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Series Preface

How to Use This Book

The idea for Elsevier’s Integrated Series came about at a sem-
inar on the USMLE Step 1 Exam at an American Medical Stu-
dent Association (AMSA) meeting. We noticed that the
discussion between faculty and students focused on how the
exams were becoming increasingly integrated—with case sce-
narios and questions often combining two or three science dis-
ciplines. The students were clearly concerned about how they
could best integrate their basic science knowledge.

One faculty member gave some interesting advice: "read
through your textbook in, say, biochemistry, and every time
you come across a section that mentions a concept or piece of
information relating to another basic science—for example,
immunology—highlight that section in the book. Then go to
your immunology textbook and look up this information, and
make sure you have a good understanding of it. When you have,
go back to your biochemistry textbook and carry on reading."

This was a great suggestion—if only students had the time, and
all of the books necessary at hand, to do it! At Elsevier we
thought long and hard about a way of simplifying this process,
and eventually the idea for Elsevier’s Integrated Series was born.

The series centers on the concept of the integration box.
These boxes occur throughout the text whenever a link to an-
other basic science is relevant. They’re easy to spot in the
text—with their color-coded headings and logos. Each box
contains a title for the integration topic and then a brief sum-
mary of the topic. The information is complete in itself—you
probably won’t have to go to any other sources—and you
have the basic knowledge to use as a foundation if you want
to expand your knowledge of the topic.

You can use this book in two ways. First, as a review book . . .

When you are using the book for review, the integration
boxes will jog your memory on topics you have already cov-
ered. You'll be able to reassure yourself that you can identify
the link, and you can quickly compare your knowledge of the
topic with the summary in the box. The integration boxes might
highlight gaps in your knowledge, and then you can use them to
determine what topics you need to cover in more detail.

Second, the book can be used as a short text to have at hand
while you are taking your course . . .

You may come across an integration box that deals with a
topic you haven’t covered yet, and this will ensure that you’re
one step ahead in identifying the links to other subjects (espe-
cially useful if you’re working on a PBL exercise). On a sim-
pler level, the links in the boxes to other sciences and to
clinical medicine will help you see clearly the relevance of
the basic science topic you are studying. You may already
be confident in the subject matter of many of the integration
boxes, so they will serve as helpful reminders.

At the back of the book we have included case study ques-
tions relating to each chapter so that you can test yourself as
you work your way through the book.

Online Version

An online version of the book is available on our Student Con-
sult site. Use of this site is free to anyone who has bought the
printed book. Please see the inside front cover for full details
on Student Consult and how to access the electronic version of
this book.

In addition to containing USMLE test questions, fully
searchable text, and an image bank, the Student Consult site
offers additional integration links, both to the other books in
Elsevier’s Integrated Series and to other key Elsevier
textbooks.

Books in Elsevier’s Integrated Series

The nine books in the series cover all of the basic sciences. The
more books you buy in the series, the more links that are made
accessible across the series, both in print and online.

Anatomy and Embryology

Histology

Neuroscience

Biochemistry

Physiology

Pathology

Immunology and Microbiology

. Pharmacology
Q Genetics



Preface

I wrote this book to make biochemistry easier to learn and eas-
ier to remember. Learning and remembering do not always go
together, since any new material can be learned but forgotten
quickly. It is only through integrative learning that long-term
memory is built. Even if you have never had a biochemistry
course or if you have taken biochemistry but forgotten much
of it, you will find this innovative approach helpful.

To make learning easier, I have given careful attention to
the sequence and organization of each chapter so that each
topic builds on previous topics. Also, within each chapter,
the material is presented in a way that suggests how it should
be learned. For example, each metabolic pathway has five
consistent organizing aspects: pathway components, regula-
tion points, intersection with other pathways, unique features,
and clinical features. Hence all chapters on metabolism, for
example, have the same headings, allowing easy comparison
and quicker integrative learning. An additional aid to easier

learning is the minimal inclusion of chemical structures, thus
shifting the learning emphasis in a more physiologic direction.

Information in biochemistry is easier to remember when it is
integrated with information from other basic science disci-
plines. This approach can be seen in the clinical vignette case
studies at the end of the text, which contain questions about
other basic science disciplines in addition to biochemistry.
Such integrative thinking will be needed in the clinic, where
patients present with symptoms that cross the boundaries of
traditional disciplines. Integration across disciplines is further
enhanced throughout each chapter by the Integration Boxes.

This book is written as concisely, clearly, and completely as
possible. I hope that it brings you the same helpful assistance
that I try to bring to my students here at the Texas Tech School
of Medicine.

John W. Pelley, PhD
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Acid-Base Concepts 1
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©®® WATER AND ELECTROLYTES

An understanding of the properties of water underlies an
understanding of the properties of all biologic molecules.
Water molecules have the ability to form hydrogen bonds
with each other (intramolecular) and also with molecules
that they solubilize (intermolecular). If water could not form
extensive intramolecular hydrogen bonds, it would be a gas
like other small molecules (e.g., CO,, CHy, NH3, O,, and N»).
Hydrogen bonds are weak (and therefore reversible) chem-
ical bonds that are formed between molecules that can either
donate or accept a partially charged hydrogen atom (Fig. 1-1).
Since water can serve both functions, its intramolecular bonds
create tetrahedral structures that dynamically break and
re-form. The hydrogen bonding forces that hold water mole-
cules together also indirectly determine the shape of the
biomolecules that they surround. Hydrogen bonds can also
pull electrolytes apart to create charged ions and then can
associate with those ions to neutralize their charges.

Hydrophobic and Hydrophilic Molecules

Hydrophilic molecules derive their solubility by forming
hydrogen bonds with water. Molecules that can form many
hydrogen bonds with water have higher solubility. Solubility
decreases as size increases owing to the disruption of water
structure. Therefore, large molecules such as proteins, poly-
saccharides, and nucleic acids are able to maintain their
solubility by forming a very large number of hydrogen bonds
with water.

Hydrophobic molecules have low solubility in water be-
cause they form few or no hydrogen bonds with water. This
causes them to aggregate to minimize the disruption of water
structure, as illustrated by the coalescence of oil droplets float-
ing on a water surface. The process of forcing hydrophobic
molecules together by water plays a major role in determining
the three-dimensional structure of macromolecules and bio-
logic membranes.

Electrolytes

Electrolytes dissociate into cations (positive charge) and an-
ions (negative charge) when added to water; this permits wa-
ter to conduct an electric current. Strong electrolytes such as
HCI and NaCl dissociate completely in water. Weak electro-
lytes do not dissociate completely. Instead they establish an
equilibrium between an undissociated form (the conjugate
acid or protonated form, HA) and a dissociated form (conju-
gate base, A").

HA - H"+ A~

Weak electrolytes are generally organic acids; phosphoric
acid and carbonic acids are also in this category.

H,CO; = H" + HCO; = H" + CO3~
H3;PO4 = Ht + H2POZ
=H"+HPO,” =H"+PO; "
The hydrogen ion (proton) concentration in a solution of a

weak acid is dependent on the equilibrium constant (Kcq)
for the dissociation reaction:

HA =H"+A"
A
Kea = "THAT

The K¢q is unique for each conjugate pair (Table 1-1).
Conjugate pairs make good buffers (i.e., solutes that act to
resist change in pH), since they always try to reestablish equi-
librium when adding either acid or base. Increasing acidity
(adding protons) “pushes” the equilibrium toward the undis-
sociated form (HA) to reduce the proton concentration.
Similarly, decreasing acidity (adding base, or OH") “pulls”
the equilibrium away from the HA form to restore the proton
concentration.
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Figure 1-1. Hydrogen bonding between common donors and
acceptors.

Water itself is also a weak electrolyte and is in a dissociation
equilibrium, with one proton and one hydroxyl ion produced
for each water molecule that dissociates (see Table 1-1).

Aspirin Absorption

Aspirin must be in the uncharged protonated form on the left in
order to diffuse through the cell membrane of the stomach
mucosal lining. The stomach pH of around 2 is well below the
carboxylic acid group pK of about 4, shifting the equilibrium to
the necessary protonated form. The stomach mucosal
intracellular pH around 6.8 to 7.1 is above the aspirin pK,
shifting the equilibrium to the ionized form on the right, which
then prevents the aspirin from crossing back into the stomach.
The absorbed aspirin then crosses into the bloodstream,
where it reaches its target.

Ayt

i

O O

OH O

1.0 x 107

H,O = H + OH"

HoPO,” = HPO, ~+H* 2.0 x 107

; ; 1.74 x 10
1.38 x 107*

KEY POINTS ABOUT WATER AND ELECTROLYTES

m Intermolecular hydrogen bonds confer a “structure” to water that
is disrupted when it dissolves other molecules.

= Hydrophilic molecules form many hydrogen bonds with water; hy-
drophobic molecules form few to no hydrogen bonds with water.

m Weak electrolytes are generally weak acids that form a dissocia-
tion equilibrium.

©®@ ACIDS AND BASES

Acidic solutions have more protons than are produced by the
ionization of water. Likewise, alkaline (basic) solutions have
fewer protons (and more hydroxide ions) than are produced
by ionization of water. The ionization of water allows it to par-
ticipate in the equilibria of weak acids. For example, when the
strong electrolyte sodium acetate (reaction 1) is added to water,
it dissociates completely. The acetate anion that is produced
enters into equilibrium with the protons produced by water,
thus reducing the proton concentration below that of pure water
and producing a slightly alkaline solution (reactions 2 and 3).

1. CH3COONa — CH3COO™ + Na™

Na acetate Acetate ion
2. H,O =H" + OH™
3. H' + CH3COO~ = CH3COOH

Acetic acid

e The functional group giving up (releasing) a free proton is
“acting as” an acid.

e The functional group accepting (binding) a free proton is
“acting as” a base.

e Thus acids are proton donors and bases are proton accep-
tors. In the above example, acetate is considered the conju-
gate base of acetic acid.

pH—AnRN Expression of Acidity

pH is a convenient way to express proton concentration
(i.e., representation as a positive whole number rather than
a negative exponent of 10). pH is defined as the negative
logarithm of the proton concentration.

pH =—log[H"]

This relationship produces pH units that are exponents of
10 and are, therefore, not directly but logarithmically related
to acidity. This produces a reciprocal relationship between
pH and acidity so that an increase in pH is equivalent to a
decrease in acidity (Fig. 1-2).

The pK value for a reaction is the negative logarithm of the
equilibrium constant. The pK of an electrolyte is always a
constant, whereas pH can change with physiologic conditions.

The equilibrium constant for dissociation of a weak acid is
often termed the Ka, and similarly the pK for an acid is defined
as the pKa.
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Figure 1-2. Relationship of pH to proton concentration.
e An acidic functional group is defined as having a pKa value

less than 7. 1289
e A basic functional group is defined as having a pKa value 11.0

greater than 7. 10.0
Henderson-Hasselbalch Equation 9.0
When physiologic solutes, such as blood gases or metabolites, G
cause the pH of a solution to change, the new equilibrium T 70
changes the ratio of all conjugate acids (HA) to conjugate 5
bases (A”). The quantitative relationship between the pH '
and the ratio of conjugate acid to conjugate base is described 5.0
by the Henderson-Hasselbalch equation: 4.0

’ Inflection point
pH — pKa + log (conjugate base) 3.0
(conjugate acid) -
or NaOH ——
pKa + log(A™) -
pH="—F7"—+ Figure 1-3. Titration curve showing buffering by acetic acid.

(HA)

e Note: For pH problems, always set up the Henderson-
Hasselbalch equation first, then fill in the known values
and solve for the unknown value.

e Note: Remember that log (A7)/(HA) = logA™ — logHA.

Buffers and Titration Curves

Buffers are conjugate pairs that resist changes in pH. The
effect of buffering on the change in pH is best illustrated by
a titration curve (Fig. 1-3). The titration curve is a plot of
the change in pH when a strong base, such as sodium hydrox-
ide (NaOH), is added. pH is usually plotted from low to high
pH values, and an inflection point is apparent in the region of
effective buffering (resistance to pH change). The midpoint of
the inflection in the curve (arrow in Fig. 1-3) is the point at
which the pH equals the pKa. This part of the curve reveals
the smallest change in pH for a given amount of base added.
The best buffering range is at the pK + 1 pH unit.

Carbonic Acid Conjugate Pair—A
Special Case

Carbonic acid (H,CO3) is a major acid-base buffer in blood. It
establishes an equilibrium with both a volatile gas, CO,, and
its conjugate base, bicarbonate ion (HCOj3").

H,0 + CO, = H,CO5 = H* + HCO;

Because it is never present in significant amounts, carbonic
acid is not included in the Henderson-Hasselbalch equation.
It either rapidly breaks down to bicarbonate or is immediately
converted to CO, by the enzyme carbonic anhydrase.

pH = pKa + log

The overall equilibrium between bicarbonate and CO, is
influenced by the rate of production of CO, in the tissues
and its rate of elimination in the lungs. Thus the lungs play
a major role in regulation of blood pH. Inability to eliminate
CO; because of lung disease may lead to the acidification of
blood, which is called respiratory acidosis.

KEY POINTS ABOUT ACIDS AND BASES

m Dissociation of a weak acid into a conjugate pair (acid plus anion)
is at the midpoint when the pH equals the pK and provides max-
imum buffering.

m The Henderson-Hasselbalch equation relates the conjugate
base-to-acid ratio to the pH.

m Titration curves have an inflection point for every ionizable func-
tional group.

m The carbonic acid conjugate pair is in equilibrium with a volatile
gas, CO,.

= S s ]




©®@ ACID-BASE PROPERTIES OF
AMINO ACIDS AND PROTEINS

Proteins acquire their charge properties from the side chains
of the amino acids that comprise them. Several of these side
chains can ionize and act as weak acids. Depending on the
pK of the functional group in the side chain, this ionization
can produce a positive or a negative charge.

lonized Forms of Amino Acids

Whether or not a given functional group is dissociated or
protonated is determined by the pH of the solution. The
Henderson-Hasselbalch equation describes the amount of ion-
ization (ratio of dissociated to protonated) for each individual
functional group, since each has its own pKa value and ionizes
independently of the others.

The titration curve for alanine (Fig. 1-4) gives an illustration
of the independent dissociation of both of its functional
groups: the o-amino group and the a-carboxyl group.
The titration curve from left to right illustrates the changing
ionization state of alanine as depicted from left to right in
Figure 1-5. As protons are removed from the molecule,

10.0
pK of R-NH, = 9.9
8.0
L 6.0
4.0 -
2.0 + \
pK of R-COOH = 2.3

NaOH added

Figure 1-4. Titration curve for alanine.

they are first removed only from the carboxyl group,
since it has the lowest pK (pKa = 2.3). When the pH rises
to the pK of the amino group (pK = 9.9), it then loses its
protons. Each pKa represents the midpoints of the two
equilibria, illustrating that amino acids (and proteins) have
buffering power.

At pH 7.0, the ionizable amino acid side chains in proteins
have characteristic charges:
e Positively charged: lysine, arginine.
e Negatively charged: aspartate, glutamate.
e Histidine becomes positively charged if pH drops below 6.0.
e Cysteine becomes negatively charged if pH rises above 8.0.

Metabolic Acidosis

When acid accumulates in the blood (acidemia) and lowers the
pH of blood (acidosis), it depletes serum bicarbonate by
shifting the equilibrium toward carbonic acid. Carbonic
anhydrase quickly converts the carbonic acid to CO, plus
water, and the CO, is then exhaled by the lungs. If the acidosis
is due to a metabolite (metabolic acidosis [e.g., ketoacidosis,
lactic acidosis, or methylmalonic acidemia]), then the anion
gap [Na® - (CI” + HCOjz)] is increased (normal anion gap,
10 to 16 mmol/L).

Note: Always check for bicarbonate depletion to diagnose metabolic acidosis.

Isoelectric pH

The net charge on an amino acid or a protein is equal to the

sum of all charges on each amino acid side chain. The pH value

that produces a net zero (neutral) charge on the molecule is

the isoelectric pH, or pl.

e For pH > pl, the net charge on the amino acid (or protein) is
negative.

e For pH < pl, the net charge on the amino acid (or protein) is
positive.

Proteins do not migrate in an electrical field when the pH
of the buffer is equal to their isoelectric point, since they
have no net charge to attract them to either the cathode or
the anode.

H +
|
CHa H*

AtpH 1.0

H

|
HOOC—?—NH3+ —_— “OOC—?—NHf é -ooc—cI—NH2
CHjy H*

At pH 6.0

Ht

CHs

AtpH 11.0

Figure 1-5. lonization states of alanine.



Metabolic Alkalosis

When protons are lost from the blood, the carbonic acid
equilibrium with CO; is shifted toward carbonic acid, which is
then converted to bicarbonate and restores the lost protons.
This results in the accumulation of bicarbonate in the blood.
Metabolic alkalosis is less common than metabolic acidosis
and is precipitated by persistent vomiting, diuretics, large
intake of alkaline substances, Cushing syndrome, and primary
aldosteronism.

Note: Always check for bicarbonate accumulation to diagnose metabolic alkalosis.

KEY POINTS ABOUT ACID-BASE PROPERTIES

OF AMINO ACIDS AND PROTEINS

m The side chains of the amino acids asp, glu, lys, arg, cys, and his
act as weak acids at physiologic pH and confer charge properties
to proteins that contain them.

m Theisoelectric point for either an amino acid or a protein is that pH
where the net sum of all charges is zero.

Self-assessment questions can be accessed at www.
StudentConsult.com.
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