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CHAPTER 44 @ THE BIOCHEMISTRY OF ERYTHROCYTES AND OTHER BLOOD CELLS 835
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FIG. 44.1. Overview of erythrocyte metabolism. Glycolysis is the major pathway, with
branches for the hexose monophosphate shunt (for protection against oxidizing agents) and
the Rapoport—-Luebering shunt (which generates 2,3-bisphosphoglycerate, which moderates
oxygen binding to hemoglobin). The NADH generated from glycolysis can be used to
reduce methemoglobin (Fe*™) to normal hemoglobin (Fe?™), or to convert pyruvate to lac-
tate, so that NAD™ can be regenerated and used for glycolysis. Pathways that are unique to
the erythrocyte are indicated in red. See text for abbreviations. '
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To bind oxygen. the iron of hemoglobin must be in the ferrous (+2) state. Reac-
tive oxygen species can oxidize the iron to the ferric (+3) state, producing methemo-
globin. Some of the NADH produced by glycolysis is used to regenerate hemoglobin
! from methemoglobin by the NADH-cytochrome bs methemoglobin reductase system.
Cytochrome bs reduces the Fe’” of methemoglobin. The oxidized cytochrome bs is
then reduced by a flavin-containing enzyme, cytochrome bs reductase (also called
methemoglobin reductase), using NADH as the reducing agent.

Approximatgly 5% to 10% of the glucose metabolized by red blood cells is used
to generate NADPH by way of the hexose monophosphate shunt. The NADPH is
us‘ehd to maintain glutathione in the reduced state. The glutathione cycle is the red
blood cell’s chief defense against damage to proteins and lipids by reactive oxygen
species (ske Chapter 24).

The enzyme that catalyzes the first step of the hexose monophosphate shunt is
glucose 6-phosphate dehydrogenase (G6PD). The lifetime of the red blood cell
' correlates with G6PD activity. Lacking ribosomes. the red blood cell cannot syn-
thesize new GOPD protein. Consequently, as the G6PD activity decreases, oxidative
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An inherited deficiency in pyruvate

kinase leads to hemolytic anemia (an

anemia caused by the destruction of
red blood cells; hemoglobin values typically
drop to 4 to 10 g/dL in this conditian). Because
the amount of ATP formed from glycolysis is
decreased by 507, red blood cell ion trans-
porters cannot function effectively. The red
blood cells tend to gain Ca** and lose K™ and
water. The water loss increases the intra-
cellular hemoglobin concentration. With the
increase in intracellular hemaglobin concen-
tration, the internal viscosity of the cell is
increased to the point that the cell becomes
rigid and, therefare, more susceptible to dam-
age by shear forces in the circulation. Once
they are damaged, the red blood cells are
removed from circulation, leading to the ane-
mia. However, the effects of the anemia are fre-
quently moderated by the twofold to threefold
elevation in 2,3-BPG concentration that results
from the blockage of the conversion of phos-
phoenolpyruvate to pyruvate. Because 2,3-BPG:
binding to hemoglobin decreases the affinity of
hemoglobin for oxygen, the red blood cells that
remain in circulation are highly efficient in
releasing their bound oxygen to the tissues.

s, Congenital methemoglobinemia, the
@ presence of excess methemoglobin,
is found in peaple with an enzymatic
deficiency in cytochrome bg reductase or in peo-
ple who have inherited hemoglobin M. In hemo-
globin M, a single amino acid substitution in the
heme-binding pocket stahilizes. the ferric (Fe**)
oxygen. Individuals with congenital methemo-
globinemia appear cyanotic but have few clini-
cal problems. Methemoglobinemia can be
acquired by ingestion of certain oxidants such as
nitrites, quinones, aniline, and sulfonamides.
Acquired methemoglobinemia can be treated by
the administration of reducing agents, such as
ascorbic acid or methylene blue.
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. G6PD deficiency is the most com-
@ mon enzyme deficiency in humans,
probably, in part, because individu-

als with G6PD deficiency are resistant to
malaria. The resistance to malaria counterbal-
ances the deleterious effects of the deficiency.
G6PD-deficient red cells have a shorter life
span and are more likely to lyse under conditions
of oxidative stress. When soldiers during the
Korean War were given the antimalarial drug
primaquine prophylactically, approximately
10% of the soldiers of African ancestry devel-
oped spontaneous anemia. Because the gene
tor G6PD is found on the X chromosome, these
men had only one copy of a variant GEPD gene.

All known G6PD variant genes con-
tain small in-frame deletions or mis-
sense mutations. The correspon-
ding proteins, therefore, have decreased
stability or lowered activity, leading to a
reduced half-life or life span for the red cell. No
mutations have been found that result in com-
plete absence of G6PD. Based on studies with
knockout mice, those mutations would be
expected to result in embryonic lethality.

Pyridoxine (vitamin Bg) deficiencies
Q;‘ are often associated with a micro-
- cytic, hypochromic anemia. Why
would a B, deficiency result in small (micro-
cytic), pale (hypochromic) red blood cells?

SECTION EIGHT ® TISSUE METABOLISM
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FIG. 44.2. Structure of heme. The side chains can be abbreviated as MVMVMPPM. M,
methyl (—CH;); P, propiony! (—CHZ—CHZ—COO_);V, vinyl (—CH=CH,).

damage accumulates, leading to lysis of the erythrocyte. When red blood cell lysis
(hemolysis) substantially exceeds the normal rate of red blood cell production, the
number of erythrocytes in the blood drops below normal values, leading to
hemolytic anemia.

B. The Erythrocyte Precursor Cells and Heme Synthesis
1. HEME STRUCTURE

Heme consists of a porphyrin ring coordinated with an atom of iron (Fig. 44.2).
Four pyrrole rings are joined by methenyl bridges (-CH-) to form the porphyrin
ring (see Fig. 7.12). Eight side chains serve as substituents on the porphyrin ring.
two on each pyrrole. These side chains may be acetyl (A), propionyl (P). methy!
(M), or vinyl (V) groups. In heme, the order of these groups isMYVMVMPPM.
This order, in which the position of the methy] group is reversed on the fourth nng,
is characteristic of the porphyrins of the type IIl series, the most abundant 1n nature.

Heme is the most common porphyrin found in the body. It is complexed with
proteins to form hemoglobin, myoglobin, and the cytochromes (see Chapters 7 and
21), including cytochrome P450 (see Chapter 24).

2. SYNTHESIS OF HEME

Heme is synthesized from glycine and succinyl CoA (Fig. 44.3), which condense in
the initial reaction to form &-aminolevulinic acid (8-ALA) (Fig. 44.4). The enzyme
that catalyzes this reaction, 8-ALA synthase, requires the participation of pyridoxal
phosphate, as the reaction is an amino acid decarboxylation reaction (glycine is
decarboxylated; see Chapter 39).

The next reaction of heme synthesis is catalyzed by 6-ALA dehydratase. n
which two molecules of 8-ALA condense to form the pyrrole, porphobilinogen
(Fig. 44.5). Four of these pyrrole rings condense to form a linear chain and then 4
series of porphyrinogens. The side chains of these porphyrinogens initially contain
acetyl (A) and propionyl (P) groups. The acetyl groups are decarboxylated to form
methyl groups. Then the first two propionyl side chains are decarboxylated and oxi-
dized to vinyl groups. forming a protoporphyrinogen. The methylene bridges arc
subsequently oxidized to form protoporphyrnn IX (see Fig. 44.3). Heme is red. and
is responsible for the color of red blood cells and of muscles that contain a larg¢
number of mitochondria.
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