
70 Water 

C KeyTerms 
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I Problems 

buffer 64 
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Henderson-Basselbalch 

equation 65 
condensation 69 
hydrolysis 69 

1. Ell'ect of Local Environment on Ionic Bond Strength 

If the ATP-binding site of an enzyme is buried in Lhe interior or 

the enzyme, in a hydrophobic environment, is the ionic inter­

action between enzyme and substrate stronger or weaker than 

that same interaction would be on the surface of the enzyme, 

exposed Lo water? Why? V 

2. Biological Advantage of Weak Interactions The inter­

actions between biomolecules are often stabilized by weak 

interactions such as hydrogen bonds. How might this be an 

advantage to the organism? ✓ 

3. Solubility or Ethanol in Water Explain why ethanol 

(CH3CH20H) is more soluble in water than is ethane (CH3CH3)V 

4. CaJcuJadon of pH from Hydrogen Ion Concentration 

What is the pH of a solution that has an W concentration of 

(a) 1.75 x 10-6mol/L; (b) 6.50 x 10-io mol/L; (c) 1.0 x 10-◄ mol/L; 

{d) 1.50 X 10-6 mol/L? 

5. Calcnlation or Hydrogen Ion Concentration from 

pH What is the H• concentration of a solution with pH of 

(a) 3.82; (b) 6.52; (c) 11.11? 

F,n 6. Acidity or Gastric HCJ In a hospital laboratory, a 

W 10.0 mL sample of gastric juice, obtained several hours 

after a meal, was titrated with 0.1 M NaOH lo neutrality; 7.2 mL 

of NaOH was required. TI1e patient's stomach contained no 

ingested food or drink; thus assume that no buffers were pre­

sent. What was the pH of the gastric juice? 

7. Calculation of the pH of a Strong Acid or Base 

(a) Write out the acid dissociation reaction for hydrochloric 

acid. (b) Calculate the pH of a solution of 5.0 x 10-4 M HCI. (c) 

Write out the acid dissociation reaction for sodium hydroxide. 

( d) Calculate the pH of a solution of 7.0 X 10-s M NaOH. 

8. Calculation of pH from Concentration of Strollf Acid 

CalculaLe u,e pH or a solution prepared by diluling 3.0 mL of 
2.5 M HCI to a final volume of 100 mL with H20 • 

9. Measnrement of Acecy"lcbollne Levels by pH Changes 

The concentration of acetYlcholine (a neurotransmitter) in a 
sample can be detennined from the pH changes that. accom­

pany its hydrolysis. When the sample is incubated with Lhe 
enzyme acetylcholinesterase, acelylcholine is converted to 
choline and acetic acid, which dissociaLes to yield acetate and 

a hydrogen ion: 
0 CH3 
n +1 H~ 

CH3-C-O-CH2-CH2-N-CH3 -
I 

CH3 

Acetylcholine 

Choline Acetate 

In a typical analysis, 15 mL of an aqueous solution contain. 

ing an unknown amowit of acetylcholine had a pH of 7.65. 

When incubated with ac-etylcholinesterase, Lhe pH of the solu­

tion decreased to 6.87. Assuming there was no buffer in the 

assay mixture, detennine the number of moles of acetylcho­

line in the 15 mL sample. 

10. Physical Meaning of pK. Which of the following aque­

ous solutions has the lowest pH: 0.1 M HCI; 0.1 M acetic acid 

(pK, = 4.86); 0.1 M formic acid (pK1 = 3.75)? V 

11. Meanings of K. and pK. (a) Does a strong acid have a 

greater or lesser tendency to lose its proton than a weak acid? 

(b) Does the strong acid have a higher or lower K. than the 

weak acid? (c) Does the strong acid have a higher or lowerpK, 

than the weak acid? 

12. Simulated Vmegar One way to make vinegar (not the 

preferred way) is to prepare a solution of acetic acid, the sole 

acid component of vinegar, at the proper pH (see Fig. 2-15) 

and add appropriate flavoring agent.s. Acetic acid CMr 60) is a 

liquid at 25 •c, with a density of 1.049 s,'mL. Calculate the 

volume that must be added to distilled water to make 1 L of 

simulated vinegar (see Fig. 2-16). 

13. Identifying the ~Djugate Base Which is the conju. 

gate base in each of the pairs below? 

(a) RCOOH, acoo- (c) HiPO:j, HaPO4 

(b) RNH2, RNH; (d) H2CO3, HCO;i 

14. Calculation of the pH of a Mixture of a. Weak Acid 

and ltB Conjugate Bue Calculate the pl I of a <lilute solu­

tion that contains a molar ratio of potassium accl .ite to acetic 

acid (JJK. = 4.76) of (a) 2:1; (b) 1:3; (c) 5:1; (d) J: I; (e) 1:10. 

15. Effect of pH on Sol ubillty The strongly µolar, hydrogen. 

bonding properties of water make it an excellent solvent for 

ionic (charged) species. By contrast, nonionizctl, nonpolar 

organic molecules, such as benzene, are relatively insoluble in 

water. In principle, the aqueous solubility of any organic acid or 
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caJl be increased by converting the molecules to charged 
!:ies. For example, the solubility or benzoic acid In water is 

The addition of sodium bicarbonate to a mixture or water 
~ bcnzoic acid raises the pH and deprotonates the benzolc :d Lo ronn benzoate Ion, which is quite soluble In water. 

0 0 

" " aC-OH ac-o-
Benzoic acid Benzoate ion 

pK8 =5 

Are the following compounds more soluble in an aqueous 
solution of 0.1 M NaOH or 0.1 M HCl? (The dissociable protons 
are shown in red.) 

9 (Do" 
Pyridine ion 

pK.,=5 

(a) 

0 

,8-Naphthol 
pK., = 10 

(b) 

II H 

/c, I -0-CH N-C-CH2 OH 
3 / I 
H C -
~ ' o-CH3 

N-Acetyltyrosine methyl ester 
pK,.=10 

Problems 71 

Tt Is absorbed into the blood through the cells lining the 
stomach and the small Intestine. Absorption requires passage 
through the plasma membrane, the rate of which is deter­
mined by the polarity or the molecule: charged and highly 
polar molecules pass slowly, whereas neutral hydrophobic 
ones pass rapidly. The pH of the stomach contents is about 1.5, 
and the pH or the contents of the small intestine is about 6. ls 
more aspirin absorbed into the bloodstream from the stomach 
or from the small intestine? Clearly justify your choice. 

18. Calculation of pH from Molar ConcentratioM What 
is the pH or a solution containing 0.12 moVL of NH.Cl and 
0.03 moVL of NaOH (PKa of Nfft/NH3 is 9.25)? 

19. Calculation or pH after 1ltration or Weak Acid A 
compound has a pK. of7.4. To lOOmLofa 1.0 M solution of this 
compound at pH 8.0 is added 30 mL of 1.0 M hydrochloric acid. 
What is the pH of the resulting solution? 

20. Properties or a Buffer The amino acid glycine is often 
used as the main ingredient of a buffer in biochemical experi­
ments. The amino group of glycine, which has a pK. of 9.6, can 
exist either in the prolonated form ( -NHh or as the free base 
(-NHi), because of the reversible equilibrium 

R-NHt a.== R-NHz + H+ 

(a) ln what pH range can glycine be used as an e ffective 
buffer due to its amino group? 

(b) Ina 0.1 M solution of glycine at pH 9.0, whalfraction of 
glycine has its amino group in the -NH~ Conn? 

(c) How much 5 M KOH must be added to 1.0 L of 0.1 M 
glycine at pH 9.0 to bring its pH to exactly 10.0? 

(c) . ./ ( d) When 9996 of the glycine is in its -N}H fonn, what is 
,V' the numerical relation between the pH of the solution and the fi1 16. Treatment of Poison Ivy Rash The compo- pK.oftheaminogroup? L!J nents of poison ivy and poison oak that produce the 

charaCteristic itchy rash are catechols substituted with long- 21. Calculation of the pK. or an Ionizable Group by 
chain alkyl groups. ntration The pK. values of a compound with two ionizable 

OH groups are pK1 = 4.10 and pK2 between 7 and 10. A biochemist 

CXOH has 10 mL of a LO M solution of this compound at a pH of 8.00. I She adds I 0.0 mL of 1.00 M HCI, which changes the pH to 3.20. 
(CH2).-CH3 What is pK2? 

pKa == 8 

II you were exposed to poison ivy, which of the treatments 
below would you apply to the affected area? Justify your choice. 

(a) Wash the area with cold water. 
(b) Wash the area wiLh dilute vinegar or lemon juice. 
(c) Wash the area with soap and water. 
(d) Wash the area ,•,ith soap, water, and baking soda 

(sodium bicarl>nr,me). 
COOH 

~ 17. pH and Drug Absorption Aspirin / H N- tH 
W a weak acid with .! pKa of 3.5 (the ionizable H 

3 
I 

· d) CH2 H 

22. Calculation of the pH or a Solution of a Polyprotic 
Acid Histidine has ionizable groups with pKa values of 1.8, 
6.0, and 9.2, as shown below (His= irnidazole group). A bio­
chemist makes up 100 mL of a 0.100 M solution of histidine at 
a pH of 5.40. She then adds 40 mL of 0.10 M HCI. What is the 
pH of the resulting solution? 

coo­
+ I 

H3N- CH 
I 

coo­
+ I 

H3N-CH 
I 

is shown m re : I ......-,N 
O C \ ~ 
II ~ _iH PK1 

CH2 H 
l_,.......N 
C \ 
II ,iH 

6.0 
pK2 

CH2 H 
1......-,N 
C \ 
~ • CH 

9.2 
pK3 / , o c-.......... +f == c-...~ 

H N 
H 

c-... f 
H N CHOO II H ~ c, 

I OH lonizable -COOH == - coo- -NH;== -NH2 
group -HisW == -His 
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23. CebJ•tbl of Original pH ft'OIII Fb-1 pH after'Dtndon 

A biochemist has JOO mL or a O.JO M solution or a weak acid with 
a pl(. of 6.3. She adds 6.0 mL of J .OM HCL, which changes the pH 
to 6.7. What was I.he pH oJthe original so1ution? 

24. Preparation of a Pboepbat.e Buffer What molar ratio 

of HPOJ- to H2P04 in solution would produce a pH of 7.0? 
Phosphoric acid (H:.J>()4), a triprotic acid, has three pK. val­

ues: 2.14, 6.86, and 12.4. Hint: Only one or the pl(. values is 

relevant, here. 

25. Preparation of Standard Buffer for Calibration of a 
pH Meter The glass electrode used in commercial pH meters 
gives an electrical response proportional to the concentration 
or hydrogen ion. To convert these responses to a pH reading, 

the electrode must be calibrated against standard solutions or 
known tt• concentration. Determine the weight in grams of 
sodium dihydrogen phosphate (NaH2P04 • HzO; FW 138) and 
dJsodJum hydrogen phosphate (Na,JHP04 ; FW 142) needed to 
prepare 1 L of a standard buffer at pH 7.00 with a total phos­
phate concentration of0.100 M (see Fig. Z-16). See Problem Z4 

for the pK. values of phosphoric acid. 

26. CaJcuJatlon of Molar Ratios of ConJagat.e Base t.o 
Weak Add trom pH For a weak acid with a pK. of 6.0, calcu­
late the ratio of cortjugate base to acid at a pH of 5.0. 

27. Preparation of Buffer of Known pH and Strength 
Given 0.10 M solutions or acetic acid (pK. = 4.76) and sodium 
acetate, describe how you would go about preparing 1.0 L of 

0.10 M acetate buffer or pH 4.00. 

28. Choice or Weak Acid for a Buffer Which of these com­
poWlds would be the best buffer at pH 6.0: formic acid (pK. = 
3.8), acetic acid (pK1 • 4.76), or ethylamine (pK. = 9.0)? 

Briefly juslify your answer. 

29. Working with Buff en A buffer contains 0.010 mol of lac­
tic acid (pl(. "" 3.86) and 0.060 mol of sodium lactate per liter. 
(a) C.alculate the pH of the buffer. (b) Calculate the change in 

pH when 6 mL of 0.6 M HCl is added to 1 L of the buffer. 

(c) What pH change would you expect if you added the same 

quantity of HCI to 1 L of pure water? 

80. Uae of Molar Concentrations to Calculate pH What 

Is lhe pH of a solution that contains 0.20 M sodium acetate and 

0.60 M acetic acid (pK. = 4.76)? 

81. Preparation of an Acetate Buffer Calculate the 

cocentrations of acetic acid (pK. = 4.76) and sodium acetate 
necessary to prepare a 0.2 M buffer solution at pH 6.0. 

32. pH of Insect Defenaive Secretion You have been 

observing an insect that defends itself from enemies by secret­

ing a caustic liqwd. Analysis of the liqwd shows it to have a total 
concentration of formate plus formic acid (K1 = 1.8 x 10-•) of 

1.45 M; the concentration of fonnate ion is 0.015 M. What is the 

pH of the secretion? 

33. Calculation of pK. An unknown compound, X, is 

thought to have a carboxyl group with a pK1 of 2.0 and another 

ionizable group with a pK1 between 5 and 8. When 75 mL of 0.1 M 

NaOH is added to 100 mL of a 0.1 M solution of X at pH 2.0, the 

pH increases to 6. 72. Calculate the pK1 of the second loni7.able 

groupofX. 

@ Ionic Fonna of~ Alanine is a diprotic acid that 
can undergo two d~atl<m reactions (see Tobie 3-1 for pK. 
values). (a) Given the structure of the partially protonated 
form (or zwitterion; see Fig. 3-9) below, draw the chemical 
structures of the other two fonl\S of alanine that predominate 
in aqueous solution: the fully protonated form and the fully 
deprotonat.ed form. 

coo-
... I 

H3N-T-H 

CH3 

Alanine 

Of the three possible fonns of alanine, which would be present 
at the highest concentration in solutions of the following pH: 
(b) 1.0; (c) 6.2; (d) 8.02; (e) 11.9. Explain your answers in 

tenns of pH relative to the two pK. values. 

35. Control of Blood pH by Respiratory Rate 
(a) The partial pressure of CO2 in the lungs can be varied 

rapidly by the rate and depth of breathing. For example, a 

common remedy to alleviate hiccups is to increase the concen­
tration of C~ in the lungs. This can be achieved by holding 
one's breath, by very slow and shallow breathing (hypoventila­
tion), or by breathing in and out of a paper bag. Under such 
conditions, pCO2 in the air space of the lungs rises above nor­
mal. Qualitatively explain the effect of these procedures on the 
blood pH. 

(b) A common practice of competitive short-distance run­
ners is to breathe rapidly and deeply (hyperventilate) for 
about half a minute to remove CO2 from their lungs just before 

the race begins. Blood pH may rise to 7.60. Explain why the 
blood pH increases. 

(c) During a short-distance run, the mm:cles produce a 

large amount of lactic acid (CH3CH(OH)COCH; K1 - 1.38 X 

10-4 M) from their glucose stores. Why might hyperventilation 
before a dash be useful? 

36. Calculation of Blood pH from CO2 and Bicarbonate 
Levels Calculate the pH of a blood plasma sample with a total 

CO2 concentration of 26.9 mM and bicarbonate concentration 

of 25.6 mM. Recall from page 67 that the relevant pK. of car­
bonic acid is 6.1. 

37. Effect of Bolding One's Breath on Blood pH The pH 

of the extracellular fluid is buffered by the bicarbonate/ 

carbonic acid system. Holding your breath can increase the 

concentration of CO2(g) in the blood. What effect might this 
have on the pH of the extracellular fluid? Explain by showing 

the relevant equilibrium equation(s) for this buffer system. 

I Data Analysis Problem 
38. ~Switchable" Surfactants Hydrophobic molecules do 

not dissolve well in water. Given that water is a very commonly 

~sed _solvent, this makes certain processes very difficult: wash. 

mg o~y food residue off dishes, cleaning up spilled oil, keeping 

the oil and water phases of salad dressings well mixed, and 



out chemical reactions that involve both hydrophobic 

~ hilic components. 

,iid ~1:ants are a class of amphipathic compounds that 

surf:aps, detergents, and emulsifiers. With the use or sur­

iJIClu<fCS JlYdfOphobic compounds can be suspended in aqueous 

o,ctsJll.S, b formin8 micelles (see Fig. 2-7). A micelle has a 

sa1ut1on 
0
Jc core consisting of the hydrophobic compound and 

~ph hobic "tails" of the surfactant; the hydrophilic "heads" 

r,1te ~actant cover the s~ace of the micelle. A suspension 

of rJte is called an emulsion. The more hydrophilic the head 

otrnJcelle~e surfactant, the more powerful it is-that is, the 

grouP ~f capacity to emulsify hydrophobic material. 

-.ater its 
fr . . 

&'-- you use soap to remove grease om dirty dishes, the 

When an emulsion with the grease that is easily removed 

saaP fo~ .. ough interaction with the hydrophilic head of the 

water wu . 

bY molecules. Likewise, a detergent can _be us~d to emulsify 

~Ped oil for removal by water. And emulsifiers m commercial 

spill ..,...,ssinSS keep the oil suspended evenly throughout the 

sa)ad Ul" 

!)aSed mixture. 

wate;ere are some situations in which it would be very useful 

a "switchable" surfactant: a molecule that could be 

to 11ave 
"b)y converted between a surfactant and a nonsurfactant. 

~ Ima8ine such a "switchable" surfactant existed. How 

would you use it to clean up and then recover the oil from an 

oil spill? . . 

Liu et al. describe a prototypical switchable surfactant in 

their 2006 article "Switchable Surfactants." The switching is 

based on the following reaction: 

CH3 
I 

R C + Hco-
...... N~--~N-CH3 3 

I + I 
H CH3 

Amidinium form 

(b) Given that th,, pK1 of a typical amidinium ion is 12.4, 

in which direction (le'i~ or right) would you expect the equilib­

rium of the above rea,~t1on to lie? (See Fig. 2-16 for relevant 

pK, values.) Justify .rcur answer. Hint: Remember the reaction 

Hz() + CO2 ~ H2C03. 

Data Analysis Problem 73 

hi ~u and colleagues produced a switchable surfactant for 

w . c R = C,Ji33. They do not name the molecule in their 

article; for brevity, we'll call it s-surf. 

(c) The amidinium form of s-surf is a powerful surfactant· 

theamidin 
' 

e form is not. Explain this observation 

Liu and colleagues found that they could switch between 

th
e two forms of s-surf by changing the gas that they bubbled 

tru:ough a solution of the surfactant. They demonstrated this 

switch by measuring the electrical conductivity of the s-surf 

solution; aqueous solutions of ionic compounds have higher 

conductivity than solutions of nonionic compounds. They 

started with a solution of the amidine form of s-surf in water. 

Their results are shown below; dotted lines indicate the switch 

from one gas to another. 

Gas bubbled in: CO
2 Ar Ar 

100 200 

Time (min) 

( d) In which form is the majority of s-surf at point A? At 

point B? 

(e) Why does the electrical conductivity rise from time 0 

to point A? 

(0 Why does the electrical conductivity fall from point A 

to point B? 

(g) Explain how you would use s-surf to clean up and 

recover the oil from an oil spill. 

Reference 

~ Lio, P.G. Jessop, M. Cunningham, C.A. Eckert, and 

C.L. Liotta. 2006. Switchable surfactants. Science 

313:958-960. 

Further Reading is available at www.macmillanlearning.com/LehningerBiochemistry7e. 
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\ 



109 

The field of molecular evolution 

ro- "b 
g the most VJ rant of the scientific 

~3 
Edman degradation 98 

Proteaees 99 

MALDIMS 101 

Problems 

horizontal gene transfer 

homotogo1111 proteln9 

homolop 106 

Paralop 106 

ortholop I 06 

signature sequence I 07 

. to be sftl
0:tr-first century. 

proJTllses we twe 

fronuers 111 • 

The Structure of Proteins: 

SUMMARY 3·
4 

Primary srructU~ tein function result from 

,n pro . . d 

1 
Dilferen~es ., .. 0 

acid compos1t10n ru:1 seque~ce. 

differences 111 ~ equence may occur m a particular 

Some yari11tions iI1 s no effect on its function. 

. . little or 

protein, WI~ uences are deduce? by fragmenting 

1 Amino aCJ~ sea aller peptides With reagents 

polypeptides in:~;::ific peptide bonds, determining 

blown to cle~v e uence of each fragment by the 

the amiflO aCJd s q degradation procedure, and then 

automated Edm~de fragments by .finding sequence 

orderinS the pep [ragments generated by different 

overlaps betweenm· sequence can also be deduced 

•~ A prote . ding 

reagen.... u·de sequence of its correspon 

fro the nucleo 
m. DNA or by mass spectromet.ry. 

genem . and peptides (up to about 100 

I ?hort prote:;5 chemically synthesized. The peptide 

residues) can : ... ;no acid residue at a time, while 

is built up, one au=• 

tethered to a solid support. 

1 
Protein sequences are a rich s~urce of infonnation 

abo t 
tein structure and function, as well as the 

u pro 
· · ted thods 

evolution of life on Earth. Sophistica me . are 

being developed to trace evolution by analyzing the sl~w 

changes in amino acid sequences of homologous proteins. 
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· I Problems 

106 
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I. Absolute Conflgoratlon of Cltrulllne The citrulline 

isolated from watennelons has the structure shown below. ls it 

8 0- or lramino acid? Explain. 

CH2(CH2)2NH-C-NH2 

f + N 
H-C-NH3 

O 

l coo-

~Jatlooship between the ntratlon Curve and the 

Acid-Bue Properties of Glycine A 100 mL solution of 

0.1 W glycine at pH I. 72 was titrated with 2 M NaOH solution. 

The pH was monitored and the results were plotted as shown 

in the graph. The key points in the titration are designated I to 

V. For each of the statements (a) to (o), 'identify the appropri­

ate key point in the titration and justify your choice. 

(a) Glycine is present predominantly as the species 

•~-CH2-COOH. 

(b) The average net charge of glycine is +!. 

(c) Half of the amino groups are ionized. 

( d) The pH is equal to the pK. of the carboxyl group. 

( e) The pH is equal to the pK1 of the protonated amino group. 

(() Glycine has its maximum buffering capacity. 

(g) The average net charge of glycine is zero. 

(h) The carboxyl group has been completely titrated (first 

equivalence point). 

(i) Glycine is completely titrated ( second equivalence point). 

0) The predo~t species is •tt3N-CH2-C00-. 

(k) The average net charge of glycine is - J. 

0) Glycine is present predominantly as a 50:50 mixture of 

+"3N-CH2-COOH and •tt3N-CH2-CCXr . 

(m) This is the isoelectric point. 

(n) This is the end of the titration. 

(o) These are the worst pH regions for buffering power. 

12 JLlQ ___________________ (V) 

10 

8 

pH 6 5.97 ------ (111) 

4 

2 

0 (I) 
0.5 1.0 1.5 2.0 

OW (equivalents) 
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llO Amino Acids, Peptides, and Proteins 

J. · How Moch Alanine lo Present as the Completely 
Unc~ed Species? At a pH equal to the isoelectric point of 
alarune, the net charge on alanine is zero. 'l\vo structures can 
be drawn that have a net charge of zero, but the predominant 
fonn of alanine at its pl is zwitterionic. 

CH3 0 CH3 0 
+ I ~ I ~ 

H3N-c-c H2N-C-C 
I 'a- I "oH 
H H 

Zwitterionic Uncharged 

(a) Why is alanine predominantly zwitterionic rather than 
completely uncharged at its pl? 

(b) What fraction of alanine is in the completely uncharged 
fonn at its pl? Justify your assumptions. 

v(" Ioni7.ation State of Histidine Each ionizable group of an 
amino acid can exist in one of two states, charged or neutral._ The 
electric charge on the functional group is detennined by the rela .. 
tionship between its pK. and the pH of the solution. This rela­
tionship is described by the Henderson-Hasselbalch equation. 

(a) Histidine has three ionizable functional groups. Write 
the equilibrium equations for its three ionizations and assign 
the proper pK. for each ionization. Draw the structure of histi­
dine in each ionization state. What is the net charge on the 
histidine molecule in each ionization state? 

(b) Draw the structures of the predominant ionization state 
of histidine at pH 1, 4, 8, and 12. Note that the ionization state can 
be approximated by treating each ionizable group independently. 

(c) What is the net charge of histidine at pH 1, 4, 8, and 
12? For each pH, will histidine migrate toward the anode ( +) 
or cathode ( - ) when placed in an electric field? · 

5. Separation of Amino Acids by Ion-Exchange Chroma­
t.ography Mixtures of amino acids can be analyzed by first sepa­
rating the mixture into its components through ion-exchange 
chromatography. Amino acids placed on a cation-exchange 
resin ( see Fig. 3-17 a) containing sulf onate ( -SOi) groups 
flow down the colwnn at different rates because of two factors 
that influence their movement: (1) ionic attraction between 
the sulf onate residues on the colwnn and positively charged 
functional groups on the amino acids, and (2) aggregation of 
nonpolar amino acid side_ chains with the hydrophobic back­
bone of the polystyrene resin. For each pair of amino acids 
listed, detennine which will be eluted first from the cation­
exchange colwnn by a pH 7.0 buffer. 

(a) Aspartate and lysine 
(b) Arginine and methionine 
(c) Glutamate and valine 
( d) Glycine and leucine 
( e) Serine and alanine 

6. Naming the Stereoisomers of lsoleucine The struc­
ture of the amino acid isoleucine is 

:, 

coo­
+ I 

H N-C-H 
3 I 

H-C-CH3 
I 
CH2 
I 
CH3 

l 

rural centers does it have? 
(a) How mailY c 

t• al isomers? 
(b) How mal\Y op ic 

tive formulas for all the optical isomers (c) Draw perspec 

of isoleucine. 
_ .. ..Ind the -ll'. Values of Alanine and Pol),aJanin, ,I, Comvcu ... -e yi•, h • • . 

V '· . . of alanine shows t e 10ruzat1on of two The t1trat1on curve · · 
with pK values of 2.34 and 9.69, corre functional groups a • • 

. th • onization of the carboxyl and the protonated spondmg to e 1 . • f · . 
. espectively. The t1trat1on o d1-, tn- and ammo groups, r . . ' 

I. ti· des of alanine also shows the 1oruzation of larger o igopep . 
only two functional groups, al~hough the e~penmen~ PK, 

d·rr rent The trend m pKa values 1s summanzed in values are 1 e • 
the table. 

Amino acid or peptide PK1 PK2 -
Ala 2.34 9.69 

Ala-Ala 3.12 8.30 

Ala-Ala-Ala 3.39 8.03 
Ala-(Ala)n-Ala, n ~ 4 3.42 7.94 

(a) Draw the structure of Ala-Ala-Ala. Identify the func­
tional groups associated with pK1 and PK2. 

(b) Why does the value of pK1 increase with each addi­
tional Ala residue in the oligopeptide? 

(c) Why does the value of pK2 decrease with each addi­
tional Ala residue in the oligopeptide? 

\fi: T11e Size of Proteins What is the approximate molecu­
lar weight of a protein with 682 amino acid residues in a single 
polypeptide chain? 

9. The Number of 'Irypt.'1!t!.a.n Residues in Bovine Serum 
Albumin A quantitative amino acid analysis reveals that 
bovine serum albumin (BSA) contains 0.58% tryptophan (Mr 
204) by weight. 

(a) Calculate the minimum molecular weight of BSA 
(i.e., assume there is only one Trp residue per protein 
molecule). 

(b) Size-exclusion chromatography of BSA gives a molec­
ular weight estimate of 70,000. How many Trp residues are 
present in a molecule of serum albumin? 

' 

vl-0. Subunit Composition of a Protein A protein has a 
molecular mass of 400 kDa when measured by size-exclusion 
chromatography. When subjected to gel electrophoresis in the 
presence of sodium dodecyl sulfate (SOS), the protein gives 
three bands with molecular masses of 180 160 and 60 kl)a. ' , 
When electropl}oresis is carried out in the presence of SOS 
and dithiothreitol, three bands are again formed, this time with 
molecular masses of 160, 90, and 60 kDa. Determine the subu­
nit composition of the protein. 

)11. Net Electric Charge of Peptides A peptide has the 
sequence 

Glu-His-Trp-Ser-Gly-Leu-Ar'i, Pro-Gly 

(a) What is the net charge of the molecule at pH 3, 8, and 
11? (Use pKa values for side chains and terminal amin° and 
carboxyl groups as given in Table 3-1.) 

Cb) Estimate the pl for this peptide. 

A 



trlc Point or Pepsin Pepsin is the name given 
/4JsoeJec era! dl"estive enzymes secreted (as larger pre-vi•· mi" of sev -o . 
to, r proteins) by glands th~t ~ed thehishtomdissach. These 
curso ecrete hYdrochlonc ac1 , w c olves the 
g1ands atsorns atter in food, allowing pepsin to enzymatically 

• u)ate Th ul parttc dividual protein molecules. e res ting mixture or 
c1eave in d digestive enzymes is known as chyme and has 
road, ffCl, 

1
an

5 
What pl would you predict for the pepsin pro-

H near · · a P t functional groups must be present to confer this 
teif1S? Wha. ? Which amino acids in the proteins would con-
I on pepslfl ? • 

P ·bute such groups. 
tJ1 Jectrlc Point or Histones Histones are proteins 
~ Js~e karyotic cell nuclei, tightly bound to DNA, which 

ndineu . foU phosphate groups. The pl of h1stones is very 
tias rnanYt 10 8 What amino acid residues must be present 
L,,.h abou · · 
111&''' • ly large numbers in histones? In what way do . relative . . . in . dues contribute to the strong binding of histones 
these res• 
to DNA? 

S Jubllity or Polypeptides One method for separating 
c,.,J.t" 0 

tides makes use of their different solubilities. The sol­
Po~~f 1ar&e polypeptides in water depends on the relative 
ubili~ty of their R groups, particularly on the number of ion­
~~oups: the more io~ed groups th.ere are, the m~re solu-
l the polypeptide. Which of each prur of polypeptides that 

:o~ow is more soluble at the indicated pH? 
(a) (G!y)20 or (Glu)20 at pH 7.0 
(b) (Lys-Ala)s or (Phe-Met)3 at pH 7.0 
(c) (Ala-Ser-G!y)6 or (Asn-Ser- His)5 at pH 6.0 
(d) (Ala-Asp-GIY)s or (Asn-Ser-His)5 at pH 3.0 

15, Purification of an Enzyme A biochemist discovers 
and purifies a new enzyme, generating the purification table 
below. 

Total 
protein Activity 

Procedure (mg) (units) 

I. Crude extract 20,000 4,000,000 
2. Precipitation ( ~alt) 5,000 3,000,000 
3. Precipitation (p:i) 4,000 1,000,000 
4. Ion-exchangr: --·komatography 200 soo:ooo 
6. Affinity chror:-.e.~ ; r;'I'aphy 

' 
60 760,000 

6. Size-exclusio.1 d ·xomatography 45 675,000 

(a) From the information given in the table, calculate the 
specific activity of the enzyme after each purification 
procedure. 

Cb) Which of the purification procedures used for this 
enzyme is most effective (i.e., gives the greatest relative 
increase in purity)? 

( c) Which of the purification procedures is least effective? 
( d) ls there any indication based on the results shown in the 

;:le that the enzyme after step 6 is now pure? What else could 
done to estimate the purity of the enzyme preparation? 

!~~is. A Purified protein is in a Hepes (N-(2-hydroxy­
With tperaztne-N' · (2-ethanesulfonic acid)) buffer at pH 7 

OO mM NaCl. A sample (1 mL) of the protein solution 
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Is placed In a tube made of cUalysis membrane and dialyzed 
against 1 Lor the same Hepes buffer with O mM NaCl. Small 
molecules and ions (such as Na+, c1-, and Hepes) can dif­
fuse across the dialysis membrane, but the protein cannot. 

(a) Once the dialysis has come to equilibriwn, what is the 
concentration or NaCl in the protein sample? Asswne no vol­
ume changes occur in the sample during the dialysis. 

(b) Uthe original 1 mL sample were dialyzed twice, suc­
cessive!y, against 100 mL of the same Hepes buffer with O mM 
NaCl, what would be the final NaCl concentration in the ..., 
sample? 

17. Peptide Pu.rlftcation At pH 7.0, in what order would 
the following three peptides (described by their amino acid 
composition) be eluted from a column filled with a cation­
exchange polymer? 

. Peptide A: Ala 10%, Glu 5%, Ser 5%, Leu 1096, Arg 10%, 
His 5%, Ile 10%, Phe 5%, Tyr 596, !Qs 10%, Gly 10%, Pro 596, 
and Trp 1096. 

Peptide B: Ala 696, Val 696, Gly 10%, Asp 6%, Leu 596, Arg 
5%, Ile 5%, Phe 596, Tyr 696, !Qs 5%, Trp 596, Ser 696, Thr 596, 
Glu 596, Asn 696, Pro 10%, Met 696, and Cys 696. 

Peptide C: Ala 10%, Glu 10%, G!y 596, Leu 696, Asp 10%, 
,Arg 596, Met 6%, Cys 596, Tyr 6%, Phe 6%, His 5%, Val 596, Pro 
5%, Thr 596, Ser 696, Asn 5%, and Gin 5%. 

18. Sequence Determination or the Brain Peptide 
Leucine Enkephalln A group of peptides that influence 
nerve transmission in certain parts of the brain have been 
isolated from nonnal brain tissue. These peptides are known 
as opioids because they bind to specific receptors that also 
bind opiate drugs, such as morphine and naloxone. Opioids 
thus miJnic some of the properties of opiates. Some 
researchers consider these peptides to be the brain's own 
painkillers. Using the information below, determine the 
amino acid sequence of the opioid leucine enkephalin. 
Explain how your structure is consistent with each piece of 
information. 

I , 
(a) Co;nplete hy<jrolysis by 6 M HCl at llO 0c followed by 

amino acid analysis indicated the presence of Gly, Leu, Phe, 
and Tyr, in a 2:1:1:1 molar ratio. 

(b) Treatment of the peptide with l -fluoro-2,4-dinitroben­
zene followed by complete hydrolysis and chromatography 
indicated the presence of the 2,4-dinitrophenyl derivative of 
tyrosine. No free tyrosine could be found. 

(c) Complete digestion of the peptide with chymotrypsin 
followed by chro~tography yielded free tyrosine and leucine, 
plus a tripeptide co11taining Phe and Gly in a 1 :2 ratio. 

19. Structure or a Peptide Antibiotic from Baeillua brevis 
Extracts from the bacterium Bacillus brevis contain a pep­
tide with antibiotic properties. This peptide forms complexes 
with metal ions and seems to disrupt ion transport across the 
cell membranes of other bacterial species, killing them. The 
structure of the peptide has been determined from the follow­
ing observations. 

(a) Complete acid hydrolysis of the peptide followed by 
amino acid analysis yielded equimolar amounts of Leu, Om, 
Phe, Pro, and Val. Om is omithine, an amino acid not 
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present ln proteins but present ln some peptides. It has the 
structure 

H 

H1N-cH2-cH 2-cH2-t-coo-
1 

•NH3 

(b) The molecular weight of the peptide was estimated 
as ~1,200. 

(c) The peptide failed to undergo hydrolysis when treated 
with the enzyme carboxypeptldase. This enzyme catalyzes the 
hydrolysis or the carboxyl-tennlnal residue of a polypeptide 
wl!css the residue Is Pro or, for some reason, does not contain 
a Cree carboxyl group. 

(d) Treatment or the irntact peptide with l-fluoro-2,4-
dlnltrobenzcne, fol.lowed by complete hydrolysis and chroma­
tography, yielded only free amino acids and the following 
derivative: 

(Hint: The 2,4-dinitrophenyL derivative involves the amino 
group of a side chain rather than the a-amino group.) 

(e) Partial hydrolysis of U1e peptide followed by chroma­
tographic sepnrotion and sequence analysis yielded the fol­
lowing di- and tripeplides (the amino-tenninal amino acid ls 
always at the ten): 

Leu-Phe Phe-Pro Om-Leu Val-Om 

Val-Om-Leu Phe--Pro-Val Pro-Val-Om 

Given the above information, deduce the amino acid sequence 
of U1e peptide antibiotic. Show your reasoning. When you have 
arrived at a structure, demonstrate that it is consistent with 
each experimental observation. 

ZO. Effldency in Peptide Sequencing A peptide with the 
primary structure Lys-Arg-Pro-Leu-lle-Asp--Oly-Ala is 
sequenced by the Edman procedure. If each Ednwl cycle is 
0096 efficient, what percent.age of the amino acids liberated in 
I.he fourth cycle will be leucine? Do the calculation a second 
time, but assume a 99% efficiency for each cycle. 

t)f, Sequence Comparisons Proteins called molecular 
cllllperones ( described in Chapter 4) assist iil the process of 
protein folding. One class of chaperones found in organisms 
Crom bacteria to mammals is h.eat shock protein 90 (Hsp90). 
All Hsp90 chaperones contain a 10 amino acid "signature 
sequence" that allows ready identification of these proteins in 
sequence databases. Two representations of this sjgnature 
sequence are shown below. 

., ,, . 

Y-x-[NQHDJ-[KHR]·[DEJ-[IVAJ·F·[LM]·R-[ED). 

~1W$ 88 
O 1 2 3 4 5 6 7 8 9 10 

N C 

(a) In this sequence, whlch amino acid residues are lnVlll'l­
ant (conserved across all species)? 

(b) At which position(s) are amino acids limited to those 
with positively charged side chains? For each posit.Ion, which 
amlno acid is more commonly found? 

(c) At which posit.Ions are substitutions restricted to 
amino acids with negatively charged side chains? For each 
position, which amino acid predom.lnates? 

(d) There is one position that can be any amino acid, 
although one amino acid appears much more often than any 
other. What position Is this, and which amino acid appean 
most on.en? 

vAz, Chromatographic Methods Three ~olypeptides, the 
sequences of which are represented below usmg the one-letter 
code for their amino acids, are present in a mixture: 

1. ATKNRASCLVPKHGALMFWRHKQLVSDPIL 
QKRQHJLVCRNAAG 

2. GPYFGDEPLDVHDEPEEG 
3. PHLI.SAWKGMEGVGKSQSFAALIVILA 

or the three, which one would migrate most slowly during 
chromatography through: 

(a) an ion-exchange resin, beads CO!)ted with positively 
charged groups? 

(b) an ion-exchange resin, beads coated with negatively 
charged groups? 

(c) a size-exclusion (gel-filtration) column designed lo 
separate small peptides such as these? 

(d) Which peptide contains the ATP-binding motif shown 
in the following sequence logo? 

=:~ -~GKi 
0 , 2345678 

N C 

I Data Analysis Problem 
23. Determlnlng the Amino Acid Sequence of lnsUU. 
Figure 3-24 shows the amino acid sequenc.e of bovine Insulin. 
This structure was determined by Fredc1 i~k Sanger and his 
coworkers. Most of this work is described il a series of article$ 
published in the Bwchemical Journal from 1945 to 1965. 

When Sanger and colleagues began their work in 1946, it was 
known that insulin was a small protein consisting of two or foUr 
polypeptide chains linked by disulfide bonds. Sanger's team had 
developed a few simple methods for studying protein sequences. 

Treatment with FDNB. FDNB (l-nuoro-2,4-dlnitroben­
zene) reacted with free amino (but not amiue or guarudinlum) 
groups in proteins to produce dinitrophcnyl (DNP) derivaUves 
or amino acids: 

02N 02N 

R-NH, + •O•o, - •-7◊•0, + Hf 
H 

Amine FDNB DNP-amine 



, Hydrolysis. Boilln8 11 protein with 10% HCI for several 

Acid dtOi.vzed oil of Its pepUde and amide bonds. Short treat­

llOurs hYro<Juced short polypeptides; the longer the treatment, the 

rnents P Jete the breakdown or the protein Into its amino acids. 

,nore ~ion of Cysteines. Treatment or a protein With per-

O Id cleaved all the disulfide bonds and converted all 

(ortniC ac to cysteic acid residues (see Fig. 3-28). 
residues . 

0/S c11,roma,tography. This more primitive version of 

paper chromatography (see Fig. 10-25) separated com­

thiJl•lllY~ed on their chemical properties, allowing ldentifi­

p0unds0f single amino acids and, in some cases, dipeptides. 

cation chromatography also separates larger peptides. 

TJtlJ1·laYer rted in his first paper (1945) , Sanger reacted insu-

~s r:NB and hydrolyzed the resulting protein. He found 

un Wi
th! amino acids, but only three DNP-amlno acids: 

anY ree 
J1l .glycine (DNP group attached to the a-amino group), 

i:r-D~-phenylalanine, and e-DNP-lysine (DNP attached to the 

i:r-DN 
O 

group). Sanger interpreted these results as showing 

s-arnln ulln had two protein chains: one with Gly at its amino 
thl1t inS · · · 0n r 

. and one with Phe at its ammo tenrunus. e o the 
terJllWUS 

hainS also contained a Lys residue, not at the amino ter-

~o c He named the chain beginning with a Gly residue "A" 
nunus, . . 'th Ph "B " 

d the chain beginnill8 WI e . 
an (a) Explain how Sanger's results support his conclusions. 

(b) Are the results consistent with the known structure of 

bOvine 1n5ulin (see Fig. 3-24)? 
In a later paper (1949), Sanger described how he used 

these techniques to determine the first few amino acids 

cammo-tenninal end) of each insulin chain. To analyze the B 

chain, for example, he carried out the following steps: 

1. Oxidized insulin to separate the A and B chains. 

2. Prepared a sample of pure B chain with paper 

chromatography. 

3. Reacted the B chain with FDNB. 
4. Gently acid-hydrolyzed the protein so that some small 

peptides would be produced. 

6. Separated the DNP-peptides from the peptides that did 

not contain DNP groups. 

6. Isolated four of the DNP-peptides, which were named 

Bl through 84. 

7. Strongly h;;drolyzed each DNP-peptide to give free 

amino ac;c!!:. 

8. Identified ~-.e amino acids in each peptide with paper 

chromalof;r:\phy. 

The results were as follows: 

Bl: a-DNP-phenylalanine only 

82: a-DNP-phcnylalan.ine; valine 
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B3: nspartlc acid; a-DNP-phenylalanine; vallne . 

84: aspartic acid; gJutamlc acid; a-DNP-phenylalanme; 

Valine 
(c) Based on these data, what are the flJ'St four (amino­

tenninal) amino acids of the B chain? E,cplaln your reasoning. 

(d) Does this result match the known sequence or bovine 

Insulin (Fig. 3-24)? Explain any discrepancies. 
Sanger and colleagues used these and related methods to 

determine the entire sequence of the A and B chains. Their 

sequence for the A chain was as follows: 

I 5 10 

Gly-Ile-Val-Glx-Glx-Cya-Cya--Ala-Ser-Val-
111 20 

Cy&-Ser-Leu-Tyr-Glx-Leu-Glx-Asx-Tyr-Cya--Asx 

Because acid hydrolysis had converted all Asn to Asp and all 

Gin to Glu, these residues had to be designated Asx and Glx, 

respectively (exact identity in the peptide unknown). Sanger 

solved this problem by using protease enzymes that cleave 

peptide bonds, but not the amide bonds In Asn and Gin resi­

dues, to prepare short peptides. He then detennlned the num­

ber of amide groups present in each peptide by measuring the 

NHt released when the peptide was acid-hydrolyzed. Some of 

the results for the A chain are shown below. The peptides may not 

have been completely pure, so the numbers were approximate-­

but good enough for Sanger's purposes. 

Peptide Number of amide 

name Peptide sequence groups In peptide 

Acl Cys-Asx 0.7 

Apl5 Tyr-Glx-Leu 0.98 

Apl4 Tyr-Glx-Leu-Glx 1.06 

Ap3 Asx-Tyr-Cys-Asx 2.10 

Apl Glx-Asx-Tyr-Cys-Asx 1.94 

Ap5pal G)y-Ile-Val-Glx 0.15 

Ap5 Gly-Ile-Val-Glx-Glx-Cys-Cys-

Ala-Ser-Val-Cys-Ser-Leu 1.16 

(e) Based on these data, detennine the amino acid 

sequence of the A chain. Explain how you reached your answer. 

Compare it with Figure 3-24. 
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(Fig. 2). The interaction of Prp& with PrPc 
sheets rts the latter to PrpSc, initiating a domino effect 
~onv~ h more and more of the brain protein converts 
ifl w ~sease-causing form. The mechanism by which 
to theresence of Prp& leads to spongif orm encepha­
the f is not understood. 
}opal hYiflherited forms of prion diseases, a mutation in 

n ne encoding PrP produces a change in one 
the. !e acid residue that is believed to make the con­
~ n of PrPc to Prp& more likely. A complete 
ve~to tandin8 of prion diseases awaits new informa­
~ ersn how prion protein affects brain function. 
uon ~ural information about PrP is beginning to pro­
s:cinsights into th~ molecular process that _allows 
VI non proteins to mteract so as to alter their con­
the p tion (Fig. 2). The significance of prions may 
for;3 d well beyond spongif orm encephalopathies. 
t~~nce is building that prionli.ke proteins may be 

VI onsible for additional neurodegenerative diseases rest as multiple system atrophy (MSA), a disease 
sue kin dis that resembles Par son ease. 

FIGURE 2 Structure of the globular domain of human PrP and models 
of the misfolded, disease-causing conformation Prf>5<, and an aggre­
gate of PrPSc. The a helices are labeled to help illustrate the conforma­
tional change. Helix A is incorporated into the P.sheet structure of the 
misfolded conformation. [Sources: Human PrP from PDB ID lQLX, 
R. Zahn et al., Proc. Natl. Acad. Sci. USA 97:145, 2000. Models from 
c. Govaerts et al., Proc. Natl. Acad. Sci. USA 101:8342, 2004.] 

■ For many proteins, folding is facilitated by 
Hsp70 chaperones and by chaperonins. Disulfide­
bond formation and the cis-trans isomerization of 
Pro peptide bond.~ arc catalyzed by specific 
enzymes. 

■ Protein misfolding is the molecular basis of a wide 
range of human diseases, including the amyloidoses. 

I KeyTerms 
'lerms in bold are defined in the glossary. 

conformation 116 circular dichroism (CD) 
Dative conformation 116 spectroscopy 125 
hydrophobic effect 1 J 6 tertiary structure 125 
&olvalion layer 116 quaternary structure 125 
peptide group 118 ftbroUB proteins 125 
flamachanctran plot 119 globular proteins 125 
leconctary structure 119 a-keratin 126 
<thelix 120 
/j conronnation 123 
/Jsheet 123 
/jturn 123 

1111111. 

collagen 127 
silk fibroin 130 
Protein Data Bank 

(PDB) 132 
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Human prlon protein (PrP) 

Helix A 

PrpC PrPSc (model) 

I 
ix B 

HelixC 

Aggregate of PrPSc (model) 

motifl33 
fold 133 
domain 137 
intrinsically disordered 

proteins 138 
topology diagram 140 
protein family 141 
multimer 141 
ollgomer 141 
protomer 141 
proteostasis 142 
denaturation 143 

renaturation 144 
chaperone 146 
Hsp70 146 
chaperonin 146 
protein disulfide isomerase 

(POI) 147 
peptide prolyl cis-trans 

isomerase (PPI) 147 
amyloid 147 
amyloidoses 147 
autophagy 148 
prion 150 

1 Problems , '"' 

Properties of the Peptide Bond In x-ray studies of 
crystalline peptides, Linus Pauling and Robert Corey found 
that the C-N bond in the peptide link is intermediate in 
length (1.32 A) between a typical C-N single bond (1.49 A) 
and a C=N double bond (1.27 A). They also found that the 
peptide bond is planar (all four atoms attached to the C-N 
group are located in the same plane) and that the two a -carbon 
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atoms attached to the C-N are always trans to each other ( on 

opposite sides or the peptide bond). 

(a) What does the length or the C-N bond in the peptide 

linkage indicate about its strength and its bond order (i.e., 

whether it is single, double, or triple)? 

(b) Whal do the observations of Pauling and Corey tell us 

about the ease of rotation about the C-N peptide bond? 

2. Structural and Functional Reladomllip9 ID Fibrous 

Prote.lna William Astbury discovered that the x-ray diffraction 

pattern or wool shows a repeating structural unit spaced about 

6.2 A along the length of the wool fiber. When he steamed and 

stretched the wool, the x-ray pattern showed a new repeating 

structural unit at a spacing or 7 .0 A. Steaming and stretching 

the wool and then letting it shrink gave an x-ray pattern con­

sistent with the original spacing of about 5.2 A. Although these 

observations provided important clues to the molecular struc­

ture or wool, Astbury was unable to interpret them at the time. 

(a) Given our current understanding of the structure of 

wool, interpret Astbury's observations. 

(b) When wool sweaters or socks are washed in hot water 

or heated in a dryer, they shrink. Sillc, on the other lwld, does 

not shrink under the same conditions. Explain. 

3. Rate or Synthesis or Hair a-Keratin Hair grows at a 

rate of 16 to 20 cm/yr. All this growth is concentrated at the 

base of the hair fiber, where o-keratin filaments are synthesized 

inside living epidennal cells and assembled into ropelilce struc­

tures ( see Fig. 4-11) . The fundament.al structural element of 

a-keratin is the a helix, which has 3.6 amino acid residues per 

tum and a rise or 6.4 A per tum (see Fig. 4-4a). As&unil1g that 

the biosynthesis or a-helical keratin chains is the rate-limiting 

facLor in the growth or hair, calculate the rate at which peptide 

bonds of a-keratin chains must be synthesized (peptide bonds 

per second) to account for the observed yearly growth of hair. 

v!~ Effect or pH on the Conformation or a-Helical 

Secondary Structures The unfolding of the a helix of a poly­

peptide to a randomly coiled confonnation is accompanied by 

a large decrease in a property called specific rotation, a meas­

ure of a solution's capacity to rotate circularly polarized light. 

Po)yglutamate, a polypeptide made up of only 1rGlu residues, 

has the a-helix confonnation at pH 3. When the pH is raised w 
7, there is a large decrease in the specific rotation of the solu­

tion. Similarly, polylysine (trLys residues) is an a helix at pH 

IO, but when the pH is lowered to 7 the specific rotation also 

decreases, as shown by the following graph. 

----~ - a Helix 

C 

:8 
"' 0 .. 

Poly(Glu) r - a Helix 

.g "' l Random 
'ij conformation 
QI 
0. 

VI 
Poly(lys) 

_____ .,,) - Random conformation 

0 2 4 6 8 10 12 14 

pH 

What is the explanation for the effect of the pH changes on lhe 

confonnations of poly(Glu) and poly(l.qs )? Why d~ the lnn­

si.tion occur over such a naITOW range of pH? 

t;'-' Dlsulllde Bonds Determine the Properties or 1111J 
Proteins Some natural proteins are rich in disulfide bonds, 
and their mechanical properties (tensile strength, Viscosltt 
hardness, etc.) are correlated with the degree of disullide 

bonding. 
(a) Glutenin, a wheat protein rich in disulfide bonds, b 

responsible for the cohesive and elastic character of d~ 

made from wheat flour. Similarly, the hard, tough nature " 

tortoise shell is due to the extensive disullide bonding in 11 
a-keratin. What is the molecular basis for the correlation 

between disulfide-bond content and mechanical prope~" 

the protein? 
(b) Most globular proteins are denatured and lose lll!i 

activity when brieflY heated to 65 •c. However, globular pro­

teins that contain multiple disulfide bonds often must be 

heated longer at higher temperatures to denature them. ~ 

such protein is bovine pancreatic trypsin inhibitor (BPnj 
which has 58 amino acid residues in a single chain illld ~ 
tains three disulfide bonds. On c~~ a solution of denatund 

BPTI, the activity of the protein 1s restored. What is ~ 

molecular basis for this property? 

6. Dihedral Angles A series ~f torsion angles, ip and VJ, U. 
might be taken up by the peptide backbone is shown bebt 
Which of these closely corres~nd to IP and 7/J for an ideali7.ed 

collagen triple helix? Refer to Figure 4-9 as a guide. 

(a) (bl 
r1 ~ 

(c) (dJ (e) (0 

i)<Amino Acid Sequence and P:r,;-1ein Structure'­
growing understanding of how protei11:, fold allows researi. 
ers w make predictions about protein s;.ructure based on . 

mary amino acid sequence data. Con:;idcr the folloWU18 ~ 
.d 8llill 

ac1 sequence. 

1 2 3 4 6 6 7 8 9 10 

Ile-Ala-His-Thr-'lyr-Gly -Pro-Phe-Glu-AJa. 

11 12 18 14 16 16 17 18 19 20 

Ala-Met-Cye- Lys- 'Irp-Glu -Ala -Gin -Pro-Aap. 

21 22 23 24 26 26 27 28 

Gly-Met-Glu-Cys-Ala-Phe-His-Arg 

(a) Where might bends or (J turns occur? 

(b) Where might intrachain disulfide cross-linl, •• 
fonned? -""'lies ~ 

( ~) 1'.55~ that this sequence is Part of a larger~~ 

protein, mdicate the probable location ( extema1 ""··· 
. te . f h 6

""141.?1 
m nor o t e protein) of the following amino acid resm,s 



Asp, JJe, Thr, Ala, Gln, l.qs. Explain your reasoning. (Hint: See 
the l\ydropathy Index In Table 3-1.) 

s. Bacteriorhodopsln in Purple Membrane Proteins 
Under the proper environmental conditions, the salt-loving ar­
chaeon Halobacterium halobium synthesizes a membrane 
protein (M, 26,000) known as bacteriorhodopsin, which is pur­
ple because it contains retinal (see Fig. 10-20). Molecules of 
this protein aggregate into "purple patches" in the cell mem­
brane. Bacteriorhodopsin acts as a light-activated proton 
pump that provides energy for cell functions. X-ray analysis of 
this protein reveals that it consists of seven parallel a-helical 
segments, each of which traverses the bacterial cell membrane 
(thickness 45 A). Calculate the minimum number or amino 
acid residues necessacy for one segment of a helix to traverse 
the membrane completely. Estimate the fraction of the bacte­
riorhodopsin protein that is involved in membrane-spanning 
helices. (Use an average amino acid residue weight of 110.) 

9. Protein Structure Terminology Is myoglobin a motif, 
a domain, or a complete three-dimensional structure? 

c-1"· Interpreting Ramachandran Plots Examine the two 
proteins labeled (a) and (b) below. Which of the two Ra­
machandran plots, labeled (c) and (d), is more likely to be 
derived from whlch protein? Why? (Sources: (a) PDB ID lGWY, 
J. ~- Mancheno et al., Strocture 11:1319, 2003. (b) PDB ID 
1A6M, J. Vojtechovsky et al., Biophys. J. 77:2153, 1999.) 

(!l) (c) +180 

120 

" 
60 

"' Cl) 

~ : 0 
"'O 
'-' 
-i). 

-60 

-120 

-180 
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\...l¥. Pathogenic Action of Bacteria That Caoae Gu 
Gangrene The highly pathogenic anaerobic bacterium 
Clostridium peifringens is responsible for gas gangrene, a con­
dition in which animal tissue structure Is destroyed. This bacte­
rium secretes an enzyme that efficiently catalyzes the hydrolysis 
of the peptide bond indicated in red: 

-X-Gly- Pro- Y- H,0 
- ♦ -X-COO + H3N- Gly-Pro- Y-

where X and Y are any of the 20 common amino acids. How 
does the secretion of this enzyme contribute to the invasive­
ness or this bacterium in human tissues? Why does this enzyme 
not affect the bacterium itself? 

12. Number of Polypeptide Chalna In a MuJtiaubunlt Pro­
tein A sample (660 mg) of an ollgomeric protein of M, 132,000 
was treated with an excess ot l-Ouoro-2,4-dinitrobenzene 
(Sanger's reagent) under slightly alkaline conditions until the 
chemical reaction was complete. The peptide bonds of the pro­
tein were then completely hydrolyzed by heating it with concen­
trated HCI. The hydrolYsate was found to contain 6.5 mg of the 
following compound: 

~ -
.. . 

-180 0 +180 

(b) (d) +180 

120 

60 

-60 

-120 

cf, (degrees) 

I 
I 

i ~ 

-180 __ 1!!1111..____L___J..__ _ _J 
-180 0 +180 

cf, ( degrees) 
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2,4-Dinitrophenyl derivatives of the a-amino groups of other 
amino acids could not be found. 

(a) Explain how Ulis informaUon can be used to determine 
Lhe number of polypeptide chains in an oligomeric protein. 

(b) Calculale the nwnbcr of pQlypcptide chains in I.his 
protein. 

(c) What other analytic technique could you employ to 
deLennine whether the Polypeptide chains in this protein are 
similar or different? 

03. Pre~c~g Seco~dary Structure Which of tlte follow­
mg P<'Ptides IS more likely to take up an a -helical structure, 
and why? 

(a) LKAENDEAARAMSEA 
(b) CRAGGFPWDQPGTSN 

~ 14. Amyloid Fibers in Disease Several small aro­
L.LJ maUc molecules, such as phenol red (used as a non­
toxic drug moclel), have been shown to inhibit the fonnation of 
amyloid in laboratory model systems. A goal of the research on 
Lhese small aromatic compQwlds is to fmd a drug that would 
eifl<.:iently inhibit Lhe formation of amyloid in the brain in peo­
ple with incipient Alzheimer disease. 

(a) Suggest why molecules with aromati.c substituents 
would disrupt Lhe formation of amyloid. 

(b) Some researchers have suggested lhat a drug used to 
treat Alzheimer disease may also be effective in treating type 2 
(non-insulin-dependent) diabetes mellitus. Why might a single 
drug be effective in treating these two different conditions? 

I Biochemistry Online 

15. Protein Modeling on the Internet A group of patients 
with Crohn disease (an inflammatory bowel disease) w1der­
went biopsies of their intestinal mucosa in an attempt to iden­
tify the causalive agent. Researchers identified a protein that 
was present at higher levels in patients With Crohn disease than 
in palient.s with an wrrelated inflammatory bowel disease or in 
unaffected controls. The protein was isolated, and lhe following 
partial amino acid sequence was obtained (reads left to right): 

EAFJLCPDRCI 
SQRIQTNNNP 
FQVTVRDPSG 
TAELKJCRVN 
KEDIEVYFTG 
VFRTPPYADP 
SEPMEFQYLP 
SlMKKSPFSG 
VPKPAPQPYP 

HSFQNLGJQC 
FQVPIEEQRG 
RPLRLPPVLP 
RNSGSCLGGD 
PGWEARGSFS 
SLQAPVRVSM 
DTDDRHRTEE 
PTDPRPPPRR 

VKKRDLEQAI 
DYDLNAVRLC 
HPIFDNRAPN 
EIFLLCDKVQ 
QADVHRQVAI 
QLRRPSDREL 
KRKRTYETFK 
IAVPSRSSAS 

(a) You can identify this protein using a protein database 

such as UniProt (www.uniprot.org). On the home page, click 
on the link for a BLAST search. On the BLAST page, enter 
about 30 residues from the protein sequence in the appropri­

ate search field and submit it for analysis. What does this anal­
ysis tell you about the identity of the protein? 

(b) Try using different portions of the amino acid 

sequence. Do you always get the same result? 

(c) A variety of websites provide information about~ 
. F' d ·ntormatton three-dimensional structure of proteins. m 1 

ary struc-
about the protein's secondary, tertiary, and quatem nk 
tures using database sites such as th e Protei.n Data Ba 
(PDB; www.pdb.ol'g) or Stnictural Classification of Prat.elm 

(SCOP2; llttp://scop2.mrc-lmb.cam.ac.uk). 
( d) In the course of your Web searches, what did you learn 

about the cellular function of the protein? 

0 Data Analysis Problem 

16, Mirror-Image Proteins As noted in Chapter 3, "The 
amino acid residues in protein molecules are exclusively L ste­
reoisomers." lt is not clear whether this selectivity is necessarY 
for proper protein function or is an accident of evolution. To 
explore this question, Milton and colleagues (1992) published 
a study of an enzyme made entirely of o stereoisomers. The 
enzyme they chose was HIV protease, a proteolytic enzyme 
made by HN that converts inactive viral preproteins to their 

active fonns. 
Previously, Wlodawer and coworkers (1989) had reported 

the complete chemical synthesis of HN protease from 
L-amino acids (the L-enzyme), using the process shown in 
Figure 3-32. Normal HN protease contains two Cys residues, 
at positions 67 and 95. Because chemical synthesis of pro- ' 
teins containing Cys is technically difficult, Wlodawer and 
colleagues substituted the synthetic amino acid L-a:-amino-n­
butyric acid (Aba) for the two Cys residues in the protein. In 
the authors' words, this was done to "reduce synthetic difli. 
culties associated with Oys deprotection and ease product 

handling." 
(a) The structure of Aba is shown below. Why was this a 

swtable substitution for a Cys residue? Under what circwn­
stances would it not be suitable? 

-o 0 ,~ 
C 
I 

H-C-CH2-Cl·!3 
I 

+NH3 

t-a-Amino-n-butyric ac.id 

Wlodawer and coworkers denalurcd Urn newly synthe­
sized protein by dissolving it in 6 M g11anitline HCI and then 
allowed il to fold slowly by dialyzing away the guanidine 
against a neutral buffer (10% glycerol, 25 mM NaH2POJ 
NazHPO◄, pH 7). 

(b) There are many reasons to predict that a protein syn. 
thesized, denatured, and folded in th.is 1ttaJmer would not be 
active. Give three such reasons. 

(c) Interestingly, the resulting L-protease was active. What 
does this finding tell you about the role of disulfide bonds in 
the native HIV protease molecule? 

In their new study, Milton and coworkers synthesized liIV 
protease from o-amino acids, using the same protocol as Ute 
earlier study (Wlodawer et al.). Formally, the re are three pos. 

sibilities for the folding of the D-protease: it would be (1) Ute 



same shape as the 1rprotease, (2) the mirror Image of the 
L-protease, or (3) something else, possibly inactive. 

(d) For each possibility, decide whether or not it is a likely 
outcome, and defend your position. 

In fact, the o-protease was act.ive: it cleaved a particular 
synthetic substrate and was inhibited by specific inhibitors. To 
ex:uni ne the structure of the D· and 1renzyrnes, Milton and 
coworkers tested both forms for activity with o and L fonns of 
a chiral peptide substrate and for inJlibition by o and L fonns of 
a chiral peptide-analog inhibitor. Both forms were also tesl.ed 
for jnl\ibition by the achiral inhibitor Evans blue. The findings 
are given in the table. 

lnhlbltio.1 

Substrate Peptide 
Evans hydrolysis lllhlbitor 

HIV ------- ------- blue 
,rotease 1>-SUbstrat.e wubstrate l),iDJuoltor 1rlnhlbltor ( achiral) 

1rprotease 
o-protease + 

+ 
+ 

+ + 
+ 
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(e) Which or the three models proposed above is sup­
ported by these data? Explain your reasoning. 

(f) Why does Evans blue Inhibit both forms or the 
protease? d' h 

(g) Would you expect chyrnotrypsin lo ,geSl t e 
D-protease? Explain your reasonin8• . . 

(h) Would you expect tot.al synthesis from o-am~o acids 
followed by renaturation to yield active enzyme or any 
enzyme? Explain your reasoning. 
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chemical synthesis of a 1>-enzyme: the enantiomers of HIV-I 
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'nun filaments also contain a large protein called nebulln 
C ~7,000 amino acid residues), thought to bestrudmedas 
an o helix that is long enough to span the length of the fila­
menl The M line similarly organizes the thick filaments. It 
contains the proteins paramyosln, C-protein, and 
M-prot.eln. Another cws of proteins called titins, the 
largest single polypeptide chains discovered thus far (the 
tit.in of human cardiac muscle has 26,926 amino acid resi­
dues), link the thick filaments to the Z disk, providing 
additional organization to the overall structure. Among 
t.heir structural functions, the proteins nebulin and ti.tin 
are believed to act as "molecular rulers," regu]ating the 
length of I.he t.hin and thick filaments, respectively. Titin 
extends from the Z disk to the M line, regulating the length 
of the sarcomere itself and preventing overextension of 
the muscle. TI1e characteristic sarcomere length varies 
from one muscle tissue to the next in a vertebrate, largely 
due to the different titin variants in the tissues. 

Myosin Thick Filaments Slide along Actin 
Thin Filaments 
The interaction between actin and myosin, like that 
between all proteins and ligands, involves weak bonds. 
When ATP is not bound to myosin, a face on the myosin 
head group binds tightly to actin (Fig. 5-31). When ATP 
binds to myosin and is hydrolyzed to ADP and phosphate, 
a coordinated and cyclic series of confonnational changes 
occurs in which myosin releases the F-actin subwlit and 
binds another subunit farther along the thin filament. 

The cycle has four major steps (Fig. 5-31). In step 
8, ATP binds to myosin and a cleft in the myosin mole­
cule opens, disrupting the actin-myosin interaction so 
Lhat the boWld actin is released. ATP is then hydrolyzed 
in step 8, causing a confonnational change in the pro­
tein to a Mhigh-energy" state that moves the myosin head 
and changes its orientation in relation to the actin thin 
filament. Myosin then binds weakly to an F-actin subtmit 
closer to I.he Z disk than the one just released. As the 
phosphate product of ATP hydrolysis is released from 
myosin in step f), another confonnational change occurs 
in which the myosin cleft closes, strengthening the myo­
sln-actin binding. This is followed quickly by step 0, a 
Mpower stroke" during which the confonnation of the 
myosin head returns to the original resting state, its ori­
entation relative to the bound actin changing so as to pull 
the tail of the myosin toward the Z disk. ADP is then 
released to complete the cycle. Each cycle generates 
about 3 to 4 pN (piconewt.ons) of force and moves the 
thick filament 5 to 10 nm relative to the thin filament. 

Because there are many myosin heads in a thick fila­
ment, at any given moment some (probably 1 % to 3%) are 
bound to thin filaments. This prevents thick filaments from 
slipping backward when an individual myosin head releases 
the actin subunit to 'which it was bound. The thick filament 
thus actively slides f ozward past the adjacent thin fila­
ments. This pl"OCe$, coordinated among the many sarco­
meres in a muscle fiber, brings about muscle contraction. 

0 

~'- } Actln 
filament 

ATP binds to myosin head, 
causing dissociation 
lromactln. 

Myosin 
thick 
filament 

~ ~ 
0 I 

0 

0 

As tightly bound ATP Is hydrolyzed, 
a conformational change occurs. 
ADP and P1 remain associated 
with the myosin head. 

Myosin head attaches 
to actin filament, 
causing release of P1• 

P1 release triggers a "power stroke; 
a confOt'mational change In the myosin 
head that moves actin and myosin 
filaments relative to one another. 
ADP Is released In the process. 

FIG.URE 5·31 M_olecular mechanism of muscle contraction, Confor. 
mat1onal changes in the myosin head that are coupled to st . 
AT . ages in the 

~ hydrol~ic cycle cau:se myosin to successively dissociate frorn one 
actin. subunit. then associate with another farther along the actin filament. 
In this way, the myosin heads slide along the thin filaments d . 
th' k fl . , rawing Ill 

ic I ament array into the thin filament array (see Fig. 5-30). 



Tropomyosin Troponin C Troponin T 

Actin Troponin I 

FIGURE 5·32 Resulatlon of muscle contraction by tropomyosin and 
troponln. Tropomyosin and troponin are bound to F-actin in the thin fila­

ments. In the relaxed muscle, these two proteins are arranged around the 

actin filaments so as to block the binding sites for myosin. Tropomyosin is 

a two-stranded coiled coil of o helices, the same structural motif as in 

a-keratin (see Fig. 4 -11). It forms head-to-tail polymers twisting around 

the two actin chains. Troponin is attached to the actin-tropomyosin 

complex at regular intervals of 38.5 nm. Troponin consists of three 

different subunits: I, C. and T. Troponin I prevents binding of the myosin · 

head to actin; troponin C has a binding site for Ca
2

\ and troponin T links 

the entire troponin complex to tropomyosin. When the muscle receives a 

neural signal to initiate contraction, Ca2+ is released from the sarco­

plasmic reticulum (see Fig. 5-29a) and binds to troponin C. This causes a 

conformational change in troponin C, which alters the positions of 

troponin I and tropomyosin so as to relieve the inhibition by troponin I 

and allow muscle contraction. 

The interaction between actin and myosin must be 
regulated so that contraction occurs only in response to 
appropriate signals from the netvous system. The regula­
tion is mediated by a complex of two proteins, tropomyo­
sin and troponin (Fig. 5-32). Tropomyosin binds to the 
thin .filament, blocking the attachment sites for the myo­
sin head groups. Troponin is a ea2

+ -binding protein. A 
nerve impulse causes release of Ca2

+ ions from the sarco­
plasmic reticulwn. The released ea2

+ binds to troponin 
(another protein-ligand interaction) and causes a confor­
mational change in the tropomyosin-troponin complexes, 
exposing the myosin-binding sites on the thin filaments. 
Contraction follows. 

Working skeletal muscle requires two types of 
molecular funct.l.:.ns that are common in proteins­
binding and catalysis. The actin-myosin interaction, a 
protein-ligand intffaction like that.of immunoglobulins 
with antigens, is n'versible and leaves the participants 
unchanged. When ATP binds myosin, however, it is 
hydrolyzed to ADP and P1• Myosin is not only an actin­
binding protein, it is also an ATPase-an enzyme. The 
function of enzymes in catalyzing chemical transfonna­
tions is the topic of the next chapter. 

SUMMARY 5.3 Protein Interactions Modulated by 
Chemical Energy: Actin, Myosin, and Molecular Motors 
■ Protein-ligand interactions achieve a special degree 
of spatial and temporal organization in motor proteins. 
Muscle contraction results from choreographed 
interactions between myosin and actin, coupled to the 
hydrolysis of ATP by myosin. 

I Myosin consists of two heavy and four light chains, 
forming a fibrous coiled coil (tail) domain and a 
globular (head) domain. Myosin molecules are 
organized into thick filaments, which slide past thin 
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filaments composed largely of actin. ATP hYdrolysis in 
myosin is coupled to a series of conformational changes 
in the myosin head, leading to dissociation of myosin 
from one F-actin subunit and its eventual reassociation 
with another, farther along the thin filament. The 
myosin thus slides along the actin filaments. 

■ Muscle contraction is stimulated by the release of 
Ca2

+ from the sarcoplasrnic reticulum. The Ca2+ binds 
to the protein troponin, leading to a conformational 
change in a troponin-tropomyosin complex that 
triggers the cycle of actin-myosin interactions. 

&1 KeyTerms ~ 
Terms in bold are defined in the glossary. 
ligand 157 immunoglobulln 
binding site 157 B lymphocyte or 
induced lit 157 B cell 174 
hemoglobin 158 T lymphocyte or 
heme 158 Teen 174 
porphyrln 158 antigen 175 
heme protein 158 epitope 175 
globins 159 hapten 176 
equilibrium expression 160 immunoglobulin fold 
association constant, K. 160 polyclonal 
dissociation constant, antibodies 177 

K• 160 monoclonal 
allosteric protein 166 antibodies 177 
modulator 166 ELISA 178 
Hill equation 167 
Bohr effect 170 
immune response 17 4 
lymphocytes 174 
antibody 174 

[I Problems 

lmmunoblotting 
Western blotting 
myosln 179 
actin 179 
sarcomere 179 

174 

176 

178 
178 

1. Relationship between Affinity and Dlss~iation 
Constant Protein A has a binding site for ligand X with a K 
of 10-e M. Protein B has a binding site for ligand x with a Kd 

of 10-9 
M. Which protein has a higher affinity for ligand X; 

Explain your reasoning. Convert the Kd to K. for both proteins. 

/4. Negative Cooperativity Which of the following situa­
tions would produce a Hill plot with n" < 1.0? Explain your 
reasoning in each case. 

. (a) The protein has multiple subunits, each with a single 
ligand-binding site. Binding of ligand to one site decreases the 
binding affinity of other sites for the ligand. 

(b) The protein is a single polypeptide with two ligand­
binding sites, each having a different affinity for the ligand. 

(c) The protein is a single polypeptide with a single 
ligand-binding site. As purified, the protein preparation is 
heterogeneous, containing some protein molecules that are 
partially denatured and thus have a lower binding affinity for 
the ligand. 
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/4 Hemoglobin's Amnity ror (nygen What is the effect of 

the following clwiges on the 02 affinity of hemoglobin? (a) A 

drop in the pH or blood pl&rna from 7.4 to 7.2. (b) A decrease in 

Ule partial pressure of~ in the lungs from 6 kPa (holding one's 

breath) to 2 kPa (normal breathing). ( c) An increase in the BPG 

levcl from 6 mM (normal altitudes) to 8 mM (high altitudes). (d) 

An inc.-roase in CO from 1.0 part, per million (ppm) in a normal 
Indoor atmosphere to 30 ppm in a home that has a malfunction• 
ing or leakiJig furnace. 

,. Reversible Ligand BlndJng I The protein catcineurin 
binds to the protein calmodulin with an association rate of 
8.9 x I oa M-•s-• and an overall dissociation constant, Kd, of 

JO nM. Calculate the dissociation rate, kd, including appropri­
ate unil.s. 

15. Reversible Ligand Binding II A binding protein binds 
to a ligand L with a Ka or 400 nM. What is the concentration or 
ligand when Yis (a) 0.25, (b) 0.6, (c) 0.95? 

/6. Reversible Ligand Bindlng III Three membrane 

receptor proteins bind tighUy LO a hormone. Based on the data 
In I.he table below, (a) what is the Kd for hormone binding by 
protein 2? (Include appropriate units.) (b) Which of these pro­

teins binds rrwst tightJy to this honnone? 

Uormone 
y 

concentraUon (1111) Protein l Protein 2 Protein 3 

0.2 0.048 0.29 0.17 
0.6 0.11 0.5 0.33 

0.2 0.67 0.5 
4 0.5 0.89 0.8 

10 0.71 0.95 0.91 

20 0.83 0.97 0.95 
60 0.93 0.99 0.98 

7. Cooperativity in Hemoglobin Under appropriate 

conditions, hemoglobin dissociates into its four subunits. 

The isolated a subunit binds oxygen, but the O2-saturation 

curve is hyperbolic rather than sigmoid. ln addition, Lhe 

binding of oxygen Lo the isolated a subunit is not affected by 

the presence of W, CO2, or BPG. What do these observa­

tions indicate about the source of the cooperativity in 

hemoglobin? 

✓8. Comparison of Fetal and Maternal Hemoglo­

bins Studies of oxygen transport in pregnant mammals 

show that the O2-saturation curves of fetal and maternal 

blood are markedly different when measured under the 

same conditions. Fetal erythrocytes contain a structural 

variant of hemoglobin, HbF, consisting of two a and two 'Y 

subunits (a2-y2), whereas maternal erythrocytes contain 

HbA (a21Ji). 
(a) Which hemoglobin _has a higher a(ffility for oxygen 

under physiological conditions, HbA or HbF? Explain. 

(b) What is the physiological significance of the different 

02 affinities? 
( c) When all the BPG is carefully removed from samples of 

HbA and HbF, the measured 02-saturation curves (and conse-

quenUy the Oz affinities) are displaced LO U1e left. However, HbA 

now has a greater affinity for oXYgen than does HbF. When BPG 

is reintroduced, tlle Oz-saturation curves return to normal, as 

shown in I.he graph. What is the effect of BPG on the Oz affinity or 
hemoglobin? How can the above information be used to explain 
the diITerent Oz affinities or fetal and maternal hemoglobin? 

1.0 - - ------=== ... __ ----------.... ""1 --­,.--
~ 

,1~ HbF 
I +BPG 

I 

y 0.5 
I 
I 

I 
I 

I 
I 

I 
I 

O ~ ----L2 __ _.1.4 __ _.1.6 __ __._8 _ _ ...JlO 

p02 (kPa) 

✓j ~. ·-1 9. Hemoglobin Variants There are _almost 500 natu-
~ rally occurring variants of hemoglobin. Most are the 

result of a single amino acid substitution in a globin polypep. 

tide chain. Some variants produce clinical illness, though not 
all variants have deleterious effects. A brief sample follows. 

Hb.S (sickle cell Hb): substitutes a Val for a Gluon the surface 

Hb Cowt.own: eliminates an ion pair involved in T-state 

stabili7.ation 
Hb Memphis: substitutes one uncharged polar residue for an-

other of similar size on the surface 
Hb Bibba: substitutes a Pro for a Leu involved in an a helix 

Hb Milwaukee: substitutes a Glu for a Val 
Hb Providence: substitutes an Asn for a Lys that nonnally pro­

jects into the central cavity of the tetramcr 

Hb Philly: substitutes a Phe for a Tyr, disrupting hydrogen 

bonding at the 0 1/)1 interface 

Explain your choices for each of th~ following: 

(a) The Hb variant least likely t.c cause pathological 

symptoms. 
(b) The variant(s) most likely to show pl values different 

from that of HbA on an isoelectric focusing gel. 

(c) The variant(s) most likely to show a decrease in BPG 
binding and an increase in the overaJJ affinity of the hemo­

globin for oxygen. 

10. Ox)'gen Binding and Hemoglobin Structure A team 

of biochemists uses genetic engineeri11g to modify the interface 

region between hemoglobin subunits. Tl1e resulting hemo­

globin variants exist in solution primarily ai; o:{J dimers (few, if 

any, o:JJ.i. l.etramers fonn). Are these variants likely to bind 

oxygen more weakly or more tighUy? Explain your answer. 

11. Reversible (but 'Ilght) Binding to an Antibody An 
tibody binds to an antigen with a Kd of 5 x I o-8 M. At what co: 
cent.ration of antigen will Ybe (a) 0.2, (b) 0.5, (c) 0.6, {d) 0.8? 

12. Using Antibodies to Probe Structure-FuncUoa 

RelatioDBhips in Proteins A monoclonal antibody binds to 



G-actJn but not to F-actin. What does this teU you about the 
epitope recognized by the antibody? 

t ~ 13. The Immune System and Vacc.lnes A host or­
V W ganism needs time, oil.en days, to mount an immune 

response against a new antigen, but memory cells pennit a rapid 
response to pathogens previously encountered. A vaccine to 
protect against a particular viral infection often consists of 
weakened or killed virus. or isolated proteins from a viral protein 
coat. When injected into a person, the vaccine generally does 
not cause an infection and illness, but it effectively 'teaches" the 
immune system what the viral particles look like, stimulating 
the production of memory cells. On subsequent infection, these 
cells can bind to the virus and trigger a rapid immWle response. 
Some pathogens, including HN, have developed mechanisms to 
evade the immune system, making it difficult or impossible to 
develop effective vaccines against them. What strategy could a 
pathogen use to evade the immune system? Assume that a 
host's antibodies and/or T-cell receptors are available to bind to 
any structure that might appear on the surface of a pathogen 
and that, once bound, the pathogen is destroyed. 

14. How We Become a "Stiff" When a vertebrate dies, its 
muscles stiffen as they are deprived of ATP, a state called 
rigor mortis. Using y,our knowledge of the catalytic cycle of 
myosin in muscle contraction, explain the molecular basis 
of the rigor state. 

15. Sarcomeres from Another Point of View The symmetzy 

of thick anl'l thin .filaments in a sarcomere is such that six thin fila­
ments ordinarily surround each thick filament in a hexagonal 
array. Draw a cross section (transverse cut) of a IT\YOfibril at the 
following points: (a) at the M line; (b) through the I band; (c) 
through the dense region of the A band; ( d) through the less dense 
region of the A band, a<ljacent to the M line (see Fig. f'>.29b, c). 

I Biochemistry Online 

16. ~sozyme and Antibodies To fully appreciate how pro­
teins function in n n::U, it is helpful to have a three-dimensional 
view of how prote\H:: interact with other cellular components. 
Fortw1ately1 this is possible using Web-based protein data­
bases and three-dimensional molecular viewing utilities such 
as JSmol, a free anti user-fiiendly molecular viewer that is 
compatible with most browsers and operating systems. 

ln this exercise, you will examine the interactions between 
the enzyme lysozyme (Chapter 4) and the Fab portion of the 
anti-lvsozyme antibody. Use the PDB identifier lFDL to ex­

plore the structure of the lgG 1 Fab fragment-lysozyme com­
plex (antibody-antigen complex). To answer the following 
questions, use the infonnation on the Structure Summary 

page at the Protein Data Bank (www.pdb.org), and view the 

structure using JSmol or a similar viewer. 
(a) Which chains in the three-dimensional model corre­

spond to the antibody fragment and which correspond to the 

antigen, lysozyme? 

(b) What type of secondary structure predominates in this 

Fab fragment? 
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(c) How many amino acid residues are In the heavy and 
light chains of the Fab !rag;ment? In lysozyme? Estimate the 
percentage of the lysoeyrne that interacts with the tmtigen­
bincling site of the antibody fragment. 

(d) Identify the specific amino acid residues in lysozyrne 
and in lhe variable regions of the Fab heavy and light cha.ins that 
are situated at the antigen-antibody interface. Are the residues 
contiguous in the primary sequence of the polypeptide chains? 

17. Exploring Antibodies in the Protein Data Banlt Use 
the PDB Molecule of the Month article atwww.rcsb.org/pdb/101/ 
motm.do?momID=21 to complete the following exercises. 

(a) How many specific antigen-binding sites are there on 
the first immunog)obulin image on the Web page (image de­
rived from PDB ID 1 IGT)? 

(b) When a virus enters your lungs, how long does it take 
for you to produce one or more antibodies that bind to it? 

( c) Approximately how many types of different antibodies 
are present in your blood? 

( d) Explore the structure of the immun oglobulin molecule 
(PDB TD llGT) on the Web page by clicking the link in the ar­
ticle or by going direcUy to www.rcsb.org/pdb/explore/explore. 
do?structureld=ligt. Use one of the structure viewers pro­
vided on the PDB site to create a ribbon structure for this im­
munoglobulin. Identify the two light chains and two heavy 
chains, and give them different colors. 

I Data Analysis Problem 

18. Protein Function During the 1980s, the structures of actin 
and myosin were known only at the resolution shown in Figure 
5-28a, b. Although researchers knew that the S1 portion of myo­
sin bound to actin and hydrolyzed ATP, there was a .subst.antial 
debate about where in the myosin molecule the contractile force 
was generated. At the lime, two competing models were pro­
posed for the mechanism of force generation in myosin. 

In the "hinge" model, Sl bound to actin, but the pulling 
force was generated by contraction of the "hinge region" in the 
myosin tail. The hinge region is in the heavy meromyosin por­
tion of the myosin molecule, near where trypsin cleaves off 
light meromyosin (see Fig. 5-27b); this is roughly th.e point 
labeled "Two supercoiled a helices" in Figure 5-27a. In the 
"Sl" model, the pulling force was generated in the SI "head" 
itself and the tail was just for structural support. 

Many experiments were perfonned but provided no conclu­
sive evidence. Then, in 1987, James Spudich and his colleagues 
at Stanford University published a study Lha.t, although not con­
clusive, went a long way toward resolving this controversy. 

Recombinant DNA techniques were not sufficiently devel­
oped to address this issue in vivo, so Spudich and colleagues used 

an interesting in vitro motility assay. The alga Nirella has ex­
tremely long cells, often several centimeters long and about 1 mm 
in diameter. These cells have actin fibers that run along their long 

a'<es, and the cells can be cut open along their length to expose 

the actin fibers. Spudich and his group had obseived that plastic 

beads coated with myosin would "walk" along these fibers in the 

presence of ATP, just as myosin would do in contracting muscle. 
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( u) In an <"cXIWriJncnt. lXI = 6 rnM, o.nd Vo= 480 nM min- •. 
What w~ the (E,J u sed In the f')(f)erirncnt? 

(b) 111 anoth11r a,qwri111c11t., 1El1 = 0.6 /tM, and LJ,e incas­
urcd V0 "" 5 1,M min - 1• Whal, was tne IX) used in I he 
{•xrwrhnent? 

(c) The compound Z ls fouJJd 10 ue a ,,ecy SLT'Clng competi­
Uve l11}1ibitor or Uic <>rrzyme, Y.ilh an o of 10. In an e>.,x,rln1C'nl 
wilh the same (E,J as in (a), !Jul a <.llffcro11L (XJ, an amou111 ofZ 
hi udd1>d 1hal n:duc-.cs v., Lo 240 ,w min- ' . Wh11l is the (:XI in 

lhh; l'XJ)<'rUll('IIL? 

(d) Bu.qcd on I.he kinetic pununi-tcrs given above, has this 
t•nzyt11c c-volved Lo 21cl1icve caIal>1k perfc,ction? E:xplain your 
a1wwcr IJnc0y, using the khwtkp.1.nunc1.cr(s) tJ1at deftM cat.a· 
lylic pcrfocLion. 

13. E11timadon of V..,. and K. by Jn,;pedion Although 
grupl tical m('U1ods are uv-.iilablc for uacurall.' determlna1ion of 
1 h,• V"\IU 1111d J<., or un en?.yn1e-ca1.al.v-wd ~ac1ion (see Box 
6- I), some1Jnws these (ruwttJlil!S c:rui be quickly estimalc•d by 
b1s1>C!Cli11g values of Vu at lncrca.<;ing [SJ. Estim•ai~ LIie Vm., and 
Kin of the r 117->1ur-ca1..t.lyzPd reac;tjon for whl<:h the foJlowing 
daui were ob~ainerl: 

(SJ (M) V0 (µ;M/min) 

2.6 X !V..../1 28 
4.0 X w-o 40 

1 X J0-6 70 
2 ,< 10-r. 95 
4 X l0- 1 J 12 
IX 10-◄ 128 
2X 10-~ l39 
I X J0-2 140 

l 4. Properties of an Enzyme of Prostqlandin Synthesis 
Prosu1glw1dins are II class of eicosanoids, fatly a«id derivatives 
\\~lh o V'.iriely of e.x.Lremcly po1ent actions on ver1iebrate Lis­
sues. They are responsible for producingJever and inOarnma­
lion und its a.ssocinted pain. f>rostagJandlns are de.rived frQrn 

the 2O-carbon fatty acid arachidonic aoid in a reaction cata­
lyzed by U1e enzyme prost.aglanr.lln endoperoxide synthase. 
This enzyme, a cydooxygenase, uses oxygen LO convert a.ra­
chidonlc acid Lo PGG2, the immediate precursor of many dif­
ferent prostaglandins (prosLag!anclin synl.hesis is described in 
Chnpter 21). 

(a) The kinetic data given below are for Ute reaction cata­
lyzed by prostaglandin endoperoxide synU1aise. FocusiJ1g here 

on the fu-st two columns, detemline the V max and Klfl of the 
enzyme. 

Rate of formation 
(Arachidonic Rate or formation of PGG1 with 10 

acidJ ofPGGi mg/mL ibuprofen 
{lllM) (WI miD-1

) (DUI min-1) 

0.5 23.5 16.67 
1.0 32.2 25.25 
1.5 36.9 30.49 
2.5 41.8 37.04 
3.5 44.0 38.91 

(b) Ibuprofen is an inl1ibitor of prostaglandin endopcrox­
lde synthase.. By Inhibiting the sy11U1esis or prostaglandu~ 
ib\Jt>T'ofen reduces inflam.1.naLion and pain. Using the data Ill 
the rirsL and third col\1mns of the table, del.ennine the LYIJe of 
inhibition tt1aL ibuprofen exerts on prostaglandin endoJJero);, 

ide synthase. 

15. Graphical Analysis of V ....,,_ and Krn The following 
e.xperimcntal data were collected during a study of lhe tala• 

l)rtic activity of an intestinal peptidase with the substrate 

glycylgl~•cine: 
Glycylglycine + H2O - 2glycl.ne 

(SI (inlll ) 

1.S. 
2.0 
3.0 
4.0 
8 .. 0 

16.0 

Product formed 
(µmol/Jnln-1) 

0.21 
0.24 
0.28 
0.33 
0.40 
0.45 

Use graphical analysis (see Box 6-1) to d etermine the v, ... and 
Km for this enzyme preparation and ·substrate. 

16. The Eadie-Hofstee Equation There are several ways 

Lo transronn lhe Michaelis-Ment.en equation so as to plot da13 
and derive kinetic parameters, each with different ad9antagl.\t 
dQpendlng o n the dala sel b.elng analyzed. One transJormntiQn 
of the Michaelis-Menten equation is the Lineweaver-Burk, or 
doubJe-reciprocal, equation . Multiplymg both ·sides or the 

Lineweaver-Burk equal.ion by V""'" and rearranging gives lite 
.Eadie-Hofatee equation: 

Vo 
Vo= (-K11,) ISi + Vm<ll{ 

A plot of V0 versus VJIS) for an enzyme-catalyzed reaction is 
shown below; The blue curve was ohtained in Lhe ab~enarol 
inhibitor. Which of the other curw& (A, 8, <_>r C) shows tM 
enzyme activity when a compeliLive I, thibitor was added to the 
reaction mixture? Hint: See Equatic1, 6-30. 

Vo 
[S] 

17. The Turnover Number of Carbonic Anhydrase Oar· 
bonic anhydrase of erytlu-oc.:ytcs (M, 30,000) has one of the 



Jughcst LUmover numbers J..,iown. It cc1lalyzes the reversible 
hydmtio11 or CO.?: 

H:P + CO2 .===!' H2CO~ 

Titis is .u1 important process in the transport of CO..i from Ute tis­
st!CS to the lungs. If 10.0 Jig of pure carbonic anhydnise catalyzes 

11,c llvdration of0.30 g of COi in 1 min at 37 •cat V ITIIL" what is the 

111movernwnber (k~ ofcarbon.icanhydrase (in wtitsormin- 1)? 

l8, Deriving a Rate .Equation for Competitive Inhibi­
tion Tlle rate equation for an enzyme subject to competitive 
inhibiUon is 

V. _ Vmi,xl SJ 
0 

- aKm + (S I 

.Bcginnlng with a new definition of total enzyme as 

[Ed = [El + (ESI + (El) 

and the definitions of o and K1 provided in the text, derive the 
rate equation above. Use the derivation of the ~lichaelis­
Menten equation as a guide. 

19, Irreversible Inhibition of an Enzyme Many enzymes 
are inhibited irreversibly by heavy metal ions such as ttg2•, 
eu2•, or Ag+, which can react with essential sullhydryl groups 
to Conn mercaptides: 

Enz-SH + Ag+ --t Enz-S-Ag + tt+ 

The affinity of Ag+ for sullhydryl groups is so great that Ag+ can 

be used to titrate -SH groups quantitatively. To 10.0 mL of a 
solution containing LO mg/mL of a pure enzyme., an investigator 
added just enough AgNOa to completely inactivate the enzyme. 
A total of 0.342 µmo! of AgNOa was required. Calculate the 
ntlnimwn molecular weight of the enzyme. Why does the value 
obtained in this way give only the minimum molecular weight? 

r:;-J 20. Clinical Application or Di.Jferential Enzyme 
L1J Inhibition l luman blood serum contains a class of 
enzymes known as acid phosphatases, which hydrolyze biologi­
cal phosphate esters under slightly acidic conditions (pH 5.0): 

o- o-
1 I 

R-Q-p-o- + H .:· -- R-OH + HQ-p-o-
11 • 11 

0 0 

Acid phosphatases nre !J1 ~luced by erythrocytes and by the 
Uver, kidney, spleen, :u,tl :•rostale gland. The enzyme of the 
proslale gland is clinic ;illy imporrnnt , because its increased 
aclivily in the blood tan bo un indication of prostate cancer. 
The phosphatru;e from ll1t-' prostate gland is slrongly inhibited 
by 1artrate ion, but ar i1l phosphatases from other tissues are 
not. How can Utis informal 1011 I.le used to develop a specific 
procedure for measuring Lhe activity of lhe acid phosphatase 

of the prostate gland i11 hwnan l>lood serum? 

r.:;=i 21. Inhibition of Carbonic Anhydrase by Aceta• 
W zoliuuide Carbumc anhyclmse JS strongly inhibited by 
I.he drug acetm:olamlde, which is used as a diw-etic (i.e., to in­

crease the production of uriJ1e) and Lo lower excessively high 
pressure in U1e eye ( due to accW11ulation of intraocular fluid) in 
glaucoma. Carbonic anhydrase plays an important role in these 

and other secretory processes because it participates in 

Data Analysis Problem 239 

I • . r vcral body rcgu atmg the pH and bicarbonate content o se 
fluids. The experlme111.al curve of initial rcuctlon velocity (as 

cl reac-percent.agc of Vn...J versus (SJ for the carbonic anhy rose . 
tion is illustmlccl below (upper curve) . \1/hen the experirnc nt ~ 
repeated in the presence of acctazolamide, Lhe lower curve is 
obtained. From an inspection of the curves and your knowledge 
of lhe kinetic properties of compeLltive and mixed enzyme 
inhibitors, determine the nature of the inhibiLion by aceut7.ola­
mide. Explain your reasoning. 

100 r----------------i 

Acetazolamide 

0.2 0.4 0.6 0.8 

[SJ (mM) 

22. The EJrect.s of Reversible Inhibitors Derive the expres­
sion for the effecl of a reversible inhibitor on observed Km ( appar­
ent Km= oK./a'). Start wilh Equalion 6-30 and the statement 
that apparent Km is equivalent to the [SJ at which Vo= V11.J20'. 

23. pH Optimum of l.¥sozyme TI,e active site of lysozyrne 
contains two amino acid residues essential for catalysis: Glu~ and 
Asp52

• The pK. values of the carboxyl side chains of these resi­
dues are 5.9 and 4.5, respectively. What is the ionization state 
{protonated or deprotonated) of each residue at pH 5.2, the pH 
optimwn of lyS<Yzyme? How can the ionization states of these resi­
dues e.xplain the pH-activity profile of lysozyme shown below? 

100 ,---------...,-------, 

4 6 8 10 

pH 

1J Data Analysis Problem 

24. Exploring and Engineering Lactate Dehydroge­
nase Examining the structure of an enzyme can lead to hy­
potheses about the relationship between different amino acids 

in the protein's structure and the protein's function. One way 
to test these hypotheses is to use recombinant DNA technol­

ogy to generate mutant versions of the enzyme and then 
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