
1 
Introduction to the Chemistry of Life 

 
This chapter introduces you to life at the biochemical and cellular level. It begins with a 
discussion of the chemical origins of life and its early evolution. This discussion continues into 
ideas and theories about the evolution of organisms, followed by a brief introduction to 
taxonomy and phylogeny viewed from a molecular perspective. The chapter concludes with an 
introduction to the basic concepts of thermodynamics and its application to living systems. 
Biochemistry, like all other sciences, is a based on the measurement of observable phenomena. 
Hence, it is important to become familiar with the conventions used to measure energy and mass. 
Box 1-1 presents the essential biochemical conventions that we will encounter throughout 
Fundamentals of Biochemistry. 
 
Essential Concepts 
 
The Origin of Life 
 
1. Living matter consists of a relatively small number of elements, of which C, N, O, H, Ca, 

P, K, and S account for ~98% of the dry weight of most organisms (which are 70% water). 
These elements form a variety of reactive functional groups that participate in biological 
structure and biochemical reactions. 

 
2. The current model for the origin of life proposes that organisms arose from the 

polymerization of simple organic molecules to form more complex molecules, some of 
which were capable of self-replication. 

 
3. Most polymerization reactions involving the building of small organic molecules into 

larger more complex ones occur by the formation of water. This is called a condensation 
reaction. 

 
Cellular Architecture 
 
4. A key development in the origin of life was the formation of a membrane that could 

separate the critical molecules required for replication and energy capture from a 
potentially degradative environment. 

 
5. Complementary surfaces of molecules and macromolecules provide a template for 

biological specificity (e.g., macromolecular assembly, enzyme activity, and expression and 
replication of the genome).  
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6. Modern cells can be classified as either prokaryotic or eukaryotic. Eukaryotic cells are 
distinguished by a variety of membrane-bounded organelles and an extensive cytoskeleton. 

 
Organismal Evolution 
 
7. Prokaryotes show a limited range of morphologies but very diverse metabolic capabilities. 
 
8. Phylogenetic evidence based on comparisons of ribosomal RNA genes have been used by 

Woese and colleagues to group all organisms into three domains: archaea, bacteria, and 
eukarya. 

 
9. The evolution of sexual reproduction marks an important step of the evolution of 

organisms, because it allows for genetic exchanges that lead to an increase in the 
adaptability of a population of organisms to changing environments. 

 
10. Eukaryotes contain several membrane-bounded structures, such as mitochondria and 

chloroplasts, that may be descended from ancient symbionts. 
 
11. Archaea represent a third domain or branch of life in the three-domain system of 

classification. While they outwardly resemble bacteria, their genomes and the proteins 
encoded in them more closely resemble those of eukaryotes. 

 
12. Biological evolution is not goal-directed, requires some built-in sloppiness, is constrained 

by its past, and is ongoing. 
 
13. Natural selection directs the evolution of species. 
 
Thermodynamics 
 
14. The first law of thermodynamics states that energy (U) is conserved; it can neither be 

created nor destroyed. 
 
15. Enthalpy is a thermodynamic function that is a sum of the energy of the system and the 

product of the pressure and the volume (PV). Since biochemical processes occur at constant 
pressure and have negligible changes in volume, the change of energy of the system is 
nearly equivalent to the change in enthalpy (∆U = ∆H). 

 
16. The second law of thermodynamics states that spontaneous processes  are characterized by 

an increase in the entropy of the universe, that is, by the conversion of order to disorder. 
 
17. The spontaneity of a process is determined by its free energy change (∆G = ∆H – T∆S). 

Spontaneous reactions have ∆G < 0 (exergonic) and nonspontaneous reactions have ∆G > 0 
(endergonic). 

 
15. For any process at equilibrium, the rate of the forward reaction is equal to the rate of the 

reverse reaction, and ∆G = 0. 
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18. Energy, enthalpy, entropy, and free energy are state functions; that is, they depend only on 
the state of the system, not its history. Hence, they can be measured by considering only 
the initial and final states of the system and ignoring the path by which the system reached 
its final state. 

 
19. The entropy of a solute varies with concentration; therefore, so does its free energy. The 

free energy change of a chemical reaction depends on the concentration of both its 
reactants and its products. 

 
20. For the general reaction 
 

aA  +  bB    cC  +  dD 
  

the free energy change is given by the following relationship:  
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21. The equilibrium constant of a chemical reaction is related to the standard free energy of the 

reaction when the reaction is at equilibrium (∆G = 0), so that we have 
 

∆G°  =  –RT ln Keq 
 
 where Keq is the equilibrium constant of the reaction: 
 

Keq  = 
[C]c

eq [D]d
eq

[A]a
eq [B]b

eq
 

 
 The equilibrium constant can therefore be calculated from standard free energy data and 

vice versa. 
 
22. The equilibrium constant varies with temperature by the relation 
 

1H SlnKeq
R T R

∆ ° ∆ °⎛ ⎞= +⎜ ⎟
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 where ∆H° and ∆S° represent enthalpy and entropy in the standard state. A plot of Keq 

versus 1/T, known as a van’t Hoff plot, permits the values of ∆H° and ∆S° (and therefore 
∆G° at any temperature) to be determined from measurements of Keq at two (or more) 
temperatures. 

 
23. The biochemical standard state is defined as follows: The temperature is 25°C, the pH is 

7.0, and the pressure is 1 atm. The activities of reactants and products are taken to be the 
total activities of all their ionic species, except for water, which is assigned an activity of 1. 
[H+] is also assigned an activity of 1 at the physiologically relevant pH of 7. These 
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conditions are different than the chemical standard state, so that the biochemical standard 
free energy is designated as ∆G°′ and in the chemical standard state is ∆G°. We assume 
that activity equals molarity for dilute solutions. 

 
24. An isolated system cannot exchange matter or energy with its surroundings. A closed 

system can exchange only energy with its surroundings. A closed system inevitably reaches 
equilibrium. Open systems exchange both matter and energy with their surroundings and 
therefore cannot be at equilibrium. Living organisms must exchange both matter and 
energy with their surroundings and are thus open systems. Living organisms tend to 
maintain a constant flow of matter and energy, referred to as the steady state. 

 
25. Living systems can respond to slight perturbations from the steady state to restore the 

system back to the steady state. This process underlies the physiological concept of 
homeostasis. 

 
26. The recovery of free energy from a biochemical process is never total, and some energy is 

lost to the surroundings as heat. Hence, while the system becomes more ordered, the 
surroundings experience an increase in entropy. 

 
27. Enzymes accelerate the rate at which a biochemical process reaches equilibrium. They 

accomplish this by interacting with reactants and products to provide a more energetically 
favorable pathway for the biochemical process to take place. 

 
Key Equations  
 
Be sure to know the conditions for which the following thermodynamics equations apply and be 
able to interpret their meaning. 
 
1.  ∆U  =  q  –  w 
 
2.  H  =  U  +  PV 
 
3.  ∆H  =  qP  –  w  +  P∆V 
 
4.  S  =  kB ln W 
 

5.  ∆S  ≥  
q
T  =  

∆H
T  

 
6.  ∆G  =  ∆H  –  T∆S 
 

7.  [ ] [ ]
[ ] [ ]
C c D dG G RTln
A a B b
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8.  ∆G°  =  –RT ln Keq 
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9.  Keq  = 
[C]c

eq [D]d
eq

[A]a
eq [B]b

eq
 

 

10.  1H SlnKeq
R T R

∆ ° ∆ °⎛ ⎞= +⎜ ⎟
⎝ ⎠

 

 
Guide to Study Exercises (Text p. 20) 
 
1.  The major stages of chemical and organismal evolution are: 
 Formation of simple organic compounds. 
 Polymerization of small molecules to form more complex molecules. 
 Replication, the self-directed synthesis of additional molecules. 
 Concentration of molecules and compartmentation of chemical reactions. 
 Development of systems for synthesizing precursors and generating energy. 
 Organization of simple cells. 
 Emergence of sexual reproduction. 
 Cooperation among cells in multicellular organisms. (Sections 1-1 to 1-3) 
 
2.  Evolution occurs when the makeup of a population is altered as specific variants are passed 

from individuals to their offspring. The variants that come to predominate are those that 
increase the ability of individuals to survive and reproduce under the prevailing conditions; 
that is, those that are “selected” by nature. These principles of evolution by natural 
selection apply to living organisms or any self-replicating system. (Sections 1-1B and 1-
3C) 

 
3.  The archaea include methanogens, halobacteria, and some thermophiles. The bacteria 

include organisms such as E. coli and cyanobacteria. The eukarya include protozoans, 
fungi, plants, and animals. (Section 1-3A) 

 
4.  The first law of thermodynamics states that energy is conserved and can be neither created 

nor destroyed. It may, however, be transferred, for example, in the form of heat or work, 
between a closed or open system and its surroundings. The second law of thermodynamics 
states that spontaneous processes are characterized by increasing disorder (increasing 
entropy). These laws are sometimes restated as “You can’t win” and “You can’t even break 
even.” (Sections 1-4A and B) 

 
5.  The overall free energy change of a process (∆G) varies with the difference between the 

enthalpy change (∆H) and the product of the temperature and the entropy change (T∆S): 
∆G = ∆H – T∆S. Therefore, ∆G varies not only with the relative magnitudes of ∆H and ∆S 
but also with the temperature. (Section 1-4C) 

 
6.  In the biochemical standard state (which is indicated by a degree symbol and a prime 

following the symbol for the state function, e.g., ∆G°′), the temperature is 25°C, the 
pressure is 1 atm, the activity of each solute is equivalent to its total molar activity 
(assumed to equal molarity for dilute solutions; water has an activity of 1), and the pH is 
7.0 ([H+] = 10–7 M). (Section 1-4D) 
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7.  While they are alive, organisms resist the second law of thermodynamics by maintaining a 
steady state in which energy and matter constantly flow through the organism, far from 
equilibrium. The high degree of organization of a living thing requires free energy; without 
this free energy (i.e., when ∆G = 0), the organism dies and, thermodynamically speaking, 
comes to equilibrium. (Section 1-4E) 

 
Questions 
 
The Origin of Life 
 
1. What are the elements that account for 98% of the dry weight of living cells? 
 
2. In what critical ways was the atmosphere of the primitive earth different than the earth’s 

current atmosphere? 
 
3. What is the rationale and significance of the Miller and Urey experiments? 
 
4. What was, and continues to be, the source of atmospheric oxygen? 
 
5. Examine the reaction shown below for the condensation and hydrolysis of lactose (two 

covalently linked sugars, a disaccharide). Circle the functional groups that will form water 
during the condensation.  

 

 
 



 Chapter 1  Introduction to the Chemistry of Life 7

6. The condensation of two functional groups can result in the formation of another common 
functional group, which can be referred to as a compound functional group. Examine the 
functional groups in Table 1-2. Which compound functional groups are the combination of 
two other functional groups found in that figure? Show how these compound functional 
groups form. 

 
Cellular Architecture 
 
7. Draw a schematic diagram of an eukaryotic cell showing its principal organelles.    
 
8. Give the principal distinguishing feature(s) of each pair of terms: 
 
 (a) Prokaryote and eukaryote 
 (b) Cytosol and cytoplasm 
 (c) Endoplasmic reticulum and cytoskeleton 
  
Organismal Evolution 
 
9. Living organisms are classified into three domains: _________________,  
 
 __________________, and __________________.  
 
10. What is the most compelling evidence that mitochondria and chloroplasts represent 

descendents of symbiotic bacteria that lived inside of ancient eukaryotic cells? 
 
11. What is the relationship between mutation and genetic variation in a population of 

organisms? Of what significance is it to evolution? 
 
Thermodynamics 
 
12. Distinguish between enthalpy and total energy. Under what conditions are they equivalent? 
 
13. What does it mean when q and w are positive? 
 
14. When crystalline urea is dissolved in water, the temperature of the solution drops 

precipitously. Does the enthalpy of the system increase or decrease? Explain. 
 
15. List and define the four major thermodynamic state functions. 
 
16. Which of the following pairs of states has higher entropy? 
 

(a) Two separate beakers of NaCl and KCH3COO in solution and a beaker containing a 
solution of both salts.  

(b) A set of dice in which all the dice show 6 dots on the top side and a set of dice in 
which the 6’s show up on one of the side faces. 

(c) A small symmetric molecule that can form a polymer through reaction at either end 
and a small asymmetric molecule that can polymerize from only one end.  
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17. Rationalize the temperature dependence of Gibbs free energy changes when both the 
enthalpy and entropy terms are positive values or when they are both negative values.  

 
18. Hydrogen gas combines spontaneously with oxygen gas to form water 
 

2 H2  +  O2  →  2 H2O 
      
 Which term, enthalpy or entropy, predominates in the equation for the Gibbs free energy? 

How are the surroundings affected by this reaction? 
 
19. Evaluate the following statement: Enzymes accelerate the rate of a reaction by increasing 

the spontaneity of the reaction. 
 
20. Based on your reading in this chapter, suggest simple criteria for a reasonable definition of 

life.  
 
Answers to Questions 
 
1. Carbon, nitrogen, oxygen, hydrogen, phosphorus, calcium, potassium, and sulfur account 

for 98% of the dry weight of living cells. 
 
2. The primitive earth’s atmosphere was a relatively reducing atmosphere lacking appreciable 

amounts of O2. Much recent controversy revolves around just how much NH3 and CH4 
existed in the young earth’s atmosphere. Relatively low amounts would indicate that the 
atmosphere was both nonreducing and nonoxidizing. In either case, the absence of 
significant levels of O2 indicate that the atmosphere was nonoxidizing compared to the 
present atmosphere. 

 
3.  The Miller and Urey experiments were designed to ask whether biological molecules could 

be generated by mimicking the atmospheric conditions of the early earth. The early 
atmosphere was thought then to consist of H2O, CH4, NH3, SO2, and possibly H2. Miller 
and Urey subjected these molecules, except for SO2, to electrical discharges that were 
meant to simulate discharges believed to be prevalent in the earth’s early atmosphere. The 
generation of diverse organic acids showed that the precursors for larger biological 
molecules could be spontaneously produced in the early atmosphere, paving the way for 
subsequent chemical evolution. 

 
4. Photosynthesis. 
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5. Shown below is the condensation of galactose and glucose to form lactose. The atoms 
involved in the elimination of water are circled. 

 

 
 

6. Shown below are condensation reactions of two pairs of functional groups found in Table 
1-2. The atoms involved in the elimination of water are circled. 
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7. See Figure 1-8. 
 
8. (a) Eukaryotes are defined by their elaborate internal membrane system and the 

 enclosure of genomic DNA inside a double-membrane compartment, the nucleus, 
 which is lacking in prokaryotes. 
(b) The cytoplasm is the contents of a prokaryotic cell and also refers to the cellular 

contents outside of the nucleus in eukaryotes. The cytosol is the cellular contents 
minus all of the membranous compartments of the cell (e.g., mitochondria, 
endoplasmic reticulum, Golgi apparatus, chloroplasts, and vacuoles). 

(c) The endoplasmic reticulum is the extensive network of internal membranes in 
eukaryotic cells, which is topologically continuous with the nuclear membrane. The 
cytoskeleton is the extensive network of protein filaments in the cytosol of eukaryotic 
cells. 

 
9. All living organisms can be classified into three domains: archaea (archaebacteria), bacteria 

(eubacteria), and eukarya (eukaryotes). 
 
10. The most compelling evidence that these organelles were once symbiotic bacteria is the 

presence of distinct genetic material and protein synthesis machinery inside of these 
organelles. The RNA and proteins that make up the protein synthesis machinery of these 
organelles is much more similar to that of bacteria than that of eukaryotes (see Chapter 26).  

 
11. Genetic variation results from mutations that persist in a population and have not been 

eliminated by natural selection because they did not significantly decrease fitness. 
Evolution of a population occurs when variations that increase an individual’s chances for 
survival and reproduction spread throughout the population. 

 
12. Enthalpy is defined as H = U + PV. Hence ∆H = ∆U + ∆(PV). The enthalpy of a system is 

equal to its energy change when ∆(PV) = 0, which occurs at the constant pressure and 
volume conditions typical of living things. 

 
13. If q is positive, then heat has been transferred to the system, increasing its internal energy. 

If w is positive, then work has been done by the system, decreasing its internal energy. 
 
14. In this example, urea and the water are the system, and the vessel and beyond are the 

surroundings. As urea dissolves, the enthalpy increases (an endothermic process). Heat is 
absorbed into the interactions between the urea and water, making the solution cooler. 

 
15. Energy is measured as the heat absorbed by a system minus the work done by the system 

on its surroundings. Enthalpy, or heat content, is the amount of heat generated or absorbed 
by a system when a process occurs at constant pressure, as in biological systems, and no 
work is done other than the work of expansion or contraction (∆V) of the system. Entropy 
is a measure of the heat absorbed or generated by a system at constant temperature and 
reflects the number of equivalent ways of arranging a system with no change in its internal 
energy. Gibbs free energy is the energy available to do work; it is a combination of 
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enthalpy and entropy (∆H – T∆S) and an indicator of the spontaneity of a process at 
constant pressure and temperature. 

 
16. (a) The beaker containing the solution with both salts has higher entropy. The molecules 

in this solution can be arranged in many more orientations with respect to each other 
than each salt solution alone.  

(b) The set of dice with the 6’s showing on the side faces has more entropy since there 
are many more ways to obtain this configuration. 

(c) The symmetric molecule has greater entropy, since it can polymerize by joining 
reactions involving either end. Note that the information content of the asymmetric 
molecule is higher, however. All biological polymers are formed from asymmetric 
subunits. 

 
17. When enthalpy and entropy are both positive, ∆G decreases with increasing temperature, 

and the temperature at which the reaction occurs spontaneously must be high enough that 
the T∆S term is larger than the ∆H term in the equation ∆G = ∆H – T∆S. For instance, 
dissolving crystalline urea in water is endothermic, however the process is spontaneous 
when it is carried out at room temperature. When enthalpy and entropy are both negative, 
∆G decreases with decreasing temperature, and for the reaction to be spontaneous, the 
temperature must be low enough that the T∆S term is not more negative than the ∆H term. 

 
18. The expression for the Gibbs free energy is ∆G = ∆H – T∆S. In this reaction, the entropy 

decreases since the number of molecules decreases and the product is therefore more 
ordered than the reactants. Hence, in order for this reaction to be spontaneous the enthalpy 
term (∆H) must be more negative than the entropy term (T∆S). In many cases such as this, 
the enthalpy of the reaction is negative and the reaction releases heat to the surroundings. 

 
19. This statement is incorrect. An enzymes does not alter the spontaneity of a reaction; rather, 

it increases the rate at which a reaction reaches equilibrium. 
 
20. Catalysis, replication, and mutability have been argued to be the minimum criteria for life. 

In addition, an organisms must be able to maintain a novel chemical environment that is 
not in equilibrium with its surroundings and to resist the environmental fluctuations that 
might disturb its ability to carry out the other three essential functions of living systems—
this steady state condition is called homeostasis.  



2 
Water 

 
 
This chapter introduces you to the unique properties of water and to acid–base reactions. The 
discussion of water begins with a look at its structure and how its polarity provides a basis for 
understanding its powers as a solvent. You are then introduced to the hydrophobic effect, 
osmosis, and diffusion. The chemical properties of water are then described, beginning with the 
ionization of water, which sets the stage for a discussion of acid–base chemistry and the behavior 
of weak acids and buffers. This discussion includes the Brønsted–Lowry definition for acids and 
bases, the definition of pH, and the derivation of the Henderson–Hasselbalch equation. As we 
shall see in subsequent chapters, a solid understanding of acid–base equilibria is fundamental to 
understanding key aspects of amino acid biochemistry, protein structure, enzyme catalysis, 
transport across membranes, energy metabolism, and other metabolic transformations. 
 
Essential Concepts 
 
1. Water is essential to biochemistry because: 

 
(a) Biological macromolecules assume specific shapes in response to the chemical and 

physical properties of water. 
(b) Biological molecules undergo chemical reactions in an aqueous environment. 
(c) Water is a key reactant in many reactions, usually in the form of H+ and OH–  ions. 
(d) Water is oxidized in photosynthesis to produce molecular oxygen, O2, as part of the 

process that converts the sun’s energy into usable chemical form. Expenditure of that 
energy under aerobic conditions leads to the reduction of O2 back to water. 

 
Physical Properties of Water 
 
2. The structure of water closely approximates a tetrahedron with its two hydrogen atoms and 

the two lone pairs of electrons of its oxygen atom “occupying” the vertices of the 
tetrahedron. 

 
3. The high electronegativity of oxygen relative to hydrogen results in the establishment of a 

permanent dipole in water molecules. 
 
4. The polar nature of water results in negative portions of the molecule being attracted to the 

positive portions of neighboring water molecules by a largely electrostatic interaction 
known as the hydrogen bond. 
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5. Hydrogen bonds are represented as D—H···A, where D—H is a weakly acidic compound 
so that the hydrogen atom (H) has a partial positive charge, and A is a weakly basic group 
that bears lone pairs of electrons. A is often an oxygen atom or a nitrogen atom 
(occasionally sulfur). 

 
6. Water is strongly hydrogen bonded, with each water molecule participating in four 

hydrogen bonds with its neighbors; two in which it donates and two in which it accepts. 
Hydrogen bonds commonly form between water molecules and the polar functional groups 
of biomolecules, or between the polar functional groups themselves. 

 
7. The strongly hydrogen bonded character of water is responsible for many of its 

characteristic properties, most notably: 
 
(a) A high heat of fusion, which allows water to act as a heat sink, such that greater heat 

loss is necessary for the freezing of water compared to other substances of similar 
molecular mass. 

(b) A high heat of vaporization, such that relatively more heat must be input to vaporize 
water compared to other substances of similar molecular mass. 

(c) An ability to dissolve most polar compounds. 
(d) An open structure makes ice less dense than liquid water, thereby making ice float, 

insulating the water beneath it, and inhibiting total freezing of large bodies of water. 
 

8. A variety of weak electrostatic interactions are critical to the structure and reactivity of 
biological molecules. These interactions include, in order of increasing strength, London 
dispersion forces, dipole–dipole interactions, hydrogen bonds, and ionic interactions (see 
Table 2-1). 

 
9. Water is an excellent solvent of polar and ionic substances due to its property of 

surrounding polar molecules and ions with oriented shells of water, thereby attenuating the 
electrostatic forces between these molecules and ions. 

 
10. The tendency of water to minimize its contact with nonpolar (hydrophobic) molecules is 

called the hydrophobic effect. This effect is largely driven by the increase in entropy 
caused by the necessity for water to order itself around nonpolar molecules. This causes the 
nonpolar molecules to aggregate, thereby reducing the surface area that water must order 
itself about. Consequently, nonpolar substances are poorly soluble in aqueous solution. 

 
11. Many biological molecules have both polar (or charged) and nonpolar functional groups 

and are therefore simultaneously hydrophilic and hydrophobic. These molecules are said to 
be amphiphilic or amphipathic. 

 
12. Osmosis is the movement of solvent across a semipermeable membrane from a region of 

lower concentration of solute to a region of higher concentration of solute. Osmotic 
pressure of a solution is the pressure that must be applied to the solution to prevent an 
inflow of solvent. Hence, an increase in solute concentration results in an increase in 
osmotic pressure. 
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13. Diffusion is the random movement of molecules in solution (or in the gas phase). It is 
responsible for the movement of solutes from a region of high concentration to a region of 
low concentration. 

 
Chemical Properties of Water 
 
14. Water is a neutral, polar molecule that has a slight tendency to ionize into H+ and OH–. 

However, the proton is never free and binds to a water molecule to form H3O
+ (hydronium 

ion). 
 
15. The ionization of water is described as an equilibrium between the unionized water 

(reactant) and its ionized species (products) 
 

H2O    H+  +  OH– 
 
 In which 
 

K  =  
[H+][OH–]

[H2O]  

 
 Since in dilute aqueous solution, the concentration of water is essentially constant (55.5 

M), the concentration of H2O is incorporated into the value of K, which is referred to as Kw, 
the ionization constant of water. 

 
Kw  =  [H+][OH–] 

 
16. The values of both H+ and K are inconveniently small; hence, their values are more 

conveniently expressed as negative logarithms, so that 
 
  pH   =  – log [H+] 
 
  pK   =  – log K 
  
17. According to the Brønsted–Lowry definition, an acid is a substance that can donate a 

proton, and a base is a substance that can accept a proton. The strength of a weak acid is 
proportional to its dissociation constant, which is expressed as 

 

K  =  
[H+][A–]

[HA]  

 
18. The pH of a solution of a weak acid is determined by the relative concentrations of the acid 

and its conjugate base. The equilibrium expression for the dissociation of a weak acid can 
be rearranged to 

 

pH  =  pK  +  log 
[A–]
[HA]  
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 This relationship is known as the Henderson–Hasselbalch equation. When the 
concentration of a weak acid is equal to the concentration of its conjugate base, pH = pK. 
Hence, the stronger the acid, the lower its pK (see Table 2-4). 

 
19. Solutions of a weak acid at pH’s near its pK resist large changes in pH as OH– or H+ is 

added. Added protons react with the weak acid’s conjugate base to reform the weak acid; 
whereas added OH– combines with the acid to form its conjugate base and water. A 
solution of a weak acid and its conjugate base (in the form of a salt) is referred to as a 
buffer. Buffers are effective within 1 pH unit of the pK of the component acid. 

 
Key Equation 
 
 Know how the use the Henderson–Hasselbalch equation: 
 

pH  =  pK  +  log 
[A–]
[HA]  

 
Guide to Study Exercises (text p. 38) 
 
1.  A water molecule in ice is linked to its four nearest neighbors to form a three-dimensional 

lattice in which the hydrogen-bonded atoms assume a tetrahedral arrangement (see Fig. 2-
3). In liquid water, there are only slightly fewer hydrogen bonds between water molecules, 
but the bonds are no longer strictly tetrahedral, so that irregular groupings of hydrogen 
bonded molecules occur. (Section 2-1A) 

 
2.  Polar substances dissolve in water because the polar water molecules interact with the 

dipoles of the solute, thereby weakening the attractive forces between solute molecules. 
Nonpolar substances do not dissolve in water because they lack the bond dipoles that can 
interact with polar water molecules. (Section 2-1B) 

 
3.  The dispersion of a nonpolar substance in an aqueous medium is accompanied by a 

decrease in entropy due to the ordering of polar water molecules in cages around the 
nonpolar molecules. The entropy of this process is minimized by the aggregation of the 
nonpolar molecules, which reduces the area of the water cages and thus the number of 
ordered water molecules. The loss of entropy of the of the aggregated nonpolar substance is 
more than offset by the collective increase in the entropy of the water molecules. The 
aggregation and exclusion from aqueous solvent of the nonpolar solute is known as the 
hydrophobic effect. (Section 2-1C) 

 
4.  Amphiphiles form micelles in water in order that their nonpolar portions can aggregate by 

exclusion from water while their polar portions can interact with the polar water molecules. 
(Section 2-1C) 

 
5.  Osmosis is the movement of molecules across a semipermeable membrane from a region of 

relatively high concentration (e.g., pure water, which can pass through a membrane) to a 
region of relatively low concentration (e.g., water containing a dissolved solute that cannot 
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pass through the membrane). Diffusion is the random movement of molecules in solution 
(or in a gas) from a region of higher solute concentration to a region of lower solute 
concentration. (Section 2-1D) 

 
6.  In both the Arrhenius and Brønsted–Lowry definitions, an acid as a substance that can 

donate a proton. The Arrhenius definition of a base is somewhat limited: an Arrhenius base 
is a substance that can donate a hydroxide ion. The Brønsted–Lowry definition of a base is 
more general: a Brønsted–Lowry base is a substance that can accept a proton and hence 
includes substances that don’t contain hydroxyl groups. (Section 2-2B) 

 
7.  Because HCl is a strong acid, it dissociates completely in solution. Therefore, the [H+] of 1 

M HCl is 1 M. Since pH = –log [H+], the pH of a 1 M solution of HCl is 0. (Section 2-2B) 
 
Questions 
 
Physical Properties of Water 
  
1.  Draw a 3-dimensional structure of a water molecule, including any lone pairs of electrons, 

and indicate the dipole moment. What is the name of the geometrical figure have you 
drawn? 

 
2.  Which gas in each of the following pairs would you expect to be more soluble in water? 

Why? 
 

(a) oxygen and carbon dioxide 
(b) nitrogen and ammonia 
(c) methane and hydrogen sulfide 

 
3.  Why do bottles of beer break when placed in a freezer? 
 
4.  Distinguish between hydrophilic, hydrophobic, and amphipathic substances. 
 
5.  Mixing olive oil with vinegar creates a salad dressing that is an emulsion, a mixture of 

vinegar with many tiny oil droplets. However, in a few minutes, the olive oil separates 
entirely from the vinegar. Describe the changes in entropy that occur during the initial 
mixing and the subsequent separation of the olive oil and vinegar. 

 
6. Shown on the next page is a beaker that contains a solution of 0.1 M NaCl. Floating inside 

is a cellulose bag that is permeable to water and small ions like Na+ and Cl– but is 
impermeable to protein. The bag contains 1 M NaCl and 0.1 M protein. Describe the 
movement of solutes and solvent.  
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Chemical Properties of Water 
 
7. In the most general definition of an acid and a base, a Lewis acid is a compound that can 

accept an electron pair, and a Lewis base is a compound that can donate an electron pair. 
Which of the following compounds can be classified as Brønsted–Lowry acids and bases 
and which as Lewis acids and bases? 

 

BF3,   NH3,   Zn2+,   HCOOH,   NH4
+,   OH– ,   Cl–,   H2O 

 
8.  Define pK and pH, and write the Henderson–Hasselbalch equation that relates the two. 
 
9. The pK’s of trichloroacetic acid and acetic acid are 0.7 and 4.76, respectively. Which is the 

stronger acid? What is the dissociation constant of each? 
 

10. What is the [OH–] in a 0.05 M HCl solution? What is the pH? 
 
11. A solution of 0.1 M HCl has a pH of 1. A solution of 0.1 M acetic acid has a pH of 2.8. 

How much 1 M NaOH is needed to titrate a 100 mL sample of each acid to its respective 
equivalence point? Hint: It may be useful to review Le Chatelier’s principle. 

 
12. A 0.01 M solution of a weak acid in water is 0.05% ionized at 25°C. What is its pK? 
 
13. What is a buffer? How does it work? What compounds act as buffers in cells? 
 
14. What is the pH of a 0.1 M solution of cacodylic acid (pK = 6.27)? 
 
15. How would the pH of a 0.1 M solution of acetic acid be affected by the addition of a 4.5 M 

solution of sodium acetate (NaOAc)? NaOAc is a relatively strong base (weak acids have 
strong conjugate bases). Hint: Consider Le Chatelier’s principle. 

 
16. A 0.02 M solution of lactic acid (pK = 3.86) is mixed with an equal volume of a 0.05 M 

solution of sodium lactate. What is the pH of the final solution? 
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17. You need a KOAc solution at pH 5, which is 3 M in K+. Such a solution is used in 
bacterial plasmid DNA isolation. How many moles of KOAc and acetic acid (HOAc) do 
you need to make 500 mL of this solution?  

 
18. What are the predominant phosphate ions in a neutral pH phosphate buffer? 
 
19. A beaker of pure distilled water sitting out on your lab bench is slightly acidic. Explain.  
 Hint: see Box 2-2.  
 
Answers to Questions 
 
1.  

 
 
 The molecule forms a tetrahedron. 
 
2. (a) Carbon dioxide (O = C = O), which is more polarizable than oxygen (O = O). (b) 

Ammonia (NH3), which is more polar than nitrogen (N  N). (c) Hydrogen sulfide (HS), 
which is more polar than methane (CH4). 

 
3. Water expands upon freezing. Full bottles of beer have little room for expansion and the 

frozen liquid expands beyond the boundaries of the glass and cap. Similarly, bottles of 
wine lose their corks in the freezer. 

 
4. Hydrophilic substances are polar compounds that are readily soluble in water. Hydrophobic 

substances are nonpolar compounds that are insoluble in water. Amphipathic substances 
have both polar and nonpolar segments; they form micelles or bilayers in aqueous solution 
in which the polar groups face the water and the nonpolar groups exclude water and face 
each other (see Figure 2-11). 

 
5. When the olive oil and vinegar (which is an aqueous solution) are mixed, the entropy of the 

solution decreases (the action of mixing is an input of energy that drives this process). 
Mechanical mixing results in an ordering of water around the thousands of oil droplets. 
Once the mixing has stopped, the system moves toward equilibrium, which maximizes 
entropy. As the oil droplets fuse, the surface-to-volume ratio of all of the oil decreases, 
thereby decreasing the amount of ordered water. Consequently, the entropy of the solution 
increases. 
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6. Na+ and Cl– ions diffuse out of the bag down their concentration gradient across the 
cellulose membrane. Water moves into the bag via osmosis since its concentration inside 
the bag is relatively lower due to the presence of the protein that cannot traverse the 
membrane (and initially due to the higher [NaCl] inside the bag—which eventually 
equalizes with the [NaCl] outside the bag). The bag expands as water enters. This setup is 
called dialysis and is used to remove or add salts to solutions of macromolecules. 

 
7. BF3, Zn2+, HCOOH, NH4

+, and H2O are Lewis acids; however, only HCOOH, NH4
+, and 

H2O are Brønsted–Lowry acids. NH3, OH– and Cl– are considered bases under both 
definitions. 

 
8. pK is the negative logarithm of the dissociation constant of a weak acid. pH is the negative 

logarithm of the [H+]. The Henderson–Hasselbalch equation is  
 

pH  =  pK  +  log  
[conjugate base]

[acid]   

 
9.  pK is the negative logarithm of the dissociation constant, K, so the smaller the value of pK, 

the larger the value of K. The larger the value of K, the greater the dissociation of the acid 
in water. Therefore, trichloroacetic acid is the stronger acid since it has a lower pK than 
acetic acid. 

 
 For trichloroacetic acid, pK  =  –log K  
 
 Therefore, K  =  10–0.7  =  0.2 
       
 Similarly for acetic acid, 
 
  log K = – 4.76 
  K = 10–4.76  =  1.74 × 10–5 
 
10. HCl is a strong acid and completely dissociates in water, so [HCl] = [H+] = 0.05 M. The pH 

is given by 
 

  pH   =   – log [H+] 
   =   – log 0.05  
   =   1.3 
  
 Since [H+][OH–] = Kw, 
 
   [OH–] = pKw / [H+] 
   = 10–14 / 0.05 
   = 2 × 10–13 M 



  Chapter 2 Water 21

11. By Le Chatelier’s principle, the equilibrium for the dissociation of a weak acid is shifted 
toward the dissociation of the acid by removal of H+. Therefore, as H+ is removed by 
titration with OH–, more acid dissociates, until there is no acid remaining. Hence, the 
amount of OH– needed to titrate equivalent amounts of all monovalent acids is the same. In 
this case, 10 mL of 1 M NaOH will bring the titration of each acid to its end point. (Note: 
10 mL of 1 M NaOH provides 0.01 moles of OH– to neutralize the 0.01 moles of H+.) 

 
12. The equilibrium constant for a weak acid is 

 
 The concentration of each of the dissociated ions is 0.05% of 0.01 M, or  
 0.0005 × 0.01 M = 5 × 10–6 M. Because only 0.05% of the acid is ionized, we can assume 

that [HA] does not change. We then calculate 
 

K  =  
(5 × 10–6)(5 × 10–6)

0.01   =  2.5 × 10–9 

 
pK   =  –log (2.5 × 10–9)  =  8.6 

    
13. A buffer is a solution of a weak acid and its conjugate base. A buffer works by “absorbing” 

base or acid equivalents within about one pH unit of its pK. For example, when a small 
amount of OH– is added, it reacts with HA to form water and A–, with little change in pH. 
Similarly, a small amount of H+ reacts with A– to form HA. In biological systems, protons 
produced during catabolic reactions must be buffered by the cell. Phosphate and carbonate 
ions, as well as proteins, nucleic acids, and fatty acids, serve as buffers in cells. 

 
14. Since pK = 6.27, K = 10–6.27 = 5.37 × 10–7. For the dissociation of cacodylic acid 
 

cacodylic acid    H+  +  cacodylate– 
 

 we can approximate [H+] = [cacodylate–] = x. 
   
 We approximate [cacodylic acid] by 0.1 – x. Therefore,  
 

K = 
[H+][cacodylate–]
[cacodylic acid]  

 

5.37 × 10–7 = 
x2

0.1 – x 

 
0 = x2 + (5.37 × 10–7)x – (5.37 × 10–8) 

K =
[H+][A-]

[HA]
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 Solve for x using the quadratic equation 
 

( ) ( ) ( )

2

27 7 8

4 4

4
2

5.37 10 5.37 10 4 5.37 10

2
2.32 10  or 2.31 10

b b acx
a

x

x

− − −

− −

− ± −
=

− × ± × + ×
=

= − × ×

 

  
 The result can only be 2.31 × 10–4 since there is no such thing as a negative concentration. 
 
 Therefore, x = [H+] = 2.31 × 10–4 M and 
 

pH = 3.64 
 
 Note that for weak acids with pK > 5, one can approximate the pH by ignoring the change 

in acid concentration due to its dissociation. Thus, [cacodylic acid] = 0.1 M and 
 

2
75.37 10

0.1
x−× =  

    
 Therefore,  x  =  2.32 × 10–4 M 

   
 

15. By Le Chatelier’s principle, the added acetate anion drives the reaction toward the 

formation of undissociated acid, thereby causing a decrease in [H+] and an increase in pH. 
 
16.  The final concentrations are [lactic acid] = 0.01 M and [lactate] = 0.025 M. Use the 

Henderson–Hasselbalch equation to calculate the pH: 
 

pH  =  pK  +  log 
[lactate]

[lactic acid] 

       =  3.86  +  log 2.5 
       =  3.86  +  0.398 
       =  4.26 
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17. Use the Henderson–Hasselbalch equation to calculate the concentration of acetic acid (x) 
necessary to obtain a solution of pH 5 that contains 3 M K+ (3 M KOAc). The pK of acetic 
acid is 4.76 (Table 2-4). 

 

   pH  =  pK  +  log 
[KOAc]
[HOAc] 

    5  =  4.76  + log 
3
x 

  0.24   =  log 3  –  log x 
  0.24  –  0.48   =  – log x 
  0.24   =  log x 
  x   =  1.73 M 

 
 Therefore, for a 500 mL solution, the amount of acetic acid added should be 1.73/2 or 0.86 

moles. The amount of KOAc should be 3/2 or 1.5 moles. 
 
18. At pH 7, H2PO4

– is in equilibrium with HPO4
2– at nearly a 1:1 ratio since pH 7 is near pK2 

(6.82). See Figure 2-18 and Table 2-4. 
 
19. Atmospheric carbon dioxide reacts with the distilled water in the beaker to form carbonic 

acid. The carbonic acid dissociates into protons and bicarbonate with a pK of about 6. 
These protons make the distilled water slightly acidic. 

 

2 2 2 3CO H O H CO+  

 
+

2 3 3H CO H HCO −+  



3 
Nucleotides, Nucleic Acids, 

and Genetic Information 
 
This chapter introduces you to the structure and function of nucleotides and their polymers, 
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). The chapter begins with a discussion 
of the various kinds of nucleotides and the large variety of their functions in cellular processes. 
The nucleic acid polymers, RNA and DNA, are the primary players in the storage, transmission, 
and decoding of the genetic material. Scientists use a variety of powerful techniques to 
characterize and manipulate DNA from any organism. This chapter discusses the sequence-
specific cleavage of DNA by restriction endonucleases; DNA sequencing; amplification of DNA 
by cloning in unicellular organisms such as bacteria and yeast; and the in vitro amplification of 
DNA by the polymerase chain reaction.  
 
Essential Concepts 
 
Nucleotides 
 
1. Of the four major classes of biological molecules (amino acids, sugars, lipids, and 

nucleotides), nucleotides are the most functionally diverse. They are involved in energy 
transfer, catalysis, and signaling within and between cells, and are essential for the storage, 
decoding, and transmission of genetic information. 

 
2. Nucleotides are composed of a nitrogenous base linked to a ribose sugar to which at least 

one phosphate group is attached. The eight common nucleotides, which are the monomeric 
units of RNA and DNA, contain the bases adenine, guanine, cytosine, thymine, and uracil. 

 
3. The best known nucleotide is the energy transmitter adenosine triphosphate (ATP), which 

is synthesized from adenosine diphosphate (ADP). Transfer of one or two of the 
phosphoryl groups of ATP is an exergonic process whose free energy can be used to drive 
an otherwise nonspontaneous process. 

 
Introduction to Nucleic Acid Structure 
 
4. Nucleic acids are polymers of nucleotides in which phosphate groups link the 3′ and 5′ 

positions of neighboring ribose residues. This linkage is called a phosphodiester bond 
because the phosphate is esterified to the two ribose groups. The phosphates are acidic at 
biological pH and so the polynucleotide is a polyanion. 
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5. Nucleic acids are inherently asymmetric, so that one end (with a 5′ phosphate) is different 
form the other end (with a 3′ hydroxyl). This asymmetry, or polarity, is critical for the 
information storage function of nucleic acids. In fact, all linear biological molecules show 
this kind of polarity.  

 
6. The structure of DNA was determined by Francis Crick and James Watson in 1953. Key 

information used to build their model included the following: 
 
(a) DNA has equal numbers of adenine and thymine residues and equal numbers of 

cytosine and guanine residues (called Chargaff’s rules). 
(b) X-Ray diffraction studies (principally by Rosalind Franklin) revealed that the 

polymer is most likely helical with a uniform width. 
(c) Structural studies had indicated that the nitrogenous bases should assume the keto 

tautomeric form. 
(d) Chemical evidence indicated that the polymer was linked by phosphodiester bonds 

between the 3′ and the 5′ carbons of adjoining ribose units. 
 

7. The Watson–Crick model has the following major features: 
 
(a) Two polynucleotide chains wind around a central axis to form a right-handed helix. 
(b) The polynucleotide chains are antiparallel to each other. 
(c) The nitrogenous bases occupy the core of the double helix, while the sugar–

phosphate chains are the backbones of DNA, running along the outside of the helical 
structure. 

(d) Adenine is hydrogen bonded to thymine to form a planar base pair (like the rung of a 
ladder). In a similar fashion, cytosine is hydrogen bonded to guanine. 

 
8. The complementary strands of DNA immediately suggest that each strand of DNA can act 

as a template for the synthesis of its complementary strand and so transmit hereditary 
information across generations. 

 
9. The DNA of an organism (its genome) is unique to each organism and, in general, 

increases in amount in rough proportion to the complexity of the organism. In eukaryotes, 
genomic DNA occurs in discrete pieces called chromosomes. 

 
10. While single-stranded DNA is uncommon in cells, RNA (ribonucleic acid) is usually 

single-stranded. However, by complementary base pairing, RNA can form intrastrand 
double helical sections, which bend and fold these molecules into unique three-dimensional 
shapes. 

 
Overview of Nucleic Acid Function 
 
11. The chemical link between DNA and proteins is RNA. DNA replication, its transcription 

into RNA, and the translation of messenger RNA into a protein constitute the central 
dogma of molecular biology: DNA makes RNA makes protein. 
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12. RNA has many functional forms. The product of DNA transcription that encodes a protein 
is called messenger RNA (mRNA) and is translated in the ribosome, an organelle 
containing ribosomal RNA (rRNA). In the ribosome, each set of three nucleotides in 
mRNA base pairs with a transfer RNA (tRNA) molecule that is covalently linked to a 
specific amino acid. The order of tRNA binding to the mRNA determines the sequence of 
amino acids in the protein. It follows that any alteration to the genetic material (mutation) 
manifests itself in a new nucleotide sequence in mRNA, which often results in the pairing 
of a different RNA and hence a new amino acid sequence. 

 
13. Some RNAs have catalytic capabilities. In cells, the joining of two amino acids in the 

ribosome appears to be catalyzed by rRNA.  
 
Nucleic Acid Sequencing 
 
14. Nucleic acid sequences provide the following: 

 
(a) Information on the probable amino acid sequence of a protein (but not on any 

posttranslational modifications to these amino acids). 
(b) Clues about protein structure and function (based on comparisons of known proteins). 
(c) Information about the regulation of transcription (DNA sequences adjoining amino 

acid coding sequences are usually involved in regulation of transcription).  
(d) Discoveries of new genes and regulatory elements in DNA. 
 

15. The overall strategy for sequencing DNA or any other polymer is 
 
(a) Cleave the polymer into specific fragments that are small enough to be fully 

sequenced. 
(b) Sequence the residues in each segment. 
(c) Determine the order of the fragments in the original polymer by repeating the 

preceding steps using a different set of fragments obtained by a different degradation 
procedure.  

 
16. Nucleic acid sequencing became relatively easy with the following: 

 
(a) The development of recombinant DNA techniques, which allows the isolation of 

large amounts of specific segments of DNA. 
(b) The discovery of restriction endonucleases, which cleave DNA at specific sequences. 
(c) The development of the chain-termination method of sequencing. 
 

17. Individuality in humans and other organisms derives from their high degree of genetic 
polymorphism. For example, homologous human chromosomes differ in sequence about 
every 1250 base pairs. These differences create or eliminate sites at which restriction 
endonucleases can cleave DNA. Hence, DNA fragments generated by a specific restriction 
endonuclease vary in size among individuals. These differences are called restriction 
fragment length polymorphisms (RFLPs). If a particular RFLP is closely linked to a known 
gene, it can be used as diagnostic tool to evaluate inheritance patterns of that gene. 
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18. Gel electrophoresis is a technique in which charged molecules move through a gel-like 
matrix under the influence of an electric field. The rate a molecule moves is proportional to 
its charge density, its size, and its shape. Nucleic acids have a relatively uniform shape and 
charge density, so their movement through the gel is largely a function of their size. 

 
19. The most common method used to sequence DNA is called the chain-terminator or dideoxy 

method. This technique relies on the interruption of DNA replication in vitro by small 
amounts of dideoxynucleotides. These lack the 3′-hydroxyl group to which another 
nucleotide would normally be added during polymerization. The DNA fragments, each 
ending at a position corresponding to one of the bases, are separated according to size by 
electrophoresis, thereby revealing the sequence of the DNA. 

 
20. Automated DNA sequencing has allowed scientists to obtain over 500,000 base pairs of 

DNA sequence information per day. This technology utilizes a different fluorescent dye 
that is attached to a primer in each of four different reaction mixtures of the chain-
termination procedure. The four reaction mixtures are combined for gel electrophoresis, 
wherein each lane of the gel is scanned by a spectrophotometer that records the 
fluorescence along the lane from top to bottom. Each band, which corresponds to an 
oligonucleotide terminated by either ddATP, ddCTP, ddGTP, or ddTTP, is identified by 
one of the four fluorescence emissions (green, red, black, or blue). 

 
21. Phylogenetic relationships can be evaluated by comparing sequences of similar genes in 

different organisms. The number of nucleotide differences roughly corresponds to the 
extent of evolutionary divergence between the organisms. 

 
22. The human genome appears to contain ~30,000 protein-encoding genes, compared to 

~6000 in yeast, ~13,000 in Drosophila, ~18,000 in C. elegans, and ~26,000 in Arabidopsis. 
Most proteins encoded in the human genome occur in all the other organisms sequenced to 
date. Approximately 28% of the human genome is transcribed, and 50% of it consists of 
various repeated sequences, a few of which are repeated >100,000 times. 

 
Manipulating DNA 
 
23. Recombinant DNA technology makes it possible to amplify and purify specific DNA 

sequences that may represent as little as one part per million of an organism’s DNA 
 
24. Cloning refers to the production of multiple genetically identical organisms from a single 

ancestor. DNA cloning is the production of large amounts of a particular DNA segment 
through the cloning of cells harboring a vector containing this DNA. Cloned DNA can be 
purified, after which it can be sequenced. If the DNA of interest is flanked by the 
appropriate regulatory sequences (which themselves can be introduced into the vector), 
then the cells harboring the cloned DNA will transcribe and translate the cloned DNA to 
produce large amounts of protein. The protein can be purified and used for a variety of 
analytical or biomedical purposes. 
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25. Organisms such as E. coli and yeast are commonly used to carry cloning vectors, which are 
small, autonomously replicating DNA molecules. The most frequently used vectors are 
circular DNA molecules called plasmids, which occur as one or hundreds of copies in the 
host cell. Other important vectors for DNA cloning are bacteriophage λ in E. coli and yeast 
artificial chromosomes (YACs) and bacterial artificial chromosomes (BACs). Both YACs 
and BACs can accommodate much larger pieces of foreign DNA than can plasmids. 

 
26. The following strategy is typically used to clone a segment of DNA: 

 
(a) A fragment of DNA is obtained using restriction endonucleases that generate sticky 

ends. The fragment is then isolated for subsequent ligation to a vector that has been 
cut with the same restriction endonuclease. This restriction site may be in a selectable 
gene, so that cells containing recombinant plasmids can be distinguished from cells 
containing nonrecombinant vectors.  

(b) The fragment is ligated to the vector using an enzyme called DNA ligase, which 
catalyzes the formation of phosphodiester bonds. 

(c) The recombinant DNA molecule (vector plus the DNA insert) is introduced into cells 
by a method called transformation. Cells containing the recombinant DNA are 
usually selected for by their ability to resist specific antibiotics. 

(d) Cells containing the desired DNA are isolated and stored or allowed to grow in order 
to obtain large quantities of the recombinant DNA. 

 
27. In most cases, the desired DNA exists in just a few copies per cell, so all the cell’s DNA is 

cloned at once by a method called shotgun cloning to produce a genomic library. The 
challenge is then to use a screening technique to find the desired clone among thousands to 
millions in the library. Colony hybridization is a common screening technique in which 
cells harboring recombinant DNA are transferred from a master plate to a filter that traps 
the DNA after the cells have been lysed. The filters are then probed using a gene fragment 
or mRNA that binds specifically to the DNA of interest. 

 
28. If some sequence information is available, a specific DNA molecule can be amplified using 

a powerful technique called the polymerase chain reaction (PCR). In PCR, a DNA sample 
(often quite impure) is denatured into two strands and incubated with DNA polymerase, 
deoxynucleotides, and two oligonucleotides flanking the DNA of interest that serve as 
primers for DNA replication by DNA polymerase. Twenty rounds of DNA replication and 
DNA denaturation (all of which are automated in simple computerized incubators) can 
increase the amount of the target sequence by a million-fold. 

 
29. DNA cloning can be used to obtain large amounts of protein, referred to as recombinant 

protein, in bacteria or other organisms (although posttranslational modifications unique to 
eukaryotes cannot be obtained in bacteria). Another important application is the ability to 
mutate the amino acid sequence in the DNA of interest at specific sites by a technique 
called site-directed mutagenesis. Another exciting application of DNA cloning is the ability 
to introduce modified or novel genes into an intact animal or plant, creating a transgenic 
organism. The transplanted gene is called the transgene. When this technique produces a 
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therapeutic effect, it is referred to as gene therapy. Gene therapy also refers to the 
introduction of recombinant DNA into select cells to obtain a therapeutic effect.  

 
30. Recombinant DNA technology raises ethical considerations that must be evaluated before 

its use in medicine, forensics, and agriculture. 
 
Key Equation 
 

P = 1 – (1 – f)N 

 
Guide to Study Exercises (text p.74) 
 
1. See Figure 3-1. 
 
2. Early information for the characteristics of DNA indicated that the nitrogenous bases of 

DNA existed in their keto tautomeric forms; the concentration of adenine was equivalent to 
that of thymine; the concentration of cytosine was equivalent to that of guanine; and that 
the molecule contained a helical structure. (Section 3-2B) 

 
3. DNA contains the pentose 2′-deoxyribose; RNA contains ribose. DNA contains the bases 

adenine, guanine, cytosine, and thymine; RNA contains adenine, guanine, cytosine, and 
uracil. DNA is (usually) double-stranded and hence contains equal amounts of A and T and 
of C and G, due to the requirements of base pairing. RNA is (usually) single-stranded and 
therefore has no such constraints. (Section 3-2B) 

 
4. According to the central dogma, DNA directs it own replication as well as its transcription 

to RNA. The RNA is then translated into protein. A triplet sequence of nucleotides 
specifies one of twenty amino acids such that an error in replication (mutation) can change 
the sequence of amino acids in the polypeptide (Section 3-3B) 

 
5. The Watson–Crick model of DNA is a molecule containing two antiparallel strands of 

DNA that wind around a common axis to form a double helix. The strands associate 
through hydrogen bonding between bases on opposite chains: A pairs with T and G pairs 
with C. The paired bases occupy the core of the helix and the sugar–phosphate backbone 
runs along the periphery, defining the major and minor grooves on the surface of the helix. 
(Section 3-2B) 

 
6. In the restriction–modification system, a bacterium modifies (by addition of a methyl 

group) certain nucleotides in specific sequences of its own DNA. Foreign DNA, whose 
sequences are not methylated in the same sequence-specific manner, is susceptible to 
cleavage by the host bacterium’s restriction endonuclease, which recognizes the same 
nucleotide sequence as does the host’s modification methylase. This system destroys 
foreign DNA. (Section 3-4A) 
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7. The chain-terminator (dideoxy) sequencing method uses a DNA polymerase to synthesize 
DNA strands complementary to the DNA strand of interest. The new strands, which are 
chemically tagged for easy detection, terminate prematurely at positions where a 2′,3′-
dideoxy nucleotide has been incorporated, because further polymerization requires a 3′-OH 
group. When the products of four reaction mixtures, each containing a different 
dideoxynucleotide, are electrophoresed in parallel lanes, the lengths of the truncated chains 
indicate the positions of the corresponding nucleotides. (Section 3-4C) 

 
8. Cloning a gene requires the following steps. (Section 3-5A) 

 
(a) A fragment of DNA of the appropriate size is obtained via PCR or restriction enzyme 

digestion of genomic or complementary DNA (obtained from reverse transcription of 
total mRNA). 

(b) The DNA fragment is ligated into a vector DNA molecule, which contains sequences 
required for vector replication and two selectable marker genes. 

(c) The recombinant vector, including the ligated DNA, is introduced into cells, where it 
replicates as the cells reproduce. 

(d) The cells containing vectors are selected by the activity of one of the marker genes, 
usually an antibiotic-resistance gene that allows cells containing the vector to grow in 
the presence of the antibiotic. The cells containing recombinant vectors are identified 
by the activity of a second marker gene (e.g., if the ligated DNA interrupts the lacZ 
gene, the cells lack β-galactosidase activity). 

 
Questions 
 
Nucleotides 
 
1. Indicate which of the following are purine or pyrimidine bases, nucleosides, or nucleotides: 

 
(a) uracil 
(b) deoxythymidine 
(c) guanosine monophosphate 
(d) adenosine 
(e) cytosine 
(f) guanylic acid 
(g) UMP 
(h) guanine 
 

Introduction to Nucleic Acid Structure 
 
2. What key sets of data were used to build the Watson–Crick model of DNA structure? 
 
3. Define or explain the following terms: (a) antiparallel; (b) complementary base pairing. 
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4. The base compositions of samples of genomic DNA from several different animals are 
given below. Which samples are likely to come from the same species? 
 
(a) 27.3% T 
(b) 29.5% G 
(c) 13.1% C 
(d) 36.9% A 
(e) 22.7% C 
(f) 19.9% T 
 

Nucleic Acid Sequencing 
 
5. A certain gene in one strain of E. coli can be cleaved into fragments of 3 kb and 4 kb using 

the restriction endonuclease PstI, but it is unaffected by PvuII. In another strain of bacteria, 
the same gene cannot be cleaved with PstI, but treatment with PvuII yields fragments of 3 
kb and 4 kb. Explain the probable genetic difference between the two strains. 

 
6. You have inserted a 5-kb piece of eukaryotic DNA into a 3.5-kb plasmid at the BamHI site. 

When you digest the recombinant DNA with various restriction enzymes, you obtain the 
fragments listed below. Draw a circular map of the recombinant plasmid showing all the 
restriction sites. Is it possible to determine the orientation of the insert in the plasmid? If so, 
what information reveals this? If not, what restriction digest would you perform to 
determine the orientation of the insert? 

 
Restriction enzyme Size of DNA fragments (kb) 
      
EcoRI and BamHI 1, 1.25, 2.75, 3.5 
PstI and BamHI 1.75, 3.25, 3.5 
EcoRI, PstI, and BamHI 0.75, 1, 1.25, 2, 3.5 
SalI  8.5 
SalI and BamHI 0.5, 3, 5 
BamHI 3.5, 5 

 
 
7. In order to separate different-sized fragments of purified DNA by agarose gel 

electrophoresis at pH 7.5, should one allow the DNA to migrate from the cathode (the – 
electrode) or from the anode (the + electrode)? Explain. 

 
8. T7 DNA polymerase is less sensitive to dideoxynucleotides than the E. coli DNA 

polymerase I fragment described in Section 3-4C. 
 
(a) For a given concentration of dideoxynucleotides, which enzyme is more likely to give 

a longer “ladder” on the sequencing gel? 
(b) Which enzyme is best used for sequencing DNA close to the primer? 
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9. You are interested in the sequence of a 15-base segment of a gene. Using the chain-
terminator procedure, you obtain the following results after gel electrophoresis. What is the 
sequence of the gene segment? 

 

 
 
Manipulating DNA  
 
10. Outline a procedure for identifying E. coli cells that contain a recombinant pUC18 plasmid 

in which a foreign gene has been inserted at the polylinker site. 
 
11. The size of the human haploid genome is about 3 ×106 kb. Using human sperm DNA and 

bacteriophage λ as a cloning vector, you have made a human genome library containing 
105 clones. Each clone has a 10-kb insert on average. What is the probability that a 
particular 10-kb single-copy gene is present in your library? Are you confident that you can 
find your gene with this library? Does a library with 10 times more clones significantly 
improve your chances? If not, why not? 

 
12. The amplification of DNA by PCR is exponential for many rounds and then becomes 

linear. What factors are likely to become rate limiting so that rate of DNA accumulation 
becomes linear? 

 
13. Many eukaryotic peptide hormones cloned in and isolated from bacteria have no biological 

activity. Why? 
 
14. DNA synthesized using RNA as a template is known as cDNA. In the technique called 

subtractive hybridization cloning, small amounts of cDNA from all the mRNA of tissue A 
is hybridized to all the RNA from tissue B. The unhybridized cDNA is then cloned. What 
has been cloned?  
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Answers to Questions 
 
1. (a) Pyrimidine base; (b) pyrimidine nucleoside; (c) purine nucleotide; (d) purine 

nucleoside; (e) pyrimidine base; (f) purine nucleotide; (g) pyrimidine nucleotide; (h) purine 
base. 

 
2. (i) Chargaff's rules, (ii) knowledge that nitrogenous bases are predominantly in the keto 

tautomeric form, (iii) X-ray crystallographic data indicating that DNA has a double-helical 
structure, (iv) X-ray crystallographic data suggesting that the planar aromatic bases form a 
stack parallel to the fiber axis.  
 

3. (a) The nucleotides of a DNA strand are linked between the 3′ and 5′ ribose carbons by a 
 phosphate group, thereby giving the strand polarity. The two strands of DNA form a 
 duplex in which the strands run in opposite directions, that is, in an antiparallel 
 arrangement.  

 (b) Each nitrogenous base of one strand is hydrogen bonded to a different specific 
 nitrogenous base on the opposing strand to form a planar base pair. This qualitatively 
 specific hydrogen bonding between base pairs is called complementary base pairing. 
 In the Watson–Crick structure, adenine specifically pairs with thymine, and guanine 
 pairs with cytosine. 

 
4. Samples (a) and (e), since by Chargaff’s rules, 27.3% T implies 27.3% A, so that G + C = 

45.4% and C = 22.7%. Samples (c) and (d), since 13.1% C implies 13.1% G and 36.9% 
each of A and T. 

 
5. The gene in the first strain contains the sequence CTGCAG, which is recognized and 

cleaved by PstI but not by PvuII. In the second strain, the site has mutated so that it cannot 
be recognized by PstI. Its sequence must be CAGCTG, since it is recognized and cleaved 
by PvuII.  
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6. Shown below is one of two possible restriction maps of the recombinant plasmid (in the 
other possible map, the SalI site would be 0.5 kb from the other BamHI site). To determine 
the orientation of the insert, it would be necessary to perform a restriction enzyme digest 
with SalI and PstI (or SalI and EcoRI) to reveal the location of the SalI site. For the map 
shown below, the SalI/PstI digestion products would be 2.25 kb and 6.25 kb. 

 

 
 
7. At pH 7.5, purified DNA is negatively charged; hence, the DNA fragments will migrate 

from the cathode toward the anode.  
 
8. (a) T7 DNA polymerase is likely to give a longer ladder, since it is less likely to 

 terminate DNA chain elongation.  
 (b) The E. coli polymerase I fragment is better suited for obtaining sequences close to the 

 primer, since it terminates DNA chain elongation more often and hence produces 
 more short fragments than does T7 DNA polymerase. 

 
9. The bands on the gel identify the 3′ ends of DNA fragments synthesized by the DNA 

polymerase in the presence of dideoxynucleotides. Their sequence, read from bottom to 
top, is 

 
    5′-T-C-G-A-C-T-C-G-A-A-G-T-C-A-G- 3′ 
 
 This is complementary to the DNA of interest, which has the sequence 
 
    5′- C-T-G-A-C-T-T-C-G-A-G-T-C-G-A- 3′ 
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10. Bacteria containing the plasmids will be resistant to ampicillin, since the pUC18 vector 
contains the ampR gene, and so can grow in the presence of ampicillin. Bacteria lacking the 
vector will not grow in the presence of ampicillin. Cells containing the foreign gene at the 
polylinker site, which interrupts the lacZ gene, will not produce any β-galactosidase and so 
can be detected as white colonies in the presence of a β-galactosidase substrate that turns 
blue when hydrolyzed. Cells containing the vector without the foreign DNA will appear 
blue because they express functional β-galactosidase. 

 
11. The frequency (f) of the gene of interest is 10/(3 × 106) = 3.33 × 10–6. The probability (P) 

of finding this gene is 
 

P = 1 – (1 – f)N 
 
 where N is the number of clones. Hence, P = 1 – (1 – 3.33 × 10–6)100,000 = 1 – 0.72 = 0.28. 

This low probability inspires no confidence that a single-copy gene can be easily found. 
The probability may be even lower, since not all genomic DNA fragments will be 
incorporated into the cloning vector with equivalent efficiency. Using the relationship 
above, the probability increases to 0.96 when the library contains 106 clones. Most 
investigators will shoot for a probability of 0.999 when constructing a recombinant DNA 
library to ensure the best chance of identifying a single-copy gene. 

 
12. The finite amounts of nucleotides, primers, and enzyme will become rate-limiting. In the 

early rounds of PCR, these elements are at or near saturating levels (that is, their 
concentrations are much higher than that of the DNA template). Consequently, the rate of 
DNA production is directly proportional to the amount of template, which accumulates in 
an exponential fashion. But as the template DNA accumulates, its concentration 
approaches that of the enzyme, primers, and nucleotides. This slows the rate at which these 
elements come together to generate additional DNA, so the rate of DNA accumulation 
becomes linear.  

 
13. These hormones require posttranslational processing that cannot be carried out in the 

bacteria. 
 
14. What has been cloned is the cDNA corresponding to the mRNA sequences of tissue A that 

are absent from tissue B. The hybridization reaction eliminates the mRNA sequences 
shared by the tissues, including mRNAs encoding proteins required for common metabolic 
activities. The cloned cDNA therefore represents the genes that are active (i.e., that are 
transcribed into mRNA) in tissue A but not tissue B. 



4 
Amino Acids 

 
 
This chapter introduces you to the structure and chemistry of amino acids. The chapter begins by 
discussing the zwitterionic character of amino acids at physiological pH, followed by a brief 
introduction to the amide linkage known as the peptide bond. Amino acids are categorized by the 
chemistry of their unique R groups and by their mode of biosynthesis. The standard amino acids 
are specified by the genetic code; nonstandard amino acids include the D stereoisomers and 
modified forms of the standard amino acids. This chapter also introduces you to the conventions 
used to describe stereoisomers, namely the Fischer convention and the RS system. Amino acids 
contain ionizable groups, so this chapter discusses the acid–base properties of amino acids and 
introduces you to the concept of the isoelectric point. A clear understanding of the acid–base 
properties of amino acids is critical for appreciating the structural and catalytic behavior of 
proteins. The chapter closes with a brief discussion of the biological significance of some amino 
acid derivatives.  
 
Essential Concepts 
 
Amino Acid Structure 
 
1. All proteins are composed of 20 standard amino acids, which are specified by the genetic 

code. 
 
2. The standard amino acids are called α-amino acids because they have a primary amino 

group and a carboxyl group bound to the same carbon atom (the α carbon). Only proline 
has a secondary amino group attached to the α carbon, but it is still commonly referred to 
as an α-amino acid. 

 
3. The generic structure of an amino acid at pH 7 is shown below. 
 

 
  
 At pH 7, the amino acid is a zwitterion, or dipolar ion. A unique side chain, or R group, 

characterizes each amino acid. 
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4. Amino acids are polymerized by condensation reactions to form a chain called a 
polypeptide. Each polypeptide is polarized: One end has a free amino group and the other 
end has a free carboxyl group, referred to as the N-terminus and the C-terminus, 
respectively. 

 
5. The R groups of the standard 20 amino acids are classified into three categories based on 

their polarities and charge at pH 7: the nonpolar amino acids, the polar uncharged amino 
acids, and the charged amino acids (see Table 4-1). 

 
6. Among the nonpolar amino acids, glycine (shorthand Gly or G) has a hydrogen atom as its 

R group. Alanine (Ala; A), valine (Val; V), leucine (Leu; L), isoleucine (Ile; I), and 
methionine (Met; M) have aliphatic chains as R groups (Met has a sulfur rather than a 
methylene group). Tryptophan (Trp; W) and phenylalanine (Phe; F) contain bulky indole 
and phenyl groups, respectively.  

 
7. The polar uncharged amino acids include asparagine (Asn; N), glutamine (Gln; Q), serine 

(Ser; S), threonine (Thr; T), tyrosine (Tyr; Y), and cysteine (Cys; C). Amide functional 
groups occur in Gln and Asn. Alcoholic functional groups occur in Ser and Thr. Tyrosine 
and cysteine are characterized by a phenolic group and a thiol group, respectively. 

 
8. Among the charged amino acids, aspartate (Asp; D) and glutamate (Glu; E) contain 

carboxylic groups in their R groups. Lysine (Lys; K), arginine (Arg; R), and histidine (His; 
H) contain a butylammonium group, a guanidino group, and an imidazole group, 
respectively. 

 
9. The pK values of ionizable groups depend on the electrostatic influences of nearby groups. 

Inside of proteins, the pK values of ionizable R groups may shift by several pH units from 
their values in the free amino acids. 

 
Stereochemistry 
 
10. Except for glycine, the standard amino acids have asymmetric structures and rotate the 

plane of polarized light; thus, they are optically active. These molecules cannot be 
superimposed on their mirror images. Such nonsuperimposable pairs of molecules are 
called enantiomers. The asymmetric atom of an optically active molecule is called the 
chiral center and the molecule is said to have the property of chirality. 

 
11. Fischer projections are used to represent the absolute configuration of substituents around a 

chiral center. In the Fischer convention, horizontal lines extend above the plane of the 
paper, while vertical lines extend below the surface of the paper. The α-amino acid shown 
above is a Fischer projection of an L-amino acid. The specific arrangement of substituents 
around the chiral carbon is related to that of L-glyceraldehyde. 
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12. A molecule with n chiral centers has 2n different possible stereoisomers. Molecules with 
two or more chiral centers are better described by the RS system, in which each substituent 
bound to the chiral center is prioritized according to its atomic number. Hence, the exact 
molecular arrangement of a molecule can be unambiguously described. 

 
13. Biochemical reactions almost invariably produce pure stereoisomers, in large part due to 

the precise arrangement of chiral groups inside of enzymes, which restricts the geometry of 
the reactants. 

 
Amino Acid Derivatives 
 
14. Nonstandard amino acids in polypeptides arise from posttranslational modifications of the 

R groups of amino acid residues of the polypeptide. These modifications have critical roles 
in the structure and function of proteins. Many unpolymerized nonstandard amino acids are 
synthesized by chemical modifications of one of the standard amino acids. Cells use many 
of these amino acids as signaling molecules, particularly in the central nervous system. 
Among the nonstandard amino acids are also the D isomers of the standard amino acids; 
many of these occur in bacterial cell walls and bacterially produced antibiotics. The 
tripeptide glutathione is a cellular reducing agent. 

 
 
Key Equation 
 

pI =  ½(pKi  +  pKj) 
 
Guide to Study Exercises (text p. 92) 
 
1. See Table 4-1. 
 
2. Polarity. The nonpolar amino acids are alanine, glycine, isoleucine, leucine, methionine, 

phenylalanine, proline, tryptophan, and valine. Six of the polar amino acids are uncharged: 
these are asparagine, cysteine, glutamine, serine, threonine, and tyrosine. Five polar amino 
acids are charged; these are arginine, aspartate, histidine, glutamate, and lysine. 

 
 Structure. There are many ways to classify amino acids based on the structures of their side 

chains. Glycine has the smallest side chain, just an H atom. Amino acids with aliphatic side 
chains are alanine, isoleucine, leucine, valine, and proline (which is really a cyclic imino 
acid). The sulfur-containing amino acids are cysteine and methionine; the aromatic amino 
acids are phenylalanine, tryptophan, and tyrosine. Serine and threonine have simple 
alcoholic side chains. Similarly, aspartate and glutamate have small carboxylic acid side 
chains; their amide forms are asparagine and glutamine. Arginine, histidine, and lysine 
have basic side chains with nitrogenous groups.  

 
 Type of functional group. Eight of the amino acids have side chains without functional 

groups: alanine, glycine, isoleucine, leucine, phenylalanine, proline, tryptophan, and valine. 
Methionine, whose thiomethyl group is unreactive, also belongs to this class of amino 
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acids. Three amino acids are alcohols: serine, threonine, and tyrosine. Cysteine, with its 
thiol group. could also be classified with the alcohols. Three of the amino acids have basic 
functional groups: arginine, histidine, and lysine. Aspartate and glutamate are acidic amino 
acids. Their counterparts asparagine and glutamine are amides. 

 
 Acid–base properties. All of the amino acids have an acidic group (COOH) and a basic 

group (NH2) attached to the α carbon. Two of the amino acids have very acidic side chains: 
aspartate and glutamate. In certain cases, the side chains of cysteine and tyrosine can also 
ionize. Three of the amino acids have basic side chains: arginine, histidine, and lysine. 
(Section 4-1) 

 
3. Five amino acids have side chains that are typically ionized at physiological pH (the side 

chains of cysteine and tyrosine sometimes ionize). Of these five, two are negatively 
charged: The β-COOH group of aspartic acid has a pK of 3.90, and the γ-COOH group of 
glutamic acid has a pK of 4.07. Therefore, at pH 7, these groups are entirely in the COO– 
form. Two amino acids are positively charged at physiological pH since their pK’s are 
much greater than the physiological pH of 7: The guanidino group of arginine has a pK of 
12.48, and the ε-amino group of lysine has a pK of 10.54. Only one amino acid, histidine, 
whose imidazole group has a pK of 6.04, exists in both the neutral and protonated forms at 
physiological pH. Keep in mind that the pK of an ionizable group is influenced by its 
microenvironment, so the pK values of amino acids may vary by several pH units when the 
amino acid is part of a folded polypeptide chain. (Sections 4-1C and D) 

 
4. The Fischer convention describes the absolute configuration of a chiral molecule by 

referring it to one of the two stereoisomers of glyceraldehyde. The comparison is made by 
mentally replacing the H, OH CHO, and CH2OH groups of D- or L-glyceraldehyde with the 
groups around the chiral center of the other molecule. (Section 4-2) 

 
5. Amino acids in proteins may be covalently modified by hydroxylation, methylation, 

acetylation, carboxylation, and phosphorylation. In addition, larger groups such as lipids 
and carbohydrates may be attached. (Section 4-3A) 

 
Questions  
 
Amino Acid Structure 
 
1. Without consulting the text, draw a generic L-α-amino acid using the Fischer convention. 
 
2. Examine the amino acids on the following page. Assume that the pK of the carboxyl group 

attached to the α carbon is 2.0 and that of the primary amine attached to the α carbon is 9.5 
The pK’s of ionizable R groups are shown below each structure. (a) Categorize these amino 
acids as nonpolar, uncharged polar, or charged polar at pH 7. (b) Which of the structures 
cannot exist as shown at any pH in aqueous solution? (c) Name each of the amino acids. 
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3. Which of the amino acids in Table 4-1 can be converted to another amino acid by mild 

hydrolysis that liberates ammonia? 
 
4. Which of the amino acids in Table 4-1 can generate a new amino acid by the addition of a 

hydroxyl group? 
 
5. The ionic characters of which amino acids are likely to be sensitive to pH changes in the 

physiological range? Explain. 
 
6. Circle the functional groups that are eliminated in the formation of a peptide bond between 

the amino acids shown below. Draw the structure of the dipeptide. 
 

 
 
7. What percentage of the histidine imidazole group is protonated at pH 7.2?  
 
8. What percentage of the cysteine sulfhydryl group is deprotonated at pH 7.6? 
 
9. In proteins, the imidazole groups of histidine play key roles in catalysis involving 

reversible protonation/deprotonation events. The pK of the imidazole group is influenced 
by surrounding amino acids and in many enzymes is near 7. 
 
(a)  What is the significance of this apparent pK in catalysis? 
(b)  Some unprotonated imidazole groups participate in hydrogen bonding a substrate to 

an enzyme. Do you expect the pK of these imidazole groups also to be near 7?  
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10. Using the pK values in Table 4-1, identify the amino acids that have the titration curves 
shown below. 

 
 
11. Which of the following tripeptides contain peptide bonds NOT commonly found in 

proteins? Provide a name for tripeptide B. 
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12. Why is the pK of the carboxyl group of glycine (pK = 2.3) less than that for acetic acid (pK 
= 4.76)? 

 
13. Calculate the pI’s of aspartate, lysine and serine.  
 
14. In proteins, the pK of the C-terminus is about 3.8, while that of the N-terminus is about 7.8. 

Rationalize these differences from the pK values of the α-carboxyl and the α-amino groups 
in free amino acids. 

 
15. Is a protein as good a cellular buffer at physiological pH as its constituent amino acids 

would be if they were present as free amino acids in proportional concentrations in the 
cell? Explain.  

 
16. 100 mg of anhydrous powder of lysine is not completely soluble in 10 mL of water but 

dissolves completely when base is added. Explain. 
  
17. Examine the paper by McCoy, Meyer, and Rose (J. Biol. Chem. 112, 283–302, 1935) at the 

web site for the Journal of Biological Chemistry (http://www.jbc.org). 
 
(a) What was the name of Unknown II? What is its name today? 
(b) What remained to be solved about its structure? 
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18. Shown below is a titration curve for glutamic acid. Draw the structure of the species that 
predominates at each labeled point. 

 

 
Stereochemistry 
 
19. Which amino acid found in proteins has no optical activity? 
 
20. Draw Fischer projections of L-aspartate and L-cysteine and show why L-Asp is (S)-Asp and 

L-Cys is (R)-Cys. (Refer to Box 4-2) 
 
21. Which amino acids in Table 4-1 have two or more prochiral centers? A prochiral center can 

be made chiral by substituting a different group for one of the two identical groups attached 
to it. 

 
Amino Acid Derivatives 
 
22. Which of the nonstandard amino acids below cannot occur in the interior of a polypeptide 

chain? Explain. 
 

 
 
23. From which of the standard amino acids are the following physiologically active amines 

derived? What modifications gave rise to these products? (See Figure 4-16 for structures.) 
 
 (a) GABA  (b) histamine  (c) thyroxine  (d) dopamine 
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24. How many conjugated double bonds occur in the fluorescent tyrosine derivative of green 
fluorescent protein? 

 
Answers to Questions 

 
1.  

 
 
 Remember, in Fischer projections, horizontal bonds extend out from the paper while 

vertical bonds extend behind the paper. 
 
2. (a) Nonpolar: A; uncharged, polar: C and E (because E has a pK of 6.0, it is largely 

uncharged at pH 7); charged, polar: B and D (at pH 7, the ε-amino group of B is positively 
charged, and the γ-carboxyl group of D is negatively charged). 

 (b) B and D cannot exist at any pH in aqueous solution. In B, the ε-amino group will 
become deprotonated at lower pH values than the α-amino group since its pK is lower. 
Similarly, the γ-carboxyl group of D is more acidic than the α-amino group.  

 (c) A is tryptophan; B is lysine; C is tyrosine; D is glutamate; and E is histidine. 
 
3. Glutamine and asparagine can be converted to glutamate and aspartate, respectively. 
 
4. Alanine gives rise to serine, and phenylalanine gives rise to tyrosine. 
 
5. Histidine and cysteine are the most likely to be sensitive in the physiological pH range 

since the pK values of their R groups are 6.04 and 8.37, respectively. 
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6.  

 
 
7. Use the Henderson–Hasselbalch equation and rearrange terms to find the percentage of 

protonated species: 
 

     pH  =  pK  +  log 
[A–]
[HA] 

 

  
[A–]
[HA]  =  10(pH – pK) 

 
  =  10(7.2 – 6.04) 
  =  101.16  =  14.45 

 
 To obtain the percentage of the protonated species, 
 

  % HA  =   
[HA]

[HA] + [A–]  ×  100 

 

  =   
1

1 + 14.45  ×  100 

 
  =  6.47% 

 
 Hence, 6.47% is in the protonated form.  
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8. Use the Henderson–Hasselbalch equation and rearrange terms to find the percentage of 
deprotonated species: 

 

  pH  =  pK  +  log 
[A–]
[HA] 

 

  
[A–]
[HA]  =  10(pH – pK) 

 
  =  10(7.6 – 8.37) 
  =  10–0.77  =  0.17 
 

  % A–  =   
[A–]

[HA] + [A–]  ×  100 

 

  =   
0.17

1 + 0.17  ×  100 

 
  =  14.53% 

 
 Therefore, about 14.53% of the sulfhydryl groups are deprotonated. 
 
9. (a) The intracellular pH is also near 7, so about half the imidazole groups will be 

 protonated. In other words, the imidazole groups can easily abstract a proton or give 
 one up, as is required for catalysis, and remain unchanged at the end of the reaction. 

 (b)  It is more likely that the pK of these groups is near the pK of free histidine (6.04) so 
 that they are available to form hydrogen bonds with potential substrates.  
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10. (a) Lysine; tyrosine is similar but its pK2 is closer to 9.2.  
 (b)  Proline; it has only two pK’s, one at about 2 and the other well above 10. The  only 

 other amino acid with a pK2 above 10 is cysteine, but it has three pK’s. 
 

 
 
11. A, C, and D contain peptide bonds not commonly found in proteins. In A, the γ-carboxylate 

group of the first amino acid participates in an amide linkage (the second and third amino 
acids are linked by a conventional peptide bond). C contains a linkage between the 
carboxylate of a β-amino acid and the amino group of an α-amino acid. In D, the side chain 
of the first amino acid is linked to the amino group of the second. Tripeptide B can be 
referred to as serylvalylglycine. 

 
12. The positively charged amino group of glycine electrostatically stabilizes the nearby 

carboxylate ion. Hence, the carboxylic acid group of glycine dissociates more readily to 
form the carboxylate ion than does the carboxylic acid group of acetic acid. 

 



  Chapter 4  Amino Acids 49

13. The pI is approximately midway between the pK’s of the two ionizations involving the 
neutral species. In amino acids with ionizable side chains, the relevant pK’s may be pK1 
and pKR or pKR and pK2. For aspartate, the neutral species results from ionization of the α-
COOH (pK1) and the β-COOH (pKR): 

 

 
 
 pI = (pK1 + pKR)/2 = (1.99 + 3.90)/2 = 2.95. 
 
  
For serine, which has no ionizable R group, pI = (pK1 + pK2)/2 = (2.19 + 9.21)/2 = 5.7. 

 

 
  
 For lysine, the pI lies between pK2 and pKR: 
 Hence, pI = (pK2 + pKR)/2 = (9.06 + 10.54)/2 = 9.8. 
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14. In free amino acids, the neighboring α-carboxyl and α-amino groups affect each other’s pK 
values. For instance, the negatively charged carboxyl group stabilizes the protonated amino 
group, making it a weaker acid and thus raising its pK value. Similarly, the positively 
charged amino group stabilizes the anionic carboxyl group, making it a stronger acid and 
thereby lowering its pK value. In proteins, the free amino group and the free carboxyl 
group are separated by at least ~40 amino acid linkages, and hence have little or no effect 
on each other’s pK values. 

 
15. Yes. The formation of the peptide bond between each amino acid in the intact protein 

eliminates two ionizable groups. However, at physiological pH (pH 5–9), the α-carboxyl 
and the α-amino groups of amino acids are poor buffers, because their respective pK values 
are far from the physiological pH range. However, at physiological pH, a protein 
containing a number of histidines and cysteines, for instance, may have a buffering 
capacity similar to that of an equimolar solution of its constituent amino acids; the side 
groups of these amino acids are free to ionize regardless of whether they are free or in a 
protein. Other ionizable R groups have pK’s too far from physiological pH to be effective 
buffers. 

 
16. Lysine solid is of necessity neutral and therefore has the structure 

 

 
 

 Neutral species are not as soluble as charged species. Adding base causes lysine’s ε-NH3
+ 

group to be converted to the neutral ε-NH2, giving the molecule a net negative charge and 
higher solubility. 

 
17. (a)  α-Amino-β-hydroxybutyric acid (later named threonine) 
 (b) The chirality of the β-carbon. 
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18.  

 

 
 
19. Glycine; its Cα has two identical substituents, H. 
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20. In a Fischer projection, the vertical bonds by convention point into the paper while the 
horizontal bonds point out from the paper. When the carbon groups are aligned vertically 
as drawn below, the amino group is on the left in an L-amino acid; it is on the right in a D-
amino acid. To identify R or S configurations, swing the α-carbon hydrogen behind the α 
carbon. Then assign a priority number based on the atomic mass of the atom or group 
bound to the α carbon. The configuration is R or S according to whether the groups with 
decreasing priority have a clockwise or counterclockwise orientation, respectively. If two 
substituent atoms are the same (C, for example), the other atoms attached to them are used 
to assign priority. Note that for cysteine, sulfur has a higher atomic mass than oxygen, 
which reverses the priority of the groups. (See figure below.) 

 

 
 
21. The amino acids with two or more prochiral centers are Arg, Gln, Glu, Leu, Lys, Met, and 

Pro. 
 
22. N-formylmethionine and N,N,N-trimethylalanine cannot occur in the interior of a 

polypeptide, because they lack free amino groups to form peptide bonds.  
 
23. (a) GABA is derived from glutamate via decarboxylation of the α-carboxyl group. 
 (b) Histamine is derived from histidine also by decarboxylation of the α-carboxyl group. 
 (c) Thyroxine is derived from tyrosine by addition of a phenyl group and iodination. 
 (d) Dopamine is derived from tyrosine via hydroxylation of the phenyl group and 

 decarboxylation of the α-carboxyl group. 
 
24. Six (see Box 4-3)  



5 
Proteins: Primary Structure 

 
This chapter covers protein purification and primary structure. In this chapter you will learn how 
a protein’s size, charge, and general shape can be analyzed and used to develop procedures to 
purify the protein. Many of the principles you learned in the preceding chapters about 
thermodynamics, aqueous solutions, and acid–base chemistry can be applied to the isolation of 
proteins. This chapter also includes a discussion of the strategies and chemical methods for 
determining the primary structure of proteins, focusing on Edman degradation and introducing 
mass spectrometry as the latest technique for determining polypeptide mass and sequence. The 
chapter concludes with a section discussing protein evolution. Here you will see how 
comparisons of primary structures have led biochemists to categorize proteins into families and 
identify specific modules or motifs involved in specific functions. 
 
Essential Concepts 
 
Polypeptide Diversity 
 
1. The primary structure of a protein is the amino acid sequence of its polypeptide chain (or 

chains if the protein contains more than one polypeptide). 
 
2. Proteins are synthesized in cells by the stepwise polymerization of amino acids in the order 

specified by the sequence of nucleotides in its gene. The 5′ end of the messenger RNA 
corresponds to the amino terminus of the polypeptide, which is the end that contains a free 
amino group bound to the α carbon. 

 
3. Although the theoretical possibilities for polypeptide composition and length are unlimited, 

polypeptides found in nature are limited somewhat in size and composition. Most 
polypeptides contain between 100 and 1000 residues and do not necessarily include all 20 
genetically encoded amino acids. Leu, Ala, Gly, Ser, Val, and Glu are the most abundant 
amino acids in proteins, while Trp, Cys, Met, and His are the least common. 

 
Protein Purification and Analysis 
 
4. A general approach to protein purification requires the following: 
 

(a) A rapid and efficient method to disrupt cells so that the contents of the lysed cells 
(lysate) can be quickly stabilized in a buffer of appropriate pH and ionic strength. 
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(b) Consideration of factors that affect the stability of the desired protein, such as pH, 
temperature, presence of degradative enzymes, adsorption to surfaces, and solvent 
conditions for long term storage. 

(c) Appropriate separation techniques to effectively purify the desired protein from the 
total proteins of the lysate. 

(d) A test or assay to easily assess the activity of the desired protein at each step in the 
purification. 

 
5. A protein contains multiple charged groups, so its solubility in aqueous solution varies with 

the concentrations of dissolved salts (ionic strength), pH, and temperature. When salt is 
added to a protein at low ionic strength, the protein’s solubility increases with increasing 
ionic strength (called salting in). At some point, the solubility of the protein decreases 
(called salting out). This variable solubility can be exploited to selectively precipitate 
desired or undesired proteins. 

 
6. Chromatography, which is used for analysis as well as purification, relies on the ability of a 

substance dissolved in a solvent (mobile phase) to interact with a solid matrix (stationary 
phase) as the solvent percolates through it. The chromatographic matrix is often in a 
column so that the solvent that elutes (exits) from it can be collected and assayed for the 
desired substance. 

 
7. Ion exchange chromatography takes advantage of a molecule’s ionizable groups. The 

binding affinity of a substance for a cation or anion exchanger depends on its net charge 
and the pH and ionic strength of the solvent. The bound substance is eluted by increasing 
the salt concentration or changing the pH of the solvent. 

 
8. Hydrophobic interaction chromatography, which uses a matrix substituted with nonpolar 

groups, takes advantage of the exposed hydrophobic regions of a protein. The bound 
protein is eluted with a solvent that weakens the hydrophobic effects that cause the protein 
to bind to the matrix.  

 
9. Gel filtration chromatography separates molecules according to their size and shape. The 

stationary phase consists of beads containing pores that span a relatively narrow size range. 
Smaller molecules spend more time inside the beads than larger molecules and therefore 
elute later (after a larger volume of mobile phase has passed through the column). Within 
the molecular mass range that is fractionated by the specific stationary phase used, there is 
a linear relationship between a substance’s elution time and the logarithm of its molecular 
mass.  

 
10. Affinity chromatography exploits a protein’s specific ligand-binding behavior. The protein 

binds to a ligand that is covalently attached to the stationary phase and can be eluted with a 
solution containing a high salt concentration or excess ligand, which competes with the 
bead-bound ligand for binding sites on the protein. 

 
11. Electrophoresis separates molecules according to size and net charge. The molecules move 

through a polyacrylamide or agarose gel under the influence of an electric field. Proteins 
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can be visualized by soaking the gel in a dye that binds to proteins or by electroblotting the 
proteins to nitrocellulose paper and probing with an antibody that is specific for the desired 
protein (Western blotting). 

 
12. In SDS polyacrylamide gel electrophoresis (SDS-PAGE), proteins are denatured with the 

detergent sodium dodecyl sulfate (SDS), which binds to the protein and imparts a large 
negative charge by virtue of its negatively charged sulfate group. The net charge of an 
SDS-polypeptide is proportional to its length, giving all proteins the same charge density, 
so SDS-PAGE separates proteins almost entirely by sieving effects. Smaller proteins 
migrate faster since they are less impeded by the cross-linked polyacrylamide. 

 
13. The ultracentrifuge, which can generate centrifugal forces of over 600,000g, has been used 

to determine protein molecular mass and subunit composition. The rate at which a 
molecule sediments in an ultracentrifuge depends largely on its mass and its shape. 
Polypeptides have sedimentation coefficients ranging from 1S to 50S.  

 
14. Sedimentation in a density gradient improves the resolving power of the ultracentrifuge. In 

zonal ultracentrifugation, the sample is added on top of a preformed gradient of an inert 
substance such as sucrose. During centrifugation, macromolecules move through the 
gradient according to their sedimentation coefficient. In equilibrium density gradient 
ultracentrifugation, the sample is dissolved in a concentrated solution of a fast-diffusing 
substance such as CsCl, which forms a density gradient during centrifugation. The 
macromolecules in the sample form bands at positions where the density of the solution is 
equivalent to their own. This technique is widely used to analyze and isolate nucleic acids. 

 
Protein Sequencing 
 
15. Knowledge of a protein’s amino acid sequence (its primary structure) is important for: 

 
(a) Determining its three-dimensional structure and elucidating its molecular mechanism 

of action. 
(b) Comparing sequences of analogous proteins from different species to gain insights 

into protein function and evolutionary relationships among the proteins and the 
organisms that produce them. 

(c) Developing diagnostic tests and effective therapies for inherited diseases that are 
caused by single amino acid changes in a protein. 

 
16. Determining a protein’s sequence may require several steps: 

 
(a) End group analysis reveals the number of different polypeptides or subunits in a 

protein. Either dansyl chloride or phenylisothiocyanate (Edman degradation) can be 
used to identify the N-terminal residue of a polypeptide.  

(b) Disulfide bonds within and between polypeptide chains are cleaved by reducing 
agents such as 2-mercaptoethanol, and the free sulfhydryl groups are then alkylated, 
e.g., with iodoacetate, to prevent re-formation of the disulfide bonds. 
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(c) The different polypeptides of a multisubunit protein are separated so that each can be 
sequenced. 

(d) The amino acid composition of a polypeptide can be determined by the complete 
hydrolysis of the polypeptide followed by separation and analysis of the liberated 
amino acids using HPLC. 

(e) Polypeptides longer than 100 residues cannot be sequenced directly and must 
therefore be cleaved into smaller fragments using endopeptidases such as trypsin or 
chymotrypsin or chemical agents such as cyanogen bromide. 

(f) Each fragment is isolated and then sequenced using repeated cycles of the Edman 
degradation. 

(g) The order of sequenced fragments in the intact polypeptide is established by cleaving 
the polypeptide with a different reagent to obtain a second set of fragments whose 
sequences overlap those of the first. 

(h) The positions of disulfide bonds are identified by cleaving the polypeptide before it 
has been reduced. Each fragment containing a disulfide bond is reduced, and the 
resulting two peptides are separated and sequenced. 

 
17. In Edman degradation, phenylisothiocyanate (PITC) reacts exclusively with the N-terminal 

amino group of a polypeptide chain. Treating the resulting PTC polypeptide with 
trifluoroacetic acid releases the N-terminal residue as a thiazolinone derivative, which is 
converted to a phenylthiohydantoin–amino acid that can be identified by chromatography. 
The procedure is then repeated for the newly exposed N-terminal residue of the 
polypeptide. This procedure has been automated and refined to the point where up to 100 
residues can be sequenced with as little as 5 to 10 picomoles of protein (< 0.1 µg)! 

 
18. In recent years, mass spectrometry has become a powerful tool for polypeptide sequencing. 

In particular, electrospray ionization (ESI) allows for direct sequencing of short 
polypeptides (< 25 amino acid residues) by measuring the mass-to-charge ratio of ionic 
gas-phase peptides. 

 
19. Protein sequences are deposited in a number of public databases, most notably at the 

National Center for Biotechnology Information (NCBI; http://www.ncbi.nih.gov) or at the 
European site Expert Protein Analysis System (ExPASY: http://www.expasy.org).  

 
Protein Evolution 
 
20. Mutations that alter a protein’s primary structure may or may not affect the protein’s 

function. Mutations that are deleterious to the organism are less likely to be passed on to 
the next generation. Mutations that enhance an organism’s ability to survive and reproduce 
tend to propagate quickly. This is the essence of Darwinian evolution. 

 
21. Because related species have evolved from a common ancestor, the genes specifying each 

of their proteins have also evolved from a corresponding gene in that ancestor. Hence, the 
more closely related the two species, the more similar are the primary structures of their 
proteins. A phylogenetic tree can therefore be constructed by comparing the sequence 
divergence of proteins in different organisms.  
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22. Comparisons of the primary structure of evolutionarily related proteins (homologous 
proteins) may indicate which amino acid residues are essential to the protein’s function: 
Essential positions tend to contain invariant residues; less essential positions tend to 
contain chemically similar (conserved) residues; and positions that do not significantly 
affect protein structure or function can accommodate a variety of residues. 

 
23. The rates of evolution of proteins vary considerably. This reflects the ability of a given 

protein to accept amino acid changes without compromising its function. 
 
24. Large families of proteins such as the immunoglobulins or globins probably arose by gene 

duplication and subsequent primary structure divergence among the copies. Hence, the new 
copies are capable of evolving new functions.  

 
25. Many proteins contain amino acid sequence modules of about 40–100 residues that may 

have unique functions. Some modules are repeated many times in a single polypeptide. 
Hence, shuffling of modules is potentially a mechanism for rapidly generating new proteins 
with new functions. 

 
26. Most primary structures of proteins are known from sequencing the genes that encode 

them. However, DNA sequencing cannot provide information about the locations of 
disulfide bonds or posttranslational modifications of amino acids. In addition, some newly 
synthesized polypeptides are trimmed by site-specific cleavage to generate the mature 
functional protein. In practice, protein sequences are used to confirm nucleic acid 
sequences and vice versa. 

 
Guide to Study Exercises (text p. 127) 
 
1. Leu  9.1%     Pro  5.2% 
 Ala  7.8%     Arg  5.1% 
 Gly  7.2%     Asn  4.3% 
 Ser  6.8%     Gln  4.3% 
 Val   6.6%     Phe  3.9% 
 Glu  6.3%     Tyr  3.2% 
 Lys  5.9%     His  2.3% 
 Thr  5.9%     Met  2.2% 
 Asp  5.3%     Cys  1.9% 
 Ile  5.3%     Trp  1.4% 
 
2. The stability of purified proteins depends on the pH, the temperature, the absence of 

degradative enzymes, minimal contact with protein-adsorbing surfaces, the absence of 
oxidizing agents, and the prevention of microbial growth. (Section 5-2A) 

 
3. The charge of a molecule is the basis for separation by ion exchange chromatography and 

electrophoresis; polarity is the basis for separation by hydrophobic interaction 
chromatography; size is the basis for separation by gel filtration chromatography, SDS-
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PAGE, and ultracentrifugation; and binding specificity for small molecules is the basis for 
separation by affinity chromatography. (Section 5-2) 

 
4. Ion exchange chromatography takes advantage of the ability of a macromolecule’s charged 

surface residues to bind to oppositely charged groups that have been immobilized on a 
chromatographic matrix. Elution is accomplished by disrupting these nonspecific charge–
charge interactions by increasing the salt concentration or changing the pH. Affinity 
chromatography relies on the ability of a macromolecule to bind specifically to an 
immobilized ligand. Elution is accomplished by changing the pH or the salt concentration 
or by adding an excess of soluble ligand. Affinity chromatography is a much more 
selective technique than ion exchange chromatography because it takes advantage of a 
molecule’s unique biochemical properties rather than a general attribute such as overall 
charge. (Section 5-2C) 

 
5. Ultracentrifugation provides information about the molecular mass of a macromolecule 

from its rate of sedimentation. For a molecule of known molecular mass, slower than 
expected sedimentation may indicate an elongated shape or aggregation of the molecule. 
Similarly, faster than expected sedimentation may indicate dissociation of a molecular 
aggregate into smaller units. (Section 5-2E) 

 
6. The N-terminal residue of a polypeptide can be identified in two way: (a) by reacting the 

primary amino group with dansyl chloride, which produces a fluorescent amino acid 
derivative after acid hydrolysis of the polypeptide; or (b) by reacting the N-terminal amino 
group with phenylisothiocyanate followed by trifluoroacetic acid, which produces a free 
PTH-amino acid that can be identified by chromatography. However, the chemical 
derivatization methods cannot be used on a polypeptide with a chemically modified (e.g., 
acetylated) N-terminus. Of course, if the protein consists of more than one polypeptide 
chain, multiple N- or C-terminal residues will be present. (Section 5-3A) 

 
7. Disulfide bonds must be cleaved so that the sequencing reactions can use linear, reagent-

accessible polypeptide chains as substrates. (Section 5-3A) 
 
8. Information about a protein’s amino acid composition may be used to confirm unexpected 

results from amino acid sequencing, for example, if the protein contains a high proportion 
of rare amino acids or modified amino acids. The amino acid composition may also 
provide guidance about which enzymatic or chemical cleavage methods might generate 
peptide fragments for sequencing. Amino acid compositions may also be used to quickly 
compare proteins, since proteins that are closely linked by evolution have similar amino 
acid compositions. (Section 5-3A) 

 
9. Edman degradation begins with the reaction of phenylisothiocyanate with the N-terminal 

amino group of a polypeptide. The phenylthiocarbamyl product is treated with 
trifluoroacetic acid to cleave off the N-terminal residue as a thiazolinone derivative, which 
is removed and converted to a phenylthiohydantoin-amino acid by acid treatment. The PTH 
product is identified by chromatography. The entire reaction process can be repeated, up to 
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~100 times, in order to successively liberate and identify a polypeptide’s residues starting 
from the N-terminus. (Section 5-3C) 

 
10. Automated procedures, which can be used for fractionating macromolecules by 

chromatography and electrophoresis, for performing sequencing reactions, and for 
performing biochemical assays, offer the advantages of speed and reproducibility. 
Automation minimizes the opportunities for human error and helps ensure consistent 
conditions for many runs. Automation is virtually a necessity when many samples must be 
analyzed. In many cases, automated procedures save time even when analyzing a single 
sample. (Sections 5-2 and 5-3) 

 
11. Comparing the sequences of proteins from different species reveals evolutionary 

relationships, because the number of amino acid differences between the proteins indicates 
the time since the divergence of the species that produce the proteins. Sequence 
comparisons also provide information about the structure and function of the protein, since 
residues that are highly conserved often have essential structural or functional roles, 
whereas more variable residues are often found on the protein surface or in areas that are 
not essential for its structure or function. (Section 5-4A) 

 
12. A phylogenetic tree is constructed by counting the amino acid differences between 

homologous proteins from different species. These are used to draw a tree whose branch 
points represent a putative common ancestor for the species above it. The lengths of the 
branches correlate with the number of amino acid differences between the proteins. 
(Section 5-4A) 

 
Questions 
 
Protein Purification and Analysis 
 
1. Discuss the disadvantages of each of the following in the handling of proteins: 

 
(a) Low concentrations of protein 
(b) Sudsing of protein solutions 
(c) Lack of sterile conditions 
(d) Absence of protease inhibitors 
(e) Warm environments 
(f) pH’s far from neutrality 
 

2. List possible ways to track the presence of a protein during its purification. 
 
3. You have several cell lysates and want to determine which of them contain protein X in its 

phosphorylated form (with phosphorylation occurring on a tyrosine residue). You have two 
antibodies: One recognizes phosphotyrosine and the other recognizes protein X. Describe 
how you would analyze the cell lysates for the presence of phosphorylated protein X using 
just these two antibodies. 
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4. The salting out procedure outlined in Fig. 5-5 results in significant protein purification by 
eliminating many less- and more-soluble proteins. What is its other advantage? 

 
5. You wish to separate two proteins in solution by selectively precipitating one of them. 

What method could you use other than salting out? 
 
6. The pI of pepsin is < 1.0, whereas that of lysozyme is 11.0. What amino acids must 

predominate in each protein to generate such pIs? 
 
7. Evaluate the solubility of the following peptides at the given pH. For each pair, which 

peptide is more soluble and why? Hint: Evaluate the ionization states of the amino acid 
functional groups. 
 
(a) pH 7: Gly20 and (Glu-Asp)10  
(b) pH 5: (Cys-Ser-Ala)5 and (Pro-Ile-Leu)5   
(c) pH 7: Leu3 and Leu10 
 

8. Would you use an anion or cation exchange column to purify bovine histone at pH 7.0? 
(See Table 5-2)  

 
9. Why is a DEAE ion exchange column ineffective above pH 9? 
 
10. When immunoaffinity chromatography is used to purify a protein, the cell lysate is often 

subjected to one or more purification steps before the material is applied to the 
immunoaffinity column. Why is this necessary? 

 
11. List three methods for determining the molecular mass of a polypeptide. Which is the most 

accurate and why? 
 
12. Protein A has a molecular mass of 100 kD, while protein B has a molecular mass of 70 kD. 

However, the sedimentation coefficients of the two proteins are 2.65S and 5.15S, 
respectively. Explain.  

 
13. Evaluate the protein separation capabilities of zonal versus equilibrium density gradient 

centrifugation. 
 
14. Shown on the next page is the biochemical fractionation and purification of an enzyme. Fill 

in the table with the values for specific activity and fold purification, and answer the 
accompanying questions.  
  
(a)  Which step provides the greatest purification? 
(b)  Is the enzyme pure? How can purity be assessed? 
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 Total Protein 
(mg) 

Activity 
(nkat) 

Specific 
Activity 

(nkat/mg) 

Fold 
Purification 

     
Crude extract 50,000 10,000,000   
     
Ammonium  
sulfate precipitation 

5,000 3,750,000   

     
DEAE-cellulose,  
stepwise KCl  
gradient 

500 500,000   

     
DEAE-cellulose,  
KCl linear gradient 

250 500,000   

     
Gel filtration 25 250,000   
     
Substrate affinity 
chromatography 

1 100,000   

 
Protein Sequencing 
 
15. Match the terms below with the accompanying statements. (More than one term may apply 

to a statement.) 
 
A.  dansyl chloride D.  2-mercaptoethanol   
B.  phenylisothiocyanate E.  cyanogen bromide 
C.  iodoacetate      
 

 _____  An alkylating agent that reacts with Cys residues. 
 _____  A reducing agent that carries out reductive cleavage of disulfide bonds. 
 _____  A reagent used to identify N-terminal residues. 
 _____  A reagent that cleaves polypeptides into smaller fragments. 
 _____ A reagent used in sequencing polypeptides from the N-terminus. 
 
16. How many fragments can be obtained by treating bovine insulin (Fig. 5-1) with 

endopeptidase V8? Does this number depend on whether the protein is first reduced and 
alkylated? 

 
17. Describe the limitations of the following methods for determining amino acid composition: 

 
(a)  acid hydrolysis 
(b)  base hydrolysis 
(c)  enzymatic hydrolysis 
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18. You have a protein whose molecular mass is about 6.8 kD according to SDS-PAGE. 
However, SDS-PAGE of the protein in the presence of 2-mercaptoethanol reveals two 
bands of 2.3 kD and 4.5 kD. Are these polypeptides too large for direct sequencing by an 
automated sequenator using Edman degradation? What steps must you take to determine 
the complete sequence of this protein? 

 
19. You have a polypeptide that has been degraded with cyanogen bromide and trypsin. The 

sequences of the fragments are listed below (using one-letter codes). Is there enough 
information to derive the complete amino acid sequence of the polypeptide? What further 
treatments might support the deduced sequence?  

   
Cyanogen bromide treatment: Trypsin treatment: 

(1) K (5) FMK 
(2) RFM (6) GMNIK 
(3) MLYCRGM (7) GLMR 
(4) NIKGLM (8) MLYCR 

 
20. You want to know the amino acid sequence of a purified polypeptide (1341 D). Your new 

technician has performed the analyses outlined below but forgot to obtain the total amino 
acid composition of the polypeptide. You forgive your technician because you feel you 
may have enough information. Do you have enough data to determine the amino acid 
sequence? 
 
(a) Partial acid hydrolysis yields tripeptides with the following amino acid sequences as 

determined by manual Edman degradation: HSE, EGT, DYS, TSD, FTS, YSK.  
(b) Dansyl chloride treatment yields H and K. 
(c) Brief carboxypeptidase A treatment yields one K per mole peptide (a 

carboxypeptidase removes one residue at a time from the C-terminus of a 
polypeptide). 

(d) Chymotrypsin treatment yields two peptides (A and B) with molecular masses of 659 
D and 467 D, respectively, and a dipeptide composed of S and K. 

  
 Peptide A 
   (1) Dansyl chloride treatment yields H. 
   (2) Brief carboxypeptidase A treatment yields F and T. 
   
 Peptide B 
   (3) Dansyl chloride treatment yields T. 
   (4) Brief carboxypeptidase A treatment yields Y and D. 
 
(e) Trypsin treatment results in no fragmentation of the polypeptide. 

 
21. Compare the molecular mass (M) of horse myoglobin calculated from the two adjacent 

peaks at 1884.7 and 1696.3, and 893.3 and 848.7 (Figure 5-18). How do these results 
compare with those in Sample Calculation 5-1? 
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Protein Evolution 
 
22. Explain why single-nucleotide mutations in DNA occur at a constant rate, but the rate of 

protein evolution varies.  
 
23. Rank the following residue positions in cytochrome c in order from least to most 

conserved: 56, 61, 74, 85, and 89. 
 
24. Which protein(s) shown in Figure 5-24 would be most useful for assessing the 

phylogenetic relationships between mammalian species (note that mammals diverged from 
reptiles about 300 million years ago)? Explain. 

  
Answers to Questions 
 
1. (a) Proteins at low concentrations can be adsorbed by glass or some plastic surfaces, thus 

 significantly decreasing their recovery. 
 (b) Sudsing of protein solutions indicates increased contact with the air–water interface, 

 which can denature the proteins. 
 (c) Proteins can be eaten or degraded by contaminating bacteria and fungi. 
 (d) Protease inhibitors are essential for limiting protein degradation by proteases released 

 from lysosomes during cell lysis.  
 (e) Many proteins are only marginally stable and slowly denature over time at 

 temperatures above 25°C. 
 (f) Protein structure as well as enzymatic activity are strictly dependent on pH. 
 
2. (a)  If the protein is an enzyme, incubate it with a substrate that generates an easily 

 detected (e.g., colored) product or a product that can be converted to a detectable 
 product by a second enzyme.  
(b)  If an antibody to the protein is available, the protein can be detected using an 

immunoassay such as an RIA or ELISA. 
 

3. Immunoaffinity chromatography, immunoassay, and Western blotting could work. One 
protocol would be to coat a surface with antibodies to protein X, then incubate it with a cell 
lysate to allow any protein X present to bind to the immobilized antibodies. Wash away 
unbound proteins, then incubate the surface-bound antibody–protein X complex with the 
anti-phosphotyrosine antibody to which a readily assayed enzyme has been attached. Wash 
away unbound antibody and assay the enzyme. The appearance of the enzyme’s reaction 
product indicates the presence of phosphorylated protein X. Unphosphorylated protein X 
will not bind the second antibody, and lysates that contain no protein X will not cause the 
second antibody to bind. See Figure 5-3. 

 
4. Following salting out, the precipitated protein can be redissolved in a very small volume, 

thus concentrating it. A highly concentrated protein solution may be necessary for a 
subsequent gel filtration step or other analytical procedure. Concentrated protein solutions 
are also easier to handle, and they minimize protein loss by adsorption to surfaces. 
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5. Adjust the pH of the solution so that it approaches the pI of one of the proteins. As that 
protein’s net charge approaches 0, it will become less soluble and may precipitate, 
whereupon it can be eliminated by centrifugation. Alternatively, add a water-soluble 
organic solvent to selectively precipitate one of the proteins.  

 
6. In pepsin, aspartate and glutamate must predominate because they have acidic R groups. 

Lysine, arginine, and tyrosine, all with basic R groups, must predominate in lysozyme. 
 
7. (a) At pH 7.0, the side chains of Asp and Glu are ionized. Although both peptides 

 contain ionized N- and C-terminal groups, (Glu-Asp)10 contains more total ionizable 
 groups than Gly20 and is therefore the more soluble peptide. 
(b) Although Cys would be ionized at higher pH, neither peptide has ionized R groups at 

pH 5.0. However, (Cys-Ser-Ala)5 has more polar groups and is therefore more 
soluble than (Pro-Ile-Leu)5. 

(c)  Leu3 is less hydrophobic since it has two charged groups (its N- and C-termini) per 
three residues, compared to two charged groups per 10 residues in Leu10. The shorter 
peptide is more soluble since it requires less disruption of water structure to dissolve. 

 
8. Bovine histone is highly basic (pI = 10.8) and therefore positively charged at pH 7.0. It 

would therefore bind to the anionic matrix of a cation exchanger (e.g., carboxymethyl 
cellulose). 

 
9. Above pH 9, the amino groups of the DEAE matrix lose their protons and are therefore 

unable to bind anionic substances. 
 
10. Some pre-purification before immunoaffinity chromatography may be necessary because 

the cell lysate may contain other proteins that compete with the desired protein for binding 
to the immobilized antibody. Although such proteins would bind with lower affinity to the 
antibody, their greater numbers would diminish the amount of desired protein that binds 
specifically to the antibody. 

 
11. Three methods for determining molecular mass are gel filtration chromatography, SDS-

PAGE, and ultracentrifugation. SDS-PAGE is the most accurate. Gel filtration and 
ultracentrifugation are sensitive to the native shape of a protein, whereas SDS-PAGE is 
performed on an SDS-denatured polypeptide so that its folded shape is not an issue. Note 
that SDS-PAGE reveals the molecular mass of a polypeptide chain; the other methods are 
appropriate for determining the mass of a protein consisting of multiple subunits. 

 
12. The sedimentation coefficient is related to shape as well as molecular mass. Protein A may 

be rodlike, so that its effective volume has a large radius, whereas protein B is more 
spherical (smaller radius) and therefore sediments faster. 

 
13. Zonal centrifugation effectively separates proteins and other molecules on the basis of 

molecular mass. Equilibrium density gradient ultracentrifugation separates molecules based 
on their density. Since most proteins have similar densities, this is not a useful technique 
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for protein separation. However, it is useful for separating nucleic acids from proteins and 
other cellular molecules. 

 
14. 

 Total Protein 
(mg) 

Activity 
(nkat) 

Specific 
Activity 

(nkat/mg) 

Fold 
Purification 

     
Crude extract 50,000 10,000,000 200 1 
     
Ammonium sulfate 
precipitation  

5,000 3,750,000 750 3.75 

     
DEAE-cellulose, 
stepwise KCl gradient 

500 500,000 1,000 5 

     
DEAE-cellulose,  
KCL linear gradient 

250 500,000 2,000 10 

     
Gel filtration 25 250,000 10,000 50 
     
Substrate affinity 
chromatography 

1 100,000 100,000 500 

 
(a) The step that provides the greatest purification is the step that gives the largest fold 

purification from the previous step, or the greatest increase in specific activity from 
the previous step. In this example, the step is substrate affinity chromatography, with 
a 10-fold purification from the previous step. 

(b) The enzyme may be pure, or there may yet be other proteins present. SDS-PAGE 
provides the most powerful technique for ascertaining whether the final protein 
preparation contains a single polypeptide. However, if SDS-PAGE reveals equivalent 
amounts of more than one polypeptide, it is possible that the native enzyme is a 
multimer of nonidentical subunits. 

 
15.   C    An alkylating agent that reacts with Cys residues. 
   D    A reducing agent that carries out reductive cleavage of disulfide bonds. 
  A, B   A reagent used to identify N-terminal residues. 
   E    A reagent that cleaves polypeptides into smaller fragments. 
   B    A reagent used in sequencing polypeptides from the N-terminus. 
 
16. If the insulin is reduced and alkylated to eliminate disulfide bonding between Cys residues, 

then endopeptidase V8, which cleaves after Glu residues, will generate six peptides. If the 
disulfide bonds between the two chains of insulin are intact, the peptidase will generate 
four fragments. 
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17. (a) Acid hydrolysis degrades Ser, Thr, Tyr, and Trp and converts Asn and Gln to Asp 
 and Glu. 
(b) Base hydrolysis degrades Arg, Cys, Ser, and Thr. 
(c) Protease digestion may be incomplete, and digestion of the protease itself may 

contribute amino acids to the sample. 
 

18. Since the average mass of an amino acid residue is ~110 D, a peptide with a mass of 4500 
D contains ~44 residues. Thus, both peptides are small enough to be directly sequenced. 
The two peptides are linked by a disulfide bond, so determining the protein’s complete 
sequence requires the following steps: (a) reduce the disulfide bond; (b) alkylate the free 
thiol groups; (c) separate the peptides; and (d) sequence each peptide. If either peptide 
contains more than one Cys residue, additional fragmentation and sequencing steps would 
be necessary to identify the position of the disulfide bond in the intact protein. 

 
19. Yes, there is enough information. The overlap of the relevant fragments is   
  

  

M L Y C R G M
G M N I K

N I K G L M
G L M R

R F M
F M K  

 
 Thus, the peptide sequence is MLYCRGMNIKGLMRFMK. To confirm the deduced 

sequence, perform one round of Edman degradation to verify that the N-terminus is 
methionine. 

 
20. Since there are no cysteines, there is only one N-terminus in this polypeptide. Therefore, 

treatment (b) reveals that His or Lys must be at the N-terminus (the ε-amino group of Lys 
can also react with dansyl chloride). Treatment (c) indicates that there is a Lys at the C-
terminus, and since trypsin treatment did not cleave the polypeptide, the YSK peptide must 
represent the C-terminal peptide. Since peptide A contains F and must end in F due to the 
specificity of chymotrypsin, T must precede F. We can now deduce the following: 

 
      H S  E 
              E G T . . . 
  
                              F  T S 
                                  T S D 
                                         D  Y S 
                                              Y S K 
  
 From the masses of the two peptides produced by chymotrypsin treatment, we know that 

peptide A is about 6 amino acids long (~110 D per residue) and peptide B is 4 amino acids 
long. Hence, the sequence of peptide A must be HSEGTF and that for peptide B TSDY.  
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 Since YSK is the C-terminal peptide, we can deduce that the sequence of the polypeptide is 
HSEGTFTSDYSK. 

  
 In some cases, analysis of the amino acid composition can confirm whether all the amino 

acids of the peptide have been accounted for in the sequence, particularly if partial acid 
hydrolysis, which may release some free amino acids, is used. In the example above, the 
sum of the masses of the residues of the sequence match the mass of the intact peptide, so 
no residues were missed in the sequencing.  

 
21. The table below shows the percent difference in mass when examining different pairs of 

peaks. See Sample Calculation 5-1 for the determination of M. 
 
 m/z pair    M    % Difference 
   
 1884.7 / 1696.3   16,950.3 D   0.004 
 1542.3 / 1414.0   16,975.0 D   0.14 
 893.3 / 848.7   16,959.7 D   0.051 
 
22. The rate of protein evolution depends on the ability of a protein to accept mutations 

without significantly altering its function (neutral drift), which varies among proteins. 
Hence, proteins with slow rates of evolution cannot accept many amino acid substitutions 
without loss of function, thereby eliminating mutant forms by natural selection. 

 
23. From inspection of the last row of Table 5-5, it is seen that residue 56 has three different 

amino acids in the table, 61 has four, 74 has one, 85 has two, and 89 has nine. Hence their 
order, from least to most conserved is: 89, 61, 56, 85, 74. 

 
24. The fibrinopeptides are evolving too rapidly to show the more ancient relationships among 

mammals, since over periods greater than 100 million years, many residues will have 
mutated two or more times. Histone H4 has evolved too slowly to reveal variations in 
mammalian species (they all have nearly identical histone H4’s). However, cytochrome c 
and hemoglobin evolve at rates that would be useful for assessing phylogenetic 
relationships among mammalian species, with hemoglobin, the faster-evolving protein of 
the two, providing a mores sensitive measure. 
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The atomic structure of myoglobin, an oxygen binding protein, is drawn here as a stick model. The overall conformation of a
protein such as myoglobin is a function of its amino acid sequence. How do noncovalent forces act on a polypeptide chain to

stabilize its unique three-dimensional arrangement of atoms? [Figure copyrighted © by Irving Geis.]



For many years, it was thought that proteins were colloids of random struc-
ture and that the enzymatic activities of certain crystallized proteins were
due to unknown entities associated with an inert protein carrier. In 1934,
J.D. Bernal and Dorothy Crowfoot Hodgkin showed that a crystal of the
protein pepsin yielded a discrete diffraction pattern when placed in an 
X-ray beam. This result provided the first evidence that pepsin was not a
random colloid but an ordered array of atoms organized into a large yet
uniquely structured molecule.

Even relatively small proteins contain thousands of atoms, almost all 
of which occupy definite positions in space. The first X-ray structure of a
protein, that of sperm whale myoglobin, was reported in 1958 by John
Kendrew and co-workers. At the time—only 5 years after James Watson
and Francis Crick had elucidated the simple and elegant structure of DNA
(Section 3-2B)—protein chemists were chagrined by the complexity and
apparent lack of regularity in the structure of myoglobin. In retrospect,
such irregularity seems essential for proteins to fulfill their diverse biolog-
ical roles. However, comparisons of the ,7000 protein structures now
known have revealed that proteins actually exhibit a remarkable degree of
structural regularity.

As we saw in Section 5-1, the primary structure of a protein is its linear
sequence of amino acids. In discussing protein structure, three further lev-
els of structural complexity are customarily invoked:

• Secondary structure is the local spatial arrangement of a polypeptide’s
backbone atoms without regard to the conformations of its side chains.

• Tertiary structure refers to the three-dimensional structure of an en-
tire polypeptide.

• Many proteins are composed of two or more polypeptide chains,
loosely referred to as subunits. A protein’s quaternary structure refers
to the spatial arrangement of its subunits.

The four levels of protein structure are summarized in Fig. 6-1.
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Figure 6-1. Levels of protein structure.
(a) Primary structure, (b) secondary structure, 
(c) tertiary structure, and (d) quaternary structure.
[Figure copyrighted © by Irving Geis.]
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In this chapter, we explore secondary through quaternary structure, in-
cluding examples of proteins that illustrate each of these levels. We also in-
troduce methods for determining three-dimensional molecular structure
and discuss the forces that stabilize folded proteins.

1. SECONDARY STRUCTURE

Protein secondary structure includes the regular polypeptide folding pat-
terns such as helices, sheets, and turns. However, before we discuss these
basic structural elements, we must consider the geometric properties of
peptide groups, which underlie all higher order structures.

A. The Peptide Group

In the 1930s and 1940s, Linus Pauling and Robert Corey determined the
X-ray structures of several amino acids and dipeptides in an effort to elu-
cidate the conformational constraints on a polypeptide chain. These stud-
ies indicated that the peptide group has a rigid, planar structure as a conse-
quence of resonance interactions that give the peptide bond ,40%
double-bond character:

This explanation is supported by the observations that a peptide group’s
CON bond is 0.13 Å shorter than its NOCa single bond and that its CPO
bond is 0.02 Å longer than that of aldehydes and ketones. The planar con-
formation maximizes p-bonding overlap, which accounts for the peptide
group’s rigidity.

Peptide groups, with few exceptions, assume the trans conformation, in
which successive Ca atoms are on opposite sides of the peptide bond join-
ing them (Fig. 6-2). The cis conformation, in which successive Ca atoms are
on the same side of the peptide bond, is ,8 kJ ?mol21 less stable than the
trans conformation because of steric interference between neighboring side
chains. However, this steric interference is reduced in peptide bonds to Pro
residues, so ,10% of the Pro residues in proteins follow a cis peptide bond.

Torsion Angles between Peptide Groups Describe Polypeptide 
Chain Conformations

The backbone or main chain of a protein refers to the atoms that par-
ticipate in peptide bonds, ignoring the side chains of the amino acid

C

O

N

H

C

O2

N

H

+
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Figure 6-2. The trans peptide group. The bond
lengths (in angstroms) and angles (in degrees) are
derived from X-ray crystal structures. [After
Marsh, R.E. and Donohue, J., Adv. Protein Chem. 22,
249 (1967).]•• See Kinemage Exercise 3-1.

Main chain

Side chain

Figure 6-3. Extended conformation of a polypeptide. The backbone is shown as
a series of planar peptide groups. [Figure copyrighted © by Irving Geis.]



residues. The backbone can be drawn as a linked sequence of rigid planar
peptide groups (Fig. 6-3). The conformation of the backbone can therefore
be described by the torsion angles (also called dihedral angles or rotation
angles) around the CaON bond (f) and the CaOC bond (c) of each residue
(Fig. 6-4). These angles, f and c, are both defined as 180° when the polypep-
tide chain is in its fully extended conformation and increase clockwise when
viewed from Ca.

The conformational freedom and therefore the torsion angles of a
polypeptide backbone are sterically constrained. Rotation around the
CaON and CaOC bonds to form certain combinations of f and c angles
may cause the amide hydrogen, the carbonyl oxygen, or the substituents of
Ca of adjacent residues to collide (e.g., Fig. 6-5). Certain conformations of
longer polypeptides can similarly produce collisions between residues that
are far apart in sequence.
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Figure 6-4. Torsion angles of the polypeptide backbone. Two planar peptide
groups are shown. The only reasonably free movements are rotations around the
CaON bond (measured as f) and the CaOC bond (measured as c). By convention,
both f and c are 180° in the conformation shown and increase, as indicated, in the
clockwise direction when viewed from Ca. [Figure copyrighted © by Irving Geis.] 

Figure 6-5. Steric interference between adja-
cent peptide groups. Rotation can result in a
conformation in which the amide hydrogen of
one residue and the carbonyl oxygen of the next
are closer than their van der Waals distance. 
[Figure copyrighted © by Irving Geis.]

•• See Kinemage Exercise 3-1.



The Ramachandran Diagram Indicates Allowed Conformations 
of Polypeptides

The sterically allowed values of f and c can be calculated. Sterically for-
bidden conformations, such as the one shown in Fig. 6-5, have f and c val-
ues that would bring atoms closer than the corresponding van der Waals
distance (the distance of closest contact between nonbonded atoms). Such
information is summarized in a Ramachandran diagram (Fig. 6-6), which
is named after its inventor, G. N. Ramachandran.

Most areas of the Ramachandran diagram (most combinations of f and
c) represent forbidden conformations of a polypeptide chain. Only three
small regions of the diagram are physically accessible to most residues. The
observed f and c values of accurately determined structures nearly always
fall within these allowed regions of the Ramachandran plot. There are,
however, some notable exceptions:

1. The cyclic side chain of Pro limits its range of f values to angles of
around 260°, making it, not surprisingly, the most conformationally
restricted amino acid residue.

2. Gly, the only residue without a Cb atom, is much less sterically hin-
dered than the other amino acid residues. Hence, its permissible range
of f and c covers a larger area of the Ramachandran diagram. At
Gly residues, polypeptide chains often assume conformations that are
forbidden to other residues.

B. Regular Secondary Structure: The a Helix and the b Sheet

A few elements of protein secondary structure are so widespread that they
are immediately recognizable in proteins with widely differing amino acid
sequences. Both the a helix and the b sheet are such elements; they are
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Figure 6-6. A Ramachandran diagram. The green-shaded regions indicate the
sterically allowed f and c angles for all residues except Gly and Pro. The orange
circles represent conformational angles of several secondary structures: a, right-
handed a helix; hh, parallel b sheet; hg, antiparallel b sheet; C, collagen helix; aL,
left-handed a helix.



called regular secondary structures because they are composed of se-
quences of residues with repeating f and c values.

The a Helix
Only one polypeptide helix has both a favorable hydrogen bonding pat-

tern and f and c values that fall within the fully allowed regions of the
Ramachandran diagram: the a helix. Its discovery by Linus Pauling in 1951,
through model building, ranks as one of the landmarks of structural bio-
chemistry.

The a helix (Fig. 6-7) is right-handed; that is, it turns in the direction
that the fingers of a right hand curl when its thumb points in the direction
that the helix rises (see Fig. 3-10). The a helix has 3.6 residues per turn and
a pitch (the distance the helix rises along its axis per turn) of 5.4 Å. The a
helices of proteins have an average length of ,12 residues, which corre-
sponds to over three helical turns, and a length of ,18 Å.

In the a helix, the backbone hydrogen bonds are arranged such that the
peptide CPO bond of the nth residue points along the helix axis toward the
peptide NOH group of the (n 1 4)th residue. This results in a strong hy-
drogen bond that has the nearly optimum NZO distance of 2.8 Å. Amino
acid side chains project outward and downward from the helix (Fig. 6-8),
thereby avoiding steric interference with the polypeptide backbone and
with each other. The core of the helix is tightly packed; that is, its atoms
are in van der Waals contact.
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Figure 6-7. Key to Structure. The a helix. This right-handed helical conformation
has 3.6 residues per turn. Dashed lines indicate hydrogen bonds between CPO
groups and NOH groups that are four residues farther along the polypeptide chain.
[Figure copyrighted © by Irving Geis.]•• See Kinemage Exercise 3-2.

Figure 6-8. Space-filling model of an a helix.
The backbone atoms are colored with carbon
atoms green, nitrogen atoms blue, oxygen atoms
red, and hydrogen atoms white. The side chains
(yellow) project away from the helix. This a helix
is a segment of sperm whale myoglobin.



b Sheets
In 1951, the same year Pauling proposed the a helix, Pauling and Corey

postulated the existence of a different polypeptide secondary structure, the
b sheet. Like the a helix, the b sheet uses the full hydrogen-bonding ca-
pacity of the polypeptide backbone. In b sheets, however, hydrogen bond-
ing occurs between neighboring polypeptide chains rather than within one
as in an a helix.

Sheets come in two varieties:

1. The antiparallel b sheet, in which neighboring hydrogen-bonded
polypeptide chains run in opposite directions (Fig. 6-9a).

2. The parallel b sheet, in which the hydrogen-bonded chains extend in
the same direction (Fig. 6-9b).

The conformations in which these b structures are optimally hydrogen
bonded vary somewhat from that of the fully extended polypeptide shown
in Fig. 6-3. They therefore have a rippled or pleated edge-on appearance
(Fig. 6-10) and for that reason are sometimes called “pleated sheets.” Suc-
cessive side chains of a polypeptide chain in a b sheet extend to opposite
sides of the sheet with a two-residue repeat distance of 7.0 Å.
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Figure 6-9. Key to Structure. b Sheets. Dashed lines indicate hydrogen bonds 
between polypeptide strands. Side chains are omitted for clarity. (a) An antiparallel
b sheet. (b) A parallel b sheet. [Figure copyrighted © by Irving Geis.]•• See
Kinemage Exercise 2-3.



b Sheets in proteins contain 2 to .12 polypeptide strands, with an av-
erage of 6 strands. Each strand may contain up to 15 residues, the average
being 6 residues. A six-stranded antiparallel b sheet is shown in Fig. 6-11.
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7.0A
o

Figure 6-10. Pleated appearance of a b sheet.
Dashed lines indicate hydrogen bonds. The R
groups (purple) on each polypeptide chain alter-
nately extend to opposite sides of the sheet and
are in register on adjacent chains. [Figure copy-
righted © by Irving Geis.]

Figure 6-11. Space-filling model of a b sheet. The backbone atoms are colored
with carbon atoms green, nitrogen atoms blue, oxygen atoms red, and hydrogen
atoms white. The R groups are represented by large purple spheres. This six-
stranded b sheet is from the jack bean protein concanavalin A.



Parallel b sheets containing fewer than five strands are rare. This ob-
servation suggests that parallel b sheets are less stable than antiparallel
b sheets, possibly because the hydrogen bonds of parallel sheets are dis-
torted compared to those of the antiparallel sheets (Fig. 6-9). b Sheets con-
taining mixtures of parallel and antiparallel strands frequently occur.

b Sheets almost invariably exhibit a pronounced right-handed twist when
viewed along their polypeptide strands (Fig. 6-12). Conformational energy
calculations indicate that the twist is a consequence of interactions between
chiral L-amino acid residues in the extended polypeptide chains. The twist
actually distorts and weakens the b sheet’s interchain hydrogen bonds. The
geometry of a particular b sheet is thus a compromise between optimizing
the conformational energies of its polypeptide chains and preserving its hy-
drogen bonding.

The topology (connectivity) of the polypeptide strands in a b sheet can
be quite complex. The connection between two antiparallel strands may be
just a small loop (Fig. 6-13a), but the link between tandem parallel strands
must be a crossover connection that is out of the plane of the b sheet (Fig.
6-13b). The connecting link in either case can be extensive, often contain-
ing helices (e.g., Fig. 6-12).

C. Fibrous Proteins

Proteins have historically been classified as either fibrous or globular, de-
pending on their overall morphology. This dichotomy predates methods
for determining protein structure on an atomic scale and does not do jus-
tice to proteins that contain both stiff, elongated, fibrous regions as well
as more compact, highly folded, globular regions. Nevertheless, the divi-
sion helps emphasize the properties of fibrous proteins, which often have
a protective, connective, or supportive role in living organisms. The three
well-characterized fibrous proteins we discuss here—keratin, silk fibroin,
and collagen—are highly elongated molecules whose shapes are dominated
by a single type of secondary structure. They are therefore useful exam-
ples of these structural elements.

a Keratin—A Coiled Coil
Keratin is a mechanically durable and chemically unreactive protein that

occurs in all higher vertebrates. It is the principal component of their horny
outer epidermal layer and its related appendages such as hair, horn, nails,
and feathers. Keratins have been classified as either a keratins, which oc-
cur in mammals, or b keratins, which occur in birds and reptiles. Mammals
each have about 30 keratin variants that are expressed in a tissue-specific
manner.

The X-ray diffraction pattern of a keratin resembles that expected for
an a helix (hence the name a keratin). However, a keratin exhibits a 5.1-
Å spacing rather than the 5.4-Å distance corresponding to the pitch of the
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Figure 6-12. Diagram of a b sheet in bovine carboxypeptidase A. The polypep-
tide backbone is represented by a ribbon with a helices drawn as coils and strands
of the b sheet drawn as arrows pointing toward the C-terminus. Side chains are not
shown. The eight-stranded b sheet forms a saddle-shaped curved surface with a
right-handed twist. [After a drawing by Jane Richardson, Duke University.]

(a) (b)

Figure 6-13. Connections between adjacent
strands in b sheets. (a) Antiparallel strands may
be connected by a small loop. (b) Parallel strands
require a more extensive cross-over connection.
[After Richardson, J.S., Adv. Protein Chem. 34, 196
(1981).]



a helix. This discrepancy is the result of two a keratin
polypeptides, each of which forms an a helix, twisting around
each other to form a left-handed coil. The normal 5.4-Å re-
peat distance of each a helix in the pair is thereby tilted rel-
ative to the axis of this assembly, yielding the observed 5.1-
Å spacing. The assembly is said to have a coiled coil structure
because each a helix itself follows a helical path.

The conformation of a keratin’s coiled coil is a conse-
quence of its primary structure: The central ,310-residue seg-
ment of each polypeptide chain has a 7-residue pseudorepeat,
a-b-c-d-e-f-g, with nonpolar residues predominating at positions
a and d. Since an a helix has 3.6 residues per turn, a keratin’s a
and d residues line up along one side of each a helix (Fig. 6-14a). The hy-
drophobic strip along one helix associates with the hydrophobic strip on
another helix. Because the 3.5-residue repeat in a keratin is slightly smaller
than the 3.6 residues per turn of a standard a helix, the two keratin helices
are inclined about 18° relative to one another, resulting in the coiled coil
arrangement. This conformation allows the contacting side chains to inter-
digitate (Fig. 6-14b).

The higher order structure of a keratin is not well understood. The N-
and C-terminal domains of each polypeptide facilitate the assembly of
coiled coils (dimers) into protofilaments, two of which constitute a
protofibril (Fig. 6-15). Four protofibrils constitute a microfibril, which as-
sociates with other microfibrils to form a macrofibril. A single mammalian
hair consists of layers of dead cells, each of which is packed with parallel
macrofibrils.
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Figure 6-14. The coiled coil of a keratin. (a)
View down the coil axis showing the alignment of
nonpolar residues along one side of each a helix.
The helices have the pseudorepeating sequence 
a-b-c-d-e-f-g in which residues a and d are pre-
dominately nonpolar. [After McLachlan, A.D. and
Stewart, M., J. Mol. Biol. 98, 295 (1975).] (b) Side
view of the polypeptide backbone in skeletal (left)
and space-filling (right) forms. Note that the 
contacting side chains (red spheres in the space-
filling model) interlock. [Courtesy of Carolyn 
Cohen, Brandeis University.]•• See Kinemage 
Exercises 4-1 and 4-2.
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Figure 6-15. Higher order a keratin structure. (a) Two keratin polypeptides
form a dimeric coiled coil. (b) Protofilaments are formed from two staggered rows of
head-to-tail associated coiled coils. (c) Protofilaments dimerize to form a protofibril,
four of which form a microfibril. The structures of the latter assemblies are poorly
characterized.
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a Keratin is rich in Cys residues, which form disulfide bonds that cross-
link adjacent polypeptide chains. The a keratins are classified as “hard” or
“soft” according to whether they have a high or low sulfur content. Hard
keratins, such as those of hair, horn, and nail, are less pliable than soft ker-
atins, such as those of skin and callus, because the disulfide bonds resist
deformation. The disulfide bonds can be reductively cleaved with mercap-
tans (Section 5-3A). Hair so treated can be curled and set in a “permanent
wave” by applying an oxidizing agent that reestablishes the disulfide bonds
in the new “curled” conformation. Conversely, curly hair can be straight-
ened by the same process.

The springiness of hair and wool fibers is a consequence of the coiled
coil’s tendency to recover its original conformation after being untwisted
by stretching. If some of its disulfide bonds have been cleaved, however,
an a keratin fiber can be stretched to over twice its original length. At this
point, the polypeptide chains assume a b sheet conformation. b Keratin,
such as that in feathers, exhibits a b-like pattern in its native state.

Silk Fibroin—A b Sheet
Insects and arachnids (spiders) produce various silks to fabricate struc-

tures such as cocoons, webs, nests, and egg stalks. Silk fibroin, the fibrous
protein from the cultivated larvae (silkworms) of the moth Bombyx mori,
consists of antiparallel b sheets whose chains extend parallel to the fiber
axis. Sequence studies have shown that long stretches of silk fibroin con-
tain a six-residue repeat:

(-Gly-Ser-Gly-Ala-Gly-Ala-)n

Since the side chains from successive residues of a b strand extend to op-
posite sides of the b sheet (Fig. 6-10), silk’s Gly side chains project from
one surface of a b sheet and its Ser and Ala side chains project from the
opposite surface. The b sheets stack to form a microcrystalline array in which
layers of contacting Gly side chains from neighboring sheets alternate with
layers of contacting Ser and Ala side chains (Fig. 6-16).

The b sheet structure of silk accounts for its mechanical properties. Silk,
which is among the strongest of fibers, is only slightly extensible because
appreciable stretching would require breaking the covalent bonds of its
nearly fully extended polypeptide chains. Yet silk is flexible because neigh-
boring b sheets associate only through relatively weak van der Waals forces.

Collagen—A Triple Helix
Collagen, which occurs in all multicellular animals, is the most abundant

vertebrate protein. Its strong, insoluble fibers are the major stress-bearing
components of connective tissues such as bone, teeth, cartilage, tendon, and
the fibrous matrices of skin and blood vessels. A single collagen molecule
consists of three polypeptide chains. Mammals have about 30 genetically
distinct chains that are assembled into at least 19 collagen varieties found
in different tissues in the same individual. One of the most common colla-
gens, called Type I, consists of two a1(I) chains and one a2(I) chain. It has
a molecular mass of ,285 kD, a width of ,14 Å, and a length of ,3000 Å.

Collagen has a distinctive amino acid composition: Nearly one-third
of its residues are Gly; another 15 to 30% of its residues are Pro and 4-
hydroxyprolyl (Hyp). 3-Hydroxyprolyl and 5-hydroxylysyl (Hyl) residues
also occur in collagen, but in smaller amounts.
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Figure 6-16. Schematic side view of silk fi-
broin b sheets. Alternating Gly and Ala (or Ser)
residues extend to opposite sides of each strand
so that the Gly side chains (purple) from one
sheet nestle efficiently between those of the
neighboring sheet and likewise for the Ser and
Ala side chains (brown). The intersheet spacings
consequently have the alternating values of 3.5
and 5.7 Å. [Figure copyrighted © by Irving Geis.]



These nonstandard residues are formed after the collagen polypeptides are
synthesized. For example, Pro residues are converted to Hyp in a reaction
catalyzed by prolyl hydroxylase. This enzyme requires ascorbic acid (vita-
min C) to maintain its activity.

The disease scurvy results from the dietary deficiency of vitamin C (see
Box 6-1).
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Box 6-1
B I O C H E M I S T R Y  I N  H E A L T H  A N D  D I S E A S E

Collagen Diseases

Some collagen diseases have dietary causes. In scurvy (caused
by vitamin C deficiency), Hyp production decreases because
prolyl hydroxylase requires vitamin C. Thus, in the absence
of vitamin C, newly synthesized collagen cannot form fibers
properly, resulting in skin lesions, fragile blood vessels, poor
wound healing, and, ultimately, death. Scurvy was common
in sailors on long voyages whose diets were devoid of fresh
foods. The introduction of limes to the diet of the British
navy by the renowned explorer Capt. James Cook alleviated
scurvy and led to the nickname “limey” for the British sailor.

The disease lathyrism is caused by regular ingestion of the
seeds from the sweet pea Lathyrus odoratus, which contain a
compound that specifically inactivates lysyl oxidase. The 
resulting reduced cross-linking of collagen fibers produces
serious abnormalities of the bones, joints, and large blood
vessels.

Several rare heritable disorders of collagen are known. Mu-
tations of Type I collagen, which constitutes the major struc-
tural protein in most human tissues, usually result in osteo-
genesis imperfecta (brittle bone disease). The severity of this
disease varies with the nature and position of the mutation:

Even a single amino acid change can have lethal conse-
quences. For example, the central Gly n Ala substitution in
the model polypeptide shown in Fig. 6-18b locally distorts
the already internally crowded collagen helix. This ruptures
the hydrogen bond from the backbone NOH of each Ala
(normally Gly) to the carbonyl group of the adjacent Pro in
a neighboring chain, thereby reducing the stability of the col-
lagen structure.

Mutations may affect the structure of the collagen mole-
cule or how it forms fibrils. These mutations tend to be dom-
inant because they affect either the folding of the triple he-
lix or fibril formation even when normal chains are also
involved.

Many collagen disorders are characterized by deficiencies
in the amount of a particular collagen type synthesized, or
by abnormal activities of collagen-processing enzymes such
as lysyl hydroxylase and lysyl oxidase. One group of at least
10 different collagen deficiency diseases, the Ehlers–Danlos
syndromes, are all characterized by the hyperextensibility of
the joints and skin. The “India-rubber man” of circus fame
had an Ehlers–Danlos syndrome.



The amino acid sequence of a typical collagen polypeptide consists of
monotonously repeating triplets of sequence Gly-X-Y over a segment of
,1000 residues, where X is often Pro, and Y is often Hyp. Hyl sometimes
appears at the Y position. Collagen’s Pro residues prevent it from forming
an a helix (Pro residues cannot assume the a-helical backbone conforma-
tion and lack the backbone NOH groups that form the intrahelical hydro-
gen bonds shown in Fig. 6-7). Instead, the collagen polypeptide assumes a
left-handed helical conformation with about three residues per turn. Three
parallel chains wind around each other with a gentle, right-handed, ropelike
twist to form the triple-helical structure of a collagen molecule (Fig. 6-17).

Every third residue of each polypeptide chain passes through the cen-
ter of the triple helix, which is so crowded that only a Gly side chain can
fit there. This crowding explains the absolute requirement for a Gly at every
third position of a collagen polypeptide chain. The three polypeptide chains
are staggered so that Gly, X, and Y residues from each of the three chains
occur at the same level along the helix axis. The peptide groups are ori-
ented such that the NOH of each Gly makes a strong hydrogen bond with
the carbonyl oxygen of an X residue on a neighboring chain (Fig. 6-18a).
The bulky and relatively inflexible Pro and Hyp residues confer rigidity on
the entire assembly. 

This model of the collagen structure has been confirmed by Barbara
Brodsky and Helen Berman, who determined the X-ray crystal structure
of the collagenlike polypeptide (Pro-Hyp-Gly)4-(Pro-Hyp-Ala)-(Pro-Hyp-
Gly)5. Three of these polypeptides associate to
form a triple-helical structure that closely re-
sembles the above model (Fig. 6-18b). The X-
ray structure further reveals that the 87-Å-long
cylindrical molecule is surrounded by a sheath
of ordered water molecules that apparently sta-
bilizes the collagen structure. These water mol-
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Gly
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Pro
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Strand c

Strand a

Pro
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Figure 6-18. Molecular interactions in colla-
gen. (a) Hydrogen bonding in the collagen triple
helix. This view down the helix axis shows one
Gly and two Pro residues (X and Y) in each
chain. The residues are staggered so that one Gly,
X, and Y occur at every level along the axis. The
dashed lines represent hydrogen bonds between
each Gly NOH group and the oxygen of the 
succeeding Pro residue on a neighboring chain.
Every third residue on each chain must be Gly
because no other residue can fit near the helix
axis. The bulky Pro side chains are on the 
periphery of the helix, where they are sterically
unhindered. [After Yonath, A. and Traub, W., J.
Mol. Biol. 43, 461 (1969).] (b) Space-filling model
of a collagenlike peptide. The three parallel
polypeptide chains (blue, purple, and green) are
staggered by one residue. Ala residues (yellow),
which replace the normally occurring Gly residue
in each chain cause a significant distortion of the
normal collagen structure. [Courtesy of Helen
Berman, Rutgers University.]•• See Kinemage 
Exercises 4-3 and 4-4. (a) (b)

Figure 6-17. The collagen triple helix. Left-
handed polypeptide helices are twisted together 
to form a right-handed superhelical structure.
[Figure copyrighted © by Irving Geis.]



Figure 6-19. A reaction pathway for cross-linking side chains
in collagen. The first step is the lysyl oxidase–catalyzed oxidative
deamination of Lys to form the aldehyde allysine. Two allysines
then undergo an aldol condensation to form allysine aldol. This
product can react with His to form aldol histidine, which can in
turn react with 5-hydroxylysine to form a Schiff base (an imine
bond), thereby cross-linking four side chains.

ecules form a hydrogen-bonded network that is anchored to the
polypeptides in large part through hydrogen bonds to the 4-OH group
of Hyp.

Collagen’s well-packed, rigid, triple-helical structure is re-
sponsible for its characteristic tensile strength. The twist in the
helix cannot be pulled out under tension because its component
polypeptide chains are twisted in the opposite direction (Fig. 6-
17). Successive levels of fiber bundles in high-quality ropes and
cables, as well as in other proteins such as keratin (Fig. 6-14),
are likewise oppositely twisted.

Several types of collagen molecules assemble to form loose
networks or thick fibrils arranged in bundles or sheets, depend-
ing on the tissue. The collagen molecules in fibrils are organized
in staggered arrays that are stabilized by hydrophobic interac-
tions resulting from the close packing of triple-helical units. Col-
lagen is also covalently cross-linked, which accounts for its poor solu-
bility. The cross-links cannot be disulfide bonds, as in keratin, because
collagen is almost devoid of Cys residues. Instead, the cross-links are
derived from Lys and His side chains in reactions such as those shown
in Fig. 6-19. Lysyl oxidase, the enzyme that converts Lys residues to
those of the aldehyde allysine, is the only enzyme implicated in this
cross-linking process. Up to four side chains can be covalently bonded
to each other. The cross-links do not form at random but tend to oc-
cur near the N- and C-termini of the collagen molecules. The degree
of cross-linking in a particular tissue increases with age. This is why
meat from older animals is tougher than meat from younger animals.

D. Nonrepetitive Protein Structure

The majority of proteins are globular proteins that, unlike the fibrous
proteins discussed in the preceding section, may contain several types
of regular secondary structure, including a helices, b sheets, and other
recognizable elements. A significant portion of a protein’s structure
may also be irregular or unique.

Irregular Structures
Segments of polypeptide chains whose successive residues do not

have similar f and c values are sometimes called coils. However, you
should not confuse this term with the appellation random coil, which
refers to the totally disordered and rapidly fluctuating conformations
assumed by denatured (fully unfolded) proteins in solution. In native
(folded) proteins, nonrepetitive structures are no less ordered
than are helices or b sheets; they are simply irregular and
hence more difficult to describe.

Section 6-1. Secondary Structure 137

(CH2)2

C

CH

O

NH

Lys

lysyl oxidase

Lys

lysyl oxidase

Allysine Allysine

Allysine aldol

His

CH CH2

OH

N

O

N

CH2CH

C O

NHN

N

CH2

C

CH

O

NHN

Aldol-His

Histidinodehydrohydroxy-
merodesmosine 

C

CH

O

NH

HC

O

(CH2)3CH

OC

CH

O

NH

(CH2)3

(CH2)2

C

CH

O

NH

O

C

CH

CH

C

CH

O

NH

(CH2)3

NH CCH

O

(CH2)2

CH C

(CH2)3

NH CCH

O

CH2

(CH2)3

NH CCH

O

CH2

NH CCH

O

(CH2)2

CH C

5-Hydroxy-Lys



Variations in Standard Secondary Structure
Variations in amino acid sequence as well as the overall structure of the

folded protein can distort the regular conformations of secondary structural
elements. For example, the a helix frequently deviates from its ideal con-
formation in its initial and final turns of the helix. Similarly, a strand of
polypeptide in a b sheet may contain an “extra” residue that is not hydro-
gen bonded to a neighboring strand, producing a distortion known as a
b bulge.

Many of the limits on amino acid composition and sequence (Section
5-1) may be due in part to conformational constraints in the three-
dimensional structure of proteins. For example, a Pro residue produces 
a kink in an a helix or b sheet. Similarly, steric clashes between several
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Box 6-2
B I O C H E M I S T R Y  I N  C O N T E X T

Protein Structure Prediction and Protein Design

Hundreds of thousands of protein sequences are known ei-
ther through direct protein sequencing (Section 5-3) or, more
commonly, through nucleic acid sequencing (Section 3-4).
Yet the structures of only ,7000 of these proteins have as
yet been determined by X-ray crystallography or NMR tech-
niques. Determining the function of a newly discovered
protein often requires knowledge of its three-dimensional
structure.

There are currently several major approaches to protein
structure prediction. The simplest and most reliable ap-
proach, homology modeling, aligns the sequence of interest
with the sequence of a homologous protein of known struc-
ture—compensating for amino acid substitutions, insertions,
and deletions—through modeling and energy minimization
calculations. This method yields reliable models for proteins
that have as little as 25% sequence identity with a protein of
known structure, although, of course, the accuracy of the
model increases with the degree of sequence identity.

Distantly related proteins may be structurally similar even
though they have diverged to such an extent that their se-
quences show no obvious resemblance. Threading is a com-
putational technique that attempts to determine the un-
known structure of a protein by ascertaining whether it is
consistent with a known protein structure. It does so by plac-
ing (threading) the residues of the unknown protein along
the backbone of a known protein structure and then deter-
mining whether the amino acid side chains of the unknown
protein are stable in that arrangement. This method is not
yet reliable, although it has yielded encouraging results.

Empirical methods based on experimentally determined
statistical information such as the a helix and b sheet propen-
sities deduced by Chou and Fasman (Table 6-1) have been
moderately successful in predicting the secondary structures
of proteins. Their advantage is their simplicity (they don’t re-
quire a computer).

Since the native structure of a protein depends only on
its amino acid sequence, it should be possible, in principle,
to predict the structure of a protein based only on its chem-
ical and physical properties (e.g., the hydrophobicity, size,
hydrogen-bonding propensity, and charge of each of its
amino acid residues). Such ab initio (from the beginning)
methods are still in their infancy. They are moderately suc-
cessful in predicting simple structures such as a single a
helix but have failed miserably when tested with larger
polypeptides whose structures have been experimentally de-
termined. Nevertheless, a recently developed algorithm that
simulates the hierarchical protein folding pathway has
yielded structural models that are surprisingly similar to
those of the corresponding observed protein structures.

Protein design, the experimental inverse of protein struc-
ture prediction, has provided insights into protein folding
and stability. Protein design begins with a target structure
such as a simple sandwich of b sheets or a bundle of four a
helices. It attempts to construct an amino acid sequence that
will form that structure. The designed polypeptide is then
chemically or biologically synthesized, and its structure is de-
termined. Fortunately, protein folding seems to be governed
more by extended sequences of amino acids than by indi-
vidual residues, which allows some room for error in de-
signing polypeptides. Experimental results suggest that the
greatest challenge of protein design may lie not in getting the
polypeptide to fold to the desired conformation but in pre-
venting it from folding into other, unwanted conformations.
In this respect, science lags far behind nature. However, the
recent successful design, using computationally based tech-
niques, of a 28-residue polypeptide that stably folds to the
desired structure (the smallest known polypeptide that is ca-
pable of folding into a unique structure without the aid of
disulfide bonds, metal ions, or other subunits) indicates that
significant progress in our understanding of protein folding
has been made.



sequential amino acid residues with large branched side chains (e.g., Ile
and Tyr) can destabilize a helices.

Analysis of known protein structures by Peter Chou and Gerald Fasman
revealed the propensity P of a residue to occur in an a helix or a b sheet
(Table 6-1). Chou and Fasman also discovered that certain residues not
only have a high propensity for a particular secondary structure but they
tend to disrupt or break other secondary structures. Such data are useful
for predicting the secondary structures of proteins with known amino acid
sequences (see Box 6-2).

The presence of certain residues outside of a helices or b sheets may
also be nonrandom. For example, a helices are often flanked by residues
such as Asn and Gln, whose side chains can fold back to form hydrogen
bonds with one of the four terminal residues of the helix, a phenomenon
termed helix capping. Recall that the four residues at each end of an a
helix are not fully hydrogen bonded to neighboring backbone segments
(Fig. 6-7).

Turns and Loops
Segments with regular secondary structure such as a helices or strands

of b sheets are typically joined by stretches of polypeptide that abruptly
change direction. Such reverse turns or b bends (so named because they
often connect successive strands of antiparallel b sheets) almost always oc-
cur at protein surfaces. Most reverse turns involve four successive amino
acid residues more or less arranged in one of two ways, Type I and Type
II, that differ by a 180° flip of the peptide unit linking residues 2 and 3 (Fig.
6-20). Both types of turns are stabilized by a hydrogen bond, although de-
viations from these ideal conformations often disrupt this hydrogen bond.
In Type II turns, the oxygen atom of residue 2 crowds the Cb atom of
residue 3, which is therefore usually Gly. Residue 2 of either type of turn
is often Pro since it can assume the required conformation.

Almost all proteins with more than 60 residues contain one or more
loops of 6 to 16 residues, called V loops. These loops, which have the
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Table 6-1. Propensities of Amino Acid
Residues for a Helical and b Sheet
Conformations

Residue Pa Pb

Ala 1.42 0.83
Arg 0.98 0.93
Asn 0.67 0.89
Asp 1.01 0.54
Cys 0.70 1.19
Gln 1.11 1.10
Glu 1.51 0.37
Gly 0.57 0.75
His 1.00 0.87
Ile 1.08 1.60
Leu 1.21 1.30
Lys 1.16 0.74
Met 1.45 1.05
Phe 1.13 1.38
Pro 0.57 0.55
Ser 0.77 0.75
Thr 0.83 1.19
Trp 1.08 1.37
Tyr 0.69 1.47
Val 1.06 1.70

Source: Chou, P.Y. and Fasman, G.D., Annu. Rev.
Biochem. 47, 258 (1978).

C

(a)   Type I (b)   Type II

3 C 3

C 4

C 4

C 1 C 1

C 2 C 2

Figure 6-20. Reverse turns in polypeptide
chains. Dashed lines represent hydrogen bonds.
(a) Type I. (b) Type II. [Figure copyrighted © by
Irving Geis.]•• See Kinemage Exercise 3-4.



necked-in shape of the Greek uppercase letter omega (Fig. 6-21), are com-
pact globular entities because their side chains tend to fill in their internal
cavities. Since V loops are almost invariably located on the protein surface,
they may have important roles in biological recognition processes.

2. TERTIARY STRUCTURE

The tertiary structure of a protein describes the folding of its secondary
structural elements and specifies the positions of each atom in the protein,
including those of its side chains. The known protein structures have come
to light through X-ray crystallographic or nuclear magnetic resonance
(NMR) studies. The atomic coordinates of most of these structures are de-
posited in a database known as the Protein Data Bank (PDB). These data
are readily available via the Internet (http://www.pbd.bnl.gov), which al-
lows the tertiary structures of a variety of proteins to be analyzed and com-
pared. The common features of protein tertiary structure reveal much about
the biological functions of the proteins and their evolutionary origins.

A. Determining Protein Structure

X-Ray crystallography is one of the most powerful methods for studying
macromolecular structure. According to optical principles, the uncertainty
in locating an object is approximately equal to the wavelength of the radi-
ation used to observe it. X-Rays can directly image a molecule because 
X-ray wavelengths are comparable to covalent bond distances (,1.5 Å; in-
dividual molecules cannot be seen in a light microscope because visible
light has a minimum wavelength of 4000 Å).

When a crystal of the molecule to be visualized is exposed to a colli-
mated (parallel) beam of X-rays, the atoms in the molecule scatter the X-
rays, with the scattered rays canceling or reinforcing each other in a process
known as diffraction. The resulting diffraction pattern is recorded on pho-
tographic film (Fig. 6-22) or by a radiation counter. The intensities of the
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Figure 6-21. Space-filling model of an V loop.
Only backbone atoms are shown; the side chains
would fill the loop. This structure is residues 40
to 54 from cytochrome c. [Courtesy of George
Rose, The Johns Hopkins University.]

Figure 6-22. An X-ray diffraction photograph
of a crystal of sperm whale myoglobin. The 
intensity of each diffraction maximum (the dark-
ness of each spot) is a function of the crystal’s
electron density. [Courtesy of John Kendrew,
Cambridge University, U.K.]



diffraction maxima (darkness of the spots on the film) are then used to
mathematically construct the three-dimensional image of the crystal struc-
ture. The photograph in Fig. 6-22 represents only a small portion of the to-
tal diffraction information available from a crystal of myoglobin, a small
globular protein. In contrast, fibrous proteins do not crystallize but, instead,
can be drawn into fibers whose X-ray diffraction patterns contain only a
few spots and thus contain comparatively little structural information. Like-
wise, the diffraction pattern of a DNA fiber (Fig. 3-8) is relatively simple.

X-Rays interact almost exclusively with the electrons in matter, not the
atomic nuclei. An X-ray structure is therefore an image of the electron den-
sity of the object under study. This information can be shown as a three-
dimensional contour map (Fig. 6-23). Hydrogen atoms, which have only
one electron, are not visible in macromolecular X-ray structures.

The X-ray structures of small organic molecules can be determined with
a resolution on the order of ,1 Å. Few protein crystals have this degree
of organization. Furthermore, not all proteins can be coaxed to crystallize,
that is, to precipitate in ordered three-dimensional arrays. The protein crys-
tals that do form (Fig. 6-24) differ from those of most small organic mole-
cules in being highly hydrated; protein crystals are typically 40 to 60% wa-
ter by volume. The large solvent content gives protein crystals a soft,
jellylike consistency so that the molecules are typically disordered by a few
angstroms. This limits their resolution to about 2 to 3.5 Å, although a few
protein crystals are better ordered (have higher resolution).

A resolution of a few angstroms is too coarse to clearly reveal the posi-
tions of individual atoms, but the distinctive shape of the polypeptide back-
bone can usually be traced. The positions and orientations of its side chains
can therefore be deduced. However, since many side chains have similar
sizes and shapes, knowledge of the protein’s primary structure is required to
fit the sequence of amino acids to its electron density map. Mathematical
techniques can then refine the atomic positions to within ,0.1 Å in high-
resolution structures.
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Figure 6-23. An electron density map. The
three-dimensional outline of the electron density
(orange) is shown with a superimposed atomic
model of the corresponding polypeptide segment
(white). This structure is a portion of human 
rhinovirus (the cause of the common cold).
[Courtesy of Michael Rossmann, Purdue 
University.]

Figure 6-24. Protein crystals. (a) Azurin from
Pseudomonas aeruginosa, (b) flavodoxin from
Desulfovibrio vulgaris, (c) rubredoxin from
Clostridium pasteurianum, (d) azidomet myo-
hemerythrin from the marine worm Siphonosoma 
funafuti, (e) lamprey hemoglobin, and ( f ) bacterio-
chlorophyll a protein from Prosthecochloris 
aestuarii. These crystals are colored because the
proteins contain light-absorbing groups; proteins
are colorless in the absence of such groups. 
[Parts a–c courtesy of Larry Siecker, University of
Washington; parts d and e courtesy of Wayne
Hendrikson, Columbia University; and part f
courtesy of John Olsen, Brookhaven National 
Laboratories, and Brian Matthews, University of
Oregon.]

(a)

(d) (e)

(b) (c)

(f)



Another consequence of the large solvent content of protein crystals is
that crystalline proteins maintain their native conformations and therefore
their functions. Indeed, the degree of hydration of proteins in crystals is
similar to that in cells. Thus, the X-ray crystal structures of proteins often
provide a basis for understanding their biological activities. Crystal struc-
tures have been used as starting points for designing drugs that can inter-
act specifically with target proteins under physiological conditions.

Recent advances in NMR spectroscopy have permitted the determina-
tion of the structures of proteins and nucleic acids in solution (but limited
to a size of ,30 kD). Thus, NMR techniques can be used to elucidate the
structures of proteins and other macromolecules that fail to crystallize (see
Box 6-3). In the several instances in which both the X-ray and NMR struc-
tures of a particular protein were determined, the two structures had few,
if any, significant differences.

Visualizing Proteins
The huge number of atoms in proteins makes it difficult to visualize them

using the same sorts of models employed for small organic molecules. Ball-
and-stick representations showing all or most atoms in a protein (as in
Figs. 6-7 and 6-10) are exceedingly cluttered, and space-filling models (as
in Figs. 6-8 and 6-11) obscure the internal details of the protein. Accord-
ingly, computer-generated or artistic renditions (e.g., Fig. 6-12) are often
more useful for representing protein structures. The course of the polypep-
tide chain can be followed by tracing the positions of its Ca atoms or by
representing helices as helical ribbons or cylinders, and b sheets as sets of
flat arrows pointing from the N- to the C-termini.
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Box 6-3
B I O C H E M I S T R Y  I N  F O C U S

Protein Structure Determination by NMR

The determination of the three-dimensional structures of
small proteins (,250 residues) in aqueous solution has be-
come possible since the mid-1980s, through the development
of two-dimensional (2D) NMR spectroscopy (and, more re-
cently, of 3D and 4D techniques), in large part by Kurt
Wüthrich. A sample is placed in a magnetic field so that the
spins of its protons are aligned. When radiofrequency pulses
are applied, the protons are excited and then emit signals
whose frequency depends on the molecular environment of
the protons. Proteins contain so many atoms that their stan-
dard (one-dimensional) NMR spectra consist almost entirely
of overlapping signals that are impossible to interpret.

In 2D NMR, the characteristics of the applied signal are
varied in order to obtain additional information from inter-
actions between protons that are ,5 Å apart in space or are
covalently connected by only one or two other atoms. The
resulting set of distances, together with known geometric
constraints such as covalent bond distances and angles, group
planarity, chirality, and van der Waals radii, are used to com-
pute the protein’s three-dimensional structure. However,
since interproton distance measurements are imprecise, they
are insufficient to imply a unique structure. For this reason,
the NMR structure of a protein (or any other macromolecule

with a well-defined structure) is often presented as an en-
semble of closely related structures. The above NMR struc-
ture of a 64-residue polypeptide is presented as 20 superim-
posed Ca traces (white), each of which is consistent with the
NMR data and geometric constraints. A few side chains (red,
yellow, and blue) are also shown.

[Figure courtesy of Stuart Schreiber, Harvard University.]



B. Motifs (Supersecondary Structures) and Domains

In the years since Kendrew solved the structure of myoglobin, nearly 7000
protein structures have been reported. No two are exactly alike, but they
exhibit remarkable consistencies.

Side Chain Location Varies with Polarity
The primary structures of globular proteins generally lack the repeating

sequences that support the regular conformations seen in fibrous proteins.
However, the amino acid side chains in globular proteins are spatially dis-
tributed according to their polarities:

1. The nonpolar residues Val, Leu, Ile, Met, and Phe occur mostly in
the interior of a protein, out of contact with the aqueous solvent. The
hydrophobic effects that promote this distribution are largely re-
sponsible for the three-dimensional structure of native proteins.

2. The charged polar residues Arg, His, Lys, Asp, and Glu are usually
located on the surface of a protein in contact with the aqueous sol-
vent. This is because immersing an ion in the virtually anhydrous in-
terior of a protein is energetically unfavorable.

3. The uncharged polar groups Ser, Thr, Asn, Gln, and Tyr are usually
on the protein surface but also occur in the interior of the molecule.
When buried in the protein, these residues are almost always hydro-
gen bonded to other groups; in a sense, the formation of a hydrogen
bond “neutralizes” their polarity. This is also the case with the
polypeptide backbone.

These general principles of side chain distribution are evident in individ-
ual elements of secondary structure (Fig. 6-25) as well as in whole proteins
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Figure 6-25. Side chain locations in an a he-
lix and a b sheet. In these space-filling models,
the main chain is white, nonpolar side chains are
yellow or brown, and polar side chains are purple.
(a) An a helix from sperm whale myoglobin.
Note that the nonpolar residues are primarily on
one side of the helix. (b) An antiparallel b sheet
from concanavalin A (side view). The protein inte-
rior is to the right and the exterior is to the left.(a) (b)



(Fig. 6-26). Polar side chains tend to extend toward—and thereby help
form—the protein’s surface, whereas nonpolar side chains largely extend
toward—and thereby occupy—its interior.

Most proteins are quite compact, with their interior atoms packed to-
gether even more efficiently than the atoms in a crystal of small organic
molecules. Nevertheless, the atoms of protein side chains almost invari-
ably have low-energy arrangements. Evidently, interior side chains adopt
relaxed conformations despite the profusion of intramolecular interac-
tions. Closely packed protein interiors generally exclude water. When
water molecules are present, they often occupy specific positions where
they can form hydrogen bonds, sometimes acting as a bridge between
two hydrogen-bonding protein groups.

Helices and Sheets Can Be Combined in Various Ways
The major types of secondary structural elements, a helices and b sheets,

occur in globular proteins in varying proportions and combinations. Some
proteins, such as hemoglobin subunits, consist only of a helices spanned by
short connecting links (Fig. 6-27a). Others, such as concanavalin A, have
a large proportion of b sheets and are devoid of a helices (Fig. 6-27b). Most
proteins, such as triose phosphate isomerase (Fig. 6-27c) and carboxypep-
tidase A (Fig. 6-12), have significant amounts of both types of secondary
structure (on average, ,31% a helix and ,28% b sheet).
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Figure 6-26. Side chain distribution in horse heart cyto-
chrome c. In these paintings, based on the X-ray structure deter-
mined by Richard Dickerson, the protein is illuminated by its sin-
gle iron atom centered in a heme group. Hydrogen atoms are not

shown. In (a) the hydrophilic side chains are green, and in (b)
the hydrophobic side chains are orange. [Figures copyrighted ©
by Irving Geis.]•• See Kinemage Exercise 5.

(a) (b)



Certain groupings of secondary structural elements, called supersec-
ondary structures or motifs, occur in many unrelated globular proteins:

1. The most common form of supersecondary structure is the bab
motif, in which an a helix connects two parallel strands of a b sheet
(Fig. 6-28a).

2. Another common supersecondary structure, the b hairpin motif, con-
sists of antiparallel strands connected by relatively tight reverse turns
(Fig. 6-28b).

3. In an aa motif, two successive antiparallel a helices pack against each
other with their axes inclined. This permits energetically favorable

Section 6-2. Tertiary Structure 145

(b) (c)(a)

Figure 6-27. Examples of globular proteins. Different proteins
contain different proportions and arrangements of secondary
structural elements. In these models, a helices are drawn as heli-
cal ribbons, and strands of b sheets are drawn as flat arrows
pointing toward the C-terminus. (a) A hemoglobin subunit, with

(a) (b) (c)

(d)

Figure 6-28. Protein motifs. (a) A bab motif,
(b) a b hairpin, (c) an aa motif, and (d) b bar-
rels. The b barrel composed of overlapping bab
units ( far right) is known as an a /b barrel. It is
shown in top view in Fig. 6-27c.

(a)

its heme group shown as a skeletal model.•• See Kinemage Exer-
cise 6-2. (b) Jack bean concanavalin A. The spheres represent
metal ions. (c) Triose phosphate isomerase from chicken muscle.
[After drawings by Jane Richardson, Duke University.]•• See
Kinemage Exercise 12-1.



intermeshing of their contacting side chains (Fig. 6-28c). Such asso-
ciations stabilize the coiled coil conformation of a keratin (Section
6-1C).

4. Extended b sheets often roll up to form b barrels. Three different
types of b barrels are shown in Fig. 6-28d.

Motifs may have functional as well as structural significance. For exam-
ple, Michael Rossmann showed that a babab unit, in which the b strands
form a parallel sheet with a helical connections, often acts as a nucleotide-
binding site. In most proteins that bind dinucleotides (such as nicotinamide
adenine dinucleotide, NAD1; Section 3-1), two such babab units com-
bine to form a motif known as a dinucleotide-binding fold, or Rossmann
fold (Fig. 6-29).

Large Polypeptides Form Domains
Polypeptide chains containing more than ,200 residues usually fold into

two or more globular clusters known as domains, which give these proteins
a bi- or multilobal appearance. Most domains consist of 100 to 200 amino
acid residues and have an average diameter of ,25 Å. Each subunit of the
enzyme glyceraldehyde-3-phosphate dehydrogenase, for example, has two
distinct domains (Fig. 6-30). A polypeptide chain wanders back and forth
within a domain, but neighboring domains are usually connected by only
one or two polypeptide segments. Consequently, many domains are struc-
turally independent units that have the characteristics of small globular pro-
teins. Nevertheless, the domain structure of a protein is not necessarily ob-
vious since its domains may make such extensive contacts with each other
that the protein appears to be a single globular entity.

An inspection of the various protein structures diagrammed in this chap-
ter reveals that domains consist of two or more layers of secondary struc-
tural elements. The reason for this is clear: At least two such layers are re-
quired to seal off a domain’s hydrophobic core from its aqueous
environment.

Domains often have a specific function such as the binding of a small
molecule. In Fig. 6-30, for example, NAD1 binds to the first domain of glyc-
eraldehyde-3-phosphate dehydrogenase (note its dinucleotide-binding fold).
In multidomain proteins, binding sites often occupy the clefts between do-
mains; that is, the small molecules are bound by groups from two domains.
In such cases, the relatively pliant covalent connection between the domains
allows flexible interactions between the protein and the small molecule.

C. Protein Families

The thousands of known protein structures, comprising an even greater
number of separate domains, can be grouped into families by examining
the overall paths followed by their polypeptide chains. When folding pat-
terns are compared without regard to the amino acid sequence or the pres-
ence of surface loops, the number of unique structural domains drops to
only a few hundred. (Although not all protein structures are known, esti-
mates place an upper limit of about 1000 on the total number of unique
protein domains in nature.) Surprisingly, a few dozen folding patterns ac-
count for about half of all known protein structures.

There are several possible reasons for the limited number of known do-
main structures. The numbers may reflect database bias; that is, the col-
lection of known protein structures may not be a representative sample of
all protein structures. However, the rapidly increasing number of proteins
whose structures have been determined makes this possibility less and less
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NAD+

Figure 6-30. The two-domain protein glycer-
aldehyde-3-phosphate dehydrogenase. The first
domain (red) binds NAD1 (black), and the 
second domain (green) binds glyceraldehyde-3-
phosphate (not shown). [After Biesecker, G., 
Harris, J.I., Thierry, J.C., Walker, J.E., and 
Wonacott, A., Nature 266, 331 (1977).]
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Figure 6-29. An idealized dinucleotide-binding
(Rossmann) fold. The two structurally similar
babab units (yellow and blue) can each bind a
nucleotide portion of the dinucleotide NAD1

(not shown). [After Rossmann, M.G., Liljas, A.,
Bränden, C.-I., and Banaszak, L.J., in Boyer, P.D.
(Ed.), The Enzymes, Vol. 11 (3rd ed.), p. 68, 
Academic Press (1975).]•• See Kinemage Exer-
cise 21-1.



plausible. More likely, the common protein structures may be evolutionary
sinks—domains that arose and persisted because of their ability (1) to form
stable folding patterns; (2) to tolerate amino acid deletions, substitutions,
and insertions, thereby making them more likely to survive evolutionary
changes; and (3) to support essential biological functions.

Polypeptides with similar sequences tend to adopt similar backbone con-
formations. This is certainly true for evolutionarily related proteins that
carry out similar functions. For example, the cytochromes c of different
species are highly conserved proteins with closely similar sequences (see
Table 5-6) and three-dimensional structures.

Cytochrome c occurs only in eukaryotes, but prokaryotes contain pro-
teins known as c-type cytochromes, which perform the same general func-
tion (that of an electron carrier). The c-type cytochromes from different
species exhibit only low degrees of sequence similarity to each other and
to eukaryotic cytochromes c. Yet their X-ray structures are clearly similar,
particularly in polypeptide chain folding and side chain packing in the pro-
tein interior (Fig. 6-31). The major structural differences among c-type cy-
tochromes lie in the various polypeptide loops on their surfaces. The se-
quences of the c-type cytochromes have diverged so far from one another
that, in the absence of their X-ray structures, they can be properly aligned
only through the use of recently developed and mathematically sophisti-
cated computer programs. Thus, it appears that the essential structural and
functional elements of proteins, rather than their amino acid residues, are
conserved during evolution.

Structural similarities in proteins with only distantly related functions
are commonly observed. For example, many NAD1-binding enzymes that
participate in widely different metabolic pathways contain similar dinu-
cleotide-binding folds (see Fig. 6-30) coupled to diverse domains that carry
out specific enzymatic reactions.

3. QUATERNARY STRUCTURE AND SYMMETRY

Most proteins, particularly those with molecular masses .100 kD, consist
of more than one polypeptide chain. These polypeptide subunits associate
with a specific geometry. The spatial arrangement of these subunits is
known as a protein’s quaternary structure.

Section 6-3. Quaternary Structure and Symmetry 147

Figure 6-31. Three-dimensional structures of c-type 
cytochromes. The polypeptide backbones (blue) are shown in
analogous orientations such that their heme groups (red) are
viewed edge-on. The Cys, Met, and His side chains that covalently
link the heme to the protein are also shown. (a) Cytochrome c550

from Paracoccus denitrificans (134 residues), (b) cytochrome c2

from Rhodospirillum rubrum (112 residues), (c) cytochrome c
from tuna (103 residues), and (d) cytochrome c555 from Chloro-
bium thiosulfatophilum (86 residues). [Figures copyrighted © by
Irving Geis.]•• See Kinemage Exercise 5.



There are several reasons why multisubunit proteins are so common. In
large assemblies of proteins, such as collagen fibrils, the advantages of sub-
unit construction over the synthesis of one huge polypeptide chain are anal-
ogous to those of using prefabricated components in constructing a build-
ing: Defects can be repaired by simply replacing the flawed subunit; the
site of subunit manufacture can be different from the site of assembly into
the final product; and the only genetic information necessary to specify the
entire edifice is the information specifying its few different self-assembling
subunits. In the case of enzymes, increasing a protein’s size tends to better
fix the three-dimensional positions of its reacting groups. Increasing the size
of an enzyme through the association of identical subunits is more efficient
than increasing the length of its polypeptide chain since each subunit has an
active site. More importantly, the subunit construction of many enzymes pro-
vides the structural basis for the regulation of their activities (Sections 7-2E
and 12-3).

Subunits Usually Associate Noncovalently
A multisubunit protein may consist of identical or nonidentical polypep-

tide chains. Hemoglobin, for example, has the subunit composition a2b2

(Fig. 6-32). Proteins with more than one subunit are called oligomers, and
their identical units are called protomers. A protomer may therefore con-
sist of one polypeptide chain or several unlike polypeptide chains. In this
sense, hemoglobin is a dimer of ab protomers.

The contact regions between subunits closely resemble the interior of a
single-subunit protein. They contain closely packed nonpolar side chains,
hydrogen bonds involving the polypeptide backbones and their side chains,
and, in some cases, interchain disulfide bonds.

Subunits Are Symmetrically Arranged
In the vast majority of oligomeric proteins, the protomers are symmet-

rically arranged; that is, each protomer occupies a geometrically equivalent
position in the oligomer. Proteins cannot have inversion or mirror symme-
try, however, because bringing the protomers into coincidence would re-
quire converting chiral L residues to D residues. Thus, proteins can have
only rotational symmetry.

In the simplest type of rotational symmetry, cyclic symmetry, protomers
are related by a single axis of rotation (Fig. 6-33a). Objects with two-, 
three-, or n-fold rotational axes are said to have C2, C3, or Cn symmetry,
respectively. C2 symmetry is the most common; higher cyclic symmetries
are relatively rare.

Dihedral symmetry (Dn), a more complicated type of rotational sym-
metry, is generated when an n-fold rotation axis intersects a two-fold rota-
tion axis at right angles (Fig. 6-33b). An oligomer with Dn symmetry con-
sists of 2n protomers. D2 symmetry is the most common type of dihedral
symmetry in proteins.

Other possible types of rotational symmetry are those of a tetrahedron,
cube, and icosahedron (Fig. 6-33c). Some multienzyme complexes and
spherical viruses are built on these geometric plans.

4. PROTEIN FOLDING AND STABILITY

Incredible as it may seem, thermodynamic measurements indicate that na-
tive proteins are only marginally stable under physiological conditions. The
free energy required to denature them is ,0.4 kJ ?mol21 per amino acid
residue, so a fully folded 100-residue protein is only about 40 kJ ?mol21
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Figure 6-32. Quaternary structure of hemo-
globin. In this space-filling model, the a1, a2, b1,
and b2 subunits are colored yellow, green, cyan,
and blue, respectively. Heme groups are red.



more stable than its unfolded form (for comparison, the energy required
to break a typical hydrogen bond is ,20 kJ ?mol21). The various noncova-
lent influences on proteins—hydrophobic effects, electrostatic interactions,
and hydrogen bonding—each have energies that may total thousands of
kilojoules per mole over an entire protein molecule. Consequently, a pro-
tein structure is the result of a delicate balance among powerful counter-
vailing forces. In this section, we discuss the forces that stabilize proteins
and the processes by which proteins achieve their most stable folded state.

A. Forces That Stabilize Protein Structure

Protein structures are governed primarily by hydrophobic effects and, to a
lesser extent, by interactions between polar residues and other types of
bonds.

The Hydrophobic Effect
The hydrophobic effect, which causes nonpolar substances to minimize

their contacts with water (Section 2-1C), is the major determinant of native
protein structure. The aggregation of nonpolar side chains in the interior of
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Figure 6-33. Some symmetries for oligomeric proteins. The oval, the triangle,
the square, and the pentagon at the ends of the dashed green lines indicate, respec-
tively, the unique two-fold, three-fold, four-fold, and five-fold rotational axes of the
objects shown. (a) Assemblies with cyclic (C) symmetry. (b) Assemblies with dihedral
(D) symmetry. In these objects, a 2-fold axis is perpendicular to another rotational
axis. (c) Assemblies with the rotational symmetries of a tetrahedron (T), a cube or
octahedron (O), and an icosahedron (I). [Figure copyrighted © by Irving Geis.]



a protein is favored by the increase in entropy of the water molecules that
would otherwise form ordered “cages” around the hydrophobic groups.
The combined hydrophobic and hydrophilic tendencies of individual amino
acid residues in proteins can be expressed as hydropathies (Table 
6-2). The greater a side chain’s hydropathy, the more likely it is to occupy
the interior of a protein and vice versa. Hydropathies are good predictors
of which portions of a polypeptide chain are inside a protein, out of con-
tact with the aqueous solvent, and which portions are outside (Fig. 6-34).

Site-directed mutagenesis experiments in which individual interior
residues have been replaced by a number of others suggest that the factors
that affect stability are, in order, the hydrophobicity of the substituted
residue, its steric compatibility, and, last, the volume of its side chain.

Electrostatic Interactions
In the closely packed interiors of native proteins, van der Waals forces,

which are relatively weak (Section 2-1A), are nevertheless an important
stabilizing influence. This is because these forces act over only short dis-
tances and hence are lost when the protein is unfolded.

Perhaps surprisingly, hydrogen bonds, which are central features of pro-
tein structures, make only minor contributions to protein stability. This is be-
cause hydrogen-bonding groups in an unfolded protein form energetically
equivalent hydrogen bonds with water molecules. Nevertheless, hydrogen
bonds are important determinants of native protein structures, because if
a protein folded in a way that prevented a hydrogen bond from forming,
the stabilizing energy of that hydrogen bond would be lost. Hydrogen bond-
ing therefore fine-tunes tertiary structure by “selecting” the unique native
structure of a protein from among a relatively small number of hydropho-
bically stabilized conformations.

The association of two ionic protein groups of opposite charge (e.g., Lys
and Asp) is known as an ion pair or salt bridge. About 75% of the charged
residues in proteins are members of ion pairs that are located mostly on
the protein surface. Despite the strong electrostatic attraction between the
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Table 6-2. Hydropathy Scale for Amino
Acid Side Chains

Side Chain Hydropathy

Ile 4.5
Val 4.2
Leu 3.8
Phe 2.8
Cys 2.5
Met 1.9
Ala 1.8
Gly 20.4
Thr 20.7
Ser 20.8
Trp 20.9
Tyr 21.3
Pro 21.6
His 23.2
Glu 23.5
Gln 23.5
Asp 23.5
Asn 23.5
Lys 23.9
Arg 24.5

Source: Kyte, J. and Doolittle, R.F., J. Mol. Biol. 157,
110 (1982).
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Figure 6-34. A hydropathic index plot for bovine chymo-
trypsinogen. The sum of the hydropathies of nine consecutive
residues is plotted versus residue sequence number. A large 
positive hydropathic index indicates a hydrophobic region of the
polypeptide, whereas a large negative value indicates a 

hydrophilic region. The upper bars denote the protein’s interior
regions, as determined by X-ray crystallography, and the lower
bars denote the protein’s exterior regions. [After Kyte, J. and
Doolittle, R.F., J. Mol. Biol. 157, 111 (1982).]



oppositely charged members of an ion pair, these interactions contribute
little to the stability of a native protein. This is because the free energy of
an ion pair’s charge–charge interactions usually fails to compensate for the
loss of entropy of the side chains and the loss of solvation free energy when
the charged groups form an ion pair. This accounts for the observation that
ion pairs are poorly conserved among homologous proteins.

Chemical Cross-links
Disulfide bonds (Fig. 4-6) within and between polypeptide chains form

as a protein folds to its native conformation. Some polypeptides whose Cys
residues have been derivatized to prevent disulfide bond formation can still
assume their fully active conformations, suggesting that disulfide bonds are
not essential stabilizing forces. They may, however, be important for “lock-
ing in” a particular backbone folding pattern as the protein proceeds from
its fully extended state to its mature form.

Disulfide bonds are rare in intracellular proteins because the cytoplasm
is a reducing environment. Most disulfide bonds occur in proteins that are
secreted from the cell into the more oxidizing extracellular environment.
The relatively hostile extracellular world (e.g., uncontrolled temperature
and pH) apparently requires the additional structural constraints conferred
by disulfide bonds.

Metal ions may also function to internally cross-link proteins. For exam-
ple, at least ten motifs collectively known as zinc fingers have been de-
scribed in nucleic acid–binding proteins. These structures contain about 
25–60 residues arranged around one or two Zn21 ions that are tetrahe-
drally coordinated by the side chains of Cys, His, and occasionally Asp or
Glu (Fig. 6-35). The Zn21 allows relatively short stretches of polypeptide
chain to fold into stable units that can interact with nucleic acids. Zinc fin-
gers are too small to be stable in the absence of Zn21. Zinc is ideally suited
to its structural role in intracellular proteins: Its filled d electron shell per-
mits it to interact strongly with a variety of ligands (e.g., sulfur, nitrogen,
or oxygen) from different amino acid residues. In addition, zinc has only
one stable oxidation state (unlike, for example, copper and iron), so it does
not undergo oxidation–reduction reactions in the cell.

B. Protein Denaturation and Renaturation

The low conformational stabilities of native proteins make them easily sus-
ceptible to denaturation by altering the balance of the weak nonbonding
forces that maintain the native conformation. Proteins can be denatured
by a variety of conditions and substances:

1. Heating causes a protein’s conformationally sensitive properties,
such as optical rotation (Section 4-2), viscosity, and UV absorption,
to change abruptly over a narrow temperature range. Such a sharp
transition indicates that the entire polypeptide unfolds or “melts”
cooperatively, that is, nearly simultaneously. Most proteins have
melting points well below 100°C. Among the exceptions are the pro-
teins of thermophilic bacteria, organisms that inhabit hot springs or
submarine volcanic vents with temperatures near 100°C. Amazingly,
the X-ray structures of these heat-stable proteins are only subtly dif-
ferent from those of their low-temperature homologs.

2. pH variations alter the ionization states of amino acid side chains,
thereby changing protein charge distributions and hydrogen bonding
requirements.

Section 6-4. Protein Folding and Stability 151

C

N

Figure 6-35. A zinc finger motif. This struc-
ture, from the DNA-binding protein Zif268, is
known as a Cys2–His2 zinc finger because the
zinc atom (silver) is coordinated by two Cys
residues (yellow) and two His residues (cyan).
[Based on an X-ray structure by Carl Pabo, MIT.]



3. Detergents associate with the nonpolar residues of a protein, thereby
interfering with the hydrophobic interactions responsible for the pro-
tein’s native structure.

4. The chaotropic agents guanidinium ion and urea,

in concentrations in the range 5 to 10 M, are the most commonly used
protein denaturants. Chaotropic agents are ions or small organic mol-
ecules that increase the solubility of nonpolar substances in water.
Their effectiveness as denaturants stems from their ability to disrupt
hydrophobic interactions, although their mechanism of action is not
well understood.

Denatured Proteins Can Be Renatured
In 1957, the elegant experiments of Christian Anfinsen on ribonuclease

A (RNase A) showed that proteins can be denatured reversibly. RNase A,
a 124-residue single-chain protein, is completely unfolded and its four disul-
fide bonds reductively cleaved in an 8 M urea solution containing 
2-mercaptoethanol (Fig. 6-36). Dialyzing away the urea and reductant and
exposing the resulting solution to O2 at pH 8 (which oxidizes the SH groups
to form disulfides) yields a protein that is virtually 100% enzymatically ac-
tive and physically indistinguishable from native RNase A. The protein
must therefore renature spontaneously.

The renaturation of RNase A demands that its four disulfide bonds re-
form. The probability of one of the eight Cys residues randomly forming
a disulfide bond with its proper mate among the other seven Cys residues
is 1/7; that one of the remaining six Cys residues then randomly forming
its proper disulfide bond is 1/5; etc. The overall probability of RNase A re-
forming its four native disulfide links at random is
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Clearly, the disulfide bonds do not randomly re-form under renaturing con-
ditions, since, if they did, only 1% of the refolded protein would be cat-
alytically active. Indeed, if the RNase A is reoxidized in 8 M urea so that
its disulfide bonds re-form while the polypeptide chain is a random coil,
then after removal of the urea, the RNase A is, as expected, only ,1% ac-
tive. This “scrambled” protein can be made fully active by exposing it to a
trace of 2-mercaptoethanol, which breaks the improper disulfide bonds and
allows the proper bonds to form. Anfinsen’s work demonstrated that pro-
teins can fold spontaneously into their native conformations under physio-
logical conditions. This implies that a protein’s primary structure dictates its
three-dimensional structure.

C. Protein Folding Pathways

Studies of protein stability and renaturation suggest that protein folding is
directed largely by the residues that occupy the interior of the folded pro-
tein. But how does a protein fold to its native conformation? One might
guess that this process occurs through the protein’s random exploration of
all the conformations available to it until it eventually stumbles onto the
correct one. A simple calculation first made by Cyrus Levinthal, however,
convincingly demonstrates that this cannot possibly be the case: Assume
that an n-residue protein’s 2n torsion angles, f and c, each have three sta-
ble conformations. This yields 32n < 10n possible conformations for the pro-
tein (a gross underestimate because we have completely neglected its side
chains). Then, if the protein could explore a new conformation every 10213

s (the rate at which single bonds reorient), the time t, in seconds, required
for the protein to explore all the conformations available to it is

t 5 }
1
1
0
0
1

n

3}

For a small protein of 100 residues, t 5 1087 s, which is immensely greater
than the apparent age of the universe (20 billion years, or 6 3 1017 s).

In fact, many proteins fold to their native conformations in less than a
few seconds. This is because proteins fold to their native conformations via
directed pathways rather than stumbling on them through random confor-
mational searches. Thus, as a protein folds, its conformational stability in-
creases sharply (i.e., its free energy decreases sharply), which makes fold-
ing a one-way process. A hypothetical folding pathway is diagrammed in
Fig. 6-37.

Experimental observations indicate that protein folding begins with the
formation of local segments of secondary structure (a helices and b sheets).
This early stage of protein folding is extremely rapid, with much of the na-
tive secondary structure in small proteins appearing within 5 ms of the ini-
tiation of folding. Since native proteins contain compact hydrophobic cores,
it is likely that the driving force in protein folding is what has been termed
a hydrophobic collapse. The collapsed state is known as a molten globule,
a species that has much of the secondary structure of the native protein but
little of its tertiary structure. Over the next 5 to 1000 ms, the secondary struc-
ture becomes stabilized and tertiary structure begins to form. During this
intermediate stage, the nativelike elements are thought to take the form of
subdomains that are not yet properly docked to form domains. In the final
stage of folding, which for small single-domain proteins occurs over the next
few seconds, the protein undergoes a series of complex motions in which it
attains its relatively rigid internal side chain packing and hydrogen bonding
while it expels the remaining water molecules from its hydrophobic core.
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Figure 6-37. Hypothetical protein folding
pathway. This example shows a linear pathway
for folding a two-domain protein. [After Gold-
berg, M.E., Trends Biochem. Sci. 10, 389 (1985).] 



In multidomain and multisubunit proteins, the respective units then as-
semble in a similar manner, with a few slight conformational adjustments
required to produce the protein’s native tertiary or quaternary structure.
Thus, proteins appear to fold in a hierarchical manner, with small local ele-
ments of structure forming and then coalescing to yield larger elements, which
coalesce with other such elements to form yet larger elements, etc.

Folding, like denaturation, appears to be a cooperative process, with
small elements of structure accelerating the formation of additional struc-
tures. A folding protein must proceed from a high-energy, high-entropy
state to a low-energy, low-entropy state. This energy–entropy relationship
is diagrammed in Fig. 6-38. An unfolded polypeptide has many possible
conformations (high entropy). As it folds into an ever-decreasing number
of possible conformations, its entropy and free energy decrease. The 
energy–entropy diagram is not a smooth valley but a jagged landscape. Mi-
nor clefts and gullies represent conformations that are temporarily trapped
until, through random thermal activation, they overcome a slight “uphill”
free energy barrier and can then proceed to a lower energy conformation.
Evidently, proteins have evolved to have efficient folding pathways as well
as stable native conformations. Nevertheless, misfolded proteins do occur
in nature, and their accumulation is believed to be the cause of a variety
of neurological diseases (see Box 6-4).

Protein Disulfide Isomerase
Even under optimal experimental conditions, proteins often fold more

slowly in vitro than they fold in vivo. One reason is that folding proteins
often form disulfide bonds not present in the native proteins, which then
slowly form native disulfide bonds through the process of disulfide inter-
change. Protein disulfide isomerase (PDI) catalyzes this process. Indeed,
the observation that RNase A folds so much faster in vivo than in vitro led
Anfinsen to discover this enzyme.

PDI binds to a wide variety of unfolded polypeptides via a hydrophobic
patch on its surface. A Cys OSH group on PDI reacts with a disulfide group
on the polypeptide to form a mixed disulfide and a Cys OSH group on the
polypeptide (Fig. 6-39a). Another disulfide group on the polypeptide,
brought into proximity by the spontaneous folding of the polypeptide, is
attacked by this Cys OSH group. The newly liberated Cys OSH group then
repeats this process with another disulfide bond, and so on, ultimately yield-
ing the polypeptide containing only native disulfide bonds, along with re-
generated PDI.

Oxidized (disulfide-containing) PDI also catalyzes the initial formation
of a polypeptide’s disulfide bonds by a similar mechanism (Fig. 6-39b). In
this case, the reduced PDI reaction product must be reoxidized by cellular
oxidizing agents in order to repeat the process.

Molecular Chaperones
Proteins begin to fold as they are being synthesized, so the renaturation

of a denatured protein in vitro may not mimic the folding of a protein in
vivo. In addition, proteins fold in vivo in the presence of extremely high
concentrations of other proteins with which they can potentially interact.
Molecular chaperones are essential proteins that bind to unfolded and par-
tially folded polypeptide chains to prevent the improper association of ex-
posed hydrophobic segments that might lead to non-native folding as well
as polypeptide aggregation and precipitation. This is especially important
for multidomain and multisubunit proteins, whose components must fold
fully before they can properly associate with each other. Molecular chap-
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Figure 6-38. Energy–entropy diagram for pro-
tein folding. The width of the diagram represents
entropy, and the depth, the energy. The unfolded
polypeptide proceeds from a high-entropy, disor-
dered state (wide) to a single low-entropy
(narrow), low-energy native conformation. [After
Onuchic, J.N., Wolynes, P.G., Luthey-Schulten, Z.,
and Socci, N.D., Proc. Natl. Acad. Sci. 92, 3626
(1995).]



erones also allow misfolded proteins to refold into their native conforma-
tions.

Many molecular chaperones were first described as heat shock pro-
teins (Hsp) because their rate of synthesis is increased at elevated tem-
peratures. Presumably, the additional chaperones are required to recover
heat-denatured proteins or to prevent misfolding under conditions of en-
vironmental stress. There are two major classes of molecular chaperones
in both prokaryotes and eukaryotes: the Hsp70 family of 70-kD proteins
and the chaperonins, which are large multisubunit proteins.

An Hsp70 protein binds to a newly synthesized polypeptide, possibly as
soon as the first 30 amino acids have been polymerized at the ribosome.
The Hsp70 chaperone probably helps prevent premature folding.

Chaperonins consist of two types of proteins:

1. The Hsp60 proteins (GroEL in E. coli), which are composed of 14
identical ,60-kD subunits arranged in two stacked rings of 7 subunits
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each, thereby forming a hollow cylinder with D7 symmetry (Section
6-3).

2. The Hsp10 proteins (GroES in E. coli), which consist of 7 identical
,10-kD subunits arranged with 7-fold rotational (C7) symmetry to
form a dome-shaped complex.

The X-ray structure of the GroEL–GroES complex determined by Paul
Sigler shows, in agreement with previous electron microscopy studies, that
one open end of the GroEL cylinder is capped by a GroES complex (Fig.
6-40). The interior of the cylinder provides a protected environment in
which a protein can fold without aggregating with other partially folded
proteins.

The interior of the GroEL cylinder contains hydrophobic patches that
bind the exposed groups of its enclosed and improperly folded protein. The
GroEL subunits bind ATP and catalyze its hydrolysis to ADP and inor-
ganic phosphate (Pi), a process that motivates a conformational change that
masks the hydrophobic patches. The bound protein is thereby released and
stimulated to continue folding. The binding and release, in effect, frees the
partially folded protein from its entrapment in a local free energy mini-
mum, such as those in Fig. 6-38, which permits the folding protein to con-
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Box 6-4
B I O C H E M I S T R Y  I N  H E A L T H  A N D  D I S E A S E

Diseases Related to Protein Folding

A number of neurological diseases are characterized by in-
soluble protein aggregates, called amyloid deposits, in brain
and other tissues. These diseases, including the most com-
mon, Alzheimer’s disease, result from the precipitation of a
single kind of protein. Protein chemists are familiar with par-
tially folded polypeptides that precipitate indiscriminately in
vitro, probably due to exposure of hydrophobic patches. It is
somewhat surprising that in vivo, in the presence of high con-
centrations of many other proteins, partially folded protein
molecules aggregate only with other molecules of the same
protein. What is even more surprising is that the molecules
that precipitate are apparently misfolded versions of mole-
cules that are normally present in the same tissues.

The b amyloid protein that forms the fibrous deposits, or
plaques, in the brains of Alzheimer’s patients is a 40-residue
segment that is cleaved from a larger precursor protein. Its
normal function is not known. Some mutations in the pre-
cursor increase b amyloid production. The increased con-
centration of the peptide apparently increases the likelihood
that a misfolded peptide will initiate the aggregation that
eventually produces an amyloid plaque. Plaques appear to be
the primary cause, not a side effect, of the neurological de-
terioration in the disease.

Abnormal protein folding is almost certainly a factor in a
group of infectious disorders that include bovine spongiform
encephalopathy (“mad cow disease”), scrapie in sheep, and
several rare fatal human diseases including Creutzfeldt–
Jakob disease. According to a hypothesis advanced by Stan-

ley Pruisner, these diseases are caused by a protein known
as a prion. The prion protein is present in normal brain tis-
sue, where it apparently has a mostly a helical conformation
(the structural model on the left, which was derived using
structure-prediction techniques).

In diseased brains, the same protein—now apparently a mix-
ture of b sheet and a helices (model on the right)—forms
insoluble fibrous aggregates that damage brain cells. The in-
fectious nature of prions is believed to result from the abil-
ity of an abnormally folded prion protein to catalyze the mis-
folding of normal prion proteins that then aggregate.

[Figure adapted from Fred Cohen, University of California at San Francisco.]



tinue its descent down its funnel toward the native state. In the protected
environment inside the hollow GroEL–GroES (Hsp60–Hsp10) barrel, a
.70-kD protein can fold out of contact with other proteins with which it
otherwise might aggregate. This cycle of ATP-driven binding, release, and
refolding is repeated until the protein achieves its native conformation. The
Hsp70 proteins are thought to follow a similar pathway of binding and ATP-
driven release of a folding protein.

D. Protein Dynamics

The precision with which protein structures are determined may leave the
false impression that proteins have fixed and rigid structures. In fact, pro-
teins are flexible and rapidly fluctuating molecules whose structural mobilities
are functionally significant. Groups ranging in size from individual side chains
to entire domains or subunits may be displaced by up to several angstroms
through random intramolecular movements or in response to a trigger such
as the binding of a small molecule. Extended side chains, such as Lys, and
the N- and C-termini of polypeptide chains are especially prone to wave
around in solution because there are few forces holding them in place.

Theoretical calculations by Martin Karplus indicate that a protein’s na-
tive structure probably consists of a large collection of rapidly intercon-
verting conformations that have essentially equal stabilities (Fig. 6-41).
Conformational flexibility, or breathing, with structural displacement of up
to ,2 Å, allows small molecules to diffuse in and out of the interior of cer-
tain proteins.
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Figure 6-40. The X-ray structure of the GroEL–GroES–
(ADP)7 chaperonin complex. Two seven-membered rings of
GroEL subunits stack to form a hollow cylinder that is capped at
one end by a seven-membered ring of GroES subunits. (a) A
space-filling representation of the complex as viewed down its 
7-fold axis of rotation. The GroES ring is gold, its adjacent GroEL
ring is green, and the adjoining GroEL ring is red. (b) As in a but
viewed perpendicularly to the 7-fold axis. Note the different con-

formations of the two GroEL rings. (c) The Ca backbones of the
complex as viewed perpendicularly to the 7-fold axis and cut
away in the plane containing this axis. The ADPs, which are
bound to the lower portion of each subunit in the upper GroEL
ring, are shown in space-filling form. Note the large cavity
formed by the GroES cap and the upper GroEL ring in which a
polypeptide can fold in isolation. [Courtesy of Paul Sigler, Yale
University.]

Figure 6-41. Molecular dynamics of myoglo-
bin. Several “snapshots” of the protein calculated
at intervals of 5 3 10212 s are superimposed. The
backbone is blue, the heme group is yellow, and
the His side chain linking the heme to the protein
is orange. [Courtesy of Martin Karplus, Harvard
University.]

(c)(a) (b)
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S U M M A R Y

1. Four levels of structural complexity are used to describe the
three-dimensional shapes of proteins.

2. The conformational flexibility of the peptide group is de-
scribed by its f and c torsion angles.

3. The a helix is a regular secondary structure in which hydro-
gen bonds form between backbone groups four residues
apart. In the b sheet, hydrogen bonds form between the back-
bones of separate polypeptide strands.

4. Fibrous proteins are characterized by a single type of sec-
ondary structure: a keratin is a left-handed coil of two a he-
lices; silk fibroin is an array of stacked b sheets; and colla-
gen is a left-handed triple helix with three residues per turn.

5. Nonrepetitive structures include variations in regular sec-
ondary structures, turns, and loops.

6. The tertiary structures of proteins, which can be determined
by X-ray crystallography or NMR techniques, may contain
motifs (supersecondary structures) and domains.

7. The nonpolar side chains of a globular protein tend to oc-
cupy the protein’s interior, whereas the polar side chains tend
to define its surface.

8. Protein structures can be grouped into families according to
their folding patterns. Structural elements are more likely to
be evolutionarily conserved than are amino acid sequences.

9. The individual units of multisubunit proteins are usually
symmetrically arranged.

10. Native protein structures are only slightly more stable than
their denatured forms. The hydrophobic effect is the primary
determinant of protein stability. Hydrogen bonding and ion
pairing contribute relatively little to a protein’s stability.

11. Studies of protein denaturation and renaturation indicate
that the primary structure of a protein determines its three-
dimensional structure.

12. Proteins fold to their native conformations via directed path-
ways in which small elements of structure coalesce into larger
structures.

13. Protein disulfide isomerase and molecular chaperones facil-
itate protein folding in vivo.

14. Proteins have some conformational flexibility that results in
small molecular motions.
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K E Y  T E R M S

secondary structure
tertiary structure
quaternary structure
trans conformation
cis conformation
backbone
torsion (dihedral) angle
f
c
Ramachandran diagram
a helix
pitch
parallel b sheet
antiparallel b sheet

topology
fibrous protein
globular protein
coiled coil
denatured
native
b bulge
helix capping
reverse turn (b bend)
V loop
X-ray crystallography
NMR
diffraction pattern
contour map

supersecondary structure
(motif)

bab motif
b hairpin
aa motif
b barrel
dinucleotide-binding 

(Rossmann) fold
domain
oligomer
protomer
rotational symmetry
cyclic symmetry
dihedral symmetry

hydropathy
ion pair (salt bridge)
zinc finger
renaturation
cooperativity
chaotropic agent
hydrophobic collapse
molten globule
molecular chaperone
heat shock protein
breathing

S T U D Y  E X E R C I S E S

1. Explain why the conformational freedom of peptide bonds
is limited.

2. What distinguishes regular and irregular secondary struc-
tures?

3. Describe the hydrogen bonding pattern of an a helix.

4. Why are b sheets pleated?

5. What properties do fibrous proteins confer on substances
such as hair, horns, bones, and tendons?

6. Why do turns and loops most often occur on the protein sur-
face?

7. Which side chains usually occur in a protein’s interior? On
its surface?

8. Give some reasons why the number of possible protein struc-
tures is much less than the number of amino acid sequences.

9. List the advantages of multiple subunits in proteins.

10. Why can’t proteins have mirror symmetry?

11. Describe the forces that stabilize proteins.

12. Describe the energy and entropy changes that occur during
protein folding.

13. How does protein renaturation in vitro differ from protein
folding in vivo?

P R O B L E M S

1. Draw a cis peptide bond and identify the groups that expe-
rience steric interference.

2. Helices can be described by the notation nm where n is the
number of residues per helical turn and m is the number of
atoms, including H, in the ring that is closed by the hydro-
gen bond. (a) What is this notation for the a helix? (b) Is the
310 helix steeper or shallower than the a helix?

3. Calculate the length in angstroms of a 100-residue segment
of the a keratin coiled coil.

4. Is it possible for a native protein to be entirely irregular, that
is, without a helices, b sheets, or other repetitive secondary
structure?

5. (a) Is Trp or Gln more likely to be on a protein’s surface?
(b) Is Ser or Val less likely to be in the protein’s interior?
(c) Is Leu or Ile less likely to be found in the middle of an
a helix? (d) Is Cys or Ser more likely to be in a b sheet?

6. Describe the structure of glyceraldehyde-3-phosphate dehy-
drogenase (Fig. 6-30) as a linear sequence of a helix (“a”)
and strands of b sheet (“b”) starting from the N-terminus.
The N-terminal domain is red.

7. What types of rotational symmetry are possible for a protein
with (a) four or (b) six identical subunits?

8. Given enough time, can all denatured proteins spontaneously
renature?
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9. Describe the intra- and intermolecular bonds/interactions
that are broken or retained when collagen is heated to pro-
duce gelatin.

10. Under physiological conditions, polylysine assumes a random
coil conformation. Under what conditions might it form an
a helix?

11. It is often stated that proteins are quite large compared to
the molecules they bind. However, what constitutes a large
number depends on your point of view. Calculate the ratio
of the volume of a hemoglobin molecule (65 kD) to that of
the four O2 molecules that it binds and the ratio of the vol-
ume of a typical office (4 3 4 3 3 m) to that of the typical

(70 kg) office worker that occupies it. Assume that the mo-
lecular volumes of hemoglobin and O2 are in equal propor-
tions to their molecular masses and that the office worker
has a density of 1.0 g/cm3. Compare these ratios. Is this the
result you expected?

12. Which of the following polypeptides is most likely to form
an a helix? Which is least likely to form a b strand?

a. CRAGNRKIVLETY

b. SEDNFGAPKSILW

c. QKASVEMAVRNSG

[Problem by Bruce Wightman, Muhlenberg College.]
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