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FIGURE 14-3 Three possible catabolic fates of the pyruvate formed
in glycolysis. Pyruvate also serves as a precursor in many anabolic re-

actions, not shown here,
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TABLE 14-2 Free-Energy Changes of Glycolytic Reactions in Erythrocytes

Glycolytic reaction step AG"™ (ki/mol) AG (kl/mol)
(1) Glucose + ATP — glucose 6-phosphate + ADP —16.7 —334
(2) Glucose 6-phosphate == fructose 6-phosphate 1.7 0to 25
(3) Fructose 6-phosphate + ATP — fructose 1,6-bisphosphate + ADP —14.2 —22.2
(4) Fructose 1,6-bisphosphate == dihydroxyacetone phosphate +

glyceraldehyde 3-phosphate 23.8 Oto —6
(5) Dihydroxyacetone phosphate == glyceraldehyde 3-phosphate 7.5 Otod
(6 Glyceraldehyde 3-phosphate + P, + NAD® == 1,3-bisphosphoglycerate +

NADH + H* 6.3 —2to2
(7) 1,3-Bisphosphoglycerate + ADP == 3-phosphoglycerate + ATP —18.8 Oto2
(8) 3-Phosphoglycerate == 2-phosphoglycerate 4.4 0to 0.8
@2-Phosphoglycerate = phosphoenolpyruvate + H,0 7.5 0to3.3
-@)Phcsphoenolpyruvate + ADP —— pyruvate + ATP —31.4 —16.7

Mote: AG'™ is the standard free-enengy change, as defined in Chapter 13 (p. 491). AG is the free-energy change calculated from the actual
concentrations of glycolyic intermediates present under physiological condivons in ervthrocytes, at pH 7. The glycalyic reactions bypassed
in gluconecgenesis are shown in red. Blochemical equations are nol necessarly balanced for H or charge (p. 506).
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FIGURE 14-19 Alternative paths from pyruvate to phospho-
enolpyruvate. The path that predominates depends on the glucogenic
precursor (lactate or pyruvate). The path on the right predominates
when lactate is the precursor, because cytosolic NADH is generated
in the lactate dehydrogenase reaction and does not have to be shut-
tled out of the mitochondrion (see text). The relative importance of the
two pathways depends on the availability of lactate and the cytosolic
requirements for NADH by gluconeogenesis.
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FIGURE 14-20 General scheme of the pentose phosphate pathway.
NADPH formed in the oxidative phase is used to reduce glutathione,
GSSG (see Box 14-3) and to support reductive biosynthesis. The other
product of the oxidative phase is ribose 5-phosphate, which serves as
precursor for nucleatides, coenzymes, and nucleic acids. In cells that
are not using ribose 5-phosphate for biosynthesis, the nonoxidative
phase recycles six molecules of the pentose into five molecules of the
hexose glucose 6-phosphate, allowing continued production of
NADPH and converting glucose é-phosphate {in six cycles) to CO,.



Regulation of Glycolysis
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Citric Acid Cycle
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FIGURE 16-7 Reactions of the citric acid cycle. The carbon atoms
shaded in pink are those derived from the acetate of acetyl-CoA in
the first turn of the cycle; these are not the carbons released as CO,
in the first turn. Note that in succinate and fumarate, the two-carhon
group derived from acetate can no longer be specifically denated;
because succinate and fumarate are symmetric molecales, C-1 and

-2 are indistinguishable from C-4 and C-3, The number beside each

reaction step corresponcls 10 a numbered heading on pages H08-612,
The red arrows show where energy is conserved by electron transfer
to FAD or NAD™, forming FADH: or NADH + H*. Steps @ @,
and @ are essentially ireversible in the cell; all other steps are re-
versible, The product of step (5} may be either ATP or GTP, depend-

ing on which succinyl-CoA synthetase isozyme is the catalyst,
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FIGURE 16-15 Role of the citric acid cycle in anabolism.
Intermediates of the citric acid cycle are drawn off as
precursors in many biosynthetic pathways. Shown in red
are four anaplerotic reactions that replenish depleted cycle
intermediates (see Table 16-2).

Regulation of the Citric Acid Cycle

The PDH complex of mammals is strongly inhibited by
ATP and by acetyl-CoA and NADH, the products of the
reaction catalyzed by the complex (Iig. 16-18). The al-
losteric inhibition of pyruvate oxidation is greatly en-
hanced when long-chain fatty acids are available. AMP,
CoA, and NAD™, all of which accumulate when too lit-
tle acetate flows into the citric acid cycle, allosterically
activate the PDH complex. Thus, this enzyme activity
is turned off when ample fuel is available in the form

FIGURE 16-18 Regulation of metabolite flow
from the PDH complex through the citric

acid cycle. The PDH complex is allosterically
inhibited when [ATPI/[ADP], [NADHJ/[NAD™],
and lacetyl-CoAl/|CoA] ratios are high,
indicating an energy-sufficient metabolic state.
When these ratios decrease, allosteric activation
of pyruvate oxidation results, The rate of flow
thraugh the citric acid cycle can be limited by
the availability of the citrate synthase substrates,
oxaloacetate and acetyl-CoA, or of NAD™,
which is depleted by its conversion to NADH,
slowing the three NAD-dependent oxidation
steps. Feedback inhibition by succinyl-CoA,
citrate, and ATP also slows the cycle by
inhibiting early steps. In muscle tissue, Ca”*
signals contraction and, as shown here,
stimulates energy-yielding metabalism to
replace the ATP consumed by contraction.
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Regulation of Glycolysis and Citric Acid Cycle
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FIGURE 19-31 Regulation of the ATP-producing pathways. This di-
agram shows the interlocking regulation of glycolysis, pyruvate oxi-
dation, the citric acid cycle, and oxidative phospharylation by the rel-
ative concentrations of ATP, ADF, and AMP, and by NADH. High |ATF]
{or low [ADP] and [AMP]) produces low rates of glycolysis, pyruvate
oxidation, acetate oxidation via the citric acid cycle, and oxidative
phosphorylation. All four pathways are accelerated when the use of
ATP and the formation of ADF, AMP, and P; increase, The interlock-
ing of glycolysis and the citric acid cycle by citrate, which inhibits
glycolysis, supplements the action of the adenine nucleotide system.
In addition, increased levels of NADH and acetyl-Coa also inhibit the
oxidation of pyruvate o acelyl-CoA, and a high [NADHIINAD'] ra-
tio inhibits the dehydrogenase reactions of the citic acid cycle (see
Fig. 16-18).

ATP-Producing Pathways Are Coordinately Regulated

The major catabolic pathways have interlocking and
concerted regulatory mechanisms that allow them to
function together in an economical and self-regulating
manner to produce ATP and biosynthetic precursors.
The relative concentrations of ATP and ADP control not
only the rates of electron transfer and oxidative phos-
phorylation but also the rates of the citric acid cycle,
pyruvate oxidation, and glycolysis (Fig. 19-31). When-
ever ATP consumption increases, the rate of electron
transfer and oxidative phosphorylation increases. Si-
multaneously, the rate of pyruvate oxidation via the ecit-
ric acid cyele increases, increasing the flow of electrons
into the respiratory chain. These events can in turn
evoke an increase in the rate of glyveolyvsis, increasing
the rate of pyruvate formation. When conversion of ADP
to ATP lowers the ADP concentration, acceptor control
slows electron transfer and thus oxidative phosphoryla-
tion. Glyeolyvsis and the citric acid cvele are also slowed,
because ATP is an allosteric inhibitor of the glycolytic
enzvime phosphofructokinase-1 (see Fig. 15-18) and of
pyruvate dehydrogenase (see Fig. 16-18).

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



Lipid Metabolism
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FIGURE 17-1 Processing of dietary lipids in vertebrates. Digestion
and absorption of dietary lipids occur in the small intestine, and the
fatty acids released from triacylglycerols are packaged and delivered
to muscle and adipose tissues. The eight steps are discussed in the
text.

FIGURE 17-2 Molecular structure of a chylomicron. The surface is
a layer of phospholipids, with head groups facing the aqueous phase.
Triacylglycerols sequestered in the interior (yellow) make up more than
80% of the mass. Several apolipoproteins that protrude from the sur-
face (B-48, C-lll, C-II) act as signals in the uptake and metabolism of
chylomicron contents, The diameter of chylomicrons ranges from
about 100 to 500 nm.
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FIGURE 17-3 Mabilization of triacylglycerols stored in adipose tis-
sue. When low levels of glucose in the blood trigger the release of
glucagon, @ the hormone binds its receptor in the adipocyte mem-
brane and thus @ stimulates adenylyl cyclase, via a G protein, to
produce cAMP. This activates PKA, which phosphaorylates @ the
hormone-sensitive lipase and @ perilipin molecules on the surface
of the lipid droplet. Phosphorylation of perilipin permits hormone-
sensitive lipase access to the surface of the lipid droplet, where @ it
hydrolyzes triacylglycerols to free fatty acids. @ Fatty acids leave the
adipocyle, bind serum albumin in the blood, and are carried in the
blood; they are released from the albumin and @ enter a myocyte
via a specific fatty acid transporter. In the myocyte, fatty acids are
oxidized to CO2, and the energy of oxidation is conserved in ATP,
which fuels muscle contraction and other energy requiring metabo-
lism in the myocyte.
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FIGURE 17-20 Ketone body formation and export from the liver.
Conditions thal promole gluconeogenesis (untreated diabetes, severely
reduced food intake) slow the citric acid cycle (by drawing off ox-
aloacetate) and enhance the conversion of acetyl-CoA to acetoacetate.
The released coenzyme A allows continued B oxidation of fatty acids.



Lipid Anabolism
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FIGURE 17-12 Coordinated requlation of fatty acid synthesis and
breakdown. When the diet provides a ready source of carbohydrate
as fuel, @ oxidation of fatty acids is unnecessary and is therefore down-
regulated. Two enzymes are key to the coordination of fatty acid
metabolism: acetyl-Co& carboxylase (ACC), the first enzyme in the
synthesis of fatty acids (see Fig. 21-1), and carnitine acyl transferase |,
which limits the transport of fatty acids into the mitochondrial matrix
for B axidation (see Fig. 17-6). Ingestion of a high-carbohydrate meal
raises the blood glucose level and thus @ riggers the release of in-
sulin, @ Insulin-dependent protein phosphatase dephosphorylates
ACC, activating it. @ ACC catalyzes the formation of malonyl-CoA

A oxidation

(the first intermediate of fatty acid synthesis), and @malonyl—CaA in-
hibits carniting acyltransferase |, therehy preventing fatty acid entry
into the mitochondrial matrix.

When blood glucose levels drop between meals, @glucagon re-
lease activates cAMP-dependent protein kinase (PKA), which @phos-
phorylates and inactivates ACC. The concentration of malonyl-CoA
falls, the inhibition of fatty acid entry into mitochondria is relieved,
and @'fahy acids enter the mitochondrial matrix and ® become the
major fuel, Because glucagon also triggers the mobilization of fatty
acids in adipose tissue, a supply of fatty acids begins arriving in the
blood,



Amino Acid Metabolism

Amino acids from
ingested protein

FIGURE 18-2 Amino group catabolism. (a) Overview of catabolism
of amino groups (shaded) in vertebrate liver, (b) Excretory forms of ni-
trogen. Excess NHJ is excreted as ammonia (microbes, bony fishes),

Cellular Liver urea (most terrestrial verlebrates), or uric acid (birds and terrestrial rep-
protein tiles). Notice that the carbon atoms of urea and uric acid are highly
” oxidized; the organism discards carbon only after extracting most of
its available energy of oxidation.
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FIGURE 18-12 Links between the urea cycle and citric acid cycle.
The interconnected cycles have been called the “Krebs bicycle.” The
pathways linking the citric acid and urea cycles are called the
aspartate-argininosuccinate shunt; these effectively link the fates of the
amino groups and the carbon skeletons of amino acids. The inter-
connections are even more elaborate than the arrows suggest. For
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example, some citric acid cycle enzymes, such as fumarase and malate
dehydrogenase, have both cytosolic and mitochondrial isozymes. Fu-
marate produced in the cytosol—whether by the urea cycle, purine
biosynthesis, or other processes—can be converted to cytosolic malate,
which is used in the cytosol or transported into mitochondria (via the
malate-aspartate shuttle; see Fig. 19-27) to enter the citric acid cycle.



