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molecules composed of 
amino acids that were 
isolated from the marine 
invertebrate Trididemnum 
solidum. One of the 
amino acids is proline. 
The didemnins exhibit 
antitumor, antiviral, and 
i m m u nosu ppressive 
activity. The group 
labeled "R" in the 
structure is a side chain 
that contains additional 
amino acids.

THE RELATIONSHIP between structure and function reaches its ultimate expression in 
the chemistry of amino acids, peptides, and proteins.

Amino acids are carboxylic acids that contain an amine function. An amide bond 
between the carboxylic acid function of one amino acid and the amino nitrogen of 
another is called a peptide bond.

H3NCHCO H3NCHCO“
R R'

Two a-amino acids

peptide bond
O / O

+ II / II
:3nchc—nhchco-

R R'
Dipeptide

A dipeptide is a molecule consisting of two amino acids joined by a peptide bond. A 
tripeptide has three amino acids joined by two peptide bonds, a tetrapeptide has four 
amino acids, and so on. Peptides with more than 30-50 amino acids are polypeptides. 
Proteins are polypeptides that have some biological function.

The most striking thing about proteins is the diversity of their roles in living systems: 
silk is a protein, skin and hair are mostly proteins, many hormones are proteins, a protein 
carries oxygen from the lungs to the tissues where it is stored by another protein, and all 
enzymes are proteins.

As in most aspects of chemistry and biochemistry, structure is the key to function. We’ll 
explore the structure of proteins by first concentrating on their fundamental building block 
units, the a-amino acids. Then, after developing the principles of peptide structure, we’ll see 
how the insights gained from these smaller molecules aid our understanding of proteins.

1117

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 17 of 73



1118 Chapter 25 Amino Acids, Peptides, and Proteins

25.1 Classification of Amino Acids

Amino acids are classified as a, 3, y, and so on, according to the location of the amine 
group on the carbon chain that contains the carboxylic acid function.

1 - Aminocyclopropanecarboxylic acid: 
an a-amino acid that is the biological 
precursor to ethylene in plants

H3NCH2CH2CO2-
P a

H3NCH2CH2CH2CO2"
7 P “

3-Aminopropanoic acid: known as P-alanine, 
it is a p-amino acid that makes up one of 
the structural units of coenzyme A

4-Aminobutanoic acid: known as 
y-aminobutyric acid (GABA), it is a y-amino 
acid and is involved in the transmission of 
nerve impulses

Although more than 700 different amino acids are known to occur naturally, the 
group of 20 called the standard amino acids listed in Table 25.1 (pages 1120-1121) com­
mands special attention. These 20 are the amino acids coded for in DNA-directed protein 
synthesis. All are a-amino acids, and all but one contain a primary amino function.

RCHCO2“

+nh3
The one exception is proline, a secondary amine in which the amino nitrogen is incor­
porated into a five-membered ring.

Proline

Table 25.1 includes three-letter and one-letter abbreviations for the amino acids. Both 
enjoy wide use.

Our bodies make some of the amino acids shown in the table. The others, which 
are called essential amino acids, we have to obtain from our diet.

When a protein contains an amino acid different from those in the table, it normally is 
formed by modification of one of the 20 rather than being coded for in DNA. Two excep­
tions have recently been discovered, selenocysteine (1986) and pyrrolysine (2002). They 
have been referred to as the “twenty-first and twenty-second amino acids,” respectively.

HSeCH2CHCO2~

+nh3
Selenocysteine

cnhch2ch2ch2ch2chco2_
nh3

Pyrrolysine 
(X is uncertain; CH3, NH2, or OH)

The most important aspect of Table 25.1 is that while the 20 amino acids share the 
common feature of being a-amino acids, their side chains differ in respect to their:

1. Size and shape
2. Electronic characteristics, acid-base properties, and ability to engage in ionic bond­

ing, covalent bonding, hydrogen bonding, and van der Waals forces.

Table 25.1 shows the amino acids in the form in which they exist at a pH of 7: 
amine groups as positively charged ammonium ions, and carboxylic acid groups as 
negatively charged carboxylates. The electrostatic potential is mapped on the van
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25.1 Classification of Amino Acids 1119

der Waals surface of the molecule and so displays the charge distribution, size, and 
shape at the same time.

Nonpolar Side Chains: Glycine is the smallest amino acid because it has no side chain. 
The main service it offers is to the polypeptide chain itself. It can add length and flexibility 
to a polypeptide without sacrificing strength or making spatial demands of its own.

H3NCH2CO2“
Glycine

After glycine, the next four amino acids in the figure all have alkyl groups (R) as side 
chains: alanine (R = methyl), valine (R = isopropyl), leucine (R = isobutyl), and isoleucine 
(R = sec-butyl). All are hydrophobic side chains and although electronically similar, they 
differ in size. Alanine is slightly larger than glycine, valine slightly larger than alanine, leucine 
slightly larger than valine, and isoleucine somewhat more spherical than leucine.

CH3

CH3CHCO2“ (CH3)2CHCHCO2“ (CH3)2CHCH2CHCO2“ ch2ch2chchco2_
+nh3 +nh3 +nh3 +nh3
Alanine Valine Leucine Isoleucine

Compared with these, the presence of sulfur in its side chain makes methionine somewhat 
more polarizable and increases its ability to participate in dispersion forces.

CH3SCH2CH2CHCO2“

+nh3
Methionine

Proline is relatively compact and has limited conformational flexibility because its 
side chain is cyclic. Moreover, amides of proline lack N—H bonds so cannot form hydro­
gen bonds. Consequently, the presence of proline affects the shape of a peptide chain more 
than most other amino acids.

H H
Proline

Phenylalanine and tryptophan have side chains that incorporate aromatic rings, which 
are large and hydrophobic. In addition to being larger than phenylalanine, tryptophan has a 
more electron-rich aromatic ring and is more polarizable. Its role is more specialized, and 
it is less abundant in proteins than most of the other amino acids.

Phenylalanine Tryptophan

Amino Acids with Polar but Nonionized Side Chains: Among amino acids with 
polar side chains, serine is the smallest; it is not much larger than alanine. With a 
—CH2OH side chain, serine participates well in hydrogen bonding and often occurs 
in regions of a peptide that are exposed to water. Threonine has a methyl group in 
place of one of the hydrogens of the —CH2OH group of serine, sterically hindering 
the OH group and making it less effective in hydrogen bonding.
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TABLE 25.1 The Standard Amino Acids

Name and 
abbreviation Structural formula* Electrostatic potential map

Name and 
abbreviation Structural formula* Electrostatic potential map

Amino acids with nonpolar side chains

Glycine

Gly (G)

Alanine

Ala (A)

Valine'1'

Vai (V)

Leucine1

Leu (L)

Methionine1

Met (M)

Proline

Pro (P)

Phenylalanine1

Phe (F)

Tryptophan1

Trp (W)

0

Amino acids with polar but nonionized side chains

Asparagine 

Asn (N)

*A11 amino acids are shown in the form present in greatest concentration at pH 7.
f An essential amino acid, which must be present in the diet of animals to ensure normal growth.
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*A11 amino acids are shown in the form present in greatest concentration at pH 7.
'An essential amino acid, which must be present in the diet of animals to ensure normal growth.
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1122 Chapter 25 Amino Acids, Peptides, and Proteins

ch3
HOCH2CHCO2“

+nh3
Serine

hochchco2~
nh3

Threonine

As a /2-hydroxy derivative of phenylalanine, tyrosine has properties similar to it 
plus the ability to form hydrogen bonds involving its phenolic —OH group.

Cysteine is related to serine except that its side chain is —CH2SH rather than —CH,OH. 
The number of cysteines in a protein is often relatively small, but their effect on its three- 
dimensional shape is substantial. Oxidation of two cysteines converts their —CH2SH side 
chains to a —CH2S—SCH2— disulfide bridge between them (see Section 15.12). This 
ties together two often remote amino acids and helps guide the folding of the protein.

2HSCH2CHCO2" 'ATA. ~O2CCHCH2S—SCH2CHCO2~

+nh3 +nh3 +nh3
Cysteine Cystine

0
II

Asparagine and glutamine are amides. The side chains of both terminate in —CNH2 
and differ by only a single CH2 group. Amide functions are quite polar and interact strongly 
with water molecules by hydrogen bonding. Like serine, asparagine and glutamine are 
often found in regions of a peptide that are in contact with water.

H2NCCH2CHCNH2

+nh3
Asparagine

h2ncch2ch2chcnh2 
+nh3

Glutamine

Amino Acids with Acidic Side Chains: The electrostatic potential maps of aspartic 
acid and glutamic acid are two of the most prominent ones in Table 25.1. The —CO2H side 
chains of both aspartic and glutamic acid are almost completely deprotonated to —CO2 
at biological pH, giving these species the most electron-rich units of all of the common 
amino acids. Their most important function is in ionic bonding to positively charged

species. These ionic bonds can be to metal ions and —N— species among others.

“O2CCH2CHCO2- ~O2CCH2CH2CHCO2“

+nh3 +nh3
Aspartic acid Glutamic acid

Amino Acids with Basic Side Chains:___________ ___ ___ _ Basic amino acids are the opposite of acidic 
amino acids. Their most important role is to form ionic bonds to negative ions—phosphate 
and the like. Lysine is a simple example. The side chain contains four CH2 groups an 
terminates in —NH3+. Arginine has an even more basic, if somewhat more comphca e^ 
and larger, side chain. Conversely, the side chain of histidine is not as basic as that
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25.2 Stereochemistry of Amino Acids 1123

lysine and the concentrations of the unprotonated and protonated forms of histidine are 
almost equal at biological pH. Strong Lewis acid/Lewis base complexes between the 
unprotonated form of histidine and metal ions is very common in proteins. Histidine side 
chains are also involved in moving protons from one atom to another.

+NH2
+ II

H3NCH2CH2CH2CH2CHCO2“ H2NCNHCH2CH2CH2CHCO2“
+nh3 +nh3

Lysine Arginine

What is remarkable is not only the range of properties that are covered with just 
20 amino acids, but also the fine tuning with respect to a particular property.

25.2 Stereochemistry of Amino Acids

Glycine is the only amino acid in Table 25.1 that is achiral. The a-carbon atom is a 
chirality center in all the others. Configurations in amino acids are normally specified by 
the d, l notational system. All the chiral amino acids obtained from proteins have the l 
configuration at their a-carbon atom, meaning that the amine group is at the left when 
a Fischer projection is arranged so the carboxyl group is at the top.

CO2“
H3N---- H

H
Glycine 
(achiral)

HVc—CO2“

R
Fischer projection 
of an L-amino acid

Problem 25.1
What is the absolute configuration (R or S) at the a-carbon atom in each of the 
following L-amino acids?

CO2“ C02~ co2-
(a) H3N—|—H (b) H3N—j—H (c) H3N——H

CH20H CH2SH ch2ch2sch3
L-Serine L-Cysteine L-Methionine

Sample Solution (a) First identify the four groups attached directly to the chirality 
center, and rank them in order of decreasing sequence rule precedence. For L-serine 
these groups are

H3N — > —C02" > —CH20H > H

Highest ranked Lowest ranked

Next, translate the Fischer projection of L-serine to a three-dimensional representation, 
and orient it so that the lowest ranked substituent at the chirality center is directed 
away from you.

C02- H^3 H0CH2 J

H3N—|—H = C — C02~ = C—C02

CH20H H0CH2 +nh3

Continued
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1124 Chapter 25 Amino Acids, Peptides, and Proteins

In order of decreasing precedence the three highest ranked groups trace a 
counterclockwise path.

hoch2 ^C02~

NH3

The absolute configuration of L-serine is S.

Problem 25.2
The amino acid L-threonine is (2S,3/?)-2-amino-3-hydroxybutanoic acid. Draw a Fischer 
projection for L-threonine.

Although all the chiral amino acids obtained from proteins have the L configuration at 
their a carbon, that should not be taken to mean that D-amino acids are unknown. In fact, 
quite a number of D-amino acids occur naturally. D-Alanine, for example, is a constituent of 
bacterial cell walls and D-serine occurs in brain tissue. The point is that D-amino acids are 
not coded for by DNA.

A novel technique for dating archaeological samples called amino acid racemization 
(AAR) is based on the stereochemistry of amino acids. Over time, the configuration at the 
ct-carbon atom of a protein’s amino acids is lost in a reaction that follows first-order kinetics. 
When the a carbon is the only chirality center, this process corresponds to racemization. For 
an amino acid with two chirality centers, changing the configuration of the a carbon from 
l to d gives a diastereomer. In the case of isoleucine, for example, the diastereomer is an 
amino acid not normally present in proteins, called alloisoleucine.

CO2“ CO2“

H3N------ -H H---------NH3

H3C-------- H H3C---------H

CH2CH3 ch2ch3
L-Isoleucine D-Alloisoleucine

By measuring the L-isoleucine/D-alloisoleucine ratio in the protein isolated from the 
eggshells of an extinct Australian bird, a team of scientists recently determined that this 
bird lived approximately 50,000 years ago. Radiocarbon (14C) dating is not accurate for 
samples older than about 35,000 years, so AAR is a useful addition to the tools avail­
able to paleontologists.

25.3 Acid-Base Behavior of Amino Acids

The zwitterion is also often referred to 
as a dipolar ion. Note, however, that it 
is not an ion, but a neutral molecule.

The physical properties of a typical amino acid such as glycine suggest that it is a very 
polar substance, much more polar than would be expected on the basis of its formulation as 
H2NCH2CO2H. Glycine is a crystalline solid; it does not melt, but on being heated it eventu­
ally decomposes at 233°C. It is very soluble in water but practically insoluble in nonpolar 
organic solvents. These properties are attributed to the fact that the stable form of glycine 
is a zwitterion.

O 
/ 

H2NCH2C\
OH

O
+ Z h3nch2c 

\
O“

Stronger acid 
pka= 5

Zwitterionic form of glycine
Weaker acid 

pAa=9
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25.3 Acid-Base Behavior of Amino Acids 1125

Figure 25.1
Titration curve of glycine. At pH values 
lower than 2.34, H3NCH2CO2H is 
the major species. At pH = 2.34 
[H3NCH2CO2H] = [H3NCH2CO2 ].
Between pH = 2.34 and 9.60, 
H3NCH2CO2~ is the major species. 
Its concentration is a maximum at the 
isoelectric point (pl = 5.97). At pH = 
9.60, [H3NCH2CO2-] = [H2NCH2CO2-]. 
Above pH = 9.60, H2NCH2C02~ is the 
predominant species.

The equilibrium expressed by the preceding equation lies overwhelmingly to the side 
of the zwitterion.

Glycine, as well as other amino acids, is amphoteric, meaning it contains an acidic 
functional group and a basic functional group. The acidic functional group is the ammonium 
ion H3N—; the basic functional group is the carboxylate ion —CO2-. How do we know 
this? Aside from its physical properties, the acid-base properties of glycine, as illustrated 
by the titration curve in Figure 25.1, require it. In a strongly acidic medium the species 
present is the cation H3NCH2CO2H. As the pH is raised, its most acidic proton is removed. 
Is this proton removed from the positively charged nitrogen or from the carboxyl group? 
We know what to expect for the relative acid strengths of RNH3 and RCO2H. A typical 
ammonium ion has pATa~9, and a typical carboxylic acid has pAia~5. The measured p^ 
for the conjugate acid of glycine is 2.34, a value closer to that expected for deprotonation 
of the carboxyl group. As the pH is raised, a second deprotonation step, corresponding 
to removal of a proton from nitrogen of the zwitterion, is observed. The pK, associated 
with this step is 9.60, much like that of typical alkylammonium ions.

+ 7°
h3nch2c 

\
OH

Species present 
in strong acid

-H+ + Z°
H3NCH2C +H+ \

O"
Zwitterion

—h+ 7°
H^NCH9C 

+H+ - \
CT

Species present 
in strong base

Thus, glycine is characterized by two pK, values: the one corresponding to the more 
acidic site is designated pAjj, the one corresponding to the less acidic site is designated 
pK12. Table 25.2 lists p^, and p/fa2 values for the a-amino acids that have neutral side 
chains, which are the first two groups of amino acids given in Table 25.1. In all cases 
their pK, values are similar to those of glycine.

Table 25.2 includes a column labeled pl, which is the isoelectric point of the amino 
acid. The isoelectric point, also called the isoionic point, is the pH at which the amino 
acid has no net charge. It is the pH at which the concentration of the zwitterion is a 
maximum. At a pH lower than pl, the amino acid is positively charged; at a pH higher 
than pl, the amino acid is negatively charged. For the amino acids in Table 25.2, pl is 
the average of pKd and pAFa2 and lies slightly to the acid side of neutrality.

Some amino acids have side chains that bear acidic or basic groups. As Table 25.3 
indicates, these amino acids are characterized by three pA^ values. The third pA. reflects 
the nature of the side chain. Acidic amino acids (aspartic and glutamic acid) have acidic 
side chains; basic amino acids (lysine, arginine, and histidine) have basic side chains.

The isoelectric points of the amino acids in Table 25.3 are midway between the pK, 
values of the zwitterion and its conjugate acid. Take two examples: aspartic acid and lysine.
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1126 Chapter 25 Amino Acids, Peptides, and Proteins

TABLE 25.2 Acid-Base Properties of Amino Acids with Neutral Side Chains

*In all cases, pA^ corresponds to ionization of the carboxyl group; pX^ corresponds to deprotonation of the ammonium ion.

Amino acid P#a1* P*a2* Pl

Glycine 2.34 9.60 5.97

Alanine 2.34 9.69 6.00

Valine 2.32 9.62 5.96

Leucine 2.36 9.60 5.98

Isoleucine 2.36 9.60 6.02

Methionine 2.28 9.21 5.74

Proline 1.99 10.60 6.30

Phenylalanine 1.83 9.13 5.48

Tryptophan 2.83 9.39 5.89

Asparagine 2.02 8.80 5.41

Glutamine 2.17 9.13 5.65

Serine 2.21 9.15 5.68

Threonine 2.09 9.10 5.60

Tyrosine 2.20 9.11 5.66

Aspartic acid has an acidic side chain and a pl of 2.77. Lysine has a basic side chain and 
a pl of 9.74.

Aspartic Acid:

pAai pAa (side chain) pAa2
= 1.88 = 3.65 = 9.60

HO2CCH2CHCO2H HO2CCH2CHCO2_ , “O2CCH2CHCO2~ =: “O2CCH2CHCO2

+nh3 +nh3 +nh3 nh2
Conjugate acid Zwitterion
of zwitterion

The pl of aspartic acid is the average of pATa] (1.88) and the pA"a of the side chain (3.65) 
or 2.77.

TABLE 25.3 Acid-Base Properties of Amino Acids with Ionizable Side Chains

Amino acid P*a1* P^2
P*a Of 
side chain Pl

Aspartic acid 1.88 9.60 3.65 2.77

Glutamic acid 2.19 9.67 4.25 3.22

Lysine 2.18 8.95 10.53 9.74

Arginine 2.17 9.04 12.48 10.76

Histidine 1.82 9.17 6.00 7.59

*In all cases, pA^ corresponds to ionization of the carboxyl group of RCHCO2H and pATa2 to ionization of the ammonium ion.

nh3
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25.3 Acid-Base Behavior of Amino Acids 1127

Lysine:

P^ai p7Ca (side chain)
+ =2.18 + =8.95 + =10.53H3N(CH2)4CHCO2H H3N(CH2)4CHCO2~ ■ — H3N(CH2)4CHCO2“ ■— H2N(CH2)4CHCO2-

+nh3 +nh3 NH2 NH2
Conjugate acid Zwitterion
of zwitterion

The pl of lysine is the average of p^a2 (8.95) and the pK, of the side chain (10.53) or 9.74.

Problem 25.3
Cysteine has pKal = 1.96 and p/<a2 = 10.28. The p/Ca for ionization of the —SH group 
of the side chain is 8.18. What is the isoelectric point of cysteine?

Problem 25.4
Above a pH of about 10, the major species present in a solution of tyrosine has a net 
charge of -2. Suggest a reasonable structure for this species.

Individual amino acids differ in their acid-base properties. This is important in 
peptides and proteins, where the properties of the substance depend on its amino acid 
constituents, especially on the nature of the side chains. It is also important in analyses 
in which a complex mixture of amino acids is separated into its components by taking 
advantage of the differences in their proton-donating and accepting power.

Electrophoresis

E
lectrophoresis is a method for separation and purification that 
depends on the movement of charged particles in an electric 
field. Its principles can be introduced by considering some 
representative amino acids. The medium is a cellulose acetate strip 

that is moistened with an aqueous solution buffered at a particular 
pH. The opposite ends of the strip are placed in separate compart­
ments containing the buffer, and each compartment is connected 
to a source of direct electric current (Figure 25.2a). If the buffer 
solution is more acidic than the isoelectric point (pl) of the amino 
acid, the amino acid has a net positive charge and migrates toward 
the negatively charged electrode. Conversely, when the buffer is 
more basic than the pl of the amino acid, the amino acid has a net 
negative charge and migrates toward the positively charged elec­
trode. When the pH of the buffer corresponds to the pl, the amino 
acid has no net charge and does not migrate from the origin.

Thus if a mixture containing alanine, aspartic acid, and 
lysine is subjected to electrophoresis in a buffer that matches 
the isoelectric point of alanine (pH 6.0), aspartic acid (pl = 2.8) 
migrates toward the positive electrode, alanine remains at the ori­
gin, and lysine (pl = 9.7) migrates toward the negative electrode 
(Figure 25.2b).

-02CCH2CHC02_ CH3CHC02" H3N(CH2)4CHC02“

+nh3 +nh3 +nh3
Aspartic acid Alanine Lysine

(-1 ion) (neutral) (+1 ion)

Electrophoresis is used primarily to analyze mixtures of 
peptides and proteins, rather than individual amino acids, but 
analogous principles apply. Because they incorporate different 
numbers of amino acids and because their side chains are differ­
ent, two peptides will have slightly different acid-base properties 
and slightly different net charges at a particular pH. Thus, their 
mobilities in an electric field will be different, and electrophore­
sis can be used to separate them. The medium used to separate 
peptides and proteins is typically a polyacrylamide gel, leading to 
the term gel electrophoresis for this technique.

A second factor that governs the rate of migration during 
electrophoresis is the size (length and shape) of the peptide or 
protein. Larger molecules move through the polyacrylamide gel 
more slowly than smaller ones. In current practice, the experiment 
is modified to exploit differences in size more than differences in 
net charge, especially in the SDS gel electrophoresis of proteins. 
Approximately 1.5 g of the detergent sodium dodecyl sulfate 
(SDS, page 788) per gram of protein is added to the aqueous 
buffer. SDS binds to the protein, causing the protein to unfold so 
that it is roughly rod-shaped with the CH3(CH2)i0CH2— groups 
of SDS associated with the lipophilic (hydrophobic) portions of 
the protein. The negatively charged sulfate groups are exposed 
to the water. The SDS molecules that they carry ensure that all 
the protein molecules are negatively charged and migrate toward 
the positive electrode. Further more, all the proteins in the mixture 
now have similar shapes and tend to travel at rates proportional

Continued
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1128 Chapter 25 Amino Acids, Peptides, and Proteins

A mixture of amino acids

“O2CCH2CHCO2“

+nh3

ch3chco2~
I

+nh3

H3N(CH2)4CHCO2

+nh3

is placed at the center of a sheet of cellulose acetate. The sheet is soaked with an aqueous solution buffered 
at a pH of 6.0. At this pH aspartic acid Q exists as its — 1 ion, alanine Q as its zwitterion, and 
lysine Q as its +1 ion.

Application of an electric current causes the negatively charged ions to migrate to the + electrode, and the 
positively charged ions to migrate to the — electrode. The zwitterion, with a net charge of zero, remains at 
its original position.

Application of electrophoresis to the separation of aspartic acid, alanine, and lysine according to their charge type at a pH corresponding to the 
isoelectric point (pl) of alanine.

to their chain length. Thus, when carried out on a preparative 
scale, SDS gel electrophoresis permits proteins in a mixture to 
be separated according to their molecular weight. On an analyti­
cal scale, it is used to estimate the molecular weight of a protein

by comparing its electrophoretic mobility with that of proteins of 
known molecular weight.

Later, in Chapter 26, we will see how gel electrophoresis 
is used in nucleic acid chemistry.

25.4 Synthesis of Amino Acids

One of the earliest methods for the synthesis of amino acids dates back to the nineteenth 
century and is simply a nucleophilic substitution in which ammonia reacts with an ct-halo 
carboxylic acid.

CH3CHCO2H + 2NH3 CH3CHCO2“ + NH4Br

Br NH3
+

2-Bromopropanoic acid Ammonia Alanine (65-70%) Ammonium bromide

The a-halo acid is normally prepared by the Hell-Volhard-Zelinsky reaction (Sec­
tion 20.15).

Problem 25.5
Outline the steps in a synthesis of valine from 3-methylbutanoic acid.
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25.4 Synthesis of Amino Acids 1129

In the Strecker synthesis an aldehyde is converted to an a-amino acid with one 
more carbon atom by a two-stage procedure in which an a-amino nitrile is an interme­
diate. The a-amino nitrile is formed by reaction of the aldehyde with ammonia or an 
ammonium salt and a source of cyanide ion. Hydrolysis of the nitrile group to a car­
boxylic acid function completes the synthesis.

O

ch3ch ch3chc=n l ch3chco2-
NH, NH3

-I-

Acetaldehyde 2-Aminopropanenitrile Alanine (52-60%)

The synthesis of alanine was described 
by Adolf Strecker of the University of 
Wurzburg (Germany) in a paper 
published in 1850.

Problem 25.6
Outline the steps in the preparation of valine by the Strecker synthesis.

A widely used method for the laboratory synthesis of a-amino acids is a modi­
fication of the malonic ester synthesis (see Section 20.11). The key reagent is diethyl 
acetamidomalonate, a derivative of malonic ester that already has the critical nitrogen 
substituent in place at the a-carbon atom. The side chain is introduced by alkylating 
diethyl acetamidomalonate in the same way as diethyl malonate itself is alkylated.

0 0 o
1 NaOCHoCHi H OFUCHoCl

CH3CNHCH(CO2CH2CH3)2 ch ch oh> CH3CNHC(CO2CH9CH3)2 6 5 2 > CH3CNHC(CO2CH2CH3)2 
3 2 Na+ I

ch2c6h5
Diethyl Sodium salt of Diethyl

acetamidomalonate diethyl acetamidomalonate acetamidobenzylmalonate
(90%)

Hydrolysis removes the acetyl group from nitrogen and converts the two ester functions 
to carboxyl groups. Decarboxylation gives the desired product.

O

CH3CNHC(CO2CH2CH3)2 H7™hreat> H3NC(CO2H)2 c6h5ch2chco2-
ch2c6h5 ch2c6h5 " nh,
Diethyl (not isolated) Phenylalanine

acetamidobenzylmalonate (65%)

Problem 25.7
Outline the steps in the synthesis of valine from diethyl acetamidomalonate. The 
overall yield of valine by this method is reported to be rather low (31%). Can you 
think of a reason why this synthesis is not very efficient?

The a-amino acids prepared by the synthetic methods just described are racemic 
unless a resolution step is included, enantiomerically enriched reactants are used, or 
the reaction is modified so as to become enantioselective. Considerable progress has 
been made in the last of these methods, allowing chemists to prepare not only L-amino 
acids, but also their much rarer D-enantiomers. We have already seen one example of 
this approach in the synthesis of the anti-parkinsonism drug L-dopa by enantioselective 
hydrogenation (see Section 14.14). A variation of the Strecker synthesis using a chiral 
catalyst has recently been developed that gives a-amino acids with greater than 99% 
enantioselectivity.
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1130 Chapter 25 Amino Acids, Peptides, and Proteins

25.5 Reactions of Amino Acids

Amino acids undergo reactions characteristic of both their amine and carboxylic acid func­
tional groups. Acylation is a typical reaction of the amino group.

0 0 o
+ II II IIH3NCH2CO2“ + CH3COCCH3 —> CH3CNHCH2CO2H + CH3CO2H
Glycine Acetic anhydride MAcetylglycine (89-92%) Acetic acid

Ester formation is a typical reaction of the carboxyl group.

O
HC1 ch3chco2 + ch3ch2oh —> ch3chcoch2ch3 cr

nh3 nh3
Alanine Ethanol Hydrochloride salt of alanine

ethyl ester (90-95%)

Ninhydrin is used to detect 
fingerprints.

The presence of amino acids can be detected by the formation of a purple color on 
treatment with ninhydrin. The same compound responsible for the purple color is formed 
from all amino acids in which the a-amino group is primary.

Ninhydrin Violet dye (Formed, but
(“Ruhemann’s purple”) not normally

isolated)

Proline, in which the a-amino group is secondary, gives an orange compound on reac­
tion with ninhydrin.

Problem 25.8
Suggest a reasonable mechanism for the reaction of an a-amino acid with ninhydrin.

25.6 Some Biochemical Reactions of Amino Acids

The fact that we focus on the 20 (or 21 or 22) amino acids that are coded for by DNA 
indicates the importance we place on protein biosynthesis as a reaction of amino acids. In 
addition to serving as building blocks for proteins, amino acids are involved in numerous 
other biochemical processes. They store energy, although less efficiently than carbohydrates 
and lipids, and are starting materials for the biosynthesis of other amino acids, amines, 
alkaloids, and neurotransmitters.

Many of the biochemical reactions of amino acids require pyridoxal 5'-phosphate (PLP), 
the active form of vitamin B6, as a coenzyme. Before acting on an amino acid, PLP uses its 
aldehyde function to form an imine with the amino group of a lysine side chain of a protein.

“O3POCH2

Enzyme

”O3POCH2
+ H2O

Enzyme-bound PLPPyridoxal phosphate (PLP) Water
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25.6 Some Biochemical Reactions of Amino Acids 1131

Reaction of the enzyme-bound PLP with an amino acid connects the amino acid and 
PLP by a new imine linkage.

Enzyme-bound PLP

RCHCO2“
+ , I

NH,

Amino acid

RCHCO2“

Imine Enzyme

The pyridine ring of PLP, especially when protonated, facilitates several kinds of 
reactions at the amino acid’s a carbon by acting as an electron-withdrawing group. One is 
decarboxylation.

RCHCO2“ pyridoxal 
phosphate

ni-l amino acid 
decarboxylase

rch2nh co2

Amino acid Amine Carbon dioxide

Mechanism 25.1 outlines the mechanism of decarboxylation, showing the role played by 
the coenzyme.

Mechanism 25.1

Pyridoxal 5'-Phosphate-Mediated Decarboxylation of an a-Amino Acid

THE OVERALL REACTION:

pyridoxal
RCHCO2“ 5'-phosphate RCH2NH2 + CO2 

amino acid
NH2 decarboxylase

Amino acid Amine Carbon 
dioxide

THE MECHANISM: Each stage is enzyme-catalyzed and can involve more than one elementary step.

Stage 1: The amino acid reacts with enzyme-bound pyridoxal 5'-phosphate (PLP). An imine linkage (C=N) between 
the amino acid and PLP forms, and the enzyme is displaced.

Enzyme-bound PLP

RCHCO^
I ~

' NH,

Amino acid

H3N— Enzyme

Enzyme

Continued
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1132 Chapter 25 Amino Acids, Peptides, and Proteins

Stage 2: When the pyridine ring is protonated on nitrogen, it becomes a stronger electron-withdrawing group, and 
decarboxylation is facilitated by charge neutralization.

Imjne Decarboxylated imine

:O=C—O:

Carbon 
dioxide

Stage 3: Proton transfer to the a carbon and abstraction of a proton from the pyridine nitrogen brings about 
rearomatization of the pyridine ring.

Decarboxylated imine PLP-bound imine

Stage 4: Reaction of the PLP-bound imine with the enzyme liberates the amine and restores the enzyme-bound coenzyme.

PLP-bound imine Enzyme Enzyme-bound PLP Amine

Many bioactive amines arise by PLP-assisted amino acid decarboxylation. Decar­
boxylation of histidine, for example, gives histamine, a powerful vasodilator normally 
present in the body but formed in excessive amounts under conditions of traumatic 
shock.

Histidine

pyridoxal 
5'-phosphate
amino acid 

decarboxylase

ch2ch2nh2 + co2

Histamine Carbon 
dioxide

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 32 of 73



25.6 Some Biochemical Reactions of Amino Acids 1133

Histamine is present in various tissues and produces different effects depending 
on the kind of receptor it binds to. Binding of histamine to H1 receptors in mast cells 
triggers, for example, the sneezing and watery eyes of hay fever and the itching of 
mosquito bites. The H2 receptors in the cells that line the stomach regulate the secretion 
of gastric acid. The present generation of antiallergy and antiulcer drugs bind to H, and 
H2, respectively, and act by denying histamine access to these receptors.

Problem 25.9
One of the amino acids in Table 25.1 is the biological precursor to y-aminobutyric 
acid (4-aminobutanoic acid), which it forms by a decarboxylation reaction. Which 
amino acid is this?

The chemistry of the brain and central nervous system is affected by a group of 
substances called neurotransmitters, substances that carry messages across a synapse 
from one neuron to another. Several of these neurotransmitters arise from L-tyrosine by 
structural modification and decarboxylation, as outlined in Figure 25.3.

Epinephrine 
(Adrenaline)

Norepinephrine 
(Noradrenaline)

Figure 25.3
Tyrosine is the biosynthetic precursor to a number of neurotransmitters. Each transformation is enzyme-catalyzed.

Problem 25.10
Which of the transformations in Figure 25.3 is catalyzed by an amino acid 
decarboxylase?

Many of the drugs prescribed to treat anxiety, depression, or attention deficit dis­
order are “reuptake” inhibitors. They increase the concentration in the brain of a neces­
sary neurotransmitter such as dopamine or epinephrine by slowing the rate at which it 
is reabsorbed.

Pyridoxal 5'-phosphate is also a coenzyme for the enzyme-catalyzed racemization 
of amino acids. The key reaction is proton abstraction from the a carbon of the amino 
acid imine of PLP. This step converts the a carbon, which is a chirality center, from 
sp to sp .
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“O3POCH2

PLP imine of L-alanine

“O3POCH2

Achiral intermediate

O3POCH2

PLP imine of D-alanine

Proton transfer to the imine carbon of the achiral intermediate gives equal amounts of 
both enantiomers of the PLP imine. The equation illustrates the racemization of L-alanine, 
which is catalyzed by the PLP-dependent enzyme alanine racemase. Because D-alanine is 
an essential component of bacterial cell walls, there is considerable interest in designing 
inhibitors of alanine racemase as potential antibacterial drugs.

In addition to amino acid decarboxylation and racemization, PLP is a coenzyme for 
transamination—the transfer of an amino group from one compound to another. The 
enzymes that catalyze transaminations are called aminotransferases or transaminases. 
Many transaminations involve two compounds: a-ketoglutaric acid and L-glutamic 
acid.

Y pyridoxal
5'-phosphate

rchco2- + -o2cch2ch2cco2- aminotransferase>
+nh3

rcco2~ + ' o2cch2ch2chco2~ 
+nh3

Amino acid a-Ketoglutaric acid a-Keto acid L-Glutamic acid

The reaction shown, written in the forward direction illustrates a feature of amino 
acid metabolism, the breaking down of amino acids and using their structural units for 
other purposes. Written in the reverse direction, it illustrates a biosynthetic pathway to 
amino acids. L-Alanine, for example, is not an essential amino acid because we have 
the capacity to biosynthesize it. One biosynthetic route to L-alanine is the transamina­
tion of pyruvic acid.

0
II 

ch3cco2_ + ■O2CCH2CH2CHCO2“

pyridoxal
5'-phosphate

—-—7—* CH3CHCO2“aminotransferase । z
+

0
II 

“O2CCH2CH2CCO2

+nh3 +nh3
Pyruvic acid L-Glutamic acid L-Alanine a-Ketoglutaric acid

Although the equation shows a single transamination, the mechanism actually 
involves two, each of which is understandable in light of what we have already seen 
concerning the way PLP functions as a coenzyme. In the first, as outlined in the first 
four stages of Mechanism 25.2, the amino group of L-glutamic acid is transferred to the 
coenzyme PLP to give pyridoxamine 5'-phosphate (PMP). The second transamination 
shown in abbreviated form as stage 5, is analogous to the first but followed in reverse 
order.

Problem 25.11
a-Ketoglutaric acid undergoes a transamination reaction with L-aspartic acid (see Table 
25.1), converting it to a compound known as oxaloacetic acid. What is the structure 
of oxaloacetic acid?

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 34 of 73



25.6 Some Biochemical Reactions of Amino Acids 1135

Mechanism 25.2

Transamination: Biosynthesis of L-Alanine from L-Glutamic Acid and Pyruvic Acid 

THE OVERALL REACTION:

Y Glutamate-alanine

’O.CCH,CH,CHCOr+ CHjCCOr -“""T ' \ Pyndoxal
+ xTij 5'-phosphate

“O2CCH2CH2CCO2~ + CH3CHCO2~

+nh3
L-Glutamic acid Pyruvic acid a-Ketoglutaric acid L-Alanine

THE MECHANISM: Each stage can involve more than one elementary step. Each reaction is enzyme-catalyzed. Stages 1-4 
show the transfer of the amino group of L-glutamic acid to pyridoxal 5'-phosphate to give a-ketoglutaric acid and 
pyridoxamine 5'-phosphate (PMP). PMP reacts with pyruvic acid to give an imine, which then follows stages 
analogous to 1^4, but in reverse order, to give L-alanine and PLP. These stages are summarized as stage 5.

Stage 1: L-Glutamic acid forms an imine bond to the coenzyme PLP by reaction with imine formed between PLP 
and the enzyme.

-O2CCH2CH2CHCO2“

Enzyme-bound PLP

“O2CCH2CH2CHCO2~

H

PLP-glutamic acid imine Enzyme

NH

L-Glutamic acid

Stage 2: The electron-withdrawing effect of the pyridinium ring stabilizes the conjugate base formed by proton 
abstraction from the a carbon of the imine.

Conjugate base of PLP-glutamic acid iminePLP-glutamic acid imine

Continued

Peptide-bond formation and transamination are the most general reactions of the 
standard amino acids, but individual amino acids often undergo reactions of more limited 
scope. One of the biosynthetic pathways to L-tyrosine is oxidation of L-phenylalanine. An 
arene oxide is an intermediate.

For more on this reaction, see 
Descriptive Passage and Interpretive 
Problems 16: Epoxide Rearrangements 
and the NIH Shift.

L-Phenylalanine Arene oxide intermediate L-Tyrosine

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 35 of 73



1136 Chapter 25 Amino Acids, Peptides, and Proteins

Stage 3: Electron reorganization and protonation of carbon restores the aromaticity of the pyridine ring while 
converting a PLP imine to a PMP imine.

Conjugate base of PLP-glutamic acid imine PMP imine of a-ketoglutaric acid

Stage 4: Cleavage of the PMP imine, shown here as a hydrolysis, gives pyridoxamine and a-ketoglutaric acid.

PMP imine of a-ketoglutaric acid

O
II 

-OoCCHnCHoCCO2-

PMP a-Ketoglutaric acid

Stage 5: Formation of the imine from PMP and pyruvic acid sets the stage for the conversion of pyruvic acid to 
L-alanine.

PMP PMP imine of pyruvic acid PLP imine of L-alanine L-Alanine

Some individuals lack the enzyme phenylalanine hydroxylase required for this 
conversion, and any L-phenylalanine that would ordinarily be converted to L-tyrosine is 
converted to phenylpyruvic acid by transamination.

L-Phenylalanine Phenylpyruvic acid
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Too much phenylpyruvic acid causes phenylketonuria (PKU disease), which can lead to 
mental retardation in growing children. Infants are routinely screened for PKU disease 
within a few days of birth. PKU disease cannot be cured, but is controlled by restricting 
the dietary intake of foods, such as meat, that are rich in L-phenylalanine.

Foods sweetened with aspartame 
(page 1048) contain a PKU warning. 
Can you see why?

25.7 Peptides

A key biochemical reaction of amino acids is their conversion to peptides, polypeptides, 
and proteins. In all these substances amino acids are linked together by amide bonds. The 
amide bond between the amino group of one amino acid and the carboxyl of another is 
called a peptide bond. Alanylglycine is a representative dipeptide.

O
“F 

N-terminal amino acid H3NCHC—NHCH2CO2 C-terminal amino acid

CH3

Alanylglycine 
(Ala-Gly or AG)

+
By agreement, peptide structures are written so that the amino group (as H3N— 

or H2N—) is at the left and the carboxyl group (as CO2“ or CO2H) is at the right. 
The left and right ends of the peptide are referred to as the N terminus (or amino 
terminus) and the C terminus (or carboxyl terminus), respectively. Alanine is the 
N-terminal amino acid in alanylglycine; glycine is the C-terminal amino acid. A 
dipeptide is named as an acyl derivative of the C-terminal amino acid. The precise 
order of bonding in a peptide (its amino acid sequence) is conveniently specified by 
using the three-letter amino acid abbreviations for the respective amino acids and 
connecting them by hyphens. One-letter abbreviations are used without punctuation. 
Individual amino acid components of peptides are often referred to as amino acid 
residues.

It is understood that a-amino acids 
occur as their l stereoisomers unless 
otherwise indicated. The d notation is 
explicitly shown when a d amino acid 
is present, and a racemic amino acid 
is identified by the prefix dl.

Problem 25.12
Write structural formulas showing the constitution of each of the following dipeptides. 
Rewrite each sequence using one-letter abbreviations for the amino acids.

(a) Gly-Ala (d) Gly-Glu
(b) Ala-Phe (e) Lys-Gly
(c) Phe-Ala (f) D-Ala-D-Ala

Sample Solution (a) Gly-Ala is a constitutional isomer of Ala-Gly. Glycine is the 
N-terminal amino acid in Gly-Ala; alanine is the C-terminal amino acid.

0

N-terminal amino acid H3NCH2C—NHCHC02~ C-terminal amino acid

CH3
Glycylalanine (GA)

Figure 25.4 shows the structure of Ala-Gly as determined by X-ray crystallog­
raphy. An important feature is the planar geometry of the peptide bond, and the most 
stable conformation with respect to this bond has the two a-carbon atoms anti to each 
other. Rotation about the amide bond is slow because delocalization of the unshared 
electron pair of nitrogen into the carbonyl group gives partial double-bond character to 
the carbon-nitrogen bond.
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1138 Chapter 25 Amino Acids, Peptides, and Proteins

Figure 25.4

Structural features of the dipeptide 
L-alanylglycine as determined by X-ray 
crystallography. All of the bonds of the 
peptide linkage lie in the same plane and 
both a carbons are anti to each other.

H

H3C

H3N

(a)

In addition to its planar geometry, the amide bond affects the structure of peptides 
in another important way. The N—H and the C=O units are candidates for hydrogen 
bonding with other peptide linkages both within the same and with adjacent polypeptide 
chains.

As the only secondary amine among the standard amino acids, L-proline is an exception 
in that its amides lack an N—H bond.

This structural feature of L-proline affects the three-dimensional shape of peptides that 
contain it by limiting the number of hydrogen-bonding opportunities.

Problem 25.13
Expand your answer to Problem 25.12 by showing the structural formula for each 
dipeptide in a manner that reveals the stereochemistry at the a-carbon atom.

Sample Solution (a) Glycine is achiral, and so Gly-Ala has only one chirality center, 
the a-carbon atom of the L-alanine residue. When the carbon chain is drawn in an 
extended zigzag fashion and L-alanine is the C terminus, its structure is as shown:

Gly-Ala (GA)

The structures of higher peptides are extensions of the structural features of 
dipeptides. Figure 25.5 gives the structural formula and amino acid sequence of the 
naturally occurring pentapeptide leucine enkephalin. Enkephalins are pentapeptide 
components of endorphins, polypeptides present in the brain that act as the body’s 
own painkillers. A second substance, methionine enkephalin, is also present in endor­
phins. Methionine enkephalin is about 20 times more potent than leucine enkephalin. 
It differs from leucine enkephalin only in having methionine instead of leucine as its 
C-terminal amino acid.
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25.7 Peptides 1139

Figure 25.5
The structure of the pentapeptide leucine 
enkephalin shown as (a) a structural 
drawing and (d) as a molecular model. 
The shape of the molecular model was 
determined by X-ray crystallography. 
Hydrogens have been omitted for clarity.

Problem 25.14

What is the amino acid sequence (using three-letter abbreviations) of methionine 
enkephalin? Also show it using one-letter abbreviations.

Peptides having structures slightly different from those described to this point are 
known. One such variation is seen in the nonapeptide oxytocin, shown in Figure 25.6. Oxy­
tocin is a hormone secreted by the pituitary gland that stimulates uterine contractions during 
childbirth and promotes lactation. Rather than terminating in a carboxyl group, the C-terminal 
glycine residue in oxytocin has been modified to become its corresponding amide. Two

Figure 25.6
The connectivity of oxytocin with most 
of the side chains omitted for clarity. 
A disulfide bond connects the two 
cysteines. The cysteine shown in blue 
is the N-terminal amino acid; the one in 
red is the fourth amino acid beginning 
at the C-terminus. The C-terminus is the 
amide of glycine.
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1140 Chapter 25 Amino Acids, Peptides, and Proteins

Recall from Section 15.12 that 
compounds of the type RSH are readily 
oxidized to RSSR.

cysteine units, one of them the N-terminal amino acid, are joined by the sulfur-sulfur bond 
of a large-ring cyclic disulfide unit. This is a common structural modification in polypeptides 
and proteins that contain cysteine residues. It provides a covalent bond between regions of 
peptide chains that may be many amino acid residues removed from each other.

Problem 25.15

Cyclic peptides in which the backbone is made entirely of amide bonds are also well 
known. Examples include the didemnins, which were featured in our chapter opener.

Sanger was a corecipient of a second 
Nobel Prize in 1980 for devising 
methods for sequencing nucleic acids. 
Sanger’s strategy for nucleic acid 
sequencing will be described in 
Section 26.14.

25.8 Introduction to Peptide Structure Determination

There are several levels of peptide structure. The primary structure is the amino acid 
sequence plus any disulfide links. With the 20 amino acids of Table 25.1 as building 
blocks, 202 dipeptides, 203 tripeptides, 204 tetrapeptides, and so on, are possible. Given 
a peptide of unknown structure, how do we determine its amino acid sequence?

We’ll describe peptide structure determination by first looking at one of the great 
achievements of biochemistry, the determination of the amino acid sequence of insulin 
by Frederick Sanger of Cambridge University (England). Sanger was awarded the 1958 
Nobel Prize in Chemistry for this work, which he began in 1944 and completed 10 years 
later. The methods used by Sanger and his coworkers are, of course, dated by now, but 
the overall logic hasn’t changed very much. We’ll use Sanger’s insulin strategy to orient 
us, then show how current methods of protein sequencing have evolved from it.

Sanger’s strategy can be outlined as follows:

1. Determine what amino acids are present and their molar ratios.
2. Cleave the peptide into smaller fragments, separate these fragments, and determine 

the amino acid composition of the fragments.
3. Identify the N-terminal and the C-terminal amino acid in the original peptide and in 

each fragment.
4. Organize the information so that the amino acid sequences of small fragments can be 

overlapped to reveal the full sequence.

25.9 Amino Acid Analysis

The chemistry behind amino acid analysis begins with acid-catalyzed hydrolysis of 
amide bonds. The peptide is hydrolyzed by heating in 6 M hydrochloric acid for about 
24 h to give a solution that contains all of the amino acids. Analysis of the mixture 
in terms of its components and their relative amounts is typically done by chromato­
graphic methods.
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25.11 End Croup Analysis 1141

These methods flow from the work of Stanford Moore and William H. Stein of 
Rockefeller University who developed automated techniques for separating and identify­
ing amino acids. In their original work, Moore and Stein used ion-exchange chromatog­
raphy. Modern methods based on high-performance liquid chromatography (HPLC) are 
both faster and more selective for separating the individual amino acids in a mixture. 
Either before or after their separation, the amino acids are allowed to react (“tagged”) 
with a substance that bears a group—a naphthalene ring, for example that fluoresces. 
The fluorescence is strong enough so that modem analyzers can detect the amino acids 
obtained from IO-5 to 10-7g of peptide.

Moore and Stein shared one half of the 
1972 Nobel Prize in Chemistry.

Fluorescence is the emission of 
radiation by a substance after it has 
absorbed radiation of a higher 
frequency.

Problem 25.17
Amino acid analysis of a certain tetrapeptide gave alanine, glycine, phenylalanine, 
and valine in equimolar amounts. What amino acid sequences are possible for this 
tetrapeptide?

25.10 Partial Hydrolysis of Peptides

Whereas acid-catalyzed hydrolysis of peptides cleaves amide bonds indiscriminately and 
eventually breaks all of them, enzymatic hydrolysis is much more selective and is the 
method used to convert a peptide into smaller fragments.

The enzymes that catalyze the hydrolysis of peptide bonds are called peptidases. 
Trypsin, a digestive enzyme present in the intestine, catalyzes only the hydrolysis of peptide 
bonds involving the carboxyl group of a lysine or arginine residue. Chymotrypsin, another 
digestive enzyme, is selective for peptide bonds involving the carboxyl group of amino 
acids with aromatic side chains (phenylalanine, tryrosine, tryptophan). One group of pan­
creatic enzymes, known as carboxypeptidases, catalyzes only the hydrolysis of the peptide 
bond to the C-terminal amino acid. In addition to these, many other digestive enzymes are 
known and their selectivity exploited in the selective hydrolysis of peptides.

Papain, the active component of most 
meat tenderizers, is a peptidase.

Trypsin cleaves here when
R = side chain of lysine or arginine

Carboxypeptidase cleaves the peptide 
bond of the C-terminal amino acid

Chymotrypsin cleaves here when
R = side chain of phenylalanine, tyrosine, or tryptophan

Problem 25.18
Digestion of the tetrapeptide of Problem 25.17 with chymotrypsin gave a dipeptide 
that on amino acid analysis gave phenylalanine and valine in equimolar amounts. 
What amino acid sequences are possible for the tetrapeptide?

25.11 End Group Analysis

An amino acid sequence is ambiguous unless we know the direction in which to read 
it—left to right, or right to left. We need to know which end is the N terminus and 
which is the C terminus. As we saw in the preceding section, carboxypeptidase-catalyzed
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1142 Chapter 25 Amino Acids, Peptides, and Proteins

hydrolysis cleaves the C-terminal amino acid and so can be used to identify it. What 
about the N terminus?

Several chemical methods have been devised for identifying the N-terminal amino 
acid. They all take advantage of the fact that the N-terminal amino group is free and can 
act as a nucleophile. The a-amino groups of all the other amino acids are part of amide 
linkages, are not free, and are much less nucleophilic. Sanger’s method for N-terminal 
residue analysis involves treating a peptide with l-fluoro-2,4-dinitrobenzene, which is 
very reactive toward nucleophilic aromatic substitution (see Chapter 12).

l-Fluoro-2,4-dinitrobenzene is 
commonly referred to as Sanger’s 
reagent.

Nucleophiles attack here, 
displacing fluoride.

1 -Fluoro-2,4-dinitrobenzene

The amino group of the N-terminal amino acid displaces fluoride from l-fluoro-2,4- 
dinitrobenzene and gives a peptide in which the N-terminal nitrogen is labeled with 
a 2,4-dinitrophenyl (DNP) group. This is shown for the case of Val-Phe-Gly-Ala in 
Figure 25.7. The 2,4-dinitrophenyl-labeled peptide DNP-Val-Phe-Gly-Ala is isolated and 
subjected to hydrolysis, after which the 2,4-dinitrophenyl derivative of the N-terminal 
amino acid is isolated and identified as DNP-Vai by comparing its chromatographic 
behavior with that of standard samples of 2,4-dinitrophenyl-labeled amino acids. None

The reaction is carried out by mixing the peptide and 1 -fluoro-2,4-dinitrobenzene in the presence of a weak base 
such as sodium carbonate. In the first step the base abstracts a proton from the terminal H3N group to give a free 
amino function. The nucleophilic amino group attacks 1-fluoro-2,4-dinitrobenzene, displacing fluoride.

+ H,NCHC—NHCHC—NHCHX—NHCHCOf 
'll I

(CH;),CH CH2C6H5 CH3
1-Fluoro-2,4-dinitrobenzene Val-Phe-Gly-Ala

CH(CH3), ch2c6h5 ch3
DNP-Val-Phe-Gly-Ala

Acid hydrolysis cleaves the amide bonds of the 2,4-dinitrophenyl-labeled peptide, giving the
2,4-dinitrophenyl-labeled N-terminal amino acid and a mixture of unlabeled amino acids.

O,N^ V-NHCHCCTH + H3NCHCO,H + H3NCH,CO,H + H3NCHCO,H 

\=/ I I ’ I
CH(CH3)2 ch2c6h5 ch3

DNP-Val Phe Gly Ala

Figure 25.7
Use of l-fluoro-2,4-dinitrobenzene to identify the N-terminal amino acid of a peptide.
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25.12 Insulin 1143

of the other amino acid residues bear a 2,4-dinitrophenyl group; they appear in the 
hydrolysis product as the free amino acids.

Labeling the N-terminal amino acid as its DNP derivative is mainly of historical 
interest and has been replaced by other methods. We’ll discuss one of these—the Edman 
degradation—in Section 25.13. First, though, we’ll complete our review of the general 
strategy for peptide sequencing by seeing how Sanger tied all of the information together 
into a structure for insulin.

25.12 Insulin
Sanger worked with insulin from cows, which has 51 amino acids, divided between two 
chains. One of these, the A chain, has 21 amino acids; the other, the B chain, has 30. 
The A and B chains are joined by disulfide bonds between cysteine residues (Cys-Cys). 
Figure 25.8 shows some of the information that defines the amino acid sequence of the 
B chain.

■ Reaction of the B chain peptide with 1 -fluoro-2,4-dinitrobenzene established that 
phenylalanine is the N terminus.

■ Pepsin-catalyzed hydrolysis gave the four peptides shown in blue in Figure 25.8. 
(Their sequences were determined in separate experiments.) These four peptides 
contain 27 of the 30 amino acids in the B chain, but there are no points of overlap 
between them.

■ The sequences of the four tetrapeptides shown in red in Figure 25.8 bridge the gaps 
between three of the four “blue” peptides to give an unbroken sequence from 1 
through 24.

■ The peptide shown in green was isolated by trypsin-catalyzed hydrolysis and has an 
amino acid sequence that completes the remaining overlaps.

The collection of sequenced fragments constitutes the peptide map for insulin.

1 2 3 4567 89 10 II
Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu

Ser-His-Leu-Val

Leu-Val-Glu-Ala

12 13 14 15

Val-Glu-Ala-Leu

Ala-Leu-Tyr

16 17

Tyr-Leu-Val-Cys

18 19 20 21 22 23 24

Val-Cys-Gly-Glu-Arg-Gly-Phe

25

Gly-Phe-Phe-Tyr-Thr-Pro-Lys

26 27 28 29 30

Tyr-Thi-Pro-Lys-Ala

15 10 15 20 25 30
Phe-Val-Asn-GIn-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala

Figure 25.8______________________________________________________________________________________
Diagram showing how the amino acid sequence of the B chain of bovine insulin can be determined by overlap of peptide fragments. Pepsin-catalyzed 
hydrolysis produced the fragments shown in blue, trypsin produced the one shown in green, and acid-catalyzed hydrolysis gave many fragments, including 
the four shown in red.
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Figure 25.9
The amino acid sequence in bovine 
insulin. The A chain is joined to the B 
chain by two disulfide units (shown in 
green). There is also a disulfide bond 
linking cysteines 6 and 11 in the A 
chain. Human insulin has threonine 
and isoleucine at residues 8 and 
10, respectively, in the A' chain and 
threonine as the C-terminal amino acid 
in the B chain.

N terminus 
of A chain 5

S------ S

Gl, ,i,
Cys 

sf^(

Ser.Leu

Vai 10
Ala Sers-

15

Leu „
Glu Asn

Vai 
Phe

Asn Gin . His Leu ZS 

Cys
5

S

C terminus 
of A chain

20

-ys A Asn

S

N terminus 
of B chain

G,y ■ Ser : His Leu Vai Glu Ala Leu Tyr Leu Va] z 
Cys.

Gly 2010 15

Glu

C terminus pro ThrTyrThe Phe G1V
of B chain Ala Lys _

30

Sanger also determined the sequence of the A chain and identified the cysteine resi­
dues involved in disulfide bonds between the A and B chains as well as in the disulfide 
linkage within the A chain. The complete insulin structure is shown in Figure 25.9. The 
structure shown is that of bovine insulin. The A chains of human insulin and bovine 
insulin differ in only two amino acid residues; their B chains are identical except for the 
amino acid at the C terminus.

25.13 The Edman Degradation and Automated 
Sequencing of Peptides

When Sanger’s method for N-terminal residue analysis was discussed, you may have 
wondered why it was not done sequentially. Simply start at the N terminus and work 
steadily back to the C terminus identifying one amino acid after another. The idea is fine, 
but it just doesn’t work well in practice, at least with 1-fluoro-2,4-dinitrobenzene.

A major advance was devised by Pehr Edman (University of Lund, Sweden) that 
has become the standard method for N-terminal residue analysis. The Edman degrada­
tion is based on the chemistry shown in Mechanism 25.3. A peptide reacts with phenyl 
isothiocyanate to give a phenylthiocarbamoyl (PTC) derivative, as shown in the first 
step. This PTC derivative is then treated with an acid in an anhydrous medium (Edman 
used nitromethane saturated with hydrogen chloride) to cleave the amide bond between 
the N-terminal amino acid and the remainder of the peptide. No other peptide bonds are 
cleaved in this step as amide bond hydrolysis requires water. When the PTC derivative 
is treated with acid in an anhydrous medium, the sulfur atom of the C=S unit acts as 
an internal nucleophile, and the only amide bond cleaved under these conditions is the 
one to the N-terminal amino acid. The product of this cleavage, called a thiazolone, is 
unstable under the conditions of its formation and rearranges to a phenylthiohydantoin 
(PTH), which is isolated and identified by comparing it with standard samples of PTH 
derivatives of known amino acids. This is normally done by chromatographic methods, 
but mass spectrometry has also been used.

Only the N-terminal amide bond is broken in the Edman degradation; the rest of the 
peptide chain remains intact. It can be isolated and subjected to a second Edman procedure 
to determine its new N terminus. We can proceed along a peptide chain by beginning with 
the N terminus and determining each amino acid in order. The sequence is given directly 
by the structure of the PTH derivative formed in each successive degradation.

Problem 25.19
Give the structure of the PTH derivative isolated in the second Edman cycle of the 
tetrapeptide Val-Phe-Gly-Ala.
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25.13 The Edman Degradation and Automated Sequencing of Peptides 1145

Mechanism 25.3

The Edman Degradation

Step 1: A peptide is treated with phenyl isothiocyanate to give a phenylthiocarbamoyl (PTC) derivative.

C6H5N=C=S
R R

Phenyl isothiocyanate PTC derivative

Step 2: On reaction with hydrogen chloride in an anhydrous solvent, the thiocarbonyl sulfur of the PTC derivative 
attacks the carbonyl carbon of the N-terminal amino acid. The N-terminal amino acid is cleaved as a 
thiazolone derivative from the remainder of the peptide.

S O
C6H5NHC C-rNH— peptide HCl S 

c6h5nh—c c=o 
\\ IN—CH 

\ 
R

h3n— peptide

PTC derivative Thiazolone Remainder of peptide

^N—CH
H R

Step 3: Once formed, the thiazolone derivative isomerizes to a more stable phenylthiohydantoin (PTH) derivative, 
which is isolated and characterized, thereby providing identification of the N-terminal amino acid. The 
remainder of the peptide (formed in step 2) can be isolated and subjected to a second Edman degradation.

S=C
\ /HN—CH C1

c6h5
N 

s=c c=o 
\ I 
HN—CH 

\ RR
Thiazolone PTH derivative

Ideally, one could determine the primary structure of even the largest protein by 
repeating the Edman procedure. Because anything less than 100% conversion in any 
single Edman degradation gives a mixture containing some of the original peptide 
along with the degraded one, two different PTH derivatives are formed in the next 
Edman cycle, and the ideal is not realized in practice. However, it is a fairly routine 
matter to sequence the first 20 amino acids from the N terminus by repetitive Edman 
cycles, and even 60 residues have been determined on a single sample of the protein 
myoglobin. The entire procedure has been automated and incorporated into a device 
called an Edman sequenator. The amount of sample required is quite small; as little 
as 10-10 mol is typical.

So many peptides and proteins have been sequenced now that it is impossible to 
give an accurate count. What was Nobel Prize-winning work in 1958 is routine today. 
Nor has the story ended. Sequencing of nucleic acids has advanced so dramatically that 
it is possible to clone the gene that codes for a particular protein, sequence its DNA, 
and deduce the structure of the protein from the nucleotide sequence of the DNA. We’ll 
have more to say about DNA sequencing in the next chapter.

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 45 of 73



1146 Chapter 25 Amino Acids, Peptides, and Proteins

Peptide Mapping and MALDI Mass Spectrometry

B
iological materials often contain proteins that must 
be identified. Recent advances in mass spectrometry 
have made peptide mapping a convenient tool for this 
purpose. The protein in question is selectively hydrolyzed with 

a peptidase such as trypsin and the mixture of peptides pro­
duced is analyzed by matrix-assisted laser desorption ionization 
(MALDI) as illustrated in Figure 25.10.

MALDI offers two main advantages over traditional mass 
spectrometric methods.

1. Substances, such as peptides, that lack sufficient volatility to 
be vaporized for analysis by conventional mass spectrometry 
can be vaporized by MALDI.

2. The species analyzed bythe mass spectrometer is the conjugate 
acid of a peptide (peptide + H+). Unlike the highly energetic 
ions generated by electron impact (see Section 13.24), the 
cations produced by MALDI have little tendency to fragment. 
Consequently, a mixture of peptide fragments gives a mass 

spectrum dominated by peaks with m/z values corresponding 
to those of the individual protonated peptides.

With the aid of freely available Internet tools and databases, 
the MALDI data set is compared with known proteins to generate 
a list of potential matches. The analyst inputs the peptidase used 
to digest the original protein and the m/z values of the peptides 
displayed in the MALDI spectrum. As specified by the search cri­
teria, the search delivers (in a matter seconds!) a list of peptide 
sequences and the proteins these sequences contain. Next, a dif­
ferent peptidase is used to hydrolyze the protein, to provide a sec­
ond set of peptides that are also analyzed by MALDI and matched 
against the database. MALDI mass spectrometry compares the 
amino acid composition of unsequenced peptides with the amino 
acid sequence of known proteins in order to identify an unknown 
protein. The procedure is repeated until the list of potential 
matches is narrowed to a single known protein, additional data are 
needed, or it becomes likely that the protein is new.

Figure 25.10
The molecular weights of all of the 
peptides in a mixture obtained by 
the enzyme-catalyzed hydrolysis of a 
protein are determined simultaneously 
by mass spectrometry using matrix- 
assisted laser desorption ionization 
(MALDI).

Enzyme-catalyzed 
hydrolysis

Mixture of peptides in water

Deposit mixture on 
matrix and allow 
water to evaporate

Laser

Laser irradiation causes 
some of the peptide 
molecules to be 
protonated by the matrix. 
Some of the adsorbed 
material, including the 
protonated peptides, is 
dislodged from the 
matrix and enters the 
gas phase. The positively 
charged ions are 
separated by the mass 
spectrometer according 
to their m/z ratio.

Transfer matrix to inlet 
of mass spectrometer, 
evacuate to 10“7 torr 
and irradiate with laser

Problem 25.20
Which two of the standard amino acids cannot be differentiated on the basis of their m/z ratio?
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25.14 The Strategy of Peptide Synthesis

One way to confirm the structure proposed for a peptide is to synthesize a peptide having 
a specific sequence of amino acids and compare the two. This was done, for example, 
in the case of bradykinin, a peptide present in blood that acts to lower blood pressure. 
Excess bradykinin, formed as a response to the sting of wasps and other insects con­
taining substances in their venom that stimulate bradykinin release, causes severe local 
pain. Bradykinin was originally believed to be an octapeptide containing two proline 
residues; however, a nonapeptide containing three prolines in the following sequence 
was synthesized and determined to be identical with natural bradykinin in every respect, 
including biological activity:

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
Bradykinin

A reevaluation of the original sequence data established that natural bradykinin was 
indeed the nonapeptide shown. Here the synthesis of a peptide did more than confirm 
structure; synthesis was instrumental in determining structure.

The synthesis of peptides is an important area of drug development. For many 
years, the high cost of peptide synthesis and the rapid degradation of peptides when 
administered in the body hampered the progress of peptide drug discovery. Recent 
advances in peptide manufacturing and drug delivery have increased the use of 
peptide-based pharmaceuticals. Two of the most prominent peptide drugs are insulin 
and calcitonin.

The insulin required for the treatment of diabetes used to be obtained by extrac­
tion from the pancreas glands of cows and pigs. Since the early 1980s, this “natu­
ral” insulin has been replaced by “synthetic” human insulin prepared by recombinant 
DNA technology (Section 26.17). Synthetic insulin is not only identical to human 
insulin, it is both safer and less expensive than insulin obtained from animals. A 
somewhat smaller polypeptide, calcitonin with 32 amino acids, is prepared by more 
traditional methods of synthetic organic chemistry. Synthetic calcitonin is identical to 
that obtained from salmon and is widely used for the treatment of osteoporosis. How 
calcitonin acts remains uncertain, but one possibility is that it maintains bone mass, 
not by increasing the rate of bone growth, but by decreasing the rate of bone loss. 
The biological receptor for calcitonin is located on a type of bone cell known as an 
osteoclast.

Other than the biochemical methods typified by the synthesis of insulin, there are 
two major approaches to peptide synthesis:

1. Solution phase
2. Solid phase

Although the two approaches differ in respect to the phase in which the synthesis is 
carried out, the overall strategy is the same in both.

The objective in peptide synthesis may be simply stated: to connect amino acids 
in a prescribed sequence by amide bond formation between them. A number of very 
effective methods and reagents have been designed for peptide bond formation, so that 
the joining together of amino acids by amide linkages is not difficult. The real diffi­
culty lies in ensuring that the correct sequence is obtained. This can be illustrated by 
considering the synthesis of a representative dipeptide, Phe-Gly. Random peptide bond 
formation in a mixture containing phenylalanine and glycine would be expected to lead 
to four dipeptides:

H3NCHCO2“ + H3NCH2CO2“ -- > Phe-Gly + Phe-Phe + Gly-Phe + Gly-Gly

CH2C6H5

A promising method of drug delivery 
uses liposomes (see Section 24.4).

Phenylalanine Glycine
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1148 Chapter 25 Amino Acids, Peptides, and Proteins

To direct the synthesis so that only Phe-Gly is formed, the amino group of phenyl­
alanine and the carboxyl group of glycine must be protected so that they cannot react 
under the conditions of peptide bond formation. We can represent the peptide bond 
formation step by the following equation, where X and Y are amine- and carboxyl- 
protecting groups, respectively:

0 0 O 0 0 0

X—NHCHCOH + H2NCH2C—Y X—NHCHC—NHCH2C—Y depr°teCt> H3NCHC—NHCH2C0-

I I Ich2c6h5 ch2c6h5 ch2c6h5
N-Protected C-Protected Protected Phe-Gly Phe-Gly

phenylalanine glycine

Thus, the synthesis of a dipeptide of prescribed sequence requires at least three 
operations:

1. Protect the amino group of the N-terminal amino acid and the carboxyl group of the 
C-terminal amino acid.

2. Couple the two protected amino acids by amide bond formation between them.
3. Deprotect the amino group at the N terminus and the carboxyl group at the 

C terminus.

Higher peptides are prepared in an analogous way by a direct extension of the logic just 
outlined for the synthesis of dipeptides.

Sections 25.15 through 25.17 describe the chemistry associated with the protection 
and deprotection of amino and carboxyl functions, along with methods for peptide bond 
formation. The focus in those sections is on solution-phase peptide synthesis. Section 
25.18 shows how these methods are adapted to solid-phase synthesis.

25.15 Amino Group Protection

Another name for the benzyloxycarbonyl 
group is carbobenzoxy. This name, and 
its abbreviation Cbz, are often found in 
the older literature, but are no longer a 
part of IUPAC nomenclature.

The reactivity of an amino group is suppressed by converting it to an amide, and 
amino groups are most often protected by acylation. The benzyloxycarbonyl group 

O
II(C6H5CH2OC—) is one of the most often used amino-protecting groups. It is attached 

by acylation of an amino acid with benzyloxycarbonyl chloride.

CH2OCC1 + H3NCHC0“

ch2c6h5
1. NaOH, H20 
------------ ----—>

2. H+
CH2OCNHCHCO2H

ch2c6h5
Benzyloxycarbonyl 

chloride
Phenylalanine Af-Benzyloxycarbonylphenylalanine 

(82-87%)

Problem 25.21
Lysine reacts with two equivalents of benzyloxycarbonyl chloride to give a 
derivative containing two benzyloxycarbonyl groups. What is the structure of this 
compound?
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25.15 Amino Group Protection 1149

Just as it is customary to identify individual amino acids by abbreviations, so too 
with protected amino acids. The approved abbreviation for a benzyloxycarbonyl group 
is the letter Z. Thus, TV-benzyloxycarbonylphenylalanine is represented as

ZNHCHCO2H

ch2c6h5
or more simply as Z-Phe

The value of the benzyloxycarbonyl protecting group is that it is easily removed by 
reactions other than hydrolysis. In peptide synthesis, amide bonds are formed. We protect 
the N terminus as an amide but need to remove the protecting group without cleaving 
the very amide bonds we labored so hard to construct. Removing the protecting group by 
hydrolysis would surely bring about cleavage of peptide bonds as well. One advantage 
that the benzyloxycarbonyl protecting group enjoys over more familiar acyl groups such 
as acetyl is that it can be removed by hydrogenolysis in the presence of palladium. The 
following equation illustrates this for the removal of the benzyloxycarbonyl protecting 
group from the ethyl ester of Z-Phe-Gly:

Hydrogenolysis refers to the cleavage 
of a molecule under conditions of 
catalytic hydrogenation.

O 0
II II

C6H5CH2OCNHCHCNHCH2CO2CH2CH3 c6h5ch3 + co2

ch2c6h5
+ H2NCHCNHCH2CO2CH2CH3

ch2c6h5
MBenzyloxycarbonylphenylalanylglycine 

ethyl ester
Toluene Carbon 

dioxide
Phenylalanylglycine 
ethyl ester (100%)

o

Alternatively, the benzyloxycarbonyl protecting group may be removed by treat­
ment with hydrogen bromide in acetic acid:

0 0 o
II II HBr + II

C6H5CH2OCNHCHCNHCH2CO2CH2CH3-----> C6H5CH2Br + CO2 + H3NCHCNHCH2CO2CH2CH3 Br“

ch2c6h5 ch2c6h5
WBenzyloxycarbonylphenylalanylglycine Benzyl Carbon Phenylalanylglycine

ethyl ester bromide dioxide ethyl ester hydrobromide
(82%)

Deprotection by this method rests on the ease with which benzyl esters are cleaved by 
nucleophilic attack at the benzylic carbon in the presence of strong acids. Bromide ion 
is the nucleophile.

A related N-terminal-protecting group is tert-butoxycarbonyl, abbreviated Boc:

O

(CH3)3COC-

tert-Butoxycarbonyl 
(Boc-)

(CH3)3COC —nhchco2h
ch2c6h5

A-tert-Butoxycarbonylphenylalanine

also
written BocNHCHCO2H

as ch2c6h5
Boc-Phe

Like the benzyloxycarbonyl protecting group, the Boc group may be removed by treat­
ment with hydrogen bromide (it is stable to hydrogenolysis, however):

O O
II II

(CH3)3COCNHCHCNHCH2CO2CH2CH3-----> (CH3)2C = CH2 +

ch2c6h5
AMm-Butoxycarbonylphenylalanylglycine 2-Methylpropene

ethyl ester

CO2 + H3NCHCNHCH2CO2CH2CH3 Br“

ch2c6h5
Carbon Phenylalanylglycine
dioxide ethyl ester hydrobromide

(86%)
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1150 Chapter 25 Amino Acids, Peptides, and Proteins

The tert-butyl group is cleaved as the corresponding carbocation. Loss of a proton from 
tert-butyl cation converts it to 2-methylpropene. Because of the ease with which a tert­
butyl group is cleaved as a carbocation, other acidic reagents, such as trifluoroacetic 
acid, may also be used.

A third N-protecting group option is 9-fluorenylmethoxycarbonyl (FMOC).

+ H3NCHCH3
' I
CO2“

9-Fluorenylmethoxycarbonyl chloride 
(FMOC-C1)

Alanine 9-Fluorenylmethoxycarbonylalanine (88%)

FMOC differs from Z and Boc in that it is removed under basic conditions.

9-Fluorenylmethoxycarbonylalanine Dibenzofulvene Carbon Alanine (100%) 
dioxide

Problem 25.22
The mechanism of removing the FMOC protecting group rests on the fact its five­
membered ring is structurally analogous to 1,3-cyclopentadiene, which makes its 
hydrogen relatively acidic. Ammonia removes this hydrogen to give an anion:

(a) Use curved arrows to show how the anion produced in this step dissociates.
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25.17 Peptide Bond Formation 1151

(b) The dibromo analog of the FMOC protecting group can be removed with pyridine, 
which is a weaker base than is used to remove the FMOC group. Explain why the 
dibromo derivative is more easily removed by base than FMOC.

25.16 Carboxyl Group Protection

Carboxyl groups of amino acids and peptides are normally protected as esters. Methyl 
and ethyl esters are prepared by Fischer esterification. Deprotection of methyl and ethyl 
esters is accomplished by hydrolysis in base. Benzyl esters are a popular choice because 
they can also be removed by hydrogenolysis. Thus a synthetic peptide, protected at its 
N terminus with a Z group and at its C terminus as a benzyl ester, can be completely 
deprotected in a single operation.

II ii h2 + 11
C6H5CH2OCNHCHCNHCH2CO2CH2C6H5 H3NCHCNHCH2CO2“ + 2C6H5CH3 + co2

ch2c6h5 ch2c6h5
MBenzyloxycarbonylphenylalanylglycine Phenylalanylglycine Toluene Carbon

benzyl ester (87%) dioxide

Several of the amino acids listed in Table 25.1 bear side-chain functional groups, 
which must also be protected during peptide synthesis. In most cases, protecting groups 
are available that can be removed by hydrogenolysis.

25.17 Peptide Bond Formation

To form a peptide bond between two suitably protected amino acids, the free carboxyl 
group of one of them must be activated so that it is a reactive acylating agent. The 
most familiar acylating agents are acyl chlorides, and they were once extensively used 
to couple amino acids. Certain drawbacks to this approach, however, led chemists to 
seek alternative methods.

In one method, treatment of a solution containing the N-protected and the 
C-protected amino acids with N,N'-dicyclohexylcarbodiimide (DCCI) leads directly to 
peptide bond formation:

O O 0 0
II II DCCI II II

ZNHCHCOH + H.NCH2COCH2CH3------ZNHCHC — NHCH2COCH2CH3 
z J chloroform |

ch2c6h5 ch2c6h5
Z-Protected Glycine Z-Protected Phe-Gly

phenylalanine ethyl ester ethyl ester (83%)

N,N'-Dicyclohexylcarbodiimide has the structure:

N=C=N

N,N'-Dicyclohexylcarbodiimide (DCCI)
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1152 Chapter 25 Amino Acids, Peptides, and Proteins

Mechanism 25.4 shows how DCCI promotes the formation of the peptide bond shown 
in the preceding equation.

Problem 25.23
Show the steps involved in the synthesis of Ala-Leu from alanine and leucine using 
benzyloxycarbonyl and benzyl ester protecting groups and DCCI-promoted peptide bond 
formation.

Mechanism 25.4

Amide Bond Formation Between a Carboxylic Acid and an Amine Using /V,N'-Dicyclohexylcarbodiimide

THE OVERALL REACTION:
O

n II ,OCH2CH3C6H5CH2 JI +H?N^v 2 J + R—N=C=N—R —>I 0H ■ J 

NHZ

Z-Protected phenylalanine Glycine ethyl ester N,N'-Dicyclohexylcarbodiimide (DCCI)
(Z = Benzyloxycarbonyl) (R = cyclohexyl)

n 09 IIC6H5CH2 11 OCH2CH3 + R r /R
NJ NN

NHZ u 0 H H

Z-Protected Phe-Gly ethyl ester AI, M-Dicyclohexylurea

THE MECHANISM:

Step 1: In the first stage of the reaction, the carboxylic acid adds to one of the double bonds of DCCI to give an 
O-acylisourea.

Z-Protected phenylalanine DCCI An O-Acylisourea

Step 2: Structurally, D-acylisoureas resemble acid anhydrides and are powerful acylating agents. In the reaction’s 
second stage the amine adds to the carbonyl group of the O-acylisourea to give a tetrahedral intermediate.

proton 
transfers

=0
Tetrahedral intermediate

Continued
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Step 3: The tetrahedral intermediate dissociates to an amide and AM-dicyclohexylurea.

Z-Protected Phe-Gly ethyl ester WJV'-Dicyclohexylurea

The A,A'-dicyclohexylurea that is produced in peptide couplings with DCCI is 
soluble in the same solvents as the product, making it more difficult to separate the 
by-products during purification. An alternative carbodiimide that is used in peptide syn­
thesis is A-(3-dimethylaminopropyl)-A'-ethylcarbodiimide, known as EDCI. Both EDCI 
and the urea that is produced from it are water-soluble and can be more easily separated 
from the peptide product. EDCI can also be used in organic solvents.

CH3CH2N=C=NCH2CH2CH2N(CH3)2
M(3-dimethylaminopropyl)-7V'-ethylcarbodiimide (EDCI)

Problem 25.24
What is the structure of the urea that is produced in the coupling reaction of a 
protected amino acid and a carboxylic acid with EDCI?

Higher peptides are prepared either by stepwise extension of peptide chains, one 
amino acid at a time, or by coupling of fragments containing several residues (the frag­
ment condensation approach). Human pituitary adrenocorticotropic hormone (ACTH), 
for example, has 39 amino acids and was synthesized by coupling of smaller pep­
tides containing residues 1-10, 11-16, 17-24, and 25-39. An attractive feature of this 
approach is that the various protected peptide fragments may be individually purified, 
which simplifies the purification of the final product. Among the substances that have 
been synthesized by fragment condensation are insulin (51 amino acids) and the pro­
tein ribonuclease A (124 amino acids). In the stepwise extension approach, the starting 
peptide in a particular step differs from the coupling product by only one amino acid 
residue and the properties of the two peptides may be so similar as to make purifica­
tion by conventional techniques all but impossible. The solid-phase method described 
in the following section overcomes many of the difficulties involved in the purification 
of intermediates.

25.18 Solid-Phase Peptide Synthesis: The Merrifield Method

In 1962, R. Bruce Merrifield of Rockefeller University reported the synthesis of the 
nonapeptide bradykinin by a novel method. In Merrifield’s method, peptide coupling 
and deprotection are carried out not in homogeneous solution but at the surface of an 
insoluble polymer, or solid support. Beads of a copolymer prepared from styrene con­
taining about 2% divinylbenzene are treated with chloromethyl methyl ether and tin(IV) 
chloride to give a resin in which about 10% of the aromatic rings bear —CH2C1 groups 
(Figure 25.11). The growing peptide is anchored to this polymer, and excess reagents, 
impurities, and by-products are removed by thorough washing after each operation. This 
greatly simplifies the purification of intermediates.

Merrifield was awarded the 1984 Nobel 
Prize in Chemistry for developing the 
solid-phase method of peptide 
synthesis.
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1154 Chapter 25 Amino Acids, Peptides, and Proteins

Figure 25.11
A section of polystyrene showing one of the benzene rings modified by chloromethylation. Individual 
polystyrene chains in the resin used in solid-phase peptide synthesis are connected to one another at 
various points (cross-linked) by adding a small amount of p-divinylbenzene to the styrene monomer. The 
chloromethylation step is carried out under conditions such that only about 10% of the benzene rings bear 
—CH2CI groups.

The Merrifield procedure has been 
adapted to accommodate FMOC as well 
as Boc protecting groups.

The actual process of solid-phase peptide synthesis, outlined in Figure 25.12, 
begins with the attachment of the C-terminal amino acid to the chloromethylated poly­
mer in step 1. Nucleophilic substitution by the carboxylate anion of an N-Boc-protected 
C-terminal amino acid displaces chloride from the chloromethyl group of the polymer 
to form an ester, protecting the C terminus while anchoring it to a solid support. Next, 
the Boc group is removed by treatment with acid (step 2), and the polymer containing 
the unmasked N terminus is washed with a series of organic solvents. By-products are 
removed, and only the polymer and its attached C-terminal amino acid residue remain. 
Next (step 3), a peptide bond to an N-Boc-protected amino acid is formed by condensa­
tion in the presence of N,N'-dicyclohexylcarbodiimide. Again, the polymer is washed 
thoroughly. The Boc protecting group is then removed by acid treatment (step 4), and 
after washing, the polymer is now ready for the addition of another amino acid residue 
by a repetition of the cycle. When all the amino acids have been added, the synthetic 
peptide is removed from the polymeric support by treatment with hydrogen bromide in 
trifluoroacetic acid.

By successively adding amino acid residues to the C-terminal amino acid, it took 
Merrifield only eight days to synthesize the nonapeptide bradykinin in 68% yield. The 
biological activity of synthetic bradykinin was identical with that of natural material.

Problem 25.25
Starting with phenylalanine and glycine, outline the steps in the preparation of Phe-Gly 
by the Merrifield method.

Merrifield successfully automated all the steps in solid-phase peptide synthesis, 
and computer-controlled equipment is commercially available to perform this synthesis. 
Using an early version of his “peptide synthesizer,” in collaboration with coworker Bernd 
Gutte, Merrifield reported the synthesis of the enzyme ribonuclease in 1969. It took them 
only six weeks to perform the 369 reactions and 11,391 steps necessary to assemble the 
sequence of 124 amino acids of ribonuclease.

Solid-phase peptide synthesis does not solve all purification problems, however. 
Even if every coupling step in the ribonuclease synthesis proceeded in 99% yield, the 
product would be contaminated with many different peptides containing 123 amino acids, 
122 amino acids, and so on. Thus, Merrifield and Gutte’s six weeks of synthesis was 
followed by four months spent in purifying the final product. The technique has since 
been refined to the point that yields at the 99% level and greater are achieved with cur­
rent instrumentation, and thousands of peptides and peptide analogs have been prepared 
by the solid-phase method.

Merrifield’s concept of a solid-phase method for peptide synthesis and his develop­
ment of methods for carrying it out set the stage for an entirely new way to do chemical 
reactions. Solid-phase synthesis has been extended to include numerous other classes of
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Step 1: The Boc-protected amino acid is 
anchored to the resin. Nucleophilic 
substitution of the benzylic chloride by 
the carboxylate anion gives an ester. R O"

O 
// 

BocNHCHC

Step 2: The Boc protecting group is 
removed by treatment with hydrochloric 
acid in dilute acetic acid. After the resin 
has been washed, the C-terminal amino 
acid is ready for coupling.

O

BocNHCHCO—CH, — Resin
I 

R

HC1

Step 3: The resin-bound C-terminal amino 
acid is coupled to an N-protected amino 
acid by using A, A'-dicyclohexylcarbodiimide. 
Excess reagent and A,A'-dicyclohexylurea are 
washed away from the resin after coupling is 
complete.

H,NCHCO — CH, — Resin

BocNHCHCO2H

R'

O O

BocNHCHC — NHCHCO —CH, — Resin

Step 4: The Boc protecting group is removed 
as in step 2. If desired, steps 3 and 4 may be 
repeated to introduce as many amino acid 
residues as desired.

R' R

HC1

o o
H2NCHCNHCHCO — CH, — Resin

Step n: When the peptide is completely 
assembled, it is removed from the resin 
by treatment with hydrogen bromide 
in trifluoroacetic acid.

R' R

HBr,

o o
H,N— PEPTIDE —NHCHCNHCHCO,H + BrCH, — Resin

R' R

Figure 25.12
Peptide synthesis by the solid-phase method. Amino acid residues are attached sequentially beginning at the C terminus.

compounds and has helped spawn a whole new field called combinatorial chemistry. 
Combinatorial synthesis allows a chemist, using solid-phase techniques, to prepare hun­
dreds of related compounds (called libraries) at a time.

25.19 Secondary Structures of Peptides and Proteins

The primary structure of a peptide is its amino acid sequence. The secondary structure is 
the conformational relationship of nearest neighbor amino acids with respect to each other. 
On the basis of X-ray crystallographic studies and careful examination of molecular mod­
els, Linus Pauling and Robert B. Corey of the California Institute of Technology showed 
that certain peptide conformations were more stable than others. Two arrangements, the
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Figure 25.13
Hydrogen bonding between the carbonyl 
oxygen of one peptide chain and the 
amide N—H of another in a p-pleated 
sheet. In the antiparallel arrangement, 
the N-terminus -> C-terminus direction 
of one chain is opposite to that of the 
other. In the parallel arrangement, the 
N-terminus -» C-terminus direction is 
the same for both chains.

Chapter 25 Amino Acids, Peptides, and Proteins

a helix and the p sheet, stand out as secondary structural units that are both particularly 
stable and commonly encountered. Both of these incorporate two important features:

1. The geometry of the peptide bond is planar and the main chain is arranged in an anti 
conformation (see Section 25.7).

2. Hydrogen bonding can occur when the N—H group of one amino acid unit and the 
C—O group of another are close in space; conformations that maximize the number 
of these hydrogen bonds are stabilized by them.

Chains in a 3 sheet exist in an extended conformation with hydrogen bonds between 
a carbonyl oxygen of one chain and an amide N—H of another (Figure 25.13). Both 
the parallel and antiparallel arrangements of chains occur in proteins. Some of the space 
between peptide chains is occupied by the amino acid side chains, represented by R 
in Figure 25.13. Van der Waals repulsive forces involving these substituents cause the 
chains to rotate with respect to one another, giving a rippled effect known as a ft-pleated 
sheet (Figure 25.14).

The ^-pleated sheet is an important secondary structure in proteins that are 
rich in amino acids with small side chains such as H (glycine), CH3 (alanine), and 
CH2OH (serine). The model in Figure 25.14 is a portion of the calculated structure 
for a sheet composed of antiparallel strands containing only glycine and alanine in 
alternating order (Gly-Ala-Gly-Ala-, etc.). It was designed to resemble fibroin, the 
major protein of silk. Fibroin is almost entirely pleated sheet, and over 80% of it is 
a repeating sequence of the six-residue unit -Gly-Ser-Gly-Ala-Gly-Ala-. Because the 
polypeptide backbone adopts an extended zigzag conformation, silk, unlike wool for 
example, resists stretching.

Figure 25.14
The p-pleated sheet secondary structure 
of a protein, composed of alternating 
glycine and alanine residues.
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Problem 25.26
The methyl groups of the alanine residues of the 3 sheet in Figure 25.14 all point 
upward. If this pleated sheet were composed of only alanine residues instead of being 
Gly-Ala-Gly-Ala, etc. what would be the pattern of methyl groups? Would they all point 
up, alternate up and down, or be random?

The a helix is another commonly encountered secondary structure. Figure 25.15 
gives three views of an ct-helix model constructed from eight L-alanine residues. Part a of 
the figure is a ball-and-spoke model; part b is a view through the center of the helix along 
its axis. The helix is right-handed with about 3.6 amino acids per turn and is stabilized 
by hydrogen bonds between the carbonyl oxygens and N—H protons. View b shows 
how the methyl groups of L-alanine project outward from the main chain. This outward 
orientation of amino acid side chains makes them the points of contact with other amino 
acids of the same chain, with different protein chains, and with other biomolecules. Part c 
of the figure uses a ribbon to trace the peptide backbone. The ribbon helps distinguish 
front from back, makes the right-handedness of the helix more apparent, and is especially 
useful when looking at how proteins are folded.

Figure 25.15
Molecular models of an a helix composed of eight alanine residues. The N terminus is at the bottom, (a) A ball-and-spoke model. Hydrogen bonds are 
shown as dashed lines, (b) The same model looking up the helical axis from the bottom. Hydrogens have been omitted for clarity. The helix is right- 
handed, and all of the methyl groups point outward, (c) A tube model framed in a ribbon that traces the path of the helix.

The protein components of muscle (myosin) and wool (a-keratin) contain high 
percentages of a helix. When wool is stretched, hydrogen bonds break and the peptide 
chain is elongated. Covalent S—S bonds between L-cysteine residues limit the extent to 
which the chain can be stretched, however, and once the stretching force is removed the 
hydrogen bonds re-form spontaneously.

Most proteins cannot be described in terms of a single secondary structure. Rather, 
most are mixtures of a helix and [3 sheet, interspersed with regions of random coils that 
have no regular pattern. Figure 25.16 shows a model of ribonuclease, an enzyme that 
catalyzes the hydrolysis of RNA. The helical regions are shown in red, the fl sheets 
in yellow. Of the 124 amino acids in this protein, 24 are represented in three sections of
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Figure 25.16
Molecular models of ribonuclease. Red 
ribbons identify sequences where the 
secondary structure is a helix; yellow 
ribbons identify strands of p sheet. 
Arrowheads point in the direction from 
the N terminus to the C terminus, (a) 
Shows both a molecular model and 
ribbons, (b) Shows only the ribbons.

(a)

a helix. There are two [3 sheets, one with three strands accounting for 21 amino acids, 
the other with four strands and 20 amino acids. The strands of each 3 sheet belong to 
the same chain and are brought within hydrogen bonding distance because of how the 
chain is folded. Indeed, the formation of hydrogen bonds such as these is one of the 
factors that contributes to chain folding.

Another protein which has regions of a helix and P sheet is green fluorescent 
protein, or GFP. In GFP, the p sheet structure is barrel-shaped, and the a helix runs 
along the center of the barrel, where it is shielded from the exterior (Figure 25.17). 
The a helix in GFP contains an arrangement of amino acids that undergoes fluores­
cence. Through the use of recombinant DNA technology (Section 26.17), GFP can 
be attached to other proteins that are normally invisible, but now can be imaged 
using fluorescence microscopy. Using GFP as a biomarker, it is possible to monitor 
the roles of different proteins in the body, in part because GFP has very low toxic­
ity toward living cells. The development of nerve cells in the brain, the spread of

Figure 25.17
Barrel-shaped green fluorescent protein 
(GFP) has an outer p-sheet structure and 
an a helix in the inner region.
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cancer cells, and the damage to neurons that occurs during Alzheimer’s disease can 
be followed by techniques that use GFP. The 2008 Nobel Prize in Chemistry was 
awarded to Osamu Shimomura, Martin Chalfie, and Roger Tsien for their work in 
the development of GFP.

25.20 Tertiary Structure of Polypeptides and Proteins

The way a protein chain is folded, its tertiary structure, affects both its physical prop­
erties and its biological function. The two main categories of protein tertiary structure 
are fibrous and globular.

1. Fibrous proteins are bundles of elongated filaments of protein chains and are in­
soluble in water.

2. Globular proteins are approximately spherical and are either soluble or form colloidal 
dispersions in water.

The primary structure of a protein, its amino acid sequence, is the main determinant of terti­
ary structure. Secondary structure also contributes by limiting the number of conformations 
available to a polypeptide chain.

Fibrous proteins, being insoluble in water often have a structural or protective 
function. The most familiar fibrous proteins are the keratins and collagen. a-Keratin 
(Figure 25.18) is based on the a-helix secondary structure and is the protein structural 
component of hair, wool, nails, claws, quills, horns, and the outer layer of skin. P-Keratin 
is based on the P-sheet secondary structure and occurs in silk as fibroin. L-Cysteine is 
especially abundant in keratins, where it can account for more than 20% of the amino 
acids present. Collagen occurs mainly in connective tissue (cartilage and tendons) and 
has a triple helix structure.

Globular proteins include most enzymes and function in aqueous environments. 
About 65% of the mass of most cells, for example, is water. When placed in water, non­
polar materials, including nonpolar amino acid side chains, cause nearby water molecules 
to adopt a more ordered arrangement, reducing the entropy of water. This is called the 
hydrophobic effect. The unfavorable negative AS is moderated if the protein adopts a 
spherical shape which places nonpolar side chains inside and polar ones on the surface. 
Of the various globular arrangements, the one that best offsets the entropy loss with 
attractive forces among the side chains is the tertiary structure adopted by the protein in 
its normal, or native state.

(a)

Figure 25.18
a-Keratin. Two a helices (a) combine 
to give a coiled coil Wb A pair of 
coiled coils is a protofilament (c). Four 
protofilaments give a filament (d), which 
is the structural material from which the 
fibrous protein is assembled.
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Table 25.4 lists the attractive forces that most influence protein tertiary structure. 
The strongest of these is the covalent S—S bond that unites two cysteine residues. 
This disulfide bridge can form between the —CH2SH groups of two cysteines, which, 
although they may be remote from each other in respect to the amino acid sequence, 
become neighbors when the chain is folded. Formation of the disulfide bond con­
necting the two stabilizes the local folded arrangement. A typical globular protein 
normally has only a small number of disulfide bridges. Of the 124 amino acids in 
ribonuclease (see Figure 25.16 in Section 25.19), 6 are cysteines and each participates 
in a disulfide bridge; one bridge unites Cys-26 and Cys-84, another Cys-58 and Cys-110, 
and a third Cys-65 and Cys-72.

The noncovalent interactions are all much weaker than the S—S covalent bond. 
Among them, the electrostatic attraction between positively and negatively charged 
side chains, called a salt bridge, is the strongest, followed by hydrogen bonding, then 
van der Waals forces. Keep in mind though, that the total contribution of the various 
forces depends not only on the magnitude of an interaction but also on their number.

Covalent

TABLE 25.4 Covalent and Noncovalent Interactions Between Amino Acid Side Chains in Proteins

Description Type of interaction Example

Disulfide bridge S—S bond between two cysteines

Noncovalent

Salt bridge Electrostatic attraction between 
oppositely charged ions

Hydrogen bond Positively polarized H of 0—H 
or N—H group interacts with 
an electronegative atom (0 or N)

Van der Waals Induced-dipole/induced-dipole 
attraction (dispersion force) 
between nonpolar side chains

Val---Phe

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 60 of 73



25.20 Tertiary Structure of Polypeptides and Proteins 1161

Disulfide bridges may be strong, but there are usually only a few of them. Van der 
Waals forces are weak, but they outnumber all the other intermolecular attractive 
forces.

Problem 25.27
Table 25.4 shows a salt bridge between aspartic acid and arginine. Sketch the 
analogous electrostatic attraction between lysine and an amino acid other than 
aspartic acid from Table 25.1.

Knowing how the protein chain is folded is a key element in understanding how 
an enzyme catalyzes a reaction. Biochemical processes are usually related to the core 
reaction types of organic chemistry and involve similar key intermediates. The reac­
tions, however, are much faster and more selective. In proposing an enzyme-catalyzed 
mechanism for a reaction such as amide or ester hydrolysis, it is customary to assume it 
proceeds by way of a tetrahedral intermediate, then modify the usual nucleophilic acyl 
substitution mechanism by assigning various catalytic functions to selected amino acid 
side chains of the enzyme.

We saw in Section 25.10 that carboxypeptidase A catalyzes the hydrolysis of 
the peptide bond to the C-terminal amino acid of polypeptides. Carboxypeptidase 
A is a metalloprotein; it contains a Zn2+ ion, which is essential for catalytic activ­
ity. The X-ray crystal structure of carboxypeptidase A (Figure 25.19) locates this 
Zn2+ ion in a hydrophobic cavity near the center of the enzyme, where it is held 
by coordination to a glutamic acid residue (Glu-72) and two histidines (His-69 and 
His-196). This is the same region, called the active site, where the substrate binds. 
The substrate in the case of carboxypeptidase is a peptide, especially a peptide with 
a hydrophobic C-terminal amino acid such as phenylalanine or tyrosine. In addition 
to being hydrophobic, as is the active site, the substrate is bound by an electrostatic 
attraction between its negatively charged carboxylate and the positively charged side 
chain of Arg-145. Mechanism 25.5 shows the interactions of the side chains of car­
boxypeptidase A with Zn2+ and a peptide, then describes the mechanism for cleaving 
the peptide bond to the terminal amino acid. Side chains other than those shown in 
Mechanism 25.5 have been implicated but have been omitted. The main feature of 
the mechanism is its relationship to the mechanism of nucleophilic acyl substitution 
(on which it was patterned). Not only does the enzyme bring the substrate and cata­
lytically active functions together at the active site, but by stabilizing the tetrahedral 
intermediate it lowers the activation energy for its formation and increases the reac­
tion rate.

Disulfide bond Figure 25.19
The structure of carboxypeptidase A 
displayed as (a) a tube model and (b} 
a ribbon diagram. The most evident 
feature illustrated by (a) is the globular 
shape of the enzyme. The ribbon diagram 
emphasizes the folding of the chain.

(a) (6)
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Mechanism 25.5

Carboxypeptidase-Catalyzed Hydrolysis

THE MECHANISM: The mechanism shown outlines the major stages in carboxypeptidase-catalyzed hydrolysis of a peptide in 
which the C-terminal amino acid is phenylalanine. Proton transfers accompany stages 2 and 3 but are not shown. Only 
the major interactions of the substrate with the carboxypeptidase side chains are shown although others may also be 
involved.

Stage 1: The peptide is positioned in the active site by an electrostatic bond between its negatively charged 
C-terminal carboxylate and a positively charged arginine side chain of the enzyme. Also at the active site, 
Zn2+ engages in Lewis acid/Lewis base interactions with His-69 and His-196 and an electrostatic attraction 
with the negatively charged carboxylate of Glu-72. These ligands are shown here but will be omitted in 
subsequent steps for simplicity.

Glu-72

Stage 2: Water adds to the carbonyl group of the peptide bond. The rate of this nucleophilic addition is accelerated 
by coordination of the carbonyl oxygen to Zn2+ and/or to one of the N—H protons of Arg-127 (not shown). 
The product is a tetrahedral intermediate stabilized by coordination to zinc. Stabilization of the tetrahedral 
intermediate may be the major factor for the rapid rate of the carboxypeptidase-catalyzed hydrolysis.

Stage 3: The tetrahedral intermediate dissociates to the C-terminal amino acid (phenylalanine in this case). Subsequent 
steps restore the active site.
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Figure 25.20
Heme shown as (a) a structural drawing 
and as (£>) a space-filling model. The 
space-filling model shows the coplanar 
arrangement of the groups surrounding 
iron.

25.21 Coenzymes

The number of chemical processes that protein side chains can engage in is rather limited. 
Most prominent among them are proton donation, proton abstraction, and nucleophilic 
addition to carbonyl groups. In many biological processes a richer variety of reactivity 
is required, and proteins often act in combination with substances other than proteins to 
carry out the necessary chemistry. These substances are called cofactors, and they can 
be organic or inorganic and strongly or weakly bound to the enzyme. Among cofactors 
that are organic molecules, the term coenzyme is applied to those that are not covalently 
bound to the enzyme, and prosthetic group to those that are. Acting alone, for example, 
proteins lack the necessary functionality to be effective oxidizing or reducing agents. 
They can catalyze biological oxidations and reductions, however, in the presence of a 
suitable coenzyme. In earlier sections we saw numerous examples of these reactions in 
which the coenzyme NAD+ acted as an oxidizing agent, and others in which NADH 
acted as a reducing agent.

Heme (Figure 25.20) is an important prosthetic group in which iron(II) is coordi­
nated with the four nitrogen atoms of a type of tetracyclic aromatic substance known as 
a porphyrin. The oxygen-storing protein of muscle, myoglobin, represented schematically 
in Figure 25.21, consists of a heme group surrounded by a protein of 153 amino acids. 
Four of the six available coordination sites of Fe2+ are taken up by the nitrogens of the 
porphyrin, one by a histidine residue of the protein, and the last by a water molecule. 
Myoglobin stores oxygen obtained from the blood by formation of an Fe—O2 complex. 
The oxygen displaces water as the sixth ligand on iron and is held there until needed. 
The protein serves as a container for the heme and prevents oxidation of Fe2+ to Fe3+, 
an oxidation state in which iron lacks the ability to bind oxygen. Separately, neither 
heme nor the protein binds oxygen in aqueous solution; together, they do it very well.

Pyridoxal 5'-phosphate (see 
Section 25.6) is a coenzyme.

Figure 25.21
The structure of sperm-whale myoglobin 
displayed as (a) a tube model and (b) a 
ribbon diagram. There are five separate 
regions of a helix in myoglobin, which are 
shown in different colors to distinguish 
them more clearly. The heme portion is 
included in both drawings, but is easier 
to locate in the ribbon diagram, as is the 
histidine side chain that is attached to the 
iron of heme.
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Oh NO! It's Inorganic!

The amino acid L-arginine undergoes an interesting bio­
chemical conversion.

NH2 0
II II

h2ncnhch2ch2ch2chco~ —>
+nh3

L-Arginine

0 0
II II

H2NCNHCH2CH2CH2CHC0“ + NO

+nh3
L-Citrulline Nitric oxide

Our experience conditions us to focus on the organic compo­
nents of the reaction—L-arginine and L-citrulline—and to give 
less attention to the inorganic one—nitric oxide (nitrogen mon­
oxide, NO). To do so, however, would lead us to overlook one of 
the most important discoveries in biology in the last quarter of 
the twentieth century.

Our story starts with the long-standing use of nitroglycerin 
to treat the chest pain that characterizes angina, a condition in 
diseases such as atherosclerosis in which restricted blood flow to 
the heart muscle itself causes it to receive an insufficient amount 
of oxygen. Placing a nitroglycerin tablet under the tongue provides 
rapid relief by expanding the blood vessels feeding the heart. A 
number of other nitrogen-containing compounds such as amyl 
nitrite and sodium nitroprusside exert a similar effect.

02N0CH2CHCH20N02 (CH3)2CHCH2CH20N0

0N02

Nitroglycerin Amyl nitrite

Na2[0=N—Fe(CN)5]

Sodium nitroprusside

A chemical basis for their action was proposed in 1977 by Ferid 
Murad who showed that all were sources of NO, thereby impli­
cating it as the active agent.

Three years later, Robert F. Furchgott discovered that the 
relaxing of smooth muscles, such as blood vessel walls, was 
stimulated by an unknown substance produced in the lining of 
the blood vessels (the endothelium). He called this substance 
the endothelium-dependent relaxing factor, or EDRF and, in 
1986, showed that EDRF was NO. Louis J. Ignarro reached the 
same conclusion at about the same time. Further support was 
provided by Salvador Moncada who showed that endothelial 
cells did indeed produce NO and that the L-arginine-to-L-citrulline 
conversion was responsible.

The initial skepticism that greeted the idea that NO, 
which is (a) a gas, (b) toxic, (c) inorganic, and (d) a free radical, 
could be a biochemical messenger was quickly overcome. An 
avalanche of results confirmed not only NO’s role in smooth­
muscle relaxation, but added more and more examples to an 
ever-expanding list of NO-stimulated biochemical processes. 
Digestion is facilitated by the action of NO on intestinal 
muscles. The drug Viagra (.sildenafil citrate), prescribed to treat 
erectile dysfunction, works by increasing the concentration of a 
hormone, the release of which is signaled by NO. A theory that 
NO is involved in long-term memory receives support from the 
fact the brain is a rich source of the enzyme nitric oxide synthase 
(NOS), which catalyzes the formation of NO from L-arginine. 
NO even mediates the glow of fireflies. They glow nonstop when 
placed in a jar containing NO, but not at all when measures are 
taken to absorb NO.

Identifying NO as a signaling molecule in biological pro­
cesses clearly justified a Nobel Prize. The only mystery was who 
would get it. Nobel Prizes are often shared, but never among 
more than three persons. Although four scientists—Murad, 
Furchgott, Ignarro, and Moncada—made important contribu­
tions, the Nobel committee followed tradition and recognized 
only the first three of them with the 1998 Nobel Prize in Physi­
ology or Medicine.

25.22 Protein Quaternary Structure: Hemoglobin
Rather than existing as a single polypeptide chain, some proteins are assemblies of two or 
more chains. The manner in which these subunits are organized is called the quaternary 
structure of the protein.

Hemoglobin is the oxygen-carrying protein of blood. It binds oxygen at the lungs 
and transports it to the muscles, where it is stored by myoglobin. Hemoglobin binds 
oxygen in very much the same way as myoglobin, using heme as the prosthetic group. 
Hemoglobin is much larger than myoglobin, however, having a molecular weight of 
64,500, whereas that of myoglobin is 17,500; hemoglobin contains four heme units, 
myoglobin only one. Hemoglobin is an assembly of four hemes and four protein chains, 
including two identical chains called the alpha chains and two identical chains called 
the beta chains.

Some substances, such as CO, form strong bonds to the iron of heme, strong 
enough to displace O2 from it. Carbon monoxide binds 30-50 times more effectively 
than oxygen to myoglobin and hundreds of times better than oxygen to hemoglobin.
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Strong binding of CO at the active site interferes with the ability of heme to perform its 
biological task of transporting and storing oxygen, with potentially lethal results.

How function depends on structure can be seen in the case of the genetic disorder 
sickle cell anemia. This is a debilitating, sometimes fatal, disease in which red blood 
cells become distorted (“sickle-shaped”) and interfere with the flow of blood through 
the capillaries. This condition results from the presence of an abnormal hemoglobin 
in affected people. The primary structures of the beta chain of normal and sickle cell 
hemoglobin differ by a single amino acid out of 146; sickle cell hemoglobin has valine 
in place of glutamic acid as the sixth residue from the N terminus of the p chain. A tiny 
change in amino acid sequence can produce a life-threatening result! This modification is 
genetically controlled and probably became established in the gene pool because bearers 
of the trait have an increased resistance to malaria.

25.23 G-Coupled Protein Receptors

Biological receptors have been mentioned a few times in this book, in the context of 
organic molecules that bind to them. In Section 24.2 of the previous chapter, we described 
anandamide, a lipid that binds to the same receptor in the brain as the cannabinoids. In 
Section 25.14 of this chapter, we mentioned calcitonin, a peptide that regulates blood 
calcium levels and is used in the treatment of osteoporosis. The biological receptors for 
anandamide and for calcitonin both belong to a very large class of protein receptors 
known as G-coupled protein receptors, or GCPRs. The “G” stands for guanine in 
“guanine nucleotide-binding proteins.” GCPRs occur throughout the body and function 
as “molecular switches” that regulate many physiological processes.

GCPRs span the cell membrane (see Figure 24.4). When GCPRs bind their specific 
ligand, such as a lipid, peptide, or ion, they undergo a conformational change, which results 
in the transduction of a signal across the membrane. The details of how signaling occurs 
are not completely understood. The conformational change may result in an interaction with 
a nearby G protein, which in turn can activate enzymes or ion channels (Figure 25.22).

In the biochemistry of vision (see Chapter 17), the interaction of rhodopsin, a 
GCPR, with light results in the photo-induced isomerization of cis retinal imine to trans 
retinal imine. This causes conformational changes in rhodopsin, which ultimately result 
in the closing of an ion channel, polarization of the cell membrame, and a nerve impulse 
that is transmitted to the brain in vision.

G-coupled protein receptors are involved in many diseases. It is estimated that 
nearly one-half of prescription drugs target GCPRs, in the treatment of cancer, cardiac 
malfunction, inflammation, pain, and disorders of the central nervous system.

Signal transduction pathways in 
biochemistry involve a relay of molecular 
interactions that ultimately produce an 
intracellular response. These pathways 
can serve as a connection between 
events at the cell surface and gene 
expression in the nucleus.

GDP and GTP are abbreviations for 
the nucleotides guanosine 
5'-diphosphate and guanosine 
5'-triphosphate. Nucleotides are 
discussed in Section 26.2.

Figure 25.22
Signal transduction is initiated by the binding of a G-coupled protein receptor (GCPR) to the ligand on the exterior of the cell. Interactions with a nearby 
G protein inside the cell results in the exchange of bound GDP to GTP and in the release of one of its subunits in a GTP-bound form that activates an ion 
channel or enzyme.
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25.24 SUMMARY

This chapter revolves around proteins. The first half describes the building blocks of proteins, pro­
gressing through amino acids and peptides. The second half deals with proteins themselves.

Section 25.1 The 20 amino acids listed in Table 25.1 are the building blocks of proteins. All 
are a-amino acids.

Section 25.2 Except for glycine, which is achiral, all of the a-amino acids in Table 25.1 are 
chiral and have the L configuration at the a carbon.

Section 25.3 The most stable structure of a neutral amino acid is a zwitterion. The pH of an 
aqueous solution at which the concentration of the zwitterion is a maximum is 
called the isoelectric point (pl).

CO,-

H3N---------- H

CH(CH3)2

Fischer projection of 
L-valine in its zwitterionic form

Section 25.4 Amino acids are synthesized in the laboratory from
1. a-Halo acids by reaction with ammonia
2. Aldehydes by reaction with ammonia and cyanide ion (the Strecker synthesis)
3. Alkyl halides by reaction with the enolate anion derived from diethyl 

acetamidomalonate

Section 25.5 Amino acids undergo reactions characteristic of the amino group (e.g., amide 
formation) and the carboxyl group (e.g., esterification). Amino acid side chains 
undergo reactions characteristic of the functional groups they contain.

Section 25.6 Among the biochemical reactions of a-amino acids, several use pyridoxal 
5'-phosphate as a coenzyme. These reactions involve bonds to the a carbon and 
include transamination, decarboxylation, and racemization.

Section 25.7 An amide linkage between two a-amino acids is called a peptide bond. By 
convention, peptides are named and written beginning at the N terminus.

0 0
+ II II

H3NCHC—NHCHC—NHCH2CO2- Ala-Cys-Gly

ch3 ch2sh (ACG)
Alanylcysteinylglycine

Section 25.8 The primary structure of a peptide is its amino acid sequence plus any disulfide 
bonds between two cysteine residues. The primary structure is determined by a 
systematic approach in which the protein is cleaved to smaller fragments, even 
individual amino acids. The smaller fragments are sequenced and the main 
sequence deduced by finding regions of overlap among the smaller peptides.

Section 25.9 Complete hydrolysis of a peptide gives a mixture of amino acids. An amino acid 
analyzer identifies the individual amino acids and determines their molar ratios.

Section 25.10 Selective hydrolysis can be accomplished by using enzymes to catalyze cleavage 
at specific peptide bonds.

Section 25.11 Carboxypeptidase-catalyzed hydrolysis can be used to identify the C-terminal 
amino acid. The N terminus is determined by chemical means. One reagent used 
for this purpose is Sanger’s reagent, 1-fluoro-2,4-dinitrobenzene (see Figure 25.7).

Section 25.12 The procedure described in Sections 25.8-25.11 was used to determine the amino 
acid sequence of insulin.

Section 25.13 Modem methods of peptide sequencing follow a strategy similar to that used to sequence 
insulin, but are automated and can be carried out on a small scale. A key feature is 
repetitive N-terminal amino acid identification using the Edman degradation.
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Section 25.14

Section 25.15

Synthesis of a peptide of prescribed sequence requires the use of protecting groups 
to minimize the number of possible reactions.
Amino-protecting groups include benzyloxycarbonyl (Z), tert-butoxycarbonyl 
(Boc), and 9-fluorenylmethoxycarbonyl (FMOC).

OR OR

c6h5ch2oc—nhchco2h (CH3)3COC—nhchco2h
Benzyloxycarbonyl-protected tert-Butoxycarbonyl-protected

amino acid amino acid

9-Fluorenylmethoxycarbonyl-protected 
amino acid

Section 25.16

Section 25.17

Hydrogen bromide may be used to remove either the benzyloxycarbonyl or 
tert-butoxycarbonyl protecting group. The benzyloxycarbonyl protecting group 
may also be removed by catalytic hydrogenolysis. FMOC is removed in base.

Carboxyl groups are normally protected as benzyl, methyl, or ethyl esters. 
Hydrolysis in dilute base is normally used to deprotect methyl and ethyl esters. 
Benzyl protecting groups are removed by hydrogenolysis.
Peptide bond formation between a protected amino acid having a free carboxyl 
group and a protected amino acid having a free amino group can be accomplished 
with the aid of A,A'-dicyclohexylcarbodiimide (DCCI).

0 0 0 0
II II DCCI II II

ZNHCHCOH + H2NCHCOCH3------ > ZNHCHC—NHCHC0CH3

RR' RR'

Section 25.18 In the Merrifield method the carboxyl group of an amino acid is anchored to a 
solid support and the chain extended one amino acid at a time. When all the amino 
acid residues have been added, the polypeptide is removed from the solid support.

Section 25.19 Two secondary structures of proteins are particularly prominent. The pleated 
p sheet is stabilized by hydrogen bonds between N—H and C=0 groups of 
adjacent chains. The a helix is stabilized by hydrogen bonds within a single 
polypeptide chain.

Section 25.20

Section 25.21

Section 25.22

The folding of a peptide chain is its tertiary structure. The tertiary structure has 
a tremendous influence on the properties of the peptide and the biological role it 
plays. The tertiary structure is normally determined by X-ray crystallography.

Many globular proteins are enzymes. They accelerate the rates of chemical 
reactions in biological systems, but the kinds of reactions that take place are the 
fundamental reactions of organic chemistry. One way in which enzymes accelerate 
these reactions is by bringing reactive functions together in the presence of 
catalytically active functions of the protein.
Often the catalytically active functions of an enzyme are nothing more than 
proton donors and proton acceptors. In many cases a protein acts in cooperation 
with a coenzyme, a small molecule having the proper functionality to carry out a 
chemical change not otherwise available to the protein itself.
Many proteins consist of two or more chains, and the way in which the various 
units are assembled in the native state of the protein is called its quaternary 
structure.

Section 25.23 G-coupled protein receptors are transmembrane proteins that function as 
molecular switches in many physiological processes.
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PROBLEMS

25.28 The imidazole ring of the histidine side chain acts as a proton acceptor in certain 
enzyme-catalyzed reactions. Which is the more stable protonated form of the histidine 
residue, A or B? Why?

A

25.29 Which two a-amino acids are the biosynthetic precursors of the penicillins?

CO2H

25.30 (a) Use the data in Table 25.2 and the Henderson-Hasselbalch equation to calculate 
the ratio — at pH = 7.

[B]

(b) At what pH is [A] the largest?

25.31 ct-Amino acids are not the only compounds that exist as zwitterions. p-Aminobenzenesulfonic 
acid (sulfanilic acid) is normally written in the form shown but its zwitterionic form is 
more stable. Write a structural formula for the zwitterion.

25.32 Putrescine, citrulline, and ornithine are products of arginine metabolism. The molecular 
formulas are given for the form in which each exists at pH = 7. The net charge 
corresponding to each formula is zero, +1, and +2. Suggest a reasonable structure for 
each species.

Arginine (C6H15N4O2)

Ornithine 
(C5H13N2O2)

Putrescine 
(C4H14N2)

25.33 Acrylonitrile (H2C=CHC=N) readily undergoes conjugate addition when treated with 
nucleophilic reagents. Describe a synthesis of [3-alanine (H3NCH2CH2CO2-) that takes 
advantage of this fact.

25.34 (a) Isoleucine has been prepared by the following sequence of reactions. Give the 
structure of compounds A through D isolated as intermediates in this synthesis.
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ch3ch2chch3
Br

diethyl mdonate A 1 KOH B
sodium ethoxide 2. HC1 '

B —C (C7HuBrO4) D isoleucine (racemic)

(b) An analogous procedure has been used to prepare phenylalanine. What alkyl halide 
would you choose as the starting material for this synthesis?

25.35 Hydrolysis of the following compound in concentrated hydrochloric acid for several hours 
at 100°C gives one of the amino acids in Table 25.1. Which one? Is it optically active?

C
/l CH2COOCH2CH3

F N—C(COOCH2CH3)2

o
25.36 Identify the major product in each of the following reactions involving amino acids.

25.37 The synthetic peptide shown here is an inhibitor of the enzyme p-secretase, which plays 
a role in the development of Alzheimer’s disease. It contains five amino acids from 
Table 25.1. Which ones?

25.38 Cyanogen bromide (BrC=N) cleaves peptides specifically between the carbonyl group 
of a methionine residue and the next amino acid.

Methionine-containing peptide

CH3SC = N

Lactone C-Terminal fragment Methyl thiocyanate
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1170 Chapter 25 Amino Acids, Peptides, and Proteins

(a) The mechanism of this process begins with the reaction of cyanogen bromide with 
the peptide to give a sulfonium ion:

Methionine-containing peptide Sulfonium ion Bromide ion

The sulfonium ion then cyclizes to an iminolactone with loss of methyl thiocyanate.

Sulfonium ion Conjugate acid of iminolactone Methyl thiocyanate

Using curved arrows to show the flow of electrons, suggest a reasonable mechanism 
for this cyclization.

(b) Hydrolysis of the conjugate acid of the iminolactone to the corresponding lactone 
cleaves the peptide chain. Write a stepwise mechanism for this reaction.

25.39 Native chemical ligation (NCL) is a method for coupling peptide chains. It requires that 
one of the peptides has an N-terminal cysteine, and the C terminus of the other peptide 
be a thioester. The thiol of the N-terminal cysteine of peptide 2 reacts with the thioester 
of peptide 1 to give an initial product that contains a “nonnative” thioester linkage. 
The initial product rearranges to a more stable, amide-linked (native) peptide. Write 
mechanisms for the coupling and rearrangement steps in NCL.

rearrangement

25.40 If you synthesized the tripeptide Leu-Phe-Ser from amino acids prepared by the 
Strecker synthesis, how many stereoisomers would you expect to be formed?

25.41 Automated amino acid analysis of peptides containing asparagine (Asn) and glutamine 
(Gin) residues gives a peak corresponding to ammonia. Why?

25.42 What are the products of each of the following reactions? Your answer should account 
for all the amino acid residues in the starting peptides.
(a) Reaction of Leu-Gly-Ser with l-fluoro-2,4-dinitrobenzene
(b) Hydrolysis of the compound in part (a) in concentrated hydrochloric acid (100°C)
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(c) Treatment of Ile-Glu-Phe with C6H5N=C=S, followed by hydrogen bromide in 
nitromethane

(d) Reaction of Asn-Ser-Ala with benzyloxycarbonyl chloride
(e) Reaction of the product of part (d) with p-nitrophenol and N,N'- 

dicyclohexylcarbodiimide
(f) Reaction of the product of part (e) with the ethyl ester of valine
(g) Hydrogenolysis of the product of part (f) by reaction with H2 over palladium

25.43 The first 32 amino acids from the N terminus of the protein bovine angiogenin were 
determined by Edman degradation and have the sequence:

AQDDYRYIHFLTQHYDAKPKGRNDEYCFNMMK

(a) Identify the sites of cleavage during trypsin-catalyzed hydrolysis of this protein.
(b) What are the cleavage sites using chymotrypsin?

25.44 Somatostatin is a tetradecapeptide of the hypothalamus that inhibits the release 
of pituitary growth hormone. Its amino acid sequence has been determined by a 
combination of Edman degradations and enzymic hydrolysis experiments. On the 
basis of the following data, deduce the primary structure of somatostatin:

1. Edman degradation gave PTH-Ala.
2. Selective hydrolysis gave peptides having the following indicated sequences:

Phe-Trp

Thr-Ser-Cys
Lys-Thr-Phe
Thr-Phe-Thr-Ser-Cys

Asn-Phe-Phe-Trp-Lys
Ala-Gly-Cys-Lys-Asn-Phe

3. Somatostatin has a disulfide bridge.

25.45 What protected amino acid would you anchor to the solid support in the first step of a 
synthesis of oxytocin (see Figure 25.6) by the Merrifield method?

Descriptive Passage and Interpretive Problems 25

Amino Acids in Enantioselective Synthesis
Organic chemists speak of a “chiral pool,” which comprises those naturally occurring compounds 
that are readily available as a single enantiomer and capable of being used as starting materials 
for the enantioselective synthesis of other chiral molecules. Amino acids are well represented in 
the chiral pool. All except glycine have at least one chirality center and, although L-amino acids 
are more abundant and less expensive than their D-enantiomers, both are available.

Most of the standard amino acids have served as starting materials for enantioselective synthe­
ses. One of the most widely used is L-glutamic acid and its lactam (S)-pyroglutamic acid, which 
is easily prepared by heating an aqueous solution of L-glutamic acid in a sealed container.

L-Glutamic acid (S)-Pyroglutamic acid

With three functional groups in a compound with only five carbons, L-glutamic acid and (S)- 
pyroglutamic acid provide access to more complex molecules via functional-group manipulation.

Many of the syntheses are lengthy, and most contain some specialized reactions. The following 
problems emphasize the planning aspect of amino acid-based enantioselective syntheses starting 
with either L-glutamic acid or (S)-pyroglutamic acid. The few reactions that are included are either 
familiar or similar to those covered in earlier chapters.
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1172 Chapter 25 Amino Acids, Peptides, and Proteins

25.46 (S)-Pyroglutamic acid was used as the starting material 
in a synthesis of (+)-ipalbidine, an analgesic alkaloid 
obtained from the seeds of the white moonflower. Ipomoea 
alba. No bonds are made or broken to the chirality center 
of (5)-pyroglutamic acid in this synthesis. Which of the 
following is the structure of (+)-ipalbidine?

25.47 A synthesis of poison-dart frog toxin has been described
that begins with L-glutamic acid.

The numbered carbons in the product correspond to the 
same numbered carbons in L-glutamic acid. No bonds 
to carbon-2 are made or broken in the synthesis. If the 
configuration at carbon-5 in the product is R, which of 
the following best represents the stereochemistry of the 
frog toxin?

25.48 One synthesis of fosinopril, a drug used to combat 
high blood pressure, starts with the reduction of 
(S)-pyroglutamic acid to the primary alcohol, followed 
by protection of the OH and NH groups.

What reaction conditions are appropriate for the 
protection step?

O
II

A. C6H5CC1, pyridine
B. C6H5CH=O, p-toluenesulfonic acid, toluene, heat
c. C6H5CO2CH3
D. C6HsCH2Br, Na2CO3, acetone
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25.49 The TV, O-protected compound formed in the preceding 
problem was alkylated with 3-bromocyclohexene.

25.50

What reaction conditions are appropriate for step 1?
A. LiAlH4, diethyl ether
B. NaOCH2CH3, ethanol
C. Mg, diethyl ether
D. [(CH3)2CH]2NLi, tetrahydrofuran
a-Kainic acid is a neurotoxin produced by certain
algae. Several enantioselective syntheses of it have been 
described, one of which is based on l-bromo-3-methyl-2- 
butene and L-glutamic acid.

a-Kainic acid L-Glutamic acid

25.51

Which carbon of L-glutamic acid is involved in the only 
carbon-carbon bond forming step of the synthesis?
A. C-l D. C-4
B. C-2 E. C-5
C. C-3
(S)-Tylophorine is an alkaloid isolated from a plant that 
grows in India and Southeast Asia, which is of interest 
as a potential antitumor drug. It has been synthesized by 
a multistep procedure based on L-glutamic acid and the 
phenanthrene derivative shown.

Tylophorine L-Glutamic acid

Which carbon of L-glutamic acid is involved in the only 
carbon-carbon bond forming step of the synthesis?
A. C-l D. C-4
B. C-2 E. C-5
C. C-3

Regeneron Ex. 2056 
Alvotech v. Regeneron 

PGR2025-00085 
Page 73 of 73




