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Opening a comprehensive biochemistry text for the first time can be a daunt-
ing experience for a neophyte. So much detailed material is presented that it
is natural to wonder if you can possibly master it in one or two semesters of
study. Of course, you can’t learn everything, but experience indicates that you
can, indeed, learn the fundamental concepts in an introductory biochemistry
course. We have written this Student Companion for Biochemistry to ease your
entry into the exciting world of biochemistry.

Your goal is to “know” and “understand” biochemistry. Unfortunately,
awareness of these grand goals offers no practical help in reaching them, be-
cause they are such high-level and complex intellectual processes. In addition,
it is difficult for you to know to what extent you have attained them. We have
found that, by subdividing these goals into simpler ones and expressing them
in terms of demonstrable behaviors, you can begin to approach them and, in
addition, can readily assay your progress toward reaching them. Thus, a part
of each chapter consists of Learning Objectives that ask you to do things that
will help you to begin to understand biochemistry. When you can master the
objectives, you are well on your way to learning the material in the chapter.
It is important to add a cautionary note here. Being able to respond to all the
objectives adequately does not mean that you know biochemistry, for they are
a limited sampling of all the possible objectives; more to the point, they do
not explicitly require such higher-level activities as creation, analysis, integra-
tion, synthesis, problem-solving, evaluation, application, and appreciation.
These more advanced skills will develop to varying levels as you continue your
studies of biochemistry beyond the introductory stage.

Each chapter in the Companion consists of an introduction, Learning
Objectives, a Self-Test, Answers to Self-Test, Problems, Answers to Problems,
and Expanded Solutions to Text Problems. The introduction sets the scene,
places the chapter material in the context of what you have already learned,
and reminds you of material you may need to review in order to understand
what follows. The Learning Objectives are presented in the order that the in-
formation they encompass appears in Biochemistry. Key Words—important
concepts or vocabulary—are italicized in the objectives. Self-Test questions,
requiring primarily information recall, are followed by the answers to the
questions. A Problems section, in which more complex skills are tested, is
followed by answers to the problems. Finally, Expanded Solutions to end-of-
chapter problems in the text are presented.

The Companion may be used in many ways, and as you begin your
studies you will develop the “system” that is best for you. Over 30 years of
experience teaching introductory biochemistry to first-year medical students
has suggested one pathway that you should consider. Start by reviewing the
prerequisite chapters mentioned in the introduction and skim the Learning
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Objectives to obtain an overview of what you are to learn. Some students like also to skim
the Self-Test questions at this time to form an impression of the levels of difficulty and the
kinds of questions that will be asked. Next, read the chapter in Biochemistry, using the
Learning Objectives to help direct you to the essential concepts. Note the Key Words and look
up those you don’t know. Then attempt to meet the objectives. When you cannot satisfy an
objective, reread the relevant section of the text. You should now take the Self-Test to check
your ability to recall and apply what you have learned. Finally, solve the Problems, which
have been designed to further test your ability to apply the knowledge you have gained. It is
not sufficient simply to read the problems and look at the answers to see if you would have
done them the same way. You must struggle through the solutions yourself to benefit from
the problems. As you are using the Companion, you will, of course, be integrating what you
have learned from your studies and your lectures or laboratory exercises.

Besides helping you to learn biochemistry, you will find the Companion useful in study-
ing for examinations. Go over each of the Learning Objectives in the chapters covered by an
exam to ensure that you can respond to it knowledgeably. Similarly, review the Key Words.
Decide which chapter topics you feel uncertain about and reread them. This protocol, cou-
pled with a review of your lecture and reading notes, will prepare you well for examinations.

It is important to talk about biochemistry with others in order to learn the pronuncia-
tion of scientific terms and names and to help crystallize your thinking. Also, realize that al-
though biochemistry has a sound foundation and we understand much about the chemistry
of life, many of our concepts are hypotheses that will require modification or refinement as
more experimental evidence accrues. Alternative and sometimes contradictory explanations
exist for many biochemical observations. You should not regard the material in Biochemistry
or the Companion as dogma, and you should, wherever possible, attempt to read about any
given topic in at least two sources. Try to follow up topics that particularly interest you by
reading about them in the scientific literature. References are given in Biochemistry, and your
instructor can help you locate research and review articles. In this way, you can begin to ap-
preciate the diversity of opinion and emphasis that exists in the field of biochemistry.

The authors welcome readers’ comments, especially those drawing our attention to er-
rors in the text. Comments should be sent to:

Professor Richard I. Gumport
Department of Biochemistry
University of Illinois

600 S. Mathews Avenue
Urbana, Illinois 61801-3792
e-mail gumport@uiuc.edu



The Student Companion has its origins in a curriculum guide that was initi-
ated over 30 years ago for first-year medical students studying biochemistry
at the College of Medicine of the University of Illinois at Urbana-Champaign.
A number of colleagues have contributed to the Companion over the years.
We especially wish to thank Ana Jonas, Richard Mintel, and Carl Rhodes, who
were authors on previous editions, for their contributions of concept and con-
tent, which we continue to use. We also thank our colleagues Fumio
Matsumura, Gaetano Montelione, and Robert Niederman in the Department
of Molecular Biology and Biochemistry at Rutgers University. We also thank
John Clark, Lowell Hager, Walter Mangel, William McClure, and Robert
Switzer for their efforts in helping to develop the initial curriculum guide.
Special thanks go to George Ordal and James Kaput, our fellow teachers of
biochemistry at the College of Medicine. We thank Gordon Lindberg and
Chad Thomas for their careful reading and insightful contributions to the
book. We also thank William Sorlie for educating us to the value of learning
objectives. Thanks are also due to the many students who took the time to
criticize the Companion. Finally, RIG appreciates the sustained support pro-
vided our teaching efforts by the Department of Biochemistry and the College
of Medicine at the University of Illinois.

Richard I. Gumport
Frank H. Deis
Nancy C. Gerber
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The woods are lovely, dark, and deep,
But I have promises to keep,

And miles to go before I sleep,

And miles to go before I sleep.

ROBERT FROST



Prelude: Biochemistry
and the Genomic Revolution

this exciting branch of science. We now know the complete genome sequences

for several species, and have a nearly complete sequence for human DNA. The
implications for biology and medicine are enormous, and they are touched on in this
chapter. The authors begin with a brief explanation of the structures of DNA, RNA,
and proteins. The unity of biochemistry is an important concept. It means that we
can learn about human biochemistry by studying mice, yeast, bacteria, or any liv-
ing organism. Many biochemical interactions depend on weak noncovalent interac-
tions. Because the great majority of biochemical processes occur in water, the
properties of water and their effects on biomolecules are also described. Then fol-
lows a discussion of entropy, energy, and the laws of thermodynamics. This provides
a basis for understanding hydrophobic interactions and protein folding. Then the
authors highlight the impact of biochemistry on modern biology and medicine.
Finally, an appendix presents the most popular molecular models and other repre-
sentations used by biochemists.

The introductory chapter of Biochemistry begins by describing recent advances in
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CHAPTER 1

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

DNA Illlustrates the Relation Between Form and Function (Text Section 1.1)

1. Recognize, name, and draw the four bases used in DNA, and explain the structure of the
sugar phosphate backbone.

2. Discriminate between the larger bases, A and G, and the smaller bases, C and T.

N

Describe how the DNA bases pair with each other. Notice that “larger” always pairs
with “smaller.”

Explain how base pairing provides an accurate means for reproducing DNA sequences.
Compare the structure of RNA to that of DNA.

Define the terms transcribe and translate.

~N o ok

Explain how proteins relate the one-dimensional world of sequence information to the
three-dimensional world of biological function.

Biochemical Unity Underlies Biological Diversity (Text Section 1.2)

8. Describe the evidence for the common origin of all life on Earth.

9. Differentiate between Archaea, Eukarya, and Bacteria.

Chemical Bonds in Biochemistry (Text Section 1.3)

10. Define the terms covalent bond, resonance structures, and arrow pushing.

11. List the three kinds of noncovalent bonds that mediate interactions of biomolecules and
describe their characteristics.

12. Describe how the properties of water affect the interactions among biomolecules.

13. Explain the origin of hydrophobic attractions between nonpolar molecules and give examples
of their importance in biochemical interactions.

14. State the first and second laws of thermodynamics. Define the entropy (S) and enthalpy (H)
of a system, and give their mathematical relationship.

15. Explain how protein folding is affected by changes in entropy and free energy.

Biochemistry and Human Biology (Text Section 1.4)

16. Discuss the most important achievements of biochemistry in the elucidation of the molecular
basis of life and in the advancement of modern biology and medicine.



PRELUDE: BIOCHEMISTRY AND THE GENOMIC REVOLUTION

Appendix: Depicting Molecular Structures

17. Explain the uses of different molecular models.

18. Relate the planar Fischer projection to the tetrahedrally arrayed substituents around a car-

bon atom.

SELF-TEST

DNA Illustrates the Relation Between Form and Function

1.

Which base is NOT found in DNA’s building blocks?

(a) uracil (d guanine
(b) thymine (e) adenine
(¢) cytosine

. The DNA sequence AAA would pair with the sequence

() AAA. (o) CCC.
(b) GGG. (d TTIT.

. RNA differs from DNA because RNA (select all correct answers)

(a) is usually single stranded.

(b) often base-pairs with itself (intrastrand pairing).
(¢) uses deoxyribose instead of ribose.

(d) uses uracil instead of thymine.

(e) forms a triple helix instead of a double helix.

In the genetic code, a sequence of how many bases codes for one amino acid?

(@ 2 (© 5
(b 3 @ 7

Biochemical Unity Underlies Biological Diversity

5.

6.

Which of the following molecular patterns or processes are common to both bacteria
and humans?

(a) development of tissues

(b) information flow from proteins to DNA
(¢) the “energy currency”

(d) genetic information flow

(e) similar biomolecular composition

The distinguishing feature of the Eukarya is that

(a) they are all multicellular.

(b) they have tough cell walls around each cell.

(¢) they have a well-defined nucleus within each cell.

(d) they are more primitive than the Archaea or the Bacteria.
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Chemical Bonds in Biochemistry

7. For the bonds or interactions in the left column, indicate all the characteristics in the

10.

11.

12.

right column that are appropriate.

(a) electrostatic interaction (1) requires nonpolar species

(b) hydrogen bond (2) involves charged species only

(¢) van der Waals bond (3) requires polar or charged species

(d) hydrophobic interaction (4) involves either O and H or N and H
atoms

(5) involves polarizable atoms

(6) is also called a salt bridge

(7) exists only in water

(8) is optimal at the van der Waals contact
distance

(9) has an energy between 3 and 7 kcal/mol

(10) has an energy of around 1 kcal/mol

(11) is weakened in water

The properties of water include

(@) the ability to form hydrophobic bonds with itself.

(b) a disordered structure in the liquid state.

(¢) alow dielectric constant.

(d) being a strong dipole, with the negative end at the O atom.
(e) a diameter of 5 A.

Biological membranes are made up of phospholipids, detergent-like molecules with
long nonpolar chains attached to a polar head group. When isolated phospholipids are
placed in water, they associate spontaneously to form membrane-like structures.
Explain this phenomenon.

If two molecules had a tendency to associate with each other because groups on their
surfaces could form hydrogen bonds, what would be the effect of putting these mole-
cules in water? Explain.

Which of the following statements is correct? The entropy of a reaction refers to

(a) the heat given off by the reaction.

(b) the tendency of the system to move toward maximal randomness.
(¢) the energy of the transition state.

(d) the effect of temperature on the rate of the reaction.

What are the three main noncovalent interactions that contribute to the folding of pro-
teins into specific shapes?

Biochemistry and Human Biology

13.

According to the chapter, which diseases are understood at a molecular level because of
advances in biochemistry and molecular biology?

(a) sickle-cell anemia
(b) cystic fibrosis

() hemophilia

(d) alcoholism

(e) schizophrenia



PRELUDE: BIOCHEMISTRY AND THE GENOMIC REVOLUTION

Appendix: Depicting Molecular Structures

14.

15.

Match the types of molecular models in the left column with the appropriate application
in the right column.

(a) space-filling model (1) shows the bond framework in macro

(b) ball-and-stick model molecules

(¢) skeletal model (2) indicates the volume occupied by a bio-
molecule

(3) shows the bonding arrangement in
small biomolecules

Hydrogen atoms are frequently omitted from ball-and-stick models and skeletal models
of biomolecules. Explain why.

ANSWERS TO SELF-TEST

o

N VR W N =

a
d
a, b, d
b
c,d, e
c

(a)2,6,9,11(b) 3,4,9,11 (c) 5,8, 10 (d) 1, 7. Hydrophobic interactions are
strengthened in water.

d

9. When the nonpolar chains of the individual phospholipid molecules are exposed to

10.

11.
12.

13.

14.

water, they form a cavity in the water network and order the water molecules around
themselves. The ordering of the water molecules requires energy. By associating with one
another through hydrophobic interactions, the nonpolar chains of phospholipids release
the ordered water by decreasing the total surface area and hence reduce the energy re-
quired to order the water. Such coalescence stabilizes the entire system, and membrane-
like structures form.

Because of the high dielectric constant of water and its ability to form competing hydro-
gen bonds, the interaction between the molecules would be weakened.

b

The book mentions the hydrophobic effect, hydrogen bonds, and van der Waals inter-
actions as contributing to protein folding.

a, b, c. After many decades of work, the puzzle of human alcoholism and schizo-
phrenia have evaded easy biochemical explanation. There is good evidence of genes
that produce increased alcohol consumption in experimental animals. In humans, free
will gets in the way of clear experimental results. The genetics of alcohol preference
in mice is discussed in an article from Lee M. Silver’s lab in Mamm. Genome 9 (1998):
942 by J. L. Peirce et al., and in Chapter 18 of the excellent book Time, Love, Memory,
by Jonathan Weiner.

@2,M03,01



| 6 | CHAPTERT

15.

The ball-and-stick model and skeletal model best show the bonding arrangements and
the backbone configurations of biomolecules; the inclusion of the numerous hydrogen
atoms would obscure the very features revealed by these models.

PROBLEMS

1.

(a)

(b)

Proteins have 20 building blocks (amino acids) and DNA has only four (nucleotides),
yet the “messages” in the two sequences have the same information content and are

translatable. Could there be an informational molecule with even fewer than four
building blocks?

The three roles of RNA described in the text all deal with protein synthesis, that is, mak-
ing chains of amino acids having the correct sequence. Describe the three jobs of RNA
in this process.

. As will be seen in succeeding chapters, enzymes provide a specific binding site for sub-

strates where one or more chemical steps can be carried out. Often these sites are de-
signed to exclude water. Suppose that at a binding site, a negatively charged substrate
interacts with a positively charged atom of an enzyme.

Using Coulomb’s equation, show how the presence of water might affect the interaction.
What sort of environment might be preferable for an ionic interaction? Note that a nu-
merical answer is not required here.

How would an ionic interaction be affected by the distance between the oppositely
charged atoms?

In some proteins the contact distance between an amide hydrogen and a carbonyl oxy-
gen that are participating in hydrogen binding is somewhat less than expected from
adding their respective van der Waals contact distances. What feature of hydrogen bond-
ing allows the two atoms to be closer to each other?

. Water molecules have an unparalleled ability to form hydrogen bonds with one another.

Water also has an unusually high heat capacity, as measured by the amount of energy re-
quired to increase the temperature of a gram of water by 1°C. How does hydrogen bond-
ing contribute to water’s high heat capacity?

The oxygen-carrying protein myoglobin is composed of 153 amino acids, linked by co-
valent bonds into an unbranched polymeric chain. If all amino acids in the chain assume
a regular and periodic conformation in which each residue is separated from the next by
a distance of 1.5 A, then the molecule could be as long as 230 A (153 residues x 1.5 A
per residue). Analysis of the myoglobin molecule in solution reveals that it is no more
than 45 A in length. What does this observation tell you about how a linear polymer of
amino acids might behave in solution?

. The Second Law of Thermodynamics states that the entropy (disorder) of a system and

its surroundings always increases for a spontaneous process. So why do proteins fold up
spontaneously? It is evident that protein folding moves from a disorderly state (randomly
unfolded proteins) to an orderly state (folded proteins). Explain.



PRELUDE: BIOCHEMISTRY AND THE GENOMIC REVOLUTION

8. The text states that genetically engineered bacteria can be used as “factories” to produce

insulin and other valuable proteins. Where did insulin come from for the treatment of
diabetes before genetic engineering was developed?

ANSWERS TO PROBLEMS

1.

A good analogy is the alphabet (26 letters) versus Morse Code (three symbols—dot, dash,
and space). Any thought that can be expressed in English can be written out using the
26 letters, or can be translated into Morse Code. The Morse Code requires a longer string
of symbols to express the same message as the alphabet, but it works. So we could imag-
ine as few as two symbols—when letters are encoded in a computer, the storage is bi-
nary, with each bit being “off” or “on.”

. RNA provides the “factory” for protein synthesis—the ribosome is about half RNA, and

owes its functionality to ribosomal RNA. It provides the “message” or “blueprint” for
every protein synthesized, in the form of mRNA or messenger RNA. And it “translates”
the mRNA message into amino acids using “adaptor” molecules of transfer RNA, which
bring the amino acids one by one into the ribosome “factory.”

. (@) The magnitude of the electrostatic attraction would be diminished by the pres-

ence of water because D, the dielectric constant, is relatively high for water.
Inspection of Coulomb’s equation shows that higher values of D will reduce the
force of the attraction. Lower values, such as those for hydrophobic molecules
like hexane, allow a higher value for E We shall see that many enzyme active
sites are lined with hydrophobic residues, creating an environment that enhances
ionic interaction.

(b) Inspection of Coulomb’ equation also reveals that the force between two oppositely
charged atoms will vary inversely with the square of the distance between them.

Both atoms have partial charges that attract each other. The single electron of the hy-
drogen atom is partially shifted to the nitrogen atom to which the hydrogen is covalently
bound. As a result, the distance between the electronic shells of the hydrogen and the
carbonyl oxygen is reduced, allowing them to approach each other more closely.

. When water is heated, considerable energy is required to break the hydrogen bonds.

Only after a large percentage of bonds are broken are the molecules more mobile and
the temperature raised. This buffering capacity of water is very important to cells,
which can resist changes caused by increases in temperature because of water’s high
heat capacity.

Because the length of the myoglobin molecule in solution is much less than its ex-
tended length, it is likely that the polymeric chain is folded into a compact structure.
This conclusion was first reached in the 1930s when studies on the radius of gyra-
tion of certain proteins showed that they are shorter than their predicted length. The
globular structure of a soluble protein was visualized in detail by John Kendrew in
1957 when he used x-ray analysis to show that myoglobin is an assembly of rodlike
chains with overall dimensions of 45 x 35 x 25 A. It is now well established that most
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soluble proteins fold into globular, compact structures in solution. Discussion of those
folded structures as well as how they undergo folding will be discussed at length in
the text. (Kendrew, J. C. et al., Nature 181[1958]:662 .)

7. As explained in the chapter—folded globular proteins have a hydrophobic interior. The

process of folding releases water molecules, which would have been otherwise kept hy-
drogen bonded to the protein chain. Thus the “surroundings” have an increased entropy
although the “system”—the protein itself—has a decrease. The negative (favorable) en-
thalpy changes when weak bonds form as a protein folds correctly also tend to result in
a favorable (negative) free-energy change.

. Insulin had to be purified from cow, sheep, pig, etc. The pancreatic glands were collected

from slaughter-houses. It was not unusual for people to develop allergies to these for-
eign types of insulin. Modern methods allow production of the human form of insulin
in large quantities and high purity, a very clear improvement over the old system.



Biochemical Evolution

chapter is an ambitious attempt to illustrate how all aspects of cellular function-

ing can be better understood from an evolutionary perspective. Truly mastering
the breadth of information touched on here may be difficult but the reward will be a
more basic, thorough, and intuitive grasp of the whole remainder of the book.

The origin of life is considered in four stages—generation of biomolecules, tran-
sition to replicating systems, interconversion of light and chemical energy, and adapt-
ability to change. This discussion is theoretical, since the origins are obscure and hard
data is lacking about actual mechanisms.

Evolution requires three properties: a system must reproduce, there must be vari-
ation, and there must be competition in a selective environment. Any system that sat-
isties these requirements will evolve, whether pure RNA in solution with a replicating
enzyme, or a population of cells or higher plants and animals.

After touching on ribozymes as evidence that life passed through an “RNA
World” stage, the authors illustrate how duplication and variation led to the many
features of modern cells including DNA genes, ATP, lipid membranes, ion pumps, en-
ergy transducers, receptors with second messengers, etc. Cells have to move, either
with flagella (procaryotes) or by changing shape using microfilaments, microtubules,
and molecular motors (eucaryotes). Multicellular organisms require cells to differen-
tiate according to developmental programming and signals from neighboring cells.
All life on Earth came from a single progenitor, so we can learn about human bio-
chemistry by studying any species, even simple single-celled organisms.

The authors have used evolution as the unifying theme of this book. The present

¢ 431dVHD
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CHAPTER 2

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Key Organic Molecules Are Used by Living Systems (Text Section 2.1)

1. List the four stages leading from inert chemicals to modern living cells.

2. Explain the Urey-Miller experiment, and diagram the apparatus. Describe the major
products produced by this experiment.

Evolution Requires Reproduction, Variation, and Selective Pressure
(Text Section 2.2)
3. Identify the three principles necessary for evolution to occur.

4. Describe Spiegelman’s experiment with QB RNA. Understand how the three principles
of evolution are included in this experiment.

5. Most enzymes are composed of protein. Explain how ribozymes differ from more nor-
mal enzymes.

6. Describe what is meant by a “hammerhead ribozyme.”
7. Explain how RNA bases are derived from amino acids.

8. Explicate the advantages that polymers of amino acids have over nucleic acid polymers
in providing catalysis for the cell.
9. Describe the roles of mRNA, tRNA, and rRNA in protein synthesis. Know that three
mRNA bases are required to code for a single amino acid.
10. Ribosomal catalysis of peptide bond synthesis is mediated by regions of rRNA, and not
by protein. Understand the implications of this catalysis for the concept of an RNA World.
11. Recall the three principles necessary for evolution as defined in Section 2.2. With these in
mind, explain how the genetic code is ideally suited as a medium for evolutionary change.

12. Transfer RNAs all have very similar structures with minor variations that lead to signif-
icant differences in function. This is a common phenomenon in biochemistry. Describe
how this situation would arise.

13. Explain the advantages of DNA compared to RNA for long-term storage of information.

14. The building blocks of DNA are made directly from the building blocks of RNA.
Understand that this leads to the deduction that RNA must be older than DNA.

15. Define transcription and translation.

Energy Transformations Are Necessary to Sustain Living Systems
(Text Section 2.3)

16. Describe the similarities between ATP production and use, and the function of money
in society. You should appreciate the fact that this leads to the description of ATP as
“energy currency” in the cell.

17. Describe the properties of a cell membrane that are responsible for keeping important
cellular constituents (enzymes, nucleic acids, ATP, etc.) inside.

18. Define osmosis, ion pump, and ion gradient.



BIOCHEMICAL EVOLUTION

19 Describe the process of photosynthesis in general terms. Understand why photosynthe-
sis must be membrane-associated.

20. Write the equation for the oxidation of water to oxygen.
21. Understand why oxygen is described as “toxic.”

22. Know how many ATPs are produced per glucose consumed when using oxygen in glu-
cose metabolism.

Cells Can Respond to Changes in Their Environments (Text Section 2.4)

23. Describe how E. coli responds when arabinose is the only source of carbon.
24. Define second messenger and signal transduction. Name two second messengers.
25. Distinguish between flagella, microfilaments, and microtubules.

26. ldentify what happens on a molecular level when cells change shape.

27. Define cell differentiation.

28. Describe how the slime mold Dictyostelium uses signaling and changes in cell differen-
tiation to respond to varying conditions. Understand that cAMP acts as a messenger (not
a second messenger) for Dictyostelium.

29. Give a general description of how development is controlled in C. elegans. Notice the total
number of cells in an adult human, and contrast that with the number of cells in C. elegans.

30 Know why understanding enzymes and processes in single-celled organisms like yeast
or E. coli help us understand how human cells work.

31. Examine the time line in Figure 2.27, and explain during what time frame single-celled
anaerobes would have dominated life on Earth.

SELF-TEST
Key Organic Molecules Are Used by Living Systems

1. A reducing atmosphere as described in this chapter would not contain significant

amounts of

a. CH4 d HzO
b. CO, e. H,
c. NH;

Evolution Requires Reproduction, Variation, and Selective Pressure

2. What would happen in Spiegelman’s experiment with QP RNA if no selective conditions
were imposed (inhibitors, limited time, etc.)? Would a variety of different RNAs still arise?

3. Does RNA self-replicate?

4. Which amino acid is not mentioned in textbook Figure 2.6 as a source for synthesis of

RNA bases?
a. glutamine d. serine
b. glycine e. none of the above

c.  aspartic acid

|11 ]
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Are ribozymes (RNA enzymes) theoretical or laboratory constructs, or are they present
in cells today?

Which building block helps maintain the informational integrity of DNA?

a. uracil d. cytosine
b. adenine e.  guanine
c. thymine

Energy Transformations Are Necessary to Sustain Living Systems

7.

9.

Osmosis tends to equalize concentrations on both sides of a membrane. Any living cell
will have protein and nucleic acid inside, which “draws” water inward. To prevent burst-
ing, concentration of something inside the cell has to be made lower than the concen-
tration outside. Concentration of what? How is this adjustment made?

Would the structure of an ion-driven ATP synthase have to be different from that of an
ATP-driven ion pump?

What is the advantage to the use of oxygen in metabolism?

Cells Can Respond to Changes in Their Environments

10.
11.

What signal causes aggregation of Dictyostelium slime mold amoebae into mobile slugs?

Actin is an important part of human muscle. It is equally important in other species
including amoebas and slime molds. Is it surprising to find the same protein in such
diverse species?

ANSWERS TO SELF-TEST

1.

b. CO,. Interestingly, modern theories based on observations of atmospheres of other
planets, and observations of the geochemistry of early minerals, hold that there was much
more carbon dioxide (CO,) than hydrogen (H,) in the Earth’s early atmosphere.

. Yes. Variability should remain constant, but the variant RNAs would presumably re-

main in low concentrations or disappear, and the original RNA would probably remain
dominant.

. No. Despite much work to find a self-replicating RNA, the replication always requires

the presence of protein. Recent work by David P. Bartel at MIT is showing some prom-
ise toward finding an RNA replicase ribozyme (Science 292[5520]:1319). The fact that
an RNA replicase may be produced in the laboratory does not, of course, prove that the
ribozyme existed in nature.

d. Serine. In modern cells, the glycine plus two of the other carbons of the purine ring
can originate as parts of the amino acid serine.

. Ribozymes are easy to find in modern cells, and probably the most abundant one is the

ribosome where peptide bonds are formed. Several others exist including certain ri-
bonuclease enzymes.

c¢. Thymine. All of the other building blocks are found in RNA. Uracil is only found in
RNA. Thymine replaces it in DNA.



10.

11.

BIOCHEMICAL EVOLUTION

Small ions including sodium and protons (H*) are routinely pumped out of the cell. This
allows the outward osmotic pressure generated by the ions to match the inward pres-
sure generated by cellular macromolecules.

No. In fact, textbook Figures 2-16 and 2-17 depict the same system functioning inward
or outward. And in living cells the structures are the same or very similar.

While aerobic cells have to have protection against oxygen damage, the rewards for deal-
ing with oxygen are great. As stated in the text, glucose metabolism using oxygen affords
15 times as much ATP as anaerobic glucose metabolism. Thus anaerobes have to ingest
15 times as much sugar to do the same work as aerobes. Use of other fuels also produces
much more ATP in aerobic cells. It is also true that using oxygen as an electron accep-
tor can aid in maintenance of a proton gradient.

Cyclic AMP causes the cells to aggregate into a multicellular organism. cAMP is found
as a kind of “hunger signal” in many different organisms, from procaryotes to man.

Considering the “Unity of Biochemistry” perhaps it is more surprising that actin does not
appear to play the same role in procaryotic cells. But actin is found in essentially all eu-
caryotes in a similar role, often paired with myosin as the contractile apparatus.

PROBLEMS

1.

Stanley Miller’s experiments are called the “Primordial Soup Theory.” There are other
schools of thought not mentioned in the chapter, notably Gunter Wachtershausers Pyrite
World. He suggests that early life might have lived in the hot sulfur-rich environment near
deep volcanic vents, and that precellular reactions could have taken place on the surface
of pyrite crystals. One disadvantage is the extreme heat and pressure—over 110°C—but
that environment is rich in life today. Can you think of other advantages or disadvantages
of the Pyrite Theory versus the Soup Theory?

The RNA from Phage QB was shown to evolve in an artificial system with no membranes
or cells. Why is it so important that organisms should have had membranes for them to
evolve efficiently? What is the difference?

. The antibiotic peptide, gramicidin, is assembled (in modern cells) without the use of

RNA. Peptide bonds are formed after the amino acids are activated by attachment to sul-
fur on the enzyme surface. Does this suggest an alternative, or a precursor, to the RNA
world described in the chapter?

RNA bases are built from amino acids. Thus amino acids (which are produced in the
Urey Miller experiment) are older than RNA building blocks (which are not produced
in this experiment). Is it reasonable that the only use to which amino acids were put was
synthesis of RNA building blocks?

DNA has a remarkable ability to preserve complex information perfectly intact for mil-
lennia. Would it be a favorable situation if DNA could always be reproduced with ab-
solutely no errors, and never had any mutations?

Theorists of the RNA World have debated whether the constituents of the cell arose in the
sequence RNA-DNA-Protein or RNA-Protein-DNA. The universal use of ribonucleotide
reductase enzymes provided an answer to this question. Can you see why?

[ 13 |
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7.

1.

If arabinose is the only source of carbon, E. coli cells utilize it for metabolism. The sys-
tem described in this chapter apparently is driven only by the presence of arabinose.
What if glucose and arabinose are present in equal concentrations? The arabinose
would not be the “sole source.” Is there an implication that the cell also checks for the
absence of glucose?

Scientists know that the Earth’s early oceans around three billion years ago were very
rich in dissolved iron salts, including ferrous chloride (FeCl,). Many ferric compounds,
including ferric oxide (Fe,05), are rather insoluble in water. Given these facts, what kind
of hard evidence would you look for to prove that oxygen entered the atmosphere about
two billion years ago, as shown in textbook Figure 2.27?

ANSWERS TO PROBLEMS

One major advantage of the “hot deep” origin of life is the fact that at volcanic vents,
one finds metal sulfides that would be insoluble at cooler temperatures, and hydro-
gen sul fide gas (H,S). These can combine to form pyrite or “Fools Gold”
(H,S + FeS —> FeS, + H,). Thus a deep-sea volcanic vent is a reducing environ-
ment (with electrons from hydrogen [H,]), and spontaneous synthesis of both amino
acids and peptides has been observed in laboratory simulations of this environment.
Much of the work and theory has come from the collaboration of Claudia Huber and
Gunter Wachtershiuser (recent papers published in Science). It is especially impor-
tant to identify a terrestrial system with reducing properties now that the Earth’s early
atmosphere is thought to have been a CO, greenhouse and not reducing at all. The
obvious disadvantage is that organic compounds can be destroyed by the extremely
hot environment. But the fact that there are abundant living organisms at the vents
illustrates that this is a problem that life has solved. (Huber & Wichtershauser. Science
281[5377]: 670.)

Spiegelman’s RNA system with a replicase enzyme is very artificial; there is only one mol-
ecule being reproduced. A living cell has many constituents, and part of the competition
in evolution involves which cell has the best mixture of constituents. The whole organ-
ism must evolve, with all its parts. This cannot happen in a “soup”; it requires individ-
uals surrounded by a barrier, hence a membrane.

Yes, it does. While the thioester method of peptide synthesis used in making gramicidin
is cumbersome compared to RNA-directed peptide synthesis, it does suggest that pro-
teins might be able to self-replicate. Several prominent theoreticians including Graham
Cairns-Smith, Freeman Dyson, Robert Shapiro, and the Nobel laureate Christian de Duve
see a period before the “RNA World” in which proteins are the dominant cellular macro-
molecule, and many aspects of metabolism would resemble what is seen in modern cells.
The use of ATP and other nucleotides as energy currency in a very primitive system
would lead naturally to an environment where RNA synthesis could occur spontaneously.
This is in contrast to the “Primordial Soup” where nucleotides would be unstable and
probably quite rare.

Not really. A system rich in amino acids would have at least some peptides. And there
are many processes that are easily catalyzed by simple proteins but have never been
demonstrated using RNA ribozymes. An example would be the sort of electron transfer
mediated by iron sulfur clusters. Cellular synthesis of purines and pyrimidines must be
very ancient, but it would seem likely that these are merely representatives of many other
processes involving amino acids and peptides.



BIOCHEMICAL EVOLUTION

5. No, it would not be favorable. While some critical genes, such as those for the histone
proteins found in the nuclei of eucaryotes, appear to remain pristine and never change,
in fact there must be variation that is ruthlessly trimmed by selection. A lack of varia-
tion, of mutation in the DNA, would lead to an end to evolution. We would be “stuck”
with the species that lived millions of years ago, or more accurately, “we” would never
have come into existence. Considering the fact that DNA must vary, it is quite interest-
ing that some of the earliest microfossils found by J. William Schopf and others appear
to be cyanobacteria, or blue-green algae, which are morphologically almost identical to
pond-scum living today. This is despite the fact that one or two billion years separate the
fossils from the living examples (e.g., Entophysalis, living today, and Eoentophysalis, 2.1
billion years old [see Cradle of Life, Schopf, Princeton 1999, p. 229]).

6. The mere fact that DNA building blocks are made from RNA building blocks shows that
DNA is newer than RNA. But the fact that, universally, DNA building blocks are pro-
duced by a protein enzyme proves that protein also came before DNA. Note that it does
not resolve the question of whether the correct sequence is RNA-Protein-DNA or Protein-
RNA-DNA. There are several other indications that DNA is a “recent” development, in-
cluding RNA genomes in some viruses, and inconsistencies in DNA structure and usage.
There are some eucaryotic species (dinoflagellates) which use 5-Hydroxymethyluracil in-
stead of Thymine, for example. The fact that DNA is bound to histones as chromatin in
most eucaryotes is very different from the way DNA is handled in procaryotes.

Freeland, Knight, & Landweber. Science 286(5440): 690.

7. Yes, there is. If there were no mechanism to check for the presence of glucose, then ara-
binose or other sugars would be utilized whenever they were present, and not only when
they were the “sole source.” In fact a second messenger mentioned in this chapter, cyclic
AMP, is generated when glucose is absent. This “hunger signal” then allows the use of
other sugars.

8. The evidence is as hard as iron! Geologists know that the best iron ore is found in
“banded iron formations,” which are usually in layers that were part of the ocean floor
around two billion years ago. These attractive red-layered formations represent the pre-
cipitation of most of the dissolved iron in the world’s oceans as hematite, magnetite, and
other insoluble ferric salts. The age of these layers can be clearly established by isotopic
dating. The emergence of more abundant oxygen is the only possible explanation for this
worldwide chemical reaction.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1. For alanine, the NH, would come from NH;; CH;, CH, and the other carbon from CHy;
OH and the other oxygen from H,O. (Some hydrogens could also be replaced from H,
if lost in earlier oxidation reactions.)

H,C H

3
>§(OH
H,N

(0]

2. The lone fast-replicating molecule will complete three “generations” for every replication
of the 99 other molecules. After n “generations,” each of 15 minutes duration, therefore,
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one population will be (99)(2™), while the other population will be (1)(2°"). The results
will be:

Generation # Slow # Fast % Slow % Fast
n (CE)e) (MM
0 99 1 99.00% 1.00%
1 198 8 96.12% 3.88%
10 1.0 x 10° 1.1 x 10° 0.01% 99.99%
25 3.3 x 10° 3.8 x 1022 0.00% 100.00%

The more tightly bound nucleotide monomers would be more available for RNA repli-
cation and could therefore cause a faster rate of replication. This advantage would be
most important if the monomers were in short supply, that is, present only in low con-
centrations in the solution (environment).

Chemical or physical equilibrium between two compartments would require the same
ion concentrations in both compartments (a state of high entropy). To establish a gradi-
ent with unequal ion concentrations in the two compartments would require work to
impose more order on the system (and move the system to a state of higher energy and
lower entropy). (Consider also a bag of 100 red marbles and another equivalent bag that
has 100 green marbles. It requires less effort [energy] to allow the marbles to mix to-
gether in a single bag than it does to separate the mixture back into the original all-red
and all-green compartments.)

If a “gate” is opened to allow protons to flow out of the cell, then energy will be released.
If some of this energy could be captured for useful work, then the energy could be used
for pumping a second type of ion out of the cell? (E.g., a proton ATPase would couple
the synthesis of a high-energy bond in adenosine triphosphate (ATP) to the release of a
proton gradient; the chemical energy stored in the ATP could then be used for another
purpose, such as pumping the second ion.)

Eight protons, because the generation of hydroxide ion on one side is equivalent to the
generation of a proton on the other side.

. Very hydrophobic molecules could cross the cell membrane without the assistance of a trans-

port protein. For these molecules, therefore, only a gene-control protein would be needed.

From the early part of the time scale in Figure 2.26, it appears that there are between
five and seven cycles of approximately synchronous division before the respective cell
division rates diverge.



Protein Structure and Function

Chapter 3 begins with a discussion of key properties of proteins and continues

with a description of the chemical properties of amino acids—the building
blocks of proteins. It is essential that you learn the names, symbols, and properties
of the 20 common amino acids at this point, as they will recur throughout the text
in connection with protein structures, enzymatic mechanisms, metabolism, protein
synthesis, and the regulation of gene expression. It is also important to review the be-
havior of weak acids and bases, either in the appendix to Chapter 3 or in an intro-
ductory chemistry text. Following the discussion of amino acids, the chapter turns
to peptides and to the linear sequences of amino acid residues in proteins. Next, it
describes the folding of these linear polymers into the specific three-dimensional
structures of proteins. The primary structure (or sequence of amino acids) dictates
the higher orders of structure including secondary (a, B, etc.), tertiary (often globu-
lar), and quaternary (with multiple chains). You should note that the majority of func-
tional proteins exist in water and that their structures are stabilized by the forces and
interactions you learned about in Chapter 1. This chapter concludes with a discus-
sion of the theory of how proteins fold, including attempts to predict protein folding
from amino acid sequences.

Proteins are macromolecules that play central roles in all the processes of life.

¢ 431dVHD
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LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Introduction

1.
2.

List the key properties of proteins.

Explain how proteins relate one-dimensional gene structure to three-dimensional struc-
ture in the cell, and their complex interactions with each other and various substrates.

Proteins Are Built from a Repertoire of 20 Amino Acids (Text Section 3.1)

3.

Draw the structure of an amino acid and indicate the following features, which are com-
mon to all amino acids: functional groups, side chains, ionic forms, and isomeric forms.

Classify each of the 20 amino acids according to the side chain on the o carbon as
aliphatic, aromatic, sulfur-containing, aliphatic hydroxyl, basic, acidic, or amide derivative.

Give the name and one-letter and three-letter symbol of each amino acid. Describe each
amino acid in terms of size, charge, hydrogen-bonding capacity, chemical reactivity, and
hydrophilic or hydrophobic nature.

Define pH and pKa. Use these concepts to predict the ionization state of any given amino
acid or its side chain in a protein.

State Beer’s Law. Understand how it can be used to estimate protein concentration.

Primary Structure: Amino Acids Are Linked by Peptide Bonds
to Form Polypeptide Chains (Text Section 3.2)

8.

10.
11.
12.

Draw a peptide bond and describe its conformation and its role in polypeptide sequences.
Indicate the N- and C-terminal residues in peptides.

. Define main chain, side chains, and disulfide bonds in polypeptides. Give the range of

molecular weights of proteins.
Explain the origin and significance of the unique amino acid sequences of proteins.
Understand why nearly all peptide bonds are trans.

Define the ¢ and y angles used to describe a peptide bond, and be able to read a
Ramachandran plot.

Secondary Structure: Polypeptide Chains Can Fold into Regular Structures
Such as the Alpha Helix, the Beta Sheet, and Turns and Loops (Text Section 3.3)

13.

14.

15.

Differentiate between two major periodic structures of proteins: the o helix and the
B pleated sheet. Describe the patterns of hydrogen bonding, the shapes, and the dimen-
sions of these structures.

List the types of interactions among amino acid side chains that stabilize the three-
dimensional structures of proteins. Give examples of hydrogen bond donors and acceptors.

Describe a-helical coiled coils in specialized proteins and the role of S turns or hairpin
turns in the structure of common proteins.
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Tertiary Structure: Water-Soluble Proteins Fold into Compact Structures
with Nonpolar Cores (Text Section 3.4)

16. Using myoglobin and porin as examples, describe the main characteristics of native folded
protein structures.

Quaternary Structure: Polypeptide Chains Can Assemble
into Multisubunit Structures (Text Section 3.5)

17. Describe the primary, secondary, tertiary, and quaternary structures of proteins. Describe
domains.

The Amino Acid Sequence of a Protein Determines
Its Three-Dimensional Structure (Text Section 3.6)

18. Using ribonuclease as an example, describe the evidence for the hypothesis that all of the
information needed to specify the three-dimensional structure of a protein is contained
in its amino acid sequence.

19. Rationalize the conformational preferences of different amino acids in proteins and
polypeptides.

20. Give evidence that protein folding appears to be a cooperative transition, and explain
why that means it is an “all or none” process.

21. Explain how protein folding proceeds through stabilization of intermediate states rather
than through a sampling of all possible conformations.

22. Discuss the methods and advances in the prediction of three-dimensional structures
of proteins.

23. List examples of the modification and cleavage of proteins that expand their functional roles.

SELF-TEST

Introduction

Proteins Are Built from a Repertoire of 20 Amino Acids

1. (a) Examine the four amino acids given below:

coo- coo- goo- coo-
HN O THN—G—H HN—O—H HN—G—H
HC. CH, CH, oH, OH,
CH, GH CH,
o\ |
H,C CH, cH,
OH PHe
NH,*

[ 19|
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Indicate which of these amino acids are associated with the following properties:

(a) aliphatic side chain

(b) basic side chain

(¢) three ionizable groups

(d) charge of +1 at pH 7.0

(e) PpK ~10 in proteins

() secondary amino group

(g) designated by the symbol K

(h) in the same class as phenylalanine

(i) most hydrophobic of the four

(j) side chain capable of forming hydrogen bonds

(b) Name the four amino acids.
(c) Name the other amino acids of the same class as D.

2. Draw the structure of cysteine at pH 1.

3. Match the amino acids in the left column with the appropriate side chain types in the

right column.

(@ Lys (1) nonpolar aliphatic
(b) Glu (2) nonpolar aromatic
(¢) Leu (3) basic

(d) Cys (4) acidic

(e) Trp (5) sulfur-containing

(D  Ser (6) hydroxyl-containing

. Which of the following amino acids have side chains that are negatively charged under

physiologic conditions (i.e., near pH 7)?

(@) Asp (d Glu
(b) His (e) Cys
(o Tp

. Why does histidine act as a buffer at pH 6.0? What can you say about the buffering ca-

pacity of histidine at pH 7.6?

Primary Structure: Amino Acids Are Linked by Peptide Bonds
to Form Polypeptide Chains

6. How many different dipeptides can be made from the 20 L amino acids? What are the

minimum and the maximum number of pK values for any dipeptide?

. For the pentapeptide Glu-Met-Arg-Thr-Gly,

(a) name the carboxyl-terminal residue.

(b) give the number of charged groups at pH 7.

(¢) give the net charge at pH 1.

(d) write the sequence using one-letter symbols.

(e) draw the peptide bond between the Thr and Gly residues, including both side chains.

. If a polypeptide has 400 amino acid residues, what is its approximate mass?

(a) 11,000 daltons (c) 44,000 daltons
(b) 22,000 daltons (d) 88,000 daltons



9.

10.

PROTEIN STRUCTURE AND FUNCTION

Which amino acid can stabilize protein structures by forming covalent cross-links be-
tween polypeptide chains?

(a) Met (d) Gly
(b)  Ser (e) Cys
(¢) GIn

Discuss the significance of Ramachandran plots. Contrast the conformational states of Gly
and Pro in proteins compared with other amino acid residues.

Secondary Structure: Polypeptide Chains Can Fold into Regular Structures
Such as the Alpha Helix, the Beta Sheet, and Turns and Loops

11.

12.

13.

14.

Which of the following statements about the peptide bond are true?

(a) The peptide bond is planar because of the partial double-bond character of the bond
between the carbonyl carbon and the nitrogen.

(b) There is relative freedom of rotation of the bond between the carbonyl carbon and
the nitrogen.

(¢) The hydrogen that is bonded to the nitrogen atom is trans to the oxygen of the car-
bonyl group.

(d) There is no freedom of rotation around the bond between the o carbon and the car-
bonyl carbon.

Which of the following statements about the o helix structure of proteins is correct?

(@) It is maintained by hydrogen bonding between amino acid side chains.

(b) It makes up about the same percentage of all proteins.

(¢) It can serve a mechanical role by forming stiff bundles of fibers in some proteins.

(d) TItis stabilized by hydrogen bonds between amide hydrogens and amide oxygens in
polypeptide chains.

(e) TItincludes all 20 amino acids at equal frequencies.

Which of the following properties are common to a-helical and B pleated sheet struc-
tures in proteins?

(@) rod shape

(b) hydrogen bonds between main-chain CO and NH groups
(c) axial distance between adjacent amino acids of 3.5 A

(d) variable numbers of participating amino acid residues

Explain why o helix and P pleated sheet structures are often found in the interior of
water-soluble proteins.

Tertiary Structure: Water-Soluble Proteins Fold into Compact Structures
with Nonpolar Cores

15.

Which of the following amino acid residues are likely to be found on the inside of a
water-soluble protein?

(a) Val (d) Arg
(b) His (e) Asp
(o) Tle

| 21 |
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16. Which of the following statements about the structures of water-soluble proteins, ex-
emplified by myoglobin, are not true?

(a)
(b)
(©
d

(e)

They contain tightly packed amino acids in their interior.

Most of their nonpolar residues face the aqueous solvent.

The main-chain NH and CO groups are often involved in H-bonded secondary
structures in the interior of these proteins.

Polar residues such as His may be found in the interior of these proteins if the
residues have specific functional roles.

All of these proteins contain 3 sheet structural motifs.

Quaternary Structure: Polypeptide Chains Can Assemble
into Multisubunit Structures

17. Match the levels of protein structures in the left column with the appropriate descrip-
tions in the right column.

(a)
(b)
(©
()

primary (1) association of protein subunits
secondary (2) overall folding of a single chain, can
tertiary include a-helical and B sheet structures
quaternary (3) linear amino acid sequence

(4) repetitive arrangement of amino acids
that are near each other in the linear
sequence

The Amino Acid Sequence of a Protein Determines
Its Three-Dimensional Structure

18. Which of the following statements are true?

(@)

)
(©

(D

Ribonuclease (RNase) can be treated with urea and reducing agents to produce a
random coil.

If one oxidizes random-coil RNase in urea, it quickly regains its enzymatic activity.
If one removes the urea and oxidizes RNase slowly, it will renature and regain its
enzymatic activity.

Although renatured RNase has enzymatic activity, it can be readily distinguished
from native RNase.

19. When most proteins are exposed to acidic pH (e.g., pH 2), they lose biological activity.
Explain why.

20. Which one of the following amino acids may alter the direction of polypeptide chains
and interrupt o helices?

(@)
(b)
(©

Phe (d) His
Cys (e) Pro
Trp

21. 1If we know that a solution of protein is half-folded, what will we find in solution?

(a) 100% half-folded protein
(b) 50% fully folded, 50% unfolded
() 33% fully folded, 34% half-folded, and 33% unfolded



22.

23.
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Several amino acids can be modified after the synthesis of a polypeptide chain to en-
hance the functional capabilities of the protein. Match the type of modifying group in
the left column with the appropriate amino acid residues in the right column.

(a) phosphate (1) Glu

(b) hydroxyl (2) Thr

(¢) 7y-carboxyl (3) Pro

(d) acetyl (4) Ser
(5) N-terminal
(6) Tyr

How can a protein be modified to make it more hydrophobic?

ANSWERS TO SELF-TEST

L.

(@ @CMmD@B,DD(B,D®MADMmBGC() B,D &) D.

(b) Ais proline, B is tyrosine, C is leucine, and D is lysine.

(¢) Histidine and arginine (basic amino acids).

See the structure of cysteine. At pH 1, all the ionizable groups are protonated.
C|JOOH

THN—C—H

i

SH

Cysteine

@3M4@1ds5@E2M6
a, d

Histidine acts as a buffer at pH 6.0 because this is the pK of the imidazole group. At pH
7.6, histidine is a poor buffer because no one ionizing group is partially protonated and
therefore capable of donating or accepting protons without markedly changing the pH.

The 20 L amino acids can form 20 x 20 = 400 dipeptides. The minimum number of

pK values for any dipeptide is two; the maximum is four.

(@) glycine

(b) 4, namely the 2 carboxyl groups of glutamate, the R group of arginine, and the alpha
amino group of glycine.

(¢) +2, contributed by the N-terminal amino group and the arginine residue

(d) E-M-R-T-G

(e) See the structure of the peptide bond below.

Peptide bond

| 23 |
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8. ¢
9. e
10. a. A Ramachandran plot gives the possible ¢ and y angles for the main polypeptide chain

containing different amino acid residues. The fact that glycine lacks an R group means
that it is much less constrained than other residues. In Figure 3.31, the left-handed helix
region, which occurs rarely, generally includes several Gly residues. In contrast to glycine,
proline is more highly constrained than most residues because the R group is tied to the
amino group. This fixes ¢ at about —65°. In Figure 3.26, the rare cis form of the peptide
bond is shown as occurring about half of the time in X-Pro peptide bonds.

11. a, c

12. ¢, d

13. b,d

14. In both o-helical and B sheet structures, the polar peptide bonds of the main chain are
involved in internal hydrogen bonding, thereby eliminating potential hydrogen bond
formation with water. Overall the secondary structures are less polar than the corre-
sponding linear amino acid sequences.

15. a, c. Specific charged and polar amino acid residues may be found inside some proteins,
in active sites, but most polar and charged residues are located on the surface of proteins.

16. b, e. Statement (b) is incorrect because globular, water-soluble proteins have most of
their nonpolar residues buried in the interior of the protein. Statement (e) is incorrect
because not all water-soluble proteins contain  sheet secondary structures. For exam-
ple, myoglobin is mostly o-helical and lacks [ sheet structures.

17 @3B 4 @21

18. a, c

19. Alow pH (pH 2) will cause the protonation of all ionizable side chains and will change
the charge distribution on the protein; furthermore, it will impart a large net positive
charge to the protein. The resulting repulsion of adjacent positive charges and the dis-
ruption of salt bridges often cause unfolding of the protein and loss of biological activity.

20. e

21. b

22, @2,4,6(0)3 @15

23. The attachment of a fatty acid chain to a protein can increase its hydrophobicity and
promote binding to lipid membranes.

PROBLEMS

1. The net charge of a polypeptide at a particular pH can be determined by considering the
pK value for each ionizable group in the protein. For a linear polypeptide composed of
10 amino acids, how many o-carboxyl and o-amino groups must be considered?
2. For the formation of a polypeptide composed of 20 amino acids, how many water mol-

ecules must be removed when the peptide bonds are formed? Although the hydrolysis
of a peptide bond is energetically favored, the bond is very stable in solution. Why?



10.

11.
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Where stereoisomers of biomolecules are possible, only one is usually found in most or-
ganisms; for example, only the L amino acids occur in proteins. What problems would
occur if, for example, the amino acids in the body proteins of herbivores were in the L
isomer form, whereas the amino acids in a large number of the plants they fed upon were
in the D isomer form?

Many types of proteins can be isolated only in quantities that are too small for the direct
determination of a primary amino acid sequence. Recent advances in gene cloning and am-
plification allow for relatively easy analysis of the gene coding for a particular protein. Why
would an analysis of the gene provide information about the protein’s primary sequences?
Suppose that two research groups, one in New York and the other in Los Angeles, are both
analyzing the same protein from the same type of human cell. Why would you not be sur-
prised if they publish exactly the same primary amino acid sequence for the protein?

Each amino acid in a run of several amino acid residues in a polypeptide chain has ¢
values of approximately —140° and y values of approximately +147. What kind of struc-
ture is it likely to be?

A survey of the location of reverse turns in soluble proteins shows that most reverse turns
are located at the surface of the protein, rather than within the hydrophobic core of the
folded protein. Can you suggest a reason for this observation?

Wool and hair are elastic; both are o-keratins, which contain long polypeptide chains
composed of o helices twisted about each other to form cablelike assemblies with cross-
links involving Cys residues. Silk, on the other hand, is rigid and resists stretching; it is
composed primarily of antiparallel B pleated sheets, which are often stacked and inter-
locked. Briefly explain these observations in terms of the characteristics of the secondary
structures of these proteins.

In a particular enzyme, an alanine residue is located in a cleft where the substrate binds.
A mutation that changes this residue to a glycine has no effect on activity; however, an-
other mutation, which changes the alanine to a glutamate residue, leads to a complete
loss of activity. Provide a brief explanation for these observations.

Glycophorin A is a glycoprotein that extends across the red blood cell membrane. The
portion of the polypeptide that extends across the membrane bilayer contains 19 amino
acid residues and is folded into an o helix. What is the width of the bilayer that could
be spanned by this helix? The interior of the bilayer includes long acyl chains that are
nonpolar. Which of the 20 L amino acids would you expect to find among those in the
portion of the polypeptide that traverses the bilayer?

Before Anfinsen carried out his work on refolding in ribonuclease, some scientists ar-
gued that directions for folding are given to the protein during its biosynthesis. How did
Anfinsen’s experiments contradict that argument?

Early experiments on the problem of protein folding suggested that the native three-di-
mensional structure of a protein was an automatic consequence of its primary structure.
(a) Cite experimental evidence that shows that this is the case.

Later, the discovery that proteins are synthesized directionally on ribosomes, from
the amino to the carboxy terminus, complicated the earlier view of protein folding.

(b) Explain what the complicating circumstance might be.
The discovery of chaperone proteins allows both earlier views to be reconciled.
(¢) Explain how that might be the case.
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13.

14.

15.

16.

17.

18.

19.

Suppose you are studying the conformation of a monomeric protein that has an unusu-
ally high proportion of aromatic amino acid residues throughout the length of the
polypeptide chain. Compared with a monomeric protein containing many aliphatic
residues, what might you observe for the relative o-helical content for each of the two
types of proteins? Would you expect to find aromatic residues on the outside or the in-
side of a globular protein? What about aliphatic residues?

As more and more protein sequences and three-dimensional structures become known,
there is a proliferation of computer algorithms for the prediction of folding based on se-
quence. How might it be possible to winnow through the possibilities and find the best
computer programs? Bear in mind that if the sequence and the structure are available, it
is too easy to “reverse engineer” a routine that will produce the correct answer.

In its discussion of protein modification and cleavage, the text refers to the synthesis and
cleavage of a large polyprotein precursor of virus proteins, as well as to the synthesis of
multiple polypeptide hormones from a single polypeptide chain. Is there an advantage to
synthesizing a large precursor chain and then cleaving it to create a number of products?

What is the molarity of pure water? Show that a change in the concentration of water by
ionization does not appreciably affect the molarity of the solution.

When sufficient H* is added to lower the pH by one unit, what is the corresponding
increase in hydrogen ion concentration?

You have a solution of HCI that has a pH of 2.1. What is the concentration of HCl needed
to make this solution?

The charged form of the imidazole ring of histidine is believed to participate in a reac-
tion catalyzed by an enzyme. At pH 7.0, what is the probability that the imidazole ring
will be charged?

Calculate the pH at which a solution of cysteine would have no net charge.

ANSWERS TO PROBLEMS

1.

Only the N-terminal a-amino group and the C-terminal a-carboxyl group will undergo
ionization. The internal groups will be joined by peptide bonds and are not ionizable.

For a peptide of n residues, n — 1 water molecules must be removed. A significant acti-
vation energy barrier makes peptide bonds kinetically stable.

. All metabolic reactions in an organism are catalyzed by enzymes that are generally spe-

cific for either the D or the L isomeric form of a substrate. If an animal (an herbivore in
this case) is to be able to digest the protein from a plant and build its own protein from
the resulting amino acids, both the animal and the plant must make their proteins from
amino acids having the same configuration.

Because the sequence of DNA specifies, through a complementary sequence of RNA, the
amino acid sequence of a protein, knowledge about any one of the three types of se-
quences yields information about the other two. One would also expect the coding se-
quence for a particular protein to be the same among members of the same species,
allowing for an occasional rare mutation. For that reason, the published primary amino
acid sequences are likely to be the same.

From the Ramachandran plot in Figure 3.35 of the text, we see that § conformation is
accommodated by ¢ values of approximately —140° and y values of approximately
+147°. The structure is most likely a B sheet. In fact, the “low” numbers here imply that
it is an antiparallel beta sheet. The parallel B sheet would have higher numbers, more
like ¢ = —160° and y = +160°.
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Figure 3.42 in the text shows that in a reverse turn the CO group of residue 1 is hydro-
gen-bonded to the NH group of residue 4. However, there are no adjacent amino acid
residues available to form intrachain hydrogen bonds with the CO and NH groups of
residues 2 and 3. These groups cannot form hydrogen bonds in the hydrophobic envi-
ronment found in the interior portion of a folded protein. They are more likely to hy-
drogen bond with water on the surface of the protein.

When the o helices in wool are stretched, intrahelix hydrogen bonds are broken as are
some of the interhelix disulfide bridges; maximum stretching yields an extended 3
sheet structure. The Cys cross-links provide some resistance to stretch and help pull
the o helices back to their original positions. In silk, the B sheets are already maxi-
mally stretched to form hydrogen bonds. Each B pleated sheet resists stretching, but
since the contacts between the sheets primarily involve van der Waals forces, the sheets
are somewhat flexible.

Both alanine and glycine are neutral nonpolar residues with small side chains, whereas
the side chain of glutamate is acidic and bulkier than that of alanine. Either feature of
the glutamate R group could lead to the loss of activity by altering the protein confor-
mation or by interfering with the binding of the substrate.

Since each residue in the o helix is 1.5 A from its neighbor, the length of the chain that
spans the membrane bilayer is 19 x 1.5 A = 28.5 A, which is also the width of the
membrane. One would expect to find nonpolar amino acid residues in the polypeptide
portion associated with the membrane bilayer. These would include Ala, Val, Leu, Ile,
Met, and Phe (FILMV + A). The actual sequence of the buried chain is

-T-L-I-I-F-G-V-M-A-G-V-]-G-T-I-L-L-I.

The fact that ribonuclease folded in vitro to yield full activity indicated that the biosyn-
thetic machinery is not required to direct the folding process for this protein.

(a) The experiment by Anfinsen on ribonuclease, described in Section 3.6 of the text,
is the classic observation. When native ribonuclease is treated with mercaptoethanol
to disrupt disulfide bonds and with urea as a denaturant, it unfolds, as indicated
by the fact that it becomes enzymically inactive. When urea is removed by dialysis
and disulfide bonds reform by oxidation, it regains enzymic activity, suggesting that
its native structure has been restored.

(b) The discovery that proteins are synthesized directionally on ribosomes beginning
at the amino terminus complicates matters somewhat because folding of the amino
end of the polypeptide chain could begin before the carboxyl end had been syn-
thesized. Such folding could represent the most stable conformation over a short
range, but there would be no guarantee that it would be part of the energy mini-
mum for the entire molecule.

(¢) Chaperone proteins could bind to an initially synthesized polypeptide and prevent
it from undergoing final folding until the entire molecule was synthesized.

The higher the proportion of aromatic side chains (such as those of phenylalanine) in
the protein, the more likely that steric hindrance among closely located residues could
interfere with the establishment of the regular repeating structure of the o helix. Smaller
aliphatic side chains like those of leucine, isoleucine, and valine would be less likely to
interfere. Structural studies on many proteins reveal that the number of aromatic
residues in o~helical segments is relatively low, while the content of aliphatic side chains
in such segments is unremarkable, compared to that of other nonhelical regions of a
folded protein. Both aliphatic and aromatic side chains (especially that of phenylala-
nine) are hydrophobic, so that many of them are buried inside a globular protein, away
from water molecules.
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18.

Protein scientists have devised a competition called CASP, or Critical Assessment of
Techniques for Protein Structure Prediction, which is held every other year. Laboratories
that are working on determination of three-dimensional structure by x-ray crystallogra-
phy (or nmr) announce that they expect to release the structure in a few months. They
give a description of the sequence of the protein and its use in the cell, and withhold the
actual structural coordinates until a certain date. In the meantime, laboratories with pre-
dictive algorithms publicly post the structure they think the protein will have. The suc-
cess or failure of the prediction takes place in a public arena, and the better predictors
have bragging rights. CASP-4 in 2000 showed that there are several effective programs
available, notably ROSETTA, used by David Baker of the University of Washington.
Results of the competition are published in the journal Protein and online (in technical
language) at the website http://predictioncenter.lInl.gov/.

The primary advantage of precursor chain synthesis is that the production of related pro-
teins can be coordinated. This could be important in viral infection, and it may also be
important for coordinated synthesis of hormones with related activities. It is worth not-
ing that there are other reasons for the synthesis of polyprotein precursors. For exam-
ple, the genome of the poliovirus consists of a single RNA molecule that acts as a
messenger on entering the cytoplasm of the host. In eukaryotic cells a messenger RNA
molecule can be translated into only one polypeptide chain. Therefore the poliovirus can
reproduce only by synthesizing its proteins by sequential cleavages.

The molarity of water equals the number of moles of water per liter. A liter of water
weighs 1000 grams, and its molecular weight is 18, so the molarity of water is
~ 1000

M=——=556
18

At25°C, K, is 1.0 x 107; at neutrality, the concentration of both hydrogen and hydroxyl
ions is each equal to 107" m. Thus, the actual concentration of H,O is (55.6 — 0.0000001)
M; the difference is so small that it can be disregarded.

Because pH values are based on a logarithmic scale, every unit change in pH means a
tenfold change in hydrogen ion concentration. When pH = 2.0, [H*] = 1072 m; when
pH = 3.0, [H'] = 107 m.

Assume that HCl in solution is completely ionized to H* and CI~. Then find the con-
centration of H*, which equals the concentration of ClI".

pH= log[H+] =21

=794 10 °M

Thus, [H+]: [c1 ]: [HC|=7.94 10 ™

Use the Henderson-Hasselbalch equation to calculate the concentration of histidine,
whose imidazole ring is ionized at neutral pH. The value of pK for the ring is 6.0 for a
histidine residue in a protein (see Table 3.1).
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[His]
pH = pK+log+ -
His*
[His]
7.0=6.0+log~ 5
His™
log .[His]. =1.0
His™
F[His]_ _ 10
His*

At pH 7.0, the ratio of uncharged histidine to charged histidine is 10:1, making the prob-
ability that the side chain is charged only 9%.

19. To see which form of cysteine has no net charge, examine all the possible forms, begin-
ning with the one that is most protonated:

COOH COO~- COO~- COO~-
| +OH" \ +OH" | +OH™ |
*H;N—C—H *H;N—C—H *H;N—C—H HN—C—H
| \ | |
T 1 ik ik
SH SH S~ S~
Net
charge  +1 0 -1 -2

The pH of the cysteine solution at which the amino acid has no net charge will be that
point at which there are equal amounts of the compound with a single positive charge
and a single negative charge. This is, in effect, the average of the two corresponding pK
values (see the Appendix to Chapter 3), one for the o-carboxyl group and the other for
the side chain sulfhydryl group. Thus, (1.8 + 8.3)/2 = 5.05. This value is also known
as the isoelectric point.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1. (a) Since tropomyosin is double-stranded, each strand will have a mass of 35 kd. If the
average residue has a mass of 110 d, there are 318 residues per strand (35,000/110),
and the length is 477A (1.5 A/residue x 318).

(b) Since 2 of the 40 residues formed the hairpin turn, 38 residues formed the an-
tiparallel B pleated sheet which is 19 residues long (38/2). In B pleated sheets, the
axial distance between adjacent amino acids is 3.5 A. Hence, the length of this seg-
ment is 66.5 A (3.5 x 19).

2. Branching at the 3 carbon of the side chain (isoleucine), in contrast to branching at the
y carbon (leucine), sterically hinders the formation of a helix. This fact can be shown
with molecular models.
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10.

Changing alanine to valine results in a bulkier side chain, which prevents the correct in-
terior packing of the protein. Changing a nearby, bulky, isoleucine side chain to glycine
apparently alleviates the space problem and allows the correct conformation to take place.

The amino acid sequence of insulin does not determine its three-dimensional structure.
By catalyzing a disulfide-sulthydryl exchange, this enzyme speeds up the activation of
scrambled ribonuclease because the native form is the most thermodynamically stable.
In contrast, the structure of active insulin is not the most thermodynamically stable form.
The three-dimensional structure of insulin is determined by the folding of preproinsulin,
which is later processed to mature insulin.

. Appropriate hydrogen-bonding sites on the protease might induce formation of an in-

termolecular B pleated sheet with a portion of the target protein. This process would ef-
fectively fully extend a helices and other folded portions of the target molecule.

Being the smallest amino acid, glycine can fit into spaces too small to accommodate other
amino acids. Thus, if sharp turns or limited spaces for amino acids occur in a function-
ally active conformation of a protein, glycine is required; no substitute will suffice. In
view of this, it is not surprising that glycine is highly conserved.

To answer this question one needs to know some of the characteristics of the guani-
dinium group of the side chain of arginine and of the other functional groups in pro-
teins. Most of the needed information is presented in Figure 3-42 in your textbook; note
that the guanidinium group has a positive charge at pH 7 and contains several hydro-
gen bond donor groups. The positive charge can form salt bridges with the negatively
charged groups of proteins (glutamate and asparatate side chains and the terminal car-
boxylate). As a hydrogen bond donor, the guanidinium group can react with the various
hydrogen bond acceptors shown in Figure 3-42 (glutamine, asparagine, aspartate, and
the main chain carbonyl). It can also hydrogen bond with the hydroxyl group of serine
and threonine (not shown in Figure 3-42). Hydroxyl groups accept hydrogen bonds
much like water does.

The keratin of hair is essentially a bundle of long protein strands joined together by disul-
fide bonds. If these bonds are broken (reduced) by the addition of a thiol and the hair
curled, the keratin chains slip past each other into a new configuration. When an oxidiz-
ing agent is added, new disulfide bonds are formed, thus stabilizing the new “curled” state.

There is a considerable energy cost for burying charged groups of non-hydrogen-bonded
polar groups inside a hydrophobic membrane. Therefore, an o-helix with hydrophobic
side chains is particularly suited to span a membrane. The backbone hydrogen-bonding
requirements are all satisfied by intramolecular interactions within the a-helix. Good
candidate amino acids with hydrophobic side chains would include Ala, Ile, Leu, Met,
Phe, and Val. (Pro is also hydrophobic but will cause a bend in the helix.) Additionally,
the aromatic (and amphipathic) amino acids Trp and Tyr are often found toward the ends
of membrane-spanning helices, near the phospholipid head groups in the mem-
brane/water interface region.

The protein is not at equilibrium, but is in a state where the peptide bond is “kinetically
stable” against hydrolysis. This situation is due to the large activation energy for hy-
drolyzing a peptide bond.
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One can effectively apply the Henderson-Hasselbalch equation successively to the amino
group and to the carboxyl group and multiply the results to arrive at a ratio of 107.

So, considering first the amino group, pH = pK + log [NH,]/[NH;*]. With pH = 7
and pK = 8, one has 7 = 8 + log [NH,]/[NH;*] or [NH,]/[NH;*] = 107!. Considering
now the carboxyl group with pK of 3, one has 7 = 3 + log [COO~]/[COOH], or
[COOT)/[COOH] = 10™ or [COOH]/[COO™] = 10~*. Then to consider the two simul-
taneous ionizations that relate the zwitterionic form to the neutral form of an amino acid
such as alanine, one needs to multiply the ratio of [NH,]/[NH5*] by the ratio of
[COOH)/[COOT, ie., (107) x (107" = (107).

The presence of the larger sulfur atom (next to the beta carbon of Cys) alters the rela-
tive priorities of the groups attached to the o carbon. The stereochemical arrangement
of the B carbon with respect to the o hydrogen does not change, but the convention for
assigning the R configuration changes when the CB-sulfur is present. (With methionine,
the sulfur is too far removed for CB to influence the group priority.)

SAVE ME I'M TRAPPED IN A GENE.

No. Unlike the Pro nitrogen in X-Pro, the nitrogen of X in the peptide bond of Pro-X is
not bonded between two tetrahedral carbon atoms. Therefore, the steric preference for
the trans conformation will be similar to that of other (non-proline) peptide bonds.

Model A shows the reference structure for extended polypeptide chain with ¢ = 180° and
y = 1807, so the answer is c. Models C and E have one torsion angle identical to model
A and the other angle changed to 0°. In model C ¢ is changed to 0° (answer d), and in
model E y is changed to 0° (answer b). Comparing model B with a reference for which
¢ = 0° (model C), we see a 60° counterclockwise rotation of ¢, when viewed from Ca, so
answer e is correct for model B. Finally, comparing model D with the ¢ = 0 reference in
model C, we see a 120° clockwise rotation of ¢, when viewed from Co. (answer a).

One should use Beer’s Law and remember that each mole of protein contains 3 moles of
tryptophan. Then for the protein, A = 3ecl, where € is the molar extinction coefficient
for tryptophan at 280 nm. With A = 0.1, € = 3400 M ecm™ and 1 = 1.0 c¢m, one has
¢ = A/ (3el). Therefore ¢ = (0.1)/((3)(3400 M™1)) = 9.8 x 107° M. For the concentra-
tion in grams per liter, one multiplies 9.8 x 107° moles/liter by 100,000 grams per mole
to arrive at 0.98 g/liter, or 0.98 mg/mL.
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Exploring Proteins

to investigate proteins. Many of these were essential in discovering the princi-

ples of protein structure and function presented in the preceding chapter.
These methods also constitute the essentials of the armamentarium of modern bio-
chemical research and underlie current developments in biotechnology. First, the au-
thors define the concept of the proteome, the sum of functioning proteins in the cell
and their interactions. Then they outline methodological principles for the analysis
and purification of proteins. Next they describe methods of sequencing the amino
acids in proteins, and explain why the knowledge revealed by these techniques is so
important. They continue with a discussion of antibodies as highly specific analyti-
cal reagents, followed by a discussion of the uses of peptides of defined sequence
and how they are chemically synthesized. To close the chapter, there is a discussion
of the use of x-ray crystallography and nuclear magnetic resonance spectroscopy to
determine the three-dimensional structures of proteins.

Chapter 4 extends Chapter 3 by introducing the most important methods used

7 431dVYHO
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LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

The Proteome Is the Functional Representation of the Genome
(Text Section 4.0.1)

1.

Distinguish between the genome and the proteome, and define both terms.

The Purification of Proteins Is an Essential First Step
in Understanding Their Function (Text Section 4.1)

2.

Describe how a quantitative enzyme assay can be used to calculate the specific activity
during protein purification.

. Define differential centrifugation, and describe how it would be used to produce a protein

mixture from a cell homogenate.

List the properties of proteins that can be used to accomplish their separation and purifi-
cation, and correlate them with the appropriate methods: gel-filtration chromatography,
dialysis, salting out, ion-exchange chromatography, and affinity chromatography. Describe the
basic principles of each of these methods.

5. Describe the principle of electrophoresis and its application in the separation of proteins.

6. Explain the determination of protein mass by SDS-PAGE: sodium dodecy! sulfate-polyacrylamide

gel electrophoresis.

Define the isoelectric point (pI) of a protein and describe isoelectric focusing as a separation
method.

8. Explain the quantitative evaluation of a protein purification scheme.

9. Define the sedimentation coefficient S, and give its common name. Note the range of S values

10.

11.

for biomolecules and cells.

Describe zonal centrifugation and sedimentation equilibrium and explain their applications
to the study of proteins.

Outline the application of mass spectrometry to the analysis of proteins and compare the
merits of the various methods of determining the molecular weights of proteins.

Amino Acid Sequences Can Be Determined by Automated
Edman Degradation (Text Section 4.2)

12.

13.

14.

15.

Outline the steps in the determination of the amino acid composition and the amino-ter-
minal residue of a peptide.

Describe the sequential Edman degradation method and the automated determination of
the amino acid sequences of peptides.

List the most common reagents used for the specific cleavage of proteins. Explain the ap-
plication of overlap peptides to protein sequencing.

Describe the additional steps that must be used for sequencing disulfide-linked polypep-
tides and oligomeric proteins.
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16. Give examples of the important information that amino acid sequences reveal.

17. Explain, in general terms, how recombinant DNA technology is used to determine the
amino acid sequences of nascent proteins. Note the differences between a nascent pro-
tein and one that has undergone posttranslational modifications.

Immunology Provides Important Techniques with Which
to Investigate Proteins (Text Section 4.3)

18. Define the terms antibody, antigen, antigenic determinant (epitope), and immunoglobulin G.
19. Contrast polyclonal antibodies and monoclonal antibodies and describe their preparation.
20. Outline methods that use specific antibodies in the analysis or localization of proteins.

21. Describe how the use of fluorescent markers allows direct observation of changes within
living cells.

Peptides Can Be Synthesized by Automated Solid-Phase Methods
(Text Section 4.4)

22. List the most important uses of synthetic peptides.

23. Outline the steps of the solid-phase method for the synthesis of peptides.

Three-Dimensional Protein Structure Can Be Determined by NMR
Spectroscopy and X-Ray Crystallography (Text Section 4.5)

24. Describe the fundamentals of the method and basic physical principles underlying nu-
clear magnetic resonance spectrometry as applied to protein structure determination.

25. Provide a similar description of the x-ray crystallographic analysis of a protein, and give
the basic physical principles underlying this technique.

26. Compare the relative advantages and disadvantages of x-ray crystallography and NMR
spectroscopy for protein structure determination.

SELF-TEST

The Proteome is the Functional Representation of the Genome

1. The genome sequence tells us all of the proteins an organism can make. Are all of these
proteins expressed?

The Purification of Proteins Is an Essential First Step in Understanding
Their Function

2. The following five proteins, which are listed with their molecular weights and isoelec-
tric points, were separated by SDS—polyacrylamide gel electrophoresis. Give the order of
their migration from the top (the point of sample application) to the bottom of the gel.
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Molecular weight

(daltons) pl

(a) o-antitrypsin 45,000 5.4

(b) cytochrome ¢ 13,400 10.6

(c) myoglobin 17,000 7.0

(d) serum albumin 69,000 4.8

(e) transferrin 90,000 5.9
Top Bottom

. If the five proteins in question 2 were separated in an isoelectric-focusing experiment,

what would be their distribution between the positive (+) and negative (=) ends of the
gel? Indicate the high and low pH ends.

Cathode (-)——(+) Anode

. Which of the following statements are NOT true?

(a) The plis the pH value at which a protein has no charges.

(b) At a pH value equal to its pl, a protein will not move in the electric field of an elec-
trophoresis experiment.

(¢) An acidic protein will have a pl greater than 7.

(d) A basic protein will have a pl greater than 7.

. SDS—polyacrylamide gel electrophoresis and the isoelectric-focusing method for the sep-

aration of proteins have which of the following characteristics in common? Both

(a) separate native proteins.

(b) make use of an electrical field.

(¢) separate proteins according to their mass.
(d) require a pH gradient.

(e) are carried out on supporting gel matrices.

. Before high-performance liquid chromatography (HPLC) methods were devised for the

separation and analysis of small peptides, electrophoresis on a paper support was fre-
quently used. Separation was effected on the basis of the charge on a peptide at differ-
ent pH values. Predict the direction of migration for the following peptides at the given
pH values. Use C for migration toward the cathode, the negative pole; A for migration
toward the anode, the positive pole; and O if the peptide remains stationary.

PH
2.0 4.0 6.0 11.0

(@) Lys-Gly-Ala-Gly
(b) Lys-Gly-Ala-Glu
(¢) His-Gly-Ala-Glu
(d) Glu-Gly-Ala-Glu
(e) GIn-Gly-Ala-Lys

. How would the time required for the separation described in question 6 be changed if

all the solutions that were used during the electrophoresis contained 100 g/L of table
sugar (sucrose)?

. Examine Table 4.1 in the text, evaluating a protein purification scheme. Does “total ac-

tivity” go up or down as the protein is purified? Would it have been a good idea to try
affinity chromatography at an earlier stage of purification?
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The molecular weight of a protein can be determined by SDS—polyacrylamide gel elec-
trophoresis or by sedimentation equilibrium. Which method would you use to deter-
mine the molecular weight of a protein containing four subunits, each consisting of two
polypeptide chains cross-linked by two disulfide bridges? Explain your answer.

After isolating and purifying to homogeneity a small enzyme (110 amino acids long)
from a culture of bacteria, you are confused as to whether you grew wild-type bacteria
or a mutant strain that produced the enzyme with a valine residue at position 66 instead
of the glycine found in the wild-type strain. How could you quickly determine which
protein you had?

Amino Acid Sequences Can Be Determined by Automated
Edman Degradation

11.

12.

13.

14.

15.

Which of the following statements concerning the Edman degradation method are true?

(a) Phenyl isothiocyanate is coupled to the amino-terminal residue.

(b) Under mildly acidic conditions, the modified peptide is cleaved into a cyclic deriva-
tive of the terminal amino acids and a shortened peptide (minus the first amino acid).

(¢) Once the PTH amino acid is separated from the original peptide, a new cycle of
sequential degradation can begin.

(d) If a protein has a blocked amino-terminal residue (as does N-formyl methionine,
for example), it cannot react with phenyl isothiocyanate.

Which of the following are useful in identifying the amino-terminal residue of a protein?

(a) cyanogen bromide (d) dabsyl chloride
(b) fluorodinitrobenzene (e) phenyl isothiocyanate
(¢) performic acid

When sequencing proteins, one tries to generate overlapping peptides by using cleav-
ages at specific sites. Which of the following statements about the cleavages caused by
particular chemicals or enzymes are true?

(a) Cyanogen bromide cleaves at the carboxyl side of threonine.

(b) Trypsin cleaves at the carboxyl side of Lys and Arg.

(¢) Chymotrypsin cleaves at the carboxyl side of aromatic and bulky amino acids.
(d) 2-Nitro-5-thiocyanobenzoate cleaves on the amino side of cysteine residues.
(e) Chymotrypsin cleaves at the carboxyl side of aspartate and glutamate.

What treatments could you apply to the following hemoglobin fragment to determine
the amino-terminal residue and to obtain two sets of peptides with overlaps so that
the complete amino acid sequence can be established? Give the sequences of the pep-
tides obtained.

Val-Leu-Ser-Pro-Ala-Lys-Thr-Asn-Val-Lys-Ala-Ala-Trp-Gly-Lys-Val-Gly-Ala-His-Ala-Gly-
Glu-Tyr-Gly-Ala-Glu-Ala-Thr-Glu

Which of the following techniques are used to locate disulfide bonds in a protein?

(@) The protein is first reduced and carboxymethylated.

(b) The protein is cleaved by acid hydrolysis.

(¢) The protein is specifically cleaved under conditions that keep the disulfide bonds
intact.

(d) The peptides are separated by SDS—polyacrylamide gel electrophoresis.

(e) The peptides are separated by two-dimensional electrophoresis with an intervening
performic acid treatment.
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16. Which of the following are important reasons for determining the amino acid sequences
of proteins?

17.

(a)

(b)
(©

)
(e)
®

Knowledge of amino acid sequences helps elucidate the molecular basis of biolog-
ical activity.

Alteration of an amino acid sequence may cause abnormal functioning and disease.
Amino acid sequences provide insights into evolutionary pathways and protein
structures.

The three-dimensional structure of a protein can be predicted from its amino acid
sequence.

Amino acid sequences provide information about the destination and processing of
some proteins.

Amino acid sequences allow prediction of the DNA sequences encoding them and
thereby facilitate the preparation of DNA probes specific for the regions of their genes.

In spite of the convenience of using recombinant DNA techniques for determining the
amino acid sequences of proteins, chemical analyses of amino acid sequences are fre-
quently required. Explain why.

Immunology Provides Important Techniques with Which
to Investigate Proteins

18. Match the terms in the left column with the appropriate item or items from the right

19.

20.

column.

(a) antigens (1) immunoglobulins

(b) antigenic determinants (2) foreign proteins, polysaccharides,
(¢) polyclonal antibodies or nucleic acids

(d) monoclonal antibodies (3) antibodies produced by hybridoma

cells

(4) groups recognized by antibodies

(5) heterogeneous antibodies

(6) homogeneous antibodies

(7) antibodies produced by injecting an
animal with a foreign substance

(8) epitopes

The methods used to localize a specific protein in an intact cell are

(a)
(b)
(©

Western blotting. (d) immunoelectron microscopy.
solid-phase immunoassay. (e) fluorescence microscopy.
enzyme-linked immunosorbent assay.

Explain why immunoassays are especially useful for detecting and quantifying small
amounts of a substance in a complex mixture.

Peptides Can Be Synthesized by Automated Solid-Phase Methods

21. The amino acid sequence of a protein is known and strong antigenic determinants have

been predicted from the sequence; however, you do not have enough of the pure pro-
tein to prepare antibodies. How could you circumvent this problem, using knowledge

of peptide synthesis?



22.

23.

EXPLORING PROTEINS

Which of the following is commonly used as a protecting group during peptide synthesis?

(@) tert-butyloxycarbonyl

(b) dicyclohexylcarbodiimide
(¢) dicyclohexylurea

(d) hydrogen fluoride

(e) phenyl isothiocyanate

The following reagents are often used in protein chemistry:

(1) CNBr

(2) urea

(3) B-mercaptoethanol
(4) trypsin

(5) dicyclohexylcarbodiimide
(6) dabsyl chloride

(7) 6 N HCI

(8) fluorescamine

(9) phenyl isothiocyanate
(10) chymotrypsin

(11) dilute FsCCOOH

Which of these reagents are best suited for the following tasks?

(a) determination of the amino acid sequence of a small peptide

(b) identification of the amino-terminal residue of a peptide (of which you have less
than 1077 grams)

(¢) reversible denaturation of a protein devoid of disulfide bonds

(d) hydrolysis of peptide bonds on the carboxyl side of aromatic residues

(e) cleavage of peptide bonds on the carboxyl side of methionine

(D hydrolysis of peptide bonds on the carboxyl side of lysine and arginine residues

(g) reversible denaturation of a protein that contains disulfide bonds (two reagents are
needed)

(h) activation of carboxyl groups during peptide synthesis

(i) determination of the amino acid composition of a small peptide

(j)  removal of t-Boc protecting group during peptide synthesis

Three-Dimensional Protein Structure Can Be Determined by NMR
Spectroscopy and X-Ray Crystallography

24.
25.

26.

Must we be able to crystallize a protein in order to learn the three-dimensional structure?
Which of the following statements concerning x-ray crystallography is NOT true?

(a) Only crystallized proteins can be analyzed.

(b) The x-ray beam is scattered by the protein sample.

(¢) All atoms scatter x-rays equally.

(d) The basic experimental data are relative intensities and positions of scattered electrons.

(e) The electron-density maps are obtained by applying the Fourier transform to the
scattered electron intensities.

() The resolution limit for proteins is about 2 A.

How can x-ray crystallography provide information about the interaction of an enzyme
with its substrate?

| 39|



| 40 |

CHAPTER 4

ANSWERS TO SELF-TEST

1.

In any given cell, at any given time, it is quite likely that many genes capable of pro-
ducing protein are not being expressed. Single-celled organisms tend to respond to their
environment, producing enzymes to deal with the nutrients and conditions in the area.
Multicellular organisms need different proteins for different parts of the body. Humans
have very different needs in the retina, the liver, and muscle cells. This is why the pro-
teome is a useful concept, it is a description of the proteins actually present in a func-
tioning cell.

edach
2. Top —— Bottom
' bcead
3. High pH (-) ————— Low pH (+)
4. a, c. Regardless of the pH, a protein is never devoid of charges; at the pl, the sum of all
the charges is zero.
5 b,e
pH
20 40 6.0 110
@@ Cc C C A
by C C O A
@ C C A A
dCc o A A
e C C C A

For example, peptide b carries a net charge of +1.5 at pH 2.0 (Lys side chain, +1; o-amino
group, +1; Glu side chain, 0; and terminal carboxyl, —0.5, since the pH coincides with its
pK value). At pH 4.0, the net charge is +0.5; the Glu side chain is half ionized (=0.5), but
the terminal carboxyl is almost completely ionized (=1). At pH 6.0, the net charge is 0
due to a +2 charge contributed by the Lys residue and a —2 charge contributed by the Glu
residue. At pH 11.0, the ¢-amino group is deprotonated (charge of 0) and the Lys side
chain is half-protonated (charge of +0.5); thus, the net charge is —1.5. The same answer
for peptide b can be given graphically (see Figure 4.1):

FIGURE 4.1 Net charge

(CO0")
PH2.0:  *H,N —L)lls—GIy—AIa—Gllu—COOH +1.5
NH,* COOH

pH 4.0: +H3N —L S—Gly—AIa—Gllu—COO’ +0.5

NH,* COOH
(CO0OM)
pH 6.0: *H,;N —LTls—Gly—AIa—Gllu—COO’ 0
NH,* COO~
pH 11.0: H,N —LT/s—Gly—AIa—Gllu—COO’ -15
NH, COO~

(NH;")
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EXPLORING PROTEINS

More time would be required for the separation, since the velocity of movement of the
compounds would be slowed because of the increased viscosity of the solution. The ve-
locity at which a molecule moves during electrophoresis is inversely dependent on the
frictional coefficient, which is, itself, directly proportional to the viscosity of the solution.

Total activity drops as material is lost in each step of purification. In a good purification,
total protein drops much faster, so that specific activity goes up dramatically. Not all pro-
teins can be purified with affinity chromatography. When a protein has a unique substrate
and works this well with affinity chromatography, it may be a good idea to leave out the
ion exchange and molecular exclusion steps, and go straight to the “home run” technique.
A standard source on protein purification states that “One-step purifications of 1,000-fold
with nearly 100% recovery have been reported” with this technique. (R. K. Scopes.
[1994]. Protein purification, principles and practice. [3rd ed.]. New York: Springer-Verlag.)

Determinations of mass by SDS—polyacrylamide gel electrophoresis are carried out on
proteins that have been denatured by the detergent in a reducing medium; the reducing
agent in the medium disrupts disulfide bonds. Therefore, to determine the molecular
weight of a native protein containing subunits with disulfide bridges, you must use the
sedimentation equilibrium method. Another nondenaturing method, gel-filtration chro-
matography, can be used to obtain approximate native molecular weights.

Mass spectrometry—Electrospray or MALDI-TOF—could easily distinguish a protein of
this approximate mass (101 amino acids X approximately 110 d per amino acid = 12 kd)
that contained an extra 41 atomic mass units as a result of the substitution of a valine
for a glycine residue.

a,b,c,d
b,d, e
b, c, d

The amino-terminal residue of the hemoglobin fragment can be determined by labeling
it with fluorodinitrobenzene or dabsyl chloride or by analyzing the intact fragment by
the Edman degradation method; this shows that the amino-terminal residue is Val.
Trypsin digestion, separation of peptides, and Edman degradation give

Val-Leu-Ser-Pro-Ala-Lys

Thr-Asn-Val-Lys

Ala-Ala-Trp-Gly-Lys
Val-Gly-Ala-His-Ala-Gly-Glu-Tyr-Gly-Ala-Glu-Ala-Thr-Glu

Chymotrypsin digestion, separation of peptides, and Edman degradation give
Val-Leu-Ser-Pro-Ala-Lys-Thr-Asn-Val-Lys-Ala-Ala-Trp
Gly-Lys-Val-Gly-Ala-His-Ala-Gly-Glu-Tyr

Gly-Ala-Glu-Ala-Thr-Glu

¢, e. The performic acid oxidizes the disulfide bonds to SO~ groups and releases new
peptides.

a, b, ¢, e, f. Answer (d) may be correct in some cases where homologous proteins are
compared in terms of amino acid sequences and known three-dimensional structures.
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17.

18.
19.

20.

21.

22.
23.
24.

25.
26.

The amino acid sequence derived from the DNA sequence is that of the nascent polypep-
tide chain before any posttranslational modifications. Since the function of a protein de-
pends on its mature structure, it is often necessary to analyze the protein itself to
determine if any changes have occurred after translation.

@2®m4,801,571,3,6

d, e. Immunoelectron microscopy provides more precise localization than does fluores-
cence microscopy.

Because the interaction of an antibody with its antigen is highly specific, recognition and
binding can occur in the presence of many other substances. If the antibody is coupled
to a radioactive or fluorescent group or an enzyme whose activity can be detected in situ,
then a sensitive method is available for the detection and quantitation of the antigen-an-
tibody complex.

You could synthesize peptides containing the putative antigenic determinants, couple
these peptides to an antigenic macromolecule, and prepare antibodies against the syn-
thetic peptides. If the same antigenic determinants are present in the protein of interest
and are not occluded by the structure of the protein, then the antibodies prepared against
the synthetic peptides should also react with the protein.

a
@96, 7@2d10E@1M4(@2,3M0)51 7,8 11

No. Crystals are necessary for x-ray crystallography, but not for NMR spectroscopy. If a
highly concentrated solution (1 mM) of a pure protein can be obtained, then significant
information can be derived about the three-dimensional shape.

¢, d, e. In x-ray crystallography, x-rays, not electrons, are scattered and detected.

If an enzyme can be crystallized with and without its substrate and the three-dimen-
sional structures of both are obtained using x-ray crystallography, the difference between
the two structures should reveal how the substrate fits in its binding site and which atoms
and what kind of bonds are involved in the interaction.

PROBLEMS

1.
2.

How can a protein be assayed if it is not an enzyme?

Many of the methods described in Chapter 4 are used to purify enzymes in their native
state. Why would the use of SDS—polyacrylamide gel electrophoresis be unlikely to lead
to the successful purification of an active enzyme? What experiments would you con-
duct to determine whether salting out with ammonium sulfate would be useful in en-
zyme purification?

. Of the techniques for analyzing proteins discussed in Chapter 4 of the text, which one

would be the easiest to use for accurately determining the molecular weight of a small
monomeric protein? Comment on the standards you would wish to use in this technique.
What types of proteins might not be analyzed accurately by your suggested method?

Mass spectrometry is often used for the sequence analysis of peptides from 2 to 20 amino
acids in length. The procedure requires only microgram quantities of protein and is very
sensitive; cationic fragments are identified by their charge-to-mass ratio. In one proce-
dure, peptides are treated with triethylamine and then with acetic anhydride. What will
such a procedure do to amino groups? Next, the modified peptide is incubated with a
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strong base and then with methyl iodide. What groups will be methylated? Which two
amino acids cannot be distinguished by mass spectrometry?

. A glutamine residue that is the amino-terminal residue of a peptide often undergoes
spontaneous cyclization to form a heterocyclic ring; the cyclization is accompanied by
the release of ammonium ion. Diagram the structure of the ring, showing it linked to an
adjacent amino acid residue. How would the formation of the ring affect attempts to use
the Edman procedure for sequence analysis? A similar heterocyclic ring is formed dur-
ing the biosynthesis of proline; in this case, glutamate is the precursor. Can you propose
a pathway for the synthesis of proline from glutamate?

. A peptide composed of 12 amino acids does not react with dabsyl chloride or with
phenyl isothiocyanate. Cleavage with cyanogen bromide yields a peptide with a carboxyl-
terminal homoserine lactone residue, which is readily hydrolyzed, in turn yielding a pep-
tide whose sequence is determined by the Edman procedure to be

E-H-F-W-D-D-G-G-A-V-L

On the other hand, cleavage with staphylococcal protease (see Table 4.3 in text) yields
an equivalent of aspartate and two peptides. Use of the Edman procedure gives the fol-
lowing sequences for these peptides:

G-G-A-V-L-M-E and H-F-W-D

Why does the untreated peptide fail to react with dabsyl chloride or phenyl isothio-
cyanate?

. A hexapeptide that is part of a mouse polypeptide hormone is analyzed by a number of
chemical and enzymatic methods. When the hexapeptide is hydrolyzed and analyzed by
ion-exchange chromatography, the following amino acids are detected:

Tyr Cys Glu
Ile Lys Met

Two cycles of Edman degradation of the intact hexapeptide released the following
PTH-amino acids (see Figure 4.2):

FIGURE 4.2 © Q

\ AN // \ 2N //
| | |
HC—NH HC—NH
| |
(|:H2 H—cl—CH3
it i
s| CH,
CH

Cleavage of the intact protein with cyanogen bromide yields methionine and a pen-
tapeptide. Treating the intact hexapeptide with trypsin yields a dipeptide, which con-
tains tyrosine and glutamate, and a tetrapeptide. When the intact hexapeptide is treated
with carboxypeptidase A, a tyrosine residue and a pentapeptide are produced. Bearing
in mind that the hexapeptide is isolated from a mouse, write its amino acid sequence,
using both three-letter and one-letter abbreviations.
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8.

10.

11.

12.

The production of a small acidic protein, hCG or human chorionic gonadotropin dur-
ing pregnancy is the basis of most pregnancy test kits. What method makes the most
sense for detecting a known protein like this?

A laboratory group wishes to prepare a monoclonal antibody that can be used to react
with a specific viral coat protein in a Western blotting procedure. Why would it be a
good idea to treat the viral coat protein with SDS before attempting to elicit monoclonal
antibodies?

A map of the electron density is necessary for the determination of the three-dimensional
structure of a protein, but other information is also needed. Hydrogen atoms have one
electron and cannot be visualized by x-ray analyses of proteins. Bearing this in mind, com-
pare the structures of amino acids like valine, threonine, and isoleucine and then describe
what additional information would be needed along with an electron-density map.

Some crystalline forms of enzymes are catalytically active, and thus are able to carry out
the same chemical reactions as they can in solution. Why are these observations reas-
suring to those who are concerned about whether crystallographic determinations reveal
the normal structure of a protein?

In some ways it is easier to obtain protein structures by NMR spectroscopy. Proteins need
not be crystallized, just purified and dissolved. Would it be desirable to use NMR to learn
about the structure of the active site of an enzyme, to design an inhibitor? Why or why not?

ANSWERS TO PROBLEMS

1.

This is a rather serious problem. Some proteins have a slight catalytic activity that can
be utilized in an assay although they are not enzymes. Or perhaps the protein will serve
as a substrate for a reaction. If a protein has no enzyme activity, but the molecular weight
and/or pl is known, it can be detected by gel electrophoresis by looking for protein con-
centration at the right spot on the gel. Some proteins actually fluoresce, like the GFP
(green fluorescent protein) produced by jellyfish. In these cases, the intensity of the flu-
orescence could serve as the basis for an assay.

If the gene is known, then there are ways to “fish” out the protein in very high yield
by modifying the sequence. This bypasses the need for an assay. One common proce-
dure is “his-tagging” in which six tandem histidines are added to the sequence of the
gene. The protein expressed can then be purified in one step on a nickel-containing col-
umn, and eluted with imidazole. (A good review of various “Affinity Fusion Strategies”
[Nilsson et al., Prot. Exp. Purif. 11(1997):1].)

SDS disrupts nearly all noncovalent interactions in a native protein, so the renaturation
of a purified protein, which is necessary to restore enzyme activity, could be difficult or
impossible. You should therefore conduct small-scale pilot tests to determine whether
enzyme activity would be lost upon SDS denaturation. Similarly, when salting out with
ammonium sulfate is considered, pilot experiments should be conducted. In many in-
stances, concentrations of ammonium sulfate can be chosen such that the active en-
zyme remains in solution while other proteins are precipitated, thereby affording easy
and rapid purification.

SDS—polyacrylamide gel electrophoresis, a sensitive and rapid technique which takes
only a few hours and which has a high degree of resolution, is probably the easiest and
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most rapid method for providing an estimate of molecular weight. Small samples (as
low as 0.02 ug) can be detected on the gel. For standards or markers on the gel, you
should use two or more proteins whose molecular weights are higher than that of the
protein to be analyzed, as well as two or more whose molecular weights are lower. The
relative mobilities of these markers on the gel can then be plotted against the logarithms
of their respective molecular weights (see Figure 4.10 in the text), providing a straight
line that can be used to establish the molecular weight of the protein to be analyzed.
Proteins that have carbohydrate molecules covalently attached, or those that are em-
bedded in membranes, often do not migrate according to the logarithm of their mass.
The reasons for these anomalies are not clear; in the case of glycoproteins, or those with
carbohydrate residues, the large heterocyclic rings of the carbohydrates may retard the
movement of the proteins through the polyacrylamide gel. Membrane proteins often
contain a high proportion of hydrophobic amino acid residues and may not be fully
soluble in the gel system.

Treatment with triethylamine and then with acetic anhydride will yield acetylated amino
groups. The strong base removes protons from amino, carboxyl, and hydroxyl groups.
These groups would then be methylated with methyl iodide. Leucine and isoleucine have
identical molecular weights, so they cannot be distinguished by mass spectrometry.

Glutamine cyclizes to form pyrrolidine carboxylic acid (shown in Figure 4.3):

FIGURE 4.3 Flz
i Fr
+H3N—C|I—H ?zo
CH ——NH," + HN—CH
| 2 et \
CH O0=C CH
[ 2 N 2
C=0
| H,
NH
N-terminal Pyrrolidone carboxylate
glutamine residue residue

The Edman procedure begins with the reaction of phenyl isothiocyanate with the ter-
minal o.-amino group of the peptide. In the pyrrolidine ring, that group is not available.
Therefore, the cyclized residue must be removed enzymatically before the Edman pro-
cedure can be used. During the biosynthesis of proline, glutamate undergoes reduction
to form glutamate y-semialdehyde; this compound cyclizes, with the loss of water, to
form Al-pyrroline-5-carboxylate, which is then reduced to form proline (see Figure 4.4).

FIGURE 4.4
COO~ COO~ (|:OO’ C|:OO*
| +
"H,N—C—H H *H,;N—C—H H,0 HN—CH 2H H,N——CH
‘ - | — H<”: |CH " H <|: lCH
(‘:HZ ?HZ N 2 2 N 2
H H
‘C 2 |C 2 H, H,
COO~ C
7\
o} H
Glutamate Glutamic AL-Pyrroline- Proline

y-semialdehyde 5-carboxylate
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6.

10.

11.

The sequences of the peptides produced by the two cleavage methods are circular per-
mutations of each other. Thus, the peptide is circular, so it has no free ¢--amino group
that can react with dabsyl chloride or with phenyl isothiocyanate (see Figure 4.5).

FIGURE 4.5 M

V/ \H
J \F
L

N /

G D
Cyanogen D Staphylococcal
rotease
bromide P
E-H-F-W-D-D-G-G-A-V-L G-G-A-V-L-M-E

+ +

M (as homoserine lactone) H-F-W-D
+

D (as free aspartate)

The sequence of the mouse hexapeptide is Met-lle-Cys-Lys-Glu-Tyr, or MICKEY.
Cyanogen bromide treatment cleaves methionine from one end, and the PTH-Met de-
rivative places Met at the N-terminal end, with Ile next in the sequence. Trypsin treat-
ment cleaves on the carboxyl side of Lys, so that Lys is on the C-terminal end of the
tetrapeptide, next to Cys. Tyrosine is located on the C-terminal end, as shown by the ob-
servation that it is released as a single amino acid when the intact hexapeptide is treated
with carboxypeptidase A. Glutamate must therefore be located between Lys and Tyr.

Most blood proteins do not show up in the urine, but hCG does. And it is produced very
soon after the egg is fertilized, and then in increasing amounts as the pregnancy pro-
gresses. Sandwich ELISA (see Figure 4.35 in the text) is the ideal method for complex
biological fluids, and it is relatively easy to produce two different monoclonal antibod-
ies to epitopes on opposite sides of the protein. All home pregnancy test kits are based
on variations of this method.

For a better understanding of the use of ELISA in home pregnancy tests, view the
Animated Technique: Elisa Method for Detecting HCG at www.whireeman.com/biochemS5.

Samples for assay by Western blotting are separated by electrophoresis in SDS before
blotting and antibody staining, so the reacting proteins are denatured. The use of an SDS-
denatured antigen to generate the monoclonal antibody response to the viral coat pro-
tein could assure that similar specificities are achieved in the test.

Even though individual atoms can be delineated at a resolution of 1.5 A, the structure
of individual side chains that are similar in shape and size cannot be clearly established.
The primary structure of the polypeptide chain must be available. The path of the
polypeptide backbone can be traced and the positions of the side chains established.
Those that are similar in size and shape can be distinguished by using the primary struc-
ture as a guide as they are fitted by eye to the electron-density map.

As later chapters will demonstrate, the chemical reactions carried out by proteins like
hemoglobin and lysozyme depend on the precise orientation of atoms involved in bind-
ing and acting on substrates. The fact that catalysis can occur in enzyme crystals argues
that these same orientations are preserved and that the structure of the enzyme must be
the same as that found in solution.



EXPLORING PROTEINS | 47 |

12. The great advantage of x-ray crystallography is the high resolution that can be obtained.
While it is true that NMR is an easier method, the structures obtained are always ap-
proximate. Look at Figure 4.48 in the text. This is a family of approximations of a sin-
gle structure—not a group of related structures. NMR generally gives “fuzzy” results like
this. So determining the dimensions of an enzyme’ active site would not work well with
NMR; x-ray crystallography would be preferred. NMR is excellent for obtaining ap-
proximate structures of small proteins.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1. (@) The Edman method is best because it can be used repeatedly on the same peptide;
hence, phenyl isothiocyanate.
(b) Since you have a very small amount of sample, sensitivity is important. Hence, dab-
syl chloride or dansyl chloride is the reagent of choice over FDNB (Sanger’s reagent).
(¢) Reversible denaturation is usually achieved with 8 m urea. However, if disulfide
bonds are present, they must first be reduced with J-mercaptoethanol to obtain a
random coil by urea treatment.

The known cleavage specificities of chymotrypsin (d), CNBr (e), and trypsin (f) pro-
vide easy answers.

2. Whereas the hydrolysis of peptides yields amino acids, hydrazinolysis yields hydrazides

i
(—C—NHNH,)

of all amino acids except the carboxyl-terminal residue. The latter can be separated from
the hydrazides by the use of anion exchange resin. (The hydrazides of aspartic and glu-
tamic acids would also be picked up by the anion exchange resin; thus, a further pu-
rification step might be necessary.)

3. Ethyleneimine reacts with cysteine to form S-aminoethylcysteine, which has the follow-
ing structure:
NH,*
|
(‘HN—CH,—CH,—S—CH,—C—C00")
H

Note that the cysteine side chain has increased in length and has added a plus charge.
It closely resembles lysine in both size and charge, and therefore, its carboxyl peptide
bonds are susceptible to hydrolysis by trypsin.

4. A 1-mg/ml solution of myoglobin (17.8 kd) is 5.62 x 107> M (1/17,800). The ab-
sorbance is 0.843 (15,000 X 1 X 5.62 x 107). Since this is the log of Iy/I, the ratio is
6.96 (the antilog of 0.843). Hence, 14.4% (1/6.96) of the incident light is transmitted.
Note that when we say the ratio is 6.96, we are really saying 6.96/1. Inverting this ratio
gives the 1/6.96.

The above assumes a myoglobin mol. wt. of 17.8 kd. Most myoglobins have mol. wts.
of about 16.8-17.8 kd.

5. Rod-shaped molecules have larger frictional coefficients than do spherical molecules.
Because of this, the rod-shaped tropomyosin has a smaller (slower) sedimentation coef-
ficient than does the spherical hemoglobin, even though it has a higher molecular weight.
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11.

Imagine a metal pellet and a nail of equal weight and density sinking in a syrup. The
pellet will sink in an almost straight line, whereas the nail will twist and turn and sink
more slowly.

From equation 2 on page 83 and the equation on page 88 of your text, we can derive
the expression s e« m?>, where s is the sedimentation coefficient and m is the mass, if we
assume that the buoyancy (1-vp) and viscosity (1)) factors are constant. Then the mass
(m) of a sphere is proportional to its volume (v). Since v =4/31r°, m is < 1> and r e« m'>.
Also, if f = 6mnr (equation 2, p. 83), f oc 1 o< m'”.

When the buoyancy factor is constant, s is proportional to m/f (equation on page 88)
o< m/m'? o< m??. Note that this says that the sedimentation coefficient is proportional to
the two-thirds root of the mass.

Therefore, s(80 kd)/s(40 kd) = 80%3/40%> = 223 = 1.59.

Electrophoretic mobilities are usually proportional to the log of the molecular weight
(see textbook Figure 4.10, p. 85). Note in Figure 4.10 that

_ Alog MW _ log 92000—1og 30000 _ log x—log 30000

Slope = —
A mobility 0.41-0.80 0.62-0.80

where x is the molecular weight of the unknown. Solving,

_ (4.964 -4.476)(-0.18)

Log x
& —0.39

+4.476 =4.701

and

x = antilog of 4.701 = 50 kd

Compare the diagonal electrophoresis (textbook, p. 96) patterns obtained with the normal
and the mutant proteins. If these patterns are essentially identical, the disulfide pairing
is the same in both proteins; if they are not, the new cysteine residue is probably in-
volved in a new disulfide pairing in this mutant.

Assuming that cells with receptors that bind bacterial degradation products may also
bind fluorescent derivatives of those products, you could synthesize a fluorescent-labeled
derivative of a degradation product (perhaps some peptide of interest) and use this de-
rivative to detect cells having receptors for this peptide.

(@) The digestion products will be AVGWR, VK, and S. The products have slightly
different sizes (though all are quite small on a macromolecular scale) and some-
what different isoelectric points. These isoelectric points are approximately
' (3.1 +8.0) = 5.5 for serine (the pK values for ionizable groups from Table 3.1),
approximately % (8.0 + 10.0) = 9.0 for VK, and approximately A(8.0 + 12.0) = 10.0
for AVGWR. If high-pressure (high resolution) liquid chromatography is used, ei-
ther an ion-exchange or a molecular-exclusion approach should work.

(b) The digestion products will be AV, GW, RV, and KS. Because all of the products are
dipeptides (similar in size), an ion-exchange column should be used.

A probable explanation is that an inhibitor of the enzyme was removed during a partic-
ular purification step. When the inhibitor is absent, the apparent activity will increase.
(Several other scenarios may be possible.)
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The specific activity is (total activity) divided by (total protein). The purification level is
(specific activity) divided by the (initial specific activity). The yield is (total activity) di-
vided by (initial total activity), multiplied by 100%. Answers are given in the table below.

Total Specific
Purification Total activity activity Purification Yield
procedure protein (mg) (units) (units mg") level (%)
Crude extract 20,000 4,000,000 200 1.0 100
(NH,4),SO, precipitation 5,000 3,000,000 600 3.0 75
DEAE-cellulose chromatography 1,500 1,000,000 667 3.3 25
Size-exclusion chromatography 500 750,000 1,500 75 19
Affinity chromatography 45 675,000 15,000 75.0 17

Two types of 15-kD subunits are present, one type beginning with N-terminal Ala and
the other with N-terminal Leu. Pairs of these small 15-kD subunits are linked by cova-
lent disulfide bonds that are broken only by the mercaptoethanol. The disulfide-linked
subunits comprise the 30-kD species. (There is insufficient information to discern
whether the 30-kD species consists of two different homodimers in which identical sub-
units are linked by disulfide bonds, or a unique heterodimer in which one Ala-initiated
subunit is linked precisely to one Leu-initiated subunit.) Finally, two of the 30-kD species
associate noncovalently to form the 60-kD particle that contains two copies each of two
different 15-kD subunits. The 60-kD particle constitutes the native protein that is ob-
served by molecular exclusion chromatography. (Urea disrupts the noncovalent subunit
association, without breaking the disulfide bonds.)

The final quaternary structure may be described as either (A-A)(B-B), or (A-B),, where
a hyphen (-) indicates a disulfide bond, “A” designates a subunit beginning with Ala, and
“B” designates a subunit that begins with Leu.

The key question is whether the 30-kD units are two different homodimers or a unique
heterodimer? (Either population would give a 50/50 mixture of dabsyl-Ala and dabsyl-
Leu upon N-terminal analysis.) Therefore, one needs a method that will separate the (pu-
tative) A-B dimers from A-A and B-B dimers before the disulfide bonds are broken. While
no method is absolutely (100%) certain to accomplish this, methods based on native-
gel electrophoresis or high-resolution ion-exchange chromatography will provide op-
portunities for a favorable outcome. A good choice would be to use two-dimensional
electrophoresis consisting of isoelectric focusing of 30-kD units (in the presence of 6 M
urea), followed by mercaptoethanol/SDS-PAGE in the second direction. The possible out-
comes are diagrammed below. The A-B unit would travel as a single entity in the first di-
rection (isoelectric focusing), whereas the A-A and B-B units may be separable under
high-resolution isoelectric focusing.

A-B subunit A-A and B-B subunits
w w
g —B g o
o o g
(%)) / (%)) /
la) A la) A
n n

Isoelectric focusing —> Isoelectric focusing —>
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CHAPTER 4

15.

16.

17.

18.

Light was used to direct the synthesis of these peptides. Each amino acid added to the
solid support contained a photolabile protecting group instead of a t-Boc protecting
group at its o-amino group. lllumination of selected regions of the solid support led to
the release of the protecting group, thus exposing the amino groups in these sites and
making them reactive. The pattern of masks used in these illuminations and the se-
quence of reactants define the ultimate products and their locations. (See S. P A. Fodor,
J. L. Read, M. C. Pirrung, L. Stryer, A. T. Lu, & D. Solas. Science 251[1991]:767, for an
account of light-activated, spatially addressable—parallel-chemical synthesis.)

The peptide is AVRYSR.

Trypsin cleaves after R. The other R is at the C-terminal, and carboxypeptidase will not
cleave the C-terminal R. Chymotrypsin cleaves after Y.

The full peptide is: S-Y-G-K-L-S-I-F-T-M-S-W-S-L.
The peptide will give these digestion patterns:

Carboxypeptidase cleaves the C-terminal L.

Cyanogen bromide: S-Y-G-K-L-S-I-F-T-M* and S-W-S-L (*cleavage after M, with
conversion of the M to homoserine).

Chymotrypsin: S-Y, G-K-L, S-I-F T-M, S-W, and S-L (cleavage after Y, L, E M, and W).

Trypsin: S-Y-G-K and L-S-I-F-T-M-S-W-S-L (cleavage after K).

H s N=C=S
P o
H,N +
Z NH @
2
T T
NS nH, N_ g
\f H* \“/ O +
— + NH,
N 2) N
H o H 7

H ey H CH,

3
R H
M <;>N>\\’LCH3 (PTH-alanine)
(©)] \/7/N\H
S

In step (1), the free o-amino group of alanine-amide reacts with phenylisothiocyanate
to form the phenylthiocarbamyl derivative. Step (2) involves the use of anhydrous acid
for a concerted cyclization of the phenylthiocarbamyl-peptide, cleavage of the peptide
bond, and release of ammonia along with alanine-phenylthiazoline. (For the case of a
real peptide, the shortened peptide of length (n-1) would be released instead of the am-
monia.) Finally, in step (3), the phenylthiazolinone is converted to the corresponding
phenylthiohydantoin (PTH) derivative using aqueous acid.
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class of macromolecules, the nucleic acids that serve as the storage forms of ge-

netic information. First, they describe the structures of the nucleoside building
blocks of DNA and the phosphodiester bond that links them together. Following this,
the Watson-Crick DNA double helix is presented, an overview of how the strands of
DNA separate for replication is given, and some of the various conformations and
structures that nucleic acids can assume are described. The polymerases that form
DNA chains are introduced next. The section describing the molecules that store ge-
netic information ends by providing two examples of viruses in which the genetic
material is not duplex DNA but rather single-strand RNA. The authors next describe
the way in which RNA viruses replicate through double-strand nucleic-acid interme-
diates whose formation is directed by specific base pairing.

How the information stored in DNA or RNA directs the formation of the pro-
teins of a cell is discussed next. The authors start with descriptions of the basic struc-
tures and kinds of RNA and provide an explanation of the central roles of RNAs in
the overall flow of genetic information. They then present the specific functions of
messenger RNA, transfer RNA, and ribosomal RNA in protein synthesis, along with
a description of the polymerase that synthesizes all cellular RNAs. The genetic code,
which relates the nucleotide sequence of RNA to the amino acid sequence of proteins,
is described. The collinear relationship between the sequences of nucleotides in the
DNA and the amino acids of the encoded protein is compared in prokaryotes and in
eukaryotes where some genes are interrupted by noncoding sequences (introns). The
authors next describe the process by which these intron sequences are removed from
the initial transcript to form functional messenger RNA and the biological conse-
quences of such splicing.

Chapters 2 and 3 introduced you to proteins. The authors now turn to a second

S 431dVHD
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CHAPTER 5

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Nucleic Acids (Text Section 5.1)

1.

Locate the structural components of DNA, namely, the nitrogenous bases, the sugar, and
the phosphate group. Know the various conventions used to represent these components
and the structure of DNA.

Differentiate purines, pyrimidines, ribonucleosides, deoxyribonucleosides, ribonucleotides, and
deoxyribonucleotides.

. Recognize the deoxyadenosine, deoxycytidine, deoxyguanosine, and deoxythymidine con-

stituents of DNA, and describe the phosphodiester bond that joins them together to
form DNA.

. Compare the phosphodiester backbones of RNA and DNA. Contrast the composition

and structures of RNA and DNA. Distinguish thymine from uracil and 2~-deoxyribose
from ribose.

5. Relate the polarity of the DNA chain to the direction a DNA sequence abbreviation is written.

6. Compare the lengths of the DNA molecules in polyoma virus, the bacterium E. coli, and

the average human chromosome.

Double-Helices (Text Section 5.2)

7. List the important features of the Watson-Crick DNA double helix. Relate the base pairing

of adenine with thymine and of cytosine with guanine to the duplex structure of DNA and
to the replication of the helix. Explain the molecular determinants of the specific base
pairs in DNA.

Outline the Meselson-Stahl experiment and relate it to semiconservative replication. Define
the melting temperature (T,,) for DNA and relate it to the separation of the strands of du-
plex DNA. Describe annealing.

9. Describe supercoiling and state its biological consequences.

10. Appreciate the variety of structures that single-strand nucleic acids can assume.

DNA Polymerases (Text Section 5.3)

11.

12.

List the substrates and the important enzymatic properties of DNA polymerases as they
relate to replication. Distinguish between a primer and a template and describe their
functions.

Define virus and appreciate that RNA is the genome of some viruses.



13.
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Relate the catalytic activity of reverse transcriptase (an RNA-directed DNA polymerase)
to the replication of retroviruses. Provide an overview of retroviral replication.

Gene Expression (Text Section 5.4)

14.

15.

16.

17.

18.

19.

State the role of DNA in protein synthesis. Outline the flow of genetic information during
gene expression.

Define the terms transcription and translation and relate these processes to the flow of ge-
netic information.

Name the three major classes of RNA found in E. coli and explain their functions. Compare
their sizes and their relative amounts in the cell.

List the substrates and important enzymatic properties of RNA polymerases (DNA-de-
pendent RNA polymerases). Explain the roles of the DNA template, promoter, enhancer se-
quences, and terminator in transcription.

Describe the transcription of duplex DNA to form single-strand RNA. Relate the sequence
of mRNA to that of the coding strand of the DNA template from which it is transcribed.

Describe the role of tRNA as the adaptor molecule acting between mRNA and amino acids
during protein synthesis. Outline how specific amino acids are covalently attached to
specific tRNA molecules. Explain the relationship of the codon and anticodon to the spe-
cific interaction between mRNA and tRNA.

Amino Acids and the Genetic Code (Text Section 5.5)

20.

21.

Explain what the genetic code is and list its major characteristics. Define the terms triplet
code (codon), nonoverlapping, degenerate, synonym, triplet, and reading frame as they apply
to the genetic code. Recognize the initiation and termination codons.

Using the genetic code, predict the sequence of amino acids in a peptide encoded by a
template DNA or mRNA sequence.

Introns and Exons (Text Section 5.6)

22.

23.

24.

25.

Discuss the universality of the genetic code. Describe the composition and function of
spliceosomes.

Contrast the linear relationship between the sequence of DNA in a gene and the sequence
of the amino acids in the protein it encodes in bacteria and in higher eukaryotes. Apply
the terms intron and exons to these relationships.

Outline RNA processing in eukaryotes. Name the alterations made to the RNA after it is
initially formed by RNA polymerase.

Recount a hypothesis relating exons and functional domains to the generation and evolu-
tion of protein diversity. Differentiate between nucleotide sequence rearrangements by
genetic recombination at the DNA level and by RNA splicing.
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SELF-TEST

Nucleic Acids

FIGURE 5.1 NH

o) o)
N
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H
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1. Which of the preceding structures (a) contains ribose?
in Figure 5.1 (b) contains deoxyribose?

(¢) contains a purine?

(d) contains a pyrimidine?

(e) contains guanine?

(D contains a phosphate monoester?
(g) contains a phosphodiester?

(h) is anucleoside?

(1) is a nucleotide?

()  would be found in RNA?

(k) would be found in DNA?

Double Helices
2. Which of the following are characteristics of the Watson-Crick DNA double helix?

(@) The two polynucleotide chains are coiled about one another and about a common
axis.

(b) Hydrogen bonds between A and C and between G and T help hold the two chains
together.
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(¢) The helix makes one complete turn every 34A because each base pair is rotated by
36° with respect to adjacent base pairs and is separated by 3.4A from them along
the helix axis.

(d) The purines and pyrimidines are on the inside of the helix and the phosphodiester-
linked backbones are on the outside.

(e) Base composition analyses of DNA duplexes isolated from many organisms show
that the amounts of A and T are equal as are the amounts of G and C.

(D The sequence in one strand of the helix varies independently of that in the other strand.

If a region of one strand of a Watson-Crick DNA double helix has the sequence ACG-
TAACC, what is the sequence of the complementary region of the other strand?

Explain why A + T and G + C are the only base pairs possible in normal double-strand DNA.

Match the appropriate characteristics in the right column with the structures of double-
strand or single-strand DNA.

(A) double-strand DNA (1) is arigid rod
(B) single-strand DNA (2) shows a greater hyperchromic effect
upon heating
(3) contains equal amounts of A and
T bases
(4) may contain different amounts of C
and G bases
(5) contains U rather than T bases
(6) may contain stem-loop structures

Haploid human DNA has 3  10° kilobase pairs (a kilobase pair, abbreviated kb, is 1000
base pairs). What is the total length of human haploid DNA in centimeters?

Outline the basic process by which a Watson-Crick duplex replicates to give two iden-
tical daughter duplexes. Explain the reasons for the accuracy of the process.

The DNA in a bacterium is uniformly labeled with °N; and the organism shifted to a
growth medium containing *N-labeled DNA precursors. After two generations of
growth, the DNA is isolated and is subjected to density-gradient equilibrium sedimen-
tation. What proportion of light-density DNA to intermediate-density DNA would you
expect to find?

Purified duplex DNA molecules can be

(a) linear.

(b) circular and supercoiled.

(¢) linear and supercoiled.

(d) circular and relaxed, that is, not supercoiled.

You are given two solutions containing different purified DNAs. One is from the bac-
terium P aeruqginosa and has a G + C composition of 68%, whereas the other is from a
mammal and has a G + C composition of 42.5%.

(a) You measure the absorbance of ultraviolet light of each solution as a function of in-
creasing temperature. Which solution will yield the higher T, value and why?

(b) After melting the two solutions, mixing them together, and allowing them to cool,
what would you expect to happen?

(¢) Would appreciable amounts of bacterial DNA be found associated in a helix with
mammalian DNA? Explain.
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DNA Polymerases

11.

12.

13.

14.

15.

16.

17.

DNA polymerase activity requires

(a) atemplate.

(b) a primer with a free 5"-hydroxyl group.
(¢c) dATP, dCTP, dGTP, and dTTP.

(d) ATP

(e) Mg**.

Derive the polarity of the synthesis of a DNA strand by DNA polymerase from the mech-
anism for the formation of the phosphodiester bond.

You are provided with a long, single-strand DNA molecule having a base composition of
C=24.1%, G=18.5%, T = 24.6%, and A = 32.8%; DNA polymerase; [0.->*P]dATP
(dATP with the innermost phosphate labeled), dCTP, dGTF, and dTTP; a short primer
that is complementary to the single-strand DNA; and a buffer solution with Mg?*. What
is the base composition of the radiolabeled product DNA after the completion of one
round of synthesis?

For the virus in the left column, indicate the appropriate characteristics from the right
column.

(a) Tobacco mosaic virus (1) linear genome
(b) AIDS virus (2) genome contains U rather than T
(3) single-strand nucleic acid genome
(4) DNA intermediates are involved
in replication
(5) uses RNA-directed RNA polymerase
to replicate
(6) uses RNA-directed DNA polymerase
to replicate

Propose how a single-strand DNA virus could replicate by incorporating semiconserva-
tive replication into the process.

From the following nucleic acids, select those that appear during the infection of a cell
with a retrovirus, for example, the AIDS virus, and place them in the order in which ge-
netic information flows during the process of forming a new progeny virus.

(a) double-strand DNA-RNA helix in the cell
(b) single-strand RNA in the virus

(¢) single-strand RNA in the cell

(d) double-strand DNA in the cell

(e) double-strand RNA in the virus

(D) double-strand RNA in the cell

Gene Expression

Transcription is directly involved in which of the following possible steps in the flow of
genetic information.

(a) DNA to RNA (d) RNA to protein
(b) RNA to DNA (e) protein to RNA
(c) DNA to DNA



18.

19.

20.

21.

22.

DNA, RNA, AND THE FLOW OF GENETIC INFORMATION

Translation is involved in which of the following possible steps in the flow of genetic
information?

(a) DNA to RNA
(b) RNA to DNA
(c) DNA to DNA
(d) RNA to protein
(e) protein to RNA

Answer the following questions about RNA.

(a) What is the name of the bond joining the ribonucleoside components of RNA to
one another?

(b) Is this bond between the 2’- or the 3’-hydroxyl group of one ribose and the 5’-
hydroxyl of the next?

(¢) Intramolecular base pairs form what kinds of structures in RNA molecules?

(d) What bases pair with one another in RNA?

(e) What are the three major classes of RNA in a cell and which is most abundant?

If you have samples of pure RNA and duplex DNA, how can you tell whether they have
any complementary nucleotide sequences?

If all the RNA referred to in question 20 turns out to have sequences that were comple-
mentary to the DNA, will its percentage of G and C be identical to that of the DNA?
Explain.

If each of the three major classes of RNA found in a cell were hybridized to denatured
DNA from the same cell and the presence of RNA-DNA hybrids were tested, which of
the classes would be retained on the filter?

(a) mRNA
(b) rRNA
(¢) tRNA

RNA Polymerases and Transcription

23.

24.

25.

Which of the following are required for the DNA-dependent RNA polymerase reaction
to produce a unique RNA transcript?

() ATP (g) RNA

(b) CTP (h) Mg**

(¢) GTP (i) promoter sequence
(d) dTTP (j) operator sequence
(e) UTP (k) terminator sequence
(Hh DNA

What is the sequence of the mRNA that will be synthesized from a template strand of
DNA having the following sequence:

...ACGTTACCTAGTTGC..?

Describe the mechanism of chain growth in RNA synthesis. What is the polarity of syn-
thesis and how is it related to the polarity of the template strand of DNA?
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The Genetic Code and Protein Synthesis

26.

27.

28.

20.

30.

Which of the following are characteristics or functions of tRNA?

(a) It contains a codon.

(b) Tt contains an anticodon.

(¢) It can become covalently attached to an amino acid.

(d) Tt interacts with mRNA to stimulate transcription.

(e) It can have any of a number of different sequences.

(D Tt serves as an adaptor between the information in mRNA and an individual
amino acid.

What is the minimum number of contiguous nucleotides in mRNA that can serve as a
codon? Explain.

What is the sequence of the polypeptide that would be encoded by the DNA sequence
given in Question 24? Assume that the reading frame starts with the 5" nucleotide given.
The genetic code is given on page 134 of the text.

The following is a partial list of mRNA codons and the amino acids they encode:

AGU = serine AGC = serine
AAU = asparagine AAC = asparagine
AUG = methionine AUA = isoleucine

Based on this list, which of the following statements are correct?

(a) The genetic code is degenerate.

(b) The alteration of a single nucleotide in the DNA directing the synthesis of these
codons could lead to the substitution of a serine for an asparagine in a polypeptide.

(¢) The alteration of a single nucleotide in the DNA directing the synthesis of these
codons would necessarily lead to an amino acid substitution in the encoded
polypeptide.

(d) A tRNA with the anticodon ACU would be bound by a ribosome in the presence
of one of these codons.

Explain why mitochondria can use a genetic code that is different from the standard code
used in the nucleus.

Introns and Splicing

31.

32.

33.

Explain how genetic techniques and amino acid sequence analyses could be used to show
the collinear relationship of a prokaryotic gene and the protein it encodes.

Answer the following questions about what was revealed when DNA encoding the gene
for the -chain of hemoglobin and the mRNA for the [3-chain were compared.

(a) What was the major finding when the nucleotide sequence of the gene and the
amino acid sequence of the 3-chain were compared?

(b) What did hybridization between the partially denatured DNA and the mRNA for
3-globin show?

(¢)  What must happen to the primary transcript from the B-globin gene before it can
serve as an mRNA for protein synthesis?

How might the fact that some exons encode discrete functional domains in proteins be
related to the evolution of new proteins?
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34. Spliceosomes

(a) recombine DNA sequences in a process called exon shuffling.

(b) are composed of RNA and proteins.

(¢) recognize RNA sequences that signal for the removal of introns.

(d) can produce different mRNA molecules by splicing at alternative sites.

ANSWERS TO SELF-TEST

1.

@BMA CAMB,C,D(e)A®C(g A () BC(G) C;strictly speaking, A is called
a dinucleotide, not a nucleotide (j) B (k) A, C, D

. a, ¢, d,and e. Answer (b) is not correct because A pairs with T and G pairs with C.

Answer (f) is not correct because the sequence of one strand determines the sequence of
the other by base pairing.

GGTTACGT. The convention for indicating polarity is that the 5’-end of the sequence is
written to the left. The two chains of the Watson-Crick double helix are antiparallel, so
the correct complementary sequence is not TGCATTGG.

The space between the two deoxyribose-phosphodiester strands is precisely defined. This
distance is not large enough for two purines to hydrogen-bond. Conversely, two pyrim-
idine bases would not be close enough to form stable hydrogen bonds. Furthermore, in
the double-strand structure the hydrogen-bond donor and acceptor groups are not prop-
erly aligned to form stable G « T or A + C base pairs.

5. (@1, 2,3 (b) 4, 6. Answer (5) does not apply because DNA does not contain uracil.

102 cm. The math is as follows:

(3 x 10° kb x 10> bases/kb x 3.4 A/base x 108 cm/A) = 102 cm

When replication occurs, the two strands of the Watson-Crick double helix must sepa-
rate so that each can serve as a template for the synthesis of its complement. Since the
two strands are complementary to one another, each bears a definite sequence relation-
ship to the other. When one strand acts as a template, it directs the synthesis of its com-
plement. The product of the synthesis directed by each template strand is therefore a
duplex molecule that is identical to the starting duplex. The process is accurate because
of the specificity of base pairing and because the protein apparatus that catalyzes the
replication can remove mismatched bases.

After two generations, you should expect to find equal amounts of light-density DNA,
in which both strands of each duplex were synthesized from *N precursors, and inter-
mediate-density DNA, in which each duplex consists of a heavy N strand paired with
a light "N strand.

a, b, and d. Answer d is correct because, if at least one discontinuity exists in the phos-
phodiester backbone of either chain of a circular duplex molecule, the chains are free to
rotate about one another to assume the relaxed circular form. Answer c is incorrect be-
cause supercoiling requires closed circular molecules. In a linear molecule, the ends of
each strand are not constrained with respect to rotation about the helical axis; therefore,
the molecule cannot be supercoiled.

| 59 |



| 60 |

CHAPTER 5

10.

11.

12.

13.

14.
15.

16.

17.

18.
19.

(a) The bacterial DNA solution has the higher T,, value because it has the higher G + C
content and is therefore more stable to the thermal-induced separation of its strands
because G + C base pairs are more stable than A - T base pairs.

(b) The complementary DNA strands from each species will anneal to form Watson-
Crick double helices as the solution cools.

(¢) No; each strand will find its partner because the perfect match between the linear
arrays of the bases of complementary strands is far more stable than the mostly im-
perfect matches in duplexes composed of one strand of bacterial and one strand of
mammalian DNA would be.

a, ¢, and e. Answer (b) is not correct because, although the enzyme requires a primer,
the nature of its 5’-end is irrelevant since dNMP residues are added to its 3’-end. A
primer with a 3-OH is required. Answer (d) is not correct because the enzyme uses dNTP
and not NTP molecules, where N means A, C, G, T, or U.

The 3’-hydroxyl of the terminal nucleotide of the primer makes a nucleophilic attack on
the innermost phosphorus atom of the incoming dNTP that is appropriate for Watson-
Crick base pairing to the template strand to form the phosphodiester bond. As a result,
a dANMP residue is added onto the 3’-end of the primer with the concomitant release of
PP, and the chain grows in the 5° —> 3’ direction.

After the completion of one round of synthesis, the template strand will have directed
the polymerization of a complement in which C = 18.5%, G =24.1%, T = 32.8%, and
A =24.6%. Since the primer is short with respect to the template, its contribution to the
composition of the product strand can be neglected.

@1,2,3,5(0)1,2,3,4,5,6

The single-strand DNA penetrates the cell, where it has converted by enzymes to a du-
plex replicative form through Watson-Crick base pairing. The replicative form is then
reproduced by a mechanism similar to that used for the semiconservative replication of
the duplex chromosome of the host cell. Finally, after this stage of replication, the mech-
anism shifts to one in which the replicative form serves as a template to produce copies
of the single-strand DNA found in the mature virus.

Starting with the single-strand RNA in the virus and ending with the single-strand RNA
in the progeny viruses, the order in which genetic information flows during the infec-
tion of a cell with a retrovirus is: b, ¢, a, d, ¢, b. Retroviruses use the enzyme reverse
transcriptase to convert their single-strand genomes into a DNA-RNA replicative form
that is subsequently converted into a duplex DNA replicative form prior to insertion into
the host chromosome and ultimate reconversion into the single-strand viral RNA by a
DNA-dependent RNA polymerase.

a and b. Answer (b) is correct because the reverse transcription of RNA sequences into
DNA sequences occurs during the replication of retroviruses. The term transcription is
usually used to describe the formation of RNA from a DNA duplex by RNA polymerase.

d

(a) The bond is called the phosphodiester bond.

(b) The bond joins the 3’-hydroxyl to the 5’-hydroxyl to form a 3 —> 5" phospho-
diester bond.

(¢) Hairpin loops are formed when the RNA chain folds back upon itself and some of
the bases become hydrogen bonded to form an antiparallel duplex stem with un-
paired bases forming loop at one end.
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21.

22.
23.

24.

25.

26.

27.

28.

29.
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(d) A pairs with U, and G pairs with C; G can also pair with U, but the association is
weaker than that of the G + C base pair.

(e) The three major classes of RNA found in a cell are mRNA, rRNA, and tRNA; the
most abundant is TRNA.

You could sequence the RNA and DNA and compare the sequences of each to see if the
two are complementary; this method provides definitive evidence of identity. An easier
but less precise way would be to use hybridization. You would mix the samples, heat the
mixture to melt the double-strand DNA and RNA hairpins, slowly cool the solution, and
then examine it to see if it contains double-strand DNA-RNA hybrids. Such hybrids
would indicate that the RNA and DNA sequences are complementary.

Not necessarily; RNA synthesis is asymmetric, and only one strand of any region of the
DNA serves as a template. This can lead to RNA with a G + C composition different from
that of the duplex DNA.

a, b, c. All cellular RNA is encoded by the DNA of the cell.

a, b, c, e, f h, i, and k. Answer (f) is correct because DNA is needed to serve as the tem-
plate. Answers (k) and (i) are correct because the promoter and terminator sequences
are needed to specify the precise start and stop points, respectively, for the transcription.

The mRNA sequence will be ... GCAACUAGGUAACGU.. ., written in the 5° —> 3’ di-
rection.

The 3’-hydroxyl terminus of the growing RNA chain makes a nucleophilic attack on the
o-phosphate (the innermost phosphate) of the ribonucleoside triphosphate that has been
selected by base pairing to the template strand of the duplex DNA. RNA polymerase cat-
alyzes the reaction. A ribonucleoside monophosphate residue is added to the chain as a
result, and the chain has grown in the 5° — 3’ direction; that is, the chain has grown
at its 3" end. As with all Watson-Crick base pairing, the strands are antiparallel; that is,
the RNA chain is assembled in the 3 — 5’ direction with respect to the polarity of
the template strand of the DNA.

b, ¢, e, and . Answer (d) is incorrect because the interaction of tRNA with mRNA takes
place during translation, not transcription.

Three contiguous nucleotides is the minimum that can serve as a codon. There are four
kinds of nucleotides in mRNA. A codon consisting of only two nucleotides (either of which
could be any of the four possible nucleotides) allows only 16 possible combinations (4 x
4 = 16). This would not be sufficient to specify all 20 of the amino acids. A codon con-
sisting of three nucleotides, however, allows 64 possible combinations (4 X 4 X 4 = 64),
more than enough to specify the 20 amino acids.

The sequence of the polypeptide would be Ala-Thr-Arg. The reading frame is set by the
nucleotide at the 5" end of the mRNA transcript; the fourth codon of the mRNA tran-
script is UAA, which is a translation termination codon.

a, b, and d. Answer (a) is correct because both AGU and AGC specify serine; since more
than one codon can specify the same amino acids, the genetic code is said to be degen-
erate. Answer (b) is correct because the alteration of a single nucleotide in the DNA could
change a codon on the mRNA transcript from AGU, which specifies serine, to AAU, which
specifies asparagine. Answer (d) is correct because the anticodon ACU would base-pair
with the codon AGU. Answer (c) is not correct because the alteration of a single nucleotide
in the DNA could result in another codon that specifies the same amino acid; for exam-
ple, a codon changed from AGU to AGC would continue to specify serine.
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Mitochondria can use a genetic code that differs from the standard code because mito-
chondrial DNA encodes a distinct set of tRNAs that are matched to the genetic code used
in their mRNAs.

The mutations in a given gene of E. coli could be mapped by recombination analysis. The
proteins encoded by the wild-type and the mutant genes could then be sequenced, and
the location and nature of the amino acid substitution for each mutation identified. The
result would be that the order of the mutations on the genetic map is the same as the
order of the corresponding changes in the amino acid sequence of the polypeptide pro-
duced by the gene; these experiments established that genes and their polypeptide prod-
ucts are collinear in prokaryotes.

(a) The number of nucleotides in the gene was significantly greater than three times
the number of amino acids in the protein. There were two stretches of extra nu-
cleotides between the exon sequences that encode the amino acids in the (3-chain.

(b) The mRNA hydridized to the DNA under conditions where DNA-RNA hybrids
are more stable than DNA-DNA hybrids, but there were sections of duplex DNA
between the hybrid regions. This indicated that there are intron sequences in the
DNA that have no corresponding sequences in the mRNA. (See Figure 5.33 in
the text.)

(¢) The intervening sequences (introns) in the nascent or primary transcript, which are
complementary to the template strand of the DNA of the gene but do not encode
amino acids in the protein, must be removed by splicing to generate the mRNA that
functions in translation.

The shulffling of exons that encode discrete functional domains, such as catalytic sites,
binding sites, or structural elements, preserves the functional units but allows them to
interact in new ways, thereby generating new kinds of proteins.

b, ¢, and d. (a) is incorrect because exon shuffling takes place at the DNA level through
breakage and rejoining of DNA not RNA.

PROBLEMS

1.

2.

The genome of the mammalian virus SV40 is a circular DNA double helix containing
5243 base pairs. When a solution containing intact DNA molecules is heated, one ob-
serves an increase in the absorbance of ultraviolet light at 260 nm. When the solution is
then cooled slowly, a decrease in absorbance is observed. If one or more breaks are made
in the sugar-phosphate backbones of the SV40 double-strand circles, heating causes a
similar hyperchromic effect. However, when the solution of nicked molecules is cooled,
the reduction in absorbance is much slower than that observed in the solution contain-
ing intact molecules. Why do the two types of molecules behave differently when they
are cooled after heating?

A number of factors influence the behavior of a linear, double-strand DNA molecule
in a 0.25M sodium chloride solution. Considering this, explain each of the following
observations.

(a) The T,, increases in proportion to length of the molecule.

(b) As the concentration of sodium chloride decreases, the T, decreases.

(¢) Renaturation of single strands to form double strands occurs more rapidly when
the DNA concentration is increased.

(d) The T,, value is reduced when urea is added to the solution.
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(a) Many proteins that interact with double-strand DNA bind to specific sequences in
the molecule. Why is it unlikely that these enzymes operate by sensing differences
in the diameter of the helix?

(b) What other features of the double-strand helix might be recognized by the protein?

You have a double-strand linear DNA molecule, the appropriate primers, all the enzymes
required for DNA replication, four *?P-labeled deoxyribonucleoside triphosphates, Mg**
ion, and the means to detect newly synthesized radioactive DNA. Why is this system not
sufficient to distinguish between conservative and semiconservative replication of the
DNA molecule?

. Certain deoxyribonucleases cleave any sequence of single-strand DNA to yield nucleo-

side monophosphates; these enzymes do not hydrolyze base-paired DNA sequences.
What products would you expect when you incubate a solution containing a single-
strand specific deoxyribonuclease and the following oligodeoxyribonucleotide?

5-ApGpTpCpGpTpApTpCpCpTpCpTpApCpGpApCpTp-3”

Formaldehyde reacts with amino groups to form hydroxymethyl derivatives. Would you
expect formaldehyde to react with bases in DNA? Suppose you have a solution that con-
tains separated complementary strands of DNA. How would the addition of formalde-
hyde to the solution affect reassociation of the strands?

When double-strand DNA is placed in a solution containing tritiated water, hydrogens
associated with the bases readily exchange with protons in the solution. The greater the
percentage of AT base pairs in the DNA, the greater the rate of exchange. Why?

While many experiments were suggesting that DNA in chromosomes is very long and
continuous, it was established that DNA polymerase adds deoxyribonucleotides to the
3’-hydroxyl terminus of a primer chain and that a DNA template is essential. Why did
those investigators interested in DNA replication focus a great deal of attention on de-
termining whether chromosomal DNA contained breaks in the sugar-phosphate back-
bone?

The value of the T, for DNA in degrees Celsius can be calculated using the formula,
T,,=69.3+0.41(G+ O), where G + C is the mole percentage of guanine plus cytosine.

(a) A sample of DNA from E. coli contains 50 mole percent G + C. At what tempera-
ture would you expect this DNA molecule to melt?

(b) The melting curves for most naturally occurring DNA molecules reveal that their T,
values are normally greater than 65°C. Why is this important for most organisms?

During early studies of the denaturation of double-strand DNA, it was not known
whether the two strands unwind and completely separate from each other. Suppose that
you have double-strand DNA in which one strand is labeled with "N and the other is
labeled with N. If density-gradient equilibrium sedimentation can be used to distin-
guish between both double- and single-strand molecules of different densities, how can
you determine whether DNA strands separate completely after denaturation?

Under strongly acidic conditions, several atoms of DNA bases are protonated; these
include the N-1 and N-7 of adenine, the N-7 of guanine, the N-3 of cytosine, and the
O-4 of thymine. Predict the effects of such protonations occurring at low pH on the sta-
bility of double-strand DNA.

Sol Spiegelman found that some types of single-strand RNA can associate with single-
strand DNA to form double-strand molecules. What is the most important condition that
must be satisfied in order to allow the formation of these hybrid molecules?
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Many cells can synthesize deoxyuridine 5’-triphosphate (dUTP). Can dUTP be used as
a substrate for DNA polymerase? If so, with which base will uracil pair in newly repli-
cated DNA?

The DNA of bacteriophage A is a linear double-strand molecule that has complementary
single-strand ends. These molecules can form closed circular molecules when two “co-
hesive” ends on the same molecule join, and they can form linear dimers, trimers, or
longer molecules when sites on different molecules are joined.

(a) What conditions should be chosen to insure that A phage DNA molecules form
closed-circular monomers?

(b) Under certain conditions, A phage DNA molecules are infective. When a very low
concentration of A phage DNA is incubated with DNA polymerase I and the four
deoxyribonucleoside triphosphates, the infectious activity of A phage DNA is de-
stroyed. Brief treatment of A phage DNA with bacterial exonuclease 111, an enzyme
that removes 5-mononucleotides from the 3’-ends of double-strand DNA mole-
cules also destroys infectivity, but subsequent treatment of the DNA with DNA poly-
merase I and nucleotide substrates can restore infectivity. Describe more completely
the structure of A phage DNA, and provide an interpretation of the action of the
two enzymes on the molecule.

The isolation of viral DNA from animal cells that have been infected with adenovirus
yields linear double-strand molecules that, when denatured and allowed to reassoci-
ate under conditions favoring intramolecular annealing, form single-strand circles.
Although circular molecules can be detected using the electron microscope, resolution
is not sufficient to visualize the ends of the molecule. Other analyses of the single-
strand molecule show that each end has a sequence that allows the structure shown
in Figure 5.2 to form.

FIGURE 5.2 A single-strand circle formed by intra-molecular annealing
of adenovirus DNA.

«—— Double-stranded
region
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(a) Suppose that the base sequence at one end of the single-strand molecule is 5"-AC-
TACGTA. ... What is the corresponding sequence at the other end? Show how these
sequences would allow full-length, double-strand linear molecules to be formed.

(b) An alternate suggestion for the formation of the single-strand molecules was also
proposed; it is shown in Figure 5.3. Why is this proposed pairing scheme unlikely?

FIGURE 5.3 Another proposal for formation of single-stranded molecules
of adenovirus DNA.

Denature
Anneal

Thermoacidophilic bacteria can grow in volcanic sulfur springs at pH 2 and at tempera-
tures as high as 85°C. DNA polymerase purified from the thermophile Snifolobus acidocal-
darius has an optimal activity at 70°C and is stable at 80°C. When incubated with a circular
DNA template at 100°C, the isolated polymerase can extend a 20-nucleotide primer by
more than 100 nucleotides. These experiments require that enzyme-to-primer concentra-
tion be at least 1:1. The T, value for the double-strand DNA used in the experiment is
about 60°C. Unlike DNA polymerase I from E. coli, DNA polymerase from S. acidocaldar-
ius has no demonstrable exonuclease activity to correct mistakes in DNA by removing mis-
matched nucleotides (such an enzyme activity is often referred to as proofreading).

(a) Why should the ratio of enzyme to primer be 1 in order for primer extension to
take place at 100°C?

(b)  Would you expect to find an auxiliary proofreading enzyme in S. acidocaldarius? Why?

() Would you expect DNA from the genome of S. acidocaldarius to have a G + C con-
tent higher or lower than that from a bacterium that grows at a more normal tem-
perature? Why?

Terminal deoxynucleotidyl transferase (TdT), an enzyme found in bone marrow and thy-
mus tissue, can extend a DNA primer by 5° —> 3’ polymerization using deoxyri-
bonucleoside triphosphates as substrates. The primer must be at least three nucleotides
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in length and must have a free 3’-OH end. The enzyme does not require a template nor
does it copy one.

(a) Compare TdT with DNA polymerase 1.
(b) Would TdT be useful for synthesizing DNA molecules that carry genetic informa-
tion? Why?

The 2’,3’-dideoxynucleosides can be used as reagents to inhibit DNA replication. These
analogs must be converted to dideoxynucleoside triphosphates in order to have a meas-
urable effect on DNA synthesis. When incorporated into a growing DNA chain, a single
dideoxyribonucleoside residue can effectively block subsequent chain extension.

() Why must a 2’,3’-dideoxyribonucleoside be converted to a dideoxyribonucleoside
triphosphate to be incorporated into DNA?

(b) What feature of a 2",3’-dideoxynucleoside is most likely to account for inhibition
of DNA chain extension?

FIGURE 5.4 HOCH, o

H H
2’, 3’-Dideoxyribonucleoside

In each chain-elongation reaction catalyzed by DNA polymerase, a phosphodiester bond
is formed and pyrophosphate is concomitantly released. Hydrolysis of pyrophosphate to
two molecules of inorganic phosphate occurs rapidly because most cells have a potent
pyrophosphorylase. By removing one of the products of the chain-elongation reaction,
pyrophosphate cleavage in the cell is partially responsible for the forward progress of
polymerization. However, isolated DNA polymerases can efficiently carry outchain ex-
tension in the absence of pyrophosphate cleavage, so long as the double-strand helix is
allowed to form during elongation. What forces resulting from DNA helix formation
might contribute to driving polymerization forward?

In his studies of DNA in the late 1940s, Erwin Chargaff established that DNA from all
organisms has equal numbers of adenine and thymine bases and equal numbers of
guanine and cytosine bases. Considering that thymine and uracil are equivalent in their
abilities to form hydrogen bonds with adenine, state whether you would expect simi-
lar constraints on base composition to be found in the following:

(a) single-strand RNA from tobacco mosaic virus.

(b) the DNA-RNA hybrid molecule synthesized by reverse transcriptase.

(¢) RNA from a virus in the reovirus family, which have large genomes composed of
double-strand RNA molecules.

Certain DNA endonucleases degrade double-strand DNA to yield mononucleotides and
dinucleotides, but these enzymes do not degrade those duplex sequences to which other
proteins are tightly bound.

(a) How can you use such a DNA endonuclease and RNA polymerase to locate a
promoter site?
(b)  Why should this process be performed in the absence of ribonucleoside triphosphates?

The amino acid at position 102 in the primary sequence of a bacterial enzyme is valine,
and the corresponding codon in the mRNA sequence for the enzyme is GUU. Suppose
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a mutation that alters the codon to GCU has no effect on the activity of the enzyme, but
another mutation that changes the codon to GAU completely inactivates the enzyme.
Briefly explain these observations.

It is essential for spliceosomes to remove introns precisely, that is, between the terminal
nucleotide of an intron and the first nucleotide of an exon. To see why, suppose that the
sequence at the normal junction in a pre-spliced mRNA between an intron and an exon

is -UUAG, GCUAACGG... Suppose further that a spliceosome occasionally miscleaves the
Intron Exon

pre-mRNA transcript between the C and U residues in the exon sequence to yield the
following two splicing intermediates:

...UUAGGC UAACGG...

What would be the consequence of this cleavage?

Although nearly all the proteins synthesized by a bacterial cell after it has been infected
with T2 bacteriophage are determined by the viral genome, some bacterial proteins are
also required for successful infection. What bacterial enzyme is needed to initiate viral
infection when T2 DNA first enters the cell?

(a) The genome of bacteriophage ®X174 is a single strand of DNA containing 5386
nucleotides. If only one AUG in the genome were used as an initiation signal, how
many amino acids could be encoded by the genome? If the average molecular
weight of an amino acid is 112, what is the maximum molecular weight of protein
encoded by the genome?

(b) Studies have shown that the ®X174 genome can encode a larger number of proteins
than expected. One reason for this increased encoding capacity is that some of the
genes overlap each other. For example, the coding sequence for gene B is located
entirely within the sequence that codes for gene A. However, the amino acid se-
quences of the two proteins specified by these genes are entirely different. How is
this possible?

In contrast to DNA polymerase, RNA polymerase has no nuclease capability to excise
mismatched nucleotides. Suggest why the two enzymes are different in this respect.

The genome of bacteriophage G4 is a small, single-strand circle of DNA. Replication of
the circle is initiated when an RNA polymerase, a product of the dnaG gene of E. coli, syn-
thesizes a small segment of RNA that binds to a unique sequence on the G4 chromosome.
Initiation of G4 DNA synthesis does not occur in bacterial dnaG gene mutants, which
have an inactive RNA polymerase. Suggest a function for the small segment of RNA.

(@) In E. coli, a tRNA that carries tyrosine is composed of 85 nucleotides. However,
transcription of the gene that codes for tyrosine tRNA yields an RNA molecule
consisting of 350 nucleotides. At least three ribonuclease enzymes cooperate in
removing a 41-base segment on the 5" side of the tRNA sequence and a 224-base
segment that extends from the 3’ terminus of the tRNA sequence. The tRNA se-
quence in the primary transcript is continuous, and no nucleotides are removed
from that part of the transcript during processing. How does this type of RNA
processing differ from splicing?

(b) Another primary transcript that is synthesized in bacteria contains 6500 nucleotides,
including sequences for the 23S, 16S, and 5S RNA molecules found in ribosomes.
This primary transcript has sequences on either side of the set of rRNA sequences,
as well as “spacer” sequences between each of them. Suggest a reason for the syn-
thesis of a transcript containing all three TRNA sequences.
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The codons UAA, UAG, and UGA are signals for chain termination in protein synthesis
because none of these codons are read by tRNA molecules. These codons are normally
found at the ends of coding sequences for proteins. However, single-base mutations in
certain codons can also cause premature termination of the protein chain.

(a) Which codons can be converted to the chain-termination codon UAA by a single
base change?

(b) Suppose a mutation creates a UAA codon that is three codons away from the 3" end
of the normal mRNA coding sequence. Why might you assume that the prematurely
terminated protein might still be functional?

(¢) Revertants of chain-termination mutants include those in which a single-base sub-
stitution changes a termination codon to one that can again be read by a tRNA mol-
ecule. For example, a UAG codon can mutate to UCG. What amino acid would then
be found at the corresponding position in the protein?

(d) Other revertants retain the original termination codon at the premature termination
site, but an amino acid is inserted at the corresponding site in the protein so that
the protein has the same length as the nonmutant protein would have. These re-
vertants are due to another mutation in which the anticodon of a tRNA molecule is
altered so that the tRNA molecule can read a termination codon. These tRNA mol-
ecules are called suppressor tRNAs because they suppress the effect of a chain-ter-
mination mutation. Suppose you have a chain-termination mutation that is due to
the presence of a UAG codon in the normal coding sequence. If the effect of the
UAG codon is suppressed by a tRNA mutation, which amino acids could be found
at the site corresponding to the premature termination signal? Assume that a single
base change occurs in each case.

Polynucleotide phosphorylase, which polymerizes ribonucleoside diphosphates (NDP)
to form RNA and P;, was used in the laboratory to synthesize polyribonucleotides that
were useful in determining the genetic code. Why is it unlikely that this enzyme syn-
thesizes RNA in the cell? Suggest how the cell uses this enzyme.

()  When an experiment was done to form hybrids between mRNA produced after bac-
teriophage T2 infection and the denatured T2 genomic DNA (mRNA was in molar
excess over DNA strands), significantly less than 100% of the DNA could form a
DNA-RNA hybrid. What did this suggest about whether transcription takes place
on one or both of the two DNA strands at any location on the chromosome?

(b) Later the principle of transcription on only one strand of DNA was established
firmly by studies with DNA from the virus SP8, which infects the bacterium Bacillus
subtilis. Because the two complementary strands of SP8 DNA have very different
base compositions, they can be easily separated by density gradient centrifugation.
How could you use these separated strands to show that the transcription of SP8
DNA occurred on one strand only?

You are studying the effects of amino acid replacements on the stabilbity of a particu-
lar a helix that is buried in the protein myoglobin. You carry out a series of replace-
ments of a particular leucine residue located in the helix, using site-specific
mutagenesis, a technique described in detail in Section 6.4 of the text. The replace-
ments are as follows:

(i) leucine —> arginine

(ii) leucine —> valine

(iii) leucine —> proline

(iv) leucine —> glycine

(v) leucine —> alanine
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(a) For each replacement, predict whether the change would stabilize, destabilize, or have
no effect on the structure of the o helix. Briefly explain each of your predictions.

(b) For each replacement, write the most likely mRNA codon required to code for the
particular amino acid. Which of the replacements can be carried out by single-base
changes? Which of the replacements can be produced only by altering two bases in
the mRNA codon?

Cordycepin (3’-deoxyadenosine) is a compound that can block the synthesis of RNA,
because a cordycepin residue in an RNA chain lacks the 3’-OH end needed for chain ex-
tension by RNA polymerase. The structure of cordycepin is shown below.

(a) Cordycepin does not inhibit the growth of bacteria, but it does inhibit growth and
division of mammalian cells. Consider the reactions that are required for cordycepin
to be converted into a substrate for RNA polymerase and then propose a reason for
its ineffectiveness in bacteria.

(b) Would you expect cordycepin to block DNA synthesis as well? Why?

Raney nickel can convert cysteinyl-tRNA®* to alanyl-tRNA“Y. When this altered aminoa-
cyl-tRNA is used in a protein-synthesizing system in vitro, alanyl residues are placed in
the position normally occupied by cysteinyl residues in the protein. What does this ex-
periment tell you about the ability of the protein-synthesizing machinery to recognize
an inappropriate aminoacyl-tRNA like alanyl-tRNA®.

The products of the cleavage of RNA in dilute alkali include 2’- and 3’-monophosphates.
What does this observation reveal about the mechanism of cleavage of RNA? How might
sensitivity to base-catalyzed cleavage have affected the choice of DNA or RNA as the pri-
mary carrier of genetic information?

Many steps in the flow of genetic information are subject to regulation. Stringent con-
trol of the production of macromolecules limits expenditure of energy by the cell, per-
mitting the synthesis of particular proteins only as they are required. Consider the steps
in storage and transmission of genetic information, and describe which one, when reg-
ulated, makes it possible to achieve the greatest economy in energy expenditure by a
mature cell.

In 1971, David Baltimore was investigating whether polymerase activities were con-
tained in the Rauscher murine leukemia virus. This virus has an RNA genome and
causes leukemia in mice. He disrupted purified virus particles and incubated the re-
sulting mixture with Mg?*" and either the four dNTPs or the four NTPs in a buffered so-
lution. One of the dNTPs or one of the NTPs was radiolabeled. After allowing time for
a reaction to occur, the mixtures were treated with strong acid to precipitate nucleic
acids while leaving unreacted nucleoside triphosphates in solution. By measuring the
precipitated radioactivity, this assay allowed him to detect the formation of the product
of a putative polymerase. He found the following: (1) NTPs were not incorporated into
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product; (2) dNTPs were incorporated into product; (3) the isolated, radiolabeled prod-
uct was destroyed by DNase (an enzyme that hydrolyzes DNA) but not by RNase (an
enzyme that hydrolyzes RNA); (4) the isolated product was not destroyed by NaOH;
(5) pretreatment of the disrupted virus extract with DNase did not prevent the forma-
tion of product whereas pretreatment with RNase did.

Do these experiments suggest the presence of a polymerase? Why? What kind of poly-
merase is likely present? What is its template and what is the product formed? What did
these experiments indicate, for the first time, about the flow of genetic information?

Radioisotopes have been critical for identifying specific molecules involved in biochemi-
cal processes. John Hershey and Martha Chase carried out an experiment in 1952 with
bacteriophage T2 that had been radiolabeled by being grown in either >*PO%- or »S0O%~
-containing medium. Bacteriophage T2 has a DNA genome. After infecting the bacterial
cells in separate cultures with the two different labeled virus preparations for a time short
enough to ensure that newly made viruses did not develop to the point of lysing the cells,
they put the culture of infected cells in a blender to strip off any part of the virus that did
not enter the cell. They next collected the infected stripped cells by centrifugation and
compared the amounts of radioisotope in the cells to that remaining in the supernatant.
What do you think they observed and why? Why was this experiment important?

ANSWERS TO PROBLEMS

1.

When the intact double-strand circular DNA molecule is heated in solution, its base
pairs are disrupted and an increase in the absorbance of light at 260nm is observed.
However, the two resulting single-strand circles are so tangled about one another that
they remain closely associated. When the molecules are cooled, the interlocked
strands move relative to each other until their base sequences are properly aligned
and a double-strand molecule is reformed. This molecule absorbs less ultraviolet light
at 260nm (hypochromism) than does the pair of denatured single strands. Breaks in
one or both strands of a double-strand DNA molecule allow the two strands to sep-
arate completely from one another during denaturation. In order to form a double-
strand molecule, the separate strands collide randomly until at least a small number
of correct base pairs is formed (nucleation); then the remaining bases pairs form to
generate a completely double-strand molecule. Reassociation of a pair of separate
strands in solution is slower than that of a pair of interlocked circles because the local
concentration of strands is lower, so a corresponding difference in the reduction of
absorbance will be observed.

(@) The longer the DNA molecule, the larger the number of base pairs it contains. As
a result, more thermal energy is required to disrupt entirely the helical structure of
the longer DNA molecule. Experiments show that such a relationship is true for
molecules up to ~4000 base pairs in length.

(b) Sodium ions neutralize the negative charges of the phosphate groups in both
strands. As the concentration of NaCl decreases, repulsion between the negatively
charged phosphate groups increases, making it easier to separate the two strands.
The tendency for the strands to separate more easily means that dissociation occurs
at a lower temperature, which is reflected in a lower T,, value of the molecule.

(¢) The reassociation of single strands begins when a short sequence of bases in one
strand forms hydrogen bonds with a complementary sequence in another. Once a
short stretch of base pairs is formed, reassociation to form the longer double-strand
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molecule occurs rapidly. The higher the concentration of DNA, the greater the num-
ber of complementary sequences in the solution, and thus the quicker the comple-
mentary sequences will find and pair with each other.

(d) Urea, which contains hydrogen bond donors (-NH,) and hydrogen bond acceptors
(> C=0), disrupts the hydrogen bonds between bases. Because hydrogen bonds
are partly responsible for the stability of the double helix, the disruption of these
bonds makes the structure more sensitive to denaturation by thermal energy and
thereby reduces the T, value. In addition to hydrogen bonding, the tendency of
bases to stack also contributes significantly to the stability of the helix. Base stack-
ing minimizes the contact of the relatively insoluble bases with water, and it also
allows the sugar-phosphate chain to be located on the outside of the helix, where
it can be highly solvated. Urea may also cause destabilization of the helix by al-
lowing bases to associate more readily with water by disrupting its structure.

3. (@) The four base pairs found in the DNA double helix are almost identical in size and

shape, so the diameter of the double helix is essentially uniform all along its length.
It is therefore unlikely that a protein can identify a specific sequence by sensing dif-
ferences in the diameter of the helix.

(b) Proteins that interact with specific sequences might do so by forming hydrogen
bonds with the bases; in some cases, it might be necessary for the double strand to
undergo local unwinding or melting in order for the bases to form hydrogen bonds
with a protein. However, hydrogen-bond donors and acceptors are also found in
the grooves of the intact helix. A protein could also bind to a specific location on
DNA by forming hydrogen bonds with a particular group of atoms in one of the
grooves of the helix. Hydrophobic interactions between amino acid side chains and
the methyl group of thymine or the edges of the bases can also contribute to the
specificity of the interaction.

. Although the system described could yield *?P-labeled daughter DNA molecules, chem-
ical methods cannot distinguish DNA in which both strands are radioactively labeled
from DNA in which one strand is labeled and one strand is unlabeled. In their experi-
ments, Meselson and Stahl used a physical technique, density gradient equilibrium sed-
imentation, to separate the labeled molecules according to their content of *N and N,
which differ in their specific densities.

. In solution, the oligodeoxyribonucleotide forms an interchain double-strand molecule
with flush ends and a small single-strand loop containing the sequence 5’-
pTpCpCpTpCp-3’. The deoxyribonuclease hydrolyzes the phophodiester bonds in this
single-strand region to form nucleoside monophosphates, leaving a small double-strand
linear molecule remnant containing seven base pairs.

. Formaldehyde could react with the exocyclic amino groups on the C-6 carbon of
adenine, the C-2 of guanine, and the C-4 of cytosine to form hydroxymethyl deriv-
atives. Because these derivatives cannot form hydrogen bonds with complementary
bases, formaldehyde-treated single strands would reassociate to a lesser extent than
would untreated single strands. The actual sites of the reaction of formaldehyde with
DNA are not precisely known; these sites may also include the ring nitrogen atoms
in pyrimidines.

. This experiment suggests that the hydrogen bonds of base-paired regions of double-
strand DNA may undergo reversible dissociation to form single-strand regions, often
known as bubbles. The transient disruption of these hydrogen bonds allows the exchange
of protons with the tritiated water. A + T pairs open more easily than G + C pairs. Thus,
the greater the percentage of AT pairs, the greater the rate of proton exchange.
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A continuous, linear double-strand DNA molecule has only two 3’-OH groups available
for the initiation of DNA synthesis by DNA polymerase; because each is located at op-
posite ends of the molecule, no template sequence is available. In order to construct a
relatively simple mechanism for chromosomal replication, one could postulate that the
enzyme initiates DNA replication at a number of breaks along the chromosome, with
each of the breaks offering the 3’-OH group required for the initiation of the new DNA
strand. The template required for replication would then be located on the strand op-
posite the break, thus ensuring that DNA synthesis could continue. It is now well es-
tablished that DNA in chromosomes is very long and continuous. The fact that there are
initially no breaks in the molecule makes the mechanism of replication complex. It in-
volves a number of enzyme activities, as well as the use of RNA to prime the synthesis
of DNA. For details, see page 760 of the text.

(a) The expected melting temperature for E. coli DNA containing 50% GC base pairs is

T,=693+041(G+O)
=69.3 + 0.41(50)
=093 +20.5
= 89.8°C

(b) Most organisms live at temperatures that are considerably lower than 65°C. Because
both the transmission and expression of genetic information depends on the in-
tegrity of the double-strand DNA molecule, it is important that the molecule not be
disrupted by thermal energy.

First, you must determine the temperature at which the hydrogen bonds are disrupted
and single strands are formed. You can do this by heating the double-strand DNA to var-
ious temperatures and measuring the extent of hyperchromicity. Once the DNA has been
melted, centrifuge the sample using the density-gradient equilibrium sedimentation tech-
nique to attempt to separate the '*N-labeled DNA strands from the "N-labeled DNA
strands, which will be the denser of the two. If you are successful, this would suggest
that the strands separate completely during thermal denaturation.

The protonation of the N-1 and N-7 of adenine, the N-7 of guanine, the N-3 of cyto-
sine, and the O-4 of thymine makes normal hydrogen bonding at these locations im-
possible because the atoms can no longer serve as hydrogen-bond acceptors. Therefore,
at low pH, where proton concentrations are high and protonation of these atoms occurs,
double-strand DNA is less stable than at neutral pH values. At high pH values ( > 11)
DNA is also denatured by deprotonation of other ring atoms.

The association of a molecule of RNA with a molecule of DNA to form a hybrid mole-
cule depends primarily on the two molecules having complementary sequences of bases.
The formation of hydrogen bonds between complementary bases will allow the forma-
tion of a double helix composed of RNA and DNA.

The deoxyribonucleoside triphosphate dUTP can be used as a substrate for DNA poly-
merase during DNA replication because the structure and hydrogen-bonding properties
of uracil are very similar to those of thymine. When incorporated into a double-strand
DNA polymer, uracil pairs with adenine, as does thymine. For a discussion of the rea-
sons uracil is not normally incorporated into DNA, see page 771 of the text.

(a) To insure that A phage DNA molecules form closed circular monomers, the con-
centration of A phage DNA should be relatively low so that the intrachain forma-
tion of hydrogen bonds is favored. At higher concentrations, the probability of
interchain joining to form multimers is enhanced.
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The most reasonable model for the structure of the A phage DNA molecule is a dou-
ble-strand molecule having single-strand protrusions at the 5-ends, as illustrated
in the margin. The 3’-ends have hydroxyl groups, which allow them to serve as
primers for DNA synthesis catalyzed by DNA polymerase I. This enzyme fills in the
single-strand regions of the molecule, producing a molecule with flush ends. Such
a molecule no longer has cohesive ends that can form the required circular mole-
cule needed for infectivity.

3 5
5 3

Molecules treated with exonuclease 111 have a longer single-strand sequence at both
ends; they may not be infective because the newly exposed bases may not be fully
complementary to each other, which would mean that the ends could no longer be
joined. When the exonuclease-treated DNA is treated with DNA polymerase I, the
single-strand regions are sufficiently filled in to reform a molecule that has pro-
truding single strands that are approximately the same length as those in the native
molecule. Hence, the molecule once again becomes infective. Further treatment of
the molecule with DNA polymerase I will once again produce a molecule that has
flush ends and is no longer infective.

The sequence at the other end of the single-strand molecule must be composed of
complementary bases. It must therefore be

...TACGTAGT-3’
The structure of the full-length, double-strand, linear molecule would be

TACGTAGT-3’
ATGCATCA-5

5’-ACTACGTA
3’-TGATGCAT

Each single strand has a pair of inverted repeats.

The formation of double-strand helical segments depends upon hydrogen bond for-
mation between bases in nucleotide chains that are antiparallel, as follows:

5’...PuPyPuPyPu...3’
3’...PyPuPyPuPy...5

where Py = pyrimidine and Pu = purine. When the suggested structure is labeled
using this scheme, as in Figure 5.5, it can be seen that it would require the forma-
tion of base pairs between parallel chains, and such pairing cannot readily take place.

FIGURE 5.5 Base pairing between parallel nucleotide chains, required to form the
circular structures shown in Figure 5.3, is unlikely in DNA.

5 3)
il

| 73 |



| 74 |

CHAPTER 5

16. (a)

(b)
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17. (a)

(b)

18. (a)

(b)

Each enzyme molecule probably tightly clamps the primer as well as the extended,
newly synthesized chain to the template, thereby protecting the helix from denat-
uration at high temperature. One primer would be required for each template
strand. The association between primer and enzyme may protect the enzyme from
thermal denaturation as well. There are many examples in biochemistry where sub-
strate binding stabilizes protein structure.

During polymerization of a new DNA chain, the chance that base incorporation er-
rors can occur will increase at high temperatures. Even though a proofreading or
error-correcting activity is not found in the S. acidocaldarius polymerase polypep-
tide, you would expect an auxiliary enzyme to be present in the cells in order for
the bacterial genome to be accurately replicated so that the genetic integrity of the
organism is maintained.

The higher the G + C content of double-strand DNA, the higher the melting point
at which the helix is denatured. Therefore, you might expect DNA from a ther-
mophile to have a higher G + C composition. Surprisingly, DNA base ratios are
sometimes not very different from those in bacteria living at lower temperatures, so
that DNA isolated from these thermophilic bacteria melts at temperatures lower
than those encountered in the hot springs where they grow. There must be proteins
or other molecules in the bacterial cells that protect the genomic DNA of these ther-
mophiles from thermal denaturation.

Like DNA polymerase I, TdT can extend a DNA primer by using deoxynucleoside
triphosphates as substrates. However, TdT does not use a template and cannot copy
from one, so that the base composition of the newly synthesized single strand of
DNA will depend solely on the relative concentrations of the deoxynucleoside
triphosphate substrates. For chains synthesized by DNA polymerase I, the base com-
position will be complementary to that of the template strand. Although DNA poly-
merase has an exonuclease activity that removes mismatched bases from newly
synthesized strands, TdT has no such activity and does not need one.

DNA molecules that carry genetic information must be synthesized as faithful copies
of template strands; TdT cannot copy a template and would not be useful in ge-
nomic DNA synthesis. TdT is sometimes used to introduce sequence variation into
DNA during antibody formation.

DNA polymerase requires deoxyribonucleoside triphosphates as substrates for DNA
chain extension. Nucleosides like the 2’,3’-dideoxy analogs must be converted to
nucleoside triphosphates in order to serve as substrates for DNA polymerase.
Studies on inhibition of DNA synthesis in living cells involve incubating those cells
with the nucleoside forms of the analogs instead of their nucleoside triphosphate
forms, because negatively charged phosphate anions cannot pass across the plasma
membrane, while relatively neutral nucleosides can. Once inside the cell, nucleo-
side analogs are phosphorylated by cellular enzymes that normally function to “sal-
vage” nucleosides generated by turnover of nucleotides from RNA and DNA.
Dideoxynucleosides lack a free 3’-hydroxyl group, which would normally serve
as an acceptor for incorporation of the next nucleotide into the growing polynu-
cleotide chain. The lack of a 3’-OH group also interferes with excision by the
error-correcting exonuclease activity of some DNA polymerases, so that chain ex-
tension is blocked.

19. Noncovalent forces also contribute to driving the reaction forward. Hydrogen bonds form
between opposing A and T bases and between G and C molecules in the antiparallel
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chains. There are also significant hydrophobic interactions between adjacent bases on
the same strand, and these stacking interactions may in fact contribute significantly to
helix formation and stability. In vivo, it is likely that these noncovalent forces, along with
the cleavage of the product, account for the forward progress of chain elongation.

(a) The ratios observed by Chargaff can be attributed to the requirement that in a dou-
ble-strand polynucleotide, only certain bases can form hydrogen bonds with one
another. Although a single-strand polynucleotide might form some hydrogen bonds
between bases as it folds, the overall base ratios will not conform to Chargaff’s es-
tablished rules. This is also true for single-strand DNA in a virus like ®X174.

(b) Because hydrogen bonding between A and T (or U, in the case of RNA) and be-
tween G and C can occur in a duplex molecule formed by one strand of DNA and
a complementary strand of RNA, you would expect to see base ratios like those ob-
served by Chargaff.

(¢) Double-strand RNA molecules form hydrogen bonds between bases in a manner
similar to those in DNA helices. Therefore, bearing in mind that U, not T, would
normally be found in RNA, the number of uracil residues would equal the number
of adenines, and the number of guanine bases would be expected to be the same
as those of cytosine.

(a) To locate a promoter site, you would first incubate the double-strand DNA with
RNA polymerase; the RNA polymerase will bind tightly to the promoter site. Next,
you would add the DNA endonuclease, which will degrade the DNA that is not pro-
tected by the bound RNA polymerase. Electrophoresis can then be used to deter-
mine the size of the protected fragments of DNA, and the base sequence can be
determined using methods discussed in Chapter 6 of the text.

(b) Ribonucleoside triphosphates are substrates for RNA polymerase transcription. If
present when this process is performed, they would allow the polymerase molecule
to move from the promoter site to the site on the template where transcription be-
gins, as well as beyond, as transcription progresses. As a result, the promoter site
would no longer be protected from endonuclease degradation.

The GCU codon in the first mutation corresponds to a substitution of alanine for valine
at position 102. Although the side chain of alanine is smaller than that of valine, both
are aliphatic amino acids, so the alteration in the structure of the enzyme does not nec-
essarily affect the enzyme activity. The GAU codon of the second mutation specifies the
substitution of aspartate for valine at position 102. This substitution could have a detri-
mental effect because the side-chain carboxyl group of aspartate has a negative charge at
neutral pH. The charged group could disrupt the native conformation of the enzyme,
thereby inactivating it.

If the spliceosome cleaves the initial transcript within the normal exon sequence as
shown, the exon coding sequence in the spliced mRNA will be altered because of the
loss of two bases. Instead of beginning with the codon GCU in the normal exon, the
reading frame will begin with the codon UAA in the altered exon. This codon is, in fact,
a termination signal for protein synthesis, which means that the translation of the
polypeptide specified by the spliced messenger RNA would be terminated prematurely.

Because only DNA and no protein from T2 enters the cell, the synthesis of viral-directed
proteins cannot begin until T2 messenger RNA has been made. Transcription of the T2
DNA must therefore be carried out by bacterial RNA polymerase using ribonucleoside
triphosphates synthesized by the bacterial cell.
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(a) Three consecutive bases are required to encode an amino acid, so up to 1794 amino
acids could be specified by the ®X174 genome. The molecular weight of this much
protein would be approximately 201,000

(b) Overlapping genes can yield proteins with different primary amino acid sequences
only if each of the protein coding sequences is read in a different reading frame.
The critical feature for the establishment of the proper reading frame is the loca-
tion of the AUG initiation signal. As an example, consider the following mRNA se-
quence, which contains two AUG codons that are in overlapping but different
reading frames:

Reading frame 1
AUGCCUAGAUGCAGUUCG
Reading frame 2

When an initiator tRNA binds to the first AUG codon, reading frame 1 is estab-
lished; similarly, reading frame 2 is established when an initiator tRNA binds to the
second AUG codon. The polypeptides specified by the two different mRNA se-
quences will necessarily have different amino acid sequences.

DNA polymerase is responsible for the duplication of the DNA of chromosomes, which
is the repository of the genetic information that is passed on to progeny cells. Any error
that occurs in the copying of a DNA template will be transmitted not only to the dupli-
cated chromosome but also to all the messenger RNA molecules transcribed from the
miscopied DNA template. Therefore, it is crucial that DNA polymerase be able to cor-
rect errors that occur due to the incorporation of mismatched nucleotides. RNA poly-
merase makes many copies of mRNA, but these molecules have relatively brief lives in
the cell, and very few are passed on to progeny cells. Occasional errors in transcription
can result in the production of defective proteins, but it appears that the cell can toler-
ate such errors provided that not too many occur.

The small RNA molecule serves as the primer for the initiation of DNA synthesis by DNA
polymerase. To synthesize a DNA chain DNA polymerase requires a primer nucleotide
with a 3’-hydroxyl terminus along with a template. Studies show that either an
oligodeoxyribonucleotide or an oligoribonucleotide can serve as a primer. DNA poly-
merase cannot synthesize a primer sequence on a closed DNA circle, but the RNA poly-
merase produced by the dnaG gene can synthesize a short primer sequence, which is
then extended as DNA by DNA polymerase. When replication has extended around the
circle and the 5" terminus of the RNA primer is reached, the primer is hydrolyzed and
the small gap is filled in with a DNA sequence. Bacterial dnaG mutants cannot support
G4 infection because they cannot synthesize the RNA primer.

(a) The processing of the primary tRNA transcript removes RNA on either side of the
uninterrupted tRNA sequence of 85 nucleotides, whereas protein splicing opera-
tions remove RNA sequences that are located within regions of pre-mRNA that code
for a continuous polypeptide; these sequences must be removed to ensure that the
protein specified by the RNA will have the correct amino acid sequence. In some
organisms, tRNA are produced by RNA splicing, which removes sequences from
within the pre-tRNA transcript.

(b) The most obvious reason for transcribing all three rRNA sequences simultaneously
is that it ensures that an equal number of ribosomal RNA molecules will be avail-
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able for the assembly of ribosomes. In addition, only one promoter, rather than
three, is required for rRNA synthesis.

(a) The protein-encoding codons that could be mutated to UAA by a single base change
are CAA, GAA, AAA, UCA, UUA, UAU, and UAC.

(b) Chain termination near the 3’ end of the normal coding sequence could allow the
prematurely terminated protein to be functional because most of the polypeptide
sequence would be intact. Removing a few amino acids from the C-terminal end of
many, but not all, proteins does not appreciably affect their normal function.

(¢) When a UAG codon reverts to UCG, a serine residue will be incorporated at the
site in the protein that corresponds to the chain-termination site; it will be linked
by a peptide bond to the next amino acid in the polypeptide.

(d) To determine which amino acids would be carried by suppressor tRNAs to a UAG
codon site, you should identify all those tRNA molecules having an anticodon that,
by a single base change, can read a UAG codon. Each such tRNA molecule would
suppress the premature termination of the chain by inserting an amino acid at the
corresponding site in the protein. The amino acids that could be found at the site
(along with their codons) are Glu (GAG), GIn (CAG), Leu (UUG), Lys (AAG), Ser
(UCG), Trp (UGG), and Tyr (UAC and UAU). When a cell contains a suppressor
tRNA, proteins whose mRNA sequence normally ends with a single stop codon may
not be efficiently terminated. Although the extension of such proteins could be
lethal, most cells tolerate suppression. One explanation is that other proteins in-
volved in chain termination may recognize a stop codon even though a tRNA that
reads the codon is present. More work is needed to develop a full understanding of
the reasons for toleration of suppression.

Equilibrium for the reaction catalyzed by polynucleotide phosphorylase lies toward the
direction of RNA degradation rather than synthesis. High concentrations of ribonucleo-
side diphosphates are required to achieve the net synthesis of RNA; and it is likely that
their concentrations in the cell are not sufficient to drive net polynucleotide synthesis.
Also, polynucleotide phosphorylase does not use a template, so the polyribonucleotides
it synthesizes contain random sequences, which makes them of no value for protein syn-
thesis. The cell uses polynucleotide phosphorylase as a degradative enzyme in conjunc-
tion with other nucleases that regulate the lifetimes of RNA molecules, including mRNA.
In bacteria mRNA lifetimes are relatively short.

(a) If transcription occurred simultaneously on both DNA strands, the excess, comple-
mentary mRNA molecules synthesized from each template strand could form dou-
ble-strand structures with all the DNA strands. The fact that less than all the DNA
could form hybrids indicated that some of the DNA strands lacked sequences com-
plementary to the mRNA, that is, only one of the two strands at a given location
along the DNA was being transcribed into DNA. In rare cases in some organisms
over limited regions, RNA is synthesized from both strands of the template DNA.

(b) To establish whether one or both strands of SP8 DNA are used for transcription,
you can carry out hybridization experiments with the separate strands using ra-
dioactive RNA synthesized during the infection of Bacillus with SP8. The results
show that such RNA hybridizes to only one of the two strands, which means that
only one of the two strands of the DNA of the SP8 virus is transcribed. In most
other organisms, different regions of each strand are used for transcription; SP8
virus is exceptional in that one strand is used exclusively for all mRNA synthesis.
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32. (a) (i) Leucine —> arginine destabilizes the helix because you substitute a hy-

33.

34.

35.

drophilic residue for a hydrophobic residue (most likely in a hydrophobic re-
gion of the helix).

(i) Leucine —> valine has no effect (a conservative replacement of one hy-
drophobic residue for another).

(iii) Leucine —> proline destabilizes the helix because proline does not allow ro-
tation about its peptide bond and no hydrogen atom in this amino acid is avail-
able for hydrogen bonding.

(iv) Leucine —> glycine destabilizes because glycine is a very flexible residue and
can act as a swivel, disrupting the helix (the frequency of glycines in a helix is
as rare as the frequency of prolines).

(v) Leucine —> alanine has no effect (a conservative replacement of one hy-
drophobic residue for another).

(b) (1) CUU— CGU single-base change required
(i) CUU — GUU single-base change required
(i) CUU —> CCU single-base change required
(iv) CUU —> GGU two-base alteration required
(v) CUU — GCU two-base alteration required

(a) Cordycepin is a nucleoside, and it must be converted to the triphosphate form be-
fore it can be incorporated (as cordycepin monophosphate) by RNA polymerase
into a growing polynucleotide chain. The conversion of cordycepin to the triphos-
phate form is carried out by a number of kinase enzymes (see Chapter 25, p. 697
on nucleotide metabolism in the text) that utilize ATP as a phosphate donor. Bacteria
probably cannot phosphorylate cordycepin efficiently, which makes them less sus-
ceptible to inhibition of RNA and DNA synthesis.

(b) You would not expect cordycepin to inhibit DNA polymerase because although a
cordycepin residue that had been added to DNA would also lack a 3’-OH and act
as a chain terminator, the presence of the 2’-OH on the ribose of the triphosphate
form of cordycepin would be discriminated against by the DNA polymerase. You
will learn later that DNA synthesis requires an RNA primer, and cordycepin might
inhibit DNA synthesis by inhibiting RNA primer formation.

The ribosomal complex that carries out protein synthesis is unable to recognize alanyl-
tRNA®Y* as an inappropriate or erroneous form of tRNA. An amino acid that is attached
to a transfer RNA molecule will be transferred into a growing polypeptide chain solely on
the basis of recognition between the anticodon in tRNA and the codon in the messenger
RNA molecule. Once an aminoacyl-tRNA has been formed, accurate translation does not
depend on recognition of the attached amino acid. This important point was established
by Dintzis and von Ehrenstein, who carried out the incisive experiments using Raney
nickel to reduce the cysteinyl residue on cysteinyl-tRNA%* to an alanyl residue, then an-
alyzing the resulting protein using an in vitro hemoglobin-synthesizing system.

The base-catalyzed generation of 2’- and 3’-monophosphates argues that a cyclic 2”,3’-
phosphodiester is formed during cleavage of RNA. It is likely that a hydroxyl anion ab-
stracts the hydrogen atom of the 2°-OH of RNA, leaving a 2’-O~ that attacks the
phosphorus atom, cleaving the 5" phosphodiester bond and generating a cyclic 2",3’-
phosphodiester. This cyclic derivative is unstable and decomposes by hydrolysis to form
either a 2’- or a 3’-phosphate ester. DNA has no 2’-OH groups and is therefore not sus-
ceptible to alkali degradation. Because it is more stable than RNA, it may have been se-
lected as the primary carrier of genetic information to future generations.
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The step that would afford the maximum economy is probably transcription, through
the control of the activity of RNA polymerase. Transcription by RNA polymerase to
form RNA is the first step in the expression of genetic information. It follows that
controlling messenger RNA production, by stimulating or inhibiting the activity of
RNA polymerase, allows the cell to make particular types of mRNA and to synthesize
the encoded proteins only when required. A cell that could not regulate RNA poly-
merase activity would produce unneeded mRNA molecules, and the energy required
to produce those polynucleotides would be wasted, even if translation were strin-
gently regulated.

Yes, the incorporation of nucleoside triphosphates into an acid-insoluble form is in-
dicative of the presence of a polymerase. The polymerase is likely a DNA polymerase
because dNTPs, and not NTPs, were used to form product. Further evidence for a
DNA polymerase was that the radiolabeled product was destroyed by a nuclease,
DNase, specific for hydrolyzing DNA, and not by one specific for RNA hydrolysis.
Additionally, NaOH, which destroys RNA but not DNA, did not destroy the radiola-
beled product. Pretreatment of the extract with the two hydrolytic enzymes demon-
strated that the enzyme depends on an RNA and not a DNA template for its activity.
Thus, this enzyme is an RNA-dependent DNA polymerase. No such enzyme had been
observed previously in a cell, and this demonstration, along with similar findings by
Howard Temin, of its existence in an RNA tumor virus caused a revision of Francis
Crick’s central dogma of molecular biology, which stated that information flowed from
DNA to RNA to proteins. The demonstration of this RNA-dependent DNA polymerase
suggested that in some cases information could flow from RNA to DNA. (This ques-
tion was derived from D. Baltimore. Viral RNA-dependent DNA polymerase. Nature
226:[1971]1209-1213.)

Hershey and Chase observed that most of the 3P was associated with the cells and
most of the »°S was in the supernatant. Since nucleic acids are rich in phosphorus
and DNA does not contain sulfur, they concluded that DNA had entered the cell. The
sulfur of sulfate is incorporate into the amino acids cysteine and methionine so that
%S is a good marker for proteins. The experiment indicated that protein did not enter
the cells. Recalling that bacteriophage T2 displays heredity, that is, passes genetic traits
to its progeny, they concluded that DNA, not protein, is likely the genetic informa-
tion because it entered the cells and was replicated. At the time these experiments
were performed, they helped solidify the view that the genetic material was DNA, not
protein. (This question was derived from A. D. Hershey & M. Chase. Independent
functions of viral protein and nucleic acid in growth of bacteriophage. J. Gen. Physiol.
36:[1952]39-56.)

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1.

By convention, when polynucleotide sequences are written, left to right means 5" —> 3.
Since complementary strands are antiparallel, if one wishes to write the complementary se-
quence without specifically labeling the ends, the order of the bases must be reversed.

(a) TTGATC
(b) GTTCGA
() ACGCGT

(d) ATGGTA
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(a) Since [A] + [G] account for 0.54 mole-fraction units, [T] + [C] must account for
the remaining 0.46 (1 — 0.54). However, the individual mole fraction of [C] or [T]
cannot be predicted.

(b) Due to base pairing (A:T, G:C) in the complementary strand, [T] = 0.30,
[C] =0.24, and [A] + [G] = 0.46.

. To answer this question one must know that 2um =2 x 107°, that one A = 107" m, and

that the distance between the base pairs is 3.4 A. The length of a DNA segment (in this
case 2 X 107° m) divided by the distance between the base pairs (3.4 x 1719 m) gives the
answer, 5.88 X 10> base pairs.

After 1.0 generation, one-half of the molecules would be >’N->N, the other half
N-1*N. After 2.0 generations, one-quarter of the molecules would be N-1°N; the
other three-quarters *N-'*N. Hybrid *N-!°N molecules would not be observed.

() Thymine is the molecule of choice because it occurs in DNA, is not a component
of RNA, and is not readily converted to cytosine or uracil. If they enter the cell, la-
beled deoxythymidine or dTTP would also be useful molecules. Its large negative
charge prevents dTTP from entering most cells.

(b) During DNA synthesis, the 3- and y-phosphorus atoms of the nucleoside triphosphates
are lost as pyrophosphate. Since the o.-phosphorous atom is incorporated into DNA,
one should use dATP, dGTP, dTTP, and dCTP labeled with *?P in the ¢ position.

Only (¢) would lead to DNA synthesis because (a) and (b) have no primer or open end
to build on and (d) has no template extending beyond a free 3’-OH. Note: Single-
stranded linear DNA can be used as a template for DNA synthesis because it can prime
synthesis through hairpin formation at its 3" end.

A short polythymidylate chain would serve as a primer because T base pairs with A.
Radioactive dTTP labeled in any position except the [3- and y-phosphates would be use-
ful for following chain elongation.

After the synthesis of the complementary () DNA on the RNA template, the RNA must
be disposed of by hydrolysis prior to the completion of the synthesis of the DNA duplex.

One should treat the infectious nucleic acid with either highly purified ribonuclease or
deoxyribonuclease and then determine its infectivity. RNAse will destroy the infectivity
if it is RNA; DNAse will destroy it if it is DNA.

Ultimately, this mutation results in half the daughter DNA duplexes being normal and
half having a TA pair that had been CG. The first two rounds of replication at the mu-
tant site will be as follows:

CG

s’
/

.

cG — l_JG\ /$AG
UA

.

UA

(a) From the 4 mononucleotides one can formulate 16 different dinucleotides. If you
don’t believe it, try it! From these dinucleotides you can make 64 different trinu-
cleotides. Note that 64 is 4°. There will be 4* (256) tetranucleotides. Proceeding in
this manner we get to 4® (65,536) different octonucleotides (8-mers).
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(b) A bit specifies two bases (say A and C), and a second bit specifies the other two
(G and T). Hence, two bits are needed to specify a single nucleotide (or base pair)
in DNA. An 8-mer stores 16 bits (2!° = 65,535), the E. coli genome (4 x 10° bp)
stores 8 X 10° bits, and the human genome (2.9 x 10° bases) stores 5.8 x 10 bits
of genetic information.

(¢) A high-density diskette stores about 1.5 megabytes, which is equal to 1.2 x 107 bits.
A large number of 8-mer sequences could be stored on such a diskette. The DNA
sequence of E. coli, once known, could be written on a single diskette. Nearly 500
diskettes would be needed to record the human DNA sequence.

(a) Deoxyribonucleoside triphosphates versus ribonucleoside triphosphates.

(b) 5" —> 3’ for both.

(c) DNA serves as the template for both polymerases. During DNA replication by poly-
merase [ each parent strand acts as a template for the formation of a new compli-
mentary strand. Since each daughter molecule receives one strand from the parent
DNA molecule, the template is said to be semiconserved. However, after guiding
the synthesis of RNA by RNA polymerase, the DNA double helix remains intact.
Hence the template is said to be conserved.

(d) DNA polymerase I requires a primer, whereas RNA polymerase does not.

(a) Because mRNA is synthesized antiparallel to the DNA template and A pairs with U
and T pairs with A, the correct sequence is 5’-UAACGGUACGAU-3".

(b) Since the 5" end of an mRNA molecule codes for the amino terminus, appropriate
use of the genetic code (see text, p. 109) leads to Leu-Pro-Ser-Asp-Trp-Met.

(¢) Since one has a repeating tetramer (UUAC) and a 3-base code, repetition will be
observed at a 12-base interval (3 x UUAC). Comparison of this 12-base sequence
with the genetic code leads to the conclusion that a polymer with a repeating
tetrapeptide (Leu-Leu-Thr-Tyr) unit will be formed.

The instability of RNA in alkali is due to its 2’-OH group. In the presence of OH~
the 2°-OH group of RNA is converted to an alkoxide ion (RO~) by removal of a pro-
ton. Intramolecular attack by the 2’-alkoxide on the phosphodiester in RNA gives a
2’,3’-cyclic nucleotide, cleaving the phosphodiester bond in the process. Further at-
tack by OH™ on the 2",3"-cyclic nucleotide produces a mixture of 2" and 3’-nucleotides.
Note that the mechanism for ribonuclease action is quite similar (see Figure 9.18,
p. 216). Since DNA lacks a 2’-OH group, it is quite stable in alkali.

Apparently cordycepin is converted to its 5’-triphosphate and incorporated into the
growing RNA chain. This chain containing cordycepin now lacks a 3’-OH group; hence,
RNA synthesis is terminated.

Only single-stranded mRNAs can serve as templates for protein synthesis. Since poly(G)
forms a triple-stranded helix, it cannot serve as a template for protein synthesis.

Note that each complimentary strand is missing one of the four bases; d(TAC) lacks G
and d(GTA) lacks C. Thus, incubation with RNA polymerase and only UTP, ATP, and
CTP led to the synthesis of only poly(UAC), the RNA complement of d(GTA). When
GTP was used in place of CTP, the complement of d(TAC), poly(GUA), was formed.

In a nonoverlapping code, each individual nucleotide mutation would change at most
one amino acid in the protein sequence. (Because of codon degeneracy, some individ-
ual mutations will not change the amino acid sequence.) In an overlapping code, some
mutations (but not all) will change the identity of two consecutive amino acids in the
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protein sequence. Therefore several experiments will be needed. If one makes a series
of individual nucleotide mutations, determines the resulting protein sequences, and
never finds that two consecutive amino acids are changed, then one could reasonably
conclude that the code is nonoverlapping.

One can also note that the putative overlapping code described in the problem would
have a four-nucleotide stretch (e.g., ABCD) encoding a dipeptide. The maximum possi-
ble number of different dipeptides that could be encoded by four different nucleotides
in this scenario would be only 4* = 256. However, the 20 amino acids can be used to
make 20? = 400 different dipeptides, all of which are represented in known protein se-
quences. Therefore, this numerical analysis of naturally occurring dipeptide sequences
also would argue against a completely overlapping triplet code. (See also Crick, Barnett,
Brenner, & Watts-Tobin. Nature 192:[1961]1227-1232.)

Since three different polypeptides are synthesized, the synthesis must start from three
different reading frames. One of these will be in phase with the AAA in the sequence
shown in the problem and will therefore have a terminal lysine, since UGA is a stop sig-
nal. The reading frame in phase with AAU will result in a polypeptide having an Asn-
Glu sequence in it, and the reading frame in phase with AUG will have a Met-Arg
sequence in it.
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tein by means of RNA were outlined in Chapter 5, which you should review in

preparation for studying Chapter 6.

In this chapter, the authors present the methods and techniques used to analyze
and manipulate DNA. They begin with an overview of recombinant DNA technology
and the tools that make it possible. Of particular importance are the specificity of base
pairing between nucleic acids and the enzymes that act on nucleic acids. Restriction
endonucleases, the ability to immobilize nucleic acids onto solid supports, DNA se-
quencing, and chemical synthesis of oligodeoxyribonucleotides, plus the polymerase
chain reaction (PCR) are introduced. A more detailed description of restriction en-
zymes and the joining of their products, specific DNA restriction fragments, by DNA
ligase are described. They next present the major method of determining the sequence
of DNA and an automated method for synthesizing oligodeoxyribonucleotides by
chemical means. The authors then describe how specific fragments of genes can be
amplified by PCR, a process that depends on specific hybridization of short
oligodeoxyribonucleotide primers to a template strand followed by polymerase-cat-
alyzed synthesis of DNA. A more detailed description of restriction enzymes and DNA
ligase follows; these enzymes make possible the precise production and joining of
DNA fragments. Next, various vectors, the self-replicating carriers of the target genes,
are discussed. The problems of locating specific genes in the genome and of insert-
ing and expressing foreign genes in eukaryotes are also considered. The special role
in recombinant DNA technology of complementary DNA (cDNA), which is produced
from mRNA, is discussed. The authors describe how DNA chips can be used to mon-
itor the pattern and level of gene expression in an organism. The methods for creat-
ing transgenic animals and plants are presented, and the information that can be

The nature of hereditary material and the flow of information from DNA to pro-
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obtained from them outlined. The authors describe how site-specific mutagenesis can be used
with cloned genes to produce proteins having any desired amino acid at any position. They
close the chapter with an overview of how the methods described allow the information in
either protein or DNA to be manipulated. Throughout the chapter, the authors relate how
these powerful new biochemical technologies make possible previously unimaginable ma-
nipulations of living organisms.

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

The Basic Tools of Gene Exploration (Text Section 6.1)

1. Provide an overview of the processes of recombinant DNA technology. Appreciate the cen-
tral roles played by nucleic acid enzymology and nucleic acid hybridization in enabling the
methodology.

2. List the basic tools of recombinant DNA technology and explain their applications.

3. Describe the reaction catalyzed by restriction enzymes and the characteristics of the re-
striction sites they recognize.

4. Explain why gel electrophoresis of DNA is essential to recombinant DNA technology.
Describe how DNA restriction fragments can be detected in gels.

5. Contrast the Southern, Northern, and Western blotting techniques.

6. Outline DNA sequencing by controlled termination of DNA synthesis in vitro. Explain a
role for fluorescence in this process. Comprehend the number of nucleotides in the
genomes of representative bacteria and lower and higher eukaryotes.

7. Describe how oligodeoxyribonucleotides are synthesized chemically. Indicate the roles of
activated precursors, coupling, protecting groups, oxidation, and differential deprotec-
tion in the process. List the common uses of such oligonucleotides.

8. Describe the polymerase chain reaction. Explain the roles of the primer and thermostable
DNA polymerase in amplifying the target DNA sequence. Appreciate the practical appli-
cations of the PCR technique.

Recombinant DNA Technology Has Revolutionized All Aspects of Biology
(Text Section 6.2)

9. Outline how restriction enzymes and DNA ligase have enabled recombinant DNA tech-
nology. Explain the roles of oligonucleotide linkers and polynucleotide kinase in creating
recombinant molecules.

10. Name the substrates and describe the reaction catalyzed by DNA ligase. Draw the ter-
mini of the DNA fragments joined by DNA ligase.

11. List the desired characteristics of a vector. Outline the major steps in cloning a DNA
molecule.

12. Name some common vectors used in prokaryotes and eukaryotes, and compare their
properties and relative merits for cloning.

13. Distinguish between screening and selection. Explain insertional inactivation. Understand
the role of drug resistance genes in cloning.



14.

15.

16.

17.
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Outline how specific genes can be cloned from a digest of an organism to form a genomic
library. Define genomic library.

Describe what a probe is and explain the biochemical basis of its specificity. Describe how
probes are obtained.

Explain how to design a probe by converting an amino acid sequence into nucleotide
sequences using the genetic code. Understand the complication introduced by the de-
generacy of the code.

Outline chromosome walking and state the kind of information that it reveals.

Manipulating the Genes of Eukaryotes (Text Section 6.3)

18.

19.
20.
21.

22.

23.

24.
25.

Explain how the presence of introns in some eukaryotic genes prevents the expression of
these genes in prokaryotes.

Define cDNA. Distinguish between genomic and ¢DNA libraries.
Describe the reactions catalyzed by reverse transcriptase and terminal transferase.

Outline the process for converting the information in mRNA into duplex DNA. Describe
how this process can be extended to cloning the DNA.

Outline how DNA microarrays (chips) are used to monitor patterns of gene expres-
sion. Contrast screening for recombinant cells using nucleic acid probes or immuno-
chemical methods.

List the ways that exogenous DNA can be incorporated into eukaryotic cells to form
transgenic animals and plants.

Provide examples of transgenes being introduced into the germ lines of animals.

Outline the role of homologous recombination in constructing gene disruptions and appre-
ciate the information they yield.

Novel Proteins Can Be Engineered by Site-Specific Mutagenesis (Text Section 6.4)

26.
27.
28.
29.
27.

Define deletion, insertion, and substitution mutations.

Outline the procedure of oligonucleotide-directed mutagenesis, including cassette mutagenesis.
Describe protein engineering and explain its value.

List some of the actual and potential uses of recombinant DNA technology.

Reflect on the implications of recombinant DNA technology with respect to moral and
social values.

SELF-TEST

The Basic Tools of Gene Exploration

1.

Which of the following portions of a longer duplex DNA segment are likely to be recog-
nition sequences of a restriction enzyme?

(@) 5-AGTC-3’ (©) 5-ACCT-3’
3’-TCAG-5 3’-TGGA-5
(b) 5-ATCG-3’ (d) 5-ACGT-3’

3’-TAGC-5 3’-TGCA-5’
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. Which of the following reagents would be useful for visualizing DNA restriction frag-

ments that have been separated by electrophoresis in an agarose gel and remain in the
wet gel?

(a) 3%Pi (d) Ethidium bromide
(b) [a->2P]ATP (e) DNA polymerase
(¢) Diphenylamine (O Polynucleotide kinase

. Which blotting technique is used for the detection of DNA that has been separated from

a mixture of DNA restriction fragments by electrophoresis through an agarose gel and
then transferred onto a nitrocellulose sheet?

(a) Eastern blotting (¢) Southern blotting
(b) Northern blotting (d) Western blotting

. Which of the following reagents would be useful for labeling the oligodeoxyribo-

nucleotide d(GGATATCC)?

(a) [y->’P]ATP (d) Polynucleotide kinase
(b) 2P (e) DNA ligase

(¢c) DNA-dependent RNA polymerase

. Complete the following statements about the Sanger dideoxy method of DNA sequencing.

(a) The incorporation of a ddNMP onto a growing DNA chain stops the reaction be-
cause

(b) The chain-terminated fragments are usually labeled with 32P by

(¢) A “universal” primer may be used when sequencing any insert cloned into an M13
vector because

(d) Tt is preferable to label the oligonucleotide primer with a fluorescent rather than a
radioactive group because

. Which of the following statements are correct? Chemically synthesized oligonucleotides

can be used

(a) to synthesize genes.

(b) to construct linkers.

(¢) to introduce mutations into cloned DNA.
(d) as primers for sequencing DNA.

(e) as probes for hybridization.

. Which of the following statements are correct? The efficient, successful chemical syn-

thesis of oligonucleotides requires

(a) high yields at each condensation step.

(b) the protection of groups not intended for reaction.

(¢) asingle treatment for the removal of all blocking groups.

(d) methods for the removal of the blocking groups that do not rupture phosphodiester
bonds.

(e) a computer-controlled, automated “gene machine.”

. Match the conditions of the PCR reaction, in the left column, with the appropriate re-

action in the right column.

(@ Cooling abruptly to 54°C (1) DNA synthesis by Taqg DNA polymerase
(b) Heating to 72°C, 30 s (2) Hybridization of primers
(¢) Heating to 95°C, 15 s (3) Strand separation

. Using the information in question 8, give the sequence of the PCR reaction steps, and

explain the rationale for each step.
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Which of the following are possible applications of the PCR technique?

(a) detection of very small amounts of bacteria and viruses

(b) introduction of a normal gene into animals containing the corresponding
defective gene

(¢) amplification of DNA in archaeological samples

(d) monitoring of certain types of cancer chemotherapy

(e) identification of matching DNA samples in forensic specimens

Recombinant DNA Technology Has Revolutionized All Aspects of Biology

11.

12.

13.

14.

15.

16.

Efficient covalent joining of two single-strand DNAs by DNA ligase requires

(a) that the ends of the strands be juxtaposed so that a 3’-OH is adjacent to a 5’-OH.

(b) a source of energy to form the phophodiester bond.

(¢) a template or “splint” strand, which is complementary to the single-strand DNAs,
to bring the ends to be joined into apposition.

(d) the four dNTPs to fill any gap that may exist between the ends that are to be joined.

State whether each of the following is or is not a desired characteristic of vectors and ex-
plain why or why not.

(a) autonomous replication (d) small size
(b) unique restriction sites (e) circularity
(c) genes that confer antibiotic resistance

Which of the following statements are correct? Very long DNA fragments (>100 kb) from
eukaryotic genomes

(a) can be efficiently packaged in a A phage vector.

(b) can be propagated in yeast artificial chromosomes.

(¢) must have cohesive ends for cloning.

(d) can be analyzed by chromosome walking.

(e) can be separated by standard polyacrylamide gel electrophoresis techniques.

You have been supplied with the linker oligonucleotide d(GGAATTCC) and an isolated
and purified DNA restriction fragment that has been excised from a longer DNA mole-
cule with a restriction endonuclease that produces blunt ends. Which of the following
reagents would you need to tailor the ends of the fragment so it could be inserted into
an expression vector at a unique EcoRI cloning site?

(a) DNA polymerase (d) ATP
(b) All four dNTPs (e) DNA ligase
(¢) EcoRI restriction endonuclease (D Polynucleotide kinase

What would happen if the restriction fragment had an internal EcoRI site?

Inserting a long DNA fragment into the middle of a vector gene that specifies an enzyme
that hydrolyzes an antibiotic and incorporating the altered vector into a bacterium

(a) leads to drug resistance transfer.

(b) is called insertional inactivation.

(¢) renders the cell sensitive to that antibiotic.

(d) can be used to identify bacteria that contain the vector with the DNA fragment.
(e) is a method of destroying pathogenic bacteria.

Briefly describe genomic and ¢cDNA libraries. Which library, from a given organism, has
more clones?
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17.

18.

Which of the following partial amino acid sequences from a protein whose gene you
wish to clone would be most useful in designing an oligonucleotide probe to screen a
cDNA library?

(@) Met-Leu-Arg-Leu
(b) Met-Trp-Cys-Trp

Explain why.

What is chromosome walking?

Manipulating the Genes of Eukaryotes

19.

20.

21.

Explain how the presence of introns in eukaryotic genes complicates the production of
the protein products they encode when expression is attempted in bacteria. How can
this problem be circumvented?

Which of these reagents would be required to perform an immuno-chemical screen of a
population of bacteria for the presence of a particular cloned gene if you have the pure
protein encoded by the gene?

(@ [y-*?P]ATP

(b) Polynucleotide kinase

(¢c) DNA polymerase

(d) All four dNTPs

(e) A radioactive antibody to the protein encoded by the cloned gene

Reverse transcriptase requires the following for the conversion of a single-strand RNA
into a double-strand DNA.

(a) all four NTPs (d) an RNA template
(b) all four dNTPs (e) a primer
(¢) a DNA template

Novel Proteins Can Be Engineered by Site-Specific Mutagenesis

22.

23.

24.

The gene for a eukaryotic polypeptide hormone was isolated, cloned, sequenced, and
overexpressed in a bacterium. After the polypeptide was purified from the bacterium, it
failed to function when it was subjected to a bioassay in the organism from which the
gene was isolated. Speculate why the recombinant DNA product was inactive.

Which of the following statements are correct? Oligonucleotide-directed site-specific mu-
tagenesis

(a) depends upon having an oligonucleotide with a sequence completely different from
that of the target gene.

(b) can be used to produce deletion, insertion, and point mutations.

(¢) is a good method for identifying the functional domains of an enzyme.

(d) is useful for determining the involvement of a particular amino acid in the catalytic
mechanism of an enzyme.

(e) can involve the use of the same oligonucleotide to produce the mutant and to
detect it.

Outline the steps necessary to synthesize a gene. Be explicit about the information and
reagents, including enzymes, that you would need.
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ANSWERS TO SELF-TEST

1.

d. It has two-fold rotational symmetry; that is, the top strand, 5’-ACGT-3’, has the same
sequence as the bottom strand. Many restriction enzymes recognize and cut such palin-
dromic sequences.

. d. Ethidium bromide intercalates into the DNA double strand, and its quantum yield of

fluorescence consequently increases. Upon uv irradiation, it fluoresces with an intense
orange color wherever DNA is present in the gel.

C

a, d. The reaction of the oligonucleotide with these reagents would yield [5"-3*P]
d(pGAATTCO).

(a) ...the newly synthesized ddNMP terminus lacks the requisite 3’-hydroxyl onto
which the next dNMP residue would add.

(b) ...using an [0->*P]dNTP in the reaction mixture because DNA polymerase incor-
porates the [5"-*PJdNMP portion of the nucleotide into the growing DNA chain.

(¢) ...asingle primer (universal sequencing primer) that is complementary to a region
adjacent to the site of insertion can be used to sequence any DNA segment cloned
into that site (see text, p. 155).

(d) ...t avoids the use of radioisotopes and allows the automated detection of the ter-
minated primers.

6. All are correct.

7. a, b, d, and e. Answer c is not correct, because the blocking groups must be removed

differentially; for example, the dimethoxytrityl group must be removed from the 5’-hy-
droxyl (so that the next condensation with an incoming nucleotide can occur) without
removing the blocking groups on the exocyclic amines of the bases. Answer e is correct
because, although the synthesis can be carried out manually, it is slow and laborious.

8. (@2,(1, 3.
9. The sequence of steps is 3, 2, and 1. Heating to 95°C completely separates all the double-

10.
11.

12.

strand DNA molecules. The subsequent rapid cooling to 54°C causes the excess primers
to hybridize to the complementary parent DNA strands. Then at 72°C the Taq DNA poly-
merase (which retains its activity after the 95°C step) carries out DNA synthesis using the
four dNTPs. Amplification of DNA is achieved by repeating these steps many times.

a, c,d, e

b, c. (a) is incorrect because 5’-phosphate is required on one of the strands at the joining
site. (d) is incorrect because the dNTPs are not substrates for DNA ligase. If the two strands,
after annealing onto a complementary splint strand had a gap between their ends, they
could not join. If DNA polymerase and the dNTPs were added to this structure they could
be used to convert the gapped, duplex DNA into a productive substrate for DNA ligase.

Answers a, b, ¢, and d are desired characteristics. Autonomous replication allows am-
plification of the vector in the absence of extensive host cell growth. Unique restriction
sites allow the cutting of vectors at single, specific sites for the insertion of the foreign
DNA. Antibiotic resistance allows for the selection of those bacteria that carry the vec-
tor or for insertional inactivation. Small size allows the insertion of long pieces of for-
eign DNA without interfering with the introduction of the recombinant molecule into
the host bacterium. Answer e is not an essential characteristic because vectors do not
have to be circular to function effectively (e.g., bacteriophage A).
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13.

14.

15.

16.

17.

18.

19.

b, d. Statements a and e are incorrect because very large DNA fragments do not fit into
a A capsid and are too big to be separated easily by standard polyacrylamide gel elec-
trophoresis. Instead, large DNA fragments can be separated by pulsed field elec-
trophoresis. Answer c is incorrect because linkers and adapters can be used in cloning
DNAs with noncohesive ends.

¢, d, e, f. The oligonucleotide must have a 5’-phosphate group to serve as a substrate for
DNA ligase. Therefore, ATP and polynucleotide kinase would be used, as would bacte-
riophage T4 DNA ligase and ATP, to join the duplex form of the palindromic (self-com-
plementary) oligonucleotide to the blunt-end fragment. Finally, the fragment with the
linker covalently joined to it would be cut with EcoRI endonuclease to produce cohesive
ends that match those of the cut vector. It is assumed that the fragment itself lacks EcoRI
sites because, if one or more internal EcoRI sites were present, the fragment would be
cut when it is treated with the enzyme to generate the cohesive ends. Such fragmenta-
tion of the DNA would complicate the joining reaction by forming product with various
combinations of EcoRI-joined ends.

b, ¢, d. Insertion of the DNA fragment into the gene disrupts the production by the gene
of the enzyme that confers drug resistance. A cell containing the altered vector is there-
fore sensitive to the antibiotic. When the vector contains a gene that confers resistance
to a second drug, insertional inactivation can be incorporated into a selection scheme
for isolating cells that contain vectors having the inserted fragment. Cells that remain re-
sistant to the second antibiotic, while sensitive to the first, probably contain the vector
with the foreign DNA.

A genomic library is composed of a collection of clones, each of which contains a frag-
ment of DNA from the target organism. The entire collection should contain all the se-
quences present in the genome of the target organism. A cDNA library is composed of
a collection of clones that contain the sequences present in the mRNA of the target or-
ganism from which the mRNA was isolated. A ¢cDNA library contains far fewer clones
than does a genomic library because only a small fraction of the genome is being tran-
scribed into mRNA at any given time. The content of a cDNA library depends on the
cells from which the mRNA was isolated. The type of cell, its state of development, and
environmental factors influence the identity and quantity of its mRNA population.

b. This amino acid sequence is the better choice for reverse translation into a DNA se-
quence because it contains fewer amino acid residues having multiple codons; Trp and
Met have one codon each and Cys has two. Thus, for the (b) sequence, Met-Trp-Cys-
Trp, there are 1 X 1 x 2 x 1 = 2 different dodecameric oligonucleotide coding se-
quences. In contrast, Leu and Arg each have six codons, so for the (a) sequence,
Met-Leu-Arg-Leu, there are 1 X 6 X 6 X 6 = 216 different coding sequences. Therefore,
the probe for (b) would be simpler to construct and would be more likely to give un-
ambiguous hybridization results.

Chromosome walking refers to a method of determining the sequence of long regions of
DNA by subcloning pieces of a DNA library, sequencing the shorter fragments or pro-
ducing labeled probes from them, and using these sequences or probes to find regions
of overlap in the longer clones. The overlaps can then be used to put the separate shorter
sequences into the correct linear order.

In eukaryotes the introns are removed from the primary transcript by processing, to pro-
duce the mRNA that is translated. Prokaryotes lack the machinery to perform this pro-
cessing; consequently, the translation product of the primary transcript would not be
functional because it would encode amino acid sequences that are specified by the in-
tron sequences. The problem can be circumvented by using cDNA prepared from the
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21.

22.

23.

24.
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mRNA from the gene encoding the protein; the cDNA will contain only the sequences
present in the processed RNA; that is, the intron sequences will have been removed.

e. An immunochemical screen could be performed by adding the radioactive antibody
to lysed bacterial colonies and examining the population by autoradiography to see
which colonies contain the antigen (protein) produced by the cloned gene.

b, d, e. Since reverse transcriptase makes DNA, it requires dNTPs not NTPs. RNA is re-
quired as a template to direct the synthesis of a complementary DNA strand. That DNA
strand itself then serves as a template for the synthesis of its complement to form the du-
plex DNA product. All polymerases that form DNA need a primer to start the synthesis
of a new DNA chain.

Omitting such an obvious explanation as the destruction of the polypeptide during the
bioassay, it is possible that the polypeptide might not have undergone some posttrans-
lational modification that is needed for it to function. For example, the polypeptide might
need to be acetylated, methylated, or trimmed at the N- or C-terminus, or it might need
to have a carbohydrate or lipid group attached to it. The bacterium in which it was pro-
duced would be unlikely to contain the enzymatic machinery necessary to carry out these
modifications, or if it did, it might lack the ability to recognize the eukaryotic signals
that direct these modifications. It is also possible that the bacterium might have con-
tained a peptidase or protease that inactivated the peptide without destroying its anti-
genic properties.

b, d, e. If the sequence of the oligonucleotide were completely different from the se-
quence of the target gene, it could not hybridize to the target gene and serve as a primer
for DNA polymerase even under low-stringency hybridization conditions. Functional
domains could be better identified by deletion mutagenesis, in which relatively large re-
gions of the gene would be systematically removed and the resulting functional conse-
quences tested. Although oligonucleotide-directed mutagenesis can be used to make
deletions, it is not the method of choice for an initial survey to find functional domains
because only a single, precisely defined deletion is produced with each oligonucleotide.
For exploratory deletion analysis, nucleases are used to generate populations of deleted
sequences for functional testing. Oligonucleotide-directed mutagenesis is better suited
for changing specific regions when one wishes to test a specific model or hypothesis re-
garding the function of one or a few amino acids. At the correct conditions of hy-
bridization stringency, the mutagenizing oligonucleotide will form a more stable hybrid
with the newly produced mutant sequence than with the original unmodified sequence
because it will form a perfect complement. Thus, it can be used to differentiate the mu-
tant and the original sequences.

You would need to know the sequence of the gene you wish to synthesize. This could
be derived from the amino acid sequence of the protein the gene encodes by reverse
translation using the genetic code. You would also need to know what restriction sites
you wish to build into the synthetic sequence for cloning the synthetic product. You
would have to decide on the individual sequences of the different oligonucleotides that
compose both strands of the gene. These sequences would be determined by the final
desired sequence, the individual lengths (30 to 80 nucleotides long) that can be easily
synthesized and purified, and the requirement for overlapping ends that will be neces-
sary to allow unique joinings of the cohesive ends of the partially duplex segments. Self-
complementary oligomers would be mixed together to form duplex fragments with
cohesive ends. DNA ligase and ATP would be added to join these together to form the
complete duplex. If appropriate ends have been designed into the synthesis, the prod-
uct can then be ligated into a vector for cloning.
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PROBLEMS

1. You are studying a newly isolated bacterial restriction enzyme that cleaves double-strand

circles of plasmid pBR322 once to yield unit-length, linear, double-strand molecules.
After these molecules are denatured and are allowed to reanneal, all the double-strand
molecules are unit-length linears. In another experiment, an enzyme that cleaves dou-
ble-strand DNA at random sites is used at low concentration to cleave intact pBR322
molecules approximately once per molecule, again yielding unit-length, double-strand
linear DNA molecules. Denaturation and renaturation yields some double-strand circles
with a single, randomly located nick in each strand. How do these experiments show
that the new restriction enzyme cleaves pBR322 DNA at a single specific site?

. Before the development of modern methods for the analysis and manipulation of genes,

many attempts were made to transform both prokaryotic and eukaryotic cells with DNA.
Most of these experiments were unsuccessful. Suggest why these early efforts to trans-
form cells largely failed.

. Pseudogenes are composed of nonfunctional (unexpressed) DNA sequences that are re-

lated by sequence similarity to actively expressed genes. Some researchers have proposed
that pseudogenes are copies of functional genes that have been inactivated during
genome evolution. Suggest several ways that such genes could have become nonfunc-
tional. Suppose you clone a number of closely related sequences, any of which may code
for a particular protein. How can you tell which of the sequences is the functional gene,
that is, which of the sequences codes for the protein?

. The Sanger dideoxy method for determining DNA sequence is limited in that a stretch

of only 1000 or fewer bases can be analyzed in one reaction. Suppose you wish to se-
quence a newly isolated double-strand DNA tumor virus that contains ~5000 base pairs.
You decide to use the Sanger method on restriction fragments of the DNA for sequenc-
ing. You use an enzyme that makes a significant number of cuts to give, on average, frag-
ments of ~275 nucleotides or less. Why might it be a good idea also to sequence a second
set of fragments cleaved by another restriction enzyme?

. The denaturation and reassociation of complementary DNA strands can be used as a tool

for genetic analysis. Heating double-strand DNA in a dilute solution of sodium chloride
or increasing the pH of the solution above 11 causes dissociation of the complementary
strands. When the solution of single-strand molecules is cooled or when the pH is low-
ered, the complementary strands will reanneal as complementary base pairs reform. What
causes base pairs to dissociate at pH 11 or higher?

Both double- and single-strand DNA molecules can be visualized using electron mi-
croscopy in a technique called heteroduplex analysis. Suppose that two types of double-
strand molecules, one type containing the sequence for a single gene and the other type
containing the same sequence as well as an insertion of nonhomologous DNA, are mixed
and used in a reannealing experiment. If the two types of molecules undergo denatura-
tion and reannealing, what types of molecules would you expect to see?

. Bacterial chromosome deletions of more than 50 base pairs can be detected by electron

microscopy, using heteroduplex analysis as described in problem 5. When a heterodu-
plex is formed between a single-strand DNA molecule from a deletion strain and a sin-
gle-strand molecule from a nondeletion, or wild-type, strain, a single-strand loop will be
visible at the location of the deletion. Suppose you are studying a bacterial mutation,
which appears to be a deletion of about 200 base pairs, located at a unique site on the
bacterial chromosome, which contains over 3000 genes. Why would it be a good idea
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to clone DNA containing the site of the deletion, as well as the corresponding site in the
wild-type strain, in order to study the deletion using heteroduplex analysis?

You wish to clone a yeast gene in A phage. Why is it desirable to cleave both the yeast
DNA and the A-phage DNA with the same restriction enzyme?

Suppose you are studying the structure of a protein that contains a proline residue, and
you wish to determine whether the substitution of a glycine residue will change the con-
formation of the polypeptide. You have cloned the gene for the protein, and you know
the sequence of the protein. Using site-specific mutagenesis, what alterations would you
make in the gene sequence in order to replace proline with glycine?

Cleavage of a double-strand DNA fragment that contains 500 bases with restriction en-
zyme A yields two unique fragments, one 100 bases and the other 400 bases in length.
Cleavage of the DNA fragment with restriction enzyme B yields three fragments, two con-
taining 150 nucleotides and one containing 200 nucleotides. When the 500-base frag-
ment is incubated with both enzymes (this is called a double-digest), two fragments 100
bases in length and two 150 bases in length are found. Diagram the 500-base fragment,
showing the cleavage sites of both enzymes. Now suppose you also have a double-strand
DNA fragment that is identical with the original fragment, except that the first 75 base
pairs at the left end are deleted. How can this fragment help you construct a cleavage
map for the two enzymes?

Problem 2 of Chapter 6 in the text refers to the expression of a eukaryotic gene—chicken
ovalbumin—in E. coli. To avoid transcribing and translating intron sequences, you should
use cDNA for protein expression. However, if you introduce only the chicken ovalbu-
min cDNA into bacteria, the level of expression of functional protein will likely be low.
What other sequences are necessary in order to ensure optimal expression?

Because PCR can amplify DNA templates one millionfold or more, contaminating DNA
must not be present in the sample to be used for amplification. To see why, consider
a PCR procedure that begins with 1 ug DNA (about 10° templates) in a reaction mix-
ture of 100 uL. This sample can be easily amplified about one millionfold in 20 cycles
(an amplification of 22°). Suppose that 0.1 puL of DNA from the initial amplification
cycle is inadvertently introduced into another reaction mixture containing 1 pg of a dif-
ferent DNA. Could the contaminant cause problems with PCR analysis of the second
sample? Why?

One method of analysis of evidence from cases of sexual assault often includes histo-
compatability locus antigen (HLA) type analysis using PCR. Samples collected from a
victim may contain not only sperm but also epithelial cells from the victim. Such sam-
ples are first incubated in a protease-detergent mixture. The epithelial cells are lysed,
while the sperm heads are not. The sperm heads are collected by centrifugation and
then washed several times. They are then lysed in the presence of a reducing agent such
as dithiothreitol, which makes sperm heads sensitive to the protease-detergent mixture.
Lysis products are then used for PCR analysis. Why is it necessary to carry out separa-
tion of sperm and epithelial cells? Why are cells and sperm heads lysed before PCR
analysis? Suppose that blood and hair samples are also found as evidence at the scene
of the alleged crime. Why should precautions be taken to keep these samples isolated
from each other?

Unlike DNA polymerase I from E. coli, T. aquaticus DNA polymerase I has no proof-
reading activity and is therefore unable to remove mismatched bases that are randomly
incorporated into newly synthesized DNA strands. Under standard conditions used for
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the polymerase chain reaction, misincorporation of nucleotides occurs at a frequency of
approximately 1 per 900 nucleotide residues in DNA.

(a) Suppose that you are using PCR to detect copies of an oncogene in a tissue sam-
ple. You will challenge the amplified sample with a radioactive probe containing
the oncogene sequence, using Southern blot analysis. Will low-frequency, random
misincorporation of bases during amplification of the oncogene interfere with
your analysis?

(b) Suppose you are using PCR with a mutant primer, that is, a primer with a se-
quence differing from the wild-type sequence, to introduce a deliberate alteration
in a eukaryotic gene. You plan to use the amplified mutant gene for cloning and
expression in E. coli to determine how the directed change affects the expressed
protein. How might misincorporation level in the amplification procedure in-
terfere with your cloning and expression experiments? What could you do to
solve the problem?

E. coli DNA polymerase I has a 5" — 3’ polymerase activity and also two other catalytic
activities. One is a 3" — 5" exonuclease activity whose function is to remove from the
growing 3’ end of the chain those mismatched bases occasionally incorporated erro-
neously by the polymerase activity. The other catalytic activity is a 5" — 3” exonuclease,
which removes both paired and mispaired DNA stretches ahead of the polymerase. If the
5" — 3’ exonuclease acts concomitantly with the polymerase in the same enzyme, new
nucleotides are incorporated by the polymerase in place of the ones removed by the nu-
clease, and the nick is essentially “translated,” that is, moved, in the 5" — 3" direction.
This nick-translating ability of DNA polymerase I has been exploited to create radioac-
tive DNA probes for use in Southern blots and other techniques. Describe how nick
translation could be used for such purposes.

Site-directed mutagenesis allows one to introduce virtually any desired mutation in a
specific gene. One very useful application of the technique involves modifying a partic-
ular protein and evaluating the effect on biological or chemical activity. In the past, two
methods have been used for producing modified proteins. One is to use chemical agents
or ultraviolet light to induce mutations that result in changes in the amino acid sequence
of proteins. The other is to modify certain residues in an isolated protein by treatment
with chemical reagents; an example is the inactivation of a reactive serine in the active
site of proteolytic enzymes like chymotrypsin, using diisopropylfluorophosphate.

() Why is site-specific mutagenesis superior to the two older procedures described
above?

(b) 1In order to carry out the modification of a protein using site-specific mutagenesis
in the most efficient way, what sort of information should you have about the pro-
tein you wish to modify?

Patients with a particular form of hemophilia (a deficiency in blood clotting) have a loss
of an EcoRI restriction site within the gene for a coagulation factor protein. In one fam-
ily with an affected son, PCR analysis was carried out on 200 UL blood samples from a
male fetus and from several family members to determine whether the fetus also carried
the mutation. Using appropriate primer oligonucleotides, DNA fragments 150 bp in
length and spanning the EcoRI polymorphic site in intron 10 were synthesized. These
fragments were incubated with EcoRI, and the resulting cleavage fragments were then
separated by electrophoresis on a gel and stained with ethidium bromide. A diagram of
the gel is shown, along with the source of the blood sample for each lane. Note that any
150-bp fragment that contains the EcoRI site will be cut by the enzyme into two frag-
ments, 100 bp and 50 bp in length.
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FIGURE 6.1 Lane Source

—_ — — — — — —| origin 1 Father

2 Mother
— —_ — — | 150 bp 3 Fetus

- - = — — | 100 bp 4 Unaffected daughter
5 Affected son
6 Normal male control

_ = = — — — | 50bp 7 Heterozygous control

(a) Specify the genotype for each member of the family and for the controls. Does the
fetus carry the mutation?

(b) This analysis can also be done by using Southern blotting to detect single-copy se-
quences in genomic DNA. Why is the PCR analysis preferable?

Base pairing by hydrogen bond formation between complementary bases is a funda-
mental feature of many processes described in Chapter 5 of the text. Discuss the role of
base pairing in the context of each of the following:

(@) the fidelity of messenger RNA synthesis

(b) synthesis of cDNA by reverse transcriptase

(¢) the use of primers in the polymerase chain reaction (PCR)

(d) identifying a desired clone using a radioactive DNA probe

(e) measuring the relatedness of two DNA species without sequencing them

DNA microarray or chip technology allows one to monitor simultaneously the level of
mRNA production from every gene in a bacterium. Why might such an analysis of a mi-
crobe not give an accurate estimate of the levels of the proteins in the microbe?

The plasmid pBR322, a double-strand circular DNA molecule containing ~4.4 kilobase
pairs, is commonly used in cloning experiments. A technician in a molecular biology
laboratory needs to prepare a large quantity of pBR322 by growing a liter culture of E.
coli containing the plasmid and then isolating the pBR322 DNA.

(a) How many milligrams of plasmid DNA can be prepared from a liter of bacterial cells
growing at a density of 108 cells per ml? Assume that each cell contains 100 plas-
mid molecules and that the molecular weight of the average base pair in the
plasmid is ~660.

(b) 1If the technician decides to use a nanogram of pBr322 as the template in a PCR ex-
periment, how many templates will be present in the reaction mixture?

You have isolated cDNAs containing the genes encoding malarial proteins with the aim
of developing an anti-malarial vaccine. How could you use these cDNAs to direct the ef-
ficient synthesis of their encoded proteins in an in vitro translation system in order to study
their antigenic properties? Be sure to consider the entire information flow pathway.

You wish to use the restriction enzyme Hhal, which hydrolyzes the duplex sequence
GCGC between the last G and C, to cut a large double-strand plasmid DNA (several kbp)
at the single site operator site where a repressor protein binds very tightly to it. You know
the site contains one Hhal site. Unfortunately, the rest of the DNA contains 31 Hhal site
in its sequence. Considering what you learned about restriction endonucleases and mod-
ification methyl transferases (methylases), can you devise a method that would allow you
to achieve the desired, unique cut in the DNA without fragmenting it elsewhere? You
have at your disposal the DNA, repressor protein, and the Hhal restriction and modifi-
cation enzymes. The Hhal DNA methylase adds a methyl group to the second C of the
GCGC recognition sequence.

[ 13 |



| 14 |

CHAPTER 6

ANSWERS TO PROBLEMS

1.

Cleavage of a circular molecule at one specific site, followed by denaturation, will yield
single-strand DNA molecules with a specific end-to-end base sequence; that is, the mol-
ecules have base sequences that are perfectly complementary. Such molecules will an-
neal to form double-strand linears, rather than circles. Random single cleavages of the
original intact molecules also yield double-strand linears with a variety of end-to-end (or
permuted) sequences. Denaturation and renaturation allow the random association of
these linears, which results in the formation of double-strand linears with overlapping,
complementary ends. Such molecules then form circles as their overlapping ends anneal.

During the early years of such experiments, few ways were available to determine what
happened to the DNA during transformation attempts, so specific remedies could not be
sought. Consequently, the fate of the test DNA could not be determined. Among the rea-
sons that these transformation attempts were not successful were the failure of the cells
to take up the DNA, the rapid degradation of the DNA inside the cell (restriction en-
zymes are a good example of a cause of this particular problem), the lack of accurate
transcription or translation, and the inability of the host cells to replicate and maintain
the foreign DNA as they divided.

Among the ways that a gene could be inactivated are the insertion of a stop codon in
the sequence, which would prevent the complete translation of the protein; a muta-
tion in the promoter region of the gene, which would prevent proper transcription;
and other mutations that could prevent proper splicing or processing. To distinguish
a functional gene from a pseudogene, you would have to determine the sequence of
the protein and then compare it with the coding sequence for each of the gene se-
quences. These types of analyses remind us that protein sequencing remains a very
necessary tool in molecular biology.

Whenever one attempts, using gel electrophoresis, to locate all the fragments produced
by a particular enzyme, a chance exists that very small fragments generated by the cleav-
ages may not be detected. Determining the sequences of a second set of fragments whose
sequences extend across the junctions of the original set of fragments serves as a check
on the overall assignment of sequence.

At high pH, protons dissociate from some of the bases, making them unable to partici-
pate in base pairing. One example is guanine, for which the pK, of the proton on N-1 is
9.2. Removal of the hydrogen at this location disrupts the ability of guanine to pair with
cytosine.

If you mix the two types of double-strand molecules, you would expect to see lin-
ear molecules that are double-strand all along their length as well as some molecules that
are only partially double-strand. These partially double-strand molecules will contain a
single-strand loop that locates the position of the insertion; they are formed between one
strand of the molecule containing the normal gene and one strand of the molecule con-
taining the insertion.

Even if you were able to isolate intact, unbroken bacterial chromosomes, formation of in-
tact heteroduplex molecules between the deletion and wild-type DNAs is difficult because
the very long single strands become entangled as they pair with each other, making them
impossible to analyze by electron microscopy. In addition, the time required for complete
reassociation of the strands is very long. Generating shorter, randomly cleaved DNA frag-
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ments for heteroduplex analysis permits faster reassociation and easier analysis, but since
the deletion is located at a single unique site in the chromosome, the probability of finding
the desired molecule among the mixture of many heteroduplex molecules is rather low.
Cloning DNA molecules containing the deletion or its corresponding wild-type sequence
allows you to carry out reannealing experiments that yield a high concentration of het-
eroduplex molecules with the loop characteristic of deletion mutations.

To insert the yeast gene into the A-phage vector, you must have complementary base
pairs on the ends of each duplex in order for them to be joined efficiently by DNA lig-
ase. Because each restriction enzyme cleaves at a unique sequence, the yeast and A-phage
molecules will have complementary ends if both have been cleaved with the same en-
zyme. Of course, you must also make sure that the sites of cleavage are in appropriate
places so that the gene to be cloned is intact, and that the vector or fragment has not
been fragmented by multiple cleavages.

The RNA codon for proline is 5’-CCN-3’ and the codon for glycine is 5’-GGN-3’, where
N is any base. Suppose you determine that the proper codon for your protein is 5’-CCC-
3. Using the scheme outlined in Figure 6-36 of the text, you would prepare an
oligodeoxyribonucleotide primer that is complementary to the region of the gene that
specifies the proline residue, except that it would contain the DNA sequence 5-CCC-3’
instead of 5"-GGG-3’. Elongation of the primer using DNA polymerase, followed by clo-
sure and replication, will yield progeny plasmids that will express a protein with a glycine
substitution at the desired position.

The 500-base fragment has one site that is cleaved by enzyme A. This cleavage yields
two fragments with two possible sets of products:

FIGURE 6.2 100 400 400 100
(I I R I
A A

Enzyme B cleaves the 500-base molecule twice, so there are three possible cleavage
patterns:

FIGURE 6.3 150 200 150 200 150 150 150 150 200

Since we cannot distinguish between ends of the molecule by this type of analysis, let
us arbitrarily assume that enzyme A cuts the molecule of 100 nucleotides from the left
end. We can then superimpose the possible cleavage patterns for enzyme B:

FIGURE 6.4 150 200 150 200 150 150 150 150 200
Cleaved : . :

by enzyme B | j! | | ! | | | j! | |

Cleaved L X ' X X -
by enzyme A L[ : | L ' | L1 ' |
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Only one of the patterns for enzyme B, that in which a cut occurs 200 bases from the left
end, yields the results obtained when the fragment is incubated with both enzymes. The
other patterns would yield at least one 50-base fragment. The correct pattern is therefore:

FIGURE 6.5 100100 150 150

Because we still cannot distinguish between the right- and left-hand ends of the molecule,
an alternative cleavage pattern can also be constructed from the analysis outlined above:

FIGURE 6.6 150 150 100100

The deletion fragment serves as a marker for the left-hand end of the molecule, and using
both enzymes in the double-digest technique allows us to establish which cleavage pat-
tern is correct. For example, if the cleavage pattern shown below on the left is correct,
the cleaved deletion molecule will yield four fragments, including one only 25 nu-
cleotides in length. Alternatively, the pattern shown below on the right means that dou-
ble digestion of the deletion fragment will again yield four fragments, but the smallest
will have a length of 75 nucleotides.

FIGURE 6.7 25100 150 150 75 150 100 100
o | o i |

A B B B B A

The complexity of cleavage patterns (known as restriction maps) increases greatly when
additional cleavages are involved. Often the best way to use the double-digest technique
is to isolate the fragments generated by one enzyme and then digest each of them with
the other. This allows you to determine the location of different cleavage sites within a
particular fragment. In restriction mapping, as in genetic mapping, it is important to re-
member that the sum of the fragment lengths generated by one enzyme must equal the
sum of the fragment lengths generated by the other.

In order to obtain optimal expression in E. coli, you should have prokaryotic DNA se-
quences that include the appropriate transcriptional and translational signal elements.
For example, in Chapter 5 of the text, promoter sites that determine where transcription
begins are mentioned; these include the Pribnow box and the —35 region, both of which
would be required to initiate efficient transcription of your cDNA clone by the bacterial
RNA polymerase. You may also need the stem-loop and GC-rich terminator sequence at
the 3’-end of your cDNA, in order to cause the nascent messenger RNA to terminate at
the correct site. In addition, you should see that the Shine-Dalgarno ribosome recogni-
tion sequence and the proper start and stop signals for translation are also present, so
that the mRNA code is read in the proper frame and that proper termination occurs.
These signals ensure that the expressed protein has the proper amino acid sequence and
is the correct length. The desired bacterial signals can be built into a vector so that only
the cDNA itself need be cloned.
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It is indeed possible that the contaminant could complicate the analysis of the second
sample. If the 10° templates in the original sample are amplified one millionfold, then
the concentration of templates at the completion of 20 cycles is 10'2/100 uL, or 10%°
templates per UL. A contaminating volume of 0.1 UL will therefore contain 10° templates,
compared with about 10° templates in the second sample. Such contamination could
mask the identity of the DNA in the analyte sample. In practice, a number of precau-
tions are taken to avoid introduction of foreign DNA into PCR reaction mixtures. These
include use of sterile containers and reaction solutions; disposable gloves; laminar flow
hoods; and separate work areas for preparing reaction mixtures, pipetting template sam-
ples, and analyzing the products. For the PCR reaction itself, it is important to run re-
actions that contain no added DNA in order to check for contamination with DNA from
sources other than the solution containing the analyte.

In forensic PCR analysis, it is common to use cells from the victim as well as sperm from
the alleged rapist to generate DNA templates for amplification and analysis. The differen-
tial lysis procedure allows the two to be efficiently separated, to avoid cross-contamination
of DNA samples. Lysis is necessary so that the DNA templates will be accessible to DNA
polymerase and substrates for amplification. During the gathering of evidence from crime
scenes, it is necessary to keep samples that could contain large amounts of DNA, such as
bloodstains, separate from those that contain little DNA, like a single shed hair. As noted
in Problem 11, the presence of contaminating DNA can confound PCR analyses.

(a) There should be little interference if you utilize amplified sequences with some mis-
incorporated bases in Southern blot experiments. The results of the experiments
depend on the complementarity of relatively long sequences of DNA, and occasional
mismatches should not interfere with the ability of the amplified templates and the
probe to anneal with each other. Remember that the primers, which are present in
excess during the initial cycles of amplification, continue to initiate the synthesis of
new DNA strands. If the incorporation of mismatches is random, the chances are
that any particular strand will have few base changes and that it could still form
complementary base pairs with the radioactive probe.

(b) In these experiments, the low frequency of base misincorporation could inter-
fere with your analysis, because each of your clones to be used for expression
experiments will be derived from a single DNA molecule obtained in the ampli-
fication process. Cloning therefore amplifies any error introduced by the poly-
merase in the chain reaction, and random errors could alter the expressed protein
in a non-controlled way. There are two ways to deal with this problem. You can
use a thermostable DNA polymerase that has a proofreading activity; several of
these are commercially available. On the other hand, you can also prepare a
number of clones and sequence them. Such a procedure will ensure that the
clone you want to examine for altered expression has the sequence you wanted
to generate during the amplification process. Even if you use the proofreading
polymerase, you should sequence the product to see that no unintended changes
were introduced.

14. Nick translation can be used with labeled nucleoside triphosphates to generate highly

radioactive probes for use in Southern blot analysis as well as for other techniques that
require such labeled DNA samples. The usual procedure includes isolating the DNA
you wish to use for the probe, treating it with a nuclease that will create a small num-
ber of nicks or single-strand breaks per molecule, and then incubating the DNA with
DNA polymerase I and o-*?P-labeled nucleoside triphosphates (the a-phosphate is la-
beled because it is incorporated along with the deoxynucleoside when the DNA chain
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is extended by DNA polymerase). The DNA molecules then will contain stretches of ra-
dioactive sequences, and they can then be used for autoradiography in Southern or
Northern blot experiments.

(@)

(b)

(@)

()

(@)

()

©

Treatment of an organism with a chemical or radiation-inducing mutagen does not
allow you to make changes in a particular region of a gene and its encoded protein
because the changes occur at random. Much work would be required to find a mu-
tant organism that had the desired alteration in a protein and to characterize that
alteration. Treating a purified protein with a chemical agent may modify other amino
acid residues in addition to the one or more specific residues of interest. Both the
older approaches are relatively nonspecific, compared with the ability of site-spe-
cific mutagenesis to target a specific region of a particular gene.

One should have at a minimum the amino acid sequence for the protein and the
exact DNA sequence coding for it. More information about the protein of interest
would allow for more selective mutagenesis. Examples include the location of
residues involved with the active site, with allosteric interactions, or with membrane
association or those involved in protein-lipid or protein-nucleic acid interactions.

The father and the normal male control have the EcoRI site, so that their amplified
DNAs are cut into two fragments. The affected son has lost the site, and his DNA
is not cut. The mother, daughter, and a heterozygous control have one copy of the
normal gene (giving two fragments) and one copy of the mutant gene (giving one
larger fragment). The amplified fetal DNA is cleaved completely by the enzyme,
which shows that the male fetus is normal.

Southern blotting, used to detect single-copy sequences in genomic DNA, requires
relatively large amounts of material from which DNA is isolated, and it requires a
highly radioactive probe to detect a particular sequence. Autoradiography, which is
often used to detect annealing of the probe to the genomic sequence, can take a long
time if the signal is weak. Analysis by PCR requires only nanogram amounts of DNA
from very small amounts of tissue or blood, with minimal sample preparation. In
addition, one can dispense altogether with radioactive probes, instead using a DNA
staining reagent such as ethidium bromide to detect amplified sequences.

Guided by a DNA template, hydrogen bonding mediates proper insertion of
mononucleotides into the growing RNA chain, in the reaction catalyzed by RNA
polymerase. Complementary base pairing is the guiding principle in determining
the order of ribonucleotide assembly.

Guided by an RNA template, hydrogen bonding mediates proper insertion of de-
oxymononucleotides into the growing DNA chain, in the reaction catalyzed by
reverse transcriptase. Complementary base pairing guides the order of deoxyri-
bonucleotide assembly. Reverse transcriptase can also use cDNA as a template
for the creation of a duplex DNA molecule; again, hydrogen bonding of com-
plementary base pairs establishes the order of deoxynucleotide addition.

The PCR technique requires that DNA is denatured (breaking hydrogen bonds) and
then annealed to a pair of primers, whose sequences are complementary to those
flanking the target sequence in DNA. DNA polymerase then carries out chain ex-
tension by adding deoxynucleotides to those primers. After denaturation of the
newly formed duplexes, the strands are reannealed with the excess primers. The
process is carried out as many as 30 times. For each reaction sequence, specificity
of the chain reaction for a particular DNA segment is mediated by specific base pair-
ing between primers and templates.
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(d) Radioactively labeled DNA probes are denatured and allowed to anneal to a mix-
ture of DNA molecules. The extent of hydrogen bonding determines the homology
between probe and DNA. Southern blotting uses this hybridization technique for
DNAs resolved by gel electrophoresis. Location of a specific DNA is visualized by
autoradiography, which locates the radioactive band in the gel.

(e) The two species are denatured and reannealed together. The more duplex DNA
formed upon annealing, the greater the degree of relatedness. The extent of duplex
DNA formation is determined by measuring the melting temperature of the DNA,
which is a reflection of the number of hydrogen bonds between strands.

Levels of mRNA are not necessarily correlated with protein production. For instance,
translational control might not allow an abundant mRNA to direct the synthesis of the
protein it encodes. If one is interested in proteins, they have to be measured directly.
Proteomics is the science of examining protein levels on a global level in an organism.

(a) First determine how many plasmid molecules are present in the bacterial cell cul-
ture: 10% cells/ml = 10! cells/L, and 10! cell/L x 100 plasmids = 10> plasmid
molecules in the culture. Then use the molecular weight of a base pair (~660 g/mol
bp) in the plasmid, the length of the plasmid in base pairs (4.4 x 10°bp), and
Avogadro’s number to determine the mass of 10> plasmid molecules.

10 plasmids 44 10°bp/plasmid 6.6  10%g/ mol bp 48
6.023 10%’ bp/mol '

10 °g,

or 0.048 mg pBR322 DNA

(b) A nanogram of DNA equals 10~ g. Divide this quantity by the molecular weight of
a base pair to obtain the number of moles of DNA base pairs, and then multiply by
Avogadro’s number to determine how many molecules are present in the reaction
mixture.

1072 g DNA/6.6 x 10% g/mol bp = 1.51 x 10~!> mol DNA bp
1.51 x 107" mol bp X 6.023 x 10?°> molecules/mol = 9.1 x 10! bp in the re-

action mixture

11
21 310 PP _51  10° plasmids
44 10" bp/ plasmid

20. You could use PCR to isolate the DNA from the plasmids in which it had been cloned

(or from the genome itself). To obtain maximal amounts of mRNA and optimal in vitro
translation, you could design oligodeoxyribonucleotide primers (universal promoter
primers) containing the signals necessary for efficient transcription and translation.
Transcription of the amplified product would yield large amounts of mRNA cus-
tomized for the chosen translation system. The primers could contain a promoter for
bacteriophage T7 RNA polymerase, for which conditions have been developed that
allow production of large amounts of transcript. In addition, an optimized upstream,
untranslated region could be designed into the primers to produce an mRNA that
contained optimal sequences for in vitro translation in the system of choice. Factors
to consider would be the potential secondary structure of the mRNA (stem-loops in-
hibit translation), sequences preferred by the ribosomes, and the spacings between
the various elements including the location of the start codon itself. This problem was
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derived from Kain, K. C., Lanar, D. E., and Orlandi, P A. (1991). Universal promoter
for gene expression without cloning. Biotechniques 10: 366-374.

You could take advantage of the fact that the tight binding of the repressor molecule
to its operator DNA sequence prevents the action of enzymes at the sequence covered
by the protein. Since two proteins cannot be in the same place on the DNA at the
same time, one tightly bound protein prevents the binding of the other. Repressor
binding thus would prevent Hhal endonuclease cleavage or methylase methylation.
You could exploit this effect by binding the repressor to the DNA, treating the spe-
cific protein-DNA complex with Hhal methylase to methylate all the 30 remaining,
uncovered GCGC sites. Then you would remove the repressor and treat the naked
DNA with the endonuclease. The site covered by the repressor would be unmethy-
lated and subject to cleavage. The result would be that the DNA would be cleaved
uniquely at the one Hhal site that had been protected from methylation by having the
repressor bound to it. This problem was based on Koob, M., Grimes, E., and
Szybalski, W. (1988). Conferring operator specificity on restriction endonucleases.
Science 241:1084-1086.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1.

2.

(a) The direction of movement on the gel is from top to bottom, with the smallest frag-
ment, in this case G, moving most rapidly. Since the 5" end carries the 2P label, the
5" — 3’ sequence is read from bottom to top, opposite the direction of movement.
The sequence is 5'-GGCATAC-3". It should be noted that the fastest-moving spot in
the autoradiogram is the radioactive inorganic phosphate resulting from the destruc-
tion of the guanine at the 5" terminus. In the example shown in the text (Figure 6-5,
p. 122), the P; spot is not shown.

(b) Note that in the Sanger dideoxy method (see text, Figure 6-7, p. 123), the new
DNA strands that are subjected to electrophoresis are elongated 5" — 3. Since the
larger molecules move more slowly, the results shown below are obtained. The DNA
strand serving as template in the Sanger method is the complement of the strand
shown here in the figure.

FIGURE 6.8  Direction of electrophoresis _

I I Dideoxy ATP
| 11 Dideoxy CTP
11 Dideoxy TTP

| | Dideoxy GTP

FACGTTACCGY

Since E. coli lack the machinery to excise introns and splice exons, they would make a
meaningless mRNA if presented with ovalbumin genomic DNA. Therefore, if you wish
to express the ovalbumin gene in E. coli, you must use its cDNA, which contains the in-
formation in the eight exons, but no introns.

The probability of finding a given specific DNA sequence is 4", where n is the number
of nucleotides in one strand of the sequence that will be recognized by the restriction
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enzyme (because any of four nucleotides can be present at any given position in a ran-
dom sequence). The average distance between cleavage sites in double-stranded DNA
therefore is 4" nucleotides along one strand. For Alul, 4* = 256. For Notl, 4® = 65,536.
(The sequence of the second strand of DNA is completely defined by complementary
base pairing to the first strand; therefore we need only consider the probability of find-
ing the correct recognition sequence on one strand.)

. (@ No, because most human genes are much longer than 4 kb. One would obtain frag-
ments containing only a small part of a complete gene.

(b) No, chromosome walking depends on having overlapping fragments. Exhaustive di-
gestion with a restriction enzyme produces nonoverlapping, short fragments. For
more details, see Stryer’s discussion of Figure 6-22 (p. 132).

. Southern blotting of an MstII digest would distinguish between the normal and mutant
genes. The loss of a restriction site would lead to the replacement of two fragments on
the Southern blot by a single longer fragment (see text, p. 173). Such a finding would
not prove that GTG replaced GAG; other sequence changes at the restriction site could
yield the same result.

. A few years ago this would have been very difficult, if not impossible. However, the avail-
ability of automated solid-phase chemical methods for synthesizing DNA has made the
impossible fairly easy. A simple strategy for generating many mutants is to synthesize a
group of oligonucleotides that differ only in the sequence of bases in one triplet, or
codon. For example, with the 30-mer described in this question, if a mixture of all four
nucleotides is used in the first and second rounds of synthesis, the resulting oligonu-
cleotides will begin with the sequence XYT (where X and Y denote A, C, G, or T). This
will provide 16 different versions of the first triplet (codon) of the 30-mer, which will
encode proteins containing either Phe, Leu, Ile, Val, Ser, Pro, Thr, Ala, Tyr, His, Asn, Asp,
Cys, Arg, Ser, or Gly at the first position (see Table 5-4). In similar fashion, one can syn-
thesize oligonucleotides in which two or more codons are simultaneously varied.

. A number of questions could be asked about the nature of the original sample and the pos-
sibility of contamination before DNA amplification by PCR. Even if no contaminants were
introduced during the handling of the sample, it is possible that the fossil might have con-
tained remains from microorganisms or other species mixed with the dinosaur materials.
Analysis of the DNA sequence and sequence complexity could be revealing, however, es-
pecially in relation to DNA sequences from modern reptiles and other known organisms. If
sufficient length and number of DNA sequences would be available from several PCR ex-
periments on the same (fossil) sample, then one would be able to narrow the phylogenetic
classification of the type of organism from which the DNA originated with some confidence.

. Higher hybridization temperatures require greater numbers of complementary base pairs
between the primer and target DNAs. Conversely, lower hybridization temperatures are
more permissive of sequence mismatch between the primer and the target. Let us sup-
pose that particular yeast gene A indeed has a moderately diverged counterpart (with a
moderately different sequence) in humans. If so, no PCR amplification will be observed
when the hybridization temperature is too high, but a lower hybridization temperature
would allow the target human DNA to be amplified in a PCR experiment that uses the
yeast primer. (If the hybridization temperature (stringency) is too low, however, then
spurious unrelated artifacts could also be amplified.)

. For PCR to amplify a DNA duplex, the polymerase must be active (primed) in both di-
rections if each strand is to be replicated. If the DNA is linear, known sequences are
needed on both sides of the portion to be amplified. To explore DNA on both sides of
a single known sequence, one can digest genomic DNA with a restriction enzyme and
circularize the fragments. Then, by using a pair of primers that hybridize specifically
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CHAPTER 6

10.

11.

12.

13.

with portions of the known sequence, one can use PCR to amplify only the fragments
containing the known sequence. Note that in a circular DNA a single known sequence
can be used to prime polymerase action in both directions away from the known se-
quence, resulting in complete replication of the duplex.

These results suggest that the DNA is composed of four repeating units. If these were
transcribed into mRNA and the latter translated into protein, one would expect a pro-
tein molecule whose linear sequence was composed of four repeating peptides.

Sequence-tagged sites (STSs) can serve as a common framework for establishing the re-
lation between clones. An STS is a sequence 200 to 500 bp long that occurs only once
in the entire genome. This sequence and those of a pair of PCR primers that can gener-
ate the STS are stored in a database. Laboratory 1 states its YAC contains STS-34, STS-
102, and STS-860. Laboratory 2 can then synthesize the corresponding PCR primers and
learn whether their YAC contains any of these STSs. For an illuminating discussion of
this strategy, see Watson, J. D., Gilman, M., Witkowski, J., and Zoller, M. (1992).
Recombinant DNA (2nd ed., pp. 610-612). New York: W. H. Freeman and Company.

In each PCR cycle, each new DNA strand is synthesized from a complementary strand
that was made in the previous cycle. If the synthesis of one strand is inefficient, then the
entire process will be inefficient, regardless of the rate of synthesis of the other strand.
Because the experiment is performed in a single tube, the same hybridization tempera-
ture must be used for the priming of both strands. If the two primers would have very
different values of T,,, then one strand could amplify much more readily than the other,
and the efficient doubling of DNA at each cycle might not occur.

Individual B is without symptoms because he has one gene that functions normally, even
though his X mRNA is smaller than normal. Individual B appears to be heterozygous in the
HindIIl restriction experiment, perhaps having one functional and one nonfunctional gene
X. Although Bs mRNA for X is shorter than normal, his Y protein that is produced from this
mRNA is of the normal size and apparently is functional because he has no symptoms.

Individuals C and D fail to express mRNA from gene X. Without the mRNA, they
cannot make protein Y.

Individual E does express X mRNA but is unable to synthesize protein Y encoded
by this mRNA (perhaps a regulatory mutation). (Alternatively, E could possibly make a
defective protein Y that does not fold properly or is degraded rapidly and is not recog-
nized by the antibody in the Western blot.)

Individual F makes X mRNA and Y protein of the proper size. Yet the Y protein ap-
parently fails to function properly. This could be due to a point mutation that makes a
single change in the amino acid sequence of Y at a location that is critical for function.

14. The gels should be read from the bottom to the top. The data indicate the sequence of

the coding strand of the DNA. The normal sequence of codons from the first gel is GTG
CTG TCT CCT GCC GAC AAG, which encodes Val-Leu-Ser-Pro-Ala-Asp-Lys.

Hemoglobin Chongqing differs in having CGG instead of CTG as the second codon.
The corresponding amino changes from leucine to arginine.

Hemoglobin Karachi differs in having CCC instead of GCC as the fifth codon. The
corresponding amino changes from alanine to proline.

Hemoglobin Swan River differs in having GGC instead of GAC as the sixth codon.
The corresponding amino changes from aspartic acid to glycine.



Exploring Evolution

chemistry of modern living cells. Here in Chapter 7 you will learn specific facts about

what relationships can be seen between different genes and proteins and between
different organisms. Related proteins (from related genes) are called homologous.
Related proteins used for different tasks within an organism are paralogous, and related
proteins used for similar tasks in different species are orthologous. Proteins can be
shown to be related by shared sequences and by visible similarities in three-dimensional
structure. Various tests are described for relatedness including sequence shuffling and
substitution matrices. Truly related proteins will generally have similar three-dimen-
sional structures even if there is hardly any similarity in the sequences. Proteins cannot
be considered to be related simply because they have similar functions or similar mech-
anisms. Convergent evolution can produce different proteins that function similarly.
Sequence information can be used to construct evolutionary trees. It is also easy to de-
tect repeated domains within a protein using sequence analysis. Modern methods in-
cluding PCR can allow recovery of sequence information from certain fossils. Evolution
of RNA sequences can be observed in vitro.

I n Chapter 2 evolution was introduced and discussed and broadly related to the bio-
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CHAPTER 7

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Homologs are Descended from a Common Ancestor (Text Section 7.1)

1. Define homolog, ortholog, and paralog.

Statistical Analysis of Sequence Alignments Can Detect Homology
(Text Section 7.2)

2. Explain how “sliding” sequences and “gaps” are used in sequence alignment.
3. Distinguish sequence shuffling from sequence sliding.

4. Describe how the Blosum-62 (Block Sum) matrix is used.

5

. Analyze the significance of a high score in the Blosum-62 matrix for a given pair of amino
acids, for example L-M, E-Q, or R-K. Contrast the situation when the score is low, for
example with N-W.

6. Know that 25% sequence identity (or higher) is considered to prove that two proteins
are homologous, and that the correspondence is not the result of chance. Less than 15%
identity would lead to the conclusion that the relationship has not been demonstrated.

7. Understand that large amounts of sequence data are available online, and that newly ob-
tained sequence data is routinely compared to data existing on the Internet.

Examination of Three-Dimensional Structure (Text Section 7.3)

8. Ponder the fact that two proteins can have identical folds even if all of the amino acids
are different. If this situation were observed, the proteins would be considered to have
a common ancestor.

9. Form and function are often closely related in biochemistry. But consider the fact that
proteins with similar shapes often do not have parallel functions in the cell.

10. Describe a sequence template. Explain how it can be used to compare protein sequences.

11. Explain the use of a self-diagonal plot. Most proteins would show no evidence of inter-
nal repeats.

12. Know that even though key catalytic residues are aligned similarly in the active sites of
two enzymes, they need not be related. The explanation would be convergent evolution.

13. Understand why analysis of self-pairing is important in comparing homologous RNAs.

Evolutionary Trees Can Be Constructed (Text Section 7.4)

14. Describe how sequence comparisons can be utilized to make an evolutionary tree.
Explain how dates can be estimated for divergence of related genes.

Modern Techniques-Experimental Exploration of Evolution (Text Section 7.5)

15. Dinosaurs lived more than 65 million years ago. Understand why it is unlikely that DNA
from dinosaurs can be found and sequenced.
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SELF-TEST

Homologs Are Descended from a Common Ancestor

1. Human myoglobin and human hemoglobin o are paralogs. Human myoglobin and
chimpanzee myoglobin are orthologs. What are human myoglobin and chimpanzee
hemoglobin o called?

Statistical Analysis of Sequence Alignments Can Detect Homology

2. By this chapter, you should have learned the one-letter amino acid codes, and you
should know how to use the codon chart. Look at the myoglobin sequences from
human and chimpanzee at the start of the chapter. The only difference is that a single
“H” in one sequence is replaced with “Q” in the other. What amino acids are represented
by H and Q? Look those amino acids up on the codon chart. Are they far apart or close
in sequence?

3. What sort of results would be obtained if the mRNA or DNA gene sequences for the pro-
teins in question were shuffled and scored?

4. In the introduction to this chapter, angiogenin and ribonuclease were described as 35%
identical. Are they related?

5. 1If Protein A is homologous with B, and B is homologous with C, can we deduce that A
must therefore be homologous with C?

Examination of Three-Dimensional Structure

6. Find a representation of the heavy chain of immunoglobin G (IgG) in Chapter 34 of your
textbook. What would a self-diagonal plot of this protein look like?

7. The mitochondrial enzyme malate dehydrogenase and the cytoplasmic version of malate
dehydrogenase catalyze the same reaction (and hence have the same name) but their se-
quences and three-dimensional structures show no relationship. Explain how this can be?

8. RNA is analyzed for the location of hairpin folds. Which of the sequences below could
form a mini-hairpin?
(a) AGGUUUCCU (d) AAAAAAAAA
(b) AGGUUUGGA (e) mnone of the above
(© AGGUUUAGG

Evolutionary Trees Can Be Constructed

9. In this chapter (textbook Figure 7.20), an evolutionary tree is shown using various,
mostly paralogous, globin genes. What could we learn from a similar comparison of or-
thologous genes (from different species)?

10. Many animals, vertebrate and invertebrate, use globin proteins to carry oxygen. What
animal mentioned in the text is probably our closest relative without tetrameric hemo-
globin in its blood?

(a) the starfish (d) the shark
(b) the horseshoe crab (e) the lemur
(¢) the lamprey
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Modern Techniques—Experimental Exploration of Evolution

11.

12.

Why is detailed knowledge of the fossil record important in determining when genes
diverged?
Mitochondrial DNA was extracted from a molar of a 9000-year-old skeleton found in

Cheddar Gorge, England. Would you expect this DNA to be comparable to modern
human DNA?

ANSWERS TO SELF-TEST

1.

The working definitions for the terms ortholog and paralog state that orthologs arose by
speciation, and paralogs arose by gene duplication. Thus these are paralogs, because they
originally diverged by gene duplication within a species. The common ancestor of myo-
globin and hemoglobin would have existed hundreds of millions of years ago. The com-
mon ancestor of humans and chimpanzees existed about 10 million years ago. Even
though the proteins occur within two different species, that is not the cause of the sep-
aration. The text is a bit unclear on this point.

H, or histidine, has the codons CAU and CAC. Q, or glutamine, has the codons CAA or CAG.
They differ only in the third letter, or nucleotide, of the codon, and yes, they are “close.”

Shuffling would not work well with DNA or RNA because there are only four kinds of
“letters” or nucleotides. This would make the shuffled score artificially high compared
to proteins, which have twenty different “letters” or amino acids.

Yes, two proteins with 35% identity would definitely be considered homologous.
Anything over 25% sequence identity “proves” the relationship.

. Yes. The example in the chapter is myoglobin, which is homologous with the alpha chain

of hemoglobin, which is homologous with leghemoglobin. It is easy to understand this
if one remembers that most homologous proteins have visibly similar shapes.

The heavy chain of IgG would have three very vivid repeats (showing up as strong sep-
arate diagonals) representing the Cy; domains, and a sketchier repeat (showing up as a
fuzzy diagonal) representing the Vi domain.

Oxidation of malate is a problem that evolution had to solve. There were evidently two
different solutions, resulting in convergent evolution. While the structure at the active
site of enzymes that do similar jobs is often similar, the rest of the molecules are gener-
ally quite different.

8. (a) because AGG pairs with the antiparallel CCU.

9. The tree that would be drawn from orthologous gene data would reveal relationships be-

10.

11.

tween the various species studied rather than the divergence of similar genes within a
species. Relationships between species is known as taxonomy. The shark and lemur
would have tetrameric hemoglobin like ours.

() the lamprey is a jawless fish. The horseshoe crab uses huge copper-containing pro-
teins to carry oxygen, so its blood is blue rather than red.

To construct a “molecular clock” we need an approximate date for the divergence of var-
ious species. Consider Escherichia coli and Salmonella. These are similar organisms,
which appear to be related, but Salmonella lives in the gut of reptiles and birds, and E.
coli in the gut of various mammals. So when did the two microorganisms diverge? To
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answer this we have to look for the divergence of reptiles and mammals in the fossil
record and find a reasonably accurate date.

Members of the human species have quite similar DNA, and that holds true for mem-
bers of our species from thousands of years ago. In fact, the fossil DNA was found to
match the mitochondrial DNA of a local schoolteacher who lived a few miles from where
the fossil was found.

PROBLEMS

1.

Scientists have found that relationships between species can appear quite different de-
pending on which common gene is being studied. For example, comparisons of one eu-
caryote’s gene might make the organism appear close to the procaryotes, and another
gene might make the same eucaryote appear closer to the archaea. Why?

. Name the amino acids forming high-scoring pairs on the Blosum-62 matrix. Now find

the highest scoring pairs on the codon chart. What do you notice about them? Are all
“close” codons high scoring? Look up PH, PL, and PT on the codon chart and the
Blosum-62 matrix, and comment.

Here are two amino acid sequences. One is from a form of glucokinase from Pyrococcus
furiosus, an Archaeal organism that lives in very hot water. The other is from the Fruit
Fly genome (Eucaryotic). What percentage identity do you see in the sequences as
aligned below? How many of the non-identical amino acids have positive scores on the
Blosum-62 grid in the chapter?

Pyrococcus glucokinase =~ SVGLNEVELASIMEIL
Drosophﬂa CG6650 gene SLGMNEQELSNLQQVL

Some researchers are using genome databases to identify “COGs” or “clusters of orthol-
ogous genes.” What can one learn from finding these related proteins?

. In the text, Actin and Hsp-70 are shown to be homologous on the basis of their

shared three-dimensional structures. Actin is found in essentially all eucaryotes, often
as part of the contractile apparatus with myosin. Hsp-70 is found in eucaryotes, pro-
caryotes, and archaea as a chaperone for protein folding. What can we deduce from
this distribution?

In 1977, Carl Woese published an article that showed that the Archaea were a separate
kingdom from the Procaryotes. Microbiologists had assumed that all single-celled or-
ganisms without a nucleus were rather closely related. Woese had to pick something that
would be in every organism no matter how exotic. What would you choose to compare
that would be present in all living organisms?

There were reports in the literature several years ago that DNA had been recovered from
dinosaur fossils and amplified and sequenced. But the genes obtained appeared to be
human. What is the explanation?

Compare and contrast the molecular evolution experiment described in the last section
of the chapter (7.5.2) with the phage Qf evolution experiment described in Chapter 2
(Section 2.2.1). What sort of RNA was used at the start of each experiment? How was
the RNA reproduced in each experiment? How was selection applied to the population
of molecules? Which process would be closer to what happens in nature?
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ANSWERS TO PROBLEMS

1.

Now that several complete genomes have been sequenced, it is obvious that horizontal
gene transfer, also called lateral gene transfer, is very common in nature. This means that
a gene can move from one species to another, even if the species are very different. Hence
in the human genome we have some “bacterial” genes as well as “archaeal” genes, and
using one of those to construct a tree of relationships would have very strange results.

The highest-scoring replacements are F-Y, I-V, V-1, and Y-F, all with scores of +4. Looking
at the codon chart, F or Phe is UUU or UUC, and Y or Tyr is UAU or UAC. So the only
difference is in the second position. I or Ile has three codons, AUU, AUC, and AUA. V
or Val has four codons, but the closest in sequence would be GUU, GUC, and GUA, or
a change in the first position. So are the scores high because the replacements are “easy™
Evidently not, because other “easy” replacements have much lower scores. The question
mentions P or proline changing to H, L, or T. These all have negative scores: T = =2,
H = -3, and L = -5, even though the codon structures are close. The difference is the
similarity in amino acid structure. Having similar codons permits the mutation to occur.
Having similar amino acids, pairs like valine/isoleucine or phenylalanine/tyrosine make
the protein have a very similar functionality. So, in general, very similar amino acids will
have high Blosum-62 replacement scores.

Of the 16 amino acids shown from each sequence, seven are identical, or 44%. Another
seven have positive scores on the Blosum-62 matrix, as follows:

Pyrococcus glucokinase SVGLNEVELASIMEIL
I+I+IT IT+++ ++1I
Drosophila CG6650 gene SLGMNEQELSNLQQVL

VL +1 IL +2
LM +3 EQ +3
AS +2 v +4
SN +1

Based on this data the two proteins clearly appear to be homologous, despite
being from very distantly related species. (Pyrococcus enzyme from J. Biochem. Vol. 128,
pp. 1079-1085 [2000].)

For one thing, if a single member of a “COG” has been crystallized so that its three-di-
mensional structure could be solved, then the shapes of other members can be inferred.
Also, while it isn't always the case, often orthologous proteins will have either the same
or very similar functions. There are many possible uses for these data sets.

The universal distribution of Hsp-70 implies that the earliest use of this protein fold was
as a chaperone for protein folding. This would also be consistent with the theory that
the earliest cells lived in a hot environment. HSP stands for “heat shock protein,” and
proteins can have difficulty folding in high heat. Even though actin is highly conserved
and found in all eucaryotes, it is not found in the other kingdoms, and thus is probably
a later development. It is interesting that another well-known protein, mammalian hex-
okinase-I, belongs to this family of related proteins, even though its use is quite differ-
ent. There is also a bacterial protein which forms actin-like filaments in some bacteria
but not all, called MreB. It is close in structure to actin and has the same fold as the other
proteins mentioned in this problem. (Nature, Vol. 413, pp. 39-44 [2001].)
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6. An enzyme would be a risky choice because many of the Archaea live in very extreme

environments—high salt, strong acid, water at 100° C or higher—and they might
need very different enzymes. But all organisms have ribosomes. So Carl Woese picked
the RNA found in the smaller ribosomal subunit, the 16S rRNA. Sequencing meth-
ods were primitive back in the early 1970s, so Woese found a way to fragment the
16S rRNA and just sequence the small fragments. To everyone’s surprise, the
methanogens he was studying, and later most of the “funny bugs” that live in extreme
environments, turned out to be quite different from the “regular” bacteria that live in
easier locations. Hence Woese split them off into a new kingdom, now called the
Archaea. (Proc. Natl. Acad. Sci. USA, Vol. 74, pp. 5088-5095[1997].)

Modern methods such as PCR are so powerful that they can amplify the tiniest trace of
DNA to an amount that can be sequenced. This technology does indeed allow for se-
quencing of some DNA from fossils, usually only a few thousand years old. But it also
allows errors to be made. It appears that a fingerprint, or a tiny flake of skin, or some-
thing containing the researchers’ DNA got into the fossil sample. And since all of the ac-
tual dinosaur DNA had degraded over the millions of years since the animal died, this
was the only DNA available as a starting material for PCR. (Debunking article: Trends.
Ecol. Evol., Vol. 12, pp. 303-306 [1997].)

The QP experiment in Chapter 2 started with one naturally occurring RNA, the
genome of bacteriophage QB. The molecular evolution experiment in this chapter
started with a large assortment of artificially constructed RNA molecules. Replication
of QB was accomplished with a single enzyme, an RNA replicase. Replication of the RNA
in this chapter was accomplished by an elaborate process involving several enzymes—
reverse transcriptase, which produced corresponding DNA sequences; a DNA polymerase
as part of the PCR process; and then an RNA polymerase to turn the sequences back into
RNA. Selection in the Qf experiment was fairly simple, that is, shortening the available
time for reproduction. Selection in the experiment in this chapter was more contrived,
testing for binding to ATP on an affinity column. Oddly enough, the complicated
process in this chapter is modeled more closely on “real” cellular processes. For ex-
ample, retroviruses have RNA genomes, but reproduction of these viruses involves
reverse transcription into DNA.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1.

For the sequences shown, there are 27 identities and 2 gaps (over a total length of 98
residues in sequence 2). Based on a score of +10 for an identity and —25 for a gap, the
score would be 270 — 50 = 220. The percentage of identical residues can be calculated
as 27/98 = 27.6%. One could also note that the % identity is higher over the first 75
residues (26/75 = 34.7%). Based on the methods of sequence shuffling and statistical
comparison (Figures 7.7 and 7.8), one can comfortably conclude that these scores are
statistically significant.

. Because tertiary structure is more highly conserved than is primary structure (Section

7.3.1), it is possible that these two proteins have retained a common three-dimensional
structure, even while their sequences have diverged extensively from a common an-
cestor. Alternatively, the two proteins could represent an example of convergent evolu-
tion to a particular structure and function (Section 7.3.4) using sequences that are
conspicuously different.
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3. With identity-based scoring, the first sequence has one gap and no identities, hence a

score off —25; whereas the second sequence has one gap and four identities, hence a
score of 40 — 25 = +15.

However, using the Blosum-62 substitution matrix, the scores would be +7 for the first
sequence and —12 for the second. Here is the result of summing the pairwise values for
alignments (a) and (b) using Figure 7.9 (with —12 for a gap):

sequence 1 sequence 2 (a) score sequence 1 sequence 2 (b) score

A G 0 A G 0
— S -12 S S 6
S N 1 N N 8
N D 2 L D -5
L F 1 F F 4
F Y 4 D Y -5
D E 2 | E -4
| V 4 R V -4
R K 3 L K -4
L | 2 | | 6
| M 2 — M -12
G D -2 G D -2

Sum +7 Sum -12

4. U sometimes pairs with G in these RNA sequences. For example, in the bacterial sequences,

G7 pairs with U24, G11 with U20, and U12 with G19. Furthermore, in the eucaryotic
sequences, U10 pairs with G21. Here is a possible structure for a UG base pair:

5. 26,400 grams. This answer is obtained by considering the need for 4* different mole-

cules (because any of 4 bases can be at each of 40 positions). The number 4™ is equal
to 1.2 x 10%*. One mole of the RNA will weigh (330 x 40) grams and will consist of
Avogadro’s number of molecules (6 x 10?%). Combining all data, one has:

(330 grams x 40 x 1.2 x 10?* molecules) / (6 x 10%> molecules) = 26,400 grams.

. (See Section 7.3.) Biomolecules function at the level of three-dimensional structure, so

from a functional point of view it is more important to conserve particular three-di-
mensional structures than one-dimensional sequences. Although mutations occur at the
level of one-dimensional sequences, the effects of mutations are felt at the level of func-
tion. Therefore, many mutations will lead to sequence changes that are tolerable because
they preserve a common three-dimensional structure.

. ASNFLDKAGK

ATDYLEKAGK (Identities are underlined; score 60).
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With six identities and no gaps, the score for the initial alignment would be 60. A very
large number of shuffled versions of sequence 2 can be generated. Here are two exam-
ples, along with their scores for alignment with sequence 1:

ASNFLDKAGK
KYTAGDELAK (Identities are underlined; score 20).
ASNFLDKAGK
TKEAYDLKAG (Identities are underlined; score 10).

(See Section 7.2.2.) Sequences that are longer than 100 amino acids and have greater
than 25% identity are probably homologous. At the other end of the scale, sequences
that are less than 15% identical are unlikely to have statistically significant sequence sim-
ilarity (although they could nevertheless have similar three-dimensional structures—see
Section 7.3). For pairs of sequences that show between 15% and 25% identity, further
analysis is necessary to determine the significance of the alignment. Following these
guidelines, these are the answers:

a.  (80% identity) Divergence from a common ancestor is probable.
b.  (50%) Divergence from a common ancestor is probable.

c.  (20%) Further analysis is needed.

d.  (10%) Divergence from a common ancestor is unlikely.

Yes. Three-dimensional structure is more highly conserved than is amino acid sequence.
Sequence B is similar to both A and C. Therefore protein B is likely to have a three-di-
mensional structure similar to those of both A and C. If the A and C protein structures
are both similar to B, then they are similar to each other.

To test for possible hairpin structures, try inverting the first half of the sequence and
checking for possible Watson/Crick base-paired alignments between the inverted first
half and the (non-inverted) second half of sequence. In the alignments below, the orig-
inal sequences begin at the 5’end and proceed around the hairpin to the 3" end.

(1) UA



Enzymes: Basic Concepts
and Kinetics

the transformations of one form of energy into another. Most enzymes are pro-

teins, but RNA also catalyzes physiologically important reactions. The authors
begin this chapter with a brief overview of the catalytic power and specificity of en-
zymes. They point out that many enzymes require small molecule partners (cofac-
tors) to effect catalysis. They then explain how the thermodynamic concepts of free
energy change and free energy of activation are used to determine whether or not
chemical reactions can occur and the rate at which they will occur, respectively. They
explain how enzyme binding to the transition state of a reaction provides the chem-
ical basis for catalysis. They describe how the velocity of enzyme-catalyzed reactions
is analyzed, and they describe enzyme inhibitors and their analysis. The chapter con-
cludes with a detailed discussion of vitamins and coenzymes. This chapter draws on
your knowledge of protein structure (Chapter 3) and the interactions between bio-
molecules (Chapter 1). It sets the stage for the majority of the remaining chapters of
the text that deal with biochemical reactions.

Enzymes catalyze almost all chemical reactions in a cell and are also involved in
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CHAPTER 8

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Enzymes Are Powerful and Highly Specific Catalysts (Text Section 8.1)

1.
2.

Explain why enzymes are versatile biological catalysts.

Appreciate that catalytic power and specificity are critical characteristics of enzymes. Give
examples of the rate enhancements of enzymes and the substrate selectivity they display.

Realize that both protein and RNA molecules are enzymes.

4. Define substrate, cofactor, prosthetic group, apoenzyme, and holoenzyme.

. Provide examples of proteases with diverse substrate specificity, and explain how substrate

specificity arises from precise interactions of the enzyme with the substrate.

Provide examples of enzymes that transduce one form of energy into another.

Free Energy is Useful Thermodynamic Function for Understanding Enzymes
(Text Section 8.2)

7.
8.

10.
11.

Describe how AG can be used to predict whether a reaction can occur spontaneously.

Write the equation for the AG of a chemical reaction. Define the standard free-energy
change (AG®); define AG” and AG®’. Interconvert kilocalories and kilojoules.

Derive the relationship between AG®” and the equilibrium constant (K’eq) of a reaction.
Relate each tenfold change in K’,, to the change in AG® in kilocalories per mole
(kcal/mol) or kJ/mol.

Relate the concentrations of reactants and products to AG’. Define endergonic and exergonic.

Explain why enzymes do not alter the equilibrium of chemical reactions but change only
their rates.

Enzymes Accelerate Reactions by Facilitating the Formation
of the Transition State (Text Section 8.3)

12.

13.
14.

Define the transition state and the free energy of activation (AG"), and describe the effect
of enzymes on AG".

Describe the formation of enzyme-substrate (ES) complexes and discuss their properties.

Summarize the key features of the active sites of enzymes, and relate them to the speci-
ficity of binding of the substrate.

The Michaelis-Menten Model Accounts for the Kinetic Properties
of Many Enzymes (Text Section 8.4)

15.

16.

Outline the Michaelis-Menten model of enzyme kinetics and describe the molecular nature
of each of its components.

Reproduce the derivation of the Michaelis-Menten equation in the text. Relate the
Michaelis-Menten equation to experimentally derived plots of velocity (V) versus substrate
concentration [S]. List the assumptions underlying the derivation.



17.

18.

19.

20.

ENZYMES: BASIC CONCEPTS AND KINETICS

Define V., and Ky;, and explain how these parameters can be obtained from a plot of
V versus [S] or a plot of 1/V versus 1/[S] (a Lineweaver-Burk plot).

Explain the significance of V.., Ky, ky, ke, and k., /Ky Define kinetic perfection as it per-
tains to enzyme catalysis.

Distinguish sequential displacement and double displacement in reactions involving multi-
ple substrates. Provide examples of enzymes using each mechanism.

Contrast the kinetics of allosteric enzymes with those displaying simple Michaelis-Menten
kinetics. Describe the molecular basis of allostery.

Enzymes Can Be Inhibited by Specific Molecules (Text Section 8.5)

21.

22.

23.

24.
25.
26.

Describe the functions and uses of enzyme inhibitors. Contrast reversible and irreversible
inhibitors.

Describe the effects of competitive and noncompetitive inhibitors on the kinetics of enzyme
reactions. Apply kinetic measurements and analysis to determine the nature of an inhibitor.

Explain how irreversible inhibitors are used to learn about the active sites of enzymes.
Provide examples of group-specific, substrate-analog, suicide, and transition-state inhibitors.

Contrast the properties of substrates and transition-state analogues.
Describe the formation of catalytic antibodies and recognize their uses.

Outline the mechanism of action of the antibiotic penicillin.

Vitamins and Coenzymes (Text Section 8.6)

27. Explain the relationship of vitamins to coenzymes.
29. Relate the molecular function of each of the coenzymes.
30. List the water-soluble and fat-soluble vitamins and relate the deficiency of each to a patho-
logical condition.
31. Explain the role of ascorbate (Vitamin C) in collagen formation. Outline the post-transla-
tional modification of proline to hydroxyproline.
SELF-TEST
Enzymes Are Powerful and Highly Specific Catalysts
1. Which of the following are not true of enzymes?
(a) Enzymes are proteins.
(b) Enzymes have great catalytic power.
(¢) Enzymes bind substrates with high specificity.
(d) Enzymes use hydrophobic interactions exclusively in binding substrates.
(e) The catalytic activity of enzymes is often regulated.
2. Enzymes catalyze reactions by

(a) binding regulatory proteins.

(b) covalently modifying active-site residues.

(¢) binding substrates with great affinity.

(d) selectively binding the transition state of a reaction with high affinity.
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3.

The combination of an apoenzyme with a cofactor forms what? What are the two types
of cofactors? What distinguishes a prosthetic group from a cosubstrate?

4. Name a process that converts the energy of light into the energy of chemical bonds.

Free Energy is Useful Thermodynamic Function for Understanding Enzymes

5.

Which of the following statements is correct? The free energy change of a reaction

(a) if negative, enables the reaction to occur spontaneously.
(b) if positive, enables the reaction to occur spontaneously.
(¢) is greater than zero when the reaction is at equilibrium.
(d) determines the rate at which a reaction will attain equilibrium.

Explain why the thermodynamic parameter AS cannot be used to predict the direction
in which a reaction will proceed.

If the standard free-energy change (AG®) for a reaction is zero, which of the following
statements about the reaction are true?

(@) The entropy (AS®) of the reaction is zero.

(b) The enthalpy (AH®) of the reaction is zero.

(¢) The equilibrium constant for the reaction is 1.0.

(d) The reaction is at equilibrium.

(e) The concentrations of the reactants and products are all 1 M at equilibrium.

The enzyme triose phosphate isomerase catalyzes the following reaction:

Dihydroxyacetone phosphate k—‘\—l glyceraldehyde 3-phosphate

-1
The AG®” for this reaction is 1.83 kcal/mol. In light of this information, which of the fol-
lowing statements are correct?

(a) The reaction would proceed spontaneously from left to right under standard con-
ditions.

(b) The rate of the reaction in the reverse direction is higher than the rate in the for-
ward direction at equilibrium.

(¢) The equilibrium constant under standard conditions favors the synthesis of the com-
pound on the left, dihydroxyacetone phosphate.

(d) The data given are sufficient to calculate the equilibrium constant of the reaction.

(e) The data given are sufficient to calculate the left-to-right rate constant (k;).

Glycogen phosphorylase, an enzyme involved in the metabolism of the carbohydrate
polymer glycogen, catalyzes the reaction:

Glycogen,, + phosphate == glucose 1-phosphate + glycogen,,_;
_[glucose 1 = phosphate][glycogen,, ;]

Keq = =0.088
[phosphate] [glycogen,, |

Based on these data, which of the following statements are correct?

(a) Because glycogen phosphorylase normally degrades glycogen in cellular metabolism,
there is a paradox in that the equilibrium constant favors synthesis.
(b) The AG®’ for this reaction at 25°C is 1.43 kcal/mol.
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The phosphorolytic cleavage of glycogen consumes energy, that is, it is endergonic.
If the ratio of phosphate to glucose 1-phosphate in cells is high enough, phospho-
rylase will degrade glycogen.

10. The reaction of the hydrolysis of glucose 6-phosphate to give glucose and phosphate has
a AG®" = —3.3 kcal/mol. The reaction takes place at 25°C. Initially, the concentration
of glucose 6-phosphate is 107 M, that of glucose is 10 ~! M, and that of phosphate is
10 ' M. Which of the following statements pertaining to this reaction are correct?

(a)
()

(©
d

(e)

The equilibrium constant for the reaction is 267.

The equilibrium constant cannot be calculated because standard conditions do not
prevail initially.

The AG’ for this reaction under the initial conditions is — 0.78 kcal/mol.

Under the initial conditions, the synthesis of glucose 6-phosphate will take place
rather than hydrolysis.

Under standard conditions, the hydrolysis of glucose 6-phosphate will proceed
spontaneously.

Enzymes Accelerate Reactions by Facilitating the Formation
of the Transition State

11. The transition state of an enzyme-catalyzed reaction that converts a substrate to a product

12.
13.

14.

15.

16.

(a)
(b)
(©
(@)
(e)

is a transient intermediate formed along the reaction coordinate of the reaction.
has higher free energy than either the substrates or products.

is the most populated species along the reaction coordinate.

is increased in concentration because the enzyme binds tightly to it.
determines the velocity of the reaction.

Explain briefly how enzymes accelerate the rate of reactions.

Which of the following statements is true? Enzyme catalysis of a chemical reaction

(@)
(b)
©

)
(e)

decreases AG” so that the reaction can proceed spontaneously.

increases the energy of the transition state.

does not change AG®’, but rather changes the ratio of products to reactants at
equilibrium.

decreases the entropy of the reaction.

increases the forward and reverse reaction rates.

Which of the following statements regarding an enzyme-substrate complex (ES) is true?

(a)
()

(©
)
(e)

The heat stability of an enzyme frequently changes upon the binding of a substrate.
At sufficiently high concentrations of substrate, the catalytic sites of the enzyme be-
come filled and the reaction rate reaches a maximum.

An enzyme-substrate complex can usually be isolated.

Enzyme-substrate complexes can usually be visualized by x-ray crystallography.
Spectroscopic changes in the substrate or the enzyme can be used to detect the for-
mation of an enzyme-substrate complex.

Why is there a high degree of stereospecificity in the interaction of enzymes with their
substrates?

Explain why the forces that bind a substrate at the active site of an enzyme are usually weak.
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The Michaelis-Menten Model Accounts for the Kinetic Properties
of Many Enzymes

17.

18.

19.

20.

Which of the following statements regarding simple Michaelis-Menten enzyme kinetics
are correct?

(a) The maximal velocity V,,,, is related to the maximal number of substrate molecules
that can be “turned over” in unit time by a molecule of enzyme.

(b) Ky is expressed in terms of a reaction velocity (e.g., mol S ~1).

(c) Ky is the dissociation constant of the enzyme-substrate complex.

(d) Ky is the concentration of substrate required to achieve half of V,,..

(e) Ky is the concentration of substrate required to convert half the total enzyme into
the enzyme-substrate complex.

Explain the relationship between Ky and the dissociation constant of the enzyme-sub-
strate complex Kgs.

Myoglobin binds and releases O, in muscle cells; myoglobin + O, —> myoglobin-O,.
The fraction of myoglobin saturated with O, (Y) is given by the equation

Y = pOZ
pO, +Ps5

where p is the partial pressure of the O, and P is the pressure of O, at which 50% of

the myoglobin is saturated with O,. (This value reflects the equilibrium constant for the

reaction.) Note the similarity between this equation and the Michaelis-Menten equation
V [S]

V. S+ K,

max

Explain the relationships between the two equations.

From the plot of velocity versus substrate concentration shown in Figure 8-1, obtain the
following parameters. (The amount of enzyme in the reaction mixture is 107> umol.)

(@) Ky
(B Vinax
© k/Ky

(d) Turnover number

FIGURE 8.1 Plot of reaction velocity versus substrate concentration.
8 —

61—

V(umol/min)
N
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21. What is the significance of k.,/Ky?

22. Which of the following statements is correct? The turnover number for chymotrypsin is
100 S71, and for DNA polymerase it is 15 S~1. This means that

(a)
()

(©

(d)

chymotrypsin binds its substrate with higher affinity than does DNA polymerase.
the velocity of the chymotrypsin reaction is always greater than that of the DNA
polymerase reaction.

the velocity of the chymotrypsin reaction at a particular enzyme concentration and
saturating substrate levels is lower than that of the DNA polymerase reaction under
the same concentration conditions.

the velocities of the reactions catalyzed by both enzymes at saturating substrate
levels could be made equal if 6.7 times more DNA polymerase than chymotrypsin
were used.

Enzymes Can Be Inhibited by Specific Molecules

23. Which of the following statements about the different types of enzyme inhibition are
correct?

24.

25.

()
(b)
(©
(d)
(e)

Competitive inhibition occurs when a substrate competes with an enzyme for bind-
ing to an inhibitor protein.

Competitive inhibition occurs when the substrate and the inhibitor compete for the
same active site on the enzyme.

Noncompetitive inhibition of an enzyme cannot be overcome by adding large
amounts of substrate.

Competitive inhibitors are often similar in chemical structure to the substrates of
the inhibited enzyme.

Noncompetitive inhibitors often bind to the enzyme irreversibly.

If the Ky of an enzyme for its substrate remains constant as the concentration of the in-
hibitor increases, what can be said about the mode of inhibition?

The kinetic data for an enzymatic reaction in the presence and absence of inhibitors are
plotted in Figure 8-2. Identify the curve that corresponds to each of the following:

(a)
(b)
(©
()

No inhibitor
Noncompetitive inhibitor
Competitive inhibitor
Mixed inhibitor

FIGURE 8.2 Effects of inhibitors on a plot of V/ versus [S].

Alow \wW|=

(]
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26. Draw approximate Lineweaver-Burk plots for each of the inhibitor types in Question 25.

1/v

1/[S]

27. Which statements are not true about a transition state analog?

(@)
(b)
(©
)
(e)

It fits better in the active site than the substrate.

It increases the rate of product formation.

It can be used as a hapten to produce catalytic antibodies.
It is usually a distorted or strained molecule.

It is a potent inhibitor of the enzyme.

28. The inhibition of bacterial cell wall synthesis by penicillin is a classic example of a med-
ically significant inhibition of an enzymatic reaction. Which of the following statements
about the inhibition of glycopeptide transpeptidase by penicillin is true?

(a)
(b)
(©
)

(e)

The inhibition is noncompetitive.

Penicillin binds irreversibly to an allosteric site of the enzyme.

Penicillin inhibits bacterial cell wall synthesis by incorrectly cross-linking the pep-
tides of the proteoglycan.

The penicilloyl-enzyme intermediate may be dissociated by high concentrations of
D-alanine.

Penicillin resembles acyl-D-Ala-D-Ala, one of the substrates of the transpeptidase.

Vitamins and Coenzymes

29. Which of the following correctly pairs a coenzyme with the group transferred by that
coenzyme?

(@)
(b)
(©
()
(e)

CoA, electrons
Biotin, COZ

ATP, one-carbon unit

NADPH, phosphoryl group
Thiamine pyrophosphate, acyl group

30. Which of the following water-soluble vitamins forms part of the structure of CoA?

(@)
(b)
(©
)
(e)

Pantothenate

Thiamine

Riboflavin
Pyridoxine
Folate

31. Which of the vitamins in Question 30 is referred to as vitamin B1?
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Match the lipid-soluble vitamins in the left column with the appropriate biological func-
tions they or their derivatives serve in the right column.

(a) Vitamin A (1) Protection of unsaturated membrane lipids from
(b) Vitamin D oxidation
(¢) Vitamin E (2) Carboxylation of glutamate residues of clotting factors
(d) Vitamin K (3) Participation in Ca?* and phosphorus metabolism
(4) Precursor of retinal, the light-absorbing group in visual
pigments

(5) Related to fertility in rats
(6) Activates transcription of some growth and development
genes

The hydroxylation of proline in nascent collagen polypeptide chains does not require
which of the following?

@ O, (d) Pyridoxal phosphate

(b) Dioxygenase (e) o-Ketoglutarate

(¢) Ascorbate

34. Why does hydroxylation increase the stability of the collagen triple helix?

(a) It promotes hydrogen bonding with water.

(b) Tt increases hydrogen bonding between polypeptide chains.

(¢) It expands the helix and allows the glycine residues to better fit in the interior.
(d) Tt decreases the melting temperature of nascent collagen.

(e) It helps neutralize the charge on lysine residues.

ANSWERS TO SELF-TEST

1. a, d. ais incorrect because some enzymes are RNA.

d. cis incorrect because, although tight binding to the substrates helps confer specificity
on the reaction, it increases the activation barrier to reaction. Tight substrate binding
makes binding to the transition state of the reaction more energetically costly, that is, it
increases the free energy of activation of the reaction.

Holoenzyme. Cofactors may be metal ions or low molecular weight organic molecules.
A prosthetic group is a tightly bound cofactor that seldom dissociates from the enzyme.
Cofactors that are loosely bound behave like cosubstrates; they are easily bound and re-
leased from the enzyme.

Photosynthesis. The sun provides light energy that photosynthesis converts into chem-
ical bond energy in the form of ATP. Other examples of energy transduction include the
use of an ion gradient in mitochondria to drive the synthesis of chemical bonds, and the
use of the energy in ATP to cause the movement of muscles.

5. a

The thermodynamic parameter AS for a chemical reaction is not easily measured. Even
if it were easily determined, its value depends on changes that occur not only in the sys-
tem under study but also in the surroundings (see Chapter 1, Section 1.3.3). Intrinsically
unfavorable reactions (AG®” > 0) can take place if a change in the surroundings com-
pensates for a decrease in the entropy (negative AS) of the reaction.

¢,e. AG® = — 2303 RT log)y K. When K, = 1, AG® = 0 because the log of 1 = 0.
e is correct by definition.
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¢, d

9. All of the statements are correct.

10.

11.

(@) The paradox is that although glycogen normally degrades glycogen to form glucose
1-phosphate, the standard free energy change of the reaction is positive, that is, the
reaction is endergonic. See the answer to (d) for a resolution of the paradox.

(b) Using K.y, one can calculate the AG®” for the phosphorylase reaction:

Geo = 2.303 RT log)o K

cal

2303 1098

mo

1360 cal/ mol 1.055

=1430 cal/ mol =1.43 kcal / mol

(©) In part (b) the AG®” for the phosphorylase reaction of +1.44 kcal/mol was calcu-
lated; therefore, energy is consumed rather than released by this reaction.

(d) In cells, the ratio of phosphate to glucose 1-phosphate is so large that phosphory-
lase is mainly involved with glycogen degradation.

a, d, e
() Geo = 2303 RT log)o K ¢

3.3 keal/ mol= " 1.36 keal/mol  log;o K
log|g K ¢q =243
K eq =267

(b) Incorrect. K’y is a constant; it is independent of the initial concentrations.
(¢) Incorrect.

[glucose] [phosphate]

G = Geo £303RTlo
&10 [glucose 6-phosphate]

0! 10!
10 °

3.3 kcal/ mol+ 1.36 kcal/ mol log;,

2
3.3 kcal/ mol+ 1.36 kcal/ mol 10g1010—5
10

3.3 kcal/ mol +(1.36 kcal/ mol  3)

= +0.78 kcal / mol

(d) Correct. Under the initial conditions, AG” is positive; therefore, the reaction will
proceed toward the formation of glucose 6-phosphate.

(e) Correct. The negative AG®” value (at standard conditions) indicates that the reac-
tion will proceed spontaneously toward the hydrolysis of glucose 6-phosphate.

a, b, d, e. cis incorrect because it has the most energy and is therefore hardest to form. The
velocity of the reaction is directly proportional to the concentration of the transition state.
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Enzymes have evolved to bind tightly the transition state of the reaction they catalyze.
By binding the transition state with high affinity, they facilitate its formation. Hydrogen
bonds and ionic and hydrophobic interactions can be involved in binding the transition
state. The more transition state formed, the faster the reaction.

e. The enzyme speeds up the rate of attainment of equilibrium.

a, b, e. Turnover of ES to form P usually makes isolating ES difficult. In reactions re-
quiring two substrates, an enzyme-substrate complex of one of the substrates can be iso-
lated in the absence of the other substrate if the complex is very stable. The absence of
the cosubstrate precludes turnover of ES. The same consideration applies to ES com-
plexes formed by x-ray crystallography.

The formation of an enzyme-substrate complex involves a close, complementary fitting
of the atoms of the amino-acid-residue side chains that make up the active site of the
enzyme with the atoms of the substrate. Since stereoisomers have different spatial
arrangements of their atoms, only a single stereoisomer of the substrate usually fits into
the active site in a form capable of being acted upon by the enzyme.

The enzyme-substrate and enzyme-product complexes must be reversible for catalysis
to proceed; therefore, weak forces are involved in the binding of substrates to enzymes.

a, d. Answer e is correct only when Ky; = Kgs. See Question 18.

Ky can be equal to Kgs when the rate constant k, < k_;. Since Ky = (ky, + k_1)/ky,
when k, is negligible relative to k_;, Ky, becomes equal to k_;/k;, which is the dissocia-
tion constant of the enzyme-substrate complex.

These equations are related because they express the occupancy of saturable binding sites
as a function of either O, or substrate concentration. The fraction of active sites filled,
as reflected in V/V,,,, is analogous to Y, the degree of myoglobin saturation with oxy-
gen, [S] and pO, are the concentrations of substrate and O,, respectively; and Ky, and
P, are substrate or O, concentrations at half-maximal saturation.

(@) Ky =5 x 107" M. Ky is the value of the asymptote in Figure 8-1; it is equal to [S]
at 1/2 V.. Note that the units of [S] are mM. The factor 10° is used to multiply
the actual concentrations. For example,

[S] 10°= 2.0M

[S]I=20 10°M

(b) Vi = 6 umol/min. V,, is obtained from Figure 8-1; it is the maximum velocity.
(©) ky/Ky =2 x 10°S~' M~ In order to calculate this ratio, k, must be known. Since
Vinax = R [E1], Ry = Vooo/[E7]. Thus

6 mol/ min
ky = A3 1
10 ° mol

=100s

Using Ky, from part (a),

1
K, 1005
—2=O—4=2 10°s 'm !
Ky 5 10*M

(d) The turnover number is 100 S™!, equal to k,, which was calculated in part (c).

|11 ]
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21.

22.

23.
24.

25.
26.

27.

28.
20.
30.
31.

Since Vg = (ke /Ky [S] [ETI, ke, /Ky represents the second-order rate constant for the
encounter of S with E. The ratio k. /Ky thus allows one to estimate the catalytic effi-
ciency of an enzyme. The upper limit for k., /Ky, 108 to 107 M~ S ~1 is set by the rate
of diffusion of the substrate in the solution, which limits the rate at which it encounters
the enzyme. If an enzyme has a k. /Ky, in this range, its catalytic velocity is restricted
only by the rate at which the substrate can reach the enzyme, which means that the en-
zymatic catalysis has attained kinetic perfection.

d. Viax = kylEql; thus, if 6.7 times more DNA polymerase than chymotrypsin is used,
Vi for both enzymes is the same:

10051567 x 155!

Answer (a) is incorrect because the affinity of substrate for the enzyme is given by
Kgs = k_1/k;. Answer (b) is incorrect because the velocity of the enzymatic reactions is a
function of Ky, V,,.x, and substrate concentration. Answer (¢) is incorrect because for
the same enzyme concentration, V,,, = k,[E7] is greater for chymotrypsin than for DNA
polymerase.

b, c, d

The inhibition is noncompetitive because the proportion of bound substrate remains the
same as the concentration of the inhibitor increases.

@1®30 24

See Figure 8-3. Plots 1 and 2 have the same 1/V intercept; plots 1 and 3 have the same
1/[S] intercept; and plots 1 and 4 have different 1/V and 1/[S] intercepts.

FIGURE 8.3 Lineweaver-Burk plots for competitive (2), noncompetitive (3), and mixed (4)
inhibition, relative to the enzymatic reaction in the absence of inhibitors (1).

14 4 3
2
1
1
0
1/[8]

b, d. Answer (b) is incorrect because transition state analogs are inhibitors of the corre-
sponding enzymes. Therefore, they decrease rather than increase enzyme reaction rates.
Answer (d) is incorrect because transition-state analogs are not necessarily strained or
distorted; rather, they mimic the shape of the transition state, which may be strained or
distorted.

e
b
a

Thiamine
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(@4, 6;(b)3;©@ 1,52
d

34. b

PROBLEMS

1.

Calculate the values for AG®” that correspond to the following values of K’,,. Assume
that the temperature is 25°C.

(a 1.5 x 10%
b) 1.5

(¢) 0.15

d 15x10~*

Calculate the values for K’,, that correspond to the following values of AG®’. Assume
that the temperature is 25°C.

(@) =10 kcal/mol
(b) =1 kcal/mol
(o) +1 kcal/mol
(d) + 10 kcal/mol

The enzyme hexokinase catalyzes the following reaction:

Glucose + ATP == glucose 6-phosphate + ADP

For this reaction, AG®” = — 4.0 kcal/mol.

(a) Calculate the change in free energy AG” for this reaction under typical intracellular
conditions using the following concentrations: glucose, 55 mM; ATP, 5.0 mM; ADP,
1.0 mM; and glucose 6-phosphate, 0.1 mM. Assume that the temperature is 25°C.

(b) In the typical cell, is the reaction catalyzed by hexokinase close to equilibrium or
far from equilibrium? Explain.

The enzyme aldolase catalyzes the following reaction:
Fructose 1,6-bisphosphate ==

dihydroxyacetone phosphate + glyceraldehyde 3-phosphate

For this reaction, AG®’ = +5.7 kcal/mol.

(a) Calculate the change in free energy AG” for this reaction under typical intracellular
conditions using the following concentrations: fructose 1,6-bisphosphate, 0.15 mM;
dihydroxyacetone phosphate, 4.3 x 107° M; and glyceraldehyde 3-phosphate,
9.6 x 10 ~°> M. Assume that the temperature is 25°C.

(b) Explain why the aldolase reaction occurs in cells in the direction written despite the
fact that it has a positive free-energy change under standard conditions.

The text states (p. 197) that a decrease of 1.36 kcal/mol in the free energy of activation
of an enzyme-catalyzed reaction has the effect of increasing the rate of conversion of sub-
strate to product by a factor of 10. What effect would this decrease of 1.36 kcal/mol in
the free energy of activation have on the reverse reaction, the conversion of product to
substrate? Explain.

[ 13 |
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What is the ratio of [S] to Ky, when the velocity of an enzyme-catalyzed reaction is 80%
of Vias?

The simple Michaelis-Menten model (equation 9 in the text, p. 201) applies only to the
initial velocity of an enzyme-catalyzed reaction, that is, to the velocity when no appre-
ciable amount of product has accumulated. What feature of the model is consistent with
this constraint? Explain.

Two first-order rate constants, k_; and k,, and one second-order rate constant, k,, de-
fine Ky by the relationship

ki +k
Ky = L 2
ky
By substituting the appropriate units for the rate constants in this expression, show that
Ky must be expressed in terms of concentration.

Suppose that two tissues, tissue A and tissue B, are assayed for the activity of enzyme X.
The activity of enzyme X, expressed as the number of moles of substrate converted to
product per gram of tissue, is found to be five times greater in tissue A than in tissue B
under a variety of circumstances. What is the simplest explanation for this observation?

Sketch the appropriate plots on the following axes. Assume that simple Michaelis-Menten
kinetics apply, and that the pre-steady state occurs so rapidly that it need not be con-
sidered (see Section 8.4).

FIGURE 8.10
(@ Vv (b) V

[S] [E4]
(c) [ES] (d) [8]

Time Time
(e) [P]

Time
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Suppose that the data shown below are obtained for an enzyme-catalyzed reaction.

4
[S](mM) (mmol ml ' min )
0.1 3.33
0.2 5.00
0.5 714
0.8 8.00
1.0 8.33
2.0 9.09

(a) From a double-reciprocal plot of the data, determine Ky; and V.
(b) Assuming that the enzyme present in the system had a concentration of 10 ~° M,
calculate its turnover number.

Suppose that the data shown below are obtained for an enzyme-catalyzed reaction in the
presence and absence of inhibitor X.

V (mmol ml ' min 1)

[S](mM) Without X With X
0.2 5.0 3.0
0.4 75 5.0
0.8 10.0 75
1.0 10.7 8.3
2.0 12,5 10.7
40 13.6 12,5

(a) Using double-reciprocal plots of the data, determine the type of inhibition that has
occurred.

(b) Does inhibitor X combine with E, with ES, or with both? Explain.

(¢) Calculate the inhibitor constant K; for substance X, assuming that the final con-
centration of X in the reaction mixture was 0.2 mM.

Suppose that the data shown below are obtained for an enzyme-catalyzed reaction in the
presence and absence of inhibitor Y.

V (mmol ml ! min )

[S](mM) Without Y With Y
0.2 5.0 2.0
0.4 75 3.0
0.8 10.0 4.0
1.0 10.7 4.3
2.0 12.5 5.0
4.0 13.6 55

(a) Using double-reciprocal plots of the data, determine the type of inhibition that has
occurred.

15 |
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(b) Does inhibitor Y combine with E, with ES, or with both? Explain.
(¢) Calculate the inhibitor constant K; for substance Y, assuming that the final concen-
tration of Y in the reaction mixture was 0.3 mM.

Although the double-reciprocal plot is the most widely used plotting form for enzyme ki-
netic data, it suffers from a major disadvantage. If linear increments of substrate concen-
tration are used, thereby minimizing measurement errors in the laboratory, data points
will be obtained that cluster near the vertical axis. Thus the intercept on the ordinate can
be determined with great accuracy, but the slope of the line will be subject to consider-
able error, because the least reliable data points, those obtained at low substrate concen-
trations, have greater weight in establishing the slope. (Remember that many enzymes are
protected against denaturation by the presence of their substrates at high concentrations.)

Because of the limitation of double-reciprocal plots described above, other linear plot-
ting forms have been devised. One of these, the Eadie plot, graphs V versus V/[S].
Another, the Hanes-Woolf plot, ([S]/V versus [S]) is perhaps the most useful in mini-
mizing the difficulties of the double-reciprocal plot.

(a) Rearrange the Michaelis-Menten equation to give [S]/V as a function of [S].

(b) What is the significance of the slope, the vertical intercept, and the horizontal in-
tercept in a plot of [S]/V versus [S]?

(¢) Data shown below were obtained for the hydrolysis of o-nitrophenyl-f-D-galac-
toside (ONPG) by E. coli B-galactosidase. Use both double-reciprocal and Hanes-
Woolf plots to analyze these data, and calculate values for Ky and V., from both
plots. (We suggest that you use a graphing program to generate a scatter plot, and
then fit the data using a linear curve-fitting algorithm.)

74
[S](mM) (umol ml ! min )
0.5 8.93
1.0 14.29
1.5 16.52
2.0 19.20
2.5 19.64

(d) Make a sketch of a plot of [S]/V versus [S] in the absence of an inhibitor and in the
presence of a competitive inhibitor and in the presence of a noncompetitive inhibitor.

Suppose that a modifier Q is added to an enzyme-catalyzed reaction with the results de-
picted in Figure 8-4. What role does Q have? Does it combine with E, with ES, or with
both E and ES?

FIGURE 8.4 Effects of modifier Q on a plot of 1/V versus 1/[S].

%
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The enzyme DNA ligase catalyzes the formation of a phosphodiester bond at a break
(nick) in the phosphodiester backbone of a duplex DNA molecule. The enzyme from
bacteriophage T4 uses the free energy of hydrolysis ATP as the energy source for the
formation of the phosphodiester bond. A covalently modified form of the enzyme in
which AMP is bound to a lysine side chain is an intermediate in the reaction. The in-
termediate is formed by the reaction of E + ATP to form E-AMP + PP;. In the next
step, the AMP is transferred from the enzyme to a phosphate on the DNA to form a
pyrophosphate-linked DNA-AMP. In the last step of the reaction, the phosphodiester
bond is formed by the free enzyme to seal the nick in the DNA and AMP is released.

(a) Write chemical equations that show the individual steps that occur over the course
of the overall reaction.

(b) Does this enzyme catalyze a double-displacement reaction?

(¢) Do you think that if DNA were omitted from the reaction mixture, the enzyme
would catalyze a partial reaction? If so, what reaction might it catalyze?

If you were studying an enzyme that catalyzed the reaction of ATP and fructose 1-phos-
phate to form fructose 1,6-bisphosphate and ADP and discovered that a plot of the ini-
tial velocity of formation of fructose 1,6-bisphosphate versus ATP concentration was not
hyperbolic, but rather sigmoid, what would you suspect?

ANSWERS TO PROBLEMS

1.

2.

3.

The values for AG®” are found by substituting the values for K’ into equation 6 on page
195 of the text.

(@ Gee = 2.303RTlog;pK .

2303 (1.98 107 298log;, (1.5 10

= 5.7 kcal/ mol

(b) = 0.24 kcal/mol

(© + 1.1 kcal/mol

(d) + 5.2 kcal/mol

Equation 8 in Section 8.2.2 is used to find the answers.
(@ K,=10 Ge"°

=10 ( 10/1.36)

=23 10

(b) 5.4
(© 0.18
(d 44x10-8

(a) The applicable relationship is equation 1 in Section 8.2.2 of the text:

G = Goo T 10D
[A][B]
[glucose 6 -phosphate] [ADP]

[glucose] [ATP]

Goo HRT 1n

[ 17 |
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4.0 kcal / mol

[0.1 10 °][1.0 10 °]
[55 10 °][5 10 °]

+(1.98 10 3) 298 In

4.0 kcal/ mol 4.7 kcal/ mol

8.7 kcal/ mol

(b) The large negative value AG" means that the reaction is far from equilibrium in the
typical cell and thus has a strong thermodynamic drive to go in the direction of
product formation. (Remember that at equilibrium, AG" = 0.)

4. (a) The applicable relationship is the same equation used in 3a:

Geo 4T 10 D!
[AT[B]

G

[DHAP][G3P]
[FBP]

Goeo 4RT 1n

=457 kcal/mol+(1.98 10 3 298)

(4.3 10 6) (9.6 10 5)
015 10°

1In

+5.7 kcal/ mol 7.6 kcal/ mol

1.9 kcal/ mol

(b) The reaction occurs in the direction written because of the effects of the concen-
trations on the free-energy change. The concentration term in the equation is much
smaller than 1.0, which is its value under standard conditions. Removal of G3P by
a subsequent reaction keeps its concentration low.

5. The rate of the reverse reaction must also increase by a factor of 10. Enzymes do not
alter the equilibria of processes; they affect the rate at which equilibrium is attained. Since
the equilibrium constant K is the quotient of the rate constants for the forward and re-
verse reactions, both rate constants must be altered by the same factor. If the rate of the
forward reaction is increased by a factor of 10, the rate of the reverse reaction must also
increase by the same factor.

6. Start with the Michaelis-Menten equation, equation 23 on page 203 of the text:

[S]

V=
max [S]+KM
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Substituting 0.8 V. for V yields

_y 8]

08V —_—
max [S]+KM

max

0.8[S]+0.8K,, = [S]

0.8Ky; = 0.2[S]
[S]= 4Ky
By
KM

Thus, a substrate concentration four times greater than the Michaelis constant yields a
velocity that is 80% of maximal velocity.

Equation 9 on page 201 of Stryer shows the k, step as being irreversible. This is true in
practice at the initial stage of the reaction because P and E cannot recombine to give ES
at an appreciable rate if negligible P is present. Note that the equation reveals nothing
about the relative magnitudes of k, and the reverse rate constant for this step, k _:

kl kZ
E+S ES +E P
Ry ks

The reverse constant k_, may actually be quite large compared with k,; nevertheless, the
reverse reaction will not occur when little product is present, since the rate of the k_,
step depends on the concentrations of P and E as well as on the magnitude of its rate
constant.

The first-order rate constants have the dimensions t !, whereas the second-order con-
stant has the dimension conc ™! t~1. Thus, we can carry out the following dimensional
analysis:

k;+k
Ky = 1k 2

1

el !

conc lt L

= conc

For the activity of enzyme X to be five times greater in tissue A than in tissue B, tissue
A must have five times the amount of enzyme X as does tissue B. Enzyme activity is di-
rectly proportional to enzyme concentration.

[ 19|
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10. The sketches should resemble the following:

(@)

()

(e)

11. (@

---------------------------------- Vmax
v (b) V
[S] [E]
Steady state:
« HESydt = 0
[ES] (d 8]
""""" Equilibrium concentration | “—Equilibrium concentration
Time Time
_______ »_.Equilibrium concentration
[P]

Time

See the graph, Figure 8-5. V., = 1/0.1 = 10 mmol ml ~! min 1.

: 1
Slope = 93 0.1_ 0.02
10
Slope = K
vmax

Ky = 0.02 x 10 = 0.2 mM

FIGURE 8.5 A double-reciprocal plot of data for problem 11.

0.3
0.2
1V
0.1
“—Vmax
| | | | |
0 2 4 6 8 10
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(b) The turnover number is equal to the rate constant k; in equation 10 on page 201
of the text. Rearrangement of the equation gives

V,

— max

k., =
> [E]

_ 10 mmol ml "' min !

10 © mol liter !

_ 10 mol liter Umin !

10 © mol liter *
=10"min ! or 1.7 10°S!

12. (a) See Figure 8-6. The double-reciprocal plots intersect on the y-axis, so the inhibi-
tion is competitive.

FIGURE 8.6 A double-reciprocal plot of data for problem 13 showing the effects
of an inhibitor X.

0.3—
02—
1/v \
Without X
0.1
| | | | | |
0 1 2 3 4 5 6

(b) The inhibitor combines only with E, the free enzyme. A competitive inhibitor can-
not combine with ES because the inhibitor and the substrate compete for the same
binding site on the enzyme.

(¢) An inhibitor increases the slope of a double-reciprocal plot by a factor of 1 + [I]/K;:

(1]

Slopeinhib = Slopeunmhib 1+E
i

The slope with X is

SI0pe i, = o = 0.0532

The slope without X is

200 0.
Slope yinni = ooosﬂ = 0.0266
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Substituting in these values yields

0.2 mM

0.0532 =0.0266 1+

i
K, =0.2 mM

13. (a) See Figure 8-7. The inhibition was noncompetitive, as indicated by the fact that the
double-reciprocal plots intersect to the left of the y-axis.

FIGURE 8.7 A double-reciprocal plot of data for problem 13 showing the effects
of an inhibitor Y.

1/v

(b) A noncompetitive inhibitor combines at a site other than the substrate binding site.
Thus, it may combine with both E and ES. In the case illustrated, the inhibitor has
equal affinity for E and ES, which is shown by the fact that the plots intersect on
the x-axis.

(¢) Again, the slope increases by a factor of 1 + [II/K; in the presence of an inhibitor.

(1]

Slopeinhib = Slopeumnhib 1+ E

1

The slope with Y is

Slope;hib = % =0.0667

The slope without Y is

0.200

= ——— = 0.0267
uninhib 50 ( 25)

Slope

Substituting in these values yields

0.3 mM

0.0667 =0.0267 1+

i

K, =0.2 mM



14. (@)

(b)

(©
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We start with the Michaelis-Menten equation:
V = Vi [SV(Ky + [SD

Cross multiplying yields

V(Ky + [SD = V!SI

Division of both sides by V/V,,,, gives

[SI/V = (Ky + [SD/Viax
[S]/V = KM/VmaX + [S]/Vmax
[SI/V = (1/Viad IS+ K/ Viax

The linear equation above is in the form, y = mx + b, where m is the slope, and
b the y-intercept. Therefore, the slope of a Hanes-Woolf plot is (1/V,,,,), and the
intercept on the y-axis is Ky/V ... The plot will intercept the x-axis when [S]/V
is zero. Then

Kt/ Viax = (V) [S]
[SI = =Ky

See Figure 8-8. The y-intercept of the double-reciprocal plot is 1/V,,,,. Therefore
Vinax = 1/0.034 = 29.4 pmol 17! min ~!. The slope of the double-reciprocal plot is
Ky/Vyae Therefore,

0.039 = K/29.4

Ky = 1.15 mM

FIGURE 8.8 A double-reciprocal plot of data for problem 14.
0.15

0.01

1/v

0.05

| 23 |
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See Figure 8-9. The slope of the Hanes-Woolf plot is 1/V_,.. Therefore
Vinax = 1/0.035 = 28.6 umol 17! min~!. The y-intercept of the Hanes-Woolf plot
is Ky/Vpay Therefore,

0.037 = K\/28.6

Ky = 1.06 mM.

FIGURE 8.9 Hanes-Woolf plot of data for problem 14.
0.15

0.01
SV

0.05

In this instance, both plots give good fits of the data, and the values derived from
each for Ky and V., do not differ significantly. We can conclude that the meas-
urements at low substrate concentration are reliable.

(d) See Figure 8-10.

FIGURE 8.10 Hanes-Woolf plots depicting effects of competitive
and non-competitive inhibitors.

With

non-competitive

inhibitor —

< With
competitive
inhibitor

[syv

«— No inhibitor

1/8]

15. Q increases the rate of reaction, so it is an activator, or perhaps a second substrate. It
combines with both E and ES.
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()
(©
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The overall reaction proceeds as follows

(1) E + ATP «<— E-AMP + PP,
(2) E-AMP + nicked DNA «—> nicked DNA-AMP + E
(3) nicked DNA-AMP + E «—> sealed DNA + E

> ATP + nicked DNA «—> sealed DNA + AMP + PP,

Yes, a substituted enzyme intermediate (E-AMP) is formed.

In the absence of DNA, the enzyme catalyzes the partial reaction of the formation
of the E-AMP with the release of PP;. DNA is not involved in the first part of the
double-displacement reaction. (This problem is derived from Weiss, B., and
Richardson, C.C. (1964). Enzymatic breakage and joining of deoxyribonucleic acid.
3. An enzyme-adenylate intermediate in the polynucleotide ligase reaction. J. Biol.
Chem. 243:4556-4563. See also Lehman, L.R. (1974). DNA ligase: Structure, mech-
anism, and function. Science 186:790-797, for a complete review.)

17. In the absence of additional information, you would suspect that the enzyme had al-
losteric properties; its initial velocity was being influenced by binding of one of the sub-
strates to a site different from the active site.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1. (a)

(b)
(©

Note that a unit of activity is 10 > mol/15 min and when the substrate concentra-
tion is much greater than Ky the enzyme operates at V.. Then (2800 units x 10 —
mole)/(15 min x 60s) = 31.1 x 10~° mol/s.

Remember grams/gram molecular weight = moles, thus 107> g/ (20 x 10 g/mol
subunit) = 5 X 10 ~® mol active site.

By definition, the turnover number of an enzyme is the number of molecules of
substrate converted to product by one molecule of enzyme per unit time, in this
case, seconds. Hence, the turnover number = 31.1 x 107°mol S;!/5 x 108 mol
E = 622 molecules S per second per molecule E. Turnover number is discussed on
page 204 of the text.

2. For (a) and (b), proper graphing of the data given will provide the correct answers:

Ky =52 % 107°M; V.. = 6.84 X 107'Y mol/min

©

Turnover = mol Ss “Y/mol E = (6.84 x 10~10)/[(60 x 1079/ 29,600] = 337 min !

3. Penicillinase, like glycopeptide transpeptidase, forms an acyl-enzyme intermediate
with its substrate but transfers it to water rather than to the terminal glycine of the
pentaglycine bridge.

4. For (a) and (b), proper graphing of the data given will provide the correct answers:

(@)

()
©

In the absence of inhibitor, V,,, is 47.6 umol/min and Ky, is 1.1 x 10 => M. In the
presence of inhibitor, V,,,, is the same, and the apparent Ky, is 3.1 x 10 => M.
Since V., is not altered by the inhibitor, this is competitive inhibition.

Since this is competitive inhibition, the equation on page 222 of the text applies. The
only difference between this equation and equation 31 (text p. 221) is the factor

| 25 |
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(d)

(e)

(1 + [1I/K). Since in competitive inhibition V,,,, does not change, this factor describes
the relationship between Ky; and apparent Ky. Hence, the apparent Ky = Ky
(1 + [1[/K). Therefore, using the data in (a) and (b), 3.1 x 10> M = (1.1 x 107> M)
(1+2x103MWK)andK, = 1.1 x 107> M.

The [SI/(Ky; + [S]) term in the Michaelis-Menten equation tells us the fraction of en-
zyme molecules bound to substrate. Thus, 1 x 107°/(1 + 3.1)107° = fr5 = 0.243.
Since K, = [E] [1[/[E1], [EIJ/[E] = [II/K, = 2 x 107%/1.1 x 10~ = 1.82. However,
the sum of [EI] + [E]is only 0.757 of the total enzyme because the remaining 0.243
is bound to substrate. Therefore, 1.82 = f/ (0.757 — fg). Solving this equation
gives fg = 0.488.

Using [SI/(Ky + [SD, 3 x 10 7/1.1 + 3) x 107 = 0.73 = f in the absence of
inhibitor. 3 X 10 /(3.1 + 3) X 107 = 0.49 = fgsin the presence of inhibitor.
This ratio, 0.73/0.49 and 33.8/22.6 (the velocity ratio) are equal.

5. For (a) and (b), proper graphing of the data given will provide the correct answers:

(@)
(b)
(©

(D

6. (a)

(b)

(©

Vinax 18 9.5 Wmol/min. Ky is 1.1 X 107> M, the same as without inhibitor.

Since Ky, does not change, this is noncompetitive inhibition.

To answer this question you need to obtain a value for V,, (47.6 pmol/min) from
the graphs used in question 4(a) above. Because this is noncompetitive inhibition,
use the equation on text page 222 as follows: 9.5 pmol/min = 47.6 umol/min/
(1 + 10~* M/K)). Solving for K; one obtains the answer 2.5 X 107> M.

Since an inhibitor does not affect Ky, the fraction of enzyme molecules binding sub-
strate = [S]/(Ky + [S]), with or without inhibitor. For solution, see 4(e).

_ VialS)
(Ky +I8]
VKW Sy
[S]
vy
[S]
V= Vmax VK_M
[S]
V= Vmax M
[S]

The slope of a straight line is the constant that the x-coordinate is multiplied by in
the equation for the straight line. Thus, in the Lineweaver-Burk plot, Ky/V ;. is the
slope; in the Eadie-Hofstee plot the slope is —Ky because V/[S] is plotted on the x
axis; see (a). By inspection, the y-intercept is V... The x-intercept is V,,,./Ky; be-
cause one is extrapolating to [S] = 0.

Note that with a competitive inhibitor V., (y-intercept) stays the same but Ky, increases
(the slope of 2 is greater than the slope of 1). In contrast, with a noncompetitive in-
hibitor, Ky does not change; 1 and 3 have the same slope (while V., decreases).

7. Potential hydrogen-bond donors at pH 7 are the side chains of the following residues:
arginine, asparagine, glutamine, histidine, lysine, serine, threonine, tryptophan, and
tyrosine. For a more detailed discussion of hydrogen-bond donors and acceptors, see
problem 2-8.
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8. The rates of utilization of A and B are given by equation 25 (text p. 204):
1ks2
Vi = 1—2 [E] [A]
1 Ky2 4
and
1ky2
Vy = 1—2 [E] [B]
1 Ky 2 5
Hence, the ratio of these rates is
1k;2 1k;2
Vu/Vg = 1—2 [A] / 1—2 [B]
1Ky2, 1Ky2s

Thus, an enzyme discriminates between competing substrates on the basis of their val-
ues of ky/Ky, rather than of Ky alone. Note that the velocity is dependent on the con-
stants (ky/Ky) and the concentrations of enzyme and substrate.

9. A tenfold change in the equilibrium constant corresponds to a standard free-energy
change (AG®’) of 1.36 kcal/mol (1.36 comes from 2.303 RT). If a mutant enzyme binds
a substrate, S, 100-fold as tightly as does the native enzyme, more Gibbs free energy of
activation (AG#%) is needed to convert S to S# (transition state). In fact, the AG* is in-
creased by 2.72 kcal/mol (2.303 RT log 100) and the velocity of the reaction will be
slowed down by a factor of 100.

10. The uncompetitive inhibitor binds to the enzyme-substrate complex, but not to the free
enzyme. Both Ky, and V,,,, are affected, but the ratio Ky/V,,,, remains constant. The re-
action velocity obeys:

_ VawlS]
Ky +jlS]

where j = 1 + [I] /K;, and [I] is the inhibitor concentration.

a. Standard Michaelis-Menten graph of reaction velocity, v, versus substrate concentra-
tion, [S]:

Increasing [I]l

(]
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11.

12.

Double-reciprocal plot for increasing concentrations of an uncompetitive inhibitor:

1V,

—

1/8]

Increasing [I]

b. The double reciprocal plot shows lines of constant slope Ky/V ... The rate equation
can be derived using:

[El; = [E]+[ES]+[ESI].

_[EIIS)
K~ =g
K, = B
[EST]

Therefore, [E]; = [ESI(K/IS] + 1 + [1]/K).
The rate equation is: v = k,[ES].
Ifweletj = (1 + [1I/KD, and V., = k;[Ely, then:

\Y% Vinax [S]

max — max

V=—T">="—",0IV=
j+K,,/[S] jISI+ K,

For the double-reciprocal plot, 1/v = (1/[SD(Ky/Via) + j/Vimax Therefore, the slope of
the double reciprocal plot remains the same (Ky/V,,,,) in the presence of an uncompet-
itive inhibitor.

By substituting [S] = 0.1*Kj; into the Michaelis-Menten equation,

v = (Vi )(SD 7 ([S] + Kyy), we can show that:

vV = (Vi (0.D(Ky) 7 ((0.1 + 1.O)Kyp, or v = (I/11)V

So with v = 1.0 pmol min=!, V.. = 11.0 umol min~".

Ky will remain the same (center graph), and the apparent V,,, will change with the dif-

ferent amounts of enzyme (y-intercept in center graph). Therefore, the correct answer is
the center graph.



13.

14.

15.

16.
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a.  The double-reciprocal plot will turn up to form a second line near the 1/v axis, giv-
ing an approximately “V-shaped” graph.
b. The decrease in reaction velocity at high substrate concentration could be due to
an allosteric inhibition by substrate at a second binding site. The binding affinity of
the second (allosteric) site for substrate could be lower than the affinity of the cat-
alytic site for substrate.

The step catalyzed by E, will be rate-limiting because the actual substrate concentration
(107*M) is much less than that needed to achieve half-maximal reaction velocity (1072 M)
for this step.

The mechanism suggests that H* is behaving as a competitive inhibitor. Therefore at
sufficiently high substrate concentration, the substrate will overcome the inhibition,
and the velocity, v,, will equal V ,,, independent of pH (part a). At a low (constant)
substrate concentration, the observed v, will follow a titration curve with a pK of 6.0
(parts b, ¢).

a.
2
=7
©
S
(0]
=
©
> -
o
T T T
0 3 6 9 12
pH
b.

2
=
©
©
2
T
[0
o

0

c. At pH 6.0 half of the enzyme will be in the E~ form and the reaction velocity there-
fore will be 1/2 of V..

a. The enzyme is unstable at 37°C. It unfolds or denatures as a function of time of
storage at 37°C.

b.  The PLP coenzyme partially protects the enzyme against the thermal unfolding.
When PLP is bound to the enzyme, the rate of denaturation is slower.

| 29 |
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Catalytic Strategies

on their ability to stabilize the transition states of chemical reactions and thereby

decrease the energy-activation barrier to reactivity. In Chapter 9, the authors de-
scribe in detail the structures, active-site configurations, binding of substrates, and
catalytic mechanisms of four well-understood enzymes: chymotrypsin, carbonic an-
hydrase, restriction endonuclease EcoRV, and nucleoside monophosphate kinase.
Using these specific enzymes as models, fundamental principles of enzyme catalysis
are exemplified: specific binding of substrates, induced fit of enzyme-substrate com-
plexes, covalent catalysis, general acid-base catalysis by active-site residues, catalysis
by propinquity and by metal ions, formation and stabilization of transition states, and
reversibility of catalytic steps. The principles employed by these enzymes illustrate
how enzymes use basic chemistry to perform reactions at rapid rates and with high
fidelity. Because the interactions of enzymes with substrates depend on the chemical
properties of amino acid residues and on protein structure in general, a review of
Chapter 3 would be helpful before reading this chapter. In addition, refresh your un-
derstanding of the basic concepts of enzyme action, thermodynamics, and kinetics
presented in Chapter 8.

I n the previous chapter, you learned that the catalytic activity of enzymes is based

6 431dVYHD



CHAPTER 9

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Basic Catalytic Principles (Text Section 9.0.1)

1.

2.

Define binding energy as it relates to enzyme-substrate interactions and explain how it is
used in enzyme catalysis.

List four strategies commonly employed by enzymes to effect catalysis.

Proteases and Chymotrypsin (Text Section 9.1)

3.

10.

11.

12.

Define proteolysis. Draw the reaction for peptide-bond hydrolysis, and explain why pep-
tide bonds are resistant to spontaneous hydrolysis.

Indicate the amino acid sequence specificity of the cleavage catalyzed by chymotrypsin
and explain its molecular basis.

List the evidence that indicates a serine hydroxyl serves as a nucleophile in the reaction
catalyzed by chymotrypsin.

Explain why a “burst” of product appears when chymotrypsin reacts with a chromogenic
ester substrate, and relate this phenomenon to covalent catalysis.

Indicate how X-ray crystallography was used to learn about the mechanism of the chy-
motrypsin reaction.

Describe the formation and stabilization of the transient tetrahedral intermediate produced
from the scissile, planar peptide bond during hydrolysis.

Summarize the roles of the catalytic triad in the mechanism of chymotrypsin and the re-
lationship of the oxyanion hole to the tetrahedral intermediate of the reaction. Appreciate
that these features are present in other proteases, esterases, and lipases.

Describe how site-directed mutagenesis was used to prove the role of the catalytic triad in
subtilisin catalysis.

List other catalytic mechanisms by which peptide bonds can be hydrolyzed and provide
examples for each.

Provide examples of protease inhibitors that serve as therapeutic agents.

Carbonic Anhydrases (Text Section 9.2)

13.

14.

15.
16.
17.

18.

Outline the relationship of CO, to aerobic metabolism and indicate how most of the CO,
generated by peripheral tissues is transported to the lungs.

Write the chemical equation for the hydration of carbon dioxide, and explain why bicar-
bonate is formed at physiologic pH values.

Indicate the physiologic requirement for catalysis of the reaction that hydrates CO,.
Explain how carbonic anhydrase uses Zn** to activate a water molecule to attack CO,.

Describe why a buffer must be present at high concentrations to allow carbonic anhy-
drase to function rapidly, and explain how a proton shuttle is involved in buffer action.

Using the carbonic anhydrases as examples, describe why convergent evolution is thought
to have selected a common active-site structure.
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Restriction Enzymes (Text Section 9.3)

19.

20.

21.

22.

23.

24.

25.

Write the reaction catalyzed by restriction endonucleases and explain why these enzymes
must show very high substrate specificity to achieve their biological function.

Write the reaction and explain the biological role of methylases (DNA methyltransferases)
in restriction-modification systems.

Draw a phosphodiester bond. Deduce how phosphorothioates could be used to differentiate
the achiral oxygens of a phosphodiester bond and to distinguish between direct hydroly-
sis of the bond and a mechanism involving a covalent enzyme-DNA intermediate.

Draw the pentacoordinate, trigonal bipyramidal structure of the transition state of a phos-
phodiester bond undergoing an in-line displacement reaction.

Compare the primary role of Mg?* in the mechanism of restriction endonucleases with
that of Zn?* in the carbonic anhydrases.

Summarize the ways in which restriction enzymes use binding energy to attain high sub-
strate specificity. Consider the role of DNA distortion in achieving catalytic fidelity.

Provide evidence that restriction enzymes employed horizontal gene transfer to spread
among bacteria.

Nucleoside Monophosphate Kinases (Text Section 9.4)

26. Write the general reaction of phosphoryl transfer for a kinase.
27. Indicate how induced fit is used to preclude hydrolysis of ATP during phosphoryl transfer.
28. Relate the P-loop of kinases to the phosphoryl group of enzyme-bound ATP, and appre-
ciate the ubiquity of P-loop NTPase domains.
29. Rationalize the chemical functions of the Mg?*-nucleotide complex in a kinase reaction.
30. Appreciate the ubiquity of P-loops and rationalize their wide distribution.
SELF-TEST
Basic Catalytic Principles
1. The free energy released when an enzyme binds a substrate
(a) arises from many weak intermolecular interactions.
(b) contributes to the catalytic efficiency of the enzyme.
(¢) is more negative when an incorrect substrate is bound.
(d) becomes more positive as the transition state of the reaction develops.
(e) becomes more negative the more tightly the enzyme binds the substrate.
2. Which of the following are used by enzymes to catalyze specific reactions?

(a) Metal-ions (d) General acid-base reactions
(b) Temperature changes (e) Covalent enzyme-substrate complexes
(¢) Proximity between substrates

Proteases

3.

Why is the peptide bond, which is thermodynamically unstable, resistant to spontaneous
hydrolysis?
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Chymotrypsin and Other Proteolytic Enzymes

4. The alkoxide group on chymotrypsin that attacks the carbonyl oxygen of the peptide

10.

bond of the substrate arises from which amino acid side chain?

(a) an aspartate (d) a threonine
(b) a histidine (e) a tyrosine
(c) aserine

Which of the following experimental observations provide evidence for the formation of
an acyl-enzyme intermediate during the chymotrypsin reaction?

(a) A biphasic release of p-nitrophenol occurs during the hydrolysis of the p-nitro-
phenyl ester of N-acetyl-phenylalanine.

(b) The active serine can be specifically labeled with organic fluorophosphates.

(¢) The pH dependence of the catalytic rate is bell shaped, with a maximum at pH 8.

(d) A deep pocket on the enzyme can accommodate a large hydrophobic side chain
of the recognized substrate.

. Three essential amino acid residues in the active site of chymotrypsin form a catalytic

triad. Which of the following are roles for these residues in catalysis?

(a) The histidine residue facilitates the reaction by acting as an acid-base catalyst.

(b) The aspartate residue orients the histine properly for reaction.

(¢) The serine residue acts as a nucleophile during the reaction with the substrate.

(d) The aspartate residue acts as an electrophile during the reaction with the substrate.

(e) The aspartate residue initiates the deacylation step by a nucleophilic attack on the
carbonyl carbon of the acyl intermediate.

() They comprise the oxyanion hole.

Which of the following enzymes can be irreversibly inactivated with diisopropylphos-
phofluoridate (DIPF)?

(a) Carboxypeptidase 11
(b) Trypsin

(©) Lysozyme

(d) Subtilisin

(e) Thrombin

The three enzymes trypsin, elastase, and chymotrypsin

(@) likely evolved from a common ancestor.

(b) have major similarities in their amino acid sequences and three-dimensional
structures.

(¢) catalyze the same general reaction: the cleavage of a peptide bond.

(d) catalyze reactions that proceed through a covalent intermediate.

(e) have structural differences at their active sites.

Match the enzyme in the right column with the proteolytic-enzyme class to which it be-
longs in the left column.

() Metalloprotease (1) Papain

(b) Serine protease (2) Pepsin

(¢) Thiol (cysteine) protease (3) Elastase

(d) Acid (aspartyl) proteases (4) Thermolysin

Why might inhibitors of specific proteases be useful therapeutic agents? Provide a
specific example.
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Carbonic Anhydrases

11.

12.

13.

Match the molecule in the first column with the appropriate item in the second column.

(a) Water (1) pKa~3.5
(b) Bicarbonate (2) pKa~7
(¢) Carbonic acid (3) pKa~14
(d) Water bound to Zn** (4) pKa~10.3

in carbonic anhydrase 11

Given the pK, values of the compounds shown in the previous question (Number 11),
what is the significance of the water that is bound to the zinc ion in carbonic anhydrase?

Several different carbonic anhydrases coordinate Zn?* in their active sites using the
amino acid side chains of His exclusively or of His and of Cys. Rationalize how the bind-
ing of water to the coordinated Zn?* lowers the pK, value of the water.

Restriction Enzymes

14.
15.

16.

17.

18.

Is the DNA sequence 5-GAATTC-3" palindromic when it is in a duplex? Why?

Bacteria use restriction enzymes to destroy invading, exogenous DNA,; for instance, DNA
injected during bacteriophage infection. How can the restriction enzyme hydrolyze the
foreign DNA and not destroy the DNA of the bacterium in which it resides?

List all the substrates and cofactors used by type II restriction endonucleases and type 11
DNA methylases?

Which of the following DNA sequences is likely to be cut by a restriction enzyme? Only
one strand, written in the 5" to 3’ orientation is shown, but you should assume the op-
posite strand is present to form a duplex.

(a) TAGCAT

(b) CTGCAG
() CAGGAC
(d) GAATTC

(e) TCGA

Which of the following amino acids in the active site of a typical restriction enzyme
would you expect to be involved in binding Mg?*?

(@ D d N
b)Y (e) E
(o) C

Nucleoside Monophosphate Kinases

19.

Which of the following are roles for Mg?* in reactions that use ATP as a phosphoryl
donor, e.g., the NMP kinases?

M g2+

(a) binds to the enzyme and activates a water molecule.

(b) neutralizes partially the negative charge on the triphosphate group of the ATP.
(¢) forms a stable conformation of ATP by binding to its phosphoanhydride “tail.”
(d) provides potential binding points on the ATP for the enzyme to recognize.
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20. The P-loops of ATP-using kinases

(a) are formed mostly of P (proline) residues.

(b) are held rigidly in place by intramolecular interactions with adjacent o helices.
(¢) interact with the phosphates of the substrate nucleotides.

(d) move extensively upon ATP binding.

(e) help promote phosphoryl transfer and not hydrolysis.

PROBLEMS

1. Why is histidine a particularly versatile amino acid residue in terms of its involvement

in enzymatic reaction mechanisms?

. Although chymotrypsin is a proteolytic enzyme, it is quite resistant to digesting itself.

How would you explain its resistance to self-proteolysis?

. For each enzyme in the left column, indicate the appropriate transition state or chemical

entity in the right column that has a postulated involvement in its catalytic mechanism.

(a) Carbonic Anhydrase (1) Mixed anhydride

(b) Nucleoside Monophosphate Kinase ~ (2) Oxyanion hole

(¢) Restriction Endonuclease EcoRV (3) Pentacovalent phosphorus
(d) Chymotrypsin (4) Carbonium ion

(5) Tetrahedral carbon intermediate

. A pH-enzyme activity curve is shown in Figure 9-1. Which of the following pairs of amino

acids would be likely candidates as catalytic groups? (See Primary Text, Table X-X for the
pK, values of amino acid residues.)

(a) Glutamic acid and lysine

(b) Aspartic acid and histidine

(¢) Histidine and cysteine

(d) Histidine and histidine

(e) Histidine and lysine

FIGURE 9.1

Vmax

. Consider the fact that DNA methylases put methyl groups only onto preformed DNA,

i.e., after DNA has been synthesized from unmethylated dNTPs. Because DNA replica-
tion is semiconservative, what would be the methylation state of a restriction site im-
mediately after replication in a bacterium containing a restriction-modification system?
What can you conclude about the number of methyl groups needed per restriction site
to render the DNA refractory to cleavage by the cognate restriction endonuclease?
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On average, how many EcoRV restriction sites would you expect in the genome of E. coli?
The genome is 4.6 X 10° base pairs and its composition is approximately 50% G + C.

Examine the reaction of nucleoside monophosphate kinase shown on page 252 of the
primary text. Estimate what the equilibrium constant would be for the reaction under
standard biochemical conditions.

If you introduced a mutation into adenylate kinase that prevented P-loop movement and
subsequent lid closure, what reaction would you expect the enzyme to catalyze when in-
cubated with AMP and ATP?

Trypsin, chymotrypsin, and carboxypeptidase A fail to cleave peptide bonds involving
proline. Trypsin, for example, will not cleave a peptide at a Lys-Pro junction. Why do
you think this is the case?

Place slash marks at the sites where you would expect chymotrypsin to cleave the fol-
lowing peptide:

Lys-Gly-Phe-Thr-Tyr-Pro-Asn-Trp-Ser-Tyr-Phe

Many enzymes can be protected against thermal denaturation during purification pro-
cedures by the addition of substrate. Propose an explanation for this phenomenon.

What are the main structural features of an enzyme that determine its substrate speci-
ficity?

DNA methyltransferases (DNA methylases) use S-adenosylmethionine (AdoMet) as the
methyl donor in a reaction that methylates a specific base at a specific sequence in DNA
and releases the AdoMet remnant S-adenosylhomocysteine (AdoHcy). The DNA methyl-
transferase Rsrl catalyzes the reaction DNA + AdoMet— methylated DNA + AdoHcy
where the methyl group is deposited on the exocyclic amino group of the second A in
the recognition sequence GAATTC. A burst of incorporation of methyl groups into DNA
occurred in an experiment in which the enzyme was saturated with AdoMet radiolabeled
with C in its activated methyl group. The enzyme was first saturated with an excess of
[1*C]AdoMet and then a saturating excess of unmethylated DNA containing the target
sequence was added along with more radiolabeled AdoMet to maintain its original con-
centration and specific activity. The incorporation of isotope into the DNA was moni-
tored. A rapid incorporation of methyl groups occurred (burst) upon addition of the
DNA + [*C]AdoMet. The burst was followed by a slower, steady-state rate of DNA
methylation. A plot of the formation of labeled DNA as a function of time is shown in
Figure 9-2. The mol of methyl groups incorporated into DNA/mol of enzyme is plotted
on the ordinate, and time in seconds is plotted on the abcissa. When the steady-state
phase of the reaction curve was extrapolated back to the ordinate (Y-axis), the value ob-
tained was 0.94 mol methyl group deposited on DNA/mol of enzyme.

a.  What can you conclude from this experiment about: 1) the mechanism of the re-
action, and 2) the proportion of molecules of enzyme that were active?

FIGURE 9.2 Steady-state phase
g
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b. In a second experiment with Rsrl methylase, the same protocol described for the
burst experiment was followed except that when the excess DNA was added to the
enzyme that had been saturated with radiolabeled AdoMet, the solution containing
the DNA also contained the initial, 50-fold concentration excess of unlabelled
AdoMet. The incorporation of the radiolabeled methyl groups of the pre-bound
AdoMet into DNA was again followed. In this case, a smaller burst, approximately
10% of that observed in the first experiment, was detected before the steady state
rate of reaction began. Explain what the smaller burst implies about the order of
addition of the substrates, DNA and AdoMet, to the enzyme.

c. At physiological pH values, the dissociation of water cannot supply a sufficient con-
centration of protons to support the full catalytic potential of carbonic anhydrase.
As a result, the enzyme has evolved to use buffers as acid-base catalysts to increase
local proton concentrations in the active site. Some of these buffers have molecular di-
mensions too large to allow them to penetrate into the active site and gain proximity
to the protein-bound Zn**. Despite their exclusion by steric factors from the active site,
the buffers support efficient catalysis by the enzyme. In addition, ionizable groups in
the active site of the enzyme are involved in the delivery and removal of the required
protons. Site-specific mutagenesis that substituted some of these residues with other
ionizable amino acids having different pK, values failed to inactivate the enzyme. What
can you conclude about the molecular mechanisms by which protons are shuttled into
the active site of carbonic anhydrase?

ANSWERS TO SELF-TEST

1.

a, b, e. The AG® of the reaction becomes more negative as the binding affinity of the en-
zyme for the substrate increases. Interactions between the substrate and enzyme promote
the reaction when they are fully formed during the development of the transition state
of the reaction. Favorable interactions between the enzyme and the substrate in its
ground state before development of the transition state can hinder the reaction by low-
ering the valley preceding the activation barrier in the reaction coordinate diagram if they
do not also contribute to binding the transition state. For instance a substrate analog that
is a good competitive inhibitor forms strong interactions with the enzyme, but cannot
develop a transition state.

a,c, d, e

A peptide bond is stabilized by resonance, which gives the carbonyl-carbon—to—amide-
nitrogen link partial double-bond character, making it more stable to hydrolysis. In ad-
dition, the carbonyl carbon of the peptide bond is linked to a partially negatively charged
carbonyl oxygen that decreases the susceptibility of the carbon atom to nucleophilic at-
tack by a hydroxyl ion.

C

a, b. The pH versus activity curve indicates only that some step in the mechanism is sen-
sitive to the state of dissociation of a proton donor on the protein.

a, b, c. d is incorrect, because the aspartic acid carboxylate is ionized, and bearing a neg-
ative charge, is not an electrophile.

a, b, d, e. The mechanism of lysozyme does not involve the nucleophilic attack on
the substrate by an activated hydroxyl of the enzyme. The other three enzymes do
have such an activated serine hydroxyl and react to form a covalent, inactive com-
plex with DIPE
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a, b, ¢, d, e. The enzymes differ in structure at the sites at which they interact with the
amino acid side chains to determine their substrate specificity.

@4®30©1?2

Proteases that are specific for particular amino acid sequences play important roles in
normal and pathological physiology in humans. For example, a protease, the angiotensin-
converting enzyme (ACE), is involved in blood-pressure regulation. A specific inhibitor
would prevent the hypertension that arises from overactivity of ACE. Similarly, a specific
protease is necessary for human immunodeficiency virus maturation after infection.
Inhibition of this protease could limit HIV infection.

Carbonic Anhydrases

11.

12.

13.

(@ 3, (b) 4, (©) 1, (d) 2. The CO, buffering system is unusual because one of its compo-
nents, dissolved CO,, is a volatile gas in equilibrium with atmospheric CO,. By conven-
tion, [H,COs] is used to represent the total concentration of dissolved CO, + H,COs.
Carbonic acid that dissociates to form H* + bicarbonate is immediately replaced by the
reaction of CO, with water. The observed pK, value of carbonic acid in a solution in equi-
librium with gaseous CO, in the lungs is approximately 6.1, not 3.5, because of its equi-
librium with dissolved CO,, which exceeds it in concentration by approximately 1000-fold.
Thus, although the “true” pK, value of carbonic acid is 3.5, it behaves in gas transport in
mammals as if the value were approximately 6.1. The pKa value for the dissociation of bi-
carbonate is ~10.3.

With the pK, value of water lowered to near physiological pH values, an appreciable
amount of zinc-bound hydroxyl ion will be formed by dissociation of a proton from the
zinc-bound water. The hydroxyl ion is the nucleophile that attacks the carbonyl carbon
of CO, to form the bicarbonate ion. Thus, the enzyme generates a reactive substrate by
binding water to Zn?*, thereby facilitating its dissociation to form the reactive substrate.

The positive charge on the zinc ion withdraws electrons from the oxygen of the bound
water, weakens the bonds to its hydrogen atoms, and promotes the dissociation of a pro-
ton to form an enzyme-bound hydroxyl.

Restriction Enzymes

14.

15.

16.

17.
18.

Yes, because the complementary strand is identical, namely, 5’-GAATTC-3". Remember,
the strands of duplex DNA have opposite polarity. A palindromic sequence has two-fold
rotational symmetry. If you rotate the duplex molecule 180° about an axis located per-
pendicular to its long axis and piercing between the two strands between the AT se-
quences in each strand, you will generate the starting configuration of atoms.

A restriction enzyme recognizes and hydrolyzes a particular DNA sequence. The same
sequence is recognized and methylated by the partner DNA methylase of the restriction
enzyme. A methylated restriction site is immune to cleavage by the restriction enzyme.
The methylase keeps the host DNA methylated and thus protected. The invading DNA,
if unmethylated itself, will be cleaved by the restriction enzyme and subsequently de-
stroyed by less specific nucleases.

Restriction enzymes require only target DNA, Mg?* | and water. DNA methylases require
only unmethylated target DNA and S-adenosylmethionine.

b, d, e. Each of these sequences has an identical complementary strand.

a, e. The carboxyl groups of Asp and Glu can bind Mg?* effectively.
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Nucleoside Monophosphate Kinases

19.
20.

b, c, d
¢, d, e. The P-loops are highly mobile.

ANSWERS TO PROBLEMS

1.

The imidazole ring of histidine can act as an acid-base catalyst, a nucleophile, or a chela-
tor (coordinator) of metal ions. The first and third functions were illustrated by chy-
motrypsin and carbonic anhydrase, respectively.

Chymotrypsin specifically cleaves peptide bonds whose C-terminal amino acid is adja-
cent to non-polar aromatic amino acid residues or the bulky, hydrophobic methionine.
Because these residues are often buried in the interior of proteins, including chy-
motrypsin, the self-hydrolysis of native, folded chymotrypsin is very inefficient. In fact,
during digestion, chymotrypsin acts most effectively on partially degraded and dena-
tured (unfolded) proteins.

@ 1;()1,3;@3; 2,5

4. ¢

10.

11.

12.

A parent DNA molecule in a cell with a restriction/modification (R/M) system would have
both strands of its restriction sites methylated. Upon semiconservative replication, the
newly synthesized daughter strand would be transiently unmethylated for a short time.
Because the cell survives during this time, you can conclude that only one methyl group
on a restriction site can stop the endonuclease from cutting.

For DNA that has equal proportions of A, C, G, and T, each base has a 0.25 probability
of appearing at any position in the sequence. Since the EcoRV site, GATATC, is six bases
long, (0.25)% x 4.6 x 10°= 976. We would, thus, expect = 1000 EcoRI sites in the
genome of E. coli.

The K, value would be near one because a phosphoanhydride bond between the 3 and
A phosphorous atoms is broken in ATP and the same bond is formed to link the o and
B phosphorous atoms of the product ADP.

The enzyme would likely hydrolyze ATP to ADP by transferring its A phosphoryl group
to water rather than to AMP. The inability of the mutant to close the lid would allow
water into the active site where it would react with the ATP to form ADP and P;.

Because of its ring structure, the imino acid proline cannot be accommodated in the sub-
strate binding sites of trypsin, chymotrypsin, or carboxypeptidase A. Therefore these pro-
teases fail to cleave peptide bonds involving proline.

Chymotrypsin would produce the following four fragments:
Lys-Gly-Phe Thr-Tyr-Pro-Asn-Trp = Ser-Tyr Phe
When the substrate occupies the active site in the enzyme, the weak bonds that it forms

with groups on the enzyme help to stabilize the tertiary structure of the enzyme and pro-
tect it against thermal denaturation.

The enzyme must have functional groups in the active site that can interact specifically
with the substrate to distinguish it from other similar molecules and position it prop-
erly for a productive reaction. Usually, the enzyme must also have catalytic residues
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that react with a specific chemical bond of the substrate during the development of
the transition state. Both ground-state interactions with the substrate by specific bind-
ing and the ability to catalyze the chemistry of the reaction determine the ability of an
enzyme to convert a substrate to a product.

a.

Unlike chymotrypsin, the existence of the burst with RsrT DNA methylase is not
due to a covalent enzyme-substrate complex. The appearance of a burst in an en-
zyme reaction reveals only that some step past the chemistry occurring during bond
making and breaking is limiting the overall rate. The Rsrl methylase reaction is
known to proceed without a covalent enzyme-substrate intermediate. With this
methylase, the burst indicates that some step subsequent to the addition of the
methyl group onto the DNA is the rate-limiting step of the reaction. Likely, the rate-
limiting step is the release of product from the enzyme. The fact that 0.94 mol of
DNA was methylated per mol of enzyme indicates that at least 94% of the enzyme
molecules were active. The experiment measured the initial reaction of all the en-
zyme molecules present because the enzyme was preloaded with AdoMet and then
given DNA at a concentration that would also saturate it with the methyl acceptor.
No excess, free enzyme existed in the solution, and the initial reaction observed (the
burst) measured a single turnover.

The protocol in problem 2 is an isotope-partitioning experiment. That a burst was
detected when the enzyme was preloaded with labeled AdoMet before being mixed
with excess DNA and a 50-fold excess of unlabeled AdoMet means that AdoMet
bound to the enzyme before the DNA binds can be catalytically competent. If the
radiolabeled AdoMet would have dissociated from the enzyme before reacting, its
specific activity would have been decreased 50-fold by the unlabeled AdoMet in
the solution, and the maximum incorporation would have been 2% of that seen
in the burst experiment (Question 1). This result does not prove that the reaction
is ordered with the order of binding being AdoMet first and DNA second. It only
shows that AdoMet can be bound first and be used in the reaction after DNA binds.
The order of addition of the substrates to the enzyme might be random with ei-
ther AdoMet or DNA binding first. Further experiments would be needed to re-
solve this question (Both of these questions were derived from Szegedi, S.S., Reich,
N.O., and Gumport, R. I. [2000]. Substrate binding in vitro and kinetics of RsrI
[N6-adenine] DNA methyltransferase. Nucleic Acids Res. 28: 3962-3971.)

The buffers must donate and accept protons at some distance from the active
center of the enzyme because they are too large to access it. The protons sup-
plied by these buffers reach the reaction center by being transported or shut-
tled through a network of proton carriers that comprises ionizable groups on
the protein and water molecules. The fact that active site residues with pK, val-
ues different from those of the wild-type enzyme function in the reaction sug-
gests that the precise location and strength of the ionizable groups are not
critical to the functioning of the shuttle. The malleability of the positioning of
the active site, ionizing amino acid side chains probably results from the for-
mation of different networks of variable numbers of hydrogen-bonded water
molecules. These networks form in various shapes to accommodate the altered
positions of the variant amino acid side chains. (This question was derived
from Qian, M., Earnhardt, J. N., Qian, M., Tu, C., Laipis, P. J., and Silverman
D. N. [1998]. Intramolecular proton transfer from multiple sites in catalysis by
murine carbonic anhydrase V. Biochemistry 37: 7649-7655.)

|11 ]
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EXPANDED SOLUTIONS TO TEXT PROBLEMS

1.

The answer concerns the different kinetic behavior of chymotrypsin toward amide and
ester substrates. Substrate A is N-acetyl-L-phenylalanine p-nitrophenyl amide, rather than
N-acetyl-L-phenylalanine p-nitrophenyl ester for which the initial “burst” activity was de-
scribed in the text. The burst is observed if the first step of a reaction (in this case, acyl-
chymotrypsin formation, together with release of p-nitrophenyl amine) is much faster
than the second step (release of N-acetyl-phenylalanine and free chymotrypsin). With
the amide substrate, however, the relative rates of the two steps are more nearly equal;
therefore no burst is observed.

The Ala-64 subtilisin lacks the critical histidine in the catalytic triad of the active site and
therefore cleaves most substrates much more slowly than does normal subtilisin.
However, the histidine in substrate B can act as a general base; thereby the substrate it-
self partially compensates for the missing histidine on the mutant enzyme.

The statement is false (incorrect). Either mutation alone is such a serious impairment for
the enzyme that the second mutation will be of little additional consequence.

A reasonable prediction is that the substrate specificity of the mutant protease would re-
semble that of trypsin. The mutant enzyme would be predicted to hydrolyze peptide
bonds that follow either lysine or arginine in the sequence (i.e., peptide bonds whose
carbonyl groups are from either lysine or arginine).

Small molecular buffers such as imidazole can diffuse into the active site of carbonic an-
hydrase and substitute for the proton shuttle function of His 64 near the zinc ion. Large
molecular buffers cannot fit into the active site because of their steric bulk and therefore
cannot compensate for the loss of the side chain of His 64.

The enzyme would not be useful. The probability of finding a particular unique restric-
tion site of length 10 is 1/(41°) = 1/1,048,576, i.e., about once per million base pairs of
DNA. Therefore most viral genomes that contain only 50,000 base pairs have little sta-
tistical chance of having a site that would be recognized by this enzyme.

The increased rate would not be beneficial. Because only a small number of cuts (or
even a single cut) of an invading foreign DNA molecule will be sufficient to inacti-
vate the foreign DNA, the host cell would realize no practical benefit from a faster
rate of hydrolysis. Specificity is more important than turnover number for restriction
endonucleases.

In the absence of the gene for the corresponding methylase, there would be no benefit.
The restriction endonuclease from the newly acquired gene would digest the host cell’s
own DNA.

. a. (Assuming that magnesium also is present), ATP and AMP will be generated from two

molecules of ADP in a “reverse” adenylate kinase reaction. Enzymes catalyze both for-
ward and reverse reactions.

b. The answer will require knowledge of an equilibrium constant for the reaction
ATP + AMP == 2 ADP In this reaction, the two substrates together are approximately
isoenergetic with the products. If one therefore assumes an equilibrium constant of one,
then: [ADP]*/([ATP] [AMP]) = 1.
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Let [ATP] = x at equilibrium. Then [AMP] = x, and [ADP] = ((1 mM) — (2x)).

(1 =2x%x) =1.

(1 — 4x + 4x?) = x%

3x* —4x + 1 =0. Solve for x.

Two answers emerge. Either x = 1, or x = 4. However, x = 1 is physically unreason-
able (impossible). Therefore x = 5.

The concentrations of [ATP], [ADP], and [AMP] therefore are all 0.3333 mM.

The chelator will remove the zinc from the active site of the enzyme. Without zinc, the
carbonic anhydrase is inactive.

Molecule A is an analogue of N-acetyl-lysine that is likely to inhibit trypsin. The posi-
tively charged €-ammonium group will bind in trypsin’s substrate specificity pocket.
Additionally, the B-O group is likely to bind in the oxyanion hole (Figure 9.9). Because
there is no peptide bond to be cleaved, the inhibitor will remain bound to the enzyme
and will interfere competitively with the binding of natural substrates.

Aldehydes can react with one molecule of an alcohol to form a hemiacetal (see Chapter
11). Because the catalytic site of elastase contains an active serine hydroxyl group, it is
reasonable that an aldehyde derivative of a peptide substrate of elastase would react with
the serine -OH group to form a hemiacetal, which is a tetrahedral analogue of the tran-
sition state of the peptide hydrolysis reaction. (See also Robert C. Thompson and Carl
A. Bauer. [1979]. Biochemistry 18, 1552-1558.)
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Regulatory Strategies: Enzymes
and Hemoglobin

of regulatory mechanisms are discussed in detail: allosteric control, isozymes, re-

versible covalent modification, and proteolytic activation. The authors use spe-
cific examples to illustrate the general structure-function relationships involved in
these control mechanisms. To illuminate allosteric control, the authors discuss E. coli
aspartate transcarbamoylase (ATCase) and hemoglobin (Hb), two well-understood al-
losterically regulated proteins. ATCase is the enzyme that catalyzes the condensation
of carbamoyl phosphate and aspartate in the first step of pyrimidine biosynthesis. Its
activity is regulated both positively and negatively and provides a classic example of
feedback inhibition of enzymes in multistep biosynthetic pathways. Coorperative
binding of oxygen to hemoglobin is critical to its ability to efficiently transport oxy-
gen in blood and release it to myoglobin in tissues. Because it is also regulated by H*,
CO,, and 2,3-biphosphoglycerate (2,3-BPG), Hb provides an excellent example of
both homotropic and heterotropic allosteric regulation of proteins.

After the sections on allosteric control, the authors illustrate the use of isozymes
to regulate enzymes in a developmental and/or tissue-specific manner using lactate de-
hydrogenase as an example. Next the authors discuss the regulation of enzymes by co-
valent modifications such as phosphorylation, acetylation, lipidation, and ubiquination.
The authors focus on reversible phosphorylation as a control mechanism and use cAMP-
dependent protein kinase (PKA) as an example of how phosphorylation of target pro-
teins can be regulated. The authors then turn to the activation of enzymes by proteolytic
cleavage. They describe the proteolytic steps and conformational rearrangements that
produce the active forms of chymotrypsin, trypsin, and pepsin from their inactive zy-
mogens. The mechanisms of action of the digestive enzymes were presented in Chapter
9. The authors conclude Chapter 10 with a discussion of the blood clotting cascade—
the series of proteolytic activations of clotting factors that lead to the formation of fib-
rin clots. Several specific stimulating and inhibiting proteins are described in connection
with the proteolytic enzymes.

The theme of Chapter 10 is the regulation of protein function. Four major types

Ol d31dVHD

| 159 |



| 160 |

CHAPTER 10

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Introduction

1.

List the four major regulatory mechanisms that control enzyme activity and give exam-
ples of each.

Aspartate Transcarbamoylase Is Allosterically Inhibited by the End Product
of Its Pathway (Text Section 10.1)

2.

Describe the reaction catalyzed by aspartate transcarbamoylase (ATCase), the regulation
of ATCase by CTP and ATE, and the biological significance of this regulation.

. Describe the composition and arrangement of the subunits of ATCase and the major fea-

tures of its active site as revealed by the binding of N-(phosphonacetyl)-L-aspartate (PALA).
Explain the effects of subunit dissociation on the allosteric behavior of the enzyme.

Outline the structural effects of binding of CTP and PALA to ATCase.

. Describe the experimental evidence for a concerted allosteric transition during the bind-

ing of substrate analogs to ATCase.

Outline the effects of heterotropic and homotropic allosteric interactions on the equilib-
rium between the T and R forms of ATCase.

Differentiate between concerted and sequential mechanisms of allosteric regulation.

Hemoglobin Transports Oxygen Efficiently by Binding Oxygen Cooperatively
(Text Section 10.2)

8.

10.

11.

12.

Contrast the oxygen binding properties of myoglobin and hemoglobin. Define the coop-
erative binding of oxygen by hemoglobin and summarize how it makes hemoglobin a
better oxygen transporter.

Explain the significance of the differences in oxygen dissociation curves, in which the frac-
tional saturation (Y) of the oxygen-binding sites is plotted as a function of the partial
pressure of oxygen (pO,), for myoglobin and hemoglobin.

State the major structural differences between the oxygenated and deoxygenated forms of
hemoglobin.

Explain the effects of CO, and H* (the Bohr effect) and 2,3-bisphosphoglycerate (BPG) on
the binding of oxygen by hemoglobin. Describe the structural bases for the effects of these
molecules on the binding of oxygen by hemoglobin. Explain the consequences of the
metabolic production of CO, and H* on the oxygen affinity of hemoglobin.

Rationalize the existence of fetal hemoglobin.

Isozymes Provide a Means of Regulation Specific to Distinct Tissues
and Developmental Stages (Text Section 10.3)

13.

Define isozyme. Give examples of ways in which isozymes of a given enzyme can be dif-
ferentiated from each other.
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Explain the purpose of isozymes in metabolism.

Explain the role of isozymes in the tissue-specific regulation of lactate dehydrogenase.

Covalent Modification Is a Means of Regulating Enzyme Activity
(Text Section 10.4)

16.
17.
18.
19.

List the common covalent modifications used to regulate protein activity.
Write the basic reactions catalyzed by protein kinases and protein phosphatases.
List the reasons why phosphorylation is such an effective control mechanism.

Describe the activation of protein kinase A (PKA) by cyclic AMP (cAMP) and the mode of
interaction of PKA with its pseudosubstrate.

Many Enzymes Are Activated by Specific Proteolytic Cleavage
(Text Section 10.5)

20.

21.

22.
23.

24.
25.

26.

27.

28.

Define zymogen. Give examples of enzymes and proteins that are derived from zymogens
and the biological processes they mediate.

Summarize the enzymes and conditions required for the activation of all the digestive
enzymes.

Explain how trypsin is inhibited by the pancreatic trypsin inhibitor.

Describe the stabilization of the fibrin clot by Factor XIII,, an active transamidase. Explain
the role of thrombin in the activation of fibrinogen and Factor XIII.

Compare the cleavage specificity of thrombin with those of the pancreatic serine proteases.

Discuss the requirement for vitamin K in the synthesis of prothrombin. Outline the mech-
anism of prothrombin activation.

Explain the genetic defect in hemophilia and discuss how recombinant DNA technology
has been used to produce human Factor VIII (antihemophilic factor).

State the general mechanisms for the control of clotting and explain the specific role of
antithrombin III in the clotting cascade. Note the effect of heparin on antithrombin III.

Describe the lysis of fibrin clots by plasmin and the activation of plasminogen by tissue-
type plasminogen activator (TPA).

SELF-TEST

Aspartate Transcarbamoylase Is Allosterically Inhibited by the End Product
of Its Pathway

1.

The dependence of the reaction velocity on the substrate concentration for an allosteric
enzyme is shown in Figure 10.1 as curve A. A shift to curve B could be caused by the

(a) addition of an irreversible inhibitor.

(b) addition of an allosteric activator.

(¢) addition of an allosteric inhibitor.

(d) dissociation of the enzyme into subunits.

| 161 |



| 162 |

CHAPTER 10

FIGURE 10.1 Reaction velocity versus substrate concentration for an allosteric enzyme.

[S]

. In E. coli, ATCase is inhibited by CTP and is activated by ATP. Explain the biological sig-

nificance of these effects.

. Which of the following statements regarding the structure of ATCase in E. coli are in-

correct?

(a) ATCase consists of two kinds of subunits and a total of 12 polypeptide chains.

(b) Reaction with mercurials dissociates each ATCase into three 1, and two ¢5 subunits.
(¢) ATCase has a threefold axis of symmetry and a large inner cavity.

(d) The active sites of ATCase are located at the interface between ¢ and r subunits.
(e) The separate subunits 1, and ¢ retain their respective ligand-binding capacities.

. Which of the following methods can provide information about the subunit dissociation

of ATCase or the structural changes that occur when ATCase binds a substrate analog?
(a) x-ray crystallography

(b) Western blotting

(¢) sedimentation-velocity ultracentrifugation

(d) SDS-polyacrylamide gel electrophoresis

(e) gel-filtration chromatography

. The allosteric effect of CTP on ATCase is called

(a) homotropic activation.
(b) homotropic inhibition.
(¢) heterotropic activation.
(d) heterotropic inhibition.

Hemoglobin Transports Oxygen Efficiently by Binding Oxygen Cooperatively

6. Which of the following statements are false?

(a) The oxygen dissociation curve of myoglobin is sigmoidal, whereas that of hemo-
globin is hyperbolic.

(b) The affinity of hemoglobin for O, is regulated by organic phosphates, whereas the
affinity of myoglobin for O, is not.

(¢) Hemoglobin has a higher affinity for O, than does myoglobin.

(d) The affinity of both myoglobin and hemoglobin for O, is independent of pH.
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7. Several oxygen dissociation curves are shown in Figure 10.2. Assuming that curve 3 cor-
responds to isolated hemoglobin placed in a solution containing physiologic concentra-
tions of CO, and BPG at a pH of 7.0, indicate which of the curves reflects the following
changes in conditions:

10.

(a)
(b)
©
(d

decreased CO, concentration

increased BPG concentration

increased pH

dissociation of hemoglobin into subunits

FIGURE 10.2 Oxygen dissociation curves.

Saturation (Y)

Which of the following statements concerning the Bohr effect are true?

(@)
(b)

(©
@

(e)

Lowering the pH shifts the oxygen dissociation curve of hemoglobin to the right.
The acidic environment of an exercising muscle allows hemoglobin to bind O, more
strongly.

The affinity of hemoglobin for O, is diminished by high concentrations of CO,.
In the lung, the presence of higher concentrations of H" and CO, allows hemoglo-
bin to become oxygenated.

In the lung, the presence of higher concentrations of O, promotes the release of
CO, and H*.

Explain why fetal hemoglobin has a higher affinity for oxygen than does maternal he-
moglobin, and why this is a necessary adaptation.

The oxygen dissociation curve for hemoglobin reflects allosteric effects that result from
the interaction of hemoglobin with O,, CO,, H*, and BPG. Which of the following struc-
tural changes occur in the hemoglobin molecule when O,, CO,, H*, or BPG bind?

(a)
(b)
(©

(d)

The binding of O, pulls the iron into the plane of the heme and causes a change in
the interaction of all four globin subunits, mediated through His F8.

BPG binds at a single site between the four globin subunits in deoxyhemoglobin
and stabilizes the deoxyhemoglobin form by cross-linking the (3 subunits.

The deoxy form of hemoglobin has a greater affinity for H* because the molecular
environment of His and the o--NH, groups of the o chains changes, rendering these
groups less acidic when O, is released.

The binding of CO, stabilizes the oxy form of hemoglobin.
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11.

12.

The structure of deoxyhemoglobin is stabilized by each of the following interactions
except for

(a) BPG binding.

(b) salt bridges between acidic and basic side chains.
(¢) coordination of the hemes with the distal histidine.
(d) hydrophobic interactions.

(e) salt bridges involving N-terminal carbamates.

In the transition of hemoglobin from the oxy to the deoxy form, an aspartate residue is
brought to the vicinity of His 146. This increases the affinity of this histidine for pro-
tons. Explain why.

Isozymes Provide a Means of Regulation Specific to Distinct Tissues
and Developmental Stages

13.

Which of the following would not be useful in distinguishing one isozyme from another?

(@) electrophoretic mobility
(b) gene sequence

(¢) kinetic rate constant

(d) allosteric regulators

Covalent Modification Is a Means of Regulating Enzyme Activity

14.

15.
16.

Protein kinases

(a) transfer a phosphoryl group from one protein to another.

(b) use AMP as a substrate.

(¢) use Thr, Ser, or Tyr as the acceptor groups for phosphoryl transfer.
(d) transfer the o phosphorus atom of ATP.

(e) are located on the external surface of cells.

Explain how a phosphoryl group can change the conformation of a protein.
Protein kinase A

(a) is activated by ATP.

(b) consists of two catalytic (¢) and two regulatory (r) subunits in the absence of ac-
tivator.

(¢) upon binding the activator dissociates into one ¢, and two r subunits.

(d) contains a pseudosubstrate sequence in the ¢ subunits.

Many Enzymes Are Activated by Specific Proteolytic Cleavage

17.

The pancreas is the source of the proteolytic enzyme trypsin. Which of the following are
reasons trypsin does not digest the tissue in which it is produced?

(a) It is synthesized in the form of an inactive precursor that requires activation.
(b) TItis stored in zymogen granules that are enclosed by a membrane.

(¢) TItis active only at the pH of the intestine, not at the pH of the pancreatic cells.
(d) It requires a specific noncatalytic modifier protein in order to become active.



18.

19.

20.

21.

22.

23.

24.
25.
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Activation of chymotrypsinogen requires

(a) the cleavage of at least two peptide bonds by trypsin.

(b) structural rearrangements that complete the formation of the substrate cavity and
the oxyanion hole.

(¢) major structural rearrangements of the entire protein molecule.

(d) the concerted proteolytic action of trypsin and pepsin to give ¢--chymotrypsin.

Match the zymogens in the left column with the enzymes that participate directly in their
activation which are listed in the right column.

(a) chymotrypsinogen (1) trypsin
(b) trypsinogen (2) enteropeptidase
(¢) proelastase (3) carboxypeptidase

(d) procarboxy-peptidase

Explain why the new carboxyl-terminal residues of the polypeptide chains produced
during the activation of pancreatic zymogens are usually Arg or Lys.

The inactivation of trypsin by pancreatic trypsin inhibitor involves

(a) an allosteric inhibition.

(b) the covalent binding of a phosphate to the active site serine.

() the facilitated self-digestion of the enzyme.

(d) denaturation at the alkaline pH of the duodenum.

(e) the nearly irreversible binding of the protein inhibitor at the active site.

Match fibrinogen and fibrin with the appropriate properties in the right column.

(a) fibrinogen (1) 1is soluble in blood
(b) fibrin (2) 1is insoluble in blood
(3) forms ordered fibrous arrays
(4) contains o-helical coiled coils
(5) may be cross-linked by transamidase

Which of the following statements about prothrombin are incorrect?

(a) It requires vitamin K for its synthesis.

(b) It can be converted to thrombin by the decarboxylation of y-carboxyglutamate
residues.

(¢) TItis activated by Factor IX, and Factor VIII.

(d) Tt is anchored to platelet phospholipid membranes through Ca?* bridges.

(e) Itis part of the common pathway of clotting.

Explain the role of the y-carboxyglutamate residues found in clotting factors.

Which of the following mechanisms is not involved in the control of the clotting process?

(@) the specific inhibition of fibrin formation by antielastase

(b) the degradation of Factors V, and VIII, by protein C, which is in turn switched on
by thrombin

(¢) the dilution of clotting factors in the blood and their removal by the liver

(d) the specific inhibition of thrombin by antithrombin 111



| 166 |

CHAPTER 10

26.

27.

Explain the effects of each of the following substances on blood coagulation or clot
dissolution:

(a) heparin

(b) dicumarol

(¢) tissue-type plasminogen activator

Which of the following statements about plasmin are true?

(a) Itis a serine protease.

(b) Tt diffuses into clots.

(¢) Tt cleaves fibrin at connector rod regions.

(d) Tt is inactivated by o, -antitrypsin.

(e) It contains a “kringle” region in its structure for binding to clots.

ANSWERS TO SELF-TEST

10.
11.
12.

13.
14.
15.

16.
17.
18.
19.

© X N o Ut AW

C

The activation of ATCase by ATP occurs when metabolic energy is available for DNA
replication and the synthesis of pyrimidine nucleotides. Feedback inhibition by CTP pre-
vents the overproduction of pyrimidine nucleotides and the waste of precursors.

d

a,ce

d

a, c, d

@2Mm4©21

a,ce

Fetal hemoglobin is composed of different subunits than adult hemoglobin and binds
BPG less strongly. As a result, the affinity of fetal hemoglobin for oxygen is higher, and
the fetus can extract the O, that is transported in maternal blood.

a, b, c

c

The pK values of ionizable groups are sensitive to their environment. The change in
the environment of His 146 in deoxyhemoglobin increases its affinity for protons as

a result of the electrostatic attraction between the negative charge of the aspartate
and the proton.

b
c

A phosphoryl group introduces two negative charges that can affect the electrostatic
interactions within the protein. In addition, a phosphoryl group can form three highly
directional hydrogen bonds to adjacent H-bond partners in the protein. These local
effects can be transmitted to more distant parts of the protein in a manner similar to
allosteric effects.

b

a, b

b

(@2®)3,2@ 22
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20. Because trypsin is the common activator of the pancreatic zymogens, its specificity for
Arg-X and Lys-X peptide bonds will produce Arg and Lys carboxyl-terminal residues.
21. e
22. @1,4(M)2,3,4,5
23. b, c
24. The y-carboxyglutamate residues are effective chelators of Ca’**. This Ca** is the elec-
trostatic anchor that binds the protein to a phospholipid membrane, thereby bringing
interdependent clotting factors into close proximity.
25. a
26. (a) Heparin enhances the inhibitory action of antithrombin III.
(b) Dicumarol is a vitamin K analog, and, as such, it interferes with the synthesis of the
factors that contain y-carboxyglutamate residues.
(c) Tissue-type plasminogen activator facilitates clot dissolution by converting plas-
minogen into plasmin directly on the clot.
27. a, b, c
PROBLEMS

1. What would be the kinetic consequences if a substrate were to have exactly equal affini-
ties for the R form and the T form of an allosteric enzyme?

2. In a spectroscopic study designed to elucidate the mechanism of the allosteric transi-
tion in ATCase, hybrid enzyme molecules were formed containing (in addition to reg-
ulatory subunits) three native catalytic subunits, and three modified catalytic subunits.
The modified catalytic subunits contained the nitrotyrosine reporter group and a mod-
ified lysine that precluded substrate binding. Why was this modified lysine necessary
to the experiment?

3. Aspartate transcarbamoylase catalyzes the first step in the biosynthetic pathway leading

to the synthesis of cytidine triphosphate (CTP). CTP serves as an allosteric inhibitor of
aspartate transcarbamoylase that shuts off the biosynthetic pathway when the cell has an
ample supply of CTP. Although the first step in a pathway may often be the principal
regulatory step, such is not always the case. Figure 10.3 shows a hypothetical degrada-
tive metabolic pathway in which step 3 is the principal regulatory step. In this pathway,
what advantage does regulation at step 3 have over regulation at step 1 or 2?

FIGURE 10.3 A hypothetical metabolic pathway.
A
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10.

11.

Explain why the reagent N-(phosphonacetyl)-L-aspartate (PALA) has been especially use-
ful in the investigation of the properties of ATCase.

Explain how PALA can act as both an activator and an inhibitor of ATCase.

. One molecule of 2,3-bisphosphoglycerate binds to one molecule of hemoglobin in a cen-

tral cavity of the hemoglobin molecule. Is the interaction between BPG and hemoglobin
stronger or weaker than it would be if BPG bound to the surface of the protein instead?
Explain your answer.

. An effective respiratory carrier must be able to pick up oxygen from the lungs and de-

liver it to peripheral tissues. Oxygen dissociation curves for substances A and B are
shown in Figure 10.4. What would be the disadvantage of each of these substances as a
respiratory carrier? Where would the curve for an effective carrier appear in the figure?

FIGURE 10.4 Oxygen dissociation curves for substances A and B.

1.0

Saturation (Y)
o
a1
T

PO, PO,
in tissues in lungs

Patients suffering from pneumonia have a portion of their lungs filled with fluid, and
therefore have reduced lung surface area available for oxygen exchange. Standard hos-
pital treatment of these patients involves placing them on a ventilating machine set to
deliver enough oxygen to keep their hemoglobin approximately 92% saturated. Why is
this value selected rather than one lower or higher?

. What major differences exist between the sequential and concerted models for allostery

in accounting for hemoglobin that is partially saturated with oxygen?

Predict whether each of the following peptide sequences is likely to be phosphorylated
by protein kinase A. Briefly explain your answers, and indicate which residue would be
phosphorylated.

(a) Ala-Arg-Arg-Ala-Ser-Leu
(b) Ala-Arg-Arg-Ala-His-Leu
(¢) Val-Arg-Arg-Trp-Thr-Leu
(d) Ala-Arg-Arg-Gly-Ser-Asp
(e) Gly-Arg-Arg-Ala-Thr-Ile

Consider the hypothetical metabolic sequence shown in Figure 10.5. Suppose it is
known that protein kinase A phosphorylates both enzyme 1 and enzyme 2, and that
an increase in intracellular cAMP levels increases the steady-state [B]/[A] ratio. In



12.

13.

14.

15.
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order for a given increment in cAMP concentration to result in the largest change in
the steady-state [B]/[A] ratio, what should be the effect of phosphorylation on the ac-
tivities of enzymes 1 and 2?

FIGURE 10.5 Hypothetical metabolic sequence.
F B C

Enz 2 Enz 1

Figure 10.6 shows time courses for the activation of two zymogens, I and II. Which of
the time courses more resembles that of the activation of trypsinogen, and which corre-
sponds to the activation of chymotrypsinogen? Explain.

FIGURE 10.6 Time courses for the activation of two zymogens, | and Il.

Active enzyme concentration

Time

Trypsin has 13 lysine and 2 arginine residues in its primary structure. Why does trypsin
not cleave itself into 16 smaller peptides?

Although thrombin has many properties in common with trypsin, the conversion of
prothrombin to thrombin is not autocatalytic whereas the conversion of trypsinogen
to trypsin is autocatalytic. Why is the conversion of prothrombin to thrombin not
autocatalytic?

Because many clotting factors are present in blood in small concentrations, direct chem-
ical measurements often cannot be used to determine whether the factors are within
normal concentration ranges or are deficient. Once a deficiency has been established,
however, plasma from the affected person can be used to screen for the presence of the
deficiency in other people. A rare deficiency in Factor XII leads to a prolongation of clot-
ting time. Assuming that you have plasma from someone in which this deficiency has
been established, design a test that might help determine whether another person has a
Factor XII deficiency.
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16. In general, regulatory enzymes catalyze reactions that are irreversible in cells, that is,

reactions that are far from equilibrium. Why must this be the case?

17. Amplification cascades, such as the one involved in blood clotting, are important in a

number of regulatory processes. Figure 10.7 shows a hypothetical cascade involving con-
versions between inactive and active forms of enzymes. Active enzyme A serves as a cat-
alyst for the activation of enzyme B. Active B in turn activates C, and so forth. Assume
that each enzyme in the pathway has a turnover number of 10°. How many molecules
of enzyme D will be activated per unit time when one molecule of active enzyme A is
produced per unit time?

FIGURE 10.7 A hypothetical regulatory cascade.

Aactive

_;B

inactive active

inactive active

_;D

Dinactive active

18. Thrombin and trypsin are both serine proteases that are capable of cleaving the peptide

bond on the carboxyl side of arginine; thrombin, however, is specific for Arg-Gly bonds.
Describe briefly the similarities and differences in the active sites of these two enzymes.

ANSWERS TO PROBLEMS

1.

If a substrate were to have equal affinities for the R and T forms, the forms would be in-
distinguishable kinetically and the system would behave as if all the enzyme were pres-
ent in a single form. Thus, Michaelis-Menten kinetics would apply, and a plot of the
reaction velocity versus the substrate concentration would be hyperbolic.

. The point of the experiment was to show that the subunits containing the reporter group

undergo conformational change because substrate is bound to a neighboring subunit of
the enzyme. Thus binding of substrate to the subunit containing the reporter group had
to be precluded if the experiment was to give meaningful results.

The pathway shown in Figure 10.3 is branched. If regulation were to occur at step 1
only, there would be no control over the production of X from B. If only step 2 were reg-
ulated, there would be no regulation over the production of X from A. Regulation at step
3 provides control of the amount of X produced from both A and B. In branched path-
ways, the principal regulatory step is usually after the branch point.

PALA is a bisubstrate analog; that is, it resembles a combination of both substrates, and
it is a transition state analog for the carbamoyl phosphate-aspartate complex during catal-
ysis by ATCase. X-ray diffraction analysis of ATCase with bound PALA has revealed the
location of the active site and interactions that occur within it. In addition, comparisons
of structures with and without PALA have indicated the large structural changes that
ATCase undergoes upon binding substrates.
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PALA is an analog of both substrates of ATCase; therefore, it binds to the active site and
acts as a potent inhibitor. At low concentrations, however, binding of PALA shifts the
distribution of ATCase molecules to the R conformation. This increases binding of sub-
strates and enzymatic activity.

BPG binds to hemoglobin by electrostatic interactions. These interactions between the
negatively charged phosphates of BPG and the positively charged residues of hemoglo-
bin are much stronger in the interior hydrophobic environment than they would be on
the surface, where water would compete and weaken the interaction by binding both to
BPG and to the positively charged residues. Remember that the force of electrostatic in-
teractions, given by Coulomb law, is inversely proportional to the dielectric constant of
the medium. The dielectric constant in the interior of a protein may be as low as 2.
Hence, electrostatic interactions there are much more stable than those on the surface,
where the dielectric constant is approximately 80.

Substance A would never unload oxygen to peripheral tissues. Substance B would never
load oxygen in the lungs. An effective carrier would have an oxygen dissociation curve
between those depicted for substance A and substance B. It would be relatively saturated
with oxygen in the lungs and relatively unsaturated in the peripheral tissues.

Look at the oxygen saturation curve for hemoglobin given in Figure 10.17 of the text-
book. Administering enough oxygen to give saturation levels greater than approximately
92% would be wasteful of oxygen, because one reaches the point of diminishing returns.
Administering oxygen in amounts less than that required for 92% saturation runs the
risk of compromising oxygen delivery to the tissues.

. According to the concerted model, hemoglobin partially saturated with oxygen is com-

posed of a mixture of fully oxygenated molecules with all subunits in the R form and
fully deoxygenated molecules, with all subunits in the T form. According to the se-
quential model, individual molecules would have some subunits that are oxygenated (in
the R form) and some that are deoxygenated (in the T form).

The consensus motif recognized by protein kinase A is Arg-Arg-X-Ser-Z, where X is a
small residue and Z is a large hydrophobic residue. The site of phosphorylation is either
Ser or Thr.

(a) Ser would be phosphorylated.

(b) There would be no phosphorylation because neither Ser nor Thr is present.

(¢) There would be no phosphorylation because Trp is a bulky group and residue X
must be small.

(d) There would be no phosphorylation because Asp is polar and charged and residue
Z must be hydrophobic.

(e) Thr would be phosphorylated.

Phosphorylation should increase the activity of enzyme 2 and decrease the activity of en-
zyme 1. That being the case, an increase in intracellular cAMP levels could greatly in-
crease the steady-state ratio of [B]/[A]. Such coordinated, reciprocal control of opposing
metabolic sequences is observed frequently in cells.

Curve I corresponds to the activation of trypsinogen, a process that is autocatalytic. As the
process occurs, trypsin is produced, which can then cleave yet more trypsinogen. Curve Il
corresponds to the activation of chymotrypsinogen. The activation of chymotrypsinogen
is not autocatalytic. Rather, tryspin catalyzes the conversion of chymotrypsinogen to
active m-chymotrypsin. Therefore, its time course is initially linear.
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13.

14.

15.

16.

17.

18.

The lysine and arginine residues must be partially buried and inaccessible to the active
site of trypsin.

Thrombin specifically cleaves Arg-Gly bonds. The two bonds that are broken when pro-
thrombin is converted to thrombin are Arg-Thr and Arg-Ile. Therefore, the conversion
cannot be autocatalytic.

Prepare two samples of blood from the person to be tested. Add normal plasma to one
sample and Factor XII-deficient plasma to another. If clotting time is restored to normal
in both samples, Factor XII deficiency is probably not involved. If the addition of nor-
mal plasma restores normal clotting time but the addition of Factor XII-deficient plasma
does not, then a Factor XII deficiency must be suspected.

Suppose that a reaction is at equilibrium. If the enzyme catalyzing that reaction were
made more active, nothing would happen. The reaction would still be at equilibrium. If,
on the other hand, the reaction is displaced far from equilibrium and the enzyme cat-
alyzing the reaction is made more active, more product will be produced. Thus, a regu-
latory enzyme must catalyze an irreversible step if it is to increase the flux rate through
a pathway when it is allosterically activated.

One molecule of active A will lead to the activation of 10° molecules of enzyme D per
unit time. Active A will produce 10° molecules of active B. Each of the 10° molecules of
active B will activate 10° molecules of C per unit time. Since there are 10> molecules of
B, this gives a total of 10° molecules of active C. Similar reasoning leads to the answer
of 10% molecules of active D.

Because both thrombin and trypsin are serine proteases, they both have an oxyanion
hole and a catalytic triad at the active site. Also, the substrate-specificity sites of both
have a similar, negatively charged pocket capable of binding Arg. However, thrombin
probably has just enough space to accommodate a Gly residue next to the Arg binding
site in contrast to trypsin, which has no restrictions as to the amino acid residue that can
be accommodated at the corresponding position.

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1.

2.

Since histidine 134 is thought to stabilize the negative charge on the carbonyl oxygen in
the transition state (Figure 10.7), the protonated imidazole ring (which carries a posi-
tive charge) must be the active species. That being the case, the enzyme velocity V should
be half of V. at a pH of 6.5 (the pK of an unperturbed histidine side chain in a pro-
tein). Raising the pH above 6.5 will remove protons from the imidazole ring, thus caus-
ing a decrease in V; lowering the pH below 6.5 will have a reverse effect.

(a) One can show that the change in [R]/[T] is the same as the ratio of the substrate
affinities of the two forms. For example, the mathematical constant for the conver-
sion of R to Ty is the same whether one proceeds R - T — Tg — or R = Rg —Ts.
Let us assume that the constant for the conversion of R to T and R to Rg is 10°. Since
the affinity of R for Sis 100 times that of T for S, it follows that the constant for the
conversion of T to Tgis 10. The constant for the conversion of R¢ to T¢ is therefore
equal to 10° x 10/10°, or 10. Note that the binding of substrate with a hundred-
fold tighter binding to R changes the R to T ratio from 1/1000 to 1/10.
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(b) Since the binding of one substrate molecule changes the [R]/[T] by a factor of 100,
the binding of four substrate molecules will change the [R]/[T] by a factor of
100* = 108. If [R]/[T] in the absence of substrate = 1077, the ratio in the fully lig-
anded molecule will be 108 x 1077 = 10.

. Following the nomenclature in section 10.1.5, L is [T]/[R], the ratio of T to R in the ab-
sence of ligand, and L = 10°. With j ligands bound, a new L; will equal (Kg/K1)'*L. Then
we have [R]Lj = [T]. The fraction of molecules in the R state therefore is [R]/([R] + [T]),
or [R]J/([R] + [R]Lj), or 1/(1 + Lj). Now we can set up a table, using L = 10°,
Kp=5%x10°M, K; =2 x 107 M, and j from 0 to 4:

Ligands bound (j) L; = (Ke/Kq)*L Fraction R=1/(1 +L;)
0 1.0 ¥ 10° 10°
1 250 0.004
2 0.625 0.615
3 1.6 %1073 0.998
4 39*%10° 1.000

. The concerted model, in contrast with the induced-fit (sequential) model, cannot ac-
count for negative cooperativity because, according to this model, the binding of sub-
strate promotes a conformational transition of all subunits to the high-affinity R state.
Hence, homotropic allosteric interactions must be cooperative if the concerted model
holds. In the sequential (induced-fit) model, the binding of ligand changes the confor-
mation of the subunit to which it is bound but not that of its neighbors. This confor-
mational change in one subunit can increase or decrease the binding affinity of other
subunits in the same molecule and can, therefore, account for negative cooperativity.

. The binding of PALA switches ATCase from the T to the R state because it acts as a
substrate analog. An enzyme molecule containing bound PALA has fewer free catalytic
sites than does an unoccupied enzyme molecule. However, the PALA-containing en-
zyme will be in the R state and hence have higher affinity for the substrates. The de-
pendence of the degree of activation on the concentration of PALA is a complex
function of the allosteric constant L, and of the binding affinities of the R and T states
for the analog and the substrates. For an account of this experiment, see J. Foote and
H. K. Schachman, J. Mol. Biol. 186(1985):175.

. The mutant enzyme would be in the R state essentially all of the time, independent
of whether or not substrate was present. The reaction rate would therefore depend
only on the fraction of active sites occupied by substrate, according to a classical sat-
uration curve, and would follow approximately Michaelis-Menten kinetics (with a
classical apparent Ky).

. (@) A higher pH corresponds to a lower [H*]. By the Bohr effect, the oxygen affinity
will be higher at pH 7.4

(b) Increasing the partial pressure of CO, will lower the oxygen affinity (again by means
of the Bohr effect).

(¢) 2,3-BPG binds preferentially to the T-state (deoxy) hemoglobin. Increasing the
[2,3-BPG] will therefore lower the oxygen affinity and favor the release of oxygen.

(d) The monomeric subunits will lack cooperativity and will behave approximately as
myoglobin. The isolated subunits therefore will have higher affinity for oxygen.
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10.

11.

12.

13.

14.

15.

16.

To replace the function of 2,3-BPG, a molecule should have a high density of negative
charge. Among the molecules listed, the best candidate is (b) inositol hexaphosphate,
an analogue of a major natural hemoglobin effector, inositol pentaphosphate in avian
or turtle erythrocytes. (See J. Biol. Chem., 274[10][March 5, 1999]:6411-6420, and
references therein.)

(a) A nearby positively charged lysine side chain will stabilize the negatively charged
carboxylate form of the Glu side chain. This effect will favor the release of H* from
the side chain, thereby lowering the pK.

(b) As a converse to part (a), a nearby negatively charged carboxyl group will favor the
retention of H* on the Glu side chain, and will therefore raise the pK.

(¢) Burying the Glu side chain in a nonpolar environment away from water will favor
the neutral form of the side chain over the negatively charged carboxylate form, and
will therefore promote retention of the H* and raise the pK.

The activation of zymogens involves the cleavage of one or more peptide bonds. In the
case of pepsinogen, when the catalytic site is exposed by lowering the pH, it hydrolyzes
the peptide bond between the percursor and pepsin moities. Note that this activation is
autocatalytic. Therefore, the time required for activation of half the pepsinogen molecules
is independent of the total number of the molecules present.

If both patients have a Factor VIII deficiency, a mixture of the two bloods will not clot.
However, if the second patient’s bleeding disorder is due to the deficiency of another
factor, a mixture of the two bloods should clot. This type of assay is called a comple-
mentation test.

The function of Factor X is to convert prothrombin to thrombin on phospholipid mem-
branes derived from blood platelets. This proteolytic activation removes the amino-
terminal fragment of prothrombin, which contains Ca**-binding sites, and releases
thrombin to activate fibrinogen. Meanwhile, Factor X remains bound to the platelet mem-
brane, where it can activate other prothrombin molecules, because during activation it
retains the Ca*?-binding y-carboxyglutamate residues.

Apparently antithrombin III is a very poor substrate for thrombin. Remember, many en-
zyme inhibitors have high affinity for active sites. Thrombin, not prothrombin, can react
with antithrombin III because it has available a fully formed active site.

One needs to remember o-helical coiled coils, introduced in Chapter 3 of your textbook
(p. 56). Examination of Figure 3.34 (p. 58) suggests that near the axis of the superhelix
some amino acid residues are located in the interior (hydrophobic) portion of the mol-
ecule. Since this is a long molecule made up of repeating units, one would expect to have
hydrophobic side chains at regular intervals in the molecule.

Methionine 358 has a side chain that not only is essential for the binding of elastase by
0, -antitrypsin but also is most susceptible to oxidation by cigarette smoke. What is
needed is a side chain resistant to oxidation yet having a strong binding affinity for elas-
tase. A likely choice would be leucine, the side chain of which is much more stable than
that of methionine but which has nearly the same volume and is very hydrophobic.

The concerted model (in which all subunits change conformation in response to the first
instance of substrate binding) predicts that the change in fy should precede the change



17.

18.

19.

20.

REGULATORY STRATEGIES: ENZYMES AND HEMOGLOBIN

in Y. By contrast, the sequential model predicts that the fraction of subunits in the R state
(fp) should equal the fraction containing bound substrate (Y). The results in the figure
therefore are best explained by the concerted model.

As in problem 16, this experiment also supports a concerted mechanism. The change in
the absorbance at 430 nm reports a conformational change in response to substrate bind-
ing at a distant site (on another trimer). (Substrate is prevented from binding to the same
trimer that reports the 430 nm absorbance change.) Thus, the binding of succinate to
the active sites of a native trimer alters the structure of a different trimer (that carries the
reporter nitrotyrosine group).

The binding of ATP to the regulatory subunits produces the same absorbance change
at 430 nm as did substrate binding in problem 17. ATP therefore is an allosteric acti-
vator that drives the catalytic subunits into the active conformation (R state). CTP has
a converse or opposite effect, driving the catalytic subunits into an inactive conforma-
tion (T state) and decreasing the absorbance at 430 nm.

The hydrophobic effect is at work here. The valine side chain on the surface seeks to
avoid water and finds that it can make favorable van der Waals interactions with the
leucine and phenylalanine side chains on another deoxy molecule. The effect is to re-
duce the solubility of the deoxyhemoglogin and cause the crystallization of long fibers
that distort the shapes of the red blood cells into the sickled motif.

In step 1, the aspartate smino group carries out a nucleophilic attack on the carbonyl
carbon of the carbamoyl phosphate to give a tetrahedral transition state. The histidine
in the active site can stabilize the negatively charged oxyanion of this transition state. In
step 2, phosphate is the leaving group to generate the N-carbamoylaspartate.
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21. The reaction is equivalent to a “hydrolysis” (or transfer) of the y-phosphate of ATP, with
the serine-OH group taking the role of water and accepting the phosphate. The enzyme’s
active site will need a group to accept the proton from the serine oxygen during the at-
tack on the y-phosphate in step 1. (Histidine plays such a role in the serine proteases
(e.g., trypsin and chymotrypsin) and could play a similar role here.) Another valuable
functional group at the active site would be one that could stabilize the extra negative
charge on the pentacoordinate phosphate intermediate between steps 1 and 2 (before
ADP is lost as the leaving group in step 2).
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Carbohydrates

proteins, nucleic acids, and lipids. In Chapter 11, the authors describe the

chemical nature of carbohydrates and summarize their principal biological roles.
First, they introduce monosaccharides, the simplest carbohydrates, and describe their
chemical properties. Since these sections assume familiarity with the properties of
aldehydes, ketones, alcohols, and stereoisomers, students with a limited background
in organic chemistry should review these topics in any standard organic chemistry
text. Next, the chapter discusses simple derivatives of monosaccharides, including
sugar phosphates and disaccharides. Sugar is the common name for monosaccharides
and their derivatives. You have already seen some monosaccharide derivatives in the
structures of nucleic acids in Chapter 5 and nucleotides in Chapter 9. Then, the text
discusses polysaccharides and oligosaccharides as storage and structural polymers
and as components of proteoglycans and glycoproteins.

Glycoproteins are proteins with carbohydrates attached, generally as oligosac-
charides. The attachment of sugars takes place either in the lumen of the endoplas-
mic reticulum or in the Golgi complex. One reason for attachment of sugars is the
targeting of specific proteins to specific sites. For example, attachment of mannose 6-
phosphate sends proteins from the Golgi complex to the lysosomes. A eucaryotic cell
has many different subcellular compartments, each of which has to have a certain
array of enzymes and proteins. The Golgi complex functions as the “post office” for
the cell, and the attached oligosaccharides function as the “ZIP codes.” Attached sug-
ars can also function as signals for proper folding, or as sites of interaction between
cells. Lectins and selectins are proteins that bind specific oligosaccharide clusters on
the cell surface. The A, B, and O blood group antigens are examples of cell-surface
oligosaccharides. Hemagglutinin allows the influenza virus to bind to sialic acid and
thus attach to cells before invading them.

Carbohydrates are one of the four major classes of biomolecules; the others are

1l 431dVHD
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CHAPTER 11

LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Introduction

1.

List the main roles of carbohydrates in nature.

Monosaccharides Are Aldehydes or Ketones
with Multiple Hydroxyl Groups (Text Section11.1)

2.
3.

Define carbohydrate and monosaccharide in chemical terms.

Relate the absolute configuration of monosaccharide D or L stereoisomers to those of
glyceraldehyde.

Associate the following monosaccharide class names with their corresponding structures:
aldose and ketose; triose, tetrose, pentose, hexose, and heptose; pyranose and furanose.

5. Distinguish among enantiomers, diastereoisomers, and epimers of monosaccharides.

6. Draw the Fisher (open-chain) structures and the most common Haworth (ring) structures

of D-glucose, D-fructose, D-galactose, and D-ribose.

Explain how ring structures arise through the formation of hemiacetal and hemiketal
bonds. Draw a ring structure, given a Fisher formula.

8. Distinguish between o and 3 anomers of monosaccharides.

9. Compare the chair; boat, and envelope conformations of monosaccharides.

10.

Define O-glycosidic and N-glycosidic bonds in terms of acetal and ketal bonds. Draw the
bonds indicated by such symbols as 0.-1,6 or 3-1,4.

Complex Carbohydrates Are Formed by Linkage of Monosaccharides
(Text Section 11.2)

11.

12.

13.

14.
15.
16.

Explain the role of O-glycosidic bonds in the formation of monosaccharide derivatives,
disaccharides, and polysaccharides.

Draw the structures of sucrose, lactose, and maltose. Give the natural sources of these com-
mon disaccharides.

Describe the structures and biological roles of glycogen, starch, amylose, amylopectin, and
cellulose.

Give examples of enzymes involved in the digestion of carbohydrates in humans.
List the major kinds of glycosaminoglycans and name their sugar components.

Explain the differences between the oligosaccharide antigens for A, B, and O blood types.
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Carbohydrates Can Be Attached to Proteins to Form Glycoproteins
(Text Section 11.3)

17.

18.

19.

20.

21.

22.

23.

24.

Name the amino acid residues that are used for attachment of carbohydrates to glyco-
proteins.

Describe the steps required for synthesis of the enzyme elastase and its preparation for
export from the cell.

Describe the structure of dolichol phosphate and outline its role in the synthesis of the pen-
tasaccharide core of N-linked oligosaccharides. Relate the effects of bacitracin and tunicamycin
to dolichol phosphate metabolism.

Describe the Golgi complex and list its major functions. Distinguish among the cis, me-
dial, and trans compartments of the Golgi.

Distinguish between core and terminal glycosylation of glycoproteins and provide an
overview of the reactions that occur in the three compartments of the Golgi.

State the molecular basis of I-cell disease. Explain how this disorder revealed the molec-
ular signal that directs hydrolytic enzymes to the lysosome.

Explain the functions of the repeated addition and removal of glucose from the
oligosaccharide of luminal ER proteins and of calnexin in selecting properly folded
proteins for export.

Explain briefly how biological oligosaccharides can be “sequenced” using mass spec-
trometry methods in conjunction with specific enzyme cleavage.

Lectins Are Specific Carbohydrate-Binding Proteins (Text Section 11.4)

25.
26.

Give examples of lectins and outline their functions and uses.

Explain why the influenza virus would have two proteins, hemagglutinin and neu-
raminidase, which perform diametrically opposite tasks.

SELF-TEST

Introduction

1.

Which of the following are roles of carbohydrates in nature? Carbohydrates

(a) serve as energy stores in plants and animals.

(b) are major structural components of mammalian tissues.
(¢) are constituents of nucleic acids.

(d) are conjugated to many proteins and lipids.

(e) are found in the structures of all the coenzymes.

In the human diet, carbohydrates constitute approximately half the total caloric intake,
yet only 1% of tissue weight is carbohydrate. Explain this fact.
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Monosaccharides Are Aldehydes or Ketones with Multiple Hydroxyl Groups

3. Examine the following five sugar structures:

FIGURE 11.1
CH,OH CH,OH CH,OH H,COH
H H A H O H O CH,OH
H
ocH, HON\G" /O N\] H9/cmon mN] H9/om
H OH OH H OH H
A B c
CH,OH CH,OH H OH
H QH H QAH HO H
H H OH H
HONSH H/—0=\H H /on "\ OH
o
H OH H OH CH,OH
D E

Which of these sugars

(a) contain or are pentoses?

(b) contain or are ketoses?

(¢) contain the same monosaccharides? Name those monosaccharides.

(d) will yield different sugars after chemical or enzymatic hydrolysis of glycosidic bonds?
(e) are reducing sugars?

() contain a B-anomeric carbon?

(g) 1is sucrose?

(h) are released upon the digestion of starch?

4. Consider the aldopentoses shown below.

FIGURE 11.2 CHO CHO CHO
HCOH H(‘IOH HO(|JH
HOCH H(‘IOH HCOH
HC|IOH H(‘IOH HO(liH
CIIHZOH (‘ZHZOH (liHZOH
A B Cc
Aldopentoses

(a) Name the types of stereoisomers represented by each pair.
A and B are
B and C are
A and C are
(b) Name sugar B.
(c) Draw the o-anomeric form of the furanose Haworth ring structure for sugar A.

5. Identify the properties common to D-glucose and D-ribose. Both monosaccharides

(a) are reducing sugars.

(b) form intramolecular hemiacetal bonds.

(¢) have functional groups that can form glycosidic linkages.
(d) occur in hexose form.

(e) are major constituents of glycoproteins.
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6. Referring to the structure of ATP as shown below, which of the following statements are

true? The structure of ATP

FIGURE 11.3 NH

o o) o N
I I
‘O—I‘D—O—P—O—F"—OCHZ

HO OH
Adenosine triphosphate (ATP)

(a) contains a B-N-glycosidic linkage.

(b) contains a pyranose ring.

(¢) exists in equilibrium with the open Fischer structure of the sugar.
(d) preferentially adopts a chair conformation.

(e) contains a ketose sugar.

Complex Carbohydrates Are Formed by Linkage of Monosaccharides

7.
8.

10.
11.

Draw the structure of the disaccharide glucose 0.-1,6-galactose in the 3-anomeric form.

If one carries out the partial mild acid hydrolysis of glycogen or starch and then isolates
from the product oligosaccharides all the trisaccharides present, how many different
kinds of trisaccharides would one expect to find? Disregard o. or 3 anomers.

(@)
(b)
(©
()
e 5

A sample of bread gives a faint positive color with Nelson’s reagent for reducing sugars.
After an equivalent bread sample has been masticated, the test becomes markedly posi-
tive. Explain this result.

AW N~

Why does cellulose form dense linear fibrils, whereas amylose forms open helices?

For the polysaccharides in the left column, indicate all the descriptions in the right col-
umn that are appropriate.

(a) amylose (1) contains ¢-1,6 glucosidic bonds
(b) cellulose (2) 1is a storage polysaccharide in yeasts
(¢) dextran and bacteria

(d) glycogen (3) can be effectively digested

(e) starch by humans

(4) contains 3-1,4 glucosidic bonds
(5) 1is a branched polysaccharide
(6) 1is a storage polysaccharide

in humans
(7) is a component of starch
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12. o-Amylase

(a)
(b)
©
()
(e)

removes glucose residues sequentially from the reducing end of starch.
breaks the internal 0.-1,6 glycosidic bonds of starch.

breaks the internal o.-1,4 glycosidic bonds of starch.

cleaves the 0.-1,4 glycosidic bond of lactose.

can hydrolyze cellulose in the presence of an isomerase.

13. Which of the following statements about glycosaminoglycans are true?

(a)
(b)
(©
)
(e)

They contain derivatives of either glucosamine or galactosamine.
They constitute 5% of the weight of proteoglycans.

They contain positively charged substituent groups.

They include heparin, chondroitin sulfate, and keratan sulfate.
They have repeating units of four sugar groups.

14. Look at Figure 11.17 in the text, which shows the structures of the A, B, and O blood
antigens. Based on the structures of the three antigens, can you suggest why type O
blood is the “universal donor” and can be transfused into people with type A or type
B without provoking an immune response?

Carbohydrates Can Be Attached to Proteins to Form Glycoproteins

15. Glycoproteins

(a)
()

(©
)
(e)

contain oligosaccharides linked to the side chain of lysine or histidine residues.
contain oligosaccharides linked to the side chain of asparagine, serine, or threonine
residues.

contain linear oligosaccharides with a terminal glucose residue.

bind to liver cell-surface receptors that recognize sialic acid residues.

are mostly cytoplasmic proteins.

16. Translocated proteins may undergo which of the following modifications in the lumen
of the ER?

(@)
(b)
©
@

(e)

signal sequence cleavage

the attachment of dolichol phosphate to form a lipid anchor

folding, disulfide-bond formation and isomerization, and cis-trans isomerization of
X-Pro peptide bonds

the addition of oligosaccharides to their asparagine residues to form N-linked
derivatives

the addition of oligosaccharides to their tyrosine residues to form O-linked de-
rivatives

17. Which of the following statements about dolichol phosphate are correct?

(@)
(b)
©
)

(e)

It serves as an acceptor of monosaccharides.

It serves as a donor of both monosaccharides and oligosaccharides.

It acts as a lipid carrier to facilitate the transfer of sugar residues from the cytosol
to the lumen of the ER.

It is converted to dolichol pyrophosphate by a kinase that uses ATP as a phos-
phate source.

It is produced from dolichol pyrophosphate by a phosphatase.

18. Which of the following statements about the Golgi complex are correct?

(a)
(b)

It is a stack of flattened proteoglycan sacs.
It carries out core glycosylation of the proteins being transported.
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(¢) It is the major protein-sorting center of the cell.

(d) It receives proteins from the ER by fusion with transport vesicles.

(e) It forms secretory granules in its trans compartment.

(D The cisternae of the cis, medial, and trans compartments are connected by pores.

19. Which of the following statements about I-cell disease are correct?

(@) It results from the inability of lysosomes to hydrolyze glycosaminoglycans and gly-
colipids.

(b) Tt results from a chromosomal deletion of the genes specifying at least eight acid
hydrolases ordinarily found in the lysosomes.

(¢) It arises from a deficiency in an enzyme that transfers mannose 6-phosphate onto
a core oligosaccharide that is normally found on lysosomal enzymes.

(d) Tt arises from the absence of a mannose 6-phosphate receptor in the trans Golgi
complex.

20. Matching:

_____ membrane bound ER A.  glucosidase
chaperone for protein folding B. calreticulin

__ enzyme that removes C. calnexin
glucose from oligosaccharide D. glucosyltransferase

enzyme that adds glucose
to unfolded protein

Lectins Are Specific Carbohydrate-Binding Proteins

21. Which of the following statements about lectins are true? Lectins

(a) are produced by plants and bacteria.

(b) contain only a single binding site for carbohydrate.
(c) are glycosaminoglycans.

(d) recognize specific oligosaccharide patterns.

(e) mediate cell-to-cell recognition.

22. Which of the following statements are true? Selectins

(a) circulate in blood as free proteins.

(b) are cell-surface receptor proteins.

(¢) are carbohydrate-binding adhesive proteins.

(d) recognize and bind collagen in the extracellular matrix.

(e) mediate the binding of immune cells to sites of injury during the inflammation
process.

ANSWERS TO SELF-TEST

1. a,¢,d

2. Most of the carbohydrates in the human diet are used as fuel to supply the energy re-
quirements of the organism. Although some carbohydrate is stored in the form of glyco-
gen, the mass stored is relatively small compared with adipose tissue and muscle mass. The
carbohydrate present in nucleic acids, glycoproteins, glycolipids, and cofactors, although
functionally essential, contributes relatively little to the weight of the body.
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(@ A

(b) B,C
() Band C contain fructose; B, D, and E contain or are glucose. Note that glucose is

in the o-anomer form in sugars B and D and is in the $-anomer form in sugar E.
(d A,B,D

(e) C,D,E
(D Band E. In structure B, the fructose ring is flipped over.
(@ B

(h) D and E. Although E is in the B-anomer form, recall that in solution it can “mutaro-
tate” or change back to the o--anomer.

. (@) Aand B are 3-epimers. B and C are diastereoisomers. A and C are enantiomers.

(b) D-ribose
(¢) See Figure 11.4.

FIGURE 11.4 HOCH,
O\_ H

H OH

Sugar A
(c-anomeric form)

. a, b, c. Note that glycosidic refers to bonds involving any sugars; however, glucosidic and

galactosidic refer specifically to bonds involving the anomeric (reducing) carbons of glu-
cose and galactose, respectively.

0. a

7. See Figure 11.5.

FIGURE 11.5 HOCH,

H H
H
HO OH H O—CH,
OH 2 oH
H OH H
H OH H H
H OH

Glucose o (1-6)-galactose
(B-anomeric form)

. Both c and d are correct. Since there are two glucosidic bonds in each trisaccharide and

each bond can be ¢-1,4 or 0-1,6, the total number of possible kinds of trisaccharides is
four. However, two consecutive ¢-1,6 bonds would be very rare in glycogen or starch;
therefore, one would be more likely to find three kinds.

. The carbohydrate in bread is mostly starch, which is a polysaccharide mixture contain-

ing D-glucose residues linked by glucosidic bonds. All the aldehyde groups in each poly-
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saccharide, except one at the free end, are involved in acetal bonds and do not react with
Nelson’s reagent. During mastication, o.-amylase in saliva breaks many of the internal o
1,4 glucosidic bonds and exposes reactive aldehyde groups (reducing groups). Note:
Nelson’s reagent consists of copper sulfate in a hot alkaline solution; a reducing sugar,
such as glucose, reduces the copper, which in turn reduces the arsenomolybdate in the
reagent, producing a blue complex.

Both cellulose and amylose are linear polymers of D-glucose, but the glucosidic linkages
of cellulose are 3-1,4 whereas those of amylose are 0.-1,4. The different configuration at
the anomeric carbons determines a different spatial orientation of consecutive glucose
residues. Thus, cellulose is capable of forming a linear, hydrogen-bonded structure,
whereas amylose forms an open helical structure (see Figure 11.14 in the text).

@3, 7040©1,2,5@1,3,5 6()1,3,5,and, if you wish, 7.
c
a, d

The O antigen lacks the extra galactose or N-acetylgalactosamine that the other antigens
have. Antibodies will react to the presence of an unfamiliar “bump” in the shape of an
oligosaccharide, but evidently not to the lack of a sugar. It is also possible that individ-
uals with Type A or Type B blood have a small amount of O antigen because of ineffi-
cient transfer of the final galactose, or perhaps hydrolysis of the galactose. This would
prevent the immune system from seeing the O antigen as “foreign.”

b

a, ¢, d. Answer (e) is incorrect because threonine and serine provide hydroxyls for the
formation of O-linked oligosaccharides. Answer (b) is incorrect because dolichol phos-
phate is attached to an oligosaccharide, not a protein.

a, b, ¢, e. Sugar-substituted dolichol phosphates serve both as acceptors of monosac-
charides from nucleotide sugars and other dolichol phosphate sugars and as donors of
monosaccharides and oligosaccharides to other dolichol phosphate sugar derivatives
and proteins. As a result of glycosyl transfer by the dolichol oligosaccharide, dolichol
pyrophosphate is formed. This compound must be hydrolyzed to dolichol phosphate
by a phosphatase to regenerate the sugar carrier for continued use. (See Section 11.3.3
in the text.)

¢, d, e. The Golgi complex carries out terminal glycosylation by modifying and adding
to the core oligosaccharides that were constructed in the ER. Answer (f) is incorrect be-
cause the compartments of the Golgi are distinct, and components are transferred be-
tween them by vesicles.

c. The disease results from a deficiency in a sugar phosphotransferase that initiates a two-
step sequence leading to the formation of a mannose 6-phosphate terminus on an
oligosaccharide substituent of the eight or more affected lysosomal hydrolases. The phos-
photransferase attaches a GlcNAc phosphate to a mannose residue of the oligosaccha-
ride. Removal of the GIcNAc leaves the phosphate on the mannose. The enzymes lacking
this mannose 6-phosphate “address” label are erroneously exported from the cell rather
than being directed to the lysosomes. (See Figure 11.25 in Section 11.3.5 in the text.)

C, A D
a, d, e

b, ¢, e. Collagen is a fibrous protein that is bound by proteins called “integrins.”
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PROBLEMS

1. Glucose and other dietary monosaccharides like fructose and galactose are very soluble

in water at neutral pH. For example, over 150 g of glucose can be dissolved in 100 ml
water at 25°C.

(a) What features of the chemical structure of glucose make it so soluble in water?
(b) What features of the proteoglycans found in cartilage make them so highly hydrated
and contribute to their ability to spring back after deformation?

. Indicate whether the following pairs of molecules are enantiomers, epimers, di-

astereoisomers, Oor anomers.

(a) D-xylose and D-lyxose

(b) 0-D-galactose and -D-galactose
(¢) Dp-allose and D-talose

(d) 1-arabinose and D-arabinose

. What is the name of the compound that is the mirror image of -D-glucose?

. Compound X, an aldose, is enzymatically reduced using NADPH as an electron donor,

yielding D-sorbitol (Figure 11.6). This sugar alcohol is then oxidized at the C-2 position
with NAD™ as the electron acceptor; the products are NADH and a ketose, compound Y.

(a) Name compound X and write its structure.
(b) Will sorbitol form a furanose or pyranose ring? Why?
(¢) Name compound Y and write its structure.

FIGURE 11.6 CH,OH
HéOH
HOCH
HéOH
HéOH
CH,OH

p-Sorbitol

. In Section 11.1.3 of the text, reducing sugars are defined as those with a free alde-

hyde or keto group that can reduce cupric ion to the cuprous form. The reactive
species in the reducing sugar reaction is the open-chain form of the aldose or ketose.
The reaction can be used to estimate the total amount of glucose in a solution such
as blood plasma. An aqueous solution of glucose contains only a small amount of the
open-chain form. How can the reaction be used to provide a quantitative estimate of
glucose concentration?

. Compare the number of dimers that can be prepared from a pair of alanine molecules

and from a pair of D-galactose molecules, each of which is present as a pyranose ring.
For the galactose molecules, pairs may be made using the ¢ or 3 anomers.

. Storage polysaccharides, like starch and glycogen, often contain over a million glu-

cose units. The energetic cost of synthesizing polysaccharides is high (about one high
energy phosphate bond per sugar residue added). Suppose that in a liver cell, the glu-
cosyl residues in large numbers of glycogen molecules were replaced with an equiv-
alent number of molecules of free glucose. What problems would this cause for the
liver cell?
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8. You have a sample of glycogen that you wish to analyze using exhaustive methylation and

10.

11.

acid hydrolysis. Using a sample of 0.4 g, you incubate the glycogen with methyl iodide,
which methylates all free primary or secondary alcohol groups on sugars. Then you subject
the sample to acid hydrolysis, which cleaves glycosidic linkages between adjacent glucose
residues. You then determine the yield of 2,3-dimethylglucose in your sample.

() Why is a 2,3-dimethylglucose residue produced from a branch point in glycogen?

(b) The yield of 2,3-dimethylglucose is 0.247 mmol. What fraction of the total residues
in each sample are branch points? The molecular weight of a glycosyl residue in
glycogen is 162.

(¢) Could you use this technique to determine the anomeric nature of the glycogen
branch? Why?

Shown below (Figure 11.7) is one example of the storage oligosaccharides that account in
part for the flatulence caused by eating beans, peas, and other legumes. These oligosac-
charides cannot be digested by enzymes in the small intestine, but they can be metabo-
lized by anaerobic microorganisms in the large intestine. There, they undergo oxidation,
with the production of large quantities of carbon dioxide, hydrogen sulfide, and other gases.
Solutions are now on the market containing one or more enzymes that, when ingested with
the offending legumes at mealtime, convert the oligosaccharides to digestible products.

FIGURE 11.7 CH,OH

H o
H
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(a) Name the oligosaccharide shown above.

(b) Given that free hexoses can pass easily through intestinal cells into the blood, what
types of enzymes do you think are included in the commercial products that aid in
legume oligosaccharide digestion?

(¢) The concentration of oligosaccharides in beans can be reduced by cooking or by
sprouting. What happens to those oligosaccharides when cooking is employed?
When the beans are sprouted before cooking or eating?

(d) When small amounts of cellulose are ingested purposely or accidentally (e.g., by
pets or young children), there is usually no gas production. In fact, the primary
concern about paper ingestion by pets or small children is intestinal blockage. Why?

Explain the roles of (a) the phosphate group and (b) the long lipid chain of dolichol
phosphate in the transport of polysaccharides across membranes.

Suppose that glucose 1-phosphate labeled with 2P is added to a cellular system designed
to study the synthesis and processing of N-glycosylated proteins. When bacitracin is added
to the system, a lipid-soluble intermediate labeled with 3*P accumulates. In the absence
of bacitracin, the label appears in inorganic phosphate. Explain these results, and iden-
tify the lipid-soluble intermediate that accumulates. (Refer to Section 11.3.3 in the text.)
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12.

13.

14.

MALDI-TOF MS stands for Matrix Assisted Laser Desorption/lonization-Time of Flight
Mass Spectrometry. It is a highly sophisticated technique (also used for proteins, see text
Chapter 4, Section 4.1.7), but it can't solve oligosaccharide structures without input from
other techniques. Why not?

Why is the structural analysis of an oligosaccharide containing eight monosaccharide
residues more complicated than a similar analysis for an octanucleotide or an octapep-
tide? This is not a quantitative question, a qualitative description will do.

In the 1950s, Morgan and Watkins showed that N-acetylgalactosamine and its ¢--methyl-
glycoside inhibit the agglutination of type A erythrocytes by type A—specific lectins,
whereas other sugars had little effect. What did this information reveal about the struc-
ture of the glycoprotein on the surface of type A cells?

ANSWERS TO PROBLEMS

1.

3.

(a) Glucose and other hexose monosaccharides have five hydroxyl groups and an oxy-
gen in the heterocyclic ring that can all form hydrogen bonds with water. The abil-
ity to form these hydrogen bonds with water and other polar molecules enables
hexoses and other carbohydrates to dissolve easily in aqueous solution.

(b) In addition to hydrogen bonding of water to hydroxyl groups and oxygen atoms in
the repeating disaccharide units of cartilaginous proteoglycans like keratan sulfate
and chondroitin sulfate, these molecules also contain charged sulfate and carboxy-
late groups that can also interact with water. Compression of these large hydrated
polyanions can drive some water out of the cavities between them, but the high de-
gree of hydration of the molecules, as well as charge repulsion between the sulfate
and carboxylate groups, contributes to the tendency of these compounds to resume
their normal conformations after deformation.

. (@) D-xylose and D-lyxose differ in configuration at a single asymmetric center; they are

epimers.

(b) o-p-galactose and [-D-galactose have differing configurations at the C-1, or
anomeric, carbon; they are anomers.

(¢) Dp-allose and D-talose are diastereoisomers because they have opposite configura-
tions at one or more chiral centers, but they are not complete mirror images.

(d) vr-arabinose and D-arabinose are mirror images of each other and are therefore enan-
tiomers.

Although the mirror image of a D compound is an L compound, the mirror image of an
0. compound is an 0. compound. (An ¢« compound has a 1-hydroxyl group in the ¢ po-
sition.) Thus, 0-L-glucose is the compound that is the mirror image, or enantiomer, of
o-D-glucose.

(a) Compound X is D-gulose; it is the only D-aldose whose reduction will yield a hex-
itol with the same conformation as that of D-sorbitol. The less common sugar L-
gulose would also yield the same result. With sugar alcohols, there is no
most-oxidized carbon, so it is hard to define which end is “carbon one” but the
use of an enzyme greatly favors D-aldose as the starting material.

(b) Sorbitol cannot form a hemiacetal because it has no aldehyde or ketone group.
Therefore, neither type of ring can be formed by sorbitol.

(¢) Compound Y is D-fructose, a ketose that is produced by the oxidation of sor-
bitol. Enzymes would be very unlikely to produce an L-ketose, so this is the only
expected result.
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. In water, an equilibrium exists among three forms of glucose. Two-thirds is present as
the 3 anomer, one-third as the oo anomer, and less than 1% as the open-chain form.
When excess cupric ion reacts with the open-chain form, glucose is oxidized to gluconic
acid. Through the law of mass action, the oz and [3 anomers of glucose are then converted
to the open-chain aldose form. Continued production of gluconic acid from the open-
chain form leads to the ultimate conversion of all glucopyranoses to the open-chain form,
which reacts quantitatively with cupric ion. Thus the total amount of glucose in a known
volume of blood plasma or other solution can be determined.

. Only one dimer, alanylalanine, can be made from two alanine molecules linked via a
peptide bond. However, the presence of several hydroxyl groups and the aldehydic func-
tion at the C-1 position of each D-galactose molecule provides an opportunity to make
a larger number of dimers. Both the o, and 3 forms of one molecule can form glycosidic
linkages with the C-2, C-3, C-4, or C-6 hydroxyl groups of the other. Recall that the C-5
position is not available, because it participates in the formation of the pyranose ring. To
these eight dimers can be added those dimers formed through glycosidic linkages
involving the 0.1, 03, or BP configurations. Thus, 11 possible dimers exist. If one is al-
lowed to use L forms, then the number of possible dimers increases greatly. This variety
of linkages makes the sugars very versatile molecules and yields many different struc-
tures that may be useful in biology. However, this variety has also made the systematic
study of the chemistry of polysaccharides very difficult.

. The primary consequence of a high concentration of free glucose molecules in the cell
would be a dramatic and probably catastrophic increase in osmotic pressure. In aque-
ous solutions, colligative properties like boiling and freezing points, vapor pressure, and
osmotic pressure depend primarily on the number of molecules in the solution. Thus a
glycogen molecule containing a million glucose residues exerts one-millionth the osmotic
pressure of a million molecules of free glucose. Osmotic pressure exerted by high glu-
cose concentration would induce entry of water into the cell, in an attempt to equalize
pressure inside and outside the cell. Unlike bacterial or plant cells, which have a rigid
cell wall that can help resist high pressures, animal cells have a comparatively fragile
plasma membrane, which will burst when osmotic pressures are too high.

. (@ A glycosyl residue at a branch point has three of its five carbons linked to other
glucose residues; these are carbons 1, 4, and 6. Only C-2 and C-3 of a branch point
residue will have alcohol or hydroxyl groups that are free and therefore available
for methylation. Thus residues at a branch point are converted to 2,3-dimethyl-
glucose after methylation and hydrolysis. Those glucosyl residues not at a branch
point would be converted to 2,3,6-trimethylglucose by the same procedure, ex-
cept for the single residue at the reducing end, which could be converted to
1,2,3,6-tetramethylglucose.

(b) The original sample of 0.4 g corresponds to 0.4 g + 162 g/mole, or 2.47 x 107>
mole, or 2.47 mmol glucose residues, which is 10% of the total sample. Thus 10%
of the glucosyl residues are at branch points.

(¢) The analysis using methylation and acid hydrolysis does not allow determination
of the anomeric linkage. Acid hydrolysis cleaves both .- and [-anomeric linkages
and does not allow distinctions between them.

. (@ Gluo-1,6 Gal 0-1,6 Fru 3-1,4 Glu.

(b) The solution must contain enzymes that hydrolyze the glycosidic linkages between
the monosaccharides. For example, an activity that would be required for the
oligosaccharide shown would be a type of 0.-1,6-glycosidase, which would cleave
the 0-1,6 linkage between glucose and galactose. Another would be the 3-1,4-fruc-
tosidase, a different glycosidase. The glycosidases are needed to convert the
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10.

11.

12.

13.

14.

oligosaccharides to free hexoses, which then pass easily into the circulation. The
three common sugars found in the oligosaccharide shown in this problem are eas-
ily metabolized by the liver and other cells.

(¢) Cooking by heating in water probably hydrolyzes some of the glycosidic linkages
found in the oligosaccharides. Sprouting or germinating beans undergo a reduction
in oligosaccharide concentration because hydrolase proteins induced during ger-
mination produce free hexoses, which can be used in the developing plant tissues
as a source of carbon for biosynthesis.

(d) Because cellulose is an unbranched polymer of glucose residues joined by 3-1,4
linkages, the molecule is resistant to hydrolysis, even by anaerobic bacteria in the
human intestine. Small amounts of cellulose and other indigestible complex car-
bohydrates are virtually unaltered as they pass through the digestive system. Thus
no gases from carbohydrate breakdown are generated in the large intestine.
Intestinal blockage may result from ingestion of large quantities of cellulose because
there are no enzymes available to cleave the glycosidic linkages. Organisms that use
cellulose as an energy source (e.g., cows and termites) have gut flora which make
cellulase, and can provide the service of breaking these [3-1,4 bonds.

(a) The phosphate group serves as the site for the covalent attachment of sugar residues
to the carrier.

(b) The long lipid chain renders the carrier highly hydrophobic and thus membrane-
permeable.

The lipid-soluble intermediate that accumulates is dolichol pyrophosphate, whose ter-
minal phosphate comes from glucose 1-phosphate. (See Figure 11.23 in Section 11.3.3
in the text.) Bacitracin is an antibiotic that forms a 1:1 complex with dolichol py-
rophosphate, preventing its hydrolysis to dolichol phosphate and inorganic phosphate.
Thus, in the presence of bacitracin, the label will remain in dolichol pyrophosphate. In
the absence of bacitracin, the terminal phosphate will be released as inorganic phosphate.

MALDI-TOF MS only provides a very accurate molecular weight for an oligosaccharide
or other complex molecule. If you have, say, ten sugars, they can be rearranged in many
different isomeric forms that all would have the same molecular weight. Enzymes that
can cleave only certain sugars in certain positions provide extra information that is crit-
ical to the “sequencing” of an oligosaccharide.

In oligosaccharides, there are a number of different types of potential glycosidic linkages
that can be formed among eight residues, because each free hydroxyl group as well as the
anomeric carbon on a particular monosaccharide could be linked to similar groups on ad-
jacent residues. An octooligosaccharide could be linear or branched, and could be com-
posed of as many as eight different monosaccharides, each of which could require additional
steps to analyze completely. Analysis of an oligonucleotide is somewhat less complicated,
because usually only four different bases will be found during the analysis, and the linkage
between adjacent nucleotides is almost always 3 — 5’; in addition, the oligonucleotide
molecule is not likely to be branched. Although there may be as many as eight different
amino acid residues in an octapeptide, all 20 different amino acids found in most proteins
are relatively easy to characterize and the octapeptide is unlikely to be branched.

The observations of Morgan and Watkins suggested that the sugar N-acetylgalactosamine in
o. linkage is the determinant of blood group A specificity. The galactose derivative binds to
type A lectins, occupying the sites that would otherwise bind to glycoproteins, having N-
acetylgalactosamine end groups, on the surfaces of type A cells. The papers establishing the
structures of the blood group oligosaccharides were among the first of Winifred M. Watkins’
long and distinguished career. The fields of Biochemistry and Molecular Biology have pro-
vided several early female role models including such important scientists as Maud Menten
(who collaborated with L. Michaelis to study enzymology) and Rosalind Franklin (who de-
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termined the structure of the A-form, and worked on the B-form, of double helical DNA).
Dr. Watkins was elected as a Fellow of the Royal Society in 1998. [W. M. Watkins, & W. T.
J. Morgan. Nature 178[1956]:1289, and other papers.]

EXPANDED SOLUTIONS TO TEXT PROBLEMS

1. Although it can be risky business, chemists have always tried to gain some insight into
molecular structure from knowledge of the empirical formula. Since the empirical for-
mula for carbohydrates is (CH,0),, it is not surprising that in the latter half of the nine-
teenth century the name carbohydrate was coined.

2. To begin, there are six different ((3)*(2)*(1)) ways to specify the order of monosaccha-
ride units. Then the first glycosidic bond can join the first two monomers in any of 2°
or 32 ways, 0. or 3 from the C1 oxygen of the first sugar to OH #2, 3, 4, or 6 of the sec-
ond sugar. Finally, the second glycosidic bond can join the second and third monomers
in any of 2° or 64 ways, o or 3 from the C1 oxygen of the second sugar to OH #1 (nonre-
ducing) or #2, 3, 4, or 6 of the third sugar. Putting this all together, one has
(6)*(32)*(64) or 12,288 possible trisaccharides.

For tripeptides, there are only 6 different sequences that use exactly one each of three
different amino acids ((3)*(2)*(1) = 6).

3. To answer this problem, one must know the structures of the molecules in question and
a couple of definitions. By definition, epimers are a pair of molecules that differ from each
other only in their configuration at a single asymmetric center. Anomers are special
epimers that differ only in their configuration at a carbonyl carbon; hence, they are usu-
ally acetals or hemiacetals. An aldose-ketose pair is obvious. Inspection of Fischer rep-
resentations of the molecular pairs leads to the conclusion that (a), (c), and (e) are
aldose-ketose pairs; (b) and (f) are epimers; and (e) are anomers.

4. A mild oxidant, Tollens” reagent converts aldoses to aldonic acids and free silver as fol-
lows:

RCHO + 2 Ag(NH,), + H,0 —> RCO,™ + 2 Ag® + 3 NH,* + NH,

However, cyclic hemiacetals are oxidized directly to lactones, which are hydrolyzed to the
corresponding aldonic acid under alkaline conditions. Thus, in the case of glucose, the
major first reaction product is D-d-gluconolactone. To prepare aldonic acids, Br, is usu-
ally used as the oxidant because it gives fewer side reactions than does Tollens” reagent.

FIGURE 11.8
CH,OH CH, OH
‘o +2Ag + 2 NH; + 2NH,*
2 Ag(NH,),
o-D-Glucose D-8- Gluconolactone
(cyclic hemiacetal) (p-glucono-(1 —> 5)-lactone)

5. The reason the specific rotation of ¢-D-glucopyranose changes after it is dissolved in
water is that the ring form is in equilibrium with a small amount of the straight-chain
form of glucose. The straight-chain form then converts to either o-D-glucopyranose or
B-D-glucopyranose. This process, called mutarotation, continues until after 1-2 hours a
thermodynamically stable mixture of the o and {3 anomers is obtained. Its specific rotation
is 52.7°. The difference in the specific rotations of the two anomers is 93.3° (112° — 18.7°),
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and the difference between the equilibrium value and that of the § anomer is 34°
(52.7° = 18.7°). Since the optical rotation of the equilibrium mixture is closer to that
of the § anomer than it is to that of the 0. anomer, obviously more than half the equi-
librium mixture is in the 3 configuration. The fraction present in the ¢ configuration
is 34° + 93.3° = 0.36. The fraction in the 3 configuration is 1 — 0.36 = 0.64.

6. Glucose reacts slowly because the predominant hemiacetal ring form (which is inactive)
is in equilibrium with the active straight-chain free aldehyde. The latter can react with
terminal amino groups to form a Schiff base, which can then rearrange to the stable amino
ketone, sometimes referred to as Hb A, which accounts for approximately 3% to 5% of
the hemoglobin in normal adult human red cells. In the diabetic, its concentration may

rise 6% to 15% owing to the elevated concentrations of glucose.

FIGURE 11.9 o N—Hb H—N—Hb
7 7
H—? H—? H—C‘Z—H
H N—(Val)H .
H—C—OH oN=-(VahHb H—C—OH Amadori c=0
| | rearrangement \
HO—(lt—H HO—C—H ——  HO—C—H
H—?—OH H—?—OH H—(‘:—OH
H—C—OH H—$—OH H—(‘:—OH
|
CH,—OH CH,—OH CH,—OH
Glucose Schiff base Amino ketone
(aldimine)

7. Whereas pyranosides have a series of three adjacent hydroxyls, furanosides have only
two. Therefore, oxidation of pyranosides uses two equivalents of periodate and yields one
mole of formic acid, whereas oxidation of furanosides uses only one equivalent of peri-

odate and yields no formic acid.

FIGURE 11.10
OH

\
cH, o OH CH,OH
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B-p-Methylglucopyranoside
2nd equivalent of 10,~
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0 CH,OH
I H O
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H
CH,OH CH,OH
O~ OCH, O~ OCH,
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H CH,OH HN R/ CH,OH
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B-p-Methylfructofuranoside
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The formation of acetals (such as methylglucoside) is acid-catalyzed. In a mechanism
similar to that of the esterification of carboxylic acids (shown in most organic chemistry
texts), the anomeric hydroxyl group is replaced. The resulting carbocation is susceptible
to attack by the nucleophilic oxygen of methanol, leading to the incorporation of this
oxygen into the methylglucoside molecule.

FIGURE 11.11

p-Glucose
(B-pyranose form) Electron pair on ring oxygen

can stabilize carbocation at
anomeric position only

By inspection, A, B, and D are the pyranosyl forms of pD-aldohexoses because the
CH,OH is above the plane of the ring. In Haworth projections, OH’s above the ring are
to the left in Fischer projections, and those below the ring are to the right. Therefore,
A is B-D-mannose, B is 3-D-galactose, and D is 3-D-glucosamine. By similar use of the
Haworth projection, C can be identified as 3-D-fructose. All these sugars are 3 because,
in Haworth projections, when the CH,OH attached to the C-5 carbon (the carbon that
determines whether the sugar is D or 1) is above the ring, if the anomeric hydroxyl is
also above the ring, the sugar is 3.

The trisaccharide itself should be a competitive inhibitor of cell adhesion if the trisac-
charide unit of the glycoprotein is critical for the interaction.

The nonreducing carbon-1 oxygens cannot be methylated, whereas the carbon-1 hy-
droxyls at the reducing ends can be methylated. Conversely, most of the carbon-6 hy-
droxyls can be methylated, but not at the branch points. Therefore, the ratio of
methylated to nonmethylated C-1 hydroxyls in the final digestion mixture will indicate
the relative proportion of reducing ends. Likewise, the ratio of nonmethylated to methy-
lated C-6 hydroxyls in the digestion mixture will indicate the relative proportion of
branch points.

(a) No. There is no hemiacetal linkage in raffinose, but rather two acetal linkages.

(b) galactose, glucose, and fructose.

(¢) Galactose and sucrose. (After digestion, the released galactose—in water solution—
will establish an equilibrium among the o, 3, and open-chain forms. See also the
answer to Text Problem 13, below.)

The hemiacetal of the 0. anomer opens in water to give the open-chain aldehyde/alcohol
form. The open form then can reclose the ring with either the o or B configuration. In
water solution, an equilibrium will be established among the 3 anomer, the ¢ anomer,
and a small amount of the open-chain form, through which the two pyranose ring forms
interconvert.
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general functions of biological membranes. After outlining the common features of

membranes, a new class of biomolecules, the lipids, are introduced in the context
of their role as membrane components. The authors focus on the three main kinds
of membrane lipids—the phospholipids, glycolipids, and cholesterol. The amphi-
pathic nature of membrane lipids and their ability to organize into bilayers in water
are then described. An important functional feature of membranes is their selective
permeability to molecules, in particular the inability of ions and most polar molecules
to cross membrane bilayers. This aspect of membrane function is discussed next and
will be revisited when the mechanisms for transport of ions and polar molecules
across membranes is discussed in Chapter 13.

Next, the authors turn to membrane proteins, the major functional constituents
of biological membranes. The arrangement of proteins and lipids in membranes is
described and the asymmetric, fluid nature of membranes is stressed. The important
differentiation between integral and peripheral membrane proteins is discussed as
well as the chemical forces that bind them to the membrane. The high-resolution
analyses of the structures of selected membrane proteins are discussed, including
structure prediction of membrane-spanning proteins. The chapter concludes with a
discussion of internal membranes within eukaryotic cells and the mechanisms by
which proteins are targeted to specific compartments within cells.

In this chapter, the authors describe the composition, structural organization, and

¢l d431dVYHD
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LEARNING OBJECTIVES

When you have mastered this chapter, you should be able to complete the following objectives.

Introduction

1. List the functions of biological membranes.

Many Common Features Underlie the Diversity of Biological Membranes
(Text Section 12.1)

2. Describe the common features of biological membranes.

Fatty Acids Are Key Constituents of Lipids (Text Section 12.2)

3. Draw the general chemical formula of a fatty acid and be able to use standard notation
for representing the number of carbons and double bonds in a fatty acid chain.

4. Distinguish between saturated and unsaturated fatty acids.

5. Explain the relationship between fatty acid chain length and degree of saturation and the
physical property of melting point.

There Are Three Common Types of Membrane Lipids (Text Section 12.3)

6. Define lipid and list the major kinds of membrane lipids.

7. Recognize the structures and the constituent parts of phospholipids (phosphoglycerides and
sphingomyelin), glycolipids, and cholesterol.

8. Describe the general properties of the fatty acid chains found in phospholipids and
glycolipids.

9. Draw the general chemical formula of a phosphoglyceride, and recognize the most common
alcohol moieties of phosphoglycerides (e.g., choline, ethanolamine, and glycerol).

10. Distinguish between membranes of archaea and those of eukaryotes and bacteria.

11. Describe the composition of glycolipids. Note the location of the carbohydrate compo-
nents of membranes.

12. Recognize the structure of cholesterol.

13. Describe the properties of an amphipathic molecule.

Phospholipids and Glycolipids Readily Form Bimolecular Sheets
in Aqueous Media (Text Section 12.4)

14. Distinguish among oriented monolayers, micelles, and lipid bilayers.

15. Describe the self-assembly process for the formation of lipid bilayers. Note the stabilizing
intermolecular forces.

16. Outline the methods used to prepare lipid vesicles (liposomes) and planar bilayer mem-
branes. Point out some applications of these systems.

17. Explain the relationship between the permeability coefficients of small molecules and ions
and their solubility in a nonpolar solvent relative to their solubility in water.
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Proteins Carry Out Most Membrane Processes (Text Section 12.5)

18.
19.

Distinguish between peripheral and integral membrane proteins.

Describe the structure of glycophorin. Explain how transmembrane o helices can be pre-
dicted from hydropathy plots.

Lipids and Many Membrane Proteins Diffuse Rapidly in the Plane
of the Membrane (Text Section 12.6)

20.

21.
22.

23.

Describe the evidence for the lateral diffusion of membrane lipids and proteins. Contrast
the rates for lateral diffusion with those for transverse diffusion.

Describe the features of the fluid mosaic model of biological membranes.

Explain the roles of the fatty acid chains of membrane lipids and cholesterol in control-
ling the fluidity of membranes.

Discuss the origin and the significance of membrane asymmetry.

Eukaryotic Cells Contain Compartments Bounded by Internal Membranes
(Text Section 12.7)

24.
25.
26.
27.

Give examples of the compositional and functional varieties of biological membranes.
Discuss the role of targeting sequences in eukaryotic proteins.
Describe the recognition of a nuclear localization signal by ¢-karyopherin.

Describe the process of receptor-mediated endocytosis of low-density lipoproteins (LDL).

SELF-TEST

Introduction

1.

Which of the following statements about biological membranes are true?

(a) They constitute selectively permeable boundaries between cells and their environ-
ment and between intracellular compartments.

(b) They are formed primarily of lipid and carbohydrate.

(¢) They are involved in information transduction.

(d) Targeting across them requires specific systems.

(e) They are dynamic structures.

Many Common Features Underlie the Diversity of Biological Membranes

2. Which of the following statements about biological membranes is not true?

(a) They contain carbohydrates that are covalently bound to proteins and lipids.

(b) They are very large, sheetlike structures with closed boundaries.

(¢) They are symmetric because of the symmetric nature of lipid bilayers.

(d) They can be regarded as two-dimensional solutions of oriented proteins and lipids.
(e) They contain specific proteins that mediate their distinctive functions.
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Fatty Acids Are Key Constituents of Lipids

3. Which of the following fatty acids is polyunsaturated?

(@)
(b)
(©
)
(e)

arachididic
arachidonic
oleic
palmitic
stearic

There Are Three Common Types of Membrane Lipids

4. Which of the following are membrane lipids?

(@)
(b)
(©
)
(e)

cholesterol
glycerol
phosphoglycerides
choline
cerebrosides

5. The phosphoinositol portion of the phosphatidyl inositol molecule is called which of
the following?

(a)
(b)
(©
)
(e)

the amphipathic moiety
the hydrophobic moiety
the hydrophilic moiety
the micelle

the polar head group

6. Acid hydrolysis will break all ester, amide, and acetal chemical linkages. Which of the
following statements is incorrect about the acid hydrolysis of various lipids?

(@)
(b)
(D
(e)

A cerebroside will release two fatty acids and one monosaccharide per mole of
cerebroside.

Phosphatidylcholine will release two fatty acids and one glycerol molecule per mole
of phosphatidylcholine.

Sphingomyelin and phosphatidylcholine will release equivalent molar amounts of
choline and phosphoric acid.

Cerebrosides and sphingomyelin will each release one mole of sphingosine.

7. After examining the structural formulas of the four lipids in Figure 12.1, answer the
following questions.

(a)
(b)
(©
)
(e)
®

Which are phosphoglycerides?
Which is a glycolipid?

Which contain sphingosine?
Which contain choline?
Which contain glycerol?
Name the lipids.
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FIGURE 12.1 Membrane lipids R, and R, represent hydrocarbon chains.
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Phospholipids and Glycolipids Readily Form Bimolecular Sheets
in Aqueous Media

8. Which of the following statements are NOT true of both a micelle and a lipid bilayer?

(a) Both assemble spontaneously in water.

(b) Both are made up of amphipathic molecules.

(¢) Both are very large, sheetlike structures.

(d) Both have the thickness of two constituent molecules in one of their dimensions.

(e) Both are stabilized by hydrophobic interactions, van der Waals forces, hydrogen
bonds, and electrostatic interactions.

9. A triglyceride (triacylglycerol) is a glycerol derivative that is similar to a phosphoglyc-
eride, except that all three of its glycerol hydroxyl groups are esterified to fatty acid
chains. Would you expect a triglyceride to form a lipid bilayer? Explain.
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10. What is the volume of the inner water compartment of a liposome that has a diameter

11.

of 500 A and a bilayer that is 40 A thick?

(@ 5.6x10°A3 (d 73x107 A3
(b) 7'3“06?\3 (e) 3.9x108A3
(©) 3.9x107 A3

Arrange the following in the order of decreasing permeability through a lipid bilayer.

(a) wurea (d) Na*
(b) tryptophan (e) glucose
(C) Hzo

Proteins Carry Out Most Membrane Processes

12.
13.

Why is an o helix the preferred structure for transmembrane protein segments?

Show which of the properties listed on the right are characteristics of peripheral mem-
brane proteins and which are characteristics of integral membrane proteins.

(a) peripheral (1) require detergents or organic
(b) integral solvent treatment for dissociation
from the membrane
(2) require mild salt or pH treatment for
dissociation from the membrane
(3) bind to the surface of membranes
(4) have transmembrane domains

Lipids and Many Membrane Proteins Diffuse Rapidly in the Plane
of the Membrane

14.

15.

16.

17.

Which of the following statements about the diffusion of lipids and proteins in mem-
branes is NOT true?

(a) Many membrane proteins can diffuse rapidly in the plane of the membrane.
(b) In general, lipids show a faster lateral diffusion than do proteins.

(¢) Membrane proteins do not diffuse across membranes at measurable rates.
(d) Lipids diffuse across and in the plane of the membrane at equal rates.

Which of the following statements about the asymmetry of membranes are true?

(a) It is absolute for glycoproteins.

(b) Tt is absolute for phospholipids, but only partial for glycolipids.
(¢) Tt arises during biosynthesis.

(d) TItis structural but not functional.

If phosphoglyceride A has a higher T,, than phosphoglyceride B, which of the following
differences between A and B may exist? (In each case only one parameter—either chain
length or double bonds—is compared.)

(a) A has shorter fatty acid chains than B.

(b) A has longer fatty acid chains than B.

(¢) A has more unsaturated fatty acid chains than B.

(d) A has more saturated fatty acid chains than B.

(e) A has trans unsaturated fatty acid chains, whereas B has cis unsaturated fatty
acid chains.

Explain how the mobility of a protein in a membrane might be restricted far beyond
what a simple consideration of its native molecular weight would lead you to conclude.
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Eukaryotic Cells Contain Compartments Bounded by Internal Membranes

18.

Which of the following sequences would target a protein to the nucleus?
(a) -SKL-COO~

(b) -KKLK-

(¢) -KDEL-COO~

(d) -KKLK-COO-

ANSWERS TO SELF-TEST

®

No e R W =

a, c,d, e

C

@A, D) C()B,C(d)A,B(e)A, D () Ais phosphatidyl choline, B is sphingomyelin,
C is cerebroside, and D is phosphatidyl glycerol.

C

9. No. Although a triglyceride has hydrophobic fatty acyl chains attached to a glycerol back-

10.

11.

bone, it lacks a polar head group; therefore, it is not an amphipathic molecule and is in-
capable of forming a bilayer.

The correct answer is (¢). The volume of a sphere is 4/3 1, so we just need the radius of
the inner compartment to do the calculation. Using Figure 12.2 to represent the liposome,
we can calculate the diameter of the inner water compartment by subtracting the width
of the bilayer from the left and right sides of the liposome from the diameter of the outer
compartment.

FIGURE 12.2

«— 40 A

A
v

500 A

Diameter of inner water compartment = 500 A-Q2x40A)=420A

Since the radius of a circle is half the diameter, the radius of the inner compartment
r=1/2(420 A) =210 A.

Therefore the volume of inner water compartment in the liposome 4/3 T (210 A)?
=3.9x 107 A>.

c,a, b, e d
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12.

13.
14.
15.
16.

17.

18.

Transmembrane protein segments usually consist of nonpolar amino acids. The main-
chain peptide CO and NH groups, however, are polar and tend to form hydrogen bonds
with water. In an o helix, these groups hydrogen-bond to each other, thereby decreas-
ing their overall polarity and facilitating the insertion of the protein segment into the
lipid bilayer.

@2,3Mm) 1,4

d

a, c

b, d, e. Trans unsaturated fatty acid chains have a straighter conformation than do cis

unsaturated chains; the packing of trans chains in bilayers is therefore more highly or-
dered, so they require higher temperatures to melt.

The protein could be free to move in the membrane; alternatively, it could be anchored
to the underlying cytoskeleton, rendering it virtually fixed in place.

b

PROBLEMS

1.

The ability of bacteria, yeasts, and fungi to convert aliphatic hydrocarbons to carbon diox-
ide and water has been studied intensively over the past decade because of concerns about
the effects of crude oil spills on the environment. Microorganisms cannot survive when
they are placed in high concentrations of crude oil or any of its components. However,
they can utilize hydrocarbons very efficiently when they are placed in a medium in which
an extensive lipid-water interface is created by agitation and aeration. Why?

Phytol, a long-chain alcohol, appears as an ester in plant chlorophyll. When consumed
as part of the diet, phytol is converted to phytanic acid (see Figure 12.3).

FIGURE 12.3 CH CH

e | e
H,C—| CH—CH,—CH,—CH, 3—C=C|:—CH20H

H

Phytol

clH3 CH, o
/
H,C—| CH—CH,—CH,—CH, 3—CH—CH2—C\\

o
Phytanic Acid

People who cannot oxidize phytanic acid suffer from a number of neurological disorders
that together are known as Refsum’s disease. The symptoms may be related to the fact that
phytanic acid accumulates in the membranes of nerve cells. What general effects of phy-
tanic acid on these membranes would be observed?

Bacterial mutants that are unable to synthesize fatty acids will incorporate them into their
membranes when fatty acids are supplied in their growth medium. Suppose that each of
two cultures contains a mixture of several types of straight-chain fatty acids, some satu-
rated and some unsaturated, ranging in chain length from 10 to 20 carbon atoms. If one
culture is maintained at 18°C and the other is maintained at 40°C over several genera-
tions, what differences in the composition of the cell membranes of the two cultures
would you expect to observe?
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4. Given two bilayer systems, one composed of phospholipids having saturated acyl chains
20 carbons in length and the other having acyl chains of the same length but with cis
double bonds at C-5, C-8, C-11, and C-14, compare the effect of the acyl chains on T,
for each system.

5. Hopanoids are pentacyclic molecules that are found in bacteria and in some plants. A
typical bacterial hopanoid, bacteriohopanetetrol, is shown in Figure 12.4. Compare the
structure of this compound with that of cholesterol. What effect would you expect a
hopanoid to have on a bacterial membrane?

FIGURE 12.4 1 ¢

CH,OH

Bacteriohopanetetrol

6. As early as 1972, it was known that many biological membranes are asymmetric with
respect to distribution of phospholipids between the inner and outer leaflets of the bi-
layer. Once such asymmetry is established, what factors act to preserve it?

7. As discussed in the text, the length and degree of saturation of the fatty acyl chains in
membrane bilayers can affect the melting temperature T ..

(a) The value of T, for a pure sample of phosphatidyl choline that contains two
12-carbon fatty acyl chains is —1°C. Values for phosphatidyl choline species with
longer acyl chains increase by about 20°C for each two-carbon unit added. Why?

(b) Suppose you have a phosphatidyl choline species that has one palmitoyl group es-
terified to C-1 of the glycerol moiety, as well as an oleoyl group esterified at C-2 of
glycerol. How would T, for this species compare with that of dipalmitoylphos-
phatidyl