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As a result of reader feedback, we have improved on an already successful formula.
We have created a learning system, including a print and electronic package, that is
casier to use and more concise than other review products on the market.
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Outline format: Concise, high-yield subject matter is presented in a study-
friendly format.

High-yield margin notes: Key content that is most likely to appear on the exami-
nation is reinforced in the margin notes.

Visual elements: Full-color photographs are used to enhance students’ study and
recognition of key pathology images. Abundant two-color schematics and sum-
mary tables enhance the study experience.

Two-color design: Colored text and headings make studying more efficient and
pleasing.

New Online Study and Testing Tool

More than 350 USMLE step 1-type multiple-choice questions: Clinically ori-
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high-yield images and complete rationales for all answer options.
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Test mode: A test can be created from a random mix of questions or generated by
subject or keyword using the timed test mode. USMLE Consult simulates the
actual test-taking experience using NBME’s FRED interface, including style
and level of difficulty of the questions and timing information. Detailed feedback
and analysis highlights strengths and weaknesses and enables more focused study.
Practice mode: A test can be created from randomized question sets or fashioned
by subject or keyword for a dynamic study session. The practice mode features
unlimited attempts at each question, instant feedback, complete rationales for
all answer options, and a detailed progress report.

Online access: Online access allows students to study from an Internet-enabled
computer wherever and whenever it is convenient. This access is activated
through registration on www.studentconsult.com with the pin code printed inside
the front cover.
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CHAPTER

FUELS AND BIOSYNTHETIC
PRECURSORS

I. Carbohydrates
A. Overview
1. Glucose provides a significant portion of the energy needed by cells in the fed state.
2. Glucose is maintained in the blood as the sole energy source for the brain in the
nonstarving state and as an available energy source for all other tissues. Blood sugar is analogous
B. Monosaccharides to the battery in a car; it
1. They are aldehydes (aldoses) or ketones (ketoses) with the general molecular formula ~ POWers the electrical )
(CH,0),, where x = 3 or more. SySFeT.(nguri’"s) and is
2. They are classified by the number of carbon atoms and the nature of the most oxidized ‘r‘:?]:]r;?eof ;o iop:gger;g/
group (Table 1-1). dL by the liver.
a. Most sugars can exist as optical isomers (D or L forms), and enzymes are specific for
cach isomer.
b. In human metabolism, most sugars occur as D forms.
3. Pyranose sugars (e.g., glucose, galactose) contain a six-membered ring, whereas
furanose sugars (e.g., fructose, ribose, deoxyribose) contain a five-membered ring.
4. Reducing sugars are open-chain forms of five and six carbon sugars that expose the

carbonyl group to react with reducing agents. Scurvy: vitamin C
C. Monosaccharide derivatives deficiency produces
1. Monosaccharide derivatives are important metabolic products, although excesses or abnormal collagen.

deficiencies of some contribute to pathogenic conditions.
2. Sugar acids
a. Ascorbic acid (vitamin C) is required in the synthesis of collagen.
(1) Prolonged deficiency of vitamin C causes scurvy (i.e., perifollicular petechiae,
corkscrew hairs, bruising, gingival inflammation, and bleeding).
b. Glucuronic acid reacts with bilirubin in the liver, forming conjugated (direct)

bilirubin, which is water soluble. Glucuronic acid: reacts
¢. Glucuronic acid is a component of glycosaminoglycans (GAGs), which are major with bilirubin to produce
constituents of the extracellular matrix. conjugated bilirubin
3. Deoxy sugars
a. 2-Deoxyribose is an essential component of the deoxyribonucleotide structure. 2-Deoxyribose:
4. Sugar alcohols (polyols) component of

a. Glycerol derived from hydrolysis of triacylglycerol is phosphorylated in the liver to  deoxyribonucleotide
form glycerol phosphate, which enters the gluconeogenic pathway. structure
(1) Liver is the only tissue with glycerol kinase to phosphorylate glycerol. Glycerol 3-phosphate:

b. Sorbitol derived from glucose is osmotically active and is responsible for damage to  substrate for gluconeogenesis
the lens (cataract formation), Schwann cells (peripheral neuropathy), and pericytes ~ and for synthesizing
(retinopathy), all associated with diabetes mellitus. triacylglycerol

c¢. Galactitol derived from galactose contributes to cataract formation in galactosemia.  Sorbitol: cataracts,

neuropathy, and

retinopathy in diabetes
mellitus
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Phosphorylation of
glucose: traps it in cells
for further metabolism

Glycosylation of basement
membranes of small
vessels renders them
permeable to proteins.

Hemoglobin A, formed
by glucose reaction with
terminal amino groups
and used clinically as a
measure of long-term
blood glucose
concentration

Disaccharides are not
absorbed directly but
hydrolyzed to

monosaccharides first.

The glycosidic bond
linking two sugars is
designated o or f.

Maltose = glucose +
glucose

Lactose = glucose +
galactose

Sucrose = glucose +
fructose

Reducing sugars: open-
chain forms undergo a
color reaction with
Fehling’s reagent
indicating that the sugar
does not have a glycosidic

bond.

TABLE 1-1. Monosaccharides Common in Metabolic Processes

CARBONYL

CLASS/SUGAR GROUP MAJOR METABOLIC ROLE

Triose (3 Carbons)

Glyceraldehyde Aldose Intermediate in glycolytic and pentose phosphate pathways

Dihydroxyacetone  Ketose Reduced to glycerol (used in fat metabolism); present in glycolytic pathway

Tetrose (4 Carbons)

Erythrose Aldose Intermediate in pentose phosphate pathway

Pentose (5 Carbons)

Ribose Aldose Component of RNA; precursor of DNA

Ribulose Ketose Intermediate in pentose phosphate pathway

Hexose (6 Carbons)

Glucose Aldose Absorbed from intestine with Na* and enters cells; starting point of glycolytic
pathway; polymerized to form glycogen in liver and muscle

Fructose Ketose Absorbed from intestine by facilitated diffusion and enters cells; converted to
intermediates in glycolytic pathway; derived from sucrose

Galactose Aldose Absorbed from intestine with Na* and enters cells; converted to glucose; derived
from lactose

Heptose (7 Carbons)

Sedoheptulose Ketose Intermediate in pentose phosphate pathway

*Within cells, sugars usually are phosphorylated, which prevents them from diffusing out of the cell.

5. Amino sugars
a. Replacement of the hydroxyl group with an amino group yields glucosamine and
galactosamine.
b. N-acetylated forms of these compounds are present in GAGs.
6. Sugar esters
a. Sugar forms glycosidic bonds with phosphate or sulfate.
b. Phosphorylation of glucose after it enters cells effectively traps it as glucose-6-
phosphate, which is further metabolized.
7. Glycosylation
a. Refers to the reaction of sugar aldehyde with protein amino groups to form a
nonreversible covalent bond.
b. Excessive glycosylation in diabetes leads to endothelial membrane alteration,
producing microvascular disease.
c. In arterioles, glycosylation of the basement membrane renders them permeable to
protein, producing hyaline arteriolosclerosis.
D. Common disaccharides
1. Disaccharides are hydrolyzed by digestive enzymes, and the resulting monosaccharides
are absorbed into the body.
2. Maltose = glucose + glucose
a. Starch breakdown product
3. Lactose = glucose + galactose
a. Milk sugar
4. Sucrose = glucose + fructose
a. Table sugar
b. Sucrose, unlike glucose, fructose, and galactose, is a nonreducing sugar.
E. Polysaccharides
1. Polysaccharides function to store glucose or to form structural elements.
2. Sugar polymers are commonly classified based on the number of sugar units
(i.e., monomers) that they contain (Table 1-2).

TABLE 1-2. Types of Carbohydrates

TYPE NUMBER OF MONOMERS EXAMPLES

Monosaccharides 1 Glucose, fructose, ribose

Disaccharides 2 Lactose, sucrose, maltose

Oligosaccharides 3-10 Blood group antigens, membrane glycoproteins
Polysaccharides >10 Starch, glycogen, glycosaminoglycans
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o-1,6 bonds
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1-1: Schematic depiction of glycogen’s structure.
Each glycogen molecule has one reducing end
(open circle) and many nonreducing ends. Because
of the many branches, which are cleaved by glyco-
gen phosphorylase one glucose unit (closed circles)
at a time, glycogen can be rapidly degraded to
supply glucose in response to low blood glucose
levels.

Reducing
end

Starch, the primary glucose storage form in plants, has two major components, both

of which can be degraded by human enzymes (e.g., amylase).

a. Amylose has a linear structure with o-1,4 linkages.

b. Amylopectin has a branched structure with o-1,4 linkages and a-1,6 linkages.

Glycogen, the primary glucose storage form in animals, has a-glycosidic linkages,

similar to amylopectin, but it is more highly branched (Fig. 1-1).

a. Glycogen phosphorylase cleaves the a-1,4 linkages in glycogen, releasing glucose
units from the nonreducing ends of the many branches when the blood glucose level
is low.

b. Liver and muscle produce glycogen from excess glucose during the well-fed state.

Cellulose

a. Structural polysaccharide in plants

b. Glucose polymer containing -1,4 linkages

c. Although an important component of fiber in the diet, cellulose supplies no energy
because human digestive enzymes cannot hydrolyze B-1,4 linkages (i.c., insoluble
fiber).

Hyaluronic acid and other GAGs

a. Negatively charged polysaccharides contain various sugar acids, amino sugars, and
their sulfated derivatives.

b. These structural polysaccharides form a major part of the extracellular matrix in
humans.

II. Lipids
A. Overview

1.

2.

3.

Fatty acids, the simplest lipids, can be oxidized to generate much of the energy needed
by cells in the fasting state (excluding brain cells and erythrocytes).

Fatty acids are precursors in the synthesis of more complex cellular lipids

(e.g., triacylglycerol).

Only two fatty acids are essential and must be supplied in the diet: linoleic acid and
linolenic acid.

B. Fatty acids

1.

2.

Fatty acids (FAs) are composed of an unbranched hydrocarbon chain with a terminal
carboxyl group.

In humans, most fatty acids have an even number of carbon atoms, with a chain length
of 16 to 20 carbon atoms (Table 1-3).

TABLE 13. Common Fatty Acids in Humans

COMMON NAME CARBON CHAIN LENGTH: NUMBER OF ATOMS

Palmitic 16
Stearic 18
Palmitoleic 16
Oleic 18
Linoleic (essential) 18
Linolenic (essential) 18
Arachidonic 20

Glycogen: storage form of
glucose

Glycogen phosphorylase:
important enzyme for
glycogenolysis and release
of glucose

Cellulose: important form
of fiber in diet; cannot be
digested in humans

Hyaluronic acid and
GAGs: important

components of the
extracellular matrix

Digestive enzymes:
cleave a-glycosidic bonds
in starch but not
B-glycosidic bonds in
cellulose (insoluble fiber)

Fatty acids: greatest
source of energy for cells
(excluding brain cells and
erythrocytes)

Essential fatty acids:
linoleic acid and linolenic
acid
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Short- or medium-chain
fatty acids: directly
reabsorbed

Long-chain fatty acids:
require carnitine shuttle

Carnitine deficiency
reduces energy available
from fat to support
glucose synthesis,
resulting in nonketotic
hypoglycemia.

n-3 (®-3) unsaturated
fatty acids: 3 carbons from
terminal

n-6 (-6) unsaturated
fatty acids: 6 carbons
from terminal

Trans fatty acids:
margarine, risk factor for
atherosclerosis

Triacylglycerol: formed by
esterification of fatty
acids, as in glycerol

Phospholipids: major
component of cellular
membranes

Corticosteroids reduce
arachidonic acid release
from membranes by
inactivating
phospholipase A,.

Diacylglycerol and inositol
triphosphate: potent
intracellular signals

Lung surfactant:
decreases surface tension
and prevents collapse of
alveoli; deficient in
respiratory distress
syndrome

C.

a. Short-chain (2 to 4 carbons) and medium-chain (6 to 12 carbons) fatty acids occur
primarily as metabolic intermediates in the body.

(1) Dietary short- and medium-chain fatty acids (sources: coconut oil, palm kernel
oil) are directly absorbed in the small intestine and transported to the liver
through the portal vein.

(2) They also diffuse freely without carnitine esterification into the mitochondrial
matrix to be oxidized.

b. Long-chain fatty acids (14 or more carbons) are found in triacylglycerols (fat) and
structural lipids.

(1) They require the carnitine shuttle to move from the cytosol into the
mitochondria.

3. Unsaturated fatty acids contain one or more double bonds.

a. Double bonds in most naturally occurring fatty acids have the ¢s (not trans)
configuration.

b. Trans fatty acids are formed in the production of margarine and other hydrogenated
vegetable oils and are a risk factor for atherosclerosis.

c. The distance of the unsaturated bond from the terminal carbon is indicated by the
nomenclature n-3 (®-3) for 3 carbons and n-6 (0-6) for 6 carbons.

d. Oxidation of unsaturated fatty acids in membrane lipids yields breakdown products
that cause membrane damage, which can lead to hemolytic anemia (e.g., vitamin E
deficiency).

Triacylglycerols

1. Highly concentrated energy reserve

2. Formed by esterification of fatty acids with glycerol

3. Excess fatty acids in the diet and fatty acids synthesized from excess dietary
carbohydrate and protein are converted to triacylglycerols and stored in adipose cells.

. Phosphohplds

. Phospholipids are derivatives of phosphatidic acid (diacylglycerol with a phosphate
group on the third glycerol carbon)
a. Major component of cellular membranes.
b. Named for the functional group esterified to the phosphate (Table 1-4).
2. Fluidity of cellular membranes correlates inversely with the melting point of the fatty
acids in membrane phospholipids.
3. Phospholipases cleave specific bonds in phospholipids.
a. Phospholipases A; and A, remove fatty acyl groups from the first and second carbon
atoms (C1 and C2) during remodeling and degradation of phospholipids.
(1) Corticosteroids decrease phospholipase A, activity by inducing phospholipase A,
inhibitory proteins, thereby decreasing the release of arachidonic acid.
b. Phospholipase C liberates diacylglycerol and inositol triphosphate, two potent
intracellular signals.
c. Phospholipase D generates phosphatidic acid from various phospholipids.
4. Lung surfactant
a. Decreases surface tension in the alveoli; prevents small airways from collapsing
b. Contains abundant phospholipids, especially phosphatidylcholine
c. Respiratory distress syndrome (RDS), hyaline membrane disease
(1) Associated with insufficient lung surfactant production leading to partial lung
collapse and impaired gas exchange
(2) Most frequent in premature infants and in infants of diabetic mothers

. Sphingolipids

1. Sphingolipids are derivatives of ceramide, which is formed by esterification of a fatty
acid with the amino group of sphingosine.
2. Sphingolipids are localized mainly in the white matter of the central nervous system.

TABLE 1-4. Phospholipids

FUNCTIONAL GROUP PHOSPHOLIPID TYPE

Choline

Ethanolamine

Serine
Inositol

Glycerol linked to a second phosphatidic acid

Phosphatidylcholine (lecithin)
Phosphatidylethanolamine (cephalin)
Phosphatidylserine
Phosphatidylinositol

Cardiolipin
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TABLE 1-5. Sphingolipids

FUNCTIONAL GROUP SPHINGOLIPID TYPE
Phosphatidylcholine Sphingomyelin
Galactose or glucose Cerebroside

Sialic acid-containing oligosaccharide Ganglioside

3. Different sphingolipids are distinguished by the functional group attached to the
terminal hydroxyl group of ceramide (Table 1-5).

4. Hereditary defects in the lysosomal enzymes that degrade sphingolipids cause
sphingolipidoses (i.c., lysosomal storage diseases), such as Tay-Sachs disease and
Gaucher’s disease.

5. Sphingomyelins
a. Phosphorylcholine attached to ceramide
b. Found in cell membranes (e.g., nerve tissue, blood cells)
c¢. Signal transduction

6. Cerebrosides
a. One galactose or glucose unit joined in B-glycosidic linkage to ceramide
b. Found largely in myelin sheath

7. Gangliosides
a. Oligosaccharide containing at least one sialic acid (N-acetyl neuraminic acid) residue

linked to ceramide
b. Found in myelin sheath

. Steroids

1. Steroids are lipids containing a characteristic fused ring system with a hydroxyl or keto
group on carbon 3.

2. Cholesterol
a. Most abundant steroid in mammalian tissue.

b. Important component of cellular membranes; modulates membrane fluidity
c. Precursor for synthesis of steroid hormones, skin-derived vitamin D, and bile acids
3. The major steroid classes differ in total number of carbons and other minor variations
(Fig. 1-2).
a. Cholesterol: 27 carbons
b. Bile acids: 24 carbons (derived from cholesterol)
c. Progesterone and adrenocortical steroids: 21 carbons
d. Androgens: 19 carbons
e. Estrogens: 18 carbons (derived from aromatization of androgens)
. Eicosanoids
1. Eicosanoids function as short-range, short-term signaling molecules.
a. Two pathways generate three groups of eicosanoids from arachidonic acid,
a 20-carbon polyunsaturated n-6 (-6) fatty acid.
b. Arachidonic acid is released from membrane phospholipids by phospholipase A,
(Fig. 1-3).
2. Prostaglandins (PGs)
a. Formed by the action of cyclooxygenase on arachidonic acid
b. Prostaglandin H, (PGH;), the first stable prostaglandin produced, is the precursor
for other prostaglandins and for thromboxanes.
c. Biologic effects of prostaglandins are numerous and often related to their tissue-
specific synthesis.
(1) Promote acute inflammation
(2) Stimulate or inhibit smooth muscle contraction, depending on type and tissue
(3) Promote vasodilation (e.g., afferent arterioles) or vasoconstriction (e.g., cerebral
vessels), depending on type and tissue
(4) Pain (along with bradykinin) in acute inflammation
(5) Production of fever
3. Thromboxane A, (TXA,)
a. Produced in platelets by the action of thromboxane synthase on PGH,
b. TXA; strongly promotes arteriole contraction and platelet aggregation.
c. Aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) acetylate and
inhibit cyclooxygenase, leading to reduced synthesis of prostaglandins

Sphingolipids: defects in
lysosomal enzymes
produce lysosomal
storage disease.

Sphingomyelins: found in
nerve tissue and blood

Cerebrosides: found in the
myelin sheath

Gangliosides: found in the
myelin sheath

Sphingolipidoses

(e.g., Tay-Sachs disease):
defective in lysosomal
enzymes; cause
accumulation of
sphingolipids; lysosomal
storage disease

Cholesterol: most
abundant steroid in
mammalian tissue

Cholesterol: precursor for
steroid hormones, vitamin
D, and bile acids

Eicosanoids: short-term
signaling molecules

Prostaglandins: formed by
action of cyclooxygenase
on arachidonic acid

PGH,: precursor
prostaglandin

Prostaglandin action is
specific to the tissue, such
as vasodilation in afferent
arterioles and
vasoconstriction in
cerebral vessels.

TXA,: platelet
aggregation;
vasoconstriction;
bronchoconstriction
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Prostaglandins: effects
include acute
inflammation and smooth
muscle contraction and
relaxation
(vasoconstriction and
vasodilation); inhibited by
aspirin and NSAIDs

LTB,: neutrophil
chemotaxis and adhesion

LTC,, LTCD,, LTCE,:
found in nerve tissue and

blood

Zileuton: inhibits
lipoxygenase

Montelukast, zafirlukast:
leukotriene receptor
antagonists

Essential amino acids
cannot be synthesized by
the body and must be
consumed in the diet.

Co7 Steroids C,4 Steroids (bile acids)
CH3 H
] I
H-C-CH,-CH,-CH,-C-CH
C-CHy-CHy-CH, g CHs OH (I;H3
H :
I 8 : «CH—=CHy— CHp - COOH
HO HO™ “OH
Cholesterol Cholic acid
C,4 Steroids (progestins/adrenocortical steroids)
CH CH,OH o CH,OH
|
C=0 C=0 H. élj Cc=0
HO OH HO
O (0] o)
Progesterone Cortisol Aldosterone
C19 Steroids (androgens) C,s Steroids (estrogens)
OH OH
6} HO

Testosterone Estradiol-178

1-2: Steroid structures. A characteristic four-membered fused ring with a hydroxyl or keto group on C3 is a common structural
feature of steroids. The five major groups of steroids differ in the total number of carbon atoms. Cholesterol (upper left),
obtained from the diet and synthesized in the body, is the precursor for all other steroids.

(anti-inflammatory effect) and of TXA, (antithrombotic effect due to reduced
platelet aggregation).
4. Leukotrienes (LTs)
a. Noncyclic compounds whose synthesis begins with the hydroxylation of arachidonic
acid by lipoxygenase
b. Leukotriene B4 (LTBy) is a strong chemotactic agent for neutrophils and activates
neutrophil adhesion molecules for adhesion to endothelial cells.
c. Slow-reacting substance of anaphylaxis (SRS-A), which contains LT'Cy, LTD,, and
LTE,, is involved in allergic reactions (e.g., bronchoconstriction).
d. Antileukotriene drugs include zileuton, which inhibits lipoxygenase, and zafirlukast
and montelukast, which block leukotriene receptors on target cells.
(1) These drugs are used in the treatment of asthma, because L'T'Cy, 'TDy, and
L'TE4 are potent bronchoconstrictors.
III. Amino Acids
A. Overview
1. Amino acids constitute the building blocks of proteins and are precursors in the
biosynthesis of numerous nonprotein, nitrogen-containing compounds, including heme,
purines, pyrimidines, and neurotransmitters (e.g., glycine, glutamate).
2. 'Ten of the 20 common amino acids are synthesized in the body; the others are essential
and must be supplied in the diet.
B. Structure of amino acids
1. All amino acids possess an o-amino group (or imino group), ®-carboxyl group,
a hydrogen atom, and a unique side chain linked to the o-carbon.
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(from cell membranes)
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Corticosteroids = > | Phospholipase A,

Linoleic acid —> Arachidonic acid

(essential fatty acid)

©
Lipoxygenase ,/<—— Zileuton

Leukotriene A4
(intermediate)

( Active leukotrienes )

LTB,4 4 neutrophil chemotaxis
* neutrophil adhesion

LTCy, LTD,4, LTE, * bronchoconstriction
* vasoconstriction
* vascular permeability

Aspirin =——>\ Cyclooxygenase

Prostaglandin Hy
(intermediate)

TXA; 1 platelet aggregation
t vasoconstriction
* bronchoconstriction

(Active prostaglandins)

PGE, *vasodilation
* inflammatory response

* mucous barrier of
stomach

PGF,0, *vasoconstriction
* uterine contraction

PGl * vasodilation
v platelet aggregation

1-3: Overview of eicosanoid biosynthesis and major effects of selected leukotrienes, thromboxanes, and prostaglandins. The
active components of the slow-reacting substance of anaphylaxis (SRS-A) are the leukotrienes LTC,, LTD,, and LTE,. PGl,, also
known as prostacyclin, is synthesized in endothelial cells. The therapeutic effects of aspirin and zileuton result from their inhi-
bition of the eicosanoid synthetic pathways. By inhibiting phospholipase A,, corticosteroids inhibit the production of all of the
eicosanoids. PGF,,, prostaglandin F,,; PGH,, prostaglandin H,; TXA,, thromboxane A,.

a. Unique side chain (R group) distinguishes one amino acid from another.
b. The 20 common amino acids found in proteins are classified into three major groups

based on the properties of their side chains.
(1) Side chains are hydrophobic (nonpolar), uncharged hydrophilic (polar), or

charged hydrophilic (polar).

Side chain (R group)
distinguishes one amino
acid from another.

(2) Hydrophobic amino acids are most often located in the interior lipid-soluble
portion of the cell membrane; hydrophilic amino acids are located on the outer

and inner surfaces of the cell membrane.

c. Asymmetry of the a-carbon gives rise to two optically active isomers.

(1) The L form is unique to proteins.

(2) The b form occurs in bacterial cell walls and some antibiotics.

2. Hydrophobic (nonpolar) amino acids

a. Side chains are insoluble in water ('Table 1-6).

b. Essential amino acids in this group are isoleucine, leucine, methionine,

phenylalanine, tryptophan, and valine.

c. Levels of isoleucine, leucine, and valine are increased in maple syrup urine disease.
d. Phenylalanine accumulates in phenylketonuria (PKU).

3. Uncharged hydrophilic (polar) amino acids

a. Side chains form hydrogen bonds (Table 1-7).
b. Threonine is the only essential amino acid in this group.
c¢. 'Iyrosine must be supplied to patients with PKU due to dietary limitation of

phenylalanine.
4. Charged hydrophilic (polar) amino acids

a. Side chains carry a net charge at or near neutral pH (Table 1-8).
b. Essential amino acids in this group are arginine, histidine, and lysine.
c. Arginine is a precursor for the formation of nitric oxide, a short-acting cell signal that

underlies action as a vasodilator.

Isoleucine, leucine, valine:
branched-chain amino
acids; increased levels in
maple syrup urine disease

PKU: phenylalanine
metabolites accumulate
and become neurotoxic;
tyrosine must be added to
diet.

Arginine and histidine
stimulate growth
hormone and insulin and
are important for growth
in children.
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Henderson-Hasselbalch
equation: used to
calculate pH when [A7]
and [HA] are given and to
calculate [A7] and [HA]
when pH is given

TABLE 1-6. Hydrophobic (Nonpolar) Amino Acids

AMINO ACID DISTINGUISHING FEATURES

Glycine (Gly) Smallest amino acid; inhibitory neurotransmitter of spinal cord; synthesis of heme;
abundant in collagen

Alanine (Ala) Alanine cycle during fasting; major substrate for gluconeogenesis

Valine (Val)* Branched-chain amino acid; not degraded in liver; used by muscle; increased in maple syrup
urine disease

Leucine (Leu)* Branched-chain amino acid; not degraded in liver; ketogenic; used by muscle; increased in
maple syrup urine disease

Isoleucine (lle)* Branched-chain amino acid; not degraded in liver; used by muscle; increased in maple syrup
urine disease

Methionine (Met)* Polypeptide chain initiation; methyl donor (as S-adenosylmethionine)

Proline (Pro) Helix breaker; only amino acid with the side chain cyclized to an a-amino group;
hydroxylation in collagen aided by ascorbic acid; binding site for cross-bridges in collagen

Phenylalanine (Phe)* Increased in phenylketonuria (PKU); aromatic side chains (increased in hepatic coma)

Tryptophan (Trp)* Precursor of serotonin, niacin, and melatonin; aromatic side chains (increased in hepatic
coma)

*Essential amino acids.

TABLE 1-7. Uncharged Hydrophilic (Polar) Amino Acids

AMINO ACID DISTINGUISHING FEATURES

Cysteine (Cys) Forms disulfide bonds; sensitive to oxidation; component of glutathione, an important antioxidant
in red blood cells; deficient in glucose-6-phosphate dehydrogenase (G6PD) deficiency

Serine (Ser) Single-carbon donor; phosphorylated by kinases

Threonine (Thr)* Phosphorylated by kinases

Tyrosine (Tyr) Precursor of catecholamines, melanin, and thyroid hormones; phosphorylated by kinases; aromatic

side chains (increased in hepatic coma); must be supplied in phenylketonuria (PKU); signal
transduction (tyrosine kinase)

Asparagine (Asn) Insufficiently synthesized by neoplastic cells; asparaginase used for treatment of leukemia

Glutamine (Gln) Most abundant amino acid; major carrier of nitrogen; nitrogen donor in synthesis of purines and
pyrimidines; NH; detoxification in brain and liver; amino group carrier from skeletal muscle to
other tissues in fasting state; fuel for kidney, intestine, and cells in immune system in fasting
state

*Essential amino acid.

TABLE 1-8. Charged Hydrophilic (Polar) Amino Acids

AMINO ACID DISTINGUISHING FEATURES

Lysine (Lys)* Basic; positive charge at pH 7; ketogenic; abundant in histones; hydroxylation in collagen aided by
ascorbic acid; binding site for cross-bridges between tropocollagen molecules in collagen

Arginine (Arg)* Basic; positive charge at pH 7; essential for growth in children; abundant in histones

Histidine (His)* Basic; positive charge at pH 7; effective physiologic buffer; residue in hemoglobin coordinated to

heme Fe"; essential for growth in children; zero charge at pH 7.40

Aspartate (Asp) Acidic; strong negative charge at pH 7; forms oxaloacetate by transamination; important for
binding properties of albumin

Glutamate (Glu) Acidic; strong negative charge at pH 7; forms o-ketoglutarate by transamination; important for
binding properties of albumin

*Essential amino acids.

C. Acid-base properties of amino acids
1. Overview
a. Acidic groups (e.g., -COOH, -NH,4") are proton donors.
b. Basic groups (e.g., -COO™, -NHj3;) are proton acceptors.
c. Each acidic or basic group within an amino acid has its own independent pK..
d. Whether a functional group is protonated or dissociated, and to what extent, depends
on its pK, and the pH according to the Henderson-Hasselbalch equation:

pH = pK,+log[A7]/[HA]

2. Overall charge on proteins depends primarily on the ionizable side chains of the
following amino acids:
a. Arginine and lysine (basic): positive charge at pH 7
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BOX 11 BUFFERS AND THE CONTROL OF pH

Amino acids and other weak acids establish an equilibrium between the undissociated acid form (HA) and
the dissociated conjugate base (A7):

HA=H"+A"

A mixture of a weak acid and its conjugate base acts as a buffer by replenishing or absorbing protons and
shifting the ratio of the concentrations of [A7] and [HA].

The buffering ability of an acid-base pair is maximal when pH = pK, and buffering is most effective within
£ 1 pH unit of the pK. The pH of the blood (normally 7.35 to 7.45) is maintained mainly by the CO,/HCO;

buffer system; CO, is prlmarlly controlled by the lungs and HCO

.

is controlled by the kidneys.

Hypoventilation causes an increase in arterial [CO,], leading to respiratory acidosis (decreased pH).
Hyperventilation reduces arterial [CO,], leading to respiratory alkalosis (increased pH).

Metabolic acidosis results from conditions that decrease blood HCO;,

such as an accumulation of lactic

acid resulting from tissue hypoxia (shift to anaerobic metabolism) or of ketoacids in uncontrolled diabetes
mellitus or a loss of HCO;" due to fluid loss in diarrhea or to impaired kidney function (e.g., renal tubular

acidosis).
Metabolic alkalosis results from conditions that cause an increase in blood HCO;,

including persistent

vomiting, use of thiazide diuretics with attendant loss of H*, mineralocorticoid excess (e.g., primary
aldosteronism), and ingestion of bicarbonate in antacid preparations.

3.

b. Histidine (basic): positive charge at pH 7
(1) In the physiologic pH range (7.34 to 7.45), the imidazole side group (pK, = 6.0)
1s an effective buffer (Box 1-1).
(2) Histidine has a zero charge at pH 7.40.
¢. Aspartate and glutamate (acidic): negative charge at pH 7
(1) Albumin has many of these acidic amino acids, which explains why it is a strong
binding protein for calcium and other positively charged elements.
d. Cysteine: negative charge at pH > 8
Isoclectric point (pI)
a. Refers to the pH value at which an amino acid (or protein) molecule has a net zero
charge
b. When pH > pl, the net charge on molecule is negative.
¢. When pH < pl, the net charge on molecule is positive.

D. Modification of amino acid residues in proteins

1.
2.

Some R groups can be modified after amino acids are incorporated into proteins.

Oxidation of the sulfhydryl group (-SH) in cysteine forms a disulfide bond (-S-S-) with a

second cysteine residue.

a. This type of bond helps to stabilize the structure of secreted proteins.

Hydroxylation of proline and lysine yields hydroxyproline and hydroxylysine, which are

important binding sites for cross-links in collagen.

a. Hydroxylation requires ascorbic acid.

Addition of sugar residues (i.e., glycosylation) to side chains of serine, threonine, and

asparagine occurs during synthesis of many secreted and membrane proteins.

a. Glycosylation of proteins by glucose occurs in patients with poorly controlled
diabetes mellitus (e.g., glycosylated hemoglobin [HbA.], vessel basement
membranes).

. Phosphorylation of serine, threonine, or tyrosine residues modifies the activity of many

enzymes (e.g., inhibits glycogen synthase).

Albumin: strong negative
charge helps bind calcium
in blood

Physiologic pH: lysine,
arginine, histidine carry
(+) charge; aspartate and
glutamate carry (—)
charge.

Reduced cross-links in
collagen in ascorbate
deficiency produce more
fragile connective tissue
that is more susceptible
to bleeding (e.g., bleeding
gums in scurvy).



Specific folding of primary
structure determines the
final native conformation.

Proline: helix breaker
The B-sheets are resistant
to proteolytic digestion.

Leucine zippers and zinc
fingers: supersecondary
structures commonly
found in DNA-binding
proteins
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CHAPTER

PROTEINS AND ENzZYMES

I. Major Functions of Proteins

II.

A.

B.

B.

Catalysis of biochemical reactions
1. Enzymes

Binding of molecules

1. Antibodies

2. Hemoglobin (Hb)

. Structural support

1. Elastin
2. Keratin
3. Collagen

. Transport of molecules across cellular membranes

1. Glucose transporters
2. Na"/K"-ATPase

. Signal transduction

1. Receptor proteins
2. Intracellular proteins (e.g., RAS)

. Coordinated movement of cells and cellular structures

1. Myosin
2. Dynein
3. Tubulin
4. Actin

Hierarchical Structure of Proteins
A.

Overview
1. Primary structure is linear sequence.
2. Secondary structure is o-helix and B-pleated sheets.
3. Tertiary structure is a final, stable, folded structure, including supersecondary motifs.
4. Quaternary structure is functional association of two or more subunits.
Primary structure
1. The primary structure is the linear sequence of amino acids composing a polypeptide.
2. Peptide bond is the covalent amide linkage that joins amino acids in a protein.
3. The primary structure of a protein determines its secondary (e.g., a-helices and
B-sheets) and tertiary structures (overall three-dimensional structure).
4. Mutations that alter the primary structure of a protein often change its function and may
change its charge, as in the following example.
a. The sickle cell mutation alters the primary structure and the charge by changing
glutamate to valine.
b. This alters the migration of sickle cell hemoglobin on electrophoresis.

. Secondary structure

1. Secondary structure is the regular arrangement of portions of a polypeptide chain
stabilized by hydrogen bonds.

2. The a-helix is a spiral conformation of the polypeptide backbone with the side chains
directed outward.
a. Proline disrupts the o-helix because its a-imino group has no free hydrogen to

contribute to the stabilizing hydrogen bonds.

3. The B-sheet consists of laterally packed B-strands, which are extended regions of the

polypeptide chain.
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4. Motifs are combinations of secondary structures occurring in different proteins that

have a characteristic three-dimensional shape.

a. Supersecondary structures often function in the binding of small ligands and ions or
in protein-DNA interactions.

b. The zinc finger is a supersecondary structure in which Zn*" is bound to 2 cysteine
and 2 histidine residues.
(1) Zinc fingers are commonly found in receptors that have a DNA-binding domain

that interacts with lipid-soluble hormones (e.g., cortisol).

c. The leucine zipper is a supersecondary structure in which the leucine residues of

one o-helix interdigitate with those of another a-helix to hold the proteins together

in a dimer.
(1) Leucine zippers are commonly found in DNA-binding proteins (e.g., transcription
factors).

5. Prions are infectious proteins formed from otherwise normal neural proteins through an
induced change in their secondary structure.

a. Responsible for encephalopathies such as kuru and Creutzfeldt-Jacob disease in
humans

b. Induce secondary structure change in the normal form on contact

c¢. Structural change from predominantly a-helix in normal proteins to predominantly
B-structure in prions

d. Forms filamentous aggregates that are resistant to degradation by digestion or heat

D. Tertiary structure
1. Tertiary structure is the three-dimensional folded structure of a polypeptide, also called
the native conformation.
a. Composed of distinct structural and functional regions, or domains, stabilized by side
chain interactions
b. Supersecondary motifs associate during folding to form tertiary structure.
c¢. Secreted proteins stabilized by disulfide (covalent) bonds.
E. Quaternary structure
1. Quaternary structure is the association of multiple subunits (i.e., polypeptide chains)
into a functional multimeric protein.
2. Dimers containing two subunits (e.g., DNA-binding proteins) and tetramers (e.g., Hb)
containing four subunits are most common.
3. Subunits may be held together by noncovalent interactions or by interchain disulfide
bonds.
F. Denaturation
1. Denaturation is the loss of native conformation, producing loss of biologic activity.
2. Secondary, tertiary, and quaternary structures are disrupted by denaturing agents, but
the primary structure is not destroyed; denaturing agents include the following.

a. Extreme changes in pH or ionic strength
(1) In tissue hypoxia, lactic acid accumulation in cells from anaerobic glycolysis

causes denaturation of enzymes and proteins, leading to coagulation necrosis.

b. Detergents

c. High temperature

d. Heavy metals (e.g., arsenic, mercury, lead)

(1) With heavy metal poisonings and nephrotoxic drugs (e.g., aminoglycosides),
denaturation of proteins in the proximal tubules leads to coagulation necrosis
(i.e., ischemic acute tubular necrosis [ATN]).
3. Denatured polypeptide chains aggregate and become insoluble due to interactions of
exposed hydrophobic side chains.

a. In glucose 6-phosphate dehydrogenase (G6PD) deficiency, increased peroxide in red
blood cells (RBCs) leads to denaturation of Hb (i.e., oxidative damage) and formation
of Heinz bodies.

III. Enzymes: Protein Catalysts
A. Overview

1. Enzymes increase reaction rate by lowering activation energy but cannot alter the
equilibrium of a reaction.

2. Coenzymes and prosthetic groups may participate in the catalytic mechanism.

3. The active site is determined by the folding of the polypeptide and may be composed
of amino acids that are far apart.

4. Binding of substrate induces a change in shape of the enzyme and is sensitive to pH,
temperature, and ionic strength.

Prions: infectious proteins
formed by change in
secondary structure
instead of genetic
mutation; responsible for
kuru and Creutzfeldt-
Jacob disease

Tertiary structure side-
chain interactions:

hydrophobic to center;
hydrophilic to outside

Fibrous tertiary structure:
structural function (e.g.,
keratins in skin, hair, and
nails; collagen; elastin)

Globular tertiary
structure: enzymes,
transport proteins,
nuclear proteins; most are
water soluble

Quaternary structure:
separate polypeptides
functional as multimers
of two or more subunits

Heavy metals, low
intracellular pH,
detergents, heat: disrupt
stabilizing bonds in
proteins, causing loss
of function

G6PD deficiency:
increased peroxide

in RBCs leads to Hb
denaturation, formation
of Heinz bodies
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Kin: measure of affinity for
substrate

Vmax: Saturation of
enzyme with substrate

Enzymes decrease
activation energy but do
not change equilibrium
(spontaneity).

Enzymes are not changed
permanently by the
reaction they catalyze but
can undergo a transition
state.

Many coenzymes are
vitamin derivatives.

Niacin: redox

Pyridoxine: transamination
Thiamine: decarboxylation
Biotin: carboxylation

Folate: single-carbon
transfer

5. Michaelis-Menton kinetics is hyperbolic, whereas cooperativity kinetics is sigmoidal;
K., is a measure of affinity for substrate, and V., represents saturation of enzyme with
substrate.

6. Inhibition can be reversible or irreversible.

a. Inhibition is 7o regulation because the enzyme is inactivated when an inhibitor
is bound.

7. Allosterism produces a change in the K., due to binding of a ligand that alters
cooperativity properties.

a. The sigmoidal curve is displaced to the left for positive effectors and to the right for
negative effectors.

8. Enzymes are regulated by compartmentation, allosterism, covalent modification, and
gene regulation.

B. General properties of enzymes

1. Acceleration of reactions results from their decreasing the activation energy of reactions
(Fig. 2-1).

2. High specificity of enzymes for substrates (i.e., reacting compounds) ensures that
desired reactions occur in the absence of unwanted side reactions.

3. Enzymes do nor change the concentrations of substrates and products at equilibrium,
but they do allow equilibrium to be reached more rapidly.

4. No permanent change in enzymes occurs during the reactions they catalyze, although
some undergo temporary changes.

C. Coenzymes and prosthetic groups

1. The activity of some enzymes depends on nonprotein organic molecules
(e.g., coenzymes) or metal ions (e.g., cofactors) associated with the protein.

2. Coenzymes are organic nonprotein compounds that bind reversibly to certain enzymes
during a reaction and function as a co-substrate.

a. Many coenzymes are vitamin derivatives (see Chapter 4).

b. Nicotine adenine dinucleotide (NAD™), a derivative of niacin, participates in many
oxidation-reduction reactions (e.g., glycolytic pathway).

c. Pyridoxal phosphate, derived from pyridoxine, functions in transamination reactions
(e.g., alanine converted to pyruvic acid) and some amino acid decarboxylation
reactions (e.g., histidine converted to histamine).

d. Thiamine pyrophosphate is a coenzyme for enzymes catalyzing oxidative
decarboxylation of a-keto acids (e.g., degradation of branched-chain amino acids)
and for transketolase (e.g., two-carbon transfer reactions) in the pentose phosphate
pathway.

e. Tetrahydrofolate (THF), derived from folic acid, functions in one-carbon transfer
reactions (e.g., conversion of serine to glycine).

3. Prosthetic groups maintain stable bonding to the enzyme during the reaction.

a. Biotin is covalently attached to enzymes that catalyze carboxylation reactions (e.g.,
pyruvate carboxylase).

Transition state

Activation energy for
uncatalyzed reaction

¢ Activation energy for
__catalyzed reaction

Substrate Overall free energy

change of reaction (AG)

Free energy (G) ——

Product

Progress of reaction —>

2-1: Energy profiles for catalyzed and uncatalyzed reactions. Catalyzed reactions require less activation energy and are there-
fore accelerated. The equilibrium of a reaction is proportional to the overall change in free energy (AG) between substrate and
product, which must be negative for a reaction to proceed.
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b. Metal ion cofactors (metalloenzymes) associate noncovalently with enzymes and
may help orient substrates or function as electron carriers.

(1) Magnesium (Mg): kinases

(2) Zinc (Zn): carbonic anhydrase, collagenase, alcohol dehydrogenase, superoxide
dismutase (neutralizes O, free radicals)

(3) Copper (Cu): oxidases (e.g., lysyl oxidase for cross-bridging in collagen
synthesis), ferroxidase (converts Fe®* to Fe?™ to bind to transferrin), cytochrome
oxidase (transfers electrons to oxygen to form water)

(4) Iron (Fe): cytochromes

(5) Selenium (Se): glutathione peroxidase

D. Active site
1. In the native conformation of an enzyme, amino acid residues that are widely separated
in the primary structure are brought into proximity to form the three-dimensional active
site, which binds and activates substrates.
2. Substrate binding often causes a conformational change in the enzyme (induced fit)
that strengthens binding.
3. Transition state represents an activated form of the substrate that immediately precedes
formation of product (see Fig. 2-1).
4. Precise orientation of amino acid side chains in the active site of an enzyme depends on
the amino acid sequence, pH, temperature, and ionic strength.
a. Mutations or nonphysiologic conditions that alter the active site cause a change in
enzyme activity.
E. Enzyme kinetics
1. The reaction velocity (v), measured as the rate of product formation, always refers to the
initial velocity after substrate is added to the enzyme.
2. The Michaelis-Menten model involves a single substrate (S).
a. Binding of substrate to enzyme (E) forms an enzyme-substrate complex (ES), which
may react to form product (P) or dissociate without reacting:

E+S<=ES—E+P

3. A plot of initial velocity at different substrate concentrations, [S] (constant enzyme
concentration), produces a rectangular hyperbola for reactions that fit the Michaelis-
Menten model (Fig. 2-2A).

a. Maximal velocity, V .y, is reached when the enzyme is fully saturated with substrate
(i.e., all of the enzyme exists as ES).
(1) In a zero-order reaction, velocity is independent of [S].
(2) In a first-order reaction, velocity is proportional to [S].

b. K,,, the substrate concentration at which the reaction velocity equals one half of
Vinax reflects the affinity of enzyme for substrate.
(1) Low K,,, enzymes have a high affinity for S (e.g., hexokinase).
(2) High K,,, enzymes have a low affinity for S (e.g., glucokinase).

4. The Lineweaver-Burk plot, a double reciprocal plot of 1/v versus 1/[S] produces a
straight line (see Fig. 2-2B).

a. The y intercept equals 1/V .-
b. The x intercept equals 1/K,..

Vma4 __________ 1
1

z 3
>
Z 5
o
S Vimax | __ 2 43

1
s 2 i
z : .
- ! 1/Vmax =Y intercept

T

Y

A Kmn [S] B —1/Ky, = X intercept 1/[S]

2-2: Enzyme kinetic curves. A, Initial velocity (v) versus substrate concentration [S] at constant enzyme concentration for an
enzymatic reaction with Michaelis-Menten kinetics. B, Lineweaver-Burk double reciprocal plot obtained from the data points
(1, 2,3, 4) in graph A. K, and V,, are determined accurately from the intersection of the resulting straight line with the hori-
zontal and vertical axes, respectively.

Metal ion cofactors: Mg,
Zn, Cu, Fe, Se

Active site: affected by
amino acid sequence, pH,
temperature, and ionic
strength

Michaelis-Menten model:
hyperbolic curve,
saturation at Vi, and K,
is substrate concentration
for 50% Vpmax-

Zero-order reaction:
enzyme is saturated with
substrate, and for first-
order reaction, substrate
concentration is below
K.

Low Kiy: high affinity of
enzyme for substrate
(e.g., hexokinase); high
Knn: low affinity of enzyme
for substrate (e.g.,
glucokinase)
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Competitive inhibition:
increased K, and Vi
unchanged; increased
substrate reverses
inhibition

Competitive inhibitors:
methanol, ethylene glycol,
methotrexate

Noncompetitive
inhibition: decreased Vpay
and K, unchanged;
increased substrate does
not reverse inhibition

Irreversible enzyme
inhibitors: heavy metals,
aspirin, fluorouracil, and
organophosphates

5. Temperature and pH affect the velocity of enzyme-catalyzed reactions.

a. Velocity increases as the temperature increases until denaturation causes loss of
enzymatic activity.

b. Changes in pH affect velocity by altering the ionization of residues at the active site
and in the substrate.
(1) Extremes of high or low pH cause denaturation.

c. Velocity also increases with an increase in enzyme and substrate concentrations.

F. Enzyme inhibition
1. Some drugs and toxins can reduce the catalytic activity of enzymes.

a. Such inhibition is #or considered to be physiologic regulation of enzyme activity.

2. Competitive inhibitors are substrate analogues that compete with normal substrate for

binding to the active site.
Enzyme-inhibitor (EI) complex is unreactive (Fig. 2-3A).
. Kiu 1s increased (x intercept in Lineweaver-Burk plot has smaller absolute value).
Vimax 18 unchanged (y intercept in Lineweaver-Burk plot is unaffected).
. Examples of competitive inhibitors

(1) Methanol and ethylene glycol (antifreeze) compete with ethanol for binding
sites to alcohol dehydrogenase. Infusing ethanol with methanol and ethylene
glycol for the active site and reduces toxicity.

(2) Methotrexate, a folic acid analogue, competitively inhibits dihydrofolate
reductase; it prevents regeneration of tetrahydrofolate from dihydrofolate,
leading to reduced DNA synthesis.

e. High substrate concentration reverses competitive inhibition by saturating enzyme
with substrate.

3. Noncompetitive inhibitors bind reversibly away from the active site, forming unreactive
enzyme-inhibitor and enzyme-substrate-inhibitor complexes (see Fig. 2-3B).

a. K., is unchanged (x intercept in Lineweaver-Burk plot is not affected).

b. Viax 1s decreased (y intercept in Lineweaver-Burk plot is larger).

c. Examples of noncompetitive inhibitors
(1) Physostigmine, a cholinesterase inhibitor used in the treatment of glaucoma
(2) Captopril, an angiotensin-converting enzyme (ACE) inhibitor used in the

treatment of hypertension
(3) Allopurinol, a noncompetitive inhibitor of xanthine oxidase, reduces formation of
uric acid and is used in the treatment of gout.

d. High substrate concentration does not reverse noncompetitive inhibition, because
inhibitor binding reduces the effective concentration of active enzyme.

4. Irreversible inhibitors permanently inactivate enzymes.

a. Heavy metals (often complexed to organic compounds) inhibit by binding tightly
to sulthydryl groups in enzymes and other proteins, causing widespread detrimental
effects in the body.

b. Aspirin acetylates the active site of cyclooxygenase, irreversibly inhibiting the
enzyme and reducing the synthesis of prostaglandins and thromboxanes (see Fig. 1-3
in Chapter 1).

c. Fluorouracil binds to thymidylate synthase like a normal substrate but forms an
intermediate that permanently blocks the enzyme’s catalytic activity.

d. Organophosphates in pesticides irreversibly inhibit cholinesterase.

5. Overcoming enzyme inhibition

a. Effects of competitive and noncompetitive inhibitors dissipate as the inhibitor is

inactivated in the liver or eliminated by the kidneys.

oo o

Competitive inhibition
* Vhax does not change
* The apparent K, increases

v

Noncompetitive inhibition
* Vhax decreases
* K, does not change

Increasing [I]

Increasing [I]
No inhibitor

No inhibitor

A 1/[9] B 1/8]

2-3: Effect of competitive and noncompetitive inhibitors (I) on Lineweaver-Burk plots. Notice that competitive inhibitor plots
(A) intersect on the vertical axis (Vmay is the same), whereas noncompetitive inhibitor plots (B) intersect on the horizontal axis
(K is the same).
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b. Effect of irreversible inhibitors, which cause permanent enzyme inactivation, are
overcome only by synthesis of a new enzyme.
G. Cooperativity and allosterism
1. Cooperativity
a. A change in the shape of one subunit due to binding of substrate induces increased

activity by changing the shape of an adjacent subunit. Homotropic effect:
b. Enzymes shift from the less active 'T' form (tense form) to the more active R form  binding of substrate to
(relaxed form) as additional substrate molecules are bound. one subunit increases

binding of the substrate

c. Sigmoidal shape of the plot of velocity versus [S] characterizes cooperativity. to other subunits

2. Allosterism occurs when binding of ligand by an enzyme at the allosteric site increases
or decreases its activity. Heterotropic effect:
a. Allosteric effectors of enzymes are nonsubstrate molecules that bind to sites other binding of different ligand
chn the acive s e g of s
b. Positive effectors stabilize the more active R form (relaxed form), so that the K, subunits. )
decreases (higher affinity for substrate).
(1) The curve of velocity versus [S] is displaced to the left. adaptation of the enzyme
c. Negative effectors stabilize the less active form (tense form), so that the K, in contrast with yme,
increases (lower affinity for substrate). inhibition, which is
(1) The curve of velocity versus [S] is displaced to the right. nonspecific.
3. Examples of allosteric enzymes in the glycolytic pathway are hexokinase,
phosphofructokinase, and pyruvate kinase.
4. Regulated enzymes generally catalyze rate-limiting steps at the beginning of metabolic
pathways (e.g., aminolevulinic acid [ALLA], synthase at the beginning of heme
synthesis).
a. The end product of a regulated pathway is often an allosteric inhibitor of an enzyme
near the beginning of the pathway. For example, carbamoyl phosphate synthetase 11
is inhibited by uridine triphosphate end product, and ALA synthase is inhibited by
heme, the end product of porphyrin metabolism.
H. Cellular strategies for regulating metabolic pathways
1. Compartmentation of enzymes within specific organelles can physically separate
competing metabolic pathways and control access of enzymes to substrates.
a. Example: enzymes that synthesize fatty acids are located in the cytosol, whereas
those that oxidize fatty acids are located in the mitochondrial matrix.
b. Other examples: alkaline phosphatase (cell membranes), aspartate aminotransferase
(mitochondria), y-glutamyltransferase (smooth endoplasmic reticulum), and
myeloperoxidase (lysosomes)
2. Change in gene expression leading to increased or decreased enzyme synthesis
(i.e., induction or repression) can provide long-term regulation but has relatively slow
response time (hours to days).
a. Example: synthesis of fat oxidation enzymes in skeletal muscle is induced in
response to aerobic exercise conditioning.
3. Allosteric regulation can rapidly (seconds to minutes) increase or decrease flow through
a metabolic pathway.
a. Example: cytidine triphosphate, the end product of the pyrimidine biosynthetic
pathway, inhibits aspartate transcarbamoylase, the first enzyme in this pathway

Allosterism is a specific

(i.e., feedback inhibition). Feedback inhibition
4. Reversible phosphorylation and dephosphorylation is a common mechanism by which  (allosteric regulation): end
hormones regulate enzyme activity. product of a pathway

a. Kinases phosphorylate serine, threonine, or tyrosine residues in regulated enzymes; ~"1iPits starting enzyme

phosphatases remove the phosphate groups (i.e., dephosphorylation).
b. Reversible phosphorylation and dephosphorylation, often under hormonal control
(e.g., glucagon), increases or decreases the activity of key enzymes.
(1) Example: glycogen phosphorylase is activated by phosphorylation (protein
kinase A), whereas glycogen synthase is inhibited.
5. Enzyme cascades, in which a series of enzymes sequentially activate each other, can
amplify a small initial signal, leading to a large response, as in the following example.
a. Binding of glucagon to its cell-surface receptor on liver cells triggers a cascade that
ultimately activates many glycogen phosphorylase molecules, each of which
catalyzes production of numerous glucose molecules.
b. This leads to a rapid increase in blood glucose.
6. Proenzymes (zymogens) are inactive storage forms that are activated as needed by
proteolytic removal of an inhibitory fragment.
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Proenzymes, or
zymogens: inactive
storage forms activated as
needed (e.g., digestive
proteases)

Serum enzyme markers:
used for diagnosis; few
active enzymes in normal
plasma

a. Digestive proteases such as pepsin and trypsin are initially synthesized as
proenzymes (e.g., pepsinogen, chymotrypsinogen) that are activated after their
release into the stomach or small intestine.

b. In acute pancreatitis, activation of zymogens (e.g., alcohol, hypercalcemia) leads to
autodigestion of the pancreas.

I. Isozymes (isoenzymes) and isoforms
1. Some multimeric enzymes have alternative forms, called isozymes, that differ in their
subunit composition (derived from different alleles of the same gene) and can be
separated by electrophoresis.
2. Different isozymes may be produced in different tissues.
a. Creatine kinases
(1) CK-MM predominates in skeletal muscle.
(2) CK-MB predominates in cardiac muscle.
(3) CK-BB predominates in brain, smooth muscle, and the lungs.
b. Of the five isozymes of lactate dehydrogenase, LDH; predominates in cardiac muscle
and RBCs, and LDHj5 predominates in skeletal muscle and the liver.
3. Different isozymes may be localized to different cellular compartments.
a. Example: cytosolic and mitochondrial forms of isocitrate dehydrogenase
4. Isoforms are the various forms of the same protein, including isozyme forms
(e.g., CK-MM isozymes are isoforms).
a. Isoforms can be produced by post-translational modification (glycosylation), by
alternative splicing, and from single nucleotide polymorphisms within the same gene.
J. Diagnostic enzymology
1. Plasma in normal patients contains few active enzymes (e.g., clotting factors).
2. Because tissue necrosis causes the release of enzymes into serum, the appearance
of tissue-specific enzymes or isoenzymes in the serum is useful in diagnosing some
disorders and estimating the extent of damage (Table 2-1).
IV. Hemoglobin and Myoglobin: O,-Binding Proteins
A. Overview
1. Both hemoglobin and myoglobin bind oxygen, but cooperation between subunits allows
hemoglobin to release most of its oxygen in the tissues.
2. Allosteric effectors that facilitate unloading of oxygen in the tissues include
2,3-bisphosphoglycerate (2,3-BPG) and pH (i.e., Bohr effect).
3. HbA,. is a glycosylated form of hemoglobin that reflects the average blood glucose
concentration.
4. Fetal hemoglobin (HbF) has higher affinity for O, than adult hemoglobin to facilitate
transfer of oxygen from mother to fetus in the placenta.
5. Hemoglobinopathies involve physical changes (sickle cell Hb), functional changes
(methemoglobin), and changes in amount synthesized (thalassemia).
B. Structure of Hb and myoglobin
1. Adult hemoglobin (HbA) is a tetrameric protein composed of two a-globin subunits and
two B-globin subunits.

a. A different globin gene encodes each type of subunit.

b. All globins have a largely a-helical secondary structure and are folded into a compact,
spherical tertiary structure.

TABLE 2-1. Serum Enzyme Markers Useful in Diagnosis
Alanine aminotransferase (ALT) Viral hepatitis (ALT > AST)
Aspartate aminotransferase (AST)  Alcoholic hepatitis (AST > ALT)

Myocardial infarction (AST only)

Alkaline phosphatase Osteoblastic bone disease (e.g., fracture repair, Paget’s disease, metastatic prostate
cancer), obstructive liver disease
Amylase Acute pancreatitis, mumps (parotitis)
Creatine kinase (CK) Myocardial infarction (CK-MB)
Duchenne muscular dystrophy (CK-MM)
v-Glutamyltransferase (GGT) Obstructive liver disease, increased in alcoholics
Lactate dehydrogenase (LDH, Myocardial infarction
type 1)

Lipase Acute pancreatitis (more specific than amylase)
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2-4: Structure of heme, showing its relation to two histidines (shaded areas) in the globin chain. Heme is located within a crev-
ice in the globin chains. Reduced ferrous iron (Fe*") forms four coordination bonds to the pyrrole rings of heme and one to
the proximal histidine of globin. The sixth coordination bond position is used to bind O, or is unoccupied. The side chains
attached to the porphyrin ring are omitted.

2. One heme prosthetic group is located within a hydrophobic pocket in each subunit of
Hb (total of four heme groups).
a. The heme molecule is an iron-containing porphyrin ring (Fig. 2-4).

(1) Defects in heme synthesis cause porphyria and sideroblastic anemias (e.g., lead
poisoning).
b. Iron normally is in reduced form (Fe*™), which binds O,.
c. In methemoglobin, iron is in the oxidized form (Fe®"), which cannor bind O,.
(1) This lowers the O, saturation, or the percentage of heme groups that are
occupied by O,.
(2) An increase in methemoglobin causes cyanosis because heme groups cannot bind
to O,, which decreases the O, saturation without affecting the arterial Po,

(amount of O, dissolved in plasma).

3. Myoglobin is a monomeric heme-containing protein whose tertiary structure is very
similar to that of a-globin or B-globin.
a. The myoglobin monomer binds oxygen more tightly to serve as an oxygen reserve.  Hb has four heme groups
C. Functional differences between Hb and myoglobin to bind O,; myoglobin has
1. Differences in the functional properties of hemoglobin (four heme groups) and one heme group.
myoglobin (one heme group) reflect the presence or absence of the quaternary structure
in these proteins (Table 2-2).
2. A sigmoidal O;-binding curve for Hb indicates that binding (and dissociation) is
cooperative (Fig. 2-5).
a. Binding of O; to the first subunit of deoxyhemoglobin increases the affinity for O, of
other subunits.
b. During successive oxygenation of subunits, their conformation changes from the
deoxygenated T form (low O; affinity) to the oxygenated R form (high O; affinity). T form: low O, affinity

c¢. Hb has high O, affinity at high Po, (in lungs) and low O, affinity at low Po,

Hb: exhibits cooperativity

R form: high O, affinity

(in tissues), helping it to unload oxygen in the tissues.
3. A hyperbolic O,-binding curve for myoglobin indicates that it lacks cooperativity
(as expected for a monomeric protein).
a. Myoglobin is saturated at normal Po, in skeletal muscle and releases O, only when
tissue becomes hypoxic, making it a good O,-storage protein. Myoglobin: lacks

TABLE 2-2. Comparison of Hemoglobin and Myoglobin

CHARACTERISTIC
Function
Location
Amount of O, bound at
Po, in lungs
Amount of O, bound at
Po, in tissues
Quaternary structure
Binding curve
(% saturation vs Po,)
Number of heme groups

HEMOGLOBIN

O, transport

In red blood cells
High

Low

Yes (tetramer)

Sigmoidal (cooperative binding
of multiple ligand molecules)

Four

cooperativity

MYOGLOBIN

O, storage

In skeletal muscle
High

High

No (monomer)

Hyperbolic (binding of one ligand molecule
in reversible equilibrium)

One
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CO and methemoglobin
(Fe*") decrease O,
saturation of blood and
have a normal arterial
Po,.

2,3-BPG stabilizes Hb in
the T form to help unload
0, to tissue.

Decreased O, binding:
increased 2,3-BPG, H™
ions, CO, (respiratory
acidosis), and temperature

Bohr effect: decreased
affinity of Hb for O, as
pH drops

PO2 POg
in muscle in lungs
1001
— Hemoglobin
2
s
= BOqf----mm g
5
©
n
0 1 1 1 1 1
20/26 40 60 80 100
Pso Po, (mm Hg)

2-5: The O,-binding curve for hemoglobin and myoglobin. Py, the Po, corresponding to 50% saturation, is equivalent to K,
for an enzymatic reaction. The lower the value of P, the greater the affinity for O,. The very low P, for myoglobin ensures that
O, remains bound, except under hypoxic conditions. Notice the sigmoidal shape of the hemoglobin curve, which is indicative
of multiple subunits and cooperative binding. The myoglobin curve is hyperbolic, indicating noncooperative binding of O,.

4. Carbon monoxide (CO)

a. Hb and myoglobin have a 200-fold greater affinity for CO than for O,.
b. CO binds at the same sites as O,, so that relatively small amounts rapidly cause

hypoxia due to a decrease in O, binding to Hb (fewer heme groups occupied by O,).
(1) This lowers the O, saturation without affecting the arterial Po,.

c. CO poisoning produces cherry red discoloration of the skin and organs.

(1) It is treated with 100% O; or hyperbaric O,.

D. Factors affecting O, binding by Hb
1. Shift in the O,-binding curve indicates a change in Hb affinity for O,.
a. Left shift indicates increased affinity, which promotes O, loading.
b. Right shift indicates decreased affinity, which promotes O, unloading.

2. Binding of 2,3-BPG, H™ ions, or CO, to Hb stabilizes the T form and reduces affinity
for O,.

a.

The 2,3-BPG, a normal product of glycolysis in erythrocytes, is critical to the release
of O, from Hb at Po, values found in tissues (Fig. 2-6).
(1) The 1,3-BPG in glycolysis is converted into 2,3-BPG by a mutase.

. Elevated levels of H' and CO, (acidotic conditions) within erythrocytes in tissues

also promote unloading of O,.

(1) The acidotic environment in tissue causes a right shift of the O,-binding curve,
ensuring release of O, to tissue.

(2) Bohr effect is a decrease in the affinity of Hb for O, as the pH drops (i.c.,
increased acidity).

Chronic hypoxia at high altitude increases synthesis of 2,3-BPG, causing a right shift
of the O,-binding curve.

2-6: Effect of 2,3-bisphosphoglycerate
(2,3-BPG) on O, binding by hemoglobin
(Hb). In HbA stripped of 2,3-BPG, the
O, affinity is so high that Hb remains
nearly saturated at Po, values typical of
tissues.

Saturation (%)

100+

50

Po, in tissues

1’ Stripped HbA (no BPG)
2 Fetal Hb (<5 mm BPG)
3 Normal HbA (5 mm BPG)

4 ) Altitude-adapted HbA
(7.5 mm BPG)

10 20 30 40 50
Po, (mm Hg)
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d. Increase in temperature decreases O, affinity and promotes O, unloading from Hb
during the accelerated metabolism that accompanies a fever.

(1) Reduction of fever with antipyretics may be counterproductive, because
neutrophils require molecular O, in the O,-dependent myeloperoxidase system
to kill bacteria.

3. The following factors all promote increased O, affinity of Hb and cause a left shift of
the O,-binding curve:
a. Decreased 2,3-BPG
b. Hypothermia
c. Alkalosis
d. y-Globin subunits (fetal hemoglobin, HbF)

E. Role of Hb and bicarbonate in CO, transport

1. CO; produced in tissues diffuses into RBCs and combines with Hb or is converted to
bicarbonate (HCO;).

2. About 20% of the CO; in blood is transported as carbamino Hb.
a. CO; reacts with the N-terminal amino group of globin chains, forming carbamate

derivative.

3. About 70% of the CO; in blood is in the form of HCOj3 (Fig. 2-7).

a. Carbonic anhydrase within RBCs rapidly converts CO; from tissues to HCOJ, which
exits the cell in exchange for ClI™ (chloride shift).

b. In the lungs, the process reverses.

4. About 10% of the CO; in blood is dissolved in plasma.

F. Other normal hemoglobins

1. Several normal types of Hb are produced in humans at different developmental stages
(Fig. 2-8).

2. HbA,, a type of glycosylated Hb, is formed by a spontancous binding (nonenzymatic
glycosylation) of blood glucose to the terminal amino group of the B-subunits in HbA.
a. In normal adults, HbA. constitutes about 5% of total Hb (HbA accounts for more

than 95%).

b. Uncontrolled diabetes mellitus (persistent elevated blood glucose) is associated with
elevated HbA . concentration.

(1) HbA,. concentration indicates the levels of blood glucose over the previous 4 to
8 weeks, roughly the life span of an RBC and serves as a marker for long-term
glycemic control.

3. Fetal hemoglobin (HbF) has higher affinity for O, than HbA, permitting O, to flow
from maternal circulation to fetal circulation in the placenta.
a. Greater O, affinity of HbF results from its weaker binding of the negative allosteric

effector 2,3-BPG compared with HbA (see Fig. 2-6).

In systemic capillaries In pulmonary capillaries
High CO, pressure Low CO, pressure
Low O, pressure High O, pressure
COg ?2 COz 02
Hz0 > H* > &8 Hb H0 <& H+ <€ e
CO, + OH- ==—=> HCOj3; CO, + OH- <&== HCO;3
Carbonic ~ Carbonic
anhydrase Cl anhydrase
Erythrocyte Band 3

HCO3 HCO3 CI

plasma membrane protein B

2-7: Relationship between CO, and O, transport in the blood. A, Most of the CO, that enters erythrocytes in peripheral capil-
laries is converted to HCO; and H™. The resulting decrease in intracellular pH leads to protonation of histidine residue in
hemoglobin (Hb), reducing its O, affinity and promoting O, release. HCO; exits the cell in exchange for CI™ (i.e., chloride
shift) by means of an ion-exchange protein (i.e., band 3 protein), shifting the equilibrium so that more CO, can enter. B, Within
the lungs, reversal of these reactions leads to release of CO, and uptake of O,.

Right shift of O,-binding
curve: increased 2,3-BPG,
acidotic state, high
altitude, and fever
promote O, unloading
from Hb to tissues

Left shift of O,-binding
curve: decreased 2,3-BPG,
hypothermia, alkalosis,
and HbF promote
increased O, affinity

of Hb

HCO; : major vehicle for
carrying CO, in blood

HbA,: marker for long-
term glycemic control
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Sickle cell anemia: severe
hemolytic anemia; vaso-
occlusive crises

Deoxygenated sickled
RBCs: block circulation;
HbF inhibits sickling

Sickle cell trait: usually
asymptomatic except in
the kidneys

HbA: 20 2 chains
HbA,: 20 20 chains

HbF: 201 27y chains
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2-8: The hemoglobin (Hb) profile at different stages of development. In normal adults, HbA (consisting of two a-chains and
two B-chains) constitutes more than 95% of total Hb. HbA, (two a-chains and two 3-chains) and HbF (two a-chains and two y-
chains) each contribute about 1% to 2% of total Hb. The B-chain production does not occur until after birth. HbA,, a glyco-
sylated form of HbA, constitutes about 5% of the total Hb in normal adults, but the level is elevated in diabetics. HbA,. is an

excellent marker for long-term glycemic control.

G. Hemoglobinopathies due to structural alterations in globin chains
1. Sickle cell hemoglobin (HbS) results from a mutation that replaces glutamic acid with
valine at residue 6 in B-globin (6 Glu — Val) and primarily affects individuals of

African American descent.

a. Deoxygenated HbS forms large linear polymers, causing normally flexible
erythrocytes to become stiff and sickle shaped. Sickled cells plug venules,
preventing capillaries from draining.

b. Sickle cell anemia (homozygous condition)

(1) Sickle cell anemia is an autosomal recessive (AR) disorder.

(2) Hb profile: 85% to 95% HbS; small amounts of HbF and HbA, (no HbA).

(3) Marked by severe hemolytic anemia, multiorgan pain due to microvascular
occlusion by sickle cells, autosplenectomy, periodic attacks of acute symptoms
(i.e., sickle cell crises), and osteomyelitis (Sa/monella) and Streprococcus
pueumoniae Sepsis.

(4) HbF inhibits sickling, and increased levels of HbF reduce the number of crises.

(5) Hydroxyurea increases synthesis of HbF and reduces the number of sickle cell
crises (i.e., occlusion of small vessels by sickle cells).

c. Sickle cell trait is a heterozygous condition.

(1) Hb profile: 55% to 60% HbA; 40% to 45% HDS; small amounts of HbA,., HbE,
and HbA,

(2) Usually asymptomatic, except in the renal medulla, where O, tensions are low
enough to induce sickling and renal damage (e.g., renal papillary necrosis)

2. Hemoglobin C (HbC) results from substitution of lysine for glutamate at position 6 in

B-globin (B6 Glu — Lys).

a. Although HbC and HbS are mutated at the same site, HbC is associated only with
a mild chronic anemia in homozygotes.

3. Hereditary methemoglobinemia results from any one of several single amino acid
substitutions that stabilize heme iron in the oxidized form (HbM).

a. Characterized by slate gray cyanosis in early infancy without pulmonary or cardiac

disease

b. Exhibits autosomal dominant (AD) inheritance

4. Acquired methemoglobinemia results from exposure to nitrate and nitrite compounds,

sulfonamides, and aniline dyes.
a. These chemicals convert Hb to methemoglobin (heme Fe?t), which does not bind

O, (low O, saturation).

b. Symptoms such as cyanosis (no response to O, administration), headache, and
dizziness occur.

c. Intravenous methylene blue (primary treatment) and ascorbic acid (ancillary
treatment) help reduce Fe*' to the Fe?™ state.

H. Hemoglobinopathies due to altered rates of globin synthesis (thalassemia)
1. Thalassemias are AR microcytic anemias caused by mutations that lead to the absence
or reduced production of a-globin or B-globin chains.
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2. AR a-thalassemia

a.
b.
c.

d.

It results from deletion of one or more of the four a-globin 1 genes on chromosome 16.
It is most prevalent in Asian and African American populations.

There are four types of a-thalassemia that range from mild to severe in their effect
on the body.

There is a silent carrier state.

(1) Minimal deficiency of a-globin chains

(2) No health problems experienced

. o-"Thalassemia trait or mild a-thalassemia

(1) Mild deficiency of a-globin chains

(2) Patients have microcytic anemia, although many do not experience symptoms.

(3) Often mistaken for iron deficiency anemia; patients incorrectly placed on iron
medication

(4) Hb electrophoresis is normal, because all normal Hb types require a-chains and
all are equally decreased.

. Hemoglobin H disease

(1) In this variant, three of four a-globin chain genes are deficient.

(2) Deficiency is severe enough to cause severe anemia and serious health problems,
such as an enlarged spleen, bone deformities, and fatigue.

(3) Named for the abnormal hemoglobin H (B4 tetramers) that destroys red blood cells.

. Hydrops fetalis or a-thalassemia major (Hb Bart’s disease)

(1) In this variant, there is a total absence of a-globin chain genes.
(2) Patients die before or shortly after birth.
(3) HDbF is replaced with y4-tetramers (i.e., hemoglobin Barts)

3. B-Thalassemia

a.

It results from mutations affecting the rate of synthesis of B-globin alleles on
chromosome 11

. Three types of B-thalassemia occur, and they range from mild to severe.
. It is most prevalent in Mediterranean and African American populations.
. Thalassemia minor or thalassemia trait

(1) Mild deficiency of B-globin chains due to splicing defects

(2) There are no significant health problems.

(3) There is a mild microcytic anemia.

(4) Hb electrophoresis shows a decrease in HbA, because B-globin chains are
decreased, and a corresponding increase in HbA, and HbF, which do not have
B-globin chains.

. Thalassemia intermedia

(1) There is a moderate deficiency of B-globin chains.

(2) Patients present with moderately severe anemia, bone deformities, and
enlargement of the spleen.

(3) There is a wide range in the clinical severity of this condition.

(4) Patients may need blood transfusions to improve quality of life but #oz to
survive.

. Thalassemia major or Cooley’s anemia

(1) There is a complete deficiency of B-globin synthesis due to a nonsense mutation
and production of a stop codon.

(2) HbF and HDbA, are produced, but there is no HbA production.

(3) As HbF production decreases following birth, progressively severe anemia
develops with bone distortions, splenomegaly, and hemosiderosis (iron overload
from blood transfusions).

(4) Extensive, lifelong blood transfusions lead to iron overload, which must be
treated with chelation therapy.

(5) Bone marrow transplantation can produce a cure.

V. Collagen: Prototypical Fibrous Protein

Overview

1. Collagen is the most abundant protein in the body, and it is the major fibrous
component of connective tissue (e.g., bone, cartilage).

2. Fibrous proteins (e.g., collagen, keratin, elastin) provide structural support for cells and
tissues.

A.

. Collagen assembly

1. a-Chains, the individual polypeptides composing tropocollagen (Fig. 2-9A), consist
largely of -Gly-X-Y- repeats.

Mild o-thalassemia
(microcytic anemia):
normal Hb
electrophoresis

Hemoglobin H
(B4 tetramers) destroys
red blood cells.

Mild B-thalassemia

(i.e., microcytic anemia):
slightly decreased HbA;
increased HbA, and HbF

Cooley’s anemia: no HbA
produced; regular blood
transfusions required
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Tropocollagen, the basic
structural unit of collagen,
is a right-handed triple
helix of a-chains.

Ascorbic acid:
hydroxylation of proline
and lysine in collagen
synthesis; promotes cross-

bridging

Collagen fibrils form
spontaneously from
tropocollagen and are
stabilized by covalent
cross-links between lysine
and hydroxylysine residues
on adjacent chains.

Deficient cross-linking
reduces the tensile
strength of collagen
fibers.

Goodpasture’s syndrome:
hemoptysis, cough,
fatigue from lung damage
and nephritis symptoms
and hematuria from
kidney damage

Ehlers-Danlos syndrome:
loose joints, hyperelastic
skin, aortic dissection,
colon rupture, collagen
defects

Osteogenesis imperfecta:
decreased synthesis

of type | collagen;
pathogenic fractures,
blue sclera

Alport’s syndrome:
defective type IV collagen;
nephritis, hearing loss,
ocular defects

TROPOCOLLAGEN TRIPLE HELIX

Glycine Nitrogen of

kgolykri)eptide COLLAGEN FIBRIL
ackbone

Q ) Q ) Q

77__IT OL/):Cross-links
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Tropocollagen
B molecule

a-chain

A

2-9: Collagen structure. A, Triple-stranded helix of tropocollagen is the structural unit of collagen. In all a-chains, much of the
sequence contains glycine at every third position (boxes). Proline and hydroxyproline (or hydroxylysine) commonly occupy
the other two positions in the -Gly-X-Y- repeats. B, Notice the typical staggered array of linked tropocollagen molecules in
the fibrils of fibrous collagen. The cross-links increase the tensile strength of collagen.

a. Proline and hydroxyproline (or hydroxylysine) are often present in the X and
Y positions, respectively.
b. Hydroxylation of proline and lysine in a-chains occurs in the rough endoplasmic
reticulum (RER) in a reaction that requires ascorbic acid (vitamin C).
2. Procollagen triple helix assembles spontaneously from hydroxylated and glycosylated
helical a-chains in the RER.
3. Extracellular peptidases remove terminal propeptides from procollagen helix after it is
secreted, yielding tropocollagen.
. 'Tropocollagen assembles to form collagen fibrils.
. Lysyl oxidase, an extracellular Cu**-containing enzyme, oxidizes the lysine side chain
to reactive aldehydes that spontaneously form cross-links (see Fig. 2-9B).
a. Cross-links increase tensile strength of collagen.
b. Cross-link formation continues throughout life, causing collagen to stiffen with age.
c¢. Increased cross-linking associated with aging decreases the elasticity of skin and joints.
C. Collagen types
1. Fibrous collagens, which constitute about 70% of the total, have fibrillar structure.
a. 'Iype I: skin, bone, tendons, cornea
b. Type II: cartilage, intervertebral disks
c. Type III: blood vessels, lymph nodes, dermis, early phases of wound repair
d. 'Type X: epiphyseal plates
2. Type IV collagen forms flexible, sheetlike networks and is present within all basement
membranes.
a. In Goodpasture’s syndrome, antibodies are directed against the basement membrane
of pulmonary and glomerular capillaries.
D. Collagen disorders
1. Ehlers-Danlos syndrome (multiple types of mendelian defects)
a. Ehlers-Danlos syndrome is caused by mutations in o-chains, resulting in
abnormalities in collagen structure, synthesis, secretion, or degradation.
(1) Collagen types I and III are most often affected.
b. It is associated with hyperextensive joints, hyperelasticity of skin, aortic dissection,
rupture of the colon, and vessel instability resulting in skin hemorrhages.
2. Osteogenesis imperfecta (i.e., brittle bone disease)
a. Osteogenesis imperfecta is predominantly an AD disorder.
b. It results from a deficiency in the synthesis of type I collagen.
c. It is marked by multiple fractures, retarded wound healing, hearing loss, and blue
sclera.
(1) 'The blue color of sclera results from thinning of the sclera from loss of collagen,
allowing visualization of the underlying choroidal veins.
3. Alport’s syndrome
a. It 1s a mendelian disorder caused by defective type IV collagen.
b. It is characterized by glomerulonephritis, sensorineural hearing loss, and ocular
defects.

Ul
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4. Scurvy

a.

b.

It is caused by prolonged deficiency of vitamin C, which is needed for hydroxylation

of proline and lysine residues in collagen.

The tensile strength of collagen is decreased due to lack of cross-bridging of

tropocollagen molecules.

(1) Cross-bridges normally anchor at the sites of hydroxylation.

Hemorrhages in the skin, bleeding gums leading to loosened teeth, bone pain, Scurvy: tensile strength
hemarthroses (i.e., vessel instability), perifollicular hemorrhage, and a painful tongue  of collagen weakened due
(i.e., glossitis) eventually develop. to lack of cross-bridges
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RANSDUCTION

I. Basic Properties of Membranes
A. Overview

Membranes:
phospholipids,
sphingomyelin,
cholesterol

Different composition of
each leaflet of membrane
bilayer; interface with
aqueous phase on both
sides

Cholesterol: present in
inner and outer leaflets of
cell membrane

Integral proteins span the
entire membrane.

Anchoring of peripheral
proteins with isoprenyl
groups

RAS and other G proteins
(i.e., key signal-
transducing proteins):
anchored to inner leaflet
of cell membrane
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1. Membranes are lipid bilayers containing phospholipids, sphingomyelin, and cholesterol.

2. Proteins can be integral, spanning both layers, or peripheral, loosely associated with
either surface.

3. Membranes have fluid characteristics that are influenced by chain length and
saturation, cholesterol content, and temperature.

. Membrane components

1. Cell membrane lipids are arranged in two monolayers, or leaflets, to form the lipid
bilayer, the basic structural unit of cellular membranes.
a. Lipid composition differs within membranes of the same cell type, but
phospholipids are the major lipid component of most membranes.

(1) In membranes, the hydrophilic portion of the phospholipids is oriented facing
outward toward the surrounding aqueous environment, and the hydrophobic
portion is oriented facing inward toward the center of the bilayer.

b. Cholesterol is present in the inner and outer leaflets.
c. Phosphatidylcholine and sphingomyelin are found predominantly in the outer leaflet
of the erythrocyte plasma membrane.
d. Phosphatidylserine and phosphatidylethanolamine are found predominantly in the
inner leaflet of the erythrocyte plasma membrane.
2. Proteins constitute 40% to 50% by weight of most cellular membranes.
a. The particular proteins associated with each type of cellular membrane are largely
responsible for its unique functional properties.
3. Carbohydrates in membranes are present only as extracellular moieties covalently
linked to some membrane lipids (glycolipids) and proteins (glycoproteins).

. Membrane proteins

1. Integral (intrinsic) proteins that span the entire bilayer, called transmembrane proteins,
interface with the cytosol and the external environment.

a. Examples: Transport proteins (e.g., glucose transporters), receptors for water-soluble
extracellular signaling molecules (e.g., peptide hormones), and energy-transducing
proteins (e.g., adenosine triphosphate [ATP] synthase)

2. Peripheral (extrinsic) proteins are loosely associated with the surface of either side of
the membrane.

a. Examples: Protein kinase C on the cytosolic side and certain extracellular matrix
proteins on the external side

b. Peripheral proteins are loosely bound and can be removed with salt and pH changes.

3. Lipid-anchored proteins are tethered to the inner or outer membrane leaflet by a
covalently attached lipid group (e.g., isoprenyl group to RAS molecule).

a. Alkaline phosphatase is anchored to the outer leaflet.

b. RAS and other G proteins (i.e., key signal-transducing proteins) are anchored to the
inner leaflet.

. Fluid properties of membranes

1. Membrane fluidity is controlled by several factors:
a. Long-chain saturated fatty acids interact strongly with each other and decrease
fluidity.
b. Cis unsaturated fatty acids disrupt the interaction of fatty acyl chains and increase
fluidity.
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c. Cholesterol prevents the movement of fatty acyl chains and decreases fluidity.
d. Higher temperatures favor a disordered state of fatty acids and increase fluidity.
2. Lateral movement is restricted by the presence of cell-cell junctions in the membrane
or by interactions between membrane proteins and the extracellular matrix.
II. Movement of Molecules and Ions Across Membranes (Fig. 3-1 and Table 3-1)
A. Overview
1. Simple diffusion occurs down a concentration gradient without the aid of transport
proteins, involving mainly gases and small, uncharged molecules such as water.
2. Facilitated diffusion occurs down a concentration gradient with the aid of transport
proteins and involves ions (ion channels) and monosaccharides.
3. Primary active transport occurs against a concentration gradient using ATP energy.
4. Secondary active transport occurs against a concentration gradient by transporting a
second molecule using ATP energy.
5. Several genetic defects, including cystic fibrosis, are due to abnormal transport proteins
(defective cystic fibrosis transmembrane regulator).
B. Simple diffusion
1. Movement of molecules or ions down a concentration gradient requires no additional
energy and occurs without aid of a membrane protein.
2. Limited substances cross membranes by simple diffusion.

Transported
molecules
Channel
O O o
O O Cotransport O (#)
carrier, 0<O 00

o 0°0 e%e

Lipidl | TAHIRATR

ﬂﬂ Electrochemical

bilayer Mm mﬂm mwwu u gradient
© o0 o0
Simple Ener
diffusion | | v |
I N Facilitated diffusion Active transport I
Non-protein- Carrier-mediated

mediated transport transport

3-1: Overview of membrane-transport mechanisms. Open circles represent molecules that are moving down their electrochem-
ical gradient by simple or facilitated diffusion. Closed circles represent molecules that are moving against their electrochemical
gradient, which requires an input of cellular energy by active transport. Primary active transport is unidirectional and uses
pumps, whereas secondary active transport requires cotransport carrier proteins.

TABLE 3. Mechanisms for Transporting Small Molecules and lons Across Biomembranes

PASSIVE PRIMARY ACTIVE SECONDARY ACTIVE
PROPERTY DIFFUSION FACILITATED DIFFUSION TRANSPORT TRANSPORT
Requires = + + +
transport
protein
Works against - = I +
gradient
Coupled to ATP - = + (directly) — (indirectly)
hydrolysis
Powered by - = = +
movement of
cotransported
ion
Examples of 0,, CO,, many  Glucose and amino acids Na*/K*, Ca** Glucose and amino acids
transported drugs, (most cells); CI™ and (intestine and kidney
molecules steroid HCO; exchange (red blood tubule); Ca>*"
hormones cells) (cardiac muscle)

Membrane components
diffuse laterally.

Fluidity is increased by cis
unsaturated fatty acids
and high temperatures.

Simple diffusion:
movement down a
concentration gradient

Facilitated diffusion:
movement down a
concentration gradient
with aid of transport
proteins

Primary active transport:
movement against a
concentration gradient
using ATP energy

Secondary active
transport: movement
against a concentration
gradient using second
molecule and ATP
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Simple diffusion limited
to small size and lipid
solubility

Passive transport:
movement of molecules
across membrane down
concentration gradient by
simple or facilitated
diffusion

Charged molecules and
ions require a carrier
protein to cross
membrane.

Carrier-mediated
transport: specific for
substrate and inhibitors;
saturation kinetics;
regulated physiologically

Primary active transport:
energy-requiring
movement of molecules
across the membrane
against the concentration
gradient, coupled directly
to ATP hydrolysis

a. Gases (O,, CO,, nitric oxide)
b. Small uncharged polar molecules (water, ethanol, short-chain neutral fatty acids)
c. Lipophilic molecules (steroids)

3. Transport in either direction occurs, with net transport depending only on the direction

of the gradient.

Rate of diffusion depends on the size of the transported molecule and gradient
steepness.

a. Smaller molecules diffuse faster than larger molecules.

b. A steep concentration gradient produces faster diffusion than a shallow gradient.

C. Facilitated diffusion

1.

2.

Requires the aid of specialized membrane proteins that move molecules across the

membrane down the concentration gradient without input of cellular energy.

Ton channels are protein-lined passageways through which ions flow at a high rate when

the channel is open.

a. Many channels, which are usually closed, open in response to specific signals.

b. Nicotinic acetylcholine (ACh) receptor in the plasma membrane of skeletal muscle
is a Na"K™ channel that opens on binding of an ACh.

Uniport carrier proteins facilitate diffusion of a single substance (e.g., glucose, particular

amino acid).

a. Na™-independent glucose transporters (GLU'Ts) are uniporters that passively
transport glucose, galactose, or fructose from the blood into most cell types down a
steep concentration gradient (Table 3-2).

b. Cycling of the uniporter between alternative conformations allows binding and
release of the transported molecules (Fig. 3-2).

c. Direction of transport by the uniporter depends on the direction of the concentration
gradient for the transported molecule.

Cotransport carrier proteins mediate movement of two different substances at the same

time by facilitated diffusion or secondary active transport.

a. The direction of transport depends on the direction of the gradients for the
transported molecules (similar to uniporters).

b. Symporters move both transported substances in the same direction.

¢. Antiporters move the transported substances in opposite directions.

(1) Example: CL™/HCO; exchange protein (band 3 protein) in erythrocyte
membrane, an antiporter that facilitates diffusion of Cl~ and HCOj, functions in
the transport of CO, from tissues to the lungs (see Fig. 2-7 in Chapter 2).

TABLE 3-2. Hexose Transport Proteins

TRANSPORTER PRIMARY TISSUE LOCATION SPECIFICITY AND PHYSIOLOGIC FUNCTIONS
GLUTq Most cell types (e.g., brain, erythrocytes, Transports glucose (high affinity) and galactose
endothelial cells, fetal tissues) but not kidney but not fructose; mediates basal glucose
and small intestinal epithelial cells uptake
GLUT2 Hepatocytes, pancreatic B cells, epithelial cells of ~ Transports glucose (low affinity), galactose, and
small intestine and kidney tubules (basolateral fructose; mediates high-capacity glucose uptake
surface) by liver at high blood glucose levels; serves as
glucose sensor for B cells (insulin independent);
exports glucose into blood after its uptake from
lumen of intestine and kidney tubules
GLUT3 Neurons, placenta, testes Transports glucose (high affinity) and galactose
but not fructose; mediates basal glucose uptake
GLUT4 Skeletal and cardiac muscle, adipocytes Mediates uptake of glucose (high affinity) in
response to insulin stimulation, which induces
translocation of GLUT4 transporters from the
Golgi apparatus to the cell surface
GLUTg Small intestine, sperm, kidney, brain, muscle, Transports fructose (high affinity) but not
adipocytes glucose or galactose
GLUTZ Membrane of endoplasmic reticulum (ER) in Transports free glucose produced in ER by
hepatocytes glucose-6-phosphatase to cytosol for release
into blood by GLUT2
SGLUT1 Epithelial cells of small intestine and kidney Cotransports glucose or galactose (but not
(Na* /K" tubules (apical surface) fructose) and Na™ in same direction; mediates
symporter) uptake of sugar from lumen against its

concentration gradient powered by coupled
transport of Na™ down its gradient
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A Glucose
> Glucose gradient
Exterior ~ ~ ~ l
i T Tl i 2.t i i i
o () Ul o U0y i Ul M, i
Cytosol
4 \'4

3 Glucose dissociates from inward-
facing binding site

1 Glucose binds to outward-facing
binding site

2 Conformational change generates
inward-facing binding site

4 Reverse conformational change
restores outward-facing binding site

3-2: Facilitated diffusion of glucose by the Na*-independent glucose transporter (GLUT). In most cells, GLUT imports glu-
cose delivered in the blood. The imported glucose is rapidly metabolized within cells, thereby maintaining the inward glucose
gradient. However, all steps in the transport process are reversible. If the glucose gradient is reversed, GLUT can transport
glucose from the cytosol to the extracellular space, as occurs in the liver during fasting.

D. Primary active transport

1. Pumps move molecules or ions against the concentration gradient with energy supplied
by coupled ATP hydrolysis.

2. Pumps mediate unidirectional movement of each molecule transported.

3. Nat/K"-ATPase pump, located in the plasma membrane of every cell, maintains low
intracellular Na™ and high intracellular K¥ concentrations relative to the external
environment.

a. Hydrolysis of 1 ATP is coupled to the translocation of 3 Na™ outward and 2 K™
inward against their concentration gradients.

b. Cardiotonic steroids, including digitalis and ouabain, specifically inhibit the Na™/K™
ATPase pump.

c. Albuterol and insulin enhance the pump and drive K* from the extracellular
compartment into the cell (i.e., hypokalemia).

d. The B-blockers and succinylcholine inhibit the pump and drive K* from the
intracellular compartment out into the interstitial space (i.e., hyperkalemia).

4. Ca*"-ATPase pumps maintain low cytosolic Ca*" concentration.

a. Plasma membrane Ca®"-ATPase, present in most cells, transports Ca*" out of cells.

b. Muscle Ca*"-ATPase, located in the sarcoplasmic reticulum (SR) of skeletal muscle,
transports Ca*" from the cytosol to the SR lumen.

(1) Release of stored Ca®" from SR to cytosol triggers muscle contraction.

(2) Rapid removal of Ca*" by the ATPase pump and restoration of a low cytosolic
level permits relaxation.

c. In tissue hypoxia, the decrease in ATP production affects the Ca**-ATPase pump
and allows Ca®" into the cell, where it activates various enzymes (e.g.,
phospholipases, proteases, endonucleases, caspases [pro-apoptotic enzymes]),
leading to irreversible cell damage.

E. Secondary active transport

1. Cotransport carrier proteins move one substance against its concentration gradient with
energy supplied by the coupled movement of a second substance (usually Na® or HT)
down its gradient.

2. Na'-linked symporters transport glucose and amino acids against a concentration gradient
from the lumen into the epithelial cells lining the small intestine and renal tubules.

a. Symporter in apical membrane couples movement of 1 or 2 Na™ into the cell, down
the concentration gradient with energetically unfavorable import of a second
molecule (glucose or amino acid).

(1) Absorption of glucose by epithelial cells of kidney tubules and intestine occurs
against a steep glucose gradient by secondary active transport mediated by Na™*/
glucose symporter (SGLUT1).

(2) For Na' to be reabsorbed in the small bowel, glucose must be present.

(3) In patients with cholera, it is important to orally replenish Na*.

b. Na*/K"-ATPase pump in the basal membrane maintains a Na™ gradient necessary
for the operation of Na*-linked symporters (Fig. 3-3).

Na*/K*-ATPase pump:
Na" and K" in; inhibited
by cardiotonic steroids,
digitalis, and ouabain;
lack of oxygen (hypoxia)

Albuterol, insulin:
enhance Na™/K*-ATPase
pump; hypokalemia

[3-Blockers,
succinylcholine: inhibit
Na*/K*-ATPase pump
(hyperkalemia)

Ca>"-ATPase pumps Ca>”
out of cells

Tissue hypoxia:
dysfunctional
Ca®"-ATPase pump;
activation of intracellular
enzymes

Secondary active
transport: molecule
moves against its
concentration gradient
with energy from
movement of
cotransported ion down
its gradient

Glucose and amino acids
transported by Na™-linked
symporters in gut and
kidney

SGLUT1 symporter for
Na*/glucose is found in
kidney and intestine.
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Na™-linked Ca*"
antiporter in heart
inhibited by digitalis;
causes increase in
cytosolic calcium and
increased force of
contraction

Cystic fibrosis, cystinuria,
and Hartnup’s disease are
caused by hereditary
defects in transport
proteins.

Intestinal lumen
Nat*/glucose

Dietary glucose symporter  Apical LOW
High (dietary) Nat*  Glucose 2 Na* (SGLUT1) memi)rane

Glucose 2 Na*

Epithelial cells High
Low Na* glucose
High K* ATP  ADP + P;

3 Nat 2 K*
Blood
High Na* GLUT2 Na*/K* Basal

Glucose 3 Nat 2K+ ATPase membrane LOW
Low K+

3-3: Transport of glucose from the intestinal lumen to the blood. Three membrane transport proteins participate in this
process. Glucose moves across the apical membrane into an epithelial cell against its gradient by means of an Na*/glucose
symporter, also designated SGLUT1 (i.e., secondary active transport). Glucose exits from the basal surface by means of a
GLUT2 uniporter (i.e., facilitated diffusion). Na*/K*-ATPase pumps Na* out of cell (i.e., primary active transport), maintain-
ing the low intracellular Na™ level needed for operation of the symporter. GLUT, glucose transporter.

3. Na'-linked Ca®" antiporter in the plasma membrane of cardiac muscle cells is primarily
responsible for maintaining low cytosolic Ca®™.
a. Coupled movement of 3 Na™ into the cell down the concentration gradient powers
the export of 1 Ca®".
b. Operation of antiporter is indirectly inhibited by digitalis, accounting for its
cardiotonic effect (Fig. 3-4).
F. Hereditary defects
1. Hereditary defects in transport proteins cause diseases such as cystic fibrosis (Box 3-1).

Digitalis
le
A\
:‘-?;g;; —> tintracellular Na*
le
\'%4
+ 2+
[a\lrii;/)gﬁer —> tCytosolic Ca?* —=> Stronger

contraction

3-4: Mechanism of action of digitalis on cardiac muscle. The cardiotonic effect of digitalis stems from its inhibition of Na™/
K*-ATPase, leading to an increase rise in the intracellular Na* concentration and secondary inhibition of the Na®/Ca** anti-
porter. The increased cytosolic Ca** level results in an increase in cardiac muscle contraction. In skeletal muscle, control of the
cytosolic Ca®>* level is effected by Na™-independent Ca>* pumps; hence, digitalis does not affect skeletal muscle.

Box 31 DISORDERS CAUSED BY DEFECTIVE TRANSPORTERS

Cystic fibrosis is caused by an autosomal recessive defect in the cystic fibrosis transmembrane regulator
gene (CFTR) on chromosome 7. The CFTR protein is a Cl™-ATPase pump in epithelial cells of the lungs,
pancreas, intestines, and skin. The resulting dysfunction in exocrine glands leads to high Na* and CI~
concentrations in sweat (i.e., basis of the sweat test) and production of highly viscous mucus (dehydrated),
which obstructs the airways and the pancreatic and bile ducts. Common symptoms include failure to thrive,
malabsorption (i.e., atrophy of pancreatic exocrine glands), and recurrent respiratory infections due to
Pseudomonas aeruginosa, which are the usual cause of death.

Cystinuria results from an autosomal recessive hereditary defect in the carrier protein that mediates
reabsorption of dibasic amino acids (i.e., cystine, arginine, lysine, and ornithine) from renal tubules.
Formation of cystine kidney stones and excessive urinary excretion of dibasic amino acids are common
clinical features. Cystine is a hexagonal crystal in urine.

Hartnup's disease is caused by an autosomal recessive defect in the carrier protein that mediates intestinal
and renal tubular absorption of neutral amino acids. Clinically, it is marked by pellagra-like symptoms (e.g.,
diarrhea, dermatitis, dementia) due to impaired absorption of tryptophan, which reduces the synthesis of niacin.

Familial hypercholesterolemia is an autosomal dominant disease characterized by a lack of functional
receptors for low-density lipoprotein (LDL). The resulting high blood levels of cholesterol contribute to
premature atherosclerosis and susceptibility to acute myocardial infarctions and stroke at an early age.
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III. Receptors and Signal Transduction Cascades
A. Overview

1.

2.

6.

7.

Signal molecules such as hormones, growth factors, neurotransmitters, and cytokines
bind to receptors to activate an intracellular signal pathway.

G protein—coupled receptors release a G'TP-binding protein that activates membrane-
bound adenylate cyclase leading to an increase in cAMP concentrations; produces a
phosphorylation cascade.

Phosphoinositide coupled receptors release activated G, protein that activates
phospholipase C; releases inositol 1,4,5-triphosphate (IP;) and diacylglycerol (DAG).
Calmodulin forms an active complex with Ca*" that activates some protein kinases;
DAG activates protein kinase C.

Receptor tyrosine kinases (RTKs) autophosphorylate during activation by hormone
binding; activation of genes is related to growth.

Intracellular receptors function as transcription factors on hormone binding to regulate
the expression of specific target genes.

Cell signaling is impaired by cholera and pertussis toxin, autoantibodies, gene mutation,
and drugs.

B. Sequence of events in cell-cell signaling

1.

@~

Release of signal molecules normally occurs in response to a specific stimulus (e.g.,

increased blood glucose stimulates pancreatic B cells to release insulin).

(a) Hormones, growth factors, neurotransmitters, and cytokines are the most common
types of extracellular signals.

Binding of the signal to its specific receptor causes receptor activation.

Activated receptor-signal complex in turn functions as a signal, triggering an

intracellular signal transduction cascade that ultimately leads to specific cellular

responses (Fig. 3-5).

C. General properties of cell-surface receptors

1

4.

5.

. Receptors located on the exterior surface of the cell bind peptide hormones and other

hydrophilic extracellular signals.

a. In contrast, steroid hormones, thyroxine, and retinoic acid are lipophilic and diffuse
through the plasma membrane to receptors in the cytosol (steroid hormones) or
nucleus (thyroxine, retinoic acid).

Binding interaction between the receptor and the hormone demonstrates reversibility

(like enzyme-substrate interactions) and inhibition by antagonists (competitive or

noncompetitive).

Cellular response to a hormone may be positive or negative (even in the same tissue),

depending on the particular receptors present.

Signal amplification by a transduction cascade means that binding and activation of only

a small fraction of receptors generates an effective response.

Receptor-hormone dissociation constants correlate with physiologic concentrations of

hormones.

D. Common features of G protein—coupled receptors (GPCRs)

1. GPCRs are monomeric proteins (i.e., single polypeptide chain) containing seven
transmembrane o-helices.

a. Extracellular domain contains hormone-binding site
Receptor 3-5: Signal transduction cascade. Bind-
(inactive) ing of an extracellular signal to its recep-
tor activates the receptor. The activated
Signal — receptor transduces the signal by binding
to a molecule within the cell (P) and con-
Signal-receptor complex Coordinated regulation of verting it into another molecule (Q). Q

T

can then act as a signal (often with inter-

(active) metabolic pathways by altering . duci lecul leadi
activity of specific enzymes vening. transducing molecules), leading
& to three major types of effects. Amplifica-
tion of the signal occurs at every step

after signal-receptor binding. For exam-
ple, one active receptor molecule can
interact with many molecules of P, yield-
ing many Q molecules.

Q:"}

Change in intracellular ion
concentrations

Activation of gene transcription
leading to expression of specific
proteins
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G protein—coupled
receptors: increased CAMP
concentration, causing
phosphorylation cascade

Phosphoinositide coupled
receptors: release of IP,
and DAG

Calmodulin complexed
with Ca®": activates
protein kinase C

Receptor tyrosine kinases:
autophosphorylate

Intracellular receptors:
transcription factors on
hormone binding

The same receptor can
have different target
proteins in different cells.

A cell can respond only to
those signal molecules
whose specific receptor
proteins it expresses.

Cell-cell signaling: release
of signal molecule,
binding of signal molecule
to receptor, signal
transduction (e.g.,
cascade), intracellular
response

Extracellular signals:
hydrophilic

Intracellular signals:
lipophilic

Signal molecule: does not
cross membrane; specific
and reversible binding

Signal transduction
cascade: amplifies small
amount of signal
molecule



30 Rapid Review Biochemistry

Activated G proteins bind
GTP; they revert to the
inactive state by
hydrolyzing GTP to GDP.

G protein—coupled
receptors transduce
signals through second
messengers: cyclic AMP
(cAMP pathway); IP, and
DAG (phosphoinositide
pathway)

Accommodation:
phosphorylation of B-
adrenergic receptor-G
protein complex prevents
release of active G
protein; requires
increased epinephrine to
overcome.

TABLE 3-3. Major Trimeric G Proteins

G, TYPE FUNCTION COUPLED RECEPTORS

Gs Stimulates adenylate cyclase Dopamine (D), epinephrine (B,, B.), glucagon histamine
(T cAMP) (H,), vasopressin (V,)

G; Inhibits adenylate cyclase (| CAMP)  Dopamine (D,), epinephrine (o)

Gq Stimulates phospholipase C Angiotensin |1, epinephrine (a,), oxytocin, vasopressin (V,)
(T IP;, DAG)

Stimulates cGMP
phosphodiesterase (I cGMP)

*In some signaling pathways, G5 and G; are associated with ion channels, which open or close in response to hormone binding.
DAG, diacylglycerol; IP,, inositol triphosphate.

G, (transducin) Rhodopsin (light sensitive)

b. Cytosolic domain interacts with trimeric G protein consisting of three subunits (o, 3,
and vy)

2. 'Trimeric G proteins alternate between an active (dissociated) state with bound
guanosine triphosphate (G'T'P) and an inactive (trimeric) state with bound guanosine
diphosphate (GDP).

a. In the active state, which is generated by the hormone binding to the coupled
receptor, the a-subunit (G,) binds to effector protein either to stimulate or inhibit an
associated effector protein

3. Multiple G proteins are coupled to different receptors and transduce signals to different
effector proteins, leading to a wide range of responses (Table 3-3).

E. Cyclic AMP (cAMP) pathway

1. Receptors for glucagon, epinephrine (B receptors), and other hormones coupled to Gy
protein transmit a hormonal signal by means of the second messenger cAMP (Fig. 3-6).

2. Hormone binding to the appropriate receptor causes a conformational change in the
intracellular domain, allowing the receptor to interact with the Gy protein.

3. Hormone-induced elevation of cAMP produces a variety of effects in different tissues
(Table 3-4).

3-6: Cyclic adenosine monophosphate @ Stimulatory
(cAMP) pathway. After hormone bind- ) hormone
ing, coupled G protein exchanges bound
guanosine diphosphate (GDP) for gua-
nosine triphosphate (GTP). Active Gg,-
GTP diffuses in the membrane and
binds to membrane-bound adenylate ‘ 6 iseeiioasiss: Sessecsecsseseeie s AN -
cyclase, stimulating it to produce cAMP. 4
Binding of cAMP to the regulatory sub-
units (R) of protein kinase A releases
the active catalytic (C) subunits, which
mediate various cellular responses.

Adenylate cyclase
(inactive)

Adenylate cyclase
" (active)

AMP
(signal

/ termination)
cAMP (o)

B\

Protein kinase A

(inactive)
Phosphorylation of
cytosolic and

AT

Protein kinase A
(active)

nuclear proteins
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TABLE 3-1. Effects of Elevated cAMP Levels in Various Tissues

TISSUE OR CELL TYPE HORMONE INCREASING cAMP MAJOR CELLULAR RESPONSE

Adipose tissue Epinephrine, adrenocorticotropic hormone 1 Hydrolysis of triglycerides
(ACTH)

Adrenal cortex ACTH Hormone secretion

Cardiac muscle Epinephrine, norepinephrine 1 Contraction rate

Intestinal mucosa Vasoactive intestinal peptide (VIP), epinephrine  Secretion of water and electrolytes

Kidney tubules Vasopressin (V, receptor) Resorption of water
Liver Glucagon, epinephrine 1 Glycogen degradation
1 Glucose synthesis
Platelets Prostacyclin (PGl,) Inhibition of aggregation
Skeletal muscle Epinephrine 1 Glycogen degradation
Smooth muscle (vascular Epinephrine Relaxation (bronchial)
and bronchial) Contraction (arterioles)
Thyroid gland Thyroid-stimulating hormone (TSH) Synthesis and secretion of thyroxine

4. B-Adrenergic receptors undergo accommodation (reduction in physiologic response on
repeated stimulation) when exposed to sustained, constant concentration of
epinephrine (e.g., pheochromocytoma).

a. Phosphorylation of receptor—G protein complex by B-adrenergic receptor kinase
prevents the hormone-receptor complex from releasing activated G, protein,
attenuating the response to #nchanging concentrations of epinephrine.

b. Concentration of hormone must increase to generate new active hormone-receptor
complexes.

F. Phosphoinositide pathway
1. Receptors coupled to G, protein transmit signals from hormones such as oxytocin,

Binding of epinephrine
(B receptors) or glucagon
leads to phosphorylation
inside cell by the CAMP

angiotensin II, and vasopressin (V; receptor) by means of several second messengers pathway; stored energy
(Fig. 3-7, top). mobilized
Hormone + Receptor Fatty acyl 3-7: Phosphoinositide pathway linked to
chains a Gq-coupled receptor. Top, The two fatty
Gq-GDP GTP acyl chains of phosphatidylinositol 4,5-
(inactive) PIP, bisphosphate (PIP,) are embedded in
"H" the plasma membrane with the polar

phosphorylated inositol group extending
into the cytosol. Hydrolysis of PIP,

®- Inositol 4,5-bisphosphate
(dashed line) produces diacylglycerol
(DAG), which remains associated with

Gq-GTP
ti
(active) \ Phospholipase C the membrane, and inositol triphosphate

(active) (IP;), which is released into the cytosol.
Bottom, Contraction of smooth muscle
induced by hormones such as epinephrine
(o, receptor), oxytocin, and vasopressin

Inositol ;
b . (V; receptor) results from the IP,-stimu-
1,4,5-trisphosphate Dlacy{)l%lécerol lated increase in the level of cytosolic
(IP3) ( ) Ca*", which forms a Ca®*"-calmodulin

complex that activates myosin light-chain
(MLC) kinase. MLC kinase phosphorylates

Ca?* release from Protein kinase C myosin light chains, leading to muscle
ER to cytosol activation contractions. ER, endoplasmic reticulum.
Calmodulin
MLC kinase

Ca2* calmodulin y inactive

ATP MLC kinase ADP
active

Myosin light chains
(dephosphorylated)

Myosin light chains
(phosphorylated)

Relaxation Contraction
of smooth muscle of smooth muscle
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IP; increases cytosolic

2. Phospholipase C is stimulated by active G, subunit (similar to stimulation of adenylate

cyclase by G,) and cleaves phosphatidyl inositol 4,5-bisphosphate (PIP;) to yield two
second messengers:

a. IP3 can diffuse in the cytosol.

b. DAG remains associated with the plasma membrane.

Ca*" concentrations by 3. 1Ps, a second messenger in the phosphoinositide pathway, causes a rapid release of Ca*"

S”m“|a“”§ release of from the endoplasmic reticulum (ER) by opening Ca®" channels in the ER membrane.

stored Ca™ from the ER. a. Ca*" is a potent enzyme activator, and its access to the cytoplasm is tightly

DAG activates protein regulated.

kinase C. (1) Free Ca*" concentrations in the cytosol are normally about 100 nM, whereas

Extracellular calcium extrac;llu!ar concentr'fltionssz calci.um are 10,20+()()-fold higher.

concentration is 10,000 b. Cal.modulm 2blnds Cytosqllc Ca®", forming the Ca -calmodulin complex that

times cytosolic calcium activates Qa +—calm0dulm-ficpendent protein kinases. o _

concentration. ¢. Hormone-induced contraction of smooth muscle results from activation of myosin
light-chain (ML.C) kinase by Ca**-calmodulin (see Fig. 3-7, bottom).

Ca®"-calmodulin complex 4. DAG activates protein kinase C, which regulates various target proteins by

activates protein kinases.

DAG is required for
activation of protein
kinase C.

phosphorylation.
a. Elevated cytosolic Ca** promotes the interaction of inactive protein kinase C with
the plasma membrane, where it can be activated by DAG.

G. Receptor tyrosine kinases (RTKs)

1. RTKSs contain a single transmembrane a-helix, an extracellular hormone-binding
domain, and a cytosolic domain with tyrosine kinase catalytic activity.
2. Hormone-binding (e.g., insulin) activates tyrosine kinase activity, leading to
RTKs undergo autophosphorylation of the receptor.
autophosphorylation. 3. Insulin receptor is a disulfide-bonded tetrameric RTK that uses insulin receptor

substrate 1 (IRS-1) to transduce the insulin signal by two pathways (Fig. 3-8).
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GTP ] Protein kinase B

Kinase (inactive)
cascade
( (inactive)

@ ®» @
MAP kinase

Protein kinase B
@D/ (active) (active)
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Gene activation

Regulation of enzyme
activity; increased
glucose uptake
by GLUT4

and increased
enzyme synthesis

3-8: Signal transduction from an insulin receptor. Insulin binding induces autophosphorylation of the cytosolic domain. The
insulin receptor substrate (IRS-1) then binds and is phosphorylated by the receptor’s tyrosine kinase activity. Long-term effects
of insulin, such as increased glucose uptake by muscle and adipocytes, are mediated through the RAS pathway, which is acti-
vated by mitogen-activated protein (MAP) kinase (left). Two adapter proteins transmit the signal from IRS-1 to RAS, converting
it to the active form. Short-term effects of insulin, such as increased synthesis of glucokinase in the liver, are mediated by the
protein kinase B (PKB) pathway (right). A kinase that binds to IRS-1 converts phosphatidylinositol in the membrane to phos-
phatidylinositol 4,5-bisphosphate (PIP,), which binds cytosolic PKB and localizes it to the membrane. Membrane-bound

kinases then phosphorylate and activate PKB.
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a. RAS-dependent pathway, similar to that used by growth-factor RTKs, mediates the
long-term effects of insulin (e.g., increased synthesis of glucokinase in liver).

b. RAS-independent pathway, which leads to activation of protein kinase B, mediates
the short-term effects of insulin (e.g., increased glucose uptake by muscle and
adipocytes, increased activity of glycogen synthase).

RAS, another type of G protein, functions in the signaling pathway from receptors for

growth factors such as epidermal growth factor and platelet-derived growth factor

(PDGF) receptor.

a. These monomeric receptors aggregate on binding of hormone, usually forming
dimers.

b. The hormonal signal is transmitted from activated receptors by adapter proteins to
membrane-bound RAS, converting it to the active G'TP-bound form.

c¢. Kinase cascade triggered by RAS-GTP culminates in activation of mitogen-activated
protein (MAP) kinase, which translocates to the nucleus and regulates the activity of
transcription factors, leading to changes in gene expression.

(1) Signaling pathways that regulate gene expression take hours to days to produce
cellular responses, whereas those that control the activity of existing proteins
produce cellular responses much more quickly (seconds to minutes).

H. Intracellular receptors for lipophilic hormones (Fig. 3-9)

1.

2.

Lipophilic hormones, such as steroid hormones (e.g., cortisol), thyroid hormone, and
retinoic acid, have receptors that are located in the cytosol or nucleus.
a. Steroid hormones bind to their receptors in the cytosol, and the hormone-receptor
complexes move to the nucleus.
b. Thyroxine and retinoic acid have receptors only in the nucleus.
(1) These receptors contain a hormone-binding domain and DNA-binding domain.
Hormone-receptor complexes function as transcription factors, which regulate the
expression of specific target genes.

I. Clinical aspects of cell-cell signaling

1.

O O—Hormone

Cholera, enterotoxigenic Escherichia coli, and pertussis toxins catalyze ADP-ribosylation

of the a-subunit of G proteins.

a. Cholera toxin produced by Vibrio cholerae and the toxin produced by enterotoxigenic
E. coli permanently activate Gy protein (by ADP-ribosylation of Gy protein), which
permanently activates adenylate cyclase.

(1) Resulting increase in cAMP in intestinal mucosa produces a massive secretory
diarrhea with a loss of isotonic fluid (approximately the same tonicity as
plasma).

b. Pertussis toxin, produced by Bordetella pertussis, permanently inactivates G; protein
(by ADP-ribosylation of G; protein), which permanently activates adenylate
cyclase.

(1) Resulting increase in cAMP causes increased mucus secretion in the respiratory
tract (e.g., whooping cough).

Graves’ disease results from inappropriate stimulation of thyroid-stimulating hormone

(T'SH) receptors by IgG autoantibodies.

a. Manifestations include thyromegaly, exophthalmos, and signs of hyperthyroidism,
which include weight loss, fatigue, heat intolerance, diarrhea, and hand tremors.

b. Autoantibodies against receptors are type Il hypersensitivity reactions.

3-9: Signaling by hormones with intracellu-
lar receptors. Steroid hormones (e.g., corti-

Hormone- ) ; .
. sol) bind to their receptors in the cytosol,
L%Cr:ﬁpltg; 0 0 Cytos}:)llc and the hormone-receptor complex moves
p receptor to the nucleus. In contrast, the receptors

@VoQ

Q

hasiy

Nucleus

for thyroid hormone and retinoic acid are
located only in the nucleus. Binding of the

0 Altered hormone-receptor complex to regulatory
(/ transcription  sites in DNA activates gene transcription.
':|'> 0 of specific
(/ genes

mRNA

Insulin receptor: RAS-
dependent pathway (MAP
kinase) has long-term
effects, and the RAS-
independent pathway
(protein kinase B) has
short-term effects.

RAS: signaling pathway
for growth factors

Steroid hormone
receptors are located in
the cytosol.

Thyroxine and retinoic
acid receptors are located
in the nucleus.

Cholera and
enterotoxigenic E. coli
toxin permanently activate
G, and pertussis toxin
permanently inactivates G;
by ADP-ribosylation.

Graves’ disease: 1gG
antibodies against TSH
receptors produce
hyperthyroidism.
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RAS protooncogene
encodes a mutant RAS
protein permanently in

the active state that leads

to cancer (e.g., pancreas,
colon).

Ephedrine: o,-adrenergic
agonist; vasoconstriction

Albuterol, terbutaline:
selective for o, receptors;
bronchodilators

f3-Nonselective and
-selective blockers:
decrease blood pressure;
precipitate asthma

Losartan: blocks
angiotensin |l receptors;
decreases blood pressure

Chlorpromazine,
haloperidol: blocks
dopamine D, receptors

3. Mutant RAS protein encoded by the RAS protooncogene, which has undergone a point
mutation, has a very low GTPase activity and is permanently in the active state.
a. Cell responds as if high levels of hormone were present, leading to increased cell
proliferation.
b. Mutation of RAS protooncogene has been implicated in the development of various
types of cancers (i.e., pancreatic, colon, endometrial, and thyroid cancers).
4. Many drugs bind to receptors and either stimulate or inhibit intracellular signaling.
a. Agonists activate receptors and mimic the action of normal signal molecules.

(1) Ephedrine, a general agonist of oj-adrenergic receptors; produces
vasoconstriction (nasal decongestant)

(2) Albuterol and terbutaline, which are relatively selective for a,-receptors; produce
smooth muscle relaxation (i.e., bronchodilator for asthma)

b. Antagonists inhibit the action of normal signal molecules by blocking access to
receptor. Examples:

(1) B-Blockers, which may be nonselective (e.g., propranolol, timolol) or Bi-selective
agents (e.g., metoprolol, atenolol), decrease blood pressure and may precipitate
asthma.

(2) Losartan, which blocks angiotensin II receptors, decreases blood pressure.

(3) Antipsychotics, such as chlorpromazine and haloperidol, block dopamine D,
receptors.



CHAPTER

NutriTION

I. Key Dietary Terminology
A. Overview

1. The dietary reference intake (DRI) is a set of several reference values, including the
recommended dietary allowance related to adequate intakes and upper levels of intakes.

2. The recommended dietary allowance (RDA) refers to intakes needed for optimal
health; it is not a minimum daily requirement.

3. Daily energy expenditure depends most importantly on the basal metabolic rate (BMR)
and on postprandial thermogenesis and the degree of physical activity.

4. The respiratory exchange rate (RER), also called the respiratory quotient, is the rate of
oxygen consumption for different carbon sources.

5. The body mass index (BMI) is used to determine obesity, defined as a BMI greater
than 30 (normal, 20 to 25).

. DRI

1. DRI is a nutrient reference value intended to serve as a guide for good nutrition.
a. Reference values are specified on the basis of age, gender, and life stage.
b. Covers more than 40 vitamins and minerals
2. Basis of DRI calculations
a. Estimated average requirement to satisfy the needs of 50% of the population in that
gender and age group
b. RDA, a daily dietary intake level based on the estimated average requirement of a
nutrient
¢. Adequate intake (Al), when a recommended dietary allowance cannot be based on
an estimated average requirement
d. Tolerable upper intake levels (UL), above which risk of toxicity would increase (e.g.,
vitamin A)
. RDA
1. RDA represents an optimal dietary intake of nutrients that under ordinary conditions
can maintain a healthy general population.
2. RDA varies with sex, age, body weight, diet, and physiologic status.
a. Example: RDAs for nutrients increase in childhood, in pregnancy, and during
lactation.

D. Basal metabolic rate (BMR)

1. BMR accounts for about 60% of daily energy expenditure and refers to the energy
consumption of an individual at rest.

a. BMR reflects the energy involved in normal body functions (e.g., cardiac function,
maintaining ion pumps, brown fat generation of heat) and primarily depends on body
weight.

(1) An estimate of BMR is obtained by multiplying the body weight in kilograms
times 24 (1 kg = 2.2 1b):

BMR : 24 x body weight in kg

b. Other factors affecting BMR
(1) Gender: males have higher BMRs than females
(2) Age: children have higher BMRs than adults
(3) Fever: BMR increased
(4) Thyroid function: BMR increased in hyperthyroidism, decreased in
hypothyroidism

DRI: reference values,
including RDA and upper
level (UL) intake

RDA: optimal dietary
intake of nutrients

BMR: basal metabolic
rate; energy for normal
daily maintenance

BMR + postprandial
thermogenesis + physical
activity = daily energy
expenditure

RER: respiratory quotient

BMI: normal = 20 to 25;
overweight = 25 to 30;
obese > 30
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Daily energy expenditure:
BMR + postprandial
thermogenesis + physical
activity

RER: ratio of carbon
dioxide production to
oxygen consumption

RER declines after a meal
as fat replaces glucose as
the major fuel.

BMI: weight in kg/height
in m*

Short- and medium-chain
triacylglycerols are
transported as free fatty
acids directly through the
portal to the liver.

2. Postprandial thermogenesis
a. Energy used in digestion, absorption, and distribution of nutrients
b. Accounts for about 10% of daily energy expenditure

3. Physical activity is variable and is expressed as an activity factor, which when
multiplied by the BMR equals the daily energy expenditure.

a. The activity factor is 1.3 for a sedentary person, 1.5 for a moderately active person,
and 1.7 for a very active person (e.g., marathon runner).

4. Sample calculations: calculate the BMR and daily energy expenditure for a 220-Ib man
(patient A) with sedentary habits and for a 110-1b woman (patient B), who runs 10 miles
each day and is an aerobic exercise instructor at night.

a. Patient A: 220 Ib = 220/2.2 = 100 kg

BMR: 24 x 100 = 2400 kcal/day

Daily energy expenditure: 2400 x 1.3 = 3120 kcal/day
b. Patient B: 110 Ib = 110/2.2 = 50 kg

BMR: 24 x 50 = 1200 kcal/day

Daily energy expenditure: 1200 x 1.7 = 2040 kcal/day

. Respiratory exchange rate (RER)

1. The respiratory exchange rate (RER), also called the respiratory quotient, is the rate of
oxygen consumption for different carbon sources.

2. RER = Vco, (carbon dioxide production)/Vo, (oxygen consumption)
a. RER for carbohydrates = 1.0; RER for fats = 0.7

. BMI

1. The BMI is used to determine obesity, defined as a BMI greater than 30 (normal is 20 to 25).
2. BMI = weight in kg/height in m?
3. Toimprove BMI, the total calories expended must be greater than the total intake of calories.

a. When primarily drawing on adipose tissue to meet energy needs, to lose about 1 1b,
a person must expend 3500 calories more than are consumed.

4. Sample calculations using two patients, A and B:

a. Patient A consumes 3600 kcal/day consisting of 168 g of fat, 108 g of protein, and
414 g of carbohydrates. Calculate the percentage of each of the nutrients. Is the
patient gaining, maintaining, or losing weight?

(1) Fat kcal: 168 g x 9 kcal/g = 1512 kcal/day; fat percent = 1512/3600 = 42%
(exceedingly high)

(2) Protein kcal: 108 g x 4 kcal/g = 432 kcal/day; protein percent = 432/3600 = 12%
(normal)

(3) Carbohydrate kcal: 414 g x 4 kcal/g = 1656 kcal/day; carbohydrate percent =
1656/3600 = 46% (slightly decreased)

(4) Because the patient’s calculated daily energy expenditure is 3120 kcal/day (see
calculation 4.a (above)), the patient is consuming more calories (3600 kcal/day)
than are being expended. A net gain of 480 kcal/day results in a gain of 1 Ib in
about 7 days (3500/480 = 7.3).

b. Patient B consumes 2000 kcal/day consisting of 67 g of fat, 60 g of protein, and 290 g
of carbohydrates. Calculate the percentage of each of the nutrients. Is the patient
gaining, maintaining, or losing weight?

(1) Fat kcal: 67 g x 9 kcal/g = 603 kcal/day; fat percent = 603/2000 = 30% (normal)

(2) Protein kcal: 60 g x 4 kcal/g = 240 kcal/day; protein percent = 240/2000 = 12%
(normal)

(3) Carbohydrate kcal: 290 g x 4 kcal/g = 1160 kcal/day; carbohydrate percent =
1160/2000 = 58% (normal)

(4) Because the patient’s calculated daily energy expenditure is 2040 kcal/day (see 4.b
(above)), the patient is consuming almost the same number of calories (2000 kcal/day)
as are being expended, and the current weight will likely be maintained.

II. Dietary Fuels
A. Overview

1. Dietary carbohydrates with o-1,4 glycosidic linkages are digested to monosaccharides
and transported directly to the liver through the hepatic portal vein.

2. Dietary carbohydrates with B-1,4 glycosidic linkages are 7oz digested but serve other
functions in the gut such as reducing cholesterol absorption and softening the stool.

3. Triacylglycerols are the major dietary lipids, although phospholipids and cholesterol are
also consumed in the diet.

4. Long-chain triacylglycerols and cholesterol are packaged in chylomicrons and bypass

the liver by transport through the lymphatics to the subclavian vein.



5. Dietary proteins are digested to free amino acids for the synthesis of proteins and to
supply carbon skeletons for the synthesis of glucose for energy.

6. Nitrogen balance is an indication of net synthesis (growth), loss (breakdown), or
stability in bodily proteins.

B. Dietary carbohydrates (see Chapter 1)
1. Carbohydrates include the following:
a. Polysaccharides (e.g., starch)
b. Disaccharides (e.g., lactose, sucrose, maltose)
¢. Monosaccharides (e.g., glucose, galactose, fructose)
d. Insoluble fiber (e.g., cellulose, lignin)
e. Soluble fiber (e.g., pectins, hemicellulose)

2. a-Amylase, which is found in saliva in the mouth and in pancreatic secretions in the
small intestine, cleaves the «-1,4 linkages in starch, producing smaller molecules (e.g.,
oligosaccharides and disaccharides).

3. Intestinal brush border enzymes (e.g., lactase, sucrase, maltase) hydrolyze dietary
disaccharides into the monosaccharides glucose, galactose, and fructose, which are
reabsorbed into the portal circulation by carrier proteins in intestinal epithelial cells (see
Chapter 3).

a. Glucose is the predominant sugar in human blood.

b. Glucose is stored as glycogen, which is primarily located in liver and muscle.

c. Complete oxidation of carbohydrates to CO, and H,O in the body produces 4 kcal/g.
d. Lactose intolerance due to lactase deficiency is discussed in Box 4-1.

4. Insoluble and soluble dietary fiber has B-1,4 glycosidic linkages which cannot be
hydrolyzed by amylase and supply no energy, but they serve several important
functions in the body.

a. Fiber increases intestinal motility, which results in less contact of bowel mucosa with
potential carcinogens (e.g., lithocholic acid).

b. Fiber reduces the risk for colorectal cancer by absorbing carcinogens and reducing
transit time.

c. Fiber softens the stool, which alleviates constipation and reduces the incidence of
diverticulosis of the sigmoid colon.

d. Fiber reduces absorption of cholesterol (decreasing blood cholesterol), fat-soluble
vitamins, and some minerals (e.g., zinc).

e. Soluble fiber (e.g., oat bran, psyllium seeds) has a greater cholesterol-lowering effect
than insoluble fiber (e.g., wheat bran).

f. B-Glucan from oat bran fosters growth of beneficial bacteria; prebiotic effect
(bacteria are probiotic).

C. Dietary lipids

1. Long-chain free fatty acids from triacylglycerols provide the major source of energy to
cells, with the exception of RBCs and the brain.

2. Dietary fats also contain essential fatty acids and are required for the absorption of
fat-soluble vitamins.

3. The composition of dietary triacylglycerols varies in plants and animals.

a. Plants primarily contain unsaturated and saturated fats.
(1) Monounsaturated fats (one double bond, long chain) are present in olive oil and
canola oil.
(2) Polyunsaturated fats (two or more double bonds, long chain) are present in
soybean oil and corn oil.
(3) Saturated fats (no double bonds, medium chain) are present in coconut oil and
palm oil; acetic acid in vinegar is a short-chain saturated free fatty acid.

BOX 41 LACTOSE INTOLERANCE

Lactose intolerance, the most common type of digestive enzyme deficiency, is caused by insufficient lactase
activity. It may result from an inherited decrease in lactase production or from damage to mucosal cells by
drugs, diarrhea, or protein deficiency (e.g., kwashiorkor). The incidence of lactose intolerance is much higher
(up to 90%) in those of Asian and African descent than in those of northern European descent (<10%).

The signs and symptoms of lactose intolerance result from the inability to digest lactose, a disaccharide
that is present in dairy products. Unabsorbed lactose is osmotically active, causing retention of water in the
gastrointestinal tract and production of a watery diarrhea. Bacterial degradation of lactose produces lactic
acid and hydrogen gas, which causes abdominal bloating, cramps, and flatulence. The stool has an acid pH.
Elimination of dairy products from the diet is the most effective treatment.
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Starch digestion by
a-amylase

Lactose intolerance:
inability to digest lactose
provides growth medium
for intestinal bacteria;
converted into lactic acid
and hydrogen gas;
osmotic diarrhea

Carbohydrate: 4 kcal/g

Insoluble fiber: increases
transit time; decreases
exposure to carcinogens

Soluble fiber: increases
favorable bacteria;
decreases serum
cholesterol level

Fiber: softens stool;
prevents sigmoid
diverticulosis

Plant fats from oils:
monounsaturated and
polyunsaturated, long
chain; saturated, medium
chain

Animal fats from adipose:
saturated, long chain

Animal fats from muscle
and organ tissues:
polyunsaturated and
monounsaturated
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Essential fatty acids:
linoleic (co-6) and
linolenic (®-3)

Higher (n-3)/(n-6) PUFA
ratios in diet are healthier

Essential fatty acid
sources: fish oils, walnuts,
canola oil

Deficiency: dermatitis,
slow healing, hair loss

Pancreatic lipase: converts
triacylglycerols into 2-
monoacylglycerol and free
fatty acids

Bile salts: form micelles
for reabsorption by small
intestine villi

Triacylglycerols and
cholesterol esters are
resynthesized in the
mucosal cells after
absorption.

Short- and medium-chain
fatty acids enter the portal
circulation directly and are
not reassembled into
triacylglycerols.

ApoB-48: important in
formation of chylomicrons
and secretion into
lymphatics

b. Animals also contain unsaturated and saturated fats.

(1) The dominant (=50% fat energy) fatty acids in the fat storage depots
(adipocytes) of cattle are saturated fatty acids (long-chain SFAs, also includes
cheese, butter).

(2) The six major sources of SFAs in the United States diet are fatty meats, baked
goods, cheese, milk, margarine, and butter.

(3) The dominant fatty acids in muscle and all other organ tissues are long-chain
polyunsaturated fatty acids (PUFAs) and long-chain monounsaturated fatty acids
(MUFASs).

4. Essential fatty acids are required in the diet and include the polyunsaturated fatty acids
linoleic (n-6) and linolenic (n-3) acids.

a. Functions of essential fatty acids
(1) Help maintain fluidity of cellular membranes
(2) Precursors for arachidonic acid (linoleic acid) from which the eicosanoids (e.g.,

prostaglandins) are derived

(3) Prevent platelet aggregation (linolenic acid), which reduces the incidence of
strokes and myocardial infarctions

b. Essential fatty acids are present in high concentration in fish oils, canola oil, and
walnuts.

c. Deficiency results in scaly dermatitis, poor wound healing, and hair loss.

5. Dietary triacylglycerols are digested primarily in the small intestine (Fig. 4-1).

a. Pancreatic lipase (aided by colipase) degrades triacylglycerol into 2-monoacylglycerol
and free fatty acids.

b. Pancreatic cholesterol esterase hydrolyzes cholesteryl esters and releases free
cholesterol.

c. 2-Monoacylglycerol, free fatty acids, and cholesterol, along with fat-soluble vitamins
and phospholipids, are emulsified by bile salts to form micelles that are absorbed
into intestinal mucosal cells by passive diffusion.

(1) Resynthesis of triacylglycerols and of cholesteryl esters occurs within mucosal
cells.

(2) Short- and medium-chain fatty acids are directly absorbed and released into the
portal circulation; they also bypass the carnitine cycle and are used directly by
the mitochondria.

d. Nascent chylomicrons are assembled in mucosal cells and contain triacylglycerols
(=85%), cholesteryl esters (==3%), phospholipids, the fat-soluble vitamins (i.e., A, D,
E, and K), and apolipoprotein B-48, which is necessary for secretion of chylomicrons
into the lymphatics.

4-1: Digestion of dietary lipids and . Micelle

assembly of nascent chylomicrons. ;7a;:el’eatlc

Pancreatic lipase acts on triacylglycerol Triacylglycerol —222 > | 2_Monoacylglycerol + free fatty acids
to produce 2-monoacylglycerol and free e

fatty acids, and pancreatic cholesterol Lumen of small Phospholipids

esterase hydrolyzes cholesteryl esters to  intestine Cholesterol | Fat-soluble vitamins (A, D, E, K)

free cholesterol. These degradation pro- esterase

ducts, as well as phospholipids and fat- Cholesteryl esters ——— | Free cholesterol

soluble vitamins, are micellarized by bile
salts and absorbed into intestinal cells by

passive diffusion. Triacylglycerols are  \aobione o /Triacylglycerol

resynthesized, cholesterol is re-esteri- mucosal cell resynthesized,
fied, and all components are packaged of intestine cholesterol re-esterified
into nascent chylomicrons with apolipo- Nascent chylomicron
protein B-48 on their surfaces. ApoB-48
is required for secretion of chylomicrons .
into the lymphatics and bloodstream. Triacylglycerol
Cholesteryl esters
ApoB-48
Phospholipids

Vitamins A,D,E,K

Lymphatics
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BOX 42 PATHOGENESIS OF MALABSORPTION

Malabsorption is a general term referring to increased fecal excretion of fat, called steatorrhea, with concurrent
deficiencies of vitamins (particularly fat-soluble vitamins), minerals, carbohydrates, and proteins. The
pathophysiology of malabsorption is classified as pancreatic insufficiency, bile salt deficiency, and small
bowel disease.

Pancreatic insufficiency causes a maldigestion of fats due to diminished lipase activity, resulting in the
presence of undigested neutral fats and fat droplets in stool. There is also maldigestion of proteins due to
diminished trypsin, leading to undigested meat fibers in stool. Carbohydrate digestion is not affected
because of the presence of amylase in salivary glands and disaccharidases in brush border enzymes. Chronic
pancreatitis due to alcoholism is the most common cause of pancreatic insufficiency in adults; chronic
pancreatitis due to cystic fibrosis is the most common cause in children.

Bile salt deficiency results in defective emulsification of fats, which is necessary for their absorption by
small intestinal villi. Causes of bile salt deficiency include cirrhosis (i.e., inadequate production of bile salts
and acids from cholesterol); intrahepatic or extrahepatic blockage of bile (e.g., calculus in common bile
duct); bacterial overgrowth in the small bowel with destruction of bile salts; excess binding of bile salts (e.g.,
use of cholestyramine); and terminal ileal disease (i.e., inability to recycle bile salts and acids).

Small bowel disease associated with a loss of the villous surface leads to a malassimilation of fats,
proteins, and carbohydrates. Celiac disease, or sprue, an autoimmune disease caused by antibodies directed
against gluten in wheat, and Crohn’s disease, an inflammatory bowel disease involving the terminal ileum,
commonly produce malabsorption.

Characteristic clinical findings for malabsorption include weight loss, anemia, chronic diarrhea, and
malnutrition. The signs and symptoms associated with multiple fat-soluble vitamin deficiencies are usually
present. Night blindness (i.e., vitamin A deficiency), rickets (i.e., vitamin D deficiency), and a hemorrhagic
diathesis with ecchymoses and gastrointestinal bleeding (i.e., vitamin K deficiency) are the usual findings.

e. When discharged into the lymphatic vessels, lipoproteins rich in triacylglycerols
ultimately enter the bloodstream and circulate to deliver fatty acids to tissues (see

Chapter 7).
f. Complete oxidation of fats to CO, and H,O in the body produces 9 kcal/g. Dietary triacylglycerol:
6. The pathophysiology of lipid malabsorption is discussed in Box 4-2. 9 keal/g

D. Dietary proteins
1. The biologic value of a dietary protein is determined by its content of essential amino
acids (see Chapter 1).
a. Plant proteins (e.g., rice, wheat, corn, beans) are of low biologic value unless they are
combined to provide all of the essential amino acids.
(1) Combining rice and beans or corn and beans provides higher biologic value than
any one source.
b. Animal proteins (e.g., eggs, meat, poultry, fish, and dairy products) are of high
biologic value because they contain all of the essential amino acids.
c. The dietary RDA for high-quality protein is 0.8 g/kg for men and women, which Biologic value of protein:

equals about 60 g/day for men and about 50 g/day for women. determined by degree of
2. Digestion of dietary proteins begins in the stomach, where the low pH denatures representation by
proteins, making them more susceptible to enzymatic hydrolysis. essential amino acids
a. In the stomach, pepsinogen is secreted by gastric chief cells. Biologic value for animal
(1) Acid converts pepsinogen to pepsin. protein: higher than for
(2) Pepsin cleaves proteins to smaller polypeptides. plant protein

b. Pancreatic proteases (e.g., trypsin) and peptidases secreted by intestinal epithelial
cells digest the polypeptides from the stomach to free amino acids.
c. Uptake of amino acids from the intestinal lumen and their release into the portal

Achlorhydria: lack of acid
leads to inability to
properly digest protein

circulation by carrier proteins in the intestinal epithelial cells are driven by the (e.g., pernicious anemia)
hydrolysis of ATP.
d. Complete oxidation of proteins to CO, and H,O produces 4 kcal/g. Proteins: 4 keal/g

3. Proteins are in a constant state of degradation and resynthesis.

a. When amino acids are oxidized, their nitrogen atoms are fed into the urea cycle in
the liver and excreted as urea in the urine (primary route), feces, and sweat (see
Chapter 8).

(1) Other nitrogenous excretory products include uric acid, creatinine, and ammonia.

b. Nitrogen balance is the difference in the amount of nitrogen (protein) consumed and
the amount of nitrogen excreted in the urine, sweat, and feces.

(1) Healthy adults are normally in zero nitrogen balance (i.e., nitrogen intake equals
nitrogen loss).
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Nitrogen balance:
nitrogen consumed —
nitrogen excreted

Positive for growth;
negative for surgery
recovery and burns,

neutral for general health.

Carbohydrates are protein
sparing.

Marasmus: total calorie
deprivation

Kwashiorkor: inadequate
protein intake; protein
sparing due to increased
carbohydrates

(2) A positive nitrogen balance (i.e., nitrogen intake is greater than nitrogen loss)
indicates active synthesis of new protein. Examples include pregnancy and
lactation, growth in children, and recovery from surgery, trauma, or extreme
starvation.

(3) A negative nitrogen balance (i.e., nitrogen loss is greater than nitrogen intake)
indicates breakdown of tissue proteins. Examples include diets containing
protein of low biologic value, physiologic stress (e.g., third-degree burns).

4. Carbohydrates have a protein-sparing effect.

a. An adequate intake of carbohydrate provides the glucose that is necessary for
maintaining normal blood sugar levels.

b. An inadequate intake of carbohydrate (<150 g/day) causes degradation of skeletal
muscle to provide carbon skeletons (e.g., pyruvate) for gluconeogenesis (see
Chapter 9).

5. Protein-energy malnutrition results from inadequate intake of protein or calories.

a. Marasmus is caused by a diet deficient in protein and calories (e.g., total calorie
deprivation).

(1) Marasmus is marked by extreme muscle wasting (i.e., broomstick extremities)
due to breakdown of muscle protein for energy and by growth retardation.

(2) It occurs primarily during the first year of life.

b. Kwashiorkor is caused by a diet inadequate in protein in the presence of an adequate
carbohydrate intake.

(1) Marked by pitting edema and ascites (i.c., loss of the oncotic effect of albumin),
enlarged fatty liver (i.e., decreased apolipoproteins), anemia, diarrhea (i.e., loss
of brush border enzymes), and defects in cellular immunity

(2) Less extreme muscle wasting than occurs in marasmus due to the protein-
sparing effect of carbohydrates

III. Water-Soluble Vitamins
A. OverV1ew (Fig. 4-2 and Table 4-1)

. Thiamine functions in oxidative decarboxylation and pentose phosphate pathway;
deficiency produces beriberi.

. Riboflavin functions primarily in electron transport; deficiency produces glossitis,

stomatitis.

. Niacin functions in NAD" and NADP™ as cofactors for redox reactions; deficiency

produces pellagra.

. Pantothenic acid functions in fat and carbohydrate metabolism as a component of acetyl

CoA and fatty acid synthase; deficiency symptoms are unknown.

. Pyridoxine functions in transamination reactions, heme synthesis, glycogenolysis, and

various other amino acid conversions; deficiency produces sideroblastic anemia and
peripheral neuropathy.

. Cobalamin functions in single carbon metabolism; deficiency produces macrocytic

anemia and pernicious anemia.

Fat-soluble

* Vitamin A: vision, epithelial tissue, growth in children
* Vitamin D: bone mineralization, blood CaZ2* regulation
* Vitamin E: antioxidant

¢ Vitamin K: clotting factor synthesis

Vitamins
Water-soluble
Energy Amino acid RBC/neural Collagen
metabolism metabolism development synthesis

* Thiamine (B+) * Pyridoxine, * Folic acid * Ascorbic acid (C)
¢ Riboflavin (B») pyridoxal, * Cobalamin (B12)
* Niacin (B3) pyridoxamine (Bg)
* Biotin

¢ Pantothenic acid (Bs)

4-2: Classification and functions of the vitamins.



TABLE 4-1. Water-Soluble Vitamins: Signs and Symptoms of Deficiency

VITAMIN SIGNS AND SYMPTOMS OF DEFICIENCY

Thiamine (vitamin B,)

Riboflavin (vitamin B,)
Niacin (vitamin B;)
Pantothenic acid (vitamin By)
Pyridoxine (vitamin Bg)
Cobalamin (vitamin B,,)

Wernicke-Korsakoff syndrome (confusion, ataxia, nystagmus, ophthalmoplegia, antegrade
and retrograde amnesia, precipitated by giving thiamine with glucose in intravenous
solution); peripheral neuropathy (dry beriberi); dilated cardiomyopathy (wet beriberi)

Corneal neovascularization; glossitis; cheilosis; angular stomatitis

Pellagra, with diarrhea, dermatitis, dementia

None identified

Sideroblastic anemia; peripheral neuropathy; convulsions

Macrocytic (megaloblastic) anemia; neutropenia and thrombocytopenia;
hypersegmented neutrophils; glossitis; subacute combined degeneration (posterior
column and lateral corticospinal tract demyelination); dementia; achlorhydria, atrophic
gastritis body and fundus, increased serum gastrin (only in pernicious anemia);
increased plasma homocysteine; increased urine methylmalonic acid

Folic acid Same as vitamin B,, deficiency with the following exceptions: no neurologic dysfunction
and normal urine methylmalonic acid level
Biotin Dermatitis, alopecia, glossitis, lactic acidosis

Ascorbic acid (vitamin C)

Bleeding diathesis (ecchymoses, hemarthroses, bleeding gums, perifollicular
hemorrhages, corkscrew hairs); loosened teeth; poor wound healing; glossitis

7. Folic acid functions in single carbon metabolism; deficiency produces macrocytic
anemia.

8. Biotin functions in carboxylase reactions; deficiency produces dermatitis, alopecia,
glossitis.

9. Ascorbic acid (vitamin C) functions in hydroxylation reactions; deficiency produces

SCUrvy.

Thiamine (vitamin B,)

1. Sources of thiamine include enriched and whole-grain cereals, brewer’s yeast, meats,
legumes, and nuts.

2. 'Thiamine pyrophosphate is the active form of the vitamin.

a. Cofactor for dehydrogenases in oxidative decarboxylation of a-keto acids (e.g.,
pyruvate dehydrogenase conversion of pyruvate into acetyl CoA)

b. Cofactor for transketolase (two-carbon transfer reactions) in the pentose phosphate
pathway

3. Thiamine deficiency most commonly occurs in alcoholics or malnourished individuals.

a. Most clinical findings in thiamine deficiency reflect the loss of ATP from
dysfunction of the pyruvate and o-ketoglutarate dehydrogenase reactions, which
normally gain 2 NADH (6 ATP).

b. Intravenous infusion of a glucose-containing fluid may precipitate acute thiamine
deficiency in alcoholics (depleted by the pyruvate dehydrogenase reaction);
deficiency is manifested by Wernicke-Korsakoff syndrome (WKS).

¢. WKS includes confusion, ataxia, nystagmus, eye muscle weakness, and retrograde
and antegrade memory deficits.

d. Clinical findings associated with thiamine deficiency (see Table 4-1)

Riboflavin (vitamin B,)

1. Sources of riboflavin include milk, eggs, meats, poultry, fish, and green leafy vegetables.

2. Flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) are the active
forms of riboflavin.

a. FAD is a cofactor associated with succinate dehydrogenase, which converts succinate
to fumarate in the citric acid cycle.

b. FMN is a component of the electron transport chain and accepts two hydrogen
atoms (becomes FMNH;) from NADH in a reaction catalyzed by NADH
dehydrogenase.

3. Riboflavin deficiency is usually seen in severely malnourished individuals or pure
vegans, who lack intake of dairy products.

a. Clinical findings associated with riboflavin deficiency (see Table 4-1)

D. Niacin (vitamin B3 or nicotinic acid)

1. Sources of niacin include meat, enriched and whole-grain cereals, and synthesis from
tryptophan-containing foods, such as milk and eggs.

a. Excess tryptophan is metabolized to niacin and supplies about 10% of the niacin
RDA
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Water-soluble vitamins
are readily excreted in the
urine and rarely reach
toxic levels.

Thiamine: cofactor for
oxidative decarboxylation
and transketolase

Thiamine deficiency due
to alcoholism and
undernourishment

Alcoholics: give
intravenous thiamine
before infusion fluids with
glucose.

Thiamine (B,) deficiency
causes beriberi and
Wernicke-Korsakoff
syndrome.

Riboflavin’s active forms:
FAD and FMN

Riboflavin deficiency: lack
of dairy products or
general malnourishment

Riboflavin deficiency
symptoms: glossitis,
stomatitis, cheilosis

Niacin functions in redox
reactions as NAD™ and
NADP™.

Niacin deficiency causes:
malnourishment,
Hartnup’s disease,
carcinoid syndrome
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Niacin (B,) deficiency:
causes pellagra, with
diarrhea, dermatitis,
dementia

Niacin deficiency: corn-
based diets low in
tryptophan and niacin

Hartnup’s disease: defect
in intestinal and renal
uptake of neutral amino
acids

Carcinoid syndrome:
tryptophan used up in
synthesizing serotonin;
serotonin produces
diarrhea and flushing.

Pantothenic acid: most
common active form is
coenzyme A; also in fatty
acid synthase

Pyridoxine: cofactor for
transaminase, ALA
synthase, glycogen
phosphorylase, and
neurotransmitter
synthesis

Pyridoxine deficiency:
alcoholism and isoniazid
therapy

Pyridoxine: cofactor for
ALA synthase in heme
synthesis; deficiency leads
to defect in heme
synthesis and anemia

Pyridoxine (Bg) deficiency:
sideroblastic anemia,
peripheral neuropathy,
convulsions

Pure vegans: must take
vitamin B,, to prevent
anemia in their babies

Cobalamin: single-carbon
metabolism

2. The two active forms of niacin are NAD" and NADP™,
a. NAD™ reactions are primarily catabolic (e.g., glycolysis).
b. NADP" reactions are primarily anabolic (e.g., fatty acid synthesis).
3. Nicotinic acid is a lipid-lowering agent that decreases cholesterol and triacylglycerol
and increased high-density lipoprotein.
4. Niacin deficiency, also known as pellagra, primarily occurs in individuals whose diets
are deficient in niacin and tryptophan or in conditions in which tryptophan is lost in
urine and feces (e.g., Hartnup’s disease) or excessively used (e.g., carcinoid syndrome).
a. Individuals who consume corn-based diets are particularly prone to pellagra, because
maize protein has a low tryptophan content and niacin is in a bound form that cannot
be reabsorbed (i.c., treating corn with lime, or calcium carbonate, releases bound
niacin).

b. Hartnup’s disease is an autosomal recessive disease with a defect in the intestinal
and renal reabsorption of neutral amino acids (e.g., tryptophan).

c. In carcinoid syndrome, tryptophan is used to synthesize serotonin, which produces
the flushing and diarrhea associated with the syndrome.
(1) Carcinoid tumor in the small intestine metastasizes to the liver.
(2) Metastatic nodules secrete serotonin into hepatic vein tributaries producing

carcinoid syndrome.
d. Clinical findings associated with pellagra (see Table 4-1)
5. Excessive intake of niacin leads to flushing due to vasodilatation.
a. Flushing can be prevented by taking aspirin 30 minutes before taking niacin.

. Pantothenic acid (vitamin Bs)

1. Pantothenic acid is present in a wide variety of foods.

2. Tt is a component of coenzyme A (CoA) and the fatty acid synthase complex, which is
involved in fatty acid synthesis.

3. Pantothenic acid deficiency is uncommon.

. Pyridoxine (vitamin Bg)

1. Sources of pyridoxine include whole-grain cereals, eggs, meats, fish, soybeans, and nuts.
2. Pyridoxal phosphate is the active form of the vitamin.
3. Functions of pyridoxine

a. Pyridoxine is involved in transamination reactions (reversible conversion of amino
acids to a-ketoacids), which are catalyzed by the transaminases alanine
aminotransferase (ALT) and aspartate aminotransferase (AST).

b. It is a cofactor for d-aminolevulinic acid (ALLA) synthase, which catalyzes the rate-
limiting reaction that converts succinyl CoA + glycine into 3-ALLA in heme
synthesis.

(1) Deficiency of pyridoxine leads to a defect in heme synthesis and anemia (i.e.,
sideroblastic anemia).

c. Pyridoxine is involved in the synthesis of neurotransmitters such as y-aminobutyrate
(GABA), serotonin, and norepinephrine.

d. It is a cofactor in the following:

(1) Decarboxylation reactions (e.g., conversion of histidine to histamine)
(2) Glycogenolysis (e.g., glycogen phosphorylase)
(3) Deamination reactions (e.g., conversion of serine to pyruvate and ammonia)
(4) Conversion of tryptophan to niacin
4. Pyridoxine deficiency is most commonly seen in alcoholics and in patients receiving
isoniazid therapy for tuberculosis.
a. Unfortified goat’s milk may also cause pyridoxine deficiency.
5. Clinical findings associated with pyridoxine deficiency (see Table 4-1)

G. Cobalamin (vitamin By,; contains cobalt)

1. Sources of cobalamin include meats, shellfish, poultry, eggs, and dairy products only.

a. Pure vegans lack vitamin By,, whereas ovolactovegetarians obtain adequate sources
of vitamin By, from eggs and dairy products.

b. Pure vegans who are pregnant or who are breast-feeding require vitamin By,
supplements to prevent anemia from developing in the infant.

2. Functions of cobalamin (Fig. 4-3)

a. Cobalamin removes the methyl group from N°-methyltetrahydrofolate (N°-methyl-
FH,) to form tetrahydrofolate (FHy), which is used to synthesize deoxythymidine
monophosphate (dTMP) from deoxyuridine monophosphate (dUMP) for DNA
synthesis.

b. It transfers methyl groups to homocysteine to form methionine.



Methionine

Homocysteine Methyl-CbIQ*
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H. Fo

Serine

Glycine

dUMP

Chl N5-Methyl-FH,

FH,

Thymidylate synthetase

FH4
%/ \ Dihydrofolate reductase

N5, N10-Methylene-FH,

dTMP — | DNA

4-3: Vitamin B,, (cobalamin) and folic acid in
DNA synthesis. Cobalamin (Cbl) is important
in the demethylation of N°-methyltetrahydrofo-
late (N°-methyl-FH,) and methylation of homo-
cysteine to form methionine. Tetrahydrofolate
(FH,) receives a methylene group (-CH,-) from
serine to produce N° N'°-methylene-FH,,
which transfers the methylene group to deox-
yuridine monophosphate (dUMP) to produce
deoxythymidine monophosphate (dTMP). Methyl-
Cbl, methylcobalamin.

(1) A deficiency of vitamin B, or folic acid leads to an increase in plasma
homocysteine levels, which damages vessels and poses a risk for vessel

thrombosis.

(2) Folate deficiency is the most common cause of an increase in homocysteine in

the United States.

c. Cobalamin is involved in odd-chain fatty acid metabolism.

Propionyl CoA, the end product of odd-chain fatty acid metabolism, is converted

into methylmalonyl CoA.

Cobalamin is a cofactor for methylmalonyl CoA mutase, which converts

methylmalonyl CoA into succinyl CoA (i.e., citric acid cycle).

Vitamin By, deficiency results in an accumulation of methylmalonyl CoA

(proximal to the enzyme block), which is converted into methylmalonic acid.

Increase in propionyl CoA proximal to the block leads to demyelination of the

spinal cord (i.e., subacute combined degeneration), peripheral nerves (i.c.,

peripheral neuropathy), and brain (i.e., dementia).

Propionyl CoA replaces acetyl CoA in myelin synthesis.

Vitamin B;, metabolism

a. Vitamin B, complexes with the R factor in saliva.

(1) R factor complex prevents degradation of vitamin By, by stomach acid.

b. Intrinsic factor (IF) is synthesized in parietal cells located in the body and fundus of
the stomach.
(1) Autoantibodies in pernicious anemia destroy the parietal cells, causing

deficiency of intrinsic factor leading to vitamin B, deficiency.

c. Pancreatic enzymes cleave off R factor, which allows vitamin By, to complex with IF
in the duodenum.
(1) Chronic pancreatitis causes malabsorption of vitamin Bj,.

(2) Bacterial overgrowth destroys vitamin By,-IF complex.
(3) Fish tapeworm (Diphyllobothrium latum) uses vitamin By, in its metabolism.

d. The vitamin B,-IF complex binds to intrinsic factor receptors in the terminal ileum
and is absorbed.
(1) Terminal ileal disease (e.g., Crohn’s disease) causes malabsorption of vitamin By,.

e. After absorption, vitamin Bj, is bound to transcobalamin II in the plasma and is
delivered to metabolically active cells or stored in the liver (6- to 9-year supply).

Vitamin By, deficiency is most commonly caused by autoimmune destruction of

parietal cells (called pernicious anemia).

1)
(2)
3)
“)

®)

Summary of causes of vitamin By, deficiency

a. Pure vegan diet
b. Pernicious anemia: destruction of parietal cells
c. Chronic pancreatitis: cannot cleave off R factor
d. Bacterial overgrowth: vitamin By,-IF complex is destroyed
e. Fish tapeworm (Diphyllobothrium latum)

f. Terminal ileal disease (e.g., Crohn’s disease)

Clinical findings associated with vitamin B, deficiency (see Table 4-1)

lic acid

1. Sources of folic acid include green leafy vegetables, liver, legumes, whole-grain cereals,
and yeast.
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Increased homocysteine is
caused by decreases in
folate or vitamin B,,
levels.

Cobalamin function:
converts homocysteine to
methionine; odd-chain
fatty acid metabolism

Vitamin B,, deficiency:
increases urine
methylmalonic acid levels

Increased propionyl CoA:
produces demyelination in
spinal cord, peripheral
nerves, brain

Vitamin B,, requires IF for
absorption in the terminal
ileum.

Vitamin B,, (cobalamin)
deficiency: caused by
pernicious anemia, pure
vegan diet, ileal disease,
chronic pancreatitis

Cobalamin deficiency:
macrocytic anemia,
methylmalonic acidemia

Folate active form is
tetrahydrofolate, needed
for thymidylate synthase
in DNA synthesis.

Fluorouracil inhibits
thymidylate synthase.
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Folic acid deficiency
causes macrocytic
anemia.

Folate absorption occurs
in the jejunum.

Folic acid is stored in the
liver, providing a 3- to 4-
month supply.

Drugs causing folic acid
deficiency: s-fluorouracil,
methotrexate,
trimethoprim, alcohol,
phenytoin, oral
contraceptives

Malignant cells compete
for folate, cause deficiency.

Folic acid supplementation
before pregnancy reduces
risk of neural tube defects.

Biotin: supplied by
intestinal bacteria;
absorption blocked by
avidin in raw egg white

Biotin deficiency:
dermatitis, alopecia,
glossitis, lactic acidosis

Ascorbate required for
hydroxylation of lysine
and proline during
collagen synthesis.

Ascorbate is a cofactor in
the conversion of
dopamine to
norepinephrine in
catecholamine synthesis.

Ascorbic acid deficiency:
insufficient fruits and
vegetables; causes scurvy

Excessive ascorbate
(>4 g/day) can produce
oxalate stones.

2. Functions of folic acid (see Fig. 4-3)
a. Tetrahydrofolate (FHy) receives a methylene group (-CH,-), an example of a one-
carbon transfer reaction, from serine to produce N°, N'’-methylene-tetrahydrofolate.
(1) The methylene group is then transferred by thymidylate synthase to dUMP to
produce dTMP for DNA synthesis.

(2) Folic acid deficiency impairs DNA replication due to the shortage of purine
nucleotides and thymine.

(3) Fluorouracil, a chemotherapeutic drug, is converted to a compound that binds to
thymidylate synthase, which irreversibly inhibits its function.

b. Two hydrogens from FHy are used in the formation of dTMP, resulting in the
formation of dihydrofolate (FH,).

c. FH; is reduced to FH4 by dihydrofolate reductase.

(1) Methotrexate and trimethoprim inhibit dihydrofolate reductase.

3. Folic acid metabolism
a. Folic acid is ingested in a polyglutamate form.

b. Polyglutamates are converted into monoglutamates in the jejunum by intestinal
conjugase.

(1) The drug phenytoin inhibits intestinal conjugase.

c. Folate monoglutamate is absorbed in the jejunum.

(1) Folate monoglutamate absorption is blocked by alcohol and by oral
contraceptives, leading to folic acid deficiency.

d. Folic acid circulates and is measured in the blood as methyltetrahydrofolate.

(1) Deficiency of vitamin By, traps N5—methyl—FH4 in its circulating form; may
falsely increase the serum folate in 30% of cases.

e. Only a 3- to 4-month supply of folic acid is stored in the liver.

4. Folic acid deficiency is most commonly caused by alcoholism and other causes:

a. Diet lacking fruits and vegetables

b. Drugs: 5-fluorouracil, methotrexate, trimethoprim, phenytoin, oral contraceptives

c. Pregnancy and lactation: increased use of folate by the fetus
(1) Women must have adequate levels of folate before becoming pregnant to

prevent failure of the neural tube to close between the 23rd and 28th day of
embryogenesis.

d. Rapidly growing cancers (e.g., leukemia): malignant cells use folic acid

e. Small bowel malabsorption (e.g., celiac disease)

f. Unfortified goat’s milk

5. Clinical and laboratory findings are similar to vitamin By, deficiency except for the
absence of neurologic deficits and normal levels of methylmalonic acid (see Table 4-1).

I. Biotin

1. Most of the daily requirement of biotin is supplied by bacterial synthesis in the
intestine.

2. Tt is a cofactor in carboxylase reactions (e.g., pyruvate carboxylase, acetyl CoA
carboxylase, propionyl CoA carboxylase).

3. Biotin deficiency is caused by eating raw eggs (egg whites contain avidin, which binds
biotin) and by taking broad-spectrum antibiotics, which prevent bacterial synthesis of
the vitamin.

4. Clinical findings associated with biotin deficiency (see Table 4-1)

J. Ascorbic acid (vitamin C)

1.

2.

o

Sources of vitamin C include citrus fruits, potatoes, green and red peppers, broccoli,

tomatoes, spinach, and strawberries.

Functions of vitamin C

a. Hydroxylation of lysine and proline residues during collagen synthesis

b. Antioxidant activity (inactivates hydroxyl free radicals)

c. Reduces nonheme iron (Fe*") from plants to the ferrous (Fe?™) state for absorption
in the duodenum

d. Keeps tetrahydrofolate (FHy) in its reduced form

e. Cofactor in the conversion of dopamine to norepinephrine in catecholamine
synthesis

Causes of vitamin C deficiency (scurvy) include diets lacking fruits and vegetables (i.c.,

tea and toast diet) and smoking cigarettes, because the vitamin is used up in

neutralizing free radicals in cigarette smoke.

Excess intake of vitamin C may result in the formation of renal calculi.

Clinical findings associated with vitamin C deficiency (see Table 4-1)



IV. Fat-Soluble Vitamins
A. Overview
1. Vitamin A functions as a component of the visual pigments and in cell differentiation;
deficiency produces night blindness, skin abnormalities, and growth abnormalities.
2. Vitamin D functions in calcium metabolism; deficiency produces rickets.
3. Vitamin E functions as an antioxidant; deficiency produces hemolytic anemia and
peripheral neuropathy.
4. Vitamin K functions in the y-carboxylation of clotting factors; deficiency produces
prolonged prothrombin time and a bleeding diathesis.
B. Vitamin A (retinol)
1. Sources of vitamin A include cod liver oil, dairy products, and egg yolk.
2. Retinol (alcohol), retinal (aldehyde), and retinoic acid are the active forms of vitamin A
(Fig. 4-4).
a. B-Carotenes (i.e., provitamin A) found in dark green leafy and yellow vegetables
(e.g., spinach and carrots) and retinol esters in the diet are converted into retinol,
which is esterified (forming retinol esters) in the enterocytes of the small intestine.
(1) An excess of B-carotenes in the diet turns the skin yellow, but the sclera remains
white (unlike in jaundice).
b. Retinol esters are packaged into chylomicrons and transported to the liver for storage.
c. Retinol is released from the liver, complexes with retinol-binding protein (RBP), and
is delivered to target tissues throughout the body (except heart and skeletal muscle).
d. In the cytosol, retinol is irreversibly oxidized to retinoic acid.
e. Retinoic acid (similar to steroid hormones and vitamin D) binds to nuclear receptors,
forming a complex that activates gene transcription of protein products.
3. Functions of vitamin A
a. A component of the visual pigments within rod and cone cells of the retina
b. Important in normal cell differentiation and prevents epithelial cells from
undergoing squamous metaplasia
Important in normal bone and tooth development
. Supports spermatogenesis and placental development
e. Drugs used in the treatment of skin disorders and acute promyelocytic leukemia
(1) Topical tretinoin (all-#7ans-retinoic acid) is used in the treatment of psoriasis and
mild acne.
(2) Oral isotretinoin is used to treat severe cystic acne; however, because it is
teratogenic, women must have a pregnancy test before the drug is prescribed.
(3) All-#rans-retinoic acid is used to treat acute promyelocytic leukemia
(hypergranular M3) and is thought to induce maturation of the leukemic cells.
4. Causes of vitamin A deficiency include a diet poor in dark green leafy and yellow
vegetables and diseases such as fat malabsorption (e.g., celiac disease).
5. Causes of vitamin A excess include eating polar bear liver and isotretinoin therapy.
6. Clinical findings associated with vitamin A deficiency and excess (‘Table 4-2)

oo

Small
) intestine Chylomicrons
>—> Retinol Retinol Retinol esters
) g
esters (stored in liver)

lBlood

Retinol esters (diet
B-Carotenes (diet

Retinol-RBP

¥

Retinol

Retinoic acid

Receptor/.

Nucleus of cell

4-4: Vitamin A absorption and transport. Ingested retinol esters and B-carotenes are converted to retinol, the key absorption
and transport form of vitamin A. In the small intestine, retinol is converted to retinol esters, the key storage form of vitamin A.
When needed, retinol is released from the liver into the bloodstream, where it complexes with retinol-binding protein (RBP).
Within cells, retinol is irreversibly oxidized to retinoic acid, which binds to nuclear receptors and activates gene transcription.
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The fat-soluble vitamins
are absorbed with fats,
transported in
chylomicrons, and stored
in the liver and adipose
tissue.

Increased B-carotene
levels: yellow skin but
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Active forms of vitamin A:
retinol, retinal, retinoic
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Retinol-binding protein
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tissues.
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All-trans-retinoic acid:
treatment for acute
promyelocytic leukemia

Vitamin A deficiency
produces night blindness,
poor wound healing, and
follicular hyperkeratosis.
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TABLE 4-2. Fat-Soluble Vitamins: Signs and Symptoms of

VITAMIN SIGNS AND SYMPTOMS OF DEFICIENCY

Vitamin A Night blindness; eye abnormalities (dry eyes,
blindness); skin abnormalities (follicular
hyperkeratosis, dry skin); lung abnormalities
(bronchitis, pneumonia, possibly lung cancer);
growth retardation; poor wound healing

Rickets in children and osteomalacia in adults;
findings in both conditions: pathologic fractures,
excess osteoid, bowed legs; findings in rickets only:
craniotabes (soft bone), skeletal deformities,
rachitic rosary (excess osteoid in epiphysis),
defective epiphyseal plates with growth retardation

Vitamin D

Vitamin E Hemolytic anemia; peripheral neuropathy; posterior
column degeneration (poor joint sensation and
absent vibratory sensation); retinal degeneration;
myopathy

Bleeding diathesis (gastrointestinal bleeding,
ecchymoses); prolonged prothrombin time

Vitamin K

C. Vitamin D

Deficiency and Excess

SIGNS AND SYMPTOMS OF EXCESS

Increased intracranial pressure (papilledema,
convulsions); liver toxicity; bone pain

Hypercalcemia, renal calculi

Decreased synthesis of vitamin K—dependent
coagulation factors in the liver (enhances
anticoagulation effect of coumarin derivatives)

Hemolytic anemia and jaundice in newborns if
mother receives excess vitamin K

1. Sources of vitamin D include liver, egg yolk, saltwater fish, and vitamin D—fortified

foods.
2. Synthesis of calcitriol (1,25-dihydroxycholec
occurs in the following sequence (Fig. 4-5).

Intestinal absorption

alciferol), the active form of vitamin D,

Synthesis in skin

Ergocalciferol (Dy)

Cholecalciferol (D3)
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Cholecalciferol (D3)

\/

Cholecalciferol
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lumen

4-5: Formation of calcitriol, the active form of vitamin D, and its action in calcium homeostasis. The key functions of calcitriol
are to mineralize bone using calcium and phosphorus and, in combination with parathyroid hormone (PTH), to maintain
serum calcium levels. CBP, calcium-binding protein.
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a. Preformed vitamin D in the diet consists of cholecalciferol (vitamin D3) and
ergocalciferol (vitamin D,, found in plants), which is interconvertible with vitamin Ds.
b. Endogenous vitamin D is produced by photoconversion of 7-dehydrocholesterol to
vitamin Dj in sun-exposed skin (most important source of vitamin D).
c. The first hydroxylation, which produces 25-hydroxycholecalciferol, occurs in the
liver within the cytochrome P450 system.
d. The second hydroxylation, by 1a-hydroxylase, produces 1,25-dihydroxycholecalciferol
(calcitriol) and occurs in the proximal tubules of the kidneys.
(1) Parathyroid hormone (P TH) increases the synthesis of 1o-hydroxylase in the
proximal tubule cells of the kidneys.
e. Receptors for vitamin D are located in the intestine, kidneys, and on osteoblasts in
bone.
Functions of vitamin D
a. Vitamin D increases intestinal absorption of calcium and phosphorus and renal
absorption of calcium.
(1) Absorption of calcium and phosphorus provides an adequate solubility product
(calcium x phosphorus) for vitamin D to mineralize bone.
(2) When vitamin D interacts with its receptors on osteoblasts, alkaline phosphatase
is released, leading to bone mineralization.
(a) Alkaline phosphatase hydrolyzes pyrophosphate, an inhibitor of bone
mineralization.
(b) Alkaline phosphatase is three to five times higher in children than in adults
because of their increased bone mineralization.
b. In combination with PTH, vitamin D has the following effects:
(1) It increases the mobilization of calcium from bone by stimulating the conversion
of monocyte stem cells in the bone marrow to osteoclasts.
(2) It maintains the serum calcium concentration.
Causes of vitamin D deficiency
a. Inadequate exposure to sunlight: decreased synthesis of cholecalciferol (vitamin D3)
b. Fat malabsorption: cannot reabsorb fat-soluble vitamins (e.g., celiac disease)
c. Chronic liver disease: cannot carry out the first hydroxylation of vitamin Dj
d. Enhanced liver cytochrome P450 system (e.g., alcohol, phenytoin, barbiturates):
increased conversion of 25-hydroxycholecalciferol into an inactive metabolite
e. Renal failure (most common cause): due to deficiency of la-hydroxylase enzyme
f. Primary hypoparathyroidism: PTH is required for enhancing the activity of
la-hydroxylase
g. Type I vitamin D—-dependent rickets: deficiency of 1a-hydroxylase
h. Type II vitamin D-dependent rickets: deficiency of vitamin D receptors in target
tissue
Patients taking megadoses of vitamin D may develop vitamin D toxicity.
Clinical findings associated with vitamin D deficiency and excess (see Table 4-2)
tamin E
a-Tocopherol has the highest biologic activity of the naturally occurring tocopherols
that constitute vitamin E and is abundant in fruits, vegetables, and grains.
Vitamin E is an antioxidant and scavenger of free radicals that protects polyunsaturated
fats and fatty acids in cell membranes from lipid peroxidation and protects low-density
lipoprotein (LDL) from oxidation.
a. Oxidized LDL produces foam cells (macrophages) during atherosclerosis.
b. Vitamin E protects erythrocytes from oxidative damage that leads to hemolysis.
Vitamin E deficiency is uncommon and primarily occurs in children with malabsorption
caused by cystic fibrosis and in abetalipoproteinemia (see Chapter 7).
Patients taking megadoses of vitamin E may develop vitamin E toxicity.
a. Inability to synthesize the vitamin K—dependent coagulation factors in the liver
Clinical findings associated with vitamin E deficiency and excess (see Table 4-2)
tamin K
Sources of vitamin K include green leafy vegetables (which supply vitamin Kj,
phylloquinone) and bacterial synthesis in the colon (which supplies vitamin K;, or
menaquinone).
a. After absorption in the bowel, vitamin K is oxidized to form an inactive epoxide.
b. Most vitamin K comes from bacterial synthesis of the vitamin by colonic bacteria.
(1) To be catalytically active, vitamin K synthesized by colonic bacteria must be
reduced by epoxide reductase in the liver.
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Active form of vitamin D
is a steroid hormone,
calcitriol.

Skin: cholecalciferol

Liver: 25-
hydroxycholecalciferol

Kidney: 1,25-
dihydroxycholecalciferol
(calcitriol)

Calcitriol functions in
absorption of calcium
from the intestine and
kidneys; in combination
with PTH, it mobilizes
calcium from bone.

Hydroxyapatite,
Caro(PO,)5(OH),, is the
crystalline salt deposited
in bone.

Alkaline phosphatase
hydrolyzes pyrophosphate,
an inhibitor of bone
mineralization.

PTH and vitamin D:
maintain ionized calcium
level

Renal failure: most
common cause of vitamin
D deficiency

Vitamin E protects
erythrocytes from
oxidative damage leading
to hemolysis.

Vitamin E deficiency
produces hemolytic
anemia and peripheral
neuropathy.

Vitamin K is absorbed
from gut as
menaquinone, the active
form.

Vitamin K is activated by
epoxide reductase in the
liver.

Vitamin K y-carboxylates
liver-derived vitamin K-
dependent coagulation
factors.
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Coumarin derivatives are
present in rat poison,
which is a common cause
of poisoning in children.

Coumarin (warfarin):
anticoagulant that inhibits
hepatic epoxide reductase

Vitamin K: y-carboxylation
of osteocalcin

Breast milk: inadequate
supply of vitamin K

RDAs: minerals (>100
mg/day); trace elements
(<100 mg/day)

Calcium: bone and teeth,
nerve conduction, muscle
contraction, clotting
cascade, enzyme
regulation

PTH: increased tubular
reabsorption of calcium;
increased mobilization of
calcium from bone

Calcitonin: decreased
calcium mobilization from
bone

Alkalotic state lowers
jonized calcium levels,
causing tetany.

2.

6.
7.

Vitamin K y-carboxylates glutamate residues in the vitamin K-dependent coagulation

factors, which are factors II (prothrombin), VII, IX, and X and proteins C and S.

a. The vitamin K-dependent coagulation factors are all synthesized in the liver in a
nonfunctional state.

b. When y-carboxylated in the liver by vitamin K and released into the circulation,
these coagulation factors are able to bind to calcium, which is essential to the
formation of a fibrin clot.

c. The prothrombin time (PT) is a coagulation test that evaluates all of the vitamin
K-dependent factors, except factor IX and proteins C and S.

d. Coumarin derivatives act as anticoagulants by inhibiting the activity of epoxide
reductase; hence, the vitamin K—dependent coagulation factors are rendered
nonfunctional by their inability to bind to calcium.

Vitamin K also functions in bone calcification; y-carboxylates glutamate residues in

osteocalcin.

Vitamin K deficiency is rare, but can be caused by the use of broad-spectrum

antibiotics, which destroy colonic bacterial synthesis of the vitamin.

Other causes of vitamin K deficiency

a. Therapy with coumarin (warfarin) derivatives: inhibits hepatic epoxide reductase

b. Fat malabsorption: cannot reabsorb fat-soluble vitamins (e.g., celiac disease)

c. Newborns: lack bacterial colonization of the bowel and must receive an intramuscular
vitamin K injection at birth to prevent hemorrhagic disease of the newborn

Excessive intake of vitamin K leading to toxicity is uncommon.

Clinical findings associated with vitamin K deficiency and excess (see Table 4-2)

V. Minerals and Electrolytes
A. Overview

1. Calcium functions in bone formation, nerve conduction, muscle contraction, blood
clotting, and cell signaling hypocalcemia produces tetany.

2. Magnesium functions in energy metabolism, PTH synthesis, bone formation, nerve
conduction, and muscle contraction.

3. Sodium functions in acid-base balance, osmotic pressure, muscle and nerve excitability,
active transport, and membrane potential; deficiency produces abnormalities in mental
status and convulsions.

4. Potassium functions in acid-base balance, osmotic pressure, muscle and nerve
excitability, and insulin secretion; deficiency produces muscle weakness and polyuria.

5. Phosphate functions in bone formation, nucleotide structure, metabolic intermediates,
metabolic regulation, vitamin function, and acid-base balance; deficiency produces
muscle weakness, rhabdomyolysis, and hemolytic anemia.

6. Chloride functions in acid-base balance, osmotic pressure, and nerve and muscle
excitability; deficiency symptoms are undefined.

B. Calcium
1. Sources of calcium include dairy products, leafy green vegetables, legumes, nuts, and

2.

3.

whole grains.

Functions of calcium

. Bone formation and teeth

. Nerve conduction

. Skeletal, cardiac, smooth muscle contraction

. Binds to vitamin K—dependent coagulation factors and activates factor XIII to cross-

link fibrin strands
e. Calcium-calmodulin complex activates many enzymes.
Regulation of calcium
a. Parathyroid hormone increases reabsorption in the early distal tubule of the kidneys
and mobilizes calcium from bone.
b. Vitamin D (calcitriol) increases calcium absorption in the intestine and kidneys.
c. Calcitonin, which is synthesized by C cells in the thyroid gland, inhibits osteoclasts,
thereby inhibiting the release of calcium from bones.
d. Approximately 40% of calcium is bound to albumin; 13% is bound to phosphorus and
citrates; and 47% circulates as free, ionized calcium, which is metabolically active.
(1) Alkalotic conditions decrease ionized calcium levels by increasing the amount of
calcium bound to albumin.

(2) Alkalotic state increases calcium bound to albumin at the expense of the ionized
calcium level.

(3) Hypoalbuminemia decreases the total serum calcium wizhout altering the ionized
calcium level.
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TABLE 4-3. Minerals: Signs and Symptoms of Deficiency and Excess

MINERAL SIGNS AND SYMPTOMS OF DEFICIENCY SIGNS AND SYMPTOMS OF EXCESS

Calcium Tetany (signs of tetany: carpopedal spasm, Chvostek’s  Renal calculi; metastatic calcification;
sign, muscle twitching); osteoporosis polyuria

Phosphorus Muscle weakness; rhabdomyolysis with myoglobinuria  Drives calcium into normal tissue

(phosphate) (due to low ATP); hemolytic anemia (due to low (metastatic calcification) causing

ATP) hypocalcemia

Sodium Mental status abnormalities (cerebral edema); Mental status abnormalities;
convulsions convulsions

Chloride No specific signs and symptoms No specific signs and symptoms

Potassium Muscle weakness; polyuria: U waves on an Heart stops in diastole; peaked T waves
electrocardiogram on an electrocardiogram

Magnesium Hypocalcemia with tetany; tachycardia Neuromuscular depression; bradycardia

C.

D.

4. Causes of hypocalcemia
a. Hypoalbuminemia: most common nonpathologic cause
b. Hypomagnesemia: most common pathologic cause
c¢. Vitamin D deficiency
d. Primary hypoparathyroidism
5. Causes of hypercalcemia
a. Primary hyperparathyroidism: most common cause in the ambulatory population
b. Malignancy: most common cause in a hospitalized patient
c¢. Sarcoidosis: granuloma synthesis of vitamin D
6. Clinical findings associated with hypocalcemia and hypercalcemia (Table 4-3)
Magnesium
1. Sources of magnesium include green vegetables, nuts, and legumes.
2. Functions of magnesium
a. Calcium metabolism
(1) Cofactor of adenylate cyclase involved in the activation of PTH
(2) Increases PTH synthesis and release
b. Component of bone
c. Muscle contraction: modulates the vasoconstrictive effects of intracellular calcium
d. Nerve impulse propagation
e. Cofactor in ATPases (e.g., Na?t/Kt-ATPase, Ca*"-ATPase)
3. Causes of hypomagnesemia
a. Alcoholism: most common cause; increased renal loss
b. Diuretics: increased renal loss
c. Drugs (e.g., aminoglycosides, cisplatinum): increased renal loss
d. Diarrhea: lost in the stool
4. Causes of hypermagnesemia
a. Renal failure: decreased excretion
b. 'Treatment of eclampsia with magnesium sulfate
5. Clinical findings associated with hypomagnesemia and hypermagnesemia (see Table 4-3)
Sodium
1. Major source is table salt.
2. Functions of sodium
a. Regulation of pH, osmotic pressure, and water movement in body fluids
b. Maintains muscle and nerve excitability
c. Active transport of glucose, galactose, and amino acids in the small intestine
d. Maintains the diffusion potential of membranes
3. Control of sodium
a. Diet
b. Aldosterone: controls renal reabsorption (when present) and excretion (when absent)
c¢. Atrial natriuretic peptide (ANP): decreases reabsorption in the kidneys
4. Causes of hyponatremia
a. Thiazide and loop diuretics: most common cause; increase renal excretion
b. Inappropriate secretion of antidiuretic hormone: dilutional effect in plasma of excess
water reabsorption from the collecting tubules of the kidneys
c. Congestive heart failure and chronic liver disease: dilutional effect in plasma of
excess water reabsorbed from the kidneys
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Hypocalcemia:
hypoalbuminemia,
hypomagnesemia, vitamin
D deficiency,
hypoparathyroidism

Hypercalcemia:
hyperparathyroidism,
malignancy, sarcoidosis
(synthesis of vitamin D)

Magnesium: important in
function of PTH

Magnesium: bone
formation, muscle
contraction, nerve
conduction, cofactor in
ATPases

Hypomagnesemia:
alcoholism, diuretics,
diarrhea, drugs producing
renal loss

Hypermagnesemia: renal
failure, magnesium
treatment of eclampsia

Sodium is the most
abundant cation in
extracellular fluid.

Sodium: acid-base
balance, osmotic
pressure, muscle and
nerve excitability, active
transport, and membrane
potential

Sodium controls water
movement between
extracellular and
intracellular fluid
compartments.

Hyponatremia: loop
diuretics, excess ADH,
congestive heart failure

Hypernatremia produces
hypertension.
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Potassium: most
abundant intracellular
cation

Potassium: acid-base
regulation, osmotic
pressure, neuromuscular
excitability, muscle
contraction, insulin
secretion

Alkalosis: potassium
moves into cells

Acidosis: potassium
moves into serum

Hypokalemia: vomiting
and diarrhea, loop
diuretics, aldosterone
excess

Hyperkalemia: renal
failure, Addison’s disease

Potassium: major
intracellular cation

Phosphate is the most
abundant intracellular
anion.

Phosphate: component of
ATP, traps carbohydrate
intermediates in cell,
activation of vitamins,
nucleic acid structure,
found in bones and teeth,
acid-base buffer

Hypophosphatemia:
alkalosis, hypovitaminosis
D, hyperparathyroidism

Hyperphosphatemia: renal
failure, hypoparathyroidism

Chloride is the most
abundant anion in
extracellular fluid.

Chloride: fluid and
electrolyte balance, gastric

fluid

6.

1.
2.

5. Causes of hypernatremia
a. Osmotic diuresis: most common cause; loss of a hypotonic salt solution in the
kidneys due to glucosuria, excess urea, or mannitol (i.e., treatment of cerebral
edema)
b. Diabetes insipidus: loss of water due to deficiency or dysfunction of antidiuretic
hormone
6. Clinical findings associated with hyponatremia and hypernatremia (see Table 4-3)
. Potassium
1. Sources of potassium include meats, vegetables, fruits, nuts, and legumes.
2. Functions of potassium
a. Regulation of pH and osmotic pressure
b. Regulation of neuromuscular excitability and muscle contraction
c. Regulates insulin secretion: hypokalemia inhibits insulin; hyperkalemia stimulates
insulin secretion
3. Control of potassium
a. Aldosterone: controls renal reabsorption (when absent) and excretion (when present)
b. Arterial pH
(1) Alkalotic conditions cause hydrogen ions to move out of the cell (provides
protons) and potassium to move into the cell (leads to hypokalemia) to maintain
clectroneutrality.
(2) Acidotic conditions cause hydrogen ions to move into cells (for buffering) in
exchange for potassium (leads to hyperkalemia).
4. Causes of hypokalemia
a. Thiazide and loop diuretics: increase renal excretion
b. Vomiting and diarrhea: lost in the body fluids
c. Aldosterone excess: increased renal excretion
5. Causes of hyperkalemia
a. Renal failure: decreased excretion of potassium
b. Addison’s disease due to loss of aldosterone; decreased excretion
6. Clinical findings associated with hypokalemia and hyperkalemia (see Table 4-3)
. Phosphate (phosphorus)
1. Sources of phosphate include most foods.
2. Functions of phosphate
a. Mineralization of bones and teeth
b. Component of DNA and RNA
c. Component of phosphorylated vitamins (e.g., thiamine, pyridoxine) and ATP
d. Traps monosaccharides in cells (e.g., phosphorylation of glucose in glycolysis)
e. Activates enzymes (e.g., protein kinase) and deactivates enzymes (e.g., glycogen
synthase)
f. Maintains pH
(1) Protons secreted into the renal tubule lumen react with dibasic phosphate
(HPO427) to form monobasic phosphate (H,PO, ), which is called titratable
acidity.
3. Control of phosphate
a. Parathyroid hormone has a phosphaturic effect.
b. Vitamin D (calcitriol) increases absorption of phosphate in the small bowel.
4. Causes of hypophosphatemia
a. Respiratory and metabolic alkalosis: most common cause; alkalosis enhances
glycolysis and phosphorylation of glucose
b. Hypovitaminosis D due to malabsorption: decreased intestinal absorption of phosphate
c. Primary hyperparathyroidism: increased loss of phosphate in urine
5. Causes of hyperphosphatemia

a. Renal failure: most common cause; decreased renal excretion

b. Primary hypoparathyroidism

c. Normal children: higher levels of phosphate help drive calcium into bone
Clinical findings associated with hypophosphatemia and hyperphosphatemia (see
Table 4-3)

. Chloride

It is primarily found in table salt.

Functions of chloride

a. Regulation of pH and osmotic pressure

b. Regulates neuromuscular excitability and muscle contraction



3.

Control of chloride
a. Diet
b. Aldosterone: controls renal reabsorption (when present) and excretion (when absent)

4. Causes of hypochloremia

5.

a. Thiazide and loop diuretics: increase renal excretion

b. Vomiting

Causes of hyperchloremia

a. Mineralocorticoid excess increases sodium and chloride reabsorption

b. In renal tubular acidosis and diarrhea, the loss of bicarbonate causes an increase in
chloride levels to offset the loss of negative charges.

VI. Trace Elements
A. Overview

1.

2.

6.

7.

Iron functions in oxygen transport, the electron transport chain, and as an enzyme
cofactor; deficiency symptoms are anemia, Plummer-Vinson syndrome, and fatigue.
Zinc functions as a cofactor for metalloenzymes; deficiency produces poor wound
healing, dysgeusia, anosmia, and growth retardation.

Copper functions as a cofactor for metalloenzymes and in cytochrome oxidase;
deficiency produces microcytic anemia, aortic aneurysm, and poor wound healing.
Iodine functions in the synthesis of thyroid hormones; deficiency produces goiter (i.e.,
hypothyroidism).

Chromium is a component of the glucose tolerance factor; deficiency produces impaired
glucose tolerance.

Selenium functions in antioxidant action as a component of glutathione peroxidase;
deficiency produces muscle pain and weakness.

Fluoride functions in the structure of hydroxyapatite; deficiency produces dental caries.

B. Iron

1.
2.

Primary sources of iron include meat, eggs, vegetables, and fortified cereals.

Iron is the structural component of heme in hemoglobin, myoglobin, and the

cytochrome oxidase system.

a. Meat contains heme iron, which is ferrous (Fe") and available for absorption in the
duodenum.

(1) After it is reabsorbed by duodenal enterocytes, heme is enzymatically degraded
to release iron.

(2) Most of the iron is diverted to storage as apoferritin in the enterocyte, but a
small amount is delivered to plasma transferrin, the circulating binding protein
of iron.

b. Plants contain nonheme iron, which is in the ferric state (Fe®"); hence, absorption of
nonheme iron is more complex and involves a number of different binding proteins
before it is transferred to transferrin.

c. Ferritin, a soluble iron-protein complex, is the storage form of iron in the intestinal
mucosa, liver, spleen, and bone marrow.

(1) It is synthesized by macrophages.

(2) Serum ferritin levels reflect iron stores in the bone marrow.

(3) Serum ferritin is the best screening test for iron deficiency and iron overload
disorders (e.g., hemochromatosis).

d. Hemosiderin is an insoluble storage product of ferritin degradation.

(1) Hemosiderosis is an acquired accumulation of hemosiderin in macrophages in
tissues throughout the body.

(2) Hemochromatosis is an autosomal recessive disease characterized by
unrestricted absorption of iron from the duodenum, leading to an accumulation
of iron in liver, heart, pancreas, skin, and other tissues.

(3) Hemosiderosis is an acquired iron overload disease (e.g., excessive blood
transfusions, alcoholism).

e. 'Transferrin, the primary binding protein for iron, is synthesized in the liver and
transports iron to macrophages in the bone marrow for storage or to the developing
RBCs for hemoglobin synthesis.

(1) When iron stores in the bone marrow macrophages are decreased (e.g., iron
deficiency), liver synthesis of transferrin increases, which increases total iron-
binding capacity.

(2) When iron stores in the bone marrow macrophages are increased (e.g.,
hemochromatosis), transferrin synthesis is decreased, which decreases the total
iron-binding capacity.
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Iron: important cofactor
for enzymes (e.g.,
catalase)

Iron: component of heme,
iron-sulfur proteins

Ferritin: iron storage in
intestinal mucosa, liver,
spleen, and bone marrow

Serum ferritin: low in iron
deficiency, high in
hemochromatosis

Hemosiderin: ferritin
degradation product

Patients who require
ongoing transfusions are
at risk for hemosiderosis.

Hemochromatosis:
cirrhosis of the liver,
bronze skin color,
diabetes mellitus,
malabsorption, and heart
failure

Transferrin: functions in
iron transport

Low iron stores:
transferrin increased

Iron stores high:
transferrin reduced
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Iron deficiency in women:
menorrhagia, colon

polyps
Iron deficiency in men:
peptic ulcer

Iron deficiency in
newborns, infants:
nutritional

Iron overload: ringed
sideroblasts

Zinc: metalloenzyme
cofactor, superoxide
dismutase, alcohol
dehydrogenase, wound
healing (strengthening)

Zinc deficiency: caused by
alcoholism, diarrhea,
inflammatory diseases

Acrodermatitis
enteropathica: autosomal
recessive zinc deficiency,
dermatitis, diarrhea,
growth retardation, poor
wound healing, decreased
spermatogenesis

Zinc deficiency: poor
wound healing, loss of
taste and smell

Copper: cofactor for
metalloenzymes,
cytochrome oxidase

Ceruloplasmin: copper-
transport plasma protein

TABLE 2-4. Trace Elements: Signs and Symptoms of Deficiency

TRACE

ELEMENT

Iron

Zinc

Copper
lodine

Chromium
Selenium

Fluoride
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SIGNS AND SYMPTOMS OF DEFICIEN

Microcytic anemia; low serum ferritin level, low serum iron level, high total iron-binding capacity
(correlates with decreased transferrin synthesis); Plummer-Vinson syndrome (esophageal webs,
glossitis, spoon nails, achlorhydria); excessive fatigue

Poor wound healing; dysgeusia (inability to taste); anosmia (inability to smell); perioral rash;
hypogonadism; growth retardation

Microcytic anemia (decreased ferroxidase activity); dissecting aortic aneurysm; poor wound healing
Goiter (due to relative or absolute deficiency of thyroid hormones)

Impaired glucose tolerance, peripheral neuropathy

Muscle pain and weakness, cardiomyopathy

Dental caries

3. Causes of iron deficiency vary by age.
. Newborn/infants: nutritional (most common)
. Child: bleeding Meckel’s diverticulum; nutritional
. Woman <50 years old: menorrhagia
. Man <50 years old: peptic ulcer disease
. Men and women >50 years old: colon polyps or cancer
auses of excess serum iron
. Iron poisoning
(1) Common in children
(2) Causes hemorrhagic gastritis and liver necrosis
b. Iron overload diseases: hemochromatosis; hemosiderosis; sideroblastic anemia (due
to pyridoxine deficiency, lead poisoning, alcoholism)
(1) Sideroblastic anemias are associated with excess iron accumulation in
mitochondria resulting from difficulties in heme synthesis.
(2) Excess iron in mitochondria produces ringed sideroblasts (mitochondria are
located around the nucleus of immature RBCs).
5. Clinical findings associated with iron deficiency (Table 4-4)
Zinc
1. Primary sources of zinc include meat, liver, eggs, and oysters.
2. Zinc primarily serves as a cofactor for metalloenzymes.
a. Superoxide dismutase
b. Collagenase
(1) Important in remodeling of a wound and replacing type III collagen with type I
collagen to increase tensile strength
c. Alcohol dehydrogenase: converts alcohol into acetaldehyde
d. Alkaline phosphatase
(1) Important in bone mineralization
(2) Marker of obstruction to bile flow in the liver or common bile duct
3. Zinc is also important in spermatogenesis and in growth in children.
4. Causes of zinc deficiency
a. Various diseases
(1) Alcoholism, rheumatoid arthritis, acute and chronic inflammatory diseases,
chronic diarrhea
b. Acrodermatitis enteropathica
(1) Autosomal recessive disease associated with dermatitis, diarrhea, growth
retardation in children, decreased spermatogenesis, and poor wound healing
5. Clinical findings associated with zinc deficiency (see Table 4-4)
Copper
1. Sources of copper include shellfish, organ meats, poultry, cereal, fruits, and dried beans.
2. Copper primarily serves as a cofactor for metalloenzymes.
Ferroxidase: binds iron to transferrin; causes iron deficiency if deficient
Lysyl oxidase: cross-linking of collagen and elastic tissue
Superoxide dismutase: neutralizes superoxide, an O, free radical
"Iyrosinase: important in melanin synthesis; deficient in albinism
e. Cytochrome ¢ oxidase: component of the electron transport chain
3. Ceruloplasmin
a. It is an enzyme that is synthesized in the liver.
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b. It contains 6 atoms of copper in its structure.
c. It is secreted into the plasma, where it represents 90% to 95% of the total serum
copper concentration.

4. Copper deficiency (hypocupremia) is most often due to total parenteral nutrition
(TPN).

5. An excess of free copper (i.e., hypercupremia) is present in Wilson’s disease, an
autosomal recessive disease associated with a defect in secreting copper into bile and in
incorporating copper into ceruloplasmin.

a. Wilson’s disease: chronic liver disease, deposition of free copper into the
eye (Kayser-Fleischer ring) and lenticular nuclei (dementia, movement
disorder), low serum ceruloplasmin level, and high free copper levels in blood and
urine

6. Clinical findings associated with copper deficiency (see Table 4-4)

Todine

1. Sources of iodine include iodized table salt and seafood.

2. Todine is used in the synthesis of thyroid hormones.

3. Todine deficiency is due primarily to an inadequate intake of seafood or iodized table
salt.

4. Clinical findings associated with iodine deficiency (see Table 4-4)

Chromium

1. Sources of chromium include wheat germ, liver, and brewer’s yeast.

2. Chromium is a component of glucose tolerance factor, which facilitates insulin action
through post-receptor effects.

3. Chromium deficiency primarily occurs in patients receiving TPN.

4. Clinical findings associated with chromium deficiency (see Table 4-4)

Selenium

1. Sources of selenium include seafood and liver.

2. Selenium is a component of glutathione peroxidase, which converts oxidized
glutathione (see Chapter 6) into reduced glutathione in the pentose phosphate
pathway.

3. Selenium deficiency occurs primarily in patients receiving TPN.

4. Clinical findings associated with selenium deficiency (see Table 4-4)

Fluoride

Sources of fluoride include tea and fluoridated water.

Fluoride is a structural component of calcium hydroxyapatite in bone and teeth.

Deficiency of fluoride is primarily due to inadequate intake of fluoridated water.

An excess in fluoride primarily results from an excess of fluoride in drinking water.

Clinical findings associated with fluoride deficiency (see Table 4-4)

ANl it M
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Copper deficiency: result
of TPN

lodine is needed for
thyroid hormone
synthesis.

lodine deficiency
produces goiter.

Chromium is a
component of glucose
tolerance factor.

Chromium deficiency can
result from TPN.

Glutathione: antioxidant
that neutralizes peroxide
and peroxide free radicals

Selenium: component of
glutathione peroxidase

Fluoride: structural
component of
hydroxyapatite in bone
and teeth

Fluorosis: chalky deposits
on the teeth, calcification
of ligaments, an increased
risk for bone fractures

Fluoride deficiency: dental
caries



Free energy change:
tendency to react, energy
released or used

Coupled reactions:
common intermediate
required

Negative AG: allows
coupled reactions to
proceed spontaneously in
a forward direction

ATP-ADP cycle: most
common mechanism of
energy exchange in
biologic systems

ATP: large negative AG
values can drive many
energy-requiring reactions

Redox coenzymes: carrier
molecules for hydrogen
and electrons during
biologic oxidation-
reduction reactions

NAD ™ and FAD: electron
and hydrogen carriers

NAD*/NADH: catabolic
reactions

NADP ™ /NADPH: anabolic
reactions
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CHAPTER

I. Energetics of Metabolic Pathways

A.

Overview

1. Free energy change (AG) for a biochemical reaction indicates its tendency to proceed
and the amount of free energy it will release or require.

2. Coupled reactions share a common intermediate.

3. ATP-ADP cycle is the most common mechanism of energy exchange in biologic systems.

4. Redox coenzymes serve as carrier molecules for hydrogen and electrons during biologic
oxidation-reduction reactions

Change in free energy (AG)

1. A decrease in free energy for a biochemical reaction, or sequence of reactions, indicates
its tendency to proceed.

2. The amount of decrease in free energy in kcal/mole is the amount of free energy a
reaction will release or require.

3. A reaction that requires a free energy input must be coupled to another reaction that
releases at least that much energy.

. Coupled reactions

1. When two reactions share a common intermediate, they are considered to be coupled,
a. For example, the common intermediate C couples these two reactions:

A+B=C+D
c=X

b. Overall coupled reaction (A + B = X) proceeds spontancously in a forward direction
if the sum of AG values of the individual reactions is negative.
2. Metabolic pathways consist of a series of coupled reactions linked by common
intermediates (Fig. 5-1).
a. The AG values are additive for all pathway reactions.
(1) An energetically favorable reaction (e.g., hydrolysis of ATP) drives an
energetically unfavorable coupled reaction in the forward direction.
b. If AG for consecutive reactions is negative, the reactions operate spontaneously in
the forward direction.
ATP-ADP cycle (Fig. 5-2)
1. Hydrolysis of high-energy bonds in ATP has a AG of about 7 kcal/mol.
2. Hydrolysis of other nucleoside triphosphates and other high-energy compounds
provides energy for a variety of metabolic processes. For example:
a. GTP during ribosomal steps of protein synthesis
b. CTP during lipid synthesis
¢. UTP during polysaccharide synthesis
d. Phosphocreatine in muscle replenishes ATP.
Redox coenzymes (Fig. 5-3)
1. Nicotinamide adenine dinucleotide (NAD™) and flavin adenine dinucleotide (FAD) are
the major electron acceptors in the catabolism of fuel molecules.
a. Reduced forms of NAD™ and FAD (i.e., NADH and FADH,) transfer electrons to
the electron transport chain.
b. Electrons are ultimately transferred to O, by the electron transport chain with the
coupled formation of ATP (i.e., oxidative phosphorylation).
2. NADPH (a phosphorylated derivative of NADH) is the primary electron donor in
reductive biosynthetic reactions (e.g., synthesis of fatty acids, cholesterol, and steroids).
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5-1: Processes that affect flow through metabolic

Transport to another pathways. In the absence of such processes, indi-

Input from gellicomparinent oy vidual reversible reactions eventually reach equi-
another pathway out of cell as waste librium, and the flow of metabolites through a
\ / pathway ceases. For example, a genetic defect

or inhibitor that reduces production of B also

decreases operation of the pathway from fuel —

B D
\\/ A—Y.

Intake of fuel <A —C——> X" 2V

Further metabolism

CO, + Hy0 ATP S \
\ / Transport against

—_— . . ; Muscle
Respiration Biosynthesis electrochemical SEET
gradient

O, + Fuel / \ADP + Pi{\<—f/

5-2: The ATP-ADP cycle. Energy stored in reduced fuel molecules is extracted during oxidative metabolism (i.e., respiration) and
converted to ATP. Hydrolysis of ATP releases energy that cells use for major types of energy-requiring processes (thick arrows).

Oxidized CO2 + HQO 02
precursors NADH + H*
ATP / NADPH +‘< / FADH» /ADP +P;
Reductive Cataboli Oxidative
biosynthesis atabolism phosphorylation

oo’ | N N e | N

NADP+* FAD ATP
NAD+*
Reduced products Fuel molecules H>O

5-3: Role of redox coenzymes as electron carriers. Oxidized coenzymes (light shading) are reduced during catabolism. Reduced
coenzymes (dark shading) are used in reductive biosynthesis (left) or in oxidative phosphorylation to generate ATP (right).

II. Introduction to Intermediary Metabolism
A. Overview
1. Catabolism of foodstuffs to generate ATP occurs in three stages: digestion to small
components, formation of acetyl CoA, and oxidation of acetyl CoA in the citric acid
cycle (CAC).
2. Metabolic pathways are localized to particular cellular sites.
3. There are five common aspects of metabolic pathways: reaction steps, regulated steps,
unique characteristics, pathway interfaces, and clinical relevance.
B. Catabollc stages (Fig. 5-4).
. Breakdown of large dietary constituents (i.e., carbohydrates, fats, and proteins) to their
small building blocks by digestive enzymes
2. Formation of acetyl CoA by degradation of the products of digestion (e.g., glucose, fatty
acids, glycerol, and amino acids)
3. Oxidation of acetyl CoA in the CAC and the flow of electrons through the electron
transport chain with coupled formation of ATP (i.e., oxidative phosphorylation)
a. Acetyl CoA is produced by fat oxidation and glucose oxidation.
b. Acetyl CoA is used in fat synthesis, cholesterol synthesis, ketone body synthesis, and
formation of acetylated molecules.
C. Compartmentation of metabolic pathways
1. Mitochondria
a. Matrix
(1) Production of acetyl CoA, CAC, B-oxidation of fatty acids, ketogenesis
b. Inner membrane: oxidative phosphorylation

Acetyl CoA: product of fat
and glucose oxidation

Acetyl CoA: a focal point
in metabolism
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Metabolic pathways occur
in specific cellular sites
(e.g., glycolysis in cytosol,
CAC oxidative
phosphorylation in
mitochondria).

Organize learning of
metabolic pathways
around four categories.

CAC: acetyl CoA oxidized
to CO,

CAC located in matrix and
inner membrane of
mitochondria

Red blood cells and
platelets lack
mitochondria; cannot

oxidize pyruvate or acetyl
CoA

5-4: Three stages in catabolism of the

energy-yielding major nutrients. Notice Large N
the central role of pyruvate and acetyl Proteins carbohydrates Fats
CoA. Oxidative phosphorylation, the
formation of ATP coupled to the flow — Stage 1
of electrons (e”) through the electron . . (Gl tract)
transport chain (ETC), generates most Amino acids GGllucose Elycerol'd
of the ATP resulting from catabolism. SlEIesE iy T _
Fructose =
Pyruvate — Stage 2
(cytosol/
mitochondria)
Acetyl CoA —
Citric
TN A . — Stage 3
02 © acid (mitochondria)
= cycle 2 CO,
ATP ADP |

2.

3.

4.

Cytosol

a. Glycolysis, glycogenesis, glycogenolysis, pentose phosphate shunt, fatty acid
synthesis, steroid synthesis (i.e., smooth endoplasmic reticulum), protein synthesis
(i.e., rough endoplasmic reticulum)

Mitochondria and cytosol

a. Gluconeogenesis, urea cycle, heme synthesis

Nucleus and mitochondria

a. DNA and RNA synthesis

D. Five common perspectives for many metabolic pathways

1.

Pathway reaction steps

a. Each reaction in a pathway has unique characteristics regarding substrates, products,
enzymes, cofactors, and inhibitors.

Regulated steps

a. At least one step in a metabolic pathway is generally regulated by hormones or
metabolites that restrict or accelerate the flow of metabolites through the pathway.

Unique characteristics

a. Each metabolic pathway has features that describe unique aspects of its function.

b. This provides insight into its contribution to metabolism.

Interface with other pathways

a. Many intermediates within one pathway are substrates for other pathways, providing
a means for different pathways to interact.

. Clinical relevance

a. Significant reduction in the activity of an enzyme catalyzing one step in a pathway,
caused by a genetic defect or inhibitor, leads to accumulation of some metabolites
and reduced levels of others, often with pathologic consequences.

b. Increased flow through a pathway results in toxic buildup (e.g., lactic acidosis).

These perspectives apply most easily to carbohydrate and lipid metabolism.

a. Pathway reaction steps

. Regulated steps

. Unique characteristics

. Interface with other pathways

e. Clinical relevance

oo o

III. Citric Acid Cycle (CAC)
A. Overview (Fig. 5-5)

1.
2.

3.

Acetyl CoA is oxidized to CO; in the CAC, producing reduced coenzymes and GTP.
Regulation of citrate synthase, isocitrate dehydrogenase, and a-ketoglutarate
dehydrogenase controls flow of metabolites in and out of the CAC.

Many amino acids are interconverted with CAC intermediates through transamination.
CAC activity is poisoned by fluoroacetate and impaired by dietary deficiencies of its
vitamin cofactors.
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Outer mitochondrial

membrane

* Freely permeable
to metabolites

¢ Impermeable to metabolites
* Electron transport chain

* ATP synthase

» Succinate dehydrogenase

* ATP-ADP translocase

|- Mitochondrial matrix

e Low [H*] relative to
intermembrane space

« Citric acid cycle enzymes except
succinate dehydrogenase

* Pyruvate dehydrogenase

* Fatty acyl CoA dehydrogenase

* Ketogenesis enzymes (liver)

¢ Enzymes for -oxidation of
fatty acids

Intermembrane space
* High [H*] relative to matrix

B. CAC: pathway reaction steps (Fig. 5-6)
1. Condensation of acetyl CoA with oxaloacetate to form 6-carbon citrate begins the cycle.
2. 'Two oxidative decarboxylation reactions release acetyl carbons as CO, and produce
2 NADH (6 ATP).
3. Conversion of succinyl CoA to malate occurs in three steps that also yield 1 GTP
(energetically equivalent to 1 ATP) and 1 FADH, (2 ATP).
4. Regeneration of oxaloacetate produces a third molecule of NADH (3 ATP).
5. Total of 24 ATP per glucose molecule is generated by the CAC.
C. CAC: regulated steps
1. Three regulated enzymes in the cycle control the flow of substrates largely in response
to the cell’s need for ATP (see Fig. 5-6)
a. Citrate synthase, isocitrate dehydrogenase, and a-ketoglutarate dehydrogenase.

Acetyl CoA (2C) OI i
(+) Insulin

Oxaloacetate (4C) () ATP, NADH, succinyl CoA

S
NAD* .
Malate (4C) Citrate (6C)
2

Fumarate (4C) S NADH

1 FADH
i\/v 1GTP

Succinate (4C)

Isocitrate (6C)

(=) ATP, NADH

NAD Ot (+) ADP
3

o-Ketoglutarate (5C)

GTP™ 5 4 Y&[—) NADH, succinyl CoA, ATP, GTP
Succmyl CoA (4C) CO,
1 Citrate synthase (5) Succinate thiokinase
2 Aconitase (6) Succinate dehydrogenase
3 Isocitrate dehydrogenase (7 ) Fumarase
4 o-Ketoglutarate dehydrogenase 8 Malate dehydrogenase

5-6: The citric acid cycle is regulated primarily by three enzymes (i.e., citrate synthase, isocitrate dehydrogenase, and
a-ketoglutarate dehydrogenase), which are inhibited (—) or activated (+) by the indicated metabolites.

Inner mitochondrial membrane 575 Schematic diagram of a mitochon-
drion shows the location of key enzymes.

CAC revolution produces
3 NADH (g ATP), 1 GTP
(1 ATP), and 1 FADH,
(2 ATP).
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Anaplerosis:
replenishment of
oxaloacetate by pyruvate
carboxylation

Transamination:
interconversion of CAC
intermediates with amino
acids

Fluoroacetate: CAC
poison

Coenzyme-vitamin
precursor relationships in
citric acid cycle: NAD™-
niacin; FAD-riboflavin
(B,); thiamine
pyrophosphate-thiamine
(B,); CoA-pantothenate;
succinyl CoA-vitamin B,

2.
3.

4.

Citrate synthase is inhibited by ATP, NADH, and succinyl CoA, and it is stimulated by
insulin.

Isocitrate dehydrogenase, the cycle’s pacemaker, is stimulated by ADP and inhibited by
ATP and NADH.

a-Ketoglutarate dehydrogenase is inhibited by two of its products, NADH and succinyl
CoA, as well as by ATP and GTP.

D. CAC: unique characteristics

1.
2.

Energy yield of the CAC is equivalent to 12 ATP per acetyl CoA oxidized.
Replenishing reactions restore cycle intermediates that are drained off to biosynthetic
pathways or needed in greater amounts.
a. Pyruvate carboxylase, which forms oxaloacetate by carboxylation of pyruvate, is
allosterically activated by acetyl CoA.
b. Various amino acids are converted to acetyl CoA, a-ketoglutarate, succinyl CoA,
fumarate, or oxaloacetate (Fig. 5-7).
(1) Example: glutamate is converted to a-ketoglutarate, methionine is converted to
succinyl CoA, and aspartate is converted to oxaloacetate.

E. CAQC: interface with other pathways (see Fig. 5-7)

1.

2.

|3}

The CAC accepts metabolites generated in catabolic pathways and contributes cycle
intermediates for use in anabolic pathways, including gluconeogenesis.

Carbons entering the cycle as acetyl CoA are always oxidized to CO; and never
contribute carbons to gluconeogenesis.

a. Acetyl CoA is nor a substrate for gluconeogenesis.

Carbons from glucogenic amino acids and pyruvate enter the cycle as intermediates that
are convertible to malate, which is exported to the cytosol and converted to
oxaloacetate to enter the gluconeogenic pathway (see Chapter 6).

F. CAC: clinical relevance

1.

2.
3. A deficiency of any of these vitamins negatively impacts operation of the cycle and

Fluoroacetate, a potent poison, is converted to fluorocitrate, which inhibits aconitase,
blocking operation of the CAC and its energy output.
Five vitamins are precursors of coenzymes that participate in the CAC.

impairs energy production.

. Niacin — NAD™ (see Fig. 5-6, steps 3, 4, and 8)

. Riboflavin (vitamin B,) — FAD (see Fig. 5-6, step 6)

. Thiamine (vitamin B;) — thiamine pyrophosphate (see Fig. 5-6, step 4)

. Pantothenate — coenzyme A

. Vitamin By, (cobalamin) — succinyl CoA by odd-chain fatty acid metabolism

0o Qo T

Amino acids === Pyruvate Fatty acids Amino acids
(Ala, Cys, Gly, (Ile, Leu, Lys,
Ser, Thr) / Phe, Trp, Tyr)
Acetyl CoA Fatty
acids
—_— A
Asp =T~ Oxaloacetate Citrate -
Glucose
N, Malate ;
Isocitrate
Arg
Phe, Tyr == Fumarate o-Ketoglutarate <= Glu <— His
Pro
Succinate
AN
- Succinyl CoA
s
Porphyrins Amino acids
PIYINS ™ 5 dd-chain

g (Ile, Met, Thr, Val)
fatty acids

5-7: Interface of the citric acid cycle with other pathways. Many amino acids produce cycle intermediates (thick arrows). Cycle
intermediates also take part in synthetic pathways leading to glucose, fatty acids, porphyrins, and amino acids (dashed arrows).
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IV. Electron Transport and Oxidative Phosphorylation

A. Overview

1. The electron transport chain consists of a series of four large multiprotein complexes
(I through 1V) located in the inner mitochondrial membrane.

2. Oxidative phosphorylation is the synthesis of ATP coupled to the stepwise flow of
electrons from NADH (donates 2 hydrogen atoms [2e™ + 2H™]) and FADH, to O, in
the electron transport chain.

3. ATP formation is driven by a proton gradient across the inner mitochondrial membrane,
a process called chemiosmotic coupling.

4. ADP level controls rate of oxidative phosphorylation.

5. Mutations in mitochondrial DNA affect electron transport and ATP synthesis.

B. Electron transport chain (ETC)

1. The ETC consists of a series of four large multiprotein complexes (I through IV)
located in the inner mitochondrial membrane that serve to transfer electrons from
NADH and FADHj, to oxygen (Fig. 5-8).

2. Coenzyme Q (CoQ) and cytochrome ¢, two smaller carriers, shuttle electrons between
the large complexes.

3. Prosthetic groups in each complex reversibly accept and release electrons.

a. FMN and FAD (riboflavin derivative): complexes I and II
b. Heme groups: complexes III and IV
c. Copper ions: complex IV
(1) Cytochrome oxidase (complex IV) is inhibited by carbon monoxide (CO) and
cyanide (CN7), which stop electron transport.
d. O, is an electron acceptor.
(1) Hypoxia, an inadequate concentration of O,, has its main effect on oxidative
phosphorylation and the synthesis of ATP.
(2) In tssue hypoxia, cells use anaerobic glycolysis to obtain ATP (2 ATP per
glucose molecule).

4. Decrease in free energy as electrons move through electron-transport complexes favors

electron flow from NADH and FADH; to O,.

Amobarbital
Rotenone Antimycin A CO, CN~
Intermembrane H* H H+
space . CII H* : H* H*
. + + HY ~ f ’ .
CoQ * + H + H+
/ ~N
Inner x ' + H
mitochondrial
membrane + H*
H+
Matri - T -
X NADH NAD* FADH, FAD 0, A
H,O — +
H+
- +

ATP

Complex | = NADH dehydrogenase
Complex Il = Succinate dehydrogenase
Complex Il = Cytochrome reductase
Complex IV = Cytochrome oxidase
Complex V = ATP synthase

Electron transport: a
conduit for electrons, not
a metabolic pathway

Prosthetic groups: heme,
FMN, FAD, and copper
accept and transfer
electrons and are bound
to multiprotein
complexes.

Cytochrome oxidase:
inhibited by CO and CN

Anaerobic glycolysis: an
outcome of tissue
hypoxia; 2 ATP per
glucose molecule

0,: electron acceptor in
oxidative phosphorylation;
hypoxia stops ATP
synthesis in the
mitochondria

5-8: Overview of oxidative phosphorylation in the inner mitochondrial membrane. Electron flow (thick arrows) through com-
plexes 1, 1ll, and IV provides energy to pump H* ions from the matrix to the intermembrane space (thick arrows) against
the proton electrochemical gradient. The downhill movement of H™ ions back into the matrix provides the energy for ATP syn-
thesis by means of complex V. Preferential export of ATP from the matrix by ATP-ADP translocase (an antiport) maintains a
high ADP/ATP ratio in the matrix. Inhibitors block electron flow through the indicated complexes (dashed arrows); as a result,
ATP synthesis also ceases. CN™, cyanide; CO, carbon monoxide.
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Electrons donated to ETC
by NADH and FADH,

Chemiosmotic: creation of
a proton gradient by
pumping protons across
membrane

ATP synthase: inhibited by
oligomycin

ATP yield oxidative
phosphorylation:
maximum is 38 ATP

Respiratory control: rate
of ETC controlled by ADP
concentration

Increased ADP —
decreased ETC

Decreased ADP —
increased ETC

Mitochondrial DNA
disorders: maternal
transmission to all
children; no paternal
transmission

Outer mitochondrial
membrane: permeable

Inner mitochondrial
membrane: highly
selective

Cytosolic NADH cannot
cross inner membrane:
requires shuttle

Glycerol phosphate
shuttle: 2 NADH produce
4 ATP

Malate-aspartate shuttle:
2 NADH produce 6 ATP

C. Oxidative phosphorylation
1. Most of the ATP generated by aerobic metabolism of fuel molecules is produced by
oxidative phosphorylation.
a. The rest of the ATP production is from substrate level phosphorylation in glycolysis
(see Chapter 6).
2. 'The synthesis of ATP is coupled to the stepwise decreases in free energy as electrons
move from one multiprotein complex to the next.
a. The last step donates electrons and hydrogen to O, to form water.
D. ATP synthase and chemiosmotic coupling (see Fig. 5-8)
1. Proton gradient is established by complexes I, III, and IV, which pump H" ions from
the mitochondrial matrix to the intermembrane space.
2. ATP synthase is inhibited by oligomycin.
3. The ATP yield from oxidative phosphorylation accounts for about 85% of the maximal
38 ATP generated in complete oxidation of glucose to CO,.
a. 1 NADH — 3 ATP
b. 1 FADH, — 2 ATP
¢. Compare with anaerobic glycolysis — 2 ATP for each glucose metabolized to lactate.
E. Respiratory control
1. Tight coupling of electron flow and ATP synthesis in mitochondria ensures that O,
consumption depends on availability of ADP, a phenomenon called respiratory control.
2. Low ADP (high ATP) decreases the flow of electrons, which decreases O,
consumption.
3. High ADP (low ATP) increases the flow of electrons, which increases O, consumption.
F. Mitochondrial DNA mutations (Box 5-1)
1. Mutations in mitochondrial DNA can block the ETC and reduce ATP synthesis.

V. Mitochondrial Transport Systems

A. Overview
1. ATP-ADP translocase in the inner mitochondrial membrane carries out the tightly
coupled exchange of ATP and ADP.
2. Shuttle mechanisms transport electrons from cytosolic NADH into the mitochondria.
B. ATP-ADP translocase (see Fig. 5-8)
1. The outer mitochondrial membrane is permeable to most small metabolites, whereas
the inner membrane is not.
C. NADH shuttle mechanisms
1. NADH produced during catabolism of glucose to pyruvate (glycolysis) in the cytosol
cannot cross the inner mitochondrial membrane.
2. Shuttle mechanisms permit regeneration of cytosolic NAD™, which is necessary for
glycolysis to continue.
3. Glycerol phosphate shuttle uses cytosolic NADH to reduce dihydroxyacetone
phosphate (DHAP) to glycerol 3-phosphate, which transfers electrons to FAD™ in
the inner mitochondrial membrane (Fig. 5-9).

BOX 51 HEREDITARY MITOCHONDRIAL DISEASES

Most mitochondrial diseases are caused by mutations in mitochondrial DNA (mtDNA), which has a higher
mutation rate than nuclear DNA. Because all mitochondria in the zygote come from the ovum, these
diseases exhibit maternal inheritance, by which affected mothers transmit the disease to all of their children.
Affected males do not transmit mitochondrial diseases because the tail of the sperm, which contains the
mitochondria, falls off after fertilization. Because mtDNA-encoded proteins are associated with electron
transport and ATP synthesis, tissues with a very high oxygen demand are most affected by mitochondrial
dysfunction.
- Leber’s hereditary optic neuropathy: progressive loss of central vision and eventual blindness due to
degeneration of the optic nerve. It is caused by a defect in NADH dehydrogenase (complex ). This disease
affects more males than females, with onset most common in the third decade.

Other defects in mtDNA produce several syndromes known as mitochondrial myopathies:

- Kearns-Sayre syndrome: degeneration of retinal pigments, ophthalmoplegia, pain in the eyes, and cardiac
conduction defects, which may cause death. Muscle biopsy reveals ragged red fibers marked by an irregular
contour and structurally abnormal mitochondria that stain red. Onset occurs before age 20 years.

« MELAS syndrome: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes.

- MERRF syndrome: myoclonus epilepsy with ragged red fibers.
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NADH NAD* 5-9: Glycerol phosphate shuttle for
v Cvtosol transporting electrons from NADH in
DHAP ——=> Glycerol 3-P y the cytosol across the inner mitochon-
C- Outer drial membrane. The glycerol phosphate
/mitochondrial shuttle operates only in one direction
membrane to import electrons from the cytosol to
DHAP Glveerol 3-P the mitochondrial matrix. Each NADH
4 Intermembrane produces 2 ATP. CoQ, coenzyme Q in the
s space electron transport chain (ETC); DHAP, dihy-
droxyacetone phosphate; GPD, glycerol-3-
— phosphate dehydrogenase in cytosolic (c)
FADH, and mitochondrial (m) forms.
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2 ATP Mitoghondrial
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OAA Glutamate
NADH MDH
NAD* Cytosol
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5-10: Malate-aspartate shuttle for transporting electrons from NADH in the cytosol across the inner mitochondrial
membrane. The malate-aspartate shuttle is fully reversible and operates to import electrons into the mitochondrial matrix
or to export electrons to the cytosol. Each NADH produces 3 ATP. The thick arrows trace the path of malate and aspartate.
AT, aminotransferase; |, complex | in the electron transport chain (ETC); a-KG, a-ketoglutarate; MDH, malate dehydrogenase;
OAA, oxaloacetate.

4. Malate-aspartate shuttle uses cytosolic NADH to reduce oxaloacetate to malate, which
enters the mitochondria by means of an antiporter (Fig. 5-10).
a. "Two cytosolic NADH by this shuttle produce 6 ATP.
D. Specialized inner membrane transporters
1. Transport of numerous other metabolites (e.g., PO43_, Ca®", succinate, glutamate) in or
out of mitochondria depends on specific transporters in the inner membrane.
VI. Inhibitors of Mitochondrial ATP Synthesis (Table 5-1)
A. Overview
1. Most inhibitors of mitochondrial ATP synthesis act to block electron flow or to
uncouple electron flow from ATP synthesis.
2. Electron-transport blockers: carriers upstream of the block become highly reduced and
carriers downstream become oxidized.
3. Uncouplers: electron flow proceeds in the absence of ATP synthesis, eliminating
respiratory control.

Uncouplers of ETC destroy
the proton gradient:
pentachlorophenol,
dinitrophenol,
thermogenin (in brown fat)

Inner membrane
impermeable to: NADH,
acetyl CoA, oxaloacetate

Most inhibitors of
mitochondrial ATP
synthesis block electron
flow or uncouple electron
flow from ATP synthesis.
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ETC carriers upstream of
the block become highly
reduced and carriers
downstream become
oxidized.

Uncouplers: risk for
hyperthermia

Electron flow proceeds
without ATP synthesis,
eliminating respiratory
control.

Dinitrophenol: used in
making dynamite; was
used for weight reduction

Thermogenin: uncoupler
in newborn brown fat

Inhibition of
mitochondrial DNA
synthesis: reduced NADH
oxidation

Reduced NADH oxidation:
lactic acidosis,
gluconeogenesis
inhibition, fatty liver

TABLE 5-1. Inhibition of Mitochondrial ATP Synthesis

INHIBITOR
Amobarbital (Amytal), rotenone

MODE OF ACTION
Blocks electron transport

SITE OF INHIBITION
Complex | (NADH dehydrogenase)
Complex IIl (cytochrome reductase)

Antimycin A Blocks electron transport

Carbon monoxide (CO), cyanide
(CN7)
Dinitrophenol, thermogenin

Blocks electron transport Complex IV (cytochrome oxidase)

Acts as proton channel to reduce proton
gradient, uncoupling ATP synthesis
from electron transport

Throughout inner mitochondrial
membrane

Oligomycin Prevents ATP synthesis directly Complex V (ATP synthase)

4. Nucleoside analogues (e.g., cytosine arabinoside, AZT): inhibition of mitochondrial
DNA synthesis leads to a decrease in total number of mitochondria and reduced
NADH oxidation in cells.

B. Electron-transport blockers

1. Electron-transport blockers prevent maintenance of the proton gradient so that ATP
synthesis stops.

2. Electron-transport blockers include cyanide, carbon monoxide, amobarbital (Amytal),
rotenone, and antimycin A (see Fig. 5-8).

C. Uncouplers

1. Uncouplers carry protons through the inner mitochondrial membrane wi#kout generating
ATP.

2. Uncouplers short-circuit the proton gradient by transporting H' ions from the

intermembrane space to the matrix, thereby abolishing the gradient.

Uncouplers dissipate energy from electron flow as heat (risk of hyperthermia).

Uncouplers increase O, consumption.

Uncouplers include pentachlorophenol, dinitrophenol, and thermogenin, a natural

uncoupling protein present in brown fat.

a. Unlike adults, newborns have a considerable amount of brown fat.

b. The heat generated by electron flow in the mitochondria of brown fat is important in
maintaining neonatal body temperature.

D. Mitochondrial malfunction

1. Nucleoside analogues (e.g., cytosine arabinoside, AZT)

a. Inhibition of mitochondrial DNA synthesis leads to a decrease in total number of
mitochondria and reduced NADH oxidation in cells.

2. Reduced NADH oxidation produces:

a. Increased cytosolic NADH
. Shunting of pyruvate to lactate (i.c., lactic acidosis)
. Hyperglycemia due to increased gluconeogenesis
. Fatty liver due to inability to oxidize fatty acids

Al

oo



CHAPTER

CARBOHYDRATE METABOLISM

I. Glycolysis and the Fate of Pyruvate
A. Overview
1. Glycolysis is composed of five reactions that consume ATP and five reactions that
produce ATP.
2. Pyruvate dehydrogenase catalyzes three reactions within the same multienzyme
complex.
3. Glycolysis is regulated at three points: hexokinase, phosphofructokinase (PFK), and
pyruvate kinase.
4. Pyruvate dehydrogenase is regulated by covalent modification with phosphorylation.
5. Glycolysis interfaces with glycogen metabolism, the pentose phosphate pathway, the
formation of amino sugars, triglyceride synthesis (by means of glycerol 3-phosphate),
the production of lactate (a dead-end reaction), and transamination with alanine.
6. Pyruvate dehydrogenase interfaces with other pathways such as the citric acid cycle or
fat synthesis through its product, acetyl CoA.
7. Lactic acidosis is caused by overproduction of pyruvate or NADH.
8. Deficiencies in any of the pyruvate dehydrogenase enzymes produce lactic acidosis.
B. Glycolysis and pyruvate oxidation: pathway reaction steps (Fig. 6-1)

1. Step 1
a. Phosphorylation of glucose to glucose 6-phosphate, the first regulated step in
glycolysis, is irreversible and traps glucose inside the cell. Phosphorylation: traps
b. The reaction uses 1 ATP. glucose in the cell

¢. The two enzymes that catalyze this step, hexokinase and glucokinase, are
specialized to function under different conditions (Table 6-1).
d. Hexokinase, present in all tissues, is active at low glucose concentrations (low K,,,)

and cannot rapidly phosphorylate large amounts of glucose (low V). Hexokinase:

e. Glucokinase, present in the liver and pancreatic B cells, is highly active only at phosphorylates glucose;
high glucose concentrations (high K,,,) and rapidly phosphorylates large amounts of low K, low Vinay
glucose (high V... Hexokinase: low K,

2. Step 2 ensures glucose uptake at

a. Reversible reaction involving the conversion of glucose 6-phosphate to fructose fasting levels

6-phosphate by phosphoglucose isomerase

3. Step 3 Glucokinase:
a. Irreversible reaction involving the conversion of fructose 6-phosphate to fructose phOSphorylfites glucose;
1,6-bisphosphate by phosphofructokinase 1 (PFK-1), which is the rate-limiting high Ky, high Vinax

enzyme of glycolysis

b. The reaction uses 1 ATP.

4. Step 4

a. Reversible conversion of fructose 1,6-bisphosphate to two 3-carbon intermediates
by aldolase A

b. Triose phosphate isomerase reversibly converts glyceraldehyde 3-phosphate to
dihydroxyacetone phosphate (DHAP).

c. DHAP is reversibly converted to glycerol 3-phosphate by glycerol 3-phosphate

dehydrogenase, which uses NADH as a cofactor. DHAP converted to
(1) Glycerol 3-phosphate is the primary substrate for synthesis of triacylglycerol in glycerloll 3'th5Pha}:eﬂ
the liver in the fed state (see Chapter 7). triacylglycerol synthesis,

gluconeogenesis, ETC

(2) Glycerol 3-phosphate is used to shuttle NADH to the electron transport chain =~ () .\

(ETC) in the inner mitochondrial membrane (see Chapter 5).
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6-1: Steps in glycolysis. The regulated steps in glycolysis are indicated by one-way arrows and boxed enzymes. Reversible reac-
tions are identified by two-way arrows. Interfaces with other pathways are also identified. BP, bisphosphate; MetHb, methemo-
globin; P, phosphate; PFK, phosphofructokinase.

TABLE 6-1. Compatison of Hexokinase and Glucokinase

CHARACTERISTIC HEXOKINASE GLUCOKINASE
Tissue location All Liver and pancreatic B cells
Kin Low (high substrate affinity) High (low substrate affinity)
Vimax Low High
Inhibited by glucose  Yes No

6-phosphate
Inducible by insulin No Yes

Substrate specificity
Physiologic role

Glucose, fructose, galactose

Provides cells with basal level of glucose
6-phosphate needed for energy production

Glucose only

Permits accumulation of intracellular glucose
for conversion to glycogen or triacylglycerols
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(3) In the fasting state, glycerol 3-phosphate is converted to DHAP, which is used
as a substrate for gluconeogenesis.
5. Step 5

a. Reversible conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate
(1,3-BPG) by glyceraldehyde 3-phosphate dehydrogenase using NAD™ as a cofactor

b. NAD™ must be replenished for glycolysis to continue.

c. NADH is shuttled into the ETC by the glycerol phosphate shuttle or the malate-
aspartate shuttle (see Chapter 5).

d. The methemoglobin reductase system and the pathway for synthesizing
2,3-bisphosphoglycerate (2,3-BPG) are ancillary pathways that emanate from this
reaction.

6. Step 6

a. Reversible conversion of 1,3-BPG to 3-phosphoglycerate by phosphoglycerate
kinase

b. This reaction generates 2 ATP per glucose molecule, which replace the 1 ATP
used in step 1 and the 1 ATP used in step 3.

7. Step 7

a. Reversible conversion of 3-phosphoglycerate to 2-phosphoglycerate by

phosphoglycerate mutase
8. Step 8

a. Reversible conversion of 2-phosphoglycerate to phosphoenolpyruvate (PEP) by

enolase
9. Step 9

a. Regulated, irreversible reaction involving the conversion of PEP to pyruvate by
pyruvate kinase

b. There is a net gain of 2 ATP per glucose molecule in this reaction.

10. Step 10

a. Reversible conversion of pyruvate to lactate by lactate dehydrogenase using
NADH as a cofactor

b. This reaction occurs in anaerobic glycolysis associated with shock and extreme
exercise.

c. This reaction also occurs in alcoholics because of an increase in NADH from
alcohol metabolism (see Chapter 9).

11. Pyruvate dehydrogenase, a large multienzyme complex located in the mitochondrial
matrix, acts on pyruvate to produce acetyl CoA and 2 NADH.

a. Five coenzymes are required for the above reaction.

(1) Coenzymes derived from vitamins include thiamine pyrophosphate, FAD,
NADT™, and coenzyme A.
(2) Lipoic acid is a coenzyme produced from octanoic acid.

b. a-Ketoglutarate dehydrogenase, which carries out an analogous reaction to form
succinyl CoA in the citric acid cycle, is also a multienzyme complex and requires
the same coenzymes (see Chapter 5).

12. Maximal ATP yield from oxidation of glucose is 36 to 38 ATP (Fig. 6-2).
a. The maximum yield of ATP per glucose molecule depends on coupling of glycolysis
with the citric acid cycle (see Chapter 5) by means of pyruvate dehydrogenase.
. Glycolysis and pyruvate oxidation: regulated steps
1. All the kinase reactions are irreversible and serve a regulatory role in glycolysis.
2. Hexokinase versus glucokinase
a. Hexokinase is inhibited by glucose 6-phosphate, the reaction product; glucokinase is
not inhibited by glucose 6-phosphate.
b. Glucokinase induction by insulin and lack of inhibition by glucose 6-phosphate
promote clearance of blood glucose by the liver in the fed state.
3. PFK-1
a. Inhibitors include ATP (indicates that energy stores are high) and citrate (indicates
that the cell is actively making ATP).
b. Activators of PFK-1 include AMP (indicates that energy stores are depleted)
and fructose 2,6-bisphosphate, which is formed by phosphofructokinase 2 (PFK-2).
c. The fructose 2,6-bisphosphate level is controlled by the insulin-to-glucagon ratio by
its effect on PFK-2, which is a bifunctional enzyme that has different activities in
the fed and fasting states (Fig. 6-3).

Glycerol 3-phosphate
fasting state: converted to
DHAP and used as
substrate for
gluconeogenesis

NAD™: must be
replenished for glycolysis
to continue

Ancillary pathways:
methemoglobin reductase
system; synthesis of 2,3-
BPG

PEP conversion to
pyruvate: net gain of
2 ATP

Pyruvate to lactate:
anaerobic glycolysis;
alcoholics

Lactic acidosis: often
present in alcoholics

Anaerobic glycolysis:
2 ATP per glucose
molecule

Aerobic glycolysis: 36 to
38 ATP per glucose
molecule

Kinase reactions in
glycolysis: irreversible;
serve regulatory role

Hexokinase inhibited by
glucose 6-phosphate

ATP and citrate inhibit
glycolysis

AMP, fructose 2,6-
bisphosphate stimulate
glycolysis
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Fed state: PFK-2 increases
fructose 2,6-bisphosphate;
activates of PFK-1

Fasting state: PFK-

2 reduces fructose 2,6-
bisphosphate; no
activation of PFK-1

High insulin, low
glucagon levels: favor
glycolysis

Pyruvate kinase
stimulated during
glycolysis; inhibited
during gluconeogenesis

Pyruvate dehydrogenase:
stimulated by insulin and
ADP in fed state

Pyruvate dehydrogenase:
inhibited by acetyl CoA
and NADH from fat
oxidation in fasting state

Glycerol phosphate shuttle (4 ATP)
Malate-aspartate shuttle (6 ATP)

2 NADH 2 NADH (6 ATP) 6 NADH (18 ATP)
>~
o 2 FADH, (4 ATP)
Citric
Glucose 2 Pyruvate 2 Acetyl CoA acid
cycle l
2 ATP +2GTP 36 ATP
(2 ATP) (glycerol phosphate shuttle)
38 ATP
I (malate-aspartate shuttle) |
T T
In cytosol In mitochondria

6-2: Overview of ATP yield from complete oxidation of glucose. Substrate-level phosphorylation generates 2 ATP per glucose
molecule in the cytosol; however, the bulk of the energy output is derived from electron flow through the electron transport
chain (ETC) and coupled oxidative phosphorylation. Electrons from cytosolic NADH move into mitochondria by the malate-
aspartate shuttle to produce 38 ATP or by the glycerol phosphate shuttle, which results in a slightly lower ATP yield (i.e.,

36 ATP).

6-3: Regulation of phosphofructokinase 1 (PFK-1).

Fructose 2,6-bisphosphate (fructose 2,6-BP), the most ®)

potent activator of PFK-1, is formed by a separate Fructose 6-P PFK-2 <——— Glucagon
enzyme, phosphofructokinase 2 (PFK-2). PFK-2 is a phosphatase

bifunctional enzyme that acts as a kinase at high insu- *)

lin levels (i.e., fed state) and converts fructose 6-phos- PFK-2<:: eiin

phate (fructose 6-P) into fructose 2,6-BP. In the fasting

kinase

state, when glucagon levels are high, PFK-2 acts as a
phosphatase, causing fructose 2,6-BP to convert back A
to fructose 6-P.

TP *) Fructose 2,6-BP
W

??\ & FK.1/
Citrate/ ®K

AMP
Fructose 1,6-BP

(1) In the fed state (i.c., high insulin, low glucagon), insulin dephosphorylates

PFK-2, giving it kinase activity, which converts fructose 6-phosphate to fructose

2,6-bisphosphate, leading to activation of PFK-1 and enhanced glycolysis.

(2) In the fasting state (i.e., low insulin, high glucagon), protein kinase A (activated
by glucagon) phosphorylates PFK-2, giving it phosphatase activity, resulting in

conversion of fructose 2,6-bisphosphate back to fructose 6-phosphate, hence
favoring gluconeogenesis.
4. Pyruvate kinase

a. During glycolysis, pyruvate kinase is stimulated by fructose 1,6-bisphosphate, the

product of the PFK-1 reaction.

b. During gluconeogenesis, pyruvate kinase is inhibited by high levels of ATP, alanine,

and active protein kinase A, thereby driving glucose formation.

(1) During the fasting state, inactivation of liver pyruvate kinase through
phosphorylation by active protein kinase further ensures enhancement of
gluconeogenesis.

5. Pyruvate dehydrogenase

a. Cycling between inactive and active forms of pyruvate dehydrogenase is catalyzed

by a specific kinase (phosphorylates the enzyme) and phosphatase

(dephosphorylates the enzyme).

(1) Active pyruvate dehydrogenase (nonphosphorylated state) is favored by high
insulin (fed state) and by high ADP (indicates the need for energy).

(2) Inactive pyruvate dehydrogenase (phosphorylated state) is favored by increased

acetyl CoA and NADH from fatty acid oxidation (fasting state).

b. Acetyl CoA is a positive effector for pyruvate carboxylase, which favors generation

of oxaloacetate as a substrate for gluconeogenesis.
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Glycolysis and pyruvate oxidation: unique characteristics

1. Comparison of aerobic and anaerobic glycolysis
a. NADH produced in the glycolytic pathway must be oxidized to regenerate NAD™

for glycolysis to continue.

b. In aerobic glycolysis, electrons from NADH are transferred to the ETC by the
glycerol phosphate shuttle or the malate-aspartate shuttle, and NAD™ is returned to
the cytosol (see Figs. 5-9 and 5-10 in Chapter 5).

(1) There is a net gain of 2 ATP and 2 NADH per glucose molecule in acrobic
glycolysis.

(2) 2 NADH produce a total of 4 ATP (glycerol phosphate shuttle) or 6 ATP
(malate-aspartate shuttle) per glucose molecule.

2. In anaerobic glycolysis, r