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PREFACE

PREFACE

This book focuses on clinically relevant biochemistry,
for medical students and other health professionals .

There is a great difference between the research 
oriented needs of the biochemistry graduate student and
the clinical needs of the medical student. A book for
graduate students needs to emphasize research methods
and functionally important points . A book for medical
students needs to provide the basic conceptual back
ground that will allow the student to understand disease
mechanisms, clinical laboratory tests , and drug effects.

The first step in preparing this book was the selection
of that biochemical information with the greatest clinical
relevance. The second step was an attempt to present that
information in a way that optimally facilitates learning
and retention.

I have tried to present an overall conceptual picture
rather than focusing on fine detail . Courses frequently
deliver an overwhelming amount of esoteria with the ex
pectation that the student will eventually integrate this
into an overall view. Commonly, the overall view never
gels and the student is left with isolated points that have
little apparent linkage and are quickly forgotten after the
exam. This book attempts at the outset to present the
major chemical reactions in one central map of Bio
chemistryland that may be conceptualized quickly and is
the central focus of the book. After providing the overall
view, the text centers on more detailed cl inical material . I
have tried to use visual imagery, humor. and other mem
ory techniques, not in disrespect for the field, but as edu
cational methods that should be used more often in
medical education .
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The boundaries between biochemistry, cell biology,
physiology, pharmacology, microbiology, and immunology
are fuzzy, but it is necessary to draw the line somewhere. A
number of topics, therefore, such as electrolyte and acid
base balance have not been included as they overlap with
physiology courses and don't quite fit into the Biochem
istryland map. Certain points in pharmacology and micro
biology are presented where they pertain directly to the
chemical reactions at hand, but these are presented briefly.
The Appendices review isomer and enzyme terminology.

I have not emphasized structure in this book, as it is the
flow of events. rather than specific structural formulae
that are most relevant from a clinical standpoint. I have,
however, included a structural index for reference to spe
cific structures when appropriate .

This book is not intended as a replacement for standard
reference texts, but is a supplement to show the overall
picture, in conjunction with the reference text. It should
also be useful for Board review. The idea is that students
learn better when they have two kinds of books-a small
book that directly shows the overall view, and a basic
reference text ,

I thank Dr. Frans tl~ijing for his n.any helpful sugges
tions in all areas of this book. Dr. Ben Pressman provided
a number of useful discussions . Charles Messing drew the
Biochemistryland map, the cover illustration , and the text
figures . I am grateful to the Boehringer-Mannheim Bio
chemical Co. for their kind permission to reproduce, in
the Structural Index, many of the structural formulae
from their excellent map of the pathways in biochemical
metabolism.
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CHAPTER 1. OVERV1EW OF BJOCHEM1STRYLAND

CHAPTER 1. AN OVERVIEW OF BIOCHEMISTRYLAND

Biochemistryland is a biochemical amusement park . As
seen from high in the air in figure 1.1, Biochemistryland
consists of a number of sections: THE MAIN POWER
HOUSE, CARBOHYDRATELAND, LIPIDLAND,
THE AMINO ACID MIDWAY, THE DNA FUNHOUS E,
PORPHY'S HEMELAND, COMBO CIRCLE, and an
INFIRMARY. A closer look (fig. 1.2) reveals finer de
tails, such as interconnections between the sec tio ns and
subdivisions of the sections themselves.

I. THE MAIN POWERHOUSE is the key energy
source of Blochemistryland and, in fact, is key-shaped.
Its Main Hallway (fig. 1.2) leads to a ferris wheel (Krebs
cycle) run by a powerful Generator (oxidative phospho
rylation). There is an Energy Hall of Fame (HOF). The
Main Powerhouse is situated near a Saloon (alcohol
metabolism).
2. CARBOHYDRATELAND is shaped like a slice of
cake . It contains a small, accessory powerhouse (the
Penthouse Powerhouse) (fig. 1.2), a carbohydrate Storage
Room , an Ice Cream Parlor, and a Conjugation area.
3. LlPIDLAND is shaped like a string of three hot dogs.
It contains , in its western sector, Phosphatidylywink Vil
lage (fig. 1.2), a Frog Pond, Sphingo's Curio Shop, and a
Lipid Storage Room. In Mid-Lipidland, there are two

Roller Coasters (an up and a down roller coaster, for fatty
acid biosynthesis and degradation) , and a musical review
by the Ketones in the Ketone Playhouse. In the East, pro
gressing through Channel #5, one arrives at the dark and
mysterious Sterol Forest , where one may search for sex,
but must beware of falling into Bile Bog.
4. THE AMINO ACID MIDWAY is a broad field that
stretches throughout Biochemistryland and connects with
many areas. It has a (Urea) Restroom (fig. 1.2).
5. THE DNA FUNHOUSE contains a sideshow with
mutants and other amazing transformations. It also has a
(Uric Acid) Restroom (fig. 1.2).
6. PORPHY'S HEMELAND is for people who like real
blood and guts adventure. Buy your pinwheels here.
7. COMBO CmCLE is a triple theatre that stars the
glycoproteins, glycolipids, and lipoproteins (fig. 1.2).
8. The INFIRMARY is stocked with drugs, including
vitamins, hormones, and minerals. An infinnary is neces
sary. as Biochemistryland is a hazardous place where one
may find diseases of diverse nature, which are indicated
bY red-encircled numbers of the main map. The main
map may be found on the inside of the back cover of the
book. It shows Biochemistryland in finer detail than fig
ures 1.1 and 1.2. Discussion of the diseases on the map
may be found m.the Clinical Review (chapter 10).
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CHAPTER I. OVERVIEW OF BIOCHEMISlRYLAND
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Fig. 1.2. A closer look at Biochemistryland .

Where is Biochemistryland?

The Biochemistryland map is a way of viewing the key
biochemical reactions of the body. The map, though , does
not correspond to any known human anatomy. Why, then ,
should one bother to place the various biochemical reac
tions in such an artificial format? Why not simply draw a
liver, intestine, muscle, brain, etc . and indicate the vari
ous biochemical reactions therein so that one may know
where in the body the individual reactions occur? The
problem with this approach is that a panicular chemical
react ion often occurs in many organ systems. If the indi
vidual organs were drawn, with the idea of including their
chemical reactions inside them, there would be extensive
duplication of pathways and an uninterpretable map. If
one wishes to draw-the individual reactions only once.
one needs a different formal. The format of the Bio
chemistryland map allows this, in a way that can be ap
preciated visually as a whole .

chemical reaction is organ-specific, a laboratory test that
detects an abnormal amount of the particular chemical in
question may alert the clinician to the anatomical location
of the specific pathology. For instance, elevation of serum
SGPT (ALT) enzyme levels may provide a clue as to the
presence of liver injury. In view of the clinical importance
of knowing the anatomical localizations of particular reac
tions, each chapter includes at the end a discussion of
how the particular Biochernistryland zone corresponds to
locations within the body.

How To Use This Book

Keep the main map (inside of back cover) in front of
you, as the map is the central focus for ali the chapters. If
you like, the Structural Index at the end of the book may
be used to check specific biochemical structures. Struc
ture , though, is not as important clinically as is the gen
eral flow of reactions .

Although organs are not shown on the map, it is none
theless important for the clinician to know which reac
tions correspond to di fferent o rgan sys tems . Certai n
reaction steps are almost universal throughout the body
(e.g., glycolysis). Other reactions are more confined to
part icular organs (e.g. thyroxine production). When a

Diseases indicated on the map by the red-enci rcled
numbers are discussed in the chapter entitled CLINICAL
REVI EW. The numbers within the red ci rcles co rrespond
to the numbers in the CLINICAL REVIEW chapter. For
instance , 36. encircled in red on the map. refers to clini 
cal condition #36 as discussed in the CLINICAL RE-

2



CHAPTER I . OVERVIEW OF BJOCHEMISTRYLAND

VIEW under #36. You may wish to wait until reading all
the chapters before studying these diseases as a whole.
Alternatively, you may wish to examine them as you read
each chapter to see the clinical relevance of the points
under discussion. Vitamin-containing structures are indi
cated in green on the main map.

Throughout the book, map locations are given to direct
the reader to specific points on the map. For instance "G-

3

4" refers to coordinates "G-4" on the map. The terms " 
ate" and "ic acid" (as in pyruvate and pyruvic acid) are
used interchangeably, the "-ate" form being the ionized
(-COO-) form of the acid (-COOH). Appendix I re
views the terms used in describing isomers. Appendix II
defines the terminology in enzyme classificat ion. .

Fix in mind figures 1.1 and 1.2 before proceeding.
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CHAPTER 2. THE MAIN POWERHOUSE

Biochemist ryland needs energy to kee p running. Th ere
are a number of sources of this fuel . The ult imate source
of energy is the sun, which enables plants to make glu 
cose from CO, and 11,0 du ring photosynthes is. Bio
chemistryland doesn 't bum glucose in the strict sense of a
fire. Fire might be good enough to make stea m and drive
a steam engine . The body, however, would bum up if it
crudely used heat to run . Instead, the energy released
during the breakdown of glucose and other molecules to
CO, and H,O is released gradually to form energy
containing packets , the most impo rtant of which is the
ATP (adenos ine triphosphate) molecul e. ATP is then used
as an energy source in driving many biochemical reac
tions. It is estimated that we use more than half our body
weight each day in ATP.

else, during the process of delivering energy, that contrib
utes to the parti cular chemical reac tion at hand . In ATP's
case it is the tran sfer of a phosphate group, a common
occurre nce throughout Biochemist ryland. For other mole
cules , it may be the transfer of single or double carbon
groups, hydrogen atoms, electrons, o r other things, as
shown in figure 2.1 Nor are these listed ones the only
high energy molecul es in the body. The ones listed in the
Energy Hall of Fame were placed there beca use they have
general functions throughout Biochemi st ryland. Other
molecules may co ntribute significant energy but act at
only one spot on the map. For instance , PEP is a very
high energy molecule that supplies phosphate groups 10
ADP (adenosine diph osphate) to form ATP (it is full of
" PE P") in the reaction :

The Energy Hall Of Fame

Let us stan our tour of the Main Powerhouse with the
Energy Hall Of Fame.

ATP

PEP + ADP~ PYRUVATE + ATP
(0-7)

Reducing agents are those that supply hydrogen .
atoms. or electrons in chemical react ions. (Oxidizing
agents receive hydrogen atoms or electron s). Molecules
such as NAD H, NADP H, and FADII , are redu cing age nts
that release energy when reacting and are said to
have "reducing power" . In ge neral, biosynthesized mole
cules become more reduced with synthes is, especially
through the use of molecul es like NADPII , whic h are irn
portant in Biochem istryland. NADPH differs from NADH
in that the energy supplied by NADPH generally is
used for a variety of biosynth eses rathe r than the gen
eration of ATP. We will encounter the uses of NA DH and
FADH, in ATP produ ction when we explore the Main
Powerhou se Ferris Wheel Ge nerator (oxidative phospho
rylatio n).

Chemical reactions procede in the di rection in which
the bonds are more stable and in wh ich energy is re
leased . Such energy may be dissip ated as hea t or captured
and used for other thing" like making A.TP molecul es. It
is an important pr incipl e that when several reactions oc
cur co ncurrently the final result de pends on the net en
ergy loss . Th us:

The net reaction in the above series is to the right (A goes

A' • B + C /',.+6 kcal /rnol (Reaction goes to A
as it would require energy input to
go to B + C)

B • • D /',. - 9 kcal/rnol (Reactio n goes to D
with net loss of energy)

A • • C + D /',. - 3 kcal/ rnol (Net reaction is to
the right , wi th net loss of ene rgy)

N

>N
0 -

If ATP were the only kind of "energy molecule" , the
Ene rgy Hall Of Fame woul d be sma ll , indeed . T he fact is
that there are many kinds of molecules capable of supply
ing energy besides ATP. In each case, ATP included , the
molecule has the additional talent of doi ng something

ATP, while a good energy packet, is not a good fuel
storage molecule, as it is used quick:ly after being formed .
Better storage forms of energy are glycogen (in the Car
bohydrateland Storage area) and triglycerides (in the Li
pidland Storage area) . When necessary, these storage
molecul es can be broken down and used to rege nerate
ATP.

4



CHAPTER 2. THE MAIN POWERHOUSE

HIGH ENER GY- MOLECULE

A . ,a..TP. CREATIN£.·PHOSPl-l AH..UTP ,GTP

t xcmpte.

GROUP TRAN SFE RRE D

CREATlNE ·P

7
ATP

7
AOP

"'"AD P

"'"ATP

PHOS PHORYL

7
NADH

6. NACH, NADPH, I="AO Hz

Example:

( DOH
I
( = 0
I
CH,

PYRUVATE

c. BIOTIN

E'llomple:

(004 810TlN-CO:a

~=o '--
I
CN,

PYRUVATE

e DOH
I

BIOTIN (!.~\ C"" O
/ ... I

) (Hz
I
COOH

OXAlOi\C ETAT E

ELECTRONS, HYD ROGEN

co,

O. ACETYL COENZ YME A (abbreviat ed as CoA or CoA-SH)
(DOH

Etample: I
(QO H CH,
I

Co·A-5 H I
ACY L(H, ( =0 HO- C- COOH

I I .! )
I

CoA-5-(= 0 + yHz rHl

COOH COO H

ACETYL CoA OJl.Al OACr 1'Al £ CITRATE

Fig. 2.1. Examples from The Energy Hall of Fame. These molecules not only deliver energy, but transfer special
groups in the process, Acyl , RCO-; ADP, adenosine diphosphate; ATP, adenosine triphosphate ; dU MP deoxyuridine
monophosphate; FAD, flavin adenine dinucleotide ; GTP, guanosine triphosphate; NADH , nicotinamide adenine dinuc
leotide; NADP, nicotinamide adenine dinucleotide phosphate ; P, phosphate ; TMP, thymidine monophosphate; UDP,
uridine diphosphate ; UTP, urid ine triphosphate .
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CHAPTER 2. THE MAIN POWERHOUSE

SINGLE CARSONS
OHF

Exernole .

ACTiVATE D HTRAHYDRO r OLAH (THr<:)

o 0
I U

HN........... C-.CH HN ....... ( <,C- CHj

I I THrc I ~
O= C<,N........... CH ....::'-_~.J''''-..) O- C<, N......... CH

PO 'H.VO~ PO -H .\,,/O~

HHH HH H
OH H OH H

dUMP TMP

E.

r. TH IAMINE PYROPHOSPHATE (Th pp)

(T,.cnsfers qroup afo c ct tvcted int erme diat e)

f Komple :

Thpp
XYLULO$E S-P(CS). ERYTHM$E p(C1) 1

rRUeTO&[ '-P~')

~

GLYCERALDEHYDE 3-P(C3)

ALDEHYDE

G. 5-AOENOSYLMET HIONINE.

Exomple.
MET HYL

S ."DENOSYl METH IONINE 't R ---+ S -ADENOSY1..HOMOC.VSTEINE + R-CHJ

H. U RtOINE DIPHO$PHAT[ GLUCOS( tUD P'GLUCOSE)

( Jample , GLUCOSE

uopjr.Lucose l UDP

....... ---

Fig. 2.1 (Continued)

to C + D) even though the first reaction (A to B + C) has
a tendency to move to the left.

In all reactions, the first law or thermodynamics ap
plies: energy is conserved; the total energy on one side or
an equation equal s the total on the other. According to the
second law or thermodynamics, things tend to pracede
from a state of order to a state of disorder, entropy bein g
a term used to describe the degree of disorder. Thu s, gas
molecul es locked up and concentrated in a container tend
to diffuse away when the conta iner is opened, rather than
the reverse; heat flows from a hot objec t to a cold one
rather than the opposite; chemical reaction s prefer to go
in the direction in which energy is released and dissi
pated. There has bee n much co nfusion abo ut this point
when considering the hum an body, because chemi cal re
actions often procede from simple molecules to more
complex ones; complex macroscopic structures develop
from simpler ones; the body grows and is maintained
rather than decays; the body appears to create greater or-

der rather than greater disorder. The situation is not, how
ever, in conflic t with the second law of thermodynamics.
Although chemical syntheses do procede partly in a way
that produces greater order in body structu re and func
tion, they are accompanied by even greater disorder pro
duced in the dissipation or energy in the course of these
reactions . We don't see this energy dissipati on but do see
the orderly aspec t of things. The net . result, however, is
grea ter disorder than order. Exactly how it is that the
body came about developing mechanism s to prod uce such
complex reactions is another matter; This would involve a
speculative discussion abo ut chemical evolution, however,
and is beyond the province of this book (fortunately).

Chemical reactions may be catalyzed by speci,n pro
teins called enzymes or by special RNA molecules called
ribozymes. Enzymes do not supply additional CII<,'gy, or
change the direction of reactions. The reaction continues in
the same direction, with the same eventual results. Wh at an
enzyme does is to speed up a reaction that ordin arily might
take a very long time to occur.

6
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ENIYME EFFECT

>
~
cr::
w
Z
w

A

-- --- ......
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ENERGY OF
CTIVATION

NET ENERGY

CHANGE

PROGRE5SION OF REACTION

Fig. 2.2. The energy hill of activation. The reaction from A to B may take a long time if there is a high energy
requirement to activate the reaction. Enzymes lower this energy hill of activation and speed up the reaction.

Nonnally, substrates in a given reaction need a certain
level of energy (ener gy of activation) to react. At any
given time, some molecules are randomly in a higher
state of activation than others and will cross over the en
ergy hill of activation. This process is fucilitated by en
zymes, which lower the energy hill of activation (fig.
2.2 ). Enzymes sometimes do this by facilitating the align
ment of the reactants with one another so that the latter do
not have to travel around and align with one another ran
domly.

The direction of a reaction depends on the direction of
net energy change in the reaction and on the concentra
tion of reactants . The rate of a reaction, however, does
not depend on the net energy change. The rate may be
quite slow even in a reaction in which the net energy
change is great. Rate depends largely on the energy hill of
activation, which is an entity apart from the net energy
change (fig. 2.2). Increased temperature also increases
the reaction rate, as molecules move faster and have an
greater chance of contacting one another and a better

7

chance to pass over the energy hill of activation. Rate also
depends on the concentrations of substrate and product.

If enzymes do not change the direction of a reaction. it
is at first puzzling to note that many reactions in Bio
chemistry land contain two-way arrows. with one enzyme
seeming to direct the reaction one way and the other en
zyme the other way. For instance :

GLUCOSE

He XOkinase] jG lucose -6-PhOSPhotase
(D-2)

GLUCOSE ('-PHOSPHATE

Hexokinase facilitates the reaction toward glucose 6
phosphate whereas glucose 6-phosphatase facilitates the
reaction toward glucose. On examining each of these re
actions more closely, however, note that, the reactions
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A (

each way are really different, containing different sub
strates, depending on the direction. Thus, one reaction is:
glucose + ATP forms glucose 6-P + ADP. The other is:
glucose 6-P + H,o forms glucose and Pi (inorganic
phosphate). The enzyme that acts on one set of ingredi
ents does not necessarily act for the other set. The reac
tion that actually Occurs will depend on the availability of
the parti cular substrates and enzymes . Since glucose 6
phosphatase is not present in muscle cells , for instance,
muscle cells do not make glucose from glucose 6
phosphate.

The large effects that enzymes have on reaction rate
explains why it is useful to have two-way arrows with
separate enzymes for each direction. For instance, con
sider the following reaction chain:

w X

A '-- /' ) B~C~D~E
Enzyme

A and ware substrates
B and x are products

The sequence of A to B may be reversed to some degree
by an increased concentratio n of E, but only slightly.
(Compare for instance , the difficul ties one will experi
ence in try ing to reverse the reaction Ag ' ' + CI- -+

AgCI, (precipitate), a reaction that goes far to the right ,
by adding more AgCl,. Reaction direction can be altered
drastically, though if the reaction sequence is:

Enzyme 1
w x

\. L) B4C4D-.o?Eof,
z y

Enzyme 2.
Enzyme I directs the reaction of A to B and enzyme 2
direc ts the reaction of B to A. If the final product E feeds
back (negative feedback) to inhibit enzyme I (thus signal
ing an excess of E), and stimulates the action of enzyme 2
(positive feedback) the reaction of A to B will come to a
near halt, wherea s B to A will procede at a much faster
rate . The net result is a much more dramatic change in
direction in response to excess E than might occur if con
centration alone were the driving force.

In general , it is important that enzyme reactions which
procede in one directio n do not occur simul taneously in
the same locati on as those that procede in the opposite
direction . Otherwise, the reactions will compete with one
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another, generat ing a continuous cycling that only wastes
energy, For instance, conside r:

fRUtTOSE 6 -P

PhO'PhOfru<to k:T:.~ ~r:ct o , . d;pho,pho'Q' :

ADP1 ~'H,O to-OJ

fRU CTOSE 1,6 -P,
"Newer tenni nology is "b isphosphatase ."

When the two-way react ions act together, as a continu
ous cycle , this wastes ATP, with the generation of heal.
Some animals use this to their advantage for heat produc
tion, while hibernating. In human s pathological cases
may occur in which two-way reacti ons such as these may
inappropriately occur simultaneously, with excess heat
production to the degree that may cause death . This is
believed to occur in malignant hyperthermia, a rare
condition that resul ts from a peculiar reaction in certain
individuals who are exposed to halothane anesthesia or
certain other chemicals . In order to avoid the situation of
competition within two-way reactions. the body com
monly uses the strategy of negative (and positive) feed
back to insure that both enzymes are not acting
concurre ntly. Alternatively, it is common that separate di
rection reactions, while conveniently placed nea r one an
other on paper, are. separated in the body, whether in
different organelles, or in different organs. Commonly,
biosynthetic reactions are separated within the body from
biodegrad ation reactions. Figures 2.3 and 2 .4 summa
rize , for future reference in the book, the different reac
tions that occur in cell organe lles (fig . 2.3) and in the
various organ systems (fig. 2.4).

The effects of enzymes should be distinguished from
the effects of horm ones. Enzymes play a direct role in
controlling reaction rates . Hormones appear to act by di 
rectly or indirec tly affec ting the degree of enzyme synthe
sis or activation .

Let us now take a closer look at the key sections of the
Main Powerhouse-the Main Hallway (glycolysis and
gluconeogenesis), and the Ferris Wheel (Krebs cycle) .

The Main Hallway and the Ferris Wheel

A primary conceptual step in the functioning of the
Main Powerhouse is the splitting of glucose, a 6-<:arbon
sugar, into two 3-earbon halves. Th is occurs right at the
entrance to the Main Hallway, where glycera ldehyde 3
phosphate is formed . This in turn can eventually lose a
carbon to form acetyl CoA , the key fuel of the Main
Powerhouse ferris wheel. Imagine a ferris wheel in which
two passengers get on, sit down, and then get off. There
is no net change in the number of seats on the ferris
wheel. Similarly, for every 2 carbons that get on the
Krebs cycle , as acetyl groups from acetyl CoA , two car
bons get off as CO" and there is no net change in the
ingredients of the ferr is wheel. (Actually the two carbons
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SYNTHES IS AND PACKAGING OF
COMPLEX MOLECULES INCLUDIN G
GLYCOUPIDS, GLYCOPROTEIN S,
AND LIPOPROTEINS

KREBS CYCLE; FATTY ACID
OXIDATION; FORMATION OF
ACETYL CoA; PART OF UREA
CYCLE; PART OF GLUCONEOGENESIS;
PART OF HEME SYNTHESIS

GLYCOLYSIS; HMP SHUNT; PROTEIN
SYNTHESIS; FATTY ACID SYNTHESIS;

PART OF UREA CYCLE; PART OF
GLUCONEOGENESIS; PART OF HEME
SYNTHESIS

II

~.

DEGRADATION OF COMPLEX
MACROMOLECULES

t'\iOCHOND~/,.q

~

DNA AND RNA
SYNTHESIS

Fig. 2.3. The intracellular localization of some key biochemical reactions.

HO USEKEEPING (GENERALIZED) ORGAN FUNC TI ONS

Fatty acid oxidation (*)(**)
Glycolysis
Glycogen synthesis and breakdown
Krebs cycle and oxidative phosphorylation (**)
Protein synthesis (**)

(*) except in brain
(* *) except in mature red blood cells

SPECIALIZED ORGAN FUNCTIONS MAJOR SITES

Fatty acid synthesis
Gluconeogenesis
Heme synthesis
HMP shunt

Amino acid synthesis and breakdown
Urea synthesis
Choiesterol and bile acid synthesis
Steroid hormone synthesis

liver, fat cell s
liver, kidney
bone marrow
liver, fat cells, adrenal cortex

manunary gland, red blood cells
liver
liver
liver
adrenal cortex, gonads

Fig. 2.4. The organ localization of some key biochemical reactions.
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Fig. 2.5. The ferris wheel generator: ox idative phosphorylation. Intramitochondrial NADH yields 3 ATPs. FADH,
yields 2 ATPs. Extramitochondrial NADH (genera ted in the cytoso l in the Main Hallway) yields only 2 ATPs. T his is a
co nseque nce of the fact that cytosol NADH cannot pass through the mitochondrial membrane. It must do so via
Glycerol-3-P (the Glycerol Phosphate Shuttle), but in doing so, loses the potential of producing an ATP. One GTP
produces one ATP. Cyt. , cytochrome . The cytoc hromes are heme-containing proteins that participate in electron tra ns
pon through valence changes in the heme iron . FMN, flavin mononucleot ide ; CoQH, coe nzy me Q; DHAP, dihydroxy
acetone phosphate; FAD. flavin adenine dinucleotide; NAD. nicotinamide adenine dinucleotide.

that get on are not the same two carbons that get off, but
the principle is the same) . The degrada tion of the two
carbo ns to form CO, releases energy that is captured to
form ATP. A small amount of ATP is formed in the Main
Hallway (glycolysis), but most is produced at the level of
the Ferri s Wheel (Krebs cycle) and its generator (oxida
tive phosphorylation (fig . 2. 5) .

Th e acetyl CoA that gets on the ferris wheel can be
continually repl eni shed through glucose breakdown, or,
mainly, through fatty acid degradation (oxidation) , or by
transformation of certain amino acids . What. however,
produces the seats of the ferris wheel , or replenishes them
when nece ssary? The seat s cannot be repl aced by acetyl
CoA, which is merely a passenger. The chemicals of the
ferris wheel can be restored in part by certain amino acids
that can co nvert to Krebs cycle intermediates . There also
is an important side step in which pyruvate can be directly
convened to oxaloacetate (D-8) .

A glance at the Bioch emistryland map shows that fruc
tose is another 6-carbon sugar that can split in two and be
used as fuel to feed the Main Powerh ouse.

As mentioned , most of the ATP is produ ced during re
actions in the Krebs cycle . speci fically during oxidative
phosphorylation . However. the Krebs cycle requires O2 to
run. In the absence of O,; anaerobic glycolys is can still
occ ur (in the Main Hallway), with the production of some
ATP. In order for this to happen though, the NA DH pro
duced in the step between glyce raldehyde 3-P and 1,3P,-

/0

gly cerate needs to be changed back to NAD ' for reuse in
the latter step. Nonnally NAD ' restoration occu rs in ox
idative phosphorylation , which requ ires 0 , . Without 0 "
pyru vate instead changes to lactate, a step in which NAD'
can be replaced . Consequently, there may be a buildup of
blood lactate during vigorous exercise .

Although ATP is spun off during the Krebs cycle , this
is not apparent on just looking at the ferr is wheel. 1 i.c
ATP does not j ust come off directly from the ferris wheel.
Rather, NADH , FADH" and GTP molecules , which do
come off the ferri s wheel are used to produce ATP in the
Ferris Wheel generator (fig. 2 .5). NADH and FADH,
molecu les supply electrons that are passed along an <;. b
orate bucket brigade of molecules that ends in a reaction
with 0 , and the release of energy that changes ADP to
ATP. The term oxidative phosphorylation refer s to the
event s in the Ferris Wheel generator: Oxidation by a se
ries of reactions requ iring 0 , at the end ; phosphoryla tion
of ADP to ATP in the same chain . O xida tion and phos
phorylation are said to be coupled to one another. Le . ,
oxidation occurs concurrently with ATP generation.

Oxidation is stimulated by the presence of Au r-, HI U l\,.~

absence of ADP. oxidation slows . This provides a con trol
mechanism wherein the rate of oxidation matches me
need for ATP. Oxidation thu s increases when ATP is low
(and AD P high) and slows when ATP is high (and ADP
low.)
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It is possible to add uncoupling agents that prevent the
formation of ATP. In such cases there is increased oxygen
consumption and generation of heat. Hibernating animals
may use this mechanism to their advantage .

T he numbers of ATP molecules produced by glyco lysis
and the Krebs cycle are summarized in figure 2.6.

Molecules from other land s can also supply fue l to the
Main Powerhouse . Lipids from Lipi dland supply much
acetyl CoA and glycero l from the Lipidland (triglyceride)
storeroom. Tapp ing the resources of the Lipidland Storage
Room occurs all the time , but becomes especially promi
nent after only a short pe riod of fasting, as the Carbohy
dratel and storage room has only enough stores (glycogen,
which breaks down to glucose) to last abo ut a day. The
Amino Acid Midway can supply amino acids which can
change into Main Powerho use mol ecul es , particularly
during periods of starva tion. However, the Amino Acid
Midway reall y prefers not to be a so urce of fuel molecules
as this means it may have to break down impo rtant pro
teins to get at the am ino acids (the Midway does not have
its own private amino acid storage room).

The Main Powerhouse is particularly important bec aus e
it is more than an ATP energy generator that uses carbo
hydrates, fatty acids and amino acids as fuel. It can also be
the source of a number of molecules that are used in other

GLYCOLYSIS (CYTOSOL)

areas of Biochemistryland. It can generate carbohydra tes
(gluconeogenesis), lipids (lipogenesis) and amino acids.
Suceinyl CoA is not only used for the Krebs cycle; it is
the entry point to Porphy's Hemeland. A number of mole
cu les spun off from the Ferri s Wh eel (e .g., glutamate and
aspartate) are also used to make purines and pyrimidines
for the DNA Funhouse. The di rec tions tha t reac tions fol
low largel y depend on the body's needs and on feedback
reactions that affect key ra te-controlli ng steps.

The Saloon
--If we don 't have enough at (as in vigorous exercise) we

need some way to repl eni sh the NAD ' that is used in the
Mail! Powerhouse hallway. As one cannot rely on oxida
tive phosphorylation to do it , pyruvate transforms into
lactate , anaerobically, thereupon replenish ing NAD' .
Now a runner who is becoming anaerobic may get a high,
but this is not due to pyruvate transforming into alcohol.
Only microo rganisms can do that. The saloo n in Bio
chemistryland makes alcohol but only in microorga
nisms. If we ingest e thanol we can handle it by
transforming it to acety l Co A , Hence , alcohol can be
used as a fuel. Alcohol ingestion can also lead to weight
gai n, as acetyl CoA co nnects d irectly with the lipid
syn thes izing roller coaster of Lip idland...

ATP PRODUCTION

I . Glucose + ATP ~ Glu cose 6-Ph osphate + AD P
2. Fructose 6-P + ATP --+ Fructose 1,6-P, + ADP
3. (two) 1,3-P,-Glycerate + ADP --+ (two) 3-P-glycerate + (two) ATP
4 . (two) P-enol pyru vate + ADP --+ (two) Pyruvate + (two) ATP

KREBS CYCLE AND OXIDATIVE PHOSPHORYLATION (MITOCHONDRIA)

5. (two) Pyru vate + (two) NAD ' --+ (two) Ace tyl CoA + (two) NADH (precedes Krebs cycle)
6 . (two) Isocitrate + (two) NAD ' --+ (two) 2- ketog!utarate + (two) NADH
7 . (two) 2- ketoglutarate + (two) NAD' --+ (two) Succ inyl CoA + (two) NADH
8. (two) Succinyl CoA + (two) GDP --+ (two) Succinate + (two) GTP
9 . (two) Succinate + (two) FAD ~ (two) Fumarate + (two) FADH,

10. (two) Malate + (two) NAD' --+ (two) Oxaloacetate + (two) NADH

- I
- I
+2
+ 2

+ 6
+6
+ 6
+ 2
+4
+ 6

GLYCEROL 3-PHOSPHATE SHUTfLE (CYTOSO L ._ - - MITOCHONDRIA)

11. IN CymSOL: (two) DHAP + (two) NADH ~ (two) Glycerol 3-P + (two) NAD '
IN MIm CHO NDRIA: (two) Glycerol 3-P + (two) FAD --+ (two) DHAP + (two) FADH,

TOTAL

+4

+36 ATPs

Fig. 2.6. T he numbers of ATP molecul es prod uced in glyco lysis and in the Krebs cycle. Thirty six ATPs result from
the spli tt ing of one glucose molecule. Note that each 6-ea rbo n glucose splits into two 3-carbon molecules , eac h of which
generates its own ATPs . Each NADH from the Krebs cycle yields 3 ATPs . Each FADH, yields 2 ATPs. Each NADH
from the cytosol yields only 2 ATPs. Each GTP yields one ATP. DHAP, Dihydroxyacetone phosphate.

JJ
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Where is The Main Powerhouse?
The hallway portion of the Main Powerhouse (glycoly

sis) through pyruvate lies in the cytoplasm; the remainder
(pyruvate through the Krebs cycle) occurs in the mito
chondria (fig. 2.3). Physicians generally are not too inter
ested where such cellular partitioning occurs . True,
certain diseases may be selective for mitochondria (for
instance, certain rare myopathies), but in general , physi 
cians are more interested in which organ systems corres
pond to various portions of the map. Thus, a laboratory
test that points to a defect in a particular chemical reac
tion may provide clues as to which organ is affected.
Therefore , regarding organ localization , glycolysis is a
rather universal reaction , occurring throughout the body.
It's reverse, however, gluconeogenesis (all the way back
to glucose) , occurs predominantly in the liver (to a lesser
extent in the kidney) . Thus, for lactate to convert back to
glucose after exercise, it has to leave the muscle cell, and
travel all the way back in the hlood stream to the liver,
where gluconeogenesis can occur. Once in the liver, the
appropriate enzymes are available to help lactate revert to
glucose. These enzymes include:

1. pyruvate carboxylase (enables pyruvate to become
phosphoenolpyruvate by first changing pyruvate to ox
aloacetate (D-8) . Otherwise the reaction from P)3P to pyr
uvate is essentially irreversible).
2. fructose diphosphatase-acts in the changing of fruc
tose 1,6-P2to fructose 6-P (D-3) .
3. glucose 6-phosphatase, which is not present in muscle
but is present in liver. It catalyzes the change of glucose
6-P to glucose (D-2).

There is a small' section of the Main Powerhouse, the
toothed section of the key that lies off the main hallway. It
contains a side-reaction involving 2 ,3 P,-glycerate. This
reaction is particularly significant in red blood cells and
will be elaborated on further in the Clinical Review #8.
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Since red blood cells do not contain mitochondria, they
have no Krebs cycle; the main hallway (glycolysis) sec
tion does, however, function to produce some of the en 
ergy in red blood cells, in addition to the HMP shunt (to
be discussed in Carbohydrateland).

Summary of Connections of the Main
Powerhouse

l. Carbohydrateland. The Main Powerhouse connects
with Carbohydrateland, which provides it with molecules
that can be broken down to either be used as fuel (glyco
lysis) or converted to other molecules. Conversely, the
Main Powerhouse. when acting in reverse (gluconeogene
sis) can produce carbohydrates .
2. Lipidland. The Main Powerhouse connects with Lipid
land , which provides it with acetyl CoA and glycerol,
to use as fuel or to convert into other kinds of molecules .
Conversely, The Main Powerhouse may provide Lipidland
with acetyl CoA and glycerol , to be used in the formation
of lipids .
3 . The Amino Acid Midway. The Main Powerhouse con
nects with the Amino Acid Midway, as amino ac ids, di
rectly or indirectly, can be transformed into Main
Powerhouse molecules. Conversely, certain amino acid s
(the nonessential ones) can be formed directly or indi
rectly from Main Powerhouse molecules .
4 . Porphy's Hemeland. The ferris wheel (Krebs cycle) of
the Main Powerhouse connects with Porphy's Hemeland ,
as the succinyl CoA of the ferris wheel is a precursor
of porphyrins and their derivatives , such as heme.
5. The DNA Funhouse. The Main Powerhouse connects
indirectly with the DNA Funhouse in that Main Power
house ingredients may indirectly become part of purine
and pyrimidine nucleotides. Conversely, nucleic acid
breakdown may contribute molecules that ind irectly trans
form into Main Powerhouse molecules .
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Carbohydrates are molecules of 3 or more carbons that
contain more than one hydroxyl group. In most cases,
using the strictest definit ion of ca rbohydra tes, they also
contain an aldehyde group (e .g., glucose) or a keto group
(e .g. fructose). Commonly their structure shows one H,O
molecul e for each carbon (e.g ., glucose is C.H "OJ .
Some molecules that are cal led carbohydrates contain
only hydroxyl groups (e .g. , mannitol , glycerol) , or con 
tain other groups (e .g . , glucuronic acid contains a
-COOH group) .

Carbohydrates include:

1. Monosaccharides: carbohydrates that cannot be hy
drolyzed (split, with the addition of H,O) into simpler
carbohydrates . Typically, they contain 3,4,5 , or 6 carbons
(trioses, tetrose s, pentoses, hexoses). Glucose (fig. 3.1 )
as well as fructose and galactose are examples of hexoses .
2 . Disaccharides: combinations of two monosaccharides.

Examples are maltose (glucose + glucose), sucrose (glu
cose + fructose), and lactose (glucose + galactose).
Note: glucose is common to all three of the latter disac
charides. A mnemonic for remembering which names are'
monosaccharides and which disaccharides: The first let
ters of the disacchar ides (I , lactose ; m, maltose; s, su
crose) are later in the alphabet than the first letters of
their corresponding monosaccharides (f, fructose; g. ga
lactose; g, glucose) .
3. Oligosaccharides: contain 3-6 monosacchar ides.
4. Polysaccharides: contain more "than 6 monosac
charides . These include starches, which are long chain
polymers of a1pha-D-glucose in the form of amylose,
amylopectin, and glycogen. Amylose is an unbranched
chain of glucose residues connected by alpha 1,4 linkages
(fig. 3.1). Amylopectin, apart from being a longer word,
is more co mplex than amylose in having additional,
alpha-I ,6 linkages , which result in branching. Glycogen

HC=O HO H
I

tH-C-OH H OH
I JHO-C-H HO H 0
I •H-C-OH H OH
I sH-C-OH H
I ,
CHzOH CHzOH

D-GLUC05E (3-D-GLUCOSE

(NON-RING FORM) (r3-ANOMER FORM)

tH.OH
H

,
OH

O",-H
H 2

H
OH 4 ,

HO J H 0 HO OH

H • OH H OH
H 5

'CHzOH

~
d,-D-GLUCOSE

(ex-ANOMER FORM)

r--O

o

GLYCOGEN

'e<

};---O

' 0<
o
T

ex- I,4 LINK

rr--- - O
CHzOH

0

~

0

.CH2OH

5 0 0

~ ' 0<

0 0

Fig.3.1. Glucose and its two anomeric form s, which result from the formation of a ring on opening up of the carbonyl
(-C= O) group. Note the several ways of drawing molecular structure. Maltose consists of two alpha-glucoses linked by
a 1,4 bond. Amylose consists of a chain of such linkages. Glycogen, in addition, contains 1,6 links, which result in a
branched structure . See Appendix I , page 73 , for further review of isomer terminology.
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("animal starch") resembles amylopectin but branches
even more. Glycogen is the main storage fonn of carbo
hydrates in humans, Branching makes sense. The en
zymes that synthesize and break down these long glucose
chains like to act at chain end points. Branching allows a
multitude of end points for these reactions.

Cellulose has beta-I,4 linkages, bonds which human en
zymes cannot break, but the bacterial enzymes in cows
can. Therefore cows eat grass, but we don't.

Carbohydrates have many useful functions. They are used
for the storage and generation of energy; they are impor
tant structural components , both intra- and extracellar ;
and they may be transformed into other, totally different
kinds of molecules, like amino acids, lipids, and nucleic
acids. When carbohydrates attach to proteins and lipids,
they form glycoproleins and glycolipids. The latter com
plex molecules may be found in Combo Circle and will be
seen at show time.

Carbohydrateland connects with the Main Powerhouse.
The Main Powerhouse takes Carbohydrateland's mole
cules and changes them to acetyl CoA, which is used as
fuel in the Krebs cycle ferris wheel. Alternatively, the
Main Powerhouse can take the same molecules and con
vert them into lipids and amino acids . Thus, the mole
cules of both Carbohydrateland and the Main Powerhouse
can become fuel or become widely transformed.

Carbohydratel and has some very interesting tourist attrac
tions. Let us explore them further:

The Penthouse Powerhouse

Carbohydrateland has its own powerhouse, called the
hexose monophosphate (HMP) shunt , the pentose phos
phate pathway, the pentose shunt, or the phosphogluco
nate oxidative pathway. We'll just call it either the
Penthouse Powerhouse, or, briefly, the HMP shunt. This
powerhouse does not produce ATP energy molecules, as
does the Main Powerhouse, but it does produce NADPH,
a molecule important for its "reducing" power. Many
biosynthetic reactions involve substrate reductions and
NADPH is frequently called into play to accomplish this.
An important event in the pentose shunt is the release of
COl which changes six carbon sugars to a five carbon
one-r ibose . Hurray for that maneuver as it is the ribose
that moves along its way to the DNA Funhouse and is an
important component of nucleotides (like ATP), DNA
and RNA. Ribose is also a pan of NADH , FAD and the
"CoA" portion of acetyl CoA (see Structural Index). If
there is not sufficient demand for the latter items the
ribose (as ribose 5-phosphate) can be convened to glycer
aldehyde 3-phosphate and used in the Main Power
house. In fact, ribose 5-P can do a number of juggling
stunts. It can change into 3,4,6 and even 7 carbon sugars.
The HMP shunt can even go partl y in reverse . For in
stance, if the body needs ribose 5-P, but doesn't need
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NADPH , then the shunt can run from glyceraldehyde 3-P
back to ribose 5-P, thereby bypassing the NADP-to
NADPH steps from glucose 6-P.

The Carbohydrateland Storage Room

Excess glucose molecules may be stored by linking
together to form glycogen, which is stored in the liver,
skeletal muscle, and many other tissues. As indicated on
the map, the sequence flows from glucose....
glucose 6-P glucose l-P ....UDP- glucose....amylose (un-
branched) glycogen (branched). Glycogen breakdown
requires several kinds of enzymes :

I . A phosphorylase, Th is nibbles off glucose units but
cannot break the Hi bond, and in fact, stops acting within
4 glucose units of the Hi branch point. The glucose that
it does chew off is phosphorylated in the process of cleav
age to become glucose I-P. The unacted-upon , branched
residue (=limit dextrin) may be funher degraded by:

2. a debranching enzyme, enabling the rest of the mole
cule to be broken down completely, mainly to more glu
cose l-P. There are different phosphoryl ases for muscle
and liver, and either may be lacking in certa in diseases.

3. In the gastrointestinal tract, salivary and pancreatic
amylase can break down starch directly to maltose, which
in turn is split by maltase (from cells in the small intestinal
wall) to form glucose .

4. Lysosomal alpha-glucosidase, found in cells through
out the body, can catalyze the conversion of glycogen
directly to glucose.

The main net product of the phosphorylase reaction (in
liver and muscle) is glucose l -P, whereas the net product
of the amylase reaction (in the small intestine) or lysoso
mal alpha glucosidase reaction is glucose. There is good
reason behind this differential effect. The intestines (am
ylase) would like to take the low road and form glucose
because glucose is readily absorbed from the gut. Glu
cose I-P, though, doesn 't cross membranes well . Muscle
cells like to take the high road and form glucose l- P as it
remains confined within the cell where it can be used ,
rather than leaking out of the cell, as glucose does. And
don 't think glucose I-P could leave the muscle cell so
easily by simply changing 10 glucose 6-P and then glu
cose; muscle cells (as well as brain cells) lack glucose 6
phosphatase and do not change glucose 6-P to glucose.
Muscle cells (as well as brain cells) thus retain their glu
cose 6-P for use in generating much-needed ATP. Liver
cells, on the other hand, do have glucose 6-phosphatase.
The liver doesn 't care if some of its glucose 6-P changes
to glucose. It likes glucose to leave its cells. The ;;ve.; in
fact, is a major supplier of glucose to the rest of the body,
itself preferring other molecul es as fuel, like lactate and
fatty acids.
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By using a phosphorylase , amylase, or lysosomal
alpha-glucosidase, glycogen may be broken down to
glucose-I-P or to glucose . Glucose I-P is not fanned by
glycogen changing back to UDP-glucose to glucose I-P.
An important clue that would predict this unlikelihood is
the production of the double inorganic phosphate, pyro
phosphate (PPi, see Structural Index) in the reaction of
glucose- UDP-glucose. PPi rapidly combines with water
to fonn two inorganic phosphate (Pi) ions, a virtually ir
reversible reaction. Hydrolysis of PPi insures that many
reactions in the body procede in a one-way direction (e.g.
PRPP- 5-P-ribosyl amine, map section B-4).

Insulin is an anabolic hormone that " signals the fed
state". It reacts to feeding by clearing the blood of glu
cose, storing the fuel, and promoting glycogen, fatty
acid, and protein synthesis . It stimulates glycolysis
(breakdown of glucose) and inhibits gluconeogenesis
(formation of glucose). It also facilitates entry of glucose
into muscle and fat cells.

Epinephrine and glucagon are hormones that promote
glycogen breakdown. in a sense acting oppos ite to insu
lin. Epinephrine is more effective in muscle whereas glu
cagon is more effective in the liver. Glucagon and
epinephrine restore blood glucose levels by enhancing
glycogen breakdown, decreasing glycogen synthesis, de
creasing glycolysis and fatty acid synthesis and stimulat
iog gluconeogenesis. Epinephrine and glucagon do not
enter the cell but act at the cell membrane level by stimu
lating the enzyme adenylate cyclase. This causes a cas
cading reaction , in which cycl ic AMP acts within the cell
as a second messenger that leads to the activation of phos
phorylase (and inhibition of glycogen synthase) . This

stimulates glycogen breakdown (and inhibits glycogen
synthesis) (fig. 3.2 and map section D-I ).

Insulin, like epinephrine and glucagon, appears to act
on a receptor on the cell membrane, but does not appear
to use cyclic AMP as a second messenger.

Fructose and galactose absorbed by the intestines also
enter Carbohydrateland. Fructose may form fructose I-P,
which splits into two halves as does glucose, to fonn two
3-earbon molecules (0-4). Galactose conneclS with the
Main Powerhouse through its conversion to UD P-glucose
and thereby can be used as a fuel source .

The Ice Cream 'Parlor

Lactose (a prime ingredient in milk' and ice cream) is
a disaccharide that may be found in the Ice Cream
Parlor, in addition to the monosaccharide. galactose .
Lactose and galactose may be produced from glucose
via UDP-glucose . Galactose is a part icularly important
component of complex glycoproteins and glycolipids.
Galactose can not only be synthesized when absent from
the diet , but can also convert back to glucose should the
need arise for it to be used as a fuel.

Conjugation Area

Now don't let your imagination run away with you. The
Conjugation Area is not an illicit area of Carbohydrate
land. If you want that sort of thing you had best visit the
sexual zone of Sterol Forest in Lipidland. The Conjuga
tion Area produces glucuronate , one of the important

STIMULATE S
GLYCOGEN

BRE AKDOWN

Phosphorylase (Inactive)..
..,.

Pho,phoryiose (ac.tive) ..,----

(----- -ATP

..
: St imulates

CYCLIC AMP

Phosphor ylase kinase (ina c.tive)
.
: S timula t es

Protein ~.i~ase (act ive) .., - --- - Prot e in t..e. inase (inac tive)

INHIBITS GLYC OGEN
SYNTHESIS BY INACTNATING
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I,
I,
I•

GLUCAGON
(firs t binds to cell .surfa c. e re c eptor)

Fig. 3.2 . The cyclic AMP cascade in phosphorylase activation, in the liver.
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molecules that can join (conjugate) with drugs, thereby
inactivating themandfacilitating theirexcretion. Glucuro
nate plays a major role in the conjugation and excret ion of
bilirubin. This will be discussed further when we visit
Porphy's Hemeland. Note the pathway that extends off the
western side of the map from glucuronate and enters
Porphy' s Hemeland on the easte rn side of the map.

Where is Carbohydrateland?

The Penthouse Powerhouse (HMP shunt) is found
throughout the body. The shunt is a particularly important
source of reducing power in red blood ce lls as these cells
lack mitochondria, which use the reducing power of
NADPH to protect red cells agains t potenti ally harmful
oxidants, such as hydrogen peroxide and superoxide radi
cals. NADPH reduces glutathione which in tum acts
against the oxidants. (Oxidants are also removed through
the enzymes superoxide dismutase, catalase, and glu
tathione peroxidase). NADH (from glycolysis) keeps the
iron atoms of hemoglobin in the reduced (Fet " ) state. The
HMP shunt is very important in fat and liver cells which
use NADPH quite a lot for fatty acid synthesis and (in
liver) for cholesterol synthesis. The adrenal cortex also
uses signific ant amounts of NADPH for steroid hormone
synthesis.

Carbohydrateland lies partly in the gut, too, Salivary
and pancreatic amyJase digest starches in the digestive
tract. The products are glucose and disaccharides that are

, absorbed and, after further hydrolysis in the intestinal
cells, directly go to the liver via the blood stream. The
sma ll intestinal wall also produces sucrase (which
changes sucrose to glucose and fructo se), lactase (which
changes lactose to glucose and galactose), and maltase
(which splits maltose into two glucose molecules). Fruc
tose and galactose enter the small intestinal epithelial cells
where they may be changed to glucose or enter the blood
stream along with glucose.
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Liver and muscle cells contain phosphorylases which
break down starches somewhat differently than in the gut
(by phosphorolysis rather than hydrolysis), forming glu
cose I-P in preference to glucose, as discussed above.

Lactose, seen in the Ice Cream Parlor. is synthesized
preferentiall y in the mammary glands. Lactase, which fa
cilitates the breakdown of lactose to glucose and galac
tose, is found in microvilli of the small intestine.
Glucuronate synthesis occurs largely in the liver where it is
used to conjugate bilirubin and to detoxify various
chemicals in preparation for excretion.

Summary of Key Connections of
Carbohydrateland

I . The Main Powerhouse. Carbo hydrates are split into 3
carbo n groups that enter the Main Powerhouse to be used
as fuel (through acetyl CoAl or converted into other mole
cules such as lipids (thro ugh glycerol and acetyl Co'A), and
amino acids. Carbobydrate land con nects with the Main
Powerhouse through glyceral dehyde 3-P and dihydroxy
acetone. Fructose connects through fructose I-P, glycer
aldehyde 3-P, and dihydroxacetone-P, which prov ide a link
to Lipidland as well, via glycerol. Galactose connects
through UDP-glucose. Reversibility of the above reactions
is important when the need arises for particular molecules.
2. The DNA Fuohouse. Ribose from the HMP shunt pro
vides the sugar group that is part of purine and pyrimi
dine nucleotides.
3. The Combo Theatre-specifically the Glycoprotein and
Glycolipid sections. Fructose 6-P combines with glu
tamine to form the amino sugar, glucosamine 6-P (E-2) .
The latter then transforms into other amino sugars which,
together with simpler carbohydrates, make an import ant
contribution to glycoprotein and glycolipi d structure.

If you are in the mood for hotdogs and hamburgers, let
us now visit Lipidland.



CHAPTER 4. UPlDLAND

CHAPTER 4. LIPIDLAND

Fig, 4.1. The basic sterol struc ture .

Lipids are a very diverse group of biochemicals that, by
definition . are poorly soluble in water and are soluble in
organic solvents such as ether. An important structural
feature of lipids that allows these solubility characteristics
is a relatively high ratio within the molecule of hydrocar
bon atoms to more polar kinds of atoms. This definition
allows the inclusion of tons of molecules into the lipid
family, even gasoline. We will focus on the ones normally
found in the body.

Lipids have a number of important functions:

l.Fuel. Fatty acids (R -COOH), on breakdown, form
acetyl CoA , NADH, and FADH" important sources of
energy. When attached to glycerol , fatty acids may be
stored as triglycerides (fat).
2. Cell membranes. Lipids, particularly the phospholi
pids, glycolipids, and cholesterol, are important cell mem
brane components throughout the body. Sphingomyelin,
cerebrosides, and gangliosides are particularly important
cell membrane constituents in the nervous system.
3. Steroid hormones are lipids that have the characteris
tic sterol ring, part of which look s like a house (fig. 4.1) .
The side chains attached to the CI7 carbon are the main
determinants of steroid activity. Pregnenolone, the first
steroid hormone derivative of cholesterol, gives rise to a
number of diffe rent steroids:

A. Sex hormones (e .g . , estrogens, progesterone, tes
toste.one)
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B. Glucocorticoids (e.g. , cortisol) . These cause a rise
in serum glucose level.
C. Mineralocorticoids (e.g., aldosterone). These re
tain sodium in the body.

Sex hormones, glucocorticoids and mineralocorticoids
are discussed in greater detail in the section on hormones,
in the Infirmary.

4. Bile acids are lip ids. They are steroids that have a
free-COOH group. Their part polar and part non-polar
characteristics facilitate their functioning as detergents
which bind to both lipids and to the surrounding polar
medium, thereby emulsifying fats and increasing their
surface area for further breakdown in the gut. Glycocho
late is the main bile salt.
5. Prostaglandins are froggy -looking lipids with diverse
hormone-like functions.
6. The fat-soluble vitamins (A,D,E ,K ,) are lipids.
7 . Lipids can combine with carbohydrates or proteins to
form glycolipids and lipoproteins. These will be exam
ined in greater detail in Combo Circle .

Fatty acids are especially important and uhiquitous lip
ids. Apart from their use as fuel, they may be used in the
synthesis of many other kinds of molecules . A fatty acid
is a hydrocarbon chain with a terminal - COOH group.
Usually, fatty acids contain between 14 and 25 carbons,
16 and 18 being most common. Unsaturated fatty acids
are those that contain double bonds between some carbon
atoms. Saturated fatty acids contain only single bonds.
Palmitic acid (16) and stearic acid (CI8) are particularly
common saturated fatty acids in humans. Linoleic acid
(CI8), linolenic acid (CI8) and arachidonic acid (C20)
are common polyunsaturated fatty acids ("poly" meaning
more than one double bond) . The number of carbons typ
ically is even , reflecting the fact that fatty acid chains are
built up (and broken down) in units of 2 carbon atoms at a
time.

Let's begin by visiting the Up and Down Roller coasters
in the CENTRAL SECTOR (middle hot dog) of Li
pidland.

The Up and Down Roller Coasters

It is illogical to think of a roller coaster that goes only
up or down. Nor do the terms "up" and "down" refer to
one's experiencing an emotional high on one and a low on
the other. The terms refer to the processes of lipid synthe
sis (up) and degradation, or oxidation (down).

The peculiar spiral nature of the roller coasters is due to
the repetitive cycles involved in lipid synthesis and degra
dation. In other words, lipid synthesis and degradation
occur by adding or removing 2 carbons with each cycle.
Imagine a roller coaster train in which the train gains 2
seats every time it completes a cycle . The 2 seats are
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carbons, gained as an acetyl group from acetyl CoA with
each round of synthesis, thereby extending the fatty acid
chain. Similarly, lipid oxidation consists of the loss of 2
carbons with each go-around. The seats of the up and
down roller coasters can be distingu ished from one an
other in that the seats of the synthesis roller coaster are
affixed to acyl (fatty acid) carrier protein (ACP). The oxi
dation roller coaster seats attach to CoA.

The breakdown of fatty acids is an important source of
energy. For one thing, NADH and FADH " which are en
ergy molecules, are generated. Moreover, acetyl CoA is
formed, an important fuel molecule for the Krebs cycle fer
ris wheel. Each round of 2 carbon losses produces its own
NADH, FADH, and acetyl CoA, which results in 17 ATPs
for each round of 2-carbon loss! Considerable energy can
be generated with successive rounds of 2-carbon losses.

Lipids are more energy efficient molecul es than carbo-
, hydrates, supplying 9 kcal/g, as opposed to 4 kcal/g for

ca rbohydrates and proteins. Part of the reason for the high
energy potential is that considerable energy is released in
the multiple cycles of fatty acid oxidation; triglyce rides
are also relatively non-polar when compared with pro
teins and carbohydrates and therefore bind less water.
Thi s dehydrated state allows for relati vely compact pack
aging of lriglycerides.

When blood sugar is low, epinephrine, norepinephrine
and glucagon stimulate a lipase in the fat cell s to break
down triglycerides, the glycerol part of which can be used
to produce more glucose. Cyclic AMP, discussed previ
ously in Carbohydrateland, acts as a second , intracellular
messenger in carrying the hormonal message that eventu
ally activates this intracellular lipase , much as cyclic
AMP assists in carrying the message for phosphorylase
activation in glycogenolysis.

Insulin inhibits lipid breakdown by a number of mecha
nisms and increases synthesis of glycogen, fatty acids,
triglycerides, and proteins. Insulin reduces the level of
cyclic AMP. It also promotes the tran sport of glucose into
cells, especially fat cells, where glucose can be converted
and stored as triglyceride .

Not shown on the map are certain modifications for
dealing with unsaturated and odd chain fatty acids . We
cannot synthesize all fatty acids. Linoleate (C I8) and
linolenate (CI8) are essential fatty acids that are requ ired
in the diet , as we cannot synthesize their double bonds.

point where the fatty acid is degraded to the 4-carbon
acetoacetyl CoA. Acetoacetyl CoA can either:

I . break down further to acetyl CoA ,
2 . change to ketones (acetoacetate (C4), bydroxybu
tyrate (C4), and acetone (C3), fig. 4.2),
3. be used for synthesis of cholesterol and its many deriv
atives in the eastern secto r of Lipidland .

Ketones commonly are elevated in the blood in states of
starvatioo, as the body calls upon its fatty acids (stored as
triglycerides) to break down and provide fuel. Ketones
may also be elevated in diabetes mellitus, where glucose
does not enter the cell and cannot be efficiently utilized.
Triglycerides then break down to provide the fatty acids
and acetyl CoA useful as fuel, sometimes with formation
of ketones as well. In severe diabetic ketosis, one may
a:tually detect the smell of acetone coming from the pa
lIent.

Ketones themsel ves may be used as fuel. The brain,
which nonnally prefers glucose, can use ketones in states
of starvation. Cardiac muscle commonly uses ketones as
fuel.

Now let 's move to the WESTERN SEClOR of Li
pidland and take a look at the Lipid Storage Room :

The Lipid Storage-Room

Fatty acids are stored in this room (i.e., in fat cells) on
glycerol coat racks (fig. 4 .3) The three - OH groups of
glycerol are the books of the 3-earbon coat rack. The
fatty acids are the clothes that are placed on the coat
racks. The products are called glycerides, namely:

1. monoglycerides (contain one fatty acid group on the
coat rack)
2 . diglycerides (two fatty acid groups)
3. triglyce rides (three fatty acid groups)

The hand that holds the fatty acid up to the coa t rack is
CoA. Acyl CoA mean s a fatty acid attached to CoA. Acyl
CoAs can combine (indirectly) with glycerol to fonn
trigl ycerides. Triglycerides are the primary storage form
of lipids. They can revert to fatty acids and glycerol,
which in turn can be used as fuel in the Main Power
house, or they can change into other kinds of molecules.

Triglycerides thus can be formed from glycerol and
acetyl CoA, which are both spun off from the Main Pow-

Fig . 4 .2 . The ketones.

Ketone Playhouse
It 's now time for a performance of that energetic musi

cal group , Tbe Ketones! So if you 're hongry and tired,
get yourselves down to the Ketone Concert Stage for a
little refres hment and entertainment.

Ketones are produced in the course of breakdown of
fatty acids . At some point the breakdown reaches the
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Fig. 4.3. The glycerol molecule (coatrack) and the fatly acid molecule (clothes). Fatty acids attach to the glycerol
molecule to fonn glycerides. When other groups attach to the lower carbon, via a phosphate linkage. one gets phos
phoglycerides (the inhabitants of Phosphatidylywink Village). Oleic acid (18: I , not shown) is a monounsaturated fatty
acid which is being considered as a possible protective agent in cardiac disease .

erhouse. No wonder we gel fat on eating too many candy
bars, or for that matter, any food that can enter the Main
Powerhouse and supply calories . The Main Powerhouse
connects with Lipidland . Look where the excess sugar
goes- into glycerol, fatty acids (via acetyl CoAl and then
triglycerides, which are stored in fat cells .

Phosphatidylywink Village
(Phosphoglycerides)

Other kinds of groups can also fit on the glycero l
coat rack, such as phosphate, which may attach to serine,
ethanolamine. choline or inositol (fig. 4.3). In general,
these groups attach to the free (third}--OH group of di
glycerides via a phosphate linkage (hence. the term
phosphoglycerides). Phosphoglycerides are important
membrane components. They are the residen ts of Phos
phatidylywink Comer. Phospholipids are the starting
point for the synthesis of many of the prostaglandin-like
molecules.

The Frog Pond (Prostaglandins)

Prostaglandins are froggy-looking fatty acids that con
tain 20 carbons arranged as a 5-carbon ring with 2 legs,
one of which contains a - COOH group. (fig. 4.4). They
and molecules of related structure- the thromboxanes
and leukotrienes-are deri ved from polyunsaturated fatty
acids such as arachidonic acid (fig. 4.4). Prostacyclins
have an extra ring. Thromboxanes have an oxygen added
to the 5-<:arbon prostaglandin ring. Leukouienes do not
have an enclosed ring. Prostagland ins are synthesized
throughout the body and have numerous hormon e-like
effects. depending on the specific prostaglandin . Some
prostaglandins may have effects opposite to one another.
A few of the functions affected include:

I . Smooth muscle contraction. Affected are blood pres
sure, blood flow, the degree of bronchial constriction, and
uterine contraction.
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Fig. 4.4. Prostaglandins, thromboxanes, and leukotrienes.

2. Platelet aggregation. Thromboxane is a potent en
hancer of platelet aggregation. Prostacyclin is an inhihi
tor of platelet aggregation as well as a vasodilator.
3. The inflammatory response. Certain prostaglandins
promote the inflanunatory response. The leukotrienes act
as chemotactic agents, attracting leukocytes to the site of
inflammation.
4. Certain prostaglandins appear to increase pain and fever,
or induce sleep or wakefulness, perhaps acting in part on
certain regions of the hypothalamus.

Sphingo's Curio Shoppe

Sphingo's Curio Shoppe is a delightful little place that
is well-stocked with elaborate and unusual items .
Sphingolipids look somewhat like triglycerides except for
several things. The coat rack is made from serine (a
three-carbon amino acid) rather than glycerol (fig. 4.5) .
This means that the coat rack has an - NH2 group (rather
than an -OH group) in its middle carbon, and, initially, a
-COOH group (rather than an - OH group) on its first
carbon. The - COOH group is linked with a direct
carbon-carbon bond to palmitoyl CoA to form sphingo
sine (fig . 4.5). The long saturated fatty acid (palmitic
acid) in the latter linkage provides the justification for
IIladng Sphingo's Curio Shop in Lipidland. Then. there is

even greater justification when a second fatty acid joins
with the - NH2 group, to form a ceramide. Now there
are two fatty acids joined to the coat rack. This leaves the
last carbon on the coatrack with an - OH group that can
combine with a whole host of things, forming a whole
subclassification of sphingolipids . For instance:

1. Sphingomyelin has a phosphoryI choline attached to
the third carbon -OH. It is the only phospho
sphingolipid .
2. Sugars may also attach to the third carbon -OH
group. When that happens, we are talking about glycoli
pids, a topic to be discussed further when in the glycoli
pid section of Combo Circle. Glycolipids are important
components ofcell membranes.

The Eastern Sector Of Lipidland

The broad definition of lipids allows the inclusion of
cholesterol, a molecule which contains many hydrocarbon
groups and is not too soluble in water. Cholesterol con
tains a skeleton sterol ring (fig. 4.1), and is the precursor
of other sterol-containing molecules. including the steroid
hormones and bile acids (H-II). Cholesterol is ingested
in the diet but may also be synthesized. Ali the carbons of
cholesterol come from acetyl CoA. Acetyl CoA units
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Fig. 4.5. Sphingo's Curio Shop . The coat rack in this case is the 3·ca rbon serine molecule, rather than glycero l. Fatty
acids may attach just to the top carbon (sp hingosine), or to both the top and middle carbons (ceramide). When, in
addition, other groups attach to the lower carbon, one may get sphingom yelin (phosphocholine attaches), cerebrostdes
(single glucose or galactose attach), or ga ngliosides (oligosaccharide with sialic acid attach).

combine to form the 6·carbon molecule, 3-hydroxy
3-methyl-glutaryl CoA, and then a 5-carbon building
block (an isoprene-fig. 4.6) which links up in multiple
units wi th other 5-carbo n isoprene units. The molecules
that are multiples of this 5-carbon basic unit are called
iso preno ids and may be found in Channel No.5. The
C5 molecule becomes C IO, C 15, C30, and finally, with
some last mi nute modifi cat ions, cholesterol, wh ich has
27 carbons.

The isoprenoid molecules in Channel No.5 are a sexy
grouping, as they give rise to:
1. The terpenes (in plants), which are the active factors in
many perfumes (especia lly the C IO and C I5 molecules).
Could these be the ingredients in the real Chane! #51
2. Vitam in E, which may play a ro le in sexua l function ing
3. Chlorophyll (breath mints), which has a phytol (an iso
F..enoid) si-le chain.
4. Rubbers

2 /
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CH3I
H C C-C=CH

2. I 2

H
FIg. 4.6. The isoprene building block that constructs the
molecules of Channel #5 and Sterol Forest.

In addition to vitamin E, the isoprenoid s and the ir de
rivatives up to cholesterol give rise to all the fat-soluble
vitamins (A, D,E ,K) and to coenzyme Q (used in electron
transport in the Ferris Wheel Generator). Dolichol is an
isoprene polymer that participates in the transfer of oligo
saccharides during glycoprotein synthesis.

Cholesterol is not just a greasy molecule that causes
heart attacks. It is an important component of biological
membranes . Like the isoprenoids . it is also a sexy mole
cules, giving rise to the sex hormones, among other
things.

Interestingly, the need for 0 , in various points in Bio
chemistryland arises , generally, relatively far out on the
individual pathways. Anaerobic glycolysis, for instance,
precedes the aerobic aspect of glucose metabolism. Oxy
gens are added near cholesterol and beyond in Lipidland.
This has supported the hypothesis that in the early stages
of evolution 0 , was not an important component of the
atmosphere but later was formed and became incorpo
rated in reactions that were added on to the preexisting
anaerobic ones. The cytochrome system, as described
previously (fig. 2.5 ), serves as an electron transfer chain
that results in 0 , incorporati on during oxidative phospho
rylation. A different cytochrome, cytochrome P450, fa
cilitates the incorporation of 0 , in a different kind of
reaction-hydroxylation, which occurs at a number of
points in the synthesis of cholesterol and its derivatives,
where 0 , is incorporated in the reaction. Hydroxylation ,
through P450, has clinical relevance. Hydroxylation is
used to detoxify certain drugs (like barbiturates). On the

• other hand, it may change certain potentially carcinogenic
agents into actively carcinogenic ones.

Once beyond cholesterol, one can proceed , if one
wishes, along the road to the sexual area of Sterol Forest,
which lies far to the East, but one must beware of falling
into Bile Bog. A trip through Sterol Forest begins with
cholesterol, from which stem all of the steroid hormones,
including the mineralocorticoids , glucocorticoids and sex
hormones. Cholesterol also gives rise to the bile salts in
Bile Bog. The safest way to avoid Bile Bog is to step lively
to pregnenolone, the first hormone produced by choles
terol and an important crossway to all the steroid hor
mones (fig. 4.7).
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The various side chains attached to the C 17 carbon of
the sterol ring are the main determinates of hormonal
action, although variations on other parts of the ring also
have modifying effects on hormonal activity. In general,
there are fewer carbons on the steroid molecule as one
progresses from cholesterol. For instance, cholesterol is
C27; pregnenolone, progesterone, glucocorticoids , and
mineralocorticoids are C21, androgens are C I9, and es
trogens are C18. Estrogens differ in part from androgens
as they lack a certain C I9 appendage that is present on
the androgen molecule . Estrogens, while not smelling as
nice as the perfumes in Channel No.5, are the only ster
aid hormones to contain an aromatic ring.

The steroid hormones will be discussed further in the
Infirmary chapter and in the Clinical Review.

Where Is Lipidland?

Fatty acid synthes is occ urs in the cytoplasm, whereas
fatty acid oxidation occurs in mitochondria. As men
tioned previously, physicians are not so much interested
in the intracellular localization of reactions as they are in
the distribution of the reactions in the various organ sys
tems. Lipids are such important components of cell mem
branes that the processes of lipid biosynthesis and
degradation are near universal. Lipid-storage as trigly
cerides, however, is mainly a function of fat cells.

Some of the elaborately produced sphingolipids con
centrate mainly in the nervous system (e.g. sphingo
myelin in the myelin sheath).

The liver is the most important area for the production
of cholesterol and bile acids. 'The ovaries are the most
important sources of estrogen and progesterone (proges
terone is produced in the corpus luteum of the ovary) . The
testes are the major site of androgen production , testoster
one especially. The adrenal cortex produces the mineralo
corticoids and glucocort icoids, and the androgens
dehydroepiandrostemne and androstenedione.

As cholesterol is used in cell membranes and in the
formation of the steroid hormones, and the liver is the
most important source of cholesterol synthesis, the liver
exports much cholesterol in lipoprotein trams that carry
cholesterol <as well as triglycerides) to other areas of the
body, where it is used in further syntheses. The liver also
exports cholesterol and bile salts into the bile.

Dietary triglycerides and esterified cholesterol and
phospholipids are broken down in the intestine through,
respectively, pancreatic lipase, cholesterol ester hydro
lase, and phospholipase A2, to form free fatty acids,
unesterified cholesterol and Iysophospholipids (phospho
lipids with only one fatty acid group), which are ab
sorbed.
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Fig. 4.7. Steroid hormone derivatives of cholesterol.

The blain does not use fatty acids as a fuel , as fatty
acids are transported in the blood bound to albumin and
do not cross the blood blain barrier. The blain prefers
glucose as fuel , but does not manufucture it . Instead it
acquires it from the diet or from the liver. In starvation,
the brain may use ketones as fuel. The liver largely ob
tains its energy from lactate (after a meal) or from fatty
acids (after fasting) ,

Summary or Key Connections or Lipidland

1. The Main Powerhouse. Glycerol from the Main Power
house forms the coat lack backbone of the triglycerides.
Acetyl CoA from the Main Powerhouse form s futty acids
in the up roller coaster. Conversely, triglycerides can

break down to glycerol and acetyi CoA, important fuel
sources for the Main Powerhouse. Fatty acids cannot
form glucose, as the acetyl CoA that fatty acids make
when they break down cannot procede to glucose through
gluconeogenesis . However, even though fatty acids cannot
form glucose, the energy they release from breakdown
can be used to help drive gluconeogenesis. Also, the
glycerol derived from triglyceride breakdown can form
glucose even though the fatty acids cannot.
2 . The Amino Acid Midway. Cenain amino acid s (called
ketogenic) can be converted to ketones, which in turn can
be used for energy or further syntheses."
3 . Carbohydrateland-s-through the formation of glycoli 
pids , but see Combo Circle for this , as well as for lipo
proteins .
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CHAPTER 5. THE AMINO ACID MIDWAY

The alpha-amino acids contain an amino (- NH,)
group, an acidic carboxyl ( - COOH) group and a varia
ble - R (hydrocarbon-containing group attached to a cen
tral carbon:

H
+ I

H N- C-COO3 I .

R
The term "alpha-amino" means that the amino group is

anached to the first (alpha) carbon of the chain (the car
bon of the - COOH group does not count in the number
ing). An - R group may simply be composed of carbon
and hydrogen (a hydrocarbon chain), but may also contain

added -COOH, - NH" -OH, sulfur groups, or rings,
such as a 6-earbon aromatic ring or an indole or imino
ring (fig. 5.1) .

The amino acids do not have a special land. They are
scattered throughout the Midway because of their exten
sive interco nnections with the other lands.

Amino acids are best known as the building blocks of .
proteins, and there are some 20 kinds of amino acids in
proteins (fig. 5.1). There are many other kinds of amino
acids , though, that are not found in proteins (fig. 5.2).

The " essential" amino acids are those that the body
does not synthesize in significant quantities; they are re
quired in the diet. Plants produce these amino acids, partly
through nitrogen-fixing bacteria in the soil. The essential
amino acids generally require complex biosynthetic path
ways which humans don 't have but which many bacteria
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Fig. 5,1. The amino acids found in proteins.
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DOPA

H
+ I _

NH-C-COO
~ I

CHl

OH
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I
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H
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CH2.
-?

Fig. 5.2. Example s of amino acids not found in protein s.

do! Figure 5.3 shows a mnemon ic for remembering the
10 essential amino acids:

Imagine a HILL (His tidine, Isoleucine, Leucine , Ly
s ine) . On one side of the hill is ME (methionine) and on
the other side, my friend VAL (Valine). In orde r to save

the world I have to throw over the hill this Fiend
(Phenylalanine-a big fiend at that, having the longest
name of the amino acids). If I miss the throw, the world
perishes . I have 3 TRIES (Threo nine, Tryptophan). I
tried 3 times but failed . Too bad, I missed . Note Val 's
reaction (" Argghh!"-Argi nine). Val is rer'.~ 5e<! ~.v .;.~
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ME.

FIEND

H I LL

THREE TR I ES

Fig. 5.3. Mnemonic for remembering the 10 essential amino acids (see text for desc ription).

prospect of catching this fiend . If you fix the picture in
mind, it will be difficu lt to forget the 10 essential amino
acids .

"No n-essential" amino acids are those that can be syn
thesized by the body. They are largely spun off from the
Main Pow erhouse . For instance , pyruvate becomes
alanine (E-7); oxaloace tate becomes aspartate (D-9); 2
ketoglutarate (alpha-ketoglutarate) becomes glutamate (E
II). Amino acids may also be formed from other amino
acids. Examp les: serine becomes glycine and cysteine (E
7); glutamate becomes glutamine and proline (F- I l); as
partat e becomes asparagine (C-8); phenylalanine becomes
tyrosine (C-7).

Functions of the amino acids

Amino acids may be used as fuel, or co nverted to other
kinds of molecules:

I. Fuel. From their vantage point in the Midway, amino
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acid s can generate fuel molecules by entering the Main
Powerhouse (e.g., transformation to pyruvate, acetyl
CoA, fumarate, succinate, 2·ketoglutarate, or acetoace
tate).

Amin o acids are glucogenic and/or ketogenic. G luco
genic amino acids can convert to gluco se . They include
those thai transform to pyruvate or any of the Krebs cycle
intermediates that, in tum, can convert to glucose. Ke to
genic amino acids are those that convert to acetyl CoA
(or acetoacetate). The latter molecules cannot be con
verted to glucose. They can, via acetyl CoA, enter the
Krebs cycle to generate energy while changing to CO, and
H,O but, as the pyruvate- to-acetyl e oA step is one-way,
they cannot revert to glucose.

2. Conversion to other molecules: Apart from conversion
to fuel molecules, the amino acid s are build ing blocks of
other molecules. E.g., aspartate and glutamine contribute
to the formation of purines and pyrimidines (fig. 5.4),
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Fig. 5.4. Contributions to the purine and pyrimidine rings. THF, tetrahydrofolate.

which are building blocks of nucleic acids. Serine pro
vides the backbone for the sphingolipid molecules in
Sphingo's Curio shop (Fig. 4.5). Histidine becomes hista
mine (F-II). Tyrosine (C-7) becomes thyroxine, melanin,
dopamine and epinephrine. Tryptophan (1-9) becomes
serotonin (5-0H tryptamine) and melatonin and con
tributes to the nicotinamide ring in NAD· . Glycine forms
part of the purine and porphyrin ring (D- l l).

Amino acids, by the way, also fonn peptides and pro
teins. A peptide is a short chain of amino acids (fig. 5.1)
and includes many hormones and other kinds of mole
cules.

Proteins are very long chains of amino acids with dif
ferent functions that depend not only on their specific
sequences of amino acids (= primary structure), but the
overall shape of the sequence. This includes its second
ary structure (for example, forming a spiral molecule),
tertiary structure (which depends on widely separated
portions of the molecule attaching to another, as by sulfur
groups, and even quaternary structure, which depends
on the apposition of different molecules (e.g., collagen
molecules combined in several intertwining geometric
strands. There are thousands of important proteins, the
description of which is beyond the scope of this book. In
general, though, proteins may be grouped into certain
general functions, as follows:

1. Transport-proteins may act as carriers to transport
other molecules. For instance, hemoglobin is a protein
that carries 0 , in red blood cells; myoglobin transports 0 ,
in muscle cells; transferrin transports iron; thyroglobulin
binding protein transports thyroxin. Albumin fonns the
largest proportion of plasma protein. It carries various
hormones, iron, heme, vitamins, bilirubin, f~~ f"!~:' cc-
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ids, Ca" , rare metals and many drugs , enabling them to
be soluble in plasma. Attachments to albumin may render
many molecules inactive. Albumin also has an osmotic
effect that helps to maintain the blood volume. Albumin
may be used on an emergency basis, for instance, as a
replacement for lost blood .
2 . Storage. Ferritin, for instance , is a protein that stores
iron in the liver.
3. Motion. Muscle contraction occurs when filaments
containing the proteins actin and myosin slide along one
another. In cells with cilia or flagellae , rnicrotubules ,
which contain tubulin protein, slide along each other, fa
cilitating movement.
4. Structure. Collagen is a widespread protein that pro
vides a structural framework of intercellular tissue sup
port in connective tissue, cartilage, bone and other
tissues. Elastin is a stretchable support protein . Keratin
is the tough protein of fingernails and hair.
5. Control of gene expression. Select proteins act on
DNA to control the expression of genes.
6. Growth substances. Certain proteins may promote
growth and regeneration of tissues in the embryo and
adult.
7. Immune mechanisms. Antibodies are proteins that
help control the spread of infections and eliminate foreign
material.
8. Clotting mechanisms. The clotting factors, e.g., fi
brinogen and thrombin , are proteins.
9. Important components of cell membranes, including
receptors on cell surfaces that co ntrol the passage and/or
action of various chemicals that influence the cell.
10. Hormones. Many of the hormones are peptides or
proteins (e.g., insulin , growth hormone , adrenocortico
trophic hormone). Hormones directly or indirectly influ
crce t,~ degree of synthesis or activation c ~-,'~ ~l.,,:y~~ .. .
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II . Enzymes, Enzymes are proteins that alter the rates of
chemical reactions , as opposed to substrates , which are
transformed by the reaction. Some of the kinds of general
enzymes and reaction s that occur in the body are summa
rized in Appendix II. Note that in general, the name of an
enzyme is followed by "ase". For instance, g lucose-6
phosphatase acts on glucose-e-pho sphate.

Globular proteins (e.g., albumin, hemoglobin, most en
zymes) are relati vely "globe' t-shaped ; they have greatly
folded and compact chains. Fibrous protein s (e.g., co lla
gen , elastin, fibrin ogen) contain straighter chains.

The function of a protein frequently depend s on the
attach ment to it of a non-polypeptide (pros thetic) group.
An apoprotein is the active protein minus its prosthetic
group. Thus:

apoprorein + prosthetic group = functi oning (holo) protein.

For example. globin (apoprotein) + heme (a prosthetic
group that contains iron in a porph yrin ring) = hemoglo
bin. In a slightly different usage, apo protein in "associa
tion" with lipid = lipoprotein veh icles that transfer
cholesterol and triglycerides in tbe blood stream.

A coenzyme is the prosthetic group of an enzyme.
Thu s:

apoenzyme + coenzym e = functioning enzyme.

The water-soluble vitamins are coenzymes of a number of
enzymes in Biochemistryland .

A zymogen is an inactive precursor of an active en
zyme . Act ivity may be induced by clea vage of certain
bond s in the zymogen or by add ition of phosphoryl or
other grou ps. Storing enzymes in acti ve form is a good
thing . In pancreatitis. for example. normally inactive li
polyti c and proteolytic zymogens become activated and
eat away at the pancreas. Examples o f zymogen s include
those for digestion and blood clotting. For example, in
digestion, the zymogen trypsinogen converts to the active
enzyme trypsin ; pepsinogen converts to pepsin. In the
long chemical cascade of blood clo tting, the zymogen
prothrombin becomes the active thrombin, which cata
lyzes the change of fibrinogen to fibrin . Proteins that are
not enzymes may also , in some cases, exist in an active
and inactive form. E.g., procollagen becomes collagen :
proin sulin splits to form insulin and C-peptide (which has
no hormonal activity. but which clears from the blood less
rapidly than insulin and can provide an index of the rate of
insulin secretion).

Enzymes are important in preventing the reactions in
Biochernistryland from running out of control. They reg
ulate the speed of chemical reactions. As mentioned, the
direction of a chemical reaction is regulated by the en
ergy kinetics of the reaction and by the concentration of
substrates. The higher the concentration of substrates and
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the greater the energy loss in the reaction the greater the
tendency for the reaction to occur. A number of factors
affect the efficiency at which enzymes act:

1. The concentration of substrate. This depends on the
availability of the substrate in the diet , the rate of uptake
and excretion of the substrate, the presence of cell recep
tors that enable that substrate to en ter the cell, and bio
chemical mechanisms within the ce ll that may produce
the substrate.
2. Th e amount of enzy me produced in the cel l. The meta
bolic rate of a cell may be increased with increased en
zyme concentration.
3. The state of the enzyme, i.e., whether it is a zymogen
(inactive fonn ) or in its active s ta te .
4. Feedback regulation. Excess reac tion products can
feedback to the initial steps of the reaction and reduce or
increase the efficiency of parti cular enzymes that act at
earlier reaction phases (negative or positive feedback) .
For example. excess dietary cholesterol can reduce cho
lesterol synthesis in the body by inhibiting hyd roxymethyl
glutaryl CoA reductase (at the step between 3-hydroxy-3
methylglutaryl CoA and mevalonate) (0 - 10). Many drugs
and toxins can also inactivate enzymes. An enzyme's ac
tivity may on the other hand be enh anced by certain mole
cules (positive feed back). For example. AMP stimulates
the activity of phosphofructokinase (in the change of fruc
tose 6-P to fructo~e 1,6-P,) (D-3) . Sometimes feedb ack
can change the actual specificity of an enzyme. For exam
ple , lactose synthase catalyzes the combination of UDP
galactose with protein to form a glycoprot ein . In
pregnancy, though , lacto se synthase is modi fied to form
an enzyme complex that instead fac ilitates the conversion
of UDP-galac tose to lactose, a prime ingredient in milk.
The activity of various enzymes can be modified across
far distances through the effects of hormones, which in
indirect ways may increase or decrease an enzyme's level
of functioning.

A number of reactions in the body involve multiple cas
cading steps in which zymogens are successively trans
formed into active enzymes. A classic example is the long
chemical cascade in Carbohydrateland, in which adeny
late cyclase activation eventually results in phosphorylase
activation (fig. 3.2). The sequence of reactions that eve n
tually leads to blood clotting following trauma is another
exampl e of such a cascade.

One may inquire as to the value of such cascades. Why
not use a single step instead of multiple steps with multi 
ple enzymes? There are at least two advantages to a cas
cade:

1. It provides a way in which a very small amount of
enzy me can produce a large and rapid response through a
snowballing reaction.
2. The cascade pro vides multiple places in which feed
back reactions can alter the chain. It is unreasonable to
expect that a multitude of different reaction products
would co incidentally be able to feedback to alter the activ-
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ity of a single enzyme. With multiple kinds of enzymes in
a cascade, though, there is much greater opportunity for
feedback from diverse sources .

Proteins may form protein or glycoprotein cell surface
receptors. Specific molecules that contact such receptors
can trigger a sequence of reactions within the cell.

The Urea Rest Room (A-9)

Th ere is a Urea Rest Room in the Amino Acid Midway
where amino acids are degraded and excreted :

The Amin o Acid Midway does not have a storage area
as do Ca rbohydratela nd and Lipidland. Excess amino ac
ids are used as fuel or converted into other kinds of mole
cules. When transformed to other molecules, amino acid s
commonly give up their - NH, groups, which are ex
creted in the form of urea in the Urea Rest Room. The
remainder of the amino acid molecule (now minus its
- NH, group) is then free to become some other mole
cule, wheth er it be a Krebs cycle intermediate or some
thing else . For instance, amino acids can be converted
into Main Powerhouse molecules. They first must lose
their - NH, groups, as the Main Powerhouse molecules
do not contain - NH, groups . Th e amino acids lose this
ammonia in the urea rest room. In a sense amino acids
must enter the rest room before entering the pool of pow
erhouse chemicals just as one must shower before enter
ing a public pool. There is a boun cer in the powerhouse
named 2-ketoglutarate (alpha-ketoglutarate) which will
physical ly remove ammonia from the amino acid and de
posit the ammonia in the rest roo m. In grab bing the am
mon ia, 2-ketoglutarate becomes glutamate, which has a
special talent for depositing ammonias in the rest room,
and in doing so, can tran sform itself back to 2
ketoglutarate, Thus, the 2-ketoglutarate can be replen
ished . The bouncer 's job is called transamination: the
2-ketoglutarate (E- I I) transfers one of its oxygens to the
amino acid while removing and taking on the amino ac
id's - NH, group to form glutamate . Glutamate may then
release amm onia (oxidative deamination) to the urea cy
cle, and in the process change back to 2-ketoglutarate (E
ll ) .

Both glutamate and aspartate are quite proficient in de
positing their - NH, groups in the urea cycle . Aspartate ,
in fact is a part of the urea cycl e. Glutamate and aspartate
are so proficient at unload ing - NH, that they are also
called upon to donate - NH, groups in the format ion of
purines. pyrimidines. amino sugars, and other molecules.
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Both purines and pyrimidines contain nitrogens in their
rings; glutamate and aspartate are heavy contributors of
these nitrogens (fig. 5.4).

Gamma amino butyric acid (GABA) is includ ed in this
chart (F-ll) as it is an important inhibitory neural trans
mitter.

Where Is the Amino Acid Midway?

Synthesis of non-essential amino acid s and proteins can
occur throughout the body. Form ation of urea occurs pre
dominantly in the liver. Th e urea is then excreted mainly
in the urine (and sweat). Special deri vatives of amino ac
ids originate in spec ific organs. For instance , thyroxine
originates in the thyroid gland. Norepinephrine originates
in cells of the sympathetic nervou s system . Dopamine is
present in a number of neuronal tissues , where it can act
as a neural transmitter. Melanin ori ginates in the pig
mented cells of the skin and in two area s of the brain- the
subs tantia nigra and the locu s coeruleus .

Breakdown of ingested proteins occurs in the gastroin
testinal tract by digestive enzymes : pepsin from the stom
ach ; trypsin, chymotryps in, and ca rboxypeptidase from
the pancreas; am inopeptidases and dipeptidases from the
small intest inal wall. (Dipeptidases work on dipeptides.
Aminopeptidase attacks the amino end of a peptide chain
whereas carboxypeptidase attacks the carboxyl end of a
peptide) . Such digestion is certainly vital as 10 of the
amino acids are essential. having to be acquired in the
diet .

Summary Of Connections Of the Amino
Acid Midway

I. Ketogeni c and glucogenic ami no acids can convert to
Main Powerhouse mol ecules. Nonessential amino acids
can be produced directly or indi rectly from Main Power
house molecules.
2 . Amino acids can combine with molecules from Carbo
hydrateland to form amino sugars and glycoproteins .
Th ey can also combine with lipids from Lipidland to
form lipoproteins. These will be furth er examined in
Combo Circle.
3. The Amino Acid Midway contains a rest room, where
amino acids are stripped of ammonia, which is then ex
creted as urea.
4 . The Amino Acid Midway connects with the DNA
Funhouse, in the formation of purines and pyrimidines.
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The different elements of Carbohydrateland , Lipidland ,
and the Amino Acid Midway can combine in different
ways to form lipoproteins, glycolipids, and glycoproteins.
These are the three theatre sections of Combo Circle (0-1).

Liprotein Theatre
Lipoproteins are best known as the trams that help

transport triglycerides and cholesterol throughout the
bloodstream. The latter lipids are otherwise not very sol
uble in water. Lipoproteins have both polar and non-polar
groups. They can solubilize lipids internally through their
non-polar groups and simultaneously be soluble in the
bloodstream through their polar ends. The walls of the
lipoprotein trams are partly composed of cholesterol ,
phosphopholipids, and apoproteins (fig. 6 .1). There are
many apoprotein types, and the particular type helps de
termine the specific function of the lipoprotein. Trigly
cerides and cholesterol esters are solublized within the
lipoprotein vehicles.

Major lipoprotein types include chylomicrons, VLDL
(very low density lipoproteins), LDL (low density lipo
proteins), and HDL (high density lipoproteins). This cate
gorization is a reflection of different lipoprotein weights,
as may best be seen on ultracentrifugation (fig. 6 .2). Li
poproteins also can be separated using electrophoresis
(fig. 6.2) . Electrophoresis separates serum into a number
of protein-containing bands (albumin, alpha 1 and alpha 2
globulin, beta globulin, and gamma globulin, respec
tively, with increasing neamess to the origin (cathode).
When the pattern is stained for lipids, HDL is found

with the alpha I band; LDL with the beta band; VLDL as
a pre-beta band; and chiomicrons at the origin. UItra
centrifugation is good at quantitizing chylomicron, VLDL,
LDL, and HDL fractions. Electrophoresis is good at ana
lyzing variations in apoprotein content that become mani
fest as charge differences. Both ultracentrifugation and
electrophoresis may be used to analyze clinical disorders of
the lipoproteins.

In order to better understand the individual lipoprotein
functions, let us go through an overview of lipid diges
tion, absorption and distribution :

Say you eat a hamburger. Included in hamburgers are
triglycerides and cholesterol esters . (A cholesterol ester is
cholesterol in which a fairy acid is attached to cholester
ol's - OH group). As neither the triglycerides nor the
cholesterol esters have any free polar -OH groups they
are not very soluhle in water. They are a fatty lump in the
stomach. They must be digested, absorbed and distributed
in the body;

Digestion
1. The stomach mechanically breaks up fat into smaller
particles.
2. Bile salts, which contain polar and nonpolar areas, act
as detergents. They emulsify the fats in the small intes
tine, breaking them up into tiny soluble droplets (mi
celles) that provide a broad surface-area for interact ion
with digestive enzymes (fig. 6.3) .
3. Pancreatic lipase facilitates the breakdown of trigly
cerides into fatty acids and monoglycerides. (For some

TRIGLYCERIDES

CHOLESTEROL ESTERS
(NON-POLAR)

Fig. 6.1. The structure of lipoprotein trams.

PHOSPHOLIPIDS

r---UNESTERIFI ED CHOLESTEROL (POLAR)

APOPROTEINS
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Fig. 6.2. Separation of lipoproteins by ultracentrifugation and electrophoresis.

reason, the center fatty acid of the triglyceride is left
alone , resulting in a monoglyceride. Perhaps the center
fatty acid does not taste so good to the lipase) .
4 . Pancreatic and intestinal wall esterases break down
cholesterol esters to free cholesterol and fatty acids .

Absorption
I. The free fatty acids, monoglycerides, and free choles
terol enter the small intestinal cell.
2. The monoglycerides and free cholesterol are largely
reesterified (with free fatty acids) in the intestinal cell .
The resultant triglycerides and cholesterol esters (some
free cholesterol, too) are incorporated into chylomicrons
which carry the triglycerides and cholesterol in the
lymph stream to the general circulation .
3. Some of the free fatty acids (the small and medium
chain fatty acids) are not incorporated into chylomicrons
but enter the venous circulation directly. They are not too
soluble, however, and travel attached to albumin .

Lipoprotein distribution (fig. 6.4)

I . Chylomicrons. Where would you go if you were a
chylomicron? For one thing, triglycerides, the main com
ponent of chylomicrons , are stored in fat cells, so chyle-
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microns go there . Also , fatty acids from triglycerides are
used as energy sources , particularly in muscle cells . The
chylornicrons drop off their triglycerides largely in fat
and skeletal and heart muscle cells . A lipoprotein lipase,
on the capillary endothel ial cells of the muscle and fat
tissues , first releases free fatly acids from the trigly
cerides . The free fatty acids then enter the muscle or fat
cells , where they may be reesterified to triglycerides. The
remaining "remnant" particles, which are now rich in
cholesterol, go to the liver. They go there because every
one in Biochemistryland knows that the liver knows what
to do with cholesterol. The liver has a lot of experience
with cholesterol, being in fact, a primary synthesizer of
cholesterol (as well as triglycerides). When presented
with an excess of cholesterol, the liver can excrete it as
such or in the fonn of bile salts, or it can export it else
where in the body, along with triglycerides, as VLDL
particles .
2. VLDL, IDL and LDL. VLDL particles are released
by the liver and are rich in triglycerides and cholesterol.
VLDL particles, like the chylomicrons, drop off their
triglycerides in fat and muscle cells . The remainder of the
particles become cholesterol rich LDL particles (after go
ing through an intennediate IDL stage). LDL distributes
the cholesterol widely to hepatic and aca-ucpatic cells
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PHOSPHOLIPID MOLECULE

A .-- POLAR END

"---NON-POLI\R END

B

.,...-CARBOHYDRATE

OUTER &URFAC.E

.,...-GLYCOLl PID

INNER SURFI\C.E

CELL MEMBRANE

c

LIPID
~

D
GLYCOPROTEIN

<,

Fig, 6.3. Micelles, liposomes and cell membranes. Micelles are collections of lipid molecules that are relatively non
polar internally and polar externally. This arrangement allows relative water-solubility of the micelle as a whole.
Liposomes contain lipid molecules in a bilayer. They may be used as artificial vehicles for trapping and delivery of
drugs to specific tissues. They are also useful as models of cell surface function. A real cell membrane is uot only a lipid
bilayer, but also includes proteins, glycopro teins, glycolipids, and lipoprotein molecules . The " glyco" attachments on
the outer surface may be important in labeling cells with specific cell-surface properties.
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Fig. 6.4. The distribution of lipnproteins in the body (see pg. 56 for clinical discussion) .

throughout the body. This is a good idea, as cholesterol is
not only useful in the formation of specialized things like
bile salts and steroid hormones, but is a major component
of cell membranes in general .
3. HDL and LCAT. While all this is going on, there is a
scavenger called HDL which carries unwanted, excess
cholesterol, partly from cell breakdown, back to the liver
(largely within LDL remnants) where the cholesterol
might end up being excreted (for instance, as bile salts).
LCAT (lecithin-eholesterol acyl transferase) is an enzyme
associated with HD L that reesterifies free cholesterol .

Glycolipid Theatre
Glycolipids (fig. 4.5) are combinations of sugars and

lipids . The backbone of the glycolipid molecule is
cerarnide, which was mentioned in the section on
Sphingo 's Curio Shop. To review, serine is a 3-carbon
coat rack . When a fatly acid is hung on its - COOH
group , it becomes sphingosine. When a further fatty acid
attaches to its - NH2 group , it becomes ceramide. This
leaves the ceramide's third carbon with its - OH group
free for reaction with other molecules . If phosphcc hcline

attaches here, we get sphingomyelin. If sugars attach,
we get glycolipids, which include cerebrosides and gan
gliosides, important components of cell membranes, ex
pecially in the nervous system.

Cerebrosides are simpler than gangliosides. Only one
monosaccharide attaches for cerebrosides, and that gener
ally is either glucose or galactose .

Sulfatides are cerebrosides that also contain a sulfate
group attached to the galactos e part of the molecule . Sui
fatides are found in significant amounts in the brain.

If longer, branched cha in sugars attach to the third car
bon - OH group, the molecule is more complex and is
called a ganglioside (the sugars "gang up" in a ganglio
side). In addition to glucose and galactose. gangliosides
contain at least one molecule of a sialic acid (an 11
carbon amino sugar, also called N-acetyl neuraminic
acid, or NANA), and may contain other sugar groups as
well, The sugars are combined in complex branched ways
and attach to the ceramide, generally via a glucose resi-
,1 • • ..-,
' .~ :..> ...' 0

33



CHAPTER 6. COMBO CIRCLE

Globosides are glycolipids that are intermediate in
complexity between the cerebrosides and gangliosides .
Namely, they have two or more sugar residues, but no
sialic acid . •

Glycoprotein Theatre

This theatre contains sugars that combine with amino
acids, as well as sugars that combine with polypeptides
and proteins .

A. Sugars that combine witb amino acids . An initial
first step in the formati on of amino sugars is the combina
tion of fructose 6-P with an - NH2 group from glutamine
to fonn the 6-earbon glucosamine 6-P (an amino sugar)
(E-2). Subsequent transformations lead to other amino
sugars, such as N-acelyl galactosamine, an 8-carbon
amino sugar that is commonly a component of globoside
and ganglioside molecules. (It also just happens to be the
specific portion of the (antigen) molecule that determines
blood gro up type A, whereas galactose determin es blood

type B). Sialic acids are II carbon amino sugars. They
are an important component of gangliosides .
B. Sugars that combine with peptides and proteins.
Glycoproteins are important components of cell mem
branes. Many of the antigen ic sites and hormone receptor
sites on cells are glycoproteins that provide the cell with a
specific identity tag. The antigens associated with the
A,B, O blood groups are glycoproteins. So are many other
proteins in the blood, including the immunoglobulins,
complement, and blood clotting proteins. Certa in hor
mones are glycoproteins (fSH and FSH). Interferon, an
antiviral agent , is a glycoprotein . Collagen is in part asso
ciated with carbohydrates that attach to collagen hydroxy
lysine groups. Many secretions contain a subgroup of
glycoproteins (mucins) which may have a lubricative
function. When carbohydrates overwhelmingly predomi
nate, the molecule is called a proteoglycan (fig. 6.5).
The carbohydrate portion of the proteoglycan is called a
mucopolysaccharide (or glycosamlnoglycans). Typi
cally, a proteoglycan contains a central protein core, to

~
GLYCOSAM INOGLYCAN5

"",lMUCO~OLY5ACCHAR IDES)

PROTEIN CORE

A,

BACKBONE OF
HYALURONICACI~

~o

LINK PROTEIN • ~GLYCOSANINOGLYCANS
B. .0 ·

....W-
Fig. 6.5. A proteoglycan molecule contains a protein core to which numerous carbohydrate (glycosaminoglycan)
groups attach. Proteoglycan units can aggregate along a central hyaluronic acid backbone.
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which are attached numerous mucopolysaccharide chains,
commonly including hexosamine sugars and uronic acid
(carboxyl-containing) sugars, sometimes with sulfate
groups attached to the sugars . Some of the common mu
copolysaccharides include:

Hyaluronic acid
Chondroitin sulfate
Dermatan sulfate
Heparin
Heparan sulfate
Keratan sulfate

Mucopolysaccharides absorb significant quannnes of
water and tend to have a mucoid, or viscous consistency.
This enables them to provide a structural or lubricatory
role in connective tissue . They also help to maintain fluid
and electrolyte balance throughout the body. Hyaluronic
acid differs from the other five types in that it has not
been shown to attach along the core protein, but does
provide a backbone for proteoglycan aggregates (fig.
6.5) . Also, it is not sulfated.

Glycogen is believed to be a proteoglycan, as glycogen
chains appear to require a backbone primer protein on
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which the synthesis of glycogen chains is initiated. The
final product is a large proteoglycan molecule that con
tains numerous glycogen chains attached to the protein
primer backbone.

Wher!! is Combo Circle?
The Golgi apparatus and Iysosomes are important in

tracellular organelles that relate to the molecules of
Combo Circle . The Golgi apparatus is important in the
modification of proteins during their synthesis and inthe
construction and packaging of complex macromolecules.
Lysosomes are important in the degradation of complex
macromolecules.

The lipoproteins shuttle in the blood stream between
liver, fat, muscle , and other peripheral cells. Chylomi
crons originate at the level of the intestinal cell; VLDL
originates from the liver. The glycoproteins and glycoli
pids, being important components of cell membranes, are
widespread in their origin. Cerebrosides and ganglioside
glycolipids are particularly important in neuronal cell
membranes.

And now it's time for the DNA Funhouse!
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Purines and Pyrimidines (fig. 7.1) , are best known as
building blocks of RNA (ribonucleic acid) and DNA (de
oxyribonucle ic acid) . Adenine and guanine are purine ba
ses (so are xanthine and hypoxanthine, but these are
reaction intermediates and are not pan of the DNA or
RNA molecule). Cytosine, uracil , and thymine are
pyrimidine bases.

Note in figure 7.1 that the pyrimidines look something
like purines except that they are not so pure any more,
having been CUT (Cytosine, Uracil, Thymine) in half,
leaving a single hexagonal ring rather than the combined
pure hexagonal-pentagonal structure of the purines. Thus,
purines are "pure and unCUT".

DNA and RNA each contain purine and pyrimidine ba
ses plus sugar and phosphate groups. Note the following
terminology:

Purine or pyrimidine + sugar (ribose or deoxyribose)
moiety = a nucleoside
nucleoside + phosphate moiety = a nucleotide
Nucleotides strung in sequence = DNA or RNA

The DNA Funhouse contains a number of levels, the
bases being at the bottom (in the basement) , with succes
sively higher levels of nucleosides, nucleotides (mono-,
di-, and triphosphates), and, finally, DNA and RNA
(multiple nucleotides) (B-6).

Both DNA and RNA contain cytosine, adenine, and
guanine. In general , though, thymidine is specific to
DNA, whereas uracil is specific to RNA. RNA, in gen
eral, is a single strand , whereas DNA is a double strand
that contains hydrogen bond cross linkages between
purine and pyrimidine residues. Thymidine cross
connects with adenine (by hydrogen bonding), and cyto
sine cross-connects with guanine (fig. 7.2). DNA and
RNA also differ in that the sugar port ion of DNA is a
deoxyribose, whereas it is simple ribose in RNA (bence,
DNA=Deoxyribonucleic acid and RNA =ribonucleic
acid). The two strands of the DNA helix are arranged in
an antiparallel manner, with the 5' to 3' sequence in line
with a 3' to 5' sequence (fig. 7.2). In order for the base
pairs to match each other Gaining via hydrogen bonds),
the base pairs are situated at the central core of the helix ,
with the phosphate and sugar groups more peripheral .

The key events that occur in the formation of DNA,
RNA and protein are called REPLICATION, TRAN
SCRIPTION , and TRANSLATION, respect ively:

Fig. 7.1. The basic purine and pyrimidine structure.

Replication (Reproduction of DNA)
.A. Uelicase unwinds the DNAdouble helix. Single strand

DNA-binding proteins prevent the strands from rejoining
or being attacked by enzymes that attack single strands.

RIBOSE 2-DEOXYRIBOSE
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Fig. 7.2. Nucleotid e connections in the DNA molecule.

Topoisomerase (e.g. DNA gyrase) reduces the supercoiling
that occurs during the unwinding process. Primase synthe
sizes a short strand of RNA (on the DNA template), which
acts as a primer in initiating DNA polymeriza tion.

B. DNA polymerase sequentially pol ymerizes nucl eo
tides to form a new DNA strand. DNA pol ymerases also
have exonuclease propertie s-the ability to hydrolyze and
remove (or refuse to allow the addition of) improperly
paired terminal nucleotides.

C. DNA ligase connects newly formed fragments (Oka
zaki fragmems-fig. 7.3) of DNA with one another to
form a single chain.

D. Endonucleases can hydrolyze connections between
those nucleot ides that lie within the central area of the
I ~ :.r c: :cotide chain (as opposed to exonucleases, which hy-

drolyze term inal positions). A speci fic endonuclease can
help remove a seg ment of DNA rendered defecti ve by
ultraviolet light. The latter can dam age DNA by making
two adjacent thymine bases fuse covalently. The endonu
clease makes a nick in the DNA strand on one side of the
defective thymine dim er. An exonuclease removes the
damaged dimer. A DNA pol ymerase adds replacement
nucleotides. DNA ligase reattaches the newly synthesized
DNA to the original strand.

Transcription (Formation of RNA from DNA)

A. RNA polymera.se sequentially polymerizes nucleot ides
on the DNA template to form an RNA copy of one of the
Dt'!:\ . strands.
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51 3'
PARENTAL DNA

Translation (Formation of protein on the
messenger RNA molecule)

Messenger RNA carries the genetic code in the form of
purine and pyrimidine base triplets, called coeIons. Each

Fig. 7.3. Okazaki fragments. As new DNA must be
formed in a 5 ' to 3' direction , this presents little problem
for one of the DNA strands (the one on the left), but must
be done in short segments (Okazaki fragments) for the
other strand. DNA ligase connects the Okazaki frag
ments.

Nucleotide Degradation
Nucleotides, apart from linking up to form DNA and

RNA , may instead be degraded and assoc iated with other
kinds of molecules. Adenine and guanine. for instance.
are pan of ATP and GTP. Adenine is pan of NADH,
FADH" CoA, and cyclic AMP. Uracil is pan of UDP
glucose, an important intermediate in forming glycogen
(D-I). CDP-eholine is an intermediate in lecithin synthe
sis (G-4) .

The purine section of the Funhouse has its own rest
room in which urate is formed as a waste product of
purine degradation. Urate is then excreted in the urine (B
5).

The pyrimidine section of the funhouse does not have
its own restroom. The pyrimidines, rather than forming
urates, tend to convert to other molecules that can be used
in other metabolic reactions. For instance, thymine, may
eventually become 3-aminobutyrate "(B-6), which eventu
ally may become sueeinyl CoA, an important molecule in
the Krebs cycle. Cytosine and uracil may convert to
alanine (B-7) .

The pathway to purine synthesis is rather long. Pans of
the purine molecule are made from glycine, tetrahydrofo
late (a one-earbon donor), glutamine, CO" and aspartate
(fig . 5.4) (B-3). This pathway enters the purine section of
the DNA Funhouse at "IMP" (Inosine monophosphate),
at the ground level. The body can avoid pan of the long

A given amino acid can match more than one kind of
codon. However, a given codon can normally match only
one amino acid. There are thus 61 codons to match only
20 amino acids. There are also 3 terminal codons that
specify a stop signal to protein synthesis. Amino acyl
tRNA synthetase is an enzyme that attaches amino acids
to their corresponding transfer RNA.

Beyond translation , proteins and peptides may be fur
ther mod ified bY metabolic events within the cell . For
instance , the hydroxyproline and hydroxylysine in colla
gen are formed from proline and lysine that are hydroxyl
ated while they are pan of the precursor protein
molecule . A protei n may also be post-t ranslationally
modified bY cleavage of select bonds andlor bY addition or
subtraction of various kinds of groups. Insulin, for in
stance, is formed bY cleavage of a larger proinsulin mole
cule. Similar events occur in the activation of zymogens.

CooOD correspond to a specific amino acid on a transfer
RNA molecule. An anticodon is the recognition site on a
transfer RNA molecule that recognizes a specific messen
ger RNA codon, enabling the transfer RNA , witb its at
tached amino acid, to line up properly on the messenger
RNA. It is not the amino acid that attaches to the messen
ger RNA codon, but the anticodon sect ion of the transfer
RNA molecule that attaches .

5'

OKAZAKI
FRAGMENTS

3'
",,

S'

B. Promoters are regions on DNA that signal the RNA
polymerase where to begin polymerization. DNA also
contains stop signs to signal where the RNA transcription
should stop . The resulting RNA molecule may subsequently
be modified by adding or detracting from the RNA chain.
Three general types of RNA result.from transcription: Mes
senger RNA carries the primary message of the specific
protein to be synthesized on the ribosomes. Transfer RNA
transfers individual specific amino acids to be linked up on
the messenger RNA molecules. Ribosomal RNA is an in
tegral pan ofthe ribosomal structure. Some ribosomal RNA
(called ribozymes) are catalysts for peptide bond forma
tion.
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synthesis effort by salvaging purines that have already
been formed and using them to make new nucleotides by
the general reaction:

PRPP + purine- purine nucleotide + PPi

Pyrimidines are synthesized in part from molecules of
aspartate and carbamoyl phosphate (fig. 5.4) (B-8). This
pathway enters the pyrimidine section of the DNA
Funhouse at "UMP" (uridine monophosphate).

Where Is The DNA Funhouse?

As DNA and RNA are common to all cells that have
nuclei , the reactions in the Funhouse are present wher
ever nucleated cells are found . In the gut, nucleic acids
are broken down to simpler purines and pyrimidines, but
the absorption of purines and pyrim idines is relatively
insignificant. The purines and pyrimidines and their de-
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rivatives are mainly synthesized within the cells of the
body, rather than absorbed in the gut.

Summary of Connections of the DNA
Funhouse
I. The DNA Funhouse connects with Carbohydrate
land, as ribose 5-P is used in fanni ng purines and
pyrimidines.
2 . The DNA Funhouse connects with the Amino Acid
Midway, as amino acids are used to form purines and
pyrimidines. Also, alanine is a breakdown product of cy
tosine and uracil.
3. It connects with the Krebs cycle of the Main Power
house via the Urea Rest Room, as aspartate and gluta
mate, which are spun off the Krebs Cycle are important
participants in the Urea Cycle. Also, 3-aminobutyrate, a
product of thymine degradation. may connect to succinyl
CoA.
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If you are pow ready for blood and guts adventure, let
us visit Porphy 's Hemeland . Succinyl CoA, a molecul e in
the Krebs cycle ferri s wheel , is the entry point from the
Main Powerh ouse to Porphy's Hemeland, where one may
find the porphyrin pinwheels (porphyrin rings) (C- 12).

Porphobilinogen contains a single pyrrol ring. It con
verts to the quadruple-ringed porphyrinogens and por
phyrins, all of which contain four pyrrhol rings arranged
like the petal s of a pinwheel. One of the porphyrins (pro
toporphyrin IX) is famous for its combination with Fe"
to form heme-(D -13). Many important molecules are de
rivatives of these build -up quadruple pyrrhol petals , in
cluding not only heme but such diverse molecules as
vitamin Bu, the cytochromes, catalase, peroxidase, and
(in plants) chlorophyll. Chlo rophyll resembles heme but ,
among other things, notably contains a central magne
sium instead of an iron atom. which is present in heme.
Vitamin B" contains a ce ntral cobalt ion. Chlorophyll also
conta ins an attached isoprenoid chain (hence, the location
of chlorophyll in Channel No.5 as well).

The cytochromes are important as electron transporters
in the chain of oxidative phosphorylation . Chloro phyll ab
sorbs light energy and converts it to chemical energy:
bigh energy electrons move from the chloro pbyll mole
cules, as they do for the cytocbro mes, along an electron
transport chain that generates ATP and NAD PH.

Heme is formed by the combination of protoporphyrin
and iron. Hemoglobin is formed by the combination of
heme with globin protein . Heme is the prosthetic group
for a number of important molecules, including hemoglo
bin , myoglob in, the cytochromes, and certain enzymes
(e .g . catalase, peroxidase). Interest ingly, hemoglobin and
cytochrome C both have the same heme group but have
different associated proteins. Thi s results in their different
functions, heme being a carrier of 0 , and cytochrome C

• being a carrier of electrons . The heme in catalase acts as
a catalys t in changing H,O, to H,O + 0 ,.

The ferro us (Fe" ") ion in the heme of hemoglobin
and myoglobin binds 0,. Hemoglobin carries 0 , in the
blood whereas myoglobin carries 0 , in muscle cells.
Hemoglobin and myoglob in differ in that hemoglobin
consists of four polypeptide chains, each with its own
heme group, while myoglobin contains one polypeptide
chain. •

Of the four hemoglobin chains, two of the polypeptide
chains are called alpha and two are called beta. Thus,
normal adult hemoglobin is mainly alpha2 , beta2 ( =
hemoglobin A, or AbA) (Fig. 10.2) . Embryos and fetuses
contain other kinds of hemoglobin groups. HbF (in the
fetus ) is alph a 2, gamm a 2; HbA2 (alpha2 , delta2) is a
small 'subgroup of the adul t.

In the eastern end of Porphy 's are the breakdown prod
ucts of hemoglobin, including bilirubin and its deriva
tives, which are components of bile. When red cells get
old and are destroyed , mainly in the spleen , the heme ring
breaks and the Fe" is released, forming biliverdin, an
open-chain molecule with no iron. Biliverdin changes to
unconjugated ("indirect") bilirubin by reduct ion of its
central carbon. Faced with this shocking transformation ,
the indirect bilirubin molecule staggers into the circula 
tion, but being insoluble in water, has to be carri ed to the
liver by albumin. Then:

A. The liver cells take up the unconjugated bilirubin.
B. The liver cells transform it into conjugated ("direct ")
bilirubin by conjugating it with glucuronate. The resul
tant more polar molecule is now soluble in water.
C. The liver cells release the conjugated bilirubin into the
biliary duct system, which carries it to the small intestine .
D. In the small intestine, the conjugated bilirubin is trans
formed into urobilinogen, some of which is excreted and
some of which is reabsorbed and carried back to the liver
and reexcreted into the bile . As urob ilinogen is water sol
uble , it may be excreted in the urine , if blood levels are
high enough . The same is true of conjugated bilirubin,
but not of unconjugated bilirubin, which is relatively non-
polar. • :

The dark colo r of stool is partl y a consequence of the
conve rsion of urobilinogen (colorless) to stercobilinogen
(colorless) to stercobilin (brown) in the intestines .

Conjugation of drugs with glucurona te is a very impor
tant reaction in the detoxification of certain drugs that are
excreted th rough the liver.

Where Is Porphy's Hemeland?

The porphyrins are, among othe r things, precursors of
heme. Heme production occurs virtually all over the body
but is especially noteworthy in the bone marrow and liver,
as heme is an important component of both hemoglobin
and the cytochromes .

Bilirubin metabolism involves the liver, the intest ines ,
and the bloodstream.

Vitamin B" production occurs only in microorganisms,
but the liver is a particularly important site of B" storage .

Key Connections Of Porphy's Hemeland
A. Porphy 's Hemeland originates with succi nyl CoA from
the Krebs Cycle.
B. The glucuronate used in conj ugation comes from
Carbohydrateland .
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Vitamins

The Water Soluble Vitamins

pyruvate ., acetyl CoA (0 -8)
Thpp + mullienzyme complex

xylulose 5-P + ribose 5-P I:' glyceraldehyde 3-P +
Thp p + transketolase

the chain of electron transpo rt and in the cytochrome P450
hyd roxy lase systems .

FAD ~FADH,

FMN~FMNH,

Riboflavin is also a component of the flavoproteins suc
ci nate dehydroge nase and acy l CoA dehyd rogen ase.

Vitamin 8 6 (pyridoxine, pyridoxal, and pyridox
amine): is a coenzyme that prefers the world of ami no
acid metabolism. It is the prost hetic group for all Iran
saminases, Amin o acid transamination is a parti cularly
impo rtant function. For instance:

pyruvate + glutamat e 11 alanine + z- ketog jutarate (E -7)
enzyme + pyridoxal phosphate (PyrP)

z-keroglutarate + aspartate - oxaloacetate + glutamat e (E- J I)
enzy me + PyrP

histid ine 11 hi st amine (F- 11)
enzyme + Pyrp

homocysteine + serine 11 cystathionine (E-6)
enzyme + PyrP

Vitamin 8" (cobalamin): rese mbles the porphyri ns in
structure and ..is synthesized in Porph y's Hemeland, but
only by microorganisms. It has a cobalt ion in its center
rather than iron (as in heme) or magnesium (as in chloro
phy ll) . It is part of the coe nzyme used for:

a. rearrangements. Main example:

rnethylmalonyl CoA • succinyl CoA (D- I I)
enzyme + B u

b. a me thylation reacti on

homocysteine .. methionine (E-6)
enzyme + B12 + T HF

Urinary methyl malonic ac id is an indicator fo r B" defi 
ciency. Blood homocysteine levels may also rise with Btl
or folate deficiency.

Intrinsic factor is a glycoprotein produced in the sto m
ach that facil itates transport of B" from the gut to the
ge neral circulation. A defici ency of intrin sic factor, e.g.
due to autoantibodies aga inst this protein, may thus result
in B I2 deficiency.

Vitamin C: Perhap s the most famous role of vitamin C is
its functioning in the con version of co llagen pro line to
co llagen hydroxyproline. Vitamin C acts as an antioxidant
that pro tect s a varie ty of molecu les from oxidation. As a
reducing agent, it facilitates the absorption of iron in the
intestines by red ucing it to the more absorbable Fe ' +

form. Examples :

proline (and lysine) (in collage n) I:' hydro xyproline (and
hydroxylysine) (F- 12) enz. + vit C

tyrosine 11 hom ogent isic acid (C-8 ) ~

enz + vi t C

Fat-soluble vitamins (Fig 9.2)

A (retin ol)
D (calciferol)
E (tocopherol)
K

Water-soluble vitamins (fi g 9. 1)

B1 (thiamine)
B~ (ribo flav in)
B", (includes pyrid oxine. pyridoxal.

and pyridoxamine)
B 1! (cobalamin )
C (eescorbate. asco rbic acid)
Folacin (=fo late, folic acid)
Bioti n
Niacin (e nicotinic acid)
Pantothenate (=pantothenic acid)

An infirmary is necessary in Biochemistryland because
of the park 's many accidents. The items in stock include
vitamins, hormones, minerals, drugs, and equipment for
cer tain laboratory tests.

Vilamin 8. (Ih iam ine): Mainly ac ts as Thpp (thiamine py
rophosphate) , a pro sthet ic group for 2-ketoglutarate dehy
drogenase . pyru vate dehydrogenase. and transketolase.
Exa mples :

2-ke toglutarate l: succi nyl CoA (Eel0)
Thpp + multienzyme complex

sedoheptulose 7-P (D-3)

Measurement of red cell transketolase activity can be used
as an index of thiamine deficiency.

Vitamin Bz (r ibofla vin) : acts mainly as the coenzyme
FAD (flav in ade nine nucleotide) and FM N (flavin mono
nucleotide), which are used in many oxidation-reduction
reactions in which hydrogen ato ms are received or do
nated. Part icul arly noteworthy examples are their uses in

Vitamin s are chemicals that are necessary in trace
amo unts for normal body function.They are not produced in
suffic ient amounts by the body and must come from exter
nal food so urces.Th eir structures, like their diffuse loca tions
in Bioch emistryland, are ge ne rally di verse and unrelated . as
shown in figures 9 .1 and 9.2. Molecules tha t contain (or are)
vitami ns are indicated in green rectangles on the Biochem
istry land map . Th ere are actually many more loci on the map
that co ntain vitamins. but which have not bee n included, to
avoid cluttering the map. In part icular, NADH (which con
tain s niacin ) has not been drawn in at many steps.

Is is useful to divide vitamins into water soluble and fat
so luble groups :
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Fig. 9.1. The water-soluble vitamins.
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Fig.9.2 The fat-soluble vitamins.

pyruvate ~ oxaloacctatc (D~G)

C02 + pyruva te carboxylase + biotin

enzy me + BI2

BI2 and folacin are both important in rapidl y dividing
cells such as bone marrow cells. A deficiency of either B12

or folacin results in a megaloblastic anemia.

Biolin: is a coenzyme of carboxylases. It carries acti
vated CO2• For example:

In all these reactions vitamin C works to keep the iron in
the enzyme (hydroxy lase) system reduced.

The adrenal gland, which produces epinephrine and
norepinephrine . contains one of the highest concentra
tions of vitamin C of any body organ . It is belie ved that
vitamin C may play a role in the synthesis of cortico
steroids and epinephrine.

Folacin (=folale, =folic acid): is a precursor of THF
(tetrahydrofolate), a I-carbon donor in many Bio
chem istryland reactions. TH F comes in a variety of acti
vated (extra carbon-bearing) forms, each of which is
capable of donating one carbon under certain conditions
(fig. 9.3) . Activated THFs contribute methyl groups in
the formation of purines and thymine (figs . 5.4 , 7.1), and
hence THF is important for DNA synthesis . Also:

THFoC
'--

THFoC
......

THF
.<1' .
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acetyl CoA • malonyl CoA (G-8)
C02+ acetyl CoA carboxylase + biotin

propionyl CoA • methylmalonyl CoA (C-II)
CO, + propio nyl CoA carboxylase + biotin

Niacin (= nicotinic acid). Just in case you're not con
vinced that vitamins are everywhere. niacin is part of the
NADH and NADPII molecules and thus is vital to nu
merous reactions in Biochemi stryland. Niacin can be pro
duced from the essential amino acid tryptophan (1-7).

Pantothenic acid: is part of the CoA molecule (for instance.
as acetyl CoA, malonyl CoA, and sueeinyl CoAl, and part
of the acyl carrier protein of fatty acid biosynthesis.

Can you find the vitamins that are hiding in the Main
Powerhouse? They are there if you look hard . NADH
derives partly from niacin; CoA contains pantothenic
acid. Thpp , which is important in the change of pyruvate
to acetyl CoA. contain s thiamin. Riboflavin is found in
FAD and FMN_ATP does not contain a vitamin.

The Fat Soluble Vitamins
Vitamin A (retinol) is present in many cells of the

body. In the retina it is part of the rod photoreceptor pig
ment rhodopsin (=cis-retinal + a protein called opsin)
and cone photoreceptor pigment iodopsin (= cis-retinal
+ a different opsin protein). When light strikes the cis
retinal part of the rhodopsin or iodopsin molecule , the
"cis" form changes to trans-retinal, a conformational
, . th • -' . . . • . .

(,..;~~ge In e r;,-"o~ ;,;:'; uk: lil~i: W r..~i16~J ;~ltt;;lt;:S L;~ ~h;""i r.

of neuronal impulses (G- I I). Trans-retinal subsequently
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changes back to the " cis-" fonn . Amongst its other func
tions , vitamin A helps to maintain skin and mucosal sur
faces and facilitates the modeling of growing bone. It is
believed that vitamin A, and its metabolite ret inoic acid,
may act Jike an antiproliferative hormone , entering cell
nucle i and affecting DNA , resulting in alterations in gene
expression .

Vitamin D, apart from its availability in the diet, is
produced in the body, in response to sunlight striking the
skin, and really acts like a hormone. It helps to raise the
blood levels of ca lcium and phosphorus in several ways. It
stimulates calcium and pho sphorus absorption in the gas
trointestinal tract; promotes transfer of calcium and phos
phoru s from bone to blood; promotes calcium retenti on
by the kidney. As a hormone it acts by entering the cell
nucleus and interacting with DNA to regulate protein syn
thesis.

Vitamin E appears to act as an antiox idant. It contrib
utes electrons to lipids that are in the free radical form ,
stabil izing them and protecting them from oxidation.

Vitamin K is produced by plants (vit. K,) or by bacte
ria (vit . K,) including bacteria in the human intestine . It is
necessary for the production of prothrombin and other
clotting factors in the liver. It acts as a coenzyme in the
carboxylation of several clotting factor protein s.

The effects of the various vitamin deficiencies are dis
cussed in the Infirmary section of the Clinical Review.

Hormones

Hnnnones, like vitamin s, are a grouping of very di
verse structure. Unlike vitamins, they are produced in the
body and generally travel, typically by the blood stream,
to affect distant target organs that contain specifi c recep
tors on which the particular hormone acts . A receptor
may lie within the cell membrane or more deeply within
the cytoplasm or nucleus. Hormones are not coenzymes
or enzymes but do modify the actions of enzymes .

The distinction between vitamins and hormones is not
always that clear. What is a vitamin to us may be a hor
mone in the plant that produces it. What we call hor
mones generally appear to have a more profound effect on
the body than do vitamin s when their blood levels change
slightly. Hence , hormones, which are produced in the
body, cannot be bought over the counter, whereas vita
mins, which are produced outside the body, can. Vitamin
D, while called a vitamin, is really a hormone in that it is
produced in significan t quantities in our skin on exposure
to sunlight.

Some hormones are proteins or polypeptides (oxytocin,
TSH, insulin) . Others, while neither proteins nor poly
peptides, are derivatives of amino acids (thyroxine, epi
nephrine) . Others (stero ids) are produced in Lipidland as
tiLi'i.·~tl \\.. .) of d :::.'tlr-sterol.
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Hormones may act by affecting the rate of synthesis of
proteins, such as enzymes, the activity of enzymes, or the
permeability of cell membranes.

In general, the prote in and poly peptide hormones , .in
eluding epinephrine, interact with receptors on the cell
surface. Specific cell receptors are important to insure
that the hormone acts only on specifically designated
cells. Once having reacted with a spec ific cell surface
receptor. this stimulates a seco nd messenger within the
cell to regulate enzymic activity. For most protein and
polypeptide hormones the second messenger is cyclic
AMP. A good example is the cascade that results in phos
phorylase activation in glycogen breakdown; glucagon
uses cycl ic AMP as a second messenger to activate glyco
gen breakdown in the liver. The second messenger in hor
mone actions is not always cycl ic AMP, however. Other
second messengers include cyclic GMP, inositol triphos
phate, diglyceride, and Ca " . Insulin is a polypeptide
that has a cell-surface receptor but its action beyood that
point does not appear to be mediated by cycl ic AMP.

The steroid horm ones act on cytoplasmic receptors,
and the resulting complex moves to the nucleus to influ
ence DNA transcription of proteins. Thyroid hormone di
rectly enters the nucleus where it alters DNA, causing
production of certain enzymes. A particular chemical
may have more than one receptor type (e.g., alpha and
beta receptors). Epinephrine, for instance, acts on alpha-I
receptors to produce vasoconstriction, and on beta-2 re
ceptors to produce vasodilation.

Specific Hormones (NO I listed are the numerous cyto

kines, diverse hormones that have only a short range effec t)

GROWTH HORMONE:
ORIGIN: Anterior pituitary gland (acidophil cell s)
STRUCTURE: Protein
FUNCTION: promotes gro wth, gluconeogenesis, lipol 
ysis. protein synthesis.

PROLACTIN:
ORIGIN: Anterior pituitary gland (acidophil cells)
SfRUCTURE: Protein
FUNCTION: Stimulates breast development and lac
tose synthesis in pregnancy. among other functions.

ADRENOCOIITICOfROPHIC HORMONE (ACTH):
ORIGIN: Anterior pituitary gland (basophil cells )
STRUCfURE: Polypeptide
FUNCfION: Stimulates pregn enolone production and
co rtisol secretion in adrenal cortex.

LUTEINIZING HORMONE (LH ) AND FOLLICLE
STIMULATING HORMONE (FSH):

ORIGIN: Anterior pituitary gland (basophil cells)
SfRUCTURE: Both are glycoproteins
FUNCTION: In males, LH stimulates testosterone syn
thesis in the testes, whereas FSH stimulates sperrnato-

~. ' I r:"",~~ , 1 .., - f l "" >, , 1 r.Sll ' b ", .I · "" t: ..gC ..~SlS. n ....... . :ll ...., . ......1:.. ~ ~ ..' u Te ....ul li~ceSsary 10.
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maturation of the ovarian follicle . Subsequently, LH in
duces development of the corpus luteum of the ovary.

TIlYROID STIMULATING HORMONE (TSH):
ORIGIN: Anterior pituitary (basophil cells)
STRUCTURE: Glycoprotein
FUNCTION : Controls production of thyroid hormone.

MELANOCYTE STIMULATING HORMONE:
ORIGIN: Middle lobe of pituitary
STRUCTURE: Peptide
FUNCTION : Promotes melanin pigmentation of the

skin .

HYPOPHYSIOTROPIC HORMONES:
ORIGIN: Hypothalamus
STRUCTURE: peptides
FUNCTION: Stimulate release of hormones by the an

terior pituitary.

ANTIDIURETIC HORMONE (ADH; Vasopressin):
ORIGIN: Hypothalamus (stored in a posterior pituitary)
STRUCTURE: polypeptide
FUNCTION : Acts on the kidney to promote reahsorp

tion of water back into the circulation.

OXYTO CIN:
ORIGIN: Hypothalamus (stored in posterior pituitary)
STRUCTURE: Polypeptide
FUNCTION: Stimulates release of milk in women who

are lactating; stimulates uterine contraction.

ENDORPHINS and ENKEPHALINS :
ORIGIN : Brain. Endorphins are mainly produced in

the hypothalamus. Enkephalins have a more widespread
central nervous system origin.

STRUCTURE: Peptides
FUNCTION: They have opioid-Iike effects ofanalgesia

and se dation.

MELATONIN:
ORIGIN: Pineal Gland
STRUCTURE: Derivative of tryptophan and serotonin
FUNCTION: May have a role in regulating adrenal and

gonadal functioning .

THYROID HORMONE-T4 (thyroxine) and T3
(triiodothyronine):

ORIGIN: Thyroid gland
STRUCTURE: Amino acid derivative of tyrosine
FUNCTION: Increases body metabolic rate.

CALCITONIN (thyrocalcitonin):
ORIGIN: Thyroid
STRU CTURE: Peptide
FUNCTION: Decreases plasma calcium . Acts on bone

by decreasing the activ ity of osteoclasts (cells that break
down bone). Its net effect is opposite to that of parathy
roid hormone.

PARATHYROID HORMONE (PTH):
ORIGIN : Parathyroid glands
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STRUCTURE: Polypeptide
FUNCTION: Maintains the level of calcium in the

blood , acting mainly on bone and kidney. In bone, PTII
stimulates osteoclast cells to produce bone breakdown
with release of calcium and phosphoru s (PTH has a simi
lar effect in this regard as vitamin D, but operates by a
different mechanism; PTH acts through cyclic AMP). In
the kidney, PTH increases calcium reabsorption and
phosphate excretion (vitamin D. however, increases ab
sorption of both calcium and phosphorus in the kidney).

EPINEPHRINE:
ORIGIN: Adrenal medulla
STRUCTURE: Derivative of tyrosine
FUNCTIO N: Epinephrine stimulates glycogen break

down, lipid breakdown , and gluconeogenesis (the oppo
site of insulin). The adrenal medulla produces more
ep inephrine than nonrepinephrine. Nonrepinephrine,
though . is the predomin ant neurotransmitter in postgan
glionic axon s o f the autonomic nervou s sy stem, where it
mediate s sympathetic, particularly ca tabolic (energy
expending; "flight-or-fight") responses.

GLUCOCORTICOIDS (cortisol being most important):
ORIGIN : Adrenal cortex
STRUCTURE: Steroid
FUNCTION: Promote gluconeogenesis and protein and

fat breakdown; antiin flammatory; increase gastric acid
production.

NOTE: Production is stimulated by ACTH from the
pituitary gland.

MINERALO CORTICOIDS (aldosterone being most im
portant):

ORIGI N: Adrenal cortex
STRUCTURE: steroid
FUNCTION: Stimulates kidney reabsorption of sodium

back into the circulation, with loss of potassium.
NOTE: Aldosterone producti on requires the renin

angiotension system: Renin is an enzyme secre ted by the
j uxtaglomerular cells of the kidney in response to de
creased arterial blood pressure and blood flow. Renin
stimul ates conversion of the protein angioten sinogen to
angiotensin I which then bec omes angiot ensin II. An
giotensin II stimulates the synthesis and release of aldos
terone by the adrenal cortex.

ATRIAL NATRIURETIC FACTOR (ANF)
ORIGIN: right (and perhaps left) atrium
STRUCTURE: Peptide
FUNCTION: Reduce s blo od pressure by increasing re

nal sodium excretion, decreasing vasoconstriction.and
inhibition of ADH . renin, and aldosterone secretion (see
MINERALOCORTICOIDS) .

INSULIN:
ORIGIN : Pancreas
STRUCTURE: Polypeptide
FUNCTION: Clears the blood of glucose; stimulates

glycolysis and glycogen synthesis; promotes protein and
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fat synthesis; inhibits gluconeogenesis; facilitates uptake
of glucose by cells.

GLUCAGON:
ORIGIN: Pancreas
STRUCTURE: Polypeptide
FUNCTION: Stimulates glycogen breakdown and gluco

neogenesis in the liver.

ESTROGENS (Estradiol being the most important)
ORIGIN: Ovary
STRUCTURE: Steroid
FUNCTION : Necessary for development of secondary

female characteristics . Needed for proliferation of the
.' uterine endometrium during the early (preovulatory, or

proliferative) phase of the menstrual cycle.

PROGESTERONE:
ORIGIN: Corpus luteum of the ovary
STRUCTURE: Steroid
FUNCTION: Prepares the endometrium to receive the

fertilized egg during the postovulatory (progestational)
phase of the menstrual cycle.

TESTOSTERONE:
ORIGIN: Testes
STRUCTURE: Steroid
FUNCTION: Development of male genitalia. male sec

ondary sex characteristics, spermatogenesis, and libido. An
drogens also promote skeletal and muscular development.

CHORIONIC GONADOTROPHIN (HCG):
ORIGIN: Chorion and placenta
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STRUCTURE: Glycoprotein
FUNCTION: Prevents corpus luteum from involuting

in pregnancy, allowing a rise of estrogen and proges
terone.

GASTRIN:
ORIGIN: Gastric mucosa
STRUCTURE: Polypeptide
FUNCTION : Activates secretion of gastric acid, pep

sin, and intrinsic factor (the vagus nerve stimulates gas
trin release) .

SECRETIN:
ORIGIN: Duodenal and jejunal mucosa
STRUCTURE: Peptide
FUNCTION: Inhibits gastric acid secretion; stimulates

the pancreas to secrete water and bicarbonate; stimulates
stomach pepsin secretion.

CHOLECYSTOKININ (pancreozymin):
ORIGIN: Duodenal and jejunal mucosal cells
STRUCTURE: Peptide
FUNCTION: Stimulates pancreatic secretion of en

zymes; stimulates gallbladder contraction. Has other ef
fects in ways similar to gastrin and secretin.

MINERALS, DRUGS, AND LABORATORY TESTS
ARE DISCUSSED IN THE CLINICAL REVIEW IN
THE INFIRMARY SECTION.
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CHAPTER 10. CLINICAL REVIEW

The aim of the preceding chapters was to provide a
basis for approaching the numerous clinical disorders that
involve biochemistry. As an overview of the clinical prob
lems in Biochemistryland, consider the general reaction:

A deficiency of the enzyme will cause a decrease in P
and an increase in S. The normal amounts of S and P may
also be changed by altering the degree of ingestion (or
production) of S or by altering the amount of excretion (or
breakdown) of P. When amounts of S, enzyme, or Pare
altered, select clinical conditions may develop in Bio
chemistryland. Sometimes an excess of a substrate or
product may be harmful (e. g., urate deposits in gout; NH,
in defective liver function). At other times lack of the
substrate or product may be damaging (e.g., decreased
formation of hydroxyproline in scurvy). Laboratory diag
nostic tests in Biochemistryland are commonly geared to
detecting either changes in enzy me concentrations, or
changes in concentration of substrate or product , or other
chemicals that may be altered in the condition, such as
hormones, vitamins, and electrolytes.

Treatment philosophy often consists in resupplying the
missing chemical or reducing an excess of it. Drugs may
sometimes be used to mimic the effects of a natural chem
ical that is needed , or, conversely, to compete with and
inhibit the effects of the natural chemical which is acting
in harmful ways. When the root cause of the problem is
not known, the treatment may aim to affect a secondary
manifestation of the condition (e.g., using antiinflamma
tory agents in arithritis). Sometimes the treatment is em
pirical, the mechanism of action of the therapeutic agent
being unknown (e.g . the use of certain centrally-acting
anesthetics). In the case of antibiotics and anti-tumor
agents, the idea is to damage microorganisms and tumor
cells to a greater degree than normal human cells. Treat
ment in part rests on a knowledge of how microorganisms
and tumor cells differ in their metabolism from normal
cells .

Certain diseases consist of puzzling assortrnents of
symptoms affecting particular organs in pecu liar ways

•that are not readily explained by the map . Why, for in
stance, does the child with Lesch-Nyhan Disease charac
teristically mutilate himself by biting his lips and fingers?
Is it simply a hypoxanthine p-ribosyl transferase defi
ciency that is responsible for all this, or is there more? On
the one hand it could be that a particular substrate
enzyme-product imbalance selectively affects particular
organs because these chemicals have special functions in
those .organs. An isolated enzyme defect might disrupt
quite a lot of different steps not only at the level of its
substrate or product but at steps well behind or ahead of

SUBSTRATE (S)
Enzyme

PRODUCT (P)
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the substrate and product, steps that may have unique
functions in particular cells or organs . It may also be that
certain conditions involve mutations of a gene that con
trols other genes. There would then be alterations in the
quantities of a number of proteins apart from the single
enzyme identified on the map. The root of the disorder
then may not lie solely at the particular step for which an
enzyme deficit is known.

Despite the fact that much is known about specific or
gan localization of particular biochemical reactions, there
is much refinement that is nceded in this knowledge to
properly understand why many of the syndromes strike in
specific localizations in specific ways.

In any guided tour, one must first know where 10 begin.
Biochemistryland, though, really doesn't have a begin
ning or end. Let us , however, arbitrarily begin in Carbo
hydrateland with glucose, that wonderous sun-formed
molecule that connects in one way or another with all
areas of Biochemistryland.

Carbohydrateland (and Glycolysis)

Energy can derive . from glucose metabolism either
through the HMP shunt; or through the Main Powerhou se
via glycolysis and the Krebs cycle . Red blood celIs,
which lack mitochondria, do not have a Krebs cycle but
make important use of the HMP shunt (NADPH produc
tion) and glycolysis (ATP production). Enzymic defects
in either glycolysis (all the way from glucose through pyr
uvate) or the lIMP shunt may result in hemolytic ane
mias, among other things. Some of these are listed below,
but the most common ones are glucose 6-phosphate de
hydrogenase (G6PD) deficiency and pyruvate kiuase
deficiency.

#1. (D-2) Glucose 6-phosphate dehydrogenase defi
ciency. There is a defect at this step in the HMP shunt.
The NADPH produced by the HMP shunt normally acts
indirectly to reduce glutathione (F-12) in red blood cells.
The reduced glutathione helps in preserving the red cell
by reversing the harmful oxidation of hemoglobin and
other proteins by hydrogen peroxide and superoxide radi
cals. As glutathione is not reduced properly in G6PD de
ficiency, an attack of hemolytic anemia may be
precipitated in these patients by ingestion of oxidizing
drugs, like sulfonamides, antimalarials, such as prima
quine, or uncooked fava beans. The abnormally oxidized
hemoglobin may then precipitate as Heinz bodies in the
red blood cells, and hemolysis (red cell destruction) oc
curs. G6PD deficiency protects against malaria as malar
ial organisms nced NADPH and the HMP shunt for their
growth. The diagnosis of G6PD deficiency can be made
by enzyme assay for G6PD in red blood cells. G6PD
deficiency is inherited as an x-Iinked recessive trait.



Hence, it is more common in males . It is particularly
commou iu blacks .
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The Glycogen Storage Diseases (GSD)

#2. (D-2) Hexokinase deficiency at this step. As glucose
can not be phosphorylated, various glycolytic intermedi
ates are deficient. This is associated with a hemolytic ane
mia.

#3. (D-2) Glucose phosphate isomerase deficiency. As
sociated with a hemolytic anemia.

#4 . (D-3) Phosphofructokinase deficiency (fype VII
glycogen storage disease). Phosphofructokinase is defi
cient at this step in muscle . Glucose cannot be used effec
tively and the patient experiences muscle cramps. Red
blood cells normally have a form of this enzyme, too, and
patients may have a hemolytic anemia and/or myoglo
binuria. Muscle biopsy shows the enzyme defect. Also,
there are increased muscle glycogen stores, as glucose is
shunted toward glycogen in the absence of a properly
functioning glycolytic pathway. There is also an increase
in muscle fructose 6-phosphate and glucose 6-phosphate,
but a decrease in fructose 1,6-diphosphate.

#5. (D-4) Aldolase deficiency at this step. Associated with
a hemolytic anemia and, sometimes, muscl e weakness.

#6. (D-4) Triose-phosphate isomerase deficiency. Asso
ciated with a hemolytic anemia .

#7. (D-6) Phosphoglycerate kinase deficiency. Associ
ated with a hemolytic anemia .

#8. (D-5) Diphosphoglyceromutase deficiency. This
side step in the glycolytic chain is particularly important
in red cell metabolism as 2,3-diphosphoglycerate (2,3 
DPG) decreases the 0, affinity of hemoglobin and stabi
lizes the deoxygenated form of hemoglobin. DPG mutase
deficiency results in a deficiency of 2,3-DPG, with ex
cessive affinity for Ou and anemia. Conversely, pyruvate
kinase deficiency (#10), leads to excess 2,3-DPG and low
oxygen affinity, which may allow better delivery of oxy
gen to tissues , but is associated with an anemia .

#9. (D-7) Enolase deficiency. Associated with a hemo
lytic anemia.

#10. (D-7) pyruvate kinase deficiency. The cell can not
produce the ATP that normally is produced during this
reaction and is needed for the cell's sodium/potassium
pump. There is a hemolytic anemia. The diagnosis can be
made by assay for pyruvate kinase in red blood cells. The
inheritance is autosomal recessive.
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In the glycogen storage diseases, excess glycogen accu
mulates in the liver or muscle, or both (depending on
whether it is liver, muscle, or a systemic enzyme that' is
defective). Glycogen accumulates either because it cannot
be broken down properly or because excess glycogen is
shunted into storage, as glucose 6-phosphate cannot be
metabolized elsewhere. For instance, we have already
seen the latter situation in muscle phosphofructokinase
deficiency (type VII GSD-disease #4). In the latter, glu
cose 6-phosphate cannot be shunted through glycolysis
and instead backs up into glycogen synthesis. Glucose 6
phosphatase deficiency (#11) is another example of shunt
ing into glycogen synthesis.

#11. (D-2) Glucose 6-phosphatase deficiency (Type I
GSD; Von Gierke's Disease) . There is a deficiency at
this step in the formation of glucose by the liver. Glucose
6-phosphate instead forms other things and the flow of
reactions shifts to:

A. Carbohydrateland. Glycogen accumulates in the liver,
which becomes enlarged .

B. The DNA FUnhouse. There is excess uric acid due to
shunting through the HMP (Penthouse Powerhouse) shunt
to form purines. Uric acid stones may deposit in the uri
nary tract.

C. Main Powerhouse. There is buildup of pyruvate and
lactic acid.

D. Lipidland. As the liver is not turning out glucose,
alternate sources of energy must be increased . Trigly
cerides break down in fat cells to release fatty acids, with
elevation of serum lipids. There may be fatty deposits
(xanthomas) in various parts of the body. The excess pyr
uvate (pyruvic acid) and lactate (lactic acid) result in a
serum acidosis .

The patient thus may have an enlarged liver, hypoglyce
mia, elevated uric acid, serum acidosis with elevated pyr
uvate and lactate, hyperlipidemia, and growth retardation.

Diagnosis may be confirmed by the absence of glucose
6-phosphatase on liver biopsy. The liver cells are full of
glycogen and fat, Also , the normal elevation in blood glu
cose from infusion of glucagon, epinephrine or galactose
is absent.

#12. (C-I) Deficiency of branching enzyme (fype IV
GSD; Andersen Disease), Here the liver ,Produces an
abnormal gl)..:cb\.-j.l with V~.iy long chains. There is ...1.
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enlarged liver, with liver damage (cirrhosis) and a poor
prognosis. The diagnosi s is made by assay for the defi
cient enzyme in liver biopsy, or by similar assay in leukn
cytes or cultured skin fibroblast s. The structure of the
glycogen in liver biopsy is also abnormal.

#13. (0-1) Muscle phosphorylase deficiency (Type V
GSD; McArdle's Disease). Liver phosphorylase is nor
mal , but muscle phosphorylase is deficient. The patient
cannot break down muscle glycogen and experiences
muscle cramps and weakness with exercise. Muscle bi
opsy may confirm the enzyme defect. There is no signifi
cant rise in lactate in an ischemic exercise test. Magnetic
resonance spectroscopy may be useful in diagnosing
changes in muscle metabolic function.

#14. (0 -1) Liver phosphorylase deficiency (Type VI
GSD; Hers' Disease). There is glycogen accumulation in
the liver and liver enlargement. There is growth retarda
tion , as amino acids are shunted toward gluconeogenesis
rather than growth.

#15. (0 -1) Liver phosphorylase kinase deficiency
(Type VIII GSD). The defect in this enzyme prevents
activation of liver phosphorylase (see fig. 3.2). There is
accumulation of glycogen in the liver and liver enlarge
ment. Diagnosis is made on assay for the defective en
zyme in liver biopsy or in leukocytes or erythrocytes ,

#16. (0-1) Deficiency of debranchlng enzyme (Type ill
GSD; Cori's Disease). The hypoglycemia is not too bad
as the outer chain of glycogen can at least be broken
down. The 1-6 linkages cannot be broken , however, and
short-ehained glycogen accumulates. Th ere may be liver
enlargement. muscular weakness and cramps, and excess
fat breakdown with hyperlipidemia. Diagnosis can be
made on liver biopsy, which shows glycogen accumula
tion and the absence of debranching enzyme. The de
creased ability to break down glycogen can be treated by
frequent feeding and supplementat ion of the diet with pro
tein , fructose, and galactose, which can be converted to
glucose.

#17. (E-!) Deficiency of lysosomal alpha-glucosidase
(Type II GSD; Pompe's Disease). Maltase , apart from
its location in small intestinal cells also has a fonn that is
found in Iysosomes throughout the body called lysosomal
alpha-glucosidase . Rather than changing maltose to
glucose, lysosomal alpha-glucosidase directly changes
glycogen to glucose. Deficiency in lysosomal alpha
glucosidase results in glycogen accumulation, not only in
the liver but in skeletal and cardiac muscle and other tis
sues. There is enlargement of the liver, heart, and tongue ,
with poor muscle tone and early death due to card iac
failu~ or respiratory infection . Diagnosis may be made
by muscle biopsy, which shows glycogen accumulation

. and absence of lysosomal alpha-glucosidase activity.
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Fructose Metabolism
Deficiency in fructose metabolism , as in essential fruc

tosuria, may be perfectly benign, for one is not interrupt
ing the main line of the glycolytic chain. However, there
is one condition . hereditary fructose intolerance, which
docs cause significant problems .

#18. (E-3) Essential fructosuria (fructokinase defi
ciency). This is a benign condition in which high fructose
levels, while not toxic, may be detected in testing the '
urine for sugar. Both glucose and fructose are reducing
substances , capable of reducing chemical reagents that
are used for the urinary test for reducing sugars (e.g, like
Clinitest tablets).

#19 . (E-3) Hereditary fructose intolerance (defi ciency
in fructose I-phosphate aldolase). Unlike essential fruc
tosuria, this is a significant clinical disorder. It is believed
that the fructose l-phosphate accumulation in this disor
der may be toxic to the liver and kidney. For one thing,
accumulation of fructose I-phosphate ties up the inor
ganic phosphorus needed to form ATP from ADP, Fruc
tose l -phosphate also inhibi ts liver phosphorylase. Liver
cells then function poorly and there may be liver enlarge
ment, jaundice, and hypoglycemia. There is also de
creased renal function (protein in urine) and poor growth.
Ingestion of fructose; causes the hypoglycemia and vomit
ing. Treatment involves the removal of fructose from the
diet . Even in normal individual s , it is unwise to adminis
ter large doses of fructose intravenously (the same is true ,
for similar reasons, for xylitol or sorbitol). When the lat
ter are used as an alternative to glucose, the phosphate
derivatives of these sugars, by holding on to inorganic
phosphorus, tend to block the synthesis of ATP needed by
the liver.

The Ice Crean, Parlor

#20. (B-1) Lactase deficiency. Lactase is produced in the
intestinal microvilli . Deficiency results in poor digestion
of lactose, bloating, abdominal cramps, and diarrhea on
ingestion of milk products. It may be hereditary, particu
larly in blacks and orientals, but may be acqu ired through
a variety of intestinal diseases that affect the small bowel.
Diagnosis may be made by small bowel biopsy or more
simply by a lactose tolerance test, showing that blood glu
cose does not rise after oral administration of lactose, The
hydrogen breath test may also be useful in lactase defi
ciency, where intestinal bacteria act on undigested lactose
and produce hydrogen, which can be detected at increased '
levels in the breath. The condition may be treated by lac
tose restriction. Some degree of lactose intolerance oc
curs normally with aging.

1121. (B-1) Galactokinase deficiency at this step. Galacti
tol accumulates and there are galactitol cataracts (lens
opacities). Diagnostically, red blood cells in the condition
have decreased galactokinase activity.



CHAPTER 10. CLINICAL REVIEW

#22. (B- J) Classic galactosemia. There is a defect in the
transferase (galactose }-P-uridyltransferase) that nor
mally allows galactose I-P to change to UDP-galactose.
Thus, there is a back up in galac tose metabolism with
acc umulat ion of ga lactose and galac tose I-ph osphate in
the liver, ca using liver dam age (cirrhosis). T here may
also be kidney failure and mental retardation. It is be
lieved that galac tose l-phosphate has an espec ially tox ic
effect . There may be catarac ts due to deposit ion of galac
titol in the len ses. Th e diagnosis may be suspec ted in an
in fant with failu re to .thrive and suga r in the urine which
does not turn ou t to be glucose. New born blood is com
monly screened routinely for elevated ga lac tose. Red
blood cells have a decrease in the transfera se acti vity.
Trea tment consists of redu cing the intake of ga lactose in
the diet.

#23. (D-3) Essential pentosuria (deficiency of xylitol
dehydrogenase). A beni gn acc umulation of xylulose de
ve lops, wh ich may be confused with glucose when de
tected in the urine.

THE MAIN POWERHOUSE

A number o f co nd itions affec ting the Main Powerho use
ha ve alrea dy bee n disc usse d in rev iewing the anem ias that
may result when there are defects in glycolys is, through
pyruvate (# 1-# 10) . there are other con ditions that may
affec t the Main Powerhouse at steps beyond pyru vate.

#24. (0 -8) Pyruvate dehydrogenase deliciency. Chil
dren with this may develop lactic acidosis with the add i
tion al buildup of pyruvate and alanine. Symptoms incl ude
severe neurol ogical disturbances. It may be treated by de
creasi ng carbohyd rate intak e and increasi ng intake of ke
togen ic nutrient s, i.e, nutrients that will bypass the
pyru vate dehy drogenase step in form ing acetyl CoA.

The Krebs Cycle

Th ere appear to be a scarci ty of known genetic diseases
that affect the Krebs cycle directly. Perhap s this is be
ca use the Krebs cycle is so vital that genet ic conditions
affectin g it are likely to be incompatible with life. There
are certain rare myop athies that appear to be associated
with defective mitochondri al function. The patient may
have muscle weakness on arising and easy fat iguibili ty in
certain muscle groups, and the mitochondria look abner

mal ar are excessive in number. It is not clear in ma ny of
these cond itions where the difficulty lies, whether it is in
the Krebs Cycle, oxidative phosphoryla tion, or some
other aspect of mitocho ndrial function. In Reye's syndrome,
the combination of aspirin with a viral infection appears in
some indi viduals to dam age mitochondria and impe de in
corporatio n of ammonia into urea, resulting in hepatic co ma.

#25. (D- IO) Cyanide poisoning interfere s with elec tron
transport . Cyanide binds to the Fe " ++ of cytochrome oxi
dase (cytochro me ox idase = cyt. a + cyt. aj) and pre
ven ts oxygen from co mbining with cy tochrome ox idase.
Cyanide also co mbines with the iron of meth emoglobi n
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(Fe t t " ) which norm ally is not present in signi ficant
am ounts. This pro vides a mechanism of treatm ent, with
sod ium nitri te. Nitri te conve rts hem oglobin (Fe + +) to met
hem oglobin (Fe++ +) wh ich in tum co mpetes to remove
cyanide from cytochro me oxidase. One then administers'
sodi um thiosul fate. This reac ts with cyanide to form the
relat ively benign thiocyanate, which is exc reted in the
urine. A possible trea tment of cyanide poisoning is the ad
ministerin g of large amounts of glucose with insulin, to
stim ulate glyco lysis.

Carbon monoxide, like cy anide , poison s by co mbining
with the hem e of both cy tochro me oxidase and hemoglo
bin (the Fe " forms). T his may be treated with hyperbaric
oxygen, whic h compe tes with ca rbon monoxide for the
hemoglob in, in addition to deli vering to the tissues oxy
gen dissol ved in the pla sma.

#26. (0- 10) Antimycin A, a fungal antibio tic , block s ox
idative phosphory lation at the step bet ween cy toc hro mes
b and CI . Rotenone, a toxic p lant deri vati ve used as a fish
poi son. and amytal, a barbituatc seda tive , both interrupt
electron tran sport in the step between NA DH and FMN.

#27. (E-9) Fluoroacetate (r a t po ison) acts by co nverting
to fluorocitrate and then inhib iting aconitase at this step.

Arsenic, in its arse nate (AsO~-) form prevents the se
quentia l transfonbation of glyceraldehyde 3-P to 3-P
g lycerate (D-5). Arsenate resembles phosphate and ca n
subs titute for it in oxida tive phosph orylation, and also at
tach to glyceraldehyde 3-P, in place of phosphate. Th e
resultant unstab le arsenate co mpou nd does change to the
normal end result , 3-P-g lycerate, but without the normal
production of an ATP. Thi s is poison ous.

#28 . (C- IO) Fumarase deficiency. There is a defici t in
the tran sformation of fumarate to malate . Th e infant has
development al retardation . with abnormal neuromuscular
function. lactic ac idemia, and fumarate aciduria. Th e lac
tic acidosis may result from a backup of Kreb s cycle func
tion, all the way to lactat e. Lac tic acid osis may also be
present in rare disorders of cy toc hrome oxidase act ivity.
Diagnostically, there is a defici t in fumarase act ivity in
assay of liver and skeletal muscle mitochond ria.

The Saloon

#29. (F -8) Excess alcohol intake may result in hypo
glyce mia. One reaso n is that alcohol metabol ism produces
NADH when ethanol conve rts to ace taldehyde. An excess
of NA DH prevents lactate from being transformed to glu
cose (in gluconeog enesis) and may also lead to lactate
acc umulation. Elevated NAD H also inhibits the conver
sion of malate to oxa loace tate, which is then unavail 
able for conversion to glucose. (Ste roids, on the other
hand , raise blood glucose, in part by stimulating phos
phoenolpyru vate carboxykinase , which facilitates the
conversion of oxaloace.tRte to PE~, in ,gluco?e:01?ene''ii s~

see D8). Hypoglycemia and ~!L~h)'...•c tG:~ l Ca) in...)" ill

part be impli cated in the fetal alcohol syndrome, which
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occurs in infants born to alcoholic mothers. There may be
growth retardation and central nervou s system defects.

Alcohol dehydrogenase and aldehyde dehydrogenase
catalyze the conversion of ethanol to acetaldehyde and
aceti c acid. They also change ingested methanol to the
toxic products formaldehyde and formi c acid, and change
ethylene glycol (antifreeze) to the toxic gl yoxylate and ox
alate . Ethanol, in an emergency, can be used to treat such
toxicity. as it competes for alcohol dehydrogenase. Ac
etaldehyde in itself may produce symptoms of excessive
vasodilation, flushing, and tachycardia in sensitive indi
viduals (common in Japanese and Chinese) who have a less
active form of acetaldehyde dehydrogenase, which func
tions in the conversion of acetaldehyde to acetate.

LIPIDLAND

Most of the important diseases of lipids actually invo lve
lipoproteins and glycolipids and will be discussed below
in Combo Circle. Diabete s, though. does have significant
effects in Lipidl and:

#30. (H-9) Diabetic ketosis. The mechanism of ketosis
(ketone production) in diabetes is quit e co mplex, but a sim
ple explanation of part of the mechanism is as follows. In
sulin normally responds to the fed state by clearin g the
blood of glucose. Insulin . in addition to promoting the en
try of glucose into cells. stimulates glycogen storage. lipid
storag e (as triglycerides) and protein synthesis. Insulin
stimulates the production of enzymes important to glycol
ysis and decreases the production of enzymes unique to
gluconeogenesis. In diabetes, there is an absence of insulin
effect; there is a tendency for gluconeogenes is to occur. A
significa nt 5011 fee of this glucose is oxaloacetate from the
Krebs cycle (0-9). This depletes the Krebs cycle of ox
aloacetat e. Meanwhile, as glucose is not being utilized.
triglyceride breakdown increases to provide an alternate
source of acetyl CoA for the Krebs cycle (H-8). As ox
aloacetate is depleted. some of this acetyl CoA cannot get
into the Krebs cycle and accumulates to form ketones (H
9). Also insulin is need to form malon yl CoA. A deficit in
malonyl CoA synthesis leads to acetyl CoA accumulation .
In addition. malonyl CoA inhibit s fatty acid oxidation . De
creased malonyl CcA will result in increased fatty acid
breakdown. with ketone formation. As you will recall . ex
cess acetyl CoA cannot avoid ketosis by forming glucose.
as the step from pyruvate to acetyl CoA is essentially irre
versible (0-8). Some of the fatty acid s released from fat
cell triglyceride depots travel to the liver for further pro
cessing. to VLDL, among other things. The liver cells are
overwhelmed with fatty acids, much of which cannot be
processed quickly. A fatty liver may then develop . along
with elevated blood lipids.

Insulin. among other thing s. also stimulates production
of lipoprotein lipase (LPL) . With insulin deficiency in dia
betes, there is insufficient LPL to release fatty acid s from
the trigl ycerides of VLDL and chylomicrons (see Fig. 6.4),
anoth er reason for accumulating serum triglycerides, apart
from increased VLDL prod uction by the liver.

52

In starvation, there also may bean elevation of ketones
for a similar reason : oxaloacetate is depleted as it tries to
form glucose; triglycerides also break down. forming ke
tones. The patient does not dev elop a fatty liver as there
are not enough calories being ingested to make lipid
stores o r to overwhelm the liver with fatty acid s. In
Kwashiorkor, however. there may be a fatty live r. In this
condition. the patient ingests suffic ient calories but has
inadequate protein intake . Proteins are necessary for the
liver to form and release lipoproteins . vehicles for carry
ing lipids . Without protein, lipids may accumulate in the
liver. The patient has a enlarged liver and distended ab
domen, which is also partly due to ascites (fluid collec 
tion in the peritoneal cavity ), that arises from
hypoalbuminemia .

Elevated circulating fatty acids and fatty liver may
occur in rare metaboli c deficiencies of enzymes that faci l
itate the ox idative breakdown of fatty acid s. The patient
may be hypoglycemic, with e levated c irculating fatty ac
ids and low ketones, as the fatty acids cannot be broken
down to ketones.

#3 1. (H-5) Pancreatitis. Pancreat ic lipase is a lipolytic
enzy me that releases fatty acid s from glycerides . It. as
well as proteolytic enzymes produced by the pancreas, are
normally. as a cell -protect ive measure, kept in inactive
(zymogen) form in lh.e pancreatic cell. Pancreatiti s can
activate these enzymes with res ultant pancreatic damage.

#32. (H-6) Carnitine deficiency, Fatty acid oxidation oc
curs in the mitoch ondria. Fatty acid s are stored as triglyc
erides outside the mitochondria. Camitine is a molecule
that transports long chain fatty acids into the mitochon
dria for ox idation. In the very rare co ndition where car
nitine is lacking (or the enzyme associate with the
combination of fatty acid with camitine is lacking), fats
cannot be properl y utilized for energy. The patient experi
ences muscle cramps on fasting or exercising. Note: This
illustrates the importance of fatty acid oxidation in muscle
function .

#33. (G-4) Respiratory distress syndrome, Lecithin
(phosphatidylcholine) is an important membrane phos
phoglyceride. In the lung , one of the lecithins (they come
in a variety of forms) reduces surface tension in the pul
monary alveoli . Lecithin deficiency in the premature in
fant results in the respiratory distress syndrome. in which
the alveoli are collapsed and there is difficulty with air
exchange.

#34. (G-3) Niemann-Pick Disease. Sphingomyelin col
lects in the brain due to a deficiency in sphingomyelinase ,
which normally remo ves pho sphorocholine from sphingo
myelin. Among other things. there are mental retardation
and early childhood death.

#35. (H-4) Nerve gas. It is not necessary to cripple the
Main Powerhouse in order to poi son someone. Nerv e gas,
as well as organophosphate insecticides. inhibit acetyl
cholinesterase (AChE) , an enzy me important in the deg
radation of acetylcholine to choline. Thi s can cause paral
ysis through inhibiting AChE at the j unctio n between
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peripheral nerves and muscle. Death occurs through res
piratory paralysis. AChE inhibitors are also used in sur
gery as muscle relaxants. AChE, apart from its presence
in nerve and blood cell membranes is also present in the
serum where it is called pseudocholinesterase. Prior to
administering AChE inhibitors in surgery. it is important
to ascertain that the patient does not have low serum
pseudocholinesterase levels. Otherwise, the administered
AChE-inhibiting drug-which is normally counteracted to
a degree by pseudocholinesterase. may have an exces
sively prolonged effect and cause respiratory paralysis.
Pseudocholinesterase levels may be low in certain congen
ital conditions or may be lowered by certain medications.
Phospholine iodide, for instance, is an AChE inhibitor
that is sometimes administered as an eye drop for glau 
coma. This medication should be discontinued several
weeks hefore administering succinyl choline, or other
AChE inhibitor, during surgery.

#36. (H-4) Myasthenia gravis. Patients with this condi
tion produce auto-antibodies against acetylcholine recep
tors, resulting in poor communicatiun between nerve and
muscle. The patient may experience profound muscle
weakness, especially after repetitive muscle contractions.

Channel #5

#37. (H-IO) HMG CoA reductase. This is an important
rate -limiting step in cholesterol synthesis. Drugs that act
at this step to inhibit HMG CnA reductase can lower
blood cholesterol. Normally, excess cholesterol inhibits
HMO CoA reductase by negative feedback on its activity
and synthesis, providing a natural control mechanism for
cholesterol synthesis. Hereditary differences result in dif
ferences in feedback effects. In certain people there is a
marked increase in serum cholesterol on increasing cho
lesterol intake, whereas in others, there is little increase,
as the feedback mechanism is functioning more actively.

#38. (H-5) Refsum's disease. There is inability to break
down ingested phytanic acid (a branched chain fatty acid
from the phytol isoprenoid ofchlorophyl). This leads to se
vere neurological symptoms.

Steroid Biosynthesis

Hormone defects at key point in the hormonal pathways
may give rise to a variety of syndromes in which there are
increased or decreased mineralocorticoid, glucocorticoid
andlor androgen-estrogen function .

#39. (0-12) Cholesterol desmolase. A partial block at
this control step reduces the levels of all the steroid hor
mones.

#40. (0-12) Cytochrome P-450, like cytochromes a.b,
and c is part of an electron transport chain. However,
rather than the electron transport associated with oxida
tive phosphorylation, it functions in hydroxylation. This
is clearly important in the combination of O2 with choles
terol and its derivatives, where hydroxyl groups arc added
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at key steps (in the liver, and adrenal glands particularly).
Cytochrome P-450 is also important in the hydroxylation,
and, thus, detoxification of many drugs in the liver (e.g. ,
phenobarhital). Cytochrome PA50 has also been impli 
cated in inducing cancer by converting potential carcino
gens into more active forms.

#41. (0-12) (H-13) 3-beta-hydroxysteroid dehydro
genase deficiency. There is a decrease in mineralocorti
coid and glucocorticoid production, and abnormal sexual
development.

#42. (0-12) (G-13) 21·hydroxylase deficiency. This is
the most common hereditary enzyme defect in steroid bio
synthesis. There is decreased glucocorticoid and miner
alocorticoid production, as the enzyme is common to
hoth pathways. This leads to increased ACTH production,
which in tum causes adrenal hyperplasia and increased
pregnenolone production. This results in increased andro
gen production and virilization. Therapy consists in ad
ministering glucocorticoids. This decreases ACTH
production by negative feedhack.

#43. (0-12) (0-13) ll-beta hydroxylase deficiency. As
in 2 I-hydroxylase deficiency, there is a decrease in miner
alocorticoids and glucocorticoids, with virilization.

#44. (0-12) 18-dehydrogenase and 18-hydroxylase de
ficiency. There is a deficiency of mineralocorticoids.

#45. (0-13)(0-13) 17-alpha hydroxylasedeliciency. There
is a decrease in both glucocorticoid and androgen produc
tion .The mineralocorticoid path is open and this may cause
hypertension through excess mineralocorticoids.

#46. (H-13) 17,20 lyase deficiency. There is a decrease
in androgen production.

Bile Acids

#47. (H-12) Gallstones. Most gallstones are composed
mainly of cholesterol. Bile salts and phospholipids nor
mally prevent the precipitation of cholesterol, hut choles
terol stones may form when the cholesterollbile
salt-phospholipid ratio increases excessively. Cheno
deoxycholate may be used as oral therapy for cholesterol
gallstones. It not only provides an extra recirculating
source of bile acids but inhibits the rate -limiting step in
cholesterol biosynthesis.

THE AMINO ACID MIDWAY

There are numerous diseases that affect amino acid me
tabolism. Mental retardation is a common concomitant of
many of these conditions, which, for the most part, are
rare . The diseases may be subclassified according to the
kinds of amino acids affected.

#48. (E-1l) Hyperammonernia. Exces s ammonia levels
drive the reaction from 2-ketoglutarate toward glutamate,
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thereby depl eting the Krebs cycle of 2-ketoglutarate and
reducing ATP output. Th is, among other things, may be a
factor in depressing brain function with hyperammone
mia , as the brain is deprived of ATP.

Disorders of Aromatic Amino Acids

#49. (C-7) Phenylketonuria (deficiency of phenylala
nine hydroxylase). Occasionally, the defect is not in the
enzyme but in the ability to regenerate tetrahydrobiop
terin , which is also nece ssary for the reaction. There is a
buildup and excre tion of phenylpyruvate in the urine, giv
ing it a mousy odor. Mental retardation is a prominent
feature. Diagnosis can be made by routine urine testing
for phenylpyruvate or serum testing for elevated phenyla
lanine level s. The condition is treated with a diet low in
phenylala nine. Sometimes, tetrahydrobiopterin defic iency ,.-

• may be treated by supplying biopterin.

#50. (C-9) Alkaptonuria (defect in homogentlsate oxl
dase) at thi s step. There is a buildup of hcmogenti sate ,
which spills out into the urine. The excess homogent isate
polymerizes as it stands (espec ially in alkaline urine), caus
ing a dark -colored urin e. The condition is generally ben ign
but may result in arthritis in later years. The polymer binds
to co llagen and may result in ochronosis, in which co n
nective tissue acquires a darker co lor; the ears, for instance,
may adopt a blu ish co loration through transmitted ligh t.

#5 1. (C-8) (C- IO) Tyrosinemia. Th ere are en zyme de
fects at steps in the metaboli sm of tyrosine. The se result
in the accumulation of tyrosine and its metabolit es in the
urine and seru m. Liver and kidney dysfun ction, and men
tal retard ation are common. The condition may be treat ed
by lowerin g tyrosine and phenylalanine int ake. Vitamin C
may be helpful as it is a cofactor for hydroxyphenylpy
ruvate hydroxylase at this step.

#52. (C-7) Albinism (tyrosinase deficiency). Tyrosinase
defi ciency at thi s step blocks steps necessary to produ ce
melanin, and the individual therefore lacks melanin pig
ment ation in the skin, hair, iris, and retinal pigment epithe
Iium. In ocuIocutaneous albinism, the individual is
sensitive to bright light and sunburns easily. There is an in
creased incidence of skin cancer. Treatment consists in the
avoidance of prolonged, direct exposure to sunlight. There
is also a form call ed ocular albinism in which the eyes
alone are involved. There is another form of albinism in
which tyrosinase is present, bu t the mechanism is unclear.

#53. (C-6) Parkinson's disease. There is a deficien cy of
dopamine in the brain stem , particularly in the midbrain,
where there is a marked loss of substant ia nigra ce lls .
Thi s leads to clinical problems of slowness, stiffness, and
trem or. It is unclear where the primary defect lies. It
could be , for instance, that the root of the di sorder is not a
defect in the metabolic pathway for dopamine but some
other defect that affec ts, in some other way, those ce lls in
the brain stem tha t happen to contain dop amine. Parkin
son's disease is treated ,with L-DOPA (the precu rsor of
dopamine ) rather than dopamine, as L-DOPA can cro ss
the blood brain barri er, whereas dopamine cannot.
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Pyridoxine (vitamin B. , in the form of pyridoxal phos
phate) is a cofactor in the formation of dopamine from L
DOPA. It used to be thought that pyridoxine supplements
would be helpful to tre at Parkinson's disease. Th e oppo
site was found: vitamin B6 apparently also enhances L
DOPA conversion to dopamine in other areas of the body.
Th is mean s that less of the adminis tered L-DOPA is avai l
able for entry into the brain. Therefore, B. treatment pres
ently is contraindica ted in Parkinson's disease.

Carbidopa is commonly added to L-DOPA in the treat
ment of Parki nson's disease ..Carbidop a inhibits dopa de
ca rboxylase (the enzy me active at this step in the
formation of dopamine), but does not cross the blood
brain barrier. Thu s, the administered L-DOPA is free to
act in the brain but i:.. inhibited from acting in the periph
ery where it may have unw anted side effec ts. like nausea
and vomiting.

Dopamine inhibits prol actin synthesis. Drugs that inhibit
dopamine synthesis or activity (e.g. antihyperten sives, anti
depressants, estrogen, phenothiazines, opiates), are the
mos t common cause of hyperprolactinemi a. Prolactin
secreting pituitary tumors sometimes are treated with
bromocriptine, a dopam ine agonist.

Defects in amino tran sport include :

#54. (E-7) Cystinuria; This is a genetic disease affec ting
epithelial cell transport of cystine and certain other am ino
ac~ds, resulting in cystine excess and cy stine stones in the
unne.

#55. (1-9) Hartnup's disease. There is a defect in the
epithelial transport of neutral amino ac ids (e.g., try 
ptoph an) leading to poor absorption and exc ess excretion
of these amino acids. Clinica l signs resemble those of
niacin deficiency (tryptophan is a precu rsor of niacin ),
namely the 3 D's: Diarrh ea, Dementia, Derm atit is. Th e
condition respond s to nicotinamide ad mini stration. Fan
coni's syndrome is a more generalized defect in molecu
lar transport , involving a multitude of amino ac ids,
glucose, calcium, phosphate, proteins, and other mole
cules. There may be decreased growth and ricket s.

#56. (I-II) Carcinoid tumor. Elevated 5-hydroxyindole
acetate (5-HIAA) occ urs in carci noid tumors of the inte s
tine, where argentaffin cell s sec rete excess 5
hydroxytryptamine (serotonin). The patient ex periences
flushing, diarrhea, hypotension, and bronch oconstriction.
(It is possible that these symptoms may relate to other
chemicals also prod uced by argentaffin cell s).

#57. (1-8) Excess xanthurenate in the urin e. Xanthure
nate levels in the urine increase with vitam in B6 defi 
ciency because B. (as pyridox al pho sphate) is necessary
for the further chemical transformation of 3
hydroxykynu renine. Pyridoxine deficiency may be de
tected by givi ng the patient a loading dose of tryptophan.
If pyrid oxine defic iency is present, there will be a detect
able excess of xanthurinate in the urine. Oral contracep
tives may increase urinary xanthurenate level s. possibl y
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because estrogens increase the level of tryptophan dioxy
gena"", which acts during the steps between tryptophan
and 3-hydroxykynurenine. Isoniazid (an antibiotic used
for tuberculosis) interacts with and inh ibits pyridoxal
phosphate. Thus patients taking isoniazid should take
pyridoxine supplements.

Diseases of Branched Chain Amino Acids

#58. (C- l l) (1-9) Maple Syrup Urine Disease. There is a
block in the degradation of the branched chain amin o
acids. Leucine, Isoleucine, valine, and their keto ic acids
are elevated in the blood and urine. Assays for these
chemicals can be done in the laboratory. The urine ac- -
quires a "maple syrup" aroma. Infan ts with the condition
have a variety of neurol ogic problems, including mental
retardation. The condition is treated by dietary restrict ion
of the affected amino acids.

#59. (C- I I) Hypervalinemia. There is a suspected defect
in valine transaminase , which acts at one of the steps in
val ine metabol ism.

#60. (1-9) Isovaleric acidemia. Th is is believed to be a
defect in the step from isovaleryl CoA to beta-methyl cro
tonyl CoA. in the metaboli sm of leuc ine. Rather than a
maple syrup odor. there is an odor of "sweaty feet". Th e
patient has various neurolog ic disturbances and mental
retardation. Isovaleric acid is elevated in the pla sma . It is
treated by restricting dietary intake of leucine.

#6 1. (1-9) Methylcrotonic acid uri a. The re is, amo ng
other things. excess excretion of beta-rnethylcrotonic acid,
a substrate in the course of leucine breakdown. Possibly
the defect may lie in the enzyme at this step. Administra
tion of biotin, whicb normally functions at this step in
leucine breakdown, may help improve the symptoms .

Diseases of Sulfur-Containing Amino Acids

#62 . (E-6) Homocysteinuria (defect in cystathionine syn
thase at this step). This is the most common fOlIO of ho
mocysteinuria). The enzyme defect leads to elevated levels
of homocysteine , which can be detected in the urine. Serum
meth ionine is also elevated. Th e cl inical pro blems include
dislocation of the lens, mental retardation, and various
skeletal and neu rologic problems. The mechani sm s are un
clear. Treatment may include administration of pyridoxine,
decreasing dietary meth ioni ne and increas ing cysteine. El
evated blood homocysteine is a risk factor for heart disease.

#63. (E-5) Hypermethioninuria (decrease in methionine
adenosyl transferase) at this step. The condition is rela
tively benign, whereas cysta thionine synthase deficiency
(see abo ve) is not ben ign .

#64 . (E-6) Variant of homocysteinuria. In this variant,
homocy steine cannot be con verted to methionine. The in
f"fr~(";ivcJ1 r.s.s of the enzy me may be due to the inabil ity of
vitamin BI2 to iou n ti.e necessary LU.lYliI C l,oj'al..l c.i ",
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methylcobalamin. Alternatively. in other cases there may
be a lack of the enzyme that fOlIOS 5-methyl THF (which
is a methyl donor in the reaction). Lack of folate or vitamin
B" may also result in elevated blood homocysteine level s.

#65. (E-6) Cystathioninuria (deficiency of eys
tathioninase). Cystathionine is elevated in the urine.
Treatment with vitamin B. may reduce the urinary levels
of cystathionine, but gen erally such treatment is unneces
sary as the condition tends to he benign .

Other Amino Acid-Related Disorders

#66. (1'-11) Histidinemla (lack of histidase). Histidine
cannot be changed to urocanate. Blood and urine histidine
levels are elevated, and urocanate, which normally is found
in sweat, is absent. The patient s may be mentally retarded.
II may be diagnosed by checking blood and urine for histi
dine and its minor derivatives. On adding fe rric chloride to
the urine, "if the urine turn s green there is histid ine" .

#67. (F- 12) Histamine effect in allergy and shoc k. Hista
mine is widespread in the body organs. It is largel y found
in mast cells and basophils. It is released under a numbe r
of conditions, including the presence of certa in drugs, tis
sue trauma. and antigen-antibody alle rgic interactions . It
causes arteriolar relaxat ion. which may be help ful in in
creasing blood flow to injured tissues , but may result in hy
potension and shock if excessive. Histamin e excites
smooth muscle, and this may ca use bronchospasm. It stim
ulates sensory nerve end ings, which may cause itching and
pain . It also stimulates gas tric secretion.

Chromolyn sodium, an adjunct in the treatment of asthma,
acts to inh ibit the release of histamine from mast ce lls.
Cimetidine is a drug that resembles histamine in structure.
Il competes with histamine for receptors in the stomach,
and is useful for reducing gastric acid secretion in the treat
ment of peptic ulcers.

#68 . (F-13) Formiminotransferase deficiency. Th is
resulls in increased urinary levels of FlGlu (for
miminoglu tamate) . Th e patient may have significant neu
rological and other phy sical defects . Fl Glu is also an
indicator for folate deficiency, ju st as xanthurenate is for
B. defic iency (see #57 ), and urinary methylmalonate is
for B" deficiency (see #72).

#69. (F- 12) Scurvy (deficiency of vitamin C). Collagen is
an important intercellular structural protein that contains
hydro xyproline and hydroxylysine, amino acids that are rare
in other kinds of protein. The concentrati on of glycine is
also very high in collagen . In scurvy there is defect ive
collagen formation, as vitam in C is necessary for the hy
droxylation of proline. Among other symptoms, the patient
with scurvy bruises easily and has decaying gums.

Defects in coll agen synthesis may occ ur at steps other
than ihat of hydroxylation of proline. Steps in collage n syn
i.i .i~ ~i;) i ,:~.::i ...~.:; G~e ~GI lcv,:i;:& :
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Intracellular steps:

A. Synthesis of the initial polypeptide in the fibroblast cell.

B. Hydroxylati on (formation of bydroxyproline and hy
dro xylysine) and glycosylation of (addition of sugar to)
the polypeptide (vitamin C is a cofactor that is necessary
for the hydroxylation of prol ine).

C. Formation of a procollagen triple helix, each conrain
ing 3 pep tide strands.

D. Release of the procollagen triple helix from the fibroblast.

Extracellular steps:

E. TRImming the ends of the procollagen TRIple helix
to form a TROpocollagen triple helix.

F. Lining up of many tropocollagen triple helice s to form
a collagen fiber. The particular staggering of tropocolla
gen helices within the collagen fiber accounts for the peri
odicity of lines seen on viewing a collagen fiber through
the electron microscope.

G. Cross-linking of tropocollagen bundles within the col
lagen fiber.

In Ehlers-Danlos Syndrome, which occurs in a variety
of forms. there appear to be problems at later stages in the
struc turing of collagen. The trimming of the procollagen
triple helix to form a tropocollagen triple helix may be de
fective. There may also be defect s in collagen cross-linking.
The patient has very elastic skin and is double-jointed.

In lathyrism in cattle, the defect is still later in the
stages of collagen form ation, There is a toxic interference
with collagen cross-linking, on ingesting sweat peas .

In osteogenesis Imperfecta, the child has "brittle
bones", which fracture easily . There may also be blue
sclerae, hearing defects, and denral abnormalities. There
are a variety of forms of this condition that involve de
fects in the structure of collagen.

Once formed. mature collagen can be digested by colla
genase. Certain bacteria, e.g.• Clostridium histolyticum,
produce collagenase as a means of facilitating their spread
through tissue planes. Collagenases are also important in
the restructuring of tissues during growth and regeneration.

#70 . (F-I3) Hyperhydroxyprolinemia. It is postulated
that there is a defect in the oxidation of hydroxyproline.
The symptoms may include mental retardation in addition
to elevated plasma hydroxyproline.

#71. (C- I I) Propionyl CoA carboxylase deficiency. The
serum shows elevated propionate. The patient may have
mental retardation, ketoacidosis. protein intolerance and
other defects.

#72 . (0-11) Defective metabolism of methylmalonyl
CoA. Infants with this may present with acidosis. There
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is an excess of methylmalonate in the urine, as methylma
lonyl CoA cannot change to succinyl CoA. Sometimes
this is due to a defect in vitamin B" metabolism and
sometimes to a defect in methylm alonyl CoA muta se, for
which vitamin BI2 is a coenzyme. Excess urinary methyl
malonate is also an indicator of BI2 deficiency.

The Urea Rest Room

In general , defects of the urea cycle give rise to elevated
levels of ammonia, as the ammonia cann ot effectively en
ter the urea cycle for elimination . There results a variety
of neurol ogic disturbances, including mental retardation.
Treatment may con sist of lowering protein intake . Treat 
ment with benzoic acid may facilitate ammonia elimina
tion . through alternate pathways that involve hippuric acid
production . Arginine supplemenrat ion is needed except in
hyperargininemia (#77).

#73. (B-9) Carbamoyl phosphate synthetase deficiency.
Ammonia cannot effectively enter the urea cycle and
there is hyperammonemia.

#74 . (B-9) Ornithine transcarbamoylase deficiency, an
other cause of hyperammonemia; the most common of the
urea cycle metabolic disorders. It is X-linked.

#75 . (A-9) Argini~uccinate synthetase deficiency.
There are elevated citrulline levels in the blood, urine, and
cerebrospin al fluid , and there may be hyperammonemia.

#76. (A-9) Argininosuccirtic aciduria. There is de
creased argininosuccinase act ivity. Argininosuccinate is
elevated in blood and urine, whereas arginine is lower.
For some reason , the hair is very dry and brittle.

#77 . (A- JO) Hyperargininemla. There is defective argi
nase activity. Blood arg inine levels are increased.

COMBO CIRCLE

Clinical disorders may occur in the Lipoprotein, Glyco
lipid, or Glycoprotein sections of Combo Circle.

#78. (F-2) Lipoprotein disorders. The most common
causes of hyperlipidemia are diseases of lipid metabolism
and excess alcohol intake (alcohol is converted to acetyl
CoA . which can convert to lipids) .

There is considerable interest in the variety of disorders
involving lipid metabolism, particularly in view of the cor
relation between cardiovascular disease and increased
serum choles terol and triglycerides. Hyperlipidemia may
present in a variety of ways, such as plaques (atheromata)
in blood vessel walls in atherosclerosis, filtty skin lesions in
the eyelids (xanthelasmae), and lipid deposits in tendons
(xanthomas) and the cornea (corneal arcus). Elevated
chol esterol appears to correlate better than elevated triglyc
erides with atheromata, corneal arcus, xanthelasmae and
certain xanthomata. Other kinds of xanthomata, as well as
turbid plasma, coincide better with elevated triglycerides.
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Pancreatitis may result from elevated triglycerides. as
pancreatic lipase can act on elevated blood triglycerides to
form breakdown products that may injure pancreatic cells.

Cholesterol is found in all lipoprotein particles but is
relatively concentrated in LDL and HDL, whereas trigly
cerides are relatively concentrated in chylomicrons and
VLDL. Heart disease appears to correlate with increased
LDL and decreased HDL. Elevated HDL generally is a
favorable finding, as HDL shunts excess cholesterol back
to the liver (via LDL remnant particles) where it can be
excreted. Chylomicrons, VLDL, and LDL, on the other
hand, carry triglycerides and cholesterol to the periphery
(fig.--6:4). The more significant clinical conditions in
volve elevation of cholesterol, triglyceridcs, VLDL,
LDL, and/or chylomicrons, rather than HDL.

Treatment of lipid disorders includes:

3 . decreasing dietary intake of cholesterol and saturated
fats. Unsaturated fats appear to decrease VLDL and raise
HDL. HDL levels are also increased by prostaglandin
precursors in certain fish oils, a topic of significant CUf

rent interest.

b. use of cholestyramine or colestipol, which bind bile
salts and prevent the bile salts (which are cholesterol de
rivatives) from being reabsorbed. In extreme cases, one
can remove a portion of the small intestine to reduce fat
absorption.

c. nicotinic acid, which decreases VLDL production.

d. inhibitors of HMG CoA reductase (e.g, simvastatin,
Zocor) to decrease the production of cholesterol (see #37).

e. clofibrate, which activates lipoprotein lipase to help
clear VLDL and chylomicrons. It also appears to reduce
cholesterol and triglyceride biosynthesis, and stimulate
fatty acid oxidation.

f. Ingesting medium chain fatty acids. In lipoprotein lip
ase deficiency there is a deficit in the breakdown of trigly
cerides. However, medium chain fatty acids normally are
absorbed right into the portal system and travel attached
to albumin, without being converted into triglycerides.
Medium chain fatty acids therefore can be administered
without their requiring lipoprotein lipase for their pro 
cessing.

The functioning of the lipoproteins depends in part on
their specific apoproteins. A defect in an apoprotein may
lead to a decrease in the production of a particular lipo
protein (e.g., familial hypolipoproteinemia). Alterna
tively, an apoprotein defect may cause a rise in
lipoproteins: if the apoprotein is necessary for allowing
the lipoprotein to recognize its target site, the defect may
prevent the lipoprotein from unloading its lipids and there
will be a lipoprotein buildup in the blood.

In order for lipoproteins to release their cholesterol and
triglycerides, the cholesterol receptors on the target cells
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and lipoprotein lipase in the fat and muscle capillary walls
must be intact. If there is a deficiency in these, the corres
ponding lipoprotein will be elevated. In familial lipopro
tein lipase deficiency, there may be elevation of
chylomicrons and VLDL. LDL receptors are defective in
familial hypercholesterolemia, and there may be elevation
ofLDL.

Lipoprotein disorders may also result from a variety of
intestinal disorders that impede lipid absorption (such as
certain inflammatory bowel diseases). Lipid disorders
may also occur when there is triglyceride breakdown and
shifting of triglyceride stores, as in the lipidemia that may
accompany excess lipid breakdown in diabetes.

Some of the lipoprotein disorders, apart from dietary
induced, that illustrate the above principles are (see also
fig. 6.4):

A. Familial lipoprotein lipase deficiency (Type I lipo 
protein pattern on electrophoresis). Serum triglycerides
become elevated with particular elevation of chylomi
crons. There are xanthomas, rather than atherosclerosis.
Pancreatitis may result from the action of pancreatic lip
ase on these elevated chylomicrons, with resultant excess
triglyceride breakdown in the pancreas, pancreatic injury,
and release of more pancreatic lipase. (Note that the body
contains different kinds of lipases. There is a pancreatic
lipase, which is a digestive enzyme; a lipoprotein lipase,
which is an extracellular enzyme that breaks down plasma
triglycerides, thereby enabling fatty acids to enter cells;
and an intracellular lipase that breaks down stored
triglycerides).

B. Familial hypercholesterolemia (Type I1a or lib pat
tern). Elevation of LDL (sometimes VLDL, too). This
involves a defect in the cell LDL receptor site.

e. Familial dysbetalipoproteinemia (Type III pattern).
A defect in the remnant particle apoprotein, which results
in the loss of ability of remnants to bind to liver cells.
There are xanthomas and marked premature atherosclero
sis. Remnant particles accumulate in the plasma, seen as
a broad beta band on electrophoresis. There is elevation
of both plasma cholesterol and triglycerides.

D. Familial hypertriglyceridemia (Type IV or V pat
tern). There is elevated VLDL, but the mechanism is un
clear (possibly a defect in VLDL catabolism). There may
be xanthomas, pancreatitis and premature atherosclerosis.

E. Multiple lipoprotein-type hyperlipidemia (Type I1a,
Ilb or IV pattern). Elevated LDL, possibly due to excess
production of VLDL. There is premature atherosclerosis.

Conditions F, G, and H below are associated with hy
polipoproteinemia and a different assortment of clinical
problems.

F". Abetalipoprnteinemia. There is absence .of ~Irf)!)i'!l

teins . Chylomicrons are not found and there is fat malab-
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sorption with lipid accumulation in intestinal cells. There
are various neurologic abnormalities and distorted ,
"thorny" erythrocytes (acanthocytosis),

G. Familial hypohetalipoproteinemia. There is a de
crease but not a total absence of apoprotein B (apoB) and
its lipoprotein. It is relatively benign clinically.

H. Tangier disease , There is an absence of HDL due to a
defect in Apolipoprotein A\. Serum cholesterol levels are
low. Cellular cholesterol is high. Cholesterol cannot be
transported back to the liver and, instead, accumulates in
phagocytic cells. The tonsils are orange (like a Tangerine)
and enlarged. There are various neurologic problems and
corneal opacities.

\. LCAT deficiency. Cholesterol associated with HDL
cannot be esterified. There is a buildup of unesterified
cholesterol, with corneal opacities, renal insufficiency,
hemolytic anemia, and premature atherosclerosis. The di
agnosis may be made on enzyme assay for plasma LCAT.

Glycolipid Theatre
A common denominator finding in glycolipid disorders

is the inability, in Iysosomes, to break down particular
glycoliplds, resulting in glycolipid accumulation. Clini
cal findings commonly include mental retardat ion.

1179 . (G-l) (G·2) Thy-Sachs disease. There is a defi
ciency in hexosaminidase A, which normally breaks
down gangliosides. This results in excess accumulation of
ganglioside in the brain of the infant. The child appears
normal at birth but experiences progressive neurologic
deficits, leading to death within a few years.

#80. (G- I) (G·2) Gaucher's disease (deficiency of beta
glucosyJ ceramidase, which normally breaks down glyco
syl cerebroside to ceramide). This results in the
accumulation of glucosylcerebroside in the brain, liver
and spleen. There is hepatosplenomegaly in addition to
neurologic deficits. The diagnosis may be made by exam
ining the bone marrow for " Gaucher's cells", which con
tain excess cerebroside. Leukocytes may also be assayed
for the missing enzyme and altered histological appear
ance. The condition may occur in infancy or later life.

, Enzyme replacement may help.

In Krabbe's disease (globoid leukodystrophy) there is
accumulation of galactocerebroside in the white matter
of the child's nervous system, as Iysosomes lack the en
zyme galactocerebrosidase. There is poor myelinization,
optic atrophy, mental retardation and, typically, death
within 1-2 years of the condition's onset in infancy.

Fabry's disease is an X-linked disorder of globoside
breakdown, usually in young adults. There is a defect in
lysosomal alpha-galactosidase A. The patient has a pain
ful neuropathy and, among other things, progressive renal
failure with accumulation of globoside in the kidneys.
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Glycoprotein Theatre
#81. (P-I) The mucopolysaccharidoses are proteoglycan
disorders that generally result from a hereditary lysoso
mal defect in enzymes that normally degrade mucopoly
saccharides (in most cases heparan sulfate and dermatan
sulfate). This leads to the accumulation of different muco
polysaccharides, which may be associated with a variety
of different findings, commonly including mental retarda
tion and various skeletal abnormalities. These diseases
include Hunter disease , Hurler and Scheie disease, "1
cell disease" , Maroteaux-Laury disease, Morquio syn
drome, Mucolipidoses vn disease, multiple sulfatase
deficiency, and Sanfilippo A and B diseases, which will
not be elaborated on further here. Often these conditions
can be detected in advance 00 amniocentesis.

In pulmonary alveolar proteinosis, the alveoli of the
lung fill with an excess of a glycoprotein. The reaction
may occur in response to dust or other irritants.

THE DNA FUNHOUSE
There are a number of disorders that presen t at the level

of purine and pyrimidine metabolism, the most common
one being gout, which results in the deposition of urate
crystals. At the level of the nucleic acids, the most irnpor
tant pathology is that of the enormous numbers of gene
mutations that may affect the kinds and amounts of pro
teins that are produced. These proteins include enzymes,
and it is clear that most of the clinical diseases in Bio
chemistryland, since they involve enzyme abnormalities,
involve gene mutations. Mutations may alter an enzyme's
function by resulting in a new enzyme with different
functional capacities. Alternatively, if the mutation occurs
in a gene thatcontrols other genes, the enzyme in question
may be normal in structure, but produced in abnormal
amounts.

Disorders of Purine Metabolism

#82. (8-5) Gout. In gout, there commonly is an elevation
of uric acid in the blood and sometimes in the urine.
Urate crystals precipitate, particularly in joints (tophi, es
pecially in the big toe) and urine (urate stones). Hyperuri
cemia (elevated blood uric acid) may result from excess
production of uric acid andlor decreased excretion.
Causes of excess production include metabolic defects
that shunt the pathways toward uric acid production, e.g. ,
Lesch-Nyhan syndrome-N84 (8-5), PRPP synthetase
overactivity-#83 (C-4), and glucose 6-phosphatase
deficiency-I 11 (D-2). Various malignancies may also
result in elevation of uric acid through cell breakdown and
conversion of excess nucleic acids to uric acid. Renal dis
ease may block the excretion of uric acid and also result
in hyperuricemia. Alcohol may precipitate an attack of
gout by decreasing uric acid excretion and increasing pro
duction.
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#83. (C-4) Overactivity of either PRPP synthetase
(which acts between ribose S-P and PRPP) or amido
transferase (which acts between PRPP and 5-P
ribosylamine). A modificat ion of these enzymes may lead
to their overactivity, with consequent hyperuricemia .

1184 . (B-5) (8-5) Lesch-Nyhan syndrome (deficiency of
hypoxanthine P-ribosyl transferase). This is an X
linked defect in the salvage pathway that normally
changes hypoxanthine and guanine to IMP and GMP. In
the absence of this salvage, there are urate and PRPP
accumulation (PRPP .normally combines with hypoxan
thine and guanine to form IMP and GMP) and , subse
quently, gout. There are also puzzling neurologic
signs-mental retardation and self-mutilating behavior
such as biting the lips and fingers.

#85. (B-5) Xanthine oxidase deficiency. Th e inability to
change xanthine to urate resul ts in xanthinuria with de
creased blood and urine urate levels . Sometimes urinary
xanthine stones may form. The absent enzyme may be
confirmed on liver biopsy.

#86 . (8-4) APRT (adenine p-ribosyl transferase) defi
ciency. Th e absence of APRT at this step between adenine
and AMP results in shunting of adenine toward another
product-2,8-<1ioxyadenine, which may precipitate as uri
nary stones.

#87 . (8 -4) Adenosine deaminase deficiency. Th is is asso
cia ted with low numbers of lymphocytes, seve re combined
immunodeficiency disea se, and sometimes liver disease.
Th ere is an overproduction ofATP and dAn '. which leads to
an imbalance that upsets the proliferation of immune cells .
Gene repJacement for this enzyme is under investigation.

lead poisoning and pyrimidine 5 '-nucleotidase deficiency,
the red cells have the microscopic appearance of " baso
philic stippling". which may be due to incompletely de
graded RNA. Lead also inhibits the incorporation of iron
in heme synthes is (1199).

#91. (A-6) In xeroderma pigmentosnm there is a defect
in the normal DNA repair proc ess. Patients with the dis
ease are susceptible at an early age to developin g skin
cancer followin g sun exposure. which can cause abnormal
pyrimidine dimers in the DNA molecule. The condition
may involve a deficiency in an endonuclease . Ataxia te
langiectasia and Fanconi's anemia are conditions that are
also believed to be related to endonuclease deficiency. In
the former, there are abnormal proliferation of blood ves
sels in addition to cerebellar dysfunction .

#92 . (A-6) Protein disorders form a vast category that in
cludes not only the numerou s enzyme defects in Bio
chemistry land but many other defects of protei ns that are
not enzymes. These are far too numerous to describe in
detail, but include: diseases of transport proteins (e. g.,
the hemoglobinopathies , hypoalbuminemia): disorders of
the immune system (abnormal antibodies in autoimmune
and other immune disorders-fig. 10. 1); blood cloning
disturbances (e.g ., the hemophilias , excess thrombosis);
abnormalities of cell memb ranes (e .g., defective cell sur
face receptors); and abnormalities of those hormones that
are proteins. Many of these disord ers are primary defects
that stem from gene mutation . Others may be acquired .

#88 . (8-5) Purine nncleoside phosphorylase deficiency.
Associated with immun e system deficiency and decreased
numbers of T lymphocytes.

Disorders of Pyrimidine Metabolism

#89. (B-8) Orotic aciduria. Blocks in steps leading to
pyrimidine synthesis may result in deficient production of
pyrimidine nucleotides. There may be anemia and im
mune deficiency (from decreased red and white cell pro
duction) and excess orotic acid which may precipitate in
the urine . Treatment with urid ine may not only help sup
ply the missing pyrimidine, but can decrease the level of
orotate by urid ine 's negative feedback on steps that lead to
orotate produ ction.

• VARIAB LE REG IO N

c CONSTANT REGION

s- s

HEAVYCHAIN

#90 . (B-7) (B-7) Pyrimidine S '-nucleotidase deficiency.
RNA , in this condition , can not be completely degraded
in maturing red blood cells . The nucleotides of uridine
and cytidine accumulate. This is associated with a hemo
lytic anemia. In lead poisoning, lead inhibi ts 5 ,
nucleotidase and :11 ::-0 may result in an ;' ile~ll!a . In both
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Fig. 10.1. An immunoglobulin (antibody) molecule .
Each molecule contains two heavy and two light protein
chains , each of which contains a variable portion, which
is responsible for the subtleties of immunologic spec ific
ity. The type of heavy chain de termines the main immu
nologic class (e.g. , IgG, IgA, IgM , IgD , IgE) .
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PORPHY'S HEMELAND
Various diseases may affect porphyrin metabolism on

the way to forming heme. These result either in the accu
mulation of porphyrin derivatives in red blood cells (ery
thropoetic porphyrias) or in the liver (hepatic
porphyrias), as the liver is also a site of porphyrin pro
duction (heme is important not only in hemoglobin but in
the cytochromes). Curiously, anemia often is not a strik
ingly prominent characteristic of these diseases, but other
things are common-photosensitivity with skin scarring
(porphyrins absorb light), abdominal pain, and various
neurologic problems. A reason for the lack of anemia is
that the enzyme that is defective in berne production in
the liver and elsewhere is not defective in the bone mar
row. Examination of the red blood cells , urine and/or fe
ces for various porphyrin products is useful in making the
specific diagnosis. The urine is often pink or red, due to
porphyrin excretion . Enzyme defects may occur at a num
ber of different steps in porphyrin synthesis, but fine dif
ferentiating details of the conditions will not be discussed:

#93. (D-ll) Vitamin B. deficiency. By reducing pyri
doxal phosphate availability at the entrance to Porphy's
Hemeland, an anemia may result through decreased abil
ity to form heme.

#94. (D-12) Uroporphyrinogen I synthase deficiency
(acute intermittent porphyria) .

#95. (C-12) Uropophyrinogen III cosynthase defi
ciency (congenital erythropoetic porphyria).

#96. (D-13) Uropophyrinogen decarboxylase defi
ciency (porphyria cutanea larda) .

~ #97. (D-13) Coproporphyrinogen oxidase deficiency
(variegate porphyria) .

#98. (D-13) Protoporphyrinogen oxidase deficiency.

1199. (D-12) Ferrochelatase (heme synthetase) defi
ciency. There is a defect in the ability of Fe" to combine
with protoporphyrin to produce heme. Lead poisoning
acts at the same step, as an inhibitor of heme synthetase.
Lead poisoning may thus result in an anemia. Lead also
has other kinds of toxic effects (see #90). Lead can in
terfere with other kinds of proteins by interacting with
sulfhydryl groups, causing more diffuse damage,
particularly in the central nervous system. Lead resem
bles calcium in certain respects and can deposit in bone,
where it may later be released, with delayed toxic effects.
Penicillamine and EDTA bind to lead and may be used in
treating lead intoxication.

#100. (D-13) The hemoglobinopathies. Mutations that
change a single amino acid in a hemoglobin molecule may
cause abnormally functioning red blood cells and anemia.

Many hemoglobinopathies may be distinguished on hemo
globin electrophoresis. Sickle cell anemia is a classic
example.

In sickle cell anemia, an abnormal hemoglobin is pro
duced that results in sickle-shaped red cells, particularly
under conditions of oxygen deprivation. These abnor
mally sticky cells may clog small blood vessels . The diag
nosis may be made by examining the cells on a blood
smear, and by hemoglobin electrophoresis. As in many
hereditary conditions , homozygotes are fur more severely
affected. About 10% of American blacks are heterozy
gous (sickle cell trait) for sickle cell anemia , whereas
about 0.4% are homozygous. Normal hemoglobin (HbA)
has two alpha and two beta chains (a1pha2,beta2). In
's ickle cell anemia, there is a change in the beta chain.
Individuals with sickle cell trait have a mixture of HbA
and HbS. Individuals homozygous for sickle cell have
HbS but not HbA (fig. 10.2) .

There are many kinds of amino acid substitutions that
may produce abnormal hemoglobins besides that found in
sickle cell anemia , but these conditions will nut be elabo
rated upon here.

Genetic conditions that cause anemia may be due to
other factors than a mutation causing a single amino acid
change in the hemoglobin molecule . In certain thalasse
mias, for instance, the :polypeptide chains are normal but
abnormal quantities are produced . In alpha thallassemia,
the alpha chain is underproduced. In beta thallassemia,
the beta chain is underproduced. There may be a relative
overabundance of other cbains, such as gamma chains .
Thallassemia minor is the heterozygous type of beta
thallassemia ; thallassemla major is the homozygous
type. One type of beta thallasemia appears to result from
a gene mutation to form a stop codon. This stops beta
globin early in the formation of the protein chain. Thus ,
for all practical purposes, the chain doesn't even form.
Certain types of alpha thallassemias may result from mu
tation and disappearance of a stop codon, resulting in ab
normally long alpha-hemoglobin molecules. Other kinds
of mutations may also occur.

In other anemias, the problem may not be the hemoglo
bin, but other factors that disrupt red cell energetics, as
follows:

As red blood cells do not have mitochondria or a Krebs
-: .cycle, their energy is derived from glycolysis (ATP pro

duction) and from the HMP shunt (NADPH production).
Defects either in glycolysis or in the HMP shunt may
result in red cell abnormalities. Sometimes the defect cen
ters in red blood cells. In other cases , it is more general
ized, as glycolysis and the HMP shunt are generalized
processes. Conditions that affect glycolysis or the HMP
shunt include conditions #1-10) .

Other disorders of red cells include problems of cell
membrane functioning, e.g., hereditary spherocytosis.
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H

POLYPEPTIDE. CHAIN

H H H H

H
HEMOG-LOBIN A (01(3)2

(NORMAL ADULT)

H

H
HEMOGLOBIN F (cc1)2

(FETUS)

H

H H H H

H

HEMOG-LOBIN A" (exo)2

(SMALL SUBGROUP OF ADULT)

Fig. 10.2. Some hemoglobin types. H, heme.

Disorders of Bilirubin Metabolism

When red ceUs get old and are destroyed, mainly in the
spleen, the heme ring is broken and the Fe" is released,
fanning biliverdin, an open-ehain molecule with no iron
(C-14). Biliverdin changes to unconjugated ("indirect")
bilirubin by reduction of its central carbon. The resultant
unconjugated bilirubin molecule is carried to the liver by
albumin (as unconjugated bilirubin is not water-soluble).
Then:

a. Liver ceUs take up the un conj ugat ed bili rubin.

b. They transform it into conjugated bilirubin by conju
gating it with glucuronic acid (the resultant more polar
molecule is now soluble in water).

c. The liver ceUs release the conjugated bilirubin into the
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H
HEMOGLOBIN S (ocl3 l
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biliary duct system , which carries it to the small intes
tine.

d. In the small intestine, the conjugated bilirubin is trans
fanned by bacteria into urobilinogen, some of which is
excreted and some of which is reabsor bed, carried back
to the liver, and reexcreted into the bile. Urobilinogen
may be detected in the urine when blood urobilinogen
levels are high.

Defects may occur at any point in this sequence:

A. Excessive breakdown of blood (as in hemolytic ane
mias) Can overwhelm the liver and result in elevation of
the amount of circulating unconjugated bilirubin. This
relatively non-polar molecule is not excreted in the urine
b~t the secondary rife in the ~..:~~c ~ - ~o!: ~~!c ::ror,i1i:lGb~!l



CHAPTER 10. CLINICAL REVIEW

may be detected in the urine as a laboratory test consistent
with hemolytic anemia and certain l iver disorders that
involve poor urobilinogen reprocessing. Unconjugated (as
well as conjugated) bilirubin, may be deposited in a num
ber of tissues, causing jaundice. Unconjugated (lipid
soluble) bilirubin (but not conjugated , lipid-insoluble,
bilirubin) can cross the blood bra in barrier and cause
toxic effects when deposited in the brain (kernicterus) ,
particularly when deposited in the lipid-rich basal gan
glia.

B. Poor liver uptake or poor conjugation of the unconju
gated bilirubin. This likewise will result in increased se
rum unconjugated bilirubin. Decreased excretion of
bilirubin in the bile will result in light-colored stools, as
the by-product of urobilinogen metabolism, stercobilin,
contributes to the normal brown color of stool.

C. Inadequate release of conjugated bilirubin into the
bile , or overt bile duct obstruction. As the bilirubin is
already conjugated, one may find a rise in the blood of
conjugated (water soluble) bilirubin. As conjugated bili
rub in can be excreted in the urine. the urine tests posit ive
for bilirubin. Hepatitis and cirrhosis damage the liver and
generally there is a rise in both unconjugated and conju
gated bilirubin, more so of the conjugated form .

#101. (D-14) Decrease in UDP-glucuronyl transferase
activity at this step. The liver normally conjugates "indi
rect " bilirubin to form conjugated ("direct") bilirubin
which can be readily excreted through the bile . If such
conjugation is impaired, as in defi ciency of UDP
glucuronyl transferase, unconjugated bilirubin may accu
mulate in the blood, causing jaundice. This may occur
transiently in newborns who have not as yet fully devel 
oped their UDP-glucuronyl transferase system. Usually,
this is benign, but in severe cases, unconjugated (lipi d
soluble) bilirubin blood levels may be high enough to de
posit in the brain and cause brain dysfunction (kernic
terus).

Mild decreases in UDP-glucuronyI transferase are
found in a variety of conditions. In Gilbert's syndrome,
patients commonly are asymptomatic but may have mildly
elevated unconjugated bilirubin. The enzyme defect is
more severe in Crigler-Najjar syndrome. Phenobarbital
induces the synthesis of glucuronyl transferase and may
be useful in reducing the jaundice. Phototherapy with
white or blue light helps reduce neonatal jaundice by
changing the unconjugated bilirubin to more water
soluble forms that can be excreted through the bile with
out necessitating conjugation.

Elevation of bilirubin commonly occurs in newborns.
Sometimes this is not due to a deficiency in glucuronyl
transferase but to blood group antigen-antibody incompat
ibilities which result in excess red cell destruction. Here,
too , there is a rise in unconjugated bilirubin. Photother
apy and blood transfusion may both be helpful here.
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#102 . (0-14) Drug detoxification in the liver. UDP
glucuronate is important in the conjugation and detoxifi
cation of a number of drugs . The body has various ways
of detoxifying drugs, and the liver is a particularly impor
tant site of such detoxification . A common strategy is to
change the drug to a less toxic form , or to a more polar
form that is soluble and excretable thro ugh the bile or
urine. The kinds of reactions in which detoxification oc
curs include:

3 . Conjugation

EXAMPLE: Conjugation with glucuronate (via the en
zyme UDP-glucuronyl transferase) is the most important
form of conjugation and is used not only for bilirubin but
for deacti vating many drugs (for instance, the antibiotic
chlo ramphenical). Conjugation may also occur through
attachments other than glucuronide. such as methyl, acyl
and sulfate groups.

b . Oxidation

EXAMPLE: ethano)+ NADPH + 0 2 - acetaldehyde + NADP +
H,O

c. Reduction

EXAMPL E: R-CCI] - R-CHCJ2 (as in the transformation of
carbon tetrachloride or ~e anesthetic halothane)

d . Hydrolysis ° H,O °
II l!

EXAMPLE: R- COCH2-R' ---R- COH + HO~Clh-R'

(acetylcholine and succinylcholine may be transformed in this way)

Newborns have relatively underdeveloped microsomal
UDP -glucuronyl transferase. UDP-glucuronyl transferase
detoxifies the antibiotic chloramphenicol. If newborns are
given chloramphenicol, large amounts of the latter may
accumulate in the body with toxic effect (the grey bahy
syndrome). Hence, chloramphenicol is avoided in new
borns and may even be problematic in certain sensitive
adults. On the other hand, phenobarbital stimulates the
activity of the microsomal system and may be useful in
treating the grey baby syndrome bY increasing glucuronyl
transferase activity. Phenobarbital will also stimulate the
microsomal biotransformation of a variety of other drugs.

The combination of phenobarbital and alcohol is dan
gerou s, apart from their additive sedative effects . Barbi
tuates are detoxified by oxidation. Ethanol inhibits the
reaction bY being a competing substrate for oxidation, al
lowing the barbituate level to remain high .

#103 . (E-14) Defective excretion of conjugated bilirubin
into the bile . This occurs in the Dubin-Johnson and Ro
tor syndromes. The resultant hyperbilirubinemia is
mainly of the conjugated type as is the hyperbilirubinemia
of extrahepatic obstruction of the biliary ducts (as by tu
mor or gallstones),
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THE INFIRMARY

The infirmary includes an inventory of vitamins, hor
mones, mineral s, drugs, and laboratory tests. These are
all scattered throu ghout Bioch emistryland and are col
lected in the Infirmary for discu ssion as a whol e.

Vitamins (indicated by green rectangles on
the map) (see also pg. 41).

Water soluble vitamins (B" B" B6, B", C, folacin, bio
tin , niacin, pantothenate) generally wash out of foods eas 
ily, and also wash out of the body relat ively easily,
(hence. are less easily stored in the body-an exception is
vitamin B 12 which is stored excellently, particularly in the
liver). One may tbus become depleted relatively quickly
of most water solubl e vitamins . Fortunately, so many
foods are rich in them . Toxicity reactions, on the other
hand , arc more likely with fat-soluble vitamins, as they
are so well-stored and arc not eliminated easily from the
body.

Defici ency of any of the vitamin s may occur with in
adequate intake. Fat-solubl e vitamin deficiency may par
ticularly occur in clinical conditions that affect fat
absorption in the gut. Other intestinal wall diseases may
affect vitamin absorption in general , causing deficiency of
both water and fat soluble vitamins.

Vitamin D is partly produced by the skin on exposure to
sunlight; vitamin K and biotin are produced in part by
intestinal bacteria; and vitamin B 12 is especially well
stored. Hence, it is uncommon to have a deficiency of
these vitamins on the basis of dietary intake alon e. In
fants, who have less bacterial intestinal flora and rela
tively little stores of vitamin K have a greater need than
adults for vitamin K in the diet.

Clinical points relevant to specific water-soluble vita 
mins are as follows :

#104. (F-9) Vitamin B, (thiamine):

COMMON FOOD SOURCES: wbeat germ and wbole
grain cereals; fisb, meat, eggs, milk, green vegetables

DEFICIENCY RESULTS IN: I) beri-beri, This is as
sociated with eating a diet of refined rice or with excess
cooking of food, wbich decreases B, througb washing out '
or through heating. Tbe pat ient experiences cardiac and
neurologic complications such as palpitations, edema,
general weakness, pins -and-needles sensations and pain
in the legs . 2) Wernicke-Korsakoff syndrome. This is
correlated with alcoholism and is partly due to a nutritional
deficiency, including a direct inhibition of thiamine ab
sorption by alcohol in the gut. It may exist as a separate
hereditary condition requiring large amounts of thiamine.
There is a psychosis, with confabulation (fabrication of sto
ries) and recent memory loss and other neurologic prob
lems (nystagmus, eye muscle weakness. poor muscle
coordination). Alcoholics undergoing delirium tremens
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(DT's) commonly receive intravenous thiamine as part of
tbeir in-hospital therapy.

#105. (F-9) Vitamin Bz (riboflavin):

COMMON FOOD SOURCES: fish, meat, eggs, milk,
green vegetables.

DEFICIENCY RESULTS IN: angular stomatitis
(cracks in the comer of the mouth) , inflammation of the
tongue, seborrheic dermatiti s, and anemi a.

#106 , (F-9) vitamin B. (pyridoxine; pyridoxal; pyri
doxamine)

COMMON FOOD SOURCES: whole grain cereals,
fish , meat , eggs, green vegetables .

DEFI CIENCY RESULTS IN: dermatitis, glos ssitis ,
anemia, and neurologic disturbances such as peripheral
neuropathy and convulsion s.

COMMENT: Deficiency is rare, as 8 6 is so common in
foods. Isoia zid, an antituberculosis drug , can interfere
with B6 and induce symptoms of 8 6 deficiency . As pyri
doxine is necessary in the steps that convert tryptophan to
niacin (I -8), a defici ency of 8 6 may result in niacin defi 
ciency.

#107. (F-9) Vitamin B12 (cyanocobalamin):

COMMON FOOD SOURCES: Only microorganisms
make BI 2 (not even plants make it). Large quantities are
stored in the body, especially in the liver, enough to last 3
or more years, which is not the case for other water
soluble vitamins. We acquire vitamin Bl2 through ingest 
ing meats (especially liver) and dairy products, including
food fermented by bacteria, such as yogurt, soya sauce
and sauerkraut.

DEFICIENCY: Pernicious anemia, Conceiv ably, one
could get B" deficiency on a purely vegetarian diet , but
this is rare. Deficiency is more likely with diseases of the
intestine that impede absorption (e.g., tropical sprue, re
gional enteritis). The tapeworm Diphyllobothrium latum
may deplete B" stores. A deficiency of gastric intrinsic
factor (a glycoprotein) may result in B" deficiency, as
intrinsic factor is important in facilitating B" absorption
in the bowel. Intrinsic factor deficiency may occur follow
ing gastrectomy or as an entity in itself, in pernicious
anemia. Intrinsic factor deficiency sometimes results
from an autoimmune disease.

Patients with perni cious anemia have a macrocytic ane
mia , hypersegmented leukocytes, and neurosensory defi 
cits (especially poor .position sense) related to
degeneration of the posterior columns of the spinal cord .
Diagnostic clues include decreased B12 levels in the se
rum; a positive Schilling test in which radioactive labeled
Bl 2 is ingested, with subsequent assays of degree of
absorption; elevated urioe levels of ruetbylmalonate (i l 

11); decreased acidity of gastric secretion (as low storu-
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ach acidity is associated with lack of intrinsic factor and
poor B" absorption) . Treatment of pernicious anemia
consists of B~ injections to offset the poor intestinal ab
so rption.

#108 . (F-9) Vitamin C (ascorbic acid):

COMMON FOOD SOUR CES: many fruits and vegeta
bles.

DEFICIENCY: Man , other primates, and guinea pigs
cannot synthesize vitamin C. Nor is it stored in the body.
Hence, the need for continued replenishment, and the de
velopment of scurvy with lack of vitamin C. In scurvy,
there are swollen gums and easy brui sability, coinciding
with defective collagen formation . Serum levels of ascor
bic acid may be tested for diagnosis .

EXCESS: There is concern about the possibility that
certain susceptible individuals may develop renal stones
or hemolytic anemia from megadoses of vitamin C.

#109 . (F-9) Folacin, ( ~folate;folic acid):

COMMON FOOD SOURCES: cereals, liver, fru it ,
green leafy vegetables.

DEFICIENCY: Folate deficiency resembl es B I2 defi
ciency so far as the anemia goes , but without the neuro
logic abnormalities. Unlike B I2, for which there are
tremendous body stores, folate needs continued replace
ment, and poor diet is the most common cause of folate
defi ciency. Serum levels of folate may help establish the
diagnosis. Pregnant women are encouraged to take fo
late in pregnancy to help prevent birth defects.

#110. (F-9) Biotin:

COMMON FOODS: widespread in food s; also pro
duced by intestinal bacteria.

DEFICIENCY: Deficiency of biotin is rare except in
people who only eat raw eggs, as egg whiles contain
avidin, a protein that inhibits biotin absorption. There may
be a dermatitis.

#111. (F-9) (1-7) Niacin (;nicotin ic acid). Nicotinamide
is a related amide compound with similar activity as niacin:

COMMON FOODS: wheat germ, liver, fish, peanuts .

DEFICIENCY: Pellagra. Niacin may be produced
from tryptophan (I-8) . Niacin deficiency therefore is most
likely in persons with low intake of both niacin and try
ptophan. People who eat mainly corn may develop niacin
deficiency as com is low in tryptophan. In pellagra, the
patient develops the 3 D's: Diarrhea, Dermatit is , and De
mentia. Diagnost ic testing is difficult and may best be
done by seeing improvement with niacin ingestion .

#112. (F-9) Pantothenate (;pantothenic acid):

COMMON FOODS: present in many foods.
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DEFICIENCY: Deficiency is very rare. The patient ex
periences fatigue, nausea, vomiting, abdominal pain, and
neurosens ory disturbances.

Clinical conditions associated with the fat-soluble vita
mins (A,D, E ,K) are as follows:

#113. (F-9) (F-11) Vitamin A (retinol):

COMMON FOODS: liver, fish, fortified milk, eggs,
green leafy vegetables.

DEFICIENCY: Vitamin A deficiency results in night
blindness and xerophthaImia (dry co rnea and conjunc
tiva, sometimes with ulce ration of the cornea). Non 
ocular changes may also occur: dry skin and mucous
membranes. Deficiency may result from poor dic;!'u,Y in
take , or poor absorption, as from bowel disease; or a
defect in bile flow that causes fat malabsorption . Poor
protein intake may result in a reduced level of the tran s
port protein that carries vitamin A in the blood stream.

TOXICITY: overdosage may result in vomiting, head
ache, depressed mental statu s, hair loss, skin peeling, and
sometimes death.

#114 . (F-9) (G-II ) Vitamin D:

COMMON FOODS: fortified milk, fish liver oils, milk
products , meat. .. .

DEFICIENCY: Deficiency causes hypocal cemia and
hypophosphatemia, with resultant rickets (bending with
poor calcification of develop ing bone in children) or os
teomalacia (decalcification and softening of bones in
adults) . In both of these there is impaired mineralization .
These should be distinguished from another condition,
osteoporosis, in which there is reduction in bone mass as
a whole, rather than select reduction of the mineral con
tent .

TOXICITY: Overdosage may result in hypercalcemi a,
and renal stones .

#115 . (F-9) (G- IO) Vitamin E:

COMMON FOODS: vegetable oils , green vegetables.

DEFICIENCY: Evidence is inconclusive as to what ef
feets vitamin E deficiency may have in humans. Perhaps it
may be associated with dystrophic changes in muscle and
hemolysis of red blood cells.

TOXICITY: An excess may interfere with the action of
various hormones, with vitamin K and blood clotting, and
with white blood cell functi oning.

#116. (F-9) (G- IO) Vitamin K:

COMMON FOODS: widesp read in animals and plants.

DEFICIENCY: Vitamin K among other things, is im
portant in the blood clotting mechani sm. Deficiency
results in hemorrhages (espeeially in newborns-
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hemorrhagic disease of the newborn) and an elevated
prothrombin time on laboratory testing.

TOXICITY: Hemolytic anemia; kernicterus (deposition
of bilirubin in the brain) in newborns .

COMMENT: Dicoumarol is a drug used for its antico
agulant effect. It looks like vitamin K and interfers with its
functioning in blood clotting.

The Hormones (see also pg. 45)

#117. (C-5) Thyroxine:

DEFICIENCY: In children, deficiency results in a
dwarf, commonly with an enlarged tongue and abdomen
and mental retardation. In the adult, hypothyroidism
results in myxedema, in which there are dry, edematous
skin, mental and physical sluggishness, decreased tendon
reflexes, decreased bod y metabolic rate and, sometimes ,
a goiter (enlarged thyroid gland). Hypothyroidism is mo st
commonly due to underproduction of thyroxine by the
thyroid gland. An autoimmune cau se is most co mmon in
the U.S. whereas iodin e deficiency is more common in
foreign countries.

EXCESS: occurs in Graves' Disease, in wh ich there
may be a goiter, exophthalmos (protrusion of one or bo th
eyes), and hyperactivity, with increased hody metabolic
rate . Hyperthyroidism most commonly is due to overpro
duction of thyroxine by the thyroid gland.

#118. (G-13) Glucocorticoids (cortisol being most im
portant) :

EXCESS: result s in Cnshing's syndrome. Cortiso l's
effects, like those of other glucocorticoids, is generally op
posite to that of insulin. It causes gluconeogenesis and
breakdown of protein and fat. It also has antiintlammatory
effects. In Cushing's syndrome there are high plasma corti
sol level s, resulting in abnormal glucose metabol ism (dia
betes mellitus), abnormal fat distribution (obesity, buffalo
hump, "moon face") , abnormal protein breakdown (osteo
porosis, myopathy, purple stria on the abdomen) with a
coinciding increase in androgen secre tion (hirsuti sm,
amenorrhea). Cortisol also has some degree of mineralo
corticoid effect, and exc ess cortisol may result in hyperten
sion and hypokalemia. Other effects include ulcers (there is
stimulation of gastric acid and pepsin production), de
creased inflammatory response, and psychosis. Excess of
glucocorticoids may be due to an ACTH-secreting tumor.

#119 . (G-12) Mineralocorticoids (aldosterone being most
important) :

DEFICIENCY: In Addison's disease, there is adrenal
cortical insufficiency of both glucocorticoids and miner
alocorticoids. The patient may have hypoten sion, low se
rum sodium, weakness, and excess skin pigmentation.
The condition may be secondary to autoimmune dis ease
affecting the: adrcn.rl g land. or infection (c .g . Tb, AI DS).
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EXCESS: results in Conn's syndrome, in which the
patient has hypertension and low serum potassium. This
may be secondary to a hormone-producing tumor,

#120. (C-5) Epinephrine:

EXCESS: results classically from a hormone-producing
tumor (pheochromocytoma). The patient experiences
episodes of hypertension, cardiac palpitations, and anxi
ety. Urinary VMA may he elevated.

#121. (H-13) Androgens (testosterone being most important):

DEFICIENCY: in utero, results in failure of male geni 
tal development. Deficiency in childhood results in failure
to develop secondary male characteristics. This may be
due to castration or a hypofunctioning hypothalamus. In
male pseudohermaphroditism, there appears to be a de
fect in the cellular recognition proteins for androgens, so
that androgens, while present, do not stimulate the forma
tion of male characteristics.

EXCESS: in childhood results in precocious puberty;
may result from a hormone-secreting tumor. In adults,
testosterone administration ha s been used by athletes to in
crease body mass, but may be associated with side effects,
including cardiac and liver disease, and testicular atrophy.

#122. (H-1 3) Estrogens (the most important of which is
estradiol):

DEFICIENCY; in childhood (e .g., in Turner's syn 
drome) results in failure to develop secondary female sex
characteristics . In the adult, loss of menstruation results, as
may occur following menopause or removal of the ovaries.

EXCESS: in childhood may occur with a hormone
producing tumor, resulting in precocious puberty and early
clo sing of bone epiphyses.

Other hormones, not listed on the map but associ ated
with clinical conditions include:

Insnlin:

DEFICIENCY: results in diabetes mell itus, the hall 
marks of which are hyperglycemia, glycosuria, and in some
cases ketoacidosis. Excessively high blood sugars may re
sult in osmotic fluid loss and coma. Chronic diabetes is
often associated with vascular disease and neuropathy, in
part due to the glycosylation of membrane and blood pro
teins , including hemoglobin A (glycosylated hemoglobin
providing an index of chronic glucose elevation). Diabetes
may be secondary to underproduction of insulin or to the
production of an abnormal insulin. In such cases (Type I; in
sulin dependent diabetes mellitus; lDDM) insulin may be
effectively administered as treatment. In other cases (Type
II; non insulin dependent diabetes mellitus; NlDDM) in
sulin production is normal but there is a defec t in the cell re
ceptor for insulin or in cellular events beyond the receptor
step. Such cases may be resi stant to treatment with insulin.

EXCESS: results in hypoglycemia and , in some cases, coma.
Thi s most commonly occurs with excess insulin administra
tion, but may occur wi tl: an ;jjs lili fj-~ ": "': i (' LInb lUl'nor.
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Glucagon:

EXCESS: may occur in a glucagon secreting tumor and
may, among other things, result in life-threatening hyper
glycemia.

Growth Hormone:

DEFICIENCY: in childhood results in a normally pro
portioned midget.

EXCESS: results in a normally proponioned giant
when overproduction occurs in childhood. Overproduc
tion in an adult results in acromegaly. Such individuals
have abnormally proportioned growth features, especially
enlarged hand s, feet and j aw. There may be hyperglyce
mia, as growth hormone is also involved in glucose me
tabolism.

Antidiuretic hormone (ADH ; vasopressin):

DEFICIENCY: results in diabetes insipidus, in which
the patient may excrete large volum es of urine and ingest
large volumes of water.

EXCESS: results in water retention and resultant hypo
natremia. ADH may be inappropriately secreted by cer
tain tumors and, in response to certain inflammations, by
normal lung or pituitary tissue .

Calcitonin:

EXCESS: is found in medullary thyroid carcinoma
and may result in a mild hypocalcemia.

Parathyroid hormone:

DEFICIENCY: result s in hypocalcemia and tetany
(spasm on flexion of the wrist and joints) .

EXCESS: results in hypercalcemia; calcium may de
posit in various tissues or precipitate as renal stones; there
is bone demineralization.

ACTH, TSH, LH, FSH, and RENIN: Deficiencies and
excesses are reflected in changes in acti vity of their re
spective target organs.

Prolactin:

EXCESS: galactorrhea (excess lactation) ; may result
rarely from a hormone-secreting tumor.

Gastrin:

EXCESS: results in gastric hyperacidity and ulcers; oc
curs with gastrin-producing tumors (Zollinger-EllisoD
syndrome).

Minerals

#123. (F-9) Minerals are very important in Biochemistry
land, but have not been emphasized, largely because their

.. functions are so closely intertwined with organ physiol
ogy, a topic beyond the province of this book and custom-
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arily dealt with in physiology courses. Nonetheless , a
brief overview of the major and trace minerals is pre
sented below :

SODIUM: The most abundant extracellular cation (posi
tive ion). It influences the degree of water retention in the
body and is an important participant in the contro l of
acid-base balance.

Deficiency-may result in neuromuscular dysfunction.
Excess-may result in hypertension and fluid retention.

POfASSIUM: The main intracellular cation. It is impor
tant in all cell functioning including myocardial depolar
ization and contraction.

Deficiency-may result in neuromuscular dysfunction.
Excess- may cause myocardial dysfunction.

CHLORIDE: An important anion (negative ion) in the
maintenance of fluid and electrolyte balance ; an impor
tant component of gastric juice .

CALCIUM: The most abundant of the body 's minerals;
an important component of bone s and teeth ; important
participant in regul ation of many metabolic processes.
When bound to the regul atory protein calmodulin, calc ium
helps modulate the activities of many enzymes. Calcium
is important for blood clotting, neural and muscular activ
ity, cell motility, hormone actions, and other activities.

Deficiency-e-associated with rickets and osteomalacia ,
tetany (muscle spasm,' especially in the wrists and an
kles) , and other neuromuscular problems.

Excess-eauses hypercalcemia and renal stones .

PHOSPHORUS: Apart from being an important compo
nent of bone, phosphorus, in the form of the phosphate
molecul e, is universally important in the structure and
function ing of all cells .

Deficiency-associated with rickets in children, and os
teomalacia in adults. Other defects occur in the function
ing of red and white blood cell s, platelets , and the liver.

MAGNESIUM: Important participant in reactions that in
volve ATP.

Deficiency-associated with metabolic and neurologic
dysfunction .

Excess-associated with central nervous sys tem toxic
ity.

Trace Elements

CHROMIUM: Enhances the effect of insulin.
Deficiency-results in defective glucose metabolism .
Excess-occurs in chronic inhalation of chromium dust

and may lead to carcinoma of the lung.

COBALT: Pan of the B" molecule.
Excess-may result in gastrointestinal distress and neu

rologic and cardiac dysfunction.

COPPER: A part of a number of enzymes, including cy
tochrome oxidase and lysyl oxidase (important in collagen
cross-linking) .
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Antibiotics

Excess-assoc iated with vomiting from gastrointestinal
irritation.

Fig. 10.3. The different surface structures of gram nega
tive and gram positive bacteria.

#124 . (A-6) Erythromycin and the tetmcyclines. These
antibiotics act in part by interfering with bacterial protein
synthes is .

GRAM NEGATIVE eel
BACTERIA

•

OUTER MEMBRANE

'-.-- - - - :::r---- CELL WALL~W 1I IIIIIIIII IIlY
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#125. (A-2) Sulfonamldes, Bacteria need PABA in order
to form folic acid . Humans do not need PABA, as they get
folic acid from the diet. Sulfonamides are competitive an
tagonists of PARA "00 thus can affect bacteria while not
harming human cells (fig . 10.4).

b. Acting on the bacterial cytoplasmic membrane (e.g.,
the polymyxin antibiotics) .

c. Interfering with prote in synthesis in bacteria (e.g .,
eryth romycin and the tetracycl ines).

d. Interfering with other aspects of cytoplasmic metabo
lism. For instance, sulfonamides interfere with the bacte
rial incorporation of PAaA (para-ami nobenzoic acid) in
the formation of folic acid :

Antibiotic effectiveness depends on the drug's differen
tialtoxicity to microorganisms, as opposed to humans. One
way in which an antibiotic may act against bacteria is by
inhibiting cell wall synthesis, as bacteria have cell walls,
whereas human cells do not. The cell wall contains glyco
proteins that are unique to bacteria, and antibiotics may af
fect the synthesis of these cell wall components. As gram
positive and gram negat ive bacteria differ in their cell wall
structure (fig. 10.3), certain antibiotics are more speci fic
for one or the other of these types of bacteria. In general,
antibiot ics act by one of the follow ing mech anisms:

a. Inhibitin g cell wall synthesis (e.g.. the pen icill ins).
Many gram negative bacteria are resistant to penicillin, as
the outer membrane of gram negative bacteria blocks the
entrance of penicillin. Bacteria may also become resistant
to pen icillin by produ cing penicillin ase, an enzyme that
breaks the beta-Iactam ring of the penicillin molecule.
Variants of penicillin have been developed that are effec
tive even in the presence of penicillinase.

GRAM POSITIVE (l±J>
BACTERIA

IODIDE: Part of the hormone thyrox ine .
Defi ciency-results in hypothyroidi sm.
Excess-results in hyperthy roidism .

FLUORIDE: Contributes to the hardness of bones and
teeth .

Deficiency-c-associated with dental caries.
Excess-associated with stained teeth, nausea and other

gastrointestinal distu rbanes, and tetany.

IRON: Its most important functions are its inclusion in
the hemoglobin molecule, certain enzymes, and the cyto
chromes.

Deficiency-anemia.
Excess - hemochro matosis (abnormal iron deposits

and damage to liver, pancreas and other tissues).

MANGANESE: Needed to activate a variety of enzymes,
including enzymes involved in the synthesis of glycopro
teins , proteoglycans and oligosaccharides.

Deficiency-may result in underproduction of the latter
molecule s.

Excess- may result in Parkinson-like symptoms (shak
ing, slowness, stiffness) and psychosis.

MOLYBDENUM: An important component of certain
enzyme s (e.g., xanthine oxidase , sulfite oxidase).

NICKEL: May stabilize the structure of nucleic acid s and
cell membranes.

Exces s-may be associa ted with carcinoma of the lung .

Deficiency-may result in anemia and mental retarda
tion . In Menkes' Disease, there is a defect in copper trans
port and utilization, associated with brittle kinky hair,
cerebral degeneration. and infant death.

Excess-results in liver disease, various neurologic dis
turbances, dementia, copper cataracts. These occur in
Wilson's Disease, where there is excess copper deposi 
tion in the brain. liver, cornea, lens, and kidney.

SELENIUM: Part of the enzyme glutathione peroxidase ,
which, like vitamin E, acts as an antioxidant. It is also
a component of Ta-deiodinase, which converts T, to T,
(see C-5).

Deficiency-may result in congestive heart failure .
Excess-e-causes "garlic" breath body odor and skeletal

muscle degeneration.

SILICON: Associated with many mucopolysaccharides
and may be important in the structuring of connective tis
sue. Excess, as in inhaling silica particles, may result in
pulmonary inflammation (silicosis).

ZINC: A component of many enzyme s, including lac
tate dehydrogenase, alkaline phosphatase, and the DNA
polymerases.

Deficiency-associ ated with many problems, including
poor wound healing. hypogonadism. decreased taste and
smell, and poor growth .
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#126. (A-2) It is common to combine trimethoprim with
sulfonamide in the treatment of certain infections . The
sulfonamide acts on bacteria to inhibit folate formation in
bacteria by competitively inhibiting PABA incorporation
(fig. lOA). The trimethoprim acts on the dihydrofolate
reductase step (between 7,8 dihydrofolate and 5,6,7,8
THF). Apparently, trimethoprim has a more damaging
effect on bacteria and protozoans than it has on humans.

#127. (A·6) Adenine arabinoside is an antiviral agent
that is an analogue of the purine adenine. It acts on DNA
viruses by inhibiting viral DNA polymerase. Idoxyuri·
dine also acts on DNA viruses. As a derivative of the
pyrimidine deoxyuridine, it becomes incorporated into
DNA and blocks viral multiplication. Acyclovir, a purine
nucleoside analogue of guanine, converts to a triphos
phate form which interferes with herpes simplex viral
DNA polymerase. Azidothymidine (AZT), a thymidine
analog, and DDI , an inosine ana log, are antivira l age nts
used in AIDS therapy. They stop DNA synthesis in
viruses, such as the AIDS virus, that do not have a 3' ~ 5'
exonuclease.

Antitumor Drugs

The strategy of antitumor agents is to kill tumor cells in
preference to normal cells. A num ber of them act in in
hibiting the formation of nucleotides or altering the struc
ture of DNA. Others act in diverse ways:

#128. (A·2) (B-6) Methotrexate is an antitumor agent
that is a folic acid antagonist. It looks like folic acid and
inhibits the transformation of 7,S-dihydrofolate to tetrahy
drofolate (THF). The rationale for using methotrexate as
an antitumor agent is that TIfF is necessary for the trans
formation of dUMP to TMP (B-7) in pyrimidi ne biosyn
thesis and is also necessary for purine ring biosynthesis.
Inhibiting these steps interferes with the formation of
DNA and, hence, inhibits tumor cell division.

#129. (C-S) Asparaginase therapy of tumors. Certain tu
mors require exogenou s asparagine for their survival,
whereas normal cells can produce their own asparagine.
Administration of asparaginase thus has been useful in
inducing remission in patients with acute lymphoblastic
leukemia by reducing the availability of exogenous aspara
gine to the malignant cells.

· # 130. (B,7) 5·fiuorouracil (5·FU) is an antitumor drug
that acts at the same map area as does methotrexate in
pyrimidine biosynthesis, but acts by a differen t mecha
nism. Through its resemblance to uracil, it inhibits thymi
dilate synthetase at this step and prevents the formatio n of
thymidine. a pyrimidine. In a simi lar vein, cytarab ine is
an antitumor age nt that acts through its resemblance to
cy tidine. another pyrimidine.

#13 1. (B-4) Mercaptopurine is an antitumor drug that
looks like the purine adenine and acts partly by interfer
ing with its incorporation into nucleic acids .
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#132. (B-5) Thioguanine is an antitumor agent that re
sembles the purine guanine and acts by abnormall y sub
stituting for guanine in RNA and DNA.

#133. (A-6) Alkylating agents (e.g., nitrogen mustards,
nitrosoureas) are antitumor agents that act by replacing a
hydrogen in a DNA molecule with an alkyl group, result
ing in the malfunctioning of DNA.

NH.Q-COOH

P....RI\ - ....MI N0 6EN Z OIC ACID (PAeA)

NH'-<L__-"I-SO,NH-R
SULFON AMIDE

Fig, lOA, Similarity in struc ture between PABA and sul
fonamide. Sulfonamides are competitive antagoni sts of
PABA.

Other Drugs in Biochemistryland

While not wishing to tread too deeply into the field of
pharmacology, there are a number of drugs whose actions
relate to very specific areas of Biochemistryland, Some of
them are as follows:

#134. (8-5) Allopurinal in the treatment of gout. Xan
thine oxidase facilitates steps that lead to the producti on of
urate. Allopurinal , which looks like hypoxanthin e (fig.
10.5), is a compe titive inhibiter of xanthine oxidase and
thereby reduces urate production. (Xanthine oxidase nor
ma�ly functions at steps between hypoxanthine and xan
thine, and between xanth ine and uric acid). Allopurinal
also interacts with PRPP so that less PRPP is available to
form uric acid.

#135. (F-I ) Hyaluronidase cleaves hyaluronic acid. It is
produced by certain bacteria and may facilitate their
spread through tissue planes. Sometimes hyaluronidase is
administered with drug injections to facilitate the spread
of the drug through the injected tissues.

#136. (F. I) Heparin interferes with the activi ty of a num
ber of clotting enzymes in the clotting cascade. It is a
useful anticoagulant drug (see also # 151).

#1 37. (0 -7) Phenfonnin is a drug that prevents lactic
acid from undergoing gluconeogenesis in the liver. It has
been used as an antidiabetic agent. but has largely been
discontinued as it tends to cause lactic acidosis. The sul
fonoureas are other antidiabetic drugs that act partly by
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enzyme important in prostaglandin and thromboxane syn
thesis (fig . 4.4). Indomethacin and phenylbutazone,
like aspirin. are non-steroidal antiinflammatory agents
that inhibit cyclooxyge nase. Steroidal antiinflammatory
agents appear to inhibit cyclooxygenase synthesis .

Fish oils have been found to contain special polyunsatu
rated fatty acids, which in certain respects look like
arachid onic acid. These "omega-3" fatty acids are so
called becaus e they have a C-C bond between the third
and fourth carbons from the omega end (non-carboxylic
end) of the fatty acid . They are converted to
prostaglandin-like compounds which appear to have an ef
fect in lowering blood pressure, decreasing platelet ag
gregation, and, to some degree, increasing the HDULDL
ratio.

#141. (C-6) Thiouracil is used in the treatment of hyper
thyroidi sm. Thiouracil drugs inhibit the organic binding
of iodide needed in the formati on of rnono-, di-, trif'Fr),
and tetraiodothyron ine (T4 ) .

ALLOPURINOL

Fig. 10.5. Resemblance of hypoxanthine and allo
purinol.

stimulating insulin release and partly by increasing the
number of insulin receptors in peripheral tissues.

#13 8. (E-8) Antabuse is a drug used sometimes as a
treatment for alcoh olism. Antabuse prevents acetalde
hyde from chan ging to acetate . This results in a marked
buildup of acetaldehyde in the blood, making the pa
tient feel quite sick when alcohol is ingested. Metronida
zole is an antibiotic having a similar action, and patients
must be cautioned not to drink alcohol while takin g
this drug .

#139. (1-10) Monoamine oxidase (MAO) inhibitors.
Drugs that inhibit monoamine oxidase are used as antide
pressants in certain patients. By inhibiting MAO as this
step. there is an accumulation of serotonin and other
amines (e.g . epinephrine), with resultant mood elevation.
One must be cautious in administering certain other
drugs with MAO inhibitors, as MAO inhibitors also in
hibit liver oxidative enzymes that normally detoxify
many drugs. The patient must be careful not to ingest
foods high in tyramine (like cheese). Tyramine, a sympa
thetic-acting molecule, normally does not get into the gen
eral circulation as it is metabolized by MAO in the
intestine and liver. MAO inhibitors allow it to circulate
and can cause severe hypertension and possibly cardiac
arrhythmias and stroke.

#140. (H-4 ) Aspirin. Aspirin decreases inflammation,
pain, and fever. It also prolon gs bleeding, by inhibiting
platelet aggregation . Aspirin inhibits cyclooxygenase, an
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Selected Laboratory Tests in
Biochemistryland

#142. (B-9) BUN (blood urea nitrogen). The BUN may
be elevated in renal disease (faulty renal excretion), as
well as in stateS of dehydration . The BUN can be a useful
index of renal functi on.

#143. (B- IO) Creatine phosphokinase (CPK). Creatine
phosphate (= phosphocreatine) acts as a reserve energy
store, supplying phosphate to change ADP to ATP when
needed. Physicians don't care too much about this , but do
care about leakage of creatine phosphokinase (creatine ki
nase; CPK) as a detectable marker of cell injury. CPK
comes as 3 cytosolic isozymes (enzyme variants): MM,
MB, and BB. MM is found mainly in skeletal muscle;
MM and MB are found mainly in heart muscle; and BB is
found mainly in the brain . Elevation of MB is suggestive
of a myocardial infarc tion . Elevation of only serum MM
occurs in muscle damage, e .g., following trauma.

# 144. (B-IO) Creatinine as a test of renal function. Crea
tinine, which is derived from creatine pho sphate. nor
mally is excreted almost totally by the kidney. Blood
levels of serum creatinine, as well as urea . are useful
indices of renal functi on. their elevation often being a sign
of renal insufficiency.

#145 . (E- II) SGOT (serum glutamate oxaloacetate tran
saminase), more recently called AST (aspartate amino
transferase), acts at this step. Both names make sense,
depending on which way you read the chemical reacti on .
The enzyme is found in many areas of the body, but is
most useful as a marker of liver or cardiac injury. It leaks
out of the damaged cell and increases in the serum after
myocardial infarction and liver injury (for instance, hepa
titis) and mcy ;' i".)"~ ~:! :: Co clue as to ~': :: cxlstcrice cf thccc
conditions.
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#146 . (E-7) SGPT (serum glutamate pyruvate tran
saminase), more recently called ALT (alanine amino
transferase), acts at this step. Both names .make sense,
depending on which way you read the chemica l reaction.
This enzyme is especially concentrated in the liver; it
leaks out of the liver cell and rises in the serum with liver
damage. as in hepatitis and mononucleosis. It does not
significantly increase in myocardial infarction and, hence,
the test is more speci fic than SGOT for liver disease.

GPT (ALT) is localized in the cytoso l. GOT (ASn lo
calizes to both cytosol and mitochondri a and is more
abundant in liver cells than SGPT. In conditions that dam
age the entire liver (e .g.. cirrhosis, hypoxi a. tumor)
SGOT levels are relatively higher than SGPT levels.
How ever, in liver conditions that mainly affect the cell
membrane (e.g. viral hepatit is) SGPT levels are relatively
higher, as the cytosol enzymes, rather than mitochondrial
enzymes leak out.

Other enzymes are also useful indices of liver pathol
ogy. Serum alkaline phosphatase is often a useful indi
cator of liver and bone disease. The alkaline phosphatases
are a diverse group of enzymes that catalyze reactions in
which a phosphate is removed from a phosphate ester,
especially at an alkaline pH. Physicians don' t care about
this. They do care that serum alka line phosp hatase levels
often rise with bone breakdown (as in tumor infiltra
tion) and in liver disease, especially where there is ob
struction of the bile duct. Acid phosphatase is particu
larly rich in the prostate, A rise in its serum levels provides
a test as to the presence of prostate carcinoma. This test
has largely been replaced by assay for Prostate Specific
Antigen (PSA), a serine protease that is elevated in pros
tatic carcinoma.

#147. (D-7) Serum LDII (lactate dehydrogenase) eleva-
• tion. LDH is a widespread intracellular en zyme that acts

at this step. Detection of high serum levels is rather non
specific for localizing the site of damage, but its measure
ment is helpful in confirming myocardial infarction or
injury to the liver, skeletal muscle, or certain other tis
sues. The presence of 5 different isozymes of LDH helps
to funher localize the inju ry, as they are fairly tissue spe
cific. For instance, LD ) and LD2 are elevated in myocar
dial infarction. LD2 and LD3 elevat ion occur in acute
leukemia; LD, elevation follows liver or skeletal muscle
injury.

#148, (F·9) Sorbitol dehydrogenase. Elevation of serum
levels is a useful sign of liver cell damage.

Elevated glucose in diabetes mellitus may result in sor
bitol deposition in the lens and neural tissues, contributing
to catara cts and peripheral neuropathy.

The AlG (albumin/globulin) ratio is another useful in
dex of liver dysfu nction. Albumin is produ ced by the liver,
whereas gamma globulin is produced by cells of the im-
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mune system . Thus. the AJG ratio may be decreased in liver
disease.

# 149. (D- I) Amylase testing. Amylase is a digestive en
zyme that is produced mainly by the salivary glands and
pancreas. It may be elevated in the serum in mumps or in
pancreatitis, but sometimes in other conditions (e.g., pep
tic ulcer, intestinal obstruction, gallstones) .

# 150. (E-2) Clinitest tablets and Clinistix testing of uri
nary sugar. Monosacc harides are examples of reducing
sugars. Reducing sugars reduce oxidizing age nts such as
the cupric ion (Cu" " --> Cu"). Among the disaccharides,
lactose and maltose are also reducing sugars. but sucrose
(table sugar) is not. Clinitest tabl ets are used to test for
reducing sugars in the urine and w ill detect a broad
range of reducing compounds that can appear in the urine,
including glucose (as in diabetes), unconjugated glu
curonate (which conjugates with many drugs and is present
in the urine in conjugated and unconjugated form), fruc
tose (as in genetic fructo suria), galactose (genetic galac
to semia), lactose (in late pregnancy and lactation , and in
congenital lactase deficiency), the pentoses (genetic pen
tosuria), and homogenti sic acid (alkapton uria) . Clinitest
tablets will not, however, detect sucrose. This fac t has led
to the failure of individuals to deceive the phys ician into
thinking they have diabetes (e.g., to avoid military induc
tion) by pouring table sugar into their urine.

Clinistix dip sticks are more specific than clinites t
tablets for detecting glucose , as their reaction depends on
the fact that they have glucose oxidase. Ascorbic acid,
however, can cause false positive results with Clinistix. Clin
itest tablets, which react with many reducing substances,
are useful as a general screen for reducing substances, es
peci ally in neonates, where the test may detect a variety of
inborn errors of metabolism (e.g., galactosemia, fructosuria,
congenital lactase deficiency, pentosuria, alkaptonuria).

#151. (G- I I) Coumarin, vita min K, and heparin. Vita 
min K is necessary for the synthesis of a number of clot
ting factors produced by the liver, including prothrombin.
The coumarin anticoagu lants resem ble vitami n K in
structure and compete, preventing vitamin K from func
tioning in the liver, thereby decreasing the tendency to
fonn prothrombin. The onset of cou marin anticoagulant
action is relat ively slow, requiring severa l days for the
previously formed prothrombin to clear. The plasma pro
thrombin time is a useful laboratory test to assess the
level of prothrombin and the effectiveness of coumarin
anticoagulation. An elevated prothrombin time (signifying
low prothrombin levels) may also occur in liver disease .
as the liver produces prothrombin. Heparin is a different
anticoagulant that has a more rapid onse t of action as its
action is more direct-interference with a number of steps
in the clotting cascade, as well as reducing platelet adhe
siveness. Heparin acts as an anticoagulant both in vivo
and in vitro (e.g., in preventi ng a blood sample from clot
ting), in contrast to coumarin. which only acts in vivo .
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Imagine the Biochemistryland map lying flat on the ta
ble. There are other maps in medicine that may be
stacked on top of Biochemistryland at increasingly higher
hierarchical levels (fig. 1l.1) . These include Cell Biolo
gyland, Histologyland, Anatomyland, and the realm of
the Individual and Society. At the bottom, Biochemistry
land, there are chemical reactions that interconnect exten
sively with one another. The chemical reaction arrows at
this level are not , only the arrows on our own Bio 
chemistryland map but all the additional feedback arrows
from reaction products , hormones, and other molecules
not shown on the map. Biochemistryland really resembles
a giant spider web, or system of rivers, in which motion
at any point can cause changes throughout much of the
system.

There are also connections within each of the higher
level maps. Changes within organelles can affect other
organelles in Cell Biologyland: defective mitochondria,
for instance, may affect other organelle functions . In His
tologyland, changes of certain cell types can affect the
function of other cell types: for example , a loss of sub
stantia nigra nerve cells in the brain stem may lead to the
degeneration of basal ganglia cells on which they nor
mally connect. In Anatomyland, malfunction of one or
gan system can affect others: inadequate pulmonary
function will affect the functioning of the heart and other
organs. Interactions between individuals can affect soci
etal functioning.

It is also true that each of the hierarachical levels inter
acts with one other. For instance, abnormalities of bio
chemical reactions can affect the functioning of select

organs; hypoglycemia, for instance , may result in coma.
Emotional stress can precipitate heart attacks, gastric hy
peracidity, epinephrine production, etc ., inducing
changes all the way down to the biochemical level. Con
versely, mood-altering drugs that act at the biochemical
level can affect the functioning of the individual and the
individual's interactions with society.

.In medicine , we unknowingly continually shift between
levels in working with different clinical conditions. We
have seen a number of diseases scattered through Bio
chemistryland, but these are for the most part.rare, Cell
Biologyland contains..cytokines, protein hormones that
help regulate cell interactions in such important areas as
the immune response, wound healing, and carcinogene
sis. Cell Biologyland also contains myopathies that affect
mitochondria, and there are lysosomal storage diseases,
but these are uncommon. Clinical thinking in large part
centers on higher levels. Histologyland has a great deal of
tumor pathology. Anatomyland has an enormous bulk of
clinical disorders related to organ pathology-the he-art
attacks, fractures, muscle spasms, strokes , liver and kid
ney diseases , etc. Levels of the individual and society
contain many psychiatric and sociopathic disorders .

Thinking at different levels brings out additional infor
mation; new concepts of function arise on ascending
through the hierarchy, just as a particular arrangement of
bricks becomes something new-a "house" . The concept
of an organ is not ingrained in any particular reaction in
Biochemistryland but in the integration of many complex
reaction s that forms something new, an organ. If my car
door gets smashed in, I could go to the body shop and ask

INDIVIDUAL & SOCIETY

?Jt:):(~Dffi~~~~:7l~ HISTOLOGYLAND

CELL BIOLOGYLAND

'--------__--:::... BlOCH EM ISTRY LAND
Pl!. 11.1. The interconnection of Biochemistryland with other lands,

7/
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for a particular combination of metal alloys, arranged as
so many kinds of molecules packed together into a space
of such an'! such dimensions . More appropriately, how
ever, I will simply ask for a new car door, the "door"
being the unit to focus on rather than the molecules that
compose the door. Similarly, particular clinical disorders
are best thought of as occurring at certain levels; when
one deals with a lacerated liver, one is not going to think
of the replacement and apposition of certain kinds and
number of molecules that constitute liver cells; one is
going to think in terms of surgical techniques that repair a
lacerated liver. Even though everything can ultimately re
duce itself to biochemistry, working at a part icular hierar
chical level can provide a better way of thinking about the
same material .

While it is often more practical to think at a particular
heirarchical level , it is important not to get so fixated at
anyone particular level as to ignore the effects one level
may have on another, as if they were separate and unre
lated realms. One must remember that the individual lev
els interconnect. Higher level personal-social situations
can affect one's biochemistry, and biochemical changes
can affect one's personal-social status . Things like bed
side manner, hope, and the placebo effect can have real
effects on underlying biochemistry, just as biochemical
changes can affect mood and behavior.

It is better, where possible, to treat the root cause of an
illness rather than a peripheral manifestation of the ill
ness. When one treats j ust the manifestation, one may
eliminate it, but this does not eliminate the many other

I
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widespread changes that the original illness may have
caused throughout the heirarchy of lands. If a depression
is situationally induced, it is better, where possible, to
correct it at the higher situational level than to deal with it
through medication at the lower biochemical level; the
originating problem otherwise persists and there may be
medication side effects. Thoughts such as these may ap
pear obvious. No one would think of trying to treat a
heart attack by lowering elevated blood levels of CPK
enzyme that leaked out of the damaged cardiac cells. In .
other situations the logic is less clear. Thus, there have
been and still are controversies over whether lowering
blood levels of cholesterol in hypercholesterolemia , or
glucose in diabetes has a significant effect in preventing
atherosclerosis. Do such clinical measures get at root
causes , and if they do not, do such measures significantly
affect the course of disease?

There are many medical conditions for which a root
cause is unknown and one has to focus on treating periph
eral manifestations (e.g., treating inflanunation in arthri
tis with antiinflammatory drugs). Even when a root cause
is known. it may be difficult to treat if the problem is
localized to a particular area of the body; the medication
may not only affect me problem area in the body but have
side effects on other regions-for example, the side ef
fects of antitumor a~ents on normal cells. When the root
cause is outside the body, e.g. , smoking as a cause of
lung cancer, elimination of the root cause can be both
feasible and clinically effective. Hence , the importance of
Preventive Medicine as an important influence on the hi
erarchical schema.
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2. Thutomers-isomers that contain different bond se
quences that fluctuate in equilibrium from one fonn to
another:

Isomers are different chemicals that have the same mo
lecular formulae .

1. Chain isomers-isomers that contain different molec 
ular sequences within the chain:

3. Stereoisomers-isomers that differ in their orientation
in space. The terms ( +) and ( - ) refer to the direction of
optical rotation when exposed to polarized light.

A. Enantiomers-stereoisomers that arc mirror images of
one another:

CH,

H,C+~
HaC+X

eOOH
C

H"., / X
/ C= C"X H
TRANS-

CH,

X+CH,

H,C-t-X

COOH
B

x"., / X
....... C=C"H H

C15-

CH,

H,C+X

XfCH,
eaOH
A

B. Diastereomers-stereoisomers that are not mirror im
ages of one another. Epimers are diasteriomers that differ
in conformation around only one carbon atom.

Cis- and trans- forms are diastereomers that result from
configuration about a double bond:

A, B, and C are all stereoisomers. A and Bare enantio
mers . A and Care diastereomers (epimers, too).

have and in Biochemistryland generally refer to carbohy
drates and amino acids . In most cases it is the "D" form
of carbohydrates and the 'T' form of amino acids that are
utilized by the body.

Special diastereomers

NH+
I '

H C-C H-CH -CH -COO-a , I
CH,

ISOLEUCINE

CYTOSINE
(Lactim tautamer)

MIRROR

~H~
C

N:7' "CH
I II

O=C' N/ CH

H

CYTOSINE
(Lactarn tautorner)

NH+
I a

H C-CH -CH - CH - COO-
' I •

CH,

LEUCINE

The terms "D" and "I.:' {dexter-right and levo-Ieft) refer
to the two mirror image forms that an enantiomer may

CHO
H OH

HO H

H OH

H OH

CH,oH

D-GLUCOSE

CHO
HO H

H OH

HO H

HO H

CHpH

L-GLUCOSE

Anomers (designated by alpha and beta) are sugar dias
tereomers in which the free carbonyl (-c=o) group
opens up to make a chain and two new diastereomers (see
fig. 3.1).

The functional difference between alpha and beta ano
mers is well-illustrated in the difference between amylose
and cellulose. Amylose contains 1--4 linkages between
alpha-glucose molecules (fig. 3.1) whereas cellulose con
tains 1--4 linkages between beta glucose molecules . Hu
mans can digest amylose but lack the enzyme to digest
cellulose.
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Enzymes may be categorized as follows :

HYDROLASES
Esterases
Lipases
Nucleosidases and -tidases
Peptidases
Phosphatases
Sulfatases

ISOMERASES
Epimerases
certain Mutases
Racemases

L1GASES
Carboxylases
Synthetases

LYASES
Aldolases

ENZYME GWSSARY

Decarboxylases
Hydratases
Synthases

OXIDOREDUCTASES
Dehydrogenases
Desaturases
Hydroxylases
Oxidases
Oxygenases
Reductases

TRANSFERASES
Kinases ..
certain Mutases
Phosphorylases
Polymerases
Transaldolase and -ketolase
Transaminases

Aldolase-a lyase that results in the forma tion of a carbon-earbon bond by combining an aldehyde (or ketone)(*) with
another compound.
Example:

FRUCT05E 1, 6 - Pz
Fructose diphosphate

aldolase

o
II
C-H
I

H-C-OH

I
H~C-O-P

+

H C-OH'll
C=O
I

H C-O- P
2

GLYCERALDEHYDE 3-P

Carboxylase-a ligase that catalyzes the additi on of CO,.
Exampl e:

DIHYDROXYACETONE -p

e OOH
I
C~O

I
CH,

PYRU VAT E

co,
"--

Pyruvate carbo xy lase

coo«
I
e~a

I
CH,
I
coo«

OXALo"eET"TE

Decarboxylase-a lyase that catalyzes the removal of CO,.

o 0 OH OH 0
11 II I I II

(*)Definitions: aldehyde , R - C-H; ketone, R - C -R; alcohol , R- C - R OJ" R - C -H; es ter, R-O-R; carboxyl ic acid. R - COOH,
where R=carbon-containing group.
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Dehydrogenase-an oxido reductase that facilitates passage of hydrogen from one molecule to another, thereby oxidizing
one and reducing the other. In general, OH ~ = 0 and C - NH, ~ C = NH dehydrogenases are NAD(P)-Iinked, whereas
C-C ~ C = C dehydrogenases are FAD-linked.
Example: H'T- OH NAD' NADH H'i -

OH

HO-C-H' \.., ./ I C~OI Glyc.e ,.ol J P dehyd roqeno"- I
H,c -O-P H,C- O-P

3-GLYCEROL-P DIHYDROXYACETONE- p

Desaturase-an oxidoreductase that catalyzes desaturation (formation of a double bond) in a fatty acid.

Eplmerase-an isomerase that interconverts epimers.
Example:

Ribu lose 5-P 3-epi merose

H 1C- OH H2C-OH
I I
C~O C~O

I I
H-C-OH .., --::-,.--,---=-::-::-- - ......1 HO-C-H

I I
H- C-OH H-c-m~

I I
H2C-OP H1C-OP

RIBULOSE 5-P XYLULOSE 5- P

Esterase- a hydrolase that hydrolyzes an ester into its components : an alcohol and an acid .
Example:

Acet ic acid

/

CHOLINE

Hydratase-a lyase that utilizes hydration in the formation of a C -O bond (used to be called a hvdrase).
Example:

COOH
Ic-o-p
I
CH,

H,O

I
COOH
I

H-C-O-P t II Pho.phopyru vah hydratau
H.zC-OH (Enolau)

2-P -GLYC(RATE P- ENOLPYRUVAT E

HYDROLASE-CLEAVES MOLECULES USING HYDROLYSIS.
Example:

CH3

I
C=O ··
I

CH2.
I
CO
I
S-CoA

Aceto acetyl CoA hydrolase

CH3
I
C=o
I
CHz
I
COOH

ACETOACETYL CoA ACETOACETATE

75



HO -CH-CH-NH2 z

APPENDIX II

Hydroxylase-an oxidoreductase that facilitates coupled oxidation of two donors, with incorporation of oxygen into one
of the donors, oxidation of the other don or, and formation of water.
Example:

HzC-CHz-NHt

0l AS CORBATE HID DEHY DROASCOR BATE
\-.. \-...../'./ )

Dopamine hydro xylase
OH

OH

DOPAMINE

OH

OH

NOREPINEPHRINE

ISOMERASE- CATALYZES FORMATION OF ONE ISOMER FROM ANOTHER (E.G .• AN ALDE HYDE ro A
KEroNE FORM, OR MOVING A DOUBLE BOND FROM ONE SITE ro ANOTHER ON A MOLECULE).
Example :

o
II
C- H

I
H-C-OH

I
H C-O-P

I

( )
Tr iose-P isome r as e

H1C-OH
I
C=O•:I

H C-O-Pz

GLYCERALDEHYDE 3-P D'HYDROXYACETONE-P

Kin ase- a transferase that transfers a high energy group (usually P, from ATP) to an acceptor.
Example:

GLUC.OSE

ATP ADP

\. L l GLUCOSE boP
Hexcktncee

LI GASE-JOINS TWO MOLECULES ALONG WITH BREAKDOWN OF A PYROP HOSPHATE (P - P) BOND.
ALSO CALLED A SYNTH ETASE.
Example:

DNA OKAZAK I FRAGMENTS 1 FUSED DNA STRANO
DNA Li9 Q~e

Lipase- a hydrolase that catalyzes the breakup of ester linkages between a fatty acid and glycerol, within triglycerides
and phospholipids.
Example:

o
II

H;lC- O- C- R

I ~
H -C-O-(- R'

I 1 .
H.1C- O- C- R

T RIGLYCE RIDE

H,O
\ I

Lipa se

o
I

H ( - O-(-R
" 0

ll ,
H -C- o - t -R +

I
H,c-OH

DIGLYCERID E
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APPENDIX 1I

LYASE-CLEAVES OR SYNTHESIZES C -C, C-O, C-N AND OTHER BONDS BY OTHER MEANS THAN BY
OXIDATION OR HYDROLYSIS (DISTINGUISHING TH EM FROM OXIDOREDUCTASES AND HYDROLASES).
TH E REACTION FOLLOWS TH E ARRANGEMENT: A + B-+ C (THEREBY DISilNGUISHING THEM FROM
TRANSFERASES, WHICH FOLLOW TH E ARRANG EMENT: A + B -+ C + D).
Example:

Cit rate lyase

( OOH

I
CH,

I
HO-C-C OOH

I
CH,
I
COOH

AT?, CoA

'>-

AC ETYL CoA,
AD?, P;
./

( DOH

I
(~O

I
CH,
I
( DOH

CITRATE OXALOACETATE

Mutase-a transferase or isomerase thar shifts one group (e.g., acyl, amino, phospho, etc .) from one point to another
on the molecule.
Example:

GLUCOS E bOP ....,...---- --->l GLUCOSE t·p
Pho .sphoql ucamu l ose

Nucleosidase-a hydrolase that breaks nucleosides into a purine or pyrimidi;e :and ribose.

Nucleotidase-a hydrolase that breaks down nucleotides to nucleosides and phosphori c acid .
Examples:

P;
./URIDINE S'-PHOSPHATE I

5' nut.leatidase
URI DINE

RIBOSE
/'

Uridin~ nuclecs iderae
URACIL·

Oxid ase-an oxidoreductase that catalyzes reactions in which molecular oxyge n is reduced.
Example:

Monoamine oxida se

o
HO n
YJrTCHz- C - H

~N)
H

5- HYDROXYINDOLE AC ETA LD EHYD E

OXIDOREDUCTASE-CATALYZES OXIDATION-REDUCTION REACTIONS
Oxygenase-an oxidoreductase that catalyzes the addition of oxygen into a molecule,
Example:

0,

\-..
Homaqentisate oxyg en a." (oxidase \ ) 4-MALE.YLACETOACETATE

HOMO~ENTISATE
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Peptidase-a hydrolase that facilitates the hydrolysis of a peptide bond.
Example:

H 0 H 0
. I 11 1 II

~N-C-C---- N- C-C~

I I I I
H R' H R"

PEPT I DE

H , O H 0

\.. )~N-LLO-
Pept idase I I

H R'

H 0
+ I II+ HJ N- C-C~

I
R"

Phosphatase-a hydrolase that hydrolyzes esters, releasing inorganic phosphate.
Example:

Hp Pi
"- ~ J GLUC OSE

Gluco se 6 - phos ph at Q, e

Phosphorylase-a transferase that catalyzes the breakage of a C -O bond by the addition of inorganic phosphate,
Example:

Polymerase-a transferase that catalyzes polymerization.
Example:

Formation of DNA and RNA by polymerization of purine and pyrimidine nucleotides (DNA and RNA polymerases).

Racemase- an isomerase that catalyzes the change of an optically active molecule to its opposite mirror image form.
Example:

eooH
I

H-C-CH3 )I Methylmalonyl CoA racemase

O=C--S-CoA

eOOH

I
CH -C-H

3 I
O=C-S-CoA

D-METHYLMALONYL CoA L-METHYLMALONYL CoA

Hyd ro.ymethylglutaryl-CoA reductase

Reductase- an oxidoreductase that has reducing action; a hydrogenase.
Example:

eOOH
I
tH,
I

HC-C-OH
J I

CHI
I
C-S-CoA
IIo

3-HYDROXY-J-MET HYLGLUTARYL

NADPH

\-"

CoA

NADP;C..ASH

./

eOOH
I
CHI
.1

H C-C-OH
J I

CHI
I

Ha,C.-OH

MEVALONATE
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Sulfatase- a hydrolase that hydrolyzes molecules, releasing sulfate.

Synlhase- a lyase that catalyzes a synthesis that does nol include breaking a pyrophosphate bond.
Example:

UDP - GLUc.OS E

UOP
/'

Synlhetase-a ligase that forms two molecules along with the breakdown of a pyrophosphate bond (as in breakdown of
ATP).
Example:

o
II
C-OH

I
(H2.

I
CH2.
I

H-C-NHI 2.

coou

ATP
\-...
Glutam ine

ADP, Pi
/

sytltheta 5 e
)

o
II
C-NHI 2.

CH2.
I

CH2.
I

H -C-NH
I 2-

(OOH

GLUTAtv1ATE GLUTAMINE
Transaldolase- a transferase that transfers an aldehyde residue (e.g., in the shortening of sedoheptulose to form
erythrose 4-P).
Example:

SEDOHEPTULOS E (C,l + GLYCERALDEHYDE J -P(C 31 --=T=-r-a-n-s-a l""d-ol"-o-s"'e' ERYTHROSE 4-P (C,) + FRUCTOSE G, P (C.l

Tr-ansaminase-a transferase that transfers an amino group from an amino acid to an alpha-keto acid , especiall y alpha
ketoglutarate (2-ketoglutarate). Also called an aminotransferase.
Example:

(DOH

I
H N-C-H

1 I
(Hz

I
CHz
I
COOH

GLi.lTA.r+AT E

CDOH
I
c=o
I
CHz
I
CDOH

OXALO ACETATE

Asp a rta te t ransaminase
(=Gl ut ama t e oxa loacetate t ransferase)

(

CDOH
I

H N-(-H ASPARTATE
1 I

CHz
I
COO H

\,.

COOH
I
C=O
I
CHz
I
CHl
I
eaOH

Z- KETOGLUTARATE
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TRANSFERASE-TRANSFERS A GROUP (ASIDE FROM HYDROGEN) FROM ONE MOLECULE TO AN
OfHER.
Example:

GLUCOSE H

UTP PPj

'--. ./ I UDP·GlUCOSE
Glucose l-P ur idyl tro n srer Cl~e

Transketolase-a transferase that catalyzes the transfer of a ketone residue.
Example:

o
II
C-H +
I

H- C- OH
I

H,c-O-P

HzC-OH
I
C=O

I
HO- C- H

I
H - C-OH

I
H-C- OH

I
H2C- O- P

Transketalase.
)

o
II
C-H
I

H-C- OH
I

H -C-OH
I

H C-O -P
2

+

HZC-OH
I
C=O
I

HO-C-H
I

H-C-OH
I

H C- O-P
2

GLYCERALDEHYDE FRUCTOSE E)-P
3 -P
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Most of the chemical structures in this index were provided courtesy of the Boehringer-Mannheim Biochemical Co.

l -ASPARAG tNE
Octr"NH ,

~ H ,
H C- N H,

COOH

l -A S PA RT ATE
r~

I ~ H, i

[

' H ' y " N H, i
COO K I

._~

CA RBA
M O 'l'l-P

o
HIN - C -O-P

fJ-CAROTENE

H 0 ..

BIliRUBIN ?_C~.\ H
\ D IG lUCURONIOE .I 1;t'00C ,

("'DIRECT" HO O H

BIliRUBIN) H

BILIRUBIN ( ' IN D IRECT " BILIRUBIN)

~ H, ~H,

C H C H, C H i P , p , CH , CH c u,
e-- , ~J- J~ ' -1

O·)·-'N ~-l· ~ --tN I ¢ I'NJ -(( ·~C~ ~o
, H , H , H ,

H H H H

CO O H

H A' -- O,O
H '"

\ OHH)
HOHH

.. 0 ..

S-AM INO_
lEVVlINATE

7"=0
H -C "H
H-C~H

COOH

2-AM INO_
3-KETOADIPATE

7"0 0 H
H,N-~-H

C oO

~H,
((H,
COOH

H,"I -~'l,

ANDROST-4-ENE
3.17·DIONE

~o
ARACHIDON IC ACID

~OH

ALDOSTERONE

2-AMINO-4-HYDROX'l'-6-HYDROXY
METHYl-DIHYDROPTERIDt N- PP..
",Ny:;:'I N1<

N"" ~
N CH , - O-P--O - P

OH

ADENO StN E-S' -PHOSPH ATE

':I" ,
N""C..... - 1'1
I W "::-CH

P:::fd;:-N'
H H ,

H H

OH 01-1

ADE~NDSlN E'S'~~~HOSPHATE

N"'C, - N
I ~ "'>-CH

~O" ::15Ir
I 0 1-l01-l!

S-ADENOS YL -L 
H OMO C YSTEIN E

r

- '¥: "OENO-
CH, S INE

~H.
'11=> NH,

COOII

ADENOSINE·51~

TRIPHOSPHATE

J
-'- ~H'

N<"-C, - N

I ff ;:CH
.....c "'" .....-C - N

H 1'1 (

~O~'+~O''''~I

lJ=J

~ H ,

y ~O

T~b
C,

S-CoA

ACET O-
ACETATEr--1

l
i~~
~HJ

. c~

ACETO
AC ET Yl -Co A

AC ETATE

cis
ACONITATE

e OOH
H-C-H
~-COOH

H-c -eOOH

ACETONE

Q-ACETYLCHOLINE

(H,q,N@- CH,-CH,-O-C- CH,

"

N -ACET YL
NEVR AMIN ATE (SIAlATE)

H, y-Ol-l

ao-y-H
HD- C-H

H'C-C-HN~COOH" Ha 0 1-1 H
H OH

H H

L·ARGININE

ACYl·
C ARN 1TlNE

TH ,
('r H, ) .

~"'
CH....... ,,' ?
CH .::;:N-CH,-C-CH,-COOH
C H, H

S-AD ENOSYL-l
METHIONINE

pi,
(!IS -AD END

~H, SI N E

rH ,
Hy -NH,

COOH

HN""C _NH
HN " '

~H,
IfH,
~H,

H- C- N H,

COOH

COP-CHOLINE

yH,_
CH,-t;: "'-C H, - CH , -O-P-o--CMP

c .. ,

COP-ET HANOLAMINE

H,N-CH, -CH,-O-P-O-C MP

ACY L-Co A

(C~~8-(CH . l " CHl

L·ALANINE
~ H ,

H-~-NH ,

COO H

L- ARG IN IN O 
SUCCI N ATE

HN""C_t~~:H
H N " ,

I ((H,
~H , COOH«H,
~H,

H-C-NH,
com';

C ERAMI O E

i '--'~iR '-CH =CHi:-OH
R -CO -NH---G-H

I H,C -OH
~ " ' " -- - "
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2'· DEO XY -
- c n l D iN ;: ~ '·D I PHOSPHATE

2'-DEOXY.
CYT IDINE-S
PHO SPH ATE

N""r~H
I "

P-Q-H:c r
OHH

HO~

DEOXYCHOLATE

2' -DEOXY
G U AN OSIN E·S'·
DIPHOSPHATE

~

H-N.....c f~
.....! """ C_N.....

CH

N ,N ~p.-o-P-O-H,c °
N N

H H

ON H

':!H.
N""C....CH
1 ,

o ""C....N..... CH

p - O -P· O-H,r/0" I
~OHH

2'-DEOXY·
ADENOSINE·5'
TRIPHOSPHATE

2'·DEOXY
CYTIDINE-5 '·

TRIPHOSPHATE

DEHYDROEPIANDRO
STER.ONE

f;lH.
C

N"" ....C-N
I " " CHH-C"", .....C-N

CP-O""CQ-,""",, --<>-o_-"p-O-H'cfdo
H N

H ' ' H

ou H

a99-
HO H

CYTIDINE

L-CYSTEINE

I
HS-cH.

H- ¢ - NH ,

1_ COOH

L· C YSTl NE
Hof-S-S-f".
H-;::· N H. H-;::- N H .

CO OH COOH

L-C YSTATHI ONINE
CH,- S-CH,

~H. '"'1:-NH.H-c-NH. COOH
CooH

CYTIDINE·5 '.
TRIPHOSPHATE

CYTIDINE·
5'·OI PHOSPHATE

';lH.
N ""C ....CH

I "O""C....N.....O .

p-o-p.-O-H,c;:d
N H

N H

O H OH

,:,H.
N""C....CH

! ~H
0 "" ....N .....

H

CYTOSI N E

CYTIDIN E·
S'·PHOSPH ATE

~H ,

N""C....CH
1 •

P~N~:~/CH
~

CYTOCHROME c

CORTISOL

CREATINE

P-NH C=N H
H. C- f;l.....

C;: H.
COOH

H.N C~NH
H.C-':I .....

C;: H.
COOH

CREATINE-P

ICREAT IN IN E!
HN=y-NH
H.C-~ I

~~
c:.,0

ADENOSINE_3'.5 '~

MONO PH OSPHATE
(CYCLIC)

CORTICOSTERONE

COENZYME A
(CoA-SH)

' H
¢H.
p i,
N H

I¢=o

I~H,
C;:H, _INH JY\JH'~C~O ~N

; H-~>OH i o::, ~ ~CH

l H'C-~~~:_P~O_H::o,j

. ~
OP OH

COPRO PO RPHYRINOG EN III

CITRATE
~OOi-l

C;: H.
HG-C-COO H

~H ,
COOH

CHOLINE

CH ENO OEO XY·
CHOLATE

COBALAMIN
(VITAMIN Bit)

l-CITRULlI NE
.. . N ....

.....c~o
H~

~H,

~H,

~H.
H-C -NH .eooH

CHOLESTEROL

CHOLATE

r ~H, I
1CH ,-,:! "'-- C.N. • - CH .O" I

C H• • ----l

i;;r:,~~ iOON

N ON

CHOLESTEROL ESTER

HO

NO
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acyl: containing a fatty acid attachment

OH OH
I

. I I
a cohol: R-C-R or R-C-H (e.g. , ethanol)

a
"aldehyde: R-C-H (e.g., acetaldehyde)

anabolic: involving synthesis of more complex substances
from simpler ones

carboxylic acid: R-COOH (e.g. , futty acids)

catabolic : involving breakdown of more complex sub
stances to simpler ones

complement: a special group of serum proteins that are
important in antigen-antibody interactions

a
"ester: R-O-R (e.g., diglyceride)

hemolysis: red cell destruction

hydrolysis: splitting of a molecule with water, the -OH
group of water becoming part of one molecule , and the
hydrogen atom becoming part of the other.

a
"ketone : R-C-R (e.g. , acetone)

lipolysis : lipid breakdown

megaloblastic anemia : a red blood cell deficiency in
which there are large red blood cells

microsomes: vesicular fragments of endoplasmic reticu
lum seen after intentional disruption of cells

- ogelt: suffix means "can form." (e.g ., stercobilinogen
becomes stercobilin)

oxidation: loss of hydrogen atoms or electrons, or addi 
tion of oxygen

proteolysis: protein breakdown

pyrrol: a 5-membered cyclic ring (4 carbons, I nitrogen)
that, in groups of four, forms the basic structural unit of
the porphyrins

R-: carbon-containing

reduction : addition of hydrogen or gain of electrons or
removal of oxygen

substrate: the substance on which an enzyme acts (as op
posed to the product)
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INDEX

Note: Numbers preceded by a (#) refer to disease num
bers on the bottom of the Biochemistryland map, Num
bers in brackets refer to map coordinates .

acetaldehyde, (E-8)
acetate, (E-8)
acetoacetate, 18, (H-9), (C-9)
acetoacetyl CoA, 18, (G-9)
acetone, 18, (H-9)
acetyl ACP, (G-7)
acetyl CoA, 8, 18, (0-8)
N-acetyl galactosamine, 34
acetylcholine, (H-4)
acid phosphatase, #146
cis-aconitate, (E-9)
ACP (acyl carrier protein), (G-8)
actin, 27
acyl cam itine, (H-6)
acyl CoA, (G-6)
adenine, 36, (B-4)
adenine p-ribosyl transferase, #86
adenosine, (B-4)
adenosine deaminase deficiency, #87
adenosine phosphates, (A-4), (A-6)
adenosine triphosphate (ATP), 4, 5, (0-10), (A-4)
5-adenosylhomocysteine

(S-adenosylhomocysteine), (E-5)
5-adenosylmethionine (S-adenosylmethionine), (E-5)
adenylate cyclase, 15
alanine, (E-7), (B-7)
albinism, #52
albumin, 27
albumin/globulin ratio, #148
alcohol, defined, 74
alcohol excess, #29
aldehyde, defined, 74
aldolase deficiency, #5
aldosterone, 23, (G-12)
alkaline phosphatase, #146
alkaptonuria, #50
alkylating agents, #133

• allopurinol, #134
ALT,#146
amidotransferase, #83
amino acid breakdown, 9, 26
Amino Acid Midway, 24

disorders, 53
amino acid structure, 24
amino acid synthesis, 9, 26
amino acids, glucogenic, 26
amino acids, ketogenic, 26 (1-9)
amino acyl-tRNA synthetase, 38
3-aniinobutyrate, 38, (B-6)
2-amino-4-hydroxy-methyl dihydropteridin-pp, (A-2)
2-amino-3-ketoadipate, (0 -12)
5-aminolevulinate, (0-12)

amylase, 14
amylase testing, #149
amylopectin, 13
amylose, 13, (0-1)
androstenedione, 23, (H-13)
ANF,47
anomers, 13. 73
antabuse, #138
antibiotics, 66
anticodon, 38
antimycin A, #26
antitumor drugs, 67
apoprotein, def., 28
APRT deficiency, #86
arachidonic acid, 17, (G-4)
arginine, (F· I I), (A- IO)
argininosuceinate, (A-9)
argininosuccinic aciduria, #76
arsenic poisoning, #27
ascorbic acid (see vitamins)
asparaginase therapy, #129
asparagine, (C-8)
aspartate, (C-9), (E- I I), (A-9), (A-3)
aspirin, #140
AST, #145
ataxia telangiectasia. #91
ATP, 4, 5, (0-10)

' ,- AZT, #127

bile acids and salts, 17,23,30,53, (H-12)
Bile Bog, (H· 12)
bilirubin, 40, 61, (0-14)

disorders , 61
biliverdin, 40, (C- 14)
branching enzyme deficiency (Anderson Disease), #12
BUN, #142

carbamoyl phosphate, 39, (B-8)
carbamoyl phosphate synthetase deficiency, #74
Carbobydrate Storage Room, 14, (0-1)
Carbobydrateland, 13

diseases, 48
carbohydrates, 13
carboxylases, 43
carbo xylic acid, defined , 74
carcinoid tumor, #56
carnitine, (G-6)

deficiency, #32
carotene , (G· 10)
cascade, 15,28
catalase, 40, (E-12)
CDP·cboline, (H-3), (H-5)
CDP-ethanolamine, (G-5)
cell membrane structure, 32
cellulose, 14
ceramide, 20, 33, (H-4)
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cerebrosides, 2 1, 33, (G-3)
Channel No.5, (G- I0)
chenodeoxycholate, #47, (H- 12)
ch lorophyl, 2 1, 40 , (G- I I) , (E-12)
cholate, (H- 12)

disorders, #78
cho lestero l desmolase, #39
cho lesterol synthes is, 9
cholestryrami ne, #78
ch ol ine, (H-5)
cho ndroitin sulfate, 35
chromolyn sodium, #67
chylornicrons, 30. 3 1, #78
cimetidine, #67
citrate, (E-9)
citru lline, (B-9)
Clinistix , # 150
Clinitest tabl ets, #150
clofibrate, #78
codons,38
coenzyme, def.. 28
coenzyme Q (CoQ), 10, (H-II )
col estipcl. #78
collagen , 27
coll agen synthesis, #69
Combo Circle , 30 , (F- I)

disorders, 56
conjugat ion, 15, 6 1
Co njugation Area , (C- I, 0 - 14)
coproporphyrinog en III, (0 - 13)
CoQ (coe nzyme Q), 10, (H- I I)
co rticosteron e, (G- 12)
cortisol, 23, (G-I3)
coumarin, # 15 1
C PK (creatine phosp hokinase) , #143
creatine,S, (A- lO)
creatine-phosphate, 5, (B- lO)
cre ati nine, # 144, (A- IO)
Crigler-Najjar syndrome, # 10I
cyanide poisoning , #25
cyclic AMP, 15, 18, 45
cystathioninase, #65
cystathionine, (E-6)
cy stathionine synthase, #62
cystathioninuria, #65
cysteine, (E-7)
cy stine, (E-7)
cystin uria, #54
cytarabi ne, # 130
cytidine (B-7)
cytid ine phosphates, (A-7, B-7 )
cytoc hro me oxidase, #25
cytochrome P450, 22, 41 , #40, (G- 12),
cy tochromes. 10, (E- 12)
cytosine, 36 , (B-7)

DDI , #127

GENERAL INDEX

debranchi ng enzyme, 14
debranching enzyme deficiency (Cori Diseas e), #16
dehydroepiandrosterone, (H-13)
18-dehydrogenase deficiency, #44
deoxycho late, (H- 12)
deoxyribose, 36
dermatan sulfate, 35
diabetes, #30, 65, 70
diglycerides, 18, (G-5)
dihydrofolate, (A-2)
dihy dropteroate, 7, 8, (A-2)
dihydroxyacetone-phosphate. (0 -4)
dihydroxyphenylalanine, (C-6)
diphosphoglycerornujase defi ciency, #8
disaccharid es, 13 .
DNA , 38, (A-6)
DNA Funhouse, 36 , (B-6 )

disorders, 58
DNA gyrase, 36
do lichol, (H- I I), 22
L-DOPA, #53, (C-6)
dopam ine, (C-6)
DPG (diphosphoglycerate), 2, 3, (0-6 )
drugs, 66- 69, (F-9)
Dubin-Johnson syndrome, # I03

Ehlers-Dan los Syndrome, 55
elastin, 27
electrophore sis, 31
endonuclease, 37

defic iency, #9 J
Energy Hall of Fame, S, (0 -5)
energy of activation , 7
enolase deficiency, #9
entropy. 6
enzyme glo ssary, 74
enzymes. mechanism of action , 7
epinephrine, 15,46, #120, (C-5)
essential fructosuria , # 18
esterases , 31
ester, defined. 74
estradiol , (H- 13)
estriol , (H- 13)
estrone, 23, (H- 13)
ethanol, JJ, (F-8)
exonuclease, 37

Fabry's disease, #80
FAD (flavin adenine dinucleotide), 5, J I , 18
Fanconi's anemia, #55, #9 1
fatty ac id, def., 17
fatty ac id oxidation, 17, (H-7)
fatty acid synthesis, 9, (H-5) (G-7)
fatty acids essential, 18
fatty ac ids, sa tura ted, 17
fatty acids , unsatura ted , 17
feedback regulat ion, 28
Ferris Wheel, 8, 10, (0 -9)
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Ferri s Wh eel Generator, 10, (0-10 )
ferritin, 21
ferrochelata se deficiency, #99
flavoproteins, 41
tluoroacetate poi soning, #27
5-fluorouracil (5-FU) therapy, # 130
FMN (fla vin mononucleotide), 10
folate, 43, (A-2)

deficiency, # I09
formiminoglutamate (FIGlu), #68, (F- 12)
fonniminotransferase deficiency, #68
Frog Pond, (H-4)
fructose, (E-2)
fructose diphosphatase. 12
fructose I , 6-diphosphate, (0 -3)
fructose. metaboli sm deficiencies, 50
fructose, I-phosphate, (E-3)
fructose 6-ph osphate, (0-2)
fumarase deficiency, #28
frum arate, (C- IO)

GABA (ga mma-aminobutyric ac id), 25, 29, (F- I I)
galac tito l, (B- 1)
galac tocerebros ide , #80
galac tokinase deficiency, #21
galactose, 15, 33, (B-1)
galactose l -phosphate. (8-1)
galactosemia, #22
ga llstones , #41
gangliosides , 21, 33, #80, (G-2)
Gaucher 's disease, #80
Gil bert's syndrome, #10 1
globoid leukodystrophy, #80
globos ides, 34
glucagon, 15
glucocorticoids, 11, (G-13)
6-P gluconate, (0-2)
gluconeogenesis, 9, II , 15, (0-6)
6-P glucon olactone, (0-2)
glucos amine 6-P, 34, (E-2)
glucose, 13, (E-2)
glucose 6-phosphatase, 12, 14
glucose 6-ph osphatase deficiency

(Von Gierke's disease), #1 I
glucose l-phosphate, 14, (0 -1)
glucose 6-phosphate, (D-2)
glucose 6-phosphate dehydrogenase

(G6PD) defi ciency, #1
glucose pho sphate isomerase deficiency, #3
alpha 1,4 glucos idase deficiency (Pompe's Disease), # 11
glucosylcerebroside, #80
glucuronate, 15
glucuronic acid, 13
glumate, 29 , (F- I I) , B-3)
glutamine, (F-I I), (8-9), (B-3) , (A-3)
gluta thione, (F- 12), # I
glyceraldehyde, (D-4)
glyce raldehyde 3-ph osph ate, (0 -4)

90

1,3 P-glycerate, (0-5)
2-P glycerate, (D-1)
3-P glycera te, (0-6)
glycerides, 18
glyce rol, 12, 18, (E-5)
3-glycerol phosphate (E-4)
glycerol 3-phos phate shuttle, II , (E-4)
glycine, (E-7) , (0 -11), (A-3)
glycoc holate, 11, (H- 12)
glycogen, 13, (C- I)
glycogen breakdown (glycogenolysis), 15
glycogen storage disea ses, 49
glycogen synthase, 15, (0- 1)
glycogen synth esis, 9, 13
glyco lipids , 14, 20 , 33, (G- I)

disorders, 51
glycolysis, 8, 9, I I, 15, (0-6)

anaerobic, 10
glycoproteins, 14, 34, (F-I)

disorders, 51
glycosaminog lyca ns,34
Golgi appara tus, 9, 35
gout, #82, # 134
grey bab y syndro me, 62
guanine, 36, (B-5)
guanosine, (8-5)
guan osine pho sphates, (A-5)

Hartnup's Disease, #55
helicase, 36
hemoglobin, 40
heparin, 34,#136, # 151
heparan sulfate, 34
HOL, 30, #18
Hein z bodies, 48
heme, (E- 13)
heme synthetase deficiency, #99
hemoglobin, (D- 13)
hemoglobinopath ies, #100
hereditary spherocytos is, # I00
hexokinase deficiency, #2
5-HIAA, #56 , (I- I I)
histam ine, #67, (F- I 2)
histidase, #66
histidine, (F- I I)
histidinemia, #66
HMG CoA, (G-IO)
HMG CoA reductase, #37, #18
HMP shunt, 9, 14
homocysteine, (E-6)
homocysteinuria. #62
homogentisate, (C-9)
homogentisate oxidase, #50
horm one s, 45 , (F-9 )

disorders. 65
hyaluronic acid , 34, 35
hydrolysis, dru g detoxificaion , 62
hydroxybutyrate, 18, (H-9)
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5-hydroxyindole acetate (5-HIAA), #56, (I-II)
3-hydroxykynurenine, (1-8)
II-beta hydroxylase deficiency, #43
3-hydroxykynurenine, (1-8)
II-beta hydroxylase deficiency, #43
17-alpha hydroxylase deficiency, #45
18-hydroxylase deficiency, #44
2 I-hydroxylase deficiency, #42
hydroxylation, 22, #40
hydroxylsine, (1-10)
3-hydroxy-3-methyglutaryl CoA (HMG CoAl, (G-IO)
P-hydroxyphenylpyruvate, (C-8)
17-hydroxypregnenolone, (H-13)
17-alpha-hydroxyprogesterone, (G-13 )
hydroxyproline, (F-12)
3-beta-hydroxysteroid dehydrogenase deficiency, #41
5-hydroxytryptamine (serotonin), #56, (1-10)
hyperammonemia, #48
hyperargininemia, #77
hyperhydroxyprolinemia, #70
hypermethioninuria, #63
hyperuricemia, #82
hypervalinemia, #59
hypoxanthine, (B-5)
hypoxanthine P-ribosyl transferase, #84

Ice Cream Parlor, 15, (B-1)
diseases, 50

IDL,31
IMP (inosine monophosphate), 38, (B-5)
indomethacin, #140
Infirmary, 41, (F-9)
inosine, B-5)
insulin, 15
intrinsic factor, 41
iodopsin, 43
isocitrate, (E-I 0)
isoleucine, (1-9), (C-II)
isomers, 73
isopentyl-pp, (H-II)
isoprene, 21, (H-ll)
isovaleric acidemia, #60
isozymes of CPK, #143
isozymes of LDH, #147

keratan sulfate, 34
kernicterus, 61
2-ketobutyrate, (E-6)
2-ketoglutarate, 26, 29, (E-IO), (E-8), C-8)
ketone, defined, 74
ketones, 18, (H-9)
Krabbe's disease, #80A
Krebs cycle, 8, II, (D-9)

diseases, 51
Kwarshiorkor, 52

laboratory tests, 69, (F-9)
lactam ring, 73
lactase deficiency, #20

9J

lactate, 10, 12, (E-8)
lactose, 13, 15, 16, (B-1)
lathyrism, 55
LCAT, 33, 57
LDH (lactate dehydrogenase), #147
LDL, 30, #78
lead poisoning, #90, #99
lecithin (phosphatidyl choline), 19, (G-4)
Lesch-Nyhan syndrome, #84
leucine, (1-9)
leukotrienes, 19
ligase, 37
limit dextrin, 14, (D-l)
linoleic acid, 17, 18
linolenic acid, 17, 18
lipase, lipoprotein, 31
lipase . pancreatic, 30
lipid breakdown (lipolysis), 17
Lipid Storage Room, 18, (G-5)
lipid synthesis (lipogenesis), II, 17
Lipidland, 17

disorders, 51
lipids, 17
lipoprotein disorders, #78
lipoproteins, 30, 33, (F-2)
Iipo somes, 32
lithocholate, (H-12)
liver functions, 9, 17,20
lyase deficiency, #46
lysine, (1-9)
Iysosomes, 9, 35, 57, #81

Main Powerhouse, 4
malate, (C-9)
4-maleyl acetoacetate, (C-9)
malignant hyperthermia, 8
malonyl CoA, (G-8)
maltose, 13, (D-I)
mannitol, 13
maple syrup urine disease, #58
melanin, (C-6)
Menkes' Disease, 67
mercaptopurine, # 131
messenger RNA, 38
methionine, (E-5), (C-II)
methionine adenosyl transferase, #63
methotrexate, #128
methylcrotonic aciduria, #61
methyhnalonyl CoA , #72 (D-II)
metronidazole, #138
mevalonate, (H-12)
micelles, 30, 32
mineralocorticoids, 17, (G- I:!)
minerals, 66 , (F-9)
monoamine oxidase (MAO) inhibitors, #139
monoglycerides, 18, (G-5)
monoiodotyrosine, (C-7)
rnonosacchrides, 13
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mucopolysaccharides, 34
mucopolysaccharidoses, #81
mucins,34
myasthenia iravis, #36
myoglobin, 27
myosin, 27

NADH (nicotinamide adenine dinucleotide), 5, II, 18
NADPH,5
NANA (N-acetyl neuraminic acid ; sialic acid), 33
nerve gas, #35
niacinamide (nicotinamide), (F-9), (1-7)
nicotini c acid (niacin), #1 1k (F-9), (1-7)
nicotinic acid therapy, #78
Niemann-Pick Disease, #34
norepinephrine, (C-5 ), 46
nucleoside, def., 36
nucleotide, def., 36
nucleotide degradation, 38

ochronosis, #50
Okazaki fragments, 38
oligosaccharides, 13
omega-3 fatty acids, 140
opsin, (G-Il)
ornithine transcarbamoylase deficiency, #74
orotate, (A-8)
orotic aciduria, #89
osteogenesis irnperfecta, 55
osteomalacia. 64
os teoporosis. 64
oxaloacetate, (0-9), (E-II ), #30
oxidation, drug detoxification, 62
oxidative deamination, 29
oxidative phosphorylation, 10, (0-10)
oxidizing agents, 4

PABA (para-amino benzoate), (A-2)
palmitoyl CoA, (H-5)
pancreatitis, #31, #78
Parkinson's Disease, #53
Penthouse Powerhouse, 14, (0-2)
pentosuria, #23
PEP (phosphoenolpyruvate), 4, (0-7)
peptide, def., 27
peroxidase, 40, (E-12)
phenforntin, #137
phenylalanine, (1-9), (C-7)
phenylbutazone, #140
phenylketonuria, #49
phenylpyruvate, (C-7)
phosphatidate, 19
phosphatidyl choline (lecithin), 19, (G-4)
phosphatidyl ethanolamine, 19, (G-4)
phosphatidyl inositol, 19
phosphatidyl serine, 19, (G-4)
Phosphatidylywink Village, (G-4)
phosphofructokinase deficiency, 49
phosphogylcerate kinase deficiency, #7
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phosphoglycerides, 19
phosphorylase, 14, 15, (0-1)
(liver) phosphorylase deficiency (Her's Disease), #14
(muscle) phosphorylase deficiency

(McArdle's Disease), #13
phosphorylase kinase, 15
(liver) phosphorylase kinase deficiency, #15
phytani c acid , 52
phytol, 2 1, 53
polymerase, DNA, 37
polymerase, RNA, 37
polysaccharides, 13
porphobilinogen , 40, (0-12)
porphyri a, 59
porphyrinogens, 40
porphyrins, 40
Porphy's Hemeland, 40, (0- 13)

disorders, 59
pregnenolone, 23
primase, 36
progesterone, 23, (G- l 3)
promoters, 38
propionyl CoA, (C- I l )
propionyl CoA carboxylase deficiency, #71
prostacyclin, 20
prostaglandins, 17, 19, (H-4)
protein disorde rs, #92 :
protein kinase, 15
proteins, 27, (A-6)

fibrous, 28
globular, 28

proteins, def., 27
proteoglycans , 34
prothrombin time, #151
protoporphyrin IX, (0 -13)
protoporphyrinogen IX, (0-13)
PRPP (5-P-ribosyl-PP), (A-8), (8-4)
PRPP synthetase, #83
pseudocholinesterase, 52
pulmonary alveolar proteinosis, 58
purine ring contributors, 27
purines, 36, (8-5)

disorders, 58
purine nucleoside phosphorylase deficiency, #88
pyrimidine ring contributors, 27
pyrimidine 5'-nucleotidase deficiency, #90

. pyrimidines, 36, (8-7)
disorders, 58

pyrophosphate, 14
pyruvate, 12, (0-7)
pyruvate caraboxylase, 12
pyruvate dehydrogenase deficiency, #24
pyruvate kinase deficiency, #10

receptors, 29
reducing agents, 4
reduction, detoxifyi ng agents, 62
Refsum's disease, 38



repli cation of DNA, 36, (A-6)
respi ratory distress syndrome, #33
rest rooms, (B-5), (B-9)
ribozymes, 6, 38
cis-retinal (0- 12)
trans -retinal, (0 - 11)
retinol, (F- I I)
rhodopsin, 43, (0- 11)
ribose, 36, (C-2)
ribose 5-phosphate, (C-2)
ribosomal RNA , 38
5-P-ribo sylami ne, (B-4)
ribulose 5-P, (C-2)
RNA, 38, (A-6)
Rotor syndrome, # I03
rubber, (0- 11)

Saloon , 11 , 51, (F-8)
salvage, of purines, 38, B-4), (B-5)
scurvy, #69
serine, (E-7)

in glycolipids, 33, (1-5)
serotonin, #56, (1-10 )
SOOT, # 145
SOPT, #146
sia lic acid (NANA), 33, (H-3)
sickle cell anemia, # 100
sorbitol, (E-2)
sorbitol dehydrogenase, #148
sphingolipids, 20
sphingomyelin, 20, 33, (0 -3)
sphingosine, 20, 33, (H-4 )
squalene , (H- II)
starches, 13
stercobilin, 40 , (E- 13)
stercobilinogen, 40 (E- 13)
ste roid hormone synthesis, 9, 22, 23

disorders, 52
Sterol Forest, (H- 12)
sterol structure . 17
stop signs, 38
Stru ctu ral Index, 8 1
substrate, 48
succ inate, (D- I I)
succinyl CoA , 40, (D- I I)
sucrose , 13
sulfatides, 33 ..
sulfonoreas, # 137

taurocholate, (H- 12)
Tay-Sachs disease , #79
terpen es, 2 1, (0 -11)
testosterone, 23, (H-13)
tetrahydrofolate, 6,44, (B-3)
tetraiodothyronine, (C-5)
thallassem ia, # I00
thermodynamics. first law. 6
thermodynamics. second law, 6
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thioguanine, # 132
thiouracil, #14 1
threon ine, (E-7), (C- I I )
thromboxanes, 19
thymidine, (B-6)
thym idine phosphates, (A-6), (B-6)
thym ine, 36 (B-6)
thyro xine, (C-5)
topoisornerase, 36
trace elements, 66
transamination , 29
transcription, 37, (A-6)
tran sfer RNA, 38
translation, 38, (A-6)
triglycerides, 17, 18, (0-5)

disorders, #78
triiodothyronine, (C-5)
triose -phosphate isom erase de fic iency, #6
tryptoph an, (1-9)
tubulin,27
tyrosine, (1-9), (C-7)
tyros inemia, #5 1

UDP-galactose, (C- I)
UDP-glucuronate, (C- I) , (D- 14)
UDP- glucuronyl transferase, #102
UDP-glucose, (D- l )
ultracentrfugation, 31
UMP (uridine monophosphate), (B-7)
uracil, 36, (B-7)
Urea synthesis, 9, 29, (B-9)
uric acid, (B-5)
uridine phospha tes, (A-7). (B-7)
urob ilinogen , 40, 6 1, (E- 14)
urocanatc (F- 12)
uroporphyr iogen III, (D- 13)

val ine, (C- I I)
vitamin A (retinol), (F-II )
vitamin B I2, (C- 12)
vitamin D, (0- 11 )
vitamin E, (0 -11)
vitam in K, (0 -11)
vitamins, 4 1, (F-9)

disorders, 63
VLD L, 30, #78
VMA (vanillylmandelic acid), (B-5), # 120

xanthi ne, (B-5)
xanthine monophosphate, (B-5)
xanthine oxidase, #134

deficiency, #85
xanthurenate, 57, (1-8)
xeroderma pigmentosum. #91
xylit ol, (D-3)
xylitol dehydrogenase defic iency, #23
xylulose, (D-3)

zymogen, dcf., 28
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