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The microbe known as Methanococcus jannaschii is a strange
creature. It colonizes sulfur-rich hydrothermal vents, growing

at temperatures between 48 and 94°C and at pressures of over
200 atm. Yet even in these unusual conditions, it faces the same
challenges all organisms face: the need to obtain, store, and
transform free energy through metabolic activity. [©Dennis Kunkel

Microscopy, Inc./Visuals Unlimited.]

lof“t:;etgfi‘ﬂ‘s= a set of eight that explore some of the major themes of metabo-
lism, th _processes by which organisms consume and produce matter and energy in
the synthesis and degradation of biomolecules. A catalog of all the metabolic reac-
tions undertaken by plants, animals, and bacteria is far beyond the scope of this book.
Instead, we will examine a few common metabolic processes, focusing primarily on
mammalian systems. This chapter presents an overview of how the molecules we have
already introduced—amino acids, nucleotides, carbohydrates, and lipids—are broken
down, rebuilt, and transformed into other substances. We will also look at the meaning

and role of free energy in metabolic reactions. ®



Macromolecules

catabolism Free
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anabolism
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rganisms such as Methanocoecus jannaschii (described on the preceding page)
are known as chemoautotrophs (from the Greek trophe, “nourishment”) because

y obtain virtually all their metabolic building materials and free energy from

simple inorganic compounds CO,, N, H,, and S,. Photoautotrophs, such as

familiar green plants, need little more than CO,, H,0, a source of nitrogen,

ind sunlight. In conrrast, heterotrophs, a group that includes animals, directly

indirectly obtain all their building materials and free energy from organic com-

unds produced by chemo- or photoautotrophs. Despite their different trophic

tegies, all organisms have remarkably similar cellular structures, make the same

of biomoleccules, and use similar enzymes to build and break down those
molecules.

Cells break down or catabolize large molecules to release free energy and small
molccules. The cells then use the free energy and small molecules to rebuild larger
molecules, a process called anabolism (Fig. 12-1). The set of all catabolic and ana-

ic activities constitutes an organism’s metabolism. In the next few chapters, we
will examine some catabolic processes that release free energy and some anabolic
mrocesses that consume free energy. Bur first we will introduce a few of the major
molecular players in metabolism, including their precursors and degradation pro-

» and further explore the meaning of free energy in biological systems.

12-1 Food and Fuel

heterotrophs, mammals rely on food produced by other organisms. After food
& digested and absorbed, it becomes a source of metabolic energy and materials
upport the animal’s growth and other acrivities. The human diet includes the
types of biological molecules introduced in Section 1-2 and described in
more detail in subsequent chapters. These molecules are often present as mac-
smolecular polymers, namely proteins, nucleic acids, polysaccharides, and tri-
icylglycerols (technically, fats are not polymers since the monomeric units are
mot linked to each other but to glycerol). Digestion reduces the polymers to their
iegnomeric components: amino acids, nucleotides, monosaccharides, and fatty acids.
The breakdown of nucleotides does nor yield significant amounts of metabolic
energy, so we will devote more attention to the catabolism of other types of
imomolecules.

Cells take up the products of digestion

Jigestion takes place extracellularly in the mouth, stomach, and small intestine
ad is catalyzed by hydrolytic enzymes (Fig. 12-2). For example, salivary amylase

begins to break down starch’, which consists of linear polymers of glucose residues
ylose) and branched polymers (amylopectin; Section 11-2). Gastric and pancre-

i proteases (including trypsin, chymotrypsin, and elastase; Section 6-4) degrade
woteins to small peptides and amino acids. Lipases synthesized by the pancreas and

Figure 12-1 Catabolism and anabolism.
Catabolic (degradarive) reactions yield
free energy and small molecules thar
can be used for anabolic (synthetic)
reactions. Metabolism is the sum of all
catabolic and anabolic processes.

KEY CONCEPTS

« The macromolecules in food are
hydrolyzed, and the monomeric
products are absorbed by the
intestine.

= Cells store fatty acids, glucose,
and amino acids in the form of
polymers.

+ Metabolic fuels can be mobilized
by breaking down glycogen,
triacylglycerols, and proteins.
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Figure 12-2 Digestion of biopolymers. These hydrolytic reactions are just a

few of those that occur during food digestion. In each example, the bond to be
cleaved is colored red. (2) The chains of glucose residues in starch are hydrolyzed
by amylases. (b) Proteases catalyze the hydrolysis of peptide bonds in proteins.
(c) Lipases hydrolyze the ester bonds linking fatty acids to the glycerol backbone
of triacylglycerols.

secreted into the small intestine catalyze the release of fatty acids from triacylglycer-
ols. Water-insoluble lipids do nor freely mix with the other digested molecules but
instead form micelles (Fig. 2-10).

The products of digestion are absorbed by the cells lining the intestine. Mono-
saccharides enter the cells via active transporters such as the Na'-glucose system
diagrammed in Figure 9-15. Similar symport systems bring amino acids and di- and
tripeptides into the cells. Some highly hydrophobic lipids diffuse through the cell
membrane; others require transporters. Inside the cell, the triacylglycerol digestion
products re-form triacylglycerols, and some fatty acids are linked to cholesterol to
form cholesteryl esters, for example,

H;C
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CH,
CH;

i
(l::o
(CHyp)16—CH;

Cholesteryl stearate
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Triacylglycerols and cholesteryl esters are packaged, together with specific proteins,
to form lipoproteins. These particles, known specifically as chylomicrons, are
released into the lymphatic circulation before entering the bloodstream for delivery
to tissues.

Water-soluble substances such as amino acids and monosaccharides leave the
intestinal cells and enter the portal vein, which drains the intestine and other
visceral organs and leads directly to the liver. The liver therefore receives the bulk of a
meal’s nusrients and catabolizes them, stores them, or releases them back into the blood-
stream. The liver also takes up chylomicrons and repackages the lipids with different
proteins to form other lipoproteins, which circulate throughout the body, carrying
cholesterol, triacylglycerols, and other lipids (lipoproteins are discussed in greater
detail in Chapter 17).

Monomers are stored as polymers

Immediately following a meal, the circulating concentrations of monomeric com-
pounds are relatively high. All cells can take up these materials to some extent to
fulfill their immediate needs, but some tissues are specialized for the long-term stor-
age of nutrients. For example, fatty acids are used to build triacylglycerols, many of
which travel in the form of lipoproteins to adipose tissue. Here, adipocytes take up

the triacylglycerols and store them as intracellular fat globules. Because the mass of

lipid is hydrophobic and does not interfere with activities in the aqueous cytoplasm,
the fat globule can be enormous, occupying most of the volume of the adipocyte
(Fig. 12-3).

Virtually all cells can take up monosaccharides and immediately catabolize them
to produce free energy. Some tissues, primarily liver and muscle (which makes upa
significant portion of the human body), use monosaccharides to synthesize glyco-
gen, the storage polymer of glucose. Glycogen is a highly branched polymer with
a compact shape. Several glycogen molecules may clump rogether to form granules
that are visible by electron microscopy (Fig. 12-4). Glycogen’s branched structure
means that a single molecule can be expanded quickly, by adding glucose residues to
its many branches, and degraded quickly, by simultaneously removing glucose from
the ends of many branches. Glucose thar does not become part of glycogen can be
catabolized to two-carbon acetyl units and converted into fatty acids for storage as
triacylglycerols.

Figure 12-3 Adipocytes. These cells,
which make up adipose tissue, contain a
small amount of cytoplasm surrounding
a large globule of triacylglycerols (fat).
[© CNRI/Phototake]

Figure 12-4 Glycogen structure. (a) Schematic diagram of a glycogen molecule.
Each circle represents a glucose monomer, and branches occur every 8 to 14
residues. (b) Electron micrograph of a liver cell showing glycogen granules
(colored pink). Mitochondria are green, and a fat globule is yellow. [©CNRI/Science
Photo Library/Photo Researchers.]

12-1 Food and Fuel | 299




Amino acids can be used to build polypeptides. A protein is not a dedicated
storage molecule for amino acids, as glycogen is for glucose and triacylglycerols are
for fatty acids, so excess amino acids cannot be saved for later. However, in certain
cases, such as during starvation, proteins are catabolized to supply the body’s energy
needs. If the intake of amino acids exceeds the body’s immediate protein-building
needs, the excess amino acids can be broken down and converted to carbohydrate
(which can be stored as glycogen) or converted to acetyl units (which can then be
converted to far).

Amino acids and glucose are both required to synthesize nucleotides. Asp,
Gln, and Gly supply some of the carbon and nitrogen atoms used to build
the purine and pyrimidine bases (Section 18-3). The ribose-5-phosphate
component of nucleotides is derived from glucose by a pathway that converts
the six-carbon sugar to a five-carbon sugar (Section 13-4). In sum, the alloca-
tion of resources within a cell depends on the type of tissue and its need to build
cellular structures, provide free energy, or stockpile resources in anticipation of
future needs.

Fuels are mobilized as needed

Amino acids, monosaccharides, and farty acids are known as metabolic fuels becanse
they can be broken down by processes that make free energy available for the cell’s
activities. After a meal, frec glucose and amino acids are catabolized to release their
free energy. When these fuel supplies are exhausted, the body mobilizes its stored
resources; that is, it converts its polysaccharide and triacylglycerol storage molecules
(and sometimes proteins) to their respective monomeric units. Most of the body’s
tissues prefer to use glucose as their primary metabolic fuel, and the central nervous
system can run on almost nothing else. In response to this demand, the liver mobi-
lizes glucose by breaking down glycogen.

In general, depolymerization reactions are hydrolytic, but in the case of glycogen,
the molecule that breaks the bonds between glucose residues is not water but phos-
phate. Thus, the degradation of glycogen is called phesphorolysis. This reaction
is catalyzed by glycogen phosphorylase, which releases residues from the ends of
branches in the glycogen polymer.
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The phosphate group of glucose-1-phos-
phate is removed before glucose is released
from the liver into the circulation. Other
tissues absorb glucose from the blood.
In the disease diabetes mellitus, this
does not occur, and the concentration of
circulating glucose may become elevated.

Only when the supply of glucose runs
low does adipose tissue mobilize its fat
stores. A lipase hydrolyzes triacylglycer-
ols so thar fatty acids can be released into
the bloodstream. These free fatty acids are
not water-soluble and therefore bind to
circulating proteins. Excepr for the heart,
which uses fatty acids as its primary fuel, the body does not have a budger for burn-
ing farty acids. In general, as long as dietary carbohydrates and amino acids can meet
the body’s energy needs, stored fat will not be mobilized, even if the diet includes
almost no fat. This feature of mammalian fuel metabolism is a source of misery for
many dieters!

Amino acids are not mobilized to generate energy except during a fast, when
glycogen stores are depleted (in this situation, the liver can also convert some amino
acids into glucose). However, cellular proteins are continuously degraded and re-
built with the changing demand for particular enzymes, transporters, cytoskeletal
elements, and so on. There are two major mechanisms for degrading unneeded
proteins. In the first, the lysosome, an organelle containing proteases and other hy-
drolytic enzymes, breaks down proteins that are enclosed in a membranous vesicle.
Membrane proteins and extracellular proteins raken up by endocytosis are degraded
by this pathway, but intracellular proteins that become enclosed in vesicles can also
be broken down by lysosomal enzymes.

A second pathway for degrading intracellular proteins requires a barrel-shaped
structure known as a proteasome. The 700-kD core of this multiprotein complex
encloses an inner chamber with multiple active sites that carry out peptide bond
hydrolysis (Fig. 12-5). A protein can enter the proteasome only after it has been
covalently ragged with a small protein called ubiquitin. This 76-residue protein is
ubiquitous (hence its name) and highly conserved in cukaryores (Fig. 12-6). Ubig-
uitin is actached to a protein by the action of a set of enzymes that link the C-rermi-
nus of ubiquitin to a Lys side chain. Additional ubiquitin molecules are then added
to the first, each one linked via its C-terminus to a Lys side chain of the preceding
ubiquitin. A chain of at least four ubiquitins is required to mark a protein for de-
struction by a proteasome.

The structural features that allow a protein to be ubiquitinated are not completely
understood, but the system is sophisticated enough to allow unneeded or defective
proteins to be destroyed while sparing essential proteins. A cap at the end of the
proteasome barrel (not shown in Fig. 12-5) regulates the entry of ubiquitinated pro-
teins into the inner chamber. The free energy of ATP drives conformational changes
that apparently help the condemned protein to unfold so that'it can be more easily
hydrolyzed. The ubiquitin molecules are not degraded; instead they are detached
and reused. The three protease active sites inside the proteasome cleave the unfolded
polypeptide substrate, releasing peprides of about eight residues that can diffuse out
= of the proteasome (Fig. 12-7). These peptides are further broken down by cytosolic
peptidases so that the amino acids can be catabolized or recycled.

CONCEPT REVIEW

* Review the steps by which nutrients from food molecules reach the body's tissues.
= What are metabolic fuels and how are they stored?

= How are metabolic fuels mobilized?

= Describe the pathways for intracellular protein degradation.

Figure 12-5 Structure of the yeast
proteasome core. This cutaway view
shows the inner chamber, where
proteolysis occurs. Additional protein
complexes (not shown) assist the entry
of proteins into the proteasome. The red
structures mark the locations of three
protease active sites. [Courtesy Robert Huber,
Max-Planck-Institut fur Biochemie, Germany.]

Figure 12-6 Ubiquitin. Several copies
of this 76-residue prorein are linked

to Lys residues in proteins that are to
be degraded by a proteasome. Atoms
are color-coded: C green, O red, N
blue, and H white. [Structure (pdb 1UBQ)
determined by S. Vijay-Kumar, C.E. Bugg, and
W.J. Cook.]
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Figure 12-7 Protein degradation by the
proteasome.

Proteasome

Protein

A chain of ubiquitin molecules
targets a protein fo the proteasomne.

The polypeptide is unfolded as it
enters the proteasome.

into small peptides that diffuse away.

Protease active sites inside the
.\.\.,. proteasome cleave the polypeptide

12-2 Metabolic Pathways

KEY CONCEPTS

+ A few metabolites appear in several
metabolic pathways.

« Coenzymes such as NAD " and
ubiquinone collect electrans from
compounds that become oxidized.

« Metabolic pathways in cells are
connected and are regulated.

« Many vitamins, substances that
humans cannot synthesize, are
components of coenzymes.

The interconversion of a biopolymer and its monomeric units is usually accom-
plished in just one or a few enzyme-catalyzed steps. In contrast, many steps are
required to break down the monomeric compounds or build them up from smaller
precursors. These series of reactions are known as metabolic pathways. A metabolic
pathway can be considered from many viewpoints: as a series of intermediates or
metabolites, as a set of enzymes that catalyze the reactions by which metabolites are
interconverted, as an energy-producing or energy-requiring phenomenon, or as a
dynamic process whose activity can be turned up or down. As we explore metabolic
pathways in the coming chapters, we will take on each of these issues.

Some major metabolic pathways share a few
common intermediates

One of the challenges of studying metabolism is dealing with the large number of re-
actions that occur in a cell—involving thousands of different intermediates. However,
a handful of metabolites appear as precursors or products in the pathways that lead to or
from virtually all other types of biomolecules. These intermediates are worth examining
at this point, since they will reappear several times in the coming chapters.

In glycolysis, the pathway that degrades the monosaccharide glucose, the six-carbon
sugar is phosphorylated and split in half; yielding two molecules of glyceraldehyde-
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3-phosphate (Fig. 12-8). This compound is then converted in several more Steps w0
another three-carbon molecule, pyruvate. The decarboxylation of pyruvate (removal
of a carbon atom as CO,) yields acetyl-CoA, in which a two-carbon acetyl group is
linked to the carrier molecule coenzyme A (CoA).

Glycera.ldehyde-3—phosphate, pyruvate, and acetyl-CoA are key players in other
metabolic pathways. For example, glyceraldehyde-3-phosphate is the metabolic pre-
cursor of the three-carbon glycerol backbone of triacylglycerols. In plants, it is also
the entry point for the carbon “fixed” by photosynthesis; in this case, two molecules
of glyceraldehyde-3-phosphate combine to form a six-carbon monosaccharide.
Pyruvate can undergo a reversible amino-group transfer reaction to yield alanine:

CI:OO_ COO~
(i::o =1 FENT (]Z—H
CH; CH,
Pyruvate Alanine

This makes pyruvate both a precursor of an amino acid and the degradation product

of one. Pyruvate can also be carboxylated to yicld oxaloacerare, a four-carbon pre-
cursor of several other amino acids:

COO~
COoO~ -
| C=0
=" A B8y~ |
| CH,
CH; \
COO~
Pyruvate Oxaloacetate

Farty acids are built by the sequential addition of two-carbon units derived from
acetyl-CoA; farty acid breakdown yields acetyl-CoA. These relationships are sum-
marized in Figure 12-9. If not used to synthesize other compounds, two-carbon
intermediates can be broken down to CO, by the citric acid cycle, a metabolic
pathway essential for the carabolism of metabolic fuels.
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Figure 12-8 Some intermediates
resulting from glucose catabolism.

Figure 12-2 Some of the metabolic
roles of the common intermediates.
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Many metabolic pathways include oxidation-
reduction reactions

In general, the catabolism of amino acids, monosaccharides, and fatty acids is a process of
oxidizing carbon atoms, and the synthesis of these compounds involves carbon reduction.
Recall from Section 1-3 that oxidation is the loss of electrons and reduction is the
gain of electrons. Oxidation-reduction, or redox, reactions occur in pairs so that as
one compound becomes oxidized (gives up electrons), another compound becomes
reduced (receives the electrons).

For the metabolic reactions that we are concerned with, the oxidation of carbon
atoms frequently appears as the replacement of C—H bonds (in which the C and
H atoms share the bonding electrons equally) with C—O bonds (in which the more
electronegative O atom “pulls” the electrons away from the carbon atom). Carbon
has given up some of its electrons, even though the electrons are still participating in
a covalent bond.

The transformation of methane to carbon dioxide represents the conversion of
carbon from its most reduced state to its most oxidized state:

H

|
H—(lz—H — 0=C=0

H

Similarly, oxidation occurs during the catabolism of a fatty acid, when saturated
methylene (—CH,—) groups are converted to CO, and when the carbons of a
carbohydrate (represented as CH,0) are converted to COy:

|
H—?—H —— 0=C=0

|
H—(lj—OH — 0=C=0

The reverse of either of these processes—converting the carbons of CO; to the
carbons of farry acids or carbohydrates—is a reduction process (this is what occurs
during photosynthesis, for example).

Turning CO, into carbohydrate (CH,O) requires the input of free energy (think:
sunlight). Therefore, the reduced carbons of the carbohydrate represent a form of stored
free energy. This energy is recovered when cells break the carbohydrate back down to
CO,. Of course, such a merabolic conversion does not happen all at once but takes
place through many enzyme-catalyzed steps.

In following metabolic pathways that include oxidation—reduction reactions, we
can examine the redox state of the carbon atoms, and we can also trace the path of
the electrons that are transferred during the oxidation—reduction reaction. In some
cases, this is straightforward, as when an oxidized metal ion such as iron gains an
electron (represented as ¢ ) to become reduced.

FPt + ¢ —Fe*t

But in some cases, an electron travels along with a proton as an H atom, or a pair of
electrons travels with a proton as a hydride ion (H™).

When a metabolic fuel molecule is oxidized, its electrons may be transferred to
a compound such as nicotinamide adenine dinucleotide (NAD™) or nicotinamide
adenine dinucleotide phosphate (NADP™). The structure of these nucleotides is
shown in Figure 3-4b. NAD" and NADP" are called cofactors or coenzymes,
organic compounds that allow an enzyme to carry out a particular chemical reaction
(Section 6-2). The redox-active portion of NAD " and NADP™ is the nicotinamide
group, which accepts a hydride ion to form NADH or NADPH.
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This reaction is reversible, so the reduced cofactors can become oxidized by giving
up a hydride ion. In general, NAD™ participates in catabolic reactions and NADP ™" in
anabolic reactions. Because these electron carriers are soluble in aqueous solution,
they can travel throughout the cell, shuttling electrons from reduced compounds to
oxidized compounds.

Many cellular oxidation-reduction reactions take place at membrane
surfaces, for example, in the inner membranes of mitochondria and chloro-
plasts in eukaryotes and in the plasma membrane of prokaryotes. In these cases,
a membrane-associated enzyme may transfer electrons from a substrate to a
lipid-soluble electron carrier such as ubiquinone (coenzyme Q, abbreviated
Q; see Section 8-1). Ubiquinone’s hydrophobic tail, containing 10 five-car-
bon isoprenoid units in mammals, allows it to diffuse within the membrane.
Ubiguinone can take up one or two electrons (in conrtrast to NAD™, which is
strictly a two-electron carrier). A one-electron reduction of ubiquinone
(addition of an H atom) produces a semiquinone, a stable free radical (shown
as QH-). A two-electron reduction (two H atoms) yields ubiquinol (QH,):

O
H;CO CH;,
e
H,CO (CE—CH—C—CH )l
O
Ubiquinone (Q)
[
O 3
H,CO CH,
H,CO R
OH
Ubisemiquinone (QH )
Il
OH
H,CO CH,
H,C0 R
OH

Ubiquinoel (QH,)
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The reduced ubiquinol can then diffuse through the membrane to donate its elec-
trons in another oxidatdon-reduction reaction.

Carabolic pathways, such as the citric acid cycle, generate considerable amounts
of reduced cofactors. Some of them are reoxidized in anabolic reacrions. The rest
are reoxidized by a process that is accompanied by the synthesis of ATP from ADP
and P;. In mammals, the reoxidation of NADH and QH, and the concomitant
production of ATP require the reduction of O, to H,O. This pathway is known as
oxidative phosphorylation.

reduced oxidized H.O
fuel molecule cofactor :
oxidized ' reduced
fuel molecule cofactor 0,

Tn effect, NAD™ and ubiquinone collect electrons (and hence free energy) from re-
duced fuel molecules. When the electrons are ultimately transferred to O,, this free
energy is harvested in the form of ATD.

Metabolic pathways are complex

So far we have sketched the outlines of mammalian fuel metabolism, in which macro-
molecules are stored and mobilized so that their monomeric units can be broken
down into smaller intermediates. These intermediates can be further degraded (oxi-
dized) and their electrons collected by cofactors. We have also briefly mentioned
anabolic (synthetic) reactions in which the common two- and three-carbon inter-
mediates give rise to larger compounds. At this point, we can present this informa-
tion in schematic form in order to highlight some important features of metabolism

(Fig. 12-10).

1. Metabolic pathways are all connected. In a cell, a metabolic pathway does not
operate in isolation; its substrates are the products of other pathways, and vice
versa, For example, the NADH and QH, generated by the citric acid cycle are
the starting materials for oxidative phosphorylation.

2. Pathway activity is regulated. Cells do not synthesize polymers when mono-
mers are in short supply. Conversely, they do not catabolize fuels when the
need for ATP is low. The flux, or flow of intermediates, through a metabolic
pathway is regulated in various ways according to substrate availability and
the cell’s need for the pathway’s products. Flux also responds to extracellu-
lar signals that activate intracellular kinases, phosphatases, and second mes-
sengers. Regulation of pathways is especially critical when the simultaneous
operation of two. opposing processes, such as fatty acid synthesis and degra-
dation, would be wasteful.

3. Noz every cell carries out every pathway. Figure 12-10 is a composite of a number
of metabolic processes, and a given cell or organism may undertake only a subset
of these. Mammals do not perform photosynthesis, and only the liver and kidney
can synthesize glucose from. noncarbohydrate precursors.

4. Each cell has a unique metabolic repertoire. In addition to the pathways out-
lined in Figure 12-10, which are centered on fuel metabolism, cells carry out a
plethora of biosyntheric reactions that are not explicitly shown. Such pathways
contribute to the unique metabolic capabilities of different cells and organisms
(Box 12-A).

5. Organisms may be metabolically interdependent. Photosynthetic plants and the
heterotrophs that consume them are an obvious example of metabolic comple-
mentarity, but there are numerous other examples, especially in the microbial
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world. Certain methane-producing organisms, such as M. jannaschii (which gen-
erates methane as a waste product), live in close proximity to methanotrophic
species (which consume CHj as a fuel); neither organism can survive without
the other. Humans also exhibit interspecific cooperativity: Thousands of differ-
ent organisms, mostly bacteria, can live in or on the human body. Collectively,
these species represent millions of different genes and a correspondlngly rich set
of metabolic activities.

An overview such as Figure 12-10 does not convey the true complexity of cel-
lular metabolism, which takes place in a milieu crowded with multiple substrates,
competing enzymes, and layers of regulatory mechanisms. Moreover, Figure 12-10
does not include any of the reactions involved in transmitting and decoding genetic
information (these topics are covered in the final section of this book). However, a
diagram such as Figure 12-10 is a useful tool for mapping the relationships among
metabolic processes, and we will refer back to it in the coming chapters. Online
darabases provide additional information about metabolic pathways, enzymes,
intermediates, and metabolic diseases (see Bioinformatics Project 4, Metabolic
Pathways).

Figure 12-10 Outline of metabolism.

In this composite diagram, downward
arrows represent catabolic processes, and
upward arrows represent anabolic pro-
cesses. Red arrows indicate some major
oxidation-reduction reactions. The ma-
jor metabolic processes are highlighted:
(1) Biological polymers (proteins, nucleic
acids, polysaccharides, and triacylglyc-
erols) are built from and are degraded

to monomers (amino acids, nucleotides,
monosaccharides, and fatty acids). (2)
The monomers are broken down into
two- and three-carbon intermediates
such as glyceraldehyde-3-phosphate,
pyruvate, and acetyl-CoA, which are also
the precursors of many other biological
compounds. (3) The complete degrada-
tion of biological molecules vields inor-
ganic compounds such as NH;, CO,,
and H,O. These substances are returned
to the pool of intermediates by processes
such as photosynthesis. (4) Electron
carriers (NAD ™ and ubiquinone) accept
the electrons released by merabolic fuels
(amino acids, monosaccharides, and
fatty acids) as they are degraded and then
completely oxidized by the citric acid
cycle. (5) The reduced cofactors (NADH
and QH,) are required for many bio-
synthetic reactions. (6) The reoxidation
of reduced cofactors drives the produc-
tion of ATP from ADP + P, (oxidative
phosphorylation).
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The Metabolome Reveals a Cell’'s Metabolic Activity

Most of the pathways for synthesizing and degrading the cell’s
fundamental building blocks are similar in eukaryotes, bacteria,
and archaea, in accordance with their common evolutionary
origins (see Section 1-4). This shared heritage is an advantage
because information gathered from studying the metabolism

of relatively simple organisms can be applied to more complex
organisms. Of course, an organism’s ability to carry out a
particular metabolic process, such as photosynthesis or nitrogen
fixation, reflects its genetic makeup. The full metabolic
capabilities of some organisms have come to light only after

the organisms’ genomes have been sequenced and the genes for
various enzymes identified. While genomic approaches to de-
scribing metabolism are useful, they cannor reveal what acrually
occurs inside cells. This uncertainty is especially problematic in
the study of multicellular organisms, where genes are present

include nonfood molecules such as toxins, preservatives, drugs,
and their degradation products. Metabolites are typically
detected through column chromatography, nuclear magnetic
resonance (NMR) spectroscopy; or mass spectrometry. In the
example shown below, approximately 20 metabolites are visible
in an 'H NMR spectrum of a 10-p.L sample of rat brain.

As has been done for genomics and proteomics and other
areas of bioinformarics, metabolomic data are deposited in
publicly accessible databases for retrieval and analysis. One
hope for metabolomics is that disease diagnosis could be
streamlined by obtaining a complete metabolic profile of a

patients urine or blood. Industrial applications include monitor-
ing biological processes such as winemaking and bioremediation
(using microorganisms to detoxify contaminated environ-
ments).

burt not expressed in all dssues. Even a snap-
shot of a cell’s proteome (the set of proteins
present at one time) may be misleading since
the proteins may exhibit different degrees of
activity under different conditions.
Metabolomics attempts to pin down the
actual metabolic activity in a cell or tissue by
identifying and quantifying all its metabo-
lites, that is, its metabolome. This is no

trivial task, as there may be tens of thou- T T T T T T T T T T T i 1
6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 ppm

sands of compounds present in a cell, and
their concentrations may range over many

Metabolite profile of rat brain. [Courtesy Raghavendra Rao, University
orders of magnitude. These substances

of Minnesota, Minneapolis.]

Human metabolism depends on vitamins

Humans lack many of the biosynthetic pathways that occur in plants and micro-
organisms and so rely on other species to provide certain raw materials. Some
amino acids and unsaturated fatty acids are considered essential because the
human body cannot synthesize them and must obtain them from food (Table
12-1). Vitamins also are compounds that humans need but cannot make. Pre-
sumably, the pathways for synthesizing these substances, which require many
specialized enzymes, are nor necessary for heterotrophic organisms and have
been lost through evolution.

The word vitamin comes from vital amine, a term coined by Casimir Funk
in 1912 to describe organic compounds that are required in small amounts for
normal health. It turns out that most vitamins are not amines, but the name
has stuck. Table 12-2 lists the vitamins and their metabolic roles. Vitamins A,
D, E, and K are lipids; their functions were described in Box 8-A. Many of the
water-soluble vitamins are the precursors of coenzymes, which we will describe
as we encounter them in the context of their particular metabolic reactions.
Vitamins are a diverse group of compounds, whose discoveries and functional
characterization have provided some of the more colorful stories in the history
of biochemistry.
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[TABLE 12-1 | Some Essential Substances for Humans

Other e
(CH;);N"CH,CH,0H

 Fatty Acids
CH,(CH,){(CH—CHCH,),(CH,);COO™
CH,CH,(CH—CHCH,);(CH,);C00"

Amino Acids

Isoleucine Linoleate Choline

Leucine Linolenate
Lysine

Methionine

Phenylalanine

Threonine

Tryptophan

Valine

Many vitamins were discovered through studies of nutritional deficiencies. One of
the earliest links berween nutrition and disease was observed centuries ago in sailors
suffering from scurvy, an illness characterized by loose teeth, skin lesions, and poor
wound healing. British navy physicians found that citrus juice cured scurvy in sailors

. Human Deficiency

Vitamin Coenzyme Product Biochemical Function Disease Text Reference

Water-Soluble

Ascorbic acid (C) Ascorbate Cofactor for hydroxylation Scurvy Section 12-2
of collagen

Biotin (B5) Biocytin Cofacror for carboxylation % Section 13-1
reactions

Cobalamin (B,,) Cobalamin coenzymes Cofactor for alkylarion Anemia Section 17-1
reactions

Folic acid Tetrahydrofolate Cofactor for one-carbon Anemia Section 18-2
transfer reactions

Lipoic acid Lipoamide Cofactor for acyl transfer ¥ Section 14-1
reactions

Nicotinamide (niacin, Bs) Nicotinamide coenzymes Cofactor for oxidation— Pellagra Fig. 3-4, Section 12-2

(NAD", NADP") reduction reactions

Pantothenic acid (Bs) Coenzyme A Cofactor for acyl transfer * Fig. 3-4, Section 12-3
reactions

Pyridoxine (Bg) Pyridoxal phosphate Cofactor for amino-group # Section 18-1
transfer reactions

Riboflavin (B,) Flavin coenzymes Cofactor for oxidation— * Fig. 3-4, Section 14-2

(FAD, FMN) reduction reactions

Thiamine (B,) Thiamine pyrophosphate  Cofactor for aldehyde transfer  Beriberi Section 14-1
reactions

Fat-Soluble

Vitamin A (retinol) Light-absorbing pigment Blindness Box 8-A

Vitamin D Hormone that promotes Rickets Box 8-A
(€5 absorption

Vitamin E (tocopheral) Antioxidant o Box 8-A

Vitamin K (phylloquinone) Cofactor for carboxylation of  Bleeding Box 8-A

blood coagulation proteins

*Deficiency in humans is rare or unobserved
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