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Preface and Ac

This revision of BRS Biochemistry, Molecular Biology, and Genetics is intended to help stu-
dents prepare for the United States Medical Licensing Examination (USMLE) Step 1, as well
as other board examinations for students in health-related professions. The basic material
of biochemistry is presented in an integrative fashion on the basis of the conviction that
details are easier to remember if they are presented within the context of the physiologic
functioning of the human body. It presents the essentials of biochemistry in the form of
condensed descriptions and simple illustrations. Test questions at the end of the chapter
emphasize important information and lead to a better understanding of the material. A
comprehensive examination at the end of the book serves as a self-evaluation to help the
student uncover areas of strength and weakness.

We hope that this edition will aid students not only with the immediate task of passing
a set of examinations, but also with the more long-term objective of fitting the subject of
biochemistry into the framework of basic and clinical sciences, so essential to understand-
ing their future patients’ problems.

In a book of this nature it is possible that certain questions will have mixed interpreta-
tions. Any errors in the book are the sole responsibility of the authors, and we would like to
be informed of such errors, or alternative explanations. Through this feedback future print-
ings of the book will reflect the correction of these errors.

The authors would like to thank Dr. Anil Menon for his careful review of Chapter 10
(Human Genetics), and Stacey Sebring, our managing editor, for her patience with us as we
worked on this revision of BRS Biochemistry, Molecular Biology, and Genetics.



How to Use this Book

Anyone who has been teaching for a number of years knows that students, particularly
those in medical school or in other programs within the health sciences, do not have an
infinite amount of time to study or to review any given course. Therefore, this book was
designed to make it easier for you to review biochemistry only at the depth you require,
depending on the purpose for your review and the amount of time you have available.

Each chapter begins with an overview in a shaded box. This overview serves as a sum-
mation of the topics that will be covered in the chapter. In addition, these overviews help
you review essential information quickly and reinforce key concepts.

Clinical Correlates in each chapter provide additional clinical insight and relate basic
biochemistry to actual medical practice. They are designed to challenge you and encourage
assimilation of information.

After you finish a chapter, try the questions and compare your answers to those in the
explanations. As biochemistry is being integrated with other disciplines on NBME exams,
a number of clinical questions require knowledge that would have been learned outside of
a biochemistry class, and has not been reviewed in this text. If you have difficulty with the
questions, review the chapter again and also look up relevant material from other courses
in your curriculum for those questions which integrate biochemistry with another disci-
pline. In addition to the questions in the print book, there are bonus questions available on
the Point for further self-assessment and exam practice.

By following the process outlined above, you can save time by reviewing only the topics
you need to review and by concentrating only on the details you have forgotten.

Michael A. Lieberman, PhD
Rick Ricer, MD

Vi
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chapter 1 Fuel Metabolism and
Nutrition: Basic Principles

The main clinical uses of understanding the material in this chapter will be for nutritional counsel-
ing (e.g., patients trying to lose weight using “fad diets,” patients on a diabetic diet, patients with
nutritional misinformation, patients with anorexia, patients with chronic diseases, patients with
malabsorption problems) and ordering appropriate diets for hospitalized patients (e.g., frail elderly,
those with end-stage organ disease, or those on intravenous nutrition or tube feeding). Under-
standing the basic fuel metabolism is critical to understanding normal human functioning, and
recognizing the abnormalities in basic fuel metabolism will allow for the diagnosis and treatment of
a wide variety of disorders.

OVERVIEW

= The major fuels of the body—carbohydrates, fats, and proteins—are obtained from the diet
and stored in the body’s fuel depots.

= In the fed state (after a meal), ingested fuel is used to meet the immediate energy needs of
the body and excess fuel is stored as either glycogen or triacylglycerol.

® During fasting (e.g., between meals or overnight), stored fuels are used to derive the energy
needed to survive until the next meal.

m In prolonged fasting (starvation), changes occur in the use of fuel stores that permit survival
for extended periods.

m The level of insulin in the blood increases in the fed state and promotes the storage of fuel,
whereas the level of glucagon increases in the fasting state and promotes the release of
stored fuel.

|. METABOLIC FUELS AND DIETARY COMPONENTS

o Carbohydrates, fats, and proteins serve as the major fuels of the body and are obtained from the
diet. After digestion and absorption, these fuels can be oxidized for energy.

o The fuel consumed in excess of the body’s immediate energy needs is stored, mainly as fat, but
also as glycogen (a carbohydrate storage molecule). To some extent, body protein can also be
used as fuel.

e The daily energy expenditure (DEE) of an individual includes the energy required for the basal
metabolic rate (BMR) and the energy required for physical activity.
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o In addition to providing energy, the diet also produces precursors for the synthesis of structural
components of the body and supplies essential compounds that the body cannot synthesize
(e.g., the essential fatty acids and amino acids, and the vitamins and minerals that often serve as
cofactors for enzymes).

A. Fuels
When fuels are metabolized in the body, heat is generated and adenosine triphosphate (ATP) is
synthesized.
1. Energy is produced by oxidizing fuels to CO, and H,0.
a. Carbohydrates produce about 4 kcal/g.
b. Proteins produce about 4 keal/g.
c¢. Fats produce more than twice as much energy (9 keal/g).
d. Alcohol, present in many diets, produces about 7 keal/g.
2. Physicians and nutritionists often use the term “calorie” in place of kilocalorie.
The heat generated by fuel oxidation is used to maintain body temperature.
4. ATP generated by fuel metabolism is used for biochemical reactions, muscle contraction, and
other energy-requiring processes.

Ll

B. Composition of hody fuel stores (Table 1.1)
1. Triacylglycerol (triglyceride)
a. Adipose triacylglycerol is the major fuel store of the body.
b. Adipose tissue stores fuel very efficiently. It has more stored calories per gram and less wa-
ter (15%) than do other fuel stores. (Muscle tissue is about 80% water.)
2. Glycogen stores, although small, are extremely important.
a. Liver glycogen is used to maintain blood glucose levels during the early stages of fasting.
b. Muscle glycogen is oxidized for muscle contraction. It does not contribute to the mainte-
nance of blood glucose levels under any conditions.
3. Protein does not serve solely as a source of fuel and can be degraded only to a limited extent.
a. Approximately one-third of the total body protein can be degraded.
b. If too much protein is oxidized for energy, body functions can be severely compromised.

C. DEE is the amount of energy required each day

1. BMR is the energy used by a person who has fasted for at least 12 hours and is awake but at rest.

A rough estimate for calculating the BMR is
BMR = 24 kcal/kg body weight per day.

2. Diet-induced thermogenesis (DIT) is the elevation in metabolic rate that occurs during diges-
tion and absorption of foods. It is often ignored in calculations because its value is usually
unknown and probably small (<10% of the total energy).

3. Physical activity
a. The number of calories that physical activity adds to the DEE varies considerably. A person

can expend about 5 calories (kcal) each minute while walking but 20 calories while running.
b. The daily energy requirement for an extremely sedentary person is about 30% of the BMR.
For a more active person, it may be 50% or more of the BMR.

W c L c B B Fuel Composition of the Average 70-kg Man after an Overnight Fast

Fuel Amount (kg) Percent of Total Stored Calories
Glycogen

Muscle 0.15 0.4

Liver 0.08 0.2
Protein 6.0 14.4

Triglyceride 15 85




ICETTEEN Fuel Metabolism and Nutrition: Basic Principles 3

gI(-)IIIl“F:E:.\ALTES The thyroid gland produces thyroid hormone, which has profound effects on

a person’s BMR. One of the most common forms of hyperthyroidism is Graves
disease. In this disease, the body produces antibodies that stimulate the thyroid gland to produce
excess thyroid hormone. The disease is characterized by an elevated BMR, an enlarged thyroid
(goiter), protruding eyes, nervousness, tremors, palpitations, excessive perspiration, and weight
loss. Hypothyroidism results from a deficiency of thyroid hormone. The BMR is decreased, and
mucopolysaccharides accumulate on the vocal cords and in subcutaneous tissue. The common
symptoms are lethargy, dry skin, a husky voice, decreased memory, and weight gain.

D. Body Mass Index (BMI) is utilized to determine a healthy body weight
1. The BMlI is defined as the value obtained when the weight (in kilogram) is divided by the height
(in meters) squared:

BMI = kg/m?

2. Table 1.2 indicates the interpretation of BMI values.

CLINICAL There are a number of disorders related to abnormal BMI values, some of

CORRELATES which are lifestyle-induced. Obesity is associated with problems such as
hypertension, cardiovascular disease, and type 2 diabetes mellitus (DM). The treatment involves
altering the lifestyle, particularly by decreasing food intake and increasing exercise. Type 2 diabetes
is the result of reduced cellular responsiveness to insulin. Insulin production, initially, is normal or
even increased when compared with normal. Anorexia nervosa is characterized by self-induced
weight loss. Those frequently affected include women who, in spite of an emaciated appearance,
often claim to be “fat.” It is partially a behavioral problem; those afflicted are obsessed with losing
weight. People with bulimia suffer from binges of overeating, followed by self-induced vomiting to
avoid gaining weight.

E. Other dietary requirements and recommendations for normal adults
1. Lipids

a. Fat should constitute between 20% and 35% of the total calories, with saturated fatty acids
accounting for 10% or less of that total.

b. Cholesterol intake should be no more than 300 mg/day for healthy individuals and
<200 mg/day in those with established atherosclerosis.

c. Essential fatty acids (linoleic and a-linolenic acids) are the precursors of the polyunsatu-
rated fatty acids required for the synthesis of prostaglandins and other eicosanoids, such as

table (W Interpretation of BMI Values

Classification BMI (kg/m?)
Underweight <18.50
Normal range 18.50-24.99
Overweight >25.00
Preobese 25.00-29.99
Obese =30.00
Obese, class | 30.00-34.99
Obese, class Il 35.00-39.99

Obese, class Il (morbidly obese) =40.00




BRS Biochemistry, Molecular Biology, and Genetics

arachidonic acid and eicosapentaenoic acid (EPA). These essential fatty acids can be found

in high levels in fish oils.

2. Protein
The recommended protein intake is 0.8 g/kg body weight per day. Protein can be of high or
low quality. High-quality protein contains many of the essential amino acids, and is usually
obtained from dry beans and meat, chicken, or fish products. Low-quality protein is found in
many vegetables. It lacks some of the essential amino acids required for the human diet.

g:-)IFI:I:EfII\-TES A number of diet plans call for high-protein diets. When high-protein diets

are very low in calories and the protein is of low biologic value, or quality

(i.e., lacking in essential amino acids), negative nitrogen balance results. Body protein is degraded
as amino acids are converted to glucose. A decrease in heart muscle can lead to death. Even if the
protein is of high quality, ammonia and urea levels rise, putting increased stress on the kidneys.
Vitamin deficiencies may occur due to a lack of intake of fruits and vegetables.

a. Essential amino acids

(1

(2

3)

Nine amino acids cannot be synthesized in the body and, therefore, must be present in
the diet in order for protein synthesis to occur. These essential amino acids are histi-
dine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and
valine.

Only a small amount of histidine is required in the diet; however, larger amounts
are required for growth (e.g., for children, pregnant women, people recovering from
injuries).

Because arginine can be synthesized only in limited amounts, it is required in the diet for
growth.

Nitrogen balance

(1
()
(3)
(4

(5)

(6)

Dietary protein, which contains about 16% nitrogen, is the body’s primary source of
nitrogen.

Proteins are constantly being synthesized and degraded in the body.

As amino acids are oxidized, the nitrogen is converted to urea and excreted by the
kidneys. Other nitrogen-containing compounds produced from amino acids are also
excreted in the urine (uric acid, creatinine, and NH4+).

Nitrogen balance (the normal state in the adult) occurs when degradation of body pro-
tein equals synthesis of new protein. The amount of nitrogen excreted in the urine each
day equals the amount of nitrogen ingested daily.

A negative nitrogen balance occurs when degradation of body protein exceeds
synthesis of new protein. More nitrogen is excreted than ingested. It results from an
inadequate amount of protein in the diet or from the absence of one or more essential
amino acids.

A positive nitrogen balance occurs when degradation of body protein is less than syn-
thesis of new protein. Less nitrogen is excreted than ingested. It occurs during growth
and synthesis of new tissue.

3. Carbohydrates

a. There is no requirement for carbohydrates in the diet, as the body can synthesize all re-
quired carbohydrates from amino acid carbons.

b. Ahealthy diet should consist of 45% to 65% of the total calories in the diet as carbohydrates.
4. Vitamins and minerals

a.
b.

Vitamins and minerals are required in the diet. Many serve as cofactors for enzymes.

Minerals required in large amounts include calcium and phosphate, which serve as struc-
tural components of bone. Minerals required in trace amounts include iron, which is a
component of heme.
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Il. THE FED OR ABSORPTIVE STATE (FIG. 1.1)

e Dietary carbohydrates are cleaved during digestion, forming monosaccharides (mainly glucose),
which enter the blood. Glucose is oxidized by various tissues for energy or is stored as glycogen in
the liver and in muscle. In the liver, glucose is also converted to triacylglycerols, which are pack-
aged in very low density lipoproteins (VLDL), and released into the blood. The fatty acids of the
VLDL are stored in adipose tissue.

o Dietary fats (triacylglycerols) are digested to fatty acids and 2-monoacylglycerols (2-monoglycer-
ides). These digestive products are resynthesized to triacylglycerols by intestinal epithelial cells,
packaged in chylomicrons, and secreted via the lymph into the blood. The fatty acids of chylo-
microns are stored in adipose triacylglycerols. Dietary cholesterol is absorbed by the intestinal
epithelial cells and then follows the same fate as the dietary triacylglycerols.

o Dietary proteins are digested to amino acids and absorbed into the blood. The amino acids are
used by various tissues to synthesize proteins and to produce nitrogen-containing compounds
(e.g., purines, heme, creatine, epinephrine), or they are oxidized to produce energy.

A. Digestion and absorption
1. Carbohydrates
a. Starch, the storage form of carbohydrate in plants, is the major dietary carbohydrate.

(1) Salivary o-amylase (in the mouth) and pancreatic o-amylase (in the intestine) cleave
starch to disaccharides and oligosaccharides.

(2) Enzymes with maltase and isomaltase activity are found in complexes located on the
surface of the brush border of intestinal epithelial cells. They complete the conversion of
starch to glucose.

Glucose

S
Blood Liver
4 Insulin Glucose \ O @
— ¥ Glucagon \GI cogen
'ﬂ‘ @ : ycog Acetyl CoA
CHO —— Glucose Acetyl C@ Brain
| A
/ TCA
o _ TCA TG@
———— Chylomicrons oy g
(16) V! [ATP] ACOz
Protein ————AA
VLDL

;» B F:l?v(;te
o T o

FA + Glycerol Lactate ———>

Tissues Glucose Muscle
AA Protein -1 Acetyl CoA
l;ﬂmportant
compounds /
TCA of ® @ TCA
COy [ATP]

CO,

Adipose

Glycogen

FIGURE 1.1. The fed state. The circled numbers serve as a guide, indicating the approximate order in which the processes
begin to occur. AA, amino acid; FA, fatty acid; |, insulin; RBC, red blood cells; TG, triacylglycerols; VLDL, very low density
lipoprotein; @, stimulated by.
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b. Sucrose and lactose (ingested disaccharides) are cleaved by enzymes that are part of the
complexes on the surface of intestinal epithelial cells.
(1) Sucrase converts sucrose to fructose and glucose.
(2) Lactase converts lactose to glucose and galactose.

c. Monosaccharides (mainly glucose and some fructose and galactose) are absorbed by the
intestinal epithelial cells and pass into the blood.

2. Fats

a. Triacylglycerol is the primary dietary fat. It is obtained from the fat stores of the plants and
animals that serve as food.

b. The triacylglycerols are emulsified in the intestine by bile salts and digested by pancre-
atic lipase to 2-monoacylglycerols and fatty acids, which are packaged into micelles
(solubilized by bile salts) and absorbed into intestinal epithelial cells, where they are
reconverted to triacylglycerols.

c. After digestion and resynthesis, the triacylglycerols are packaged in chylomicrons, which
first enter the lymph and then the blood.

3. Proteins

a. Proteins are digested first by pepsin in the stomach and then by a series of enzymes in the
intestine.

(1) The pancreas produces trypsin, chymotrypsin, elastase, and carboxypeptidases, which
act in the lumen of the intestine.

(2) Aminopeptidases, dipeptidases, and tripeptidases are associated with the intestinal
epithelial cells.

b. Proteins are ultimately degraded to a mixture of amino acids, which then enter intestinal
epithelial cells, where some amino acids are metabolized. The remainder pass into the
blood.

gI(-)III:I:E:.‘II\-TES Cystic fibrosis is the most common lethal genetic disease among the white

population of the United States. Proteins of chloride ion channels are
defective, and both endocrine and exocrine gland functions are affected. Pulmonary disease and
pancreatic insufficiency frequently occur. Food, particularly fats and proteins, are only partially
digested, and nutritional deficiencies result. Nontropical sprue (adult celiac disease) results from
a reaction to gluten, a protein found in grains. The intestinal epithelial cells are damaged, and
malabsorption results. Common symptoms are steatorrhea, diarrhea, and weight loss.

B. Digestive products in the blood
1. Hormone levels change when the products of digestion enter the blood.

a. Insulin levels rise principally as a result of increased blood glucose levels and, to a lesser
extent, increased blood levels of amino acids.

b. Glucagon levels fall in response to glucose but rise in response to amino acids. Overall,
after a mixed meal (containing carbohydrate, fat, and protein), glucagon levels remain fairly
constant or are reduced slightly in the blood.

2. Glucose and amino acids leave the intestinal epithelial cells and travel through the hepatic
portal vein to the liver.

gI(-)I[':III(E:f_\II\-TES Type 1 DM leads to difficulty in maintaining appropriate blood glucose levels. In

untreated type 1 DM, insulin levels are low or nonexistent because of destruction
of B cells of the pancreas, usually by an autoimmune process. Before insulin became widely available,
individuals with type 1 DM behaved metabolically as if they were in a constant state of starvation.
Ingestion of food did not result in a rise in insulin, so fuel was not stored. Muscle protein and adipose
triacylglycerol were degraded. Glucose and ketone bodies were produced by the liver in amounts that
led to excretion by the kidneys. Severe weight loss ensued, and death occurred at an early age. After
insulin became available, these metabolic derangements have been controlled to some extent.



ICETTEEN Fuel Metabolism and Nutrition: Basic Principles 7

C. The fate of glucose in the fed (absorptive) state
1. The fate of glucose in the liver: Liver cells either oxidize glucose or convert it to glycogen and
triacylglycerols.
a. Glucose is oxidized to CO, and H,O to meet the immediate energy needs of the liver.
b. Excess glucose is stored in the liver as glycogen, which is used during periods of fasting to
maintain blood glucose levels.
c. Excess glucose can be converted to fatty acids and a glycerol moiety, which combine to
form triacylglycerols, which are released from the liver into the blood as VLDL.
2. The fate of glucose in other tissues
a. The brain, which depends on glucose for its energy, oxidizes glucose to CO, and H,0, pro-
ducing ATP.
b. Red blood cells, lacking mitochondria, oxidize glucose to pyruvate and lactate, which are
released into the blood.
¢. Muscle cells take up glucose by a transport process that is stimulated by insulin. They
oxidize glucose to CO, and H,O to generate ATP for contraction, and they also store glu-
cose as glycogen for use during contraction.
d. Adipose cells take up glucose by a transport process that is stimulated by insulin. These
cells oxidize glucose to produce energy and convert it to the glycerol moiety used to pro-
duce triacylglycerol stores.

D. The fate of lipoproteins in the fed state
1. The triacylglycerols of chylomicrons (produced from dietary fat) and VLDL (produced from
glucose by the liver) are digested in capillaries by lipoprotein lipase to form fatty acids and
glycerol.
2. The fatty acids are taken up by adipose tissue, converted to triacylglycerols, and stored.

E. The fate of amino acids in the fed state
Amino acids from dietary proteins enter the cells and are
1. used for protein synthesis (which occurs on ribosomes and requires mRNA). Proteins are con-
stantly being synthesized and degraded.
2. used to make nitrogenous compounds such as heme, creatine phosphate, epinephrine, and the
bases of DNA and RNA.
3. oxidized to generate ATP.

lll. FASTING (FIG. 1.2)

o Asblood glucose levels decrease after a meal, insulin levels decrease and glucagon levels increase,
stimulating the release of stored fuels into the blood.

o The liver supplies glucose and ketone bodies to the blood. The liver maintains blood glucose
levels by glycogenolysis and gluconeogenesis and synthesizes ketone bodies from fatty acids sup-
plied by adipose tissue. Hypoglycemia refers to low blood glucose levels (normal blood glucose
levels are 80 to 100 mg/dL); hyperglycemia refers to elevated blood glucose levels when compared
with normal.

o Adipose tissue releases fatty acids and glycerol from its triacylglycerol stores. The fatty acids are
oxidized to CO, and H,O by tissues. In the liver, they are converted to ketone bodies. The glyc-
erol is used for gluconeogenesis. Hyperlipidemia refers to elevated blood lipid levels (normal is
=150 mg/dL for triglycerides).

e Muscle releases amino acids. The carbons are used by the liver for gluconeogenesis, and the ni-
trogen is converted to urea.

A. The liver during fasting
The liver produces glucose and ketone bodies, which are released into the blood and serve as
sources of energy for other tissues.
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FIGURE 1.2. The fasting (basal) state. This state occurs after an overnight (12-hour) fast. The circled numbers serve as
a guide, indicating the approximate order in which the processes begin to occur. KB, ketone bodies; AA, amino acid,;
FA, fatty acid; I, insulin; RBC, red blood cells; TG, triacylglycerols; VLDL, very low density lipoprotein; ®, stimulated by.

1. Production of glucose by the liver: The liver has the major responsibility for maintaining blood
glucose levels. Glucose is required particularly by tissues such as the brain and red blood cells.

The brain oxidizes glucose to CO, and H, O, whereas red blood cells oxidize glucose to pyruvate

and lactate.

a. Glycogenolysis: About 2 to 3 hours after a meal, the liver begins to break down its glycogen
stores by the process of glycogenolysis, and glucose is released into the blood. The glucose
is then taken up by tissues and oxidized.

b. Gluconeogenesis
(1) After about4 to 6 hours of fasting, the liver begins the process of gluconeogenesis. Within

30 hours, liver glycogen stores are depleted, leaving gluconeogenesis as the major pro-

cess responsible for maintaining blood glucose levels.

(2) Carbon sources for gluconeogenesis are as follows:

(a) Lactate produced by tissues like red blood cells or exercising muscle

(b) Glycerol from breakdown of triacylglycerols in adipose tissue

(¢) Amino acids, particularly alanine, from muscle protein

(d) Propionate from oxidation of odd-chain fatty acids (minor source)
Intravenous feeding. Solutions containing 5 g/dL glucoese are frequently infused

CORRELATES into the veins of hospitalized patients. These solutions should be administered

only for brief periods, because they lack the essential fatty and amino acids and because a high

enough volume cannot be given each day to provide an adequate number of calories. More
nutritionally complete solutions are available for long-term parenteral administration.
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Production of ketone bodies by the liver

a. Asglucagon levels rise, adipose tissue breaks down its triacylglycerol stores into fatty acids
and glycerol, which are released into the blood.

b. Through the process of B-oxidation, the liver converts the fatty acids to acetyl CoA.

c. Acetyl CoA is used by the liver for the synthesis of the ketone bodies, acetoacetate and p-
hydroxybutyrate. The liver cannot oxidize ketone bodies, and hence releases them into the
blood.

B. Adipose tissue during fasting

1.

2.

As glucagon levels rise, adipose triacylglycerol stores are mobhilized. The triacylglycerol is de-
graded to three free fatty acids and glycerol, which enter the circulation. The liver converts the
fatty acids to ketone bodies and the glycerol to glucose.

Tissues such as muscle oxidize the fatty acids to CO, and H,0.

C. Muscle during fasting

1.

2.

Degradation of muscle protein

a. During fasting, muscle protein is degraded, producing amino acids, which are par-
tially metabolized by muscle and released into the blood, mainly as alanine and
glutamine.

b. Tissues, such as gut and kidney, metabolize the glutamine.

¢. The products (mainly alanine and glutamine) travel to the liver, where the carbons are
converted to glucose or ketone bodies and the nitrogen is converted to urea.

Oxidation of fatty acids and ketone bodies

a. During fasting, muscle oxidizes fatty acids released from adipose tissue and ketone bodies
produced by the liver.

b. During exercise, muscle can also use its own glycogen stores as well as glucose, fatty acids,
and ketone bodies from the blood.

IV. PROLONGED FASTING (STARVATION)

In starvation (prolonged fasting), muscle decreases its use of ketone bodies. As a result, ketone
body levels rise in the blood, and the brain uses them for energy. Consequently, the brain needs
less glucose, and gluconeogenesis slows down, sparing muscle protein. This occurs after approxi-
mately 3 to 4 days of starvation.

These changes in the fuel utilization patterns of various tissues enable us to survive for extended
periods of time without food.

Metabolic changes in starvation (Fig. 1.3)
When the body enters the starved state, after 3 to 5 days of fasting, changes occur in the use of
fuel stores.

1.

2.
3.

b

Muscle decreases its use of ketone bodies and oxidizes fatty acids as its primary energy
source.

Because of the decreased use by muscle, blood ketone body levels rise.

The brain then takes up and oxidizes the ketone bodies to derive energy. Consequently, the
brain decreases its use of glucose, although glucose is still a major fuel for the brain.
Liver gluconeogenesis decreases.

Muscle protein is spared (i.e., less muscle protein is degraded to provide amino acids for
gluconeogenesis).

Because of decreased conversion of amino acids to glucose, less urea is produced from amino
acid nitrogen in starvation than after an overnight fast.
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FIGURE 1.3. The starved state. This state occurs after 3 to 5 days of fasting. Dashed blue lines indicate processes that
have decreased, and the red solid line indicates a process that has increased relative to the fasting state. KB, ketone
bodies; AA, amino acid; FA, fatty acid; I, insulin; RBC, red blood cells; TG, triacylglycerols; VLDL, very low density lipo-
protein; ®, stimulated by.

gI(-)III:F:(E:II.\II\-TES Diseases of malnutrition and starvation include kwashiorkor and marasmus.

Kwashiorkor commonly occurs in children in third-world countries, where
the diet, which is adequate in calories, is low in protein. A deficiency of dietary protein causes a
decrease in protein synthesis (which can be observed through the measurement of serum albumin
levels), which eventually affects the regeneration of intestinal epithelial cells, and thus, the problem
is further compounded by malabsorption. Hepatomegaly and a distended abdomen are often
observed. The lack of albumin in the blood leads to osmotic pressure differences between the blood
and interstitial spaces, leading to water accumulation in the interstitial spaces, and the appearance
of bloating. Marasmus results from a diet deficient in both protein and calories. Persistent starva-
tion ultimately results in death.

B. Fat: the primary fuel
The body uses its fat stores as its primary source of energy during starvation, conserving func-
tional protein.
1. Overall, fats are quantitatively the most important fuel in the body.
2. The length of time that a person can survive without food depends mainly on the amount of fat
stored in the adipose tissue.



Review Test

Questions 1 to 10 examine your basic knowledge
of fuel metabolism and are not in the standard
clinical vignette format.

Questions 11 to 35 are clinically relevant,
USMLE-style questions.

Basic Knowledge Questions

Questions 1to 4

Match each of the characteristics below

with the source of stored energy that it best
describes. An answer (choices A through D)
may be used once, more than once, or not at all.

1. The largest amount of A. Protein
stored energy in the body

2. The energy source
reserved for strenuous
muscular activity

3. The primary source of
carbon for maintaining
blood glucose levels
during an overnight fast

4. The major precursor of
urea in the urine

B. Triacylglycerol

C. Liver glycogen

D. Muscle
glycogen

5. A 32-year-old male is on a weight-
maintenance diet, so he does not want to lose
or gain any weight. Which amino acid must be
present in the diet so the patient does not go
into a negative nitrogen balance?

(A) Alanine
(B) Arginine
(C) Glycine
(D) Threonine
(E) Serine

Questions 6 to 10

Match each of the characteristics below with the
tissue it best describes. An answer (choices A
through D) may be used once, more than once,
or not at all.

6. After a fast of a few days, A. Liver
ketone bodies become an
important fuel

7. Ketone bodies are used B. Brain
as a fuel after an overnight
fast

8. Fatty acids are not a C. Skeletal
significant fuel source at muscle
any time

9. During starvation, this D. Red blood
tissue uses amino acids cells
to maintain blood glucose
levels

10. This tissue converts lactate
from muscle to a fuel for
other tissues

Board-style Questions

Questions 11 to 15 are based
on the following patient:

A young woman (5' 3" tall, 1.6 m) who has a
sedentary job and does not exercise consulted
a physician about her weight, which was 110 1b
(50 kg). A dietary history indicates that she eats
approximately 100 g of carbohydrate, 20 g of
protein, and 40 g of fat daily.

11. What is this woman’s BMI?

(A) 16.5
(B) 17.5
(C) 185
(D) 195
(E) 205

12. According to the woman’s BMI, into

what classification does her weight and height
place her?

(A) Underweight

(B) Normal range

(C) Overweight (preobese)

(D) ClassI obese range

(E) Class II obese range

1"
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13. How many calories (kcal) does this woman
consume each day?

(A) 1,440
(B) 1,340
(C) 940
(D) 840
(E) 640

14. What is the woman’s approximate DEE in
calories (kilocalories) per day at this weight?

(A) 1,200
(B) 1,560
(C) 1,800
(D) 2,640
(E) 3,432

15. On the basis of the woman’s current
weight, diet, and sedentary lifestyle, which one
of the following does the physician correctly
recommend that she should undertake?

(A) Increase her exercise level

(B) Decrease her protein intake

(C) Increase her caloric intake

(D) Decrease her fat intake to <30% of her
total calories

(E) Decrease her caloric intake

16. Consider a normal 25-year-old man, about
70 kg in weight, who has been shipwrecked

on a desert island, with no food available, but
plenty of freshwater. Which of the following fuel
stores is least likely to provide significant calo-
ries to the man?

(A) Adipose triacylglycerol

(B) Liver glycogen

(C) Muscle glycogen

(D) Muscle protein

(E) Adipose triacylglycerol and liver glycogen

17. The shipwrecked man described in the
previous question will have most of his fuel
stored as triacylglycerol instead of protein in
muscle due to triacylglycerol stores containing
which of the following as compared to protein
stores?

(A) More calories and more water
(B) Less calories and less water
(C) Less calories and more water
(D) More calories and less water
(E) Equal calories and less water

18. A vegan has been eating low-quality
vegetable protein for many years, and is now
exhibiting a negative nitrogen balance. This

may be occurring due to a lack of which one of
the following in his/her diet?

(A) Linoleic acid
(B) Starch

(C) Serine

(D) Lysine

(E) Linolenic acid

19. A medical student has been studying for
exams, and neglects to eat anything for 12 hours.
At this point, the student opens a large bag of
pretzels and eats every one of them in a short
period. Which one of the following effects will
this meal have on the student’s metabolic state?

(A) Liver glycogen stores will be replenished.
(B) The rate of gluconeogenesis will be
increased.
(C) The rate at which fatty acids are
converted to adipose triacylglycerols
will be reduced.
(D) Blood glucagon levels will increase.
(E) Glucose will be oxidized to lactate by
the brain and to CO, and H,O by the
red blood cells.

20. After a stressful week of exams, a
medical student sleeps for 15 hours, then
rests in bed for an hour before getting up
for the day. Under these conditions, which
one of the following statements concern-
ing the student’s metabolic state would be
correct?

(A) Liver glycogen stores are completely
depleted.

(B) Liver gluconeogenesis has not yet been
activated.

(C) Muscle glycogen stores are contribut-
ing to the maintenance of blood glucose
levels.

(D) Fatty acids are being released from
adipose triacylglycerol stores.

(E) The liver is producing and oxidizing
ketone bodies to CO, and H,0.

21. A physician working in a refugee camp
in Africa notices a fair number of children
with emaciated arms and legs, yet a large
protruding stomach and abdomen. An
analysis of the children’s blood would show
significantly reduced levels of which one of
the following as compared with those in a
healthy child?

(A) Glucose
(B) Ketone bodies
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(C) Albumin
(D) Fatty acids
(E) Glycogen

Questions 22 to 25 are based on the
following patient:

A 50-year-old male with a “pot belly” and a strong
family history of heart attacks is going to his

(A) Underweight

(B) Healthy

(C) Overweight (preobese)
(D) Obese (classI)

(E) Obese (class II)

24. How many kilocalories per day would the
patient need to maintain this weight?

physician for advice on how to lose weight. He (A) 2,400
weighs 220 1b (100 kg) and is about 6' tall (1.85 m). (B) 2,620
His lifestyle can be best described as sedentary. (C) 3,120
(D) 3,620
22. What is this patient’s BMI? (E) 3,950
(A) 24
(B) 29 25. For which of the following disease processes
(€) 31 is this patient at higher risk?
(D) 36 (A) Diabetes mellitus, type 1
(E) 40 (B) Insulin resistance syndrome

23. Into which of the following categories does
his BMI place him?

(C) Gaucher disease
(D) Low blood pressure
(E) Sickle cell disease

26. Which of the following metabolic patterns would be observed in a person after 1 week of starva-

tion? Choose the one best answer.

Liver glycogen content
Brain use of fuels (% of normal) Nitrogen balance | Gluconeogenesis
A | Glucose only <5 Positive Inhibited
B | Glucose and ketone bodies <5 Negative Activated
C | Ketone bodies only <5 Negative Inhibited
D | Fatty acids and ketone bodies 50 Positive Activated
E | Glucose and fatty acids 50 In balance Inhibited

21. When compared with an individual’s state after an overnight fast, a person who fasts for 1 week
will have which one of the following patterns expressed?

Amount of muscle Amount of adipose Level of blood ketone
Blood glucose level protein triacylglycerol bodies
A | Higher Greater Greater Lower
B | Higher Lower Lower Lower
C | Lower Greater Greater Greater
D | Lower Lower Lower Greater
E | The same The same The same The same

28. Which one of the following is a common

(D) Malabsorption of nutrients

metabolic feature of patients with anorexia ner-
vosa, untreated type 1 DM, hyperthyroidism,
and nontropical sprue?

(A) Ahigh BMR

(B) Elevated insulin levels in the blood

(C) Loss of weight

(E) Low levels of ketone bodies in the blood

29. An 18-year-old person with type 1 diabetes
has not injected her insulin for 2 days. Her
blood glucose is currently 600 mg/dL (normal
values are 80 to 100 mg/dL). Which one of the
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following cells of her body can still utilize the
blood glucose as an energy source?

(A) Brain cells
(B) Muscle cells
(C) Adipose cells

30. A patient is brought to the emergency
room after being found by search and

rescue teams. He was mountain climbing,

got caught in a sudden snowstorm, and

had to survive in a cave. He had no food for

6 days. In adapting to these conditions, which
metabolic process has increased rather than
decreased?

(A) The brain’s use of glucose

(B) Muscle’s use of ketone bodies

(C) The red blood cells’ use of glucose

(D) The brain’s use of ketone bodies

(E) The red blood cells’ use of ketone bodies
(F) Muscle’s use of glucose

Questions 31 to 35 are based on the
following case:

A 27-year-old male got lost while hiking in Yo-
semite National Park. He was found 8 days later.
He had nothing to eat and only water to drink
before being rescued.

31. Which one of the following would be his
primary source of carbons for maintaining
blood glucose levels when he was found?
(A) Liver glycogen

(B) Muscle glycogen

(C) Fatty acids

(D) Triacylglycerol

(E) Ketone bodies

32. Which cell can only use glucose for energy
needs?

(A) Brain

(B) Red blood cells
(C) Hepatocyte

(D) Heart

(E) Muscle

33. Which one of the following is an essential
nutrient that he has not received over the last
8 days?

(A) Lactic acid

(B) Oleic acid

(C) Steric acid

(D) EPA

(E) Palmitic acid

34. The man’s brain would attempt to decrease
consumption of glucose and increase consump-
tion of ketones in order to protect the breakdown
(catabolism) of which one of the following?

(A) Muscle glycogen

(B) Liver glycogen

(C) Muscle protein

(D) Red blood cells (to provide heme)
(E) Adipose triacylglycerol

35. Which one of the following lab tests
should be run on the patient to determine
whether he is suffering from overall protein
malnutrition?

(A) Albumin

(B) Blood urea nitrogen (BUN)

(C) Creatinine

(D) Ferritin

(E) Creatine phosphokinase (CPK)
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Answers and Explanations

The answer is B. Adipose triacylglycerols contain the largest amount of stored energy in
humans, followed by protein (even though loss of too much protein will lead to death), muscle
glycogen, and liver glycogen (see Table 1.1).

The answer is D. Muscle glycogen is used for energy during exercise. The glycogen is degraded
to a form of glucose that can enter metabolic pathways for energy generation. Because exercise
is strenuous, muscle requires large amounts of energy, and this can be generated at the fastest
rate by converting muscle glycogen to pathway precursors within the muscle. Liver glycogen
will produce glucose that enters the circulation. Once in the circulation, the muscle can take

up that glucose and use it to generate energy; however, the rate of energy generation from
liver-derived glucose is much slower than that from muscle-derived glucose.

The answer is C. Liver glycogenolysis is the major process for maintaining blood glucose levels
after an overnight fast. The muscle cannot export glucose to contribute to the maintenance of
blood glucose levels, and fatty acid carbons cannot be utilized for the net synthesis of glucose.

The answer is A. The nitrogen in amino acids derived from protein is converted to urea and
excreted in the urine. Uric acid, another excretion product that contains nitrogen, is derived
from purine bases (found in nucleic acids), not from protein.

The answer is D. The lack of one essential amino acid will lead to a negative nitrogen balance
due to increased protein degradation to supply that amino acid for the ongoing protein
synthesis. Of the amino acids listed, only threonine is an essential amino acid (alanine can be
synthesized from pyruvate [which can be derived from glucose], arginine is produced in the
urea cycle using aspartic acid and the amino acid ornithine, glycine is derived from serine, and
serine is derived from 3-phosphoglycerate, which can be produced from glucose).

The answer is B. The brain begins to use ketone bodies when levels start to rise after

3 to 5 days of fasting. Normally, the brain will use only glucose as a fuel (most fatty acids cannot
cross the blood-brain barrier to be metabolized by the brain), but when ketone bodies are
elevated in the blood, they can enter the brain and be used for energy.

The answer is C. Skeletal muscle oxidizes ketone bodies, which are synthesized in the liver
from fatty acids derived from adipose tissue. As the fast continues, the muscle will switch to
oxidizing fatty acids, which allows ketone body levels to rise such that the brain will begin using
them as an energy source.

The answer is D. Oxidation of fatty acids occurs in mitochondria. Red blood cells lack
mitochondria and therefore cannot use fatty acids. The brain will not transport most fatty acids
across the blood-brain barrier (the essential fatty acids are a notable exception). Therefore, the
brain cannot use fatty acids as an energy source. The brain does, however, synthesize its own
fatty acids, and will oxidize those fatty acids when appropriate. Red blood cells can never use
fatty acids as an energy source due to their lack of mitochondria.

The answer is A. The liver converts amino acids to blood glucose by gluconeogenesis. The other
substrates for gluconeogenesis are lactate from the metabolism of glucose within the red blood
cells and glycerol from the breakdown of triacylglycerol to free fatty acids and glycerol. Neither
the brain, nor the skeletal muscle, nor the red blood cell can export glucose into the circulation.

The answer is A. Exercising muscle produces lactate, which the liver can convert to glucose by
gluconeogenesis. Blood glucose is oxidized by red blood cells and other tissues. Only the liver
and kidney (to a small extent) can release free glucose into the circulation for use by other tissues.

The answer is D. The BMI is calculated by dividing the weight of the individual (in kilograms)
by the square of the height of the individual (in meters). For this woman, BMI = 50/1.6% = 19.5.

15
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The answer is B. According to Table 1.2, a BMI of 19.5 places the woman at the lower end of
the normal range. Underweight is indicated by a BMI of <18.5; preobesity occurs above a BMI
of 25, but <30. Class I obesity is indicated by a BMI between 30 and 35, and class II obesity by a
BMI between 35 and 40.

The answer is D. The woman consumes 400 calories (kcal) of carbohydrate (100 g X 4 kcal/g),
80 calories of protein (20 X 4), and 360 calories of fat (40 X 9) for a total of 840 calories daily.

The answer is B. This woman’s DEE is 1,560 calories (kcal). DEE equals BMR plus physi-
cal activity. Her weight is 110 1b/2.2 = 50 kg. Her BMR (about 24 kcal/kg) is 50 kg X 24 =
1,200 kcal/day. She is sedentary and needs only 360 additional kcal (30% of her BMR) to
support her physical activity. Therefore, she needs 1,200 + 360 = 1,560 kcal each day.

The answer is C. Because her caloric intake (840 kcal/day) is less than her expenditure

(1,560 kcal/day), the woman is losing weight. She needs to increase her caloric intake. Exercise
would cause her to lose more weight. She is probably in negative nitrogen balance because her
protein intake is low (0.8 g/kg/day is recommended). Although her fat intake is 43% of her total
calories and recommended levels are <30%, she should increase her total calories by increas-
ing her carbohydrate and protein intake rather than decreasing her fat intake.

The answer is B. As indicated in Table 1.1, in the average (70 kg) man, adipose tissue contains
15 kg of fat or 135,000 calories (kcal). Liver glycogen contains about 0.08 kg of carbohydrate
(320 calories), and muscle glycogen contains about 0.15 kg of carbohydrate (600 calories). In
addition, about 6 kg of muscle protein (24,000 calories) can be used as fuel. Therefore, liver
glycogen contains the fewest available calories.

The answer is D. Adipose tissue contains more calories (kilocalories) and less water than does
muscle protein. Triacylglycerol stored in adipose tissue contains 9 kcal/g, and adipose tissue
has about 15% water. Muscle protein contains 4 kcal/g and has about 80% water.

The answer is D. A negative nitrogen balance will result from a diet deficient in one essential
amino acid, or in a very diseased state. Linoleic and linolenic acids are the essential fatty acids in
the diet, and a lack of these fatty acids will not affect nitrogen balance. Starch is a glucose polymer,
and the lack of starch will not affect nitrogen balance. Lysine is an essential amino acid, whereas
serine can be synthesized from a derivative of glucose. Lack of lysine in the diet will lead to a neg-
ative nitrogen balance as existing protein is degraded to provide lysine for new protein synthesis.

The answer is A. After a meal of carbohydrates (the major ingredient of pretzels), glycogen is
stored in the liver and in muscle, and triacylglycerols are stored in adipose tissue. Owing to the
rise in glucose level in the blood (from the carbohydrates in the pretzels), insulin is released
from the pancreas and the level of glucagon in the blood decreases. Since blood glucose levels
have increased, there is no longer a need for the liver to synthesize glucose, and gluconeogenesis
decreases. The change in insulin-to-glucagon ratio also inhibits the breakdown of triacylglycer-
ols and favors their synthesis. The brain oxidizes glucose to CO, and H,O, whereas the red blood
cells produce lactate from glucose, since red blood cells cannot carry out aerobic metabolism.

The answer is D. During fasting, fatty acids are released from adipose tissue and oxidized by
other cells. Liver glycogen is not depleted until about 30 hours of fasting. After an overnight
fast, both glycogenolysis and gluconeogenesis by the liver help maintain blood glucose levels.
Muscle glycogen stores are not used to maintain blood glucose levels. The liver produces
ketone bodies but does not oxidize them, but under the conditions described in this question,
ketone body formation would be minimal.

The answer is C. The children are exhibiting the effects of kwashiorkor, a disorder resulting
from adequate calorie intake but insufficient calories from protein. This results in the liver
producing less serum albumin (due to the lack of essential amino acids), which affects the
osmotic balance of the blood and the fluid in the interstitial spaces. Owing to the reduction in
osmotic pressure of the blood, water leaves the blood and enters the interstitial spaces, produc-
ing edema in the children (which leads to the expanded abdomen). The children are degrading
muscle protein to allow the synthesis of new protein (due to a lack of essential amino acids),
and this leads to the wasting of the arms and legs of children with this disorder. The children
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will exhibit normal or slightly elevated levels of ketone bodies and fatty acids in the blood,

as the diet is calorie sufficient. Glycogen levels may only be slightly reduced (since the diet is
calorie sufficient), but glycogen is not found in the blood. Glucose levels will be only slightly
reduced, as gluconeogenesis will keep glucose levels near normal.

The answer is B. The BMI is equal to kg/m?, which in this case is equal to 100/1.852, which is
about 29.

The answer is C. The patient is in the overweight (preobese) category with a BMI of 29. As
indicated in Table 1.2, a BMI of <18.5 is the underweight category, a BMI between 18.5 and
24.9 is the healthy range, a BMI between 25 and 30 is the overweight (preobese) category, and
any BMI of 30 or above is considered the obese range. Class I obese is between 30 and 35,
whereas class II obese is between 35 and 40. Class III obesity, or morbidly obese, is the classifi-
cation for individuals with a BMI of 40 or higher.

The answer is C. The DEE is equal to the BMR plus physical activity factor. For the patient in
question, the BMR = 24 kcal/kg/day X 100 kg, or 2,400 kcal/day. Since the patient is sedentary,
the activity level is 30% that of the BMR, or 720 kcal/day. The overall daily needs are therefore
2,400 + 720 kcal/day, or 3,120 kcal/day. If the patient consumes <3,000 kcal/day, or increases
his physical activity level, then weight loss would result.

The answer is B. The patient’s weight, age, and activity put him at higher risk for insulin
resistance syndrome. The entire syndrome includes hypertension, diabetes mellitus (type 2),
decreased high-density lipoprotein levels, increased triglyceride levels, increased urate, increased
levels of plasminogen activator inhibitor 1, nonalcoholic fatty liver, central obesity, and polycystic
ovary syndrome (PCOS) (in females). Insulin resistance syndrome leads to early atherosclerosis
throughout the entire body. The patient is not at increased risk for diabetes mellitus, type 1, as
that is the result of an autoimmune condition that destroys the f3 cells of the pancreas such that
insulin can no longer be produced. The lifestyle exhibited by the patient has not been linked to
autoimmune disorders. Gaucher disease is a disorder of the enzyme B-glucocerebrosidase, and is
an autosomal recessive disorder. Since this disease is an inherited disorder, the patient’s lifestyle
does not increase his risk of having this disease. The patient’s increasing weight might lead to
increased blood pressure, but not to reduced blood pressure. Sickle cell disease is another autoso-
mal recessive disorder leading to an altered 3-globin gene product, and like Gaucher disease, it is
an inherited disorder that is not altered by the patient’s lifestyle.

The answer is B. After 3 to 5 days of starvation, the brain begins to use ketone bodies, in
addition to glucose, as a fuel source. Glycogen stores in the liver are depleted (<5% of normal)
during the first 30 hours of fasting. Inadequate protein in the diet results in a negative nitrogen
balance. Blood glucose levels are being maintained by gluconeogenesis, using lactate (from red
blood cells), glycerol (from triacylglycerol), and amino acids (from the degradation of muscle
proteins) as carbon sources.

The answer is D. If a person who has fasted overnight continues to fast for 1 week, muscle
protein will continue to decrease because it is being converted to blood glucose. However,

it will not decrease at as rapid a rate as with a shorter fast, because the brain is using ketone
bodies and, therefore, less glucose. The individual’s blood glucose levels will decrease about
40%, because initially glycogenolysis and then gluconeogenesis by the liver help to maintain
blood glucose levels, but oxidation of ketone bodies by the brain will reduce the brain’s overall
dependence on glucose. Adipose tissue will decrease as triacylglycerol is mobilized. Fatty acids
from adipose tissue will be converted to ketone bodies in the liver. Blood ketone body levels
will rise, and the brain will use ketone bodies as an alternative energy source, to reduce its
dependency on glucose (during starvation, about 40% of the brain’s energy needs can be met
by oxidizing ketone bodies, whereas the other 60% still requires glucose oxidation).

The answer is C. All of these patients will lose weight—the anorexic patients because of
insufficient calories in the diet, the patients with type 1 DM because of low insulin levels that
result in the excretion of glucose and ketone bodies in the urine, those with hyperthyroid-
ism because of an increased BMR, and those with nontropical sprue because of decreased
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absorption of food from the gut. The untreated diabetic patients will have high ketone levels
because of low insulin. Ketone levels may be elevated in anorexia and also in sprue, due to a
reduction in levels of gluconeogenic precursors. An increased BMR would be observed only in
hyperthyroidism. Nutrient malabsorption would occur only in nontropical sprue and anorexia.

The answer is A. Muscle and adipose cells require insulin to stimulate the transport of glucose
into the cell, whereas the glucose transporters for the blood-brain barrier are always present,

and are not responsive to insulin. Thus, the brain can always utilize the glucose in circulation,
whereas muscle and adipose tissue are dependent on insulin for glucose transport into the tissue.

The answer is D. In the starvation state, muscle decreases the use of ketone bodies, causing an
elevation of ketone bodies in the bloodstream. The brain uses the ketone bodies for energy and
uses less glucose, which decreases the need for gluconeogenesis, thus sparing muscle protein
degradation to provide the precursors for gluconeogenesis. Red blood cells cannot use ketone
bodies and must utilize glucose. Therefore, the use of glucose by red blood cells would be
unchanged under these conditions.

The answer is D. The glycerol component of triacylglycerol would be the major contributor
of carbons for gluconeogenesis among the answer choices provided. Substrates for hepatic
gluconeogenesis are lactate (from red blood cells), amino acids (from muscle), and glycerol
(from adipose tissue). Fatty acids would be used for energy, but the carbons of fatty acids
cannot be used for the net synthesis of glucose. Hepatic glycogen stores are exhausted about
30 hours after the initiation of the fast, and muscle glycogen stores contribute only to muscle
energy needs and not to the maintenance of blood glucose levels.

The answer is B. Red blood cells lack mitochondria, so they can use only glucose for fuel (fatty
acids and ketone bodies require mitochondrial proteins for their oxidative pathways). The
brain can also use ketone bodies, along with glucose. The liver can use glucose, fatty acids, and
amino acids as energy sources. The heart can use glucose, fatty acids, amino acids, and lactic
acid as potential energy sources.

The answer is D. Eicosapentaenoic acid (EPA, a 20-carbon fatty acid containing five double
bonds) can be derived from an essential fatty acid found in fish oils (linolenic acid), and is

a precursor of eicosanoids (prostaglandins, leukotrienes, and thromboxanes). EPA is also
ingested from fish oils. Lactic acid is produced from muscle and red blood cells, and is not an
essential nutrient. Palmitic acid (a fatty acid containing 16 carbons, with no double bonds),
oleic acid (a fatty acid containing 18 carbons, with one double bond), and stearic acid (a fatty
acid containing 18 carbons, with no double bonds) can all be synthesized by the mammalian
liver through the normal pathway of fatty acid synthesis.

The answer is C. In an attempt to save muscle tissue (amino acids used for gluconeogenesis),
the brain in starvation mode will utilize ketone bodies for a portion of its energy needs. Liver
glycogen stores would be depleted under the conditions described. Heme is not used for
energy production, and produces bilirubin when degraded, which cannot be used to generate
energy or ketone bodies. Muscle glycogen cannot contribute to blood glucose levels, as muscle
tissue lacks the enzyme that allows free glucose to be produced within the muscle.

The answer is A. Albumin, though nonspecific, is considered the standard for assessing
overall protein malnutrition. Albumin is made by the liver and is found in the blood. It acts as
a nonspecific carrier of fatty acids and other hydrophobic molecules. When amino acid levels
become limiting, the liver reduces its levels of protein synthesis, and a reduction in albumin
levels in the circulation is an indication of liver dysfunction. Ferritin is an iron storage protein
within tissues, and its circulating levels are low at all times. Creatinine is a degradation product
of creatine phosphate (an energy storage molecule in muscle), and its presence in the circula-
tion reflects the rate of creatinine clearance by the kidney. High levels of creatinine indicate a
renal insufficiency. Creatine phosphokinase is a muscle enzyme that is released into circulation
only when there is damage to the muscle. Blood urea nitrogen indicates the rate of amino acid
metabolism to generate urea, but does not indicate protein malnutrition.
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The main clinical uses of this chapter are in understanding the basics behind acidoses, alkaloses,
treatments in renal failure, actions of pharmaceuticals, dose and frequency of certain medications,
and the hemoglobinopathies (protein structure and function).

OVERVIEW

® Acids dissociate, releasing protons and producing their conjugate bases.

m Bases accept protons, producing their conjugate acids.

m Buffers consist of acid-base conjugate pairs that can donate and accept protons, thereby
maintaining the pH of a solution.

m Proteins, which are composed of amino acids, serve in many roles in the body (e.g., as
enzymes, structural components, hormones, and antibodies).

m Interactions between amino acid residues produce the three-dimensional conformation of
a protein, starting with the primary structure, leading to secondary and tertiary structures,
and for multisubunit proteins, a quaternary structure.

® Enzymes are proteins that catalyze biochemical reactions.

®m Enzymes accelerate reactions by reducing the Gibbs free energy of activation.

® Enzyme-catalyzed reactions can be described by the Michaelis-Menten equation, in which
the K is the substrate concentration at which the rate of formation of the product of the
reaction (the velocity) is equal to one-half of the maximal velocity (V,,.)-

m Reversible enzyme inhibitors can be classified as either competitive or noncompetitive, and
can be distinguished via a Lineweaver-Burk plot.

I. A BRIEF REVIEW OF ORGANIC CHEMISTRY

o Biochemical reactions involve the functional groups of molecules.
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OH (6]

| 1
CHz3—=CH—=CH,—CO"~
4 3 2 1
Y B a

FIGURE 2.1. Identification of carbon atoms in an organic compound. Carbons are numbered starting from the most
oxidized carbon-containing group, or they are assigned Greek letters, with the carbon next to the most oxidized group
designated as the a-carbon. This compound is 3-hydroxybutyrate or 3-hydroxybutyrate. Itis a ketone body.

A. ldentification of carbon atoms
As indicated in Figure 2.1, carbon atoms are either numbered or given greek letters.

B. Functional groups in biochemistry
Types of groups: Alcohols, aldehydes, ketones, carboxyl groups, anhydrides, sulfhydryl groups,
amines, esters, and amides are all important components of biochemical compounds (Fig. 2.2).

C. Biochemical reactions
1. Reactions are classified according to the functional groups that react (e.g., esterifications,
hydroxylations, carboxylations, and decarboxylations).
2. Oxidations of sulfhydryl groups to disulfides, of alcohols to aldehydes and ketones, and of
aldehydes to carboxylic acids frequently occur.
a. Many of these oxidations are reversed by reductions.
b. In oxidation reactions, electrons are lost. In reduction reactions, electrons are gained.
c. As foods are oxidized, electrons are released and passed through the electron transport
chain. Adenosine triphosphate (ATP) is generated, and it supplies the energy to drive vari-
ous functions of the body.

Il. ACIDS, BASES, AND BUFFERS

e Many biochemical compounds, ranging from small molecules to large polymers, are capable of
releasing or accepting protons at physiologic pH, and as a consequence, may carry a charge.
e Most biochemical reactions occur in aqueous solutions.

Carbon-Oxygen Groups
o 0 0
1] 1] Tl 1 1 n Tl
= CH,=OH =C-H = CH,=C = CH,= =C=0OH -?-O-CI:- =-C-0-C~-
Alcohol Aldehyde Ketone Carboxylic acid Ether Acid anhydride
Carbon-Sulfur Groups Carbon-Nitrogen Groups
§re
1 1 1 =CH,=CH,= NH. =CH,= N*=CH
-C-sH -C4s-s-Cc- ] S 2 ¢
1 1 1 CHs
Sulfhydryl group A disulfide Amino group Quaternary amine
Esters and Amides
(o} o
0 0 i 1 i
=C=0=CH,= =C=5=CH,~- RS F=O0=Ch il
OH
Ester Thioester Phosphoester Amide

FIGURE 2.2. Major types of functional groups found in biochemical compounds of the human body.
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The pH of a solution is the negative log, , of its hydrogen ion concentration [H*].

Acids are proton donors, and bases are proton acceptors.

The Henderson-Hasselbalch equation describes the relationship between pH, pK (the negative
log of the dissociation constant), and the concentrations of an acid and its conjugate base.
Buffers consist of solutions of acid-base conjugate pairs that resist changes in pH when H* or
OH" are added.

Acids that are ingested or produced by the body are buffered by bicarbonate and by proteins,
particularly hemoglobin. These buffers help to maintain the pH in the body within the range
compatible with life.

. Water
1. Water is the solvent of life. It dissociates:
H,0 = H* + OH™
with an equilibrium constant:

[H'][OH"]
(H,0]

2. Because the extent of dissociation is not appreciable, H,O remains constant at 55.5 M, and the
ion product of H,0 is:

K,=[H*][OH"] =1 x 1071
3. The pH of a solution is the negative log, , of its hydrogen ion concentration [H*]:
pH = —log,, [H]
For pure water,
[Hf]=[OH] =1 x 107

Therefore, the pH of pure water is 7.

. Acids and bases
Acids are compounds that donate protons, and bases are compounds that accept protons.
1. Acids dissociate.

a. Strong acids, such as hydrochloric acid (HCI), dissociate completely.

b. Weak acids, such as acetic acid, dissociate only to a limited extent:

HA=H"'+A"
where HA is the acid and A~ is its conjugate base.
c. The dissociation constant for a weak acid is:

H*J[A™
« _ HIA]
[HA]
2. The Henderson-Hasselbalch equation was derived from the equation for the dissociation
constant:
pH = pK + log L
10 [HA]

where pK is the negative log, , of K, the dissociation constant.

3. The major acids produced by the body include phosphoric acid, sulfuric acid, lactic acid, and
the ketone bodies, acetoacetic acid and B-hydroxybutyric acid. CO, is also produced, which
combines with H,O to form carbonic acid in a reaction catalyzed by carbonic anhydrase:

Carbonic anhydrase

Co, + H,0 = H,CO, = H* + HCO,~
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C. Buffers
1. Buffers consist of solutions of acid—base conjugate pairs, such as acetic acid and acetate.
a. Near its pK, a buffer maintains the pH of a solution, resisting changes due to addition of
acids or bases. For a weak acid, the pKis often designated as pK,.
b. Atthe pK,, [A7] and [HA] are equal, and the buffer has its maximal capacity.
2. Buffering mechanisms in the body
a. The normal pH range of arterial blood is 7.37 to 7.43.
b. The major buffers of blood are bicarhonate (HCO,~/H,CO,) and hemoglobin (Hb/HHDb).
c¢. These buffers act in conjunction with mechanisms in the kidneys for excreting protons and
mechanisms in the lungs for exhaling CO, to maintain the pH within the normal range.

Acid-base disturbances occur under a variety of conditions. Hypoventilation
CORRELATES [l g . Ui

causes retention of CO, by the lungs, which can lead to a respiratory acidosis.
Hyperventilation can cause a respiratory alkalosis. Metabolic acidesis can result from accumula-
tion of metabolic acids (lactic acid or the ketone bodies, B-hydroxybutyric acid and acetoacetic
acid), or ingestion of acids or compounds that are metabolized to acids (e.g., methanol, ethylene
glycol). Metabolic alkalesis is due to increased HCO,~, which is accompanied by an increased pH.
Acid-base disturbances lead to compensatory responses that attempt to restore the normal pH.
For example, a metabolic acidosis causes hyperventilation and the release of CO,, which tends to
lower the pH. During metabolic acidosis, the kidneys excrete NH, ™, which contains H* buffered by
ammonia:

H* + NH, = NH,*

Failure of the gastroesophageal sphincter can lead to gastric reflux disease, in which the acid (HCI)
contents of the stomach travel up the esophagus. The consequences of this disorder (esophageal
damage due to acid refluxing up into the esophagus) can be treated, in part, by use of drugs that
inhibit the gastric proton-translocating H*/K™ ATPase of the parietal cells, which pumps protons
into the stomach lumen (in exchange for KT outside the cell) against a concentration gradient using
the energy of ATP. The use of these drugs increases the pH of the stomach contents, which lessens
esophageal damage and allows the tissue to heal.

lll. AMINO ACIDS AND PEPTIDE BONDS

e An amino acid usually contains a carboxyl group, an amino group, and a side chain, all bonded
to the a-carbon atom.

e Amino acids are usually of the L-configuration.

o At physiologic pH, amino acids carry a positive charge on their amino groups and a negative
charge on their carboxyl groups.

o Theside chains of the amino acids contain different chemical groups. Some side chains carry a charge.

o Peptide bonds link adjacent amino acid residues in a protein chain.

A. Amino acids

a. There are 20 amino acids commonly found in proteins. Figure 2.3 indicates the structures
of the amino acids, their three-letter abbreviations, and their single-letter code. These
20 amino acids are used for the synthesis of proteins by the mRNA-directed process that
occurs on ribosomes (see Chapter 3).

b. Other amino acids exist for which there is no genetic code, for example, in the urea cycle or
in proteins where they are generated by posttranslational modifications (such as hydroxy-
proline in collagen).

c. Selenocysteine is unique in that a serine residue is converted to selenocysteine while
attached to a transfer RNA. Selenium is a necessary metal ion for certain enzymes, such as
glutathione peroxidase.
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FIGURE 2.3. The side chains of the amino acids. The side chains are highlighted. The amino acids are grouped by the po-
larity and structural features of their side chains. These groupings are not absolute, however. Tyrosine and tryptophan,
often listed with the nonpolar amino acids, are more polar than other aromatic amino acids because of their phenolic
and indole rings, respectively. The single- and three-letter codes are also indicated for each amino acid.

1. Structures of the amino acids (see Fig 2.3)
a. Most amino acids contain a carboxyl group, an amino group, and a side chain (R group), all
attached to the a-carbon. Exceptions are:
(1) Glycine, which does not have a side chain. Its a-carbon contains two hydrogens.
(2) Proline, in which the nitrogen is part of a ring.
b. All of the 20 amino acids except glycine are of the L-configuration, as for all but one
amino acid the a-carbon is an asymmetric carbon. Because glycine does not contain an
asymmetric carbon atom, it is not optically active and, thus, it is neither D nor L.

¢. The classification of amino acids is based on their side chains.
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Hydrophobic amino acids have side chains that contain aliphatic groups (valine, leucine,
and isoleucine) or aromatic groups (phenylalanine, tyrosine, and tryptophan) that can
form hydrophobic interactions. Tyrosine has a phenolic group that carries a negative
charge above its pK,, (~ 10.5), so it is not hydrophobic in this pH range.

Hydroxyl groups found on serine and threonine can form hydrogen bonds.

Sulfur is present in cysteine and methionine. The sulfhydryl groups of two cysteines can
be oxidized to form a disulfide, producing cystine.

lonizable groups are present on the side chains of seven amino acids. They can carry
a charge, depending on the pH. When charged, they can form electrostatic interactions.
Amides are present on the side chains of asparagine and glutamine.

The side chain of proline forms a ring with the nitrogen attached to the a-carbon.

2. Charges on amino acids (Fig. 2.4)
a. Charges on o-amino and a-carboxyl groups: At physiologic pH, the o-amino group is
protonated (pK, ~ 9) and carries a positive charge, and the carboxyl group is dissociated
(pK, ~ 2) and carries a negative charge.
b. Charges on side chains

(1
2
3)

Positive charges are present on the side chains of the basic amino acids, arginine, lysine,
and histidine at pH 7.

Negative charges are present on the side chains of the acidic amino acids, aspartate and
glutamate at pH 7.

The isoelectric point (pl) is the pH at which the number of positive charges equals the
number of negative charges, and the overall charge on the amino acid is zero.

3. Titration of amino acids
a. Ionizable groups on amino acids carry protons at low pH (high [H"]), which dissociate as
the pH increases. If the pH is below an ionizable group’s pK,, then the group will be proton-
ated. Once the pH is above the pK,, the group will be deprotonated.
b. For an amino acid that does not have an ionizable side chain, two pK,’s are observed during
titration (Fig. 2.5A).

Form that predominates pKa Form that predominates
below the pK, above the pK,
3.9
Aspartate |- CH,~COOH «—> |-cH,-coo” + W
4.1
Glutamate |— CH, — CH, —COOH S |— CH,—CH,—COO~ + H*
- HNZ 6.0 L N=|
Histidine CH, t <+«—> -CH, +  HY
N H N\
8.4
Cysteine |— CH,SH “—> I— CH,S™ + H
10.5
Tyrosine I— CH, —@- OH +“—> |— CH, -@— (on + H
10.5
Lysine |—CH2—CH2—CH2—CH2—NH3 > I—CHZ—CHZ—CHZ—CHQ—NHZ + H
o ,,NHz 125 NH
Arginine |- CH,—CH,—CH,~NH-C? ~ «——» |-CH,~CH,~CH,-NH-C7  + H*
NH, NH,

FIGURE 2.4. Dissociation of the side chains of the amino acids. As the pH increases, the charge on the side chain goes
from zero to negative or from positive to zero. The pK, is the pH at which one-half of the molecules of an amino acid in
solution have side chains that are charged. The other half are uncharged.
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FIGURE 2.5. Titration curves for glycine (A) and histidine (B). The molecular species of glycine present at various pHs
are indicated by the molecules above the curve. For histidine, pK, is the dissociation constant of the imidazole (side

chain) group.

(1) The first (pK,,) corresponds to the a-carboxyl group (pK,,~2). As the proton dissoci-
ates, the carboxyl group goes from a zero to a minus charge.

(2) The second (pK,,) corresponds to the «-amino group (pK,, ~ 9). As the proton dissoci-
ates, the amino group goes from a positive to a zero charge.

¢. For an amino acid with an ionizable side chain, three pK,’s are observed during titration

(see Fig. 2.5B).

(1) The a-carboxyl and a-amino groups have pK,’s of about 2 and 9, respectively.
(2) The third pK, varies with the amino acid and depends on the pK, of the side chain

(see Fig. 2.4).

B. Peptide bonds

Peptide bonds covalently join the a-carboxyl group of each amino acid to the a-amino group
of the next amino acid in the protein chain (Fig. 2.6).

1. Characteristics

a. The atoms involved in the peptide bond form a rigid, planar unit.
b. Because of its partial double-bond character, the peptide bond has no freedom of rotation.
c. However, the bonds involving the a-carbon can rotate freely although there are only a lim-
ited number of angles that these bonds can form within a protein.
2. Peptide bonds are extremely stable. Cleavage generally involves the action of proteolytic

enzymes.

IV. PROTEIN STRUCTURE

e The primary structure of a protein consists of the amino acid sequence along the chain.

o The secondary structure involves a-helices, 3-sheets, and other types of folding patterns that oc-
cur due to a regular repeating pattern of hydrogen bond formation.

e The tertiary structure (the three-dimensional conformation of a protein) involves electrostatic
and hydrophobic interactions, van der Waals interactions, and hydrogen and disulfide bonds.

o Quaternary structure refers to the interaction of one or more subunits to form a functional protein,
using the same forces that stabilize the tertiary structure.

« Proteins serve in many roles (e.g., as enzymes, hormones, receptors, antibodies, structural com-
ponents, transporters of other compounds, and contractile elements in muscle).
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. peptide bonds form a series of rigid planes. Rotation within
/CQN/ form allowed torsion angles can occur around the bonds attached
! to the a-carbon.

A. General aspects of protein structure (Fig. 2.7)
The linear sequence of amino acid residues in a polypeptide chain determines the three-
dimensional configuration of a protein, and the structure of a protein determines its function.
1. The primary structure is the sequence of amino acids along the polypeptide chain.

a.

b.

C.

By convention, the sequence is written from left to right, starting with the N-terminal amino
acid.

Because there are no dissociable protons in peptide bonds, the charges on a polypeptide
chain are due only to the N-terminal amino group, the C-terminal carboxyl group, and the
side chains on amino acid residues (see Fig. 2.4).

A protein will migrate in an electric field, depending on the sum of its charges at a given pH
(the net charge).

(1) Positively charged proteins are cations and migrate toward the cathode (-).

(2) Negatively charged proteins are anions and migrate toward the anode (+).

(3) At the isoelectric pH (the pI), the net charge is zero, and the protein does not migrate.

2. The secondary structure includes various types of local conformations in which the atoms of
the side chains are not involved. Secondary structures are formed by a regular repeating pat-
tern of hydrogen bond formation between backbone atoms.

a.

An o-helix is generated when each carbonyl of a peptide bond forms a hydroegen bond with

the-NH of a peptide bond four amino acid residues further along the chain (Fig. 2.8).

(1) The side chains of the amino acid residues extend outward from the central axis of the
rodlike structure.

(2) The a-helix is disrupted by proline residues, in which the ring imposes geometric con-
straints, and by regions in which numerous amino acid residues have charged groups or
large, bulky side chains.
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Secondary

FIGURE 2.7. Schematic diagram of the primary, secondary, tertiary, and quaternary structures of a protein.

b.

C.

B-Sheets are formed by hydrogen bonds between two extended polypeptide chains or be-

tween two regions of a single chain that folds back on itself (Fig. 2.9).

(1) These interactions are between the carbonyl of one peptide bond and the —NH of
another.

(2) Thechainsmayruninthesame direction (parallel) orin opposite directions (antiparallel).

Supersecondary structures

(1) Certain folding patterns involving a-helices and B-sheets are frequently found, and in-
clude the helix-turn-helix, the leucine zipper, and the zinc finger.

(2) Other types of helices or loops and turns can occur that differ from one protein to an-
other (random coils).

3. The tertiary structure of a protein refers to its overall three-dimensional conformation. It is
produced by interactions between amino acid residues that may be located at a considerable
distance from each other in the primary sequence of the polypeptide chain (Fig. 2.10).

a.

Hydrophobic amino acid residues tend to collect in the interior of globular proteins, where
they exclude water, whereas hydrophilic residues are usually found on the surface, where
they interact with water.

The types of interactions between amino acid residues that produce the three-dimensional
shape of a protein include hydrophobic interactions, electrostatic interactions, and
hydrogen bonds, all of which are noncovalent. Covalent disulfide bonds also occur.

4. The quaternary structure refers to the spatial arrangement of subunits in a protein that consists
of more than one polypeptide chain (see Fig. 2.10). The subunits are joined together by the
same types of noncovalent interactions that join various segments of a single chain to form its
tertiary structure, as well as disulfide bonds.

5. Denaturation and renaturation

a.

b.

Proteins can be denatured by agents such as heat and urea that cause unfolding of polypep-
tide chains without causing hydrolysis of peptide bonds.

The denaturing agents destroy secondary and tertiary structures, without affecting the pri-
mary structure.

If a denatured protein returns to its native state after the denaturing agent is removed, the
process is called renaturation.
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FIGURE 2.8. The o-helix. Each oxygen atom of a carbonyl group of a
peptide bond forms a hydrogen bond with the hydrogen atom attached
to a nitrogen atom in a peptide bond four amino acids further along the
chain. The result is a highly compact and rigid structure.
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FIGURE 2.9. The structure of an antiparallel B-sheet. In this case, the chains are oriented in opposite directions. The large
arrows show the direction of the carboxy terminal. The amino acid side chains (R) in one strand are trans to each other,
and alternate above and below the plane of the sheet.
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FIGURE 2.10. Interactions between amino acid residues in a polypeptide chain. @ Electrostatic interactions; @ hydrogen
bonds; ® hydrophobic interactions; @ a disulfide bond.

6. Posttranslational modifications of proteins occur after the protein has been synthesized on the
ribosome. Phosphorylation, glycosylation, ADP ribosylation, methylation, hydroxylation, and
acetylation affect the charge and the interactions between amino acid residues, altering the
three-dimensional configuration and, thus, the function of the protein.

gll-)llli\lfligfll\-TES Accumulated misfolded proteins occur in a variety of diseases. This occurs

from the precipitation of proteins within tissues, thereby interfering with tissue
function. Prion diseases (such as mad cow disease, scrapie, Kuru, and Creutzfeldt-Jakob disease,
all examples of spongiform encephalopathies) result from an alternative tertiary structure for a neu-
ronal protein, which will polymerize into an insoluble structure that cannot be degraded (Fig. 2.11).
These diseases can result from mutations (familial Creutzfeldt-Jakob disease) or infection with an
altered prion product (mad cow disease and Kuru), which usually occurs through ingestion of the
altered protein. Amyloidesis is a term used to describe a variety of disorders, the common feature
of which is that amyloid proteins are produced, which accumulate and precipitate in various organs
owing to alterations in secondary and tertiary structures. Examples include AL amyloidosis, con-
sisting of immunoglobulin light chains that are overproduced and precipitate, and AB, a 3-amyloid
protein found in brain lesions of Alzheimer disease.

B. Hemoglobin (Fig. 2.12)
1. Structure of hemoglobin

Adult hemoglobin (HbA) consists of four polypeptide chains (two « chains and two 8 chains),

each containing a molecule of heme.

a. The o chains and B chains of HbA are similar in three-dimensional configuration to each
other and to the single chain of muscle myoglobin although their amino acid sequences
differ.

b. Eight regions of a-helix occur in each chain, labeled A through H.

c¢. Heme fits into a crevice in each globin chain and interacts with two histidine residues.
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FIGURE 2.11. The conformation of PrP¢
(normal) and PrPs¢ (disease form). The
prion proteins have two domains: an
N-terminal region that binds four Cu*?
per chain and a C-terminal region. In
PrP¢, the C-terminal regions contain
three substantial helices and two three-
residue B-strands joined by two to three
hydrogen bonds (approximately 40%
a-helix and almost no B-sheet struc-
ture). It exists as a monomer. In PrPsc,
the C-terminal region is folded into an
extensive 3-sheet. The overall structure
is approximately 40% to 50% B-sheet and
20% to 30% «-helices. This conformation
PrpP° Prps¢ promotes aggregation.

2. Function of hemoglobin

Hemoglobin, found in the red blood cells, carries oxygen from the lungs to the tissues, and

returns carbon dioxide and protons from the tissues to the lungs.

a. The oxygen saturation curve for hemoglobin is sigmeidal (Fig. 2.13).

(1) Each heme binds one 0, molecule, for a total of four O, molecules per HbA molecule.
HbA changes from the taut or tense (T) form to the relaxed (R) form when oxygen binds.

(2) Binding of O, to one heme group in hemoglobin increases the affinity for O, of its other
heme groups. This effect produces the sigmoidal oxygen saturation curve, and is known
as positive cooperativity.

b. The binding of protons to HbA stimulates the release of O,, a manifestation of the Bohr ef-
fect (see Fig. 2.13).

(1) Thus, 0, is readily released in the tissues where [H*] is high due to the production of Co,
by metabolic processes.
(2) These reactions are reversed in the lungs. O, binds to HbA, and CO, is exhaled (Fig. 2.14).

c. Covalent binding of C0, to HbA in the tissues also causes the release of O,.

d. Binding of 2,3-bisphesphoglycerate (BPG), a side product of glycolysis in red blood cells,
decreases the affinity of HbA for O,. Consequently, O, is more readily released in tissues
when BPG is bound to HbA (see Fig. 2.13).

e. Fetal hemoglobin (HbF), composed of two « subunits and and two -y subunits, has a lower af-
finity for BPG than does HbA, and, therefore, HbF has a higher affinity for O, than does HbA.

[-chain of hemoglobin

FIGURE 2.12. The structure of the  chain of hemoglobin (panel A) and hemoglobin (panel B). Cylindrical
regions contain a-helices. The planar structure near the top center of the polypeptide chain is heme.
(From: Ferscht A. Structure and Mechanism in Protein Science. New York, NY: W.H. Freeman and Com-
pany; 1999, with permission.)



FIGURE 2.13. Oxygen saturation curves for myoglobin and
adult hemoglobin (HbA). Myoglobin has a hyperbolic satura-
tion curve. HbA has a sigmoidal curve. The HbA curve shifts to
the right at lower pH, with higher concentrations of BPG, or as
C0, binds to HbA in the tissues. Under these conditions, 0, is
released more readily. P is the partial pressure of 0, at which
half-saturation with 0, occurs.

FIGURE 2.14. Effect of H™ on oxygen binding by hemoglobin
(Hb). A: In the tissues, CO, is released. In the red blood cells,
this CO, forms carbonic acid, which releases protons. The
protons bind to Hb, causing it to release oxygen to the tis-
sues. B. In the lungs, the reactions are reversed. 0, binds to
protonated Hb, causing the release of protons. The protons
bind to bicarbonate, forming carbonic acid, which is cleaved
to water and CO,, which is exhaled. RBC, red blood cells.
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Hemoglobinopathies result from mutations that produce alterations in
CORRELATES O i e Pras o2 !

the structure of hemoglobin. There are many described hemoglobinopa-
thies. One common mutation results in sickle cell anemia, in which the B chain of hemoglobin
contains a valine rather than a glutamate at position 6 (designated as E6V, using the single-letter
codes for the amino acids. EBV means that the glutamate [E] at position 6 in the amino acid chain
[where the amino terminal is amino acid number 1] has been replaced by a valine [V]). Thus, in
the mutant hemoglobin (HbS), a hydrophobic amino acid replaces an amino acid with a negative
charge. This change allows deoxygenated molecules of HbS to polymerize. Red blood cells that
contain large complexes of HbS molecules can assume a sickle shape. These cells undergo
hemolysis, and anemia results. Painful vase-occlusive crises also occur, and end-organ damage
may result.

In addition to hemoglobinopathies, which will interfere with oxygen delivery to the tissues,
carbon monoxide poisoning will also do the same. Carbon monoxide poisoning results from the tight
binding of CO to the iron in heme, preventing both oxygen delivery to the tissues and electron trans-
fer through cytochrome oxidase (which requires oxygen) in the electron transfer chain. The affinity
of CO for hemoglobin is 230 times greater than that of oxygen for hemoglobin. CO is a combustion
product of fuels (such as cigarette smoke and internal combustion engines).

C. Collagen refers to a group of very similar structural proteins that are found, for example, in the
extracellular matrix, the vitreous humor of the eye, and in bone and cartilage.
1. Structure of collagen

a. Collagen consists of three chains that wind around each other to form a triple helix.

b. Collagen contains approximately 1,000 amino acids, one-third of which are glycine. The
sequence Gly-X-Y frequently occurs, in which X is often proline and Y is hydroxyproline or
hydroxylysine.

2. Synthesis of collagen

a. The polypeptide chains of preprocollagen are synthesized on the rough endoplasmic
reticulum, and the signal (pre) sequence is cleaved.
Proline and lysine residues are hydroxylated by a reaction that requires O, and vitamin C.
Galactose and glucose are added to hydroxylysine residues.
The triple helix forms, procollagen is secreted from the cell, and cleaved to form collagen.
Cross-links are produced. The side chains of lysine and hydroxylysine residues are oxidized
to form aldehydes, which can undergo aldol condensation or form Schiff bases with the
amino groups of lysine residues.

e 20T

CORRELATES Problems associated with connective tissue and structural proteins are present

in a number of diseases. Mutations in the synthesis and processing of collagen
occur in Ehlers—-Danlos syndrome, which is characterized by abnormalities of skin, ligaments, and inter-
nal organs. The skin is fragile and often stretches easily. Joint laxity occurs. Abnormalities in type | col-
lagen genes have been found in osteogenesis imperfecta. In this condition, bones are fragile and are
readily fractured. In scurvy, which is due to vitamin C deficiency, hydroxylation of proline residues is
decreased, and an unstable form of collagen is produced. Bones, teeth, blood vessels, and other struc-
tures rich in collagen develop abnormally. Bleeding gums and poor wound healing are often observed.
Marfan syndrome results from a defect in the protein fibrillin. Clinical manifestations are variable but
often include a tall stature with arachnodactyly (long, thin fingers and toes), mitral valve prolapse, and
lens dislocation. Alpert syndrome, which leads to kidney failure, is due to mutations in collagen, type
IV genes, which forms a meshlike collagen network that supports the kidney glomerular cells. In the
absence of this collagen, the basement membranes of the kidney cells cannot adequately filter waste
products from the blood. Hereditary spherocytesis leads to hemolytic anemia because the red blood
cells have a sphere shape instead of being a biconcave disk. The spleen recognizes these cells as
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foreign and removes them from the circulation, leading to anemia. This disorder can be caused by mu-
tations in a variety of red blood cell membrane proteins, such as spectrin and ankyrin. Splenomegaly
is observed in hereditary spherocytosis, and the treatment often consists of removal of the spleen.
Familial hypertrophic cardiomyopathy (FHC) that leads to a thickening of the heart muscle, which may
lead to sudden death under exercising conditions, is due to a mutation in either of various muscle sar-
comeric proteins, the most frequent of which is the B-myosin heavy chain. These sarcomeric proteins
provide a structural role within the muscle, as well as participate in the contraction of the muscle.

D. Insulin
1. Structure of insulin (Fig. 2.15)
a. Insulin is a polypeptide hormone that is produced by the 3 cells of the pancreas. It has 51
amino acids in two polypeptide chains, which are linked by two disulfide bridges.
2. Synthesis of insulin
a. Preproinsulin is synthesized on the rough endoplasmic reticulum and the pre (signal) se-
quence is removed to form proinsulin.
b. In secretory granules, proinsulin is cleaved, and the C-peptide is released. The remainder of
the molecule forms the active hormone.
3. Function of insulin
a. Insulin is released from the pancreas when blood glucose levels are elevated, such as eating
a meal containing carbohydrates.
b. Insulin promotes the transport of glucoese into muscle and fat cells.
c¢. Insulin promotes the storage of energy; glycogen synthesis is stimulated in the liver and
muscle, and triacylglycerol synthesis is stimulated in the liver.

CLIFI{“I:E:.\A-TE Diabetes mellitus, which is due to a deficiency of insulin (Type 1) or to
Co S a decreased secretion of insulin or resistance of tissues to insulin action
(Type 2), results in hyperglycemia. Autoimmunity plays a role in the etiology of Type 1 diabetes. In

this condition, the plasma usually contains antibodies to islet cells of the pancreas, including those
that produce insulin.

C-peptide
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FIGURE 2.15. The primary structure of human insulin. The substituted amino acids in bovine (beef) and porcine
(pork) insulin are shown in red. The cysteine residues, which form the disulfide bonds (in blue) are invariant.
Proinsulin is converted to insulin by proteolytic cleavage of certain peptide bonds (squiggly lines in the figure).
The cleavage removes a few amino acids and the 31 amino acid C-peptide that connects the A and B chains.
The active insulin molecule thus has two nonidentical chains.

B Chain
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V. ENZYMES

e A major role of proteins is to serve as enzymes, the catalysts of biochemical reactions. They do so
by reducing the Gibbs free energy of activation, AG¥, making it easier for the reaction to reach its
transition state.

o The active sites of enzymes are the regions where substrates bind and are converted to products,
which are released.

o The rate (v) of many enzyme-catalyzed reactions can be described by the Michaelis-Menten
equation. For enzymes that exhibit Michaelis-Menten kinetics, plots of velocity-versus-substrate
concentration are hyperbolic.

o The Michaelis-Menten equation can be rearranged to give the Lineweaver-Burk equation.

o Competitive inhibitors compete with the substrate for binding at the active site of the enzyme.

o Noncompetitive inhibitors bind to the enzyme or the enzyme-substrate complex at a site different
from the active site.

o Allosteric enzymes bind activators or inhibitors at sites other than the active site. Plots of
the velocity-versus-substrate concentration for allosteric enzymes produce curves that are
sigmoidal.

A. General properties of enzymes

1. The reactions of the cell would not occur rapidly enough to sustain life if enzyme catalysts were
not present.

2. Substrates bind at the active sites of enzymes, where they are converted to products and
released.

3. Enzymes are usually highly specific for their substrates and products.
a. Many enzymes recognize only a single compound as a substrate.
b. Some enzymes, such as those involved in digestion, are less specific.

4. Many enzymes require cofactors that frequently are metal ions or derivatives of vitamins.

5. Enzymes decrease the energy of activation for a reaction. They do not affect the equilibrium
concentrations of the substrates and products, nor do they change the overall Gibbs free en-
ergy change for the reaction.

gl(-)IFIK“I:EfII\-TES Thousands of diseases related to deficient or defective enzymes occur. Many

of them are rare. For example, in phenylketonuria (which has an incidence of
1in 10,000 births in whites and Asians), the enzyme phenylalanine hydroxylase, which converts
phenylalanine to tyrosine, is deficient. Phenylalanine accumulates, and tyrosine becomes an essen-
tial amino acid that is required in the diet. Mental retardation is a result of this metabolic derange-
ment, in part due to the brain lacking various essential amino acids owing to the elevated levels of
phenylalanine in the circulation. A more common problem is lactase deficiency, which occurs in
more than 80% of Native-, African-, and Asian Americans. Lactose is not digested at a normal rate
and accumulates in the gut where it is metabolized by bacteria. Bloating, abdominal cramps, and
watery diarrhea result. Emphysema may result from an inherited deficiency of o1-antitrypsin, an
enzyme that inhibits elastase action in the lungs. Elastase is a serine protease found in neutrophils
that utilize the enzyme to destroy inhaled organisms in the air. At times, the elastase may escape
from the neutrophil, and then the protease begins to destroy the lung cells. The circulating protein
al-antitrypsin blocks the action of elastase, and protects the lung from damage. Cigarette smoke
contains oxidizing agents that will destroy a key methionine residue in «1-antitrypsin, and destroys
«1-antitrypsin activity. Smoking for an extended period of time may lead to emphysema.

B. Dependence of velocity on [E], [S], temperature, and pH
1. The velocity of a reaction, v, increases with the enzyme concentration, [E], if the substrate
concentration, [S], is constant.
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2. If [E] is constant, v increases with [S] until the maximum velocity, V, .., is attained. At V., all

the active sites of the enzyme are saturated with substrate.

3. The velocity of a reaction increases with temperature until a maximum is reached, after which

the velocity decreases owing to the denaturation of the enzyme.

4. Each enzyme-catalyzed reaction has an optimal pH at which appropriate charges are present

on both the enzyme and the substrate, and the velocity is at a maximum. Changes in the pH
can alter these charges so that the reaction proceeds at a slower rate. If the pH is too high or
too low, the enzyme can also undergo denaturation.

C. The Michaelis—Menten equation

Reaction velocity (v;)

1. If, during a reaction, an enzyme-substrate complex is formed that dissociates (to re-form

the free enzyme and the substrate) or reacts (to release the product and regenerate the free
enzyme):

K, k,
E+S=ES—E+P

k,

where E is the enzyme, S is the substrate, ES is the enzyme-substrate complex, P is the product,
and k), k,, and k; are rate constants.

2. From this concept, the Michaelis—Menten equation was derived:

v [S]

max

K, + []

where K| = (k, + k;)/k, and V, . is the maximum velocity.

3. The rate of formation of products (the velocity of the reaction) is related to the concentration

of the enzyme-substrate complex:
v = ky[ES]

Vinax 18 T€ached when all of the enzyme is in the enzyme-substrate complex.

4. K., is the substrate concentration at whichv =% V..

When [S] = K, substitution of K for [S] in the Michaelis-Menten equationyieldsv =% V_ ..

5. When the velocity is plotted versus [S], a hyperbolic curve is produced (Fig. 2.16A).

B
v 1 K ( 1 ) 1
max - = J— +
Vmax / v Vmax [S] Vmax
K
1 Slope = —1
\" \Vmax
Vinax/2 [ Vi = Yimax [S1
: ' Ky + [S] x-intercept =
1
K., K ,/'-'\ y-intercept =
:/ .7 max
Substrate concentration [S] 0 1
[S]

FIGURE 2.16. The velocity of an enzyme-catalyzed reaction that exhibits Michaelis—Menten kinetics. A. Velocity (v)
versus substrate concentration ([S]). B. Lineweaver—Burk plot. Note the points on each plot from which V. and K_ can

be determined. V.

i ity i ]
maxe Maximum velocity; K, the substrate concentration at’2 V__ .
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A. Competitive inhibition B. Pure noncompetitive inhibition

1

pu— 1

1 — -

K, [S] [S]
E+S = E-S+P E+S<—=E-S—P

E-1I E-1 ezl

=S

FIGURE 2.17. Effect of inhibitors on Lineweaver—Burk plots. A. Competitive inhibition. Note the intersection of lines

on the y-axis, indicating the same V. . B. Pure noncompetitive inhibition (in which the inhibitor binds to E and ES with

the same affinity). Note the intersection of the lines on the x-axis, indicating the same K. If the affinities of the inhibitor
differ in binding to the E or ES forms, the lines will not intersect on the x-axis and the apparent K (K ) will differ from
K Voax the apparent V.

D. The Lineweaver-Burk equation (see Fig. 2.16B)
Because of the difficulty in determining V.. from a hyperbolic curve, the Michaelis-Menten
equation was transformed into an equation for a straight line by Lineweaver and Burk.

E. Inhibitors of enzymes decrease the rate of enzymatic reactions.

1. Competitive inhibitors compete with the substrate for the active site of the enzyme and form an

enzyme-substrate complex, EI (see Fig. 2.17A).

a. Competitive inhibition is reversed by increasing [S].

b. V,,, remains the same, but the apparent K, (K',) is increased.

¢. For Lineweaver-Burk plots, lines for the inhibited reaction intersect on the y-axis with
those for the uninhibited reaction.

2. Noncompetitive inhibitors bind to the enzyme or the enzyme-substrate complex at a site dif-
ferent from the active site, decreasing the activity of the enzyme (see Fig. 2.17B). Thus, V. is
decreased.

3. Irreversible inhibitors bind tightly to the enzyme and inactivate it.

g:-)IFI{“IIlEfII\-TES Drugs are frequently used therapeutically to inhibit enzymes; for example,
5-fluorouracil (5-FU) is used to inhibit the enzyme thymidylate synthetase. This

enzyme converts dUMP to dTMP, which ultimately provides the thymine for DNA synthesis. 5-FU

is used as a chemotherapeutic agent to inhibit the proliferation of cancer cells. Aspirin irrevers-
ibly inhibits the enzyme cyclooxygenase, and interferes with the generation of prostaglandins and
thromboxanes, the secondary mediators of pain signaling. Allopurinol is a suicide inhibitor of xan-
thine oxidase, and is used to treat gout. Xanthine oxidase will recognize allopurinol as a substrate
and oxidize it to create oxypurinol, which binds so tightly to the active site that it is not released, and
then inhibits further reactions by the enzyme. A drug used to treat alcoholism irreversibly inhibits
the enzyme aldehyde dehydrogenase, leading to an accumulation of acetaldehyde whenever alco-
hol is ingested. The acetaldehyde leads to “hangover” symptoms, and may deter the patient from
drinking alcohol.



IPTT ¥ Basic Aspects of Biochemistry 37

+ Actlvator\

No
activator
\Y or inhibitor

\+ Inhibitor

FIGURE 2.18. Effect of activators and inhibitors on an
allosteric enzyme. [Substrate]

F. Allosteric enzymes

1. Allosteric enzymes bind activators or inhibitors at sites other than the active site (Fig. 2.18).
2. Sigmoidal curves are generated by plots of v versus [S].

a. An allosteric enzyme has two or more subunits each with substrate-bhinding sites that ex-
hibit cooperativity. Binding of a substrate molecule at one site facilitates binding of other
substrate molecules at other sites.

(1) Allosteric activators cause the enzyme to bind substrate more readily (shift the kinetic
curve to the left, thereby decreasing the apparent K ).

(2) Allosteric inhibitors cause the enzyme to bind substrate less readily (shift the curve to
the right, increasing the apparent K, ).

b. Similar effects occur during O, binding to hemeglobin (see Fig. 2.13).

G. Regulation of enzyme activity by covalent modification

Enzyme activity may increase or decrease after the covalent addition of a chemical group.

1. Phosphorylation affects many enzymes.
a. Pyruvate dehydrogenase and glycogen synthase are inhibited by phosphorylation.
b. Glycogen phosphorylase is activated by phosphorylation.

2. Phosphatases that remove the phosphate groups alter the activities of these enzymes.

3. Phosphorylation introduces negative charges to the protein, which may alter the secondary
and tertiary structures.

Regulation by protein-protein interactions

Proteins can bind to enzymes, altering their activity. For example, regulatory subunits inhibit the
activity of protein kinase A. When these regulatory subunits bind cyclic AMP (cAMP) and are re-
leased from the enzyme, the catalytic subunits become active.

Isoenzymes

1. Isoenzymes (or isozymes) are enzymes that catalyze the same reaction but differ in their amino
acid sequence and, therefore, in many of their properties.

2. Tissues contain characteristic isozymes or mixtures of isozymes. Enzymes such as lactate de-
hydrogenase and creatine kinase (CK) differ from one tissue to another.

a. Lactate dehydrogenase contains four subunits. Each subunit may be either of the heart
(H) or the muscle (M) type. Five isozymes exist (HHHH, HHHM, HHMM, HMMM, and
MMMM).

b. CK contains two subunits. Each subunit may be either of the muscle (M) or the brain (B)
type. Three isozymes exist (MM, MB, and BB). The MB fraction is most prevalent in heart
muscle.
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CLINICAL . ; e
CORRELATES Measuring enzyme levels in the blood can monitor tissue damage. Enzymes,

which are normally produced in cells, are released into the blood when cells
are injured. For example, after a heart attack, there is an increase in blood levels of CK, particularly
the MB isozyme. The extent of damage and the rate of recovery can be estimated by periodically
measuring the levels of CK and its MB isozyme. Another isozyme that is used diagnostically for heart
attacks is troponin, which exists as three isozymes, |, C, and T. Measurement of the | or T forms after
a suspected heart attack can confirm whether the heart muscle cells were damaged or not.



Review Test

Questions 1 to 10 examine your basic knowledge
of structures and reaction types and are not in
the standard clinical vignette format.

Questions 11 to 35 are clinically relevant,
USMLE-style questions.

Basic Knowledge Questions

1. The bonds labeled A and B in the compound
shown are best described as which one of the
following?

B—— | |
OCH; H
Compound A Compound B

A | Anhydride Ester

B | Ester Anhydride

C | Ether Ester

D | Ester Ether

E | Phosphodiester Anhydride

F | Anhydride Phosphodiester

2. Both B-hydroxybutyrate and acetoacetate
are ketone bodies, which are produced by the
liver under conditions of extended fasting. The
two ketone bodies are easily interconverted
depending upon the conditions present within
the mitochondria, where they are synthesized.
The conversion of B-hydroxybutyrate to aceto-
acetate occurs by what type of reaction?

OH H O H

[ | /0 I °
CH3-C—C—C CH3;—C—C—C,

H H \o_ H \O_

(A) Oxidation
(B) Reduction

(C) Dehydration
(D) Dehydroxylation
(E) Decarboxylation

3. When the pH of a solution of a weak acid,
HA, is equal to the pK,, the ratio of the concen-
trations of the salt and the acid ([A"]/[HA]) is
which one of the following?

(A) o
(B)
(C)
(D)
(E)

W N =

4. Human serum albumin, the most abundant
blood protein, has multiple roles, including
acting as a buffer to help maintain blood pH.
Albumin can act as a buffer because of which
one of the following?

(A) The protein contains a large number of
amino acids.

(B) The protein contains many amino acid
residues with different pK; values.

(C) The amino and carboxyl ends of albumin
can donate and accept protons in the
range of physiologic pH.

(D) Albumin contains peptide bonds that
readily hydrolyze, consuming hydrogen
and hydroxyl ions.

(E) Albumin contains a large number of hy-
drogen bonds in a-helices, which can ac-
cept and donate protons.

Questions 5 and 6 are based on the hexapeptide
with the following sequence: D-A-S-E-V-R

5. The C-terminal amino acid of the hexapep-
tide is which one of the following?

(A) Ala
(B) Asn
(C) Asp
(D) Arg
(E) Glu

6. At physiologic pH (7.4), this hexapeptide
will contain a net charge of which one of the
following?

(A) -2

(B) -1

39
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(C) o
(D) +1
(E) +2

1. Which one of the following types of bonds is
covalent?

(A) Hydrophobic
(B) Hydrogen
(C) Disulfide
(D) Electrostatic
(E) Van der Waals

8. One method to separate proteins is by

charge, through a suitable gel-like substance. If

normal HbA and sickle cell hemoglobin (HbS)

were placed on such a gel, which molecule

would migrate more rapidly to the positive pole

of the gel?

(A) HbA

(B) HbS

(C) Both would have the same charge, so there
is no difference in migration.

9. The active site of an enzyme will bind to
which set of molecules indicated below?

Substrate Com- Noncom-
of the Allosteric | petitive | petitive
reaction | inhibitors | inhibitors | inhibitors

A Yes Yes Yes Yes

B Yes No Yes Yes

C Yes No Yes No

D No No No No

E No Yes No Yes

10. An enzyme catalyzing the reaction

E+A=EA>E+P

was mixed with 4 mM substrate (compound A).
The initial rate of product formation was 25% of
Vinax- The K for the enzyme is which one of the
following?

(A) 2mM
(B) 4mM
(C) 9mM
(D) 12mM
(E) 25 mM

Board-style Questions

11. The liver enzyme glucokinase catalyzes the
phosphorylation of glucose to glucose 6-phos-
phate. The value of K for glucose is about

7 mM. Blood glucose is 5 mM under fasting

conditions, and can rise in the liver to 20 mM
after a high-carbohydrate meal. Therefore, if a
person who is fasting eats a high-carbohydrate
meal, the velocity of the glucokinase reaction
will change in which one of the following ways?

(A) Remain at <50% V.
(B) Remain above 80% V..

(C) Increase from <50% V, t0>50% V,
(D) Decrease from >50% V. to <50% V..

m max
(E) RemainatV,_,_

12. Malonate is a competitive inhibitor of suc-

cinate dehydrogenase, a key enzyme in the

Krebs tricarboxylic acid cycle. The presence of

malonate will affect the kinetic parameters of

succinate dehydrogenase in which one of the

following ways?

(A) Increases the apparent K but does not af-
fect V.

(B) Decreases the apparent K but does not
affect V..

(C) Decreases V, . but does not affect the ap-
parent K.

(D) Increases V., but does not affect the ap-
parent K.

(E) Decreasesboth V, . and K.

13. A young black man was brought to the
emergency room (ER) owing to severe pain
throughout his body. He had been exercis-

ing vigorously when the pain started. He has
had such episodes about twice a year for the
past 10 years. An analysis of the blood shows a
reduced blood cell count (anemia), and odd-
looking red blood cells that were no longer
concave and looked like an elongated sausage.
An underlying cause in the change of shape of
these cells is which one of the following?

(A) Increased ionic interactions between hemo-
globin molecules in the oxygenated state.

(B) Increased ionic interactions between hemo-
globin molecules in the deoxygenated state.

(C) Increased hydrophobic interactions be-
tween hemoglobin molecules in the oxy-
genated state.

(D) Increased hydrophobic interactions be-
tween hemoglobin molecules in the de-
oxygenated state.

(E) Increased phosphorylation of hemoglobin
molecules in the oxygenated state.

(F) Increased phosphorylation of hemoglobin
molecules in the deoxygenated state.

14. An individual is visiting Mexico City, which
is at an altitude of 7,350 feet. The person is
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having trouble breathing due to difficulty in
getting sufficient oxygen to the tissues. Which
one of the following treatments might the per-
son try to get hemoglobin to release oxygen
more readily?

(A) Take a drug that initiates a metabolic
alkalosis.

(B) Take a drug that increases the production
of BPG.

(C) Hyperventilate, which will lead to de-
creased levels of carbon dioxide in the
blood.

(D) Take a drug that induces the synthesis of
the y subunits of hemoglobin.

(E) Take a drug that induces the synthesis of
the B subunits of hemoglobin.

15. An environmentalist attempted to live in a
desolate forest for 6 months, but had to cut his
experiment short when he began to suffer from
bleeding gums, some teeth falling out, and red
spots on the thighs and legs. This individual is
suffering from an inability to properly synthe-
size which one of the following proteins?

(A) Myoglobin

(B) Hemoglobin

(C) Collagen

(D) Insulin

(E) Fibrillin

16. A patient seen in the ER has ingested
antifreeze in a suicide attempt. Other than
bicarbonate, which one of the following is
the major buffer of acids to help maintain the
pH in the blood within the range compatible
with life?

(A) Hemoglobin

(B) Acetoacetate

(C) B-Hydroxybutyrate

(D) Phosphate

(E) Collagen

17. Which one of the following is the amino
acid in hemoglobin that accepts H* and allows
hemoglobin to act as a buffer to acids?

(A) Alanine
(B) Histidine
(C) Serine

(D) Threonine
(E) Aspartate

18. A patient is going skiing high in the Rock-
ies, and is given acetazolamide to protect
against altitude sickness. Unfortunately, the
patient is also a Type 1 diabetic. He is admitted

to the hospital in a worsening ketoacidosis. In
which of the following cells has acetazolamide
inhibited a reaction that has led to the severity
of the metabolic acidosis?

(A) White blood cells
(B) Red blood cells
(C) Lens of the eye
(D) Hepatocyte

(E) Muscle

19. A 23-year-old female patient presents to
the ER with a feeling of being unable to catch
her breath, light-headedness, and “tingling” of
her fingers, toes, and around her mouth. This
happens whenever she drives through a tunnel,
and that is what set off this episode. Which of
the following arterial blood pHs would be most
consistent with her diagnosis?

(A) 8.10
(B) 7.55
(C) 7.15
(D) 6.40
(E) 6.10

20. A new antibiotic has been developed that
shows a strong affinity for attacking amino ac-
ids with a specific orientation in space. In order
for it to work well in humans, the antibiotic
must be effective against amino acids in which
one of the following configurations?

(A) R-configuration

(B) L-configuration

(C) Aromatic ring configuration

(D) Polypeptide chain configuration
(E) D-configuration

21. A 40-year-old tobacco farmer is seen in the
ER with bradycardia, profuse sweating, vomit-
ing, increased salivation, and blurred vision.
He was spraying his field with malathion when
the hose ruptured and he was covered with
the malathion. Which of the following types

of inhibition of enzymes does this poisoning
represent?

(A) Competitive

(B) Noncompetitive

(C) TIrreversible

(D) Reversible

(E) The drug does not work by inhibiting
enzyme activity.

22. A baby did well with no discernable prob-
lems until 3 months of age when he began hav-
ing cyanotic spells and later had a myocardial
infarction. An autopsy revealed a congenital
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defect, where the left main coronary artery

arose from the pulmonary artery instead of the
aorta. Of the following, which is the most likely

reason that he showed no symptoms until
3 months of age?

(A) He had abnormal « chains
of hemoglobin.
(B) He had abnormal B chains
of hemoglobin.
(C) He had abnormal y chains
of hemoglobin.
(D) HDbF has a lower affinity for BPG.
(E) HDF has a higher affinity for BPG.

23. A 28-year-old female presents with fluctu-
ating fatigue, drooping of her eyelids, difficulty
swallowing, and slurred speech. The patient is
given a drug that affects an enzyme’s activity,
and kinetic analysis of the enzyme-catalyzed
reaction, in the presence and absence of the
drug, is shown below. The effect of this medi-
cation can best be described by which set of
terms below?

In the presence of drug

1V

In the absence of drug

—

1/[S]
Effect on Effect on
K, (as Vinax (@S
Type of compared |compared
inhibition to no drug) | to no drug)
A | Competitive Increased | No change
B | Competitive Decreased |Decreased
C | Noncompetitive |Increased |No change
D | Noncompetitive | Decreased |Increased
E | Irreversible Increased | No change
F | Irreversible Decreased |Decreased

24. A patient who wanted to go skiing in the
Rockies took a medication to combat alti-
tude sickness. A graph of this medication’s

mechanism of inhibition is shown below. What
type of inhibitor is this medication?

In the presence of drug

1N

In the absence of drug

1/8]

(A) Competitive

(B) Noncompetitive

(C) Irreversible

(D) Allosteric

(E) The drug is not an inhibitor, rather it is an
activator.

25. A person with Type 1 diabetes ran out of
her prescription insulin and has not been able
to inject insulin for the past 3 days. An overpro-
duction of which of the following could cause a
metabolic acidosis?

(A) Hemoglobin
(B) Ketone bodies
(C) HCI

(D) Bicarbonate

26. The patient described in the previous ques-

tion is hyperventilating to compensate for her

metabolic acidosis. Which of the following

reactions explains this partially compensating

respiratory alkalosis?

(A) H+ NH,=NH,*

(B) CH,CHOHCH,COOH =
CH,;CHOHCH,COO™ + Ht

(C) co,+ H,0=H,CO,= H" + HCO,~

(D) H,0=H"+HO"

21. A pathologist, while doing an autopsy of a
patient who died from Creuzfeldt-Jakob syn-
drome, accidentally cut himself while examin-
ing the brain. The pathologist became very
concerned for his well-being, due primarily to
the possibility of which one of the following
materials entering his circulation?

(A) Avirus
(B) A protein
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(C) Alipid
(D) A bacteria
(E) A polynucleotide

28. Unbeknownst to its owners, a cow recently
sacrificed for meat production had mad cow
disease. The precipitating event in the cow’s
brain that led to this disease is which one of the
following?

(A) Altered gene expression

(B) Infection of the brain with a virus

(C) Proteolytic cleavage of an existing brain
protein

(D) An altered secondary and tertiary struc-
tures for an existing brain protein

(E) Loss of the nuclear membrane

29. A patient is taking omeprazole for gastric
reflux disease. Omeprazole contains a free sul-
fydryl group that is critical for its mechanism of
action. This drug will most likely act in which
one of the following ways?

(A) Reduce an existing sulfhydryl on the intes-
tinal proton pump.

(B) Form a disulfide bond with a methionine
on the gastric proton pump.

(C) Form a disulfide bond with a cysteine on
the gastric proton pump.

(D) Reduce an existing sulthydryl group on the
gastric proton pump.

(E) Form a disulfide bond with a cysteine on
the intestinal proton pump.

30. A family has been using an additional pro-
pane heater in their enclosed apartment dur-
ing the winter months. One morning, a family
member is difficult to awake, and when awake,
complains of a splitting headache and being
very ti