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Chapter 2 . Water: The Medium of Life 

 

12.  How to prepare a buffer solution: an anserine buffer 
Draw the titration curve for anserine (Figure 2.16).  The isoelectric point of anserine is the pH where 
the net charge on the molecule is zero; what is the isoelectric point for anserine?  Given a 0.1 M 
solution of anserine at its isoelectric point and ready access to 0.1 M HCl, 0.1 M NaOH and distilled 
water, describe the preparation of 1 L of 0.04 M anserine buffered solution, pH 7.8? 
 
Answer: 

 
 
The structure of anserine is shown above.  It has three ionizable groups: a carboxyl group pKa1 = 2.64, 
imidazole nitrogen pKa2 = 7.04 and amino group pKa3 = 9.49.  Starting at acidic pH, all three groups will be 
protonated and thus the molecule will have a +2 charge.  As base is added, the carboxyl group will be the first 
to deprotonate with a midpoint at 2.64.  When fully deprotonated at about 4.64, anserine will have a +1 
charge.  As the pH approaches 7.0, the imidazole group will deprotonate leaving anserine uncharged.  Finally, 
as the pH passes 9.49, the amino group will deprotonate and by about pH 11.5 anserine will have a –1 
charge. 
 
The titration curve is shown below with the pKa’s labeled.  The isoelectric point, pI, is the pH at which the 
molecule is uncharged. Clearly, this will happen at a pH at which the carboxyl group’s –1 charge is balanced 
by positive charges from both the imidazole group and the amino group.  The isoelectric point must be 
between the pKa’s of the imidazole and amino groups. Thus, the sum of the protonated imidazole group and 
the protonated amino group must equal to one equivalent of charge. 
 
Let I and IH+ be the unprotonated and protonated imidazole groups respectively. 
Let A and AH+ be the unprotonated and protonated amino groups. 

 [IH+] + [AH+] = one equivalent 
That is, the sum of the positively charged species for the imidazole and the amino groups must sum to the 
one equivalent of negative charge from the carboxylate.  (Remember, there is one of each group.)  The 
concentrations of the imidazole species, protonated and unprotonated, must sum to one equivalent.  The 
same is true for the amino species.  Thus, 

[I] + [IH+] = [A] + [AH+] and so 
[I] + [IH+] = [IH+] + [AH+]   (1) 
[A] + [AH+] = [IH+] + [AH+] (2) 

From equations (1) and (2) we can see that: 
[AH+] = [I] or [IH+] = [A] (3) 

 
The Henderson-Hasselbalch equations for each are: 

pH = pK
2
 + log

[I]

[IH+]
 = pK

3
 + log

[A]

[AH+]
  

Substituting (3) into these we have: 

pH = pK
2
 + log

[AH+]

[IH+]
 and

pH = pK
3
 + log

[IH+]

[AH+]
  

 

Solving these two equations for the log terms, which are inversely related, and setting them equal we have: 
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Chapter 2 . Water: The Medium of Life 

 

a. Draw the titration curve for Bicine, assuming the pKa for its free COOH group is 2.3 and the pKa 
for its tertiary amino group is 8.3. 

 
 
b. Draw the structure of the fully deprotonated form (completely dissociated form) of bicine. 

 
 

c. You have available a 0.1 M solution of Bicine at its isoelectric point (pHI), 0.1 M solutions of HCl 
and NaOH, and ample distilled H2O. Describe the preparation of 1 L of 0.04 M Bicine buffer, pH 7.5.  
 
Answer:  The volume of 0.1 M bicine needed is: 
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Chapter 2 . Water: The Medium of Life 

 

molecules to move apart and density to decrease.  Thus, ice floats.  The environmental consequence is that 
ponds and lakes freeze from the surface, allowing life to continue in the liquid interior.  The transition from 
solid to liquid to gas is accompanied by disruption of hydrogen bonds.  A great many hydrogen bonds remain 
in liquid water, as evidenced by the difference in the heat of melting versus the heat of sublimation.  Water 
has a high heat capacity (the ability to absorb heat without a large increase in temperature), because energy 
in the form of heat is used to break hydrogen bonds rather than increase temperature (increase kinetic 
energy).  Finally, the rather large amount of energy required to vaporize water means that water can absorb 
energy with little increase in temperature. 
     Water is a good solvent for ionic and polar substances, because it forms hydrogen bonds with these 
substances.  Salts dissolve and dissociate because the ionic components become hydrated with water 
molecules.  The high dielectric constant of water is responsible for decreasing the attractive force between two 
ionic components of a salt.  (The force between two charges, e1 and e2, is given by F = e1e2/Dr2; it is inversely 
dependent on the dielectric constant.)   
     The attraction between water molecules is strong and the tendency of water molecules to make these 
interactions is great.  For example, at an air/water interface, interaction of water molecules on the surface is 
responsible for surface tension.  But surface tension comes at a price.  Water molecules at an interface are 
forced to make irregular hydrogen bonds, often with less than perfect geometry.  In fact, this occurs at any 
interface, and when nonpolar molecules are put into water, each molecule in effect represents an interface.  
To minimize the interface area, there is a tendency, driven by hydrogen bonding of H2O, for nonpolar 
substances to coalesce, to minimize their contact with water molecules.  This tendency is termed hydrophobic 
interactions.  We will see that biological membranes and proteins rely on hydrophobic interactions to 
maintain an ordered structure. 
     There are two other properties of water that are of extreme importance to biological systems: osmotic 
pressure and ionization of water.  Osmotic pressure arises when a semipermeable membrane through which 
water can pass separates two aqueous compartments.  If a solute is dissolved in one of the aqueous 
compartments (and the solute is not freely permeable to the membrane), water will move from the solute-free 
compartment into the compartment containing solute.  The amount of pressure necessary to prevent this 
movement of water is the osmotic pressure.  Osmotic pressure is a colligative property and as such its 
magnitude is directly proportional to concentration. 
     Water is capable of ionizing in solution to form hydrogen ions and hydroxyl ions.  The pH is a measure of 
the hydrogen ion concentration: pH = -log[H+].  The pH scale in aqueous solution is set by the magnitude of 
the ion product.  In aqueous solutions, pH + pOH = 14.  Using this formula, the pH of solutions of strong 
acids or bases can be calculated.  For weak acids and bases, the Henderson-Hasselbalch equation must be 
used: pH = pKa + log([A-]/[HA]).  Several of the problems illustrate the use of this equation. 
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Chapter 4 . Amino Acids and the Peptide Bond 

 

H 2.27 155.16 3.53 
C 1.36 121.16 1.65 
W 1.08 204.23 2.21 

 SUM  99.88   129.13 
 

15.  Understanding the chemistry of the dipeptide sweetener aspartame 
The artificial sweeteners Equal and NutraSweet contain aspartame, which has the structure: 
 

 
What are the two amino acids that are components of aspartame? What kind of bond links these 
amino acids?  What do you suppose might happen if a solution of aspartame was heated for several 
hours at a pH near neutrality? Suppose you wanted to make hot chocolate sweetened only with 
aspartame, and you stored it in a thermos for several hours before drinking it. What might it taste 
like? 
 
Answer: The drawing of aspartame is slightly modified from the one shown in the text.  The two amino acids 
are aspartic acid and phenylalanine.  Phenylalanine is actually a methyl ester (with a methyl group attached 
to its carboxyl group in ester linkage).  The two amino acids are joined by a peptide bond and this bond, while 
quite stable, will slowly hydrolyze upon heating.  Hydrolysis will release aspartic acid and phenylalanine.  
What will the consequences be to the taste of the hot  chocolate?  Amino acids have a flavor and perhaps the 
best example is the savory flavor of the monosodium salt of glutamic acid or MSG.  The taste is called umami 
and it is set off by a membrane-bound taste receptor.  Aspartic acid is also detected by umami receptors but 
not as strongly as glutamic acid.  Several amino acids, like glycine, alanine, and others are sweet and 
phenylalanine, tyrosine, the branched chain amino acids and a few others are bitter tasting.  Depending on 
the sensitivity of your taste buds to aspartic acid and phenylalanine, hot chocolate with hydrolyzed aspartame 
could range from bitter to bitter/savory. 
 
16.  Understanding a defect of amino acid metabolism 
Individuals with phenylketonuria must avoid dietary phenylalanine because they are unable to 
convert phenylalanine to tyrosine.  Look up this condition and find out what happens if 
phenylalanine accumulates in the body.  Would you advise a person with phenylketonuria to 
consume foods sweetened with aspartame? Why or why not? 
 
Answer: Phenylketonuria is a metabolic disorder caused by a deficiency of the enzyme phenylalanine 
hydroxylase.  The deficiency arises when inactivating mutations occur in the gene for phenylalanine 
hydroxylase.  The gene is located on human chromosome 12 and the disease is an autosomal recessive 
genetic disease.  The enzyme converts phenylalanine into tyrosine using molecular oxygen and 
tetrahydrobiopterin.  Tyrosine is 4-hydroxyphenylalanine and thus the reaction is a hydroxylation.  It is 
interesting that phenylalanine is listed as an essential amino acid in humans but tyrosine is not. This is 
because tyrosine can be made from phenylalanine but humans lack the ability to synthesize the phenyl ring 
in both amino acids.  The hydroxylation of phenylalanine serves two purposes, it produces tyrosine and it is 
in the pathway for degradation of excess phenylalanine.  In general an amino acid is metabolized by removing 
the amino group and then catabolizing the carbon skeleton. A group of enzymes called amino transferases 
transfer the amino group from an amino acid to an alpha keto acid acceptor. This converts the amino acid 
into an alpha-keto acid and the alpha keto acceptor into an amino acid.  The alpha keto acid derived from 
phenylalanine is phenylpyruvate.  When phenylalanine hydroxylase is missing, phenylalanine cannot be 
converted into tyrosine but phenylalanine is converted into phenylpyruvate, which builds up in the blood and 
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Chapter 4 . Amino Acids and the Peptide Bond 

 

is passed into the urine hence the name of the disease is phenylketonuria.  The consequence of elevated 
phenylpyruvate is mental retardation but this can be avoided by early detection of the disease and a diet low 
in phenylalanine.  Neonatal screening checks for PKU among a long list of other metabolic diseases.  Clearly, 
foods with aspartame are a very rich source of phenylalanine and should be avoided.   
 
17.  Distinguishing prochiral isomers 
In this chapter, the concept of prochirality was discussed.  Citrate (see Figure 19.2) is a prochiral 
molecule.  Describe the process by which you would distinguish between (R-) and (S-) portions of this 
molecule and how an enzyme would discriminate between similar but distinct moieties. 
 
Answer: For an asymmetric carbon R and S are determined by first assigning priority scores to each of the 
groups bound to the carbon.  The priority scores are based on molecular weight of the element forming the 
bond but if two are identical then by their respective oxidation states.  Once priorities for the four groups are 
assigned the molecule is rotated such that the group with the lowest priority is facing into the page (i.e., 
pointing away from the viewer). This will place the other three groups in a plane.  If movement from highest to 
lowest priority among these groups is clockwise the configuration is R and if counterclockwise it is S.    A 
prochiral carbon has 4 groups bounded to it but two of the groups are identical.  The central carbon in citric 
acid is prochiral.  Groups bounded to it include an hydroxyl group, a carboxyl group, and two carboxymethyl 
groups.  If the priority of one of these carboxymethyl groups were increased (say by substituting a deuterium 
for one hydrogen) then the central carbon becomes chiral and the chirality rules for determining R and S 
apply.  For an enzyme to produce a chiral compound from citrate the binding site for citrate would simply 
have to recognize the hydroxyl group and the carboxyl group attached to the central carbon of citrate and 
have an active site to one side or the other of these.  In effect, the three sites on the enzyme would be in an R 
or S arrangement.     
 
18.  Understanding buffering capacity of amino acids 
Amino acids are frequently used as buffers.  Describe the pH range of acceptable buffering behavior 
for the amino acids alanine, histidine, aspartic acid, and lysine. 
 
Answer: Buffers work best roughly within ±1 pH unit of a pKa.  The amino acids listed all have alpha amino 
groups with pKa’s around 9.0 and alpha carboxyl groups with pKa’s around 2.0.  So, all of the amino acids 
would be expected to be reasonably good buffers in the ranges of 1.0 to 3.0 and 8.0 to 10.0.  This ignores 
completely the side chains. Alanine’s side chain does not have a dissociable hydrogen so no further buffering 
is expected but the other three amino acids do.  Histidine’s side chain has a pKa around 6.0 and so it will 
serve as an effective buffer in the range 5.0 to 7.0.  Aspartic acid’s side chain pKa at around 4.0 will buffer 
from 3.0 to 5.0. Finally, lysine will buffer through its side chain amino group from about 9.0 to 10.0.  
 
Preparing for the MCAT® Exam 
 
19.  Understanding the chemistry of cysteine 
Although the other common amino acids are used as buffers, cysteine is rarely used for this purpose.  
Why? 
 
Answer: Cysteine has the nasty habit of undergoing oxidation/reduction reactions in which two cysteines will 
react to form cystine (effectively dicysteine).  As this reaction proceeds cysteines are consumed.   Now this is 
not expected to change the buffering capacity around pH = 2.0 and 10.8 (pKa of the alpha amino group) but it 
will lower the buffering capacity of the side chain whose pKa is 8.3. 
 
20.  Understanding the stereochemistry of amino acids 
Draw all the possible isomers of threonine and assign (R,S) nomenclature to each. 
 
Answer: The first thing to recognize is that threonine has two chiral carbons, the alpha carbon and the beta 
carbon.  Thus, there are (2n=22=) 4 different stereoisomers with two pairs of enantiomers (mirror images) and 
two pairs of diastereomers. Starting with L-threonine, which is shown below one can make D-threonine by 
changing the configuration about both the alpha and beta carbons (e.g., switch the amino and hydrogen on 
the alpha carbon and then switch the hydrogen and hydroxyl on the beta carbon.  This action produces D-
threonine, the mirror image of L-threonine (enantiomers).  L-allothreonine, a diastereomer of L-threonine, is 
made by switching the configuration about only the beta carbon and D-allothreonine is L-allothreonine’s 
mirror image.  These are all shown below. 
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What is an amino acid sequence of the octapeptide?  Four sequences are possible, but only one suits 
the authors.  Why? 
 
Answer: Trypsin digestion indicates R at position 3 or 5.  Thus, 

(1)  _ _ R _ _ _ _ _ 
(2)  _ _ _ _ R _ _ _ 

The product, 2-aminopropanol, must derive from reduction of a carboxyl terminal alanine.  The structures of 
both are shown below.   

 
Our possibilities so far are: 

(1)  _ _ R _ _ _ _ A 
(2)  _ _ _ _ R _ _ A 

From (d) we identify the PTH-derivatized amino acids as valine and isoleucine.  So, the tryptic tripeptides 
must contain the sequence VI.  For VI to be released by trypsin digestion it must precede R in (1) or it must 
follow R in (2). 

(1)  V I R _ _ _ _ A 
(2)  _ _ _ _ R V I A 

Ammonium production and the finding that 1 Asp is present indicate that Asn (N) was in the original 
octapeptide.  So, in the above two peptides we still need to account for G, N and two I’s.   
 
From (c) we know that _ I and _ I are located in the tryptic pentapeptide and these must be GI and NI.  So, we 
know that GI and NI are in the remaining places in (1) and (2) but we do not know their order. Placing them 
into (1) and (2) produces four candidates: 

(1a)  V I R G I N I A 
 (1b)  V I R N I G I A 
(2a)  G I N I R V I A 
(2b)  N I G I R V I A 

GI is not charged at neutral pH but NI would be converted to DI by acid hydrolysis and DI is anionic at 
neutral pH. 
 
Given the fact that both authors are at the University of Virginia we could guess which they prefer! 
 
7.  Solving the sequence of an oligopeptide from sequence analysis data  
An octapeptide consisting of 2 Gly, 1 Lys, 1 Met, 1 Pro, 1 Arg, 1 Trp, and 1 Tyr was subjected to 
sequence studies.  The following was found: 

a.  Edman degradation yielded 
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Chapter 5 . Proteins: Their Primary Structure and Biological Functions 
 

 

negligibly to the total charge of a protein/SDS complex.  Because the total charge is proportional to the 
number of hydrophobic amino acids, and, the number of hydrophobic amino acids is a fixed percentage of the 
total number of amino acids, the charge to mass ratio of protein/SDS complexes for globular proteins is 
constant.  This means that protein/SDS complexes will migrate at a constant rate in an electric field, a rate 
completely independent of protein size.  Separation of proteins is accomplished by forcing protein/SDS 
complexes through a polyacrylamide matrix.  Here, migration is inversely dependent on size.  By comparing 
the mobility of a protein of unknown size to the mobility of proteins of known size, an estimate of the 
molecular weight can be made. 
 
5.  The amino acids phenylalanine, tryptophan, and tyrosine absorb ultraviolet light and these amino acids 
are largely responsible for the UV-light absorption properties of most proteins.  However, the physical 
dimension of a protein may be comparable to the wavelength of ultraviolet light.  In this case the protein will 
exhibit light scattering.  Urea and guanidinium HCl are both powerful denaturing agents that will disrupt 
protein/protein interactions and unfold proteins, thus minimizing light scattering.  Also, there are effects due 
to polarity of the environment in which the aromatic ring is located. 
 
6.  The number of arrangements of 20 different amino acids taken n at a time is (20)n. 
 Polypeptide Length  Number of Polypeptides 
    5    3.2 x 106 
  10    1.3 x 1013 
  15    3.3 x 1019  
 
Summary 
 
     In describing protein structure, four levels are considered.  The primary structure of a protein is the 
sequence of amino acids in each of the polypeptide chains of a protein.  The secondary structure is a 
collection of regular structures that may be formed by H-bonding interactions with the groups of the peptide 
bond.  The tertiary structure is the actual three-dimensional shape of the protein, which is the result of weak 
interactions involving interactions of amino acids with each other and with solvent and includes the location 
and orientation of secondary structure elements, amino acid side chains, and the backbone of the main 
chain.  Finally, the quaternary structure, reserved for proteins composed of more than one polypeptide chain, 
describes how the polypeptides are arranged in the protein. 
     Protein characterization begins with purification of the protein.  Protein purification is accomplished using 
a number of techniques including differential solubility, differential centrifugation and gradient centrifugation; 
ion exchange, molecular sieve, or affinity column chromatography. 
      Next, the purified protein is separated into its individual polypeptide chains.  This is accomplished by 
treating the protein with a reducing agent to disrupt interchain disulfide bonds and converting the resulting 
free sulfhydryls into forms that will not readily reform disulfides.  This is accomplished with either performic 
acid or a combination of 2-mercaptoethanol and an alkylating agent (such as iodoacetate).  To disrupt weak 
bonds, denaturing agents such as 8 M urea or 6 M guanidinium HCl are used. 
     The nature of the N-terminal and C-terminal amino acids of the polypeptide components is determined 
using techniques specific for each group.  For example, phenylisothiocyanate is used during Edman 
degradation to convert N-terminal amino acids into PTH (phenylthiohydantoin) derivatives. C-terminal 
residues may be identified after enzymatic cleavage with carboxypeptidase A, B, C or Y (A is blocked by Pro, 
Arg and Lys; B only cleaves at Arg or Lys; C and Y cleave at any amino acid). 
     The amino acid composition is determined by first hydrolyzing the polypeptide chains into amino acids 
using 6 N HCl at 110°C for 24, 48 and 72 hr to insure that total hydrolysis has occurred.  A time course is 
performed because some amino acids (e.g., Ser and Thr) are unstable under these conditions and slowly 
degrade whereas others (e.g., hydrophobic amino acids) are only slowly released.  The time course can be 
extrapolated to zero time to determine the initial level of unstable amino acids and to infinite time to predict 
when total hydrolysis will occur.  The mixture of amino acids produced by acid hydrolysis is analyzed on an 
amino acid analyzer to determine the relative amount of each amino acid in the mixture.  An amino acid 
analyzer separates and quantitates amino acids or amino acid derivatives.  The separation may be based on 
the ionic properties of the amino acids (i.e., ion exchange chromatography), or it may be based on the degree 
of hydrophobicity of derivatized amino acids (i.e., reverse phase HPLC). 
     The primary structure or amino acid sequence is established by fragmenting polypeptides into short 
oligopeptides suitable for Edman degradation (see below).  Fragmentation is accomplished by either 1) 
enzymatic cleavage at specific residues in the polypeptide using trypsin (hydrolyzes peptide bonds whose 
carbonyl group is donated by Arg or Lys), chymotrypsin (Phe, Tyr or Trp), clostripain (Arg), staphylococcal 
protease (Asp, Glu), or 2) using chemical means such as cyanogen bromide to cleave after Met. 
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     The amino acid sequences of the short oligopeptides are established using Edman degradation.  The basic 
idea is to subject an oligopeptide to multiple rounds of modification and cleavage.  In Edman chemistry, the 
amino-terminal amino acid is modified using phenylisothiocyanate and specifically cleaved to release the 
derivatized N-terminal residue while producing a new terminus.  The amino acid sequences of all of the 
oligopeptides produced by fragmentation using at least two different and overlapping fragmentation 
techniques are compared to establish how the individual fragments are represented in the protein.  Mass 
spectrometry is also being used to establish the sequence of short oligonucleotides. In tandem mass 
spectrometry a protein fragmented by protease digestion is filtered using the first mass spectrometer into its 
components. Each component can then be directed into a collision chamber and then into a second mass 
spectrometer.  The collision chamber fragments peptides at specific locations and comparison of mass 
differences between fragments reveals the amino acid residue lost by fragmentation.  In peptide mass 
fingerprinting, proteins isolated, for example, by two-dimensional polyacrylamide gel electrophoresis 
(isoelectric focusing followed by SDS PAGE) are digested with a proteolytic enzyme like trypsin and the tryptic 
fragments analyzed by MALDI-TOF.  The identity of the protein can be established by comparing the size of 
tryptic fragments to those predicted by analysis of proteins in a database. 
     Amino acid sequence information is useful in helping to determine the function of proteins.  Proteins that 
have a high degree of sequence similarity often perform similar functions.  Proteins whose genes evolve from a 
common ancestral gene are said to be homologous and this homology is evidenced by high sequence 
similarity.  Homologous proteins can be orthologous or paralogous.  Orthologous proteins are proteins found 
in different organisms.  They arose by gene duplication before the two organisms diverged from each other.  
Paralogous proteins are homologous proteins found in the same organism and they arose from gene 
duplication within the species.  BLAST programs are used to identify sequence similarities and these 
programs use scoring matrices to help identify distantly related proteins.  BLOSUM substitution matrix 
derives from sequence information of related proteins and provides a numerical score for the likelihood of 
observing a particular amino acid substitution. 
     Chemical synthesis of peptides using solid-phase synthesis allows for production of peptides with a 
number of uses in the laboratory. 
     Proteins have a diversity of functions and this diversity is possible because of the diversity in amino acid 
building blocks, the use of post-translational modifications of amino acids and inclusion of nonprotein 
constituents.  As a crude classification, proteins are cataloged as fibrous, globular, or membrane.  Fibrous 
proteins are elongated in shape; globular proteins are spherical in shape and water soluble; membrane 
proteins associate with biological membranes.  Of the biopolymers, proteins are by far the most diverse group 
serving a number of biological purposes.  The vast majority of biological catalysts are enzymes, proteins 
capable of increasing the rate of specific reactions.  Regulatory proteins modulate physiological responses of 
cells by binding to specific cell components.  Transport proteins facilitate the movement of substances. 
Storage proteins provide a source of amino acids.  Contractile and motile proteins are proteinaceous elements 
involved in force generation and motility in cells.  Structural proteins provide mechanical support.  Scaffold 
proteins recruit different proteins into multiprotein complexes. Protective proteins serve as a defense barrier.  
Many proteins have additional components including carbohydrates, lipids, nucleic acids and nucleotides, 
metal ions, and other more complicated organic molecules (coenzymes and prosthetic groups). 
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Chapter 6. Proteins: Secondary, Tertiary, and Quaternary Structure 
 

 

     The experiments of Anfinsen and White showed that the information to fold a peptide chain into a protein 
is contained in the primary structure.  Working with ribonuclease, a small protein capable of hydrolyzing 
phosphodiester bonds in RNA, they showed that enzymatic activity is dependent on the native conformation of 
the protein.  The protein contains numerous disulfide bridges that stabilize the native state.  By reducing 
these bonds and treating the protein with a denaturing agent, activity is lost.  However, the activity is 
regained if the denaturant is first removed, allowing the chain to fold into its native conformation before 
disulfide bonds are allowed to reform. 
     Quaternary structure is reserved for oligomeric proteins, proteins composed of distinct subunits.  When 
the subunits are identical, the protein is a homomultimer; when the subunits are different, the protein is a 
heteromultimer.  In multimeric proteins, the subunits typically fold into independent structures and make 
isologous (same surface) or heterologous (different surface) interactions with other subunits in the protein.  
The driving forces for these interactions are hydrophobic in nature and disulfide bonds may stabilize the 
interactions.  Quaternary associations have functional advantages including stability due to a reduction is 
surface-to-volume ratio, genetic economy, formation of active protomeric enzymes by bringing catalytic sites, 
located on separate sites on the monomer, together in the polymer and, finally, cooperativity of ligand binding 
sites and catalytic sites. 
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Chapter 7 . Carbohydrates and Glycoconjugates of the Cell Surfaces 
 

 

monosaccharides at a number of different positions to form branch polymers and the availability of numerous 
modified monosaccharides for polymer construction. 
  

 
 
Figure 7.2  The structure and stereochemical relationships of D-aldoses having three to six carbons.  The 
configuration in each case is determined by the highest numbered asymmetric carbon. 
 
 

122

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 7 . Carbohydrates and Glycoconjugates of the Cell Surfaces 
 

 

 
 
Figure 7.3  The structure and stereochemical relationships of D-ketoses having three to six carbons.  The 
configuration in each case is determined by the highest numbered asymmetric carbon. 
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membrane using a single alpha-helical segment.  The C-terminal end of the protein is intracellular and 
completely unmodified whereas the N-terminal end is extracellular and is heavily glycosylated.  In particular, 
there are numerous O-linked an N-linked glycosylations in the N-terminal domain of this protein.  Trypsin 
cleaves peptide bonds whose carbonyl groups are from the amino acids lysine and arginine.  Chymotrypsin 
cleaves peptide bonds involving the bulky, hydrophobic amino acids like phenylalanine, tyrosine and 
tryptophan.  Although the glycosylation modifications in glycophorin involve serines, threonines and 
asparagines the presence of bulky sugar groups will interfere with digestion by these enzymes.  In addition, 
peptides containing sugar moieties will differ in molecular weight from peptides without modifications. 
 
10.  Assessing the caloric content of protein and carbohydrate 
(Integrates with chapters 4, 5, and 23.)  The caloric content of protein and carbohydrate are quite 
similar, at approximately 16 to 17 kJ/g, whereas that of fat is much higher at 38 kJ/g.  Discuss the 
chemical basis for the similarity of the values for carbohydrate and for protein. 
 
Answer:  The caloric content of a compound refers to the release of energy that occurs upon complete 
oxidation of the compound.  In effect, it is the energy released in a series of reactions converting carbon-based 
compounds to carbon dioxide and water.  Thus, the further away a typical carbon of a compound is from 
carbon dioxide the larger its caloric content.  For fats, carbons are highly reduced whereas carbohydrate 
carbons and protein carbons are more oxidized.  
 
11.  Writing a mechanism for starch phosphorylase 
Write a reasonable chemical mechanism for the starch phosphorylase reaction (Figure 7.22). 
 
Answer:  Starch phosphorylase cleaves glucose units from starch by phosphorlysis using phosphate to release 
glucose as glucose-1-phosphate.  All phosphorylases have pyridoxal phosphate as cofactor and it is thought 
that the phosphate group of this cofactor plays a role in catalysis.  The phosphate group of pyridoxal 
phosphate may function alternatively as an acid and then a base to promote the cleavage of the glycosidic 
bond by the substrate phosphate.     
 
12.  Assessing the toxicity of laetrile 
Laetrile treatment is offered in some countries as a cancer therapy.  This procedure is dangerous, 
and there is no valid clinical evidence of its efficacy.  Suggest at least one reason that laetrile 
treatment could be dangerous for human patients. 
 
Answer: Whenever confronted with an unfamiliar molecule it is extremely useful to look up its structure.  
Here are two web sites that are extremely useful in this regard: http://chemfinder.cambridgesoft.com/ and 
http://www.genome.ad.jp/ligand/. The first URL is to ChemFinder, a very useful chemical database.  In 
addition to structural information, results pages from hits in this database provide a number of very 
informative links to biochemistry, health, physical properties, regulations, online ordering and others in 
addition to showing structure and listing useful physical properties like molecular weight, chemical formulae 
etc.  However, it requires you to register with the site.  The second URL is a ligand database, which is linked 
to a number of other databases.  (For a diagram of these links visit: 
http://www.genome.ad.jp/dbget/dbget.links.html.)  Ligand will conduct searches on several databases 
including pathways, enzymes and compounds. In 2004 NIH released PubChem, another database of small 
organic compounds.  It is searchable at http://www.ncbi.nlm.nih.gov/.  
 
Laetrile was not found in the Ligand database but was found by ChemFinder and PubChem.  Its structure is 
shown below.  It is a substituted glycoside, a diglucose substituted with mandelonitrile, which contains a 
cyanide group.  Metabolism of this compound should produce cyanide, which is highly toxic. 
 
Some plants use so-called cyanogenic glucosides as defense mechanisms against herbivores.  Laetrile is a 
stereoisomeric form of amygdalin (which is found in both Ligand and ChemFinder.).  Amygdalin was first 
isolated from almonds.  The famous biochemist Krebs isolated one of the stereoisomeric forms, a levorotary 
form which was named laetrile. 
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13.  Assessing the efficacy of glucosamine and chondroitin for arthritis pain 
Treatment with chondroitin and glucosamine is offered as one popular remedy for arthritis pain.  
Suggest an argument for the efficacy of this treatment, and then comment on its validity , based on 
what you know of polysaccharide chemistry. 
 
Answer:  Chondroitin is a glycosaminoglycan consisting of linear chains of D-glucuronate and N-acetyl-D-
galactosamine-4(or 6)-sulfate.  Glucuronate is a sugar acid derived from glucose by oxidation of C-6 to a 
carboxylic acid function.  At neutral pH this group has a 1- charge.  Sulfated sugars are also negatively 
charged.  Thus, condroitin sulfate is highly negatively-charged.  One question to ask is how effectively is 
condroitin sulfate absorbed by the body and how well is it transported to joints.  Glucosamine is used in 
synthesis of cartilage matrix proteoglycan.  In addition to being a component of hyaluronate and keratan 
sulfate, it is converted into galactosamine, which is found in chondroitin.  It is possible that dietary 
supplements of chondroitin and/or glucosamine help to maintain levels of glycosaminoglycans.  Dietary 
supplements, however, and not subject to regulations covering drugs and pharmaceuticals. 
 
14.  Assessing a remedy for flatulence 
Certain foods, particularly beans and legumes, contain substances that are indigestible (at least in 
part) by the human stomach, but which are metabolized readily by intestinal microorganisms, 
producing flatulence. One of the components of such foods is stachyose, shown below:  

 
Beano is a commercial product that can prevent flatulence. Describe the likely breakdown of 
stachyose in the human stomach and intestines and how Beano could contribute to this process. 
What would be an appropriate name for the active ingredient in stachyose? 
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sandwiched between two plasma membranes, the outer one modified by lipopolysaccharides that are 
antigenic determinants called O antigens.  Gram-positive cell walls have pentaglycine bridges between the 
side chain lysine and the C-terminus of another peptide.  Additionally, polymers of ribitol phosphate or 
glycerol phosphate are covalently attached to murin.  Animal cells have an array of polysaccharides on their 
cell surface in the form of glycoproteins.  Proteoglycans are found in the extracellular matrix.  Glycoprotein 
have either O-linked or N-linked saccharides.  O-linkage occurs on hydroxyl groups on serine, threonine or 
hydroxylysine and the carbohydrate is typically N-acetylgalactosamine.  O-Linked membrane glycoproteins 
have two structural motifs.  In one, glycosylation occurs through out the entire extracellular domain of the 
protein causing it to adopt an extended conformation.  In the second, a globular domain is held distal to the 
membrane surface by a glycosylated domain that adopts an extended conformation. O-linked glycoproteins 
are used by Antarctic and Artic fish as antifreeze.  N-linkage occurs on asparagines with a dimer of N-
acetylglucosamine  linked to a branched mannose triad, often with additional sugars attached to mannose.  
N-glycosylation is known to support a number of functions including stabilization of protein conformation, 
protection from proteolysis and membrane trafficking to intracellular organelles.  In blood proteins, 
degradation of oligosaccharides on N-linked glycoproteins is used as a measure of protein age and 
functionality.  Asialoglycoprotein receptors in the liver bind to proteins not fully glycosylated.  The receptor-
protein complex is internalized by endocytosis and degraded. 
    Proteoglycans are glycoproteins with glycosamionglycans O-linked to serine residues in Ser-Gly repeats.  
Proteoglycans are either soluble components of the extracellular matrix or integral transmembrane proteins.  
In general proteoglycans, via their glycosaminoglycan groups, bind to specific proteins containing BBXB and 
BBBXXB (B is basic) sequences.  Several proteoglycans are involved in modulation of cell growth. 
     The complexity of living systems is a consequence in part of an organism’s proteome, the proteins 
expressed by an organism’s genome.  This complexity also depends on a diverse array of polysaccharides that 
arise from a number of modified monosaccharides joined in a variety of ways to produced complex linear and 
branched structures.  Cells present themselves to the environment coated with carbohydrate and this coating 
is used in an array of cell functions including signaling, recognition, growth and regulation of cell 
differentiation.  For example, selectins are adhesion proteins found on the cell surface of leukocytes and on 
endothelial cells that line the walls of blood vessels.  Movement of leukocytes along the vascular wall is 
achieved by selectin-carbohydrate interactions.  Galectins are carbohydrate binding proteins involved in cell 
adhesion, growth regulation, inflammation, immunity and metastasis. 
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c.) Phosphatidylethanolamine and phosphatidylcholine are the only uncharged glycerophospholipids at 
neutral pH.    
 
4.  Comparing health effects of cholesterol and plant sterols 
Compare and contrast two individuals, one of whose diet consist largely of meats containing high 
levels of cholesterol, and the other of whose diet is rich in plant sterols.  Are their risks of 
cardiovascular disease likely to be similar or different?  Explain your reasoning. 
 
Answer:  The American Heart Association identifies high blood cholesterol levels as one of the major risk 
factors for cardiovascular disease.  Fortunately, for many individuals, blood cholesterol levels can be 
maintained at low levels by avoiding diets high in cholesterol and saturated fatty acids.  Foods that contain 
cholesterol include meat, poultry and seafood, and dairy products.  (Lean red meats contain similar amounts 
of cholesterol as poultry and fish.  Plants do not contain cholesterol.) 
     High blood cholesterol levels lead to atherosclerosis, a thickening and hardening of arteries that is a 
consequence of plaque formation on arterial walls.  Thus, diets high in cholesterol may contribute to plaque 
formation. 
     Since plants lack cholesterol, foods derived from plants do not contribute directly to high cholesterol 
levels.  Diets high in triacylglycerols containing saturated fatty acids will raise blood cholesterol.  In addition, 
trans fatty acids may also contribute to increased blood cholesterol.  One source of trans fatty acids is from 
margarine produced by hydrogenation of vegetable oils.  In addition, there is evidence that plant sterols 
(phytosterols) may actually lower blood cholesterol by inhibiting cholesterol absorption. 
 
5.  Evaluating organic secretions of trees 
James G. Watt, Secretary of the Interior (1981-1983) in Ronald Reagan’s first term, provoked 
substantial controversy by stating publicly that trees cause significant amounts of air pollution.  
Based on your reading of this chapter, evaluate Watt’s remarks. 
 
Answer:  During the 1980 presidential campaign Ronald Reagan stated that trees cause more air pollution 
than do automobiles.  Trees in fact do emit large quantities of hydrocarbons principally in the form of 
isoprenes.  These volatile hydrocarbons may react with ozone to form compounds similar to those found in 
smog.  (Trees, however, play a key role in removing pollutants from air.)  
 
(The press had a field day with Reagan’s comment, which evoked numerous light-hearted reactions.  For 
example, at Claremont College a tree was draped with a banner that read: “Chop me down before I kill again.” 
(The Washington Post Oct. 15, 1980)) 
 
6.  Evaluating nutritional benefits of foods 
In a departure from his usual and highly popular western, author Louis L’Amour wrote a novel in 
1987, Last of the Breed (Bantom Press), in which a military pilot of Native American ancestry is shot 
down over the former Soviet Union and is forced to use the survival skills of his ancestral culture to 
escape his enemies.  On the rare occasions when he is able to trap and kill an animal for food, he 
selectively eats the fat, not the meat.  Based on your reading of this chapter, what was his reasoning 
for doing so? 
 
Answer:  Fats and oils are composed of highly reduced carbons and, therefore, they release large amounts of 
energy when metabolized aerobically into carbon dioxide and water.  L’Amour’s hero likely knew of the high 
caloric content of animal fat.  In addition, oxidation of triacylglycerols produces water, which might be of 
some value in dry climates. 
 
7.  Exploring the action of phospholipase A2 
As you read Section 8.8, you might have noticed that phospholipase A2, the enzyme found in 
rattlesnake venom, is also the enzyme that produces essential and beneficial lipid signals in most 
organisms. Explain the differing actions of phospholipase A2 in these processes. 
 
Answer: Phospholipase A2 (EC 3.1.1.4) hydrolyzes glycerophospholipids at carbon 2 releasing free fatty acids 
and monoacylglycerol (lysophosphopholipid).  When the fatty acid at position 2 is arachidonic acid this 
compound can serve as substrate for prostaglandin synthesis.  Prostaglandins have a range of physiological 
activities including response to inflammation and pain. Lysophospholipids are also lipid signaling molecules 
that act through G-protein-coupled receptors and regulate cellular functions such as migration and 
chemotaxis, calcium ion homeostasis and cell proliferation and survival. 
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13.  Understanding the functions of steroid hormones 
Describe in your own words the functions of androgens, glucocorticoids, and mineralocorticoids. 
 
Answer:  Androgens, glucocorticoids and mineralocorticoids are all steroid hormones derived from cholesterol.  
Androgens are responsible for development of sexual characteristics of males and for sperm production.  In 
addition, androgens control libido and aggressiveness.  The principal androgen is testosterone, which is 
produced by interstitial cells of the testis.  Glucocorticoids and mineralocorticoids are steroid hormones 
produced by the adrenal cortex.  Glucocorticoids regulate metabolism, specifically of carbohydrate, protein 
and lipid.  The major glucocorticoid is cortisol.  It stimulates gluconeogenesis and amino acid uptake by the 
liver and kidney.  In adipocytes (fat cells) it inhibits glucose uptake and stimulates lipolysis.  Glucocorticoids 
also have anti-inflammatory properties.  Mineralocorticoids regulate extracellular fluid volume by modulating 
potassium uptake in the kidney.  The principal mineralocorticoid is aldosterone. 
 
14.  Understanding structures and properties of terpenes 
Look through your refrigerator, your medicine cabinet, and your cleaning solutions shelf or cabinet, 
and find at least three commercial products that contain fragrant monoterpenes.  Identify each one 
by its scent and then draw its structure. 
 
Answer:  Here are a few.  Limonene is found in orange oil and lemon oil, phellandrene in spearmint, pinene in 
pine and eucalyptus, camphene in firs, sweet fennel and nutmeg, myrcene in coriander, ginger, cinnamon 
and nutmeg.   
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15.  Understanding the chemistry of soaps 
Our ancestors kept clean with homemade soap (page 222), often called “lye soap.” Go to 
http://www.wikihow.com/Make-Your-Own-Soap and read the procedure for making lye soap from 
vegetable oils and lye (sodium hydroxide). What chemical process occurs in the making of lye soap? 
Draw reactions to explain. How does this soap work as a cleaner? 
 
Answer:  Lye is first dissolved in water and cooled to around 37ºC.  Next, coconut oil and vegetable shortening 
are heated to liquefy them and then olive oil is added.  This mixture is then brought to 37ºC and slowly added 
to the lye solution. 
 
Lye is sodium hydroxide, which is very soluble and will dissociate into Na+ and OH- making a solution with 
very high pH.  The various oils are triacylglycerols and the reaction that ensues is saponification: base-
catalyzed hydrolysis of an ester.  The reaction is shown below: 

 
This reaction occurs at all three carbons on the glycerol backbone producing glycerol and three fatty acids 
that are unprotonated and thus negatively charged.  These carboxylates bind sodium to form a salt of a fatty 
acid that aggregates as soap. 
 
Soaps clean by forming fatty acid micelles that present a hydrophobic interior in which water-insoluble 
materials can dissolve.  These substances are then, in effect, made water soluble by being coated with 
negative charge from the carboxyl groups on the fatty acids. 
 
The mixture of lipids used for this homemade soap deserves comment.  Vegetable shortening is hydrogenated 
vegetable oil typically made by passing hydrogen gas through oil containing a nickel catalyst.  This process 
saturates some of the double bounds found in vegetable oils that make them liquid at room temperature.  
Hydrogenation, however, also produces some trans fatty acids.  Removal of unsaturated fatty acids allows 
hydrocarbon chains to interact more effectively via van der Waals force to produce a solid at room 
temperature.  Coconut oil is actually a solid at room temperature because it contains long-chained fatty acids 
in its triacylglycerols.  The use of coconut oil and vegetable oil will make the soap form firm cakes because of 
the favorable van der Waals interactions long chained fatty acids and trans fatty acids can make.  By varying 
the proportions of triacylglycerol sources one can vary the hardness of the soap cakes. 
 
This is not to be confused with hard soap and soft soap.  Hard soap is a consequence of saponification using 
sodium hydroxide.  Soft soaps are made using potassium hydroxide.  Sodium salts of fatty acids tend to be 
less soluble than potassium salts and in general the solubility tends to increase with group I elements.  Salts 
of fatty acids and group II elements, in particular magnesium and calcium,  are insoluble.  Water with high 
concentrations of divalent cations is termed “hard water”.  Soaps work poorly in hard water and leave a “ring 
around the bathtub” as calcium and magnesium salts of fatty acids precipitate out of solution.  Water 
softening agents are agents like citrate or polyphosphates that chelate divalent cations preventing them from 
interacting with soap molecules. 
 
16.  Understanding the chemistry of common foods 
Mayonnaise is mostly vegetable oil and vinegar. So what’s the essential difference between oil and 
vinegar salad dressing and mayonnaise? Learn for yourself: Combine a half cup of pure vegetable oil 
(olive oil will work) with two tablespoons of vinegar in a bottle, cap it securely, and shake the 
mixture vigorously. What do you see? Now let the mixture sit undisturbed for an hour. What do you 
see now? Add one egg yolk to the mixture, and shake vigorously again. Let the mixture stand as 
before. What do you see after an hour? After two hours? Egg yolk is primarily phosphatidylcholine. 
Explain why the egg yolk caused the effect you observed. 
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Answer:  In the first experiment combining pure vegetable oil and vinegar and shaking vigorously produces an 
unstable emulsion that eventually separates into an oil layer floating on an aqueous vinegar layer.  Vinegar is 
essentially a dilute solution of acetic acid in water ranging from 3% to 10% acetic acid.  An emulsion is a 
suspension of two immiscible fluids and the emulsion we are attempting to make is an oil-water emulsion. 
 
To make a stable oil-water emulsion we are going to need an emulsifying agent.  This is a compound that can 
interact with both the oil phase and the aqueous phase and so it must be amphiphilic.  A detergent would fit 
the bill nicely and a component of egg yolk serves this purpose. 
 
Dry egg yolk is approximately 60% lipid and 30% protein. Of the lipid 65% is triacylglycerol, 4% cholesterol 
and most of the rest is phospholipid, principally phosphatidylcholine (26%) and phosphatidylethanolamine 
(4%).  Phosphatidylcholine is often termed lecithin.  The head group of lecithin is phosphocholine, a 
zwiterionic compound with an negatively charged phosphate and a  positively charged choline.  (Choline is 
essentially trimethylethanolamine.)  Mayonnaise is a stable oil-vinegar emulsion because 
phosphatidylcholine’s fatty acid tails interact with triacylglycerol from the oil coating it with strongly polar 
groups that stabilize oil droplets in solution. 
 
Other emulsions include Hollandaise and Béarnaise.  These are made with butter, egg yolk and lemon juice or 
vinegar.       
 
17. Evaluating the physiological benefits of stanol esters 
The cholesterol-lowering benefit of stanol-ester margarine is only achieved after months of 
consumption of stanol esters (see graph, page 236). Suggest why this might be so. Suppose dietary 
sources represent approximately 25% of total serum cholesterol. Based on the data in the graph, 
how effective are stanol esters at preventing uptake of dietary cholesterol? 
 
Answer:  The cholesterol-lowering activity of stanol esters is complex and involves both the secretion of 
cholesterol in bile and lowering the uptake of cholesterol in the small intestine.  Blocking uptake of 
cholesterol occurs in the small intestine where stanol esters incorporate in micelles formed in the gut from 
bile salts, phospholipids, free sterols –including cholesterol and phytosterols- and fatty acids.  Stanol-esters 
are more soluble than cholesterol in micelles and so they reduce the levels of cholesterol.  Micelles are then 
taken up by the intestine and repackaged as chylomicrons.  Stanol, a phytosterol, is actively excreted back 
into the lumen of the intestine by sterolin, an integral membrane protein that functions as a heterodimer of 
ABCG5 and ABCG8 to actively pump phytosterols out of the intestine.  Sterolin is also active in the liver 
where it secretes phytosterols and cholesterol into bile. 
 
If the cholesterol-lowering effect of phytosterols is only due to blockage of uptake then one might expect an 
immediate lowering of cholesterol levels. That it takes months to achieve lower cholesterol levels may be an 
indication that gene expression is at work.  Higher dietary stanol would lead to higher uptake of stanol that is 
actively removed from the body by the liver.  The liver might be responding to higher stanol levels by 
expression of ABCG5 and ABCG8, which in turn actively pumps phytosterols and cholesterol into bile 
secretions. 
 
The graph on page 236 shows approximately a 14% decrease in cholesterol levels over time (240 mg/dl to 210 
mg/dl).  If the 240 gm/dl level is being maintained by dietary cholesterol, which represents 25% of total 
cholesterol, then (25% of 240) 60 mg/dl is due to diet alone.  Stanol-ester lowers cholesterol by around 30 
mg/dl.  Thus, stanol-ester treatment appears to be blocking 50% of cholesterol uptake.  This assumes that 
endogenous cholesterol production remains constant.  There is evidence that cholesterol production does in 
fact increase so stanol-esters are likely blocking considerably more than 50% of dietary cholesterol.  
 
18.  Comparing therapies for cholesterol lowering 
Statins are cholesterol-lowering drugs that block cholesterol synthesis in the human liver (see 
Chapter 24). Would you expect the beneficial effects of stanol esters and statins to be duplicative or 
additive? Explain. 
 
Answer:  The effects of stanol esters and statins are additive.  Statins are drugs that block the enzyme 3-
hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoA reductase), an enzyme that catalyzes the rate-
limiting step in cholesterol biosynthesis.  Stanol esters reduce cholesterol levels by blocking uptake of dietary 
cholesterol in the intestine and increasing secretion by the liver of cholesterol in bile.      
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Chapter 8 . Lipids 

 

19.  Assessing the sterol and stanol content of food products 
If most plant-derived food products contain plant sterols and stanols, would it be as effective (for 
cholesterol-lowering purposes) to simply incorporate plant fats in one’s diet as to use a sterol- or 
stanol-fortified spread like Benecol? Consult a suitable reference (for example, 
http://lpi.oregonstate.edu/infocenter/phytochemicals/sterols/#sources at the Linus Pauling Institute) 
to compose your answer. 
 
Answer:  According to the Micronutrient Information Center, a single serving (14 g or 1 tablespoon) of Benecol 
spread has 850 mg of stanol esters (500 mg free stanols).  Normal daily dietary intakes of phytosterol range 
from 150 to 450 mg and only around 10% is stanol.  Thus, one or two servings of Benecol provide far more 
stanol than a typical diet.  While dietary phytosterols likely play a role in lowering cholesterol levels there are 
not many studies showing this.  Studies on diets supplemented with phytosterols show that the effective 
intake levels range from 1.5 to 3 grams per day.  Saturated fatty acids have an effect on cholesterol levels and 
plant triacylglycerols tend to have less saturated fatty acids so increasing one’s intake of plant-derived food 
products would have an indirect effect on cholesterol independent of phytosterols. 
 
20.  Evaluating the history and culture of anabolic steroids 
Tetrahydrogestrinone is an anabolic steroid. It was banned by the U.S. Food and Drug 
Administration in 2003, but it has been used illegally since then by athletes to increase muscle mass 
and strength. Nicknamed “The Clear,” it has received considerable attention in high-profile steroid-
abuse cases among athletes such as baseball player Barry Bonds and track star Marion Jones. Use 
your favorite Web search engine to learn more about this illicit drug. How is it synthesized? Who is 
“the father of prohormones” who first synthesized it? Why did so many prominent athletes use The 
Clear (and its relative, “The Cream”) when less expensive and more commonly available anabolic 
steroids are in common use? (Hint: There are at least two answers to this last question.) 
 
Answer:  Tetrahydrogestrinone is synthesized from gestrinone and as its name implies the two compounds are 
related by simple oxidation/reduction chemistry: Tetrahydrogestrinone is reduced gestrinone.  
Tetrahydrogestrinone is synthesized starting with gestrinone and reducing it using hydrogen gas and a 
suitable catalyst like palladium on carbon.  The two compounds are shown below. Reduction of the 
carbon/carbon triple bond converts gestrinone into tetrahydrogestrinone.   

 
The “father of prohormones is Patrick Arnold, a chemist who is credited with first synthesizing 
tetrahydrogestrinone.  (See http://www.steriod.com)  This compound became popular because it was 
undetectable by standard techniques employed to monitor androgen abuse in sports.  The World Anti-Doping 
Agency (WADA), created in 1999, is an international organization that monitors doping in sports.  The use of 
chemicals to enhance sports performance is prohibited by WADA and many other organizations.  WADA is 
concerned for the welfare of athletes and it is committed to insuring that athletes compete in doping-free 
sports, that the integrity of sports is maintained and that athletes are protected against chemicals that are a 
health threat.  (See http://www.wada-ama.org/en/) 
 
Monitoring of illegal drugs is done by mass spectrometry.  Typically, urine samples are analyzed and 
compared against a library of compounds of known structure to detect particular drugs. The shortcoming of 
mass spectrometry is that a compound needs to be previously characterized and designer drugs are novel 
compounds not detected by mass spectrometry screening.  Tetrahydrogestrinone was identified as an 
androgenic steroid, an undetectable “designer drug” given the nickname “The Clear”.  (See Rapid Commun. 
Mass Spectrom. 2004; 18, 1245-1249).  A spent syringe was sent anonymously to the United States Anti-
Doping Agency in June of 2003.  Scientists at the UCLA Olympic Analytical Laboratory analyzed the content 
of the syringe and characterized the compound as tetrahydrogestrinone.  This analysis provided a standard 
against which mass spectrometry is used to detect this androgenic steroid. 
 
Androgens and erythropoietin are the most illicitly used drugs to enhance sport performance.  (See Asian J 
Androl 2008; 10:403-415).  Androgenic compounds, as mentioned above, are detected by mass spectrometry.  
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Chapter 8 . Lipids 

 

3.  At a romantic candle-light dinner, the conversation turns to properties of waxes and what exactly happens 
when a candle burns.  Contribute to the conversation. 
 
4a. Margarine is made from vegetable oil by a process called hydrogenation in which the oil is reacted with 
hydrogen gas in the presence of a small amount of nickel that functions as a catalyst.  Hydrogenation 
saturates double bonds.  Explain why hydrogenated vegetable oil is a solid. 
b.  Margarines may be purchased in stick-form or in small tubs.  What is the important chemical difference 
between these two kinds of margarines?    
 
5.  Venom from honey bees (Apis mellifera) contains a phospholipase and several other components including 
a small amount of a polypeptide that acts as a detergent.  Can you suggest a function for the polypeptide in 
terms of phospholipase activity? 
 
6.  Oil-water emulsions like mayonnaise and Hollandaise sauce contain, in addition to egg yolk and a lipid 
source (like oil or butter), sodium chloride and a source of acid (vinegar or lemon juice).  Salt and acid are 
added for flavor but they also contribute to emulsion formation.  They do this by interacting with egg yolk 
proteins.  What might these agents be doing to yolk proteins to help with emulsion formation?  
 

Abbreviated Answers 
 
1.  Phospholipase A2 cleaves phospholipids to produce a free fatty acid and lysophospholipid, both of which 
are good emulsifying agents. 
 
2.  Mineral-rich water contains, among other things, high levels of divalent cations.  Divalent cations will 
interact with and precipitate fatty acids.  Water softeners are agents that chelate the offending divalent 
cations.  Water can also be softened by ion exchange with resins that bind divalent cations.   
 
3.  Waxes are esters of long-chain alcohols and fatty acids.  For example, in beeswax, straight-chain alcohols 
24 to 36 carbons in length are esterified to long, straight-chain fatty acids up to 36 carbons in length.  The 
melting temperature of beeswax is around 63°C.  When a candle burns, the lit wick produces heat that melts 
the wax.  The liquid wax is drawn up the wick to be consumed in the flame.  A good candle will produce very 
little dripping wax because the wax is all consumed in the flame. 
     Wax is a rich source of oxidizable hydrocarbons and serves the same purpose as oil does in a lamp, or 
gasoline does in an internal combustion engine.  However, waxes and oils do not explode because they have 
very low vapor pressures. 
 
4.  a. Margarines are typically made from vegetable oils such as corn oil and soybean oil.  They are oils, 
liquids at room temperature,  because their composition includes greater than 50% unsaturated fatty acids.  
Hydrogenation is the addition of hydrogen to double-bonds producing a saturated hydrocarbon.  For a given 
chain length, saturated hydrocarbons have a higher melting temperature than do unsaturated hydrocarbons.  
Thus, saturation of the double-bonds in the fatty acids in corn and soy oil reduces the level of unsaturated 
fatty acids and as a consequence the melting temperature is increased.  
     b. The difference between tub-margarine and stick-margarine is the degree of saturation.  Tub-margarine 
is distributed in a container because it is softer than stick-margarine due to a lower  degree of hydrogenation. 
 
5.  The phospholipase of bee venom requires free lipids as substrates and the purpose of the detergent-like 
polypeptide may be to dissolve some of the victim's membrane to provide substrates.  Once the reaction 
starts, the products, free fatty acids and lysolecithin, are both detergent-like molecules that will aid in 
dissolving membranes. 
 
6.  The ion components of salts might be interacting with the charged amino acid side chains of yolk proteins 
to neutralize charge.  This might lessen repulsive forces among proteins.  In addition, low pH produced by 
vinegar or lemon juice will alter the charge on yolk proteins. 
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Chapter 8 . Lipids 

 

Summary 
 
     Lipids are a large and diverse class of cellular compounds defined by their insolubility in water and 
solubility in organic solvents.  Lipids serve several biological functions.  As highly reduced forms of carbon, 
lipids yield large amounts of energy in the oxidative reactions of metabolism.  As hydrophobic molecules, 
lipids allow membranes to act as effective barriers to polar molecules.  The unique bilayer structure of 
membranes derives mainly from the amphipathic nature of membrane lipids.  Certain lipids also play roles as 
cell-surface components involved in immunity, cell recognition and species specificity.  Other lipids act as 
intracellular messengers and triggers, which regulate a variety of processes. 
     Most fatty acids found in nature have an even number of carbon atoms.  Fatty acids may either be 
saturated or unsaturated, and double bonds are normally of the cis configuration.  “Essential” fatty acids, 
including linoleic and linolenic acids, are not synthesized by mammals, but are required for growth and life.  
Triacylglycerols consist of a glycerol molecule with three fatty acids esterified.  Triacylglycerols in animals are 
found primarily in adipose tissue, and serve as a major metabolic reserve for the organism. 
     Glycerophospholipids, a major class of lipids, are composed of an sn-glycerol-3-phosphate with fatty acids 
esterified at the 1- and 2- positions.  Many different “head groups” can be esterified to the phosphate, 
including choline, ethanolamine, serine, glycerol and inositol.  Ether glycerophospholipids are glycerol-based 
lipids but with a fatty alcohol in ether linkage at carbon 1.  Sphingolipids are lipids formed from sphingosine, 
a long chain fatty alcohol, to which another fatty acid is attached in amide linkage to form a ceramide.  
Sphingomyelin is a phosphate-containing sphingolipid.  Glycosphingolipids consist of a ceramide backbone 
with one or more sugars.  Cerebroside is a glycosphingolipid containing either glucose or galactose.  
Gangliosides have three or more sugars esterified, one of which must be a sialic acid.  Glycosphingolipids are 
present in only small amounts, but serve numerous important cell functions.  Terpenes are a class of lipids 
derived from isoprene units.  The steroids, including cholesterol, are an important class of terpene-based 
lipids.  Other steroids in animals, including the androgens and estrogens (male and female hormones, 
respectively) and the bile acids (used in digestion) are derived from cholesterol. 
     Waxes are esters of long-chain fatty acids and long-chain alcohols.  Because of their low water solubility 
and ability to aggregate, waxes are used to form water-impermeable surfaces. 
     In addition to being components of biological membranes certain lipids serve as substrates to produce 
chemical signaling molecules.  For example, action of phospholipase A2 on a phosphatidic acid containing 
arachidonic acid leads to production of free arachidonic acid, which is the precursor of the eicosanoids, and 
lysophosphatidic acid, an extracellular signaling molecule.  Digestion of phosphatidylinositol by 
phospholipase C releases diacylglycerol, an activator of protein kinase C, and inositol phosphate, which 
regulates cellular calcium levels. 
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The plot shown above is for bovine pancreatic ribonuclease.  I followed directions but recreated the plot in 
Excel using data from ProtScale found in “Numerical format (verbose)”.  This option and others are presented 
at the bottom of the ProtScale results page. Essentially I copied the data into an Excel spread sheet and 
plotted it. 
 
Hydrophobic regions are positive values and hydrophilic regions are negative values.  The plot starts at 
residue 5 because the default window size of 9 was used and 5 is the middle integer.  The values plotted on 
the y-axis are the average hydrophobicity of 9 amino acid residues.  For example, the very first y-value is 
2.044.  This corresponds to the average hydrophobicity of the first 9 amino acid residues, which are 
MALKSLVLL.  The scale used for the Kyle & Doolittle plot is given near the top of the results page.  
MALKSLVLL = (1.900 + 1.800 + 3.800 - 3.900 – 0.800 + 3.800 + 4.200 + 3.800 + 3.800 )/9 =  2.044. 
 
The large peak near the N-terminus is the signal sequence, which is required for this enzyme to be secreted 
by the pancreas.  The rest of the plot has regions of weak hydrophobicity and regions of hydrophilicity.  
Ribonuclease has 4 disulfide bonds that stabilize the structure, which is composed of helices and sheets.  The 
protein is soluble in aqueous solution and globular in shape although the globular shape is not a 
consequence of a large hydrophobic core. 
 
I tried to recreate the plots shown in Figure 9.14 and started with rhodopsin.  At first I tried bovine rhodopsin 
but the very first peak was not correct so I then tried human rhodopsin and got a perfect match.  I was 
curious why bovine rhodopsin didn’t match and so I did a sequence alignment of the two proteins and 
discovered that near the N terminus there are a few substitutions, which accounted for the difference.  This is 
shown below for the first 66 residues along with the sequence alignment over this region. 

 

 
 

OPSD_BOVIN 1 MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLY 
OPSD_HUMAN 1 MNGTEGPNFYVPFSNATGVVRSPFEYPQYYLAEPWQFSMLAAYMFLLIVLGFPINFLTLY 
             *************** ********* ********************** *********** 

So, the rhodopsin shown in Figure 9.14 appears to be human rhodopsin, which is an integral membrane 
protein that traverses the membrane several times as indicated by the seven strongly hydrophobic regions.  I 
wanted to recreate the plot for glycophorin and so I did a key word search for human glycophorin at SwissProt 
and got four hits.  The first one, glycophorin A precursor, seems to be the one shown in Figure 9.14 but with 
one very important exception.  The plot is shown below.  
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Chapter 10 . Nucleotides and Nucleic Acids 

 

Problems and Solutions 
 
1.  The structure and ionization properties of nucleotides 
Draw the principal ionic species for 5’-GMP occurring at pH 2. 
 
Answer: 
 

 
 
2.  Oligonucleotide structure 
Draw the chemical structure of pACG. 
 

 
 
3.  Chargaff’s rules for the base composition of DNA 
Chargaff's results (Table 10.1) yielded a molar ratio of 1.29 for A to G in ox DNA, 1.43 for T to C, 1.04 
for A to T, and 1.00 for G to C.  Given these values, what are the mole fractions of A, C, G, and T in 
ox DNA? 
 
Answer:  For ox DNA: A/G = 1.29; T/C = 1.43; A/T =1.04, G/C = 1.00; (A + G)/(T + C) = 1.1 
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Chapter 10 . Nucleotides and Nucleic Acids 

 

7.  The sequence relationship between an antisense RNA strand and its template DNA strand 
The DNA strand that is complementary to the template strand copied by RNA polymerase during 
transcription has a nucleotide sequence identical to that of the RNA being synthesized (except T 
residues are found in the DNA strand at sites where U residues occur in the RNA).  An RNA 
transcribed from this nontemplate DNA stand would be complementary to the mRNA synthesized by 
RNA polymerase.  Such an RNA is called antisense RNA because its base sequence is complementary 
to the “sense” mRNA.  A promising strategy to thwart the deleterious effects of genes activated in 
disease states (such as cancer) is to generate antisense RNAs in affected cells.  These antisense RNAs 
would form double-stranded hybrids with mRNAs transcribed from the activated genes and prevent 
their translation into protein.  Suppose transcription of a cancer-activated gene yielded an mRNA 
whose sequence included the segment 5'-UACGGUCUAAGCUGA.  What is the corresponding nucleotide 
sequence (5'3') of the template strand in a DNA duplex that might be introduced into these cells so 
that an antisense RNA could be transcribed from it? 
 
Answer:  For a mRNA 5'-UACGGUCUAAGCUGA-3', what is the corresponding sequence of a template strand 
in DNA that might make antisense RNA?  Antisense RNA has a sequence complementary to the mRNA shown 
above.  It would have to be transcribed from DNA with a sequence complementary to itself.  Thus, the DNA 
must have a template sequence identical (except T for U) to the original mRNA: 

  5'-TACGGTCTAAGCTGA-3' 
In the spring of 1998 Phase III clinical trials for an antisense drug for the treatment of cytomegalovirus 
retinitis in AIDS patients were completed and a new drug application for this antisense drug was filed with 
the FDA.  
 
8.  Restriction endonuclease mapping of a DNA fragment 
A 10-kb DNA fragment digested with restriction endonuclease EcoRI yielded fragments 4 kb and 6 kb 
in size.  When digested with BamHI, fragments 1, 3.5, and 5.5 kb were generated.  Concomitant 
digestion with both EcoRI and BamHI yielded fragments 0.5, 1, 3, and 5.5 kb in size.  Give a possible 
restriction map for the original fragment. 
 
Answer: 
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Chapter 10 . Nucleotides and Nucleic Acids 

 

Answers 
 
1.  DNA; RNA; nucleotides (or nucleoside monophosphates); ribose; deoxyribose; glycosidic; pyrimidine; 
imidazole; adenine; guanine; cytosine; uracil; thymine; nucleoside. 
 
2.  a.F; b.T; c.T; d.T; e.F; f.T.  
 
3.  [A]= [T]; [G] = [C]; [pyrimidines] = [purines] 
 
4.  a.T; b.F (sequences are always written 5' to 3'); c.T; d.T; e.F. 
 
5.  RNA is relatively resistant to dilute acid whereas DNA undergoes hydrolysis of glycosidic bonds to purines.  
DNA is not susceptible to alkaline hydrolysis whereas RNA is readily hydrolyzed to nucleotides in alkaline 
solution. 
 
6.  b and c. 
 

Additional Problems 
 
1.  The nucleotides are an important class of biomolecules used as components of the nucleic acids, DNA and 
RNA.  Describe the structure of the nucleoside monophosphates found in DNA and RNA.  In your description 
be sure to describe the three chemical groups that make up a nucleotide and be certain to indicate any 
difference between deoxyribonucleotides and ribonucleotides. 
 
2.  Draw a base pair involving either G and C or A and T. 
 
3.  DNA methylation is known to most commonly occur at position 6 in A and position 5 in C.  However, the 
formation of 5-methylcytosine can create so-called mutational hot-spots.  Cytosine can undergo oxidative 
deamination at position 4.  In the unmethylated form, this deamination can be corrected, because it is easily 
recognized.  Deamination of 5-methylcytosine, however, can create problems.  Explain. 
 
4  In the following sequence of DNA, underline a 4-base palindrome, a 6-base palindrome and a purine-rich 
sequence. 
 

GAGAAATATAGATCAGAGTTAACTC 
 
5.  In the following compounds, the order of solubility is adenine < deoxyadenosine < adenosine < adenosine 
triphosphate.  Explain what each is (i.e. base, nucleoside or nucleotide), how they differ and why they show 
this relative solubility. 
 
6.  When a solution of double-stranded DNA is heated, a sharp transition is observed in the ultraviolet 
absorption properties of the solution.  The solution begins to absorb greater amounts of light at high 
temperatures, corresponding to the process of denaturation.  What physical changes in the double-stranded 
DNA molecules occur during this process of denaturation? 
 
7.  The restriction endonuclease BamHI recognizes the sequence GGATCC and cleaves between the Gs.  The 
enzyme Bgl II ("Bagel two") recognizes AGATCT and cuts between AG. What kind of overhangs are generated 
(i.e., 5' or 3')?  Are the overhangs complementary to one another? If the cleavage products are joined together 
(i.e., a BamHI fragment joined to a Bgl II fragment), is the hybrid molecule cleavable by either endonuclease? 
 
Abbreviated Answers 
 
1.  The nucleoside monophosphates found in DNA and RNA are composed of a phosphate group, a sugar 
moiety, and a nitrogenous base.  The sugar is a 5-carbon compound, deoxyribose for DNA and ribose for RNA.  
The phosphate group is attached to the 5'-carbon of the sugar.  Attached to the 1'-carbon is a nitrogenous 
base.  Bases are either purines, adenine or guanine, or pyrimidines, cytosine in DNA and RNA, or thymine in 
DNA only or uracil in RNA only.  (Thymine is 5-methyluracil.) 
 
2.   
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Chapter 11 . Structure of Nucleic Acids 

 

Problems and Solutions 
 
1.  Predicting a Sanger sequencing pattern 
The oligonucleotide d-AGATGCCTGACT was subjected to sequencing by Sanger’s dideoxy method, 
using fluorescent-tagged dideoxynucleotides and capillary electrophoresis, essentially as shown in 
Figure 11.3. Draw a diagram of the gel-banding pattern within the capillary. 
 
Answer:  In order to sequence the oligonucleotide d-AGATGCCTGACT by the Sanger dideoxy method, a 
reaction is set up such that the oligonucleotide serves as a template for primer extension using a DNA 
polymerase.  As the primer is extended sequence-specific terminations occur, producing a set of extended 
primer products that differ in length on their 3’ ends.  The sequence actually read in Sanger sequencing is the 
sequence of the extended primer strand (which is complementary to the template strand). 
 
The sequence-specific stops are generated by chain termination during polymerization.  The polymerase is 
supplied with deoxynucleotide triphosphates -dATP, dGTP, dCTP and dTTP- plus small amounts of 
fluorescently labeled dideoxynucleotides -ddATP, ddGTP, ddCTP and ddTTP.  When the polymerase begins a 
round of elongation it fills its nucleotide elongation site with a nucleotide complementary to the template.  The 
solution, however, is a mixture of regular deoxynucleotide and dideoxynucleotide and so either a normal 
deoxynucleotide or a dideoxynucleotide is selected.  If a normal deoxynucleotide is used the polymerase 
simply extends the nascent single-stranded DNA molecule by one nucleoside monophosphate. If a 
dideoxynucleotide is used the nascent chain has this nucleotide attached to its 3’ end.  Since elongation 
depends on a 3’ hydroxyl group the chain terminates with addition of the dideoxynucleoside.  Additionally, the 
chain is now modified with a fluorescent dye.  When the mixture is subject to capillary electrophoresis 
fragments will separate by size with smaller fragments migrating faster.  The electrophoresis unit is equipped 
with a laser fluorescent spectroscope that scans at a fixed position in the capillary and as DNA molecules 
migrate past the laser they are excited and fluoresce.  The wavelength and magnitude of the fluorescence is 
recorded to identify the dideoxynucleotide.  Figure 11.3 shows a snapshot of capillary electrophoresis with 
bands at different locations in the capillary system, each showing a color dependent on the dideoxynucleotide 
on its 3’ end. 
 
To get an idea of what the gel might look like let’s assume a 20-base sequencing primer was used.  The 
following set of products would be produced with their 3’ ends labeled with different fluorescent dyes attached 
to each of the dideoxynucleotides. In the table below the column headings indicate which dideoxy nucleotide 
was found and the numbers represent the sizes of the fragments in bases.  For example, 21 in column A 
indicates that an extension fragment 21 bases in size was detected as being labeled with dideoxy A.  This 
product is a consequence of the 3’ end of the 20 base primer being extended by an A (which happened to be a 
dideoxy A).  The A is complementary to the T located on the 3’ end of the oligonucleotide. 

G A T C 
22 21 23 24 
26 25 30 28 
27 29 32 31 
36 36 36 36 

(Included in each column were limiting values (i.e., 36) to simply show the top of the gel.) Reading from 
bottom to top gives the sequence of the extended primer 5’ to 3’.  The sequence is: 

5’ AGTCAGGCATCT 3’ 
This corresponds to a template sequence: 

5’ AGATGCCTGACT 3’ 
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Chapter 11 . Structure of Nucleic Acids 

 

15.  Identifying DNA structural and functional elements from nucleotide sequence information 
Listed below are five DNA sequences. Which one contains a type-II restriction endonuclease (“six-
cutter”) hexanucleotide site? Which one is likely to form a cruciform structure? Which one is likely 
to be found in Z-DNA? Which one represents the 5’-end of a tRNA gene? Which one is most likely to be 
found in a triplex DNA structure? 

a. CGCGCGCCGCGCACGCGCTCGCGCGCCGC 
b. GAACGTCGTATTCCCGTACGACGTTC 
c. CAGGTCTCTCTCTCTCTCTCTC 
d. TGGTGCGAATTCTGTGGAT 
e. ATCGGAATTCATCG 

 
Answer:  The six-cutter is sequence “e”.  Type II restriction endonucleases typically digest sequences that are 
palindromic, meaning the sequence of the top strand is the same as the complementary strand when read 5’ 
to 3’.  While some type II enzymes recognize interrupted palindromes most have uninterrupted palindromic 
sequences as targets.  An easy way to search by eye for a uninterrupted palindromic sequence is to look for 
two adjacent bases that are complementary like AT or TA or GC or GC.  These are in fact two base 
uninterrupted palindromes.  To see if the two base palindrome happens to be part of a larger palindrome we 
need to look at the flanking bases to see if they are complementary.  If they are then the sequence is a four 
base palindrome.  There is actually a 6-base palindrome in sequence “a” (CGCGCG) right at the 5-end and 
this sequence repeats itself further down the sequence.  There are, however, no enzymes that recognize this 
sequence.  The palindrome GCGCGC, which is recognized by the restriction endonuclease BssHII, is also 
found twice in sequence “a”.   But, this sequence also has many CG (pyrimidine-purine) repeats characteristic 
of Z DNA.  Sequence “b” has CGTACG near its 3’ end, which is recognized by BswWI.  Sequence “c” also has a 
six-base sequence recognized by BsaI, which recognizes GGTCTC and cuts downstream of this sequence.  
Sequences “d” and “e” both have GAATTC, which is the recognition site for EcoRI.  So, they all have “six-
cutter” sites but sequence “e” only matches to first question and not any of the others. 
 
To be honest, after I got done visually inspecting the sequences as explained above I ran the sequences 
through NEB cutter (http://tools.neb.com/NEBcutter2/index.php).  This is a very useful site for analysis of 
DNA for restriction endonuclease recognition sites.  After submitting a sequence I selected “Custom digest” 
from the “Main options” menu and selected “Enzymes with a particular site length” and restricted this to 6 
base recognition sites. 
 
Cruciform structure is b.  Cruciform structures require inverted repeats.  These are sequences that show 
twofold symmetry: the sequence 5’ to 3’ is identical in both strands.  Palindromes are inverted repeats but 
they have problems folding into cruciforms because the terminal loops are too tight.  Sequences that form 
cruciforms are interrupted palindromes.  In sequence “a” we decided that there were two six-base recognition 
sites for the enzyme BssHII and they are separated by several bases and might form a cruciform. Sequence 
“b” has a 10 base inverted repeat.  The first 10 bases on the strand shown are duplicated on the bottom 
strand and so sequence “b” could form a cruciform with a 10 base pair stem and a 6 base loop.  One way to 
look for palindromes is to do a dot plot of the sequence versus its reverse complement or inverse complement.  
The reverse complement is simply the complement written 5’ to 3’.  Generating reverse complements by hand 
is easy enough for short sequences but the following URL has a program to do this.  
(http://www.bioinformatics.org/sms/index.html)  A simple dot plot program can be found at 
http://www.vivo.colostate.edu/molkit/dnadot/index.html.  This same site also has a sequence manipulation 
program that will generate inverse complements.  Inverted repeats show up along the diagonal in a dot plot 
and the only sequence to give a strong diagonal is “b”. 
 
Z-DNA is formed in regions containing pyrimidine-purine repeats and sequence “a” fits the bill.  A way of 
solving this problem is to submit sequences to ZHunt on line at http://gac-
web.cgrb.oregonstate.edu/zDNA/index.  The program asks for a FASTA file as input and I created one with all 
the sequences in the question combined into one sequence.  I saved the file as a “text only” file and when I 
submitted it the program predicted Z-DNA for sequence “a”. 
 
The 3’-end of tRNAs end in 5’…CCA-3’ and so we need to look for a sequence complementary to this, namely 
5’ TGG…3’ and sequence “d” works. 
 
The only sequence we haven’t used is “c”, which can form a triplex DNA.  Sequence requirements for triple-
stranded DNA formation include two pyrimidine-rich strands and a third purine-rich strand.  Sequence “c” 
and its complement are pyrimidine-rich and purine-rich respectively.   
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Chapter 11 . Structure of Nucleic Acids 

 

6. 

 
 

Additional Problems 
 
1.  Phylogenetic sequence comparisons have played a key role in determining the secondary structure of 
ribosomal RNAs.  Helical regions are first identified as complementary regions within an RNA sequence from a 
particular organism.  However, the existence of  complementary bases does not prove that a helix forms 
between two regions.  Evidence in support of a secondary structure is gained by comparing the same regions 
from other organisms.  The object of this comparison is to find examples of compensatory base-changes for 
each complementary pair suspected of being part of a helix.  Compensatory base-changes identify conserved 
base-pairs as opposed to conserved sequences that happen to be complementary.  The sequences presented 
below are a small portion of the small-subunit rRNA from three different organisms.  Each can form hairpin 
structures. 
a).  Identify the complementary regions involved in hairpin formation. (In addition to the canonical base-pairs, 
G-U pairs are found in RNA helices.) 
b).  Locate compensatory base-changes within the helical regions of the hairpin. 
 

Organism Sequence 
Halobacterium cutirbrum UAGCCGUAGGGGAAUCUGCGGCUG 

Homo sapiens UUUCCGUAGGUGAACCUGCGGAAG 
Homo sapiens (mitochondria) UAAGUGUACUGGAAAGUGCACUUG 

 
2.  A common technique used to isolate plasmid DNA from bacterial cells is to lyse cells in a solution 
containing SDS and sodium hydroxide, neutralize the lysate using potassium acetate, and centrifuge the 
neutralized lysate to remove chromosomal DNA and cellular debris.  Explain why this technique separates 
chromosomal DNA from plasmid DNA. 
 
3.  Ethidium bromide is an intercalating agent used to stain DNA.  It can be removed from DNA solutions by 
extraction with butanol.  How does ethidium bromide interact with DNA and how does butanol extraction 
overcome this interaction?  
 
4.  There is currently a great deal of interest in repetitive DNA as markers to identify an individual's DNA.  
Sketch a cot curve for a DNA sample composed of 40% repetitive DNA and 60% non-repetitive DNA.  Suggest a 
possible technique for isolating repetitive DNA. 
 
5.  During synthesis of an oligonucleotide using phosphoramidite chemistry, a failure occurred at the very last 
coupling cycle such that only half of the oligonucleotides got extended to full length.  The oligonucleotide was 
to be used for two purposes: as a primer in dideoxynucleotide sequencing, and as a mutagenic primer in site-
specific mutagenesis.  (In oligonucleotide-directed, site-specific mutagenesis, an oligonucleotide, with a single-
base difference from a wild-type sequence, is used as a primer to synthesize a mutant copy of a template 
DNA.)  Would it be wise for the researcher to use the synthesized oligonucleotide without purifying the full-
length oligonucleotide product?  
 

  

a.

b. c.

d.

e.

f.

g.

h.

i.

f.
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Chapter 12 . Recombinant DNA: Cloning and Creation of Chimeric Genes 

 

PCR 
     PCR is a powerful technique for amplifying DNA in vitro.  Understand the principles behind this technique.  
You should be able to show that as a function of cycle-number, the full-length product defined by flanking 
oligonucleotide primers, is amplified exponentially.   
 

Problems and Solutions 
 
1.  Construction of a recombinant plasmid 
A DNA fragment isolated from an EcoRI digest of genomic DNA was combined with a plasmid vector 
linearized by EcoRI digestion so sticky ends could anneal.  Phage T4 DNA ligase was then added to 
the mixture.  List all possible products of the ligation reaction. 
 
Answer:  Both the genomic DNA and the vector were digested with the same restriction enzyme thus all DNA 
fragments have compatible ends.  The ligation products will include linear and circular DNA molecules made 
with either the genomic fragment or the vector DNA or a combination of both.  Because both DNAs have the 
same "sticky ends", they may join in any orientation.  (Depending on the ratio of genomic fragment DNA to 
vector DNA, recombinants between the two DNAs may be favored.)  Only ligation products with vector DNA 
will successfully transform cells.  Further, ligated DNA products with more than one copy of vector DNA are 
typically unstable in cells. 
 
2.  Overlapping restriction sites in a plasmid vector polylinker 
The nucleotide sequence of a polylinker in a particular plasmid vector is  

-GAATTCCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGC- 
This polylinker contains restriction sites for BamHI, EcoRI, PstI, SalI, SmaI, SphI, and XbaI.  Indicate 
the location of each restriction site in this sequence.  (See Table 10.2 of restriction enzymes for their 
cleavage sites.) 
 
Answer:  Restriction endonuclease recognition sites are often palindromic sequences and so it may be useful 
to search for palindromes in the sequence.  They are readily identified by scanning the sequence for two 
adjacent nucleotides that are a complementary pair: AT, TA, GC, CG.  These sequences are the middle 
sequences of all uninterrupted palindromes.  Once one of these dinucleotides is found the sequences 
surrounding the dinucleotide are inspected to see if a palindrome exists.  By inspecting the nucleotides on 
either side of the dinucleotide, a palindrome is indicated by the flanking nucleotides also forming 
complementary pairs.  For example, in the sequence given, an AT dinucleotide is encountered at positions 3 
and 4.  This dinucleotide is flanked by AT (positions 2 & 5) and G and C (positions 1 & 6) indicating a 6-base 
palindrome (GAATTC).  This sequence is recognized by EcoRI.  The next dinucleotide found is CG at position 8 
& 9.  Clearly these two positions form the palindrome CCCGGG recognized by SmaI.  This SmaI site overlaps 
another palindrome GGATCC (centered on the dinucleotide AT), which is recognized by BamHI.  The next 
dinucleotide is TA in TCTAGA recognized by XbaI.  The SalI site is next; its sequence is GTCGAC.  This is 
followed by CTGCAG and GCATGC recognized by PstI and SphI.  The location of sites is as follows: 
 

GAATTCCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGC 
GAATTC          TCTAGA            GCATGC 
EcoRI           XbaI              SphI 
     CCCGGG           GTCGAC 
     SmaI             SalI 
          GGATCC            CTGCAG 
          BamHI             PstI 

A very useful tool for identifying restriction endonuclease recognition sites is NEBcutter at 
http://tools.neb.com/NEBcutter2/index.php.  This resource is provided by New England BioLabs, a 
laboratory and supply house for reagents –including restriction endonucleases- for the life sciences.  Cut and 
paste the sequence in the textbox, submit it for digestion and on the returned page under “Main options” do a 
custom digest restricted for enzymes with six-base recognition sequences.  You will discover the same set of 
enzyme sites but 9 enzymes will be listed because CCCGGG, recognized by SmaI, is also recognized by two 
other enzymes, TspMI and XmaI that cut at different locations within this sequence.  The three enzymes 
SmaI, XmaI and TspMI are isoschizomers: Enzymes that recognize the same sequence.  
 
3.  Design a vector polylinker for directional cloning 
A vector has a polylinker containing restriction sites in the following order:  HindIII, SacI, XhoI, 
BglII, XbaI, and ClaI.   

a.  Give a possible nucleotide sequence for the polylinker.   
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(W) is coded by UGG whereas cysteine is UGY (Y = pyrimidine = U or C) so we expect there to be only one 
change necessary in converting a tryptophan codon into a cysteine codon.  Possible mRNA’s are shown below 
first using the extended one letter code in which Y is U or C and R (purine) is A or G.  With the exception of 
Met, all the other amino acids are coded for by two codons.  Thus, six of the amino acids have two 
possibilities giving 26 = 64 different mRNA’s. 
 

Phe  Met  Glu  Cys  His  Lys  Asn 
UUY  AUG  GAR  UGY  CAY  AAR  AAY 

 
UUU  AUG  GAA  UGU  CAU  AAA  AAA 
UUU  AUG  GAA  UGU  CAU  AAA  AAG 
UUU  AUG  GAA  UGU  CAU  AAG  AAA 
UUU  AUG  GAA  UGU  CAU  AAG  AAG 
UUU  AUG  GAA  UGU  CAC  AAA  AAA 
UUU  AUG  GAA  UGU  CAC  AAA  AAG 
UUU  AUG  GAA  UGU  CAC  AAG  AAA 
UUU  AUG  GAA  UGU  CAC  AAG  AAG 
UUU  AUG  GAA  UGC  CAU  AAA  AAA 
UUU  AUG  GAA  UGC  CAU  AAA  AAG 
UUU  AUG  GAA  UGC  CAU  AAG  AAA 
UUU  AUG  GAA  UGC  CAU  AAG  AAG 
UUU  AUG  GAA  UGC  CAC  AAA  AAA 
UUU  AUG  GAA  UGC  CAC  AAA  AAG 
UUU  AUG  GAA  UGC  CAC  AAG  AAA 
UUU  AUG  GAA  UGC  CAC  AAG  AAG 
UUU  AUG  GAG  UGU  CAU  AAA  AAA 
UUU  AUG  GAG  UGU  CAU  AAA  AAG 
UUU  AUG  GAG  UGU  CAU  AAG  AAA 
UUU  AUG  GAG  UGU  CAU  AAG  AAG 
UUU  AUG  GAG  UGU  CAC  AAA  AAA 
UUU  AUG  GAG  UGU  CAC  AAA  AAG 
UUU  AUG  GAG  UGU  CAC  AAG  AAA 
UUU  AUG  GAG  UGU  CAC  AAG  AAG 
UUU  AUG  GAG  UGC  CAU  AAA  AAA 
UUU  AUG  GAG  UGC  CAU  AAA  AAG 
UUU  AUG  GAG  UGC  CAU  AAG  AAA 
UUU  AUG  GAG  UGC  CAU  AAG  AAG 
UUU  AUG  GAG  UGC  CAC  AAA  AAA 
UUU  AUG  GAG  UGC  CAC  AAA  AAG 
UUU  AUG  GAG  UGC  CAC  AAG  AAA 
UUU  AUG  GAG  UGC  CAC  AAG  AAG 
UUC  AUG  GAA  UGU  CAU  AAA  AAA 
UUC  AUG  GAA  UGU  CAU  AAA  AAG 
UUC  AUG  GAA  UGU  CAU  AAG  AAA 
UUC  AUG  GAA  UGU  CAU  AAG  AAG 
UUC  AUG  GAA  UGU  CAC  AAA  AAA 
UUC  AUG  GAA  UGU  CAC  AAA  AAG 
UUC  AUG  GAA  UGU  CAC  AAG  AAA 
UUC  AUG  GAA  UGU  CAC  AAG  AAG 
UUC  AUG  GAA  UGC  CAU  AAA  AAA 
UUC  AUG  GAA  UGC  CAU  AAA  AAG 
UUC  AUG  GAA  UGC  CAU  AAG  AAA 
UUC  AUG  GAA  UGC  CAU  AAG  AAG 
UUC  AUG  GAA  UGC  CAC  AAA  AAA 
UUC  AUG  GAA  UGC  CAC  AAA  AAG 
UUC  AUG  GAA  UGC  CAC  AAG  AAA 
UUC  AUG  GAA  UGC  CAC  AAG  AAG 
UUC  AUG  GAG  UGU  CAU  AAA  AAA 
UUC  AUG  GAG  UGU  CAU  AAA  AAG 
UUC  AUG  GAG  UGU  CAU  AAG  AAA 
UUC  AUG  GAG  UGU  CAU  AAG  AAG 
UUC  AUG  GAG  UGU  CAC  AAA  AAA 
UUC  AUG  GAG  UGU  CAC  AAA  AAG 
UUC  AUG  GAG  UGU  CAC  AAG  AAA 
UUC  AUG  GAG  UGU  CAC  AAG  AAG 
UUC  AUG  GAG  UGC  CAU  AAA  AAA 
UUC  AUG  GAG  UGC  CAU  AAA  AAG 
UUC  AUG  GAG  UGC  CAU  AAG  AAA 
UUC  AUG  GAG  UGC  CAU  AAG  AAG 
UUC  AUG  GAG  UGC  CAC  AAA  AAA 
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specific amino acid substitutions within a protein can be tested.  Such manipulations have proved very 
valuable for elucidating the role of individual amino acids in the structure and function of  proteins. 
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Chapter 13 . Enzyme—Kinetics and Specificity 
 

 

 

The next graph shows the effects of inhibitors.   The competitive inhibitor Increases the Km but does not affect 
the Vmax.  For pure noncompetitive inhibition, Vmax is depressed whereas Km is unchanged.  Finally, for 
uncompetitive inhibition both Km and Vmax are effected but in interesting ways.  Vmax is decreased but so is Km.  
If you think of Km apparent as the concentration of substrate at which the enzyme is at one-half Vmax, it would 
appear that a lower Km, apparent suggests better functioning of the enzyme! 
 
As a cautionary note: The value of [S] at which the enzyme is at one-half Vmax is the Km when the enzyme is 
tested without inhibitors.  When inhibitors are tested, it is more appropriate to refer to this value as the 
apparent Km.  The relationships between Km and apparent Km’s are given in Table 13.6 of the textbook. 
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Chapter 14. Mechanism of Enzyme Action 
 

 

Understand the catalytic mechanisms used by enzymes to achieve enormous rate accelerations, 
which include: 1. Entropy loss in ES formation; 2. Destabilization of ES due to strain, desolvation or 
electrostatic effects; 3.  Near-attack conformations; 3. Covalent catalysis; 4. General acid or base 
catalysis; 5.  Low-barrier hydrogen bonds; 6. Metal ion catalysis; and 7. Proximity and orientation. 
 
Serine Proteases - Covalent Catalysis 
     The serine proteases and related enzymes are arguably the best-characterized group of enzymes.  
The key to catalysis is a catalytic triad of His57, Asp102, and Ser195 (in chymotrypsin).  Understand the 
role of this serine in catalysis, the fact that it is transiently, covalently modified during catalysis 
accounting for the burst kinetics, a rapid release of one product followed by a slow release of the 
second product.  The mechanism based on this catalytic triad is found in a number of enzymes, 
including trypsin, chymotrypsin, elastase, thrombin, subtilisin, plasmin, tissue plasminogen 
activator, and acetylcholinesterase, to name a few.  We have already encountered a few of the 
digestive serine proteases in Chapter 4 as tools used in primary sequence determination of proteins.  
Substrate specificity is determined by a substrate-binding pocket that is distinct from the catalytic 
triad.   
 
Aspartic Proteases – Low-barrier hydrogen bonds 
     Pepsin, chymosin, cathepsin D and E, rennin, and HIV-1 protease are examples of aspartic 
proteases.  The mechanism of action was initially thought to be acid/base catalysis with two aspartic 
acid residues functioning as a general acid and a general base.  The pH profile of enzymes with this 
type of catalysis is bell-shaped, indicating the involvement of a proton donor and acceptor.  Aspartic 
acid residues participate in low-barrier hydrogen bonds with a water molecule to form a cyclic 
structure.  Substrate joins the structure and a flow of electrons first to the substrate to form a 
tetrahedral intermediate and then from the substrate to cleave the peptide bond releases the carboxyl 
group.  Flow of electrons from the amino group of the cleaved bond results in a second tetrahedral 
intermediate formed with the enzyme, which is resolved by a water molecule.     
 
Chorismate Mutase: Stabilization of transition state 
     This enzyme participates in the pathway leading to biosynthesis of phenylalanine by converting 
chorismate to prephenate.  The reaction mechanism involves stabilization of a transition state: The 
chair conformation of the substrate, which is stabilized by electrostatic and hydrophobic interactions 
from active-site amino acid residues.  The transition state is a near-attack conformation that 
positions reactive groups nearby. 
 

Problems and Solutions 
 
1.  Characterizing a covalent enzyme inhibitor 
Tosyl-L-phenylalanine chloromethylketone (TPCK) specifically inhibits chymotrypsin by 
covalently labeling His57.   

a.  Propose a mechanism for the inactivation reaction, indicating the structure of the 
product(s). 
b.  State why this inhibitor is specific for chymotrypsin. 
c.  Propose a reagent based on the structure of TPCK that might be an effective inhibitor 
of trypsin. 

  
Answer:  The structure of tosyl-L-phenylalanine chloromethylketone (TPCK) and the reaction 
mechanism leading to covalent labeling of His57 are shown below: 
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b.  The phenyl group of TPCK binds to the specificity pocket of chymotrypsin by hydrophobic 
interactions.  This brings the chloromethylketo group into the active site. 
 
c.  Trypsin shows specificity for peptide bonds in which the carbonyl carbon is from a positively 
charged amino acid such as arginine or lysine.  Reagents specific for trypsin may be produced by 
replacing the phenylalanine residue of TPCK with arginine or lysine.   
 
2.  Using site-directed mutants to understand an enzyme mechanism 
In this chapter, the experiment in which Craik and Rutter replaced Asp102 with Asn in trypsin 
(reducing activity 10,000-fold) was discussed. 

a.  On the basis of your knowledge of the catalytic triad structure in trypsin, suggest a 
structure for the "uncatalytic triad" of Asn-His-Ser in this mutant enzyme. 
b.  Explain why the structure you have proposed explains the reduced activity of the 
mutant trypsin. 
c.  See the original journal articles (Sprang, et al., 1987. Science 237:905-909 and Craik, 
et al., 1987.  Science 237:909-13) to see what Craik and Rutter's answer to this question 
was. 

 
Answer:  a.  Catalysis involves ionization of Ser195, which is accomplished in the case of wild-type 
trypsin by loss of a proton to His57 whose pKa is influenced by Asp102 as shown below.  In the case of 
Asn102 substitution, the amino group of Asn102 functions as a hydrogen-bond donor thus preventing 
His57 from accepting a proton from Ser195. 
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12.  Assessing the localization of proteases 
Enzymes X and Y in the figure are both protein-digesting enzymes found in humans.  Where 
would they most likely be at work? 

a.  X is found in the mouth, Y in the intestine. 
b.  X in the small intestine, Y in the mouth. 
c.  X in the stomach, Y in the small intestine. 
d.  X in the small intestine, Y in the stomach. 

 
Answer:  The correct answer is “c”. The pH optima for X and Y are 2 and 8 respectively.  The acidic pH 
of 2 suggests to us that enzyme X functions in the stomach.  Enzyme Y likely functions in the small 
intestine, which is maintained at a slightly alkaline pH.  (When chyme passes from the stomach into 
the small intestine it is neutralized by bicarbonate making the pH slightly alkaline.)   
 
13.  Understanding enzymatic reaction parameters 
Which statement is true concerning enzymes X and Y? 

a.  They could not possibly be at work in the same part of the body at the same time. 
b.  They have different temperature ranges at which they work best. 
c.  At a pH of 4.5, enzyme X works slower than enzyme Y. 
d.  At their appropriate pH ranges, both enzymes work equally fast. 

 
Answer:  The correct answer is “a”. Referring to the pH plot, it is clear that the enzymes have different 
pH ranges.  So, it seems unlikely they function in the same environment.  Answer “b” is not correct as 
it refers to enzymes A and B and not X and Y.  Answers “c” and “d” are incorrect.   
 
14.  Understanding enzymatic reaction parameters  
What conclusion may be drawn concerning enzymes A and B? 

a.  Neither enzyme is likely to be a human enzyme. 
b.  Enzyme A is more likely to be a human enzyme. 
c.  Enzyme B is more likely to be a human enzyme. 
d.  Both enzymes are likely to be human enzymes. 

 
Answer: The correct answer is “b”. We are given temperature range data for A and B and it is clear 
that A’s temperature range is centered around 37ºC whereas B’s temperature range is centered at 
around 70ºC.  Normal human body temperature is 37ºC. 
 
15.  Understanding enzymatic reaction parameters  
At which temperatures might A and B both work? 

a.  Above 40ºC. 
b.  Below 50ºC. 
c.  Above 50ºC and below 40ºC. 
d.  Between 40ºC and 50ºC. 

 
Answer: The correct answer is “d”. The activity curves for both enzymes overlap in the range 40ºC to 
about 50ºC. 
 
16.  Understanding the response of enzymes to environmental conditions 
An enzyme-substrate complex can form when the substrate(s) bind(s) to the active site of the 
enzyme.  Which environmental condition might alter the conformation of an enzyme in the 
figure to the extent that its substrate is unable to bind? 

a.  Enzyme A at 40ºC. 
b.  Enzyme B at pH 2. 
c.  Enzyme X at pH 4. 
d.  Enzyme Y at 37ºC. 

 
Answer: The correct answer is “c”. Enzyme A at 40ºC is active.  We have no idea how enzyme B 
functions at different pH values nor do we know now enzyme Y functions at 37ºC. 
 
17.  Understanding the response of enzymes to environmental conditions  
At 35ºC, the rate of the reaction catalyzed by enzyme A begins to level off.  Which hypothesis 
best explains this observation? 

a.  The temperature is too far below optimum. 
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b.  The enzyme has become saturated with substrate. 
c.  Both a and b. 
d.  Neither a nor b. 

 
Answer: The correct answer is “b”. Clearly “a” is not true for enzyme A as its temperature optimum is 
around 37ºC.  This also eliminates “c”.  If the “level off” in the question refers to leveling off of activity 
when substrate concentration increases then “b” is the only correct answer. 
 
18.  Understanding the response of enzymes to environmental conditions  
In which of the following environmental conditions would digestive enzyme Y be unable to 
bring its substrate(s) to the transition state? 

a.  At any temperature below optimum. 
b.  At any pH where the rate of reaction is not maximum. 
c.  At any pH lower than 5.5. 
d.  At any temperature higher than 37ºC. 

 
Answer: The correct answer is “c”. Below pH 5.5 enzyme Y is inactive.  Answer “a” is incorrect 
because there are many temperatures below the optimum temperature at which the enzyme is still 
active and presumable still binding the transition state.  The same is true for pH values so “b” is 
incorrect.  We have no information at all about the temperature profile of enzyme Y. 
 
19.  Comparing Covalent and General-Acid Base Reaction Mechanisms  
Review the mechanisms of the serine and aspartic proteases, and compare these two 
mechanisms carefully.  Are there steps in the mechanisms that are similar?  How are they 
similar?  How are they different?  Suggest experiments that could support or refute your 
hypotheses. 
 
Answer: While serine proteases exhibit covalent catalysis the mechanism also involves general acid-
base catalysis.  In the catalytic triad of aspartic acid, histidine, and serine, serine is activated by 
deprotonation by histidine.  Histidine also functions as a general acid by protonating the leaving 
amino group.  In addition a low-barrier hydrogen bond between aspartic acid (102) and histidine (57) 
functions during catalysis by helping to form a tetrahedral intermediate between the substrate and 
serine.  Experimental proof for these aspects of the catalytic mechanism come from a variety of 
studies.  For example, using model substrates like esters it is possible to stabilize the covalent adduct 
on the active-site serine.  The dependence on the acid-base properties of histidine is reflected in the 
pH dependence of the reaction, which is consistent with involvement of a single group with a pKa of a 
histidine.  (See: Catalytic mechanism of serine proteases: Reexamination of the dependence of the 
histidyl 1J13C2-H coupling constant in the catalytic triad of α-lytic protease by  Bachovchin, W. W. et al. 
(1981) PNAS 78:7323-7326).  X-ray crystallography and NMR were used in a study by Kidd and co-
workers (See: Breaking the low barrier hydrogen bond in a serine protease by Kidd, R. E., et al (1999) 
Protein Science 8:410-417) to show the importance of a low barrier hydrogen bond between histidine 
and aspartic acid that was important for serine protease activity. 
 
The mechanism of aspartic proteases clearly does not involve covalent modification but is dependent 
on low barrier hydrogen bonds and to some extend general acid base catalysis.  Evidence supporting 
general acid-general base catalysis is the pH dependence of the reaction with a single peak consistent 
with a pKa for aspartic acid.  However, structural studies indicate that the two active-site aspartic 
acid residues form a hydrogen bonded network with a water molecule.  The hydrogen bond network 
functions as a proton and electron sink. 
 

Questions for Self Study 
 
1.  List the six catalytic mechanisms or factors that contribute to the performance of enzymes. 
 
2.  What is a transition-state analog? 
 
3.  Match an item in the first column to one in the second column. 

a.  Covalent catalysis 1.  Sensitive to changes in [metal ion]. 
b.  Specific acid-base catalysis 2.  Formation of modified amino acid residue. 
c.  General acid-base catalysis 3.  Tightly bound Zn2+. 
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d.  Metalloenzyme 4.  Catalysis involves specific H+ donor. 
e.  Metal activated  enzyme 5.  Rate is pH dependent but [Buffer] 

independent. 
 
4.  What three amino acids form the catalytic triad of the serine proteases? 
 
5.  The aspartic proteases show a bell-shaped curve of enzyme activity versus pH centered around pH 
= 3.  How is this information consistent with the involvement of two aspartic acid residues in 
catalysis? 
 
6.  The active sites of many enzymes are organized to stabilize the conformation of substrates that 
bring the reacting atoms of the substrates in van der Waals contact and at bond angles resembling 
the transition state.  What are these conformations called and how might they aide in catalysis?  
 
7.  What conditions are necessary for two groups to form low-barrier hydrogen bonds? 
 

Answers 
 
1.  Entropy loss in ES formation; destabilization of ES due to strain, desolvation or electrostatic 
effects; covalent catalysis; general acid or base catalysis; metal ion catalysis; proximity and 
orientation. 
 
2.  A transition-state analog is a molecule that is chemically and structurally similar to the transition 
state. 
 
3.  a. 2; b. 5; c. 4; d. 3; e. 1. 
 
4.  Aspartic acid, histidine, and serine. 
 
5.  The fact that the center of the curve is around pH = 3.0 indicates that an acidic amino acid such 
as aspartic acid or glutamic acid is involved.  The bell-shape is consistent with the involvement of 
both a general acid and a general base i.e., two distinct groups. 
 
6.  The conformation of the substrate is termed a near-attack conformation and it is along a reaction 
path leading to the transition state. 
 
7.  The hydrogen bond distances must be relatively short and the hydrogen bonded pairs must have 
pKa values that are close to each other. 
 

Additional Problems 
 
1.  The pH profile of pepsin is bell-shaped, indicating the involvement of a general acid and a general 
base in catalysis with pKas around 4.3 and 1.4, respectively.  The two candidates for these roles are 
two aspartic acid residues, Asp32 and Asp215.  However, the pKas of aspartic acid residues in 
polypeptides range from 4.2 to 4.6.  How might the pKa of an aspartic acid residue be influenced by 
protein structure? 
 
2.  State the specificity exhibited by the serine proteases trypsin, chymotrypsin, and elastase, and 
explain how this specificity is determined by the protein. 
 
3.  a.  p-Nitrophenyl acetate is slowly hydrolyzed by chymotrypsin to p-nitrophenol and acetic acid.  
One nice property of this compound is that the product, p-nitrophenol, when ionized, is brightly 
yellow-colored, making it convenient to follow enzyme activity spectrophotometrically.  Draw [p-
nitrophenylate] produced as a function of time. 
b.  On the same graph, draw [acetate] production as a function of time. 
c.  Why are the two plots different? 
 
4.  Discuss the importance of histidine in enzyme catalysis. 
 
5.  a. Papain is a sulfhydryl protease from papaya that shows broad specificity.  (It is used as a 
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Chapter 15 . Enzyme Regulation 
 

 

different affinities for the various ligands.  Usually, it is assumed that the substrate S binds “only” to the R 
state; the positive allosteric effector A binds “only” to the R state; and the negative allosteric effector I binds 
“only” to the T state.  Given these parameters, the sigmoid rate response of allosteric enzymes to substrate 
concentration and the effects exerted by allosteric effectors are understood.  The system described above is 
called a “K” system, because the substrate concentration giving half-maximal velocity, defined as K0.5 , varies, 
while Vmax remains constant.  In the “V” system of allosteric control, R and T states have the same affinity for 
S, but the R state is catalytically active, while the T state is not.  A and I still differ in their relative affinities 
for R and T.  Both the K and the V systems assume that the oligomeric allosteric protein undergoes a 
concerted conformational transition so that all subunits have identical conformations at the same time.  The 
Koshland, Nemethey and Filmer model rests on the “induced fit” hypothesis.  That is, via tightly linked 
subunit interactions, the binding of ligand to one subunit can influence the ligand-binding affinity of 
neighboring subunits.  Therefore, an oligomeric protein could pass through a sequential series of 
conformations with differing ligand affinities, and different subunits may not necessarily have the same 
conformation at the same time. 
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Chapter 16 . Molecular Motors 
 

 

 
5.  The S1 fragment of myosin will bind to actin fibers and decorate them in a characteristic arrowhead 
pattern.  The tips of the arrowheads point away from the Z line in a sarcomere. 
 
6.  Fish become stiff because of rigor mortis as a result of a release of calcium and depletion of ATP stores.  
After death, the nerves quickly deteriorate and begin to randomly fire leading to muscle stimulation and rapid 
depletion of ATP stores.  By severing the spinal cord and icing the fish the depletion of ATP stores can be 
delayed. 
 

Summary 
 
     All organisms (at least at some stage in life) are capable of movement or motion.  The energy for these 
processes is chemical energy that is transduced into mechanical energy by motor proteins.  Motor proteins 
found in microtubule-based motile systems and those found in actin-dependent systems utilize hydrolysis of 
ATP whereas the rotary motor found in bacterial flagella uses the energy of a proton gradient. 
     Microtubules are self-assembling structures that are fundamental components of cilia and eukaryotic 
flagella.  Microtubules are formed by polymerization of tubulin, a dimeric protein comprised of similar 55 kD 
subunits.  By the GTP-dependent process of treadmilling, tubulin units are added at the plus end of the 
microtubule and removed from the minus end.  With their plus ends oriented toward the cell periphery and 
the minus ends toward the center of the cell, microtubules form a significant part of the cytoskeleton.  The 
motion of cilia and flagella results from the ATP-driven sliding or walking of dyneins along one microtubule 
while remaining firmly attached to an adjacent microtubule.  Within eukaryotic cells, cellular dyneins and 
kinesin proteins are responsible for microtubule-based transport of organelles and vesicles.  
     Actin and myosin are two proteins responsible for various kinds of motion in a number of cell types.  The 
best characterized system is muscle.  Muscle contraction is essential to higher organisms for limb movement, 
locomotion, beating of the heart and other functions.  Four different kinds of muscle are found in higher 

e.

d.

c.

b.

a.
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organisms: skeletal, cardiac, smooth muscle, and myoepithelial cells.  The latter three types are called 
myocytes and contain a single nucleus, whereas the cells of skeletal muscle - the muscle fibers - are 
multinucleate.  Skeletal and cardiac muscle are striated.  The sarcolemmal membrane contains extensions 
called transverse tubules which surround the sarcomeres and which enable the sarcolemmal membrane to 
contact the ends of each myofibril in the muscle fiber.  Between t-tubules, the sarcomere is covered by the 
sarcoplasmic reticulum membrane.  The terminal cisternae of the SR are joined to the t-tubules by foot 
structures.  The trigger signal for muscle contraction is an increase in cytoplasmic [Ca2+].  Relaxation occurs 
when [Ca2+] is reduced. 
     Electron  micrographs of banding patterns in skeletal muscle are consistent with a model for contraction 
in which thick and thin filaments slide along each other.  Actin is the principal component of muscle thin 
filaments.  It consists of a monomeric protein, G actin, which polymerizes to form long filaments of right-
handed helical F-actin.  Other components of thin filaments include tropomyosin and the troponin complex.  
Myosin is the principal component of muscle thick filaments and consists of a globular head and a long, 
helical tail.  The tails intertwine to form a left-handed coiled coil.  The myosin heads exhibit ATPase activity, 
and it is the hydrolysis of ATP by the myosin heads that drives muscle contraction.  Repeating structures in 
the myosin tails, including 7-residue, 28-residue, and 196-residue repeating units facilitate the formation of 
myosin-solvent and myosin-myosin interactions which stabilize the packing of myosin molecules in the thick 
filaments. 
     The molecular events of skeletal muscle contraction are powered by the ATPase activity of myosin.  Actin 
increases the ATPase activity of myosin by 200-fold.  Further, myosin and actin spontaneously associate to 
form an actomyosin complex, but ATP decreases the affinity of myosin for actin.  In the absence of actin, ATP 
is rapidly cleaved at the myosin active site, but the hydrolysis products - ADP and Pi - are not released.  Actin 
activates myosin ATPase by stimulating the release of Pi and then ADP.  Thus, ATP hydrolysis and the 
association and dissociation of actin and myosin are coupled.  The coupling involves a conformational change 
in the myosin head, driven by the free energy of hydrolysis of ATP, so that dissociation of myosin and actin, 
hydrolysis of ATP and rebinding of myosin and actin occur with a net movement of the myosin head along the 
actin filament.  Each such conformation change moves the thick filament approximately 100 Å along the thin 
filament. 
     Flagellated bacterial cells produce motility by rotating extracellular protein filaments, termed flagella and 
composed of the protein flagellin, using a rotary motor, which harnesses the energy of proton gradients to 
produce movement. 
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Chapter 17 . Metabolism: An Overview 
 

 

13. What are the features of the series of –omes? 
Define the following terms: 

a. Genome 
b. Transcriptome 
c. Proteome 
d. Metabolome 
e. Fluxome 

 
Answer:  The genome is the total complement of genetic material of an organism.  In the case of eukaryotes is 
refers to the total sequence of bases in DNA of chromosomes in a haploid cell.  Eukaryotic cells often contain 
additional genetic material such as mitochondrial and/or chloroplast DNA.  For all organisms the genome 
refers to double stranded DNA. Virus genomes comprise a variety of nucleic acids such as single stranded or 
double stranded DNA or RNA. 
 
The transcriptome is the full complement of mRNAs from a cell or particular tissue at a particular time or 
under a particular set of conditions. It represents expressed genes. 
 
The proteome is the collections of all the proteins present in a cell, organism or tissue at a particular time or 
under a particular set of conditions. 
 
The metabolome is the set of small molecule compounds found in a cell, organism or a tissue at a particular 
time and under a particular set of conditions. 
 
The metabolome is clearly dependent on the proteome but compounds in the cell’s environment influence it.  
The proteome derives from translated mRNAs but protein half-lives can have a dramatic influence on it.  The 
transcriptome derives from genes found in the genome but not all genes are expressed at the same time and 
to the same level. Further, mRNAs exhibit a range of half-lives and hence biological stability. 
 
The fluxome is the study of the movement of molecules through metabolic pathways.  A cell’s response to 
some particular condition may be an alteration of fluxes through integrated biochemical networks.  The 
consequence is an alteration in the set of small molecule compounds that constitute the metabolome.  The 
response is clearly dependent on a cell’s genome, its transcriptome, and its proteome and involves a change in 
RNA and/or protein levels in addition to changes in protein activity. The consequence is to shift or alter the 
movement of molecules through metabolic pathways.    
 
14.  What is alcohol dehydrogenase enzyme mechanism? 
The alcohol dehydrogenase reaction, described in Figure 17.11, interconverts ethyl alcohol and 
acetaldehyde and involves hydride transfer to and from NAD+ and NADH, respectively. Write a 
reasonable mechanism for the conversion of ethanol to acetaldehyde by alcohol dehydrogenase. 
 
Answer:  The conversion of ethanol to acetaldehyde is an oxidation and so an oxidant must be involved.  
Alcohol dehydrogenase uses NAD+ for this purpose.  A simple mechanism would involve polarization of the 
hydroxyl group by a base on the enzyme followed by reduction of NAD+.  Alcohol dehydrogenase, however, is a 
zinc-requiring enzyme.  Zinc, as Zn2+, in effect lowers the hydroxyl group’s pKa, which allows the reduction of 
NAD+ to proceed as follows: 
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realized from its degradation.  Second, in order to have independent regulation of opposing metabolic 
sequences, the sequences must consist, at least in part, of unique reactions mediated by separate enzymes 
that serve as distinct sites for regulation. 
     ATP is the energy currency of the cell.  ATP is a major product of catabolism; in turn, ATP is a principal 
substrate for anabolism, providing the chemical energy that serves as the driving force for biosynthesis.  
Electrons released in oxidative reactions of catabolism are collected in the pyridine nucleotide coenzymes, 
NADH and NADPH.  The electrons carried in these two coenzymes have very different fates.  Those in NADH 
are passed to O2 to form H2O in an energetic process known as oxidative phosphorylation, which couples 
NADH oxidation to ATP synthesis.  In contrast, the electrons in NADPH provide the reducing power necessary 
to drive reductive anabolic reactions. 
     Metabolism is a tightly regulated, integrated process.  Metabolic regulation is achieved by controlling the 
activity of key enzymes on one of a number of levels: allosteric regulation, covalent modification and enzyme 
synthesis/degradation.  The reactions comprising various metabolic pathways have been revealed through a 
growing arsenal of experimental methods.  Early approaches relied on cell-free assays of metabolic 
intermediates and the enzymatic reactions transforming them.  Enzyme inhibitors were a useful tool in these 
studies.  Genetic mutations result in specific metabolic blocks that are very informative about metabolic 
reactions.  Isotopic tracers are particularly good probes of metabolism since isotopically labeled compounds 
have essentially the same chemical behavior as their unlabeled counterparts.  Isotopes can be traced through 
their radioactivity or their difference in mass (or density).  NMR spectroscopy has the power to reveal detailed 
information about the chemical fate of substances in a noninvasive, nondestructive way.  Evidence regarding 
the compartmentation of metabolic processes within specific organelles has established that the flow of 
intermediates in metabolism is channeled spatially as well as chemically. 
     Nutrition is the use of foods by organisms.  Nutrients include proteins, carbohydrates, lipids, fibers, and 
vitamins.  Proteins serve as a source of essential amino acids.  Excess amino acids may be converted to 
glucose, fatty acids, or completely degraded.  Catabolism of carbohydrates represent an important source of 
metabolic energy.  Lipid degradation is also an important source of metabolic energy; however, lipids also 
provide essential fatty acids. Fibers, including cellulose, hemicellulose, and lignin, play important roles in 
digestion and absorption. Vitamins are nutrients, which are required in the diet, usually in trace amounts, if 
they cannot be synthesized by the organism itself.  Except for vitamin C, the water soluble vitamins are all 
components or precursors of coenzymes, low molecular weight species that bring unique functionalities to 
certain enzymes.  The fat-soluble vitamins are not related to coenzymes, but still have essential roles in 
various biological processes. 
  

323

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



































Chapter 18 . Glycolysis 

 

 
 
20.  Understanding the mechanism of hemolytic anemia 
Genetic defects in glycolytic enzymes can have serious consequences for humans. For example, 
defects in the gene for pyruvate kinase can result in a condition known as hemolytic anemia. 
Consult a reference to learn about hemolytic anemia, and discuss why such genetic defects lead to 
this condition. 
 
Answer:  One place to start your search is at NCBI (http://www.ncbi.nlm.nih.gov/).  Do a search for 
“Hemolytic AND anemia AND pyruvate AND kinase” in all databases and activate the hit to OMIM. There are 
two records related to pyruvate kinase, 609712 and 266200, and activating the later you will learn that 
deficiencies in pyruvate kinase in red blood cells are the most common cause of hereditary nonspherocytic 
hemolytic anemia and that the most common abnormality in the glycolytic pathway is due to mutations in 
one of the pyruvate kinase genes.  Activating 609712 gives information about pyruvate kinase genes and 
mutations within these genes.  Nonspherocytic hemolytic anemia is a term that describes a number of blood 
disorders that are transmitted genetically.  The disorders lead to lysis of red blood cells, which exhibit 
irregular, non-spherical shapes and hemolyze causing the anemia. 
 
You might recall that red cells lack mitochondria and so their sole source of metabolic energy is glycolysis.  
Defects in pyruvate kinase, the enzyme that converts phosphoenolpyruvate to pyruvate with accompanying 
phosphorylation of ADP to ATP, will back up glycolytic intermediates and lead to a decrease in ATP levels.  
Among the many uses of ATP in red cells, maintenance of electrolyte gradients by the sodium-potassium 
ATPase (sodium pump) is critical to red cell physiology.  (See van Wijk, R. and van Solinge, W. W., 2005. The 
energy-less red blood cell is lost: erythrocyte abnormalities in glycolysis.  Blood 106, 4034-4042)  Decreasing 
levels of ATP lead to alterations in sodium and potassium levels in red cells and one consequence is 
dehydration leading to changes in red blood cell morphology.  Abnormal red blood cells can lyse or are 
removed from circulation by the spleen. 
 
The condition is autosomal recessive and so anemia is evident in homozygotes.  Some heterozygotes, however, 
may actually benefit from a single copy of an abnormal pyruvate kinase gene.  Some studies have shown that 
certain mutations actually protect against malaria.  The agent that causes malaria, Plasmodium falciparum, 
invades red blood cells and the invasion in cells with lower levels of active pyruvate kinase may stress them so 
they exhibit abnormal shapes causing them to be removed. 
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Another interesting consequence of a defect in pyruvate kinase is that intermediates in glycolysis before 
phosphoenolpyruvate build up.  One of them, 1,3 bisphosphoglycerate, can be converted to 2,3 
bisphosphoglycerate (2,3 BPG).  You might recall that this compound is an allosteric affector of hemoglobin. It 
binds at a single site and stabilizes the taut or low-oxygen-affinity conformation.  This actually helps the 
anemia because hemoglobin releases more oxygen. 
 
Preparing for the MCAT® Exam 
 
21.  Regarding phosphofructokinase, which of the following statements is true: 

a.  Low ATP stimulates the enzyme, but fructose-2,6-bisphosphate inhibits. 
b.  High ATP stimulates the enzyme, but fructose-2,6-bisphosphate inhibits. 
c.  High ATP stimulates the enzyme and fructose-2,6-bisphosphate activates. 
d.  The enzyme is more active at low ATP than at high, and fructose-2,6-bisphosphate activates 
the enzyme. 
e.  ATP and fructose-2,6-bisphosphate both inhibit the enzyme. 

 
Answer:    The correct answer is “d”.  Phosphofructokinase in a glycolytic enzyme that converts fructose-6-
phosphate into fructose-1,6-bisphosphate.  The product is an intermediate committed to the glycolytic 
pathway.  Since ATP hydrolysis is involved in this step making it essentially irreversible, this step has to be 
carefully regulated.  We might expect that high levels of ATP are a consequence of the cell not being active and 
so we might expect ATP to inhibit the enzyme, whereas low levels should stimulate it.  With this in mind we 
can eliminate “b” and “c”.  The difference between “a” and “d” is the action of fructose-2,6-bisphosphate.  This 
compound is synthesized by phosphofructokinase II and this enzyme is regulated in a number of ways.  
Activation, however, is in response to a call for additional glycolysis and so we expect fructose-2,6-
bisphosphate to activate the enzyme, not inhibit it. This eliminates “a” and “e” leaving us with the best 
answer, “d”.    
 
22.  Based on your reading in this chapter, what would you expect to be the most immediate effect 
on glycolysis if the steady-steady concentration of glucose-6-P were 8.3 mM instead of 0.083 mM? 
 
Answer: The answer depends on where this occurs.  For cells using hexokinase, which is inhibited by glucose-
6-phosphate, an increase in glucose would lead to an increase in glucose-6-phosphate, which, in turn, would 
inhibit hexokinase.  For cells using glucokinase (liver for example) no inhibition would occur.  The conversion 
to glucose-6-phosphate would continue. 
 

 
Questions for Self Study 
 
1.  Answer True or False to the following statements. 

a.  Another name for glycolysis is the Embden-Meyerhof pathway.      .   
b.  Glycolysis is confined to the mitochondrial matrix.      .     
c.  In the first phase of glycolysis, glucose is converted to two molecules of glyceraldehyde-3-phosphate 
and NAD+ is reduced.        .   
d.  The only difference between hexokinase and glucokinase is sugar specificity.      .   
e.  Phosphofructokinase hydrolyzes ATP.      .   
f.  Conversion of glucose-6-P to fructose-6-P and conversion of glyceraldehyde-3-P to dihydroxyacetone-P 
are aldose to ketose conversions.      .   

 
2.  Phosphofructokinase is the key enzyme regulating glycolysis.  For the following compounds indicate their 
effects on phosphofructokinase activity. 

a.  ATP 
b.  AMP 
c.  Citrate 
d.  Fructose-2,6-bisphosphate 
e.  Fructose-6-phosphate 

 
3.  The ability of a cell to continue glycolysis in the presence of adequate supplies of glucose and a need for 
ATP is critically dependent on the reaction catalyzed by glyceraldehyde-3-phosphate dehydrogenase.  Why?  
What is the reaction catalyzed by this enzyme? 
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4.  Which two reactions in the second phase of glycolysis are examples of substrate level phosphorylations? 
 
5.  a. The production of lactate or ethanol and carbon dioxide from glucose are examples of what process? 
b. What is the purpose of this process? 
 
6.  Fill in the blanks.  The       pathway is followed by galactose to enter glycolysis.  Galactose is first 
converted to galactose-1-phosphate by       in an ATP-dependent reaction.  Galactose-1-phosphate is 
exchanged for the glucose-1-phosphate moiety of a uridine nucleotide derivative producing      .  This 
compound is acted on by a glucose-4-epimerase converting it to      . 
 
7.  Conversion of 1,3-bisphosphoglycerate to 2,3-bisphosphoglycerate (a allosteric effector of hemoglobin) and 
the conversion of 3-phosphoglycerate to 2-phosphoglycerate are examples of reactions catalyzed by what kind 
of enzymes? 
 

Answers 
 
1.  a. T; b. F; c. F; d. F; e. F; f. T. 
 
2.  a. inhibits; b. blocks ATP inhibition; c. inhibits; d. stimulates; e. stimulates. 
 
3.  The enzyme converts glyceraldehyde-3-phosphate and phosphate to 1,3-bisphosphoglycerate with 
accompanying reduction of NAD+ to NADH.  The reaction is critical because the levels of NAD+ are limiting. 
 
4.  The reactions catalyzed by phosphoglycerate kinase and pyruvate kinase. 
 
5.  a. Fermentation; b. Fermentation provides a pathway for regeneration of NAD+ from NADH that does not 
involve oxygen or another external electron acceptor. 
 
6.  Leloir; galactokinase; UDP-galactose; UDP-glucose. 
 
7.  Mutases 
 

Additional Problems 
 
1.  Why is it advantageous to phosphorylate glucose immediately after being transported into cells? 
 
2.  Describe the basic chemistry of interconversion of glucose-6-phosphate to fructose-6-phosphate and of 
dihydroxyacetone phosphate to glyceraldehyde-3-phosphate. 
 
3.  What reaction is catalyzed by the enzyme fructose bisphosphate aldolase?  Class I aldolases are 
irreversibly inactivated by NaBH4 but inactivation requires the presence of either fructose 1,6-bisphosphate or 
dihydroxyacetone phosphate.  The enzyme can be treated with NaBH4 in the presence of glyceraldehyde-3-
phosphate and upon removal of NaBH4 the enzyme is active.  Explain.   
 
4.   Describe the reaction catalyzed by phosphoglycerate mutase.  What other molecules are required for 
activity? 
 
5.  What key differences exist between hexokinase and glucokinase to insure that glucose is properly 
apportioned between muscle and liver? 
 
6.  Draw the structures of glycerol and of glyceraldehyde.  Anaerobic organisms, grown in the absence of 
oxygen,  can use glyceraldehyde as a source of metabolic energy but not glycerol.  However, metabolism of 
glycerol starts with glycerol kinase converting glycerol to 3-phosphoglycerol, which is subsequently 
metabolized to glyceraldehyde-3-phosphate.  Why is glycerol catabolism a problem for anaerobic organisms 
yet conversion of glyceraldehyde to pyruvate possible? 
 
7.  Mannose is a 2' epimer of glucose.  However, only one additional enzyme is required to get mannose into 
glycolysis.  Outline a reasonable pathway by which mannose enters glycolysis. 
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Chapter 21 . Photosynthesis 
 

 

produce phosphoglycerate.  The carboxyl groups now must be reduced to aldehydes for carbohydrate 
synthesis to occur.  The initial steps include phosphorylation to 1,3-BPG and reduction to glyceraldehyde-3-
phosphate and Pi.  (We saw these steps in glycolysis and they will appear again when we take up 
gluconeogenesis in the next chapter.)  The remainder of the Calvin cycle (Figure 21.25) converts 
glyceraldehyde to glucose, not an onerous task given our knowledge of gluconeogenesis, and regenerates 
ribulose-1,5-bisphosphate.  This aspect of the cycle is reminiscent of the nonoxidative phase of the pentose 
phosphate pathway and uses isomerases, aldolases, transketolases, phosphatases, and a kinase to convert 
three-carbon sugars into five-carbon sugars.  
 
Regulation 
     Calvin cycle activity is coordinated with the light reactions by three light-induced effects: light-induced pH 
changes, generation of reducing power, and Mg2+ efflux.   Know the targets for these controls.  Rubisco 
regulation by Mg2+ is dependent on CO2 availability. 

 

Figure 21.11  The Z-scheme of photosynthesis.  The Z-scheme is a diagrammatic representation of photosynthetic electron flow from H2O to 
NADP+. 
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Chapter 21 . Photosynthesis 
 

 

a.  Showed the red drop or Emerson effect.    
b.  Used flashes of white light.    
c.  Evidence for photosynthetic units.    
d.  Required two light flashes to get maximum oxygen evolution.   
e.  Evidence for the existence of two separate photosystems.    

 
4.  Fill in the blanks.  Eukaryotic photosystems use light energy to move electrons from       to 
      .  During this process       is produced as a by-product in a reaction known as _____.  Also, protons are 
moved from the       of the chloroplast into the       .  This movement produces a proton gradient that is 
subsequently used to phosphorylate ADP to produce ATP in a process known as      .  The electrons follow a 
path known as the      , which requires       quanta of light per electron to function.  Light-dependent electron 
flow with the production of ATP can occur without by-product formation in a process known as            .  This 
process involves only one of the photosystems,      .   
 
5.  For the reactions, a and b, shown below, identify the reactants and products and name the enzymatic 
activities. 

 
 
6.  The Calvin cycle can be thought of as consisting of two phases, a reductive phase and a nonreductive 
phase.  What are the inputs and outputs of each phase? 
 
7.  What is the role of malate production from PEP in C-4  plants ?  In CAM plants?  
 
8.  Carbon dioxide fixation is regulated by what three light-induced signals? 
 

Answers 
 
1.  a. 3; b. 4; c. 2.; d. 6; e. 1; f. 5. 
 
2.  Lost as heat, lost as light (fluorescence), resonance energy transfer, energy transduction. 
 
3.  a. 2; b. 1; c. 1; d. 2; e. 2. 
 
4.  Water; NADP+; oxygen; photolysis; stroma; thylakoid lumen; photophosphorylation; Z scheme; 2; cyclic 
photophosphorylation; photosystem I (or P700). 
 
5.  a. Ribulose-1,5-bisphosphate, carbon dioxide and water react to form two molecules of 3-
phosphoglycerate.  The activity is the carboxylase activity of rubisco. 
b.  Ribulose-1,5-bisphosphate and oxygen combine to produce 3-phosphoglycerate and phosphoglycolate.  
The activity is oxygenase activity of rubisco. 
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Chapter 21 . Photosynthesis 
 

 

6.  In the reductive phase, ribulose-1,5-bisphosphate, carbon dioxide, water, ATP, and reducing equivalents in 
the form of NADPH are used to produce glyceraldehyde-3-phosphate.  In the nonreductive phase, triose 
phosphates are used to produce glucose and to regenerate ribulose-1,5-bisphosphate consumed in the first 
phase. 
 
7.  In C-4 plants, malate serves as a carbon dioxide delivery system from mesophyll cells to bundle sheath 
cells where the Calvin cycle occurs.  This allows carbon dioxide fixation to be carried out in a relatively 
oxygen-poor environment lessening the possibility of photorespiration.  In CAM plants, malate production 
allows the plants to accumulate carbon dioxide at night when loss of water is minimized. 
 
8.  Decrease in stromal pH, increase in reducing power, and Mg2+ efflux from thylakoid vesicles. 
 

Additional Problems 
 
1.  Chlorophyll can be extracted from plant tissue with acetone.  The acetone extract is a dark green solution.  
If an intense beam of visible light is directed at the solution, the solution will fluoresce with a reddish hue.  
However, this fluorescence is not observed for isolated chloroplasts even though the chlorophyll in 
chloroplasts is dissolved in a hydrophobic environment.  Why does chlorophyll fluoresce in acetone but not in 
chloroplasts? 
 
2.  A researcher decided to demonstrate photosynthesis using isolated chloroplasts from spinach.  The plan 
was to use an oxygen electrode to measure oxygen production as a function of light intensity.  Chloroplasts 
were isolated by disrupting spinach leaves in a buffered solution, briefly centrifuging the sample to remove 
cell walls and other debris, and then centrifuging to pellet chloroplasts.  The chloroplasts are resuspended in 
fresh buffer and repelleted by centrifugation.  Finally, the chloroplasts were resuspended in a small volume of 
buffer to make a concentrated solution of chloroplast fragments. 
    With great fanfare, the researcher loaded the chloroplasts into an oxygen electrode, illuminated the 
electrode with an intense source of light, and, before a packed audience of 250 excited undergraduates, found 
that the preparation was completely inactive.  Can you offer a simple explanation? 
 
3.  In the scenario described in question 2 above, the researcher went back to the laboratory, got the 
photosynthesis experiment working perfectly, and scheduled another demonstration.  Then, just before show 
time disaster struck, the oxygen electrode broke.  Can you suggest an alternate method of measuring 
photosynthesis? 
 
4.  What do the so-called dark reactions of photosynthesis accomplish? 
 
5.  The Hatch-Slack pathway is involved in carbon dioxide fixation in C4 plants.  Describe this pathway (i.e. 
that portion of the pathway unique to C4 plants) and identify a similar set of enzymes in animal cells that 
would accomplish this same process. 
 
6.  During electron transport in chloroplasts, hydrogen ions are pumped from one side of a membrane to 
another.  Verbally or in a diagram describe where protons are concentrated in chloroplasts.  How is this 
topologically analogous to proton pumping in mitochondria? 
 
7.  The metal ion in chlorophyll is magnesium.  In hemoglobin and myoglobin and in the cytochromes, the 
metal ion is iron.  In one sense the magnesium in chlorophyll behaves much like the iron in both hemoglobin 
and myoglobin, yet chlorophyll itself functions like the cytochrome porphyrins.  Explain. 
 
8.  The membrane-bond ferredoxins found in the electron transport chain of photosystem I can pass electrons 
to either soluble ferredoxin or to cytochrome bf complex.  What are the outcomes of each path? 
 
9.  What experimental evidence supports the hypothesis that pigments are organized into photosynthetic 
units? 
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Chapter 22 . Gluconeogenesis, Glycogen Metabolism, & Pentose Phosphate Pathway 
 

 

Phosphoketolase is also a thiamine pyrophosphate-containing enzyme.  It is used by certain bacteria to 
ferment glucose into lactic acid and ethanol (using xylulose-5-P in place of fructose-6-P) by the 
phosphoketolase pathway.  (Bacteria capable of running this pathway are used to produce sauerkraut, 
buttermilk, and certain cheeses.) 
 
The reaction mechanism is shown below: 
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12.  Understanding the mechanisms of action of a popular diabetes medication 
Metaglip is a prescribed preparation (from Bristol-Myers Squibb) for treatment of type 2 diabetes.  It 
consists of metformin (see Human Biochemistry, page 726) together with glipizide.  The actions of 
metformin and glipizide are said to be complementary.  Suggest a mechanism of action of glipizide. 
 
Answer:  The structures of both compounds are shown below.  Metformin should look somewhat familiar if 
you recall the structure of the amino acids.  Metformin is a biguanide.  (The side chain of arginine contains a 
guanidine group.)  Guanidine was recognized as an agent causing hypoglycemia. It is found in extracts of a 
plant (Galega officinalis) used since medieval times to treat diabetes.  Metformin seems to have a number of 
effects on glucose levels.  In liver it decreases gluconeogenesis whereas in muscle it increases glucose uptake 
leading to increased levels of glycogen synthesis.  Metformin also sensitizes muscle to insulin and may also 
decrease glucose uptake by the digestive system. 
  
Glipizide is a sulfonylurea, which stimulates insulin release from beta cells of the pancreas.  There is some 
evidence that the drug may decrease hepatic clearance of insulin.   
 
Metaglip is a combination of metformin and glipizide.  Both compounds lead to decrease blood glucose levels.  
Glipizide has the potential to cause hypoglycemia.  Metformin may, in some cases, result in lactic acidosis.  
(Liver uses lactic acid in gluconeogenesis.  Since metformin blocks liver gluconeogenesis, lactic acid 
metabolism is blocked.) 

 
 

 
13.  Assessing the mechanism of action of action of aldose reductase inhibitors 
Study the structures of tolrestat and epalrestat in the Human Biochemistry box on page 748 and 
suggest a mechanism of action for these inhibitors of aldose reductase. 
 
Answer:  Tolrestat and epalrestat are both inhibitors of aldose reductase, an enzyme in the polyol pathway.  
Aldose reductase converts glucose to the sugar alcohol sorbitol and uses NADPH as a source of electrons.  The 
structures of tolrestat and epalrestat do not seem to have any similarities to any of the substrates of the 
enzyme.  Studies by Prendergast and co-workers (Ehrig T., Bohren K. M., Prendergast F. G., and Gabbay K. 
H. (1994) Mechanism of Aldose Reductase Inhibition: Binding of NADP+/NADPH and Alrestatin-like 
Inhibitors. Biochemistry 33, 7157-7165) show that these inhibitors probably bind to the enzyme:NADP+ 
complex at a site other than the active site or substrate binding sites.  
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14.  Understanding a version of the pentose phosphate pathway that produces mainly ribose-5-P 
Based on the discussion on page 752, draw a diagram to show how several steps in the pentose 
phosphate pathway can be bypassed to produce large amounts of ribose-5-phosphate. Begin your 
diagram with fructose-6-phosphate. 
 
Answer:  The key here is to avoid the oxidative steps from glucose-6-phosphate to ribulose-5-phosphate and 
to run fructose-6-phosphate through nonoxidative reactions.  Fructose-6-phosphate can be used in the first 
stage of glycolysis as a source of glyceraldehyde-3-phosphate.  So, the 6-carbon fructose-6-phosphate and 
glyceraldehyde-3-phosphate are available substrates.  In order to produce ribose-5-phosphate we are going to 
need a transketolase.  Look at the lower half of Figure 22.22.  If we were to run step 8 in reverse, this 
transketolase would convert the 6-carbon fructose and the 3-carbon glyceraldehyde to 4-carbon erythrose and 
5-carbon xylulose.  Xylulose is an epimerase and an isomerase away from ribose (via steps 5 and 4).  The 4-
carbon erythrose and another fructose can be used to produce sedoheptulose and glyceraldehyde by reversal 
of the aldolase reaction (step 7).  Sedoheptulose and glyceraldehyde can be used to produce ribose and 
xylulose by reversal of step 6.  The basic idea is to run reactions that produce 5-carbon sugars that then can 
be converted into ribose.  In Figure 22.22, moving from fructose (6C) and erythrose (4C) to sedoheptulose (7C) 
and glyceraldehyde (3C) to ribose (5C) and xylulose (5C) will make the conversions.  This process depends of 
formation of erythrose, a 4-carbon sugar produced by reversal of trans ketolase step 8.  
 
15.  Assessing the labelling patterns in versions of the pentose phosphate pathway 
Consider the diagram you constructed in problem 14. Which carbon atoms in ribose-5-phosphate are 
derived from carbon atoms in positions 1, 3, and 6 of fructose-6-phosphate? 
 
Answer:  If we started with fructose-6-phosphate labeled at carbons 1, 3 and 6 and did not allow label to move 
into glyceraldehyde-3-phosphate or DHAP via aldolase in glycolysis, then label would immediately show up in 
the aldehyde carbon of ribose from carbon 1 of fructose.  This happens as a consequence of reversal of step 8 
(page 749) to produce C-1 labeled xylulose.  (Xylulose is converted to ribulose and then to ribose with C-1 
labeled.)   The other product is erythrose labeled at C-1 and C-4. See below. 

 
Erythrose and another fructose-6-P are converted to glyceraldehyde-3-P and sedoheptulose-7-P by reversal of 
step 7 (page 750).  This produces glyceraldehyde with label on C-3 (from C-6 of fructose) and sedoheptulose-
7-P with label on C-1, 3, 4 and 7.  (Label at 1 and 3 from fructose and label at 4 and 7 from xylulose.) 

 
 
 
Reversal of step 6 (page 749) will produce ribose labeled on C-1, 2 and 5 from sedoheptulose and xylulose 
labeled at carbon 1 from sedoheptulose and carbon 5 from carbon 3. When these are converted to ribose, 
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carbons 1, 2 and 5 are labeled.  See below. 
 

 
 
16.  Understanding a version of the pentose phosphate pathway that produces mainly NADPH 
As described on pages 751 and 752, the pentose phosphate pathway may be used to produce large 
amounts of NADPH without significant net production of ribose-5-phosphate. Draw a diagram, 
beginning with glucose-6-phosphate, to show how this may be accomplished 
 
Answer:  NADPH production requires the oxidative stage of the pentose phosphate pathway and so steps 1, 2 
and 3 must be taken (see Figure 22.22).  This will convert glucose-6-phosphate into ribulose-5-phosphate.  
Ribulose is then passed through the non-oxidative stage of the pathway converting it into glucose.  In this 
stage, ribulose is converted to xylulose and ribose, which are used by transketolase and transaldolase to 
produce fructose-6-phosphate that can be converted to glucose-6-phosphate. 
 
17.  Understanding a version of the pentose phosphate pathway that produces mainly NADPH and 
ATP 
The discussion on page 754 explains that the pentose phosphate pathway and the glycolytic 
pathway can be combined to provide both NADPH and ATP (as well as some NADH) without net ribose-
5-phosphate synthesis. Draw a diagram to show how this may be accomplished. 
 
Answer:  To produce NADPH requires the oxidative stage of the pentose phosphate pathway or steps 1, 2 and 
3 in Figure 22.22.  To get ATP glycolysis needs to be followed and so fructose-6-phosphate produced by 
consuming ribulose-5-phosphate in the non-oxidative stage of the pathway will have to be metabolized into 
pyruvate in glycolysis. 
 
18.  Assessing the labelling patterns in versions of the pentose phosphate pathway 
Consider the pathway diagram you constructed in problem 17. What is the fate of carbon from 
positions 2 and 4 of glucose-6-phosphate after one pass through the pathway? 
 
Answer:   Glucose-6-phosphate labeled at carbons 2 and 4 is converted to ribulose-5-phosphate labeled at 
carbons 1 and 3.  Using Figure 22.22 as a guide the same two carbons remain labeled in ribose-5-phosphate 
and xylulose-5-phosphate.   
 

 
 

Step 6 converts these to sedoheptulose-7-P labeled at carbons 1, 3 and 5 and glyceraldehyde-3-phosphate 
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Chapter 23 . Fatty Acid Catabolism 
 

 

13.  Understanding the mechanism of the HMG-CoA synthase 
Write a reasonable mechanism for the HMG-CoA synthase reaction shown in Figure 23.27. 
 
 
Answer: 

 
 
14.  Understanding the mechanism of the methylmalonyl-CoA mutase reaction 
The methylmalonyl-CoA mutase reaction (see Figure 23.18) involves vitamin B12 as a coenzyme. Write 
a reasonable mechanism for this reaction. (Hint: The reaction begins with abstraction of a hydrogen 
atom—that is, a proton plus an electron—from the substrate by vitamin B12. Consider the chemistry 
shown in A Deeper Look: The Activation of Vitamin B12 as you write your mechanism.)  
 
Answer:  The mechanism below produces a radical on L-methylmalonyl-CoA using vitamin B12. 

 
This is followed by rearrangement of the radical with eventual reformation of vitamin B12 and release of 
succinyl-CoA as follows: 
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15.  Assessing the oxidation states of cobalt in the methylmalonyl-CoA mutase reaction 
Discuss the changes of the oxidation state of cobalt in the course of the methylmalonyl-CoA mutase 
reaction.  Why do they occur as suggested in your answer to problem 14? 
 
Answer:  The mechanism shown above involves free-radical formation on methylmalonyl-CoA, which results 
in rearrangement to succinyl CoA.  Free-radical formation is initiated by cleavage of the Co-C bond in 
cobalamin by hemolytic cleavage.  Homolytic cleavage is decomposing of a compound into two uncharged 
atoms or radicals.  The electron pair in the Co-C bond is in effect split with one electron going to cobalt and 
the other to the methylene carbon.  Cobalt is thus reduced from Co3+ to Co2+.  The methylene carbon has an 
unpaired electron, a free radical, which attacks the methyl carbon of methylmalonyl CoA abstracting a 
hydrogen atom (proton and electron) thus creating a free radical on methylmalonyl-CoA.  Upon rearrangement 
to a free-radical form of succinate, a hydrogen atom is taken from cobalamin, which allows the Co-C bond to 
reform.  Reformation of this bond is by free-radical attack on Co2+ leading to oxidation to CO3+.  
 
16.  Extending the mechanism of methylmalonyl-CoA mutase reaction 
Based on the mechanism for the methylmalonyl-CoA mutase (see problem 14), write reasonable 
mechanisms for the following reactions shown.  
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Chapter 24 · Lipid Biosynthesis 
 

 

Problems and Solutions 
 
1.  Explain the stoichiometry of fatty acid synthesis 
Carefully count and account for each of the atoms and charges in the equations for the synthesis of 
palmitoyl-CoA, the synthesis of malonyl-CoA, and the overall reaction for the synthesis of palmitoyl-
CoA from acetyl-CoA. 
 
Answer:  Malonyl-CoA is synthesized as follows: 

Acetyl-CoA + HCO3- + ATP4- õ malonyl-CoA- + ADP3- + Pi2- + H+ 
The carbons in the acetyl group of acetyl-CoA derive from glucose via glycolysis or from the side chains of 
various amino acids. The bicarbonate anion is produced from CO2 and H2O by carbonic anhydrase: CO2 + 
H2O õ H2CO3 õ H+ + HCO3-.  Generation of ADP and Pi from ATP is a hydrolysis reaction; however, water 
does not show up in the equation because incorporation of bicarbonate carbon into malonyl-CoA is 
accompanied by release of water. 
 
Synthesis of palmitoyl-CoA is described as follows: 
Acetyl-CoA + 7 malonyl-CoA- + 14NADPH + 7 H+ + 7 ATP4-õ  
  palmitoyl-CoA + 7 HCO3- + 14 NADP+ + 7 ADP3- + 7 Pi2-  + 7 CoASH 
For bicarbonate to show up on the right hand side of the equation, the carbon dioxide released by reacting 
malonyl-CoA and acetyl-CoA must be hydrated and subsequently ionized.  So, each bicarbonate is 
accompanied by production of protons.  This is the reason why only half as many protons as NADPH are 
found in the reaction.  Carbons 15 and 16 derive from acetyl-CoA directly; the remaining carbons in 
palmitoyl-CoA derive from acetyl-CoA by way of malonyl-CoA. 
 
2.  Tracing carbon atom incorporation in fatty acids 
(Integrates with Chapters 18 and 19.)  Use the relationships shown in Figure 24.1 to determine which 
carbons of glucose will be incorporated into palmitic acid.  Consider the cases of both citrate that is 
immediately exported to the cytosol following its synthesis and citrate that enters the TCA cycle. 
 
Answer:  The six carbons of glucose are converted into two molecules each of CO2 and acetyl units of acetyl-
coenzyme A.  Carbons 1, 2, and 3 of glyceraldehyde derive from carbons 3 and 4, 2 and 5, and 1 and 6 of 
glucose respectively.  Carbon 1 of glyceraldehyde is lost as CO2 in conversion to acetyl-CoA, so we expect no 
label in palmitic acid from glucose labeled only at carbons 3 and 4.   The carbonyl carbon and the methyl 
carbon of the acetyl group of acetyl-CoA derive from carbons 2 and 5, and carbons 1 and 6 of glucose, 
respectively.  The methyl carbon is incorporated into palmitoyl-CoA at every even-numbered carbon, whereas 
the carbonyl carbon is incorporated at every odd-numbered carbon. 
     Acetyl-CoA is produced in the mitochondria and exported to the cytosol for fatty acid biosynthesis by being 
converted to citrate.  The cytosolic enzyme, citrate lyase, converts citrate to acetyl-CoA and oxaloacetate.  
When newly synthesized citrate is immediately exported to the cytosol, the labeling pattern described above 
will result.  However, where citrate is instead metabolized in the citric acid cycle, back to oxaloacetate, label 
derived from acetyl-CoA shows up at carbons 1, 2, 3 and 4 of oxaloacetate.  These carbons do not get 
incorporated into palmitoyl-CoA. 
 
3.  Postulating the regulation of acetyl-CoA carboxylase 
Based on the information presented in the text and in Figures 24.4 and 24.5, suggest a model for the 
regulation of acetyl-CoA carboxylase.  Consider the possible roles of subunit interaction, 
phosphorylation, and conformational changes in your model. 
 
Answer:  Acetyl-CoA carboxylase catalyzes the formation of malonyl-CoA, the committed step in synthesis of 
fatty acids.  This enzyme is a polymeric protein composed of protomers, or subunits, of 230 kD.  In the 
polymeric form, the enzyme is active whereas in the protomeric form the enzyme is inactive.  Polymerization is 
regulated by citrate and palmitoyl-CoA such that citrate, a metabolic signal for excess acetyl units, favors the 
polymeric and, therefore, active form of the enzyme whereas palmitoyl-CoA shifts the equilibrium to the 
inactive form.  The activity of acetyl-CoA carboxylase is also under hormonal regulation.  Glucagon and 
epinephrine stimulate cyclic AMP-dependent protein kinase that will phosphorylate a large number of sites on 
the enzyme.  The phosphorylated form of the enzyme binds citrate poorly and citrate binding occurs only at 
high citrate levels.  Citrate is a tricarboxylic acid with three negative charges and its binding site on the 
enzyme is likely to be composed of positively-charged residues.  Phosphorylation introduces negative charges, 
which may be responsible for the decrease in citrate binding. 
     In the phosphorylated form, low levels of palmitoyl-CoA will inhibit the enzyme.  Thus, the enzyme is 
sensitive to palmitoyl-CoA binding and to depolymerization in the phosphorylated form.  If we assume that the 
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Chapter 24 · Lipid Biosynthesis 
 

 

8.  Tracing carbon atom incorporation in cholesterol 
Trace each of the carbon atoms of mevalonate through the synthesis of cholesterol, and determine 
the source (that is, the position in the mevalonate structure) of each carbon in the final structure.  
 
Answer: 
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9.  Understanding the functional role of O-linked oligosaccharides in the LDL receptor 
Suggest a structural or functional role for the O-linked saccharide domain in the LDL receptor 
(Figure 24.40). 
 
Answer:  LDL receptors are synthesized on the rough endoplasmic reticulum and move through the smooth 
endoplasmic reticulum and Golgi apparatus before being incorporated into the plasma membrane.  On the 
plasma membrane, LDL receptors bind LDL, aggregate into patches, and are internalized into coated vesicles 
that fuse with lysosomes where LDL is degraded.  The O-linked saccharide domain functions to extend the 
receptor domain away from the cell surface, above the glycocalyx coat.  This allows the receptor to bind 
circulating lipoproteins.      
 
10.  Assessing the consequences of low cellular levels of CTP 
Identify the lipid synthetic pathways that would be affected by abnormally low levels of CTP. 
 
Answer:  Phosphatidylethanolamine and phosphatidylcholine synthesis depend on the formation of CDP-
ethanolamine and CDP-choline respectively.  Phosphatidylinositol and phosphatidylglycerol biosynthesis 
utilize CDP-diacylglycerol.  The synthetic pathways of all of these compounds may be affected if the cell 
experiences low levels of CTP. 
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2.  Movement of citrate out of the mitochondria coordinates glycolysis and fatty acid biosynthesis.  Explain. 
 
3.  Name the three water soluble vitamins that are crucial to fatty acid synthesis and briefly describe the roles 
they play in this process. 
 
4.  Why do mammals require certain essential fatty acids in their diet?   
 
5.  Outline the synthesis of glycerophospholipid. 
 
6.  Lovastatin lowers serum cholesterol by interfering with HMG-CoA reductase, the enzyme that catalyzes the 
rate limiting step in cholesterol synthesis.  The drug is administered as an inactive lactone that is activated by 
hydrolysis to mevinolinic acid, a competitive inhibitor of HMG-CoA reductase.  Can you recall another lactone 
hydrolysis reaction encountered in an earlier chapter? 
 
7.  What is the role of high-density lipoproteins in regulation of cholesterol levels in the blood? 
 
8.  Synthesis of the steroid hormones from cholesterol starts with the reaction catalyzed by desmolase shown 
below.  Why is this a critical reaction for formation of steroid hormones? 

  
 

Abbreviated Answers 
 
1.  The immediate source of carbons is acetyl-CoAs, which are produced from carbohydrates, amino acids, 
and lipids.  Acetyl-CoA is produced in the mitochondria but fatty acid biosynthesis occurs in the cytosol.  To 
move acetyl units out of the mitochondria, they are condensed onto oxaloacetate to form citrate, in a citric 
acid cycle reaction.  Citrate is then transported out of the mitochondria to the cytosol, where ATP-citrate lyase 
catabolizes citrate to acetyl-CoA and oxaloacetate.  This cytosolic acetyl-CoA is used to synthesize fatty acids.  
So, the citrate-malate-pyruvate shuttle is responsible for moving two-carbon units from the mitochondria to 
the cytosol.  However, it has another purpose: it supplies some of the NADPH needed for fatty acid synthesis.  
Cytosolic oxaloacetate is reduced to malate and then oxidatively decarboxylated to CO2 and pyruvate by malic 
enzyme, in an NADP+-dependent reaction.  The NADPH thus formed is consumed during the reduction steps 
of fatty acid biosynthesis.      
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Chapter 25 . Nitrogen Acquisition and Amino Acid Metabolism 
 

 

 
Figure 25.23  The urea cycle. 
 

Problems and Solutions 
 
1.  The oxidation states of nitrogen 
What is the oxidation number of N in nitrate, nitrite, NO, N2O and N2?   
 
Answer:  The oxidation number is in effect a measure of the number of electrons being shared unequally in 
covalent bonds.  An easy compound to see this in is water.  In water each hydrogen is involved in a covalent 
bond with oxygen, an electronegative element.  In these bonds, there is an unequal sharing of the electron 
pair such that the oxygen becomes partially negatively charged whereas the hydrogens are partially positively 
charged.  The oxidation number of a compound is equal to the formal charge of the compound and it is the 
sum of the oxidation numbers of the elements of the compound.  In water for example, the formal charge is 
zero, which is equal to the sum of the oxidation state of oxygen plus twice the oxidation state of hydrogen. 
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Chapter 26 . The Synthesis and Degradation of Nucleotides 
 

 

5.  The metabolic role of dUDP 
Since dUTP is not a normal component of DNA, why do you suppose ribonucleotide reductase has the 
capacity to convert UDP to dUDP? 
 
Answer:  Thymidine, a component of DNA, is produced by methylation of dUMP by the enzyme thymidylate 
synthase.  dUMP is derived from dUTP through the action of dUTP diphosphohydrolase in the following 
reaction: 
   dUTP + H2O õ dUMP + PPi 
Thus, to produce dUMP a source of dUTP is required.  Ribonucleotide reductase converts NDP to dNDP 
without regard to base.  Thus, dUDP is produced and can be phosphorylated to dUTP.  Ultimately UDP is the 
precursor to dTTP, which is one of the deoxyribonucleotide triphosphates required for DNA synthesis.    
 
6.  Allosteric regulation of ribonucleotide reductase by ATP and deoxynucleotides 
Describe the underlying rationale for the regulatory effects exerted on ribonucleotide reductase by 
ATP, dATP, dTTP, and dGTP. 
 
Answer:  The diagram below shows the various levels of nucleotide regulation of ribonucleotide reductase.  By 
starting with ATP bound to the overall specificity site and following the arrows we see that the enzyme first 
produces dCDP and dUTP which leads to increased dTTP which binds to the substrate specificity site by 
competing with ATP.  dTTP leads to production of dGTP, which in turn leads to dATP and enzyme inactivation. 
     ATP thus sets off this cascade of changing activity.  

Overall Specificity Site
Nucleotide Activity

ATP active
dATP inactive

Substrate Specificity Site
Nucleotide Specificity

ATP UDP and CDP
dTTP GDP
dGTP ADP
dATP enzyme inactive

 
7.  Nucleotide catabolism as a source of metabolic energy 
(Integrates with Chapters 18-20 and 22.)  By what pathway(s) does the ribose released upon 
nucleotide degradation enter intermediary metabolism and become converted to cellular energy?  
How many ATP equivalents can be recovered from one equivalent of ribose? 
 
Answer:  Ribose is metabolized in the pentose phosphate pathway, glycolysis, and the citric acid cycle.  To 
enter the pentose phosphate pathway, ribose is phosphorylated at the expense of ATP and converted to 
ribulose-5-phosphate, which is metabolized as follows.  Ribulose-5-phosphate is used to produce triose 
phosphate equivalents that are fed through glycolysis into the citric acid cycle.  Thus, 3 ribose units follow 
this route and will produce 5 triose phosphates.  Starting with 3 ribose (or a total of 15 carbons), the 
nonoxidative phase of the pentose phosphate pathway is used to produce a total of 5 triose phosphates.  For 
example, using ribulose-5-phosphate isomerase, ribulose-5-phosphate epimerase, transketolase, and 
transaldolase, three ribose-5-phosphates are converted to two fructose-6-phosphate and glyceraldehyde-3-
phosphate.  To convert fructose-6-phosphate to glyceraldehyde-3-phosphate, ATP is consumed.  Thus, to this 
stage, a total of 5 ATP are consumed; three to phosphorylate ribose initially* and two additional ATP to 
metabolize fructose-6-phosphate. 
Net to this stage: -5 ATPs 
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10.  The anaplerotic purine nucleoside cycle of skeletal muscle 
Write a balanced equation for the conversion of aspartate to fumarate by the purine nucleoside cycle 
in skeletal muscle. 
 
Answer:  The sequence of reactions that converts aspartate to fumarate is shown in Figure 26.9.  The amino 
group of aspartate is used to convert IMP to AMP, a transamination reaction with IMP serving as the keto 
acceptor.  AMP is subsequently deaminated by AMP deaminase to release ammonium and IMP.  The reactions 
are shown below. 

IMP + Aspartate + GTP4-  Adenylosuccinate + GDP3- + Pi2- + H+ (Adenylosuccinate synthetase) 
Adenylosuccinate  Fumarate + AMP (Adenylosuccinase) 

AMP + H2O  IMP + NH3 (AMP deaminase) 
NH3 + H+  NH4+ 

 
Net: 

Asparate + GTP4- + H2O  Fumarate + GDP3- + Pi2- + NH4+ 

 
11.  The catabolism of uric acid 
Write a balanced equation for the oxidation of uric acid to glycolic acid, CO2, and NH3, showing each 
step in the process and naming all of the enzymes involved. 
 
Answer:  The conversion of uric acid to glycolic acid and ammonia is shown in Figure 26.12.  Uric acid is 
converted to allantoin, which is converted to allantoic acid.  Allantoic acid is then converted to glyoxylic acid 
and urea, which is broken down to carbon dioxide and water.  The sequence is shown below. 

Uric acid + 2 H2O + O2  Allantoin + C2O + H2O2 (Urate oxidase) 
Allantoin + H2O  Allantoic acid (Allantoinase) 

Allantoic acid + H2O  Glyoxylic acid + 2 Urea (Allantoicase) 
2 Urea + 2 H2O  2 CO2 + 4 NH3 (Urease) 

To get rid of hydrogen peroxide, we will use hydrogen peroxide oxidoreductase, which reacts two moles of 
hydrogen peroxide to produce water and oxygen as shown below. 

H2O2  H2O + 1/2 O2 (Hydrogen peroxidase oxidoreductase) 
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4.  Purines are synthesized as nucleotide derivatives whereas pyrimidines are produced as the free base 
orotate, which is subsequently converted to a nucleotide.  
 

Summary 
 
     Nearly all organisms have the ability to synthesize purine and pyrimidine nucleotides de novo.  Since these 
nucleotides are the direct precursors for RNA and DNA synthesis, their formation is a particularly active 
process in rapidly proliferating cells, as seen in bacterial infections or cancerous malignancies.  Consequently, 
enzymes of nucleotide biosynthesis are often the targets of drugs designed to halt uncontrolled cell division. 
     The nine atoms of the purine ring are contributed by five separate precursors:  CO2, the amino acids 
glycine, aspartate and glutamine, and one-carbon units contributed by THF derivatives.  The purine ring is 
constructed on a ribose-5-phosphate scaffold.  PRPP, the “active form” of ribose-5-P, is the limiting substance 
in purine biosynthesis.  The de novo purine synthetic pathway has as its first purine product, IMP.  IMP 
synthesis is regulated at the first two steps: 1) Ribose-5-P pyrophosphokinase is allosterically inhibited by 
ADP and GDP; 2) Glutamine-PRPP amidotransferase is subject to cumulative feedback inhibition by adenine 
and guanine nucleotides.  This latter enzyme has two sites for allosteric inhibition, one where AMP, ADP and 
ATP act, and a second where GMP, GDP and GTP act.  The two prominent purines, AMP and GMP, are formed 
from IMP via a bifurcated pathway with two reactions in each branch.  The first enzyme in the AMP branch, 
adenylosuccinate synthetase, has GTP as a substrate and is feedback inhibited by AMP.  The initial step in 
the GMP branch, IMP dehydrogenase, is feedback inhibited by GMP, while the second step, GMP synthetase, 
uses ATP as its energy source.  This product inhibition and reciprocity in energy donor provides an effective 
regulatory mechanism for balancing the formation of AMP and GMP to meet cellular needs. 
     Purine salvage pathways furnish a means to recover free purine bases and nucleosides released as a 
consequence of nucleic acid degradation and turnover.  Though these salvage enzymes seem peripheral to the 
major utilization, deficiencies in them, as in the absence of HGPRT (hypoxanthine-guanine 
phosphoribosyltransferase) in Lesch-Nyhan Syndrome, have tragic consequences.  Further, aberrations in 
purine catabolism, as in ADA (adenosine deaminase) deficiency, the underlying cause of Severe Combined 
Immunodeficiency Syndrome or “SCID”, can also be devastating.  The end product of purine catabolism is 
uric acid.  An excess accumulation of uric acid leads to the clinical disorder known as gout.  Allopurinol, an 
analog of hypoxanthine, is an effective treatment.  Allopurinol binds tightly to xanthine oxidase, inhibiting its 
activity and preventing uric acid build-up.  Purine metabolism even fulfills an anaplerotic role.  In skeletal 
muscle, a cyclic series of purine transformations known as the purine nucleoside cycle has the net effect of 
converting aspartate to fumarate to replenish the level of citric acid cycle intermediates. 
     De novo pyrimidine biosynthesis first yields the six-membered pyrimidine ring; only then is the ribose-5-
moiety added to create a nucleotide.  Just two precursors, carbamoyl-P and aspartate, provide the requisite 
six atoms of the pyrimidine.  In E. coli, pyrimidine synthesis is regulated at aspartate transcarbamoylase 
(ATCase), the step where carbamoyl-P and aspartate condense to form carbamoyl-aspartate.  ATCase is the 
paradigm of allosteric enzymes (Chapter 12); it is feedback inhibited by the ultimate ribonucleotide end 
product of the pyrimidine pathway, CTP, and is activated by ATP.  In animals, carbamoyl phosphate 
synthetase II (CPS-II) is the committed step in pyrimidine biosynthesis.  Animal CPS-II is feedback inhibited 
by UDP and UTP, while ATP and PRPP are allosteric activators.  Pyrimidine synthesis in mammals provides an 
example of “metabolic channeling”.  The first three reactions are catalyzed by a multi-functional polypeptide, 
which contains the active sites for CPS-II, ATCase and DHOase.  A second multi-functional polypeptide 
carries both OPRTase and OMP decarboxylase activities (reactions 5 and 6 of the pathway).  Such multi-
functional proteins achieve metabolic channeling:  the direct transfer of substrate from one active site to the 
next, avoiding dissociation from the protein followed by diffusion (and dilution) in free solution to the next 
enzyme. 
     Deoxyribonucleotides have only one metabolic purpose - to serve as building blocks in DNA synthesis.  
Ribonucleoside diphosphates (NDPs) are the substrates for deoxyribonucleotide formation; NDP reduction at 
the 2’-position forms the corresponding dNDP.  The enzyme mediating this reaction is ribonucleotide 
reductase, and NADPH is the ultimate source of reducing power for dNDP synthesis.  Ribonucleotide 
reductase has two distinct allosteric sites in addition to its active site, and its activity is regulated by an 
elegant feedback control circuit that balances the supply of dNTPs.  One of the active sites determines the 
overall activity of the enzyme depending on whether ATP or dATP is bound.  ATP activates; dATP inhibits.  The 
second allosteric site is the substrate specificity site.  Occupation of this site by its effectors, ATP, dTTP, dGTP 
or dATP, determines which NDP substrate (CDP, UDP, GDP or ADP) is bound and reduced in the active site. 
     Synthesis of thymine deoxynucleotides begins with the deoxyribonucleotides, dUDP and dCDP, both of 
which can lead to dUMP:  dUDPõdUTPõdUMPõor dCDPõdCMPõdUMP.  The conversion of dCDP to dUMP is 
catalyzed by dCMP deaminase, an allosteric enzyme that provides a control point for regulation of dTTP 
formation.  Thymidylate synthase catalyzes the synthesis of dTMP from dUMP and N5, N10-methylene THF.  
Because of its pivotal role in the pathway of dTTP formation, thymidylate synthase has become an attractive 
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target for chemotherapeutic agents designed to selectively inhibit cell division through denial of adequate 
amounts of DNA precursors.  

498

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

























Chapter 27 . Metabolic Integration and Organ Specialization 

 

17.  Malonyl-CoA as a key indicator of nutrient availability 
a. Some scientists support the “malonyl-CoA hypothesis,” which suggests that malonyl-CoA is a key 
indicator of nutrient availability and the brain uses its abundance to assess whole-body energy 
homeostasis. Others have pointed out that malonyl-CoA is a significant inhibitor of carnitine 
acyltransferase-1 (see Figure 24.16). Thus, malonyl-CoA may be influencing the levels of another 
metabolite whose concentration is more important as a signal of energy status. What metabolite 
might that be? 
b. Another test of the malonyl-CoA hypothesis was conducted through the creation of a transgenic 
strain of mice that lacked functional hypothalamic fatty acid synthase (see Chapter 24). Predict the 
effect of this genetic modification on cellular malonyl-CoA levels in the hypothalamus, the eating 
behavior of these transgenic mice, their body fat content, and their physical activity levels. Defend 
your predictions. 
 
Answer:  Malonyl-CoA derives from acetyl-CoA by carboxylation and it is the immediate source of two-carbon 
acetyl units for fatty acid biosynthesis.  High levels of malonyl-CoA would likely be an indicator of abundant 
metabolites that are converted to acetyl-CoA (like sugars or amino acids).  Additionally, high malonyl-CoA 
levels would occur when fatty acids are abundant and there is little need for synthesis of fatty acids.  In this 
case fatty acids are activated by addition of coenzyme A.  Thus, malonyl-CoA levels would also be expected to 
reflect fatty acyl-CoA levels. 
 
For b, mice missing fatty acid synthase could not consume malonyl-CoA leading to elevated levels of this 
metabolic intermediate.  This would be expected to lead to a decrease in eating behavior and an increase in 
weight loss.  In studies on mice using inhibitors of fatty acid synthase, food intake was suppressed and 
skeletal muscles increased oxidation of fatty acids leading to weight loss.  (See Lane, M.D. et al, 2008, 
Regulation of food intake and energy expenditure by hypothalamic malonyl-CoA International Journal of 
Obesity 32 (suppl.4) S49-S54.)  All of these responses were reversed when a viral vector expressing malonyl-
CoA decarboxylase was introduced into the hypothalamus (stereotactically) indicating that malonyl-CoA levels 
were driving the responses. 
 
18.  Exploring leptin’s mechanism of action 
a. Leptin was discovered when a congenitally obese strain of mice (ob/ob mice) was found to lack 
both copies of a gene encoding a peptide hormone produced mainly by adipose tissue. The peptide 
hormone was named leptin. Leptin is an anorexic (appetite suppressing) agent; its absence leads to 
obesity. Propose an experiment to test these ideas. 
b. A second strain of obese mice (db/db mice) produces leptin in abundance but fails to respond to it. 
Assuming the db mutation leads to loss of function in a protein, what protein is likely to be 
nonfunctional or absent? How might you test your idea? 
 
Answer:  Leptin is a peptide hormone secreted by adipocytes.  In humans the mature peptide is 146 amino 
acids long and its structure is dominated by four antiparallel alpha helices.  Leptin binds to leptin receptors, 
which a single-pass membrane spanning protein that is expressed in nervous tissue and peripheral tissue.  
Leptin binding to its receptor sets off a complicated signal transduction pathway with connections to insulin 
transduction pathways.  (For a detailed discussion see: Anubhuti and Arora, S., 2008, Leptin and its 
metabolic interactions –an update Diabetes, Obesity and Metabolism 10:973-993.)  Leptin seems to play two 
physiological roles.  During periods of caloric balance (when intake balances output), leptin levels correlate 
with total body fat mass.  So individuals with more body fat have higher leptin levels.  The second role of 
leptin comes into play during periods of negative or positive energy balance.  Under conditions of caloric 
excess, leptin levels rise and this results in signals that decrease appetite and increase energy expenditure.  
To test this in mice one could study the effects of leptin injections in ob/ob mice, which are genetically obese.  
Regular leptin injections would be expected to decrease appetite and weight. 
 
The db/db mice lack leptin receptors.  Testing this would be a bit tricky since injecting leptin receptors would 
not have the same effect in these mice as injecting leptin in ob/ob mice.  (Leptin is a soluble protein whereas 
the receptor is a membrane-protein.)  One could conduct binding assays to see if db/db mice lack leptin 
receptors but experiments with negative results must be carefully controlled.   
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Chapter 29 . Transcription and the Regulation of Gene Expression 
 

 

Answer:  In eukaryotes, transcription is compartmentalized within the nucleus.  Another fundamental 
difference is the number of RNA polymerases involved in transcription.  In prokaryotes, a single RNA 
polymerase is responsible for all classes of RNAs including mRNA, rRNA, and small, stable RNAs such as 
tRNAs.  (The only other RNA polymerase activity, primase, functions during replication to produce RNAs used 
as primers.)  In contrast, eukaryotes have several RNA polymerases each dedicated to production of one class 
of RNA.  RNA polymerase I is localized in the nucleolus and is responsible for transcription of ribosomal RNA 
genes, except 5S rRNA.  RNA polymerase II is active in the nucleus and is responsible for synthesis of mRNAs.  
RNA polymerase III also acts in the nucleus to produce small, stable RNAs such as tRNAs, 5S rRNA, and the 
small RNAs involved in mRNA processing and in protein targeting.  Finally, mitochondria and chloroplasts 
have RNA polymerases responsible for transcription of organellar genes. 
     Eukaryotic RNA polymerases are themselves generally incapable of initiation of transcription and require 
additional protein factors or transcriptional factors to initiate protein synthesis.  The enzyme complexes are 
larger than those found in prokaryotes.  Eukaryotic RNA polymerases are also more complicated than their 
counterparts in prokaryotes. 
     Termination of transcription is different between eukaryotes and prokaryotes.  In bacteria, termination 
involves either rho-dependent terminators or so-called intrinsic (rho-independent) terminators.  In eukaryotes, 
termination signals are less precise.  For RNAs destined to be polyadenylylated, termination occurs 
downstream of the AAUAAA cleavage and polyadenylation signal sequence. 
     For prokaryotic promoters there are essentially two elements, one at –35 and another, an AT-rich sequence 
at –10.  The –35 element is recognized by sigma factor and while there are several different sigma factors that 
recognize different –35 sequences, the situation is not nearly as complicated as found in eukaryotes.  
Eukaryotes have a TATA-box at –25 and a weakly conserved sequence, Inr, around the site of initiation of 
transcription, and a number of other elements that are found near the site of initiation of transcription.  
Robust transcription requires additional elements (like enhancers).  DNA in a eukaryotic genome is organized 
into nucleosomes and effective gene expression requires DNA to be available for transcription.  Prokaryotic 
DNA is less structured and hence typically more readily available for transcription. 
     In prokaryotes, as the transcript is being produced it can also be translated because protein synthesis and 
transcription occur in the same compartment.  As soon as the 5’ end of the primary transcript clears the RNA 
polymerase it is available to the ribosome for translation. In eukaryotes, transcription is localized in the 
nucleus whereas protein synthesis occurs in the cytoplasm; thus there is no opportunity to couple the two 
processes. Furthermore, eukaryotic primary transcripts undergo extensive processing, including capping, 
polyA addition and splicing before being exported from the nucleus to the cytoplasm.   
 
5.  DNA recognition by DNA-binding proteins 
DNA-binding proteins may recognize specific DNA regions either by reading the base sequence or by 
“indirect readout.” How do these two modes of protein DNA recognition differ? 
 
Answer:  When the base sequence is used for recognition, a DNA-binding protein typically binds to dsDNA 
through the major groove.  In the major groove, each base pair displays a characteristic pattern of hydrogen 
bond donors and acceptors.  There is similar information in the minor groove but not as diverse as that 
presented in the major groove. 
     Indirect readout refers to conformational variations in the dsDNA helix formed as a consequence of the 
sequence.  Base pairs have slightly different sizes.  In addition, neighboring base pairs influence stacking 
interactions.  Thus, the exact shape of a region of dsDNA is influenced by the sequences of bases.  
 
6.  The size of gene promoters 
(Integrates with Chapter 11.)  The metallothionein promoter is illustrated in Figure 29.27. How long 
is this promoter, in nm?  How many turns of B-DNA are found in this length of DNA? How many 
nucleosomes (approximately) would be bound to this much DNA? (Consult Chapter 11 to review the 
properties of nucleosomes.) 
 
Answer:  The metallothionein promoter is approximately 265 base pairs in size.  B-form DNA has a pitch of 
3.4 nm and 10 base pairs per turn (or 0.34 nm per base pair).  Thus, 265 base pairs makes 26.5 turns, which 
is (26.5 x 3.4 nm =) 90.1 nm.   
     Each nucleosome covers about 146 base pairs of DNA and so 265 base pairs are about enough for nearly 
two nucleosomes.  Nucleosomes are separated by about 50 bp of linker DNA and if we include this then the 
265 base pairs would only account for a little more than one nucleosome. 
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>1GU4:B|PDBID|CHAIN|SEQUENCE 
VKSKAKKTVDKHSDEYKIRRERNNIAVRKSRDKAKMRNLETQHKVLELTAENERLQKKVEQLSRELSTLRNLFKQLPE 
>1GU4:A|PDBID|CHAIN|SEQUENCE 
VKSKAKKTVDKHSDEYKIRRERNNIAVRKSRDKAKMRNLETQHKVLELTAENERLQKKVEQLSRELSTLRNLFKQLPE 
 
You might notice immediately that the leucines are all located on the C-terminal half of the protein sequences.  
The first and second leucines are separated by 7 residues.  Starting with the third leucine there are leucine 
residues every 7th position for four cycles.  You can show this by simply placing paragraphs before the first, 
second and third leucines.  Then, starting with the third leucine, place a paragraph every 7th residue.  This 
should generate the following. 
 
>1GU4:B|PDBID|CHAIN|SEQUENCE 
VKSKAKKTVDKHSDEYKIRRERNNIAVRKSRDKAKMRN 
LETQHKV 
LE 
LTAENER 
LQKKVEQ 
LSRELST 
LRNLFKQ 
LPE 
 
A more sophisticated approach to the question is to use some of the protein analysis tools at ExPASy.  Visit 
the following URL:http://us.expasy.org/tools/#primary. You might consider running ProtParam to get the 
amino acid composition of the protein. For comparison you could use RandSeq to generate a random protein 
with an average amino acid composition for comparison.  Finally, you could use one of the programs to 
determine the isoelectric point of the first half of the protein and the second half.  These analyses should 
convince you that the protein’s N-terminal half is rich in basic amino acids and that its C-terminal half forms 
a leucine zipper.  
 
Preparing for the MCAT® Exam 
 
19. Figure 29.15 highlights in red the DNA phosphates that interact with catabolite activator 
protein (CAP). What kind of interactions do you suppose predominate and what kinds of CAP amino 
acid side chains might be involved in these interactions? 
 
Answer: In order to interact with the negatively charged phosphate backbone of DNA we would expect a 
protein to use positively charged lysine and arginine residues to form ionic bonds (electrostatic interactions).  
Using the directions given in the answer to the previous problem you could download the sequence of 1g6n 
and analyze its amino acid composition.  The CAP protein is not rich in basic amino acids. 
 
20. Chromatin decompaction is a preliminary step in gene expression (Figure 29.48). How is 
chromatin decompacted? 
 
Answer:  The first step is to decrease the interaction between histone protein and DNA and this is 
accomplished by histone acetyl transferases (HATs).  HATs acetylate lysine residues on histones and 
acetylation effectively removes the positive charge on lysine side chains.  This disrupts electrostatic 
interactions between histones and DNA.  Next, chromosome remodeling complexes unwind DNA from the 
nucleosome using ATP hydrolysis to drive the process. 
 

Questions for Self Study 
 
1.  Describe the events leading up to initiation of transcription by E. coli RNA polymerase.  Be sure to include 
in your discussion the importance of promoter elements in a typical promoter. 
 
2.  Name the two types of transcriptional termination mechanisms found in bacteria. 
 
3.  The last two columns of the table shown below are incorrect.  Correct them. 
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Chapter 30 . Protein Synthesis 
 

 

2 in eukaryotes by covalent ADP-ribosylation.  Ricin causes chain cleavage of the large subunit rRNA, and 
Colicin E-3 cleaves prokaryotic small subunit ribosomes. 
 
Post-Translational Processing 
     The most common form of protein modification is proteolytic cleavage to activate a protein, or to release 
mature protein products from a larger primary translational product.  Proteins are also targeted to specific 
locations within the cell or are destined for transport out of the cell.  In prokaryotes, a signal sequence, 
located on the N-terminus of a protein, or at a more internal location, may direct the protein to be exported 
from the cell or to become a membrane-bound protein.  Signal recognition particles play a role in halting 
protein synthesis shortly after a signal peptide is produced and, in conjunction with docking protein, directing 
the nascent protein to the endoplasmic reticulum membrane where protein synthesis resumes. 
 

Problems and Solutions 
 
1.  Translating nucleotide sequences into amino acid sequences 
(Integrates with Chapter 12.)  The following sequence represents part of the nucleotide sequence of a 
cloned cDNA: 

. . . CAATACGAAGCAATCCCGCGACTAGACCTTAAC. . . 
Can you reach an unambiguous conclusion from these data about the partial amino acid sequence of 
the protein encoded by this cDNA? 
 
Answer:  We are faced with the problem of deciding on a reading frame.  Assuming that we have the 
noncoding strand sequence, we can inspect it for stop codons, UGA, UAG, UAA.  (It makes no sense to look 
for AUG start codons because the sequence might have come from any location within the cDNA.)  By 
inspection we find two stop codons as shown below. 

. . . CAATACGAAGCAATCCCGCGACTAGACCTTAAC. . . 
     These two stop codons are not in the same reading frame (because they are not separated by an integral 
multiple of three nucleotides).  Therefore, either of the two different reading frames that include TAG and TAA 
may represent the region coding for the C-terminal portion of the protein.  The third possible reading frame, 
(the one that starts with CAA) does not contain a stop codon.  More information is required in order to decide 
which is the correct reading frame.  One possibility is to compare codon usage in the three frames with codon 
usage in other genes from the same organism.  Alternatively, we might turn to amino acid composition 
analysis.  The amino acid sequence of the third reading frame is: 

Gln-Tyr-Glu-Ala-Ile-Pro-Arg-Leu-Asp-Leu-Asn 
Certain amino acids are often found in low frequencies in proteins as for example Met (AUG), Trp (UGG), His 
(CAU/C), Cys (UGU/C), Tyr (UAU/C), and Phe (UUU/C).  However, of these relatively rarely used amino acids, 
we find only the tyrosine codon shown below. 

. . . CAATACGAAGCAATCCCGCGACTAGACCTTAAC. . . 
It may be possible to check the protein for chymotrypsin cleavage (chymotrypsin cleaves after tyrosine) and 
this may help us decide if the tyrosine codon is in the appropriate reading frame. 
 
A similar analysis may be applied to the complementary strand whose sequence, written 5' to 3', is: 

GTTAAGGTCTAGTCGCGGGATTGCTTCGTATTG 
This sequence has two stop codons in different reading frames as shown below. 

GTTAAGGTCTAGTCGCGGGATTGCTTCGTATTG 
The third reading frame, shown below, may be an open reading frame. 

G TTA AGG TCT AGT CGC GGG ATT GCT TCG TAT TG 
If translated it would produce the following amino acid sequence: 

Leu-Arg-Ser-Ser-Arg-Gly-Ile-Ala-Ser-Tyr- 
 
2.  Nucleotide sequences, possible codons, and amino acid specification 
A random (AG) copolymer was synthesized with polynucleotide phosphorylase using a mixture of 5 
parts adenine nucleotide to one part guanine nucleotide as substrate.  If this random copolymer is 
used in a cell-free protein synthesis system, which amino acids will be incorporated into the 
polypeptide product?  What will be the relative abundances of these amino acids in the product? 
 
Answer:  Polynucleotide phosphorylase catalyzes the following reaction in vitro  

NDP + NDP  RNA + Pi. 
The mixture of NDPs consists of 5 parts ADP and 1 part GDP.  The probabilities of selecting ADP and GDP 
from the mixture are 5/6 and 1/6 respectively.  To determine the probability of any codon we apply the 
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product rule.  For example, the probability of an AAA codon is given by (5/6)(5/6)(5/6) = 0.58.  The relative 
probability of a codon is calculated by dividing the probability of a codon by the probability of the most 
probable codon. 

Codon Probability Relative Probability Amino acid 
AAA (5/6)(5/6)(5/6) = 0.58 1.00 Lys 
AAG (5/6)(5/6)(1/6) = 0.12 0.20 Lys 
AGA (5/6)(1/6)(5/6) = 0.12 0.20 Arg 
GAA (1/6)(5/6)(5/6) = 0.12 0.20 Glu 
AGG (5/6)(1/6)(1/6) = 0.023 0.04 Arg 
GAG (1/6)(5/6)(1/6) = 0.023 0.04 Glu 
GGA (1/6)(1/6)(5/6) = 0.023 0.04 Gly 
GGG (1/6)(1/6)(1/6) = 0.005 0.008 Gly 

 
To determine the abundance of amino acids we can apply the sum rule of probability.  For example, the 
probability of a lysine codon is the sum of the probabilities of AAA and AAG.  The relative probability is 
calculated by dividing the probability of an amino acid by the probability of the most probable amino acid. 

Amino acid Probability Relative Probability Normalized Probability 
Lys 1.00 + 0.20   = 1.20 1.20 100 
Arg 0.20 + 0.04   = 0.24 0.24 20 
Glu 0.20 + 0.04   = 0.24 0.24 20 
Gly 0.04 + 0.008 = 0.048 0.048 4 

 
3.  The second genetic code 
Review the evidence establishing that aminoacyl-tRNA synthetases bridge the information gap 
between amino acids and codons.  Indicate the various levels of specificity possessed by aminoacyl-
tRNA synthetases that are essential for high-fidelity translation of messenger RNA molecules. 
 
Answer:  Information flow in biological systems is described in the central dogma first postulated by Francis 
Crick.  Genetic information is stored and transmitted from generation to generation in the form of a sequence 
of bases in nucleic acids.  Nucleic acids are faithfully copied in the process of replication, which is directed by 
base-pair interactions involving complementary hydrogen bonds.  The information content of a nucleic acid is 
its sequence of bases.  A portion of this sequence is used to direct the synthesis of proteins, linear chains of 
amino acids, in a process known as gene expression.  For most genes, gene expression involves at least two 
steps, transcription and translation.  In transcription, an mRNA is produced by a base-pair directed 
polymerization.  In translation, mRNAs are used to direct the synthesis of proteins by ribosomes.   Even in 
this process, complementary base pair interactions between mRNAs and tRNAs are paramount in importance.  
Yet, translation results in the production of linear chains of amino acids.  Thus, during gene expression a 
change in information content from nucleotide sequences to amino acid sequences occurs.  The point at 
which this information gap is bridged is the production of aminoacyl-tRNAs by aminoacyl-tRNA synthetases.  
These enzymes must speak two languages, one based on nucleotides, the other based on amino acids. 
     In order for translation to occur with high fidelity, aminoacyl-tRNA synthetases must accurately charge 
tRNAs.  This is accomplished by a two-step reaction.  As the name implies, synthetases produce 
aminoacylated-tRNAs at the expense of ATP hydrolysis.  In the first step in catalysis, an amino acid is 
adenylated to form an aminoacyl-adenylate that is tightly bound to the enzyme.  This reaction is accompanied 
by elimination of PPi, which is subsequently hydrolyzed by pyrophosphatases rendering the reaction 
irreversible.  In the second stage of catalysis, the amino acid is transferred to either the 2'-OH or the 3'-OH of 
a tRNA. 
     Specificity exists at each of these two stages.  The aminoacyl adenylation reaction depends on the amino 
acid specificity of the amino acid binding site.  This specificity is not absolute and activation of inappropriate 
amino acids occurs with low frequency.  This may lead to misacylation.  Aminoacyl-tRNA synthetases 
carefully edit this step to insure that misacylated tRNAs are not released.  Misacylated tRNAs trigger a 
deacylase that hydrolyzes inappropriately charged tRNAs. 
     The “second genetic code” refers to so-called charging determinants, which are features on tRNAs that 
aminoacyl-tRNA synthetases recognize in order to charge them with the correct amino acid.  One might 
imagine that the anticodon is a charging determinant and in some cases it is but for many tRNAs the 
synthetase does not use the anticodon as a recognition feature but rather uses a number of other features on 
tRNAs including single bases, base pairs, and modified bases.   
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Chapter 31  Completing the Protein Life Cycle: Folding, Processing and Degradation 
 

 

16.  Understanding the scope and diversity of posttranslational protein modification 
As described in this chapter, the most common post-translational modifications of proteins are 
proteolysis, phosphorylation, methylation, acetylation, and linkage with ubiquitin and SUMO 
proteins. Carry out a Web search to identify at least eight other posttranslational modifications and 
the amino acid residues involved in these modifications. 
 
Answer:  A good place to get some of this information is dbPTM, an information repository of protein post-
translational modification at http://dbptm.mbc.nctu.edu.tw/.  Use the Browse option to get a table of post-
translational modifications and the amino acids on which they occur.  Some of the modifications listed 
include acetylation, ADP-ribosylation, amidation, farnesylation, formylation, gamma-carboxylation of glutamic 
acids, hydroxylation, methylation, myristoylation, glycosylation and others.  dbPTM provides links to 
structure pages for the modifications. 
 
Mass spectrometry is often very concerned with post-translational modifications, both natural and synthetic, 
of amino acids and there are several databases related to mass spectrometry work that list post-translational 
modifications.    
 
17.  Understanding the nature and functional utility of fluorescence resonance energy transfer 
(FRET) 
Fluorescence resonance energy transfer (FRET) is a spectroscopic technique that can be used to 
provide certain details of the conformation of biomolecules. Look up FRET on the Web or in an 
introductory text on FRET uses in biochemistry, and explain how FRET could be used to observe 
conformational changes in proteins bound to chaperonins such as GroEL. A good article on FRET in 
protein folding and dynamics can be found here: Haas, E., 2005. The study of protein folding and 
dynamics by determination of intramolecular distance distributions and their fluctuations using 
ensemble and single-molecule FRET measurements. ChemPhysChem 6:858–870. Studies of GroEL 
using FRET analysis include the following: Sharma, S., et al., 2008. Monitoring protein conformation 
along the pathway of chaperonin-assisted folding. Cell 133:142–153; and Lin, Z., et al., 2008. GroEL 
stimulates protein folding through forced unfolding. Nature Structural and Molecular Biology 
15:303–311. 
 
Answer:  Fluorescence resonance energy transfer or FRET is a process by which energy is transferred from 
one fluorescent molecule to another.  This process can be used to measure distance between fluorescent 
molecules in the range of 1 nm to 10 nm, dimensions useful in studying proteins and other macromolecules.  
The energy transfer is between two fluorescent dyes. For transfer to occur the emission spectrum of the so-
called donor dye must overlap with the absorption (or excitation) spectrum of the acceptor dye.  Furthermore, 
the distance between the two dyes must be within approximately 10 nm or less.  Measurements of efficiency 
of energy transfer are used to measure the distance between two dyes. Techniques employing FRET are widely 
used in biochemistry and molecular biology.  In the particular experimental problem under consideration, 
protein folding, the protein under study must be covalently modified with two fluorescent dyes on specific 
amino acid residues.  Considering two such dyes on a polypeptide chain, the efficiency with which FRET 
occurs between them will depend on the distance separating them.  This distance will obviously depend on 
the separation distance along the polypeptide chain.  That is, dyes located on different ends will transfer 
energy less efficiently than dyes located on amino acids close together on the chain. But, proteins do not 
remain as extended polypeptide chains.  Rather, they fold up into a conformation dictated by the protein’s 
amino acid sequence and solvent conditions.  As a polypeptide folds, regions along the chain that are far 
apart in primary structure may be close together in the final conformation.  The folding process follows a 
pathway or a series of pathways that start off with local hydrophobic interactions.  GroEL participates in 
protein folding by preventing protein aggregation (among protein molecules) during the folding process by 
sequestering the protein.  GroEL also presents the folding protein a changing environment ranging from 
hydrophobic to hydrophilic.  In the hydrophobic environment, proteins relinquish their local hydrophobic 
interactions in favor of interaction with GroEL.  As the environment changes, proteins move though 
conformations that are stabilized by a hydrophobic core characteristic of many globular proteins. 
 
18.  Understanding the nature and functions of the phosphodegron 
The cross-talk between phosphorylation and ubiquitination in protein degradation processes is 
encapsulated in the concept of the “phosphodegron.” What is a phosphodegron, and how does 
phosphorylation serve as a recognition signal for protein degradation? (A good reference on the 
phosphodegron and crosstalk between phosphorylation and ubiquitination is Hunter, T., 2007. The 
age of crosstalk: Phosphorylation, ubiquitination, and beyond. Molecular Cell 28:730–738.) 
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Answers 
 
1.  The burial of hydrophobic residues away from the aqueous solvent. 
 
2.  Hsp70s bind to exposed hydrophobic patches on proteins.  Because the protein’s structure would never 
tolerate the placement of a significant number of hydrophobic amino acids on the exposed surface, the fact 
that hydrophobic patches are exposed at all signals that the protein is not in its native conformation, and may 
be in need of a chaperone to assist in folding.   
 
3.  a. T; b. F; c. F; d. T; e. F. 
 
4.  Rough endoplasmic reticulum or RER; ribosomes; signal sequence; signal recognition particle; docking 
protein or SRP receptor; signal peptidase. 
 
5.  Proteins destined for degradation are covalently modified by conjugation to ubiquitin.  Ubiquitinated 
proteins are degraded by the protease complex. 
 

Additional Problems 
 
1.  The textbook tells us that Christian Anfinsen pointed out 40 years ago that all the information necessary 
for a protein to fold is contained within its primary structure.  What made him say this? 
 
2.  Describe the mechanism of action of chaperonins in protein folding. 
 
3.  What does retrograde transport from the ER mean? 
 
4.  Describe the routes followed by proteins that reside in different mitochondrial compartments. 
 
5.  It is known from experiments that mature mitochondria and chloroplast will still actively import proteins.  
Speculate as to why this might be the case.  
 

Abbreviated Answers 
 
1.  Anfinsen knew that the amino acid sequence contained the information required for proper folding 
because some proteins could be denatured and subsequently renatured all on their own.  This generally 
required the protein to be in a very dilute solution, conditions never encountered in the living cell.  
Accordingly, many proteins fold with the assistance of molecular chaperones.  
 
 2.  Chaperonins are members of the Hsp60 family.  An unfolded protein with surface-exposed hydrophobic 
regions binds to hydrophobic patches present on the apical domain of the interior surface of the GroEL cavity.  
Upon binding ATP, GroES is recruited to cover the apical domain and conformational changes occur within 
GroEL that bury the hydrophobic patches.  This causes the release of the unfolded or partially folded 
polypeptide, where is exists in the central cavity essentially free from other similarly partially folded 
polypeptides with which it could potentially form aggregates.  After a short time the bound ATP is hydrolyzed, 
causing release of GroES and repositioning of the GroEL apical domain hydrophobic patches.  If the 
polypeptide has folded successfully, it will escape from the GroEL cavity.  If not, it can be re-captured by 
GroEL for another round of ATP-induced folding reactions. 
 
3.  If a protein is translocated into the ER lumen, but fails to fold correctly or assemble as a subunit of a 
multimeric protein, it can be transported back out of the ER through the Sec61p translocon.  Upon reaching 
the cytoplasm, the offending protein can then be destroyed by the proteosome.  The movement of a protein 
out of the ER through the Sec61p translocon is called retrograde transport.. 
 
4.  Mitochondrial precursors all start their journey into the organelle by interacting with the TOM complex, a 
series of receptors and translocons in the outer membrane.  A protein destined to integrate into the outer 
membrane is transferred from the TOM complex to a SAM complex, also in the outer membrane, from which it 
is inserted across the hydrophobic core of the membrane.  Proteins that will take up residence in the inner 
membrane pass through the TOM complex and engage the TIM22 complex.  The TIM22 complex mediates the 
insert in of the protein into the membrane.  Proteins residing in the mitochondria matrix pass from the TOM 
complex to a different inner membrane complex, TIM23.  The TIM23 complex mediates the passage of the 
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Problems and Solutions 
 
1.  Assessing the features and physiology of hormones 
Compare and contrast the features and physiological advantages of each of the major classes of 
hormones, including the steroid hormones, polypeptide hormones, and the amino acid-derived 
hormones. 
 
Answer:  The steroid hormones have two modes of action.  They can bind to surface receptors leading to 
regulation of ion channels.  Alternately, steroid hormones can diffuse into the cell and interact with specific 
internal receptor proteins leading to stimulation of transcription and gene expression.  The time course and 
duration of stimulation is quite different for these two modes of action.  Ion channel stimulation is a rapid 
though brief response.  Alteration in gene expression is slower but long-lasting.  The polypeptide hormones 
function by receptor binding at the cell surface resulting in production or release of a second messenger.  
Production of the peptide hormones requires gene expression and several post-translational modifications 
including proteolytic cleavages and covalent modifications.  Peptide hormones are the most diverse group of 
hormones and as a result can participate in a wide variety of specific hormone-receptor interactions.  The 
amino-acid derived hormones include two groups.  The catecholamine hormones, including epinephrine and 
norepinephrine, are derived from the amino acid tyrosine and function by surface receptor binding and 
second message production.  The second group of amino-acid derived hormones includes the thyroid 
hormones thyroxine and triiodothyronine, which bind to intracellular receptors that in turn regulate gene 
expression.       
 
2.  Understanding the features and physiology of the second messengers 
Compare and contrast the features and physiological advantages of each of the known classes of 
second messengers. 
 
Answer:  Second messengers include Ca2+, the cyclic nucleotides cAMP and cGMP, diacylglycerol (DAG), 
inositol trisphosphate (IP3), phosphatidic acid, ceramide, nitric oxide (NO), and cyclic ADP-ribose.  At rest, 
cells maintain low concentrations of intracellular calcium but maintain calcium stores in internal 
compartments, such as the endoplasmic reticulum and other vesicles, and cells are typically bathed in an 
extracellular solution of high calcium concentration.  The internal calcium concentration can be rapidly 
changed by opening calcium channels either in the plasma membrane or in an intracellular calcium storage 
compartment, or both.  Calcium is a small molecule that can rapidly diffuse to intracellular targets that 
include calcium binding proteins.  Calcium-dependent signals are fast-acting but require the action of 
calcium pumps and sequestering agents to be switched off.  
     The cyclic nucleotides derive from ATP and GTP by adenylyl and guanylyl cyclase.  They bind to target 
proteins in a highly specific manner and the levels of cyclic nucleotides are regulated by controlling both 
activity of the cyclases and the phosphodiesterases (that degrade cyclic nucleotides into nucleoside 
monophosphates by hydrolysis).  The cyclic nucleotides and inositol trisphosphate and its derivatives are 
strictly intracellular agents.  They are impermeable to membranes and remain within the cytosol.  Inositol 
trisphosphate can be converted to a large number of phosphorylated intermediates that can serve as second 
messengers.  Diacylglycerol, phosphatidic acid, and ceramide are second messages that act at membrane 
surfaces.  Nitric oxide is the smallest second message.  (Calcium is smaller but its hydrate is larger).  It can 
diffuse rapidly to target sites and requires no special uptake mechanism because it is freely permeable across 
the membrane.  In addition it is rapidly degraded or inactivated by non-enzymatic reactions.  Thus, nitric 
oxide gives rise to rapid but localized response. 
 
3.  Are there gaseous second messengers besides NO? 
Nitric oxide may be merely the first of a new class of gaseous second messenger/neurotransmitter 
molecules.   Based on your knowledge of the molecular action of nitric oxide, suggest another 
gaseous molecule that might act as a second messenger and propose a molecular function for it. 
 
Answer:  Nitric oxide is synthesized from arginine by NO synthase.  This gaseous compound is capable of 
rapidly diffusing across cell membranes.  The target of NO is the heme prosthetic group of soluble guanylyl 
cyclase.  NO binding results in an increase in enzyme activity leading to increased concentrations of cGMP.  
In studying hemoglobin (Chapter 12) we discovered that carbon monoxide has a high affinity for heme groups.  
Carbon monoxide is produced during heme catabolism when one of the methylene carbons of heme is 
converted to CO while the remainder of the heme group is converted to bilirubin.  The enzyme that produces 
CO from heme is heme oxygenase.   
     NO is known to activate guanylyl cyclase, which leads to production of cGMP.  cGMP is involved in a 
number of physiological responses including gating of ion channels in phototransduction, activation of 
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myosin phosphatase to relax smooth muscle and roles in platelet inhibition and cell growth and 
differentiation.  CO also activates guanylyl cyclase but it is much less effective than is NO.  CO, however, is a 
comparatively stable molecule relative to NO.  There is evidence that NO synthase activity depends on normal 
oxygen concentrations and so in anaerobic conditions, NO production may decline.  In contrast, heme 
oxygenase remains active at low oxygen levels.  NO and CO signaling may be acting through the same 
pathways but at different levels of oxygen tension. 
     The first gaseous hormone to be discovered was ethylene used by plants to stimulate a number of 
processes including fruit ripening, flower senescence and others.       
 
4.  Assessing the action of an antibiotic 
Herbimycin A is an antibiotic that inhibits tyrosine kinase activity by binding to SH groups of 
cysteine in the src gene tyrosine kinase and other similar tyrosine kinases.  What effect might it 
have on normal rat kidney cells that have been transformed by Rous sarcoma virus?  Can you think 
of other effects you might expect for this interesting antibiotic? 
 
Answer:  Transformed cells exhibit a number of properties distinct from nontransformed cells, including loss 
of contact inhibition, continuous division, increased glucose uptake and glycolysis, loss of cytoskeletal 
elements leading to cell shape changes, alteration in surface antigens, loss of differentiation, and growth in 
liquid culture (anchorage-independent growth).  Rous sarcoma virus carries the src oncogene, which codes for 
a tyrosine kinase that is responsible for transformation by the sarcoma virus.  By inhibiting the tyrosine 
kinase with herbimycin A, the characteristics of transformed cells are all reversed.   
 
5.  Proposing uses for monoclonal antibodies against phosphotyrosine 
Monoclonal antibodies that recognize phosphotyrosine are commercially available.  How could such 
a monoclonal antibody be used in studies of cell signaling pathways and mechanisms? 
 
Answer:  The ability to measure changes of phosphotyrosine levels in response to a hormonal signal is 
necessary to establish a role for tyrosine kinases in a particular signaling pathway.  It is an easy task to use 
the radioactive isotope of phosphorous, 32P, to establish that a protein is phosphorylated but it is difficult to 
distinguish between phosphotyrosine, phosphoserine and phosphothreonine.  The protein would have to be 
converted to amino acids but this presents a problem because phosphotyrosine is not particularly stable.  
Further, phosphoproteins are not abundant and therefore difficult to isolate.  Monoclonal antibodies against 
protein phosphotyrosine would allow rapid quantitation of phosphotyrosine levels, and using Western blots, 
identification of phosphotyrosine-containing proteins. 
 
6.  Are there functions of hormone receptors other than signal amplification? 
Explain and comment upon this statement: The main function of hormone receptors is that of signal 
amplification. 
 
Answer:  In the case of a hormone receptor that functions enzymatically, the statement is true and the 
receptor tyrosine kinases are good examples.  Hormone binding leads to stimulation of protein kinase activity, 
which leads to phosphorylation of multiple protein targets.  In G-protein-mediated pathways, hormone 
receptors serve the purpose of transmitting information from the surface to the cell interior.  Amplification 
occurs at two stages.  A hormone receptor with bound hormone can stimulate several G-proteins.  The G-
proteins stimulate adenylyl cyclase, leading to an increase in cAMP, stimulation of cAMP-dependent protein 
kinase, and phosphorylation of multiple targets.  When hormone receptors function to stimulate 
transcription, the hormone signal is converted to a hormone-hormone receptor complex with a fixed 
stoichiometry.  The complex then stimulates transcription and only at this stage is the signal amplified. 
 
7.  Determining the concentration of a neurotransmitter in a synaptic vesicle 
Synaptic vesicles are approximately 40 nm in outside diameter, and each vesicle contains about 
10,000 acetylcholine molecules.  Calculate the concentration of acetylcholine in a synaptic vesicle. 

 
Answer:  A synaptic vesicle with a 40 nm outside diameter has an inside diameter of approximately 36 nm.  
The volume occupied by one synaptic vesicle is given by: 
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15.  Understanding the behavior of K+, Na+, and Cl- during an action potential 
Use the information in problems 13 and 14, together with Figure 32.50, to discuss the behavior of 
potassium, sodium, and chloride ions as an action potential propagates along an axon. 
 
Answer:  The value for the membrane potential calculated in 14 is equal to the chloride Nernst potential 
calculated in 13.  This implies that chloride is distributed according to its Nernst potential but both 
potassium and sodium are not.  They are not at their Nernst potentials because the sodium-potassium pump 
is maintaining them at concentration differences far from their Nernst potentials.  This means, however, that 
when there is a change in membrane permeability for either of these ions, the membrane potential will change 
toward their Nernst membrane potentials.  
    When the membrane is depolarized to about –40 mV, this triggers an opening of sodium channels.  Sodium 
now finds itself permeable to the membrane and flows into the cell down its concentration gradient.  As it 
does this, the membrane potential moves towards the Nernst potential for sodium (around 50 mV).  It doesn’t 
quite reach this potential because at about 30 mV, sodium channels begin to close and potassium channels 
open.  Opening of potassium channels drives the membrane potential towards the Nernst potential for 
potassium at about –80 mV.  The membrane potential actually overshoots its resting potential (-60 mV).  
Eventually the membrane potential is restored as potassium channels close. 
 
16.  Assessing signal amplification in a signaling pathway 
Review the cell signaling pathway shown in Figure 32.4. With the rest of the chapter as context, 
discuss all the steps of this pathway that involve signal amplification. 
 
Answer:  The obvious steps in signal transduction that could result in amplification involve steps catalyzed by 
enzymes.  In the pathway shown in Figure 32.4 hormone binding to a tyrosine kinase receptor leads to 
autophosphorylation of the receptor.  This step functions more like an on/off switch conveying the hormone-
binding event into the cell.  Phosphorylation leads to activation of Ras by GTP exchanging for GDP.  Activated 
Ras then activates Raf, a protein kinase, which phosphorylates MAP kinase kinase, which phosphorylates 
MAP kinase, MAP kinase phosphorylates various target proteins that function in regulation of gene 
expression, which is the cell’s ultimate response to the initial hormone binding signal. 
     The steps involving activated Raf, activated MAP kinase kinase and MAP kinase are all steps that involve 
signal amplification.  Phosphorylation of tyrosine kinase might be considered to be an activation step rather 
than amplification.  The phosphorylated receptor then recruits SOS, which functions as a guanylyl exchange 
factor, which catalyzes GTP/GDP exchange on Ras.  This step could provide a modest amplification as could 
Ras activation of Raf.  But, these two steps are confined to the plasma membrane and involve a two-
dimensional diffusion of target protein in the plane of the membrane.  Their purpose may be for rapid 
transmission of information about hormone binding rather than to amplify the signal.  Starting with Raf, 
amplification should be significant for the steps described in the first paragraph. 
 
17.  Understanding the consequences of a Ras mutation on a signaling pathway 
In the cell signaling pathway shown in Figure 32.4, what would be the effect if Ras were mutated so 
that it had no GTPase activity? 
 
Answer:  Signal transduction pathways include both on and off switches to ensure that signals last for 
appropriate lengths of time.  The consequence of activation of a signal transduction pathway is to elicit a 
physiological response to some environmental or developmental condition.  The response will somehow 
address the condition and examples of this might be responses to blood glucose or serum calcium levels.  
Once the response to the signal is made the condition setting off the signal is reassessed.  If the condition is 
still uncorrected an additional signal is required.   
     On and off switches in signal transduction pathways often include kinases and phosphatases that 
phosphorylate and dephosphorylate a target protein. In the case of G proteins, they are activated by GTP 
binding but they inactivate themselves by intrinsic GTPase activity.  If Ras lacked GTPase activity but could 
still bind GTP and become active (as an inhibitor or activator of some downstream protein) then the signal 
would be stuck in the on position. In this case Ras would be capable of signaling in the absence of hormone 
stimulation.  As it turns out mutant forms of Ras are commonly associated with human cancers.  The 

590

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 32 . The Reception and Transmission of Extracellular Information 
 

 

mutants lead to constitutively active Ras as a consequence of inactivation of GTPase activity. 
 
18.  Understanding the action of GPCRs in G-protein-independent pathways 
One of the topics discussed in this chapter is the ability of GPCRs to exert signaling effects without 
the involvement of G proteins. Using the pathway shown in Figure 32.40, and considering everything 
you have learned in this chapter, suggest some reasons that would explain why this G-protein–
independent signaling was difficult to verify experimentally. 
 
Answer:  G-protein coupled pathways are complex and involve multiple components and teasing out the 
components from a complex mixture is a difficult task experimentally.  G-protein-dependent and G-protein-
independent pathways converge and many components are shared.  Additionally, there is evidence that 
dependence and independence may be set off by different concentrations of the ligand.  A given concentration 
of ligand (hormone) may result in stimulation of both pathways.  GPCRs can interact with downstream 
effectors either directly or through adapter proteins.  Identifying these interactions would require receptor 
mutations that block particular interactions or mutations in adapter proteins like arrestin.      
 
Preparing for the MCAT® Exam 
 
19.  Assessing the actin of a popular pesticide 
Malathion (Figure 32.58) is one of the secrets behind the near complete eradication of the boll weevil 
from cotton fields in the United States. For most of the 20th century, boll weevils wreaked havoc on 
the economy of states from Texas to the Carolinas. When boll weevils attacked cotton fields in a 
farming community, the destruction of cotton plants meant loss of jobs for farm workers, 
bankruptcies for farm owners, and resulting hardship for the entire community. Relentless 
application of malathion to cotton crops and fields has turned the tide, however, and agriculture 
experts expect that boll weevils will be completely gone from cotton fields within a few years. 
Remarkably, malathion-resistant boll weevils have not emerged despite years of this pesticide’s use. 
Consider the structure and chemistry of malathion and suggest what you would expect to be the 
ecological consequences of chronic malathion application to cotton fields. 
 
Answer:  The structure of malathion is shown below along with acetylcholine.  Malathion is an 
acetylcholinesterase inhibitor.  It is very difficult to access ecological consequences to chronic malathion 
application just from the structure.  One important property of malathion that has contributed to it being 
widely used is that it is labile and breaks down under a number of ecologically-relevant conditions.  While it 
may be very good against boll weevils it is unlikely that it is specific to these insects.  So, any non-target 
insects may be affected by malathion.  
 

 
 
20.  Assessing the structural requirements for a regulatory protein in a signaling network 
Consult the excellent review article “Assembly of Cell Regulatory Systems Through Protein 
Interaction Domains” (Science 300:445–452, 2003, by Pawson and Nash) and discuss the structural 
requirements for a regulatory protein operating in a signaling network. 
 
Answer: Proteins operating in regulatory systems often possess two independent domains, one containing a 
protein-protein interaction domain through which target pathways are selected, and the second imparting 
catalytic activity required for signal transduction itself.  These domains can be joined in modular fashion, 
allowing relatively few catalytic activities to be used repeatedly in different signaling pathways.  A well-
characterized example of this is the use of kinases in signal cascades, wherein the activity of signaling 
proteins is modulated by phosphorylation.  Often, the phosphorylated proteins are themselves kinases, which 
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when activated go on to phosphorylate other downstream targets, greatly amplifying the original signal.  The 
specificity of these kinases for their immediate targets is enhanced by protein interaction domains located in 
separate regions of the enzyme.  Because catalytic and interaction domains can often fold independently, the 
activity of one is often independent of the activity of the other.  The modular nature of these signaling proteins 
thus allows for use of common and recognizable protein interaction and catalytic domains to be expressed in 
different contexts and provide for the high specificity required of signal transduction pathways.   
 

Questions for Self Study 
 
1.  Name three classes of chemical species that act as hormones. 
 
2.  List the three receptor superfamilies that mediate transmembrane signal processing and give a brief 
description how signal processing occurs. 
 
3.  What two enzymatic activities are responsible for regulating cAMP levels? 
 
4.  cAMP is an example of a second messenger.  Name five other second messengers. 
 
5.  A large family of second messengers can be derived from phospholipase C activity on phosphatidylinositol 
and its derivatives.  Explain. 
 
6.  Protein kinase C is sensitive to what two intercellular signals? 
 
7.  Membrane-bound guanylyl cyclases and soluble guanylyl cyclases are stimulated by very different signals.  
What are they? 
 
8.  Match a term with its definition. 

a.  Node of Ranvier 1.  Connects to sensory receptor. 
b.  Synapse 2.  Carries nerve impulses away from cell body. 
c.  Schwann cell 3.  Moves nerve impulses to the cell body. 
d.  Interneuron 4.  Insulating layer around axons. 
e.  Sensory neuron 5.  Gap between an axon and a dentrite. 
f.  Dendrite 6.  Moves signals from one neuron to another. 
g.  Axon 7.  Gap between Schwann cells along an axon's length. 

 
9.  Answer True of False. 
a.  Typically, action potentials are induced by a hyperpolerization of the membrane voltage.     . 
b.  Resting potential of an axon is determined by the concentration gradients of all impermeable ions.     .       
c.  During an action potential, the membrane voltage changes from approximately -60 mV to +40 mV because 
of changes in sodium permeability.       .  
d.  Potassium permeability changes alone are responsible for returning the action potential back to resting 
values.       . 
e.   Action potentials attenuate with distance.       . 
 
10.  Fill in the blanks.  In cholinergic synpases, small vesicles termed       are localized on the inside of the 
synaptic knob and contain large amounts of the neurotransmitter      .  When an action potential arrives at 
the synaptic knob, voltage-gated       channels open.  This is followed by fusion of vesicles with the plasma 
membrane and release of neurotransmitter into the synaptic cleft.  Neurotransmitter induces action potentials 
in postsynaptic cells by binding to receptors.  There are two kinds of receptors       and       distinguished by 
there responses to a toxic alkaloid in toadstools or to nicotine.  Neurotransmitter action is usually short lived 
because it is rapidly hydrolyzed by the enzyme      .   
 
11.  Match 

a.  Endorphin 1.  Binds to nicotinic receptors and blocks their opening.  
b.  Catecholamine 2.  Insecticide that blocks muscarinic receptor. 
c.  Glycine 3.  Excitatory amino acid transmitter. 
d.  Glutamate 4.  Epinephrine. 
e.  Malathion 5.  Peptide neurotransmitter. 
f.  d-tubocurarine 6.  Inhibitory amino acid transmitter. 
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Answers 
 
1.  Steroids, amino acid derivatives, and peptides. 
 
2.  7-Transmembrane segmented receptors are integral membrane proteins composed of seven helical 
segments, an extracellular hormone-binding domain, and an intracellular G-protein binding domain.  GTP-
binding proteins or G-proteins bind GTP and are released from the transmembrane receptor upon hormone 
binding.  Depending on the type of G-protein, the G protein-GTP complex activates or inhibits adenylyl cyclase 
leading to changes in cyclic AMP levels.  Single-transmembrane segment catalytic receptors are integral 
membrane proteins with an extracellular hormone receptor domain, a transmembrane segment, and an 
intracellular domain with either tyrosine kinase or guanylyl cyclase activity.  Ligand gated oligomeric ion 
channels open or close in response to ligand binding.  Many such ion channels are regulated by 
neurotransmitters. 
 
3.  Adenylyl cyclase and phosphodiesterase. 
 
4.  cGMP, inositol phosphates, diacylglycerol (DAG), calcium, phosphatidic acid, ceramide, nitric oxide, cyclic 
ADP-ribose. 
 
5.  Phospholipase C activity produces diacylglycerol (DAG) and phosphoinositol.  Depending on the 
phosphorylation state of phosphatidylinositol, inositol-1-P, inositol-1,4-P, or inositol-1,4,5-P may be released. 
Inositol-1,4,5-P leads to inositol-1,3,4,5-P, inositol-1,3,4-P, inositol-pentaphosphate, and inositol 
hexaphosphate.  DAG may also be converted to phosphatidic acid. 
 
6.  Calcium and diacylglycerol. 
 
7.  Membrane-bound guanylyl cyclases are stimulated by a variety of peptide hormones.  Soluble guanylyl 
cyclases are stimulated by nitric oxide. 
 
8.  a. 7; b. 5; c. 4; d. 6; e. 1; f. 3; g. 2. 
 
9.  a. F; b. F; c. T; d. F; e. F. 
 
10.  Synaptic vesicles; acetylcholine; calcium; muscarinic; nicotinic; acetylcholinesterase. 
 
11.  a. 5; b. 4; c. 6; d. 3; e. 2; f. 1. 
 

Additional Problems 
 
1.  Caffeine (1,3,7-trimethylxanthine), theophylline (1,3-dimethylxanthine found in teas), and theobromine 
(3,7-dimethylxanthine found in chocolate) mimic the action of hormones that cause an increase in cAMP.  
Why? 
 
2.  Anabolic steroids have been used to increase athletic performance because these hormones lead to 
increase in mass and strength of muscle.  However, their use for this purpose is banned in many 
competitions and random tests are often conducted to determine if an athlete has taken anabolic steroids.  
(Notable examples of athletes who have tested positive for drug use include Ben Johnson, Diego Maradona, 
and Hulk Hogan.)  The tests are conducted on urine samples and steroid use can be detected even if active 
steroid use had been discontinued at some time prior to testing.  From the properties of steroid hormones, 
can you suggest why synthetic steroids might have long biological half-lives? 
 
3.  Explain why the GTP analogs GMP-PNP and GMP-PCP are activators of adenylyl cyclase. 
 
4.  Draw the structure of inositol and explain why it can be metabolized into a large number of active 
compounds. 
 
5.  Based on the description of calmodulin target proteins and the Baa helix and referring to a wheel plot of 
melittin, suggest a possible function for melittin. 
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