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26. Amino Acids, Peptides, Proteins, and Nucleic
Acids
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Organic molecules constitute the chemical bricks of life. A functional definition of life refers
to it as a condition of matter manifested by growth, metabolism, reproduction, and evolution.

Amino acids and their polymers (polypeptides), the large natural polypeptides called
proteins and their biological origin, DNA.

Proteins have diversity of functions in living systems. As enzymes, they catalyze
transformations ranging from the simple hydration of carbon dioxide to the replication of
entire chromosomes—great coiled strands of DNA, the genetic material in living cells.

The protein of rhodopsin, the photoreceptor that generates and transmits nerve impulses in
retinal cells. Hemoglobin carries oxygen; iron is transported in the blood by transferrin and
stored in the liver by ferritin.

Proteins play a crucial role in coordinated motion (e.g. muscle contraction), and being
mechanical support to skin and bone. They are the antibodies responsible for our immune
protection; and they control growth and differentiation.
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26-1 STRUCTURE AND PROPERTIES OF AMINO ACIDS

Amino acids are carboxylic acids that bear an amine group. The most common of these in
nature are the 2-amino acids, or 𝜶-amino acids, which have the general formula
RCH(NH2)COOH; that is, the amino function is located at C2, the 𝛼-carbon.

The R group can be alkyl or aryl, and it can contain hydroxy, amino, mercapto, sulfide,
carboxy, guanidino, or imidazolyl groups. Because of the presence of both amino and carboxy
functions, amino acids are both acidic and basic.

The stereocenter of 2-amino acids has the S configuration

More than 500 amino acids exist in nature, but the proteins in all species, from bacteria to
humans, consist mainly of only 20. Adult humans can synthesize all but eight, and two only in
insufficient quantities. This group is often called the essential amino acids because they
must be included in our diet.
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nature are the 2-amino acids, or !-amino acids, which have the general formula 
RCH(NH2)COOH; that is, the amino function is located at C2, the !-carbon. The R group 
can be alkyl or aryl, and it can contain hydroxy, amino, mercapto, sul! de, carboxy, gua-
nidino, or imidazolyl groups. Because of the presence of both amino and carboxy functions, 
amino acids are both acidic and basic.

The stereocenter of common 2-amino acids has the S confi guration
More than 500 amino acids exist in nature, but the proteins in all species, from bacteria to humans, 
consist mainly of only 20. Adult humans can synthesize all but eight, and two only in insuf! cient 
quantities. This group is often called the essential amino acids because they must be included 
in our diet. Although amino acids can be named in a systematic manner, they rarely are; so we 
shall use their common names. Table 26-1 lists the 20 most common amino acids, along with 
their structures, their pKa values, and the three- and (the newer) one-letter codes that abbreviate 
their names. We shall see later how to use these codes to describe peptides conveniently.

H2N H

COOH

R

!-Amino acid

Basic

!-Carbon

Acidic

S

Table 26-1 Natural (2S)-Amino Acids

  Three-letter One-letter pKa of pKa of pKa of acidic Isoelectric
R Name code code A-COOH A-!NH3 function in R point, pI

H Glycine Gly G 2.3 9.6  —  6.0

Alkyl group

CH3 Alanine Ala A 2.3 9.7  —  6.0
CH(CH3)2 Valinea Val V 2.3 9.6  —  6.0
CH2CH(CH3)2 Leucinea Leu L 2.4 9.6  —  6.0
CHCH2CH3 (S)

CH3

A
 Isoleucinea Ile I 2.4 9.6  —  6.0

H2C  Phenylalaninea Phe F 1.8 9.1  —  5.5

H

COOHb

CH2

HN  Proline Pro P 2.0 10.6  —  6.3

Hydroxy containing

CH2OH Serine Ser S 2.2 9.2  —  5.7
CHOH

CH3

A
 (R) Threoninea Thr T 2.1 9.1  —  5.6

H2C OH Tyrosine Tyr Y 2.2 9.1 10.1 5.7

Amino containing

CH2CNH2

O
B

 Asparagine Asn N 2.0 8.8  —  5.4
Continued

H

COOH

R

H2N
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Amino acids may be depicted by either hashed-wedged line structures or by Fischer 
projections.

Table 26-1 Natural (2S)-Amino Acids (continued)

  Three-letter One-letter pKa of pKa of pKa of acidic Isoelectric
R Name code code A-COOH A-!NH3 function in R point, pI

Amino containing (continued)

CH2CH2CNH2

O
B

 Glutamine Gln Q 2.2 9.1  —  5.7
(CH2)4NH2 Lysinea Lys K 2.2 9.0 10.5c 9.7

(CH2)3NHCNH2

NH
B

 Argininea Arg R 2.2 9.0 12.5c 10.8

H2C

N
H

 Tryptophana Trp W 2.8 9.4  —  5.9

N

NH
H2C

 Histidinea His H 1.8 9.2 6.1c 7.6

Mercapto or sul! de containing
CH2SH Cysteined Cys C 2.0 10.3 8.2 5.1
CH2CH2SCH3 Methioninea Met M 2.3 9.2  —  5.7

Carboxy containing

CH2COOH Aspartic acid Asp D 1.9 9.6 3.7 2.8
CH2CH2COOH Glutamic acid Glu E 2.2 9.7 4.3 3.2
aEssential amino acids. bEntire structure. cpKa of conjugate acid. dThe stereocenter is R because the 
CH2SH substituent has higher priority than the COOH group.

How to Draw l-Amino Acids and Their Relation to the l-Sugars

R

H2N

H2N H

C2, or !-carbon

S (L)
H

CC

COOH

COOH

R
R

!#

#

A
O

Hashed-wedged line structures

HO H

CHO

CH2OH

H2N

(S)-2,3-Dihydroxypropanal
(L-Glyceraldehyde)

H

COOH

R

Fischer projections

R

N O
O

O

N

O

≥

´

≥

In all but glycine, the simplest of the amino acids, C2 is a stereocenter and usually adopts 
the S con! guration. Other stereocenters located in the substituent R may have either R (as 
in threonine) or S con! guration (as in isoleucine).

As in the names of the sugars (Section 24-1), an older amino acid nomenclature uses 
the pre! xes d and l, which relate all the l-amino acids to (S)-2,3-dihydroxypropanal (l-
glyceraldehyde). As emphasized in the discussion of the natural d sugars, a molecule belong-
ing to the l family is not necessarily levorotatory. For example, both valine ([a]d

258C 5 113.9) 
and isoleucine ([a]d

258C 5 111.9) are dextrorotatory.

Model Building
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In all but glycine, the simplest of the amino acids, C2 is a stereocenter and usually adopts
the S configuration. Other stereocenters located in the substituent R may have either R (as
in threonine) or S configuration (as in isoleucine).

As in the names of the sugars, an older amino acid nomenclature uses the prefixes D and
L, which relate all the L-amino acids to (S)-2,3-dihydroxypropanal (L- glyceraldehyde).

A molecule belonging to the L family is not necessarily levorotatory, for example, both valine
([a]D25∘C = +13.9) and isoleucine ([a]D25∘C = +11.9) are dextrorotatory.
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Amino acids are acidic and basic: zwitterions

Because of their two functional groups, the amino acids are both acidic and basic; that is,
they are amphoteric. The carboxylic acid group protonates the amine function, thus
forming a zwitterion.

This ammonium carboxylate form is favored because an ammonium ion is much less acidic
(pKa ≈ 10–11) than a carboxylic acid (pKa ≈ 2–5).
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Amino acids are acidic and basic: zwitterions
Because of their two functional groups, the amino acids are both acidic and basic; that is, 
they are amphoteric (Section 8-3). The carboxylic acid group protonates the amine func-
tion, thus forming a zwitterion. This ammonium carboxylate form is favored because 
an ammonium ion is much less acidic (pKa ! 10–11) than a carboxylic acid (pKa ! 2–5). 
The highly polar zwitterionic structure allows amino acids to form particularly strong crys-
tal lattices. Most of them therefore are fairly insoluble in organic solvents, and they decom-
pose rather than melt when heated. The electrostatic potential map of glycine in the margin 
depicts its highly dipolar nature, originating from the juxtaposition of the electron-rich (red) 
carboxylate function with the electron-poor (blue) ammonium group.

The structure of an amino acid in aqueous solution depends on the pH. Consider, for 
example, the simplest member of the series, glycine. The major form in neutral solution is 
the zwitterion. However, in strong acid (pH , 1), glycine exists predominantly as the cat-
ionic ammonium carboxylic acid, whereas strongly basic solutions (pH . 13) contain 
mainly the deprotonated 2-aminocarboxylate ion. These forms interconvert by acid-base 
equilibria (Section 2-2).

H2NCH2COOH

H
An ammonium ion

predominates
at pH < 1

A neutral zwitterion
predominates

at pH !! 6

A carboxylate ion
predominates

at pH > 13

A
H
A

!
H2NCH2COO"

!
H2NCH2COO"

HO"

H!

HO"

H!

Increasing pH

Table 26-1 records pKa values for each functional group of the amino acids. For glycine, 
the ! rst value (2.3) refers to the equilibrium

H3NCH2COOH
!

[H3NCH2COOH]
!

H3NCH2COO"
!

[H3NCH2COO"][H2OH]
! !

H2OH
!

H2O! !
pKa ! 2.3

K1 # # 10"2.3

Note that this pKa is more than two units less than that of an ordinary carboxylic acid (pKa 
CH3COOH 5 4.74), an observation that is true for all the other !-aminocarboxy groups in 

Exercise 26-1

Give the systematic names of alanine, valine, leucine, isoleucine, phenylalanine, serine, tyrosine, 
lysine, cysteine, methionine, aspartic acid, and glutamic acid.

Exercise 26-2

Draw hashed-wedged line structures for (S)-alanine, (S)-phenylalanine, (R)-phenylalanine, and 
(S)-proline.

Exercise 26-3

Among the amino acids in which R 5 alkyl (Table 26-1), proline can be readily distinguished 
from the others by IR spectroscopy. How? (Hint: Review Section 21-3.)

H2N H

COOH

R

H2N H

H

COO"

R
Zwitterion

A

!

Proton
transfer

Glycine
zwitterion

The highly polar zwitterionic structure allows amino acids to form
particularly strong crystal lattices.

Most of them therefore are fairly insoluble in organic solvents, and
they decompose rather than melt when heated.
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Exercise 26-1

Give the systematic names of alanine, valine, leucine, isoleucine, phenylalanine, serine, tyrosine, 
lysine, cysteine, methionine, aspartic acid, and glutamic acid.
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Draw hashed-wedged line structures for (S)-alanine, (S)-phenylalanine, (R)-phenylalanine, and 
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Exercise 26-3

Among the amino acids in which R 5 alkyl (Table 26-1), proline can be readily distinguished 
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H2N H

COOH

R

H2N H

H

COO"

R
Zwitterion

A

!

Proton
transfer

Glycine
zwitterion

The structure of an amino acid in aqueous solution depends on the pH. Consider, for
example, the simplest member of the series, glycine.

The major form in neutral solution is the zwitterion. However, in strong acid (pH < 1),
glycine exists predominantly as the cat- ionic ammonium carboxylic acid, whereas strongly
basic solutions (pH > 13) contain mainly the deprotonated 2-aminocarboxylate ion.

These forms interconvert by acid-base equilibria.



9

Table 26-1 records pKa values for each functional group of the amino acids. For glycine,
the first value (2.3) refers to the equilibrium:

Note that this pKa is more than two units less than that of an ordinary carboxylic acid (pKa
CH3COOH = 4.74), an observation that is true for all the other 𝛼-aminocarboxy groups in
Table 26-1. This difference is a consequence of the electron-withdrawing effect of the
protonated amino group. The second pKa value (9.6) describes the second deprotonation
step:
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Amino acids are acidic and basic: zwitterions
Because of their two functional groups, the amino acids are both acidic and basic; that is, 
they are amphoteric (Section 8-3). The carboxylic acid group protonates the amine func-
tion, thus forming a zwitterion. This ammonium carboxylate form is favored because 
an ammonium ion is much less acidic (pKa ! 10–11) than a carboxylic acid (pKa ! 2–5). 
The highly polar zwitterionic structure allows amino acids to form particularly strong crys-
tal lattices. Most of them therefore are fairly insoluble in organic solvents, and they decom-
pose rather than melt when heated. The electrostatic potential map of glycine in the margin 
depicts its highly dipolar nature, originating from the juxtaposition of the electron-rich (red) 
carboxylate function with the electron-poor (blue) ammonium group.

The structure of an amino acid in aqueous solution depends on the pH. Consider, for 
example, the simplest member of the series, glycine. The major form in neutral solution is 
the zwitterion. However, in strong acid (pH , 1), glycine exists predominantly as the cat-
ionic ammonium carboxylic acid, whereas strongly basic solutions (pH . 13) contain 
mainly the deprotonated 2-aminocarboxylate ion. These forms interconvert by acid-base 
equilibria (Section 2-2).
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HO"
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Table 26-1 records pKa values for each functional group of the amino acids. For glycine, 
the ! rst value (2.3) refers to the equilibrium

H3NCH2COOH
!

[H3NCH2COOH]
!

H3NCH2COO"
!

[H3NCH2COO"][H2OH]
! !

H2OH
!

H2O! !
pKa ! 2.3

K1 # # 10"2.3

Note that this pKa is more than two units less than that of an ordinary carboxylic acid (pKa 
CH3COOH 5 4.74), an observation that is true for all the other !-aminocarboxy groups in 

Exercise 26-1

Give the systematic names of alanine, valine, leucine, isoleucine, phenylalanine, serine, tyrosine, 
lysine, cysteine, methionine, aspartic acid, and glutamic acid.

Exercise 26-2

Draw hashed-wedged line structures for (S)-alanine, (S)-phenylalanine, (R)-phenylalanine, and 
(S)-proline.

Exercise 26-3

Among the amino acids in which R 5 alkyl (Table 26-1), proline can be readily distinguished 
from the others by IR spectroscopy. How? (Hint: Review Section 21-3.)
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R

H2N H

H

COO"

R
Zwitterion

A

!

Proton
transfer

Glycine
zwitterion
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Table 26-1. This difference is a consequence of the electron-withdrawing effect of the pro-
tonated amino group. The second pKa value (9.6) describes the second deprotonation step:

[H3NCH2COO!]
"

H2NCH2COO!

[H2NCH2COO!][H2OH]

H3NCH2COO!
"

"

H2OH
"

H2O" "
pKa ! 9.6

K2 # # 10!9.6

At the isoelectric point, the net charge is zero
The pH at which the extent of protonation equals that of deprotonation is called the 
isoelectric pH or the isoelectric point (pI; Table 26-1). At this pH, the amount of positive 
charge balances that of negative charge and the concentration of the charge-neutralized 
zwitterionic form is at its greatest. For an amino acid without any additional acidic or basic 
groups, such as glycine, the value of its pI is the average of its two pKa values.

pI 5 
pKa-cooh 1 pKa-n1h2h

2
 5 (for glycine) 2.3 1 9.6

2
 5 6.0 

When the side chain of the acid bears an additional acidic or basic function, the pI is 
either decreased or increased, respectively, as one would expect. Table 26-1 shows seven 
amino acids in which this is the case. Speci& cally, for the four amino acids with an acidic 
side chain, the pI is the average of its two lowest pKa values. Conversely, for the three 
amino acids with a basic side chain, the pI is the average of its two highest pKa values.

Assignment of pKa Values in Selected Amino Acids

H2N H

COOH

CH2

OH

"

2.2

9.1

10.1 10.5

H H2N H

COOH

CH2

"NH2H

"

2.2

9.0

H

12.5

H2N H

COOH

CH2

CH2

HN

N

CH2

C

H
ArginineLysineTyrosine

H NH2

"

2.2

9.0

H

"

CH2

CH2

CH2

H3N H

C
OHO

COOH

CH2

Aspartic acid

A
HK

3.7

9.6

1.9

"

Why is this so? Picture these amino acids in their fully protonated form and then raise 
the pH (in other words, add base) to observe what happens to their net charge. For exam-
ple, the amino dicarboxylic acid, aspartic acid, will be positively charged at low pH due to 
the presence of the ammonium substituent. To reach a charge-neutral form, on average one 
of the carboxy functions has to be deprotonated. This will happen at a pH midpoint between 
the two respective pKa values (1.9 and 3.7), at pI 5 2.8. The similar glutamic acid has the 
corresponding value at 3.2. At physiological pH, both of the carboxy functions are depro-
tonated, and the molecules exist as the zwitterionic anions aspartate and glutamate. (Mono-
sodium glutamate, MSG, is used as a ' avor enhancer in various foods.) Tyrosine, which 
bears the relatively nonacidic neutral phenol substituent (at low pH), has a pI 5 5.7, which 
is midway between the pKa’s of the other two more acidic groups.

pH at which 
concentration 

of zwitterion is 
at its maximum
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At the isoelectric point, the net charge is zero

The pH at which the extent of protonation equals that of deprotonation is called the
isoelectric pH or the isoelectric point (pI; Table 26-1).

At this pH, the amount of positive charge balances that of negative charge and the
concentration of the charge-neutralized zwitterionic form is at its greatest.

For an amino acid without any additional acidic or basic groups, such as glycine, the value
of its pI is the average of its two pKa values.

When the side chain of the acid bears an additional acidic or basic function, the pI is either
decreased or increased, respectively.
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Table 26-1. This difference is a consequence of the electron-withdrawing effect of the pro-
tonated amino group. The second pKa value (9.6) describes the second deprotonation step:

[H3NCH2COO!]
"

H2NCH2COO!

[H2NCH2COO!][H2OH]

H3NCH2COO!
"

"

H2OH
"

H2O" "
pKa ! 9.6

K2 # # 10!9.6

At the isoelectric point, the net charge is zero
The pH at which the extent of protonation equals that of deprotonation is called the 
isoelectric pH or the isoelectric point (pI; Table 26-1). At this pH, the amount of positive 
charge balances that of negative charge and the concentration of the charge-neutralized 
zwitterionic form is at its greatest. For an amino acid without any additional acidic or basic 
groups, such as glycine, the value of its pI is the average of its two pKa values.

pI 5 
pKa-cooh 1 pKa-n1h2h

2
 5 (for glycine) 2.3 1 9.6

2
 5 6.0 

When the side chain of the acid bears an additional acidic or basic function, the pI is 
either decreased or increased, respectively, as one would expect. Table 26-1 shows seven 
amino acids in which this is the case. Speci& cally, for the four amino acids with an acidic 
side chain, the pI is the average of its two lowest pKa values. Conversely, for the three 
amino acids with a basic side chain, the pI is the average of its two highest pKa values.

Assignment of pKa Values in Selected Amino Acids
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Why is this so? Picture these amino acids in their fully protonated form and then raise 
the pH (in other words, add base) to observe what happens to their net charge. For exam-
ple, the amino dicarboxylic acid, aspartic acid, will be positively charged at low pH due to 
the presence of the ammonium substituent. To reach a charge-neutral form, on average one 
of the carboxy functions has to be deprotonated. This will happen at a pH midpoint between 
the two respective pKa values (1.9 and 3.7), at pI 5 2.8. The similar glutamic acid has the 
corresponding value at 3.2. At physiological pH, both of the carboxy functions are depro-
tonated, and the molecules exist as the zwitterionic anions aspartate and glutamate. (Mono-
sodium glutamate, MSG, is used as a ' avor enhancer in various foods.) Tyrosine, which 
bears the relatively nonacidic neutral phenol substituent (at low pH), has a pI 5 5.7, which 
is midway between the pKa’s of the other two more acidic groups.

pH at which 
concentration 

of zwitterion is 
at its maximum
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Table 26-1. This difference is a consequence of the electron-withdrawing effect of the pro-
tonated amino group. The second pKa value (9.6) describes the second deprotonation step:

[H3NCH2COO!]
"

H2NCH2COO!

[H2NCH2COO!][H2OH]
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"

"

H2OH
"

H2O" "
pKa ! 9.6

K2 # # 10!9.6

At the isoelectric point, the net charge is zero
The pH at which the extent of protonation equals that of deprotonation is called the 
isoelectric pH or the isoelectric point (pI; Table 26-1). At this pH, the amount of positive 
charge balances that of negative charge and the concentration of the charge-neutralized 
zwitterionic form is at its greatest. For an amino acid without any additional acidic or basic 
groups, such as glycine, the value of its pI is the average of its two pKa values.

pI 5 
pKa-cooh 1 pKa-n1h2h

2
 5 (for glycine) 2.3 1 9.6

2
 5 6.0 

When the side chain of the acid bears an additional acidic or basic function, the pI is 
either decreased or increased, respectively, as one would expect. Table 26-1 shows seven 
amino acids in which this is the case. Speci& cally, for the four amino acids with an acidic 
side chain, the pI is the average of its two lowest pKa values. Conversely, for the three 
amino acids with a basic side chain, the pI is the average of its two highest pKa values.
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Why is this so? Picture these amino acids in their fully protonated form and then raise 
the pH (in other words, add base) to observe what happens to their net charge. For exam-
ple, the amino dicarboxylic acid, aspartic acid, will be positively charged at low pH due to 
the presence of the ammonium substituent. To reach a charge-neutral form, on average one 
of the carboxy functions has to be deprotonated. This will happen at a pH midpoint between 
the two respective pKa values (1.9 and 3.7), at pI 5 2.8. The similar glutamic acid has the 
corresponding value at 3.2. At physiological pH, both of the carboxy functions are depro-
tonated, and the molecules exist as the zwitterionic anions aspartate and glutamate. (Mono-
sodium glutamate, MSG, is used as a ' avor enhancer in various foods.) Tyrosine, which 
bears the relatively nonacidic neutral phenol substituent (at low pH), has a pI 5 5.7, which 
is midway between the pKa’s of the other two more acidic groups.

pH at which 
concentration 

of zwitterion is 
at its maximum

For the four amino acids with an acidic side chain, the pI is the average of its two lowest
pKa values. Conversely, for the three amino acids with a basic side chain, the pI is the
average of its two highest pKa values.



12

The amino dicarboxylic acid, aspartic acid, will be positively charged at low pH due to the
presence of the ammonium substituent. To reach a charge-neutral form, on average one of
the carboxy functions has to be deprotonated. This will happen at a pH midpoint between
the two respective pKa values (1.9 and 3.7), at pI = 2.8.

The similar glutamic acid has the corresponding value at 3.2. At physiological pH, both of the
carboxy functions are deprotonated, and the molecules exist as the zwitterionic anions
aspartate and glutamate. (Monosodium glutamate, MSG, is used as a flavor enhancer in
various foods.)

Tyrosine, which bears the relatively nonacidic neutral phenol substituent (at low pH), has a
pI = 5.7, which is midway between the pKa’s of the other two more acidic groups.

In contrast, lysine bears an additional basic amino group that is protonated in a strongly
acidic medium to furnish a dication. When the pH of the solution is raised, deprotonation of
the carboxy group occurs first, followed by respective proton loss from the nitrogen at C2
and the remote ammonium function. The isoelectric point is located halfway between the last
two pKa values, at pI = 9.7.
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Arginine carries a substituent derived from the molecule guanidine. The pKa of its conjugate
acid is 12.5, almost three units greater than that of the ammonium ion. The pI of arginine lies
midway between that of the guanidinium and ammonium groups, at 10.8.
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REAL LIFE: MEDICINE 26-1 Arginine and Nitric Oxide in Biochemistry and Medicine

In the late 1980s and early 1990s, scientists, among them 
the 1998 Nobelists (medicine) Furchgott, Ignarro, and 
Murad,* made a series of startling discoveries. The simple 
but highly reactive and exceedingly toxic molecule nitric 
oxide, N> >>j O ,P  is synthesized in a wide variety of cells in 
mammals, including humans.

In the body, nitric oxide performs several critical 
biological functions as diverse as control of blood pressure, 
inhibition of platelet aggregation, cell differentiation, 
neurotransmission, and penile erection. It also plays a major 
role in the activity of the immune system. For example, 
macrophages (cells associated with the body’s immune 
system) destroy bacteria and tumor cells by exposing them 
to nitric oxide.

Nitric oxide is synthesized by the enzyme-catalyzed 
oxidation of arginine, as shown above. The enzyme 
involved, nitric oxide synthase, may well be essential for 
cell survival. Thus, a recent study shows that fruit ! ies, 
Drosophila, genetically modi" ed to be incapable of making 
this enzyme, die as embryos.

Nitric oxide is released by cells on the inner walls of 
blood vessels and causes adjacent muscle " bers to relax. This 
1987 discovery explains the effectiveness of nitroglycerin and 
other organic nitrates as treatments for angina and heart 
attacks, a nearly century-old mystery: These substances are 
metabolically converted into NO, which dilates the blood 
vessels (see also Worked Example 25-29).

Paradoxically, considering the essential bene" ts of NO, 
its overproduction leads to septic shock. Uncontrolled release 
may also be the cause of brain damage after a stroke and 
disorders such as Alzheimer’s and Huntington’s diseases. The 
occurrence of high levels of nitrite ion, NO2

2 (the product 
of NO oxidation), in the joints of people with rheumatoid 
arthritis indicates overproduction of NO as a response to 
in! ammation. Similar associations have been established for 
schizophrenia, urinary disorders, and multiple sclerosis. The 
rapidly evolving story of NO is an example of how little we 
still know about the functions of the body, but also how 
rapidly a discovery leads to the evolution of an entire " eld.

*Professor Robert F. Furchgott (1916–2009), State University of 
New York, Brooklyn; Professor Louis J. Ignarro (b. 1941), 
 University of California at Los Angeles; Professor Ferid Murad 
(b. 1936), University of Texas, Dallas.
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In contrast to the above examples, lysine bears an additional basic amino group that is 
protonated in a strongly acidic medium to furnish a dication. When the pH of the solution 
is raised, deprotonation of the carboxy group occurs " rst, followed by respective proton 
loss from the nitrogen at C2 and the remote ammonium function. The isoelectric point is 
located halfway between the last two pKa values, at pI 5 9.7. Arginine carries a substituent

new to us: the relatively basic guanidino group, 

NH

–NHCNH2

B
, derived from the molecule 

guanidine (margin). The pKa of its conjugate acid is 12.5, almost three units greater than 
that of the ammonium ion (Section 21-4). The pI of arginine lies midway between that of 
the guanidinium and ammonium groups, at 10.8.

CE H

B
NHš

šH2N šNH2
Guanidine
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Histidine (margin) contains another new subsituent, the basic imidazole ring (see Prob-
lem 6 of Chapter 25). In this aromatic heterocycle, one of the nitrogen atoms is hybridized 
as in pyridine and the other is hybridized as in pyrrole.

HH2N H

COOH

CH2

Histidine
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HN
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6.1
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š
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8.2

Exercise 26-4

Guanidine is found in turnip juice, mushrooms, corn germ, rice hulls, mussels, and earthworms. 
Its basicity is due to the formation of a highly resonance-stabilized conjugate acid. Draw its reso-
nance forms. (Hint: Review Section 20-1.)

Exercise 26-5

Draw an orbital picture of imidazole. (Hint: Use Figure 25-1 as a model.)

The imidazole ring is relatively basic because the protonated species is stabilized by 
resonance.

pKa ! 7.0
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Resonance in Protonated Imidazole

This resonance stabilization is related to that in amides (Sections 20-1 and 26-4). Imidazole 
is signi! cantly protonated at physiological pH (pI 5 7.6). It can therefore function as a 
proton acceptor and donor at the active site of a variety of enzymes (see, e.g., chymotrypsin, 
Section 26-4).

The amino acid cysteine bears a relatively nucleophilic and acidic mercapto substituent 
(pKa 5 8.2, pI 5 5.1). In addition, thiols can be oxidized to disul! des under mild conditions 
(Section 9-10). In nature, various enzymes are capable of oxidatively coupling and reduc-
tively decoupling the mercapto groups in the cysteines of proteins and peptides, thereby 
reversibly linking peptide strands (Section 9-10). We have highlighted previously the impor-
tance of this amino acid in biological function (see Really? on p. 815 and Section 22-9).

In Summary There are 20 elementary l-amino acids, all of which have common names. 
Unless there are additional acid-base functions in the side chain, their acid-base behavior 
is governed by two pKa values, the lower one describing the deprotonation of the carboxy 
group. At the isoelectric point, the number of amino acid molecules with net zero charge 
is maximized. Some amino acids contain additional acidic or basic functions, such as 
hydroxy, amino, guanidino, imidazolyl, mercapto, and carboxy.

26-2  SYNTHESIS OF AMINO ACIDS: A COMBINATION 
OF AMINE AND CARBOXYLIC ACID CHEMISTRY

Chapter 21 treated the chemistry of amines, Chapters 19 and 20 that of carboxylic acids 
and their derivatives. We use both in preparing 2-amino acids.

Hell-Volhard-Zelinsky bromination followed by amination 
converts carboxylic acids to 2-amino acids
What would be the quickest way of introducing a 2-amino substituent into a carboxylic 
acid? Section 19-12 pointed out that simple 2-functionalization of an acid is possible by 

Histidine contains the basic imidazole ring. In this aromatic
heterocycle, one of the nitrogen atoms is hybridized as in pyridine
and the other is hybridized as in pyrrole.

The imidazole ring is relatively basic because the protonated species
is stabilized by resonance.

Imidazole is significantly protonated at physiological pH (pI = 7.6). It
can therefore function as a proton acceptor and donor at the active
site of a variety of enzymes (e.g., chymotrypsin).
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Histidine (margin) contains another new subsituent, the basic imidazole ring (see Prob-
lem 6 of Chapter 25). In this aromatic heterocycle, one of the nitrogen atoms is hybridized 
as in pyridine and the other is hybridized as in pyrrole.
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Exercise 26-4

Guanidine is found in turnip juice, mushrooms, corn germ, rice hulls, mussels, and earthworms. 
Its basicity is due to the formation of a highly resonance-stabilized conjugate acid. Draw its reso-
nance forms. (Hint: Review Section 20-1.)

Exercise 26-5

Draw an orbital picture of imidazole. (Hint: Use Figure 25-1 as a model.)

The imidazole ring is relatively basic because the protonated species is stabilized by 
resonance.
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Resonance in Protonated Imidazole

This resonance stabilization is related to that in amides (Sections 20-1 and 26-4). Imidazole 
is signi! cantly protonated at physiological pH (pI 5 7.6). It can therefore function as a 
proton acceptor and donor at the active site of a variety of enzymes (see, e.g., chymotrypsin, 
Section 26-4).

The amino acid cysteine bears a relatively nucleophilic and acidic mercapto substituent 
(pKa 5 8.2, pI 5 5.1). In addition, thiols can be oxidized to disul! des under mild conditions 
(Section 9-10). In nature, various enzymes are capable of oxidatively coupling and reduc-
tively decoupling the mercapto groups in the cysteines of proteins and peptides, thereby 
reversibly linking peptide strands (Section 9-10). We have highlighted previously the impor-
tance of this amino acid in biological function (see Really? on p. 815 and Section 22-9).

In Summary There are 20 elementary l-amino acids, all of which have common names. 
Unless there are additional acid-base functions in the side chain, their acid-base behavior 
is governed by two pKa values, the lower one describing the deprotonation of the carboxy 
group. At the isoelectric point, the number of amino acid molecules with net zero charge 
is maximized. Some amino acids contain additional acidic or basic functions, such as 
hydroxy, amino, guanidino, imidazolyl, mercapto, and carboxy.

26-2  SYNTHESIS OF AMINO ACIDS: A COMBINATION 
OF AMINE AND CARBOXYLIC ACID CHEMISTRY

Chapter 21 treated the chemistry of amines, Chapters 19 and 20 that of carboxylic acids 
and their derivatives. We use both in preparing 2-amino acids.

Hell-Volhard-Zelinsky bromination followed by amination 
converts carboxylic acids to 2-amino acids
What would be the quickest way of introducing a 2-amino substituent into a carboxylic 
acid? Section 19-12 pointed out that simple 2-functionalization of an acid is possible by 
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Histidine (margin) contains another new subsituent, the basic imidazole ring (see Prob-
lem 6 of Chapter 25). In this aromatic heterocycle, one of the nitrogen atoms is hybridized 
as in pyridine and the other is hybridized as in pyrrole.
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Exercise 26-4

Guanidine is found in turnip juice, mushrooms, corn germ, rice hulls, mussels, and earthworms. 
Its basicity is due to the formation of a highly resonance-stabilized conjugate acid. Draw its reso-
nance forms. (Hint: Review Section 20-1.)

Exercise 26-5

Draw an orbital picture of imidazole. (Hint: Use Figure 25-1 as a model.)

The imidazole ring is relatively basic because the protonated species is stabilized by 
resonance.
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Resonance in Protonated Imidazole

This resonance stabilization is related to that in amides (Sections 20-1 and 26-4). Imidazole 
is signi! cantly protonated at physiological pH (pI 5 7.6). It can therefore function as a 
proton acceptor and donor at the active site of a variety of enzymes (see, e.g., chymotrypsin, 
Section 26-4).

The amino acid cysteine bears a relatively nucleophilic and acidic mercapto substituent 
(pKa 5 8.2, pI 5 5.1). In addition, thiols can be oxidized to disul! des under mild conditions 
(Section 9-10). In nature, various enzymes are capable of oxidatively coupling and reduc-
tively decoupling the mercapto groups in the cysteines of proteins and peptides, thereby 
reversibly linking peptide strands (Section 9-10). We have highlighted previously the impor-
tance of this amino acid in biological function (see Really? on p. 815 and Section 22-9).

In Summary There are 20 elementary l-amino acids, all of which have common names. 
Unless there are additional acid-base functions in the side chain, their acid-base behavior 
is governed by two pKa values, the lower one describing the deprotonation of the carboxy 
group. At the isoelectric point, the number of amino acid molecules with net zero charge 
is maximized. Some amino acids contain additional acidic or basic functions, such as 
hydroxy, amino, guanidino, imidazolyl, mercapto, and carboxy.

26-2  SYNTHESIS OF AMINO ACIDS: A COMBINATION 
OF AMINE AND CARBOXYLIC ACID CHEMISTRY

Chapter 21 treated the chemistry of amines, Chapters 19 and 20 that of carboxylic acids 
and their derivatives. We use both in preparing 2-amino acids.

Hell-Volhard-Zelinsky bromination followed by amination 
converts carboxylic acids to 2-amino acids
What would be the quickest way of introducing a 2-amino substituent into a carboxylic 
acid? Section 19-12 pointed out that simple 2-functionalization of an acid is possible by 

The amino acid cysteine bears a relatively nucleophilic and acidic mercapto substituent (pK
= 8.2, pI = 5.1). In addition, thiols can be oxidized to disulfides under mild conditions.

In nature, various enzymes are capable of oxidatively coupling and reductively decoupling
the mercapto groups in the cysteines of proteins and peptides, thereby reversibly linking
peptide strands.
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26-2 SYNTHESIS OF AMINO ACIDS: A COMBINATION OF AMINE AND CARBOXYLIC
ACID CHEMISTRY

The simple 2-functionalization of an acid is possible by the Hell-Volhard-Zelinsky
bromination. Furthermore, the bromine in the product can be displaced by nucleophiles,
such as ammonia. In these two steps, propanoic acid can be converted into racemic alanine.

Unfortunately, this approach suffers frequently from relatively low yields.

Hell-Volhard-Zelinsky bromination followed by amination converts carboxylic acids to
2-amino acids
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the Hell-Volhard-Zelinsky bromination. Furthermore, the bromine in the product can be 
displaced by nucleophiles, such as ammonia. In these two steps, propanoic acid can be 
converted into racemic alanine.

Propanoic acid 2-Bromopropanoic acid
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Unfortunately, this approach suffers frequently from relatively low yields. A better syn-
thesis utilizes Gabriel’s procedure for the preparation of primary amines (Section 21-5).

The Gabriel synthesis can be adapted to produce amino acids
Recall that N-alkylation of 1,2-benzenedicarboxylic imide (phthalimide) anion followed 
by acid hydrolysis furnishes amines (Section 21-5). To prepare an amino acid instead, 
we can use diethyl 2-bromopropanedioate (diethyl 2-bromomalonate) in the ! rst step 
of the reaction sequence. This alkylating agent is readily available from the bromination 
of diethyl propanedioate (malonate). Now the alkylation product can be hydrolyzed 
and  decarboxylated (Section 23-2). Hydrolysis of the imide group then furnishes an 
amino acid.
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One of the advantages of this approach is the versatility of the initially formed 
2-substituted propanedioate. This product can itself be alkylated, thus allowing for the 
preparation of a variety of substituted amino acids.
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Penicillamine in Chelation 
Therapy

The dimethyl-(S)-cysteine 
derivative penicillamine 
(cuprimine), a metabolite of 
penicillin, is administered 
to patients suffering from a 
rare genetic disorder known 
as Wilson disease. In these 
individuals, normal copper 
removal is impaired, and the 
accumulation of the metal 
leads to neurological and liver 
problems. The drug acts by 
coordination (see Section 9-5) 
involving the lone pairs on S 
and N, in a treatment called 
chelation therapy (khēlē, 
Greek, claw). The ensuing 
strong complex sequesters the 
metal and is then excreted in 
the urine. A number of similar 
“chelators” are used in the 
treatment of acute mercury, 
iron, arsenic, lead, uranium, 
plutonium, and other toxic-
metal poisoning.
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A better synthesis utilizes Gabriel’s procedure for the preparation of primary amines. Recall
that N-alkylation of 1,2-benzenedicarboxylic imide (phthalimide) anion followed by acid
hydrolysis furnishes amines.

The Gabriel synthesis can be adapted to produce amino acids

To prepare an amino acid, diethyl 2-bromopropanedioate (diethyl 2-bromomalonate) can be
used in the first step of the reaction sequence. This alkylating agent is readily available from
the bromination of diethyl propanedioate (malonate). The alkylation product can be
hydrolyzed and decarboxylated. Hydrolysis of the imide group then furnishes an amino acid.

One of the advantages of this approach is the versatility of the initially formed 2-substituted
propanedioate. This product can itself be alkylated, thus allowing for the preparation of a
variety of substituted amino acids.
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the Hell-Volhard-Zelinsky bromination. Furthermore, the bromine in the product can be 
displaced by nucleophiles, such as ammonia. In these two steps, propanoic acid can be 
converted into racemic alanine.

Propanoic acid 2-Bromopropanoic acid
80%
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NH3, H2O,
25"C, 4 days
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CH3CH2COOH      CH3CHCOOH
A
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#NH3

CH3CHCOO!
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Unfortunately, this approach suffers frequently from relatively low yields. A better syn-
thesis utilizes Gabriel’s procedure for the preparation of primary amines (Section 21-5).

The Gabriel synthesis can be adapted to produce amino acids
Recall that N-alkylation of 1,2-benzenedicarboxylic imide (phthalimide) anion followed 
by acid hydrolysis furnishes amines (Section 21-5). To prepare an amino acid instead, 
we can use diethyl 2-bromopropanedioate (diethyl 2-bromomalonate) in the ! rst step 
of the reaction sequence. This alkylating agent is readily available from the bromination 
of diethyl propanedioate (malonate). Now the alkylation product can be hydrolyzed 
and  decarboxylated (Section 23-2). Hydrolysis of the imide group then furnishes an 
amino acid.

Gabriel Synthesis of Glycine
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One of the advantages of this approach is the versatility of the initially formed 
2-substituted propanedioate. This product can itself be alkylated, thus allowing for the 
preparation of a variety of substituted amino acids.

1. CH3CH2O!Na", CH3CH2OH
2. RX
3. H", H2O, #
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OCH(CO2CH2CH3)2
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RCHCOO!
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Penicillamine in Chelation 
Therapy

The dimethyl-(S)-cysteine 
derivative penicillamine 
(cuprimine), a metabolite of 
penicillin, is administered 
to patients suffering from a 
rare genetic disorder known 
as Wilson disease. In these 
individuals, normal copper 
removal is impaired, and the 
accumulation of the metal 
leads to neurological and liver 
problems. The drug acts by 
coordination (see Section 9-5) 
involving the lone pairs on S 
and N, in a treatment called 
chelation therapy (khēlē, 
Greek, claw). The ensuing 
strong complex sequesters the 
metal and is then excreted in 
the urine. A number of similar 
“chelators” are used in the 
treatment of acute mercury, 
iron, arsenic, lead, uranium, 
plutonium, and other toxic-
metal poisoning.
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the Hell-Volhard-Zelinsky bromination. Furthermore, the bromine in the product can be 
displaced by nucleophiles, such as ammonia. In these two steps, propanoic acid can be 
converted into racemic alanine.
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Unfortunately, this approach suffers frequently from relatively low yields. A better syn-
thesis utilizes Gabriel’s procedure for the preparation of primary amines (Section 21-5).

The Gabriel synthesis can be adapted to produce amino acids
Recall that N-alkylation of 1,2-benzenedicarboxylic imide (phthalimide) anion followed 
by acid hydrolysis furnishes amines (Section 21-5). To prepare an amino acid instead, 
we can use diethyl 2-bromopropanedioate (diethyl 2-bromomalonate) in the ! rst step 
of the reaction sequence. This alkylating agent is readily available from the bromination 
of diethyl propanedioate (malonate). Now the alkylation product can be hydrolyzed 
and  decarboxylated (Section 23-2). Hydrolysis of the imide group then furnishes an 
amino acid.
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One of the advantages of this approach is the versatility of the initially formed 
2-substituted propanedioate. This product can itself be alkylated, thus allowing for the 
preparation of a variety of substituted amino acids.
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The dimethyl-(S)-cysteine 
derivative penicillamine 
(cuprimine), a metabolite of 
penicillin, is administered 
to patients suffering from a 
rare genetic disorder known 
as Wilson disease. In these 
individuals, normal copper 
removal is impaired, and the 
accumulation of the metal 
leads to neurological and liver 
problems. The drug acts by 
coordination (see Section 9-5) 
involving the lone pairs on S 
and N, in a treatment called 
chelation therapy (khēlē, 
Greek, claw). The ensuing 
strong complex sequesters the 
metal and is then excreted in 
the urine. A number of similar 
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treatment of acute mercury, 
iron, arsenic, lead, uranium, 
plutonium, and other toxic-
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Amino acids are prepared from aldehydes by the Strecker synthesis

The crucial step in the Strecker synthesis is a variation of the cyanohydrin formation from
aldehydes and hydrogen cyanide. When the same reaction is carried out in the presence of
ammonia or ammonium cyanide, H4N+CN–, it is the intermediate imine that undergoes
addition of hydrogen cyanide, to furnish the corresponding 2-amino nitriles. Subsequent
acidic or basic hydrolysis results in the desired amino acids.
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Amino acids are prepared from aldehydes 
by the Strecker synthesis
The crucial step in the Strecker* synthesis is a variation of the cyanohydrin formation 
from aldehydes and hydrogen cyanide (Section 17-11).

O

RCH HCN
B
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Cyanohydrin

C

H

CN!
A

A
O O

When the same reaction is carried out in the presence of ammonia or ammonium cyanide, 
H4N

1CN2, it is the intermediate imine that undergoes addition of hydrogen cyanide, to 
furnish the corresponding 2-amino nitriles. Subsequent acidic or basic hydrolysis (Sec-
tion 20-8) results in the desired amino acids.
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Acetaldehyde Imine
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2-Aminopropanenitrile Alanine

Strecker Synthesis of Alanine
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Brucine
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*Professor Adolf Strecker (1822–1871), University of Würzburg, Germany.

Animation

ANIMATED MECHANISM: 
The Strecker synthesis

Exercise 26-9

Propose Strecker syntheses of glycine (from formaldehyde) and methionine (from 2-propenal). 
(Hint: Review Section 18-9.)

In Summary Racemic amino acids are made by the amination of 2-bromocarboxylic 
acids, applications of the Gabriel synthesis of amines, and the Strecker synthesis. The last 
method proceeds through an imine variation of the preparation of cyanohydrins, followed 
by hydrolysis.

26-3 SYNTHESIS OF ENANTIOMERICALLY PURE AMINO ACIDS

All the methods of the preceding section produce amino acids in racemic form. However, 
we noted that most of the amino acids in natural polypeptides have the S con! guration. 
Thus, many synthetic procedures—in particular, peptide and protein syntheses—require 
enantiomerically pure compounds. To meet this requirement, either the racemic amino acids 
must be resolved (Section 5-8) or a single enantiomer must be prepared by enantioselective 
reactions.

A conceptually straightforward approach to the preparation of pure enantiomers of 
amino acids would be resolution of their diastereomeric salts. Typically, the amine group 
is ! rst protected as an amide and the resulting product is then treated with an optically 
active amine, such as the inexpensive alkaloid brucine (Section 25-8 and margin). The two 
diastereomers formed can be separated by fractional crystallization. Unfortunately, in prac-
tice, this method can be tedious and can suffer from poor yields.
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Amino acids are prepared from aldehydes 
by the Strecker synthesis
The crucial step in the Strecker* synthesis is a variation of the cyanohydrin formation 
from aldehydes and hydrogen cyanide (Section 17-11).
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When the same reaction is carried out in the presence of ammonia or ammonium cyanide, 
H4N

1CN2, it is the intermediate imine that undergoes addition of hydrogen cyanide, to 
furnish the corresponding 2-amino nitriles. Subsequent acidic or basic hydrolysis (Sec-
tion 20-8) results in the desired amino acids.
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ANIMATED MECHANISM: 
The Strecker synthesis

Exercise 26-9

Propose Strecker syntheses of glycine (from formaldehyde) and methionine (from 2-propenal). 
(Hint: Review Section 18-9.)

In Summary Racemic amino acids are made by the amination of 2-bromocarboxylic 
acids, applications of the Gabriel synthesis of amines, and the Strecker synthesis. The last 
method proceeds through an imine variation of the preparation of cyanohydrins, followed 
by hydrolysis.

26-3 SYNTHESIS OF ENANTIOMERICALLY PURE AMINO ACIDS

All the methods of the preceding section produce amino acids in racemic form. However, 
we noted that most of the amino acids in natural polypeptides have the S con! guration. 
Thus, many synthetic procedures—in particular, peptide and protein syntheses—require 
enantiomerically pure compounds. To meet this requirement, either the racemic amino acids 
must be resolved (Section 5-8) or a single enantiomer must be prepared by enantioselective 
reactions.

A conceptually straightforward approach to the preparation of pure enantiomers of 
amino acids would be resolution of their diastereomeric salts. Typically, the amine group 
is ! rst protected as an amide and the resulting product is then treated with an optically 
active amine, such as the inexpensive alkaloid brucine (Section 25-8 and margin). The two 
diastereomers formed can be separated by fractional crystallization. Unfortunately, in prac-
tice, this method can be tedious and can suffer from poor yields.
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26-3 SYNTHESIS OF ENANTIOMERICALLY PURE AMINO ACIDS

All the methods of the preceding section produce amino acids in racemic form, while most of
the amino acids in natural polypeptides have the S configuration. Thus, many synthetic
procedures—in particular, peptide and protein syntheses—require enantiomerically pure
compounds.

To meet this requirement, either the racemic amino acids must be resolved or a single
enantiomer must be prepared by enantioselective reactions.

A conceptually straightforward approach to the preparation of pure enantiomers of amino
acids would be resolution of their diastereomeric salts.

Typically, the amine group is first protected as an amide and the resulting product is then
treated with an optically active amine, such as the inexpensive alkaloid brucine. The two
diastereomers formed can be separated by fractional crystallization.

Unfortunately, in practice, this method can be tedious and can suffer from poor yields.
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(R,S)-N-Formylvaline

Enantiomer
(S)-Valine
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(R)-Valine

Resolution of Racemic Valine

Protection
Racemate

80%

Diastereomers
Separate by fractional crystallization

Brucine (abbreviated B*),
CH3OH, 0#C
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In an alternative approach, the stereocenter at C2 is formed enantioselectively, such 
as in enantioselective hydrogenations of !,"-unsaturated amino acids (Section 12-2). 
Nature makes use of this strategy in the biosynthesis of amino acids. Thus, the enzyme 
glutamate dehydrogenase converts the carbonyl group in 2-oxopentanedioic acid into 
the amine substituent in (S)-glutamic acid by a biological reductive amination (for chem-
ical reductive aminations, see Section 21-6). The reducing agent is NADH (Real Life 25-2).

NH3
!

H

&≥
H!NH3 H2O!! !

"NAD!

NADH, glutamate dehydrogenase

HO OH

O O

O

HO O"

O O

(S)-Glutamic acid2-Oxopentanedioic acid

(S)-Glutamic acid is the biosynthetic precursor of glutamine, proline, and arginine. 
Moreover, it functions to aminate other 2-oxo acids, with the help of another type of 
enzyme, a transaminase, making additional amino acids available.

! !
TransaminaseR

O

0
!NH3

0
!NH3

O"
R$

O

O"

O

R

O

O"

O

R$

O

O"

In Summary Optically pure amino acids can be obtained by resolution of a racemic 
mixture or by enantioselective formation of the C2 stereocenter.
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In an alternative approach, the stereocenter at C2 is formed enantioselectively, such as in
enantioselective hydrogenations of 𝛼,𝛽-unsaturated amino acids. Nature makes use of this
strategy in the biosynthesis of amino acids. Thus, the enzyme glutamate dehydrogenase
converts the carbonyl group in 2-oxopentanedioic acid into the amine substituent in (S)-
glutamic acid by a biological reductive amination (for chemical reductive aminations). The
reducing agent is NADH.

(S)-Glutamic acid is the biosynthetic precursor of glutamine, proline, and arginine.
Moreover, it functions to aminate other 2-oxo acids, with the help of another type of
enzyme, a transaminase, making additional amino acids available.
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In an alternative approach, the stereocenter at C2 is formed enantioselectively, such 
as in enantioselective hydrogenations of !,"-unsaturated amino acids (Section 12-2). 
Nature makes use of this strategy in the biosynthesis of amino acids. Thus, the enzyme 
glutamate dehydrogenase converts the carbonyl group in 2-oxopentanedioic acid into 
the amine substituent in (S)-glutamic acid by a biological reductive amination (for chem-
ical reductive aminations, see Section 21-6). The reducing agent is NADH (Real Life 25-2).
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(S)-Glutamic acid is the biosynthetic precursor of glutamine, proline, and arginine. 
Moreover, it functions to aminate other 2-oxo acids, with the help of another type of 
enzyme, a transaminase, making additional amino acids available.

! !
TransaminaseR

O

0
!NH3

0
!NH3

O"
R$

O

O"

O

R

O

O"

O

R$

O

O"

In Summary Optically pure amino acids can be obtained by resolution of a racemic 
mixture or by enantioselective formation of the C2 stereocenter.
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In an alternative approach, the stereocenter at C2 is formed enantioselectively, such 
as in enantioselective hydrogenations of !,"-unsaturated amino acids (Section 12-2). 
Nature makes use of this strategy in the biosynthesis of amino acids. Thus, the enzyme 
glutamate dehydrogenase converts the carbonyl group in 2-oxopentanedioic acid into 
the amine substituent in (S)-glutamic acid by a biological reductive amination (for chem-
ical reductive aminations, see Section 21-6). The reducing agent is NADH (Real Life 25-2).
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(S)-Glutamic acid is the biosynthetic precursor of glutamine, proline, and arginine. 
Moreover, it functions to aminate other 2-oxo acids, with the help of another type of 
enzyme, a transaminase, making additional amino acids available.
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In Summary Optically pure amino acids can be obtained by resolution of a racemic 
mixture or by enantioselective formation of the C2 stereocenter.


