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PREFACE

This book is based on six Jesup Lectures, delivered at Columbia Uni-
versity in the Department of Zoology during March, 1962. I accepted
the invitation to deliver these lectures with some trepidation. The
subject which I wanted to discuss is a part of such diverse areas as
biochemistry, human genetics, molecular genetics, and evolution, not
to mention hematology, and I felt myself to be too much of a specialist
to do justice to all these aspects before an audience of biologists. In
particular, an early training in classical organic chemistry and zoology
followed by a gradual sliding into biochemistry and the other fields had
led to the acquisition of only that knowledge which was of immediate
interest and to the persistence of large areas of ignorance. Therefore,
to attempt a balanced synthesis seemed too daunting. On the other
hand, the temptation of the opportunity to present and develop one’s
own thoughts on a subject so dear to one’s heart proved irresistible.
The result is this book, which is offered to the reader in the hope that
it will interest him and perhaps stimulate him to disagree with some of
the ideas put forward.

In such a short book, it has been impossible to include reference to
everyone whose work would have been relevant. A rather arbitrary
choice was often necessary, with apologies to those who have had to
be omitted, but not through lack of an appreciation of their work.

YERNON M. INGRAM

Cambridge, Mass.
July, 1962
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INTRODUCTION

The six lectures transcribed in this book were designed to present a
personal view of biochemical genetics and evolution. These two topics
were treated almost entirely in terms of the biochemistry of the hemo-
globins and no attempt was made to give a balanced view of these large
areas of scientific endeavor. The same plan was followed when the
pleasant task of giving the Jesup lectures (March, 1962) in the congenial
environment of the Zoology Department of Columbia University turned
into the more arduous job of putting one’s thoughts and prejudices onto
paper. Not even the more restricted field of the hemoglobins, normal
and abnormal, will be extensively reviewed here, since this has been
adequately done in several very recent reviews (see later). Only some
aspects of particular interest to the author will be discussed.

Most books that are concerned with biochemical genetics open with a
reference to Garrod’s work early in this century. This is as it should be,
since it was he who in 1902 described the first human biochemical
inherited disease, alkaptonuria, and who coined the term *“inborn errors
of metabolism™ (see Garrod, 1923). This name, which has persisted as
a most useful description of these diseases, underlines the point that we
are dealing here with an inherited defect on the biochemical level. In
alkaptonuria one can actually point to the defect as the absence of the
active enzyme which normally converts homogentisic acid to maleyl-
acetoacetic acid as part of the metabolism of tyrosine. More recently,
the term “inborn error of metabolism™ has come to mean an *‘error”
or an alteration in the chemical structure of a biochemically impor-
tant substance. In this last sense, we may talk of the inherited



2 INTRODUCTION

hemoglobinopathies as “inborn errors of metabolism™ of a kind which
allows us to study the basic defect directly, in spite of the fact that a
hemoglobin defect is a metabolic defect only in the widest sense of the
word.

A second important step in the development of this subject came in
1949 when Pauling coined the term ““molecular disease.” In that year,
Pauling, Itano, Singer, and Wells (1949) discovered that patients with
sickle-cell anemia carried a hemoglobin which was electrophoretically
different from normal hemoglobin. It seemed likely even then, that
such a difference was due to a definite biochemical abnormality at the
molecular level. Also in 1949 came the demonstration by Neel and also
by Beet, that this “inborn error,” this “molecular disease,” was inherited
as a simple Mendelian factor, with the heterozygote possessing the
hemoglobins characteristic of both the normal and the mutant alleles.

These are the most important landmarks for the development of the
story of the human hemoglobin abnormalities. Since then there has
been a very great deal of research in this area, so that we now have a
reasonably coherent picture of the biochemical genetics of this protein.
Much of this work has been summarized in several recent reviews
(Itano, 1957; Lehmann and Ager, 1960; Rucknagel and Neel, 1961;
Baglioni, 1962).

A third milestone was the formulation of the “one gene-one enzyme™
hypothesis by Beadle and Tatum (1941) which is fundamental to that
part of our picture which deals with genetic control of the structure of
any particular protein.

GENETIC CONTROL OF CELLULAR ACTIVITIES

It is a commonplace nowadays in molecular biology to state the
relationship between a gene and its product as the relationship between
genetic DNA which makes template RNA which in turn makes protein
(Figure 1-1). The one gene-one enzyme hypothesis leads to the propo-
sition that the chemical structure of the relevant portion of DNA will
produce a definite chemical structure in a protein. It is this relationship
and its ramifications which we will examine in this book, taking our
examples largely from the biochemical work on the hemoglobins. Just
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as a normal gene will produce, in this view, a normal protein molecule,
so the effects of a gene mutation are felt as a chemical alteration in the
structure of that protein, provided that this protein is the first protein
product of the gene. One can well imagine that some proteins are one
step further removed from the gene than are for example the peptide
chains of hemoglobin. Some proteins have carbohydrate constituents

l other proteins
Getes R-~0->5) —> RNA —> Prot ol ol
(template) (peptide chain) Pt

Genes (R—+0—+8) ——> RNA —— Protein 'éf—_}

Genes (R—+0—>S) —> RNA —> Protein <%

FIGURE 1-1. Scheme of the genetic control of protein synthesis
Three successive generations are shown. R: regulator gene; O: operator gene;
S: structural gene. (See Jacob and Monod, 1961.)

attached to them, put there by the action of some enzymes. These
enzymes are themselves proteins and are made by their own genes. A
mutation in one of these genes may alter or delete the function of such
an enzyme and may ultimately show up as an alteration in the carbo-
hydrate portions of one or more other proteins, leaving their peptide
chain sequences perfectly normal. This would be a less direct effect of a
gene mutation on protein structure.

The complex system of genetic control (Figure 1-1) leaves of course a
great deal unsaid, particularly in terms of the relationship between the
types of gene (regulator, operator, structural) or indeed the need to
postulate them in a mammalian system. Nevertheless, the scheme
provides a convenient and useful way for examining the findings of
biochemical genetics and for directing the planning of experiments,

This scheme of cellular control is supposed to be applicable in
bacteria as well as in mammals. In fact the best studied examples for
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the correspondence between genetic and protein structure come from
the bacterial systems (Dreyer, 1960; Jacob and Monod, 1961; Garen,
Levinthal, and Rothman, 1961; Helinski and Yanofsky, 1962). The
same is true for the demonstration of the role of template (messenger)
RNA (see for example Brenner et al., 1961; Gros et al., 1961). How-
ever, we will confine ourselves in this book to applying the principles
derived from the more tractable microbial systems to the control of
hemoglobin synthesis and structure.

Before proceeding to the hemoglobins, we must however point out
that there are other human proteins which can be used to study the
scheme outlined in Figure 1-1, of which only two will be mentioned
here, glucose-6-phosphate dehydrogenase (G-6-P-D) and haptoglo-
bin.

G-6-P-D DEFICIENCY

The inherited glucose-6-phosphate dehydrogenase deficiency has been
demonstrated in many Negroes (10 percent) in this country who have a
severe hemolytic anemia when certain drugs are administered (see Marks,
1960; also Marks et al., 1961; Ramot et al., 1961; Adinolfi ef al.,
1961). These drugs include sulfanilamide and primaquine. The usual
form of the condition is inherited as a sex-linked gene of intermediate
dominance. The biochemical reaction which seems to be involved in
this disease and which is mediated by the enzyme G-6-P-D is the
following: glucose-6-phosphate + 2 TPN — 6-phosphogluconic acid +
2 TPNH*. The TPNH which is produced is used in many ways in the
cell; for example it is used to keep glutathione reduced.

Siniscalco, Bernini, and Latte (1961) found that in Sardinia G-6-P-D
deficiency is linked to color blindness and to hemophilia. There is still
some controversy as to whether this disease is really all of one kind in
different parts of the world. Although the clinical symptons are similar,
this is probably a group of different enzyme defects. Another way in
which this deficiency is detected in Italy and elsewhere is after ingestion
of the fava bean which in persons with this deficiency will also cause a
hemolytic anemia. Siniscalco et al. (1961) found that G-6-P-D deficiency
is strongly correlated in portions of Sardinia with the presence, either
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today or in the past, of malaria. This is an example of balanced poly-
morphism, where the disadvantage of a gene is balanced by some
selective advantage of the heterozygote (usually), leading to an un-
expectedly high level of frequency of a deleterious gene. We will come
across other examples of this phenomenon in the hemoglobin system.
After all, the possession of G-6-P-D deficiency is deleterious—nobody
knows how deleterious exactly and yet the frequency is high. Since
there is a positive statistical correlation between the distribution of
malaria and the distribution of this gene, one is tempted to postulate
that partial protection against malaria is the mechanism. There is as
yet no actual evidence for such protection in this particular biochemical
abnormality. When we turn to sickle cell anemia later, we will find that
there is a similar situation of balanced polymorphism, but there is now
considerable evidence that malaria really is involved in increasing the
frequency of the sickle cell anemia gene. In the case of the G-6-P-D
deficiency we have only a correlation at the moment. Sardinia is a
favorable place for studying balanced polymorphism, because there are
villages high up in the mountains with little malaria and other villages
in the lowlands, where there is, or was, a lot of malaria. And just as
G-6-P-D deficiency is positively correlated with malaria, so it is nega-
tively correlated with altitude.

The kind of G-6-P-D deficiency which Ramot ef al. (1961) have
studied in Israel amongst the Jews may not be the same condition.
She also found that G-6-P-D deficiency is linked to color blindness, but
this time the genes are in repulsion, whereas in Sardinia they were in
coupling. Ramot also studied the level of the enzymes in tissues other
than the red cell (Table 1-1) and found different levels of enzyme
activity in affected individuals, indicating that the gene mutation affects
the enzyme in a variety of cell types, if not in all.

It is not always clear that the same structural gene is involved in
making enzymes of similar function in different tissues. There is some
chemical evidence that the enzyme lysozyme in the spleen and the brain
of dogs is different chemically; maybe there are different, though
related, structural genes involved in producing these enzymes. On the
other hand, as far as human G-6-P-D is concerned, it looks as if only
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TABLE 1-1
G6PD ACTIVITY IN VARIOUS TISSUES

Tissue Number Control Number “Mutants”
Erythrocytes® 103 12.6 + 1.18 55 1.08 + 1.04
Platelets®* 56 0.127 + 0.038 34 0.024 + 0.017
Leucocytes®* 26 34.70 + 11.20 25 7.59 £ 2,72
Saliva** 26 8.00 + 6.3 14 0.54 +-04
Liver* 13 0.112 £+ 0.038 3 0.010-0.030
Skin** 9 2.6-20.9 > 0.167-1.6

® Units = AOD/g Hb/min. + standard deviation.
°® Units = AOD/10° cells/min.
** Units = AOD/mg protein/min.

* Units = AOD/100 mg wet Liver Tissue/min.

one structural gene is involved; the mutation, whatever it is, affects the
G-6-P-D enzyme similarly in the various tissues. Marks et al. (1961,
1962) have reported studies of the biochemical properties of the
G-6-P-D enzymes taken from normal individuals and from a variety of
mutants, which demonstrate that chemically different enzymes may be
found (Table 1-2). For example, in the normal subject and in the
affected Negro subject the enzyme has a certain mobility in starch gel
electrophoresis; but in one Italian family, the electrophoretic mobility
of the G-6-P-D enzyme was increased 35 percent; therefore we would
suspect that a different protein is made in these individuals, pointing to
at least two types of G-6-P-D deficiency.

In the hemoglobins we are very fortunate because the protein is easy
to prepare. Even the mutant hemoglobins are usually easy to obtain.
We can therefore settle more easily the question whether we are dealing
with a mutant protein or with different rates of production in the hemo-
globin abnormalities.

THE HAPTOGLOBINS

Another example of an inherited abnormality in the human system
is the haptoglobins. These human proteins maybe a type of antibody,
at least they combine specifically with hemoglobin (Jayle and Boussier,
1955; Moretti et al., 1957). 1t looks as if one molecule of haptoglobin
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will combine with one molecule of hemoglobin, that is, each haptoglobin
molecule has one combining site. This may only be true for the so-called
type 1-1 haptoglobin (Smithies and Connell, 1959); type 2-1 or 2-2 may
combine with more than one hemoglobin molecule for reasons which
will be apparent later. Usually a typical antibody has two combining
sites; thereby it is able to form a three-dimensional network with the
protein with which it reacts and to precipitate that protein. Hapto-
globin does not precipitate hemoglobin, but it does form a strong
complex which seems to be a mechanism for removing free hemoglobin
from solution in the serum. During a hemolytic crisis, hemoglobin is
liberated into serum, the haptoglobin combines with it and the hapto-
globin-hemoglobin complex is then eliminated. After a severe hemolytic
crisis one does not find any haptoglobin, because it has been used up.
There are actually many people who have no haptoglobin at any time;
about three or four percent of some of the Negro populations in Africa
show this absence of haptoglobin (Allison et al., 1958). This lack of
haptoglobin does not seem to be disadvantageous, so that perhaps the
haptoglobin is not an essential part of the biochemical mechanism of
the body. On the other hand, there may be other functions of this
protein of which we know nothing yet.

Smithies, in 1956, introduced a beautiful technique for the separation
of serum proteins (reviewed in Smithies, 1959). He performed electro-
phoresis of these proteins in starch gel, which gives a much better
separation and characterization of human proteins than had been
possible before. This technique enabled him to see these haptoglobins;
on screening populations he discovered that there were three distinct
types of individuals with respect to their haptoglobins (Smithies and
Connell, 1959). These were called types 1-1, 2-1, and 2-2. The type
1-1 was from a homozygote Hp!/Hp?', the 2-2 was the other homozygote
(Hp?/Hp?®) of the allelic system and the 2-1 type was produced by the
heterozygote Hp'/Hp®. The molecular weight of type 1-1 haptoglobin
is about 85,000 (Moretti et al., 1957); it is not entirely a simple protein,
but also contains some carbohydrate, which was shown by Jayle and
Boussier (1955) some time before Smithies’ work. Parker and Bearn
(1962) have found recently that neuraminidase, which presumably
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removes a carbohydrate constituent, alters the electrophoretic mobility
of human haptoglobin 1-1.

Figure 1-2 shows a starch gel electrophoresis taken from Smithies’
work, illustrating on the left the three types of haptoglobins which are
found. The homozygote, Hp®/Hp?, produces a series of bands, some
stronger and some weaker, probably due to association of this type of
molecule. The heterozygote produces a series of proteins intermediate
in nature between the two homozygotes. Reduced type 1-1 and 2-2
show single protein bands in different electrophoretic positions. The
heterozygote, 2-1, after reduction, has both the bands characteristic of
1-1 and of 2-2. The reduced proteins show phenotypes which corre-
spond to the alleles in the genotypes.

In the abnormal hemoglobins, the heterozygote shows both forms
of hemoglobin molecules of the allelic system without any previous
degradation of the protein. One does not get truly hybrid molecules
made up of peptide chains produced by the two allelic genes, as happens
in the haptoglobins. This is a very clear distinction between the two
systems.

One can recognize two types of peptide chains in the haptoglobins:
o chains and § chains. Figure 1-2 shows only the « chains, since in
this system of electrophoresis the f chains remain insoluble at the
origin. But recently it has been possible (Connell, Dixon, and Smithies,
1962) to move the f chain away from the origin and to show that they
are the same in these three types. The mutational differences which
distinguish the haptoglobin types reside in the « chain.

It appears that in fact there are three kinds of type 1-1 haptoglobin,
the socalled 1¥ost-[Fost (Fast [SIoW apnd 131°¥.15°" referring to the
speed of their « chain components in electrophoresis (Connell, Dixon,
and Smithies, 1962).

Figure 1-3 illustrates in schematic form some of the chemical findings
of Smithies, Connell, and Dixon (1962), derived from digestion of the
peptide chains with chymotrypsin and from isolation and fingerprinting
of the fragments in a way similar to the methods discussed in chapter 3.
Smithies has shown that the Hp? peptide chain differs from Hpt™* and
lem“ « peptide chains by being almost twice as long. By careful



Hp'Hp'  Hp'lip*  HpHp?

FIGURE 1-2. The haptoglobins of the three genotypes Hp'/Hp', Hp'/Hp?,
Hp?*/Hp?

A: purified haptoglobins, B: haptoglobins after reduction of disulfide bonds and
alkylation of the liberated —SH groups. Electrophoresis in starch gel, pH 3.2. By
permission of Dr. Oliver Smithies.

Hp'Hp' Hp'Hp* Hp*Hp*
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purification and fingerprinting of enzymatic digests of these chains he
deduced (Smithies, Connell, and Dixon, 1962) that most of the peptides
derived from the Hp' chain are represented in the Hp? chain, but that

the Hp* chains seem to be composed of one Hp!™" chain and one

R — | -+ |Hp 'S

e | Sy

e | B
|23 Lys (n-21.3.9.... LBEuN,, n
SRR FIR
AT P TR
2
Hp

FIGURE 1-3. Schematic representation of the chemical differences in
the o peptide chains of haptoglobins Hp'' (= 1F#st), Hp'S (= 151°%) and Hp?
(Based on the results of Smithies er al., 1962.)

Hp'™" chain joined together with a few amino acids missing at the
junction. Hp1™" differs from Hp*®" by having a lysine residue instead
of a glutamic acid or glutamine residue (see Figure 1-3), thus accounting
for the electrophoretic differences. The pronounced difference in elec-
trophoresis between the whole molecules of Hp' and Hp?® is due to the

CIIF
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FIGURE 1-4. Schematic representation of an unequal crossing over
mechanism to explain the origin of the »* chain of Hp® from a heterozygote
Hp'¥f /Hp'® which has an «'¥ and an «'® gene
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FIGURE 1-6. Haptoglobin variation in humans and primates; benzidine

stain after vertical starch gel electrophoresis

Serum samples from left are from the cercopithecus monkey, gibbon, squirrel
monkey, tailless macaque, rhesus monkey, cynomolgus monkey, chimpanzee,
baboon and the three common human phenotypes. In several samples an excess
hemoglobin band is seen slightly ahead of the human Hp 1-1 band: hemoglobin is
also seen bound to albumin. (Parker and Bearn, 1961.)
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great increase in complexity of the molecule. It is interesting that the
gene controlling the Hp? « chain must have arisen from a heterozygote
carrying both the lem' and the lem' gene, since both the amino
acid substitutions characteristic of these two chains are present in the
Hp? « chain. Presumably this Hp? « gene might have arisen (Figure 1-4)
by nonhomologous crossing over operating in the Hp!™'/Hp!™"
heterozygote. Such an event could lead not to a clean gene duplication,
but rather to an incomplete gene duplication, resulting in a single gene
of almost twice the usual length, but nevertheless operating as a single
gene.

In studies of the distribution of the haptoglobin types (Parker and
Bearn, 1961), it has been shown that the Hp? gene is in fact found with
high frequencies in many parts of the world, particularly in India where
it is the predominant form (Figure 1-5). Now as we have seen, the gene
controlling the Hp* « chains must have arisen subsequent to the
existence of the Hp'™" and Hp'™°" genes, since it contains elements
of both. Presumably the Hp* gene confers a selective advantage, partic-
ularly in India, on the person possessing it to such an extent that since
it arose it has begun to displace the older Hp' genes. We have here
an example of evolution in action. Presumably the spread of the Hp?®
gene is not yet complete; whether it will ever be complete is of course
not known. Just what this selective advantage is, is also not clear,
although one might postulate that the doubling in size and the con-
sequent ability of the molecule to polymerize, might lead to a more
efficient function in its combination with hemoglobin, if indeed that
is its function.

The argument for the recent evolution of the type 2-2 haptoglobin is
strengthened by Parker and Bearn’s finding (1961) that eight other
primates had a haptoglobin pattern similar to the human type 1-1, i.e.,
a single component (Figure 1-6). The multiple bands characteristic of
Hp? gene may well be a feature peculiar to humans.
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THE STRUCTURE AND
SYNTHESIS
OF HEMOGLOBIN

Everybody who has worked with hemoglobin has been helped enor-
mously by the fact that this protein has been under intensive study by
chemists, physical chemists, and biochemists for a long time. This
fortunate circumstance has made it possible to interpret the clinical
findings on genetically altered hemoglobins very much more easily than
if one had had to start with a protein about which little was known.
In order to discuss the abnormal hemoglobins we will in this chapter
consider some aspects of the structural chemistry of hemoglobin and
also some aspects of the biosynthesis of this protein.

First of all it will be necessary to define a few terms concerning
protein structure (Low and Edsall, 1956). By the primary structure of
a protein we understand the covalent structure of the polypeptide chains
and in particular the sequence of the amino acids; by secondary
structure we understand the regular arrangement in space of such
polypeptide chains as for example in the « helix of Corey, Pauling and
Branson (1951); the tertiary structure is the arrangement of such
helices in space giving the super folding of the molecule; finally, the
quarternary structure of the protein is the assembly of subunits composed
of the individual polypeptide chains to form the final molecule.

Hemoglobin has four such subunits (Schroeder, 1959): two « poly-
peptide chains and two § polypeptide chains, each arranged as a more
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or less spherical subunit (Perutz et al., 1960). The complete hemoglobin
molecule, the tetramer, has a molecular weight of around 67,000. It
seems likely that most vertebrate hemoglobins are made up in this way,
with the exception of the hemoglobins from cyclostomes. Hemoglobin
is considered to be a compound protein in the sense that it is composed
of the protein globin and of four heme groups; these are molecules
composed of protoporphyrin rings each containing at the center an
iron atom. Each of the four subunits contains therefore one peptide
chain together with its heme group. It is the iron atom (Fe**) at the
center of each heme group which is functionally the most important
part of the molecule, since it is here that oxygen molecules attach
themselves reversably during the oxygenation and deoxygenation of
hemoglobin in its normal physiological role.

THE HEMOGLOBIN TYPES
The normal adult human hemoglobin (hemoglobin A or Hb A) is
often written as «, #; (Figure 2-1) to show that it is composed of two

Adult a; e
Fefal @2 oyt
A, Z
Hemoglobin H ,Bi
Hemoglobin "Barts" }f:

FIGURE 2-1. The different types of human hemoglobins

Included are two examples of abnormal hemoglobins which are peculiar in having
four identical subunits; they are discussed in chapters 3 and 4.

o peptide chains and two f peptide chains. The superscript A shows
that the molecule is of the genetically normal, adult type. The human
fetus on the other hand has a different type of hemoglobin (reviewed in
White and Beaven, 1959) which can be readily distinguished chemically,
but which has the same overall molecular complexity. Human fetal
hemoglobin is composed of four peptide chains: two o« polypeptide
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chains, the same as in the adult type, and two y polypeptide chains
chemically distinguishable from the f polypeptide chains (Schroeder
and Matsuda, 1958). We see then that half the molecule is identical
with the adult type, but that the other half is different.

Also, the normal human adult has a minor hemoglobin component
(Kunkel and Wallenius, 1955), called hemoglobin A,, which is electro-
phoretically distinguishable from the others. Hemoglobin A, also has
four polypeptide chains in its molecule, two « chains, which are identical
with those in the adult protein and in fetal hemoglobin, and in addition
two o peptide chains (Ingram and Stretton, 1961). The symbol 4 is
used to indicate that these peptide chains are distinguishable in their
primary structure from the § and y peptide chains and are also under
separate genetic control (see chapter 4). Altogether then, there are
four types of polypeptide chain which make up the three types of
hemoglobin found in the human (Figure 2-1)—the «, 8, , and &
chains. There is very good genetic evidence to indicate that these four
types of peptide chain have their primary structure controlled by four
different structural genes. We will discuss the genetic evidence for this
statement in a later chapter.

The hemoglobins of vertebrates are strikingly similar in their overall
structure, with the notable exception of the hemoglobins found in
certain cyclostomata (see in Gratzer and Allison, 1960). The vertebrate
hemoglobins are all composed of four polypeptide chains of two kinds;
for these we can write as in the human a formula of the type of a,f,.
In addition there is evidence now that multiple forms of hemoglobin
are to be found in certain mammals. An excellent review of this subject
has recently been published by Gratzer & Allison (1960). In spite of
the overall similarity there are of course structural differences between,
for example, rabbit hemoglobin and human hemoglobin. These are
differences in the amino acid sequences, but they are really quite few
in number and the overall resemblance of the molecule is striking
(Muller, 1961; Diamond and Braunitzer, 1962; Naughton and Dintzis,
1962).

Two other types of human hemoglobin are illustrated in Figure 2-1;
these are hemoglobin H (Rigas et al., 1955; Gouttas et al., 1955;
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Jones et al., 1959) and hemoglobin Barts (Fessas and Papaspyrou,
1957; Ager and Lehmann, 1958; Hunt and Lehmann, 1959) composed
respectively of four § peptide chains and four y peptide chains. Both
are to be classified as abnormal hemoglobins, because they are produced
in certain conditions of inherited hemolytic anemia. There seems to be
a relative overproduction of f or ¢ peptide chains within a cell leading
to tetramer formation of the type illustrated in Figure 2-1. The con-
ditions under which hemoglobin H and Barts can be found will be
discussed later.

One of the characteristic features of the hemoglobin molecule is its
high degree of symmetry. The molecule can be divided into two
identical halves, each containing one « and one § peptide chain. The
two halves are related by a dyad axis of symmetry. It follows that any
structural feature of an « peptide chains, for example, is faithfully
reproduced in the other « peptide chain of the molecule. Later, when
we discuss the mutational alterations of hemoglobin, we will find that
in every case a particular amino acid alteration is to be found in both
o peptide chains or, as the case may be, in both f§ peptide chains of a
molecule. The chemical work necessary for pinpointing mutational
alterations in the primary structure of the abnormal hemoglobins is
therefore reduced to half.

X-RAY STRUCTURE OF HEMOGLOBIN

The secondary, tertiary, and quarternary structure of hemoglobin has
been worked out in considerable detail by Perutz and his colleagues in
England (1960-62). Although the hemoglobin with which he worked is
horse hemoglobin, there are good reasons for thinking that human
hemoglobin is quite similar in its overall structure. The pictures
reproduced here (Figures 2-2 and 2-3, 2-3a, 2-3b) are those of horse
hemoglobin. The models which are shown are the result of x-ray studies
on single crystals of this hemoglobin. At present this model is at low
resolution (5.5A) which means that it is not yet possible to see the
outlines of individual atoms or even of groups of atoms such as the
amino acids. On the other hand it is easily possible to see the coiling
of the peptide chains, as well as the overall architecture of the individual
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subunits and of the complete molecule. This gives us a most important
view of the relation between the primary structure and the ultimate
molecule. In Figure 2-2 we see a hemoglobin molecule dissected into
two asymmetrical half molecules composed of either two « chains

FIGURE 2-2. Model of horse hemoglobin at 5.5 A resolution

The two inner subunits (x,-white, f,-black) have been separated to show how they
will fit together. The N-terminus of some chains, the heme groups, and the general
coiling of the chains can be seen. The reactive sulfhydryl (—SH) group of the ff chain
is visible in one of the § chains. From a photograph kindly supplied by Dr. M. F.
Perutz.

(white) or two f chains (black). It is very striking that the overall
folding of « and § peptide chains resemble one another, but are not
quite identical. This close similarity reflects the great resemblance
between the amino acid sequences of these two types of chain (Figure
2-5). The fact that there are also differences in the amino acid sequences
is reflected in the fact that the coiling of « and f§ peptide chains is not

quite identical.
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By somewhat similar x-ray methods Kendrew and coworkers (1960,
1961) have been able to study the related protein myoglobin. This
protein is only a quarter of the size of hemoglobin, consisting of a

FIGURE 2-3. Model of horse hemoglobin at 5.5 A resolution
From a photograph kindly supplied by Dr. M. F. Perutz.

single polypeptide chain and a single heme group. It is found in
muscle where it combines reversibly with oxygen and acts as a store
for oxygen. Kendrew has been able to show a striking resemblance
in the architecture of myoglobin and individual hemoglobin peptide
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FIGURE 2-3a. Model of the « chain of hemoglobin with some of the
amino acid residues from the human « chain
From a photograph kindly supplied by Dr. M. F. Perutz.

chains. This is quite remarkable when it is considered that Kendrew’s
myoglobin was derived from the sperm whale, whereas Perutz’'s model
was based on horse hemoglobin.

In Figure 2-3, where the complete hemoglobin molecule is shown,
we notice also the presence and positioning of the heme groups. These
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are represented simply as circular discs in the model, showing also the
site of attachment of the oxygen molecules. Also visible in this illustra-
tion is the beginning of one of the two § peptide chains, the so-called

FIGURE 2-3b. Model of the f# chain of hemoglobin with some of the
amino acid residues of the human £ chain
From a photograph kindly supplied by Dr. M. F. Perutz.

N-terminus designated in the figure with N. This is the end of the
peptide chain carrying the free amino group of the first amino acid,
valine in the case of the « or § chain. The iron atom at the center of
each heme group is attached to its particular peptide chain through the
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side chain of a histidine residue in that chain (see Kendrew et al., 1961).
The coordinating position of the iron atom opposite to that linked to
histidine is available, when the iron is in the reduced form, for com-
bining with oxygen molecules or with carbon monoxide.

Very recently, Perutz (unpublished) presented data on the structure
of deoxygenated human hemoglobin. The evidence from amino acid
sequences and from analysis of x-ray structure indicates close similarity
between horse and human hemoglobin, so that the deoxygenated form
of one may be compared with the oxygenated form of the other. The
major change upon deoxygenation appears to be in two of the four
polypeptide chains, the so-called beta chains. These two beta chains
move out from the center of the molecule and away from each other
by a few Angstrom units, thus increasing the distance separating the
two heme groups embedded in the beta chains—the point of attachment
of the oxygen molecules. There is also a slight change in the angle
between two helical portions of the beta peptide chains. These findings
represent a great step forward in our understanding of the molecular
basis of the most important property of hemoglobin, the ability to
combine reversibly with oxygen.

MYOGLOBIN

Figure 2-4 is a representation of the model of myoglobin recently
produced by Kendrew (1961). Much detail is visible and in particular
most of the amino acid sequence could be determined clearly by x-ray
methods. An absolute identification was possible in many cases in
spite of the fact that individual atoms were not resolved, since the
outline of many amino acid side chains could be distinguished. Only a
few ambiguities remained. The amino acid sequences determined in
this way agree with those found by orthodox chemical methods
(Edmundson and Hirs, 1961). A few features in this very complex
model are particularly important. The flat heme group with its iron
atom at the center is easily visible; the linkage of the iron atom to the
histidine residue F-8 is also clearly visible. There seems to be a space
available at the sixth coordination position on the opposite side of this
heme group, where normally an oxygen or a carbon monoxide molecule
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Sperm whale myoglobin showing the three-dimensional arrangement of the single
polypeptide chain together with the amino acid sequence. (Kendrew, 1961.)
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would coordinate with the iron atom in the usual physiological function-
ing of myoglobin. There is also a second histidine residue near the
sixth position of this iron atom, which is residue E-7, too far away to
complex directly with the iron. However, there are certain variants of
human hemoglobin, the so-called hemoglobins M, in which this partic-
ular histidine residue is replaced by the amino acid tyrosine (Gerald
and Efron, 1961). The phenolic side chain of this amino acid in its
lonized phenolate form is somewhat larger and is able to complex
directly with the iron atom. The result is a stable complex with the
iron in the ferric form which is stable and physiologically ineffective.
We are here, however, taking the liberty of comparing the structure of
a human hemoglobin with the structure of the myoglobin peptide chain
(Watson and Kendrew, 1961). Nevertheless, everything we know so
far about the structures of these two chains leads us to believe that
this comparison is really valid.

The beginning of the peptide chain, the end bearing the free amino
group, is clearly visible and the continuation of the chain can be traced
in Figure 2-4. Those « helices which can be seen have the appearance
of long cylinders of peptide chain. Where an o helix ends, and before
the next one begins, there i1s a sequence of amino acids, sometimes
short and sometimes long, which has no regular arrangement in space.
On the other hand, these link sequences have a configuration which is
specific for this part of the myoglobin molecule. The various helices
and folds of the peptide chain are not held together by covalent bonds,
but by ionic interactions, by van der Waals forces, and by hydrogen
bonds. The sequence of amino acids has to be exact if the various
interacting groups are to be in their correct positions.

COVALENT STRUCTURE OF THE HEMOGLOBIN PEPTIDE CHAINS

The « peptide chain of human adult hemoglobin has 141 amino
acids; the § chain has 146 (Figure 2-5). These two peptide chains
(Braunitzer er al., 1961; Konigsbergetal., 1961; Goldstein et al., 1961 ;
Braunitzer and Rudloff, 1962) are arranged side by side in the figure
and in such a way as to give the maximum amount of correspondence
in sequence between the two chains. Identical amino acids in similar
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FIGURE 2-5. Sequence of amino acids in the normal human « and §
peptide chains
The chains are arranged for maximum homology. Identical residues are enclosed

by lines. The apparent “gaps” exist only in the drawing. (Based on the work of
Braunitzer, Konigsberg, and colleagues.)
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positions in the two chains are indicated in the figure by having a box
drawn around them. Altogether we can count 61 pairs of identical
amino acids (or about 42 percent of 146 residues), which is a striking
degree of similarity. One is tempted to think that there might be a
common evolutionary origin for these two peptide chains, since it is
hard to visualize such a high degree of similarity to have come about by
the convergent evolution of two originally dissimilar peptide chains
(see chapter 6). On the other hand, the number of differences between
the two chains, namely 85 pairs of amino acids, is greater than the
number of differences between the f, y, and 4 chains found in the
human hemoglobins A, F (fetal), and A,. In the family of hemoglobin
peptide chains the f3, y, and d chains are more closely related in structure
to one another than any of them are related to the « chain.

The amount of divergence of the two structural genes controlling the
« and f chains has presumably come about by a succession of mutations
which on the one hand has given rise to amino acid substitutions in one
chain or another, and on the other hand has altered the structures by
the deletion of genetic material with the consequent deletion of one,
two, or more amino acids. The apparent *“gaps™ which are visible in
the drawing of Figure 2-5 are of course not real gaps in the sequence of
the peptide chains themselves. The covalent structure of these chains
is quite continuous and amino acids before and after a gap are joined
in the usual peptide bond. The gaps are perhaps the effect of genetic
deletions (see chapter 6), which is the simplest way of thinking about
these gaps. It is interesting to note that the f, ¢, and (probably also)
the & peptide chains all have the same chain length (146 amino acids),
and that it is only the « peptide chain which is shorter.

THE SYNTHESIS OF THE HEMOGLOBIN PEPTIDE CHAINS

Since so much is known about the structure of the hemoglobin
peptide chains and since there is a variety of these chains in the molecule,
people have readily seen that the hemoglobin system is a useful one for
the study of protein synthesis. The hemoglobin system has another
advantage which can be utilized in these studies, namely that the
immature red cell is a synthetic system, the main product of which is
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the single protein, hemoglobin. In most microbial systems and in the
liver systems for the study of protein synthesis we are always confronted
with the difficulty that a mixture of proteins is being made and that
this mixture is very hard to separate and characterize chemically. On
the other hand, in the hemoglobin system we can study the biosynthesis
of specific peptide chains whose structure is largely understood.

In some recent experiments Dintzis (1961) tried to answer the
question of whether a peptide chain grows in a linear fashion from one
end to the other or whether it might not grow from the middle outwards
or in several places at the same time. For his studies Dintzis used rabbit
reticulocytes from animals made anemic by the injection of phenylhy-
drazine. These cells are very active in the synthesis of hemoglobin and
they make apparently little else. This fact is rather strange at first sight,
because in order to make hemoglobin some other protein enzymes have
to be present as well. The mechanism of synthesis requires the presence
of amino acid activating enzymes and a whole lot of other enzymes
concerned with the synthesis of heme. However, by using a reticulocyte,
which is the penultimate stage in the red cell series, most of the enzymes
required are already present and very little more is made. In any case
these other enzymes only amount to a very few percent of the total
protein content of the cell.

Figure 2-6 shows the theoretical model which Dintzis uses as his
scheme for the synthesis of soluble hemoglobin. Protein synthesis
occurs in the ribosomes which are nucleoprotein particles in the cell.
In the case of the reticulocyte, the ribosomes are free and are not at-
tached to an endoplasmic reticulum, as they are in other mammalian
cells, such as the liver cells. If we look at a cell and ask: what is the
state of the hemoglobin peptide chains in the average ribosome, Dintzis
would answer that there will be a distribution of wunfinished (and
unlabeled) peptide chains of varying lengths, as indicated at the top
of Figure 2-6 at time #,. Some chains will have hardly begun to grow,
others will be finished, and there will be others of intermediate lengths
If at that time one gives a short pulse of radioactive amino acid, for
example H3-leucine, to such a cell, then during that pulse each peptide
chain will grow a small length of radioactive peptide chain as shown at
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time 7, in Figure 2-6. The length of the pulse at time , is short com-
pared to the time which it takes to make the whole chain. After such
a short time interval only a few of the peptide chains will be complete
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FIGURE 2-6. Model of sequential chain growth

The straight lines represent unlabeled peptide chain. The zigzag lines represent
radioactively labeled peptide chain formed after the addition of radioactive amino
acid at time t,. The groups of peptides labeled R are those unfinished bits attached
to the ribosome at each time; the rest, having reached the finish line, are assumed
to be present in the soluble hemoglobin. In the ribosome at time #,, the top two
completely zigzag lines represent peptide chains formed completely from amino
acids during the time interval between ¢, and f,. The middle two lines represent
chains which have grown during that time interval, but have not reached the finish
line and are therefore still attached to the ribosomes. The bottom two chains
represent those which have crossed the finish line, left the ribosomes and are to be
found mixed with other molecules of soluble hemoglobin. The symbols a—g indicate
the tryptic peptides to be expected. (Dintzis, 1961.)

enough to be released and therefore we will find amongst the soluble
hemoglobin molecules some peptide chains which have that portion of
the chain labeled which was synthesized last. If we have a means of
separating and examining different portions of the peptide chain of the
soluble hemoglobin and if we can locate the radioactivity in such por-
tions of the peptide chain, then we can deduce which part of the chain
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is synthesized last of all. If the length of time of the exposure to radio-
active leucine is increased, then each peptide chain will grow more, as
shown at time #; in Figure 2-6. More and more label will appear in the
finished peptide chains of the soluble hemoglobin, until eventually at
time ¢, and at longer times label will be distributed more or less evenly
throughout the length of the peptide chain.

Dintzis studied the soluble hemoglobin released by the ribosome
after pulse experiments with tritiated leucine for various lengths of time.
He used trypsin to split the peptide chains into a definite number of
small peptides, labeled a to g in Figure 2-6. These fragments were
separated and characterized by paper chromatography and paper
electrophoresis—fingerprinting. The figure which is really required in
these experiments is the specific activity of leucine in each of the indi-
vidual peptide fragment @ — g. However, this is technically difficult to
determine when working with small amounts of protein and relatively
low levels of radioactivity, because the yield of each peptide fragment
is variable from experiment to experiment and also differs from peptide
to peptide. An internal standard was desirable, corresponding to the
portions of peptide chain made before the pulse began; the radio-
activity due to the pulse could then be compared to that standard.
Dintzis added carrier hemoglobin at the end of each experiment which
was uniformly labeled with radioactive C'¥-leucine from a long time
incubation. The pulse experiment itself was performed with H*-leucine.
At the end of the pulse and after the cells were opened, Dintzis added
his uniformly labeled C'"-leucine hemoglobin and digested the mixture
with trypsin. In each isolated peptide he was then able to determine
the ratio of tritium to C and, since the latter was uniform for each
peptide, this ratio gave him a measure of the specific activity of tritium
label in each peptide. In fact, before the trypsin digestion, Dintzis
isolated the « and f§ peptide chain on a carboxymethylcellulose-column
and then digested the globin from each chain separately.

The kind of data which he obtained is reproduced in Figure 2-7,
where it is separately recorded for the o« and the f peptide chain. The
relative amount of tritium is the measure of label in each peptide ac-
quired during the pulse experiment. The peptide number given in these
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plots is quite arbitrary, but Dintzis found that he could arrange his
data as more or less straight lines by putting these peptides in a sequence
of increasing relative tritium radioactivity. At an incubation time of
four minutes only the last four peptides received significant amounts
of radioactivity, indicating that that end of the chain is made last. On
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FIGURE 2-7. Distribution of H?®leucine among tryptic peptides of

soluble rabbit hemoglobin after various times of incubation at 15°C
The rate of synthesis is approximately one-fourth of the rate at 37°C. The points
at seven minutes are the average of six experiments.

the other hand, seven minutes was evidently enough to complete a
whole peptide chain and at 16 minutes more than one chain was made,
in other words a new round of synthesis had begun. It should be noted
at this point that Dintzis’ experiments were done at 15°C in order to
slow down sufficiently the rate of synthesis so that early enough samples
could be withdrawn. At this temperature he found that the overall
rate of the synthesis is about one-fourth of that at 37°C. From this
data it appears that one peptide chain is made in about 7 minutes at
15°C or 1.5 minutes at 37°C.
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The fact that an approximately linear plot is obtained in the « chain
experiments, that for short pulses only the peptides on the right hand
side of the figure are labeled, and that at increasing pulse times the
slope of the plot becomes almost zero, is in accordance with the model
proposed by Dintzis and illustrated in Figure 2-6. The experiments
show within the limits of the techniques employed that the chain grows
linearly from one end to the other and that the amino acids are added
sequentially. However, since only leucine was used in these experi-
ments, we cannot be sure of what happens in the peptide chain sequences
between the individual leucine residues. The possibility cannot be
ruled out that at certain points in the chain, groups of amino acids are
added, although this possibility seems remote.

Dintzis also showed that the hottest amino acid in the = chain (in his
peptide number 16) is in fact at the C-terminus. He digested pulse
labeled « chains with carboxypeptidases A and B, which liberated
arginine and other residues from the C-terminus of that chain and
thereby removed Dintzis” peptide 16 from its usual position on the
fingerprints. The corresponding experiment with the § chain was not
quite so successful. Nevertheless, the experiments indicate that the
C-terminal peptide is the last one to be made in the synthesis of at least
the « chain and that therefore the growth of the chain begins at the
N-terminus and then proceeds along the chain. More recently, Dintzis
and Naughton (1962) have compared the amino acid compositions of
the tryptic peptides of their rabbit hemoglobin which was used in these
experiments with the known compositions of the tryptic peptides of
the human « and f chains. There is a very striking degree of similarity
between these two sets of peptides which enabled Dintzis and Naughton
to assign a provisional order for their labeled peptides by assuming a
high degree of homology between rabbit hemoglobin and human hemo-
globin. The idea that a peptide chain grows linearly from the N-
terminus is strengthened, because their purely empirical sequence of
peptide numbers in Figure 2-7 is in fact confirmed in every single
instance by their new determination of peptide sequence from the
analysis of the tryptic peptides. The overall conclusion that the
peptide chain grows linearly from the N-terminus was previously
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reported by Bishop, Leahy, and Schweet (1960) for hemoglobin syn-
thesis; and by Yoshida and Tobita (1960) for bacterial amylase. More
recently Anfinsen and his colleagues working with chicken lysozyme
(1962) have obtained data similar to that of Dintzis. In particular
Anfinsen’s data is very convincing, because he was able to combine the
results of pulse label experiments with the accurately known positions
in the peptide chain of the radioactive amino acid used. We now have
a reasonably clear picture of a fundamental aspect of protein syn-
thesis.

Very recently the rather similar experiments of Knopf (1962) in a
cell-free system prepared from rabbit reticulocytes have confirmed the
results of Dintzis. However, Knopf’s system differs not only in being
very much less active in hemoglobin synthesis, but also in the inability
of his cellfree system to start a new round of synthesis of peptide chains.
Knopf finds that his ribosomes are only capable of completing the
synthesis of chains already started before their isolation; no new chain
formation is begun. This fact and the very much slower rate of syn-
thesis (a fraction of 1 percent) of the cellfree system present a great
puzzle. It seems that as soon as the cell is broken and before any of
the constituents are fractionated, the rate of synthesis has already fallen
to the cell-free level. The explanation for this phenomenon may provide
insight into an aspect of protein synthesis about which we know very
little—namely, the conditions necessary for the laying down of new
peptide chains. In addition we may begin to understand the molecular
basis for the need to keep the organization of the cell intact.

THE UNIVERSALITY OF THE PROTEIN SYNTHESIZING MECHANISM

Another experiment, also concerned with the mechanism of hemo-
globin biosynthesis, was recently performed by Lipmann and von
Ehrenstein (1961) at the Rockefeller Institute. They tested the univer-
sality of the protein synthesizing mechanism by reconstituting a cellfree
system partly from constituents of rabbit reticulocytes and partly from
extracts of Escherichia coli. The experiment was a success and they
were able to show that rabbit hemoglobin had been synthesized.

One of the intermediates in protein synthesis in bacteria and in
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mammals is the activated form of the amino acids as an amino acyl-
SRNA compound (NH,”CHR-CO—sRNA). It is in this combination
that the amino acids arrive in the ribosome, there to line up on the
template and to join into peptide chains. The sSRNA (or transfer-RNA,
soluble RNA, amino acid acceptor RNA) has a molecular weight of
25,000 - 30,000 with 80 — 100 nucleotides. It is postulated that there is
at least one specific type of sSRNA molecule for each amino acid and
more for some amino acids. The first step in protein synthesis is the
activation of the carboxyl group of each amino acid by ATP and a
specific activating enzyme to form an aminoacyl-adenylate-enzyme
complex. The same enzyme transfers the activated amino acid to the
sRNA molecule to form the amino acyl-sSRNA compound (see review
by Berg, 1961).

Normally in reconstituting a cellfree hemoglobin synthesizing
system, the ribosome and also the sSRNA and the activating enzymes
would all be derived from reticulocytes. Von Ehrenstein and Lipmann
labeled E. coli sSRNA with C'*-leucine and the other C2?-amino acids,
which are required, in the presence of E. coli activating enzymes. This
preparation when incubated with rabbit ribosomes in a suitable medium
was able to transfer over 60 percent of its radioactivity to soluble hemo-
globin. The labeled leucine went directly from its compound with
sRNA into hemoglobin, without first passing through a pool of free
leucine, since the addition of C'-leucine did not affect the yield of
labeled hemoglobin. What is more, the authors digested with trypsin
the labeled rabbit hemoglobin synthesized in this experiment. A
fingerprint of the tryptides obtained showed a high degree of corre-
spondence between the ninhydrin positive peptides (old hemoglobin
made in the rabbit) and those visible in the radioautogram (freshly
synthesized hemoglobin). This almost exact matching of spots gives
one great confidence that the cellfree reticulocyte system really made
hemoglobin with its leucine residues in their correct positions. There-
fore, at least the leucine-specific SRNA from E. coli carries the same
recognition sites for the ribosomal template as does the reticulocyte
sRNA. Possibly, the same holds true for the rest of the E. coli SRNA
molecules, although recent experiments by Benzer and Weisblum
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(1961) suggest species differences might exist between some of the
sRNA’s of rabbit, yeast, and E. coli with respect to their interaction
with the activating enzymes.

More recently, von Ehrenstein (unpublished) showed that E. coli
cysteine-specific SRNA carried its C'-labeled amino acid into the
correct place on the rabbit hemoglobin template so that the amino
acid, cysteine, appeared in the appropriate peptides. The sulfur in this
cysteinyl-sRNA compound was removed chemically with Raney nickel,
so that the amino acid was now actually alanine, but still attached to
cysteine-specific SRNA. The rabbit hemoglobin made with this material,
together with the other C"-aminoacyl-sRNA compounds, had C*-
alanine in peptides which normally contain cysteine but not alanine.
This is a striking demonstration of the fact that once an amino acid is
attached to its appropriate SRNA the placement of this amino acid on
the template is solely a function of the SRNA.



THE QUALITATIVE CONTROL
OEFROTEIN STRUCTURE:
ABNORMAL HEMOGLOBINS

Since it would take far too long to give a comprehensive account of the
chemical work on the abnormal human hemoglobins, we will confine
ourselves to discussing a selection of abnormalities. These are chemical
changes in the hemoglobin molecule which are genetically determined
and which are thought to be due to mutations in the hemoglobin gene.
In the most recent review on the subject, Baglioni (1962) lists 34
electrophoretic variants of hemoglobin A in which the peptide chain
(« or ) carrying the abnormality is known. In 15 of these hemoglobins
the particular amino acid substitution has been identified and located
exactly at a certain residue position in the peptide chain. Most of the
chemical work was done in the last six years, although some of it goes
back to the original electrophoretic characterization of sickle-cell
anemia hemoglobin (S) by Pauling and Itano in 1949. It might be
instructive to review briefly the history of this first abnormal hemoglobin.

SICKLE-CELL ANEMIA AND ITS HEMOGLOBIN

Even today sickle-cell anemia is the best studied example of an
inherited disease in which one can point clearly to the molecular basis
for the disease and its symptoms. The occurrence of sickled erythro-
cytes in this anemia was first described by Herrick in 1910. Two kinds
of individuals were found in whom sickling of erythrocytes could be
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induced by reducing the oxygen tension of a sample of blood: those
which were apparently healthy (carriers of sickle cell trait) and a few
others who had a severe hemolytic anemia. The sickling phenomenon
was recognized as an inherited condition by Taliafero and Huck in
1923, who considered it to be a dominant Mendelian character, taking
both sickle cell anemia and the largely asymptomatic sickle cell trait
as variable expressions of the same abnormal gene. In 1949, Neel and
Beet, independently, put forward the now accepted view that individuals
with the severe sickle cell anemia were homozygous for an abnormal
gene and that sickle-cell trait carriers were heterozygous, having one
normal and one abnormal gene. Whether this genetic character is to
be described as codominant, dominant, or recessive depends on how
one defines it. If one looks for the production of an abnormal hemo-
globin protein, than the two genes producing Hb A and Hb S are
codominant, since each produces its characteristic gene product; the
heterozygote has both hemoglobins (A and S) in its blood. If the
descriptive characteristic of the phenotype is the presence of a positive
sickling test on that person’s blood, then the ““Hb S gene™ is dominant,
since both the heterozygote and the homozygote give this test. Thirdly,
if the clinical picture of sickle-cell anemia is taken as the distinguishing
criterion, then the “Hb S gene” is recessive, since only the homozygote
has the disease and since the heterozygote has only the trait.

The reason for the sickling of deoxygenated red cells containing
sickle-cell hemoglobin (S) was obscure until Harris (1950) showed the
presence of birefringent bodies in deoxygenated solutions of this
hemoglobin. Next, Perutz, and Mitchison (1951) demonstrated the
very low solubility of reduced hemoglobin S in salt solutions. We can
now see the reason for the sickling phenomenon: the hemoglobin S
in the red cell remains in solution as the normally soluble oxyhemoglobin
S as long as the cells are in an oxygen rich environment. When the
partial pressure of oxygen is reduced, either artificially or in the tissues,
the hemoglobin protein inside the cell precipitates to form paracrystal-
line aggregates or tactoids which distort the cell to the sickle-cell shape.
This is apparently not true crystallization, but rather the aggregates
are bundles of two-dimensional arrays of molecules (see Allison,
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Scientific American, 1956). Although we know now the chemical
alteration which characterizes hemoglobin S, the chemical and struc-
tural explanation of the low solubility of this molecule still escapes us.
It remains to be seen, whether all aspects of the clinical picture of sickle-
cell anemia can be explained solely in terms of the chemical abnormality
of the hemoglobin S molecule or whether there is also some interaction
of the chemically abnormal protein with other factors. For the pur-
poses of our discussion, however, we will take the view that the disease is
due to the chemical abnormality of the hemoglobin.

The red cells in sickle-cell trait can also be made to sickle in the
laboratory, if oxygen is deliberately removed from the sample, or in
vivo at high altitudes or during flights in unpressurized aircraft. In
the people who have the trait (heterozygotes Hb A/Hb S) and who have
both hemoglobins, nearly all the cells can be made to sickle (Itano ef al.,
1956; Itano, 1960). Presumably then, each cell contains both hemo-
globin A and S. The alternative situation, that there are cells with
hemoglobin A and other cells with hemoglobin S can be ruled out, since
in that case only half the cells could be made to sickle. This is an
important point; both members of the allelic pair are active within
the same cell.

The fact that only hemoglobin A (x}f3) and hemoglobin S (o 83)
are found in the heterozygous cell is curious and needs an explanation.
One might have expected the formation of a “hybrid” molecule,
oy B*p°, which would easily be detected. However, this is not the case
(Itano, 1960); we must infer that f* and §° peptide chains are made
in separate places in the cell, perhaps in different ribosomes, and that
they dimerize (26* — f,; 28° — f;) before they are liberated into a
common pool. From this it is only one further step to the view that
individual ribosomes contain only a single template or at least the
templates from only one structural gene, because a compartmentaliza-
tion of the ribosome is difficult to accept.

The proportion of hemoglobin S in A/S heterozygotes varies from
about 25 percent to over 40 percent (see Figure 3-6; Wells and Itano,
1951). The fact that the phenotype of the heterozygote expresses the
genotype relatively faithfully has made the abnormal hemoglobin a
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particularly attractive field for those who wish to study the chemical
effects of gene mutations on the structure of a protein molecule.

It was clear by 1954 that the chemical difference between hemoglobin
A and S was a small one. Careful quantitative amino acid analyses of
the two proteins had shown differences so small as to be indistinguish-
able from the experimental error of the methods used. In a molecule
like hemoglobin, in which each of the identical halves contains some
280 amino acid residues of 19 different kinds, we can expect that many
amino acids will occur in more than 15 moles per half molecule. Even
the best method of analysis has an error 2-3 percent, which is ap-
proaching half of a residue or more of the common amino acids. Single
amino acid substitutions amongst those would not be easily detected.
Of course, other amino acids are rare; a change of one such might be
noticeable.

It was likely from Pauling and Itano’s work that an amino acid with
a charged side chain was involved in the alteration and that glutamic
acid, aspartic acid, lysine, histidine, or arginine might be involved.
These all occur sufficiently frequently, except for arginine, to make
analysis of the total hydrolysate an unreliable tool for the detection of
the appearance or disappearance of one of these amino acids. It turned
out (Ingram, 1957) that a glutamic acid has disappeared from hemo-
globin A, to be replaced by the even more common amino acid valine
in hemoglobin S or by the common amino acid lysine in hemoglobin C
(Hunt and Ingram, 1958). An increase in lysine in hemoglobin C had
been reported by Huismann er al. (1955), but together with other
amino acid changes which so far have not been confirmed.

Numerous attempts were made to try and pinpoint the chemical
difference between the hemoglobins A and S. Murayama (1958) found
that the available sulfhydryl groups (and other silver binding groups)
of reduced hemoglobin A varied in number with the temperature. For
example, at 0°C he could measure by titration with Ag(NH;), that
there were four groups capable of binding silver and at 38°C that there
were three groups. However, with hemoglobin S there were four and two
silver binding groups at these two temperatures, respectively. This is a
sensitive method for probing the architecture of the protein molecule,
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since differences measured by Murayama are likely to be differences
in accessibility of the —SH group to the attacking reagent—the silver
ammine ion. In turn, accessibility depends upon the configuration of
the polypeptide chains rather than on the primary amino acid sequences
of the chain. Itis not likely that the actual number of sulfhydryl groups
in the peptide chains of the two hemoglobins differs in view of the
titration results of other people and the careful amino acid analyses for
cysteine by Stein ef al. (1957). We do not know the chemical nature of
the other silver binding groups.

The two hemoglobins were indistinguishable by the x-ray crystallo-
graphic techniques available to Perutz et al. in 1951. They formed the
same series of crystal forms with the exception of one new oxyhemo-
globin form of hemoglobin S. Of course the reduced hemoglobin S
formed crystals which were different from crystals of reduced hemo-
globin A, as was to be expected from the altered solubility of reduced
hemoglobin S. Crystals of several forms of oxyhemoglobins A and S
gave identical x-ray diffraction patterns, a finding which implies that
the gross structure of the two molecules is similar. Perutz’s result
was an important one, because following the demonstration of an
electrophoretic difference between hemoglobins A and S the possibility
existed that this was due, not to a change in amino acid sequence, but
solely to a rearrangement of the same peptide chain in a different folding
so as to uncover or to mask charged groups in the protein molecule.
The x-ray result makes this possibility unlikely or at any rate restricts
a change in folding to such small dimensions, that it would not be able
to cover up or uncover charged groups. The fact that an amino acid
substitution involving a charged group was actually found does not,
of course, preclude the additional possibility, or the likelihood, of a
small “disturbance” of the folding of the peptide chains. Only when
the three-dimensional structure of these hemoglobins is understood,
will the full structural implications of the amino acid substitution be
clear.

It was shown by Havinga and Itano (1953) that the heme groups of
hemoglobin S were in each case formed as usual by iron in coordination
with protoporphyrin IX and that therefore the difference must reside
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in the protein. The spectra of the two hemoglobins are closely similar.
Their oxygen dissociation curves are said to resemble one another, but
this seems unlikely on purely physical ground and should be reinvesti-
gated. It does not seem reasonable that a property like oxygen affinity
could be unaffected by a change in the molecule which alters the solu-
bility so profoundly and in a way which depends on its state of oxygena-
tion. Some recent experiments by Riggs and Wells (1961) seem to
point to a somewhat lower oxygen affinity for hemoglobin S.

The N-terminal amino acids of hemoglobins A and S were found to
be valine in both cases by Havinga (1953) and by Huisman and Drink-
waard (1955). The latter also showed that attack on the C-terminal
amino acid of the peptide chains of the two proteins with the enzyme
carboxypeptidase A liberated from both only histidine and tyrosine.
Carboxypeptidase A splits off amino acids one by one beginning from
the C-terminal end of a peptide chain, but the speed at which it does
so depends on the nature of the particular amino acid and on the one
immediately preceding it. We now know that histidine and tyrosine
are the last and the penultimate amino acid, respectively, of the § chain.
The « chain ends in -tyrosyl-arginine and arginine is not attacked by
carboxypeptidase A. For our present purpose it is enough to say that
hemoglobin A and S behaved identically.

We may summarize these investigations by concluding that there
seemed to be a definite chemical difference between hemoglobins A
and S expressed as a change in electrophoretic mobility and that this
was likely to be a small one.

FINGERPRINTING

Beyond the identification by electrophoresis of hemoglobins A and
S and any other of the abnormal hemoglobins (Figures 3-1, 3-2) further
chemical investigation may be carried out in a variety of ways. The
proteins can be subjected to a detailed analysis of their spectra, to a
determination of their shape in the ultracentrifuge, to studies of their
antigenic properties and to a titration of their acidic and basic groups,
to mention only a few. However, since it seems likely that inherited
abnormalities of the protein reside in an alteration of the primary
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covalent structure of that protein, it is most important to concentrate
on at least a partial elucidation of that primary structure. Again there
are many approaches possible, but the one which is most in favor among
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FIGURE 3-1. Migration of human hemoglobins in agar gel (pH ca. 6)

and paper (pH 8.6) electrophoresis
Ho, = Hb Hopkins-1; Ho, = Hb Hopkins-2; Le = Hb Lepore.

protein chemists is a splitting of the peptide chains by specific enzymes
which hydrolyze at specific positions in the peptide chains. In the case
of the hemoglobins it may or may not be necessary to separate first
the individual « and f peptide chains as was done by Dintzis in the
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FIGURE 3-2. Drawing of agar gel electrophoresis patterns of mixtures
of human hemoglobins (pH 6.2; 0.05 M citrate)



44 ABNORMAL HEMOGLOBINS

experiments mentioned in the previous chapter. Such a preliminary
step results of course in a simpler mixture of peptide fragments to be
investigated, but the necessity for chain separation depends upon the
resolution of the method which is going to be used for the isolation
and characterization of the individual peptide fragments.

Following the initial digestion of the protein or peptide chain,
individual peptides are then separated and investigated more closely
as to their content of particular amino acids and as to the sequence of
these amino acids. Several methods are available for the separation
and characterization of mixtures of peptides. Among these can be
mentioned countercurrent distribution, ion exchange chromatography,
paper electrophoresis, and paper chromatography. The combination
of these last two methods has been the choice in the author’s laboratory.
The technique has come to be known as fingerprinting; it is a combina-
tion of the methods originally developed by Sanger (summarized by
Harris and Ingram, 1960) and also by Knight (1954). Figure 3-3a
shows two fingerprints of hemoglobin A and hemoglobin S (Ingram,
1958; Baglioni, 1961). In each case the peptide mixture obtained by
trypsin digestion of whole hemoglobin is separated first by paper
electrophoresis at pH 6.4, followed by ascending paper chromatog-
raphy at right angles to the direction of electrophoresis on the same
sheet of paper. For close comparison two digests are run side by side
in both these operations. As the Figure shows, the various peptide
fragments are located in definite and characteristic positions in these
fingerprints, so that the whole digest results in a characteristic pattern
or fingerprint. To a considerable extent this pattern reflects the amino
acid sequences to be found in the individual peptides and therefore the
covalent primary structure of the hemoglobin molecules. Like all other
techniques, fingerprinting has its limitations, being especially sensitive
to changes in charged amino acids and less sensitive to alterations
involving uncharged groups. In particular an inversion of amino acid
sequence within a peptide would probably not be apparent in the
fingerprint, unless the inversion happened to span a cleavage site, such
as a lysine or arginine residue, or unless it happened to alter the sensi-
tivity to trypsin of a lysine or arginine residue next to it. In addition it
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is necessary to establish that individual spots on the fingerprint repre-
sent single peptides and it will be found that some spots contain several
peptides. In such a case it will always be necessary to elute from the
fingerprint and investigate the constituents of such multiple spots under
different conditions before a definitive comparison between the parent
proteins can be made.

In Figure 3-3a it can be easily seen that the two fingerprints are
largely identical and further it could be shown that such spots as
were multiple contained in both cases the correct number of peptides.
Furthermore, identical spots, contained semiquantitatively the
same amino acids. There is however one single peptide which assumes
a new and different position in sickle cell hemoglobin. It is electro-
phoretically different from the corresponding hemoglobin A peptide
and it also differs in its position in the chromatography direction.
The hemoglobin S peptide has clearly lost at least one (net) negative
charge which represents a chemical alteration in line with that observed
by Pauling and Itano for the whole hemoglobin molecule. Due to the
symmetry of the molecule any chemical change is found twice in a
whole molecule; it follows that the minimum alteration in the hemo-
globin molecule must be two charge units as indeed was calculated by
Itano (1957). In Figure 3-4 are shown the amino acid sequences of the
peptide spot which was found to differ in the fingerprints of hemoglobin
A and S. It turns out that this is an octapeptide which is in fact the
first peptide of the f chain of hemoglobin at the N-terminus—number 4
in the old nomenclature and peptide ST 1 in the new (Gerald and
Ingram, 1961). The difference between these peptides turns out to be a
replacement of the glutamic acid in the sixth position of the § peptide
chain of hemoglobin A by valine in the sickle cell hemoglobin. This
exchange explains the loss of the negative charge as well as the difference
in the chromatographic mobility of the peptide since an extra ionizable
glutamic acid group in the hemoglobin A peptide will tend to slow down
the mobility in the basic chromatographic solvent system which is
used. So far this particular amino acid change has been found by at
least two other investigators (Hill and Schwartz, 1959; Jones and
Schroeder, unpublished) and in five different samples of sickle cell
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hemoglobin from different parts of the world (Ingram, 1959b). Investi-
gation of the remaining peptides by total amino acid analysis and of
that portion of the hemoglobin molecule which does not appear in these
fingerprints (about one-third of the protein, the so-called “core,” Hunt
and Ingram, 1958) has shown no changes in the primary structure else-
where in the molecule within the limits set by the techniques. A really
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FIGURE 3-4. Sequence of the peptides 4 (ATpI) of hemoglobins A, S,
C, and Gguy oss

definite answer to the question of whether the glutamic acid to valine
exchange is indeed the only alteration in the protein molecule must
await the determination of the complete amino acid sequence of the
f peptide chains of sickle-cell hemoglobin, Nevertheless, we will as-
sume for the time being that the only effect of the gene mutation is this
single amino acid substitution. We may therefore write a formula for
hemoglobin S: «3f5'" (Gerald and Ingram, 1961). This formula
indicates that the « chains of sickle-cell hemoglobin are normal, but
that position number 6 of the f chain carries valine instead of its usual
glutamic acid. It is not at all clear why such an amino acid substitution
should produce the drastic change in solubility of the whole molecule
(Perutz and Mitchison, 1950) to which has been ascribed the origin of
the sickle-cell anemia itself.
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HEMOGLOBIN C

It turned out that in hemoglobin C (Itano and Neel, 1950) the same
tryptic peptide also showed an alteration in the fingerprint pattern
(Hunt and Ingram, 1959b). In fact, it was replaced in the hemoglobin
C fingerprints by two new peptides which together had the structure
shown in the third line in Figure 3-4. Two new peptides are found,
because in the case of hemoglobin C a new lysine residue appears which
creates a new bond sensitive to the action of trypsin. Therefore, two
peptide fragments result instead of one from the first eight residues of
the f chain of hemoglobin C (see Figure 3-4). In hemoglobin C at
position 6 of the f§ chain glutamic acid has been replaced by lysine, a
net change of 2 charges per chain or +4 charges per hemoglobin
molecule. Therefore the electrophoretic change of the whole protein is
expected to be twice as great as that of hemoglobin S, as indeed is the
case. The fact that the same 6th position of the § chain has also mutated
in hemoglobin C is very good evidence for allelism between the S and
C mutations. This confirms the previous proposal by Ranney (1954)
that the hemoglobin S and C mutations are allelic, based on several
families in whom all children of an S/C heterozygote and a normal A[A
parent had one or other, but never both (and never neither) abnormality.
Whether the two allelic mutations have arisen independently or whether
hemoglobin C is a mutation of the more frequently occurring hemo-
globin S gene is, of course, not known.

HEMOGLOBIN Gy, .\ 5046

Also shown in Figure 3-4 in the last line is the amino acid sequence
of the first eight residues of hemoglobin G, or to be more precise,
hemoglobin Gg,, ;.- This is one of the rare hemoglobins known so
far only in one particular family first described by Schwartz et al. (1957).
From the fingerprints and from sequence determination of the altered
peptide (Hill and Schwartz, 1959), it was found that the glutamic acid
residue in position 7 of the § chain had been replaced in this particular
hemoglobin G by glycine which again results in the loss of a single
negative charge in the § chain. Hemoglobin Gg,, ;... may therefore
be formulated as «3 3 %". This mutation is not quite a true allele of
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the hemoglobin S or C mutation, but rather a pseudoallele. Due to the
limitations of human genetics it would behave as an allele in family
studies, although there is not evidence in this particular family for or
against allelism of G and S (Hill et al., 1960) in spite of the fact that
both abnormalities occur in the same family. It is interesting to note
that the gene mutations which we are discussing here affect only single
amino acids and can distinguish quite clearly between neighboring
amino acids in a long sequence of 146 residues. The chemical effect
of this type of gene mutation is seen to be very specific, precise, and
restricted in its action. Why the introduction of a neutral residue in
position 7 does not lead to the reduced solubility of the hemoglobin
and to the sickling phenomenon as does the introduction of the neutral
residue in position 6 of Hb S is still a mystery. This shows in turn how
important this particular amino acid sequence is to the functioning of
the whole hemoglobin molecule. Finally it is worth noting that in the
family already mentioned (Schwartz et al., 1957; Hill er al., 1960) there
are two individuals who have only hemoglobin Gg,,, .. in their blood
due to the simultaneous presence of a (f chain) thalassemia gene which
suppresses apparently the formation of hemoglobin A. In spite of the
fact that only the abnormal human hemoglobin G is present, these two
women do not show clinical symptoms of abnormality as they would
do if they had only hemoglobin S. They also have no fetal hemoglobin
as is the case with people who possess only hemoglobin S. It seems
therefore that hemoglobin Gg,, ;.. is not deleterious.

DISTRIBUTION OF THE ABNORMALITIES AND BALANCED
POLYMORPHISM

The largest number of people with sickle-cell anemia are found in
Central and West Africa, although a few other areas also show con-
siderable numbers of this gene. Among the latter, illustrated in Figure
3-5, is the central Mediterranean area, the Persian Gulf, and India. The
highest frequencies of the hemoglobin S gene are in areas where tertian
malaria was or is endemic. Some time ago Allison (1954), elaborating
an earlier idea of Haldane (1949), postulated that the heterozygote for
the sickle cell gene was more resistant to this form of malaria than a
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normal person and in particular that such a heterozygote had fewer
malarial parasites in his blood. A direct attempt by Beutler et al.
(1955) to duplicate Allison’s experimental malaria infection in AJA
and A/S individuals gave results which did not support the hypothesis.
After some controversy about the evidence presented, Allison’s view
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FIGURE 3-5. World distribution of the major hemoglobin abnormali-
ties

By permission from H. Lehmann and J. A. M. Ager, “The hemoglobinopathies and
thalassemia,” in J. B. Stanbury, J. B. Wyngaarden, and D. S. Fredrickson, eds.,
The Metabolic Basis of Inherited Disease (New York, McGraw-Hill Book Company,

Inc., 1960).

has now been accepted (discussed in Rucknagel and Neel, 1961, p. 205).
It is especially in the early years of life (Allison, 1957) that malaria is a
very killing condition in these parts of Africa and it is at this time that
heterozygosity for the sickle-cell gene protects. Raper (1956) has
published evidence in support of the idea of balanced polymorphism
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TABLE 3-1

INCIDENCE OF SICKLE-CELL TRAIT AMONG
ADMISSIONS TO A CHILDREN'S WARD*

Incidence of
Sickle-cell  sickle-cell
Disease group Total number trait trait
Miscellaneous 186 25 0.13
Pneumonia 118 18 0.15
Upper respiratory infections 59 13 0.22
Diarrhea and vomiting 106 25 0.24
Poliomyelitis 26 4 0.15
Tuberculosis 37 8 0.22
Meningitis (purulent) 26 5 0.19
Malnutrition 77 11 0.14
Hookworm anemia 30 2 0.07
Typhoid fever 17 6 0.35
Malaria (a) uncomplicated 83 13 0.16
(b) cerebral 47 —— 0
(c) blackwater fever 6 — 0
Total admissions 6 130 0.16

Sickle-cell anemia 31 — ==
* Source: Raper, 1956.

with malaria as the balancing condition. As shown in Table 3-1, taken
from Raper, the incidence of sickle cell trait among 818 children
admitted to hospital during a certain time period was largely uniform
for various admitting diseases, but was zero in a group of forty-seven
children suffering from cerebral malaria. These results indicate that
sicklers (A[S heterozygous children) were less susceptible to cerebral
malaria and therefore possessed a selective advantage.

We seem to have here an explanation of why this gene for sickle
cell anemia is so frequent in these areas, in spite of the fact that a
considerable number of sickle-cell genes are lost in every generation
due to the lethal nature of the homozygous condition in Africa. This
state of so-called balanced polymorphism is a good example of this
genetic phenomenon.
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Hemoglobin C also reaches quite high frequencies in West Africa
(see in Lehmann and Ager, 1960), but it is much more restricted in its
distribution, seeming to arise from a focus in Ghana. Hemoglobin E
is very frequent in South East Asia, including the Veddas of Ceylon.
Hemoglobin D is found in India where over a million people seem to
possess this gene. The two particular forms of D in India are hemo-
globin Dy, ..., and hemoglobin Dy (see later). Whether or not malaria
is also involved in causing the high frequencies of these hemoglobin
abnormalities is not known. Of course for hemoglobin C, D, and E
the disadvantageous nature of the gene is not nearly so high as it is for
sickle cell anemia. Even in the homozygous condition these genes are
not nearly as deleterious. Therefore, we assume that the selective
advantage needed to increase these gene frequencies need not be so
high either.

Recently the suggestion has been made by Roberts and Boyo (1960}
and also by Firschein (1961) that marriages between a hemoglobin A
homozygote and a heterozygote of the AS or the AC type are more
fertile and in particular that the number of pregnancies in such matings
is somewhat higher for the heterozygote mating. As a consequence the
number of live births is higher in such instances, although not as much
higher as the number of pregnancies, giving an overall selective advan-
tage to the heterozygote. In addition, it seems from Roberts and
Boyo's paper that a child heterozygous for A/S, and even more a child
who is A/C, has a better chance of surviving the first few years of life.
Although the data of Roberts and Boyo, working with the Yoruba in
Southern Nigeria, are indicative of a general trend in the directions
Just indicated, they are not statistically significant. Firschein’s findings,
however, are more definite. Among the Black Caribs of British Hon-
duras, with twenty-three percent sickle-cell trait, the fertility ratio of
A[S mothers to A/A normals is about 1.45, an impressively high number.
It is hard to see at the moment just what the basis for these facts might
be and why, for example, a heterozygous mother should show a great
number of pregnancies, but the data, particularly in Firschein's paper,
are rather convincing.

We have then two groups of explanations for the unexpectedly high
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frequency of the sickle cell gene (see also as general reference: Ruck-
nagel and Neel, 1961):

Differential mortality. Increased resistance of A[S heterozygotes to
P. falciparum malaria in first few years of life; fewer parasites in A/S
heterozygotes; effect perhaps counterbalanced to a slight degree by a
somewhat higher death rate of A/S heterozygous adults (discussed in
Rucknagel and Neel, 1961, p. 209); higher birthweight of children
born to A/S mothers vs. parasitized A/A mothers; differential mortality
perhaps due to shortened life span of A/S erythrocyte or to preferential
sickling of parasitized red cells with consequent destruction of such cells
and their parasites; no evidence that this effect is operative for Hb C,
E or Dp, -

Differential fertility. Greater number of pregnancies from A/fA x
A[S matings, particularly if the mother is the heterozygote; conse-
quently elevated number of live births to heterozygous mother, in spite
of somewhat increased intrauterine death rate; decreased danger of
abortion in A/S mother compared with AfA mother suffering from P.
Salciparum; greater life expectancy in first few years of life for A/S and
especially for A/C heterozygous offspring, (same as increased resistance
to malaria?); effect is even more marked for A/C heterozygotes, thus
providing basis for the high gene frequencies for hemoglobin C.

Wells and Itano (1951) noted some curious aspects of the expression
of the sickle-cell gene in heterozygotes of the type AfS in whom they
measured accurately the proportion of hemoglobin S to hemoglobin A.
If each of the two genes made exactly the same amount of protein, then
there would be a fifty : fifty ratio of the two hemoglobins; but this
was not the case. In a graphical representation of their data, where
the number of individuals is plotted against the percentage of the
abnormal hemoglobin (S), as in Figure 3-6, we see that there is a
bimodal distribution of frequencies. The means of these two distribu-
tions seem to lie at about 42 percent of hemoglobin S and at approxi-
mately 35 percent of hemoglobin S. The proportions remained the
same for a given individual for samples taken at different times; there
was no correlation with sex, age, or different geographical location in
the United States. Furthermore, it appeared (Neel et al., 1951) that
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the possession of a high or a low proportion of hemoglobin S was to
some extent familial. On the other hand, these authors showed that
heterozygotes for hemoglobin S and C showed no such bimodal distri-
bution, but rather that they made equal amounts of the two hemo-
globins. Wells and Itano postulated that while the hemoglobin S and
C genes cause the manufacture of the same amounts of hemoglobin,
there exist at least two different alleles, “isoalleles,” of hemoglobin A
making proteins indistinguishable by their techniques, but in different
amounts. This would be a differentiation of the two alleles by virtue of
their quantitative effects by the amount of protein which they make.
In our present state of ignorance about the quantitative control of
protein synthesis, it is not of course possible to judge the likeliness of
Wells and Itano’s proposition.

MULTIPLE HEMOGLOBINS

It is a curious fact, discussed earlier in this chapter, that a heterozy-
gote for any of the abnormal hemoglobin genes does not produce hybrid
molecules of the type s f2F°. Presumably, each red cell precursor in
an A/S individual is itself heterozygous and capable of making *
and f* peptide chains. Supporting evidence came recently from the
study of a case where four hemoglobin types were present together
in one person (Baglioni and Ingram, 1961). Atwater er al. (1960)
reported that this individual from Philadelphia has the four hemo-
globins A, Gppiagerphias ©» @and X. These authors also showed that the
C and G abnormalities were inherited in this family independently and
that they were nonallelic. Since hemoglobin C was known to be
abnormal in the § peptide chain, they proposed that hemoglobin
Gphiladeiphia Might be abnormal in the « peptide chain and that hemo-
globin X would be abnormal in both the « and the § peptide chains.

Baglioni and Ingram (1961) separated these four components by
starch block electrophoresis and fingerprinted them in order to investi-
gate the chemical differences between them. It became immediately
apparent that the hemoglobin A and the hemoglobin C components
from this individual were of the vsual type, but that the hemoglobin G
represented a new hemoglobin abnormality (see Figures 3-7, 3-8, 3-9).
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FIGURE 3-7. Photograph of ﬁngerprmts of hemoglobins X {abave} and
C (below)

Electrophoresis, pH 6.4; chromatography, pyridine: isoamyl alcohol: water
(35:35:30). (Baglioni and Ingram, 1961.)
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It was interesting to see that the four components were present in
somewhat similar amounts, hemoglobin A, 35 percent; G, 27 percent;
C, 23 percent; and X, 15 percent.

In Figure 3-8 we see tracings of two fingerprints, the top fingerprint
is that of normal hemoglobin and the bottom one of hemoglobin
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FIGURE 3-8. Tracing of fingerprints of hemoglobins A and Gppijageiphia
Conditions same as Figure 3-7. (Baglioni and Ingram, 1961.)

Gppiladerpnias 1t turned out that the investigation of the amino acid
substitution of this hemoglobin G was not as easy as it had been with
sickle-cell hemoglobin. Two peptide spots of hemoglobin A disappear,
namely numbers 3 and 9 (see also Table 3-2), and instead three new
peptides are visible in the hemoglobin G fingerprint. Strangely enough
all this is due to a single amino acid substitution, because peptides 3
and 9 are very closely related, number 9 being equal to number 3 with
the addition of an extra lysine residue at the beginning of the peptide
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(Figure 3-10). Peptides 3 and 9 are derived from a region of the «
peptide chain immediately after a lysyl-lysyl sequence (positions « 60
and « 61) which ought to be completely split into two tryptic peptides
plus a free lysine amino acid, but which is in fact only partially split
with the formation of additional peptides. These facts are briefly
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FIGURE 3-9. Tracing of fingerprints of hemoglobins X and C
Conditions same as Figure 3-7. (Baglioni and Ingram, 1961.)

illustrated in Figure 3-10 which shows the relationship between peptides
3 and 9 in the « chain. The lysyl-lysyl sequence already referred to
occurs just before the peptide sequence illustrated in the figure. In
hemoglobin Gpy ;0,15 @n additional lysine residue occurs replacing
asparagine in position « 68. This provides a new point of attack for
the hydrolytic action of trypsin and results in the formation of three
new peptides in the abnormal hemoglobin. The expected peptide G-3a
is not actually clearly resolved in this fingerprint and is not shown in
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Figure 3-8. The third peptide visible in that drawing, however, the
so-called peptide 3b ox is the oxidized form of the peptide G-3b in
which the amino acid methionine is in the sulfoxide form with a
consequent change in chromatographic mobility. This extra peptide
G-3b ox is therefore to be regarded as an artifact due to the handling of

TABLE 3-2

TRYPTIC PEPTIDES OF THE a« AND § CHAINS OF
HEMOGLOBIN A

« chain peptides f chain peptides

Peptide number®  Peptide position** Peptide number* Peptide position**

3 «Tp IX 4 fiTp 1
9 «Tp VIII, IX 5 FTp XIIIL
10 «Tp VI 6 ATp IX
11 aTp I, 11 12 ATp 11
13 o«Tp V 14 ATp IV
15 «Tp I1I 158 fTp XV
162 «Tp XIV 1648 fTp X1V
176 «Tp 1T 178 fTp X1V, XV
18 «Tp X 19 fTp VI
20u «Tp VII 208 fTp VII
2l «Tp VII, VIII 218 ATp VII, VIII
220 «Tp VIII 228 ATp VIII
23 o«Tp IV 24 ATp V oxidized***
25 fTp V
26 fTp 111

* Old numbering system (Ingram, 1958; Baglioni, 1961) as used, for example,
in Figures 3-8, 3-9.
** New numbering system (Gerald and Ingram, 1961), based on the known

sequence of the tryptic peptides.
*#* Peptide 24 is identical with 25, except that the methionine residue is present

as its sulfoxide.

the trypsin digest and not an inherent structural feature of the molecule.

The genotype and the phenotype of this individual who produces the
four hemoglobins are illustrated in Figure 3-11. One stage of the
synthesis of the hemoglobin peptide chains is missing in this drawing,
namely the intermediate template RNA or messenger RNA. The
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structural genes which determine the primary structure of the hemo-
globin peptide chain in the usual way are in this individual heterozygous
at both the « and the § locus. Each of the four structural genes will
send its particular template RNA into the ribosomes of the cell, there

A-3 -— = -
Hb Aaor C |, _g i
a CHAIM A NH,
FPEFTIDES | |
Lys | Val . Ala. Asp bsp. Ala Met Lys
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FIGURE 3-10. Diagram of the peptides carrying the abnormalities

obtained from hemoglobins A, G, C, X
(Baglioni and Ingram, 1961.)

to synthesize «* and «° peptide chains as well as * and B¢ peptide
chains. It appears that these chains are already dimerized before they
are liberated into the solution of the cell, so that they are in equilibrium
with one another as «, or fi; subunits. These four subunits both normal
and abnormal can associate with each other to form the four hemo-
globin types, which we recognize.

ab + af + B 4 BS > olBh + aSBA + «dfS + oSAS
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It follows also that a particular ribosome contains only one template
RNA molecule which is either normal or abnormal and either « or f;
otherwise if those «* and «® template RNAs had been present in one
and the same ribosome, then we might reasonably have expected to
find the formation of truly hybrid hemoglobin molecules of the type
«*a%f3, etc. The fact that such hybrids are not found can be taken as
evidence for the presence of only a single template per ribosome.

o3 e

gller—— a2 + B

FIGURE 3-11. Genotype (left) and phenotype of the person possessing

the four hemoglobins: A, Gppjadeiphias C, and X
(Courtesy of Dr. C. Baglioni.)

A somewhat similar situation exists in the family described by Smith
and Torbert (1958) in which there are individuals having three hemo-
globin components: A, Hopkins-2, and S; Hb Ho-2 and S are not
alleles. Itano and Robinson (1960) found by dissociation and reassoci-
ation studies (Singer and Itano, 1958) that Hopkins-2 is a hemoglobin
with an abnormality in the « peptide chain, mE”'Eﬁg. Really there are
four and not three hemoglobin components in these individuals:
Hb A = «jps, Hb Hopkins-2 = «;°%83, Hb S = «f5, and Hb
Ho-2/S = «3°?f;. Hemoglobin Hopkins-2 is as fast in electrophoresis,
as S is slow, compared with hemoglobin A. Therefore, Hb A and
Hb Ho-2/S, the doubly abnormal protein, move together in electro-
phoresis and are not easily distinguished. Cabannes and Portier (1959)
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have described an individual with three hemoglobin components: Hb A,
D, and K, the last being an electrophoretically fast hemoglobin. Perhaps,
in this case also the so-called hemoglobin A is really a mixture of
normal A and a doubly abnormal hemoglobin in which the effects of
the two electrophoretic abnormalities cancel. Such an explanation
would suggest that these hemoglobins D and K have abnormalities in
different hemoglobin chains and that the genes responsible for them
are not allelic. There is however no evidence for either conclusion.
Raper er al. (1960) reported a family in which mother and daughter
have four electrophoretically distinct hemoglobin components: A,
Gy istopr C» and X (which is the doubly abnormal protein Hb Gy [C).
They showed by dissociation experiments that G, is an « chain
abnormality, whereas C is the usual § chain variant, so that Hb X may
be written as «J" f5. There is strong evidence in this family for non-
allelism of the two defects. The genetics is therefore analogous to that
in the A, Gppiugaphia ©» X family described by Atwater er al. (1960)
and by Baglioni and Ingram (1961). The chemical relationship between
hemoglobins Gy geiphia @314 Gpigr 1S Unknown beyond the fact that
both are « chain variants.

HEMOGLOBINS D

We turn now to a discussion of the hemoglobins D (Itano, 1951;
Lehmann, 1956), which are characterized (Figure 3-1) by an electro-
phoretic mobility equal to that of sickle-cell hemoglobin at pH 8.6,
but different from S at pH 6 in agar gel (Robinson er al., 1957). In
addition, the hemoglobins D do not show the sickling phenomenon nor
the disease-producing characteristics of hemoglobin S, although perhaps
some forms of hemoglobin D are accompanied by a mild form of
hemolytic anemia. Hemoglobin D is found with considerable frequency
(between 1 and 2 percent) in some portions of India. Lehmann (1959)
estimates the proportion of D carriers to be about 2 percent among
Punjabis and 1 percent among Gujeratis. Some years ago Lehmann
provided three samples of hemoglobin D, one from a Turkish Cypriot
(Da), one from a Gujerati (Df) and a third from a Punjabi (Dy, now

called Dy, ;..,). These hemoglobins were purified and subjected to
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analysis of their tryptic peptides by one-dimensional paper electro-
phoresis and also by fingerprinting (Benzer er al., 1958). The results of
the former technique are illustrated in Figure 3-12. For the purposes
of the illustration, the three one-dimensional electrophoreses of the
hemoglobin D samples, called D, D, and D, as well as the com-
parison digests of hemoglobin A, were cut into thin strips parallel to
the direction of electrophoresis. These were then stained with ninhydrin
for general peptide material and with specific stains for histidine,
arginine, and tyrosine. It may be seen quite clearly that hemoglobin
D, (Turkish Cypriot) is different from the D, (Gujerati), since they
differ from each other and from hemoglobin A by not having a peptide
23 or 26, respectively. Hemoglobin D, (Punjabi), on the other hand,
appeared almost normal with no visible differences in the peptide
pattern, yet the electrophoretic behavior of the parent hemoglobin D,,
was certainly different from the hemoglobin A. In the very bottom
line of Figure 3-12, where the peptides are stained for tyrosine, we can
see that the digest of hemoglobin D, has a greatly reduced tyrosine
stain in the neutral band. This was at least a suggestion that an
abnormality of hemoglobin D, might reside in a tyrosine-containing
peptide. However, even without this last piece of evidence, the hemo-
globins D, D;, and D, are clearly different from each other, since
hemoglobin D, has both peptides 23 and 26 intact.

These were the first three samples of hemoglobin D which were
examined. It was a surprise to find that they all turned out to be
different, which was upsetting for those who wish to use the distribu-
tion of an abnormal hemoglobin, such as D, for deducing the origins
and movements of populations which carry this abnormality. It turns
out that the two Indian populations are probably not related with
respect to this hemoglobin characteristic, since the mutations which
produced D, and D are clearly distinct and separate.

Recently some more samples of hemoglobin D have been examined
by Baglioni (1962b). One was the original sample (Benzer ef al., 1958)
from the Punjab (D,), another from a caucasian from North Carolina,
one was hemoglobin Dy, from an Italian family in Chicago
(Bowman and Ingram, 1962), the fourth came from Portugal and the
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fifth from Cyprus from a Greek Cypriot. One would naturally expect
results similar to those of the first three samples, namely to find differences
in hemoglobin structure. Surprisingly, however, this group of hemoglo-
bin D samples all turned out to have identical amino acid substi-
tutions.

In these samples it was necessary to purify the hemoglobin D, since
the individuals from which the specimen were obtained were heterozy-
gotes. In Figure 3-13 is shown a typical column chromatographic
separation of a hemoglobin A-D mixture; peak 2 is hemoglobin A,
and peak 3 hemoglobin D. After concentrations of the two fractions,
fingerprints of the tryptic digests showed the patterns reproduced in
Figure 3-14, which were identical for all five samples of hemoglobin D.
It can be seen that a new peptide, indicated by the arrow, can be found
in these hemoglobins D which stains easily for tyrosine. This peptide
is derived from an uncharged tyrosine-containing peptide (number 5
or ATp XIII) in the fingerprint of hemoglobin A (Benzer et al., 1958;
Bowman and Ingram, 1962), which reacts only weakly with ninhydrin
and is therefore hardly visible in the fingerprint. Clearly the fingerprints
of these five D’s are different from those of the hemoglobin D, and D,
referred to earlier.

It turns out (Baglioni, 1962b) that in the f# chain of these five hemo-
globin D samples there is an amino acid substitution in position 121,
where glutamine replaces the normally found glutamic acid. This is
of course a charge change, since the side chain of glutamic acid is
negatively charged and the side chain of glutamine is neutral. Although
the abnormal amino acid is only the amide derivative of the normal
residue, the substitution is not likely to be an artifact of the method of
isolation, since glutamine is thought to be coded for in protein synthesis
as a separate amino acid. This change in position 121 of the # chain
is far away from the peptide difference previously observed in hemo-
globin D, (somewhere in the region § 18 - 30) or indeed from that of
hemoglobin D, which is moreover in the « peptide chain.

We have here a curious situation of seven hemoglobin D samples
from widely different geographical localities. Of these, five appear to
be identical in spite of their widely scattered origin; the other two are
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different from each other and from the group of five. We do not know
whether the three different chemical types observed are due to only
three mutational events or whether on the other hand the five identical
hemoglobin D samples are really derived from one and the same
mutation which was spread by the movement of individuals. One is
inclined to favor the last possibility, because the hemoglobin D sample

Hb-D

FIGURE 3-14. Photographs of fingerprints of hemoglobins A and

Dpynjan
(Baglioni, 1962.)

from the Punjab came from a population where this abnormality reaches
a frequency of 1.8 percent; whereas the hemoglobin D collected in
this country from North Carolina, Chicago, and that from Portugal
occur only very rarely. In other words, since a very large number of
individuals possess this gene, it is easy to see how migration of a few
would give rise to isolated families scattered throughout the world.
Perhaps the “passing stranger” of human genetics was in these instances
a Punjabi! An alternative view would suggest that the mutation leading
to the glutamic acid to glutamine change in position § 121 has arisen
more than once. Is this mutation site a “hot”™ spot?

HEMOGLOBINS M

Hemoglobin M was historically the first abnormal hemoglobin to be
described in a rare hereditary methemoglobinemia (Hérlein and Weber
1948 ; Gerald, 1960). It turns out that in this disease two of the iron
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atomsofsome of the hemoglobin molecules are in the oxidized (methem-
oglobin) state instead of being in the usual reduced state. Moreover,
this methemoglobin has an abnormal absorption spectrum. Such a
methemoglobin derivative of hemoglobin is incapable of combining
with molecular oxygen and therefore cannot carry out its normal
physiological role, leading to clinical symptoms of cyanosis. More
recently a number of instances of this rare disease have been discovered
(seein Gerald, 1960; Gerald and Efron, 1961), some in this country and
one in Japan in addition to the original German type. Of these, hemo-
globin My . . hemoglobin Mg .. . and hemoglobin M, ... .
were analyzed by Gerald and Efron (1961). It turns out that the
individuals with these conditions are all heterozygotes who have a mix-
ture of hemoglobin A and the particular hemoglobin M in their blood.

Tryptic digests of the purified hemoglobin M were subjected to
fingerprinting and other types of examination by Gerald and Efron.
They found the abnormalities of these hemoglobins M to reside in
specific single amino acid substitutions which are illustrated in Figures
3-15 and 3-16. On the left of Figure 3-15 is shown a small portion of
the « peptide chain of hemoglobin A in diagrammatic form, beginning
with residue 55 and going on to residue 64; the whole chain is 141
residues long. If we may transfer the details of protein structure
discovered by Kendrew in the related protein myoglobin from the
sperm whale, we would find that the stretch of amino acid sequence
shown in Figure 3-15 is in the form of an « helix and that near this «
helix is the iron atom of the heme group (see Figure 2-4). This iron
atom is usually bonded to the imidazole side chain of a histidine
residue of the « chain, which is not shown in the Figure 3-15, since it
belongs to a different portion of the « peptide chain. The histidine
residue which is shown is on the side of the iron atom opposite to the
“bonding” histidine residue. Of the six coordination positions of the
iron atom four are occupied by the four nitrogen atoms of the porphyrin
ring of the heme group, a fifth is coordinated to the “bonding’ histidine
residue already mentioned, and the sixth position is free and available
for the reversible combination with oxygen molecules or the other
ligands, such as carbon monoxide or water. However, this sixth
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coordination position points straight at the histidine residue illustrated
in Figure 3-15.

In hemoglobin My . there is an amino acid substitution in the o
peptide chain such that the histidine residue in position 58 is replaced
by tyrosine. Nothing much happens as the result of the substitution
so long as the iron atom remains in the ferrous state. As soon, however,
as it becomes oxidized to ferric iron, and this happens to a small extent
spontaneously, the neighboring phenol side chain of the tyrosine residue
is in just the right position to bond to the ferric iron as a phenolate
complex. This is a very stable complex, so much so that the enzymes
normally present in the red cell, whose job it is to keep the iron reduced,
cannot reduce the phenolate complex. Therefore half the molecule of
hemoglobin My, ., namely the two o chains, remains in the methemo-
globin form and is therefore incapable of combining with oxygen. On
the other hand, the iron atoms of the § chains of this hemoglobin M
are presumably normal or approximately normal and we would expect
them to remain active.

HEMOGLOBINS NORFOLK AND M
There is a mutation of adult hemoglobin known as hemoglobin

Norfolk which was discovered by Ager, Lehmann, and Vella (1958) in
Norfolk, England. The amino acid substitution which characterizes
this particular abnormality has been worked out by Baglioni (1962a).
He found that the glycine residue in position 57 in the normal « peptide
chain has been replaced by aspartic acid in hemoglobin Norfolk. This
is in the position next to the histidine which suffers replacement by
tyrosine in hemoglobin My, .. . However, in contrast to hemoglobin
My eton the spectrum and reactivity of the heme group is unaffected by
this amino acid substitution in hemoglobin Norfolk. So far as we can
tell, hemoglobin Norfolk, a rare mutant, does not show any physio-
logical abnormality. This is especially strange in view of the fact that
another mutant having a new carboxyl side chain near the iron atom
(Hb My waukee 1) d0€s form a strong, abnormal ferric complex; yet in
hemoglobin Norfolk, the carboxyl side chain of the new aspartic acid
residue is apparently not in the right position to form a complex.
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HEMOGLOBINS M AND ZURICH

In Figure 3-16 we see the corresponding section of the f peptide
chain of hemoglobin A from position 60 to 69. Again this is a helical
region close to the iron atom of the heme group of the § chain. As
previously, the 6th coordinating position of this iron atom which
normally combines with oxygen points in the direction of a histidine
residue in position 63. In hemoglobin Mg . ..., Gerald and Efron
(1961) were also able to demonstrate a substitution of this particular
histidine residue by tyrosine. Again, the new tyrosine residue is in the
right position to complex with the oxidized form of the iron atom of the
heme group. A stable complex results which is difficult to reduce and
hence a persistent methemoglobin of the f chain results.

The third hemoglobin M (M. .. ) which we will discuss here, also
forms a stable complex between the ferric iron of the § chain heme
group and the side chain of an abnormal amino acid. This time,
however, the abnormality resides in position f 67 (Gerald and Efron,
1961) and consists of a replacement of a valine residue by glutamic
acid. As it happens, this is the reverse of the amino acid substitution
in sickle cell hemoglobin, but this fact does not appear to have any
particular importance. The new glutamic acid residue is just four
residues away from position § 63 where the tyrosine side chain was
sterically capable of complexing with the heme iron. Four residues
away on an « helix means roughly one turn of the helix; that is to say,
two amino acids separated in sequence by three residues will have side
chains pointing in the same direction. It is not surprising therefore
that glutamic acid can complex with its ionized carboxylate group at
the end of its side chain to the iron atom of the heme group. This
stable complex, like the others, leads to the abnormal methemoglobin
and to the symptoms of the hemoglobin M disease.

Another rare hemoglobin abnormality which is close to the hemo-
globins M, namely hemoglobin Ziirich, was analyzed by Muller and
Kingma (1961). They found a new arginine residue which had taken
the place of the normal histidine in position 63 of the f peptide chain.
Although this is the same position as that occupied by the abnormal
tyrosine in hemoglobin Mg, ... there seems to be no evidence for
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any complex formation of the arginine side chain with the iron atom
of the heme group. Consequently, the possession of this hemoglobin
Ziirich abnormality is not to be considered as being deleterious like
a hemoglobin M type abnormality. On the other hand, there are
reports that hemoglobin Ziirich inside the red cells will precipitate under
certain conditions, but the clinical significance of this finding is not yet
clear. The three-dimensional aspect of the ability of the hemoglobin
M amino acid substitutions to complex with the iron atom of the heme
group can be most clearly seen in Figure 2-4 where in Kendrew’s
model of the myoglobin molecule the coordination positions of the
iron atom are quite clearly visible. The relationship to the iron atom
of a tyrosine residue and of a glutamic acid residue in positions i 63
and j 67, respectively, can also be easily envisaged.

SUMMARY OF ABNORMALITIES

Figure 3-17 shows the summary of the chemical abnormalities in a
variety of human hemoglobins known at the time of writing. This
picture is a composite of the work done in a number of laboratories;
it also relies to a large extent on the chemical information obtained
from the total amino acid sequence of the = and § peptide chains
illustrated in an earlier chapter. Clearly, the various amino acid
substitutions are distributed along the « and § peptide chains and they
do not seem to be confined to any particular region of the peptide
chain. There are, at the moment, more abnormalities in the first half
of each chain, but it is doubtful whether this unequal distribution is
statistically significant. On the other hand we would certainly not
expect that any amino acid whatsoever in the peptide chains could be
substituted without impunity, that is without affecting the physiological
function of the molecule. Surely there would be some, such as the
heme-linked histidine residue or those of Braunitzer’s so-called “basic
center” (« 56 — 61, § 61 — 66 in Figure 2-5) for which an amino acid
substitution will be “forbidden.”

There are three points along the § chain where we seem to get more
than one amino acid substitution—in positions 6, 63, and 121. The
data is still too meager to substantiate the suggestion that these might
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represent favored mutational sites, but as more data accumulate this
point might become a little clearer. It is beginning to look, as if there
are more mutations to be found in the § peptide chain than there are

{ Chain
- |& 30 57 58 6B & FA
+ - -+ B +
Val. Leu....Lys....Glu....Gly. His.... Asp. NH,........ Gl coeanns Arg
Hb I Asp.
Hb Ghanolulu Glu.NH 3.
Hb Norfolk _Asp.
Hb Mgocton LTyr,
+
Hb Gppitadelphia Lys.
4
HbE O |ndonesia Lys,
B chain
R 5 26 63 &7 121 I 4&
+ - - - - +
Val.His.Leu....Glu.Glu,...Glu.,. His.. . Mal. ..o Glu.......His
Hb 5 Aal.
+
Hb C . Lys.
Hb EScn Jose Gly. i
Hb E .Lys.
Hb Mgackatoon LTr.
Hb Mpsiiwaukee Gl
Hb Dpypjop  (=0y) Glu.NHz,
+
Hb Zurich JArg,
Hb Oarots Lys.

Abnormal Human Hemoglobins

FIGURE 3-17. Diagrammatic summary of the known abnormalities of
human hemoglobin

in the = chain. Again, it is not clear whether this difference is statisti-
cally significant, since the numbers involved are still quite small.

It is, however, interesting to see that the handful of hemoglobins
which are found with high frequency are all in the § chain. These are
hemoglobin S, C, E, and Dy, All the others with the possible
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exception of Gy aconia 8T€ rare or very rare. This is not surprising
when we consider that the § peptide chain contributes only to the
formation of the adult hemoglobin, whereas the « peptide chain is a
part of both the adult and the fetal hemoglobin, as well as of hemo-
globin A,. Therefore, we might imagine that an alteration in the «
chain would be more deleterious, since it would affect both fetal and
adult hemoglobin. The fetus is a more sensitive organism and a
deleterious mutation in the « peptide chain (see Lie-Enjo, 1961) will
not allow compensation by increased production of one of the other
hemoglobin types, such as fetal hemoglobin or hemoglobin A,. An
alteration in the « peptide chain is therefore more drastic. On the
other hand, abnormalities in the § peptide chain can, and to some
extent are, compensated for by the formation of fetal hemoglobin.
The fetus in the case of a ff chain abnormality is largely protected, since
its fetal hemoglobin will be normal. In addition, and especially in the
first few years of life, some benefit will be derived after birth through
an ability to make some normal hemoglobin F. For these reasons we
are not surprised to find that the abnormalities which occur with high
frequencies are confined to the § chain.

Finally it should be noted that the abnormalities listed in Figure
3-17 are, of course, all electrophoretic mutants, because this is how
they are first picked up. Since electrophoresis is such a simple technique,
thousands of people have been screened for electrophoretic hemoglobin
mutants. However, one can also claim that a change in the hemoglobin
molecule involving a difference in the charge of that molecule might
have a more profound physiological effect on the functioning of the
molecule hemoglobin, than would a change which does not alter charged
amino acids. Presumably it is a combination of these factors that con-
tributes to the picture which we actually see. In Figure 3-18 is a more
fanciful way of illustrating the positions of the amino acid exchanges
in hemoglobin. The symmetry of the molecule is clearly portrayed.

THE ABNORMAL HEMOGLOBINS AND THE GENETIC CODE
Smith (1962) has recently published his interpretation of the amino
acid changes in the human hemoglobins in terms of the so-called code
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FIGURE 3-18. Diagram showing the location of the abnor-
malities of human hemﬂglnhin in the idealized structure of
the molecule

letters of protein biosynthesis (Matthaei et al., 1962; Speyer et al.,
1962). Assuming, for the time being, that the code controlling the
synthesis of hemoglobin is a triplet code (Crick et al., 1961), analogous
or identical to the one assumed to exist in the bacterial system, we can
see in Figure 3-19, taken from Smith’s article, that all the known
amino acid exchanges in the hemoglobins can be explained in terms of
single base changes in the corresponding code letters. It should be

Hemoglobin Type Code Letters
Glu — \Val S UAG —= UUG
Glu —= Lys [ | 2 UAG —= UAA
Glu — Gly Gicor Josd UAG —= UGG
Glu — GluN  Gyonoutu, Crunjab UAG: == ULGL
Val —= Glu Muiiwoukee - | UUG —= UAG
ﬁ.ED — L}'E GF"I'IiIl:I- UusaA =—= UAA
Gly —e Asp Norfolk UGG —= UGA
Lys —= Asp I s —= UGA
HiF's ey E Maoston » M saskatoen ~ UAC —= UAU
His — Arg Zurich UAC —= UGC

FIGURE 3-19. The triplet code letters and the amino

acid substitutions in the abnormal human hemoglobins
(After Smith, 1962.)
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pointed out that the code actually given is that assumed to exist on the
template RNA and that strictly speaking the corresponding DNA code
would be the reciprocal of the codes given; for example UAG in the
template RNA would really be ATC in the coding strand of DNA.
However, the argument remains the same, since in either case Smith
can explain the observed amino acid changes on the basis of altering
only a single base in the code. Of course, this is the minimum change,
and a more extensive alteration to produce the amino acid exchanges
is also conceivable. Nevertheless, it is satisfying to be able to give such
a simple explanation for the mutations observed in this system. We
need to assume for this argument, however, that the hemoglobin
mutants have arisen as single mutational events; really this is only an
assumption, for which we have no proof.

It is also noteworthy that the amino acid differences which Stretton
found between the g chain of hemoglobin A and the & chain of hemo-
globin A, (Ingram and Stretton, 1961) are also all accounted for by
single base alterations in the corresponding code letters (Smith, 1962).
Here we have even less assurance that the observed alterations are the
result of single mutational events rather than the result of a series of
steps.

Hemoglobin is, of course, only one example of a protein which
carries this type of mutational change. There are now several micro-
biological systems known in which this kind of mutation has been
observed. We can mention particularly the alkaline phosphatase system
of E. coli which is being studied by Garen, Levinthal, and Rothman
(1961). Of particular interest are the induced mutational alterations in
tobacco mosaic virus which have been so brilliantly investigated recently
by Wittmann in Tiibingen (1961) and by Tsugita and Fraenkel-Conrat
in Berkeley (1962). They have a great many mutants now as the result
of treating the infectious RNA of this virus with the chemical mutagen
nitrous acid. The mutants show a spectrum of single amino acid
substitutions scattered throughout the molecule. Nearly all of them
may be explained in terms of single base alterations in the Nirenberg-
Ochoa coding system. It should also be noted that in this particular
case RNA is itself the genetic material in contrast to the human system.
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Perhaps it also serves as messenger RNA. Not all of the Wittmann
mutants can be explained in such a simple manner and it is believed
that those which cannot be so explained are the result of spontaneous
mutations which would not necessarily have to follow the chemical
course anticipated for nitrous acid.

MUTATIONAL EFFECTS IN TRYPTOPHAN SYNTHETASE

Another enzyme of the bacterium E. coli has been studied by
Yanofsky's group (Helinski and Yanofsky, 1962). Mutants obtained
by treatment of the bacterium with ultraviolet light produce a particular
protein, a portion of the so-called A protein of tryptophane synthetase
which is defective. Yanofsky has obtained a whole series of mutants
of which one is particularly interesting, the so-called mutant A-46.
Here there is an amino acid substitution where glycine is replaced by
glutamic acid. At this stage the precise position of this glycine residue
in the peptide chain of this A protein is not known. Another mutant,
A-23, is clearly very close to A-46. It turns out that the same glycine
amino acid residue has been replaced by arginine. Altogether there are
some nine mutants of the A-protein which are located in this area of
the peptide chain. Of these the two mutants affecting the same glycine
residue are extremely close together with a recombination frequency
of about 0.004 percent. Since the recombination length of the whole
A chain is 2.5 percent and since Yanofsky knows that there are some
280 amino acid residues in that chain, it follows that mutant A-46
and A-23 are likely to be located within the same coding unit. Thisisa
most interesting result, although one cannot yet calculate with any
degree of confidence the length of the coding unit merely because the
measurement of the recombination frequency as low as 0.004 percent
is technically very difficult. |

HIDDEN MUTATIONS

Now we must turn to a totally different problem: How many
“hidden™ mutations will we find among the hemoglobins of a normal
populations of people, and how constant is the chemical composition
of such a “normal” protein in the population? We find there are no
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data as yet in the literature to answer these questions. Recently
(Ingram, unpublished) a survey of the chemical structure of samples of
normal hemoglobin from individuals has been carried out at M.LT.
at the suggestion of Dr. J. V. Neel in an attempt to answer these ques-
tions. Samples (n = 120) were taken mostly from Caucasians, but
including also four Chinese, one Indian, one Arab, and one Burmese.
The samples were examined by electrophoresis in which all were found
to be identical. On examination of each hemoglobin sample by finger-
printing (Ingram, 1958) and by an examination of the tryptic peptides
by specific staining for particular amino acids (Benzer er al., 1958), no
abnormalities could be detected. These tests cover some 30 percent of
the hemoglobin molecule. In addition, three large tryptic peptides
from each hemoglobin sample were isolated and analyzed quantitatively
in the Moore and Stein automatic amino acid analyzer—another 15
percent of each molecule, making a total of 45 percent. Within the
technical limitations of the method no abnormality was found, but
then it must be remembered that in the quantitative amino acid analysis
under our conditions some 20 percent of the samples were outside of
one quarter of an amino acid residue from the mean value of that
residue for all 120 samples. Had there been a hidden mutation in one
of the hemoglobin samples resulting in an amino acid exchange, such
an individual would have been almost certainly a heterozygote. There-
fore the loss or gain of the affected amino acid in one of the peptides
would have been at most one half of a residue. No changes as large as
that were observed, but since the standard error for some of the amino
acids were as high as 0.4 (they range mostly 0.1-0.25) of an amino
acid residue, we cannot exclude the possibility that some of the samples
which had a small deviation from the mean might have been a hidden
mutation. All we can do in this case is to set a limit on the probability
of finding a hidden mutation and to state that the probability is not
very large, since at least 80 percent of the samples were seen to be
normal within our limits.
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THE QUANTITATIVE CONTROL
OF PROTEIN SYNTHESIS:
HEMOGLOBIN A,

In a normal adult there is a minor electrophoretic component, hemo-
globin A,, amounting to about 2.5 percent of the total hemoglobin
(Kunkel and Wallenius, 1955). This is always present, although in
some diseases such as f chain thalassemia the proportion may rise,
rarely exceeding 7 or 8§ percent. The starch block electrophoresis of
various types of hemoglobin may be seen in Figure 4-1. The sample
labeled “Normal” shows clearly the major hemoglobin component A,
(m‘;ﬁg}. Behind it may be seen hemoglobin A, which we can write as
ay 85t In front of the major hemoglobin component is the so-called
hemoglobin A; which is a derivative of hemoglobin A; found in old
cells. Muller (1961) has shown that this hemoglobin A, contains
glutathione bound firmly to the hemoglobin molecule and clearly visible
in fingerprints of hemoglobin A,. It is not known just how glutathione
is bound to hemoglobin A;, how many equivalents of this peptide are
contained in the molecule and whether there are perhaps other changes
as well. Possibly glutathione which is very abundant inside the red
cells eventually gets bound to hemoglobin via a disulfide linkage and is
liberated in the course of tryptic digestion by a process of disulfide
interchange.

The proportion of hemoglobin A, is remarkably constant in normal
people. Recently Stretton (Stretton and Ingram, 1961) has analyzed
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FIGURE 4-1. Starch block electrophoretic patterns of cyanmethemo-

globins in veronal buffer (pH 8.6, ionic strength 0.05) for 22 hours
(Courtesy of Dr. P. 8. Gerald.)



Hb A

Hb A,

FIGURE 4-2. Photographs of fingerprints of tryptic digests of hemo-
globin A and A,, at pH 6.6 and in n-butanol: acetic acid: water (3:1:1}
Peptides 26 from Hb-A and Hb-A, are outlined; peptides 12, 25 and A, are
indicated. (Ingram and Stretton, 1961.)
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purified hemoglobin A, by fingerprinting. Examples are shown in
Figure 4-2 where the bottom portion is that of hemoglobin A, with
some of the known chemical changes indicated—peptides 12, 25, 26,
and Aja. All the differences between hemoglobin A and hemoglobin
A, so far detected are located in the 4 peptide chain of hemoglobin A,
(Figure 4-3) giving rise to the conviction that hemoglobin A and A,
contain the same « peptide chains.

The so-called peptide 12 (corresponding to peptide fTp Il in the §
chain) assumed a new and lower position in chromatography in finger-
prints of hemoglobin A,. Stretton found that there are two amino
acid changes in this peptide, that a serine is replaced by threonine and
that a threonine 1s replaced by asparagine. Both these are exchanges
involving uncharged amino acids and therefore the electrophoretic
position of peptide 12 remains unaltered. It speaks for the power of
the fingerprinting method that it is able to pick up the rather subtle
differences in chemical constitution involved in these alterations. On
the other hand peptide 25 (corresponding to peptide fTp V in the g
chain) does not show any unusual behavior in these fingerprints.
However, a more careful comparison of all peptides in an extended
chromatographic run (Ingram, 1961b, p. 97 - 98) did reveal an alteration
in mobility. This was eventually traced by Stretton to a replacement
of threonine by serine in position 50 of the d peptide chain. It is not
surprising that the loss of a methyl group in a nonadecapeptide did
not show in the fingerprint, but it is remarkable that it showed up at
all in chromatography. Peptide 26 (corresponding to peptide §Tp III
in the f chain) assumes a very different electrophoretic position in
these fingerprints, due to the loss of a negative charge through the
replacement of a glutamic acid residue by the uncharged amino acid
alanine. This exchange accounts for only half of the electrophoretic
difference between hemoglobin A; and hemoglobin A,. It may be that
the other electrophoretic difference between the two proteins resides
in the so-called peptide Aja which is indicated in Figure 4-2. This
represents a new peptide for which there is no counterpart in the
normal fingerprint pattern of hemoglobin A. We should note, however,
at this point that a normal fingerprint of tryptic peptides represents
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FIGURE 4-3. Diagram of the amino acid sequence of the human § and
d chains

The ¢ chain sequence is not yet fully determined; portions where an amino acid
substitution is suspected are indicated by ? (After Ingram and Stretton, 1961,
1962a, b.)
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only about two thirds of the molecule, because the remainder remains
insoluble as the so-called core. It may well be that A,a becomes
liberated from the core by the introduction of a new lysine or arginine
residue into the molecule, possibly in the position corresponding to
residue 116 of the f chain. Stretton finds that peptide A,a is a small
tetrapeptide containing the amino acids asparagine, phenylalanine,
glycine, and lysine (formula: Asp.NH,.Phe.Gly.Lys). It is likely that
the total number of amino acid exchanges which distinguish the 6
peptide chain from the § peptide chain may rise to some 7 or 8 residues
(Figure 4-3). The rest of the peptides appear to be similar in both
peptide chains with respect to their amino acid composition at least.
It remains to be seen whether or not they contain inversions of the
amino acid sequence such as is observed for example in residues 21
and 22 of the y peptide chain of fetal hemoglobin compared to the f
chain (Schroeder et al., 1962). In addition it seems likely that the
order of the tryptic peptides is identical in the é and the § peptide
chain, so that the overall resemblance between the two peptide chains
is very high indeed and the differences between them explicable on the

basis of the series of single mutational events, each producing a single
amino acid alteration.

VARIANTS OF THE oo CHAIN OF HEMOGLOBIN A,

We have already mentioned that hemoglobin A is composed of
e and p* peptide chains, the superscripts indicating that these are
peptide chains of the type corresponding to normal hemoglobin A.
Hemoglobin A,, on the other hand, has é peptide chains instead of 5.
On the basis of the chemical evidence, the number of amino acid
exchanges makes it desirable to give a new letter to the d peptide chain
in contrast to the peptide chains found in the abnormal human hemo-
globins where the amino acid exchanges are single ones. Much more
convincing, however, is the genetic situation which supports the
concept of the hemoglobin A, molecule being composed of «* and §*:
peptide chains.

We have already seen in hemoglobin Norfolk that there is an amino
acid substitution in position 57 of the « peptide chain where a glycine
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residue is replaced by an aspartic acid residue. Only the heterozygote
for this rare abnormality is known, but in his blood it has been possible
to show a new minor component called hemoglobin Norfolk, in
addition to hemoglobin A,. In this heterozygote we have therefore
two major components of hemoglobin and two minor components.

a""l la““—-ug et i

A

g
=

,3"“2

FIGURE 4-4. Genotype (left) and phenotype of the heterozygote for
hemoglobin Norfolk, showing the formation of two minor components:

Hb-A, and Hb-Norfolk,
(Courtesy of Dr. C. Baglioni.)

The preliminary results (Baglioni, 1961) with fingerprinting of hemo-
globin Norfolk, indicate that it has the amino acid substitution
characteristic of hemoglobin Norfolk itself. In other words, the «
chain of hemoglobin Norfolk, is under the same genetic control as
the « chain of hemoglobin Norfolk itself. Presumably the same
situation holds in a normal individual, namely that the « chains of
hemoglobin A and hemoglobin A, are under the same genetic control.
In the heterozygote for hemoglobin Norfolk the two minor components
together amount to approximately 2.5 percent of the total hemoglobin.
In Figure 4-4 are shown the genotype and the corresponding phenotype
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for this heterozygous individual. Heterozygosity is at the « chain
locus, producing two types of « chain, normal and abnormal. In the
dimerized form these are then freed from the ribosomes to combine
with # chain dimers of which only the normal type is available (5;).
Thus hemoglobin A and hemoglobin Norfolk are produced. In
addition the two types of a chain dimers may combine with 4 chain
dimers. Again, only the normal type is available resulting in two
minor components hemoglobin A, and hemoglobin Norfolk,.

The same situation has been observed in a number of instances, for
example in hemoglobin Gy qeipnia @ NEW minor component corre-
sponding to hemoglobin G, could be seen in an individual heterozygous
for hemoglobin A and hemoglobin Gepy.gapmia (Stretton, unpublished).
Again, recently Shooter er al. (1960) have had another instance of an
o chain abnormality, the socalled hemoglobin Gy, ,., in which also a
new minor component, G,, was to be seen. Probably, this may be

written as mgﬁg".

VARIANTS OF THE 0 CHAIN OF HEMOGLOBIN A,

It is clear that the & chains are under separate genetic control from
the § chains. Ceppellini (1959) observed some mutants of hemoglobin
A;—called hemoglobin B,—in individuals who did not show a
simultaneous f§ chain abnormality. This so-called hemoglobin B, was
found by Ceppellini to be linked genetically to the § chain locus,
because in one of his families individuals occurred who were
heterozygous at the ¢ locus for hemoglobin B, and at the f locus for
hemoglobin S.

In Figure 4-5 the genotype and the phenotype of Ceppellini’s doubly
heterozygous person are shown. The « chains in this individual are
normal and only one type is made, but it can be clearly seen how the
two major hemoglobins A and S and the two minor hemoglobins A,
and B, are formed. In this family the § chain abnormality and the &
chain abnormality although linked are in repulsion. The linkage is
supported by Ceppellini’s finding that the marriage of the double
heterozygote in Figure 4-5 with a normal woman gave rise to six
children who were either Hb S or Hb B, carriers. In a family of
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Huisman’s (1961) an abnormality of hemoglobin A, called hemoglobin
A;, was found to be linked to a f§§ chain thalassemia, but this time the
two mutations were in coupling. In either case, where two types of the
minor component are produced together, it has been found that
together they amounted to the expected figure. It looks as if each of
the two & chain loci is responsible for making a certain amount of §
chain. Although the amount of protein to be made is fixed, the

N
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B° B'—— 8o+ 325
Bﬁt 392 4 B;z o S:‘z
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FIGURE 4-5. Genotype (left) and phenotype of Ceppellini’s (1959)
double heterozygote for the Hb-S and Hb-B, abnormalities

“] I

structure of that protein may be affected by a genetic alteration. For
example, hemoglobin Norfolk does not account for 50 percent of the
major hemoglobin components, but only for some 35 percent, and the
same is true for some of the other abnormal hemoglobins. We have
therefore to postulate altogether four structural loci in the hemoglobin
system, «, f, y, and 6. The § and ¢ loci seem to be closely linked,
although the genetic evidence is still meager. The « locus is certainly a
long way away, since it segregates independently of the 8 locus. We
do not know, however, whether a long way away means that it could
still be on the same chromosome or whether it would have to be on a
different chromosome. Since no genetic abnormalities of the y chain
are known, we have no means of locating the y chain locus in relation
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to the f or d chain locus. Motulsky (1962) and Neel (1961) have
suggested that y is part of a cluster with § and 4.

GENETIC CONTROL OF HEMOGLOBIN A,

In considering the genetic control of the production of the hemo-
globin peptide chains, we note that there are four loci involved, the
o, f, ¥, and d structural genes. Some of these loci are active some of
the time, for example o, §, and 6 are active in the adult; « and y are
active in the fetus. There must be a mechanism for turning these
structural genes on and off. Whereas the « chain structural gene is
active all the time; v is turned off in the adult; § and J are inactive
in the fetus. Models for such switch mechanisms will be discussed in
the next chapter.

The problem which concerns us here is the quantitative control of
hemoglobin A, production. The following curious situation exists:
the indications are that hemoglobin A and A, are produced in the
same cell; the two proteins differ only in their g or é peptide chains
and these are distinguished by very few amino acid alterations. How-
ever, there is nearly forty times as much hemoglobin A made as
hemoglobin A,, without any obviously sufficient distinction between
the proteins to allow one to think of feed-back controls. In looking
for other types of control mechanism, we can attempt to discuss the
situation in terms of the concept of an operator locus proposed by
Jacob and Monod (1961) for the bacterial systems, with the reservation
that the concepts may not necessarily be appropriate for our mammalian
system. In Figure 4-6 are illustrated the four structural genes as
straight lines, showing the length of the genetic material. In front of
each is drawn the operator as a box of unknown constitution, which
may be either turned off, as indicated by a cross, or which may be
turned on, as indicated by the absence of a cross and the presence of an
arrow. In this Figure it may be noticed that the 4 chain locus does not
have an operator of its own, but rather that we are postulating that
the same operator controls the activity of § and & structural genes
together (see also Neel, 1961; Motulsky, 1962). This hypothetical
postulate is based on the fact that in the development of the fetus there
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FIGURE 4-6. Scheme for control at the gene level of the quantitative
difference between the rates of synthesis of hemoglobins A and A,

is a gradual, but simultaneous, turning on of p and & chain production,
while at the same time the y chain production declines. This is at least
a suggestion of joint control of these two peptide chains. The findings
in the so-called “high fetal” gene homozygote (see next chapter) also
support this suggestion. In conformity with current concepts of the
control of protein synthesis we may picture in Figure 4-6 that each
active structural gene produces its characteristic messenger or template
RNA molecule which then in turn goes to occupy a ribosome in the
cytoplasm surrounding the nucleus. It is necessary to postulate that
the messenger RNA leaves the nucleus, the presumed site of its synthesis
and goes into the ribosomes, since it is possible to prepare cellfree
systems containing only ribosomes and no nuclei which are capable
of synthesizing protein. In addition we note that in the mammalian
reticulocyte which is still capable of synthesizing hemoglobin and which
still contains ribosomes, there is no obvious nucleus left.
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The “silent” y structural gene in the adult does not make y chain
messenger, because it is turned off. We are picturing here the control
of the production of hemoglobin A,, as a problem in the control of
the production of & peptide chains compared to f# chains. In other
words we are trying to explain the very great discrepancy in the rate
of production of # and o peptide chains. In terms of Figure 4-6, we can
think of control mechanisms at three different levels; control at the
gene level, control at the ribosome level and control at the stage of the
assembly of subunits.

CONTROL AT THE GENE LEVEL

In considering control at the gene level, we may say that the f§
structural gene makes forty times as much f§ messenger as 4 messenger
and that therefore for every forty ribosomes occupied by § chain
messengers only one is occupied by 4 chain messengers. Inherent in
this consideration is the assumption that each ribosome is occupied
by only one messenger RNA molecule at a time, a postulate which
has already been examined earlier and which we believe to be correct
for the hemoglobin synthesizing system. The further assumption is
also included that ribosomes have equal affinity for § and 4 messenger
RNA molecules. In our present state of ignorance on the relationship
between ribosomes and messenger RNA we cannot judge the validity
of the last assumption. This kind of control mechanism certainly
presents a simple picture, since all control is located at the level of the
gene and since all the rest of the scheme follows automatically. We
would need a supply, a limited supply, of empty ribosomes ready to be
occupied by messenger RNA molecules. We can further assume that
the synthesis of the actual peptide chains themselves proceeds at the
same rate for both § and o chains, which makes sense when one
considers that there is so little structural difference between these two
types of peptide chain. The messenger in this scheme would be a
stable messenger, capable of synthesizing a number, perhaps even a
large number, of peptide chains. There is now a certain amount of
evidence to indicate that the messenger RNA molecules in mammalian
reticulocytes are indeed stable (Marks et al., 1962). In summary, the
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situation that forty times as much § chain as § chain is made is due to
the fact in this scheme that the f chain genes make forty times as much
messenger RNA,

However, this may be a situation peculiar to the human reticulocyte.
In some animals, for example in the horse and in the mouse, there are
two types of adult hemoglobin perhaps also under separate genetic
control. However, the components do not seem to differ much in the
quantities produced. In these cases we have no precise information
yet about the chemical differences between the types of hemoglobin.

There is a difficulty in the scheme for control at the genetic level,
since after all in the developing red cell there are structural genes
active in the production of a variety of proteins, both structural
proteins and enzyme proteins. All of the enzymes, at least, are also
made in small amount. In quantitative terms the production of §
hemoglobin chains may be very similar to the production of these
enzyme proteins. Perhaps we should regard the large quantities of
o, 3, and y chains which can be made as extraordinarily high, rather
than regarding the 4 peptide chains as being abnormally slowly made.
In any case, the rate at which the structural gene makes a peptide chain
is in our scheme an intrinsic property of that gene which may or may
not be due to some characteristic of the operator locus. However, if it
turns out to be correct that § and 4 chains are controlled by the same
operator, then this intrinsic rate control would be more a property of
the structural gene itself or the result of an interaction between the
structural gene and its operator.

CONTROL AT THE RIBOSOME LEVEL

The second level of control, at the ribosome, may be considered in
terms of the general scheme of peptide chain synthesis put forward by
a number of people, particularly Dintzis (1961). The experimental
data in his results for the synthesis of peptide chains of rabbit hemo-
globin indicate a reasonably uniform growth of the chain from one
end to the other. However, we know that in the 4 peptide chain there
are differences in amino acid structure here and there along the chain.
Suppose we assume, that the presence of alanine instead of glutamic
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acid in position 22 causes a slowing up of peptide chain synthesis at
that point. Such a control point will then be rate-controlling and
although the beginning of the peptide chain could be made at a normal
rate, the overall rate of synthesis and the liberation of such a peptide
chain would be greatly reduced. Such a situation may be tested
experimentally by performing a Dintzis type of experiment of short

CONTROL POINT
1

RELATIVE SPECIFIC RADIOQACTIVITY OF
i

AMINO ACID

I t
N-TERMINUS C - TERMINUS
—= POSITION OF AMING ACID IN CHAIN

FIGURE 4-7. Diagrammatic representation of the effect of a rate con-
trolling amino acid residue on the course of peptide chain synthesis during

a pulse of a radioactive amino acid of varying duration 7, (short), #; (long)
The experiment is supposedly modeled after those of Dintzis (1961).

time labeling with immature human red cells. We should observe a
distinct break in the plot of specific activity of amino acids against the
location of such amino acids along the length of the chain (Figure 4-7).

CONTROL AT THE LEVEL OF QUARTERNARY STRUCTURE

Thirdly, we could say that there might be control of the production
of d chains at the level of the assembly of hemoglobin subunits, namely
where «, and [, subunits come together to form hemoglobin A and
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where o, and J, subunits come together to form hemoglobin A,. We
can postulate that the affinity of f, for o, is forty times that of d, to ay,
so that on the principle of mass action far more o,f, is produced than
asds. This type of control is a function of the rate at which the subunits
assemble to the final molecule; this rate would affect the rate of release
of such peptide chains, or of such subunits, from their particular

B RIBOSOMES ————» A,
- — ':!EIBE (Hb — &)
a RIBOSOMES —= ap

SO — as8s (Hb-4Agz)
8 RIBOSOMES — 83

FIGURE 4-8. Scheme for control at the level of sub-
unit as&embl}f of the quantitative difference between the
rate of synthesis of hemoglobins A and A

ribosomes (Figure 4-8). Such a scheme is a distinct possibility that
also poses some difficulties of its own, particularly in certain types of
thalassemia and in the so-called high fetal gene syndrome, which will
be discussed in a later chapter.

HEMOGLOBIN LEPORE

This abnormal hemoglobin (Leporey,,..,) was first described by
Gerald and Diamond (1958). It is slow moving and usually comprises
10 - 15 percent of total hemoglobin in the heterozygote. Heterozygosity
for Lepore and for a § chain thalassemia produces a severe anemia.
Other instanceshave been described by Neebetal. (1961)(Lepore)y iandia
and by Fessas et al. (1961) who call this hemoglobin Pylos. In the
heterozygotes the amount of hemoglobin A, is reduced to about half
the normal value. Homozygotes who show the symptoms of thalas-
semia major have been reported as having no hemoglobin A, at all
(Fessas et al., 1961). The possibility exists that hemoglobin Lepore is a
d chain mutant with its quantitative control altered so that a relatively
large amount is made. Hemoglobin Leporey ., . and hemoglobin
Pylos have been fingerprinted (Gerald et al., 1961; Fessas et al., 1961);
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and they give patterns which are indistinguishable from those of
hemoglobin A,. That is to say, the fingerprints together with amino
acid analysis (Gerald et al., 1961) indicate that peptides 12, 26, and 25
have & chain characteristics. Baglioni (1962) finds that the peptides
derived from the C-terminal section of the § chain of hemoglobin
Leporey,.,., are true f chain peptides and do not carry any of the &
chain substitutions usually found there (Ingram and Stretton, 1962 and
unpublished). Barnabas and Muller (1962) report for their hemoglobin
Lepore (Leporey jaqais) that tryptic peptides 12 and 26 have the amino
acid composition characteristic of the & chain. They also state that
peptide 25 is in composition like the § chain peptide.

Since the order of tryptic peptides in the human § or 4 chain is
4-12-26-25-..., it follows that the Leporeg,.nqia €hain has the
constitution 44+ 61226 - 25+ f- f+ etc. Baglioni postulates that
the hemoglobin Lepore gene arose as the result of nonhomologous
crossing over within the £ and 6 structural genes, having the informa-
tion for the & chain at the beginning and for the § chain at the end.
Thus a peptide chain is made which is part é and part f. The quantita-
tive control mechanism, however, would be more or less that of the
f chain and that is why such an unusually large amount—for a 6 chain
component—is made. If substantiated, this would be a most interesting
example of the chemical effect of nonhomologous crossing over in the
hemoglobin genetic system with far reaching consequences for our
ideas on the location of the quantitative control mechanism for protein
synthesis. It would be obviously reminiscent of Smithies” findings in
the haptoglobins.



THE SWITCH FROM
FETAL TO ADULT
PROTEIN

It is a curious fact that the human fetus has a hemoglobin (F) which in
certain quite fundamental respects is different from the adult hemo-
globin (reviewed in White and Beaven, 1959). On the other hand the
overall plan of the fetal hemoglobin molecule is similar to the adult
hemoglobin, since it is also composed of four peptide chains (Schroeder
and Matsuda, 1958; Hunt, 1959) of two different types (xyy, may be
written as its formula) and since each molecule of molecular weight
68.000 carries four heme groups just like adult hemoglobin. Neverthe-
less the differences are striking, particularly in the possession of y
instead of § peptide chains and the consequent alkali stability of fetal
hemoglobin. It is not really clear why the human fetus needs a different
hemoglobin. The oxygen affinity of hemoglobin F in the fetal circulation
is higher than the oxygen affinity of the adult hemoglobin in the adult
circulation. We might imagine a definite physiological advantage,
because in such a system oxygen will be taken across the placental
barrier from the maternal circulation into the fetus. However, it
appears that this is not an intrinsic property of fetal hemoglobin,
because Allen and Jandl (1960) have shown that samples of human
fetal and human adult hemoglobin solutions dialyzed simultaneously
against the same buffer solution result in hemoglobin solutions with
the same oxygen affinity. In other words, it seems to be the interaction
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between fetal hemoglobin and its environment which produces the
overall higher affinity of fetal blood for oxygen. It is moreover not
just the hemoglobin which is different in the human fetus, but there
are a number of enzymes which have different forms in the fetal and in
the adult. Among other animals also there are several examples where
one can easily identify the fetal hemoglobin as being chemically
different from the adult hemoglobin. This is so, for example, with the
monkey, ox, goat, sheep, and mouse. Possibly this list will be extended;
and equally possibly those animals where a distinct difference between
the fetal and adult hemoglobin has not yet been shown may in fact
have such a difference which is waiting to be characterized.

In considering the change from the fetal protein to the adult protein
we are considering a problem in differentiation, since we are changing
a typical body protein during the embryonic development of an
organism. This is indeed differentiation at the molecular level. The
problem of the switch from fetal to adult hemoglobin could also be
important from the point of view of certain hereditary hemoglobin-
opathies, such as thalassemia. In thalassemia major the affected adult
may produce very considerable quantities of the fetal protein, a curious
situation which we will attempt to explain later.

We have already characterized human fetal hemoglobin as ajy!,
indicating that it contains the same two o peptide chains of the adult
hemnglnbin, but two rather different y peptide chains to make up the
rest of the molecule. It may well be that Perutz's model of the con-
figuration of the hemoglobin peptide chains applies also in broad
principles to fetal hemoglobin. The differences are to be sought in the
amino acid sequences of the y peptide chain which distinguish it from
the § peptide chain. The most striking difference of the whole
molecule, which has been known for over a hundred years, lies in the
resistance of fetal hemoglobin to denaturation by acid or alkali
(reviewed in White and Beaven, 1959). Hemoglobin A above pH 12
quickly undergoes irreversible changes such as the formation of a
hemochromogen spectrum and insolubility when the pH is returned
to neutrality. On this basis one can distinguish easily adult from fetal
hemoglobin, because the fetal pigment is denatured slowly under these
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circumstances. Fetal hemoglobin resists the attack of alkali for a
fairly long time, before anything striking happens. There are two
aspects of this reaction which have been useful from a practical point
of view. One is able to estimate the quantity of fetal hemoglobin in a
blood sample quite easily, because after exposure to alkali for a short
period of time the denatured adult hemoglobin may be easily precipi-
tated, thus leaving the fetal protein in solution to be estimated spectro-
photometrically. It is a fact, however, that the resistance of fetal
hemoglobin is a resistance of the whole molecule, both = and y peptide
chains, whereas the sensitivity of hemoglobin A to the same reaction is
also a property of both peptide chains, the « and § peptide chains.
Thus it seems that the complexing with y peptide chains which them-
selves are only moderately resistant to alkali denaturation confers the
property of resistance to the « peptide chains, although these are easily
attacked by the reagent when combined with § chains. Hemoglobin
Barts (= :pf} has only about 70 percent of the resistance of Hb F to
alkali. It is the oxyhemoglobin form, that is to say hemoglobin
combined with oxygen, which shows this behavior towards alkali
denaturation. However, hemoglobin is also capable of combining
reversably with carbonmonoxide. The carbonmonoxy hemoglobin is a
very stable derivative of hemoglobin, since the protein has a very high
affinity for carbonmonoxide. Carbonmonoxy adult hemoglobin is
however relatively resistant to alkali denaturation. The differentiation
between adult and fetal hemoglobin cannot therefore be made when
the hemoglobin is in the carbonmonoxy form.

Fetal hemoglobin may also be distinguished quite easily from the
adult type by electrophoresis, particularly at pH 6 in agar gel, where
the fetal hemoglobin moves ahead of adult hemoglobin as a nice
compact spot. Adult hemoglobin, hemoglobin A, on the other hand,
seems to be adsorbed somewhat to the gel, since it forms bullet shaped
spots in this type of electrophoresis. This is also true for the abnormal
adult human hemoglobins.

On the basis of acid resistance of fetal hemoglobin, Betke (see
Kleihauer er al., 1957) developed an ingenuous method for determining
whether individual red blood cells contained fetal or adult hemoglobin.
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Betke prepared a smear of these red blood cells from, for example,
cord blood of a newborn infant which contains a mixture of the two
types of hemoglobin. The hemoglobin A inside the cells is eluted
by means of a somewhat acid buffer solution which denatures the
adult hemoglobin so that it becomes dissociated into lower molecular
weight subunits (34,000) and is therefore able to diffuse through the
cell walls to be washed away. However, the fetal hemoglobin is not

FIGURE 5-1. Estimating hemoglobins A and F in individual cells
Left: artificial mixture of cells containing either all Hb-A (ghosts) or all Hb-F
(black). Right: cord blood specimen showing empty cells (Hb-A), full cells (Hb-F)
and cells of intermediate staining properties which originally contained a mixture
of Hb-A and Hb-F. (Kleihauer, Braun, Betke, 1957; photograph courtesy of
Dir. Betke.)

affected and is retained inside the cells. If the preparation is then
stained for protein, cells containing only fetal hemoglobin will stain
very dark, cells containing only the adult hemoglobin will be colorless
and appear as ghosts, whereas cells containing a mixture of the two
proteins will be intermediate in staining color. In Figure 5-1 are shown
two such stained preparations of Betke’s. On the left is shown an
artificial mixture of cells some containing a very high percentage of
fetal hemoglobin and others containing only hemoglobin A. It may be
seen that after the treatment the adult cells are empty, whereas the
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fetal cells are full. On the right is shown a cord blood specimen
containing a mixture of the two types of hemoglobin. It will be seen
that there are both empty and full cells, as well as cells containing
intermediate amounts of hemoglobin. It seems that in this sample at
least there is a mixed population of cells containing a range of pro-
portions of fetal hemoglobin. The important point to note is that there
are cells which appear to contain, or to have contained a mixture of
both fetal and adult hemoglobin in one cell. The cell is therefore
capable of producing both types of hemoglobin simultaneously and
we might deduce that the switch from fetal to adult hemoglobin
production is a switch of a mechanism inside the cell and not necessarily
a change in the type of cell population. Itano (1957) states that in
blood samples containing only hemoglobins S and F all cells can be
made to sickle. This indicates that both the adult (Hb S) and the fetal
hemoglobin are present together in the same cell.

Figure 5-2 is another illustration of Betke’s where a cord blood
specimen containing both types of hemoglobin has been treated by his
elution technique. This time the slide was not stained for protein, but
photographeddirectly with light of the right wave length to bespecifically
absorbed by the Soret band of hemoglobin. Again we see a mixed
population of cells, some empty some full and a great many which
originally must have contained a mixture of fetal and adult hemoglobin.

A further chemical characterization of fetal hemoglobin was done
by Hunt (1959) who fingerprinted and compared fetal hemoglobin
with hemoglobin A. There were a number of distinct differences
visible among the peptides and Hunt was able to show that these all
resided in the so-called y peptide chain of fetal hemoglobin. Separated
« peptide chain of hemoglobin A and F gave identical fingerprints in
agreement with the concept formulated earlier that the « peptide chains
are common to both hemoglobins.

If we consider what has to happen in the developing fetus to obtain
first red cells with only fetal hemoglobin in them and then later on red
cells with adult hemoglobin, it seems likely that there must be a switch
somewhere in the life of the fetus, a switch from fetal hemoglobin to
adult hemoglobin. In Figure 5-3 is illustrated the gestational age when
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the fetus begins to show a decrease in hemoglobin F production with a
corresponding increase of the hemoglobin A production. Some people
would put the appearance of the adult pigment somewhat earlier than

L
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FIGURE 5-2. Estimating hemoglobins A and F in individual cells of
blood as in Figure 5-1 right, but without staining

Photograph taken near the wavelength of the Soret band. (Photograph courtesy
of Dr. Betke.)

thirty four weeks indicated in the figure, but then the method employed
in this kind of investigation, namely alkali denaturation, is not
necessarily reliable when small percentages of one or other component
are involved. The precise date at which adult hemoglobin first makes
its appearance must therefore remain somewhat in doubt. We can see,
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however, that the process begins well before birth and is not notably
affected by the accident of birth itself.

Thanks largely to the work of Schroeder and his colleagues (1962)
we now know the amino acid sequence of the y chain of hemoglobin F
which is illustrated in Figure 5-4. The similarity with the § peptide
chain is very striking and the two chains are both 146 amino acid
residues long. The percentage of similar residues between the two
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FIGURE 5-3. Percentages of fetal hemoglobin present at birth in relation
to gestational age

The dotted line represents the mean percentages of fetal hemoglobin for the various
gestational ages. Data represents determinations on 152 infants. (Cook et al.,
1957.)

chains is much greater than had been observed in the comparison of the
= and g peptide chain. Altogether there are only 42 differences between
£ and y as opposed to 84 between § and «. Striking, however, is the
fact that alone of all the human hemoglobin peptide chains the 3 chain
possesses isoleucine residues, four of them. Of the regions which are
similar we may notice particularly the so-called basic center (Braunitzer’s
term) which includes residues 59 to 66, and which is a sequence which
is common to those mammalian hemoglobins which have so far been



The [ and y Peptide Chains of

i Leu

i Phe

Thr PI'I}

Thr Glu

Glu

Glu

I|:3Iu

A

L:.-:

10

Ser Alu "l',ul

A la Thl' Ileu

Thr

Thr

ﬂlu .-L.Eu

Tr;.I G|]l' Lﬂ

Sar Lau Tf‘f Gly L:.rs

‘-"'Gly Lau Ser Thr LII.I

.-Ser Phe Jﬂi.lu Gl}f Ltu

L]

-

L ]

L

[ ]

[ ]

L] L]
[ ] L ]
- L ]
a L ]
[ ] [ ]
™ -
[ ] -
™ -
L -
- .
- L ]
. 5 r’ﬁn Glr
[ ]

[ ]

L]

-

L 3

-

e Jﬂcsp ﬂ.lu

oo AL .Iﬂ.rq Sar

Pl LR R BRI R I I A R N ]

s ® L'_.'a Hiﬁ

146

-
'-'Il 'l‘lrlllrl'

" T:,lr His

L
.

. T}rr Hli

70

Lew

Ileu

SBT

.ﬂ«lu

Vai

vul

L]'S-

I_y's GI;.- His ﬂlu L:rs

L;rs 'Gh\l His- AJn L':.rs

lllnilnl L:.I&

vﬂ | Lys

Pru Jﬂnm GI]I

Pm ﬂsu Gly

80

60

.&In His

L}rs H'is

LEIJ

.ﬂhn .ﬂ\sp Ltu L;.'E Glr Thr Pha nln

Leu ptsp .e'ls.nr Leu Lys Gly Thf Phu .&Iq

Thr Lau Ser

Gin |Leu Ser

LEIJ ﬂl

Leu »&Iu

140

SEI’

Asp

.ﬂllu "i'lrul Gly Thr .".ful

.r'jtlu l".'.‘ﬂl Gly .ﬁllu v:ll

Ljrs. 'Gln

LH Gln

Try Ser| A

Tyr ﬂtlu ﬂ.ln

130




the Human Hemoglobins A and F

20

Voo Aie Ve iﬂg,, il

"qul ﬂ.;n l‘."-ul Glu ﬂsp ﬂtu

Mm Ilﬁu

Met Uﬂl

A

f.ll‘u

90

Ser A Ser

ﬂsp Pru Thr
50

30

GI:;I GI]-

Gw Ghi

G

Glu

ﬂlu

Thr

Leu Gly

Liu Gly

ﬂ'? L?U LEI.I

.&rq

Leu

.‘lf'-ul

‘i'rul T:rf Pro .

Lﬂu vul vdl T}.rl' Pru

Ser Les

SBF LHI

Asr

Aso

Phe Ser

Ph¢ Str

Giu

Pre

Phe

P

]

Phe

I&Tg Glf‘l Thr TI‘}"

A

G In Thr Tr:..'

100

40

G In L-B!u His

G | Leu

His

Cys Asp Lys

Leu His

Cars .ﬁ.sp I.!rs Leu His

Vm

=

ﬂﬁb PFQ Gh,l ﬁm Phg

l’lsp Pru Giu ﬂ.sn Phe

L;rs.

[

LEIJ

-Lau GIH ﬂ.:n

Leu GI:,- .&sn

Gln "fﬂl

Gln vul

Glu

Pl’ﬁ

Pru Thr Phe Gh.l ]_;r:- Gl'r

Ph= His Ileu

Prn Thr Phe Glu Lr.-. Glgr Pha Hiﬁ His

Aiu Lcu

l"u"’ul

.ﬂ.ln Leu vui

Th:'

\c"‘ﬂ Lnu vnl

L ]

.

#

L ]

L ]

.

., =
-

ERL

.lll

. "

. .

'I

.

=

- .

L ]

L J

.

.

.

.
LN

Uul Lau "f"ul . n

120

10

L
-
L
L]
L]
-
L]
L]
.
L ]
’I
.-
'I-
--
. e
-
L]
-
L]
L]
-
L]
L]
a®

FIGURE 5-4. Sequence of amino acids in the normal human § and y
peptide chains

Identical residues are enclosed by lines. (Based on data in Figure 2-5 and Schroeder
et al., 1962.)
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examined. On the other hand there is nothing obvious in the y chain
sequence which might account for the resistance of this chain to acid
and alkali denaturation. Whether the cysteine residues in the y chain
are all present as free SH groups or whether any of them are linked by
disulfide bridges is not yet quite clear. We know however that in the
o and f chains there are no disulfide bonds. Even when taking the
amino acid sequence of the y chain together with the three-dimensional
structure for hemoglobin and myoglobin, there is still no explanation
for the extraordinary behavior of this chain.

HEMOGLOBIN F VARIANTS

In a recently published paper, Minnich et al. (1962) have examined
by paper electrophoresis the cord blood of 90 Caucasian babies.
Among them no abnormal hemoglobins were detected except for one
case of hemoglobin Barts. This abnormal hemoglobin, which was
first discovered by Ager and Lehmann (1958), is a protein made up of
four y peptide chains only (Hunt and Lehmann, 1959). Thus its
molecular weight is normal, but its constitution is not. On the other
hand it is believed that the ¥ chains which make up hemoglobin Barts
are normal in amino acid sequence and structure. One view of the
occurrence of hemoglobin Barts is that it is due to a quantitative fault
in peptide chain synthesis, by which is meant genetically determined
interference with « chain production in the infant which leads to over-
production of y peptide chains and to the formation of hemoglobin
Barts. The amounts of hemoglobin Barts are usually small, being 10
percent of total hemoglobin or less; as expected this hemoglobin
component decreases and often vanishes by the time the infant is three
months old.

In the same paper, Minnich ef al. have also examined 449 Negro
cord bloods. Here they found an incidence of hemoglobin S (10.5
percent), hemoglobin C (2 percent), and hemoglobin Barts (7 percent).
These frequencies are about what is expected for an American Negro
population. Again hemoglobin Barts is probably produced by an
insufficiency of « chains caused possibly by the presence of the so-called
o chain thalassemia. Hemoglobin A, in these samples was mainly
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between 0.1 and 1.5 percent, the normal value to be expected for a
newborn infant. The precise amount of hemoglobin A, reported for
these cord bloods is perhaps not too significant, in view of the great
technical difficulties in estimating very small amounts of hemoglobin
A,. Of particular interest from our point of view is the observation that
two cases of Negro cord blood (0.4 percent) showed a new abnormal
fetal hemoglobin. This has been called by the authors hemoglobin
Fq, roue» Decause the corresponding adult hemoglobin, hemoglobin
Dyg; 1ouir Was found in one parent of each of these infants. Whilst the
precise chemical abnormality which characterizes hemoglobin Dy, | ..
and hemoglobin Fg, ; . has not yet been firmly established, there
are indications from fingerprinting that in fact this abnormality is
similar to, if not identical with, hemoglobin Gy, qepmie described
earlier. This fact and that the abnormality is found both as an adult
hemoglobin and as a fetal hemoglobin indicates that this is an abnor-
mality of the « peptide chain and that the « chains of the fetal and
adult hemoglobin are under the same genetic control. The argument
is reinforced by the fact that in the parent of each of the two babies
there is both hemoglobin Dy, ;... and also a so-called split A, minor
component. This indicates, as it did in hemoglobin Norfolk, that since
the parent is heterozygous for hemoglobin A and hemoglobin Dy, | ...
at the o locus, in him two A, components are produced, hemoglobin
A, and hemoglobin D,. Again this is consistent with the formulation
of an = chain abnormality and that the « chains of hemoglobin A, A,,
and F are all controlled by the same gene (see also Baglioni et al., 1961).

In Figure 5-5 we see at the top the development of various types of
hemoglobin in patient DW (taken from the paper of Minnich et al.)
in the course of the first twelve months of this infant’s life. The genotype
of this particular infant may be written as:

ot B8 F g4s
Py

At first the blood contains over 80 percent of fetal hemoglobin
which drops to a few percent at twelve months. At the same time the
production of the two adult hemoglobins, hemoglobin A and S, rises
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““The minor component shown for D.W. is the one described by Robinsonet al. (1957)
with a mobility between that of Hb-A and Hb-F. Hemoglobin B, in W.B. is the
abnormal component described by Ceppellini (1959).” By permission from

V. Minnich et al., Blood 19: 137 (1962), published by Grune and Stratton, New
York.
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simultaneously and in parallel. Both the genes involved, f* and f5,
have been switched on apparently at the same time. There is also a rise
of the percentage of sickled cells in the sickling test which increases
from almost 0 at birth to sickling of all the cells by the time the infant
is six months old. This is, of course, due to the presence in this blood
sample of hemoglobin S in these cells. The fact that practically all the
cells can be made to sickle in this test indicates that all cells contain
both hemoglobin A and hemoglobin S side by side.

Patient MK in Figure 5-5 on the other hand is the result of a different
genotype, namely:

oD A F §As

P

This time there is heterozygosity at the « chain locus. We can see
that at birth this infant had 60 percent of fetal hemoglobin, which
dropped to almost zero by six months. As before, the hemoglobin A
component, determined by quantitative electrophoresis, rises from a
low value to about 60 percent. The rise of hemoglobin A parallels the
fall of hemoglobin F. Also present is hemoglobin D determined by
electrophoresis. This, however, remains almost constant rising only
slightly after birth, yet at the same time the fetal hemoglobin component
determined by alkali denaturation falls. The explanation given by the
authors is that at birth the electrophoretic D component is really
hemoglobin Fg, ;. Which may be written as «y:. This is then
replaced by the adult counterpart, hemoglobin Dy, ;.. which may be
written as o f5. The method of electrophoresis used by the authors
cannot distinguish between hemoglobin Fg, , . and hemoglobin
Dg; 1ouis @nd they are therefore recorded as one component.

The fingerprinting examination which was carried out was done
unfortunately only on the adult hemoglobin Dg, , .. and it is this
component which shows the chemical similarity with the « chain mutant
hemoglobin Gpyj,qepmia- NOt enough of hemoglobin Fg, ;. was
available to the authors for further chemical characterization. However,
their argument that such a fetal hemoglobin exists is rather convincing,
In addition there may be seen a small component of hemoglobin
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Barts [yf}. In this case the presence of the « chain abnormality results
in relatively less production of « peptide chains and overproduction of
y peptide chains. That the « chains of hemoglobin Dy, ;... are not
made as readily as o* chains may be seen in the fact that the final
percentage at twelve months is 40 percent hemoglobin D and 60 percent
hemoglobin A. At about eight months a new minor hemoglobin
component (B,) was observed. This would correspond to a hemoglobin
of the constitution «;'d5*. It should be noted incidentally that an
abnormal hemoglobin corresponding to d, has now been observed
(Huehns and Dance, 1962); the corresponding adult type (ﬁf] 1s well
known as hemoglobin H. This latter seems to be produced in in-
dividuals where there is interference with « chain production such as in
o chain thalassemia.

A somewhat similar abnormal fetal hemoglobin has been described
by Ranney er al. (1962). Hemoglobin Iy ;0. 10 an adult could be
formulated as u;ﬁg‘. The cord blood from the son of such an individual
had a fetal hemoglobin fast in electrophoresis which is formulated as
agyys. The authors were able to show that this was a fetal hemoglobin
by its alkali resistance, the presence of both valine (=) and glycine (y)
amino end groups and by the presence of isoleucine.

So far there has been no clear evidence for an abnormal fetal
hemoglobin with a defect in the y chain.

THALASSEMIA

We now turn to a discussion of the important inherited disease
thalassemia. It is estimated that in Italy alone there are some two
million people carrying at least one thalassemia gene (Ager and
Lehmann, 1960), that is to say, they are heterozygous for thalassemia.
However, the disease is certainly not confined to this area and is found
in many parts of the world (see Figures 5-6 and 5-7). Thalassemia is an
inherited disease i~ the sense that it exists in two forms: thalassemia
major and thalassemia minor (see in Bianco et al., 1952). Thalassemia
major is a homozygous condition, whereas thalassemia minor is the
corresponding heterozygous state. Whilst sickle-cell anemia seems to be
a fairly well defined single entity, thalassemia is not; it covers a group
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of diseases which share certain properties, but which are expressed in
different ways in different localities. For a review of the history of the
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FIGURE 5-6. The distribution of thalassemia heterozygotes in Italy,
from the data of Silvestroni and colleagues

The figures give the percent incidence in the various districts shown. By permission
from R. M. Bannerman, Thalassemia (New York, Grune and Stratton, 1961).

disease and of the chemical studies on thalassemia, the reader is
recommended to go to an excellent monograph recently published by
Bannerman (1962).

Thalassemia major was first clearly described by Cooley in 1925 and
is in fact often called Cooley’s anemia. The name thalassemia derived
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By permission from A. I. Chernoff, Blood 14: 899 (1959), published by Grune
and Stratton, Mew York.

from the fact that it is found in high frequency in the Mediterranean
area (thalassos, the sea). It is considered by many people that the
major factor in thalassemia is a deficiency in hemoglobin production
within the cells. As a result the cells may be too small or too thin and
are readily eliminated from the circulation. Somehow the spleen
recognizes such cells as being abnormal and destroys them, although
this may not be the only way in which these cells are lost. A severe
hemolytic anemia results.
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As in sickle-cell anemia, homozygous thalassemia is a very serious
condition and most of the people possessing it do not live to repro-
ductive age in their native habitat. Again malaria is called in to explain
the extraordinarily high frequency of such a seriously deleterious gene.
Again it is postulated that somehow the heterozygote possesses some
selective advantage with respect to malaria which would lead to an
increase in the number of thalassemia genes in the population. This
cannot be the complete explanation, however, because there are a
number of areas in Italy for example which have been in the past
highly malarious and which do not contain appreciable numbers of
thalassemia (Bannerman, 1962). Since we must assume that there are
several genetic forms of thalassemia, we must also assume that they
have arisen independently in a number of localities. We will see later
that we can classify thalassemia into « and f§ chain thalassemias, but
then in each of these two groups there is probably a diversity of forms
having arisen from a number of independent mutational events.

Various theories have been advanced to explain the molecular
mechanism of thalassemia. One theory elaborated in Bannerman
(1962) proposes that the genetic block occurs somewhere along the line
of synthesis of the heme group. It is postulated that either there is
interference during the synthesis of the protoporphyrin ring or possibly
interference at the last stage of synthesis which involves putting an
iron atom in the center of the heme group. In any case, on the basis of
this hypothesis, there is insufficient heme available and therefore there
is a reduction in the total amount of hemoglobin made per cell. This
would be so in spite of the fact that iron itself is readily available and
indeed would be expected to accumulate, as it does in a typical
thalassemia major. It will be seen later, however, that other explana-
tions can be produced for this phenomenon. Whilst it is possible that
some instances of thalassemia are caused by such an interference with
heme synthesis, this is not likely to be the case for that kind of thalas-
semia (interacting thalassemia) found together with some abnormal
hemoglobins. It is also not clear why there is not also an accumula-
tion of peptide chains or of globin in the cells as there should be on the
basis of Bannerman’s hypothesis. We would have to assume further
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that there is independent control for the rate of synthesis of globin and
of heme.

THALASSEMIA: A STRUCTURAL MUTATION

Another theory originally proposed by Itano (1957) and more
recently elaborated by Ingram and Stretton (1959) postulates a genetic
interference with the production of the protein peptide chains. We
would postulate that just as an abnormal hemoglobin is made at a
slower rate, so in thalassemia there might be an amino acid substitution
or other structural alteration which reduces the rate of production of
the hemoglobin protein. Since, however, the hemoglobin in thalassemia
1s known to be electrophoretically normal, we would have to postulate
an amino acid substitution which does not involve an electrophoretic
change. Alternatively, we would have to suppose that the abnormal
hemoglobin is not made at all and therefore has not been examined.
In such a view a nonelectrophoretic mutation might occur either in the
o or in the § peptide chain and we would recognize two classes of
thalassemia, « chain thalassemias and f chain thalassemias. In the one
case, « chain production would be curtailed and such phenomena as
the occurrence of hemoglobin H (Rigas er al., 1955) in the adult or
hemoglobin Barts (Ager and Lehmann, 1958) in the infant might be
the result. Homozygous « chain thalassemias would be expected to be
very rare, since they would interfere also with fetal hemoglobin and
greatly endanger the life of the fetus. On the other hand, a f chain
thalassemia would be expected to be more common, since it would not
affect the production of fetal hemoglobin. There is therefore the
possibility as originally suggested by Rich (1952) that a thalassemia
major might compensate for his hemolytic anemia by producing fetal
hemoglobin. Certainly hemoglobin F (u,y,) is found in high percentage
in cases of thalassemia major which we would classify genetically as §
chain thalassemias. We would also expect the proportion of hemo-
globin A, to rise in the case of a § chain thalassemia, particularly in
the heterozygote, since the 6 chain production is not affected and
since therefore the relative proportion of f to & chains would be
altered in favor of the d chain. Characteristically in such thalassemias,
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hemoglobin A, is increased to a percentage of 5 -7 percent (Kunkel
et al., 1957). On the other hand, in the « chain thalassemia no such
rise of hemoglobin A, would be expected, since « chains are in short
supply, and indeed none is found.

THALASSEMIA: A DEFECT IN THE CONTROL MECHANISM

There is another possibility. We might suggest that interference is
not by way of a structural alteration, but is rather one involving the
whole regulatory system. If there is indeed an operator control over
the structural genes, then there might be a mutation in that operator
gene of such a nature that any messenger or rather any ribosome
containing messenger from such a gene is either incapable or not so
capable of producing hemoglobin.

In the interacting § chain thalassemia, such as is found in sickle-cell
thalassemia disease, it would seem unlikely that interference with
heme production as postulated by Bannerman (1962) could differentially
affect the production of hemoglobin A without also simultaneously
reducing the amount of hemoglobin S made. We have to account here
for the fact that sickle-cell hemoglobin is produced together with fetal
hemoglobin, but that no hemoglobin A is produced. In a hemoglobin
A/[S heterozygote both hemoglobin A and hemoglobin S are made,
but in the thalassemia heterozygote hemoglobin A production has
been knocked out (see also Lehmann, 1957). The § chain thalassemia,
however, does not affect the production of fetal hemoglobin.

In the so-called noninteracting type of thalassemia,where thalassemia,
hemoglobin A and hemoglobin S are present side by side, a different
genetic mechanism seems to be operating. The genotype in this case

would be: oTh ﬁ.-t ?F SAs
EF A
Here there is both a normal « and a normal # chain gene present and
normal hemoglobin A is made together with hemoglobin S. This is not
such a serious clinical condition and very little, if any, fetal hemoglobin

is produced.
A homozygous « chain thalassemia has recently been reported from
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Malaya by Lie-Enjo (1961). She found several cases of severe hydrops
in newborn infants of Chinese origin who died very quickly after birth.
In a number of instances it was clear that the parents carried the
stigmata of thalassemia which in the Chinese population is generally
considered to be an « chain thalassemia. The remarkable finding was
reported that the hemoglobin contents of the infants was largely made
up of hemoglobin Barts, (3}), almost entirely in fact. Presumably
these infants were homozygous for an « chain type thalassemia, since
the « chain production was so greatly reduced that only y chains are
made. This also implies that y chain production is not controlled by
whether or not « chains are available for combination to the final
hemoglobin molecule. While the y chain production proceeds inde-
pendently in its quantitative aspects, the same may well be true of the
control of § chain production, since ﬁf‘ (hemoglobin H) is also found
in o chain thalassemia. Conversely it is possible that the production
of « chains is controlled by the amounts of § chains and/or y chains
available, especially since no instance of «, hemoglobin has so far been
reported. That is to say that the release of «, subunits from the ribo-
somes depends on the presence of f, and y, subunits,

It seems likely that most types of thalassemia are mutations which
somehow or other affect the § structural genes, including perhaps a
nonelectrophoretic mutation that contains amino acid substitutions
not involving a change in charge. On the other hand, three such
suspected samples of hemoglobin from « chain thalassemias and f§
chain thalassemias have been examined in great detail by Guidotti
(unpublished) who has analyzed quantitatively the amino acid content
of individual tryptic peptides from isolated chains. In no case could he
show an amino acid alteration. However, a negative result is not
necessarily conclusive. It may be that thalassemia is a deletion of the
structural f# chain gene or « chain gene such that the messenger RNA
or the intact peptide chains cannot be made. Or again it may be a
mutation in the operator locus (see Figure 4-6) which controls the « or
p chain gene, such that defective f chain messenger or the o chain
messenger are made. This last possibility will be explored more fully
in the following section.
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THE SWITCH MECHANISM FROM FETAL TO ADULT HEMOGLOBIN

We now turn to some speculations on the switch mechanism which
exists in the red blood cells and which ensures that adult hemoglobin
will be made in the adult and that fetal hemoglobin will be made in the
fetus (Neel, 1961 ; Motulsky, 1962). In Figure 5-8 are illustrated in
diagrammatic fashion the relative proportions of «, , and y peptide
chains made in the red cells of a developing human fetus and newborn.
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FIGURE 5-8. Diagram of the changes with age
in «, f, and y chain production in the human
fetus and infant

The arrow marks the birth.

It must be remembered that the = chain is concerned in both fetal and
adult hemoglobin, that the 3 chain is part of the fetal hemoglobin
molecule and that the § chain is characteristic of the adult protein.

In this simplified picture the production of « chain remains constant
throughout the whole process. On the other hand, there is initially a
manufacture of 3 chains which then decreases and eventually goes
down to almost zero by the time the infant has reached six months of
age or so. More or less at the same time there is an increase in pro-
duction of the § peptide chains of the adult hemoglobin type. This is
equivalent to saying that the « chain structural gene is turned on all the
time, but that the y gene is gradually turned off, whereas the § chain
gene is slowly turned on.
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One way in which this phenomenon may be examined is in the light
of the scheme for the control of protein synthesis which has been
proposed by Jacob and Monod (1961) (Figure 5-9). Thisis a mechanism
which ensures the activity or inactivity of structural genes within a cell.

MODEL I
OPERATOR STRUCTURAL
REGULATOR GENE GENE GENES
R
—sTl— — GENES
REPRESSOR~ W‘t- '\ﬂﬂM MESSENGERS
L 1 FROTEINS
REPRESSION OR INDUCTIDN
L-—-r'u'lETJEILE!IDILITE—J
HERELST OPERATOR STRUCTURAL
REGULATOR GENE GENE GENES
R 0] A B
—— f — ' +— GENES
1 DPEFEATDRI
REPRESSOR pornansfonnns]  MESSENGERS

L T / a-mLu ey PROTEINS

REFRESSION OR INDUCT ION
LMET&BULlTEJ

FIGURE 5-9. Models for the regulation of protein synthesis
(Jacob and Monod, 1961.)

The scheme itself is derived from Jacob and Monod’s studies in bacterial
systems, where there is genetic evidence for more than one type of gene
to be involved in the production of specific proteins. In addition to the
structural gene which carries the information to produce peptide chains
of specific amino acid sequences, it has become necessary to postulate
the operator genes which turn structural genes on or off and also
regulator genes which in turn control the activity of the operator genes.
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Although we will take our model from Jacob and Monod’s work,
reference should be made to McClintock’s (1956) earlier work in maize
which led to postulated genetic elements similar to the regulator and
operator genes. For our present discussion we will use the model I
illustrated in Figure 5-9, rather than model II. In applying the scheme
to a mammalian cell, we are of course exposing ourselves to a number

- - ————
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FIGURE 5-10. Model for the regulation of hemoglobin A and A,
synthesis in the normal adult

of risks, since there is no genetic evidence at present for the presence of
operator or regulator genes in the mammalian cells. A possible
exception is the occurrence of the so-called *‘high fetal” gene to be
discussed later, but even this is open to an alternative interpretation.
Even if it is found eventually, that Jacob and Monod’s scheme does not
apply precisely to the mammalian system, it serves for the time being
as a convenient and stimulating model for designing experiments.

In this scheme (Figure 5-10) each structural gene in its active state
makes template molecules of the so-called “messenger RNA™ type
which leave the nucleus and go into the ribosomes of the cytoplasm;



120 FROM FETAL TO ADULT PROTEIN

there peptide chains are made on them. Whether or not these genes
are active will depend on the state of their particular operator genes.
The concept that several structural genes are controlled by the same
operator gene, which has been developed in microorganisms may
apply to two of the hemoglobin peptide chain genes, namely the § and
the ¢ genes. On the other hand the « and § genes are controlled by
independent operator genes, since these genes segregate independently.

DIFFERENTIATION AS A SWITCH MECHANISM

Baglioni (1962) has very recently proposed an explanation of the
fetal-adult hemoglobin switch mechanism (Figure 5-11). Although not
all the stages of maturation of red cells are agreed upon by everybody,
nevertheless it seems that they spring from a poel of undifferentiated
continuously dividing “stem cells” in the erythropoetic tissues of
either fetus or adult. In the normal situation, a proportion of stem
cells differentiate into red cell precursors (erythroblasts). These
precursors may then either continue to divide or they may differentiate
through a number of stages to the final mature erythrocyte. It would
seem, however, that hemoglobin synthesis begins when the stem cell
turns into an erythroblast. Presumably, in terms of the model which
we have been using, at this stage the cell is “set™ for either hemoglobin
F or hemoglobin A production, or for making both. Baglioni assumes
that all the hemoglobin genes are repressed in the stem cells and that
they become “‘derepressed™ or “‘activated” specifically (« and y only,
or o and f# and d only) as the stem cell differentiates. Whether § and 6
or whether y become derepressed, or all three, depends in this theory on
the number of cell divisions previously undergone by the stem cell in
question and/or on the length of time spent by the cell in that particular
environment before differentiation. In the normal adult, the differ-
entiating stem cells are sufficiently “old,” so that only § and & genes
are derepressed, in addition to « genes of course. On the contrary, in
the young fetus, the differentiating stem cell derepresses only the o and
v genes. At later stages of fetal life, apparently all hemoglobin genes
are turned on by stem cells of intermediate “age” and for a time cells
mature which contain both fetal and adult hemoglobin.
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There are however occasions where an adult will produce fetal
hemoglobin. In the case of a severe hemolytic anemia, like sickle-cell
anemia or thalassemia, the amounts of fetal hemoglobin are large and
may reach almost 100 percent in thalassemia. In terms of the above
theory for the switch mechanism, one would say that in a hemolytic
situation large additional numbers of red cells are needed. In response,
a higher proportion of stem cells mature, thus depleting the pool and
causing “young” cells to differentiate; young, that is, in terms of either
cell divisions undergone or time spent before differentiating. Such
cells would make predominantly fetal hemoglobin. The same situation
would hold true for the anemia due to excessive bleeding, although
here the amounts of fetal hemoglobin are much less. There is some
evidence (Latja and Oliver, 1960) that in animals made anemic by
bleeding a larger number of stem cells differentiate rapidly. This is of
course not enough to prove the theory, but it is certainly suggestive.

There have been suggestions (Allen and Jandl, 1960; Thomas et al.,
1960) that the change in oxygen tension at birth activates § chain
synthesis; or that hormones may do so (Rucknagel and Chernoff,
1955). However it is difficult to explain fetal hemoglobin production
in adults on the basis of such suggestions.

We might extend Baglioni’s scheme in terms of the Jacob and Monod
repressors and operators. We would then postulate that in the “young™
stem cell of the fetus there is present a genetically controlled repressor
substance capable of repressing the operator locus which controls
both the § and the neighboring é genes. These are therefore set to
“silent” whilst « and y genes become derepressed when this particular
cell differentiates. Thus a,y, = fetal hemoglobin is produced. How-
ever, this specific §/d repressor is either unstable or becomes diluted
out as the stem cell continues to divide. Eventually it is at a low level
and, when this cell differentiates, the repressor of § and ¢ is inactive or
absent and the § and 4 loci are derepressed. In addition we must
assume further that either a new repressor for the y operator begins
now to be made or that the f chain messenger RNA molecules which
are produced themselves act as repressors on the y operator. This
would be a kind of feedback situation.
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To account for the production of fetal hemoglobin in thalassemia, or
any other hemolytic situation, we would again fall back on Baglioni’s
suggestion (Figure 5-11) of the forced differentiation of “young™ stem
cells still containing the original repressor molecules.

In an alternative scheme, we might postulate that a repressor
substance for the y operator is present all the time in these cells, but

"YOUNG" ol l

STEM CELLS e AR y m- RNA

— — o — -

y CHAINS

STEM CELLS

== 3 y
B m-RNA
B m-RNA 3 m-RNA

B CHAINS 8 CHAINS

FIGURE 5-12. Model I for the mechanism which controls the switch
from Hb-F to Hb-A pmduction at the end of fetal life

that there is in addition another substance, possibly of low molecular
weight, possibly some hormone, which combines with the repressor
and modifies it so that the complex acts as a repressor for the /o
operator, but does not act on the y operator. During the maturation
of the fetus, the stem cells gradually lose this second substance, this
repressor modifier, and the repressor itself now acts to repress the y
chain operator, but is no longer active on the § operator. Such a
modified scheme (Figure 5-13) would relieve the f§ chain messenger
RNA of its dual role and might also indicate a possible involvement of
hormonal substances in the switch mechanism.
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FIGURE 5-13. Model II for the mechanism which controls the switch
from Hb-F to Hb-A production at the end of fetal life and in the “high fetal”
gene condition

(a) Repressor type: ——5--

(b) Two repressor types: ——g——and - —— - — , neither in sufficient concentration
{c) Repressor type: —————
(d) Mutated repressor: ——X - -, which can no longer combine with 0, but has

now the specificity to combine with the /4 operator, unlike - — — — - :

There is some slight evidence for the influence of hormones in the
production of fetal hemoglobin, since there are instances in the
literature of women with false or molar pregnancies who form small
amounts of fetal hemoglobin in their blood during their “pregnancy.”
Removal of the mole eliminates fetal hemoglobin production. It is
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known that during such molar pregnancies there is considerable
production of a variety of hormones, particularly gonadotrophin. This
1s not to say, of course, that gonadotrophin itself might be involved or
that indeed any hormones are necessarily involved, but it does provide
another view of this important problem.

As yet another alternative, we can picture as in Figure 5-14, that the
repressor modifier substance slowly increases during the change from
“young” stem cells to “old™ stem cells. Again the modifier could well
be a low molecular weight substance arriving in the cell from the
outside, although this is a more difficult concept than the gradual loss
of such material from the cell (Figure 5-13). Apart from this difficulty,
the scheme works equally well, with the unmodified repressor having
specificity to combine with, and turn off, the 3/ operator and with the
modified repressor having specificity only for the 3 operator. The
repressor mutation postulated for the high fetal gene in 5-13, 5-14 will
be discussed later.

CONTROL MECHANISMS AND THALASSEMIA

Now we can apply these ideas on the control mechanisms to the
situation in thalassemia major, where there is very considerable
production of fetal hemoglobin in the adult and where there is therefore
a pathological involvement of the switch mechanism. In Figure 5-15 1s
shown the scheme as it might apply to a homozygote suffering from a
f chain thalassemia. The production of = chains is not affected. On
the other hand we can assume that there is a genetic defect in the
structural f§ chain gene such that a defective f chain messenger is made.
There are various ways in which such a messenger might be defective;
either by way of a mutation leading to an amino acid substitution not
involving a change in the charge of the molecule, but preventing or at
least curtailing the production of f peptide chains (Itano, 1957;
Ingram and Stretton, 1959); or again the mutation in the § chain
messenger might be of a more drastic type such as a deletion, with the
effect that the defective i chain messenger cannot make f# peptide
chains. It is an essential part of this scheme that a defective § chain
messenger is made and that it occupies and blocks ribosomes. In this
way, and particularly if there are many § chain messengers made by
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FIGURE 5-14. Model III for the mechanism which controls the switch
from Hb-F to Hb-A production at the end of fetal life and in the “high fetal”

gene condition
(a) Repressor type: — - —— -

(b) Two repressor types: ————and - —— — — 0, neither in sufficient concentration
(c) Repressor type: —— - - - 0
(d) Mutated repressor: — - - - — ¥ , which can no longer combine with 0, but still

has the specificity to combine with the /4 operator.

the § locus, there will be many blocked ribosomes in the cell incapable
of contributing substantially to the production of hemoglobin. In this
view the supply of ribosomes is limited and by blocking many of them
the total production of hemoglobin in the cell is greatly reduced, which
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is what is observed. This is particularly so, if the § locus, like the « and
the y loci, produces a large number of § messengers (see chapter 4).
The 6 structural gene, however, is perfectly normal and produces its
usual normal & messengers which, although few in number, produce
normal 4 chains and normal hemoglobin A, («,d,) in the usual amounts.
In a heterozygote for a § chain thalassemia, the other § locus would be

. ? Smtch Mechamsm F“

apercmra_:;; __E;r i
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messenger e —— st Sl E
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many blocked

rdposomes & chains few y chains
a chains —e l l
5 Hb A HbF

FIGURE 5-15. Model for the regulation of synthesis of hemoglobins
A, and F in thalassemia major

normal and would lead to its quota of normal § peptide chains. How-
ever, two 4 chain loci would be active in making d chains, but only one
B chain locus, leading to the observed increase in the ratio of hemoglobin
A, (50;) to A (of;) in the heterozygote. Now turning back to the
individual homozygous for a f§ chain thalassemia again, we know that
fetal hemoglobin is produced in rather large amounts and therefore we
know that the y operator is turned on. Some y messenger is therefore
made and will occupy such ribosomes as are still available. The y
peptide chains are made and so is hemoglobin F (z,y;) as a result, but
the compensation cannot be very effective, because so many of the
limited supply of ribosomes are occupied and blocked by the defective
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f messengers. As a result compensation for insufficient hemoglobin
synthesis in thalassemia by the production of fetal hemoglobin is not
very effective; the cells are still deficient in hemoglobin. In turn, in a
manner unknown, this leads to destruction of these cells with conse-
quent hemolytic anemia. More red cell production in the erythropoeitic
tissues is called for and “younger” stem cells are used, according to
Baglioni’s ideas. Such cells are not repressed in the y chain locus and
are therefore capable of producing y messengers and y chains. In
other words the mechanism by which there is even the observed amount
of compensation with the production of fetal hemoglobin is that in
thalassemia major cells, which are approximating the fetal type, are
used. Of course in the alternative view, that § messenger RNA is
itself the repressor for the y operator (Figure 5-12), we could say that
the defect already postulated to exist in the thalassemia § messenger
RNA is of such a nature that it can no longer repress the y operator.
This second explanation is harder to accept in the case of a sickle-cell-
thalassemia patient who has thalassemia of the interacting kind—p
chain thalassemia. In this genotype («*/a* /™) which is hetero-
zygous for f# chain thalassemia and for sickle-cell § chains there is also
production of fetal hemoglobin. However, in these people many cells
contain both hemoglobin S (mgﬁg} and F (a:'ﬂ"yg], that is to say their y
locus is derepressed. Here, however, two types of £ chain messengers
are presumed to be present, namely the f° and the ™ messenger RNA.
There is no obvious reason why the former (5 messenger should not
be quite capable of repressing the y operator, if that is indeed one of
the functions of normal § messengers, unless these repressors can only
act in the same chromosome due to the chromosomal structure. One
turns therefore more easily to the first explanation, namely that it is the
blockage of protein synthesis which leads to the hemolytic anemia
which leads in turn to the differentiation of a fetal type of cell in which
the y chain locus is not repressed.

THE “HIGH FETAL™ GENE
In the very interesting genetic condition called the persistence of
fetal hemoglobin (Edington and Lehmann, 1955) or the high fetal gene,
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(Figure 5-12) we find that in the adult heterozygote there is a consider-
able amount of fetal hemoglobin made (up to 30 percent). There seem
to be no clinical symptoms associated with this condition. There is also
a heterozygous condition in which the high fetal gene occurs together
with a sickle cell gene which is genetically linked. In such a heterozygote
(of genotype o*/a* B¥![8%) there is about 70 percent of hemoglobin
S, no hemoglobin A, but 30 percent of hemoglobin F. This is the
proportion of sickle cell and of fetal hemoglobin which is found quite
frequently in a sickle-cell homozygote in sickle-cell anemia. But
whereas the sickle-cell homozygote is very ill indeed, these people
heterozygous for hemoglobin S and the high fetal gene are not at all ill.
Their condition compares with the sickle-cell heterozygote (A/S). There
1s in addition the case of a child (Wheeler and Krevans, 1961) who is
homozygous for the high fetal gene and who has 100 percent of fetal
hemoglobin in his blood. He is, however, perfectly healthy. The
presence of only hemoglobin F is what one might expect in thalassemia
major, but then this is a very severe disease whereas possession of the
high fetal gene does not seem to cause any disease. One is struck by
this difference between a thalassemia major individual who makes no
f chains, that is no hemoglobin A, but who makes a large amount of
fetal hemoglobin, on the one hand, and the person who is homozygous
for the “high fetal” gene who also makes no hemoglobin A, but large
amounts of fetal hemoglobin. In Figure 5-16 we see a scheme which
seeks to explain the difference between thalassemia major and the
“high fetal” homozygote, forgetting « chain production for the moment.
This time we postulate a genetic defect in the switch mechanism such
that the § operator cannot be switched on; however, the y operator is
permanently on. No g chain messenger is made at all and therefore
the (limited) ribosomes are all available for occupancy by y chain
messenger RNA (and of course by « chain messenger RNA). The
situation in the cells is therefore equivalent to that of a truly fetal cell,
at least as far as the production of hemoglobin is concerned. Hemo-
globin F synthesis can proceed efficiently and the cells contain a normal
amount of hemoglobin. There is therefore no reason for a hemolytic
anemia.
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It is a curious fact that in the “high fetal” homozygote there is
neither hemoglobin A nor hemoglobin A,. In other words, neither f
messenger RNA nor 6 messenger RNA aremade. Ifit is indeed true that
one and the same operator and therefore the same switch mechanism
controls the § and § structural genes, then this is exactly what we would

operator ,éx/_ _-L:Hﬁ?’ ol 4

gene  -[X] 53 -
messenger P ot oo =
ribosomes
many y chains
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100 %

FIGURE 5-16. Model for the regulation of synthesis of hemoglobin F
in the “high fetal™ gene condition

expect to find in a situation where the switch is defective. Of course the
genetic defect in the switch mechanism could take the form of a
mutation affecting the repressor molecule in such a way that it is no
longer capable of combining with the postulated hormone (Figure 5-14)
to form the y specific complex, but still represses the fi(--d) operator.
This is a simpler postulate than another one which calls for a mutation
in the (/6 operator, because then it would be difficult to see why the
(unaltered) repressor should now derepress the y locus. For this
reason an altered repressor molecule is easier to accept (see also
Figure 5-13).

Another explanation for the phenomenon of the *high fetal” gene
which has been put forward by Conley (Bradley and Conley, 1960;
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Herman and Conley, 1960) is that the basic defect is an overlapping
deletion affecting both the § and the é structural genes. In the present
picture this deletion would result in no § or 4 chain messenger being
made. The rest of the scheme would be the same (Figure 5-12). At
present we have no way of distinguishing between these two possibilities.
In a way, however, the heterozygote for the high fetal gene and for
the sickle-cell gene is more difficult to explain. In his blood there is
hemoglobin S and hemoglobin F with only, presumably, a small
amount of hemoglobin A,. Here one of the chromosomes containing
the hemoglobin S mutation is of the adult type and if there is any
repressor for y chain loci involved then this should be present. In
other words, it may well be in this individual that the y chain locus
belonging to the hemoglobin S chromosome is turned off whereas the
y chain locus linked with the high fetal gene is turned on. This would
seem to rule out the role of diffusable repressor molecules unless we
postulate that it is the structure of the chromosome itself which limits
the diffusion of such repressing substances to just one chromosome.
If there is any justification for these speculations about the switch
mechanisms, it is that they might stimulate some experiments. How-
ever, the explanation of these phenomena concerning the turning on
and turning off of genes is so fundamental to any future understanding
of the process of differentiation that even a speculation is worthwhile.
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THE EVOLUTI@IN 'OF
THE HEMOGLOBINS

Evolution proceeds through natural selection acting on spontaneous
variations. In examining this concept a little more closely, we find that
we must postulate at least two different mechanisms.

Firstly, we need a device whereby the constancy of the genetic
information is ensured. It is necessary to provide that succeeding
generations should possess identical characteristics, to a first approxi-
mation. By identical characteristics we mean, at a molecular level,
macromolecules and in particular protein molecules of a chemical
structure identical with those found in the parent, as well as identical
patterns of differentiation. Such a mechanism of stability can easily
be provided by the action of DNA acting in its capacity as a store and
conveyor of information required for the synthesis of the body
constituents. In particular the conservative nature of DNA replication
and the way in which DNA hands on its message to the protein
synthesizing machinery will ensure that the primary structure of the
all-important protein molecules will be identical.

Secondly, we need a different mechanism which allows for the
production of the variations in an organism on which the forces of
natural selection can act. For example, the mutations in the genetic
material which result in inherited changes in the primary structure of
proteins form such a mechanism. The simplest examples of such
mutations are the so-called point mutations, which seem to result in
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the substitution of individual amino acid residues in proteins by
different amino acid residues. Such a change leads sometimes to a
distinct change in the physical properties of the affected protein and
consequently to an alteration in the physiological behavior of that
protein. Should the change be beneficial to the animal, then this
particular variation will be favored by natural selection; it will be
perpetuated and will perhaps become predominant. It is well to
remember that a particular amino acid alteration in a protein, to be
selected favorably, must ultimately produce an increase in the number
of progency of its possessor.

Other types of mutation will certainly occur, most of them deleterious;
those will eventually be eliminated. However, even a deleterious
mutation might prove beneficial to its possessor, if it should happen
that the environment should change in such a direction that the
mutation is now no longer deleterious, but under the new conditions
is advantageous. As well as the so-called point mutations, other
inherited variations of protein structure can be envisaged, such as the
deletion of genetic material which would result in the loss of some
amino acid sequences of a peptide chain. Alternatively, the addition
of genetic material could occur with its consequent addition of amino
acid sequences to the peptide chain.

From the point of view of the evolutionary argument, none of the
mutations mentioned in Figure 3-17 would be straightforward cases
of an advantageous variation, since they either have no advantage or
are deleterious. On the other hand, those which are found with high
frequency must possess some advantage for an individual carrier in
order to explain a high frequency, resulting in a situation of balanced
polymorphism. We see for example in hemoglobin S, how changes
in the information controlling the primary structure of a protein can
lead to pronounced alterations in the physiological behavior of the
resulting protein molecule. We can imagine by an extension of these
arguments that the kind of variability needed for the evolutionary
development of a protein might be of this general type where amino
acid substitutions produce changes which ultimately result in a better
and more advantageous hemoglobin molecule. At the same time there
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are undoubtedly always amino acid substitutions in the less important
part of the protein molecule, so that we can say that in the course of
evolution the structure of a particular protein will fluctuate around a
certain “‘structural optimum.” There will be changes in the primary
structure of this protein which are of no particular selective advantage
or disadvantage and which occur spontaneously and are not necessarily
eliminated quickly. In other words, it is not necessary to postulate
that every amino acid difference between a higher and a lower vertebrate
necessarily implies that in this particular region of the peptide chain the
higher organism has a more advantageous structure. We may be
looking merely at these spontaneous fluctuations in protein structure
produced by mutations.

Let us turn now to a more detailed consideration of these principles
in the case of the proteins hemoglobin and myoglobin. Hemoglobin
i1s a particularly useful model for examining the mechanism of evolution
of a protein; so much is known about its chemistry and about its
mutability, and it is also universally found in the vertebrate phylum.
Hemoglobin shows promise of forming one day a coherent evolutionary
story, but even today we can use it to illustrate the principles which we
have just enumerated.

GENETIC CONTROL OF PRIMARY, SECONDARY, AND TERTIARY
PROTEIN STRUCTURE

In Kendrew’s (1961) three-dimensional model of the related protein
myoglobin we are impressed by the complexity of such a protein
molecule. In the peptide chain of myoglobin, which is some hundred
and forty amino acids long, the sequence of these amino acids is quite
definite and unique. Presumably it is the DNA information mechanism
which is responsible for the production of such a complex molecule
with such exactness. The intricate folding which is apparent in this
model is also unique and to a large extent is thought to be a consequence
of the particular primary structure of this protein. The insertion of the
heme group in its correct place is assured by the accurately determined
structure of the protein surface. All this is an excellent example of
the precise control exercised by the conservative DNA information
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carrying mechanism (and also of the tremendous achievement of the
x-ray crystallographers!).

In Perutz’s model (Perutz ef al., 1960; Perutz, 1962) of horse hemo-
globin we are also impressed by the intricate and precise coiling of the
four peptide chains which make up this molecule, although here we see
only the outlines of the chains, not the detailed amino acid sequences.
The two « peptide chains are identical and symmetrically arranged
around the central axis. The two identical § chains are also symmetri-
cally arranged around the same axis. Again, the genetic information
needed for making such a complex protein molecule is precise and exact.
In the case of hemoglobin even more genetic information is required
than for some other proteins, because this is a complex protein consist-
ing of four peptide chains and four iron-porphyrin complexes, the heme
groups. The four heme groups are made in the cell by a series of
enzymes; these enzymes are themselves proteins and require for their
functioning that they be accurately made by their own particular genes.
All in all, in order to produce the hemoglobin molecule, precise genetic
information is needed to ensure the synthesis of the correct « and §
peptide chains and in addition the production of the various enzymes
involved in the synthesis of heme.

Inherent in all our arguments is the assumption that the amino acid
sequence of the protein—its primary structure—determines the coiling
of the peptide chains and thereby the chemical nature of the surface of
the protein to which its most important biochemical properties are due.
This assumption is likely to be true for a small protein up to a molecular
weight of, say 20,000, whether or not the final structure is stabilized by
disulfide bridges. Haber and Anfinsen (unpublished) have shown the
effect of tyrosine-tyrosine interactions in promoting the refolding and
reactivation of reduced pancreatic ribonuclease. Their finding supports
the idea that primary structure determines folding.

A simple mechanism for folding becomes increasingly unlikely with
increasing molecular weight and complexity, since a large molecule has
probably a number of energetically equivalent tertiary structures;
these, however, may be by no means equivalent in their biological
specificity. And how is it determined which of these configurations
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will be favored? It may very well depend on the interaction of the
folding chain with some other protein, itself genetically determined,
or with some simple substrate, present due to the action of (gen-
etically determined) enzymes. Thus rather subtle interactions are
possible.

PLEIOTROPISM

The primary alteration in a mutated protein may affect not only that
protein, but also others with which it is interacting. Genetically, the
simultaneous expression of a single mutation as a bouquet of effects is
well known as “pleiotropism.” We can see a possible molecular
mechanism for pleiotropism in the interactions of a single mutated
protein with a number of different biochemical systems.

At the level of the first protein product of the gene, pleiotropism
probably does not exist unless the mutated protein, by virtue of its
mutation, folds in two or more different ways or forms two or more
species of carbohydrate derivative, etc. It seems likely, on the other
hand, that most cases of genetic pleiotropism will be explained as a
single enzyme or protein defect leading to two or more manifestations,
because of interaction with different biochemical systems. A class of
truly pleiotropic molecules are groups of mutated hemoglobins, such
as hemoglobins Dy, ;... (65" f2) and Fg, 1, (@5 #2) or hemo-
globins Norfolk (o)™ f3) and Norfolk, (e 85¢), where a single
e chain mutation leads to two or three distinct hemoglobin variants.
The argument is good so long as one considers the whole hemoglobin
molecule as the unit, rather than either « or § peptide chain.

The tendency in the field of “molecular genetics” has been to
concentrate on exploring very simple experimental systems in order to
illustrate clearly some general principle. We will rapidly have to
become more sophisticated, however, if we want to understand the
molecular basis of evolution or molecular disease, fundamentally
similar phenomena. We need think only of the recent work on
complementation (Fincham, 1960) or the current discussion of the
different forms of thalassemia (Ingram and Stretton, 1959; Itano and
Pauling, 1961; Rucknagel and Neel, 1961).
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VERTEBRATE HEMOGLOBINS

A great deal of experimental work is being done in comparing the
structural aspects of the vertebrate hemoglobins with the human
hemoglobin (see review in Gratzer and Allison, 1960). One funda-
mental point which has emerged is that the hemoglobins of the
vertebrates are all remarkably similar, not only in the sense that they
are proteins with the same type of heme group attached to them, but
also in the sense that they are similar in the overall architecture of the
molecule. Right down to the cartilagenous fishes, the vertebrate
hemoglobins which have been studied contain four peptide chains of
molecular weight 17,000 and they can all be expressed by a formula
such as u«,(,. Below the fishes, the hemoglobins are different. The
hemoglobin of the lamprey is peculiar in consisting of a single poly-
peptide chain of molecular weight 17,000. The hagfish hemoglobin
appears to be similar, or possibly a dimer of 34,000 molecular weight.

Many of the vertebrate hemoglobins have not only one hemoglobin
component but two, a situation which is very reminiscent of the human,
where we have hemoglobin A and hemoglobin A,. It has become clear
from the work being done by Schweet (1962) and by Muller (1961)
that in some of the animals which do have multiple hemoglobins the
two types share one subunit, and that they may be written as «,f, and
a0, It looks as if in the course of evolution the architecture of this
important molecule had reached a certain degree of perfection early
on and from then on had evolved in a conservative fashion. We mean
by this that the hemoglobin was subject to variations of the type which
is illustrated by the amino acid substitutions in the abnormal hemo-
globins (Figure 3-17, for example) and subject also to other types of
variation. The overriding consideration, however, seems to be that
the function of this molecule has to remain that of a hemoglobin. It
may well be that the “reason’ for a four subunit structure is that this
provides a mechanism for increasing the efficiency of the physiological
functioning of the whole molecule by the so-called “interaction” of
the four heme groups. It is this heme-heme interaction of a vertebrate
hemoglobin which makes it such an efficient oxygen carrier. A plot
of the degree of oxygenation of the hemoglobin molecules against the
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partial pressure of oxygen is sigmoid in shape, illustrating the ability of
hemoglobin to take up oxygen rapidly in the lungs and to deoxygenate
easily in the tissues. Provided these aspects of the molecular structure
are preserved, the rest, or rather the amino acid sequences determining
the rest of the structure, could change in the course of evolution.

It is interesting to consider and to compare hemoglobin with other
closely related proteins, for example the myoglobins, which are one-
chain molecules. The function of myoglobin in the muscle is to store
oxygen and therefore it also has the ability to combine reversibly with
oxygen. Myoglobin has obvious structural relationships in terms of
amino acid sequence to hemoglobin (Watson and Kendrew, 1961) but
it is a different branch of the same family. There are undoubtedly a
few similarities in structure between myoglobins and hemoglobins of
the same species, but recently Hill (unpublished) has shown that the
chemical structure of human myoglobin is more like that of sperm
whale myoglobin than it is like human hemoglobin. It seems that it is
much more important for this protein to be a myoglobin with the
structural characteristics which make it a myoglobin than that it
should be a human protein.

The existence of the multiple hemoglobins in humans and animals
is a striking fact which is still difficult to understand. Human hemo-
globin A, is interesting from a genetic point of view, but it is difficult
to see a definite physiological role for it, since it amounts to only 2.5
percent of the total hemoglobin content. Is it a hemoglobin on its way
out from an evolutionary point of view? Is it a hemoglobin eventually
destined to replace hemoglobin A? Then how can it make its presence
felt in view of the small amount present? It has been suggested
(Gluecksohn-Waelsch, 1960) that the possession of multiple hemo-
globins acts as a buffer against mutational change, since a deleterious
effect in one form of hemoglobin may be compensated for by the
production of the other type.

HOMOLOGY BETWEEN o AND f PEPTIDE CHAINS
When examining the complete amino acid sequences of the « and
peptide chains of adult human hemoglobin (Figure 2-5), one is
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immediately struck by the great degree of homology which exists
between these two peptide chains, since almost 40 amino acid residues
(out of 141) are identical. It is this kind of chemical evidence which
leads one to postulate that the « and § chains of human hemoglobin A
are perhaps derived from a common ancestor (Itano, 1957; Gratzer
and Allison, 1960; Ingram, 1961 ; Braunitzer e al., 1961b; Zuckerkandl
and Pauling, 1962). In order to show this high degree of homology
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FIGURE 6-1. Diagrammatic representation of the “triplet code” of
DMNA

The extent of “clean’ and “dirty”" deletions of genetic material is indicated. (Ingram,
1962.)

between a and f chains placed side by side, it is necessary to introduce
apparent “gaps” in the amino acid sequences at a few places (Braunitzer
et al., 1961). These are, of course, not gaps in covalent structure, but
an artifact of the illustration, since the amino acids are joined across
them in the usual way by peptide bonds. It seems as if a few amino
acid sequences had been deleted in the course of evolution, in the course
of divergence from a common ancestor. On the other hand, the amino
acids found opposite to these “gaps” may be due to the addition of
genetic material.

If we believe that the deoxyribonucleic acid (DNA) of the genetic
material carries a code for the specific hemoglobin sequence, then we
must distinguish between two kinds of deletion: clean deletions of DNA
which extend exactly from the beginning of one coding unit to the end
of the same or some following coding unit (Figure 6-1); thus, no
“nonsense”” is produced; and dirty deletions of DNA which start and/or
finish within coding units (see Ingram, 1962). These latter may leave
“nonsense’” at either end which might lead to a break in the peptide
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chain or to an interruption of protein synthesis. Alternatively, by a
mechanism similar to that proposed by Crick ef al. (1961), for certain
forms of mutagenesis, the code subsequent to the dirty deletion might
read entirely differently, having now a new starting point. In this latter
case, the affected portion of the peptide chain would be very strange
and not recognizably hemoglobin. On both counts, dirty deletions
would be harmful and therefore eliminated in the course of evolution.
The “gaps” we see in the human hemoglobin chains of today are likely
to derive from clean deletions, since there are many homologous
amino acid sequences both before and after the “gaps.”

What of additions to the genetic material leading to an increased
length of peptide chain? We cannot point to any biochemical illustra-
tions of this phenomenon among the abnormal human hemoglobins,
or anywhere else, but we might equally well interpret the “gaps™ in
Braunitzer's hemoglobin chains as *“additions™ of amino acids in the
homologous chain. The « and § chains of human hemoglobin are
unequal in length (141 and 146 residues), yet similar in amino acid
sequence at each end. This state of affairs could have arisen either by a
succession of deletions or by the addition of genetic material within
the gene. If the former explanation were the correct one, we would
deduce that the mode of action of evolution is to change and shorten
chains and that the ancestral chains were all longer than their modern
counterparts; this is an unlikely situation. It is more probable that
additions, clean additions, also occurred.

We can also deduce that certain regions of the peptide chain should
not be altered in the course of divergence and evolution; they are
presumably needed to maintain the correct folding of these chains and
thereby the proper functioning of the molecule. There is some evidence
that the so-called “basic center” of the hemoglobin peptide chains
(256 — 62, §61 — 67 in the human) is very similar in structure in the
cow, horse, sheep, rabbit, and goat hemoglobins (Braunitzer et al.,
1961; Muller, 1961; Zuckerkandl and Pauling, 1962; Naughton and
Dintzis, 1962). Equally, certain other sites on the peptide chain can
be altered without affecting too much the final functioning of the mole-
cule.
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HOMOLOGY BETWEEN f, ¥, AND & CHAINS

Next we turn to a consideration of the § and y peptide chain
sequences of human adult (ex,f,) and human fetal (e,y,) hemoglobin
(Schroeder er al., 1962). The degree of homology between the f
and the y peptide chains (Figure 5-4)iseven morestriking thanthe homol-
ogy between o and . The two chains are of equal length (146 resi-
dues) and two thirds of the amino acid sequences are identical. This
degree of homology would lead one to believe—in evolutionary terms
—that the § and y peptide chains diverged at a later stage.

The relationship between the § and d peptide chains is closest of all
(Figure 4-3; Ingram and Stretton, 1961, 1962), since only 7 - 8 single
amino acid substitutions have appeared so far. Moreover, the N-
terminal and C-terminal sequences are identical and it is highly probable
that the overall chain lengths are the same (Stretton, unpublished).
For this reason we assume that the § and d chains have diverged very
recently in evolutionary history. Zuckerkandl and Pauling (1962)
estimate this event to have taken place some 44 million years ago, at
the time of the origin of the primates.

POSTULATES FOR THE EVOLUTIONARY SCHEME

The great similarity which characterizes most vertebrate hemo-
globins suggest that we are studying that aspect of the evolution of a
particular protein molecule which is concerned with the detailed
development of an already well-defined molecule. It is true that the
hemoglobin quadruples its size during this evolution (if we include the
lamprey hemoglobin), but the change is due to the aggregation of four
fairly similar protein subunits (peptide chains), rather than to an
actual lengthening of a molecule. In the evolutionary scheme to be
discussed it is suggested that the increase in complexity, and in diversity,
of the hemoglobins is an illustration of a more general process of gene
evolution which results in an increase of the number of genes.

The following postulates are used in developing a scheme for the
evolution of the hemoglobin genes.

(1) Mutations of a gene result in either single or multiple amino acid
substitutions in the peptide chain which that gene controls, in inversions
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of part of the amino acid sequence, in deletions or additions, or in a
combination of these possibilities. The new hemoglobin peptide chains
produced by such mutations are then either favored or discarded in the
course of natural selection.

(2) At several points in the course of evolution a gene for a particular
hemoglobin peptide chain has undergone duplication, followed by, or
simultaneous with, translocation of the duplicated gene. The two
initially equivalent genes have then evolved independently, governed
by the selective pressure of their environment on their protein products.
Such mechanisms have been postulated previously (Bridges, 1936;
Lewis, 1951); in particular, the role of gene duplication in evolution
has been discussed by Stephens (1951). His conclusion was that the
case for duplication as an important factor in evolution was neither
proved nor disproved. It seems likely that the « and § genes are
located on different chromosomes, since they segregate independently,
whereas f and é genes appear to be linked (Ceppellini, 1959). We
know nothing of the location of the y genes as yet, since we have no
mutants of that chain.

SCHEME FOR THE EVOLUTION OF THE HEMOGLOBIN GENES

In Figure 6-2 an evolutionary scheme for the hemoglobin genes is
proposed (Ingram, 1961b) in which the origins of the four hemoglobin
genes and of the obviously related myoglobin gene are traced to a
common ancestor, using postulate (2). At the four points indicated in
Figure 6-2, gene duplications led ultimately to independent genes. In
this scheme, the chains which are most different, the myoglobin peptide
chains, are put farthest apart and the genes controlling chains which
are very closely related, as # and 6, are put most closely together. There
is no obvious reason for putting the y chain before the § chain in
development, except that one generally regards the fetal proteins, or
fetal morphological features, as being more primitive.

In this connection it may be worth pointing out, that although in
the embryonic development of an advanced vertebrate there seem to
be stages which recapitulate the evolution of the vertebrate phylum,
this does not necessarily imply that at that stage the genes producing,
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for example, gill-like structures are really the same genes which produce
the corresponding structures in fishes. It may merely mean that gill-like
structures are produced from human proteins and other human macro-
molecules and that it is the mechanism which controls differentiation
of the human embryo which still contains some information similar

to the primitive information which used to control the differentiation
of the fish embryo.

EVOLUTION OF THE HEMOGLOBIN CHAINS

= MYOGLOBIN

a
a, » Qp --- ALL Hb's
e » ), -— FETAL Hb
B, > 3, — ADULT Hb
8, — Hb A,

FIGURE 6-2. Evolution of the hemoglobin chains
The point in time of a gene duplication is indicated by a solid black circle.

We might suppose that originally the hemoglobin molecule was
rather like the present-day myoglobin molecule, that is, that it had a
single peptide chain with a single heme group and therefore it could not
show heme-heme interaction. The size of this molecule might vary,
but eventually it was stabilized at approximately 17,000 molecular
weight.

At this stage of evolution, presumably earlier than the teleost fishes,
the heme protein inside the muscle cells is assumed to be the same as
that in the circulation. The muscle heme protein became myoglobin
in the course of evolution; it retained a molecular weight of 17,000
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and a complexity of only one heme group and one peptide chain per
molecule. It was, of course, still subject to mutational changes, as
can be seen from the fact that its present-day amino acid composition
and sequence in a given animal often differs considerably from that of
any of the analogous hemoglobin chains (Rossi-Fanelli et al., 1955).
For example, human myoglobin contains isoleucine, but no cysteine,
whereas the reverse is true of human adult hemoglobin.

On the other hand, one can foresee limits to the kind of mutations
which would be tolerated. The x-ray studies of Kendrew and of Perutz
show that the three-dimensional arrangement of chains in myoglobin
and the hemoglobin subunits (also of 17,000 molecular weight) are
remarkably similar, though not identical. This statement applies also
to the two kinds of subunits found in hemoglobin itself. Presumably,
mutational alterations in the course of evolution which would drastically
affect the three-dimensional structure were not tolerated. Such con-
siderations imply that the configuration of the peptide chains in myo-
globin and hemoglobin became stabilized early in evolutionary history,
at least in its most important features.

During the evolution of the first hemoglobin chain—the « chain in this
scheme—there occurred a gene duplication followed or accompanied
by translocation. From now on the two duplicate « chain genes could
evolve independently, one to become the modern myoglobin gene, the
other to become the « chain gene of present-day hemoglobin. Even-
tually, according to the scheme, the « chain gene would evolve in
such a way that its product, the « chain, had the property of dimeriza-
tion in solution to form «, molecules. Such a property would be
favored strongly, if it entailed, in addition, the possibility of heme-heme
interaction between the two heme groups of the new dimer molecule
and therefore the possibility of more efficient oxygenation and de-
oxygenation. Once produced, such a mutation is unlikely to be lost
in the further evolution of hemoglobin.

We might next postulate that the genes of the « chains duplicated
again. After this gene duplication two types of dimer—a«, and y,—
would evolve side by side. Sooner or later, these chains would have
evolved sufficiently to be able to form tetramers with even greater
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selective advantage, because of the increased heme-heme interaction
likely to be found in such tetramers. The characteristics of the genes
responsible for the ability of the chains to form tetramers would
certainly be fixed from then on. This stage of hemoglobin evolution
seems to have been reached already in some teleost fishes, because they
already possess a four-chain hemoglobin (see in Gratzer and Allison,
1960).

The third gene duplication and translocation is pictured as occurring
with the y chain gene, giving rise to a new y gene destined to evolve
into the § chain gene. At this gene duplication the property of forming
tetramers is already firmly established. The new gene can develop
along its own lines to provide a hemoglobin tetramer, o,f,, particularly
adapted for the adult body. On the other hand, the old y chain con-
tinues to develop and to provide half the molecule of the fetal hemo-
globin (ayy,). It is the y chain gene, rather than the « chain gene,
which is said to duplicate here, because the y chain dimers, y,, have
already the necessary complementariness for forming tetramers with
#3. This complementariness will be automatically a property of the
product of the new gene. In addition, § and y chains are more closely
related to one another than either is related to the = chain. Therefore
we might consider them to have diverged at a later stage.

At this point in evolution, three independent genes—a, fi, y—are
assumed to be present, each one capable of forming chains which
dimerize and which aggregate to the tetramers «,/, or #,),. Heme-heme
interaction is strongly present in the tetramers. Such a situation has
an important effect on the further evolution of the « chain. This
chain, or rather its dimer, «,, is required to fit with two different
partners, f, and y,. As a result, less variation is allowed to the
chain; it has become “conservative.” Perhaps such conservatism is
in part responsible for the apparently universal presence of « chains
beginning with val-leu- in the hemoglobins of the higher vertebrates
from teleosts on. There is an alternative explanation for the apparently
greater stability of the « genes; this gene controls also the fetal hemo-
globin and therefore may not undergo extensive mutational alterations,
since the fetus or larva is a much more delicate organism. The very
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fact that any alteration in the « chain gene, and therefore in the «
chain, seems to affect all types of hemoglobin may be sufficient to
explain the apparent “conservatism.” However, the “conservatism”
of the « chain may be more apparent than real and may be confined
to the N-terminal sequence of the chain. There is no a priori reason
why different parts of a molecule as complex as a protein should
develop at the same rate. The difference in apparent stability between
the « chain and the other could, of course, be no more than what
would be expected as normal variation. It will be interesting to see
just how similar the val-leu- chains of different vertebrates are.

At the fourth and last gene duplication in the scheme we suppose
that it is the § gene which is duplicated, leading to the & chain genes
controlling the ¢ chains of hemoglobin A;. The origin of this é chain
is placed near the end of the evolutionary scheme, because of its great
chemical similarity to the § chain. Furthermore, the presence of a
hemoglobin A,-like component seems to be confined to the higher
primates (Kunkel et al., 1957). In this view, hemoglobin A, is a new
hemoglobin rather than an archaic one, as has often been supposed.
[t has been reported to have a higher affinity for oxygen (Meyering
et al., 1960), and perhaps it is a more efficient hemoglobin, destined to
replace eventually ea,f,. Since there is genetic evidence that the genes
for ¢ and for § chains are linked, perhaps the process of translocation
of the new & gene has not yet occurred.

Where does the lamprey fit into this scheme? One form, Petromyzon
planeri, has two larval and two (different) adult hemoglobins (Adinolfi
et al., 1959). The molecular weight of the adult mixture is given as
17,000. Perhaps these lamprey hemoglobins are the result of an inde-
pendent evolutionary scheme similar to the one discussed here, but
which has never included the mutations which led to the formation
of dimers and tetramers. On the other hand, some features of the
fingerprint patterns of tryptic digests of the larval and adult lamprey
hemoglobins show definite resemblances (Siniscalco, unpublished), as
would be expected on the basis of a common ancestor. We might regard
the lampreys as having branched off before or just after the first gene
duplication in the scheme of Figure 6-2. Unfortunately, nothing seems
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to be known about the presence or absence of a separate myoglobin
in the lampreys.

It has been suggested that the four genes controlling the four chains
might have evolved from four unrelated genes which originally con-
trolled the synthesis of quite unrelated proteins; thus there would have
been no increase in the total number of genes. By a process of parallel
evolution—successive and independent mutations—each of these four
genes eventually changed so that it made one of the hemoglobin peptide
chains. The last stages of evolution, when pairs of genes were involved
in producing parts of a complex molecule, must then be called on to
produce similarity in chemical structure and in configuration. It is
easy to conceive of a selective mechanism which would favor changes
in various members of a molecular aggregate, such that the members
might fit together better. However, it is hard to think of such a
mechanism also selecting for chemical and structural similarity of the
monomers. In addition, the ability to dimerize would have to arise
de novo four times, an unlikely situation. Although we cannot at the
moment completely reject the idea of parallel evolution of the four
hemoglobin genes from unrelated genes, it is not a very appealing one.

CHEMICAL AND EVOLUTIONARY RELATIONSHIP BETWEEN THE CHAINS

How many mutational steps occurred between the original « gene
and the present-day human « gene? Or between the original « gene
and the human § gene? It is more meaningful, perhaps, to ask how
many mutational events as a minimum might separate the present-day
human o and f§ genes. Out of 141 amino acids, we know from the
sequences that 85 are different. This gives a minimum of 85 mutations
of the kind effecting single amino acid substitutions.

It is generally believed that the evolution of the vertebrates began
some 5 x 10® years ago. Let us assume a mean generation life of 5
years among the vertebrates, which implies some 10® generations for
the evolution of vertebrate hemoglobins. A generally acceptable muta-
tion rate per generation is 10°-10-%, which leads to a figure of
100-1,000 mutations in the evolutionary history of a vertebrate hemo-
globin. This figure, which is itself a minimum one, is considerably
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higher than the (minimum) number of mutations which appear to
distinguish « chains from f chains or « chains from y chains.

The only conclusion which can be drawn from such a calculation is
that a more than sufficient number of mutational events has passed in
the history of the vertebrates to account for present-day differences
between the various parts of the hemoglobin molecule in the human
species (Zuckerkandl and Pauling, 1962).

In this connection it is interesting to note that Zuckerkandl and
Schroeder (1961) find that the « chains of gorilla hemoglobin differ
from human « chains by perhaps no more than two amino acid residues;
an aspartic acid replaces glutamic acid and possibly a serine residue is
missing in the gorilla o chain. Since these findings are based on total
amino acid analyses of the separated chain, it remains to be seen
whether other differences exist in the sequences of these chains. They
also report that the gorilla § chain has a lysine residue replacing an
arginine. None of these substitutions affects the charge on the molecule
and as a result human and gorilla hemoglobin have the same electro-
phoretic mobilities.

Fingerprints of hemoglobins from other mammals (Muller, 1961) are
recognizable as “hemoglobin.” The degree of similarity in fingerprints
between the mammalian hemoglobins is great, while chicken hemoglobin
shows considerable differences.

Recently, Zuckerkandl ef al. (1960) have shown that fingerprints of
hemoglobin from the gorilla and the chimpanzee are indistinguishable
from those of human hemoglobin. A greater number of differing peptide
spots are observed in the less closely related orangutan and rhesus
monkey. As one moves away from the primates, the differences in
fingerprint patterns increase until one finds that fish hemoglobins give
radically different fingerprints. In spite of such differences in behavior
of the peptides, there might still be similarites of sequence between the
points of difference. These extraordinarily interesting findings give
added proof of the validity of using a chemical study of vertebrate
hemoglobins to discover evolutionary relationships.
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