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Amino acid degradation

A large number of metabolic pathways are
available for amino acid degradation, and an
overview of these is presented here. Further
details are given on pp. 414 and 415.

A. Amino acid degradation: overview ()

During the degradation of most amino acids,
the a-amino group is initially removed by
transamination or deamination. Various
mechanisms are available for this, and these
are discussed in greater detail in B.The carbon
skeletons that are left over after deamination
undergo further degradation in various ways.

During degradation, the 20 proteinogenic
amino acids produce only seven different
degradation products (highlighted in pink
and violet). Five of these metabolites (2-oxo-
glutarate, succinyl CoA, fumarate, oxaloace-
tate, and pyruvate) are precursors for gluco-
neogenesis and can therefore be converted
into glucose by the liver and kidneys (see
p. 154). Amino acids whose degradation sup-
plies one of these five metabolites are there-
fore referred to as glucogenic amino acids.
The first four degradation products listed are
already intermediates in the tricarboxylic acid
cycle, while pyruvate can be converted into
oxaloacetate by pyruvate carboxylase and thus
made available for gluconeogenesis (green
arrow).

With two exceptions (lysine and leucine;
see below), all of the proteinogenic amino
acids are also glucogenic. Quantitatively,
they represent the most important precursors
for gluconeogenesis. At the same time, they
also have an anaplerotic effect-i. e., they re-
plenish the tricarboxylic acid cycle in order to
feed the anabolic reactions that originate in it
(see p. 138).

Two additional degradation products (ace-
toacetate and acetyl CoAl cannot be chan-
neled into gluconeogenesis in animal metab-
olism, as there is no means of converting
them into precursors of gluconeogenesis.
However, they can be used to synthesize ke-
tone bodies, fatty acids, and isoprenoids.
Amino acids that supply acetyl CoA or aceto-
acetate are therefore known as ketogenic
amino acids. Only leucine and lysine are
purely ketogenic. Several amino acids yield
degradation products that are both g/ucogenic

and ketogenic. This group includes phenYlala_
rune, tyrosine. tryptophan, and Isoleucine.

Degradation of acetoacetate to acetyl COA
takes place in two steps (not ~hown). First
acetoacetate and succinyl CoA are converted
into acetoacetyl CoA and succinate (enzYme'
3-oxoacid-CoA transferase 2.8.3.5). Acetoacetyi
CoA is then broken down by ~-oxldation into
two molecules of acetyl CoA (see p, 164),
while succinate can be further metabOlized
via the tricarboxylic acid cycle.

B. Deamination 0

There are various ways of releasing ammonia
(NH3) from amino acids, and these Me illus-
trated here using the example of the amino
acids glutamine, glutamate, alanine, and ser-
ine.

11]ln the branched-chain amino acids (Val
Leu, lle) and also tyrosine and ornithine, deg~
radation starts with a transamination. Forala-
nine and aspartate, this is actually the only
degradation step. The mechanism of transa-
mination is discussed in detail on p. 178.

[2] Oxidative deamination, with the forma-
tion of NADH+H+,only applies to glutamate in
animal metabolism. The reaction mainly takes
place in the liver and releases NH3 for urea
formation (see p. 178).

[3] Two amino acids-asparagine and glu-
tamine-contain acid-amide groups in the
side chains, from which NH3 can be released
by hydrolysis (hydrolytic deamination).ln the
blood, glutamine is the most important trans-
port molecule for amino nitrogen. Hydrolytic
deamination of glutamine in the liver also
supplies the urea cycle with NH3·

[4J Eliminating deamination takes place in
the degradation of histidine and serine. H20 is
first eliminated here, yielding an unsaturated
intermediate. In the case of serine, this inter-
mediate is first rearranged into an imine (not
shown), which is hydrolyzed in the second
step into NH3 and pyruvate, with H20 being
taken up. H20 does not therefore appear in
the reaction equation.
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Urea cycle

Amino acids are mainly broken down in the
liver. Ammonia is released either directly or
indirectly in the process (see p. 178). The deg-
radation of nucleobases also provides signifi-
cant amounts of ammonia (see p. 186).

Ammonia (NH3) is a relatively strong base,
and at physiological pH values it is mainly
present in the form of the ammonium ion
NH; (see p. 30). NH3 and NH; are toxic, and
at higher concentrations cause brain damage
in particular. Ammonia therefore has to be
effectively inactivated and excreted. This can
be carried out in various ways. Aquatic ani-
mals can excrete NH; directly. For example,
fish excrete NH; via the gills (ammonotelic
animals). Terrestrial vertebrates, including
humans, hardly excrete any NH3, and instead,
most ammonia is converted into urea before
excretion (ureotelic animals). Birds and rep-
tiles, by contrast, form uric acid, which is
mainly excreted as a solid in order to save
water (uricotelic animals).

The reasons for the neurotoxic effects of
ammonia have not yet been explained. It
may disturb the metabolism of glutamate
and its precursor glutamine in the brain (see
p.356).

A. Urea cycle ()

Urea (H2N-CO-NH2) is the diamide of car-
bonic acid. In contrast to ammonia, it is neu-
tral and therefore relatively non-toxic. The
reason for the lack of basicity is the molecule's
mesomeric characteristics. The free electron
pairs of the two nitrogen atoms are delocal-
ized over the whole structure, and are there-
fore no longer able to bind protons. As a small,
uncharged molecule, urea is able to cross bio-
logical membranes easily. In addition, it is
easily transported in the blood and excreted
in the urine.

Urea is produced only in the liver, in a cyclic
sequence of reactions (the urea cycle) that
starts in the mitochondria and continues in
the cytoplasm. The two nitrogen atoms are
derived from NH/ (the second has previously
been incorporated into aspartate: see below).
The keto group comes from hydrogen carbo-
nate (HC03 "), or CO2 that is in equilibrium
with HC03-.

[l]ln the first step, carbamoyl phosphate is
formed in the mitochondria from hydrogen
carbonate (HC03-) and NH/, with two ATP
molecules being consumed. In this com-
pound, the carbamoyl residue (-0-CO-NH2l
is at a high chemical potential. In hepatic
mitochondria, enzyme [1] makes up about
20% of the matrix proteins.

[2]ln the next step, the carbamoyl residue
is transferred to the non-proteinogenic amino
acid ornithine, converting it into citrulline
which is also non-proteinogenic. This i~
passed into the cytoplasm via a transporter.

[3] The second NH2 group of the later urea
molecule is provided by aspartate, which con-
denses with citrulline into argininosuccinate.
ATP is cleaved into AMP and diphosphate
(PPj) for this endergonic reaction. To shift
the equilibrium of the reaction to the side of
the product, diphosphate is removed from the
equilibrium by hydrolysis.

[4] Cleavage of fumarate from argininosuc-
cinate leads to the proteinogenic amino acid
arginine, which is synthesized in this way in
animal metabolism.

[5 [ In the final step, isourea is released
from the guanidinium group of the arginine
by hydrolysis (not shown), and is immedi-
ately rearranged into urea. In addition, orni-
thine is regenerated and returns via the orni-
thine transporter into the mitochondria,
where it becomes available for the cycle
once again.

The fumarate produced in step [4] is con-
verted via malate to oxaloacetate [6, 7], from
which aspartate is formed again by transami-
nation [9]. The glutamate required for reac-
tion 19] is derived from the glutamate dehy-
drogenase reaction [8]. which fixes the sec-
ond NH/ in an organic bond. Reactions [6]
and [7] also occur in the tricarboxylic acid
cycle. However, in urea formation they take
place in the cytoplasm, where the appropriate
isoenzymes are available.

The rate of urea formation is mainly con-
trolled by reaction [1]. N-acetyl glutamate, as
an allosteric effector, activates carbamoyl-
phosphate synthase. In turn, the concentration
of acetyl glutamate depends on arginine and
ATP levels, as well as other factors.
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Amino acid biosynthesis

A. Symbiotic nitrogen fixation 0

Practically unlimited quantities of elementary
nitrogen (N2) are present in the atmosphere.
However, before it can enter the natural nitro-
gen cycle, it has to be reduced to NH3 and
incorporated into amino acids ("fixed"). Only
a few species of bacteria and bluegreen algae
are capable of fixing atmospheric nitrogen.
These exist freely in the soil, or in symbiosis
with plants. The symbiosis between bacteria
of the genus Rhizobium and legumes
(Faba/es)-such as clover, beans, and peas-is
of particular economic importance. These
plants are high in protein and are therefore
nutritionally valuable.

In symbiosis with Faba/es, bacteria live as
bacteroids in root nodules inside the plant
cells. The plant supplies the bacteroids with
nutrients, but it also benefits from the fixed
nitrogen that the symbionts make available.

The N2-fixing enzyme used by the bacteria
is nitrogenase. It consists of two components:
an Fe protein that contains an [Fe4S4] cluster
as a redox system (see p. 106), accepts elec-
trons from ferredoxin, and donates them to
the second component, the Pe-Mo protein.
This molybdenum-containing protein trans-
fers the electrons to N2 and thus, via various
intermediate steps, produces ammonia (NH3)'
Some of the reducing equivalents are trans-
ferred in a side-reaction to H+. In addition to
NH3, hydrogen is therefore always produced
as well.

B. Amino acid biosynthesis: overview et
The proteinogenic amino acids (see p. 60) can
be divided into five families in relation to their
biosynthesis. The members of each Family are
derived from common precursors, which are
all produced in the tricarboxylic acid cycle or
in catabolic carbohydrate metabolism. An
overview' of the biosynthetic pathways is
shown here; further details are given on
pp. 412 and 413.

Plants and microorganisms are able to syn-
thesize all of the amino acids from scratch, but
during the course of evolution, mammals
have lost the ability to synthesize approxi-
mately half of the 20 proteinogenic amino
acids. These essential amino acids therefore

have to be supplied in food. For example
animal metabolism is no longer capable of
carrying out de-novo synthesis of the are.
matic amino acids (tyrosine is only non-es_
sential because it can be formed from phenyl_
alanine when there is an adequate SUPply
available). The branched-chain amino acids
(valine, leucine, isoleucine, and threonine) as
well as methionine and lysine, also belong to
the essential amino acids. Histidine and argi_
nine are essential i~ rats; whether the same
applies in filiilians is still a matter of debate:' A
supply of these amino acids in food a~
be essential at least during growth.

The nutritional value of proteins (see
p. 360) is decisively dependent on their es-
sential amino acid content. Vegetable pro-
teins-e. g., those from cereals-are low in ly-
sine and methionine, while animal proteins
contain all the amino acids in balanced pro-
portions. As mentioned earlier, however
there are also plants that provide high-valu~
protein. These include the soy bean, one of the
plants that is supplied with NH3 by symbiotic
N2 fixers (A).

Non-essential amino acids are those that
arise by transamination from 2-oxoacids in
the intermediary metabolism. These belong
to the glutamate family (Glu, Gin, Pro, Arg,
derived from 2-oxoglutarate), the aspartate
family (only Asp and Asn in this group, de-
rived from oxaloacetate), and alanine, which
can be formed by transamination from pyru-
vate. The amino acids in the serine family (Ser,
Gly, Cys) and histidine, which arise from in-
termediates of glycolysis, can also be synthe:
sized by the human body.
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