in some
clostridia®* and other eubacteria.?’?2 A type of proton
pump, the V-PPase, uses hydrolysis of inorganic
pyrophosphate as a source of energy.?’* It has been
found in plants, in some phototrophic bacteria, and
in acidic calcium storage vesicles (acidocalcisomes) of
trypanosomes.?’4a

Other ATP-dependent proton pumps are present
in the plasma membranes of yeast and other fungi?’4
and also in the acid-secreting parietal cells of the
stomach (Fig. 18-17). The H*-ATPase of Neurospora
pumps H* from the cytoplasm without a counterion.
It is electrogenic.?’>?7% However, the gastric H* K*-
ATPase exchanges H;O* for K* and cleaves ATP with
formation of a phosphoenzyme.?”® It belongs to the
family of P-type ion pumps that includes the mamma-
lian Na*,K*-ATPase (Fig. 8-25) and Ca?**-ATPase (Fig.
8-26). These are discussed in Chapter 8. The H*,K*-
ATPases, which are widely distributed within eukary-
otes, are also similar, both in sequence and in the fact
that a phospho group is transferred from ATP onto a
carbox-ylate group of an aspartic acid residue in the
protein. All of them, including a Mg-ATPase of Salmo-
nella, are two-subunit proteins. A large catalytic o
subunit contains the site of phosphorylation as well
as the ATP- and ion-binding sites. It associates nonco-
valently with the smaller heavily glycosylated 3 sub-
unit.?’6-2’8 For example, the rabbit H* K*-ATPase
consists of a 1035-residue o chain which has ten trans-
membrane segments and a 290-residue B chain with
a single transmembrane helix and seven N-linked
glycosylation sites.?’

6. Uncouplers and Energy-linked Processes in
Mitochondria

Many compounds that uncouple electron trans-
port from phosphorylation, like 2,4-dinitrophenol, are
weak acids. Their anions are nucleophiles. According
to the scheme of Fig. 18-12, they could degrade a high
energy intermediate, such as Y ~ B, by a nucleophilic
attack on Y to give an inactive but rapidly hydrolyzed

Surface mucous cells

» Mucous neck cells

Parietal cells

Somatostatin cell

Endocrine cell

~ Chief cells

Figure 18-17 Schematic diagram of an acid-producing
oxyntic gland of the stomach. The normal human stomach
contains about 10° parietal (oxyntic) cells located in the walls
of these glands. From Wolfe and Soll.?”® Modified from Ito.
These glands also produce mucus, whose role in protecting
the stomach lining from the high acidity is uncertain.?

derivative of Y. On the other hand, according to Mitchell’s
hypothesis uncouplers facilitate the transport of protons
back into the mitochondria thereby destroying Ap.
The fact that the anions of the uncouplers are large,
often aromatic, and therefore soluble in the lipid bi-
layer supports this interpretation; the protonated
uncouplers can diffuse into the mitochondria and the
anion can diffuse back out. Mitochondria can also be
uncoupled by a combination of ionophores, e.g., a
mixture of valinomycin (Fig. 8-22), which carries K*
into the mitochondria, plus nigericin, which catalyzes
an exchange of K* (out) for H* (in).1”2

The uncoupler carbonyl cyanide p-(trifluoro-
methoxy)phenylhydrazone (FCCP) and related com-
pounds are widely used in biochemical studies. Their
action can be explained only partially by increased
proton conduction.

N=C
/ AN
FC—O N CN
H

Carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP)
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Uncoupling is sometimes important to an organism.
The generation of heat by uncoupling is discussed in
Box 18-C. The fungus Bipolaris maydis caused a crisis
in maize production when it induced pore formation
in mitochondrial membranes of a special strain used
in production of hybrid seeds.?81282

Synthesis of ATP by mitochondria is inhibited by
oligomycin, which binds to the OSCP subunit of ATP
synthase. On the other hand, there are processes that
require energy from electron transport and that are
not inhibited by oligomycin. These energy-linked
processes include the transport of many ions across
the mitochondrial membrane (Section E) and reverse
electron flow from succinate to NAD* (Section C,2).
Dinitrophenol and many other uncouplers block the
reactions, but oligomycin has no effect. This fact can
be rationalized by the Mitchell hypothesis if we assume
that Ap can drive these processes.

Another energy-linked process is the transhydro-
genase reaction by which NADH reduces NADP* to
form NADPH. In the cytoplasm various other reac-
tions are used to generate NADPH (Chapter 17, Sec-
tion I), but within mitochondria a membrane-bound
transhydrogenase has this function.?83-2862 Tt couples
the transhydrogenation reaction to the transport of
one (or possibly more than one) proton back into the
mitochondria (Eq. 18-14). A value of Ap of —180 mV
could increase the ratio of [NADPH] / [NADP*] within
mitochondria by a factor of as much as 1000.

Transhydrogenase

NADH + NADP*
H+

\—> NAD* + NADPH

"

H+

+ o+ o+ |+ o+ o+

Membrane

(18-14)

Transhydrogenases function in a similar way within
bacteria. Whether from E. coli, photosynthetic bacteria,
or bovine mitochondria, transhydrogenases have
similar structures.?®> Two 510-residue o subunits
associate with two 462-residue B subunits to form an
0,3, tetramer with 10-14 predicted transmembrane
helices. The o subunits contain separate NAD(H) and
NADP(H) binding sites. A conformational change
appears to be associated with the binding or release
of the NADP* or NADPH.?”

D. Transport and Exchange across
Mitochondrial Membranes

Like the external plasma membrane of cells, the
inner mitochondrial membrane is selective. Some

nonionized materials pass through readily but the
transport of ionic substances, including the anions of
the dicarboxylic and tricarboxylic acids, is restricted.
In some cases energy-dependent active transport is
involved but in others one anion passes inward in
exchange for another anion passing outward. In either
case specific translocating carrier proteins are needed.

Solutes enter mitochondria through pores in thou-
sands of molecules of the voltage-gated anion-
selective channel VDAC, also known as mitochon-
drial porin.151628828 n the absence of a membrane
potential these pores allow free diffusion to molecules
up to ~1.2 kDa in mass and may selectively permit
passage of anions of 3- to 5-kDa mass. However, a
membrane potential greater than ~20 mV causes the
pores to close. NADH also decreases permeability.

In the closed state the outer membrane becomes
almost impermeant to ATP.?892%0

An example of energy-dependent transport is the
uptake of Ca?* by mitochondria. As indicated in the
lower part of Fig. 18-13, there are two possibilities for
preservation of electrical neutrality according to the
chemiosmotic theory. Counterions X~ may flow out to
balance the protons discharged on the outside. On the
other hand, if a cation such as Ca?* flows inward to
balance the two protons flowing outward, neutrality
will be preserved and the mitochondrion will accumu-
late calcium ions. Experimentally such accumulations
via a calcium uniporter* are observed to accompany
electron transport. In the presence of a suitable iono-
phore energy-dependent accumulation of potassium
ions also takes place.?””! In contrast, an electroneutral
exchange of one Ca?* for two Na* is mediated by a
Na*-Ca?* exchanger.?22% It permits Ca?* to leave
mitochondria. A controversial role of mitochondria in
accumulating Ca?* postulates a special rapid uptake
mode of exchange (see p. 1049).2%

It is thought that glutamate enters mitochondria
as the monoanion Glu™ in exchange for the dianion of
aspartate Asp?~. Like the uptake of Ca?* this exchange
is driven by Ap. Since a membrane potential can be
created by this exchange in the absence of Ap, the
process is electrogenic.* In contrast, an electroneutral
exchange of malate?” and 2-oxoglutarate?~ occurs by
means of carriers that are not energy-linked.?*>?% This
dicarboxylate transporter is only one of 35 structurally
related mitochondrial carriers identified in the complete
genome of yeast.2?7 Another is the tricarboxylic
transporter (citrate transport protein) which exchanges
the dianionic form of citrate for malate, succinate, iso-
citrate, phosphoenolpyruvate, etc.2%$2%2b

The important adenine nucleotide carrier
takes ADP into the mitochondrial matrix for phos-
phorylation in a 1:1 ratio with ATP that is exported
into the cytoplasm.?**30% This is one of the major
rate-determining processes in respiration. It has been
widely accepted that the carrier is electrogenic,>®
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A secondary but important role of metabolism
in warm-blooded animals is to generate heat. The
heat evolved from ordinary metabolism is often
sufficient, and an animal can control its temperature
by regulating the heat exchange with the environ-
ment. Shivering also generates heat and is used
from birth by pigs.? However, this is insufficient for
many newborn animals, for most small mammals
of all ages, and for animals warming up after hiber-
nation. The need for additional heat appears to be
met by brown fat, a tissue which contrasts strikingly
with the more abundant white adipose tissue. Brown
fat contains an unusually high concentration of
blood vessels, many mitochondria with densely
packed cristae, and a high ratio of cytochrome ¢
oxidase to ATP synthase. Also present are a large
number of sympathetic nerve connections, which
are also related to efficient generation of heat. New-
born humans have a small amount of brown fat,
and in newborn rabbits it accounts for 5-6% of the
body weight.’~4 Tt is especially abundant in species
born without fur and in hibernating animals.
Swordfish also have a large mass of brown adipose
tissue that protects their brains from rapid cooling
when traveling into cold water.?

The properties of brown fat pose an interesting
biochemical question. Is the energy available from
electron transport in the mitochondria dissipated
as heat because ATP synthesis is uncoupled from
electron transport? Or does ATP synthesis take
place but the resulting ATP is hydrolyzed wastefully
through the action of ATPases? Part of the answer
came from the discovery that mitochondria of
brown fat cells synthesize a 32-kDa uncoupling
protein (UCP1 or thermogenin). It is incorporated
into the inner mitochondrial membranes where it
may account for 10-15% of total protein.4-f This
protein, which is a member of a family of mitochon-
drial membrane metabolic carriers (Table 18-8),
provides a “short-circuit” that allows the protonmo-
tive force to be dissipated rapidly, perhaps by a flow
of protons out through the uncoupling protein.&-
Synthesis of the uncoupling protein is induced by
exposure to cold, but when an animal is warm the
uncoupling action is inhibited.

The uncoupling protein resembles the ATP/ADP
and phosphate anion carriers (Table 18-8),51 which
all have similar sizes and function as homodimers.
Each monomeric subunit has a triply repeated ~100-
residue sequence, each repeat forming two trans-
membrane helices. Most mitochondrial transporters
carry anions, and UCP1 will transport CI"" How-
ever, the relationship of chloride transport to its real
function is unclear. Does the protein transport H*
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into, or does it carry HO™ out from, the mitochon-
drial matrix?8" Another possibility is that a fatty
acid anion binds H* on the intermembrane surface
and carries it across into the matrix as an unionized
fatty acid. The fatty acid anion could then pass back
out using the anion transporter function and assisted
by the membrane potential."

The uncoupling protein is affected by several
control mechanisms. It is inhibited by nucleotides
such as GDP, GTP, ADP, and ATP which may bind at
a site corresponding to that occupied by ATP or ADP
in the ADP/ATP carrier.! Uncoupling is stimulated
by noradrenaline,’ which causes a rapid increase in
heat production by brown fat tissues, apparently
via activation of adenylate cyclase. Uncoupling is
also stimulated by fatty acids. Recently UCP1 and
related uncoupling proteins have been found to
require both fatty acids and ubiquinone for
activityJik

It has been suggested that brown adipose tissue
may also function to convert excess dietary fat into
heat and thereby to resist obesity.*"™ Mice lacking
the gene for the mitochondrial uncoupling protein
are cold-sensitive but not obese. However, other
proteins, homologous to UCP1, have been discov-
ered. They may partially compensate for the loss. ™"

The bombardier beetle generates a hot, quinone-
containing defensive discharge, which is sprayed
in a pulsed jet from a special reaction chamber at a
temperature of 100°C.""P The reaction mixture of
25% hydrogen peroxide and 10% hydroquinone
plus methylhydroquinone is stored in a reservoir as
shown in the accompanying figure and reacts with
explosive force when it comes into contact with
catalase and peroxidases in the reaction chamber.
The synthesis and storage of 25% H,O, poses inter-
esting biochemical questions!

Some plant tissues are thermogenic. For exam-
ple, the spadix (or inflorescence, a sheathed floral
spike) of the skunk cabbage Symplocarpus foetidus
can maintain a 15-35°C higher temperature than
that of the surrounding air.9 The voodoo lily in a
single day heats the upper end of its long spadex
to a temperature 22°C above ambient, volatilizing
a foul smelling mixture of indoles and amines."*
This is accomplished using the alternative oxidase
system® (Box D in Fig. 18-6). The lotus flower main-
tains a temperature of 30—35°C, while the ambient
temperature may vary from 10-30°C.! While the
volatilization of insect attractants may be the primary
role for thermogenesis in plants, the warm flowers
may also offer an important reward to insect polli-
nators. Beetles and bees require thoracic tempera-
tures above 30°C to initiate flight and, therefore,
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benefit from the warm flowers.! While in flight bees
vary their metabolic heat production by altering
their rate of flight, hovering, and other changes in
physical activity."

Reservoir

Vestibule

O, + + H0, E, for enzyme

m, muscle that controls valve

(@)

Reservoir and reaction vessel of the bombardier beetle.
From D. J. Aneshansley, et al."
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bringing in ADP*~ and exporting ATP* in an exchange
driven by Ap. However, an electroneutral exchange,
e.g., of ADP? for ATP*, may also be possible. The car-
rier is an ~300-residue 32-kDa protein, which is spe-
cifically inhibited by the plant glycoside atractyloside
or the fungal antibiotic bongkrekate. The carrier is
associated with bound cardiolipin.?®! This one trans-
porter accounts for ~10% of all of the mitochondrial
protein.302303

A separate dimeric carrier allows P; to enter, prob-
ably as H,PO, 304305 This jon enters mitochondria in
an electroneutral fashion, either in exchange for OH-
or by cotransport with H*. A less important carrier®%
exchanges HPO,? for malate?". Several other trans-
porters help to exchange organic and inorganic ions.
One of them allows pyruvate to enter mitochondria
in exchange for OH™ or by cotransport with H*. Some
of the identified carriers are listed in Table 18-8. As
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discussed in Chapter 8, exchange carriers are also
important in plasma membranes of organisms from
bacteria to human beings. For example, many meta-
bolites enter cells by cotransport with Na* using the
energy of the Na* gradient set up across the membrane
by the Na*,K* pump.

Under some circumstances the inner membrane
develops one or more types of large-permeability pore.
An increase in Ca?* may induce opening of an unselective
pore which allows rapid uptake of Ca?*+.294307,307a A
general anion-specific channel may be involved in
volume homeostasis of mitochondria.3%

Mitochondria are not permeable to NADH. How-
ever, reactions of glycolysis and other dehydrogenations
in the cytoplasm quickly reduce available NAD* to
NADH. For aerobic metabolism to occur, the “reducing
equivalents” from the NADH must be transferred into
the mitochondria. Fungi and green plants have solved
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the problem by providing two NADH dehydrogenases
embedded in the inner mitochondrial membranes (Fig.
18-6). One faces the matrix space and oxidizes the
NADH produced in the matrix while the second faces

outward to the intermembrane space and is able to
oxidize the NADH formed in the cytoplasm. In ani-
mals the reducing equivalents from NADH enter the
mitochondria indirectly. There are several mecha-
nisms, and more than one may function simulta-

neously in a tissue.

phosphate by the FAD-containing glycerol-phosphate

In insect flight muscle, as well as in many mam-
malian tissues, NADH reduces dihydroxyacetone
phosphate. The resulting sn-3-glycerol P passes
through the permeable outer membrane of the mito-
chondria, where it is reoxidized to dihydroxyacetone

dehydrogenase embedded in the outer surface of the
inner membrane (Figs. 18-5, 18-6). The dihydroxyac-
etone can then be returned to the cytoplasm. The
overall effect of this glycerol-phosphate shuttle

(Fig. 18-18A) is to provide for mitochondrial oxidation

of NADH produced in the cytoplasm. In heart and
liver the same function is served by a more complex

TABLE 18-8
Some Mitochondrial Membrane Transporters?

Ion DiffusingIn  Ion Diffusing Out Comment®
ADP* ATP*-

or ADP*- ATP+ Electrogenic symport
H,PO, + H* Electroneutral symport
or H,PO,~ OH~

HPO,* Malate?”

Malate? 2-Oxoglutarate?

Glutamate? + H*  Aspartate?”

Glutamate™ OH-

Pyruvate™ OH~-

or Pyruvate™ + H*

Electroneutral symport

Citrate® + H* Malate?
Ornithine* H*
Acylcarnitine Carnitine
2 Na* Ca?*

H* K*

H* Na*

General transporters

VDAC (porin)

Large anion pores

Outer membrane

Inner membrane

2 From Nicholls and Ferguson!’? and Tyler*.
Unless indicated otherwise the transporters are antiporters that
catalyze an electroneutral ion exchange.

o
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malate-aspartate shuttle (Fig. 18-18B).3% Reduction
of oxaloacetate to malate by NADH, transfer of malate
into mitochondria, and reoxidation with NAD* accom-
plishes the transfer of reduction equivalents into the
mitochondria. Mitochondrial membranes are not very
permeable to oxaloacetate. It returns to the cytoplasm
mainly via transamination to aspartate, which leaves
the mitochondria together with 2-oxoglutarate. At

the same time glutamate enters the mitochondria in
exchange for aspartate. The 2-oxoglutarate presumably
exchanges with the entering malate as is indicated in
Fig. 18-18B. The export of aspartate may be energy-
linked as a result of the use of an electrogenic carrier
that exchanges glutamate™ + H* entering mitochondria
for aspartate™ leaving the mitochondria. Thus, Ap may
help to expel aspartate from mitochondria and to drive
the shuttle.

The glycerol-phosphate shuttle, because it depends
upon a mitochondrial flavoprotein, provides ~ 2 ATP per
electron pair (P/ O = 2), whereas the malate-aspartate
shuttle may provide a higher yield of ATP. The glycerol-
phosphate shuttle is essentially irreversible, but the
reactions of the malate-aspartate shuttle can be reversed
and utilized in gluconeogenesis (Chapter 17).

E. Energy from Inorganic Reactions

Some bacteria obtain all of their energy from inor-
ganic reactions. These chemolithotrophs usually
have a metabolism that is similar to that of hetero-
trophic organisms, but they also have the capacity to
obtain all of their energy from an inorganic reaction.
In order to synthesize carbon compounds they must
be able to fix CO, either via the reductive pentose
phosphate cycle or in some other way. The chloro-
plasts of green plants, using energy from sunlight,
supply the organism with both ATP and the reducing
agent NADPH (Chapter 17). In a similar way the
lithotrophic bacteria obtain both energy and reducing
materials from inorganic reactions.

Chemolithotrophic organisms often grow slowly,
making study of their metabolism difficult.3!° Never-
theless, these bacteria usually use electron transport
chains similar to those of mitochondria. ATP is
formed by oxidative phosphorylation, the amount
formed per electron pair depending upon the number
of proton-pumping sites in the chain. This, in turn,
depends upon the electrode potentials of the reactions
involved. For example, H,, when oxidized by O,, leads
to passage of electrons through the entire electron
transport chain with synthesis of ~3 molecules of ATP
per electron pair. On the other hand, oxidation by O,
of nitrite, for which E* (pH 7) = +0.42 V, can make use
only of the site III part of the chain. Not only is the
yield of ATP less than in the oxidation of H, but also
there is another problem. Whereas reduced pyridine
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Figure 18-18 (A) The glycerol-
phosphate shuttle and (B) the
malate-aspartate shuttle for trans-
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mitochondria. The heavy arrows
trace the pathway of the electrons
(as 2H) transported.

nucleotides needed for biosynthesis can be generated
readily from H,, nitrite is not a strong enough reducing
agent to reduce NAD* to NADH. The only way that
reducing agents can be formed in cells utilizing oxi-
dation of nitrite as an energy source is via reverse
electron flow driven by hydrolysis of ATP or by Ap.
Such reverse electron flow is a common process for
many chemolithotrophic organisms.

Let us consider the inorganic reactions in two
groups: (1) oxidation of reduced inorganic compounds
by O, and (2) oxidation reactions in which an inorganic
oxidant, such as nitrate or sulfate, substitutes for O,.
The latter reactions are often referred to as anaerobic
respiration.

1. Reduced Inorganic Compounds as
Substrates for Respiration

The hydrogen-oxidizing bacteria. Species from
several genera including Hydrogenomonas, Pseudomonas,
and Alcaligenes oxidize H, with oxygen:

H,+1/20,—- H,0O

AG° = -237.2 k] mol! (18-15)

Some can also oxidize carbon monoxide:

CO+1/20,—- CO,
AGP° =-257.1 k] mol™! (18-16)
The hydrogen bacteria can also oxidize organic
compounds using straightforward metabolic path-
ways. The key enzyme is a membrane-bound nickel-
containing hydrogenase (Fig. 16-26), which delivers
electrons from H, into the electron transport chain.31%2
A second soluble hydrogenase (sometimes called hy-
drogen dehydrogenase) transfers electrons to NADP*
to form NADPH for use in the reductive pentose phos-
phate cycle and for other biosynthetic purposes.

Nitrifying bacteria. Two genera of soil bacteria
oxidize ammonium ion to nitrite and nitrate (Eqs. 18-17

and 18-18).31

NH,*+3/2 0, - NO,™ + 2 H* + H,O (Nitrosomonas)

AG’ (pH 7) = =272 k] mol™ (18-17)
NO,™ +1/2 O, = NO;~ (Nitrobacter)
AG’ (pH 7) = -76 k] mol™ (18-18)

The importance of these reactions to the energy
metabolism of the bacteria was recognized in 1895
by Winogradsky, who first proposed the concept of
chemiautotrophy. Because the nitrifying bacteria grow
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slowly (generation time ~10-12 h) it has been hard to
get enough cells for biochemical studies and progress
has been slow. The reaction catalyzed by Nitrosomonas
(Eq. 18-17) is the more complex; it occurs in two or
more stages and is catalyzed by two enzymes as illus-
trated in Fig. 18-19. The presence of hydrazine blocks
oxidation of hydroxylamine (NH,OH) in step b and
permits that intermediate to accumulate. The oxida-
tion of ammonium ion by O, to hydroxylamine (step a)
is endergonic with AG’ (pH 7) = 16 k] mol™ and is
incapable of providing energy to the cell. It occurs by
a hydroxylation mechanism (see Section G). On the
other hand, the oxidation of hydroxylamine to nitrite
by O, in step b is highly exergonic with AG” (pH 7) =
-228 k] mol™!. The hydroxylamine oxidoreductase
that catalyzes this reaction is a trimer of 63-kDa sub-
units, each containing seven c-type hemes and an
unusual heme P450, which is critical to the enzyme’s
function®?-314a and which is covalently linked to a
tyrosine as well as to two cysteines.

The electrode potentials for the two- and four-
electron oxidation steps are indicated in Fig. 18-19. It
is apparent that step b can feed four electrons into the
electron transport system at about the potential of
ubiquinone. Two electrons are needed to provide a
cosubstrate (Section G) for the ammonia monooxy-
genase and two could be passed on to the terminal
cytochrome aa; oxidase. The stoichiometry of proton
pumping in complexes Il and IV is uncertain, but if it
is assumed to be as shown in Fig. 18-19 and similar to
that in Fig. 18-5, there will be ~13 protons available to
be passed through ATP synthase to generate ~3 ATP
per NH; oxidized. However, to generate NADH for
reductive biosynthesis Nitrosomonas must send some
electrons to NADH dehydrogenase (complex I) using
reverse electron transport, a process that depends
upon Ap to drive the reaction via a flow of protons
through the NADH dehydrogenase from the peri-
plasm back into the bacterial cytoplasm (Fig. 18-19).

Nitrobacter depends upon a simpler energy-
yielding reaction (Eq. 18-18) with a relatively small
Gibbs energy decrease. The two-electron oxidation
delivers electrons to the electron transport chain at
E® =+0.42 V. The third oxygen in NO;~ originates
from H,O, rather than from O, as might be suggested
by Eq. 18-18.316317 It is reasonable to anticipate that a
single molecule of ATP should be formed for each pair
of electrons reacting with O,. However, Nitrobacter
contains a confusing array of different cytochromes in
its membranes.®! Some of the ATP generated by pas-
sage of electrons from nitrite to oxygen must be used to
drive a reverse flow of electrons through both a be;-type
complex and NADH dehydrogenases. This generates
reduced pyridine nucleotides required for biosynthetic
reactions (Fig. 18-20).

An interesting feature of the structure of Nitrobacter
is the presence of several double-layered membranes

Chapter 18. Electron Transport, Oxidative Phosphorylation, and Hydroxylation

Periplasm Membrane Cytoplasm
NADH I NADH
dehydrogenase
H* = H*
3 NAD* + H*
Vad NH,OH . Reversed

\ electron
*, transport

+0.06 V

Hydroxylamine
oxidoreductase

Cytochrome be,

complex

NH, sH*
O,
2H*

+0.90 V

H,0
N~ NH,OH

41t

Cytochrome aa,
oxidase

Figure 18-19 The ammonia oxidation system of the bac-
terium Nitrosomonas. Oxidation of ammonium ion (as free
NHs;) according to Eq. 18-17 is catalyzed by two enzymes.
The location of ammonia monooxygenase (step a) is uncer-
tain but hydroxylamine oxidoreductase (step b) is periplas-
mic. The membrane components resemble complexes I, I1I,
and IV of the mitochondrial respiratory chain (Fig. 18-5) and
are assumed to have similar proton pumps. Solid green lines
trace the flow of electrons in the energy-producing reactions.
This includes flow of electrons to the ammonia monoxy-
genase. Complexes IIl and IV pump protons out but complex
I catalyzes reverse electron transport for a fraction of the
electrons from hydroxylamine oxidoreductase to NAD*.
Modified from Blaut and Gottschalk.31%

which completely envelop the interior of the cell.
Nitrite entering the cell is oxidized on these mem-
branes and cannot penetrate to the interior, where it
might have toxic effects.

The sulfur-oxidizing bacteria. Anaerobic condi-
tions prevail in marine sediments, in poorly stirred
swamps, and around hydrothermal vents at the bottom
of the sea. Sulfate-reducing bacteria form high con-
centrations (up to mM) of H,S (in equilibrium with
HS and $*)318-320 This provides the substrate for bac-
teria of the genus Thiobacillus, which are able to oxidize
sulfide, elemental sulfur, thiosulfate, and sulfite to sulfate
and live where the aerobic and anaerobic regions
meet.311321-323 Most of these small gram-negative
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Figure 18-20 Electron transport system for oxidation of the
nitrite ion to the nitrate ion by Nitrobacter. Only one site of
proton pumping for oxidative phosphorylation is available.
Generation of NADH for biosynthesis requires two stages of
reverse electron transport.

organisms, found in water and soil, are able to grow in
a simple salt medium containing an oxidizable sulfur
compound and CO,. One complexity in understanding
their energy-yielding reactions is the tendency of sulfur
to form chain molecules. Thus, when sulfide is oxi-
dized, it is not clear that it is necessarily converted to
monoatomic elemental sulfur as indicated in Eq. 18-19.
Elemental sulfur (Sg°) often precipitates. In Beggiotoa,
another sulfide-oxidizing bacterium, sulfur is often
seen as small globules within the cells. Fibrous sulfur
precipitates are often abundant in the sulfide-rich
layers of ponds, lakes, and oceans.?!8

H,S

(4] I\> 2H' + 26
SU

3H,0
0 6H™ + 4e”

50,2

e
Sulfite
oxidase 2HY +2¢”

SO, (18-19)

The reactions of Eq. 18-19 occur in the periplasmic
space of some species.3153233324 Gteps g and b of
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Eq. 18-19 are catalyzed by a 67-kDa sulfide dehydro-
genase in the periplasm of a purple photosynthetic
bacterium.?* The enzyme consists of a 21-kDa sub-
unit containing two cytochrome c-like hemes, presum-
ably the site of binding of $*-, and a larger 46-kDa
FAD-containing flavoprotein resembling glutathione
reductase.’”* The molybdenum-containing sulfite
oxidase (Fig. 16-32), which is found in the intermem-
brane space of mitochondria, may be present in the
periplasmic space of these bacteria. However, there is
also an intracellular pathway for sulfite oxidation (see
Eq. 18-22).

The sulfide-rich layers inhabited by the sulfur
oxidizers also contain thiosulfate, S,0;>". It may arise,
in part, from reaction of glutathione with elemental
sulfur:

(18-20)
GSH + S > G—S—S;—H

The linear polysulfide obtained by this reaction may
be oxidized, the sulfur atoms being removed from the
chain either one at a time to form sulfite or two ata
time to form thiosulfate.’?23222 Thiosulfate is oxidized
by all species, the major pathway beginning with
cleavage to S’ and SO;> (Eq. 18-21, step ). At high
thiosulfate concentrations some may be oxidized to
tetrathionate (step b), which is hydrolyzed to sulfate

(step c).

§—Ss0,” —> $%+ 50,2~
Thiosulfate

0 \> 2¢" —> cyte
“0,5—S5—S—S0,~
Tetrathionite

H,0
o)

2H+</\> S—S0,” +$°

SO,*

(18-21)

Oxidation of sulfite to sulfate within cells occurs
by a pathway through adenosine 5'-phosphosulfate
(APS, adenylyl sulfate). Oxidation via APS (Eq. 18-22)
provides a means of substrate-level phosphorylation,

SO+ 0O O
2e” 10 \ 7/ Adenine
N P ©
0O—S5—0 ¢}
V4
(€]
OH OH
AMP Adenosine 5’-phosphosulfate (APS)

ol
ADP S0,
7N :

ATP  ADP (18-22)
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the only one known among chemolithotrophic bacteria.
No matter which of the two pathways of sulfite oxi-
dation is used, thiobacilli also obtain energy via elec-
tron transport. With a value of E*” (pH 7) of -0.454 V
[E®” (pH 2) =-0.158 V] for the sulfate-sulfite couple
an abundance of energy may be obtained. Oxidation
of sulfite to sulfate produces hydrogen ions. Indeed,
pH 2 is optimal for the growth of Thiobacillus thiooxidans,
and the bacterium withstands 5% sulfuric acid.3??

The “iron bacterium” Thiobacillus ferrooxidans
obtains energy from the oxidation of Fe?* to Fe3* with
subsequent precipitation of ferric hydroxide (Eq. 18-23).
However, it has been recognized recently that a pre-
viously unknown species of Archaea is much more
important than T. ferrooxydans in catalysis of this
reaction.3?4

120, H,O
2 Fe** 2 Fedt
6 H,0
2H*
6HT
2 Fe (OH), (18-23)

Since the reduction potential for the Fe(II) / Fe(IlI)
couple is + 0.77 V at pH 7, the energy obtainable in
this reaction is small. These bacteria always oxidize
reduced sulfur compounds, too. Especially interesting
is their oxidation of pyrite, ferrous sulfide (Eq. 18-24).
The Gibbs energy change was calculated from pub-
lished data®® using a value of G;° for Fe (OH); of

2 FeS +41/2 0, + 5 H,0O — 2 Fe(OH); + 2 SO, + 4 H*
AG’ (pH 2) = 1340 k] (18-24)

—688 k] mol! estimated from its solubility product.
Because sulfuric acid is generated in this reaction, a
serious water pollution problem is created by the
bacteria living in abandoned mines. Water running
out of the mines often has a pH of 2.3 or less.?2

Various invertebrates live in S*-containing waters.
Among these is a clam that has symbiotic sulfur-
oxidizing bacteria living in its gills. The clam tissues
apparently carry out the first step in oxidation of the
sulfide.’”” Among the animals living near sulfide-rich
thermal vents in the ocean floor are giant 1-meter-long
tube worms. Both a protective outer tube and sym-
biotic sulfide-oxidizing bacteria protect them from
toxic sulfides.319320

2. Anaerobic Respiration
Nitrate as an electron acceptor. The use of nitrate

as an alternative oxidant to O, is widespread among
bacteria. For example, E. coli can subsist anaerobically

by reducing nitrate to nitrite (Eq. 18-25).3112 The
respiratory (dissimilatory) nitrate reductase that

NO; +2H* + 2¢- - NO,” + H,O
E” (pH7) =+0.421V (18-25)
catalyzes the reaction is a large three-subunit molyb-
denum-containing protein. The enzyme is present in
the plasma membrane, and electrons flow from
ubiquinone through as many as six heme and Fe-S
centers to the molybdenum atom.32832° A second
molybdoenzyme, formate dehydrogenase (discussed
in Chapter 16), appears to be closely associated with
nitrate reductase. Formate is about as strong a reduc-
ing agent as NADH (Table 6-8) and is a preferred
electron donor for the reduction of NO;~ (Eq. 18-26).32%2b
Since cytochrome c oxidase of the electron transport
chain is bypassed, one less ATP is formed than when
O, is the oxidant. Nitrate is the oxidant preferred by
bacteria grown under anaerobic conditions. The

HCOO- + NO,~ + H* — NO,” + CO, + H,0
AG’ (pH 7) = 165 k] mol™! (18-26)

presence of NO;™ induces the synthesis of nitrate
reductase and represses the synthesis of alternative
enzymes such as fumarate reductase,’>*! which
reduces fumarate to succinate (see also p. 1027). On
the other hand, if NO;™ is absent and fumarate, which
can be formed from pyruvate, is present, synthesis of
fumarate reductase is induced. Although it is a much
weaker oxidant than is nitrate (E° = 0.031 V), fumarate
is still able to oxidize H, or NADH with oxidative
phosphorylation. Like the related succinate dehydro-
genase, fumarate reductase of E. coli is a flavoprotein
with associated Fe /S centers. It contains covalently
linked FAD and Fe,S,, Fe,S,, and three-Fe iron—sulfur
centers.?3? In some bacteria a soluble periplasmic
cytochrome c; carried out the fumarate reduction
step.3322 Trimethylamine N-oxide®%3% or dimethyl-
sulfoxide (DMSO; Eq. 16-62)33433% can also serve as
alternative oxidants for anaerobic respiration using
appropriate molybdemum-containing reductases
(Chapter 16).

Reduction of nitrite: denitrification. The nitrite
formed in Eq. 18-25 is usually reduced further to ammo-
nium ions (Eq. 18-27). The reaction may not be impor-
tant to the energy metabolism of the bacteria, but it
provides NH,* for biosynthesis. This six-electron
reduction is catalyzed by a hexaheme protein containing
six c-type hemes bound to a single 63-kDa polypeptide
chain.33%337

NO,” +8H*+6¢ —2H,0+ NH,* (18-27)

Several types of denitrifying bacteria®!>338-340



use either nitrate or nitrite ions as oxidants and reduce
nitrite to N,. A typical reaction for Micrococcus denitri-
ficans is oxidation of H, by nitrate (Eq. 18-28). Thioba-
cillus denitrificans, like other thiobacilli, can oxidize

5H,+2NO; +2H" - N, + 6 H,O
AG’ (pH 7) = =561 k] mol™ of nitrate reduced or
-224 k] mol™! of H, oxidized (18-28)

sulfur as well as H,S or thiosulfate using nitrate as the
oxidant (Eq. 18-29):

55+ 6NO; +2H,0—5S0,7+3N, +4H*
AG’ (pH 7) = —455 k] mol™ of nitrate reduced or
—546 k] mol™! of S oxidized (18-29)

The reactions begin with reduction of nitrate to nitrite
(Eq. 18-25) and continue with further reduction of
nitrite to nitric oxide, NO; nitrous oxide, N,O; and
dinitrogen, N,. A probable arrangement of the four
enzymes needed for the reactions of Eq. 18-30 in Para-
coccus denitrificans is shown in Fig. 18-21. See also pp.
884, 885.

Two types of dissimilatory nitrite reductases cata-
lyze step b of Eq. 18-30. Some bacteria use a copper-
containing enzyme, which contains a type 1 (blue)
copper bound to a 3 barrel domain of one subunit
and a type 2 copper at the catalytic center. The type 1
copper is thought to receive electrons from the small

copper-containing carrier pseudoazurin (Chapter
16).341-342b

NO,*~
2e |, -2HT
o\ ( Nitrate reductase
H,0O  (Eq 18-25)
NO,”
e~]2H"
0\ C Nitrite reductase
H,O
NO 2 NO

o Nitric oxide reductase
N,O

o Nitrous oxide reductase

N, (18-30)

More prevalent is cytochrome cd, nitrite reduc-
tase.340343-346 The water-soluble periplasmic enzyme
is a homodimer of ~60-kDa subunits, each containing
a c-type heme in a small N-terminal domain and heme
d,, a ferric dioxoisobacteriochlorin (Fig. 16-6). The
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Figure 18-21 Organization of the nitrate reduction system
in the outer membrane of the bacterium Paracoccus dinitrifi-
cans as outlined by Blaut and Gottschalk.3'® The equations
are not balanced as shown but will be balanced if two NO;~
ions are reduced to N, by five molecules of NADH (see also
Eq. 18-28). Although this will also require seven protons,
about 20 additional H* will be pumped to provide for ATP
synthesis.

latter is present in the central channel of an eight-blad-
ed B-sheet propeller3#>-34%s similar to that in Fig. 15-23A.
The heme 4, is unusual in having its Fe atom ligated by
a tyrosine hydroxyl oxygen, which may
be displaced to allow binding of NO;™. The electron
required for the reduction is presumably transferred
from the electron transfer chain in the membrane to the
heme d, via the heme ¢ group.?*” Cytochrome cd, nitrite
reductases have an unexpected second enzymatic activ-
ity. They catalyze the four-electron reduction of O, to
H,0, as does cytochrome c oxidase. However, the rate
is much slower than that of nitrite reduction 340348

The enzyme catalyzing the third step of Eq.
18-30 (step c), nitric oxide reductase, is an unstable
membrane-bound protein cytochrome be complex.3#:350
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It has been isolated as a two-subunit protein, but
genetic evidence suggests the presence of additional
subunits.?® The small subunit is a cytochrome ¢, while
the larger subunit is predicted to bind two protohemes
as well as a nonheme iron center. This protein also
shows sequence homology with cytochrome ¢ oxidase.
It contains no copper, but it has been suggested that a
heme b—nonheme Fe center similar to the heme a—Cu,
center of cytochrome ¢ oxidase may be present. It may
be the site at which the nitrogen atoms of two molecules
of NO are joined to form N,0.359351 A different kind of
NO reductase is utilized by the denitrifying fungus
Fusarium oxysporum. It is a cytochrome P450 but with
an unusually low redox potential (—0.307 V). This
cytochrome P450,,,, does not react with O, (as in Eq.
18-57) but binds NO to its heme Fe®*, reduces the com-
plex with two electrons from NADH, then reacts with
a second molecule of NO to give N,O and H,0.352

Reduction of N,O to N, by bacteria (Eq. 18-30, step
d) is catalyzed by the copper-containing nitrous oxide
reductase. The purple enzyme is a dimer of 66-kDa
subunits, each containing four atoms of Cu.% It has
spectroscopic properties similar to those of cytochome
c oxidase and a dinuclear copper—thiolate center simi-
lar to that of Cu, in cytochrome c oxidase (p. 1030).
The nature of the active site is uncertain.?>*

Sulfate-reducing and sulfur-reducing bacteria.
A few obligate anaerobes obtain energy by using
sulfate ion as an oxidant.>®3%% For example, Desulfo-
vibrio desulfuricans catalyzes a rapid oxidation of H,
with reduction of sulfate to H,S (Eq. 18-31).

4H, + SO,> + 2 H* - H,S + 4 H,0
AG’ (pH 7) = =154 k] mol™ of sulfate reduced
(18-31)

While this may seem like an esoteric biological process,
the reaction is quantitatively significant. For example,
it has been estimated that within the Great Salt Lake
basin bacteria release sulfur as H,S in an amount of
10* metric tons (107 kg) per year.”

The reduction potential for sulfate is extremely low
(E”, pH7 =-0.454 V), and organisms are not known
to reduce it directly to sulfite. Rather, a molecule of
ATP is utilized to form adenosine 5'-phosphosulfate
(APS) through the action of ATP sulfurylase
(ATP:sulfate adenylyltransferase, Eq. 17-38).3583%

APS is then reduced by cytochrome c; (Eq. 18-32,

step b). The 13-kDa low-potential (E*’, pH 7 =0.21 V)
cytochrome c; contains four heme groups (Figure 16-8C)
and is found in high concentration in sulfate-reducing
bacteria.?036! Some of these bacteria have larger poly-
heme cytochromes ¢.>*12 For example, Desulfovibrio
vulgaris forms a 514-residue protein carrying 16 hemes
organized as four cytochrome c;-like domains.?¢? Each
heme in cytochrome c; has a distinct redox potential
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within the range —0.20 to —0.40 V.361-363

APS is reduced (Eq. 18-32, step b) by APS reductase,
a 220-kDa iron—sulfur protein containing FAD and
several Fe—S clusters. An intermediate in the reaction
may be the adduct of sulfite with FAD, which may
be formed as in Eq. 18-32. The initial step in this
hypothetical mechanism is displacement on sulfur
by a strong nucleophile generated by transfer of elec-
trons from reduced ferredoxin to cytochrome c; to the
flavin.364

Cytcy

+
50,2 R HY 9

O O
I - FAD
Adenosine — O — P\/ © //O
) _
O—s—O0O
N\
(¢]
APS
Adenosine 5’-phosphosulfate (APS) reductase
or adenylyl sulfate

(18-32)

Bisulfite produced according to Eq. 18-32 is reduced
further by a sulfite reductase, which is thought to
receive electrons from flavodoxin, cyt c;, and a hydro-
genase. ATP synthesis is coupled to the reduction.
Sulfite reductases generally contain both siroheme and
Fe,S, clusters (Fig. 16-19). They appear to be able to
carry out the 6-electron reduction to sulfide without
accumulation of intermediates.30>3¢ However, in
contrast to the assimilatory sulfite reductases present
in many organisms, the dissimilatory nitrite reductases
of sulfur-reducing bacteria may also release some
thiosulfate S,0,27.%7 A possible role of menaquinone
(vitamin K,), present in large amounts in Desulfovibrio,
has been suggested.3!! Although Desulfovibrio can
obtain their energy from Eq. 18-31, they are not true
autotrophs and must utilize compounds such as acetate
together with CO, as a carbon source.



Some thermophilic archaeobacteria are able to live
with CO, as their sole source of carbon and reduction
of elemental sulfur with H, (Eq. 18-33) as their sole
source of energy.368:369

H, +S° — H,S
AG® = -27.4 k] mol™ (18-33)
This is remarkable in view of the small standard Gibbs
energy decrease. Some species of the archaeobacteri-
um Sulfolobus are able either to live aerobically oxidiz-
ing sulfide to sulfate with O, (Eq. 18-22) or to live
anaerobically using reduction of sulfur by Eq. 18-33 as
their source of energy.>®

The sulfate-reducing bacterium Desulfovibrio sulfo-
dismutans carries out what can be described as “inor-
ganic fermentations” which combine the oxidation of
compounds such as sulfite or thiosulfate (as observed
for sulfur-oxidizing bacteria; Eq. 18-22), with reduction
of the same compounds (Eq. 18-34).370370a Dismutation
of 5,057 plus H,O to form SO,* and H,S also occurs
but with a less negative Gibbs energy change.

4 SO4* + H* - 350,> + HS™
AG’ (pH7) =-185k]/mol (18-34)

A strain of Pseudomonas obtains all of its energy by

reducing sulfate using phosphite, which is oxidized

to phosphate.37%

Methane bacteria. The methane-producing
bacteria (Chapter 15) are also classified as chemi-
autotrophic organisms. While they can utilize sub-
stances such as methanol and acetic acid, they can
also reduce CO, to methane and water using H, (Fig.
15-22). The electron transport is from hydrogenase,
perhaps through ferredoxin to formate dehydrogen-
ase and via the deazaflavin F,,, and NADP* to the
methanopterin-dependent dehydrogenases that carry
out the stepwise reduction of formate to methyl
groups (Fig. 16-28). Generation of ATP probably
involves proton pumps, perhaps in internal coupling
membranes 315371

F. Oxygenases and Hydroxylases

For many years the idea of dehydrogenation
dominated thinking about biological oxidation.
Many scientists assumed that the oxygen found in
organic substances always came from water, e.g.,
by addition of water to a double bond followed by
dehydrogenation of the resulting alcohol. Neverthe-
less, it was observed that small amounts of O, were
essential, even to anaerobically growing cells.?2
In 1955, Hayaishi and Mason independently demon-
strated that 80 was sometimes incorporated into
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organic compounds directly from 80, as in Eq. 18-35.
Today a bewildering variety of oxygenases are

OH 18
Catechol
1,2- dioxygenase / COOH
+ 1802 _ 18
“ COOH
OH N

Catechol Cis,cis-muconic acid

(18-35)

known to function in forming such essential metabo-
lites as sterols, prostaglandins, and active derivatives
of vitamin D. Oxygenases are also needed in the
catabolism of many substances, often acting on non-
polar groups that cannot be attacked readily by other
types of enzyme.?”?

Oxygenases are classified either as dioxygenases
or as monooxygenases. The monooxygenases are
also called mixed function oxidases or hydroxylases.
Dioxygenases catalyze incorporation of two atoms of
oxygen as in Eq. 18-35, but monooxygenases incorpo-
rate only one atom. The other oxygen atom from the
O, is converted to water. A typical monooxygenase-
catalyzed reaction is the hydroxylation of an alkane
to an alcohol (Eq. 18-36).

0, H,0
H,C— (CH,), — CH, %-% H,C— (CH,), — CH,OH
BH, B
(cosubstrate) (18-36)

A characteristic of the monooxygenases is that an
additional reduced substrate, a cosubstrate (BH, in
Eq. 18-36), is usually required to reduce the second
atom of the O, molecule to H,O.

Since O, exists in a “triplet” state with two un-
paired electrons, it reacts rapidly only with transition
metal ions or with organic radicals (Chapter 16). For
this reason, most oxygenases contain a transition metal
ion, usually of iron or copper, or contain a cofactor,
such as FAD, that can easily form a radical or act on a
cosubstrate or substrate to form a free radical.

1. Dioxygenases

Among the best known of the oxygenases that
incorporate both atoms of O, into the product are
those that participate in the biological degradation
of aromatic compounds by cleaving double bonds at
positions between two OH groups as in Eq. 18-35 or
adjacent to one OH group of an ortho or para hydroxyl
pair.®”? A much studied example is protocatechuate
3,4-dioxygenase,’”>-3"5 which cleaves its substrate
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between the two OH groups (intradiol cleavage) as in
Eq. 18-35. A different enzyme, protocatechuate 4,5-
dioxygenase,*” cleaves the same substrate next to just
one of the two OH groups (extradiol cleavage; Eq. 18-37)
to form the aldehyde a-hydroxy-8-carboxymuconic
semialdehyde. Another extradiol cleaving enzyme,
protocatechuate 2,3-dioxygenase, acts on the same
substrate. Many other dioxygenases attack related
substrates.37¢-30 Intradiol-cleaving enzymes are usually
iron-tyrosinate proteins (Chapter 16) in which the

COO™ COO™

Protocatechuate
4,5- dioxygenase /

=
o © - H

OH (18-37)

iron is present in the Fe(III) oxidation state and remains
in this state throughout the catalytic cycle.’”> The
enzymes usually have two subunits and no organic
prosthetic groups. For example, a protocatechuate
3,4-dioxygenase from Pseudomonas has the composi-
tion (affFe);, with subunit masses of 23 (o) and 26.5
(B) kDa. The iron is held in the active site cleft between
the oo and B subunits by Tyr 408, Tyr 447, His 460, and
His 462 of the B subunit and a water molecule.?”
These enzymes and many other oxygenases probably
assist the substrate in forming radicals that can react
with O, to form organic peroxides. Some plausible
intermediate species are pictured in Fig. 18-22. The
reactions are depicted as occurring in two-electron
steps. However, O, is a diradical, and it is likely that
the Fe?*, which is initially coordinated to both pheno-
late groups of the ionized substrate, assists in forming
an organic free radical that reacts with O,.

Extradiol dioxygenases have single Fe?* ions in
their active sites. The O, probably binds to the Fe?* and
may be converted transiently to an Fe**-superoxide
complex which adds to the substrate. Some extradiol
dioxygenases require an Fe,S, ferredoxin to reduce
any Fe®*-enzyme that is formed as a side reaction back
to the Fe?* state.?! Possible intermediates are given in
Fig. 18-22 (left side) with two-electron steps used to
save space and to avoid giving uncertain details about
free radical intermediates. Formation of the organic
radical is facilitated by the iron atom, which may be
coordinated initially to both phenolate groups of the
ionized substrate. The peroxide intermediates, for both
types of dioxygenases, may react and be converted
to various final products by several mechanisms.?%2

Tryptophan dioxygenase (indoleamine 2,3-
dioxygenase)®? is a heme protein which catalyzes the
reaction of Eq. 18-38. The oxygen atoms designated by
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Figure 18-22 Some possible intermediates in the action of
extradiol (left) and intradiol (right) aromatic dioxygenases.
Although the steps depict the flow of pairs of electrons during
the formation and reaction of peroxide intermediates, the
mechanisms probably involve free radicals whose formation
is initiated by O,. The asterisks show how two atoms of
labeled oxygen can be incorporated into final products.
After Ohlendorf ef al.37*




the asterisks are derived from O,. Again, the first step
is probably the formation of a complex between Fe(1I)
and O,, but tryptophan must also be present before
this can occur. At 5°C the enzyme, tryptophan, and O,
combine to give an altered spectrum reminiscent of
that of compound III of peroxidase (Fig. 16-14). This
oxygenated complex may, perhaps, then be converted
to a complex of Fe(Il) and superoxide ion.

+
H;N H

COO™

*O, COO™

N—C
H \O*

Tryptophan Formylkynurenine

(18-38)

There is much evidence, including inhibition by
superoxide dismutase and stimulation by added potas-
sium superoxide,®* that the superoxide anion radical
is the species that attacks the substrate (Eq. 18-39). In
this reaction one electron is returned to the Fe(III) form
of the enzyme to regenerate the original Fe(Il) form.
Subsequent reaction of the hydroperoxide anion would
give the observed products.

Hydroperoxide anion

one electron
to Fe(III)

(18-39)

Some dioxygenases require a cosubstrate. For
example, phthalate dioxygenase®®® converts phthalate
to a cis-dihydroxy derivative with NADH as the co-
substrate (Eq. 18-40). Similar double hydroxylation
reactions catalyzed by soil bacteria are known for ben-
zene, benzoate,3* toluene, naphthalene, and several
other aromatic compounds.®¥ The formation of the
cis-glycols is usually followed by dehydrogenation or
oxidative decarboxylation by NAD* to give a catechol,
whose ring is then opened by another dioxygenase
reaction (Chapter 25). An elimination of Cl~ follows
dioxygenase action on p-chlorophenylacetate and
produces 3,4-dihydroxyphenylacetate as a product.
Pthalate dioxygenases consist of two subunits. The
50-kDa dioxygenase subunits receive electrons from
reductase subunits that contain a Rieske-type Fe—S
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ldelen HO COO~
O,
ldolon /_\ HO dolo
NADH NAD™
+
+H (18-40)

centers and bound FMN.37 The dioxygenase also
contains an Fe,S, center, and electrons flow from
NADH to FMN and through the two Fe—S centers to
the Fe?* of the active site.387-388

Lipoxygenases catalyze oxidation of polyunsatu-
rated fatty acids in plant lipids. Within animal tissues
the lipoxygenase-catalyzed reaction of arachidonic acid
with O, is the first step in formation of leukotrienes
and other mediators of inflammation. These reactions
are discussed in Chapter 21.

2. Monooxygenases

Two classes of monooxygenases are known. Those
requiring a cosubstrate (BH, of Eq. 18-36) in addition
to the substrate to be hydroxylated are known as
external monooxygenases. In the other group, the
internal monooxygenases, some portion of the sub-
strate being hydroxylated also serves as the cosubstrate.
Many internal monooxygenases contain flavin cofactors
and are devoid of metal ions.

Flavin-containing monooxygenases. One group
of flavin-dependent monooxygenases form H,O, by
reaction of O, with the reduced flavin and use the H,O,
to hydroxylate 2-oxoacids. An example is lactate
monooxygenase, which apparently dehydrogenates
lactate to pyruvate and then oxidatively decarboxylates
the pyruvate to acetate with H,O, (Eq. 15-36). One
atom of oxygen from O, is incorporated into the acetate
formed.??3% In a similar manner, the FAD-containing
bacterial lysine monooxygenase probably catalyzes
the sequence of reactions shown in Eq. 18-41.%" When
native lysine monooxygenase was treated with sulf-
hydryl-blocking reagents the resulting modified enzyme
produced a 2-oxoacid, ammonia, and H,O,, just the
products predicted from the hydrolytic decomposition
of the bracketed intermediate of Eq. 18-41. Similar bacte-
rial enzymes act on tryptophan and phenylalanine.??

NADPH can serve as a cosubstrate of flavoprotein
monooxygenase by first reducing the flavin, after
which the reduced flavin can react with O, to generate
the hydroxylating reagent.3*> An example is the bacte-
rial 4-hydroxybenzoate hydroxylase which forms
3,4-dihydroxybenzoate.3** The 43-kDa protein consists
of three domains, the large FAD-binding domain being
folded in nearly the same way as that of glutathione
reductase (Fig. 15-10). The 4-hydroxybenzoate binds
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first into a deep cleft below the N-5 edge of the isoallox-
azine ring of the FAD; then the NADH binds. Spectro-
scopic studies have shown the existence of at least three
intermediates. The first of these has been identified as
the 4a-peroxide whose formation (Eq. 15-31) is discussed
in Chapter 15. The third intermediate is the correspond-
ing 4a-hydroxyl compound. The substrate hydroxyla-
tion must occur in a reaction with the flavin peroxide,
presumably with the phenolate anion form of the
substrate (Eq. 18-42).3° The initial hydroxylation
product is tautomerized to form the product 3,4-
dihydroxybenzoate.

E-flavin-S
/ NADPH + H*
NADP*
E-flavin-H,-S
OZ
Eq. 15-31 (5]
R
N )
= \«’/
E-flavin s NH
N
H
fe)
H,O (\ +.-0
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N\ e
__C o)
6]
A Substrate
\
N
H 0O
H o

3,4-Dihydroxybenzoate
(18-42)
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According to this mechanism, one of the two
oxygen atoms in the hydroperoxide reacts with the
aromatic substrate, perhaps as OH* or as a superoxide
radical. A variety of mechanisms for activating the
flavin peroxide to give a more potent hydroxylating
reagent have been proposed. These include opening of
the central ring of the flavin to give a carbonyl oxide
intermediate which could transfer an oxygen atom to
the substrate, 3 elimination of H,O to form an oxazir-
idine,?’ or rearrangment to a nitroxyl radical.>*
Any of these might be an active electrophilic hydroxy-
lating reagent. However, X-ray structural studies
suggest that conformational changes isolate the sub-
strate-FAD-enzyme complex from the medium stabi-
lizing the 4a peroxide via hydrogen bonding®?-% in
close proximity to the substrate. Reaction could occur
by the simple mechanism of Eq. 18-42, a mechanism
also supported by F NMR studies with fluorinated
substrate analogs*’! and other investigations.*/1a?

R
N N o
T
= NH
NH, C‘)+
-0 o
Carbonyl oxide
R
N N o
- T
NH
N
~
O
o

An oxaziridine

|
N N 0
g
NH
N N
\
o OH

A nitroxyl radical

Related flavin hydroxylases act at nucleophilic
positions on a variety of molecules®*?4%? including
phenol,*® salicylate,** anthranilate, % p-cresol,*% 4-
hydroxyphenylacetate,*”74%8 and 4-aminobenzoate.*”
Various microsomal flavin hydroxylases are also
known.*!® Flavin peroxide intermediates are also
able to hydroxylate some electrophiles.*!! For exam-
ple, the bacterial cyclohexanone oxygenase catalyzes



the ketone to lactone conversion of Eq. 18-43.41a The
mechanism presumably involves the nucleophilic attack
of the flavin hydroperoxide on the carbonyl group of the
substrate followed by rearrangement. This parallels
the Baeyer-Villiger rearrangement that results from
treatment of ketones with peracids.?*® Cyclohexanone
oxygenase also catalyzes a variety of other reactions,*'2
including conversion of sulfides to sulfoxides.

Flavin + NADPH + H'

™

4a 4a
S S
N N
H H
Flavin o © - o
o\ + %\
hydroperoxide - H O)
O \ O
Oy i
4a o
(¢}
\N
H
o o
H (18-43)

Reduced pteridines as cosubstrates. A dihydro
form of biopterin (Fig. 15-17) serves as a cosubstrate,
that is reduced by NADPH (Eq. 18-44) in hydroxylases
that act on phenylalanine, tyrosine, and tryptophan.

H
H N N NH
H 8 /\K
7
H 6
= NH
N
R 5
o)

NADH Tyrosine
H* H,0
Quinonoid dihydrobiopterin
0,
NAD* Phenylalanine

H
H N N NH
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Tetrahydrobiopterin

HO H

R = H3C//>/
H

HO

(18-44)
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The tetrahydrobiopterin formed in this reaction is
similar in structure to a reduced flavin. The mechanism
of its interaction with O, could reasonably be the same
as that of 4-hydroxybenzoate hydroxylase. However,
phenylalanine hydroxylase, which catalyzes the for-
mation of tyrosine (Eq. 18-45), a dimer of 451-residue
subunits, contains one Fe per subunit,*13-4152 whereas
flavin monooxygenases are devoid of iron. Tyrosine
hydroxylase*'®-41°2 and tryptophan hydroxylase*?’
have very similar properties. All three enzymes con-
tain regulatory, catalytic, and tetramerization domains

as well as a common Fe-binding motif in their active
sites 413421421a

COO™

NH;

SH

OH (18-45)

The role of the iron atom in these enzymes must
be to accept an oxygen atom from the flavin peroxide,
perhaps forming a reactive ferryl ion and transferring
the oxygen atom to the substrate, e.g., as do cytochromes
P450 (see Eq. 18-57). The 4a-hydroxytetrahydrobiop-
terin, expected as an intermediate if the mechanism
parallels that of Eq. 18-42, has been identified by its
ultraviolet absorption spectrum.*?? A ring-opened
intermediate has also been ruled out for phenylalanine
hydroxylase.*”® However, the 42 ~OH adduct has been
observed by *C-NMR spectroscopy. Its absolute config-
uration is 4a(S) and the observation of an 80-induced
shift in the 13C resonance of the 4a-carbon atom*?*
confirms the origin of this oxygen from '#0, (see Eq.
18-42). A “stimulator protein” needed for rapid reac-
tion of phenylalanine hydroxylase has been identified
as a 4a-carbinolamine dehydratase (Eq. 18-46).425-426
This protein also has an unexpected function as part of
a complex with transcription factor HNF1 which is
found in nuclei of liver cells.#?52426

H H

Y \y/ Dehydratase
C 4a
R
H

HZO R
o
H

o O (18-46)

Dihydrobiopterin can exist as a number of isomers.
The quinonoid form shown in Eqs. 18-44 and 18-46 is
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a tautomer of 7,8-dihydrobiopterin, the form gener-
ated by dihydrofolate reductase (Chapter 15). A pyri-
dine nucleotide-dependent dihydropteridine reduc-
tase??’~4% catalyzes the left-hand reaction of Eq. 18-44.

The hereditary absence of phenylalanine hydroxyl-
ase, which is found principally in the liver, is the cause
of the biochemical defect phenylketonuria (Chapter
25, Section B).#30430a Egpecially important in the me-
tabolism of the brain are tyrosine hydroxylase, which
converts tyrosine to 3,4-dihydroxyphenylalanine, the
rate-limiting step in biosynthesis of the catechola-
mines (Chapter 25), and tryptophan hydroxylase,
which catalyzes formation of 5-hydroxytryptophan,
the first step in synthesis of the neurotransmitter 5-
hydroxytryptamine (Chapter 25). All three of the
pterin-dependent hydroxylases are under complex
regulatory control.**'432 For example, tyrosine hydrox-
ylase is acted on by at least four kinases with phosphor-
ylation occurring at several sites.**14334332 The kinases
are responsive to nerve growth factor and epidermal
growth factor,*3* cAMP,*% Ca?* + calmodulin, and Ca?*
+ phospholipid (protein kinase C).**¢ The hydroxylase
is inhibited by its endproducts, the catecholamines,*3
and its activity is also affected by the availability of
tetrahydrobiopterin.3¢

Hydroxylation-induced migration. A general
result of enzymatic hydroxylation of aromatic com-
pounds is the intramolecular migration of a hydrogen
atom or of a substituent atom or group as is shown
for the °H atom in Eq. 18-45.% Dubbed the NIH shift
(because the workers discovering it were in a National
Institutes of Health laboratory), the migration tells us
something about possible mechanisms of hydroxyla-
tion. In Eq. 18-45 a tritium atom has shifted in response
to the entering of the hydroxyl group. The migration
can be visualized as resulting from electrophilic attack
on the aromatic system, e.g., by an oxygen atom from
Fe(N)=0 or by OH" (Eq. 18-47).

Such an attack could lead in step a either to an
epoxide (arene oxide) or directly to a carbocation as
shown in Eq. 18-47. Arene oxides can be converted,
via the carbocation step b, to end products in which
the NIH shift has occurred.*® The fact that phenylala-
nine hydroxylase also catalyzes the conversion of the
special substrate shown in Eq. 18-48 to a stable epoxide,
which cannot readily undergo ring opening, also
supports this mechanism.

Operation of the NIH shift can cause migration of
a large substituent as is illustrated by the hydroxylation
of 4-hydroxyphenylpyruvate (Eq. 18-49), a key step
in the catabolism of tyrosine (Chapter 25). Human
4-hydroxyphenylpyruvate dioxygenase is a dimer of
43-kDa subunits.**° A similar enzyme from Pseudo-
monas is a 150-kDa tetrameric iron-tyrosinate protein,
which must be maintained in the reduced Fe(II) state
for catalytic activity.* Although this enzyme is a
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dioxygenase, it is probably related in its mechanism
of action to the 2-oxoglutarate-dependent monooxy-
genases discussed in the next section (Egs. 18-51, 18-52).
It probably uses the oxoacid side chain of the substrate

COO™

NH;*

(18-48)

to generate a reactive oxygen intermediate such as
Fe(IV)=0 by the decarboxylative mechanism of Egs.
18-50 and 18-51. The iron-bound oxygen attacks C1 of

OH

COO™

@)
% —
p-Hydroxyphenylpyruvate COO
Attack here by a
HO* dioxygenase opens ring

Homogentisate

(18-49)



the aromatic ring, the electron-donating p-hydroxyl
group assisting. This generates a hydroxylated carbo-
cation of the type shown in Eq. 18-47 in which the
whole two-carbon side chain undergoes the NIH shift.

2-Oxoglutarate as a decarboxylating cosub-
strate. Several oxygenases accept hydrogen atoms
from 2-oxoglutarate, which is decarboxylated in the
process to form succinate. Among these are enzymes
catalyzing hydroxylation of residues of proline in both
the 3- and 4-positions (Eq. 8-6)*1~44 and of lysine in
the 5-position (Eq. 8-7)*°446 in the collagen precursor
procollagen. The hydroxylation of prolyl residues
also takes place within the cell walls of plants.*
Similar enzymes hydroxylate the f-carbon of aspartyl
or asparaginyl side chains in EGF domains (Table 7-3)
of proteins.*! Thymine*® and taurine**944% are
acted on by related dioxygenases. A bacterial
oxygenase initiates the degradation of the herbicide
2,4-dichlorophenoxyacetic acid (2,4-D) using another
2-oxoglutarate-dependent hydroxylase. #0451 In
the human body a similar enzyme hydroxylates
y-butyrobetaine to form carnitine (Eq. 18-50).452 All of

2-Oxoglutarate

+ +
N(CHz)s Succinate®  N(CHa)s
uccinate
H H
H “O%H
o, co,
COO™ COoO™
y-Butyrobetaine L-Carnitine (18-50)

these enzymes contain iron and require ascorbate,
whose function is apparently to prevent the oxidation
of the iron to the Fe(IlI) state.

When 180, is used for the hydroxylation of y-
butyrobetaine (Eq. 18-51), one atom of '#0 is found in
the carnitine and one in succinate. The reaction is
stereospecific and occurs with retention of configura-
tion at C-3, the pro-R hydrogen being replaced by OH
while the pro-S hydrogen stays.*>* Under some condi-
tions these enzymes decarboxylate 2-oxoglutarate in
the absence of a hydroxylatable substrate, the iron
being oxidized to Fe** and ascorbate being consumed
stoichiometrically.*** A plausible mechanism (Eq. 18-51)
involves formation of an Fe(II)-O, complex, conversion
to Fe(Ill)* *O,™, and addition of the superoxide ion to
2-oxoglutarate to form an adduct.*'#% Decarboxyla-
tion of this adduct could generate the oxidizing reagent,
perhaps Fe(IV)=0O. In the absence of substrate S the
ferryl iron could be reconverted to Fe(II) by a suitable
reductant such as ascorbate. In the absence of ascorbate
the Fe(IV) might be reduced to a catalytically inert
Fe(III) form.
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An unusual oxygenase with a single Fe?* ion in its
active site closes the four-membered ring in the bio-
synthesis of penicillins (Eq. 18-52). It transfers four
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hydrogen atoms from its dipeptide substrate to form
two molecules of water and the product isopenicillin
N.#6457 Sequence comparison revealed several regions
including the Fe-binding sites that are homologous
with the oxoacid-dependent oxygenases. A postulated
mechanism for isopenicillin N synthase involves
formation of an Fe* superoxide anion complex as in
Eq. 18-51. However, instead of attack on an oxoacid as
in Eq. 18-51, it removes a hydrogen from the substrate
to initiate the reaction sequence.*” Other related oxy-
genases include aminocyclopropane-1-carboxylate
oxidase (Eq. 24-35); deacetoxycephalosporin C
synthase,*”2 an enzyme that converts penicillins to
cephalosporins (Box 20-G); and clavaminate syn-
thase,*®%* an enzyme needed for synthesis of the
B-lactamase inhibitor clavulanic acid, and clavaminate
synthase.*84% This 2-oxoglutarate-dependent oxy-
genase catalyzes three separate reactions in the syn-
thesis of the clinically important B-lactamase inhibitor
clavulanic acid. The first step is similar to that in Eq.
18-50. The second is an oxidative cyclization and the
third a desaturation reaction.

Copper-containing hydroxylases. Many Fe(Il)-
containing hydroxylases require a reducing agent to
maintain the iron in the reduced state, and ascorbate
is often especially effective. In addition, ascorbate is
apparently a true cosubstrate for the copper-containing
dopamine B-hydroxylase, an enzyme required in
the synthesis of noradrenaline according to Eq. 18-53.
This reaction takes place in neurons of the brain and
in the adrenal gland, a tissue long known as especially
rich in ascorbic acid. The reaction requires two mole-
cules of ascorbate, which are converted in two one-
electron steps to semidehydroascorbate.*®® Both
the structure of this free radical and that of the fully
oxidized form of vitamin C, dehydroascorbic acid,
are shown in Box 18-D. Dopamine -hydroxylase is
a 290-kDa tetramer, consisting of a pair of identical
disulfide-crosslinked homodimers, which contains
two Cu ions per subunit.*0!

HO
NH,
HO
Dopamine Ascorbate
O,
Dehydroascorbate
HO HO (Box 18-D)

NH,

HO

OH
Noradrenaline

(18-53)

A similar copper-dependent hydroxylase consti-
tutes the N-terminal domain of the peptidylglycine
oa-amidating enzyme (Eq. 10-11). This bifunctional
enzyme hydroxylates C-terminal glycines in a group
of neuropeptide hormones and other secreted pep-
tides. The second functional domain of the enzyme
cleaves the hydroxylated glycine to form a C-terminal
amide group and glyoxylate.*>-404 The three-
dimensional structure of a 314-residue catalytic core
of the hydroxylase domain is known.*®3 Because of
similar sequences and other properties, the structures
of this enzyme and of dopamine -hydroxylase are
thought to be similar. The hydroxylase domain of the
o-amidating enzyme is folded into two eight-stranded
antiparallel jelly-roll motifs, each of which binds one
of the two copper ions. Both coppers can exist in a
Cu(Il) state and be reduced by ascorbate to Cu(I).

One Cu (Cu,) is held by three imidazole groups and

is thought to be the site of interaction with ascorbate.
The other copper, Cu,, which is 1.1 nm away from Cu,,
is held by two imidazoles. The substrate binds adja-
cent to Cu,. %3

The reaction cycle of these enzymes begins with
reduction of both coppers from Cu(Il) to Cu(l) (Eq.
18-54, step a). Both O, and substrate bind (steps b and
¢, but not necessarily in this order). The O, bound to
Cu, is reduced to a peroxide anion that remains bound
to Cu,. Both Cu, and Cu, donate one electron, both
being oxidized to Cu(ll). These changes are also in-
cluded in step c of Eq. 18-54. One proposal is that the
resulting peroxide is cleaved homolytically while
removing the pro-S hydrogen of the glycyl residue.
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The resulting glycyl radical couples with the oxygen
radical that is bound to Cu, (step e).

A variety of other copper hydroxylases are known.
For example, tyrosinase, which contains a binuclear
copper center, catalyzes both hydroxylation of phenols
and aromatic amines and dehydrogenation of the
resulting catechols or o-aminophenols (Eq. 16-57). As
in hemocyanin, the O, is thought to be reduced to a
peroxide which bridges between the two copper atoms.
Methane-oxidizing bacteria, such as Methylococcus
capsulatus, oxidize methane to methanol to initiate its
metabolism. They do this with a copper-containing
membrane-embedded monooxygenase whose active
site is thought to contain a trinuclear copper center.
Again a bridging peroxide may be formed and may
insert an oxygen atom into the substrate.*>4% The
same bacteria produce a soluble methane monooxy-
genase containing a binuclear iron center.

Hydroxylation with cytochrome P450. An
important family of heme-containing hydroxylases,
found in most organisms from bacteria to human
beings, are the cytochromes P450. The name comes
from the fact that in their reduced forms these enzymes
form a complex with CO that absorbs at 450 nm. In
soil bacteria cytochromes P450 attack compounds of
almost any structure. In the adrenal gland they par-
ticipate in steroid metabolism,*74% and in the liver
microsomal cytochromes P450 attack drugs, carcinogens,
and other xenobiotics (foreign compounds).69-471
They convert cholesterol to bile acids*? and convert
vitamin D,*”3 prostaglandins, and many other metabo-
lites to more soluble and often biologically more active
forms. In plants cytochromes P450 participate in
hydroxylation of fatty acids at many positions.*#
They play a major role in the biosynthetic phenyl-
propanoid pathway (Fig. 25-8) and in lignin synthe-
sis.#”> More than 700 distinct isoenzyme forms have
been described.¥76476a

Cytochromes P450 are monooxygenases whose
cosubstrates, often NADH or NADPH, deliver electrons
to the active center heme via a separate flavoprotein
and often via an iron-sulfur protein as well.#% A
typical reaction (Eq. 18-55) is the 11 B-hydroxylation
of a steroid, an essential step in the biosynthesis of
steroid hormones (Fig. 22-11). The hydroxyl group is
introduced without inversion of configuration. The
same enzyme converts unsaturated derivatives to
epoxides (Eq. 18-56), while other cytochromes P450

H CH, HO CHs

P

(18-55)
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epoxidize olefins.*”” Epoxide hydrolases, which act by
a mechanism related to haloalkane dehalogenase (Fig.
12-1), convert the epoxides to diols.#’® Cytochromes
P450 are able to catalyze a bewildering array of other

CH; ] CHsi
%72*0 i
] e e

(18-56)
reactions*?48! as well. Most of these, such as conver-
sion of amines and thioesters to N- or S-oxides, also
involve transfer of an oxygen atom to the substrate.
Others, such as the reduction of epoxides, N-oxides,
or nitro compounds, are electron-transfer reactions.

Several different cytochromes P450 are present
in mammalian livers.#”? All are bound to membranes
of the endoplasmic reticulum and are difficult to
solubilize. Biosynthesis of additional forms is in-
duced by such agents as phenobarbital,*”° 3-methyl-
cholanthrene,*® dioxin,*®? and ethanol.*8® These
substances may cause as much as a 20-fold increase
in P450 activity. Another family of cytochrome P450
enzymes is present in mitochondria.*¥% A large num-
ber of cytochrome P450 genes have been cloned and
sequenced. Although they are closely related, each
cytochrome P450 has its own gene. There are at least
ten families of known P450 genes and the total number
of these enzymes in mammals may be as high as 200.
Microorganisms, from bacteria to yeast, produce many
other cytochromes PP450.

Microsomal cytochromes P450 receive electrons
from an NADPH-cytochrome P450 reductase, a
large 77-kDa protein that contains one molecule each
of FAD and FMN.#4-485 Tt i probably the FAD which
accepts electrons from NADPH and the FMN which
passes them on to the heme of cytochrome P450. Cyto-
chrome bs is also reduced by this enzyme,*¥ and some
cytochromes P450 may accept one electron directly from
the flavin of the reductase and the second electron via
cytochrome b;. However, most bacterial and mitochon-
drial cytochromes P450 accept electrons only from
small iron-sulfur proteins. Those of the adrenal gland
receive electrons from the 12-kDa adrenodoxin. 37483
This small protein of the ferredoxin class contains one
Fe,S, cluster and is, therefore, able to transfer elec-
trons one at a time from the FAD-containing NADPH-
adrenodoxin reductase®® to the cytochrome P450. The
camphor 5-monoxygenase from Pseudomonas putida
consists of three components: an FAD-containing re-
ductase, the Fe,S, cluster-containin putidaredoxin,*®?
and cytochrome P450,,,,.**° Some other bacterial
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Hemorrhages of skin, gums, and joints were
warnings that death was near for ancient sea voyagers
stricken with scurvy. It was recognized by the year
1700 that the disease could be prevented by eating
citrus fruit, but it was 200 years before efforts to isolate
vitamin C were made. Ascorbic acid was obtained in
crystalline form in 1927,2-¢ and by 1933 the structure
had been established. Only a few vertebrates, among
them human beings, monkeys, guinea pigs, and some
fishes, require ascorbic acid in the diet; most species
are able to make it themselves. Compared to that of
other vitamins, the nutritional requirement is large.®
Ten milligrams per day prevents scurvy, but subclinical
deficiency, as judged by fragility of small capillaries in
the skin, is present at that level of intake. “Official”
recommendations for vitamin C intake have ranged
from 30 to 70 mg / day. A more recent study’ suggests
200 mg / day, a recommendation that is controversial.®

The biological functions of vitamin C appear to
be related principally to its well-established reducing
properties and easy one-electron oxidation to a free
radical or two-electron reduction to dehydroascorbic
acid. The latter is in equilibrium with the hydrated
hemiacetal shown at the beginning of this box as well
as with other chemical species." Vitamin C is a weak
acid which also has metal complexing properties.

Ascorbate, the anion of ascorbic acid, tends to be
concentrated in certain types of animal tissues and
may reach 3 mM or more in leukocytes, in tissues
of eyes and lungs, in pituitary, adrenal, and parotid
glands,*! and in gametes.™ Uptake into vesicles of
the endoplasmic reticulum may occur via glucose
transporters.” Ascorbate concentrations are even
higher in plants and may exceed 10 mM in chloroplasts.®
In animals the blood plasma ascorbate level of 20—100
uM is tightly controlled.P4 Cells take up ascorbate but
any excess is excreted rapidly in the urine.9 Both in
plasma and within cells most vitamin C exists as the
reduced form, ascorbate. When it is formed, the oxi-
dized dehydroascorbate is reduced back to ascorbate
or is degraded. The lactone ring is readily hydrolyzed
to 2,3-dioxogulonic acid, which can undergo decar-
boxylation and oxidative degradation, one product
being oxalate (see Fig. 20-2)." Tissues may also contain
smaller amounts of L-ascorbic acid 2-sulfate, a com-
pound originally discovered in brine shrimp. It is

more stable than free ascorbate and may be hydrolyzed
to ascorbate in tissues.®

In the chromaffin cells of the adrenal glands and in
the neurons that synthesize catecholamines as neuro-
transmitters, ascorbate functions as a cosubstrate for
dopamine B-hydroxylase (Eq. 18-53)."" In fibroblasts it
is required by the prolyl and lysyl hydroxylases and in
hepatocytes by homogentisate dioxygenase (Eq. 18-49).
Any effect of ascorbic acid in preventing colds may be
a result of increased hydroxylation of procollagen and
an associated stimulation of procollagen secretion."
High levels of ascorbate in guinea pigs lead to more
rapid healing of wounds.” An important function
of ascorbate in the pituitary and probably in other
endocrine glands is in the o-amidation of peptides (Eq.
10-11).*¥ Together with Fe(Il) and O, ascorbate is a
powerful nonenzymatic hydroxylating reagent for
aromatic compounds. Like hydroxylases, the reagent
attacks nucleophilic sites, e.g., converting phenylala-
nine to tyrosine. Oxygen atoms from %0, are incorpo-
rated into the hydroxylated products. While H,O, is
formed in the reaction mixture, it cannot replace ascor-
bate. The relationship of this system to biochemical
functions of ascorbate is not clear. An unusual func-
tion for vitamin C has been proposed for certain
sponges that are able to etch crystalline quartz (SiO,)
particles from sand or rocks.”

Ascorbate is a major antioxidant, protecting cells
and tissues from damage by free radicals, peroxides,
and other metabolites of O,.P72bP Tt is chemically
suited to react with many biologically important radi-
cals and is present in high enough concentrations to
be effective. It probably functions in cooperation with
glutathione (Box 11-B),* a-tocopherol (Fig. 15-24),44
and lipoic acid.®® Ascorbate can react with radicals in
one-election transfer reactions to give the monodehy-
droascorbate radical®:




Two ascorbate radicals can react with each other in a
disproportionation reaction to give ascorbate plus
dehydroascorbate. However, most cells can reduce
the radicals more directly. In many plants this is
accomplished by NADH + H* using a flavoprotein
monodehydroascorbate reductase.® Animal cells
may also utilize NADH or may reduce dehydroascor-
bate with reduced glutathione.<f Plant cells also
contain a very active blue copper ascorbate oxidase
(Chapter 16, Section D,5), which catalyzes the opposite
reaction, formation of dehydroascorbate.88 A heme
ascorbate oxidase has been purified from a fungus.""
Action of these enzymes initiates an oxidative degra-
dation of ascorbate, perhaps through the pathway of
Fig. 20-2.

Ascorbate can also serve as a signal. In cultured
cells, which are usually deficient in vitamin C, addition
of ascorbate causes an enhanced response to added
iron, inducing synthesis of the iron storage protein
ferritin.! Ascorbate indirectly stimulates transcription
of procollagen genes" and decreases secretion of insulin
by the pancreas However, since its concentration in
blood is quite constant this effect is not likely to cause
a problem for a person taking an excess of vitamin C.

Should we take extra vitamin C to protect us from
oxygen radicals and slow down aging? Linus Pauling,
who recommended an intake of 0.25-10 g / day, main-
tained that ascorbic acid also has a specific beneficial
effect in preventing or ameliorating symptoms of
the common coldJ*< However, critics point out that
unrecognized hazards may exist in high doses of this
seemingly innocuous compound. Ascorbic acid has
antioxidant properties, but it also promotes the genera-
tion of free radicals in the presence of Fe(Ill) ions, and
it is conceivable that too much may be a bad thing.!
Catabolism to oxalate may promote formation of cal-
cium oxalate kidney stones. Under some conditions
products of dehydroascorbic acid breakdown may
accumulate in the lens and contribute to cataract
formation.!™™™ However, dehydroascorbate, or its
decomposition products, apparently protects low-
density lipoproteins against oxidative damage.®
Pauling pointed out that nonhuman primates synthe-
size within their bodies many grams of ascorbic acid
daily, and that there is little evidence for toxicity.
Pauling’s claim that advanced cancer patients are
benefited by very high (10 g daily) doses of vitamin C
has been controversial, and some studies have failed
to substantiate the claim.°*PP

@ Hughes, R. E. (1983) Trends Biochem. Sci. 8, 146—147

b Staudinger, H. J. (1978) Trends Biochem. Sci. 3, 211212

¢ Szent-Gyorgyi, A. (1963) Ann. Rev. Biochem. 32, 1-14

d Bradford, H. F. (1987) Trends Biochem. Sci. 12, 344 —347

¢ Packer, L., and Fuchs, J., eds. (1997) Vitamin C in Health and Disease,
Dekker, New York

f Levine, M., Conry-Cantilena, C., Wang, Y., Welch, R. W., Washko.PW,
Dhariwal, K. R., Park, J. B., Lazarev, A., Graumlich, J. F,, King, J., and
Cantilena, L. R. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 3704-3709

F. Oxygenases and Hydroxylases 1067

o

Young, V. R. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 1434414348

Hroslif, J., and Pederson, B. (1979) Acta Chem. Scand. B33, 503-511

Counsell, J. N., and Horing, D. H., eds. (1981) Vitamin C, Applied

Sciences Publ., London

Burns, J. J., Rivers, J. M., and Machlin, L.]., eds. (1987) Third Confer-

ence on Vitamin C, Vol. 498, New York Academy of Sciences, New

York

Washko, P. W., Wang, Y., and Levine, M. (1993) J. Biol. Chem. 268,

15531-15535

Rosen, G. M., Pou, S., Ramos, C. L., Cohen, M. S., and Britigan, B. E.

(1995) FASEB J. 9, 200-209

m Moreau, R., and Dabrowski, K. (1998) Proc. Natl. Acad. Sci. U.S.A. 95,

10279-10282

Bénhegyi, G., Marcolongo, P., Puskés, F., Fulceri, R., Mand], J., and

Benedetti, A. (1998) J. Biol. Chem. 273, 2758 —2762

Sano, S., Miyake, C., Mikami, B., and Asada, K. (1995) ]. Biol. Chem.

270, 21354-21361

May, J. M., Qu, Z.-c, and Whitesell, R. R. (1995) Biochemistry 34,

12721-12728

Vera, J. C., Rivas, C. I, Veldsquez, F. V., Zhang, R. H., Concha, I. L.,

and Golde, D. W. (1995) J. Biol. Chem. 270, 23706—23712

Rose, R. C., and Bode, A. M. (1993) FASEB J. 7, 1135 — 1142

Benitez, L. V., and Halver, J. E. (1982) Proc. Natl. Acad. Sci. U.S.A. 79,

5445-5449

Dhariwal, K. R., Shirvan, M., and Levine, M. (1991) |. Biol. Chem. 266,

53845387

Tian, G., Berry, J. A., and Klinman, J. P. (1994) Biochemistry 33, 226—

234

Chojkier, M., Houglum, K., Solis-Herruzo, J., and Brenner, D. A.

(1989) J. Biol. Chem. 264, 16957 —16962

Harwood, R., Grant, M. E., and Jackson, D. S. (1974) Biochem. ]. 142,

641-651

Bradbury, A. E, and Smyth, D. G. (1991) Trends Biochem. Sci. 16, 112

115

Eipper, B. A., Milgram, S. L., Husten, E. J., Yun, H.-Y., and Mains, R.

E. (1993) Protein Sci. 2, 489—-497

Bavestrello, G., Arillo, A., Benatti, U., Cerrano, C., Cattaneo-Vietti, R.,

Cortesogno, L., Gaggero, L., Giovine, M., Tonetti, M., and Sara, M.

(1995) Nature (London) 378, 374—376

Kobayashi, K., Harada, Y., and Hayashi, K. (1991) Biochemistry 30,

8310-8315

Retsky, K. L., Freeman, M. W., and Frei, B. (1993) |. Biol. Chem. 268,

1304-1309

Ishikawa, T., Casini, A. E,, and Nishikimi, M. (1998) J. Biol. Chem. 273,

28708-28712

dd May, J. M., Qu, Z.-c, and Morrow, J. D. (1996) J. Biol. Chem. 271,

10577-10582

Lykkesfeldt, J., Hagen, T. M., Vinarsky, V., and Ames, B. N. (1998)

FASEB J. 12, 1183-1189

ff May, J. M., Cobb, C. E., Mendiratta, S., Hill, K. E., and Burk, R. F.

(1998) J. Biol. Chem. 273, 2303923045

Gaspard, S., Monzani, E., Casella, L., Gullotti, M., Maritano, S., and

Marchesini, A. (1997) Biochemistry 36, 4852 —4859

hh Kim, Y.-R., Yu, S.-W., Lee, S.-R., Hwang, Y.-Y., and Kang, S.-O. (1996)
J. Biol. Chem. 271, 3105-3111

i Toth, I, and Bridges, K. R. (1995) J. Biol. Chem. 270, 1954019544

i Bergsten, P, Sanchez Moura, A., Atwater, L., and Levine, M. (1994) J.

Biol. Chem. 269, 10411045

Pauling, L. (1970) Vitamin C and the Common Cold, Freeman, San

Francisco, California

Halliwell, B. (1999) Trends Biochem. Sci. 24, 255—259

Russell, P, Garland, D., Zigler, J. S., Jr., Meakin, S. O., Tsui, L.-C., and

Breitman, M. L. (1987) FASEB J. 1, 32-35

™ Nagaraj, R. H., Sell, D. R., Prabhakaram, M., Ortwerth, B. J., and
Monnier, V. M. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 10257-10261

° Moertel, C. G., Fleming, T. R., Creagan, E. T., Rubin, J., O’Connell, M.
J., and Ames, M. M. (1985) N. Engl. . Med. 312, 142—146

PP Lee, S. H., Oe, T., and Blair, I. A. (2001) Science 292, 2083 -2086

=

=

5

°

o

a

=

@«

=]

<

=

*

<

N

o
o

bl

=3

C

a

e

@

8

a9

Kl

=

-
=

m

H



1068

cytochrome P450s, such as a soluble fatty acid hydrox-
ylase from Bacillus megaterium, have reductase do-
mains with tightly bound FMN and FAD bound to the
same polypeptide chain as is the heme.*’!

All cytochromes P450 appear to have at their active
sites a molecule of heme with a thiolate anion as an
axial ligand in the fifth position (Fig. 18-23). These
relatively large heme proteins of ~ 45- to 55-kDa mass
may consist of as many as 490 residues. Only a few
three-dimensional structures are known,*0492-494 qnd
among these there are significant differences. How-
ever, on the basis of a large amount of experimental
effort*74%4% it appears that all cytochromes P450 act by
basically similar mechanisms.#44%a0497 Ag indicated
in Eq. 18-57, the substrate AH binds to the protein
near the heme, which must be in the Fe(III) form.

An electron delivered from the reductase then reduces
the iron to the Fe(II) state (Eq. 18-57, step b). Then O,
combines with the iron, the initial oxygenated com-
plex formed in step ¢ being converted to an Fe(IlI)-
superoxide complex (Eq. 18-57, step d). Subsequent
events are less certain.**7? Most often a second elec-
tron is transferred in from the reductase (Eq. 18-57,

Reductase

Chapter 18. Electron Transport, Oxidative Phosphorylation, and Hydroxylation

step e) to give a peroxide complex of Fe(IIl), which is
then converted in step f to a ferryl iron form, as in the
action of peroxidases (Fig. 16-14). This requires trans-
fer of two H into the active site. The ferryl Fe(IV)=0
donates its oxygen atom to the substrate regenerating
the Fe(IIl) form of the heme (step g) and releasing the
product (step h).

Microsomal cytochromes P450 often form hydrogen
peroxide as a side product. This may arise directly
from the Fe—O-O" intermediate shown in Eq. 18-57.
Some cytochromes P450 use this reaction in reverse to
carry out hydroxylation utilizing peroxides instead of
O, (Eq. 18-58).

AH + ROOH — AOH + ROH (18-58)

Cytochromes P450 often convert drugs or other
foreign compounds to forms that are more readily
excreted.*” However, the result is not always bene-
ficial. For example, 3-methylcholanthrene, a strong
inducer of cytochrome P450, is converted to a power-

ful carcinogen by the hydroxylation reaction.’® See
also Box 18-E.

Other iron-containing oxygenases.
Hydroxylases with properties similar to
those of cytochrome P450 but containing
nonheme iron catalyze w-oxidation of
alkanes and fatty acids in certain bacteria,
e.g., Pseudomonas oleovarans. A flavoprotein
rubredoxin reductase, is also required.>!
The methylotrophs Methylococcus and
Methylosinus hydroxylate methane using

Fe (1" Fe (IT) as cosubstrate NADH or NADPH (Eq. 18-
H,0, 59). A soluble complex consists of 38-kDa
- o reductase containing FAD and an Fe,S,
Substrate, o . "2H+ 0
N CH,; + O, + NADH + H* —
v CH,OH + H,0 + NAD*  (18-59)
o
Fe ()" e | center, a small 15-kDa component, and a
Fe (11D 245-kDa hydroxylase with an (oY), com-
v position and a three-dimensional struc-
O, o+ ture®02-503 gimilar to that of ribonucleotide
Product, _ :
AOH 1) [e) / ? reductase (Chapter 16, Section A,9). Each

large o subunit contains a diiron center
Reductase

Fe (III)*

similar to that shown in Fig. 16-20C. It is
likely that O, binds between the two iron
atoms in the Fe(II) oxidation state and,
oxidizing both irons to Fe(Ill), is converted
to a bridging peroxide group as shown in
Eq. 18-60. In this intermediate, in which
the two metals are held rigidly by the
surrounding ligands including a bridging
carboxylate side chain, the O-O bond may
be broken as in Eq. 18-60, steps a and b, to

(18-57)  generate an Fe(IV)-O° radical that may



Figure 18-23 (A) Stereoscopic
o~carbon backbone model of
cytochrome P450cam showing

the locations of the heme and

of the bound camphor molecule.
(B) View in the immediate vicinity
of the thiolate ligand from Cys 357.
From Poulos et al. 48
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remove a hydrogen atom from the substrate (step c)
and undergo subsequent reaction steps analogous to
those in the cytochrome P450 reaction cycle.504-500

o) (o] —
Fe(Il) — Ny Fell) — Y

y e
O

Fei)” > Fe(IV)

| —> —> H,C—OH
O+ °

\ (18-60)

A group of related bacterial enzymes hydroxylate
alkanes,®” toluene,>*® phenol,*” and other substrates.5%
Eukaryotic fatty acid desaturases (Fig. 16-20B) belong
to the same family.®®® Some bacteria use cytochrome
P450 or other oxygenase to add an oxygen atom to an
alkene to form an epoxide. For example, propylene

may be converted to either R or S epoxypropane
which may be hydrolyzed, rearranged by a coenzyme
M-dependent reaction, and converted to acetoacetate,
which can be used as an energy source.’®b

Nitric oxide and NO synthases. Nitric oxide
(NO) is a reactive free radical whose formula is often
written as "NO to recognize this characteristic. How-
ever, NO is not only a toxic and sometimes dangerous
metabolite but also an important hormone with func-
tions in the circulatory system, the immune system,
and the brain.>'%-512 The hormonal effects of NO are
discussed in Chapter 30, but it is appropriate here to
mention a few reactions. Nitric oxide reacts rapidly
with O, to form nitrite (Eq. 18-61).

4NO+0,+2H,0—->4NO, +4H"
(18-61)

It also combines very rapidly with superoxide anion
radical to form peroxynitrite (Eq. 18-62).>!3 This is
another reactive oxidant which, because of its relatively
high pK, of 6.8, is partially protonated and able to
diffuse through phospholipids within cells.>4>15
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Most drugs, as well as toxins and other xeno-
biotic compounds, enter the body through mem-
branes of the gastrointestinal tract, lungs, or skin.
Drugs are frequently toxic if they accumulate in the
body. They are often rather hydrophobic and are
normally converted to more polar, water-soluble
substances before elimination from the body. Two

major types of reaction take place, usually in the liver.

These are illustrated in the accompanying scheme for
acetaminophen (N-acetyl-p-aminophenol), a widely
used analgesic and antipyretic (fever relieving) non-
prescription drug sold under a variety of trade names:
(1) Alarge water-soluble group such as sulfate? or
glucuronate is transferred onto the drug by a nucleo-

philic displacement reaction (steps a and b of scheme).

(2) Oxidation, demethylation, and other alterations
are catalyzed by one or more of the nearly 300 cyto-
chrome P450 monooxygenases present in the liver
(step c). Oxidation products may be detoxified by
glutathione S-transferases, step d (see also Box 11-B).b<c
These reactions protect the body from the accu-
mulation of many compounds but in some cases can
cause serious problems. The best known of these
involves acetaminophen. Its oxidation by cytochrome
P450 2E1 or by prostaglandin H synthase yields a

CH; CH;

C
PSS
HN™ o
PAPS (Eq 17-38)
Sulfotransferase
o CH3
OH

Acetaminophen
(N-Acetyl-p-aminophenol)

Cytochrome
P450 2E1 lo

//

UDP-glucuronosyl-
transferase

(b]

\ -00C
C HO ©
HO

Glutathione O

CH;,
Glutathione ‘

transferase C

Vi

(¢}
uinone imine
e CH;
Cell (e] - c X
. HN (@) .
proteins S-glutathione
OH
Mercapturic acid
S-protein

OH
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highly reactive quinone imine which reacts with cell
proteins.® Since the cytochrome P450 oxidation can
occur in two steps, a reactive intermediate radical is
also created.>f At least 20 drug-labeled proteins
arising in this way have been identified.© Both addi-
tion of thiol groups of proteins to the quinone imine
(step e of scheme) and oxidation of protein thiols
occur.s Mitochondria suffer severe damage," some
of which is related to induction of Ca?* release.!

Acetaminophen is ordinarily safe at the recom-
mended dosages, but large amounts exhaust the
reserve of glutathione and may cause fatal liver
damage. By 1989, more than 1000 cases of accidental
or intentional (suicide) overdoses had been reported
with many deaths. Prompt oral or intravenous
administration of N-acetylcysteine over a 72-hour
period promotes synthesis of glutathione and is an
effective antidote.

Similar problems exist for many other drugs.
Both acetaminophen and phenacetin, its ethyl ether
derivative, may cause kidney damage after many
years of use.*! Metabolism of phenacetin and several
other drugs varies among individuals. Effective
detoxification may not occur in individuals lacking
certain isoenzyme forms of cytochrome P450.™ Use
of the anticancer drugs daunomycin (daunorubicin;
Figs. 5-22 and 5-23) and adriamycin is limited by
severe cardiac toxicity arising from free radicals
generated during oxidation of the drugs." These are
only a few examples of the problems with drugs,
pesticides, plasticizers, etc.
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